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1. Introduction

Currently, applied research is being actively carried out
to create photovoltaic modules for concentrated solar
radiation [1]. The main idea here is to use the modern
photoelements, in particular three-stage ones based on
gallium arsenide or A"BY compounds instead of
traditional silicon amorphous photocells, but at a much
smaller working surface, to improve efficiency of solar
light photovoltaic transformation. It is claimed [2, 3] that
more expensive, but much more efficient photovoltaic
multi-junction cells can function effectively at a
significant multiplicity of light concentration, even up to
thousands of times. Such modules will be economically
profitable, when the light multiplicity (or reduction of
photovoltaic working area) is higher than the price
increase for a single photovoltaic cell. Recent results of
solar cell efficiencies listed in [4] showed that
the GaAs solar cell has a measured record of 29.3 %
efficiency under 49.9-suns, and the four-junction
AlGalnP/AlGaAs/GaAs/GalnAs solar cell holds even
the highest record of 47.1% under 143-sun irradiation.

There are numerous economic estimates (see, for
example, [5]), according to which in the nearest future
the photoelectric power industry with concentrated sun-
light can become not only the most cost-effective among
other photovoltaic (PV) devices, but also compete with
the existing traditional sources in terms of the cost of
generated electricity. Creation of concentrator modules
enables to reduce the consumption of semiconductor
materials to generate a given electrical power, because
this consumption is proportional to the concentration
multiplicity.

The concentration of light fluxes can be achieved by
applying different mirrors, linear cylindrical focusing
lenses, or by Fresnel lenses. However, a high
concentration multiplicity of a range from hundreds to
several thousands can be achieved only with Fresnel
lenses. So, in this paper, we will focus just on the high-
concentration photovoltaic (HCPV) modules with micro-
prismatic Fresnel lenses.

Non-uniform irradiation distribution over the PV-
surface is one of the most challenging issues for solar
cells with concentration of light. Many researches, for
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example, [6-8], are devoted to studying this phenomenon.
It is well-known that the longer the focal distance, the
focal spot is larger, and the more uniformly the solar cell
is illuminated. However, with an increase in the focal
spot diameter, the solar cell area should be enlarged
accordingly. On the other hand, when the focal distance
is reduced, the illumination inhomogeneity at various
points of photocell surface increases, which leads to an
increase of the side currents inside the structure between
the HCPV cascades, and accordingly, the ohmic losses
increase [9]. When the illuminated regions excessively
generate huge currents, they also are overheated. This
process decreases the electrical output, because the
central areas of solar cells do not operate properly, which
is caused by the rising cross-ohmic currents. This, in
turn, causes a dissipation of generated electrical power.
At the same time, a shadow (low-intensity) effect that
occurs at the peripherical parts of solar cells might cause
limitation of the photocurrent in the connected cell parts
and therefore cause limitation of cell performances.
Currently, the Fresnel optics applied in HCPV
modules are mostly the traditional point-focusing lenses
[10], which produce non-uniform irradiation distribution
for concentrated sun-light. The typical known focusing
scheme [9] is illustrated in Fig. 1a. Many researchers try
to diminish this effect [6-10]. However, it is possible to
completely solve the problem of internal ohmic losses
caused by non-uniform irradiation in HCPV modules
by applying for sun-light concentration the new
transforming Fresnel lenses [11] that create a uniformly
illuminated light circle in the lens focal plane (Fig. 1b).

(@)

(b)

Fig. 1. Light beam transformation by Fresnel lenses: a) point-
focusing lens [9], b) transforming plane-focusing Fresnel lens
[11].

Another important feature of plane-focusing optics
[11] is the ability to reduce significantly the focal
distance f of concentrator lens. For example, the lens
with optical diameter D, = 56 mm, which corresponds to
traditional rectangular lens of size ~40x40 mm [9], can
be made with diminished focal distances f (from usual
75...105 mm to 20...25 mm). These f-values for trans-
forming lenses [11] are restricted only by the limit angles
oxmax [12] of refractive microprism zones. Accordingly,
the diminished f-value leads to reducing the dimensions
of concentrator single cell and the total thickness of
HCPV module, which is especially important for space
solar photocells.

So, the main aim of our paper is to deliver an
algorithm for creating plane-focusing Fresnel lenses for
solar concentration modules, which is specially adapted
for mass manufacturing of such lenses by thermo-
pressing method. Other aim is to investigate the main
properties of created lenses for possible photovoltaic
modules.

