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ABSTRACT

WIDE ACCEPTANCE ANGLE OPTICAL FIBER-BASED
DAYLIGHTING SYSTEM USING TWO-STAGE REFLECTIVE
NON-IMAGING SOLAR CONCENTRATOR

Onubogu Nneka Obianuju

Electric lighting systems in buildings account for 20% of the total global
energy consumption, causing an enormous amount of CO> emissions even
during the daytime. Thus, daylighting systems have been designed and
developed to save energy and reduce CO2 emissions. Daylighting systems use
sunlight to illuminate a building via optical fibers, light pipes, etc. Daylight
transmission via optical fibers has been proven to be more effective.
However, most of the existing fiber-optics daylighting systems have a high
manufacturing cost, low tolerance to sun pointing error and a complicated
optical system having many stages of focusing in order to improve the
uniformity of focused sunlight. As a contribution to the existing fiber-optics
daylighting systems and to curb these problems, this study presents a novel
fiber-optics active daylighting system using two-stage reflective non-imaging
solar concentrator (NISC). The prototype of two-stage reflective NISC
comprises a primary reflector with 80 primary facet mirrors of dimension
5 cm x 5 cm each, a secondary reflector 70 cm above the primary reflector
with 20 secondary facet mirrors of dimension 8 cm x 8 cm each and plastic

optical fibers for light transmission. The prototype with a collective area of



0.2 m? can capture solar power of 170 W which is equivalent to a power
conversion efficiency of 21.4 % and is capable of uniformly illuminating a
7.56 m? office area with an average illuminance of 500 Ix. Economic analysis
was carried out on a proposed prototype collective area of 4 m?, giving a total
estimated manufacturing cost of USD 1231.20, a total payback period of
6.4 years based on the interest rate of 4 % and fuel inflation rate of 2 % and

life-span of about 15 years.
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CHAPTER 1

INTRODUCTION

1.1 Research Background

Fossil fuels have been relied on for many years till date for power
generation. However, the increasing rate of consumption of this non-
renewable energy source has led to their depletion and the release of harmful
greenhouse gases made up of mostly carbon dioxide into the atmosphere. As a
result, renewable sources of energy such as solar energy is being sought after

to meet up with the world’s growing energy demands.

It has been identified that lighting systems in a building consume a lot
of energy even during the day time (Shulman et al., 2012). Presently, the
lighting energy consumption of buildings is estimated as 30 % of the total
energy generated in Malaysia (Al-Mofleh, 2009) and 20% in the world (IEA,
2011). To save building energy consumption, there has been an increasing
interest in incorporating daylighting with architectural and building designs to
provide natural illumination. The U.S. Green Building Council (1995)
estimated that a reduction of about 50-80% of the lighting energy consumption
can be achieved with the use of efficient daylighting systems in buildings.
Providing daylighting via direct sunlight is a more affordable and eco-friendly
way to illuminate a building compared to providing electricity via non-

renewable resources. The increase in electric lighting usage will cause a



significant increase in greenhouse gas emissions due to the continuous rise in
population and individual comfort demand. This justifies the need to urgently

encourage energy conservation in the lighting sector.

Daylighting can be provided in a building either conventionally by
using windows, sliding glass doors, skylights, light reflectors and shelves and
openings (passive daylighting) or by using daylight capturing and guiding
systems (active daylighting). Passive daylighting systems are stationary
without solar-tracking technology while active daylighting systems use solar-
tracking technology to actively follow the sun to increase the efficiency of light
collection and guide light into the building for illumination (Sharp et al., 2014;
Huang et al., 2013). Buildings usually have windows, but the light from the
windows decreases very fast and interior areas may have little or no sun
exposure making illumination inconsistent as some areas may remain dark.
Alrubaih et al. (2013) stated that office buildings are required to have an
average illuminance of 500 Ix based on the UK CIBSE Code for interior
lighting. However, with only windows and openings, it is difficult to achieve
500 Ix all day long; thus the need for active daylighting systems. The invention
and development of active daylighting systems have propagated the interest
from passive to active daylighting which are preferably installed on the roof-
top of buildings, where sunlight can be easily captured at all times of the day

(Ullah and Shin, 2014).

Studies in the past have revealed that various kinds of conventional

concentrators such as Fresnel lens, heliostat, parabolic concentrator,



compound parabolic concentrator, etc. have been employed for daylighting
and tested with optical fibers coupled to their receivers to guide sunlight into
the building (Muhs, 2000; Schlegel et al., 2004; Lingfors and Volotinen, 2013;
Sapia, 2013; Ullah and Shin, 2013a; Ullah and Shin, 2013b; Ullah and Shin,
2014; Song et al., 2014). However, most of these concentrators have a high
manufacturing cost, complicated optical system, fixed or high rim angle and/or
produce non-uniform concentrated sunlight. Therefore; a novel two-stage
reflective non-imaging solar concentrator (NISC) daylighting system
consisted of two-stage reflectors and plastic optical fibers as a light
transmission system is proposed to solve the existing problems. The two-stage
reflective NISC idea was partly derived from the non-imaging focusing
technology concentrator photovoltaic system application (Chong et al., 2009;
Chong et al., 2010; Chong et al., 2013; Tan et al., 2014; Siaw et al., 2014; Yew
et al., 2015; Tan and Chong, 2016). Since the design of non-imaging focusing
technology was successful in the application of concentrator photovoltaic

system, it can also be applied to an active daylighting system.

The two-stage reflective non-imaging solar concentrator daylighting
system prototype was constructed and placed on the rooftop of Universiti
Tunku Abdul Rahman building in Sungai Long. Mathematical analysis was
performed to determine the configuration or alignment of the primary and
secondary facet mirrors. Numerical simulation using ray-tracing technique
was performed to analyze the concentrated sunlight at the receiver of the
concentrator. To validate the simulated results, on-site data collection was

carried out using the prototype concentrator.



1.2 Research Objectives

The three objectives of this research are:
1. to develop a two-stage reflective non-imaging solar concentrator (NISC)
and its associated optical fiber-based daylight transmission system,
2. to analyze the technical performance of the optical fiber-based daylight
transmission system using the non-imaging solar concentrator, and
3. toevaluate the economic viability of the two-stage reflective non-imaging

solar concentrator.

1.3 Outline of Thesis

The organization of this thesis is as follows: Chapter 1 gives an
introduction to the research, the problem under study and the research
objectives. Chapter 2 is a literature review on various existing active
daylighting systems using optical fibers for light transmission into the
building. Chapter 3 presents an outline of the methods used in this study.
Areas covered include: the concept from which the idea of the two-stage
reflective NISC design emerged; the 2-D optical design of the two-stage
reflective NISC; mathematical derivation of the tilting angles of the primary
and secondary mirrors; the 3-D modelling of the prototype, numerical
simulation using LightTools software, and prototype construction (inclusive
of solar tracking and optical fiber design). In Chapter 4, experimental set-ups
and procedures for all experiments are described in detail. The experimental
roof-top data collection results are also presented, analyzed and compared with

4



the numerical simulation results. Chapter 5 elaborates on the design
optimization and economic analysis of the two-stage reflective NISC and
comparison of the prototype with some existing fiber-optics daylighting
systems. Chapter 6 ends the thesis with a summary of the overall research

outcome, conclusion and future works.



CHAPTER 2

LITERATURE REVIEW

2.1 Introduction to Daylighting

Visibility is provided by natural sunlight or artificial light (Kubba,
2012). Daylighting can be defined as introducing visible part of sunlight into
a building to give a more pleasant indoor environment thus reducing the energy
consumption of the building (Alrubaih et al., 2013). Among other renewable
sources of energy on earth, the sun is the most essential which is free, available
in abundant quantity and is not affected by the everyday increase in the price
of energy (Omer, 2008). People seek natural lighting in their houses and
workplaces because apart from providing illumination, light has a positive

effect on our well-being, safety, confidence, and efficiency (Kubba, 2012).

2.1.1 Percentage of energy consumed by lighting in buildings

As estimated by the U.S. Energy Information Administration (EIA,
2017), the residential and commercial areas in the United States consumed
about 279 billion-kilowatt hours (kWh) of electricity for lighting in 2016. This
was approximately 10 % of the total electricity used up by the two areas and
approximately 7 % of the total electricity consumed in the United States. The

Australian Energy Rating Department estimated that 10-12% of the electricity



consumption in residential buildings and 18-40% of the electricity
consumption in commercial buildings are attributed to lighting (Energy
Rating, 2016). In Malaysia, lighting in buildings consumes approximately 30%
of the total energy produced (Al-Mofleh, 2009). Martirano (2011) estimated
that average and large-sized buildings in Europe consume about 40 % of the
total electrical energy for illumination in the interiors only. Lighting consumes
about 132 TWh i.e.15% of the total electricity consumption in South East Asia
(TERI, 2014). The International Energy Agency estimated that approximately
20% of the global buildings electricity consumption is attributed to lighting;
which is equivalent to the amount of energy generated by nuclear power (IEA,

2011).

2.1.2 Daylighting as a solution to energy conservation in buildings

As lighting is one of the main energy consumers in buildings, ways of
conserving lighting energy are being sought after. To achieve energy savings
in lighting, the International Energy Agency (IEA, 2011) recommends that
governments should encourage improved lighting systems design and
management by ensuring that building codes promote daylighting and take
account of minimum energy performance standards (MEPS) for lighting
systems. As previously stated in the introduction section, efficient daylighting
systems in a building can aid in reducing the energy consumption for lighting
by 50-80% (U.S Green Building Council, 1995). A cheap and sustainable way
to illuminate the interior parts of a building is the use of direct sunlight; instead

of using a photovoltaic module to convert solar energy to electrical energy and



then to light energy as the conversion processes involve significant energy

losses.

Natural visible light from the sun can be extracted and sent into
buildings for daylighting via passive and active daylighting systems. Figure
2.1 illustrates a general idea of both systems. In Fig. 2.1, passive daylighting
is illustrated with the use of a window that directly receives sunlight to
illuminate the interiors of the ground floor of a building. Active daylighting is
illustrated with a tracking solar concentrator that tracks the sun and receives
sunlight that is transmitted via a light tube to dark locations in the building that
do not have windows such as the basement. The difference between the two is
defined by how the energy is collected and distributed as explained in section

1.1.

Tracking solar
collector for active
daylighting

Sun g Light tube for
daylight transmission

into the building

\

Ground floor

Window for passive [ of building

daylighting

Y

Under-ground/
Basement interior  basement of

building

Figure 2.1: Illustration of passive versus active daylighting in a building



Some studies (Elmualim et al., 1999; Pohl and Anslem, 2001; Zain-
Ahmed et al., 2002; Galasiu et al, 2004; Ghisi and Tinker, 2006; Jenkins and
Newborough, 2007; Chow et al., 2013; Berardi, 2015; Ullah and Whang, 2015;
Yu et al., 2015 and Kim et al., 2016) have shown energy conservation via
passive and active daylighting systems in buildings. Active daylighting
systems have one key advantage over passive daylighting systems which is
longer effective hours. With a good sunny weather, an active daylighting
system with its sun-tracking devices can start effective daylighting early in the
morning and last till later in the day as compared to passive daylighting
systems. In this way, light can be successfully sent to parts of the building that
do not receive sunlight from passive daylighting systems such as windows.
This has dragged the focus to active daylighting systems as they are more
efficient. Past studies on active daylighting systems have revealed that various
kinds of conventional concentrators, such as parabolic concentrator,
compound parabolic concentrator, Fresnel lens, heliostat, etc. exist. These
concentrators have been used to concentrate sunlight and transmit it inside the
building via optical fibers for illumination. In the following section, some

existing fiber-optics active daylighting systems are reviewed.

2.2  Existing fiber-optics active daylighting systems

All active daylighting systems consist of a solar concentrator for
focusing sunlight, a receiver for receiving the light and light guides for

directing and transmitting the light into the building. A solar concentrator is a



device that receives sunlight from a wide area and concentrates it to a smaller
receiver by bending the rays of sunlight (Muhamad-Sukki et al., 2010). The
focused light can be used for daylighting by coupling optical fibers to the
receiver for light transmission. Solar concentrators are generally classified into
imaging and non-imaging concentrators. Imaging concentrators such as
telescopes, microscopes, parabolic shaped mirrors, etc., do not aim to produce
uniform flux distribution profile at the receiver; rather they generate an image.
For non-imaging concentrators, all rays entering the entrance aperture must
leave the exit aperture thus producing a high concentration ratio and uniform
flux distribution on the receiver. This literature reviews active daylighting
systems under single-axis sun tracking and double-axis sun tracking. Just as
the name implies, a single-axis sun tracking daylighting system tracks the sun
in only one direction i.e. they have only one degree of freedom that acts as an
axis of rotation. Double-axis tracking daylighting systems have two degrees of
freedom that act as an axis of rotation, i.e. they track the sun in two directions
(azimuth and elevation) and can therefore make perfect alignment with the sun
at all times of the day thus achieving optimum performance all year round

(Zafrullah, 2013).

2.2.1 Single-axis sun tracking - Parabolic trough daylighting system

Ullah and Shin (2014) designed a parabolic trough optical fiber-based
daylighting system as shown in Figure 2.2 to illuminate the interior of a large-
scale multi-floor building. It is a three-stage reflective type of linear focusing

design consisting of a parabolic trough, parabolic reflector, and a trough CPC.
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The parabolic trough was designed with a rectangular aperture height of 1000
mm and a rectangular aperture width of 570 mm to illuminate a 60 m? floor
area. The parabolic trough receives sunlight and directs it to the small parabolic
reflector, which collimates the light to the non-imaging trough Compound
Parabolic Concentrator (CPC) and sends it to the optical fibers. The trough
CPC was used to achieve a high concentration of light and is perfectly aligned
to the linear array of optical fibers. Since plastic optical fibers (POFs) cannot
withstand heat for long, silica optical fibers (SOFs) were coupled before POFs
to reduce the heat problem using index matching gel. SOFs have good light
transmissibility and heat resistance but are quite expensive; while POFs are
flexible, strong, cheap, and acceptable for complex wiring in buildings. A
diverging lens (combination of biconcave lens and a concavo convex lens)
with a refractive index of 1.459 was employed in distributing the light from
the optical fibers into the room. Aurtificial Light Emitting Diodes (LEDs) were
used as a complementary light source to maintain a constant level of
illuminance when daylight fell from the required illuminance. The advantage
of their proposed system is that it can be made on a large scale; while only
requiring one tracking module; nevertheless, it is has a three stage line focused
complicated optical design and a high manufacturing cost of more than USD

800/m?.
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Figure 2.2: Physical layout of the parabolic trough daylighting system (Ullah

and Shin, 2014)

2.2.2 Single-axis sun tracking - Linear Fresnel lens daylighting system

Ullah and Shin (2014) proposed and designed a novel approach as
shown in Figure 2.3 for the linear Fresnel lens to illuminate a large-scale
building interior. It is a three-stage refractive type of linear focusing design
consisting of a linear Fresnel lens, collimating plano-concave lens and a trough
CPC. Linear Fresnel lens of 570 mm length and 2000 mm width receives direct
sunlight and focuses it to the collimating lens. The collimating lens then
collimates the light to the receiver which is a linear array of optical fibers. To
achieve a high concentration of light, a trough CPC was introduced directly
before the optical fibers and properly aligned with the optical fibers. Thus, the
collimated light from the collimating lens is guided through the trough CPC
and then into the optical fibers. Just like the parabolic trough daylighting
system in section 2.2.1, the same daylight transmission and distribution

methods were employed. The advantage and disadvantages of this system are

12



similar to that of the parabolic trough daylighting system, except for its high
manufacturing cost which is more than USD 600/m?2. Also, Fresnel lens is

generally known to have poor efficiency due to poor hardware design.

Incident sunlight —>

Collimating lens

Linear Fresnel lens.

Linear array of

optical fibers Trough CPC

| |<— Bundle of optical fibers

Figure 2.3: Physical layout of the Fresnel lens daylighting system (Ullah and

Shin, 2014)

2.2.3 Double-axis sun tracking - Fresnel lens daylighting system

Ullah and Shin (2012, 2013a) demonstrated the possibility of
transmitting uniform sunlight to the basement, store rooms, rooms without any
windows and different floor areas by capturing sunlight with a linear Fresnel
lens of 0.5 mm constant pitch and focusing it on a small area. The Fresnel lens
had a length of 300 mm, a width of 300 mm and a focal length of 330 mm. As
illustrated in Figure 2.4, direct sunrays received by the Fresnel lens are focused
to a collimating plano-concave lens of 16.1 mm diameter and a 21.5 mm focal
length. The plano-concave lens uniformly collimates the focused light to a
bundle of optical fibers. The optical fibers consisting of SOFs and POFs, then

13



transmit the light to the destined area. Simulation and experimental result
showed that uniform illumination was accomplished in the bundle of optical
fibers and the illuminance level of each optical fiber was almost the same. The
average illuminance produced by the Fresnel lens daylighting system was 675
IX. More so, when the sunlight level went lower than the required range, LED
sources were used as a supplementary light to accomplish the needed
illuminance of 500 Ix in the room. Photocells were used to detect the available
light in the room and their control algorithm retained an average illuminance
of 500 Ix. The disadvantage of this daylighting system is that a high
concentration ratio cannot be achieved because a linear Fresnel reflector

normally concentrates less than 100 suns.

Fresnel lens

[ | «— Direct rays

«— Holder

— Plano-concave
lens

«— Silica optical fibers

& Index matching

¢« Plastic optical fibers

(@)

Figure 2.4: (a.) Structural design of the Fresnel lens solar concentrator
daylighting system (b.) Prototype of the Fresnel lens solar concentrator
daylighting system with optical fiber for light transmission (Ullah and Shin,
2013a)
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Muhs (2000) and Shen et al. (2009) presented a similar type of Fresnel
lens daylighting system. Shen et al. (2009) demonstrated a distinctive and
inexpensive way of directing sunlight to dim regions of multi-storey buildings.
This hybrid (CPV and daylighting) system captures both the visible and
infrared portions of sunlight with a dual-axis sun-tracking Fresnel lens
concentrator. The captured sunlight is focused onto solar cells acting as
openings of the optical fiber. The optical fibers directly distribute the visible
portion of light into the building combined with LED lighting units in specially
made luminaries to supplement lighting in the building, if needed. The solar
cells transform the infra-red radiation to electricity. Figure 2.5 illustrates the

Fresnel lens collector design approach (Muhs, 2000).

Figure 2.5: Fresnel lens collector hybrid design daylighting approach (Muhs,

2000)

Gilmore (1988) developed two models of the Himawari solar lighting
system for small-scale building interiors consisting of a different number of
Fresnel lenses and quartz-glass optical fibers (QOFs) in bundles. This
daylighting system consists of a sun-tracking device to capture direct sunlight
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throughout the day and focus it through Fresnel lens which inserts only visible
light into the optical fibers. Six optical fibers were combined in each bundle
with an illumination angle of 58° from the fiber bundle. Luminous flux of 1920
Im was obtained per fiber cable. Although quartz-glass optical fibers were used
because they exhibit low losses during light transmission, this increased the
cost of the system. The uniformity of sunlight at the light capturing and
distribution stages were not well defined by Gilmore (1988). The advantage of
this system is that Himawari sunlight consists of only a small amount of
infrared radiation and thus would not affect the temperature of a room or air
cooling systems. However, the new necessity of daylighting systems is to give

high illuminance of which Himawari models cannot provide.

Figure 2.6: Himawari solar lighting system

(https://suntomoon.files.wordpress.com/2012/01/img 1626.jpq)

Vu et al. (2016) designed and analyzed a “modified optical fiber
daylighting system (M-OFDS)” with sunlight transportation in free space. The
M-OFDS consists of three parts: a primary concentrator (linear Fresnel lens of

340 mm diameter and a truncated cone shaped plastic optical fiber with 6 mm
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core diameter), a collimator (parabolic mirror with a focal length of 4 mm and
50 mm diameter and a 15 mm diameter convex lens with a focal length of 11
mm) and a light guide (directing flat mirrors and two linear Fresnel lenses
placed perpendicularly to diffuse parallel light for indoor illumination). As
shown in Figure 2.7, Fresnel lens of 340 mm diameter made from PMMA
concentrates sunlight and focuses it on the piece of 6 mm diameter plastic
optical fiber which transmits the light to the collimator attached at the end of
the fiber. The collimated sunlight then travels in open space and is directed to
the room by the flat mirrors. The result of their simulation showed 85 %
uniformity of light and experimental results showed that each M-OFDS
provided approximately 5000 Im with an optical efficiency of 50.7 %. This
daylighting system is complicated in optical design as it consists of many
stages of optical devices. Also, it cannot be applied where obstacles such as
trees exist as they will block the sunrays since it functions only in free space.
Furthermore, the total system costs about USD 4272 which is quite expensive

for real life implementation.
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Figure 2.7: Schematic diagram of the M-OFDS (left) and a working

prototype of the M-OFDS (right) (Vu et al., 2016)
2.2.4 Double-axis sun tracking - Parabolic Dish/mirror

Ullah and Shin (2012, 2013a) proposed and designed a two-axis
parabolic mirror fiber-based daylighting system as shown in Figure 2.8. In this
approach, a primary concave parabolic mirror with a diameter of 320 mm and
a focal length of 128 mm captures sunlight and guides it towards a secondary
convex parabolic mirror with a diameter of 13.75 mm (equivalent to the
receiver’s diameter) and a focal length of 5.5 mm which then collimates the
light uniformly to the bundle of optical fibers for indoor illumination.
Increasing the diameter of the parabolic mirror would result to a larger
reflective surface area thus producing a higher efficiency. The bundle of
optical fibers (SOF coupled with POF) is arranged circularly to receive
maximum concentrated sunlight and transmit the light uniformly into the

building (Ullah and Shin, 2013a). Experimental results indicated that uniform
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illumination was obtained in the bundle of optical fibers and an average
illuminance of 705 Ix was attained in the building and compensated with LEDs
when the level of sunlight dropped from the required range. The total cost of

this system was not provided.
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Figure 2.8: Structural design of the parabolic mirror solar concentrator
daylighting system (left); Prototype of the parabolic mirror solar concentrator
daylighting system with optical fiber for light transmission (right) (Ullah and

Shin, 2012)

Muhs (2000) and Schelegel et al. (2004) respectively described and
developed a similar hybrid lighting system design that uses a two-axis tracking
parabolic dish concentrator. Direct normal solar radiation gathered by the
concentrator is reflected onto a secondary element that divides the solar
radiation into visible and infrared spectrums. The secondary element is
comprised of eight faceted cold mirrors as seen in Figure 2.9 which allows

visible light to be reflected and infra-red light to be transmitted. The visible
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light is then reflected and focused into flexible large core
polymethylmetacrylate optical fibers that transport the light into locations in
the building where it is needed. The visible light is combined with artificial
fluorescent lighting or electric lamps in specially designed luminaires to
maintain a constant level of room lighting. The transmitted infra-red light is
focused on a thermal photovoltaic array that generates electricity with the
energy absorbed (Schelegel et al., 2004). The advantages of this hybrid
daylighting design are that its components are commercially available and it is
a high-efficiency daylight source as it has no infrared component;
nevertheless, the manufacturing cost for its commercial production is about

USD 3000 for just a 2 m?collector that can illuminate only one-storey building.

ol | .’A’I'/.»l -

(a) (b)
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Figure 2.9: (a.) Prototype of hybrid parabolic dish concentrator (Schelegel et
al., 2004) (b.) Secondary collector with eight faceted cold mirrors (Schelegel

et al., 2004) (c.) Major elements of hybrid lighting systems (Muhs, 2000)

A daylighting system, composed of a highly reflective sun-tracking
primary parabolic collector (PPC) was theoretically studied by Sapia (2013).
A 2.6 m diameter PPC receives solar radiation and reflects it to a 1.03 m
diameter secondary collector (SOE). The SOE has a surface that is transparent
in the near infra-red range and has a high reflectivity in the visible range. The
secondary collector reflects the visible part of the radiation to the heads of the
bundles of optical fibers (3 mm diameter and 10 m long). The light travels
through a total of 145 fibers until it reaches some tubular diffusing elements
from which a 100 m? room can be illuminated. The efficiency of the parabolic
collector and the secondary collector were calculated as 95 % and 90 %
respectively and the overall system efficiency was calculated as 21 %. The
total expected cost of the system with a total collective area of 4.48 m? is about

6538 euros, which is very high for real life implementation.
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Figure 2.10: Parabolic dish daylighting system: primary parabolic concentrator
(sky), bundles of optical fibers (yellow), frequency selective secondary

collector (light blue)

Furthermore, a new idea of capturing high-intensity sunlight was
demonstrated by Feuermann and Gordon (2002) in which a 0.2 m diameter
parabolic dish was used to concentrate sunlight into a single 1 mm diameter
fused-silica optical fiber through a flat mirror. Sunlight received by the
parabolic dish was reflected to the flat mirror which was supposed to reflect
all the sun rays into the optical fiber; rather, a major portion of the light was
reflected to the outer surface of the fiber as illustrated in Figure 2.11. In their
design, sunlight was collected by many small parabolic dishes which occupied
a large area, making roof-top installation of the system almost impossible.
Also, the cost of the system became very high as each parabolic dish required
a distinct sun-tracking unit and uniform illumination could not be achieved.
As a result, the system was used for solar thermal applications to generate

energy instead of daylighting as it was initially designed for.
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Figure 2.11: Physical layout of the parabolic daylighting system (Feuermann

and Gordon, 2002)

Vu and Shin (2016) designed, analyzed and optimized an optical fiber
daylighting system using plastic modified compound parabolic concentrators
(M-CPC) made by combining two CPC’s into one component and a dual-axis
sun-tracking system of less than 3° angular tolerance. The M-CPC captures,
concentrates and collimates direct sunlight to optical fibers for light
transmission. To capture maximum level of direct sunlight, the first CPC
(200 mm length, 3° input angle) called the primary CPC was designed with a
high input area and to achieve a high concentration ratio. The secondary CPC
(2.47 mm length, 31° output angle) was placed contrariwise so that it could be
used as a collimator to collimate the light it receives from the primary CPC.
The minor aperture sizes of the primary and secondary CPCs were the same to
ensure the best coupling between the two CPCs. Plastic optical fiber (POF) of
the same diameter as the major aperture of the secondary CPC was coupled to

the major aperture of the secondary CPC for light transmission to the interior
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of the building. The primary collector is comprised of 10 x 20 M-CPCs array
and 200 M-CPCs with 200 pieces of POF to achieve a concentrator size of 540
mm (L) x 270 mm (W) x 212.34 mm (H). Simulation result of the prototype
gave an optical efficiency of 85% at the concentration ratio of 100 suns, while
their experimental result gave an optical efficiency of 65 %. The prototype
gave an illuminance of 4400 Im and can illuminate a surface area of 8 m?. The
advantage of this system is its high tolerance to input angle of sunlight thus
making the cost of the system low as there is no need for high-quality optics,
alignment, and a very accurate tracking system. Nevertheless, even though Vu
and Shin claimed it is a cost-effective design, the manufacturing cost of the M-
CPC is still high considering the fact that the output aperture of the secondary
CPC has to be fabricated in a special way which involves laser cutting and

injection molding methods.
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Figure 2.12: (a) M-CPC structure made in LightTools and its cross-sectional
view (b) Fabricated M-CPC and its cross-sectional view (c) Prototype of M-

CPC daylighting system (Vu and Shin, 2016)

2.2.5 Double-axis sun tracking — Heliostats

Ullah and Shin (2013b) proposed an economical solar tower
daylighting system for delivering sunlight to all floors of a building by
collecting sunlight via heliostats (circular plane mirrors), directing the sunlight
with a mirror light pipe (MLP), and disseminating the sunlight with light
guides. The circular plane mirrors of 0.7 m diameter each were positioned on
one side of the mirror light pipe in circular arcs of radii 1.5 m, 2.5 m, 3.5 m
and 4.5 m. Each circular plane mirror consisted of a double-axis sun-tracking
system to track the sun throughout the daytime and direct sunlight towards a
1 m diameter focusing mirror installed 0.5 m above the mirror light pipe. The
focusing mirror made an angle of 10.12° relative to the ground axis and was

designed to directly send in light into the MLP which is then transmitted to the
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interior of the building on each floor respectively. Thirteen heliostats as
illustrated in Figure 2.13 were used to illuminate five floors of 50 m? area each.
To obtain high illumination in the building interior, the MLP was coated with
prismatic optical lighting film and optical film with many layers. The MLP
was also constructed in a cylinder-shaped manner to achieve uniform light.
Ullah and Shin (2013b) succeeded in achieving the average minimum
requirement of more than 500 Ix for office illumination. They stated that their
proposed daylighting system has been greatly acknowledged for its merits
including ease of manageability, cost-effectiveness, the simplicity of its
design, the applicability of rapid manufacturing and large scale system
production. However, the cost effectiveness and energy-saving benefits of
their proposed system are yet to be verified. Also, rooftop installation of this

system would be a tedious process as it involves 13 heliostats.

Focusing mirror

“— Direct sunlight

MLP  ———p

Figure 2.13: Conceptual design of solar tower with heliostat array to provide
daylighting in multi-floor buildings via mirror light pipe (Ullah and Shin,

2013b)
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2.2.6 Double-axis sun tracking and concentrating system

Song et al. (2014) proposed an active daylighting system with a high
accuracy dual axis sun-tracking concentrator comprised of five lenses
(100 mm in diameter each) to focus sunlight to five 10 m length optical fibers
(2 mm in diameter each) for daylight transmission. Parts of the sun-tracking
sub-system are labeled and shown in Figure 2.14. The sun-tracking system has
a precision of 0.1° to accommodate the concentrating level of the system at
2500 suns. The system had two feedback circles (coarse and fine adjustments)
via an angle encoder and a unique array of photodiodes. The coarse adjustment
feedback circle is dependent on predictably confirmed data on the suns
direction. Various characteristics of the output signals from the photodiode
array are used by the control program for fine adjustment. Results of
experiments carried out showed that the overall transmission efficiency of the
system could be maintained between 37 % and 40 % for a long time. Also, the
five optical fibers provided an illuminance of 26.7 Ix fora 4.6 m (L) x 4.2 m
(W) underpass, 10 m away. Irrespective of the good tracking accuracy of this
daylighting system, it has a complicated design as it requires a very high
tracking accuracy with a pointing error of less than 0.07° to maintain the loss

at 14 % or less. More so, the uniformity of light was not explained.
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Figure 2.14: (a) Active daylighting system comprised of double axis sun-
tracking and concentrating system (b) Working prototype on the roof top (Song

etal., 2014)

Most of the studies discussed have shown that many existing fiber-
optics daylighting systems are complicated in optical design, expensive,
produce non-uniform focused sunlight on their receivers and are sometimes
affected by pointing error of their sun-tracking system. Hence, a simple and
cost-effective daylighting system called “optical fiber-based daylighting
system using two-stage reflective non-imaging solar concentrator (NISC) is
proposed to curb the existing problems. The proposed system carry the
advantages of low and adjustable rim angle for effective collimation of

daylight towards the receiver area, high tolerance to pointing error of the sun-
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tracking system and focusing sunlight uniformly on the receiver. As stated by

Chong et al. (2017), non-imaging optics is proposed because:

e The optical design of a non-imaging solar concentrator consists of
many segmented facet mirrors that provide the possibility of adjusting
the focal distance. When the focal distance is increased, the rim angle
is reduced.

e A non-imaging optical device can produce a custom-made focused
image to fit the shape and size of various receiver designs for uniform
illumination.

e A non-imaging optical device can have a wider acceptance angle
resulting in higher tolerances for less precise tracking.

e A non-imaging optical device can give uniform illumination that is

highly required in both CPV and daylighting systems.

