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Abstract

Fresnel lens arrays are widely applied as the core optical component in concentrated photovoltaic (CPV) systems for concen-
trating light on a solar cell. To improve the photoelectric conversion efficiency of CPV systems, a Fresnel lens design is proposed,
in which both uniform concentration and machining feasibility are pursued by means of simpler structure. In this design, the
concentrating facets of the Fresnel lens are conical ones with different inclined angles, and the light passing through these conical
facets can be superposed on the same position. The optical performance of the lens is analyzed to optimize its geometrical
parameters. Towards this uniform concentrating design with a simple structure, an ultra-precision diamond cutting process based
on B axis rotation is also developed to machine the Fresnel lens mold. In this process, the V-shaped diamond tool is rotated from
right to left to machine the micro grooves of the lens mold with a maximum cutting depth of the groove height, so that the grooves
can be prevented from being cut by the tool tip with low strength. Cutting tests of the factors influencing the machining accuracy
and surface quality are carried out to optimize the cutting trajectory planning and machining parameters. The Fresnel lens molds
with no sharp corner defects and no surface scratches are machined, and dimensional accuracy of 1.0 pm and surface roughness
of better than 13 nm are achieved. Then, a silicone rubber lens is cast based on this mold. Concentrating uniformity test of the lens
is conducted, and a concentrating uniformity of better than 75% is achieved. The results show the effectiveness of the uniform
concentrating design and the feasibility of the B axis rotating machining process.

Keywords Concentrated photovoltaic (CPV)systems - Uniform concentration - Fresnellensanditsmold - Ultra-precision cutting -
B axis rotating machining

1 Introduction

The photoelectric conversion efficiency of concentrated pho-
tovoltaic (CPV) technology is more than 30%, which has a
great development potential [1, 2]. In CPV system, Fresnel
lenses are used as light concentrators, which directly affect
the photoelectric conversion efficiency. However, the

< Yong Li
liyong@mail.tsinghua.edu.cn

Beijing Key Lab of Precision/Ultra-precision Manufacturing
Equipments of Control, Department of Mechanical Engineering,
Tsinghua University, Beijing 100084, China

State Key Laboratory of Tribology, Tsinghua University,
Beijing 100084, China

School of Instrumentation Science and Opto-Electronics
Engineering, Beijing Information Science and Technology
University, Beijing 100192, China

traditional Fresnel lens generates a hot spot on a solar cell,
which will decrease the photoelectric conversion efficiency
and reliability of the solar cell [3, 4]. A secondary optical
component (SOC) [5, 6] between the lens and the solar cell
must be used for uniform energy distribution. The SOC will
increase the cost, loss of light, and complexity of CPV system.
Thus, the design of a uniform concentrating Fresnel lens with-
out SOC is an important issue in CPV field [6].

Up to now, the optimal design of traditional Fresnel lens
has been conducted to achieve uniform energy distribution. In
2011, a uniform high-concentrating Fresnel lens without a
SOC was proposed [7], of which all pitches focused on the
different positions of the cell. All the inclined angles of these
pitches were determined by specific calculation. The simula-
tion results showed that a better uniform concentration was
achieved. Uniform concentration test was not carried out to
verify the simulation results. In 2012, a strip-focus Fresnel
concentrator without a SOC was proposed [8]. The simulation
results indicated the strip-focus Fresnel lens had a higher
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uniformity and efficiency. The strip-focus structure could not
be easily cut. Machining and uniform concentration verifica-
tion of the strip-focus concentrator were not carried out.
Different kinds of Fresnel lenses, such as the strip-focus and
circle-focus ones, have been designed for uniform concentra-
tion, but there is lack of machining and uniform concentration
verification. Moreover, these lenses usually have a complex
structure and are difficult to be machined.