2. Algorithm for modeling Fresnel transforming optics

Earlier in our paper [11], an algorithm was proposed for
modeling the parameters of transforming microprismatic
optics. In their focal plane, these Fresnel lenses form a
light circle of required radius ry with an almost
homogeneous illumination distribution. The scheme of
light refraction for these lenses is shown in Fig. 2, where
f is the lens focal distance; ny, and n; are the refractive
indices of the medium and the material of microprism,
accordingly; Ry is the radius of annular prismatic zones
k=1,2,3, ...,N of the lens; ARy is the width of the
refractive k-zone of the lens in the direction of axis X°;
ry=R; is the outer radius of the light spot in the focal
plane; vy is the angle of observation for k-zone from the
focus F; oy is the prism refractive angle and hy is the
relief depth for the k-zone.

R

AR

Fig. 2. Modified scheme of Fresnel plane-focusing structure
with variable pitch AR, and depth h, of microrelief.
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We realize our calculation results for lens
manufacturing by a diamond cutting method [12, 13].
This technique ensures formation of operating facets with
an exceptional geometrical accuracy and mirror-like
surface quality. Recently, we have successfully applied
this method for manufacturing the microprism structures
for computer eye-glasses [14] and for creating the lenses
for moving objects control systems [15].

The algorithm for calculating the focusing structure
suitable for implementation of diamond-cutting method
involves, firstly, the setting of central lens zone, which in
the process of lens manufacturing remains flat. The size
R, of this zone is determined primarily by technological
requirements: during diamond-cutting the speed of
rotation of the cutting tool at the point R; =0 is zero;
hence the value of R; cannot be zero or very small. A
parallel light beam passes through this flat zone of radius
R; without refraction, thus at the center of the focal plane
a flat illuminated area with radius ry=R; is formed. All
other annular refractive lens zones with inclined flat
surfaces of radii Ry and widths AR, should focus the
transmitted light onto this single central circle of radius
ry at the lens focal plane.

After setting the radius R, of this central zone the
angle y; of ray inclination by the first prismatic zone is
determined at this point R = R;. This value y; determines
the refraction angle o4 of circular zone k = 1 according to
Snell’s law [16]:

n=arctg(R/f), oy =arctgisinyy/(ny/ng —cosyy )l

1)

By this refraction angle a4, the ray from the point
R =R is directed to the center of the image formed by
the lens in the focus plane F. According to proposed
calculation model, this angle a; determines the
inclination angle y, for all rays passing through the first
annular microprism zone of width AR;=(R,—R;). The
central R; and first inclined zone R, are formed with the
same width AR; = (R,—R;) =R; which ensures focusing
the passed beams into a single light circle of radius
ry= ARy = R; (see Fig. 2). After determining the radius
R, at the point R = R, the angle y, of ray inclination by
the second prismatic zone k = 2 is determined; and then
the relief parameters for the zones k=3, 4, ...,N are
calculated.

Our algorithm [11] for obtaining a homogeneous
spot at the first stage supposes formation a not-
illuminated “dark” area of variable radius r; in the center
of focal spot. It is necessary for compensation of a light
beam concentration in the narrow central area of
the round focal spot. This feature is explained by
transformation of larger annular light fluxes into the light
rings with the smaller diameters under their focusing.
This process of light beam concentration is considered in
detail in our previous paper [17]. So, the refractive angles
ay are calculated with these “dark” zones in mind.

Then optimization of the focusing process (FO) is
necessary [11] to achieve the homogenization effect. This

process means that the corresponding prismatic k-zones
of the lens with radii R, and widths AR should direct the
refracted light beams into certain focal annular areas with
the widths W; = ry—r;, where j =0, 1, 2 ... M. The width
of annular illuminated areas W; will be considered as the
nominal relief pitch of microrelief, which is necessary to
further calculate the refractive parameters of prismatic
zones. The number M of the groups of lens zones is
defined by the light diameter D, and the nominal pitch
W;. Usually, the value of M =3...4 is enough to obtain
focal spot homogeneity.

The number of k-zones in the lens is defined by the
focal ring width W; and the lens diameter D.. Under
optimization process all k-zones of the lens are grouped
into the prismatic groups, each j-group is related to
certain pitch W,. It is assumed that the central “dark”
areas of radii r; will be illuminated by diffracted
transmitted light, as well as by diffuse scattering of the
light reflected from the lens forming plate and chaotically
refracted at the relief defects.

