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ABSTRACT

Energy drives technological societies. Developing countries such as South Africa are
caught between the desperate need for economic growth and the emerging obligations
to the environment. Efficient technologies can be used to mitigate the impact of these

seemingly conflicting requirements in urban and rural environments.

In this thesis the commercially available white light-emitting diode (LED) with its
inherent efficiency, longevity and mechanical strength, is used to show, that success

in energy efficiency can be obtained.

Two cases are used to illustrate the need for efficient demand-side technology: the
electricity shortages of the Western Cape Province in South Africa and a white LED
pilot project in Namulonge, Uganda. The Namulonge Solar-Home System (SHS) is
analyzed with the intention of creating a more acceptable general lighting solution.
The concept of appropriateness through self-determination is discussed within the

context of location-specific information integrated into a design procedure.

The major thrust and contribution of this thesis, however, is the design of an interior
luminaire for Golden Arrow Bus Services (GABS). This is in part based on the
hypothesis that application-specific information will lead to implementation and
human-needs success, and is researched, designed, fabricated and then laboratory
tested. The biggest challenge to be overcome was the spatial light distribution of the
LED array. Thus non-imaging optical lens design became the main focus of this
project as it held the key to utilizing available light while conserving the light-systems
energy. Circular Fresnel and Linear Fresnel (an adaptation of the concentric design)
lenses were designed. Electrical, mechanical and thermal aspects of design are also

detailed.
Far-field, horizontal plane detection over the specified area is used to best gain the

uniformity of distribution. The four criteria namely luminance, illuminance, intensity

and étendue (collection efficiency), against which each design and focal length

il



configuration is compared to, are extensively explored and eventually lead to a final
design.

In the first designs, the area of the spatial distribution between 50% and 80% of its
relative intensity is collimated. The Hybrid Circular Fresnel and Hybrid Linear
Fresnel lenses now redirects the relative intensity in two areas, from 50% to 70%
(creating parallel rays) and then from 70% to 100% (away from the central axis),
renders a distinct difference is spatial uniformity and a reduction in the peak and off-

axis located intensity.

All four criteria are met, with a minor adjustment of configuration within the bus
internal luminaire spacing, with the hybrid designs. It is proposed that GABS employ
polished designs of the Hybrid Circular Fresnel, in any of the configurations, which

have collection efficiencies ranging between 64.8% and 78.3%.



TABLE OF UNITS AND QUANTITY SYMBOLS

Unit Unit Symbol Applications and Notes
Clear aperture CA
ST unit of luminous
candela cd . .
intensity
candela per square meter cd/m? ST unit of luminance
Etendue £
f-number V4
focal length f
Lumen Im SI unit of luminous flux
) ST unit of luminous
lumen per square meter Im/ m .
exitance
lumen per watt /W ST unit of luminous
efficacy
Lux Ix ST unit of illuminance
numerical aperture NA
Steradian st ST unit of solid angle
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CHAPTER 1
A CASE FOR WHITE LIGHT-EMITTING DIODES

1. Introduction

Two case studies related to the application of white light emitting diodes (LEDs) are
introduced; the energy problems of the Western Cape Province in South Africa and a
white LED pilot project in the village of Namulonge on the outskirts of Kampala in
Uganda. They form the basis for the theoretical and practical aspects of the final thrust
and example of this thesis; white LEDs used in a retrofit for the Golden Arrow Bus

Services (GABS) transportation vehicle’s interior lighting luminaires.

In the South African case, the efforts towards lighting efficiency have been detailed.
These points are introduced in order to understand the need for efficient demand side
technology. Namulonge’s pilot project is a case in point of the efforts required to
deliver on what is needed. Issues related to the eye as the chief discriminator of the
lighting requirements have been coupled with the energy concerns of a community

under-serviced.

The case studies rely on the comparison between conventional light sources and solid-
state technology. They are based on conversion efficiency, energy consumption,
costing and integration challenges Concepts within human-perception such as
usability, lighting adequacy and a needs-based approach to LED specification are then
investigated and form part of a design procedure. The literature review of essential
concepts is then tackled. Hence, the aim of the research has been to specify points not

often considered within the traditional design of lighting systems.

1.1 Western Cape Energy Crisis

1.1.1 High Capital Investment (increasing generation)

With rolling power blackouts, a rapidly growing economy and environmental politics

on the rise, the Provincial Government of the Western Cape and ESKOM embarked



on a retrofit campaign to install 5 million compact fluorescent lamps (CFLs) in an
attempt to decrease the power generation deficit. There had also been increased
pressure for investments in new generation capacity, with all options including the
Pebble Bed Modular Reactor (PBMR), the Open Cycle Gas Turbines (OCGT) as well
as renewable energy technologies being proposed. Despite all these efforts it is quite
evident given the post-crisis contingency plan that demand-side technologies, along
with educational programs, subsidies and research funding, have greater scope for
achieving success as they tackle the root cause rather than the symptoms [1, 2, 3].

The light-emitting diode is a new energy efficient option in the lighting sector.
Whether from white LEDs or from a mixture of LED-based monochromatic sources,
this technology promises superior attributes that include a longer lifespan and higher

energy conversion efficiencies when compared to incandescent and fluorescent lamips.

A simple example is the retrofitted LED lumen-equivalent traffic signals installed in
Cape Town’s Central Business District (CBD). The retrofit consumes 10.6% of the
electricity when compared to the incandescent (i.e. 5.8W compared to the
incandescent 55W alternative). The small scale of this 10 year long project is
expected to yield savings on both electricity and maintenance costs in the region of

R300 million over an operating period of 27 years [4].

The white light emitting diode inherently possesses characteristics that make it energy
efficient [5, 6]. Other advantages include its usability, functionality and applicability.
With respect to the light production mechanism and the component advantages, it is a
lighting technology unlike any other. However, for potential residential and
commercial users, the case for energy efficient technology uptake must be brought
down to financially quantifiable terms. The economics behind replacing common
devices (such as incandescent lamps) with new technology (WLEDs) seems to be
comprehended via cost versus savings analogies. This is referred to as life cycle

costing (LCC).

In light of the energy crisis the Western Cape experienced, the scope for demand-side
technology is great. With the aim of increasing electricity security as a short and
medium term goal, this chapter contends that the crisis is cause for widespread

implementation of WLEDs for general lighting applications.



In this regard the City of Cape Town must be applauded for their foresight in energy

efficiency, as they have begun to search for more sustainable development options.

As a case in point the CFL, despite its limitations, defects and environmental hazards;
these have not been cause for the lack of penetration. Rather, it has been the user
perceptions. The author does not wish to deter users from CFL technology, which has
improved greatly, but to make those in the energy sector aware that even though it is

by no means perfect, it has still found room for uptake.

1.1.2 A background

At 75% of South Africa’s peak load, residential consumers of electricity of every
income sector are threatening the security of electricity networks. This sector has been
the target of media campaigns to load shift and be more energy conservative, taking
into account that they push utilities to invest in greater generation capacity. A number
of reports on demand side issues relevant to this country and province directly state

that efficiency on lighting will significantly reduce this peak [7, 8, 9, 10].

Constraints in electricity supply to the Western Cape find their roots in the breakdown
of two major functionaries, the transmission network to the Western Cape and half of
Cape Town’s only generation Unit, Koeberg. Peak power cannot be supplied because
the available peaking units (Acacia, Palmiet, Atlantis and Steenbras) are inadequate to
substitute for the loss of major supply. Consequently, blackouts and load shedding

(controlled and uncontrolled) have occurred since November 2005.

The short-term goal during this energy crisis is to save 400MW at peak periods. With
the increased use of heating loads, motor loads, and the prolonged lighting loads
because of the longer nights and weather conditions (poor visibility on roads, etc.),

winter posed a great threat to this target.

Strategies were devised to best tackle this crisis. This demand-side management
(DSM) action was reactive as opposed to being preemptive. These costly
interventions included purchasing 5 million CFLs from China for residential and

commercial application, subsidized electric blankets, 3 x 22MW emergency Mobile



Generation Plants (diesel-powered generators) and the refurbishment of gas
generation plants at Athlone and Roggebaai [2]. These ad hoc measures are to cost an

estimated five to ten times more than Eskom’s standard generation costs.

1.2 Understanding other artificial light sources

Four main types of lamps exist. These lamps are used for different purposes but all
essentially to illuminate environments. Not all of the mentioned lamps in this list are

suitable for indoor use.

1. Incandescent (including tungsten halogen)
Fluorescent

Sodium lamps (low and high pressure)

Bl S

Mercury vapour and metal halide lamps

Incandescent lamps radiate heat and light when power is applied through its filament
made of tungsten. A fluorescent lamp on the other hand has a mixture of fluorescent
powders, which coats the interior of the tube. The powders convert the UV radiation
of the mercury discharge into wavelengths suitable for human perception of task.

Two requirements are needed in the conversion process:

1. A fluorescent needs a starter to preheat the current to provide a high voltage
peak for ignition.

2. A ballast 1s also needed to limit the current flow through the fluorescent lamps

Sodium lamps have similar start-up and operational characteristics to a fluorescent
lamp. They also require a voltage peak to initiate the lamp. The voltage peak ranges
from 500V to 1500V. This is dependant on the sodium lamp type. The internal gas

mixture (Neon with 1% by weight of Argon) heats up and renders an illuminated task.

The efficiency of a lighting device is its ability to transform electrical energy to
visible light. The efficiencies may be calculated from two perspectives, the devices

lamp and luminaire. We shall concentrate on understanding the efficiency of source.



Incandescent lamps have an efficiency of 5% (7 to 14 Imy'W) while fluorescents have

an efficiency of 20% (35 w 30 lumen/Watt), High Intensity THscharge (HI lamps
| vary according to the light source (see

Figure 1), It s these higher efftcacy hut lower colour temperature, colour render and

higher power considerations that exclude them from being used for interior

appheutions.
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Figure 1D Lamps and theiv ballasts span a range of efficacies as ilustrated above [11].

A comparcison hesween solid-state and vacwwm tube lamps can be made on the
grounds of the processes wsed to convert electrical energy it visible radiation. The
processes used o convert the energy, the package size and robustness, lifetime of
| pperition, coergy dissipation and relative cost of puechase wee alse compared. 1L can
be seen from Table | that the energy considerations under the heading “Trems™ and
rovw Lile “weutt per 1 ounit’ shows a white LED uses less that a Watt to emit light per
package, This is a singular umit companson as oppascd to that of a sk based lumen

equivalent.




Tahly 1: Comparison of vacuum systen light sources and solid-state light sources
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Table 2: A further cimparisin between speetral cmission of light sonrees and loss of cnergy
throuwgh condoctinm and convection.
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1.3 Lit envirvnments and the Svuih African National Standard (SANS)

The South African Bureau of Standards' (SARS)Y code of praclice fur the inlerior
application of light (SABS 0114-1, 1998) srates that “the need {or sood eneruy
management amd cost-¢ffective hghimg schemes. - should not lead 10 1he lowering of
the recommended well-established standards needed 1o promote efficient work, safely
and welfare™ [12]. Lit areas require ambient, task and general hght fux levels. A
generalisateon of luminance levels o [ 12] siates that rooms not wsed continuousty [or

werrking prposes fall i the range of 100-200lux. Tasks with simple  wisual

"“The Seuth Adrican National Standards were previoushe known az the South Afncan Bureaw of
Standirds The stundard on intzrior Lghting 13 thus referenced ws the SABS but for scarch purposes, the

SAMNS woull sutfice.




requirements fall between 200-500lux and tasks with demanding visual requirements

fall between 500-1000lux.

For residential and commercial applications, despite its high initial cost, there is scope
for its uptake in what the SABS standard on interior lighting refers to as “simple
visual requirements and continuously lit visual purposes” [12]. These are rated below
200lux. The author contends that once these markets have been achieved the domino
effect of lower prices and higher flux LED-based alternatives can be reached sooner

in the future.

1.4 Previous efforts at lighting efficiency and demand-side intervention

The author initially went about trying to understand the efforts made by Eskom and
the Local Authorities to initiate and institute DSM in the Western Cape. This research
proved that the attempts made by the public utility did not have the required strength
to genuinely reduce energy consumption. Despite having the knowledge of the
impending shortage of electricity supply and the potential disaster that could strike
given how critical Koeberg is to the Western Cape during the winter months,

noteworthy efforts are not known to the author.

Electricity supply and economics go hand in hand and the vested interests in selling
more electricity have become evident today. The political interest in delivering
electricity to the unelectrified has proved to be too great a distraction for politicians,
and even the National Electricity Regulator (NER) themselves confess their

negligence in this regard.

The knee-jerk reaction to the Western Cape’s Electricity Crisis proves that the Utility
has the ability, when they desire, to affect change. Now, it comes at great cost with
further potential for disaster. Issues will arise in the future that make people reliant on
these sorts of subsidies and handouts. Handing out CFLs as if they are applicable to
every household is also inappropriate. User safety, implementation standards and
conforming to regulation lighting level requirements should be considered [13]. In

many instances, residential homes do not have fittings and luminaires that are



compatible with them. Their sizes and shapes, colour temperature and colour

rendering ability vary and are not as impressive as the incandescent.

CFLs became available to the world during the 1980s. Since then, the product has
developed and matured. Local efforts to install CFLs began in the mid 1990s. DSM
moved towards implementing a more energy efficient residential lighting technology
by researching the economic and system impact of implementing CFLs. Market
potential and user acceptance were key factors in implementation and understanding
the appropriate action, requiring substantial market surveys. Market surveys, beta-
distributed models, scenario-formulation, and demand coincidence and unit

consumption factors made up the range of research [14].

The research commissioned by Eskom’s Integrated Electricity Planning (IEP) process
needed to gain insight into the future of the peak demand, energy consumption and the

subsequent electricity pricing schemes.

There were efforts to get all sectors of energy users to buy into an energy saving
lighting market and hence ‘revolutionise’ a sector restricted by the prevailing barriers.
The program, known as the Efficient Lighting Initiative (ELI), was housed in
Residential Demand Side Management (RDSM). The Efficient Lighting Initiative was
designed by the International Finance Corporation (IFC) and funded by the Global
Environment Facility (GEF). The question may be raised: Was the initiative suited for
our local context? Or was it just another international agency ready to get involved in
a Third World program and us accepting because money became available? RDSM’s
goals were to better manage energy usage because of the increasing evening peak load

due to the country’s Electrification Programme [15].

The ELI sought to tackle the lack of investment (all role players and future ones),
penetration, technical knowledge, awareness and other distributional and institutional
issues [16] to set an energy and cost conservative lighting market onto a sustainable
trajectory. Bonesa (Pty) Ltd, an energy services company (ESCO) had been tasked
with the job of implementing the ELI.



With lighting, unlike for geyser control and various other heating loads, the shifting of
its use-time from the demand peaks is not possible. Thus, conservative practices and
energy efficient lighting devices is a must. Given the nature, cost and time required
for increasing generation capacity and strengthening transmission networks efficient

energy use will assist in delaying the eventual upgrade in a very tangible way.

In 1997, 95% of South Africa’s domestic electric light sources were incandescent
lamps [15]. Up until May 2006, in Cape Town alone, 1.5million incandescent lamps
had been replaced with CFLs [17]. This shows the value of an energy efficiency

action strategy.

1.5 The City of Cape Town -Bold and foresighted

Developments within the City of Cape Town, the most populous Municipality of the
Western Cape, towards an environmentally sustainable and energy-conscious future
become evident to its residents [18, 19]. Responsible governance is an important
aspect of politics that proves to its electorate that government goes beyond just
delivering services. In this instance, the driving force behind the energy and climate
change strategy, are those issues pertaining to foreign trade, investor perception and
their economic prospects. The author does not necessarily believe that economically
driven mechanisms to reduce CO, emissions is a viable route for energy efficiency
implementation strategies. A more sustainable approach, based on consumer
behaviour and environmental awareness, is necessary to achieve this goal. The role of
energy efficiency is thus changing. To abate further energy crises may no longer be
the primary goal of energy efficiency schemes as we know now that even well

managed and well-maintained generation units (like Koeberg) face freak accidents.

Action strategies now look at economic incentives, social entrepreneurship and
sustainable development. For example, the City of Cape Town’s objectives to increase
foreign investment, local productivity and conform to the global initiatives to decrease
CO; emissions are their objectives linked towards energy efficiency and renewable

energy uptake.



Considering that 2MW of electricity is being consumed by the traffic system and its
present technology [20], a strategy to retrofit 1200 of the Metropolitan’s Major traffic
intersections’ signals from incandescent bulbs to LEDs is one of the projects initiated
by the City of Cape Town. This 10-year pilot project, which started early in the 21%
Century, replaces 120 intersections per year with a full retrofit of each signal. A small
step in the right direction (given that Cape Town alone has 100,000 incandescents in
its traffic lights), it is the local authority’s way of reducing its high consumption of

electricity that accounts for 41% [21] of its energy mix.

It is estimated that the additive saving achieved on electricity and maintenance over
the installation period of ten years could be in the order of R23.8 million [21] with the
estimated CO, emissions being mitigated standing roughly at 39,000 tons. With a half-
lifespan® of approximately 15 years (based on how these intersections change between

signals), the need for replacement and maintenance will be low.

The maintenance costs of having teams go out and replace incandescent lamps, which
have high failure rates, include staffing, vehicle fleet use and maintenance, and
stockpiling replacement lamps. These are without considering compromised safety to

road traffic users in the case of the often-abrupt bulb failures.

? Half-life of LEDs is the time it takes to reach half of its maximum lux level. These may vary based on

the degradation rate of the device.

10



Wmh&.‘ad-m [ TSR P — T T

Figure 2: Projected cumunlative savings of mainfenanee snd eleciricibyv-oomsaenplion aver 27 vears

Based oo the use of the retrofitted LELD teaffic sipnals in Cape Town |27

1.6 The silent emergence of the white LED in the Western Cape

Locally. the general impact of visible-spectrum LEDs has heen a silent one. The
device 15 5o discrete that s has gone unnoticed over the last 3 vears. Tucked under
cabinet shelves, set into stairways and used for theatrical stage lighting, peuple have
heen enjoying the effeet of colourful LED displays. Its ability tw render a required
luminance ‘and ambience thus canuoct be understated, They have caplured niche
markets 1 Cupe Town. Public display sieas and ambience enbancing lumination
purpeses for retail chatos, fast-food ouwtlets, bars, clubs and cven emergency Tighting
are the preferred option for a host of reasons, mcluding its novelty and cnergy
efficicney. The detrimental impact of neon lighting (heat produection and lrequency of
maintenance), the high power consumptim ol meandeseants and the poor colour
rendering ol high intensity discharge lamps has positively steered commercial entities

mtes an LED market with none of the abovementoned weaknesses.

For this group of users, imitial cost has not abstructed them from purchasmg LED=<.

Rather, it has been the porceived complesity. In addinon, LRI are not wdely




available i retrofit options [or residential and commergial appheation. These are
some of the barriers that exist for a potestial market. Other problems include energy
elficiency ignorance, poor energy osape habos and something that was never
available before LEDs, namely highly satisfactory applicaiion-based lighting, See

Figure 3.

The discussion above proves that these lighting devices fulfill meore than what they
have been set out to achieve. With this in mind, hghting and drive technology
(ciremtry, programmable hacdware and software) has progressed tremendously. The
presemt-day lighting sector is vasi and multi-fucelied. There is need o catch on o this
new technology. Cstimates of all lighting loads in South Africa show thai commercial
emtities use 35% of their energy on lighting and residential lighting sccounts for

almaost 205, [22].

Since the diapgnosis of owr efficiency and lighting problem has reached full cirele J23],
the present climate 18 now conducive for the application of white LEDs. As an

advantage, the device fulfills the needs of the City's objeutives,
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1.7 The truth and problem with CFLs

The arguments against CFLs include their detrimental harmonic pollution of electrical
networks, the delayed response after switching and its objectionable colour render
amongst others. They also contain mercury and yttrium, which have disposal
problems for the environment. From a purely technical aspect, the efficiency of
mercury vapour source fluorescents is limited to about 90 Im/W. This is due to one
critical factor namely the loss of energy incurred when converting a 250nm UV
photon to a photon of the visible spectrum [25]. Moreover the technology of CFLs is

not likely to improve given this fundamental limitation.

During the 1980’s the CFL became a global acronym for energy efficiency.
Academics across many sectors had high hopes and expectations for its widespread
uptake. Light, they claimed, just light, had the potential to affect communities in such
a way that poverty would be alleviated, education improved, industries built and
pandemics a thing of the past. But what has stood in the way of this technology is
poor user-perception. This issue and not the aforementioned technical or
environmental factors have been responsible for the lack of penetration of this

technology.

Again from a purely technical aspect while conversion efficiencies of incandescents
stand at approximately 10%, a not-so-often publicised fact is that compact fluorescent

lamps (CFLs) only have conversion efficiencies in the region of 30% [26].

Table 3 illustrates this fact and puts it into context given the rapid rate of research and
development into more efficient white LED light sources. This has seen white LEDs
overtake its 2010 projected targets! This statistic is quite relevant in comparison to

CFL technology.
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Table 3: Comparison of actual level white LEDs with compact fluorescent lamps [adapted from

26]
Items CFL white LED Current white estimate white
(2004) LED (2007) LED (2010)

lm/W 60 30 120 >60

unit lumen 200 - 9000 4 100 >25
usable lumen 30 % 60 % unknown >70 %

percentage
life [hr] 3000 - 9000 >10,000 50,000 >100,000

cost/lm $0.01 $0.35 $0.05 < $0.01

Given therefore that this technology has reached its peak there is a great need to
research alternate technologies that have the potential of improving the efficiency

when compared to CFLs.

1.8 Light from LEDs

Today, LED-based solid-state lights producing white light may be achieved via
several methods. Commercially viable options, as cited by the Optoelectronics
Industry Development Association (OIDA) in the USA are a blue LED with
phosphor(s), a UV LED with several phosphors, and three or more LEDs of different
colors [25, 26]. The latest developments include a quantum dot coating on blue LEDs
to produce a high colour temperature similar to incandescents. Two diodes of different

wavelengths known as the binary complementary method may also be used.

A brief chronology of the production of light from LEDs is given in Figure 4. Table 4

gives the two methods and the materials used to generate white light.
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History of light production by LED

1907 The Englishman Henry Joseph Round
(1881-1966) discovers the physical effect of electro-
luminescence. As at the time he was actually
engaged in a new radio locating process for sea
traffic the discovery is at first forgotten.

1962 The first red luminescent diode of type GaAsP
comes onto the market. The industrially produced
LED is born.

1971 From the beginning of the seventies LEDs are
available in further colours: green, orange, yellow.
Performance and effecliveness is continually being
improved in all LEDs.

1980s to early 1990s High performance LEDs
(LED modules) in red, later red/orange, yellow and
green become available.

1995 The first LED producing white light by lumines-
cence conversion is introduced.

1997 White LEDs come onto the market.

Figure 4: Light-emitting diodes, from discovery to industrial production

[Source: Fordergemeinschaft Gutes Licht]

Table 4: Two methods for obtaining white LEDs

Method LED source Luminescent Emission
materials mechanism
Blue LED *Three colours (R, G, B)
3LED
chips Green LED InGaN
Red LED AllnGaN *Injection-electroluminescence (EL
Pseudo-white
InxGal-xN /YAG : Ce(Y) *Binary complimentary color blue
Blue LED InxGal_xN/G,R injection EL and yellow emission
1 LED [”xGal_xN/Y,R photoluminescence (PL)
chip and *Blue EL and G,R PL.
phosphor
Near- UV LED
300 410 nm In,Ga_ N/RGB True- white
UV LED multicolour *R,G,BPL
< 380nm phosphors *Multicolor PL
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1.9 A future with White LEDs

Energy efficiency and the impact it will have on electrical networks, the directionality
of the device in producing light, and light trespass and glare may now be tamed with
LEDs. Its rural applicability is also high on the priority list for research. Sebitosi and
Pillay in [29] succinctly illustrate how this highly advanced technology should affect
rural communities. To date, many projects’ can claim to this success. But it is the life
cycle costing that has given the world a most unbelievable realisation. The longevity
of this device will decrease our dependence on fossil fuels, a key prospect that cannot
be overemphasized! Market penetration will eventually decrease lamp costs which
stand at approximately $2-3 for about 60-80 lumens {30] thus only a major effort to

penetrate the general lighting market will lead to more rural successes.

An initiative into solid-state lighting in 2003 was the formation of the Lumina
Alliance whose aim was to raise the case for a national initiative in semiconductor
lighting. An extension of the Alliance was the South African Lighting Engineering
Centre (SALEC) [31]. Although the aims of both organizations where noble and
noteworthy, the efforts to make a success of the industry collaboration were ‘pathetic’

and ‘recently forgotten’4 [32].

1.10 Life Cycle Costing (LCC)

Life cycle costing is an economic and financial tool used to achieve better-projected
outcomes from the use of technology [33]. It is a way for consumers to become aware
of the costs beyond initial purchasing costs. The environmental impact of the use of

the technology may also be quantified via the use of LCC.

* The Light Up The World (LUTW) Foundation are pioneers in social entrepreneurship using WLEDs
on solar photovoltaic systems. They document the technical and social benefits of their work very well.
They may be searched at the address: www.lutw.org

* This information through personal communication between Stelian Matei and the author. It comes out
of articles [31] and [32] but it is not known whether the articles were published. It was received via

personal communication channels
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It is also a way to compare systems with different:

e Initial installation cost
e Operation cost (energy, relamping, maintenance etc.)

e Operational lifetimes

Costof
making

Cost changes

Potential

for

making
Time savings

Figure 5: Potential savings and Cost relationship [33]

Good quality, high flux-maintenance WLEDs when operated correctly shows us that
through its long life spans it can be used continuously for a number of years. This is
dependent on chip structure. The financial rebate, due to longer periods between
maintenance and lower electricity consumption is cause for a concerted effort to

develop an industry from these devices. See figures in Table 5 and Table 6.

Table 5: Comparison of light output, electrical input, efficacy and lifetime of the most ubiquitous

lighting technologies available on the market [34]

Source Light Electrical Luminous Lifetime
output input efficacy

(m) W) (/W) (h)
High-Power White LEDs 60-135 1.2-2.6 50-70 50,000
Halogen lamp (two pin) 950 50 19 2,000
Incandescent (screw type) 890 60 14.8 1,000
Fluorescent T12 2800 32 87.5 20,000
Compact fluorescents (CFL) 900 15 60 10,000

A simple comparison between incandescent, fluorescent and high-power white LED
technologies, based on a specific environment (household kitchen) and cost is
llustrated in Table 6. It shows, given the lifetime information of Table 5 that the LED

outstrips the others but not in initial cost.
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Table 6: Comparison of lamp type, illuminance, power required for implementation within a

specific lit environment and cost [35]

Source Lamp type Average horizontal Power per Initial cost
illuminance kitchen
1x) W) $)

Incandescent | 75W Halogen 157 300 $212

CFL 18W 156 74 $388
WLED Type A 161 168 $2,952
Type B 167 200 $2,384
Type C 151 120 $1,206

An example shall illustrate cost, energy consumption and required energy for the
kitchen environment. Data is used from Table 5 and Table 6. A base period of
50,000hours (in excess of 5 years when operating continuously) is considered. Total
cost is that of initial and replacement cost, and not energy cost. This is a cost incurred

despite technology type.

If WLED Type C is operated for that period of time at a total cost of $1,206 under the
kitchen environment; 6MWh is the amount of energy used. For the 18W CFL listed in
Table 6, 3.7MWh of energy is used at a total cost of $1940. For the 75W halogen
lamp, 15MWh of energy is used costing the consumer $5,300. The halogen lamps’

initial cost is 14 times cheaper than the most expensive LED!

In reference to Figure 3 (Path towards energy efficient lighting behaviour), cost finds
relevance in four of the five base criteria for choice in efficient lighting technology
and behaviour. ‘Technology’ does not have that cost component while it can be
argued that the ‘status’ of perception of new or different technologies be considered a

cost variable.

1.11 Namulonge: A case study of the rural application of white LEDs

Lighting up villages with white LEDs is being done across the world. The white LED
has given much hope to rural communities in the mountain ranges of Nepal and
Nicaragua, dispersed villages across China, India, Afghanistan and a subsistence-
farming village in Uganda. The pilot project in Uganda was visited and is discussed. It

is conveyed through a design procedure that specific information regarding location
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and purpose of use would help solve many of the technical issues that exist there.
Light is needed, but specifying the area’s requirements must form part of the design
phase, which presently only uses cost related to energy delivery equipment sizing as

the chief decision-maker.

