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Numerical design method for conic curved Fresnel lens
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Abstract: Fresnel lens is one of the most common solar concentrators. The performance of the curved
Fresnel lens is usually better than flat Fresnel lens. Based on the principle of non-imaging optics, a new
curved Fresnel lens design method was proposed in this study. The curved Fresnel lens was on conical
surface. In the premise of meeting the mechanical requirements of the Fresnel lens, the slope of the second
surface of the Fresnel lens was solved. Based on the objective of manufacturability, different shapes of
Fresnel lenses were obtained by this method to analyze the effect of structural parameters of curved Fresnel
lens on concentration ratio, acceptance angle and the illumination uniformity by optical simulation. The
effect of machining error on optical efficiency in ultra-precision machining was also analyzed. The design
method provided a new way for the parametric analysis of curved Fresnel lens. The simulation results show
that the small aspect ratio of curved Fresnel lens will get good uniformity and high energy efficiency.
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0 Introduction

Concentrated photovoltaic(CPV) systems use large
area of concentrators to converge sunlight on small
solar cells, which can reduce the area of solar cells
and consequently reduce environmental pollution caused
by solar cells production. The solar concentrator is the
primary part of a CPV system. The concentrator can
be employed to realize the collection of light and the
uniformity of energy. Fresnel lens is one of the most
common solar concentrators >2*! which is divided into
two types: flat lens and curved lens.

Many researchers have studied the curved Fresnel
lens. The most common substrate of curved Fresnel
lens is spherical substrate™. O’Neil et al. developed a
type of Fresnel lens for space power system!!. The
purpose of the design was to achieve ultra-thin
requirement. The Fresnel lens also was on a spherical
surface, and the incident plane of each prism unit was
approximated as an oblique plane. Yeh et al. designed
an elliptical -based Fresnel lens concentrator!'®!. The
influence of elliptical parameters on concentrator
performance was not analyzed. Leutz et al. proposed a
design and optimization of a convex shaped
nonimaging Fresnel lens™, which is a three-dimensional
design method within two design angles to the
absorber. But the Fresnel lens mainly used for the
solar thermal collector, and had low concentration
ratio. With the development of freeform design
method, the Fresnel lens with freeform surface base
shape began to appear'®. Languy et al. developed the
shaped achromatic Fresnel lenses', which can be used
to enhance the concentration ratio and to achieve
uniform flux on the solar cell.

In this paper, a new method based on discretization
of curved Fresnel lens design is proposed. The method
is flexible and accurate, which can realize any conical
surface shaped Fresnel lens design for the special
on the Fresnel lens. In

mechanical requirements

addition, the Fresnel lens models can be built by this

method to analyze the parameters of the Fresnel lens

on the optical performance, which provides a
modeling method for the parametric analysis of curved

Fresnel concentrator.

1 Design method

The Fresnel lens surface composed of discrete

points which are obtained by using geometric
construction method (GCM)™. There are two working
surfaces of the Fresnel lens. The first working surface
is known as a conical surface, and the second
working surface is unknown and needs to be solved.
The equation of conic section is:
cx’
1+V1-(1+k)cx®

Where, f is focal length, d is thickness of lens, k is

v=frd- (1)

the conic constant, ¢ is the curvature, x is distance
(radius) from center of lens, y is depth.

The incident ray is traveling in a medium of
refractive index n; in a direction defined by the unit
vector u, the normal vector of the surface is n. The
refracted ray travels in a medium of refractive index
ny in a direction defined by the unit vector r.

pr=mu (2)
P2=nsU (3)
Where, p; and p, are the optical momenta of the ray
before and after refraction, which satisfied Eq.(4), and

where llull=llrll=1. The unit vector n can be solved by

Eq.(5).
pe=p=(pr M+ \/ns =, +(piny'n )

n=-L1=P> (5)
”pl—pzll

Eq.(4) and Eq.(5) are the vector form of Snell’s
Law!™.

