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Abstract: This study presents a misalignment light-guiding module to increase the effectiveness of
absorbing light. For a general fixed-type photovoltaic (PV) panel, the misalignment light decreases
the efficiency of the system. A solar tracking system was installed for obtaining higher power
generation. However, the cost of the PV system and maintenance was 5-10 times higher than the
general type. In this study, this module is composed of an array of misalignment light-guiding
units that consist of a non-axisymmetric compound parabolic curve (NACPC) and a freeform surface
collimator. The NACPC efficiently collects the misalignment light within +30° and guides the light to
the collimator. The light has a better uniformity and smaller angle at the exit aperture. The simulation
results show that the optical efficiency of the unit was above 70% when the misalignment angle was
smaller than 20°. The experimental results show that the power generation of the light-guiding unit
was 1.8 times higher than the naked PV panel.

Keywords: misalignment light-guiding module; non-axisymmetric compound parabolic curve;
freeform surface collimator

1. Introduction

In the last few decades, there were significant changes in the use of the world’s energy resources.
Governments, industries, and academic institutions sought to find alternative sources of energy and
improve energy efficiency. Among all alternative sources of energy, solar photovoltaic (PV) approaches
attract significant attention. PV is a simple way to generate electricity from solar radiation.

The earth receives approximately 1 kW/m? of solar irradiation in a day [1]. Abbot showed that
this amount of irradiation could generate around 85,000 TW and estimated that the current global
energy consumption was about 15 TW [2]. However, the cost of PV systems is high, and this is a barrier
in competing with conventional electricity technologies. Therefore, studies on solar concentrators are
becoming more and more common. These devices can concentrate solar radiation onto a small area,
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and the size of the PV cell can be reduced. Also, the cost of the PV system can be reduced. A previous
study indicated a cost reduction of 40% using a solar concentrator with a geometrical concentration
ratio of 2.45 [3]. Also, a normal PV cell may have higher conversion efficiency under concentrated
solar radiation [4].

Solar concentrators [5] also generate heat on the PV cell. The increasing temperature causes the
efficiency of the PV cell to reduce [6]. A low-concentration PV system was able to solve this problem at
a low cost. The compound parabolic curve (CPC) is a well-known low-concentration solar concentrator.
The CPC was proposed by Winston and further developed by Welford, mainly in the 1970s [7,8].
A wider angular region of the sky can be concentrated by the CPC, including a substantial portion
of the diffuse radiation. This means that the CPC can be used with a less precise tracking system.
Furthermore, its simple appearance received great interest in building-integrated photovoltaic and
thermal applications [9]. There are two basic types of CPC: mirror or solid. Different types of CPC
designs incorporate different features [10-12]. The CPC can either be used as a three-dimensional
rotational symmetry concentrator or as a CPC trough concentrator [13]. Additionally, the solid CPC
employs total internal reflection (TIR) and may have a potential high optical efficiency. A concentrator
with a geometrical concentration ratio of two was developed in Sydney, Australia, and the efficiency
was as high as 94% (the efficiency is defined as light collection efficiency, which is defined as the ratio
of the input and output incident sun light) [14]. However, the solid CPC consumes lots of material.
A truncated CPC (T-CPC) was studied, and it was found to have a minor reduction in optical efficiency
by reducing the length of the CPC [15]. A lens-walled CPC was also developed [16]. A novel type of
solar concentrator called a rotationally asymmetrical compound parabolic concentrator (RACPC) was
also presented [17].

In this study, a misalignment light-guiding module was investigated. Owing to the characteristics
of CPCs, the CPC was chosen to become a part of misalignment light-guiding module with the
responsibility of collecting a wider angular region of the sky. For higher area utilization, the CPC
was transformed into a non-axisymmetric compound parabolic curve (NACPC). A freeform surface
collimator was applied to align the light from the NACPC and provide a better uniformity. The NACPC
and the freeform surface collimator constituted the misalignment light-guiding unit, and the unit was
put in an array attached to the PV panel to obtain a misalignment light-guiding module.