1.11.1 The need for energy efficient lighting

The primary reason for research efforts into energy efficient electrically generated
light is to decrease the health issues related to the use of fuel-based energy sources.

Other issues include safety, cost, maintenance, and increased levels of illumination.

The dominant system being implemented in the developing world, the PV solar home
system (SHS), has in excess of 3million units installed worldwide [36]. With higher
efficacies and better user—related performance, the white LED reduces the sizing and
subsequently the cost of implementation [37]. The maintenance of PV SHSs, as they

are referred to in the field, with white LEDs is reduced as a result.

1.12 Rural Lighting

1.12.1 Uganda: A brief country background

Uganda suffers from a severe shortage of electricity. “Currently, only 225,000
Ugandan households, i.e. 4.3%, are connected to the grid system. In the rural areas
only about 2% of households have access to electricity, of which less than half is
provided through the national grid, the remainder coming from household generators,
car batteries or solar photovoltaic (PV) units” [38]. Rural livelihood with no electrical
energy 1s not a sorrowful experience but it does remain an unnecessary burden on
human beings given the plethora of developments in technology. This was
experienced from a site visit the author made in July 2006. The country boasts a
healthier economy, than in earlier times, with positive growth rates, yet is still unable

to conquer this inequality in access.
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1.12.2 Namulonge Pilot Project

Namulonge, an example of rural lighting and the challenges faced there is drawn on
for reference purposes. The trip made to the village on the outskirts of Kampala city
was enlightening. Information on funding, technical partnerships and proposed
outcome detailed in the documentation received on the planning of this project we had
great expectations of success in technology. Another motivating factor in visiting the
site and institutions undertaking project implementation and maintenance was to

witness the viability of rural/urban partnership.

1.12.3 Namulonge LED-Solar Home System (SHS) project

Initially, the Namulonge white LED project came out of a suggestion by one of the
teachers at the Namulonge Primary School. She remains the liaison between the
energy services company (Ultra Tec) and the 10 families that are taking part in the
study. The German Aid Agency GTZ, Makerere University and Ultra Tec, together
works on the Namulonge Community SHS LED lighting project. Although the area is
grid connected, the people of the community were not able to afford the cost of being
consumers of the service [39, 40]. Alternatives to fuel-based lighting, the long
distance to travel and exorbitant prices for mobile phone charging levied by
entrepreneurs in the town were sought through renewable energy equipment, mostly

solar PV.

Despite the area having been assessed by engineering students from Makerere
University, the adequacy of light for the given spaces was not properly investigated.
IW and 3W phosphor-converting white LEDs were used inside MR16-type lamps
with bayonet bases. The picture below illustrates this. Appendix A contains more site

pictures.
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Vigure 6: Bayonet base white LED lamp with hatiery supply

Yigure 7: A low colour temperatpre, high codor render (Ra) LED lamp placed uneons entiooady in

a corter of the livins eooenm.

£ 12,4 Luntinaire adequacy

Fram the construction of the luminaire, # was evident that these lamps should anly be
used as down-lighters. Adequacy (i.e. the light level specified for the task) of lght
sources was not investigated, It owas thus a technical flaw that has led to the
installation rendering poor iMwninance levels and consequently poor user results, The
vear round average relative humidity for Kampala for the morning is 84 while in the
evening iz 64 [411. It affeced the light output of the white LEDs. This together with
the lack of deive conral, were the cause of the liaht degrading to less than 30% of irs

mitial Tumen level wailin a momth of mmstallanon.



1.12.5 Usability issues

The first problem that was envisaped was that celating to user acceptance. This
rejeetion by {ist tme users of clecimeslly penerated g could potentially lewd users
to accept a lifelime of fuel-based light, Residents of rural communities, with little to
no exposure to the developed world's convenienues, might eusily  view uny
technutegical advancement as impractical under their rural ciccumstances. A solar
powered system alse has s challenges. From charging the batery, tw cleuning the
punel and  attsching  other devices for the use by consumer electronics, the
fundamental concepts are not readily understood by persoms wathout a technical
hack ground, Good levels of education and comprehension mesnt that many of these
initial assumptions where untrue. Iowever, since all recipients of the solar home

sysiem were not mtervigwed the comclusion is not cerlain,

The system isel M was very basic, No user-inter faced panels with signals, push buttons
or logic control. The solar panel leads straight to the hattery (1.2, no charge contrnller).
From the battery, cables with onfofl switches lead o the lamps, Some did not have

any light switches but exposed contact points.

s The concerns of the users was related to the adequacy of the system:

s The size of the panel and battery.

* The ability to charge mobile phones,

o Playing a radio from the battery

* The independence that they desired from having to use or purchase dry cells or
churging tme from s vendor a number of kilometers away,

#  The adequacy of the light was Impaortant to the user.
1.13 Framework for Implementaiion
The two cases have highlighted many important issues that need o be considered

before o solid-state Hghting system may be implemented, This section detiils twa

design procedures that miy be used o enhance reliabilily and performance.



| 1131 Selection Procedure

Brukilacchio and DeMilo describe in |43] a system-level flow down tfor package
(luminaire) design and selection of commercially wyailable chips for demunding
applications. See Figure &, In their view, ‘product specification’ is the most impertant

aspect in the selection procedure.

Resabiliy [
| i Palyience
| Cenl

| [hpian.cal
LED Favkage

Figure 8: Svstem level approsch do aptimised package design

The iterative process of maximising ophical. vlectrical, thermal and mechanical
- considerations o increase manufacturability. reliability, performance and cast are
consequential to the aforementioned primary activity {product speeifcation). Luxeon,
for their LED sipnal lamp design process, employ u similar terative design process

| given m Figure 9 [44].
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The verification phase of this design process creates “optimal’ solutions. Commaonly
known as crror checking, However, on omany oceasions the concept o optimal
solutions 15 not met with successful implementation. The siie visit o Namulonge has
led the author to belicve thar sustaimahle upproaches o implementatong and operation
shuuld include site-specific details. It 15 imperative that all projects inctude details of
this mlure, We contmbute o this fow chart by sugzesting that within the product

specification phase, there should be infimmation regarding the envirorment,

1.14 Environmental Challenges

The envirunmental challenpes of mral and remote locatons acruss the world have
rendercd  harsh and  bardy approaches o selutions that atempl 1o conguer the
provailing energy crisis, It is the author’s contention that second to evaluating the
nceds of people are the lucalization  challenges.  COtherwise known as  the
crretimetitul challenges, For example, relalive humidity (R is a factor that s
unspecifled in terms of the characteristics of operation, It does have an impact en the
longevity {luttl nsable hours ol uperation) of the device. The degradation uf chip and

cncapsulant 1s accelerated Turthee by this enaironmental condition [45, 46, 47]
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Mtravaolet {0V radiation 15 another such facter having a similar impact on the chip

|4%].

Having more environmental site information will reduce the hagh expectation of the
mstalled white LEDs. I information of this sawre s looked at during the product
specification phase of Brukilacehio et af s Dow priwess then the consutner 15 able to
fully understund that each nstallution 18 wmgue. This is an inportant fact i relation to
technolopy acceptance and turther market pemetration, Namulenpe showed signs of

this tiutal error, The project stands still because of imadequate selection of LEDs.

LI4 1 Envirenment-priovity selectivn framework

Causality, as o subject, 15 the representutivn of phenomena through empirical testing
and venlying the claims that specific operating conditions affect lifetime, lumen
output et¢. In many cases these conditions are known, bul scientific prool 1s able to
gquantify them and then gualify means o avert the negative impacts derived from
those conditions. Testing of LEDs 5 done o controlled coviconments {light boxes,
spherca] photometers etc) and under accelerated conditions |45, 46, To date the
effects current and temperature hive oo lumen output, spectral changes and litetime

deprecition huve been documented [45. 47, 49)
1. E4.2 Impact of weather aud umbicnt conditions
[ real world applications, varighles (as stated earlier) and condifions chunge at

random. A [ull secount of the anvirgmmmentad considerations [as opposed to operafing

cotcditionsy s needed. These have been brietly touched on belore. A Tew are listed;

e Relutive Humidily

= Ultraviolet radiation

*  [hynamic lemperature chunges
* Air flow

]
h




The ¢ombinational eftects ol these ambient conditions can be inserted into produc

specificatinn.

1.15 Current eonsiderations and futnre aims

The aim ol this chapier has been to demwmstrate the rmpact that LED technology s
having auround the world. The prospects that 551-1.EITs may have when applied to the
stated envirorenents, in parbicular, domesue and  commercial spaces was also

examined.

The leasible revelutien will be the chanpe in the habit of energy use with 2
fundamental understanding of the viswal needs of users of lighl. Governmental policy
18 a major driver that can assist in this matler. This is a respensibility that

povernments atd local awthoritics must recoptiiae and act upam.

Lower energy-consumitiye lechiiology s essenbial 1 there s we be o maor shill o

usayre patierns amd peak demand.

A nurmber of peints te consider in the vase for WILEDs in the Western Cape;

o Tarzeting the ambient and task settings, becavse the lux requirements are
liwer amd he task requirement for lamps are cluser than noomal respeclively,
15 the first step.

o Boecause Soutly Afrcan reseacch croups are nol pretline fuoding Tor physical
amil cherracal research ino LED chip structure, and that we are bound to be
gross importers o LED techoology, research anle the user perception and
adaplability of various vsers is important i we desire to penelrate the lighting
markel.

* local povermment showld consider amplementimg more LEDY nstallaton
plojects

o Logul wvernment should ncrease public awareness about the options and

encrgy cificicney of LEDs and other energy efficient technelogies.
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LED artays and luminaires where tested in a laboratory for the Golden Arrow Bus
design probleme Dark room condilions (stahle, consislent environmenth were used b

evaluate the luminaire design,

Chapter 4 details the backyround in assessing the optical system requiremnents angd 1he
desipn hypothesis tr address the needs of the bus and the arca to be lit. The spacing
comsteaint and spatial distribution, as particular problems of this design, are also
detailed, This chapter thevefure is u full explanation of the collimating optics sought to
give w best Gt Tfor the lie eovirgniment. Incfuded are subjeets of light utilisation and
light energy capture. The circuit designed to mun the LED array for the lahoratory

testing with the thermal considerations 15 wlso deabl with herc,

Chaprer 5 details the testing results of the retrofit luminame after physical production
of the lenses and the manipolaion of the lenses, Tlis chapter holds information about
the criteria against wlich the photometric and optical propertics of the luounaire were
checked. There are four criteria; illuminance, intensity, spatial distribution and
Hlendue, Since the fiest design of the hinear resnel and argular Resock did oot meet
these requirements, a scoend design (with new requirements founded on different
optical concepes) was sought. An adapted bavwing lens desien. wsed for Nuorescent
tube hights, s rescarched o keep a lens (as opposed W oan eneapsolating or retlecting

optic) desipn. The hybrid ciccular and linear fresnet lens is fabricated.

Chaprer 6 draws conclusions on the white LED, it benefits and the application results
and cxplams turther the need o its implementation, Recommendations for the design

example are piven,

An appendix holds information of the white LEI}s and equipment used tor teating. Tt

il holds exlended data caplured during experimentilion



CHAPTER 2
ELECTRICAL AND MATERIAL CHARACTERISTICS
OF WHITE LEDS

2, Introduction

AllnGal (Alyminum Indium Gallism Nitride) are semiconductor materials wsed to
make light-emitting diedes, Mixtures of these particular clements prumarily produce
blue, green, and white light, White 1. EDs [rom this material composition are also
referred to as InGaN, GaN and just nitride {501 In this way, lterare may be
confusing for the newcomer. Variations in supply, temperature and preduct are the
threa most important aspects to consider when using LEIs, Other competing demands
melude eost, current matehing and functionahity, 1118 the smale chips LEDs that use
phasphors to convert the wavelengths of speciral emission of the chip inte white light
that we will congentrate on. This chapter alse gives a summary of the types ol current
contrel that may be cmployed to drive semiconductor-based lighting devices, Fmitted

light 15 @ fumetien of Terward current £ oand compliance voltage V.. LEDs gencrate

light at an intensity that 15 proportional W the forward current driven theough them,

2.1 Anatomy of LEDs

LEDs, embedded mto lummaires, must be considered first on their tvpe and then on
their conditional characteristic to ensure adequacy for visual pertormance, There are
four package types available on the markel. Guood spatial distribution have come from
the newer techiologies like surface mowent technology (SM1) and chip-on-board
(COB) technology. The other available technelogies are the 'T-1 34 {3mm theough-
holed and *superflux® LEDs, The main difference in the types of technologics is the
method of ¢neapsulation, The radiation pattierns give an dea of how they differ from
each other, Despite a difference in physical structure, the material composition [or the

generationl of winte LEDs is InGalv.
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Initially the Smm through-hile LER famps werne designed for exterior signal and
interior colour display applications. The superflux LEDs were used for the automotive
extetior lighting as a replacement for miniature incandescent lamps and in
dushboarifs, The SMT LEDs were specifieally designed 1o bridge the gap in the
illumination market with higher lumen-output per package. Fipure 10 1o

Figure 12 illustrates radiation patteen of the associated teehnologies.

Aol Sensimedy

5.

Fizure 10: Typical relative radiant intensity versus anpular distribotion fur Smm throegh haele

LEDs (Seurce: Vishay Semiconductars)

- Anlaken Luner e 0TS S

L

Figure 11: Typical relatve radianc intensicy versus anpular disteibutivn for superfus TS

(Sowree: Vishay Semiconductars)




Figure 12: Polar (left halfy amd angular (eight halt) disteibotion of SMT ivpe LED (Source:

(hsrum).

Form left to right. the respective structure of the physical designs for the above listed

distribution patterns are displayed in Figure 13
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Figure 13: Physical dimensions of the structare of 3mm throogh-hole, soperflus and HB LED

technologics respectively (left to rightl.

2.2 Hizgh-brightness white LEDs

The surtace mountable high-brightness {11BY}, commonly referred to as “high puwered’
white LEDs. were invented with the particular aim of overcumming the shurtcomings of
siznal lamps and penetmting the general lighting market [51, 32] These terms are
itterchangeahle, They cssentially refer to the higher current densities ecmployed to
gencrale more Light from chipsidics. Packages that enclose these chips have a number

of specitl mmplemenistion considerations the most important being thermal. A

3l




concerted effort to lose the inefficiencies of indicator and signal LED lamps being
integrated into luounation rendeting Axtuces; T white RS have to contend with a
ket saturated with ecasiby-inslalled and cheap opbons. A chameteristic of this
techinologs is its ability 1o et in exeess of 100 lumens per packaze. The most

commoen commercially available lamps use the phosphor-convertng process.

And find Lhp b B Al
= TR T M e \ S5 i

Ekci calk oty
= rnavdeliae [pony

Al U

S— y I" |
A § = =
Fadayn ioad Farmazs o agd
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Figure 14: A closer Innk ac the internal structure if an InGaM high-brightness Loxseon® LED

2.3 ITmplementation Considerations

The Tallowing 6 points are comsdered erineal for long-tenm oparation:

Total light output | P |
*  Luminous intensily | [ |
s  Fmission spectrum

= Cobowr gy [R]
* Bias condition | /- ¥ |

s Juncuien femperature [ T

The abovemenlioned characteristics act as varahles and arg infllugnewd by their
thermal dependences, Optimal application-based lighting was discnssed in Chapter |
via a selection procedurs. In realizing illuminated enviromments with while LEDs

[28], fve arcas are ta he considered:

s«  Dipital or analog contral

s Comeel diving
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¢ Light production mechanism
o Light requirement

o Thermal management

5o it can be said that colow rendering by svithetic white light sources and the driving
mechumsms Tor them all play important roles in the prisduction of light. These factors
ure now taken inte vonsidermtum when industry interacts with developers. This

optoelectromics industry 1s lurge in developed countrics arvund the world.

Chipsidies are the light-giving semiconductors embedded withim an LED typically
housed 1 a strocture able to dissipate heat. Light production mechanisms of these
chips are mmportant. However, these factors can be said te combine together
efficiently only it they are able o sutisly the user. This information points us once
again to the suitability of a light production mechanism lor a sk, hence, giving room

for 4 host of LED-based lighting solutions.

Figure 15: An exaniple of the available reteafits for domestic and eonmercial use, This iy un

MHTA-sivle laanp with white LEDs inside, [Sowree) www,owaitinanledlampeeon|

2.4 The Characteristics of LED technology

2.4.1 Light Output

Tradinionally LEDs use positive amd negative junctions and the laws of rubalive and
non-radiative recombination [53 | The emissive layer of an LED is made ol inorgame
malerials. [t s o this region where carriers (either clectrons or holes) recombine o

release phalns. Most of the released-photony produce Light while the semiconductor

A3




material abserbs the rest, The entire chip. also knvwn as u “dic’s s approximately 0.3
min® i size, with size varying accorthng o the dic structure and lumen requircment.
Taking e aceount the swee al other Lighting devices, this small size hus never vet

been achieved,

¥ - |
| = l: : Laf'E Eirvilereg Lovesi J
—_— 3

Figure 16; A cross scetion throngh o surface-mount LEDR

With respect white light production, the following methods exist:

o MNew IV periodic elements  topether with phospliors [ 54] allow
manulaciurers o produce white light 10 varous mixteres to change emitted
wavelength,

o Mear ulitavielet erting LEDS and @ mixture of high efficiency curopiutmes
based red and blue emitting phosphers wogether with: preen emitting copper
arul alyminum-doped sine sulfide renders a similar effect 1o that of Nuorcseent
lamps.

«  Sinulancous coisswn ol blue light from its active region and yellow light
{rom the substrate (no phesphoes are used o this method).

*  Couting blue LEDDs with quantem dots that glow white in response to the biue
light from the LED [55] pives the eloscesl pussible colowr-render tooan

lcandescent,

The high demand of the firstementioned white light extraction method makes it the

mast popular on the white LEIY market, The brilliant colour rendenng, simphicily of



white light production and tunabilicy of wavelength to produce a desired colour

temperature are some of the advandages of this LEL.

In the lwlure, researchers estimate that white light wall come from a combination of
LED-based |56] monochromatic hight sources. Additive colour mixing using the
primary coleurs of red, green and blue will be clustered together appropriately to
render white Light. The increased ability to control white light production at a high
colowr rendering index, the additive cifiet ol photon production from multiple
sources, mnd apphcation-based shade changing [37] are some of the prospects and
challenges that research institutes arc weighing up. These oplivns cannot b aclieved

without closed-luop control.

Noowhite-light produeing LED and LED-array are without their inefficiencies. To
overcomne these inefficiencies, luminous-efficiency and photon-conversion eificicncy
requires heavily lunded research and development, The Optoslectronics Industry
Development Association (OLAY List the following areas for long term resvarch |57

These include primary (chip strocture} and sceondary (lens and reflector) components:

»  Materials research and the physics of hght genzration
»  Subsirate materials

s Reactor Design

» Lizht extraction

»  Plhown conversion materials

¢ Novel concepts of solid state light emission

»  Packugmg

Light extruction is o fundamental issue that the solid-state lighting (SSL) industry is
concerned with. Lighting units/fixtures, consisting of an array of LEDs, also face
light-emittance problems, Thus 1he abovernentioned research-areas list falls under &

broad spectra of issues and constitutes the first of [eor sigmificant arcas.
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Table T A list ol rescarch romis G yichd higher Quy owipois

: M aterial i Cluste el
Pdateeral aml Reliabilily T

. : and device : Tighting
Deviee design | PR atvd packagring R
| labrication C silulions

2.4.2 White LED Performance and Temperature (Limiving Factors wnd Thermal

Dependence)

The long lifetimes that LEDs have been branded to achicve are the arguing point from
which its suppurters depart. The applications they are Toreseen o be utiliced o, LED
tifespan must exceed available light sources while maintaining a viable luman output,
These topics also relaws o cost: where mamienanee of lamps has heeome burdensoeme,

and in remote areas, practically impossible,

[.ED thermal unctien temperatiee, ambient temperanuee plotled apainst ume and

drive current arc imporlant functions and pewerlul aides Tor designers and users,

A
LR 12 g
Ry
hlh 4
101
204
(i & +
[IK1 [IH0] [{HIEHY [LHMHH

|4, 1hy Righepemss Wi E1L

&

oAl wram white LED

Lepree (hrsd

Figure 17; Lumen maintenance data at voom emperature for two types of white TETs: curve
“a7 deseribes 4 S-mm white LETY driven ar 20 mA; curve “b™ is for a high-power white LED

{abaped frorm [SR])

The eonversion efficiency 15 the most important performance indicator for all lighting
LEDs |39 with s cificieney decreasing g junclion lemperature poreases, The
convarsion etficiency relates inpul power w oulpul lumen, 1605 also referred to as

Iymincus efficiency
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To produce light, LEDs must be forward biased and current limited to ensure that the
chip operates and is protected. It should be noted that while these are electrical
conditions to ensure that light is reproducible, there are thermal concerns of package
and lead design. The LED is quite dependent on temperature and the general

relationship for diodes can be given as:
i=i {exp(ij—lJ 2.1)
[ & .

where, i is the current through the diode, i, is the reverse saturation current, e is the
charge of the electron, V is the voltage across the diode, 4 is the Boltzmann constant,
T is the temperature of the diode, and f is an ideality factor which varies between 1

and 2, depending on the semiconductor and the temperature.

A current of several hundred milli amperes, like in the case of most high power LEDs
used for this thesis, passing through the LED with no sinking/cooling can cause rapid

temperature changes. Datasheets specify operating temperature range 7, junction
temperature 7, and thermal resistance at the junction/solder point RO .. A

temperature coefficient 7V, of the forward voltage is also given. This ‘typical” value
describes in mV/K the rate at which the forward voltage changes within the operating

temperature range 7, at the defined best operating forward current /, when the
Junction temperature changes AV, / AT, . It is clear that temperature plays a significant

role in the operation of white LEDs.

Higher junction and ambient temperatures affect lumen output significantly and cause
lumen degradation and the above equation may be used to monitor the temperature
stability of the LED. Changes in temperature are widely known to cause shifts in the

spectral response and colorimetric properties of LEDs.

The most critical indicator is the junction-to-case thermal resistance that is defined as:
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RO =1L (2.2)

Where, T, is the junction temperature, 7, is the LED casing temperature and P is the

electrical drive power. The junction-to-case thermal resistance is the ratio of measured

light power to the electrical drive power, versus the junction temperature.

Four things to consider when operating white LEDs. These are cause for degradation.

o Change in characteristic of fluorescent substance

e LED chip

e Optical transmission of resin lens

e Change in junction temperature when forward conditions change (e.g. 50° —

90° change when current changes from 36mA to 74mA)

2.4.3 Thermal Management and temperature variations

Temperature plays a significant role and impacts on the behavior of InGaN LEDs. V,

stabilizes as the junction temperature stabilizes. The temperature at the junction rises
because of electrical power consumed by the chip and then stabilizes at a particular
temperature. This may be influenced by the properties of the type of phosphor used
[60]. The relationship is given a numerical value and is known as the temperature
coefficient. LEDs exhibit a change in forward voltage as junction temperature
changes. For InGaN this coefficient is within the range -3.6mV/K to -5.2mV/K [61].
A decrease in voltage occurs as junction temperature increases. InGaAlP (yellow and
amber-red semiconductor material) display a temperature coefficient of between -
3.0mV/K to -5.2mV/K. There are intensity changes over junction temperatures. This
is as a result of the changing efficacies of the semiconductor and not as a result of the
changes in forward voltage over the various temperature changes. This temperature

change 1s not linear [60].
High brightness white LEDs have many temperature dependent properties.

Consistency during the lifetime of operation is achieved by running away the heat that

is generated. Although light conversion is very high the input power cause the
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junction temperature of the LED to rise. An increase in die temperature causes the
dominant wavelength to get longer. The change in dominant wavelength AX (nm) over

a change in die junction temperature AT (°C) is represented in equation below.

% =K (2.3)
For white LEDs the human eye may perceive these small shifts in wavelength. Thus,
consistent colour and power magnitude are immediately affected by thermal
management solutions [62]. Light intensity and lifetime are also affected by the rise in
heat that is a result of the lack of conversion of available energy into light. Losses
(characterized by heat) can be calculated by P=I?R where resistance is dependant on

thermal impedance and thermal conductivity and thickness.
2.4.4 LED stack model and heat transport method

A stack is a representation of the thermal conduction path in a diode. Thermal

resistance is described as:

ATj—a
ROj—a= 24
/l Pd (24)
while conductive heat transfer g from heat source to air is shown in:
94T 2.5)
A dx

Where, A is the area of device.
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Figure 18: Stack model of a typical light-emitting diode [Source: Bergquest Thermal Manuel]

2.5 LEDs and Efficiency

The question of efficiency in light production is of utmost importance. The global
projection of efficiency is now brought down to a microscopic level and is based on
chip structure. The energy converting process of present LED sources are examined in
more detail. User efficiency can be viewed from a number of characteristics of the

device. A summary of the measures of efficiency follows.
2.5.1 Efficiency measures of LEDs

Light is emitted when applying forward bias into the p-n heterojunction. There is an
efficiency associated in the conversion from electrical energy to emitted light were

one photon is emitted for every electron injected. The power efficiency 77, , otherwise

wp?
known as wallplug efficiency, is expressed in terms of three physical parameters.

Schubert’s book, Light-emitting diodes [63], has illuminated these efficiencies.

Internal quantum efficiency is defined as:

P/ ()

nim = 1/€

(2.6)

which is the number of photons emitted from the active region per second divided by
the number of electrons injected into the LED per second. P is the optical power

emitted from the active region and / is the injection current.
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Ww=E,-E,~E, 2.7)

where the photon energy £, is the difference in electron energy E,, and hole energy

E, in order to conserve energy. It must be noted that this is a simplified version of the

relation between energy and photon extraction.
The extraction efficiency is defined as:

_ P/(w)

nextmclmn - Rm/(hv) (28)

where the number of photons emitted into free space per second is divided by the
numbers of photons emitted from the active region per second. P is the optical power
emitted into free space. The high-powered LEDs introduce problems related to

thermal management based on the light extraction efficiencies.
The external quantum efficiency is defined as:

_P (hv)

t = in/ extraction 29
Nex Ije Y (2.9)

It is the product of the internal and extraction efficiency. It gives information on the

ratio of the number of useful light particles to the number of injected charge particles.

Japanese researchers have further extended the definition to include voltage efficiency

n, into the power (wallplug) efficiency equation. Hence

P
npower = ﬁ (2 10)

where IV is the electrical power provided to the LED, becomes

nwp = nvnimnex/ = 77v77e (21 1)
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The voltage efficiency 7, is controlled by chip resistance and voltage barrier [64]. It
is the voltage required to cause electrical conduction in a junction of two dissimilar

materials.

5.5.2 White LED lighting, design and efficiency

Table 8 shows two production methods for white light from LEDs and their related
efficacies. It is clear that efficiency is chemical compound/composite dependant.
What is also illustrated is the related rendering ability based on chip type. The voltage
forward bias is dependent on the die make-up. For example, LEDs that generate white
light have a typical forward voltage drop between 3-4V while green, red and yellow

diodes emit light at a forward voltage bias of 2-3V.

These fluorescent-type LEDs have efficacies based on the conversion properties of the
chip and the colour-render (Ra) and correlated colour temperature (CCT). With

reference to the people of Namulonge, these two issues where of particular concern.

Table 8: Characteristics of fluorescent-type LEDs [adapted from 64]

Average colour Luminous
Method ‘White light Peaks rendering index efficacy
(nm) (Ra) (/W)
InGaN +
Pseudo yellow 465, 560 60~80 >100
white fluorescent
material
InGaN +
Quasi yellow + red 465, 580 ~88 >100
white fluorescent
material

42



Table 9: Colour rendering ability based on environment and task [65]

Application CRI

Ra
Indoor retail > 90
Indoor home 80
indoor work area 60
Outdoor pedetrian area > 60
Outdoor general <40

2.6 Light control

2.6.1 Current dependence

The voltage drop across the LEDs affect the circuit design. The aim of design is to

ensure that LEDs remain lit throughout the range of voltages specified.

Although the voltage range must remain the same under forward bias conditions, the

vast variation in forward current makes circuit solutions difficult to manage. The

steeper the URZ curve, the more precise the capabilities a power source needs to be.
Figure 19 and Figure 20 are a comparison between commercially available, market

competing LEDs. The images display the electrical response clearly.

