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Abstract

Mathematical simulation of temperature distribution on double-sided solar cells has been carried out. Differences in
the configuration of photoelectric converters prove to solely amount to the fact that a double-sided solar cell has a more
efficient heat sink at the rear side. Furthermore double-sided solar cells exhibit higher power conversion performance.
Calculations confirm the correctness of giving preference to double-sided solar cells which is of great importance for
the photoelectric converter design developed by us. Analysis of market-available photovoltaic technologies of solar
energy to electric power conversion has led to the development of a photovoltaic converter on the basis of double-sided
silicon heterojunction solar cells. The configuration developed is a moving platform having a photovoltaic cell array
mounted on it and a light flux collector.

A double-axis tracking system has been developed for the general case of planar attachment of solar cell modules.
A 350 mm stroke drive provides for movement in the north-south direction and a 450 mm stroke drive, in the east-west
direction. The task has been outlined to find the required arm for providing symmetrical positioning at the maximum
rotation angle about the axis. As a result, technical solutions have been developed for the north-south and the east-west
directions.

Furthermore a schematic wiring diagram has been designed to implement the preset solar tracking system algorithm.
The system is also fitted with a GPS/GLONASS module for system precision positioning and time synchronization.
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1. Introduction

The integration between the power industry and agricul-
ture is intensifying both in well-developed and developing
states. Social problems e.g. climate change consequenc-
es, the need for cleaner energy production and waste re-
duction as well as the rapid population growth and eco-
nomic development have entailed a growing demand for
food, water and energy. The growing energy consumption
from renewable sources (wind, sun, geothermal energy,
biomass, hydraulic) and their new potential agricultural
application are intended to target the above-mentioned
problems. Global agreements e.g. the 2015 Paris Agree-
ment, along with the necessity of a transition to low-car-
bon economy and global CO, waste reduction prede-
termine the increased use of renewable energy sources.
These sources replace or add to the existing ones and are
used for powering the key economy segments in develop-
ing states. For example the overall capacity of renewable
energy sources in India is expected to double in the period
from 2016 to 2022 [1, 2].

Photovoltaics (PV) and wind energy are already ac-
counting for 90% of India’s power industry growth due
to a major cost reduction. Furthermore renewable ener-
gy sources demonstrate record-breaking growth in other
states both in the North and in the South Hemispheres
(IEA 2017). For example, according to the Jordanian
National Energy Strategy Plan the current share of re-
newable energy sources is 29.4% of the overall power
production figure. Hydraulic industry is among Jordanian
key energy consumers: 15% of Jordan’s overall power
consumption is accounted for by water pumping stations.
Thus the power industry targets the use of renewable en-
ergy sources and increasing energy efficiency (Ministry
of Water and Irrigation, 2016). Segments like agriculture
and water supply will benefit from the use of renewable
energy sources since they can replace existing ones and
make relatively cheap energy available for different ag-
ricultural consumers including water heating, water ex-
traction, crop drying, grain milling, greenhouse heating,
illumination etc. [1, 2].

The dynamic growth of the share of photovoltaic sys-
tems in the energy production of many states originates
from their numerous advantages including absence of
environment pollution or other environmental damage.
Furthermore solar generation does not produce noise, and
solar energy is directly converted to electric power [3].

Resource base development through an increase in re-
newable energy share and a transition to alternative en-
ergy sources are among the most important tasks faced
by the Republic of Kazakhstan. The agricultural segment
of the Republic incorporates about 222 ths. individual
households and farms, 1659 agricultural production co-
operative enterprises, and 7709 economic associations of
various ownership types and joint stocks.

Farms located far from central power sources face
electric power deficiency. Large share of energy is

consumed by illumination of production facilities and
alarms, domestic electric appliances and electric equip-
ment for power-assisted works.

The development of concentrator-based solar power
industry started back in the 1970s [4]. Nowadays con-
centrator-based systems exhibit superior efficiency in
photovoltaic power industry [5]. Further development of
concentrator-based systems will reduce the consumption
of semiconductors [6] thus tangibly reducing the cost fac-
tor of photocells which will be compensated by the higher
efficiency of photovoltaic converters [7-9].

