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Abstract: High-quality lighting of premises in the cultivation of farm animals is an important
condition for the successful development of the agro-industrial complex. Sufficient lighting with
the simulation of sunrise and sunset which increases daylight hours to 15-16 h can raise the level of
production by 8-15%. The most innovative, economical and efficient light source for livestock, poultry
and greenhouse buildings are LED lamps allowing for a short payback period. The difference between
the models developed by the authors and the traditional point method is taking into account lamp
length o, lamp suspension height, location of the illuminated area under the lamp at displacement
and observation angles, and luminous flux of light source, and the most important thing is body angle
of the light source. This paper presents the method for calculating illumination under the LED lamp
due to the large error in the values obtained by theoretical methods due to the lack of a correction
factor for changing the illumination of the lamp (0.8). Prediction of crystal heating was carried out
by verification calculation in the ANSYS/CFX software package. Forecasting the illumination of
the fodder table was carried out by calculation in the DIALux evo software package. The main
parameters of an energy-saving LED lamp (power consumption, luminous flux, color temperature
and color) were selected. The consumption of electrical energy decreased by 85%; the average level
of illumination increased and amounted to 123.1 lux. The developed method for calculating the
illumination under the LED lamp can be considered satisfactory, the Student and Fisher criteria do
not exceed tabular values and the correlation coefficient showed a close relationship. To comply with
electrical safety standards in the premises, a resonant power supply system for LED lamps is offered.

Keywords: light intensity; energy saving; resonant power system; LEDs; agricultural premises;
microclimate

1. Introduction

Modern agricultural production technologies are based on processes, the efficiency
of which is based on the latest achievements in biology, physics, chemistry, electric power
and microelectronics. In large farms with advanced industrial technology and small farms,
the development of plant cultivation and/or animal keeping depends to a large degree on
both providing high-quality illumination and effective prevention and control of infectious
diseases of animals and plants.

As for animals, along with feeding, one of the most important factors having a sig-
nificant impact on their bodies” well-being is the microclimate of the livestock premises.
The illumination degree as one of the parameters of the microclimate is a factor of great
significance. In livestock premises, the degrees of natural and artificial illumination are
strictly regulated. That is why standards were developed for both artificial and natural
illumination; the concept of the coefficient of natural illumination has also been introduced.
This coefficient is the ratio of the all-windows total area to the area of the cattle breeding
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premises. High—quality indoor illumination is quite an important condition for successful
development of the agro-industrial complex, whether it be farm animal husbandry or
plant cultivation. This is due to the high influence of the light intensity on organisms of
living beings. Good illumination featuring simulated sunrises and sunsets and increased
daylight duration up to 15-16 h can increase production level by 8-15% and extend the
farm service life. According to research, the positive effect of illumination’s optimal pa-
rameters is achieved only if the light intensity level is 160-200 lux [1]. It is possible to
increase the natural illumination of cowsheds due to a ventilating + skylight roof ridge and
optimally selected number and size of windows. An increase in the lighting period to the
recommended 16 h is possible due to the use of the modern energy-saving lamps; notably,
their selection should be carried out already at the design stage.

In addition, it should be mentioned that the factors of interest to us affect employees
of agricultural enterprises and not only animals and/or plants. That is why it is necessary
to take into account to what extent illumination affects the farm productivity and the
employees’ stress level. This aspect must be scrupulously regulated because in case of
employees’ low productivity, the animals or plants would suffer too, and as a result, the
profit of the farm would fall.

The high quality and efficiency of rearing and milking animals depends on the micro-
meteorological conditions of the environment such as the insulation of the system and
additional lighting. In order to improve quantity, quality and efficiency, the relationship
between growth conditions and environmental meteorological factors must be identified,
which can provide constructive suggestions for accurately controlling the indoor environ-
ment and reducing operating costs. For example, in crop production, the parameters from
the color information of the canopy reflect the internal physiological conditions, so the RGB
model is widely used in the color analysis of digital images of leaves [2-8].

All agricultural premises have different requirements for illumination in terms of such
parameters as light intensity, light output, operating time, wavelength, color temperature,
luminosity, etc. This is due to the peculiarities of every agricultural animal: some of them
are more sensitive, while others are less so. In this regard, the microclimate indicators are
normalized for every sector of the animals’ keeping. In order to illuminate premises for
cattle keeping, light intensity within the range of 150-300 lux is required during a 16 h
daytime period. When raising poultry, attention is paid not only to the level and duration
of the illumination but also to the spectrum of the light waves [9,10].