The curved Fresnel lens is composed of a series
of lens units, and the angle between the two edges of
each lens unit to the center of the cell is equal. A
cartesian coordinate system is established with the
origin at the center of the cell and with the symmetry
axis of the conic section as coordinate axis Y, as

shown in Fig.1. The calculation flow chart of curved

0718005-2



bk TR

www.irla.cn

£47T %

(b) Design parameters of the

(a) Overall design principle diagram
two working surface of
a lens unit

Fig.1 Design principle of the curved Fresnel lens

Design

mechanical Determine the conic curve substrate(f,d,c,k),
- and the edge points of the cell S, and S,
requirements
—

i

Determine the maximum view angle from the
receiver @, and the number of lens units N,

1
Calculate R, and 6, of the lens unit j
(=1,2,3,...,N\/2)

According to R, and 6, to calculate the starting
point B, of the lens unit

R SRS s ——————————————=— Fo————————— -~ S
The i lens unit is discretized into N, points
(=1,2,3,...,N,)
1

Calculate the coordinates of the discrete point 4,
of the conic surface of the fresnel lens

Discretization
of lens unit il

Calculate the coordinates of the discrete point B, on
the second working surface of lens unit by GCM

Fig.2 Calculation flow chart of curved Fresnel lens

The maximun view angle from the cell is 0, the
number of lens units is N;, so the angle between the
edge of each lens unit is 6/N,.

Before calculating, the known parameters need to

be clarified. The substrate equation (f, d, c¢, k), the

maximun view angle from the receiver 6, the incident
ray uy the position and size of receiver, the number
of units of Fresnel lens N, are known. The points on
the two valid working surface are represented by A;
and B; respectively, A; represents the coordinates of
the discrete points i of the lens unit j.

Firstly, calculate the initial point coordinates of
the second surface of each unit B,. The conic section
is discretized by Eq.(6), the edge point of lens unit
Ay(x4, y4) can be obtained.

X,;=Rysinfy )
Ya=Rycos0y
Where, 6 is the angle between the edge of lens unit j
and axis Y (j=1, 2, ---, N//2). Ry is the distance from
O to edge points of the lens unit j of conical surface.

Then, each lens unit is dispersed. The point A;(x,;,
va;) on the conical surface satisfies Eq.(7), R; is the
distance between A; and O, 6, is the angle between
A,-jiO and axis Y(i=1, 2, ---, N,).

.xal:/:R/jSln 6,’,’

(D

Ya=Rijcos0;
The normal vector na; of A; satisfies Eq.(8), and u; is
the unit vector of incident ray.

5 2 5 2 5 2
i exl2\ 1= = k +2=cx,, (1+K)] )

" ’\/ 2 2 2. 2 2\/ 2 2 2 2
(I+\1=-cx,,—cx, .k )"\ 1=-cx,,—cx, k

The ray r; is the incident ray of the second surface of
Fresnel lens, which can be obtained by Eq.(9) and
Eq.(10).

ry=u+(\/n*=1+cosl —cosl)na; 9
COSI:M (10)
luty I 1ty

Last, B; and the normal vector nb; of the second
surface are calculated on the basis of the GCM. The
Snell’s Law can be established on the two surfaces of

Fresnel lens according to Eq.(2)—(5). The straight line

element B, ;B; is perpendicular to the normal vector

nb;, which satisfies Eq.(11).
Ey=B:.,—B; (11)
E;-nb;=0 (12)

In addition, the design of Fresnel lens with
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arbitrary spot size can be accomplished by GCM, and
design principle is shown in Fig.1. S, and S, are the
edge points of the cell. The calculations are the same
as above except that the exit ray is

v;=S—B; (13)

Where, the refracted ray is v;.

