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Abstract. A simulation algorithm has been developed and geometric parameters of plane-
focusing lenses for concentrator solar energy systems with Si photoconverters have been
calculated. These lenses form a homogeneous image in the focal plane, so they are
promising for use in such systems and allow minimizing thermal and electrical losses in
solar modules caused by non-uniform illumination of the photoconverter surface. A
technology of manufacturing stamp-matrixes by diamond microcutting has been developed.
Based on the simulation results, a number of plane-focusing lens samples have been formed
by thermopressing technique using metal matrices. The manufactured samples of square-
shaped specialized transforming microprismatic structures have been experimentally
investigated using a collimated laser beam.
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1. Introduction

In recent years, plane-focusing optics is becoming
increasingly widespread [1-11]. Such optics forms a
uniformly illuminated light spot in their focus for a
parallel incident light beam. This phenomenon is the
opposite to the one for traditional Fresnel lenses, which
form a point image in their focus. The dependence of the
focal intensity for traditional lenses J(r) on the image
radius 7 is J(r)~ 1/r. The Institute for Information Recor-
ding of the National Academy of Sciences of Ukraine
(IR Ukraine) is also actively working on creating the plane-
focusing optics [12, 13]. The areas of its application are
quite diverse: from automated control systems for
moving objects to concentrator modules for solar energy
systems, and from precision surface treatment of metals
and plastics to laser photolithography. In IIR Ukraine, an
algorithm for simulating the parameters of plane-
focusing lenses has been developed, a technology for
forming matrices and replicating final products has been
proposed, and prototypes of microprism transforming
Fresnel lenses have been manufactured.

The created algorithm for simulating flat-focusing
lenses is described in detail in our previous papers [12, 13].
It allows one to create plane-focusing lenses from an opti-
cal material with refractive index n, for different diameters
of the light beam D; and with required focal length f,.
Depending on the purpose, such lenses should form homo-
geneous light circles of different radii ) in the lens focus.

In this work, we consider in more detail creation of
flat-focusing optics for concentrator modules of solar
energy systems. In this case, creation of a homoge-
neously illuminated circle on the photo-converter surface
allows one to completely eliminate lateral currents
[14-16], which have negative effect on the thermal
balance and energy efficiency [17] of the module.

2. Algorithm for calculating the parameters of plane-
focusing lenses

The algorithm for simulating the parameters of
transforming microprism flat optics [13] first of all
determines the lens illumination scheme (SL), i.e. the
necessary distribution of the illumination in the focus — a
light circle or a circle with a light ring on the periphery.
In the center of this image, anon-illuminated “dark™ area
with a radius r; G = 0, 1, ..., N) is simulated, which is
created to eliminate the central intensity maximum and to
homogenize the illumination. It is assumed [12] that this
“dark” area is illuminated in practice with the light
scattered by the defects of the lens microrelief.

At first stage of calculating the geometric parameters
of the lenses, the required outer radius of the focal image
ry is set. Then the focusing process (OF) is optimized so
that the corresponding refractive zones with a radius R,
and a width AR, (k=20...35) of the lens with a light beam
diameter D; should direct the refracted light beams into
certain annular image regions with a width Ar;=7ry—7,
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Fig. 1. Image of a collimated laser beam on the screen (a), profile of this image (b), and the image of a transformed laser beam for

the lens #3 1m-#04 (c).

For example, the scheme OF = 1.0(3)-2.0(1)-3.0(1)
means that the first three zones of the lens, # 1-3, direct
light into the image region with an inner radius
r;=1.0 mm, the zone # 4 directs light into the region with
a radius »;=2.0 mm, and the last zone # 5 — into the
region with a radius »,=3.0 mm. The r, can be of any
value provided D; > ry > r;.

To use the diamond microcutting technique [18-20]
for manufacturing microprism optics, the refractive zones
of the lens of a width AR, can be created from several
separate microprismatic components with a width AR,
identical in relief depth %, and refractive angle oy, ie.
AR, =X AR;.. The value of AR;. cannot exceed
1.2...1.5 mm [19, 20], which corresponds to the dimen-
sions of the cutting edge of the existing diamond tool.

The calculations also take into account the nar-
rowing of light fluxes by applying appropriate correction
of the width of the prismatic lens zones AR; [13].
However, such correction is necessary only for the zones
consisting of one microprism. For the refractive zones
created from several microprismatic components ARy,
correction of the width of the zone ARy is not required.

According to the algorithm presented above,
corresponding metal stamp-matrices for lens replication
were formed [12, 13] and a number of test lenses were
made from polycarbonate blanks applying individual
diamond microcutting technique.