In practice, for livestock and poultry premises in Russia, lamps are used with a light
output of 8-16 Im/W and a service life of up to 1000 h. Alternatively, mercury lamps are
used with light output of 40-60 Im /W and service life of up to 12,000 h. In addition, the
lighting parameters strongly affect the stress level among animals, which in turn affects
their productivity on the farm. The light stress phenomenon is known; this reflects the fact
that too-intense light irradiation has a detrimental effect on the optic nerves of animals
and on their brain activity in general. An excessively long light exposure also affects them
negatively. However, it should be kept in mind that lack of light has an equally negative
effect. It can provoke an insufficient absorption of vitamins and minerals [11].

The growth speed of plants depends directly on good illumination and on the spectrum
of the used light source. Plants effectively use the part of the spectrum of visible solar
radiation, which is called photo-synthetically active radiation (PAR) and is represented by
waves of 380-700 nm in length. Light is the main factor of plant productivity; the greater
the light absorption in gardens, the greater the yield. However, in some countries with
hot climates, from the point of view of optimal plant growth, the incoming light energy
can be considered excessive. Though the trees’ response to the light seems to be related to
the amount of light captured, the quality of the light also plays an important role. From
the above, it should be concluded that there is a need for adjustment of the illumination
parameters. It should be remembered that in different periods of plant growth, the level
of light intensity could also vary [12-14]. As is known, the solar spectrum (continuous
one) is the most favorable for plant growth. Up to 8% of UV radiation in the A range is
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present in the natural solar spectrum. However, the expansion of the exposed spectrum
into the UV radiation area due to addition of artificial light sources as well as the possibility
of changing of the spectral composition can contribute to an increase in productivity and
improvement of the quality characteristics of the products.

The light fixtures which emit the light closest in spectral composition to the solar
spectrum are high-pressure metal halide lamps. Unfortunately, they contain mercury and
do not have a long enough service life [15,16]. In practice, in order to illuminate plants
in artificial conditions, lamps are used with an even narrower spectrum of the radiation
useful to plants. Such lamps are able to cover the needs of the plants only partially. The
most common lamps for plant growing are as follows: DRLF 400, DRF 1000, DNaT 400,
DRI and DKsTL. With these lamps, the share of the PAR radiation (photosynthetic active
radiation) is 12-35% of the full spectrum of the lamp radiation. Approximately 35% of
the power consumption is “parasitic” radiation in the IR range (700-1200 nm), which
causes increased water consumption and inefficient electricity losses. In farms producing
plants with a controlled environment, as a rule, an increase in the level of light intensity
or in the CO, content leads to an increase in biomass and yield due to the enhanced
photosynthesis. Today, the technologically advanced light-emitting diodes (LEDs) have
made this technology a viable option both for additional illumination in greenhouses and as
the only source of illumination in controlled environment chambers. It was also found out
experimentally that plants grown in artificial conditions reached the first stage of flowering
8 days earlier and were about 15 cm taller than the plants grown in natural conditions.
The surveyed studies prove that the use of the most technologically advanced equipment
allows the achievement of results that are closest to the desired level [17,18].

Based on the results of the studies [19,20] where the numerous experiments were
described, the conclusion can be made that light intensity has a quite significant impact
on the productive qualities of cattle. It was revealed that the animals” growth is affected
not only by the light’s presence/absence but also by the spectrum of the radiation. It was
found that the blue, red and white lights emitted by different lamps each had a different
degree of influence and a different effect on the animals” bodies.