Analysis of market-available photoelectric technolo-
gies of solar energy to electric power conversion has led
to the development of a photoelectric converter on the
basis of double-sided silicon heterojunction solar cells.
Preference to this type of solar cell arrays is given as a
result of a solar system efficiency analysis conducted by
M. Grin’s team [10, 11]. The solar cell modules combine
the advantages of amorphous and single crystal silicon
for the achievement of high solar energy conversion ef-
ficiency (~ 25% for solar cells) and ensure lower silicon
consumption coupled with process temperature reduc-
tion to within 200-250 °C [12, 13]. While exhibiting
record-breaking performance [14—16], products on the
basis of multi-junction photovoltaic cells are quite expen-
sive due to the complexity of the technologies and the
high cost of materials used. Alternative option for solar
modules used in advanced photoelectric converters can
be solar cells based on single crystal silicon (Si), gallium
arsenide (GaAs) or thin films (CIGS) [17-19]. However
silicon heterojunction photocells remain the most pref-
erable option for consumer photovoltaic devices by the
cost-to-quality criterion [20, 21].

2. Experimental methods
and discussion

The key parameter describing the performance of solar
radiation concentrators is the concentration coefficient
which is determined as the ratio between the average den-
sity of concentrated radiation and the density of the light
flux incident upon the reflecting surface. The concentrat-
ing capacity of a system is determined by the geometry of
the concentrator, the angular radius of the solar disc and
the reflection capacity of the mirror surface. High-pow-
er concentrator systems typically have a second-order
rotation surface configuration, e.g. paraboloid, ellipsoid,
hyperboloid or hemispheric shapes. These shapes deliver
the highest radiation density, which is far greater than the
respective solar constant [22].

The configuration developed by our team is a moving
platform with a photovoltaic system mounted on it and
fitted with a light flux collector system. For designing
the optimum configuration of the photovoltaic convert-
er, various technologies of market-available solar cell
modules were considered, including silicon diffusion and
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silicon heterojunction solar cells, featuring double- and
single-sided designs. Analysis of the current development
level of the photovoltaic industry suggests that a com-
bination of silicon heterojunction solar cells with dou-
ble-sided solar cell modules is the most promising from
the viewpoint of energy conversion efficiency, technolo-
gy simplicity and power generation convenience under
real-life conditions.

For fabricating a high-performance solar power plant,
a support structure was designed that allows 10 photovol-
taic cell panels sized 1670 x 1000 mm? to be mounted on
it, along with anodized aluminum light-reflecting surfac-
es having a reflection coefficient of above 0.94 used for
intensifying the solar light flux incident upon the photo-
voltaic panels. The power plant also has stepper servo-
motors that rotate the light collecting system about the

horizontal and vertical axes to permanently maintain the
panel position perpendicular to the sunlight direction and
hence deliver the highest energy production.

One of the key modules of the photovoltaic converter
is the light-collecting concentrator system. The light-col-
lecting system (Fig. 1) is an array of mirrors arranged at
the optimum angle relative to the sunlight direction and
reflecting sunlight to the solar panel mounted perpendic-
ularly to the initial light flux. In this configuration the
correct choice of the optimum reflecting material allows
one to exclude the infrared fraction of the solar spectrum
which mainly acts to heat up the working surfaces of
solar cell modules. The light-collecting system is in the
form of a rectangular frame sized 40 x 20 x 2 mm?. The
dimensions of the assembled light-collecting system are
1120 x 2100 x 1700 mm?3.

Figure 1. Configuration of light-collect-
ing system for mobile photovoltaic con-
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verter on the basis of advanced solar cells:

(a) general appearance, (b) photoelectric
converter in expanded condition, (c—d)

system assembly steps.
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Sought angle

Reflected light

Figure 2. Geometrical interpretation of problem.