Forward Current {mA)
g

a ' 2 3 “
Forward Voltage (V)

Figure 19: Bias conditions
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Figure 20: Bias conditions of a high brightness LED

It is well known that LEDs, even though from the same manufacturer and from the
same batch may vary in forward condition. In order that the luminous output of any
two LEDs are the same, with the same specifications and manufacturer, driving them
at the same current and voltage is important. It is relatively easy to do this for a single
LED. For an array of LEDs, the main challenge that has to be overcome is to drive

each LED with the same forward voltage and forward current.

2.7 Variations in supply

Equations are single-point computations [66]. When considering the types of
regulation to be used, and the purpose for which the LEDs are going to be driven, the

range over which the power supply is able to give power is important to consider.

2.8 Types of regulation

For the purpose of off-grid lighting systems, DC-DC converting systems are available
‘off-the-shelf’. This solution may be based on passive and/or active components.
Voltage or current may be controlled. Analog circuitry has traditionally been used for
regulating voltage. Switching regulators are common on many energy-critical portable

devices.
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2.8.1 Linear regulator

To provide a constant current, a linear regulator must be configured as a current
source. They may only be used when the input voltage is higher than the output
voltage. A linear pass element with a feedback mechanism is used that regulates the
current in a path as opposed to the voltage at a node. The top resistor is replaced with
a string of LEDs and the lower resistor becomes the current sense resistor. The
resistor causes the linear regulator to adjust the output voltage until enough current

flows through the resistor equal to the feedback voltage of the integrated circuit [66].

In the design process, sufficient ‘headroom’ for voltage variation must be accounted
for to ensure that the available voltage is sufficient to operate the LEDs. The design
phase is shorter for linear regulators as fewer components are used. There is never the
question of electromagnetic interference (EMI) as no passive switching components

are used.

A current source linear regulator is a cost effective solution to driving LEDs. A
disadvantage is the large amount of power dissipated by the supply when the voltage
drop across the supply is large. The efficiency of this circuit solution is thus lower
than the other available topologies. It is restricted to a ‘step down’ in voltage only. It
employs resistors, which have tolerances and are affected by temperature (self and

ambient).

The losses of a linear regulator can be approximated. 1°_ is the input voltage, 17, the

forward voltage of the diode, !, the regulated voltage and » is the number of LEDs in

a string.

Loss=(V,y —nV)I, (2.12)

2.8.2 Switching regulators

Buck regulators is similar to the voltage linear regulator in that it steps down the

voltage. The Boost regulator switching topology is capable of boosting the voltage.
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The Buck-Boost regulator is required when the voltage sources varies from above and
below the bias voltage of the LED (or string of LEDs). These three topologies may be
used to control LEDs. However, the Golden Arrow Bus design example will use a

Linear regulator for laboratory testing.
2.8.3 Circuit efficiency
When choosing a topology that best suits the application, efficiency is important.

Figure 21 is a comparison between the linear and switching topologies. The tolerances

with which the power supplies are able deliver the required current may be seen here.

Specification Linear Switcher
Line Regulation 0.02%~0.05% 0.05%~0.1%
Load Regulation 0.02%-0.1% 0.1%~1.0%
Output Ripple 0.5 mv-2 mV RMS 10 mV-100 mV,
Input Voltage Range +10% +20%
Efficiency 40%—-55% 60%—95%
Power Density 0.5 Wrcu. in. 2W-10W/cu. in.
Transient Recovery 50 us 300 us
Hoid-Up Time 2ms 34 ms

Figure 21: Comparison between Linear and Switching topologies [Source: National

Semiconductor]

2.9 Summary

This chapter has detailed some of the critical relationships between current,
temperature, wavelength and the related efficiency in light production. Bias
conditions must be maintained by the chosen circuit solution, whether digital or

analog.
HB InGaN-based white LEDs, as the superior technology, shall be used with a linear

regulator to understand the illuminance and spatial distribution concerns of the design

example.
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CHAPTER 33
HUMAN PERCEPTION OF LIGHT AND METROLOGY

3. Introduction

Our ability to differentiate between colours, sense light level and various textures of
objects has led us to develop systems to quantify light’s properties. This lighting
measurement system has been developed over hundreds of years and is one of the
comerstones of our development as humans. The perception of light is subject to the
observer, even under identical conditions, setting the photometric and colourimetric
quantities apart from purely physical quantities. Thus, there is a need for a set of
conventions to evaluate environments. These allow the designer (architect, optical

engineer, electrical engineer etc.) to make recommendations on a number of criteria.

There has been a dramatic growth in the use of various technologies for lighting
coupled with new light sources with efficacies that match or exceed traditional
vacuum tube lamps. The challenge has been set to illuminate general environments
with them. With the knowledge of the properties of light, its interaction with human
beings on a psychophysical level, and the fundamental properties of the latest
technologies; it allows us to challenge this market and achieve reduced power
consumption targets. This chapter deals with the white light-emitting diode and the
receptors/discriminators of its quality and quantity in environments lit by them. The
unique measurements of white LEDs are considered within their geometrical

properties, spectral distribution and operating conditions.

3.1 Human perception of light

3.1.1 Radiometry

Radiometry is the science and technology of the measurement of electromagnetic
radiant energy. This covers the entire spectrum of physical radiation from ultraviolet
(UV) to infrared (IR) and is the vehicle through which visible spectrum light may be

quantified. Radiometric quantities have the subscript ‘e’ assigned to them. Photometry
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and colourimetry describe intensity with respect to the energy or optical power of
radiation. The human eye’s perception of that optical power and the strength of colour

respectively are thus critical in order to understand artificially lit environments.

Ultraviolet Infrared
100-400 nm 1. 770-1,000,000 nm

2 3 4 5 6789 2 3 4 5 6788

100 wavelength .  1.000  (nanometers) 10,000

Figure 22: A linear representation of the electromagnetic spectrum. The visible spectrum lies

between 380nm and 770nm

3.1.2 Photometry

If an LED emits light in the visible spectrum the photometric analogue of the
radiometric quantities use the photopic response of the human eye. The corresponding
luminous quantities fall within the narrow visible spectrum of 380-770 nanometers.
The eye sensitivity function ¥(4) describes the spectral luminous efficiency for the
photopic (store, office and outdoor light) response within this spectrum [67]. Two
other responses exist namely scotopic (dim or overcast light) and mesopic vision
(moonlight or early twilight). Under the mentioned lighting/ambient conditions the
spectral sensitivity of the eye is mediated by rods and three types of cones. When
luminance (luminous intensity in candela (cd) over projected surface area (m?)) levels
are greater than 3cd/m’, photopic vision and the cones perceive colour. Under
scotopic vision the higher sensitivity of rods do not render the same colour perception
as the cones. Luminance levels are below 0.003cd/m’. Illuminance levels between

0.003cd/m* and 3cd/m” characterize mesopic vision.
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400 500 600 700 (nm)

Figure 23: Commission Internationale De L'Eclairage (CIE) photopic and scotopic sensitivity

curves

The photometric unit, always with subscript ‘v’, is defined as:
@, =K, |V (A, (A)dA G.1)

Where @, is the spectroradiometric power distribution of a signal (expressed in
“watts per unit wavelength interval”), K,k =683/m/W , which establishes the
relationship between the radiometric (physical) unit watts and the photometric
(psychophysical) unit lumen. V(A) is the relative photopic luminous efficacy
function normalized at 555 nanometers and A is the wavelength (usually expressed
in nanometers). All radiometric quantities have corresponding photometric quantities

and may be attained by integrating and weighting them with ¥(4).
3.1.3 Colourimetry

Providing a quantitative and qualitative description of colour in relation to the human
eye is known as colourimetry [60]. The human eye’s sensitivity to radiation is not the
same for each of the wavelengths (colours), the intensity of the light or the field of the
view [68]. It is also sensitive to colour differences across a lit surface. The most
important function of colourimetry is the quantification of colour-rendering properties

of sources and the concept of correlated colour temperature [69].
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Based on the analogy of the photometric system, a colourimetric system can also be
built on additivity and proportionality. Thus to describe colour three independent

variables are needed to describe colour or to obtain a match for it [69].

Three integrals of the referred to photometric form are thus required.

780gm B
Ti=k f @, ,t(A)dA, i=1,2,3 3.2)

380nm

Where, £(4) is the three monochromatic weighting functions of the stimulus (colour-
matching functions), and 7, describes the colour stimulus in the trichromatic system.
The above equation may be gained via the following procedure. The units of the
matching stimuli have to be set (done by setting so that the mixture of the unit
amounts provide a colour match with a particular white stimulus). Using the symbols

[R], [G], [B] for these unit amounts of matching stimuli,
C =r[R]+g[G]+4[B] (3.3)

where, , g, b, represent the amount of light taken from the [R], [G], [B] matching
stimuli (called the tristimulus values). C, has a spectral distribution [C,(4)]. If one

calculates for every wavelength band of the spectrum and add them up we can obtain

C,. The additivity and multiplicity of colourimetry permits this.

3.2 Commission Internationale I’Eclarage, International Commission on

Hlumination (CIE)

The CIE is a standards authority on illumination, and the international organization
that undertook the task of developing specifications for colour and colour matching.
They have developed important conventions over decades. For example, two colour
stimuli that look similar under one viewing condition might look different when seen

under different conditions (field of view, adaptation, direction of viewing etc) [69].
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In 1931 the CHE estabhshed the tnstimolies system based on the assumption that every
colour is a comhbination of the three primary colouts [70]. The integral of spectral
powwer distribution af radiation S(A) and the three response curves 3{4), ¥(4). 2(4)
aver the visible speetrum wavelength range will give the wisdmulus terms X, Y, 7,
The colour eoardinates x, v, « are ganed from these tristimolus values, These may be

ploted in the chromaticiey space. See Figure 24,

It shonld be nowed than ather chromaticity spaces cxist tor example &' v and L*a*h*
that van be calevlated by the tansformation of the = y, » values [71]. These are
further developments of the coordinate svstem (thut occumed in 1976 and 1986
respectively)’. Fhe latter (CIE 19861 includes the voncepl of bhightness (when
reterring to a source emitting light) and lightness (when referting o g surface being

lit).

XY Z zexerm CIE EEIFEaf=]

3

ElE TRty £ R S

ENILHLA

Fignre 24 : XY Z colvur gamut according to CIE 1931 27 viewing |as reprodoaced by NichiaE|

= Numens ailsprsions, adjustmenis and further develepmants have Been imade w the CRE stanibards
Thae list of stamilards 15 too ramercos. Phe reader s eneaaraped o refee Lo the year given aml to maks
farher cnguwirics ko these standards for clandy, The purpess @5 D o show thal there i some

relgrenee eritaraem to cvaloar licspaces and liaht giving sources,

1
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Fiznre 25; The blackbody radiation ling {Planckian locus)

3.3 White light and the coordinate system

The spectrum of while light, known as the blackbody wadiation line®, appears i
varicus shades. Colowr is mapped onto the chromaticity diagram with thiee
coordinates. In tertns of the ui-stimulus values (X, Y and Z), weight ¥ represents the

perceived Iumiimsil}f'-ul‘ the: Hght source, and weiphts X and Z represent the colour or
chrenmmaticity of the spectnun [72].

x= XX Y 2,
Y=Y X A+Y +7),
z=Z{ (X +Y +Z),

Ty =X FY FZY (X+Y - Z)= 1 {3.4.}

" This secording 1a the 1964 CIT UV csendinaie system which includes the hlackbody line wver a

celour lemperature tange of 2000 K to 10000 K. The Rlack bedy radiatien line iy also relerred 1o a5 the
planchkian locos.
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« muy be obtaimed from x und

z=1-{x-3) (3.5}

IMence, the chromaticity coordinate may be expressed by x and . These
simplifications of the coordinate system are there to ilustrale how colours may be
achieved. Synthetic white hight on the other hand, although having coordinates, is the

only family ol lght sources thal can be simply represented by 115 temperature [73].

3.4 Chromaticity, Colour Rendering (Ra) and white licht from LEDs

Chromaticity s a  deseription ol the quality of coloar, independen!  of
brightness/lightness. A white LED is an artificial black bady radiator, with a
correlmted colour temperature (CCT) expressed i Kelvin (K)o The CCT pives
information about the visual outlook of the LED and its “whiteness’ and an vary

according to the beam anyle.

i

CrT-m, fis= +m

- A A - i

Figure 2a: The correlated colour temperature may be ‘ealculated” from the Planckian locus
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Figure 28: The specille colour and refated "termperzivre” in Kebvin of craitted Huehi

Table 10: Black body eadintor temperature approximating ol varloos dlominanls

Source Tenporature, K
Caruile {larme Y
| Sunlight 5t sunset 2t
Tizmersten ik G0 wntt pial
Tirsesten Falb 200wl 2610
TunastanHaleaen famp Y]
Compait Auoneseent =200
Wl k13 Sl
sunlight plus skvlizin I 3500
Crvercust sky fEL0

Les remdening atiliy 15 desertbed as 1t ablivy o rendering the true colour of an object,
anil s koown as the cofarr-rendering frdex (CRI. A systom to characterize thia

property is explained through caleulated differenice. Tn other words, a fest and




reference illummant renders colowr (which ncludes hue, saturation and additionally
brightness/lightness [67]. These are then recorded and from here the CRI may he
caleuluted. There are different meusures to caleulate CRI depending on whether the
illuminant source lies on o1 oft the planckian locus [67]. 1t s sulTicient w say that the

sum renders the boest colour and thus has an index of CRI=100.

Table 11 Colowr rendering index and application

£ imSmal:

ifeminertiveg
PLUIPOECS
stumdard iMwenination
necds 2500
lewer gquialing ppplicalions
_Teutgdeerst =T

3.5 Optical properties

The energy that s distnbuted  speetrally 1 desenbed by C‘spectral® or
‘spectroradiometric” werms, The light sources wavelength-dependent response can thus
be quantified via instruments like speciroradivmeters, spectroscope or multifilter
rudiomueters, There 18 oo diveed way of classifving LTDs because of the speactra!
distribintions of the optical radiation emnlled by them. It 15 neither a true
mondchromatie source (a5 emitted by lasersy, nor broadband {as with incandescent
lamps) bul really something between the two [71], The relalive spectral distnibutions
show very narmow bands (20250 nanometers) for light output. Designers and users

require the spectral properties to determine the correct LED Tor an application.

The spectral tests of LEDs with various colours of Table 12 are illustrated graphically

via thuir speciral response over the visible range, See Figune 29.
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Table 12: Test LEDs and their chemical composition

M. Cuolour Chemical
composition
| while InGaM (- ¥ AG phosphor)
i bilue TniraM
3. B4 o IndiaM
B BEEERC RNy
B vellww Inérad (P
i3 rid Al
10 ', alue 3G areen yelow red
08 M
|
oe
LB i
(=2 -
|
Do bt
LIk

Figure 2% Relative {peak 15 equal to L0} power spectral disteilrotion of monoeheronatic amd

white LEI¥s

A tew definitions are necessary

Peak wavelength A, The wavelength of the maxunum spectral power (sea relative
spectral distnbution of Tigure 30} The peak wavelength has hittle significunce for

practical purposes since two LEDs may have the same peak wavelength but different

culour pereeplion.

Fuli Width Half Maximum (FWHM): The spectral bandwideh ar bulf peak, A2, is
culeylated  fram  the two wavelengths A, and A", on either side of 4.

Do I e

Center Wavelengeh 2 - 'The cenler wavelength is the wavelength halfway between

the hall-wavelengths A - A7,



Centroid Wavelength A @ The centroid wavelength is the moment ot the mean of the

spectral puwer distribution,

; ho kB 3
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g i i -
i : |:| : | !I i ||
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Bos 'I I L ,!I ﬁ. e i Il
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E . |I l'.'r | ril ll. i I| l'll
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T R R T A
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Figure 30 Relative spectral listribotinn

Dominant wevelengrfe The dotminant wavelength s determined from drawing a
straight line through the colowr coordinates of the reference illurminant {usually chosen
a5 ilurminant 1) and the measured chromaticity cowdinates of the LED in the C1E
1431 chromaticity diagrmm. The intersection of this struight ine on the boundary on
the chromaticity diagram gives the dominant wavelengih. It is a measure of the hue

sensation produced n the humin eve by the LEL,

Pupire: Purity is defined as the ratio of the distance from reference illuminant [usually
arbitrarily chosen ax illuminant E) 1o the measured chromaticity coordinates and the
distance from reference illuminant to the intersection with the boundary of the
chromaticity diagram, Most LEDs are nammow band radiators, with a puricy of nearly
100% e the colowr cannot be distinguished from a monochromitic beam,

Pulychromatic sources have low purily approaching zero.

Viewing Angle or Beam Angle (ulso known as Full Width Hall Maxamum Angle (2
7.3 The total cone apex in degrees encompassing the central, high intensity portio
of a directional beamn, from the on-axis peak out to the oif-axis ungle o buth

directions at which the source’s relative intensily is 42,

L
=4




Helf Angede: The included angle is degrees between the peak and the point an one side
af the baam wxis up which the luminous intensity is 50% of maximum or half of the

viewing angle.

Peak Wavelength, Full Width Hall Maximum, Center Wavelength and Centroid

Wavelength are all plotled on o seale of [power/d) v, (M)

J.6 LED Measurcment and Accuarey

Ao 0 Megsurement Methods

The necessity For rebishle measuring methads and cqupment for LED development,
testing and certification has pained momentum given the rapid rate of uplake. Basic

measuring terms will be discussed,

Lurmminous-infensity (or just Intensity), eonsidered the most important quantity for its
characterization is defined as the visible energy flux per unit salid angle in a given
direction from a source. Tt is fypecally deseaibed in umits as candela (or millicandela),
I'hree conditions are impartant 1o cansider for luminous-intensity measurements. The
measurements involve o point source. the inverse square law and the assumption of
canstant dtuminance acrass the detector. The propertics of the souree are disoussed
and defined in the scelion Phatemelnic Properties of LEDs" in this chapter. The
deteetors and various standards  for detection ave viewed here based on the

gquanitficalion of luminous-iniensity.

The luminius Mux per deleelor arca bas been pven the name illuminance, The unit of

ireadiance, and lluminance has been given a special unit, the lux (—=lm/m)

A poinl souree need nidt be smull |77, 11 is dependent on distance from source to point
of detection. The angular diswibution of wvarious peint sources with rotational
symmetry (object looks the same with after same angular rotation) can be

approximatied by
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I=1 cost 0 (3.6)

where, /is the intensity normal te the souree ilsell and *g27 cun he:
o= for an isotropic (property of a sowrce having the same value when measured in
different directions te. being independent of direction ) point souree.

- g2 tor a Lambertian source

- g=3) for an LED point source

L]

Figure 31: Angular distribution patterns of radiators with rotational symmetry |71]

Given that illominance & at a point on a surface of a calibrated detector normal to
the source, variey according to ntensity 7 af the seurce and then inversely as the
- sguare of the distance d hetween source and detector, illuminance can be caleulatcd as

- fllows when g—0:

E=id 37

The far field distance ‘d’ can only be detcrmined by finding the 17" iradiance
{radiometeic quantity) fall-off region through measurement. Even in the far-ficll
detection, measurement error can stll aceur, especially if the lluminance detector 14

leo g To caleulate the taveraging” effeet un equation for the irradiance over the

LA
=




surface arca of the detector can be written and solved tur as the solid angle subtended

by the detector is taken is zeeo.
E(6)=dgidd = 1(0)dw /0" (3.8

When approximating the inttensity pattern of an LED by /=1 cos™ 8, E(6) can be

derived by;
£, /a* L=z +24)- (a7 ] 39)
The rew part fo this equation for illuminance aceounts for the averaging cffeet for
uncertaimty with respect to the frue intensity value. One can also derive the
relationship between the required raius of the deteclur and the “far-field’
medsurenent distance s
d-r-[{g+2)/(45)] (3.10)
Whete, £ is the uncertainty in question. Thercfove, solving for ¢ based on the known
fuct that the half-angle of the LED for g (detector point. given that orientation is 07)
and realizing that 1[9}‘;{"}“ at the halftangle is (1.5
cost " g = 0.3 (3.11)
where, 81 the hallangle.
Solving for o:

g=1+1n {G.S}J.H"Ln {cus(hall _angle)) {3.12

An example is given helow:
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an a unil radins sphere. The solid angle defined by o whole sphere is 41 and a half

spherye is 2

an
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Figure 32; Solid angle with its apex af the cenfer of a sphere of radius r, defines & spherleal

i i 2
sutface M. such that i — .5,-' ¥

Fhee Otherwise known as Luminous Flux s @ tmes the Intensity of source in
direction of the normal. It corresponds to the power unic *watt” in radiometry. In
relation ta 1he human cye, that waltape is weighted in accordance with its sensitiviry

ty miven wavelengths of the source. Lumen is the standard upit

Lauminows foiensiiv L2 Flux per solid angle: The exact defimtion of intensity of the
light sovree 15 the Tomit of lumimeos MToux o oa salid angle divided by solid angle as 1he
sulid angle approaches zero. Chur caleulation will consider an approximate measure of
intensity Lhal 15 just the lurinoes Tux g solid angle divided by solid angle, [ts snil
is candlela and is a value at a point 1o space in a particular direction. Tt must be noted
that Leninous ux 1s desenibed by 1 tmes the nlensiy of Lhe sowrce i the diveetion

of the normal.

The validity of the caleulation of intensity 15 hased on twao conditions,

»  The distance between source and detector should be determined precisely. A
soninmetric center, the precise position of the emission center, must be
determined. This 15 a difficult exercise.

¢ Distance hetween suurce and detector must be larre with respect to the spatial

width of the light source (far field condition).

fhminonce B Flux por unit area an a suclace when the souree 15 remote from the
sucface. In standard units the units are Jux (k) or lumens per square metzr. E. is 115

notation, 15 calewlated by dividing lumens of a source by 1ts area that 11 slheminates
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HE)=1 cos{th)

IRAEY

where, /i the maxinnun vahue of the intensiry in the direction normal to the swiface.
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Figure 33; Tf the infensity varies a8 the cosine ol angle a theo the lumiganee is constant inowdl

directions. This is 9 Lambyrtian or afiffose light sonroe

Emittance (of a unitormly diffusing swface): As stated above, the luminous is equal
to 1 omes 1he intensity of the source in the divection of the normal. The emitfonce 15
the luminous flux per unit area. For Lambertian sources 1t follows that the emittances 1s

o tmes the luminance.

Table 13: Snmmary of photootedric Jightioge coics and theie ableviations

i L Ll el PARILINE ottt
__Lununaus Flux LLinen Lin.
Larainos Tnlensiy Candela cil

Luninanes Candela per e’ cdim’
Llurainance Tx Ly
i Luyrainens Tificieney Toumris per walt L

3.8 IHuminance photometer and the necessary conversions

The illuminance photometer measures lights in lux (Ix), the 51 wnit for illuminance,
which 15 the nwnerical value tor lumen per square meater (lm‘'m?). Hance, illuminance
congiders the ineident luconous fux at a poiot withio a defined arvea (usually the area

of the photometer head),
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Figure 34: Huminance phatometer versus lnminance photemeter

Converting lux into the respective values of luminows ntensity (ed) and luminous flux

(Im) wre tedious tasks,

Steps:

First take reading

Measure distance from souree w surface of detection

Calculate area of photometer head

Caloulsie the hyvpolenuse of the beam ol projected light from source and
covermg the area of detection.

Work out the half angle of the cone of deteeted ligh

The solid wngle, whose 31 unit 1s the steradian, ¢an be caleulaled by solving

the double imtepral equation of a hemisphere,

i,

[sin (M8 = 2]~ cos 6] = 27(1 - cos ) (3.1)

(]

Efi]‘ﬁin Alikia=2nm
a

Inserting the half-angle viewing angle inte @ of this cquation would give a sehd angle

im steradiams, Lumen can be calculated through the product of the measurcd

llurminance and deteetor area. Luminance can then be calculated by dividing luimens

with the ecaleulated steradian per detector area. Intensity can be obtained via wo
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methods. Dividing the messured lumen vithue by the calculated steradian. Tt can also

be ohtawned via the Tnverse Square Law which give a very cloze approximate value.

Total humineus lux cin be calewlated via the Lorentzian or Cosine approximation
methids except that the Cosine approximation 18 less cumbersome, [ s a value

absolutely necessary for quantifving values related to optical efficiency,

The other methnd is through putting sources inside an integrating sphere. however,

such teehnology 15 very expensive,
3.9 Summary

The seience of detection, seen in this chapter as radiometry and colourmmetry, wre
essential topics for o designer. They help understand the teeds of the user and qualify
a set of solutions based on the application. ¥Visible-spectrum LEDs have unique
consideratums when detecting light from them. These have heen detwled wnder the
heading of photometry. This chapter has also detailed the difference in construction
of semiconductor technology used for illumination as opposed o signal and

indigtion.
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CHAPTER 4
SPECIFICATION AND DESIGN OF THE GABS
LUMINAIRE

4. Introduction

Golden Arrow Bus Services (GABS) is a South African transportation company.
Initial work by GABS on a white LED-based retrofit was not successful. The
problems encountered were related to human perception. Prototypes for a new design
have looked at perception extensively. The design of the electrical, optical, thermal
and mechanical aspects of the luminaire are described in this chapter. Included are

details of the:

e Choice of LEDs

e Amount of LEDs used for the application
¢ Circuit design for laboratory testing

¢ Lens dimensions and constraints

¢ Optics lens design

e Etendue and light capture calculations

¢ Optimal placement of white LEDs based on thermal and optics considerations

4.1 Luminaire Design Hypothesis

A luminaire is a complete electric lighting unit. It includes power supply, light
source(s), casing and a lens/cover. A luminaire is able to direct, distribute and focus
both direct and diffuse light [77]. This chapter details the theory and method of design
of the optics using appropriate LED light sources.

Inside the bus, light’s purpose includes ingress, egress and reading without causing

unnecessary glare for the passengers or driver. GABS, in its 76 seater buses, use 7

fluorescent tubes recessed into the ceiling. The rapid development of the HB white
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LED has put it into a general lighting category [78, 79, 80]. Design and test is done to
answer the two questions. Are commercially available HB LEDs suitable for general
lighting applications? Is the optical system able to distribute the light onto a desired

area with a desirable distribution?

Although HB LEDs claim to be for the general lighting market one actually needs to
verify through empirical testing whether they are acceptable within three parameters:
quality (human acceptance), quantity (part count and energy efficiency) and

environment (operating conditions and thermal characteristics).

In previous tests by GABS white LEDs were powered below rated values of current
and voltage with no scientifically produced optical system. Without a diffuser cover
the lights were distracting to passengers on the bus. A diffuser was then used to
reduce glare to passengers but resulted in major energy losses due to blocked light.
For uniformity of distribution, it would be ideal to redesign the entire bus lighting
system. A retrofit is being considered instead because the redesign would be too
expensive. The condition for acceptance is that the white LEDs must first prove that
they can give similar or better light levels with better maintenance trade-offs than the

fluorescent tube.

4.2 A Review of Past Research and Application Background Information

4.2.1 Maintenance and Application concerns

The utilization of light from LEDs embedded within luminaires is more efficient than
the fluorescent and incandescent based luminaires and requires less maintenance [81,
82, 83, 84]. These points must be restated at this juncture as they are very important to
a maintenance team that services a large fleet of vehicles which in this case is in

excess of 1000 vehicles. Fluorescent fubes’ are not efficient because they degrade

7 At this point, it is important that the reader distinguishes between different types of fluorescent tube
technologies. The long tube type and the modern ‘energy saving’ folded tube lamps. There are Low

Frequency (LF) and the more efficient High Frequency (HF) ballast circuits that drive them [85].
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quickly due to bus vibration. The rate is not known numerically but is estimated to be

20% based on maintenance information from GABS [86].

Extending the lifetime of onboard energy storage devices is another factor being
considered while researching alternatives for lighting. If it is possible for a new
technology to increase the storage device’s lifetime by reducing the load on it, this
will improve the performance and energy efficiency of the energy delivery system and

reduce fuel consumption.

4.2.2 Background review of optical concepts

There is a lack of literature on ‘general lighting’ retrofits using white LEDs. It is not
known if there is any success in this regard. That said, there are task lighting
applications that use Fresnel lenses. Cheng and Uang in [87] have created genetic
algorithms to optimize the groove angles for a task lamp to ensure uniformity of
distribution and illuminance. Narendran has been the principle author of many journal
and conference papers relating to visible spectrum LEDs and in particular application

issues related to white LEDs [88, 89, 90].