For example, it was found out that additional light intensity could potentially increase
milk yields of dairy cows with minimal additional capital costs. The recent developments
in LED lighting technology made it possible to create low-power lamps with high output
power; they are suitable for use on a farm. The light intensity level (in lumens) decreases
according to the inverse square law, so the lamps need careful placement. For estimation of
the light intensity, it is necessary to use special luxmeters because the human eye adapts
too easily and cannot assess the true luminosity level. It was shown that when the indoor
light intensity was above 150 lux at the cows’ eye level for 16-18 h a day, the milk yields
increased by about 2 L per cow per day; this effect manifests itself with a delay of 2-3 weeks,
but after 7-9 weeks, the cows’ food mass intake increases noticeably. The natural day length
is insufficient in some countries for most part of the winter period. The lighting adequacy
should be assessed by the building examination at the same time of day in different parts of
the building. The duration of a high level of light intensity can be estimated most properly
with the aid of suitable data recorders placed in a premise for several days. Installation
of such data loggers on individual cows’ bodies gives a better idea of what kind of light
a certain cow actually receives. In general, the current state of livestock productivity
indicates that there is a need for improvements in the dairy cattle-keeping business because
the premises are lit insufficiently. The expenses of upgrading the existing cowsheds are
estimated usually by quite large monetary investments. However, if the lighting fixtures
are installed correctly, they can help increasing the milk yields by several liters per cow per
day. In the future, this can bring a fairly high income. It was also found that the exposure
of the blue light spectrum had a sufficient influence on cows with multiple pregnancies.
An increase in cows’ milk productivity was revealed, which is a positive sign. However,
these studies need to be carried out further because the degree of influence and quality of



Energies 2023, 16, 1837

4 of 14

the blue radiation spectrum have not been reliably established in cases of cows with free
grazing and cows pregnant with one calf.

Due to the fact that the cows’ productivity has a number of both qualitative and
quantitative indicators, it can be said in general that the quality of a cow for its economic
use depends on all of them. The quantitative indicator of the productivity of a dairy cow
is the amount of milk which can be obtained from the cow. The qualitative indicators
include the fat content, the protein content and the number of somatic cells in the milk.
Because of this complexity of the indicators, it is worth taking into account that the levels of
fatty acids vary depending on time of milking and whether it is day or night. Many dairy
cows are kept under the same illumination, where only white LEDs are used, no matter
whether at night or daytime. However, there are studies indicating that white lighting can
cause a violation of the circadian rhythms of animals, which is extremely detrimental to
their productivity. In the paper [21], the study is described in detail regarding the effect
of the spectrum of the light emitted by lamps on the fat content in milk. In the study, it
was found out that when the cows were kept in conditions of the natural lighting cycle,
they had circadian rhythms that affected their productivity in such a way that those cows
had higher levels of the healthy mono-unsaturated fatty acids and lower levels of the
non-healthy saturated fatty acids in their daytime milk as compared to their nighttime
milk. The white light did not affect the yield of milk or the milk fat but caused the changed
circadian rhythms, which led to a change in the composition of the milk fat so that the
milk became less healthy from the point of view of its fatty acid profile (a decrease in the
level of mono-unsaturated fatty acids was observed). Switching the white light to red light
changed these circadian rhythm disturbances but did not affect the quality of the milk.
Consequently, the red and white spectra have no commercial advantage over the tested
natural lighting cycle, while constant white light is unprofitable for a farm and the cows
subjected to its exposure demonstrated a violation of their circadian rhythms. Accordingly,
if lighting is necessary, the red light mode is more preferable than the white mode. It is
more beneficent for the cows” well-being and the preservation of the natural milk fat.

As illumination is a factor of great importance in cattle keeping, it is necessary to
identify ways to control livestock productivity by taking this parameter into consideration.
Based on the source [22], it can be stated that artificial light can be used as an efficient
control tool able to increase milk yields in dairy production. However, little is known about
how cows react to the spectral composition of the light. A number of studies have been
conducted in order to find out how dairy cows react to artificial light, both achromatic and
chromatic. It was found that LED lamps emitting red light stimulate ipRGCs indirectly via
the retinal ML-cones; meanwhile, blue light, which stimulates both S-cones and directly,
ipRGCs, has a similar effect on milk yields and activity in dairy cows, and so does the
mixture of the wavelengths (i.e., white light). This suggests that the spectral composition of
LED-based lighting in premises is a factor of lower importance in comparison to the light
duration and its intensity.

Based on analysis of the source [23], it was found that in terms of the economic benefits,
the most effective lighting fixture is the LED (the light-emitting diode). The same paper
also described studies conducted with the purpose of the effect assessment of LED lighting
intensity on milk productivity, milk composition and the immune response of Holstein
cows. In the course of those experiments, it was found that the intensity of the LED lighting
had some effect on the blood counts and the immune responses of the dairy cows, along
with increased milk productivity. Consequently, the light intensity parameter affects not
only the organism’s productivity but also its physiological state. Thus, more detailed
studies and careful monitoring are needed for the study of this microclimate parameter.