Mass production of Fresnel lens arrays for CPV system is
conducted via its precision optical mold with micron-scale
dimensional accuracy, nano-scale surface roughness, and
complex aspheric cavity. Optical surface can be achieved by
grinding and polishing, but the complex aspheric cavity is
difficult to be machined by these ways [9, 10]. At present,
the Fresnel lens and its mold are mostly machined by ultra-
precision cutting technology. In 2005, an infrared Fresnel lens
with dimensional accuracy of 0.5 um and surface roughness
Ry of 20-50 nm was ultra-precision cut on single-crystal ger-
manium [11]. In 2010, an ultra-precision cutting process of
Fresnel lens was proposed [12] to prevent the micro crack of
the groove edge. The lens was cut by the tool with multi-
motion of X and Z axes, while the tool was rotated simulta-
neously to ensure a constant cutting edge angle. The tool tip
was mainly engaged in the cutting process. The cutting depth
was 50 um. In 2011, an ultra-precision cutting method of
Fresnel lens mold was proposed [13] to reduce the loss of
light. The non-working surface of the mold was machined
by multiple cuts to ensure the sharp corner of the groove. In
2011, a plasma nitriding die steel Fresnel lens was machined
based on ultra-precision cutting [14]. The same cutting pro-
cess in [12] was applied, and the cutting depth was also
50 um. In 2014 and 2015, a B axis rotation tool alignment
method was proposed by us [15, 16], in which the alignment
accuracy was less than 1 um. A spot-focus Fresnel lens mold
without uniform concentration was designed and machined by
multiple cuts. Optical surface of the mold was achieved, but
there were obvious burrs and sharp corner defects in the
groove of this machined mold.

But above all, burrs, sharp corner defects, or surface
scratches are easily induced in the process of ultra-precision
cutting Fresnel lens [17], which will decrease the photoelectric
conversion efficiency. More attention should be paid to
preventing these machining defects, and meanwhile to im-
proving the machining efficiency.

In this paper, a uniform concentrating design of Fresnel lens
without a SOC is proposed, in which the machining feasibility
of Fresnel lens mold is considered. By analyzing factors
influencing the ideal optical efficiency and optical concentrat-
ing ratio, the geometrical parameters of the lens are optimized.
Then, an ultra-precision cutting process of the lens mold based
on the B axis rotation method in [15] is developed to improve
the machining efficiency. The cutting trajectory planning and
machining parameters are optimized through cutting tests to
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prevent burrs, sharp corner defects, or surface scratches.
Finally, machining experiments of the Fresnel lens mold and
the concentrating uniformity test of the lens are carried out.

2 Design of uniform concentrating Fresnel
lens

2.1 Uniform concentrating principle

Figure 1 shows the uniform concentrating principle. The light
passing through the Fresnel lens facets focuses on a circular
facula with a specific diameter. Normal incident light passes
through the lens and is refracted, but keeps parallel to each
other. Consequently, the refracted light from different grooves
with equal width can be superposed in the same area with
uniform energy distribution [8].

The diameter of the solar cell equals to that of the concen-
trating facula, defined as /. The lens consists of a center circle
surface and certain grooves. To ensure that the refracted light
from different grooves is superposed in the same area, the
diameter of the center circular surface and the width of the
grooves must equal to / and //2 respectively. To reduce the
thickness of the lens, every groove is subdivided into certain
smaller grooves with the same inclined angle. Figure 2 shows
the light path of single groove. The refractive index and the
inclined angle of single groove are defined as »n and 6 respec-
tively. The incident angle and the refraction angle at O; are
defined as 7y, and , respectively, and those at O, are defined
as ¢ and (, respectively. The included angle between the
incident ray and the emergent ray is defined as . According
to Snell’s law, the relationship among vy, 2, 1, and @, is
described in Eq. 1.

sinry, /siny, = sing, /sing; = n (1)
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Fig. 1 Uniform concentrating principle
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According to the geometrical relationship of single groove,
the relationship among 7, ¥». ¢1, ¥, and 6 can be described
in Eq. 2.

o1 = 0=y, =7 +p,=0 (2)

When the lens works, normal incident light is needed and
thus ~; =0°. According to Egs. 1 and 2, the relationship be-
tween « and @ is described in Eq. 3.

