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Light & Engineering” is an internatio-

nal scientific Journal subscribed to by rea-
ders in many different countries. It is the
Englishedition of the journal “Svetotekhnika”
the oldest scientific publication in Russia, es-
tablished in 1932.

Establishing the englishedition “Light and
Engineering” in 1993 allowed Russian illumi-
nation science to be presented the colleagues
abroad. It attracted the attention of experts
and a new generation of scientists from dif-
ferent countries to Russian domestic achieve-
ments in light and engineering science. It also
introduced the results of international research
and their industrial application on the Russian
lighting market.

The scope of our publication is to present the
most current results of fundamental research
in the field of illumination science. This in-

cludes theoretical bases of light source deve-
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lopment, physiological optics, lighting techno-
logy, photometry, colorimetry, radiometry and
metrology, visual perception, health and ha-
zard, energy efficiency, semiconductor sources
of light and many others related directions.The
journal also aims to cover the application illu-
mination science in technology of light sour-
ces, lighting devices, lighting installations,
control systems, standards, lighting art and
design, and so on.

“Light & Engineering” is well known by its
brand and design in the field of light and illu-
mination. Each annual volume has four issues,
with about 80-140 pages per issue. Each paper
is reviewed by recognisedworld experts.

To promote the work of the Journal, the edi-
torial staff is in active communication with
Thomson Scientific (Citation index) and other
international publishing houses and agencies,
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SOLATUBE® TECHNOLOGY: PROSPECTIVE APPLICATIONS
IN ARCHITECTURE AND BUILDING IN RUSSIA

Alexander T. Ovcharov! and Jury N. Selyanin®

Light systems Open Company, Tomsk, *Solar Open Company, Krasnodar
E-mail: oat_08@mail.ru

ABSTRACT

Solatube® Daylighting Systems intended for na-
tural illumination are considered in the context
of energy efficiency in illumination and the forma-
tion of a high quality light medium. A new model
is described with multiple consumer parameters
presented as a prospective technological solution
for effective natural illumination of large rooms
with high ceilings, (6—30) m.

Keywords: hollow tubular light guides, natural
illumination, energy saving

Effective use of natural light in buildings is con-
sidered to be a powerful method for saving en-
ergy and resources. Worldwide trends in illumi-
nation tend towards a comfortable light medium
and growing energy production and consumption.
There is an obvious solution to the apparent con-
flict of interest between light comfort and the en-
ergy crisis: transitioning to energy saving technol-
ogies and renewable energy sources [1, 2]. There-
fore, facilities and technologies applying natural
light become important. Typical models represen-
tative of this technology are illumination systems
(IS) with hollow tubular light guides (HTLG).

The introduction of ISs with HTLGs is gradu-
ally growing in Russia due to their properties as ef-
fective energy saving light devices of high quality.
On the Russian market natural illumination is rep-
resented by several foreign companies: Ameri-
can (USA) Solatube International Inc. (Solatube®
IS Daylighting Systems) [3], Italian Solarspot In-
ternational S.r.l. (Solarspot® 1S) [4—6] and Czech
Lightway (ALLUX1S) [7].

Solatube International Inc. products occupy up
to 80% of the world market of ISs with HTLGs.
An effective stimulus for development of Sola-
tube® Daylighting Systems 1Ss is the US state pro-
gram supporting the use of alternative energy
sources. In Russia, there are a number of govern-
ment efforts, including Law Ne 261-d3 adopted
in 2009 “On energy saving and increase of power
efficiency ...”, as well as very conscientious efforts
made by progressive professionals on the building
market.

Morning \ ;
Day

Evening

Dawn

Decline

Fig. 1. Operating principle of the Solatube® Daylighting
Systems Record optical characteristics of HTLGs keep the
main advantages of sunlight: a continuous spectrum, the
daily rhythm of natural light corresponding to the human
“biological clock” and dynamics, which indicate weather
conditions in real time
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Modern ISs with HTLGs intended for natural
illumination, produced by leading global compa-
nies, are made to a high standard and equipped
with various means of creating a comfortable light
medium in rooms. It should be noted that their
structures are similar and their levels of techno-
logical perfection are approximately identical. The
leadership of such ISs on the market is determined
by their technological, operational and price be-
nefits. Certain features of design draw special at-
tention to the Solatube® Daylighting Systems (So-
latube®) system. It contains the following main
structural elements (Fig. 1):

¢ Light-collecting dome (a light-receiving de-
vice) of shock-resistant acryl located on a roof or
on a building wall. The dome has notches on its
inner surface, which give it properties of a Fresnel
lens directing diffused light along the light guide
axis, reducing the number of reflections and rais-
ing the efficiency of light transmission;

¢ Flashing, a seamless metal adapter for dif-
ferent roof types with a protective cover, which
provides the interface between the HTLG struc-
ture and the roof, as well as its reliable hydro- and
thermo-insulation;

¢ Light guide (HTLG), a set of joinable alu-
minium tubes, rectilinear or bent in configuration,
covered from the interior with a multi-layered pol-
ymeric film with a reflection factor 0f 99.7% in the
visible wavelength range. Light from the light-re-
ceiving device, passing through the light guide’s
hollow interior after multiple reflections, arrives
into the illuminated room through a light diffuser.
The configuration and structure of the tubes makes
it easy to integrate into the architecture of different
types of building;

¢ Light diffuser with a wide light distribution
installed in the room’s ceiling and providing a uni-
form diffusion of natural light in the room.

HTLGs provide rooms with natural light, pro-
viding the necessary daylight factor level and
a more uniform distribution of illuminance over
the entire area of a room than by means of tra-
ditional vertical light openings (lateral windows)
(Fig. 2). A high reflection factor (light transmis-
sion) of an HTLG allows transporting light over
a distance of more than 20 m and illuminating
the rooms inaccessible to traditional technologies
(cellars, central rooms of wide buildings located
on ground floors, etc.).

elatera/
7 N

41T
-
L

Fig. 2. Relative distributions of natural illuminance
in rooms with lateral (window) and top (Solatube®) light
opening location: £,,;,, — minimum value of normalised illu-
minance; WP -working plane; e,,,,, — normalised daylight
factor; e;,,..; — lateral daylight factor;
e,.: — top daylight factor
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Fig. 3. Structure of the Solatube® M74 model
of Skycalotte series
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Fig. 4. Solatube® M74 collector of SkyVault series (740
mm) on a roof of a building. A combination of the collector
and Fresnel lenses on the dome (Raybender® technology)
provides constancy of luminous flux within all light day,
including morning and evening periods due to catching
light rays at low angles of the sun above the horizon

Fig. 5. Operation principle of the amplifier
The amplifier focuses luminous flux on the diffuser plane,
reduces reflection and scattering losses, increases luminous
flux arriving to a room and allows forming light distribu-
tion effective for illumination of rooms with high ceilings

Fig. 6. Solatube® M74 model illuminating rooms with high ceilings

Due to a high quality of materials and units,
modern HTLGs have efficiency up to 99%, with
a general efficiency of ISs with HTLGs reaching
83%.

An essential benefit of Solatube® in comparison
with traditional light openings is the considerably
reduced heat loss during cold seasons and less heat
input in summer time. This provides additional
energy savings for heating, ventilation and cooling
of the rooms. The main economic advantage of the
Solatube® is the reduction in costs for artificial il-
lumination. Use of natural light as an alternative

to artificial light in the day-time, depending on the
resource of solar energy in a particular region al-
lows decreasing expenses for illumination by 50—
75%. Some evaluations show that: 1) transmitting
sunlight to the internal space of a room is 50 times
more economic than artificial illumination; 2) ex-
tending the use of natural light by one hour a day
in industrial buildings achieves saving of about
three million kW-h a year all over Russia.

Modern effective 1Ss with HTLGs change tra-
ditional ideas about the arrangement of a room’s
natural illumination and due to their unique pro-
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Fig. 7. Solatube® system illuminating a kindergarten (Krasnodar)

perties start to influence modern architecture
and construction. In the context of optimising
power consumption and of increasing uniform-
ity of the light medium of a room, the use of HT-
LGs as a main or an additional source of natural
light appears to be most effective [8]. Luminous
efficacy of HTLGs in comparison with traditional
light structures (zenith lanterns, vertical windows)
is 2—3 times higher.

The creation and development history, as well
as the operating principles and concepts of archi-
tecture using ISs with HTLGs, are fully described
in [9]. In this article, information on Solatube®
ISs with HTLGs intended for designers and po-
tential customers is given, and prospective appli-
cation of these OSs in Russia are considered. The
Solatube® model range reflects development stages
of their structure and production. It is presented
by Solatube® Daylighting Systems models of Bright-
en Up® series with HTLGs of different diameters:
160 DS (250 mm), 290 DS (350 mm) and of Sola-
Master® series (530 mm), as well as by Solatube®
M74 model of SkyVault series (740 mm).

The first three models with a traditional struc-
ture were the basis upon which the fourth model
was created, the M74 (with record parameters)
opening new opportunities for development of the
natural illumination technology and expanding the
scope of ISs with HTLG application.

A distinctive feature of Solatube® compared to
similar products from other manufacturers, is the
unsurpassed reflective ability of the tube coating.
The Spectralight® Infinity coating has an integral
reflection factor up to 99.7% in the visible radia-
tion interval.

An important structural difference of the So-
latube® from ISs with HTLGs of other manufac-

turers is the application of a Fresnel lens in the
light-collecting dome (Raybender® 3000), which
provides a steady standardised light characteristic
of the system at a level utterly achievable for mod-
ern materials.

The M74 of the SkyVault series model can be
easily referred to zenith lanterns of a new gener-
ation. It contains several progressive solutions,
some of which can be considered as revolutionary
(Fig. 3). One of them is the use of a light-collecting
accumulator (Fig. 3 and 4) considerably expanding
the capture area and increasing light collection ef-
ficiency threefold!.

Another progressive solution is the light am-
plifier (collimator) (Fig. 3 and 5). This is a cone-
shaped element at the end of the light guide, which
focuses luminous flux on the diffuser plane in-
creasing the portion of light transmitted through
it by approximately 15—16%.

Modular structure of the Solatube® M74 mod-
el opens wide application opportunities of such ISs
with HTLGs for providing effective natural illumi-
nation to large rooms with high (6 — 30) m ceilings
(Fig. 6). A complete set of ISs with HTLGs of the

! In the collector, the LightTracker ™ (LITD®) reflect-
ing plate with Spectralight® Infinity reflecting coating and
“cold light guide” technology are applied, due to which
the IR component of sunlight is cut off. Protection of the
room against IR radiation continues along the entire light
transportation tube of the light guide, because of the cold
tube technology. The Spectralight® Infinity coating works
as an optical filter providing an effective transportation
of visible radiation along the light guide. The coating
is transparent for IR radiation, which after penetrating
through the coating to the tube metal, is absorbed by the
metal and dissipated into the surrounding space, outside
of the illuminated room.
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Fig. 8. Solatube®290DS model illuminating underground
rooms of the Legal Academy (Nizhny Novgorod)

Fig. 9. Solatube® 330DS model illuminating underground
car service centre of the KIA car dealership (Sochi)

SkyVault series is selected individually according to
the project. Despite the dimensions of the struc-
ture, 1Ss simple to install and don’t require sub-
sequent servicing. In Table 1, the structural var-
iations of Solatube® M74 model, and in Table 2,
some characteristics of Solatube® Daylighting Sys-
tems IS are provided.

The illuminated area of a room using different
Solatube® models (approximately) for the stan-
dard daylight factor and for a typical room (aver-

Fig. 10. Illumination of the sports hall of the Peking
University using Solatube® systems.

The hall with a capacity of more than 8000 specta-
tors (about 2400 m?) was illuminated with 148 models
of Solatube® 750 DS (530 mm, of Solatube® SolaMaster®
series) with OptiView® diffuser for open ceiling and with

Daylight Dimmer ™ control device

age HTLG length is 1.82 m, ceiling height is 2.4
m) is as follows: 160 DS (250 mm) — up to 14 m?;
290 DS (350 mm) — up to 23 m?; 21-0/21-C (530
mm) — up to 37 m?; M74 (740 mm) — up to 100 m?
(for installation height of 6 m).

When comparing optical and heat-insulating
characteristics of the Solatube® 1Ss with tradition-
al windows, there is no conflict between luminous
transmission and heat conduction.

Solatube® (Table 3) provides effective light
transmission with a minimum inflow of solar heat
creating a comfortable medium in a room.

Operational and investment characteristics

Solatube® 1Ss are tight. All units (dome, flash-
ing, light guide system, scattering diffuser) have
seals which prevent insects and dust getting inside.
Unlike zenith lanterns, the Solatube® does not re-
quire regular servicing. The Solatube® payback pe-
riod is from three to five years, the service life is 30
years, and the warranty period is 10 years. .

Solatube® — fields of application

Solatube® 1Ss fall into the green (ecologically
clean) category. Buildings equipped with them,
meet the requirements of CIT 52.13330.2011,
of the Sanitary regulations and standards law
2.2.1/2.1.1.1278—03, of 261-dD3 (Section 3, Art.11)
and come under the energy efficient and ecologi-
cally safe category. This energy saving and ecologi-
cally clean technology of transmitting natural light
by means of the Solatube® provides an aesthetic,
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Table 1. Complete sets versions of the Solatube® M74 model

Basic model

With an amplifier of
luminous flux

With a collector and

With a collector .
amplifier

Classical version:

« vault, border flash-
ing, HTLG, prismatic
diffuser;

* diameter of the light
guide is 740 mm;

* recommended height
of the light diffuser in-
stallation is (5-8) m;

* average luminous flux
is 18500 Im.

» increases luminous flux

by 15-16%;

* promotes formation of an op-
timum light intensity distribu-
tion curve LIDC of the diffus-
er and effective application at
any installation height;

» diffuser installation height

is 8M;

+ amplifier height is 600 mm;
* diameter of the light diffuser
of the amplifier is 949 mm;

* average luminous flux

is 21500 Im.

* expands the area and
raises efficiency of light
collection three time
over, including at low
sun positions;

» collector height

is 1067 mm,;

» recommended height
of the light diffuser in-
stallation is higher than
8 m;

* average luminous flux
is 35000 Im.

an integrated structure
uniting the advantag-
es of all three previous
models

functional and environmentally friendly illumina-
tion of rooms.

The application of Solatube® 1S in offices,
buildings of industrial purposes and warehous-
es, along with the significant reduction in illu-
mination costs, adds an important social im-
pact by forming a healthy and environmental-

Fig. 11. Distributor network of Solatube® Daylighting Systems
technology in Russia

ly safe light medium. The production of such
a light medium helps ensure the economic pros-
perity of a business [10], they promote capitalisa-
tion of investments into modernisation of ISs with
HTLGs, and the investments are paid off within
four to five years. At present, design enterprises
have started an active development of architectur-
al-and-planning solutions using Solatube®
ISs, which allows full meeting requirements
of the sanitary regulations and standards
for natural illumination.

An important application field for So-
latube® is public service buildings; schools
and kindergartens, hospitals, etc., where
the human benefits are fully realised, cre-
ating complete light comfort and safety
(Fig. 7). Continuing global urbanisation
presses for radical measures to improve the
city medium. One of the ways to tackle the
creeping environmental crisis is the deve-
lopment of an underground infrastructure.
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Table 2. Comparative indicators of the Solatube® system and artificial light sources
(a criterion is luminous flux)

System model Solatube® Luminous flux *, Im

Comparison artificial light source**

SolaMaster® series (530 from 13500 (average)

Analogues:
* a luminaire with MHLs, 150-250 W;
« three two-lamp luminaires with 78, 36 W lamps;

mm) up t0 20500 (max) « four four-lamp luminaires of the Armstrong type with
T5,14 W lamps.
290 DS (350 mm) from 6000 (average) up | Analogue: two four-lamp luminaires of the Armstrong

of Brighten Up®series to 9100 (max) type with 7' 5, 14 W lamps.
160 DS (250 mm) from 3000 (average) up Iaﬁ)lurs-lamp luminaire of Armstrong type with T 5, 14W
of Brighten Up® series to 4600 (max) P

* a luminaire with four CFL, 18W.

from 18000 (average)

M74 of Skycalotte series up to 35000 (max)

Analogue: a luminaire with MHLs 250—-400W;

Power and luminous flux values of discharge lamps

Fluorescent lamps:

MHLs: T-5: 14 W 1200 Im
150 W 11250 Im 28 W 2600 Im
250 W 20000 Im T-8: 18 W 1350 Im
400 W 35000 Im 36 W 3350 Im
CFL: 18 W 1100-1200 Im
Notes:

* The data are given for a Solatube® system with HTLGs 1.82 m in length. Limit and average values of the luminous flux

are obtained during the diurnal peak light periods.

** Light efficiency of the luminaire is accepted to be equal to 0.75.

Without drastically increasing energy consump-
tion, such spaces must be lit by ISs with HTLGs
(Fig. 8 and 9). Solatube® products are also attrac-
tive for sports buildings [3]. An impressive example
of this is the wide use of such ISs in the sports hall
of the Peking Scientific and Technical University,
where judo and tackwondo competitions took dur-
ing the 2008 Olympics (Fig. 10). As traditional ze-
nith lanterns did not meet the illumination quality
requirements, the sports hall was illuminated with
the Solatube® 1Ss, which completely resolved the
illumination problems in the context of a complex
steel roof structure, and transmitting natural light
over a distance more than 8§ m.

During the last ten years, Solar Open Compa-
ny as a representative of the Solatube® Daylight-
ing Systems technology, installed many Solatube®
ISs on buildings of different purposes: from pri-
vate apartment houses to large-scale industrial
and public buildings over a huge territory: from
St. — Petersburg to Vladivostok and from Moscow
to Alma-Ata. This became possible thanks to an

active participation of the interested professionals
in different places of the post-Soviet territory. At
present, Solatube® Daylighting Systems technolo-
gy is presented in this huge territory by the largest
distribution network in the world (Fig. 11). Such
a managing structure allows the clients to obtain
effective information and maintenance services at
any place within this region.

The record optical and heat-insulating cha-
racteristics of the Solatube® 1Ss with HTLGs of-
fer prospects for their wide use for natural illumi-
nation. Undoubtedly, the application of such ISs
hails progress in indoor illumination and a deve-
lopment their aesthetic concepts. It is evident that
Solatube® products will play a notable role in the
future of such indoor illumination.
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ABSTRACT

Light displays a vital role in the exhibition en-
vironment especially in Art gallery. The exhibits’
colour details cannot be realized without light.
Both natural light and artificial light affect the ex-
hibits, it reduces the strength of the paint and ma-
terial, causes the fading of paper and paint colour,
this damage cannot be recovered. So, the relation-
ship between the exhibits protection and the art
visual became one of the core issues of Art gal-
lery design research. Museums and art galleries
collect, preserve, and display historical /cultural
artefacts and various achievements of historical
days. Effective exhibit lighting must balance with
exhibition and observation and museums visual
lighting effects. This should be done by provid-
ing lighting levels as per standard as well as keep-
ing the IR (infrared) and UV (ultraviolet) compo-
nents of light sources minimum. There are differ-
ent types of light sources (i.e. fluorescent, halogen
and incandescent lamps) with IR and / or UV
components, and those sources are being used for
many years. Now in present days, there is tremen-
dous development in lighting industries (i.e. light-
ing sources, lighting design etc.). Recently, solid
state light sources (i.e. LEDs and OLEDs) are be-
ing developed and they have less power consump-
tion and contains no IR range and minimum UV
interval of radiation. So in modern art galleries,
low wattage highly efficient LEDs are being used
to minimize the fading effect on painting. It should
be remembered that till now the inefficient halogen
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sources have best colour rendering property. The
experimental work described in this paper reveals
that colour rendering of a painting is different un-
der different light sources, it is true but the colour
fading of the painting fades very much slow when
LEDs are being used.

Keywords: artificial light sources, degradation
of museum paintings, infrared radiation —IR, ul-
traviolet radiation — UV, LEDs, photochemical
and heat degradation

1. STUDIES

Museum is a non-profit making, permanent
institution in the service of society and of its deve-
lopment, and open to the public, which acquires,
conserves, researches, communicates and exhi-
bits for purposes of study, education and enjoy-
ment, material evidence of people and their en-
vironment. A museum is an institution that cares
for (conserves) a collection of artefacts and other
objects of scientific, artistic, cultural, or historical
importance and makes them available for public
viewing through exhibits that may be permanent
or temporary. Different categories of museum are
found i.e. fine arts, crafts, archaeology, anthropol-
ogy, biography, history, science & technology etc.
Lighting design should be based on the type of mu-
seum. A crucial restriction on illuminance levels
for painting is more important because the mate-
rials are easily degraded by UV and IR exposure.
It is necessary to use illumination with minimal or
no UV at levels beneath a visible light threshold
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considered safe for the media on display. Insuffi-
cient and unfocused lighting can make a museum
un-presentable to its visitors. Many museums have
been visited by the researcher in the State of West
Bengal (e.g. Indian Museum, Gandhi Museum,
Birla Museum, Bengal State Museum, Asutosh
Museum of Indian Art) of India. In all those mu-
seums, Fluorescent Tube lamps (FTL, CFL etc.)
and Halogen lamps (PAR, MR16 etc.) are being
used mostly for Art galleries. Those museums are
well maintained. But in-spite of that, the pain-
tings have been faded. So, this study was made to
analyse the degradation of the paintings by effect
of different light sources [12, 13, 17].

The typical damage consists of:

1) Fading (Photochemical Degradation of the
surface).

2) Degradation and cracking of paint and bind-
ings (Heat damage caused by continuous heating)

The typical damage depends on:

* TIrradiation time

* Temperature

» Ultra-Violet Radiation

Irradiation time: It is the length of time an ob-
ject is exposed to irradiation. Irradiation is the
product of irradiance and the length of exposure to
it. The higher the irradiance and longer the expo-
sure, the greater the potential risk [7, 10].

Temperature:

Paintings are essentially layered objects, built up
from canvas, ground layer, paint layers and varnish
layers. The layers contain materials that have dif-
fering physical characteristics including the rate, at
which they expand and contract at varying temper-
atures, and the rate, at which they take up mois-
ture from the surrounding air. A constant climate
is, therefore, the ideal situation for keeping works
of art stable. Changes of temperature will change
the molecular damage of painting [3, 7, 10].

Ultra-Violet Radiation:

Ultraviolet radiation components (UVA, UVB
& UVC) are very much damaging and must be
eliminated by using UV absorbent filter. Daylight,
fluorescent lamps, and halogen lamps emit high
level of UV. UV level of efficiency over 70uW/Im
are considered excessive for light sensitive objects.
UV filtered screen are used in the following ways:
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Tablel. Different light sources used for experiment

Types of light sources Wat‘;z;ge, Maker’s name
15 Photonix
CFL
60 Photonix
60 Photonix
5 Photonix
UV LED with
Phosphor

1. Laminated glass UV filter;

2. Acrylic/polycarbonate sheet;

3. UV absorbent varnish used in windows or
display glass;

4. Polyester film used in windows or display
glass.

The damaging effect of UV radiation on the
museum can be eliminated using modern techno-
logy[9, 10, 12, 19].

2. EXPERIMENT

To analyse the damaging effect on art painting,
different types of artificial light sources have been
used for case study. Sources available in Kolkata
Market such as CFL 15W, HALOGEN MIRCHI
60W and HALOGEN MRI16 60W, Ultraviolet
LEDS5W, coated with Phosphor, were taken. All
the lamps were warm white in colour. At the time
of experiment, no other types of LEDs were avail-
able in the Indian market. Different types of light
sources used for experiment are shown in Ta-
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1& | 1B 1C 2A| 2B 2C 3&| 3B

Chamber 2 Chamber 3

HALOGEN MIRCHI is used

Chamber 1
CFLlamp isused

3C

HALOGEN MR 16 is used

A- WATER COLOUR
B- OIL COLOUR
C- TEXTILE COLOUR

4k | 4B 4C

Chamber 4
LEDis used

Fig. 1. Schematic diagram for experimental chamber

ble 1. Each lamp type has its own average intensi-
ty distribution property, i.e. CFL or HALOGEN
MIRCHI, or HALOGEN MRI16, or UV LED
throws light in different beam angles.

2.1. Set-up Description

In Illumination Engineering laboratory of Elec-
trical Engineering Department of Jadavpur Uni-
versity, four isolated chambers (not air-tight) had
been made as models of museum showcases. In
each chamber, there are provisions of three paint-
ing to be displayed and illuminated by a single ar-
tificial light source. Three types of paintings were
exactly same coloured oil, textile and water co-
lour paintings fixed in the wall of each isolated
chamber. Distance between the painting and test
lamp was made 0.7m. Each of the four chambers
consisted from one type of lamps separately. Two
track fitting small light sources have been installed
in each chamber in the painting gallery model. The
small zone of each painting was selected where the
light beam was focused and the sensors were placed
at that particular zone each time for checking the
colour fading.

The schematic diagram is shown in Fig. 1,
Chamber-1 stands for CFL light source, Cham-
ber-2 stands for HALOGEN MIRCHI, Cham-
ber-3 stands for HALOGEN MR16 and Cham-
ber-4 stands for phosphor coated UV LED light
source.

2.2. Procedure

Each lamp source was connected to specific
control gear arrangement to control the light in-
tensity as and when required. The aim was to il-
luminate all the paintings with fixed lighting level
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in each chamber. To analyse the effect of a particu-
lar light source on a particular painting, other two
paintings were covered with white paper and the
100 Ix level was fixed at a particular value at a time.
This light source had been made ON for 6 hours
per day, 5 days in a week (30001x * h in a week)
as per IESNA Hand Book 1987 standard. Then
the light source position was changed to illuminate
another painting, again other paintings being cov-
ered by white paper. This experiment was repeated
in all chambers. The chambers were isolated from
outside environment.

The illuminated coloured paintings were as-
sumed as diffused coloured sources and its chro-
maticity co-ordinates and colour temperatures
were measured at specific intervals for a long time
to watch the change in its colour for its exposure
under the specific light source. At starting, Spec-
tral Power Distribution (SPD) of the reflected light
from the paintings had been taken by the spectro-
radiometer, JETI-SPECBOS1200 type. Accord-
ing to the CIE1931 xyz colour space, the x, y and
u, v colour coordinates of the painting have also
been calculated from SPD measurements by this
spectroradiometer.

According to the IESNA, for very sensitive ex-
hibits, yearly 1500001x « h exposure is the limit for
museum painting considering 50—75 Ix over a day,
8 h per day, 6 days in a week, 300 days in a year
being opened. So, per day average light exposure
is 500Ix * h, it is 30001x * h per week and 150000
Ix * h per year being the limit [1, 5, 13, 18].

For experimental purpose, the focus of the light
was made at a fixed zone of each painting and light
level was adjusted at 100 Ix. The exposure time was
being recorded regularly and the limited period
of 30000 Ix * h cycle (ten weeks exposure time) was
chosen for each painting. Throughout the whole
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period, all experimental values were analysed and
the chamber temperature as well as outside ambi-
ent temperatures was recorded by non-contact la-
ser thermometer ZMLT-550 type.

For the four chambers, lighting exposures on
the painting, say “1A”, was taken initially (keep-
ing other paintings covered) by spectroradiometer
instrument. After completion of every 30001x * h,
measurements were taken by spectroradiometer
in each chamber until 300001x « h was completed.
A measurement data log was made for calculation
purpose. The aging of lamps did not exceed 70%
of rated burning hours otherwise lamp properties
will be changed. The same procedure was repeated
for painting “1B” and “1C”. These were repeated
for all other paintings in other chambers, e.g., 2A,
2B, 2C, 3A, 3B, 3C, 4A, 4B and 4C respectively.

Everyday temperature was measured in every
chamber with respect to the ambient temperature.
At the time of starting, the first readings were re-
corded. The sensor of the instrument was kept
in the chamber when light was ON and measure-
ment was taken after each 1 hour interval. Readings
of temperature (°C) were noted at different places
of the chamber and finally the average temperature
was taken for that day.

2.3. Data Log On-Off Table Contents of the
On-Off Log Table:

1. Date and time of the exposure of the four
test lamps on each painting mentioned separately.

2. Total effective operating time (burning hours
of test lamps) precisely maintained and mentioned
in every day.

3. Total burning hours for each of the lamp
in every day and throughout the entire time span
(April, 2013 — January, 2014).

4. All the data have been noted after comple-
tion of every 30001x * h exposure.

5. After completion of the 30, 000lx * h expo-
sure on the water colour painting are changes from
initial condition were observed.

2.4. Experimental Result

As per IESNA recommendation, total operat-
ing exposure will be 150000Ix * h per year, but due
to shortage of time span and other constraints, the
experimental time of this project work reduced
of April 2013 to January 2014. Only water colour
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Table 2. Standard value temperature as per British
Museum [3, 7, 10]

Type of Object Degrees in Farenheit
Furniture
Paintings and Paper

68 - 72°
Textiles
Objects

painting data exposed over one complete cycle
(30000Ix * h) in the span of April 2013 to January
2014 has been given here. To analyse the quali-
ty change all the measuring data reported here
has been taken with respect to the water colour
painting.

Following measuring data are given below:-

* Temperature of the chamber;

* Correlated Colour Temperature(CCT)
of light reflected from painting;

+ Chromaticity coordinates data (x, y)/(u, v)
of the point where light was focused.

Temperature of the chamber:

It has already been discussed that painting
is very much sensitive to temperature. In Table 2,
it is shown that the accepted museum stan-
dard temperature is in the range of 20 °C £ 1 °C
or 68 °F-72 °F for keeping the damage control
of paintings. Changes of temperature will change
the molecular damage of the painting. If the tem-
perature is increased above the range then rate
of change of damage of painting will also increase.

It is analysed by the experiment how the tem-
perature of the chamber is responsible for damage
of painting.

Sample data of temperature of the chamber ta-
ken during experiment is shown in a Table 3 from
Nov. 2013 to Jan. 2014.

From Table 3 and Fig. 2, we found that cham-
ber-4 with UV LED source ON had minimum
temperature variation than the other light sources
during the experiment. As per Table 2, tempera-
ture of the chamber with UV LED source is very
nearer to the recommended value. All the sources
radiate heat from front portion of the light sources
but LEDs do not radiate heat. So, LEDs are pre-
ferred for painting lighting. Heat emits from back
of the LED luminaires, but that does not affect the
paintings too much.
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Table 3. Temperature table
Temperature Measurement at Winter Session(Nov.-Feh)
AMBIENT ATMOSPHERE CFL CHAMBER HALOGEN MIRCHI HALOGEN MR 16 LED
Variation of Variation of Variation of Variation of
chamber temp. chamber temp. chamber temp. chamber temp.
DATE TEMP°C TEMP °C : TEMP°C = TEMP°C : TEMP °C 3
and ambirnt and ambient and ambient and ambient
temp. temp. temp. temp.
21-Nov 27.5 26.7 -0.8 28 0.5 27.7 0.2 26.4 -1.1
25-Nov 27.8 26.6 -1.2 28.5 0.7 28.1 0.3 26.3 -1.5
26-Nov 26.3 26.4 0.1 29.5 3.2 28.8 2.5 26.1 -0.2
27-Nov 26.7 27.4 0.7 30 3.3 29.7 3 26.3 -0.4
2-Dec 27.9 27.1 -0.8 29.4 1.5 28.2 1.3 26.8 -1.1
4-Dec 29.3 27.7 -1.6 28.8 -0.3 28.2 -0.9 26.9 -24
5-Dec 28.5 26.7 -1.8 29.8 1.3 29.5 1 26.1 -2.4
11-Dec 29 26.8 -2.2 29.4 0.4 29.3 0.3 26.4 -2.6
12-Dec 26.8 25.1 -1.7 28 1.2 27.8 ak 24.8 -2
13-Dec 27.5 25.3 -2.2 27.5 0 27.3 0.2 25 -2.5
16-Dec 26.9 25.2 -1.7 27.4 0.5 27 0.1 24.8 -2.1
18-Dec 26.5 24.5 -2 26.5 0 26.9 0.4 24 -2.5
20-Dec 26.4 24.4 -2 28 1.6 27.9 1.5 23.9 -2.5
16-Jan 18.1 20.5 2.4 24 5.9 23.7 5.6 18.7 0.6
35
30 /.‘-‘ = — _.-J‘\_TT_-:R“'J.':-.
P ./W'-\-u_ / N\g‘th___ﬁw_‘_{m.h‘--""
% o & e e B i
g 4 e
g |
20 & —a—CFL TEMP
iE ~8— HALOGEN MIRCHI TEMP
e HALOGEN MR16
‘E 10 —o—LED TEMP
= v+ AMBIENT TEMP
L
5
0 i L i i L L L i i L L J

18.1 26.3 26.4 26.5

26.7 268 26.9 27.5 27.5 27.8 27.9 28.5 29 293

Ambient temperature axis

Fig.2. Temperature graph, ["C]

Effect of Ultraviolet Radiation:

Ultraviolet radiation is the most harmful on art
or painting gallery, because depth of the penetra-
tion is very high by UV radiation. Ultraviolet (UV)
light is Electromagnetic Radiation with a wave-
length shorter than of visible light. It is in the range
between 400nm and 100nm, corresponding to
photon energies from 3eV to 12.4eV. Many poly-
mers, textiles, papers, different types of paintings
are degraded by UV light. The problem appears
as discoloration or fading, cracking, and, some-
times disintegration. In addition, many pigments
and dyes absorb UV and change colour, so paint-
ings and textiles may need extra protection both
from sunlight and artificial light sources, because
they radiate UV. Old and antique paintings (such
as water colour paintings) must be placed away
from direct sunlight. Common window glass pro-

vides some protection by absorbing some of the
harmful UV, but valuable artefacts need extra
shielding. Many museums place black curtains
over water colour paintings and ancient textiles.
Since water colours can have very low pigment
levels, they need extra protection from UV light.
Tinted glasses, such as sunglasses also provide pro-
tection from UV rays.

There are different types of UV radiation
(Table 4) depending upon their wavelength and
energy levels [12].