One of the tasks of system operation is to calculate
the optimum angles at which the reflecting coatings are
to be arranged relative to the solar panel. To calculate the
optimum angle for the reflecting surfaces (mirrors) one
should find the amount of light incident upon the solar
panel from each of the mirrors depending on the sought
angle. The initial conditions for solving this task were se-
lected such that the problem transformed to a geometrical
one where the sought parameter is the side of a triangle
(Fig. 2). In this problem the lengths of the mirrors and the
length of the solar cell module are equal.

Calculations showed that the sought triangle side is ex-
pressed as follows:

V2 (tg?(a) — 1 +2ycos(a)—1=0, (1)

where y is the function of reflected light and « is the mir-

Whence in accordance with the Vieta’s formulas one
can find the solution and plot the graph of the function.
Equation solutions can be found by solving the following
set of equations:
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Figure 3. Graphical solution of Eq. (1).



Modern Electronic Materials 2022; 8(2): 65-72

69

3000

N

o

o

o
T

_

o

o

o
T

a (rad)

Figure 4. Graphical solution of Eq. (1) for the range of 0 to 7.
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Figure 5. Graphical solution of Eq. (3).

The graphical solution has the form as illustrated in
Fig. 3.

It can be seen from Fig. 3 that the solutions are a se-
ries of free-shaped curves. The range of interest is 0 to &

(Fig. 4).

It can be seen from Fig. 4 that the values of the func-
tion tend to infinity at the angle a equal to 0.785 radian
which corresponds to 45 arc deg. This means that light
is reflected from the opposite side of the triangle in a di-
rection parallel to the sought triangle side, but this case
is disregarded for real-life conditions. However since we
seek for mirror inclination angles of 90 arc deg or great-
er, we will consider the range of 90 to 180 arc deg. The
solutions of Eq. (1) and the graphs (Figs. 3 and 4) suggest
that the function y; already includes the solutions for the
function y,, but the y, solutions pertain to the range con-
sidered. Therefore the solution amounts to consideration
of the function y,:

B cos’ (a)—- \/cosé(a) +3 sin3(a) -1-2 sin4(a)
- —1+2sin? (a)

3)

B%)

It can be seen from Fig. 5 that the values of the func-
tion start to increase after 90 arc deg and tend to infinity
at an angle of 2.355 radian, i.e., 135 arc deg. The part
of the graph in Fig. 5 located below the x axis suggests
that at angles of higher than 135 arc deg the triangle side
corresponding to the reflected light beams intersects with
the base of the triangle in the left-hand side. This case is
also disregarded because light is actually reflected only to
one side, i.e., to the right-hand side (Fig. 2). We therefore
determine the range of sought angles as 90 to 135 arc deg
and the function range from 0.

The edge of the light spot reflected from the mirror
edge which is the closest to the solar cell module changes
its spatial position slower than the edge of the light spot
reflected from the farther mirror side. Therefore the rate
of the decrease in the size of the illuminated area is deter-
mined by the rate of the change in the position of the light
spot reflected from the farther mirror side. Hence the rate
of the decrease of the illuminated area size is equal to the
rate of the growth of the function from 0 to 1. Since the
function is symmetrical the sought expression meets the
following function criterion:

fla)=—y(a—(2.093 — 1.57)) + 10.

Therefore the sought function has the form y(a) + fla)
(Fig. 7).

Reflected light beam

Mirror

Light spot

Solar cell module

Figure 6. Reflected light beam path from mirror relative to solar cell module.
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The solution illustrated in Fig. 7 is true for the case of
two symmetrical mirrors. The sought optimum angle is
2.093 radian which is 120 arc deg. As can be seen from
Fig. 7, the amount of reflected light starts to increase
from an angle higher than 90 arc deg and continues until
120 arc deg. Then the amount of reflected light delivered
to the solar cell panel starts to decrease.

SW PREMIUM PLUS HIJT 310 photovoltaic cell pan-
els were chosen, i.e., double-sided solar cell modules
capable of producing up to 310 W under normal condi-
tions (this work was actually carried out in 2019-2020,
so currently we would probably consider using 400 W
panels). Since it was planned to use double-sided panels
the design output per panel could grow to 403 W for a
30% albedo case. Otherwise the output could be 582 W
based on calculated data taking into account the light col-
lecting system (without allowance for albedo). An array
of 10 panels would then deliver an overall solar plant
power of 5.8 kW (6.7 kW taking into account albedo).
Thus a 7 kW power inverter would be suitable for this
configuration.