At the next modeling stage, the process of light
beam narrowing should be taken into account by
applying the appropriate correction of the pitch ARy and
the depth hy, of microrelief for a lens with a necessary
light diameter D, = 2R.. We will call this process as zone
correction (ZC). As the angles oy increase, each k-zone
forms a narrower ring in the focal plane with outer radius
re instead of ry and with the width Arj=r¢—rj. This
process is obviously illustrated in Fig. 2. To expand the
refracted annular light beam from the radius r, to radius
ry, it is necessary to increase in proportion the radii of
lens refractive zones R, =W; + AR and, accordingly,

the depths of microrelief h, =W;tgo, +Ahg , where a

nominal lens relief pitch W;=ry—r; is different for
various j-groups of prismatic zones.

Indeed, the method proposed earlier in our work
[11] accurately simulates the focusing structures only for
large aperture numbers f/D_>1.5...2.0, when the
refraction angles of microprisms ay are rather small. For
larger angles oy it is necessary to change the widths of
zones ARy and the depths of relief h, to compensate the
narrowing of light fluxes. For any angles oy and vy, the
necessary correction of the width AR’y and the depth Ah'y
of the microrelief (the so-called ZC) for each j-group can
be defined as:

AR, =W; tg®ay tgy, /(1-tgaytgyy ),
AR, = ARLtg ot @

The variable pitch R, and depth hy of the microrelief are:

R =W; (1+ tgortgyy )/(1-tgoytgyy ),

h =W; tgou (1+tgen tgy, )/(1-tgoutgy, ). (3)
The next problem — uniformly illuminated light spot
in the focal plane has a rather large radius

ry>5...10 mm; therefore the restraining factor exists: the
used diamond cutters have a cutting edge that usually is
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no more than 1.2...1.5 mm. So, the length of inclined
working surfaces of microprisms ARy/cosa, or the
widths of each prismatic zone AR = (Ry+1—Ry) cannot be
larger than ~ 1.2 mm. To eliminate this limitation, it is
proposed [11] to form each of zones k=1,2,3,..,N
from several similar constituent microprismatic elements
N, with the same refractive angles ayx and widths ARy..
The total width X ARy, of prismatic elements for each of
these composed k-zones in the sum should be equal to the
width AR,. The value of AR, =X ARy, for each zone k is
defined by an appropriate variation of the relief depth hy
and the number of constituent elements N..

At the final stage of simulation, with account of the
stated light focusing optimization scheme (FO) and width
zone correction (ZC) by using the formulas (2) and (3),
the geometrical parameters of necessary transforming
Fresnel lens can be calculated.

The offered algorithm allows modeling the lens that
forms a uniformly illuminated area in the focal plane at
any focal distance f. We will start calculating the
parameters of the lens with the minimum possible focal
distance f that is essential for solar modules. However,
for a smaller f values the prism refractive angles ay
approach to their limiting value oy max, at which the total
internal reflection [16] occurs for transmitted light
beams. Therefore, the light transmittance t° also
decreases with decreasing f, but the thickness of
concentrator module, made from these lenses, also
decreases. This will allow one to minimize the size of
concentrator module that is decisive when constructing
photovoltaic devices.

To create the lens for solar concentrators, we will
calculate the prismatic structure with the focal distance
f =25 mm and light diameter D, = 50 mm, which enables
to form the round uniformly illuminated area with the
radius ry=1.5 mm in the focal plane. So, this lens # 25-c
can ensure the sunlight concentration multiplicity k. ~ 280.
The simulation showed that for above lens #25-c the
correction procedure realizes 18 prismatic zones corres-
ponding to 3 values of W; = 1.0, 0.7 and 0.4 mm, each of W;
contribute by 14, 2 and 2 prismatic k-zones, accordingly.
The details of calculation can be seen in Appendix A,
some obtained data have been shown also in Fig. 3a.