As it has been said above and confirmed by other authors, the most innovative, cost-
effective and efficient light sources for agricultural premises are LED lamps, and it does not
matter for what purpose the premises are intended, whether they are for livestock, poultry
or greenhouses. In any case, the use of LED lamps ensures an energy-efficient method of
illumination with a short payback period [24-26].
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This study is aimed at selecting the optimal technical parameters of the energy-saving
illumination inside agricultural premises, at developing a methodology for the calculation
of illumination parameters and at designing an energy-saving power supply system based
on LED lamps.

In addition, the authors analyzed the sources [16,27,28], which confirmed the need to
supplement the expected studies with the development of modern methods for calculating
illumination.

2. Materials and Methods

For the creation of efficient lighting systems, LEDs were used with the power of
0.5-100 watts. They were compared with DRL lamps having a power of 125 watts.

Today, the industry produces LEDs having the radiation spectra in the entire visible
range from red to purple. By changing the current for LEDs of different colors and/or
by combining LEDs of different colors, it is possible to obtain light sources with different
spectral characteristics and to choose a spectrum of lamps depending on the specific stage
of the plant’s development [29-31].

In addition, by changing of the parameters of the light sources, a different irradiance
can be achieved. The least PAR irradiation for plant growth is 2-8 W/m? (500-2000 lux).
For normal plant development, PAR irradiation of 20 W/m? (5000 lux) is required. For
a yield obtainment from the plants, the PAR irradiation needed is 100-200 W/ m2. At
irradiation of more than 200 W/m?2, oversaturation occurs, so the plants turn yellow.

The authors of this paper refined the LED light parameter calculation methodology
based on analysis of the data taken from the papers [32-34]. The correction was needed
due to the large error caused by the absence of a correction factor for the relative change
in the radiation flux of a lamp. The difference of the model from the traditional points-
based method consists in taking into account the length of the lamp L, the height of the
suspension of the lamp /1, the location of the illuminated area under the lamp at the angle
of displacement 7y and the angle of observation «, as well as the luminous flux of the light
source @; notably, the most important correction is taking into account the solid angle of
the light source (Figure 1).

Figure 1. Location of illuminated point under LED lamp.

A light intensity under an LED lamp has a certain length of the luminous line under
the lamp, located at a certain height, when it is shifted from the projection (offset); taking
into account the solid angle of the lamp at the point A, the parameter is determined by the
following Formula (1).

_ ®-m-i-(1—cos(Q)/2)) , sin2u 7-Q
E= 1 sinx + > cos{ <50 )/ (1)
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where ® is luminous flux, lumen; / is suspension height, m; L is lamp length, m; () is solid
angle, °; v is offset angle, °; « is viewing angle, °; and i is correction factor of lamp light
intensity change (0.8).

The main factor affecting the service life of an LED is the temperature of the p-
n junction of the LED during its operation, regardless of the intended purpose of the
irradiation unit, due to the fact that during the LED lamp operation, its structure is heated
due to the heat generated by the p-n junction. The studies show that the service life
of an LED lamp depends on the temperature of the crystal (p-n junction). At the crystal
temperature of +70 °C, the lamp service life can be 50,000 h with a 30% drop in the luminous
flux, or it can be 100,000 h at the temperature of no more than +55 °C. Thus, in order to
ensure the LED’s long service life, it is necessary to calculate the parameters of a cooling
system so that the maximum temperature of the LED crystals would not exceed +70 °C.

The crystal heating prediction is proposed to be carried out by the verificatory calcula-
tion in the software package ANSYS/CEX.

The prediction of the light intensity at the cattle feed table was carried out by the
calculation in the software package DIALux evo.

The experimental procedure takes into account the level of light intensity.

In line with the textbook [35], the authors chose the method of direct measurement.
The chosen method involves collecting a data array; the measured values were obtained
with the aid of the device, the scale of which was graded in the appropriate units of
measurement.

A reduction of the measurement error was achieved by measurement at each point
of the cowshed with sixfold repetition, while taking into account the measurement time,
which was more than 8 s at each point (see above).

Measurements of the parameters of the LED lamps were carried out in each sec-
tion of the cowshed at the selected points (Figure 2) at 5 different heights. The device
used for the measurements was the Luxmeter CEM DT-1308 for measuring illumination
400/4000/40,000/400,000 Lux: £5.0%.