In terms of optics and étendue calculations specifically for LED systems, Fallicoff
[74], Brukilachio and DeMilo [43] and Kaminski [91] have been illuminating in their
analysis of the constraints posed by their specific examples. They have detailed
clearly the challenges faced in ensuring efficiency for optical systems incorporating

white LEDs as light sources for illumination (as opposed to display applications).

4.3 Determining distribution

Considering the entire design and integration of the new luminaire into the bus

required a set of design steps. These are listed below:
1. Define an area to be illuminated
2. Measure distance to source

3. Determine angle of distribution
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4. Choosing an LED light source
5. A power solution (based on available energy source)

6. Choosing a heat sink

Tabulating results allows one to understand the first three concepts. In relation to the
Pythagorean right angle triangle (a two dimensional take on height, lit arca and light

distribution as listed above), the opposite is labeled as y and adjacent as x (see

Figure 35). The adjacent value increases while the opposife remains constant in the

columns of the hypotenuse (r).

The values in the x range between zero and 2m and the corresponding change in the y
range sits next to viewing angle 0 in the table. If the intention to make the distribution
of light from the white LEDs efficient, the viewing angle must be reduced so that light
of specific intensities is not wasted away from the specified lit area. Three tables
represent the information for heights 1m, 1.3m and 2m respectively. See Table 14 to

Table 16

r
hypotenuse y

opposite

x adjacent

Figure 35: Pythagorean triangle where the detection point for the light source moves vertically

and horizontally from point a.

In trying to reshape the rays that fall outside the region to be specified a more
‘effective’ distribution is sought. What is first needed is a clear understanding of the

optical solution to be used. This follows shortly.
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Table 14: Observing the change in viewing angle when changing height and distance from

detector when the height is Im

X r Projected Theta
Viewing
m when y=1 Area angle
m m* y=1

0.10 1.00 3.17 5.71
0.20 1.02 3.27 11.31
0.30 1.04 3.42 16.70
0.40 1.08 3.64 21.80
0.50 1.12 3.93 26.57
0.60 1.17 4.27 30.96
0.70 1.22 4.68 34.99
0.80 1.28 5.15 38.66
0.90 1.35 5.69 41.99
1.00 1.41 6.28 45.00
1.10 1.49 6.94 47.73
1.20 1.56 7.67 50.19
1.30 1.64 8.45 52.43
1.40 1.72 9.30 54.46
1.50 1.80 10.21 56.31
1.60 1.89 11.18 57.99
1.70 1.97 12.22 59.53
1.80 2.06 13.32 60.95
1.90 2.15 14.48 62.24
2.00 2.24 15.71 63.43
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Table 15: Observing the change in viewing angle when changing height and distance from

detector when height is 1.3m

X r projected Theta
when Viewing

m y=1.3 area angle
m m? v=1.3

0.10 1.30 5.34 4.40
0.20 1.32 5.43 8.75
0.30 1.33 5.59 12.99
0.40 1.36 5.81 17.10
0.50 1.39 6.09 21.04
0.60 1.43 6.44 24.78
0.70 1.48 6.85 28.30
0.80 1.53 7.32 31.61
0.90 1.58 7.85 34.70
1.00 1.64 8.45 37.57
1.10 1.70 9.11 40.24
1.20 1.77 9.83 42.71
1.30 1.84 10.62 45.00
1.40 1.91 11.47 47.12
1.50 1.98 12.38 49.09
1.60 2.06 13.35 50.91
1.70 2.14 14.39 52.59
1.80 2.22 15.49 54.16
1.90 2.30 16.65 55.62
2.00 2.39 17.88 56.98
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Tahle 16: Observing the change in viewing angle when changing heizht and distanee from

derector when the height is 2m

4.4 Huminance Photometer, Non-uniformity and Specifving test area for

Detectors

4.4.1 Photometer and malfiple sonrces

Due 1w their unique spatial distribution LEDs pose purticulur problems when
quantifying theic iotensity ouwtput at a distance, described as extended sonrce
detection. This behaviour is due to components of reflection and concentration in

svmes bt entitters [76], When a second source’s beam of light intersects the originul

beam, but at an angle, the measurement ot flux in the constant salid angle will he
different given the spacing. Figure 36 shows that detection of intensity will be

different than the constant value measured for » < s and » = #.




solid angfle 1]
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Intensiby ;
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Figure 36: Multiple sources and detectton of intensity [T6)

[ntensity changes with;

« Distance berween LED and detector
»  Angle with respect to LED at which the measuccment is taken

# Size of solid angle used for detection

4.4.2 Specifying it area

The starting point for any optical system desipn s Lo assess whal the apphealion is
trying to accomplish, Our aim has been to illuminate an area of approximately 1.75m?
{a rectangular area I X 1.75m) at a distance of Im from the souree, Tests were done
with a variable hei’gﬁt- setup. The vertical arrangement allowed us to test at differcnt
heights und at difi‘crtm angles from the mechanical axis with ease. The maximum

allowable height was 2. 1m. See Figure 37 and Tigure 38,
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| Figure 37 Vertical test rig with variable height adjustment. Power supply, seopess and meters are

urramged almgside the rip to easily record data

Figure 35: A height adjusoment B made when dats for augelar distribetion is needed

4.5 Nlumination requirements and luminaire dimensions

4.5.1 Bimensiony and dlamination requiremenis

Chur aim was 1o design g single luminaire wsing  cotumercially bought LED
technology. The illuminance (lux) level in the bus was tested under & number of
conditions. Deon Scheepers. the Radio/llectronie Systems Manager from GADS,
gathered this data. Table |7 s the average lux level of three different buses, The data
iz taken at a distance of 1.3m from sources ie. distance from passengers’ laps 1o
- cetling, The three conditions used o check and then compare when the fluorescent
was o were under daylight, inside the GABS workshop and an outdeor shaded area.

These values ure checked apamsl the oormal (o0 flucrescent hghth Yast variance in
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detceted illwminance was the reasen why a single luminaire was tested in i dark room,
Data of this kind woulld give the reader a fair assessment of what is currently instatled

and to what tegquirements the new design needed to match or better.

Table 17: Average illwminance levels of three bouses token under three conditions whew lights are

on and off: daylight, workshop and shaded area

: LRV
i
(ERY 1 1.0l 2w 4.0 Shd Sl l20.7 SR LT
CE IR LA E 531 s a4 2 BT 13D fil3 1720
S I .

For the retrofit, 1ight{jfg.up the bus will reguire mare than one LED per Mg, This
mcreases the compléxity ot design, which must consider multiple point sources and
the impact they will have an each other us well as the light distributed. Multiple point

SOUTCCS CAN Calse a variation in the intensity of the cutput and decrease usability.

Figure 3% A cross scction view of a string of 6 Luxeon LEDs in 3 fitting
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4.5.2 Bus Lavont

Most of the new buses have the following lavout and are the parameters within which
we have designed 8 new Juminaire with a ceiling to {leor distance of 1,%5m and a
cetling i measuring poant (laptop height) of 1.3m.

rhiing layoul 15 as

1
o

Figure 40 illustrates an artist’s impression of the bus layvoul. The [
tollows:
« 7 light fittings down the length of the bus, 4 on the driver side, 3 on the
opposile side.
s Approximately 83cm between the two rows.

o Approximately 174em scparating lights within the row,

i AR |

Figure 40: An arctist’s impression of the general arrangement of Golden Arrow huoses thirough o
eross-sccilon. The height feom foor to ceiling (LY5m), spacing betwesn luminaires (1,74m) amd

spacing (rom cach row of lipht sonrecs ((L83m} ix shown

L.5.3 Luminaive and Tens [imirations

There are physical limits in relation to the width of the luminaire, the depth of
placement and elTeetvely capturing the rays of light from the scurce. There are alse
limits to the sizing of the Juminaive ic. the depth of grooves and its thickness, The
other physical Taciors 0 consider are the heat sink 5i2e and mounting, veroboard
lenpth, and cirenitry, Light lost due 1o these limitauens muost be weighed wp. The

length is 61 dmm. width is 1dmm and depth is 35mm.
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Figeere 41 The top diagra shows o side view while the bofiom is a top view representation of the

rvetal casing for the Inminaire. Dimensions are [isted wichin the fipure,

5.4 Lens Dimensions and Opric Material

Polycarbonate is ubiquitous in the forward bghting lenses of motor vehicles. Based oo
a test bed able 1o mill polvearbonate with dimensions 200mms E50mmxS0mm cur
mtention was o fabricate the bens e four pieces and then join them. Local industry
{Mareey s and Plastimid) advised not fo mill polycarhonae as i1s Atunsmission
efflciency after mulling woubd be por I owas sugpested that making a mold for
ijeel-mokding yied then fbricating a single lens using pobvcarbonate woutd he a
better option In terms of efficiency. Tlence, upun indusiey advice, we used acrylic
(commanly known as Perspex or Plexiglass). Tis transmission efficiency 15 said 1o be
better even after the material 15 willed. Perspex is o pood solution, despite being a
second option, buecyguse it is cheaper than polyearbonate and can be milled with ease.
The refractive mdex & for actylic 15 between 1,490 -1.494 while that of polycarhonate

15 | 584 — T.586.

483 Fubrication

The imtial manufactunng of lenses wus done on milling machines. These machines
aree the property of the Fablab, The wssistants at this open resource center converied
the computer-based designs (Rhine CAD) made by the author indo models acceptable

by the milling machine (Modetla). They alse sculed down the designs.
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times mote than what it would cost to bring them to South Africa through an inlernet
purchase. The challenge that was faced. and the reasons why we anived at the
following threc tvpes of surfuce mount LEDS, was that of importing LEDs at a

rcasonable price and within a striet time frame.

The tables below hold critical design nformatien of the bought LEDs The
information held within these tahles relate to flux, temperature phenomena. electrical
characteristics and optical propertics, |he dulasheets for cach of the three LED can be

found 1n Appendix B

Tuhle 18: Prol.ight characreristics
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Tahble 19: Philips Luxenn K2 characteristics
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4.6, Matching LEDs to the Application

Although uptially three brands of white LEDs were purchased wsceording to the
lighting regquirements, only a single type was chosen to demonstrute Lhe design
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concept, A single Luxeon K2, LXKZ-PW14.U00, dissipates 3,72 W when driven at
1A and emits a total of [O{Hm. 1t has a total efficacy of 2688 W and a lifetime of
00000 with A0 % lumen depreciation over that period of time [93]. Tlos timeframe

equates to 5, Tyrs of continuous opendion,

4.7 Integrating Luxecon K2 LEDs into design
4.7.1 Degrading conditions

The perceptibnlity of task under degrading conditions” 15 a design concern. Henee,
despite knowing what type of aptical system is to be implemented, we first had to ask
whether g ligh mtensity beam of light inherent to LED sowrces 15 a disadvantage for
bus lighting? These degrading conditions  with  directionalite  might  be
disadvantagcous on three grounds namely  glare, spoiiimy and  aafformity of

disfritution

Glare i5 the high contrast between amlbient light and source {(direct light into the eye),
Cilare may cuuse people to be disturhed by the intensity espectally since the source af
its shorwest distance tram the average passenger’s eye's is roughly 300mm. Studies
undertaken by the Shibaura Instilue of Technology and Tashiba Lighting and
Technology Corporation clarify the influence of LEDs on discomfort due to glare,
Multiple 1LEDs and various arrangements of LEDs have heen wested. The research
describes that the closer the ratio of |luminance of the peripheral area against
luminunee of the LED hghung {luminunee of the penpheral area ¢ minunee of te

LED hghong) s o 1, the smaller the discomiort glare [94].

Spotting s an cffect produced by the old signal epoxy-coated 3mm through-hole
LEDs, The etfect can oceur when multiplexing any number of surface mount LEDNS
{like the emes proposed for Lthis system). The punctoate (singular dotled sources)
nature of the matrix of an LED fixture further disadvantages integrating many

tagether mto g fittimy.

* This Lerm 15 1 in celerence 1o the chip dearadation over time,
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Unifarmity across the surface of 11t area, each individual source in LED hghting and

the spacing ntervals between sources are considered important [947,

4.7.2 Spatial dixtribution of o single Luxeon K2 LED {Lambertian source)

The impact that multiple LEDs will have an distetbution pattern is impartant 1o
consider, us it 1% the gim ta smooth the distibution pattemn across the desired arca of

1 nat .

An ideal uniformity curve at the peint of detection should he flateven, unlike the
distribution given in

Figure 42, Can this be achivved mven the diagrams for spectral emission'! Singe there
is a wvaration between peak and mmimum nlensity. i1 bas become a design
consideration. In ather words, can the svstem be designed using the angular rell-off of

[amberiian sources?

o Bt e Lty Bt ed ol Da KE LED
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Figure 42: Comparisin between spatial cadiacion of illeminance photometer tested and
gontophatameter (spherical) tested single Buseon® K2 LED. Uhe former is tested at s LCT
Iaboratory while the Intter i taken from the EEDs datasbect, This is not a fare comparison as

mruch light is lose oo the enironmeat when asioe an illomingnee phatomeier
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4. 7.3 Multiple LEIN and disiribution

The initial estimares of the area to be illuminged mder the center of the LEL retrofil
helped to pu the mtetaciion of each 1it area per Juminaire into consideration. The
interaction between twa fittimgs and how best 10 optimize this angle to ensure that
thete was sufficient cross illumination was considered. In doing so we first looked at

gach light source, Then, how they would mteract when hined up on a PCB.

11 can be seen in

Figure 43 that the spatial distribution of the single LED does net change much when
two LETs are placed at separate intervals despite there being a change in this interval
distance. Bis the peak intensity and the full width halt maximum (FWHM} that is
further extended, chunging the avetage ilwninance level noa natraw region below the
unit. The spatial distribution of six K2 LEDs represents a similar pattern, Sce Figure

44
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Fignre 43: Extended spatiz] disteibution of p single LED, tao LEDs spaced Tdem apart and two

LEDs spaevd Tem apart
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Figure 44; Distribution pattern of 6 K2 LEDSs spaced Mom apart and tested at bm away

4.8 Proposed Solution

The half-intensity viewing ungle of the chosen white LED is so large (1207), the white
LEDs had 1o be placed along the central axis duwn the length of the fitting, This was
done in order to capture the widest ruys of light from the sources, See Figure 43 If
rays of lighl are lost due to reflection and absorptiun on the mside surfuce of the metal
casing the total light vutpul would reduce und intensity of the fitung and empirical
predictions would become invalil. When clustered closer together, there are hea
conveclion and conduction problems that must be considered 0 the mechanical

positioning of the LEDs.

|- |
| -
| I
[
vt g | i aalnl

Figure 45: Depth and alignment of LETS within metul casing of fuminaire




48 Frrst Source Test Results

The tluorescent fitting was tested at the same beight as was tested 1 the bus {1.3m). A
smgle LETY was also tested. These resulls e cognizant of the tact that the
phatometric testing equipment of the bus company and the one used for lab testing are
of the same tvpe (puepose) bol are not the same kind {brand). From here on though,
all tests wore e be done with the same Exlech illuminance photometer [95]. See

Appendix C for the photometer’ s datasheet.

4.8.2 Plocement of LEDS

For uniform light distribution. two chotces exist. Bither space the lighis closer 10 each
wther so thal there as Tucther overdapping, or introduce collimating optics o refract
radial light rays from the outer edoes of the souree closer 10 the delmed illeminated

AT,

A2 hallangle viewing angle Tor LED beam intersection was first cansidered. This
gave w distanee of 29mum between consceotive oplical axes. Extrapalating from au
averlap of peak intensity in addition to twice the intensaly at 207 {92% of peak
incensity) gives the approximate illurminance at the desiced distance, The total ettect is
a mdniplication of 2.4 of the intensine. The lux level at the center regions of the fitting
{if LEDs remain in the linear arrangement) a distanes of 1.3m away 1= predicied to be
312 (= 24x1.3), This 1y mt the most oplimal considening that the calumn of light
below the center of the Mting is bound 1o be the moyl concentrated with lighl, The
luminaire will be viewed by a passenger whose expectation is that the arca below it be

sufficiently illuminated and uniform. Light must be effectively duistoibuaied.
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Figure 46; Angular displacenent and relative iotensity overtap based on the pleecment of twa

and six LEDs with o 20 degree interscetivn [Manipulation of Datasheet information|

4.8.3 Spacing Caleulations and Overlupping

The first limitation is fhe length hetween source and lens. AL a distance of 40mm
between source ind lens, the placement of 6 LEDs is designed as fellows, Using
Pythagoras. the LEDs are caleulated 14em away frem sach ather. This 15 a very large
distunve considering that a point source 15 no more than a few squarc millimelers m
size. This interval spacing is further reduved because the metal casing given by
GARS will novbe sulficient o hald 6 LEDs at that spacing.

The images helow are a relativistic interpretation of imtensity based on angular
intersection of spatial distribution and the peaks of emutted beams and how the
wverlapping of each beam aftects the other. This is what = cxpected (and gained) if
nothing separates light soairee from I covironment. It will. 1¢ a degree, compensute

lior the ise ol point sources hased on the everlapping,
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Figure 47: Angnlar displacerment and rebstive inlensity averlap based on the placement of two

and six LEDS with a6l degree intersection [Manipulation of Batasheet information|
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Fignre 48: This figores ilbisireies the rebdinn defween anealar displacement and relative
intensity when placing fwo K2 LEDs together, Two point sources spaced to averlap where cach

souree entiss 507 of its beams intensiny, [Maripolatior of Luxeon K2 Datasheet information)
Referving ta the results in Table [7, the peak intensity results of a single LED will not

b sufficient at a distance ol [3m, considering that the centre of the LED was souglht

during placement of the detectar,
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4.9 Inherent qualitics of LEDs and optic solutions

I'he techmology has been designed to reduce the thermal stress on the dic in vrder Lhal
move bght is extracted [rom the entire puckage, However, because of the new LED
encapsulant design, the viewing angle is so large and hus a hal(eintensily viewing

angle of 1207-140°, This results in o Joss of light inle a space neading no Light

For white LEDs it may seem contradictory to use aptics as the technology rudiates m
a 2m hemisphere as opposed to vacuum fube technalopy that radiate inoan entire
sphere (4m), The lefi-most LEDs rays in Figure 49 are redirected. Alter working ol
the physical limits of the proposed optic used to increase the efficiency for the fnal

fitting, we [abricated a lens,

Fienre 4% Collimatiog vptics wses the concepl of reflection, refraction and reflection-refraction

fu shape light rays to create o desired distrilootion (left moest LED)

L9.1 Tvpes of optical systemy

For this systam, it was necessary to diseriminate between Lwo main types of opties,
namely mmaging and non-imaging systems. Imaging systems transfer o reprasenialion
of the ebject to the detector (illuminance photometer. eyve etc.). In this application wy
do not require imaging. Non-imaging sysiems collecl, disperse, resize, focus or
collimate Light, Tt 15 the collimating poperty of Fresnel lenses that we will use for ihs

design.
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Table 21: The measures for non-imaging lens pertormance are as follows [Source: Edmond

Oyptivaf instru el catalog www cdmundoptics.com]

J'hmughpm i Measures encrgy transmitted through the
. lens svalem
! Field efficiency ' Svslems abibily o accomiedate large deleclor srea

O RIICE SLAE

__,:_-.‘pur size [for focnsing spstems) | Tlsed (o cvaluate o focusing lens's performance.

Angalar resolution Mintmam smealar separation peeded belwesn lwoe

ohjects i order for leos syslem 1o disunguash them

The distance trom  lens to objectSource e lensfimape plane dypifics the
charaelerzation of an optical system solutwn. The relationship s known as the
confugate distances,  Application soletions cun be divided ol three tvpes of
conjugates: FinitedFinite, Infinitednfinite and Infinite/Finite. A finite/finite conjupate
design tocuses bght Bom g seerce down ooa spet. An mfinileinfimite conjugate
application lakes incoming collimated {parallel) light. changes the beam diameter
according to the mapnifcation poml and emits the collimuled lighl, while an
mfime/finle conjupate design combines the process of focusing a source placed ac

infinity down to o small spot, Uhis application s un inffuitefinite one | 9],

4,10 Flat Fresnel (Optic

While realizing that our aim was to redirect peale intensity of the K2 distribution
pitlern, proservalion of the lghl energy (5 essential. This must be done without
squashing thiz distribuetion pattern Iy a randmm scatter of light, Collimating aptics,

corme 10 wo arielies:

= Relleoting

»  HRafructing
Reflecting elemenis commoenly use cavitles with metalized coating, They have a

straipht or parsbolic profile. Refracting collimating opties has been used extensively

in signal and automotive forward Tumps, They wre convex shaped with many
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derivatives (dugl. plane and collapsed). Refracting tvpes are more efficienl und
uniform than their reflecting and non-collimating designs.

Three lens types that are possible namely cocapsulation, flut Fresnel or Total Internal
Refection (TIR) lenses. When considering the physical consiraints und human faciors
related to this application the flat Fresnel 1s the most desirable. Despite the associated
lesses the flat Fresnel will be tested in the reverse direction as can be seen in Figure
50

P N e e g e v el g T,

4 Rl'i\.l‘\.'\.l‘h"\'r‘-n'-"-"r" R~ PP,
Minimal

2 Significant -?
loss between % Lightrot oo between f""‘

Figure s0; Flut Frosnel lens

Figure 51: Focopsuluted optic

Figure 32:Hefeetor with side-cmitier
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The Fresnel optical element is a refracting 1vpe collimating lens and Figure 53 is a
araphical representation of the concept of the Fresnel that turns a large plano-convex

oplie with curvaluee {aspheric surface) into jagaad edges.

- — Pltch

'i"-~ - Aspheric Surface

Fignre 53: Mlant-convex lens based on Fresnel's idea that surface curvature gives focal power

Facet Pagk
| Face! Valey
.'" | Face® Surface
| Rehat Surface
/ i / Ftelie!.ﬁ.ngle

! }
r "'LJ’T""'-\-J‘-\H‘I
Frasnel
( V‘f— "}F"""'"'L | Lens
" Facet Plang Susface I
Argla i
i

Figure 54: A grophical deseription for a Fresnel desipn

The first of the reltaching-type lens designed 15 a tradibional Fresnel wilh concentre
1agued-edacd prisms that form a lens, See Figure 550 It shall be veferred to as the
Cirenfar Fresnel, The sccond, an adaplation of the first design, is called the Linear
Fresnel It extends the jagged cdges ol the Fresnel region down the lenpth of the lens,
See Figure 536, Laboratory testing and then final manipulation of the luminaice for
implementaion gn the bus s discussed in detail w the next chapter. Investigating the

elficiency and distributional trude-offs o the two lenaes 1 also dong.
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Figure 55; Circular Fresnel design

Figure 56: | incar Fresnel design

It is expected that the light travels from the whitc LED to a unigucly designed lens
surface andd ehemges the dircetion of the beam of ight The exitance anple 10 the

normal of the LED (centre of LED dic) wall becomc smatler at the far ficld as a result,

4101 Linear Fresnef

The dingrams are a manipulation of the spatial radiation patterns of white Lambertian
LEDs. The relationship of these figures is that there 1s an angufar chanpe, from 0°
(peak intensity) o W7 {ulmost cero intensity ). The manpubuton of this specific
cutput pattern is hased on height friom zource o lens, distance between cach source

ared the dntensity thin s desired




The reason why we had chosen a Linear Tresnel arrangemoent s because the bus
highting arrangement m done ina particular fashion. See Figure 40, The light at the
top and bottom of the rectangle with shorter width remang uncollimuted whle the
rays Lhat are likely 1o bt the eyes of passengers along the aisles and to the window are
turmed dowewards, Tt is also based on glare reduction o passengets that stand in Lhe
bus. Mot all passengers are seated when Lhe bus 15 1 use, Estimating the angle of each
linear proove was done using Snell’s Law of Reftaction. Three grooves on each side
were used initally from the opucal axis w eollimate the light, The first order
approximation is important for making inttial estimates and desigoing 2 system ang 1is

limuts (how loose you want 1o be on efficiency of collecting the light).

The ratic of the sine of the anele of incidence to the sine of the angle of relraction s a
constant given that the ineudeot ray, refracted ray and the normal 1o the surface ar the
poind of incidence all lie in one plane. The refractive indices of incident and refracted
ray mednms were considered. Sinee the ancle 1hat we have chosen to linnt the
Fresnel is a 607 viewing angle, this has set our placement of eack LEI on the same
surtice al a particular thstance from cach other, Now we can set the final area of
lluminatien and the limit of the angle of distribution. This angle will be m the angle
of refltecuon al the edge of the Fresnel lens. At the edge ray (lireat), the caleulatwn of
angle which we set to 30° from the optical axis. The mechanical axis ts then taken as

the epicenter of a single LT

We have chosen that the intensily range of 10004 1o 280% wall be transmitted withouw
any refraction, The half-angle viewing angle from 0° to approximately 357 will shine
directly through the convex-shaped lens, The next step 15 to define the incident angley
ul the Fresmel and with what accuriey we wish to retract the light with s viewing
anpele between 35° and 60° We shall keep the initial design simple and use three

arateg) anales on cach side of the optical axis,
The cenier of each 1% set to tm the angles to collimate the cutput of the LEDs. These

invident rav anples are 39.1% 474" and 55.8° The angle of the refracting surface

needs o be calculated given that the angle of collimated ray 15 sel Lo (17
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Table 22: Physical characteristics of the linear Fresnel lens design

Linear Fresnel

Radius curvature (mm)

Facet Number Facet angle (8) | Pitch (mm) | Relief (8)
1 54 4.165 0
2 61 8.33 0
3 66.5 8.33 0

In trying to work out the angle of incidence, angle of refraction and the angle of
orientation of the top exiting surface of the Fresnel we needed to manually draw and
calculate angles. The top surface is then worked out based on the initial refracted
property. By extending rays and normals to surfaces we were able to solve for the
angles. We then realised that these results were limited to a certain orientation. A
more comprehensive set of result was needed. Thus, manually calculating the values
of the incident and refracted ray angle from the normal had to be done when the
orientation of a parallel surface - to the first medium of contact - was changed in a

clockwise direction. See Figure 57.

| cocnwme
- totabon

/ T~

Figure 57: Angular rotation of top surface of lens te direct exiting ray QR parallel to the optical

axis
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4.10.2 Other configurations for the lens design

The design of this lens is being checked against another. Although the fundamental
technique for collimating the light rays will remain the same, a Fresnel with

concentric serrated edges will be used to see the effect it renders.

4.10.3 Incident and refracted ray angles for multiple media

For clarity, Figure 57 should be referred to in the following discussion of ray-tracing

design. For the region of Fresnel refraction:

o Incident ray OP has a calculated angular range between 35° and 60°.

o The angles are split up in three divisions so that each will have their own
‘Fresnel edge’.

¢ All angles between 35° to 60° are converted to radians.

e The refracted ray angle to normal is calculated from Snell’s Law

n, = sin(i)/sin(r)

The condition of these tests and results are that the distance between the source and
bottom surface of the lens cover (focal length) is 35mm. The Excel spreadsheet allows

us to plug in any desired distance from source to bottom surface.

The angles of the edges of the Fresnel are floating in space. It was necessary for us to
calculate systematically these angles in reference to the optical axis and the initial

plane of contact of incident ray.

The refracted ray PQ is treated as the incident ray for orienting the exit rays in a
parallel fashion. The incident angle is taken from the desired exit ray QR that is

parallel to the optical axis (centre of the LED).
e Second plane of incidence is rotated in the clockwise direction.

e The ray of LED light is moving from a dense medium into one that is less

dense.
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o Now sin(r)/sin(i) = n is the equation for the calculation of refracted angle to

incident based on the material’s refractive index.

The difference of the angle of refraction, the amount of angular rotation about the
point of incidence and the initial plane parallel to the first incident plane is calculated.
If the calculated angle is 90°, then the collimated ray is perpendicular to the first plane

of incidence.

Once the angle of incidence of the ray PQ is parallel to the normal of the second plane
of refraction the values of incidence and refraction become negative. This does not
cause any problems in calculation. Our intention was to find out the angles of the

Fresnel edges for an intensity range of 50% to 100% of the Luxeon K2 white LED.

These three angles (relative to the the first point of incidence of ray OP) to the right of
the optical axis when looking down the length of the luminaire are between 53°-55°,
60°-62° and 65°-66°. For the left side of the optical axis, these angles are 180° minus
the range. Thus, they are 125°-127°, 118°-120° and 114°-115°.