From Table 4 it is seen that UVC is the most
harmful than the other types i.e. UVA and UVB,
because wavelength is very short as well as it has
very high energy level. So, light sources contain-
ing UVC is more harmful and can damage many
things.
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Fig. 3. UV component graphs of different light sources

UV component determination of the Test Light
Sources:

There was an arrangement for varying the light
output of the source. As our object painting was ex-
posed to 100 Ix from each of the source, UV meter
sensor was placed to receive that 100 Ix from each
of the source. UV meter was placed at a distance
of 0.7m from the source, this distance corresponds
to that of the UV meter sensor was placed in ex-
perimental chamber. Data were taken by UV me-
ter, Make- Konica Minolta, Model No. — UM-10
and shown in Table 5 in terms of uyW/cm? of UV.

Table 5 depicts UV Components present in dif-
ferent light sources at a particular point of the
painting (illumination level 100 1x) from 0.7m
used in this experiment and Fig. 3 displays the bar
graph representation of the UV components pre-
sent in the lamp sources.

Our experimental results revealed that ha-
logen and CFL had all the three components
of UV. LED has no UVB component but other
sources have it little. UVA component was high-
er in CFL and LED lights than halogen lights.
UVC is minimised in LEDs, CFL has little more
amount of it and halogen lamps have sufficient
UVC component.

Table 4. Types of UV radiation

uv | wavelength energy

UVA | 400-315nm 3.10-394eV
UvB | 315-280 nm 3.94-443eV
uve | 280 - 100 nm 443-124ev

SPD curves of these artificial light sources used
in the experiment were taken by the JETI-SPEC-
BOS1200 type spectroradiometer (curves not
shown here). This instrument cannot show the
exact values of UV and IR, but the nature of the
curve confirmed the result, which were received
by Konica Minolta UM-10 UV meter.

IR component determination of the Test Light
Sources:

From the SPD curves, it was found that both
of the halogen lamps had maximum IR compo-
nent, CFL had very little amount of IR and LED
lamp had no IR.

Table 5. UV components in different light sources rated at 230V and giving illumination level at 100Ix at
a particular point of the paintings being measured from 0.7m, [uW/cm?]

L UV-A,UV-B,UV-C Components in different light sources J
COMPONENTS CFL Halogen Mirchi Halogen MR 16 LED
UV-A(400) 17 3.6 4.1 16.7
UV-8(360) 0.6 0.1 0.7 0
UV-C(250) 1.4 14.4 14 1.1
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Table 6. Data of CCT value of reflected light from painting in period of 30000Ix  h cycle

'CCT VALUES after completion 30,0001x-h |

DATE " SL.NO. CFL HALOGEN MIRCHI |HALOGEN MR16 LED
21-Nov 1| 1634 1634 1634 1436
25-Nov 2| 1294 1544 1435 1435
26-Nov 3| 1419 2300 2300 1445
27-Nov 4| 1668 2300 2300 1485
12-Dec 5 1684 2300 2300 1476
13-Dec 6| 1688 2300 2300 1475
16-Dec 7| 1483 2300 2300 1545
18-Dec 8 1491 2300 2300 1518
20-Dec 9| 1545 2331 2336 1576
16-Jan 10| 1477 2346 2359 1499

Table7. Chromaticity values of reflected light sources for 30, 000lx « h

DATE CFL HALOGEN MIRCHI  HALOGEN MR16 LED

Y: X ¥ X Y X Y
21-Nov| 0.5791] 0.3333] 0.6529| 0.3325 0.652| 0.3659| 0.5487| 0.3419
25-Nov| 0.5708| 0.3353| 0.6504| 0.3332 0.64) 0.3533] 0.5478[ 0.3408
26-Nov 0.5443 0.3347 0.6505 0.3329 0.6407 0.352 0.5474 0.3422
27-Nov| 0.5053| 0.3342 0.655| 0.3369| 0.6405| 0.3447] 0.5349( 0.3371
12-Dec| 0.5009| 0.3314 0.6495| 0.3331| 0.6406] 0.3422| 0.5357| 0.3362
13-Dec| 0.5039| 0.3355| 0.6574| 0.3294| 0.6368] 0.3463| 0.5411| 0.3415
16-Dec| 0.5366) 0.3382( 0.6535| 0.3315 0.625 0.3501] 0.5277] 0.3396
18-Dec| 0.5368| 0.3398[ 0.6526] 0.3313| 0.6203] 0.3574] 0.5318] 0.3364
20-Dec| 0.5274| 0.3392| 0.6486| 0.3337] 0.6339] 0.3477) 0.5205] 0.3369
16-Jan| 0.5404 0.341] 0.6348| 0.3403 0.621) 0.3483] 0.5367] 0.3412

Correlated Colour Temperature (CCT) of light
reflected by painting:

CCT of the reflected light from painting under
different light sources was measured. If the CCT
of the reflected from painting light is increased,
it is understood that the colour of the painting
is becoming whiter and fading of the painting has

been occurred. By the experimental results, how
the light sources changed the colour of the paint-
ing that was being observed.

The sample data of CCT values of reflected
light from water colour painting illuminated by dif-
ferent light source are shown in Table 6.

Change of CCT of refleceted light under different
light sources after completion of 30,0001x-h

1500

———

=—CFL

——HALOG

;f /,___.\ ot
1500 + e — - e e MIRCHI

variation of CCT of R
reflected light
from painting under
different light 1000
500 +
0 '
1 2 3

4
5L NC.

——HALDG
EN MR
16

LED

.1 T B ] 10

Fig.4. Graph of CCT value up to 30, 000Ix+h of reflected light from water colour painting
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Table 8. Change of Chromaticity Coordinate of painting under different light sources

Painting under Initial Value Final Value tiglh ;nf%i;f\};ze
different light of Chromaticity of Chromaticity of Chromaticity Remarks
sources Coordinate (X, y) Coordinate (x, y) Coordinate (x, y)
CFL x=0.5791 x =0.5404 dx =0.0387 Change of Chromatici-
y=0.3333 y=0.341 dy =0.0077 ty Coordinate (x, y) from
initial value to final value
Halogen Mirchi X =0.6529 x=0.6343 dx=0.0181 is very minimum of paint-
y=0.3325 y =0.3403 dy =0.0078 ing under UVLED with
x =0.652 x=0.621 dx =0.031 Phosphor coated light
Halogen MRI6 y =0.3659 y =0.3483 dy=0.0176 | source. So the change
of colour of painting un-
UVLED with x = 0.5487 x =0.5367 dx=0.012 der LED source also
Phosphor coated y=0.3419 y=0.3412 dy =0.0007 minimum.

Change in Chromaticity of reflected light from
painting under CFL Light Source

Chromaticity Graph using CFL Source after completion 30,000 Ix - h

Fig. 5. Change of colour of painting by using
CFL light source

Fig.4 shows the initial CCT values of the par-
ticular painting illuminated by different lamps
and its change after 30 0001x « h. It is clear from
Fig. 4 that the CCT effect remains nearly con-
stant when the LED is used, but the initial CCT
value is different from other sources; i.e. colour
rendering is poorest for this source. For CFL,
CCT value oscillated first and finally it was almost
same as was found for LED lights. For HALO-
GEN MIRCHI and HALOGEN MR-16, there
was steep rise in the CCT value of reflected light
which means considerable change in colour of the
painting occurred during this 300001x * h cycle. So,
these two sources should not be recommended for
water colour painting lighting. The reflected light
from paintings show higher CCT, i.e. the colour
becomes whiter which proves more fading of the
paintings when Halogen sources are used.

19

Change in Chromaticity of reflected light
from painting under HALOGEN MIRCHI
Light Source

Chromaticity Graph using Halogen Mirchi after completion 30,000 Ix - h
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Fig. 6. Change of colour of painting by using Halogen
Mirchi light source

Chromaticity:

The experimental values of chromaticity co-or-
dinates on the water colour paintings, which were
taken in different time span is given in Table 7.
Chromaticity diagrams in Figs. .5—8 show the in-
itial and final colour coordinates of the reflect-
ed light from the specific zone of the paintings,
where the light beam was focused in experiment.
Chromaticity (x, y) values of the light reflected
by the painting have been taken for 30, 000Ix ¢ h.
So, it determines the colour changes of the paint-
ing from initial exposure to final exposure (i.e.
300001x « h) for each light source. For the same
colour, the first reading under different sources
show different co-ordinates for the same coloured
painting. So, it is clear that colour rendering is dif-
ferent for exposure under different sources.
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Change in Chromaticity of reflected light from
painting under HALOGEN MR16 Light Source

Chromaticity Graph using Halogen MR16 after completion 30,000 Ix - h
09 T

Fig. 7. Change of colour of painting by using Halogen
MR16 light sources

Change in Chromaticity of reflected light from
painting under LED Light Source

Chromaticity Graph using LED source after completion 30,000 1x - h
09

e ——

9.7 08

0.3

0.6

Fig. 8. Change of colour of painting by using phosphor
coated UV LED light source
G-green, Y-yellow, B-blue, R-red, PR-pinkish red, RP- red-
dish pink, BG-bluish green, YO-yellowish orange, OR- or-
ange-red, BBC-black-body curve, c-infinite

In CFL chamber, red water colour painting was
exposed with 30, 000Ix * h. Initially, chromaticity
of the reflected light was found at position Al on
the red region, which is shown in the chromaticity
graph of Fig. 5. Increasing the exposure limit up to
30, 000Ix « h, the colour was found shifted from red
to nearer to pink colour at position B1.

In Halogen (i.e. MIRCHI & MR16 both)
chambers, red water colour painting was exposed
for the same time. Initially chromaticity of the re-
flected light from the focused zone of the painting
was found at position A2 and A3 on the red region
which is shown in the chromaticity graph of Fig. 6
and Fig. 7. With increasing the exposure limit up
to 30, 000Ix * h, the colour was shifted more from
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UV Components of Phosphor Based Blue LED
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Fig-9 UV components of new phosphor based LED

red to nearer to bright pink colour at B2 and B3
respectively as shown in Fig. 6 (MIRCHI chro-
maticity graph) and Fig. 7 (MR16 chromaticity
graph); so it is observed that the painting has been
faded sufficiently.

In Phosphor coated UV LED light cham-
ber, red water colour painting was again exposed
with 30, 000Ix « h,. Again, initially chromaticity
of the reflected light was found at A4 on red re-
gion, which is shown in the chromaticity graph
of Fig. 8. Increasing the exposure limit up to 30,
000Ix « h, it was observed that the point shifted to
B4. The change of chromaticity (at B4) was min-
imal for UV LED chamber in comparison with
other light sources as found in Fig. 8. So, colour
shifting of painting or fading occurs at very slow
rate when LED sources are used.

From Table 8, it is understood that when LED
light source is used, less colour fading occurs than
with other light sources.

3. CONCLUSION

To obtain 100 Ix at a particular point of the
paintings, the power characteristics for all four
types of lamps are measured. It was found that
CFL consumed 15W, HALOGEN MIRCHI con-
sumed 60W, HALOGEN MR16 consumed 60W
and the phosphor coated UV LED consumed 5W.
So, from energy efficiency point of view also LED
was found best.

From the experimental data of various para-
meters already discussed e.g. Temperature, UV
radiation, Correlated Colour Temperature (CCT),
Chromaticity Coordinates data etc., the damaging
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Table 9. UV components of new phosphor based
LED, [pW/cm?]

UV-A(400nm) | UV-B(360nm) | UV-C(250nm)

1.2 0 0

of paintings have been explained, and it has been
understood that different artificial light sources
play a great role in the damage.

From the above discussion by thorough analysis
of experimental data, it is found that the LED light
sources are most efficient and minimum harmful
than any other light sources for museum lighting
design particularly for painting/textile galleries.

When the experiment was running, only ordi-
nary UVLED (Phosphor Coated) was available
in India. At that time, it was observed from pre-
vious data that used LED source had sufficient
UVA component. Nova days Phosphor coated
Blue LED is available in Indian market. Those
types of LEDs have been purchased recently and
it is tested by the same UV meter. The experi-
mental value of UV components of new phosphor
based Blue LED are given in Table 9.

Now it is found that there is very little compo-
nent of UVA presented in it but there was no trace
of UVB and UVC as shown in Table 9 and Fig.
9. It is also concluded that the same experiment
should be repeated with this type of LEDs (Phos-
phor based Blue LED). If this new LEDs with bet-
ter colour qualities, i.e. better SPD curves, better
colour rendering properties, minimum UV and
IR components are used for all types of paintings
in museums, well protection of the paintings will
be ensured in future .
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ABSTRACT

Each person in the modern world deals with
a multitude of stimuli and stressors: the rhythms
of urban life, stressful situations at work, diffi-
culties in home life, domestic issues and many
other things. The practice of targeted exposure
of the audiovisual system to sensations can pro-
vide a possibility of using optoelectronic facilities
for drug-free therapy, which improves psycholo-
gical and emotional states, qualitatively raising liv-
ing standards.

Keywords: colouristic, psychophysiology
of spectator perception, sound design, colour de-
sign, light therapy, sound therapy

The research carried out in the period 2009—
2012 within the «/OSHA» (Improving Occupation-
al Safety and Health Awareness of Employers and
Employees in CEE) project, showed that workplace
illness accounts for 167,000 deaths annually in Eu-
rope. The primary factor (35.4%) is stress (23 mil-
lion EU citizens annually need urgent treatment
for workplace stress related issues); economic loss-
es amount to 4% of Gross Domestic Product, or
more than €500 billion. However, only 9.3% em-
ployers actively address rehabilitation, and 20.3%
intend to introduce new initiatives [1]. An ideal
method of relaxation is natural audiovisual stim-
ulation. It has been shown that the spectral com-
positions of natural sounds (noise of waterfalls,
birdsong, fire crackling, etc.) are similar to brain
rhythms in a normal state. However, it is often dif-
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ficult to obtain such stimulation in a big city envi-
ronment. As a result, variuos methods and facilities
of audiovisual stimulation are actively being deve-
loped, which can be applied both independently,
and as part of the healthcare system.

Ideas around colour-music — the interaction
of light, sound and music, were first developed
by A.N. Skryabin in the 19th century. However,
since then ideas about the synaptic connection be-
tween sound and colour have not been comprehen-
sively explored, in a way which would imply poten-
tial abilities of joining art and modern facilities [2].

Colours and sounds create changes in the work
of the brain, stimulating its activity and influenc-
ing the main feeling systems through hearing and
sight. This raises questions about the level if inter-
connectedness and interaction between the sense
organs, or more widely concerning interactions
of eisodic systems [3]. Colours and sounds can be
a terrible force as well, which is capable of harm,;
they can be a powerful weapon against a human
body. Simultaneous exposure to sound and light
is desirable, because it would allow implementing
abilities of the light psychophysiological resonance
strengthening music effect (or on the contrary,
light effect) [4]. This creates a surprising sensation
experienced by participants of a Sound and Light
performance [5]. Moreover, recent research has
shown that light therapy effectively deals with cer-
tain frustrations of mood, circadian rhythms and
of sleep. [6]

Using different exposure types and methods,
a resonance can be caused with different systems
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or parts of our body. It is possible to activate both
physiological (system) and emotional responses di-
rectly connected with the exposed area.

This research investigated the influence of frag-
ments of a light-music performance by Lux Aeterna
Theatre on the psychophysiological state of a per-
son. The research was carried out at the St.-Pe-
tersburg National Research University of Infor-
mation Technology, Mechanics and Optics (ITMO
University).

Light images of the Lux Aeterna performance
are formed as laser radiation passes through
phase-amplitude transparencies (or when it is re-
flecting from them). The transparencies can be
plastic or glass surfaces, optical elements (includ-
ing those with defects), films and liquids. Abstract
images are mainly as a result of radiation diffrac-
tion on non -uniformities of a transparency and
represent interference pictures. One can add dy-
namics to the images using different methods.
As light sources in the experiments, two semicon-
ductor lasers and one solid-state laser with diode
pumping at wavelengths of 445, 650 and 532 nm
respectively were used.

The experimental method consisted of a se-
quential presentation of a test task to the test sub-
ject and in the exposure on the test subject to two
different types of sound-colour content. As a test
task, the respondents were set the Ring of Landolt
test, in which the persons under test were offered to
find and specify in the test table, rings of a certain
type. The type of the rings was set in a random way.

The test results were analysed by speed and
accuracy, from which an efficiency indicator was
deduced. After the test was completed, the par-
ticipant underwent a session of colour-sound
exposure.

The experimental installation was a prototype
relaxation office, in which a hemisphere with base
diameter of 3 m was used as a screen.

In Fig. 1, a participant is shown sitting
in a comfortable armchair in a semi-reclined posi-
tion during a session of the colour-sound exposure.

The participants were 32 adults, both women,
and men, 21 to 34 aged.

The action sequence of the experiment was
as follows:

1. Participants were tested four consecutive
times (to exclude the proficiency effect).

2. A session of the colour-sound exposure
of the first type took place.
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Fig. 1. A session
of colour-sound
exposure

3. Participants were tested again four consec-
utive times.

4. A session of the colour-sound exposure
of the second type took place.

5. Finally, the participants were tested four
consecutive times again.

The content of the two types of colour-sound
exposure were chosen for the participants. The
contents differed both by visual, and by sound
stimuli. The content of the first type comprised
a visual-sound track combining interaction
of a sound track with a pleasant quiet melody and
of three colours: green, dark blue and red. The
content of the second type comprised a combina-
tion of the sound track, which was distinct from
the first but similar in the essence, however this
content contained one colour only: dark blue.

It should be noted that the contents of the
sound-colour exposure did not just have different
colour-music characteristics but also different di-
rections of exposure. In particular, the first type
of content aimed to arouse the participants emo-
tionally, to raise their psycho-emotional and phy-
sical tone, to inspire a state of vivacity and vitality,
and to provide as a whole, an effect of a “resur-
gence”, which should influence an increase in the
working capacity level. The second type of content,
on the contrary aimed to calm and relax the par-
ticipants, to immerse them in a state of inner rest
similar to meditation.

The group as a whole, as well as gender sub-
groups, showed a gain in the efficiency indicator
for 75% of participants. This means that exposure
to the first type of content accomplishes its target
function: increased working capacity. A positive ef-
fect of directed exposure to the second type of co-
lour-music was also observed. In this latter case,
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First type content
Increased

m No change (<+_5%)

m Decreased

75%

Second type content
Increased

m No change (<+_5%)

m Decreased

Fig. 2. Change in the efficiency indicator after exposure
of the first type and of the second type contents

the positive impact is confirmed by a decrease
of the observed growth in the efficiency indicator
of up to 30% and by an increase in the “efficien-
cy decrease” indicator by no less than 25%. This
is evidence of a decrease in the attention concen-
tration level as a result of the relaxing effect of the
second type content. General results of the change
in the efficiency indicator are given in Fig. 2.

The performed research has provided evidence
of a positive effect on the experiment participants,
which also suggests the possibility of targeted ap-
plication of this type of colour-music exposure
as an effective instrument of influence on psy-
cho-emotional, functional and other vital states.

Content developed in a specific way can both
raise working capacity (content of the first type),
and relax a person (content of the second type).
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ABSTRACT

This study investigated the impact of providing
young office workers individual access to contin-
uous dimming controls of LED lighting on their
performance of typing and colour-matching tasks
and the subjective ratings of their task perfor-
mance. A total of 30 young people participated.
It was found that under the tested specific LED
lighting providing access to continuous dimming
controls didn’t affect the participants’ typing task
performance and their subjective ratings of typ-
ing task difficulty, and satisfaction of their typing
task performance. However, the participants’ col-
our matching performance became worsen due to
the perceived slight difference of CCT. Nonethe-
less, the perceived difficulty of the colour match-
ing tasks and the subjective satisfaction of the col-
our matching task performance were not changed.
The young participants’ rating of the office lighting
quality (e.g., brightness, uniformity, glare, CCT,
CRI, flickering, noise) in the test room was also
not affected.

Keywords: LED lighting, office ergonomics,
lighting controls, typing task, colour matching

1. BACKGROUND

High quality lighting plays a critical role in of-
fice ergonomics. It is expected that LEDs will be
predominant in future offices for illumination.
Can LEDs increase the lighting quality in mod-
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ern offices? Is there a perceived impact on colour
perception, visual fatigue, glare, and office staff
job satisfaction? Common office lighting, unless
it was very good or very poor, had little influence
on occupants’ subjective feeling of the office en-
vironment [1]. Different lighting conditions had
no effect on the sustained performance of cognitive
tasks or on the mood and alertness of the partici-
pants [2—5]. However, these discoveries obtained
under fluorescent lights may not continue to hold
for LEDs. It is not yet proven that LED lighting
can more easily improve the office lighting quality
than fluorescent lighting. In fact, if misarranged,
LED lights can cause problems as well since LEDs
are tiny but very bright, like glare to office work-
ers and extra high light levels on work surfaces. In
the literature, several studies [6—10] did explore
the effect of LED lighting on ergonomics, but not
tested in office environments. It is still unclear
about the ergonomic implications of LED light-
ing technologies in modern offices. The answers
lie on a comprehensive investigation of all factors
of lighting quality and their impact on office ergo-
nomics, which is overwhelming. To narrow down
the scope, this study focused on the role of access
to continuous dimming controls of LED lighting
in office ergonomics.

Providing office workers individual access to
continuous dimming of LED lights will be com-
mon in future offices for the benefit of energy sav-
ing and individual needs [11]. In general, indi-
vidual lighting control was highly desirable and
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had significant effect on occupants’ mood and
job satisfaction [2, 4, 5, 12—16]. However, there
was no proven effect of lighting control on office
task performance, like typing and colour percep-
tion [13—16]. In fact, dimming light sources may
change their colour rendering performance. That
results in false colour perception. The saturation
of colours gradually decreased as the adapting light
intensity was lowered [17], while coloured objects’
hues also shifted with changes in luminance under
different light levels [18]. It was found that lower
illuminance level and lower CCT (correlated col-
our temperature) could encourage participants’
performance with higher self-set goals [19], while
high CCT fluorescent lights could improve occu-
pants’ well-being and productivity in the corporate
setting [20]. Unfortunately, most of those studies
on individual lighting controls dealt with fluores-
cent lights, not LEDs. Continuous dimming over
a wide range of light output, which is widely de-
ployed in LED technologies, was seldom examined
in previous studies.

What ergonomic benefits that office workers
may gain when they are granted access to contin-
uous dimming of LED lights have not been stud-
ied till Ono et al. [21]. However, Ono et al. did not
study typical office tasks, like reading, typing, col-
our matching, etc. Thus, it is still not clear about
the impact of granted access to continuous dim-
ming of LED lighting on office workers’ typing and
colour-matching task performance, and their sub-
jective rating of the lighting quality and task satis-
faction. This study was aimed to address this topic.

2. EXPERIMENT

First, a survey of the luminous environments
in 32 offices was conducted, including 21 offic-
es at the University of Kansas and 11 offices dis-
closed in recent studies concerning lighting and
office ergonomics [4, 5, 13, 14, 20, 22—24]. This
survey was used to identify the typical lighting con-
ditions and the layout of luminaires in those 32 of-
fices, which were used to design the test conditions
under which a null research hypothesis would be
tested.

Null Hypothesis: Providing young office work-
ers access to continuous diming of LED lighting
in modern offices, including a general lighting sys-
tem and a task lighting system with the same CRI
but slightly different CCT, has no impact on their
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performance and subjective evaluations of typing
and colour-matching tasks on prints and compu-
ter screens.

An experiment was then conducted in a win-
dowless office to test the Null hypothesis using 30
young participants (19 female, 11 male) with age
of 21.6 * 3.3 years, eyesight of 20/20 or 20/16,
normal colour vision and normal audio acuity.
They were recruited on campus of the University
of Kansas. Fig. 1 (a) shows the windowless office
(2.90 m wide, 3.66 m deep and 2.87 m high) with
suspended ceiling. A desk and an adjustable office
chair were put in the test office. On the desk there
were a Dell 23” LCD display with LED backlight,
a keyboard, a mouse, a pair of speakers, and a doc-
ument holder. A custom-manufactured adjusta-
ble chinrest was mounted on the edge of the desk,
in front of the chair. As shown in Fig. 1 (b), the
chinrest was titled toward the participant at adjust-
able angle and height to fix the position of his/her
head during the experiment. A desktop PC com-
puter was placed under the desk to run office task
programs. A camcorder was mounted behind the
participants to record the process of the experi-
ments for time logging. Eight points, whose lo-
cations are shown in Fig. 1 (c), were selected for
photometric measurements (illuminance, CCT)
of the luminous environment during the experi-
ment. Points 1—3 were on the desk surface. Point
4 was on the centre of a document holder. Point 5
was on the computer screen. Points 6—8 were on
the background walls, 1.22 m above the ground at
the eye level of the seated office occupants.

Four ceiling recessed 2’ x 2° Cree LED lu-
minaire (model # CR22—-20L, CCT = 3500 K,
CRI = 90), as shown in Fig. 2 (a), were used for
providing general lighting in the test room. The
layout of the four fixtures is shown in Fig. 1 (a) (c).
In addition, a portable Lite Source floor-standing
task light with adjustable arm and shade, as shown
in Fig. 2 (b), was selected to supplement the gener-
al lighting with an A-19 shaped Philips LED lamp
(CCT = 2700 K, CRI =90, initial light output 940
Im). The shade blocks direct lights from entering
the participant’s eyes to prevent direct glare. This
task light was put on the left side of the desk with-
out producing any veiling reflection on the viewing
materials attached on the document holder. This
study adopted 2700 K instead of 3500 K for the
task light, which reflects the different CCTs used
in the surveyed 32 offices, to enable participants to
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b)

3,7m

-1

[ ceiling luminaires

1~8 Sample points

c)

Fig. 1. Experiment setup in the windowless test room, (a) fisheye view of the test room, (b) a participant with his head on
the adjustable chinrest, (c) plan view of the test room

adjust the CCT to personal preference via individ-
ual controls of both general and task lighting (the
CRI of light sources could not be manipulated).

Continuous dimming of the LED lights was
tested in this study. A Lutron DIVA wall dimmer
(Fig. 2 (c)) was wired to the ceiling-recessed Cree
CR22 LED luminaires to provide continuous dim-
ming to 5%. The Lutron DIVA wall dimmer was
mounted on the wall next to the desk, as shown
in Fig. 1 (a) (b). A Lutron Credenza LED dim-
mer (Fig. 2 (d)) was also connected to the porta-
ble floor-standing task light to provide continuous
dimming of the Philips LED lamp. The Lutron
Credenza LED dimmer was put on the right side
of the desk next to the mouse, where participants
had easy access to it.

Throughout the entire experiment, the partic-
ipants were not aware of the types and technical
specifications of the lighting systems. They were
also unknown of the real purposes of this study to
prevent possible Hawthorne effect, if any, on the
experiment results.

A typing task was designed in this study for
covering simultaneous reading and typing perfor-
mance on both paper and computer screen. Partic-
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a)

c) 9

Fig. 2. Lighting fixtures and lighting control devices used
in this study, (a) Cree CR22 LED luminaire (model #
CR22-20L), (b) Lite Source floor-standing task light fitted
with an A-19 shaped Philips LED lamp, (c) Lutron DIVA
wall dimmer, (d) Lutron Credenza LED dimmer

ipants were asked to type printed text mounted on
the document holder, as shown in Fig. 3 (a), with
no time limit. All typing materials were printed
black/white in high contrast on letter-sized sheets,
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a)

b)

Fig. 3. Typing task, (a) text printed black/white on letter-sized sheets mounted on the document holder,
(b) the interface of the NRC Typing Task software

Fig. 4. Colour-matching task, (a) X-rite Classic Macbeth colour checker, (b) the interface of colour matching task showing
the four candidate colours on the second PPT slide

with 12 point Calibri font, single spaced. The con-
tents were daily news excerpted from the website
of “The University Daily Kansan”. To avoid get-
ting practiced on typing the same text, two sets
of text were used by each of the 30 participants un-
der the two different test conditions (with/without
lighting control). The order of the two sets of text
was randomized for different participants. The se-
lected text was very easy to read and understand,
and was modified to unify the length to 1200 char-
acters (including symbols and spaces), to avoid
potential differences in typing difficulty that might
result from differences in text. Additional materi-
als (instructions to the experiment) were prepared
for typing practice. The NRC Typing Task soft-
ware [25] was used for evaluation of the typing per-
formance. The interface of the software is shown
in Fig. 3 (b). The NRC Typing Task software re-
corded the key stroke and time, and then calcu-
lated the typing speed (the number of net char-
acters typed per second) using Equation (1) [25].
Such combined score was deemed better than two
dependent measures, €.g., accuracy and speed,
to simplify the quantification of the tying perfor-
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mance. Once completed, the accuracy of the typ-
ing task was 100%.

TByping task score =
= TOTAL — (CurKey + 2 x BSKey) (1)
Time

where:

CurKey = the number of cursor keys pressed;

BSKey = the number of backspace keys pressed;

TOTAL = the total number of all keys pressed
including cursor and backspace keys;

Time = the time spent in seconds.

In addition, a colour-matching task was used to
evaluate the colour rendering performance of the
tested office lighting with/without access to contin-
uous dimming controls. An X-rite classic Macbeth
colour checker was mounted on the document
holder (Fig. 4 (a)). Without time limit, partici-
pants were asked to match a bench colour on the
Macbeth colour checker with one of four option
colours provided on the left side of the compu-
ter screen and then type the number of the iden-
tified colour in an answer sheet on the right side,
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Table 1. The algorithm of generating candidate colours*

Colours

RGB values

Bench colour

R,G,B

Colour 1: more green

R-10, G+20, B-10

Colour 2: more yellow

R+10, G+10, B-20

Colour 3: more red

R+20, G-10, B-10

Colour 4: more purple

R+10, G-20, B+10

Colour 5: more blue

R-10, G-10, B+20

Colour 6: more cyan

R-20, G+10, B+10

*Any GRB value drops below 0 or exceeds 255 were discarded.

as shown in Fig. 5 (b). In case participants could
not identify a match, they were asked to choose
the closest one. The colour options were generated
by slightly adjusting the RGB values of the bench
colour on the Macbeth colour checker, using an
algorithm (Table 1) developed by Colour Blender
[26] for web design. Of the six new colours gene-
rated, only three were randomly selected, together
with the bench colour, to form the four colour op-
tions shown on the screen. At the beginning, the
experimenter showed an example to the partici-
pant using the dark skin colour on the Macbeth
colour checker, followed with two practices using
light skin and blue sky colours. The twelve colours
in the second and third lines of the Macbeth co-
lour checker were then used in the formal task con-
sisted of 12 questions (Fig. 4 (b)). The sequence
of the 12 questions was also randomized in diffe-
rent test trials. Both the number of correct answers
and the time to complete the task were recorded.
The score of the colour-matching task (the num-
ber of correct answers per minute) was calculated
using Equation 2.

Color mathcing task score =

2)

_ No.of correct answers

Time

Note that the RGB colour space is device-de-
pendent. The same colour may look slightly dif-
ferent on the computer screen from that on the
Macbeth colour checker, which commonly occurs
in modern offices. Such colour discrepancy was
examined under the LED lighting with or with-
out continuous dimming controls, to test the im-
pact on subjective evaluation of colour fidelity. To
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avoid colour shifts caused by changes of light levels
and adaptation [17, 18], the task light was adjust-
ed to remain the same illuminance levels on the
Macbeth colour checker and the computer screen.
The computer LCD display also fixed at the de-
fault factory settings without change throughout
all lighting conditions.

A questionnaire was developed to survey par-
ticipants’ attitude toward lighting quality and task
satisfaction right after they finished all office tasks.
The questionnaire consists of 21 questions divid-
ed into two sections (Appendix A). The first sec-
tion is a survey on office lighting quality, developed
based on the work of Eklund and Boyce [27]. A to-
tal of 17 questions cover evaluation of lighting lev-
el, light distribution, glare, colour rendering, CCT,
noise, flicker and overall impression. They are
close-ended questions with only two options: agree
or disagree, suitable for assessing participants’ atti-
tudes towards many clearly defined lighting quali-
ty issues in a short period of time [28]. The second
section contains four questions covering subjective
ratings on a 0—4 semantic scale (0 means the least
difficult or satisfied, 4 means the most difficult or
satisfied) of the difficulty of the two office tasks and
performance satisfaction.

The two office tasks were conducted by each
participant under the tested LED lighting con-
ditions with or without access to the continuous
dimming controls. The sequence of access to light-
ing controls was randomized for different partici-
pants so that 15 participants worked without light-
ing control first and then with lighting control,
while the other 15 participants worked the other
way, to exclude the confounding effect of control
sequence. The experiment procedure was divid-
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ed into a total of 14 steps. Below is the procedure
first without lighting control and then with light-
ing control. For the reversed sequence, Steps 4, 5,
6 were swapped with Steps 9, 10, 11.

Step I. The experimenter dimmed the general
lighting to approximately 400 1x on the desktop,
averaged on points 1—3 shown in Fig. 1 (c), when
the task light was turned off. Then, the task light
was turned on at maximum light level.

Step 2: Upon arrival, participants were screened
by self-reporting their age and self-declaring if they
have abnormal colour vision or abnormal audio
acuity. Qualified participants were then asked to
test their eyesight by reading two Snellen eye charts
pasted on the back wall of the test room. The ex-
perimenter then explained the experiment to the
participant, and asked he/she to sign the consent
form.

Step 3. The participant adjusted the chair, the
document holder, the display, the keyboard, and
the chin rest till he/she felt completely comforta-
ble. Once the adjustments were completed, their
positions and/or title angles were fixed during the
experiment and recorded for reconstruction later.
The participant’s chin sat on the chin rest through-
out the experiment.

Step 4: The experimenter asked the participant
to step out of the test room, then dimmed the task
lighting until the illuminance values on the surface
of the colour checker (on the document holder)
and the screen were the same, about 350 Ix. Then
the participant came back in and sat down. The
participant was given at least 2 minutes for eye
adaptation.

Step 5. The participant conducted the typing
task without individual lighting control. The par-
ticipant practiced by typing the instructions to the
experiment as long as he/she needed before he/she
conducted the formal typing task. The participant
was then given a short break.

Step 6: The participant conducted the colour
matching tasks without lighting control. The par-
ticipant also practiced twice before he/she started
the formal colour-matching task.