Along with a high solar power plant output, the solar
cell panel output parameters added to the inverter choice
problem.

— Vimpp (Maximum working output voltage): 36.1 V;

— Iinpp (maximum working output current) which for
double illumination could grow to 8.6—17.2 A.

It is therefore clear that for an array of 10 panels con-
nected in series the working voltage of the inverter should
be as high as 361 V (without albedo). For a 7 kW solar
power plant the only market-available suitable inverter
models are expensive ones from foreign manufactur-
ers, e.2. SMA. Furthermore these inverters are usually
either only network-direct or can be only connected to
storage batteries. However, the project was planned as a
completely independent solar power plant capable of si-
multaneous network-direct AC power supply and battery
operation, so the working parameters of these inverters
did not satisfy the project requirements and moreover
their price would start at $12k. Based on the design solar
power plant parameters, several panel array options were
considered (below are calculation data without albedo):

— 2 parallel strings of 5 panels, voltage to 181 V, cur-
rent to 34.4 A;

— 3 parallel strings of 3 panels (with one backup mod-
ule), voltage to 108.5 V, current to 51.6 A, maximum so-
lar plant power to 5.26 kW.

Asymmetrical connection variants (e.g. 2 parallel
strings of 4 or 6 panels) can also be used but their practi-
cal application often requires either an inverter with two
separate contacts or two individual inverters.

After a market study the choice was made in favor of
the MUST Power PV3500 PRO 8K inverter capable of
simultaneous network-direct AC power supply and bat-
tery operation. The maximum input voltage from the pho-
tovoltaic modules is 145 V, the maximum current being
100 A. Thus the following connection diagram was cho-
sen: 3 parallel strings of 3 panels with one backup panel.
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16 1.8 20 22 24 26 28 3.0
a (rad)

Figure 7. Graph of sought function.

A LED solar imitator was developed, assembled and
started for testing of the photovoltaic panels. A specific
feature of the solar imitator design was the possibility of
testing conventional photovoltaic panels and double-sid-
ed ones.

The key requirement to the testing system developed is
to provide accurate measurement data regardless of illu-
mination conditions. The carriage on which the photovol-
taic converter prototype is mounted can move inside the
solar imitator enclosure. This design allows one to take
readings of separate module or entire system parameters
either at the illumination intensity “l Sun” or at higher or
lower illumination intensities.

The power source for the tests of the photovoltaic
converter was a KEPCO BOP 50-20MG device with a
maximum adjustable power of up to 1 kW. The KEPCO
BOP device series are programmable power units having
adjustable power source and consumption (load) func-
tionality. This combination of power source and load
functionality allows one to simulate tests of photovoltaic
converter systems under real environmental conditions.
This approach allows measuring both the effective elec-
trical parameters of photovoltaic systems and parameters
obtained in laboratory setup.

Achieving the highest solar cell panel efficiency re-
quires correct choice of load resistance. To this end the
photovoltaic panels are not connected to the load directly
but via a photoelectric system controller which is used to
provide for the optimum solar cell panel operation mode.

The measuring system incorporated into the adjustable
power source and into the LED solar imitator allows se-
lecting the required conditions and controllers for the op-
timum operation of the photovoltaic panels. The adjust-
able power source allows not only measuring the VACs
of the tested solar cell modules but also imitating critical
operation conditions by varying the load and simulating
strong power surges, whereas the LED solar imitator al-
lows imitating either low illumination conditions of the
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solar cell module or an above “1 Sun” illumination inten-
sity. The LabVIEW software is used for data processing.

