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ABTOMATHU3NPAHO KAJINMBPUPAHE HA TH®PAYEPBEHU
TEPMOMETPU YPE3 KAJIMBPATOP FLUKE 4181 U ITPUJIO’KEHUE,
BASUPAHO HA LABVIEW

AUTOMATED CALIBRATION OF INFRARED THERMOMETERS VIA
FLUKE 4181 CALIBRATOR AND LABVIEW-BASED APPLICATION

Stefan Ivanov
Technical University of Gabrovo
Center of competence "Smart mechatronic, eco-and energy-saving systems and technologies"

Abstract

This paper presents a comprehensive methodology for the calibration of infrared thermometers using a dedicated IR
sensor calibrator (Fluke 4181) and a custom-developed LabVIEW software application. The proposed approach
enables automated comparison between the reference temperature set on the calibrator and the readings obtained from
the infrared thermometer. Linear calibration functions are derived through first-order polynomial regression, with the
resulting Gain and Offset coefficients stored in JSON files for subsequent application. Multiple calibration functions
can be defined for different temperature ranges to further enhance measurement accuracy. Experimental results
demonstrate the effectiveness of the method, with post-calibration deviations minimized within permissible limits. The
developed system combines precision, flexibility, and user-friendliness, making it suitable for both laboratory and
industrial applications where accurate non-contact temperature measurements are critical.

Keywords: infrared thermometer, IR sensor calibration, multi-point calibration, linear regression, non-contact
temperature measurement

1. INTRODUCTION manufacturing  tolerances, environmental

Infrared (IR) sensors are an indispensable
component of modern non-contact temperature
measurement  systems, with widespread
applications in industry, medicine, environmental
monitoring, and defense. Their sensitivity to
infrared radiation enables precise detection of
temperature variations without the need for
physical contact with the object under
observation. This makes them particularly
valuable in environments where direct
measurement is difficult or impossible [1].

Despite their high measurement accuracy,
IR sensors are subject to variations arising from

influences, and long-term use. Such factors
can cause deviations in the measured values,
highlighting the necessity for reliable and
traceable calibration [2]. Calibration ensures
the correspondence between the sensor’s
output signal and the actual physical quantity
by employing standardized radiation sources,
such as so-called “black bodies” [1]. A
particular challenge is calibration in the
temperature range close to ambient
conditions, where the influence of the
surrounding environment is significant. In
such cases, traditional compensation methods
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are often insufficient due to inaccuracies in
emissivity or discrepancies between theoretical
models and real-world conditions. To address
this, modern approaches propose the use of
equivalent blackbody functions at different
ambient temperatures [3].

Calibration is not only a physical but also a
statistical process. The optimal construction
of calibration curves requires careful
planning, error evaluation, and the application
of linear or nonlinear regression, depending
on the sensor’s characteristics [4]. This
involves selecting an appropriate number of
standard samples, ensuring reproducibility of
measurements, and analyzing residuals to
confirm the adequacy of the chosen model.

In practice, calibration requires the sensor
readings to be compared with those of a
reference  sensor or a  higher-class
measurement instrument. In this study, a
Fluke 4181 calibrator is employed [5,6]. The
objective of the present research is to
demonstrate the implementation of an infrared
thermometer calibration procedure.

2. MULTI-POINT SENSOR
CALIBRATION

The calibration of measuring instruments
represents a fundamental element in most
measurement methodologies. Through this
process, the relationship 1is established
between the measurement data obtained from
the system (e.g., the readings of a given
instrument) and the reference values provided
by calibration standards (e.g., the quantity of
the investigated substance). In many
analytical approaches, calibration is an
indispensable step that typically involves
preparing a series of standards with precisely
known quantities of the target component,
recording the instrument response for each
standard, and constructing a curve that
describes the relationship between the
instrument’s response and the component’s
concentration.

One widely used calibration method is
based on determining a linear calibration
function from a set of measured reference
points. Although a linear function cannot
compensate for nonlinear variations in the
readings of the calibrated sensor, such
nonlinearities are relatively uncommon;
therefore, the linear model provides a reliable
and practical solution for the calibration
process.

A linear calibration function can be
expressed as:

y=Gain x x + Offset , (1)

where x represents the input signal, y denotes
the output result, Gain (also referred to as
Slope) is the amplification coefficient, and
Offset (also referred to as Intercept) is the
constant shift.

The linear calibration function is
determined through regression analysis and
mathematically describes the dependence
between input and output data, based on
multiple reference values. An example of
such a linear calibration curve, derived from
reference input data, is illustrated in Figure 1.

Sensor Calibration
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)
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/ O
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o
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0« ! ! | | |
0 20 40 60 80 100 120

Sensor Reading

Figure 1. Example of a linear calibration function
derived from reference data
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Another important parameter is the so-called
residuals. These represent the differences
between the actual measured values and the
values predicted by the model. If the residuals
are small, random, and uniformly distributed
around the horizontal axis (Figure 2), it is
generally accepted that the linear calibration
function provides a good fit to the data and
effectively performs the calibration of the
corresponding sensor.

Residual Plot

Residual
-— |
|
L &
PR —
.

. . I . .
0 20 40 60 80 100 120
Sensor Reading

Figure 2. Distribution of residuals around the
calibration line

3. FLUKE 4181 INFRARED
TEMPERATURE SENSOR
CALIBRATOR

The calibration of infrared sensors requires
the use of specialized calibrators that generate
a uniform and well-defined temperature
across a test surface, which is then measured
by the infrared sensor.

The Fluke 4181 calibrator provides an ideal
solution for the calibration of infrared
thermometers and thermal imaging cameras
within their operating temperature range. The
instrument offers a temperature range from 35
°C to 500 °C. Uniformity of the generated
surface temperature is a critical factor in
infrared calibration, since an infrared

thermometer “views” the entire target surface
when positioned at the appropriate calibration
distance.

With an accuracy of £0.35 °C, the Fluke 4181
is capable of achieving its performance
specifications without the need for additional
corrections related to emissivity. The main
technical specifications of the calibrator, as
provided in its datasheet, are summarized in

Table 1.

Table 1.Key technical specifications of the Fluke

4181 infrared calibrator

Specifications 4181

Temperature range 35°C to 500°C

(@ 23°C ambient,

0.95 emissivity)

Display accuracy' +0.35°C at 35°C
+0.50°C at 100°C
+0.70°C at 200°C

+1.20°C at 350°C
+1.60°C at 500°C

Stability +0.05°C at 35°C
+0.20°C at 200°C
+0.40°C at 500°C

Uniformity (5.0 in +0.10°C at 35°C

dia of center of +0.50°C at 250°C

target)?

+1.00°C at 500°C

Uniformity (2.0 in
dia of center of
target)?

+0.10°C at 35°C
+0.25°C at 250°C
£0.50°C at 500°C

Heating time

45 min: 35° C to 500°
C

Cooling time

100 min: 500°C to

35°C

40 min: 500°C to

100°C
Stabilization time 10 minutes
Nominal emissivity® | 0.95
Thermometer 09t0 1.0
emissivity
compensation
Target diameter 152.4 mm (6 in)
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Figure 3 presents the external view of the
Fluke 4181 infrared calibrator employed at
the Center of Competence, Technical
University — Gabrovo.

- P AR e 5 A

Figure 3. View of the Fluke 4181 infrared

calibrator employed at the Center of Competence,
Technical University — Gabrovo

4. INFRARED THERMOMETER USED
FOR CALIBRATION

The infrared calibrator can be employed for
the calibration of various infrared
thermometers and temperature sensors. Such
IR thermometers are commercially available
at relatively low cost (Figure 4).

Figure 4. Example of a commercially available
infrared thermometer used in the calibration
process

Their low cost implies that, in terms of
measurement accuracy and repeatability,
some errors in temperature determination can
be expected. Therefore the role of the infrared
calibrator becomes essential, as it enables the
determination of a linear calibration function,
which can  significantly improve the
measurement accuracy of such IR thermometers.

5. DEVELOPMENT OF AN LABVIEW
APPLICATION FOR MULTI-POINT
CALIBRATION OF INFRARED
THERMOMETERS

To determine the calibration coefficients
describing the linear calibration function, a
LabVIEW application was developed. The
application  records the measurements
obtained from the infrared thermometer for
each actual temperature value set on the
calibrator. It allows the use of up to five
different temperature points defined on the
calibrator, with up to five measurements from
the IR sensor per point. For the minimal
requirements to determine the linear
calibration function, only two actual
temperature points and a single measurement
per point are sufficient.

In the application, the actual temperature
values correspond to the set temperatures of
the calibrator, while the measured values
correspond to the readings of the IR thermometer
for these actual temperatures (Figure 5).

7z, CENTER OF COMPETENCE "SMART MECHATRONIC, ECO- AND ENERGY-SAVING SYSTEMS AND TECHNOLOGIES”
o )|
N IR temperature sensor calibration

etrence points [l Preicted ooints [

Measured values Sensor Calibatian
215

Pt 3 Point 4 Paint 5

Real values

Boslpoint 1 Rl pink 2 e poind Bl i 4_ Rl it 5
50 i 5a [0 =]

Gain Gffest
frluste cabbendion aares T
paramaters

‘ EXIT |

A G om0 0 40 180 10 A0 20 b 260
Sensor Readings

Figure 5. LabVIEW application interface for
recording measured and actual temperatures for
multi-point IR thermometer calibration.
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By pressing the button to calculate the
coefficients of the linear calibration function,
the application performs a first-order
polynomial fit to the input data. The resulting
polynomial coefficients correspond to the
Gain and Offset values of the linear
calibration function. These coefficients are
saved in a JSON (JavaScript Object Notation)
file, with the file name specified by the user.
The obtained calibration coefficients can
subsequently be applied to adjust the readings
of the IR temperature sensor. For this
purpose, a dedicated application has been
developed (Fig. 6), which enables the selected
calibration JSON file to be loaded, the
calibration coefficients to be applied, and,
upon entering a temperature measured by the
thermometer, provides a calibrated and
accurate temperature value of the measured
object.

CENTER OF COMPETENCE “SMART MECHATRONIC,
ECO- AND ENERGY-SAVING SYSTEMS AND TECHNOLOGIES™

et Determination of calibrated temperature

Raw temperature

Read cabration file value, C
/202.8
Gain :
DT Calibrated temperature
Offset value, C

1.81193 199.522

EXIT

Figure.6 Application interface for loading
calibration coefficients from a JSON file and

obtaining calibrated IR temperature readings

To improve the accuracy of temperature
measurements, several linear calibration
functions can be established for distinct
temperature ranges. The appropriate JSON
file corresponding to the measured
temperature range can then be applied,

ensuring more precise calibration of the IR
thermometer.

6. CONCLUSION
This study presents a comprehensive
methodology for the calibration of infrared
thermometers using a specialized IR sensor
calibrator (Fluke 4181) in combination with a
custom-developed LabVIEW software
application. The approach enables automated
and precise comparison between the reference
temperature set on the calibrator and the
temperature measured by the infrared
thermometer.
Through the developed application, linear
calibration functions are generated by
performing first-order polynomial fits to the
measured data, resulting in the determination
of Gain and Offset coefficients. These
coefficients are stored in JSON (JavaScript
Object Notation) files, which can be used to
correct future measurements, ensuring
accurate and reliable temperature readings
from IR thermometers. For enhanced
precision, multiple calibration functions can
be established for different temperature
ranges, allowing the application to select the
appropriate function based on the measured
temperature.
Experimental results demonstrate that the
proposed method effectively minimizes
measurement deviations, with post-calibration
errors reduced to minimal values within the
permissible limits. The integration of a
dedicated calibrator and the flexible software
application provides a user-friendly interface
while  maintaining  high  measurement
accuracy, reproducibility, and reliability.
Overall, the developed calibration system
offers a robust, flexible, and scalable solution
for both laboratory and  industrial
environments. It enables precise non-contact
temperature measurement, which is critical in
fields such as medicine, industry,
environmental monitoring, and research. By
combining automated data acquisition,
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regression-based calibration, and the ability to
manage multiple temperature ranges, the
methodology provides a practical framework
for improving the performance of
commercially available infrared thermometers
and sensors.
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Abstract

The research paper explores the ability of isolated multiconnected micellar phases (MMP) to remove different soils
(dimethicone, sebum oil, and makeup formulations) from artificial skin. The MMP is isolated from 3 wt% 1:1 sodium
lauryl ether sulfate with 2 ethylene oxide group + cocamidopropyl betaine in the presence of 62 mM MgCl,. The direct
observations of soil removal demonstrate the efficacy of the MMP by two physicochemical mechanisms. For
dimethicone soils, the roll-up mechanism is observed, i.e. shrinkages of the drop contact areas and decrease of the
three-phase contact angles due to the changes in the interfacial tension and the surface energy. For sebum soils, the
spontaneous emulsification mechanism takes place because of the mixing of the fatty acids present in the sebum with the
surfactants and forming complex amphiphilic structures. For makeup formulations, the new approach based on the
software image analysis by means of Image J is developed to account for the whole soiled area and to increase the
precision of the quantitative cleaning characterization. The obtained results show that the bicontinuous phase
successfully removes dimethicone, sebum oil, and foundation soils from the artificial skin and could have potential
application in the design of new personal, home and industrial care products.

Keywords: artificial skin, multiconnected micellar phase, cleaning, contact angles, dimethicone and sebum removal,
Vitroskin®

1. INRODUCTION
The mixtures of sodium lauryl-ethersulfate

micelles. With the rise of the salt
concentration, the degree of crosslinking

(SLES) and cocamidopropyl betaine (CAPB)
find broad applications in shampoos, body
washes and other personal care products [1].
The physicochemical properties of mixed
SLES+CAPB micellar solutions are widely
studied in the literature [2—5]. The addition of
indifferent electrolytes (salts) to single or
mixed ionic surfactant solutions leads to an
increase in the viscosity up to a maximum at a
given salt concentration and to a subsequent
viscosity decrease, that dependence is known
in the literature as “the salt curve” [1,6,7]. The
peak in the curve is explained with the
transition from wormlike micelles to branched

increases, until eventually the formation of a
multiconnected micellar phase (MMP), see
Refs. [5,8,9]. In the literature, the terms
“multiconnected micellar phase”,
“bicontinuous phase”, “saturated micellar
phase”, “saturated network” and ‘“‘sponge
phase” are used as synonyms. The possibility
to separate the bicontinuous phase from
mixtures of anionic (SLES) and zwitterionic
(CAPB) surfactant solutions in the presence of
a small amount of divalent counterions (Ca*",
Mg?*, Zn*") is described in the literature [8].
The separated phases engulf fragrances and
spontaneously form nanoemulsions upon
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dilution. Mixtures of CAPB and SLES are the
main components in a wide range of personal
care products. Nevertheless, to our knowledge,
there are no investigations on the cleaning
ability and potential applications of the
SLES+CAPB containing sponge phases.

Recently [10,11], we developed an in vitro
methodology for testing the cleaning efficacy
of surfactants and their mixtures. The
systematic characterization of the soil removal
from artificial skin by applying direct optical
observations demonstrated two basic cleaning
mechanisms: emulsification and roll-up. In
Ref. [12], gel-wipes has been invented and
their cleaning efficacy has been directly
determined using artificial skin (Vitroskin®).

In the present study, the cleaning properties
of the multiconnected micellar phases using
artificial skin (Vitroskin®) is investigated. For
that purpose, we used a previously developed
approach [10,11] and combined it with wiping
off measurements adapted from Ref. [12].

2. MATERIALS AND METHODS

Materials

The studied anionic surfactant was sodium
lauryl ether sulfate with 2 ethylene oxide
group (SLES-2EO, Fig. 1A), product of BASF
with a trade name of Texapon N70. The
zwitterionic surfactant was cocamidopropyl
betaine (CAPB, Fig. 1B), a product of Evonik,
Essen, Germany, with a trade name Tego
Betain F 50. To the mixed micellar solutions,
we added inorganic salt MgCly, product of
Chem-Lab.

AL
Na* O~ S \o%\/o>;/\/\/\/\/\/

2
A) sodium laurylethersulfate with 2 EO groups (SLES-2EO)

i ]
(0] it P N e e
Y\/N\/\/\ N
e} H
B) cocamidopropyl betaine (CAPB)

Fig. 1. Structural formulas of the used surfactants:
A) sodium lauryl ether sulfate with 2 ethylene
oxide group (SLES-2EQ),; B) cocamidopropyl

betaine (CAPB)

The multiconnected micellar phase was
prepared as follows. First, the aqueous solution
of the two surfactants (SLES and CAPB) was
prepared. Next, the necessary amount of salt
was added and the solution was stirred for one
hour at 60 °C. After one night of equilibration
of the solution, the formed multiconnected
micellar phase was separated using separation
funnel.

All solutions were prepared with deionized
water generated by the Milli-Q purification
system (Millipore, Burlington, MA, USA).

The used model soils were sebum and
dimethicone (polydimethylsiloxane AK100,
Wacker, Munich, Germany). The artificial
sebum was prepared using the standard
composition: 15% Squalene, 25% Wax esters,
2% Cholesteryl esters, 42% Triglycerides,
15% Fatty acids, 1% Cholesterol (all products
of Sigma) [10,11].

For the wiping off experiments, we used
two makeup formulations: Revlon® ColorStay
Foundation in 520 Mocha and Liquid lipstick
Essence Stay 8h Matte 08.

A synthetic skin substrate (Vitroskin®,
N19-5X; IMS, Milford, CT, USA) was used
for testing the efficacy of the cleaning
formulations. The substrate effectively mimics
the surface properties of human skin, it is
designed to have similar topography, pH and
ionic strength. It contains both optimized
protein and lipid components [10-12].

Methods

Direct observations of the soil removal
from  Vitroskin®.  Preliminary  hydrated
Vitroskin® substrate was placed at the bottom
of a glass cuvette to be observed by the Drop
Shape Analyzer DSAI00E (Kruess GmbH,
Hamburg, Germany) optical system. Then, a 5
uL soil drop was deposited onto the substrate
using a micropipette. After a rest for 5 min, 20
mL of the surfactant solution (thermostated at
30 °C) was gently added to the cuvette. The
behavior of the soil drops in the solution was
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monitored and recorded for 15 minutes using
the optical system of DSA100E (Figs. 3A and
4). In the case of roll-up mechanism of drop
detachments, the three phase contact angles
were observed and their changes were
recorded for subsequent data processing (Fig.
3B) [10,11].

Procedure for wiping off experiments. The
cleaning protocol was adapted after [12]. The
used procedure was as follows: after the
hydration of the substrates for 16-20 hours, the
stain (foundation or lipstick) was deposited.
When using the foundation makeup, we apply
0.01g of the stain and spread it on the surface
with a pipette. This amount from the
foundation was enough to cover the whole test
area. The liquid lipstick is applied on the test
area using the lipstick's applicator, and the
necessary quantity is 0.01g. After 2 hours of
hydration of the skin with deposited stain, it
follows the wiping off using cotton pads (for
makeup removal). Every cotton pad was
evenly coated with 1 mL isolated
multiconnected micellar phase. Then, the test
area was cleaned 10 times by hand with top-
down direction. Note that, in order to avoid
redeposition of the stain, we used different/
new side of the cotton pad for every wipe off
(see Fig. 5).

The standard approach to characterize the
cleaning ability of products is to use the
colorimetry to calculate the cleaning
parameters [12]. Applying this method, the
color parameters are averaged over a spot of
only 8 mm diameter and the obtained results
are quite scattered. To increase the precision
and to account for the whole test region (25
mm diameter) of stained and cleaned skin, we
developed an alternative approach. Using the
software image analysis (by means of Image J),
the respective images (Fig. 5) are transformed
to gray scale and the intensity is averaged over
the whole studied area. The grey color
intensity of the hydrated skin before staining
(Ins) and the intensity of the hydrated cleansed

skin (Incs) are calculated. The quality of
cleaning is characterized by the ratio of Incs
and Ius. Thus, the Cleaning(%) is determined
by the following equation:

Cleaning(%) = Les 4 100 (1)
Tys

3. EXPERIMENTAL RESULTS AND
DISCUSSION

Formation of the multiconnected micellar
phase

In the literature [5,8,9], the multiconnected
micellar phase (MMP) was obtained using
SLES-1EO and CAPB in the presence of
MgCl. The interval of added salt, in which the
sponge phase is formed, was from 40 to 80 mM
MgCl,, for 3 wt% 1:1 w/w SLES+CAPB [5].

Note that in our study, we used SLES-2EO,
instead of SLES-1EO. That is why we prepared
I wt% and 3wt% 1:1 SLES-2EO+CAPB
solutions with different concentrations of added
divalent salt (Fig. 2A). The sponge phase
sediments at the bottom of the vial. To confirm
the bicontinuous structure, we used the
lipophilic dye BODIPY, which colors the
separated phase in green (Fig. 2A).

The separated sponge phase was well seen in
all solutions (Fig. 2) and its amount increased
with the total surfactant concentration increase.
That is why we separated a MMP from 3 wt%
solutions in the presence of 62 mM MgCla (see
Fig. 2B). Then, we prepared a large amount of
the solution and isolated the respective
bicontinuous phase, which was used for all
cleaning experiments. The total surfactant
concentration in the separated multiconnected
micellar phase from 3 wt% 1:1 SLES-
2EO+CAPB + 62 mM MgCl, was obtained
using the method from Refs. [8,9]. After drying
out a probe to constant weight, the total
surfactant concentration in the sponge phase
was measured to be 6.75 wt%.
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-é 62 mM

Fig. 2. A) Photographs of 1 wt% 1:1 SLES-
2EO+CAPB + MgCl,in the presence of the
lipophilic dye BODIPY. B) Photograph of 3 wt%
1:1 SLES-2EO+CAPB + MgCls. The salt
concentrations are denoted on the top

Direct observations of the soil removal
from Vitroskin®

We performed the experiments at 30 °C
with two different soils: dimethicone (Fig. 3)
and model sebum (Fig. 4). Two mechanisms
of the soil removal were clearly observed:
emulsification of sebum and roll-up of
dimethicone drops.

20s 40s 180s

MMP isolated from
3 wt% 1:1 SLES-2EO+CAPB+62 mM MgC,
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Fig. 3. A) Images of dimethicone soil at different
times, as shown at each image, after immersion in
multiconnected micellar phase. B) The decrease of

the three-phase contact angle of the drop
illustrated in Fig. 34 — the solid line is a guide to
the eyes

Removal of the dimethicone drop attached
to the skin. In this case, after pouring the
surfactant solution (sponge phase) in the
cuvette, the contact area between the
dimethicone drop and the substrate decreases
slowly (Fig. 3A) while the three-phase contact
angle decreases considerably from 110° to 60°
(Fig. 3B) for the first 300 seconds. In the next
560 seconds, the contact angle slowly
decreases with only 20° while the drop base
diameter shrinks orders of magnitude to the
full drop detachment after 860 seconds.
Analogous observations are reported in the
literature [10] for mixed micellar solutions of
conventional surfactants. The relatively slow
detachment process (cf. 860 s with MMP vs
200-250 s in Ref. [10]) is due to the large
viscosity of the multiconnected micellar
phases [5]. The roll-up mechanism of soil
removal is explained by the changes in the
interfacial tension and the surface energy
because of the surfactant adsorption, which
leads to a simultaneous change in the three-
phase contact angle and the drop/substrate
contact area.

Removal of sebum from the skin. With
artificial sebum, we observed emulsification of
the soil (Fig. 4). Immediately after pouring the
multiconnected micellar phase in the cuvette,
small sebum droplets are simultaneously
formed and detached from the skin without
any additional agitation. With time, the sizes
of detached droplets decrease and the removal
process becomes more and more intensive.

10s 30s |60s & |
()

3087 WS a80s, * > | 720s

3 % ‘i I' > ) I \ a0 I 2
Fig. 4. Sebum droplets after the addition of
multiconnected micellar phase at different times
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In our previous study [11], this mechanism
was only observed with the sebum oil and
conventional micellar surfactant solutions,
when the interfacial tension was extremely low
[11]. The difference in the mechanisms is
because of the composition of the two soils
(dimethicone vs sebum). The fatty acids
present in the sebum, mix with the surfactants,
forming complex amphiphilic structures and
effectively decrease the interfacial tension

[11].

The direct observations of the soil removal
from Vitroskin® showed that in both cases
(sebum or dimethicone), the bicontinuous
phase successfully removes the soil from the
artificial skin and could have potential
application in the design of personal care
products.

Wiping off experiments on artificial skin
using cotton pads

For these experiments, we used two
makeup stains with considerably different
chemical compositions (liquid lipstick and
foundation). On hydrated skin we deposit the
stains and wait for 2 hours of contact while
hydrating. The wiping off of the stain was
conducted 10 times by hand, using cotton pads
(see Section 2). To characterize the
bicontinuous phase efficacy, we performed test
experiments with cotton pads coated with 1
mL  deionized water. The calculated
Cleaning(%) was 37.3+0.2% for liquid lipstick
and 79.9+0.8% for foundation. When cleaning
with bicontinuous phase, formed from 3 wt%
1:1 SLES-2EO+CAPB + 62 mM MgCls, the
results were the following: 46.1+0.2% for
liquid lipstick; 93.7+0.5% for foundation. The
lipstick stain is more difficult to be cleaned,
compared to the foundation stain due to the
difference in their compositions.

A) Liquid lipstick

o s =
O »‘
» S L | & 75

B) Foundation

Fig. 5. Photographs before (left column) and after
(right column) cleaning of: A) liquid lipstick, B)
foundation. The calculated average Cleaning(%)
is denoted on the images after cleaning.

4. CONCLUSIONS

The cleaning abilities of isolated
multiconnected micellar phases in the case of
dimethicone, sebum oil, and two makeup
formulations deposited on artificial skin have
been studied. The sponge phase with total
surfactant concentration of 6.75 wt% is
isolated from 3 wt% 1:1 SLES-2EO+CAPB +
62 mM MgCl,. Our investigations clearly
demonstrate the soil removal efficacy of
bicontinuous phases using two different
experimental protocols.

The direct observations of the soil removal
from artificial skin prove two mechanisms:
roll-up (detachment of dimethicone drops
because of the shrinkage of the drop contact
area with the skin and the decrease of the
three-phase contact angle); and spontaneous
emulsification (with sebum oil because of the
mixing of the fatty acids present in the sebum
with the surfactant solution). In both cases, the
bicontinuous phase has good cleaning ability.

The in vitro methodology combined with
wiping off measurements with makeup
formulations (liquid lipstick and foundation)
demonstrates the possibility of the sponge
phases to remove foundation effectively. The
developed new approach of calculating
Cleaning(%), based on software image
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analysis by means of Image J, gives
quantitative information on the efficacy of the
surfactant solutions accounting for the whole
soil test regions.

The obtained results could be of practical
interest for development of new formulations
based on the bicontinuous phases for different
soft and solid surface cleaning.
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Abstract

The existing various techniques for enhancement of heat transfer can be applied in existing heat exchangers. The
present study was conducted with the aim of improving the heat exchange of convective heat exchangers with natural
convection. The tasks for achieving the goal are: application of passive techniques for enhancement of heat transfer in
a smooth tube; experimental determination of the degree of increase in the thermal power Q and the heat transfer coef-
ficient UA.

The experiments were conducted with an experimental sample - a single round tube of a certain length, ribbed with
a certain pitch with lamellas. As an intensifier, a twisted tape insert with a certain pitch was used. The constraint for
equal operating conditions is equal temperature difference between the average temperature of the water in the pipe
and the ambient air. The determination of the investigated values was carried out according to standard methodology.

The results showed an increase in Q and UA in the range of 80 + 95% in the region 2600 +~ 5000 Re.

The originality of this research is that the results can be implemented in the production of such devices to increase

their energy efficiency.

Keywords: heat transfer enhancement, thermal power, heat transfer coefficient, twisted tape insert.

BBbBEJEHHUE

[ToCcTOSHHUAT CTpeMeK KbM HKOHOMHS Ha
SHEeprus U MaTepualid NpPEAU3BUKBAT HETpe-
KbCHAaTH YCHJIUS 3a pa3paboOTBaHETO Ha TO-
€(eKTUBHO  TOIMJIOOOMEHHO  OOOpyABaHE.
JloGpe u3BECTHO €, Ye TOBa MOXE Ja ce Io-
CTUTHE 4pe3 MHTEH3U(UKaIMs Ha TOIUIONpe-
HOCHHUTE TPOIECH, C KOETO Ja ce MOoAoOpAT
TEPMUYHUTE XapaKTEPUCTUKH Ha TOII000-
menHute anapatu (TA). KonBekTuBHHTE
TOIJIOOOMEHHU anaparu ¢ (payua, IBuxKer ce
B IVIaJIKM TPHOMU ca MacoBO CpPEIIaHU B IMpak-
TUKara. EXHU OT TIX ce moJs3Bar 3a OTOIUIH-
TEJIHW, BEHTHWJIAIMOHHH W KJIMMAaTHYHH CHC-
TeMH, T.H. HAKpaTKo ,,KoHBekTopu*. LlenTta um

e TepMuyHa oOpaboTKa Ha Bb3JyXa 4pe3 T.H.
IpolecHu Ha ,,CyXO HarpsBaHe WIN ,,CyXO
oXJIaKJIaHe , KaTo Cropes pexkuma Ha paboTa
OCHOBHO C€ JIEJIST Ha arnapatu C ecmecmeeHda
WIH C NPUHYyOeHd KOHBEKIIUS.

CrpuiecTByBaT pa3InyHU TEXHUKU U TEXHO-
JIOTHH 32 MHTEH3U(HUKAIMSA Ha TOIIOO0OMEHa
[1,2]. Te3u TexHosoruu Morar jga Obaar mpu-
JIO)KEHU BBPXY ChHIIECTBYBAIld TOILIOOOMEH-
HHU anapatu. Ha ocHoBa Ha IIppBus 3aKkoH Ha
TepMonMHaMukara, Ye6 u bepreic [3.4]
MpeyIokKNXa KpPUTEpPUN 3a OIlEHKa Ha MOBH-
menara €(eKTHBHOCT Ha amapar ¢ MHTEeH3H-
(buxarus Ha TOMIOOOMEHA, CIIPSIMO CTaHJAPT-
HUS TaKbB C TIAJKUA TPHOU.
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CoiiecTByBar JBe HallpaBICHUS B WHTEH-
3uukanusaTa Ha TOIUIOOOMeHa. IIbpBOTO €
CBBP3aHO C yBeJIMYaBaHE HA TOIIMHHHS IO-
TOK, HC3aBUCHUMO OT AOM'BJIHUTCIIHUTC Pa3X0-
IM Ha SHEPrHsl, KOUTO Ca CBbP3aHH C YBEJH-
YyeHara [OMIICHa MOIIHOCT 3a IIpEeHacsHe Ha
TOIUIOHOCHTENA. BTopoTo HampaBieHue e
CBbpP3aHO C YBCIIMYABAHC HAa TOIUIMHHUA I10-
TOK IPU HEU3MEHHA MOIIHOCT 3a IPEOoaos-
BAaHC Ha XUAPABIMYHUTC CBIIPOTHUBJICHUS, T.C.
C yBelnMuaBaHE Ha €(eKTHBHOCTTA HA TOILIO-
npenaBane. ToBa € 0cOOCHO Ba)KHO IPU CTa-
roHapHo padoremu TA ¢ ronsmMa MOIIHOCT.

Hacrosmoro n3cieaBaHe € MPOBEACHO 3a
NoCTUraHe Ha pesyaratu no IIepBoro Hampa-
BJICHHE, Ype3 M0/100psiBaHE Ha TOILUIO-O0OMEHa
HaJl TO3W, M3IMOJ3BaH B CTaHJApTHATa IPaK-

THKa HA KOHBEKTOPH C €CTECTBEHA KOHBEKITUS
(®ur. 1), upe3 npuiaraHe Ha MacUBHA TEXHU-
Ka 32 MHTEH3U(UKAIIHSL.

PAIMEPH (cm)

‘m

[stmsess - 80 - 330 Nliivirises

Que. 1. Koneekmopu C ecmecmeeHd KOHBEKYUA

HEJI HA U3CJIEABAHETO

B equn TA, TomnuHAUIT TOTOK (), KOWTO
ce pasMeHs MexAy aBara ¢uyumga, ce
OmpeaeIIst OT

Q:UTAXLATm,W (1)

kpaero: U e KoepuUMEeHT Ha TOIUIO-
npemunasane, W/m’K; 4 — Tomioo6MeHHa
wiont, m?; L — AbJKMHA HA TPHOHKUS CHOII, m;
ATwm - cpeHa TemreparypHa pasziuka MExay
nBsara dyuna, K.

B yp. (1), L/UA e oOmoTo TEPMUYHO
CBIIPOTHUBIICHUE HA CIUHHIIA TPHOHA JBIDKUHA
U Ce OTpeens OT

L L Lt, L
— = + + ,
UA ¢hA kA, ¢ h A

()

KBICTO ¢ € e(QEeKTUBHOCT INpH OpeOpeHH

mK/W,

IIOBBPXHOCTH.

3a mpoctota, B Yp. (2) He ca BKIIOYEHH
CBIIPOTHUBJICHUATA OT 3aMbPCSBaHUS, KOUTO
MOHAKOTra MOIaT Ja WIpasT MHOIO Ba)KHA
poJsl.

XapakTtepuctukara Ha Bceku TA ce
nonoopsasa, ako UA/L ce nosumm. Texuuka
3a TOBHUIIABaHE Ha TOIUIOOOMEHa MOXe Ja
Ople W3Mmoia3BaHa KBM BCEKH €QUH OT
unenoete NA/L moOTHENHO WM KbM JBaTa
eIHOBpeMeHHO. ToBa 11e HamMalu TEPMUYHOTO
CBIIPOTHUBIICHUE 3a €OUHHUIA JbJDKMHA Ha
TpbOara, L/UA, KOETO MOXe Ja ce U3I0JI3Ba
3a LIeJITa Ha U3CIIEIBAHETO, @ UMEHHO:!

- ToBuieHa TomMHHA MOmHOCT (), NPH

HOCTOSIHHA TPHOHA AbIDKMHA [, yBenwda-
Baiiku ctoiroctTa Ha U4 .

OcHOBHMTE 337a4M 3a MIOCTUTAHE HA 1IEJITa
ca:

- Ilpunarane Ha TacHUBHU TEXHUKH 3a
MHTeH3U(]UKaLus Ha TomjaooOMeHa B KpbIVia
maaka TpbOa (BbTpelIHa HHTEH3U(pUKAIUS)
4ype3 BJIOYKKA OT yCyKaHa JIEHTA;
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- OnutHO OIIpE€ACIAHE Ha CTCIICHTA Ha
HapaCTBAHC HA TOINJIMHHAaTa MOINHOCT U KOC-
(bI/IHI/IeHTa Ha TOIIOIIPEMHHAaBAaHEC.

EKCIIEPUMEHTAJIHA
N3CJIIEABAHUA

r

(O

44 et eareeeEemmmeeeene AR AN P MMM MM A AN MMM A A

ExcrniepuMeHTanHUTE U3CIIEABAHUS ca MIPO-
BEJICHH C ONMUTEH o0pasel] 0T CEepUiHO Ipo-
U3BeX/1aH ToI1000MeHHUK. OOpa3zensbT npesu-
CTaBJIBa €AMHUYHA KpbIVIa TpBOA C ompere-
JIeHa IbJDKHMHA, KOATO € opeOpeHa mpe3 onpe-
JieJIeHa CThIIKa ¢ jamenu (Pur. 2).

Que. 2. Onumen obpazey u 6102cKka OM YCYKaHa 1eHma

[TapameTpu Ha wu3CIeABaHUS OOpa3ell:
magka Tppba ¢ guamerpu D) =16.5mm,

D, =157mm, gemwxuna L=1.0m, namenn

(pebpa) 50x50 mm, 183 Op.
Brnoxxkara oT ycykaHa JIGHTa € TOJydeHa

OT Me/IHa MBHIa ¢ AedenuHa 0.8 mm u cThIKa
H =210 mm (®ur. 3).

H/2 /

Que. 3. [lapamempu na ycykanama neHma

Pexumun mapamerpu: paboreH duayun —

BoZa ¢ BxoaHa Temmeparypa 1; =50+56°C,

neour ¥V, =0.2+3.81/min, Temneparypa Ha
okoiHus Be3ayXx 7, =20-+26°C.

Peanna omeHka Ha NOJN3HMTE NPU H3MOJN-
3BaHE Ha TEXHHUKH 32 WHTCH3U(]UKALUS HA TO-
I1000MEHa MOXKe Ja Ce MOJIy4H, aKO eKCIepu-
MEHTAJTHUTE JIaHHM 3a IajKkara TpbOa u Ta-
KaBa C MHTEH3U(UKATOPU, ca TMOJYYECHU MpPH
€IHaKBU PEKUMHHU ycioBud. Tl Kato excre-

PUMEHTBT C€ MPOBEX]A MIPU €CTECTBEHA KOH-
BEKIIMsI Ha €JMHHYHA TpbOa C OKOJIHHS BbH3-
IyX, OTPAaHUYEHUETO B TO3U Clyyail € efHaKBa
TEMIIepaTypHa pa3iuKa MEXIY CpPEIHO-apUT-
MeTHYHaTa oOeMHa Temieparypa Ha Bojara B
TpbOara 7, M  OKONHMA  BB3IYX -

0T, =29+1°C.
3a11aana Ha CKCIICPUMCHTA € OIIPCACIIAHC
Ha TOIIJIMHHAaTa MOIIHOCT Q u KOC(I)I/II_[I/ICHT’BT

Ha ToruionpemMuHaBane UA IIpH JIaMUHApEH U
MIPEXOAECH PEKHUM.

ONNIPEJAEJSHE HA WUM3CJIEABAHMTE
BEJIMYUHHA

Kpumepuii na Peiinonoc, Re

CroitHocTTa Ha KpuTepus Ha PeitHomnc ce
onpenens ot
u D. 4V

Re=-—"-+= ,
v D, v

3)

KBJIETO KHUHEMAaTHUYHUAT BUCKOZHTET V C€
onpesens N0 KOpelTallMOHHU 3aBUCUMOCTH 3a
BOJIaTa, B 3aBUCUMOCT OT TeMIlepaTrypara i.

Tonaunna mowpocm Q

[Ipenecenara TOMJIMHHA MOIIHOCT MEXIY
TpBHOaTa U OKOJTHUS BB3IYX CE OMPEIEs OT
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Hsne1HHATETHA ATSHITHA = HAYYHW U3CNEOBAHUA,

Q=pcpV(T,-T;), W )

kpaeto I. u T, ca cpeaHo-00eMHUTE

1 o
TEMIIEpaTypHy Ha BOJIaTa Ha BXOJa U M3X0J1a Ha
M3clieIBaHaTa Tphoa.

OmpenensHero Ha mabTHOCTTa p (7)) ™M

creunUYHUST TOIUIMHEH Kanauuret ¢, (7,),

CE U3BBPIIBA 1O KOPEIAIMOHHH 3aBUCHUMO-
CTH, CIIOpPE/] BXOAHATa W CPEIHO-apPUTMETHY-
HaTa 00eMHa TeMIiepaTypa Ha Bojara.

Meuxncewya memnepamypua paznuka AT,
Omnpenens ce MEXIy CpeaHO-apUTMETUYHA
obemHa Temrieparypa Ha Bojara B Tpb0ara 1,

" OKOJIHUS BB3AYyX T a

0T, =T,~T, ,K (5)

Koeguyuenm na monnonpemunasane 4
Omnpenens ot Yp. 1:

UA=Q/AT, , WK (6)

ExcnieppuMeHTUTE ca M3BBPIICHH Ha OIHT-
Ha ypenoa (Pdur. 4), koATO € MOAPOOHO OmH-
caHa B [5]. M3non3BaHu ca Bb3MOXXHOCTUTE
Ha BBHIIHUS KOHTYp Ha ypeabara, KbACTO
BXOJ[HaTa TEMIIeparypa Ha BojaTa MOXe Jia ce
3agaBa ¢ Tounoct +0.1°C, a obemuus neOut
MoXe Jja ObJie u3MepBaH ¢ ToyHocT +0.5%.

Tabnuya 2. Onumanu pesyimamu 3a mpv0a ¢ 1enma

T T, T To | AT, | Vi | O] U4 | Re
°C °C °C °C °C | Umin | W | WK
55.3 475 | 514 | 247 | 267 | 020 [ 107 | 4.00 | 265
56.1 534 | 548 | 255 | 293 | 061 | 113 | 3.86 | 809
56.1 544 | 553 | 258 | 295 | 1.00 | 117 | 3.97 | 1327
56.1 549 | 555 | 258 | 297 | 1.52 | 125 | 421 | 2017
56.1 551 | 556 | 25.8 | 29.8 | 2.00 | 138 | 4.63 | 2654
56.0 552 | 556 | 258 | 298 | 2.50 | 138 | 4.63 | 3317
55.9 553 | 556 | 260 | 29.6 | 3.02 | 132 | 4.46 | 4007
55.9 553 | 556 | 26. | 295 | 352 | 135 | 4.58 | 4671
55.9 554 | 557 | 26.1 | 29.6 | 4.03 | 139 | 4.69 | 5348

Duz. 4. Onumna ypéa ¢ uscredeanus 7(.)615&;
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MPOrPAMA
C'bchHE:HCHpaHo oT H30BIHHATEIHA ATeHITH g HAYYHWU U3CNEOBAHMS,
EBponeickusa cbH3 .IIporpama 3a oBpazopaHHe" WHOBALIUM W AUIUTANU3ALINSA 3A

EKCIIEPUMEHTAJIHA PE3YJITATH

Pesynrarute oT OMUTHUTE U3CIICABAHUS Ca
npeacTaBeHu TadbauyHo B Tadu. 1 u 2.

Tabnuya 1. Onumnu pezynmamu 3a 21adka mpvoa

T; T Ty Ta ATy Vi 0 UA Re
°C °C °C °C °C I/min | W W/K
50.0 (44.7 |47.4 20.1 | 27.3 0.24 88 3.22 318
50.5 149.2 (499 205 | 294 0.63 57 1.93 836
50.5 149.6 |50.1 20.6 | 29.5 1.03 64 2.18 1367
50.5 |49.8 |50.2 20.6 | 29.6 1.60 77 2.62 2123
504 1499 (50.2 20.7 | 29.5 2.06 71 2.42 2734
50.6 |50.2 [50.4 20.8 | 29.6 2.66 74 2.48 3530
50.5 [50.1 {503 209 | 294 3.00 77 2.62 3981
504 |50.1 |50.3 209 | 294 3.64 75 2.57 4830
B pesynrar Ha Te3u 1aHHU ca MOIy4eH! 160
- ATproa ¢ neHTa
xapaktepuctuku ot Buga: Q = f(Re) u 0 [
UA = f(Re), mokazanu Ha ®wur. 5 u 6. AR P
120 f e

Hsxomnko n3Boga Morar 1a ce HarpassT OT i A s b
TaKa MOJYyYEHUTE PE3YTaTH:

_I_

1. 3a mmagkara TpbOa MO-BUCOKH CTOM- 2T + ++++
Hocth 32 0 m UA ca moimy4eHW B Kpas Ha N +
JaMUHapHaTa W Isj1ara MpexojHara o0IacT
(Re >2000), karo He ce 3abensa3Ba TeHIEH- 4 EE— T
IIAS 32 CEPHO3HO HApacTBaHE C yBeIWYaBaHE e L Re oo
Ha Re. Que. 5. Hzmenenue na Q 6 sasucumocm om Re
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UA
ATprba ¢ neHTa
T +rmanxa Tpr0a
A
A
A
4 r A A B
+
3 L
+ o _|_+_|.
) +
Ir +
J 1 1 1 L a1l 1 1 1 Ll 1 1.1
100 1000 Re 10000

Due. 6. Hamenenue na UA 6 3asucumocm om Re

2. 3a Tppbara c JeHTa cToiHocTuTe 32 J U

UA ce yBenuuaBar c HapacTBaHe Ha Re.
Haii-Bucokure croilHocTH ca B mpexogHara
oomact (Re>2600), katro W Tyk TeH/ICH-
L[MSATA 32 HapacTBaHE ¢ yBelnuaBaHe Ha Re ce
n3uepnsa. XapakTepa Ha CTOMHOCTUTE B
Is1aTa objJacT € pa3lMu4eH OT TO3M Ha
rmaakara TprOa. ToBa Moke Aa ce 00SICHH ¢
¢dakTa, 4ye HAJIMYMETO Ha JIEHTa IPOMEHS
XUIPOJUHAMMKATa Ha MOTOKA, KOETO BOAM JI0
pa3nuyHu e(heKTH Ha TOIUIO U MacoIpeHOC B
TpBOara [6].

3. Haii-ronsMoTO YyBeIMUYEHUE CIPSIMO
ragkara Tppda € B JIaMHUHApHaTa o0JacT
(oxomo 800 Re) mexay 60 + 100%, mokaro B
npexonnara 3oHara (Re>2600) mapacrtsa-
HeTo € Mexay 80 + 95%.

3AKIIOYEHUE

Ot noslyyeHUTE pPE3yNTaTh W HapaBEHU
W3BOJU € SICHO, Y€ MPUJIaraHeTo Ha MacUBHU
TEXHUKH 3a WHTEeH3U(UKAMs Ha TOIII0-00-
MCHA MoraT Ja AOBeJaT A0 3HAYMTEIHO II0-
BHINIaBaHE Ha €(EKTHBHOCTTAa Ha KOHBEKTHB-
HUTE TOIUIOOOMEHHU araparu.

Baxuwust BbIpoc €: B kost obnact 3a xa-
pakTep Ha MOTOKa Jia paboTu amapara ¢ Imei
IIOCTUTAaHE Ha MaKCUMAaJHU TI0Ka3aTeu?
Kakro Gemre oTOens3aHo B aHaIM3a Ha pe3yd-
TaTUTE W 3a JIBaTa cliydyas TOBa € o0jacTra Ha
MPEXOAHO TeueHue. bsaxa HampaBeHH W 4Ya-
CTUYHHU OMHUTH B TypOOJIeHTHaTa objacT (10
7350 Re), xouTO MOKazaxa IMO-HUCKH PE3yIi-
TaTH, TIOPaIU KOETO OTIHaJHaxa OT 00EKTa Ha
U3CJeBaHE.

braemure n3ciaeapaHms e ca HACOUCHU B
TPH aCIICKTA:

- ompenensiHe Ha Hal-IoOpaTa CThIIKA Ha
yCyKaHaTa JICHTa;

- IOBUIIABAHC Ha BBHIIHUA KOC(i)I/IIII/ICHT
Ha TOIUIONpe/naBaHe (BbHIIHA WHTEH3U(HU-
Kalusi), 4pe3 OmpeAessiHe Ha ONTHMAalHaTa
CTBIIKa U pa3MepU Ha 0cpeOpsIBaHETO.

- OLICHKa 4Ype3 KpUTEpPHH, OCHOBABaIIU CE
Ha €THOBPEMEHHOTO mpuiarane Ha [IspBus u
Bropust 3akoH Ha TepMOIMHAMHUKaTa W
KpUTEpU 32 MUHUMU3HUPaHEe Ha TeHEPUPAHUS
MIOTOK OT €HTPOIHUs, IPH OTPaHUYEHUs, Haja-
raiv or BTopus 3akoH Ha TepMOAMHAMMKATa
[7,8].

[IpuiiokHaTta cTpaHa Ha TOBa U3CIIE/IBAHE €
pe3yaTarute Ja ObJar BHEIPEHU B ChILIECTBY-
BaIIlOTO ITPOU3BOACTBO HAa TAKMBA U3/1EIIHS.

baaropapaocru

Tosa uzcnedsane e ¢unancupano om Eepo-
neickus (OHO 3a pecUOHANIHO pa3zsumue 8
pamkume na OII ,, Hayunu uscneosanus, uno-
sayuu U OUUMAIU3AYUs 3a UHMeIUSeHMHA
mpancgopmayusn*“ 2021-2027 2., Ilpoexm No
BGI16RFPR002-1.014-0005 Llenmvp 3a Kom-
nemenmuocm,, "Humenucenmuu mexampon-
HU, KO- U eHepeoCnecmasauju cucmemu u
mexHono2uu “.

Jloxnaoem ce nyonuxkysa 6v6 8pwv3Ka C pe3yi-
mamume Oom U3NBIHEeHUe Ha OeuHocmume no
npoexm Ne HUII2025-13 ,, [losuwasane na
eghekmueHocmma Ha KOHEEKMUBHU MONI000-
MeHHU anapamu .
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MEXIAYHAPOJHA HAYYHA KOH®EPEHLIUA
»MEXATPOHUKA, EKO U EHEPT'OCIIECTABAILIHA
CUCTEMMU U TEXHOJIOTI'NU* - TABPOBO'2025

CUCTEMA 3A MOHUTOPHUHI' HA ®UHU ITPAXOBU YACTUIIU B
YPBAHUCTHUYHA CPEJA

A SENSOR NETWORK FOR URBAN PARTICULATE MATTER
MONITORING

1. Nedelchev

Technical University of Varna

H. Zhivomirov
Technical University of Varna

Abstract

Air pollution caused by fine particulate matter (PM), particularly PM2.5, poses a major environmental and public
health risk. Conventional air quality monitoring stations, though accurate, are costly and sparsely distributed, which
restricts their ability to capture local variations. This study presents the deployment of a low-cost sensor network in
Varna, Bulgaria, using PurpleAir PA-Flex-1I devices equipped with dual Plantower PMS6003 laser sensors and a
Bosch BMEGSS sensor for environmental parameters. Five strategically chosen urban locations were selected to reflect
different traffic and residential conditions. Since January 2024, the network has provided continuous two-minute inter-
val measurements, stored locally and transmitted online for real-time access. Data undergo comprehensive prepro-
cessing, including anomaly filtering, correction of missing values and consolidation into hourly and daily datasets. The
system enhances the spatial and temporal resolution of particulate matter monitoring and supports the implementation
of EU Directive 2024/2881 by identifying pollution hotspots.

Keywords: air quality, particulate matter, low-cost sensors, PurpleAir, urban monitoring.

BBBEJIEHUE

3aMBpCABAHETO Ha BB3/IyXa ¢ (PMHU TPaxo-
Bu yactuuu (PM), ocoGeHo ¢ nuamersp moj
2,5 um (PM2.5 u PM1.0), npencrasnsBa ce-
pHO3EH €KOJIOTUYEH U Hali-Beue OOIeCTBEHO-
3npaBeH mnpoOiem. Te3um yacTuM Morar na
MPOHUKHAT IBJIOOKO B JAUXATEIHUTE MBTHINA,
JOTIPUHACSIIKY 332 BB3HHKBAaHE HAa pecrupa-
TOPHU U CHPACUYHO-CHIOBH 3a00NSIBaHUS, TO-
BHINIABaiKW paBHUIATa Ha oO0ImIa 3aboieBae-
MOCT ¥ CMBPTHOCT [1, 2].

[Tpe3 2024 r., ¢ AupextuBa 2024/2881 [3],
EC u3BbpiIBa akTyanu3aius Ha ChIIECTBYBa-
IIIOTO 3aKOHOJIATEJICTBO 32 KaYeCTBOTO Ha Bb3-
nyxa. HoBaTa nupekTrBa BBBEXKIA 3HAYUTEIN-
HO TIO-CTPOTH MPEIACITHU CTOWHOCTH 3a KITFOYO-
BU 3aMBPCUTENH, BKIIOUUTETHO (PUHH TPaxo-

BM YaCTHUIIM, U W3MCKBA 3aCHIIEHO HalOmone-
HHC, 0Cc00€eHO B YYBCTBUTCIIHU 30HU KATO y4HU-
auia, OOMHUIM W HMHIYCTPUAIHU palOHU.
JupextuBara TpsiOBa ga ObJe TPaHCIIOHUpPAHA
1o nekemBpu 2026 r.

B Tasu cBernuHa, pazOupaHeTo Ha MPO-
CTpaHCTBEHATa M BpeMeBa JMHAMHKa Ha ¢u-
HUTE YacCTUIM € OT peliaBamio 3HA4YCHHE 3a
e(eKTUBHOTO YIIPaBJICHHE HAa KAa4eCTBOTO Ha
BB3JyXa M 3a OILICHKaTa Ha 37paBHUTE BbH3-
JEUCTBUA.

TpaJII/II_II/IOHHI/ITe CUCTCMHU 34 MOHHUTOPHUHT
Ha KaueCTBOTO Ha BbB3/yXa, BKIIOUUTEIIHO aB-
TOMAaTUYHUTE CTAHOWUH, OCHUI'YypsABAaT BHCOKa
TOYHOCT MpPU M3MEpPBaHE HAa KOHLEHTPAI[UUTE
Ha TPaxOBU YaCTHUIIA, HO Ca CKBITH, Pa3Ioyio-
KEHU OCKBJIHO M KOHUEHTPUPAHHU TJIABHO B
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rpajgckute uentpose [4]. ToBa He naBa BbB3-
MOXHOCT 3a yJIaBsiHE Ha JIOKAJIHUTE Bapualuu
Ha 3aMBbPCSIBAHETO, OCOOCHO B T'OJIEMHU TPajio-
BE, KbJIETO B3aUMOJCHCTBAT HIKOJIKO (paKTopa
Ha 3aMbpCsiBaHE — UHAYCTPUS, CTPOUTEIICTBO,
TPAHCIIOPT U Jp.

C macoBu3anuaTra, MUHHATIOpU3ALUATA U
3HAQUYUTEJIHOTO MOEBTUHSABAHE HA E€JIEKTPOHHHU-
T€ YCTPOMCTBA, MPe3 MOCIECIHUTE TOAUHN HUC-
KOOIO/DKETHUTE CEH30pU 32 MPAXOBH YACTULU
ce HAIOKHXAa KaTo e(pEKTUBHO JOMBIHEHUE
KbM TPAJULIUOHHUTE MPEKHU, ITPEAJIaraiiku 1o-
BHCOKa MPOCTPAHCTBEHA HACUTEHOCT P 3Ha-
YUTEJIHO MO-HUCKa 1ieHa [4, 5].

CpueTaHuero Ha OOEKTHUBHHUTE HEOOXOIH-
MOCTH Y HOBHUTE TE€XHOJIOTMYHU BB3MOKHOCTH
JOBEZIC O MHULUUPAHETO HA TMPOEKT 3a IbJI-
rOCPOYEH MOHMTOPUHI Ha 3aMbpPCEHOCTTa Ha
BB3/yXa B Ipaj BapHa, ¢ OCHOBHHM 1LI€JIH:

1. [la ce u3cnenBa KOHLUEHTpaUuUsATa, MPOC-
TpAaHCTBEHATAa M BpeMeBaTa JUHAMUKa Ha (u-
HU MPaxoOBU YacTUIIU (C aKIeHT Bbpxy PM2.5)
B rpaa Bapna, upe3 usrpaxiane Ha Mpexa OT
HUCKOOIOPKETHU CEH30PH;

2. Jla ce moamoMorHe HW3MBIHEHUETO Ha
n3uckBaHusaTa Ha EC 3a kauecTBO Ha Bb3yXa
ype3 JIOKATU3alus Ha U3TOYHUITUTE HA 3aMbp-
csiBaHE U HalOelns3BaHe MEPKH 3a TAXHOTO TO-
THCKaHE.

N3JTO0XKEHUE
1. Mamepuanna 6aza
CeplecTByBaT HSKOJNKO — MEXIYHApOIHU

MpEXH 32 MOHUTOPUHT Ha Ka4eCTBOTO Ha BB3-
JyXa C M3IMO0JI3BaHE Ha HUCKOOIODKETHH CEeH-
3opu — PurpleAir, Clarity, AirVisual, Sen-
sor.Community [6, 7].

B pamkuTe Ha mpoekTa m300pa maga BpXy
online-maTgopmara U CEH30pHUTE YCTPOICT-
Ba Ha matckara kommnanusi PurpleAir Inc. To-
Ba € MOTHBHPAHO OT ChUETAHMETO Ha BUCOKA
M3MEpBaTeIHa TOYHOCT W HAIEXKTHOCT, 4pe3
JIBYKaHAJIHO M3MEpBaHE, KAKTO U OT BB3MOXK-
HOCTTa 3a JIECHO BKJIIOYBAHE B IJ100ajiHa Mpe-

’a OT CTAaHI[MH C OTBOPEH JOCTHII JI0 JaHHUTE.
PurpleAir mpemiara KOHKYPEHTHO peIIeHUE
CHPSIMO JIPYTU CHBPEMEHHHM IIaT(HOPMH, KaToO
Clarity, ynuTo ypenu ca ¢ BUCOKa IPELU3HOCT,
HO 3HAYUTEIIHO MO-CKBIIM M OOBBP3aHU C JIH-
IIEH3WOHHM crnopasyMmenusi, AirVisual, mpen-
Ha3HAuY€HAa OCHOBHO 3a WH/AWBUIYAIHO M Bb-
TpPEIIHO TpuiIokeHue, u Sensor.Community,
0a3upaHa Ha CaMOCTOATEIHO CIIIO0sSBaHU YCT-
policTBa ¢ HHMCKa TOYHOCT U BB3IPOU3BOIU-
MocCT Ha pesynrtarute. PurpleAir moctura no-
Obp OanaHc MEXIy OCTBIIHOCT, JIECHO BHE-
psBaHE M KAuecTBO HA M3MEPBAHUATA, KOETO
ro IMpaBH MOAXOJAIIO PEUICHHE 3a HAy4HO-
NPWIOKHM 1ENH, BKJI. B PAaMKHUTE Ha T.Hap.
rpakJaHcKa Hayka [4, 8, 9].

PurpleAir PA-Flex-1I e naii-HOBOTO MOKO-
JI€HHE HUCKOOIKETHO, BHCOKO-€()EKTUBHO
CEH30PHO YCTpPOWMCTBO 32 MOHUTOPHHI Ha ae-
PO30JIHM YacTULU B aTMoc(hepHUs Bb3IAyX. To
¢ 00OpyIBaHO C JBa HE3aBUCHMHU JIa3epHU
ceHzopa 3a ¢uHM npaxoBu uyactuuu (PM1.0,
PM2.5 u PM10) PMS6003 (Plantower /
Nanchang Panteng Technology Co., Ltd.,
China), koero mo3BoJiiBa BBTpEIIHA BajlHja-
IUsl HAa M3MEpBaHMATAa M OT TaM, MOBHUIIEHA
HA/ICKTHOCT Ha TAaHHUTE.

JIO'bJIHUTETHO, YCTPOHCTBOTO € CHAO/IeHO
n cvc cenzop BME688 (Bosch Sensortec
GmbH, Germany), 3a u3MepBaHe Ha TemIepa-
Typa W BJIQXHOCT Ha BB3JyXa W aTMOC(EpHO
Hansirane. JlanHuTe ce chbOMpar M 3amMcBaT B
[IOCTaBeHa B yCTpoHcTBOTO microSD kapra, a
OCBEH TOBa Ce IpeJlaBaT B PEalHO BpeMe upe3
Wi-Fi cBBp3aHOCT KbM OHJIAWH TuIaTdopma,
KOSITO TO3BOJISIBA BU3YaIM3HMLUS BBPXY IJIO-
0anHa KapTa U OCUTYpSIBa JOCTBII JJO UCTOPHU-
YEeCKH U TEKYIIM CTOWHOCTH 3a LEJUTE Ha Ha-
YUHHUS aHAJINU3, MOJIETIUPaHe U OOIIEeCTBEH MO-
HUTOpUHT. KOMMakTHUAT M yCTOHYMB Ha aT-
MochepHU ycioBusd auzaiiH (pur. 1) mpasu
PA-Flex-II oco6eHo moaxosil 3a AbATOCpOU-
HU TEPEeHHHW W3CIICABaHUSA B ypOaHW3UPAHU
cpenu [5].
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Plantower PMS6003 e nudpoB ceHsop 3a
M3MepBaHe KOHLIEHTPALMATAa Ha MPAXOBU ya-
CTHMIIM, W3IOJ3BAlll MPHUHIMIA HA JIA3EpPHOTO
pasceliBaHe, MpU KOMTO CBETJIMHATA, pa3Ccei-
BaHa OT YaCTULMUTE, CE€ yJaBs U, YPE3 MHUKpPO-
npouecopHa 00paboTka M3MOI3BANKH 3aBUCH-
MOCTHUTE OIIMCBAILM T.HAp. pa3celiBaHe Ha My,
3a Ja ce M3YMCIAT pa3MepuTe U Opos Ha ya-
CTHLIUTE B DPA3JIMYHUA DPA3MEPHU JHUAINA30HU.
CeH30pbT MOXE Ja IeTeKTUpa YacTUIIH C MU-
HUMaseH pa3mep okoio 0,3 pm. OGXBaTeT My
3a PM2.s e 0+500 pg/m®, a MakCUMaJIHUAT U3-
MepuMm obem goctura >1000 pg/m3. Pesoro-
nusata e 1 pg/m*. Bpemero 3a equHUYHA peak-
uus e mox ~1 s, a 06II0TO BpeMe Ha Peakius €
<10 s. Tounocrra e £10 pg/m?* 3a KOHIEHTpa-
n Mexay 0+100 pg/m?, u +£10% 3a 100+500
pg/m?. CrangapTHUAT oO0eM Ha mpolaTa €
okoo 0,1 1 Be3myx [10].

@Due. 1. Bvuuwen 6uo Ha PurpleAir PA-FLEX-II.
3abensizeam ce osama cenzopa PMS6003.

2. Jlokayus

Bapna e tpetusT no rojgemuHa rpaja B bai-
rapus — rojiiM HKOHOMHYECKH, oOpa3oBaTesieH
U KyIATYpEH LEHTBHp, pa3loloXeH BbB Bap-
HEHCKHU 3aJMB Ha UYEepHOMOpPCKOTO Kpaitbpe-
KHe, C HacesleHue oT mpuoau3uTenaso 330 xui.
nyu (nanau Ha HCU 3a 2020 r.).

Karo ,,mopcka cronuma“ Ha crpanara, Bap-
Ha chyeTaBa MPHUCTAHUIIHM JEHHOCTH, MpPO-
MUIUIEHO TPOMU3BOJICTBO, HATOBAapEeHU TpPaH-
CIIOPTHH apTepUU U ceUPUIHN KpalOpeKHU
METEOPOJIOTUYHU YCIOBUS — (DAaKTOpH, KOUTO
OKa3BaT CUJIHO BIIUSHUE BbPXY JIOKAIHOTO Ka-
4YeCTBO Ha Bb3/yXa.

Cen3zopu ca pa3noJIOKEHU B MET HAPOUHO
noaOpanu Jiokaruu (ur. 2, Tadn. 1). enra e
Ja ce 00XBaHE MPOCTPAHCTBEHATAa XETEPOTECH-
HOCT Ha 3aMBpCSBAHETO W Jla C€ MPOCIEIAT
CC30HHHTE U JTHCBHHUTE BapHAIIHH.

3. Jannu

MOHUTOPHHTBT 00XBalla MPOIBIDKUTEICH
NEepUOJl Ha HENPEKbCHAT OTYET, C O(UIHATHO
Havaso 01.01.2024 r., xoeto 1mo3BoisiBa Mpu
aHalu3a Ja ce OTKPUSAT: CE30HHM BapHallUU
(3UMa/nATO, OTOILTUTENICH CE30H, MOPCKU TY-
PUCTUYECKH CE30H); CEAMHYHU U JTHEBHU Ba-
puanuu (paOOTHU THHW/YUKEHAW, MHUKOBU 4Ya-
coBe Ha Tpaduka).

JlaHHUTE OT M3MEpBaHUTA CE 3alKCBaT B
microSD-kapTara Ha ycTpoicTBOTO (¢ Kama-
uutet 32 GB, nmocraThueH 3a HaJ YETUPH TO-
JMHA HENpeKbcHaTa padoTa), KaTo OTIENHU
.csv-(paiiimoBe, Bcekm oOXBamaml MEPUOJ] OT
€/IHO JIeHOHoIIMe. MIHTepBaIbT Ha 3alKC € J1Be
MuHyTd. CTpyKTypara Ha JaHHHUTE B .CSV-
(haiina e mokazana Ha [11].

3anmucaHuTe JaHHW C€ HW3BIMYAT  OT
microSD-kapTara B Ha4aJOTO Ha BCSKa CleA-
BalllaTa KaJeHJapHa TOJIMHA, Clie]] KOETO ce
IIpeMUHaBa KbM TSXHaTa IMbpBUYHA 00paboT-
Ka, T.Hap. Data Tidying u Data Cleaning. Ts ce
U3BbpIIBA B copTyepHaTa cpesa Ha Matlab® u
BKJIFOYBA: TpPEMaxBaHEe Ha W3JIHMIIHH MPOMEH-
JUBH (U3MEPEHU MapaMeTpH, KOUTO HIMAT OT-
HOIIIEHHE KBbM HM3CIEIBAHETO), peapaHkKupaHe
MO3UIMATA HA IPOMEHIUBUTE U TSAXHOTO Ipe-
WMeHyBaHe (C IeJ TO-JIeCeH M WHTYHUTHBEH
JIOCTBIT), pecKajlupaHe Ha HAKOM NPOMEHJINBU
(BpeMeBa 11aMIa u TeMIieparypa), npeTbpcBa-
HE 33 aHOMAaJIHU CTOMHOCTU (MOMEHTHHU CHUTY-
aI[MOHHU IHMKOBE) U TAXHAaTa 00paboTka (M3r-
naxnaane) ype3 Hampel ¢puntsp, nmpemaxsane
Ha 3aIliCH C JIMTICBAIIa BpeMeBa mama (KaTo
HaI'bJIHO OTKBCHATH OT BpeMeBaTa cepusi) U
MOTIpaBKa Ha 3aIlMCH, Ha KOUTO JIUTICBAT CTOM-
HOCTH Ha HSKOHM OT NPOMEHJIMBUTE (Upe3 Io-
BJIBAaHE C Hai-OJM3Kara ChceqHa BallUIHA
CTOMHOCT).
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43°15'N

Latitude

43°13'N B

27°52'E 27°53'E 27°54'E

27°55'E 27°56'E 27°5TE
Longitude

Due. 2. Kapma na pasnonodcenuemo na censopume 6 ep. Bapnua.

Taéa. 1. I'eopepaghcka nokayus u onucanue Ha nozuyuume Ha ceHzopume 8 2p. Bapna

Jlokauus Teozpacperu xo- Tun 30na Kpamko onucanue
opouHamu
43°1239.0" N LenTpanna rpan- | Hemocpenctseno 1o ocHOBEH OyneBapa ¢
1 27955108 6" F CKa 4acT WHTEH3MBEH Tpa(uK; INpeICTaBUTENl Ha
) (naeaneH MEHTHP) | TPAHCIIOPTHO HATOBApPEHA 30HA.
HemnocpeactBeHo 10 KPYIHO — CIOXKHO
> 43°13'07.6" N | JKunuiuen xkBap- | KpbCTOBHUILIE HA JjBa OCHOBHHM OyneBap/a ¢
27°56'01.4" E Tan WHTEH3MBEH Tpa(uK; INpeICTaBUTENl Ha
TPaHCIIOPTHO HATOBAPEHA 30HA.

3 43°1329.2" N JKunummen kBap- | Pa3nonoskeH B TUMMYHA SKIIHIHA cpefa
27°54'45.5" E Tan C YMEPEHO TPAaHCIIOPTHO HATOBAPBAHE.
43°13'05.1" N LenTpanna rpan- | HemocpenctBeno 10 ocHOBEH OyieBapa ¢

4 27°54'03.1" E CKa 4acT WHTEH3UBEH TpaQuK; TPEICTaBUTENl Ha

) (IUMPOK LEHTHP) | TPAHCHIOPTHO HATOBApEHa 30Ha.

5 43°13'57.3" N | XwinmeH kBap- | Pa3nonoxeH B THINYHA )KHIMIHA CPEAA

27°53'07.2" E Tan C HUCKO TPaHCIIOPTHO HATOBAapBaHE.

JIOBITHUTETHO CEe CPaBHSBAT MapajeTHUTE
M3MEpBaHUs Ha JIBaTa HE3aBUCUMH Ja3epHO-
ontuyHu KaHama (A u B), xato 3amucute c
HUCKAa B3aWMHA KOpenanus ce eIMMHUHHUpAT
KaTo HeHaASKIHU. Taka 0OpaboTeHUTE Cypo-
BU JIaHHU ca JOMBJIHUTETHO 0000IIeHN Ha Ya-
COBa W JIHEBHA 0a3a W KOHCOJIMAMPAHH B HOBA
0a3a OT JaHHHU B .CSV U .mat ¢opMaTt, KaTo ce

MpeIBIKIA TOMYJISIPU3ANNs UM Ype3 Perno3u-
topuyma Mendeley Data.3a na ce uHTEpmpe-
THUpPAT MO-T00pe TOJYYCHUTE pe3yiTaTd, ce
MPEeIBIKIA M3MOJI3BAHETO HAa JIOMBIHUTEIHU
JaHHU, CHOpPaHU OT CAMUTE CEH30PH, OT TPO-
(ecuonamHa mMeTeoposiornuHa crannus Davis
Wireless Vantage Pro2™ Plus (Davis Instru-
ments Corp., USA), 3akymeHa mo MpoekTa,
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KakTo U oT 1iargpopmara Open-Meteo, KOSATO
MPEIOCTaBsl JOCThII O KIMMaTU4YHUS HaOOp
ERAS, pa3paboren or ECMWF, BrirouBamm
TeMIIepaTypa, OTHOCHUTEIHA BIIAXKHOCT, aTMO-
cdepHO HaysATaHe, BaJIe)KH, CKOPOCT M MOCOKA
Ha BATHpa U MH. Ap. Te3u ¢dakropu ca OT 3Ha-
YeHHe B KpallOpexkeH rpaj kato Bapha, Kbje-
TO crnienuUIHUS MECTeH KiIuMar (armocdep-
Ha [UPKYJAIHs) BIUSIEe CHIHO BbPXY KOHIICH-
TpalMHUTE HA IPAXOBH YACTHIIH.

4. Ananus

CrnenBamiata CThIKa, BbPXY KOSTO paboTH
eKUITBT, € AaHAIM3BT Ha JIAHHUTE, KOETO
BKJIIOYBA: TEMIIOPAJICH aHAINU3 — U3YHCIISIBAHE
Ha JIHCBHH, CCJIMHYHU M CE30HHUW BapUaIlUU
(BKJI. aHanmM3 Ha T.HAp. ,,yUKEHA e(eKT) u
MIPOCTPAHCTBEH aHAIM3 — CPAaBHECHHE Ha KOH-
HEHTPAIMUTE MEKIY Pa3IMYHUTE JIOKAIMH U
TaxHaTa Kopenanus. OTACIHO e ce HalpaBu
OLICHKA U B PEryJaTopeH KOHTEKCT CIIPSIMO
MIPEICTTHUTE HOPMH, ONIpe/iesicHn B JlupexTruBa
2024/2881.