Table 23:Physical characteristics of concentric lens design

Circular Fresnel

Radius curvature (mm)

Facet angle Pitch Relief

Facet Number () (mm) 9
1 54 7.2 0
2 61 10 0
3 66.5 14 0
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Figure 58: Ray tracing at critical angles. Light is extending from source through the plano-

convex lens to the lit environment.

4.11 Lens dimensions and calculations

4.11.1 First order approximations

In designing the convex section of the concentric Fresnel lens, a first order
approximation that does not account for aberrations of the system is done. This also
known as geometric optics. Properties of the optical platform such as height and
conjugate distance are variables considered through the design phase. For the lens
itself, the parameters such as the refractive index, medium it occurs in and the radii of

the curvature of the surfaces can be calculated by using a ‘lens-makers’ formula.
Two steps are considered. For the area between the optical axis and edge ray i.c.
before the beginning of the Fresnel design, a geometric optics technique to collimate a

point source’s rays is considered.

A dual-convex collimator lens with the following formula:

L:(n,l){LJrLJ,T_(”_‘L)} .1

R, R, RRyn
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Where,

f = focal length

n = index of refraction of the lens material
R1 = radius of lens surface nearest the LED
R2 = radius of the other lens surface

T = thickness of the lens

The focal length is long (i.e. the thickness of the lens T is less than one sixth of the
diameter of the lens). These two conditions and a final consideration, the light

sources’ flux distribution, change the above equation.

A correction factor C for the spherical aberrations that occur due the edge rays of the
LED not being close to the optical axis, is used in the equation. The radius of the

bottom surface tends to infinity (R1 = o) thus the final equation becomes:

1 1
7= Cln- 1)[}52—} (4.2)

The correction factor of C=1.35 will produce good results. The question of under-
collimation and over-collimation, and efficiency of light capture and transmission are
treated generally. There are more advanced methods of collimating light but it is far
too involved for the application under consideration. Maintenance, cost of purchase

and vandalism are also deciding factors in the choice of design and material used.
What we want to calculate 1t the radius, all the other variables are constant.

R, = fC(n-1) 4.3)
When n=1.5, C=1.35, f= 35mm the radius of the curve of the lens will be 28.64mm.

The milling machine was able to fabricate that radius with at 29.7mm because of the

bit size.
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Figure 59: Infinite/finite optical system

4.11.2 Paraxial elements

These paraxial elements (equations) have been taken from an industry application
brief titled, Integration of Optical Systems [97), produced by Edmond Optics. They

are renowned for their optical systems. They serve to predict throughput of the lens.
0 =2sin"'(NA) (4.4)
where NA is the numerical aperture and 0 is the chosen viewing angle of the LED.

The numerical aperture is the cone of light accepted by (or emitted in other cases) by

the lens.

f/#=(1/2N4)= f/CA (4.5)
Where f'is the focal length of the whole system and CA is the clear aperture of the

lens. It should be noted that the larger the //# the smaller the throughput of the optic.

An increase in NA occurs with a decrease in f/#.
a=tan"'(H,/f) (4.6)
Where H, is the image height. Since we are designing for each LED to be fixed along

the central axis (mechanical axis) of the optic, o is not required in design.
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When 0 is 70°, the numerical aperture NA is 0.57 and the diameter of the convex part
of the Circular Fresnel will be 45,89mm. The f/# is 0.8717.

4.12 Etendue concerns

Etendue is a geometric quantity used to characterize an optical system independent of
its flux content in order to conserve energy in light collection. Etendue determines the
maximum energy transfer of the source and thus the system of components will not be
able to transfer any more energy than the smallest étendue element [98]. The aperture
and cone angle define it and a system can only conserve it or decrease it.
Theoretically 100% étendue conservation is possible (but practical 100% flux transfer
is not - the étendue formulations are not concerned with optical loss from reflections
and absorbance). For example, if each successive element in an optical layout has
slightly larger acceptance étendue than the previous, the étendue at the output should

not be reduced [98]. Etendue equations are taken from [99] and [100].

Etendue is as follows:

s=n" “ adcosfdN 4.7

For a small source area of A4,:

o
Il
L.

o | cos@ dn (4.8)

Since the radiation pattern can be defined by a cone of half angle &, . and the integral

is integrated from O to this half angle, the equation becomes:

= antAsint 0y . (4.9)
It is common for the projected solid angle ..., .to be defined:
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npr'c; = ;’Z'.S‘Z"?’t’el,: (4.10)

Thus the étendue becomes:

=ma 4 sn" 8, . (4.11)

The optic étendue can be expressed in terms of the focal length, f-number and CA as

it defines the half angle.

- 1
T T tand “.12)
— ( 1
8, .. = arctan [21‘:) (4.13)
Which becomes:
P 2 & —_ 1
sin 12— _l_f.": — 1 (414)
Now the étendue can be expressed in terms of the f /=
T,
ST 4fiE -1 (4.15)

It is likely that the product of the aperture area of the collection optic and projected
solid angle is less than the limit for the system. There will be a loss in efficiency. If
the optic’s aperture is not big enough to overcome the étendue of the source there will

be additional losses [91].

AQ source = AQ optic (4.16)
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These losses may be calculated based on the condition that AQsource > AQoptics.

The area of the source times the projected solid angle of emission defines the limit of
étendue. If the product of the aperture area of the collection optic and the projected
solid angle of the output light distribution is less than this limit, there will be an

efficiency loss defined as follows [91].

AQoptic
Efficiency: ———— 4.17
A 4 AQsource ( )

Another consideration is that efficiency may be changed (increased or decreased)
either by changing the focal length or the aperture area. This will be shown through
experimentation in the dark room. In Table 24 it can be seen that shortening the focal
length f from 35mm to 25mm for each of the four lenses, the efficiency is increased.
Each element (of which there are six in this design) has an equal efficiency with no
element being different in structure. It should be noted that the maximum aperture
area is fixed as this is a constraint of the luminaire’s metal casing. No comparison can
be made between the étendue of these lenses and their respective configurations and

that of the fluorescent lamp.

Table 24: Table of optical collection efficiency for the two lens designs and their respective

orientations
Lens CA f f- half Optic Source Collection
angle

type mm mm number 0 étendue | étendue | Efficiency
CF 104.0 35.0 0.3 56.1 17.3 251 68.8%
CF 104.0 25.0 0.2 64.3 20.4 25.1 81.2%
ICF 100.0 35.0 0.4 55.0 16.9 25.1 67.1%
ICF 100.0 25.0 0.3 634 20.1 25.1 80.0%
LF 145.0 35.0 0.2 64.2 204 25.1 81.1%
LF 145.0 25.0 0.2 71.0 22.5 25.1 89.4%
ILF 140.0 35.0 0.3 63.4 20.1 25.1 80.0%
ILF 140.0 25.0 0.2 70.3 223 25.1 88.7%
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4.13 Utilization of light

Better illumination is not about more lumens but rather the ability to collect the usable
light efficiently [101]. This is the true measure of success of the design. The
redirection of the light traveling at degrees beyond 71° is done in order to use that
light within a specified area. The graphs for the representative spatial distribution for
the white LED array and the optic solutions are an indication of the ability to render a
more efficient solution. Conserving the available light is what is being attempted by
using more of the available light at the detection surface. More of the light energy that

is produced is now used.

4.14 Circuit solution

4.14.1Using Luxeon’s K2 HB LED

In deciding on using one of the three listed LEDs, flux per package and current drive
played a significant role in this choice. The Luxeon K2 offers higher lumen output at
1A with the capability to be driven, if required, to a current of 1.5A. The trade-off
though lies in dissipating heat away from each package/source effectively without

using any more of the available energy to drive a fan.

Efficiency
0.40
0.35
0.30

<,<
0.25
T
0.20
T~
Q.15
0.10
0.05
0.00
0.00 500.00 1000.00 1500.00
Current (mA)

Figure 60: Efficiency of Luxeon K2 over the allowable range of linear regulator circuit
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The efficiency to current drive is approximately linear but negative relationship and
there is no best/optimal operating current that would allow us to drive the array at a
particular bias except that a lower current would render a better efficiency (Im/W).
Based on the datasheet, each package emits 100 Im at 1A. This gives an equivalent
luminous output to the fluorescent fitting. The optic will increase the intensity in a
particular zone below the luminaire but the transmission of lens and proposed optic
solution reduces the expected usable lumens by approximately 15.4% from 600 Im to

507.6 Im.

4.14.2 Design of drive circuit laboratory testing

Interior illumination of automobiles requires reliable long-life solutions. A circuit
forms part of this long-term solution. The energy source of this automotive
application is a dc battery rated at 24V. Typically, a battery does not get charged to its
set capacity. Usually it is considered within a range of output voltages based on state
of charge, use etc. Variations in battery supply voltage may depend on load and age of
the battery too. The choice of 6 LEDs is primarily to do with the optical requirements
of the application. However, the forward voltage bias of the 6 LEDs also matches the
input voltage supply from the buses battery supply, which makes the design process
less complicated. Because optical efficiency is one of the primary considerations of
this thesis electrical efficiency will also be discussed. Circuitry with dissipative
resistors will have to be considered initially so that the laboratory tests can verify the

electrical characteristics of Luxeon K2 over a range.

Given the multitude of available power supplies that may be bought ‘off the shelf” the
efficiency of a circuit designed for laboratory testing was not strictly set. A simple
solution that would operate within range of the bias conditions and limit current flow

beyond a set maximum drive became the parameters of design.

Range tests (like that of Figure 60) were important because illuminance output versus
power over the range of the current needed to be represented and then chosen. A
linear regulator was used. A positive voltage regulator, LM317, was chosen. It gives
an output voltage adjustable over a 1.2 to 37V to supply more that 1.5A of load, hence

suitable for the application. See Appendix D for the regulator datasheet.
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Figure 61: Linear regulator circuit design (Source: LM317 datasheet)

For an input voltage of 24V and a forward current of 1A, the output voltage can be set

to 22.32V with the following equation taken from the datasheet [102]:

V,=125V(1+ RZ/R1)+IM,I.R2 (4.18)

Setting R, =9Q gives R =1Q. Capacitors are neglected. The thermal shutdown

occurs when nearing 1.5 A in the case of this application.

4.14.3 Bus Implementation Circuitry considerations

Given that we are using 6 Luxeon K2 LEDs, variations in temperature, production and

supply:

o Forward voltage range: 18.18V —-29.4V
e Battery voltage range: 18V — 28V

¢ Temperature range in bus: 5°C - 50°C
The ability of the design to deliver 1A with little variation in lumens delivered is

important for longevity and task perception. It has been pointed out earlier that current

and voltage biasing sets the chromaticity of the LEDs.
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4.15 Thermal Considerations

Tnitial questions to answer before thermal design:

o [low much heal are we expecling to Tunaaay”
* Consider cost constrainis  in relation 1o this thermal  dsswe  (liletime
degradation)

*  What are the current desian constramis?

4151 Important Thermal Properties of LEDy

Cdur wim is to ensure that the litetime of the LEDY is optimised through managing the
many temperature phenomena. Dutasheets Tor the light sources deseribe the ofTecls of
multiple LEDs on one PCB and how to best arrange them to reduce the impact they
will have on cach other. It muost be noted that the eonditons under which we are
testing this titting are different to the dynamic conditions of the bus. Another concern
15 that we are unable 1o strictly stick to the instroetioms given in these documenty
[103]. To test the life-temperatgre dependence of the LEDs waould be a time
consurming exercise, For the application, the Hlumination tests are most important.
Irweseer, 115 nportant toeshow that we have destgned a passive heat sinking system
according to well-known procedure. This data will then puide us o making

recommendations [or creating the complete lurminaire.

4.15.2 PCE Thermal Design

For the first design, 4 through-hole vias swere drilled under cach LED. The PCB was
chosen 1o be double-sided, The through-hole vias were pluted to further mcrease the
heat conduction path. In excess of 3.5W ftom cach source must be disstpated. To
cosure that 1here 15 physica] conluet between the base plate of the LEDY, conducting

greaze between PCH upper surface and the LEDs was used.

We have removed other components like resistors and current control circuitry from

the LED board, Sec Figure 62, The fewer components we have the better thermal
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management of the lieht sources will be. The effects of agme had been considered as
the datashects specily that 2ach light source plateau afier an initial peak [1H04]. We

‘ran’ the LEDs for o night hefine tests where dome, The current remained constin

throuahi the course of the tests and attribute it w running the device overniaht.

Fignre 62; First PO laxvice for Lovenn K2 1ED

Fignre 63: Fhrangh-hobe vias for ibe Loyvan K2

4133 Thermal resisiance of multiple-emitter Luxeon & products.

Thermal vesistance 15 deserihed as the o of temperttose difference to he

corresponding power iasipation,

Tunction temperature:

-Ill‘.' = .lll.ll I I|I—JI'{_IF{I‘%‘I' 4,} {4|L:'|
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Total array junction 1o heard thecmal resistance:
R, ; RO+ Re,, {4,200}

Muluple sources clustered together:
RE, =R /N {421}

Thermal resistance of multple emitters:

Total aay RO, , =ATjP, . ~(125-15)(1.5*3.85%6) = 3.17 °C/W

4.15.4 Chaosing a Hear Sink

I35 important b nete that all st results Trom the Luseon power light souree thermal
design application brief | 103] ane whken from g closed volume wst box w control the
free convection and to improve tepeatability. Tnitially a nominal temperature af 25°C
was laken bl ws the LRI reached their sleady-state temperatures, this temperaturs
changed. With these facts in mind, the application brief was still sought for design
mfvrmation, The spacing between emillers 33 25mm bul they also give specifications
for surtace arcas of possible heat sinks when the PCB is densely packed, From Figure
9 m [1B] un over-gstimate of the surface arca to ambient to base thermal

resistatice #6), | is given as 643mm?, This image is reproduced below,

40 - — = — =
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356 | T |

-
T | amneshre X
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® T:E‘r-n:ll-

: d i
| = +
-] &l 100 120 143 16 .

Suface Araa ol Hant Gk - in’

1 Thes BaarckAmb - Ming CA4

Figure 6d: High density heat sink total sreay thermal resistanee between board amd amiddent

versus surface arca eapused (lahen from Luxeon® thermal application note)
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The design needs to be revised for a number of reasons, The untortunate thing about
using glass tiher berween copper cladding is that they are pootr thermal conductors,
with a thermal conductivity ol 0.0SW MK, A smple heat-sink was needed. because the
smeing of the LEDs were sa close to each other. This colpounded the amount of
neat that needed to be dissipated and the thermal mmpact on cach Zght sowrce. The
physteal linis of the sink would not allow Tz o 61 neatly inta the metal casing of
the luminaire, The orientation of a sink alfects design, and this put the current desian

at a further disadvanage.

Thus it became necessary Tor each of the LEIS w0 be mounted directly anro its own
abflurmaruem heal sk, On bwo Full Tengths of veroboard, 6 squares the size ol the while
LED base where ¢chiseled away 1o allow direct contact, The leps svere bent upsvards o

form eull wings. They were sobdered we the botiom of a veroboard s tracks.

Figure 65: TED leadks mounted on tooof the veraboard’s trocks
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Fignre 6 The hevsgonsl base-plate of the 1L uveon® K2 LED

Fach Luxcon K2 had s own heat sink Tor two reasoms, The O, becanse the base of
cpch LED pud is not electricully neutral, and secondly, the heut cenerated is in excess

of 3.5W tor cach diode,

Considering the variations in supply, voltage and current a sinegle heatsink for cach
white LED that can reduce punetiom temperature 0f approsimately 12000 1~ as

follows. These equatioms are aken froom [ 1137,

L =T,+(PYRE. ,) (4.22

where junction remperature is 12070 and the worst-case ambient temperature is 507C

Iungiom ovambient resistance will be ax follows

HE (T, =TV P-{120-30) 3.72=128°C/W¥

[t t5 the base o ambient thermal resistance (har will be most important in choosmg rthe
heatank fur each diode, This value may be attained by subtracting the junctien to base
(case) value from the junctiom to aimbient value. The jurection 0 base value i waken
from the datashect o he 9°CW,. Hence, base to ambient thermil resislance s as

follows

11



R

d=a

- RE, ,+RE, | {4.23}

RE, ,— RO, ,—RE, =188 9=98C/W

This value o ®.8"C/W gives us a finned heat sink of the following dimensions: length
40, 8mm. width 26,9mm and height 12, 53mm. See Appendix B Tor hewtsink dulasheer.
We ran the LED for several periods in exeess of 10 hours with positive results, No

degrudution in illuminance was recorded.

4.160 Summary and conclusion

This chapter has described bow the awhor amived ot the GABS inlerior light
application. The thermad, clectrical and optical considerations of thece LEDs suitable
for ihe luminaire is given while a single LED is chosen o illustrate the desipm of an
interior lighting apphcation for a bus. Quaniifying the cificiency of aplics available,
thermal pressures by the higher current requirements and managmeg the PCBs have

been discussed.

The spatial distribution pattern of HB LEDS was then Liken as the unigue problem and
thus beemmey the design consiramt, which needed to be avercome. The use of non-
imaging collimating optical elements were sought to tulk rays towards the specified
arca for illumination. The utilization of light is feriher enhanced, as the intensity of

ihe new distribution is higher,



CHAPTER 5
RESULTS OF LINEAR, CIRCULAR AND HYBRID LENS
FRESNEL DESIGNS

5. Introduciion

This chapter discusses the chiterion for vmforntity. Lincar and Cireular Fresnel lens
designs have been tested, The results were veritied apainst this set of cuiteria. The
information from the resubts and anatvsis feeds inte the recommendations for a new
design that redireets the peuk rea between 70% and 1% of the imtensity lube of the
Luxcun K2 white 1.EI}, The subscquent designs are called the IIvbeid Linear and
Circutar Fresnel lenses. The methods lor redirectmg rays of light have been detailed
to meet these criteria. Results from testing include efficieney plots aod distrbution

charts.
[nitat tests were done an the old Muercseent luminaire that is bemg replaced,
5.1 Uniformity — Lack of standurd for interior automotive application

Unlike plants, which react to light roughly linearly, humans perceive differences in
intensity in 4 logarithmic fashion | 15, 146]. The criterion for uniformity and how the
hiuman eve perceives differences n intensity, o cosure wisual comlon and Lask
perlormance onoa surface o distance wway from the source, is important given this
1ssue of pereeption, The IESNA Lighting Handbook has been consulted extensively in
urder to fully understand the taboratory resules that on [ impression show distine
differences in ntensily and oniformity, It states that the appearance and character of
spaces 18 greatly Jependent on distribution aod the pattern of [ighl and shadow [108],
In relation o passenger vehicles, illuminance levels have recommendations for
intgrior appliculion: however, does not specify quantifiable measures for checking

unilurmity,
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5.2 LLuminance ratin

A [ow important subjects require definitions at this stage. These definitions have heen
tuken troom | 1067, They are spafial disteibution. a person’s viswal fleld and the
relawemshop ol iomimaed swface brighmess known as the feminance rafa, A
duefinition for spatial disribution i that “in general the more unitorm the light
diswibution in the vizual field and the larger the area 1he visual Neld covers tie beler

cne 2k the visual rask”™

The visual feld eonsists of tree wones. The Mirst is the sk, the sceond iy the
immediate surroundings und the third zone s the general surroundings, The
luminance ratio is an acceptable range (difference in wonal luminance) thar Rymans
generally feel comlorable vigwms ohicels and MHT}-H'I&_: aut kisks, Luminance is
expressed in candelas per square meter (ed/m®) where candela 15 the 51 unil far
lunnneus miensine For vizual eomlory, the lueinanee ratio botween wone 1 and vong 2
is between 1/3 and 5 times the task luminance. The ratio between wome 3 and 1ask s
L0 mek 140 limes the sk lminance, “These rela lionships should nat be exceeded for
the purpass af visual comfort in visually demanding tasks such as studving, sewing or
cading (917,

Figure 67: Seéinﬁ zones and luminance ratios tar visual tasks | 106}
5.3 Detectable differences

Two scts of information may he drawn from o better inderstand human responses o

lit areas and uniformity in arder @ design a more uniformly diswibuting Juminaire,
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these act as guidelines, Albeight and Both in research toward uniform fgfiring
sysfems for grecnhouse crop grosth, mention the sensitivites of humans in relation o
miensity ditferences, The authurs state that light imtensity (candela) must ehange by
30 1w 50% for the human eye 1o recognive the difference [103] Alhough the |TESNA
Lighung Manucl state that it is ditficulr to achieve a uniform value everywhere within
a space, on a desk or even a workplace: a 13% varighion i dlumimance for g 123k s

generally “tolerhle’ [106],

The approach taken by Narendran and Guoin designing for an sestheties-enhzneimg
und besmeshapg light svstem refers o the differences in spatial distribution of
lambertian (cosine} =nd Butwing ermitters. They state that the latter produces more
uniform illumination across a surface [L07], as opposed to the former, hut do not
mention the criteria against which wniformity wes checked, Flaure 68 illustrates the

difference in distribution of hatwing, lambertizn, side-cmittmye znd collimating optics,

izl berwing tyscal lambmricn W altle sndiing tvial inditar pidien
=i R o i oo sl [HENIE, vty s 10drah e BT e gons aalimgding e
= - e — . 15 - S —— _— [l - -
i I | s B 1 s I
.‘3‘!{ & {—
] i,
5 &
5 dC- Ay
e o ; _
By W W B s N AmNaE et 10 81 E- il o

Qe e :H}j:a digplocemer® |darmed ooga ar dizalozame denec,. argular displocemen! 2ecwen

fieure ff: Rudiation patterms of LETS (Grst fvo patierns from lefi side) and LEDs with aplic

solutinms {twa patterns on fhe righd sidi) |Seoree: Loveon desizn goide|

The abovementioned specifications are for variations in wask fuminance. The
prpose of Bahting o the bus 15 not for & specific @sk but for passenager sulery for
casy movemnent onto and off the bus. The entire luminaire Tayout is an impoctint
aspect of desipn. However, we have been desipning & luminaire retrofit, where a
layout change thar necessiutes more lumimzires 15 undesireble, und where unifoomity

wl disirihutiom s the primsry desipn zoal,




5.4 Criteria

The eriteria for thas desipn are foors

i, Seomny rone’s luminance (edim?) levels

2. Moeticeable human difference in intensity {cd) { 30-30%, )

I Mumimance level (IESNA recommended 300% for passenger iransportation
vehicles)

4. Collection efficiency [étendue)

In terms of the criteria and the subseyuent analysis of the results rained, the nemericeal
markers are nol the same, The illeminanee values detected need to be converted to
intensity {ed) and luminance (cd/m?). This was done and can be found o Pable 25
{eontains Mununance values Mmem 1 1o 27 and Table 26 (contains values from 28 to
33). Howewver, since we are able to sce the differences spatially and that the mapes
for spatial dismibulion bave been rendered wsing the detected illuminance values, all
analysis is based on these. And essentially. cach of the optical properties can be

related o illumimance by using the fables.

The illuminance on a plain at a particular distance s detected, Yhe area of the
detection device (since we are only using an illuminance photometer) 15 measoed.
The cone and angle of enittanee 15 worked oul fruom these constants (height and
detection area) and renders solid angle (steradian). Lumens, luminance and inlensity

can now be warked our.
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| Table 25: Calenkating lumen, luminance and intensity from illumipapee
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5.5 Initial laboratory tests of lens objects

We looked at the distribution patterns of the LEDs with no kens, with lenses and
mverting the lens. Readings ure taken on a giid with 13 peints, The fluorescent
produces the following distribution patterns when runmng along the central wxis of the
lumitiaire amd over the 13 test points.
Comparisen of fuoiescent il and “withot' lens cover
1:' T T T T T T H T T I

D —e— o Lers |
- .

Hlarninance [1¥)

1 1
4 fF 458 HY O he~dg)S U DE OOE O
Cantra’ aws (o)

Figure fi%: Spatial distribution of Querescent hwninaire corrently installed inside Golden Arrow

buses, A comparison is made between the existenee of an opague lens and no lens.

Flinreszert Lurinaire wath nio lens cover
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| :gi G 44 L 5\>
N \\\f\\ W
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Figure Ti: M lens cover for Quorescent-frased luominaire
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Fignre 713 Opadue leas euvering ourescent-hased luminaire

5.6 Testing of the integrated optical system

The numerical cffeieney does not give any idea of the disteibution of light actoss a

horizontal surface a distance away from the luminaire. A few laboratory tests were

carried oul for both designs. These resulis are detatled in pomt form below.

Lad

14

Asingle TED was lested and cornpared to that ol o lens between source and
detection surface

The entirg haeminaire 15 wsted for efficieney. This 15 done 1o see whether there
is a particular power at which the design is more efticient in producing light.
A comparison of 1he performunce of the lenses, under normal and nverled
orientation, 15 done and compared to the base condition (GABS LED retrofit
having no fens), This pereentage of the ncrease in the intensity of Light from
an illuminance photometer at a fixed point directly beneath the center of the
luminaire is plotted.

The pattern of distribution ot the LED's was checked, Iso-illuminance plots are
fonked at to see the differences in intensity and the places at which they ocour.
When inverling Lhe lenses the distribution pattern changes. This s proved
empirically.

A comparison of the linear distribution to show differences in intensity has

heen dhone,
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50,1 Linear Fresnel Lens

The lincar lens 15 able to tum the rays along the length and not the wadth of the fitting

dorw mward.

Fignre 72: Side image of the luminaice, The dashed lines arg the traces of cays that would aeewr if
no lens existed, The linear design furns these rays towards the target illgmnination area (op of

this image)

The spatial distribution when comparing a single LED with ne lens and with a Linear
Fresnel {LF) lens is given in Fipure 73, This has been expeeted for two teasoms. A
loss 15 experigneed in the transmission of light through a lens. Ne light guiding optic
15 pertect encuph to have no losscs, It is predicted here that a loss 15 alse expengneed
because the distance between sowrce and detector is large. A comparison between the
datasheet’ s fuminous Mux |

Fipure 74) and deteeted illuminance (

Figure 75) for ane configuration is dune.
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Figuee 73: Single LED distribmtion pattern with and without a 1 inear Fresnel taken at 1m away
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Figure T4 Relative luminous fuy or vudiemeteie power versus current white K2 luxeon LEDs at
w maintained junetion temperature of I5° with tost current of 1A,
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Change 'r lluricarce with change in cumant &t 2m below peak icensiy sxis
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Figure 75 Mumingnee levels ut o distance of 2m with a change in currenl in Hitm A increments,

The efficiency curves for the LF are given in

Figure 76, When deing the test for cach el"ﬁﬁicm:_;.- curve, the thermal purameters
would not allow the current to retnain at 1300mA for mere than a few minutes. Light
autput immediately beging 1o diminish unlil there is none amitted, Fuch 1est held the

current for a few seconds before a reading was taken.
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Figure 76: Efficiency (IW) for the LF design

The distribution of 6 1LEIs apaced 95mm apart with and withow « LF lenses. 1 s
proven by Figure 77 that the ability of the optic to turn the rays of intensity between

327 and 607 15 done effectively with a 1.F. An itcrease in on-axis peak intensity is
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increased by 349 while that of the inverted LF a 22% increase in peak intensity is

achieved.