Step 7. The participant completed the ques-
tionnaire. The 21 questions were presented on the
computer screen. Participants were asked to click
on the answers with the mouse.

Step 8: The participant stepped out of the test
room for a 20-minute long break. The experimen-
ter measured the illuminance and CCT at the eight
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points using a Minolta Chroma Meter CL-200A.
Then, the participant came back in for the second
part of the experiment.

Step 9: The participant adjusted (either increas-
ing or dimming) the general lighting and the task
lighting to their preferred levels. Then, the parti-
cipant was given a typing exercise to evaluate the
lighting. Further adjustments were allowed without
time limitation till the participant was completely
satisfied with the adjusted lighting condition. Once
the adjustment was finalized, the lighting condition
was fixed throughout the rest of the experiment.
Next, the participant was given at least 2 minutes
for eye adaptation.

Step 10: The participant conducted the typ-
ing task again using different text. The partici-
pant practiced before he/she conducted the for-
mal typing task. A short break was then given to
the participant.

Sep 11: The participant conducted the col-
our-matching task again with different col-
our-matching questions. The participant practiced
before he/she did the formal colour-matching task.

Step 12: The participant completed the ques-
tionnaire again.

Step 13: The experiment was completed. The
participant left with pay.

Step 14: Photometric measurement again, in-
cluding the illuminance and CCT at those eight
reference points.

To complete the experiment, the 30 partici-
pants took 52—91 minutes, with an average 69.9
minutes and standard deviation (SD) of 9.0 min-
utes. It is worth to mention that the participants
conducted each typing or colour-matching task
only within several minutes, which may not reflect
a whole-day-long office experience. Such short-
time tasks were purposely designed to avoid fatigue
of the participants over time, which was a distract-
ing factor in this study.

3. RESULTS AND DISCUSSION

In this study, one independent variable (/V) was
examined: (with or without) access to continuous
dimming controls of the tested LED lighting. Four
dependent variables (DV) were measured, includ-
ing (a) net characters typed per second in the typ-
ing task, (b) number of correct responses per min-
ute in the colour-matching task, (c) subjective rat-
ing of the lighting quality, and (d) subjective rating
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Fig. 5. Typing task scores (net characters typed per second) and colour-matching task scores
under each of the two test conditions

of the task satisfaction. All other variables not ex-
amined in this study were pre-set with fixed values
to preclude their distracting effect.

The data collected in the experiment were used
to calculate the four dependent variables (DV). The
calculated DVs in each of the two test conditions
(with/without lighting control) were compared
to test the null hypothesis. Since the 30 partici-
pants went through the two test conditions in turn,
two-way within-participants (repeated measure)
ANOVA was calculated for testing the equality
of means of the performance of the typing and col-
our matching tasks. A two-way repeated measure
ANOVA was also conducted for analysis of the 30
participants’ answers to the last four questions on
task satisfaction in the questionnaire. Nonetheless,
because answers to the first 17 questions on lighting
quality in the questionnaire were discrete (agree or
disagree), Chi-square test was used, which was ca-
pable of analysing discrete variables. All tests were
analysed at a confidence level of 0.05 (a = 0.05)
with IBM SPSS.

The illuminance and CCT values were meas-
ured on the eight points in all tests conducted
by the 30 participants under the two test condi-
tions. As expected, the initial light levels measured
at Points 1—3 on the desktop without controls were
very close in the 30 tests (averagely (394.5 = 58.7)
Ix on point 1, (595.9 = 108.9) Ix on point 2, and
(320.9 %+ 6.6) Ix on point 3). However, the pre-
ferred light levels adjusted via individual controls
were slightly lower and in a larger span of range
((367.5 £ 135.6) Ix on point 1, (571.0 £ 230.0) Ix
on point 2, and (237.8 = 107.5) Ix on point 3). To
avoid colour shift, the initial light levels on Point 4
(on the document holder) and Point 5 (the com-
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puter screen) before the continuous dimming con-
trols were introduced were almost the same (aver-
agely (351.2 £ 20.3) Ix on point 4, (336.2 = 17.1) Ix
on point 5). Nonetheless, the access to individual
lighting controls broke this balance and introduced
a large variation ((467.5 £ 223.9) Ix on point 4 vs.
(318.9 %+ 131.5) Ix on point 5). Points 6—8 were on
the background walls. The initial ambient light lev-
els (averagely (217.2 = 6.4) lux on point 6, (278.2
6.2) lux on point 7, and (269.8 + 7.6) lux on point
8) were much higher than the adjusted ambient
light levels ((165.9  68.5) Ix on point 6, (204.0 £
95.1) Ix on point 7, and (198.4 &+ 88.7) Ix on point
8). The larger span of the initial light Ievels on the
desktop before lighting controls was due to the
different locations and tilt angles of the document
holder and the display screen adjusted by different
participants, which affected the initial adjustment
of the task light by the experimenter to balance the
light levels on points 4 and 5, thus, the initial light
levels on the desktop. The average CCTs measured
at the eight sample points under fixed LED lighting
without lighting controls were 3125 K + 92 K. After
individual lighting controls were introduced, the
measured CCTs changed to 3071 K * 120 K. Note
that a chromaticity difference in CCT of £ 60K
is barely noticeable, while CCT of = 100K is the
recommended maximum colour difference that
a lighting installation could tolerate [29].

The mean scores of net characters typed per
second (with 100% accuracy) and the mean scores
of the number of correct responses per minute un-
der each test condition are shown in Fig. 5. Fig. 5
is the error bar plot. Based on the results of re-
peated measures ANOVA, the access to individual
lighting controls did not make any statistically sig-
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Table 2. Descriptive statistics and Chi-square test results for subjective ratings
of the lighting quality under four different test conditions

Percentage of responses to positive lighting quality
Question no. Chi-square test p value
without lighting control with lighting control
1 86.7% 93.3% 0.389
2 96.7% 93.3% 0.554
3 80.0% 86.7% 0.488
4 90.0% 93.3% 0.640
5 93.3% 90.0% 0.640
6 83.3% 86.7% 0.718
7 86.7% 96.7% 0.161
8 90.0% 93.3% 0.640
9 96.7% 86.7% 0.161
10 93.3% 93.3% 1.000
11 93.3% 100.0% 0.150
12 86.7% 93.3% 0.389
13 96.7% 100.0% 0.313
14 100.0% 93.3% 0.150
15 86.7% 93.3% 0.389
16 90.0% 86.7% 0.688
17 80.0% 76.7% 0.754

nificant difference (p = 0.527) on the typing task
performance. However, the lighting control had
a significant difference on colour matching perfor-
mance (p = 0.047). The participants’ average ac-
curacy of colour matching per minute with lighting
controls (1.010) was lower than those without light-
ing controls (1.083), indicating that providing par-
ticipants access to the continuous dimming lighting
control had interruption on their colour rendering
performance of the LED lighting.

Moreover, based on the descriptive statistics
of participants’ responses to the positive lighting
quality and p values of the Chi-square test shown
in Table 2, it was found that subjective ratings
of the lighting quality did not differ significant-
ly under different test conditions. With access to
individual lighting controls, no significant dif-
ference of lighting quality was perceivable by the
participants.

The descriptive statistics of task satisfaction rat-
ings are shown in Table 3. The result of the two-
way repeated measures ANOVA is shown in Ta-

ble 4. No p value is less than 0.05, indicating that
providing access to the continuous dimming con-
trols of the tested LED lighting did not affect
participants’ ratings of typing task difficulty (p =
0.752) and satisfaction of their typing task perfor-
mance (p = 0.677), perceived difficulty of the col-
our matching tasks (p = 0.245), and subjective sat-
isfaction of the colour matching task performance
(p =0.758).

6. CONCLUSIONS AND DISCUSSION

Conclusively, the null hypothesis tested in this
study was partially rejected. Under the specific
LED lighting technologies examined in this study,
providing access to continuous dimming controls
did not affect the participants’ typing task per-
formance (p = 0.527), nor their subjective ratings
of typing task difficulty (p = 0.752) and satisfaction
of their typing task performance (p = 0.677). This
indicates that the LED lights tested in this study
provided initial high quality lighting that can satis-
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Table 3. Descriptive statistics of task satisfaction ratings
LED w/o lighting control LED with lighting control
Question No.

Mean SD* Mean SD
18 0.9 0.8 0.8 0.8
19 2.8 1.1 29 0.7
20 23 0.9 2.1 1.0
21 2.7 0.9 2.6 0.8

*SD= standard deviation

Table 4. Tests of 2 % 2 repeated measures ANOVA for Questions 18—21

Source Tz?esglgafzsm df Sl\(/]l j:?e F Sig.
Question 18: How do you rate the difficulty of the typing task you did?

Lighting control 0.033 1 0.033 0.102 0.752
Error (Lighting control) 9.467 29 0.326
Question 19: How do you rate your satisfaction with your typing task performance?

Lighting control 0.133 1 0.133 0.177 0.677
Error (Lighting control) 21.867 29 0.754

Question 20: How do you rate the difficulty of the colour-matching task you did?

Lighting control 0.533 1 0.533 1.410 0.245

Error (Lighting control) 10.967 29 0.378
Question 21: How do you rate your satisfaction with your colour-matching task performance?

Lighting control 0.033 1 0.033 0.097 0.758

Error (Lighting control) 9.967 29 0.344

fy the participants’ needs for conducting the office
typing tasks in the test room at photopic light level.
Further adjustment of the lighting conditions via
the continuous dimming controls tailored to meet
each participant’s individual needs did not increase
the lighting quality to a significant level that may
affect the participant’s typing task performance
and their subjective rating. Also, this phenomenon
is consistent with previous findings [2] under flu-
orescent lights that participants’ satisfactions were
not associated with cognitive task performance
in that perception and recognition of text is a por-
tion of the typing task.

However, under the specific LED lighting
conditions examined in this study, providing ac-
cess to individual lighting adjustments worsened
the participants’ colour matching performance
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(p = 0.047) but no significant difference of light-
ing quality was perceivable by the participants.
The variance of CCTs of the LED lighting with or
without access to continuous dimming controls
measured on the eight sample points was caused
by a mixture of different light levels of the gene-
ral lighting (3500 K) and the task lighting (2700
K) tailored to participants’ individual needs. The
individual lighting adjustments broke the balance
of light levels on the Macbeth colour checker and
the computer screen on which the option colours
were presented, which introduced colour shift
and variation of colour saturation [17, 18], lead-
ing to the slightly lowered colour matching perfor-
mance. Yet the perceived difficulty of the colour
matching tasks (p = 0.245) and the subjective sa-
tisfaction of the colour matching task performance
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(p = 0.758) were not changed. The CRI value (90)
of the tested LED lights was very good for accu-
rate colour perception in offices, which helped
minimizing the adverse effect of the lowered col-
our-matching task performance under the slightly
different lighting conditions (with or without light-
ing controls).

Moreover, in this study, providing access to
continuous dimming controls of the LED lighting
did not affect the young participants’ rating of the
office lighting quality (e.g., brightness, uniform-
ity, glare, CCT, CRI, flickering, noise) in the test
room, indicating that the variations of other factors
(e.g., luminance distribution across the task and
background surfaces, potential glare, flickering and
noise of the LED lighting systems, etc.) introduced
by the access to the continuous dimming controls
were insignificant in this study.

Note that these conclusions were drawn based
on the tested LED lighting technologies and the
particular short-time tying and colour-matching
tasks used in this study. Such test settings may not
represent all other possible types of contemporary
office lighting environments. The test settings ex-
plored in this study may not represent all complex
test settings in modern offices. Fortunately, LED
light sources to be used in modern offices will have
even better colour rendering ability and consistent
colour rendering performance throughout the pro-
cess of dimming. Further investigations are need-
ed to cover test conditions beyond the scope of this
study, e.g., older office workers, different types
of spectral data, whole-day-long working experi-
ence of office workers.
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APPENDIX A: A Complete List of Questions in the Questionnaire

Questions Question type
Lighting quality survey: (Light level related)
1. The lighting is uncomfortably bright for the tasks that I perform agree/disagree
2. The lighting is uncomfortably dim for the tasks that I perform ree/disact
(light distribution related) agree/disagree
3. The lighting is poorly distributed with unacceptable non-uniformity agree/disagree
4. The lighting causes undesired deep shadows agree/disagree
5. The contrast between the task and background is too strong and uncomfortable .
agree/disagree

(glare related)
6. Reflections from the light fixtures hinder my work agree/disagree
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Questions Question type
7. The light fixtures are too bright. (CRI related) agree/disagree
8. My skin is an unnatural tone under the lighting agree/disagree
9. Coloured objects in the room look unreal or less legible acree/disacree
(CCT related) £ g
10. The lighting is too warm for me or my work agree/disagree
11. The lighting is too cold for me or my work agree/disagree
12. The lighting color temperature is just fine for me or my work acree/disacree
(other physical factors) & &
13. The lights flicker throughout the test agree/disagree
14. There is an unwanted humming noise of the lighting system .
. agree/disagree
(overall attitudes)
15. Overall, the lighting is comfortable agree/disagree
16. Overall, lighting in the office environment is acceptable agree/disagree
17. Overall, I like to live and work in this office lighting environment agree/disagree
Task satisfactions:
18. How do you rate the difficulty of the typing task you did?
: 5-scale, 0 ~ 4
(0 means easiest, 4 means hardest)
19. How do you rate your satisfaction with your typing task performance? S_scale. 0 ~ 4
(0 means the least satisfied, 4 means the most satisfied) ’
20. How do you rate the difficulty of the color matching task you did?
: 5-scale, 0 ~ 4
(0 means easiest, 4 means hardest)
21. How do you rate your satisfaction with your color matching task performance? (0 5-scale. 0 ~ 4

means the least satisfied, 4 means the most satisfied)
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ABSTRACT

Methods of evaluating qualitative and quanti-
tative characteristics of colour sensation have been
studied. An analysis of the proposed illumination
methods of colour objects for the purpose of their
“colouring” has been carried out. An experimental
installation has been developed, and visual expe-
riments were made to evaluate the colouring effect
of colour samples. A calculation of saturation and
Iuminosity of colour samples has been carried out
with illuminating by different spectral radiations.
Spectra of the radiations colouring (making more
attractive) different groups of colour samples have
been determined.

Keywords: light emitting diodes, colouring ef-
fect, colour samples

INTRODUCTION

One of the major characteristics of modern
light sources (LS) is the quality of colour repro-
duction (colour rendition) of illuminated ob-
jects. Colour rendition characterises an influ-
ence of radiation spectral composition of a con-
sidered source on the colour rendering of objects
in comparison with their colour when illuminat-
ed by a reference source. It is accepted practice to
estimate this using general colour rendering index
R,, which is recommended by CIE. The practice
of using fluorescent lamps (FL) when illuminating
multi-colour interiors, has shown that white light
FLs with the same correlated chromatic temper-
ature T,. and with close R, values but with a dif-
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ferent nature of the spectrum, can strengthen or
weaken some colours. This is expressed in the
increase or decrease of the colour luminosity or
saturation. From the point of view of colour ren-
dition, this is a negative effect, because colour
is distorted in comparison with the standard. But
strengthening colour saturation makes the object
more attractive and it becomes pleasant to the
observer. The property of colour improvement
is critical to modern light emitting diodes (LED),
as well as to FLs with three- and four-lined phos-
phors. As a rule, their R, is not very high, and
special indices of colour rendition are often low.
There are plenty of examples of FL application
where colours of illuminated object appear to be
brighter, more beautiful, and juicier. In Germa-
ny, special FLs are manufactured for meat, fish,
fruits and vegetable illumination, so that the cus-
tomers perceive them to be more fresh and beau-
tiful. However, these are protected technologies,
and little is published about them.

The colour of an object is determined by the
nature of its reflection spectrum. The brighter the
colour is expressed, the narrower is this spectrum:
tomatoes mainly reflect red rays, oranges — or-
ange and yellow rays, and a white paper sheet re-
flects the entire spectrum of the incident white
light. Thus, in order for coloured objects to appear
more beautiful (to be more colourful), it is neces-
sary that the maximum in the LS spectrum falls
within the wave length interval corresponding to
the maximun spectral reflection factor of these ob-
jects. And in doing so, LS radiation should remain
white, so that it can be used for general illumina-
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tion and to create comfortable conditions for long
term occupants.

It is obvious that with the emergence of LEDs,
finding such a radiation spectrum becomes easier.

The colouring effect can have different appli-
cations. In retail, for example, that is to attract the
customer’s attention to certain groups of goods or
for window dressings with display goods of certain
colours. It should be noted that it is not a question
of colour illumination but of white light LS ap-
plication, which makes objects brighter and more
expressive.

It is recommended to illuminate confectionary
and pastry with LSs of low T,.. Frozen produce
is better illuminated using FLs with 7, of 4000—
6500 Kand R, > 85. To illuminate meat products,
lamps with a special spectrum accentuating natu-
ral red and pink colours are often used. Vegetable
and fruit departments are traditionally illuminat-
ed with bell type luminaires or with searchlights
of directional light with MHLs equipped with ce-
ramic torches.

To strengthen the colour and to increase the
attractiveness of different types of products, LED
LSs could be applied with a corresponding radi-
ation spectrum. To illuminate multi-colour ob-
jects, LSs with R, > 90 are applied as a rule, so
that colour rendition can be more precise, espe-
cially for products with different spectral reflec-
tion. Martini Light HD RETINA LED Company
has proposed a new technology specifically intend-
ed for illumination of multi-coloured objects and
for giving them a saturated bright shade.

A purpose of this paper is to determine the na-
ture of LED radiation spectra to create a colouring
effect for colour objects, under conditions of white
colour perception stability.

DEVELOPMENT AND CREATION
OF THE EXPERIMENTAL
INSTALLATION

An aim of this study was to simulate an LED LS
spectrum, under which colour objects perceived
by experts would seem more beautiful and brighter
in comparison with the same objects under stan-
dard illumination conditions. It was also necessary
to estimate the degree of colouring comfort. There-
fore an installation simulating different spectra
of LED radiation and different conditions of col-
our object illumination was created. The model
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Ir.

Fig. 1. Structure of the experimental installation

proposed in work [1] was taken as a base. The ex-
perimental installation contained a light source,
an illumination device, a control device (CD) and
adaptometer.

The LS was simulated by a LED set, which al-
lowed creating spectra of white radiation corre-
sponding in particular to different 7, and R,,. Col-
our LEDs of XP-E series of CREE — Royal Blue
Company (3 pieces), Green (8 pieces), Amber (29
pieces) and Red (8 pieces) were used.

The illuminator looked like a metal rectangular
parallelepiped with dimensions of 350%x350% 150
mm?3. It was covered inside with sheets of white
microporous polyethylene terephtalate (MCPET)
with high reflecting properties, produced by Fu-
rukawa Company. The cover, to which LEDs were
attached, was made of aluminium alloy, 3mm
in thickness, which provided an effective heat re-
moval. For the diffuser material, a matted perspex
was selected.

For operation of the illuminator, CD of Rain-
bow Electronics Company (driver) was used.
For LED radiation flux control, P-CPU-AT-
RS485-P130x46-RT007 board was applied.
It transformed digital eight-bit signals from a mo-
nochromatic screen, into PWM signals supplied
to each CD.

A piece of plywood 12 mm in thickness was
used as the material for the adjustable chamber.
The size of the structure was 760x500x500 mm?.
To provide non selective reflection conditions and
uniformity of illuminating colour samples placed
into the adaptometer, its inner surface was paint-
ed with white matte paint. In Fig. 1, the adaptable
chamber with illuminator is presented.

The experimental installation allows changing
radiation spectral composition by means of dim-
ming the luminous flux of colour LED chains.
In that case, light remains white with a small
shade. This makes it possible to illuminate colour
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Table 1. Dimming levels of four signals of a light-emitting diode light source when simulating
an incandescent lamp with 7, = 2800 K

LED LS components

Dimming levels of LED LS components

G A

IL with 7, = 2800 K 60

115 100 65

objects placed in the adaptometer using radiation,
which creates a colour strengthening effect.

Saturated colour samples of the Moscow Pow-
er Institute (18 pieces) were selected as observation
objects. They were placed on a grey background
with a reflection factor of 0.5 (in order to avoid
a big contrast with the surface of the adaptometer,
which had reflection factor of 0.7).

The luminous flux of the light emitting diodes
was dimmed using Python: setting signals of cor-
respondent components R, G, B and 4 (from 0
to 255) and obtaining different versions of the
spectrum.

The vertical plane surface, where observation
objects were placed, had an illuminance of 500
Ix, which remained constant with each spectrum
versions.

Strengthening object colours of different chro-
maticity was achieved by increasing the radiation
portion in the reference LS spectrum within wave-
length intervals correspondent to this chromaticity.
An LS model of type A with 7. of 2800 K compris-
ing four LEDs as specified above was used as the
reference LS, with which the investigated LS could
be directly compared. Control signals set with Py-
thon for the reference LS are given in Table 1.

LED spectra in red, yellow, dark blue and green
areas, which caused inadmissible colour strength-
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ening, were experimentally derived. The interval
from the reference LS spectrum to the spectrum,
which caused inadmissible colour strengthening,
was divided into five sites. As a result, we obtained
six points that is by six LED LS radiations for each
group of colour samples (red, yellow, dark blue and
green samples).

CONDUCTING THE EXPERIMENT

The experimental part of the work consisted
of two stages. In the beginning, the degree of at-
tractiveness for red-yellow and then blue-green
samples of the MEI was estimated using a five-
point scale, going from illumination by an incan-
descent lamp to illumination by the simulated LED
LS with 7. of 2800 K. Experiments with observa-
tion of red-yellow and then of blue-green samples
were made separately. Accordingly, histograms
were plotted to estimate red-yellow (Fig. 2) and
blue-green (Fig. 3) colour samples of the MEI.
The x axis shows a categorical evaluation of the
samples, and the y axis — the number of observers
who reported in each category. According to the
obtained results, luminous flux of the simulated
LED LS is enough in the dark blue, green and yel-
low spectrum parts. In the red part, the luminous
flux is not enough, causing the claret-coloured and

B Sample Ne9
W Sample Ne10
Sample Ne11l
W Sample Ne12
B Sample No13

Sample Ne14
Sample Ne15
Sample N216
Sample Ne17
Not really Really not
pleasant pleasant

Fig. 2. A comparison histogram of subjective evaluation of colours of red-yellow samples with illumination using an
incandescent lamp and the light-emitting diode reference source
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Fig. 3. A comparison histogram of subjective values of colours of blue-green samples with illumi-nation using an incan-
descent lamp and the light-emitting diode reference source

purple samples to darken and disappear. Spectrum
of the reference LED LS is given in Fig. 4 (black
dotted line).

The aim of the second part of the experiment
was to find LED LS radiations, which would “em-
bellish” some colour objects. Therefore, observa-
tions were carried out separately with red, yellow,
dark blue and green samples of the MEI (since
it was required to make recommendations con-
cerning illumination of objects of specific shades).
The colouring degree was evaluated using a bina-
ry system stimulus evaluation: “plus” and “mi-
nus”, which was implemented by the presentation
method.

The observers awarded a “plus” to radiation
with which colour samples would become bright-
er, more saturated, “purer”, more “flaring” and
different by a comparison with the simulated refer-
ence radiation. In doing so, the white background
of the adaptometer was perceived as white, and the
skin of a person slightly changed its colour. Ob-
servance of this condition allows later on recom-
mending the spectra obtained in the experiments
both for accent illumination of specific objects,
and for general illumination.

A “minus” evaluation was given to such a ra-
diation, with which colour samples had a “dirty”
shade, did not differ from others and were not very
saturated. Or, on the contrary, it was given to radi-
ation, with which samples were so bright and sa-
turated that they caused discomfort, and skin co-
lour became unrecognisable. According to work
[2], in this case one could approximate distribu-
tion of the answers using a Gaussian distribution,
processing the experiment results by statistical
methods.
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As noted above, six radiation spectra for each
group of the MPEI samples were obtained, and
they were shown to the observers by five times
in an arbitrary order, which would exclude any
guesswork. The observer was asked to say whether
the simulated radiation strengthened the sample
colour in comparison with the reference LS. The
reference illumination version was shown to the
observers in equal proportion with the other radi-
ations. The responses were recorded into a visual
evaluation report. The numbers of samples, which
were most pleasant to the observers when illumi-
nated with the best radiation, were also recorded.

Statistical processing of the observer answers
in the second part of the experiment was per-
formed by the probit method [3] based on the data
of the reported visual evaluations. According to
this method, values of the stimulus correspond-
ent to the 50% probability of detection of the co-
louring effect and of the mean square deviation
of this value were obtained. According to these
data, weighed average values of the stimulus and
of the dispersion were calculated. Thus to create
the colouring effect when illuminating red sam-
ples, one should select red “radiation #3”, when
illuminating yellow samples, it should be yellow
“radiation #2”, when illuminating dark blue sam-
ples: dark blue “radiation #3” and green samples:
green “radiation #3.

CALCULATION OF CHROMATIC
CHARACTERISTICS OF RADIATIONS
AND OF ILLUMINATED OBJECTS

Measuring spectra of the “embellishing” radi-
ations was made using MJ1P-206 monochromator



Light & Engineering

Vol. 24, No. 2

Table 2. Saturation (/) and luminosity (B) values for red and yellow samples

R radiation
:Et\) KE‘ = 3 i‘ 3 = o
~ < = < N N o =
3 g S 3 s S * S &
S S = ~ &S X =
13 86 82 93 106 191 158 318 342
14 95 94 76 91 368 313 228 256
15 93 99 63 80 528 456 171 197
16 83 90 52 67 656 586 139 158
17 68 80 37 52 939 856 96 98
A radiation
s 3 3 3 2 S = = Q
3 T T m“ f ol oy
9 30 28 70 75 39 41 434 437
10 32 28 66 71 21 21 416 419
11 45 40 84 88 40 35 399 404
12 59 52 89 93 85 75 375 382

with grating groove of 1200 at 1 mm (the obtained
spectra are given in Fig. 4).

Radiation colour and chromaticity coordi-
nates were computed, and then plotted on the XYZ
chromatic diagram together with the allowances
for white radiation as ellipses. The chromaticity
of the investigated radiations was outside of the
FL allowances for white radiation. Nevertheless,
during the experiments, the observers did not per-
ceive a strong distortion of the white background
and of hand skin colour.

According to the obtained results, chromatic
characteristics of colour samples were computed
when illuminating with reference and “embellish-
ing” radiations. They showed that when illuminat-
ing colour samples with “embellishing” radiation,
the integral reflection factor increases. Because
of this, the samples under investigated radiation
conditions seem more saturated, colourful and
bright.

Then, by means of a uniform-chromatici-
ty-scale diagram of the v v .V Systemcorrespond-
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ing to the luminance relation of the object and
background L,/L, = 2, saturations of all the sam-
ples were determined when illuminated with the
reference LED LS and with investigated radia-
tion for each group accordingly. It was also found
that the colour chromaticity of red samples moves
to a redder spectrum area, of yellow samples — to

4.5 T T 1

—_— r ()
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ba (3)

3.6
—_— Db (3)

3.15
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Fig. 4. Spectra of colouring red, yellow, dark blue, green
and of the reference light-emitting diode radiations
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Fig. 7. lllumination of a multi-colour composition using the reference radiation (at the left) and B radiation (on the right)

Fig. 8. lllumination of a multi-colour composition using the reference radiation (at the left) and G radiation (on the right)
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Table 3. Saturation (H) and luminosity (B) values for dark blue and green samples

B radiation
3 N T AT B~ T
g g 3 S g §° g S )
3 x & < < = =
1 41 48 33 90 957 732 111 221
2 58 71 51 95 720 610 151 167
3 60 74 51 93 746 627 147 163
4 68 75 52 90 630 508 166 184
18 13 14 16 90 911 730 108 220
G radiation
3 I - - T A A A
s g g S 3 X = 3 S
S & T S S < x
5 54 48 42 68 510 441 186 202
6 52 53 43 69 634 559 149 161
7 56 53 45 70 645 595 137 149
8 36 39 40 68 448 405 200 208

the yellow-orange area, dark blue samples moves
to the blue-violet area, and that of green samples
moves to the green area. These results correspond
with the subjective estimations, when the observers
perceived an increase of luminance and saturation
of sample colours.

Calculations colour sample saturation in two
uniform-chromaticity-scale systems: CIELAB and
v,v,v, were performed. The results are given in Ta-
bles 2 and 3 for red and yellow, dark blue and green
samples respectively.

An analysis of the calculation results shows
that saturation in the CIELAB system for red sam-
ples increased from the reference radiation to the
investigated. This is contrary to the calculation
in the v,v v, system. Luminosity in the v,v v,
system increases. In this case, it was minimal only
for sample 17, and it was at maximum for sample
13, which is very different upon observation. Such
a dispersion of the results can be explained by the
fact that in the graphic method, an isoluminance
plane was used with L,/L, = 2 ratio, and in our
case, this relation is changed. Also, the CIELAB
system does not account for the inductive influ-
ence of environmental fields [4] and does not de-
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scribe the unequivocal connection of colour object
luminosity with the luminance for any chromatic-
ity, which in its turn excludes a possibility to de-
script colour “flaring” effect (Helmholtz-Kohl-
rausch phenomenon). Thus, due to the luminos-
ity increase, red samples become more attractive
to a greater extent.

To show the colouring effect of colour objects
more obviously, a multi-colour composition was
created, which was illuminated with the reference
radiation and with the obtained investigated radi-
ations (Figs. 5—8, see p. 63).

When analysing the results, it can be seen that
going from the reference radiation to the investi-
gated, saturation (according to the v v Vs system)
decreases, and luminosity increases. Thus with the
colour “flaring” effect, our visual apparatus reacts
precisely to the change in luminosity, rather than
to saturation change. In this case, both samples
with too high luminosity levels, and those where
levels were too low, appear uncomfortable to the
observer. In Table 4, intervals of saturation and
luminosity values needed to create the colouring
effect of colour objects of different chromaticity
are given.
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Table 4. Ranges of values of saturation (H) and lightness (B) for “embellishment” of colour objects

Colour of objects H, thresholds B, thresholds
Red 300-600 150-260
Yellow 35-75 380440
Blue 500-630 160-190
Green 440-600 145-205
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ABSTRACT

The high level of daylight performance is cru-
cial to increase academic and work performance
of students and staff in educational buildings which
are mostly used during the daytime. New design
solutions have potential to reach optimum light-
ing conditions and minimum energy consump-
tion. So, the purpose of this study is to evaluate
and propose an energy efficient lighting design for
an educational building. The aim is to find the op-
timum type of shading device with appropriate slat
angles, transmittance of glazing, and the luminaire
type/layout as well. Utilizing DIALux simulations,
scenarios for combinations of these inputs are test-
ed for classrooms, offices and a laboratory, which
are non-identical due to their orientation, size,
window characterization and facade organization.
The procedure covers all significant days (winter/
summer solstice and equinoxes) during one year.
Such an integrated approach would be proposed
for lighting design and retrofit applications.

Keywords: retrofitting, shading device, energy,
daylighting, artificial lighting, simulation

1. INTRODUCTION

The physical environment has significant im-
pacts on academic performance and alertness
of students in educational buildings which are oc-
cupied mostly during daytime [1, 2]. The utmost
concern is to benefit from daylight efficiently, to
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avoid visually uncomfortable conditions (i.e. glare
occurred by excessive illuminance) and to apply
energy efficient lighting strategies simultaneously.
A special attention is necessary in their design and
in retrofitting process afterwards.

Though energy efficient artificial lighting fix-
tures and light sources are selected and located
in their right positions and layout, improperly de-
signed educational buildings, which do not meet
the necessary illuminance and uniformity require-
ments, allow the use of artificial lighting unreason-
ably. To illustrate proper requirements, work plane
horizontal illuminance range from 300 to 500 Ix
in classrooms and offices. Higher illuminance va-
rying from 500 to 750 Ix is necessary in laborato-
ries [3]. Uniformity is recommended to be above
0.67 according to DIN5034 [4]. To exemplify such
an improper design, uncontrolled direct sunlight
passing through the glazing in a facade without
any sun protection components can only be avoid-
ed using curtains, which also block daylight com-
pletely inside the room. On the contrary, excessive
amount of daylight in the interior and unbalanced
distribution lead to glare problems. In those cases,
shading devices provide sun control to balance the
illuminance levels.

Several studies figured out impacts of building
orientation, shading devices on the daylight per-
formance and energy efficiency [3, 6]. One study
analysed users’ responses to the visual comfort
survey, percentage of facade glazing and the rec-
ommended daylight autonomy to reduce electrical
lighting energy consumption in an office building
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Table 1. Geometrical properties of selected rooms

DESCRIPTION Room A

RoomB [ RoomC | RoomD | RoomE | RoomF

Southeast

ORIENTATION

Southwest | Northwest [ Northeast | Southwest | Southeast

Type Class

Class Office Lab Office Lecture Halll

Lighting Row No. & Total Lighting No. 3&9

3&9 6& 18 [ 3&30-3&24 3&3 4&24

Width, m 6.40

6.40 6.50 22.90 3.10 13.00

Depth, m 9.80

9.80 12.40 12.10 6.60 9.85

Height, m 3.60

3.60 330 3.30 2.60 3.40

Floor Area (m”) 61.13

62.83 80.36 268.82 19.70 128.19

Width, m 2.90

2.90 2.90 2.90 0.95 0.95 & 1.40

Height, m 2.55

2.55 1.80 1.80 2.50 235

Height fromFloor, m 1.05

1.05 1.05 1.05 0.10 1.05

WINDOW

Total Glazed Area (mz) 14.80

14.80 10.44 36.54 4.75 18.92

Window-to-Wall Ratio (WWR %) 63

63 49 48 59 43

[7]. Another one focused on several lighting retrofit
scenarios for a hall in the university campus. The
study involved calculations of energy consump-
tion relying on LEDs and different types of fluo-
rescent lamps in each scenario [8]. One research
proposed a simplified method to predict the energy
savings of artificial lighting in relation to daylight-
ing [9]; while others focused on the impact of ex-
ternal shading devices on daylight penetration and
its performance [10].