3AKJIIOYEHHUE

[IpoBeneHoTo wW3cCienBaHE JEMOHCTpHpa
BB3MOKHOCTUTE Ha HUCKOOIOPKETHUTE CEH30-
PH OT HOBO IIOKOJICHHE 32 JABJITOCPOUYECH MOHU-
TOPUHT Ha (PMHHUTE MPAaXOBU YAaCTHIIM B ypOa-
HU3MpaHa cpesa. Upes M3rpaxkIaHeTo Ha CEH-
30pHa Mpexka B rp. Bapha, Oa3zupana Ha
PurpleAir PA-Flex-1I yctpoiicTBa, 6e ocury-
pEeHa 3HAUUTENHO IMO-ToJIsIMa MPOCTPAHCTBEHA
IUTBTHOCT HAa W3MEPBAaHHUATA B CPAaBHEHHUE C
TPaJULMOHHUTE aBTOMATUYHU CTAaHIMU. ToBa
JlaBa Bb3MOXHOCT 3a MO-A00po pa3dupaHe Ha
JIOKaJTHaTa XeTepOTreHHOCT Ha 3aMbPCSIBAHETO
U 3a Ipocie/sBaHe Ha HEroBara BpeMeBa -
HaMHMKa — OT JHEBHU M CEIMHYHHM BapHalluu
710 Ce30HHU 3aBHCHUMOCTH.

[Tonmyyenure naHHM TMOJJIEeXKAT HAa BHUMa-
TeJHa MpeaBapuTeaHa o0padoTka, BKIOYBAIIA
¢unTpupaHe Ha aHOMaJIHHU CTOHHOCTH, KOPEK-
IIUs1 Ha JIMIICBAIIN 3allUCH U eJIMMUHHUpAHE Ha
HEChIJIACYBaHU M3MEPBaHUS MEX]y JBaTa He-

3aBUCHMH KaHasa. ToBa mo3BossiBa popmMupa-
HETO Ha HajaexaHa 0a3a JaHHH, MOAXOIIIa 3a
IOCJICABAIL, CTATUCTHYCCKU aHaIu3, MOJICIIH-
paHe W peryJjaTopHa olleHKa. B mombiHeHue,
KOMOMHHPAHETO Ha Pe3yITaTUTE OT CEH30pHA-
Ta MpEka C METEeOpOoJIoTMYHa HHGOpMaIus
JlaBa BB3MOXKHOCT Jia C€ OTKPOST (hakTopHTe,
BIIMSICIIM BBPXY KOHUEHTpauuute Ha DIIY,
Karo atMocepHa HUPKyJaIus, TPAHCIIOPTHA
AKTHUBHOCT U OTOIUIUTEIHHU TPOIECH.

N3cnenBanero uMa HE camMO Hay4deH, HO U
NPWIOXKEH XapakTep. To chAcHCTBA 32 U3MBII-
HEHHWE Ha U3HWCKBaHMATAa Ha JlupekTtuna
2024/2881 na EC, kato moamomara HAEHTH-
¢dunupaneTo Ha MPOOJIEMHHU 30HH U TIpejyiara
OCHOBa 3a pa3paboTBaHE HA MOJUTHKUA U Mep-
KM 3a OTpaHHMYaBaHe Ha 3aMbpcsiBaHeTo. B To-
3U CMHUCHJI MPOEKTHT MMa BAKHO 3HAUCHHUE 3a
noj00psiBaHe Ha Ka4eCTBOTO Ha YKUBOT B Yp-
OaHU3MpAHUTE PAMOHHU, KaTO MPEIOCTABS IICH-
Ha UH(pOpPMALIMS 32 MECTHUTE BJIACTH, HAYYHA-
Ta OOIIHOCT M TPaKTaHHTE.

Hsmounuk na ¢unancupane: Tosa uzcieo-
sane e Quunancupano om Eeponetickusi ¢pono
3a pezuonanno pazeumue 6 pamkume Ha OI1
“Hayunu uzcneosanus, umosayuu u Ooueuma-
Jqu3ayus 3a uHmenuceHmuHa mpauncgopmayus’”
2021-2027 2., Ilpoexm Ne BGI6RFPR002-
1.014-0005 Llenmvp 3a KoMnemenmHOCM
“Unmenucenmuu mexampoHHU, eKO- U eHep-

’

cocnecmAaeauu cucmemu u nexnoaiocuu ”.
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MEXIAYHAPOJHA HAYYHA KOH®EPEHLIUA
»MEXATPOHUKA, EKO U EHEPT'OCIIECTABAILIHA
CUCTEMMU U TEXHOJIOTI'NU* - TABPOBO'2025

M3I'PAYKIAHE U BbBEJK/IAHE B EKCIVIOATALIMST HA
XUAPOAKYCTHUYEH UBMEPBATEJIEH BYU B AKBATOPUSATA HA
BAPHEHCKMU 3AJINB

CONSTRUCTION AND COMMISSIONING OF A HYDROACOUSTIC
MEASURING BUOY IN THE AQUATORY OF VARNA BAY

1. Nedelchev

Technical University of Varna

H. Zhivomirov
Technical University of Varna

Abstract

Underwater sounds and noises have always been part of human activity, mainly as a product of industrial and transport
structures. However, the imported anthropogenic noise is in conflict with the natural sounds generated mainly by ma-
rine mammals, through which their communication is carried out and is part of their vital activity. It is widely known
that some species of marine mammals develop characteristic traits in their communication depending on the character-
istics of the environment and the group in which they live. Since the Black Sea region is characterized by some features
that are not found in other sea basins (closedness, salinity, distribution of life in shallow areas), this also suggests fea-
tures in the communication of the three species of dolphins inhabiting the region - bottlenose dolphin, bottlenose dol-
phin, Black Sea common dolphin. In this study, a hydroacoustic buoy was used to reveal some of the peculiarities of
marine mammal communication, as well as the impact of anthropogenic noise pollution from human activity on their

way of life.

Keywords: hydroacoustic measurements; hydroacoustic buoy; marine mammals.

BBbBEJEHUE

BbrpocsT 3a mIyMOBHUTE 3aMbpCSBaHUSA U
HaJIMYMEeTO Ha IIyMOB (OH ¢ HeoOWYailHO BU-
COKO HUBO B IIHUPOK CIIEKTHpP B aKBaTOPUUTE
[0 LA CBST, IpUI00MBa BCE IMO-TPEBOXKEH U
akTyaseH Xxapakrep. Hammumero Ha octpw,
IIUPOKOCIIEKTbPHU IIIYMOBE U 3BYLIM OT aH-
TPOMOT'€HHU M3TOYHHIIM, 0COOEHO B MPOMHIII-
JIEHW ¥ TPUCTAHUIIHM pPalOHM, OKa3BaT Cb-
IIECTBEHO BIIMSHUE HE CaMO BBPXY O03aiiHU-
uuTe, oOWUTaBallM KpalOpexHUTEe pailloHu Ha
OKEaHUTE W MOpETaTa, HO ChHILO Taka JaBaT
OTpaXeHHE U BBPXY HYOBEUIKaTa IOMyJaius,
obOuTaBalia B HENOCPEACTBEHAa OJIM30CT J0
MPUCTAHUIIHUTE PAllOHU Ha TOJEMHUTE IPO-
MUIUIEHN KOMIUIEKCH. MEeXaHU3MBbT Ha BIIUS-

HUE € U3BECTEH: 3BYKOBUTE BBJIHHU CE€ Pa3Mpo-
CTpaHABAaT HaJ YETHPU IBTU TO-OBP30 BBHB
BOJ[HA Cpe/ia M 4pe3 3aCHIICH MHTCH3UTET MO-
rar Ja OKakaT Bb3JeHCTBUE (B OmpeaeneHu
MOMEHTH M C JIETaJIeH U3X0/) BbpXY OMOCOHa-
P U pEe30HAHCHHU OpraHH Ha MOPCKHUTE 003aii-
HUIY, HApYIIABAKN TEXHHSI HAYWH HA JKUBOT,
aIalITUBHUA BBH3MOKHOCTHU H JIOPU IBITOCPOU-
HOTO UM ToBeAcHUEe. Bede nBe mecermierws,
nupextusute Ha EC [1, 2, 3, 4] 3a kauecTBOTO
Ha MOPCKHUTE BOJU OIPEAENAT IIYMBT Karo
€IUH OT BOKHUTE JIECKPUNITOPH U KAUECTBEHU
KPUTEPHUH 3a CHCTOSTHUETO HAa MOpCKaTa cpefa
B paMKWUTE Ha cbio3a. M3yuaBaHeTo Ha Te3Hu
B3aMMOJICCTBUS W BIIMSHUS UMa 0COOEHA aK-
TYaJHOCT ChC 3aBHUIIIABAHETO HA €KOJOTUYHUTE
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W3HCKBAaHUS 32 MOPCKUTE pallOHU, OCOOCHO B
PETHOH KaTo YePHOMOPCKHS, XapaKTePU3UPAIIl
Ce OCBEH ChC CIIOMEHATUTE TO-TOpe 0COOCHO-
CTH, HO U C HAIMYHUCTO HAa U3BBbHPCIAHA AWHA-
MHUKa B YOBEIIKaTa JACWHOCT OT Pa3JIM4CH Xa-
PAKTECP B HOCIICAHUTC HAKOJKO 'OANHUA.

N3J10XEHUE

EnvH or Hall-iMpoKo pa3npoCcTpaHEHUTE
METOJIM 332 U3MEPBAHE M YCTAaHOBSIBAHEC HA BH-
Jla 1 HUBOTO HAa MOJBOJHMS ILIYyM € 4pe3 U3-
MOJI3BAaHETO Ha XUAPO(MOHH, PA3IMOJIOKEHU Ha
paznuuHu matgopmu: OyioBe, IIaBaTEIHU
CpeaAcCTBAa UKW KOHCTPYKIHMHU, ITIOHTOHU, MOCTO-
Be, IJIaBallld ChOPBHKEHUS B OJIM30CT 10 WU3-
ciaeaBaHuTe OOEKTM M T.H. EauH oOT Hai-
I'bBKAaBUTE U TOYHHM HAYMHU 32 U3MEpPBaHE Ha
MMOABOAHH 3BYLIM M IIYMOBC € H3IIOJI3BBAHCTO
Ha cpejicTBa ¢ J00pa IUIaBaeMOCT, yCTONYH-
BOCT 1 HUCKO HHUBO Ha CO6CTBCH yM 1 C Bb3-
MOKHOCT 32 MOHTaXX Ha XHJIPOAKYCTUYHH CEH-
30pH 3a 3aluc, ChbXpaHEHUE U TpelaBaHe Ha
unpopmanuara. ExunsT Ha nadopatopus ,,M13-
ClleIBaHE Ha MOABOJHU IIIyMOBE, CUTHAIUA U
BUOpAIMM HA MOPCKU CHAOBE U CHOPBKEHHUS
Ce OpHMEHTHPA KbM H3IOJI3BAHETO HA IMTUPOKO
pasnpocTpaHeHa KOHCTPYKIIHS 3a u3paboTKara
Ha MOPCKM OyH, Karo Ta3u KOHCTPYKIHS ce
MoauduimMpa 3a HYXKIUTE Ha ABITOCPOYHO
M3MepBaHe, pU KOeTo Osxa MOCTaBEeHU CIIe]I-
HUTE U3UCKBAHUS:

e ya00€H U CUTYPEH MOHTaX Ha XHJIPO-
aKyCTHYEH JIOTep, KaTO0 OCHOBEH H3Mep-
BaTeJIeH CEH30pP C BH3MOXKHOCT 3a JIECHO
o0CITy>XBaHE B pEaTHH YCIIOBUS,

® BB3MOXKHOCT 3a €HEepruifHa aBTOHOMHOCT
— MOHT&X Ha aKyMmyJaTop BHB BBTPEII-
HOTO TIPOCTPAHCTBO Ha Oys W/WUIH CO-
JIApHU TIaHEeNH Ha HA/IBOJHATA YacT;

® BB3MOXKHOCT 3a HWH(OpPMAIIMOHHA aB-
TOHOMHOCT — JIOKQJIHO ChbXpPaHEHHE Ha
JAHHUTE OT U3MEPBAHUSTA 32 JIBIIBT Ie-
PHOJT OT BpeMe — OKOJIO €JIUH CE30H;

® HHCKO HMBO Ha COOCTBEH ILIyM — IpO-
eKTHpaHe Ha KOTBEHA cucTema 0e3 BepH-

ra ¥ ¢ MUHMMAaJIHO KOJIMYECTBO METAIHU
KPETIeKHH €JIeMEHTH

® HAJEXKIHO 3aKOTBSHE M YCTOMYMBOCT Ha
BBJIHEHHE, XapaKTepHO 3a YepHO Mope —
1o 6 6ana;

® BB3MOXKHOCT 3a TOCJEIBAI MOAU(U-
Kalluy Ha ChOPBKEHUETO C IeJ1 MOHTaX
Ha JION'BJIHUTEITHN CEH30PH U pa3LIupsi-
BaHE Ha M3MEpBaHUTE IapaMeTpu Ha
MOpCKaTa cpeja.

Ha ¢ur. 1 e noka3zana 6a3oBaTa KOHCTpPYK-
Us Ha XuApoakyctuyHus Oyii. B m3mepna-
TEJIHUS PBKAB CE€ MOMECTBA XUAPOAKYCTHUHH-
AT CEH30p C BB3MOXXHOCT 32 aBTOHOMHOCT,
KaKTO IO OTHOILIEHHE HA €HEeprusAra, Taka U ¢
BBH3MOKHOCT 33 ChXpaHEHHUE Ha roJeMH 00eMu
otT aanHu. [lo noxpa3Oupane HATUUHUAT COd-
Tyep 'l KoMIpecupa B cboTHoueHue 1:3, koe-
TO JIOI'BJIHUTEIHO PA3IIUPSABA BPEMETO 3a 3a-
MUC ¥ U3MEPBaHE B PEATHU YCIIOBHSL.

@ue. 1. Faz06a KOHCMPYKYUsL HA XUOPOAKYCIIUYEH
oyu (I - naocmpotixa, 2 — eodonunus, 3 — kopnyc
no0800Ha uacm, 4 — usmepeamenet pvkas, 5 —
KOpnyc HA0800HA Yacm).
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V3mepBaTeHUAT JIOTep MPEICTaBIIsBa OC-
HOBEH EJIEMEHT B IsjlaTa KOHCTpyKuus. M3-
TPaJIeH € OT: BUCOKOYYBCTBHUTEJICH XUAPO(OH,
yCHJIBAaTEeI, MOJIYJN 3a 00paboTka Ha JaHHU
(MOJI), 6mok 3a CbXpaHEHHE Ha JaHHUTE
(BCH), 3axpanBarn 6110k, uHTepdeiic (pur. 2).

ceHsop -

ycunBaren
XuApo(hoH

HU3XOTHU
JTaHHU

3axpaHBarg
MOy

Due. 2. OcrosHu MOOYIU HA XUOPOAKYCHUYHUS
nozep.

3axpaHBaIUAT MOJYJ TPEICTaBIsABa OJIOK
0T OaTepuu C BUCOK KaraluTeT.

ToBa maBa eHepruiiHa aBTOHOMHOCT Ha Cb-
opwxeHueTo 10 4 mecema pabora 6e3 00-
CIIy’)XKBaHe. BIIOKBT 32 ChbXpaHEHUE HA TAHHUTE
Mo3BoJIsiBa 3amuc Ha AaHHW 70 2 TB BbpXy
KapTU-TIAMET Ype3 YETHUPH aJAPECUPYEMH CJIO-
Ta, KOUTO MOTaT Jla Ce YIpaBisBaT cOPTyepHO.
NudopmanronHaTa aBTOHOMHOCT CBHIIO € OT
nopsabKka Ha 4 Mecera Mpu HEMpeKbCHAT 3a-
IMIC C Hal-BHUCOKAaTa 4eCTOTa Ha JUCKPETH3a-
usa. ETo u HAKoM OT mapameTpu Ha XHIApOa-
KYCTUYHHSI JIOTep, KOWTO IPEJICTaBIsABAT HE-
TOBUTE OCHOBHHU MPEAMMCTBAa KaTO H3MepBa-
TeneH ypen [S]:

e MakcuMaJeH KOoe(UIIMEeHT Ha YCHJIBaHE

— 173 dB x»M HuBO 1puPa;

® MAaKCHUMajlHa 4eCTOTa Ha JUCKPETU3ALUS
— 384 KHz;

e paspsaHoct Ha ALIIT — 16 bit;

® BB3MOXHOCT 3a MPOrpaMHpaHe Ha Mepu-
OJINYEH 3arucC.

CeriacHo Teopemara Ha Halikyucr:

ﬁ Emeax, (1)

KbJACTO fs € deCroTara Ha AUCKpETHU3alus, a

fmax ¢ MaKCHMaJIHa 4Y€CTOTa B CIICKTbPa HA HU3-

CJIeIBaHUSI CUTHAJ, C YECTOTAa Ha JUCKPETH3a-
mus ot fs = 384 kHz, uzmepBarenHusT ypen
[103BOJIABA 3anuc Ha curHanud po 192 kHz. Ta-
31 YECTOTHA JICHTA € HAITBhJIHO JOCTaThYyHA 3a
3aMuc Ha CUTHAJIM OT MOPCKH OO3aiHHITH, YH-
ATO MaKCHUMaJlHa 4YeCTOTa Ha TEeHEpUpaHUTE
CUTHAIM TIPU Pa3JIMYHUTE BUIOBE ACIPUHU
nmoctura g0 180 kHz.
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Due. 3. Mecmopasnonodicenue Ha Xuopoa-
Kycmuunusam 6yi b6 Bapnenckus 3anus.

Crnen MpOeKTUPAHETO W H3TPaXJaHETO Ha
KOHCTPYKIIMSATA W KOTBEHAaTa CUCTEMa, OysT
Oelie pa3noJokKeH Ha MOAXOSAIIO MICTO C KO-
opauHatu (43°12'02.0"N 27°57'57.0"E) B ak-
BaTopusTa Ha BapHeHckus 3amuB (¢ur. 3), Kb-
JIETO OCBEH Y€ ce Hallo1aBa WHTEH3UBEH
Tpauk Ha MOPCKH IIaBaTETHU CPEACTBA, HO
M ce OYaKBalle 3aCHJICHO MPUCHCTBUE HA MOP-
CKU 003aifHUIM (AePUHN) TOpaIu HATHYUETO
HAa MUTPAIlMOHHHM ITHTHINA OT MOPETO KBM
BapneHckoTo e3epo u 00paTHo.

[Topamn MHMPOKHAT YECTOTEH CHEKTHpP Ha
OYaKBAaHUTE CHUTHAJM T€HEPUPAHU OT Jen(u-
HU, XUJIPOAKyCTUIHHUSAT JIOTep Oele HaCTPOCH
3a 3aIMC C MaKCHMaJlHa IIMPHUHA Ha TPOITyC-
KaHaTa 4ecToTHa JieHTa T.e. oT 10 Hz mo 192
kHz. M3mepBarenHarta cecusi 6€ ¢ MpOABIKHU-
TEJIHOCT OT TPHU Mecena. 3amucanu 0sxa 3BY-
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KOBHU T0CJIEI0BATEIHOCTH, KAaKTO OT IIPEeMHHA-
Ballld KOpabu M MO-MaJIKi TPAHCIIOPTHH CPe-
CTBa, HO CBHILO Taka M OT Pa3IMYHU BHJIOBE
nenduHr, KOETO MOTBBPAU MPEINOIOKCHHUATA
3a UHTEH3UTETa Ha TAXHOTO NMPUCHCTBHE B pa-
HOHa.

[lonyyeHuTe paHHM BIOCIENCTBUE Osxa
obOpaboTenu u Oerre ch3aaneHa 6a3a OT 1aHHH,
nmyOJuKyBaHa B W3/aHHE C OTBOPEH JOCTHII
[6]. Cnen anamu3 m oOpaboTKa Ha HSKOH OT
MOJIyYeHUTE JaHHH, PE3yJITaTUTE ca JIOKJIaj-
BaHU B HALMOHATHM KOoH(pepeHInu [7] u pe-
(dhepupaHu U3aHUS C TTO-BUCOK paHT [§].

Hsxou oT mnonydeHuTe pe3ynraTd Mopo-
JIMXa UHTEpEC Cpell yUYCHU-TUHTBUCTU B UyK-
OWHa, W3yYaBalld KOMYHHKAIUATA MEXKIY
Mopckute 6o3aiinuim. C Tiax 0gxa aHanU3Upa-
HU XapaKTCPUCTUKUTE HA TIOJYYECHUTE CUTHA-
Y, KaTO HAYUHU 32 KOMYHHKAIUS MEXKIY
MOpCKUTEe OO03aifHMIIM OT TJIEAHA TOYKa Ha
JUHTBUCTUYHUTE TOXBAaTH Ha M3pa3siBaHE Ha
uHpopManusTa.

YcraHoBeHH Osixa HSIKOM 3aBHCUMOCTH U
XapaKTEepHU OCOOCHOCTH Ha TOJYYEHUTE CHUT-
Hamu oT Aendunu. Te morar na Obaat pasne-
JICHW Ha JIBE OCHOBHHU TPYIH, KaTo IIbpBaTa
MPE/ICTaBIsIBAT IIYMOMOJOOHU CHUTHAIU ChC
CPaBHHTEIHO KpaTKa MPOABIDKUTETHOCT ((ur. 4).

Iymonogo0HUTE CUTHAIH Ca CPAaBHUTEIHO
PS/IKO W3IMON3BaHU M Pa3MpOCTHpAIN CE B
IIMPOKa YECTOTHA JieHTa. YecTo Te Mpeaxox-
JaT APYTHAS OCHOBEH THUI CUTHAIU - HMITYJI-
CHHUTE.
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=3 =3 2 —
& o & =2 o
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Due. 4. [LlymonodobHu KpamKu CUSHAU.

Bropata rpyma ca mobpe CTpyKTypHpaHH
UMITYJICHU CHUTHAIIM C TO-TOJISIMA TPOIBIIKH-
tenHocT (ur. 5).

0.8r

0.6
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s S
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Que. 5. Umnyncen mun cueHanu.

To3u TN CHTHAIM ca C TO-TOJsIMa TPO-
IBIDKUTETHOCT. Te ca CTPYKTypHpaHd Karo
nopeavna OT CTPbMHHU W KPAaTKH HUMITYJICH U
TSAX JeN(PUHUATE M3MOJ3BAT MPEIUMHO 32 €XO-
JoKanus ¥ pasro3HaBaHe Ha oOektu. Te 3Ha-
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YUTEITHO PA3IIUPSBAT W3IMOJI3BAHUS YECTOTCH
cnekThp. TpsOBa ma ce oTOenexku, ue oT mbp-
BaTa TOJIMHA Ha Ch3/IaBaHETO CH, J1adopaTopus
“U3cnenBane Ha MOABOJHU IIIyMOBE, CUTHAIN
U BHOpany Ha MOPCKH CBHIOBE U ChOPBIKE-
HUS” CKIIOYM MEMOPAHIYM 3a ChTPYJIHUYECT-
BO ¢ ,,Decra [endunapuym* Bapna, B pamku-
T€ Ha KOWTO Osxa M3BBHPIICHU U3MEPBAHUS Ha
CUTHAJIM OT KapuOcku aenduHu oT poaa ada-
Ja, ¢ KOUTO pasmnojara nendunapuymsr. M3-
MepBaHUsATa OsiXa HANpaBeHH 4Ype3 XHIpoa-
KYCTUYHHS KaHAJ 32 W3CJICIBAHUSA, C KOWTO
pasmnoinara naboparopusita. [lomydenurte pe-
3yATaTh OsIXa CPAaBHEHH ChC CHUTHAIUTE HA JIU-
BU JAen(UHH, 3alHCAHU TIO-KbCHO B aKBaTOPH-
aTa HAa BapHEHCKHS 3aJIUB 4pe3 XHUAPOAKYC-
TUYHUS Oyi. AHaTU3BT IMOKa3a CXOACTBO Ha
JIBaTa BUJA CHTHAIM OT Pa3JINYHUTE apealid Ha
oOuTaBaHe Ha Jel(UHUTE C MaJKd Pa3JIHKH,
KOUTO TMPEACTOM Ja OBJaT IM0-3aabJI00YCHO
aHanu3upanu. JlOMBJIHUTENHO Oelie yCTaHo-
BEHO, Y€ M3KYCTBEHO OTIJICKIAHUTE JCTPUHU
MPOSIBABAT  IMO-OTPAaHUYEHO pazHOOOpasue B
CIIEKTPAITHATE XaPAKTEPUCTUKU HA CHTHAIUTE CH.

@ue. 6. [lonvaHumennu usmepeamennu KaHaiu
(1, 2) monmupanu cied pekoncmpykyus Ha Oysi.

Crnen M3BECTHO BpeMe, Ha XHUJIPOAKyCTHY-
HUAT Oyil Oemne HampaBeHa IUIAHOBA HPOQH-
JIAKTHKA, KaTo O¢ M3I0JI3BaH MOMEHTBT, 32 Ja
Ce HampaBsT U HAKOM IMOJA0OPEHHS C 1T Ja ce
pasmIUpsIT HErOBUTE BH3MOXKHOCTH IO OTHO-
[ICHUE HAa U3MEPBATEIIHUTE BETUUYMHU. EXUIBT
Ha Jjaboparopusta OT ABITU TOJUHH CH Chb-
TpyAHUYH C Kosern oT CTYIOeHTCKH MOPCKH
kiy0 kpM TY-Bapha u ciieqy cbBMECTHO peltie-
HUe, OyAT O PEeKOHCTPyHpaH Taka, Y€ B HEro
na ObJaT TIOMECTEHU OIle J[Ba W3MEPBATEITHU
moyina (¢wur. 6).

bsixa MOHTHpaHU ClIeAHUTE JONBIHUTEIHH
MOJTYJIH:

® MOIyJ TeIEeMETPHsl ChC CEH30p 3a M3-

MEpBaHE Ha KHUCEJIMHHOCT Ha BojaTa —
u3npaiiane Ha ganaute npe3 GSM mpe-
Ka KbM yeocailt [9];

e MOJIyJ 3a COJEHOCT, IUIBTHOCT M TEM-

neparypa Ha Mmopckara Boja [10].

KbM MOMeHTa XUAPOAKYCTHUHUAT Oyil HE €
IIyCHAT Ha BOJA 3a HOBM U3MEPBAHUS U IO HE-
ro C€ U3BBPILIBAT JOBBPUIMTEIHU JEHHOCTH OT
npopuIakTUKaTa M PEKOHCTPYKIMATA MYy.
[Inanupana e cMsHa Ha MO3ULMATA MY B JIOKa-
111, KOATO € OT CBIIECTBEHO 3HA4YCHME, Thi
KaTo U B HOBATa JIOKALUS MOJBOJIHUAT 3BYKOB
(GOH e ChIIO TOJIKOBA pa3HOOOpa3eH U WHTEH-
3uBeH. OuakBaT ce HOBH W IO-pa3HOOOpa3HH
JJaHHY, BKJIFOYBAIIM PE3YJITATH 3a MapaMeTpHU-
T€ OT HOBUTE CEH30pH, 32 KOUTO 1Ie ObJie Ch3-
naneHa Jpyra 0aza OT JaHHM, XapaKTepU3u-
pamM HoBaTa Touka Ha u3MepBaHe. ChlleB-
peMeHHO Ie ObAaT MOJHOBEHW U H3MEepBa-
HUSATA HA XUAPOAKYCTUYHHS (DOH B MACTOTO Ha
HOBAaTa JIOKAIUsl.

B mno-gwarocpoueH miaH ce odakBa 00-
paboTKa Ha MOJyYEHHUTE Beue Pe3yiTaTH OT MO
OTHOILIEHHE Ha HAKOU CIEeU(PUYHU TEXHH Ma-
paMeTpu (Hamp. pa3jIMyHHUTE BHJIOBE MOJIyJa-
LUl HA M3IOJI3BAHUTE OT JAEN(QUHUTE CHUTHa-
JIM), KaTO BB3MOXKHOCTHU 3a IpeJaBaHe Ha WH-
dbopmarus ¥ 3a moJiy4aBaHe Ha WHGPOpPMAITUS
OT MOJBOJTHUTE OOEKTH T.€. €XOJIOKAIIHSL.
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3AKVIIOYEHUE

HamnpaBenurte wu3cnezBaHu ca OT ChILECT-
BEHO 3HAYCHHE 32 Pa3KpHUBaHE HA 3BYKOBHUS
¢oH B OperoBata akBaToOpHs Ha OBITAPCKOTO
Uepnomopue. Te maBar mpencraBa 3a MHTEH-
3UTeTa U Pa3HOOOpPa3HEeTO Ha ChILECTBYBAIIU-
T€ HAYMHU 32 MOJBOJIHA KOMYHUKAIIHSI MEXIY
TpUTE OCHOBHHU BHJA JeI(PUHU MO MOpCKara
OperoBa uBHIA. M3rpaneHUAT XUAPOAKYCTH-
yeH Oyl mpelcTaBisiBa I'bBKaBa BB3MOXKHOCT
3a M3MEpBaHe Ha penuia mapameTpu Ha Mop-
CKaTa cpelia B Pa3lMYHU MO3UIHUU B OIU30CT
110 KpaitopexHu paiioHu. MoOMIHOCTTA HA XU-
JPOAKyCTHUUHUSAT JIOTEp paslIupsBa TE3U Bb3-
MOKHOCTH TIOpaau ¢axTa, 4ye Moxe 1a Objae
W3MOJI3BaH aBTOHOMHO KaTo 3BYKOBa COHJIA 3a
JIOKaJTHO CHEMaHe Ha 3BYKOB (DOH B ompeene-
HU TPYAHO JAOCTBIIHA MECTa U OT CyIIaTa.

Peanuzayuama na onucanume usmepearus
e wacm om npoexm: BGO5SM20OP001-1.002-
0023-C01 , Ilenmvp 3a KOMNEMeHMHOCH
“UHmenuceHmHU MeXampoHHU, eKo- U eHep-
2ocnecmagawu cucmemu u mexuonoauu”, ¢u-
Hancupan upe3 Eeponetickus ¢ono 3a pezuo-
Hanno passumue 6 pamxume na OII ,, Hayka u
obpaszosanue 3a unmenucenmer pacmedic 2014
-2020¢

Exunvm uspaszasa 6aracooaprocmu uma po-
KOB0OCMBOMO HA NPOEKM.:

BGO5M20P001-1.002-0023-C01 3a ys-
JIOCIMHAMa Opeanu3ayus U peaiuzayus 6 ne-
puooa 2019-2024 2., kakmo u na ,,DPecma
Hengunapuym” Bapna 3a okaszanomo cb-
delicmeue npu u3cied8aHusma.
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Abstract

The flexible manufacturing is characterized by the individualization of products, easy reconfiguration, supporting
modularity of the equipment and high quality. Usually such system consists of automated flexible assembly modules
with different stages for instance: assembly, handling, quality inspection, transfer, warehouse and etc. In this way it
offers ability to adapt the production according to the individual, assembly process and including different technologies
from Industry 4.0. The aim of this article is to present the description, operation and analysis of modular system.

Keywords: flexible manufacturing systems, flexible assembly systems, intelligent manufacturing systems.

INTRODUCTION

Today's the manufacturing systems have to
realize stable processes while manufacturing's
environment is affected by high degree of
complexity and autonomy, short delivery
times and high product variety. Increasing
labor productivity is a major factor in
improving the economic indicators, financial
condition and efficiency of production and
business activities of the company. One of its
components is the optimal use of machines
and equipment in the production process. The
use of production capacity, as well as the use
of tangible fixed assets is characterized
mainly by three indicators [1]:

*Coefficient for extensive use or use of
production capacity over time. It represents
the ratio of the actual working time fund to

the effective working time fund;

*Coefficient for intensive use of production
capacity. It characterizes the wuse of
production capacity per unit of time and is
defined as the ratio of the actual work
performed per unit of time worked to the
design technical standard;

*Indicators for integrated use. They are
defined as the product of the extensive use
factor and the intensive use factor. They most
fully characterize the use of production
facilities.

Another point of view is focused on the early
detection, diagnosis of faults, forecast of
equipment damage, loss of performance and
profits and even more. Nowadays, due to the
evolution of the information and communications
technologies, the flexible or even smart technique
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has promised to explore self-optimizing
manufacturing in industry by its potential such as
maintaining process stability. The main part of
Smart Manufacturing is flexible assembly
systems (FAS) [2]. The FAS is a fully integrated
production system consisting of computer
numerically  controlled assembly stations,
connected by an automated material handling
system, all under the control of a central computer
[3], [4]. It is capable of simultaneously assemble a
variety of product types in small to medium-sized
batches and at high rate comparable to that of
conventional transfer lines designed for high
volume/low variety manufacture [5]. The fully
automated manufacturing environment has been
the ultimate goal of industrial companies that for a
few decades already [6]. The idea was first put
forward with the rise of the Computer Integrated
Manufacturing (CIM) [7] in the early 1980s.
Nowadays sophisticated communication
technologies, big data analytics, Industry 4.0
technologies, integrated electronic components
and modules, enable automation possibilities and
the realization of new business models [§].
However, only a small number of companies still
aims for a completely deserted and fully
automated. Today, the workers and employees are
seen as flexible and agile factory assets who
should be supported in the best way possible.
With the combination of human flexibility and
experience on the one hand and the potential of
process and factory automation on the other hand,
major breakthroughs in the manufacturing
environment are achievable. An effective human-
machine collaboration enables companies to
establish a production line or factory site suited
for complex and/or highly integrated products that
will continue to be profitable in future. Even
though today's machines run automated processes,
these are typically based on linear control
systems. The concept of the automated factory
transfers the already successfully applied use
cases of automated basic processing steps at the
single machine level (e.g. assembly of particular

components) to an in-house and even to a global
industry level. Automated factories conduct major
steps from material preparation via production to
testing in an automated manner. The demand-
driven self-operation of production allows parallel
instead of linear production workflows within one
factory and along the entire supply chain, e.g.
products are being tested virtually while materials
are being prepared for its production. Only the
automated factory with an optimal supported
flexible workforce can lead the industry to an
efficient mass-customization of goods. To achieve
these goals, flexibility of manufacturing is pivotal.
The paper presents basic hardware components,
characteristics of assembly system and analysis of
its operation.

ASSEMBLY SYSTEM FAS 200

This is a flexible assembly system FAS-200,
installed at laboratory of Intelligent Automation
Manufacturing Systems in the Centre of
Competence “Smart Mechatronic, Eco- and
Energy Saving Systems and Technologies®.
The setup has different stations, each
performing a part of assembly process. The
flexible assembly system has been specially
conceived for persons to acquire professional
capabilities in connection with the Occupational
Groupings of Electricity/Electronics  and
Maintenance, such as: - Installation,
Electromechanical Maintenance and Line
Transport; - Industrial Equipment Maintenance;
- Automatic Control and Regulation Systems. It
enables the development of various skills
associated with pneumatic, electropneumatic,
electrical, robotic and handling automatics,
programming technologies, industrial
communications, supervision, quality control,
fault diagnosis and repair. Moreover, allows the
study of a wide range of sensor types: -
magnetic, inductive, capacitive, photoelectric
detectors; optical fiber sensors; pressure and
vacuum switches; linear encoders. The system
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includes a flexible automation cell, which
carries out an assembly process involving a
number of predetermined parts with different
possibilities. The items are transported
consequently to the connected modules by an
automated  linear  transfer line  with
corresponding stoppers and precision lifters-
positioners. Parts are mounted on pallets. The
process modules function either independently
of the transport system, in single or couple
modes, or integrated into it, in cell mode. The
stations are located in a side of the linear
transfer, and may be withdrawn for re-
positioning in a different order. Each station has
its own electrical panel, where the wiring
system and Programable Logic Controllers
(PLC) are accessible. The users may design and
build their own projects with different PLCs
and subsequently integrate them in the station.
The system is modular and may be extended,
which allowed a future incorporation of other
process modules according to the production
mode. This enable all types of extension and
modification. The assembling is performed as
follows:

Phase A: Feed body or base to which the
other parts are assembled and verification of
its orientation.

Phase B: Pick and place bearing and
measurement of its height.

Phase C: Pick and place cover and
verification of its orientation, material and
color.

Phase D: Quality control by vision

Phase E: Unloading and storage of final
assembly. The parts of assemble process are
presented on the fig. 1.

The parts of the assembly

i [ g
~ ~ - ~ | s
,/ A = \\ ,’/ ‘\‘\ ‘ *
Ty e® -
‘\\\ /‘ /,/ |
W | Bl e 4

base bearing measurement base + bearing

caps base + bearing + cap sto;a\geo—fthe

finished product
Fig. 1. Parts of the assembling process.

All five modules in installed assembling
system are shown on fig. 2.

Fig. 2. Modular assembly system.

Transfer-vision inspection module FAS 215

The transport system, fig.3 is composed by
long lines including five modules to facilitate
the envisaged assembly process.

ig. 3. Linear transfer module.

44

Tosu doxymenm e cv30aden 6 pamxkume na Ilpoexm Ne BG16RFPR002-1.014-0005 Llenmvp 3a KomMnemenmuocm
"Hnmenueenmnu MexampoHhu, eKo- u enepeocnecmsgawu cucmemu u mexronozuu”, unancupan om Ilpoepama
., Hayunu uscreosanus, unosayuu u oueumanuzayus 3a unmenuzenmua mpancgopmayus ™ 2021-2027 2.
(ITHUHTHUT), cvpunancupana om Eeponetickus cvios upes Egponeiickus (hoHO 3a pecuoHaIHo pazeumue

WHOBALIUKM U OUTUTANTU3ALIMA 3A
WHTENWIrEHTHA TPAHC®OPMALMWA



CbcduHaHcupaHo ot
EBponeickua ctio3

Hsne1HATEHA areHITHA -
.IIporpama 3a oGpazoBaHHe"

NMPOrPAMA
HAYYHU U3CTNEOBAHUA,

The modular transfer incorporates a pallet
assembly to transport parts and assemblies
across the handling stations. The pallets and
the transfer stoppers integrate a binary coding
system using inductive detectors, which allow
the control system to identify the position of
each pallet at any time.

Vision system:

The vision system fig. 4 consists in a vision
sensor with integrated camera and controller.
It can be used to easily achieve simple
inspections and measurements.

Fig. 4. Vision system.

Feeding and transferring module FAS 203
This feeding module supplies the bearing

which is going to be placed inside the housing

formed in the body by the next module.

Fig. 5. Manipulators of the feeding module.

Also, this module transfers, fig.5 the
bearing to the measurement position located
on the next module, where the height is
measured to differentiate between the two
sizes of bearing.

Measuring - transferring module FAS 204

The measuring stage is complementary to
the previous one. It is measured in this
module the height to differentiate between the
two sizes of bearings, fig. 6. This one rejects
the bearing or places it inside the housing of
the body on the pallet, depending of the signal
“tall bearing” or “short bearing”.

Fig. 6. Measuring manipulator

Classification module FAS 209

The fourth of the components to be
assembled in the system FAS 200 is a cover,
which is fitted into a housing formed on the
body for this purpose, fig. 7.

il

Fig. 7. Manipulators of the cover classification
module.
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The cover serves to retain the turning
mechanism shaft mounted at the previous
modules. This classification station feeds the
cover, which is the closure cap for the turning
mechanism, and verifies its material, color
and height. Then, the next module rejects the
cover or places it onside the housing of the
body on the pallet, depending of the signals

29  ¢¢

“metal cover”, “plastic cover”, “black cover”,

9% 6

“white cover”, “tall cover” and “short cover”.

Rejecting - transferring module FAS 210

This module, fig. 8 is complementary to
previous one. This one rejects the cover or
places it onside the housing of the body on
the pallet, depending of the signal about the
cover material from the PLC of the previous
module.

Fig. 8. Cover rejectig and transferring module.

Warehouse module FAS 216

This storage module, fig. 9 uses a system
based on two coordinate axes, so that the
bodies (with bearings, shafts, covers and
screws) picked off the conveyor belt may be
allocated at any point on the surface of the
module.

Fig. 9. Manipulators of the warehouse module.

SYSTEM ANALYSIS

During operation with the flexible
assembling system they are used functional
PLCs software programs, implemented like
structural  function codes. It is used
KEPServer for devices communication and
SCADA system, fig.10. All stations are
presented as clients, denoted as FAS 203,
FAS 204, FAS 209, FAS 210, FAS 216. The
figure presents the device parameters for the
first station with PLC S7-1200. The IP
address are defined and are used in the
developed program for system functionality.

ﬁ KEPServerEX - Runtime
File Edit View Tools Runtime Help

BB PMEG@F| 94 2R X B
Ba’ Siemens TCP/P Ethemet Chanrel Name
- Fas203
o -fff raseos
£-8) Fasam ki FAS204
T rasang € Fasang
EL =T & rasin
L Fasans € Fas2ie
= Fas210
- raseno
-8 Fas21g
----- M Fasate

Fig. 10. Setting the modules as clients in
KEPServer
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Fig. 11. SCADA main screen

On the fig. 11 is presented the main screen of the
SCADA project, used for monitoring, gathering the
data, control actions and optimization management.

The prepared SCADA project is made with
Omron software CX-Supervisor. The main
screen givens the possible options for
operating and starting the system. There are
individual SCADA pages for: monitoring and
control of the first module. feeding stage,
quality inspection, sorting and rejection steps.
Respect to the user definition and selected
options this project operates.

The results obtained during operation of
FAS 200 show a correct function of the
system and software implementation. The
SCADA operational system is used for this

purpose.

CONCLUSIONS

The aim of the work was to present an
analysis and description of a flexible
production system with great potential and
reconfiguration of production modules for the
needs of a new product. The FAS 200 system
is the ideal answer to research and training in
industrial automation. It is fully modular and
flexible equipment and in keeping with
industrial reality. The technologies included
in its different assembly modules, as well as
the assembly process with several variants,
allow the user to develop the professional

skills required by modern automated industry.

ACKNOWLEDGMENT

This research was funded by the European
Regional Development Fund within the OP
“Research, Innovation and Digitalization
Programme for Intelligent Transformation
2021-2027”, Project CoC “Smart
Mechatronics, Eco- and Energy Saving
Systems and Technologies”, No.
BG16RFPR002-1.014-0005.

REFERENCES

[1] Anghinolfi D., Boccalatte A., Grosso A.,
Paolucci M., Passadore A., Vecchiola C.
(2007) A swarm intelligence method
applied to manufacturing scheduling,
Proceedings of WOA, 65-70

[2] H. Elmaraghy, “Flexible and
reconfigurable manufacturing systems
paradigms”, International Journal of
Flexible Manufacturing Systems, Vol. 17,
No. 4, pp. 261-276, 2005.

[3] SMC Networks. FAS-200 User Manual.
2020, p. 97.

[4] SMC International
https://www.smctraining.com/

[STN. Asadi, “Flexibility in Assembly
Systems using Product Design,” Ph.D.
dissertation, Malardalen University Press
Dissertations., Printed by E-Print AB,
Stockholm, Sweden, 2017.

[6] A. Ahmadi, C. Cherifi, V. Cheutet, Y.
Ouzrout. “Recent Advancements in Smart
Manufacturing Technology for Modern
Industrial Revolution: A Survey”. Journal
of Engineering and Information Science
Studies, 2020. p. 21, hal-03054284.

[7] M.P. Groover, “Automation, Production

Training.

Systems, and Computer-Integrated
Manufacturing”, Harlow, Pearson
Education, 2014.

47

Tosu doxymenm e cv30aden 6 pamxkume na Ilpoexm Ne BG16RFPR002-1.014-0005 Llenmvp 3a KomMnemenmuocm
"Hnmenueenmnu MexampoHhu, eKo- u enepeocnecmsgawu cucmemu u mexronozuu”, unancupan om Ilpoepama
,, Hayunu uscnedsanus, unosayuu u oueumaiuzayus 3a unmenucenmua mparcgopmayus“ 2021-2027 a.
(ITHUHTUT), cvgpunancupana om Eeponetickus cvios upes Egponetickus ¢poHO 3a pecuoHaino pazeumue



MPOrPAMA

HAYYHU U3CTNEOBAHUA,
MHOBALMWA U OUTMTANTU3IALINA 3A
WHTENWIrEHTHA TPAHC®OPMALMWA

CbcuHaHcupaHo ot
EBponeickusa cbH3

Hsne1HATEHA areHIHA = ™
,.IIporpama 3a oGpazoBaHHe"

MEKAYHAPOJHA HAYYHA KOHOEPEHIIUA
»MEXATPOHUKA, EKO 1 EHEPI'OCIIECTABAIIHN
CUCTEMM U TEXHOJIOI'NU* - 'TABPOBO'2025

HOBU TEHAEHIIUUA B PASBBUTHUETO HA JIABOPATOPUSATA
IO UHTEJIMT'EHTHU ITPOU3BOACTBEHN CUCTEMMH

NEW TRENDS OF DEVELOPMENT IN THE LABORATORY
ON INTELLIGENT MANUFACTURING SYSTEMS

Michail Petrov
Control Systems Department
Technical University of Sofia, Technical University of Sofia,
Plovdiv Branch Plovdiv Branch
Center of competence "Smart mechatronic, eco-and energy-saving systems and technologies"

Albena Taneva
Control Systems Department

Abstract

The idea of this paper is to describe the new trends of development of a manufacturing system in the laboratory of
intelligent automated manufacturing systems. To present the trends of the manufacturing systems suitable for mass
production processes. The laboratory set up has five units with a conveyor between each one. This equipment offers
flexible training according to the industrial reality, simulating a real assembly process and including different
technologies from Industry 4.0. The assembly system consists of an automated cells with five separate stages and a
conveyor: assembly, handling, quality inspection, transfer and warehouse. It is the fruitful option to research and
training in automation area. The main advantage is that it has fully modularity in keeping with industrial reality. The
technologies included in its different assembly modules, as well as the assembly process with several variants, allow the
user to develop the innovative ideas required by advanced automation. In this work the conventional control approach
is presented with programmable logic controllers and supervisory control level. Additionally a fuzzy logic approach can
be apply for pneumatic elements diagnostics and programmed in the controller software environment. This is can be
viewed as a custom approach for control solution and a part of intelligent systems. Hence, the aim of this article is to
present the new trends in development in the laboratory on intelligent automated manufacturing systems.

Keywords: flexible manufacturing systems, flexible assembly systems, intelligent manufacturing systems.

INTRODUCTION

The manufacturing is considered as a new
paradigm that make work smarter and more
connected, bringing speed and flexibility
through the introduction of digital innovation
[1]. Today, digital innovation is linked to the
innovable of companies. Digitalization is a
inseparable principle which is based on the
concept of circular economy. It enables an
economy model promoting the use of
solutions like platforms, smart devices,
artificial intelligence that help to optimize

resources.

The main part of Smart Manufacturing is
Flexible Assembly Systems (FAS) [4]. This is
a fully integrated production system
consisting of computer numerically controlled
assembly stations, connected by an automated
material handling system, all under the
control of a central computer. It is capable of
simultaneously compound a variety of
product items in small to medium-sized
portions and at high rate comparable to that of
conventional transfer lines. [3].
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The aim of this article is to present basic
hardware components of an assembly system
and discuss it characteristics and describe
some real applications [6], [8].

The automated manufacturing environment
has been the ultimate goal of industrial
companies that for a few decades already [4].
Years ago the idea was to put forward with
the rise of the Computer Integrated
Manufacturing (CIM) [7] in the early 1980s.
Nowadays communication technologies, big
data analytics, Industry 4.0 technologies,
complex solutions integrate electronic
components and modules, enable automation
possibilities of new business models [6].
However, one may say a small number of
companies still aims for a completely deserted
and fully automated manufacturing. Only the
automated factory with an optimal supported
flexible workforce can lead the industry to an
efficient mass-customization of goods. To
achieve these goals, FAS is pivotal as shown
in the next section. An effective human
machine collaboration enables companies to
establish a production line or factory site
suited for complex and/or highly integrated
products that will continue to be profitable in
future. Even though today’s machines run
automated processes, these are typically based
on linear control systems. Automated
factories conduct major steps from material
preparation via production to testing in an
automated manner. The demand, driven self-
operation of production, allows parallel
instead of linear production workflows within
one factory and along the entire supply chain,
e.g. products are being tested virtually while
materials are being prepared for its
production. The goal of the article is to
present the trends of the manufacturing
systems suitable for mass production
processes. For example, programmable
algorithms for quality control data collecting,
life time cycled of the equipment, predictive
maintenance, and diagnostics, etc. The

pneumatic system repeats the identical
programmed sequence during it operation.
The data was collected when the pneumatic
system worked perfectly and had some
generated faults including empty magazine,
zero vacuum, inappropriate material, no
pressure, closed manual pressure valve,
missing drilling stroke, poorly located
material, not vacuuming the material and low
air pressure. The faults are simulated
according to developed algorithms in this
investigation. The fuzzy logic is used to
develop a new diagnosis algorithm for our
case study. The analysis of the obtained
results can be applied in the similar pneumatic
systems in industry.

SYSTEM DESCRIPTION

This is a flexible assembly system, installed
at laboratory of Intelligent Automation
Manufacturing Systems in the new Centre of
Competence “Smart Mechatronic, Eco- and
Energy Saving Systems and Technologies “
It is described a training equipment in
mechatronics connected with Industry 4.0
technologies.

S

Fig. 1. Overall view of the equipment.

The FAS 200 [5] is comprised of different
stations, each performing a part of assembly
process. The flexible assembly system has
been specially conceived for persons to
acquire professional capabilities in connection
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with  the Occupational Groupings of
Electricity/ Electronics and Maintenance,
such as: Installation, Electromechanical
Maintenance and Line Transport; Industrial
Equipment Maintenance; Automatic Control
and Regulation Systems. It enables the
development of various skills associated with

pneumatic,  electropneumatic,  electrical,
robotic, programming and PLC technologies,
industrial communications,  supervision,

quality control and fault diagnosis and repair.
It also allows the study of a wide range of
sensor types: - magnetic detectors; inductive
detectors; optical fiber sensors; photoelectric
detectors; capacitive detectors; pressure and
vacuum switches; linear encoders. The system
includes a flexible automation cell which
carries out an assembly process involving a
number of predetermined parts with different
possibilities. The parts are transported
consequently to the connected modules with
corresponding stoppers and precision lifters-
positioners. Parts are mounted on pallets. The
process modules function either
independently of the transport system, in
single or couple modes, or integrated into it,
in cell mode. Each station has its own
electrical panel, where the wiring system are
fully visible, while new elements may be
fitted to the panel if it is necessary. The users
may design and build their own projects and
subsequently integrate them in the station.
Can be develop a further series of skills
envisaged in the training cycles for those
persons who form the target group for the
cell. The front of each station incorporates the
start, stop, step-by step/continuous cycle and
reset pushbuttons. In addition, the control
pushbuttons incorporate a main switch on/off
and emergency pushbuttons for emergency
stops. The system is modular and may be
extended, which allowed a future
incorporation of other process modules
according to the user needs. In addition to
transport processes between cells a linear

conveyor is added, shown on Fig. 2 and is
composed by long line, connecting the five
modules to facilitate the envisaged assembly
process. The available units are presented
below as follows:
FAS 203: Station for feeding and transferring;
FAS 204: Measuring station;
FAS 209: Classification station;
FAS 210: Rejecting and transferring station;
FAS 215: Inspection and rejection station;
FAS 216: Storage station.
All stations are equipped with Simatic S7
1200 programmable logic controllers from
Siemens company, TIA Portal programming
software from Siemens; configuration,
control, simulation and monitoring software
with an operator station and SCADA software
using the CX-Supervisor products from
Omron company and developing software
AutoSim from SMC company.

The parts of assembling process are
presented on the F ig. 2.

The parts of the assembly
‘ < S.d
L o2

base bearing measurement base + bearing

caps base + bearing + cap

storage of the
finished product

Fig. 2. Parts of the assembling process.

NEW TRENDS OF DEVELOPMENT

According to the scientific program the
main goals and tasks of the laboratory are
generally related to:

*Predictive maintenance: intelligent devices
and systems for collecting and sending data to
cloud centers for the purpose of predictive
maintenance.
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*Remote management: remote support and
management of automation devices;

*Production quality: improving the quality
of production through statistical analysis and
tools;

*Design and research of industrial networks
for communication with SCADA and HMI
elements;

*Fuzzy predictive control in industrial
automation systems;

sImplementation of predictive control
algorithms in controllers - using the IEC
61131.3 programming standard,

*Design, research and software
implementation of algorithms for model
predictive control and production optimization;

*Detection and diagnosis of errors in
industrial automation systems;

*Predictive maintenance in industrial
automation systems;

*Analysis and assessment of production
quality;

«Statistical methods for analysis and
management of production quality;

*Testing, calibration and adjustment of
technical means for automation,;

The services provided are in accordance
with the thematic area 5.2. Mechatronics and
Microelectronics of the Innovation Strategy
for Smart Specialization 2021-2027.

It is planned to create new automation tools
and control and management algorithms in
the following subject areas:

Distributed  Control ~ Systems;  Smart
Manufacturing Execution System (SMES);
Intelligent Manufacturing Systems; Modeling
and Optimization of Manufacturing Processes;
Predictive Control of Manufacturing Processes;
Industrial Automation Elements - Industrial
Sensors and Control Elements; Programmable

Logic Controllers; Human Machine Interface,
SCADA systems for operational management
and data collection; Manufacturing Quality
Control systems.

DIGITAL TWIN IMPLEMENTATION

Here is described an example of digital twin
implementation in assembly system FAS 200
as a possible new trend of development. For
the purposes of digital twin implementation, it
is used AutoSim software. Using AutoSim-
200, it is able to monitor and control 3D
processes. The physical inputs and outputs
can be supervised and controlled. The data
acquisition card can be applied. In this
environment it can be import models from 3D
Studio and Solidworks. In such configuration
the OPC server and I/O cards have to be used
to establish the real and physical
communication with equipment.

Using different software like AutoSim and
TIAPortal, the digital replica was developed
for the body supply of the flexible integrated
assembly stations FAS 200. The AutoSim
implemented 3D model of the station FAS 09
is shown on Fig.3 and the AutoSim
implemented 3D model of the station FAS
210 1s shown on Fig. 4.

offie
@
&P o[ Ee |

8o LOOZBY

Fig.3. AutoSim implemented 3D model of the
station FAS-209.
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Fig.4. AutoSim implemented 3D model of the
station FAS-210.

During operation with the flexible
assembling  stations for digital twin
implementation, they are used functional
PLC’s software programs realized like
structural function codes. It is used KEP
Server for devices communication, AutoSim
modelling software and SCADA system. Both
mentioned modules of the equipment are
presented and set as clients: FAS 209 and
FAS 210.

QUALITY INSPECTION SYSTEM

Here in the inspection and rejection station
it 1s performed quality control of the
assembled part using an artificial vision
system Fig.5. From the inspection position a
visual system examines the assembled
components with OMRON camera FQ2 [16].

PLC to control Sensor
Switching Hub il
Standard RJ45 Ethernet Cable il

Setup Tool

Touch Finder or PC Tool

==— Standard RJ45
Ethernet Cable

=

I 24-VDC power
supply

=

Standard RJ45 | supply

Ethemet Cable

Fig. 5. Machine vison quality inspection system
with camera FQ2.

The vision system consists of a vision
sensor with an integrated camera and a PLC
controller. It can be positioned to easily
achieve the necessary inspections and
measurements.

After calculations and continuous tests, the
generated data are used and analyzed by
Minitab software platform [14]. Fig. 6 shows
Xbar-R control charts for white low caps
generated in specialized environment.

Here, the result of quality inspection is
evident and satisfactory. The sample data
points of the condition indicator are between
UCL (Upper Control Limit) and LCL (Lower
Control Limit) limits. The graphics show that
the represented data are in the predefined
ranges. The inspection for one type cap is
passed successfully.

Xbar-R Chart of 10.Y

&

UCL=215.19
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H
$ -
o 28 X=20824
H
£
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ol SA DA A S
VNV \/
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Sample

Sample Range

Tests performed with unequal sample sizes

Fig 6. Control chart Xbar—R for white low caps.

FAULT DETECTION AND DIAGNOSIS
The aim of this trend is to monitor basic
hardware components of a FAS and
investigate possible faults, classify the errors
and implement real diagnosis. The mentioned
system offers professional training according
to the industrial reality, simulating a real
assembly process and including different
technologies from Industry 4.0. This
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equipment consists of an automated flexible
assembly cell with five different phases:
assembly, handling, quality inspection,
transfer and warehouse. The pneumatic
system repeats the identical programmed
sequence during it operation. The data was
collected when the pneumatic system worked
perfectly and had some generated faults
including empty magazine, zero vacuum,
inappropriate material, no pressure, closed
manual pressure valve, missing drilling
stroke, poorly located material, not
vacuuming the material and low air pressure.
The faults are simulated according to
developed algorithms in this investigation.
The case study with fuzzy logic is used to
develop a new sequence for FAS 204 module
diagnosis. A program with idea for diagnostic
has been developed in software environmet
for the PLC. The test experiment was
conducted. By activating light signaling when
one error occurs, for the selected measuring
module, the respond was properly. The
analysis of the simulated faults is promising.
The obtained results can be applied in the
similar pneumatic systems in industry. The
proposed solution is inspired of the need of
the companies where the pneumatic actuators
are widely used.

CONCLUSION

The new trends of development of a
manufacturing system in the laboratory of
intelligent automated manufacturing systems
are described. The laboratory set up has five
units with a conveyor between each one. This
equipment offers flexible training according
to the industrial reality, simulating a real
assembly process and including different
technologies from Industry 4.0. The assembly
system consists of an automated cell with five
separate stages and a conveyor: assembly,
handling, quality inspection, transfer and

warehouse. It is the fruitful option to research
and training in automation area. The main
advantage is that it has fully modularity in
keeping with industrial reality. The
technologies included in its different
assembly modules, as well as the assembly
process with several variants, allow the user
to develop the innovative ideas required by
advanced automation. In this work the
conventional control approach is presented
with programmable logic controllers, quality
inspection and a possibility for fuzzy logic
diagnostics. Furthermore, it offers ability to
adapt the production according to the
individual, assembly process and including
different technologies tasks.
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TEXHOJOI'Mn"

THE LABORATORY C 7.6 ZINTELLIGENT ENERGY SAVING SYSTEMS
AND TECHNOLOGIES”
AT THE CC "INTELLIGENT MECHATRONIC, ECO AND ENERGY
SAVING SYSTEMS AND TECHNOLOGIES"

Stanimir Stefanov
Technical University — Sofia, Plovdiv branch
Center of competence "Smart mechatronic, eco-and energy-saving systems and technologies"

Abstract

The report presents an account of the activities and equipment built related to the research laboratory C 7.6 (previ-
ously designated C 7.5) "Intelligent Energy-Saving Systems and Technologies" at the Competence Center "Intelligent
Mechatronic, Eco- and Energy-Saving Systems and Technologies", funded through the Operational Program "Science
and Education for Smart Growth" 2014-2020. The provided and installed equipment is described, including photovolta-
ic systems for electricity production, demonstration models, computer equipment and available software.

Keywords: Intelligent energy-saving systems

BBBEJIEHUE

Jlabopatopus C 7.6 (C 7.5) ,,aTenurent-
HU EHEProcCHeCTsSBallld CUCTEMHU M TEXHOJIO-
run kpM LlenTepa 3a komnerentHocT "UH-
TEJIUT€HTHU MEXAaTPOHHHU, €KO- U €Heprocie-
CTSBAIlld CUCTEMH U TEXHOJOTMH" € egHa OT
CrelUalIU3UpaHUTEe JIAOOPATOPUHN M3TPaJICHU
B LIEHTHPA 32 KOMIIETEHTHOCT, CUTyupaH B TY
— Coous, ¢punuan Ilnosnus. [IpoekTsT € pu-
HaHcupaH upe3 OnepatuBHa nporpama ,,Hay-
Ka U 00pa3oBaHHE 3a MHTEIUTEHTEH pacTex
2014-2020%.

OcHoBHara uzes Npu Ch31aBAHETO HA Ja-
OoparopusiTa € upe3 M3MOJ3BAHETO Ha CHUC-
TEMHU U YCTPONCTBA, CBHP3aHU B 00I1a KOMY-

HUKallMOHHA MpeXa B PEaJlHO BpEME Ja ce
cbOUpaT aHHM 3a J0OMBaHATa M pa3Xxo/Ba-
HaTa EHEPIUHM OT KOHKPETEH KOHCyMaTop
WY TIpylla KOHCyMaropu. Bb3 ocHOBa Ha
aHaJIM3a Ha IOJIyYEHHUTE JaHHU Jla CE OITH-
MH3Hpa pa3xo/ia Ha €Heprusl Ha U3CJeIBaHU-
T€ KOHCyMaTopu. B enHa mo-manedna mep-
CIICKTHBA, HATPYIAHUAT OIIMT MOXKE Oa CC
npwiara IpHU TNPOEKTUPAHETO Ha IACUBHU
crpagd U O0€KTH C MHUHHUMHU3HPAHO €HEPTro-
notpebienue. B nombiaHeHue uzesra e pas-
BUTAa M IO OTHOIIEHHE Ha IMPOU3BOJCTBOTO
Ha EJIEKTPOCHEPTuss OT BB30OHOBSIEMH W3-
TOYHHUIM, OLICHKA W IMPOrHOCTHKA Ha IMPOU3-
BEX/IAHOTO KOJIMYECTBO €JIEKTPOECHEPTHUsl.

55

To3u dokymenm e cv30aden 6 pamkume na Ilpoexm Ne BG16RFPR002-1.014-0005 Llenmuvp 3a komnemenmuocm
"HnmenueseHmnu MexampoHhu, eKko- u enepeocnecmsagawu cucmemu u mexronozuu”, unancupan om Ilpoepama
., Hayunu uscneosanus, unosayuu u oueumanusayus 3a unmenueenmua mparcgopmayus ™ 2021-2027 .
(IIHUUTUT), cvpunancupana om Eeponetickus cvio3 upes Egponeiickus (hoHO 3a pecuoHaIHo pazeumue



CbcuHaHcupaHo ot
EBponeickusa cbH3

HsneiHATETHA areHITHA ™
.IIporpama 3a oGpazoBaHHe"

MPOrPAMA
HAYYHU U3CNEABAHKS,

WMHOBALIMW U AUFUTANMU3ALIUA 3A
MHTENWFEHTHA TPAHC®OPMALIUA

N3JI0KEHUE

[Tpu craptupanero Ha mpoekra LleHTHp 3a
komneTeHTHOCT (LIK) ce dhopmmupa upesra 3a
Ch3JlaBaHE Ha CIICIUAIM3UpPaHA JIAOOPATOPHS
3a u3cje/lBaHe HAa €HEeprocIecTsBalll CUCTe-
MU U TexHonoruu. Ha ¢wur. 1 e npencraBena
KOHIIENIIUATA OT erara 3a jJadoparopust C 7.5
(ceramno o3nauenue C 7.6) ,HTenurenTHU
€HEProcrecTsBAIN CUCTEMH U TEXHOJIOTUU .

CprinacHo mpeicTaBeHaTa KOHLCMIHUS €
OWJIO MPEABUICHO U3TPAKIAHETO Ha JIOKAJIEH
LEeHTbp 3a MoHuTOpUHT (JILIM) B KoiiTO Aa ce
cbOupa u obobmasa uHGopManusaTa 3a pas-
MpeesICHHEeTO HAa EHEPTHIHNTE MOTOIM B Ha-
OJI07aBaHW M KOHTpOJMpaHu obOektu. Tes3u
o0ekTH MoraT Ja ObJIaT MOTPEeOUTENH ¢ pas-
JUYHU TOBapoBU rpadunu. B HavamHus etan
Ha pa3BUTHE HA CHCTEMAaTa € MPeABHICHO TO-
Ba Ja ca oOexktu Ha Teputopusta Ha TY-
Codust, pumman [TnoBaus.
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@Due. 1. Konyenyus 3a nabopamopus C 7.6

H’BpBaTa I'pyna OT OCHOBHHUTEC CIICMCHTU
Ha KOHICTNMATA Ca JBa JIOKaJITHU M3TOYHHKA

Ha enekTpoeneprus (JIME), MmonTupanu B 1Ba
OT y4eOHUTE KOPITYCH.

[TepBusar JIME e poroBonTanyna cucrema
(®ELL 1) ¢ MmomuoCT 22 kKkWp 1 mpuiiexanio-
TO 1 00opyaBaHe — ¢ur 2 u 3:

Que. 3. PEI] 1

- nBa Tpu(azHu MHBEPTOpPA — MPEKOBU U
xuOpuieH, Bceku ¢ mMomHocT 10kW, akymy-
naropHa Oatepust ¢ momuHoct 20kWh u 3a-
psiHA CTaHIUS 3a EJIEKTPOMOOWIN C MOII-
HocT 10 20kW.
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Bropusr JIUE e doroBonrtanyna cucrema
(DEL] 2) ¢ momHoCT 5,5kWp 1 equn eqnoda-
3¢H MPEXKOBH MHBEPTOpP C MOHTHOCT SkW —
¢wur. 4.

@OEI] 2 e pa3nonoxkeHa BbpXy MOKpHUBa HA
[oro3amnajHara 4acT Ha T. Hap. 4™ yueOeH
koprryc Ha TY - Codus, punman [Inosaus.

Bropara rpyna oT OCHOBHHTE €JIEMEHTHU €
MpPeTHA3HAYEHO 32 KOHTPOJ Ha KOHCYyMHpa-
Hara eHeprus (KE). To BkmrouBa mmpox
CIICKTBpP OT U3MEPBATCIIHA YCTPOHCTBA — YII-
TPa3ByKOBU TOILJIOMEPH, eqHO(a3HU U TpH-
(da3HH eNeKTPOMEpH, WHTCIUTCHTHU KOHTAaK-
TH, CEH30pH 3a TEMIEpaTypa, 3a OCBETICHUE,
3a MPUCHCTBUEC H JIP., OCHOBHATA YacT OT KOH-
TO Ca JIOCTaBEHH Mpe3 MbPBUS eTal Ha MPOeK-
ta. [IpeaBueHO € Te 1a Mo IbPKaT KOMYHH-
KallUOHHU TMPOTOKOJM W TO-KOHKpETHO M-
bus, MO3BOJSBAIIM CBBP3BAHETO UM B JIOKAJI-
HU MPEXH, KaTo MOJyYaBaHUTE JaHHH IIE Ce
chOMpaT upe3 KOHTPOJIEPHU U IIe Ce M3IMpaIar
kbM JILIM.

Tperata rpymna, HapedeHa JOMBIHUTEITHO
obopyasane (/1O), mocraBeHo 3a J1abopaTo-
pusiTa BKIIOYBA!

1. Mobunen nzrounuk Ha eneprusi (MUE),
(4MeTo ISUIOCTHO KOH(UTYPUPAHE MPEACTOM ).
Tosu MMUME mnpencraBnsBa (oToBOJITAMYHA
cuctema ¢ MomHocT 3kWp ¢ enun egHodazex
XUOpPUICH MHBEPTOp M aKyMyJlaTOpHa OaTe-

pusi, MOHTHpPAHU BHPXY MOJBIKHA IIATOp-
Ma;

2. LED ocserutenn (LED O) — ToBa ca
Pa3IMYHU OCBETUTENH, BKIFOUUTEIHO U YIINY-
HU, U3MOJI3BAIM B KOHpUrypauusra cu ¢o-
TOBOJITAMYHHU TIaHENIM, 33 TMPOU3BOJCTBO Ha
HeoOxoaumaTa uM enektpoeneprus, LED u3-
TOYHHIIM HA CBETJIIMHA U KOHTPOJIEPH 3a yIpa-
BIICHUETO UM;

3. Ypenu 3a perucTpupaHe Ha €IeKTpo-
marautHu JTpueHus (Yp EMJI) —ToBa ca ype-
T 32 U3MEpPBaHE Ha CUJIOBUTE XapaKTEPHCTH-
KM Ha €JICKTPUYECKHU W HA MarHUTHU MOJIETa,
U JIPYTH MapaMeTpu Ha OKOJHATa Cpeda Karo
IIyM, CTbHYEBA paaualus, HAINYUE Ha PaJoH
BBB BB3Ayxa u np. Ha ¢ur. 5[1] ca npexncra-
BEHU MapaMeTpUTe U 00XBATUTE HA HAKOU OT
TSIX, M3MOJ3BAaHU 32 U3MEpPBaHE HAa MHTEH3U-
TeTa Ha enektpuueckoTo noine (E) u maruut-
HaTta UHAYKIUs (B), kakTo M Ha IIIOCKO mose
(FF) B TpumepHa KOOpJIMHATHA CHCTEMAa U B
3aBHCHUMOCT OT YeCTOTaTa Ha TbYCHHUSATA.
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Que. 5. Ypeou 3a usmepsane na EMJI

4. Jlemonctpaimonnu Maketu ([AM) -
n3pabOTEeHH ca U ca JIOCTaBEeHH JBa JEMOHCT-
PalMOHHU MaKeTa — €IMH Ha BETPOTreHepaTop
U eauH Ha (oToBosNTanuHa cucrema. Mnesta
3a TAX € J1a Ce M3BbPUIBAT KAKTO JIEMOHCTpa-
MU TIpEN CTYAECHTH, TaKa M W3CIEABAHMS OT
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TAX OTHOCHO BB3MOXKHOCTHUTE 3a Ipeodpasy-
BaHE Ha EHEPrusirta Ha BATbpPAa U CIBHIETO,
KaTo KpailHaTa 1ed Ha Te3H JIEMOHCTpAIUH €
MpUOOIIABAHETO HA CTYJEHTH M JOKTOPAHTH
UM KbM WH3CJeloBaTescKaTa JEWHOCT Mpo-
Bexkaana B LIK.

JIeMOHCTpallMOHHUAT MakeT Ha (HOTOBOJI-
Tau4yHaTa CUCTEMA € IpPeJHA3HAaYEeH 3a U3IUT-
BaHEe Ha (DOTOBOJTAMYHU MAHENIU C MajKa
MonHocT (SW) oT pa3nuyeH TUI - MOHOKPH-
CTAJIHU U MOJIMKPUCTAIIHU Ha Pa3IMYHU MPO-
U3BOJIUTEIIH.

OOmumAT BUJ Ha MakeT € najcH Ha dur. 6
[1]. Toi#t BKIIOYBA CIENHUTE CHCTABHU e€Jie-
MeHTH: ocHOBa (1), cTolika 3a 3aKpernBaHe Ha
CBETJIMHHHUSA U3TOYHUK (5), U3TOYHUK Ha CBET-
nuHa (4) u pedaexrop (3). M3nurBanusT do-
TOBOJITaW4EH MaHen (2) ce ¢Quxcupa BBPXY
OCHOBaTa 4YMWUTO pa3Mepu ca ChbOOpa3eHHu ¢
pa3MepHuTe Ha COJApHUTE MAHEIN ChC CIIOMe-
HaTaTa MOIIHOCT. BucounHara Ha pednekro-
pa U ChOTBETHO - HAa U3TOYHHKA MOXKE Ja ce
perynupa, Taka 4e HaJalusT CBETJIIMHEH IO-
TOK Jia TIOKPHUBA IsU1aTa TUION] Ha U3MUTBAHUS
naHen. MI3TOYHUKBT Ha CBETJIMHA CE peallu3u-
pa c usnos3BaHe Ha 12 cBeTronnoAa ¢ npeaBa-
PUTETHO M3BECTHU CHEKTHP, MOIIHOCT U
CBETJIMHEH MOTOK Ha M3JIYBAHETO B TPYIH OT
1o 3 4yepBeHH, 3 KBATH, 3 3€JI€HU U 3 CHUHU
LED. CpeTnuHHUST TMOTOK C€ peryiupa B
rpanunute ot 40% o 100% crpsiMo HOMH-
HaJIHMSI TIOTOK IOCPEJICTBOM PETYyJUpaHE Ha
TOKA Ha TUOJUTE.