1
el e " e e S S — —— —— —————— ——— _.
4 6 10
~ *-——— o —————————— *——————————
s 2 8
¢ ————F———— - ——————— g9————-
- *————

Figure 2. Selected points for data array calculating and collecting.

Then, the averages of the obtained values were found.

The correctness of the conducted studies with changes in the luminous flux was
determined by quantifying the results’ correspondence to both theoretical expectations and
experimental data. For this, the following criteria were selected: the correlation coefficient,
the Fisher criterion and the Student coefficient.

3. Results and Discussion

Based on the above and the authors’ previous research, a program was developed
(Figure 3) intended for modeling the optimal illumination and the electrical characteristics
of the LED lamps representing both linear and point light sources. The program allows
obtaining the dependence of the surface illumination on the distance, light output and
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(a)

radius of the illuminated spot, based on the input characteristics of the LED light source.
The program simulates the illumination under spotlights and linear fixtures.

P T . .
i Iuminaire

installation height, m| 2 170 Im

’ spot lamp 54,12 od

luminous flux, Im 170 120 degrees

i 1 u length L=

glow angle, degrees | 120 0.4m

1 suspersion heigh: (b

[lamp length, m 0,4 d 2m

i !

‘angle from the - 1
lamp axis, degrees | 10 48| 346 | 280 | 175 | o087 | ofectdhm | o | o087 [ 175 | 260 | 346 | 433

‘power 2 100 169 | 307 | 584 | 3
light output, Im/W 85
' caleulation of the light intensity

0
| 135 |  umination & | 131 | 4020 | 575 | 304 | 168 | 089

of the l“p radius 2 M. illumination when offset from the axis by

\ aue 120 [ /4 D2
: solidangle 0= 3,14] llumination, lx [ othet ) m 0,87 1,75
i @, 170 2,35 0,433 0,86¢
“he power of light l=cd 54,12 ; h:; e e 2341 4088
Thepawer g 13529 e astance {1),m= 22 28
L afReh 6,76 60 cos= 0518 075¢
| Mumination from the lamp liiumination, 10 [ ominaton i« 10,5 54
under the lamp I 1332 |
. height {h),m 2 1172 | anghe from the lamp axis 0 ET
| llumination, Ix 13,5 cos= 1 0,86¢
Diameter of the light spot m 3,464 135 height or radius 2 |
[ iumination, ix_= 135 11,7

| lurrination from tha line

Figure 3. A fragment of the program developed by the authors for modeling illumination under a
spot and linear lamp depending on the distance, angle of illumination and luminous flux of the light
source.

For reliable operation of LED lamps, it is necessary to observe their thermal regime. It
is known that at a temperature of 80 °C, the service life is reduced by 40%. For continuous
operation, it is necessary to calculate the luminaires so that this temperature is the lowest.
Figure 4 shows both the measurement results taken from the thermal imager and the
values obtained by the software modeling. Judging on the presented data, due to the high
degree of the correlation of the obtained output values, it can be positively stated that with
sufficient accuracy, the modeling allows predicting the distribution of the heating [24].

[ NNSYS

33.95

1] 0.100 (m) k‘
I

Figure 4. Calculated and simulated temperature distribution over the surface of the plastic housing
of a linear LED luminaire: (a) thermal imaging; (b) calculated values as a result of modeling.

A calculation was also made of the distribution of the light flux in the room to de-
termine the uniformity of illumination. Taking into account the regulatory documents on
the illumination above the feed table prescribing the minimum illumination level 100 lux,
in order to ensure the set value, the simulation calculation was carried out (Figure 5), in
the frame of which each LED lamp had the following technical characteristics: the power
consumption of each lamp was 33 W, the luminous flux of each lamp was 4954 Im and the
luminous efficiency was 150.1 Im/W.
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15000 [bx]
Figure 5. Modeled calculated distribution of illumination inside the cowshed using 56 LED lamps.

The obtained illumination values over the feed table are given in Table 1 and in
Figure 6.

Table 1. Calculated surfaces.