3. Results of experimental study of the lenses

For experimental study of the manufactured samples of
plane-focusing lenses, a special experimental set-up [13]
was created, which allows obtaining an image of a
parallel beam of laser light passing through the test lens
on a matte translucent screen. The laser beam is created
by a condenser system of three lenses. The wavelength of
“green” laser A=0.532 um and the diameter of the
collimated light beam in the screen plane Dg= 59 mm.
The images of the transformed laser beam on the
screen were recorded by a Nikon P7000 camera. Fixed
focus settings and shooting parameters were used to allow
direct comparison of the obtained intensities of screen
illumination for different lenses. Fig. 1a shows a typical
image of a collimated laser beam on the screen in the
absence of lenses. Fig. 1b illustrates a profilogram of this

image. Fig. 1c shows an image of a transmitted beam on
the screen after its transformation by the “solar” lens
#31m-#04 (the focal length f; = 40 mm for the wavelength
ho=0.585 um, the calculated radius of the light spot
ry= 1.5 mm, the radius of the “dark™ area in the center of
the image r;=0.3 mm, and the observation distance
Ly =40 mm). In Fig. lc, the central light spot of diameter
ds corresponds to the calculated value dy= 3.0 mm.

The profile of the light intensity distribution in the
focal plane was obtained using Jmage J-1.53 software
[21]. The relationship between the geometric dimensions
of the light spot ds on the screen and its dimensions d; at
the Jmage J-profile is easy to determine knowing that the
outer circle in Fig. 1a corresponds to the diameter of the
collimated laser beam at the screen dy= 59 mm. When
the scanning scale is changed, the image size in pixels
also changes. However, for the light intensity registration
mode shown in Fig. 1, the image diameter at the Jmage J-
1.53 screen d; = 1155 pixels, i.e. a distance of 1.0 mm to
the image on the screen corresponds to 19.57 pixels at
the profile and, hence, the diameter dg = 3.0 mm for the
lens #3 1m-#04 on the screen is ~59 pixels.

The first samples of the so-called “solar” plane-
focusing lenses for concentrator modules of solar energy
systems [13] (the lenses #25c, #27, and #28) were
simulated according to the “circle” SL illumination
scheme for the wavelength A=0.585um and the
refractive index ng = 1.585 according to the data [22].
The lenses were created with a light spot diameter
dy=3.0 mm and a focal length f; =25 mm to achieve a
certain degree of solar rays concentration kc. With a light
lens diameter D; =50 mm, such lenses give the value
kc=280. A sufficiently small value f, =25 mm allows
one to significantly reduce the thickness of the
concentrator module, which can be created with such
lenses. The size of the dark area r; in the center of the
focal image for these lenses was ;= 0.5, 0.7 and 0.9 mm,
respectively, to select the optimal design of the prism
zones in our further developments.

Individually manufactured by the diamond microcut-
ting technique, the “solar” lenses #25c¢, #27 and #28 were
experimentally investigated at the modernized set-up
[13] using a collimated “green” laser beam. Fig. 2 shows
profilegrams of the transformed image for the lens #25¢

with a radius 7;,=0.5 mm and a focusing optimization
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Fig. 2. Spot profiles for the lens #25¢c and the observation distance L: a) 24.5, b) 25.0, and c) 25.5 mm.

scheme OF = 0.5(14)-0.8(2)—1.1(2). The calculated value
of the light spot diameter d) = 3.0 mm is shown in Fig. 2
by dashed lines.In the center of the light spot, for the
nominal value Lo=25mm, a certain decrease in the
illumination level is observed. Therefore, even the value
r;=0.5 mm for the radius of the “dark™ area used in the
calculations is too large to obtain a completely
homogeneous illumination distribution. Hence, use of
smaller values 7;= 0.2...0.3mm is advisable when
creating such lenses in future.

The obtained data indicate that the shape of the
profile noticeably changes even at small changes in the
observation distance L,. Hence, the shallow depth of
focus for “solar” lenses with a focal length f; =25 mm
may be a problem during installing and focusing an array
of individual lenses on a single platform when creating
a solar module. For this reason, it is more practical to
create “solar” lenses with a larger focal length

fo=40...50 mm. For such values of f;, the depth of focus

increases significantly [13], which simplifies the process

Fig. 3. Focal images for the lens #31-#04 with focus f= 40 mm and radius ;= 1.5 mm for the observation distance L,: a) 39, b) 40,

and c¢) 41 mm.
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Fig. 4. Profiles of focal images for the lens #31-#04 with focus /=40 mm and radius ;= 1.5 mm for the observation distance L:

a) 39,b) 40, and c) 41 mm.
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Fig. 5. Scheme of focusing optimization FO for the lens #32-cl
(a) and its relief structure (b).

of adjusting a large array of lenses (100-500) when
creating industrial solar concentrator modules.