[TocouenoTo 1o Tyk obopyaBaHe € obenu-
HEHO B T.Hap. ,JlaGopaTopeH KOMIUIEKC 3a
u3cneaBaHe Ha paboTara W eHepruiiHaTa
epextuBHOCT Ha BE*.

JIabopaTOpHUAT KOMIUIEKC 3a M3CJIE/IBaHE
Ha paborara u eHepruiiHata eeKTHUBHOCT Ha
BEMU BkitouBa 00110 32 pa3nuvHU apTUKYJIA.
N3BbH 1abopaTOpHUS KOMITJIEKC € JIOKATHUST
HeHTsp 3a MoHuTopunr (JILM), BkirouBar
nBa cbpBbpa, 10 pabOTHU cTaHIIMHU, UHTEPAK-
TUBEH MYJITU ThY €KpaH 3a BU3yalH3alus Ha

CHeprUiiHU JaHHU, TEXHUKA U CIeLHaIu3upa-
HO MPOrpaMHO OCUTYpPSIBaHE,
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Duz. 6. Koncmpykyus na [IM 3a uznumeane
Ha PV nanenu

BKJIIOYBAIIO KbM MOMCHTA NPOIrpaMEH Iia-

KeT 3a M3rpaxkJaHe Ha MacWBHU crpaiu Pas-
sive House Planning Package PHPP 10,
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coTyep 3a NpoeKkTupaHe Ha (HOTOBOJITAUYHU
cucremu PV*SOL u mporpamHusi HpOIyKT
VISIO.

NYBJIUKALIUN

[Ipe3 mbpBUs eTanm Ha MPOEKTa, OT €KHIa,
paborent kbM Jaboparopusra, ca pean3upa-
HU J[Ba JOKJIa/1a:

[IepBUAT OT TIX € CcbC 3ariasue ,llep-
CIIEKTHBHU 3a pa3BUTHE Ha jaboparopus 7.5
,»/IHTEJTMTeHTHU E€HEProCIecTABaIll CUCTEMU
u TexHojorun’ kpm LK "HHTenureHTHN Me-
XaTPOHHHU, €KO- U EHEPrOCIECTSIBAIIU CHUCTE-
MU U TeXHOJIOTHH" U aBTOpH o1l A-p ['eopru
I'aneB u nmom. a-p Crammmup Credanos, Tex-
uudyecku Yuuepcutrer Codus, Qunuan
[lnoBauB, TmpeAcTaBeH Ha  CHUMIIO3HMYMa
»MexayHapoaHa Hay4Ha KoHbepeHuus ,,Me-
XaTPOHUKA, €KO U €HEProCHeCTsBAIN CHCTE-
MU U TexHosorun‘* ["'abpoBo 23

Bropus noknan e cwve 3arnmasue ,,M3cnen-
BaHE Ha pasNpeeIICHUETO Ha eJeKTpoMar-
HUTHU TI0JIeTa’ ¢ aBTopH oil. A-p CTanHumup
CredanoB u gou. a1-p I'eopru I'anes, Texunu-
yecku YHuBepcuter Codwus, ¢unman Ilnos-
JUB, TIPEACTaBEH Ha CUMIIO3UyMa ,Mexmy-
HapoJIHa Hay4Ha KoH(epeHuus ,,MexaTpoHu-
Ka, €KO U EHEeprocrnecTsiBalll CUCTEMH U TeX-
goioruu' Ilmosous 23

3AK/IIOYEHUE

Uscnenosarencka naboparopus  C 7.6
(mpeaxoano o3nauenue C 7.5) ,IHTEenureHT-
HU €HEProCHECTSABAIM CUCTEMH M TEXHOJIO-
run kpM LleHTepa 3a xomnereHTHOCT "HH-
TEJIMT€HTHU MEXaTPOHHHM, €KO- U €HEeprocre-
CTSBAIllM CUCTEMM M TEXHOJOTMH'" € eIHa OT
CHelHalu3upaHuTe J1abopaToOpuu H3rpageHU
B LIEHTBpa 3a KOMIIETeHTHOCT. [IpoekThT Oe
¢unancupan upe3 OmepaTHBHa Mporpama
,Hayka u o0pa3oBaHue 3a MHTEJIUT€HTEH pac-
Tex" 2014-2020%.

OcHoBHarta ujes Nnpu ch3gaBaHe Ha J1abo-
paropus 7.5, € upe3 HU3I0I3BAaHETO HA CHUCTE-
MU U YCTPOWCTBA, CBbP3aHU B 00112 KOMYHH-
KallMOHHA Mpeka B PEaTHO BpeMe Jia CE Ch-
OupaT maHHU 3a ToOMBaHaTa U pa3xo/BaHATa
€HEprui OT KOHKPETHUS KOHCYMAaTop WIH
rpyna KOHCyMaTopH, ¥ Bb3 OCHOBA Ha aHaJu-
3a Ha MOJIYYCHUTE JIAaHHU J]a C€ ONTHUMH3UpPA
pa3xojla Ha €Heprusi Ha H3CJIeJJBAHUTE KOH-
CyMaTopH.

JlaboparopusTra He € u3rpajeHa Bce olle B
3aBBPIICHA [SIIOCT MOPAIN HETOCTABEHO TIPE3
OBPBUSI €Tall TEXHOJOTHYHO H COPTyEepHO
obopyaBaHe, HO MOXe Aa (QYHKIMOHHpA H
IpeIoCTaBsl yCIyTd, CBbP3aHU C OIICHKA Ha
SHEPruiiHOTO TOTPeOJICHHEe M eIeKTpOoMar-
HuTHUS ¢oH. Chulo Taka B jaboparopusra
MoraT Ja OBJAaT W3BBPIIBAHHU HM3CJICIBAHUS
CBBp3aHH C J00MBa Ha EJIEKTPOCHEpPrHs OT
(doToBONTAMYHU CUCTEeMH. B Ta3u Bpb3Ka, €
NpeIBUCHO HATPYMBaHUS OMUT Jia Ce CIOJe-
7S C IOTCHIMATHY KJIMCHTH, WHTEPECyBaIlH
ce OT 00eKTHM C MHUHUMHU3HUPAHO EHEProro-
TpeOJIeHNe, TSIXHATa EKCIUIoAaTalus, KOMOH-
HUPAHO C MPOU3BOJACTBOTO HA EHEPrusi OT
MTOKPUBHH (POTOBOJITAMYHH IICHTPAITH.

Cpiio Taka, HaTMYUETO Ha JabopaTopus-
Ta, TEXHOJIOTHYHOTO U U COYTYEPHOTO M 000-
pyIBaHEe MO3BOJISIBAT Ja CE€ HM3BBHPIIBAT Jie-
MOHCTpAIIUU Ha BB3MOXKHOCTUTE 3a TIpeodpa-
3yBaHE Ha €HEprus Ha Pa3TU4YHU BH30OHOBS-
€MHU HM3TOYHUIM HA CHEPTHs Mpell CTYACHTH,
KaKTO 3a LIEJMTE Ha TAXHOTO OOy4YeHHe, Taka
1 3a mpuoOIaBaHETO UM KbM H3CIIe0BATE-
cKkata JeWHOCT, mpoBexaaHa B LleHTbpa 3a
KOMIETEHTHOCT ,,/IHTeTMIeHTHH MeXaTpOH-
HU, €KO- M CHEProClecTSBAIld CUCTEMH H
TEXHOJIOTHH .

baarogapHoctu

Tosa uzcnedsane e ¢unancupano om Eepo-
netickus (QoHO 3a pecuoHAIHO pazsumue 8
pamkume na OII ,, Hayunu uszcnreosanusi, uHo-
sayuu U OuSUManU3ayus 3a UHMeIUSeHMHA
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HEPCIIEKTUBMU 3A PASBUTHUE HA JIABOPATOPUA C 7.6
HSAHTEJIMT'EHTHU EHEPT'OCIIECTSABAIIIMA CUCTEMUA U
TEXHOJIOI'MU* KBM IIK "UHTEJIMI'EHTHU MEXATPOHHU, EKO- U
EHEPI'OCIIECTABAIIIA CUCTEMH U TEXHOJIOI'NN"

PROSPECTS FOR DEVELOPMENT OF LABORATORY C 7.6
INTELLIGENT ENERGY SAVING SYSTEMS AND TECHNOLOGIES”
AT THE CC "INTELLIGENT MECHATRONIC, ECO AND ENERGY
SAVING SYSTEMS AND TECHNOLOGIES"

Stanimir Stefanov
Technical University — Sofia, Plovdiv branch
Center of competence "Smart mechatronic, eco-and energy-saving systems and technologies"

Abstract

The report presents a report on the vision related to the research laboratory C 7.6 (previously designated C 7.5) "In-
telligent Energy-Saving Systems and Technologies" at the Competence Center "Smart Mechatronic, Eco- and Energy-
Saving Systems and Technologies", funded through the Operational Program "Research, Innovation and Digitalization
Programme for Intelligent Transformation 2021-2027". The report describes the main guidelines for the development of

the scientific and practical applied activities provided by the laboratory team.

Keywords: Intelligent energy-saving systems

BBBEJEHHUE

JIa6oparopus C 7.6 (C 7.5) ,,Iurenurent-
HU €HEProcrHecTsBallld CUCTEMU M TEXHOJIO-
run kpM LleHTepa 3a xomnereHTHOCT "HH-
TEJIUTeHTHU MEXaTPOHHHU, €KO- U eHeprocre-
CTSBAIllM CUCTEMM M TEXHOJOTMH'" € eIHa OT
CIeLUAIN3UPAHNUTE JIAOOPATOPUHN H3TPAJICHU
B LIEHTHPA 32 KOMIIETEHTHOCT, CUTyupaH B TY
— Codust, punuan [Inonus. IlpoexTsT € du-
HaHcupaH upe3 OmnepatuBHa nporpama ,,Ha-
YYHU U3CJIe/IBaHUS, NHOBALMU U JTUTUTAIN3a-
11U 32 MHTEJIMTeHTHA TpaHchopmarms 2021-
2027 r.

OcHoBHara ujes Npu Ch34aBaHETO Ha Jia-
OoparopusATa B MPEIXOIAHUS €Tall € Oma upes3

W3MOJI3BAHETO HA CHUCTEMH W YCTPOMCTBA,
CBBp3aHH B 00I1a KOMYHHUKAIIHOHHA MPEXKa B
peasHo BpeMe Jia ce ChOMpar JaHHU 3a J00H-
BaHaTa M pa3XoJ/IBaHaTa €HEPTrUu OT KOHKpe-
T€H KOHCYMaTOp WIH TIpylla KOHCYMaTOpH.
Bb3 ocHOBa Ha aHanM3a Ha MOTYYSHHUTE JaH-
HU J]a c€ ONTHUMH3HUPA Pa3xoja Ha eHEeprus Ha
U3CITIeIBAHUTE KOHCyMaTopH. B pombiiHeHue
uzaesTa € Ouija pa3BUTa U 1O OTHOIICHHE HA
MIPOU3BOJICTBOTO HA EJIEKTPOSHEPTHUS OT BH3-
00HOBsIEMHU HU3TOYHHUIHM, OLCHKA M IIPOTHO-
CTHKa Ha MPOU3BEKIAHOTO KOJHYECTBO
enekTpoeHeprus. [Ipe3 HacTosmus —eTarn
UIEUTe ca JOpa3BUTU M C MpeasiaraHe Ha
MIPOTHOCTHKA U ChITIACYBaHE 10 BpeMe Ha
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NMPOrPAMA
HAYYHU U3CTNEOBAHUA,

MPOU3BE/ICHATa U IOTpeOeHaTa CHEePTusl.

N3JI0KEHUE

IIpu craprupanero Ha npoekra LleHTsp 3a
komneTeHTHOCT (LK) ce e hopmupana naesra
3a Ch3JaBaHE Ha CIEHUAIM3KUpaHa J1abopaTo-
pusi 3a H3CIEBaHE Ha EHEProcHecTsIBaIlU
CUCTEMHM U TEXHOJOIMH. ChIVIACHO KOHIIEM-
uus € OWiIo MPEenBHIICHO H3rPa)XJAaHETO Ha
JIOKaJeH LeHThp 3a MoHuTopunr (JILIM) B
KONTO 1a ce crOupa u o6oOmaBa uHbopma-
LUATA 3a pa3lpeielCHUETO Ha €HEPruilHUTE
[OTOLM B HAOJIONAaBaHU M KOHTPOJIUPAHU
oOexTH. B HauamHus eram Ha pa3BUTHE Ha
cucremara € OWJIO NpEeABUJCHO TOBa Jla ca
obextn Ha Teputopuara Ha TY-Codus, du-
nuan [lnoBaus. OT npeABUAEHUTE NIPE3 Mpe.-
XOJIHUSL €Tall CUCTEMM 3a YIpPaBIECHHUE U MO-
HUTOPUHI Ha Teputopusita Ha TY- Codus,
¢wmman [In0oBIMB KbM MOMEHTA € M3TpajicHa
4acT OT JIOKAJHUS LEHThpPa 33 MOHHUTOPUHI,
Hali-Beue B T.Hap. XapJyepHa 4acT, YUEeTO pas-
BUTHE IIPEACTOM Ja CE€ JOIbJIBA C HOBU €Jle-
MEHTH U MpPOrpaMHO OCHUTypsSBaHE, HEOCH-
IIECTBEHU Pe3 MPEIXOIHH €Tall Ha IPOeKTa
MOpajgyl HEU3I'bJIHEHU OOLIECTBEHH MOPBUKH
U JIMTICA Ha U3CJIE0BATENN ¢ KBAIU(UKALMS B
oOmacTTa Ha MPOrpaMHOTO OCUTYpSIBAHE.

[Ipencrosamo e 3akynyBaHe Ha HEOCTaBe-
HU Tpe3 MpeIxO/IHusl eTalm Ha IpoeKTa ele-
MEHTH CBBP3aHU C YNPaABIEHUETO U PErylu-
paHEeTO Ha OTOIUIUTEIHHU CHUCTEMH, KaKTO M
U3rpaXx/laHe Ha LAJ0CTHA CHUCTEMa 3a MOHHU-
TOPUHI Ha moTpebneHnero Ha obekT oT TY-
Codus, punuan [1nosaus.

Ha ©0a3za Ha 10CTaBeHOTO [0 MOMEHTa
MIPOrpaMHO OCUTYpsiBaHE, 000pyJBaHE U WHC-
TaqupaHuTe (OTOBOJATAMYHM IIEHTpPaId Ha
Ba OT OOeKTUTE Ha (prmMana ce W3BBHPIIBA
MOHHUTOPHHT Ha MOTPEOJICHUETO HA €AUHUS OT
y4eOHUTE KOPIYCH U MPOU3BOJACTBOTO Ha
enexkrpoeHeprus or asere POBILI, nocpen-

CTBOM HWHTEpHeT Iarpopmara Ha Qupmara
SOLAX POWER [1] — ¢wur. 1 u 2, ¢ yuiito
WHBEPTOPH Ca M3TpajicHH (HOTOBOJITAUTHUTE
LEHTpaJIK, 3apsjHaTa aBTOMOOWIIHA CTAHIIUS
U akymynupaiara 6arepust — ur. 3,4 u 5 .

soLA k¢ G O bt Gt ket B0 8 e e

B fus TU-2 = Swich plant Eneegy flon 12.0%-30.0°

0.00-
enih3976 M0 10

0.00
000

Due. 1.

[FE T
@ e =

Due. 2.
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NMPOrPAMA
HAYYHU U3CTNEOBAHUA,

Due. 5.

IIpencron 3akymyBaHe M MOHTUpAaHE Ha
cTarmoHapeH nupaHoMmeTsp [2][3] ¢ koifto na
CE ClIeIM HENPEKBbCHATO CIbHYEBATa paaua-
U B 30HAaTa Ha eHaTa ()OTOBOJTANYHA IICH-
Tpana. /laHHUTE OT Hero OMxa MOIJIM Ja ce
M3MO0I3BaT KOMITJIEKCHO NIPU aHAJIM3H U MPOT-
HO3UpaHE Ha NPOU3BOJCTBOTO U 3a JABETE
@EL, nopanu TAXHOTO CPaBHUTEIHO OJM3KO
reorpadcko Mecronoioxenune. Hamnunero Ha
CIIOMEHATUsl ypeJ OM CIOMOTHAJIO 3a U3BbBp-
IIBAHETO Ha MPOTHOCTHKA Ha Oa3aTa Ha mpe.-
XOJHHU JIJaHHU W 33 CPABHEHME Ha JIaHHUTE,
JIaBaHW OT CHMYJIAIIMOHHUS mpoxykT PV*SOL
u peannute. ChIIO Taka, JaHHUTE OUXa MOT-
JM J]a C€ CHOJCIAT U C NAapTHbOPCKU OpraHU-
3aruu, umamu B Oau3oct ®EIl u na ce us-
BBpIIBA KOMIUIEKCEH aHAJIN3 Ha €HepruiiHaTa
e(EeKTUBHOCT B MPOU3BOJICTBOTO Ha €JIEKTPO-
€Heprus OT CI'bHUYEBAaTa pajguanus. 3a Lsoc-
THa OKOMIUIEKTOBKA Ha HHCTPYMEHTHTE 3a
MOHUTOPHUHI U aHaJIW3, CBbP3aHU C U3rpajie-

HU (OTOBOJTAWYHH IICHTPAIHM CE OYaKBa Ja
ObJle 3aKyleHa W TEPMOBU3MOHHA Kamepa —
¢ur. 6[4]

Due. 6.

C KOSITO Jla ce Clenu Temrmeparypara Ha ¢do-
TOBOJITAMYHU TaHENIH 10 BpeMe Ha TAXHOTO
(yHKIIMOHMpaHEe W BHB BPB3Ka C aHAIHM3 Ha
TAXHATa eKCIUIoaTalonHa rogqHoct. Colarta,
CBIO Taka IIe CE W3IOJI3Ba W TIPU MOHUTO-
PUHT Ha CTpaju, OTHOCHO TSAXHATa TOILIOMPO-
BOAHOCT U TCPMOU3OJIAIMOHHUTEC Ka4€CTBA HA
W3MON3BaHUTE B TAX Martepuanu. Oimie eaHo
MNPHUIIOKCHUEC Ha Ta3dnh KaMeEpa € U3BLPIIBAHC
Ha MOHUTOPHUHT Ha €IeKTPOpPA3NPEaeIUTETHH
tabma u mkadoBe OT BCAKAKHB BUJ B IIPO-
MUIUICHU, aIMUHUCTPATUBHO OUTOBU U KU-
JIMIIHYU CTPaJU 32 OTNpeeIsTHe Ha TeMIepaTy-
paTa BbTpe B TabiaTa U Ha €JIEMEHTH OT pas-
MpeIeTUTETHUTE UM YperOH, ¢ 1eJ OTKpUBa-
HE ¥ TIPEBEHIIMS Ha Pa3BUTHETO HA MTOBPEIH B
TEXHHUTE EJIEMEHTH U amaparypa.

3a mombyiBaHe Ha COPTyepHHUS TAKET OT-
HOCHO €HepruifHata e(peKTUBHOCT Ha Crpaau
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HAYYHU U3CTNEOBAHUA,

1pe3 HACTOSIIMS €Tall ce O4aKkBa Ja ObJe 3a-
kyneH u codryepuuss mpoxykr SketchUp,
KONTO mpexacraBisiBa miardgopma 3a pabora
CbC 3aKyNeHUTe BedYe COMTyepHH MaKeTH
“Passive House Planning Package” wu
»designPH 2.0%“. C HeroBa momor cbh3/JaBar
KOH(UTypaIiK Ha CTPAIN U TApaMETPUTE UM,
HY>KHH 32 OIICHKAa Ha €HepruiiHata e(eKTUB-
HocT, [IpumMep 3a TakuBa mapameTpu ca reo-
rpad)CcKo pa3nojIoKEHHE Ha Ccrpajara, HeiHa-
Ta OPUCHTUPAHOCT CHPSMO CIBHIIETO, MaTe-
pHaTUTE U TSAXHATA TOIUIONPOBOJHOCT OT KO-
UTO € W3rpajicHa crpajaara, JaeOenuHara Ha
CTEHHUTE, BHJIa Ha JI0TpaMara, BU1a Ha MOKpH-
Ba, IOKPUBHATA M30JIaIlUs U T.H.T.

B nombiHeHWe KbM M3rpajieHaTa 3apsaHa
CTaHIUS 32 aBTOMOOMJIU € TIPEABHUICHO U H3-
rpakJaHe Ha TakaBa 3a €JIEKTPO BEJIOCUIIE/IH,
BKJIIOYCHA B CHCTEMa 3a CIOJICJICH JIOCTBII.
Wnesra e na ce U3MOI3BAT €NEKTPOBEIOCHIIC-
¥ C ISUIOCTHA CHCTEMa 3a MOHUTOPHHI H
KOHTPOJI Ha MECTOIOJOKEHUETO C IeT W3-
Clie/IBAHEC HAa CHEPrHHHUTE MOTPEOHOCTH Ha
TaKvBa JIMYHU TPEBO3HHU CPEJICTBA M OLIEHKA
Ha TSAXHATA EJICKTPOCHEPruiiHa e(EeKTUBHOCT
NpH eXKeIHEBHA ymoTpeda B TPAJCKH YCIO-
BUSL.

[To oTHOIIEHNE HA BH3MOXHOCTHTE 32 pa3-
BUTHE Ha B3auMoJieiicTBUeTO ¢ Ou3Heca H
npeJyIarane Ha yCIyTH JIeHHOCTTa Ha abopa-
TOpUSITA € HAaCOUeHa KbM CIIEJIHUTE MOTpedU-
TeNH - aJIMUHHCTPATUBHO — OWTOBH CrpajH,
CrpaJy C THPrOBCKO M MPOMMILIEHO Mpe.-
Ha3HAYEHUE, KWINITHA CTPaJIH, KaTO OCHOBA-
HHUETO € CIIeAHOTO:

[Ta3apbT Ha TEXHOJIOTHH 32 YIPABICHUE U
ONITUMHU3UpPAHE Ha EHEPTHIHHOTO TOTpeOIIeHNE
U Pa3XO/UTe 3a BOJA C€ PBHKOBOIAT OT HAPACT-
BaHETO Ha IICHUTE Ha CHEPrusiTa W BOJATA,
TEXHUSIT HEJJOCTUT B CBETOBEH Maiad, KakTo
U OT CTpeMeKa 3a HaMaJlsiIBAaHE Ha BBIJIEPO/I-
HUTC EMHUCHHM M CIECTABaHE Ha IMbPBHYHU
€HEePrOHOCUTENN M BOJHHU pecypcu. ToBa Ha-
MaJIIBaHE U CIIECTSABAHE € BB3MOXKHO Ja ce
OCBINECTBSIBA Ha 0azata Ha MOHUTOPHHT,

JUCTieuepu3ausl U MPOrHO3UpaHe Ha HYKH-
te. CamuTe HYX M HAa AJIMUHUCTPATUBHO —
OUTOBHU Crpajifl, CTPAIUTE C THPrOBCKO U 00-
LIECTBEHO NpPEJHA3HAYCHUE U Ha KWIMIIHU
CTpajii ce OIpeessT OCHOBHO OT pa3BUBaHU-
T€ JICMHOCTU B CHOTBETHUTE CrPaJiu, OT JIHEB-
HUTE U MOYACOBUTE KJIMMATUYHHUTE YCJIOBHS,
0T Teorpa)cKoTo pa3MoNIOKEHUE, TAXHATA
OpHUEHTAIIMS CIPSIMO CIBHIIETO, OT FeHepupa-
HUTE B TAX TOIUIMHHU U3JIbYBAHUA U HE Ha
MOCIIEAHO MSCTO OT BUJA MOTPEOUTENN B TIX
U OT 4YoBeKkomnotoka. [Ipu mpousBojcTBEeHUTE
00eKTH Mazapa Ha eHepruiiHa e()eKTUBHOCT ce
orpezesns OT XapakTepa Ha IPOU3BOJCTBEHU-
T€ MPOLIECH, OT CBbP3AHUTE ChC TAX EHEPTUi-
HU U BOJIHHU MOTPEOHOCTH, U OT KIIMMATHIHH-
T€ YCIOBHS, KaTO TyK JIECHO MoraT Aa Obaatr
BKJIFOUCHU U COOCTBEHU HW3TOYHHUIIA 32 IPO-
W3BOJICTBO Ha enekTpoeHeprusi or BEU, une-
TO TIPOU3BOJICTBO U MOTPEOJICHUETO HA KOUTO
Ja € HeoOXOIMMO Ja ce ChIVIacyBaT WIH/H
yropasisiBaT 1o Bpeme. M3rpaxmaaneTro Ha mo-
NOOHU CHUCTEMH 3a YNpaBJICHHE CHIIECTBYBa
KaTo HEOOXOJUMOCT OIIIe OT B3HUKBAHETO HA
noTPeOICHUETO Ha €NEKTPUUeCKa EHEprusi OT
CyOEeKTH OT BCSKAaKbB THIl U € CBBP3aHO C OITHU-
Mu3MpaHe Ha (PUHAHCOBUTE pa3xoau. B mo-
cinenaute 20-25 roauHU 3a IENWTE HAa TOBA
ONTUMU3HPAHE BCE MO-IIMPOKO M3MOJI3BAHE
MojlyyaBa Taka HapedyeHusT ,JIHTepHeT Ha
HenaTta“, crpajHara aBTOMaTU3alMs U €HEp-
TrUiiHaTa MaCUBHOCT Ha CTPAJIUTE MO OTHOIIIE-
HUE OT HYyXJaTa 3a IOJI3BaHE Ha BBHIIHA
EHEeprusi 3a OTOIJIEHNE, OCBETIICHNE U KIIMMa-
TU3alMs, KaKTO M 3a MPOMUIUIEHH TEXHOJIO-
TUYHU TIpollecH, UH()OPMALMOHHU YCIyTH U
npoune. To3u na3zap oOxBaiia MOTpeOUTENH C
Pa3IUYHU 110 OpOHl eNeKTPOCHEPTUIHU U TOTI-
JUHHU TIOTPEOUTEIICKU ChOPBKEHUS U Xapak-
TEPUCTUKH Ha CTpaUTe, KOETO MpPeloCTaBs
IIUPOKH BB3MOKHOCTH 3a peau3aius Ha
UJIEM U CUCTEMHU 3a KOHTPOI U YIpPABJICHHE.
O4akBaHOTO pa3BUTHE Ha JEMHOCTTa Ha Ja-
OoparopusTa € CBbpP3aHO C Pa3BUTUETO HA TO-
MJMHHATa €(EeKTUBHOCT HAa CAMHTE CTpaHU
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KOHCTPYKIIMH, MPUIICKAIIUTE KbM TIX ChO-
PBKEHUS, ONTUMHU3MPAHETO Ha MPOU3BOJ-
CTBEHUTE MPOIIECH, MHCTAIUPAHETO Ha IeHe-
pupamm MouiHocTH, nonssamu BEU, cucre-
MM 32 ChXpAaHEHUE W Bb3MPOU3BOACTBO, Ch-
[JlJacCyBaHE IO BpEME Ha IeHepupaHara, ymo-
TpebeHara U peaau3upaHara Ha ma3apa eHep-
TUsl C IpeBapuTEeIHa MPOTHOCTUKA HA CHOT-
BETHHUTE KOJIMYECTBA M ()MHAHCOBH ITOTOIIM.
OCHOBHM HAaCOKH, OT KOUTO III€ CE€ BOJIH JCH-
HOCTTa B JlaboparopusaTa B CIIOMEHAaTHs J0
TYK aCIleKT III€ € YNPaBJICHUE U PEryIupaHe
Ha MOTOIMTE OT TOIUIMHHA W eJEKTpUYeCcKa
€HEeprusi, KaKTO ¥ Ha BOJA, OMIIMOHATHO CBbP-
3aHM C BPEMETO Ha NMpeOMBaBaHETO Ha JIMIIA B
KOHKpeTHHU nometienus. Karo nmpumep moxke
Jla ce JajaT WU3MepBaHE Ha eJeKTpUuYecKara
eHeprusi, yrnorpebeHa OT HaeMmaTelH, OTKpH-
BaHE HA HEHY)KHO M3Pa3XxO/IBaHE Ha TaKaBa,
BKJIFOYUTENTHO M HA TOIJIMHHA, YCTAHOBSIBAHE
Ha T€YOBE Ha BOjA, MPOTHOCTHKA HA HAJIMYU-
€TO Ha W3JIMIIHA EHEprusi, IreHepHpaHa oOT
MoutHocTH, noi3am BEW u npenyarane n
Ha Taszapa, ONTUMHU3UPAHE HA Pa3XOJH, CBB-
3aHM C MPOU3BOACTBEHU HYKIU U IPOLIECH.

Karo oCHOBHHM 3amMHTEpEecOBaHUW JAIlA OT
MpejlaraHuTe OT JIabopaToOpHsITa YCIYTH MO-
rar ja ce nmocovar Hanpumep Kamapa Ha uH-
KEHEPUTE B MHBECTULIMOHHOTO MPOEKTUPAHE,
Acoruanus Ha WHAYCTPUATHUS KamuTal B
bearapus, ¢upmu pasmnonoxkenu B Tpakus
HMxonomMuuecka 30Ha, OOIUHCKUTE B 00JIacT-
HUTE yMNpaBH, y4eOHU 3aBeleHUs U Ou3Hec-
LIEHTPOBE, U LIEHTPOBE OT/IaBAIlX MTOMEIICHUS
II0J] HacM.

NYBJIUKAINHU

[Io orHomeHue Ha myOIMKAIUUTE
npe3 IbPBHUS €Tall Ha MPOeKTa, OT eKura, pa-
oorenl KpM JabOpaToOpUsITa, ca peaTu3upaHu
nBa noknana. IIpe3 HacTosmus eram e npej-
BUJIEHO J1a C€ JOKJIAaJABaT HAYYHU U IPAKTU-
YEeCKO MPUIIOKHU MOCTHXKEHHSI, KOUTO /1a Ob-

JIaT MPEJICTaBEHH B MUHUMYM I10 TPH JOKJIaza
roauiHo B kBapTil Q4 — Scopus u WosS.

3AK/IIOYEHUE

Jlaboparopusata C 7.6 ,JMHTerpupanu
E€HEProCIeCTABAIlA TEXHOJOTHU™ TMpejyiara
Hay4YHU M TOPUIIOKHH H3CJEIBaHUS B TeMa-
TH4YHA obJyacT ,,MexaTpoHHKa ¥ MHKPOEJICK-
TpoHUKa™ OoT MHOBanMOHHaTa cTpaTterus 3a
HHTEeNUreHTHa crnenuamuzamusa 2021-2027 r.
Mpe3 HACTOSIIUS €Tall ce MPEeABUKIA 1a pas-
BHBa JICHHOCTH B CJICAHUTE HAMPABIICHUS:

1. Csp3naBaHe Ha MOJENM U aJITOPUTMHU
3a IPOrHOCTHKA Ha MOTpeOsBaHaTa U MPOU3-
BEXJaHATa €Heprus;

2. Cp3paBaHe Ha MOJEIM U AITOPUTMU
3a MMPOTHOCTHKA Ha MOTpeOsBaHATa U MPOU3-
BCXKAaHaTa CHCPrus, U TAXHOTO CHIJIACyBAaHC
TI0 BpeMe;

3. Pa3paboTBaHe Ha CUCTEMHU 32 MOHHUTO-
PHHT, OTIEPATUBHO YIIPaBJICHHE M KOHTPOJ Ha
IPOM3BOJICTBOTO, U MOTPEOJICHUETO HA eHep-
THS;

4. OnrtumuszupaHe NOTpeOJIEHUETO Ha
€Heprus B pa3MyHM 00JacTh Ha moTpebiie-
HUC — M[OPOMUIUICHHW, AAMHUHUCTPATUBHO-
OUTOBH, COLIMAIIHU, KYJITYPHH H TI..

5. AHanu3 Ha eHepruiiHO NMOTpedIeHUE.

6. H3CJ’ICI[B3.HC pPasnpeaCICHUCTO Ha
CJIICKTPOMAariuTHU 110JI€Ta, Cb3JaBaHU OT
TCXHUYCCKH CBOPBIKCHUA U allapaTypa.

7. JleMOHCTpalMM Ha BB3MOXHOCTH 3a
npeoOpazyBaHe Ha €HEPrusl Ha Pa3IuYHHU Bb-
300HOBSEMH W3TOYHHUIIM HA EHEPTrUsl Tpel
CTYJEHTH, KaKTO 3a IEIUTE Ha TAXHOTO 00Yy-
YeHHue, Taka M 3a MPUOOIIaBaHETO UM KbM U3-
cienoBareicKkara JEMHOCT, MpOBEXAaHa B
IlenThpa 3a KOMIIETEHTHOCT ,,JIHTEMHTreHTHH
MEXaTPOHHH, €KO- U €HEeProcIecTsBalll CHUC-
TEMH U TEXHOJIOTUH ‘.
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BbaarogapuocTu

Tosa uscnedsane e ¢hunancuparo om Egpo-
neickusi QOHO 3a pecUOHANHO pa3sumue 8
pamxume na OIl ,, Hayunu uszcnedsanus, uHo-
sayuu U OuSUMAaIU3ayus 3a UHMeIUSeHMHA
mpancpopmayus“ 2021-2027 2., Ilpoexm No
BGI6RFPR002-1.014-0005 L{enmvp 3a xom-
nemenmuocm,, "Humenucenmuu mexampon-
HU, eKO- U eHepeoCcnecmsasauju cucmemu u
mexHonocuu “

JIUTEPATYPA

[1] https://global.solaxcloud.com/green/#/overvie
w?siteld=1782682368782995458&only View=
1

[2] https://bioevibul.com/416-pyr-bta-
piranometar-senzor

[3] https://bioevibul.com/1449-labquest-3-
moshten-samostoiatelen-interfeys

[4] https://www.mepro.bg/produkti/portativni-
termovizionni-kameri/2/product-16//
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HAYYHU U3CTNEOBAHUA,
MHOBALMWA U OUTMTANTU3IALINA 3A
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MNOCTUXEHUS U YCTONYNUBOCT HA JEMHOCTUTE B
JJABOPATOPHS ,,EHEPTOCIHHECTSBAIIIY TEXHOJIOTI' A 3A
YIBJXKABAHE HA ) KU3HEHUS IUKBJ U IOBUIIIABAHE HA
EKCINIOATAIIMIOHHATA CUTYPHOCT*

ACHIEVEMENTS AND SUSTAINABILITY OF ACTIVITIES IN THE
LABORATORY “ENERGY-SAVING TECHNOLOGIES FOR LIFE CYCLE
EXTENSION AND IMPROVEMENT OF OPERATIONAL RELIABILITY*

Angel Petrov Anchev
Technical University Gabrovo
Center of competence "Smart mechatronic, eco-and energy-saving systems and technologies"

Abstract

This report presents the results achieved in the framework of Project No. BGOSM20OP001-1.002-0023 — Competence
Center "Intelligent Mechatronic, Eco- and Energy-Saving Systems and Technologies", implemented in the Laboratory
"Energy-Saving Technologies for Life Cycle Extension and Enhancement of Operational Reliability". Within the pro-
Ject, significant scientific results have been obtained, patent and utility model applications have been filed, modern re-
search infrastructure has been established, and industrial research services have been provided to partner companies.
The achievements demonstrate how the application of surface plastic deformation and advanced mechanical testing
methods on specimens can improve key surface integrity parameters, which directly determine the fatigue life and oper-

ational reliability of metallic components.

Keywords: surface plastic deformation, diamond burnishing, surface engineering, surface integrity, ISO 17025.

BBbBEJEHHUE

B cbBpemeHHaTa MHyCTpHs MTOBHILIABaHE-
TO Ha KayecTBOTO U MABJITOTpallHOCTTa Ha
KOMIIOHEHTHUTE € OCHOBEH Ipuopurer. [loctu-
raHeTo Ha TEe3W LIeJIM M3MCKBa MOJEPHO 000-
pyllBaHe 3a M3MHUTBAaHE Ha 0Opa3ly IO CTaH-
JapTU3UpaHU U HECTaHJAPTU3UPAHU METOMH,
KOETO OCHUT'ypsIBa HAJ€XKIHU U BB3IIPOU3BOIU-
MU pesyatati. B pamkure Ha mpoekt Ne
BGO05M20P001-1.002-0023 Gemre u3rpaaeHa
nmabopatopusi, 000pyaBaHa ¢ BUCOKOTEXHOJIO-

TMYHA arnaparypa, KOsTO IMO3BOJIIBA MPOBEXK-
JAHETO HA LIMPOK CIEKTHP OT M3NMUTBAHUA U
OCHUTypsIBa Bpbh3Ka MEXKIY HayYHO-IIPHUIIOKHU-
T€ U3CJEBaHUS U MHyCTpUAIHaTa IPAKTHKA.
Hayunwurte uscnensanus, NpoBeXJaHU OT €KH-
na Ha Jaboparopusara, HaMHUpaT CBOETO IO-
TBBP)KICHUE 4Ype3 pe3yJTaTuTe, MOJYYEHU C
MOMOIIITAa Ha 3aKyneHoTo obopynaBaHe. ToBa
HE caMo IOBUILABa JOCTOBEPHOCTTA HA HAyY-
HUTE W3BOAM, HO U Ch3JaBa YCJIOBMs 3a Ipe-
JIOCTaBSHE HA M3CIIEOBATEIICKH U EKCIEepH-
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MEHTAJTHH YCIIyTH Ha OM3HECa, OAIIOMAaraiiku
pa3paboTBaHETO HA TO-HAJCKTHU U KOHKY-
PEHTOCTIOCOOHU MPOAYKTH.

LlenTa Ha HacTosUIMS JOKJIAA € Jia Mpe.-
CTaBH JOCTIDKEHHSITAa Ha €KUIa Ha J1aboparo-
pus ,EHeprocrecTsBamy TEXHOJOTMH 32
VIbJDKaBaHE HA XKU3HCHUS ITUKBJI U TIOBUIIA-
BaHE Ha EKCIUIOaTallhOHHAaTa CHUTYpHOCT®,
KakKTO W Jia TIPEJICTaBU OBJCIIUTE MEPCIeK-
TUBH TIpe]l ICHHOCTTA HA JabopaTopusTa.

N30 KEHUE

1.HAYYHHU ITIOCTUKEHUA U
MNPUHOC KbM 3HAHUETO

[Ipe3 mepuoma 2018-2023 r. ekunbT Ha
naboparopusrta myonukysa Hazg 30 crarum [1-
30], Bxirouutenno 14 B cnucanus ot Q1 u 13
B Q2 B MEXIyHApOJIHU MHJIEKCUPAHU KypHa-
m B WoS u SCOPUS, kakTo ¥ eJHa MOHOT-
padus [31], KoeTo MmoKa3Ba BHUCOKO HAy4YHO
MIPU3HAHKE HA MEXIyHapoJHO HUBO. OCHOB-
HUSAT Hay4yeH (OKYC € MpujaraHeTo u yCbBbp-
IIEHCTBAHETO HAa METOJM 33 TMOBBPXHOCTHO
IIacTUYHO JedopmupaHe, KaTo HampuMmep
CTaTUYHHUS METOJl JUAMaHTHO 3aryIaKJaHe
BbpPXY KOMIIOHEHTH OT MeETajd M METaJIHU
CIUIaBM, C L€J IOBMILABAHE Ha YyMOpHAaTa
IBITOTPAaHOCT, MoAM(ULIMpaHe HAa MHUKpPO-
CTPYKTypaTa Ha MOBbPXHOCTHUTE CIIOEBE, MO-
BUIIIaBaHE Ha MUKPOTBBPJIOCTTa U U3HOCOYC-
TOMYMBOCTTA, TOJOOPsIBAHE HA KOPO3UOHHATA
YCTOWYMBOCT U MO-CTUTaHe Ha OJaronpusiTHO
pasnpeneneHue Ha OCTaThbYHUTE HANPEKEHUS
B 1bJ1004YMHA. MOAenupaHeTo U eKCrlepuMeH-
TaTHOTO MOTBBHPK/IaBaHE Ha IMOJIETO HAa OCTa-
THPYHHUTE HANpPEXKEeHUs € KIIYOB MPHUHOC,
KOWTO JONpHUHACs 3a ONTUMM3ALMUS HA TEXHO-
JIOTUYHHUTE TapaMeTpu U IMpe/icKa3BaHE Ha
MOBEJIEHUETO HAa KOMIIOHEHTUTE MpU JAUHA-
MHYHM HatoBapBaHus. [loganena e 3asBka 3a
naTeHT [32], KoNTO MaTepuanu3upa HayqYHHUTe
pE3yNITaTu B MHKEHEPHH PEILICHUSI.

2. OBOPYJIBAHE U Bb3MOXHOCTH
HA JTABOPATOPUSATA

JlaGoparopusra pasmoyiara ¢ MalldHa 3a
CTaTHYHU W  JUHAMUYHH  W3IHUTBAHUS
Zwick/Roell Vibrophore 100 (¢wur.1). Upes
Hesl ce M3CJIe[[Ba HE CaMO TOBEICHUETO TpPH
CTaTMYHU HAaTOBapBaHWs (OIbH, OI'bBAaHE) Ha
CTaH/IAPTHU M HECTaHJAPTHU 0O0pa3lH, HO H
YMOPHOTO TOBEJEHUE HAa 00pa3ly MpH JUHAa-
MUYHO HATOBAapBaHE C YECTOTAa B JUANa3oHa
ot 30 Hz no 300 Hz.

Que. 1. Obw uzened Ha KOMOUHUPAHA MAWUHA 30
cmamuihu u OuHamudnu usnumearnus Zwick/Roell
Vibrophore 100

CodtyepbT Ha KOMOMHHpaHATa MallWHA
npejyiara mMUpoK u300p OT MPOrpaMu 3a cTa-
TUYHH W3MHUTBAHUSA — OT CTAaHIAPTHU H3MUT-
BaHMS Ha OITbH M OT'bBAaHE HA METAIHHU 00pa3-
1 70 OmpefelisiHe Ha SIKOCT Ha MOJIUMEPHH
Marepuajin U MaT€puain, U3IOJI3BaHU B JICH-
TaJHaTa MEIUIIMHA, KOETO pa3IIupsBa 00XBa-
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Ta Ha MPUIIOKUMOCT Ha JJAOOPaTOPHOTO 000-
pyliBaHe.

[TomyaBTOMAaTHYHUAT  MHKPOTBBPAOMED
Zwick/Indentec ZHVp-S pabotu ¢ peannu
Texectd B quana3zona ot 10 g mo 2 kg, pas-
MpeJesieHH B OCEM IMOIMHTEPBaa, KOSTO OCH-
TypsiBa BUCOKA TOYHOCT U BB3IPOU3BOIUMOCT
Ha pesyinTaTute. MeToabT Ha HM3MEpBaHE ¢
Vickers U € B CbOTBETCTBUE C M3WCKBAHUSATA
Ha MexayHaponaHus crangapt ISO 6507-1.
YpensT € moaxosml 3a U3MEpBaHe Ha TBBP-
JIOCT BBPXY MNPU3MATHYHH W IWJIMHAPUYHU
obpasiu. Brpagenara CCD kamepa mpenaBa
M300paXeHUETO Ha codTyepHATa CHUCTEMA,
KOSITO aBTOMATHYHO OIPENIeis JUaroHaIuTe
Ha OTIeYaThKa M U3YKCISBA CTOMHOCTHTE Ha
MUKPOTBBPIOCTTA.

CodTyepbT 1M03BOJIsIBA ITUPPOBO ChXpaHe-
HUE€ U CTaTUCTHUYEeCKa 00paboTKa Ha pe3ynTa-
TUTE, KOETO € OCOOCHO Ba)KHO TIPU HM3CIIC/IBA-
He Ha e(eKkTa OT MOBBPXHOCTHO ILIACTHYHO
nedopMupaHe u TEPMUYHH 00paOOTKU BBPXY
CBOWCTBaTa Ha Marepuayia. ToBa NpaBH MH-
KpOTBBPJOMEpa MOJIe3€H HHCTPYMEHT 32

OlICHKa Ha TIPOMEHUTE B TOBBPXHOCTHHS
CJION W BpB3KaTa UM C mapamerpute Ha Surfa-
ce integrity.

3. IPUJIO’KHU PE3YJITATH K
B3AMMOJAEUCTBUE C
NHAYCTPUSATA

ExurrbT ©Ha maboparopusta TOIIBPKA
MapTHROPCTBA ¢ (UPMU OT HHIYCTPHATA,
MPEAOCTABSINKHN W3CIIEIOBATEIICKA YCIyTH 3a
OIICHKAa Ha MEXaHWYHUTE XapaKTCPUCTUKH Ha
Marepuaid. YUYacTHETO B MEXKIYyHApOIHO
CPaBHUTEIHO W3IUTBAHE JI0Ka3a HaICKI-
HOCTTa Ha Pe3yJITaTUTE U TMOBUIIHN JOBEPHETO
Ha MHAYCTpUATHHUTE MapTHbOpU. To Oe yacT
OT TIpoIleca Mo MOJIy4aBaHe Ha cepTudukar
3a akpenurtanus cbriacHo ISO 17025, uzna-
neH ot beirapckara ciry»0a o akpeauTanus.
Tabmuma 1 mpexcraBs 00XBaThT OT aKPEAUTH-
paHu JACMHOCTH CBIJIACHO 3aIMlOBE/TA 3a aKpe-

JUTALSL.

Due. 2. Obw uzened Ha NOIYABMOMAMULHUAM MUKPOMBbPOOMED
Zwick/Indentec ZHV 1-S
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Taonuya 1. Obxeam na akpeoumupanama 1a6opamopust Cb2iACHO 3an08edma 3a akpeoumayus [33]

Ne 110 7 R Y —— O0xBar Ha u3nuTBane-| Meroxau 3a u3nuTBane (ctaH- | V3mona3BaHM TeXHHUA
e POAVTH x:: ACTeDHCTHKA TO, CHIVIACHO M3UCKBA- | JAPTU3MPAHH/ BAJIMUPAHH ) 9ECKH CPEJICTBA
pen POy pakrep HHUSATA HA METOIA

1 2 3 4 5 6
Meramu u Me- | gyocr Ha omrbH; 1+5000 MPa BJIC EN ISO 6892-1 Vibrophore 100
TAJlHU CIUIABH

I'panuIia Ha IpoOBIaYBaHE; 1+4000 MPa BJIC EN ISO 6892-1 Vibrophore 100
g;:‘;‘;gﬁ;ﬁf’“e“m 0+100 % BJIC EN ISO 6892-1 Vibrophore 100
S;‘;"yi‘;g::: CBHUBAHC TIpH 0+380% BJIC EN ISO 6892-1 Vibrophore 100
‘breJi Ha orbBaHe 0+100° BJC ENISO 7438 Vibrophore 100
E,Ifg‘lgia“e Ha TEBPAOCT 110 0,012 Kgf BJIC EN ISO 6507-1 ZHVp-S

2 [3aBapeHH Che-

’;‘;;‘Z;Sz ;’;Te_ f;:;zal;i, f’ﬂ‘:ﬁ: I;:;ﬂm’”‘“" 15000 MPa BJIC ENISO 5178 Vibrophore 100
puamm
I'panuna Ha npoByauBaHe -
Ha/ITHKHO Ha 3aBapbyuHUS 14000 MPa BJIC ENISO 5178 Vibrophore 100
nreg
OTHOCHTENHO YBIDKECHHE -
HaJUIBXKHO Ha 3aBAPBHUHUS 0+100 % BJIC ENISO 5178 Vibrophore 100
e
OTHOCHTEIHO CBHBAHE -
HaJUTBXKHO Ha 3aBAPBHUHUS 0+380% BJIC ENISO 5178 Vibrophore 100
med
‘bruia Ha orpBaHe 0-+100° BJIC ENISO 5173 Vibrophore 100
ﬁ;“;ga‘; f’{gig L’H:;“pe‘““’ 15000 MPa BJIC EN ISO 4136 Vibrophore 100
HMoaﬁz‘g:Z;‘;i‘P;a;:g"pe"' 100100000 N BJIC EN ISO 4136 Vibrophore 100

B mepuona Ha mpoekTta Osixa HM3MIBIHEHU
10 noroBopa 3a mpeaocTaBsiHE Ha U3CIEA0Ba-
TEJICKH YCIYTH ¢ (UPMHU OT Pa3IUYHU CEKTO-
pu Ha OBATapcKaTa WHAYCTPUS — MAaIIHUHO-
CTpPOEHE, PEUMKINpAIla WHIYCTpHUs, EHEepre-
THKa U MPOU3BOACTBO HA METAIHU HU3EINIHUS,
KOETO JI0Ka3Ba MPHJIOKUMOCTTAa Ha pe3yJiTa-
TUTE B HIMPOK CIEKTHP OT PEAJIHU MPOU3BO/I-
CTBEHH MPOIIECH.

3AKJIFOYEHUE

[locTturnature pe3yaTaTv, BalUIUpaHU
ype3 MyOJWKYBaHETO WM B WHICKCHPAHU
MEXIYyHAPOJAHH KYypPHAJIM B CBETOBHO M3BECT-
Hu 0a3u ganau, kato WoS u SCOPUS, kakto
Y HaTypHH U3MUTBAHUS pPEATU3UPAHU BBPXY

3aKyNeHOTO 00Oopy/JBaHe, MOKa3BaT, ue j1abo-
paropusTa € KJItouoB (akTop 3a TpaHchep Ha
S3HAaHUA ©W TCXHOJOIMM KbM MHHAYCTpUATA.
bnaronapenue Ha JeMHOCTUTE MO MPUKITIOYH-
JWSI ITBPBH €Tall Ha MIPOEKTa, EKUIIBT Ha JIabo-
paropusATa € MOBMIIWI 3HAYUTETHO KOMIIe-
TCHIMUTE CH.

Upe3 momepHOTO 00OpY/IBaHE EKUIIBT Ha
naboparopusiTa Ile MPOABIKU Ja M3BHPILBA
HaJIeK/THA OlleHKa Ha edekra oT MpHIIoXKe-
Hueto Ha Surface Engineering BbpXy mnapa-
Metrpute Ha Surface Integrity Ha KOMIIOHEHTH
OT METajll ¥ METAJIHU CIUIaBU. ToBa mie Io-
3BOJIM HAyYHHUTE pPE3yATaTH Ja Obaar TpaH-
chopMHUpaHU B NPUIIOKUMHU PELICHHSI, KOUTO
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111e MoJroMarar KOHKypeHTOCIIOCOOHOCTTa Ha
Ou3Heca U IIe TapaHTUpPaT yCTOMYMBO pa3BU-
THE Ha JeHOCTUTE Ha JabopaTopusiTa B AbJ-
TOCPOYEH ILIaH.

BbaarogapHocTu

Tosa uzcnedsane e unancupano om Eepo-
netickus (oHO 3a pecuoHAIHO pazsumue 8
pamkume na OI1 ,, Hayunu usciedsanus,, uHo-
sayuu U OuUMAaIU3aAyus 3a UHMeIUSeHMHA
mpancghopmayus* 2021-2027 ., Ilpoexm No
BGI16RFPR002-1.014-0005 Llenmvp 3a Kom-
nemenmuocm,, "HumenuceHmuu mexampon-
HU, KO- U eHepeoCnecmsasawju cucmemu u
mexHoao2uu
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EJEKTPUHYECKU ABTOMOBHJIM ITPU PA3JIMYHO HUBO HA PA3PA L
HA BATEPUSATA

RESEARCH OF A WIRELES POWER TRANSFER SYSTEM FOR
CHARGING ELECTRIC VEHICLES AT DIFFERENT BATTERY
DISCHARGE LEVELS

Nikolay Madzharov

Technical University of Gabrovo, BG

Desislav Iliev
Technical University of Gabrovo, BG

Center of competence "Smart mechatronic, eco-and energy-saving systems and technologies"

Abstract

This paper presents a laboratory model of a contactless charging system for electric vehicles. Since the study of all
processes - mechanical, electrical and electromagnetic - in such systems is very complex, a model of such a system was
developed on a scale of 1:4. An additional resonant circuit was introduced, with the help of which it became possible to
transfer energy with an efficiency greater than 80% at a distance greater than D/4 (D - diameter of the transmission
coil of the system). A series of experiments were conducted at distances greater than D/4 at different load resistances
and the efficiency of the developed model remained greater than 80%.

Keywords: Wireless Power Transfer System, Resonant Circuit, Load Impedance.

BBBEJIEHUE

IIpe3 mocnenHOTO NECETHIIETHE ENEKTPH-
YeCKUTE aBTOMOOWIIM 3aeMaT BCE IMO-ToysiMa
MPOLIEHT Ha MpoJaxOu B CBETOBEH Maiad.
ToBa ce nbmku HA MHOTO (haKTOPH, KaTO OC-
HOBHHUS OT TSX € J]a C€ HaMaJli OTAENSIHEeTO Ha
Bp€aHU CMUCUU OT aBTOMOOMIIHUS TpaH-
CIOPT, KOUTO CHCTABSIT HE MajKka 4YacT OT
BCUYKHM BPEAHM BCHICCTBA, OTACIAHU B arT-
Mocdepara OT pPa3IUYHU YOBEUIKU JEHHOCTH
[1-3]. KakTo BCSIKO €IHO TEXHUYECKO Cpel-
CTBO, €JIEKTPUYECKUTE aBTOMOOUIIM MMAT OII-
peneneHu MpeAuMCTBAa Tpel KIACUYECKUTE
ABTOMOOWIIM C JABUTATEN C BHTPEIIHO TOpeHe-
Jiurica Ha BpEAHU €MHCHU, H0-663HIYMHI/I ca B
CpaBHEHHE C KJIACHYECKHTE aBTOMOOWIH U
MHOTO JIPYTH, HO CBIIIO Taka UMAT U OMpeJie-

JICHM HCAOCTAaTblM, KOUTO BBIIPCIATCTBAT
TAXHOTO H0—6’bp30 HaJlaraH¢ Ha I1a3apa. Oc-
HOBHHTEC OT TAX Ca:

- MaJIBK TPOOET C €HO 3apeXkaaHe Ha
aKyMmyJiaTopHata O6arepus;

- TPOABIDKUTEITHOTO BpEeME Ha 3apsi
Ha OaTepusiTa;

- HaJIMYMETO Ha TaJIBAHMYHA BPbH3Ka
MpU CHIIECTBYBAIUTE Ha Ta3apa 3apsIHU
CTaHIIMM B MOMEHTa Ha 3apeXJaHe Ha eJeK-
TpoMoOUJIa, KOETO € MpEeArocTaBka 3a pas-
JMYHU TOBpear (M3HOCBAaHE HA MEXaHUYHHTE
KOHTaKTH, NMPOOWBU B M30JIALUATA W JP.) U
Hal-Ba)XHOTO - BB3MOXKHOCT OT MOPAKEHUS
OT €JIEKTPUYECKU TOK TpH paboTa Ha YOBEK C
TE€3U CUCTEMH.
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[TpoGera Ha eneKTpUYECKUTE aBTOMO-
OUIIM MOXE Ja Ce YBEJIHMYH C yBEIMYaBaHE HA
Kalanurera Ha aKyMyJaTOpHUTE OaTepuu
WIA C yBEJIMYaBaHE Ha EHEepruiHaTa IUTHT-
HOCT Ha aKyMyJIaTOpUTE. YBEIMYaBaHETO Ha
Karaiurera OT CBOS CTpaHa BOJH JO YBEIU-
YyaBaHe HAa MacaTa Ha aBTOMOOMJIA WIM Taka
Hape4YeHOTO MBPTBO TErJ0, KOETO BOIH JI0
yBEJIMYAaBaHE Ha pa3xoja Ha eJEeKTpUYecKa
SHeprus 3a U3MUHATU KUIOMETPH.

HamansBaHe Ha BpemeTo Ha 3apsj Ha
aBTOMOOMIJIa MOXKE Jla C€ OCBILECTBU IOCPEI-
CTBOM OBp3U 3apsIHU CTAaHIUH, KOETO OT
CBOSI CTpaHa BOJAM O JPYTH JBa Ipodiema:
JOI'BJIHUTETHO U MHOT'O 4YECTO MUKOBO HATO-
BapBaHE Ha CEIEKTPOIPEHOCHATa Mpexa MU
ChKpalllaBaHE Ha HMBOTA HA aKyMyJIaTOpHaTa
Oarepus.

EnHo oT pemeHusta Ha TOpHUTE
poOJIeMH MOJKE J1a CTaHE C BBBEXKJAHETO Ha
OE3KOHTAaKTHHU CHCTEMHU 32 3aps]] Ha eJIEeKTpH-
9YeCKH aBTOMOOWJIM, KOUTO MO3BOJISBAT J1a Ce
perat Te3u npoOaeMu o CICAHUTE HAUYNHHU:

- 4pe3 J03apeKJaHe Ha eIeKTPOMOOH-
Jla IO BpeMe Ha JIBUKEHHME WM KpaTbK Ipec-
TOH (Ha cBeTodap WiK NpU BPEMEHHO Ipedu-
BaBaHE Ha MapKHUHI) MOXeE Jla CE€ OCBIIECTBS-
Ba YaCTHYHO 3apekIaHe Ha Oarepusra, Karo
110 TO3W HAYMH C€ ChKpalllaBa BPEMETO 3 ITb-
JIeH 3apsi/l Cliel] KaTo MPHUKIIOYBAaHE Ha ITBTY-
BaHETO C Hero;

- B CIEJICTBHE Ha [J03apeXJaHe Ha
eJIEKTPUUYECKUST aBTOMOOMJI MO BpeMe Ha
JBYDKEHUE WM KPATKHUTE TPECTOM IO BpEMe
Ha IbTYBaHETO, aKyMyJlaTOpHaTa Oarepus Iie
€ C I0-MaJIKO HUBO Ha pa3psil U MO-pSAAKO II1e
ce Hamara Obp3 3apsd] Ha aKyMyJlaToOpHaTa
Oarepus;

- 4Ype3 U3IMO0JI3BaHeTO Ha OE3KOHTAKTHA
cucTeMa 3a 3apekIaHe Ha eJIEeKTPOMOOWIH
JTMPEKTHO Cce M30srBa rajJiBaHUYHATa BPB3Ka
MEXIy 3apsiiHaTa CTaHIUS U IPEBO3HOTO
CPE/CTBO U C€ eIMMHHUPAT CBBbP3aHHUTE C TO-
Ba Mpo0JIeMH, U3JI0KEHH M10-TOpe.

PA3PABOTBAHE HAJIABOPATOPEH
MAKET

ChIecTBYBaT TPH OCHOBHH IpEIM3BHKA-
TEJICTBA MIPHU Pa3pabOTBAHETO HA CHUCTEMa 32
OC3KOHTAKTHO 3apeKJIaHe Ha EJICKTPUYCCKH
MPEBO3HU CPEACTBA, KAKTO € IOCOYEHO IIO0-
J0JTy:

- IMaMeThPHT Ha MpHEMaHaTa HAMOTKa
TpsiOBa Ja TO3BOJIABA MOHTaX BBHB BCHUKH
BHUJIOBE EJICKTPUYECKU TMPEBO3HU CPEICTBA -
OT MAJIKU T'PAJCKA aBTOMOOWIIM JI0 aBTOOYCH
Y TIPEBO3HH CPEJICTBA C BUCOKA MPOXOIUMOCT.

- IIBTHHUAT MPOCBET HA MPEBO3HOTO CPEJIC-
TBO (KJIUpEHCA), T.€. Pa3CTOSHUETO MEXKIY
IIbTHATA HACTHIJIKA M HalW-HUCKaTa TOYKa Ha
IPEBO3HOTO CPEJCTBO, Bapupa B 3aBUCHMOCT
OT MapKara M MOJeJlia, KAKTO M OT HaTOBapBa-
HETO M TEXHUYECKOTO CHCTOSHHUE Ha MPEBO3-
HOTO CPE/ICTBO.

- TOYHOTO TO3UIIMOHUPAHE HA TIPEBO3HOTO
CPEJCTBO IO BPeMe Ha JABM)KCHHE (WM B I10O-
KOW) HEe MOXe Jia Ob/Ie TapaHTUPaAHO U TIpeaa-
BaTejHaTa M NpueManiata 000MHU OOMKHOBE-
HO HE MOTar Ja ObJaT pa3mojOKEHH TOYHO
€/IHa HaJ Jpyra, KOETO BOAM JIO MOCTOSIHHO
XOPU30HTATHO HM3MecTBaHe. ToBa IOMBIHU-
TETHO HamalsBa Koe(UIIMeHTa Ha MarHUTHa
BpB3Ka MEXIy NpeIaBaTeIHaTa U MpUeMHaTa
HAMOTKa TO3W HAuWH €PEeKTUBHOCTTA Ha IIs-
JaTa CUCTEMA.

3a 1a ce u3cneqBa BB3JCHCTBUETO Ha To-
pecrioMeHaTuTe mpobiemu, Oemie pazpaboTeH
naboparopeH mojen B Mamad 1:4 Ha Ge3KOH-
TaKTHa CHCTEMa 3a 3apeX/JaHe Ha eJEeKTpH-
YeCcKH NMPEBO3HU cpeJicTBa. B3eTu ca npenBuj
U3JI0KEHUTE M0-0Ty ChbOOpakeHUS:

[IpenaBamaTa HaMOTKa Ha TakaBa CHCTEMa
He € 00eKT Ha HUKAKBH OTPaHMYCHUS IO OT-
HOIIICHWE Ha pa3Mepa, Thil KaTo € BrpajicHa B
IbTHATA HAaCcTUIIKA. Pa3MephT Ha pueManiara
HaMOTKa o0ade € OrpaHudeH OT pa3MepHUTe Ha
MIPEBO3HOTO CPEJICTBO, B KOETO € MHCTaIupa-
Ha. Criopes poyYBaHETO, ONTHMATHHST JIU-
aMeThp Ha MpueMaliaTa HaMOTKa € oIpeje-
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jeH Ha 600 MM, KOETO MO3BOJISIBA UHCTAIIMPa-
HETO M BBB BCSIKO EJICKTPUYECKO IMPEBO3HO
cpenctBo (mpobiem Nel).

Pa3crosiHueTo Mexay mnpeaaBaTenHaTa H
MpHeMHAaTa HaAMOTKa € MO-TOJSIMO OT IbTHHUS
MPOCBET Ha MPEBO3HOTO CPEACTBO, ThU KAaTO
mpejaBaniaTa HaMoTKa TpsiOBa na Obae mo-
KpUTa C JTOMBIHUTENICH 3allUTCH CJIOW MbTHA
HACTHJIKa. AKO pa3CTOSIHHETO MEXIy Ipena-
BalaTa W mpuemamara 00OMHM HaJBUIIIABA
1/4 or nuamerspa (D) Ha mpenaBamata Ha-
MOTKa, e(eKTHBHOCTTA HAa OCE3KOHTaKTHATA
CHUCTeMa 3a MPEHOC Ha eHeprus (3apexaaHe
Ha EJIIEKTPOMOOWIIM) HamajsiBa 3HAYUTEITHO
moa 80% - MuHMManHAaTa e(PEKTUBHOCT 3a
takuBa cucrtemu [4-8]. [Ipu aguameTsp Ha Ha-
MoTkara 600 mm, pascrosHuero D/4 e 150
mm, KOETO € KOJKOTO I'bTHHS TPOCBET Ha
MOYTH BCHYKH PA3MPOCTPAHEHH eJIEeKTpuye-
CKU IpeBO3HM cpezcTBa. Kato ce B3eme npen-
BU/J Je0eNMHaTa Ha 3alUTHUS CJION HaJ mpe-
JlaBalllaTa HaMOTKa, TOBa pa3CTOSTHUE CE yBe-
mudasa 710 200 mm. (mpobiiem Ne 2)

Bb3MOXkHO penieHre Ha TO3M IpodiieM e
BBBEXKJIAHETO Ha JOMBJIHUTEICH PE30HAHCEH
KpBI' (TIOCTICIOBATEIIHO CBBP3aHH HAMOTKA W
KOHJICH3aTOp) TOJ TMpHeMallaTta HaMOTKa,
MHCTaJlMpaHa B MPEBO3HOTO cpeacTBo. Upes
perynupaHe Ha BEPTHKATHOTO IMOJIOKEHHE Ha
Ta3| pe30HaHCHA Bepura MoXe /1a ce KOMIIEH-
CUpa BIMSHHETO Ha Pa3NUYHHUTE MBTHU MPO-
CBETH Ha PA3IMYHUTE CICKTPUICCKH MPEBO3-
HU cpefcTBa. BiusHUETO HAa XOPU30HTAITHOTO
M3MECTBAaHE Ha IpejaBalliaTa W MpueMaliara
000MHU eJlHa CIIPSIMO JIpyTa ChILO MOXKE /1a ce
KOMIIEHCHpa A0 ToisiMa cTeneH (mpoliem
Ne3) [4-5].

3a u3cneqBaHeTo € pa3paboTeH MPOTOTHUIT
Ha OE3KOHTaKTHa CHUCTEMa 3a 3apeXk/JaHe Ha
EIeKTPUYECKU TPEBO3HH CPEACTBa, KaTo ca
B3€TH [0/ BHHMaHue crneuuduuHute pusu-
YeCKU M ENEeKTPUYECKH MapaMeTpu Ha eJeK-
TPUYECKUTE ABTOMOOWIM U OE3KOHTAaKTHATa
CUCTEMa 3a 3apexk/IaHe Ha eNIEKTPOMOOUITH.

2.1 @®HU3HYECKH IIAPAMETPH HA
PA3PABOTBAHHA MAKET

[Ipn pazpaboTBaHETO Ha MakeTa € B3eT
MpeABU] AUaMEThbpbT HA MpPUEMHATa U IIpe-
JaBaTeliHaTa HAaMOTKa Ha 3aps/HaTa CTaHIIUA
(600 MM, kakTO € AeduHHpaHO mo-TOpe). B
mamab 1:4, mpuemamara HamoTka (RX) nHa
Makera € ¢ auamersp 150 mMm. T4 e Hanpase-
Ha oT 20 HAaBUBKM OT MHOTOXKHUYEH IMPOBOJI-
HUK (120 Humku ¢ guamersp 0,22 mm), Ha-
MPEYHOTO CEYEHUE HA MPOBOJHUKA € 4 MM?,
HayaJoTO Ha HaBUBKaTa € Ha 30 MM OT LIeH-
Thpa Ha HaMOTKaTa, a KpadT € Ha 75 MM OT
LIEHThpa Ha HaMoOTKata. MHIyKTUBHOCTTA €
38,3 uH. B 3aBucumoct OT Kamauurera Ha
KOHJIGH3aTOpUTE, KOUTO C€ H3IOJI3BAT, pa-
0OTHaTa YyecToTa MOXe Ja Bapupa oT 25 10 30
kHz (®wur. 1.).

@uz. 1. Bvruwen euo na bobunume.

[IpenaBarennara namotka (TX) u gombi-
HutenHus pesonanceH kpwr (RC) Ha mozemna
ca IPOMU3BECHH I10 ChIIMS HAYUH.

3a 1a ce cuMyaupaT pa3IuyHUTE MO3ULIUHU
Ha EJIEKTPUUYECKOTO IPEBO3HO CPEICTBO IIO
BpeMe Ha Ipolleca Ha 3apekJaHe, T'eoMeT-
PUYHOTO PpA3MOJIOKEHHE Ha Tpure OOOMHHU
(RX, TX u RC)- moxe na ce mpomeHsT (dur. 2).
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Due. 2. Bvzmooicnocm 3a eeomempuito
pasmecmeare Ha HAMOMKUMe HA MaKema
8 NPOCMPAHCMBEOMO

Besika HaMOTKa MOXE J1a ce IIPEMeECTBa B
TPH PA3IUYHU TOCOKU — BEPTUKAIHO (OC Z) U
nBe xopu3oHTaIHO (oc X, Y). Beska HamoTka
MOXe€ J]a ¢c€ BbPTH IIOOTAENHO 110 octa Z. To-
Ba OCHI'ypsiBa YETHPH CTENEHU Ha cBOOOa 3a
BCSIKa HAMOTKA.

2.2 EJIEKTPUYECKH ITAPAMETPHU HA
PA3PABOTEHUA MAKET

OmnpenenstHETO Ha €JIEKTPUYECKUTE Mapa-
METpHU Ha OE3KOHTAKTEH MpenaBaTelsl Ha eHep-
THsl C YBEJIMYEHO PA3CTOSHHE MEXIy Npena-
BaTeJHaTa M Impuemaiata 600MHU € CII0XKHA
3ajaya, Thii KaTo KOe(UIIMEHTHT HA MarHUT-
HO Bpb3ka (k) e MHOoro mambk. [lopanu Tasu
IIPUYMHA HE MOTaT Jia ce npuiarar T-o0pa3Hu
€KBUBAJICHTHH 3aMECTBAIIN CXEMH.

B T03u cinydau e nenecro0pa3Ho Ja ce u3-
MOJNI3BaT KBAJPAaTHU MAaTPUIM ChC Z-Tapa-
METpH, Karo Oposi Ha penoBeTe (CbOTBETHO
CTHJIOOBE) € paBeH Ha Opost Ha 00OMHHTE Ha
cucremMara 3a 0€3KOHTaKTeH IPEeHOC Ha eHep-
THSL.

3a M34HNClsABaHEe HA WHIYKTUBHOCTUTE HA
000uMHHUTE Ha pa3pabOTBaHMSI TPOTOTHUI Ce
W3MON3Ba ClIeHATa KBaJpaTHA MaTpHIla
(dopmyma 1) [8].

L, L, L,

[L] =L, L, Ly (1)
L, Ly, Ly

KBbACTO:

L - MHIYKTUBHOCT Ha CHCTEMATAa,

L, - MHIyKTUBHOCT Ha IpejaBallara HaMoT-
Ka;

L,,- "HIYKTUBHOCT Ha PE30HAHCHUSA KPbT;

L, - MHAYKTHBHOCT Ha ITpHeMaIlaTa

HAMOTKa;
L,= L, - B3a¥MMHa WHIAYKTUBHOCT MEXIy

IIpeJaBallaTa HAMOTKA U PE30HAHCHUS KPbT;
L= L, - B3aMMHa WMHIYKTHUBHOCT MEXIY

npesaBallaTa ¥ npueMaiara 600uHu;
L,,= L.,,- B3a¥MMHa WHAYKTUBHOCT MEXIy

PE30HAHCHUA KPBI' M IpUEMallaTa HaMOTKa.