Compansch of Linear Fresngl lens contigarstinps
37 T T T T T T T8t —&=— MG Leng
gl e e Iy 2

J
. " - M
s ’XM T—|LF =35
fg‘{;;’/’ A?;—:ﬁ—ﬁ; L—ﬁ—I;F 25

lurringace (ke
Dom
T
\
LA
i \
\~\

j? i I L 12 | | | i

-1 a8 06 0:f 02 0 Lk GEhE  Res I 1
Contia axs (m)

Figure 77: The Ability of the optics to ¢ollimate intensities of light within the half-angle viewing

angles is proven. Luminaire tested T away from source

When comparing the results from a single LI with and without a LT and o complete
luminaire 1% evidenl that the additive effect of multiple point sources and mtervals

berween them also plavs a role 1o the concentration of intensity at a task point.
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Figure T8; lso-illuminance pattern of 6 K2 Luveon EEDS with oo lens
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Figure 7% Iso-illuminanee patiern with 1F lens with Diveal length =3%mm
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Figure 8 Lso-illuminuanee padern with LF lens with focal length (=25mm

125




Imatee Linear Fresee: with fuca length =3 5mmn
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Figure 81 Bso-illuminance pattern with inyerted LEF lens with fneal Hgﬂ =35mm

inverted Linear Zresrel wih fagal feagth £2 Smm
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Figure §2: Iso-Muminance panern with inverfed LF lens with focal leagth f-28Smm
5.6.2 Concentric Fresnel Lens

The collimating property of this design gives approximately a threefuld increase in

mtensity along the central axis,
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Figore 85: Mhuminanee lewels ot a distance of 2mowith @ change in careend in TO0m A increments

The comcentric design 15 the muost effictent o tumnig the ravs towards the task as it
takes the entire conc of light emitted between in_u:n:aji},r range of 50% and B0% down

lowatds the Lrget,

Companson of Srculsr Freznel corfigurations
1 T - 1 1 g 5

—&—Malens
—&—ICF =35 |

Z 0| & —[CFE2a |
E S
2 —s— CF =25 [
Ex

i 1 1
S8 f 39 G 08 fF |
Central axis (m

Figure 860 Spatia] distribution ol circulae lens desjens and the focal length configurationy

The eff-axis distibution of the CF and inverted CF cccurs because of alignment,
Alignment of sources with optic must be completely accurate with this desien. This is
nat deal. 1o shall be seen in the charts of isc-illuminance fior these lenses that peaks
peeur gl odd places. If the alignment can be made casy through a elip-on sirieture

within the metal casimg, 1his will nel be a problem when inlegrating the two pleces of




the luminaite. Apart from the alignment issues, there s a 234% increase in
illuminance along the central axis alone and is likely to cause severe contrast for

USCTA,

Wicth (m)

L ngth m)
Fignre AT: Isp-illuminanee patiern with ne lens

Circular Fresnalwity focsl tenglh 3 Snrr
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Figure 8%: Iso-illwminance pattern with CF lens
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Figure 8%: Iso-illuminance pattern with CF lens
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Figure 00: Bio-iluminanee pattern with inverted CF lens with focal lenpth (=35nm
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Figure 91: bso-illuminance pattern with inverted CF Tens with foeul length 1-25mm
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Figure 92: The percentage difference hetweon no lens and the 4 lens orfemtations based on an

imerease in illeminsnce.

2.7 Summary of LF and CF data

I he lingar lens, althaugh by nature 15 not able to capture hght of the entire cone of

distribution of cach 1.¥1), does posses the whility 1 toen the rays of light Trom arcas

undesirable as set out by the design. This design distributes light in a uniform fashion




with a slower gradient over the specified arca. The dluminanee level 15 not met, The
spacing of the current system would have to be rcduced by Lo to meet the
requirgments. There 15 ne marked difference m distribution when changing the focal

lewgth. The pattern and illuminaoee levels remain the same,

When comparing the cases of white LEDs with no lens cover to that of the concentric
desugn, even though there is an increase in the detected illuminance, the distobuotion
and uniformity of pattern acress the plane of detection of these solutons aod ther
respective conflgurations are o contrasung. The peak inensity 1s ineresscd by a
factor ol 31 and 3 for the pommally-oriented 35mm and 25pun focal lepgth
configurations respectively. For this design e be aceepled there would need to be an
mercase mothe luminanee at ¢ach end of the area of the visual field. The spotiing-
cffect s seen to occur twice when changmg the logal lenpth of the CF 10 25mm.
Inverting the design renders g similar spotting ctiect except that gain in intensity is
reduced is soeme instances, The FWIIM of the ICF with /~23mm is doubled in

comparison Lo the sther condiguralions as a result of the shorer toval fength,

Table 27: Zones of aceeplance for hnman wse

Lens Focal leneth Zone1  Zone? fone d
R .t._}rpe : mm S Ix Ix
| Fluorescent 3 T 155 0,79
| Nolems = - ITo0 1.1 |71

IF 3. | 2R ase 2.2%
B | s am 213
e 1wan | 398 19N
k¥ 23 (Zah. %S0 i
CE 1j s280 . 1038 5.29
oF 4 25 5230, 1046 5.23
T 15 s2oe | 1pde | saw
B 1 4830 | 966 1,53

All dlluminance daa had been converled o Juminanee. Bul sioee Lhe spatial
distributions had been represemted in illuminanes, it made it casy to compare the
villues of the luminanee atios Tor the visual ticld, which has been represented as

illuminance zones, Luminance is the flux per unit area per unit selid anale | homens
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per sterachan per meter squared) while lumntance 15 the flux per unit area (lumens

per meter squared).

Two lenses were produced. The Linear and Circular Fresnel show distinet differences
in distribution at a poiot, detected a distance away trom the source. The concept for
lhe two designs was (bt the itlensity arca of the lobe between 30% and B0% be
tedirected from the outer edges down towards the fask area. The 1ays of light exiting
trom the lens system would now be parallel w the eenrral axis {mechameal axis) of
the L5, The main design trade-off i5 that although we have been successtub in
increasing the utilization of light from (he LEDs with the two designs we have ot
been able to make a more uniform spatial distribution at o defined level. A new design
is suggested where the peak of the intensity lobe between 70% and 1007% be directed

vutwards,

We can speak of os-agxis inlensity gain, the chanpge m FWHM of the new lens
configuration and the varace from maximum to minimwmn of the detected
illuminance level over the plane of delection, These arc fabuladed for cach of the lens
designs and focal length confgurations and can be found in Appendix T The values
tor itensity and illuninance are the same since the distatee between source and
surface is Im away. The main design trade-oft is that although we have becn
supeessiol i anergasing the utihzation of light from the LEDS with the two desiens,

we have not been able to make a more uniform spatial distibution at a defined Jevel,

5.8 Re-direeting peak intensity of the lobe

Without chanping the specification of the LEDs, the directive now is to infegrate an
optical element into the existing desipns o redirect the peak area of the cosine
distribution in an energy eflicient manner, The author is aware that suppressing the
peak of the lambertian distribution of white LEDs s oot desirable. The author looked
at the distribution of a few desigits and LED disinbunon patterns, The sceondary-
oplie used on side-emitting LEDs and the batwing LED distribution was used as the

basis tor redireetion,
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5.9 Batwing

This 15 the radiation pattern of an LEIY 1n which the peak bumimous intensity oceurs at
approximately 20° from the normal. A maore general description is that the maximium
Tuminous intensity 5 angularly displaced Bul still symmetrical aboot the central axis,
A batwing lens distributes Heht with is same prineiple. The peak intensity is ab an
atigle wway [rom the normal to the central axis yel symmetrical about 1L The and

prenluct 15 d lews cothimaled and more evenby spread spatial distibution of light [ 10%],

APEAREAANAALANEANAAAS

Fipure 93: I]alﬁ.fng lewns 1ght distribution 106}
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5.10 Hybrid Lens Fresnel Design

The sres between 70% and 100% (which wranslates o the halt-angles of 35 w 07) of
the spatial distribution pattern of the K2 Luxeon LER 5 now designed 1h such a way
that it is directed away trom ihe central axis and towards +45° from the central axis.
Collimation for the purpose of utilization af light still exists for both designs. This is

dome for 607w 357

The batwing arca is changed 1o reduce lasses to a graded slope lacking any drafts, Scr

Fipure 53,

FAMS Incident and refracted ray angles for multiple media

Figure 57 should be referced 1o in the following discussion of ray-tracing design, For

the repion of barwing refraction:

»  [neident rays between 07 and 45" are refracted to an angle of 43" from ihe
centrad axis af cach LED by munipuluting the curvature of the lens.

s The angles are split up in nine divisions so that each 5 sepment from 0 will
have their own Batwing angle’,

« The refracted ray angle w normal s calculated from Snell’s Luw

#, =sIn(/SI00) where ns is the refractive index af the material used.

The condition of Lhese tests and results are that the distanes between the source and

hottom surface of the lens cover (tocal length) is 35mm.

The angles of the tacels of the Fresnel are flostimg in space, It was necessary for s to
calcubale sysiematically these angles with reference o the pptical axis and the initial

plane of contact of incident ray.

The reltucted ray PO is trealed ws the meident ray for arienting the exil rays in a
paralle] fashion. The incident angle is taken from the desired cxit ray QR 15 45° fom

the optical axis.




s Second plane of incidence s rotated s clockwise Tashyon.

Incident angles between 45% and 607 are collimated with three prooves,

o It must be noted now thit the ray of LED light is moving from a dense
miedium inte one that is less dense,

o Now sin{e)/sin() = n is the equation for the culeulation of refracted angle to

mewdent based on the material s refractive index.

The dilfecence of the angle of refraction, the amount of angular rotation abouwt the
point of incidence and the inival plane parallel o Grst incident plane s caleulated. 17
the calenlated angle 15 940°, then the colbimated ray is perpendiculat to the first plane

of incidence.

Omice the angle of incidence of the ray PPO) iz parallel to the normal of the second plane
of refraction the values of ncidence and reftaction become nesative. This does not
cause any prithlems in caiculation. Our mtention was e find out the angles of the
Fresnel tecth for an mtensity range of 30% 1o 70% and 70% o 100% of the Luxeon

K2 white LED.

5.11 Hybrid Linear Fresnel

The hybrid lincar lens produces gowmd distobutionsl results despite the reduction in
illurminance over the test area. Larper viewng bHeld with slowly decreasing rate along
the central axis fullows the nature of the orging distribution of 6 LEDs with no
intermediate lens. Appendix G holds information of the optical characteristics of the
limear lens and distribution.. Table 28 refers o the physical dimensions of the fucets
and  Fraure 93 graphically represents the compavison between the various
conflpurations of the hybod Imear lens and the case of no lens when traveling along

the central axis.
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 Tahlc 28: Physical characteristics of hybrid iincar fresncl bens design

Hybrid Lincar g 4
_Fresnel S
e Facetangle | Piwh
Facet Numiber o, L)
| 6l 5,33
2 66,5 .32 0
- Facelangle | Pitch = Relief |
Batwing 1L sl (i (1)
1 19 Al 0
z |7 32 0
L Ll 15 id i}
s o W] 13 3.5 i
' b, I 14 it
| f s g 4.3 0
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Figure %5: Comparison of bybrid linear Fresnel lens configuratlons

Figure 96 to Figure 99 arc the spatal distribution patterns. They are vastly dillerent in
terms of the patterns generated than the informution that cun be drawn from the

central axis distribulions of Figure 95
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Figure %6: Spudal disteibution of Heear Fresncl

Figure 97:Hybrid lincar Fresnel distribution
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Fignre 98: Inverted hvbrid linear fresnel
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Figure 9% lnverted hybrid fresocl

5.12 Hybrid Circular Fresnel

The hybrid circular lens with /~35mm and the inverted hybrid lens at f~25mm and its
test configurations best fit the criteria set out earlier in this chapter. There is symmetry

i spatial distribution about the medhanical axis of the luminaire and along the central
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axis. A spacing change within the bus would need to be considered bul this would he

a ittt shafi (approximately 001 53m — 0. 2m).

The occurrence of two spots in the shortened local length for the noomalty orented
lens puts it out of consideration despile a colleetion efficieney of T, 3%. The physical
paramelers of the design, which 15 draftless, causes there 1o be ne humanly visible
shadows at the plane of detection. This 5 alse shown i the spatial distributons
generated. This was something that could pessibly have been percerved by the users
of these Juminaires prven Lhal the peak area 1@ heing redirected complately, Appendix
G helds information of the optical characteristics of the circular fens and distribution.
Table 29 gives the physical properties of the design’s facels lor the collimaling arey

and for the batwing distribution,

Talde 2%:Phivsical characteristics of hy hrid ¢ircular lens design

Hyhrid Circuolar
R 5 T ey, Sy TSR s
Facctangle ' Pikch Rulict
Lacel Mumlaer {1} imm) )
1 a.7 u
....... o — o B i it
el 1016 o
Facel ungle Pilch RBeliel
Batwing )] [AT1ETE) L1
! 1w 3 |8 |
2 =i 32 H
3 |5 34 1]
4 I 33 §]
! 3 11 3R 1]
& g 4.3 [
i 7 7 49 0
8 i SR 1]
4 4 6.7 ]
I 4 .2 f
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Figure 100: Hybrid circular fresnel with a focal length 35mm
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Figure 101: Hybrid circular Fresnel with focal length 25mm
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to Figurc 108 arc gruphical representations of the the spatial distribution of the desired

area under test.

Companiscn o Hybnd Circuiar Frasnal lers carfigurations
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Figure 104; Comparison of the configurations of the pelished hvbreid cirenlar designs of the

spatial distributions along the cenral uxis,
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Figure 195: Polished circular fresncl with focul lenglh of 33mm
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Figure 106: Polished circular Fresnel with fucal leagth of 253mm
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Figure 107: Polished inverted cirenlar fresael with fucal length of 33mum
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Inverec Hybnd Ciicu ar Fresnel with focal lengih =2 Smm
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Figure 104: Inverted hybrid cirenlar fresnel with tocal length of 25mm

 Tahble 3 1s the étendue efficiency of cach hybnd lens und its configurations. The

percentages of the wotal flux collected are in the right-mest cofummn,

Table W: Ftendue clficicney

o o
- 4
e [

HEE T 3540 04 | 536 s, %
HeCE 54 1 250 0.3 622 197 . 25 8.3
IHCF 510 3541 0.4 524 ISk | 251 52%
IHCF Bl 25 1 0.1 A2 153 25.1 6.8
| * e s | 35w | w2 e 204 250 R3]
nLr 143.01 254 12 My | 223 25| §0.4
O HiE 1400 | 3sa | 03 63.4 21 251 8100
JILF 1400 | 250 02 703 223 | B30 587 |
polished HOE | 9540 3541 0.4 336 6.3 5.0 | e
nolished HCF | 950 254} 0.3 22 TE 351 7%.3
polished IHCF | 910 | 350 bs | 524 154 351 628
Cpolshed IHCE | 918 | zsp f w3 e 193 35 | 764
5.13 Analysis

As for the first two designs, the critena for the hybrid lenses are foun
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1. Sccing xone’s luminance (ed/m?) levels
2, MNoticeable human difference in intensiy (cd) { 30-50% )
3. NMuminanee level (300x lor passenger transportation vehicles)

4. Calleetion cfficiency (étendue)

The hybridt lens, as it 1s seen i Table 31, fits the zonal critenia, There 15 a good deal of
uniformity with respeet tw the patiern and location of the peaks. The polished lens
with 35mm focal length performs particularly well m this respect. Shortening the
distance between luminaires by 0.15m would allow this conliguration to fit all the

crileria as set oul above,

Table 31: Seving zones and the minimum scceplahle range for visual taxhs

_ Lems Voeal length | Zonet | Zone2 | Zone3
tpe o | NN [
Pammgpeent | - Ll |.5% 0ty
Mo lens 17.00 140 R
HLF 13 6o | 320 160 |
HLE 2 R

IHLF as LA3h 1% 1.6

1506 | iou ., 1S

23 ! 644 | 322

%20 364 | 2w

1370 . 514 257

w10 ¢ 52 261

WM | 66 163

000 | &0 | 100
330 | ses | 133
3120 | eed4 | A3 :

What has not become ¢lear from the design goal is the shift from the central urey
betng the most intense to thar of the outer edee (45°) from mechumcal axis of the
luminaire. The change i design has affected the distribution significantly, Wath
manual ray wracing it is perhaps unliir w expect such lngh performance. Appendix [
has mages of all of the design and tested lenses.
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5.14 Summary

The batwing hybrid lens with two regions of refraction is displayed. The results from
the spatial distribution of the hybrid circular fresnel lens offers a distinct difference
from those generated in Chapter 7. The ability to redirect light is a powerful ability to

possess.

The étendue of each of the new designs is lower than that of the circular fresnel and
linear fresnel designs of Chapter 7. The visual field performance is stuck to in this
design, despite the application not requiring such strict performance. This is a

recommendation set out for ‘task’ lighting.

The two lens designs, based on the criteria given, helped to make more uniform
distributing luminaires, which may find application beyond the bus. It is important to

note the following:

¢ A uniformly distributing luminaire is an ideal case but not the best-fit solution
given that multiple luminaires are required for the bus application.

o The bus application has a general layout but varies based on the bus model.

* When spaced within the bus, the spatial distributions of each luminaire
overlap. At the plane of detection, the illuminance is bound to be more
uniform given this interaction between multiple luminaires, but this needs to

be verified through modeling software or physical implementation.

Light at the horizontal plane is greater because of the new designs. Light that has been
redirected from the outer reaches (widest viewing angles) is now normal to the
luminaire. For the new design this may decrease unless other optics solutions like
encapsulating optics (parabola or secondary optic) is used. This is the author’s

hypothesis.
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5.15 Recommendations

The use of modeling software and its value in designing non-imaging optics and

spatial layout according to specification is discussed and then proposed.
Theoretically, the tools to increase user perceptions with optics are available. If the

new technology were human factor tested it would help create better fittings that are

more efficient
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CHAPTER 6
CONCLUSION AND RECOMMENDATIONS

6.1 Conclusions

The range of information in the case for LEDs swept across social, economic,
location-specific and other intangible (and oft forgotten) factors such as human needs.
The case for the application of white LEDs validates the need for research and capital

investment into this energy efficient device.

In this thesis an example was used to best display the challenges that were initially
identified in the Western Cape and the rural pilot project of Namulonge. The example
of Golden Arrow Bus Services allowed us to tackle an interior and remote application
with specific illuminance requirements in one. The electrical, thermal, mechanical and
optical issues for successtul integration were researched. The luminaire, as an entire
structure encasing all things related to this lighting system, is designed according to

the required criteria and available standards.

Quality of lit environment and quantity of LEDs were important issues. Since cutting-
edge technology is over-priced due to market barriers and research and development
funding, these aspects of quality and quantity found prominence through the
investigation of a suitable solution. As few as possible light-emitting diodes were used

with the aid of optics to tackle the problem.

The following milestones were met:

o The operating current was chosen in accordance with the lighting needs and
available specifications

¢ A spacing criterion was developed

e The utilization of the directional light sources was increased through

employing optics
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Three sets of optics applications were adapted using an Acrylic material to realize the

designs:

e Non-imaging systems (collimating lens)
¢ Batwing lens from prismatic fluorescent lens covers

¢ Automotive forward lighting using Fresnel lenses

The priority was to conserve the available energy. Etendue of each optic solution was

calculated to numerically quantify what available flux was collected.

Finally, lenses were developed in consideration of passenger safety, human perception
and visual comfort. They are the Circular Fresnel, Linear Fresnel, Hybrid Circular
Fresnel and Hybrid Linear Fresnel linear lenses. These were done on a milling
machine with a small test bed area of 200mm by 150mm. Each of the lenses was
tested in a dark room with a constant environment in the normal and inverted

orientation at a focal length of 25mm and then 35mm.

Uniformity criterion was researched and applied to the spatial distribution on the
horizontal plane over the detection area. Photometric criteria such as luminance,

illuminance and intensity were also used to check the four lenses.
Through novel placement of heatsink and LED mounting mechanism the author

attempted to derate the high power LED, given the luminaire constraints. This method

proved successful given that no degradation was experienced during the testing phase.

6.2 Recommendations

The recommendations are primarily for the GABS example. The rest of the subjects

covered in this thesis have been concluded upon in their respective chapter.
Uniformity of spatial distribution can be adjusted through computational modeling of

optic elements and placement of sources. These user-defined criteria can be modeled

effectively by software. Complicated segmented surfaces and facets may be modeled
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to reduce time in production. It is recommended that any demanding application use

computational design tools to do so.

More groove angles/edges should be modeled and used to increase transmission

efficiency and the collimating property of the lens.

Transmission efficiencies should be checked computationally and practically with the

appropriate devices (like an integrating sphere).

It would be productive to research other spatial distributions (e.g. batwing, etc.) in the
far-field and see what spatial distributions they render on the horizontal plane. This
would allow for more efforts into uniformity and the possible use of optics that can

best utilize light from other LED types.

The circuitry for the GABS application needs to be developed further to enhance the

luminaire’s robustness and longevity.

The pre-implementation human factors analysis excludes subjects of localization such
as bus internal reflectance and the trade-off between CCT and CRI even though a
match for the fluorescent was found in the type of LED selected. This study should be

carried out before installation.

To gauge whether the technical specifications are relevant to the application it is
suggested that feedback from commuters (after empirical testing) is gained. Quality of
light is about human perception and the interaction with this lit environment.
Feedback from commuters will help future installations, which only use white LEDs

for the entire interior lighting of the bus.

Now that the main illuminance demands have been met, an economic appraisal should

follow to validate the design.

A clear set of South African lighting standards is needed. These standards would be

for:
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¢ All automotive lighting applications (interior)
e Interior applications for human use employing LEDs

e (Grid and renewable technology connection circuitry for LEDs

This thesis, a manual of application issues, has put emphasis on energy efficiency,
adapting to constraints, a clear systems approach to design and the need for an
integrated approach to rural and remote areas needing light. To further elucidate the
white LED, the author hopes that reader’s research more about LEDs, implement
them where possible and create enterprise. All of these actions would help the greater

effort of having energy used efficiently.
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Appendix A

The pictures below were taken in Mamulomge. The piclures were 1aken from two

houses of the ten hauses that were part of the pilot projeet, Villuge bowses ure brick

and mortar structures with zine roofs and no ceilines. The wresular mounting of
refractor-based single LED:s 15 shown. The power delivered 1o the [EDs were from
solar PV umits. 12V car butteries store the encrey and no resulatory circuiiry exisls

between battery and LED. A floor area to be lit was typically 3m by 4m
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Figure 110: 1 he bafttery used to story charge Trom a sa

Figure 111 None of the honuses had eeilings insialled. By insdzlling ceilings, mare light cold be

refractied amd used within the desived urea
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Figare 112: A contact to switeh on and of the white LEDs in a voom, Such weaknesses in the
svatem instullution redoced the sostalnabiliny of the projeet.

Figure 113 A simgle IW LED. 1t bad 8 bloc hoe with 3 very lon colour condering alviliny
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Figure 114: A dypival area to he s eaptured above, This aren is approsimately Tam®. A single
white LER was chasen 1 b ihis cnfire arca.
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Typical Representative Spatial Radiation Pattern
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PHILIPS

Company Informat on

LUXEON?® is developed, manufactured and marketed by

Philips Lumileds Lighting Company. Philips Lumileds is a world-class
supplier of Light Emitting Diodes (LEDs) producing billions of LEDs
annually. Philips Lumileds is a fully integrated supplier, producing core
LED material in all three base colors (Red, Green, Blue) and White.
Philips Lumileds has R&D centers in San Jose, California and in

The Netherlands and production capabilities in San Jose and Penang,
Malaysia. Founded in 1999, Philips Lumileds is the high-flux LED
technology leader and is dedicated to bridging the gap between
solid-state LED technology and the lighting world. Philips Lumileds
technology, LEDs and systems are enabling new applications and
markets in the lighting world.

©2006 Philips Lumileds Lighting Company. All rights reserved. Product specifications are subject to
change withcut notice. Luxeon is a registered trademark of the Philips Lumileds Lighting Company in
the United States and other countries.

LUMILEDS

LIGHT FROM SILICON VaLLEY

Philips Lumileds may make process or
materials changes affecting the perform-
ance or other characteristics of our
products. These products supplied after
such changes will continue to meet
published specifications, but may not
be identical to products supplied as
samples or under prior orders.
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WWW LUXEON.COM
WWW. LUMILEDSFUTURE.COM

FOR TECHNICAL ASSISTANCE OR THE
LOCATION OF YOUR NEAREST SALES
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NORTH AMERICA:
+ 1 888 589 3662 OR

ASKLUXEON{@FUTUREELECTRONICS . COM

EUROPE:
OO0 BOO 443 88 873 oR
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AsIA:
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Golden DRAGON®
Lead (Pb) Free Product - RoHS Compliant

ZW W5SG

Besondere Merkmale

Gehidusetyp: weilles SMD Gehéause, farbiger
diffuser Silikon - Verguss

Typischer Lichtfluss: 60 Im bei 500 mA
Besonderheit des Bauteils: hocheffiziente

Lichtquelle bei geringem Platzbedarf

Farbort: x = 0,33, y = 0,33 nach CIE 1931 (weil})
typische Farbtemperatur: 5600 K
Farbwiedergabeindex: 80

Abstrahlwinkel: Lambertscher Strahler (120°)
Technologie: ThinGaN®

optischer Wirkungsgrad: 40 Im/W
Gruppierungsparameter: Lichtstrom, Farbort
Verarbeitungsmethode: fir alle
SMT-Bestiicktechniken geeignet

Létmethode: IR Reflow Léten
Vorbehandlung: nach JEDEC Level 4
Gurtung: 24-mm Gurt mit 800/Rolle, 2180 mm
ESD-Festigkeit: ESD-sicher bis 2 kV nach
JESD22-A114-B

Anwendungen

Auflen- und Innenbeleuchtung im Automobilbe-
reich (z.B. Scheinwerfer)

Blitzlicht

Hinterleuchtung (Werbebeleuchtung,
Allgemeinbeleuchtung)

Leselampen (Flugzeug, Auto, Bus)

Ersatz von Kleinst-Gliihlampen
Fassadenbeleuchtung im Innen- und
Aufllenbereich

Display Hinterleuchtung mit hohem
Helligkeitsbedarf z. B. TFT

Dekorative Beleuchtung

Signal- und Symbolleuchten zur Orientierung
Markierungsbeleuchtung (Stufen, Fluchtwege, u.a.)

2006-05-16

Features

Ap

package: white SMD package, colored diffused
silicone resin

typical Luminous Flux: 60 Im at 500 mA
feature of the device: high efficient lightsource
at low space

color coordinates: x = 0.33, y = 0.33 acc. to
CIE 1931 (white)

typ. color temperature: 5600 K

color reproduction index: 80

viewing angle: Lambertian Emitter (120°)
technology: ThinGaN®

optical efficiency: 40 Im/W

grouping parameter: luminous flux,

color coordinates

assembly methods: suitable for all

SMT assembly methods

soldering methods: IR reflow soldering
preconditioning: acc. to JEDEC Level 4
taping: 24 mm tape with 800/reel, 180 mm
ESD-withstand voltage: up to 2 kV acc. to
JESD22-A114-B

plications

exterior and interior automotive lighting

(e.g. front light)

Flashlight

backlighting (illuminated advertising, general
lighting)

reading lamps (aircraft, car, bus)

substitution of micro incandescent lamps
indoor and outdoor commercial and residential
architectural lighting

display backlight where high brightness is required
e.g. TFT

decorative and entertainment lighting

signal and symbol luminaire for orientation
marker lights (e.g. steps, exit ways, etc.)

Opto Semiconductors

OSRAM



ZW W5SG

Bestellinformation
Ordering Information

Typ

Emissions-
farbe

Lichtstrom?) Seite 18

Lichtstiirke? Seite 18

Bestellnummer

Type Color of Luminous Luminous Ordering Code
Emission | Flux'page 18 Intensity? Page 18
Ir =350 mA I =350 mA
@y (mIm) Iy (mcd)
ZW W5SG-HYJZ-5K8L | white 33.000 ... 71.000 17.000 (typ.) Q65110A3801

Anm.: Die oben genannten Typbezeichnungen umfassen die bestellbaren Selektionen. Diese bestehen aus wenigen
Helligkeitsgruppen (siehe Seite 6 fir ndhere Informationen). Es wird nur eine einzige Helligkeitsgruppe pro
Gurt geliefert. Z.B.: ZW W5SG-HYJZ-5K8L bedeutet, dass auf dem Gurt nur eine der Helligkeitsgruppen

HY, HZ, JX, JY oder JZ enthalten ist.

Um die Liefersicherheit zu gewéhrleisten, kénnen einzelne Helligkeitsgruppen nicht bestellt werden.

Gleiches gilt fiir die Farben, bei denen Farbortgruppen gemessen und gruppiert werden. Pro Gurt wird nur eine
Farbortgruppe geliefert. Z.B.: ZW W5SG-HYJZ-5K8L bedeutet, dass auf dem Gurt nur eine der Farbortgruppen
-5K, -5L, -6K, -6L, -7K, -7L, -8K oder -8L enthalten ist (siehe Seite § flir ndhere Information).
Um die Liefersicherheit zu gewéhrleisten, kénnen einzelne Farbortgruppen nicht bestellt werden.
Note: The above Type Numbers represent the order groups which include only a few brightness groups (see page 6
for explanation). Only one group will be shipped on each reel (there will be no mixing of two groups on each
reel). E.g. ZW W5SG-HYJZ-5K8L means that only one group HY, HZ, JX, JY or JZ will be shippable for any
one reel.
In order to ensure availability, single brightness groups will not be orderable.

In a similar manner for colors where chromaticity coordinate groups are measured and binned, single
chromaticity coordinate groups will be shipped on any one reel. E.g. ZW W5SG-HYJZ-5K8L. means that only
1 chromaticity coordinate group -5K, -5L, -6K, -6L, -7K, -7L, -8K oder -8L will be shippable on each reel (see
page 5 for explanation).