2 Modeling and ray tracing results

The method can be used to design arbitrary conic
Fresnel lenses programmatically. Different models can
be built to analyze the effect of the parameters on
concentrator performance in order to realize the
optimization of Fresnel lens design. The material of
Fresnel lens is PMMA. According to the relationship
between the refractive index and wavelength ™, the
reference wavelength (537 nm, the refractive index is
1.493 5) is selected by the optical simulation under
AM1.5. The model is establised and the optical
simulation is carried out by one wavelength (537 nm)
and solar spectrum respectively is shown in Fig.3.
The parameters of the model: f=60 mm, d=0.5 mm,
6=90°, ¢=1/30 mm™', k=—0.5, N,=32.

2.0

1.5
1.0
0.5

=15 -0.5 0.5 1.5
X/mm

(a) Only one wavelength (537 nm)

2.0
1.5
1.0
0.5
0
-0.5

Y/mm

-1.0
=15

~2.0

=15 -0.5 0.5 1.5
X/mm

(b) Solar spectrum

Fig.3 Ray tracing simulation by two different sources

3 Parameters analysis

The important parameters for evaluating the

performance of concentrators involve concentration

1131 acceptance angle "1, the

ratio, optical efficiency
illumination uniformity on cells. Because the method
can be employed to achieve the design of Fresnel
lenses with different parameters, it provides a way of
parameters analysis of curved Fresnel lens.
3.1 Concentration ratio

The concentration ratio affects the conversion
efficiency and life time span of photovoltaic cell
directly. The concentration ratio means the geometric
concentration ratio in this paper™!. The effect of the
conic section parameters ¢ and k on concentration
ratio is analyzed in Fig.4, the radius of the cell is
2 mm. As can be seen from Fig.4, curved Fresnel
small conic constant

lens with a and negative

curvature would have a higher concentration ratio.

1300
1200

S

1000

7]

ion ratio
=
=
(=]

900+
800

Concentrat

700+

600
1/100 1/90 1/80 1/70 1/60 1/50 1/40
Radius of curvature/mm’

Fig.4 Relation between conic parameters and concentration ratio,

f=60 mm, d=2 mm, 0=90°

3.2 Optical efficiency

The optical efficiency of the lens is defined™!:
k
o 2 TL(1 _Llipk_Lblmkk_Lmissk)
n=-"=" T (14)

XL

i=1

Where, k is the number of lens units, 7, is the
transmittance including reflectance losses, L; is the
effective width of the unit lens, Ly is tip losses, Ly
is blocking losses, L is absorber misses.

The ultra-precision turning is employed to get the
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curved Fresnel lens. The rotational symmetry curved

Fresnel lens is using conventional ultra-precision
turning, and the cylindrical Fresnel lens is using the
flying cutting, the schematic diagram is shown in Fig.5.
The flying cutting uses special Fresnel tool with radius
of 0.02 mm. There is a burr area of 3 wm to 5 wm at
the top of the lens unit. This processing method can
achieve 0.005° angle error. These errors will reduce
the optical efficiency. Taking the influence brought by
manufacturing in consider, set the width of the lost

light of each lens unit is 25 um.

/ Fixture

(a) Rotational symmetry Fresnel lens (b) Cylindrical Fresnel lens
Fig.5 Schematic diagram of the ultra-precision machining of

curved Fresnel lens

The transmittance of the two surface of the lens
is shown in Eq.(16), the angles 6, and 6, refer to the
angle of incidence and the angle of refraction. The
relationship between conic parameters and optical
efficiency is shown in Fig.6, the greater k, the greater
¢, the higher the optical efficiency.

T=TaTee (15)

1 [ tan%(0,—6,) . sin’(6,—6))

Ty B

=1=5 ank(0,+0,) (16)

Sinz( 62+ 01)

0.89
0.88
0.87
0.86

!
13
o

Optical efficiency

0.844

0.83
1/100 1/80 1/60 1/40
Radius of curvature/mm™

Fig.6 Relation between conic parameters and optical efficiency,

f=60 mm, d=2mm, 6=90°, N;=40

The effect of the number of lens units on the
optical efficiency is shown in Fig.7, /=60 mm, d=2 mm,
c=1/60 mm™, k=-—1, 6=90°. It is seen that the more
the number of lens units, the smaller the optical
efficiency. This is because the greater the number of
units, the greater the error caused by manufacturing.