[Ipu wm3umcnsBaHe Ha e()EKTUBHOCTTA Ha
cucteMa ¢ BbBeieH N-Opoii pe30HaHCHU KPb-
TOBE C€ M3MOJI3Ba METOJ Ha U3YHCIICHUE, TIPU
KOWTO PE30HAHCHUTE KPBIOBE CE Pa3riIeKaaT
karo ¢unTtpu. Bp3 ocHOBa Ha Ta3u Teopus
e(eKTUBHOCTTA HAa CHUCTEMaTa MOXE J1a ce
W3YUCIH C TOMOITa Ha MpejAcTaBeHaTta Io-
nony ¢hopmyna (Dopmyna 2) [8]:

[ T
n=l1-—1|]1-
max R R

load source

2

KbJACTO:
1) nax -~ MAaKCHMaJIHATa e(l)eKTI/IBHOCT Ha CHUCTC-

Mara;
¥, - CBIPOTHBIICHUE Ha ITIOCICIHHS PE3OHAH-

CEH KPBI;
R, ., d - cpIIpOTHBIIEHHE HA TOBAPA;

;- CBIIPOTHUBJIEHHE HA 1-THi PE30HAHCEH
KpPBT;

R - ChIIPOTHUBJICHUC HA U3TOYHHUKA.

source
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2.3 OCHOBHH YACTH HA MAKETA

PazpabGorenusar mnabopaTopeH Mojuen ce
CbCTOM OT TpHu 4yactu (Pur. 3).

Due. 3. BvHuwen U0 Ha 1a60paAmMOPHUsL MAKem.!
A- nvpea uacm(npedasamenna), B- emopa wacm
(npuemna) u C- mpema uacm (pe30HAHCEH KPbe).

IIbpBaTa wYacT cChIbpKA 3aXpaHBaLUSL
OJI0K, BOJITMETHP, aMIIEPMETHP, YECTOTEH Te-
HEepaTop, YeCTOTOMEP U YCUJIBATEIEH OJIOK

Bropara yact chabpxa cuctemara, KOSITO
II03BOJISIBA T€OMETPUYHO pa3MECTBaHE Ha 0O-
OMHUTE B XOPU30HTAJIHA U BEPTHKAJIHA [1OCO-
Ka, KakTo M BbpTeHEe Io ocra Y. Ta3zm yact
BKJIIOYBA U TOKou3npasuren ¢ lloTku nquonwy,
KOMOMHMpaH 1U(PPOB BOITMETHP U aMIiepMe-
THP 3a U3MEPBAHE HAa M3XOAHOTO H3IPABEHO
HalpeKeHUe U TOK, KaKTO U TOBAapHUTE pe-
3ucTopu. UYpe3 mpoMsiHa Ha TIXHOTO CBIPO-
THUBJIEHUE MOJKE Jla Ce MMPOMEHsI HaTOBapBaHe-
TO Ha OE3KOHTAKTHMS IpeJaBaTel uia ce CH-
MyJIMpa CTENIEHTA Ha pa3psi Ha OaTepusTa.

Tperata 4acTt ce CbCTOM OT PE3OHAHCEH
kpbr' (RC), cpabpxall HaMOTKa, aHAJIOTUYHA
Ha IpeJaBaTeHaTa U mpuemaiata 600MHU U
napajeaHo CBbp3aH KbM Hes KOHAEH3aTop.
Ts e paznonoxeHa BbB Bb3AyILIHATA MEXINHA
MEXJy IpegaBaTeaHaTa W Ipuemaimara 0o-
OMHU M 3a LeNUTe Ha OE3KOHTAKTHHS MPEHOC
Ha eHeprusi TpsOBa Ja € 3HAUUTENHO IIO-
061130 0 mpueMalaTa HaMoTKa (3a J1a MoxXe
Ia ObAe paslojioKeHa B EJIEKTPUUYECKOTO

MIPEeBO3HO CpeAcTBO). B choTBeTcTBHE C Je-
¢uHMpanara paboTHa yecToTa B Touka 2.1 e
HU3YUCIIEH PE30HAHCHUAT KOHJeH3aTop OT 970
nF, cCBbp3aH napajieIHO KbM Hesl.

EKCIIEPUMEHTHA, HAITPABEHMU C
MAKETA

Pa3crosinusTa Mexy mpeaaBarenHaTa Ha-
Motka (TX), pesonancHata HamoTka (RC) u
npuemMamniata Hamotka (RX) ca mopmanusu-
paHu U U3pa3eHH B HpoleHTH. Excriepumen-
TUTE Ca MPOBEICHU HA TPU PA3CTOSHUS MEXK-
Ny TpefaBaTeHaTa W IpuemManiara 00O0UHHU:
100 mm, 120 mm u 140 mm. [Ipu uzbpanus
mama6 1:4 ma mozena, 100 mm chOTBETCTBA
Ha paszcrosiHue oT 350 mm OT eneKTpUUEcKo-
TO TPEBO3HO cpenctBo, a 140 mm - Ha pas-
crostare oT 500 mm. Tabnuma 1 mokas3Ba HOp-
Manu3upanoto paszcrosaue (TX - RX) mexay
npeaasatenHara (TX) u npuemaniata 600uHMA
(RX), mpuero 3a 100%, u HOpMaIH3UPAHOTO
pascrosinue (RX - RC) mexny pe3oHancHara
Bepura (RC) u mpuemamara Hamotka (RX),
Bapupamo ot 25% no 75%. Unesta Ha nu-
3aifHa € pe30HaHCHaTa HaMOTKa Jla ce MocTa-
BH 3a€J{HO C TprUeMaliara HaMoTKa B MPEBO3-
HOTO cpencTso (Tabmuna 1).

Tabnuya 1: Hopmanusupanu u oeticmeumentu
TX-RX u RX-RC paszcmosanusa 6 npomomuna

TX-RX RX-RC

100% 35% 40% 45% 50% 55% 60% 65%
100mm | 35mm [ 40mm [ 45mm | 50mm | 55mm | 60mm | 65mm
120mm | 42mm [ 48mm [ 54mm | 60mm | 66mm | 72mm | 78 mm
140mm | 49mm [ 56mm [ 63mm | 70mm | 77mm 84m 91 mm

CerinacHo mocouenute B Tabnuma 1 pas-
CTOSIHUSI Ca TIPOBEJICHH UYETHUPHU CEPUH OT €KC-
MEPUMEHTU TpPU YETHUPU Pa3IUYHU TOBAPHU
CBIIPOTUBIICHUS- 2, 3,4 1 5 oMma.

PaznuunuTe CHOPOTHUBIIEHUS HAa HATOBAp-
BaHE CHOTBETCTBAT HA PA3JIMYHM CTEIIEHU HA
paspexaHe Ha OarepusiTa Ha €IeKTPHIECKO-
TO MPEeBO3HO cpeacTBo. Huckure croiHOCTH
Ha uMIenaHnca (Hamp. 2 omMa) MOKa3BaT IbI-
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00KO pa3peneHa OaTepus, JIOKATO BUCOKHTE
CTOMHOCTH Ha MUMIIe/laHca (Hamp. 5 oma) 1mo-
Ka3BaT HAIBJIHO 3apejeHa Oarepus. Pe3ynra-
TUTE OT TE3U EKCIIEPUMEHTH ca 0000IIeHN Ha
MPEJICTABEHUTE TMO-A0]Y YEeTHPU (GUTYPH
(®ur. 4 - 7).

AHAJIN3 HA PE3YJITATUTE

@urypu ot 4 10 7 moka3Bar pe3yiTaTUTE
OT M3CJIEJIBAHETO HAa €(PEeKTUBHOCTTA HA MaKe-
Ta 32 YETUPUTE CHIIPOTUBIICHMS, U3I0JI3BaHU
kaTo ToBap— 2, 3, 4 u 5 oma. U3smepBanusra
ca mpoBeneHu npu pascrossHue TX-RX or
100 MM (rMOKa3aHO B CHHHO Ha JUATPAMHTE),
pascrosiane TX-RX ot 120 MM (mmokazaHo B
OpaH)XeBO Ha JuarpamuTte) u pascrosiue TX-
RX ot 140 MM (moka3aHo B CMBO Ha Auarpa-
mute). Pascrosanero RX-RC e usnomnsBano
chIylacyBaHe CbC cToMHOCTH OT 35, 40, 45,
50, 55, 60 u 65% ot pazcrosiuneto TX-RX.

Koraro paszcrossHueTo Mexay npenaBarei-
Hata ¥ IpUeMallara HaMoTKa Ce MPOMEHU OT
100 na 140 MM, MakcuManHaTa €EKTUBHOCT
Ha cucTemara Bapupa Mmexay 92,83% (mpu
pascrostare 100 MM mexay TX u RX u cb-
npoTHuBIeHHE 2 oMa) U 76,95% (npu pascros-
Hue 140 mm mexny TX u RX u cerporusne-
HHE 2 OMa).

System efficiency at load of 2 Ohms

5.00 40,00 45.00 50.00 55.00 60.00 65.00

Distance RX-OX [%)]

Que. 4 . E¢pexmusnocm na cucmemama npu mo-
6apHo cvnpomusnenue om 2 oma.

System efficiency at load of 3 Ohms

___.-——"'_____—“‘---._________

Efficiency[%]

35.00 40.00 45,00 0.00 55.00 60.00 65.00

Distance RX-CX [%]

—— Tx-Rx Effciency [%] 100m:

x-Rx Effeiency [%] 120mm

Tx-Rx Effciency

Due. 5. Epexmusnocm na cucmemama npu mo-
8apHO cvbnpomusieHue om 3 oma.

System efficiency at load of 4 Ohms

35.00 40,00 15.00 50.00 55.00 60.00 65.00

Distance RX-CX [%]

o Ti-fix Effciency [%] 100mm Tx-fx Effciency [%] 120mm

T-Rx Effciency [%] 140mm

Que. 6. Epexmusnocm na cucmemama npu mo-
8apHO CbnpomueneHue om 4 oma.

System efficiency at load of 5 Ohms

100.00

40,00 45,00 50.0( 55.00 60.00 65.00

Distance RX-CX [%)]

= Tx-Rx Effciency [%] 100mm Tx-Rx Effciency [%] 120mm

Tx-fox Effciency [%] 140mm

Due. 7. Epexmusnocm na cucmemama npu mo-
8APHO CbNpoOmMusieHue om 5 oma.

IIpy mpoMsiHa Ha pa3CTOSHUETO MEKIY
IperaBarelHaTa W IMpHUEMHAaTa HaMOTKa OT
100 no 140 MM makcumanHaTa epeKTUBHOCT-
Ta Ha cucreMaTa Bapupa Mexay 92,83% (mpu
pascrostaue ot 100 mm mexny TX — RX u
ChIpOTUBIICHHE 2 oMa) U 76.95 % (mpu pasc-
tostHue oT 140 MM mexay TX — RX u cwnpo-
TUBJIEHHE 2 OMa) B 3aBHUCHUMOCT OT IOJIOXKe-
HUETO Ha JAOI'BJIHUTEIHNS PE30OHAHCEH KPBT.
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3AKVIIOYEHUE

KakTo ce BmWXkIa OT MpenCcTaBEeHUTE IIO-
rope pe3yiaTatd OT M3MEpBaHHSTA, Ype3 Bb-
BEXKJIAHETO Ha JIOMBJIHUTEJIECH PE30HAHCEH
KpBI' B CUCTEMaTa 32 OE3KOHTAKTHO 3apex/ia-
HE Ha EJeKTPUYECKH aBTOMOOWIM CTaBa Bb3-
MOJKHO 3HAYUTEIIHO Jia CE€ YBEJIHMYHU Pa3CTosi-
HHUETO, HA KOETO MOJKE Jla ce IpeaaBa eHep-
TUsTa, KAaKTO MJa Ce KOMIICHCHUPA BIUSHHETO
Ha TOBAapHOTO CBHIIPOTUBJIICHHE BBHPXY e(dek-
TUBHOCTTA Ha CHCTEMATa.

B Obpaenie me ce mpoabbku a ce paboTu
10 BB3MOXKHOCTUTE 3a yBenuuyaBane Ha KITJI
Ha TMpPEUIOKEHUST MOJeNn Ha OE3KOHTaKTHA
cucTeMa 3a 3apeXkJaHe Ha EJICKTPOMOOWIIH,
Karo ce HaOJerHe Ha METOJIUTE 3a yIpaBlie-
HUEC HAa KpallHUTE YCHJIBATCIHH CThIANA H
CHCTEMUTE 32 ChIIIACyBaHE.

baarogapuaocTu

Tosa uscnedsane e ¢hunancupano om Egpo-
neiickusi QOHO 3a pecUOHANIHO pa3sumue 8
pamxume na OII ,, Hayunu uzcneosanus, uno-
sayuu U OUSUMAIU3AYUs 3a UHMeIUSeHMHA
mpancgopmayusn* 2021-2027 2., Ilpoexm Ne
BGI6RFPR002-1.014-0005 Llenmvp 3a kom-
nemenmuocm,, "Humenuecenmuu mexampon-
HU, eKO- U eHepeoCcnecmsasawju cucmemu u
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Abstract

Atmospheric phenomena and related objects are easily recognizable to humans, but they are still difficult to identify by
technical means. For computer systems, reproducing the same visibility requires appropriate training. Therefore, any
training should have some reference objects through which a processing that improves visibility can be applied. Such
objects with appropriate characteristics are usually part of test databases.

Keywords: database, image processing, meteorological objects, video-sequences processing

BBBEJIEHME

C pa3BUTHETO Ha KOMIIIOThPHATa TEXHHKA,
TE€XHOJIOTUUTE M3IOJ3BAIY KOMIIIOTBPHO 3pe-
HUE BCE MTOBEYE HABJIM3AT B CIOXHUTE aBTOMa-
TU3MpAaHU CUCTEMHU. 3a e]lHa cucTema, paboTe-
111a IpY BBHIIHU aTMOc(hepHU U ypOaHUCTUYHU
yCIIOBUS, € HYKHO Ja C€ M3I0JI3BaT METOIH,
KOUTO YCIIENIHO Ch3/1aBaT A00pa BUAMMOCT Ha
00eKTHUTE U KOPEKTHOCT Ha TAXHATa UIEHTU(DU-
kauus. Baxxen eran B oOpaboTkara € OTKpHUBa-
HETO Ha KOHKPETHMs BHJI CMyIIaBail (QaxTop.
OcHoBHUTE CHOUTHS, KOUTO IIpeyar Ha jo0para
BUIUMOCT (YCTaHOBEHH OT HAC JJ0 MOMEHTA) ca:
HaJM4ue Ha MBIJIA, CMOT, CHETOBANIEXK, IBXKI,
rpajylika, rmomnajaHe Ha SPKO CBETell O0OEKT B
3pUTENIHOTO II0JIE Ha KaMepara (Hampumep
CI'BHIIETO WMJIM YJIMYHA JIaMIla WiIu (apoBe Ha

aBTOMOOMIT), HAOIIOJCHUE TIPU CUITHO OTpaxe-
HUe. 3a OCHOBHUTE aTMOC(EpPHU SIBICHUS UMa
pa3pabOTeHN KPUTEPUU U CTATUCTUUYECKU MO-
JIeNH, KOUTO ca M3BEIEHH OT OTpaHHuYeH Opoi
MOAXOAAIIN H300pakeHus [1] HAKOM u3BiIEUe-
HU OT CIEIMAIHO Ch3JaJeHU 0azu gaHHU [2,3].
3a mpocrnensBaHe Ha 3aciENsBaHETO MpPH Hac-
pElIeH CBETJIMHEH M3TOYHUK WM CUIIHO OTpa-
JKEHUE HsAMa TpeUIoKeHH pemeHus. Pa3pabor-
KHUTE 3a QUITpUpaHe Ha U300pakeHUsl MpU 3a-
ry0a Ha BUAMMOCT MOPayl MbIia, IbXKI U CHAT
U3MOJ3BAaT CHUCTEMAaTUYHO HaONIO/IeHHe Ha
00eKTH M (HUKCHpaHEe Ha CTOMHOCTH Ha HU30pa-
HU MMapaMeTpu Mpu 100pa BUAUMOCT. AHAIIN3 U
0000maBaHe Ha W3MOJ3BAHUTE KPUTEPUM 32
BB3MPOU3BEKIAHE HA YUCIICH KPUTEPUU TIOKA3-
BaT, Y€ B OCHOBAaTa Ha BCUYKH OLICHUTEH BIIU-
3aT CpellHa CTOWHOCT Ha SIPKOCTTa B TTUKCEITUTE
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U HeroBara JeBuanus. TeXHUKUTe 3a OTKpUBa-
HE Ha TUIa Ha CMyIIaBamus GakTop U KOPUTH-
paHe Ha U300paKeHUsATA U3MOJI3BAT: Ch3/aBaHEe
Ha MOHOXPOMHO H300pa)K€HHE OT HAIUYHOTO
OsJ10 3a BCEKU MUKceT B M300pakeHue, Hape-
gerHo Dark Channel Prior (DCP) [4-6]; HabGop
OT CTAJIOHHM TpoOHH oOpa3uu ¢ pasmep Ha
CHEX)KMHKH WM JHKJOBHH KallKW 332 OTKPUBaHE U
OTCTpaHsIBAaHE Ha CHEroBaJIe)K W Abxa [1,6];
MHOTOCTETIeHHA 00paboTKa M aHaJIN3 Ype3 HEB-
POHHM MPEKH MOJI3BAIM MHOTO MPOOH 3a TOU-
HO OIpE/IeIIIHE HAa BUJa HA KOHKPETHOTO sIBJIE-
Hue [2,3]. U3uucaurenHuTe aaropuTMu OIEHs-
Bar oOma npomsiHa [3], MIBTHOCT HAa MbIiaTa
[4], 3aryba Ha BHUIUMOCT Ha KOHTYpPHUTE Ha
obekture [7,8], MpOMEHHUTE B MAaJKU OOJIACTH
OT 1s1aTa KapTuHa [6]. M3non3Banure meToau
Ce pa3leNaT Ha TaKhBa, KOUTO MPaBsT QUITpa-
1Us U 1MoA00psBaHEe HAa BUIMMOCTTA Ha 0a3ara
Ha MpeABapUTEIHO M3BECTEH BMJ Ha H300pa-
KEHHETO M TaKHBa, KOUTO IOJI3BAT €IHO H30-
OpakeHHe, HO MpHUBEXAaT (opMaTa Ha XHUCTO-
rpaMaTta KbM MpeBapUTETHO 3aJaJIeH TUIl pa3-
npenencane [9]. Ilocturanero Ha edeKTHBHA
KOPEKIUsl HEMUHYEMO M3UCKBa 00paboTkara Ha
rojemMu obemMu AaHHU. V3mon3BaHHTE B MO-
MEHTa METOJM C HEBPOHHU MpeXH [5] maBaT
no0pa 6a3a 3a uaeHTHUKAIMSA HA METEOPOIIO-
TUYHU YCJIOBHSITA, HO pabOTAT C OTpaHHYEHU
M3BAJIKM J]aBaT BB3MOXKHOCT 3a Tpelika INpu
BB3HMKBAaHE Ha HEMO3HAaTa KOMOMHAIMS OT yC-
noBus. OT rienHa TOYKa Ha TMOCTUTAHETO Ha
aBTOMATH3HMpaH NPOIEC B 3ajJayaTa 3a Mmojoo-
psiBaHE Ha BUAMMOCTTa €IWH OT OCHOBHMTE
npobiemu npu uzbopa Ha (QUITpaLUs € Bb3-
MOXKHOCTTa 32 OBbp3a CMsHa Ha aTMOC(epHUTE
ycinoBus. ['bcroTara Ha Mbryata 3aBUCH OT
CKOpOCTTa Ha BsAThbpa. Hamuumero Ha WHAY-
CTpUAJHO 3ampaliBaHe WM 3aMbpCsBaHE Ha
BB3JlyXa MPOBOKHpA BH3HUKBAHETO HA CMOT.
["a3oBere, OTAENSHU OT U3TAPSHETO Ha M3KOIa-
€MH TOpUBAa, CHABPKAT MPEAUMHO a30T€H OK-
cun (NO), Beriepoaen okcua (CO), Beriiepo-
nen auokcua (CO2) u NeTIuBU OpraHUYHU Chb-
enunenus (JIOC). Ilapute Ha oOpraHUYHUTE

BElIeCTBa MOrar Jla c€ KOHJAEH3HpAT B MaJIKU
TEYHH KallYWIM, KOUTO C€ Pa3MpOCTPaHSIBAT
BBB Bb3/yxa MoJ ¢opmaTa Ha aepo30JH, KOUTO
pasnpbCcKBaT CIIbHYCBATA CBETIWHA, HaMalls-
Baiilku Buagumoctra. Ilomg BB3AelcTBHE HaA
CITbHYEBATa CBETJIMHA, T€ BIU3aT BHB (OTOXHU-
MUYHH PEaKIMH U IPOU3BEXKIAT NPOAYKTH, Ha-
pEYeHU BTOPHYHU 3aMBPCUTEIH, KOUTO J1aBatr
OILIBETSIBAHE HA MbIJIaTa Pa3IMYHO OT CHUBO.
AzotausaT npuokcun (NO2) u o3onst (0O3) Ha-
IpUMep UMaT Hal-CHUIJIHO BJIHMSHUE BBPXY 00pa-
3yBaHETO Ha KbATo-KadenukaB cmor [10].
KoMOuHMpaHeTo Ha cTeneHTa Ha 3aMbpCsBaHE
C KPUTEPHUHTE 32 HaMaJIsiBaHE HA BHJIMMOCTTA B
perucTpupaHu u300paxkeHus OU ChH3JAN0 Bb3-
MOKHOCT 3a yBEJIMYaBaHE Ha CKOPOCTTA U TOY-
HOCTTa Ha peakuuarTa 3a QuiTpanus.

OtuuraHe Ha ObpP3UTE W3MEHEHHUS Ha aTMO-
chepHHTE yCIOBUS Mpenmnoiara odpaboTka Ha
HETMPEKbCHAT BUJCO MOTOK. 3aayaTa € akTyal-
Ha KaKTO 3a CHUCTEMHTE, CIEISAIIN MbTEH Tpa-
UK, Taka ¥ 3a aBTOMOOHMIIM 00OpY/IBaHU C aB-
TOMMJIOT, KaKTO W 3a APOHOBE, MPEIUTAIU U
UMalld HYXJa OT OpPUEHTAIMS B HEMO3HATa
cpena. C ornen Ha TOBa cielBa OIIE €IUH
npoOeM, 3acsrail HEOOXOIUMHUTE W3YHCIIU-
TeTHH pecypcu. HanmuHuTe KOHBEHIIMOHAIIHU
MPOIIECOPU pabOTST Beue OCHOBHO ¢ 64 OuToBa
nyma. PaspaboteHurte crapu anropuTMHTE, ca
OpUEHTUPAHU OCHOBHO KbM 32 OuTOBa 00pa-
6otka. Paborara um Ha 64 OUTOBHM TPOIECOPH
n00aBs TONbJIHUTENHO 3a0aBsiHe. [lapanennure
MPOLIECOPH M AITOPUTMHU MO3BOJISBAT YBEIUYA-
BaHE Ha CKOPOCTTA, HO TMOCTaBSIHETO Ha Iapa-
JIelIHa TIPOILIECOpPHA CHUCTEMa Ha JABWXKEI[ ce
00eKT mpeaonpeens yBeandyaBane Ha HeropaTa
TOBapPOHOCHMOCT M HEOOXOJMMO HAIMYHO JI0-
CTaThYHO 3axpaHBaHe. PemaBane Ha mpobiema
Cce ThPCH B OOJIAUHUTE BPBH3KU W W3YUCIICHUS,
3a KOUTO obade € HeoOXoauMa CTa0WIIHA WH-
TEepHET Bpbh3Ka. [IpW HM3MBIHEHHWE Ha 3aJayH,
HaIpUMep CBBP3aHU C MPEThPCBAHE HA TPYIHO
JIOCTBITHU Teorpad)CKu 0OEKTH, TO3W TUIaH OII-
peneneHo He MOXKe /1a ObJIe JIECHO OCBIIECTBEH.
OdeBuaHO, peaTHO-BpeMeHHaTa paboTa Ha aB-
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TOMaTH3UpPaHa CUCTEMa U3UCKBa pa3paboTBaHe
Ha CHelu(pUYIHA OBbP3M METOAU U TEXHHUKH 32
M0JIy4aBaHe Ha ThPCEHUs pe3yJITar.

IesTa HA HACTOSIIMS MPOEKT € JIa CE Ch3-
Jaje cUcTeMa, KOSITO Ja HarpynBa uHpopma-
st ¥ o0ydaBa aBTOMAT 3a BKJIFOUBaHE Ha 00-
paboTkara Ha M300paKEHUSI U CKOPOCTHA TIpe-
KaTuOpOBKa Ha Kamepa ChOOpPa3HO MPOMEHHUTE
B OKOJIHHTE YCJIOBHSI.

33}13‘[“ H XHIIOTE3HN

[IpenBapurennara paboTa 3a U3MBIHEHUE HA
KpaifHaTa 11eJI U3UCKBa MPOBEXIaHe Ha U3CIIeI-
BaHUS Ha BB3MOKHOCTHTE 32 OO€AMHSBAaHE Ha
uHpOpMaIHMS OT PA3HOTUITHH JATYHIU 32 Pa3-
paboTBaHe Ha KPUTEPUHU W AITOPUTMHU 3a IIO-
NoOpsiBaHE HA BUIMMOCTTa B W300paKeHUS B
peaHo BpeMe.

[IbpBaTa 3aaua € ycTaHOBSIBaHE Ha TIPOMeE-
HUTE Ha (DUKCUpaHU TMapaMeTpu B H300pake-
HUSTA TIPU BCUYKH BUIOBE aTMOCHEPHU U Yp-
OanucTHYHH (haKTOpH.

OCHOBHHTE XMIIOTE3U MPHU pElIaBaHETO Ha
Ta3M 3ajaya Mpenoarar, Je:

* IpPOMEHHMTE BBB BHJIMMOCTTa B 3aCHETH
M300pakeHUs UMa IIOCTENEHEH XapakTep u
MoOKe aa ObJie MpeaBUACHA U MpOoCiieieHa BbB
BUJICO-TIOTOK;

* HaJU4YHETO Ha JaHHHU OT AOII'bJIHUTCIHHU
AaTdyuiy 3a 3aMbpCIBaHC Ha BbB3AyXa, BJIAXK-
HOCT U BATHP MOraT Jia AOIIPHUHECAT 3a ITPOTHO-
3UpPAaHC HAa Bb3MOXXHA 331"}’63 Ha BUAUMOCT.

Bropara 3aymava e cBpp3aHa ¢ U3CiIeIBaHe Ha
pa3IMYHU BUAOBE AITOPUTMH 3a MOA0OpsBaHE
Ha BHJIUMOCTTAa B W300paKCHHSTA, C TN I10-
CTHTaHe Ha onTHMalHa Obp3uHA B 00paboTka-
Ta.

W3non3Banute 10 cera meronu 3a ¢uiaTpa-
11 pa3yuTaT Ha 00pabOTKa Ha BEYE PETUCTPU-
paHu u3o0paxeHus. AKo obaue € Bb3MOXKHO J1a
ce Ch31aJie METO/I, HAaroI00sBAIll PeaKIusITa Ha

YOBEIIKOTO OKO TNPHU TPOMSHA HAa BHHIITHHUTE
yCIIOBHSI Ha HAaOJIIOJICHUE — C pa3/ielieHa KOpeK-
[IUs] HA YCUJIBAHETO B PA3JIMYHUTE KAHAIH H TI0
IBJDKMHA HA BBJIHATA, OM MOTJIO Jia Ce MOCTH-
rHE 1M0-100pa BUAMMOCT OIIe HAa HUBO PETH-
CTpaliisl C yCKOpsIBAHE Ha IIOJIy4aBAaHETO Ha
pesyJTar.

[Ipenmonara ce, 4e enHa CUCTEMa MOXE Ja
(GYHKIMOHHMpA aJICKBAaTHO HAa MPOMEHHTE, aKO
0o0y4YeHHeTo 1 cienBa O0yYeHHETO Ha YOBEI-
KATE WHAWBHUIHM, & UMCHHO — TIOJy4YaBaHE Ha
HAYaJIHU TOHATHS U TPAHUIM; PA3IIUpPSIBAHE HA
MOHATHUSTA — CHITBTCTBAHO OT pa3lIMPsBaHE Ha
BB3MPUATHATA U TIPOMSIHA Ha OTPAHUYCHUSATA.

Tperara 3amadya e MPOBEXKJAHE HAa HM3CIE/-
BaHUS 32 HAMUpPaHE Ha ONTUMAJIEH copTyep H
XapjayepHa KOH(UTypalus, KOUTO Ouxa 1mo3Bo-
JWII 3acCHEMaHe ¥ 00paboTKa Ha JaHHUTE WI-
Balll{ OT JPOH.

CpInecTByBa MoBeYe OT €HA BB3MOKHOCT
3a crOupaHe U 00pabOTKa Ha JIaHHHM B TaKaBa
CUTYAIHSL:

* 00paboTKa B peajHO BpeMe M HalpaBa Ha
KOpPEKIIUs ChC CHCTEMa, TOCTaBEeHa Ha JIPOH,

* mpenaBaHe Ha JJaHHM MO O€3KMYEH KaHaJ,
00paboTKa Ha BBHIIEH KOMIIIOTHD U BPbIIAHE
Ha HEOOXOJMMHUTE KOPEKIMH KbM KamepaTa Ha
JIPOH;

* mpenaBaHe Ha JJaHHM MO O€3)KMYEH KaHaJ,
00paboTKa Ha BBbHILIEH KOMITIOTHP U MMOCTUTaHE
Ha HEOOXOJIMMUTE KOPEKIIMH B HAOII0/JaBaHUTE
M300pakKeHHS B PEATHO BpEME.

[Ipenmonara ce, e Mpu HAJIMYHE Ha HEOO-
X0o/MMaTra KOMOWHAIMS OT YCTPOWCTBA € BbB3-
MO>KHO JIa ce TpoBeaT HeOOXOAUMHUTE U3CIIe/I-
BaHMS.

MeToay M H3CJAeI0BATEICKH TEXHUKH

3a ycTaHOBSIBaHE Ha NMPOMEHUTE Ha (PUKCH-
paHM apaMeTpH B H300paKEHUSATA TIPH BCHUKH
BUJIOBE aTMOC(EpHU U ypOAHUCTUYHH (PaKTOpU
ce mpenrmnoiara ga 6paat crOpanu U obpadore-
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HU CTaTUCTUYECKH JTaHHH, KaTO PErUCTPaIUATa
€ CBITPTCTBAHA C PETUCTpAIlMs Ha 3aMbpCsIBa-
HUS Ha BB3JyXa, TEMIIEPATypa, BIAKHOCT U Ha-
TU4Hre Ha BATHpP. MoraT aa Obaar W3MmoJ3BaHU
nanHu ot IP xamepa, MOHTHpaHa B OJIM30CT JIO
HaJMYHATA B MOMEHTAa CTAaIl[MOHApHA METEO-
IUIONIA/IKa, KaKTO M JaHHH OT KaMepa U JIaT9H-
11 MOHTHUPAHH Ha JPOH.

3a M3clie/iBaHe HA Pa3jIMYHU AJITOPUTMH 32
moIo0psiBaHe Ha BUIUMOCT MMa Beue HATpyIia-
Ha MH(pOpMAIHs, KOITO MOXE JIa Ce OpraHU3HU-
pa B 0a3a JaHHU C KapTa Ha ChOTBETCTBUA. Ta-
3M KapTa TpsOBa Jia ce OIpPECHsBa CIOPEa HO-
BHUTE HaxoJku. M3ciemoBarenckara 4acT TyK €
na ObJe HaMEpeHa TEXHOJIOTHS 3a BBBEKIAHE
Ha WHQOPMAIWS B PEATHU YCIOBUS C Oe3KpacH
IIUKBJI Ha YCHBBPIICHCTBaHE. B pombiHeHHE
KBM TOBA, TECTBAHE HA TEXHHUKH 3a JUHAMHAYHA
Ipe-KaJInOpoBKa Ha KamepaTa, CIOpes MPOMsi-
Ha HAa BBHIIHHUTE yCIOBHUS Ou maimo mHpoOpma-
IIMs 332 BB3MOXKHUTEC TEXHHUKH 33 MOJ00psSBaHE
Ha BUIUMOCT.

Pa3paboTBaHaTa METOMKA 3a TpeTaTa 3aja-
ga mpenanoyiara 00paboTka Ha JaHHU OT pas-
JUYHH 00JIaCTH B €AHO HM300pakeHHE U IPOo-
ClIeJiIBaHe HAa MMPOMEHUTE B TAX BBHB BHJICO-TIO-
CJIEIOBATETHOCTU CHIIPOBOJEHU C TECTOBE Ha
QITOPUTMH ¥ KOMITFOTEPHH KOH(pHUTYpaIuu, 1mo-
CTHTallM ONTHMAlHU BpEeME€ Ha U3MBbIHEHHE U
TOYHOCT Ha pe3yirarure. Kpurepunre 3a onru-
MaJHOCT C€ OIpEAeNsAT OT Bb3MOXXHOCTUTE 3a
KOPEKIUsl B pealHO BpeMe 3a MOCTHTaHEe TI0-
no0pa BUIUMOCT.

Hpe)]xomm H3CJIcIABaHUA

B nauvanHuTe M3CNENBaHUSA OT CEPUHU BUAEO
JAHHU 3a CJe/leHE Ha METEOpPOJIOTUYHH YCJIO-
BH € HAaIlPAaBEH aHAJIW3 Ha Pa3JIMUYHUTE METOIU
3a ¢uiTpanus U noAoOpsBaHe Ha BUIAMMOCTTA
[11,12]. Taka cTurHaxmMe A0 TpU OCHOBHM Ia-
pameTbpa, KOUTO BJIM3aT BbB BCUYKHU H3MOJ-
3BaHM METOJUKH: CpeIHA CTOMHOCT, JEBUALUA
n useroBa Temmnepatypa [11]. Ilpeanoxuxme
JUHAMHYHO IIPOCJIEsABaHE Ha IOsiBaTa Ha 3a-

ry0a Ha BHJMMOCT TPU CpaBHSBaHE Ha Iapa-
METPH OT Pa3NUYHHU TOJETa B €IHO M300paxe-
Hue. B Hamara paboTa u3mos3BamMe ajaropuThM,
KOMTO pa3unMrTa Ha pa3jIMYHO PA3CTOSHUE Ha
00EKTUTE B 3pUTEIHOTO TOJIE Ha Kamepara
(Bcsika oOyacT oOxBamia OOEKTH Ha Pa3IMdHO
pascrosinue) - ¢purypa 1.

[] Jlaneue

bmmzo

Que. ] 30nu Ha omuumane Ha napamempu

OO6paboTkara ce U3BBpIIBA BEPXY KaJApH, TPAH-
chopmupanu B DCP uzobpaxenus — ¢purypa 2.

a)

@ue.2 Hauanno uzobpaoicenue — a, DCP uzobpadicenue — 0.

IIpocnensiBar ce mapameTpu 3a CpeiHa CTOM-
HOCT, OTKJIOHEHHE W KOpelUpaHa I[BETHA TEM-
nepatypa (CCT) 3a BCAKO JIOKQJIHO IOJIE U OT-
HOCHUTEJHA pa3jinka KbM €IHO OT TIX. Y CTaHoO-
BEHU Ca MPOMEHHUTE MO0 KPUTEPUH 3a MOsBA HA
3ary0a Ha BUIMMOCT 3a KOHKpETHa 00JacT:

» HamansBaHe Ha OTKJIOHEHHETO Ha HH-
TCH3UTETA;

» Kopenupana nBeroBa TemIieparypa,
Onmm3ka 10 pedepeHTHaTa CTOMHOCT Ha OSII0TO
(memoHcTpUpaHo Ha ¢urypa 3);
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CCT (°K)
20.04.22 19:14:43-21.04.22 19:15:13

7500

6500

5500

4500

3500

MbIJIa HOLIY JACH

!

pedepenTHo 05110

3acJiensiBaH¢

Que. 3 Usmenenue na CCT 6 paznuunume
JIOKanHU nonema

* YBenuuaBaHe Ha Pa3JIMKUTE B OTKJIO-
Henueto U CCT crnpsamo chluTe napameTpu Ha
n3bpaHa obJacr.

HanpaBenusit aHanus Ha BHUJEO MOCIEI0Ba-
TETHOCTUTE W3BEJC BApUAHTH, MPU KOWTO B
MPOCJeIIBAHUTE CTOMHOCTH BBH3HUKBA JIBKIIU-
BO TIOKa3aHME 3a HaJM4ue Ha mpomsiHa. OCHOB-
HO TOBa Ca: 3aclieNsBaHEeTO Ha KaMmepaTa mopa-
1 HaBIIM3aHE HA CBETJIMHEH W3TOYHUK B 3pPH-
TEJTHOTO TOJI€ U MPOMEHHU B LIBETOBETE, Pe3y-
TaT OT W3rPEeB WIM 3ajie3 Ha CibHIeTo [12] —

¢urypa 4.

B)
Que.4 Pasznuka 6 yeemogeme -a,8 u 3a2yoa Ha 6u-
oumocm -6

Pa3paboren e anroputbM 3a KanuOpOBKa Ha
KaMmepa 0e3 He0OXOIUMOCT OT JOITBIHUTEITHU
n3mepBanusi [13]. AnropurbMbT pa3zuuTa Ha
3aJlaBaHe HAa KaJTUOpPOBBUYHU CTOMHOCTH Upe3
MonuduKanys Ha CHEKTpUTe 3a pedepeHTHO
Os110.

Pa3paboren e anropuTbM TECTBAIll Bb3MOXK-
HOCTHTE 3a IIOCTHI'aHE Ha II0-BHCOKO H3IIOJ-
3BaHE Ha CHUCTEMara, MOpajau MPOIYCHATU Bpe-
MEBU KBaHTH 3a HIKOW paboTHU MecTa. M3moi-
3BaHMST aNrOpUTHM 3a TutaHupaHe Ha PFair e
MoaudUIIMpaH, 3a J1a CE BKJIIOYU MapaMeThp,
OTpa3siBall "cremHocTTa" Ha 3aJaHUETO MO OT-
HOIIICHHE Ha HEroBOTO (m,k)-pamMKoOBO OrpaHm-
yeHue [14].

Beuuku wu3cnenBaHus ca NpUAPYKEHH OT
CIEINAJIHO Ch3/1aJI€HU IPOTPAMHH MOJLYJIH.
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3AKJIIOYEHUE

Cw3nanena e 6a3a JaHHM OT BUICO HAOIIO-
JICHHE Ha OKOJIHAaTa cpeia W arMoc(epHHTe
00eKTH, KOUTO ca OOBBpP3aHU C KOHKPETHU
CTOMHOCTH Ha MapaMeTph B 3aCHETUTE Kaapu
IIPYU pa3IM4HU perucTpupalu ycrpoicrsa[l5].

3acHeTH ca BHJIECO TOCIEIOBATEIIHOCTU C
pPa3ITMYHA METEOPOIIOTUYHHU OOEKTH TIPH U3TOJ-
3BaHE Ha CEJEeM pa3IMYHH YCTPOWCTBA; M3IOJ-
3BaHa € eHa Kamepa 3a 3aCHeMaHe Ha JaHHU 32
MIPOMEHHTE B SIPKOCTTA, HACUTCHOCTTA Ha IIBETa
W [IBETOBaTa TEMIIEpaTypara 3a Ipsiiara CBeTiia
yacT Ha jJeHs. [IpociensBaHuTe mapaMmeTpu ca
ocpennenu BbpXy 100 mocrnenoBaTrenHu Kallb-
pa, KaTo ca W3BEJICHU CPeIHA, MHUHUMAJIHA U
MAaKCHMaJIHa CTOMHOCT.

[TomyyeHn ca CpaBHHTEIHH PE3YJITaTH OT
M3BJIMYAHE HA CTOMHOCTH HA DPa3IIUpeH Opou
napaMeTpu OT BHJICO TOCJICI0BATEIIHOCTH, Kila-
CUGUIUPAHA TI0 THUMA HA HIKOM METEOPOJIO-
THYHU OOCKTH. 3aKJIFOUCHHSITAa OT IMOJIyYCHUTE
pe3yaTaTi Morart Ja ce 0000IiT:

OTHOCHUTEIIHUTE TapamMeTpu — JICBUAIIMS,
HACUTCHOCT U I[BETOBA TEMIIEPATypa 32 OOCKT U
[[BETOBA TEMIIEPATypa 3a OCBETSBAIO JTbYCHHE
MoOraT Jia TOCIy’KaT 3a TpPeABapUTEITHO pas3fe-
JsSHE Ha KaJapuTe To OOEKTH; CHhCTaBSHE Ha
3aBUCHMOCT MEXIY TOJIXOJSIIN IapaMeTpu
MOXKE€ J1a OCHUTYPH BB3MOXKHOCT 32 BB3MPOU3-
BEXJ/IaHEC HA MPOTHO3HH CTOWHOCTH, KOMOWHH-
paHe Ha CTOMHOCTH Ha MapamMeTpu OM TO3BO-
JWJIO YTOYHSIBAHE Ha KIacH(UKAIUS Ha SIBIIC-
HUSTA.
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A REAL-TIME SYSTEM FOR EXTRACTION AND ESTIMATION THE
PARAMETERS OF NATURAL PHENOMENA IN VIDEO FILES
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Abstract

The correct identification of natural phenomena — sunny, cloudy, rain, mist and related objects are easily recognizable
to humans, but they are still difficult to identify by technical means. The major challenge is formalization and categori-
zation of the phenomena in technical, i.e. computer terms. For computer systems, reproducing the same visibility re-
quires appropriate training and large amount of data. Therefore, any training should have some reference objects
through which a processing that improves visibility can be applied. Such objects with appropriate characteristics are

usually part of test databases.

Keywords: database, image processing, meteorological objects, video-sequences processing

BBBEJIEHUE

Cw3naBaHeTo Ha cucTeMa 3a paboTa B peal-
HO BpeMe, KOsTO Ja HaTpynBa uHGopMmamus u
oOydJaBa aBTOMAT 3a BKJIIOYBaHe Ha oOpaboTKa-
Ta Ha W300paXeHHs] U CKOPOCTHA TMpe-Kaau-
OpoBKa Ha Kamepa CbhOOpa3HO IPOMEHUTE B
OKOJTHUTE YCJIOBUS CaMO TO cebe CU € CIIOXKEH
MPOIleC HW3HCKBAIl pEIIaBaHe Ha MHOXXECTBO
noazanayn. Korato craBa BBIPOC 3a UHTENHU-
TeHTHH TPAHCIIOPTHU CPEJCTBA, (PYHKIIHOHHU-
pamy B OTKPUTH TPO-CTPAHCTBA MPOOIEMHTE
HIBAT OT Pa3IMYHH MOCOKH. Ha mbpBO MsICTO
aTMoc(hepHUTE SIBICHHUS W CBBP3AHUTE C TAX
00EKTH ca JIeCHO pa3No3HaBaeMHM 3a XopaTa, HO

HE U 3a TEXHUYECKHTE CpelcTBa. Bumumure
XapaKTePUCTUKN HA BCEKU OOCKT TO ONPEILIIST
B IBX]I, MbIJIa, CHAT U T.H., HO 32 KOMIIOThpPHA
uaeHTU(PUKAIMSA UHPOpMaLMITA 3a TAX TpsAOBa
na ObJie cBelleHa JI0 Yucia, OTTOBAPSIIM Ha U3-
Mepsiemu BenuuuHU. [IpobieM mpencraBisBaT
U Pa3IMYHUTE KaMEpH 3a PErHCTpaIis Ha U30-
OpakeHHsI U BUI€O0. BbIpeku, ue ChIIecTBYBa
CcTaHJapT 3a Kaauoposka [ 1], koito Ou criensa-
JI0 Jla OCUTYpsiIBa €JHAKBOCT Ha PErHcTpUpa-
HUTE XapaKTePUCTHKH, PA3TMYHUTE CEH30PH U
pexxuMu Ha paboTa He JaBaT HYKHaTa €IHAK-
BOCT. [Ipo0IeMbT ce YCI0XKHABA OT pa3IMIHATa
BUJUMOCT TPU KOUTO C€ TMOSBSBA €IUH U ChII]
00exT. B mobaBka, chBpeMeHHAaTa aBTOMAaTH3a-
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LM Ha TPAHCIOPTHUTE CPEICTBA H3UCKBA
KpaTKo BpeMe 3a WACHTHU(HKAIMS Ha SIBICHUE-
TO.

Ot rneaHa To4ka Ha CpeACTBaTa 3a PErUCT-
paiusi, BCeKM OOEKT KMa TpaHulH, Gopma,
pa3MepH, IpKOCT U OLIBETSIBAHE, KOUTO €€ IIpe-
HaCST B 3acCHeMaHuTe KaJpu. M3mepsemure Be-
JUYUHU B M300pa)KECHUATA, Ype3 KOUTO Morar
Jla c€ YCTaHOBAT TE€3U XapaKTEPUCTHUKU U TeX-
HUTE IPOMEHU BKJIIOYBAT JIBE€ OCHOBHM BEJIU-
YUHHU:

Kontpact — ompezaens BUAUMOCTTa Ha KOH-
Typute Ha o0ekTa. Upe3 KOHTypUTe ce TOCTHUra
JI0 CTOWHOCTHM Ha T€OMETPUYHU IMapaMeTpH, C
KOUTO OOEKTHTE MOTaT Ja ce ObAaT MOAJI0KEHU
Ha wuaeHTHUKanusa. Hali-uecto wW3MoN3BaHUs
HayuH 3a MPECMATAHE € OCPEIHSIBAaHE Ha Ipa-
JTAIMUTe, W OIpEACNIIHe Ha AUCIEpCHsITa UM
[2,3,4]. TpsabBa na ce oTOCIEKN U 3aBUCUMOCT-
Ta Ha I0JIy4aBaHUTE CTOMHOCTHU 3a pa3MepHu OT
pacTep, 3pUTEIHO MOJe U pa3CTOsTHUE 10 00eK-
TUTE.

OugersBane — onpezesns BCeKH 00eKT U ¢o-
Ha U ce BJMsIe OT MIPOMEHUTE B pPErUCTpanusiTa
JI0pH, KOrato Hsma 3ary0a Ha BUAMMOCT Ha
KOHTypuTe. Besika cMsiHa Ha OCBETJIIEHMETO BO-
JIM 10 CMsIHA Ha CTOMHOCTHTE 32 OLIBETSBAHETO.
CrpliecTByBaT MHOXECTBO CHCTEMH 3a IpeJic-
TaBsHE Ha IIBETOBETE M3BBbH M3MOJ3BaHATa 32
cbxpaHeHue u npesoc RGB. Ta3u, xosTo naBa
BB3MOKHOCT OBp30 Aa ce 00eAMHAT Kaiuopo-
BBYHUTE XapaKTEPUCTUKH Ha PETrUCTpaTopa,
OCBETABAILIOTO JIBYEHHE W HM3MEPBAHE 4YpE3
Ipyr cnocod Ha peructpaunus € 06a3oBara cuc-
tema CIE.XYZ [5]. LlBerHocTTa TyK, MOXeE J1a
Ob/e mpeJcTaBeHa 4pe3 JIBOWKa KOOpPAWHATU B
nuarpamata Ha Jlokyca, HO M upe3 KopenupaHa
ugerosa temneparypa -CCT, ¢ kosto € npuero
Jla ce XapaKTepHu3Hupa I[BeTa Ha OCBETSIBAILOTO
mpyenue (purypa 1).

0.9

|52 Kanmnbposbuen
" TPUBTBIHUK

»
'1_1031/1111/151 Ha
TOYKara Ha
OCBETABAIIOTO
JIBbYCHHUC

X

Que. 1 Jluacpama na yeemnocm 3a CIEXYZ

Haii-uecto CCT ce ompenens upe3 CIeEk-
TpaJHH JAaHHU 32 JTPYCHUETO Ha OCBETSIBAIIUS
n3TOuHUK. B 1mdpoBu mzobOpakeHus obaue,
HEHHOTO TpecMsATaHe W3WCKBA W3IOJI3BaHE Ha
KOJIMYECTBOTO OsJI0 BbB BCEKH PETUCTPUpAH
IUKCelNl. 3a IenTa ce Cbh3/1aBa MOMOIIHO H300-
paxxenue Hapeueno DSPI (dark channel prior
image) [6].

Ot rnegHa Touka Ha cpeacTBaTa 3a oOpa-
0oTka Ha WH(pOpPMANMATA, HAJUYHUTE TEXHU-
YeCKU Bb3MOXKHOCTHU ca pa3HooOpa3Hu. TexHu-
aT u300p ce ompenens OT HykJaara ga Oble
HampaBeHa wuieHTUuKanuara. [lomobna cuc-
TEMa MOXE J]a € TOJIe3Ha TPH CJe/IeHe Ha MbT-
HUsl TpadukK, CUCTEMHUTE C aBTOMMUIOT — aBTO-
MOOUJIH, IPOHOBE, KOUTO TPsIOBa Aa Morar Obp-
30 ¥ NpPaBUJIHO J]a Ce OPUEHTHUpAT B cpela ¢
MIPOMEHSIIN CE€ METEOPOJIOTHYHH YCIIOBUSI.

ChbIecTByBa MOBEYE OT €HA BBH3MOMXKHOCT
3a crOupaHe u 00paboOTKa Ha JaHHU B TaKaBa
CUTYaIlUS:

- o0paboTka B peaHO BpeMe U Halpasa Ha

KOpPEKIIUsl ChbC CUCTEMA, MIOCTaBEHA Ha aBTOIM-
JIOTHAaTa cucTeMa (aBTOMOOMJI, IPOH U JIp.),

- MpeJlaBaHe Ha JIaHHM MO Oe3’KWYeH KaHall,
00paboTKka Ha BBHIIEH KOMITIOTHP U BPBIIAHE
Ha HEOOXOJAMMHUTE KOPEKIIMA KbM KamepaTa Ha
aBTOITMJIOTHATa CUCTEMa
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- IpeJlaBaHe Ha JIaHHM MO O€3’KWYeH KaHall,
00paboTKa Ha BBHIIEH KOMITIOTHP U MMOCTUTAHE
Ha HEOOXOJIMMHUTE KOPEKIIMH B HAOIIOJaBAaHUTE
M300paXEHUS B PEATTHO BpPEME.

es u eTanu Ha peau3anus

Kpaiinata nien Ha paboraTta € ch3JaBaHe Ha
aBTOMAaTH3MpaHa cUCTeMa 3a paboTa B peasHo
BpeMe, KOSATO HaTpyrnBa HH(pOpManus u o0yda-
Ba aBTOMAT 3a BKJIIOYBaHE Ha oOpaboTkaTta Ha
n300pakeHUs] ¥ Tpe-KaTuOpoBKa Ha Kamepa,
cb0OpPa3HO MPOMEHHUTE B OKOJHUTE yCIOBUSL.

OcHoBHHAT TIpo0OJieM Mpu pa3paboTBaHe Ha
TakaBa CHCTEMa 32 MOMEHTA ca:

- nuncara Ha obemHa 0a3a BHJIEO-IAHHHU,
ype3 KOSATO Ja CE€ M3BJIEKAT KPUTEPUM 3a Hac-
ThIIBaHE Ha CHOUTHSTA CIIEABAIIM CKOPOCTTA Ha
BB3HUKBAHETO UM

- Obp3UW W HAIEKIHU METOIH 3a IMOTyYa-
BaHE Ha pe3yiTar — paboTa Ha cucTeMara B pe-
aJIHO BpEeMe

ETanmu Ha peanu3zanus

Ha ¢urypa 2 e unroctpupano U3BbPILIEHOTO
U IIPEJCTOAIOTO KaTO LEIHN U 3a1a4H.

Konero:

Eran 1 - 3acHemMaHne Ha BHIEONOCIIEIOBA-
TEITHOCTH, CBHIBPKAIIU PA3IMIHH METEOPOJIO-
THUYHH SABJICHU.

Eran 2 - 3amuic Ha BUACOIIOCIEI0BATEIHOC
TUTE B 06a3a JaHHU, TPYIUPAHU TIO SBIICHUE.

Eran 3 - O6paboTka Ha BHIEOMOCIIEIOBA-
TEJIHOCTUTE OT 0a3aTa JaHHHM. AHAIU3 HA CTOM-
HOCTHTE Ha HM30paHu 3a MPOCICIsIBaHEe IMapa-
METPH.

Etan 4 - YcraHoBsiBaHe Ha 3aBHCUMOCTH
(kapTa Ha CHOTBETCTBUS) MEXIY METEOPOJIO-
THYHO SIBICHUE U CTOMHOCTH Ha CIICJICHH Mapa-
METpH.

Etan 5 - H3cneasane Ha pa3iauyHU BUIOBE
QITOPUTMH 3a MOAOOpSIBaHE HA BUIMMOCTTA B
M300pakKeHUATA, C IIeJT [IOCTUTaHEe Ha ONTHMAJl-
Ha Obp3uHa B 00paboTKara.

Etan 6 — 00paboTka B peajHO BpeMe - Thp-

CEeHe IO CTOMHOCTH Ha rpymna OT nmapamMeTpu 3a
noApCKAAHEC HA JaHHHUTC.

Xapakrepuctuku Ha Etan 1

B tabmuma 1 ca mokasaHu TEXHUYECKUTE Xa-
PaKTEpUCTUKH Ha Xaplyepa, ¢ KOHUTO € OChb-
[IECTBEHO BUIIE03aCHEMAHETO.

Eran 1
U3BBPIICHO o
P Tabnuna 1. M3non3Banu yctpoiicTBa
Eram 2 .
. Patch size
Device Sensor technology - camera L
in pixels
GSM CMOS - IMX586 — digital 128 x 128
Samsung A51 | image stabilization- EIS
Eram 3 GSM CMOS — GC2053 GSP, optical
e 128 x 128
B IIpoIieC Samsung A53 | stabilization OIS
GSM CMOS -S5KGW1 — ISOCELL, 128 x 128
Ha pabora Eran 4 Samsung A71 | digital image stabilization- EIS
GSM iPad CMOS - Sony IMX703- Sensor-
AlS shift optical image stabilization, 128 x 128
Eran 5 )
night mode
SONY CCD - optical image
DCS_W530 | stabilization 32x32
IIpeacToun Canon SX270 CMOS - back-side
P Etan 6 HS illumination -BSI 128 x 128
Navitel R250 CMdOS - C2399, night vision 128 x 128
Due.2. Emanu na peanusayusma mode
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Xapakrepuctuku Ha ETam 2

Buzeornocie10BaTeITHOCTUTE Ca  3allMCaHH
Ha BBHINEH HOCUTEN, KaTo ca TPYIHUPaHH IO
CIICTHUTE SIBIICHUS, KOUTO OTPa3sBaT: SICHO He-
Oe, oOaly, MbIJIa, CHETOBAJIEXK.

Xapakrepucruku Ha Etan 3

CrnenBaimus etam € CHEMaHe Ha MapaMeTpu
Ha BUIEOTO BBB BUJ, yA0OeH 3a ananu3. ToBa
CTaBa ¢ MOMOIITA Ha CHelHanu3upan copryep.
[Ipo-rpamara e mpeHa3HavYeHa 3a U3BIMYAHE HA
CTON-HOCTH Ha IapaMeTpH BBB BUJEO (ailoBse.
N3mons3ear ce 9 monera (mavose, patches), ot
KOUTO C€ 3aCHeMa CUTHAJ 3a CpellHa CTOHHOCT,
JieBHanMsa ¥ 1uBeToBa temmneparypa. [Iporpama-
Ta CJIeU OTHOCUTEIHHUTE W3MEHEHHUS CIPSIMO
nosie 8.

Pa3znonoxennero Ha moneraTa B Kaabpa €
IoKazaHo Ha ¢urypa 3. BbB Bcsiko moine ce
Mpe-cMATaT MmapaMeTpu 3a TPUTE LBETOOOpa3y-
Bam U nanHu oT DCP kanana. Pesynrarst €
TEKCTOB (paiin ¢ mapameTpu, MOAPEACHU KaTo
KOJIOHHU, KaKTO € OIIMCAaHO B Ta0IuIa 2.

90°
A
3
135° 45°
4
T |80 [ [ ] oo
T N = | [ [ »
o
Q
=
@ 6 8
225° 315°
7
270°
-~ LMpoynHa i

Que. 3. Paznonooicenue u nomepayus Ha
nozemama.

Tabmuua 2. CTpyKTypa Ha TEKCTOBHSA (aii.

Video file name

Mwme Ha Buzeo daiina

Frame N Howmep Ha kanbpa

Average R Cpenna CTOMHOCT 3a YepPBEHO
Average G CpenHa CTOMHOCT 3a 3€JICHO

Average B Cpenna CTOMHOCT 32 CHHBO

Average DCP CpemHa CTOWHOCT 3a MHHHMAaiHA

KOMITIOHCHTA

Deviation R

JleBuanusi 3a 4epBeHO

Deviation G

JleBuamus 3a 3eJICHO

Deviation B

JleBuanms 3a CHHBO

Deviation DCP | JIeBuanus 3a MHHUMAaJHA KOMIIOHCH-
Ta
intensity WnaTtensuBHocT = 1/3 oT cymarta Ha
cpeanute R,G u B 3a equHnyeH nau
saturation HacuteHocT 32 eMUHIYCH IMaq
~ CCT.X | X-KOOpAMHATH Ha LIBETOBaTa TEMIIE-
o 2 parypa B 11setoBus Jlokyc
é E CCT.y | y-koopAMHATH Ha LBETOBaTa TEMIIe-
S g parypa B 11setoBus Jlokyc
o § CCT IIBeToBa Temmneparypa B rpaayc Ken-

BUH

dAv

OTKIIOHEHHE Ha CpelHa CTOWHOCT 3a
MUHUMAJIHA KOMIIOHCHTA CIIpAMO a4y
HOMeEp &

dDev

Otknonenne Ha nesuarnus 3a DCP
KOMIIOHEHTA CIIPSIMO a4 HoMep 8

dTc

OTkJIOHEeHHE HA IIBETOBA TEMIIEpary-
pa 3a OCBETJICHHETO CIIPSIMO Mad Ho-
Mep 8

patchN

Howmep Ha na4 B kajbpa

Xapakrepucruku Ha Etan 4

B [6] ca u3nokeHH yCTaHOBEHHTE 3aBUCH-
MOCTH MEXIY HIKOU METCOPOJIOTUYHH SIBJICHUS
U TapaMeTpuTe OT IoJieTaTa B ChOTBETHUTE
KaJpH, ChAbpKAIM siBJIeHHeTo. HampaBeH e
CpPaBHUTEJIEH aHAJIM3 MEXIy NapamMeTpuTre 3a
“scHo Hebe”, ,,cuar”’, ,mbriaa” u ,, kA °. Ham-
pUMep 3a SBJIEHUETO ‘SICHO HeOe” e yCTaHOBe-

HO, Y€:

DCPdev < 10
CCT.x e [0.25, 0.34]
CCT.y e [0.25, 0.34]
CCT > 5000 K
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[Ipexcron n3cnenBane Ha [BETOBAaTa TEMIIE-
parypa (CCT) u aHaiu3 Ha CTOMHOCTUTE H, 3a
71a ce OIpEeIeIIH:

- C'b].].[eCTBYBaT JIN IIBCTOBC (CBGTHI/IHHI/I I10-
TOIM), 32 KOUTO TeMIlepaTypaTa € W3BBHH JHa-
na30Ha OT BAJIUJIHU CTOMHOCTH.

- KakBa € pasJejuTeHaTa U CIocCOOHOCT —
KOJIKO M KOM LIBETOBH KOMOWHAIIUU BB3MPOU3-
BeXXaaT enHa U cbina crorHocT 3a CCT.

- KakBH OOEKTH MoraT Ja ObJaT perucrpu-
paHu 4Ype3 TO3U HapaMmeThbp.

Xapakrepuctuku Ha ETam 5

AnroputrMute 3a nogoOpsiBaHe HA BUAUMOCT
MOHACTOSIIEM H3MO0J3BaT KOPEKIMU 4pe3 U3-
paBHsIBaHE Ha XHUCTorpamara [2,3], aganTHUBHO
M3paBHsSIBaHE Ha Xucrorpamara [3], TMMuUTHpa-
HO 10 KOHTpAacT aJalTUBHO H3paBHSIBAaHE Ha
xucrorpamara [4] u XxpoMaTu4yHa ajanTalus 3a
npoMsHa B 1BeTosere [1]. O6mure 6a30BH na-
pamerpu “CpeaHo apuTMETHYHA CTOMHOCT 3a
n3o-Opaxkennero”,  “CpeaHa  OCBETEHOCT
(averaged), “CranzmapTHO OTKJIOHEHHE”
(std_dev), “EnTponus” (entropy), upe3 KOUTO
ce NpaBAT KOPEKLUMUTE, BKIIOYBAT IpecMsTa-
HUSA Ha:

- CcpeaHa CTOMHOCT Ha IIBETOOOpa3yBaIlu
RGB;

- ZIeBUAIIMS B SIPKOCTTA HA BCSIKA KOMITOHEH-
Ta,

- OIIBCTsABAHC.

Cp3naBaHeTo Ha moaxozsuy codryep 3a pa-
0oTa BBPXY CBOpaHHMTE BHJEO IOCIIEAOBATEN-
HOCTH € B IIpOIlec Ha pa3paboTKa.

XapakrepucTuku Ha Etan 6

B pesynrat Ha M3cnenBaHUSATa OT MPEAUII-
HUSI €Tall CilefBa /1a € HaJMJHa CHCTeMa 3a 00-
paboTka B pejaHoO BpeMe Ha MoCThIIBaIllaTa BU-
neo uHopManus (kaapu) U Ha 0a3a Ha ycrTa-
HOBEHHUTE 3aBUCUMOCTH MEXIY SIBIIEHHE U Xa-

PaKTEepU3UpAIIN IO HapaMeTpH Ja MOXeE Ja ce
YCTAaHOBU 32 JaJCH KalIbp KAaKBO SBICHHE
npexacrast. HeoOxomumo e na ce pa3paboTar
OBp3u M ePEeKTUBHHU aNTOPUTMH, THH KaTo pa-
0oTaTa UM Haii-BEpOATHO IIE € B MPOLECOPHA
KOH(UTypalys, He MpUTekKaBalla rojsMa H3-
YUCIUTENHAa MOI (HalpuMep JIpOHOBa KOH(U-
rypamusi). Kakto 6e crnomeHaro mo-rope, Cb-
IIECTBYBAT HAKOJIKO BB3MOXKHOCTH 3a ChOHMpa-
HE ¥ 00paboTKa Ha JaHHU B TakaBa CUTYallHs.
Bcuuko ToBa TpsiOBa 1@ BOAM IO BB3MOMKHOCT
3a 00paboTKa, KOSATO Ja BHACS MHUHUMAIHO 3a-
OaBsiHe, 32 J1a MOXKE peaKIuiTa Ha aBTONUIOT-
HaTa CHCTeMa Ja € JocTtaTbyHo Obp3a. [Ipenc-
TOW W3CIeNBaHE KOS OT Te3U BH3MOKHOCTH
MOCTUTa MAaKCUMaJIeH €(eKT.

3AKVIIOYEHHE.

[TocTurHaTtoTo 10 MOMEHTa € B CHOTBETCT-
BUE ¢ pa3paboTteHus rpaduk Ha mpoekrta. B mo-
BEUETO OT €TAlHTE € MPEIBUJICHO BKIIIOYBAHE
Ha JIOKTOPAHTH U CTYJEHTH, KOUTO Ja MOJIydaT
MO-PA3MUPEHO M TO-CIIEHUATU3UPAHO 00ydUe-
HUE 10 IPOoOJIeMUTE Ha MPOEKTA.

Pesynaratu oT mpoBeneHUTE U3CIIEIBaHUS ca
nyOnuKyBaHu B Matepuanu [7] u [8].
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Abstract

The paper presents new interactive human-robot technologies designed within the Center of competence "Smart
mechatronic, eco-and energy-saving systems and technologies" by the Laboratory Robotics and Mechatronics at the
Institute of Robotics, Bulgarian Academy of Sciences. The novelty is in the cognitive principles, implemented within the
concept and the realisation of the described technologies. Principle one is ‘“neuro-realistic implementation” of
mechatronic mechanisms of system performance. Principle two is “eye-gaze control of external devices” and personal
feedback on the subjective experience. Some ideas for future development and applications of the proposed

technologies are discussed.

Keywords: interactive technology, social robot, cognitive principles, eye-gaze control.

INTRODUCTION

Recent advances of interactive
technologies have led to improved interface
adaptation to the cognitive needs of the users
of various robotic systems — speed,
presentation mode, colour, accessibility
aspects, etc. [1, 2]. Two novel principles are
being introduced in the present paper, which
contributed to the success of the interactive
human-robot interfaces designed by the team
of the Mechatronics and Robotics Lab of the
CCMEEST. Principle one is “neuro-realistic

implementation” of mechatronic mechanisms
of robot performance via a brain tracking
technology presented in section 1. The main
outcome is a system, capable of transferring
the motion and expression of the human head
into commands for an emotion-expressive
humanoid robot [3, 4]. Section 2 presents
control algorithms to optimize the walking
cycle of an innovative walking robot called
"BigFoot" [5, 6]. Section 3 presents principle
two - “eye-gaze control of external devices”
such as BigFoot walking robot by a child in
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the frame of a cognitive game and the
obtained feedback from the game [7].

The main hypotheses of the presented in
the paper research are formulated as
optimisation of the proposed designs of
mechatronic  systems to achieve better
cognitive performance and, as a result, better
technology acceptance by the user.
Hypothesis 1 for the ability of the proposed
novel kinematic mechanism of robot head
movement to imitate the emotional
performance of a human actor was tested in
Section 1. Hypothesis 2 about the new
optimisation mechanisms of BigFoot robot to
improve the speed and precision of its
movement and rotation is described in Section
2. Hypothesis 3 tested the acceptance of the
eye-gaze based method for robot control by
children with learning difficulties. The
outcome of the test as somewhat unexpected,
but useful for future designs, is presented in
Section 3. The conclusion section outlines the
future research on design of novel robotic and
mechatronic devices in interactive
technologies based on cognitive principles.

1. TRANSFERRING THE MOTION
AND EXPRESSION OF THE HUMAN
HEAD TO AN EMOTION-EXPRESSIVE
ROBOT

The actor’s talent from an educational
theatre 1s employed in an interactive
technology in order to enhance the emotional
skills of a child [4]. Emotions could be
expressed by verbal messages, intonation,
body postures, or facial expression by a
human or a robot. Emotional child-robot
interaction helps to catch quickly a child's
attention and enhance information perception
during learning and verbalization in children
with communication difficulties.

EMOTIV EPOC EEG brain tracking
device [8] 1s used for motion tracking and
expression decipher. A magnetic and inertial
measurement unit, which is embedded in

EMOTIV EPOC EEG brain tracking device,
is utilized for head motion tracking. Then,
movements and expressions are transferred to
an emotionally-expressive robot EmoSan [3]
in order to augment the robot with natural and
expressive movements [4]. For this purpose,
the combined techniques from motion capture
and brain-inspired control are used. The actor
head movements are tracked. The actor
played sequences of head and face postures
for six emotions: fear, joy, surprise, sadness,
disgust and anger. Three main facial
expressions transferred to the robot are happy,
neutral and sad (Fig. 1).

MOTION AND EXPRESSION CAPTURE OF THE HUMAN HEAD

We have
developed a
noveland
unique
algorithm

Computer animation
Emosan— our

prototype robot

Fig. 1. Motion and expression capture of the
human head

The robot kinematic design is based on
parallel mechanisms with six degrees of
freedom. Thus, the moving platform can be
translated along three axes and rotated about
these three axes to reinstate the movements of
a human head. The motion of the moving
platform of the robot is realized by the length
variation of the six legs which connect the
two platforms (the base and the moving
platforms) of the robot. An algorithm for
motion capture, which can provide a true
replication of the robot movement, was
developed in [4].

Hypothesis 1 was confirmed in the study,
involving children with communication
difficulties, following the approval of the
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Ethics Committee for Scientific Research of
IR-BAS. They enjoyed the game with
EmoSan and were interested in the expressed
emotions by the robot. Therefore, the
kinematic mechanism of the robot head
movement, based on a neuro-realistic
principle of implementation, contributed to its
better user acceptance.

2. CONTROL ALGORITHMS TO
OPTIMIZE THE WALKING CYCLE OF
AN INNOVATIVE WALKING ROBOT
BIGFOOT

The BigFoot robot's construction is based
on minimalist design principles - only two
motors are used, with which Big Foot can
walk and even overcome obstacles. A new
model of the robot has been created, equipped
with various types of sensors, some of which
provide information necessary for the
implementation of an optimized walking
cycle and the ability to explore uneven terrain

(Fig. 2).

Fig. 2. A 3D printed new model of the BigFoot
robot

Two laws of motion have been proposed
and compared — sinusoidal and polynomial.
Both proposed laws attempt to find a balance

between minimizing impact loads and
maximizing walking speed. The experimental
results were obtained using a 3D-printed
working prototype of the robot, with the
correct implementation of the motion laws
being ensured through the use of a PD
controller receiving data from encoders and
tactile sensors [5]. Movies of the experiments
can be seen here:

- Experiment for scanning unevenness in
the terrain using the robot and its sensors:
https://youtu.be/RYRJZcYdIX—Video

- Experiment for comparing the proposed
control laws: https://youtu.be/zo1276JLs0Ok

The different types of solutions to the
inverse kinematics problem for planar robots
with serial topology are defined in a new way
and an algorithm for solving it is proposed.
The developed algorithm allows finding
solutions for a wide range of robots by using
a geometric approach representing points in a
polar coordinate system.

Inverse kinematics, which is one of the
most important, most studied, and difficult
problems in robotics, aims to calculate the
values of joint variables given the desired
position and orientation of the robot's end
effector [6]. New programs have been created
that use the proposed in [5] algorithm for
robots with two and three rotational degrees
of freedom and graphically present the results
in the workspace and configuration space [7].
Therefore, hypothesis 2 about the improved
speed and precision of robot movement and
rotation is confirmed. The results are
important for motion planning and kinematic
analysis of robots.

3.  BIGFOOT APPLICATION IN
DESIGN OF PEDAGOGICAL TOOLS
FOR INCLUSIVE EDUCATION

A novel application of the walking robot
BigFoot was designed as a game for children,
with, or without, learning difficulties, which
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develops their spatial skills and visual
attention [8].

A game for robot control with a keyboard
of a laptop, or with the gaze, was developed.
The main panel of the interface for robot
control via a joystick or eye gaze is in Fig. 3.

Connected to robot Connect Disceanect Jeystick OFF

Fig. 3. Main panel of the BigFoot robot game.
Reproduced from [8] under the terms of the
Creative Commons Attribution 4.0 International
License

The game was piloted at a day centre for
children with developmental problems in
Sofia after approval of the Ethics Committee
for scientific research of IR-BAS.

The control interface presented four large
buttons on the monitor of the laptop. When
the gaze is focused on a button for a certain
time interval — 0.5 sec, then the robot moves
in the respective direction — going forth/back
or rotating left/right and going. The control
panel of the robot movement via the gaze is in
Fig. 4. The gaze is tracked via Tobii Eye
Tracker [10].