Therefore, the lens #31 was created with the radius
7;=0.3 mm and the focal length f; =40 mm. The lens-
original #31orig and the stamp-matrix of this lens #31m
were formed using the diamond microcutting technique
[19, 20]. The reverse angle of the microprisms was set to
0 = 3 deg. to facilitate separating the metal matrix and the
final plastic products during the thermopressing process
[12]. A series of the lenses #31m-#(2-9) were manufac-
tured using this process. The intensity distribution on the
screen for the manufactured lens #31m-#04 obtained
with the laser beam is shown in Fig. 3. The profilograms
of these images for the observation distances Ly =39, 40
and 41 mm are presented in Fig. 4.

The obtained image profiles for the lens #31 are
expanded compared to the calculated data (dashed line)
similar to the lenses #25c, #27, and #28. The possible
reason is the large contribution of light scattering on micro-
relief defects [13], because the radius rp= 1.5 mm is quite
small. Therefore, to diminish the contribution of scattering,
we calculated the parameters of the lenses #32 and #32-cl,
which form a larger focal image with r,= 2.5 mm.

For further experimental studies, solar cells with com-
bined diffusion-field barriers based on monocrystalline
silicon [23, 24] are planned to use. Such cells were deve-
loped at the V. Lashkaryov Institute of Semiconductor
Physics of the National Academy of Sciences of Ukraine.
They are optimized for operation in the solar energy con-
centration mode [25, 26] and have individual cell dimen-
sions of 5.0x5.0 mm?, similar to those of [27, 28]. When
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Fig. 6. Microrelief pitch AR, for the lens #32-c1 (a) and
refraction angle oy (b).

using silicon photoconverters, the optimal concentration
value is k-~ 50...60 [23-26]. The lenses #25¢c, #27, #28
and #31 provide a sufficiently high light concentration
degree k¢~ 280, but the lens #32 provides k- = 100 for a
light beam diameter D; =50 mm. After diaphragming
this lens to a square shape with the maximum possible
size of 35x35 mm’, the degree of light concentration is
reduced to k¢~ 60. The above-mentioned diaphragming
is also necessary to reduce losses of the incident light flux
during creating an array of lenses in a single solar module.

The lenses #32 and #32-cl with a radius of the
“dark” area ;= 0.2 mm and a focal length f; =25 mm
were calculated. Calculations of the parameters of the
lens #32-c1 were performed using the radiation focusing
optimization scheme FO = 0.2(4)-0.5(2)-0.9(2)-1.2(2)
—1.6(2)-2.0(3), i.e. the first four lens zones, # 1-4, direct
the radiation into a light ring of 7y— r;=2.5 — 0.2 = 2.3 mm,
the next zones # 5-6 direct the radiation into a ring of
ry—1;=2.5 - 0.5= 2.0 mm, the zones # 7-8 direct radia-
tion into a ring of 7y— r;=2.5 — 0.9 = 1.6 mm, the zones
#9-10 direct radiation into a light ring with a width
ry—1;=2.5—1.2=1.3 mm, two zones # 11-12 direct radia-
tion into a ring with a width ry—r;=2.5-1.6 = 0.9 mm,
and the last peripheral zones # 13-15 direct radiation into
aring with a width ry—r;=2.5-2.0 = 0.5 mm.

The applied light optimization scheme for the lens
#32-cl is illustrated in Fig. 5a. The calculated relief
structure of this lens with pointed 15 zones is shown in
Fig. 5b. The calculation fragment for the lens #32-cl for
the reverse microprism angle 6 =0 deg. is shown in
Appendix A.
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Fig. 7. Total light transmission coefficient of the lens #32-cl
(a) and contribution of each prismatic zone to the total light
transmission (b).

The calculated microrelief pitch AR, = 1150...167 um
(Fig. 6a) allows using an evaluable diamond cutter with a
cutting edge length Ly = 1.8 mm for its formation. The
maximum refraction angle of microprisms a; = 38.4 deg.
(Fig. 6b), which provides a sufficiently high light
transmission Tg.

The theoretical value of light transmission coefficient
13 of the lens #32-c1 for its total optical aperture
D;=49.6 mm is 74.97%. Light transmission by zones
depending on the zone radius R, is illustrated in Fig. 7a.
The contribution of the individual lens zones to the total
value of 1y is 0.73-2.05%, which is illustrated in Fig. 7b.
The coefficient 1z describes Fresnel reflection. The value
of 15 also takes into account the so-called vignetting [12,
13] due to microprism back angle 6 = 3.0 deg.

The algorithm of moving the diamond cutter when
forming a metal stamp-matrix of the lens #32-c1m is illus-
trated in Fig. 8a. The matrix is formed with a microprism
inclination angle 6 = 3.0 deg., which ensures optimal sepa-
ration of the matrix from the plastic final replicas during
manufacturing final products by the thermopressing
method. Fig. 8b illustrates the algorithm of moving the
cutter when manufacturing originals of the lens #32-c1L
directly by the individual diamond microcutting method
with the same back angle of the microprisms 6 = 3.0 deg.