These advantages first inspired Chong et al. (2009) to design a non-
imaging planar concentrator (NIPC) comprised of several flat facet mirrors to
overlap uniform solar irradiance at a single target area. Due to the gap spacing
among the mirrors being limited with respect to the ratio of the focal distance
to the concentrator size, sunlight blocking effect among adjacent facet mirrors
exist. As the ratio of focal distance to concentrator width decreases, the
sunlight blocking effect among adjacent facet mirrors will increase. To solve
this problem and still provide uniform illumination on the target area, the non-
imaging dish concentrator (NIDC) was proposed and patented by Chong et al.
(2014). Since NIDC concentrates sunlight by superposing all solar images of

its facet mirrors into one image, the incident angles of solar rays are dependent
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on the position of the facet mirrors. This can reduce the coupling loss between

the solar concentrator and optical fibers even if a pointing error caused by

imperfect sun-tracking exists. This previous success in the application of non-

imaging focusing technology to CPV systems has led to the conviction that the

same can be successfully applied in active daylighting systems. Hence the

emergence of the two-stage reflective NISC. This is a new and original idea

because it is the first time the non-imaging technology is being developed for

daylighting application. Table 2.1 is a summary of all the literatures reviewed.

Table 2.1: Summary of the literature review on existing fiber-optics active

daylighting systems

Authors Paper title Active Findings and discussion
daylighting
method/system
Single-axis sun-tracking system
Ullah and Highly Parabolic trough e Three-stage reflective linear focusing
Shin concentrated daylighting design comprising a parabolic trough,
(2014) optical fiber- system parabolic reflector and trough CPC.
based e SOFs coupled with POFs are used for
daylighting light transmission.
systems for ¢ Advantage: This system can be made on
multi-floor a large scale with only one tracking
office module.
buildings e Disadvantage: It has a complicated

optical design and a high manufacturing
cost (only the parabolic trough costs
USD 400/m? and the automatic tracking
module costs USD 400, making it a total
of > USD 800/m?).

Linear Fresnel
Lens daylighting
system

e Three-stage refractive linear focusing
design comprising a linear Fresnel lens,
collimating plano-concave lens and
trough CPC

e SOFs coupled with POFs are used for
light transmission.

¢ Advantage: This system can be made on
a large scale with only one tracking
module.

e Disadvantage: It has a complicated
optical design and a high manufacturing
cost (only the linear Fresnel lens cost
USD 200/m? and the automatic tracking
module costs USD 400, making it a total
of > USD 600/m?).

Double axis sun-tracking system
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Ullah and Development Fresnel lens Two stages of focusing: Fresnel lens and
Shin of optical daylighting plano-concave lens.
(2012, fiber-based system SOFs coupled with POFs are used for
2013a) daylighting light transmission
system with Advantage: Simulation and
uniform experimental result showed uniform
illumination illumination in the optical fiber bundles.
(2012). The prototype produced an average
] illuminance of 675 lux.
Uniformly Disadvantage: High concentration ratio
illuminated cannot be achieved as the linear Fresnel
efficient reflector normally concentrates < 100
daylighting Suns.
system
(2013a)
Muhs Design and Fresnel lens Hybrid CPV and daylighting system
(2000) analysis of daylighting POF was used for light transmission
hybrid solar system As a hybrid system, electricity produced
lighting full- can be used for indoor illumination when
spectrum solar there is no sunlight.
energy
systems
Shen et Analysis of a
al.(2009) hybrid cost-
effective solar
lighting
system.
Gilmore Sun flower Himawari solar Quartz glass optical fiber is used for light
(1988) over Tokyo lighting system transmission
using Fresnel Disadvantages: High system
lens manufacturing cost; the uniformity of
sunlight at both the capturing and
distribution stages were not well defined.
Advantage: Himawari sunlight contains
only a small amount of infrared radiation
and thus would not affect the temperature
of the room.
Vuetal, Cost-effective Modified optical M-OFDS consists of three parts: -
(2016) optical fiber fiber daylighting primary concentrator (linear Fresnel lens
daylighting system (M- and truncated cone shaped plastic optical
system using OFDS) using fiber)
modified Fresnel lens - collimator (parabolic mirror and
compound convex lens)
parabolic - light guide
concentrators Sunlight is transported in open space to
the room.
85 % uniformity of light was obtained
from numerical analysis
Each M-OFDS provided about 5000 Im
with an optical efficiency of 50.7 %.
Disadvantages: Complicated optical
design with many stages of optical
devices; too expensive for real life
implementation; the system cannot
perform where an obstacle such as trees
exist.
Ullah and Development Parabolic Two stages of focusing: Primary concave
Shin of optical dish/mirror parabolic mirror and secondary convex
(2012, fiber-based daylighting parabolic mirror.
2013a) daylighting system SOFs coupled with POFs are used for
system with light transmission
uniform Experimental results indicated that
illumination uniform illumination was obtained in the
(2012). bundle of optical fibers.

Average illuminance of 705 lux was
attained in the building.
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Uniformly

Disadvantage: The total coat of the

illuminated system was not provided.
efficient
daylighting
system
(2013a)
Muhs Design and Parabolic dish e Consists of a parabolic dish concentrator,
(2000) analysis of concentrator a secondary collector (eight faceted cold
hybrid solar daylighting mirrors) and POFs for light transmission.
lighting full- system e Advantages: It is a high-efficiency
spectrum solar daylight source as it has no infrared
energy component and its components are
systems commercially available.
Schelegel Analysis of a e Disadvantages: High manufacturing
et al. full spectrum cost of about USD 3000 for a 2 m?
(2004) hybrid lighting collector that can illuminate only one-
system storey building.
Sapia Daylighting in Parabolic e Theoretical study only
(2013) buildings: concentrator e Consists of a primary parabolic dish
Developments daylighting concentrator, a secondary collector
of sunlight system (eight faceted cold mirrors) and POFs for
addressing by light transmission.
optical fiber « Efficiency of the primary parabolic
collector was calculated as 95 %.
¢ Efficiency of the secondary collector
was calculated as 90 %.
o Overall system efficiency was
calculated as 21 %.
¢ Disadvantage: The total expected cost
of the system with a total collective area
of 4.48 m?is about 6538 euros which is
very high for real life implementation.
Feuermann Solar fiber- Parabolic dish e Consists of a 0.2 m parabolic dish, flat
and optic mini- concentrator mirror and a single fused-silica optical
Gordon dish daylighting fiber
(2002) concentrator. system ¢ Disadvantages: Sunlight was collected
First by many small parabolic dishes which
experimental occupied a large area and made roof-top
results and installation of the system difficult; high
field system manufacturing cost as each
experience parabolic dish required a distinct sun-
tracking unit; uniform illumination
could not be achieved.
¢ Due to the above mentioned
disadvantages, the system was used for
solar thermal applications instead of
daylighting application.
Vu and Cost-effective Modified e The M-CPC consists of two CPCs (one
Shin optical fiber compound as a concentrator, one as a collimator)
(2016) daylighting parabolic combined into one component and POFs
system using concentrator (M- for light transmission.
modified CPC) daylighting e The primary collector is comprised of
compound system 200 M-CPCs with 200 pieces of POF to
parabolic achieve a concentrator size of 540 mm x
concentrators 270 mm x 212.34 mm.

Optical efficiency of the system is 85 %
based on the simulation result of the
prototype and 65 % based on
experimental result.

Illuminance of prototype is 4400 Im for
8 m? room.

Advantage: The system has a high
tolerance to input angle of sunlight
which makes the system cost effective
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as there is no need for a very accurate
tracking system.

Disadvantage: High manufacturing cost
as the CPCs have to be fabricated in a
special way.

Ullah and Concept of Solar tower Consists of thirteen heliostats (circular
Shin solar tower for daylighting plane mirrors) to direct sunlight to a
(2013b) daylighting in system using mirror light pipe.
multi-floor heliostats Five floors of 50 m? area each were
buildings illuminated with this system
Advantages: ease of manageability,
cost-effectiveness, simple design,
applicability of rapid manufacturing and
large scale system production
Disadvantage: Root-top installation
would be a tedious process as it involves
many heliostats.
Cost-effectiveness and energy savings
of the system are yet to be verified.
Song et al, Daylighting Optical lens Comprises five optical lenses to focus
(2014) system via (K9) sunlight to five 10 m length optical
fibers based concentrator fibers.
on two-stage daylighting The system has a precision of 0.1° to
sun-tracking system accommodate the concentrating level of

model

the system at 2500 suns.

Transmission efficiency could be
maintained between 37 % and 40 % for
a long time.

Five optical fibers gave an illuminance
of 26.7 lux fora4.6 m (W) x 4.2 m (H)
underpass, 10 m away

Advantage: Good tracking accuracy
Disadvantage: Complicated design as it
requires a very high tracking accuracy
with a pointing error of < 0.07° to
maintain the loss at 14 % or less.
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CHAPTER 3

METHODOLOGY

The flow chart in Figure 3.1 presents an outline of the methods used in

this study in three phases: phase 1 (Parts A and B), phase 2 and phase 3. Part

A covers the design of the two-stage reflective NISC and part B covers the

hardware construction of the two-stage reflective NISC. Phase 2 covers the

design and construction of the optical fibers for guiding the concentrated

sunlight into the building. Phase 3 covers the system performance study and

feasibility studies of the two-stage reflective NISC.

DESIGN OF TWO-STAGE REFLECTIVE NON-
IMAGING SOLAR CONCENTRATOR
+ Theoretical analysis using Optical Ray-tracer (2D)
+ Solid works design of the 25-NISC
+ Mathematical analysis
+ Theoretical analysis using light tools (Ray-tracing
and simulation)

PHASE 2 DESIGN AND CONSTRUCTION OF OPTICAL

FIBER FOR GUIDING THE CONCENTRATED

SUNLIGHT

< Optimizing the optical fibres design (considering
heat problem, coupling and transmission loss,
degradation problem, etc.)

SYSTEM PERFORMANCE STUDY, EVALUATION
AND FEASIBILITY STUDIES

+ Data collection and verification with simulation
result

++ Performance evaluation for new optical design of
solar  daylighting and  comparison  with
conventional design

< Analysis on limitations such as economic study,
practicability in high rise building and impact to
the carbon footprint.

HARDWARE CONSTRUCTION OF

REFLECTIVE NON-IMAGING SOLAR

CONCENTRATOR

4 Construct and assemble the mechanical
structure

« Perform optical alignment for all the mirrors

<+ Write the sun-tracking program

< Design and construct the control circuit for
sun-tracking

Figure 3.1: Flow chart of the research methodology for the two-stage reflective

NISC daylighting system
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3.1 Background theory of the two-stage reflective non-imaging solar

concentrator (NISC)

The proposed two-stage reflective non-imaging solar concentrator was
designed based on the concept of the Cassegrain reflector that is widely
deployed in reflecting telescopes. The Cassegrain reflector is a two-stage
reflector with a combination of a primary concave mirror and a secondary
convex mirror (Ma et al., 2014). The incident ray is reflected by the primary
concave mirror to the secondary convex mirror. The secondary convex mirror
then reflects and focuses the rays on the target. Concave and convex mirrors
have been found to be quite expensive in the application of solar energy.
Therefore, many flat facet mirrors are proposed as primary and secondary
reflectors instead of curved mirrors while the target is a bundle of plastic

optical fibers (POF).

» »

Incoming light

gt P20

Y
A

Figure 3.2: Optical arrangement of the Cassegrain reflector (ASGH Mirror

Workshop, 2012)
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To verify the optical design of the two-stage reflection of the non-
Imaging solar concentrator, 2-D ray tracing was performed using a Java-based
2-D ray tracing software called Optical Ray-tracer. 2-D ray-tracing analysis
enables quick understanding of how the incident sunrays can be focused by the
primary reflector to the secondary reflector and subsequently to the optical
fibers. The dimension of each flat facet mirror in the primary reflector was set
as5cm x 5 cm x 0.2 cm (thickness), while the dimension of each flat facet
mirror in the secondary reflector was unknown. This 2-D ray-tracing analysis
helped in determining the required dimension of each flat facet mirror in the

secondary reflector (Obianuju and Chong, 2017).

Each mirror assembly set in the primary reflector consists of four flat
facet mirrors arranged in a group with a gap spacing of 0.5 cm between two
adjacent facet mirrors. The facet mirrors in each mirror assembly set are tilted
to reflect the sunrays to their respective secondary facet mirror where the
perpendicular distance between primary and secondary reflectors is 70 cm. The
secondary facet mirror is tilted to reflect the sunrays towards the optical fibers
at the target. Since Optical Ray Tracer software performs ray-tracing in 2-D
only, two facet mirrors in each assembly set for both left and right sides are
simulated as shown in Figure 3.3. From the simulation result, the estimated
size of each secondary facet mirror to embrace all the reflected rays from the

primary mirror assembly set was found as 8 cm x 8 cm x 0.2 cm (thickness).
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facet
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facet
mirror

Figure 3.3: 2-D ray-tracing analysis to determine the size of each secondary

facet mirror based on the Cassegrain reflector design

3.2 3D design of the two-stage reflective NISC using SolidWorks.

Based on the background theory, the design of the two-stage reflective
NISC was modeled in 3-D as shown in Figure 3.4 with a 3-D CAD software
called SolidWorks. The design of the two-stage reflective NISC comprises a
primary and secondary reflector. The primary reflector consists of twenty
mirror assembly sets with four flat facet mirrors per mirror assembly set. The
primary flat facet mirrors within each mirror assembly set were drawn 0.5 cm
apart while two mirror assembly sets were drawn 2 cm apart from each other.
The secondary reflector consists of twenty secondary flat facet mirrors drawn
0.8 cm adjacent to each other. Each facet mirror assembly is made up of six
components as illustrated in Figure 3.4 (a): (1) flat mirror, (2) three bolts (M4
x 60 mm), (3) PVC plate acting as the mirror frame, (4) washers, (5)

compression spring and (6) nuts. The dimension of the target area located at
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the center of the primary reflector was set as 5 cm x 5 cm which is equivalent

to the size of one primary mirror.

Facet
mirror

MR 2 EREERE ME .

Mirror
assembly set
(a)
Secondary Linear
reflector frame actuator
Ay Customized
7 N —
¢ : Secondary gear
o facet mirror
motor
<> Horizontal and
: R vertical
> RS Aluminium bars
RS2 wheel
Primary facet Primary
mirror reflector frame Levelling
mount
(b)

Figure 3.4: (a) 3-D drawing of the two-stage reflective NISC in isometric view
and side view (b) Labelled 3-D drawing of the two parts of the two-stage

reflective NISC
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A schematic diagram to illustrate the operating principle of the
proposed daylighting system from the sunlight receiving stage to the indoor
illumination stage is shown in Figure 3.5 below. The control system tracks the
sun so that the first stage primary reflector receives incident sunlight and
reflects it to the second stage secondary reflector which then reflects the light
to the target/receiver area. At the target area, a hot-mirror filter filters out ultra-
violet and infra-red rays and permits visible light to pass through to the plastic
optical fibers which transmit the light to distributing lens fixed inside the room

for indoor illumination.

reflector
Sun-tracking }—‘

2nd stage secondary Hot-mirror filter at the Plastic optical
reflector target area fibres

Distributing

lens
system l

Control

| Indoor illumination |

Figure 3.5: A schematic diagram to show the operating principle of the

proposed daylighting system

The design specification of the two-stage reflective NISC is listed in

Table 3.1.
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Table 3.1: Design specification of the two-stage reflective non-imaging solar

concentrator (NISC)

Parameter Specifications

Number of mirror assembly set in the 20
primary reflector

Number of primary facet mirrors in each 4
mirror assembly set

Number of secondary facet mirrors in the 20
secondary reflector

Primary facet mirror dimension 5cm (L) x5¢cm (W) x 0.2 cm (T)
Secondary facet mirror dimension 8cm (L) x8cm (W) x0.2cm (T)
Mirror assembly set dimension 10.5cm (L) x 10.5 cm (W)
Gap between primary facet mirrors in the 0.5cm

mirror assembly set

Gap between two adjacent mirror assembly 2cm

sets

Gap between two adjacent secondary facet 0.8cm
mirrors

Target area at the center of the primary 5cm (L) x 5 cm (W)
reflector

Primary reflector frame dimension 73cm (L) x 73 cm (W)
Secondary reflector frame dimension 52 cm (L) x 52 cm (W)
Reflective area of the primary reflector 0.2 m?
Reflective area of the secondary reflector 0.13 m?
Perpendicular distance between the primary 70 cm

and secondary reflectors (L)

Half rim angle of the two-stage reflective 240
NISC
Total height of the two-stage reflective NISC 153 cm
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In the two-stage reflective NISC design, one set of primary mirrors will
reflect its incident sunlight to its respective secondary mirror. As illustrated in
Figure 3.6, all the primary mirror assembly sets and their counterpart
secondary facet mirrors are labeled with same numbers to show that each
specific mirror assembly set will superpose all their solar rays to the target
located at the center of the primary reflector via its corresponding secondary

facet mirror.

16 15 14 13 12 11

|| B
[[ | I
16 |15 || 14 | 13 || 12| 11
17 10
17 10
18 18 9 9
19 o ’ 8
20 7
20 7
1 2 3 4 5 6
I
I
1 2 3 4 5 6

Figure 3.6: Top view of primary and secondary facet mirror arrangements
showing all mirror assembly sets and their counterpart secondary facet mirrors

numerically labeled respectively
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3.3 Mathematical formulas for calculating the tilting angles of the

primary and secondary mirrors

After the 3D-design was completed, mathematical analysis using
trigonometry was carried out to find the reflective points of the primary and
secondary facet mirrors and their respective tilting angles to superpose the
incident solar rays to the target area. Since all the facet mirrors are flat mirrors,
each facet mirror is tilted in two orientation angles (along the x and y-axis) for
optimum reflection of the received sunlight onto the target area. The respective
tilting angles are: y & o for each primary facet mirror and p & ¢ for each
secondary facet mirror. ¢ is the tilted angle of the primary facet mirror along
the x-axis and yis the tilted angle of the primary facet mirror along the y-axis.
¢ is the tilted angle of the secondary facet mirror along the x-axis and p is the
tilted angle of the secondary facet mirror along the y-axis. For a geometric
representation, the Cartesian coordinate system is used to identify the position
of all the facet mirrors within the two-stage reflective NISC with the origin O
(0, 0, 0) located at the center of the primary reflector as illustrated in Figure
3.7. In the Cartesian coordinate system, the X-axis lies along the column of the
mirrors, the Y-axis lies along the row of the mirrors, and the Z-axis points

towards the center of the secondary reflector.

Point A (xu, Y1, z1) is defined as the central point of the primary mirror
assembly set. Point B (x2, Y2, z2) is defined as the central point of the secondary
facet mirror corresponding to the aforementioned mirror assembly set. From

both points A and B, point C(xs, ys, z3) is defined in the coordinate system
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based on two criteria: (1) the points A, B, and C are collinear; (2) the distance

of ABC must be equal to the distance of ABO.

C (%3, y3, 23)

>
>

B (x5, ¥,, 25)

/,f”” ’,z’.:{\i E (x39 y], Z])
/’/,,B// E ) t»\‘é\ .......... G (x2’ Yis Z])
L ) 1—"\’ IB s
0 (0,0,0) D ()C3, Y3, Z]) F ()C2, Ya» Zl)

A (x[’ y[a Z[)

X
Figure 3.7: Cartesian coordinate system defined in the plane of the primary

reflector with its origin O defined at the center of the primary reflector

Coordinate A (x1, Y1, z1) and coordinate B (x2, y2, z2) are known; thus,

coordinate C (xs, y3, z3) was determined as the following based on Figure 3.7:

To compute z3,

L L,.L L
_ B DC AC=FB __ _ AC —FB
cosa———L Loc L =2,-7, =1, = L +2
AB AC AB AB
2, 7 (1/x2+ 2+22)
23 — 22 + ( 2 l) 2 y2 2 (31)

\/(Xz _X1)2 +(Y2 - y1)2 +(Zz - 21)2
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To compute ys,

L L
Cosﬁ:i:L_ED:LED: L =Ys = Y1 =Y = AE GF"'yl
AF AD AF AF
. (23 — Zl)(yz — yl)
LY, = + 3.2
e i B8 (32)
To compute X3,
tanﬂ=Lﬂ:i:> Le = Lacleo =X, — X, = X, = Laclen + X
o Leo Lee Lae
X = (Y3 — Y1)(X2 — Xl) +X (3.3)
(Y2 -y.)

Wherea = Z/ACD = #ABF and S = ZADE = ZAFG

After determining the coordinate C, the tilted angles for the primary
and the secondary facet mirrors were calculated. From Figure 3.8, vectors and

parameters for the primary facet mirror with its central point at coordinate M
(x, y, 2) are defined as follows: [ (0, 0, 1) is the unit vector of the incident

sunray; N is the unit vector normal to the primary facet mirror; R is the unit
vector of the reflected sunray from point M to the point C; é: is the incident

angle of the sunray relative to the primary facet mirror.
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Figure 3.8: Cartesian coordinate system showing the coordinate M, incident
angle 61, the two tilted angles yand o for the primary facet mirror, where O is
the origin of the coordinate system, the target point and also the center of the

primary reflector

The formulas for calculating the two tilted angles of each primary facet

mirror is as follows:

1 _Ny
y:tan( N J (3.4)

z

o=sin'(=N,) (3.5)

From Snell-Descartes law, the unit vector normal to the primary facet

mirror, N (Hetcht, 2002; Chong et al., 2009) is obtained as:

A

| +R

J2A+1-R)

N = (3.6)
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Provided that I =k (3.7)

andFiz (XB_X)f+(Y3_y)j+(23_Z)i2 (3.8)

\/(Xs - X)Z +(y; - Y)Z +(z,- 2)2

From Figure 3.9, vectors and parameters for the secondary facet mirror
with its central point at coordinate B (x2, Y2, z2) are defined as follows: I"is the
unit vector of the incident ray on the secondary facet mirror from point A; N’

is the unit vector normal to the secondary facet mirror; R’ is the unit vector of
the reflected ray from the secondary facet mirror at point B to the target at
point O; & is the incident angle of the incident sunray relative to the secondary
facet mirror and O is the origin of the coordinate system and the target point,

which is also the center of the primary reflector.

The two tilted angles of each secondary facet mirror can be calculated

using the formulas:

i NS
p=tan” (W] (3.9)
¢=sin(—N;) (3.10)

Similar to Equation (3.6), the following formulas can be derived from

Snell-Descartes law (Hetcht, 2002; Chong et al., 2009):

N,: | +AR _
J20+1'-R) (3.11)
Given that I"r _ (Xl —X; )I +(y1 — yZ)J +(Zl — 4 )k (312)

\/(Xl_xz)2+(y1_Y2)2+(21_22)2
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and R'= 2L (3.13)
\/Xz Y, +14,
Z
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Z”
0(0, 0, O) A(xl, Y Zl)

Figure 3.9: Cartesian coordinate system representing the incident angle 6, the

two tilted angles p and ¢ for the secondary facet mirror

Using the derived formulas, the tilting angles were calculated for one
quadrant of the reflector consisting of five primary mirror assembly sets and
five secondary mirrors. The tilting angles are the same for the other quadrants
with different tilting orientations (either positive or negative) based on the
mirror location. Figure 3.10 illustrates the quadrant labeled from set one to five

corresponding to the set numbers in Table 3.2 and Table 3.3.
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Figure 3.10: Primary and secondary mirror arrangement showing set one to

five with respect to Table 3.2

To verify that the calculated tilting angles are correct, the primary and
secondary reflectors alone were drawn in SolidWorks software; where the new
target coordinates (Point C —referring to Figure 3.8) were derived. Figure 3.11
illustrates this. The new target coordinates in Table 3.2 were derived from
SolidWorks; which corresponded to the target coordinates derived by

calculation.
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~ New target
co-ordinates

Figure 3.11: SolidWorks drawing of the primary and secondary reflectors

showing the new target coordinates for one quadrant

Table 3.2: Table showing the coordinates of one quadrant of the primary and

secondary mirrors and their new target coordinates

Primary coordinates Centre point of each set Secondary coordinates (cm) New target coordinates

(em) (cm) (cm)}

X ¥ z x ¥ z x ¥ z X ¥ z

SET  -34.00 -28.50 0.00 -31.25 -31.25 020 -22.00 -22.00 7020 -12.03 -12.03 145.68
1 -28.50 -28.50 0.00
-34.00 -34.00 0.00
-28.50 -34.00 0.00

SET  -21.50 -28.50 0.00 -18.75 -31.25 020 -13.20 -22.00 70.20 -7.34 -12.24 14407
2 -16.00 -28.50 0.00
-21.50 -34.00 0.00
-15.00 -34.00 0.00

SET -9.00 -28.50 0.00 -6.25 -31.25 020 -4.40 -22.00 7020 247 -12.35 143.24
3 -3.50 -28.50 0.00
-9.00 -34.00 0.00

-3.50 -34.00 0.00

SET  -2850 -16.00 0.00 -31.25 -18.75 020 -22.00 -13.20 7020 -1224 -734 144.07
4 -28.50 -21.50 0.00
-34.00 -16.00 0.00
-34.00 -21.50 0.00

SET  -28.50 -3.50 0.00 -31.25 -6.25 0.20 -22.00 -4.40 7020 -1235 247 143.24
5 -28.50 -9.00 0.00
-34.00 -3.50 0.00
-34.00 -9.00 0.00

‘Primary coordinates’ in Table 3.2 above refers to the coordinates of
each primary mirror in the first quadrant shown in Figure 3.10. ‘Center point
of each set’ refers to the coordinates of the center point of one assembly set;

‘secondary co-ordinates’ refers to the coordinates of each secondary mirror in

49



the first quadrant and ‘new target coordinates’ refers to the coordinates of the

new target point for the five sets of mirrors.

Table 3.3: Table showing tilting angle calculation values for the primary and

secondary mirrors

SET Primary mirror tilting angles Secondary mirror tilting angles
X-axis (6°) Y-axis (5°) X-axis (¢°) Y-axis (p°)
SET1 -3.21 -4.27 4,72 -4.70
-3.21 -3.21
-4.26 -4.25
-4.27 -3.20
SET 2 -3.21 -2.79 4.85 -2.91
-3.22 -1.71
-4.28 -2.78
-4.29 -1.71
SET 3 -3.21 -1.30 4.93 -0.98
-3.22 -0.20
-4.29 -1.29
-4.30 -0.20
SET 4 -1.73 -3.24 2.92 -4.85
-2.82 -3.23
-1.72 -4.32
-2.81 -4.31
SET5 -0.21 -3.22 0.99 -4.93
-1.30 -3.21
-0.20 -4.30
-1.30 -4.29

In Table 3.3, the second and third columns show the tilting angles (o
and ») of the primary mirrors in the first quadrant; and ¢ and p in the last two

columns are the tilting angles of the secondary mirrors in the first quadrant.

3.4 Theoretical analysis on the reflectors, using LightTools software

After calculating the tilting angles, the primary flat facet mirrors and
secondary flat facet mirrors were tilted according to the angles in Table 3.3
and then imported into an optical simulation tool called LightTools software

for 3-D ray-tracing and analysis. 3-D ray tracing, solar flux distribution and
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spillage loss analysis on the receiver were performed from which the
concentration ratio, optimum receiver size and the illumination capability of

the two-stage reflective NISC were found.

Figure 3.12 shows the tilted mirrors, where L is the distance between
the primary reflector and the secondary reflector which is 70 cm. The ray-
tracing process covered the entire primary reflector of the two-stage reflective
NISC in the simulation. Figure 3.13 illustrates the schematic diagram of the
two-stage NISC to show how the sunrays are focused onto the input aperture
of optical fibers in 3-D view. Results showed that all the incident rays were
focused on the target area, implying that the tilting angles were calculated
correctly. About 20 million rays were traced in other to achieve a reasonably
good resolution in the solar flux distribution plot. The solar flux distribution

analysis was done for the entire target area of 50 cm x 50 cm.

<
<§§§§> Q% | Secondary
reflector

gég%g
®® L 3@
<=2 2> L Prima
== & .
52> <S5 reflector
%@

Figure 3.12: 3-D view of the tilted primary and secondary mirrors of the two-

stage reflective NISC
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Secondary facet
mirror

Primary facet
mirror
Target area

Figure 3.13: 3-D view of the two-stage reflective NISC showing how the

sunrays are focused on the target area

It was assumed that all the facet mirrors have 100% reflectance and the
solar irradiance of incident sunlight on the primary facet mirror is 1000 W/m?
(equivalent to 1 sun). Also, to imitate sunrays with the solar disc half angle of
4.65 mrad, a light source with a dimension somewhat bigger than the dimension
of the two-stage reflective NISC prototype is generated. The central region of
the secondary reflector is an open empty area; hence there are direct incident
sunrays on the receiver plus reflected sun rays from the reflectors. The result
obtained from this simulation will be compared with the experimental results in

another section.

From the outcome of the simulated solar flux distribution, the uniformly
illuminated region of the receiver covers an area of 38 mm x 38 mm with an
average solar concentration ratio (Cavg) of 76 suns. The uniformly illuminated
region refers to the area in the central region of the solar flux distribution at the

receiver, where solar concentration ratio is nearly constant as the entire solar
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images of the flat facet mirrors are perfectly overlapped. The average solar
concentration ratio contributed by the reflector is 75 suns, and the average solar
concentration ratio contributed by direct sunlight without going through any
reflection is 1 sun. It is observed that the average solar concentration ratio of
the target area is less than 80 suns which is the number of the primary facet
mirrors. This is because the solar flux distribution contributed by the reflector is
unavoidably spread to a larger area primarily due to both the cosine loss and
solar disc effect (Chong et al., 2009). Cosine effect is a phenomenon where the
effective receiving area of the two-stage reflective NISC reduces based on the
cosine of the incidence angle. This happens when a mirror or set of mirrors are
reflecting off-axis which directly reduces the concentration ratio (number of
suns) at the receiver area of the concentrator. The generated loss is called cosine
loss. Cosine loss varies as a function of the position of the sun and it occurs
because mirrors cannot be constantly aligned normal to the incident solar rays.
Solar disc effect occurs when there is solar radiation within a few degrees of the
solar disc caused by atmospheric scattering. Therefore, the rays of sun that strike

the mirror surface are considered as cone rays.