The aim of this study is to retrofit an educa-
tional building in terms of lighting criteria by pro-
posing the optimum slat angles and types of shad-
ing devices according to orientation. The oth-
er objective is to find the appropriate and energy
efficient type and layout of luminaire to provide
an adequate uniformity and support illuminance
in deeper spaces and to attain minimum electrici-
ty consumption. So, both daylighting and artificial
lighting are considered together as an integrated
system. The values of parameters (slat angle and
type of shading devices, transmittance of glazing,

and type of lamp and luminaire layout/type) are
evaluated comparatively and determined corres-
pondingly under different design scenarios for an
educational building’s lighting retrofit.

2. THE PROCEDURE

2.1. Description of the case rooms
and measurements

The case building is an educational building
in Izmir Institute of Technology (38°N latitude,
26°E longitude). A total of six rooms in this build-
ing were selected to conduct DIALux simulations
[11]. Their physical and geometrical properties,
the layout and technical properties of the artificial
lighting system were obtained from architectural
and electrical/lighting system drawings and field
observation, Table 1, Fig. 1.

Measurements of horizontal work plane day-
light illuminance were taken using a digital illumi-

Fig. 1. Interior and exterior views of windows in Room B
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Fig. 2. Examples of options for shading devices

nance meter with an attached silicon photo diode
receptor head, at 2.30 PM on December 4th, 2014.
Its measuring range is 0.01-299, 900 Ix. The sky
condition was partly-cloudy. The optical properties
of the glazing and surface materials were measured
and calculated using both the illuminance and the
luminance meter according to the method used
in a previous study [12]. The reflectance of sur-
face materials for walls, floor and ceiling were de-
termined according to the Lambertian reflectance
formulation. The reflectance of wall, floor and
ceiling were 68%, 25% and 87% respectively. The
transmittance of glazing was measured as 36% ac-
cordingly. Measured values were employed in DI-
ALux model to correspond to the actual case be-
fore proposing retrofit scenarios.

2.2. Alternative retrofit scenarios using
DIALux

DIALux performs daylight illuminance calcu-
lations, taking into consideration external obstruc-
tions, artificial lighting illuminance and its energy
consumption as well [11]. The simulation-based
models involved variants of shading devices, lumi-
naires and glazings of sample rooms. Alternative
retrofit solutions were proposed in terms of energy
efficient lighting criteria. There are a total of nine
alternative retrofit scenarios (S1-S9), which are
derived from combinations of input values. These
inputs are transmittance of glazing, type of shading
devices, slat angles, type of luminaires and their
layout. Three alternatives of transmittance of glaz-
ing (GT) were determined in retrofit simulations.
GT1, GT2 and GT3 display the high (90%), me-
dium (70%) and low (50%) transmittance, respec-
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tively. A higher-reflected-wall surface (80%) rather
than the actual one was attained as an input in ret-
rofit proposals. The base case scenario (S0) was
implemented using the actual measured values.

A shading device acts to balance the light distri-
bution on the horizontal work plane, while prohi-
biting the excessive penetration of sunlight to pre-
vents overheating. Three types of shading system,
a light shelf, horizontal shading devices (HSD)
and vertical shading devices (VSD) have been pro-
posed for each window including variations of slat
angles and slat distances (Fig. 2). Slats are mova-
ble from 0° to 90° with 15° intervals where 0° is ac-
cepted as open and 90° as closed. These slopes are
valid for both HSD and VSD. The slat width is ta-
ken as 25 cm. Upper and lower slats move inde-
pendently from each other. For example, scenario
3(S3) involves HSD with 30 cm distance between
slats and all slopes (0°, 15°, 30°, 45°, 60°, 75°, 90°).

The actual luminaire used in this building
is a recessed modular type holding 4 TL-D/18W
fluorescent lamps. Its total power is 70W, total lu-
minous flux is 3834 Im. The retrofit scenarios in-
volved replacing existing type of luminaires with
LEDs’. The total power of the new LED panel
with a similar luminous flux (3400 Im) is 41W.
As it is essential to minimize the lighting power
density [13] for the energy efficiency, LED type
of luminaire with a similar luminous flux was cho-
sen in retrofit scenarios. Luminaire layout is de-
fined according to the number of luminaire rows
which are switched on. For example, one alterna-
tive of luminaire layout included one working row
near to the rear wall and others were switched off,
while another alternative represented two work-
ing rows.
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Fig. 3. Flowchart for scenario application steps (w/o: without).

The outputs are illuminance (Ix), uniform-
ity, LENI (Lighting Energy Numeric Indicator
[kWh/yr.m?2] and the annual lighting electricity
consumption [kWh/yr]. The European standard
EN-15193 prescribes LENI values for educational
buildings of (27—34.9) kWh/yr.m? with basic re-
quirements [ 14].

As laboratories need higher illuminance (500—
750) Ix than classrooms and office rooms (300—
500)Ix [3], LENI are stated in a range of (41.8—
51.9) kWh/yr.m? with comprehensive require-
ments [14]. Uniformity values should be above
0.67 according to DIN5034 [4]. In general, light-
ing consumes almost 10—50% of total electricity
consumption in buildings; specifically 30—40%
in office buildings. Recent studies search for new
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design/or technological strategies to reduce LENI
below 10 kWh/yr.m?2 [13, 15]. To calculate lighting
energy consumptions of buildings, Building Ener-
gy Performance Regulation (2008) and the Ener-
gy Calculation Method (BEP-TR) in Turkey have
been adopted depending on the European Stan-
dard EN-15193[14], which defines the parameter
of LENI. As it is known that LENI depends also
on the daylight availability and is associated with
the daylight climate; and climate in Izmir differs
from the one in Europe, the recommended values
may not fit the real situations in Izmir. Utilizing
this kind of study, it is expected to provide useful
information for developing such further standards
and recommendations which are significant to our
country’s actual climatic conditions.
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Fig. 4. Comparison of measured and simulated daylight illuminance for Room B

The electricity use was calculated for each
single three-hour-periods (9:00 AM-12:00 PM;
12:00 PM-3:00 PM; 3:00 PM-6:00 PM) for win-
ter/summer solstices and equinoxes. The whole
year is subdivided into four periods due to seasons.
The assumption here is that results for one signifi-
cant day, i.e. winter solstice, are the same for oth-
er days in i.e. winter period. Each seasonal period
identified by winter/summer solstices and equi-
noxes, covers 75 working days seperately. The an-
nual electricity use corresponds to 300 days. Steps
of scenario applications are given in Fig. 3.

In detail, retrofitting consists of a total of nine
scenarios. First, DIALux performed the base case
model for December 215t/June 215t and March
215t/September 215t. Second, simulations were run
for a total of seven daylighting and energy efficien-
cy improvement scenarios only for the day of De-
cember 215t All simulations were produced under
clear sky conditions. Third, one scenario including
HSD, which resulted in the optimum illuminance
and uniformity values; and another one including
VSD were selected. Fourth, these two optimum
scenarios were assigned as S8 and S9, respective-
ly. They involved LED lighting fixtures, which re-
placed the existing fluorescent ones. So, it was pos-
sible to test their energy efficiency and to compare
the results in terms of illuminance and uniform-
ity. The calculation methodology for the annual
lighting electricity consumption is simplified due
to the standard EN15193. It takes into account the
number of working luminaires and their working
time i.e. for the winter solstice when S8 and S9 are
the concern. For example, one row corresponds to
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three luminaires, which are switched on for only 3
hours, i.e. at noon.

daily energy consumption = luminaire power

X number of working luminaires X working (1)
time
seasonal energy consumption = Daily energy @)
consumption X 75 days
seasonal LENI = seasonal energy consump- 3)

tion / floor area

Reduction and simplification of calculations,
as above, make them flexible and available for
short time stamp evaluations. The sum of season-
al electricity consumptions results in the annual
one presently.

Fifth, the simulation generated outputs of the
optimum case for HSD (S8) and the optimum
case for VSD (S9) with fluorescent lighting fix-
tures for the equinoxes and the summer solstice
over again. Sixth, models leading to unbalanced
daylight distribution were retrofitted additionally
by means of installing vertical and horizontal slats
and of modifying the slat angles. Finally, the find-
ings for the solstices and equinoxes showed us the
improved scenarios containing the optimum shad-
ing device type, slat angle, lighting fixture layout
and type. The calculations presented the electrici-
ty consumption of fluorescent and LED luminaires
for all seasons. Seasonal LENI values (sLENI),
which are identified here, are necessary to assess
each scenario separately considering their response
to seasonal conditions. According to this procedure
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Fig. 5. Distribution of daylight illuminance for Room A in SO

the determination of the optimum HSD and VSD
was based on the solstice and equinox conditions
and LENI on the electricity consumption. The
optimum application of HSD and/or VSD pro-
vides adequate conditions of daylight illuminance
and uniformity while its role in the determination
of the layout of working luminaires remains initial-
ly. The outcome designates the luminaires, which
are counted in the energy consumption calcula-
tions and, by the way, in the LENI calculations.
The subsequent step is to find out what would be
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the least consumed energy if the fluorescent type
of lamp replaced to be the LED.

3. RESEARCH FINDINGS

Field measurements aimed to determine the
actual daylight performance and to validate the
base case scenario by comparing illuminance and
uniformity. The target daylight illuminance was
set as 500 Ix and the uniformity as 0.6 according
to recommendations [12—14] in evaluation of sun
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Table 2. Retrofitting the Results for the HSD for Room A facing with Southeast

SD: Shading Device (length=25cm); Angle u: upper L: lower
LL: Lighting Fixture Layout; n: Number of Lighting Row (on)
Panel length: 25 cm
Vertical; height: window height location: head of each side of window
W/S Solstices ILLUMINANCE (Ix) UNIFORMITY
Hour & SD LL Ul u2
Equinoxes Angle n E,, Enin Enax
q g Emin/Eavg Emin/Emax
December 21st 111:73;)0 2 487 396 591 0.81 0.67
March 21st ?:76;_)0 2 513 459 605 0.89 0.76
9 AM
June 21st lu:_g%o 1 478 300 589 0.63 0.51
September 215t ‘1‘:;‘ 55 2 504 442 597 0.88 0.74
December 21st u=75° 487 394 598 0.81 0.66
March 21st I=75° 446 326 577 0.73 0.57
12 e June 21st ‘1‘:155 2 547 500 657 091 0.76
September 21st 111:77550 450 338 579 0.75 0.58
December 21st 507 439 602 0.87 0.63
March 21st ‘1‘:613 566 520 642 0.92 0.81
3PM June 21st 2 508 438 612 0.86 0.72
u=45°
September 21st 1=90° 488 387 593 0.79 0.65

shading systems. It was observed that there was
an unbalanced daylight distribution in this class-
room. Its uniformity (almost 0.1—0.2) was very low
and the illuminance at approx. half of the meas-
urement points was below the recommendations
(500 Ix). The area close to the windows was very
bright when compared to the rear area, Fig. 4.
Thus, it was necessary to propose a shading system
to achieve a uniform daylight distribution.

A lineer regression diagram was used to validate
the DIALux model. The coefficient of determina-
tion (R?) and the lineer regression equation were
calculated by using Excel. Value R2? was equal to
97% and confirmed the high accuracy of the mod-
el. This is an indicator for approx. 97 % chance
of prediction power of the measured values by us-
ing the simulated values. Consequently, the simu-
lation outputs fit the field measurements very well.

Specifically, the measured illuminance was greater
than the simulated ones (Fig. 4).

Retrofit simulations were conducted at 9:00
AM, 12:00 PM and 3:00 PM for winter/summer
solstices and equinoxes under clear sky conditions.
DIALux implemented every possible combination
of slat angles, glazing and luminaire choices ac-
cording to scenarios as mentioned in previous sec-
tion. So, the analysis tool was run for almost 250
simulations for each case room. As this process was
repeated for each six room, a total of 1500 simula-
tion results were evaluated all together.

Regarding simulation results, which represent
base case conditions for Room A, there was an
unbalanced daylight distribution during the day
due to the direct sunlight inside the room on De-
cember 215t. This day corresponds to the worst
scenario; since, the sun elevation gets lowest inci-
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Fig. 6. Room A-False colour rendering (in plan) for retrofitted S8

dent values. The direct sunlight can reach at the
rear wall during the morning hours; in the mid-
dle of the room at noon, Fig. 5. Daylight illumi-
nance exceeds approximately 1000 Ix mostly dur-
ing the day. Even in summer period, disturbing
bright area is almost one third of the whole floor
area during the morning and at noon. The dark-
est region in this room received a very low level
of daylight in the afternoon annually. Curtains are
indispensable for such existing situations in the
classroom to prevent direct sunlight. However,
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they cause the use of artificial lighting system dur-
ing the day.

To improve its uncomfortable lighting con-
ditions, Scenario-S4 (Table 2) contained HSDs
whose slat distances were 20 cm. They controlled
the penetration of sunlight and daylight; thus, uni-
formity varied from 0.46 to 0.89. This led to a com-
fortable and stimulating visual environment. Using
all glazing transmittance values (GT1, GT2 and
GT3), daylight illuminance was within the range
of recommended values (300—500) Ix. S4-FT1 was



Light & Engineering

Vol. 24, No. 2

LENI values for Winter Period according to December 219
110 7

BC
L Berve Cone
- HED
a0 Harlrantal
z Sthadlng
i 7007 Device
£ &0
= VED
= 50 Vertical
B Shading
Z w0 - Device
= g
Lo
TEL 8 B .
% ® Fluorescemt
WLED
1.0 Be
100 Berser Came
i HED
Y Marissatal
"E Shading
e 0T Davice
=2 a0
= VEI
@ g Verttoal
1 Shading
Z a0 Device
= 30
0
Lo
12+

u Fluorescent
*| WLED

LENI values for Summer Period according to June 21"
1.0

BC
100 Berve Cane
5.0 HED
T Horizanal
uE Shading
i 70 - Device
; 60 VED
= ogp Versteal
= Shading
G 40+ - Device
= 104
14
10
o4 + 1
® Fluores cent
=LED
LENI values for Avtomn Period sceording o Seplember 214
110 7
BC
LS Berse Case
801 HSI
- 8.0 1 Morizanial
L Shiading
g 104 Divice
z 60 VED
= 50 Fertical
= Shaateig
FRRLE Device

| = Fhsorescent
5LED

Fig. 7. sLENI values in winter/summer solstice and equinoxes for all case rooms.

found to be the most appropriate solution among
the HSD scenarios in terms of uniformity. Upper
and lower slat angles were 30° and 75° respectively
in the morning, in this scenario. At noon, all the
slat angles were 75° and two rows of luminaires are
turned on. In the afternoon, upper and lower slat
angles were 15° and 60° respectively and two rows
of lighting fixtures are switched on.

S7-FT3 was proposed as the optimum one
among the VSD scenarios. In S7-FT3, upper and
lower slat angles were 45° and 30° respectively and
two rows of lighting fixtures were in the working
condition in the morning. At noon, upper and low-
er slat angles were 45° and 75° respectively. Only
one row of luminaire was able to support the light-
ing level near the back wall. As all slat angles of the
shading system were 75°in the afternoon, very low
illuminance values were merely raised utilizing all
artificial lighting system.

LED luminaires were integrated in S4-FT1 and
S7-FT3 at this time. We named the former S8 and
the latter S9. The photometric characterization
of LED fixtures resulted in higher uniformity val-
ues. At noon, uniformity was increased from 0.79
(S4-FT1) to 0.92 (S8). It was rised up to 0.82 (S9)
in the morning. Room A-False colour rendering
(in plan) for retrofitted S8 is presented in Fig. 6.
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Fig. 7 displays the sSLENI values for all opti-
mum HSD and VSD scenarios which initially ful-
fill the requirements of illuminance and uniform-
ity. To discuss these scenarios furthermore due
to desired energy consumptions, the proceeding
step is to check which solution (HSD versus VSD)
has the lower sSLENI value; since both HSD-and
VSD-retrofits are successful due to comfort levels.
This process is accomplished for winter solstice;
then, it covers the whole year to fig. out wheth-
er the optimum retrofit option for the worst time
in a year would be additionally successful due to
change in seasonal periods or not. Thus, the op-
timum solutions are obtained for HSD as S4-
FT3 and for VSD as S7-FT3 on December 215
in Room B; for HSD as S4-FT1 and for VSD
as S7-FT2 in Room C; for HSD as S4-FT1 and
for VSD as S7-FT3 in Room D; for HSD as S4-
FT3 and for VSD as S7-FT3 in Room E; for HSD
as S4-FT2 and for VSD as S7-FT3 in Room F.
A general conclusion depicts the dependency
of sSLENI on room orientation. Common retrofits
are, conversely, valid in the whole year for each
room. Specifically, HSD scenarios are found to be
energy efficient solutions for Southeast and South-
west facade in relation to the geometric attributes
(depth, width) of the room in this study.
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4. DISCUSSIONS AND CONCLUSION

Reasons, which cause deficiencies in lighting
conditions are stated as below:

* Facade configurations are independent
of orientation and size in actual case. While there
are large overhangs on North facade, prevent-
ing the penetration of diffuse daylight; there is no
shading device on South facade resulting in the
penetration of excessive direct sunlight.

* Despite the window-to-wall ratio is enough
due to standards, room depth is higher than the
required value. This caused insufficient amount
of daylight in large rooms.

* The coated glazing, which is against high so-
lar gain (the transmittance of glazing was almost
36%) minimizes the passage of daylight through
the glass as well.

To improve above conditions, this study re-
vealed scenarios bouncing design variants of shad-
ing devices and energy efficient lighting system re-
lying on solstices and equinoxes.

Findings of illuminance derived from optimum
solutions (S4-FT1 and S7-FT3) ranged from 480
to 532 Ix on December 21th; similarly, that illumi-
nance interval was kept similar in the whole year
including a few exceptions observed at noon. Low-
er illuminance values were read at noon. The rea-
son behind these exceptions may be the high pro-
tection of sun shading due to the higher slat angles.
The uniformity varied between 0.46 and 0.89 dur-
ing the year. Replacement of LEDs caused higher
values of uniformity (0.63—0.92), but not signifi-
cant change in illuminance.

The evaluation of the electricity use for peri-
ods was based on sLENI. Although Room E and
Room B were two rooms facing Southwest (i.e.
the same orientation), the installation of VSD
in Room E was more energy efficient (4.8 kWh/p.
m?2) than the use of HSD (5.5 kWh/p.m?) in the
same room on Dec 215t. Either the use of VSD or
HDS did not make any difference in SLENI (5.5
kWh/p.m?%/flourescent) in the summer solstice and
equinoxes. This condition was just the opposite
when Room B was the concern. The application
of VSD in Room B was more efficient (4.5 kWh/p.
m?/flourescent) than the use of HSD (5.2 kWh/p.
m?/flourescent) in the same room on June 215t
Their use did not influence sLENTI either in win-
ter solstice (4.5 kWh/p.m?/flourescent) or equi-
noxes (4.5 kWh/p.m?; 5.2 kWh/p.m?/flourescent).
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The reason behind this situation is related to the
sun elevation and the depth of the room. In win-
ter, when sun elevations are low, the use of VSD
in the least depth rooms becomes the energy ef-
ficient solution. In summer, its installation in the
rooms with the highest depth results in the lowest
energy consumption. Consequently, findings are
in accordance to literature. The HSDs remained
as optimum solutions for Room A, D and F facing
Southeast and Northeast.

The best options for Room B and Room E fac-
ing Southwest were the VSDs. Room C facing
Northwest may involve either HSDs or VSDs and
neither of them affect the energy consumption
among solstices and equinoxes. The electricity
consumption became constant throughout the
year.

The sum of sSLENI values using fluorecent
lighting for each room were within the limiting
benchmark values (27—34.9 kWh/yr.m?) of en-
ergy efficient lighting design criteria defined
in EN-15193—1. Input parameters concerned
in this study do not match all strategies to reduce
the electrical energy consumption in retrofitting
[15], but there are many others related to electric
lighting installation and daylight harvesting. Still
the reduction in electricity use was almost in the
range 56—83% with the contribution of LED lumi-
naire, layout, transmittance of glazing and shading
devices. There would be more reduction when sen-
sors/dimming control systems are installed and the
design criteria maintain room depth, ceiling height
and window area satisfactorily.

Optimum scenarios lead to a high level of visual
comfort conditions and a low level of energy con-
sumption by positioning the slats with high angles
(60° or 75°). That blocks the view mostly. It is ob-
viously crucial to achieve visual comfort conditions
and less energy consumption without ignoring the
outdoor visual contact. The depth of slats may be
decreased and their geometry may be re-shaped
in this context.

It is best to set the slat angles by the control
of an automation system containing intelligent
sensors, which makes adjustments according to
the daylight illuminance. The application steps for
retrofitting scenarios would be an infrastructure for
further researches. Yet, this study implied feedback
information about deficiencies in the actual case
and optimum solutions to satisfy energy efficient
lighting criteria. Such a preceding study was con-
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sidered and its methodology was built to provide
foreknowledge for such a system design.
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ABSTRACT

The impact of ambient temperature rise and,
therefore T-point temperature rise too, on the life
time of LEDs is analysed in this paper. From the
research conducted so far it is understood that
life time resource of LEDs is mainly dependent
on junction temperature. For most of the high pow-
er LEDs, which are enclosed inside a luminaire,
dissipation of junction heat from the device is a ma-
jor concern for most of the manufacturers. In this
paper, an attempt has been made to investigate the
underlying constraints of heat dissipation and sub-
sequently using LEDs as a general light source.

The investigation is carried out in two steps.
Firstly, the degradation in light output with corre-
sponding increase in ambient temperature is ex-
plored. Secondly, the impact of increase in T-point
temperature on the lifetime of the LEDs is ob-
served. The experiment is conducted using high
power LEDs and the same is subjected to external
thermal stress. The temperature inside the environ-
mental chamber represents the ambient tempera-
ture for the LED and thus by gradually increasing
the ambient temperature the T-point temperature
is also increased. The temperature of the chamber
and the T-point are measured by using k-type ther-
mocouple. The corresponding data hence obtained
are tabulated and correlated with light output. The
results are analysed using statistical tool to obtain
the relation between the parameters.

Keywords: junction temperature, ambient tem-
perature, T-point, lamp life time resource
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1. INTRODUCTION

Narendran in 2001 concluded that LEDs are
prone to short lifetime if issues of thermal ma-
nagement are not properly addressed. This par-
ticular aspect is the most dominating constraint
for the LEDs as an alternative long term solution
of the issues pertaining to energy management [1].

Bullough in 2003 investigated the photomet-
ric features of the LEDs as a replacement for less
energy efficient light sources. Further to this, the
composition and spectral distribution was also in-
vestigated. The importance of LED driver and the
subsequent influence it has on the performance
of the LEDs as a suitable light source was also ex-
plored. [2].

In 2004, Xi and Schubert suggested a theoreti-
cal expression of temperature coefficient for diode
forward voltage. It was shown that the temperature
coefficient is dependent on the following factors:
(i) the intrinsic carrier concentration, (ii) the band
gap energy, and (iii) the effective density of states.
The results were verified with experimental obser-
vations for GaN UV LEDs [3].

Further to this in 2008, researchers discussed
the effect of the rise in T-point temperature to-
wards LED lifetime. The T-point temperature
is a vital parameter as it gives sufficient informa-
tion to the manufacturer on the issues of deg-
radation of LED lifetime due to heat. With the
aid of this piece of information a manufacturer
can design accordingly the size of heat sink, the
amount of drive current for the device [4]. The un-



Light & Engineering

Vol. 24, No. 2

Fig.1. LED life test chamber

derstanding of T-point temperature is an impor-
tant tool as it is related to the design of heat sinks
and methods to vent out the heat from the device.
A higher T-point temperature rating is an indica-
tion of a lower size of heat sink for the device.

The aspect of measurement of junction tem-
perature has been widely investigated and innova-
tive approach was derived from the research work
of Jayawardena in 2012. The shift in wavelength
is an effective method to determine the junction
temperature in LEDs [5].

As observed, LED life predicted by manufac-
turers vary widely with actual lifespan as it involves
the lifetime prediction of the LED device without
considering the impact of an enclosed luminaire.
Most of the lifetime prediction involves around the
longevity of the LED without considering the im-
pact of the enclosure it would have on the device.

The basic objective of this research is to deter-
mine the lifetime of enclosed LED luminaire con-
sidering the impact of rise in ambient and T-point
temperature.

2. EXPERIMENTAL SET UP

The experiment is conducted using 3 mm high
luminous flux LEDs from different manufac-
turers and having current rating of 100mA. The
breakdown voltage is 3.8V and power consumed
is 389mW for each LED at rated current. The ba-
sic reason to go for 3 mm LEDs is because most
of the indoor retrofit LED luminaire used has 3
mm LEDs instead of the usual 5 mm. The en-
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Fig. 2. LED life test rack

closed luminaire pose a major challenge to meet
the thermal requirements for the device. How-
ever, similar experiments can also be conduct-
ed using 5 mm LEDs. The sample size select-
ed for the experiment is fifteen and the material
composition for the LEDs is GaAs. The LEDs
are aged for 100 hours burning before the com-
mencement of the test. The LEDs are labelled
as LED1, LED2, LED3, LED4, LEDS5, LEDS6,
LED7, LEDS, LED9, LED10, LEDI11, LEDI12,
LEDI13, LED14, LED15. The LEDs are placed in-
side the test chamber as shown in Fig. 1. The test
chamber has two significant properties:

1. It maintains a constant ambient temperature
inside the chamber;

2. It also serves as an intergrating sphere.

Each LED is mounted at the centre of the in-
side top surface of a life test chamber. A light me-
ter is attached to measure the light output. A small
white baffle is placed inside the chamber to shield
the light meter from the direct light, allowing only
the reflected light to reach the sensor. Two k-type
thermocouples are placed on the top of the baffle,
of which one thermocouple is used to measure the
ambient temperature inside the chamber and the
other one is used to measure the T-point tempera-
ture. The temperature inside the chamber is raised
by a blowing hot air into the chamber manually
through a temperature controller. Fig. 2 depicts
the complete LED Life Test rack used for the ex-
periment [6, 7, 8, 9].

The LED Life Test Rack is placed inside
a room maintained at an ambient temperature
of 25 °C (%1 °C). The driver is placed externally
to supply the requisite current to the LEDs placed
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Table 1.Variation of junction temperature with change in ambient temperature

T-point (°C)

T.(°C)
LED7

LEDI10
LEDI11
LEDI12
LEDI13
LED14
LEDI15

[\
N

N
)
w
3
w
Q3
N
(e
N
.

Y
N
(e
w
N
(V)
N
(@)}

35 45

40 47

50 45 50 50 53

45 50

53 51 56 52 57

50 57

56 53 60 55 61

55 61

59 58 64 60 65

60 65

68 65 70 68 68

75 4
70
65—-
60—-
55—-

50 o

T-point temperature

45
40

35 o

—m=—LED1
—e —LED2
—4A—|ED 3
—w—LED 4
—<—LEDS5
—>» LED6
—<o—LED7
—a—LEDS8
—e—LED9
—*—LED 10
—o—LED 11
LED 12
—e—LED 13
—4a—LED 14
—w—LED 15

T
45

Ta(degC)

50 55 60 65

Fig. 3. T, (°C) vs. T-point temperature for different LEDs.

inside. The experiment, as mentioned, is carried
out in two steps.

2.1. Variation of junction temperature with
change in ambient temperature

The first step includes the observation of junc-
tion temperature with respect to different ambient
temperatures. The LEDs are subjected to differ-
ent ambient temperatures and the corresponding
changes in T-point temperature are observed. The
results are tabulated (Table 1) and plotted as shown
in Fig. 3. The ambient temperature is varied from
27 °Cto 60 °C.

The data hence obtained are plotted using
ORIGIN Pro 8 and as evident the T-point tem-
perature increases exponentially with correspond-
ing increase in ambient temperature. The equation
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fits the phenomenon with the value of R-square at
99.68%. The equation of the fit is analysed using
ORIGIN Pro 8 and evaluated as hereunder:

(M

where ‘y’ and ‘X’ represents T-point temperature
and ambient temperature (T,) in degree Celsius
respectively. The terms ‘A,’, ‘t;” and ‘y,’ are con-
stants having values as 1.5532, 19.23 and 35.75
respectively.

2.2. Variation in light output with change
in T-point temperature

In the next step the variation in light output for
corresponding changes in T-point temperature
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responds to the values of 48.61,

59.15 and —0.00159 respectively.
3. INFERENCE

The conducted test is main-
ly aimed at addressing the issues

pertaining to ambient tempera-
ture and the corresponding ef-
fect it has on the performance
of high flux LEDs. As observed
with the rise in ambient tem-

Burning Hours

Fig.4. Percentage light output vs. burning hours under stressed condition

is observed. The LEDs are subjected to an ambi-
ent temperature of 50 °C and the percentage light
output are measured for 500 burning hours. The
ambient temperature corresponds to the operat-
ing temperature for the LEDs under test [10, 11].
This temperature creates sufficient stress for the
LEDs [12, 13]. The interval between two succes-
sive measurements is 25 burning hours. The inter-
val is to allow the junction heat to rise sufficient-
ly before the next reading takes place. The results
obtained are plotted as in Fig. 4. The set of regres-
sion fit hence obtained depicts the underlying as-
pect of LED light output with respect to stressed
condition. The decrease in light output is extrap-
olated. It is understood that T-point temperature
increases with increase in the burning hours and
subsequently reduces the light output. The data
are obtained for all the samples on test. The LEDs
earmarked for these test are LED1, LED2, LED3,
LED4, LEDS5, LED6, LED9, LED10, LED13 and
LEDI15. The rest of the LEDs are unable to bear
the stress and reached their end of life before the
completion of the test. The cause of failure was yet
to be investigated.

From Fig. 4 the decay in light output is ob-
served to follow an exponential curve. The equa-
tion for the fit is as hereunder with an R-square
0f99.05%:

y = Ay 4y, (2)
where ‘y’ corresponds to percentage light output
and ‘x’ relates to the burning hours for the LEDs
under test. The constants ‘A,’, ‘Ry’ and ‘y,’ cor-
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. - perature, the T-point tempera-
ture also increases. The infor-
mation of T-point temperature
is an important tool considering
the fact that how easily the lu-
minaire will dissipate heat. A low T-point temper-
ature rating with a high ambient temperature will
pose difficulties in heat dissipation with a passive
heat sink. Thus, luminaires with a low T-point rat-
ing will require a fan or an active heat sink thus in-
creasing the cost of the luminaire. On the contrary
a higher T-point rating will allow passive heat sink
to dissipate heat from the luminaire easily.

Again, from the second experiment the rise
in operating temperature also decays the light
output substantially. For LED1, LEDS5 and
LEDI10 the percentage light output is decreased
from 100% to 74%. In the case of LED2 and
LEDI13 it reduces to 75%. The reduction in per-
centage light output for LED3 and LED4 is 72%.
It degrades to 73% for LED6, LED9 and LEDI5.
It is hence observed that the increase in operating
temperature will affect the light output.

The mathematical relation also illustrates the
inherent relation between ambient temperature
and T-point temperature in the first case. In the
second relation the relationship between light out-
put and burning hours are observed.

These tests and similar tests offer the under-
lying aspect of LEDs sensitivity towards temper-
ature. The ambient temperature plays a vital role
as most of the LED luminaires are enclosed and
the heat trapped inside the luminaires is very sig-
nificant in reference to the light output of LEDs.
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Alexander T. Ovcharov and Yury N. Selyanin

Solatube® Technology: Prospective Application in Architecture
and Building in Russia

Fig. 4. Solatube® M74 collector of SkyVoult series (740
mm) on a roof of a building. A combination of the collector
and Fresnel lenses on the dome (Raybender® technology)
provides constancy of luminous flux within all light day, ] ] o o
including morning and evening periods due to catching Fig. 6. Solatube® M74 mod(?l.lllumlnatmg rooms with high

light rays at low angles of the sun above the horizon ceilings

Fig. 7. Solatube® system illuminating a kindergarten
(Krasnodar)

Fig. 9. Solatube® 330DS model illuminating underground Fig. 8. Solatube® 290DS model illuminating underground
car service centre of the KIA car dealership (Sochi) rooms of the Legal Academy (Nizhny Novgorod)
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Research info the “Colouring” Effect Using Different Spectral Radiations
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Fig. 2. A comparison histogram of subjective evaluation of colours of red-yellow samples with illumination using
an incandescent lamp and the light-emitting diode reference source
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Fig. 3. A comparison histogram of subjective values of colours of blue-green samples with illumi-nation using
an incandescent lamp and the light-emitting diode reference source
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Fig. 4. Spectra of colouring red, yellow, dark blue, green and of the reference light-emitting diode radiations
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Research into the “Colouring” Effect Using Different Spectral Radiations

Fig. 6. lllumination of a multi-colour composition using the reference radiation (at the left) and A radiation (on the right)

Fig. 8. Illumination of a multi-colour composition using the reference radiation (at the left) and G radiation (on the right)
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Hongyi Cai and Linjie Li

How LED Lighting May Affect Office Ergonomics: The Impact of Providing

Access to Continuous Dimming Controls on Typing and Colour-Matching
Tasks Performance

a) b)

Fig. 1. Experiment setup in the windowless test room, (a) fisheye view of the test room, (b) a participant with his head on
the adjustable chinrest, (c) plan view of the test room

a)

Fig. 3. Typing task, (a) text printed black/white on letter-sized sheets mounted on the document holder,
(b) the interface of the NRC Typing Task software

Fig. 4. Colour-matching task, (a) X-rite Classic Macbeth colour checker, (b) the interface of colour matching task showing
the four candidate colours on the second PPT slide
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ABSTRACT

This paper presents a wattage independent
mathematical model for non-retrofit Compact
Fluorescent Lamps (CFLs) driven by magnet-
ic ballast at nominal frequency (50 Hz), which
is implemented using Matlab-Simulink. This de-
veloped model reproduces time-dependent elec-
trical behavioural pattern of lamp system taking
supply voltage as input and is modified form of ex-
isting dynamic conductance model, in which the
rate of change of charge carriers inside the dis-
charge tube is represented by physical phenomena,
viz. ionization, recombination and wall diffusion.
In the pre-existing model, four coefficients A, B,
C and D are used to describe these physical pheno-
mena for a particular wattage lamp and model im-
plementation is done without considering elec-
trical parameters of the ballast, however, it is re-
placed by a sinusoidal current source. Whereas,
this modified wattage independent model includes
magnetic ballast with its electrical parameters and
applicable for a range of lamp wattage (7—18) W.
The developed model is compared with a test lamp
of 9 W throughout a wide range of supply voltage
(200—260) V. Simulation results show close ap-
proximation of the actual lamp system and the de-
veloped model can be utilized for ballast design.