In order to ensure availability, single chromaticity coordinate groups will not be orderable.

Vergleichstabelle
Correlation Table

Typ Lichtstrom®) et 78 Typischer Lichtstrom? Sete 18
Type Luminous Flux')pase 1 Typical Luminous Flux?) e 18
Ir = 350 mA Iz = 500 mA
@y (mim) @y (mim)
ZW W5SG-HYJZ-5K8L 33.000 ... 71.000 60.000

2006-05-16 2
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ZW W5SG

Grenzwerte
Maximum Ratings

Bezeichnung Symbol Wert Einheit
Parameter Symbol Value Unit
Betriebstemperatur Top -40...+110 °C
Operating temperature range

Lagertemperatur Tyq -40...+110 °C
Storage temperature range

Sperrschichttemperatur T, >150 for short °C
Junction temperature term applications
Sperrschichttemperatur T, 125 °C
Junction temperature

Durchlassstrom (min.) | I¢ 100 mA
Forward current (max.) | I¢ 500 mA
(Th=25°C)

Stofistrom Iem 2000 mA
Surge current

t<10 ps, D =0.005, T,=25°C

Sperrspannung Ve not designed for |V
Reverse voltage reverse operation
(T4=25°C)

Leistungsaufnahme P 2.0 w
Power consumption

(Th=25°C)

Warmewiderstand®) Seite 18

Thermal resistance®) Page 18

Sperrschicht/Lotpad Ry ss 15 KIW

Junction/solder point
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ZW W5SG

Kennwerte

Characteristics

(Ty=25°C)

Bezeichnung Symbol Wert Einheit
Parameter Symbol Value Unit
Farbkoordinate x nach CIE 1931 Seite 18 (typ.) |x 0.33 -
Chromaticity coordinate x acc. to CIE 1931% page 18

I =350 mA

Farbkoordinate y nach CIE 19319 Sete 18 (typ) |y 0.33 -
Chromaticity coordinate y acc. to CIE 1931%) page 18

Ir = 350 mA

Abstrahlwinkel bei 50 % @, (Vollwinkel) (typ.) |20 120 Grad
Viewing angle at 50 % @, deg.
Durchlassspannung © Seite 18) (min.) | V¢ 2.7 Y,
Forward voltage® pase 18 (typ.) | Ve 3.2 v

I =350 mA (max.) | Vg 3.8 \%
Sperrstrom not designed for
Reverse current (max.) |[Ig reverse operation | uA
Temperaturkoeffizient von V¢ (typ.) {TCy —4.0 mV/K
Temperature coefficient of V¢

I =350 mA; -10°C < T<100°C

Optischer Wirkungsgrad (typ.) | Mopt 40 Im/W
Optical efficiency

I =350 mA

2006-05-16
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Typical Representative Spatial Radiation Pattern
for Green, Cyan, Blue and Royal Blue Lambertian
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0% ‘ | A , _ 5
-100  -80 -60 -40 -20 0 20 40 60 80 100
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Figure 24: Typical Representative Spatial Radiation Pattern for Green, Cyan, Blue and Royal Blue Lambertian.

Typical Polar Radiation Pattern
for Green, Cyan, Blue and Royal Blue Lambertian

20% 40% 60% 80% 100%

Typical Upper Bound
-— — — Typical Lower Bound

Figure 25: Typical Polar Radiation Pattern for Green, Cyan, Blue and Royal Blue Lambertian.
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Typical Radiation Patterns

Typical Representative Spatial Radiation Pattern
for White Lambertian

100% | : TN
90% 3, ] L

80% - | / \
70% T / N\

60% - / \
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40% +

30% | / | s — — \
20% / : » - . \ ‘i
N0 e | | |

-100  -80 60 -40 -20 0 20 40 60 80 100
Angular Displacement (Degrees)

=

Relative Intensity (%)

Figure 22: Typical Representative Spatial Radiation Pattern for White Lambertian.

Typical Polar Radiation Pattern for White Lambertian

0 20% 40% 60% 80% 100%

Figure 23: Typical Polar Radiation Pattern for White Lambertian.
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Current Derating Curve for 1000 mA Drive Current
White, Green, Cyan, Blue and Royal Blue
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E |

5 800

5

© 600

'

©

2 400

o

w
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0

RO,A=20°C/W
RO, A=15°C/W

25 50 75 100 125 150 175

Ta - Ambient Temperature (°C)

Figure 20: Maximum forward current vs. ambient temperature, based on T ) ax = 150°C.

Current Derating Curve for 1500 mA Drive Current
White, Green, Cyan, Blue and Royal Blue
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o

L.
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0

Re, 4=20°CW |
RO, A=15CW ]

25 50 75 100 125 150 175

Ta - Ambient Temperature (°C)

Figure 21: Maximum forward current vs. ambient temperature, based on T yyax = 150°C.
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Current Derating Curve for 700 mA Drive Current
Green, Cyan, Blue and Royal Blue

800

NN A0

R(-)J_A=4O°C/W

N N \
400
300 | R6, A=50°C/W //

200 | R,x=30C/W / x&

RO, A=25°C/W \
100 |- RO, A=20°C/W ] \k
RBJ_A=1 5OOAN
0 }

0 25 50 75 100 125 150 175 200
Ta - Ambient Temperature (°C)

Ir - Forward Current (mA)

Figure 18: Maximum forward current vs. ambient temperature, based on T yyax = 175°C.

Current Derating Curve for 700 mA Drive Current
Red, Red-Orange and Amber

800 - ;

g 700 - ‘ \
= 600 |
: 500 \\ \\
3 100 NS N NN
-(% 300 o RGJ,A=SO°é/W ////\>é%<:\
S RB, =25°C/W // \\\\
S 200 A‘RGJ_A=20°C/W/ : N\
L 00 | ReL=150W ! \\
- | | l

0 o |

0 25 50 75 100 125

Ta - Ambient Temperature (°C)

Figure 19: Maximum forward current vs. ambient temperature, based on T jyax = 100°C.
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Current Derating Curve for 350 mA Drive Current

Red, Red-Orange and Amber

400

350
300 -

250

150

200 ——

" RO,A=30°C/W

Ré J_A=SOOCNV
RO, A=40°C/W

100

Ir - Forward Current (mA)

50

0
50

Figure 16: Maximum forward current vs. ambient temperature, based on T jyax = 150°C.

Current Derating Curve for 700 mA Drive Current
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RO, A=20°C/W
RO, A=16°C/W
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175

Figure 17: Maximum forward current vs. ambient temperature, based on T s = 150°C.
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Current Derating Curves

Current Derating Curve for 350 mA Drive Current

White
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Ré g A“40°C/W /

100 -
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0 .
50
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Tp - Ambient Temperature (°C)

Figure 14: Maximum forward current vs. ambient temperature, based on T yax = 150°C.

Current Derating Curve for 350 mA Drive Current

400 -

Green, Cyan, Blue and Royal Blue

350

300
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200 -
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100 -

Ir - Forward Current (mA)

RO, 4=50°C/W ;
RO, x=40°CW /
R8, A=30°C/W

50

T I

75 100 125 150 175 200
Tp - Ambient Temperature (°C)

Figure 15: Maximum forward current vs. ambient temperature, based on T jyax = 185°C.
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Relative Luminous Flux vs. Forward Current for Red, Red-Orange
and Amber, Junction Temperature, T; = 25°C

18 |
16
14 |
12
10 -
08
06 |
0.4
02 |
0.0 : : : ;
0 100 200 300 400 500 600 700 800

Normalized Luminous Flux

Iy - Forward Current (mA)

Figure 13: Relative luminous flux or radiometric power vs. forward current for red, red-orange and amber
at T = 25°C maintained, test current 350 mA.

Note for Figure 13:
Driving these high power devices at currents less than the test conditions (350 mA or 1000 mA) may produce
unpredictable results and may be subject to variation in performance. Pulse width modulation (PWM) is recommended
for dimming effects.
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Typical Relative Luminous Flux

Relative Luminous Flux vs. Forward Current for White, Green, Cyan, Blue
and Royal Blue Junction Temperature, T, = 25°C

bl
-
o
[7}]
-
€ s
€ 15
E 4.
d 14 ~
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% 1.0
E 0 ..... o
B 06 -
Z 04 /
02t
OO }.,__.. T mm— T T T T T
0 200 400 600 800 1000 1200 1400 1600

l; - Forward Current (mA)

Figure 11. Relative luminous flux or radiometric power vs. forward current for white, green, cyan, blue
and royal blue at T = 25°C maintained, test current 350 mA.
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1.0

08 1

“L
0.2 / -
0.0 : e l : : :
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l; - Forward Current (mA)

Normalized Luminous Flux

Figure 12. Relative luminous flux or radiometric power vs. forward current for white, green, cyan, blue
and royal blue at T = 25°C maintained, test current 1000 mA.

Notes for Figures 11 & 12:
Driving these high power devices at currents less than the test conditions (350 mA or 1000 mA) may produce unpre-
dictable results and may be subject to variation in performance. Pulse width modulation (PWM) is recommended for
dimming effects.

LUXEON K2 Emitter Datasheet DS51 (5/06) 15



|
Typical Forward Current Characteristics

White, Green, Cyan, Blue and Royal Blue, Junction Temperature, T; = 25°C

Ir - Forwrd Current (mA)
~i
8

888888

T L

3.1 32 33 34 35 36 37 38 39
V; - Forward Voltage (Volts)

T T T 1

Figure 9. Forward current vs. forward voltage for white, green, cyan, blue and royal blue.

Red, Red-Orange and Amber, Junction Temperature, T; = 25°C
800 -

700

600 /
500

300 /

200 //
100

0 T — T T T r T T )

2.0 22 2.4 2.6 2.8 3.0 3.2 3.4 3.6 3.8

utent IMA

-

It- Forward {

Vi - Forwand Vohage (Volts

Figure 10. Forward current vs. forward voltage for red, red-orange and amber.

Notes for Figures 9 & 10:
Driving these high power devices at currents less than the test conditions (350 mA or 1000 mA) may produce unpre-
dictable results and may be subject to variation in performance. Pulse width modulation {(PWM) is recommended for
dimming effects.

LUXEON K2 Emitter Datasheet DS51 (5/06) 14



Typical Light Output Characteristics over Temperature

White, Green, Cyan, Blue and Roval Biue at Test Current

150% ; ‘ ; }
i | S
140% - - Royal Blue Radiometric
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‘ — Green Photometric

- 120% - 1 == Cyan Photometric
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80% ‘ S

| \\. 3 \
70% - | T
60% - ; | |
50% ot o+ S

-15 5 25 45 65 85 105 125 145 165 185

Junction Temperature, T, = °C

Figure 7. Relative light output vs. junction temperature for white, green, cyan, blue and royal blue.

Red. Red-Orange and Amber at Tast Current
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\ - Red Photometric
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125% oo o \

100% | \ s ' L
75% - S :

Relative Light Output (%)

50% ~ el

25% | ~ ; \—
N |

0% - ! , : ‘ -
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Junction Temperature, T, (°C)

Figure 8. Relative light output vs. junction temperature for red, red-orange and amber.
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Pin Out Diagram
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/,’7 AN PN FUNCTC
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Figure 4. 4-lead Gullwing Pin Out Diagram.

Wavelength Characteristics

Green, Cyan, Blue, Royal Blue, Red, Red-Orange and Amber at
Test Current  Junction Temperature, T; = 25°C

1.0 ; \
- Cyan , Green / Red-
) o) : Orange
% 0.8 Royal Blue ; / \
a Bilue Sl i ’
55 06 / o . Amber
52 | L~ CON
5% 04 o :
20 : } \/
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0.0 S
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Figure 5. Relative intensity vs. wavelength.

White at Test Current
Junction Temperature, T; = 25°C
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Figure 6. White color spectrum of typical CCT part, integrated measurement.
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Solder Pad Design—SMT Lead Form

- Conductive Pad

Conductive =~ N tuvssi

Pad Conductive
Pad
/ /'/-
/// /
\ “_.. Soldermask
A
(- Package

Qutline

Figure 2. 4-lead Gullwing Solder Pad Design.
Notes for Figure 2:

1. Electrical isolation is required between signal leads and hexagonal heat slug contact.
2. For optimal thermal performance, maximize board metallization at hexagonal heat slug contact.

Solder Pad Layout—SMT Lead Form

3X A5°X1.8 —

\\ L_ i T e

! o |

/7)) /Z7 v/ ///
S

N S—

14.0

Figure 3. 4-lead Gullwing Package Solder Pad Layout.
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Mechanical Dimensions - SMT Lead Form
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Reflow Saldering Characteristics
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Electrical Characteristics at 1000mA for LUXEON K2,
Part Numbers LXK2-xx14-xxx, Junction Temperature, T, = 25°C
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Typical Electrical Characteristics at 1500mA for LUXEON K2,
Part Numbers LXK2-xx14-xxx, Junction Temperature, T, = 25°C
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Electrical Characteristics

Electrical Characteristics at 350mA for LUXEON K2,
Part Numbers LXK2-xx12-xxx, Junction Temperature, T, = 25°C
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| Typical Electrical Characteristics at 700mA for LUXEON K2,
Part Numbers LXK2-xx12-xxx, Junction Temperature, T, = 25°C
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Optical Characteristics

Lambertian LUXEON K2 at Test Current '
Junction Temperature, T; = 25°C
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ux Characteristics for LUXEON K2 Junction Temperature, T, = 25"C
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Appendix B

Datasheets for the three LEDs initially research to fit the GABS design application
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ZW W5SG

Maximal zulassiger Durchlassstrom
Max. Permissible Forward Current

I = f(Ty)
600

I mA

T 500

400

OHL02702

300

200

100

0O 20 40 60 80 °C 120

— T

Zuldssige Impulsbelastbarkeit I = /(7))
Permissible Pulse Handling Capability
Duty cycle D = parameter, Tg =25 °C

OHL02700
2.2 - s
e D=7 <‘ r_ﬂ:’%
T
20 \\
AN \ 0.005
W 0.01
15 LLININ 0.02
' \ 0.033
\ 0.05
= 0.1
10 \\\ \N 0.2 L
' N \~. 0.5
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e AN |
o LU [ Ll 1 i
10 10 10 102 107" 10° 10's10?
—
2006-05-16

Exemplarische durchschnittliche Lebens-
dauer fiir mittlere Helligkeitsgruppe? Se 17
Exemplary median Lifetime? Pa9¢ 77

for median Brightness Group

Bedingungen | mittlere Einheit
Lebensdauer
Conditions median Unit
Lifetime
I =250 mA 50.000 Betriebsstunden
Ts =25°C operating hours
I = 350 mA 10.000 Betriebsstunden
Ts=85°C operating hours
Iz = 500 mA 1.000 Betriebsstunden
Tg=125°C operating hours
T,=150°C
I = 500 mA 100 Betriebsstunden
Tg=150°C operating hours
T,=175°C

*The emitter die exhibits excellent performance
but slight package discoloration occurs at highest
temperatures.

Zuldssige Impulsbelastbarkeit /. = /(1))
Permissible Pulse Handling Capability
Duty cycle D = parameter, Tg = 85 °C

25 OHL02701

: .

A ':‘ —Ez
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ZW W5SG

Relative Vorwértsspannung? Se'e 17

Relative Forward Voltage? r29¢ 7
AV =V = Vs ey = f(T); Ig = 350 mA
0.4 OHLO2671

\Y

AV, ﬁ\\

o

01
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0 N\
011 N
N\
| $
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Farbortverschiebung? Sete 18

Chromaticity Coordinate Shift?) P29 18
X,y =f(T); I = 350 mA
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Relative Lichtstrom?) Seie 18

Relative Luminous Flux? Page 18
@/ Dy p5 -y = f(T}); I = 350 mA
14
(I)V
D@y 25-¢)

SN
N
1.0

OHL12725

0.8 ~
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ZW W5SG

Durchlassstrom? Seite 18 Relative Lichtstrom? 7) Seite 18
Forward Current?) pa9e 18 Relative Luminous Flux?) 7)page 18
Ie=f(Vg), Ty=25°C Dy/Dyzs0 may =S (Ue); Ta = 25 °C
103 /OHL02520 10 1 OHL02726
™ oy
(DV {350 mA)

N |
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Seite 17

Farbortverschiebung?
Chromaticity Coordinate Shift?) P29¢ 77
X,y =f(lg); T,=25°C
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ZW W5SG

Relative spektrale Emission? St 18

Relative Spectral Emission? Pase 18
V(A) = spektrale Augenempfindlichkeit / Standard eye response curve

D@ = f(A); Ta = 25 °C; I = 350 mA
100 < OHL11461
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Abstrahlcharakteristik? Seite 18
Radiation Characteristic? P29 18
D =f((P); TA =25°C
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ZW WS5SG

Helligkeits-Gruppierungsschema
Brightness Groups

Helligkeitsgruppe Lichtstrom) Seite 18 Lichtstirke? Seite 18
Brightness Group Luminous Flux') page 18 Luminous Intensity? Pase 18
@y (mim) Iy (mcd)

HY 33000 ... 39000 12000 (typ.)

HZ 39000 ... 45000 14000 (typ.)

JX 45000 ... 52000 16000 (typ.)

JY 52000 ... 61000 19000 (typ.)

Jz 61000 ... 71000 22000 (typ.)

Anm.: Die Standardlieferform von Serientypen beinhaltet eine Familiengruppe. Diese besteht aus nur
wenigen Helligkeitsgruppen. Einzelne Helligkeitsgruppen sind nicht bestellbar.

Note: The standard shipping format for serial types includes a family group of only a few individual
brightness groups. Individual brightness groups cannot be ordered.

Gruppenbezeichnung auf Etikett
Group Name on Label

Beispiel: HZ-6K

Example: HZ-6K

Helligkeitsgruppe Farbortgruppe
Brightness Group Chromaticity Coordinate Group
HZ 6K

Anm.: In einer Verpackungseinheit / Gurt ist immer nur eine Helligkeitsgruppe enthalten.
Note: No packing unit / tape ever contains more than one brightness group.

2006-05-16 6
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ZW W5SG

Farbortgruppen?® Seie 18
. . R 5) page 18
Chromaticity coordinate groups® **
.~ 042
04k
0.40 oo m oo
Cy 0.39 E
08 - o e 0.38 b i
250 i 0.37 prmmmmm o ¥
08 TN e - i
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610 ) Do REE
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| E - 028 AEEE IRl
0.2 l 0.27 1 oo
480 ~ ' N/
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. 460 / ~o I L : ; ! : 1 ! : ,; oot l
OL 2 IR 8§Z REREH . L o
& [ : ! : : 1 o 1 : : !
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= 023 | REEEHEE I R
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— & N Py o
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—» Cx
OHA13327
Cx Cy Cx Cy
5K 0.296 0.259 7 0.330 0.310
0.291 0.268 0.330 0.330
0.310 0.297 0.338 0.342
0.313 0.284 0.352 0.344
5L 0.291 0.268 7L 0.330 0.330
0.285 0.279 0.330 0.347
0.307 0.312 0.347 0.371
0.310 0.297 0.345 0.352
6K 0.313 0.284 8K 0.352 0.344
0.310 0.297 0.338 0.342
0.330 0.330 0.364 0.380
0.330 0.310 0.360 0.357
6L 0.310 0.297 8L 0.345 0.352
0.307 0.312 0.347 0.371
0.330 0.347 0.367 0.401
0.330 0.330 0.364 0.380
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Appendix F

The optical and physical characteristics of the Linear Fresnel and Circular Fresnel

Lens No Lens Linear Fresnel Linear Fresnel
Focal length Nonimaging (f=35mm) Nonimaging (f=25mm)
Diameter (mm) 145mm 145mm
Optcal Clear Aperture (CA) 145mm 145mm
Thickness (mm) 4 4
Material Acrylic Acrylic
FWHM (£6) 35 375
On axis intensity (cd) 17 22.8 21.5
on-axis gain 1.341176471 1.264705882
peak intensity at angle (0) 17 (0°) 22.8 (0 21.5 (0%
Min. Iluminance (Ix) 3.8 2.3 23
Max. Illuminance (Ix) 17 22.8 21.5
[lluminance Variance over plain (%) | 77.64705882 89.9122807 89.30232558

Lens No Lens Inverted Linear Fresnel Inverted Linear Fresnel
Focal length Nonimaging (f=35mm) Nonimaging (f=25mm)
Diameter (mm) 140mm 140mm
Optcal Clear Aperture (CA) 140mm 140mm
Thickness (mm) 4 4
Material Acrylic Acrylic
FWHM (20) 38.6 35.75
On axis intensity (cd) 17 19.8 17.5

on-axis gain 1.164705882 1.029411765
peak intensity at angle (0) 17 (0°) 19.8 (0°) 17.5 (0%
Min. Illuminance (Ix) 3.8 2.6 2.8
Max. Illuminance (Ix) 17 19.8 17.5
Illuminance Variance over plain (%) [ 77.64705882 86.86868687 84
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Lens No Lens Circular Fresnel Circular Fresnel
Focal length Nonimaging (f=35mm) Nonimaging (f=25mm)
Diameter (mm) 104mm 104mm
Optcal Clear Aperture (CA) 104mm 104mm
Thickness (mm) 4 4
Material Acrylic Acrylic
FWHM (6) 10.2 10.2
On axis intensity (cd) 17 52.9 52.3
on-axis gain 3.111764706 3.076470588
peak intensity at angle (6) 17 (0°) 52.9 (0% 52.3 (0%
Min. Illuminance (Ix) 38 1.1 1.1
Max. [lluminance (1x) 17 52.9 52.3

Illuminance Variance over plain
(%)

77.64705882

97.92060491

97.89674952

Lens No Lens Inverted Circular Fresnel Inverted Circular Fresnel
Focal length Nonimaging (f=35mm) Nonimaging (f=25mm)
Diameter (mm) 100mm 100mm
Optcal Clear Aperture (CA) 100mm 100mm
Thickness (mm) 4 4
Material Acrylic Acrylic
FWHM (+60) 11.3 26.6
On axis intensity (cd) 17 42.3 48.3

on-axis gain 2.488235294 2.841176471
peak intensity at angle (6) 17 (0%) 52 (119 48.3 (0%)
Min. [lluminance (1x) 38 1.5 1.4
Max. Illuminance (Ix) 17 52 48.3

Illuminance Variance over plain
(%)

77.64705882

97.11538462

97.10144928
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Appendix G

The optical and physical characteristics of the Hybrid Linear Fresnel and Hybrid

Circular Fresnel

Lens No Lens Hybrid Linear Fresnel Hybrid Linear Fresnel
Focal length Nonimaging (f=35mm) Nonimaging (f=35mm)
Diameter (mm) 145mm 145mm
Optcal Clear Aperture (CA) 145mm 145mm
Thickness (mm) 4 4
Material Acrylic Acrylic
FWHM (£6) 35 31
On axis intensity (cd) 17 14.9 14.9

on-axis gain 0.876470588 0.876470588
peak intensity at angle (0) 17 (0°) 16.9 (£ 11°) 15.9 (= 11°)
Min. [lluminance (Ix) 3.8 2.6 2.6
Max. Illuminance (1x) 17 16.9 15.9

Illuminance Variance over plain
(%)

77.64705882

84.61538462

83.64779874

Inverted Hybrid Linear

Lens No Lens Fresnel Inverted Hybrid Linear Fresnel
Focal length Nonimaging (f=35mm) Nonimaging (f=35mm)
Diameter (mm) 145mm 145mm
Optcal Clear Aperture (CA) 145mm 145mm
Thickness (mm) 4 4
Material Acrylic Acrylic
FWHM (£8) 34 35.76
On axis intensity (cd) 17 16.3 14.8

on-axis gain 0.958823529 0.870588235
peak intensity at angle (8) 17 (0°) 16.5 (119 14.8 (0°)
Min. Illuminance (1x) 3.8 2.8 2.5
Max. Illuminance (1x) 17 22.8 21.5
[lluminance Variance over plain
(%) 77.64705882 87.71929825 88.37209302
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Lens No Lens Hybrid Circular Fresnel Hybrid Circular Fresnel
Focal length Nonimaging (f=35mm) Nonimaging (f=35mm)
Diameter (mm) 95mm 95mm
Optcal Clear Aperture (CA) 95mm 95mm
Thickness (mm) 6 6
Material Acrylic Acrylic
FWHM (£6) 21.8 26.6
On axis intensity (cd) 17 383 30

on-axis gain 2.252941176 1.764705882
peak intensity at angle (6) 17 (0°) 38.3 (0°) 30 (0°)
Min. Illuminance (Ix) 3.8 1.5 1.3
Max. IHuminance (1x) 17 383 30
Illuminance Variance over plain
(%) 77.64705882 96.08355091 95.66666667

Inverted Hybrid Circular

Lens No Lens Fresnel Inverted Hybrid Circular Fresnel
Focal length Nonimaging (f=35mm) Nonimaging (f=35mm)
Diameter (mm) 91mm 91mm
Optcal Clear Aperture (CA) 91mm 91mm
Thickness (mm) 6 6
Material Acrylic Acrylic
FWHM (£60) 26.6 26.6
On axis intensity (cd) 17 333 332

on-axis gain 1.958823529 1.952941176
peak intensity at angle () 17 (0%) 33.3 (0% 33.2 (0%)
Min. llluminance (Ix) 3.8 1.5 1.3
Max. Illuminance (Ix) 17 333 332
Illuminance Variance over plain
(%) 77.64705882 95.4954955 96.08433735
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Appendix H

PMhatographs of the luminaire and the designed lenses.

Figure 115:Metul casing

Figure 116; Lens cover for Noorescent laminaice



Fignre 1172 Linear Fresnel

Figure | 18:Ciccolar Frixnel
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Figore 11%:0nveried Hyhrid Lincar kresnel

Fiaeyre 1202 Normally orieoted Hvbieid Circulur Fresnel
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E PF Series Heatsink

Technical Library Details

RS Stock No Man Part No
402-989 PF527

- -
30.15

- - 26.9

34 N W] {'

HEATSINK PERFORMANCE TYPE PF523-526-527
L(zCAL AIR‘S;’EED Mss)
1

<

PF523 PF526 PF527

- Y I SR

PF527

PF526
PF523

THERMAL RESISTANCE
'HEATSINK (@ 80° C ABOVE AMBIENT} (°C/W)

o~

RISE OF CENTRE OF HEATSINK
ABOVE AMBIENT (°C)

EEEREEEEREEER:

PFS23H =125 ©=9.9° C/W
. - PF526 H=19 © =8.8° C/W
POWER (watts) PF527 H =25 ©=73°C/W

©

3

[

RS Companents shall not be liable for any liability or loss of any nature (howsoever caused and whether or not due to RS companents’ negligence)
which may result from the use of any information provided in RS literature.
Telephone: 01536 201234

RS Compbponeaents Ltd PO Rax 08 C'orbv Northante NN 17 GRS




Appendix C

This is the datasheet for the illuminance photometer used during laboratory testing.
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Appendix D

This is the datasheet of the linear regulator used to drive the laboratory experiments.
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Appendix E

This is the heatsink datasheet used to run away the heat for each of the 6 K2 Luxeon
LEDs used for the GABS luminaire
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Typical Performance Characteristics
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EXTECH INSTRUCTION MANUAL

INSTRUMENTS

Models 401020 (Lux) and 401021 (Fc)
Light Meter Adapters

® Connects to standard DMW for
display

® Measures Tungsten,
Fluorescent, Sodium, Mercury,
and Daylhight

| LIGHT ADAPTER |
EXTECHADLIOZ] |

® Siatus LED for power and low
battery

® Battary cperated

1. INTRODUCTION

Congratulations on your purchase of Extech's Light Adapter. This professional device, with
prapar care. will provide years of safe raliable service

1 401020 and 401021  Ver. 1.03  11/3%9



2. SPECIFICATIONS

2.1 Electrical Specifications

Accuracy * [B% + Ty

Sensor Exclusive photo diode & color correction filter
spectrurm designed tomeet C. 1 E.