Features E, Ix Emin, 1x Emax, 1x g1 2 Index

Aft table
Horizontal
illumination
Height: 0.200 m

Aft table
Horizontal
illumination
Height: 0.200 m

109 62.2 130 0.57 0.48 CG1

109 59.5 130 0.55 0.46 CG2

Recreation area
Horizontal
illumination
Height: 0.000 m

99.2 77.2 118 0.78 0.65 CG3

Recreation area
Horizontal
illumination
Height: 0.000 m

99.5 76.2 118 0.77 0.65 CG4

Figure 6. Calculated illumination values in the program applied in the cowshed depending on the
height of the considered surface.
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The total values were obtained for illumination inside a cowshed. It turned out that in
order to provide the feed table with the necessary level of illumination (Figure 7) for a herd
of 240 heads, 56 LED lamps were needed with a total luminous flux of 277,424 Im and a
total power consumption of 1.85 kW. The mounting height of the suspension is 4.2 m. The
distance between the lamps in a row is 5 m.

(b)

Figure 7. Comparison of illumination systems for cattle-keeping premises: (a) cowshed for 200

with illumination by high-pressure lamps with a power of 125 W; (b) cowshed for 150 heads with
illumination by LED lamps with a power of 9 W.

The energy-saving illumination systems developed by us are implemented in the
cowshed shown in Figure 7. Due to the fact that the maximum sensitivity of the animals’
vision is shifted to the blue area, the best effect is achieved when using LED lamps with
a color temperature from 4000 K to 9000 K. Despite the high power of traditional 125 W
lamps, they have a low luminous flux utilization factor and it is not possible to achieve
uniform illumination over the entire surface in the room. The experiment showed the
advantage of using low-power LED lamps, even when their number was doubled.

So, for example, in Figure 7b, the 45 x 21 m calf house is shown and 36 LED lamps are
visible; they are installed at the height of 2.6 m. Technical characteristics are presented in
Table 2.

Table 2. Specifications.

Consumed power 9 watt
Luminous flux 890 lumens
Color temperature 6500 Kelvin
Main colors blue and green

The power consumption decreased from 2250 to 324 watts; the average light intensity
increased and amounted to 123.1 lux; along with this, the illumination uniformity and color
rendition improved up to 30%.

For mains supply of the LED light fixtures, various drivers were used. The intensity of
LED light irradiation depends on the value of the current flowing through the p-n junction.
This enables control of the intensity of LED lamp irradiation; moreover, it is relatively
easy to do so just by changing the current. In general, LEDs are low-voltage light sources
working with the voltage of 1.5 ... 3.5 V. In addition, in any LED, a current depends
strongly on the voltage, which is described by a volt-ampere characteristic curve. As this
dependence is exponential, it is necessary to set a certain current for LED powering. Due to
the non-linearity of the volt-ampere characteristic, the LED power supply circuit including
a resistor limiter has one more drawback, which is the instability of the current passing
through the LEDs when the supply voltage changes.
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The efficiency coefficient of universal drivers is worse than that of drivers designed for
a fixed number of LEDs. In cases of LED lighting systems designed for poultry premises,
built-in drivers are mainly used with external control; or as an alternative, one powerful
24 V power supply source is installed at the beginning of the lighting line. In the latter
case, low-voltage power lines with high current are stretched over the entire length of the
premises.

For illumination systems designed for livestock and poultry premises with the function
“dawn-sunset”, most often, LED lamps having a step-down power source with a digital
control system are used. Otherwise, they can be equipped with extended (for the entire
length of the building, up to 300 m) DC lines with a voltage of 24 V with several powerful
step-down power sources. In the latter case, with the purpose of reduction of the voltage
losses, it is necessary to use cables with a large cross section (up to 25 mm?). However,
even despite this, there remains a significant difference in the light output of the lamps
located closest to the entrance and ones more distant from the power source. That is why
there is a need for another power supply system for LED lamps, a system able to provide a
smooth regulation of the light intensity [36,37].

One of the design versions can be the resonant power supply system for LED lamps
developed by us (Figure 8). Distinctive features of the proposed system include the
installation of one transmitting voltage converter for the entire system, one receiving
converter inside each lamp (a high-frequency transformer + a rectifier) and the “smooth
illumination control”. One of the main components of the power supply system is a
resonant step-up transformer. This resonant transformer contains an LC circuit, where
the inductor has two windings. The primary winding is designed for obtainment of high
voltage (with increased frequency) from low voltage. The secondary winding serves for
galvanic isolation of the voltage converter and lamps. As electricity sources for the resonant
electric power transmission systems, both standard electric networks and renewable sources
can be used, such as, for example, solar power plants.