Keywords: wattage independent lamp mod-
el, magnetic ballast, Non-retrofit CFL, dynamic
conductance
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1. INTRODUCTION

Tubular and compact fluorescent lamps, which
are basically low pressure mercury vapour lamp, are
widely used light sources in indoor artificial light-
ing because of their good luminous efficacy and
acceptable colour property. Even after the wide-
spread availability of LEDs, fluorescent lamps are
still most popularly used light sources in the de-
veloping countries, like India due to low initial
cost, improved running performances and long
burning hours [1]. Various complex physical pro-
cesses are involved in light production from these
discharge lamps. Mathematical modelling of such
lamp system provides various benefits viz.: 1) Simu-
lation of electrical behaviour; 2) Studies and analy-
sis of complex V-I characteristics; 3) Design of bal-
lasts; 4) Electrical power quality studies [2, 3].

One of the most commonly used modelling
techniques is based on lamp heat balance equa-
tions [4—9]. In this approach, rate of change of arc
temperature is described in terms of lamp power
consumption, thermal radiation and conduction
loss. Heat balance model is mostly implemented
in PSpice and further incorporates cathode elec-
trode voltage drop and starting warm-up phase |6,
7]. Recently, the same model is modified to pro-
duce a semi-theoretical model to include dimming
process and tube temperature effects and it is vali-
dated using different tubular and compact fluores-
cent lamps [8, 9].
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In comparison with the heat balance model, a
simpler lamp model based on lamp dynamic con-
ductance was first proposed by G. Zissis et al [10].
The authors introduced a model which was derived
from Francis’ energy balance equation [11] and
theoretical basis of the model is the time-varying
nature of arc column conductance within the dis-
charge tube. More the charge carrier density inside
the discharge tube more will be the conductance
and less will be the arc resistance. The first dynam-
ic conductance model is referred to as ‘quadratic
model’ as the right hand side of the equation is ac-
tually a quadratic polynomial [12]. This quadratic
model is modified by J.C. Anton et al to a polyno-
mial model which gave better simulation results for
high intensity discharge lamps [13]. In quadratic
and polynomial model the recombination loss in-
side the discharge tube is modelled to be varying
as the square of the conductance. Thereafter, J.C.
Anton et al proposed that it would be a better ap-
proximation to express the recombination loss as
an exponential function of conductance [14]. This
exponential model is further validated for both low
and high frequency operation [2].

Based on Francis energy balance equation,
some researchers have also proposed physical dis-
charge lamp model, which relates terminal electri-
cal behaviours with lamp’s geometric dimension,
cold spot temperature, gas composition [15—17].
In this approach, thrust is given to micro-level dis-
charge phenomena, viz. ion mobility, transporta-
tion rate, ambipolar diffusion coefficient, which
make the model unsuitable to formulate through
terminal electrical behaviour.

Ry Ls LAMP

V., sin (2ft)

Fig. 1. Electrical circuit for lamp and magnetic
ballast system

In the implementation of exponential dynam-
ic conductance model [2], there are three main
shortcomings, viz.:

1. In the pre-existing model, instead of physical
parameters of the ballast itself, it is approximated
to be a sinusoidal current source feeding the lamp
(but in practice, due to highly non-linear nature
of the lamp, the current distorted from a true sinu-
soid); 2. The lamp model input was sinusoidal rat-
ed current instead of voltage; 3. The existing con-
ductance models are wattage-specific, i.e. the ex-
perimentally obtained model coefficients describe
that particular lamp only and cannot be used for
other lamps having different wattage.

In order to develop the proposed wattage inde-
pendent model, a modified form of dynamic con-
ductance model [2,10—14] is used. In this regard,
other thermal and physical modelling techniques
are not chosen due to their complexity and require-
ment of some data, which are quite difficult to find
out experimentally, viz. arc temperature, electron
temperature, gas pressure, electron mobility [4—
9, 15—17]. As compared to these techniques, syn-
thesis of dynamic conductance model requires
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Fig. 2. Simulink Implementation of complete lamp-ballast system
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Fig. 4. Experimental circuit diagram used for coefficient synthesis and model validation

only the terminal electrical characteristics of the
lamp [18]. The developed wattage independent
model replaces the four wattage-specific model co-
efficients A, B, C, D with four user defined func-
tions obtained from experimental measurements
using a set of five lamps (7—18)W. After software
implementation, the proposed model is validated
using an Osram-made 9 W test lamp.

2. EXISTING DYNAMIC CONDUCTANCE
MODEL OF LOW PRESSURE
DISCHARGE LAMPS

The conductance (or resistance) inside the
discharge tube of a lamp does not remain con-
stant; it is directly proportional to the charge car-
rier (mainly electron) density inside the lamp [10].
Discharge tube contains gases (like argon, krypton
etc.) and metal vapour under certain low pressure.
When voltage is applied across the electrodes, elec-
trons rush towards the anode from the cathode end
and collide with neutral gas, metal atoms to make
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them ionized [19]. This ionization process is liable
to increase the lamp conductance because more the
number of charge carriers, more will be the con-
ductance of the arc. On the other hand, some elec-
trons recombine with the ions and reproduce neu-
tral atoms. This recombination causes the reduction
in lamp conductance [10, 13]. Apart from recom-
bination, some electrons are diffused towards the
lamp wall and do not participate in the discharge.
As a whole, lamp conductance is a ‘dynamic’ quan-
tity, which is dependent of three main factors: ion-
ization, recombination and the tube wall loss [2].

Taking the three factors into consideration, the
existing mathematical model based on dynamic
conductance [2, 14] is expressed as:

dG(t)

~ = ATV~ B*G() -

(1)
- C*exp|D*G(1)],

where, G () is lamp dynamic conductance, i (?)
is instantaneous lamp current, v (7) is instanta-



Light & Engineering

Vol. 24, No. 2

Table 1. Computed lamp model coefficients (obtained at 240 V, 50 Hz)

Lamp Maker’s Name Computed model coefficients
Wattage
W & Model A B C D
7 Osram Dulux S 0.9559 1574 1 1.671
10 Osram Dulux S 0.503 1497 0.5 2
11 Osram Dulux S 0.2514 1374 0.4 4.095
13 Osram Dulux S 0.1884 771.7 0.35 5.003
18 Osram Dulux D 0.06 494.2 0.1 9.99

neous lamp voltage, A, B, C, D is lamp model
coefficients.

The first order differential equation (1) is the
basic lamp model equation, which holds good
for low pressure discharge lamps, i.e. fluores-
cent lamps and CFLs [2]. The implementation
of eqn. (1) is referred to as ‘conductance model
box’ (CMB) in the previous works [2, 14] where
eqn. (1) is solved to get G (%) taking current i (?) as
input. Then i (2) itself is divided by G () to produce
lamp voltage v (2). Electrical behaviour of a speci-
fic wattage lamp is entirely dependent on its A, B,
C, D coefficients. The relationship of these coef-
ficients with the physical discharge processes are
discussed in the next section.

3. PHYSICAL BASIS OF MODEL
COEFFICIENTS

The dynamic conductance model is developed
in recent literatures on the basis of Francis’ energy
balance [11] equation:

dn,
dt

=k +L, 2

where n,is average density of free electrons,
P, is production rate of electrons, L, is rate of loss
of electrons.

The production rate of electrons is directly
proportional to the instantaneous input electrical
power [2]:

P, =kji(t)v(t) 3)

The loss rate of electrons can be divided as:
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Table 2. Measured ballast parameters

Ballast
Parameters
Lamp
Wattage, W . Induc- | Maker’s
Resistance, Name
R. O tance,
B, Lg, H
7 139.15 3.88 ECB
10 195.36 4.48 Philips
11 138.82 4.84 ECB
13 195.25 4.03 Philips
18 104.39 3.51 Philips
9 (for model o
validation) 123.5 4.245 Philips
L, =Ly + Ly, “4)

where Ly, is wall loss rate, Lz is recombination
loss rate.

The above loss rates can be expressed in terms
of average density of free electrons (1,) as [2]:

Ly,
Ly =—kyexp(kym,).

®)
(6)

In the right hand side of equation (5) and (6),
negative sign indicates decrease in electron den-
sity. The dynamic conductance G (7) can be ex-
pressed as:

2Me>

ir)

0=

ksn (7)

e

In eqns. (3—7) k4, ks, k3, k4, ks are proportion-
ality constants [2]. Replacing the values of P, and
L., eqn. (2), it can be rewritten as:
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Table 3. Result summary of the curve fitting process

Coefficient

. Equation of the fitted curve Type of fit Value of the constants
Function

a=18.95,b= -0.3703

A AW)=a*exp(b*W)+c*exp(d*W exponential
%) w) P(OW) P(*W) | exponenti = 8.397x10",d = —5.019

2
B (W) BW)=aq exp[—( WC_ b J ] Gaussian a, =1460, b, =7.55, ¢, =9
1

a, =4.7x10"%, b, = —4.42

CW) |C(W)=a,*exp(b,*W)+c, *exp(d,*W') | exponential = 26, d, = 0,167

Cubic p, =-0.0078, p, =0.3273

D (W) D(W) = p1W3 + p2W2 +p3W+p4 polynomial ps = —3536, Dy = 13.01

Fig. 5. Fitted curve with respect to lamp wattage for: (a) coefficient A, (b) coefficient B,
(c) coefficient C and (d) coefficient D

d . dG .
;7: = kii(O)v(t) = kyn, — ks exp(kyn,). (®) % = kyksi(1)v(1) ©)

—k,G(t) — k3ks expl(k, / ks )G(D)].

Replacing 7, with G(#) and multiplying both
sides with ks, eqn. (8) got its final form as: By comparing eqns. (1) and (9) we get:
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Table 4. Lamp system quantities (measured and simulated)
Supply Voltage
Quantity
200V 240 V (rated) 260V
Lamp Voltage Measured 55.1 Measured 51.2 Measured 49.4
(V-RMS) Simulated 52.67 Simulated 51.01 Simulated 50.4
Lamp Current Measured 0.1243 Measured 0.172 Measured 0.206
(A-RMS) Simulated 0.133 Simulated 0.165 Simulated 0.186
Ballast Voltage Measured 182 Measured 227 Measured 248
(V-RMS) Simulated 179.3 Simulated 221.42 Simulated 242.1
System Power Measured 9.7 Measured 12.7 Measured 15.75
(W) Simulated 9.41 Simulated 12.44 Simulated 14.25
Lamp conduct- Measured 2.26 Measured 3.36 Measured 4.18
ance (mS) Simulated 2.53 Simulated 3.23 Simulated 3.76
A =kks [=] Function Block Parameters: Function A(W)
—Fen
General expression block. Use "u" as the input
C= k3k5 variable name.
Example: sin{u(1)*exp(2.3*(-u(2))))
D=k, /ks

So it can be concluded that A, B, C, D coef-
ficients are determining the discharge phenome-
na. The production rate of electrons and loss rate
of electrons due to wall diffusion are related to
coefficient A and B respectively, whereas the rate
of recombination is related to coefficients C and D.

4. PROPOSED MODEL OF CFL-
MAGNETIC BALLAST SYSTEM

For developing the complete lamp system mo-
del, following considerations are taken: 1. Lamp’s
behaviour is governed by exponential dynamic
conductance model given in eqn. (1); 2. The lamp
is driven by magnetic ballast, which is represented
by inductance Ly having internal resistance Rg;
3. The supply voltage is sinusoidal having the fre-
quency 50 Hz.

The lamp system considered for modelling
is shown in Fig. 1, which is basically an AC series
circuit [20, 21].

Matlab-Simulink implementation of the lamp
system is shown in Fig. 2, in which the ballast
is represented by a series R-L branch. A current
measurement block is sensing the system cur-
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rent, which is fed to a subsystem named as con-
ductance model box (CMB). The CMB is actu-
ally representing the lamp itself and its details are
shown in Fig. 3. CMB is having four gain blocks
corresponding to four model coefficients A, B,
C, D. The output of CMB is the instantaneous
lamp voltage v(¢). The simulated lamp voltage drop
is added in series with the ac voltage source and the
ballast through a ‘controlled voltage source’ block
taken from ‘SimPowerSystems’ library. In order to
carry out mathematical computation, this library
calls for an additional solver block ‘powergui’ [22].
To obtain the waveforms, ‘scope’ block is used
whereas the lamp v(#)-i(t) characteristic is observed
using x-y’ graph.
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5. DEVELOPMENT AND
IMPLEMENTATION OF WATTAGE
INDEPENDENT LAMP SYSTEM MODEL

To develop the wattage independent lamp sys-
tem model, firstly, the model coefficients A, B, C,
D are computed for five different wattage non-ret-
rofit CFLs (7—18) W using following steps:

1. First order differential eqn. (1) is convert-
ed into an algebraic difference equation (10)
by Euler’s method [2] as:

G(t,)-G(, )
L
-BG(t,)-Cexp|DG(t,)],

= Ai(t,)v(t,) -
(10)

where 7, is time instant of taking lamp, v(7)-
i(1) is data, i(#,) is current at n'" instant of time,
w(t,) is lamp voltage at n'" instant of time,
G(t,)=i(t,)/v(t,)is lamp conductance at ,.

71

Lamp Voltage (V) !

b)
Fig. 8. Lamp Voltage waveform for 9 W CFL at 240 V, 50 Hz: (a) measured, (b) simulated

2. For curve fitting purpose, difference eqn.
(10) is further expressed as:

y=AV?x - Bx—Cexp(Dx), (11)

where x = G(¢,) is independent variable,
_0,)-60,,)
tn “'n-
rage value of the lamp voltage v(z, ), which is taken
from the steady regions.

3. For a particular wattage lamp, x and y vari-
ables are obtained from experimentally measured
lamp voltage and current data at rated supply volt-
age with respect to time and the corresponding cir-
cuit diagram is shown in Fig. 4. The voltage and
current waveforms (in both, CSV and images for-
mats) are measured using Tektronix 1012 B digital
storage oscilloscope. A known low resistor of 0.66
Q is used to obtain the current waveform indirectly
in terms of equivalent voltage drop. Yokogawa WT

is dependent variable, V'is ave-
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Fig. 9. Lamp Current waveform for 9 W CFL at 240 V, 50 Hz: (a) measured, (b) simulated

210 digital power meter is used to measure RMS
values of lamp voltage, current, power consump-
tion, power factor and ballast voltage.

4. Finally, Matlab curve fitting toolbox [23]
is used to compute the numerical values of A, B,
C, D coefficients for the specific lamp wattage. The
data set is created as ‘y vs x” on the basis of expe-
rimental results and eqn. (11) is used as the custom
equation. The best fitted curve is selected and the
corresponding values of the model coefficients are
shown in the Table 1. Along with the model coef-
ficients, the measured ballast parameters are ta-
bulated in Table 2.

The values of model coefficients A, B, C, D
vary with lamp wattage as shown in Table 1 and
it is expected since these coefficients determine the
discharge process as discussed in section 3. Hence,
the variation in model coefficient values ultimate-
ly causes change in the electrical and photometric
properties of the lamp system, viz. current, volt-
age, ballast drop, light output. Considering this
fact, the nature of coefficient variation is sought
by curve fitting process, which is accomplished
by Matlab curve fitting tool [23]. The fitted curves
are shown in Figs. 5 a-5 d and corresponding re-
sults are summarized in Table 3.

Therefore, for any CFL (having wattage within
the range considered) the model coefficients can
be predicted from the four functions of lamp pow-
er. Hence Simulink implementation of the lamp
model, i.e. CMB is modified: the four gain blocks
are replaced by four user defined functions, viz., A
(W), B(W), C (W) and D (W). For this purpose,
four ‘function blocks’ are used, which take the
lamp wattage as input and generates lamp mod-
el coeflicients applicable for that particular lamp.
For example, setting is shown for function A (W)
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in Fig. 6. The outputs of the function blocks are
multiplied with the required signals to accom-
plish the mathematical computation. The modi-
fied CMB for wattage independent model is shown
in Fig. 7.

6. EXPERIMENTAL VALIDATION
OF DEVELOPED WATTAGE
INDEPENDENT MODEL

After Simulink implementation, the pro-
posed wattage independent lamp model is vali-
dated through comparative analysis with experi-
mental results obtained from an actual lamp. For
validation purpose an Osram 9 W lamp is used,
at the same time, in the simulation window, the
lamp wattage is set to be 9 W. Firstly, the simulat-
ed waveforms are compared with the experimental
waveforms obtained using Tektronix 1012 B DSO
as given in Figs. 8—10. The simulated lamp voltage
wave matches well with the experimental wave-
form, which can be characterized by an alternat-
ing square-shaped wave with pronounced restrik-
ing peaks at each zero crossings. The lamp current
waveforms (both simulated and experimental) are
slightly deviated from pure sinusoid, which proves
the presence of non-linearity in the discharge lamp
system. The ballast voltage waveform has been sim-
ulated and compared in this work, which is not
reported in previous papers. It is seen that the al-
ternating ballast voltage waveforms have two con-
secutive peaks: the first one has the higher altitude
than the second one and the whole cycle repeats
at supply frequency (50 Hz) at an interval of 20
ms. Moreover, as compared to the lamp voltage,
the corresponding ballast voltage amplitude or the
RMS values are nearly four times greater. Along
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Fig. 10. Ballast Voltage waveform for 9 W CFL at 240 V, 50 Hz: (a) measured, (b) simulated
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Fig. 11. Lamp V-I characteristics for 9 W CFL at 240 V, 50 Hz: (a) measured, (b) simulated
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Fig. 12. Percentage deviation of the simulation results compared to the measured values (ref. Table 4)

with these waveforms, the complex lamp v(?)-i(t)
characteristics (having ‘loops’ near positive and
negative peak regions of the current wave) are de-
picted in Fig. 11.

In Figs. 8—10, the waveforms shown are the
snapshots taken at rated supply voltage (240 V,
50 Hz). The nature of waveforms remains the same
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with the supply voltage variation, only their mag-
nitudes differ provided the supply frequency re-
mains constant. The measured and simulated lamp
voltage, lamp current, power consumption, ballast
voltage and lamp conductance are compared for
minimum operating voltage (200 V), rated volt-
age (240 V) and maximum operating voltage (260
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V) at nominal frequency (50 Hz) as shown in Ta-
ble 4. The percentage deviations are computed as:

measured — simulated | <100% and
| (0}

deviation(%) =
measured
represented using a bar chart given in Fig. 12.
Percentage deviations as shown in Fig. 12 re-
veal that minimum deviation occurs near the rated
voltage (240 V), which is within 5% for all the elec-
trical parameters. For the upper and lower supply
voltages (200 V & 260 V respectively), deviations
tend to increase. The maximum deviation observed
to be 11.95% for lamp conductance at 200 V.
The final step of the model validation is to plot
the magnitudes of various electrical quantities
of the lamp system with respect to the supply volt-

74

age. For this purpose, the supply voltage is varied
from 200 V to 260 V at 5 V interval keeping fre-
quency fixed at 50 Hz and corresponding measured
and simulated results are plotted in the same axes.
The graphical variations as shown in Figs. 13 a-13 ¢
reveal that lamp voltage decreases with the incre-
ment of supply voltage, whereas, lamp current
and ballast voltage increase. The average power
consumption by the lamp and the ballast also en-
hances with supply voltage due to increased Ohmic
loss and core loss (for iron-core magnetic ballast)
in the system. The simulated values lie close to
that of the experimental values, especially near the
usual operating range of the CFLs, i.e. 220—250 V.
The percentage deviation of the simulation results
with respect to the experimental results for lamp
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voltage, current, ballast voltage and consumed
average power plotted against the supply voltage
is shown in Fig. 13 f for better representation of the
model’s accuracy.

7. CONCLUSION

In this paper, a wattage independent discharge
lamp model applicable for low wattage non-in-
tegrated CFLs has been proposed, implemented
and validated for low frequency (50 Hz) opera-
tion. Simulated waveforms and v(?)-i(?) character-
istic gave the close resembles of the experimental
data. Near the rated supply voltage (220—250) V
model shows best performance to predict electri-
cal parameters: the deviations are within 5% from
the measured data.

The main advantages of the developed mod-
el are:

1. It is applicable for a wide range of lamp watt-
age (7—18) W, hence mitigates coefficient compu-
tational effort;

2. The model does not require any confidential
data to be provided by lamp manufacturer;

3. The understanding and synthesis of the
model is simple, as subatomic factors viz., ion mo-
bility, electron energy distribution, are not taken
into consideration. Such approximations, however,
may have brought some inaccuracy in the model,
especially near the upper 260 V and lower 200 V
range of supply voltage.

The key application area of the developed mo-
del is to improve ballast design techniques. Al-
though our proposed model is simulated under
low frequency environment, the same can also be
implemented for high frequency operation. Now-
adays, power quality researchers need to study bal-
lasted discharge lamp systems as they are consid-
ered to be a major cause of harmonics. For them,
the proposed model can be useful. The wattage
independent modelling approach presented here
can also be applied for high intensity discharge
(HID) lamps.
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ABSTRACT

Experimental research of the electric and ra-
diation characteristics of a transformer type lamp
were performed in a closed discharge tube of 16.6
mm inner diameter, which operate in a mercury
vapour (7 Torr) and inert gas (0.1—1.0 Torr) mix-
ture at 265 kHz frequency with 180 W plasma dis-
charge power. It is established that maximum val-
ues of energy efficiency in the mercury line of 254
nm and of HF electric field intensity in plasma,
as well as minimum values of the lamp discharge
current correspond to inert gas pressure of 0.3 Torr.
Calculations of discharge current according to the
induction discharge transformer model showed
a good coincidence with the experimental results.

Keywords: induction discharge, LP mercury
plasma, UV radiation, HF electric field intensity

1. INTRODUCTION

Induction mercury LP discharge lamps of the
transformer type (TTL) are one of prospective
sources of visible and UV radiation [1—3]. As they
have no inner electrodes, TTLs can work in rela-
tively low inert gas pressure of 0.05—0.5 Torr cor-
responding to as much as possible effective gene-
ration of mercury radiation in the 185 and 254 nm
lines [4]. This opens up a possibility to develop
effective sources of UV resonant radiation, of dif-
ferent power, to be used for water and air purifica-
tion. Most research on TTL is concerned with the
creation of durable (60—100) thousand hours and

energy efficient (> 100 Im/W) fluorescent TTLs
with a low power load on the glass tube walls cov-
ered with a phosphor. This requires for the dis-
charge tubes to be of relatively large diameters:
about (50—70) mm [2, 4, 5]. This project is the first
piece of research on TTLs with discharge tubes
of a smaller diameter, equal to 15 — 25 mm, which
are more effective for creating bactericidal lamps.

2. EXPERIMENTAL INSTALLATION
AND MEASUREMENT METHODS

Induction discharge was fired at a frequency
f =265 kHz in a closed quartz tube with external
and inner diameters of 19 and 16.6 mm respective-
ly. The length of the lamp L = 492 mm and length
of the plasma coil determined as length of the dis-
charge tube axis, 4,, = 815 mm. The HF inductor
consisted of two ring ferromagnetic cores (mag-
netic conductors) connected in parallel of 2 cm?
section each, which were symmetrically placed
on the closed discharge tube. Each of two induct-
ance coils connected in parallel (16 turns each)
enclosed its own core. Mercury vapour pressure
in the discharge tube was maintained to be opti-
mum (according to a maximum of energy efficien-
cy of the lamp discharge part in the line of 254 nm
Ne, 254)- 0.006—0.008 Torr by means of temperature
of a mercury-indium amalgam placed on the tube
wall. As buffer gases, krypton, argon and mixtures
of argon with neon (30% Ne + 70% Ar) and Pen-
ning’s mixture (60% Ne + 40% Ar) were used. The
pressure of the buffer gas mixture (p;, ) was changed
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from 0.1 to 1.0 Torr. The measurements were per-
formed at a constant plasma power P, = 180 W.

The layout of the installation is presented
in Fig. 1. Electric measurements were carried out
using digital oscillograph Tektronix TDS640A. To
measure specific radiation flux in the mercury line
of 254 nm, IL 1700 radiometer of International-
LightTechnologies Company with photometric head
SED240/W with a cosine nozzle for angular char-
acteristic correction was used. The lamp was placed
in a black grounded metal box located on an im-
movable post with a black screen in the discharge
tube plane. The box had a slit of 20 mm width
for measurement of the above mentioned specific
radiation flux of the lamp [3]. Distance from the
radiation receiver (RR) to the slit was equal to 150
cm, and distance from the slit to the lamp was 10
cm. These sizes were selected on the assumption
that irradiance sufficient for exact measurements
should be provided on the RR surface, and that the
lamp site accentuated by the slit can be considered
as a point source.

The formula for calculation of a total radiation
flux of the lamp in the 254 nm line @, »5,4 looks
like [3]:

nlhed-i-L
A-S

5

(De,254 =

where L is length of the lamp; /4 is distance from
the lamp to the detector;i is the RR photocurrent;
S is integral sensitivity of the detector; d is dis-
tance from the slit to RR; 4 is width of the slit.

The measurements of the discharge current 7,
was carried out by means of a current transformer.
To measure HF voltage U, of plasma coil, a wire
turn placed along the external perimeter of the
closed discharge tube was used.

3. RESULTS OF THE EXPERIMENT

3.1. Intensity of HF plasma electric field

In Fig. 2, HF electric field intensity in the
plasma coil £ dependence on argon pressure and
on pressure of 30% Ne+70% Ar mixture are given.
FE was calculated according to the formula

E = Upl/Aplu
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Fig. 1. Layout of the experimental installation:
1 —discharge tube, 2 — holder, 3 —current transformer,
4 — amalgam, 5 —inductor, 6 — screen, 7 — slit, 8§ — box, 9 —
radiation receiver, 10 — electron ballast, 11 — radiometer,
12 — digital oscillograph, 13 —personal computer

where 4,,=81.5 cm is the length of the plasma
coil turn.

With an increase in p;,, E grows at first, and
then decreases, with a maximum at p;,=0.2-0.3
Torr. Such a dependence of Eon p; . is typical
for low-temperature LP plasma in inert gases and
in mercury vapour and corresponds to a known
ratio connecting £ with electron temperature 7,
working mixture pressure p;,and the energy por-
tion of energy lost by a normal electron between
two impacts (elastic and not elastic) y [6]:

E=15T, /2,

where A, is an average length of electron path.

On the one hand, increase of p;, reduces 4,
which raises £, and on the other, growth of p; ,
leads to decrease of 7, and hence, to decrease
of E. Complexities of y dependence on p; . is im-
posed on these relationships. As a result, the de-
pendence of £ on p;, has a maximum value, the
position of which moves towards a low p; , with an
increase in the atomic weight of an inert gas, and
this increase reduces E (Fig. 2). So, in the TTL,
which has a mercury vapour mixture with kryp-
ton at p;, 1.0 and 0.5 Torr, £ was equal to 0.48 and
0.55 V/cm accordingly.
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Fig. 2. Dependence of the plasma HF electric field inten-
sity E on inert gas p; o pressure at f = 265 kHz frequency
of the discharge current and at power absorbed by plasma

Ry =180 W

The obtained results are in keeping with the ex-
perimental data for tubular lamps with the same
structure parameters but with inner electrodes op-
erating at 50 Hz frequency [7].

3.2. Current of the plasma coil

The discharge current of the lamp (plasma coil
current) /,; was measured by means of a current
transformer and calculated using the analytical ra-
tios obtained within the induction discharge trans-
former model as [4, 5]:

_ B_})ind
U cosp’ (1)

pl (p
Upl:nUind/Na (2)

wheren is number of inductors connected in par-
allel, U,,, is HF volt age of the inductor, N =16
is number of turns of the coil in the inductor, B
is power consumed by the lamp, P, ; is power loss-
es in the inductor measured during the work, ¢
is phase difference between U, and 1.

_ Rpl
COS(p =——,
pl

3)

where R, and Z , are active and full resistances
of plasma accordingly:

Zy=|R,?+(oL,) .

“)
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L, can be found knowing mutual inductance M

of the HF inductor and of the plasma coil:

M =k|[L,,L ©6)

pl>

where k=1 is the connection coefficient of the in-
ductor with the plasma coil, L, , = 50010 H
is the inductance of the inductor, and M is deter-
mined using the formula [4]:

M=— (7

9
ind®

where /, , is the current in the inductor.
It follows from (6) and (7):

U 2

pl

Iina/a))2

L

pl —

®)

b

( Lind
and from (1-38) is following a calculation formula

for 1,;, where all parameters of the lamp in the right
part are determined experimentally:
1
=
j ©)

o)

In Fig. 3, the results of the measurements and
calculations of /,; dependences on p;, pressure
are given according to expression (9) carried out
for two buffer gases: argon and 30% Ne + 70% Ar
mixture. It can be seen from Fig. 2 and 3 that [,
dependences on p;, correlate with the correspond-
ent £ dependencies on p;,and have minimum val-
ues at those p;, which E dependence on p;, maxi-
mum accrues to. The /,, dependencies on p; ,com-
puted according to expression (9) correspond well

Ipl =

1
P -

1
2
] ind a)Lind

nUind
N

P

ind
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Fig. 4. Dependence of energy efficiency of the lamp in the 254 nm line n,, ;54
on of inert gas pressure p; .. Lamp parameters are in accordance with Fig. 2

to the experimental dependences obtained: the dif-
ference between 1,y measured and calculated values
does not exceed 15%.

3.3. Energy efficiency of the lamp in the 254 nm
line

In Fig. 4., experimental dependences of 77, 554
(= D, 254/ P,) on p; qare presented for argon, kryp-
ton and for a mixture of argon with neon. It can be
seen, that maximum 7, »s4accrues to p;, pressure
0.3 Torr, at which £ has a maximum. One should
not e that in a higher p;, interval, #,, ,s,appearsto be
higher with an “easier” filling. However, at a low-
er p;gpressure, 77, 254 difference between pure argon
and 30% Ne + 70% Ar mixture is practically not
iceable. Unfortunately, radiation and electric char-
acteristics of induction discharge with the easier
filling of 60% Ne + 40% Ar were only obtained with
pigof 1 Torr. With a lower p;, induction discharge
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did not fire because to fire discharge in an “easy”
gas with a high ionisation potential, an excessive-
ly high intensity of the electric field is required [6].

It follows from Fig. 4 that with a low pj,,
of 0.2—0.3 Torr, #,, »54at 4, = 815 mm reaches
40%. As it was shown in [4], 4, increase leads to
1, 254increase because of a decrease in plasma den-
sity and due to decreasing frequency of extinguish-
ing impacts of resonantly-excited mercury atoms
with plasma electrons.

CONCLUSIONS

* 7,,2540f mercury LP TTLs with an inert gas
(or with a mixture of inert gases) with (0.1—0.5)
Torr pressure and working current of (2.5—3.0) A
reaches high values: to 40%.

* 7,254 and E of these lamps non -mono-
tonically depend on p;, with a maximum at
Pig = 0.3 Torr.
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* 1, dependence on p;, computed accord-
ing to the induction discharge transformer model
is in keeping with the correspondent experimental
dependence.

* The FE calculations results are in keeping
with the experimental values of this value obtained
by other authors for a positive column of analogue
lamps with inner electrodes but with the same
other structure data and at the same discharge
currents.
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ABSTRACT

Based on a halogen incandescent lamp with
an interference filter and light-emitting diode ra-
diators, a laboratory light source (HLLS) was cre-
ated, close in spectrum to standard CIE radiators
of D series. Working values of correlated chromat-
ic temperature of the HLLS can vary from 5000
to 6500 K. The HLLS characteristics obtained ac-
cording to the SO 3664:2009 standard are provid-
ed. An algorithm for an automated luminous flux
control system is described, and possible applica-
tions for the HLLS are considered.

Keywords: hybrid, laboratory, light source, stan-
dard CIE illuminant, light-emitting diode module,
halogen lamp, interference filter, daylight source,
visual control, chromaticity, luminous flux control

INTRODUCTION

The visual evaluation of colour of reflecting
objects is a constantly arising problem in the
lighting industry, which inevitably leads to ques-
tions surrounding the appropriate application
of different artificial light sources. The evolution
of standards for artificial illumination is well de-
scribed process [1]. B and C standard radiators in-
troduced by CIE in 1931 had a very specific struc-
ture, based on incandescent lamps with liquid fil-
ters; they were intended for the simulation of real
natural light. An important disadvantage of these
radiators is the fact that the violet part of their
spectrum is underestimated in comparison with
natural light. Later, as more and more fluorescent
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bleaches were used in paper, plastic and cloth pro-
duction, B and C radiators became obsolete and
were replaced in 1963 with the D radiator, which
did not have this disadvantage. At the same time,
no standard physical implementation was offered
for the D radiator.

To date, D series radiators are successful-
ly used for colorimetric calculations in different
colour computer control systems, but the prob-
lem of creating correspondent conditions of arti-
ficial illumination for visual comparative evalua-
tion of the results still stands. The quality of light
sources applied in practice for this purpose, can
be estimated using the techniques proposed in the
CIEO051.2—1999 publication and in the standard
150 3664:2009. Best practice development of the
D radiator simulator was later generalised in a CIE
publication 192:2010, which to a large extent has
something in common with paper [1], but the con-
clusion drawn suggested that the adoption of struc-
tures simulating a D radiator as standard would be
inefficient.