Viewing from the top, the uniformly illuminated region is an even area
with steeply decreasing edges to form a total focused image size of 65 mm x
65 mm. Figure 3.14 (a) illustrates the simulated result of the focused image
formed at the receiver area without pointing error. The percentage of energy
within the uniformly illuminated receiver area is 57.3%. The percentage of
energy increased to 74.6% when Cayg is more than 60 suns, and the percentage

of energy is as high as 88.7% when Cayg is more than 38 suns. To analyze the
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optimal dimension for the target area, the spillage loss versus receiver dimension
was plotted as seen in Figure 3.14(b), from which the target area dimension of
50 mm x 50 mm (exact size of one primary facet mirror) was carefully chosen
due to low spillage loss of 11.6 %. The average solar concentration ratio at the
target area of 50 mm x 50 mm is 68 suns. Simulation results have shown that
the two-stage reflective NISC produces good uniformity of solar flux
distribution at the receiver area (the red colored area in Figure 3.14(a)) and is
therefore highly recommended for use in active daylighting. The result of the

theoretical analysis is presented in Table 3.4 for easy reference.
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Figure 3.14: (a) 2-D plot of the simulation result showing solar flux

distribution at the receiver area of the two-stage reflective non-imaging solar

concentrator (NISC) prototype (b) Graph of spillage loss and solar

concentration ratio vs. receiver dimension
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Table 3.4: Result of the theoretical analysis on the receiver area of the two-

stage reflective NISC

Parameter Value

Central region of the receiver (uniformly (38 x 38) mm
illuminated area)

Average solar concentration ratio in the central 76 suns
region of the receiver

Total focused image size (65 x 65) mm

Selected focused image size based on spillage (50 x 50) mm
loss

Average solar concentration ratio at the target 68 suns
area of (50 x 50) mm

Percentage of energy within the uniform 573 %
illumination area

Percentage of energy for Cavg of more than 60 74.6 %

suns

Percentage of energy for Cavg of more than 38 88.7 %

suns.

Spillage loss at (50 x 50) mm receiver area 11.6 %

3.5  Hardware construction of the two-stage reflective non-imaging

solar concentrator (NISC) prototype.

Different parts of the two-stage reflective NISC prototype were built at
different laboratories (mechanical, electrical, etc.) of Universiti Tunku Abdul
Rahman, Malaysia. All parts were assembled and the two-stage reflective NISC

was placed at the leveled roof-top of the University located at a longitude of
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101.79° and latitude of 3.04°. This section explains the manufacturing process

of the concentrator.

The two-stage reflective NISC was manufactured in two parts: a
mechanical frame with the primary and secondary reflectors and the base
structure with the sun-tracking mechanism as displayed in Figure 3.4(b).
Aluminum was selected as the material for the mechanical frame because of its
properties such as low density, corrosion resistance, easy machining, and
recyclability. 20 mm (L) x 20 mm (W) x 2 mm (T) aluminum hollow square
bars were used to build the mechanical frame. The primary reflector has an outer
dimension of (730 x 730) mm. It was built by placing four sets of two aluminum
hollow bars with an interval distance of 85 mm as a platform for the primary
mirrors to be fixed and were screwed at four corners to form a square frame.
PVC plate was cut into rectangular shapes with a dimension of 125 mm (L) x
10 mm (W) x 5 mm (T) and was fixed to the two aluminum hollow bars on
which the primary facet mirrors were fixed using bolts and nuts. Likewise, the
mechanical frame of the secondary reflector was built using four sets of two
aluminum hollow bars placed 6 cm apart and screwed at four corners to form a
square frame as a platform for the secondary facet mirrors to be fixed. Four
aluminum hollow bars were used to hold the primary reflector frame and the

secondary reflector frame 700 mm away from each other.

Eighty flat facet mirrors of the dimension of 50 mm (L) x 50 mm (W) x
3 mm (T) were each fixed on the primary reflector frame to form a total of twenty

mirror assembly sets as illustrated in Figure 3.4(a). The gap or spacing between
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two primary facet mirrors within each mirror assembly set is 5 mm while the
spacing between two adjacent mirror assembly set is 20 mm. Likewise, twenty
secondary mirrors with a dimension of 80 mm (L) x 80 mm (W) x 3 mm (T)
were each fixed on the secondary reflector frame with a spacing of 8 mm. Each
facet mirror consists of six parts as shown in Figure 3.4 (a): (1) flat mirror, (2)
three bolts (M4 x60 mm), (3) PVC plate (mirror frame), (4) washers (5)
compression spring (6) nuts. The preparation of the facet mirrors in the

laboratory is shown in Figure 3.15.

(a.) Preparation of the facet mirror frame

(b.) Three bolts fixed on each mirror frame
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(d.) Complete facet mirror with compression springs fixed on the
reflector frame

Figure 3.15: Preparation of the flat facet mirrors

To make the mirror frame, PVC plates were cut into eighty 50 mm x
50 mm square shapes and twenty 80 mm x 80 mm square shapes to match the
size of the primary and secondary mirrors. Three blind holes with the same
diameter as the bolt head were drilled half way through the thickness of the cut
PVC plates at its four edges. A thorough hole was drilled through the other
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remaining half, with the same diameter as the body of the bolt. Three bolts were
then fixed on each mirror frame as illustrated in Figure 3.15. Epoxy paste was
used to stick each facet mirror to the top of the PVC plate to make the mirror
position stable after alignment. After which compression springs were slid
through the body of the bolts. The bolt-spring assembly formed three contact
points for each facet mirror; where one of them acted as the pivot point and the
remaining two were adjustable. This made provision for each facet mirror to be
tilted freely by manually turning the nuts of the two adjustable bolt-spring sets

to focus the solar image to the target area.

To support the entire weight of the mechanical frame, the base structure
was made of mild steel bars and plates. The open area of the base structure
consisted of a door built with 2 mm thick PVVC plates to house all electronic parts
of the two-stage NISC prototype such as the Arduino, breadboard, wires, motor
etc. The mechanical frame was securely attached to the base structure via
custom-made connectors screwed on the upper part of the base structure. For
easy mobility of the two-stage NISC, four wheels were fixed underneath the
base structure alongside four adjustable leveling mounts for stability on the

rooftop during operation.

The two-stage reflective NISC was designed to have dual-axis motion.
The sun-tracking system consisting of the elevation (0°- 50°) and azimuth (0°-
360°) driving mechanisms was installed on the base structure. A linear actuator
fixed to the mechanical frame via a shaft to perform elevation motion from 0°

to 50° served as the elevation driving mechanism. Finite Element Analysis
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(FEA) was carried out to find the minimum force needed for moving the
mechanical frame with the reflectors in an upward and downward motion; after
which the ideal linear actuator was selected together with its best location in the
base structure. The azimuth driving mechanism of the two-stage reflective NISC
consists of a stepper motor, primary sprocket gear, and a custom-made
secondary gear. The primary sprocket gear has eleven teeth. The custom-made
secondary gear is made up of fifty screws on two rotating circular center hollow
plates. Thus, the primary to secondary gear ratio is 11:50. The stepper motor
was connected to the primary sprocket gear, and the primary sprocket gear was
engaged with the custom-made secondary gear for the transmission of azimuth
movement to the mechanical frame in 360°. Hence, the rotation of the secondary
gear rotates the concentrator. The stepper motor used is PK264A2-SG50 model
from Oriental motor with a resolution of 0.036° per step. Figure 3.16 illustrates

the position of the primary and secondary gears in the prototype concentrator.
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PROTOTYPE SOLID WORKS DRAWING

U-shaped micro
photoelectric
sensor

Sensor plate

Sensor plate

Primary sprocket

Secondary gear using oear

multiple screws on
two rotating hollow
plates

Figure 3.16: Illustration of the primary and secondary gears with the sensor

and sensor plate, in both the SolidWorks drawing and the prototype

A backlash error was observed when the direction changed from
clockwise to anti-clockwise and vice versa due to the gap between the primary
and secondary gear teeth. To compensate this error, pulsing control of the
stepper motor was used together with a U-shaped micro photoelectric sensor to
increase the resolution of the rotation and to detect whether the system is rotating
or not when the direction changes. U-shaped micro photoelectric sensor is a type
of sensor that detects objects that pass through it. When an object passes through
the U-shaped gap, the transmitter will be blocked from the receiver causing the
output signal to change. Below the secondary gear, a plate was attached for
blocking the sensor transmitter and receiver when it enters the sensor gap. The
plate also served as an initial reference position for the solar concentrator,
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implying that the sensor should always point towards the North. When there is

no object between the gaps, the sensor output is high and vice versa.

The latest version of the Arduino MEGA 2560 served as a mini-
computer to host the sun-tracking program for operating the system by
calculating the solar angles, pulse generation, interrupts, etc. The solar-tracking
system was designed as a structural closed-loop control system. Two 9-bit
encoders with a resolution of 512 counts per revolution (equivalent to 0.70° per
count) are used to send responses of the rotational angles about azimuth and
elevation axes. With respect to the local clock time, time zone, date, latitude,
and longitude of the site location; the sun-tracking algorithm computes the
azimuth and elevation angles and then sends control pulse and interrupt signals
to the driving mechanism in recurrent loops. The current locations of the two-
stage reflective NISC are then compared with the calculated elevation and
azimuth angles to get a differential value in position. The program will command
the appropriate stepper motor to move the two-stage reflective NISC to the most
recent calculated position if the positional difference in degrees is greater than
the 0.70° resolution of the optical encoder. Figure 3.17 (a) shows the overall
circuit design and Figure 3.17 (b) shows a flow chart of the tracking logic of the

two-stage reflective NISC.
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Abbreviations:

Elv= Elevation

Azi= Azimuth

ElvP = elevation angle
variable

AP = azimuth angle variable
DirA = variable to record the
rotation direction
ErrorAziand ErrorElv = error

compensation for backlash

START

Read/input Latitude,
lengitude, day, time
and time zone

Start timer interrupt ISR()
Y

Elv=0, Azi= 0. EIvP=0, AP=0,
ErrorAzi= 0, ErrorElv=0, DirA= 1

Set current concentrator Azi & Elvangle =

encoderreading of Azi & Elv axis Delay for 30
Xt secs
Calculate Azi& Elvangles I
>y
Compute A (Azi & Elvangle) = calculated Azi &
Elvangle — encoderreading of Azi & Elv axis
IfA (Azi & Elvangle) False
2 0.70°
Feedback loop
Azi True Elv Feedback loop
Motor
electio
Drive the solar concentrator towards Drive the solar concentrator towards
the sun along Az/axis the sun along Elvaxis
| . 1
v
Set current concentrator Azi & Elv True Ifa(Azi & Elv False
angle = encoderreading of Az/ & angle) = 0.70° >
Elvaxis

(B)

Figure 3.17 (a) Schematic diagram of the overall circuit design showing the two

stepper motors, motor driver, Arduino Mega 2560, closed loop sensors, button

interrupt and manual controller (b) Flow chart of the tracking logic of the two-

stage reflective NISC.

The weight of the mechanical frame including reflectors is about 16 kg

and the weight of the entire two-stage reflective NISC prototype including the

driving mechanisms is about 42.2 kg. The specification of the two-stage

reflective NISC prototype is shown in Table 3.1. Figure 3.18 illustrates the

completely manufactured prototype in the laboratory and the working prototype

on the roof-top.
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Figure 3.18: Completely manufactured prototype of the two-stage reflective

NISC in the laboratory (left) and on the roof-top (right)

3.6  Optical alignment of all mirrors of the two-stage reflective NISC

After the prototype of the two-stage reflective NISC was completely
built and placed on the rooftop of the University building, all the mirrors were
tilted to face the sun perpendicularly so that maximum incident sunlight can be

received. To align the mirrors, some steps were taken:

a.) All the mirrors were properly cleaned with cotton wool that was soaked

in ethanol to remove dust particles and fingerprint stains.
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b.) The primary mirrors were first aligned, followed by the secondary
mirrors. To align the primary mirrors, the secondary reflector was
removed and replaced with four height adjustable aluminum hollow bars
with a receiver on top which is a thick sheet of plastic paper with the
same dimension as the original secondary reflector. On the thick sheet of
plastic paper, the new locations for the secondary mirrors were drawn
out as a reference for the reflected sunlight from the primary mirror sets.
After the set up was done and the sun was out with clear skies, the sun-
tracking mechanism of the concentrator tracked the sun while each
primary mirror set was manually adjusted such that their incident sunrays
were reflected to their respective secondary mirror’s new location on the
plastic paper according to the new target coordinates in Table 3.3.
Figure 3.19 and Figure 3.20 depicts the set-up for the primary mirror
alignment. This was done one mirror after another for all primary mirror
assembly sets; while adjusting the height of the secondary reflector
accordingly and covering the other primary mirrors to prevent them from

receiving incident rays.
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Figure 3.19: Primary reflector alignment set-up showing the adjustable

aluminum hollow bars
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Reflection of
one primary
mirror
assembly set

One primary
mirror

Plastic paper sheetas — = assembly set

the secondary
receiver

Figure 3.20: Primary mirror alignment under the sun illustrating the reflection

on the plastic paper sheet

To confirm that the automatic sun-tracking position is correct, a 5 mm
diameter thorough hole was drilled on top a rectangular aluminum
hollow metal bar of about 100 mm length. A dent was then made directly
perpendicular to the drilled hole inside the hollow bar. The rectangular
aluminum hollow metal bar was tightly secured at the side of the
concentrator using a G-clamp as illustrated in Figure 3.21. When the
concentrator is directly facing the sun, the reflection of the sun is seen
directly on top the dent through the 5 mm hole. This implies that the sun-
tracking position is correct. In a situation whereby the reflection of the
sun is not directly on the dent, the sun-tracking position is wrong and

needs to be checked.
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Thorough hole on
top hollow bar

Dent inside hollow bar
for sunlight reflection

Figure 3.21: Hollow rectangular metal bar placed on the side of the

concentrator to confirm correct sun-tracking position

c.) After all the primary mirrors were properly aligned, the four height
adjustable aluminum hollow bars with its receiver were removed and
replaced with the original secondary reflector. The incident rays from the
primary mirrors were seen perfectly reflecting on their respective
secondary mirror. The secondary mirrors were then individually tilted to
reflect their rays to the target area of 50 mm x 50 mm one after the other
while covering other secondary mirrors. The final outcome of all the

reflected rays on the receiver is shown in Figure 3.22.
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Scattered reflection at the
target area before primary and
secondary mirror alignment

Aligned reflection at the target
area after primary and
secondary mirror alignment

Figure 3.22: Illustration of the receiver area of the two-stage reflective NISC

before and after mirror alignment

d.) I installed an application called “clinometer + bubble level” on my

handphone and used it to confirm that the tilted angles of the primary

and secondary mirrors correspond to the calculated tilting angles in

Table 3.3. The process involved opening the application on my hand

phone and calibrating it first by placing it on a very flat surface where

the angle of tilt is zero. After that, the hand phone is then placed gently

on each mirror for the application to measure the angle of tilt.
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3.7 Optical fibers for light transmission — Selection, preparation and

fiber analysis

For transmission of visible light from the receiver area to the building,
model CK-120 high-performance plastic optical fibers (POFs) made by
Mitsubishi Rayon Co. LTD were carefully selected. They are cost effective,
flexible, have a high acceptance angle and a large core diameter that can transmit
more light by means of total internal reflection. Each plastic fiber is made up of
a polymethylmethacrylate (PMMA) core with a diameter of 2.945 mm and a
fluorinated Polymer cladding with a diameter of 3 mm. Refer to Appendix A for
technical specifications of the selected POF as provided by the manufacturer.
The entrance aperture of the optical fibers was fixed at the target area which is
located at the center of the primary reflector to perpendicularly face the sun. The
half acceptance angle of the PMMA is 30°, making the total acceptance angle
equal to 60°. The half acceptance angle as illustrated in Figure 3.23, is the
maximum angle relative to the central axis of the optical fiber at which light rays
can enter and be transmitted through the optical fibers. The maximum emitting
angle of the light rays at the exit of the optical fiber should be equal to the half

acceptance angle.

Total \

acceptance
Cladding of POF Core of POF

angle =2
Figure 3.23: Illustration of the acceptance angle of the plastic optical fiber
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After the POF has been exposed under concentrated sunlight with high
temperature and UV for a long period, it would tend to melt and degrade due to
its polymer properties. To prevent melting and degrading of the POF, a dielectric
hot mirror filter is placed before the entrance aperture of the optical fibers to
reflect or filter away an average of 70 % of ultraviolet rays (below 380 nm and
above 710 nm) and an average of 98 % of infrared rays (750 nm to 1150 nm).
The hot mirror has a maximum operating temperature of 400 °C and high

transmissibility of 98 % for visible light (400 nm to 690 nm).

The optical fibers were protected from scratches, dust and dirt by neatly

inserting them into black long foam embraced by an insulated pipe.

Hot-mirror filter
fixed at the entrance
aperture of the
target arca

Figure 3.24: High-performance hot-mirror fixed at the receiver area of the

prototype for testing

73



Table 3.5: Design specification and calculations for the two-stage reflective

non-imaging solar concentrator (NISC) daylighting system

Parameters Value Parameters Value
Avrea of each primary facet 25 Average value of direct beam 104
mirror (cm?) luminous efficacy (Im/W) as

provided by Lim and Ahmad

(2013) based on Malaysian

climate. It is the ratio of

daylight illuminance to solar

irradiance)
Number of primary facet 80 Total transmission loss via 457
mirrors fiber, Leiper (%)
Total area of all primary 0.2 Direct normal irradiance (DNI), 1000
facet mirrors, Agefiector (M?) I (W/m?)
Target area (m?) (0.05 m x 0.0025  Percentage of visible light in 47
0.05m) solar spectrum, %VL (%)
Transmissibility of visible 0.98 Percentage of infrared light in 46
light for hot mirror solar spectrum (%)
Core reflective index of 1.49 Percentage of ultraviolet light in 7
POF solar spectrum (%)
Numerical aperture of 0.50 Uniform illumination area of 1444
POF concentrated flux, Aunitorm (MM?)

= (38 mm x 38 mm)
Maximum operating 70 Average solar concentration 68
temperature of POF ( °C) ratio within target area of 50

mm x 50 mm (suns)
Minimum operating 55 Input solar power within target 170
temperature of POF ( °C) area of 50 mm x 50 mm (W) =

(68 x 1000 x 0.0025)
Length of POF (m) 10 Visible light power as 47% of 79.9

full solar spectrum (W) =170

W x 0.47
Half acceptance angle of 30 Input light power after the hot 78.30
POF (°) mirror filter (W) =79.9 W x

0.98
Transmission loss of POF <200 Illuminance at the entrance 8143.2
(dB/km) aperture of the POF (Im) =

luminous efficacy x input light
power =104 Im/W x 78.30 W
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The target area in which the POFs are located in the prototype of the
solar concentrator is (50 x 50) mm?. Figure 3.25 illustrates that this area can
accommodate three hundred and fourteen optical fibers arranged such that seven
fibers are in one bundle in other to optimize the target area for indoor
illumination. From Table 3.5, the prototype two-stage reflective NISC is

estimated to deliver 8143.2 Im of daylight to the optical fibers at the target area.

17 fibers in a row
B—(\/E\:’K

19
rows

16 fibers in a row

.'.

Figure 3.25: Optical fibers arrangement in the 50 mm x 50 mm target area

Since the input light power of the two-stage reflective NISC is known as
8143.2 Im, the average lumen that can be transmitted by one optical fiber can be
calculated. The radius of the core of the selected POF is 1.4725 mm. Therefore,
the cross-sectional area of each optical fiber is m x (1.4725 mm)? = 6.81 mm?
and one fiber can transmit an average of (6.81 mm? x 8143.2 Im)/2500 mm? =
22.18 Im. The proposed length of POF for experimental purposes is 10 m. Thus,
an experiment for finding the attenuation/transmission and coupling loss called
the cut-back method was performed on the 10 m long fiber. The cut-back method
as illustrated in Figure 3.26 involved clamping the entrance aperture of the
optical fiber using a retort stand to perpendicularly face an uninterrupted white

light source. At the exit aperture of the fiber, a CPV cell was used to measure
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both the short-circuit current and open-circuit voltage in order to obtain the
power. The exit aperture of the fiber was firmly fixed to the flat CPV cell such
that there was no gap in-between them to prevent any loss of output light. After
measuring the power, 2 cm length of the optical fiber was cut off from the exit
aperture using a fiber optic cutter. The surface of the new exit aperture was then
polished using different grades of sandpaper, from coarse to fine (400, 800,
1200, 1500 and 2000) placed on a grinder-polisher. This was done to smoothen
the surface of the fiber and make it even for the next measurement. It was also
used to find out the outcome of using different grades of sandpaper to polish the
surface of the optical fiber. While polishing with the grinder, its speed was
adjusted between 250 rpm to 400 rpm and the water was turned on to ease the
process. This cut-back method was carried out ten times and readings were taken
ten times from which the attenuation was calculated as 0.36 dB/m which is
slightly higher than the attenuation in the data sheet (0.2 dB/m). From this
attenuation experiment, the transmission loss of 45.7 % was obtained. Thus, at
the exit aperture of the 10 m length POF, the average lumen after the

transmission loss should be (22.18 Im x 54.3 %) = 12.04 Im.
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Measurement at the exit aperture of
the POF using a CPV cell

Un-interrupted white light

source at the entrance aperture
of the POF

Polishing of the cut portion of the POF using a grinder-
polisher

Figure 3.26: Cut-back method to find the attenuation loss of the POF

The CIBSE code (1994) for interior lighting stated the standard
illuminance for visibility of a room as 500 Ix; and for this study, a 6.3 m? room
is termed a standard office area. In a standard office area of 6.3 m?, daylighting
via optical fiber requires (500 Ix x 6.3 m?) = 3150 Im to achieve 500 Ix.
Therefore the total number of optical fibers required is 3150/12.04 =~ 262 fibers.
The target area shown in Figure 3.25 can supply an average luminous flux of
12.04 Im x 314 = 3780.6 Im (or 600 Ix for an office area of 6.3 m?).
Theoretically, an illuminance value higher than the required illuminance for a
standard office area can be accomplished with the prototype two-stage reflective
NISC. Thus, the average illuminance of the prototype with 600 Ix for a room
area of 6.3 m? can be used to illuminate a larger office area of (600 Ix x 6.3 m?)

/500 Ix = 7.56 m?,
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For real world implementation of the prototype design, when the indoor
illuminance from the two-stage reflective NISC is less than the required level,
light-emitting diodes (LEDs) with model no. LUW W5AM-KYLX-4E8G will
be used as complementary artificial light as it has a low power consumption and
a long lifespan. The selected LED model is a high power LED with a white light
source at a color temperature of 5700 K, which is in the similar range of daylight
(5000 K - 6000 K). Each LED can produce 104 Im/W with the forward voltage
(Vr) of 3.2 V, current of 350 mA and electrical input power of 1.12 W. For the
LEDs to fully illuminate an office area of 7.56 m2, 3780 Im is needed to achieve
500 Ix and hence a total of 32.5 LEDs ~ 33 LEDs with rated electrical power of
36.35 W is required. It implies that the illuminance produced by the two-stage
reflective NISC is equivalent to 33 LEDs with electrical power of 1.12 W each.
Referring to Table 3.5, the solar input power received at the target area of the
two-stage reflective NISC is 170 W. Hence, the equivalent power conversion

efficiency is (36.35 W/170W) x 100 % = 21.4 %.
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CHAPTER 4

RESULTS AND DISCUSSION

4.1 Experimental set-up for measuring the solar concentration ratio of

the two-stage reflective NISC prototype

On-site data collection to measure the solar concentration ratio (suns)
was carried out for the prototype two-stage reflective NISC. Instruments
involved in the experimental set-up and employed for the data collection
included: a digital light meter that was firmly secured to the mechanical frame
with its light sensor facing the sun — for measuring the illuminance of the sun;
multimeter 1 — for measuring the short-circuit current of CPV cell 1 that is
positioned under concentrated sunlight at the central region (Isc-1) of the receiver
area; multimeter 2 - for measuring the short-circuit current of CPV cell 2 that is
positioned on the mechanical frame of the concentrator under one sun (lsc-2);
pyranometer — for measuring the global solar irradiance (GSI); and
pyrheliometer — for measuring the direct normal irradiance (DNI). All
instruments were calibrated before use and aligned to face the sun
perpendicularly to ensure accurate readings were taken. Direct normal irradiance
(DNI) is the direct component of solar power reaching the earth surface per
square meter. Global solar irradiance (GSI) is a measure of the amount of total
incoming direct and diffuse solar energy on a horizontal plane on the earth’s

surface.
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The experimental setup for measuring the solar concentration ratio of

the two-stage reflective NISC prototype is revealed in Figure 4.1.

The following equation was used to calculate the short-circuit current of
CPV cell 2, contributed by only DNI (Isc2®N') under one sun:

ow_,  DNI

I =l X =5
GS (4.1)

sc-2

where Isc2 is the measured short-circuit current of CPV cell 2 in mA when
exposed to GSI under one sun, DNI is the direct normal irradiance in W/m?
measured by the pyrheliometer and GSI is the global solar irradiance in W/m?

measured by the pyranometer.

After finding ls.2®N'and lsc.1, the measured solar concentration ratio of the
two-stage reflective NISC prototype (Cmeasured) Can be calculated using equations

(4.2) and (4.3).

Cmeasured = | SC_DlNI
se-2 (4.2)
Cmeasured = Isc—l X GSI
l.., DNI 43)

where lsc.1 is the measured short-circuit current (A) of CPV cell 1 when exposed

to the concentrated sunlight at the central region of the receiver.
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Figure 4.1 (a) Picture of the experimental setup to measure the solar

(B)

concentration ratio of the two-stage reflective non-imaging solar concentrator
(NISC) (b) A schematic diagram illustrating all the measurements taken during

the experiment
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4.2 Experimental set-up for measuring the indoor illuminance

produced by the two-stage reflective NISC prototype.

The experimental setup to measure the indoor illuminance produced by
the two-stage reflective NISC prototype inside the test room was similar to that
of experiment 1. The only difference is that CPV cell 1 was replaced with the
entrance aperture of the optical fibers aligned perpendicularly relative to the
concentrated sunlight. Fourteen pieces of 3 mm diameter and 10 m long POF’s
were used to guide the concentrated sunlight from the prototype to the test room.
The optical fibers were initially prepared in the laboratory by cutting each to a
length of 10 m. To achieve an even and smooth surface for coupling the
concentrated light from air to fiber, surface polishing was done using different
grades of sandpaper from the most coarse to the finest grade ranging from 600
to 1500. The fibers were then grouped into two bundles; each bundle consisted
of seven POFs arranged in a hexagonal manner. The two bundles of optical
fibers were fixed firmly at the region of uniform illumination (38 mm x 38 mm)
on the receiver, with the entrance aperture oriented perpendicularly relative to
the incident sunlight as illustrated in Figure 4.2. The exit aperture of the fiber
was connected to the test room, and a blackboard was positioned 2 m away from
the exit aperture of the POFs. A MASTECH MS6612 digital light meter (with a
spectral range of 320 nm to 730 nm) was used inside the test room and moved
around the blackboard to measure the indoor illuminance based on the light
emitted by the POFs at different times when the weather was sunny with clear

skies.
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Figure 4.2 (a) Picture of the experimental setup to measure the indoor
illuminance produced by the two-stage non-imaging solar concentrator (b) A

schematic diagram illustrating the measurements taken during the experiment.
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4.3  Experiments, results and discussion

4.3.1 Experiment 1 -to measure the solar concentration ratio of the two-

stage reflective NISC prototype.

Readings were taken between August 2016 and March 2017 when the
weather was sunny with clear skies and when the weather was sunny with some
cloudy skies. The data collection process involved exposing the CPV cell 1 to
concentrated sunlight and measuring its short-circuit current. At the same time,
CPV cell 2 was used to measure the short-circuit current of 1 sun. DNI and

GSI were measured concurrently.

Tables 4.1, 4.2 and 4.3 show data collection for three different days.
The data in Table 4.1 were recorded on a very sunny day with no clouds (clear
skies), while the data in Tables 4.2 and 4.3 were taken on a sunny day with
some clouds in the sky at particular local clock times (h) and with clear skies
at other local clock times (h). The measured solar concentration ratio for all
the data reflects these conditions. For graphical representation, the best set of
data (Table 4.1) which was taken on a very good sunny day with clear skies
(14" December 2016) from local clock time 11:15 h to 14:33 h is used. Figure
4.4 presents a graph to show the relationship between the measured values of
average solar concentration ratio (suns) and the short-circuit currents of CPV
cell 1 under concentrated sunlight with respect to the local clock time on 14"
December 2016. The simulated average solar concentration ratio is constant

(76 suns). Figure 4.3 illustrates the relationship between measured DNI and
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GSI for the 14™ December, 2016 which are more or less directly proportional

to each other most of the time. This was similar for all the collected data.