6 = tan"'[sina/ (n—cosa))] (3)

2.2 Optical design

As shown in Fig. 3, f'is the focal length of the uniform con-
centrating Fresnel lens, and d is the diameter of the lens which
consists of M grooves. N is the groove number from the mid-
dle to the left. N=d/I, and M =2N— 1, and j is the number of
an arbitrary groove. According to Eq. 3, the relationship be-
tween « and # can be described in Eq. 4.

a; = tan ! (G-1)1/2f)], 0, = tan ! [sina_,-/ (n—cosa_,-)] 4)

h; and d; are the height and the width of the number groove
respectively. Every groove is divided into m sub-grooves. 4;
and d; can be calculated by Eq. 5. Finally, the geometrical
parameters of the lens are totally defined by Eqs. 4 and 5.

dj:hj/tana,‘, m:l/ZdJ (5)
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Fig. 3 Optical design of the uniform concentrating Fresnel lens

According to Eq. 4, the larger the aperture angle 3 of the
lens is, the more light is reflected and consequently the lower
the optical efficiency is. Thus, d cannot be too large when f'is
constant. When the light on a groove is totally reflected, the
inclined angle of the groove is defined as 6y. The groove
number jj can be calculated via Eq. 6. Geometrical concentra-
tion ratio (GCR) is defined as the ratio of the lens area S| to the
solar cell area S,. The maximum GCR A, can be calculated
via Eq. 7.

Jjo =1+ 2ftan(sin”" (nsinfy)—6y) /I (6)
Amax = 81/82 = w(d/2)? [7(1/2)" = ji* (7)

Photovoltaic silicone rubber is a common lens material.
The average refractive index of this silicone rubber is 1.411,
and A\, can be described in Eq. 8. As shown in Fig. 4, A\«
with a wide range can meet the power generation requirements
of CPV.

Amax = (1.991/1 4 1)? (8)

2.3 Optimization of diameter d and focal length f

The theoretical optical efficiency (TOE) and theoretical opti-
cal concentrating ratio (TOCR) of the lens are mainly influ-
enced by the diameter d and the focal length f. According to
Fresnel formulas, the energy flow reflectivity R1 is defined in
Eq. 9, in which r is the amplitude reflectivity. Subscripts s and
p are the vibration component in the incident plane and the
plane perpendicular to the incident plane respectively.

Rl, = |r?, R1, = |r,[ (9)

Based on the law of energy conservation, average transmis-
sivity of energy flow (TEF) T is described in Eq. 10. TEF of
the emergent plane is defined as the weighted mean of that of
the center circle surface and all grooves. When the incident
angle 7; is 0°, TEF of the incident plane 7, and that of the
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Fig. 4 Relationship between A,y and f//
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emergent plane 7, of the lens with equal groove width are
described in Eq. 11. 7; is the TEF of number j groove, which
can be calculated by Eq. 10.

T =1-(Rg +Rp1)/2 (10)
N
Ti,,:4n/(n—|-l)2’ Tout:<zsz+Tl>/N (11)

When calculating TOE, only the reflection loss of the inci-
dent plane and the emergent plane will be considered, and
TOE 7 of the lens with equal pitch width can be described in
Eq. 12. TOCR C is defined as the ratio of the irradiance of the
incident plane Ej, to that of the emergent plane . C can be
calculated via Eq. 13.

N = TinTout (12)
o Eout o n(d/l)inn o d :
€= Ein B Ein = ) (13)

In the design specification, the solar cell diameter is
10 mm; the groove width of the lens is 5 mm; the refractive
index is 1.411. As shown in Fig. 5, when the focal length f'is
150 mm, 1 decreases and C increases as d increases.
Therefore, d cannot be too large for high 7. As shown in
Fig. 6, when d is 150 mm, 1 and C both increase as d in-
creases, and when f'is more than 150 mm, 7 and C tend to
be a constant.

The design parameters of the lens are optimized as shown
in Table 1. i and C are 92.45% and 55.47 respectively. The

d/mm

lens consists of seven grooves, and the maximum and mini-
mum inclined angles of these grooves are 27.627° and 4.662°
respectively. Every groove consists of ten sub-grooves. For
meeting the requirements of the subsequent uniform concen-
trating test, / is selected to be 10 mm, and the GCR is relatively
small. When a high GCR is needed, d (or /) will be appropri-
ately increased (or decreased).

3 Machining process and experiments
of the Fresnel lens mold

3.1 B axis rotating machining method

B axis rotating machining method is applied to avoid the tool
tip engaged in the cutting process. Thus, a stable cutting pro-
cess and lower tool wear will be ensured. As shown in Fig. 7,
the lens groove consists of a conical and a cylindrical surface.
TB is the distance between the tool tip and the rotating center
of B axis. When 7B is 0, the lens groove can be precisely and
efficiently machined with the rotation of B axis from position
1 to position2. Before machining, the tool alignment of B axis
rotation is conducted to make 7B equal to 0 [15]. As shown in
Fig. 8, B is the rotating center of B axis and T is the tool tip.
Three different coordinates of the tool tip 7, 7}, and T, are
obtained through image recognition technology, and 7B can
be calculated by Eq. 14. Then, the tool is translated quantita-
tively in the XZ plane until 7B is 0.