In polygraphy, special fluorescent lamps are
used with correlated chromatic temperature 7, =
5000—-5500 K and with a high colour rendition
general index R, of about 95—97. It has been noted
repeatedly that at high R,, the spectrum of fluores-
cent lamps is substantially different from natural
daylight. Modern technology has made light sour-
ces specialised by spectrum based on other physi-
cal principles widely accessible. In the first place,
these are modular light-emitting diode (LED)
sources supplied with spectral component control
systems [2, 3, 4—7]. Progress of nana-coating de-
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Fig. 1. A hybrid laboratory light source (HLLS):

a — spectra of radiators: V1 (400 nm) and V2 (420 nm) ultra-violet LEDs with Sy;(4) and Syy(2)spectra, LED — cold-white
LED with Scy(2) spectrum, DS51CB — Decostar 51 Cool Blue HIL (with a dichroic filter) and its Sps() spectra with dif-
ferent power supply voltages (12, 15 and 18 V). The dotted line is designation of one of the target spectra (D50);

b — HLLS structure: 1 — adjusted aperture diaphragm, 2 — diffuse reflector, 3 — radiating device alignment, 4 — operation
area of the source with objects placed in it, 5 — il Pro spectrophotometer, 6 — control computer

position technology allowed manufacturing halo-
gen incandescent lamps (HIL), supplied with in-
terference filters at quite reasonable prices. On the
domestic market in Russia, Decostar 51 Cool Blue
HILs (further — DS51CB) are well-known Osram
products. These can also be used for laboratory
research purposes [8]. HILs with interference fil-
ters can be considered modern versions of B and
C illuminants, with their insufficiency in the violet
part of the spectrum. At the same time, there ex-
ist many available LED light sources with a large
portion of their short-wave radiation in the visible
spectrum interval.

Therefore, creating an accessible light source,
close in spectrum to the D radiator, using this ele-
ment, enabling spectrum adjustments, is an inter-
esting and topical task.

LIGHT SOURCE STRUCTURE

To obtain the desired spectral composition
of a hybrid laboratory light source’s (HLLS) ra-
diation, light fluxes from various radiators need to
be mixed. As a reference point, D radiator spec-
trum was selected with T, from 4500 to 6500 K,
and as initial components, DS5/CB HILs with in-
terference filters were selected, as well as one white
and two violet LED light sources.
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Spectral composition of the component ra-
diation (Fig. 1a) corresponded with the task pa-
rameters, and the difference in physical princi-
ples of light generation is reflected in the name
“hybrid”.

The structure of the HLLS is shown in Fig. 1b.
The junction of the corrugated housing and aper-
ture diaphragm / makes it possible to select HIL
radiation with a sufficient spectrum and also to ad-
just the radiation flux to the reflector. Flux mixing
is made using a diffuse reflector 2. Power supply
to the LED sources is from the P16 NF06 systems
controlled by PWM outputs of an Arduino Uno
(ATmega328P) controller. The frequency of PWM
outputs of the Arduino Uno was about 500 Hz at
eight-bit adjustment of on-off time ratio, which
is acceptable for the task. The Arduino Uno was
chosen also because of its Arduino 10 open source
package, which allows controlling it from the
Matlab medium. In this case, a monitor program
is loaded into the controller. This program trans-
mits commands arriving via a USB interface from
Matlab to the controller output. The HIL power
supply was carried out by an independent pulse
source with manual adjustment of output voltage
from 12 to 18 V.

The spectra of the obtained radiation and
of separate components were measured using i/ Pro
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widespread spectrophotometer from X-Rife along
with the Argyll CMS open software.

The main purpose of the i/Pro is measur-
ing the reflection spectra of printed impressions
according to the requirements of standard /SO
13655:2009. This measurement is necessary when
constructing /CC profiles in computer systems
for colour adjustment. Addiitionally, the i/Pro
has a mode for measuring spectral concentration
of irradiance [mMW/m?2-nm], and a cosine-correct-
ing attachment is included in the complete set.
A mode for “the high permission” is also provided
for, in which spectral data are generated at 3.33
nm step intervals (three readouts every 10 nm)
for 109 spectral areas in the section interval from
370 to 730 nm.

On the official site of X-Rite Company, the list
of i1Pro characteristics is quite limited. The i/Pro
spectral analyser is constructed based on a dif-
fraction lattice and on a 128-pixel photodiode rul-
er. The digitisation interval of the spectrum is 3.5
nm, the optical resolution is 10 nm. So, the broad-
band measuring path allows obtaining a high level
of output signal and reaching a high speed of mea-
surements, corresponding to /SO 13655:2009 re-
quirements (step of digitisation is 10 nm). When
reading check prints, i/Pro makes 200 measure-
ments per second. The radiation spectrum is cal-
culated by an internal processor and transmitted to
the control computer. Unfortunately, regular errors
of i1Pro cannot be evaluated based on the presen-
ted information. These inevitably depend on the
spectrum type. Random error in the experiments
did not exceed 0.24 mW/m?-nm with p = 0.95.

It is clear that a 10 nm resolution is not suit-
able for exact colorimetry of radiators with nar-
row peaks in the spectrum. CIE127:2007 publi-
cation recommends performing exact measure-
ments of LED spectra with a resolution of 5 nm
and a digitization step of 2.5 nm. At the same time,
the abilities of i/Pro in the high resolution mode
are sufficient to evaluate the quality of the obtained
radiation spectra according to 1SO 3664:2009
requirements.

CONTROL OF THE RADIATING
COMPONENTS OF THE SOURCE

The radiation spectrum in the HLLS operation
area is formed by a combination of spectra of its
components:
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s(2)=a, sy, (A)+ay -5, (2)+

+ay Sy (A)+SDS (l),

)

where s5;(4) are spectra of the components
(Fig. 1a) measured in the HLLS operation area
with their continuous power supply, a; are coef-
ficients, which determine the contribution of i,
component in the HLLS total spectrum and are
values of PWM on-off time ratios of LED pow-
er proportionally expressed. The HIL is not in-
cluded in the automatic control, s, (1) spectrum
is the «reference», and LEDs are used to complete
the construction of HIL radiation in the short-
wave part of the visible spectrum area to the de-
sired result.

With due regard to discreteness of the obtained
spectral data by wavelength (109 spectral areas),
hereinafter it will be convenient to use vector-ma-
trix configuration of the data presentation:

§ =S Ep@+Sps> 2
where S, is a matrix (109%3), where the col-
umns are spectra of the light emitting diodes,
a= [al,a2,a3]T is vector of on-off time ratios, s
is vector (109x1) of DS5/CB HLN spectrum.

The target spectrum of the D radiator with set
1.can be computed according to CIE recommen-
dations as

sp =Sy +M(T,)s,+ M, (Tc)s,, (3)

where s,, s, 5, are vectors (109x1) of D radiator
components; M, (7, ), M, (T, ) are coefficients rec-
ommended by CIE. To evaluate coincidence of the
spectra s and s, configurations, the approxima-
tion quality coefficient GFC (Goodness Fitting Co-
efficient) is convenient [9], which should be mini-
mised as follows:

(sp-5)

GFC=1-———+-=
Isoll-{s]
T 4)
=1- D — min,

[T, [T
SpSpA/s’ s

where s, is the target spectrum (3) of D radia-
tor with set 7, s is HLLS spectrum (2). Expres-
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Fig. 2. HLLS chromaticity depending on T, of D target radiator and DS51CB HIL power supply voltages. Points:
1,1, 1"-6500K; 2,2°,2"-6000K; 3,3",3"-5500K; 4, 4°,4"— 5000 K; 5 — 4500 K. Mesh step equal to 0.0038 cor-
responds to the threshold of perception of chromatic differences

sion (4) represents a difference from one of cosine
of the angle between vectors s, and s in 109-di-
mensional vector space of the spectra. Zero GFC
means collinearity of the vectors, and hence a full
coincidence of the spectra configurations (within
the constant accuracy).

Thus the task of achieving the best HLLS
spectrum with a set 7, (3) consists of obtaining
a=[a, a, a;]" in (2) providing a minimum GFC
(4) under condition 0" @;” 1 and a subsequent
chromaticity control.

Let’s consider a set of vectors {5~ }, which form
a subspace L with basis sy, Syy2s Sew s Sps:

* * * * ® *

)

where S is a matrix with (109x4) columns
:|T

It is easy to show that the least angle with tar-
get vector s, is formed by vectors from L lying
on a straight line, which contains an orthogonal
projection of s, vector on subspace L. Coordinates

b of such a projection in L can be easily found us-
ing standard least-square method:

*

by

*

% %
Sy1>8y2:Scw»Sps> and b :|:bl b, b
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b= (STS) l STsp)=8"sp, (6)
as one can see, with application of the Moore-Pen-
rose pseudoinversion operation. The vectors,
which minimise GFC (4), form a straight line:

Smingrc = kiSb, (7
where k is an arbitrary constant.

Now we obtain a solution of the initial task
(2) — (4). According to the condition, it should be
an element of the linear variety (2) representing
a hyperplane lying in L, as well as the straight line
(7). In all practically interesting cases, the hyper-
plane (2) is not parallel to the straight line (7), and
hence they have one general point. Thus, a singu-
lar solution of task (2) — (4) exists and can be ob-
tained as

a=b/b, ay=b/b,, a;=b/b,. (®)

It is also simple to show a stability of the pro-
posed solution, however, this is beyond the scope
of the present article.

The solution of the equation system (6) —
(8) allows calculating an evaluation of HLLS
characteristics by spectrum, chromaticity and il-
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Fig. 3. HLLS Spectra:
a — D50 imitation (point 4 in Fig. 2). GFC = 0.0032, AE,,.,- = 0.0013, illuminance in the operation area is equal
to = 570 Ix; b — D65 imitation (point 1”in Fig. 2). GFC = 0.0078, AE,.,-= 0.0022,
illuminance in the operation area is equal to = 2000 Ix

luminance in the operation area. In Fig. 2, the
CIE1964 chromatic diagram with trajectories
of chromaticity change is given at different HIL
power supply voltages, corresponding to the best
spectral approach of the target D radiator depend-
ingon T..

It is clear from Fig. 2 that the proposed proce-
dure of searching for the best spectral approach
together with a correct choice of the DS5/CB
HIL power supply voltage allows obtaining ap-
proached very close by chromaticity to D radiators
with T, from 5000 to 6500 K. D65 and D50 radia-
tors can be found more often than others in co-
lorimetric applications. The most successful ver-
sion of D50 imitation by means of HLLS is pos-
sible with DS51CB HIL at supplying voltage of 12
V (point 4 in Fig. 2), and with Dé5 at 18 V (point
1in Fig. 2). Design spectra of the HLLS for these
cases are given in Fig. 3.

Thus, a successful selection of HLLS radiating
components makes it possible to use elementary
algorithms to control them.

EXPERIMENTALLY OBTAINED
CHARACTERISTICS OF THE LIGHT
SOURCE

Radiators in HLLS are essentially different
by light distribution, and it is possible to estimate
the efficiency of mixing radiations using a dif-
fuse reflector (in terms of imitating D50 radiator),
as well as to estimate uniformity of illumination
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in the HLLS operation area. In nine points of this
area of about 18X 18 cm size, measurements of ir-
radiance spectral concentration were made. Illu-
minance deviation from its average value amount-
ed to around 20%. Spectral irradiance distribution
varied point-to-point but as a whole it correspond-
ed well to a preliminary estimation (Fig. 3a). And
in points of the operation area, the chromatic shift
AE,, (10 °CIE1964) being equal to < 0.005, cor-
responds to 15O recommendation 3664:2009.

Other indicators of D50 imitation quality ac-
cording to standard /SO 3664:2009 also confirm
that the result is acceptable. And R, = 98.3 (ac-
cording to the standard it is not less than 90), and
as to special indices, R; = 98.9, R, =98.7, R; =
99.2, R,=96.9, Rs=98.0; Rs=98.9; R,=97.5; Ry
= 98.0 (according to the standard, they are not less
than 80). The metamerism index in the visible area
M, = 0.14 (according to the standard, no more
than 0.25), and in the violet area M, = 0.09 (ac-
cording to the standard, no more than 0.15).

The reached levels of the HLLS luminous
flux allows using it in experimental colour con-
trol works in polygraph [10]. The D50 radiator
is basic for colorimetric calculations in colour
adjustment computer systems based on the /n-
ternational Colour Consortium (ICC) methodol-
ogy, and prints illuminated by means of HLLS
were used for direct comparison with other ex-
perimental material. The developed HLLS was
also successfully used for multispectral shooting
of small objects [11].
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CONCLUSION

An HLLS has been developed close by spec-
trum to standard radiators of D series. The control
algorithm has been checked based on an analytical
solution of the GFC minimisation task with a fixed
reference spectrum of one of the HLLS compo-
nents. A certain flexibility in T, choice is achieved
but an essential dependence of illuminance level
on T, in the HLLS operation area can be consi-
dered as a disadvantage.

When using HLLS, one should take into con-
sideration that the LED component of the lumi-
nous flux adjustment was carried out by means
of PWM (500 Hz). Besides, all of the obtained re-
sults are based on measurements by a spectropho-
tometer with a low spectral resolution (10 nm) in-
tended for typical tasks connected with the chro-
matic perception by a person. When it comes to
tasks beyond typical colorimetry, these character-
istics may be insufficient.

For visual evaluation of prints in polygraphy,
the obtained characteristics are even superfluous.
Nevertheless, the spectral proximity to D radiators
can be in demand in some specific applications.
These include colorimetric researches, selection
of paint mix formulas, evaluation of thermosub-
limation prints on textiles for outdoor advertising,
and other tasks connected with the visual percep-
tion of products intended for viewing under natural
illumination conditions.

Another interesting sphere of application
for such hybrid sources, is in various biological
research. In spite of the fact that the question
of spectral efficiency of photosynthesis is studied
sufficiently, and correspondent versions of opti-
mising spectra of light-emitting diode sources [12]
are proposed, it is reasonable to assume that in bi-
ological systems, other important photochemical
processes specifically adapted for natural illumina-
tion also occur.

The energy efficiency of the developed HLLS
was not analysed as part of this work, however,
it is low.

Next steps in the perfection of the HLLS in-
clude an improvement of the radiation mixing sys-
tem and an introduction of an additional element:
a white LED with T,. = (500—3000)K, which
could lower HIL loading [8] and probably avoid
overheat mode.
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ABSTRACTS

The two main objectives of Visible Light Com-
munication (VLC) systems are dimming sup-
port and communication. These objectives can
be achieved simultaneously by reducing the total
power consumption of VLC system. In this paper,
we formulate the optimization problem that mini-
mizes the total power consumption of Light Emit-
ting Diode (LED) lamps in a VLC system, while
satisfying the user’s requirements of the illumi-
nations as well as communication. Performance
of proposed scheme is evaluated using computer
simulation. Results show that the proposed scheme
reduces the energy consumption of VLC system
by 30% compared to existing schemes.

Keywords: optical power, energy efficiency,
pulse width modulation, lighting control

I. INTRODUCTION

Visible light communication is a communica-
tion technology which utilize visible light source
as a transmitter. Visible light refers to the visual-
ly-perceivable electromagnetic radiations i.e. radi-
ations in visible spectrum. Visible spectrum covers
the wavelengths from 380 nm to 780 nm, which
correspond to a huge frequency band of approx-
imately 400THz (from 384 THz to 789 THz) [1,
2]. In recent years, visible spectrum has received
much attention to be used for high speed wireless
communications in indoor environments.
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Light Emitting Diode (LED) is considered to
be very important source for lighting energy sav-
ing in indoor environments [3]. Taking advantag-
es of fast switching characteristics of LED, it can
be used as a communication source by modulating
the LED light with data signal. Owing to the fact
that VLC involves the combination of communica-
tion with lighting, VLC using LEDs has attracted
considerable attention and has become a valuable
mean for wireless communication.

Dimming is an essential functionality of mod-
ern lighting system, which is mostly achieved
by Pulse Width Modulation (PWM) or chang-
ing the modulation depth of the input signal. Re-
searchers have proposed different modulation
schemes for dimming control and data transmis-
sion using LEDs [4—6]. A joint dimming and data
transmission in VLC is proposed in [7], where
the data is transmitted using Sub-Carrier Pulse
Position Modulation (SC-PPM) and dimming
is achieved using PWM or by changing the mod-
ulation depth. In our previous work [8], we had
optimized the SC—LPPM parameters to mini-
mize the power consumption of VLC system, while
satisfying the user requirements of illumination
as well as communication.

In this work, we use PWM for brightness con-
trol and communication. We are focusing on opti-
mization of received optical power and illuminance
to reduce the power consumption of VLC system
with satisfaction of user’s lighting and communica-
tion requirements. An optimization problem is for-
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Fig. 1. System model for VLC indoor environment

mulated to find the optimal parameters i.e. widths
of input waveform, PWM signals that satisfy both
communication and illumination constraints.

The rest of the paper is organized as follows:
paragraph 2 presents the system model used in this
paper, data modulation scheme illumination and
communication model for VLC system; the opti-
mization problem is formulated in chapter 3, and
performance evaluation of the proposed scheme
is presented in paragraph 4.

2. SYSTEM MODEL

This work considers a VLC system in an indoor
environment, as shown in Fig. 1. It is assumed that
L identical LED lamps are equally spaced on the
ceiling of a room, and that the floor is geographi-
cally divided into J identical square grids (or *work
places’). In the VLC system the LED lamps are
considered to have capability of optical commu-
nication i.e., LED lamps works as VLC transmit-
ters. The receiver devices at the users end are con-
sidered to have Photo Diodes (PDs) for optical
communication. For simplicity we consider Line
of sight channel only both for communication and
illumination.

2.1. Modulation

We used On/Off keying (OOK) with PWM
for data transmission and dimming control. OOK
is the simplest modulation scheme, where the bi-
nary one and zero is represented by the presence
and absence of carrier wave in a time slot, respec-

90

tively. Let 4 be the amplitude of the received opti-
cal power by a photo diode (PD), the received op-
tical power is directly proportional to the ampli-
tude A, which can be expressed as P,.=A/2R, where
R represents the photo-detector responsivity and
P is the average optical power. Let the transmis-
sion rate of an OOK transmitter be R,, then it will
transmit R, rectangular pulses having duration 1/
R;. For the binary 1 the pulse intensity will be 2P,
while for binary 0 the pulse intensity will be zero
i.e. no pulse.

In order to evaluate the performance of a com-
munication link, Bit Error Rate (BER) can be used
as a key evaluation parameter used to. In general
for an acceptable error probability the BER should
be less than 10-¢[9]. BER for OOK can be com-

pute as
2 p2
BER,, =0 2R°E; ,
NoRb

where N, is the Power Spectral Density (PSD)
of Gaussian shot noise. Shot noise is the sum
of noise due to artificial light and natural light,
with PSD of N; and PSD of N, respectively [10].
Mathematically N, can be denoted as follow

M

N,=N;+N;=q.(I,;+1), )
where g is the charge of one electron. Parameters
1,,; and [, are the photocurrent due to artificial and
natural light, respectively.

BER depend on the received power as all the
other parameters in eq. 1 are constant. Therefore,
the average optical power required to achieve a giv-
en BER, using OOK can be computed as

, /—N 02Rb O (BER)

Fig. 2 illustrates the waveform of a PWM signal.
The symbol period 77 is divided into two slots, 7,°"
and T/, where parameter i represents the index
of signal waveform and corresponding LED. The
slot 7" represents the signal interval. A data sig-
nal with amplitude k is transmitted during this slot.
Tef has zero amplitude, i.e. no signal is transmit-
ted during this slot. The width of'slot 7" is directly
proportional to the transmitted optical power and
luminous intensity of LED. By changing the width

1

req_R

3)
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of slot 7", signal with desired duty-cycle can be
obtained as shown in Fig. 2.

2.2. INlumination

The amount of light emitted from an LED
is represented by luminous flux, which is given as

f:Kﬁov(x) £()dx,

380

“)

where K, is maximum visibility, ¥’ (1) is the stand-
ard luminosity curve and f,(4) is the spectral flux
[6]. Luminous intensity indicates the luminous
flux per solid angle (£2), which can be calculated as

af

I=——. 5

10 (5)

The emitted luminous flux for a PWM signal
waveform can be expressed as

fi =N i f max (6)

where N, is the ratio of signal interval to symbol
period, represented as N;= 1" / T?. f;is luminous
intensity of " LED. The maximum transmitted lu-
minous intensity is represented by f,, .., which can
be obtained with a PWM signal when 7" = T?.

In design of lighting system the parameter
of our interest is illuminance measured in Ix and
is given by luminous flux per unit area as [5]

a0 _1(0)
e=—-= .
dA r

(7

Illuminance depends on source luminous in-
tensity /(6) in a 6 angledirection, where r is the
distance between source and point of interest.
Considering Lambert radiation characteristic the
horizontal illuminance at a point j located at r dis-
tance from light source can be calculated as

_ 1,cos” (6)cos(y)

s
"'2

®)

€j

where [, is the maximal luminous intensity,
which is given by I, =1(0)=(m+1)f/(27).y
and 6 represent angle of incidence and irradiance,
respectively. In reference [11] m denotes the or-
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Fig. 2. Waveform of PWM signal with 100%, 50%
and 80% duty cycle

der of Lambertian emission and is given by the
semi-angle at half illuminance of an LED as

In2

" Tncos (hpa)’ ©)

where Apa is the half power angle of LED. For ex-
ample, m=1 at hpa=6(F. By replacing [, in equa-
tion 7, the illuminance at a point j from i”# LED
lamp can be expressed as

f; (m+1)cos™ (0)cos ()
2nr? .

€y

(10)

The total illuminance received at point j from
L LED lamps can be computed as the summation
of illumination from all LED lamps and can be
represented as

(11)

2.3. Communication

Optical power transmitted by an LED is the in-
tegral of energy flux in all directions and given by

)'max 2n

P= [ [fdodx
Amin 0

‘min

(12)

where 4,,,. and 4, are derived from the sensitivity
curve of PD [5].
Optical power transmitted by an LED with an

input PWM signal waveform can be computed as
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Fig. 3. LED Lamps placement scenario

=N.P!

17 max>

P (13)
where P/, is the transmitted optical power by ith
LED lamp. The maximum transmitted optical
power is given by P, which can be obtained with
a PWM for which 72" = T}.

Considering a receiver (PD) located at point j
as shown in Fig. 1, the received optical power (LOS
only) at PD from i## LED with transmitted power
P!, is given by

Pt

1

£y =H(0) (14)

where H(0) is the channel DC gain, which is ex-
pressed as [12]

A 1
(m—z)cos’”(e)cos(l//)g(l//)n (w),
2nr
H(0)= 0<y <y, (15)
0, v>vy,

where A, is the effective receiver area, g(y ) and
T, (v ) are the gain of optical concentrator and op-
tical filter, respectively. g(y ) is given as

2

0<y <y,

g(v) (16)

sin“y,

0,y >y,

where n is the reflective index. The received optical
power at a point j from it LED can be expressed as

2
Room |

25 3
ength, m

=
=

Required power, dBm

L " . "
4 5 -] T

Data rate, bits per sec.

Fig. 4. Required power verses data rate plot for
a target BER of 106

y oA (m+)
R e
2rr 17)
< cos” (0)cos(1) 2w )T, ().

where the total received optical power P/ at a point

jfrom L LED lamps can be computed as the sum-
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mation of optical power received from all LED
lamps and can be expressed as

(18)

I1I. PROBLEM FORMULATION

The objective of the proposed scheme is to
minimize the total power consumption under the
constraints that the user’s requirements of illu-
minations and communication must be satisfied.
Assuming that the power consumption is propor-
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tional to the signal interval of PWM signal wave-
form then the objective can be achieved by mini-
mizing N;i.e., minimizing the signals interval 7,°".
The goal is to find the optimal value of 7" that
satisfies the requirements of illuminance and com-
munication. The optimization problem can be sta-
ted as following:

L
nllvllnzl:f, (19)
Subject to Pjr >P,,, forallj's (20)
E,2E,,, forallj's (21)
0<T™ <TF, (22)

where P, and E,,, are the required received power
and illuminance, respectively. The objective func-
tion is shown in Eq. (19), which aims to minimize
the total luminous flux of LED lamps, hence min-
imizing the total power consumption of the sys-
tem. The constraints are stated in Eq. (20) to (22).
Eq. (20) and (21) are the constraints for required
minimum levels of received optical power and illu-
minance, respectively. The constraint for the sig-
nal interval duration of PWM waveform is shown
in (22), which can be varied from 0 to 7}, this con-
straint also sets the dimming capabilities and limits
of transmitted optical power of LED.

IV. PERFORMANCE EVALUATION

Simulations were performed to evaluate the
performance of the proposed scheme. An indoor

Table 1. System Parameters

Parameter Value
Room size Sm*Sm*3m
Number of LED Lamps 4
Height of desk surface 0.85m
Number of LEDs per Lamp 3600(60*60)
Space between LEDs lem
Single LED power 20.0 mW
Center luminous intensity 0.73 cd
Semi angle at half power 60 deg.
Photodiode responsivity 0.4
Detector physical area of PD 1 cm
FOV at the receiver 120 deg.
Reflective index of concentrator 1.5

room environment as shown in Fig. 1 is consi-
dered. Four LED lamps, capable of optical trans-
mission installed at a height of 3m above the floor
are considered. It is further assumed that each
LED lamp consists of 60x60 LEDs with a sepa-
ration distance of 1 cm. The centre luminous in-
tensity of an LED is 0.73 cd, and semi-angle at
half-power of LED is 60 deg. Fig. 3 shows the
placement of the LED lamps at ceiling of the
room, while Table 1 summarizes the typical sys-
tem model parameter used in simulation.

Fig. 4 compares the required optical power
for a PWM input waveform to achieve data rates
of 1 Mbps to 10 Mbps with required BER of 10-°.

Fig 5. The distribution of illuminance
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Recanved Optical powardBam

Fig. 6. The distribution of received optical power

It can be noticed that the required power increases
with increasing data rate for a given BER.

Received optical power and illuminance at
a desk surface of height 0.85m at the center of each
workspace, are calculated by Eq. (17), (18) and
(10) and (11), respectively. Fig. 5 show the illumi-
nance distribution, computed on the desk surface.
It can be noticed that illuminance level throughout
the room is greater than the required illuminance
level i.e. 400 1x, except at the corners, where the il-
luminance level is slightly below 400 Ix. The corner
area is very small and usually users are not located
in these areas.

Fig. 6 shows the distribution of received op-
tical power of direct light from LED lamps. The
minimum received optical power at [13] is —2.8
dB, which is considered as minimum requirement
for received optical power. This minimum optical
power level is obtained at all places of the room.

Figs. 4 and 5 indicate that sufficient illuminance
and optical power are obtained throughout the
room, which therefore meet requirements for il-
lumination and communication throughout the
room. The power consumption of the proposed
scheme is compared the conventional scheme,
which used PWM signal waveform with fixed duty
cycle of 50%. It is found that the proposed scheme
reduce the energy consumption of VLC system
by 32% compared with conventional scheme.

CONCLUSION

In this work, an optimization problem that
minimizes the total power consumption of LED
lamps in a VLC system, while satisfying the user’s
requirements of the illuminations as well as com-
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munication are formulated. Simulation results
show that the proposed scheme reduces the ener-
gy consumption of VLC system by 30% compared
to existing schemes.
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ABSTRACT

Solar panels are traditionally used as one of the
most promising eco-friendly, emission free ener-
gy sources. Instead of photodiode, solar panel can
be replaced at the receiver side in the visible-light
communication (VLC) system due to the addi-
tional advantage of easier targeting of light from
white LED and having large collection area. In the
proposed system, the transmitter uses white light
emitting diode (LED) for providing illumination
and communication, atmospheric channel and
solar panel at the receiver. However, ambient light
noise due to indirect sunlight and fluorescent light
is a major concern that affects the performance
of the communication system. Hence, adaptive
minimum voltage detection (AMD) is used to
track minimum voltage produced by the ambient
light with the difference amplifier combined with
Sallen-Key high pass filter to filter the ambient
light noise. Using the proposed experimental sys-
tem, data rate of 5.78 Kbps and a distance of 1.10

m is achieved between the transmitter and receiv-
er for binary data transmission. The same receiv-
er circuit with ambient noise reduction technique
is tested for audio mp3 file and a distance of 0.40
m is achieved.

Keywords: ambient light noise, light emitting
diode (LED), solar panel, visible-light communi-
cation (VLC)

1. INTRODUCTION

VLC technologies has been identified as an
supplement technology for radio frequency(RF)
based communication that can be utilized in criti-
cal environments such as hospitals, aircrafts, under
water communications etc. [1—3]. Moreover, VLC
offers advantages such as high security, hazard-
less to human, huge amount of unregulated band-
width and licence-free [4]. Commercially availa-
ble light emitting diode (LEDs) and solar panel are
used for data transmission and reception. The so-
lar panel is a passive device and it does not require

, Ambient
Transmitter light nofse Receiver
Input LED White | AlF Solar AMD |—»| DA HPF Two- Ve Output
00K —»| Driver [~ LED LQD' * panel —™ ™ stage [ —* 00K
signal VA signal

Fig. 1. Block diagram of our proposed of VLC system using solar panel receiver, where
AMD: adaptive minimum voltage detector, DA: difference amplifier, HPF: high pass filter, VA: voltage amplifier,
VC: voltage comparator
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Fig. 3. Receiver circuit solar panel, adaptive minimum voltage detector (AMD), difference amplifier (DA), Sallen-Key
high pass filter, voltage amplifiers and a voltage compactor are cascaded

an additional power supplies and has advantag-
es of eco-friendly, large collection area, targeting
of light easier. Natural and artificial ambient-light
noise has average power larger than the desired
input signal power. Therefore, the adverse effect
from ambient-light noise for indoor VLC applica-
tion needs to be addressed to achieve better signal
retrieval [5—9].

In [10], a technique to receive optical ener-
gy and VLC signal using solar cell is implement-
ed for the data rate of 3Kb/s and the distance
achieved between the transmitter and receiver was
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40 cm. The effect of sunlight interference was also
investigated. However, the transmission distance
of this system is only 40cm which is not suitable
for practical application. This technique considers
only ambient light noise produced by sunlight, flu-
orescent light noise is not considered.

In [11], experimental investigation of solar pan-
el for communication and energy harvesting was
done. Using on/off keying modulation, data rate
of 1Mbps and transmission distance of 39 cm was
achieved. Using the same transmission distance
data rate of 7.01 Mbps was achieved for orthog-
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Fig. 4. I/V characteristics of solar panel

onal frequency division multiplexing (OFDM).
However, the transmission distance of this sys-
tem is only 39 cm using on-off keying modulation,
which is very minimum for practical applications
and it employs capacitor to filter DC component
and conventional low pass filter to filter the noise.
Using low pass filter, ambient light noise cannot be
eliminated completely.

In [12], audio signal transmission in VLC sys-
tem using solar cell receiver was illustrated. The
analytical and experimental studies showed the
LED had small divergence beam and transmission
distance of 35 cm was achieved. However, the dis-
tance achieved is very small.

In [13], design of VLC receiver to remove the
noise from ambient lights using OOK modulation
was done and tested. This VLC receiver uses pho-
todiode at the receiver side and distance of Im
is achieved. However, photodiode can be replaced
with the eco-friendly solar panel and the perfor-
mance is tested using the same receiver circuit
in the presence of ambient light noise.

In this paper, we present the inexpensive ex-
perimental design of VLC transmitter using on-
off keying (OOK) modulation and receiver using
solar panel for the data rate of 5.78 Kbps and dis-
tance of 1.10m.The ambient light noise from indi-
rect sunlight and fluorescent light in indoor envi-
ronment is also considered in the receiver design

L L L L L
12 14 18 18 20 27 24 28

Voltage,V

for different optical power from white LED

to achieve better signal retrieval. The performance
analysis is done for different distances with respect
to output voltage at the solar panel, and optical
power at the photodiode. The paper is organized
as follows. Section 2 describes the indoor VLC
system with solar panel receiver and provides the
characteristics of solar panel, the results and dis-
cussion. Section 3, describes the audio transmis-
sion using solar panel receiver in VLC system with
their testing and results. Finally, our conclusions
are given in section 4.

2. SYSTEM DESCRIPTION
OF PROPOSED INDOOR VLC SYSTEM
USING SOLAR PANEL RECEIVER

VLC system mainly consists of two parts, one
is the transmitter module and the other is the re-
ceiver module. Line of Sight (LOS) channel model
is considered between the transmitter and receiver.

Fig. 1. shows the overall VLC system block dia-
gram of the proposed VLC system using solar panel
receiver employing ambient light noise reduction
technique

2.1. Transmitter module

In the transmitter module, the commercial high
power white LED is chosen to make sure that the
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Fig. 5. P/I characteristics of solar panel for different optical power from white LED

colour temperature are both safe and comfortable
for the human eyes. Luminous intensity in angle
¢ is given by

()= 1(0)cos™(g). (1)

The order of Lambert emission m is related to
the LED semiangle at half-power @, ,, by

B —In2

B ln(cosqﬁl/z)’

where 1 is the half-power semiangle of LED.
A horizontal illuminance Ej,, at a point (X, y)
is given by

)

Epor = 1(0)cos"(p)d” cos(y ), 3)

where 1(0) is the centre luminous intensity of an
LED, ¢ is the angle of irradiance, # is the angle
of incidence, d is the distance between the trans-
mitter and receiver.

Light emitting source of 1 Watt with the view-
ing angle as 90°, forward current of 0.35A/3.2W,
power dissipation of 1.6 W and luminous intensity
of 80 Im is used. OOK (on/off keying) is applied to
modulate the LED. Reflector is used in the trans-
mitter side to improve the communication range
and results. The schematic circuit of proposed VLC
transmitter is shown in Fig. 2
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2. 2. Line of sight (LOS) channel

In the paper, atmospheric channel is considered
between the transmitter and receiver. LOS Chan-
nel DC gain for the LED source is given by

H(0)=

%COS’" (0)cos(¥ ),

0

where d is the distance between the transmitter and
receiver,y is the angle of incidence with respect
to the receiver axis, v, is the FOV of the receiver.
The received power is given by p.=H(0) - p,. (5)
H(0) is the DC channel gain and p, is the trans-
mitted optical power of LED source.