2. Experimental Methods

2.1. Non-Axisymmetric Compound Parabolic Curve Design

The design basis of the NACPC came from the improvement of the CPC. The CPC was designed
by two parabolas with different rotating angles, as shown in Figure 1. Firstly, two identical parabolas
were applied for the CPC. One was called parabola A, and the other was called parabola B. Parabola A
rotated in a counterclockwise manner along with its focal point, and parabola B rotated in a clockwise
manner along with its focal point. Focal point FA was located on parabola B, and focal point FB
was located on parabola A. Then, the unnecessary parts of the parabolas were truncated. These two
parabolas were rotated to generate a three-dimensional structure based on an asymmetry axis, as
shown in Figure 2. This structure was either designed as a mirror or solid type. For the mirror type,
the CPC was in the form of a shell with a thin film coating on the surface, where the surface resembled
a mirror with total internal reflection. For the solid type, the CPC was in the form of a bulk material
with reflection and refraction. One kind of wavelength (546.1 nm) was used in the analyses to simplify
the complexity of the simulation. For the mirror type, there was no effect on the light entering the
aperture of CPC. However, for the solid type, there was refraction when the light entered the aperture
of CPC. Therefore, the angle between the normal and the light entering the CPC was regarded as the
incident angle of light in this study. The angle after refraction was the incident angle of light. Angle 0
was defined as the half-acceptance angle, as shown in Figure 3a. When the incident angle of light was
smaller than the half-acceptance angle, the light smoothly went out through the exit aperture, as shown
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in Figure 3b. When the incident angle of light was equal to the half-acceptance angle, the light went
out at focal point FA or FB, as shown in Figure 3c. When the incident angle of light was larger than
the half-acceptance angle, the light was reflected by the wall several times. Then, the light went out
through the entrance aperture, as shown in Figure 3d. Circular CPCs resulted in several gaps between
each CPC unit when the CPCs were arranged in the form of an array. Therefore, the CPCs could not be
arranged in an array. These gaps caused a low fill factor and a significant decrease in efficiency. Thus,
the NACPC design was applied to improve these issues, as shown in Figure 4. The hexagonal shape
arrangement enhanced the fill factor, as well as the sunlight collection area and efficiency.
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Figure 1. The steps for constructing a compound parabolic curve (CPC).

Figure 2. The appearance of a CPC.
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Figure 3. The principle behind the CPC, (a) definition of the half-acceptance angle, (b) incident angle

smaller than the half-acceptance angle, (c) incident angle equal to the half-acceptance angle, (d) incident

angle larger than the half-acceptance angle.

Figure 4. The appearance of a non-axisymmetric compound parabolic curve (NACPC).
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2.2. Freeform Surface Collimator Design

In order to better align the light from the CPC, a collimator was included in the module, and
the freeform surface approach was chosen to construct the collimator. The traditional approach is to
couple pieces of lenses, resulting in the whole system having a higher cost and needing more space.
However, the freeform surface approach allows forming each surface separately before constructing a
lens. The space and cost were, thus, saved. Firstly, the light from the exit aperture of the NACPC
was regarded as the point light source. Two kinds of design rules were chosen depending on the
need. One involved constructing a reflection surface, and the other involved constructing a refraction
surface. Figures 5 and 6 show the processes for the free-form reflection surface and refraction surface,
respectively. The orlgmal point Py and the vector of the collimated light were decided. Also, the

direction vector Iy was obtained. The tangent vector TO at the point PO could be calculated usmg
Snell’s Law. Snell’s Law is described in Equation (1). The tangent vector TO and the direction vector [
intersected at a point P1. The tangent vector Ty at point P; was also calculated using Snell’s Law. Then,

the process was repeated to obtain all direction vectors I;, tangent vectors T,, and points P,,. Finally,
each point Py, P; ... P, could be drawn in a line to finish the freeform surface collimator [18].

Nj—

— —

[7112 + 1’122 - 21’111’12(0' I )] -N=n,0-m1, (1)

[N

where 11 and n; are the refractive index of the air and the collimator, respectively. O, I, and N are the
exit vector, the incidence vector, and the normal vector, respectively.