Hypothesis 3 was based on the assumption
that the idea for directing the robot movement

by focusing the gaze at a large button on the
monitor is sufficiently salient for the child
from the mutual position of the buttons. If it
was difficult to manage the hands on the
keyboard, the child would use the gaze. This
hypothesis was partially confirmed, since the
idea for controlling the robot with one’s gaze
was not salient, and required explanation by
the parent/teacher.

Walking
robot

Tobii
eye
tracker

Buttons, controlling robot movement
left, right, forward and back

Fig. 4. Gaze control of robot movement via
Tobii Eye Tracker. Photo from a personal archive

At the same time the game was especially
appropriate for children with hyperactivity. It
helped the child stay focused and gave the
feeling of empowerment. It became evident
that gaze control of a device like a robot may
be a wvaluable therapeutic approach for
children with hyperactivity and may help
develop better attentional focus, as well as
better motor control over the hands. A child
with cerebral palsy, initially reluctant to
control the robot with the gaze, while
observing the other children playing, grasped
the idea of the game and showed signs of
enjoyment of the situation. The study was in
line with the effect of emotional empathy in
child-robot interaction [11].

Therefore, the eye tracking data,
potentially collected from each child, is
important for formulating novel therapeutic
approaches and pedagogical applications.

97

To3u dokymenm e cv30aden 6 pamkume na Ilpoexm Ne BG16RFPR002-1.014-0005 Llenmuvp 3a komnemenmuocm
"HnmenueseHmnu MexampoHhu, eKko- u enepeocnecmsagawu cucmemu u mexronozuu”, unancupan om Ilpoepama
., Hayunu uscneosanus, unosayuu u oueumanusayus 3a unmenueenmua mparcgopmayus ™ 2021-2027 .
(IIHUUTUT), cvpunancupana om Eeponetickus cvio3 upes Egponeiickus (hoHO 3a pecuoHaIHo pazeumue



MPOTPAMA
ChhuHaHcupaHo ot V30bTHATETHA areHIOHA ™ HAYYHU U3CTIENBAHMUS,
y c MHOBALWMW U OMTMTAITU3ALMA 3A
EBponeickns Cbio3 | TIporpama 3a oGpasoBamme™ MHTENMIEHTHA TPAHCOOPMALIAS

CONCLUSION

The paper presented robotic technologies,
developed by the team of the Mechatronics
and Robotics Lab of the CCMEEST, which
were implemented following cognitive
principles for achieving better performance.
This was especially meaningful in the
proposed novel applications of designed
games for children with learning and
communication difficulties. The developed
interfaces for robot control implemented
cognitive biometrics via a brain tracker and
eye tracking devices. Future work will test the
implementations in a more structured way.
For example, more emotions will be
transferred to the robot EmoSan. Some
autonomy of BigFoot robot in the game with
the children is also foreseen. In overall, the
research demonstrated the potential of
cognitive biometrics for design of novel
interactive technologies for therapy, as well as
pedagogical and social applications.
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Abstract

The operation of a heating system with solar collectors is simulated. The results show that the share of solar cover-
age for heating of the building reaches 39%. The share for domestic hot water is 96%. The total share of the heating

and domestic hot water system reaches 50%.

Keywords: Solar system, Hot water system, Domestic hot water, Solar collectors.

BBBEJEHUE

[Ipu comapHOTO MoOANOMaraHe Ha OTOILIeE-
HUETO OCBEH pa3Xxoj/a Ha ToIlIa BoJa TpsiOBa
Jla ce OT4YeTe W HeoOXoaumara OTOIUIMTEIHA
MoiuHocT. [Ipu opasmepsiBane Ha coslapHaTa
CHUCTEMa Ce IIeJId CcoJapeH s OoT obmiara
ororuTenHa norpedHoct Mexay 10 u 40 %,
[1], [2], [3].

Karo mpaBmio mo-crapu Kbl HMar IO-
rojsiMa OTOIUIUTENHA MOTPEOHOCT, TOCTHUra-
ma g0 200 kWh/(m’a). Makap npu Takusa
Crpajy opa3MepeHaTa cojapHa cucTema Jia ou
HaMaJIujla EHEPTUNHUA pa3Xxoll, TO COJIAPHUSAT
JSU1 BCE IMaK OCTaBa B HE3HAUYUTEIHO KOJIU-
4ecTBO. BBB Bpb3Ka ¢ Opa3MepsBaHETO Ha
TEPMHUYHHU COJApHU MHCTaJallMM C MOANOMa-
raHe Ha OTOIUIEHHUETO CE€ Cpellla IOHATHUETO
ororumitesnieH ToBap. Cerimacio DIN EN
12831 oTOomIMTENHUAT TOBAp C€ JaBa WU B
kW wnm, oTHECeH KbM OTOILUIMTENIHA IUIONI, B
W/m?. KakTo U OTOIIMTENIHATa MOTPEGHOCT,
OTOIUIMTEIHUST TOBAp 3aBHCHU OT M30JalUsITa

Ha CcrpajgaTa ¥ METEOpPOJIOTMYHUTE Ia/IeHO-
ctu. B crpana ortomurenna norpednoct <70
kWh/(m’a), Ts e chbu3MepuMa ¢ eHepruiHaTa
notpeOHoCT 3a npou3BoAcTBO Ha bI'B. B ma-
CHUBHA Crpaja C OTOIUIMTENHA MOTPeOHOCT
okono 15 kWh/(m’a) conaproTO mojmomara-
HE Ha OTOIJICHHETO HE MOXE Ja Ce OTpasu
3HAYUTEIHO B OTOIIMTEIHATA i MOTPeOHOCT,
THhIl KaTO OTOIUTUTENHUAT MEePUOJ ChBMAlA C
MECEIUTE ChC cab0 CIbHIIErPECHE.

KoHBeHIIMOHATHUTE OTOIUTUTENIHA WHCTa-
Januu paboTIAT ¢ TeMmIepaTypa Ha IMoJaBaHe
ot 50 no 70° C. B ce3onute cbe cnabo CbH-
IerpeeHe KOJIEKTOPUTE MHOTO PSIKO MOTaT
Ja JOCTUTHAT TOBAa BHCOKO TEMIIEPaTypHO
HUBO. AKO 00aue € MHCTATMPAHO MMOJJOBO WIIH
CTEHHO OTOIUUICHHE, COJIapHaTa WHCTaTalHs
MOJKE J1a ITIOCTHTHE HHCKAaTa TeMIlepaTrypa Ha
nonaBane u BpbiIade (35/25°C). B rtakuBa
WHCTAJIAIAN COJIAPHMST JIST B OTOIUTMTEITHATA
noTpeOHOCT MOke Jia Obae B mopsiabka 20 110
40 %.
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N3J10XEHHUE

W3cnensanara cucrema ce Hamupa B LleH-
Tbp 1o KomnerentHoct npu TY- ['abporo u
cberou oT Oydepen cpa ¢ BMectumoct 1000/
C BB3MOXKHOCT 3a JIOTMOATpsiIBaHE Ha OTOILIe-
Huero, 6oinep 300/ 3a BI'B, Tepmonomnu u
ra3oBM KOTJIM OTOIUIUTENIHATA U KJIMMaTU4YHA
uHctanmanus, @wur.l. OOmara KolekTopHa
momny e 30m?. EHeprusaTa oT KOJIEKTOPUTE ce
npeHacsi KbM Oy(epHHs CbA IMOCPEACTBOM
IJIaCTUHYAT TOIJIOOOMEHEH arapar ¢ MOLI-
Hoct 45 kW mpu temmnieparypa Ha 1ojiaBamia-
Ta W BpbIIAIA COJapHA TEYHOCT CHOTBETHO
60-40°C. Ilpe3 netHus mepuoj, KOrato He ce
W3MO0J3Ba OTOIUICHUE, EHEePTrUsTa OT CIbHYe-
BHUTE KOJICKTOPH c€ chOupa B OydepeH chl u
MOCPEACTBOM JIpYT Obp30HArpsBail TOILIO-
oOMeHeH amapar ce MmojiaBa KbM cucTeMaTa 3a
BI'B. TomnooOMeHHHAT amapat € ¢ MPOeKTHA
momHocT 30 kW npu TemnepaTtypa Ha moja-
BallaTa M BpblIallaTa BojJa CbOTBETHO 60-
40°C.

3a TOYHO Opa3MepsiBaHe € HeOOXOAMMO Jia
ce 3Hae obmiara 3ary0a Ha HauAraHe Apoou B
cojlapHaTa cucrema.

O6mara 3ary6a Ha HansiraHe € coop oT 3a-
ry0aTa Ha HaJsraHe B KOJIEKTOpa, B COMAPHHUS
KOHTYp M B TOIUIOOOMEHHUKA:

Apoﬁw = AlyKU]l + Apck + ApTA ’ Pa (1)

3arybata Ha HajJsAraHe B KOJEKTOPUTE
ApPkon 3aBUCH OT KOHCTPYKIHUSTA, NeOUTa U
BH/Ia HA CBBbP3BAHE HA KOJEKTOPUTE TOMEKITY
uM. [lpu mapanenHo cBbp3BaHe Ha IOBEYE
KOJIGKTOpHU 3ary0aTa Ha HajsraHe Ha KOJEK-
TOPHOTO TOJi€ ChOTBETCTBA Ha Ta3W Ha €IUH
KOJIEKTOD.

JlnamMeTspbT Ha TPHOUTE B CONIAPHUS KOH-
Typ TpsiOBa J1a ce opa3MepH Taka, 4e CKOpOCT-
Ta Ha MOTOKa Jla He MpeBUIlaBa CTOMHOCTTA
ot 0.7 m/s. IIpu mo-BUCOKH CKOPOCTH Ha TO-
TOKa MOXKE€ Jia C€ CTUTHE 10 IIYMOBE B UHCTaA-
JanMaAra, a Haj 1 m/s 10 U3HOCBaHE Ha Mare-

puan ot Meanute TprOU. OT npyra crpaHa e
HE0O0XO/UM OTpesesieH 1eOUT 3a MpeHacsHe-
TO Ha TOIUTMHA OT KOJIEKTOpa KbM Ooiisiepa u
Oydepa. B3 ocHOBa Ha MIPAKTUYECKH OIUT €
YCTaHOBEH MUHUMAJICH JCOMT B COJApHHUS
KOHTYp B MHCTanmauuu 10 30 m? konekropHa
TI0II OT mopsiabka Ha 40 [/m’h, [4], [6].

CrnemoBareTHO MUHUMATTHUSAT ICOUT B CHC-
TEMaTa MOXE Ja CE OIpeleNd IO 3aBHCH-
MOCTTa

V=Av,l/h ()

Kbaero 4 e HeTHaTa IJI0NI HA KOJIEKTOPHU-
Te, Mm>.

Ot BenuyuHHUTE ACOUT U OTPAHHUCHUETO
3a CKOpOCT Ha moToka w=0.7m/s Moxe na Ob-
JIe M3YMCIICH BBTPEIIHUS JUAMEThp Ha TPb-
0ara Ha COJApHUS KOHTYP 10 YPaBHEHUETO:

d, = 4—V, m 3)

' w

3a nuaMerspa Ha TphbOara ce moiydaBa
0.0245m. Ilpuema ce MmegHa TpbOa c pazmMepu
28x1.5 mm c BbTpeuieH auaMeTbp 25 mm.
3arybara Ha HajsiraHe Ha COJIApHHUS KOHTYD
Apcx €€ CbCTOM OT 3arybara Ha HajsTaHe Ha
TpBOOIPOBOIUTE Aprp U CyMaTa OT 3arybara
Ha HaJsITaHe Ha BrpajieHaTa apMaTypa Apap.

CrnenuduuHnara 3aryba Ha HaJsiraHe MOXe
na Obae B3eTa OT HoMorpamu. Tyk TpsiOBa ma
ce MMa MpelIBU] Marepuaia Ha TpbOaTa H
KOHIICHTpAIMsATa Ha CMECTa BOJA- MPOIUIICH-
ITIMKoJI. 3ary0aTa Ha HanAraHe ot KojieHa, T-
€JIEMEHTH, BEHTHIIM U apMaTypH CIIE/IBa Jla Ce
B3eMaT OT TaOJIMLIUTE B JIOKYMEHTAllUd KbM
TAX WIW c€ TpereHsaBar oomo Ha 1/3 oT 3ary-
6ute Ha TpHOOIPOBOIA.

B ciyuas nebuta B conapHara cuctema e
1200 //h mpu nmuamersp Ha TpbOUTE (28%1.5)
mm. TppOHUAT BT € ¢ AbkuHa 40 m. OT
HOMOTPaMH C€ ONpeessi OTHOCUTEIHUS Taj
Ha HaJIsiraHe, KOWTo B ciy4asi € Apwp=3 mbar/m.

101

To3u dokymenm e cv30aden 6 pamkume na Ilpoexm Ne BG16RFPR002-1.014-0005 Llenmuvp 3a komnemenmuocm
"HnmenueseHmnu MexampoHhu, eKko- u enepeocnecmsagawu cucmemu u mexronozuu”, unancupan om Ilpoepama
., Hayunu uscneosanus, unosayuu u oueumanusayus 3a unmenueenmua mparcgopmayus ™ 2021-2027 .
(IIHUUTUT), cvpunancupana om Eeponetickus cvio3 upes Egponeiickus (hoHO 3a pecuoHaIHo pazeumue



CbcuHaHcupaHo ot
EBponeickusa cbH3

HsneiHATEHA areHIa =
.IIporpama 3a oGpazoBaHHe"

MPOrPAMA

HAYYHU U3CTNEOBAHUA,
MHOBALMWA U OUTMTANTU3IALINA 3A
WHTENWIrEHTHA TPAHC®OPMALMWA

SuE 3

o

Que. 1 Cxema Ha uzcieoeanama cucmema

CrenmoBarenHO 3a 3ary0arta Ha HaJISATaHE B
COJIAPHUS KOHTYP MOXeE JIa Ce 3aluIiie:

Ap.,. =ApL =120 mbar 4)

3ary0ara Ha HalsraHe B apMaTypuTe €
A
Ap,, = % =40 mbar (%)

3ary0aTa Ha HaJIsITaHE B TOILIOOOMEHHHKA
Ha COJIapHHS KOHTYpP Apra TpsIOBa Ja ce ompe-
JICNIA B 3aBUCHMOCT OT THIIA TOIUIOOOMEHHUK
U CKOpPOCTTa Ha MOTOKA CHIIACHO ChOTBETHA-
Ta TMPOJYKTOBA JOKYMEHTAIUs. 3a M3IOJI3Ba-
HUS THI TOIJIOOOMEHEH amapar majia Ha Ha-
nsiraHe € Apra=160mbar.

3ary0ata Ha HausAraHe B KOJEKTOPUTE, Ce
oTpeiesisl ChIO 1O HOMOTPAMH U BH3JIH3a Ha
150 mbar.

ToraBa, oOmjata 3aryba Ha HaJlsraHe B
cucremara mie 0nae 630 mbar.

[Ipu opasmepsiBane Ha OydepHUs: pe3epBo-
ap 3a COJMApHU MHCTANAlUU, TIPEIBUICHU 3a
CPEIHO TMOKPUTHE Ha TOTPEOHOCTHTE MOXKE
Jla ce U3MOJ3Ba CICTHUS MOIXO.

* V5= o0em Ha Oydepa (/)
* Ay = xumumiEa mion (m?)

* v = cnenuduueH odeM Ha Oydepa 3a BcekH
m* KOJNEKTOpHA TIOBLPXHOCT IpH 6a30Ba

croitaoct 70 U/m’

* g = cnenudUYHA KUIAIIHA IO 32 BCEKU
m?* KONEKTOpHA TUIONT TIpH 6a30Ba CTOHHOCT
15 m*/m?. Torasa
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V.=A4v,,1 (6)

B cnyyast, OyepHUST CbJ] € peaBapuTel-
Ho u30paH aa ¢ 1000 /. 3a opa3mepsiBaHETO Ha
PasMIMPUTEIHUS CBA POJIi HWIPaAsT OCBEH
00yCJIOBEHUTE OT TeMIlepaTypara MpOMEHH B
obeMa Ha coJlapHaTa TEYHOCT CHIIO U obema
Ha W3MAPCHUATA B ChIBPKAHUETO HA KOJIEK-
TOpa UM Ha ChEAWHUTEITHHUTE TPHOU B Ciryudait
Ha aBapusi HA HHCTAJIAIUATA.

MUHUMaTHHAAT 00eM Ha Pa3IIUPUTEITHUS
Ch]l CE U3YKCIISIBA, KAKTO CIIC/IBA:

= Ltat e gy )
pe +(ps,t +05)

Vy =0.005V4 - To3u obem TpsiOBa ma mpe-

noTBparu oOpa3yBaHETO Ha MOJHANIATaHE B
conmapuus KoHTyp. Ts Bb3nmm3a Ha 0.5 % ot
o0ema Ha MHCTajalMsITa, HO Hai-Maiko 3 /.
ToBa o3HauyaBa, ye mpu oOEMU Ha MHCTAJIA-
nusaTa g0 600 nuTpa pe3epBbT TEYHOCT BHU-
Haru e 3 [;

V4 -HamuBHHUAT 00eM Ha cucrtema, [; Vo -
YBEIMUECHUETO Ha o0eMa mpu HarpsBaHe
Ha cucremara - V> =V  x B, xpaero B=0.13 -

KOC(PUITMEHT Ha pa3lIUpPEHHE Ha TOIUIOHOCH-
TEJISL; P -AOIyCTUMOTO KPaiiHO HaNArane, bar.

p, =p,; —0.1p_,, bar ®

Dsi - HaIISITAaHETO Ha cpaboOTBaHE HA Tpe.-
Ma3Hus KjamnaH, bar

Pst - HAJATAaHETO Ha a30Ta Ha BXOJla Ha
MPC, bar

HansraneTo Ha MHCTajIalnMsATa Ha IBIHCHE
Pa TpsIOBa J1a € TOJKOBA TOJIIMO, Y€ TPU HU-
KakBH pabOTHU YCTIOBHUS J1a HE MOXE J1a To-
MajHe Bb3AYyX B MHCTalAlMATa B CIEICTBUE
Ha TmojgHajsraHe. B Hali-BHcokaTa TOYKa Ha
WHCTAJIAllMATa HATSITaHETO TPsAOBa Ja € MOHE
1.5 bar. Twil kKaTO MEMOpPaHHUSAT pa3LIUPUTE-
JIEH ChJl Hali-4eCTO C€ HaMupa B Ma3eTo, KbM
TOBAa MHHHMMAJHO HajJAraHe cjiejaBa Ja ce

npubaBy CTaTUYHOTO HAsITaHE Ha HWHCTaJIa-
nusATa. Tsa CC H34YHC/IsIBAa OT BHCOYHHATA Ha
HHCTAJANMATa U CrenupuuHaTa pas3jinKa Ha
Hamnsarane ot 0.1 bar/m.

pe=1.5+0.1H , (9)

KbAETO H € cTaTuyHaTa BUCOUMHA, M,
z -Opoil Ha KOJIEKTOPUTE;
Vi -06eM Ha KOJIEKTOpHTeE, /.

Crnen 3amectBane B 3aBucuMocTTa (7) 3a
obema Ha MPC ce noxy4aBa npuOIN3UTEIHO
801

3a cuMyIMpaHe Ha TPOIIECUTE B CHCTEMaTa €
n3non3BaH npoaykra Bosch Solar Simulation [5].

Pesynratute oT cuMmynammsTa ca mpeacra-
BCHHU B TaONHIM U TpaduKu MO-107Ty.

Ha ®wur. 2 ca mnpeacraBeHu MNpeaBHKIIa-
Husita Ha WetSyn 3a cirbHIETpEeHETO B TP.
["abpoBo 3a crneaBamMrTe TpU TOAWHU HArpel,
TIpeICTaBeH! KaTo OTHOIIeHue Ha kWh/m*d 3a
pa3NUYHUTE MECEIH Ipe3 TOINHATA.

kWh/(m2 d)
F 3

- N W s NNy

AHy ®es Map Anp Mait OHu Onm Asr Cen OkT Hoe

@ue. 2 Ilpocnosnu pesynmamu 3a civHyecpe-
enemo Hao ep. [ abposo

B nannuTe 3a cumynanusTa € mpeaBUACHO
MOATPSIBAHETO Ha BOJAaTa 3a OTOIUIUTEITHH
HYXKIH JIa C€ M3BBPIIBA C TEPMOIIOMITH «Bb3-
nyx-soga» ¢ makcumaneH COP 4.5 u razoBu
KOH/ICH3HU KOTJIM TIPHU TeMIIepaTypa Ha TOILIO-
Hocurens 35/25 °C.

B Tab:. 1 ca npencraBeHu TaHHUTE OT CUMY-
JaIysaTa Ha CUCTEMaTa, KhJCTO SICHO CE BIDKAA
OTHOCHUTEJTHUSAT ST HA COJIAPHOTO TIOKPUTHE.
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Taon.1 Conapen 0o6us Ha cucmemama

Mecen  Conapen  Coaapuo CubHuerpeene Jlonbanureana st Comapno  Edexr
JI00UB  OTOILICHHE kWh eHeprus BI'B yoxpurne mBHOC
kWh kWh kWh % oronenne T
% %
Anyapu: 536 370 2268 24 85 18 24
DeBpyapu: 736 570 2558 18 90 34 29
Mapr: 969 770 3285 0 100 57 29
Anpur: 954 758 4383 0 100 91 22
Maii: 276 78 4785 0 100 100 6
HOnmu: 193 0 4833 0 100 0 4
Omm: 199 0 5012 0 100 0 4
ABrycr: 197 0 4804 0 100 0 4
CenTeMBpH: 212 21 4067 0 100 85 5
OKTOMBpU: 810 618 3243 6 97 76 25
Hoemspu: 553 379 2009 15 92 29 28
HekemBpu: 492 340 1952 33 81 18 25
Cyma: 6126 3905 43198 96 96 39 14

O6111 15171 Ha conmapHOoTO TTokpuTHe 50%.

Tabn.2 Exonoeuuen banarnc na cucmemama

Mecen Conapen Hxonomust CO;
J100MB, HA eHep- HKOHO-
kWh rusit kWh mus, kg
Anyapu: 536 191 153
®deBpyapu: 736 263 210
Mapr: 969 269 215
Anpun: 954 265 212
Maii: 276 66 53
110):178 193 43 34
Omu: 199 44 35
ABrycr: 197 44 35
CenremBpH: 212 49 39
OxkTOMBpH: 810 225 180
Hoewmepu: 553 162 130
JexeMBpu: 492 176 141
Cyma 6126 1797 1438

B Tabn. 1 ca npencraBeHH AaHHUTE OT CH-
MyJalyaTa Ha CUCTEMAara, KBIETO SICHO ce
BIKJIa OTHOCUTEHUAT JsUT HA COJIAPHOTO IOK-
puTHe.

Ot TabnuyHKUTE Pe3yaTaTH MOXKE Jla Ce U3-
YHCIIH, Y€ CPEIHUST TOUIIEH JOOUB Ha eTUH
m? KoJIeKTOpHa 1ol e 204 kWhim?.

B Tabn. 2 e noka3zaHa HMKOHOMUSTA Ha
ereprus 1 CO2 npu U3MOJI3BaHETO Ha BB300-
HOBSIEMUTE CHEPTUITHA U3TOYHHIIH.

3AKJIIOYEHUE

Ot pesynraTture, MOJIy4YE€HH OT CUMYJAlU-
aTa Ha paboTara Ha CUCTeMara, SICHO Ce BIIK-
7la, 4€ OOIIUAT CPeIHO-TOAMIIEH JsT Ha CO-
JapHO TOKPHUTHE 33 OTOIUICHUE Ha CTpajaTa e
39%, nokaro AenbT 3a OUTOBA ropema BoAa
noctura 96%. OOmUAT 1571 Ha COJAPHOTO
MIOKPUTHE 3a TOIUIa Bojia U otorieHue e 50%.
JlenbT 32 OTOIUICGHHE HA Crpajara OT CIIbHYe-
BUTE KOJEKTOPU MOJKE J1a OCUTYPHU YaCTUYHO
MOJMOMaraHe Ha CHCTeMara B MECEIUTe
MapT, anpuil, Maif 1 OKTOMBPH.

Pesynrature oT cumynanusaTa Ha paborara
Ha cHCTeMaTa, KaKTo U MocjeaBaiaTa U eKc-
TI0aTanus, HEJBYCMHUCICHO TIOKa3BarT, 4e 3a
yBeJIUYaBaHE Ha COJIAPHUS T 32 TPOU3BOJIC-
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TBO Ha CHEPIHUsA 3a OTOILICHHUC € HCO6XO,Z[I/IMO
YBCIIMYAaBaHC HA KOJICKTOPHATA I1JIOIII.

BbaarogapHocTu

Tosa uzcnedsane e unancupano om Espo-
netickus (oHO 3a pecuoHAIHO pazsumue 8
pamkume na OII ,, Hayunu uscieosanust, uHo-
sayuu U OucUMaIU3ayus 3a UHMeIUSeHMHA
mpancghopmayusn* 2021-2027 ., Ilpoexm No
BGI6RFPR002-1.014-0005 Llenmvp 3a Kom-
nemenmuocm,, "Humenucenmuu mexampon-
HU, €eKO- U eHepeoCnecmsasawju cucmemu u
mexHoao2uu
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HUCKOTEMIIEPATYPHO PVD HAHACSAHE U MEXAHNYHO
XAPAKTEPU3UPAHE HA CR-N IOKPUTHUE BbPXY BbP3OPE3HA
CTOMAHA P6MS5

LOW-TEMPERATURE PVD DEPOSITION AND MECHANICAL
CHARACTERIZATION OF CR-N COATING
ON P6MS HIGH-SPEED STEEL
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Abstract

Nowadays, practically every cutting tool has a hard (or superhard) coating deposited to enhance its mechanical
properties. Over time, these coatings have evolved and today various multilayer, nanolaminate, nanocomposite, etc.
structures were developed and applied. But, the long-known monolayer (monolithic) coatings are still relevant in
certain situations. Here, one technological process for low-temperature deposition of a monolayer CrN coating on
P6M5 high-speed steel is described and a subsequent testing of its mechanical properties is considered. The obtained
results show high hardness combined with excellent adhesion and a low stable coefficient of friction.

Keywords: chromium nitride; hard coatings; PVD; CFUBMS; mechanical properties

BBBEJIEHUE

Hanacsaeto Ha ThHKHM (2+3 um) TBBpAU U
CBPBXTBBPIU MOKPUTHS BHPXY 00paboTBamiu
WHCTPYMEHTH € pyTHHHa ChbBPEMEHHA Ipole-
nypa. Te cmocoGcTBar 3a: yBelWYaBaHE Ha
paboTHUS pecypc Ha MHCTPYMEHTA, U3JIM3aHe
U3BBH HOPMAJIHO TNpe/BHUJeHaTa paboTHA 30-
Ha (3aBUIIABaliKu €JIEMEHTUTE Ha peKHMMa Ha
psizaHe), HaMalsBaHE WIM JIOpU TpeMaxBaHE
Hy’XJaTa OT CMa30YHO-OXJaXJaIla TEYHOCT
[1, 2]. Ilonacrosimiem, CriOMEHAaTUTE MOKPH-
THS OCBEH JK€JaTeJIHH, ca Beue MOYTH 3a1bJI-
KUTEIHU B HAKOU CIy4Yau - MPUMEPHO, MPHO-
m3utenHo 90+95 % ot npennaranute WC/Co

MHCTPYMEHTH C€a C HAHECEHO TBBPJAO WIIHU
CBPBXTBBPAO mokputue [1]. PecnexTusHoO,
U3CTIEIBAHUSTA B Ta3W OONACT, MOATHKHATH
OT HYXIUTE HA HUHIYCTpUsTa, TOBEIAOXa MO
Ch3JaBaHETO Ha TOJSIMO pa3HoOOpaszue Ot
TTOKPUTHS.

3a HaHACAHETO UM, OCOOEHO MOAXOASIIN U
HaJIOXWINA CE€ B MOCJIEIHUTE JIECEeTHIIETUsl ca
rpyna TEXHOJOTWUH, W3BECTHU TOJ OOIIOTO
HaUMEHOBaHUE QuU3UYHO NAPHO Oma2aHe
(Physical Vapor Deposition, PVD). Enna ot
Hal-4ecTo WM3IMOJ3BAaHUTE OT TAX € MacHem-
ponHomo pasznpauwiane (Magnetron Sputtering,
MS), xaToO OCHOBHOTO ¥ TIPEAMMCTBO € TOJIs-
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MaTa 4hCTOTa Ha HaHacsHUTe ciioeBe. OOUK-
HOBEHO, CTENCHTa Ha WOHU3AIUS MPU TEXHO-
JIOTUYEH mpouec Ha MS He € BUCOKa, HO B
pPa3HOBUAHOCTTAa My (M3MOJ3BaHa B Cyyas)
Ppasdanancupano MacHempoHHO pasnpaieane
6 3ameoperno noae (Closed Field Unbalanced
Magnetron Sputtering, CFUBMS), T HapacT-
Ba 3HAYMTEIHO. 32 Ta3U TEXHOJOTHS € TPerno-
pbUMTENICH YeTeH Opoil MarHeTPOHHHU H3TOY-
HUIM (KaTO HAKOM MOXKe J1a ObJe 3aMECTEH OT
MOAXOJISAI] MarHUT), P KOETO CUJIOBUTE JIU-
HUW HA MATHATHOTO I10JIe YaCTUYHO HABIIA3AT
B KaMmepaTa, KaKTO U C€ MPEXBBPIAT MEKIY
CaMHUTE HM3TOYHHIIM, KaTO IO TO3M HAYMH CE
3aIbpKaT MOHU3HUpAIINTE CICKTPOHH U TIa3-
Mara ce nojoopsisa [3].

[Toxputuero CrN e egHO OT MbpBUTE, Ha-
HacsHu upe3 PVD. Yecto, TBBpAOCTTA MYy €
MoJ rpaHuuaTa, AeduHupaiia TBEPAUTE MOK-
putus (20 GPa). Berpeku ToBa, TO € MHOTO
W3MOI3BaHO TpU (POPMOBAILIU HUHCTPYMEHTH
mopagy HUCHK KOCe(HUIIMEHT Ha TPHUCHE
(cpsiMo paznmuyHu 00pabOTBAaHU MaTEPHUAIIH ),
AQHTHAJIXE3UsI, YCTOMYMBOCT IPU BUCOKHU TEM-
neparypu (o ox. 800 °C) u ap. Bwepxy pe-
eI MHCTPYMEHTH TO C€ M3I0JI3Ba OTPaHU-
YEeHO, OOMKHOBEHO MpH 00pabOTKa Ha JBbPBO
[4] v HsIKOM CIUTaBUM Ha IIBETHU MeTaH [5].

BaxxHo mnpenu3BHKATENCTBO, CBBP3aHO C
HAHACSHETO Ha €JHOCIIONHO MOJI00HO MOKPH-
THE, € TIOCTUTAHETO Ha Bb3MOXKHO MO-BHUCOKA
TBBPJOCT TIPH 3ara3BaHe Ha Jo0pa aaxe3ust
KbM TIOJJTOKKAaTa. 3HAYUTENIEH KOMIIOHEHT OT
TBBPJOCTTA B CIy4asl c€ JBbJDKH Ha Ch3/IaJICHU
BBTPEIIHU HATHCKOBU HAMPEXKEHUs TPH Ha-
HACSHETO, KOWTO BpeAsT Ha aaxesusTa. Ba-
KEH JIOITBJIHUTEINICH TPo0JIeM 3a ajxe3usra ce
SBSIBA MPOTHYAHETO Ha TMpoIlieca Ipu OTHOCH-
TenmHo HUcKa Temmneparypa (moza 200 °C), koe-
TO OT CBOSI CTpaHa TapaHTHpa 3ama3BaHe Ha
MEXaHUYHUTE CBOMCTBA Ha MOJIOKKATA.

B Ta3um myOnukamus ce OmucBa PEXUM
(peuenrta) 3a HaHacsiHe Ha eqHOCIOWHO CrN
MOKPUTHE TIPH HHUCKA TeMIlepaTtypa, KOeTo B
MOCJICACTBHE ITOKa3Ba OTIMYHU MEXaHUIHH

CBOMCTBA, HEOTCTHIIBAIIM HA TE3U, XapaKTep-
HU 3a MOJI0OHU MOKPUTHS Ch3JaJCHH TPH T10-
BHCOKa Temreparypa. B mociencrsue, ToBa
MOKPUTHE BEU€ C€ HaHacid 3a KIHUEHTU Ha
entpanna nabopaTopus 1o IpwioxkHa (u-
3uka, bBAH.

EKCIIEPUMEHTAJIHA TIAHHHA

OnutHHUTE O00Opa3iy ca IUCKOBE OT OBP30-
pe3Ha cromana P6MS ¢ nuamersp 13 mm u
nebenmnaa 5 mm. Te ca 3akanenu no 63 HRC
u ¢uno nutadanu 1o Ra = 0,28 um.

3a HaHACSTHE HA MOKPUTHETO Oe M3IO0JI3Ba-
Ha ycrtanoBka UDP850-4 (Teer Coatings
Ltd.), xpmero ce wu3MOA3Ba TEXHOJOTHATA
CFUBMS. Ta3u ycTaHOBKa € JOIBIHUTEIHO
ob0opyaBana u nopadorena ot Llentpanna na-
6oparopus 1o npuiioxHa ¢usuka, bBAH, 3a na
OTroBaps Ha MPAKTUYECKUTE HYKIU Ha HH-
TyCTpHSITA.

Crnen mpenBapuUTEIHO MEXaHUYHO U XH-
MUYHO TTOYMCTBAHE - B YJITPa3BYKOBa BaHA C
Mek ankajneH pazrBoputen Deconex HT 1170
(Borer Chemie AG), oOpa3mure 0sixa 3akpe-
NeHU KbM Kapycenl ¢ ABYOCHO BbpTeHe. Pa-
O0oTHaTa Kamepa Oerie M3MOMIIeHA 10 JOCTH-
rage Ha Hamsrade 2,0.10° Torr. Crnex ToBa
3anouHa Harpsieane g0 140 °C, xaro Ha 3aj-
BIDKBAIIMS MpUBOA Oe 3a/laZieHa 4ecToTa Ha
BepTeHE OT 5 rpm. [locienBa moyucTBaHe C
aproHoBU HOHM B mponbpkeHue Ha 30 min,
KaTo KbM Kapycena (0Opa3iuTe) ce momaaje
BUCOKO Hampexenue -500 V (ummynceH pe-
xumM, yecrota: 250 kHz, may3a mexny um-
nyncute: 500 ns). J[eOUTHT Ha M3MOI3BAHUA
ra3 Ar Gemre 25 sccm (TO3U MapamMeThp HE ce
MIPOMEHHU JI0 Kpas Ha pabOTHUS MPOIIEC).

HanacsiHeTo 3amoyHa c pasmpamiBaHe oOT
nBe cpentynoyoxan Cr MUIIEHU TIpU pabOTeH
TOK OT 6 A (B Kamepara uMalle Oule JIB€ MHU-
menn: Ti 1 Al, Ha KOUTO ce Mmojaae TOK OT
0,5 A, 3a 1a ce MpeaOTBPATU 3aMbPCIBAHETO
uM). OMOPHOTO HaIpeKEeHHE KbM Kapycena
6e monmxkeno a0 -70 V/250 kHz/500 ns (mo-
CJIETHOTO HE CE MPOMEHU JI0 Kpasi Ha paboT-
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HUS MPOIIEC).

[IspBOHAYANIHO, 32 U3rpaxJaHe Ha THHBK
anxe3noHeH cioi ot Cr, cuctemara pabotu B
ormucanoTo cherostHue 10 min. Cren ToBa ce
OTJIOKU MPeXOJieH rpaaueHTeH ciioi ot CrN B
npoabipkeHre Ha 40 min, KaTto 3amo4yHa Io-
CTENeHHO HaTuyaHe Ha Njy. 3a KOHTpPOJ Ha
nebuTa My ce U3MOJ3BAIlle ONMUYeH eMUcUo-
Hen monumopune (Optical Emission Monitor-
ing, OEM), kaTo 3aJlaHusATa ce MPOMEHsXa OT
95% no 80%. Ha Tsax cpboTrBercTBalle AeOUT,
KOWTO Ce MOBMIIIABAIIIE IOCTEIIEHHO OT 3,8 110
21,0 sccm. Cnen ToBa, MpW JIOCTUTAHE HaA
ropHata TpaHMIlA, MPOIECHT MPOABIDKU 0€3
MpOMsIHA Ha J1e0HUTa, KaTO C€ OCHIIECTBU Ch-
IIMHCKOTO HaHACSHE HAa PabOTHUS CIIOH OT
CrN B npoabikenue Ha 120 min nipu 3a1anue
Ha OEM ot 80 %. CroliHocTTa Ha nedura Je-
KO Hamans J10 Kpas Ha HaHacsHero a0 20,5
scem.

OnucaHusAT mpolec ce MpoBee Npu Has-
rane 1,6.107 Torr. Temneparypara, mopaau
U3TPaKIAHETO HA TOKPUTHUETO, C€ MTOBUIIIHU IO
166 °C no kpas Ha mpoiieca.

Crnen HaHACSIHETO HA MOKPUTHETO CE U34a-
Ka, JOKaToO TeMIlepaTypara Ha oO0pa3iure
cnagHe 1o 120 °C, cien xkoero kamepara ce
pa3Bakyymupa u 00pa3iute 0s1xa u3BaJcHHU.

JleOenunara Oere M3MepeHa upe3 Kalo-
tectep (mpoektupal B LleHTpanna maboparo-
pust no npuioxHa ¢usnka, bBAH). 3a u3nbn-
OaBane Ha chepuunusa nuMd Oe U3MOI3BaHA
TOTMKa OT JIarepHa cToMaHa ¢ guamersp 30
mm. lnudsr 6 HaOMIOgaBaH, U3MEPEH U
dotorpadupan ype3 onTUYHATA CHCTEMa Ha
olMcaHaTa Mo-A0Jy anaparypa.

MexaHWYHUTE M3MUTBAHUA Ha OOpas3luTe
ce m3pbppmuxa uype3 Compact Platform CPX
(MHT/NHT) (CSM Instruments, Anton Paar
GmbH). HanotBbpaocTra 1 Moayna Ha ena-
CTUYHOCT OsiXa OTpEACIICHH 4Ype3 MEeTo/a Ha
Omusbp-Dap (Oliver-Pharr), xoiito e codT-
YEPHO 3aJI0EH B ycTporcTBOTO. M3M0n3Ba ce

5 s 3ambpkaHe Ha MaKCHMajHaTa HaToBap-
Bama cwia ot 50 mN, a koedunuenta Ha [lo-
AHCOH 32 MOKPUTUETO O€ MPUET CHC CTOMHOCT
0,25 [6]. IlonyueHuTe U MOKa3aHU B Cle/IBa-
s maparpad CTOWHOCTH ca CpelHOapUuTMe-
THYHU OT 5 TIOCJIEIOBATEIIHU U3MEPBAHHUS.

Anxesusra Oeme u3MepeHa 4pe3 Micro
Scratch Tester (MST) Moy, KOMTO € 4acT ot
ropuoto obopyaBane (CSM Instruments,
Anton Paar GmbH). beme usnomsBan aua-
MaHTeH UHJeHTOp Pokyen cbc 3akpbrieHue
Ha Bbpxa oT 200 pm, KaTo AUCTAHLUATA Ha
wrb3rane Oeme 1 mm. HatuckoBara cuna Ha-
pactBame auneiHo ot 0,5 1o 30 N cbc cko-
poct 1 N/min.

AHAJIN3 HA PE3YJTATUTE
[TokpuTHETO MMa XapakTepeH CHUB IIBST,
KaTo OPraHoJIENITHYHO MOXKE Ja CE 3aKJIIOUH,
4ye ¢ NpUOJM3UTEIIHO CTEXHOMETpUYHO. [Ipu
KaJIoTeCTa He Bb3HHKHAXa HApPYIICHHUS B IIO-
KPUTHETO, KOETO WHIMPEKTHO IOJCKa3Ba 3a
HUCKH BBTPEIIHU HANpPEKEHUS B HEro, pe-
CIIEKTUBHO — 100pa aaxesus (¢wur. 1).

Due. 1. Chepuuen winug
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JlebennHaTa Ha MOKPUTHETO O€ M3UMCIICHA
¢ momoInra Ha GopMyIHTe, IoMecTeHH B [7].
INomydenara croiHoCT € mpuom3uTenHo 2,500 pum.

HatoBapBaio-pa3zroBapBaiaTta Kpusa oT

50.00—

37.50—

25.00—

12.50—

HAaHOWHJICHTHPAHETO € IMOMECTeHa Ha Qur. 2.
[TnaBHOCTTa Ha KpuBara JOKa3Ba, Y€ HE ce
Ch3/IaBaT IYKHATUHH B 30HATa HA WHICHTH-
paHe.

h

| T T T T
0 nm 20.00 160.00

I I
240.00 320.00 400.00

@Due. 2. Hamosapsawo-pasmosapsawa Kpuea om HaHOUHOEHMUPAHEMO

JIbnbounHaTa Ha WHACHTUpPAHE /I UMa MaK-
caMaigHa cToMHOCT 391 nm, KOETO € OKOJIO0
15% ot nebenunara Ha mokputuero (2,500
um). ToBa rapaHTHpa, Y€ TOJYyUYEHUTE CTOMU-
HOCTH 32 TBBPAOCTTa U MOJyJa Ha eNacTHy-
HOCT C€ OTHACST Haii-Be4e 3a CaMOTO TMOKpPH-
THe (BIMSIHMETO Ha TMOJJIOKKAaTa MOXKe Ja Cce
npenedperne) [8]. M3non3Banara HaTtoBapBa-
ma cuwia F' = 50 mN rapanTtupa u30irBaHeTo
Ha TIPOSIBIICHUSI HA eghekma Ha pazmepa npu
unoenmayusi (Indentation Size Effect, ISE),
KOWTO OMXa IMOBJIUSIN Ha OTYNTaHEeTO [8].

VYcTaHoBHXa c€ CIEIHUTE CTOMHOCTH: Ha-
HotBbpAocT H = 18,9 GPa u monyn Ha ena-
ctnaHocT £ = 375,9 GPa. CroiitnoctTa HAa H €
B ropuus auana3oH 3a CrN nmokputus [4, 5, 6,
9, 10], xoero noka3Ba NpakTU4ecKaTa IpH-
TOJTHOCT Ha Ch3/aJieHaTa paboTHa peLenTa.

Ha ¢wur. 3a e mnokasaHa pauarpama OT
cKkpay-tecta. JINHEMHOTO M3MEHEHHE Ha Ha-
TUCKOBaTa cujia Fn B ciaydas Hopaxia Hpu-
OJIM3UTENTHO JMHEHHO W3MEHEHHE Ha cujaTa
Ha TpHeHe F? B pe3ysTaT Ha KOeTO KoepHIu-
€HTa Ha TPUEHE [ € MPAKTHUYECKU MOCTOSIHEH.
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OtyeteHusT KoeumeHt Ha TpueHe u =~ 0,10
€ OTHOCUTEITHO HUCHK, KOETO € XapaKTepHO 3a
CrN nokputusita [4, 5, 9, 10] (momyuenara
HUCKa CTOWHOCT € CBBbp3aHa U ¢ ymoTpedara
Ha MaMaHTEH UHACHOP). T3 KOe(hUIIUEHT €
MOYTH MOCTOSIHEH, T.K. TOKPUTUETO € €THOC-
JIOMHO W HsAMa MPOMsiHA B KOHTAKTyBaIlaTa
NBOMKA Marepuaiu (MMOKPUTHETO W IHUaMaH-
TeHHs WHJCHTOpP). Bce mak, Bmxaa ce, 4e
IBII0OYMHATA HA IPOHUKBaHE Pd € 3Ha4uTen-
Ha, HaJBUIIIABaIla JeOeIMHATa HA TIOKPUTHE-

3200— 2.40—7 3200

24.00— 1.80—7 24.00—

16.00— 1.20—7 16.00—

800— 0EB0— 8.00—

TO. Bhpeku ToBa, KOCHUIIUEHTHT HA TPUCHE
ce 3ama3Ba KaTo CTOMHOCT.

[Topanu rmagkocTTa Ha KpUBHUTE Ha aky-
CTUYHATa eMUcus Ae U Koe(UIIMEHTA HA TPH-
€HEe (1, MOXKE J1a Ce 3aKJIF0YM, Y€ HsAMa 3HAYH-
MU HapyIIEHUS! Ha MIOKPUTUETO, PECTICKTUBHO
JeJIaMUHAIS.

ToBa ce MOTBBPKIaBa M OT CHHMKAaTa Ha
cienara, mokazana Ha ¢wur. 36. BugHo e, 4de
JUTICBAT aJXE3MOHHU HAPYIICHUS, 3aTOBA HE
MOXe J1a ce neuHUpa I0pU T.H. IBPBO KPH-
TUYHO HaToBapBaHe Lci.

—80.00 —-3.00

—60.00 -0

—40.00 3.00

2000 600

Mg .

| 3.00

Due. 3. Ckpau-mecm. a) ouazpama, 6) creda

CremoBaretHO, MOKE J1a ce TIpueMe, 4e aj-
Xe3usiTa Ha HAHECEHOTO MOKPUTHE € OTIMYHA
npu HatoBapBaHus 10 30 N (MakcummaiHaTa

CTOMHOCT, KOSITO MOXKE JIa Ce TPUIIOKH C Ha-
JTUYHOTO 00OPYIBAHE).
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3AKVIIOYEHUE

[IpennokeH € TEXHOJOTMYEH PEXUM 3a
HUCKOTEMIIEpaTypHO HAHACSHE HA €IHOCIION-
HO CrN mokputue BbpXy Obp30ope3Ha cToMa-
Ha P6MS, rapantupaiil BUCOKa TBbPJIOCT, OT-
JTUYHA aJIXe3uss U HUCHK TOCTOSHEH Koedu-
uueHT Ha TpueHe. [lomydyenure pesynraTtu ca
IIPEANIOCTaBKAa 32 YCIELHO IPAaKTUYECKO
MIPHIOKEHHUE.

BaaropapHocTu

Tosa uzcnedsane e unancupano om Eepo-
netickus (oHO 3a pecuoHAIHO pazsumue 8
pamxume na OII ,, Hayunu uzcnedsanus, uro-
sayuu U OuUMAaIU3ayus 3a UHMeIUSeHMHA
mpancgopmayusn* 2021-2027 2., Ilpoexm No
BGI6RFPR002-1.014-0005 Llenmvp 3a Kom-
nemenmuocm,, "HumenuceHmuu mexampon-
HU, €eKO- U eHepeoCnecmsasawju cucmemu u
mexnonocuu *
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MEKAYHAPOJHA HAYYHA KOHOEPEHIIUA
»MEXATPOHUKA, EKO U EHEPI'OCIIECTABAILIHA
CUCTEMM U TEXHOJIOI'NU* - TABPOBO'2025

PA3BPABOTBAHE U U3CJIEABAHE HA ITO3UIITMOHUPAIIIA CUCTEMA
3A JIASBEPHO IOBBPXHOCTHO 3AKAJISIBAHE HA CJIOKHMU 3/1
IHOBBPXHHUHU

RESEARCH AND DEVELOPMENT OF POSITIONAL SYSTEM FOR
LASER SURFACE HARDENING OF COMPLEX 3D SURFACES

Prodan Prodanov Borislav Stoyanov
Technical University of Gabrovo Technical University of Gabrovo
Center of competence "Smart mechatronic, eco-and energy-saving systems and technologies"

Abstract

The application of surface treatment technologies relies on precise positioning systems, usually multi-axis, implemented
through industrial robots or coordinate machines. As the main processing tool, a laser head with suitable power is em-
ployed to meet the requirements of the technological process. Frequently, these systems are complemented by a third
component — a measuring system that provides feedback and control. In many cases, a pyrometer is used as this meas-
uring element, since it allows for non-contact surface temperature monitoring. This paper introduces a solution that
integrates positioning, processing, and measurement subsystems based on the modules described above. Current indus-
trial production trends emphasize combining advanced positioning mechanisms with eco-friendly and energy-efficient
processing tools. Depending on the application, the tool can operate in different modes: subtractive (CNC machines for
selective material removal), additive (technologies such as laser welding or 3D printing), or surface modification (pro-
cesses like quenching or heat treatment). All these approaches merge the benefits of high-precision servo-driven posi-
tioning systems with low-energy processing heads. The work presented here demonstrates such a production technolo-
gv: a high-performance positioning system combined with a laser scanning head for effective surface treatment - laser
hardening.

Keywords: industrial robot; laser hardening, laser scanner head, pyrometer, robot programing, surface treatment.

BBBEJEHUE

[Ipunaranero Ha 3aJBMXKBAILMTE U TO3U-
IIUOHUPAIIA CUCTEMH € HaCOYEHO KbM PO0o-
TU3UPAHU MEXaHU3MH (B YaCTHOCT MHYCTPHU-
aJlHU poOOTH, ¢ n HA OpOIl CTeNeHu Ha CBOOO-
Jla WIK BB3MOXKHOCTH 3a JBI)KEHHE U T03U-
[IMOHUpaHe), KaTo ChIBpKaT B cebe cu 3a-
JIBMDKBAIIL JIBUTATEIN (CEpBO3aABUXKBAHE) U TI0-
SUOUOHUpall MEXaHU3BM (HOSI/IHI/IOHI/IpaIIIa
cucrema). KpM enHa TakaBa poOoTH3MpaHa
CHCTeMa, 3a Jla CTaHe aKTyaJllHa Ha HYXIUTE
Ha JlaJiecHa TEXHOJOIMs WIM TEXHOJOTHYHA
oIepanys € HyXHO /1a Ob/e 3aJ0KeH BUCOKO-

TEXHOJIOTUYEH U EHEeprocrecTsBail padboTeH
OpraH WIH T. Hap TEXHOJIOTUYEH HHCTPYMEHT.
Criopen HampaBeHUTE MPOYYBAHHS, B OTPO-
MeH Mamab HyXHUTe Ha Ou3Heca W HHAY-
CTpusATa Ca HACOYCHU KbM KOM6I/IHI/IpaHeTO Ha
Ja3epHUTE TEXHOJIOTUU (KaTO TEXHOJOTHYEH
HMHCTPYMEHT) 3a MOBBPXHOCTHA 00paboTKa Ha
ci10’)kHU 3D MOBBPXHMHU U BHCOKO (PYHKIIH-
OHaJIHA 3aJIBIDKBAIIa POOOTH3MpaHa CHUCTEMA.
IIponiecu kaTo 3akansBaHe, 3aBapsiBaHe, psi-
3aHe W JIp. W3IOJI3BAINH JIa3ePHU TEXHOJIOTHH
TI03BOJISIBAT BUCOKA TOUYHOCT, €HEpPruiiHa edek-
THBHOCT, CHCPEIOTOYaBAaHE Ha TOJSIMO KOJH-
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YEeCTBO MOILHOCT B €JUHHUIA 00eM, €IHOBpe-
MEHHO C BHUCOKO OBP30JICHCTBIE U TOYHOCT. B
TaKkbB acCIEKT € HalpaBeH W300p Ha JazepHa
rjiaBa KaTo TCXHOJIOTMYCH MHCTPYMCHT.

N3JTO0XEHUE

B na6oparopus C7.2. ",Exo- u eHepro-
criecTsiBaIly, OC3KOHTAKTHU TpeaaBaTeNd Ha
eJIeKTpudecka eHeprus" e u3rpajaeHa poOoTH-
3upaHa cucreMa 3a 3J[ Ja3epHO NOBBPXHOCT-
HO 3aKajsiBaHE Ha JETAlIU CbC CIOXKHH IO-
BbpXHUHU. [IpHUio’keHneTo Ha TaKuWBa CHUCTe-
MH, ChUETAaHU C BUCOKO (YHKIIMOHAJIEH WH-
IOyCTpuasieH poOOT MO3BOJSBAT PEIIaBAaHETO
Ha crnenuUYHUTEe TEXHOJIOTHYHU 3a/1ayH,
HaMUPAIIU PHIOKEHNE C ITUPOK CIIEKTHP OT
WHIYCTPUH: MAIIMHOCTPOCHE, aBTOMOOWIIO-
CTpOCHE | JIp. B CTpykTypHO OTHOIICHHUE, 32
peaiu3upaHeTo Ha TakaBa BHCOKOTEXHOJIO-
TrMYHa CHUCTEMa Ca HEOOXOJWMH CIICTHUTE
OJIOKOBE: JIa3epeH AMOACH MOAYJI C HEeoOXo-
IUMaTa 3a TeXHOJIOTHYHUS MPOIIEC MOIIHOCT;
MO3UIIMOHUPAI MOAYJ; OXJIATUTEICH MOMAYI
U TEePCOHAJICH KOMIIOTHD (copTyep W/wim
YOBEKO-MaIIHEeH uHTepdeiic) — dur. 1.

Nasepen gnoaeH MORYn

OnTuven (fiber) kaben l
Nasepen
saxpaneau
n

Oxnapurenta

ot Nasepra

YnpaenABawa cHcTema CHAHMPALLE
(Xapayep/Codryep) rnaca

KomnioTsp
wnm moayn

QDue. 1. brok-cxema na cucmema 3a nogvpxXHOCH-
Ha 0bpabomka Ha crodxcHu 3/] noevpxHUHU

[IpencraBeHata CTpyKTypa ChIbpXka: Ja-
3epeH auojeH Mmoayi LDM-4000-100 c HeoO-
XoauMaTa 3a TEXHOJIOTMYHUSI TPOIEC MOIII-
HOCT OT 4 kW [1]; ma3epHa ckaHupaia riaBa
OTZ-5 [2] ¢ HOMHuHAIIHA MOIITHOCT OT 4kKW un
C BB3MOXHOCT 32 PETyJIUPyEMO JIa3epHO TeT-
HO TIOCPEICTBOM BapHO-ONTHKA JI0 MAaKCH-
MaiHH pa3MepH (22x43) mm. B cucremara e

BrpaJieH JIBY30HOB NMHUPOMETHP KOWTO MOXKeE
Ja W3MEpBa M peryimpa TemrepaTrypaTa Ha
jeTaiina B amamasoH ot (550 — 1500)°C [3].
N3non3BaneTo Ha MUPOMETHP J1aBa BB3MOXK-
HOCT 32 M3MEpBaHE U peryjupaHe Ha TeMIe-
paTypara Ha MOBBPXHOCTTA Ha JETailyia o
BpeME Ha TEXHOJOTUYHHS IPOLEC ,,J1a3epHO
MIOBBPXHOCTHO 3aKajsiBaHe .

3a mo3ULHOHUpAI MOAYN € n30paH u Imyc-
HaT B EKCIUIOATAlUS HHIYyCTPUAICH pPOOOT
tunmt FANUC M20iD [4] ¢ mect cTeneHu Ha
cB00O/MA, CHOTBETHO MIECT 3a/IBMIKBAIIU OCH
ChC CEpBOJBHUTaTENM, KAKTO U B JOMMBIHEHHE
KbM HETO — POTAIIMOHEH €THOOCEH MOJYJI [5].

Ha ¢ur. 2 e nokazana usrpajaeHara cucte-
Ma 3a JIJa3epHU TCPMUYHH OIEPAIHH, CBHP3a-
HU C IOBBPXHOCTHO 3aKaJsiBaHe Ha JIeTailiu.

HocmHa obpabomra Ha crodicHu 3/] nosvLpXHUNU

JlonmbIHUTETHUTE TEWHOCTH 3a MPEBPBIIA-
HETO Ha Mpe/icTaBeHaTa cucTeMa B 000ocobeHa
CTPYKTypHa €IMHUIIA 32 MPOBESKIAHE HA HE-
00XOUMUTE HAYYHU U €KCTIEPUMEHTAIIHU U3-
CJICJIBAHUS Ca CBBP3aHU C 00€30MaCSIBAHETO U
OCBIICCTBIBAHETO Ha OTHAlCYeH AOCTBI U
KOHTPOJ. 3a OCBIIECTBSIBAHE Ha TOBA € W3-
rpageHa obocoOeHa ,KJeTKa“, H30JHpaIia
CHUCTEMaTa B OIPaHUYCHO paOOTHO MPOCTPaH-
CTBO, KBJCTO Ca B3€TH BCHYKH HEOOXOIUMH
MEPKH 3a OCBINECTBSIBaHE Ha OE30IMacCHOCT
mpu paboTa ¢ 1a3epHo 00opyABaHE.
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HSFpaI[eHI/I ca 3alllMTHU IOperpagd U 3a-
rpaXaAcHud, CICKTPUUCCKU W CICKTPOHHU
CUCTCMH 3a 3aluTa, 6J'IOKI/IpOBKI/I, ajlapMu-
pamu CUCTCMHU, KAKTO MU CHUCTCMHU 3a BUJCO-

OCHOBHOTO MPEIUMCTBO Ha H3MOJ3BaHATA
Ja3epHa IJ1aBa € Bb3MOYKHOCTTA 3a MPELU3HO
peryiupaHe IMUpUHATA HA JIa3€pPHOTO METHO,
KOETO TIO3BOJISIBA TMO-CEKTUBHO U C IIO-

BHUCOKa CTEleH Ha (YHKIMOHAJIHOCT Ja ce
M3BBPILIBA Jla3epHaTa 00paboTKa Ha MOBBPX-
HUHHUTE. YIPaBICHMETO Ha IIMpPUHATa Ha
IIETHOTO CE€ OCBUIECTBSIBA AHAJIOTOBO C IIPO-
MsiHA HampekeHue B auanazona ot 0 go 10V
10 JBeTe OcH X U Y, KaTO CbOTBETHO IIPOMSI-
HaTa Ha pa3MepuTe Ha (POKYCHUpPaHUs JIbY CTa-
Ba CHpPSMO OCTa HAa ONTHYHATa CUCTEMa Ha
Ja3epHara IiaBa.

mounting surface Y
X
mounting surface
QDue. 4. Pasnonoocenue na nemnomo Ha 1a3epHusl
JbY CHPAMO Ja3epHama 21aeda

HaOJII0/ICHHE U OTIAJIC4eH JOCTBII U KOHTPOI
— ¢ur. 3a u ¢wur. 36.

Ha ¢ur. 5 e moka3aHo W3MEHEHHETO Ha
IUIOIITA HA Ja3epHOTO METHO IpPU Pa3IUuHU
BXOJHMU yIpaBJidBallld HAIIPCIKCHUA.

Beam Parameter [mm]
Width X: 7,65

Width Y: 5,06

Voltage Pos: 10,0 V
working Distance: 366
Beam Parameter [mm]
Width X: 26,14

Width Y: 13,98
Voltage Pos: 5,0 V
working Distance: 366

Beam Parameter [mm]

Width X: 45,06
Width Y: 22,98

Voltage Pos: 0,0 V

working Distance: 366

Due. 3. Uszened na uzepadenama 3auumua
,, KIlemKa ** Ha cucmema 3a a3epHo 3aKAIA8AHe HA
cnodicHu 3] nosvbpxHuHU

Que. 5. 'onemuna Ha nemHomo npu pasiudtuy
6X00HU YNPABTABAUU HANPENHCEHUSL
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CeriacyBaHero Ha paboTara Ha Ja3epHara
rjlaBa C MHAYCTpUAIHUS POOOT MO OTHOLIE-
HUE Ha 3ajJjaBaHe Ha IMETHOTO Ha Ja3epHUA
JbY CE€ M3BBPIIBA IOCPEACTBOM aHAJIOIOBU
U3XOAU OT KOHTpOJiepa Ha HHIYCTPUAIHUA
pobot. Upes Tax POKyCHpaHETO Ha Ja3epHHS
JbY C€ peryiupa IJIaBHO B Auana3oHa ot (5,5
x 8) mm g0 (22 x 43) mm, HE3aBUCHUMO IIO
nBere ocu X W Y, CHOpe] NPEeIBApPUTEITHO
ChCTaBEHa IIporpama.

3a mpeuusHO peryjupaHe TeMIiieparypara
Ha 3aKasiBaHaTa MOBBPXHOCT Ha oOpaboTBa-
HUS JIeTallll ce M3MO0JI3Ba MUPOMETHp, MHTE-
IpUpaH B KOpPIyca Ha JiazepHara riasa. Tou
M3MepBa Mpelu3Ho TemrepaTypaTa U mojiaBa
oOpaTHa Bpb3Ka KbM KOHTpPOJIEpA CIIyKella 3a
perynupaHe Ha U3XOAsIIaTa MOUIHOCT Ha Jia-
3€pHUS U3TOUHUK.

3a ympaBiieHHe Ha TEXHOJOTHMYHUS MPOILIeC
3aKaJisiBaHE C€ M3I0JI3Ba COPTyepHUs INpo-
nykt Lascon Process Manager. [Ipuiioxenue-
TO mpemiara uHTepdelc 3a HacTpoiiBaHe Ha
napaMeTpuTe Ha mpoleca 3akajsBaHe - pa-
00THa TeMIiepaTypa Ha 3aKajisiBaHe Ha JeTaid-
na, chOupaHe M 0OpabOoTBaHE HA JaHHU OT
mpoleca, KakTo U IMyCKaHeTO Ha Taka Hapeye-
HUS NWIOTEH Ja3ep — U3TbYBaHE BbB BUJUM
CHEKTBp, O€30IaceH 3a oneparop, 4pe3 KONTo
IIPEIBAPUTEIIHO CE HACTpOiiBa IIMpUHATA Ha
JIa3€pHOTO METHO M HErOBOTO MECTOMOJIOXKe-
Hue — ur. 6 u ¢pur. 7.

Codryepnuss mpoxykr Lascon Process
Manager 1o3Bos1siBa 3alIuC Ha TEXHOJIOTUYHHUS
IpoLec Mo BpemMe, 3a/afieHa U JAeHCTBUTEIHA
TEMIIEpAaTypa M M3XOJsAIla MOIIHOCT Ha Jia-
3epHUs U3TOYHUK. OCBEH TOBAa JaHHUTE MO-
raT Jia ce M3IoJy3BaT B rpaduyueH u TabinyeH
Buj — ¢ur. 8. ToBa mo3BossABa aHAIU3 B IO-
CIIEICTBUE Ha Ipolleca, HEOOXOoaumara TeM-
neparypa 1 MOIHOCT IIpY 3aKaJIiBaHE Ha pa3-
JIMYEH M0 TEOMETPHS U MaTepHas IeTalIn.

3amaBaHeTO Ha pa3siMyHa MIMPUHA HA TeT-
HOTO Ha JIa3epHUS JTbY € TEXHOJOTHYEeH Mapa-
METBP 32 3aKAJIIBAHETO, CBBbP3aH KaKTO C TO-
10-pU3NYHUTE MOKa3aTeau Ha oOpaboTBa-

HHs Marepuaji, Taka U ¢ ObpP30JCHCTBUETO
npu 00paboTKa.

| ME LPC_192.168.100.150 - LPM 2.184 - process settings = o X
process setfings

general| pyrometer controller |io mapping| io configuration | data acquisition load

g ‘-’.‘%f&_:_;)ﬂ save
save 3as

controller speed: ﬂ J ﬂ W ms delete
rated temperature: | 1250 ;IZI °C filter ratio 20 —
getactual
0.000
min. output: 0 % sl ms
3
max. output 95 % gain
standby: 0.0 o4 import
export
IV script selection via digital io
™ pro pt |1 3:

controller at system startup default_con
currently used controller: default_con close

Due. 6. Ocrosen uzened na copmyep Lascon
Process Manager 3a nacmpotixa na napamempu-
me Ha ONMUYHUSL NUPOMEMBD

Que. 7. Ilposopey 3a OanHu 8 peaino peme no
epeme Ha MEeXHON02UYHUSL npoYyec

LPC_192.168.100.150: process: 43
workpiece code: -

19.06.2024 13:41:13, duration: 14216 s
Script N?: -, name: -

Pl: 1044 .90 %s, errors: -

i : 80
1000 : 4
rcl / ; 50 [%]

600} -

T T
o 2843 5686 853 11373 14.216
time [s] (14.040000)

Que. 8. /luacpama Ha mexHon02UYHUS NPOYEC NO
apeme, U3X00aua MOWHOCT U memMnepamypa npu
wupuna na nemuomo (14x26)mm

[[InpounHaTa Ha METHOTO cIoMara 3a
o0paboTkaTta Ha 4YecTO TPYIHO-AOCTHIIHU
MecTa IMpH JETalIN ChC KOMILIEKCHa (hopMma,
Harp. MajJora0apuTHU JIETAaHIN WU TOBBPX-
HUHH, TCCHU TCXHOJIOTMYHH OTBOPH, 3LOHU
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KoJIeJla C MaJlbK MOJYJI. 3a/laBaHETO Ha pas-
JIMYHO MO IIMPUHA METHO BIIMSE HA U3XOHATA
MOIITHOCT Ha JIa3epHHsI M3TOYHHMK Taka 4e Jia
ce MoAIbpKa paBHOMEPHA TIBTHOCT Ha MOII-
Hoctta. Ha ¢ur. 8, 9 u 10 e mokaszana rosne-
MHUHaTa Ha W3XOJHAaTa MOIIHOCT MpPU €IHAK-
Ba TemIiepaTypa Ha 3akansasase (1250°C).

LPC_192.168.100.150: process: 80
workpiece code: -

28.08.2024 13:51:15, duration: 30.274 s
Script N?: -, name: -

Pl: 1183.79 %s, errors: -

1200}

11004

1000

recl 900 | |-50 [%%]

0 6.055 12.11 18.164 24.219 20.274
time [s] (29.679999)

@ue. 9. /[uacpama na npoyeca Ha 3axansigane npu
wupura Ha nemuomo (14x26)mm

LPC_192.168.100.150: process: 64
workpiece code: -

01.07.2024 13:13:31, duration: 56.130 s
Script N?: -, name: -

Pl: 454 03 %s, errors: -

1200 - oo bememees .
1100 ]

1000 §

- T T
o 11.226 22 452 33.678 44 904 $8.13
time [s] (36.479999)

QDue. 10. Juacpama na npoyeca na 3axanisane
npu wWupuHa Ha nemHomo (8x5,5)mm

OT monyyeHuTe nuarpaM Ha pazInIHUTE
MPOIIECH CE€ BHKJIA YBEIUYABAHETO HA M3XOJ-
HaTa MOIIHOCT MpHU MO-TOJISIMA TUION] HA TeT-
HOTO Ha JIa3epHUS JIbY, KAKTO U yBelIMYaBaHe
Ha BpeMeTo 3a paboTa Ha Jla3epHara IyaBa 3a
MMOKPUBAHE Ha WJCHTHYHA IUIOMI, TOCCT JIBH-
YKEHUE C MO-HUCKA CKOPOCT.

Pa3paboTreHa TeXHOIOTHS MPEIOCTaBs Bb3-
MOXHOCT 3a TepMHYHa 00OpaboTKa Ha pas-
JIMYHY YaCTH OT JaJicH JeTaillI, KaTo ce 3aja-
BaT pa3linyHa CKOPOCT Ha JIBIKEHUE U TEM-
nepaTypa Ha 3aKajsiBaHe, KO€TO BOJH JI0 pa3-
JTUYHA THI00YMHA U TBBPIOCT HA 3aKAICHHS
cinoit. Ha ¢wur. 11 e moka3aH BHHIIHUS BUJ Ha

JIETallJI C pa3JIMYHU 30HU Ha 3akansBaHe. Ha
¢dur. 12 ca mokazaHu JUarpaMuTe Ha TIPOIe-
ca, KaTo ce BWXKJa pasliiKaTa B MOIIHOCTTA,
TEMIIEPATyPHUTE 30HU U PaA3NPEICTUCHUETO
Ha TeMmemnparypara IIpH U3IIBJIHEHHE Ha IIpO-
meca.

@ue. 11. 3onu na 3axanseane Ha 0emaill ¢
PA3UYHA MeMRepamypa U WUpUHAa Ha 1a3epHOmo
nemHo
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3AKJIIOYEHHUE

Pa3zpaboTeHata cucrema TpeiCTaBIsBA
MHOBAaTHBHO M CHEPrHiHO e(peKTUBHO perie-
HUE 32 HMHIYCTPUAIHU NpPUJIIOKEHUS B 00-
JacTTa Ha MAIIMHOCTPOCHETO, aBTOMOOMIIO-
CTPOEHETO U CPOJHH ITPOU3BOJICTBA, KBACTO
Ce M3UCKBA IMOBHIIEHA U3HOCOYCTOMYMBOCT U
YIBJDKEH EKCIUIOATAMOHECH JKUBOT Ha JeTaii-
nute. KomOuHMpaneTo Ha poOOTH3HMpaH I0-
3MLMOHMpAI MOJYJl C Jla3epHa CKaHMpaIla
rjlaBa M HM3MEpBATeNIeH MOAYJ C IPEHU3HO
peryJmpaHe Ha TemIeparypara MmocpecTBOM
MUPOMETHP OCHTYPSIBA MIPELU3HOCT, HOBTOPSI-
€MOCT M BHCOKa TOYHOCT Ha mpoieca. Bb3-
MOXHOCTTA 32 JTUHAMHYHO M3MEHEHHUE Ha Ta-
pameTpuTe Ha 00paboTKa (MIUPHHA HA TICTHO-
TO, TEMIlepaTypa, CKOPOCT Ha JBHKEHUE)
nmpaBu CHUCTCMAaTa TI'bBKaBa W aJallTHBHA
CIIPSIMO Pa3JInYHU MaTCPHAIH U TEXHOJIOTWY-
HHU W3UCKBAHUA. HOJ’Iy‘ICHI/ITe CKCIICPUMCH-
TaJTHU PE3YJITaTH IMOTBBPXKIABAT, 4e pa3pado-
TeHaTa CHCTeMa I03BOJIsiBa (popmupaHe Ha
3aKaJeH! CJIOEBE C BHCOKAa TBBPAOCT U KOH-
TpOJIUpaHa IbJI0OYMHA, O3 PUCK OT Hperps-
BaHE WJIM HEJOTPsIBaHE HA MaTepHaJa.
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Abstract

Cryogenic transmission electron microscopy (Cryo-TEM) provides direct visualization of bicontinuous sponge (Ls)
phases, where a surfactant bilayer meanders through space, dividing solvent into two continuous domains. Temperature
increase destabilizes lamellar order by lowering the bending rigidity and driving the Gaussian modulus toward values
that favor handle formation. We captured this transition as the loss of layered registry and the emergence of a labyrinthine
bilayer network rich in saddle regions. A Cahn-Hilliard-type phase-field model reproduces these features: small shifts in
the free-energy landscape and interfacial penalty are sufficient to convert stripe-like lamellae into bicontinuous
structures. This synergy between imaging and modeling highlights how thermal fluctuations push membranes into
topologies inaccessible at lower temperatures, offering a predictive framework for designing temperature-responsive
surfactant systems.

Keywords: Cryo-TEM; Sponge phase; Cahn—Hilliard phase-field; Bicontinuous phase.

1. INTRODUCTION
Bicontinuous sponge (L3) phases occupy a  highly connected labyrinth, partitioning solvent
distinctive place in soft matter science. They are into two interpenetrating but disconnected
formed when a surfactant bilayer folds into a domains. Unlike lamellar phases, which preserve
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long-range positional order, sponge phases are
globally  isotropic  yet  microscopically
structured. Their unusual topology underlies
applications ranging from drug solubilization to
templating of nanostructured materials [1,2].