Table 4.1: Data collection on 14™ December 2016 for GSI, DNI, short-circuit

currents of CPV cell 1 and 2 and solar concentration ratio of the two-stage

reflective non-imaging solar concentrator (NISC) prototype

Local GSI DNI DNI/GSI -2 Isc1(A) Measured Uncertainty of

Time (W/m?)  (W/m?) ratio (mA) solar measured solar

(h) concentration  concentration
ratio, Cmeasured 1atio, ACmeasured
(suns) (suns)

11:15 1022 912 0.89 13.99 0.86 68.8 +1.4

11:16 1022 912 0.89 13.98 0.86 68.9 +1.4

11:18 1034 900 0.87 14.10 0.84 68.4 +1.4

11:37 1107 888 0.80 15.19 0.78 64.0 1.3

11:38 1144 900 0.79 15.67 0.87 70.5 +1.4

11:46 1192 888 0.74 16.30 0.84 69.2 +1.4

11:47 1192 900 0.76 16.25 0.86 70.1 +1.4

12:10 1204 888 0.74 16.35 0.76 63.1 1.3

12:12 1180 888 0.75 15.73 0.80 67.6 +1.4

12:14 1229 925 0.75 16.33 0.88 71.6 1.5

12:22 1156 925 0.80 16.00 0.83 64.8 +1.3

12:26 1204 925 0.77 16.33 0.79 63.0 1.3

12:27 1192 912 0.77 16.04 0.79 64.4 1.3

13:24 1119 863 0.77 14.88 0.73 63.4 +1.3

13:26 1119 851 0.76 14,51 0.81 73.6 1.5

13:29 1119 863 0.77 15.20 0.77 65.6 1.3

13:33 1095 838 0.77 15.13 0.77 66.5 +1.4

13:36 1046 826 0.79 14.56 0.74 64.3 +1.3

13:37 1034 826 0.80 14.50 0.77 66.4 +1.4

13:40 998 789 0.79 13.88 0.75 68.4 1.4

13:42 985 764 0.78 13.62 0.67 62.9 1.3

13:51 1058 838 0.79 14.88 0.78 66.3 +1.4

13:52 1046 814 0.78 14.66 0.74 64.5 +1.3

14:32 985 715 0.73 14.06 0.68 66.7 1.4

14:33 985 727 0.74 14.12 0.65 62.1 +1.3
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Table 4.2: Data collection on 19" December 2016 for GSI, DNI, short-circuit
currents of CPV cell 1 and 2 and solar concentration ratio of the two-stage

reflective non-imaging solar concentrator (NISC) prototype

Local GSI DNI DNI/GSI - lsc-1(A) Measured Uncertainty of

Time (W/m?)  (W/m?) ratio (mA) solar measured solar

(h) concentration  concentration
ratio, Creasured ratio, ACmeasured
(suns) (suns)

10:06 963 629 0.65 13.37 0.52 59.5 +1.2

10:12 976 629 0.64 13.65 0.51 57.5 +1.2

12:34 1146 752 0.66 15.50 0.74 72.9 +1.5

12:38 1134 740 0.65 15.30 0.75 75.5 +1.5

12:44 1073 703 0.65 14.80 0.67 68.6 +1.4

13:04 1134 752 0.66 15.60 0.68 65.6 +1.3

13:11 1049 678 0.65 14.45 0.62 66.4 +1.4

13:14 1049 691 0.66 14.40 0.64 67.9 +1.4

13:20 1037 629 0.61 14.22 0.57 66.5 +1.4

13:25 963 493 0.51 13.28 0.44 64.1 +1.3

13:37 634 222 0.35 8.72 0.17 54.1 +1.1
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Table 4.3: Data collection on 221" December 2016 for GSI, DNI, short-circuit

currents of CPV cell 1 and 2 and solar concentration ratio of the two-stage

reflective non-imaging solar concentrator (NISC) prototype

Local GSlI DNI DNI/GSI g2 lsc-1(A) Measured Uncertainty of
Time (W/m?)  (W/m?) ratio (mA) solar measured solar
(h) concentration  concentration
ratio, Cmeasured ratio, ACmeasured
(suns) (suns)

10:20 951 777 0.82 13.50 0.64 58.1 +1.2
10:27 951 777 0.82 13.50 0.67 60.8 +1.2
10:31 963 764 0.79 13.50 0.69 64.4 +1.3
10:34 963 777 0.81 13.60 0.71 64.7 +1.3
10:38 963 789 0.82 13.60 0.70 62.8 +1.3
10:48 988 777 0.79 13.90 0.71 65.0 +1.3
10:55 1049 801 0.76 14.70 0.66 58.8 +1.2
11:05 963 752 0.78 13.85 0.64 59.2 +1.2
11:09 1000 814 0.81 14.15 0.73 63.4 +1.3
11:13 1049 851 0.81 14.55 0.81 68.6 +1.4
11:17 1037 838 0.81 14.45 0.82 70.2 +1.4
11.23 1049 838 0.80 14.80 0.84 71.0 1.4
11:30 1049 801 0.76 14.85 0.71 62.6 +1.3
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Figure 4.3: Graph to show the relationship between DNI and GSI for the 14%"

December, 2016.
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Figure 4.4: Graph to show the relationship between short-circuit current of
CPV cell 1 and solar concentration ratio (measured and simulated results)

versus local clock time on 14™ December 2016

(Note: The arrows in the graph indicate the vertical axes of the line graphs plotted.)

4.3.2 Result and discussion of experiment 1

In Figure 4.4, the measured solar concentration ratio of the two-stage
reflective NISC prototype varied between 62 suns and 74 suns throughout the
period of measurement. This is selected as the best result obtained as the data
was taken when the sun was at its peak. In Table 4.2, the measured solar
concentration ratio varied between 54 suns and 76 suns throughout the period of
measurement; and in Table 4.3, the measured solar concentration ratio varied
between 58 suns and 71 suns throughout the period of measurement. The reason
for this variation is the random error which occurred during measurement of
short-circuit currents from CPV cell 1 and 2. Several factors such as the sun-
tracking accuracy, temperature variation of the CPV cell, and measurement error

of the multimeter (1.2 % for current and +0.8 % for voltage as obtained from
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the user manual for GW INSTEK GDM-394/396 multimeter seen in Appendix
B) can cause the random error to occur. The short-circuit current of CPV cell 1
was measured and used to calculate the concentration ratio at the uniformly
illuminated receiver area of the concentrator. During the experiment, the
temperature of the CPV cell increased after being exposed to the concentrated
sunlight for a few seconds. A cooling fan was attached closely to CPV cell 1 to
fasten the cooling process before focusing the concentrated sunlight on the CPV
cell to take new readings. It was observed that the measured short-circuit current
increased when the temperature of the CPV cell increased; it dropped as the CPV
cell 1 was cooled down. This is due to the fact that for multiple junction CPV
cells, the temperature co-efficient is approximately 0.001 mA/°C for 1 sun at
temperature ranging from 25 °C to 80 °C. Hence, for the two-stage reflective
NISC that has a maximum solar concentration ratio of 76 suns as obtained from
the numerical simulation, the temperature co-efficient is 0.076 mA/ °C. It can be
concluded that the short-circuit current of the CPV cell varied with respect to

the change in temperature.

From Table 4.1, the average measured solar concentration ratio is
66.6 suns with a calculated standard deviation of 3.0 suns and the simulated

average solar concentration ratio is 76 suns. Thus, the reflectivity of the facet

66.6 -1

mirror can be calculated as =0.935=93.5 %. One sun is subtracted in

the formula because the reflectivity of the facet mirrors is not affected by the
direct sunlight coming in from the central region of the secondary reflector. The
calculated reflectivity falls in the range of the reflectivity of the mirror as

specified by the manufacturer (90 % - 94 %). Also, from the data in Tables 4.2
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and 4.3, the calculated reflectivity fell in the range of the manufacturer’s

specification which are 93 % and 92 % respectively.

The uncertainty of the measured solar concentration ratio (ACmeasured) IS
dependent on the measurement error of the short-circuit current of CPV cell 1
(Alsc-1), measurement error of the short-circuit current of CPV cell 2 (Alsc-2), the
measurement error of DNI voltage (AVpni) and the measurement error of GSI

voltage (AVesi) as shown in the following expression:
2 2 ONI )\ 2 2 2
ACrneasured _ Al sc-1 + Al sc-2 + AVDNI + AVGSI
C L 1o V, Vv
measured sc-1 sc-2 DNI GSI (44)
2 DNI 2 2 2
ACnpasured = \/[( AII sl J + (AII sc_2DN| j + (A\/VDNI j + (A\/VGSI j ]Crreasured
sc-1 sc—2 DNI GSl

(4.5)

where Alsc-1 and Alsc-2 are £ 1.2%; AVpni and AVes) are £ 0.8%. Given that
DNI = Vpni/8.11 and GSI = Vgs1/8.22, both values of 8.11 and 8.22 are constants
as provided in the specifications of the pyrometer and the pyrheliometer
respectively. Equation 4.5 was used in calculating the uncertainty values for the

data presented in Tables 4.1, 4.2 and 4.3.

4.3.3 Experiment 2 - to measure the indoor illuminance produced by the

two-stage reflective NISC

At different times of the day when the DNI was steady, the indoor
illuminance was measured at a distance of 2 m away from the exit aperture of

the optical fibers inside the test room. The background illuminance value of
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the test room was first measured and then subtracted from the measured indoor
illuminance values from the optical fibers. Simultaneously, the DNI, GSI and
short-circuit currents for CPV cell 2 were recorded. This experiment was
conducted a number of times for a duration of three months; but in this thesis,
data collection for four days: 22" December, 2016 from 11:38 h to 13:14 h,
29" December, 2016 from 14:38 h to 15:11 h, 30" December, 2016 from
13:56 h to 15:11 h and 16" February, 2017 from 14:05 h to 14:31 h are
presented in Tables 4.4, 4.5, 4.6 and 4.7. The data presented in Tables 4.4 and
4.5 were collected on a sunny day but with a low DNI and some clouds in the
sky. This is why the illuminance values measured in the test room throughout
the experiments performed on 22" December, 2016 and on 29" December,
2016 were lower than expected with an average deviation of 29% and 16%
respectively between experimental and theoretical illuminance results. The
data presented in Tables 4.6 and 4.7 were collected on a sunny day with clear
skies. The illuminance values measured in the test room throughout the
experiments performed on 30" December, 2016 and on 16" February, 2017
were higher with an average deviation of 11% and 8% respectively between

experimental and theoretical illuminance results.

For graphical representation, the set of data with higher illuminances
(Tables 4.6 and 4.7) are plotted. Figure 4.5 is a graph to show the relationship
between the values of DNI and GSI for the 30" December, 2016 and 16™
February, 2017 which are mostly directly proportional to each other. Figure

4.6 is a graph of comparison between theoretical and experimental results for
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the indoor illuminance of the prototype versus local clock time (h) on 30™

December, 2016 and 16™ February, 2017.

Table 4.4: Experimental results for indoor illuminance measured on 22"

December, 2016 in comparison with the theoretical results.

Local Gsl DNI Indoor Illuminance (Ix) Deviation Uncertainty of
Time (h) (W/m?)  (W/m? Experimental  Theoretic between experimental
result al result experlmen'FaI rgsult for
and theoretical indoor
results (%) illuminance (Ix)
11:38 985.40 715 38.7 74.5 48.0 2.3
11:40 1034.06 740 38.7 77.0 49.8 2.3
11:42 1009.73 740 434 77.0 43.7 2.6
11:43 1021.90 740 455 77.0 41.0 2.7
11:45 1058.39 789 57.8 82.2 29.7 3.5
11:47 1082.73 777 56.8 80.9 29.7 34
11:48 1058.39 789 54.4 82.2 338 3.3
11:49 1046.23 777 56.7 80.9 29.8 34
11:53 1058.39 789 58.3 82.2 29.0 3.5
11:59 997.57 703 51.2 73.2 30.1 3.1
12:00 985.40 678 56.5 70.6 19.9 3.4
12:03 1034.06 727 57.7 75.7 23.8 35
12:06 1058.39 764 53.7 79.6 325 3.2
12:09 985.40 691 55.9 71.9 223 34
12:14 973.24 678 56.9 70.6 19.4 3.4
12:16 900.24 604 47.9 62.9 23.8 29
12:17 912.41 617 45.0 64.2 29.9 2.7
12:21 936.74 703 46.3 73.2 36.7 2.8
12:27 912.41 604 48.6 62.9 227 2.9
12:31 888.08 580 454 60.3 247 2.7
12:35 936.74 617 46.9 64.2 26.9 2.8
12:40 924.57 604 454 62.9 27.9 2.7
12:44 912.41 567 39.4 59.1 333 2.4
12:48 1021.90 666 55.9 69.3 19.4 3.4
12:53 1034.06 641 50.6 66.8 24.2 3.0
13:08 936.74 518 42.0 53.9 22.0 25
13:12 924.57 481 37.1 50.1 26.0 2.2
13:14 863.75 419 34.3 43.6 21.3 2.1
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Table 4.5: Experimental results for indoor illuminance measured on 29"

December, 2016 in comparison with the theoretical results

Local
Time

(h)

14:38
14:59
14:53
14:55
15:00
15:02
15:04
15:06
15:11

GsI
(W/m?)

1204.38
1180.05
1240.88
1277.37
1265.21
1228.71
1204.38
1204.38
1313.87

DNI
(W/m?)

912
912
912
900
912
912
888
900
900

Indoor Iluminance (Ix) Deviation
between
Experimental Theoretical ~ experimental
result result
results (%)
7.7 95.0 18.2
78.4 95.0 175
79.6 95.0 16.2
77.4 93.7 17.4
79.2 95.0 16.6
81.3 95.0 14.4
84.0 92.4 9.1
82.5 93.7 12.0
71.4 93.7 23.8

Uncertainty
of
experiment

and theoretical  al result for

indoor
illuminance

(x)
+4.7
+4.7
+4.8
+4.6
+4.8
+4.9
5.0
+4.9
+4.3

Table 4.6: Experimental results for indoor illuminance measured on 30"

December, 2016 in comparison with the theoretical results.

Local
Time

(h)

13:56
14:00
14:06
14:50
14:53
14:55
15:00
15:02
15:04
15:06
15:11

GSlI

DNI

(Wim?)  (W/m?)

850.80
863.13
801.48
912.45
912.45
912.45
900.12
912.45
912.45
887.79
900.12

851
863
802
913
913
913
900
913
913
888
900

Indoor Illuminance (Ix)

Experimental

result

92.0
92.7
80.8
78.4
79.6
774
79.2
81.3
84.0
825
71.4

Theoretical

result

88.6
89.9
83.4
95.0
95.0
95.0
93.7
95.0
95.0
924
93.7

Deviation
between
experimental
and theoretical
results (%)

-4.0
-3.0
3.2
175
16.2
185
155
144
11.6
10.7
23.8

Uncertainty of
experimental
result for
indoor
illuminance (Ix)
+5.5
5.6
+4.8
+4.7
+4.8
+4.6
+4.8
+4.9
+5.0
+4.9
+4.3
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Table 4.7: Experimental results for indoor illuminance measured on 16"

February, 2017 in comparison with the theoretical results

Local GSl DNI Indoor Iluminance (Ix) Deviation Uncertainty
Time (W/m2)  (W/m?) between of
(h) Experimental Theoretical ~ experimental  experimental
result result and theoretical result for
results (%) indoor
illuminance
(Ix)
14:05 1094.89 900 84.0 93.7 104 5.0
14:06 1094.89 900 72.1 93.7 23.0 4.3
14:07 1082.73 888 76.9 92.4 16.8 +4.6
14:09 1082.73 888 85.8 92.4 7.2 5.1
14:11 1070.56 888 91.3 92.4 1.2 55
14:12 1082.73 888 88.9 92.4 3.8 5.3
14:15 1107.06 888 85.0 924 8.1 15.1
14:16 1131.38 888 81.8 92.4 115 +4.9
14:27 1058.39 888 82.2 92.4 11.0 +4.9
14:29 1058.39 888 94.0 92.4 -1.7 5.6
14:31 1070.56 888 92.7 924 -0.3 15.6
1460
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Figure 4.5: Graph to show the relationship between DNI and GSI for the 30"

December, 2016 and 16™ of February, 2017.
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Figure 4.6: Graph to show a comparison between theoretical and experimental
results for the indoor illuminance of the active daylighting system versus local

clock time on 30" December 2016 and 16™ February 2017.

4.3.4 Results and discussion of experiment 2

In Table 4.4, the deviation between experimental and theoretical results
decreased abruptly from 41% at 11:43 h to 29.7% at 11:45 h and then increased
to 33.8% at 11:48 h on 22" December, 2016. In Table 4.5, the deviation
between experimental and theoretical results decreased sharply from 14.4% at
15:02 h to 9.1% at 15:04 h and then increased suddenly to 12% at 15:06 h and
further increased again to 23.8% at 15:11 h on 29" December 2016. In Table
4.6, the deviation between experimental and theoretical results increased
sharply from 3.2% at 14:06 h to 17.5 % at 14:50 h and then reduced to 10.7%
at 15:06 h and increased sharply again to 23.8% at 15:11 h on 30" December
2016. In Table 4.7, the deviation also increased suddenly from 10.4% at
14:05 h to 23.0% at 14:06 h; but dropped significantly from 16.8% at 14:07 h

t0 7.2% at 14:09 h on 16" February 2017. Due to these drops in the illuminance
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with respect to the weather change, LEDs would be used for compensation as
explained in section 3.7. These occurrences indicated that the deviation could
be caused by both random and systematic errors. Random error is mainly
caused by the measurement error of the light meter with the uncertainty value
of + 6% as obtained from the instruction manual for MASTECH Digital Light
Meter MS6612. Therefore, the uncertainty of the measured indoor illuminance
can be determined as measured indoor illuminance x 6 %. On the other hand,
the pointing error of the sun-tracking system is the major cause of the
systematic error. The accuracy of the sun-tracking system depends on the
resolution of a 9-bit absolute encoder. When the absolute encoder senses that
the sun position has deviated by 0.70° away from the perfect sun-tracking
condition, it sends signals to the control system to activate the driving system
to track the sun. When there is an increase in pointing error, focused sunlight
would still be received by the optical fibers at the target area, but the
illuminance output would be affected significantly due to light transmission
loss, because the incident angle would have increased relative to the optical
fiber (Song et al., 2014). Regardless of a higher tolerance of the two-stage
reflective NISC prototype towards pointing error in comparison to a
conventional solar concentrator, the increase in the incident angle can still
cause some focused sunlight to not get into the optical fibers. To save the cost
of the prototype design, a lower resolution of absolute encoder is deliberately
used to provide a feedback signal of the sun position with the pointing error of
up to 0.70°. Result of the spillage loss analysis for sun-tracking errors ranging
from 0°-1° presented in Table 4.8 has shown that the transmission loss is still

within the acceptable range. This is because at tracking error of 0.8°, the
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average solar concentration ratio at both the uniformly illuminated area (38
mm x 38 mm) and the receiver area (50 mm % 50 mm) are more than half of
the average solar concentration ratio at perfect sun-tracking condition with 0°
error. This is also similar for the percentage of energy within the uniformly
illuminated area and within the receiver area as shown in Table 4.8. Therefore,
for pointing error of 0.70 -, a better result is achievable and a reasonable level
of daylighting can still be produced. This proves why the two-stage reflective
non-imaging solar concentrator daylighting system is less-sensitive to pointing

error of its sun-tracking system.

Table 4.8: Spillage loss analysis for sun-tracking errors of 0°, 0.2°, 0.4°, 0.6°,

0.8° and 1° for the two-stage NISC with L =70 cm.

Tracking error 0° 0.2° 0.4° 0.6° 0.8° 1°

Average solar 76suns  73suns 66suns 55suns  43suns 33 suns
concentration ratio in

the uniformly

illuminated area (38 mm

x 38 mm)

Average solar 68suns 64suns 57suns  48suns 40suns 32 suns
concentration ratio at

the receiver area of (50 x

50) mm

Percentage of energy 574% 563% 525% 464% 402% 34.4%
within the uniformly

illuminated area (38 mm

x 38 mm)

Percentage of energy 872% 839% 767% 696% 632% 56.9%
within the receiver area
of (50 x 50) mm

Spillage lossat (50 mm x  11.8%  144% 194% 231% 263% 298%
50 mm) receiver area
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To analyze the performance of the two-stage reflective NISC active
daylighting system, experimental and theoretical results of indoor illuminance
are compared as shown in Figure 4.6. The formula used to calculate the
theoretical result of the indoor illuminance (Illumineo) produced by the prototype
IS:

ELXMX Ny, (4-6)

iber

”Iumtheo = ((Cavg _1) Rficet +1) x I x %VL x (1_ Lfiber) ><Thotmirror x

illum

The full meaning of the abbreviated parameters in equation 4.6 are shown in

Table 4.9.

Table 4.9: Full meaning of the abbreviated parameters used in equation 4.6.

Cavg Average solar concentration ratio (76 suns in the uniform
illumination area)

I Direct normal irradiance (W/m?)

Afiber The cross-sectional area of the core of the plastic optical fiber (r
x 1.4725%) mm?

%VL The percentage of visible light in the solar spectrum (47%)

Thotmirror | The transmissivity of hot mirror to visible light (98%)

L fiber The total transmission loss for a 10 m long plastic optical fiber
(45.7%)

Nfiber The number of plastic optical fibers (14 fibers)

EL The average value of direct beam luminous efficacy (104 Im/W)

Aillum The indoor illumination area (1.586 m?)

Rfacet The reflectivity of primary/secondary facet mirrors (93.5 %).

The detailed theoretical calculation of the indoor illuminance from the POF,
using data from Table 4.7 measured at 14:05 h and maximum mirror reflectivity

of 94 % as stated by the manufacturer is illustrated below:
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Hlum,,,, = (76 —1)(0.94? )+1) x (900x 10° W/mm?) x 0.47 x (1— 0.457) x 0.98 x 104Im/W x @.7)

(7 x1.4725%)mm?

x14
1.586 m?

lum,,., =94.7Im/m? =94.7lux (4.8)

At 14:05 h on 16" February 2017, the maximum indoor illuminance that can be
obtained inside the 1.586 m? test room from the fourteen 10 m long optical fibers
connected to the two-stage NISC when the mirror reflectivity is maximum is
94.7 lux. With a mirror reflectivity of 93.5 %, the theoretical indoor illuminance

was calculated as 93.7 lux = 94 lux.

Since the indoor illuminance was measured 2 m away from the exit
aperture of the POFs, the indoor illumination area (Aium) in equation (4.6) was
determined by perceiving that the light meter is placed at a distance of 2 m away
from the exit aperture of the fibers in the test room. From Figure 4.7, the indoor
illumination area was computed since the half rim angle (w) of the solar

concentrator is known. The half-rim angle (@) of the prototype two-stage

. . N 4311
reflective NISC active daylighting system was calculated as tan IW =24°

which is also equivalent to the maximum incident angle of sunrays relative to
the entrance aperture of the POF. Thus, the maximum exit angle of sunrays is
also 24° and the indoor illumination area at a distance of 2 m from the exit

2tan 24

aperture of POF can be attained as (c x ¢) m?, where ¢ = 045 =1.2593 m.

Hence, the indoor illumination area = (1.2593 x1.2593) = 1.586 m?.
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Figure 4.7: Schematic diagram illustrating how the half rim angle and indoor

illumination area were calculated
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CHAPTER 5

COST ANALYSIS AND COST COMPARISON

51 Cost analysis of two-stage reflective non-imaging solar

concentrator (NISC).

The prototype two-stage reflective NISC with a total collective area of
0.20 m? is not a final commercial product. This means that the hardware design
and cost of manufacturing are not fully optimized. For this reason, the optimized
collective area of the two-stage reflective NISC is proposed as 4 m? for
economic analysis to be carried out in order to levelize the cost of the sun-
tracking system and the mechanical structure. This implies that the total
reflective area of the primary reflector is 4 m? and total reflective area of the
secondary reflector is 2.56 m?. Based on previous experience, 4 m? collective
area is the most practicable size for a roof-top solar concentrator after
considering several factors of practical implementation wherein the height of the
solar concentrator is about 2 m and the total weight of the flat mirrors with
3 mm thickness and mechanical support structure is about 51 kg (Chong et al.,
2017). The total cost of the flat facet mirrors with a total reflective area of
6.56 m?, is only USD 131.20 based on the standard quoted price for a 3 mm thick
solar grade flat mirror at the price of USD 20/m?. Whereas, in two daylighting
systems designed by Ullah and Shin (2014), the costs of parabolic trough and
linear Fresnel lens are USD 400/m? and USD 200/m? respectively. The cost of

the commercially available automatic sun-tracking module is USD 700 (Vu et
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al., 2016). The estimated breakdown cost of the two-stage reflective NISC with
a total collective area of 4 m? is listed in Table 5.1, with a total cost of

USD 1231.20.

Table 5.1: Estimated breakdown cost for constructing an optical fiber based

two-stage reflective non-imaging solar concentrator (NISC) with a collective

area of 4 m?,

UsD
Mechanical support structure 200.00
Flat facet mirrors 131.20
Adjustable frames with screws 100.00
Automatic sun-tracking module 700.00
Base structure and miscellaneous 100.00
Total cost 1231.20

From the prototype design, the total collective area of 0.2 m? can produce
an equivalent electrical power of 36.35 W. Proportionally, the total collective
area of 4 m? can provide indoor illuminance equivalent to the electrical power
of (4 x 36.35) / 0.2 = 727 W, which is equivalent to USD 1.69/W (= USD

1231.20/ 727 W).

To evaluate the economic viability of the two-stage reflective NISC, the
payback period of the active daylighting system can be determined using the
following formulas (Goswami et al., 1999):
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where i is the interest rate or discounted rate, j is the fuel inflation rate, Stotal IS
the total capital cost of the active daylighting system, Pann is the annual energy
cost saving (USD/year). Considering a discounted form of calculation with the
interest rate of 4 % if a loan is taken to build the active daylighting system with
a capacity equivalent to generating 727 W of electricity for illuminating a
building and the fuel inflation rate is 2 %. Assuming the annual average of daily
direct normal irradiation is 6 kWh/m?, the annual electrical energy saving by the
active daylighting system to illuminate the building can be calculated as
0.727 kW x 6 h/day x 365 days = 1592.13 kWh. At the electricity rate of
USD 0.13 per kWh, 1592.13 kWh is equivalent to the annual consumption of
USD 207 in the electricity bill. The estimated total cost of constructing the 4 m?
prototype is USD 1231.20. Using annual saving from the electricity bill to pay
for the loan in installments, the total payback period can be calculated from
Equation (5.1) as 6.4 years, which is quite realistic as the daylighting system can
last for at least 15 years. On the other hand, for undiscounted form inclusive of
the fuel inflation rate at 2 %, the total payback period is calculated as 5.6 years
This confirms that the active daylighting system using two-stage reflective NISC
has a cost-effective potential if it can be produced commercially with an
upgraded mechanical design and light transmission system as compared to other
existing fiber optics daylighting systems. The price of the plastic optical fiber

varies with its length and 10 m length was only used for the experiment to
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measure indoor illuminance. Studies have revealed that the shorter the length of
the optical fiber, the more the transmittance and the lesser the losses. So, for
real-world implementation of the optical fiber based two-stage reflective NISC
daylighting system, a range of 2 m to 6 m optical fiber length would be
recommended to transmit daylight from the solar concentrator on the rooftop to

the interior parts of a building (Ullah and Shin, 2014).

To assess the reliability of the new daylighting system design, the
prototype has been operated and tested on the rooftop for one year. The system
performance has shown its robustness and stability. The solar grade flat facet
mirrors particularly designed for outdoor operations are long-lasting and the
mirror reflectivity can be retained well after one year of operation. The
adjustable frame, screws and compression springs used to hold the mirrors in
their aligned positions are firm and maintain their fixed positions after one year.
The mechanical driving devices such as the stepper motor, sprocket gear,
custom-made gear for azimuth motion and the linear actuator for elevation
motion are very durable and reliable. The control system for sun-tracking has

been performing as programmed and there has been no cases of failure.

5.2  Cost comparison of the new active daylighting system with other

optical fiber based existing daylighting systems

Table 5.2 presents a cost comparison of the novel fiber optics two-stage

reflective NISC active daylighting system with some selected existing fiber
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optics daylighting systems in terms of the cost of the collector, the cost of sun-

tracking module and the prorated total system cost for 4 m? collector.

Table 5.2: Comparison between the proposed active daylighting system using

two-stage reflective non-imaging solar concentrator (NISC) and other existing

daylighting systems

1

Active fiber
optics
daylighting
systems

Novel two-
stage
reflective

NISC

Parabolic
trough +
parabolic
reflector +
trough CPC
(Ullah and
Shin, 2014)

Linear
Fresnel lens +
Collimating
lens (plano-
concave lens)
+ Trough
CPC (Ullah
and Shin,
2014)

Collector specification

Total reflective area of the
primary reflector = 4 m?

Total reflective area of the
secondary reflector = 2.56
m2,

Half rim angle of
concentrator = 24°

Input aperture area of
parabolic trough = 1000 mm
(H) x 570 mm (W)

Focal length of parabolic
trough =450 mm

Input aperture area of
secondary parabolic
reflector = 15 mm x 570 mm

Focal length of parabolic
reflector =456.7 mm

Input aperture area of
Trough CPC =15 mm x570
mm

Input aperture area of
Fresnel lens = 1000 mm
(W) x 570 mm (L)

Focal length of Fresnel lens
=775 mm

Input aperture area of plano-
concave lens = 15 mm x 570
mm

Cost
Sun- Total system  Prorated
Collector tracking  cost based on total
module collector system
specification cost at
4m?
collective
area
For 4 m?collector, USD 700 USD1231.20 USD
flat facet mirrors 1231.20
cost USD 131.20
Parabolic trough USD 400 >USD800/m? > USD
costs USD 400/m? 3200
Linear Fresnel USD 400 >USD 600/m?> >  USD
lens cost USD 2400
200/m2,
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Hybrid
parabolic two-
stage
daylighting
system

(Sapia, 2013)

Modified
optical  fiber
daylighting
system  with
sunlight
transportation
in free space
(Mu et al,
2016)

Optical fiber
based
daylighting
system using
modified
compound
parabolic
concentrator
(M-CPC) (Vu
and Shin,
2016)

Focal length of plano-
concave lens =23.27 mm

Input aperture area of
Trough CPC =15 mm x 570
mm

Diameter  of
collector =2.6 m

parabolic

Total collective area = 4.48
m2

Parabolic collector
efficiency = 95 %
Diameter of  secondary

collector =1.03 m

Diameter of Fresnel lens =
340 mm

Focal length of Fresnel lens
=350 mm

Collimator specification:

Diameter of parabolic
mirror =50 mm with focal
length of 4 mm; diameter of
convex lens = 15 mm with
focal length of 11 mm,
thickness of concentrating
module =350 mm

Distance between Fresnel
lens and receiver = 3 mm

Concentrator size = 540 mm
(L) x 270 mm (W) x 212.34
mm (H).

For a concentrator ratio of
100 suns:

Length of primary CPC =
200 mm

Length of secondary
(collimated) CPC =2.47
mm

Total M-CPC length =
202.47 mm

2.6 m diameter
parabolic primary
concentrator costs
250 euros (or USD
267.5 at the rate of
1.07

1 euro =
usD).

Secondary optical
element costs 380
UsD
406.6 at the rate of
1.07

euros  (or

1 euro =
usD).
5 x 5 arrays of

Fresnel lens cost
(USD 40/lens) =

USD 720

18 collimators
cost = USD 540

Total cost of 36
mirrors = USD
72

18 extended hot
mirrors cost =
UsD 990

Mechanical
brackets cost =
USD 1000

18 POFs with 1 m
length cost = USD

70.20

18 distributers
cost = USD 180

200 M-CPCs cost

USD 1000

USD 749 6538 euros (or
euros (or USD 6995.66
uUsD at the rate of 1
801.43 at euro = 1.07
the rate of  USD).
leuro=

1.07

USsD).