0

Light source

Figure 5. The process for constructing the freeform reflection surface.

Using this approach and other collimators [19], four kinds of collimator were constructed: a TIR
type, an elliptical type, and two variants based on these two types. Figure 7 shows the concept of the
TIR collimator, with two zones included in the design. In Zone 1, the light goes through the spherical
surface first, propagates inside the material, and then reflects internally on the surface. Therefore,
the light exits the TIR collimator in parallel with the axis. In Zone 2, the light also goes through the
spherical surface first, propagates inside the material, and then refracts on the surface. Finally, the light
exits the TIR collimator in parallel with the axis. This collimator design can make sure that the output
light propagates in parallel with the axis.

The second type was an elliptical collimator. The concept of the elliptical collimator is shown
in Figure 8, with three zones included in the design. In Zone 1, the light goes through the spherical
surface and reflects toward the focal point via the surface. Then, the light refracts at the refraction
surface, resulting in the light exiting the elliptical collimator in parallel with the axis. In Zone 2, the
light also goes through the spherical surface and refracts at the refraction surface. The light exits
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parallel with the axis. In Zone 3, the light refracts toward the focal point first and then refracts again,
exiting parallel with the axis.

Air

Material
P _
1
g I

@
P O
0 Light source

Figure 6. The process for constructing the freeform refraction surface.
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Figure 7. The concept of the total internal reflection (TIR) collimator.
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Figure 8. The concept of the elliptical collimator.
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The third and fourth types were based on the previous collimator designs. The NACPC was
placed above the collimator. If the NACPC is made from a solid structure, the light continuously
goes through different mediums. This brings about unnecessary refraction and decreases the optical
efficiency. Therefore, for the solid NACPC, the spherical surface was filled with the same material as
the NACPC, resulting in a new TIR collimator and a new elliptical collimator. However, the concept of
the new TIR collimator was the same as the original, as shown in Figure 9. The light source in Figure 7
is in the cavity of TIR, where the medium is air. When the light hits the material (entering Zones 1 and
2), it could cause slight loss through different media (from air to Zones 1 and 2). However, the light
source in Figure 9 is inside the material, where the medium is the material. If the contact between the
CPC and TIR collimator is perfect, there is no loss of light transmission due to the same medium.

Without cavity

l Light source

Total internal =7
reflection surface 7’ i

7 .
Zonel 7

7z Zone2

Reﬂ'action
surface

Figure 9. The concept of the new TIR collimator.

The concept of the new elliptical collimator is shown in Figure 10, with two zones included in the
design. In Zone 1, the light is reflected toward the focal point via the surface. Then, the light refracts
and exits the new collimator in parallel with the axis. In Zone 2, the light refracts at the surface and
exits parallel with the axis.

; Light source
Reflection |

surface p;
Zo6ne2
Refraction
surface
Refraction Focal point

surface

Figure 10. The concept of the new elliptical collimator.

3. Results and Discussion

3.1. The Simulation Results of the NACPC

Generally, there are two types of CPC: mirror and solid. The material of the solid CPC was poly
(methyl methacrylate) (PMMA), with a refractive index of 1.4935. As for the shape, there are two
kinds, as mentioned earlier. The CPC uses a circular aperture, while the NACPC uses a hexagonal
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aperture. There are four parameters used to decide the geometry of the CPC: the entrance aperture,
the exit aperture, the half-acceptance angle, and the height. Two of them are decided and the other two
are fixed. To explore the influence of the shape and material, the simulation was divided into four
parts, mirror-CPC, solid-CPC, mirror-NACPC, and solid-NACPC. For these four groups, the fixed
parameters were the exit aperture and the half-acceptance angle. The diameter of the exit aperture
was 2.5 mm. The misalignment angle was fixed at 30°. In other words, the half-acceptance angle of
the mirror-CPC was 30°, and the half-acceptance angle of the solid-CPC was about 19.5° due to the
material. The parameters and appearances of the four groups are shown in Figure 11. To simplify the
complexity of the simulation, one wavelength (546.1 nm) was applied. The simulation results of the
irradiance distribution are shown in Figures 12-15 for the mirror-CPC, solid-CPC, mirror-NACPC, and
solid-NACPC at 0°, 10°, 20°, and 30°, respectively.