C

A Frequency f
B i £ |

conwverter 3 = P
C e %H?: e

— AL LT W4 #:ﬁ
—

<L Transmitting

corverter i Feceiving converter

Feceiving converter

T

-

LT
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=T
%
2

Eeceiving converter

Figure 8. Resonant power supply system for LED lamps.
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Such an illumination system works as follows. The frequency of the electrical energy
from the mains or other energy sources is converted in the frequency converter; the voltage
of this electrical energy is increased by means of the step-up transformer. Further, in the
primary winding, the resonant current fluctuations are initiated with a frequency from
F0 =1 kHz to 200 kHz, equal to the frequency of the frequency converter, as well as the
resonant voltage fluctuations from 0.5 kW to 30 kW. Due to the phenomenon of the voltage
resonance and the high Q-factor (high finesse) of the LC circuit in the primary winding, the
output voltage increases several times. Upon that, this transformer (supplemented with
a capacitor battery) has its own resonant frequency, which slightly exceeds the resonant
frequency of the entire system (including the receiving and transmitting equipment and
the power line). The efficiency coefficient of such a circuit of the light sources’ powering
reaches 90 ... 95%. The illumination level is regulated by the frequency changing; when
the frequency is changed as compared to the resonant frequency, the transmitted power de-
creases. In the resonant single-wire power transmission line, depending on the transmitted
power, the voltage and the current are shifted in phase by a different angle relative to each
other. Because of this, the energy losses in the power transmission line are reduced.

The receiving transformers can lower the voltage of the power line down to the value
necessary for the normal operation of the bridge rectifiers and the LEDs. Thus, only one
voltage converter (driver) is installed in the entire illumination system. This is its difference
from traditional illumination systems where drivers are installed in each lamp.

A visual comparison of the experimental results and the theoretical values (Figure 9)
indicates the correctness of the accepted mathematical model in our theoretical study, due
to the similarity of the values obtained.

M >kemep.
1 | | | | l | 1 | o
2 3 4 5 6 7 8 9 10  TO4Ka

Figure 9. Diagram of changes in illumination at different heights.

The calculation was carried out according to the paper [38].

Correlation coefficient: ryy ( 7y, = 0.77).

In our case, the degree of affinity closeness shows that connection is of medium
strength.

Student’s coefficient: tcr (fcr = 1.16).

Acceptable tabular value of the Student’s coefficient: t1 = 2.26.

The model is accepted when (tcT < tr).

Fisher’s criterion: F (F = 1,5).

Acceptable tabular value of the Fisher’s criterion: Fr = 3,29

The model is accepted when (F < Fr).

The conducted experiment intended for the adequacy verification of the developed
model showed that the developed model can be considered satisfactory; the Student and
Fisher criteria do not exceed the tabular values, and the correlation coefficient showed the
close affinity.

4. Directions for Further Research

Development of methodological recommendations for the parameters substantiating
the energy-saving illumination system inside agricultural premises.
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Refinement of the calculation methodology by way of introduction of correction coeffi-
cients based on repeated experiments. To be precise, study is needed of the diode resource
with correction on the efficiency reduction and the changing purity of the ambient air.

Conducting of tests and experiments in cowsheds with the purpose of finding out
whether the selected number of LED lamps is sufficient and of making a comparison
between the experimental results and the values obtained with the simulation calculation
(because usually, there is a high dust content in livestock premises, which the mathematical
program neglects).

5. Conclusions

In this paper, the authors substantiated the parameters of the improved energy-saving
illumination system inside agricultural premises. The method was developed for cal-
culation of the light intensity under an LED lamp. The illumination can be considered
satisfactory because the Student’s and Fisher’s criteria do not exceed the tabular values
and the correlation coefficient showed close affinity. The method was developed for cal-
culating the number of LED lamps needed. The prediction model was developed for
crystal heating, which describes the heating distribution with sufficient accuracy due to the
high correlation between the theoretically expected values and the obtained output ones.
The simulation calculation which was carried out turned out to be able to determine the
required number of LED lamps and their needed technical characteristics so as to provide
the premises for 240 heads of a green-forage herd with the optimal illumination above the
feed table. The proposed resonant power supply system for the LED lamps will reduce the
cost of the equipment maintenance and increase the reliability of the equipment operation,
thanks to the isolating transformers and the increased current frequency in the wires. The
“dawn-sunset” lighting function is implemented with the smooth frequency control of the
converter. Based on our research, it is possible to simulate lighting systems for various
rooms with modern LED light sources.
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