The stability of such bicontinuous phases
reflects a balance between curvature elasticity
and thermal fluctuations. In the Helfrich
framework, the areal free energy of a bilayer is
expressed as:

f= %(zy —Cy)? + kK (1)

where k. is the bending rigidity, C, the
spontaneous curvature, and k the Gaussian
modulus [3]. Lamellar stacks are favored when
k. is large and k negative, penalizing topology
changes. By contrast, sponge phases emerge
when heating reduces k. and drives k toward
zero or positive values, lowering the barrier to
pore formation and bilayer connectivity [4,5].

While reciprocal-space techniques such as
small-angle  scattering provide statistical
signatures of this transition, they cannot directly
capture the real-space connectivity. Cryogenic
transmission electron microscopy (Cryo-TEM)
has recently enabled direct visualization of
sponge bilayers as saddle-rich, multiply
connected networks, making it possible to
distinguish genuine L3 morphology from
perforated lamellae or multilamellar vesicles
[6,7].

Alongside experimental advances, phase-
field modeling offers a complementary
conceptual framework. The Cahn—Hilliard
equation, originally introduced to describe
spinodal decomposition [8], can be extended
with bilayer-specific free-energy terms to
generate diffuse interfaces that reproduce
lamellar and bicontinuous morphologies [9,10].
This formalism naturally accommodates
topological transitions, such as handle
formation, that are difficult to treat in sharp-
interface models.

The present study combines Cryo-TEM
imaging with a Cahn—Hilliard interpretation of
temperature-induced  phase  transitions in
surfactant bilayers. We focus on the lamellar-to-
sponge transformation, demonstrating how direct
visualization and diffuse-interface modeling
converge to explain the role of thermal softening
in generating bicontinuous connectivity.

2. RESULTS AND DISCUSSION

Samples were prepared following the
standard protocol described by Georgiev et al.
[11].
2.1 Temperature-driven morphological
changes observed by Cryo-TEM

At lower temperatures the surfactant bilayers
arrange in lamellar stacks, clearly visible in
Cryo-TEM micrographs as parallel density
bands with long-range registry. Upon heating,
this order is lost: the images reveal a
bicontinuous labyrinth where bilayers curve
through space and form saddle-shaped passages.
The disappearance of parallel alignment and the
emergence of multiply connected motifs mark
the transformation into a sponge (Ls)

morphology. Fast Fourier transforms (FFTs) of
the images support this distinction, with sharp
lamellar reflections at low temperature giving
way to a diffuse ring at higher temperature,
corresponding to a characteristic mesh size in
the tens of nanometers.
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: 4 i
ig. 1. Cryo-TEM images of surfactant bilayers
at two temperatures. (a) Lamellar morphology with

parallel registry (T = 15 °C). (b) Sponge
morphology with bicontinuous connectivity (T = 25
°C). Insets: FFTs showing the disappearance of
lamellar reflections and the appearance of a diffuse
ring (illustrative)[12]. Scale bars: 500 nm.

2.2 Cahn-Hilliard phase-field interpretation

The lamellar—sponge transition can be
reproduced  within a  diffuse-interface
framework. In the Cahn—Hilliard formulation,
an order parameter ¢ (r, t) distinguishes solvent
domains, while the free energy includes both
bulk and gradient terms:

¢
§=V'(MVH)

o :
=58 (2)

Flgl = [ [r(@) +5 17012 + A(v9)?] av

Here, k penalizes interfaces, while A selects
bilayer-type structures. Reducing k mimics the
effect of heating, which lowers the bilayer
bending modulus and softens interfaces.
Simulations show that under these conditions,
stripe-like lamellae destabilize and reorganize
into bicontinuous labyrinths. The transition
occurs through handle formation, a process
naturally allowed in the phase-field framework
but difficult in sharp-interface models.

The order parameter ¢(r) reveals how
gradual softening of the system destabilizes
lamellae and enables bicontinuous connectivity,

mirroring the morphological transition observed
in experiments.

2.3 Mechanistic picture

At lower temperature, the Cryo-TEM images
(Fig. la) show parallel, registry-preserving
fringes characteristic of lamellae. This
morphology reflects a regime with high k. and
negative k: the membrane pays a large energy to
bend or nucleate passages, so it minimizes
curvature by stacking into nearly flat layers
(small |H| and K = 0 almost everywhere). Upon
heating, lamellar registry is lost and the
micrographs display a labyrinth of saddle
regions (Fig. 1b). These saddles are the real-
space fingerprint of negative Gaussian curvature
(K < 0), i.e., handles and necks that thread the
bilayer into a bicontinuous network (L3).
Mechanically, this is exactly the scenario where
k. has decreased and k has shifted toward values
that no longer penalize connectivity. The FFT
insets reinforce the picture: sharp lamellar
reflections at low 7 give way to a diffuse ring at
higher 7, consistent with the emergence of a
characteristic mesh size ¢ in the bicontinuous
state. In practice, ¢ is set by a competition
between bending costs (via k.) and an effective
interfacial penalty; larger thermal softening
tends to increase ¢ (coarser networks), whereas
residual constraints (e.g., hydration, additives)
can pin ¢ at smaller values.

The phase-field simulations (Fig. 2)
reproduce these morphological regimes by
tuning a single control parameter 7 that plays the
role of an effective temperature/softening knob.
More negative r yields stripe/lamellar patterns,
numerical analogs of Fig. la, because the
model’s gradient and higher-order penalties
suppress handle formation. As 7 is increased,
stripes destabilize via handle nucleation and
coalescence into a bicontinuous labyrinth (Fig.
2b), mirroring the sponge morphology in Fig.
Ib. Near r — 0 the amplitude weakens (Fig. 2c),
consistent with a softened interface where long-
range
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State B: Bicontinuous / sponge-like (mid T, r = -0.40)

State C: Near-homogeneous (high T, r = -0.05)

Fig.2. Two-dimensional phase-field simulations of the
conserved Swifti—-Hohenberg equation illustrate
temperature-induced transitions in surfactant bilayer
morphology. (a) Stripe-like (lamellar) state at low effective
temperature (r = —0.65), (b) Bicontinuous “sponge "-like
state at intermediate temperature (r = —0.40), (c) Weakly
modulated, near-homogeneous state at high temperature
(r = —0.05).

order is absent and connectivity is -easily
reconfigured. Topologically, this progression
corresponds to an increase in genus (number of
handles) and a more negative Euler
characteristic, the same topological signature
implied by the saddle richness in the Cryo-TEM.
Thus, the agreement is not merely visual: the
simulations encode the same mechanical trade-
offs as the membrane (bending vs. interface vs.
topology) and the transition pathway (stripe
breakup — neck formation — networking) is the
algorithmic counterpart of what the microscope
reveals.

3. CONCLUSIONS

Temperature acts as a clean control parameter
for topology in surfactant bilayers. Cryo-TEM
directly  reveals a  lamellar-to-sponge
transformation as heating disrupts layer registry
and generates a saddle-rich, bicontinuous
network. A minimal phase-field (Cahn—Hilliard
with  higher-order  interfacial  penalty)
reproduces this pathway: modest shifts in the
control parameter destabilize stripe-like
lamellae and yield labyrinthine connectivity via
handle formation.

Taken together, the real-space imaging and
the diffuse-interface model provide a compact,
predictive framework in which thermal
softening—interpretable as reductions in
effective bending rigidity and a shift of the
Gaussian modulus—lowers the barrier to
topological change. This framework explains
why small thermal nudges produce large
morphological consequences and  offers
practical levers for design: tune temperature to
set connectivity and mesh size, and use phase-
field simulations to pre-screen parameter space
before formulation. Future work should quantify
the temperature-dependence of the effective
elastic moduli, extend to 3D reconstructions
(e.g., cryo-electron tomography), and couple the
model to transport/rheology to link morphology
with function.
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Continuation. As a next step, we will extend
the structural readout to the liquid—air interface
using imaging ellipsometry (IMME) to extract
independent parameters, effective optical
thickness, refractive-index contrast (An),
surface coverage, and lateral domain statistics,
thereby cross-validating and tightening the
Cryo-TEM/phase-field picture [13].
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Abstract

In recent years, the development of innovative nanostructured materials has attracted considerable attention due to
their unique properties and broad application potential in pharmaceuticals, catalysis, environmental protection, and
biomedicine. This study focuses on the synthesis and characterization of inclusion complexes based on f-cyclodextrin,
chitosan-based biopolymers, and nano- and mesoporous catalytic systems. Advanced analytical techniques such as dif-
ferential thermal analysis (DTA), scanning electron microscopy (SEM), and Brunauer—Emmett—Teller (BET) surface
analysis were employed to obtain comprehensive information on thermal stability, morphology, porosity, and surface
area. SEM provided high-resolution images of morphology, pore size distribution, and microstructural changes during
synthesis and modification, while DTA enabled precise evaluation of thermal transitions, degradation processes, and
host—guest interactions in inclusion complexes. BET analysis delivered quantitative data on specific surface area and
pore distribution, crucial for understanding adsorption capacity, catalytic activity, and functional optimization. The com-
bined use of these methods allows a reliable correlation between structure and properties, which is fundamental for the
targeted design of hybrid functional materials.

Keywords: cyclodextrins, inclusion complexes, chitosan, nano- and mesoporous materials, catalysts, thermal analysis

(DTA/TGA), scanning electron microscopy (SEM), BET surface analysis.

BBBEJEHUME

[Ipe3 nocnenHuTe AeceTUNIETUs TUKIOACK-
CTpI/IHI/ITe U TCXHUTC KOMIIJIICKCH HaA BKIIKOY-
BaHE Cce MpeBbpHaxXa B 00EKT Ha MHTEH3UBHU
W3CIIe/IBaHMs, OnarofgapeHue Ha yHUKaJIHATa
CH CTPYKTypa M CHOCOOHOCTTa Ja oOpa3yBar
CTAaOWJIHM ChEMHEHUS C Pa3HOOOpa3HU TOCT-
MOJIEKYJIM — aJIKOXOJIU, JIUTIU/IU, JIEKAPCTBEHU
BeliecTBa U razose. [lomydeHnuTe KOMILIEKCH
MOKa3BaT IIUPOK CHEKTHP OT MPHIOKEHUS:
BBB (hapMaIrusaTa — 3a MoBUIlIaBaHE Ha OMOHA-
JINYHOCTTA ¥ CTaOMJIHOCTTA HA aKTUBHUTE BeE-
IIecTBa, B XpaHI/ITeJ'IHaTa U KO3METHYHATa

WHJIyCTPHsI — 32 MAaCKHpaHe Ha BKYC U MHUPHC;
B €KOJIOTHATA — 32 YJIaBsSHE HA 3aMbPCUTEIIN U
TOKCHUYHHU ChEIUHEHUS.

TpalULIMOHHO CUHTE3UPAHU YPE3 XUIPO-
TEPMaJIHU METOJAM, TE€3U KOMIUIEKCH YECTO
U3HUCKBAT NPOABIDKUTEIIHO BPEME M BHUCOKHU
EHEepPrUiHM pa3Xxoau. 3aTOBA MEXaHOXMMHY-
HUAT TOAXO0J Habupa MOMYJISIPHOCT KaTo MOo-
€KOJIOTUYHA U e(eKTUBHA aNTepHAaTUBa, OCU-
rypsiBallla KOHTPOJ BbPXY CTPYKTYpPHHUTE Xa-
PaKTEPUCTUKH U MO-T00pH YCIOBUS 33 UHAY-
CTPHUAJIHO IIPUIIOKEHUE.
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[Ipeun3HoTO MM OXapakTepU3UpaHe € OT
KIIIOYOBO 3HAYCHHE, KaTO AU(EepeHUUATHUSNT
tepmuueH aHanmu3 (DTA) u ckanuparmiara
esniekTpoHHa Mukpockonus (SEM) 3aemat 1ieH-
TpanHo macto. DTA no3BoJisiBa ga ce mpociie-
JAT TEPMUYHUTE IPEXOIU U CTAOMIIHOCTTA Ha
KOMIUIeKcHuTe, 1okato SEM paskpuBa mopdo-
JIOTUYHU U MUKPOCTPYKTYPHU IIPOMEHH, HaC-
ThIBaUIM Tpu oOpasyBaHero uMm. CbBMecT-
HOTO U3IIOJI3BAHE Ha /IBaTa METOJIa OCUTYpsIBa
MHTETpUPAH MOAXO0] 3a pa3OupaHe Ha 3aBUCH-
MOCTHUTE ,,CTPYKTYpa—CBOICTBa“, KaKTO U 3a
MIPUJIOKEHUETO Ha TE3U MaTepUaIH.

Hapen ¢ nukmnoaekcTpuH-0a3upaHUTE CHC-
TE€MH, ChbBPEMEHHHUTE H3CIICJIBAHUSI Ca HACO-
YEHU U KbM HAHO- U ME30IIOPECTH MaTepuaiu
C BHUCOKAa KaTaJUTHYHA aKTUBHOCT. Te Hamu-
paT NpUIOKEHHE B pasrpaxjaHe Ha opra-
HUYHH 3aMbPCUTENH, PEYUCTBAHE HA BOJIU U
KaTaju3 Ha pa3jIMuHu XUMHUYHU peakuuu. Jlo-
I'BJIHATENHA (PYHKIHMOHANM3AIUS Ce TOCTUTa
4ype3 MOAU(HUIMPAHE C XUTO3aH — OMOMONH-
Mep C BHUCOKAa OMOCHBMECTHUMOCT U OTIWYHH
ancopOLMOHHM cBolicTBa. TakuBa XuUOpUAHU
MaTepuajIl chyeTaBar peIuMCcTBaTa Ha opra-
HUYHATa U HEOPraHWYHATa KOMIIOHEHTA, pa3-
HIIUPABANKU BB3MOKHOCTUTE 32 MPUIIOKEHHE
BbB (hapmanusaTa, OMOMEAMIIMHATA U €KOJIO-
ruuHutTe TexHonoruu. M tyk DTA u SEM ce
ABSIBAT HE3aMEHUMH MHCTPYMEHTH 3a OLICHKa
Ha CTaOWJIHOCTTA, MOPHO3HOCTTAa U B3aWMO-
NEICTBUATA B CUCTEMATA.

[To To3nM HauMH, KOMOMHALIUATA OT KOMII-
JIEKCU Ha BKJIIOYBAHE, HAHO- U ME30II0PECTH
MaTepuaal M XUTO3aH-0a3upaHu XUOpUAU
OouepTaBa MEPCIEKTUBEH BT 3a Ch3/1aBaHE HA
HOBO NOKOJIEeHNE (DYHKIIMOHAIHU MaTepHalIt C
KJIFOUOBO 3HA4YE€HME 3a HayKaTa U MHIYCTpH-
ATa.

N3JT0KEHUE

Ckanupamiara €JeKTpOHHAa MHKPOCKOIUS
(CEM) e cpen Haii-Ba)XHUTE METOIM 3a OXa-
pakTepU3upaHe Ha HAHOCTPYKTypUpaHHU MaTe-
puay, Thil KaTo MpeaocTaBs U300paKeHUs ¢

BHCOKA pa3JeIuTeIHa CIOCOOHOCT Ha TAXHATa
MopGoJIOoTHsT U MHKPOCTpYKTypa. Upes SEM
MoOrar J1a ce MpocieAsT pa3MepbT U Gopmara
HA YaCTULIUTE, CTENEHTA U PA3NPEICICHUETO
Ha [IOPUTE, KAKTO U HACTBIIWIUTE CTPYKTYPHHU
MIPOMEHU TIPH MIPOLIECH KaTO CUHTE3, MOIU(U-
Kauus Wid o0pa3yBaHe Ha KOMIUIEKCH Ha
BKJItOUBaHe. B u3cnenBanusaTa Ha HAHO- U Me-
30II0PECTH CUCTEMH, ITUKIOJEKCTPUH - Oa3u-
paHu MaTepuanu u Xubpuau ¢ xuto3adH, SEM
OCUT'YpsiBa JHMPEKTHU BU3YaJIHHU JI0Ka3aTeJic-
TBA 32 B3aMMOJICUCTBUATA MEXAY KOMIIOHEH-
TUTE U CTPYKTypHaTa peopraHu3aius Ha Io-
BBpPXHOCTTA. TOBa ro MpaBu HE3AMEHUM HHCT-
PYMEHT 3a YCTaHOBSIBaHE HA BPb3KaTa MEKIY
CTPYKTypa U (yHKIIMOHAJIHU CBOMCTBA, OT KO-
WTO 3aBUCAT KaTaJuTU4YHATa aKTUBHOCT, a-
COpOIIMOHHUAT KamalUTeT U MPUIOKEHUITA
Ha marepuanute. B maGopartopusta no ,,\Ho-
BAaTHBHU HAHOCTPYKTYPUPAHU MATEpUATIU " TIO
Hactosimust mpoekT ce u3nonsBa HITACHI
TM4000 (Pur. 1).

Que. 1. Ckanupawy enekmponer MUKpoOCKon

HITACHI TM4000

CkaHupanusaT eneKTPOHEH MHUKPOCKOI
Hitachi TM4000 e nacToJieH ypes OT HOBO TI0-
KOJICHHE, ChUYeTaBalll KOMIIAKTHOCT U BHCOKA
aHaTUTUYHA MoiHOCT. To# pabotu B nuama-
30H 0T 5 10 20 kV 1 no3BossiBa 00pa3yBaHe Ha
n3obpakenus: upe3 BSE, SE u xomOuaMpan
PEXHUM, OCUTYPSBAMKH J€TalIeH KOHTPACT 0
MOpQOJIOTHS B ChCTaB. MHKpPOCKOIBT MO
IbpKa CTAaHJAPTEH U HUCKOBAKYYMEH PEXKHM,
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KakTO 1 QYHKIIHS 32 HAMaJIsiBaHe Ha 3aps, KO-
€TO T03BOJIsIBA HAOTIOCHIE HAa HENPOBOANMHU
npobu 6e3 HEOOXOIUMOCT OT 3JIATHO MOKPH-
Te. MakcUMaTHUAT pa3Mep Ha mpobaTa aoc-
thra 10 okojo 80 mm B auamersp U S0 mm
BHCOYMHA, KaTO CTENICHTA HA YBEJIMYCHUE Ba-
pupa ot 10x o 100 000x. Brpanenute 4-cer-
MEHTHHU JETEKTOPH 32 00paTHO pa3CcesHu eJICK-
TPOHU U ONIMOHATHUAT SE AETEKTOp B HUCHK
BaKyyM JaBaT Bb3MOXKHOCT 32 MPEIU3HO H300-
pa3sBaHe Ha MOPECTH, KOMIO3UTHH M HAHO-
CTpYKTypupaHu wmarepuaid. KoMIIaKTHUAT
nu3aidH ¥ Obp3aTa MOATOTOBKA Ha MPOOUTE
npaBaT TM4000 H3KIIOUHUTENHO MHOIXOSI
KaKTO 32 PyTHHHH HAOJIOACHUS U O0yueHUeE,
TaKa ¥ 3a JCTaliTHU MOP(OITOTHYHU H3CIIeBa-
HUS Ha MaTepHalld ¢ pasHOOOpa3eH MPOU3XO/.
B maboparopusita mo ,,/lHOBaTUBHU HaHO-
CTPYKTypUpaHH MaTepuanu ce u3cienBar
pa3IUYHA OOCKTU KaTO OMOIOJIMMEPH - XUTO-
3aH (Qwr. 2).

Que. 2. Enekmpouna Muxpocpagus Ha Xumo3an

C nomomrra Ha Hitachi TM4000 morat na
ce ToNy4yaBaT M300paXEHUSI C BUCOKA pase-
JUTEITHA CTIIOCOOHOCT, KOMTO IO3BOJISIBAT W3-
MepBaHe Ha pa3MEpPHUTE U pas3NpeaeICHUETO Ha
MOPUTE, KAKTO M OMpe/elsiHe Ha JeOernHarTa
Ha pasnuyan  obpasuu. [lo TO3M HauMH
TM4000 e 1leHeH UHCTPYMEHT 3a KOJUYECT-
BEHO U KaYECTBEHO OXapaKTepH3UpaHe Ha IO-
PBO3HOCTTA, Jie0eTMHaTa Ha CIIOEBE U CTPYK-

TYPHHUTE W3MEHEHUS B PAa3IMYHH MaTepHaIn
(®ur. 3).

TMA4000 15kV x200 BSE L © T 200um |

@Due. 3. Onpedenane pazmep Ha Xumo3aHosu
HUWKU

AmnapatsT SDT 650 (TA Instruments) cpue-
TaBa Jau(epeHIualeH TEePMHUYCH aHaJIN3
(DTA) wu TepMOrpaBUMETpUYEH aHAJIU3
(TGA), xoero 1o3BosiBa €JHOBPEMEHHO pe-
THUCTpUpaHe Ha TOIUIMHHU €(pEKTH U MPOMEHHU
B MacaTa Ha poOHTe B UIMPOK TEMIIEpaTypeH
muama3zod o 1500 °C. Ta3zu komMOMHALUA TO
MPaBH M3KIFOYHATEIHO MOIXOMISII 32 HU3CIeI-
BaHE Ha KOMIUJIEKCH Ha BKJIOYBAaHE, KBAETO
MOJKE J1a C€ YCTAHOBST XapaKTEPHU TEPMUIHU
MIPEXOJM U CTAaOUIIHOCT Ha B3aUMOJEHCTBUATA
,, JJOMaKHH — TOCT"‘, KAKTO U 3a aHaJIu3 Ha OHo-
MOJIUMEPH KaTO XUTO3aH, IPU KOUTO CE MpOcC-
JIeIIBaT MPOIIeCH Ha OT/IENISTHE Ha BOJIA, CTPYK-
TYpHH MOAM(DUKALMU M TEPMUUYHO pas3rpaxk-
na”e. OcBeH TOBa anaparbT € LIEHEH UHCTPY-
MEHT 3a OXapaKTepU3UpaHe Ha KaTalu3aTopH,
KaTro TmpenocTtaBs WHPOpPMANMsS 3a TAXHATA
CTaOWIHOCT, (ha30BU MPEXOAM M peaKIMOHHA
akTHBHOCT. bnaromapenne Ha BHcokara cu
4yBCTBUTENHOCT U npenusHoct, SDT 650 Ha-
MHpa OIMPOKO MPHIIOKEHNE KaKTO BbB (hyH/a-
MEHTAJHH, TaKa U B MPUIOKHU H3CIIEIBAHUS
Ha HAHOCTPYKTYPUPAHU U XUOPHUIHNA MaTepH-
any.
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Due. 4. JJugpepenyuanen mepmuien aHaiuzamop
SDT 650 - TA Instruments

JudepeHIUaTHUAT  TEPMHUUCH  aHAJIH3
(DTA) e mimpoko U310J3BaH METO/ 32 OXapaK-
TCPpU3UPAHC HA XWUTO3aH WM HCIOBUTC IPOU3-
BOJIHH, T KaTO MO3BOJISIBA IETAUITHO ITPOCIIe-
JSIBAHE HAa TOTUIMHHHUTE S(EKTH, CBBP3aHU C
MIPOMEHHUTE B HETrOBaTa CTPYKTypa M CTAOMII-
HocT. [Ipu HarpsiBaHe OOMKHOBEHO ce Ha0Mto-
JaBaT HSAKOJKO XapaKTepPHH IMPEXoJa: EHIO-
TEPMUYCH €PEKT, CBbP3aH C JEXUIApaTaIHATa
Ha MaTepuaia (3aryba Ha aacopOupaHa Boja),
MocjeBaH OT €K30TePMHYHHU €(PEKTH, KOUTO
0Tpa3siBaT TEPMHUYHOTO pa3rpakaHe U pasmajl
Ha noiauMmepHara Bepura. DTA naBa nieHHa uH-
(dhopMarus 3a YMCTOTaTa Ha MpodaTa, CTCIICHTA
Ha JIealeTIINPaHe ¥ BIUSHUETO HAa Moaudu-
Kallid KaTo BKJIIOYBaHE Ha (YyHKIIMOHATHH
rpynu, odpa3yBaHe Ha KOMIUIEKCH Ha BKIIIOY-
BaHE WM CMECBaHE C HEOPTaHUYHU KOMIIO-
HeHTH. Te3u JaHHU ca OT CHIIECTBEHO 3HAUe-
HUE TpU pa3pabOTBaHETO HA XMOPUIHU MaTe-
puany Ha 6a3aTa Ha XMTO3aH, Thi KaTo MO3BO-
JIABaT OLICHKA HAa TCpMHUYHATA UM YCTOI\/JILII/IBOCT
U IIPUTOJTHOCT 32 MPUJIOKEHHUE BbB (hapMalieB-
TUYHU, OMOMETUIIUHCKH 1 €KOJIOTHYHU TEXHO-
noruu (dwur. 5).

20 = 100

- 80
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0,5

Heat flow, Wig

0,0 4

T T T T
100 200 300 400 500
Temperature, C

DQue. 5. DTADTA ananus na xumosaw

TepMUYHUTE METOIU MPEIOCTABST ChIIEC-
TBeHa MH(pOpMallUs U NPU U3CIEABAHETO Ha
(hopMUpaHEeTO U CTAOMIIHOCTTAa Ha KOMIUIEKCH
Ha BKJIIOYBAHE MEXAY [-IHUKIOACKCTPUH H
noynpoden. udepeHuUnanHuAT TEpMHUCH
ananu3 (JITA) mo3BoisiBa ga ce CpaBHAT Tep-
MUYHUTE NPOPWIA Ha OTIEITHUTE KOMIIO-
HEHTHU U Ha MOJYYCHHS] KOMIUICKC. 32 YHCTHUS
noynpodeH e XxapakTepeH sICHO U3pa3eH eHI0-
TEPMHYEH MUK, ChOTBETCTBAIIl HA TOUKATa MY
Ha toneHe (okono 75-78 °C), mokaro mipu [3-
IUKIONCKCTPUH ce HalmogaBar edexTH,
CBBP3aHHM C JIeXUIpaTalys 1 ocaeaBallo Tep-
MUYHO pa3rpakJaHe MpH MO-BUCOKH TeMIIepa-
Typu (®ur. 6). [Ipu nomyuyaBane Ha KOMILIEKC
Ha BKJIIOYBAHE TE3HM XapaKTEPHH IMHUKOBE CE
MIPOMEHST — CHIOTCPMUIHHST TIUK HA HOYTIPO-
(e oTChCcTBA, HAMAJISIBA UITU CE U3MECTBA, KO-
€TO € J0Ka3aTeJICTBO 32 BKIIIOUBAHETO HA Jie-
KapCTBEHATa MOJIEKYJIa BbB BhTPEITHATA XH/I-
podobHa KyxWHa Ha HHKIOJIEKCTpuHA. Ta3u
MPOMSHA B TEPMUYHOTO IMOBEACHUE CIIYXKH
KaTo TUPEKTeH MHAUKATOP 3a YCIEIIHOTO 00-
pa3yBaHe Ha KOMIUIEKC Ha BKItoYBaHe. OcBeH
TOBa, n3cieaBaneTo ¢ DTA naBa BE3MOKHOCT
Jla ce OLIEHH U CTa0MIIHOCTTa Ha KOMILIEKCa
COPSIMO OTAETHUTE KOMIIOHEHTH, KOETO €
B2)KHO 332 HETOBOTO MPHUJIOKEHUE BBB (hapma-
[IeBTUYHATAa TpakTHKa. Upe3 TakuBa KOMII-
JIEKCHU Y€CTO Ce MOCTUTa Mo00psBaHe Ha pas-
TBOPUMOCTTA M OMOHAJIMYHOCTTA Ha ciabopas-
TBOPUMH JIEKapCTBa KaTo HOYNpodeH, KaKTO U
MacKHUpaHe Ha BKYC WJIM MUPHUC, KOETO pa3Iliu-
psiBa BB3MOXKHOCTHTE 3a pa3paboTBaHe Ha
HOBH JIEKAPCTBEHU (POpPMHU.
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Que. 6. DTA ananus Ha KOMNIEKC HA 8KTIOYBAHE
Ha ubynpogen 6 bema-yurio0exCmpun
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Meronst Ha  bpynayep—Emer—Tensp
(BET) npencraBisiBa KJIaCU4YECKH MOAXOX 3a
oIpeJiesIssHe Ha criel(puYHaTa HOBbPXHOCT Ha
TBBPJIU MaTepPHaJIN Bb3 OCHOBA HA acOPOIUs
Ha ras. 3a pasiuka oT TeopusTa Ha JlaHrmiop,
KOSITO ONKCBAa MOHOCHOIHa ancopobuus, BET
TEOpUATa OTYUTA MHOTOCIOMHOTO pa3mnoJa-
raHe Ha Ta30BH MOJIEKYJIM BBpPXY IOBBPX-
HOCTTa Ha TBBPAOTO Tsw10. To3u momen no-
mycKa aacopOIus B 0€3KpaitHO MHOTO CIIOEBE,
KaTo ce IpueMa, 4€ B3auMOJEHCTBUETO IIPO-
TH4Ya OCHOBHO MEXJY CBhCEIHH CJIOEBE, 4 CH-
TaJINUATA Ha aicopOLus 3a IbPBUS CJIOH € Mo-
BHMCOKa OT Ta3M Ha ciieBaluTe. B npakTtukara
Hal-4ecTO Ce M3I0JI3Ba a30T KaTO COHAMpAILL
ra3 npu temmeparypa 77 K, Ho Bb3MOKHH ca U
ApyTH afcopOaTH KaTo aproH, BbIVIEPOJIEH U-
OKCHJl MM BOJA, KOETO IO3BOJSABA H3CIIEM-
BaHE Ha MaTepuald B pa3JIMYHU TeMIlepa-
TYPHHU U CTPYKTYPHU PEXUMH.

BET ananu3sT npenocraBs HaaexaHa KO-
JMYecTBeHa MH(OopMaIKs 3a pa3MepUTe U pas-
IIPEACIICHUETO Ha IOPUTE, CTENEHTa Ha II0-
PBO3HOCT U of11ara crneunuyHa NOBbPXHOCT
Ha MaTtepuanute. To3u Meron € ocoOeHo Iie-
HEH NpU OXapaKTepU3HpaHEe HAa aKTUBHU Bb-
TJIEpOJH, KaTaau3aTopH, aJJICOPOCHTH U HaHO-
CTPYKTypUpaHH CHCTEMH, KBAETO IOBBPX-
HOCTHUTE CBOMCTBA Ca OT KJIFOYOBO 3HAYEHUE
3a ¢yskiuonanHoctra. Upes BET ananuza
MOTar Jja c€ CPABHABAT MAaTEPUAIIH C PA3JINYECH
MIPOU3XOM, Jla ce MpocieasBaT epeKTUTe OT
MOH(UKAINH U J1a C€ ONTUMU3HPAT CBOMCTBA
KaTo a/IcCOpPOLIMOHEH KalaluTeT U KaTaJluTH4-
Ha aKTUBHOCT. biarogapeHue Ha CBOsITa YHH-
BepcanHocT U ToyHocT, BET Meronst e cpen
Hai-IIMPOKO  H3MOJI3BAaHUTE TEXHUKH 34
CTPYKTYPHO-3aJICOPOIIMOHHN H3CJIe/BaHUS B
HayKarTa 3a MaTepHUAIITE.

JlaGopatopusra no MHOBaTMBHM HAHOCTPYK-
TypUpaHU MaTepHhajd H3IOJ3Ba amapar Ha
Micromeritics 3Flex 3a onpenensHe Ha crie-
mupUIHA TIOBBPXHOCT, MOPHO3HOCT H H30-
TepMu Ha agcop6uust no metoga BET (Dur.7)

s
—EATA 90

Due. 7. BET ananuzamop Micromeritics 3Flex

BET meToasT € IUpOKO IPUIOKUM IIPU 0Xa-
paKTepu3MpaHe Ha MaTepuadu C pa3InvyeH
MPOU3X0J U NpPEAHA3HAUYECHUE, BKIIOUUTEIHO
OMOMOIUMEPH KaTO XUTO3aH, KaTaIu3aTOpHu U
KOMILJIEKCH Ha BKiItouBaHe. [Ipu xuro3ana on-
penensiHeTo Ha crenuduuHaTta TOBBPXHOCT U
MIOPHO3HOCTTA € KJIIF0YOBO 3a pa30MpaHETO Ha
HEeropara aJIcOpOIIMOHHA CIIOCOOHOCT CIPSIMO
3aMBPCUTENIA WK JIEKQPCTBEHH MOJIEKYJIH,
KaKTO ¥ 332 ONTHUMH3AIMATa Ha MOTUULIUPAHU
unu Komno3utHu ¢opmu. [lpu katanmuszaro-
putre BET ananu3bT n0o3BoJIsIBa 1a €€ YCTaHO-
BM aKTHBHATa MOBBPXHOCT U pa3lpeaeicHue-
TO Ha MIOPUTE, KOETO MPSAKO BIIMSIE BBPXY Kara-
JMTUYHATA aKTUBHOCT U CEJIEKTUBHOCT Ha Ma-
tepuana (Pur. §). B obmactra Ha KOMIUIEK-
CUTE€ Ha BKJIIOYBAHE, HAMPUMEp IHUKIOAECK-
CTPUH—TOCT CUCTEMH, U3MEPBAHETO HA CIIELIH-
(ruHaTa MOBBPXHOCT U HAIIMYUETO HA ME30-
WM MHUKPOTIOPH JOMPUHACAT 3a MO-T00pOTO
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pa3bupaHe Ha MEXaHHW3Ma Ha BKIIIOYBAHE U 3a
OLICHKA HAa BB3MOYKHOCTUTE 3a CbXpPaHEHUE U
ocBoOOXKJaBaHe Ha MoJeKyJu. [1o To3u HaunH
BET anHanu3bsT mpenocraBst HaaekKaHa KOJIM-
yecTBeHa HH(pOpMaIUs, KOSTO € OT ChIIEeCTBe-
HO 3HAU€HME 3a LIEJIEHACOUCHO pa3paboTBaHe
U ONTHUMM3MpaHe Ha (PyHKIIMOHAIIHU MaTepua-
1.

Isotherm Log Plot
07-.C02 upto 000mbarpod2 2023 02 :CO2 adsorption on ice - Adsorption

Quantity Adsorbed (mmol/g)

Z v

Relative Pressure (p/p’)

@ue. 8. BET ananusz na nopvo3en mamepuai

3AK/IIOYEHUE

IIpoBenenuTe u3ciaenBaHus IOKa3BaT, 4e
ChUETAaBAaHETO HA ILMKIOJEKCTPUH-0a3UpaHu
KOMIUIEKCH Ha BKJIIOYBAHE, XMTO3aH U HAHO-
/ME30II0peCTH MaTepualu € MepPCIEeKTUBEH
MOJIXO/1 32 Ch3/1aBaHE Ha (PYHKLMOHAIHU CHUC-
TEMHU C HIMPOKO MPHIIOKEHUE BBB (papMmaru-
ATa, OMOMEeAMLIMHATA, KaTajau3a U eKOJIOTHY-
HuTe TexHosoruu. KirouoBa posnst B To3u po-
LIEC UTPAE U3I0JI3BAHETO HA CbBPEMEHHU aHa-
JUTUYHU METOJAM, KOMUTO OCUTYpsIBAT HaJlE€XK-
JIHa ¥ JOMBJIBAlA ce MH(pOpMalMs 3a CBOMN-
cTBata Ha Marepuanute. CkaHMpalaTa ejaek-
TpoHHa Mukpockonus (SEM) npenocrass Bu-
COKOPE30JIIOIIMOHHN M300pakeHus 3a Mopdo-
JIOTHSITa, pa3Mepa U pas3NpeeeHueTo Ha Mo-
pHUTe, KaKTO U 3a HACTBIMIUTE CTPYKTYpHHU
MIPOMEHU IpU cuHTe3 U Moaupuxanus. Jude-
peHuuanHuAT tepmuyer ananu3 (DTA) nasa

BB3MOXKHOCT 3a MpociiesiBaHe Ha TepMUYHATA
CTaOMIIHOCT, MIPEXOJUTE U B3aUMOICHCTBUATA
,»XOCT-TOCT B KOMIUIEKCUTE Ha BKIJIIOYBAHE,
KAaKTO M Ha MpOLIECUTE Ha AeXUAparauus U
pasrpaxkaaHe Mmpu OMONOIUMEPU KATO XHTO-
3aH. Meroabsr Ha bpynayep—Emer—Tensp
(BET) mpemocTtaBss KOJWYECTBEHU JaHHU 3a
cnenr(ruYHaTa TOBBPXHOCT U MOPHO3HOCTTA,
KOUTO ca KPUTHUYHHU 3a OILEHKa Ha ajcopOIu-
OHHMSI KallallUTET U KaTaJuTHYHATa aKTHUB-
HOCT Ha u3cieaBanute Matepuanu. KomOunu-
PaHOTO MpUJIaraHe Ha TE3U METOAM 1103BOJISIBA
W3TpaKJaHETO Ha MI'bJIHA KApTUHA 33 CTPYKTY-
paTa U CBOMCTBaTa Ha CHCTEMHUTE, KOETO €
(yHIaMeHTalHa OCHOBAa 3a IIEJIEeHACOYEHO
pa3paboTBaHE U ONTUMHU3UPAHE HA HOBO IOKO-
JIeHHEe MHOBAaTUBHU HAHOCTPYKTYpPHpPaHU Ma-
TEepUAIIH.
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Abstract

This paper reports photometric and colorimetric testing of lamps and luminaires performed in a BDS EN ISO/IEC
17025:2018 accredited lighting laboratory at the Technical University of Gabrovo. Statistical data are presented by
technology type and application, along with histograms illustrating the distribution of luminous efficacy and correlated
color temperature of tested LED lamps and luminaires.

Keywords: spectroradiometer; goniophotometer, luminaires, luminous efficacy, light distribution curves, correlated
colour temperature, integrating sphere, accredited laboratory.

BBBEJEHHUE

bBp30TO pasBuTHME M HENPEKBCHATO IIO-
noOpsiBaHE Ha TMOIYNPOBOAHUKOBUTE TEXHO-
JIOTUM 3a IPOU3BOJCTBO HA CBETOAMOJHHU
(LED) cBernuHHM M3TOYHMIM, pa3paboTBa-
HETO Ha Pa3JIM4YHU YCTPOWCTBa (IpaiiBepute)

3a €JeKTpO3axpaHBaHE U YIpaBIIEHUE, KAKTO
U TPOEKTHPAHETO Ha pa3lIMYHU WHOBATUBHU
ONTUYHU CHCTEMHU 3a MpepaslpesesicHue U
HacOUBaHE HAa CBETJIMHHUA IOTOK, ca Mpen-
MIOCTaBKa 3a Ch3JaBaHE Ha MHOBATUBHU €HEp-
rMifHO e(peKkTUBHU ocBeTuTenu. [IpomsBoau-
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TEJIUTE Ha OCBETUTENH ca 3aJbJDKCHU 1a 005-
BSIBAT TEXHUYECKUTE NapaMeTpyd Ha CBOUTE
u3nenus. ToBa ch3gaBa HEOOXOIMMOCT OT
KB (pUIIIPAHO U3MEPBaHE U M3CJIC/IBaHE HA
TeXHUTE (OTOMETPUYHH, [IBETOBHU U €JIEKTPO-
TEXHUYECKU XapaKTEPUCTUKU B CIICLUATU3H-
paHu CBETJIOTEXHUYECKH J1abopaTopuu ChC
ChBPEMEHHA M3MEPBATEIIHA anapaTypa.

IIpe3 2018 r. B TexHM4eCcKH YHUBEPCUTET
— "abpoBo e cb3nanen LlenTsp 3a KoMIIETEH-
THOCT ,,/IHTETUT€HTHU MEXAaTPOHHU, €KO- U
€HEProcCrecTsBAIld CUCTEMU M TEXHOJOTUH,
B KOMTO € u3rpajieHa Hal-ChbBPEMEHHA Hayu-
Ha WHPPACTPYKTYpa, KOSATO JONMPHUHACS 32
pa3BUTHETO Ha Bpb3KaTa Hayka-Ou3HeC 3a yK-
perBaHe Ha KOHKYPEHTOCIMOCOOHOCTTa Ha
HKOHOMUKaTa [4].

KsMm LleHTbpa 3a KOMIOETEHTHOCT € U3rpa-
nena naboparopus C7.4 ,,Exonoruunu, enep-
TOCTIECTSIBAIII U €JIEKTPOMAarHUTHO ChBMeE-
ctumu LED 1 BEM KOMIIOHEHTH U TE€XHOJIO-
run’‘. OCHOBHUTE JEHHOCTH B JJabopaTtopusiTa
ca:

- W3MEpBaHE Ha eJEKTPOeHEepruiiHu, ¢o-
TOMETPUYHH U I[BETOBU XAPAKTEPUCTUKU U
napaMeTpy Ha JIaMIIM U OCBETUTENN 32 Bb-
TPEITHO, BHHIIHO M YIUYHO MPUIIOKEHNUE;

- H3MEpBAaHE M MOHUTOPHHI Ha XapakTe-
PUCTHKH Ha HANPEKEHUETO M NOKA3aTely Ha
Ka4eCTBO Ha €JIEKTpUYEeCcKaTa €HEPrusi B Mpo-
MEHJIMBOTOKOBHM 3aXpaHBAIld MpPEXU U CHUC-
TEMH;

- U3MEpBaHE Ha BOJIT-aMIIEPHU XapakTe-
PUCTUKM W MOHUTOPUHI Ha IIPOU3BOIUTEII-
HocTTa Ha QoroBontanunu (PV) momynu u
CHCTEMH.

3a yIMYHM W TPOMHUIIUIEHH OCBETUTEIIH,
MpeyiaraHd Tpu  OOIIECTBEHH TOPBHUYKHA 32
IbpPKABHU WM OOIIMHCKH MPOEKTH, CE M3UC-
KBaT MPOTOKOJIM OT M3MUTBAHUS HA OCHOBHH-
T€ MapaMeTpu U XapaKTEPUCTHUKU HA OCBETHU-
TEIUTEe B aKkpeAuTHpaHH jabopaTopuu. Tex-
HUYECKU YHUBEpcHUTET — ['abpoBo mojaaBa uc-
kaHe 10 M3mpaHuTenHa areHuus ,,bearapcka

cnyx6a 3a akpeautarusa” (MA BCA) u Ha
23.07.2024 . 1a0OpaTOPHUAT KOMIUIEKC TO-
nydaBa ceptudukat 3a akpeautaius mo bJIC
EN ISO/IEC 17025:2018 3a 4-roguiieH re-
pUOIl U CBETIOTEXHUYECKaTa JabopaTtopus
C7.4 m3naBa cepTuuUIMpPaHH MPOTOKOIH OT
U3NKUTBAaHE HA JIaMIU (CBETJIMHHU HM3TOYHH-
1I1), OCBETUTEIN U OCBETUTEIHH ypeaou.

B noxmanma ce mpelncTaBAT TEXHUYECKHUTE
BB3MOKHOCTH W PE3YJNTaTH OT H3MUTBAHUS
MOCPEACTBOM TOHUO(POTOMETHP M CIEKTPO-
pazuoMeThp ¢ MHTErpupaia chepa B akpeau-
TUpaHaTa CBETJIOTEXHUYECKa Jaboparopus
kbM LleHTBpa 3a komnerenTHocT Ha LED oc-
BETUTENIM OT PA3JIMYeH BHJ M C PA3IUYHO
IPUIIOKEHUE.

HN3JIOKEHUE

B akpenutupanara nabopatopus C7.4
,»EKOJIOTUYHHU, €HEProCIeCTSABAIM W EJeK-
TpoMarHiuTHO cbBMecTUMU LED n BEU xom-
IIOHEHTH U TEXHOJIOTUU ™ C€ OCBHIIECTBABAT:

- M3BBPIIBAHE HA CTONAHCKA JAEWHOCT C
U3IUTBAHE HA CBETJIOTEXHUYECKU U ENIeKTPO-
TCXHUYCCKH XAPAKTCPUCTHUKU HaA JIaMIIU, OC-
BETUTEIM U OCBETUTEIIHU YpeaOU U M3JlaBaHe
Ha cepTUu(ULHpPaHH TPOTOKOJIN;

- U3BBpIIBaHE HAa HAYYHOM3CIIEOBATEICKU
JNeMHOCTH M MyOJIMYHO MpeJCTaBsiHE Ha pe-
3yATaTUTE C HAYYHU JOKJIagud B MeEXKJIyHa-
pPOAHM pedepupaHd M HHIACKCHUpPAHU HAyYHHU
KOH(EpEHIMH U CIIUCAHMsI C UMIIAKT (haKkTop;

- TIPOBEXJIaHE Ha M3CIEABAaHUSA C YUeOHU
nenu — 1abopaTopHHU YNPaKHEHUS ChC CTY-
JIEHTH W JOKTOPAaHTH W pa3paboTka Ha JH-
IJIOMHU pa0bOTU U AUCEPTALMOHHU TPYJIOBE B
oOjacTTa Ha CBETIMHHATA TEXHUKA U €JIEK-
TPOCHAOIIBAHETO.

OcHoBHaTa u3MepBaTelNHa amaparypa, ¢
KOSITO C€ OCBHIIECTBSIBA M3MHUTBAHETO Ha JIaM-
1 ¥ OCBETUTENIM B J1aboparopusita, € aBTO-
MaTU3UpaHU TOHHMO(OTOMETHP U CHEKTpopa-
JTMOMETHP ¢ uHTerpupaia chepa. Ha dur. 1 e
MOKa3aHa apXUTEKTypHaTa OCHOBa (C H3TJex
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OTrope) Ha CBETJIOTEXHHYECKaTa J1abopaTo-
pHs C TO3UIMOHMPAHETO Ha TOHHO(pOTOME-
TpUYHATA CHCTEMa M CIEKTPOPaIHOMETHpa C
MHTErpupamara cgepa.

WMHTerpupalla
chepa2m

CnekTpo-
pagMoMeTsp
LMS 8000B

e M3ampeaTeneH

_Eec/ KOMMpeKT 19"
hTyep 3a

ynpasneHue

loHnooTomMeTLP
LSG-1700B

Bnenpa 1

OnTuyHa

Hepua nperpaga-1

CTeHa

Brexga 2

OnTtuyHa
nperpaga-2

N

I doToneTekTop

Due. 1. ApxumexkmypHa 0cHO8a HA aKpeOumupa-
Hama ceemiomexnuiecka 1abopamopust ¢ pasno-
JloJIceH e Ha usmepeamennume ypeou

JlaGopatopusra e pasjeneHa Ha JBE HU3-
MepBaTenHu 30HM. B eanara 30Ha ce pasmo-
jaraT KOMIIOHEHTUTEe Ha TOHHO(OTOMETpUY-
HaTa cucreMa. B 3oHara 6e3 qocThI A0 BBHH-
IITHA CBETJIMHA Ca Pa3I0JI0)KEHN POTALMOHHHUS
TOHHO(POTOMETHP, BbPXY KOWTO ce MHCTAJH-
paT U eneKkTpo3axpaHBaT U3NUTBAHNUTE JIAMIIU
U OCBETHUTENH, (OTOAETEKTOP, IBYHO3HUIIHO-
HEH Ja3ep 3a ONTUYHO XOPU3OHTAIHO U BeEp-

TUKAJIHO LIEHTPUPAHE cIpsiMO (HOTOACTEKTOpa
Y JIB€ ONITUYHH OJICHIU. Pa3cTOsTHIETO MEX Ty
roarodoromMerspa U HoTomeTekTopa € 8 m u
ce ocurypsiBa HeoOXoIuMaTa TOYHOCT Ha ¢o-
ToMeTpuuHuTe u3MmepBanusa [1,2]. IloBbpx-
HUHUTE B Jaboparopusita ca TPETUPAHH C
4yepHO nokpuTHe. M3amepBarenHara amnaparypa
KbM TOHHO(OTOMETHPA, Pa3NoI0kKeHa B 000-
co0eH KOMILIEKT, U KOMITIOThPHATa KOH(PUTY-
panus chC CrenuaIn3upaH copryep 3a yrpa-
BJICHHE Ha M3MEpBATEIHUTE MPOIIECH, Ce Ha-
MHUpaT WU3BBH 30HATA MEXIYy TOHHO(POTOME-
Thpa U POTOETEKTOPA, OT/IETICHA C TOMbIHU-
TEJIHA YepHa Iperpaja, B KOSATO MMa JOCTHII
JI0 BBhHIIIHA cBeTJIMHA ((ur. 1).

Ha ¢ur. 2 e moka3an BBHIIHUAT BUJ HA
ronnoporomerpuyHa cucrema LSG-1700B,
KOSITO Ce M3II0JI3BA B J1a0OpaTopusTa.

— A
Due. 2. PomomempuyHu UIMEPEAHUS HA TAMAU U
oceemumenu ¢ onuogpomomemvp LSG-1700B

C uHCcTanupanus B 1abOpaTOpHUsATa TOHHO-
¢dotomersp LSG-1700B ce u3BbpiiBa uzmep-
BaHE Ha CBETJIMHEH MOTOK @, MHTEH3UTET Ha
CBeTJIMHATA [, CBETIOPA3NpeNeINTeTHN KPH-
BU (CPK), bI'b)1 Ha CBETIMHHUS CHON M BI'bI
Ha CBETIMHHOTO II0JIe, CTEIIeH Ha 3aclensiBa-
He, €JEeKTPUYECKH TOK, AKTUBHA MOIIHOCT,
(axTOp HAa MOIIHOCTTA, CBETOOT/AABAHE H OII-
penensHe Ha Kjaca Ha eHepruiiHaTta epeKTuB-
HOCT Ha JIaMITH U ocBeTuTeNu. Vi3MepBaHusTa
OTrOBapsT Ha MEXIyHAPOJHUTE U €BpOIEH-
CKUTE METOJU M CTAaHJapPTH, U CE MPOBEXKIAT
IIpU CTPOrO KOHTPOJIMpPAHE Ha IapaMeTpuTe
Ha OKOJIHATa cpejia — OTHOCHTEIHA BIaYKHOCT
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U TeMmIiieparypa Ha Bb3ayxa [1]. Makcuman-
HUTE pa3Mepy Ha M3MUTBAHUTE OCBETHUTEIIU
IpU HMHCTAJIMPAHETO MM KbM TOHHO(]OTOME-
Tbpa ca 1600x550 mm. OCHOBHHUTE TEXHH-
YECKU XapaKTCPUCTUKH Ha TOHHO(POTOMET-
pUYHATa CUCTEMa ca MpeCTaBeHH B Ta0uI. 1.

Taon. 1. Texnuuecku Xapaxmepucmuku Ha 2OHU-
opomomemvp LSG-17008

Croitaoct/
XapakTepucTrka
KaTeTOpHsI
doToMeTpHUUEH Ki1ac, ChbITIACHO
p , Kmac A

neiictBanust DIN 5032-Yacr 7:
Bun Ha u3mepBatennute ontuyHu | A-a, B-f,

cucremu 1o CIE: C-y
Juana3oH Ha U3MEHEHUe BbB (o- B o
ToMeTpuyHa cucrema C-7. y=*180
TovHOCT Ha 3aaBaHe Ha U3MeEpBa- <0.5°
TEJTHHS BB (PE3OIIOIHS): r=9

. *1dtu
I'enepupanu daiinosu hopmaru: * iog

Kanmubpupanero Ha roHHOGOTOMETHpPa Ce
U3BBPIIBA C €TAJIOHHA JIaMIla 33 UHTCH3UTET
Ha cBernuHara, moaen SLS-150W, c mapa-
MeTpu: TOCTOsIHHO HampexkeHue 30 V, Tok
6,11 A, cBeriimHeH 1ToToK @ = 4353,7 Im, un-
TeH3uTeT Ha cBeTauHara / = 379,6 cd u xope-
nupaHa 1BeTHa temrneparypa 1. = 3195 K, 3a
KOSITO TEPUOJUYHO C€ M3JaBa CBUAETEIICTBO
3a KanuoOpupaHe.

IleproauuHo ce M31aBaT CBUAETENICTBA 3a
KanuOpupaHe W 3a MU3MEepBAaTEIHUTE KOMIIO-
HEHTH KbM TOHHO(OTOMETPUYHATA CUCTEMA —
nBoMHOKaHamHUSA Myntudotomersp PM 400,
upoBUsS U3MEpPBATENIEH ypea 3a Harpexe-
HUE, eIEKTPUYECKH TOK, aKTUBHA MOIIHOCT U
¢daktop Ha MomHocTTa LS 2012 u u3mepna-
TeJIHaTa poJeTKa.

Ha ¢wur. 3 ca nokasanu pe3ynTatu OT U3-
Mepenu ¢ ronuoporomersp LSG-1700B B
nabopatopusita CPK na asa LED ocBerutens
C PA3JIMYHO IPWIOKEHUE.

90

80
70

0
W C0-C180 619
50 MC0-C270 | 40,

40 30 20 10 0 10 20 30 40
a) CPK na ynuuen LED oceemumen

Unit: cd/klm

90|
96

192
288

0
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0 50 WC0-C210 g4 7

) 40 30 20 10 0 10 20 30 40

6) CPK na unoycmpuanen LED oceemumen

80
70

Unit: cd/kim

Due. 3. Usmepenu CPK na LED oceemumenu

CnexrpopaguomerspbT LMS-9000B u un-
terpupamata chepa, Tun 4z, ¢ quaMeTsp 2
m, Moka3aHu Ha ¢ur. 4, ca pasmnoyioKEeHH B
OTZIETHO 000COOEHO MPOCTPAHCTBO, B KOETO
¥MMa JIOCTBII JI0 BHHIIIHA CBETIWHA, Thil KaTo
cdepaTa, B KOSTO C€ MOCTABIT M3CICABAHUTE
JIAMITM ¥ OCBETUTEIIH, CE 3aTBAPsI IUTBTHO [4].

-

Due. 4. CeemnomexHuuecku UsMep8aHus Ha 1am-
nu U 0ceemumen CbC CHeKmpopaouoOMemvp
LMS-9000B u cghepa, mun 47, c ouamemsvp 2 m

Coc cnektpopaguomerbpa LMS-9000B u
uHTerpupamarta cdepa B sabopaTopusita ce
U3BBPILIBA HM3MEpPBaHE Ha CBETJIMHEH MOTOK
@, CIEKTPAIIHO Pa3NpeICIICHUE Ha TBYUCTHUS
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1oToK @, 4 BB BuAnMus cektrbp (380 + 800)
nm, KopeldpaHa ILBEeTHa Temieparypa 7,
0011l MHJEKC Ha IBETONpeaaBane R, M YaCTHH
WHJEKCU Ha LBETONpeqaBaHe, BSIPHOCT Ha
LBETa Ry U MHIEKC HAa HACUTEHOCT Ry, KOOp-
IUHATH Ha LIBETHOCT X, y, JOMUHAHTHA Aq U
MUKOBa A, IbJKMHA HA BbJIHATA, (DOTOCHUHTE-
Tu4yHa axkTuBHa panuauus (PAR), enexrpu-
YeCKU TOK, aKTHBHA MOIIHOCT, CBETOOTAaBa-
He, (akTOp HAa MOIIHOCTTa M XapMOHHYHHU
CHCTaBSIIM Ha TOKA U HANPEKEHUETO OT 1-BU
10 50-tu nopsiabK. M3MepBaHeTo Ha BUIUMUS
CHEKThpP M HEroBaTa MHTEH3UBHOCT ChC CIICK-
TpOpaAuoOMeThbpa IMO3BOJISIBA /1a CE€ M3UMCIA-
BaT 4acT OT MOKa3aTelUTe Ha OnacHaTa CUHSA
ceminHa — nedunupanara B IEC 62468 Ter-
JoBHaTa (PyHKIMS Ha OMacHaTa CHUHS CBET-
muHa B(A) 1 epeKTUBHOCT Ha OMAacHATa CHHS
CBETJIMHA BbB BUAUMUSA CTIEKTHP Kp y. OCHOB-
HUTE TEXHUYECKH XapaKTEPUCTHKH HA CIEK-
TpOpaAuoOMeThpa ca JaJeHH B Ta0I. 2.

Taéa. 2. Texnuuecku Xapakxmepucmuku Ha Cnex-
mpopaouomemvp LMS-9000B

XapakTepucTuKa CroitHocT
CrexTpalieH 1nana3oH Ha U3MepBa-
P P 2=380+800
He, B nm:
CrekTpanaHa TOYHOCT B TOCOYEHHS 103
b

BBJIHOB 00XBAT, B NM:
OTHOCHTENHA TpelTKa 3a < 0,015 (mpu 600 nm);
BBJIHOBHS 00XBaTt, B % < 0,030 (mpu 435 nm)
TouHOCT Ha M3MepBaHe Ha I[BETOBHU-
T€ KOOPIHMHATH (Ax, Ay):

Jwnana3on Ha uzmepBane Ha T, B K: | 1500+100000
Bpewme Ha uHTErpHpaHe: 0,lms+20s

+ 0,002

Ha ¢ur. 5 u 6 ca nokazanu pe3ynraTd oT
U3MEpPEHO CBbC cHekTpopaauomersp LMS-
9000B B nmaGopaTopusiTa CIEKTPATHOTO pa3i-
peneneHue Ha JTbYUCTHS TOTOK De(A) BbB BU-
muMara oobmact Ha asa LED ocserurens ¢
Pa3IMYHO NPUITIOKEHHE.

|4 o e
S Y @

Relative Spectrum
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@Due. 5. Cnexmwvp na LED oceemumen na srcu-
JUWHO Oc8emieHUe
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Due. 6. Cnexmovp Ha LED oceemumen na ocgem-
JIeHue Ha MbP20GCKU 0OeKmu

B nepuoga ot Hayanoro Ha 2024 r. 10 aB-
ryct 2025 r. B maboparopusita ce U3BbPIIBA
CTOMaHCKa JAEWHOCT 1mo obmio 34 moroBopa ¢
U3MUTBaHE Ha CBETJIOTEXHUYECKU U ENIeKTPO-
TEXHUYECKN XapakTtepucTtuku Ha LED ocse-
tutenu ¢ 10 ¢upmu u 2 obuuHU. OOmMAT
Opoii Ha W3MUTBAHWUTE OCBETHTEIH IO CTO-
maHka JelHocT € 196, oT KouTo:

- 3a 130 Oposi ce u3mepBaT CBETIIOpa3INpe-
JIeICHUETO, CBETOOTJABaHETO, TOKAa, MOIL-
HOCTTa U (paKTopa Ha MOIIHOCTTA C TOHHO(DO-
TOMETBHPA;

- 32 66 Opost ce U3MepBaT LIBETOBHUTE Xa-
PaKTEepUCTHKH, CHEKTpaJHATa HWHTEH3UBHOCT
Ha BUJUMHMSI CIIEKTBP U CBETOOT/IABAaHETO ChC
CHEKTPOPaINOMETHPA.

OO6mmsaT Opoil HAa W3MUTBAHHUTE JAMIHU M
OCBETHUTENH 33 CTOMAHCKA, HAYYHOU3CIIEI0Ba-
Tesicka U yueOHa JeifHoCT B 1abopaTopusirta B
nepuoaa ot Hadanoto Ha 2021 r. mo aBrycr
2025 1. e 245.
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(19

B tabi. 3 e mokazaHo pasnpeneneHreTo mo
o0J1IacT Ha NPWIOKEHHE Ha M3IUTBAHUTE B
nabopaTopusTa JaMId U OCBeTHTEIH. B Tad.
4 e MOKa3aHO pa3NpelelICHUETO Ha CBETIUH-
HUTE U3TOYHULM 110 BUJ HAa TEXHOJIOTUSTA.

Ha ¢ur. 7 e nokaszana xucrorpama Ha pas-
IIpEIeJICHUE Ha CBETOOTIJABAaHETO 77 U Kjaca
Ha €HepruifHa eeKTHUBHOCT 32 M3CIJICABAHUTE
B Iepuojia oT HayanoTo Ha 2023 r. g0 aBrycr
2025 . 226 6post LED ocserurenu, a Ha ¢ur.
8 — XUcTorpaMa Ha pasIpeleiIcHUe Ha Kope-
JUpaHara LBETHa TeMmmeparypa 1g 3a H3c-
JEeJBAHUTE CBbC cnekrpopazuomerspa LED
OCBETUTENIH 3a ChUIUS IIEPUOLL.

Taébn. 3. Pasnpedenenue no npunodcenue Ha u3-
NUMeanume 1AMNU U oceemumen

[TpunokeHue Ha U3MUTBAHUTE B J1a00- Bpoii
paTopuiATa JaMIIi U OCBCTHUTCIIN

YAU4HO OCBETIICHHE 163

BbHIITHO ocBeTiIeHNE (TIPOKEKTOPH ) 9

Bbrpemno ocBeTnenue, oT KOeTo 66

- UHYCTPHAIIHO 15

- 001IEeCTBEHO (HEUHIYCTPHUAITHO) 13

- KAJTUIIHO 38

OpaHxepuiiHO OCBETICHUE 7
OO0 opoii| 251

Taéan. 4. Pasnpedenenue Ha cGemaunHume u3-
MOYHUYYU NO 8UO HA MEXHOL02USIMA

Bujg Ha cBEeTIMHHNS N3TOYHHK
Haxexxaema nammna
Haxxesxaema xajgoreHHa jjamira
JuxponyHa xanoreHHa Jiama
KomMmakTHa TyMUHECHEHTHA JIaMIia
MeranxaaoreHsa jramiia

=i
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NNO\N[\)L}]%
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Due. 7. Xucmoepama Ha paznpeodeneHiue Ha cee-
Moomoasanemo

Bpoii LED ocBetutemu
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Kopenupana rBetHa Temreparypa Tep, [K]

Que. 8. Xucmoepama na pasnpedenenue Ha Kope-
JUpanama yeemua memnepamypa

3AK/IFOYEHUE

W3Bbpuienure usnuTBaHus Ha 245 Opos
JaMIIM U OCBETUTENM 3a CTONAHCTBA, HAYYHO-
M3clieoBaTeIcKaTa M yueOHa JIeHWHOCT JOoKa3-
BaT pabOTOCIOCOOHOCTTa W TOYHOCTTA Ha
BHEJIPEHOTO 00OpyABaHE, KaKTO W BUCOKATa
KBaTM(UKAIUS HAa €KHIIAa B aKpeAUTHUpaHaTa
o BJIC EN ISO/IEC 17025:2018 nay4uHowus-
cnenoBareincka Jyaboparopuss C7.3 ,Ekomo-
TUYHHM, EHEProcClecTsBaIlll € eJIeKTpoMar-
HUTHO ChbBMECTHMM CBeTIoTexHHuyecku, LED
u BEWM KOMIOHEHTH M TEXHOJOTHH™ KbM
Lentppa 3a xomnereHTHOCT. Peanusupanure
JIOTOBOPH 3a CTOMAHCKa JEWHOCT ¢ (UPMHU U
obmHu oT bbarapus u uyxOuHa yTBBpPKIa-
Bar JIabopaTopusTa KaTo €1Ha OT BOJCIIUTE B
peruoHa 3a aKpeIUTUPaHO W3MUTBAHE Ha
JIAMITA ¥ OCBETUTEJIH.

baaropapuocru

Tosa uzcnedsane e ¢unancupano om Eepo-
neickus (OHO 3a pecUOHANIHO pa3sumue 8
pamkume na OII ,, Hayunu uscneosanus, uno-
sayuu U OuSUManU3ayus 3a UHMeIUSeHMHA
mpancgopmayusn* 2021-2027 2., Ilpoexm No
BGI16RFPR002-1.014-0005 Llenmvp 3a Kom-
nemenmuocm,, "Humenucenmuu mexampon-
HU, KO- U eHepeoCnecmasauju cucmemu u
mexnonocuu *
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Plamen Tsenkov Tsankov
Technical University of Gabrovo
plamen@tugab.bg

Hristo Todorov Ibrishimov
Technical University of Gabrovo
ico@tugab.bg

Ivaylo Vasilev Lazarov
Technical University of Gabrovo
iv_lazarov@tugab.bg

Milko Todorov Yovchev
Technical University of Gabrovo
myovchev@tugab.bg

Center of competence "Smart mechatronic, eco-and energy-saving systems and technologies"

Abstract

The paper presents the capabilities of the monitoring system for a photovoltaic power plant located on the roof of the
building of the Center for Competence "Intelligent Mechatronics, Eco- and Energy-Saving Systems and Technologies".
The photovoltaic power plant consists of three photovoltaic subsystems with the following photovoltaic technologies -
cadmium telluride, monocrystalline silicon and copper indium gallium selenide. A comparison of the performance of
photovoltaic systems with modules made of monocrystalline silicon and copper indium gallium selenide is made. The
daily variation of solar radiation and the total monthly values of the solar irradiation in the plane of the photovoltaic
modules are shown. From the data obtained from the monitoring system, a comparison of the performance of different
types of photovoltaic technologies under relevant operating conditions can be made. The obtained solar radiation val-
ues can be used to analyze the state of solar potential for the Gabrovo region.

Keywords: photovoltaic power plant; monitoring system; performance of the photovoltaic system.

BBBEJIEHUE

B rmociemHuTe TONWHU Pa3BUTHETO Ha
TEXHOJIOTHHTE 32 TOyyaBaHE Ha €HEpPrHs OT
BH300HOBSIEMH €HEPTUMHH W3TOYHHIN Oerre-
KU cepuo3eH mnporpec. Upes JupexruBa
2009/28/EC ce HachbpuyaBa H3IIOJI3BAHETO HA
€Heprusi OT BBH30OHOBSIEMHU EHEPrUiHU W3-
tounuiy [1]. JlomuHmpama posis oT BB300-
HOBSIEMUTE E€HEPTrUWHU U3TOYHHUIM UMAT (o-
TOBOJITAUITUTE, TTOPAIH JICCHHUSI UM MOHTaX H

NOJJIPHKKAa U HUCKATA UM LI€HA CIPSMO OC-
TaHaJUTE BH30OHOBSIEMH EHEPTUMHMU HM3TOY-
HuId. POTOBOATAMYHUTE TEXHOJIOTHU CE
pasznensaT Ha Tpu nokosieHus [2]. [IspBo mo-
KOJIeHHE ca (POTOBOJITAUYHH MOIYJIHU OT MO-
HOKPHUCTAJICH CUJIUIMN, 3a KOUTO e(eKTHB-
HocTTa UM joctura 1o 1722 % u nena 3a 1
Wp — $1,00 + $1,50 [3]. KbM Tasu rpyna
MpUHAANEKAT U (OTOBOJNTAUYHH MOMYIH C
TEXHOJIOTHSI OT TOJIMKPUCTAJICH CUJIUIIUNA Ha
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KOUTO edeKTUBHOCTTA noctura 10 13+17%%
u nena mexay $0,90 u $1,20 3a 1Wp. Bropo
MIOKOJIEHUE ca THHKOCIOMHHUTE (HOTOBOITANY-
uu texuonoruun (CdTe m CIGS) 3a kouto
edexkTuBHOCTTA Hoctura 10+13%, a nenara 3a
1Wp e mexny $0,70 u $1.00. Tpero moxose-
HUE ca MEePOBCKUTHH COJApHU KIIETKU 32 KOH-
TO B JIaDOpaTOpPHU YCJIOBHSI Ca JOCTUTHATH
cToHHOCTH 3a edeKkTuBHOCTTA 0KOJI0 30% [4].
Bakna gact ot egna poToBonTandHa cUCTEMa
€ cucremara i 3a MOHUTOpUHT. EnHa cucrema
32 MOHUTOPHUHI CE€ CbCTOM OT CEH30pH 3a Ch-
OupaHe Ha JaHHW KaToO CI'bHYEBA paaualus,
TEeMIIepaTypa Ha OKOJIHATa Cpelia, BIAXHOCT,
TOK ¥ HallpeXeHue Ha (POTOBOITAMYHUTE MO-
nyau. CpIio Taka € HeoO0XoAuMa MpeXoBa
TEXHOJIOTUSl 3a TMpefaBaHe Ha JaHHUTE —
Bluetooth, Wi-Fi, ZigBee, CSM-CPRS, Lo-
Ra. 3a o6paboTka Ha JaHHUTE C€ HU3MOI3BAT
pa3nmuyHu  BUaOBe KoHTpojepu (Arduino,
RaspberryPi u ap) [5]. Cucremara 3a MOHH-
TOPUHT TPsIOBa N1a ChIbpKa U UHTEpdEiic 3a
BU3yaJHM3alusl Ha JJaHHUTE U ChPBBP 3a aHa-
JIU3 HA TAHHUTE.

N3O KEHUE

Ha moxpuBa Ha crpagara Ha LlenTsp 3a
KOMITIETEHTHOCT ,,/IHTETUTEeHTHH MeXaTpOH-
HU, €KO- U EHEpProclecTsBalld CUCTEMU H
TEXHOJIOTUHU € pa3noJiokeHa (POTOBOITaMYHA
€JIEKTPOIICHTpANa, ChCTOSAIIA c€ OT (OTOBOJI-
TaWdYHA MOJYJIH OT TPU THUMA TEXHOJIOTHH.
@doToBOATAaNYHATA E€JIEKTPOLEHTpAIA C MOJY-
mu ot CdTe ce cveTou ot 96 hoToBONTANYHU
moayna, mogen CX4 100/3. Becexu moayn e ¢
MomiHocT 100Wp, a MakcuManaHa MOIIHOCT
Ha (poToBONTaNYHATA EIEKTPOLEHTpaIa C MO-
aymu ot CdTe e 9,6 kWp. ®@oroBonranynara
enexktpoueHtpana ¢ moxyiu ot CIGS ce cbe-
tou oT 90 moayna, Tunt 1100E1. Beexn Mmonyn
e ¢ equanyHa MomrHocT 110 Wp. Obmara un-
CTallMpaHa MOIIHOCT Ha (OTOBOJITAUYHATA
enexktpoueHtpana ¢ moayiu or CIGS e 9,9
kWp. ®oToBoNTanyHaTa €IEKTPOLIEHTpANA C
MOAYJH OT mM-Si ce cbcTou OT 44 MomynH,

tun SYP250M. Bcexku Moayn € ¢ equHUYHA
momHocT 250 Wp, a olmiara wHCTaIMpaHa
MOIIHOCT Ha (OTOBOJITANYHATA EJIEKTPOICH-
Tpasia ¢ MOAyH oT m-Si e 9 kWp.

@DOTOBOJATAUYHUTE MOJAYJIHM Ca MOHTHpPaHU
Ha MeTaiHa pamka noja 33° crupsiMo XOpU30H-
Ta U ¢ oprueHTUpaHu Ha 18,4° cpsiMO YUCTUA
IOr.

Tpure ¢doToBONTAUYHN TOJACUCTEMH ca
CBBpP3aHU KbM TPU CHHYCOUJAIHU TpUDaA3HH
MpPEKOBHU (POTOBOJIITANYHH CTPUHT HHBEPTOPA,
mozen SUN2000-10KTL-MO (Huawei), kou-
TO MpeoOpa3yBar MOCTOSHHUS TOK, TeHEpUPaH
OT TpUTe (POTOBOJITANIHH TOJICUCTEMH C pa3-
JAUYeH THUN (POTOBOJITAUYHU TEXHOJOTUH, B
MIPOMEHJIUB TOK, TIOJIaBaliKU TO KbM €JIEKTPH-
yeckaTa Mpexa.