Side Bottom Top Side Bottom

7.5 mm
Top Side Bottom Top Side Bottom
7.5 mm

(d)

Figure 11. The parameters and appearances of the (a) mirror-CPC, (b) solid-CPC, (¢) mirror-NACPC,
and (d) solid-NACPC.
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Figure 12. Cont.
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Figure 12. The irradiance distribution of the mirror-CPC with misalignment angles of (a) 0°, (b) 10°, (c)
20°, and (d) 30°.
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Figure 13. The irradiance distribution of the solid-CPC with misalignment angles of (a) 0°, (b) 10°, (c)
20°, and (d) 30°.
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Figure 14. The irradiance distribution of the mirror-NACPC with misalignment angles of (a) 0°, (b)
10°, (c) 20°, and (d) 30°.
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Figure 15. Cont.
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Wim?

(c) (d)

Figure 15. The irradiance distribution of the solid-NACPC with misalignment angles of (a) 0°, (b) 10°,
(c) 20°, and (d) 30°.

The results for light at 0° and 15° are shown in Figure 16, where the luminous flux was ~0.034 W
and ~0.032 W, respectively. The difference between the two results at the 0° and 15° orientations was
not significant. When the lateral orientation was shifted to 20° and higher, it showed a loss of about
20% or more.

(@) (b) (o)

Figure 16. The irradiance distribution of other lateral orientations at (a) 0°, (b) 15°, and (c) 20°.

The optical efficiency n is defined as the ratio of power entering and exiting the aperture. It is
described by Equation (2). The optical efficiency results are shown in Figure 17. The efficiency of all the
groups was maintained over 80% when the misalignment angle was smaller than 20°. The efficiency of
the CPC decayed rapidly from 25° to 30°. The efficiency of the NACPC decreased earlier than that of
the CPC, but the NACPC accepted a larger angle of incident light than the CPC because of its bigger
aperture. The solid-NACPC was chosen for the subsequent simulations due to its machining and
area utilization.

_ Pout
Pin

x 100%. )
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mirror-CPC
100 solid-CPC
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solid-NACPC
80
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Misalignment angle (°)
Figure 17. The optical efficiency of the CPC and NACPC.
3.2. Simulation Results of the Freeform Surface Collimator

Using the freeform surface approach in Section 2.2, four collimators were designed. A point
light source was placed at the origin point to test the performance of the four collimators. Figure 17
shows the results of the ray trace and the irradiance distribution. Each collimator aligned the light
perfectly. Considering the utilization of area, the NACPC was more effective than the CPC. Therefore,
the NACPC was chosen for use with the freeform surface collimator. Then, the NACPC and the
freeform surface collimator were assembled to generate a misalignment light-guiding unit.

1 Wl

||

|
|

(@) (b)
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(8) (h)

Figure 17. The results of the freeform surface collimators: (a) the ray trace and (b) the irradiance
distribution of the TIR collimator; (c) the ray trace and (d) the irradiance distribution of the elliptical
collimator; (e) the ray trace and (f) the irradiance distribution of the new TIR collimator; (g) the ray
trace and (h) the irradiance distribution of the new elliptical collimator.
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3.3. Analysis of the Misalignment Light-Guiding Unit

The NACPC combined with the freeform surface collimator constituted the misalignment
light-guiding unit. There were four feasible freeform surface collimators, as shown in Section 3.2.
Therefore, there were four cases of misalignment light-guiding unit subjected to simulation. The four
cases and sizes are shown in Figure 18. These were the mirror-NACPC with the TIR collimator, the
mirror-NACPC with the elliptical collimator, the solid-NACPC with the new TIR collimator, and the
solid-NACPC with the new elliptical collimator. The irradiance distribution of the four cases are
shown in Figures 19-22. The misalignment light-guiding unit had better uniformity than the CPC
and NACPC.