As shown in Fig. 9, conventional CNC machining methods
are relatively simple, but the tool tip is prone to vibrate. As a
result, optical surface may be difficult to be achieved.

Fig. 6. a Relationship between 7 (a) (b)
and f. b Relationship between C 100 80 1
and f° 80 \/w 60 -

e 60

N C 40+ \_/*‘_H

= 40 =

0 T T T 1 0 T T T T 1
0 100 200 300 0 50 100 150 200 250

Sfmm
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Table 1 Design parameters of the -
lens / d !

Groove width GCR Lens material Refractive index

150 mm 80 mm 10 mm

0.5 mm 64 3210 A/B 1.411

Moreover, the tool will wear easily when the cutting edge
angle is relatively large. In the proposed B axis rotating ma-
chining method, the cutting edge with a certain length instead
of the tool tip is engaged in the cutting, so a stable cutting
process will be achieved as well as optical surface. Lower tool
wear can be also achieved.

_ 4Zcos (v/2)-Z,
* 7 4cos(7/2)sin(~/2)
70— 47Z,c08% (v/2)~Z,22,
B 4sin2(v/2)

TB = VX3 + Z32

3.2 Machining path planning and analysis
of machining parameters

The V-shaped cutting tool is used, as shown in Fig. 10. The
relationship between the cutting edges L, and L5 and the max-
imum machining length L., and the relationship between
the tool included angle a-r and the minimum machining angle
Qmin are described in Eq. 15.

As seen from Fig. 11a, before machining, the tool is placed
in position 1 where the right cutting edge is parallel to the Z
axis, and position 1 is set as the 0 point of B axis rotating
machining. If the tool is moved along path @) from position
1 to position 2, and then is rotated to position 3 along path (2),
one groove will be machined. When position 1 is far away
from (or near to) the cylindrical surface, the machining allow-
ance of the cylindrical surface (or the conical surface) is large,
which will decrease the machining stability.

Qmin > AT, Lmax < L,= L3

(15)

To increase the machining stability, the cutting path shown
in Fig. 11b, c is applied. In Fig. 11b, the tool is moved along
path D from the middle point of the groove (position 1) to

Position 1

Position 2

!
Z.
I”'\ TB=10
Xe—<7
“B

Fig. 7. B axis rotating machining method.

position 2, and then is rotated along path ) from position 2 to
position 3 to machine the cylindrical surface. Then, as shown
in Fig. 11c, the tool is rotated along path (3) from position 3 to
position 4 to machine the conical surface. The process is re-
peated until all grooves are machined. When machining
pitches, the relationship among the inclined angle of feeding
a1, the machining angle of a conical surface a;, the tool in-
cluded angle ar, and the machining angle of a groove «y is
described in Eq. 16. Finally, as seen from Fig. 11c, a round
tool on another tool holder is moved along path @) to machine
the center circle surface.

o] + oy +ar = o

(16)

As shown in Fig. 11b, when the tool is moved from posi-
tion 1 to position 2, the tool tip will first enter into the work-
piece, and the cutting force increases gradually. To prevent the
brittle tool tip from serious wear or fracture, a small feed rate is
selected. During the tool rotation from position 2 to position 3,
the cutting volume increases gradually. The tool bears a vari-
able load, so small feed rate is preferred for a stable cutting
process. The relationship among the rotating speed of B axis
Fg (°/min), the feed rate F (mm/min), and the distance be-
tween the tool tip and the cutting point R (mm) is described
in Eq. 17. In practical machining, the rotating speed of B axis
is set. As shown in Fig. 1lc, during the tool rotation from
position 3 to position 4, the tool also bears a variable load,
and a small feed rate is preferred. When the round tool with
high rigidity is used, the cutting fore is relatively small, so a
larger feed rate is selected.
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Fig. 8 Schematic of B axis tool alignment method
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Fig. 9 Conventional CNC machining methods: a tool tip engaged in the
cutting and b constant cutting edge angle in cutting process