USD700  USD 4272
uUSD 400 Total cost with

a  collective
area of 0.063
m2 = USD
2050

usD
6246.13

UsD 7527

usbD
130,158.7
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Input angle of M-CPC =3°
Output angle =31°

Focal diameter = 1.05 mm

Note: Refer to the Literature review of this thesis (section 2) and Chong et al., (2017) for more details on

the active fiber optics daylighting systems listed in Table 5.2.

From the last column showing the “prorated total system cost at 4 m?
collective area” in Table 5.2, the two-stage reflective NISC daylighting system
can be identified as the most cost-effective system among all the active
daylighting systems with the lowest total system cost of USD 1231.20 at a
collective area of 4 m2. For practical implementation, the active daylighting
system using two-stage reflective NISC would be installed on the rooftop. For
daylight transmission of the concentrated sunlight to different rooms in the
building, plastic optical fibers would be used. The total space area of the
building needed to be illuminated determines the total collective area of the two-
stage reflective NISC. Hybrid lighting system is recommended such that the exit
apertures of the plastic optical fibers and the LEDs are situated in an alternating
arrangement to form a 2-D array and then enclosed with diffusers to provide
uniform indoor illumination. The illumination level of the LEDs would be
adjusted to compensate the fall of daylight from the required illuminance
standard while maintaining constant illuminance at all times. An electrical
lighting control system with a photosensor would be used to maintain the
standard illuminance level of the interior through a closed loop feedback system.
An attenuator would also be connected to the control system so that the light

level from the optical fibers can be adjusted. The recommended length of plastic
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optical fiber for good transmittance is about 6 m in which a 3 m long fiber gives
a transmittance of 87 % and an 8 m long fiber gives a transmittance of 72 %
(Ullah and Shin, 2014). To optimize the transmission loss in the fibers, the two-
stage reflective NISC should be placed on the rooftop of a building with a
maximum height of not more than two storeys so that the plastic optical fibers
with a maximum length of 6 m can reach every corner of the interior space of
the building. Nevertheless, a much longer fiber length is probable if low loss

fused silica optical fiber can be manufactured at an affordable price.
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CHAPTER 6

CONCLUSION AND FUTURE WORK

6.1 Conclusion

An active optical fiber-based daylighting system using two-stage
reflective NISC has been successfully designed, constructed and evaluated.

The advantages of this system include:

e simple optical design,

e |low rim angle of 24 ° which is important for effective
collimation of daylight towards the desired area having optical
fibers with a half acceptance angle of 30 °,

e cost effective design compared to some existing designs

e less sensitive to pointing error of its sun-tracking system as
proven in section 4.3.4 compared to a parabolic dish or Fresnel
lens.

e capable of concentrating sunlight uniformly to the receiver

area, which is highly required for solar daylighting systems.

The prototype two-stage reflective NISC daylighting system with a
total collective area of 0.2 m? can provide an average illuminance of 500 Ix
(3780 Im) to a 7.56 m? room area via 314 plastic optical fibers when direct

normal irradiance is 1000 W/m2. This indoor illuminance is equivalent to 33
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LEDs with rated electrical power of 36.35 W. The power conversion efficiency
of the prototype is 21.4 % based on the input solar power of 170 W at the target
area. On-site experimental data was used to validate the results obtained from
the numerical analysis and both results displayed a satisfactory agreement.
From the numerical simulation, the average solar concentration ratio at the
uniformly illuminated area of the prototype was obtained as 76 suns. Also,
from the experiment performed on the 14" December 2017, the average
measured solar concentration ratio was obtained as 66.6 suns with a standard
deviation of 3.0 suns. From this result, the reflectivity of the facet mirror was
calculated as 93.5 %, which is reasonable as it falls in the reflectivity range
specified by the mirror manufacturer. A deviation was observed between the
experimental and theoretical results of indoor illuminance caused by both
systematic error (due to pointing error of the sun-tracking system) and random
error (due to measurement error of the light meter). However, the spillage loss
analysis result (Table 4.8) presented in section 4.3.4 has revealed that the
transmission loss produced by low tracking accuracy is still within the

acceptable range.

Cost analysis and cost comparison on the two-stage reflective NISC has
been done for an optimized collective area of 4 m2. The total estimated cost of
the system is USD 1231.20 which was justified as the most cost-effective
amongst other selected existing fiber optics daylighting system compared with.
Assuming a loan was taken at the interest rate of 4 % and fuel inflation rate of
2 % to build 4 m? two-stage reflective NISC, the annual savings of USD 207

from the electricity bill can be used to pay back the loan in 6.4 years. This is

110



realistic because the active daylighting system is projected to have a lifespan of
about 15 years. In conclusion, this novel two-stage reflective non-imaging solar
concentrator has a great potential for commercial application towards energy
saving, while curbing the identified problems in some existing fiber optics

daylighting systems.

6.2 Future works

The current study focused on designing, constructing and analyzing a
two-stage reflective NISC. Experimental analysis on the uniformity of sunlight
on the receiver was considered but the analysis on the uniformity of the indoor
illuminance was not considered due to the limitations of measurement
facilities. To improve the illuminance of the daylighting system, this analysis

should be conducted in the future.

During data collection for the solar concentration ratio of the two-stage
reflective NISC, a CPV cell was placed at the central region of the receiver
area to measure the short-circuit current. Sometimes, the CPV cell became
very hot due to high solar concentration and at that point in time, no readings
could be taken as they may not be accurate. A cooling fan was then fixed close
to the CPV cell as illustrated in Figure 4.1. This helped to reduce the
temperature of the CPV cell but only for a short period of time. Therefore, a
better cooling solution for the CPV cell should be considered when carrying
out such experiments in the future to get more accurate data. Also, multimeters

and light meters with better accuracy should be used for future experiments.
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Numerical analysis and experiments using other shapes and sizes of
plastic optical fibers and other daylight transmission techniques should be

performed on the two-stage reflective NISC to further optimize its design.
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imaging solar concentrator. Applied Energy — 2017 (In Press).

https://doi.org/10.1016/j.apenergy.2017.05.188

*Note: Data and some figures in the above papers have been repeated in this thesis as the publications

are from the same research described in this thesis and both papers are written by the author of this thesis.
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APPENDIX A

ESKA PLASTIC OPTICAL FIBER: CK120

ESKA™ Plastic Optical Fiber: CK120
Manufactured by Mitsubishi Rayon Co., Ltd.

Marketed and sold by Mitsubishi International Corporation January 2010
Core Material Polymethyl Methacrylate Resin (FMMA) Spool Length (m) 150
Cladding Material Fluorinated Polymer Net weight on spool (kg) | 1.3
Core Refractive Index 142
Coil Weight (kg) -
Refractive Index Profile Step Index
Numerical Aperture 05 Carton Size (mm) 405 X 10X 75
Unit Typical Carton Weight (kg) 1.6
Core Diameter pm 2845 Master Carton 10 coils
Overall Diameter um 3,000
Approximate Weight (g'm) 86
Straight, one-meter long fibers with no memary
Criteria for curve, manufactured in the U.S. using ESKA
Acceptance andior Unit Values
[Test Conditions
. Mo deterioration in Diameteripm) Length Mumber bristles
Storage and Operation optical propesties [ina | °C | 55~70 {mm) per pack
Temperature dry atmosphere] *
. 500 1.000 300 +0V-3%
Mo deterioration in

Operating Temperature in a Moist
Atmosphere

optical properties °C Max. G0
[under 05% RH] ™

- Transmission Loss e
Owptical n . Standard Condition] T o . o
Properties f..SEI:'l]m TeoEs [10m-1m cuthack] aB/km Maox 200 CK grade fibers are '.yp!call_y used Fpr Il.ghtlng
¥ environments and illuminating applications.
- 3 Loss increment =< -
Minimum Bend Radius 0,508 [quarter bend] mm Min.100
Mechanical
;i':i:':Cter' The CK-Series of fibers is a tested and
_— Tensile force at yield . qualified, but has unspecified tolerances and
Tensds Strength z 550 3 . 5 F F
=treng point [JIS C 8881] x Tl typical values. The information contained in
this document should, therefore, only be used

Netes: Performance tested in conditions under 25°C unless otherwise indicated
" Attenuation increase shall be <10% after 1,000 howrs
** Attenuation increase shall be <10% afier 1,000 howrs,
except when due to absorbed water

as a guide.

The information contained herein is presented as a guide to product selection. It is subject to change without notice, and
should net be regarded as a representation, warranty or guarantee with regard to the quality, characteristics or use of this

oroduct

;" Mitsubishi International Corporation

Please visit hitp//www. fiberopticpof.comy to locate a sales representative near you.
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APPENDIX B

ORIENTAL MOTOR

Orientaimotor ENINEE

HM-20093-3

OPERATING MANUAL

Closed loop stepping motor and driver package

¥s7er AR Series
DC power input Pulse input type Driver

Ce

Thank you for purchasing an Oriental Motor product.

This Operating Manual describes product handling procedures
and safety precautions.

* Please read it thoroughly to ensure safe operation.

* Always keep the manual where it is readily available.

Operating Manuals for the AR Series

- m —
Manual name m":g?;n fE_Irgf;n ;::?r:cﬂ E?;E Connection Operation | Troubleshooting

AR Series Motor OPERATIMNG MANUAL o _ o _ _ _ _

(Supplied with maotar)

AR Series DC power input

Pulse input type Driver - a - ] o - -

OPERATING MANUAL (this document)

AR Series DC power input o . - o - o o

Pulse input type USER MANUAL

The "USER MAMUAL" does mot come with the product. For details, contact your nearest Oriental Motor sales office or downiload

from Oriental Mofor website download page.

Introduction

Names of parts

HBefore use

Omity qualified personnel should work with the product.

Use the product comectly after thoroughly reading the section
*Safety precautions.”

The product described in this manual has been designed and
manufactured for use in general industrial equipment. Do

not use for any other purpose. Oriental Motor Co., Lid. is not
responsible for amy damage caused through failure to cbserve
this waming.

mHazardous substances

The products do not contain the substances exceeding the
restriction values of ReHS Directive (2011/85/EU)

B Checking the product
\erify that the items listed below are included. Repart any
missing or damaged items to the branch or sales office from
which you purchased the product.

= CH1 connector (3 pins) ...
+ ZME connector (36 pins) ..
* DPERATING MAMUAL Driver (this document)..

—— Cument seting satich

FPOWER LED ——) rasin

ALARK LED —1
[ Spead fiter setting satich
Cafa edi connector —
=] REsaison switches

—L CEW1-MD.3MoA)

Zominol mode seled
switch (2 1-Ho.2)
Pulse mput mode sekect
switch (3W 1Mo}

Molor connecior —
IS

— 1A signals cormecion

[GHE)
Main power supply
Input t=minals (CN1) _E
Frame Ground -
Terminal (CN1)
W F——— DN lever
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Installation

B Location for installation

The driver has been designed and manufactured to be

installed within another device. Install them in a well-ventilated

location that provides easy access for inspection. The location

must also satisfy the following condifions:

* Inside an enclesure that is installed indoors (provide went
holes)

« Operating ambient temperature O to +50 °C [+32 o +122 °F]
{non-freezing)

= Operating ambient hurmidity 85% or less (nen-condensing)

= Area that is free of explosive atmosphere or toxic gas (such
as sulfuric gas) or liquid

* Area not exposed to direct sun

* frea free of excessive amount of dust, iron particles or the
like

* Area not subject to splashing water (rain, water droplets), oil
[oil droplets) or other liguids

* frea free of expessive salt

= Area not subject to continuous vibration or excessive shooks

* frea free of expessive electromagnetic noise (from welders,
power machineny, et}

* Area free of radicactive materials, magnetic fields or vacuum

« 1000 m (3300 fi.) or lower sbove sea level

Connection

Hinstallation method

Mount the driver to a 35 mm (1.33 in.) width DIN rail.

10 (0.35) W Mote

S + [nstall the driver im an enclosure
whoss pollution degree is 2 or
better enviromment, or whose
degree of protection is P54
rmininmurT.

Do not install any eguipment that
generates a large amount of heat
or noise near the driver.

Do not install e driver undemeath
the controller or other equipment
vulrerable to heat.

Check ventilation if the ambient
temperature of the driver exceeds
80 °C (122 *F).

Be sure o install the driver
wertically (vertizal position)

3501.30)

[FSE) D6

i

LW e (B 05T

[Unit: mm {in_j]

The following figure is a connection example when an electromagnetic brake motor is used.

) D5 power supply”
Eloctomagnetic Cablz for Swich 7
brake cable e clectromagnetic brake Whita . ) he p-c:n:\'er suppl_\r1r||.|rr|_=rt
(1 II==: Bk 24 VDCEW capachios arcpas Dllows.
. owar SUpply
(zpplied] Model | cyrrent capacty
mﬂzz 0.05 A or more
ARLE 0.08 A or mora
Cablo for OFX-2A or MEXED2 —__ AREE
ARED 0.25 Aor mare
ARTE
Muotar cable _ﬁ Cablc for mator
1 I
ﬁ Connector scraw size: M2.5 13 2
L Tightening torque: 04 N m (56 az-n} ™| ~ i | .l
. =24 VDG =y
E ! | Misin pawer mpply " oo ——— |]| e e [I
T T
I I — . | 20
1 | | Vi I.{:“:‘3_-5 _— 18
Ti ning iorque: iz wira
Connactor sarcu B D | NG28 to 26 (00810 014 )
1 mm sza: M | a9z
0 in) Tightening borgue:
0.2Z2t20.25 N-m
Y 31 to 35 owin)
#ppicable lead wire
ANGZ4 10 16 CH1 connector
0.2 82 1.25 men?) Laad wirg
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B Main power supply current capacity

Model Input power Power supply
supply voltage | cument capacity
ARTS 0.4 A or more
::;: 24vocepy | 0B Acrmer
AR 0.2 A or more
AR4E | 14Aormore
ARGE 24VDC£10% | 31Aormore
ARSD 48 VDC3% 3.0 A or more
ARSE 2.5 A or more

mNotes about connection

® General

* Hawve the connector plugged in securely. Insecure connector
connection may cause malfunction or damage to the motor
or driver.

+ When oycle the power or plugging'unplugging the connectar,
tum off the power and wait for the POWER LED to tum of.

® Connecting the motor

= When unplugging the connector, do so while pressing the
latches on the connector.

» When installing the motor to 2 moving part, use an
accessory flexible cable offering excellent flexibility.

= |f the distance between the motor and driver is extended to
20 m (85.6 ft.) or longer, use a power supply of 24+4% VDC.

+ The lead wires of the "zable for electromagnetic brake™ have
polarities, so connect them in the comect polarties. If the
lead wires are connected with their polarities reversed, the
electromagnetic brake will not operate property.

® Connecting the /O signals

+ Be certain the I/ signals cable is as short as possible. The
maximum input frequency will decrease as the cable length
increases.

® Connecting the power supply

Do nict wire the power supply cable of the driver in the same
cable duct with other power line or moior cable. Daing 5o may
cause malfunction dus to noise.

Pay attention to the polarity of the power supply. Reverse-
polarity connection may cause damage to the dhiver.

/M Caution  The main power supply connactor (CH1), data
edit connector (CH4)} and 1D signal connector
(CME} of the driver are not electrically
insulated. When grounding the positive
terminal of the power supply, do mot connect
any equipment (FZ, etc.) whose negative
terminal is grourded. Doing =0 may cause the
driver and these equipment to short, damaging
both.

BI/O connector pin assignment

Pin Operating mode Mams
No | Fositioning | Fush-mation [ Positioning [ Push-motion
operation | operation "1 operation operation “1
I - -
2 GND Ground connection
3 ASG+ A-phase pulse output
4 ASG- (Line driver}
5 B3G+ B-phase pulse output
G BSG— {Line driver}
7 TiM1+ . . _—
z = Timing output {Line driver)
a ALM+
10 ALM- fam output
1 WHG: .
2 WHG= Waming output
13 END+ Pasitioning completon ocutput
14 END- g camp P
15 READY+ALD+ "1 Operation ready complete
18 READY-/ALD- "1 outputiAlamm code output O
17 TLC#AL1: "1 Torgue limit output’
13 TLC-ALT-"1 Alarm code output 1
14 TIM2+HALZ+ "1 Teming cutput (Open
20 TIMZ-{AL2- "1 collector)Alarm code output 2
21 GND Ground connection
22 IN-COM Input common
23 C-0HM "2 Current ON input
Dieviation clear input!
TAL KA
s CLRAALM-RST Alarm reset input
= Current contrel mods ON
25 CCM ;
input
B Resolution | Push-mation
= o3 TMODE™ | Jection input | operation ON
27 - MO "1 -
Retum to Push-cument
23 | RETURN M1 electrical home setting
operation selection
— inout
20| pRESET | mge | Fostionreset)  oF
input
30 FREE Excitation OFF
3 CW+HPLE= CW pulse input’Pulse input
32 CW-/PLE- {+8 V' or [ine driver)
. CW pulse input'Pulse input
CW+24 WPLS+24 W (+24 V)
34| cows24vDIRsqy | CEWpuise mputiDirecton
input (+24 V)
35 COWHDIR+ CCW pulse inputDirection
34 CCW-/ DIR- mput (+5 V or line driver)

*1 The signal will become effective if the applicable s=tting
has been changed using the accessory OFX-2A (sold
separately) or MEXEDZ.

*2 Factory seftting of the C-0ON input logic is “nomally open.”
Be sure fo tum the C-OM input OM when cperating the
mator. Set the C-OM input logic to "normally dosed" when
the C-OM input is not used.
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Setting Safety precautions
— Curant scting swich (Fa cting B The precautions described below are intended to prevent
ARD-K o ey danger or injury to the user and other personnel through safe,

St o desied operating cumant. The oparating
currert: o be st is the mamimum output curren
mukphad by the opomting cument rata ]

—— Spead fiker sotting switch (Faciory sctdng: 1)
The motor response o input pulses can b
adjustod.

E L Resokion swich [Factory seting: OFF)

Eg_ l_ %ot & desired rosolution per revolian of tha

molor autput shaft
l% ’DED
&

Kaap this switch in tha OFF position.
EHNote

Pulsa input moda sekeo: swich
Set o desired pulse input mode of the driver.
OFF: 2-pul=o input mode
O 1.pulse input mode:

* The new seftings of the resclution switches or pulse input
mode s=lect switch will become effective afier the power is
cycled.

* Excessively low operating current may cause a problem
in starting the motor or holding the load in position. Do not
loweer the operating current maone than necessang

{3 PeweR

) MLiRM

ELMAEWT

[T

| u1| WL

* When changing the resolution wsing the CS input, use the
switches in "Mo.3: OFF'"MNo.d: OFF" or "Mo.3: OFFMMNo.4:
OM" combination. If the CF imput is tumed ON when "Mo3:
OM" is selected, the resolution will not be changed.

®Resolution
OFF[[[]= WGN OFF ’E| =« |on
oFF|[[d= oFF|[= M- |on O~ |ow
Resalution Resolution Rasolution Rosolution
1000 PR 500 PR 10000 PR 5000 PR
(Faciory scting]
® Operating current
Driad Operating Dial Qperating current
setting | cument rate (%) sEtting rate (%)
a 8.3 B 553
1 125 ] 25
2 18.8 A EB.B
3 250 B 750
4 1.3 c 813
5§ ars D ET.5
8 433 E 238
7 500 F 100 (Factory setting)
® Speed filter
Criad Speed filter tme Dial | Speed filter tme
setting constant (ms) setting | constant {ms)
a ] B 30
1 1 {Factory setting) B 50
2 2 A il
3 3 B 100
4 5 [ 120
5 7 D 150
a 10 E 170
7 20 F 200

comect use of the product. Use the product only after carefully
reading and fully understanding these instructions.

/M Warning

Handling the product without observing the instructions that
sccompany a "Waming® symbol may resultin serous injury or
death.

General

* Do not use the product in explosive or comosive
anvironments, in the presence of flammable gases, locations
subjected to splashing water, or mear combustibles. Failure
to do 5o may result in fire or injury.

Assign qualified perscninel the task of installing, wiring,
aperating/controlling, inspecting and troubleshooting the
product. Failure to do so may result in fine, injury or damage
to equipment

When the driver generates an alam (protective functions is
triggered), take measures o hold the moving part in place
simce the motor stops and losas its holding torque. Failure to
do =0 may result in injury or damage to equipment

When the driver generates an alamn (protective functions

is triggered), first remowe the cause and then dear the
profection function. Continuing the operation without
remowing the cause of the problem may cause malfunction
af the motor and driver, leading to injury or damage to
equipment.

Installation
* |mstall the driverin the endosure in order to prevent injury

Connection

Kesp the driver's input power woltage within the specified
range. Failure to do so may result in fire.

Far the driver's power supply, use a DC power supply with
reinforcad insulation on its primary and secondany sides.
Failure to do so may result in electric shock.

Caonnect the cables securely according to the wiring
diagram. Failure to do so may result in fire.

Do mot forcibly bend, pull or pinch the cable. Doing so may
cause fire.

Operation

* Turn off the driver power in the event of a power failure. Or
the motor may suddenly start when the power is restored
and may cause injury or damage to equipment.

+ Do not turn the FREE input to O™ while the motor is
aperating. The motor will stop and lose its helding poweer.
Dring so may result in injury or damage to equipment.

Repair, disassembly and modification

+ Do mot disassemble or modify the diver. Doing =2 may
cause injury. Refer all such intemal inspections and repairs
to the branch or sales office from which you purchased the
product.
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/T Caution

Precautions for use

Handling the product without cbsendng the instnuctions that

accompany a “Caution” symbal may result in injury or property

damage.

General

* Do not use the driver beyond its specifications. Doing so
may result in injury or damage to equipment.

* Keep your fingers and objects out of the cpenings in the
dnwer. Failure to do so may result in fire or injury.

* Do not touch the driver during operation or immediately after
stopping. The surface is hot and may cause a skin bumn(s).

Inetallation

* Do not leave anything around the driver that would obstruct
wentilation. Doing so may result in damage to equipment.

Connection

= The main power supply connecior (CH1), data edit connector
{CM4) and 'O signal connector (CHE) of the driver are not
electrically insulated. When grounding the positive terminal
of the power supply, do not connect any eguipment [PC,
eto.) whose negative terminal is grounded. Doing so may
cause the driver and these equipment to short, damaging
both.

Operation

= Lse a motor and driver cnly in the specified combination. An
incomrect combination may cause a fire.

= Provide an emergency stop device of emergency siop circuit

external to the equipment so that the entire equipment will

operate safely in the event of a systemn failure or malfunction.

Failure to do 5o may result in injury.

Before supplying power to the driver, tumm all input signals to

the driver OFF. Otherwise, the mator may start suddenhy at

paower OM and cause injury or damage to equipment.

» Before moving the motor directhy with the hands, confirm

that the FREE input tums OM. Failure to do o may result in

injury.

Imnmediately when trouble has cocumed, stop running and

tum off the driver power. Failure to do so may result in fire or

injury.

Disposal

+ To dispose of the driver, disassemble it into parts and
components as much as possible and dispose of individual
parts/companents as industnal waste.

This section covers limitations and requirements the user
shiould consider when using the product.

* Always use the cable (supplied or accessory) to
connect the motor and driver.

Be sure to use the cable (supplied or accessony) to connect

the motor and driver. In the follewing condition, an appropriate

aoessory cable must be purchased separately.

* If a flexdble cable is to be used.

« If a cable of 3 m (8.8 it.) or longer is to be used.

* |f a motor and driver package without a cable was
purchased.

= Perfom the insulation resistance test or dielectric

strength test separately on the motor and the driver.
Performing the insulation resistance test or dielectric strength
test with the motor and driver connected may result in damage
to the product

» Saving data to the NV memory

Do reot turn off the main power supply while writing the data o
the NV memory and 5 seconds after the completion of writing
the data. Dwing 5o may abort writing the data and cause a
EEFROM emor alarm to generate. The NV memory can be
rewriten appros. 100,000 times.

» Motor excitation at power ON

Simphy tuming on the power will not excite the motor. To excite
the motor, always tum the C-OM input OM.

It is possible to 5=t the motor to be excited automatically after
the power has been tumed on, by chamging the applicable
driver parameter using the accessory OPX-2A (sold
separately) or MEXEDR.

« Overvoltage alarm by regeneration energy

The overvoltage alam will generate depending on the

operating condition. When an alarm is generated, review the

operating conditions.

* Mote on connecting a power supply whose positive
terminal is grounded

The main power supply connector (CM1), data edit connector

{Ch) and 1D signal connector (CME) of the driver are not

electricalty insulated. When grounding the positive temninal

of the power supply, do not connect any equipment (PC, efc.)

wiose negative terminal is grounded. Daing so may cause the

driver and these equipment to short, damaging baoth. Use the

Fcoessory OPX-2A (sold separately) to s=t data, ete.

« Do not perform push-mation operation with geared
types.

Doing so may cause damage to the motor or gear part.
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General specifications

Degree of
protection P20
Amibient Oto #50 °C {+32 10 +122 °F)
o " temperature | {non-freezing))
peration P = . n
emiranment Humidity $ ) D:.::,;S n,n;l;ﬁ;r;tden::gj
Alftude p io m .)above s=a
level
Surmounding | Mo comesive gas. dust, water or
atmosphere | ol
Amibient =20 to +80 °C (-4 1o +140 °F)
- temperature | {non-freezing)
JMFQE Humidity % or less (non-condensing)
envirenment
Shipping Alftude Upﬁc-lc-:)m {10000 ft.) abowe
enircnment sea kve
Surmeunding | Mo comrosive gas, dust, water or
amosphere | ol

Combinations of motors and drivers

+ O will be filled with A (single shaft), B (double shaft) or M (with electromagnetic brake)
For AR145 and AR155, O indicates A (single shaft) or B {double shait).
For geared type, O indicates A (single shaft) or M (with electromagnetic brake).
= W represents a number indicating the gear ratio.
* O indicates the cable length (-1, -2, -3} when the connection cable is supplied.
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e Standard type ® P5 geared type
Model Mator model Diriver model Model Maztor model Drriver model
AR14ECKD ARM14E0K ARTASAK-PSED | ARMIAZAK-PIE
AR1550KD ARM15SOK ARAGSTIK-PSMD | ARMASSTIK-FGN
ARZASCIKD ARMILETE ARAGTIK-PERD ARMASOK-PSE
ARESCIKD ARMIESK ARGGSTIK-PSET | ARMSSSTK-PEM ARD-K
AR4s5CKD ARMAEETE AR&6TK-PEED ARMeS0K-PSE
ArdsOKD ARMASCIK . AR9ASCIK-PSMD | ARMIESTIK-FGN
AR6&SCIKD ARMEESTK ARSECIK-PEED ARMOEOK-PSE
ARBSOKD ARMESCK
AREISOKD ARMETECIE ® PN geared type
AR62LKO ARMESTIK Meodel Mator model Driver model
ARIESOIKD ARMFBSOK ARZASAK-NED AFMZATAK-HE
ARSEOKD ARMIECIK AR46STIK-MEC ARMAESTK-HE
ARAGTIK-NED ARMASTK-HE
®TH geared type ARSESTIK-MED ARMESSTIR-rm ARD-K
Model Mator model Diriver model ARSSTIK-NED ARMESOK-1E
ARZASCK-TED ARMZASOKTE ARFEASTIK-MEC ARMIESTIR-HE
AR4SSOK-TED ARM4ESOETE ARFELIK-NEC ARMIEOE-HE
Ap4sK-TED ARMAECK-TE
ARGSSCK-THD ARMEESOKTE ARD-K ® Harmonic geared type
ARGSCK-TED ARMSECIE-TH Maodel Wator model Driver model
ARGESOK-TEC ARMFESOETE ARZASOIK.HED ARMDATOCHE
AR9BLIKTED ARMIECIK-TE arassTicHmD [ ArmassTiHE
ARAGTIK-HED ARMAsOK-HE
ARGGSTIK-HED ARMESSTIR-HE ARD-K
ARGGTIK-HED ARMESOK-HE
ARFESTIK-HED ARMOESTK-HE
ARPEIK-HED ARMODEOK-HE
g8



+ Unauthorzed reproduction or copying of all or part of this
manual is prohibited.

+ Criental Motor shall not be liable whatscever for any
problems relating to industrial property fights arising
from use of any information, circuit, equipment or device
provided or referenced in this manual.

* Characteristics, specifications and dimensions are subject
to change without notice.

+ While we make every effort to offer accurate information
in the mamual, we welcome yourinput. Should you find
unciear descriptions, emors or omissions, please contast
the nearest office.

+ Drientalmotor and X'syer are registered trademark or
trademark of Oriental Motor Co., Lid., in Japan and cther
countries.

& Copyright ORIENTAL MOTOR. CO., LTD. 2011

= Flease montact vour nezrest Orkntal Motor offica for further Information.
CRENTAL MOTOA LA, COAR
Techrical Support TalB00MEE- 3057
B30 b 500 L FET. (M-F)

T30 a8 o500 ma, CST [WF)
wwwonenizimoloccom

CREENTAL MOTOR DD BAA5IL LTOA
Tek+55-11-3055-5018
woarwonsntamatoccombr

CRENTAL MOTOR 2030 GmbH
Hezdquairtors Dissoidort,

Gmany
Tochrbcal Support Tabil0 B0 55 6233

5 1 T
entmatnern CAENTAL MOTOR (| NI P, LT,

QRIENTAL ROTOR A5 PACFIC FTE LTI

CRIENTAL AMOTOA {Us] LTD.
Tokll 2553470
wwauonental-motorcosk
CRENTAL MOTOR [FRANCE) B47L
Takdl 47 8£ 57 50
wraLoientaimotoct
CRENTAL MOTOA ITALR sk
Tebll-TW6345
wwwonentimatoct
CRENTAL MOTOR {0 LT,
15 Takyo, Japan
Takld-67 840351
WO entamotocojp

Tok:+ 312041135585
www.orentalmoboroo s

TARYAN OFIENTAL MOTOR S0y LT,
Tl 0E00-060R0E
www.orantElmoboroom tw

A GRENTAL MUTOR O, LTTY
Koma

Tl 080 F77- 20T
EwWWInaomonkr

OR|ENTAL MOTOR CO, LTD,

T bia a7 a0
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CE Marking

HLow Voltage Directives

Bacause the input power supply voltage of this product is

24 DCM4E VDC, it is not subject to the Low Voltage Directive

but install ard connect this product as follows.

= This product is designed and manufactured to be installed
within anather device. Install the product in an encosure.

» For the driver power supply, use a DC power supply with
reinforced insulation an its primary and secondary sides.

BEMC Directive

This product has received EMC compliance under the
conditions specified in "Example of motor and driver
installaion and wiring” on LUSER MANUAL

Since the compliance of the final machinery with the EMC
Directive will depend on such factors as the configuration,
wiring, layout and risk invebved in the control-system
equipment and electrical parts, it therefore must be verified
through EMC measures by the customer of the machinery.