The optical efficiency of the four cases is shown in Figure 23. The mirror-NACPC was suitable
for use with the TIR collimator, and the solid-NACPC was suitable for use with the new elliptical
collimator. Other than the mirror-NACPC with the elliptical collimator, the optical efficiency the
misalignment light-guiding units was above 70% with a misalignment angle smaller than 20°.

H=2.91 mm H=4.7 mm

1 \ D=5.02 mm /l
D=5.82 mm =¥
(a) (b)

H=2.91 mm H=5.46 mm

D=5.82 mm D=5.1 mm

(c) (d)

Figure 18. The four cases and sizes of misalignment light-guiding units: (a) the mirror-NACPC with
the TIR collimator; (b) the mirror-NACPC with the elliptical collimator; (c) the solid-NACPC with the
new TIR collimator; (d) the solid-NACPC with the new elliptical collimator.
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Figure 19. The irradiance distribution of the mirror-NACPC and the TIR collimator with misalignment
angles of (a) 0°, (b) 10°, (c) 20°, and (d) 30°.
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Figure 20. Cont.
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Figure 20. The irradiance distribution of the mirror-NACPC and elliptical collimator with misalignment
angles of (a) 0°, (b) 10°, (c) 20°, and (d) 30°.
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Figure 21. The irradiance distribution of the solid-NACPC and new TIR collimator with misalignment
angles of (a) 0°, (b) 10°, (c) 20°, and (d) 30°.
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(b)

@

(©) (d)

Figure 22. The irradiance distribution of the solid-NACPC and new elliptical collimator with
misalignment angles of (a) 0°, (b) 10°, (c) 20°, and (d) 30°.

—— mirror-NACPC+TIR
100 - —— mirror-NACPC+-elliptical

——solid-NACPC+new TIR
—— solid-NACPC+new elliptical
80
60+
S
& 40+
20+
0 T T T T T T T T T T T T T 1

0 5 10 15 20 25 30 35

Misalignment angle (°)
Figure 23. The optical efficiency of the misalignment light-guiding units.

The efficiency of the mirror-NACPC and solid-NACPC was good. However, taking the machining
into consideration, the solid-NACPC was much more feasible than the mirror-NACPC. Therefore, the
solid-NACPC was chosen for the subsequent analysis. Furthermore, the new elliptical collimator was
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found to have better performance than the new TIR collimator. Therefore, the solid-NACPC and new
elliptical collimator were chosen for the array and subsequent experiment.

3.4. The Misalignment Light-Guiding Unit Array

The misalignment light-guiding unit was composed of the solid-NACPC and the new elliptical
collimator. The unit was put in the array as shown in Figure 24. A receiving surface with an area
of 15 mm X 13 mm was placed at the bottom of the array. The irradiance distribution is shown in
Figure 25. The optical efficiency is shown in Figure 26. The reason for the difference in results between
Figures 23 and 26 is that the difference in light receiving area led to a calculation error of light collection
efficiency. The array had a larger receiving square area than that of the single unit. It also contained
more interspacing in the array form (i.e., a lower fill factor). In this study, the entire area of the light
receiving square was chosen for the calculation of output light irradiance. The efficiency calculation
was defined as the ratio of the input and output incident sun light. Therefore, a lower efficiency was
achieved for the square area of the array, as it was larger than the single unit. Nerveless, the optical
efficiency of the array at angles of £30° could still reach about ~40%

Misalignment light guiding unit array

Receiving surface

Figure 24. The misalignment light-guiding unit array.

~

(a) (b)

Figure 25. Cont.
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»

(©) (d)
Figure 25. The irradiance distribution of the misalignment light-guiding unit array at misalignment
angles of (a) 0°, (b) 10°, (c) 20°, and (d) 30°.
100+

80
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n (%)

40

20

0 T T T T T T 1
0 5 10 15 20 25 30 35

Misalignment angle (°)
Figure 26. The optical efficiency of the misalignment light-guiding unit array.