Aluminum alloy with good plasticity is selected as the
workpiece material. Burrs are easily induced when cutting this
material. As seen from Fig. 11, the cylindrical surface is nearer
to the center line of the spindle than the conical surface. When
machining the cylindrical surface, the cutting speed is smaller
than that of machining the conical surface, and decreases grad-
ually in the machining process. Therefore, the cutting force is
larger than that of machining the conical surface, leading to
the plastic deformation of the workpiece easily. The plastic
deformation is the main cause of burrs. To prevent burrs, the
rotating speed of B axis and the spindle speed will be de-
creased and increased respectively. When machining the con-
ical surface, the cutting speed increases gradually in the ma-
chining process, which helps to decrease the cutting force. As
a result, burrs are difficult to form. Based on the above anal-
ysis, the cutting path planning is that the outmost groove is
first machined and then the near groove in turn, and finally the
innermost groove. In the machining process, burrs induced by
machining the cylindrical surface will be removed when ma-
chining of the conical surface later.

3.3 Machining experiments and discussion

The technical specifications of the typical Fresnel lens mold in
China are as follows: the top and the bottom of the mold
groove with sharp corner must be achieved, the diameter of
the sharp corner of the mold groove is no greater than 10 pm,
the width and height accuracy of the mold groove is better
than 1.5 pm, and the surface roughness Sa of the working
surface of the mold is better than 20 nm.

Figure 12 shows the machining experimental setup of ultra-
precision cutting. The resolution of X axis and Z axis is 5 nm.
The straightness of the aerostatic linear guides is 0.15 pm/
200 mm. The resolution and division accuracy of B axis are

Fig. 10 Specification of the V-shaped cutting tool
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Fig. 11 Cutting path planning: a vertical feeding, b machining the
conical surface through the feeding with an inclined angle, and ¢
machining the cylindrical surface and the center circle surface

0.036" and 0.3" respectively. The camera is used to obtain
coordinates of the tool during the tool alignment of B axis
rotation.

The machining path planning and machining parameters
are to be optimized through cutting tests to prevent burrs,
sharp corner defects, or surface scratches. Thus, better ma-
chining accuracy and optical surface will be achieved. The
diameter of the workpiece and the lens mold is 100 and
80 mm respectively. The single-point diamond V-shaped tool
with a 60° included angle is selected, of which the nose radius
is less than 1 um. The single-point diamond round tool with a
nose radius of 2 mm is used. To verify the influence of cutting

-

~ e
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XiS

ks

Tool |
shank |

8 |
s
-

Tool holder

Fig. 12 Machining experimental setup of ultra-precision cutting
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path on burr formation, workpiece 1 is first machined. The
cutting path is that the innermost groove is first machined
and finally the outmost one, and every groove is machined
by one cut. When machining a groove, the machining strategy
of rough and then finish cutting is applied. The rough cutting
is conducted until the remaining machining angle is 0.1°, and
the B axis rotating speed is 50 deg/min. Then, the finish cut-
ting is conducted, and the B axis rotating speed is 3 deg/min.
The spindle speed is 800 rpm, and the inclined angle feeding
speed is 1 mm/min. The cutting parameters for the center
plane are that the spindle speed is 800 rpm and the feeding
speed is 5 mm/min. Kerosene mist is used as the cutting fluid.

Figure 13a— shows the machining results of workpiece 1.
Obvious burrs with an average length of 6 um can be

Sctratches

700 800

I i4—— Cutting Burrs \
I

30 ilip
20 : l

V&

=301
pm 100 200 300 400 500 600 700 800

Fig. 13 Experimental results of the first machining. Workpiece 1: a
obvious burrs on the sharp corners (in three dimension), b obvious
scratches on the machined surface, and ¢ obvious burrs (in two
dimension). Workpiece 2: d obvious burrs on the sharp corners (in three
dimension), e obvious scratches on the machined surface, and f obvious
burrs (in two dimension)

200um |

(
[ No obvious
{ Sctratch

20 © Ef — Sharp corner

is TRRE

7
Blunt

TS
Fig. 14 Experimental results of the second machining: a no obvious burrs
(in three dimension), b no scratches on the machined surface, ¢ no
obvious burrs (in two dimension), d lens mold, and e slightly blunt tool

observed on the sharp corners, as well as obvious scratches
on the machined surface. To eliminate the results caused by
accidental factors and the blunting cutting edge, workpiece 2
is machined by a new tool. The similar results are shown in
Fig. 13d-f, by which the influence of cutting path on burr
formation is verified. The cutting burrs decrease the form ac-
curacy of the mold, and the scratches on the machined surface
lower the surface quality, which lowers the optical perfor-
mance of the lens. Therefore, it is necessary to prevent the
cutting burrs and scratches.