The proposed optimization scheme FO of light
beams focusing for the lens #25-c is illustrated in Fig. 3b:
created prismatic zones # 1-14 reflect light beams to the
focal light ring of width W;=r,—r,=1.0 mm, zones
#15-16 — to the ring of W, = ry — r; = 0.7 mm, and zones
#17-18 reflect light beams to the ring of width
W3 =ry—r;=0.4 mm (M =3). We will call this scheme
of focusing optimization as FO: 0.5 (14)-0.8 (2)-1.1 (2).
Under above conditions the focal light distribution has
“dark” central area of radius r, = 0.5 mm and three light
peaks for radii r;=0.5, 0.8 and 1.1 mm with the outer
radius ry = 1.5 mm. Our previous experience testifies that
in practice for above “three-peak” FO-scheme the lens
manufactured using diamond cutting, due to diffuse
scattering demonstrates the focal light distribution that is
practically flat.
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Fig. 3. Parameters of the lens # 25-c with the focal distance
f =25 mm that forms flat focal light circle: a) pitch correction,
b) scheme of focusing optimization.

Using the obtained data on FO and ZC, modeling
the lens relief depth h, depending on radius Ry can be
performed. The calculated structure of the relief for
above lens-concentrator # 25-¢ for R < 26.067 mm is
shown in Fig.4a. The general view of real plane-
focusing lens # 25-c, made using diamond micro-cutting,
is illustrated in Fig. 4b.

The refractive indices ny(A) for the formula (1) were
used from the data [18]. Simulation of parameters was
performed for polycarbonate (n,=1.585) for the
wavelength A =0.532 um, which is most suitable for
solar concentrators systems. The details of calculation are
contained in Appendix B.

We have modulated lens prismatic zones having
refractive  angles o0x~3.9...38.6deg. This lens-
concentrator # 25-c with the focal distance f = 25 mm has
a fairly high total light transmission %= 77.56 % defined
by the Fresnel refraction [16] of light beams refraction at

the both sides of relief forming plate. The calculated rf

for each prismatic k-zone of the lens depending on the
radii Ry have been shown in Fig. 5a.

In the case of microprisms with reverse angle 6 >0
(Fig. 2), which is necessary to simplify the lens manufac-
turing process by using the thermo-pressing method [16],
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Fig. 4. Structure of microrelief inherent to the lens # 25-c with
the focal distance f = 25 mm, which forms a focal light circle of
the radius ry=1.5: a) modulated relief profile, b) real structure
of the lens.

another reason exists for diminishing a light transmission
— the light beam vignetting with appropriate coefficient

r\,f . It is easily to calculate (see Fig. 2 that the value

r\,f = (zone length 1.,) / (zone length ¢.,), thus:

7 =Y/(1+tgoytgo). (4)

The total light beams transmission for each k-zone
can be obtained as t; =tf -ty , where 1 values are
calculated by known Fresnel formulas [12] and values

r\,f are calculated according to the formula (4). The

obtained values t; versus radii R, are shown also in
Fig. 5a. Note that the lens-concentrator # 25-c due to
above vignetting r\k’ , depending on the prismatic angle
ayx and on the reverse angle 6 =3 deg, has a total light
transmission ©° that is diminished to the value
©° = 74.67%, as compared to the above refraction value
1= 77.56%.

For a similar lens-concentrator # 22, but with
the larger focal distance f=50 mm, the total light

30

transmission 1" = 89.20% even up to the light diameter
D, =50 mm due to the smaller refractive angles o, and

diminished refraction losses tf for every lens radius Ry.
For this lens, the scheme providing focusing optimization
is FO: 0.5(17)-0.8(3)-1.1(5). Fig.5b illustrates the
transmission values t; =tf -ty and tf for the lens
#22. The diminished total transmission t° is equal to
87.02% due to the vignetting r}f for this lens.

The obtained data indicate that diminishing the
focal distance f markedly diminishes the light

transmission t; =tf -ty mainly due to the enlarged

refraction losses tf . However, this process can also

diminish the total thickness and the weight of single solar
concentrator cell, constructed with these lenses, which is
more important. This fact should be taken into account
when constructing the solar concentrator modules.

Calculated according to the formulas (2) and (3)
zone enlargement is rather large as compared to the
nominal pitches W; (Fig. 6a). The values of AR, for large
radii R, are several centimeters, but operation cutting
edge of diamond tool is ~ 1.5 mm.
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g 60
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40 | 1 1 1
0 4 8 12 16 20 24 28
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(a)
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lens radius R % , mm
(b)

Fig. 5. Calculated light transmission rE, r}f for each k-zone of

the lens depending on the radius Ry a) lens #25-c with
f=25mm, b) lens #22 with f = 50 mm.
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Fig. 6. Calculated pitch enlargement AR, /W; (a) and relief pitch
AR, for each k-zone of the lens depending on the radius Ry (b)
for the lens #25 with f = 25 mm.