3.5. The Misalignment Light-Guiding Unit Array

The CPC/collimator was created and provided by the Metal Industries Research and Development
Center (MIRDC, a non-profit research organization in Taiwan, Kaohsiung, Taiwan). The half-acceptance
angle of the CPC was 25°. Three conditions of power generation were measured, i.e., the naked PV
panel, the CPC, and the CPC combined with the TIR collimator, using the same light collection area of
9 mm?. All experimental set-ups had a resistance of 2.2 kQ) connected in series. The set-up is shown
in Figure 27, and the experimental results are shown in Figure 28. The results showed that the CPC
combined with the collimator had the largest power generation compared to the naked PV panel and
the CPC. It was estimated that the CPC with the collimator had 37% higher power generation than the
naked PV panel, while the CPC had 24% higher power generation.
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(a) (b) (c)
LED Source LED Source

Dia\gi%nm2
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LED Source

Misalignment angle
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Figure 27. The experimental set-up: (a) the naked photovoltaic (PV) panel; (b) the CPC; (c) the CPC
with the collimator.

—— Naked PV panel
0.005 —— CPC

—— CPC+TIR collimator

0.004
§ 0.003
3
5
s 0.002
=
~
0.001
0.000 T T T T T T T T T T T T 1
0 5 10 15 20 25 30
Misalignment angle (°)

Figure 28. The experimental results of the CPC with the collimator.

After the experiment using the CPC/collimator, the two-dimensional (2D) prototype of the
NACPC/new elliptical collimator was developed for the experiment via laser cutting. The material
used was PMMA, and the margin had a wavy pattern after laser cutting. Therefore, the prototype
was easily polished before the experiment. Three conditions of power generation were measured, i.e.,
the naked PV panel, the NACPC, and the NACPC with the new elliptical collimator. They all had
a resistance of 2.2 k() connected in series, and the entrance apertures had dimensions of 29 mm X 5
mm. The yellow part shown in Figure 29 was the frame used to fix the prototype, and a rotatable light
source was included above the prototype. The black paper blocked was used to block the unnecessary
area. The set-up is shown in Figure 29, and the experimental results are shown in Figure 30. The
experimental results showed that the power generation of the CPC was 1.8 times higher than that
of the naked PV panel after calculating the area under the curve. The areas of the naked panel in
Figure 27 (9 mm?) and Figure 28 (90 mm?) were different; thus, the power was affected.
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20 mm
| —— |

(b)

Figure 29. The experimental results of the two-dimensional (2D) prototype: (a) the naked PV panel; (b)
the NACPC; (c) the NACPC with the new elliptical collimator.

Naked PV panel
0.057 —— NACPC
—— NACPC+new elliptical
0.04
= 0.03
el
5
g 0.024
=]
A
0.01 ——
0.00 T T T T T T T T T T T 1
0 5 10 15 20 25 30

Misalignment angle (°)
Figure 30. The experimental results of the 2D prototype of the NACPC with the new elliptical collimator.
4. Conclusions

A misalignment light-guiding module to increase the effectiveness of absorbing light was
successfully investigated. The module was made up of an array of misalignment light-guiding units
which consisted of an NACPC and a freeform surface collimator. The CPC can effectively collect
light within the half-acceptance angle. For higher area utilization, the CPC was transformed into the
NACPC. The hexagonal shape substantially increased the area utilization. The simulation results
showed that both the CPC and NACPC had an optical efficiency above 80% with a misalignment
angle smaller than 20°. To better align the light from the NACPC, four collimators were constructed
using the freeform surface approach. Then, the NACPC was combined with the collimator to
generate a misalignment light-guiding unit. The simulation results showed that the irradiance of the
misalignment light-guiding unit had better uniformity than only the NACPC. The optical efficiency of
the misalignment light-guiding units was above 70% with a misalignment angle smaller than 20°. The
2D experiment showed that the power generation of the misalignment light-guiding unit was 1.8 times
higher than that of the naked PV panel. This module can be easily miniaturized and attached to a
window or roof for micropower generation.
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