3

L

Fig. 15 Silicone rubber grooves cast by the mold in Fig. 14: a top corner
of the first groove, b bottom corner of the first groove, ¢ top corner of the
second groove, and d bottom corner of the second groove
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Because the groove is machined by one cut with a large
machining allowance, the cutting force is large. Therefore, the
plastic deformation of workpiece can easily occur, leading to
the formation of cutting burrs. When the machining allowance
is large, continuous chips are observed and these chips will
scratch the machined surface. Based on this analysis, the op-
timal cutting path is that the outmost groove is first machined
and then the near groove one by one until the innermost
groove is machined. Every groove is machined by two cuts
with the second cutting depth of 10 pm. The spindle speed is
increased to 1000 rpm.

In the second machining experiment, the same tool in the
first machining experiment is used. As seen from Fig. 14, the
mold without cutting burrs and scratches is achieved. After
machining three workpieces, the tool is slightly blunt, which
can be further prevented by more than two cuts. The surface
roughness Sa and the dimensional accuracy of the mold are
measured by Phase Shift MicroXAM-3D. The average width
accuracy of the mold groove is 0.94 um, the average height
accuracy of the mold groove is 0.43 pum, and the average
surface roughness Sa of the mold is 11.73 nm. As shown in
Fig. 15, the diameter of the sharp corner of the mold groove is
less than 10 pwm. The results verify the feasibility of the B axis
rotating machining process.

4 Concentrating uniformity test

4.1 Preparation of silicone Fresnel lens

The lens material is 3210 A/B silicone rubber which is
suitable for casting. As shown in Fig. 16, the mold is

Fig. 17 Silicone rubber Fresnel lens
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Pouring the silicone rubber Placing the glass cover

and deaerating

placed on a circular glass plate. The silicone rubber is
slowly poured into the mold. Then, a quartz glass cover
is slowly placed on the silicone rubber. Two glass tiles
encircle the mold to prevent the glass cover from sliding.
The whole casting device is put into an oven with a heating
temperature of 100 °C for 10 min and then taken out. The
lens bonding with the glass cover is released from the
mold, and a silicone rubber lens with a thickness of about
0.7 mm is obtained. As shown in Fig. 17, only several
bubbles are observed in the lens without sharp corner
defects.

4.2 Test method

The light passing through the lens will be expectedly focused
on a circular facula with a diameter of 10 mm. In the facula,
the irradiance of all points is theoretically the same, resulting
in the same temperature of every point. Thus, the concentrat-
ing uniformity can be evaluated indirectly by the temperature
uniformity of the facula. As seen from Fig. 18, certain thermal
resistances are used to measure the temperature of specific
positions. 7; is defined as the temperature of number 7 thermal
resistance. N is the total number of thermal resistances. ur is
defined as the temperature uniformity, and ur can be calculat-
ed by Eq. 18. Tinax and Ty, are the biggest and the smallest

Sunlight

/

\ /// Temperature
\ /  measurement
\\\ /// instrument
\ Thermal J
 resistance )/ ‘
Circuit % 7 20.0C
board N /

Fig. 18 Concentrating uniformity test method
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Fig. 19 Concentrating setup and distribution of thermal resistances

temperatures respectively. The bigger ur is, the better the con-
centrating uniformity is.

Tmax_Tmin
ur=1-—— 18
! Tmax + Tmin ( )

4.3 Test results and discussion

As seen from Fig. 19, the distance between the lens and the
thermal resistance is the focal length f. The outmost measure-
ment circle is numbered 1, and the innermost one is numbered
5 in turn.

PT1000 SMD-V 0603 is selected as the thermal resistance,
of which the measurement range is from —50 to + 130 °C,
temperature tolerance is +0.24%, and the package size is
1.6 mm x 0.8 mm. Thermal resistances as many as possible
should be placed in the concentrating facula to achieve accu-
rate measurements, and 17 thermal resistances are distributed
in five measurement circles. All resistances are numbered.
The measurement instrument can simultaneously record the
temperature of 18 thermal resistances, and its measurement
accuracy is 0.5 °C.