CucremaTta 3a MOHUTOPHHT C MHTEJIUTEH-
TeH peructparop, monen Solar-Log 300
BKJIFOYBA (DYHKIIUS 32 AMCTAHIIMOHHA ajlapMa
U rpaduvHa OIICHKA Ha KOMITIOTBD.

CucremaTa 3a MOHUTOPUHT Ha TpuUTe ¢o-
TOBOJITAMYHU €JIEKTPOLIEHTPANIU C€ OCHILECT-
BsIBa 4pe3 JUPEKTHA KOMYHHKAIHs ¢ Tpudas-
HUTE CUHYCOUJIaJTHU UHBepTOpHU upe3 RS485,
WLAN, Wi-Fi/4G nnu 4pe3 MOOMIHO Tpu-
noxenue FusionSolar u geraiinHo Habmoe-
HUE OT uHTenurenteHn jorep Solar-Log 300.
MoOUTHOTO TPHUIOKEHHE TMOKa3Ba MPEKOBO
CBBp3aHM, JHEBHH, MECEYHH U TOJUIIHH
CTOMHOCTH 3a MPOMU3BEICHATA EIEKTPUYECKa
eHeprus. JlaHHUTE OT cUCTeMaTa 3a MOHHUTO-
pPHUHT MoraT Jia ce ekcrioptupart xlsx dopmar.
Ot nonydyeHuTe JaHHU MOTAT Ja C€ MOCTPOSIT
3aBUCUMOCTH Ha €JIEKTPUYECKH U METEOPOJIO-
TUYHU XapaKTePUCTUKH Ha (OTOBOITaUYHATA
€JICKTPOIICHTpaa 3a pa3iInueH BPEMEBH Iie-
puoA — JHEBEH, MECEUYEH WIIM T'OJIUIILIEH.

OT cucremara 3a MOHUTOPUHT MOTAT Ja Ce
MOJIy4aT METEOPOJIIOTUYHH JaHHU, KOUTO MO-
raT Ja ce TMoJydaT OT CHCTeMara 3a MOHHUTO-
PHUHT ca CTbHYEBaTa paJuanus B paBHUHATA
Ha (OTOBOJTAMYHUTE MOMIYJIH, TEMIIEpaTypa
Ha OKOJIHATa Cpelia M CKOpoCT Ha BiTbpa. Ha
¢ur. 1 e mokazaHO JHEBHOTO M3MEHEHHE Ha
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CITbHYEBATA PajMallvs B paBHUHATA Ha (OTO-
BOJITANYHUTE MOJYJIM 32 JICH C SICHO M CIIbH-
4eBO BpeMe, a Ha (ur. 2 e MoKa3aHo H3MeHe-
HHUCTO Ha CIIbHYCBATA paavalid B paBHHUHATA
Ha (OTOBOJITAMYHUTE MOJYJIH 32 JICH C Ipe-
oOagaBamnio 001a4HO BpeMe.

[Ipy ymMHOXEHHE Ha CYMapHUTE MECCYHH
CTOMHOCTH Ha CIIhbHYEBAaTa paguanug 1o Cb-
OTBETHHS BPEMEBH HHTEpBAJl C€ IOJy4aBatr
CyMapHUTC MCCCUHU CTOMHOCTH Ha CHCprusiTa
Ha CI'bHYEBATa PaHaIlHsL.

31.12.2022 .

900
800 A
700 A
600
500 A
400
300 A

Gpoa, [W/m?]

QDue. 1. Mzmenenue Ha civHYegama paouayus 3a
0€eH CbC CIbHYEB0 U SICHO 8peme

01.04.2023 .
1200

1000 A

800 A

Gpoa,[W/m?]

Due. 2. Mzmenenue Ha civHYegama paouayus 3a
OeH ¢ npeobradasaujo 06auHo epeme

Ha ¢ur. 3 e moka3zaHO M3MEHEHHMETO Ha
CyMapHHUTE MECEUYHU CTOMHOCTH 3a €Heprusra
Ha ciapHueBara paguanus (Hpoa) B paBHHHATA
Ha (DOTOBOJTAMYHUTE MOJAYJIM 3a Iepuoja
Mai 2022 1. — anpuit 2023 1.

Haii — BHCOKM CymMapHHM MECEYHHM CTOWHO-
ctH 3a Hpoa ca momyuenu 3a asryct 2022 r u
mait 2022 r. — 198,41 kWh/m*> u 188,76

kWh/m?. 3a nexemBpu 2022 r. u ssuyapu 2023
T. ca TIOJyYeHU CyMapHU MECEYHH CTOWHOCTH
3a Hpoa 0T 70,48 kWh/m? u 64,85 kWh/m?.

250,00

200,00 A
150,00 A

= 100,00

Hpoa, [kWh/m?]

50,00 A1

0,00 A

Due. 3. Hzmenenue Ha cymapHume meceunu
CMOUHOCU HA eHeP2UMA HA CTbHYe8ama paou-
ayusl 6 paGHUHAMA HA (POMOBOTMAUYHUME MOOY-

au 3a nepuooa mau 2022 2. — anpun 2023 e.

OcBeH OKoJIHAaTa TeMIeparypa, cucremara
3a MOHUTOPUHI € CHa0JeHa | C JaT4YHUK 3a
TeMIiepaTypara Ha MOJAYJIUTE OT MOHOKpH-
craned cununuid. Ha ¢ur. 4 ¢ mokazaHo us3-
MEHEHHETO Ha TeMIlepaTypara Ha OKOJIHATa
cpena u Temmeparypara Ha (P OTOBOITAUYHUTE
MOJYJIM OT MOHOKPUCTAJIEH CHJIUIIUNA 32 €IHO
nenonomue (20.01.2023 r.).

20.01.2023 1.
e Tamb, [°C] Tmod, [°C]
40 45
35 A L 40
30 r3s
25 [ ;‘5’05
20 A e
15 A [ .3

10 1 L 10 E

Tamb, [°C]

-10 -10

QDue. 4. Hzmenenue na okonHama memnepa-
mypa u memnepamypama Ha pomogoimaudHu

MOOYIU O MOHOKPUCIMATIeH CUTUYULL 3d
20.01.2023 ..

OT W3MCHEHHMETO Ha TeMIeparypara Ha
OKOJIHATA Cpe/la M TemIeparypara Ha (oTo-
BOJITAMYHUTE MOJYJH OT MOHOKPHCTAJICH CH-
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UM ce BHXKJA, Ye B ThMHATa 4yacT Ha Jie-
HOHOILMETO HsIMa pa3liiKa B CTOMHOCTHTE Ha
JBeTe TemrepaTypu. B cBeriara yacTt Ha je-
HOHOIIMETO U OCOOCHO B YacOBEeTE C Haid-
BHUCOKO CIITBHIIETpeeHe ce HalirofaBa Haii-
rojsiMa pasjivkKa MEXIy OKOJIHATa TeMIepa-
Typa U TemrepaTypaTa Ha (JOTOBOITAUYHUTE
MOIynH OT m-Si. MakcumaiHa pasziukKa OT
30°C mexnay IBeTe TeMIlepaTypH € MoJjiydeHa
B 11:55h.

JlanHuTe, MOMYYeHH OT CHCTEMaTa 3a Mo-
HUTOPHUHT 3a TPOU3BEJCHATA eJIEeKTpUYecKa
eHeprusi oT (GOTOBOJITAUYHUTE MOAYJIH U OT-
JaneHara eleKkTpudecka eHeprust or (oTto-
BOJITAMYHATA CUCTEMa KbM eJIeKTpudecKaTa
MpeXxa, JaBaT BB3MOXKHOCT Ja C€ W3YUCIAT
XapaKTePUCTHKU, KOUTO J1aBaT BB3MOXKHOCT
Jla ce OICHM IPOHM3BOJIUTEIHOCTTa Ha (HoTO-
BOJITAMYHATA CHUCTeMa. TakuWBa XapaKTepH-
CTHKH Ca CHEeUU()UIHO EIEKTPOIIPOU3BOICTBO
Ha ¢oToBonTanyHuTe MOAyNH (array yield Ya)
¢doroBonranynara cucrema (final yield Yy),
edeKTUBHOCT Ha Moaynute (Mpv), poToBom-
TauyHata cuctema (Tsys) U HHBEPTOPUTE
(Minv), KOCUIIMEHT HaA W3I0JI3BaHEe Ha (OTO-
BOoJITanyHaTa cucreMa (capacity utilization
factor CUF) u xoedunuent Ha 3aryoure (per-
formance ratio PR).

B Hacrosimus m0Kiaq € HampaBeHO Cpas-
HEHHE Ha MPOU3BOIMTEIHOCTTA Ha (HOTOBOII-
TaUYHUTE IOJCUCTEMU C MOJYJIUM OT MOHO-
KpUCTaJIEH CUIMIMKI (m-S1) 1 METHO-UHINEB
raymeB aucenenun (CIGS).

Ha ¢ur. 5 e nokazaHo cpegHOTO THEBHO
MECEYHO U3MEHEHHUE Ha CHeNU(PUUHOTO eneK-
TPOIPOU3BOJICTBO HA (POTOBOJITAUYHUTE MO-
nynd (Ya) OT MOHOKPHUCTAJIGH CHJIMIHKA (M-
Si) u MeqHO-MHIUEB rajueB CeleHu 3a Ie-
puona maii 2022 r. — anpun 2023 r.

B Ttabmuma 1 ca mokasaHu W3YMCICHUTE
CpeIHH JTHEBHHU CTOWHOCTH 3a CIICIUPUIHOTO
€JIEKTPOIPOM3BOJICTBO Ha JBeTe (HOTOBOII-
TaUYHU TEXHOJIOTUH 3a Pa3TIIeKTaHUS TepH-
O]l OT BpeMe.

3a BCHYKM MECELU OT pa3lNICKAaHHS Iie-
pHOJ ca TOJYyYeHH HaW-BHCOKH CPEIHH Me-
CEYHH CTOMHOCTH 3a CIeHU(HUYHOTO eJIeK-
TPONPOU3BOJACTBO 32 (POTOBOJITAUYHHUTE MO-
JyJIA OT MOHOKPHUCTAJICH CHITUIINH.

Em-Si mCIGS

Ya, [kWh/kWp]
S = N W R W N N

Due. 5. Uzmenenue Ha cneyu@duuHomo enexkm-
ponpoussoocmeo (array yield Ya) 3a homoson-
mauunu modyau om m-Si u CIGS 3a nepuoda maii
2022 2. — anpun 2023 e.

Tabnuya 1. H3uucnenu cpednu OnesHu
CMOUHOCMU 3a CheYUPDUUHOMO
enekmponpouzeoocmeo (Y,) 3a pomoson-
mauunu mooyau om m-Si u CIGS
3a nepuoda mati 2022 2. — anpun 2023 2.

Array yield (Ya),
Mecen [kWh/kWp/d]

m-Si CIGS

Mmaii 2022 6,23 5,69
roHu 2022 5,84 5,36
tosn 2022 6,39 5,90
asryct 2022 5,45 4,95
centeMBpu 2022 5,32 4,56
OKTOMBpH 2022 5,12 3,89
HoemBpHu 2022 2,78 2,09
JnekeMBpu 2022 2,29 1,73
sHyapu 2023 2,16 1,60
despyapu 2023 2,79 2,41
mapt 2023 4,18 3,46
anpui 2023 3,98 3,50
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Haii-Bucoku croitHOCTH 32 Y. ca moiiyye-
HH 3a Mecenute Mai u oy 2022 r — 6,23 u
6,39 kWh/kWp/d doroBonranunure mMomxyau
or m-Si u 5,69 u 5,90 kWh/kWp/d 3a ¢oro-
BoJitanunutTe moayiau ot CIGS. 3a tunudHo
3UMHUTE Mecelu, AekeMmBpu 2022 1. u stHyapu
2023 r. ca MOJYYEHH HAU-HUCKUTE CPEIHU
MECEYHH CTOMHOCTH 3a CIeUU(PUIHOTO eNeK-
TPOIPOU3BOJICTBO. 32 MOAYJIHUTE OT M-Si TE3U
CTOMHOCTH ca ChOTBeTHO 2,29 u 2,16
kWh/kWp/d, a 3a mogynute ot CIGS croiino-
ctute ca cbotBeTHO 1,73 m 1,60 kWh/kWp/d.

Ha ¢ur. 6 e mokaszaHo HW3MEHEHHETO Ha
MOJIyYCHUTE THEBHU CPEIHU MECEYHH CTOM-
HOCTH 3a CHEU(UYHOTO EIEKTPONPOU3BO-
CTBO Ha (oToBOJNTAMYHHTE MoacucTeMu (final
yield Yr) Moxynu OT MOHOKpPHUCTAJEH CHIIHU-
OUH U MEOHO-UHANUEB I'aJINEB CCIICHU.

mm-Si mCIGS

Y, [kWh/kWp]

o B N W A 0O O N
—_

@ue. 6. H3menenue Ha cneyu@uunomo eyiexms-
ponpoussoocmeo (final yield Yf) 3a ¢pomoson-
mauunu noocucmemu ¢ mooyau om m-Si u CIGS
3a nepuoda maii 2022 2. — anpun 2023 2.

3a pasraexIaHus IMepuoJ] ca IOIy4YeHU
Hal-BUCOKH CPEIHM MECEUHU [THEBHU CTOH-
HOCTH 32 Yr 3a (poTOBOATaMYHATA IMOJCHUCTE-
Ma ¢ Moayiu oT m-Si. Haii-Bucoku croitHoc-
TH 3a YfcCa IOJYyYEHH 3a MECEUU Mal U FOJIH
2022 r. 3a ¢oToBONTAMYHATA IMOJCUCTEMA C
MOAyJu OT m-Si croitHocTuTe ca 6,08 u 6,22
kWh/kWp/d, a 3a ¢oroBonTanyHaTa moJcHc-
teMa ¢ moayiu ot CIGS, croitHocTuTe ca Ch-
otBeTHO 5,59 u 5,78 kWh/kWp/d. 3a nexems-
pu 2022 r u sryapu 2023 r. ca HOJy4YEeHH

Hal-HUCKUTE AHEBHHU CPEIHH MECEYHHU CTOM-
HOCTH 32 CHEUU(PUIHOTO EIEKTPOIPOU3BOJIC-
TBO 3a JIBeTe (DOTOBOJITAMYHU MOJCUCTEMHU. 3a
(oToBONTAMYHATA TIO/ICKCTEMA C MOIYJIH OT M-
Si croitHocTHTe ca 2,29 u 2,10 kWh/kWp/d, a
3a (poToBONITAMUHATA TOJCUCTEMA C MOIYJIH
ot CIGS Tte3u croiHocTH ca chrorBeTHO 1,70
u 1,57 kWh/kWp/d.

Baxna xapakTepucTHka ¢ KOATO ce OIeHs-
Ba MPOU3BOJAUTEIHOCTTA Ha (POTOBOITAUYHU-
T€ MOJYJIU € TAXHaTta epekTUBHOCT (1Mpv). Ha
¢ur. 7 e ToKa3aHO U3MEHEHUETO Ha e()EKTUB-
HOCTTa Ha JBeTe (POTOBONTAMYHU TEXHOJIOTHH
3a U3CJIeABAHUS IEPUOL.

3a BCHMYKHM MECEIH OT pa3riekJaHus Iie-
pHOA ca MOJYyYEHH HAal-BUCOKHM CTOMHOCTH 3a
edeKTUBHOCTTa 3a (HOTOBOJNTAUYHH MOMAYIH
OT MOHOKPHUCTJIEH CWIMIUU. Te3u cTomHOC-
TH ce u3MeHAT oT 15,88 % 3a suyapu 2023 r.
no 13,29% 3a anpun 2023 r. Ilomyuenure
CTOMHOCTH 32 e(eKTHBHOCTTa Ha (HOTOBOJI-
tauyute mMoxyiu ot CIGS ce u3meHAT oT
10,21% 3a noemBpu 2021 r. go 12,86% 3a
ampwmi 2023 1.

am-Si mCIGS
18
16
14
12 4
=10 1
S 81
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4 4
2 4
0 R
)\VQ, w@, &90&?'\? Q'@? @’}Qﬂ,«»’?&&’?&@ P J@Z’ &,:9'11" /\3@7’
§ & F S @@ @q& &

Que. 7. Usmenenue na ecpekmuenocmma Ha
domosormauunu moodyau om m-Si u CIGS 3a ne-
puooa maii 2022 2. — anpun 2023 2.

3a o1leHKa Ha e()eKTUBHOCTTA Ha (HOTOBOJI-
TaMyHaTa eJIEKTPOIIEHTpalla ce M3IMOJ3Ba KO-
e(pHUIMEeHTHT HA U3I0J3BaHEe HA MHCTAJIMpaHa-
Ta MoIHOCT (capacity utilization factor CUF).
3a nepuona Maii-oktoMBpu 2022 r. ca nomy-
YEeHU BHUCOKH CTOMHOCTH 3a Koe(UIMeHTa Ha
U3IONI3BaHEe 3a (DOTOBOJTAUYHATA CHCTEMA C
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MOJAYJU OT MOHOKpHUCTaJIeH cuiuiuii. CToii-
Hoctute 3a CUF ce uzmenar ot 25,94% 3a
Mmaii 2022 r. no 21,35% 3a oxtomBpu 2022 .
Haii- HHCKM CcTOMHOCTH 3a KOehHUIIMEHTa Ha
U3Moi3BaHe Ha (HOTOBOJITAMYHA CHUCTEMA C
MOJYJIM OT MOHOKPHCTAJIEH CHJIMLIUNA ca To-
JydyeHu 3a gekemBpu 2022 1. u snyapu 2023
r. — 9,78 u 9,00%. 3a ¢poToBONTANYHATA CHC-
tema ¢ moayiu ot CIGS e monydena Haui-
BHUCOKa CTOMHOCT 3a Koe(HIMeHTa Ha U3MOJI-
3BaHe (CUF) 3a maii 2023 r. — 23,73%. Haii —
HUCKH CTOWHOCTH 3a Koe(UIIMeHTa Ha U3TOJ-
3BaHe 32 ()OTOBOJITANYHA CHUCTEMa C MOIYIIH
ot CIGS ca monydeHu 3a TUIIUYHO 3UMHHUTE
Mmecenu aekemBpu 2022 r. u ganyapu 2023 1.
Te3u croiiHocTH ca choTBeTHO 7,22% W
6,66%.

Ha ¢wur. 8 e moka3zaHo H3MEHEHHETO Ha KO-
epuIMeHTa Ha M3IMOJI3BaHEe 32 (HOTOBOJTAMY-
HU cucteMu ¢ Moayiu oT m-Si u CIGS 3a me-
puoaa Maii 2022 r. — anpui 2023 r.

mm-Si mCIGS
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Due. 8. Uszmenenue Ha Koedpuyuenma Ha
U3NON38aHE HA (HOMOBOIMAUYHU CUCIEMU C
mooyau om m-Si u CIGS 3a nepuooa
mau 2022 2. — anpun 2023

3AKJTIOYEHUE

B macrosmmsa nokiaa ca IIOKa3aHH BB3-
MOYKHOCTUTE Ha CHUCT€Mara 3a MOHUTOPHUHIT
Ha (QOTOBONTAaMYHATA ETEKTPOIEHTpaa, pas-
MOJIO’KEHA Ha MOKpUBA Ha crpajgara Ha Llen-
Thp 32 KOMIETEHTHOCT ,, IHTeIMrenTHn Me-
XaTPOHHU, €KO- U €HEProCIEeCTsIBAIA CHUCTE-
MU 1 TeXHOJIOTHHU . B rpaduden By ca mpe-
CTaBEHO JHEBHOTO U3MEHEHME Ha CIILHUYEBATa
paauanusi, OKOJIHaTa TEMIeparypa U TeMIle-
patypata Ha (OTOBOJTAUYHHUTE MOIYIU OT

MOHOKPHUCTAJICH CHIIUIUI, KAaKTO CyMapHUTE
MECEYHH CTOHHOCTHM Ha EHEprusirta 3a CIbH-
yeBaTa paJuanus B paBHUHATa Ha (OTOBOII-
TAaMYHUTE MOJYJIHM 3a MEPHOJ OT JIBaHAIECET
Mecena. HanpaBeHo € cpaBHEHHE € CpaBHe-
HUE Ha HIKOU XapaKTEPUCTUKU Ha MPOU3BO-
JTUTEITHOCTTa HAa JiBa BHUJA (OTOBOJITAUYHH
TEXHOJIOTHH — MOHOKPUCTAJICH CHJIMIMA |
ME/IHO-UH/IMEB TaJHEB CEJICHHU] 3a MEPUOJT OT
12 mecena — mait 2022 r. — anpun 2023 r. 3a
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Abstract

This study investigates the influence of different cooling regimes on the microstructural evolution of austenitic
manganese steel alloyed with nickel and molybdenum. Three samples were prepared and subjected to different cooling
treatments: air cooling after casting, water quenching from 1200 °C, and water quenching from 1000 °C.
Backscattered electron (BSE) imaging was used to examine the microstructures. The results indicate that air cooling
leads to the formation of well-developed carbides, while quenching suppresses carbide precipitation to varying extents,
depending on the quenching temperature. The findings highlight the strong influence of cooling rate on carbide

morphology, austenite stability, and consequently, the expected mechanical properties of the alloy.

Keywords: austenitic manganese steel; nickel; molybdenum; cooling regimes; microstructure; carbides

INTRODUCTION

Austenitic manganese steels, also known as
Hadfield steels, are a well-known class of
alloys that exhibit excellent wear resistance
combined with remarkable toughness. Since
their discovery by Robert Hadfield in the late
19th century, these steels have been
extensively applied in demanding engineering
sectors such as mining, railway, and heavy
machinery [1-3]. The high manganese content
stabilizes the austenitic phase at room
temperature, which contributes to the

outstanding work-hardening ability of the alloy
[2-4].

Despite these benefits, the microstructure
of austenitic manganese steel is sensitive to
processing conditions, especially to cooling
rates after solidification or heat treatment [5-
8]. During slow cooling, carbides such as (Fe,
Mn);C may precipitate at grain boundaries,
leading to embrittlement and loss of
toughness [9-11]. In contrast, rapid quenching
suppresses carbide precipitation and favors
the retention of a fully austenitic
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microstructure. The addition of alloying
elements like nickel and molybdenum are
often employed to improve toughness,
enhance austenite stability, and refine carbide
morphology [12].

Understanding the role of cooling regime
is therefore essential for optimizing the
balance between toughness, hardness, and
wear resistance [13]. This paper presents a
comparative study of three cooling regimes
applied to austenitic manganese steel alloyed
with nickel and molybdenum, with the
objective of linking microstructural changes
to potential property variations.

MATERIALS AND METHODS

The investigated material is an austenitic
manganese steel alloyed with nickel and
molybdenum, which was cast into ingot form
and subsequently sectioned into three samples
for analysis. The chemical composition in
mass percentages was measured via optical
emission  spectrometer  (Foundry-Master
Optimum, HITACHI, Tokyo, Japan). The
chemical composition of manganese steel is
shown in Table 1.

Table 1.Chemical composition of the
austenitic manganese steel.

Chemical Element, wt%

Fe | Mn | Ni | Mo | Si | C
bal. | 18.62 | 3.64 | 1.15 | 0.75 | 1.73

Immediately after casting, each sample
was subjected to a distinct cooling regime:

 Sample 1: Air cooled at ambient
laboratory conditions, representing a relatively
slow cooling rate.

» Sample 2: Heating to 1200 °C followed
by rapid water quenching, representing the
highest cooling rate at higher temperature.

» Sample 3: Heating to 1000 °C followed
by rapid water quenching, representing the
highest cooling rate at lower temperature.

Prior to microstructural examination, the
samples were ground, polished, etched to
reveal their microstructures. The micro-
structure was observed via scanning electron
microscopy (SEM, Zeiss Evo 10, Jena, Ger-
many). Backscattered electron (BSE) imaging
was performed at x1000 magnification. This
technique provides strong atomic number
contrast that enables clear differentiation of
carbides from the austenitic matrix.

RESULTS AND DISCUSSION

The air-cooled specimen (Figure 1) reveals
extensive carbide precipitation along grain
boundaries and occasionally within grains. The
carbides appear relatively coarse and
continuous, which is indicative of slow
cooling. Such  microstructural  features
typically degrade toughness and may lead to
intergranular fracture under service conditions.
However, the presence of carbides also
contributes to improved hardness and wear
resistance, which can be beneficial in
applications involving abrasive conditions. The
contrast between carbide and matrix in BSE
imaging clearly highlights their distribution,
confirming the tendency of carbides to form
networks at grain interfaces under slow
cooling.

Fig. 1. Microstructure of the austenitic
manganese steel after air cooling (BSE, *1000)
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The specimen quenched from 1200 °C
(Figure 2) shows a predominantly austenitic
matrix with only minor traces of carbide
formation. The higher solution treatment
temperature ensures complete dissolution of
pre-existing carbides prior to quenching, while
the rapid cooling prevents their re-precipitation.
This microstructure is associated with superior
toughness, impact strength, and resistance to
brittle fracture. The fine and uniform austenitic
grains suggest effective suppression of
diffusion-controlled  transformations.  This
condition is  particularly  desirable in
components exposed to high-impact service.

Fig. 2. Microstructure of the austenitic
manganese steel quenched from 1200 °C (BSE,
x1000)

i o Vi -j T \\ Y 7 2 ’

Fig. 3. Microstructure of the austenitic

manganese steel quenched from 1000 °C (BSE,
x1000)

By comparison, the specimen quenched
from 1000 °C (Figure 3) displays an
intermediate structure. Some carbides remain
visible, suggesting that the lower solution
treatment temperature was insufficient to fully
dissolve all carbides before quenching.
Nevertheless, the microstructure still contains
less carbide content than the air-cooled
specimen, indicating that quenching from
1000 °C provides partial stabilization of the
austenite. This condition may offer a
compromise between hardness and toughness,
depending on the intended application. The
results imply that heat treatment plays as
critical a role as cooling rate in controlling the
extent ~of carbide  dissolution and
precipitation.

Overall, the results highlight the critical
interplay ~ between  solution  treatment
temperature and cooling rate in determining
the final microstructure. For applications
requiring maximum toughness, quenching
from higher solution treatment temperatures is
preferable,  whereas  for  applications
demanding greater wear resistance, controlled
carbide precipitation may be advantageous.
The present study demonstrates how subtle
variations in processing parameters can lead
to pronounced differences in microstructural
evolution.

CONCLUSION

The investigation clearly demonstrates the
significant role of cooling regime in governing
the microstructural development of austenitic
manganese steel alloyed with nickel and
molybdenum. Air cooling after casting leads to
the precipitation of coarse carbides at grain
boundaries, which can impair toughness and
ductility. On the other hand, rapid quenching
from 1200 °C effectively suppresses carbide
formation and retains a predominantly
austenitic structure, thus providing an optimal
foundation for high toughness and impact
resistance.

145

Tosu 0okymenm e cv30aden ¢ pamkume Ha IIlpoexkm Ne BGI16RFPR002-1.014-0005 Llenmwvp 3a komnemeHmHocm
"HnmenueseHmnu MexampoHhu, eKko- u enepeocnecmsagawu cucmemu u mexronozuu”, unancupan om Ilpoepama
., Hayunu uscneosanus, unosayuu u oueumanusayus 3a unmenueenmua mparcgopmayus ™ 2021-2027 .
(IIHUUTUT), cvpunancupana om Eeponetickus cvio3 upes Egponeiickus (hoHO 3a pecuoHaIHo pazeumue



CbcuHaHcupaHo ot
EBponeickusa cbH3

MPOrPAMA
HsmeaHHTEHA ATEHITHT ™ HAYYHU U3CNEOBAHWA,
" MHOBALWMW U OMTMTAITU3ALMA 3A
.lIIporpama 3a oGpa3oBaHHe

WHTENWIrEHTHA TPAHC®OPMALMWA

Quenching from 1000 °C yields a
microstructure of intermediate characteristics:
while the cooling rate is sufficient to reduce
carbide formation relative to air cooling,
incomplete dissolution of carbides prior to
quenching results in some precipitation. This
balance may be advantageous in applications
where both hardness and toughness are
required. Overall, the results suggest that
solution treatment and quenching from
sufficiently high temperatures (such as 1200
°C) are essential for achieving maximum
austenite stability and avoiding detrimental
carbide precipitation.

These findings not only provide insights
into the processing of manganese steels with
nickel and molybdenum additions but also
highlight the importance of tailoring cooling
regimes to match desired mechanical
properties. Future work should include
mechanical  testing  (hardness, impact
toughness, and wear resistance) to directly
correlate microstructural observations with
performance outcomes. Such studies would
contribute to establishing optimized heat
treatment schedules for industrial applications
of these alloys.
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Abstract

Advances in materials science and metallurgy rely heavily on analytical tools capable of probing both the surface
features and the atomic structure of materials. Among the most powerful instruments in this field are the Scanning
Electron Microscope (SEM) and the X-Ray Diffractometer (XRD). Together, they allow researchers and engineers to
study microstructures, identify phases, and link material properties to processing techniques. This article explores how
SEM and XRD are applied specifically in metallurgy and materials science, highlighting their contributions to alloy
development, failure analysis, and quality control.

Keywords: Scanning Electron Microscope (SEM); X-Ray Diffractometer (XRD); Metallurgy; Materials Science;

Microstructure; Phase Analysis; Residual Stress; Failure Analysis; Corrosion; Heat Treatment

SCANNING ELECTRON MICROSCOPE
(SEM) IN METALLURGY
Microstructural Characterization

SEM is widely used to analyze the
microstructure of metals and alloys (Fig. 1). By
imaging grains, inclusions, and precipitates,
metallurgists can understand how heat
treatments or processing conditions affect
material properties. For example:

- Grain Size Analysis: Fine-grained structures
usually enhance strength and toughness, while
coarse grains can reduce mechanical
performance.

- Precipitation Studies: Precipitates in alloys
such as aluminum or titanium influence
hardness and corrosion resistance.

Fractography

In failure analysis, SEM provides detailed
images of fracture surfaces. It helps determine
whether a component failed due to ductile
fracture (dimpled surfaces), brittle fracture
(cleavage facets), or fatigue (striations). This
information is critical in industries such as
aerospace and automotive, where failures can
have severe consequences.
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Fig. 1. Zeiss Evo 10 scanning electron
microscope [1,2,4]

Corrosion and Surface Studies

SEM is essential for examining corrosion
products and mechanisms. Metallurgists use it
to study pitting, intergranular corrosion, and
protective coatings. By combining SEM with
Energy-Dispersive ~ X-ray  Spectroscopy
(EDS), one can identify the chemical
composition of corrosion layers or inclusions.

X-RAY DIFFRACTOMETER (XRD) IN
METALLURGY

Phase Identification

XRD is the primary tool for phase analysis in
metals (Fig. 2). It can distinguish between
different crystalline phases present in steel,
aluminum alloys, and other engineering
materials. For example:

- In steels, XRD identifies the presence of
austenite, ferrite, martensite, and carbides.

- In titantum alloys, it can determine the
proportions of alpha and beta phases, which
directly affect mechanical properties.

Residual Stress Analysis

Residual stresses, introduced during processes
like welding, forging, or rolling, can
significantly influence fatigue performance.
XRD residual stress measurement helps
engineers design components that are less
prone to cracking or premature failure.

Texture and Crystallographic Orientation
XRD is used to measure texture, or the
preferred orientation of grains in a
polycrystalline material. Texture influences
properties such as anisotropy, formability, and
magnetic behavior. For instance, controlling
texture in rolled sheets of aluminum or steel is
vital in automotive manufacturing.

Fig. 2. Bruker D8 Advance x-ray diffractometer
[2-4]

Heat Treatment Studies

By monitoring phase changes during heating
or cooling, XRD helps optimize annealing,
quenching, and tempering processes. It allows
metallurgists to link heat treatment conditions
with resulting microstructures and mechanical
properties.

Complementary Use of SEM and XRD in
Metallurgy

SEM and XRD provide complementary
insights:

- SEM offers high-resolution images of
microstructures and fracture surfaces (Fig. 3a
and Fig. 3b).
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- XRD identifies the crystal structures and
phases responsible for observed properties

(Fig 4).

Fig. 3a shows the boundary between ductile
cast iron and the weld seam. Along the weld
seam boundary, a dendritic structure with
grains elongated towards the core of the weld
are clearly wvisible. Spheroidal graphite
inclusions are visible on the cast iron side. A
pearlite structure is visible along the
boundaries of the graphite inclusions, and the
metal matrix i1s made up of ferrite grains.
Carbides are also visible in the structure of
the cast iron, which are also proven by phase
analysis (Fig. 4).

30 pm EHT=20.00 kV Signal A = SE1 Date: 11 Sep 2025
}—| WD = 8 50 mm Pixel Size = 372.2 nm Mag= 300X

Fig. 3a. Microstructure of weld of ductile cast
iron and AISI 316 stainless steel (ductile cast iron
side of the weld)

Fig. 3b shows a clearly defined boundary
between the weld and austenitic stainless
steel. The structure of the weld is made up of
a fine crystals in the core of the weld, while a
zone with elongated crystal grains is visible
towards the boundary. In the austenitic steel
zone, a structure typical of this class of steel
is visible, made up of relatively uniform large
grains with twins in some of them. The phase
analysis shows peaks characteristics of an
austenitic structure, with the presence of weak
ferrite peaks (Fig. 4). This is a consequence of
the introduction of chemical elements part of

the ductile cast iron into the structure of the
weld.

EHT = 20.00 kV Signal A= SE1 Date: 11 Sep 2025
WD =851 mm Pixel Size = 372 2 nm Mag= 300X

Fig. 3b. Microstructure of weld of ductile cast
iron and AISI 316 stainless steel (AISI 316
stainless steel side of the weld)
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Fig. 4. Phase analyses of border of weld of ductile
cast iron and AISI 316 stainless steel

EDX Analysis of the Weld

Fig. 5. Microstructure of weld of ductile cast iron
and AISI 316 stainless steel
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Fig. 5 shows microstructure of welded seam
after electron beam welding of DCI and AISI
316 Stainless Steel. Via Energy Dispersive X-
ray Spectrometry is determined the elemental
composition of the weld in three points.
Spectrum 10 showed Cr enrichment (~11.6
wt%) with negligible Mo, consistent with Cr-
rich segregation.

Spectrum 10
Element Weight % Atomic %

Si 2.04 3.94
Cr 11.59 12.12
Mn 1.26 1.24
Fe 80.75 78.64
Ni 4.37 4.05

Total 100.00 100.00

Spectrum 11 revealed Fe-rich (~84.6 wt%)
and Cr-poor (~6.8 wt%) composition,
reflecting dilution by the cast iron base metal.

Spectrum 11
Element Weight % Atomic %
Si 2.21 4.28
Cr 6.81 7.14
Mn 1.01 1.00
Fe 84.63 82.62
Ni 5.34 4.96

Total 100.00 100.00

Spectrum 12 displayed strong Cr (~15.8 wt%)
and Mo (~3.5 wt%) enrichment, suggesting
Mo/Cr-bearing carbides or oxides.

Spectrum 12
Element Weight % Atomic %

Si 1.66 3.26
Cr 15.84 16.81
Mn 1.45 1.46
Fe 74.10 73.21
Ni 3.48 3.27
Mo 3.47 1.99

Total 100.00 100.00

CONCLUSION

In metallurgy and materials science,
Scanning Electron Microscopes and X-Ray
Diffractometers are indispensable tools. SEM
provides detailed surface and microstructural
images, essential for analyzing grains,
inclusions, fractures, and corrosion. XRD
complements this by revealing the crystal
structures, phases, and stresses that determine
material ~ properties. =~ Together,  these
instruments not only support the development
of advanced alloys but also ensure safety,
performance, and reliability in critical
industries such as aerospace, automotive, and
energy. Their role in  connecting
microstructure to performance makes them
central to the ongoing progress of materials
engineering.
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EJIEKTPOHHO JTBYEBO ITOBBPXHOCTHO OGPABOTBAHE N
3ABAPSABAHE B IEHTBHPA 3A KOMIIETEHIIUSA , AHTEJIUT'EHTHHA
MEXATPOHHUYHU, EKOJIOI'MYHHU U EHEPT'OCIIECTABAILIA
CUCTEMMU U TEXHOJIOI'MA

ELECTRON BEAM SURFACE TREATMENT AND WELDING AT THE
CENTRE OF COMPETENCE “SMART MECHATRONIC, ECO- AND
ENERGY-SAVING SYSTEMS AND TECHNOLOGIES

Stefan Valkov!?*?, Georgi Kotlarski', Nikolay Nedyalkov!?, Tatyana Koutzarova'?,
Maria Ormanova'?3, Borislav Stoyanov?3, Ivana Ilievska'>

!Institute of Electronics, Bulgarian Academy of Sciences, 1784 Sofia, Bulgaria
’Technical University of Gabrovo, 5300 Gabrovo, Bulgaria
SCenter of competence "Smart mechatronic, eco-and energy-saving systems and technologies"

Abstract

During the present work, the results of the research conducted in the Center of competence "Smart mechatronic, eco-
and energy-saving systems and technologies" were presented. The processes occurring during electron beam surface
modification (EBSM), electron beam surface alloying (EBSA), and electron beam welding (EBW) were briefly ex-
plained. The possibility of improving the surface properties through means of EBSM and EBSA were discussed and new
methods for formation of surface layers was presented. Additionally, the welding possibility and results of EBW of simi-
lar and dissimilar metals and alloys were discussed, and some of the most notable achievements in the field were pre-
sented. Temperature models describing in detail the process of electron beam welding were developed. The damping
properties of high-entropy alloys and superalloys were investigated. The results obtained are of exceptional importance
for the world literature and will contribute to the future optimization of electron beam surface modification, electron
beam alloying, and electron beam welding, with the aim of implementing these results in a number of industrial sectors
at the local and global level.

Keywords: electron beam welding, electron beam surface modification, electron beam surface alloying.

BBBEJIEHUE

B nnemHara epa Ha MOHM)KaBaHE Ha KO-
JMYECTBOTO HA MPHUPOTHUTE PECYPCH TAXHATA
npaBuiIHa 00paboTKa, BKIIIOYBAIA MUHUMAJI-
HU 3aryOHM € OT M3KJIFOYMTETTHA BAXKHOCT HE
caMmo 3a Mpupojara, HO U 3a pa3’IMYHU UHY-
CTPHAITHU OTPACIv, Thil KaTO TOBAa O yBEIH-
YUJI0O CKOPOCTTa UM Ha MPOU3BOJCTBO U TO-
HUKHWJIO IPOU3BOICTBEHUTE 3aryOu.

CrpuiecTByBaT Ha0Op OT MOJEPHU TEXHUKU
U TEXHOJIOTHH, KOUTO LIEJIAT UMEHHO ONTUMHU-
3anus Ha yrnortpedara Ha MPUPOJHHU PECYPCH.
Enun oT TAX BKiIIOYBA ynmorpebaTa Ha BHUCO-
KOKOHICHTPHUPAHU CHEPIrETUYHU ITOTOIM KaTO
€JIEKTPOHHH CHOIIOBE, JIA3EpPHU CHOIIOBE U JIp.
EnexTpoHHONBbUEBUTE TEXHOJIOTUM 3a IOJY-
yaBaHe U 00pabOTBaHE Ha MaTepUalu ca Jo-
Ope mo3HaTH B CBETOBHATa MpakTuka. Te ce
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6asupar Ha 00TbUBAHETO HA METAIHU OOEKTU
4ype3 CHOIl OT enekTponu. llocieanure mpe-
JlaBaT CBOSITA KHHETUYHA CHEPTHs HA MaTepH-
aJlHaTa Cpefa, KOETO Pe3ysTupa B MpeBpbhILa-
HETO W B TOIUIMHA. MOIIHOCTTA Ha €JIEKTPOH-
HUS CHOTI, KAKTO ¥ HEroBaTa CTENeH Ha (poky-
CHPAHOCT OIPENeNAT IMPHIOKEHHETO My 3a
W3BBPIIBAHE HA TP OCHOBHU BHUA MPOIIECHU:
€JIEKTPOHHOIbYEBA TIOBBPXHOCTHA 00paboTKa
(EJITIO), enextponnonbueBo jerupane (EJIJI)
1 eJIGKTPOHHOTbUEBO 3aBapsiBane (EJI3).

[TpumepHa cxema Ha €JIEKTPOHHOIIbUEBATA
MOBBPXHOCTHA 00paboOTKa € moKa3aHa Ha (u-
rypa 1. 3a peanusupaHe Ha TO3U IPOLEC CE
U3II0JI3Ba CHIIHO pa3(OKyCHUpaH CHOII, C HU-
cka 10 cpenHa mouHoct (ot 500 W 1o 3000
W). OG6mpuBaHeTO Ha OOpa3lHMTE MOXKE J1a
ObJie M3BBPIUICHO C WM 0e3 pa3TorsiBaHe Ha
HA-TOPHHS UM CIIOH, KaTo B MOCIEIHUS CITy-
Yaii Temreparypara TpsiOBa Jia € JOCTaThb4HO
BHCOKA 32 MHJIyIIUPaHE Ha CTPYKTYpHU U (a-
30BU IIPOMEHU B o0Opasera.

Electron beam source

Electron beam | '

Fe-based high-entropy alloy

—
Direction of specimen motion

@ue. 1. EnexmponHonvuesa no8bpXHOCMHA
obpabomka [1]

Ha ¢urypa 2 e nokazana npumepHa cxema
Ha TOBBPXHOCTHO €JEKTPOHHOJIBYEBO JIETH-
paHe Ha MeTaJHM 00pa3iu. B To3m cimydaii
BBPXY OOpa3luTe ce HaHacs NpeABapUTENICH
CIIOM HA JKENaHWs JIerupainl eireMeHT. Tosa
MOJKE Jla C€ OCBILECTBH 4pe3 Habop OT pas-

JUYHUA METONU 3a (U3NYECKO OTJIaraHe B ra-
30Ba (haza (eNEKTPOHHOIBYEBO, MArHETPOH-
HO, €JIEKTPOABroBO M T.H.). B To3m ciyuait
3aIbJDKUTENIHO C€ LENM Pa3TONsBAaHETO Ha
JeTupalus eJeMeHT U MOBbPXHOCTTa Ha 00-
pasena, Ipyu KOETO JIETMPAIIMST €JIEMEHT Ce
BIpaX/ia B CTPYKTyparTa mMy.

Electron beam source

Electron beam source Electron beam source

\Electron beam

Ti substrate

—
Direction of specimen motion

—
Direction of specimen motion

—r
Direction of specimen motion

QDue. 2. Enexmponnonvuego necupane [2]

Jlpyr cUIHO HOIYyJspeH MeToja 3a o0pa-
00TKa Ha METaId M TEXHUTE CIUIAaBU Ype3
€JIEKTPOHEH CHOII € €JIEKTPOHHOIBYEBOTO 3a-
BapsBaHe. [I[paMepHa cxema Ha TO3H MPOLEC €
nokaszana Ha ¢urypa 3. Ilpu Hero ce uU3non3-
Ba BUCOKO()OKYCHpaH M BHCOKOMOIIIECH €JIeK-
TPOHEH CHOII, Ype3 KOMTO ce LesId IbJIHO pas3-
TarsIHE Ha 3aBapsIBAHUTE MATEPHAIH U TAXHO-
TO cMecBaHe /10 popMHpaHe Ha Hepasrioose-
MO 3aBapb4yHO CheluHEHHe. EJHO OT OCHOB-
HUTE MPEeIUMCTBA Ha TO3UM METOJ Ha 3aBaps-
BaHE € BHCOKaTa MPOHHUKBATEIHA CIIOCOOHOCT
Ha CHOMa OT eJIeKTpOoHU. B 3aBHcHMMOCT OT
W3IOJI3BaHATA CHCTEMAa M TEXHOJIOTUYHHUTE
YCIIOBHS €JIEKTPOHHUSI CHOIl MOXE JIECHO Jia
ObJie M3MOJ3BaH 3aBapsiBaHE Ha JETAWIH C
nedennna 20-30 mm. ToBa o0ycnaBs TO3u
METOJl KaTo W3KIIOYUTETHO TIPUIOKHAM 32
OCBILECTBSIBAHE HAa YEJTHU CHEJUHEHUs, ThH
KaTo MPY KOHBEHIIMOHAJIHHUTE MPOIIECH, TaKH-
Ba Kato Metan uHepreH ra3 (MUI'), Bondpam
uneprex raz (BUI') u np., apnbounHara Ha
MIPOHUKBAHE € 3HAYUTETHO IMO-HHUCKA, ChOT-
BETHO C€ Haylara JONBJIHHUTEHAa 00paboTka
Ha 3aBapsIBAHUTE MOBBPXHOCTH, O(OPMSIHETO
Ha V-00pa3sHu KaHajM, MPUIaraHeTo Ha JBY-
CTETIEHHO 3aBapsiBaHe U JAPYT'H TEXHOJIOTHYHH
OTIepanni, KOUTO YCIIOXKHSBAaT W OCKBISIBAT
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npoueca. Jpyru npeaumctsa Ha EJI3 ca main-
KHUTE 30HM Ha TEPMUYHO BJIMSHHUE, CHOTBETHO
MO-HUCKHUTE BHTPEUIHN HAIIPEKEHUS B JeTaii-
JIUTE, TO-TOJsIMaTa TOYHOCT U MPELU3HOCT Ha
METOJIa CIPSMO KOHBEHLIMOHAJIHUTE TaKHBa,
BB3MOXKHOCTTA 3a ITbJIHA aBTOMAaTH3alus (Ko-
€To € B chriacue ¢ napaaurmute Ha UHay-
ctpus 4.0) 1 Hali-Beue U3BBPILIBAHETO HA MPO-
1eca B cpefia Ha BHUCOK BaKyyM, KOETO MOJIO-
OpsiBa YMCTOTaTa W KayeCTBOTO HA 3aBapbuy-
HUTE IIEBOBE.

Electron beam

TiGAI4V _
/ = — —
\, = Al6082-T6

Due. 3. Enexmponnonvueso 3asapsasare [3]

Ilentra Ha HacTosmus TPy € hopMHUpaHE-
TO Ha 0030p Ha Hay4YyHO-M3CIIEJOBaTEICKaTa
JEHHOCT, U3BBPIIEHA 10 MOMEHTA Ha TEPUTO-
pusta Ha LleHTbp 3a KOMIETEeHTHOCT,, "1HTe-
JUTEHTHU MEXaTPOHHHU, €KO- M EHeprocre-
CTSIBAIlIM CUCTEMU U TeXHoJoruu‘, rp. ['abpo-
BO IO TOpPEeU30pPOCHUTE HAYYHU TEMATUKU H
pe3yaTaTUuTE, CBbP3aHU C THX .

N3JT0KEHUE

[Ipenumny n3cnenBaHus 0s1xa HaIllpaBeHH,
LS OBbPXHOCTHA 00paboTKa Ha TUTa-
HoBa ciuiaB Ti6Al4V ¢ paznuuHa CKOpPOCT Ha
oOpaboTtka [4]. be ycTaHOBEHO, Y€ TIO-BUCO-
KaTa CKOpOCT Ha CKaHMpPaHE BOJH 10 MO-YyCH-
JIeHa MpOMsiHa B CTPYKTypaTa Ha 00pa3IuTe u
MIOBUIIIEHA KOHIEHTpAlUsl HAa MapTEH3UTHA
TUTaHoBa (paza. ToBa pe3ynTupa B MOBHILIEHA
TBBPJOCT Ha IOBBPXHOCTTA HA 00pa3LuTe.

HanpaBenu 6s1xa 1 eKCIIEpUMEHTH C THTa-
HoBa cruiaB TC4 4ype3 pa3auyHU IE€OMETPUH
Ha CKaHUpaHe — JIMHMS, KpbI' U MaTpuna [5].

Haii-no6pu cTpykTypHu U (QyHKIMOHAIHU
CBOMCTBa 0siXa MOJYYEHU Ype3 CKaHWpaHe Ha
oOpa3uure 4pe3 JIMHEHHAa reOMeTpusi, BbIIpe-
KU TOBa KpbroBaTa reOMeTpus ce okasza Ous3-
Ka 10 CTOHHOCTH U (yHKLIMOHAIHOCT.

Cnen wu3cnenBaHUsiTA HAa TUTAHOBUTE
crmaBu  Oe mpemuHarto KbM Inconel 625
CIJIaB, KOsTO Oe 00paboTeHa JBe pa3iIuyHH
MOILIHOCTH Ha eJNEeKTpoHHMs cHon — 600 W u
1200 W [6]. YcraHoBeHO O€¢ BIMSHHUETO Ha
MOIIHOCTTa BBpXY IOJy4YeHATa CTPYKTypa,
KaTo B CITyyasl Ha IO-HUCKAaTa MOLTHOCT HE 0e
3abensi3aHa TepMUYHO 00OpaboTeHa 30Ha, a
BBB BTOpHUA Ciiydail Oe 3a0ens3aHa TakaBa C
pa3mep okoio 15 um. B Ta3u 30Ha TBBpIOCT-
Ta Ha oOpasena Oele Mo-HUCKA, a IUIACTHY-
HOCTTa II0O-BUCOKA MOPagd OTCHCTBHETO Ha
Fe-Ooratn mnpenunuraTtd, pasnpbCHATH W3
1enus 00eM Ha OCHOBATa.

BnustHreTo Ha TOKa Ha €NEKTPOHHUS CHOII
O¢ m3CcleBaHO U MO0 BpeMe Ha 00paboTKa Ha
criaBu ot Co-Cr-Mo, kato B TO3M cityuail 6e
YCTAHOBEHO, 4e ciiel 00paboTKa Ha U3XO/IHa-
Ta TOJUIOKKa (ChCTOsAMmA ce OT JjaBydasHa
IIECTOBI'BJIHA TUTBTHO OIIAKOBaHa M CTEH-
HOLIETpUpaHa KyOMuYHa CTPyKTypa) ce Hao-
Jr0/1aBa TPECTPYKTypHpaHe Ha oOpasena B
enHoda3sHa  CTEHOLIEHTpUpaHa  KyOM4yHa
ctpyktypa [7]. Habmonasa ce u hopmupane-
TO Ha TEKCTypa Ipu oOpaszena, o0IbYeH C IMo-
BHUCOKHSI TOK Ha EJIEKTPOHHUS CHON KbM
{111} cemeiicTBO KpHcTanorpagcku paBHU-
HU. CTEeHOLIEHTpUpaHaTa KyOu4yHa CTpyKTypa
uMa 12 paBHUHM Ha XJTb3raHe, KaTo MOCHEe-
HOTO OCHOBHO C€ M3BBPIIBA MIPU CHITHO TEKC-
TypupaHe kbM {111} cemeilicTBO Kpucraio-
rpadcku paBHMHH. Ta3u cTpykTypa € Hai-
CUMEeTpUYHaTa U Hall-IUIbTHATa CpeJl pa3iiuy-
HUTE BHUJIOBE CTPYKTYpPH, KOETO CHITBTCTBA U
0e3MmpoOJIEMHOTO PA3MPOCTpaHEHHWE HA JIHC-
Jokauu cpea Hes. Thil KaTo TOBa € OCHOB-
HUST MEXaHW3bM Ha IIaCTUYHA jaedopMarius
B KPHCTAJIHUTE CTPYKTYpPH MOXE Ja ce Ha-
MIpaBU XMIIOTE3a, Ye HampaBeHaTta o0padpoTka
€ TOBHIIMJIA TUIACTUYHOCTTa Ha 0OpaboTeHa-
Ta 30HA.
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Ta3u xunoreza 0e EKCIEPUMEHTAIHO TIO-
TBBbpJICHAa TpH u3cienBaHe Ha Fe-Gazupanu
CyIiep CIUIaBH, IPU KOMTO ce HaOII0aaBa Ch-
morto mnpecrpykrypupane kato npu Co-Cr-
Mo TakuBa [1]. OTHOBO mpu MO-BUCOKATa
MOIIIHOCT ce HaOJrofaBa pa3TBapsHE Ha Ipe-
[UITUTATHTEe OT BTOpa (aza, MOHWKABAHE HA
TBHPIOCTTA ¥ TOBHINIABAHE HA TUIACTUYHOCT-
Ta. Pe3ynratute OT Te3U EKCIICPUMEHTH ca
nokazanu Ha purypu 4(a) u 4(0), KOUTO CHOT-
BeTcTBar Ha MomHoctute 600 W n 1200 W.

A - B
B
(a) C e
b _A £ 7 oY S e -
N L E _u"
| : X1 S
e ® t ¢ :
*3 'X2 Yo = 2
i: - ,\ e » ~ ' -
\ . 4 (.
2 Fe - .
e N § —)
(b) ~

Due. 4. Enekmpounonviesa n0GbpXHOCMHA
obpabomka na Fe-baszupana sucoxoenmponuiina
cnias ypes eieKmpoHer cHon ¢ mowHocm: (a) 600
W () 1200 W [1]

HanpaBenu 0sxa M u3cieaBaHus, LEISIIT
ABIITHUTCIIHO ITOBHUIIABAHEC HaA CKCILJIOaTallu-
OHHUTE CBOMCTBa Ha Obp30Opekeria MHCTPY-
MEHTajlHa cToMaHa M2 wuype3 JByCTEleHHA
obpaboTka [8]. Cnex EJITIO 6e HaneceH cioi
oT WN upe3 peakTUBHO MarHeTpOHHO pas3-
IIpalBaHe. " ABCTC TCXHUWKHU YBCIMYHNXA
TBBPAOCTTA W TIOHMXKHUXA KOG(bI/IIII/IeHTa Ha
M3HOCBaHE Ha 00pa3uTe.

[IpomsiHata Ha CTpyKTypaTa UM (PyHKIHO-
HAJIHUTE CBOICTBAa Ha MOBBPXHOCTTA Ha Me-
Tald U CIUIaBU MOXe Ja ObJe M3BBPLICHO U
ype3 elNeKTPOHHOIbUEBO Jierupane. To ce Oa-
3Upa Ha HAHACSHE Ha CIIOM OT JIErupamus
enemeHT upe3 PVD meton, xaro Hampumep

MarHeTpoOHHO paslpamBaHe U 00paboTka Ha
MOBBPXHOCTTA 4Ype3 EJIEKTPOHEH CcHoml. B
cienHaTa pabora [2] TanTanoB ¢unm c nede-
auHa 4 um O HaHeCeH BBhPXY TUTAHOBU 00-
pasiu, ciaea KOeTo MOBBPXHOCTTa Oe 00pado-
TEHa 4Ype3 CKaHWpall EJIEKTPOHEH CHOI C
momHocT 1500 W. Ilpouecst 6e moBTOpEeH
HSKOJIKOKpPAaTHO 110 AOcTUraHe Ha 25 wt% cb-
Ibp)KaHUEe Ha TaHTal B oOpaOoTeHaTa 30HA,
KOETO TIOHM)KM 3HAYUTEIHO TBBPAOCTTa U
Mojysia Ha FOHT Ha MOBBPXHOCTTA M YBEITHYU
MPUIOKUMOCTTA ¥ B MHIYCTPUU KaTO OHOMe-
JIMIIAHATA.

40 pm

Due. 5. E]l@KWlpOHHO]l;blleeo Jlecupane Ha mu-
maw ¢ 60p upe3 cKopocm Ha ckaHupaue: (a) 4
mm/s u (6) 6 mm/s [9]

be u3cneaBaHa M Bb3MOXKHOCTTA 3a JIETH-
paHe Ha TUTaH 4pe3 OOp, KaTo 4acT OT pe3yli-
TaTUTe ca moka3zanu Ha ¢urypu S5(a) u 5(0),
MIOJIyYE€HHU Ype3 CKOPOCTH Ha CKaHUpaHe 4 u 6
mm/s [9]. U B nBara ciyyas ycremHo 0e mo-
aydeHa ¢aszara TiB2, kaTo mpu mo-BUCOKaTa
CKOpOCT Ha CKaHHpaHe Ce pEerucTpupa Mu-
KpOTBBPJOCT Ha oOpaboTeHara 30Ha ot 4540
HVo,. B apyra pabora Ge u3cienBaHa Bb3-
MOJKHOCTTA 3a JIETHpaHe Ha THUTAaH 4pe3 Bb-
TJIepos, KaTo Lenrta Oe rmosyyaBaHe Ha ¢azaTta
TiC, kosTO ycnemHo Oe mojyyeHa MpU CKO-

156

To3u dokymenm e cv30aden 6 pamkume na Ilpoexm Ne BG16RFPR002-1.014-0005 Llenmuvp 3a komnemenmuocm
"HnmenueseHmnu MexampoHhu, eKko- u enepeocnecmsagawu cucmemu u mexronozuu”, unancupan om Ilpoepama
., Hayunu uscneosanus, unosayuu u oueumanusayus 3a unmenueenmua mparcgopmayus ™ 2021-2027 .
(IIHUUTUT), cvpunancupana om Eeponetickus cvio3 upes Egponeiickus (hoHO 3a pecuoHaIHo pazeumue



CbcuHaHcupaHo ot
EBponeickusa cbH3

HsneiHATETHA areHIEA =
.IIporpama 3a oGpazoBaHHe"

MPOrPAMA

HAYYHU U3CTNEOBAHUA,
WHOBALIMWU U OUTUTANTA3ALIUA 3A
WHTENWIrEHTHA TPAHC®OPMALMWA

poctu Ha ckanupane 5 u 15 mm/s [10]. Mak-
cUMaliHaTa TBBpIoCT monydera 6e 510 HVoy.,
KOE€TO € 2.5 mIbTH MO-BHCOKAa CTOWHOCT OT Ta-
34 Ha U3XOJIHUS MaTepual.

KakTo Oe criomeHaro mo-rope mpHUChEIU-
HSIBAHETO HA JICTAWIU Ype3 eJIeKTPOHHOIbYEe-
BO 3aBapsiBaHe (OCOOEHO TPU YEIHH ChEIH-
HEHHUSI) € M3KIIIOUUTETHO aTPaKTUBHO 3a Ha-
00p OT WHAYCTPUH, B 3aBHCHMOCT OT M30pa-
HUTE JBOWKHU. BB3MOXKHO € 3aBapsiBaHETO Ha
€IHOPOJHU U PA3HOPOIHHU METaJIH U CILIABU C
pa3nMYHA TEPMO(PU3NYHH CBOWCTBA KaTo:
Me/HephKIaeMa CTOMaHa; MeJI/alyMHHHIA,
tutan/Ti6Al4V; Ti6Al4V/anymunuit u npyru
[11-14]. OnTUMU3NpPaHETO HA TEXHOJIOTUYHU-
T€ CBOICTBA /0 YCIEIIHO MOJy4yaBaHe Ha 3a-
BapbUHU CHhEIUHEHHS € U3KIIIOYUTEIHO TPYI-
Ha 3a/a4a, BKJIIOYBAIa TCOPETUYHU MOJCIIU
[15] u nmpakTHuecku excrnepuMeHTu. M3kio-
YUTEJHO TPYJIHA 3a 3aBapsiBaHE JIBOMKA € TH-
TaH/aJyMUHUNA TOpaAM HW3KIIOYUTETHO HU-
CKaTa TeMIlepaTypa Ha TOIEHE Ha aTyMHUHUSA
(okomo 660 °C) copsmo Tasm Ha Ti6Al4V
(okomo 1660 °C). AmyMHHHUSAT CBIIO Taka UMa
3HAQUYUTEIIHO IO-BUCOKU CTOWHOCTH HA TOII-
JIOTIPOBOJTHOCT M TeMIepaTypeH KaraluTer.
Ha ¢urypu 6(a), 6(6) u 6(B) ca npeacraBeHu
pe3yaTaTH OT eKCIEPUMEHTH, TSN TOCTH-
TFaHETO HA BB3MOYKHO HAail-BUCOKU CTOMHOCTH
Ha MEXaHWYHA 3][paBUHA Ha 3aBAPBHYHUTE Ch-
€ANHEHUS.

o el o o e
o BN B . it A 2 el <

@uz. 6. Enexmponnonvuego 3asapsieane Ha
Ti6Al4V u Al6082-T6 npu creonume ycrosus: (a)
L=35mAuV, =10 mm/s;, (6) I, =20mAd u V,
=5 mm/s; (8) I =5 mm/s, V., = 5 mm/s u ogpcem
KoM anymunuesama noonoicka 0.5 mm [3]

B cnydaii Ha u3nos3BaHe Ha TOK Ha Jbya lp
= 20 mA u ckopocT Ha 3aBapsiBaHe Vy = 5
mm/s 6e3 odcet [purypa 7(6)] ycnemHo Oe
MOJIy4EeH paBHOMEPEH 3aBaphyCH IIeB 0e3 BU-
TUMO Hallnyue Ha JeeKTH KaTo MOpHu U MyK-
HatuHU. HampaBeHu Osixa MEXaHWUYHU U3IUT-
BaHUA, €AHO OT KOUTO O H3MUTBAHE Ha
sSKocTTa Ha omnbH. llomydenute pesynraTu
neuHUpaT UMEHHO 3aBapb4yHUS ILEB, MOKa-
3aH Ha Qurypa 6(0), KaTo Hal-3apaB C Mak-
CHMaJIHA SIKOCT Ha onbH Rm = 165 MPa; rpa-
Huua Ha nposyayBaHe Ry = 80 MPa u yabi-
xeHue € = 15.93 %. Bucokara pa3znuka Mex-
Ny TpaHMIlaTa Ha MPOBJIAYBAHE M MaKCHUMaJ-
HaTa SIKOCT Ha OMbH JeduHupa odpasera Kato
BHCOKO IUIACTHYEH W CHJHO TIPHUJIOKUM B
MpaKTUKaTa Ha MecTa, KbJETO Ca HAJIO0KEHU
CTPOTH M3UCKBAHUS 32 MOJATIIMBOCT HA MaTe-
puanuTe Mpeau HACTHIIBAaHE Ha IBJIEH IpPO-
Baj. ToBa € OT M3KIIIOUMTEIIHA BAXKHOCT, THH
KaTo MpH HU3JENHITa, YAUTO CTOWHOCTHU ca
CPaBHUTEIHO €IHAKBHM, MOXE Ja HACThIIHU
MPOBaJl U3HEHABAINO, 0e3 MpeaypeKIeHuUE.
B TakuBa MOMEHTH NOpPH HSKOJKO CEKYH/IH
Ouxa MOIJIH J1a ObJIaT PEIIaBaliy.

3AK/IFOYEHHUE

B 3akmouenue Moxe Ja ce Kaxke, 4e IO
BpeMe Ha chbBMecTHaTa pabota B LleHTwHp 3a
KOMIIETEHTHOCT,, "HTEINTreHTHH MeXaTpOoH-
HU, €KO- U EHEprocrmecTsBallld CUCTEMH H
TEXHOJIOTUN* 0sfXa M3BBPUICHW pelulia eKc-
MEepUMEHTH ¢ (QyHIaMEHTAJIeH XapakTep.
Upes Tsx 0s1Xa yCTaHOBEHU KOHTAKTU U MapT-
HbOPCTBAa C pabdOTHU TPYNH U E€KCHEPTH OT
npyru 3BeHa. [Tomyyenn 6s1xa M3KIIOUUTENEH
Habop oT 3HaHus 3a npouecure Ha EJIIIO,
EJUUI u EJI3. Ilony4yeHnu 3a mbpBH BT Osixa
MMOBBPXHOCTHU TOKPUTHs Oa3upaHH Ha Che-
nuHenust Ha TiB> u TiC upe3 WHOBalMOHEH
MOJXO0Jl C YHHMKAJIHU MEXaHWYHH CBOMICTBaA.
[Monmyuenu Osixa peauua 3HaHUS 32 (PUBUYHU-
T€ MPOIIECH MpPH 3aBapsBaHE HA Pa3HOPOIHU
METaJIM U CIUIaBU, KAaTO 3a I'bPBU BT B CBE-
TOBHATa JINTEpPATypa YCHEIIHO Oe MOJyYyeHO
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BHUCOKOSIKOCTHO ¥ BHCOKOIUIACTHYHO 3aBapbhy-
HO CBHEIAMHCHUE MEXKIy aIyMHHHEBA CIUIaB
Al6082-T6 u TutanoBa ciaB Ti6Al4V. baxa
M3rOTBEHH TEMIICPATYPHU MOJICIU OMHCBAIIH
B JICTAlJIM IPOLECHT HA EICKTPOHHOIBYCBO
3aBapsiBaHe. bsixa m3ciensanu nemmdepupa-
IIIUTE CBOMCTBA Ha BUCOKOCHTPOIUIHM CILIa-
BU U cynep cruiaBu. [lomydeHure pesynratu
ca OT M3KJIIOYMTEIHA BaKHOCT 3a CBETOBHATA
TUTepaTypa M Ie CIIOMOTHAT OBJCIIeTO OI-
THMH3HpAHE HA IPOIECUTE Ha CICKTPOHHO-
JT’bUYEBa MOBBPXHOCTHA 00pabOTKa, €IEKTPOH-
HOJIBYEBO JICTUPAHE M EJICKTPOHHOJIBYEBO 3a-
BapsiBaHe, KaTo Ce IeJIM BHEIPSBAHETO Ha Te-
3M pe3yJTaTH U B PEIUIla UHAYCTPUAIHU OT-
paciii Ha MECTHO ¥ CBETOBHO HHBO.

baarogapuaocTu

Tosa uscnedsane e ¢hunancupano om Egpo-
neiickusi QOHO 3a pecUOHANIHO pa3sumue 8
pamxume na OII ,, Hayunu uzcneosanus, uno-
sayuu U OuUMAIU3ayus 3a UHMeIUSeHMHA
mpancpopmayus“ 2021-2027 2., Ilpoexm No
BGI6RFPR002-1.014-0005 Llenmvp 3a Kom-
nemenmuocm,, "Humenuecenmuu mexampon-
HU, eKO- U eHepeoCcnecmsasawju cucmemu u
mexnono2uu *
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N3CJIEIABAHUA BbPXY EJIEKTPOHHOJIBYEBOTO 3ABAPSABAHE U
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ADVANCED RESEARCH DIRECTIONS IN ELECTRON BEAM WELDING
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CENTRE OF COMPETENCE “SMART MECHATRONIC, ECO- AND

ENERGY-SAVING SYSTEMS AND TECHNOLOGIES*

Stefan Valkov!*?, Georgi Kotlarski'*, Nikolay Nedyalkov!?, Tatyana Koutzarova'?,
Maria Ormanova'?3, Borislav Stoyanov?3, Ivana Ilievska'>

!Institute of Electronics, Bulgarian Academy of Sciences, 1784 Sofia, Bulgaria
’Technical University of Gabrovo, 5300 Gabrovo, Bulgaria
3Center of competence "Smart mechatronic, eco-and energy-saving systems and technologies"

Abstract

This report outlines future research directions related to the application of electron beam technology for surface
modification and welding of metallic materials and alloys. The focus is placed on the ability to precisely control micro-
structure and phase composition through the adjustment of technological parameters. The research will involve in-
depth investigation of welded joints and surface-modified layers to determine their mechanical properties, wear re-
sistance, residual stresses, and structural homogeneity. Special attention will be given to welding hard-to-join materi-
als, as well as the development of composite coatings with enhanced functional characteristics. The expected results
will contribute to expanding the understanding of electron beam interactions with materials and to the development of

new engineering solutions with high added value.

Keywords: Electron beam welding; Surface modification; Microstructure; Mechanical properties; Process optimization.

BBBEJEHUE

BT)BC)KI[aHeTO Ha HOBH TCEXHOJOTHHU 3a
MIPOM3BOJICTBO HAa HOBH MaTepHalii, KaKTO U
3a MoaudUIMpaHe Ha TIXHATa CTPYKTypa U
CBOWCTBa, € OT TOJISIMO 3HaueHue. B MomeHTa
METOAMTE 3a EJIEKTPOHHO-IIbYeBa 00paboTKa
ca OT oco0eHa BaXHOCT U Beue€ Ca YCIEUTHO
BBBCJACHU B MHOI'O MHAYCTpHUAJIHHU OTpaciiu,
KaTo HampuMep CaMOJIETOCTPOCHETO M aBTO-
MOOWJIHATA TPOMHIIUIEHOCT, 3a TPOHU3BO/I-

CTBOTO Ha KOCMHYECKU KOpalu, )Kene30bTHH
BaroHu u jp. [1-6]. IIpu Te3u TeXHUKH Mare-
puanute ce o0padoTBaT ¢ BUCOKOMHTEH3UBEH
SJICKTpOHEeH Ihb4. KWHeTW4YHaTa eHeprus Ha
EJIIEKTPOHUTE CE€ MPEBPHINA B TOIIMHA, KOETO
BOAM JO (popmupaHe Ha TOIUIMHHO TOJIE OT
MOBBpPXHOCTTA KbM 0bOema [7,8]. CkopocTuTte
Ha HarpsiBaHe W OXJIaXaHe B TE3W CIIyYad ca
JI0CTa BHCOKH, KOETO BOJU [0 MPOMEHU B
MHUKPOCTPYKTypaTa, XAMUYHHS ChCTaB, TOIE-
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HE Ha MOBBPXHOCTTA U JIp. TeXHOIOTUYHUTE
yCIIOBUSI MOTaT Ja OBbAaT MPEemu3HO KOHTPO-
JUPaHU, KOETO MO3BOJISIBA MPELM3EH KOHTPOI
Ha CTPYKTypaTa U CBOMCTBara Ha 00paboTBa-
Hute matepuanu [9]. Hakou npenumcTBa Ha
TE3W TEXHOJIOTUU B CPAaBHEHHUE C KOHBEHIHO-
HAJHUTE METOJIU ca KaKTO CJe/iBa:

- 3HAYUTETHO MO-KPaTKO BpeMe 3a oOpa-
00TKa B CpaBHEHHUE C TPaJAULIMOHHUTE
TEXHOJIOTUH;

- PaBHOMepHO pa3mpeneneHue Ha €Hep-
TUsTa HA EJICKTPOHHUS JIBY;

- TexHONOrHMYHHUTE YCIIOBUS, OIpEEe-
HHU OT TCXHOJIOTUYHUTC IMapaMCTpH, Ca
CUJIHO BB3IIPOU3BOJUMU.

EnexTpoHHOTBbUEBUTE METOAM 3a MOBBPX-
HOCTHa MOTU(UKAIMSI HA METAIA M CIUIaBH
MOXKE Jla C€ HW3MOJ3Ba B DPA3JIUYHU BUIOBE
TEXHOJIOTUYHU IPOLECH, TAKUBA KAaTO MOA00-
psiBaHE Ha MEXaHUYHHUTE CBOMCTBA 4pe3 MpH-
JaraHe Ha €HO- U MHOTOCTEIIEHHH 00paboT-
KM Ha moBbpxHOCTTa [11]; dopmupane Ha
KOMITO3UTHU TOBBPXHUHHHU CTPYKTYpPHU H TIO-
Kputus [12]; e1eKTpOHHOTBbUEBO U3MAPSIBAHE
Y OTJaraHe Ha THHKHU cioee U ¢unmu [13];
3aBapsiBaHe U (OpMHUpPaHE Ha 3aBapbYHU Che-
JTUHEHHs] Ha €JHOPOJHU U Pa3HOPOJHU MeTa-
mu u cruiasu [14]. Ha ¢urypa 1 e npencrase-
Ha CXeMa Ha eJIEKTPOHHOJIbUEBa MHCTAIALINS
3a MOBBPXHOCTHA MOAUDUKAIMS U 3aBapsiBaHE.