The original lens #32-c1-orig and the stamp matrix
of this lens #32-clm with a back angle of the micro-
prisms 6 = 3 deg. were formed by the method of diamond
microcutting. A series of the lenses #32m-#(1-12) was
manufactured by the method of thermopressing with
above matrix. The image of the stamp matrix #32clm
and the lens #32c1m-#5 of a square shape with the size
35x35 mm’, made with this matrix, is shown in Fig. 9.
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Fig. 8. Algorithm of moving the diamond cutter during
manufacture of matrix #32-clm (a) and the lens itself #32-c1L
(b) for the microprism back angle 6 = 3.0 deg.

(@

(b)

Fig. 9. General views of the stamp-matrix #32-clm (a) and the
square lens #32-c1m-#05 (b) with focus /=25 mm and radius
ry= 2.5 mm.

The intensity distribution of a laser beam on the
screen for the lens #32-c1m-#05 is shown in Fig. 10. The
profilograms of these images are illustrated in Fig. 11 for
the observation distances Lo =24, 25 and 26 mm. The
width of the registered profiles practically coincides with
their calculated values.

Antonov E.E., Chernenko V.V., Kostylyov V.P. et al. Plane-focusing optics for silicon solar photoconverters ...



SPQOEQO, 2026. V. 29, No 2. P. 228-238.

a)

©)

Fig. 10. Focal images for the lens #32-cIlm-#05 with focus /=25 mm and radius »,=2.5 mm for the observation distance L:

a) 24, b) 25, and ¢) 26 mm.
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Fig. 11. Profiles of focal images for the lens #32-clm-#05 with focus f=25 mm and radius r,=2.5 mm for the observation

distance L: a) 24, b) 25, and ¢) 26 mm.

In our further studies of optical and thermal cha-
racteristics of “solar” lenses, photovoltaic cells made of
crystalline silicon, for which the size of a unit cell of the
available silicon plates is approximately 5.0x5.0 mm’
similar to [27, 28], are planned to use. Therefore, when
illuminating such a square cell with a circular light beam
with a diameter dy=2R, (see Fig. 12a), two options are
possible: (#1) a light circle with a diameter L is inscribed
in a square with a radius R, and (#2) a square with a
radius R, is inscribed in a circle with a diameter Lp. The
flux diameter dy = 2R, for the option #1. There are no
flux losses (the area of the zone #1 = 0), but the area of the
non-illuminated surface ofthe cell (zone #2 in Fig. 12a) is
27.32% of the total area of the light spot. For the option #2,
the diameter dy=2R... The cell is illuminated
completely (the area of the zone #2 = 0), but the light
zone outside the working plane of the photoconverter
(zone #1) is 41.42% of the flux area. The losses for the
luminous flux (zone #1) and for the illumination area of
the cell (zone #2) in the general case depending on the
flux radius R, for the value of L, = 5.0 mm are illustrated
in Fig. 12b. In the optimal case, when the flux and
illumination losses are the same and are about 9.0%, the
optimal value Ry/Lp=1.12. That is, for the cell
measuring 5.0x5.0 mm’, the optimal radius of a circular
illumination flux is Ry = 2.82 mm.

Hence, in the optimal variant, a silicon solar cell of
the size 5.0x5.0 mm® should be illuminated with a circular
light flux with a diameter dy~5.7 mm. The considered

lenses #31 and #32-c1 totally satisfy the requirements of
homogeneous illumination of a photoconverter surface.
The size of the focal image L can be adjusted to the solar
cell size by changing the observation distance L. For cells
of the size 5.0x5.0 mn1’, to achieve the optimal size of the
focal image of a round shape with a diameter d;~ 5.7 mm,
the lens #31 should be used at the distance Ly ~ 38 mm,
and the lens #32-c1 should be placed at a distance Ly, =
26 mm. However, a more optimal variant is to reshape
the incident light flux to a square with the same size.

For use in a solar module, lenses with a diameter
D; =50 mm should be apertured to a square shape with
the maximum possible size of 35x35 mm”. In this case, it
is possible to compactly place an array of such lenses in a
single module without losses of the incident light flux.
An image of a diagnostic module consisting of four
apertured lenses #32-c1-#(07-10) is shown in Fig. 13.
Each of these lenses is made by thermopressing of blanks
from optical polycarbonate with a thickness ¥'=2.0 mm
using a stamp-matrix made from W-95 alumina alloy.
This matrix is formed by diamond microcutting technique
according to the cutter movement algorithm shown in
Fig. 8 with a modernized 6P82 machine tool [13].

The results of testing the optical characteristics of a
single lens #32-c1-#05 (D, =50 mm, f; =25 mm, and
ry=2.5 mm), as well as a lens #31m-#06 (D; =50 mm,
fo =40 mm, and r,= 1.5 mm), which are diaphragmed to
a square shape measuring 35%35 mm’, are shown in
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Fig. 14. These plane-focusing lenses were manufactured
by thermopressing method using the corresponding metal
stamp-matrices #32-clm and #31m.