Total ten measurements are conducted at noon. As seen
from Fig. 20, the concentrating facula coincides with the
measurement area with a diameter of 10 mm, meeting the
design requirement. In all ten measurements, three mea-
surements are valid. The average temperature of the three
valid measurements is shown in Fig. 21. The center

Measurement
Instrument

Fig. 20 Concentrating uniformity test setup and concentrating effect

T T T T T b T T T T T

1234567891011121314151617
measuring position

Fig. 21 Average temperature of different positions of the three valid
measurements

number 4 position bears the highest temperature of
143.9 °C, while number 11 position is the lowest. The
temperature uniformity of five measurement circles is
shown in Fig. 22. When calculating ut by Eq. 18, Tiax
and Ty, are the biggest and the smallest temperatures of
the average temperature of the measurement circle and all
measurement circle respectively. The temperature unifor-
mity of number 1 circle to number 4 circle is better than
87%.

Because the distribution density of the resistances is bigger
and the heat dissipation condition is worse near to the center
position of the concentrating facula, the temperature of the
center number 4 position is obviously higher than that of other
positions. As a result, the temperature of number 4 position is
inaccurate and higher than that in the real one. When calcu-
lating the temperature uniformity of the whole concentrating
facula, all the other 16 measurements will be used except the
temperature of number 4 position. According to Eq. 18, the
temperature uniformity of the whole concentrating facula is
75.2%.

The designed uniform concentrating Fresnel lens achieves
a certain concentrating uniformity. By investigation into the
geometrical structure of the lens, the concentrating surface is
conical surface of which the concentrating characteristic is
similar to that of spherical surface. Thus, the light passing
through the conical surface will not be concentrated uniformly
in an area with a specific diameter, but concentrated near to the
center, resulting in larger irradiance and thus higher tempera-
ture of the center area. In further research, the optimized geo-
metrical design of the lens, such as the groove width and the
inclined angle of the grooves, will be conducted for a better
concentrating uniformity.

120.0%

100.0%

C
S 80.0%

60.0% - T T
1 2 3 4 5

measuring circle

Fig. 22 Temperature uniformity of different measurement circles

@ Springer



460

Int J Adv Manuf Technol (2018) 96:451-460

5 Conclusion

To increase the photoelectric conversion efficiency of CPV
systems, a design of uniform concentrating Fresnel lens was
proposed, and a B axis rotating machining process of its mold
was developed. The mold machining experiments and the
concentrating uniformity test of the lens were carried out,
and the results verified the feasibility of the uniform concen-
trating design and the B axis rotating machining process. The
conclusions can be drawn as follows:

(1) The concentrating planes of the Fresnel lens were de-
signed to be conical ones, so the light passing through
these conical planes can be superposed on the same po-
sition, and finally, a uniform concentrating circular facu-
la was achieved. By analyzing the factors influencing the
theoretical optical efficiency and optical concentrating
ratio of the lens, the diameter and the focal length were
optimized. A uniform concentrating Fresnel lens with a
diameter of 80 mm, a focal length of 150 mm, and a
concentrating facula with a diameter of 10 mm were
designed, and its theoretical optical efficiency was
92.45%.

(2) The formation of cutting burrs and scratches on the ma-
chined surface of the molds was mainly influenced by
the machining path, cutting speed, B axis rotating speed,
and cutting depth. Tests of these factors were carried out
to optimize the cutting path planning and machining pa-
rameters. The optimal machining strategy was that the
outmost groove was first machined and then the near
groove one by one until the innermost groove was ma-
chined. Every groove was machined by two cuts with the
second depth of cut of 10 um. Under a maximum B axis
rotating speed of 50 deg/min, the uniform concentrating
lens mold was machined with dimensional accuracy of
1.0 um and surface roughness better than 13 nm.

(3) A silicone rubber Fresnel lens with no sharp corner de-
fects was cast based on the uniform concentrating lens
mold. A concentrating uniformity test setup was de-
signed to measure the temperature uniformity of this
lens, and the concentrating uniformity of Fresnel lens
was evaluated by the temperature uniformity. The con-
centrating uniformity of the lens was better than 75%. In
further research, the optimal geometrical design of the
lens will be conducted for a better concentrating
uniformity.
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