Therefore, taking in mind the future diamond
cutting process for lens manufacturing, only zones #1-6
of the lens #25-c up to radius R; = 7.762 mm each can be
formed using the single prismatic element (see Fig. 4a
and Fig. 6b); zones #7-10 should be made from two
identical microprisms; refractive zones #11-13 and zones
#17-18 — from three similar prismatic elements, and
zones #14-16 each should be made from four similar
prismatic elements. In this case, all zone widths ARy are
less than ~1.1 mm, and the simulated lens profile can be
formed using the diamond cutting method [14].

According to our traditional algorithm [11], the
diamond cutter movement, when manufacturing, is
performed along the axis X° (Fig. 2). This movement is
responsible for formatting the lens prism operation
surfaces of widths AR,.

This axis X° is strictly perpendicular to the plane of
rotation of relief forming plate or to the direction Z°,
responsible for forming the relief depths h,.

During this process, the complementary angle

[SE =90° - is very important, which sets the necessary
angle of inclination & for the cartridge with diamond
cutter of angle ag to the axis X" angle &, =By —ag.

3. Manufacture and testing the lenses for solar
concentration modules

A well-established optical production technology used
for generation of any lenses is ultra-precision machining
(UPM) [19]. The UPM method using a diamond tool
enables to fabricate lenses with exceptional geometrical
accuracy and mirror-like surfaces. Such lenses meet the
highest needs of optical industry. The physical set-up of
UPM machine [19] is shown in Fig. 7a. The used
technology of direct diamond cutting by computer
control being able to guide the tool along the feature as
desired. During this process, the rake face of the tool is
kept orthogonal to the cutting direction at every point
[20]. For this demonstration the PMMA substrate of size
75x25 mm was used. This plate was attached to the
fixture using wax. After the substrate was mounted, it
was trimmed to ensure the plane of machining to be flat,
using a diamond tool of radius Rg = 1 mm. For the relief
shaping tool, a natural monocrystalline diamond tool was
used, with a 12 um nose radius, 20 deg included angle,
120 deg opening angle and 15 deg front clearance angle.
To avoid undesired interactions between the other faces
of the tool with the facets that are not being machined,
the tool is set with the negative 14-deg rake angle [20]. It
gives more space to the front clearance of the tool, avoids
deforming the facets at the corners, also allows maneuver
the tool without clashing into the succeeding facets of the
lens.

We will call this technology as diamond micro-
cutting (DMC) and also will use it to fabricate our
simulated microprisms. This technique was effectively
developed [11] in the Institute for Information Recording
of National Academy of Sciences of Ukraine (IIR). The
general view of our installation is shown in Fig. 7b.
A diamond cutter tool is hold in special cartridge,
which allows moving the diamond cutter of cutting
angle og along axis X and Z with calculated inclination
(clearance) angle B. Computer control allows setting
the necessary cutter positions in this coordinate system
by few micrometers accuracy (no more than ~5 pm). The
diamond cutter for shaping relief of simulated lens #25-c
has almost similar to [20] parameters: 8 um nose radius,
46 deg front angle ag, clearance angle B can be changed
from 5 up to 40 deg according to simulation scheme
# 25-c (Appendix B) and 86 deg opening angle.

The first samples of lenses of 1970-th for solar
concentration modules were not perfect. Harmon [21]
presented experimental and analytical methods to
determine the efficiency and intensity variations for
circular Fresnel lens as a solar concentrator. It was found
experimentally that these “old” lenses were an inefficient
concentrator with losses that begin at 20% and rose to
about 80% as the focal distance decreased. However, the
modern lenses [2,9] of 2000-th showed solar light
efficiency as high as ~89% for the focal distance
f =75 mm and lens sizes 40x40 mm.

Antonov E.E., Kondratenko S.V., Lysenko V.S. et al. Microprismatic plane-focusing Fresnel lenses ...

193



SPQEO, 2023. V. 26, No 2. P. 188-200.