The obtained data show that varying the observation
distance L, it is possible to obtain almost homogeneous
square-shaped images sizing from the nominal value
Lg=3.0 mm (the lens #31m-#06) or Lg= 5.0 mm (the lens
#32c1m-#05) to much larger sizes Lg, which can be almost
equal to the dimensions of the lens itself. For example,
the lens #31m-#06 creates homogeneous illumination of
a square-shaped surface with a size Lg=5.0 mm for an
observation distance Ly~ 39 mm, and the lens #32c1m-
#06 creates such illumination at a distance Ly = 27 mm.

However, the detailed laser beam testing of the
focusing properties of the lenses from the series #32clm-
#(01-12) revealed that the light spot in the focal plane of
the lenses is somewhat expanded compared to the calcula-
tions, both for circular (Fig. 11) and square-shaped lenses
(Fig. 14). Computer modeling using Solidwork 2016 and
zones # 11-12 with the TracePro 7.3 softwares [29, 30]
showed that the peripheral radii R;=21.5-23.3 mm of the
lens-original #32-c1, and especially the refractive zones
#13-15 (R;,=23.3...24.8 mm) form additional refracted
flows in the region outside the calculated focusing region
due to reflection of the refracted rays inside the lens.

Lo= 14 mm
Ls=26 mm

\ Zone#l
Zone#2

P | |
20 22 24 26 28 3.0 32 34 36 38 40
a) Light spot radius Ry, mm

b)

Fig. 13. Image of a diagnostic module
consisting of four apertured lenses #32-cl-
#(07-10).

Fig. 15a shows profiles of the illumination distri-
bution in the focal plane for the lens #32-c1 with a thick-
ness Y= 2.0 mm for the total aperture (R;=0...24.8 mm)
as well as for individual groups of prism zones, which are
formed according to the principle of uniformity of the radius
7; of the annular focusing areas with a width (7,—r;). The
profiles are shown for an area radius ;= 0.2 mm (the
radii of the prism lens zones R,= 2.51...1.7 mm), 7;=
0.5mm (the lens radii R,=11.7...15.7 mm), ;= 0.9 mm
(Re=15.7...18.9 mm), ;=12 mm (R,=18.9...21.5 mm),
r;=1.6 mm (R,=21.5...23.3 mm), and a “dark” area
radius ;= 2.0 mm (R;=23.3...24.8 mm).

Most of the prism zones direct the refracted rays
into the calculated focusing area with rp= 2.5 mm, which
is shown in Fig. 15a by a dotted line. However, the lens
zones # 11-15 form illuminated areas outside this
focusing area. Fig. 15b shows the illumination
distribution profile for the most problematic group of
zones # 13-15 with the prism radii R;=23.3...24.8 mm.

Appearance of an additional maximum at a radius
ry=4.3 mm is explained by Fig. 16, which shows the
simulated rays path through the prism zones # 13-15 of
the lens #32-cl. The lens thickness is 2.0 mm, the flat
translucent screen is placed at the distance of 25.0 mm,
and the screen diameter is 50 mm.

Lo=38 mm
Ls=5,7mm

Lens #31m-#06 xe: f=40 mm; ».=1.585; r=1.5mm; ry=0.3 mm

Lens #32clm-#05%e: =25 mim; »n,=1.585; ry=15 mm;%rp=0.2 mm

Lo=30mm
Ls=3.3mm

Fig. 14. Screen images of the lenses #31m-#06 and #32c1m-#05, diaphragmed to the size of 35x35 mm? depending on the

observation distance Lj.
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Fig. 15. Modeled focal image profiles for the lens #32cl:
a) light distribution over different lens zones, b) profile for the
zones #1315 (R, =23.3...24.8) with an additional maximum at
ry=4.3 mm.

ke

Fig. 16. Simulated rays path for the zones #13—15 of the lens
#32-cl.

The incident “red” rays with an intensity of 66 to
100%, after being refracted by the lens zones # 13-15, are
transformed into the “green” rays (the intensity of
33-66%), because the refraction angles for these zones
o, =38.211...38.437 deg. are approaching the critical
value o, = 39.118 deg. and the light transmission coeffi-
cients are t°; = 0.607...0.541. These rays form the main
maxima in the center of the focal plane. At the same
time, the blue rays also appear (the intensity of 0-33%)
due to the multiple Fresnel reflections of the rays inside
the lens. These rays form additional maxima in the focal
zone of ry=4.3 mm. Its intensity is ~30% of the main
maxima (see Fig. 15b). Similarly, the prism zones # 11-12
with R,=21.5...23.3 mm also form an additional maxi-
mum with the intensity of 8.3% at the same radius

ry=43 mm. Other lens zones with lower radii
R<21.5mm and angles o,<36.22 deg. according to
computer modeling revealed only the main maxima (see
Fig. 15a), which are placed for radii 7;=0.2, 0.5, 0.9, and
1.2 mm, respectively, set during the simulation.