» Applicable Standards

EM 61000-8-4

EN 61800-3

EN B5011 group 1 cdlass A
EN 1000-8-2

EN 61600-3

EM

EMS

Input/output power ratings

Framesze | . | Motor | Driver Input Qutput
[mm (in.}] model model | Voltage | Curent | current
ARIA | ARMIA 044 [ 043A
20078 ARIS | Amis 05A [ 0524
25(110) | AR24 ,\nm: VDG — -
: 08A | 0BBA
20(1.18) ARZE ARMZE
42 (1.65) ARAE ARMAS | ARD-KE 144 1484
ARBE | ARMES 314
&0 (2.50) ARGY | ARMES nvne a0A
£5 (3.35) e oA
sy | ARE | ARwse 254




APPENDIX C

GOLDEN DRAGON PLUS WITH CHIP LEVEL

CONVERSION (CLC)

Golden DRAGON Plus with Chip Level Conversion (CLC)
Lead (Pb) Free Product - RoHS Compliant

LUW W5AM

Vorldufige Daten [ Preliminary Data

Besondere Merkmale

e oe ow e e e

s e e ow

Gehausetyp: weiltes SMD Gehause, klarer
Silikon - Verguss, klare Silikonlinse, Chip level
conversion

Typischer Lichtstrom: 113 Im bei 350 mA bis zu
267 Imbei 1 A

Besonderheit des Bauteils: hocheffiziente
Lichtquelle bei geringem Platzbedarf

Farbort: x = 0,31, y = 0,32 nach CIE 1931 (weilt)
typische Farbtemperatur: 6500 K
Abstrahlwinkel: 170°

Technologie: ThinGaN

optischer Wirkungsgrad: 128 Im/WV bei 100 mA
Gruppierungsparameter: Lichtstrom, Farbort
Verarbeitungsmethode: fur alle
SMT-Bestiicktechniken geeignet

Lotmethode: Reflow Laten

Vorbehandlung: nach JEDEC Level 4

Gurtung: 24-mm Gurt mit 200/Rolle, @180 mm
ESD-Festigkeit: ESD-sicher bis 2 kV nach

JESD22-A114-D

Anwendungen

CEEC I

C

Blitzlicht

Hinterleuchtung (Werbebeleuchtung,
Allgemeinbeleuchtung)

Leseleuchten

Ersatz von Kleinst-Glihlampen
Fassadenbelguchtung im Innen- und Aultenbereich
Display Hinterleuchtung mit hohem
Helligkeitsbedarf

Dekorative Beleuchtung

Signal- und Symbolleuchten zur Orientierung
Markierungsbeleuchtung (Stufen, Fluchtwege, ua.)
Stralfenbeleuchtung

Tunnelbeleuchtung

Deckenleuchten

2009-06-19

Opto Semiconductors

Features

*

s s s @

package: white SMD package, colorless clear
silicone resin, clear silicone lens, chip level
conversion

typical Luminous Flux: 113 Im at 350 mA up to
267 Imat1 A

feature of the device: high efiicient lightsource at
low space

color coordinates: x = 0.31, y =0.32 acc. io
CIE 1931 (whitg)

typ. color temperature: 6500 K

viewing angle: 170°

technology: ThinGaM

optical efficiency: 128 Im/W at 100 mA
grouping parameter: luminous flux.

color coordinates

assembly methods: suitable for all

SMT assembly methods

soldering methods: reflow soldering
preconditioning: acc. to JEDEC Level 4
taping: 24 mm tape with 200/reel, 180 mm
ESD-withstand voltage: up to 2 kV acc. to
JESDZ2-A114-D

Applications

s s s & s = @

Flashlight

backlighting (illuminated advertising, general
lighting)

reading lamps

substitution of micro incandescent lamps
indoor and outdoor commercial and residential
architectural lighting

display backlight where high brightness is required
decorative and entertainment lighting

signal and symboel luminaire for orientation
marker lights (e.g. steps, exit ways, efc.)
street lighting

tunnel lighting

ceiling light

OSRAM
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LUW W5AM

Bestellinformation
Ordering Information

Typ Emissions- | Lichtstrom” %2 | |ichtstarke? == Bestellnummer
farbe
Type Color of Luminous Luminous Ordering Code
Emission Flux) page 20 Intensity?) Fage 20
I, =350 mA I.=350 mA
2, (mim) L, (mcd)
LUW WEAM-KYLX-6PTCH white 82.000 ... 130.000 26.500 (typ.) Q65110A7564
LUW W5AM-KZLY-6PTR white 97.000 ... 150.000 30.900 (typ.) Q65110A8397
LUW W5AM-LXLY-6PTR white 112.000 ... 150.000 32.800 (typ.) Q65110A8399
Bestellinformation
Ordering Information
Typ Farbtemperat | Lichtstrom" "= 20 Lichtstarke® =20 Bestellnummer
ur
Type Luminous Luminous Ordering Code
color Flux® page 20 Intensity? pa3= 20
temperature
I, =350 mA I = 350 mA
&, (mim) L, (mcd)
LUW W5SAM-KYLX-4C8E 6500 K 82000 ... 130,000 26.500 (typ.) Q65110A8531
LUW WEAM-KYLX-4EBG 5700 K 82000 ... 130,000 26.500 (typ.) Q65110A0533

Anm.. Die oben genannten Tygbezeﬁc.‘mungen umfassen die bestellbaren Selektionen. Diese bestehen aus wenigen
Helligheitsgruppen (siehe Seite 8 fifr ndhere Informationen). Es wird nur eine einzige Helligkeitsgruppe pro
Gurt Lg(eﬁefert Z.B. LUW WIAM-KZLY-6FTR bedeutet, dass auf dem Gurt nur eine der Helligheiisgruppen
KZ, LX oder LY enthalten ist.

Um dlie Liefersicherheit zu gewahrieisten, kdnnen einzelne Helligkeitsgruppen nicht bestellt werden.

Gleiches gilf fiir die Farben, bei denen Farbortgruppen gemessen und gruppiert werden. Pro Gurt wird nur eine
Farbortgruppe geliefert. Z.B.. LUW WOAM-KZLY-6PTR bedeutet, dass auf dem Gurt nur eine der
Farbon%ruppen -6F bis -7R enthalten ist (siche Seite 5 fiir néhere Information).
Um die Liefersicherheit zu gewahreisten, kénnen einzelne Farborigruppen nicht bestellt werden.
Note:  The above Type Numbers represent the order groups which include only a few brightness groups (see page 8
for explanation). Onm_one %rot;é? will be shipped on each reel (there will be no mixing of two rgmups on each
regl). E.g. LUW W3AM-KZLY-6FFR means that onfy one group KZ, Lxor LY will be sfijppable for any one reel.
In order to ensure availabilily, single brighiness groups will not be orderable.

In a similar manner for colors where chromaticify coordinate groups are measured and binned, single
chromaticity coordinafe groups will be s.'r;gped onany one reel. E.g. LUW W3IAM-KZLY-6P7R means that only

1 chromaticity coordinate group -6F to 77 will be shippable on each reel (see page 5 for explanation).
In order to ensure availabilily, single chromaticity coordinate groups will not be orderable.

2009-06-19 2
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LUW W5AM
Grenzwerte
Maximum Ratings
Bezeichnung Symbol Wert Einheit
Parameter Symbol Value Unit
Betriebstemperatur Top —40 ... +110 °C
Operating temperature range
Lagertemperatur T -40 ... +110 "C
Storage temperature range
Sperrschichttemperatur T 125 "C
Junction temperature
Durchlassstrom (min.) | I 100 mA
Forward current (max.) | Iz 1000 mA
(T,=25°C)
Stolistrom Iy 2000 mA
Surge current
=10 ps, D =0.005, T,=25°C
Sperrspannung Va not designed for |V
Reverse voltage reverse operation
(T,=25°C)
Leistungsaufnahme Py 38 W
Power consumption
(T,=25°C)
2009-06-19 3
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LUW W5AM

Kennwerte
Characteristics

(T,=25°C)

Bezeichnung Symbol Wert Einheit
Parameter Symbol Value Unit
Farbkoordinate x nach GIE 1931755520 (yp) |x 0.3 -
Chromaticity coordinate x acc. to CIE 19319 pa=20
Iz =350 mA

Farbkoordinate y nach CIE 193195520 (typ) |y 0.32 -
Chromaticity coordinate y acc. to CIE 19315 paa=20

== 350 mA
Abstrahlwinkel bei 50 % I, (Vollwinkel) (typ.) |20 170 Grad
Viewing angle at 50 % I, deg.
Durchlassspannung ® 5= 20 (min) | F: 27 \Y%
Forward voltage® F202 20 {typ.) | P& 32 A
I-=350 mA (max.) |[F: 37 W
Sperrstrom not designed for
Reverse current (max.) |I; reverse operation | pA
Optischer Wirkungsgrad (typ-) | Mogt 128 Im/W
Optical efficiency
I= =100 mA

Warmewiderstand

Thermal resistance .
Sperrschicht/Létpad (typ.) R y= 65 Eﬁr
Junction/soldering point (max.) |FRpus 11*

*Ryp(max) basiert auf statistischen Werten
Ry(max) is based on statistic values

2009-06-19 4
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LUW W5AM

Farbortgruppen? === 20

Chromaticity coordinate groups

3) page 20

Cy 0 7
i 550
a0 A7
D6 -
500
D5 = 560
: £00
0.4 o
. \J5z0
0.3 )
D2
01
0 ~
0 01020304050607 0809
——Y
Grupps cx cy Gruppe Cx
Group Group
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oL3ar 0.3Mm 0.3ps 0.2 0.304 D.32g
0307 0.3 0.305 0322
EP =+ 0307 0.3 &R 0.305 D32z
0.322 3zs
0.346 0.356
0.3 0346
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LUW WSAM

Farbortgruppen® %"= )
Chromaticity coordinate groups® == %
037
oy SO0 K|
T 0 pr BG/
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A /e'e
- _ il /]
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' = i / A /
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0.313 0.310 D329 0.3
sC 0.aov 0an 6F D.az2z 0.332
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LUW W5AM

Grupps Cx Cy Grupps Cx Cy
Group Group
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LUW W5AM

Helligkeits-Gruppierungsschema
Brightness Groups
Helligkeitsgruppe Lichtstrom® Ss=20 Lichtstarke? 5=
Brightness Group Luminous Flux ' P32 Luminous Intensity® F= 2

@, (mlm) I, (mcd)
KY 82.000 ... 97.000 22.400 (typ.)
KZ 97.000 ...112.000 26.100 (typ.)
LX 112.000 ...130.000 30.200 (typ.)
LY 130.000 ...150.000 35.000 (typ.)

Anm.: Die Standardiieferform von Serientypen beinhaltet eine Familiengruppe. Diese besteht aus
wernigen Helligkeitsgruppen. Enzelne Helligkeitsgruppen sind nicht bestellbar.

MNote: The standard shipping format for seral types includes a family group of only a few individual
brightness groups. Individual brightness groups cannot be ordered.

Gruppenbezeichnung auf Etikett
Group Name on Label

Beispiel: KY-6P

Example: KY-6P

Helligkeitsgruppe Farbortgruppe
Brightness Group Chromaticity Coordinate Group
KY 6P

Anm_: In einer Verpackungseinheit / Gurt ist immer nur eine Helligkeitsgruppe enthalten.
Note: No packing unit / tape ever contains more than one brightness group.

2009-06-19 8
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LUW W5AM
Relative spektrale Emission? %=
Relative Spectral Emission? 2= 20
V(4) = spektrale Augenempfindlichkeit / Standard eye response curve
&= f(L); Ty = 25 °C; I = 350 mA
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LUW W5AM
Durchlassstrom? 5= 22 Relative Lichtstrom? 7/ ===
Forward Current? Fa9= 20 Relative Luminous Flux? 7/ pse=20
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APPENDIX D

HAND-HELD DIGITAL MULTIMETER

Test Equipment 99 Washington Street

[{drt— Depot  Melrose, MA 02176

| ——— Fax 781-665-0780
-300-517-3431 TestEquipmentDepot.com

Hand-Held Digital Multimeter

Ce

GDM-394(3 3/4Digits) GDM-396(3 3/4Digits) GDM-395(3 3/4Digits)

FEATURES FEATURES

*3999 CountsAuto/Manual Ranging * 3999 CountsAuto/Manual Ranging * Slim Pocket Digital Multimeter

* Capacitance, Frequency Measurement * High Energy Fused for 10ARange * 3999 CountsAuto/Manual Ranging
*Continuity Beeper/Diode Test *C I F Meas t *C I Freq M

*High Energy Fused For 10ARange * Continuity Beeper/Diode Test * Continuity Beeper/DlodeTest

* Data Hold/RelativeMode * Data Hold/RelativeMode * Data Hold/RelativeMo de

* TrueRMS/RS232C

SPECIFICATIONS BestAccuracy * (0.3%rdg + 1 digit)for GDM-451
2 (1%rdg +2 digits) for GDM-334/396
DCVOLTAGE ¢ igi
Range 200mV, 2V, 20,200V, 1000V (GDM-451/356) - (‘:’;:’z’;f ‘:3;;’)’;%"0":‘?39;
400mV, 4V, 40V, 400V, 1000V (GDM-394/396) = & -
400mV, 4V, 40V, 400V, soovu(snucss) 2 2 (0.8%rdg + 2 digits) for GDM-350A
200mV, 2V, 20V, 200V, 500V (GDM-350A) CONTINUITY BEEPER
BestAccuracy % (0.05%rdg + 3digits)for GDM-451 Buzzer sounds if conductance less han 70}
£ (0.8%rdg + 1digit) for GDM-394/395 DIODEIEST
£ (0.5%rdg + 1digit) for GDM-356 p i
¥ (0.7%rdg + 3digits) for GDM-335 Open Voltage 3.0V iypical (1.5V Typical for GDM-395)
* (0.5%rdg + 2digits) for GDM-350A cg:cnmcs A T )
ge 5 V20 F, 200
InpUtimpecanceRIOMK 200F, 200F, 2F, 100 o F (GDM-356)
AC VOLTAGE (40Hz ~ 40 0Hz) 40nF,400nF.4 ;(F.40 47,100 ¢ F{GDM-394/395/395)
Range 2V, 20V, 200V, 750V (GDM-451/356) BestAccuracy t (3%rdg +40 digits) for GDM-451
4V, 40V, 400V, 750V (GDM-394/396) 2 (3%rdg +5 digits) for GDM-334 396
4V, 40V, 400V, 600V (GDM-395) 2L (5%rdg +10digits) for GDM-335
200V, 500V (GDM-350A) & (4%rdg + 3 digits) for GDM-356
BestAccuracy X (0.5%rdg + 10digits)for GDM-451 FREQUENCY
£ (1%rdg + 5 digits) for GDM-334/396 Range 1Hz~20kHz (GDM-451/356)
* (2.3%rdg + 5digits) for GDM-385 10Hz ~ 10MHz (GDM-394/396)
* (0.8%rdg + 3digits) for GDM-355 1Hz~99.9kHz (GDM-385)
£ (1.2%rdg + 10 digits) for GDM-350A BestAccuracy * (1.5%rdg+ saigﬁs; for GDM-451/356
Inputimpedance 10M{)(5MQfor GDM-350A )2M (2 for GDM-451) & {0.1%rdg + 3digits ) for GDM-394/396
* (0.7%rdg + 3digits) for GOM-395
DC CURRENT
Range 2mA, 20mA, 200mA, 20A (GDM-451) TE‘,‘.:’:.’“ T“"“”!,ot~,mt
400uA 4mA40mA 400mA 4A, 10A(GDM-394/336) BestAccuracy = 13+30 (GDM-451)
200uA, 2mA, 20mA, 200mA, 10A (GDM-3504) 2 1%+3 (GDM-396/356/350A)
20mA, 200mA, 20A (GDM-356) SPECIALFUNCTION
BestAccuracy  * (0.5%rdg + 5digits) for GDM-451 Duty cycle, Auo Ranging (GDM-394/396)
X {1%rdg + 2 dgits) for GDM-394/396/350A True RMS, RS232C (GDM-396)
2 (0.8%rdg + 1digit) for GDM-356
LCD DISPLAY
AC CURRENT (50 Hz ~ 400 Hz) 4 1/2 digits (GDM-451 ), 3999 counts (GDM-384/385/396),
Range 20mA, 200mA, 20A (GDM-451/356) 3 1/2 digits (GDM-356/350A )
400UA 4mA40MA 400mA 4A,10A(GDM-394/336) POWER SOURCE
BestAccuracy  * (0.8%rdg + 10digits)for GDM-451 Single 9V batlery §F22), Cell Batlery for GDM-395(CR2032)
X (1.5%rdg + Sdigits) for GDM-394/396 ACCESSORIES
= (1%rdg + 3 digits) for GDM-358 hslruction manual , Ballery , Test leads
RESISTANCE DIMENSIONS & WEIGHT
Range 200(3 ~ 200M(} 7 ranges (GDM-451) 85(W)x 177(H) x40{D) mm , Approx.330g (GDM-394/396)
20003 ~ 200M(} 7 range s (GDM-356) 80(W) x 165(H) x38.3(D) mm, Approx. 2759 (GDM-451/356)
4002 ~ 40M(} 6 mnges (GDM-394/395396) 73.5(W) x 130(H) x 35(D) mm, Approx. 1569 (GDM-350A)
2000} ~ 20M(} 6 mnges (GDM-350A) 56(W)x 110(L) x 11.5(D) mm, Approx. 97g (GDM-395)
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[est Equipment 99 Washingten Street
Depot  Melrose, MA 02176

Fax 781-665-0780
1-B00-517-8421 TestEquipmentDepot.com

Hand-Held Digital Multimeter

(e

GDM-451(4 1/2Digits) GDM-356(3 1/2Digits) GDM-350A(3 1/2Digits)

FEATURES FEATURES FEATURES
*41/2Dlglts 19999 counts *31/2Diglts 1999 counts *31/2Dlgits 1999 counts
*Manual Ranging *Manual Ranging “Manual Ranging
: Cantinuity Check/DiodeTest *Continulty Beeper/Dlode Test *Continulty Beeper/Dlode Test
Data Hald * Capacitance Measureme nt * Temperature Measurement

* Temperature Measurement

* Gapacitance, Frequency Measurement * Frequency, Temperature Meas urement

SELECTION QUIDE

Speclal Functlon GDM-451 GDM-354 GDM-396 GDM-356 GDM-350A GDM-385
Max. Display 19909 3909 3099 1009 1999 3000
Fused 10A Range o S

Auto Ranglng o s o
Diade s < < o+ <
Continuity o o o o
Capacitance < o + o
Frequency 20k 10M 10M 20k 100k
Temperature v .r' ¥

Duty Cyele(%) & v v
True RMS v

Relative made < o
Data Hold o o o o s
R5232C s

Display Backlight o o o o o

GDM-451 4 1/2 Digits Hand-Held DMM
GOM-386 3 374 Digita Hand-Held DMM with True R.M.5, Measurement and RE-232C Inter face
GDM-384 3 3/4 Digits Hand-Held DMM
GDM-385 3 374 Digita Hand-Held DMM
GDM-356 3 1/2 Digits Hand-Held DMM
GOM-350A 3 1/2 Digits Hand-Held DMM

Test Equipment Depot - 800.517.8431 - 9% Washington Street Melrose, MA 02176
FAX 781.665.0720 - TestEquipmentDepot.com
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APPENDIX E

High acceptance angle optical fiber based daylighting system using two-

stage reflective non-imaging dish concentrator

Energy
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High acceptance angle optical fiber based daylighting system
using two-stage reflective non-imaging dish concentrator

Onubogu Nneka Obianuju, Kok-Keong Chong*

Lee Kong Chian Faculty of Engineering and Science, University Tovkay Abatul Rakman, Jalan Surgpat Long, Bordar Sunpar Lomg,
L3000 Kajarp. Selanpor, Malaysia

Abstract

It has been observed that lighting svstems consume a sipnificant amount of energy in high-nse builldings even dunng
the daytime. To save power consumption and improve indoor environments, daylighting can be implemented for the
mterior of buildmgs by guiding sunlight via optical fibers. In this paper, we propose a new two-stage reflective non-
imaging dish concentrator (N1DC) consisted of reflective primary and secondary mirrors that focus sunlight onto high
acceplance angle optical fibers located at the target of the concentrator. The optical fibers can guide the concentrated
sunlight mio the mterior area of the buillding. The new concentrating type of daylighting system was designed,
fabricated and evaluated. Under normal sunny day condition with solar imadiance of 1000 Wim?, the caleulated
average illuminance for our prototype daylighting system with a reflective arca of 0.2 m? is 647.94 Jux to 1lluminate
an office area of 6.3 m?, which is also equivalent to illuminate a bizper area of 8,164 m* based on standard averape
illumination of 500 lux.

i3 2007 The Authors. Published by Elsevier Lid. This is an open access anticlz under the CC BY-MC-NI licensa

{hitp:flcreativecemmons orpfliconses/by-no-nd 4. 00
Peer-review under responsibility of the scientific committee of the Sth International Conference on Applied Enerzy.

Feyvwords: daylighting; solar concentrator; mytmacing; optical fiker; illuminance; NIDC

1. Introduction

Daylight bullding is estimated to reduce lighting enerzy consumption by 50-80% [1]. Direct use of
sunlight is environmental friendly, cheaper and a preener way to produce daylighting inside a building
than indirectly through electricity from non-renewable sources. Moreover, direct use of sunlight for
daylighting is more efficient than converting light energy to electnical energy and back to light energy as
this process involves a lot of losses during power conversion. Green building status by daylighting can be
achieved with several methods but it is more effective and pollution free to guide the sunlight through the
optical fibers and into the building.

* Comresponding author. Tel.: +503-M0860288; fax: +603-90193586.
E-mail address: chengkk@utar edumy, kokkeong_cizyaheo.com

1876-6102 £ 2017 The Authors. Published by Elsevier Lid. This is an open access anick under the CC BY-NC-NID license
(hitpffereativecomamons.orzlicensz s/by-no-nd/id 00,

Peer-review under responsibility of the scientific committee of the 8th International Conference on Applied Energy.

doi: 1010184 .egypro. 201 7.03.347
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Studies in the past have revealed that various kinds of conventional concentrators such as Fresnel lens,
heliostat, parabolic concentrator, compound parabolic concentrator, etc. have been employed for
daylighting and have been tested for coupling with optical fibers to guide the sunlight [2-7]. Most of these
concentrators are expensive, having low acceptance angle, or producing non-uniform concentrated
sunlight. Non-imaging dish concentrator {NIDC) has been previously used for concentrator photovoltaic
systemn [8-18]. The newly proposed active daylighting system consists of a non-dimaging dish
concentrator, which can have a low nm angle with respect to the selected optical fiber with a high
acceptance angle as compared to conventional solar concentrators; can produce high solar concentration
ratio with reasonably uniform illumination on the receiver. The new design is proposed to have two stages
reflection, in which flat primary reflectors (mirrors) are designed to face the sun and secondary reflectors
{murrors) are located above but facing the primary mitrors so as to reflect the sunlight to the optical fiber
aperture located at the center of the primary mirror amrangement.

The main amm of this proposed daylighting system design using solar concentrator, optical fiber and
dual-axis solar tracker is to have the lowest possible cost compared to the existing ones and highest
possible efficiency. More so, dual-axis solar tracking system can maximize the intensity of the sunlight
input and provide constant intensity of the sunlight in order to have uniform distribution of solar flux.

2. Solar concentrator design

The proposed solar concentrator was designed based on the concept of the Cassegrain reflector that is
widely used m reflecting telescopes. It is a combination of a primary concave mirmor and a secondary
convex mirror [19]. The incident ray strikes on the primary reflector and is reflected to the secondary
reflector which reflects the rays to the target or focus. For the proposed design, concave and convex
{parabolic) mirrors were found te be very expensive. Therefore, square flat mirrors to be tilted were used
as pnmary and secondary reflectors while the target 1s a bundle of plastic optical fibers (POF).

2.1 20 Optical Ray-iracing

A readily available powerful, Java-based virtual optical bench called OpticalRay Tracer was used to
venfy the optical design of our system. Ray-tracing was performed in 2D from the primary mirror to the
secondary mirror and then to the optical fiber. This was done mainly to get the required dimension for the
secondary mirror as the dimension of each primary mirror was set to be 5 cm = 5 cm with a thickness of
0.2 em. Each set consisted of four primary mirrors for easy adjustment with a distance of 0.5 cm from
each other, which are all supposed to reflect to one secondary mirror located 60 em above the primary
mirror and finally reflects the light rays to the optical fiber. The total dimension of one set (4 mirmors) of
primary mirrors Is 10,5 cm = 10.5 cm. Since OpticalRay Tracer does ray-tracing in 2D, only two primary
mirmors in a set of the four mirrors can be simulated. Two sets of reflections were simulated and the
estimated size of the secondary mirror for all reflected rays to fit in was found to be 8 cm = 8 cm.
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Incoming sunlight

W——‘ Secondary mirror

Vv
Target (Optical fiber)

Fig. 1. 2D Raytracing using OpticalRay Tracer

2.2 3D CAD design of solar concentrator and prototype fabrication

After ray-tracing was completed, 3-D drawing of the entire structure was made in Solid Works and
then the prototype was fabricated accordingly at the campus of Universiti Tunku Abdul Rahman, Bandar
Sungai Long, Malaysia.

Custormized
gear
Motor

. actuator
——Horizontal and

support bars

Fig. 2. (a) Parts of the upper portion of the dish concentrator in Solid Works; (b) Parts of the lower portion of the dish
concentrator in Solid Works; (c) Prototype of the active solar daylighting system; (d) Prototype testing on the roof top
of Universiti Tunku Abdul Rahman.
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The prototype of non-imaging dish concentrator was fabricated with a sun-tracking mechanism
comprised of a linear actuator (moedel: EAC4R-E300-ARMEE-2) to perform elevation motion (from 0° to
507) and a stepper motor (model: PK264A2-8G50) connected to customized spur pears to perform
azimuth motion (from 07 to 360°). The concentrator can track the sun in a dual-axis motion.

2.3 Given and calewlated pavamerters of Two-stage non-inaging dish concentrator

From Figure 2, the weight of the upper portion of the concentrator is 16 kg and the weight of the whole
concentrator is 42.2 kg, The height of the upper portion of the concentrator is 79 cm and the height of the
entire structure is 135 em. The size of the frame where the mimors are located is 91 em = 81 cm. Other
parameters are listed in Table. 1.

Table 1. Given and calculated parameters of Two-stage non-imaging dish concentrator (MIDC)

Parameters Valus Parameters Valuz

Area of one primary mirmor (cm®) 25 Total koss (from cut-back testing + coupling 457
Toss) (%)

Mumber of primary mirrors B0 Typical solar radiation, [ (W/m®) 1000

Area of &0 primary mirmors, A (m') 0.z Visible light (%) 47

Specular eflectivity of sliver coated mirmors, pm 004 Infrared my (%) 44

Hot Mirmer transmissibility of visible light 0598 Ultraviolet light {%) 7

Core reflective index of POF 149 Power captured by all the primary mirrors (W) 200
= 1% A =100 Wim? x 0.2 m?

Mumerical aperture of POF 030 Power afler two-stage reflection (W) = 200W x 176.72
094x 0594

MMaximurmn operating temperature of POF { "C) 70 Visible light power as 47% of total spectrum 8304
(W)= 176T2W x 047

Length of POF (m) 10 Visible light after the hed mirmor filter (W) = B1.35%
BL.06W x 008

Acceptance angle of POF (%) 30 Ihiminance (Im) = luminous efficacy x power B465.48

of visible light =104 Im"W x 1.300W
Averape value of direct beam luminous efficacy 14
(ImW)y *provided by Lim and Ahmad based on
MMalaysian climate [20]
Transmission loss of POF {dBkm) 20H) max.

Plastic optical fibers (POF) with model number CK-120 and 3 mm diameter each made of polymethyl
metacrylate (PMMA) were placed at the center of the lower stage of the concentrator, which is the tarpet
area. Plastic optical fibers were selected because they are cheaper as compared to silica optical fibers and
have a large core diameter for transmitting larper amount of light via total intemal reflection.

17 fibers in 2 row

1% rows XL LI T I T I I I ILT

16 fibers in 2 row

LI LTI LI LI I I I L —

Fig. 3. Optical fibers arrangement in the target with area of 50 mm =% 30 mm

148



Oaubopa Nogka Qbianwjy and Kak-Keong Chong / Energy Procedia 105 (2017) 408 - 504

The target area in which the fibers are located in the prototype solar concentrator is (50 = 50) mm® -
2500 mm?. From calculations as shown in Table 1, the prototype solar concentrator is expected to deliver
approximately 846548 lumens to the optical fibers. Thus, we can calculate the lumen that one optical
fiber can transmit. First, the cross sectional area of each fiber is 1 = (1.5 mm)® = 7.07 mm?. This means
that one fiber can transmit (7.07 mm® = 8465.48 Im) / 2500 mm®= 23.94 Im. Since the optical fiber used
is 10 m in length, the total loss incurred based on calibration of cutback testing and coupling loss is 45.7
%. Thus, the lumen emerged at the other end of 10 m optical fiber is expected as {23.94 Im = 54.3 %) =
13.00 Im (equivalent to 2.06 lux per fiber for 6.3 m” standard office area).

For daylighting from optical fiber in a standard office area of 6.3 o, the lumens required to achieve
500 lux was calculated as 3150 lm and therefore the total number of optical fibers needed is 3150713 =
2423 fibers. As shown in Fig. 3, the target area can accommodate up to 314 optical fibers, which can
provide an average illuminance of 13.00 Im x 314 — 4082 Im {or 647.94 lux for office arca of 6.3 m7).
Hence, we can accomplish more than the required illuminance value for a standard office area with our
prototype concentrator design. If an average illuminance of 500 lux is requited, the average illuminance
of our prototype design with 647.94 lux for a space of 6.3 m? can be used to illuminate a bigger office
arca of (647.94 lux = 6.3 m%) / 500 lux — %.164 m’. The size of the solar concentrator can also be
increased further to illuminate a larger office area.

To compensate the intermittent natural daylight especially when the illumination is less than the
required level, light emitting diodes (LEDs) with medel no. LUW W3AM-KYLX-4ESG were used as
complementary artificial light source. In this case, LED was chosen because it consumes less power and
has a long lifetime. As stated in the data sheet [21], one LED can produce 104 Im"W with the forward
voltage (V) of 3.2 V, current of 350 mA and electrical input power of 1.12 W. For LEDs to fully
illuminate an office area of §.164 m?, 4082 Im will be needed to achieve 300 lux and therefore about 35
LEDs with total rated electrical power of 1.12 W = 35 = 39.2 W will be needed. It means that the total
lumens produced by our prototype daylighting system are equivalent to 35 LEDs with 1.12 W each.
Considering the collected solar power by the prototype as 200 W (refer to Table 1), the equivalent power
conversion efficiency can be caleulated as (100 = 39.2 WH200 W = 19.6 %.