Cpearating A2°F to 122°F (0C te 50°C) / =90% RH

Temperaturafnumidity

Fower Supply GO6F DT 9V battery

Fower Censumption Approx. 6 ma DT

Low battery indication | Status LED an Frent pansl of Adaptar

Cimensions / Weight | 3.9x1.9x1" (100x50x25mm) / 0.33 Ibs. (1504}

2.2 Range Specifications

401020 401021
Range Measurement Outout fo OMM Measuremen! | Guitput o OMM
1 0 to 2000 Lux 0.imy per 1 Lux Jto200Fc 1mY per 1 Fc
2 2000 to 20.000 Lux|0.1mV per 10 Lux 200 te 2000 Fe |3 1mV per 1 Fo
3 20k to 50k Lux 0.1 my per 100 Lux 2000 to 5000 Fc 0. 1mV per 10 Fe

2.3 Frequenay Snaectrum

1

0z

0.5

0.4

] L ' .
o000 400 500 gO0 Z00 S00
Wigvelenagth (nm)

3. FRONT PANEL DESCRIPTION

Fower OM status LED

Low battery status LED

Fower DM/ Range select switch
Light sensar o
Meter to sensor connect cahle

noon By P —

CMM banana connector plugs

2 401020 and 401021 Ver, 1,03 11/95



4. OPERATION

4.1 Insure that a fresh battery is installed in the adapter by moving the Power/Range
Select switch from the OFF position to one of the range select pasitions, If the Power
CN light doesn't glow or if the Low Battery LED deoes glow. check the battery,

4.2 Connect the adapter to the COMMOMN and YOLTAGE inputs of a multimeter via the
adapter's banana plugs. The polarnity of the connection should be reversed if a negative
haht level reading 15 indicated on the multimeter.

4.3 Set the mulitmetar to the mY or higher OC voeltage position. Adjust the range to suit
vour display needs. Do not use autorange if possible.

4.4 Select the maximum range via the Range Select Switch and move lower in range as
needed.

4 5 Hold the Light Sensor sp that it faces the light squrce to be measured. The
multimeter's display will indicate light |evel readings, Refer to Sectiens § and & for
additiornal measurement considerations,

5. CORRECTION FACTOR FOR DIFFERENT TYPES OF LIGHTING

The light adapter is calibrated using a =TT i

precise "standard tungsten light source EEEEZQH?EEMP MUIt'phijt'r;n FREbIL
of 2856%K™. If the meter is to measure  [F JORESCENT 108

a different type of lighting, the LAMP

correction factor table, below, should

be applied to the readings. Multiply the Sggll_l.l,]ar\.:ﬂ i:gg
multimeter readings by the factors in E\JIETAL ALIDE 1'00

the right column for a particular lighting it

type shown in the left column,
6. RANGE SELECTION

Tha meter has thres measuremant ranges (0-200, 0-2000, and 0-5000 Fc) or (0-2000, 0-
20000, and 0-50000% Lux). The proper range selection will produce the most accurate
reading. Always select the range that produces the maximum number of digits without
excesding the maximum count for that particular range. For exampie. a reading of 1458 Fo
should be read on the 0 - 2000 range, not the 0-5000 range.

7. BATTERY REPLACEMENT

When the Low Battery status LED glows, replace the battery as soon as possible. Open
the Battery Compartment by removing the rear screw. Remove the battery, replace it
with a fresh @ battery and re-assemble the meter,

8. CALIBRATION / REPAIR SERVICES

Extech offers complete repair and calibration services for all of the products we sell. Far
pericdic calibration. NIST certification or repair of any Extech product. call customer
service for details on services available. Extech recommends that calibration be perfarmed
on an annual basis to insure calibration integrity.

9. WARRANTY

EXTECH INSTRUMERTS CORPORATICN warranis this irstiumest to be free of defects in parts and
workrarship for one year frome date of shipmest (2 v mont™ limited warrasty applies on sansers and
cables). If il should become nacessary 1o returr the irstrumert for service durirg or beyord the waranty
pericd, contact the Cuslomer Service Departmert al (781) 830-7440 for autrarizatior, A Relurn
Aulhorzation (RA) number must be issued before ary product is refurned 1o Extech. Tre sender is
respoesible for shipping crarges, freight, insurange and procer packaging to prevend darage i fransi.
Tris warracty does rot apply to detects resulting from action of the user such as misuse, wmproper wineg,
operation outside of specificat.on, irprope) marterance or repair, of unauthorized modification, extech
specifically disclaims any implied warrarties or merchantability or fitress for a specific purpese and will nol
be liable for -y direct, indirect, inpidental or corsequential damages. Extecr's tofal liabilily is firited fo
repair of replacerrent of te product.

The waandy set fanh above is irclusive and no other warranty whetmer whtier or oial is expressed ar
implied.

3 401020 and 401021 Ver 1.0 11/99



TYPICAL LIGHT LEVELS

Lux Foat Lux Foat
Candles i Candles
Factories I Home
£0-Th 27 Eme-geney slairs, Warchouse [ 10C-15C 1015 | Washing
75-12] 7-1% | ExitEnt-ance Passages | 150-200 16-200 | Recregtional Astivities
150300 12-30 | Facking Wark | 200300 20-30 | Drawing Foem, Table
A0-TEC 20-75 | Wisual Work: Preduction Line |§]  3CC-500 20-60 | Wakeug
TR0-1,500 | 75150 | Typesciling: inspeclion Werk BOG-1,500 50-130  |Reading. Sludy
1.500-3.000 | 150-300 |Elect-onic Assembly Drating 1ORG-2,000 | 100-200 | Sewng
Gifice Restaurant
75100 7-1C |Indoor Fmergency Stairs 75-1581 712 | Corridar Stairs
100-2CC0 10-20 | Corridar Stairs | 180-300 15-30 | Entrance, Wash Foam
200-750 Z0-75 | Conference, Receplion Raom || 3C0-750 30-75 | Caoking Rocm, Dining
Y Takle
TE0-1500 | 75180 | Clerical Wark o 701,500 To-120 | Show Window
1.500-2.0C0 | 150-2000 | Typing. Crafting 5
Store i Haspital
75-150 7-1%2  |Indaors 30-75 37 Emergency Siairs
180-200 15-20 | CorridarSlairs o 75100 7-10 Staira
200-300 20-30  jRecepticn o 100150 10-1% | Sick Foam, Warehause
A00-500 30-50 | Cisplay Sland o 130-200 15-20 | Wailing Rocm
BLD-740 B0-75 | Elevator o 200750 2075 |Medzal Exam Raom
Ta-1 500 75-150 | Show Windew, Packing Table [ ¥50-1,500 751580 | Cperaing Reom
1500-30G0 | 150-3G0 | Storefront, Show Window 200010000 | £20-1000 | Eve I-spectian
COMMON CONVERSION FACTORS
uminance [Yiskle Flux Censity: 1 i = 1 Tue (%)
13'4 I’n."t:rn:2
1074 et {pny
6,260 x 1072 Imikt?
2,280 1 10° foot-candies
Lurri~ance {Visible Flux Densiy per Sclid Angle; Pl = candela.-‘m2
Lurti~cus Intensity [VisSle Flux per Salid Angle; 1 Imfs- = | 1 candella
Lumircus Flug | ¥isible Flus) Thurren (N1 =14 454 « 1073 watis @ 555

Copyright @ 1999 Extech Instruments Carparatian. All rights reserved
including the right of reproduction in whole or in part in any form.

40102¢ and 401021

Ver. 1.03

11/99



1W Prolight Star

1W Power LED
Technical Datasheet
Version: 1.0

Feat

ures
High Flux per LED

ceary long operating life(up ta 100k hiours)
Available in Waoite, Warm Whnite, Green, Blue, Amber, Red-Crangaand Red
1 Lambertian or Collimated Radiation Patterr

Mare Energy Efficient than Incandescent and most Halogen lamps
Low Valtage DC operated

v Cogl beam. safe to the tauch

¢ Instant lignt {less than 100ns)

No UV
Supenor EZD protection
Soldering methods: IR reflow soldening and Hand soldenng

Typical Applications

i Reading lignts (zar, bus, aircraft)

Portable (flashlight, bicycle)

Decorative

Appliance

Sign and Caannel Letter

Arcaitectural Detail

Cove Lignting

Autormotive Exteriar (Stop-Tall-Turn, CHMSL. Mirror Side Repeat]
LCD backhgnt

1% kalfmet Bvemia | Clhedabomk GET IHY 1 Tel o141 5625627 | Fax DERFO 7631837

ProLight PG1N-1LXS

| vweeredled-tulbs com



Mechanical Dimensions

19,87

2 1
i LG
*LBD ¥ 2B =
SOLDLIE PAD
:‘s_l
#

MNotes: )

1. Slots in aluminum-core PCB for M3 or #4
meunting Serew.

2. Electrical interconnection pads labeled on the
aluminurm-care PCB with *+” and "-" to denote
positive and neqative, respectively. All positive
pads are interconnected, as are all negative pads,
allewing for flexibility in array intercannection,

3. Drawing not 1o scale.

4. All dimensions are in millimeters.

Prolicatt
2




Part Number Matrix

Colar Emitter STAR Beam Pattarn
White PGETM-1LWLE PG1M-1LWS
Warm White  PGIN-1LVE PGIMN-1LWE
Green FG1M-1LGE PGEIN-1LGS
Biue PGI1N-1LEE PGIMN-1LES Lambertian
Armber PG1M-1LAE PG1M-1LAS
Red-Orange PE1M-1LHE PGE1N-1LHE
Red PG1M-1LRE FGIN-1LRS

Flux Characteristics at 350mA, Junction Temperature, T[=25T

Calar Minimum Luminzus Flux {Im) Typizal Luminous Flux {lm;} Beam Pattam
White 308 Al
Warm YWhite 23:5 3G
Green 23.5 38
Blue 4.4 10 Lamberian
Amber 235 3B
Red-Orangs 268 40
Red 23.5 3z

Optical Characteristics at 350mA, Junction Temperature, Tj=257T

Cominant Wavelength AD Temperature

Feak Weavelangth Ap Spectral Cocfficient ar

Color Temperature(CCT) Half-width (nm) Cominant Wavelength
Calor Min. Typ. hax. AKT1I2 AMDVAT) inmf 2}
VWhite A500K S500K 10000K - =
Warm White  Z850K 3300K J800K - =
Green 520nm 530nm 550nm 3k 0.04
Blue 480nm 470nm 434nm 25 0.04
Amber 584 Brm BS0nm 597nm 20 0.0%
Red-Orange a1Gam 817 nrm g20.5nm 20 0.45

g845nm 20

Red G20, 5nm

BZ25nm .05

Prolight
3



Optical Characteristics at 350mA, Junction Temperature, Tj=25C
{ Continued)

Tatal Included Angle Viewing Angle Typical Gandela
Colar EBeam Pattern 80 5v idegree) 281/2 (degres) on Axis {ed)
White 180 140
Warm White 160 140
Sreen 180 140
Blue Lambentia 160 140
Amber 180 140
Fed-Orange 1&0 140
Fed 180 140

Electrical Characteristics at 350mA, Junction Temperature, Tj=25C

Temperature Trermal
Coefficignt of Fesistance
Forward Yaoltage Wi Dynarmic WMWY Junction to
Colar Min. Typ, Mz, Resistance(}) MVIAT] Board({'C A
White 274 155 394 1.0 2 15
Wiarm YWhite 2.78 3.55 3.99 1.0 -2 15
Grean 274 354 3.59 1.0 -2 15
Blue 278 3.55 3.99 1.0 -2 15
Amber 1.90 2.20 310 24 L5 15
Fed-Orange  1.890 220 3.10 2.4 -2 15
Fed 1,90 220 310 2.4 -2 15

ProlLight
4




Absolute Maximum Ratings

Farameter YWhiteMMarm White/Green/Blue AmberRed-Cranga/Fead
CC Forsard Current {mA) 350 385

Feak Pulsed Forward Current (maA) a00 5541

Avarages Forward Current {mA} a5 350

EED Sansitivity +1G000W HEM

LED Junction Temperature (1) 125 1240
Aluminum-core PCB Temperature{'C 105 105

Storage & Cperating Tempearature( T ) -4 to +1045 40 to +105
Seoldening Temparature( 2] 260 for 5 seconds Max,

Photometric Luminous Flux Bin Structure

Ein Cods Minimum Photometric Flux (Im) Maximum Photematnc Flux (m)
F 24 38
G Al 4.9
H 4.4 6.3
J 6.3 g2
K B.2 10,7
L TR fl:3:9
h 134 i |
M 18.1 23.5
P 23.5 306
] 3ne 39,8
R 39.53 BT

® Talerance oneach Luminous Flux binis £ 15%

Color Bins for Amber

Bin Cade Minimum Lreminant Wavelength {nmj Maximum Creminant Wavelength {nm)
1 SHA5 5874
24 587.0 5895
4 595 5824
& 592.0 584.5
¥ 534.5 5874

@ Telzrance en each Coler binis £ 1am

Color Bins for Red-Orange

Bin Code Minimum Dominant Wavelength {nm) Maximum Deminant Wavelength (nm)
1 510.4 G13.5
2 B13.5 B620.5

& Tolerance on each Caler binis £ Tnm

ProlLicaht
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Color Bins for Red

Bin Corle Minimum Dominant Wavelength nimj Maximum Dominant Wavelength {nmj
2 £13.5 5205
4 £20.5 £31.0
] B531.0 H45.0

@ Tolerance on each Color binis £ 1nm

Color Bins for Blue

Bin Corde Finimiem DominantWavelength {nm) Flaximum Dominant Wavelength {nm)
1 460 455
2 465 470
3 470 475
4 475 451
5 480 455
5] 485 440
# lclerance on each Color binis L 1nm

Color Bins for Green

Bin Code Minimum Dominant Wavelength snm) Mazirmiem Dominant YWavelength {nm)
1 520 525
P 525 530
3 530 535
4 535 5440
2 340 S45
5 245 5540

® Tolerance an each Colorkinis £ Inm

Color Bins for White

: Tyb, EEE N8 Myp GOT
3
Bin Code X N (K1 Ein Code X ] )
05345 0359 D316 0.333
Wi 0,544 0344 5350 %0 .37 032 5700
0,329 11.331 1,308 0,311
0.329 0.345 0.305 0.322
0357 0.4 0329 0.359
W1 0,352 1 3-r 5500 %1 {329 [.345 5300
0.324 {1.345 0,205 0,522
0.329 [1.36549 {1.2m 0,342
0329 11.345 0.a08 A
W0 0.329 0.331 GO5D VA 11.211 02035 8000
0317 0.32 024 0.27
0315 .333 1.233 0254
0.320 1.33 11,203 QL3335
WA 0.33 0.3 6300 ¥ 0308 0311 SO0
0 {293 0283 0284
013008 {1.311 11.274 0.3

@ Tolerance on each Calos bin (0, v1 15 2 0.01

Froliaht
6



Cc:-lmi Bins for White

s g S e S e e coT sogae - SO 1 4500K
; COT SRIOK -
0.39 COT 6000K 1%__
037 COT 700K ' ' i i
2 /' /7/'
0.35 COT BO00K . ' = *
L 1 £
> 0.33 gk,
p =
0.31 5
I{J.EQ
|@.2? -- ——
[O:25
0.25 0.3 035
X
Color Bins for Warm White
| Typ. CCT . Typ. CCT
Bin Code & b ; Bin Code X b R
Q? (K) ' ]
: 0.438 0412 0.409 0.4
0.428 [.304 0,402 [ 352
N o.444 0399 2350 ] J.415 0389 3370
J.453 0436 0424 0406
0.435 04z 0.409 0.4
0.454 L4465 2.392 0,391
0,438 0asz 0.387 0.A74
M1 | 2.453 0448 2080 RO 0.402 (352 540
1,471 0451 f.408 0.4
| 0.454 0446 7.392 0391
0.424 0406 0.402 0423
g.415 0 3a8n 1,392 039
P J.4249 Cag4d 3150 F1 0424 0408 2500
0,438 0412 0,438 044
0,424 0,496 0402 0g23
| 2.438 .44 0.387 0.374
0.424 0406 0,383 ARG
F1 0,435 0412 21540 Fa, 0.41 .av4 3500
0.454 0.445 2,415 0389
0.438 0.44 0.387 0.374
. Td]erance an each Colar bin (x|, yiis + 0,01
Pralight
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Color Bins for Warm White

n‘w p—— - sewl sa e Elaaa b b ol b L] e Arrem— . m-r‘ T _—:1rl I—'l
CTCT3450K  CCTA250K
0.44 N CCT 3800K |

042 —

> 04

u_SB I ——

0.36

0.34 S—_—.
0.36 04 0.44 0.48

Prolight
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Wavelength Characteristics, Tj=25C
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Figure 1b. White Color Spectrum of Typical 5500K Part.

Warm White Color Spectrum
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Light Output Characteristics
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Fonvt:ard Current Characteristics, Tj=25C
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Current Derating Curves
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Fig 5b. Maximum Forward Current vs. Ambient
Temperature, Derating based on TiMAX=1207C for
Amber, Red-Crange and Fed.

ProLicht
12

R&J-A=50"1
REJ-A=407 \
REJ-A=30C N
25 an i 1040 125 150
Ta-Ambient Temperatures {7 )
Fig &a, Maximum Forward Current wa.
Ambient Temperature. Derating based an
TiMAX=1353"C for White, Warm VWhite, Blue
and Green,
SRV e
\ Tl \.‘\ i
NN
. i
T RAJ-A=BOT i
RAJ-A=507" /
REJ-A=407
___REJ-A=307T \\\\Q
i
25 50 i 1420 125 150



Typical Representative Spatial Radiation Pattern
Lambertian Radiation Pattern
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Fig 5 Typical Representative Spatial Radiation Pattern for
White, Warm White, Blee, Green, Armber, Red-Orange and
Red. 4
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Malhninhbung‘": St
Package Putlinas“““—"’ g

0,01 (0.004)
" 6.2 (0.244) 8 029 (0.011)
: 5.8 (0.228) = - "0 24 (0.009)
Heat sink i S
B
- 3% 38 ]
ratection ===
Dipde ~ @ o |©
e | s
! f gis
04 0y
19(0075) 1.0 (0.039) e o
1.7 {0.067) 0.8(0.031) hgped
2.0 (0.079)
—_— il ]
1.6 (0.063)
SPLYBI
AGHTUN({E: Beim entnehmen aus dem Gurt darf der Silikonverguss nicht berdhrl werden.
ATTENTIPN: Far the pick up tool, any penetration of the silicone has to be avoided.
Kathodenkennung: Markierung
Cathode mark: mark
Gewicht / Approx. weight: 200 mg
Gurtung | Polaritit und Lage® 5 '3 Verpackungseinheit 800/Rolle, 2180 mm
Method of Taping / Polarity and Orientation"' " '®  Packing unit 800/reel, 180 mm
|
Cathode/Collector Side
\ 40157 3 & 0.3 0.012)
" - | = | = B | o
1.55 (0.061)% 2 (0.079) | = gl3 0.3(0.012) &
o -— @2 g - &=
« —-f =] = =
$&oocdddd000 o0 !F[:;,l 1 §
: L. A R AN
LY LY 3 .
- | |e e
Tl ¥ | a1 & 5
) L
Lﬁ..aa (0.250)" 1.9 (0.075)
- -—_ — | .l
8{0.315)
-l QOHAMIS0E
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Empfohlenes Lotpaddesign? === 1° IR Reflow Liten
Recommended Solder Pad®! Feoe 1 IR Reflow Soldering
Achtung: = I—-‘—’F/f_ = "?E:ﬂ .
L B i f
Heatsink sind : T ] . ]
- et
Elekirisch 3 Lotstellen Thermisch optimiertes PCE :
verbunden 3 suldar points Thermal enhanced PCE !
|
Attention: - UL - |
Anode and 1.6 m'DE'S}'__ = ; !
Heatsink arg i
electrically I
connected |
1 PR ;,-’"!—H—"-_‘\ — :
Foaotprint / | \"| i é !
Al R e et LS e — - il Ci
1-,. | ! ' ;
\ : ! !
\‘\ | /f’ L]

L i 1 :
| % p40 {0.157) |
| Heatsink attach !
| ;

- 12.0{0.472) - :
- 11,6 {0.457) N :
Empfohlene } ,
Fadgeometrie 0y [ |
ml
e
Recommended i ) |
Solder Pad 5 * Qy
i Design g * &
a < S
| o
| R
! 24.0 (0.157)
’ aZ.5 (0.008)
: !
Kupfer - —l‘ﬁ 1005
Litstopplack Copper
1 Solder resist
@ Litpasten Schaklone
Solder pasle stancil
I:I Bare Copper
Frejaes Kupfer OH Y1181
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Lﬁtbedingungen Vorbehandlung nach JEDEC Level 4

Scldering Conditions Preconditioning ace. to JEDEC Level 4
IR—F{eflm'ﬂ; Lotproefil fiir bleifreies Loten {nach J-STD-020B)

IR Reflow Soldering Profile for lead free soldering {acc. to J-STD-020E)

400  DhLADGET
i Maximum Solder Profile
e Recommended Sclder F’rofile\ S
4 . Minimum Solder Profile «_ e 260 °C ¢
7250 255°C P g TR
240 °C Fa Pl e S :
= THe
LTS
200
B = Famp Down
1 B Kis imax)
100 :
B 120 5 max o tog s max __I |
100 — :
Ramp Wp
Bl 3 s (max)
25°C
0 T 1
0 al 100 150 P, 250 s 300

Anm.. Das Gehause ist filr Ultraschalireinigung nicht geeignet
Mol Pa(':kage mot suitalbe for ultra sonic cleaming

Opto Semiconductors OSRAM
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Barcode-Produkt-Etikett (BPL)
Barcode-Product-Label (BPL}

ZW W5SG

rIr\C#'SI'w".Jﬂ';I"|'1 Opto

Semiconductors
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Bar Godelll

T Wi Lod Numbar
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(G) GROLP: :l: - J(

|

-
G alrass Eroun

1! -u:-m-a d Wi g Growg
Wesalarglh G
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Gurtverpackung

Tape and Reel

@

@

; = L A i ll\. I
T | o] ‘ Labelf/&_
=il EiIn: ! J

|rEu:.t w1 unreel "q

ot Wj
B
Guavoraul <50 nm
= @_ Lezoer ACC T
Gutenas 185 e
Trziler: 15 T DeariEM
Tape dimensicns in mm [inch)
W 7, P, ) D, E ¥
2¢+03 4+0.1 12+ 0.1 2+0.1 16+01 1.75 L0.1 11.5+0.1
.1 (AT - 0.004) (0472 + 0004 (D078 L 1004 (0,059 + 0.004)| (0068 = 0.004)| (1453 — 0.004)
Reael dimensicns In mm [inch)
A W 'q"?min I H:Jn| H"—Z AR
1840 [7) 24 (0.945) B0 [2.362) 24.4 ) 2 (1961 + 0.079) 304 ¢1.197)
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Revision History: 2006-05-16
Previous Version; -

Anm.. Gemdl [EC 80825-1 {EN 60825-1) gilt:
Note: Accarding IEC 60825-1 (EN 60825-1)

il b
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Treckenverpackung und Materialicn
Dry Packing Process and Materials

o Maisture-sensitive label or print

.. - Barcods latel

Desiccant

QHANE

Anm.!  Feuchteempfindliche Produkie sing verpackt in einemn Trockenbaute! Zusatman imif einesn Trockenmittel und
eurtzr Feushicindibatorkane
ttezdglich Trockenverpackung finden Sie weifers Hinwelse im internat und in urserem Short Form Calafog im
Kapite! "Gurtung uid Verpackung™ unfer dem Punkl "Trockenverpdckung™ Hier sind Marmenbeziige, umniar
argerem eunt Auszug der JEDEC-Morm, erdhalter,

Mote:  Mofsture-senisitve product is packed in a dry bag cortdaining desiceant and a humidity card.
Regarding dry pack yvou will find further information in the infamet and in the Shoot Form Caialog in chapier
“Tape and Reel” under the tapic "Dy Pack™ Here yoi will alsa find the normalive references ke JEDEC.

Kartonverpackung und Materialien
Transportation Packing and Materials

Earcode label

Pazarg e,
Sealing label

B ELTLAE
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US 6 277 401
US 6 245 259

| PR P

|
Attertion please!
1he informétion describes the type of component and shafl not be cansidered as assured characteristics.
Terms of delivery and rights to change design reserved, Due to technical requirements companents may contain
dangaraus substances. For information on the types in guestion please contact our Sales Organization.
If printed ar downlaoaded, please find the latest yarsion in the Internet.
Packing
Floase use the recycling coerators knawn te you. We can alse help you — get in touch with yeur nearzst sales office.
By agrocmeant we will take packing material back, il it is sorted, You must bear thi costs of transport. For packing
matcrial that is returned to us unsorted or which we arc not obligod to accopt, we shall have tonvoico yvou for any costs
incurrcd.
Components used in fife-supgport devices or systems must be expressly autherized for such purpese! Critical
components™ % % may only ba used in life-support dovices or systems'™ 17555 ¥ with the cxpross wrtten app-oval of
CSRAM OF.
2006-05-18 Hi
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Fulinotan;
Helligkoitswerto wizrden mit einar
Stromeinpragedauer von 25 ms urecd Binar

o

Al

]

]
41

Genauigkett von £ 11% armittalt.

Wegan der besonderen Prozesshadingungen bai dor
Herstellung van LED kiinnen typische oder abgeloitote
technische  Parameter nur aufgrund  statistischer
Werto wicdergegeben werden, Diese stimmen nicht
notwendigeryeise mit den Werten jedes einzelnan
Produktes Uberein, dessen Werte sich von typischan
und abpeleiteten Weren ader typischen Kennlinien
unterscheiden  kénnen.  Talls  erforderlich,  z.B.
aufgrund technischer Verbasserungen, werden dicse
typischen Werte ohneg weiters Ankiindigung geandert,
Mantage auf PC-Board - Metallkernplating,

Flache 850 mm®, & — 1.3 Wiim*K].

Fir weitera Informationen siche Applikationsschrift im
Intcrmct {www.osram-os.com)

larcortgruppen werdan mit einer Stromein prigedauer
vart 26 ms und einar Genauigkedt von £0.01 crmittelt.
Spannunpsworls worlzon mit ziner
Stromeinpragodauer von 1 ms und einer Genadigkeit
von £0.1 Y ermittelt.

Im gestrichelten Bereich der Kennlinien mouss mit
erhishter Helligkeitsunterschigden zwischen
Leuchtdioden  imnorhalk cinor Verpackungseinheit
qerechrat weardan

Malle werdan wia folgl angegeben: mm [inch)

Ein krtisches  Bauteil ist cin Bauteil. das in
lebenserhaltenden  Apparaten  ader  Systeman
eingesetzt wird und dessan Defekt voraussichtlich zu
gingr  Fehlfunktion  digses  lebensorhaltanden
Apparstes oder Systems fohren wird oder die
Sicherheit oder Lffektivitdt dieses Apparates oder
Systems beaintrdchtigt

* Lohenserhaltonde Apparate oder Systeme sind fiir

ia] die Implantierung in den menschlichen Karper
ader

(b flar die Lebensornaltung bostimmit.

Falls siz vorsagen, kann davon ausgegangen werdert,
dass die Gesundheit und das Leben das Fatianten in
Gefahr ist.

Published by

OS5RAM Qpto Semiconductors GmbH
Wernerwerkstrasse 2, D-93049 Regensburg
W DEram-os.Con

& All Rights Reserved.
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Remarks:

1;

2

3

1)

)

]

10

Brightrmess groups arc tested at a current pulse
duration of 25 ms and a tolerance of = 11%.

Dugz to the special condiians of tho marfacturing
processes of LED, the typical data or calculated
correlations af technizal parametars can anly reflact
statistical  figures, Theose do ot necessarily
correspand to the actual parameters of gach single
product, which could differ from the typical data and
calculated correlations ar the typical characteriatic
liMma.  If reguested, c.g. because of  tachmical
improvaments, these typ. data will be changed without
any further notice.

Mounted an PC board - metall core FCE,

arca of 950 mm?, & = 1.2 Wim KL

For further Information please find the application nate
o aur web site (www.osram-os.com)

Chramaticity coordinate groups are tested at 2 curront
pulse duration of 25 ms and a tolerance of 20 01,
Forward voltages are tested at o current pulse
duratiorn af 1 ms and a talerance of 201 W,

In the range where the line of the graph is broken, you
must expact higher brghtness difforences betweaen
single LEDs within one packing umnit.

Dimensions are spacified as follows; mm (inch).

A critical component is 8 component used in oA
life-suppart device or system whose falire can
reasonably be expacted o cause the failure of that
life-suppert device or system, ar to affect its safety ar
tha effectivencss of that device or system.

Life support devices ar systems are intendsd
{a] to he implanted in the human body,

ar
{b] to support and/or maintain and sustain human life.
If they kail, it is reasanable to assume that the haalth

and the lifz of the user may be endangered.
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