Therefore, when using such a lens for illuminating
solar modules, it is advisable to diaphragm it and to use
only prismatic zones with radii R;<21.5 mm. All the
light profiles shown in Fig. 15 are computer simulated. In
reality, the total laser profiles for the lens #32-cl are
smoother due to the light beam scattering at the relief
defects (see Figs. 10 and 11).

Another option to reduce the light profile extension
is to create a similar “solar” lens, but with a larger focal
length fo=40...50 mm, at which the refraction angles of
the microprisms do not exceed the value a;,~34.0 deg.
This diminishes the negative internal reflection and
increases the total light transmission coefficient of the
lenses to the values t°; = 82-85% [19, 20].

Therefore, in further creation of plane-focusing lenses
for concentrator solar energy modules based on crystal-
line silicon, it is advisable to use a focusing optimization
scheme with a central “dark” area with a radius
r;=0.2...03 mm and an image size ry=1.5...2.5 mm.
The optimal focal length of the lenses is fo=40...50 mm.
It is also advisable to diaphragm the light flux by forming
square lenses to reduce flux losses. The exact size of the
illuminated zone of a photodetector can be adjusted by
respectively changing the focusing distance of the lenses.

4. Conclusions

Lens designs were proposed, geometric parameters were
calculated, and experimental samples of specialized
plane-focusing light concentrators were manufactured
from optical polycarbonate by diamond microcutting for
concentrator solar energy systems.

Metal stamp-matrices were created and formed
using the diamond microcutting technique for replicating
the required number of plane-focusing lenses by the
thermopressing method.

Using collimated laser beam, photo-technical
characteristics of the test samples of focusing elements
were experimentally investigated. The obtained results
showed the correspondence of experimental data to the
calculated characteristics.

Square-shaped diaphragm lenses were created to
match the shape of the light flux with square solar cells,
and the photo-technical characteristics of their test
samples were experimentally determined. It was shown
that such lenses create homogeneous illumination of the
surface in the form of a square with the dimensions of
5.0x5.0 mm® required for the solar cell that are planned
for the future researches.
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Appendix A

Simulation of Fresnel lens rV =2,5 sy with r;= 0.2 (4 zones) - 0.5 (2 zones)- 0.9 (2 zones) - 1.2 (2 zones) - 1.6 (2 zones) - 2.0 (3 zones) mm
£=25mm, 1=0.585 pm (1, = 1.585); 5= 6.0 mm, 0y = 30.118 deg., °( Fr1) = 0.949; 1% (Fr2)=0.901. 1';= 1/ (1+ tge tgh) # 321

AR'\= Witgoy tey, /(1 - tgoy tayy)