3 Conclusion

The design and construction of a high acceptance angle optical fiber based daylighting system using two-
stage non-imaging dish concentrator (NIDC) have been presented and evaluated. The results of our
calculation has shown that our system has the capacity to illuminate an office area of 6.3 m? with a higher
average illuminance of 647.94 lux under a normal sunny day of solar irradiance 1000 W/m?, which is also
equivalent to a larger area of 8.164 m® based on standard average illumination of 500 lux.
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Since lighting accounts for 20% of global electricity consumption in buildings, daylighting system is an
important solution to achieve energy savings in lighting and to reduce carbon dioxide emissions.
However, most of the existing fiber-optics daylighting systems are expensive, sensitive to pointing error
and complicated in optical design in which multi-stage focusing devices are needed to minimize non-
uniformity of focused sunlight. To overcome the aforementioned problems, we propose a novel active
daylighting system using two-stage non-imaging solar concentrator (2S-NISC) inspired by our previous
experience in non-imaging optics. The 2S-NISC prototype consists of 80 primary facet mirrors with a
dimension of 5cm x 5 cm each, 20 secondary facet mirrors with a dimension of 8 cm x 8 cm each, and
densely packed plastic optical fibers as a daylight distribution system. Considering the input solar power
of 170 W, the equivalent power conversion efficiency of 2S-NISC prototype is obtained as 22%. For eco-
nomic analysis, the proposed active daylighting system using 2S-NISC with optimized collective area
of 4m’ is estimated to cost USD 1231.20. Considering the interest rate of 4% and fuel inflation rate of
2%, the total payback period is determined as 6.1 years, which is reasonable because the active daylight-
ing system can last for at least 15 years.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

In the world today, fossil fuels are the major sources of energy
which when burned for power generation releases greenhouse
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gases consisted mostly of carbon dioxide (CO,). The major concern
in the overwhelming consumption of fossil fuels is the possibility
of global climate change caused by increased levels of CO, and
other greenhouse gases in the upper atmosphere. This issue has
led to the search for environment-friendly solutions to sustain
human activities even in illuminating buildings. It is a known fact
that lighting system is one of the major energy consumptions in
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Nomenclature

25-NISC two-stage non-imaging solar concentrator
NIPC non-imaging planar concentrator

NIDC non-imaging dish concentrator

2-D 2-dimensional

3-D 3-dimensional

POF plastic optical fiber

L the distance between the primary reflector and the sec-

ondary reflector
Creasured Measured solar concentration ratio

W/m?®  Watt per square meter
Ix Tux

Im lumen

Mt million tons

kwh kilowatt hours

MV megavolts
MW megawatts

TWh terawatt hours

DNl or I direct normal irradiance
GS1 global solar irradiance
[0} half rim angle

dB/km  decibel per km

ImW  lumen per Watt
mrad milliradian
PV concentrator photovoltaic

Tscq short-circuit current under concentrated solar flux
(reading from CPV cell 1)

f shart-circuit current under one sun contributed by DNI
only (reading from CPV cell 2)

Cavg average solar concentration ratio

ACmeasurea  Measurement error of solar concentration ratio (num-
ber of suns)

Al measurement error of short crcuit current 1
Al 5 measurement error of short drcuit current 2
Vom DNI voltage

Vst GSI voltage

AVpw  measurement error of DNI voltage

AVgsr  measurement error of GSI voltage

Mumyhe, theoretical result of indoor illuminance

Afiber cross-sectional area of plastic optical fiber

% VL percentage of visible light in the solar spectrum
Thar mirror transmissivity of hot mirror to visible light
Liber total transmission loss via optical fiber

Niiber number of plastic optical fibers

F the average value of direct beam luminous efficacy
Ailum indoor illuminance area

Riscet reflectivity of primary/secondary facet mirror

buildings to cause a large amount of CO; emissions even during the
daytime [1]. The total CO, emissions attributed to lighting were
estimated to be 1900 Mt, which was about 7% of the total glabal
€0, emissions from flaring of fossil fuels for power generation
[2,3]. Increase of energy consumption in lighting due to the rapid
growth in population will continuously generate a substantial rise
in greenhouse gas emissions, which justifies the necessity to
encourage energy conservation in the lighting sector.

The Energy Information Administration (EIA) estimated that the
residential and commercial sectors in the United States consumed
about 279 billion kwh of electricity for lighting in 2016. It was
about 10% of the total electricity consumed by both of these sectors
and about 7% of the total electricity consumption in the United
States [4]. For agricultural sector, artificial lights are widely used
in various applications such as area lighting, task (packaging and
processing) lighting, and to provide illumination for livestock, ani-
mal housing, poultry as well as plant growth. In the United States,
electricity consumed by agricultural operations was approximately
0.14 quadrillion BTU, which was mainly driven by lighting and
ventilation-related energy expenses in the livestock and green-
house areas [5,6]. In Europe, the interiors of medium and large
buildings utilize about 40% of the total electrical energy for illumi-
nation only [7]. In South Asia, lighting consumes approximately
132TW h, which is about 15% of the total electricity consumption
[8]. In Malaysia, approximately 30% of the total energy produced is
consumed by lighting in buildings in which Zakaria et al. high-
lighted that over 40% of the carbon emissions in Malaysia are from
the existing buildings and communities [9,10]. The International
Energy Agency (IEA) stated that lighting accounts for around 20%
of global electricity consumption in buildings [11].

Solar energy as one of the most abundant clean energy sources
on earth should be fully explored to meet the energy saving
demands. It has been estimated that a building with efficient day-
lighting system can reduce energy consumption for lighting by 50-
80% in which daylighting is generally defined as introducing natu-
ral light into a building for illumination [12]. Direct use of sunlight

is a more sustainable way to illuminate the interior space of a
building than the indirect use of photovoltaic module for convert-
ing solar energy to electrical energy and back to light energy as the
multiple conversion processes involve significant energy losses. In
principle, there are two different methods of daylight harnessing
for achieving green building status via energy conservation: pas-
sive daylighting system that is stationary and active daylighting
system that requires sun-tracking mechanism. There are many
studies on how passive and active daylighting systems can con-
tribute in energy saving for the building. Chow et al. examined
the daylighting performance towards energy saving including eco-
nomic and environmental benefits for a 13-storey atrium building
in Hong Kong. The total potential energy savings per year is
43,003 kW h and the average emissions of CO;, 50,, NOx and par-
ticulate could be reduced annually by 32,252 kg, 440 kg, 42.4 kg
and 2.1 kg respectively [13]. Galasiu et al. demonstrated that pas-
sive daylighting systems in a building could reduce the average
amount of electricity consumed by 50-60% in comparison to utiliz-
ing artificial lights from 6 AM to 6 PM under a clear sky without
blinds [14]. Jenkins and Newborough predicted the annual energy
savings for lighting in a range of 56-62% by accounting for the day-
light contribution from windows and roof lights in a six-storey
office building [15]. Zain-Ahmed et al. demonstrated that the use
of daylighting strategies in Malaysian buildings could achieve
10% of energy savings [16]. Elmualin et al. presented a daylighting
system using dichroic material as a light pipe to transmit visible
sunlight into a room, which is capable of removing approximately
half of the solar heat in daylight and thereby saving electrical
energy consumption for both cooling as well as lighting [17]. Ber-
ardi proved that aerogel windows can offer a solution for energy
saving by providing a better distribution of daylight while reducing
the solar heat gain in buildings [18]. An integrated meta-model
daylighting, heating, ventilating and air conditioning system devel-
aped by Kim et al. has shown an average of 13.7% energy savings
against the conventional method throughout three months of
observation in winter [19]. On the other hand, Pohl and Anselm
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demonstrated how an active daylighting system using heliostats
with supplementary fluorescent lamps allow power savings of
40-60% as compared to a conventional electric lighting system
based on their measurement results [20]. More so, Ullah and
Whang verified that a hybrid system consisted of Light Emitting
Diodes (LED) and a bundle of optical fibers connected to a parabolic
concentrator can save an average electrical lighting energy of 50%
[21]. Ghisi and Tinker evaluated that the integration of active day-
lighting and artificial lighting system can potentially save energy
ranging from 8% to 82.3% for seven cities in Brazil and ranging from
56.0% to 89.2% for one city in the UK based on climatic data [22].

From past studies on active daylighting systems, various kinds
of conventional concentrators i.e. Fresnel lens, heliostat, parabolic
concentrator, compound parabolic concentrator, etc, were
deployed to concentrate sunlight, and optical fibers were used to
distribute the daylight throughout the building [23-23]. Ullah
and Shin proposed a novel approach of the daylighting system by
guiding highly concentrated sunlight via optical fibers to illumi-
nate the interior space of a large-scale multi-floor building [23].
Their proposal is complicated in optical design cum expensive in
cost with the requirement of three stage line focused optical sys-
tem that includes primary concentrator as a parabolic trough or
Linear Fresnel lens, secondary concentrator as a parabolic reflector
or collimating plano-concave lens and tertiary concentrator as a
trough compound parabolic concentrator [23]. For point focus solar
concentrator, Song et al. propesed an active daylighting system
with high accuracy dual axis sun-tracking system wherein their
system was comprised of five lenses (100 mm in diameter) for sun-
light focusing and optical fibers (10 m in length & 2 mm in diame-
ter) for daylight transmission [24]. Nevertheless, this design is
complicated because it requires high tracking accuracy with the
pointing error of less than 0.07° in order to maintain the loss at
14%. Both Muhs [25] and Schelegel et al. [26] analyzed an inte-
grated hybrid lighting system that uses a two-axis tracking para-
bolic dish concentrator with cold mirrors. Albeit the components
of this system are commercially available, it is still expensive to
be constructed with a cost of USD 3000 for a collective area of
2m? [25]. Similarly, Sapia [27] presented a daylighting system
composed of a sun-tracking primary parabolic collector and a sec-
ondary collector (cold mirrors). The total expected cost of the pro-
posed system is as high as 6538 euros for a parabolic collector with
a diameter of 2.6 m.

Theoretical modeling plays a vital role in evaluating the optical
performance of active daylighting systems. Most of the existing
theoretical modeling for daylighting systems were implemented
using LightTools software [23,28,29,30]. LightTools is an optical
simulation tool used to design the optical components of an active
daylighting system and to estimate the illuminance levels in the
interior space. On the other hand, Ullah and Shin [23] designed
the illuminance level of a room using software called DIALux,
which is a 3-D design program where real lighting effects can be
created in a room, street or an open-air area.

For cost effectiveness, non-imaging focusing technologies have
been deployed in the application of concentrator photovoltaic
(CPV) system and solar furnace system, which can be grouped
based on the nature of sun-tracking manners: on-axis tracking
configuration [31-41], and off-axis tracking configuration [42-
52]. There are several merits of adopting non-imaging optics in a
large solar concentrator with segmented mirror facets for the
application in active daylighting system. The focused image of a
nen-imaging optical device can be tailored to accommodate differ-
ent receiver designs in both shape and dimension by producing
uniform illumination. Additionally, the multi-faceted design of a
non-imaging solar concentrator allows a flexibility to increase
the focal distance and thus to reduce the rim angle. Inspired by
the aforementioned advantages, we propose a two-stage non-

imaging solar concentrator (25-NISC) consisted of primary and sec-
ondary reflectors for application in active daylighting system. The
primary reflector is comprised of many flat facet mirrors designed
to track the sun and to collect the incident sunrays. The secondary
reflector is also comprised of flat facet mirrors positioned above
the primary reflector to reflect the sunrays from the primary reflec-
tor towards the receiver at the center of the solar concentrator
where the optical fibers are located. The double reflections design
can minimize the bending angle of optical fibers, which can dis-
tribute the daylight throughout the building with the least light
leakage especially for locations beyond the reach of any window.
This idea is novel and original because it is the first design of active
daylighting system using non-imaging focusing technology. To
prove the feasibility of the idea, we also report on the practical
implementation and economic assessment of the newly proposed
active daylighting system in this paper. Our design has great
potential to serve as an altemative active daylighting solution
based on the following advantages: (1) The optical design of 25-
NISC has low rim angle, which is important for effective collima-
tion of daylight towards the desired area by reducing wastage
through illuminating undesired areas such as walls. Besides, it also
minimizes the coupling loss between the solar concentrator and
optical fiber. (2) Non-imaging solar concentrator only use flat facet
mirrors as reflectors, which makes the manufacturing and assem-
bling processes simpler as compared to other concentrators such
as the parabolic dish, Fresnel lens, parabolic troughs. (3) Since
25-NISC concentrates sunlight by superposing all solar images of
flat facet mirrors into one, the incdent angles of solar rays cast
by any individual facet mirror are constant across the receiver
and dependent on the position of the facet mirror. It makes the
light transmission less in the fiber less sensitive to pointing error
of the sun-tracking system as compared to parabolic dish or Fres-
nel lens. (4) Finally, the proposed 25-NISC is capable of producing
uniform illumination of concentrated sunlight, which is highly
required by daylighting systems.

2. Design and construction of prototype
2.1. Prototype of two-stage non-imaging solar concentrator (25-NISC)

The 3-D designs of the primary and secondary reflectors were
made in the platform of SolidWorks as shown in Fig. 1(a), where L
is the distance between the primary and the secondary reflectors,
70cm. All the facet mirrors were modeled in LightTools (optical
simulation software) according to their respective tilting angles to
perform optical analysis. Fig. 1(b)illustrates the schematic diagram
of the 25-NISC prototype to show how the sunrays are focused onto
the input aperture of the optical fibers in 3-D view. Fig. 1(c) shows
all mirror assembly sets and their counterpart secondary facet mir-
rors labeled with numbers, where the same number means that the
specific mirror assembly set will superpose all their solar images to
the target via its corresponding secondary facet mirror.

2.2, 3-D optical design and simulation result

LightTools software based on 3-D ray-tracing method was used
to analyze the solar flux distribution of the 25-NISC prototype with
the specification as listed in Table 1. In the theoretical study, we
assume that the solar irradiance of sunlight incident on the pri-
mary facet mirror is 1000 W/m? (or equivalent to 1 sun) and all
the facet mirrors have perfect reflectance. Besides, a light source
with a dimension slightly larger than the dimension of the
25-NISC prototype is generated to emulate sunrays with the solar
disc half angle of 4.65 mrad. It is important to guarantee that the
ray-tracing process has covered the entire primary reflector of
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Fig. 1. (a) 3-D configuration of the primary and secondary reflectors in SolidWorks; (b) 3-D view to show the numerical modeling of 2S-NISC using ray-tracing technique; (c)
Top view to show the arrangements of primary and secondary facet mirrors: all mirror assembly sets and their counterpart secondary facet mirrors labeled with numbers. The
same number means that the specific mirror assembly set will superpose all their solar images to the target via its corresponding secondary facet mirror.
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Table 1
Specifications and design parameters for the prototype of two-stage non-imaging
solar concentrator (25-NISC).

MNumber of mirror assembly sets in primary 20
reflector

Number of primary facet mirrors per mirror 4
assembly set

Mumber of secondary facet mirrors in the 20

secondary reflector

Dimension of primary facet mirror 5cm x 5cm = 02 cm

(thickness)
Dimension of secondary facet mimror S8cmx Bem x 02 cm

(thickness)
Dimension of mirror assembly set 10.5cm = 105 cm
Gap between primary facet mirrors in mirror 05 cm

assembly set
Gap between two adjacent mirror assembly sets 2 cm
Gap between two adjacent secondary facet 08 an
mirmrors
Dimension of primary reflector frame
Dimension of secondary reflector frame

Ficm = 73cm
52cm = 52cm

Reflective area of primary reflector 02 m?
Reflective area of secondary reflector 0.13m*
Perpendicular distance between primary and 70cm

secondary reflectors
Half rim angle of 25-NISC 24

Total height of 25-NISC 1.53 m
Total weight of 25-NISC 422 kg
Model of plastic optical fiber CK-120
Extemal diameter of plastic optical fiber 3 mm
Total length of plastic optical fiber 10m

the 25-NISC in the simulation. Since the central region of the sec-
ondary reflector is an empty space, there are direct sunrays inci-
dent on the receiver without going through any reflector. For
each simulation, 20 million rays were traced for achieving a rea-
sonably good resolution in the solar flux distribution plot. Fig. 2
(a) depicts the simulated result of focused image formed at the
receiver plane without pointing error. The simulated solar flux dis-
tribution is viewed as a flat top region with average solar concen-
tration ratio ( Cavg) of 76 suns in the central region covering the area
of 38 mm = 38 mm and gradually decreasing towards the edge to
form a total focused image size of 65 mm x 65 mm. The percent-
age of energy within the uniform illumination area is 57.3% in
which the average solar concentration ratio of 76 suns is mainly
contributed by the solar concentrator (75 suns) and direct sunlight
(1 sun). The percentage of energy is increased to 74.6% for Gy, of
more than 60 suns, and the percentage of energy is 88.7% for Couy
of more than 38 suns. In Fig. 2(b), the spillage loss versus receiver
dimension was plotted to analyze the optimal dimension of the
target area. Lastly, the target dimension of 50 mm x 50 mm (the
same size as the primary facet mirror) was selected due to low spil-
lage loss (11.6%). With reasonably good uniformity of solar flux
distribution produced by the 25-NISC, it is highly recommended
for active daylighting application. The solar flux distribution con-
tributed by the reflector is inevitably spread over a larger area with
solar concentration ratio on the target area lesser than that of the
number of primary facet mirrors due to both the cosine loss and

[
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Fan

o
Solar concentration ratio [éum:

(a)

Spillage loss (%

0 5 10 15 20 25
Receiver dimension (mm)
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Fig. 2. 2-D plot of simulated result showing solar flux distribution at the target area of the two-stage non-imaging solar concentrator ( 25-NI5C) prototype and (b) graph of

spillage loss versus receiver dimension

Appl Energy (2017), http: /dx.doi.org/10.1016(j.apenergy.2017.05.188

Please cite this article in press as: Chong K-K et al. Design and construction of active daylighting system using two-stage non-imaging solar concentrator.

156



6 K.-K. Chong et al. /Applied Energy xoo { 2017 ) xxx-x00

Secondary
reflector frame

vertical

Primary facet
mirror

Primary
reflector frame

Secondary

facet mirror
Horizontal and

Alummium bars

Linear
actuator

Customized
gear

motor

Levelling
mount

Fig. 3. (a) 3-D drawing of the mechanical frame of the 25-NISC prototype with reflector in SolidWorks; (b) 3-D drawing of the base structure of the 25-NISC prototype with

sun-tracking mechanism in SolidWorks.

solar disc effect. This numerical result will be used to compare with
the experimental result.

2.3. Prototype of two-stage non-imaging solar concentrator (2S-NISC)

For on-site data collection, the 2S-NISC prototype was con-
structed on the rooftop of the building in Universiti Tunku Abdul
Rahman located at a longitude of 101.79° and latitude of 3.04°.
The mechanical structure of the 25-NISC prototype can be catego-
rized into two parts: a mechanical frame with reflectors as shown
in Fig. 3(a), and the base structure with the sun-tracking mecha-
nism as shown in Fig. 3(b).

The mechanical frame was manufactured using 2 cm x 2 cm
aluminum hollow square bars of 2 mm thickness due to its supe-
rior characteristics induding lightweight and corrosion resistance.
For the primary reflector frame, two aluminum hoellow bars with a
distance of 8.5 cm apart joined at the edges to form a square frame
were used to support the primary mirror assembly set. Then, PVC
plate was cut into rectangular shapes to have a dimension of
125cm = 1cm = 0.5 cm (thickness) and was fixed across the
two aluminum hollow bars so that the primary facet mirrors can
be fixed on it using bolts & nuts. Similarly, the mechanical frame
of the secondary reflector was prepared using two aluminum hol-
low bars with a distance of 6 cm apart to support the facet mirrors
on each side of the square frame. Four aluminum hollow bars were
used to join between the primary reflector frame and the
secondary reflector frame.

Eighty flat facet mirrors with a dimension of
5em x 5em = 0.2 em (thickness) were fixed on the primary reflec-
tor frame to form a total of twenty mirror assembly sets as illus-
trated in Fig. 1(a). The gap between two primary facet mirrors
within each mirror assembly set was 0.5cm while two mirror
assembly sets were separated apart by 2 cm. Each facet mirror con-
sisted of six parts as shown in Fig. 1(a), i.e. (1) flat mirror, (2) three
bolts (M4 x 60 mm), (3) PVC plate (mirror frame), (4) washers (5)
compression spring (6) nuts. There were three contact points for
each facet mirror via the bolt-spring assemblies in which one of
them acted as the pivot point and the remaining two were adjusta-
ble. Therefore, each facet mirror can be tilted freely by manually
turning the nuts of the adjustable bolt-spring sets to align the solar
image towards the target. Silicone paste was used to join the facet
mirror to the PVC plates (mirror frame), which can provide stability
to the mirror position after alignment.

The base structure was made of mild steel bars and plates in
order to support the entire weight of the mechanical frame. A door
beneath the pedestal was made of 0.2 cm thick PVC plates to house
all electronic components of the 25-NISC prototype. Custom-made
connectors were fixed on the top most part of the solar concentra-
tor base structure for connecting the mechanical frame. Four
wheels were fixed undemeath the base structure for easy move-
ment of the 25-NISC prototype. Four adjustable leveling mounts
were also attached to the base for stability when the prototype
was positioned on the rooftop during operation.

The sun-tracking mechanism of the 25-NISC prototype was
installed on the base structure to ensure good rigidity. Azimuth
driving mechanism was comprised of a stepper motor connected
to a sprocket gear engaged with a custom-made gear (multiple
screws on two rotating circular hollow plates) for transmitting azi-
muth movement to the mechanical frame in 360°. The hollow space
at the central region of the custom-made gear can minimize the
bending angle of the optical fibers from the target area to the test
room. The elevation driving mechanism was a linear actuator fixed
to the mechanical frame via a shaft to perform elevation motion
from 0° to 50°. Before a decision was made for the linear actuator
as well as its optimal position in the mechanical structure, Finite
Element Analysis (FEA) was carried out to determine the minimum
force required for moving the mechanical frame up and down.

The 28-NISC prototype can track the sun in a dual-axis motion.
The latest version of the Arduino MEGA 2560 is used as a platform
to host our sun-tracking program for implementing the control sys-
tem. The sun-tracking system is designed as a structural closed-
loop control system, and the feedbacks of the rotational angles
about azimuth and elevation axes are carried out by using two 9-
bit absolute encoders with a resolution of 512 counts/revolution
orequivalent to 0.70° per count. At first, the sun-tracking algorithm
calculates azimuth and elevation angles according to the date, local
clock time, standard time zone and latitude and longitude of the site
location before sending control pulse and interrupt signals to the
driving mechanism in repeated loops. Then, the calculated eleva-
tion and azimuth angles are compared with the current positions
of the solar concentrator to obtain a differential value in position.
If the positional difference in angular degree is greater than the res-
olution of the optical encoder, i.e. 0.70°, the program will command
the relevant stepper motor to move the solar concentrator to the
latest calculated position. The specification of the 2S-NISC
prototype is listed in Table 1. The weight of the mechanical frame

Appl Energy (2017), http: //dx.doi.org/10.1016/j.apenergy.2017.05.188

Please cite this article in press as: Chong K-K et al. Design and construction of active daylighting system using two-stage non-imaging solar concentrator.

157



K.-K. Chong et al. /Applied Energy xxx (2017 ) xxx-xxx

) 0000000600 060000 ¢

1—— 17 fibers in a row

19 rows

Fig. 4. Arrangement of optical fibers on the target plane with area of
50mm x 50 mm.

including reflectors is 16 kg and the weight of the entire 2S-NISC

prototype including the driving mechanism is 42.2 kg. The dimen-
sion of the mechanical frame is 91 cm x 81 cm.

2.4. Solar daylighting system using 2S-NISC prototype

High-performance plastic optical fibers (POF) with model
CK-120 were selected because of its cost effectiveness, flexibility

CPV cell 1

F

and large core diameter that can transmit more light via total
internal reflection. Each plastic fiber consisted of a core made of
polymethylmethacrylate (PMMA) and cladding made of fluori-
nated Polymer. The core diameter of the POF was 2.945 mm with
the external diameter of 3mm including the cladding. The
entrance aperture of the optical fibers was fixed at the central
region of the primary reflector to face the sun perpendicularly in
order to minimize the bending angle of the optical fibers and thus
reduce bending losses during daylight transmission. The half
acceptance angle of the PMMA is 30° (total acceptance
angle= 2 x 30°); where the half acceptance angle is defined as
the maximum angle relative to the central axis of the optical fiber
at which the light rays can enter and transmit through the optical
fiber. It is also indicated that the maximum emitting angle of the
light rays at the exit of the optical fiber would also be the same
as the half acceptance angle.

To prevent melting and downgrading of the POF after a long
exposure time under concentrated sunlight, a hot mirror filter is
placed just before the entrance aperture of the fibers to filter away
an average of 98% of infrared ray and an average of 70% of ultravi-
olet light (below 380 nm and above 710 nm). The hot mirror has a

N e

CPV cell 2
Fig. 5. Experimental setup to measure the solar concentration ratio of the two-stage non-imaging solar concentrator (25-NISC) by using CPV cells.
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Fig. 6. Graph to show the relationship of short-circuit current of CPV cell 1 and solar concentration ratio (measured and simulated results) versus local clock time on 14th

December 2016.
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Fig. 7. Experimental setup to measure the indoor illuminance produced by the active daylighting system consisted of two-stage non-imaging solar concentrator (2S-NISC)

and two bundles of optical fibers with total length of 10 m.
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Fig.8. Graph to show a comparison between theoretical and experimental results for the indoor illuminance of the active daylighting system versus local clock time on 30th

December 2016 and 16th February 2017.

high transmissibility of 98% for visible light. To protect the fibers
from scratches, dust and dirt, they are neatly inserted inside a
black foam embraced by insulated pipe.

The optimized target area in which the POFs were located in the
prototype of the solar concentrator is 50 x 50mm? and Fig. 4
shows that this optimized area can accommodate 314 optical
fibers for indoor illumination. From the calculations as shown in
Table 2, the prototype is expected to deliver 8143.2 Im of daylight
to the optical fibers.

Based on the known average solar flux distribution, we can cal-
culate the average lumen that one optical fiber can transmit. Since
the cross-sectional area of each optical fiber is 7 x (1.5 mm)?® =
7.07 mm?, one fiber can transmit an average of (7.07 mm? x
8143.21m)[2500 mm? = 23 Im. For an optical fiber with a length
of 10m, we have calibrated the incurred transmission and

coupling losses as 45.7% through cutback technique. Thus, the
average lumen emerging at the exit aperture of 10 m length opti-
cal fiber is expected as (23 1m x 54.3%)=12.49 Im.

For daylighting via optical fiber in a standard office area of
6.3 m?, the lumens required to achieve 500 Ix (standard illumi-
nance for visibility) is 3150 Im and therefore the total number of
optical fibers needed is 3150/12.49 ~ 252 fibers. As shown in
Fig. 4, the target area can accommodate 314 optical fibers, which
can supply an average luminous flux of 12.49 Im x 314 =3921.9 Im
(or 622.51ux for office area of 6.3 m?). Theoretically, we can
accomplish more than the required illuminance value for a stan-
dard office area with our prototype. If an average illuminance of
500 lux is required, the average illuminance of our prototype
design with 622.5 lux for a space of 6.3 m? can be used to illumi-
nate a bigger office area of (622.5 lux x 6.3 m?)/500 lux = 7.8 m%.
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Table 2
Design specifications for the prototype of active daylighting system using two-stage
non-imaging solar concentrator ( 25-NI1SC).

Value

1000

Parameters Value  Parameters

Direct normal irradiance
(DN, | (W/m?)™
Percentage of visible lightin 47

Area of each primary facet 25
mirror {cm?)
Number of primary facet 80

mimors solar spectam, VL (%)%
Total area of all primary 0z Percentage of infrared light 46
facet mirrors, Apegector in solar spectrum (%)
(m?)
Target area () 00025 Percentage of ultraviolet 7
(0.05m = 0.05m) " light in solar spectrum (%)
Transmissibility of vi 098 Uniform illumination area 1444

light for hot mirror of concentrated flux, Auqiform

(mm?) =
(38 mm = 38 mm)”

Core reflective index of POF 149 Average solar concentration 68
ratio within the target area
of 50 mm » 50 mm (suns)™
Numernical aperture of POF  0.50 Input solar power within 170
the target area of
50 mm = 50 mm (W)=
(68 = 1000 = 0.0025)
Maximum operating 70 Visible light power as47%of 799
temperature of POF (°C) full solar spectrum (W)
=170 W = 0.47
Minimum operating —55 Input light power after the 783
temperature of POF (°C) hot mirror filter (W)
=789 W = 0.98
Length of POF (m) 10 Hluminance {lm) 81432

= luminous efficacy = input
light power = 104 Im/

W TBIW
Half acceptance angle of 30
POF (°)
Average value of direct 104

beam luminous efficacy
(Im/W) as provided by
Lim and Ahmad based
on Malaysian climate
1531

Transmission loss of POF <200
(dBfkm)

Total transmission loss via 457
fiber, L, (%)

Note: The parameters and values with * are very important in the calculation and
are explained as follows:

! The target area is the area where sunlight is focused onto by the solar con-
centrator and it is also fully covered by the input apertures of the optical fibers.

2 A hot mirror is a dielectric mirror that reflects infrared and ultraviolet portions
of sunlight but allows visible light to pass through. Thereby, it is important to
protect the bundle of optical fibers from overheating that can cause the plastic fiber
to melt or bum. The transmissibility of hot mirror for visible light is as high as 98%.

"3 Direct beam luminous efficacy is the ratio of daylight illuminance to solar
iradiance measured in the unit of lumens per Watt (SI unit). The average value in
Malaysia is 104 Im/W.

"4 Transmission loss of plastic optical fiber is the light power loss in exponential
rate with distance as the light travels along the plastic optical fiber. The amount of
loss is quantified in the unit of dB/km.

" pirect normal irradiance { DNI) is the direct component of solar power reaching
the earth per square meter. The standard value of DNI is given as 1000 W/m?

" Visible light is only a portion of the solar spectrum that is visible to the human
eye, which is 47%.

7 Uniform illumination area of concentrated flux is the area in the central region
of the solar flux distribution in which solar concentration ratio is almost constant. It
can happen because this region has all the solar images of the flat facet mirrors
overlapped perfectly.