2. 3. Receiver module

The receiver module mainly consists of solar
panel and signal conditioning devices. Primari-
ly, solar panel is used to accumulate optical en-
ergy from the sun. On the other hand, solar panel
can also be used to collect the optical signal from
LED. Thus, energy convergent VLC receiver is im-
plemented without photodiode and other power
supply systems. In this work, multi crystalline sili-
con photovoltaic solar panel of size (250%145%15)
mm, module efficiency of 10 %is used as it is cost
efficient and space requirements are lesser com-
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Fig.7. a) Output time-domain waveform of the transmitted
input signal

F EEEmL

LUmir= 1.3l

Fig.8. a) Output time-domain waveform of the solar panel
output signal

pared to monocrystalline PV module. The out-
put signal from the solar panel is weak with lot
of background ambient light noises and wireless
communication distance also makes the situation
worse. Therefore, the ambient noise reduction
circuit becomes the critical part of our VLC sys-
tem. Firstly, the solar panel is used in the receiv-
er side to convert the optical signal into electrical

LI i =kttt

b) Spectrum of the solar panel output signal

signal. Adaptive minimum-voltage detector is used
to track the minimum voltage produced from the
ambient light. Difference amplifier (DA) is used
for removing the minimum voltage. However, the
ambient light noise is not completely removed us-
ing this stage. Hence, Sallen-Key high pass filter
with a cut-off frequency of around 300 Hz is used
to by-pass the ambient light noise. Two stage am-
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Upp=1&8ml}

Fig.9. a) Output time-domain waveform of the sunlight
signal

Fig.10. a) Output time-domain waveform of the sunlight
and fluorescent light signal

Fig.11. a) Time domain waveform of the adaptive mini-
mum voltage detection (AMD) signal

UFF= &EEmL

Fig.12. a) Time domain waveform of the difference ampli-
fier (DA) signal

plifiers are used to amplify the weak signal to ap-
propriate amplitude. Finally, the amplified signal
is reshaped into the digital data signal using volt-
age comparator. Thus the transmitted signal is re-
covered back in the receiver side. Fig. 3 shows the
VLC receiver circuit.

b) Spectrum of the sunlight and fluorescent light signal

b) Spectrum of the adaptive minimum voltage detection
(AMD) signal

b) Spectrum of the difference amplifier (DA)signal

2.4. Solar panel characteristics

The solar panel used is multicrystalline sili-
con photovoltaic solar panel of size 250%x145xX15
mm, module efficiency of 10%. Fig. 4 shows the
voltage vs. current graph of the solar panel for dif-
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Fig.13. a)Time-domain waveform of the high pass filter
signal

Umak= 1.65U Upp= 1.68

Fig.14. a)Time-domain waveform of the voltage amplifier
stagel signal

Fig.15. a)Time-domain waveform of the voltage amplifier
stage2 signal

Fig.16. a) Time-domain waveform of the voltage compara-
tor signal

ferent optical power from the white LED source.
In Fig. 4 the electrical power from the solar panel
is obtained by the multiplication of current and
voltage. For the first case, the incident optical
power is 0.38 mW. The maximum electrical pow-
er obtained from the solar panel is 0.04 mW at

N

b) Spectrum of the voltage comparator signal

the load resistance of 60K€2. Therefore, the op-
tical to electrical conversion efficiency is 9.5%.
For the second case, the incident optical pow-
er is varied to 0.69 mW.The maximum electrical
power obtained from the solar panel is 0.07 mW at
the load resistance of 70KQ.0Optical to electrical
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conversion efficiency is 9.8 %. For the third case,
the incident optical power is varied to 1.22 mW.
The maximum electrical power obtained from
the solar panel is 0.12 mW at the load resistance
of 30K Q. Optical to electrical conversion efficien-
cy is 9.83%.

Fig. 4 1/V characteristics of solar panel for dif-
ferent optical power from white LED is presenting
and Fig. 5 shows the electrical power vs. current
characteristics of solar panel for different optical
power from white LED.

Fig. 6 shows the frequency response of solar
panel for different voltage across the white LED.
It is observed, the maximum achievable bandwidth
of solar panel is 10 KHz, and the solar panel can
receive even low frequency signals.

2.5. Experimentation and results

That proposed VLC system consists of trans-
mitter, optical wireless channel and the receiver
consisting of solar panel. Ambient light noise due
to indirect sunlight and fluorescent light is a major
concern that affects the performance of the com-
munication system. Hence, ambient light noise re-
duction circuitry is introduced to reduce the noise.
Thus the transmitted signal is recovered back at the
receiver with the reduced ambient light noise. The
experiment was performed inside the electronics
laboratory of B.S Abdur Rahman University which
is considered as an indoor VLC system. The exper-
iments are carried out at the data rate of 5.78 Kbps,
and the communication distance of 1.10m is con-
sidered between the transmitter and receiver. The
analyses of observations are discussed in the suc-
ceeding section.

Ed =L

a)

Upp= 9 .26

b)

E ]

EEEm.)

c)

U i ri=sbckobisbiok Vg p=kkatik

Fig.17. a)Time-domain waveform of the transmitted input
and received output signal b) Spectrum of the transmitted
input signal ¢) Spectrum of the received
output signal

This proposed VLC system consists of trans-
mitter where the OOK signal is transmitted via
white LED and the electrical signal is converted

Solar panel I
- 8 SO

Distance=1.10m

LY
e

Fig. 18.Experimental test bench of the proposed VLC system using solar panel receiver
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Fig. 19.The graph of the vertical distance between trans-
mitter and receiver vs. output voltage produced
at the solar panel

as intensity modulated optical signal. Figs. 7a, b
show the time-domain waveform and spectrum
of the input electrical signal. The optical signal
is transmitted via air as the free space medium
and the optical signal is detected by the solar pa-
nel. Figs. 8a, b show the time-domain waveform
and spectrum of the solar panel. The output sig-
nal retrieved from the solar panel suffers with the
ambient light noise. The ambient sources of noise
in the proposed VLC system include indirect sun-
light and fluorescent light lamps operated by con-
ventional ballast. The indirect sunlight induces
strong direct current (DC) onto the solar panel.
Figs. 9a, b show the time-domain waveform and
spectrum of the indirect sunlight in the room,
in which the experiment is carried out. The rec-
tified sine wave form is emitted from the fluo-
rescent light lamp operated by conventional bal-
last. Figs. 10a, b show time-domain waveform and
spectrum of the indirect sunlight and fluorescent
light. Adaptive minimum-voltage detector (AMD)
is used to track the minimum voltage of the sig-

mitter and receiver vs.optical power

nal received from ambient light noise. Figs. 11a,
b show the time domain waveform and spectrum
of the adaptive minimum detection (AMD) signal.
Difference amplifier (DA) is used for reducing the
minimum voltage produced by the ambient light.
Figs. 12a, b show the time domain waveform and
spectrum of the difference amplifier (DA) signal.
The ambient light noise is not completely reduced
in DA stage; hence Sallen-Key high pass filter
is used to reduce the ambient light noise. Figs. 13a,
b show the time-domain waveform and spectrum
of high pass filter signal. Two stage amplifiers are
used to amplify the weak signal to the signal of ap-
propriate amplitude to the input signal. Figs. 14a,
b show the time-domain waveform and spectrum
of voltage amplifier stagel signal. Figs. 15a, b show
the time-domain waveform and spectrum of volt-
age amplifier stage 2 signal. The amplified signal
is converted to digital signal using voltage compar-
ator. Figs. 16a, b show the time-domain waveform
and spectrum of voltage comparator signal. Thus,
the transmitted signal is recovered back in the re-
ceiver side. Figs. 17a, b, ¢ show the time-domain
waveform and spectrum of transmitted input sig-
nal, and the received output signal. The exper-

) Ambient
Transmitter light noise Receiver
Input LED White | Al Solar AMD |—»| DA HPF PA i
audio —» Driver [ LED panel B i B
data s

Fig. 21. Block diagram of proposed audio transmission in VLC system using solar panel receiver: AMD: adaptive mini-
mum voltage detector, DA: difference amplifier, HPF: high pass filter, PA: power amplifier
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Fig. 22.Experimental test bench of the proposed audio transmission in VLC system

imental test bench of the proposed VLC system
is shown in Fig. 18.

Fig. 19 shows the graph of the output voltage
produced at the solar panel for the different verti-
cal distance between the transmitter and receiver
up to 1.10m.

It is observed from the Fig. 19, that the re-
ceived output voltage decreases and is directly pro-
portional to the increase in vertical distance be-
tween the transmitter and receiver. The maximum
achievable distance of the proposed VLC system
is 1.10m.

Fig. 20 shows the graph of the output optical
power for the different vertical distance between
the transmitter and receiver up to 1.10m.

It is observed from the Fig. 20, that the received
optical power from LED decreases with the in-
crease in vertical distance between the transmitter
and receiver.

3. AUDIO SIGNAL TRANSMISSION
IN VLC SYSTEM

The block diagram of our proposed audio trans-
mission in VLC system using solar panel receiver
is presented in Fig. 21.

3.1. Experimentation and results

The audio system in VLC system consists of the
transmitter, atmospheric channel and the receiver.
The transmitter consists of standard 3.5mm audio
jack to supply the input of mp3 audio signal from
laptop and TIP31 transistor is used for transmitting
the audio via 1W white LED, which is driven by 9V
DC power supply. Thus the electrical audio signals
are converted into light pulses using white LED.
The signal is transmitted via atmospheric channel

Fig. 23. Captured transmitted and received music
waveforms

and received by the solar panel. The output sig-
nal received from the solar panel is very weak and
the quality of the signal gets affected by the ambi-
ent light noise from indirect sunlight and fluores-
cent lamp driven by conventional ballast. Ambient
light noise reduction circuit used for the above data
transmission system is the same used for the pro-
posed audio transmission in VLC system. Adap-
tive minimum-voltage detector is used to track the
minimum voltage of the signal received from ambi-
ent light. Difference amplifier (DA) is used for re-
moving the minimum voltage. However, the am-
bient light noise is not completely removed using
this stage. Hence, Sallen-Key high pass filter with
a cut-off frequency of around 300 Hz is used to by-
pass the ambient light noise. The ambient noise re-
duced signal is very weak. Hence, it is power am-
plified and the music signal is recovered back at the
receiver. The distance achieved between the trans-
mitter and receiver is 0.40m, Figs. 22, 23.

4. CONCLUSION

In this paper, an indoor VLC system using so-
lar panel receiver with the ambient light noise re-
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duction technique is implemented. The transmis-
sion rate of 5.78 Kbps and a distance of 1.10 m
is achieved between the transmitter and receiver
for the binary data transmission. After successful
transmission and reception of data, we have con-
sidered the same ambient noise reduction circuit
in the receiver side for audio data transmission and
0.40 m is achieved between the transmitter and
receiver. Thus environmental friendly data trans-
mission in VLC system is implemented using solar
panel receiver.
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ABSTRACT

Solid state lighting is revolutionizing in indoor
illumination. Current incandescent and fluores-
cent lamps are replaced by light emitting diode
(LED) at fast pace. LED offers low cost, power
efficient, faster switching speed and it can be per-
ceived by the human eye. Visible-light communi-
cation (VLC) is a wireless technology, which uses
LED at the transmitter and suitable photodetector
at the receiver.VLC overrides the drawbacks of ra-
dio frequency(RF) communication like restricted
bandwidth, radiation hazards and environmental
hazards. The main challenges in implementing
the VLC systems are optimizing the optical back-
ground noise. It is produced by natural, artificial
ambient light source and other kinds of noise at the
receiver side, which limits the performance of the
communication system. This survey provides the
technology overview, review of different optical
background noise sources, reduction techniques
in VLC done by different researchers and a novel
noise reduction technique at the receiver is pro-
posed overcoming the drawbacks of the conven-
tional methods.

Keywords: data communication, illumination,
light emitting diode, radio frequency, visible-light
communication, noise source

I. INTRODUCTION
Visible-light communication is an optical wire-

less communication technology, which uses spec-
trum of wavelength from 380 nm to 750 nm and

is standardized by Institute of Electrical and Elec-
tronics Engineers (IEEE) [1]. VLC using LED
is a promising technology to supplement exist-
ing RF communication. LED has properties such
as energy efficient, low cost, high brightness and
long life time. Hence, in VLC, the conventional
lightings such as incandescent lamps and fluores-
cent lamps are replaced by the LEDs. Nowadays,
in general, the LEDs are used in many places such
as traffic lights, automobiles, indoor and outdoor
lighting. Further, the on-off transient time of the
LED is short, which offers high data rate trans-
mission in VLC. VLC finds its application in many
areas such as hospitals, underwater communica-
tions and road to vehicular communications as well
as location based communications [2—7].

One of the main challenges, existing in VLC
system are the optical background noises from
natural and artificial ambient light and other noise
sources contributed at the receiver side. To this,
the indoor lighting sources such as incandescent
lamps, fluorescent lamps driven by conventional
and electronic ballast and outdoor lighting sour-
ces such as sunlight contributes the broad range
of wavelength, which could overlap the transmis-
sion wavelength used in VLC [15—30, 32]. Hence,
ambient noise reduction techniques are necessary
to reduce the in band interferences occur from
other lighting sources to improve the performance
of the communication system.

In this paper, a survey of VLC system under the
influence of noise sources is analyzed. The paper
is organized in the following sections. In Section 2,
the theory of VLC system is discussed. Section 3,
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Fig. 1.Block diagram of VLC system

describes the noise at the receiver. Section 4, deals
with the survey of existing methods applied for the
noise reduction done by different researchers. Sec-
tion 5, defines about the proposed method and the
comparative study with the existing methods.

2. THEORY OF VLC SYSTEM

This section provides a brief overview of data
transmission through VLC. It uses LED where
the data is transmitted using intensity modulation
(IM) technique. The detected intensity is con-
verted as an equivalent electrical signal from the
photodetector. This process is described as di-
rect detection (DD). IM/DD methods are ad-
vantageous over the other methods, since they are
simple and easy to implement. The basic blocks
of VLC data transmission through IM/DD is rep-
resented in Fig. 1, followed by individual block
function description.

2.1. VLC transmitter

The VLC transmitter uses visible white LEDs,
which is different from the conventional light-
ing sources in the point of view that it must pro-
vide both illumination and data communication
simultaneously. There are two different ways to
generate white light using LEDs. Devices that use
blue emitter in combination with a yellowish phos-
phor and trichromatic (RGB) LEDs are used to
generate white light [8]. The comparison of RGB
LEDS to phosphor based LEDS is described at the
end of this paper as Table 1. Performances of two
different types of white LEDs under various de-
sign challenges.

White LEDs are used as a modulation device
on the optical carrier on visible light. The mod-
ulation bandwidth requirements of the LEDs
are to be considered for data modulation. Visible
white LEDs are usually high brightness LEDs and

the manufacturers do not develop high bright-
ness LEDs for communication purposes. But very
high modulation band width is required for high
data rate communication. Consequently, the re-
search work is motivated to improve the modula-
tion bandwidth of LED. Secondly, VLC transmit-
ter must provide illumination as well at the time
of data communication. For office work, general
illumination of 300 to 1500 Ix is required. The high
brightness LEDs operate with the forward cur-
rent > 100 mA, which is quite large with the com-
munication devices. Hence, the VLC transmitter
is complex than the conventional transmitter de-
sign as it needs to provide both illumination and
data communication [12].

2.2. Channel modeling

The noise model should also be included with
the channel model. Thus VLC channel is modeled
as a linear optical additive white Gaussian noise
(AWGN) channel and is described by the follow-
ing equation (1)

I(t)=npi(n) ®h(t)+ N(1), (1)
where I(t) is the photodetector current, n is the
photosensitivity of the Photodetector, p;(t) is the
instantaneous input power, ® the symbol denotes
the convolution (t) denotes the impulse response
and N(t) denotes the AWGN noise. VLC can be
applied in two different scenarios, which are Line
Of Sight (LOS) and Non Line Of Sight (NLOS)
[15, 31]. Line Of Sight (LOS) is the unobstructed
path of communication between the transmitter
and the receiver. The transmitter directs the light
beam in the direction of the receiver. In the LOS
case the received power is given by equation (2)

PrLOS=HLOS(0)Pt. Q)
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Fig. 2.Different sources of noise in optical wireless communication link

In the NLOS case, the light reflected by walls
or by any other obstacles is taken under consider-
ation. The received power is generally given by the
channel DC gain on the LOS and reflected path
H ref(o)is given by the equation (3)

Pr= H1os(0)+ H yros(0)P, = 3)
= H 10s(0)P, T X ref H ,,;(0) P

The non-directed LOS or diffused lighting
achieves only limited data rate.

In the NLOS case, let us consider the effect
of light reflected by walls or any other obstacles.
The received power is generally given by the chan-
nel DC gain on LOS and reflected path H,,, (0)
is given by eq. (4)

Pr= H 10s(0)+ H npos(0) P, @
= H10s(0)P, L refH rer(0) Py

The interference must be modelled along with
the channel model. At the receiver side, the irra-
diance produced by the background light is given
by eq. (5) [13]

H(t) = HB+ Himerf(t)’ (5)

where Hj is the average background irradiance and
Hiy /(1) is the time varying component.

The optical power is converted into current
in the receiver side by the photodiode. So the back-
ground irradiance produced by the light sources
produces shot noise and there will be variations
in the optical power due to the interference. The
output current at the photodiode is given by eq.

(6) [13]

ld(t) = IB+iinteff(t)+inoise(t)’ (6)

where
I5= AR.H p (6a)

where
iinter_’f(t) “AR:H imerf(t)‘ (6b)

A, is the photodetector active area and R, and
Ry, are the responsivity of the photodetector for the
average and interference irradiance.

2.3. YLC receiver

Two kinds of detectors such as PIN diodes and
avalanche photodiodes (APDs) are used in the
VLC. PIN photodiodes are mostly preferred, com-
pared to APDs due to low cost, ability to withstand
wide temperature fluctuations and it can be operat-
ed by an inexpensive low bias voltage power supply.
The receiver sensitivity of PIN photodiode is 10 to
15 dB less compared to APDs. In order to compen-
sate the reduced sensitivity of PIN receivers, the
transmitter power is increased and larger diameter
of lens is used. However, APDs can be operated
with less transmitter power and has better internal
gain. The signal to noise ratio (SNR) is increased,
but APD receivers are costly and requires high op-
erating voltages [8].

3. NOISE AT THE RECEIVER
IN OPTICAL WIRELESS
COMMUNICATION SYSTEM

There are different sources of noise, which
degrades the performance of the optical wireless
communication system [14]. Fig. 2 shows the dif-
ferent sources of noise in optical wireless commu-
nication link.
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3.1. Optical excess noise

When laser is used in transmitter side, any noise
that combines with the received signal other than
the quantum shot noise is called optical excess
noise.

3.2. Photodetector excess noise

Photodetector excess noise occurs due to gain
multiplication process internal to the photodetec-
tor.This kind of noise is present only in photode-
tector with internal gain like avalanche photodiode
or photomultiplier tube (PMT).

Both the above mentioned kinds of noise can be
eliminated in VLC using LEDs and PIN photodi-
odes. The noise sources that are considered in the
VLC system using white LEDs and the photodiode
as receiver are ambient light noise, quantum shot
noise, electronics noise and photodetector dark
current noise.

3.3. Dark current noise

Dark current noise occurs in the photodetec-
tor due to random emission of electrons due to ab-
sorption of thermal energy at a fixed average rate
when no field is being detected. It depends on the
temperature and area of the photodetector. The
dark current 1 is modeled as a DC current with
noise PSD is given by eq. (7)

2
sdN=1,5(7). (7)

3.4. Ambient light noise

Different light sources such as natural and ar-
tificial background light contribute to the ambient
light noise. Source of natural ambient light noise
is sunlight. The artificial ambient light comes from
many light sources such as incandescent lamps,
and fluorescent lamps driven by conventional and
electronic ballasts.

3.5. Quantum shot noise

The mean of photocurrent is taken from the
sunlight, ambient light interference and dark cur-
rent contains the desired signal of interest that var-
ies with the received optical power, where the vari-

ance act as distortion to the desired signal received
and it represents how much amount of noise power
is present in the photodetector’s output. Quantum
shot noise exists due to quantum mechanical na-
ture of light. The PSD of quantum shot noise due
to unmodulated ambient and dark current is given

by eq. (8)

Sds(f):
2 e e (D p 2)dA 5
= e[%liLn( ) Sb( )Rf( ) +1d]’

where Sh(1) represents the ambient light noise
power spectral density.

3.6. Electronics noise

The electronics noise occurs at the pre-amplifi-
er front end. Four kinds of front end amplifier de-
signs such as resistor termination with a low-im-
pedance voltage amplifier, high impedance ampli-
fier, transimpedance amplifier, and noise matched
or resonant amplifier are used in the optical re-
ceivers. Among all these four types of amplifiers,
transimpedance amplifiers are widely used in VLC
because of the capacity to achieve high bandwidth
and low noise at the same time. It shows the tran-
simpedance amplifier circuit with the feedback im-
pedance Zfb (w) and open loop gain A4, (w).

The equivalent input current noise PSD
of Transimpedance amplifier is given by eq. (9)

where R, = Rf,ApR, / [(Ag + DR ARf], ¢,/ =cpte,
Rf, is the feedback resistance, 4, is the core ampli-
fier DC gain A,(0), ¢ is the feedback capacitance,
C4, R, are the resistive and capacitive parts of the
combined impedance. The noise performance
of the core amplifier is characterized by spectral
densities v,2 and i,? of the internal voltage and cur-
rent random sources. The electronics noise can be
treated as zero-mean additive Gaussian random
process with variance as the noise power.

If the field effect transistor (FET) is used for the
transimpedance amplifier, the equivalent noise
power spectral density is given by eq. (10)
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saFET) =

4KTT 2
T O P

where I is the leakage current, g, is the FET
transconductance, C; the total input capacitance,
f.isthe I/fnoise corner frequency of the FET, I'is
the numerical constant (0.7 for Si JFETs, 1.03 for Si
MOSFETs and GaAs MESFETs). In the above
equation, first noise term and second is due to feed-
back resistance thermal noise and leakage current.
The third and the fourth noise term corresponding
to channel thermal and induced gate noise.

4. LITERATURE SURVEY ON EXSISTING
METHODS

This section discusses about the survey of op-
tical background noise sources exist in VLC sys-
tem and the techniques to reduce the optical back-
ground noise, which has been implemented previ-
ously by different researchers are discussed in this
section.

4.1. Optical filtering

Optical filters such as long pass filter and band
pass filters are the two different kinds of optical fil-
ters which are used in most systems to reduce the
ambient light. Optical band pass filters are most-
ly used to mitigate the noise in VLC communica-
tion system. The optical receiver consists of optical
band pass filter, optical concentrator, optical lens,
photodetector and preamplifier. The optical band
pass filter is deposited on the outer surface of the
hemispherical concentrator to reduce the ambient
light noise. The optical lens of different refractive
index for different colours is used on the inner sur-
face of the hemispherical lens and a silicon photo-
diode is attached at the bottom of the optical lens.
Transimpedance amplifier is used to convert the
photocurrent produced into voltage. Then all the
received signals of different wavelength is com-
bined using the MRC circuit and thus the signal
is demodulated to restore the original input sig-
nal [15].

The optical concentrator is used in front of the
photodiode with the optical band pass filter, which
has centre wavelength of 450nm and full width half
maximum (FWHM) of 40nm [16].In the outdoor
environment also ambient light noise from daylight
causes severe degradation in the performance of the
communication.The combining receiver structure
using optical band pass filter is used to suppress the
ambient light noise due to sunlight [17]. The optical
filters, such as light control films that contain a spe-
cial layer called micro louver can be used be placed
on the top of the photodiode. That blocks the inci-
dent sunlight interference at an angle of 30° or high-
er. The micro louver film consists of transparent
layer, absorption layer and blocking layer. The light
incident from only specified angle is passed and the
other light beyond that angle is blocked via absorp-
tion and blocking layers. Thus, optical filtering us-
ing micro louver is an efficient method to sunlight
interference in outdoor environments. The distance
achieved here is 1m, which can be increased by us-
ing high power driven LEDs [21].

4.2. Electrical filtering

High pass RC filters can be used to filter out
the low frequency noise components due to ambi-
ent light [18]. A low pass filter is used to eliminate
the high frequency noise components [19, 20]. The
use of high pass filter or low pass filter is related to
the high or low noise frequency component to the
input signal.

4.3. Adaptive filtering

The received optical signal is divided into tem-
poral signal frame of 20 milliseconds. Then cha-
racterize the channel, and decides for each tempo-
ral frames whether the channel model is noise free
or polluted with fluorescent light using the classifi-
er. The channel characterization is done using the
high frequency obtained the wavelet of the tempo-
ral frames using a Daubechies window type 1. The
inverse filter of the channel is done to remove the
effects of the ambient light noise produced by flu-
orescent light [22].

4.4. Wavelength filtering

When the adjacent cells transmit different sig-
nals and wavelength, interference occurs. Due
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to the interference, the Signal to
Noise Ratio (SNR) also gets af-
fected. To solve the above problem
of ambient interference, hexago-
nal cell structure based on RGB
LED and is used. Different wave-
length must be used between ad-
jacent cells. If the cells are far lo-
cated, same wavelength is used.
Optical filters are used to separate
the modulated signals from adja-
cent cells. Hence, the SNR is im-
proved by using RGB-LED hex-

agonal structure and optical fil-

tering [23].

Currently, the optical receivers

4.5. Filter-based sensor array
use photoelectric-diodes to con-

vert optical signals to electrical
signals. But it cannot distinguish
an input of different wavelength.
Because of these disadvantag-
es spectrum sensor array is used
to achieve interference rejection.

A single chip sensor array from

nano lambda made up of different
spectral transmission characteris-
tics has been developed. The re-
ceived optical signal contains the
inband interference from the am-
bient fluorescent light. Two sig-
nal fusion methods such as max-
imum SIR combination (MSC)
and matched filter combination
(MFC) are compared. It is noticed
that MFC outperforms MSC un-
der the influence of ambient light
noise. There are drawbacks that
still exists in this system are the
noise amplification issues due to

the equivalent transmission from
a combination of sensors and the
timing synchronization among the

sensors. However, the proposed
receiver is proved to be a prom-
terference problems in VLC sys-

ising solution to the in-band in-
tems [24].
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4.6. Adaptive minimum voltage cancellation
method

In the indoor environment sunlight and fluo-
rescent light interference affects the performance
of the communication system. The received optical
signal from the channel contains DC component
from sunlight and a rectified sine wave from indoor
fluorescent lights. The VLC receiver enabled with
adaptive minimum voltage detection to track the
minimum voltage and differential amplifier is used
to cancel the noise from the received signal. Bit
rate of 1.25 Mbps and 1m distance is achieved us-
ing this method [25]

4.7. Line coding techniques

The Manchester coding is a line code that
is used to provide synchronization; it can also be
used in the communications. The Manchester de-
coding performed is similar to the received signal
corrupted with ambient light noise passing through
the band pass filter. Thus, the optical noise from
AC—LEDs and fluorescent light noise frequency
was < 500 kHz, is filtered and the signal quality
is improved. Manchester coding performs better
than the conventional NRZ when the frequency
is less than 500 kHz.

In addition to the Manchester coding, forward
error correction (FEC) techniques can also be
used to improve the transmission performance.
Data rates of 1.25 Mb/s and 2.5 Mb/s are evaluated
with the transmitter and receiver distance is 1.65 m
[26]. Non-return-to-zero-inverted (NRZI) is also
used to reduce the background optical interference
in the low noise frequency band. The external in-
terference signal used is another white LED driven
by AWG. In general, NRZI decoding is done using
XOR gate. The waveform processing in the NRZI
decoding process is used instead of using XOR
gate. The waveform processing consists of the re-
ceived waveform delayed with the duration of one
bit and the original received waveform delayed with
the one bit duration.

Thus, NRZI decoding using waveform process-
ing can be effectively used to reduce the optical in-
terference in low-frequency band from DC to over
200 KHz. NRZI coding performs better than the
conventional NRZ. The data rate achieved is 10
Mbps at the range of 1 m [27]. Miller coded sig-
nal is less affected by noise and other distortions.

So, that Miller code can be used in Multiple Input
Multiple Output (MIMO) applications. The dis-
tance upto 50 m is achieved [33].

4.8. Orthogonal frequency division multiplexing
(OFDM)

The optical wireless channel is affected by the
optical background noises such as the AC-power
LED operated at 60 Hz and the fluorescent lamp.
In the OFDM receiver side, the received signal
is down sampled, CP removed and FFT is per-
formed. Equalization is performed in order to en-
hance the channel bandwidth of LED. Data rate
of 5 Mb/s and 12 Mb/s, 32 and 64 OFDM sub-
carriers are used. AC-power LED has negligible
effect if the OFDM is used. Fluorescent noise can
be mitigated using different number of subcarri-
ers [28].

4.9. Differential detector with two polarizers

Differential detectors (PD1 and PD2) and two
linear polarizers (PL1 and PL2) are used to reduce
the ambient light noise caused by the tungsten fil-
ament lamp effectively when compared to the Dif-
ferential detectors (PD1 and PD2) and one linear
polarizer. Using differential detectors with two lin-
ear polarizers (SNR) achieved is more[29].

4.10. Wavelet neural network VLC receiver

Fluorescent light interference degrades the per-
formance of the communication system. Wavelet
denoising outperforms high pass filter (HPF) in re-
ducing the ambient light interference. In VLC re-
ceiver there exists another challenge added to the
Fluorescent light interference (FLI) is the inter-
symbol interference (ISI), which also needs to be
simultaneously addressed. Artificial neural net-
work (ANN) based equalizer is combined along
with the wavelet denoising. Wavelet denoising iso-
lates the spectral components of the FLI from the
modulated signals using different levels of wavelet
decomposition. The feed forward multilayer per-
ceptron (MLP) ANN equalizer is used due to its
greater performance when compared to other line-
ar equalizers. Thus the data rate of up to 150 Mb/s
is achieved with a BER of 10~¢ by using wavelet
and neural network based receiver [30].
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Fig. 3. Block diagram of proposed VLC receiver

4.11. Differential receiver using photocells

Traditional optical receivers use optical filters,
colored, neural neutral density filters, low pass,
band pass and high pass filters to reduce the am-
bient light interference. In a number of receivers
they use computers to sift through all the signals
to get the correct received data instead of filter-
ing. All these methods reduce the signal from un-
wanted bandwidth while it passes the received sig-
nal. These methods only reduce the noise but do
not cancel the noise caused due to interference.
Hence, differential receiver using photocells is used
to mitigate the ambient light interference [32].

4.12. Differential threshold with optical and
color filters

In this method differential detection thres-
hold (DDT) using optical filter and red color filter
is employed in the receiver side to reduce the sun-
light or artificial light in the outdoor environment.
This method proves to be efficient like other meth-
ods such as spread spectrum techniques, combin-
ing techniques etc as it prevents the unwanted am-
bient light entering the photodiode [34].

5. PROPOSED METHOD

The optical wireless channel in the indoor en-
vironment is affected by the optical background
noises such as indirect sunlight, fluorescent lamps
generated by conventional ballasts operating at 50
Hz. The above conventional methods use optical
filter, low pass filter, high pass filter etc. to reduce
the optical background noises but it does not mi-
tigate the noise completely and it still affects the
performance of the communication system. Wave-
let neural network, adaptive filtering, wavelength

filtering, OFDM also reduces the optical back-
ground noise but the receiver structure is complex.
Miller code, filter based sensor array has also been
used previously to reduce the noise but no prac-
tical experimentation is performed. Hence, the
VLC receiver structure designed must be simple,
it must improve the performance of the commu-
nication system and it must have the capability to
reduce the optical background noise in the indoor
environment.

The proposed receiver consists of two photodi-
ode, transimpedance amplifier, differential ampli-
fier and voltage amplifier. On the transmitter side
on-off keying signals are used to drive the white
LED, which is used for both illumination and
communication purpose. We can able to achieve
500Kb/s and distance of 0.50m using the proposed
receiver. Fig. 3 shows the block diagram of pro-
posed VLC receiver.

The received optical signal from the optical
wireless channel consisting of the optical back-
ground noise is collected at the photodiodel. The
optical power is converted into current in the re-
ceiver side of the photodiode. So the background
irradiance produced by the light sources produces
shot noise and there will be variations in the opti-
cal power due to the interference.

The photocurrent produced at the photodiodel
is given by the eq. (11)

(11)

Ipi ~ Isignal + Iinterf(t) + Inoise(t) >

R.p (12)

1 signal = signal >

where R is the responsivity of the photodiode. p
is the input optical power of the LED.

signal

Iimerf(t) = R'pimerf (t)» (1 3)
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where P, is the power of the ambient light in-
terference signal.

< Iznoise(t) >= 2q(lsignal + Iinterf(t))- B, (14)
where ¢ is the electronic charge and B is the receiv-
er bandwidth.

The electrical current is converted into voltage
using the transimpedance amplifier (TIA1). The
output voltage at the TIA is given by eq. (15)

Vout] = RfIpp (15)

where Ry is the feedback resistance and I, is the
current produced at the photodiode #1.

The photocurrent produced at the photodiode
#2 without the input signal is given by the eq. (16)
(16)

I~ Iinterf(t) + lnoise(t) >

(t) = R'Pinterf(t)9 (17)

where p, .., is the power of the ambient light in-
terference signal.

Linterf

(1) >= 2q(Isignal + Iinterf(t))' B, (1 8)
where ¢ is the electronic charge and B is the receiv-
er bandwidth.

The electrical current is converted into voltage
using the transimpedance amplifier (TIA2).

<12 .
I noise

Voutz = Rf'IPZ ’ (19)

where Ry is the feedback resistance and 1,,,is the
current produced by the photodiode #2.

The differential amplifier is used to mitigate the
noise and helps to recover back the original re-
ceived signal. The output voltage at the differential
amplifier stage is given by eq. (20):

VoA = A (Vour™ Vour) (20)

=A (RfIpRf1p) (21)

= A R Igignat * Tintert M * TnoiseV) 22)
RE* Lingerr D+ Lnoise(H):

Vpa=A (Isignal)’ (23)

Vpa =ARP ), 24)
where, A is the open loop gain.