4

Optical
camera

(b)

Fig. 7. Physical set-up [20] for ultra-precision machining
with diamond tool (a), experimental diamond micro-cutting
installation [16] of the Institute for Information Recording of
National Academy of Sciences of Ukraine (b).
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Fig. 8. Scheme of concentrator module. (a) Cross section of
concentrator module [9]: 1 — lens panel base made of glass, 2 —
Fresnel microprisms made of silicone, 3 — focused sun beams,
4 — solar cell mounted on a metal base, 5 — glass base of solar
cell panel; (b) large- and small-aperture solar modules [2].

The typical scheme of a single photo-converter
module [9] with a Fresnel lens for high light beam
concentration is shown in Fig. 8a. Protection from the
environment is provided by the front and rear glass
panels, as well as by the module walls.

In this design, the circular microprismatic Fresnel
lenses with constant relief pitch S=0.25 mm are used.
This pitch profile was chosen as caused by limitations
imposed by technology of manufacturing the precise
metal matrices for Fresnel lenses [9]. The angle of
inclination of each microprism is calculated with account
of the condition that a beam incident along the normal to
the base of the lens is refracted in the middle of the
oblique surface and crosses the optical axis at the module
focal plane at the stated focal distances f = 95, 80, 65 and
55 mm. The lenses [9] were made from two-component
silicone “ELASTOSIL RT 604”. This plastic demon-
strated a good ability to function in solar concentrator
modules for a long time under various environmental
conditions. The photocell surface illumination is non-
uniform, which is caused by the known properties
inherent to traditional Fresnel lenses of spherical type.

Providing an acceptable thermal regime of solar
cells for solar photovoltaic modules is one of the
problems during their design optimization [2]. The heat
dissipation for HCPV module was evaluated [9] by initial
dilution heat flow through the copper plate and sub-
sequent discharge into the environment due to radiation
and contact with the surrounding air. For smaller in-size
concentrators (Fig. 8b), an effective heat distribution is
realized with thinner heat-sinking materials. The focal
distance of such concentrators is shorter. Therefore, the
consumption of structural materials for heat-spreading
elements and module walls is much lower.

However, the negative influence of non-uniform
illumination of HCPV module cannot be compensated by
the usage of a more dense contact grid, because lateral
currents arise between sub-cells inside this module [2].
Comparison of the large- and small-aperture area in these
modules was carried out in [9]. It was found that smaller-
in-area cells are preferable due to having lower ohmic
losses, which diminishes the absolute currents flowing
along shorter lateral paths.

A significant increase in the multiplicity of
concentrated solar radiation in the cell center can lead to
restrictions due to ohmic losses in the contact grid and
due to local overheating the solar cell. Composite
silicone-on-glass Fresnel lenses are characterized by
excellent environmental stability, but for them, there
exists such an insufficiently explored feature [2] as the
influence of thermal regimes on optical efficiency at
solar energy concentration. So, a reduction of internal
ohmic losses is a key problem in the development of
concentrator photovoltaic cells.

Therefore, the maximum possible optical efficiency
of each individual module is achieved when using
relatively “long-focus” lenses with small diameters of
photocell ~1.7 mm. For the practical design of solar
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concentrator modules, the authors [9] applied two sizes
of Fresnel lenses: 40x40 mm with the focal distance
f=70mm and 60x60 mm with f=105mm. The
diameter of photosensitive surface of photocell in the
first case is 1.7 mm, in the second — 2.3 mm. When using
Fresnel lenses of 40x40 mm, high efficiency of solar
energy conversion is achieved with the photocells of
~2-mm diameter, which corresponds to a concentration
multiplicity close to 500.

At the same time, usage of new plane-focusing
lenses [11] can resolve easily the problem of diminishing
lateral currents and ohmic losses. Our simulated lens
#25-c has a fairly small focal distance f=25mm and
provides uniform focal light spot distribution, decreasing
totally the ohmic losses. In Fig. 9a, the image of a
transformed light beam in the lens focus is shown. These
data were obtained in the experimental study of this lens
by using a collimated laser beam of the wavelength
A=0.532 um and beam diameter Dg=60 mm. The
optical scheme of this experimental setup was discussed

250
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Fig. 9. Light spot in the focal plane for the lens # 25-c of light
diameter D, =25 mm and focal distance f =25 mm: measured
light spot distribution (a), profile of focal light spot (b).

in detail [17]. The profile of light spot in the focal plane
for lens # 25-c of light diameter D = 25 mm and focal
distance f = 25 mm is shown in Fig. 9b. This distribution
was obtained similar to [17] by using the known
programme “Jmage-J-1.53".