"8 Average solar concentration ratio is the average solar irradiance integrated over
the target area of 5 an = 5 on divided by the solar irradiance incident on the
collector aperture. From the numerical simulation result using Light Tools, we can
obtain the value of average solar concentration ratio as 68 suns.

To supplement the intermittent daylighting especially when
illumination is less than the required level, light-emitting diodes
(LEDs) with model no. LUW W5AM-KYLX-4E8G are proposed as

complementary artificial light source because they consume less
power and have a long lifetime. It is a high power LED with a
white light source at color temperature of 5700K, which is in
the similar range of daylight ranging from 5000K to 6000 K.
As stated in the datasheet [54], each of the LEDs can produce
104 Im/W with the forward voltage (Vp) of 3.2V, current of
350 mA and electrical input power of 1.12W. For the LEDs to
fully illuminate an office area of 7.8 m? we need 3921.9Im to
achieve 500 1x and hence a total of 34 LEDs with rated electrical
power of 37.7 W is required. It means that the total illuminance
produced by our active daylighting prototype is equivalent to 34
LEDs with 1.12W each. Considering the input solar power of
170 W collected by the prototype (refer to Table 2), the equiva-
lent power conversion efficiency can be calculated as
(37.7 W/170W) = 100% = 22%.

3. Results and discussion
3.1. Experimental result

The experimental setup for measuring solar concentration ratio
of 25-NISC prototype is revealed in Fig. 5. The following instru-
ments were employed: multimeter 1 - to measure the short-
circuit current of CPV cell 1 that is placed under concentrated sun-
light (Isc-y), multimeter 2 — to measure short-circuit current of CPV
cell 2 that is placed under one sun (I,._), a digital light meter fixed
on the mechanical frame - to measure illuminance of sunlight, a
pyranometer - to measure global solar irradiance (GSI), and a
pyrheliometer - to measure the direct normal irradiance (DNI).
To ensure accurate measurement, all instruments were tilted to
face the sun perpendicularly at all times.

For the measurement under one sun, the short-circuit current of
CPV cell 2 contributed by DNI only (IPM) can be calculated using
the following equation:

DNI .
!f('fz =lea % 3T (1)

where I.._; is the measured short—circuit current of CPV cell 2 (mA)
exposing to GSI under one sun, DNI is the direct normal irradiance
measured by the pyrheliometer (W/m?) and GSI is the global solar
irradiance measured by the pyranometer (W/m?).

After obtaining both I2M and I, the measured solar concen-
tration ratio of 2S-NISC prototype, Cmeasured, Can be computed using
the following equations:

T .
Cneasured = W‘I 2)

[SCfZ

Ly GSI .
Crneasured = T x BNL (3)

where I, is the measured short—circuit current of CPV cell 1 (A)
exposing to the concentrated sunlight that is located at the central
region of the receiver.

To measure the solar concentration ratio of the 25-NISC proto-
type, readings were taken during a sunny day with some clouds
in the sky for local cdock time from 11:15h to 14:33 h on 14th
December 2016 and all the data are listed in Table 3. Fig. 6 shows
the relationship of measured solar concentration ratio and the
short—circuit current of CPV cell 1 under high concentrated sunlight
versus local clock time as compared to the simulated solar concen-
tration ratio. The measured solar concentration ratio of the 25-NISC
prototype fluctuated between 62 suns and 74 suns throughout the
period of measurement. The variation is attributed to random error
during measurement of short-circuit currents from CPV cell 1 and
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Table 3

Data collection on 14th December 2016 for the short-circuit currents of CPV cell 1 and 2, GSI, DNI, measured and uncertainty of solar concentration ratio at the receiver of the

two-stage non-imaging solar concentrator (25-NISC) prototype.

Local time (h) GS1(Wim?) DN (W/m?) DNIJGSI ratio lgen (MA) Teq (A) Measured solar Uncertainty of measured solar
concentration ratio (suns) concentration ratio, C o egyueg (SUNS)
11:15 1022 912 0.89 1399 DE6 bEB 1.4
11:16 1022 912 0.89 1398 DE6 [:1-3:] 1.4
11:18 1034 800 0.87 14.10 D.E4 B6B4 1.4
11:37 1107 888 0.80 15.19 D78 640 13
11:38 1144 900 0.79 1567 087 705 1.4
11:46 1192 888 0.74 1630 0B84 692 1.4
11:47 1192 800 0.76 1625 DE6 70.1 1.4
12:10 1204 BEEB 0.74 1635 () 63.1 1.3
12:12 1180 888 0.75 1573 DEO B76 +1.4
12:14 1229 925 0.75 1633 DE8 716 *1.5
12:22 1156 825 0.80 16.00 DE3 648 1.3
12:26 1204 925 0.77 1633 07 630 1.3
12:27 1192 912 0.77 16.04 07a 644 1.3
13:24 119 863 0.77 1488 073 634 13
13:26 119 851 0.76 1451 081 736 *1.5
13:29 1119 863 0.77 1520 077 656 1.3
13:33 1095 B3B8 0.77 15.13 077 B65 1.4
13:36 1046 826 0.79 1456 D74 643 13
13:37 1034 826 0.80 1450 077 b64 1.4
13:40 998 789 0.79 1388 075 B6B4 1.4
13:42 985 764 0.78 1362 067 6289 1.3
13:51 1058 8318 0.79 1488 D78 663 1.4
13:52 1046 814 0.78 1466 074 b45 1.3
14:32 985 715 0.73 1406 D68 667 1.4
14:33 985 727 0.74 14.12 D65 62.1 1.3

2, which can be caused by several factors including temperature
variation of CPV cell, the accuracy of sun-tracking and measure-
ment error of the multimeter (+1.2% for current and +0.8% for volt-
age). From the average measured solar concentration ratio of 66.6
suns with a standard deviation of 3.0 suns and the simulated aver-
age solar concentration ratio of 76 suns, the reflectivity of the facet

mirror can be estimated as \/%‘5_;,‘ = 0.935. (Note: we subtract one
sun in the formula because the direct sunlight from the central
region of the secondary reflector does not affect the reflectivity
of the facet mirrors).

The uncertainty of measured solar concentration ratio
(ACneasurea) 15 dependent on the measurement error of the
short-circuit current of CPV cell 1 (Alic), measurement error of
the short-circuit current of CPV cell 2 (Al ), the measurement
error of DNI voltage (AVpn) and the measurement error of GSI
voltage ( AVgs) as shown in the following expression:

(Acmm)z (mx_.): AL, 2+(Avw)2
Creasured /  \ Tsc1 . Vo

AVGS)Z )
+ (= 4
(vm @
Al 2 AN : AVpr 2 AVgs\?
s || (GE2) - (582) (7729 (7)o
(5)

where Al and Al are £1.2%; AVpn and AVigs; are +0.8% as pro-
vided in the instruction manual of the multimeter [55]. Given that
DNI= Vony/8.11 and G5I = Ve /822, both values of 8.11 and 8.22
are constants as provided by the specifications of the pyranometer
and the pyrheliometer respectively.

In the case study, we used fourteen POF's with specification as
revealed in Table 1 to guide the sunlight from the 25-NISC proto-
type to the test room. Seven optical fibers were grouped as one

bundle in a hexagonal arrangement and the second bundle was
made an exact replica of the first bundle. The optical fibers were
first prepared in the laboratory by cutting each to a length of
10 m, followed by polishing the surface using different grades of
sandpapers from the most coarse to the finest grade (600, 800,
1000, 1200 & 1500) to achieve an even and smooth surface. The
surface roughness of optical fiber is an important factor to deter-
mine the light coupling effidency between air and fiber. In the
region of uniform illumination area (38 mm = 38 mm) of the pro-
totype, two bundles of optical fibers were fixed firmly with
entrance aperture oriented perpendicularly relative to the incident
sunlight as illustrated in Fig. 7. The other end of the fiber was con-
nected to the test room where the illuminance from the optical
fibers was measured using a digital light meter (MASTECH
MS6612 with a spectral range between 320 nm and 730 nm ).

Inside the test room, the indoor illuminance was measured at a
distance of 2 m from the exit aperture of the optical fibers at differ-
ent times of the day when the DNI was found stable. The back-
ground illuminance values were subtracted from the measured
indoor illuminance values in the test room during data collection.
The experimental setup to measure the indoor illuminance of the
active daylighting system using the 2S-NISC prototype inside the
test room was similar to the previous experiment except that
CPV cell 1 was replaced by the optical fibers. The experiments were
conducted on 30th December 2016 and 16th February 2017 in
which all the five parameters (DNI, GSI, illuminance, short-circuit
currents for both CPV cell 1 and CPV cell 2} were recorded
concurrently.

In Table 4, the deviation between experimental and theoretical
results increases sharply from 7% at 14:06 h to 20% at 14:50h and
slightly reduces to 15% at 15:04h on 30th December 2016. In
Table 5, the deviation also increases suddenly from 14% to 26% dur-
ing the local time from 14:05 h to 14:06 h, but it dropped signifi-
cantly from 20% to 11% during the local time between 14:07 h
and 14:09 h on 16th February 2017. These phenomena indicated
that the deviation could be caused by both systematic and random
errors. Systematic error is mainly caused by the pointing error of
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Table 4

Comparison between experimental and theoretical results for indoor illuminance using fourteen 10 m long plastic optical fibers connected to the prototype of the active

daylighting system on 30th December 2016,

Local time (h) DNI (W/m?) Indoor illuminance (Ix) Deviation between experimental Uncertainty of experimental
Experimental result Theoretical result and theoretical results (%) result for indoor illuminance ( bx)
13:56 851 920 919 0o 55
14:00 863 927 933 10 5.6
14:06 802 808 866 70 +48
14:50 013 784 BB E 20,0 .7
14:53 013 79.6 BB E 15.0 48
14:55 013 774 BB E 21.0 4.6
15:00 800 792 8972 15.0 48
15:02 013 B13 BB E 17.0 4.9
15:04 013 840 BB E 15.0 5.0
15:06 BEEB 815 858 14.0 4.9
15:11 800 714 872 7.0 43
Table 5

Comparison between experimental and theoretical results for indoor illuminance using fourteen 10 m long plastic optical fibers connected to the prototype of the active

daylighting system on 16th February 2017.

Local time (h) DNI (W/m?) Indoor illuminance (Ix) Deviation between experimental Uncertainty of experimental
Experimental result Theoretical result and theoretical results (%) result for indoor illuminance (k)
14:05 800 840 8972 14.0 5.0
14:06 800 721 872 26.0 43
14:07 BEB 769 858 200 4.6
14:09 888 858 858 1.0 5.1
14:11 888 913 858 5.0 5.5
14:12 888 889 858 7.0 5.3
14:15 888 85.0 858 1.0 5.1
14:16 BBE 818 959 15.0 +49
14:27 BBE 822 959 14.0 +49
14:29 BBE 940 959 20 5.6
14:31 888 o927 959 3.0 5.6

the sun-tracking system. In fact, the accuracy of the sun-tracking
system relies on the resolution of a 9-bit absolute encoder where
the control system only activates the driving system to track the
sun after the absolute encoder has sensed the sun position being
deviated by 0.70° away from the perfect tracking condition. When
the pointing error is increased, the optical fiber at the target area
would still receive the focused sunlight but the illuminance output
is affected significantly by light transmission loss due to the
increase of the incident angle relative to the optical fiber [24].
Despite a higher tolerance of 25-NISC prototype towards pointing
error as compared to the conventional solar concentrator, the
increase in the incident angle can still cause more transmitted sun-
light to leak out from the optical fiber. To be cost saving in our pro-
totype design, we intentionally employed a lower resolution of
absolute encoder to provide a feedback signal of the sun position
with the pointing error of up to 0.70° and the experimental result
has shown that the transmission loss is still within the acceptable
range. On the other hand, random error is mainly caused by the
measurement error of the light meter with the uncertainty value
of +6% [56]. The uncertainty of the measured indoor illuminance
can be determined as measured indoor illuminance x 6%.

To analyze the performance of the active daylighting system,
we compared between experimental and theoretical results of
indoor illuminance as shown in Fig. 8. To calculate the theoretical
result of the indoor illuminance produced by the prototype of the
active daylighting system ([llum,,,), the following formula is
applied:

MUMyeo = ((Cang — 1Ry + 1) 3 I GVL % (1 — Liger)

Appe .
# Trgr mirmr % Ep % %X Niger (6)

where C,,,is the average solar concentration ratio, which is equal to
76 suns in the uniform illurmination area; 1is the direct normal irra-
diance (W/m?); Agp., is the cross-sectional area of the plastic optical
fiber (1 x 1.5 mm®);%VL is the percentage of visible light in the
solar spectrum (47%); Thot mirror 15 the transmissivity of hot mirror
to visible light (98%); Lpper is the total transmission loss for a
10 m long plastic optical fiber (45.7%); Neper i5 the number of plastic
optical fibers (14 fibers); E is the average value of direct beam
luminous efficacy (104 Im{W); Aiium is the indoor illuminance area;
Reacer 15 the reflectivity of primary/secondary facet mirrors (93.5%).

In the above expression, the indoor illumination area, Ay, has
to be determined by perceiving that the light meter is placed at a
distance of 2 m from the aperture of the fibers in the test room.
From Fig. 9, the indoor illumination area can be computed if the
half rim angle (@) of the solar concentrator is known.

The half-rim angle () of the 25-NISC prototype is obtained as
tan~" L — 24°, which is also equal to the maximum incident angle
of sunrays relative to the entrance aperture of the POF. Since the
maximum incident angle of sunrays is 24° relative to the fiber
aperture, the maximum exit angle of sunrays should also be 24
and the indoor illumination area at a distance of 2 m from the exit
aperture of POF can be attained as 1.586 m’.

4. Cost analysis of optical fiber based two-stage non-imaging
solar concentrator (2S-NISC)

For direct normal irradiance of 1000 W/m?, the prototype of 25-
NISC with a total collective area of 0.2 m* can provide an average
illuminance of 500 Ix (3921.91m) to a room area of 7.8 m® via
314 plastic optical fibers. As concluded from section 2.4, the indoor
illuminance produced by the 25-NISC prototype is equivalent to 34
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Fig. 9. Diagram to show how the half rim angle and indoor illuminance area are calculated.

Table 6

Summary of estimated breakdown cost for constructing an active daylighting system
using two-stage non-imaging solar concentrator (25-NISC) with collective area of
4m?

usp
Mechanical support structure 200.00
Flat facet mirrors 13120
Adjustable frames with screws 100.00
Automatic sun-tracking module 700.00
Base structure and miscellaneous 100.00
Total cost 1231.20

LEDs with the rated electrical power of 37.7 W so that the equiva-
lent power conversion efficiency is found as 22%.

Since the prototype of 25-NISC with a total collective area of
0.20m? is not a final commercial product, the hardware design
and manufacturing cost are not fully optimized. For economic anal-
ysis, the optimized collective area of 25-NISC is proposed as 4 m?*
with the estimated breakdown cost as listed in Table 6 in order
to levelize the cost of the sun-tracking system and the mechanical
structure. In this design, the total reflective area of the primary
reflector is 4 m* and total reflective area of the secondary reflector
is 256 m*. Based on our previous experience, the collective area of
4 m? is the most manageable size for a solar concentrator by con-
sidering various factors of practical implementation in which the
height of the solar concentrator is about 2 m (close to the average
human height) and the total weight of the flat mirrors with a thick-
ness of 3 mm is about 51 kg (manageable by driving devices) [57].
For the flat facet mirrors with a total reflective area of 6.56 m?, the
total cost is only USD 131.20 based on the standard quoted price
for a solar grade flat mirror with 3 mm thickness at the price of
USD 20/m?. Nevertheless, the costs of parabolic trough and linear
Fresnel lens are USD 400/m? and USD 200/m? respectively as pro-
vided by Ullah et al. [23]. According to Vu et al., the cost of the
commercially available automatic sun-tracking module is USD
700 [30]. From Table 5, the total cost of the daylighting system
with a total collective area of 4 m? can be estimated as USD
1231.20. From our prototype design, the total collective area of
0.2 m? can produce the equivalent electrical power of 37.7 W. Pro-
portionally, the total collective area of 4 m* can provide indoor illu-
minance equivalent to the electrical power of 754 W, which is
equivalent to USD 1.63 /W.

For economic viability, the payback period of the active day-
lighting system can be determined by the following formulas
[58,59]:

In [1 —Stutalf’r'Pann]

_ 7

Mooy (il +1) @

in which

in which 7 — (ﬂ) ~1 @)
1 +]J

where i is the interest rate or discounted rate, j is the fuel inflation
rate, Siora is the total capital cost of the active daylighting system,
P, is the annual energy cost saving (USD/year). For instance, let
us consider a discounted form of calculation with the interest rate
of 4% if a loan is made to build the active daylighting system with
a capacity equivalent to generating 754 W of electricity for lighting
up a building and the fuel inflation rate is 2%. The annual energy
saving to light up the building can be calculated as 0.754 kW x
6 h/day = 365 days by assuming the annual average of daily direct
normal irradiation as 6 kW h/fm?. The annual electrical energy sav-
ing by the active daylighting system is 1651.3 kW h, which is equiv-
alent to the annual consumption of USD 214.7 in the electric bill
provided that the electricity rate is USD 0.13 per kW h. Table &
shows the breakdown cost of all the components for constructing
the active daylighting system and the total expenses of the whole
system is USD 1231.20. With the use of annual saving from the elec-
tricity bill to pay for the installment of the loan, the total payback
period can be calculated from Eq. (7) as 6.1 years, which is quite
reasonable because the daylighting system can last for at least
15years. On the other hand, the total payback period is found as
5.4 years for undiscounted form by including the fuel inflation rate
at 2%. This shows that the active daylighting system using 25-NISC
has the potential of being affordable if it can be mass-produced with
an improved mechanical design and light transmission system as
compared to the existing fiber optics daylighting systems. The price
of the plastic optical fiber varies with its length and 10 m length
was only used for experimental purpose. Studies have shown that
the shorter the length of the optical fiber, the lesser the losses
and the more the transmittance. Therefore, for real-world imple-
mentation, the fiber length ranging between 2 m and 6 m would
be recommended to transmit daylight from the solar concentrator
on the rooftop to the interior parts of a building [23].
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Table 7

Comparisan between existing dalighting systems and the proposed active daylighting system using two-stage non-imaging solar mncentrator (25-NISC).

Daylighting Technology

Technical details and performance

Economic and cost-benefit analysis

2000-200K (21 02) 200 AZi217 payplay'[ o 12 Buap) F-H
SS3dd NI ITOLLHV

vl

single axis Thiee gage reflective type of b Input aperture area of parabolic trough = 1000 mm « 570 mm. High-cost de
wacking  ear focusing design: Focal length of parabalic trough - 450 mm Farabalic trough casts USD 400/m*.
Parabolic  Trough+ pamabslic  Input  apertwre  ares  of  secondary  paabolic  Automat tracking module costs USD 400
reflector + Trough CRC [23] reflector= 15 mm x 570 mm A complicated optical system consisting of three stages of focusing devices. The costs for
Tocal length of parabalic reflector = 456.7 mm the secandary parabalic reflector, trough CPC, and mechanical structure are not provided
Input aperture area of Trough CPC = 15 mm = 570 mm Ly the researc hers
2mm phstic optical fiber (POF) +silica optical fiber (SOF)  The total cost is more than USD 800fm?.
matched together with index matching gel are used for light  The prorated cost ar a collective area of 4 m? ks more than USD 3200
wansmission
Total floor area of illumination = 801
Low solar concentration rati: less than 1940 suns
It is expandable while requiring anly a single tracking module.
nuymn system where LEDS re used a5 a complimentary light
Three stage refiactive type of linear ]nplll aperture area of Fresnel lens = 1000 mm 570 mm High-cost des}
focusing design: Focal length of Fresnel lens = 775 mm Linear B!snd lens cost USD 200/m*
Lingar Freanel lense Collimating et apetwe  ama of  placcocave  lens  Alomatic tracking module costs USD 400
lens  (plano-oncave  lens) 1S = 15 mm 570 mm of th The costs af the
+ Trough CPC (23] Focal length of plano-concave lens = 23.27 plano-concave lens, wough CPC, and Tchanica sxructas e nd provided by the
Input aperture area of Treugh CPC = 15 mm = 570 mm researchers
Silica optical fiber (SOF)+ 2 mm plastic optical fiber (POF) are The total cost is more than USD 600im*
used for light ransmission The prorated cost af a collective area of 4m” is more than USD 2400
Total floor area of illumination = 80
Linear Fresnel lens is easily manageable and widely available for
rapid manufacturing
Low solar concentration rtia: less than 100 suns
It & expandable while requiring anly a single tracking module.
A bybrid system where LEDs are used as a complimentary light
source
Dual axis  Full spectrum parabolic mimor hybrid  Radius of aperture for primary parabolic dish= 0.8 m rojected oss of 5U% for single-storey application and additional 15-20% for second-storey.
wacking  daylighting system [25.26): Radius of curvature of primary parabolic dish = 3675 m applications
Primary  concentrator (circular Input radius of the apertire i 0.125 m for sacondary optical ele The cost of manufacturing in commereial quantities is high (about USD 3000 for a 2 ' eol-
parabolic  mirror)+ Secondary ‘ment integrated with concentrating phatoveltaic cell. lector that can illuminate only a single-storey building):
element (cold mirmor)+ thermal The  distance  between  primary  and  secondary Installation cost of USD 3
photovoltaic array for electricity concentrators = 1450 mm. The profated cost at a collective area of 4w ks USD 6000
generation « gt distribution Optical fiber with large core diameter of 18 mm is used for light
large core optical
fibers) + Luminai 5% . asuming 100 reflectivity of the mirmors.
and no reflection lasses coupling into the fiber.
Hybrid lighting contral system
Hybrid parabalic two-s: This work was 3 thearetical study only. The performance analysisis  ery expensive to be manufactured:
mylgnm&mj‘mmp:yw. |27): based on MATLAB simulation result: 2.6 m diameter parabolic primary concent rator costs 250 euros.
-tracking primary para ‘Diameter of parabolic collector =26 m Secandary optical element costs 380 euros.
collector + secondary  call Total collective area= 448 Solar tracking system custs 700 euros.
+10mlong. 3mmdameterplas-  Parabolic collectar efficiency = 95% Total expected cast of the system with collective area of 4.48 m? k 6538 eures (or USD
tie optical fibers ‘Diameter of secondary collector = 103 m 699566 at the rate of 1 euro = 1.07 USD)
Efficiency of secondary collctor =90% The provated cost at a collective area of 4 ks USD 624613
Toual numhunqulm]il!n for the system = 145
Input available power - 1344
Fiber optics d’ﬁdulty(wm)-m
Overall system efficiency = 1%
Output power =28224 W
Illumination ream area = 100w
{@ndnued on next page)
Table 7 (conrinued)
‘Dayiighting Technology Technical details and Econamic and cost-benefit analysis

Maodified optical fiber daylighting
system with sunlight transportation

Output light ok obtained - 43,500 Im by asuming that solar
light efficiency = 180 1m/W and maximum light fus for each opti-
aal fiber = 350 Im

Diameter of Fresnel lens = 340 mm

Focal length of Fresnel kens = 350 mm

in free space [30): Groove pitch of Fresnel lens = 1 mm
It i comprised of: Material of Fresnel lens is PMMA
. (Point BCUS colimatar
Fresnel lens)

« Truncated cone tapered plastic
aptical fiber with & mm large core
diameter

« Callimator (parabalic mimor &

convex lens)
« Light distributor (Directing flat
mimors & two linear Fresmel
lenses placed perpendicularly to
diffise paralel light for indoor
Illumination)
Two stage pon-maging solar
concentrator { 25-NIC)
Sdar concentrator: Primary
reflector & secondary
refle

ctor
Light guide: Plastic optical
fibers

‘Diameter of parablic mimor = SBmm with focal length of 4 mm.
diameter of convex lens = 15 mm with focal length of 11 mm,
Thickness of concentrating module = 350 mm

Distance between Fresnel lens and receiver =3 mm

Uniformity of light on the receiver =855

Prototype optical system efficiency = 50.7%

‘Degradation of plastic Fresnel lens over time due 10 the effect of
ultraviolet and infrared rays.

Very complicared optical system because it consists of many
stages of optical devices

Total reflective area of the primary reflector = 4 m*

Total reflective area of the secondary reflector = 256 m’.

Half rim angle of concentrator = 21°

The equivalent power conversion efficiency = 2%

The total collective area of 4 m can provide indoar illuminanse
equivalent o the electrical pawer of 754 W

The 25-NISC has the following advantages:
1. The reflectors consisted of only flat mimors.

2 Low rim angle

3. uniform illemination ai the target area

4. Hightolerance 1o pointing emor of suntracking system

High cost for real life implement at
5 5 5 arl Fresnel lens cast (115D dbflens)= USD
The cost of eighteen POFs with 1 m length (tMPﬂFinee i5USD 3.9/m] ~USD 7020
Mechanical bracket costs =USD 1000
18 extended hot mirrors cost = USD $80
18 collimators cost = USD 540
Total cost of 36 mimors = USD 72
Automat ic dual axis sun tracking system costs = USD 700
(Cost of one distributer in mass production i estimated 2 USD 10) Cast of 18
distributers - USD 180
For a total collective area of 227 o7'. the total cost of the whole system = USD 272
The promted cost at a colleetive atea of 4 m is USD 7527.75

Low-cest design for a callective area of 4 m:
Cost ol and secondary flat facet mirmors - USD 13120
Cost of mechan cal Support StTucture = USD 200
Cost of adjustable frames with screws - USD 100
Cost of automat i sun-tracking module = USD 700
Cost of base structure and miscellaneaus = USD 100
For a collective area of 4 m®, the total cost of the system is USD 123120
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For reliability test, we have operated and tested our prototype
on the rooftop for one year where the system is robust and stable
in performance. Mechanical driving devices such as the stepper
motor connected to a sprocket gear engaged with a custom-
made gear for azimuth motion and the linear actuator for elevation
motion are highly reliable and durable. The control system of the
tracking system can track the sun as programmed and there has
been no malfunction. The solar grade facet mirrors specially
designed for outdoor operations are durable and the reflectivity
can be maintained well after one year of operation. The adjustable
frame with screws used to hold the mirrors in their aligned posi-
tions is rigid and remain in their fixed position after one year.

Table 7 presents a comparison of our active daylighting system
with some selected existing fiber optics daylighting systems in
terms of technical details, performance, economic and cost-
benefit analysis.

According to the economic analysis as listed in Table 7, the
25-NISC system has been demonstrated as the most cost-effective
system among all the active daylighting systems with the lowest
manufacturing cost of USD 1231.20 at a collective area of 4 m?, In
practice, the active daylighting system using 25-NISC would be
installed on the rooftop and the concentrated sunlight is guided
and distributed by using plastic optical fibers to different rooms
in the building. The total collective area of 25-NISC is determined
by the total space area of the building needed to be illuminated.
For illuminating the room, hybrid lighting system is recommended
so that the exit apertures of plastic fibers and the LEDs are posi-
tioned in an alternating arrangement to form a 2-D array, and then
covered by the diffusers to provide uniform indoor illumination. To
maintain consistent illuminance at all times, the illumination level
of the LEDs would be adjusted to compensate the fall of daylight
from the required illuminance standard. An electrical lighting con-
trol system with a photosensor is used to maintain the standard
illuminance level of the interior via closed loop feedback system.
To optimize the transmission loss in the fibers, the 2S-NISC should
be placed on the rooftop of a building with a maximum height of
not more than two storeys so that every corner of the interior space
is achievable by the plastic optical fibers with a maximum length of
6 m. The recommended length of plastic optical fiber to have good
transmittance is about 6 m in which a 3 m long fiber gives a trans-
mittance of 87% and an 8 m long fiber gives a transmittance of 72%
[23]. However, a much longer fiber length is possible if low loss
fused silica optical fiber can be manufactured at an affordable price.

5. Conclusion

The design and construction of active daylighting system using
2S-NISC have been presented and evaluated in detail. From our cal-
culation, the prototype of active daylighting system with collective
area of 0.2 m?is capable of uniformly illuminating an office area of
7.8 m® with average illuminance of 500 1x. This indoor illuminance
is equivalent to 34 LEDs with rated electrical power of 37.7 W.
Considering the input solar power of 170 W, the power conversion
efficiency of 25-NISC prototype can be determined as 22% From
the numerical simulation, the average solar concentration ratio of
prototype is 76 suns and the percentage of energy within the uni-
form illumination area is 57.3% The percentage of energy is
increased to 74.6% for Ca.e of more than 60 suns, and the percent-
age of energy becomes 88.7% for Gy of more than 38 suns. With
reasonably uniform solar flux distribution produced by 25-NISC,
it is highly recommended for the active daylighting system. The
measured solar concentration ratio of the 25-NISC prototype fluc-
tuated between 62 suns and 74 suns in such away that the average
measured solar concentration ratio is 66.6 suns with a standard
deviation of 3.0 suns. Comparing with the simulated solar concen-

tration ratio of 76 suns, the reflectivity of the facet mirror can be
estimated as 93.5%.

In Table 4, the deviation between experimental and theoretical
results increases sharply from 7% at 14:06 h to 20% at 14:50 h and
slightly reduces to 15% at 15:04h on 30th December 2016. In
Table 5, the deviation also suddenly increases from 14% at
14:05h to 26% at 14:06 h but then dropped significantly from
20% at 14:07 h to 11% at 14:09h on 16th February 2017. These
phenomena indicated that the deviation could be caused by both
systematic (due to pointing error of the sun-tracking system) and
randem errors (due to measurement error of the light meter). To
be cost saving in our prototype, we intentionally employed a lower
resolution 9-bit absolute encoder to provide feedback signal of the
sun position with the pointing error of 0.70°. The experimental
result has shown that the transmission loss caused by the low
tracking accuracy is still within the acceptable range.

Since the prototype of 25-NISC with total collective area of
020 m? is not a final commercial product manufactured in mass
quantity, the hardware design and construction costs are not fully
optimized. For economic analysis, the optimized collective area of
2S-NISC is proposed as 4 m* with the total estimated cost of USD
1231.20 to levelize the cost of the sun-tracking system and the
mechanical structure. With the use of annual saving from the elec-
tric bill to pay for the installment of the loan at the interest rate of
4% and fuel inflation rate of 2%, the total payback period can be cal-
culated as 6.1 years, which is quite reasonable because the active
daylighting system can have a lifetime of more than 15 years. On
the other hand, the total payback period is calculated as 5.4 years
for undiscounted form with the fuel inflation rate of 2%. For a com-
parison with some existing fiber optics daylighting designs, our
daylighting system has shown its significance in energy saving,
cost-effectiveness and having great potential for commercial
application.
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