0.90r
>~ 0.89F
Q
0.88
0.87F
0.86

Optical efficien

0.85F

0'8420 30 40 50 60 70 80 90 100
Number of lens units

Fig.7 Relation between the number of lens units and optical

efficiency

3.3 Acceptance angle

The acceptance angle is the angle between the
concentrator axis and the sunlight, and acceptance
angle is inversely proportional to concentration ratio.
Large acceptance angle will relax the optical
requirement and the precision of the tracker of CPV
system, and reduce the cost of power generation.

In the case of spot focusing curved Fresnel lens,
when the incident angle is 0°, 2°, —2° respectively,
the spot position is shifted. The practical limit of the spot
as shown in Fig.8, f=60 mm, d=0.5mm, ¢=1/30 mm™,
k=-0.5, 6=90°.

The increased acceptance angle comes at the
expense of decreased concentration ratio. The
relationship between acceptance angle and concentration
ratio is shown in Fig9. Low concentration solar

concentrator has greater acceptance angle.
4 4

3
2
1
0

Y/mm
Y/mm

3
2
1
0
-1
-2
-3
M432-101 23 4 4432101

X/mm X/mm

2 3 4

(a) Incident angle is 0° (b) Incident angle is 2°
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H43-2-10 1

X/mm

2 3 4

(c) Incident angle is —2°

Fig.8 Simulation irradiance on cell of different acceptance angles
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Fig.9 Relation between acceptance angle and concentration ratio

3.4 Tllumination uniformity on solar cell

This paper analyzes the illumination uniformity
on the cylindrical Fresnel lens. Six models are
established, and the parameters are shown in Tab.1.
The width of the receiver is 2 mm. The shape of the
models is shown in Fig.10. The optical simulation of
the six models is carried out by using solar spectrum,

and the optical simulation results are given in Fig.11.

Tab.1 Parameters of the six Fresnel lenses

Number f/mm 0/(°) ¢/mm™ k ar
@ 60 100 1/80 -0.5 2.2200
@ 60 120 1/60 -0.5 2.108 8
&) 60 90 1/60 -0.5 2.0386
@ 80 90 1/60 -0.5 1.8856
® 60 90 1/60 1 1.8856
© 80 90 1/30 -0.5 1.4142

The aspect ratio ar is shown in Eq.(17), D is
aperture of the lens.

D
J+d

ar=

17

Fig.10 Shape of the six Fresnel lenses

©  ©m— T

I " 1k
T, |

N7 g 0
W/ 1

4 _, — _, I

2 -10 1 2 2 -10 1 2

X/mm X/mm

Fig.11 Tllumination distribution of the six curved Fresnel lenses

From the simulation results, the uniformity is
better in the range of —1 mm to 1 mm. But due to the
use of the solar spectrum, the material has dispersion
which will affect the actual width of the spot. These
will cause energy loss and uneven distribution of
energy on receiver. Aspect ratio and the curved
surface shape are the important factors that affect the
illumination uniformity. Aspect ratio is determined by
focal length of lens and conical surface parameters.
When aspect ratio is too large and the curved surface
is too steep, some light is lost due to total reflection.
Therefore, in precondition of curved shape satisfying
design requirement, the small aspect ratio of lens is
used which will get a good uniformity and high

energy efficiency.
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4 Conclusions

In this paper, a freeform surface design method
is proposed and applied to design the curved Fresnel
lens, which can realize the design of arbitrary conic
shape curved Fresnel lens programmatically. The
effects of the design conic parameter ¢ and k on
concentration ratio, optical efficiency, acceptance
angle, and the illumination uniformity on the cell are
of numerical calculation and
The

simulation results show that curved Fresnel lens with a

analyzed by means

optimal curved Fresnel lens parameters.

small conic constant and negative curvature would
have a higher concentration ratio, and the small aspect
ratio of lens will get a good uniformity and high

energy efficiency.
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