The light total transmittance t° decreases for such
lenses with a small focal distance f due to enlarging the
microprism refractive angles ay that approach the limit
values oy max- Therefore, the optimal aperture numbers for
plane-focusing lenses are f/D, = 1.5...2.0.

The created lenses can be effectively used in solar
concentration modules. Computational and experimental
data confirmed that the best variant for focusing the solar
radiation beams on the sensitive surface of photodetector
matrix is usage of transforming lenses-concentrators that
create a uniformly illuminated light circle in the focal
plane. These lenses are more effective in constructing a
solar concentration module with minimal thermal and
ohmic losses.

4. Conclusions

Computational and experimental data confirmed that
usage of a new lens-concentrator that forms a uniformly
illuminated light circle in the focal plane is the best
variant of focusing solar radiation on the sensitive
surface of photodetector matrix for creating the solar
concentrator modules with minimal thermal and ohmic
losses.

The algorithm of mathematical modeling of plane-
focusing microprismatic lenses was developed to create
the optimal Fresnel lenses for solar photovoltaic
modules. The set of calculations was carried out for
creating specialized plane-focusing lens-concentrators.
The optical and geometric parameters for such
specialized microprism lens-concentrators are specially
adapted for mass manufacturing these lenses by using the
thermo-pressing method.

According to the results of our simulation, the
samples of specialized lens concentrators were
manufactured from the optical polycarbonate by the
diamond micro-cutting technique. The experimental
study of optical and lighting characteristics of these
samples showed the complete compliance of experi-
mental data with theoretically obtained characteristics.

The total light transmittance for these lenses ©° is
decreasing, when diminishing the focal distance f due to
enlarging the microprism refractive angles o and
approaching them to the limit value oy . Therefore, the
optimal aperture numbers for created plane-focusing
Fresnel lenses are f/D. ~1.5...2.0. The proposed
specialized lens-concentrators that transform the
refracted light beams into a uniform light circle in the
focal plane can be used effectively in optical concentrator
modules for diminishing the ohmic currents and thermal
losses; also they can be useful for minimizing the
thickness of solar photocells.
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MikponpusMaTH4Hi MJI0CKO-(oKycyro4i Jin3u dpeHes 118 KOHIEHTPALII CBiT/Ia B COHAYHHX
(hoToeeKTPUYHIX MOAYIAX

€.€. AnTonos, C.B. Konagparenko, B.C. JIucenko, B.B. I[lerpos, B.M. 3enin

AHoTanig. Po3poOneHo anropuT™M MOAETIOBAaHHA IapaMeTpiB MIKPONPU3MATHYHMX CIIEIialli30BaHUX IUIOCKO-
¢doxycyrounx miH3 @penens. Taki nmiH3m OuTeII ehEeKTHBHI I 3aCTOCYBaHHSA y (DOTOCTEKTPUYHUX MOAYIIAX IS
KOHIIGHTpAIlil COHAYHOTO CBITJIa TMOPIBHAHO 3 TPAAWIIITHUMHU TOYKOBUMHM JiH3aMu Ppenens. [locmipkeHo TexXHIUHI
napameTpu (HOTOETEKTPUIHUX MOAYIIB 3 TAKHUMH JIIH3aMH. 3aIPOMOHOBAHO CIIOCIO BUTOTOBJICHHS BHIIE3a3HAYEHUX
JIH3 METOJIOM ajMa3HOT0 MIKPOTOYIHHS 3 TMOJAJIbIIUM TEPMIYHMM IPECYBaHHSM CHIIKOHOBHX 3arOTOBOK.
ExcriepuMeHTanbHO — JIOCHIIPKEHO OKpeMi  3pa3KH  CIEIiali30BaHMX MIKPONPHU3M  IUIOCKOTO  (hOKyCyBaHHH,
BUTOTOBJIEHHX 3a Pe3yJIbTaTaMH HAILIOTO MOJIEIFOBAHHS.

KuouoBi cioBa: Mikponpu3MaTHdHa CTPYKTYpa, MOJEIIOBAHHS IIOCKO-(OKYCYIOUOl ONTHKH, (DOTOCTEKTPHUHE
MIEPETBOPCHHS COHSYHOTO CBITIIA.
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