AR, = AR, cos6 + (k- hy, ) sinf

h k=Wj tow, {1+ tga, toy, / (1-tgo toy)}

Lens with reverse angle 8= 0 deg.
1K ange | ReR#R, | ye=te Riff) o tg'siny/(1,585cosy)} | AR = hgaALaARJcosof B=00-a | Ry | yta
zone| . | R,mm mm Ry=20mm | rad. | deg. rad. deg. deg. mm mm pm | deg.
2,300 - 0,000 0.000000 | 0.000000 | 0.00
1| 0.20 | 4800000 [ 42800-2300 2500000 | 0.091742 | 5% 0.154254 8.837917 0.000 1.15000 1.16 90.000 0000 | 526
1 020 3650000 | 0.091742 | 526 | 0.154251 8.837917 8838 1.15000 1.16 81.162 | 178.809 | 14.09
2 | 2 [ 020 | 7.100000 | 7,100- 4,800 4.800000 | 0.181965 | 1043 | 0.282233 16.743731 8.838 0.76667 0.80 81.162 | 178.809 | 19.28
3 020 5.566667 | 0.181%65 | 1043 | 0.292233 16.743731 16.744 0.76867 0.50 73.256 | 230649 | 27.17
4 020 6.333333 | 0.181965 | 1043 | 0.282233 16.743731 16.744 0.76667 0.80 73.256 | 230649 | 27.17
1 3 | 020 [ 9400000 | 9,400-7,100 7100000 | 0.692% | 1543 | 0.404745 23.190168 16.744 0.76667 0.83 73.2% | 230649 | 32.17
] i} T.866667 | 0.269206 | 1543 | 0.404745 23.190168 23.1%0 0.76667 0.83 66.810 | 328.438 | 38.62
1 020 8633333 | 0.692% | 1543 | 0.404745 23.190168 2.4% 0.76567 0.83 66.810 | 328438 | 38.62
§ | 4 | 020 (11.700000 | 11,700-9.400 9.400000 | 0352620 | 2020 | 0490510 28.108874 23190 0.57500 0.65 66.810 | 328.438 | 4339
9 020 9975000 | 035020 | 2020 | 0.490610 28.109874 28.110 0.57500 0.65 61.890 | 307.149 | 48.31
1 00 10550000 | 0.352620 | 200 | 0.480610 28.108874 28.110 0.57500 0.65 61.890 | 307.149 | 48.31
11 020 11125000 | 0.352620 | 2020 | 0.490610 28.109874 28110 0.57500 0.65 61.890 | 307.149 | 48.31
2 | 5 | 050 | 13.700000 | 13,700-11,700 | 14.700000 | 0.421189 | 2413 | 0.546313 31.3014089 2110 0.50000 0.59 61.890 | 307.149 | 5224
11 050 12200000 | 0421189 | 2413 | 0.546313 31.301408 31.301 0.50000 0.59 58.699 | 304.022 | 55.43
14 050 12700000 | 0.421189 | 2413 | 0.546313 31.301408 31.30 0.50000 0.59 58.699 | 304.022 | 55.43
15 030 13200000 | 0421169 | 2443 | 0.546313 31.301408 31.301 0.50000 0.59 58.699 | 304.022 | 55.43
16 | 6 | 050 (15700000 15,700-13,700 [ 13700000 | 0.4857% | 2783 | 0.587787 33.6776%0 31.301 0.50000 0.60 §8.699 | 304.022 | 59.14
11 030 14200000 | 04857% | 2783 | 0.587787 33.6776% 33.678 0.50000 0.60 56.322 | 333477 | 61.51
1 030 14.700000 | 04857% | 2783 | 0.587787 33.6776%0 33.678 0.50000 0.60 56.322 | 333477 | 61.51
19 050 15.200000 | 0.4857% | 2783 | 0.587787 33.6776%0 33.678 0.50000 0.60 56.322 | 333477 | 6151
2| 7 | 090 [17.300000 ) 17.300-15.700 [ 15700000 | 0.534516 | 3063 | 0.612840 35.113149 33.678 0.40000 0.49 36.322 | 333477 | 64.30
il 030 16.100000 | 0.534516 | 3063 | 0.612840 35.113149 35113 0.40000 049 54.887 | 281.262 | 65.74
2 (L] 16500000 | 0.534516 | 2063 | 0.612840 35.113149 35413 0.40000 0.49 34887 | 281.262 | 65.74
i) 0% 16.900000 | 0.534516 | 3063 | 0612840 35.113149 35.113 0.40000 0.49 54.887 | 281.262 | 65.74
2418 | 090 (13500000 18900-17,300 [ 17.300000 | 0.580%62 | 336 | 0.632183 35.221439 3HA13 0.40000 0.50 54887 | 281.262 | €8.38
B 090 17.700000 | 0.580582 | 336 | 0.632183 38.221438 36.221 0.40000 0.50 53.779 | 292.986 | 69.49
% 0% 18.100000 | 0.520562 | 3326 | 0.632183 35.221439 36.221 0.40000 0.50 53.7719 | 292.986 | 69.48
xa 090 18.500000 | 0.580582 | 336 | 0.632183 35.221438 36.221 0.40000 0.50 53.7719 | 292.986 | 69.49
B | 9 | 120 | 20200000 | 20,200-18900 | 18.900000 | 0.696075 | 35.30 | 0.644500 36.921123 36.221 0.43333 0.54 537719 | 292986 | 71.52
] 120 19.333333 | 0616075 | 35.30 | 0.644500 38.927123 36.927 043333 0.54 §3.073 | 325.677 | 72.23
£l 120 19.766667 | 0.616075 [ 3530 | 0.644500 36.921123 36.927 0.43333 0.54 53.073 | 325677 | 72.23
2110 | 120 [ 20500000 | 21,500- 20200 | 20200000 | 0.64%870 | 7.3 | 0.654328 37.490249 36.927 043333 0.55 §3.073 | 325.677 | 74.16
3 10 20633333 | 0649870 | 373 | 065438 37.490249 37490 0.43333 0.55 52510 | 332391 | 7473
H 120 21.066667 | 0.649870 | 3723 | 0.654328 37.490249 374% 043333 0.35 §2.510 | 332391 | 7473
35| 1| 160 [ 22400000 | 22.400- 21500 | 21500000 | 0.672297 | 3852 | 0.659905 37.809763 37.490 0.30000 0.38 52510 | 332391 | 76.01
) 160 21.800000 | 0672297 | 38352 | 0.658905 37.809768 31.810 0.30000 0.38 52190 | 232.786 | 76.33
3 160 2100000 | 0672297 | 3852 | 0.658905 37.809768 37.810 0.30000 0.33 52190 | 232.786 | 76.33
38 | 12 | 160 [ 25.300000 | 23300-22.400 | 22400000 | 0.693951 | 3976 | 0.664620 38.079914 31.810 0.30000 0.38 52190 | 232.786 | 77.57
3 160 22700000 | 0693851 | 39.76 | 0.654620 38.079914 38.080 0.30000 0.38 51.920 | 235.063 | 77.84
4 160 23000000 | 0893951 | 3976 | 0.664620 38.079914 38.080 0.30000 0.38 51.920 | 235.063 | 77.84
4| 13| 200 | 23.800000 | 23.800-23,300 | 23300000 | 0.705654 | 4043 | 0.666%07 38.210966 38.080 0.16667 0 51.920 | 235.063 | 78.51
{2 200 23466667 | 0.70%54 | 4043 | 0.666%07 38.2109%6 38211 0.16567 0 51789 | 131.205 | 78.64
4 200 23633333 | 0.70%54 | 4043 | 0.666907 38.210%6 38.21 0.16667 0. §1.789 | 131.205 | 7864
44| 14 | 200 | 24300000 | 24300-23,800 | 23.800000 | 0717128 | 41.09 | 0.668979 38.329651 38.211 0.16567 0 51.789 | 131205 | 79.30
4 200 23.966667 | 0717128 | 41.09 | 0.668979 38.320651 38.330 0.16667 0.z §1.670 | 131.766 | 79.42
% 200 24133334 | 0717128 | 41.09 | 0.668979 38.320651 38.330 0.16667 0 51.670 | 131.766 | 79.42
47 | 15 | 200 | 24800000 | 24.800-24300 | 24300000 | 0728378 | 473 | 0.670850 38.436858 38.330 0.16567 0o 51.670 | 131.766 | €0.08
8 20 24.466667 | 0.728378 | 4173 | 0.670850 38.436858 38.4371 0.16667 0.1 51.563 | 1322713 | 80.17
4 20 A833334 | 0728378 | 73 | 0.6708%0 38.436858 38.437 0.16567 0o §1.563 | 132213 | &0.17
t) 200 2300 24300000 | 0.73%406 | 4236 | 0672535 38.533413 38.437 0.50000 0.64 51.563 | 1322713 | 80.80
25.300000
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ILitocko-dokycyBajibHa ONTHKA /ISl KPEMHIEBHX COHAYHHUX ()OTONEPETBOPIOBAYIB