For the in-the-field tests of the photovoltaic converter,
the wind load exerted onto the test solar cell converters
was calculated. The following calculations were conduct-
ed: load summary, structure natural vibration frequency
evaluation, support strength assessment and approximate
support anchor bolt strength calculation. All the calcula-
tions were presented as xlsx spreadsheet format scripts.
For wind load calculation one can use the respective xIsx
format script to ensure durable assembly of the photo-
electric converters and develop appropriate recommen-
dations for farmers as to system orientation relative to
the prevailing winds and wave-break installation. These
calculations are not included into this work since they are
based on commonly known methods and do not consti-
tute any scientific interest.

The DC cable interconnecting the modules and the in-
verter was chosen based on a permitted current load of
max. 4 A per | mm? wire section. Special outdoor instal-
lation glass-fiber insulated cable with a 16 mm? conduc-
tor section was chosen. At the maximum possible current
of 51.6 A the current load per 1 mm? conductor section
does not exceed 3.23 A. In this case the voltage loss per
100 m cable is max. 11% which is considered to be a very
good result at the loads expected.

The choice of battery was based on only one criteri-
on, i.e., the overall battery capacity must be capable of
supporting 24 h independent power plant operation. The
battery capacity was finally chosen based on the typical
power consumption of the target user, e.g. a farmer or a
shepherd. A total of 8 MUST helium batteries with a ca-
pacity of 250 A - h each were acquired.

Figure 8. SE9 stepper motor drive.

The stepper servomotors were chosen to be SE9
slewing drives with a stepper motor (Fig. 8) having a
6.5 kN -m torque and a 33.9 kN - m steady state torque.

The converter design uses a two-axis tracker system
for the general case of planar solar cell module mount-
ing. A 350 mm stroke drive provides for movement in
the north-south direction and a 450 mm stroke drive, in
the east-west direction. The task was to find the required
arm for providing symmetrical positioning at the maxi-
mum rotation angle about the axis. As a result, technical
solutions were developed for the north-south and the east-
west directions.

Furthermore a wiring schematic diagram was designed
to implement the preset solar tracking system algorithm.
The system is fitted with a GPS/GLONASS module for
system precision positioning and time synchronization.

3. Conclusion

A unit was designed and fabricated comprising an array
of mirrors arranged at the optimum angle relative to the
light flux direction and reflecting the solar radiation to
a solar panel installed perpendicularly to the initial light
flux. Mathematical simulation was used for finding the
optimum inclination angle of the reflecting surface for the
suggested design of a light accumulating and concentrat-
ing system. The sought optimum angle was 2.093 radi-
an which is 120 arc deg. At higher angles the amount of
reflected light delivered to the solar cell panel starts to
decrease.

A two-axis tracker system was developed for the gen-
eral case of planar solar cell module mounting. A 350 mm
stroke drive provides for movement in the north-south di-
rection and a 450 mm stroke drive, in the east-west direc-
tion. The task was to find the required arm for providing
symmetrical positioning at the maximum rotation angle
about the axis. As a result, technical solutions were de-
veloped for the north-south and the east-west directions.

A microcontroller based schematic wiring diagram was
designed to implement the preset solar tracking system
algorithm. The system is fitted with a GPS/GLONASS
module for system precision positioning and time syn-
chronization.

Another technical solution currently developed by the
Authors team is a steady-state mobile solar power plant.
The mobile solar power plant delivers shepherd power
support during fast flock transfer within fenced pasture
segments. The system will be furnished to consumers with
the complete set of fittings and ready for operation. The
plant design is transformable, with all the equipment sets
being universal and suitable for fast and easy installation
where required. The electrical components of the power
plant are preassembled and also ready for operation. The
batteries and the control unit (charge and voltage control-
ler) are provided integral in a cubicle having all recepta-
cles suitably located on its front panel. The working con-
figuration of the output circuit is coupled with a gasoline
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generator which can be switched on in case of emergency
power outage. The output power of the plant’s photovol-
taic converters will be designed based on expected loads.
The solar power plant can be used to power electrical-
ly driven water pumps, video control systems, electric
lighting, mechanical devices including shredders, fodder
crushers etc.. All the electric equipment will be assem-
bled in a weather-protected enclosure, with the solar cells
located on top the enclosure. The novelty of this design is
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