The received signal will be a weak signal and
voltage amplifier is used to amplify the received
signal from the differential amplifier (DA). The
output voltage at the voltage amplifier stage is giv-
en by eq. (25)

Vya =Av (Vpa) (25)
where Ay the voltage is gain and Vp, is the voltage
at the differential stage.

Thus, the transmitted input signal is recovered
back at the receiver side with the mitigation of op-
tical background noise sources such as indirect
sunlight and conventional fluorescent lamp oper-
ating at 50 Hz in indoor environment.

6. CONCLUSION

In this paper, we have analyzed the optical
background noise sources and its reduction tech-
niques in VLC system. Fluorescent light and sun-
light are considered to be the important sources
of ambient light noise among all the other ambient
light noise sources. Based on the previous meth-
od analysis, the modified VLC receiver is pro-
posed to reduce the optical background noises
caused due to indirect sunlight and fluorescent
lamps generated by conventional ballasts in the in-
door environment. By overcoming the challenges
of optical background noise, the error free trans-
mission is achieved and SNR is improved. Thus
highly efficient LED communication is established
for many hazardless applications. It is most expect-
ed that VLC system will reach the market soon and
benefit the users with data communication and
illumination.
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ABSTRACT

This paper deals with computation of light-
ing design parameters related with indoor general
lighting scheme using MATLAB. Luminaire In-
tensity e-database, known as .ies file, is directly ex-
tracted by the developed MATLAB program and
then utilized in subsequent lighting computation.
Details of all computation steps and algorithms
of developed MATLAB program are given in this
paper. Simulated results are compared with DIA-
Lux lighting design software and percentage devi-
ations are presented.

Keywords: lighting computation, MATLAB
simulation, Indoor lighting

1. INTRODUCTION

The objective of this work is to simulate indoor
general lighting in terms of numerical values of de-
sign parameters as well as graphical representation
of computed results using MATLAB. Present-
ly, four design parameters are considered in this
developed programme without obstruction viz:
a) Maintained Average Illuminance over horizon-
tal working plane, b) Uniformity of Illuminance,
c¢) Unified Glare Rating (UGR) and d) Lighting
Power Density (LPD).

Flux transfer theory and other basic laws of il-
Iumination science are applied to compute direct
and indirect illuminance separately on working
plane to produce spatial distribution of light le-
vel. CIE guidelines are used to compute UGR at

different observer’s positions and for different line
of observations.

Unique features of this presented work are:

1) Incorporation of luminaire photometric
e-file (.ies file) in the developed MATLAB pro-
gram and then extraction of relevant data for sub-
sequent computation.

2) Computation of direct and indirect compo-
nent of illuminance on working plane separately.

3) Modular form of computation of design pa-
rameters with algorithm and detailed theoretical
background.

This approach of MATLAB simulation faci-
litaes the researchers to develop tailor-made pro-
gram using existing MATLAB library functions,
tools utilities for data analysis and optimization.
This option is not available with the existing pow-
erful lighting design software viz. DIALux, RE-
LUX, AGi32.

2. INDOOR GENERAL LIGHTING
SCHEME

The purpose of general lighting scheme is to
achieve uniform illuminance all over the work-
ing plane. The luminaires are arranged in a matrix
form and uniformity of Illuminance is measured.
This type of lighting scheme is very useful in large
office space where every workstation receives more
or less same light from the lighting installation and
hence ensures flexibility on the orientation of the
workstations distributed within the floor space.
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2.1 Design Parameters

The lighting ambience created with the gener-
al lighting scheme is characterized with following
design parameters. The required value is recom-
mended by National and International Lighting
Standards to ensure visual performance related to
intended visual task(s):

a) Maintained Average Illuminance over hori-
zontal working plane (E):

This parameter represents the quantity of light
available throughout the working plane for entire
space under the installation. For a new installation
the initial average illuminance and maintained av-
erage illuminance are related by a factor known
as Maintenance Factor (M.F) of the lighting sys-
tems, where

Maintained average illuminance
M.F.= c :

Initial averageilluminance

b) Uniformity of Illuminance (U;, U,):

These parameters represent the uniformity of'il-
luminance on the entire working plane and are
assessed by the ratio of minimum to average il-
luminance and minimum to maximum illumi-
nance.Usually minimum to average illuminance
is considered to represent Overall Uniformity
of illuminance.

¢) Unified Glare Rating (UGR):

UGR is a quality criterion of indoor lighting in-
stallation. It indicates the visual discomfort expe-
rienced by the space users while engaged in visual
tasks. The practical range of UGR lies within 10
to 30. The higher the value of UGR the more dis-
comfort glare will be experienced by the user. UGR
value less than 10 is assumed not to produce dis-
comfort glare and hence globally it is represented
as UGR<10.

d) Lighting Power Density (LPD):

This parameter indicates the installed electri-
cal load of the lighting installation for a unit area
of working plane and considered as an indicator to
assess energy efficiency of the lighting installation.
There are two ways to represent LPD as Installed
electrical load (W) per unit area (m?) of working
plane and Installed electrical load (W) per unit
area (m?2) of working plane per 100 Ix.The second
definition is more informative as it represents LPD
value per 100 unit of average maintained illumi-
nance level.

3. INTERFACING BETWEEN IES FILE
AND MATLAB

1ES file is Standard File Format for the Elec-
tronic Transfer of Photometric Data. It was first
introduced in 1986 (IESNA LM-63—1986) and
used by most of the luminaire manufacturers to
create luminaire database.Moreover, wellknown
lighting design softwares viz., DIALux, AGi32 are
compatible with this /ES file format of luminaire
database.The /ES file format, publish in IESNA
LM-63—2002 [1] is used in this work. The manu-
facturer of luminaire supplies lumianire informa-
tion as.ies file. A sample of /ES file format spec-
ification is given in Annexure-I. MATLAB pro-
gram is developed to interface between /ES file
and MATLAB to extract data from a given .ies file.

3.1. Algorithm: Luminaire data extraction
from IES file

Algorithm start
Read IES file in ASCII mode from disk drive
Read each line in IES file
If Line# is equal to 1
Read IES file format version
Else If Line starts with “[“
Extract Keyword name and value
Else If Line contains “TILT” keyword
Extract TILT information from file
Else
Extract no of lamp, lumens per lamp, Cande-
la Multiplier, number of vertical angles, number
of horizontal angles, photometric type, unit’s type,
width of lumianire, length of luminaire and height
of lumianire
Go to next line in file
Extract ballast factor, future use, and in-
put watts
Read remaining lines
Extract intensity data
End if
Algorithm end

4. COMPUTATIONAL METHODS

Theoretical details of computations are pre-
sented here.

4.1. Point-Specific Illuminance

In case of indoor lighting the total illuminance
at a point comprises of two components:
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1) Direct component — the contribution to il-
luminance directly from all light source(s) of the
installation.

2) Indirect or inter-reflected component — the
contribution to illuminance due to inter-reflection
of light flux within the interior.

The entire working plane divided into a matrix
of grid points, on which total illuminance are com-
puted separately.

Direct Component: The computation of direct
component of illuminance requires the following
data: intensity distribution of luminaire, location
of luminaire, position of grid points and dimension
of luminaire light emitting surface.

The intensity distribution (IC’},) of luminaire
is provided by luminaire manufacturer in .ies file,
which contains I-values of luminaire correspond-
ing to C-y geometry.

The mathematical expression for point-spe-
cific horizontal illuminance (E}) at it" grid point
is given by inverse square cosine law of illumi-
nance [4, 5].

i [ci Vi (COS Vi )3
'm

, (1)

where, 1 oy is intensity along the direction pointing
ith grid point and the direction is specified by an-
gles ¢; and y;; h,, is mounting height of luminaire.

This law is applicable when the distance be-
tween the grid point and the source is at least five
times of the largest dimension of the source. Un-
der this condition, any finite area source is as-
sumed as point-source. Above condition does not
valid in most of the cases of Indoor General light-
ing. Under this situation, the light emitting sur-
face of the luminaire is subdivided into a number
of small area sources. The dimension of sub-sour-
ces is taken to meet the above requirement. The
light distribution from each sub-source is calculat-
ed on the basis of principle of homogeneity of light
distribution [4].

Let area of entire light emitting surface (4,) be
divided into m sub-sources of area (dA,).

Then illuminance at i grid point due to j# sub
source is given by

dl (cos Vi )3

CiisYig
2 9
m

dE) =

where, dl, ©1,,.

According to principle of homogeneity of light
distribution, d/ ey =KI.,; K is proportionality

c,y?
dA

S

constant, K=
S
Thus total illuminance due to entire source
will be

. m .
Ep = ZdE - 2)
=1

Equation (2) gives the direct illuminance value
at i grid point due to a single finite area source.
In presence of multiple sources, the contribu-
tion of individual source are to be calculated us-
ing equation (2) and then added to find out total
contribution.

Indirect or Inter-reflected Component: This com-
ponent depends on shape of the room, room sur-
face reflectance factors, light distribution pattern
of luminaire and position of grid point. The math-
ematical expression of point-specific indirect illu-
minance at i grid point is given by [2, 4]

(Total lamp lumens per luminaire) *RRC

k Working plane area per luminaire
where, RRC is Reflected Radiation coefficient,
RRC=WEC + RPM (CCEC - WEC); WEC is Wall
Exitance Coefficient; CCEC is Ceiling Cavi-
ty Exitance Coefficient; RPM is Room Position
Multiplier.

Here, Total Lamp Lumen per luminaire is ob-
tained by multiplying number of lamps (n) per lu-
minaire with lumen per lamp (@) and these data
are available in .ies file of luminaire.

The area per luminaire is obtained by dividing
working plane area by number of luminaire (N).
The value of ‘N’ is usually estimated using Lumen
Formula at the initial design stage.

Calculation of RRC requires the value of WEC
and CCEC which are relatively complicated
and it depends on [2, 4] 1) Direct Ratio (DG),
2) Downward Light Output Ratio (DLOR), 3) Up-
ward Light Output Ratio (ULOR), 4) Room Cavity
Ratio (G), 5) Room wall reflectance (o), 6) Ceil-
ing and floor Cavity reflectances (0,, p3) and
7) Fraction of installed flux that reaches to wall,
ceiling and floor (C;, C,, C3).

The term RPM indicates the position of the grid
point on working plane. The position is represent-
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ed by an index comprising of two characters. This
indexing is done by dividing the working plane into
grid pattern where grid dimension is (10% of room
length) X (10% of room width).

The value of RPM for a specific grid point is to
be obtained from a chart [3] with the correspond-
ing index and value of Room Cavity Ratio.

The total value of point-specific illuminance
(E}) at it grid point is equal to E}. = E}, + Ej

Computation of E, U;, U, and LPD: Initial aver-
age illuminance on working plane for » grid points
is given by

mmal ZE T (3)
Hence, maintained average illuminance is giv-
en by

E=E,...

initial

*MF, 4)

The uniformity of illuminance U; and U, are
equal to

Ul mm /E and U2 - mm/ max > (5)
where £, and E,,, are maintained minimum and

maximum values of the grid specific illuminance
on working plane.

4.2. Lighting Power Density (LPD):

The parameter is calculated by

No. of luminaire *
«Input wattage per luminaire( w j (6)

Areaof the working plane ?

LPD =
OR

No. of luminaire *
* Input wattage per luminaire( W

LPD = .
m2.1001xJ 7

Area of theworking plane *
* (E /100)

The value of input wattage per luminaire is to
be taken from luminaire .ies file.

4.3 Unified Glare Rating (UGR):

The value of point-specific UGR is calculated
based on position of observer’s eye and line of sight
of observer and depends on: 1) Background lumi-

nance (L, cd/m?), 2) Luminance of luminous part
of each luminaire in the direction of the observer’s
eye (L, cd/m?), 3) Solid angle of the luminous part
of each luminaire at the observer eye (w, sr) and
4) Position of luminaire relative to line of sight
and represented by Guth Position index for each
Iuminaire(p).

The first two parameters are related to lighting
and remaining two are the geometric parameters.
The mathematical expression for UGR as given
by CIE [3] is expressed as

N 20
UGR =8%*lo 10|:0 2SZL } (8)
Ly, = P

The background luminance (L) is calculated
with the assumption that room surfaces are diffuse
surface and hence,

I AverageWall Exitance
b - )
AverageWall Exitance =

_ Total lamp lumen per luminaire* WRRC
Working plane area per luminaire

where WRRC is Wall Reflected Radiation Coeffi-

WEC

Py

diation Coefficient.

Now, the values of L,®, p are to be calculat-
ed for each luminaire in the installation, which lie
within the field of view of observer.

The luminance of source (L) is calculated by

1

L=—"S—
A cosy

cient = —WDRC; WDRC is Wall Direct Ra-

; A, is Luminous area of the lumi-

naire.; /.,
of observer.

The solid angle '®' as subtended by the lumi-
nous part of the source at observer’s eye is calcu-
lated by

A, cosy

is Intensity directed towards the eye

; d is distance between source and ob-

server eye.

The value of position index (p) is to be read/
taken from Table of Position Indexed as given
in CIE117 [3].
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The value of p is given with respect to H/R ra-
tio and 7/R ratio where H, R, T are the distance
parameters relating position of the source with
respect to eye and corresponding coordinate sys-
tem is shown in Annexure-II. To get exact value
of ‘p’ corresponding to different position of eye and
sources interpolation is to be carried out.

5. ALGORITHM FOR LIGHTING
SIMULATION

Algorithms of developed MATLAB simula-
tions are presented here. Algorithms for compu-
tation of each lighting design parameter and also
for graphical presentation of computed data are
presented here.

5.1. Algorithm: Calculation of point-specific
Direct Illuminance

Algorithm start

Capture room dimension as input

Capture number of luminaire to be used and their

coordinates

Read Luminaire data from .ies file using algo-

rithm 3.1

Prepare computation grid according to input

Devide light emitting surface to small area (vir-

tual) source

Calculate distance (d) between grid point and vir-

tual source

Calculate C angle and gamma angle

Interpolate through IES intensity data and de-

termine I- values for C angle and gamma angle

Loop for all virtual area sources

Calculate direct illuminance (E) for the grid point
Epirec: = (I*((cosd(gama))”3))/(mounting
height”2)

Add up illuminance (E) to get grid specific total

direct illuminance

Algorithm end

5.2. Algorithm: Calculation of point-specific
reflected Illuminance

Algorithm start

Capture room dimension as input

Capture number of luminaire to be used and their
coordinates

Read luminaire data from IES using algorithm
3.1

122

Calculate the average intensity value considering
five plane photometry
Is piane = (LgH2x1 35 51 2x 15+ 2x1 57 51190)/8

Prepare 18 conic solid angles (gamma) zones

of 10-degree width

Loop through gamma value (i) (° to 180° with an

increment of 10°
Calculate Zonal
= 2%*pi*(cosd(i)-cosd(i+10))
Calculate mid-zone average intensity (1,,,)
Calculate Zonal Flux

Zonal Flux= 1,,, * Zonal Costant
Sum up all Zonal Flux upto gamma<=9(V to
get total Downward Flux
Sum up all Zonal Flux upto 90°<=gam-
ma<=180V to get total Upward Flux

Calculate total installed lumens using.ies file

Calculate Fraction of Downward Flux (DLOR)
DLOR=Total Downward Flux/ total installed
lumens

Calculate Fraction of Upward Flux (ULOR)
ULOR=Total Upward Flux/ total installed
Lumens

Calculate Room Cavity Ratio (RCR)

Calculate Zonal Multiplier for zone 1 to 9

Sum up Direct Ratio for zone 1to 9
DG= (1/((DLOR)*Total Installed Lu-
men)))*Zonal Multiplier * Zonal Flux;

Calculate From Factor (f53)
f23=0.026+0.503e(—0.270RCR)+0.470e(—
0.119RCR)

Calculate C;, C,, C; and Cy where Cy =

C;+C,+C;

Calculate Wall Exitance Co-efficent (WEC)

Calculate Ceiling Cavity Exitance Coefficent

(CCEC)

Calculate Wall Direct Radiation Coefficent

(WDRC)

Calculate Room Position Multiplier(RPM)

for each Grid point

Calculate Reflected Radiation Coefficient (RRC)
RRC=WEC+RPM (CCEC-WEC)

Calculate working plane area per luminaire
Area per Luminaire=Working plane Area
of the room/total no. of luminaries

Loop through grid points

Calculate Reflected illuminance at a point
E Refiectea =(installed lumens/luminaire)*(R-
RC)/Area per luminaire

Algorithm end

Costant =
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5.3. Algorithm: Computation of E, Uy, U,

a) Maintained Average Illuminance (E):
Algorithm start
Calculate total initial illuminance at each grid
point using algorithm 5.1 and 5.2
E Total — EDirect +E Reflected
Sum up all illuminance vaules for all grid points
to get the total initial illuminance values
Calculate total number of grid points
Calculate Initial Average Illuminance =(Total
initial illuminance/Total number of grid points)
Calculate Maintained Average llluminance
E = Initial Average Illuminance*M.F.
Algorithm end
b) Uniformity of Illuminance (U}, U,):
Algorithm start
Find out the minimum and maximum illumi-
nance over working plane from the calculated
total illuminance values of all grid points using
algorithm 5.3.a
Calculate Maintained Minimum Illuminance =
Minimum Illuminance* M.F.
Calculate Maintained Maximum Illuminance =
Maximum Illluminance™ M. F
Calculate Uniformity of llluminance
U;= Maintained Minimum Illuminance /
Maintained Average llluminance
U,= Maintained Minimum Illluminance /
Maintained Maximum Illuminance
Algorithm end

5.4. Algorithm: Calculation of LPD

Algorithm start
Calculate the total lighting load of the Room
Total lighting load = Number of luminaire* Input
Wattage to luminaire
Calculate area of the room
Calculate Lighting Power Density (W/m2)
LPD = Total lighting load /Area of the room
Calculate Lighting Power Density
(W/m2 /100 Ix)
LPD per 100 Ix = (Lighting Power Density /
Maintained Average llluminance)* 100
Algorithm end

5.5. Algorithm: Calculation of UGR

Algorithm start
Read wall, ceiling and floor reflectances as input
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Read luminaire data from.ies file using
algorithm 3.1

Read the value WDRC from algorithm 5.2
Read the value of WEC from algorithm 5.2
Calculate Wall Reflected Radiation
Coefficient(WRRC)

WRRC=(WEC/Reflectance of wall)-WDRC
Calculate indirect illuminance at Observer’s Eye

E=Lumens per luminaire*WRRC/Working

plane area per luminaire
Calculate Background Luminance (L)

Ly=E/(pi)

Calculate area of light emiting surface of lumi-
naire(A) using IES file data of algorithm 3.1
Calculate the height of the source above eye lev-
el (H)

H=room height — user eye height
Calculate distance between eye to plane of source
in the view direction(R)

Calculate distance between source and view di-
rection (T)

Calculate distance between source and the observ-
er in horizontal plane (Q)

Q = square root of (T>+R?)

Calculate distance from the observer to the center
of the luminous parts of the luminaire (D)
D= square root of (Q*+H?)
Calculate gama angle
gama=tan~'(Q/H)
Calculate C angle

C angle=atand(T/absolute value of R); where

luminaire is mounted crosswise to the Line

of Sight

C angle=90-atand(T/ absolute value of R);

where luminaire is mounted endwise to the

Line of Sight
Interpolate through IES intensity data and deter-
mine Intensity (1) for C angle and gamma angle

Jor each grid points
Calculate the projected area of the luminous
part(4,)

A,=Area Of luminaire * cos (gama)
Calculate luminance(L) of luminous parts of each
luminaire in the direction of observer’s eye

L=1/4,

Calculate solid angle(omega) of the luminous

parts of each luminiare at the observer’s eye
omega=A,/D?

Interpolate the Guth Position Index (p) for cor-

responding forward ratio (H/R) and sideway Ra-

tio=T/R
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Loop through grid points
Calculate the UGR

UGR = 8*log;p ((0.25/L,)*Sum of all the val-
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ues of (L?**omega/p?) for all luminaires

Algorithm end

5.6. Algorithm: Isolux and Surface Plot

Algorithm start

Read the total illumiance value for all grid points
Plot Isolux diagram of illuminance distribution

on working plane

Plot surface diagram of illuminance distribution

on working plane
Algorithm end

model room

6. SIMULATED RESULT AND
COMPARISON

Developed MATLAB program is used for light-
ing simulation for an indoor enclosure with follow-
ing room specifications:

a) Room dimensions: length 10m; width 10m;
height 3.5m; b) room surface reflectances: ceil-
ing — 80%; walls — 50%; floor — 20%; c) work-
ing plane: 0.76 m from floor; d) maintenance fac-
tor — 0.8; d) luminaire: mirroroptic, fluorescent
lamp(TLD) 2x36W, H.F.

Graphical presentation of grid-specific total il-
luminance distribution i.e, isolux diagram is also
obtained in MATLAB simulation and then com-
pared with the same obtained from DIALux sim-
ulation.Results are presented in Figs. 1—5 and
Table 1.

DIALux does not have any provision to calcu-
late grid specific indirect illuminance.

Light Power Density (LPD): From MATLAB
simulation, LPD is calculated as 6.66 W/m? and
2.50W/m?/100 Ix (ground area: 100 m?) with
(E)-267 1x and from DIALux simulated LPD
is found as 6.66 W/m? and 2.57 W/m?/100 Ix
(ground area: 100 m?) with (E) — 260 Ix.

The blue boxes shows only the schematic of the
lumianires positions not the actual dimensions.

Develop MATLAB programme genates the sur-
face plot of illuminance distribution over the work-
ing plane as shown in Fig. 6. Here illuminance val-
ues are plotted along Z-axis and grid coordinates
are shown by X-axis and Y-axis. DIALux does not
generate surface plot.

Simulated lighting design parameters are com-
pared with DIALux simulation and deviations are
computed with respect to DIALux simulated re-
sults as shown in Fig. 7.
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Table 6.1. MATLAB simulated grid-specific indirect illuminance for the model room

9.545 56 55 54 54 53 53 53 54 54 55 56
8.636 55 54 53 52 52 51 52 52 53 54 55
7.727 54 53 51 51 50 49 50 51 51 53 54
6.818 54 52 51 50 49 49 49 50 51 52 54
5.909 53 52 50 49 49 48 49 49 50 52 53
5 53 51 49 49 48 48 48 49 49 51 53
4.091 53 52 50 49 49 48 49 49 50 52 53
3.182 54 52 51 50 49 49 49 50 51 52 54
2.273 54 53 51 51 50 49 50 51 51 53 54
1.364 55 54 53 52 52 51 52 52 53 54 55
0.455 56 55 54 54 53 53 53 54 54 55 56
m 0.455 1.364 | 2.273 | 3.182 | 4.091 5 5909 | 6.818 | 7.727 | 8.636 | 9.545
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Fig. 4. Isolux diagram a) from MATLAB simulation b) from DIALux simulation

In case of direct illuminance computation,
maximum deviation observed for minimum illumi-
nance is 4%; whereas in case of total illuminance
computation, maximum deviation observed again
for minimum illuminance is 12%. This increase
of deviation from 4% to 12% is due to the differ-
ence of results in indirect illuminance computa-
tion. It is not possible to compare MATLAB sim-
ulated indirect illuminance values as DIALux does
not show indirect illuminance values. The error
in uniformity computation (U; and U,) is slightly
higher (around 9%) due to deviation in minimum
illuminance computation. Deviations of E,,,, E,;,,
LPD, UGR ., are less than 5%.
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Fig. 7. The position index coordinate system [3]

7. CONCLUSION

It can be concluded that indoor lighting param-
eters viz., point-specific direct and indirect illumi-
nance on working plane, source and background
luminance as viewed by observer are computed us-
ing the developed MATLAB program using lumi-
naire data from its ./es file as provided by manufac-
turer. Subsequently, indoor general lighting design
parameters viz., maintained average illuminance,
uniformity of illuminance and UGR are also found
out with the above computed values. Results, ob-
tained form the developed MATLAB program, are
in good agreement with the DIALux simulation.
This developed program can be utilized as MAT-
LAB Tools for more complicated lighting compu-
tations and optimization.
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ANNEX-I

All ANSI/IESNA LM-63—-2002 filenames
shall end with the file extension ies or IES (the file
extension is notcase-specific). The following file
shows a sample of IES file format specification [1].

Sample .ies

- IESNA: LM-63-2002

- [Keyword 1] Keyword data

+ [Keyword 2] Keyword data

+ [Keyword 3] Keyword data

+ [Keyword n] Keyword data

+ TILT=<filename> or INCLUDE or NONE
+ <lamp to luminaire geometry>

- <number of tilt angles>

- <angles>
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- <multiplying factors>

- <number of lamps> <lumens per lamp>
<candela

multiplier> <number of vertical angles>
<number

of horizontal angles> <photometric type>
<units

type> <width> <length> <height>

- <ballast factor> <future use> <input watts>

- <vertical angles>

+ <horizontal angles>

- <candela values for all vertical angles at 15
horizontal angle>

- <candela values for all vertical angles as 2nd
horizontal angle>

- <candela values for all vertical angles at last
horizontal angle>

ANNEX-II

The position index coordinate system(R, T, H)
based on the observer. The ratios H/R and T/R
are based on the centre of the luminaire Fig. 7 [3].
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ABSTRACT

Principles of designing modern systems of out-
door illumination for compressor stations on prin-
ciple gas transport lines are considered. Applica-
tion of hardware based and circuit solutions for il-
lumination of sites and buildings at compressor
stations are presented.

Keywords: light sources (LS), light devices
(LD), illumination control systems, energy saving
LDs, compressor stations, design

Compressor stations (CSs) are one of the most
significant electricity consumers of the gas pipeline
grid [1, 2]. Most modern CSs are equipped with
gas turbine pumps over units. Power consumed
by a CS from the circuit using a gas turbine drive
amounts to 2—4 MW, depending on the num-
ber of units. 10—20% of this is consumed for il-
lumination, outdoor illumination (OI), of the CS
and for illumination of production and auxiliary
buildings [2, 3]. Therefore, the power consumption
of all technological process of distant gas trans-
port, and hence its cost to the consumer, depend
to a large extent on the energy efficiency of the CS
illumination installations [3—6].

Illumination installations of a CS should pro-
vide a level and quality of illumination at standard
values; uninterrupted operation of illumination;
convenience servicing and control.

Rationing of CS Ol is carried out according to
CII 52.13330.2011 “Artificial and natural illumina-

tion” and Gazprom Standard RD1.14—127—2005
“Standards of artificial illumination” [1 — 3].

Main light sources (LS) at CSs include (Fig. 1):

* For OI: high pressure gas-discharge sodi-
um lamps (HPSL) (the power consumed by these
is about 25% of the total power consumption of the
CS illumination circuit);

* For the illumination of production rooms:
FLs and arc discharge lamps of up to 150 W pow-
er, as well as light emitting diodes (LEDs). Nearly
35% of the total power consumption of the CS il-
lumination network is spent for this purpose;

* For the illumination of office buildings,
mainly FLs and CFLs are used; this uses nearly
50% of the total power consumption of the CS il-
lumination network.

The electric power is supplied to the OI net-
work by a third reliability degree electric power
supply, using complete transformer substations
suitable for power and repair units and gas cool-
ing devices.

For the OI illumination installation’s power
supply, 220V or 380V of alternating current volt-
age is normally used. To improve the reliability
of searchlight operation, mast mounted search-
lights, with numerous lamps each (Fig. 2), are
grouped in two’s and three’s, and connected to
distributing switchboards. The switchboards are
installed at the bottom of the mast, which allows
switching on the required searchlights for under-
taking repair and maintenance work on the mast
at night without switching off all the searchlights.
In the event of short circuit in one of the search-
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lights or in the cable, only searchlights of a specific IL
group are switched on. LED luminaire  HPSL HPML S

3% 1% °

For OI sites of CSs and of linear production
base sites, searchlights with HPSLs of 1000 W
power are installed on (20 — 30) m masts. The
sufficient OI level is determined using standard
documents.

This LD type has the following advantages:
a long operational period; high luminous efficacy,
up to 150 Im/W; long service life of about (20—30)
thousand hours; broad power range, up to 1000 W;
warm-up period after switching on of less than sev-
en minutes; high stability of LS parameters during
operation; operation in different temperature and
weather conditions; reliability of LS ignition.

Currently, there is no conclusive evidence to
suggest the superiority of lighting devices with
LEDs instead of industrial purpose searchlights
with high pressure mercury lamps (HPML) for this
application.

Certainly, LDs with LEDs have a number
of benefits [1—3]: a long service life; a wide LED
temperature operation interval: (=50 — +60)°C;
endurance for mechanical exposure; high lumi-
nous efficacy; wide radiation direction: the availa-
bility of a wide range of LEDs manufactured with
radiation angles of (10 — 140)°, which means spe-
cial reflectors or diffusers are not required; a zero
lag and improved light and colour adjustment
possibilities; better environmental and fire safe-
ty levels.

However, some technological factors limit the
application of LDs with LEDs in CS OI, which
is connected with features of the searchlight instal-
lation. As a rule, EI searchlight masts are spread
wide apart, and searchlights are installed 20 to
30 metres up. This means that normalised illu-
minance cannot be achieved by replacing HPML
searchlights with LED searchlights.

Powerful searchlights with LEDs sufficient to
illuminate CS sites require special cooling due to
the known features of LEDs. In this case, conden-
sation forms over the entire LED board surface
because of the temperature difference, leading to
their failure. Therefore, the operation of LDs with
LEDs is better in stable environmental conditions.

LEDs are susceptible to high steps in voltage.
Lightning bolts can cause failures and parameter
changes, worsening the operation of these LSs.
Failures due to overloads and electric discharges
is a very significant problem in LED application.

CFL
10%

N\,

FL
74%

Fig. 1. Structure of light source application on CSs

Fig. 2. A mast with searchlights on a CS site

Besides, the luminous flux of LEDs decreases
with time, and this decrease can reach (50 — 60)%
of its initial value.

Contrary to the assumption that LDs with
LEDs do not need servicing, they do require main-
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tenance, sometimes more often than LDs with
HPMLs, especially in low ambient temperatures
and surface humidity. To address the problem
of pollution, LDs with LEDs are used in projects
with IP55 protection degree and above.

LED disadvantages include a poor quality
of colour rendition, relatively high price per lu-
men, relatively complex heat removal, etc.

LDs with LEDs can be applied, for example,
for illuminating connection units, water-intake
constructions, gas-distributing stations and points.
These installations need smaller areas illuminated
at a low LD height.

In accordance with CII 52.13330.2011 “Artifi-
cial and natural illumination, Actualised edition
of Building regulations 23—05—95*, “Artificial and
natural illumination” and Gazprom RD standards
1.14—127-2005, “Standards of artificial illumina-
tion” in the OI project, the following illuminance
values should be provided:

— Cut-out and adjusting equipment: 10 1x;

— Sites and outflows from operation sites: 5 1x;

— Roads between tanks: 2 Ix;

— Boards and control panels: 50 Ix;

— Separate control devices: 50 Ix.

DiaLux is normally used for illumination
calculations.

According to the rules and standards, the con-
trol of the whole illumination CS OI network
should be centralised: from one or minimum pla-
ces number. In the OI control points, a signalling
system concerning the OI state is provided for:
“switched on/switched off”. A centralized Ol re-
mote control is carried out from the attendant’s
room.

Depending on the number of searchlight LDs,
and especially on their operating mode, their con-
trol version is selected. As a rule, control of all
LDs is carried out simultaneously. Photo automat-
ic control is widely applied, using magnetic start-
ers in the illumination lines and program relays
switching on LDs depending on the level of natural
illumination or on the time of day or night. For this
purpose, a EI control system based on control box-
es A0Y-9600 is installed, which allows switch-
ing on/switching off from a photodetector signal
when achieving a preset illuminance level; using
buttons installed on the doors of the box, manu-
ally; by means of mechanics devices from control
points.

However, the drive for energy efficiency dic-
tates new design requirements for OI. At present,
relay systems of Ol remote centralised control are
replaced with computer aided OI control systems
(OI CACS).

The introduction of OI computer aided con-
trol systems allows for the following: centralised
OI control (LD lighting mode operation, distant
operation of timetabled site illumination with al-
lowances for weather conditions); improved eco-
nomic efficiency due to reduced power consump-
tion and decreased servicing costs; operating ob-
jects in groups or individually; necessary levels
of network safety; protocols of events and actions
of the operators; to block switching on during pe-
riods of for assembly, starting-up and operation
adjustment.

An increase in OI energy efficiency can be
achieved due to the following reasons: rationalised
selection, placing and optimisation of LD power
using special software; replacement of outdated
incandescent lamps and arc discharge lamps, with
high pressure sodium lamps and with metal halo-
gen lamps; use of computer aided remote control
systems and of illumination installation work con-
trol; increase of stability of LS characteristics; im-
provement of LD operational properties; use of en-
ergy efficient ballasts (electron ballasts).

Further energy savings are reached by LIs with
HPSL LDs and with electron ballast due to the
stability of power consumption in a rated operat-
ing mode stabilised by voltage and in a LI power
reduction mode, Power reduction systems gradu-
ally lower power and luminous efficacy in the set
limits. As power reduction systems adjust illumi-
nation gradually, they are more acceptable for EI,
although they are more expensive than simple sys-
tems of power switching.

As a whole, the experience of designing and
operating, as well as the results of CS illumination
research shows that:

* Most abnormal situations arising when illu-
minating are connected with inefficient choice and
inefficient application of illumination equipment
and LD control systems;

* Innovative illumination installations based
on searchlights types 2KO-07 and I1C, 220/250
have confirmed their reliability and suitability
for CS units. The declared time between failures
of these searchlights reaches 50 thousand hours;
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* One of main disadvantages of LED search-
lights is their relatively high cost and insufficient
luminous flux for CS. Nevertheless, the introduc-
tion of LDs with LEDs into CSs is a prospective
approach due to the potential energy efficiency
gains and the reliability of LDs main gas transport
installations;

* Application of energy saving solutions in il-
lumination control saves power and raises LS ser-
vice life, LD reliability and comfort of the light
medium.
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