E.E. AntonoB, B.B. Uepnenko, B.II. KoctuaboB, B.C. Jlucenko, /I.LFO. Manbko, 1.0. Maprunwok, B.B. Ilerpos,

B.H. 3enin

AHoTaniss. Po3po0sicHO aJITOPUTM MOJICITIOBAHHS Ta PO3PaxXOBaHO T'€OMETPHYHI ITapaMeTpH IUIOCKO-(DOKYCYBATBHHX JIH3
JUIS KOHIICHTPATOPHHUX COHSYHHX CHCTEM 3 KpeMHi€BUMH (oromeperBoproBadaMu. Taki JIH3M (OPMYIOTH T'OMOTCHHE
300paxkeHHS Y (hOKaJBHIH IIONMHI, TOMY BOHH € HEPCIEKTHBHUMH JUIS BUKOPHCTAHHS B TaKHX CHCTEMaX Ta IO3BOJIAIOTH
MIHIMI3yBaTH TEIUIOBI Ta EICKTPHYHI BTPaTH B COHSYHHX MOMYIISIX, ITOB’3aHI 3 HEOTHOPIIHUM OCBITICHHSAM MOBEpXHi (oTo-
nepeTBoproBada. Po3po0ieHo BiAMOBIIHY TEXHOJIOTIKO BUTOTOBJICHHS IITAMIT-MATPUI(h METOJIOM aJIMa3HOTO MIKPOTOYiHHS.
Ha ocHOBI pe3ysbTaTiB MOJIEIOBaHHS C(HOPMOBAHO AESKI 3pa3Ku IJIOCKO-()OKYCYBaIbHHUX JIIH3 METOJIOM TEPMOITPECYBaHHS
3 BHUKOPHUCTAHHSM METAJICBUX MAaTpHIlb. BHrOTOBIICHI 3pa3Ku CIEIiali30BaHUX TPAHCPOPMYIOUHMX MIKPOIPU3MATHYHUX
CTPYKTYp KBajpaTHOI (hopMH OyJI0 eKCIIEPUMEHTAIILHO JIOCIIHKEHO 32 JIONIOMOT0K0 KOJTIMOBAHOT'O JIA3€PHOTO IIPOMEHS.

K11040Bi ci10Ba: aqropuT™ MOJICIIOBAHHS MIKPOIIPH3M, IJIOCKO-(DOKYCYyBabHA ONTHKA, MIKPOPEIbE(PHA CTPYKTYPA.
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