- High - voltage source
— Cathode
Wehnelt
Anode

Correct astigmatism
system

Generating

a beam

Monitoring
system

Forming a beam

Deflection system

55 To the vacuum

ff system

2

manipulator

Que. 1. Cxema Ha eneKmMpPOHHONBLYEEA MAUUHA 30
nogvpxHoCmMHA Mooughuxayus u 3aeapasane [10].

Koraro temmeparypara Ha HOBBPXHOCTTa
Ha JieTaiijia JJOCTUTHE CTOMHOCT MO-HUCKAa OT
TOUKaTa Ha TOIIEHE Ha MaTepuana, oOpadoTe-
HaTta 30HAa OCTaBa B TBBPAO CBHCTOSHUE, HO
HACTHIBAT HSAKOU CTPYKTYPHH IPOMEHU H
¢dazoBu Tpancopmarmu. To3u METOI MOXKE
Jla ce M3MOJI3Ba Haii-Beue 3a (hopMupaHe Ha
MOBBPXHUHHHU CTPYKTYPH C IMOJOOpEHU Me-
XaHUYHM XapakTepuctuku [S]. B ciywail Ha
JOCTUTAHE Ha TOYKAaTa Ha TOIEHE Ha o0pase-
1a, oopaboTeHaTa MOBHPXHOCT MPEMHHABA B
TEYHO CBHCTOSIHME, KBJETO MOrar na Obaar
BBBEJCHH MOAU(DHUIMPAIIN E€IeMEeHTU. Ta3u
TEXHHKA CE M3IO0I3Ba 3a (hOpMUpaHE HA KOM-
MO3UTHU MOBBPXHOCTHU CTPYKTYpPU U MOKPH-
Tus. ChbIllO Taka, MHTEH3UBHOTO CTOIISIBAHE HA
MaTepuaga € Bb3MOXKHO Ja C€ pealu3upa B
rojasMa JIbJI0ounHa. ToBa TO3BOJIIBA MHOTO
IBIIOOKO 3aBapsiBaHE Ha €THOPOJHU U Pa3HO-
POJHH METaJM W CIUIaBM C MUHUMAaJHa MIH-
pUHA Ha 3aBapbYHHUS IEB.

IlenTa Ha HacTOSIIUS JOKJIAT € A2 0000IIH
TEMaTHUKUTE, KOUTO C€ IUIaHupa Ja ObaaT
pa3BuBaHu B LleHTBp 3a KOMIETEHTHOCT
,»,EKO- U €HEeprocrecTsBalll CUCTEMH M TeX-
HOJIOTUK®, TIO CIEeUUaTHo B Jaboparopus
C1.4 ,VHTenureHTHU TEXHOJIOTUHU, Oa3upaHu
Ha WHTEJIUTCHTHU BHCOKH CHEPTHUIHHM TOTO-

13

o1 .

HN3JIOKEHUE

YacT OT ekcrnepuMeHTallHaTa ACHHOCT €
CBBbp3aHa C U3CIEABAHETO Ha Bb3MOKHOCTHUTE
3a TOJIyyaBaHE Ha 3aBapbYHU ChEIUHEHUS
MEXJy MHOTOKOMIIOHEHTHHU CIUIaBH. 3a pea-
JU3UPAHETO Ha TE3U HayuyHO-M3CIIeoBaTell-
CKM JIEHHOCTH IlI€ C€ OCBIIECTBIBAT U3CIE/-
BaHMS, HACOUYCHH KbM (PpopMHUpaHE Ha BHUCO-
KOKQ4eCTBEHU 3aBapbUHU ChEAMHEHUS MEXKIY
MHOT'OKOMITIOHCHTHHU CILJIaBH, KaKTO U MECXKOY
TAX U APYTH METAIU, YpE3 IEKTPOHHOIHUEBO
3aBapsBaHe. [[eHHOCTHTE BKJIKOYBAT IETANIHO
M3y4aBaHE Ha BIUSHUETO HA TEXHOJOTMYHUTE
rmapaMeTpy BBpPXY IMpolleca Ha 3aBapsiBaHe,
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Kpuctanorpadckara CTPYKTypa H MHKPO-
CTPYKTypaTa Ha ChEJIMHEHMSTA, KAKTO U OII-
penensiHe Ha MEXaHHUYHUTE MM XapaKTepu-
ctuk. OcoO0eHO BHUMaHHE Ce OT/ENs Ha B3a-
UMOBPB3KUTE MEXAY CTPyKTypaTa U CBOIi-
CTBaTa Ha MOJYYECHUTE 3aBAPBHUYHU IIEBOBE, C
aKLUEHT BBPXY pEAyLUPAHETO HAa HHTEpMe-
TaTHA Pa3u U MyKHATHHH, KOUTO BJIOIIABAT
€KCIUIOATal[MOHHATA HAJIeXKJAHOCT HAa ChEIU-
HeHusita. OCBEH TOBA Ce aHAIM3UpPA BIIUSIHHE-
TO Ha TEXHOJIOTMUHUTE YCJIOBUS BHPXY 00pa-
3yBaHETO, KOJIMYECTBOTO M pa3Mepa Ha HH-
TepMeTanHuTe (ha3u, KaKTO U BbPXY OCTaThu-
HUTE HANPEXKEHHUs, C 1eJI ONTUMHU3UpaHE Ha
mpolieca U MOoBUIIaBaHe Ha ABITOTPAHOCTTA
U MEXaHUYHATa yCTOMYMUBOCT HA 3aBAPEHUTE
KOHCTPYKIIUH.

Jlpyra mniaHupaHa Hay4yHO-U3CJI€A0BaTENl-
cka Temaruka B naboparopust C1.4 ,,Vnrenu-
TEHTHU TEXHOJOTUHU, Oa3upaHu Ha BUCOKO
WHTEH3WBHU TMOTOLU € CBbp3aHa ¢ (QopMu-
pPaHETO M XapaKTePU3UPAHETO HA KOMITO3UTHHU
MOKPUTHS HA OCHOBATa Ha TUTAH M AIyMUHUHA
Yype3 eJIEKTPOHHOIBbYEBA MOBBPXHOCTHA MO-
mudukanusa. CpeJ OCHOBHUTE MMPUOPUTETH HA
nmabopaTopusitTa € pa3paboTBaHE HA TEXHOJO-
TUH 32 3HAYUTEITHO MOJ00psIBaHe Ha €KCILIoa-
TaIlMOHHHUTE XapaKTCPUCTUKN HA aTyMUHHUHA U
Al-6a3upanu cruiaBu. B ocHoBara Ha Tasm
eKCIIepUMEHTaJHa JeWHOCT 1ie Oblie nu3cnea-
BaHO EKCIEPUMEHTATHO BJIMSHHETO Ha TeX-
HOJIOTUYHHUTE YCJIOBHS TPU €JIEKTPOHHOIBYE-
Ba MOBHPXHOCTHA MOAU(HUKAIUS BbPXY CBOIi-
CTBaTa M CTPYKTypaTa Ha KOMIIO3UTHHU TIO-
KpUTHS, TIOTyYeHU BBPXY aTyMHHHEBH CILIa-
BU. OCHOBEH aKIIeHT Ce MOCTaBs BBPXY HU3Y-
yaBaHeTO Ha ()a30BUsI CbCTaB U MHUKPOCTPYK-
TypaTa Ha MOIU(UIIMPAHUTE CIIOEBE B 3aBH-
CHUMOCT OT ycloBusATa Ha nponeca. llle Obaar
MPOBEXKIAHN EKCIIEPUMEHTH 33 YCTaHOBSBA-
HE BJIUSHUETO HA TEXHOJOTUYHUTE YCIIOBUS
BBPXY MHUKPOTBBPIOCTTAa M KoedHIMeHTa Ha
TpUEHE Ha MOBBPXHOCTHHUS CJIOM, KOETO MMa
MPSKO 3HAYCHHE 3a MOJ00psiBaHE HA M3HOCO-
YCTOMYMBOCTTa Ha aJTyMHUHUEBHUTE CIUIABH.

JIOI'BJIHUTEHO Ce MpEeIBUXKA /1a Ce aHaJU-
3upar ¢gopmara U pasMepuUTe Ha T€YHATa Ba-
Ha, Bb3HUKBAlIA MPU OOJIbYBAHE C EIEKTPO-
HEH JIbY, C 1IeJ Ja CE U3SICHU KaK Pa3Tu4YHUTE
TEXHOJIOTUYHU IIapaMeTpH BIIMAAT Ha JIbJIOO-
yiHaTa Ha Moaudukausa. M3cnenasa ce chIio
MEXaHU3MbT Ha CTPYKTypooOpa3yBaHE Ha
KOMIIO3UTHUTE (a3u M paslpe/ieIeHUeTo Ha
MOJU(PHUIMPALIUTE E€IEMEHTH B MOKPUTHUETO,
KOETO T03BOJIsSIBA MO-I00pO pa3dupaHe Ha
nporecute Ha audysus, peakuus U ¢a3zoBa
Tpanchopmanus B 30HaTa Ha MoAupUKaLus.
Taka ce nenu cb3gaBaHe Ha Hay4yHO OOOCHO-
BaHM TPENOPHKH 33 ONTHMHU3ALUS Ha EJeK-
TPOHHOJIbYEBATA TIOBBPXHOCTHA 00paboTKa C
OrJie]] TOBWINABAaHE Ha EKCIUIOATAlMOHHUTE
XapaKTepUCTUKN Ha QJIyMHHHUEBU CIUIaBU 3a
WH)KeHepHU mnpuiiokeHus. [lomoOHu ekcrie-
PUMEHTH ce NpeABIKIAT 3a NoJo0psBaHe Ha
eKCIUIOATAlMOHHUTE  XapaKTEPUCTHKU  Ha
IOJUIOKKH OT TUTaH ¥ TUTAHOBU CIIaBH, KakK-
TO W BBPXY JIPYT'H METAJTHU MaTepHald HMa-
M 3HAYUTEIHO MPUIIOKEHUE B ChbBPEMEHHa-
Ta UHIYCTPUS U MIPAKTHKA.

Jlpyra Hay4dHO-H3cJeloBaTelcKa TeMaTH-
Ka, KOSITO c€ IUIaHupa aa Obae pazpaboTBaHa
B nabopatopust Cl1.4 ,,IHTEeTUreHTHU TEXHO-
jorud, 6a3upaHd Ha BUCOKO MHTEH3WBHU TI0-
TOLM® € CBbp3aHa ¢ pa3pabOTBAHETO HA HOBU
TEXHOJIOTMH, Oa3upaHu Ha 00paboTKa C BUCO-
KA EHepruiHM MOTOIM 3a IoJlyyaBaHe Ha
THHKH CJIO€BE U (DMIIMHU OT Pa3INYHHA MaTepH-
anmu. Ille ObIaT cUCTEeMaTHMYHO M3CIIEABAHO
BIIMSIHUETO Ha TEXHOJOTHYHUTE YCIOBHUS Ha
npoleca Ha eJEeKTPOHHOIbYeBa MoJU(UKa-
111 BbPXY BB3MOXKHOCTUTE 32 MOJTy4YaBaHe Ha
MOBBPXHOCTHHU CTPYKTYPH OT METaJHH, Kepa-
MUYHU U Apyrd Matepuanu. llle Obmar cuc-
TEMAaTUYHO HM3CIICJBAHN M E€KCIUIOATallMOHHU-
T€ XapaKTEPUCTHKH Ha IMOJYYEHUTE MOBBPX-
HOCTHHU CTPYKTYpH B 3aBHCHMOCT OT YCJIOBH-
aTa Ha nosydaBaHe. [Ipensuxia ce paspado-
TEHUTE B JaboparopusaTa TEXHOJOTHH Ja Ob-
JaT AUPEKTHO BBBEJEHH 33 HYXKAUTE Ha Chb-
BpPEMEHHU HHYCTPUAITHU OTPACIIH.
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3AKIIOYEHHUE

EnexkTpoHHOIBYUEBATA TEXHOJIOTHUS, C HEU-
HaTa BHUCOKA MPEUU3HOCT, JIOKAIU3UPAHO
€HEePrUiHO BB3JICUCTBUE M BB3MOXKHOCT 3a
pabota BBB BaKyyM, HpOJbJDKaBa Ja Obie
mwiargopmMa ¢ OrpOMEH HAY4YeH W MPHIOKCH
MOTEHIIMaJ KakTo B cepaTa Ha 3aBapsiBaHe-
TO, TaKa W MPH MOBBPXHOCTHATA MOAH]UKA-
uus Ha MaTepuaid. bbaemure u3cieBanys B
Ta3u o0yacT cuenBa Ja ObJaT HACOUYEHU KBbM
3aIbJI00YEHO M3y4YaBaHEe Ha B3aUMOBPBH3KHUTE
MEXy TEXHOJOTUYHUTE MapameTpu U IMOJy-
YeHaTa MUKpPOCTPYKTypa, (pa3oB cbhCTaB, Me-
XaHUYHU CBOMCTBA M OCTAThYHU HaIpexKe-
Hus. OcoOeHo BHMMaHue TpsiOBa Ja ce OTAe-
Y Ha Ch3JaBAaHETO Ha (PYHKIMOHAIHU IIO-
BBPXHOCTU 4YpE€3 EJIEKTPOHHOIbYEBA MOJIH-
¢dukanus, pa3paboTBaHe HA HOBU KOMIIO3HT-
HU TIOKPUTHSI C TOBHILIEHA H3HOCOYCTONYM-
BOCT, KAKTO ¥ ONTHUMU3ALIMS HA 3aBapbUHUTE
MIPOLIECH IIPU TPYIHO3aBapSIEMH MaTepuaiu 1
Pa3HOPOJHU CheAMHEeHHs. Taka, upe3 UHTEep-
JUCUUIJIMHAPHU HW3CIIEIBAHUS, CE OTKPUBAT
HOBU BB3MOKHOCTH 32 Pa3BUTHE HA BHCOKO-
TEXHOJIOTUYHH HWH)KEHEPHU PEILICHHUS B KIIIO-
YOBU OTpaciM KaTO aBHAIUs, CHEPreTHKa,
MEIULIMHA U MUKPOEIEKTPOHHKA.

BaaropapHoctun

Tosa uscnedsane e ¢punancuparo om Egpo-
netickus (OHO 3a pecuoHanHo paszsumue 6
pamkume na OIl ,, Hayunu uszcnedsanus, uno-
sayuu U OUSUMANU3AYUA 34 UHMENUSEHMHA
mpancghopmayua ‘™ 2021-2027 2., Ilpoexm Ne
BGI16RFPR002-1.014-0005 Llenmvp 3a Kom-
nemenmuocm,, "Hnmenueenmuu mexampon-
HU, €eKO- U €eHep2oCnecmsAawu Cucmemu u
mexuono2uu *

JUTEPATYPA

[1] Yusuf, S.; Cutler, S.; Gao, N. Review: The
Impact of Metal Additive Manufacturing on
the Aerospace Industry. Metals 2019, 9, 1286.

[2] Portoles, L.; Jorda, O.; Jorda, L.; Uriondo, A.;
Esperson-Miguez, M.; Perinpanayagam, S. A
qualification procedure to manufacture and
repair aerospace parts with electron beam
melting. J. Manuf. Syst. 2016, 41, 65-75.

[3] Juechter, V.; Franke, M.; Merenda, T.; Stich,
A.; Korner, C.; Singer, R. Additive manufac-
turing of Ti-45A1-4Nb-C by selective electron
beam melting for automotive applications.
Addit. Manuf. 2018, 22, 118—126.

[4] Murr, L.; Gaytan, S.; Ceytan, A.; Martinez,
E.; Martinez, J.; Hernandez, D.; Machado,
B.; Ramirez, D.; Medina, F.; Collins, S.; et
al. Characterization of titanium aluminide
alloy components fabricated by additive
manufacturing using electron beam
melting. Acta Mater. 2010, 58, 1887—-1894.

[5] Weglowski, M. Electron beam rapid proto-
typing using wires and modification of the
surface. In Manufacturing Techniques for
Materials: Engineering and Engineered, 1st
ed.; Srivatsan, T., Sudarshan, T., Manigan-
dan, K., Eds.; Taylor and Francis Group:
Boca Raton, FL, USA, 2018; pp. 133-160.

[6] Weglowski, M.; Blacha, S.; Philips, A.
Electron beam welding-Techniques and
trends-Review. Vacuum 2016, 130, 72-92.

[7]1 Schultz, H. Electron Beam Welding;
Abington Publishing: Cambridge, UK,
1993.

[8] Petrov, P; Tongov, M. Numerical
modelling of heat source during electron
beam welding. Vacuum 2020, 171, 108991.

[9] Kaisheva, D.; Angelov, V.; Petrov, P.
Simulation of heat transfer at welding with
oscillating  electron  beam. Can.  J.
Phys. 2019, 97, 1140-1146.

[10] Valkov, S.; Ormanova, M.; Petrov, P.
Electron-Beam Surface Treatment of
Metals and Alloys: Techniques and
Trends. Metals 2020, 10, 1219.

[11] Ormanova, M.; Kotlarski, G.; Dechev,
D.; Ivanov, N.; Stoyanov, B.; Valkov, S.
Duplex Surface Modification of M2 High-
Speed Steel. Coatings 2024, 14, 798.

163

To3u dokymenm e cv30aden 6 pamkume na Ilpoexm Ne BG16RFPR002-1.014-0005 Llenmuvp 3a komnemenmuocm
"HnmenueseHmnu MexampoHhu, eKko- u enepeocnecmsagawu cucmemu u mexronozuu”, unancupan om Ilpoepama
., Hayunu uscneosanus, unosayuu u oueumanusayus 3a unmenueenmua mparcgopmayus ™ 2021-2027 .
(IIHUUTUT), cvpunancupana om Eeponetickus cvio3 upes Egponeiickus (hoHO 3a pecuoHaIHo pazeumue



MPOTPAMA
ChhuHaHcupaHo ot 30bTHATETHA areHOHA ™ HAYYHU U3CTIENBAHMUS,
y c MHOBALWMW U OMTMTAITU3ALMA 3A
EBponeicknsa cbi03 | TIporpama 3a oGpazopammHe" R EHTIG -

WHTENWIrEHTHA TPAHC®OPMALMWA

[12] Padikova, F.; Nedeva, D.; Dunchev, V.;
Stoyanov, B.; Ormanova, M.; Nedyalkov,
N.;  Valkov, S. Fabrication and
Characterization of Titanium Borides by
Electron Beam Surface
Alloying. Coatings 2023, 13, 1941.

[13] Rabadzhiyska, S.; Kotlarski, G.;
Shipochka, M.; Rafailov, P.; Ormanova,
M.; Strijkova, V.; Dimcheva, N.; Valkov, S.
Duplex Surface Modification of 304-L SS
Substrates by an Electron-Beam Treatment

and Subsequent Deposition of Diamond-
like Carbon Coatings. Coatings 2022, 12,
401.

[14] Kotlarski, G.; Kaisheva, D.; Ormanova,
M.; Atanasova, M.; Anchev, A.; Duncheyv,
V.; Stoyanov, B.; Valkov, S. Electron Beam
Welding of Dissimilar Ti6Al4V and
Al6082-T6 Alloys Using Magnetron-
Sputtered Cu
Interlayers. Crystals 2025, 15, 373.

164

To3u dokymenm e cv30aden 6 pamkume na Ilpoexm Ne BG16RFPR002-1.014-0005 Llenmuvp 3a komnemenmuocm
"HnmenueseHmnu MexampoHhu, eKko- u enepeocnecmsagawu cucmemu u mexronozuu”, unancupan om Ilpoepama
., Hayunu uscneosanus, unosayuu u oueumanusayus 3a unmenueenmua mparcgopmayus ™ 2021-2027 .
(IIHUUTUT), cvpunancupana om Eeponetickus cvio3 upes Egponeiickus (hoHO 3a pecuoHaIHo pazeumue



MPOrPAMA
M:anbpiHHTEeHA areHITHT ™ HAYYHU U3CNEBAHUS,
" MHOBALWMW U OMTMTAITU3ALMA 3A
.IIporpama 3a oGpa3oBaHHe MHTENWIEHTHA TPAHC®OPMALIUS

CbcuHaHcupaHo ot
EBponeickusa cbH3

MEKAYHAPOJHA HAYYHA KOHOEPEHIIUA
»MEXATPOHUKA, EKO 1 EHEPI'OCIIECTABAIIHN
CUCTEMM U TEXHOJIOI'NU* - TABPOBO'2025

N3CJIEABAHE HA MUKPOCTPYKTYPATA CJIEJQ EJIEKTPOHHO
JIBYUEBO 3ABAPSIBAHE HA KOBBK UYI'YH U HEPBXKXJIAEMA
CTOMAHA 316L

INVESTIGATION OF THE MICROSTRUCTURE AFTER ELECTRON
BEAM WELDING OF DUCTILE CAST IRON AND AISI 316L STAINLESS
STEEL
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Abstract

The welded interface between ductile cast iron with spheroidal graphite (DCI) and AISI 316 stainless steel produced by
electron beam (EB) treatment was investigated using scanning electron microscopy (SEM) and energy-dispersive X-ray
spectroscopy (EDX). Results reveal significant compositional heterogeneity across the fusion zone, with distinct regions
of Fe-rich matrix, Cr- and Mo-enriched precipitates, and graphite degradation. These features suggest dilution-driven
microsegregation and secondary phase formation, with implications for corrosion resistance and mechanical

performance.

Keywords: ductile cast iron with spheroidal graphite, stainless steel, Scanning Electron Microscope (SEM),

microstructure.

INTRODUCTION

Cast iron castings are composed
primarily of iron, carbon and silicon, which
favor the formation of graphite [1]. In
practice, castings with a carbon content of
about 4% are wused, since its greater
percentage leads to an increase in the fragility
of the material. Alloys produced by casting
are generally neither ductile nor malleable.
The BDS EN 1563:2019 standard defines
ductile iron as “a cast material based on iron,
carbon and silicon, in which the carbon is

predominantly in the form of spheroidal
particles” [2].

The classification depends on the
metallographic structure and the percentages
of carbon, alloying elements and impurities.
The poor mechanical properties of some
castings are due to the presence of graphite
flakes, which create discontinuities in the
matrix and thus lead to the presence of stress
concentrators. These alloys have a high
carbon content, which makes them difficult to
weld due to the formation of martensite and
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brittle iron carbides during the cooling
process of the joint. Therefore, welding of
cast iron usually involves repair operations,
rather than joining separate castings [1-2].

In order to create a monolithic joint, the
use of filler is resorted to, reducing the
cooling rate of the weld to reduce martensitic
transformations and carbide precipitates that
would easily lead to cracking of the joint [1].

In recent years, electron beam welding
(EBW) has established itself as one of the
methods of welding uniform and dissimilar
materials [3]. The process is carried out in a
vacuum, in which the shrinkage of the
material is very minimal, there is no oxides or
nitrides contamination. The resulting weld
seam is almost free of defects. Despite the
many positives of this type of welding, a
significant  disadvantage  remains  the
possibility of combining certain
heterogeneous materials. Weglowski [4-5]
generally presents possible combinations of
electron beam weldable materials with the
inclusion of some steels and non-ferrous
metals.

Another major problem in fusion welding
of dissimilar materials arises from the fact
that there is a difference in: melting points,
coefficients of thermal conductivity and
thermal expansion, as well as the high cooling
rate. These are also part of the reasons why it
is not possible to obtain a monolithic joint
between two dissimilar materials. According
to [6-7] the best way to prevent the presence
of defects is to apply pre- and post-heating.
Depending on the temperature of preheating,
the following basic methods of welding cast
iron are distinguished:

- hot welding, with heating temperature of
600-650 °C;

- semi-hot welding, with a heating
temperature of 300-400 °C;

- cold welding - without preheating.

In [3] electron beam welding of dissimilar
materials was carried out: 316L and carbide-

bainite cast irons. Based on the conclusions
made in this article, the two materials were
selected, namely: AISI 316 stainless steel and
DCI. The purpose of the present publication is
to study the change in the microstructure of
the selected dissimilar materials obtained after
electron beam welding.

MATERIALS AND METODS

e Materials

For the implementation of the electron
beam welding process, two dissimilar
materials have been selected: ductile cast iron
(DCI) and AISI 316 stainless steel. The DCI
blanks were obtained using the hot wax
casting method, with the resulting structure of
the metal matrix being ferritic with graphite
inclusions and primary carbides due to
alloying with 15% ferrobore (FeB15) in
amounts up to 0.1% (fig. 1) [8-9].

Fig.1. Microstructure of the ductile cast
iron with spheroidal graphite used in the
study x500

Both materials have the chemical
composition indicated in Table 1, with AISI
316 stainless steel being in the as-delivered
condition according to [9], and the DCI being
after the casting process.
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Table 1 Chemical composition

Mat C, Si, Mn, Nij, B, Cr,
% % % % % %
DCI 3,52 227 0,032 0.03 0,135 -
10,0- 16,0-
316L 0,03 0,75 2,0 14.0 18.0

The blanks from both materials have been
turned and have a length of I= 50mm and a
square cross-section with a side length of
a=10mm (fig. 2).

55:05 gl r
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Fig.2. Geometric dimensions of blanks from
DCI and austenitic stainless steel AISI 316L

o Methods
The EBW was carried out using an
Evobeam  Cube 400 welding  unit

manufactured by Evobeam and the welding
mode are specified in table 2.

S
<
Q

2. Technological parameters of EBW
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(steel) (surface)

After welding, a metallographic section was
made from the resulting monolithic compound,
which was developed in a solution of nitric and
hydrochloric acid in a ratio of 3:1.

A scanning electron microscope Zeiss Evo
10 was used to perform quantitative analysis.

RESULTS AND DISCUSSIONS

The  observation of the resulting
microstructure was initially carried out using an
optical microscope. Due to the low magnification

(Fig. 3), only the clearly delineated areas of the
two materials, the resulting high-quality weld
seam, and the shape and type of the resulting
structures can be seen.

Fig.3. Microstructure of the weld joint by
optical microscope

The determination of the chemical
composition and structure in the transition
zones between the weld seam and the
materials (heat affected zone), as well as in
the welding zone itself (fusion zone), is
carried out using a scanning electron
microscope (SEM) (Fig. 4-6).

Secondary electrons (SE) were used to
obtain the final image. In this way, the surface
topography of the resulting weld joint is seen
in more detail. From Fig. 4 and Fig. 6 it can
be clearly seen that the width of the HAZ
zone is almost the same.

wom ot

Signal A= HDBSD
Pixel Size = 93.04 nm

10 pum EHT = 20.00 kV
WD =847 mm

Date: 11 Sep 2025

Z) S|
Mag= 1.20KX

Fig.4. Microstructure between DCI and weld
seam by SEM
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Fig.6. Microstructure between 316L stainless
steel and weld seam by SEM

SEM Observations

e SE images at x150 revealed
heterogeneous morphology across the weld.
The DCI side exhibited partially dissolved
graphite nodules and coarse Fe-rich matrix
regions, while the AISI 316 side displayed a
more uniform grain structure with relief at
grain boundaries.

e Backscattered electron (BSE) images
highlighted compositional contrast. Darker
regions corresponded to Fe-rich phases, while
brighter features were observed at grain
boundaries and within the fusion zone,
indicating Cr/Mo-rich precipitates (Fig. 5).
Graphite nodules appeared as dark inclusions,

some surrounded by reaction layers.

Energy dispersive spectroscopy (EDX) in
combination with SEM was used to determine
the chemical composition of the studied
sample (Fig. 7).

Fig.7. Microstructure between DCI and weld
seam by SEM

The values obtained from the measurement
are recorded in tabular form (Table 3).

Table 3 Map Sum Spectrum
Element Weight %
C 3.21
Cr 22.05
Fe 65.46
Ni 9.28
Total 100.00

Figure 7 demonstrates that electron beam
welding induced extensive mixing and
dilution across the weld interface. Rapid
cooling promoted microsegregation:

* Cr/Mo enrichment at boundaries
produced bright precipitates in BSE, likely
carbides (M)23C¢ or complex oxides.

* Cr-depleted Fe-rich regions adjacent to
enriched zones may compromise localized
corrosion resistance, acting as sensitization
sites.

 Graphite destabilization in the DCI HAZ
led to partial dissolution and carbon transfer,
enhancing carbide formation with Cr and Mo.

* Ni content was lower than nominal AISI
316, reflecting dilution by Fe from cast iron.

These observations indicate a micro-
structure with heterogeneous mecha-nical and
electrochemical behavior: hard, brittle Cr/Mo-

168

Tosu 0okymenm e cv30aden ¢ pamkume Ha IIlpoexkm Ne BGI16RFPR002-1.014-0005 Llenmwvp 3a komnemeHmHocm
"HnmenueseHmnu MexampoHhu, eKko- u enepeocnecmsagawu cucmemu u mexronozuu”, unancupan om Ilpoepama
., Hayunu uscneosanus, unosayuu u oueumanusayus 3a unmenueenmua mparcgopmayus ™ 2021-2027 .
(IIHUUTUT), cvpunancupana om Eeponetickus cvio3 upes Egponeiickus (hoHO 3a pecuoHaIHo pazeumue



CbcuHaHcupaHo ot
EBponeickusa cbH3

MPOrPAMA
HsmeaauTeHA areHET ™ HAYYHU U3CNEOBAHWA,
" MHOBALWMW U OMTMTAITU3ALMA 3A
.lIIporpama 3a oGpa3oBaHHe

WHTENWIrEHTHA TPAHC®OPMALMWA

rich phases embedded in a softer Fe-rich
matrix, alongside areas prone to corrosion.

CONCLUSION

The following conclusions can be drawn
from the observations of the resulting
microstructure of a weld seam obtained by
electron beam welding of dissimilar materials
- DCI and AISI 316L stainless steel:

-  When determining the chemical

composition with the combination of EDX
and SEM:

e The electron beam welded interface
between DCI and AISI 316L stainless steel
shows a highly heterogeneous
microstructure with Fe-rich zones, Cr/Mo-
rich precipitates and degraded graphite
nodules.

*EDX confirms compositional gradients
consistent with dilution and segregation.

» The microstructural features suggest
a risk of localized corrosion and
embrittlement in the HAZ.

* Future work should include SEM/EDS
mapping at higher magnification, carbide
identification and  hardness/corrosion
testing.

From the SEM analysis: it can be seen that
resulting structure in the FZ is dendritic, with
three clearly defined zones: of crystallites,
elongated dendritic crystals and large
equiaxed dendrites with different orientations.
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Abstract:

Determining the aerodynamic characteristics of aircraft when conducting experimental studies in wind tunnels is a
traditional approach that finds application in the present as well. The development of innovative technical equipment
and research methods creates new opportunities in various fields of application. The report presents the equipment of
the Autonomous Aircraft Laboratory. A main focus of the research is the use of a laser optical system (PIV) to
determine the velocity field and other flow parameters in the test section of the wind tunnel. The results of various
studies, which are indicative of the application possibilities of this system, are presented. One such case is the study of
the flow in the wake behind a wing-body model.

Keywords: particle image velocimetry, digital image correlation,

1. BBbBEJAEHUE

W3cnenBaHeTo B aepoJuHAMUYHA TPb-
0a e equHN OT Hal-I0CTOBEPHUTE, a B HAKOM
clly4ail € eTUHCTBEHUSAT BH3MOXKEH Ha4yMH 3a
ONpEeZEIsHE Ha AcpOAMHAMUYHHUTE XapakTe-
pUCTHKM Ha Mmojenu Ha Jleratennu Amnapatu
(JTA). ExciepuMeHTaIHUTEe U3MEPBaHUs UTP-
asT BakHa pPOJIs 3a MOTBBP)KIAaBaHE Ha pe-
3yJNTaTUTE OT CUMYJIAIIMHUTE, a U 3a IOoJIyda-
BaHE HA HOBM, KOUTO Ca CIOXKHH 3a CUMYJIU-

pare [1]. 3a ma ce momywyaTr TOYHH pe3yJiTa-
TUTE, € HEOOXOAMMO J1a C€ CPaBHAT aepou-
HAMUYHHATE XapaKTEPUCTUKM Ha MOJENa B
aepoJMHaMHUYHaTa TpbOa ¢ XapaKTEepUCTUKH-
te Ha JIA, nersmy B arMmocdepara. npu
Pa3IUYHU PEKUMU Ha MOJIeTa.

Particle image velocimetry (PIV) e
ONTHYEH METOJ 3a HM300pa3siBaHe Ha Tede-
HUETO W W3CIE/BaHE Ha JMHAMUKara Ha
¢bayunute. PIV ocurypsiBa neraitiiHu u3mep-
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BaHHA Ha TOJeMHHAaTa Ha CKOpPOCTTa,
BEKTOPHUTE HA CKOPOCTTA U CBBP3AHHUTE C TAX
cBoiictBa Ha ¢uyunure. BvB daywma ce
N00aBAT ,,MHANKATOPHU® YACTHUIM, KOUTO Ca
JOCTaThbUYHO MAJKU M C€ MpueMa, 4e TOYHO
clieBaT JIWHAMUKarta Ha TedeHuero. Cren
ToBa (IYyUIBT M YACTULUTE CE OCBETSBAT
Taka, Y€ YaCTUIIUTE Ja CTaHAT BUJIUMH, KaTO
JIBUKEHUETO UM C€ M3IO0JI3Ba 32 ONpEesHE
Ha CKOPOCTTa W HAIMpPAaBJICHUETO (CKOPOCTHO-
TO TI0JIC) Ha U3CIEABAHOTO TeueHue[2, 3].
JlaboparopHnara ycrtanoBka 3a PIV
EKCIIEPUMEHT OOMKHOBEHO CE€ ChbCTOM OT €/IHa
w nBe nudposu CCD wm CMOS kamepu;
Ja3ep ¢ ONTUYHO YCTPOMCTBO 3a OrpaHHYa-
BaHE Ha OCBETSIBaHATAa 00JIACT — IMJIMHIPUY-
Ha Jiella, KOSTO MpeoOpa3yBa CBETIMHHUA
TpY B PAaBHWHA, CHHXPOHU3ATOP, KOWTO Ia
JIeicTBa KaToO BBHIIEH TPUTep 3a yNpaBiICHHE
Ha KamepaTa, Ja3epa, YCTPOWCTBOTO, pas-
MPBCKBAIIO YAacTULUTE, M  U3CJIEIBAHUA
bayun. 3a mombaHHTENTHO 00paboTBaHE Ha
MOJIyYeHUTE M300paKEHUsATa Ce H3MO0I3Ba
cnermanusupad PIV codryep.

Que. 1, VIIAK-1

PIV cucremara € MOHTHUpaHa Ha Cb-
IHIecTByBalla aepoauHaMuyaa Tproa YJIAK-1
(durypa 1), paznonoxena B JJaboparopus 8.3
»ABTOHOMHU JIETaTEIIHU amapatu’’, Moka3aH
¢burypu 2 u 3.

1.1. 2DPIV

2D PIV e meron 3a Bu3yajnu3upaHe Ha
JBYMEPHH BEKTOPHHM CKOPOCTHM IIOJieTa Ha
GbnyuaHO TeueHWe upe3 oO0paboTka Ha IH-
(¢bpoBu H300pakeHHUsT HAa J100ABEHUTE BHB
(GIIynIHOTO TEYeHHE ,,MHIUKAaTOPHHU YaCTH-
uu. Mudopmanusra 3a ckopocTTa Ha 4acTH-
[IUTE Ce MOJy4aBa Karo ce M3MepBa TAXHOTO
MIpeMECTBAHE 3a JaJIeH HHTEPBAJl OT BpEMe.

I/

Que. 3, PIV cucmema no epeme Ha sacuemane

[IpemecTBaHETO Ha YACTUIUTE CE W3-
YHCIISABA 3a OIpeJielieHa 00JacT OT TEYEHHUETO,
KOSITO Cc€ OCBeTsABa OT Jazep, (Purypu 4 u 5).
MecTono0KeHUEeTO Ha OCBETEHUTE YaCTUIIN
BbB (DIYHHOTO TEUYEHHE Ce 3acHeMa OT IIH-
(bpoBa kamepa, Karo ONTHYHATA OC Ha OOEK-
THBa M € pa3MoJIoKeHa MEePIEeHANKYISIPHO Ha
paBHHMHATA Ha JIA3€PHOTO MU3IIbYBaHE. ATIEpTy-
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para Ha Kamepara € HacTpOEHa Taka, ue Ha
yepeH (OH Ja ce BUKIAT CaMO YAaCTHUIIUTE B
IIOTOKA BbB BHJI HA CBETIM NeTHa. ChIllo Taka
Ja3epbT U Kamepara ca CHHXPOHHU3HMPAHH C
[IOMOIITA Ha CHELMAJIU3UPAaH CUHXPOHU3U-
paimr MOAyn Taka 4e YaCTULUTE, OCBETEHU B
MOMEHTa Ha UMILyJC 1, ca 3acHeTH Ha u300pa-
xKeHue 1, a yactuiure, OCBETEHH B MOMEHTA
Ha UMITyJIC 2, ca 3aCHETH Ha u300paxxeHue 2.
[Ipu mocnenamara nudpoBa odpaboTka Ha
MIOJIyYEHUTE JaHHU, CHUMKHTE CE pa3lesaT Ha
30HM Ha MHTepec ¢ pasmepu MxN mnukcena.
Bcesika oT Te3u 30HM ce Kopenupa oT u300pa-
xeHue - | u m3zoOpaxenue - 2, 3a Aa ce 1o-
Jy4d BEKTOPBT Ha CPEAHOTO NPEMECTBaHE Ha
gactuure. [1o To3u HaYMH ce Moy4yaBa BEK-
TOpHA KapTa Ha CpPEeJHOTO IpEeMecTBaHE Ha
YJaCTHUIMTE 3a BCsKa obnact Ha uHTepec. [Ipe-
MECTBaHMATA HAa YaCTHLIMTE, W3MEPBaHU B
MTUKCEIH, ce Mpeodpa3yBar BbB (pu3nyHa Be-
JMYMHA — IBJDKMHA B mm. Te ce pa3aensar Ha
BPEMETO, M3MEPBAHO B CEKYyHIH, MEXKIy IBE
3acHeTH n300pakeHus. I1o To3u HaumH Bek-
TOPUTE HA MPEMECTBAHETO CE KOHBEPTHpAT B
KapTa Ha raw-BeKTOpUM Ha CKOpocTTa (raw
velocity vectors). Cien ToBa, ¢ 1€ OA00psI-
BaHE Ha KayeCTBOTO HA MOJYYEHUTE pe3ynTa-
TH OT npoBeneHoTo PIV m3mepBaHe, KbM I0-
Jy4yeHaTa BEKTOpHA KapTa ce IMpuarar crie-
[IUAJTHU AJITOPUTMH 32 BAJIMAUPAHE, KOUTO OT-
KpHBarT, NpeMaxBar UM MO Bb3MOXKHOCT MO-
TUGUIUPAT/Bb3CTAHOBSIBAT T'PELIHU BEKTOPU
CBIVIACHO Pa3IMYHU HU(PPOBH MOIXOH.

~—~——Seeding

Light sheet —-

Camera

Que. 4 - Cxema na 2D PV uzmepsane

Que. 5 - HpuMepa eKmopHa Kapma

1.2.  Stereo PIV

B xondurypanusirta Ha crepeo PIV cucre-
Mara, 3a pa3jiiKa OT JByMEpHara, BIU3ar JBE
CCD nmu CMOS uudpoBu KamepH, KaTo BCs-
Ka Kamepa ,,BIDKIa* QIIYHJIHOTO TEUEHHUE MOJ
pa3iInyeH bI'bl.

Ha ¢urypu. 6 u 7 cxemaruyHo ca
II0OKa3aHU JIBa BapUaHTa HA Pa3IOJIOKEHUE HA
kamepute ripu ctepeo PIV uzmeppanus.

Crepeo n3MepBaHMsITa 3al104BAaT ChC CTAH-
naptHa 2D PIV oGpabotka Ha PIV n3obpa-
KEHUSITA, 3allMCAaHU €THOBPEMEHHO OT JBETE
Kamepu. B pesynrar Ha TOBa ce mosydaBar
nBe 2D BeKTOpHU KapTH, MPENCTaBALId IO-
JI€TO Ha TEYEHHUETO B JaJIeH MOMEHT 0e3 J1a e
M3BBbPILIEHA KOPEKLUS [0 3PUTEIIEH bIbI, T.€.
KaKTO C€ ,,BHKJIAa" OT KAMEPHUTE.

Que. 6. Eonocmpanno pasnonodicenue Ha
Kamepume.
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Que. 7. [leycmpanno pasnonodxcenue Ha
Kamepume.

M3non3Bailku mpeaBapuTETHO MOJIyYe-
HU KaauOpOBBbYHHM H3UMCICHHs, nBere 2D
BEKTOPHH KapTH ce OOeJAWHSBAT B €HA CTe-
peo BekTopHa Kapta, (Durypa 8).

[Rightcamera's Lef ra's
" t :
B ’;levld/of vie w ’ﬂo Id ';.1"; I.n’\: *

010 7
0.05 -
no flf i
-0.05

-0.10 1 .

-0.15 1l

-0.20

——

-0.’20 -0.10 ILI'NI 0.10 0.‘20
Que. 8 Kanubposvuna kapma

Crepeo uM3MeEpBaHUATA 3aMOYBAT ChC
crangaptHa 2D PIV o6pabGorka nHa PIV
M300paKEHHTA, 3alMCAaHU €THOBPEMEHHO OT
nBeTe kKamepu. B pesynrtar Ha TOBa ce
nony4yaBar aBe 2D BekTOpHM KapTu, mpen-
CTaBsIIM IIOJETO Ha TEUYEHHETO B JAJICH
MOMEHT 0€3 Ja € HW3BBPIICHA KOPEKIHUS IO
3pUTENIEH BI'bJ, T.€. KAKTO C€ ,,BIXKJA* OT Ka-
MEpHTE.

M3non3Baiiku npeaBapUTEIHO MOTy4e-
HA KanuOpOBBUHM W3YMCIEHUsA, nBere 2D

BEKTOPHM KapTH ce oOenuHsSBaT B e€lIHA
CTEpeo BEKTOpHa KapTa, (durypa 8).

B rpanumute Ha obnactra Ha MPHIIO-
KpHUBaHE ce U30Mpar 00JaCTH Ha MHTEPEC IO
(opmara Ha IPaBOBI'bIHA MpPEXKa.

B TpumsMepHara BEeKTOpHa KapTa Tperara
KOOpJIMHATa Ha CKOPOCTTA, KOSTO € IEepIeH-
IMKYJIIpHA Ha paBHUHATA Ha JIA3E€PHOTO
U3ITbUBaHE, € MPEACTaBeHa B ONpEeNieH LBAT
Ha (hOHA, KOWTO CHOTBETCTBA HA OIPEICIICH
ckopocteH auam3on( durypa 9).
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Que. 9 - 3D gexmopHa Kapma Ha ckopocmume
6b6 hyuono meyenue

N3JT0KXEHUE

3a OpOBEXKIAHETO Ha EKCIepUMEH-
TaJIHU U3CIIEABBAHUS c€ N3pabOTBAT MOJIETH B
yMasieH Mamab. MamaosT ce o0yciaBs OT Ha-
IIPEYHOTO CeYeHHWe Ha paboTHAara dYacT Ha
aepoJMHaMUYHaTa Tpb0a — MaKCHUMAaJIHO JO-
ImycTUMaTra pasnepeHoct Ha wmozena e 400
mm, a MakCUMaJiHaTa IUIOIl Ha HAIPEYHOTO
ceueHue e 1800 mm?2. 3a na ce ocurypu Ha-
JEeKIHOTO 3aKpenBaHe Ha Mojiella KbM Bb-
TPEUTHUTE ACPOJMHAMUYHH BE3HH € MPOEK-
TUpaHa crenraiHa onopa. OCHOBHUTE MU3UCK-
BaHUS KBM OIOpaTa ca: MUHHMAIHO BPEIHO
CBIIPOTHUBIICHHE; MUHUMAJIHA UHTEPPEPEHIIHS
C MOfeNa; MHHHUMAJIHO HAalpeyHO CEUCHHE;
MaKCHMaJHa 3[JpaBUHA U SKOCT.
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Monenmn na besnunorau Jleraremnn
Amnaparu (BJIA), nmonykpuino u omnopara ca
nokazanu Ha @urypu 10, 11 u 12.

Pa3mepute Ha HaNPEYHOTO CEYCHUE HA PAdOT-
Hata yacT ca 600x400 mm. AeponuHamMuny-
HUTE CHJIM 1 MOMEHTHU C€ M3MEpPBaT ¢ MOMOIII-

Ta Ha MIECTKOMIOHEHTHH TEH30METPHUYHHU
aepoJMHAMUYHU Be3HU. brbIbT Ha araka U
BI'BIBT HA TUTB3TAHE CE€ KOHTPOIHpaT ¢ o-f
MexaHu3bM. JlombiHUTENTHO B paboTHATa
YacT Ha aepoAMHAMHUYHATa TpbOa MOXe Ja
Ob/ie TOCTABEH U CTEH/]| 32 U3IIUTBAHE HA BUT-
na.
OT npoBeleHH HM3MEpBaHUS C OIHUCa-
Hara PIV-cucrema B aepoamHamMuuHa TpHOA
VJIAK-1 ca nomyuyenu pesyiraru 3a paslpe-
JICJIEHUETO Ha HAJSITaHETO U CKOpPOCTTa B pa-
00THaTa 4acT - BbB BUJ Ha CKaJapHO M BEK-
TOPHO I0JIE HA MOJieJa, KaKTO U Ha 3aBU-Xpe-
nocrra (VxV™)
Ha ¢urypu 13 u 14 e nokasana BUXpoBa
cucreMa B paBHMHAa Ha TpedT Ha Kpuio c

YUHIJICTHU HA pa3JIMYHU BIJIM HA aTakKa.

= I

Que. 11 BJIA Moumupan Ha 0 MexaHu3bMa

®ur. 12 Crenn 3a U3MUTB

dHC Ha BUTJIA

ExkcnepuMeHThT ce mpoBexaa B
aepoguHamMuyHa TpbOa YJIAK-1 ¢ orkputa
pa0OTHAa 4YacT M H3CIENOBATENICKA CTAHIUSA
ChC 3aTBOPEH IIMKBJ Ha paboTa.
MakcuManHata CKOPOCT Ha  Bb3AYIIHUS
IIOTOK, KOSTO MOXE Ja C€ IOCTUTHE B C —
aepoaHamMu4Hara TpvOa, e S50 m/s. Que. 14 bevn na amaxa 8
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Ha ®urypu 15 u 16 ca nokazanu uamMepBaHus
Ha kpwio-Butio oT VIOL BJIA B pexxumu Ha
BHUCEHE U XOPU30HTAJICH MOJIET.

ﬁﬂlﬂiﬂl“ﬂs« -ltlll
IW N

cn U “mltw

s, A

Que. 16 CkopocmHo none npu Xopu3oHmaneH
nonem

3AK/IIOYEHUE

PasmepbsT Ha roOanmHuTE mMazapu 3a
rpajicka BB3JyIIHA MOOWIHOCT C€ OYaKBa Ja
HapacHe oT 3,8 MuiIMapja IIAaTCKu JJojapa
npe3 2023 1. mo 28,5 mMuimapaa marcku Jo-
napa 1o 2030 r. Cb3gaBaHeTO c€ ABUKHU OT
(dakTopu KaTO HapacTBallld WHUIMATHUBU 32
WHTEJUTEHTHU TpajioBe, HapacTBaHE Ha OmMa-
CeHMSTa 3a OKOJIHATa Cpela W HapacTBalll
HampeabK B TexHoNmoruute. [110BIMB € TakbB
WHUITMATHBEH WHTEIWIEHTSH T'paJl ¢ IUIaH 3a
rpajicka Bb3AyIIHAa MOOWIHOCT ¢ J00pe u3-
rpajicHa €CTeCTBEHAa BepTHKaJHA WH(pa-
CTPYKTYpa.

MonTtupanata B mgaboparopusi 8.3
»ABTOHOMHU JjerarenHu amapatu PIV cuc-
TeMa, 3HAYUTEITHO Pa3MIUPsBa Bh3MOKHOCTH-

T€ Ha CBIIECTBYBAOTO 000pynBane. HoBure
TEXHUYECKH CPEJICTBA, METOAUTE M aJTOPHUT-
MHUTE 3a KOMIUIEKCHH H3CJIEIBAaHUS HA aBTO-
HOMHHU JICTaTEeJIHA amapaTd JjJdaBaT BB3MOXK-
HOCT 3a ChbBMECTHA paboTa ¢ MPEeANPHUSITHSI OT
aBUAIIMOHHATA MHAYCTPHS 3a MPOCKTUPAHE U
MIPOU3BOJICTBO, HA MWJIOTHPAHU U OC3MIIIOTHH
nerarenHu amapatd. OcoOeH HWHTEpec mpe-
CTaBJISIBAT JICTATEIIHUTE anapaTtu ¢ BEpTUKAI-
HO W3JIMTaHE W KalaHe IMOIXOIAIIN 3a rpaj-
cka BB3aymHa MoousHocT U BJIA ¢ crenma-
JU3UPAHO TpeTHa3HAYCHHE.

buaaroxapaoctu

Tosa uscneosane e gpunancuparo om Eepo-
netickus (oHO 3a pecUOHATHO pazsumue 8
pamkume na OII ,, Hayunu uscneosanus, uno-
sayuu U OuUMAaIU3ayus 3a UHMeIUSeHMHA
mpancpopmayus“ 2021-2027 2., Ilpoexm No
BGI16RFPR002-1.014-0005 Llenmvp 3a Kom-
nemenmuocm,, "HumenucenHmuu mexampon-
HU, eKO- U eHepeocnecmasawju cucmemu Uu
mexHoao2uu
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COORDINATE MEASUREMENTS AND ERROR COMPENSATION
METHODS IN INDUSTRIAL APPLICATIONS
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Tsanko Karadzhov
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Abstract

The article presents an integrated approach to increasing the accuracy of coordinate measurements by combining meas-
uring systems and algorithms for error compensation. The methodology is based on the predictor-corrector principle and
minimization of the mean square error. The experimental verification with plane reference details on a bench-simulator
reproducing vibration effects typical for a production environment shows a decrease in the average deviation and stand-
ard deviation of measurements. The results confirm the effectiveness and applicability of the method in industrial condi-

tions with high requirements for accuracy and reliability.

Keywords: multi-sensor coordinate measuring system; mobile measuring arm; error compensation; predictor—corrector

algorithm; accuracy of coordinate measurements; metrology.

BBBEJIEHUE

[Ipenu3HuTe M3MEepBaHus ca OCHOBEH (pak-
TOp 3a Ka4eCTBOTO M KOHKYPEHTOCIIOCOO-
HOCTTa Ha CbBPEMEHHOTO MAITHHOCTPOUTETHO
npou3BoAcTBO [1,2]. Koopaunataute usmep-
BaTEJIHA MAIllMHA W MYJITHCEH30PHHUTE CHC-
TEMU Ca Cpell HaW-IIUPOKO M3IMOI3BAHUTE
CpeICTBa 3a OCUTYpsiBaHE Ha TeOMETpHYHa
TOYHOCT, ThH KaTO MO3BOJSBAT KOMIUIEKCEH
aHayu3 Ha (opmara, pa3noJI0KEHUETO U pa3-

MepUTe Ha u3nenusra [3]. TAXHOTO nmpuioxe-
Hue o0XBallla He caMO KOHTpOJIa Ha roToBaTa
MPOAYKLMS, HO U MOHUTOPUHra Ha TEXHOJO-
TUYHUTE NPOIECH, KaKTO U KalnOprUpaHeTo Ha
CpeacTBaTa 3a U3MEpPBAHE.

HapactBamure n3uckBaHusi KbM TOYHOCTTA
Ha JIeTalJuTe MOCTaBAT IMpPEIU3BUKATEICTBA
MpeJl U3MEPBATEIIHUTE CUCTEMHU, KOUTO YECTO
paboTAT B TMHAMUYHU YCIIOBHS, Aajey OT Hjiea-
nu3upaHara JraboparopHa cpena [4,5]. B pe-
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QITHUTE IPOU3BOACTBEHU CPEAN U3MEPBAHUSATA
ca MOBJIMSIHU OT BUOpAIMM, MEXaHUYHU BB3-
JEUCTBUSI, TEMIIEPAaTypHU TPOMEHU U €JIeK-
TPOMarHUTHU cMmyiieHus. Te3u daxkropu Bo-
JSIT 10 Pa3JIMYHUA BUJIOBE TPEIIKK — CUCTEMa-
TUYHU U CIy4YailHU, CTATUYHU U JTUHAMHYHU —
KOUTO MOTaT Ja KOMIPOMETUpAT JIOCTOBEP-
HOCTTa Ha pe3yiararute [6-10].

B TO3uM KOHTEKCT BB3HHMKBA HEOOXOJH-
MOCTTa OT METOJAM 332 KOMIICHCAllUsI Ha Ipeml-
KM, KOMTO J1a TOBUIIABAT TOUHOCTTA U HAJCK-
JTHOCTTa Ha KOOpAMHATHUTE u3MepBaHud [11-
14]. Pa3BuTHETO HA MAaTEeMAaTHUYECKH MOJEIIH,
QITOPUTMHU 32 00paboTKa HAa JaHHW U UHTE-
TPUPAHETO HA JOMBIHUTEIHU CEH30PHU CHC-
TEMHU Ch3JaBaT YCJOBHs 3a MPEOAOJsIBaHE Ha
OTpaHWYCHUSITA HA KIIACUYECKHUTE H3MEpBa-
TEJIHH MOJIXO0Au. B mocneqnuTe roguHu 0co-
OCHO BHHMAHHE C€ OT/CIS Ha TEXHUKH 3a KO-
peKlLrs Ha AUHAMHYHU TPEIIKH U 32 aJlalT-
paHe Ha U3MEPBATEIHUTE MPOLEAYPU KBM pe-
aJIHUTE YCIOBUs Ha excrutoataus [15-17].

Ilenra Ha HacrosiiaTa cTatus € Ja Mpea-
CTaBH ChBPEMEHHH M3MEpPBATEIIHU CUCTEMH U
MOAXOH 32 KOMIICHCAIIUS Ha TPEIKH, PUIIO-
KUMHU TIpU KOOPAMHATHU M3MEpPBAHUS B WH-
JTycTpuaiHa cpeia. AKIIEHTHT € TTOCTaBeH BbP-
Xy KOMOMHUPAHETO Ha MYJITHCEH30PHU TEXHO-
JIOTUM C AJITOPUTMH 32 KOPEKIIUS, KOETO OCH-
rypsiBa BUCOKAa TOYHOCT U Bb3MOXHOCT 32 Ha-
NeXKJIeH KOHTPOJI Ha U3JIENNS U MPOLIECH B yC-
TIOBUS, OJTM3KU 0 PEATHOTO MPOU3BOJICTBO.

METOIM 3A KOMIIEHCAIIUA HA
I'PELIKU ITPU KOOPAUHATHUA
N3MEPBAHUSA

Bupose rpemiku ¥ TAXHOTO BJIMSIHME B
HHAYCTPHAJIHA CpeAa

[Ipn koopaMHATHUTE HW3MEPBAaHUSA TOY-
HOCTTa M HAJCKIHOCTTa Ha pE3yITaTUTE Ce
ONpEeNEeNAT OT CBHBKYIHOCTTa Ha TPELIKHTE,
BB3HUKBAILM B IIpOLieca HA U3MepBaHe. B uH-
JNyCTpUajgHaTa MPAaKTHUKa TE3W T'PEIIKH MOTraT
na 6baatT KIacuUIMpPaHH B HAKOJIKO OCHOBHU

TpyIH:

e T'eoMeTpUYHU IpelIKH HA H3MEpPBa-
TeJHATA CHCTeMa — MOPOJICHH OT He-
TOYHOCTH B HAIIPABJIABAIIUTC, U3KPHU-
BSBAHUS HAa KOOPJMHATHUTE OCH WIIU
HECHBBPIICHCTBA B KaJTHOPUPAHETO.
Te BOIAT 10 CHCTEMATHYHU OTKJIOHE-
HHA, KOUTO MOraT Ja CC IPOABAT IIPpH
U3MEpBaHEe Ha CIIOYKHH T€OMETPHUH.

e HHCTpyMeHTATHH TpPEelIKH — CBBp-
3aHH C YYBCTBHTEITHOCTTAa M CTaOWII-
HOCTTa Ha CEH30pUTe (TaKTHJIHH, OII-
TUYHH, Ja3E€pPHU, XPOMATHYHU H JIp.).
Te3u rpeniku 4ecTo 3aBUCAT OT Xapak-
TEPUCTUKUTE HAa IOBBPXHOCTTA Ha
obekTa (rpamaBoCT, OTpa)KaTEITHU
CBOWCTBA) U OT YCJIOBUSATA HA padoTa.

e J/IUHAMUYHU TpelIKH — BBH3HUKBAT
NpY HaJIMYUe Ha BUOpAIuu, yCKOPEHUs
U yJ1apH, KOUTO BIUSSAT BbPXY MOJBUXK-
HUTE YacCTH Ha W3MEpBATEIHATa CHC-
TeMa. B peannute mnpou3BOJACTBEHU
cpeau Te ca 0COOCHO CHIIECTBEHHU, Thil
KaTo 4eCTO Ce MOsABSIBAT B Pe3yJNTaT OT
paboTaTa Ha TEXKHM MAaIIMHM, TpPaH-
CHOPTHU CHUCTEMM WM BBHIIHU Bb3-
JIEUCTBUSL.

e Biusanus Ha cpeaara — TEMIICpa-
TYPHU U3MCHCHHS, BJIAXKHOCT U CJICK-
TPOMAaroHuTHU CMYIICHUA, KOUTO MOratT
Jda INpeAnu3BHUKAT I[e(l)OpMaI_[I/II/I Ha H3-
MCPBATCIHUTE CPEACTBA HJIM HECTa-
OMJIHOCT B CJICKTPOHHUTC KOMIIOHCH-
TH.

Bnusanero Ha IpCHIKUTC B HHAYCTpPpUAIHA
cpelia € 3HaYUTEITHO MO-TOJISIMO B CPAaBHEHUE C
1ab0opaTOPHU YCIIOBHS, KbJIETO (PaKTOPUTE ca
koHTpoiupanu. ETo 3amo kiacudyeckute cra-
TUYHHM MOJICITH 32 OIlEHKA Ha TOYHOCTTA ca He-
JOCTaThUYHU — HEOOXOJMMO € TMpuiiaraHe Ha
MCTOAHN 3a KOMIICHCAlUA, KOUTO Aa OCUTYPAT
KOPEKIMsl Ha U3MEPBAHUATA B PEaTHO BpeMe
WJTU TIPH TTocTeABaIia o0paboTka Ha JTaHHUTE.
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Due. 1. Mynmucen3opua KoopouHamua
usMepsamenna cucmema ¢ ONMu4HU, MAKmuiHu,
JIA3EpHU U XPOMAMUYHU OamyUyu
3a npeyusHU UIMEPBAHUSL.

@Due. 2. [lpenocuma KoopouHamua pvka

C UHMe2PUPaH 1a3eper CKeHep 3a U3Mep8anus
6 1a60pamopHU U UHOYCIMPUATHU YCTIOBUSL.

3a ;a ce WIrCTpHUpa MpakTHYecKaTa OCHO-
Ba Ha TE3W MpEIU3BHKATEICTBa, HA dur. 1 ¢
MOKa3aHa MYJITUCEH30pHAa KOOPIUHATHA W3-
MepBaTeliHa CUCTeMa, a Ha (ur. 2 — u3MepBa-

TeNHA pbKa C MHTErpupaH ckenep. [IbpBara
CHCTEMa JIEMOHCTpPHUpPA [MIUPOK CIEKTHP OT HH-
CTPYMEHTAJIHA T'PELIKU, CBBP3aHU C pa3jiny-
HHUTE TUIIOBE CEH30pH, JIOKaTO BTOpATa € Xa-
paKTepHa 3a U3MEPBaHKsI B PEAHU ITPOU3BO/I-
CTBEHH YCIIOBUS, KbJICTO JTHHAMUYHHUTE IPell-
KM ¥ BIMSHUATA Ha cpefiaTa ca 0co0EeHO OTYeT-
JIMBU.

IMoaxoau 3a KOMIIEHCAI[USI HA TPELIKUTE

Komnencupanero Ha rpemikure mpu Koop-
JTUHATHU WU3MEPBAHUS C€ OCHOBaBa Ha ChYeTa-
BaHE Ha MAaTEMATUYECKU MOJIENH, aJITOPUTMHU
3a 00pabOTKa Ha JaHHW M MHTETparus Ha J0-
IIBJIHUTEIHA CeH30pHU cuctemu. [lomxonure
MOraT Jia ce TpynHupaT B HAKOJIKO OCHOBHH
HaIpaBJICHUSA:

e MaremMaTHyecKo MoOJeJUpPaHe U aJl-
TOPUTMH — Ch3/1aBaT C€ MOJEIIH Ha I10-
BE/ICHHETO Ha H3MepBaTelHATa CHUC-
TeMa, KOUTO OIMCBAT BIIMSHHETO Ha
pa3nuyan  (aKTOPH BBPXY pe3yiiTa-
tute. KbM TO3M Kilac mpHHAmIeKar
MOJIXO/IA KaTO METO/a Ha Hall-MaJIKUTe
KBaJpaTH, BEPOSTHOCTHU MOJAEIH 32
pasnpeneneHne Ha TPeIIKUTEe, KaKTO U
anropuT™Mu Ha unrepa Ha Kanman 3a
OIIEHKa Ha CHCTOSHHETO W TOTHCKAaHE
Ha IIyMa.

e AnanTuBHa 00paldoTkKa HA JaHHM —
mpujiara ce, KoraTo ycJIOBHUsITa Ha W3-
MEpBaHE ca JAUHAMUYHU WU TPYIHO
HpCJIBI/IJII/IMI/I. A)IaHTI/IBHI/ITe aJ'IFOpI/IT-
MU OCHUTYpsIBAT KOPEKLHS B pEajHo
BpeMe, KaTo HW3MOJI3BAaT TEKYIU CTa-
TUCTUYECKH OIIEHKA Ha TPELIKUTE U
a}laHTI/IpaT TCIJIOBHUTC KOG(l)I/IIII/IeHTI/I
B IIpoIleca Ha U3YUCIICHHE.

o MHM3noJs3BaHe HA JONbJIHUTEIHHU CEH-
30pPHH CHCTEMHM — 32 Jia C€ OrpaHU4U
BIIMSHUETO HA JUHAMUYHUTE TPEIKH,
yecto ce uHterpupatr MEMS cenzopu
WK a3epHu peepeHTHH cucteMu. Te
MPEAOCTaBIT JOMBIHUTENIHA WH)OP-
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Mallusl, KOSITO CIIY U 3a U3Trpak/laHe Ha
BBHIIIHU pe(pepeHTHH €IEeMEHTH UITH 3a
BBHBEXK/IaHE HA KOPUTHUPAIIN BETUIHHA
B MoJIea.

e @DUITPAUMOHHH METOAM — TIpUiara-
Hero Ha puntpu (punrpu Ha Kanman,
Bunep, CaBuuku—I'onaii u ap.) nosso-
JIsiBa OTJEJISIHE HA MOJIE3HUSI CUTHAI OT
CIIy9aliHUTE U CUCTEMATHYHU CMYIIIe-
Hus. OuirpanusaTa ce U3IMoJ3Ba KakTo
3a M3MIAKJAHE Ha HW3MEpPBATCIHUTE
JaHHM, TaKa U 3a KOPEKIHs Ha JuHa-
MHYHH Bb3ACHCTBUS.

Oco6eHOo NepCrneKTUBHY ca UHTETPUPAHNUTE
MIOJIXO/IH, TIPH KOUTO C€ KOMOMHHpPA U30JI3Ba-
HETO Ha KJIACMYECKU KOOPAMHATHHU H3MepBa-
TEJIHU MAaIllMHU ¢ MaTeMaTHYeCKH MOJEIHU 3a
IMHaMU4Ha Kopekuus. Taka ce moctura Oa-
JIAHC MEXy BUCOKAaTa METPOJIOTMYHA HAJEXK-
JHOCT Ha 000pYABAHETO M aJalTUBHOCTTA Ha
QITOPUTMUTE 3a paboTa B pealHu MPOU3BOJ-
CTBEHHU YCJIOBUS.

Ha ¢ur. 3 e nokazana 6J10K-cxeMa Ha ajro-
PUTBM 3a KOMIIEHCAlMs Ha TPeLIKH, pa3pado-
TEH BbpXY NpHUHLIMMNA ,,predictor—corrector .
ANropuUTBMBT BKJIIOYBA /IBA OCHOBHHU IMKbJIa
— MpeJICKa3BaHe M KOPEKIUs. B mMbpBHs TUKBIT
ce M3YMCIIsIBA MpeBapUTEIHA OLleHKa Ha W3-
MepBaHaTa BEJIMYMHA Ha 0a3aTa Ha TEOpETHU-
HUS MOJIeNl Ha U3MEpBaHMs 00EKT, KOeTO MOo-
3BOJISIBA J]a CE OTUETE F€OMETPUYHATA BPb3Ka
MEXJY CbCEJHH KOOpAMHATHH TOUYKU. BBB
BTOpHUS HUKBJ Ta3U IPEIBapUTEIHA OLIEHKA Ce
KOMOMHHUpaA C peajHO HM3MepeHaTa CTOHHOCT
4ype3 TErJIOBeH KOe(UIUEHT, KOMTO ce ompe-
Jensl aIaliTUBHO 32 BCSAKA UTEpalUsl Taka, 4e
Jla MUHMMM3HUpPA CPeIHOKBAJpaTUYHaTa rpemi-
ka. [lo To3u HaYMH aNrOpPUTHMBT paboTH B
UTEPATHBEH PEXHM, MPH KOWTO BCSKAa HOBA
OLIEHKA OTYMTAa KAaKTO TEKYIIOTO H3MEpBaHe,
Taka 1 HaTpylnaHaTa cTaTUCTHYecKa HHpopMa-
U 32 TPEIIKUTE Ha MOJIeNIa ¥ Ha U3MepBaTel-
HaTa cucrema. ToBa ocurypsiBa OajaHc Mexy
MPEJCKa3BaHETO M peallHuTe TaHHU U TO-

3BOJISIBA MIOCTUTI'aHE HA BHCOKAa TOYHOCT U yC-
TOMYMBOCT MPHU HAJIMYHME HA JUHAMHUYHU Bb3-
IEUCTBUSL.

PILIS)

|
(k+1)-1

M[5. |- equation (12)

hnii=gt ~MI3..]

QDue. 3. bnok-cxema Ha ancopumvm 3a KoMneHca-
Yusl Ha epewKu npu KOOPOUHAMHU UBMEPEAHUS,
pabomeuwy 6 pedxtcum ,, predictor—corrector

IIpunioxkeHnne Ha MyJITHCEH30PHH H3Mep-
BaTeJIHU CHCTEMH M M3MepPBaTeTHH pblle

IIpakTHyeckara epeKTUBHOCT Ha METOAUTE
3a KOMITEHCAIWs Ha TPEIKH J0 TroJIsiMa CTENeH
3aBUCH OT W3IIOJI3BAHUTE M3MEPBATEIHH CHUC-
TeMH. MyITHCEH30pHUTE KOOPIWHATHU Ma-
mmHY (ur. 1) u npeHoCUMHUTE U3MepBaTEITHH
pblie cbe cKeHep (ur. 2) mpeacTasisBar aBa
pa3IMYHKU, HO B3aMMHO JONBJIBAILU CE€ MOA-
xona. IIepBuTe mpemiaraT BHCOKa OOeMHa
TOYHOCT ¥ BB3MOXKHOCT 32 aBTOMAaTH3UpPaHU
M3MEpBaHUs B KOHTPOJHMpaAHa cpeJia, KOETO TH
IIPaBU OCOOEHO MOAXOJAIIM 3a JJAOOPaTOPHU
MPUJIOKEHNST W 3aJadd, M3UCKBAIld MaKCH-
MaJlHa METPOJIOTHYHA HajlexJHocT. Bropure
OCUTYpSIBAT THBKABOCT W MOOWIIHOCT, KarTo
MO3BOJISIBAT M3BBPIIBAHE HAa M3MEpPBaHUS JU-
PEKTHO B MIPOM3BOJICTBEHATA CPENla U TIPH W3-
JIeNUsl C TOJIEMH TabapuTH, KOUTO TPYAHO MO-
rar ga Obaat MpeHeceH! 70 CTallnOHapHA CUC-
TeMa.
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KomOnHupaneTo Ha T€3M CHCTEMH C aJro-
PUTMH 32 KOMIIEHCAIUS Ha TUHAMUYHU U UH-
CTPYMEHTAJTHU TPEIIKH Cbh3/1aBa YCIIOBHS 32
MIOCTHTaHE Ha BHCOKAa TOYHOCT B PEAIHU IPO-
U3BOJICTBEHU yciI0BUsL. ToBa € 0COOEHO BayKHO
NP U3ETHS ChC CI0KHA TEOMETPHS M ITPH pa-
OO0THHM cpeliu, B KOUTO BBHIIHH (PAKTOPU KATO
BUOpaluy ¥ TEMIEPaTypHHU MPOMEHHU OKa3BaT
CHJTHO BJIMSIHUE BBPXY pe3yJITaTHTE.

B TO3M KOHTEKCT MyJITHCEH30pHHUTE KOOP-
JMHATHU CUCTEMH U TPEHOCHMHTE H3MepBa-
TEJIHU PBIIe TPsIOBA Ja ce pasriekaaT KaTo pe-
IIEHUs C pa3iIM4yHa O0JIaCT Ha NPHIIOKEHUE,
KOMTO B3aUMHO C€ JIOMBJBAT. Upe3 TAXHOTO
MHTErPUPAHO U3IOJI3BaHE C€ pas3IiupsBa 00-
XBaThT Ha KOOPIMHATHUTE U3MEPBAHUS U CE
OCUTYpsIBa HAJSKICH HHCTPYMEHTAPHUYM 3a
KOHTPOJI Ha Ka4ECTBOTO U 32 ONTUMH3ALHUS Ha
MIPOU3BOJICTBEHHUTE MPOLIECH B HHIYCTPUAITHA-
Ta MPaKTHKA.

HUHTEI'PUPAH ITIOAXO/J 3A
IHOBUITABAHE HA TOYHOCTTA
IPU KOOPAUHATHU U3SMEPBAHUSA

OOenquHsIBaHEe HA eKCINePUMEHTAJIHATA
0a3a U AIrOPUTMUYHUTE METOAH

EdexTHBHOTO KOMIEHCHpaHe Ha TPEUIKd
MIpY KOOPAMHATHU U3MEPBAHUSI U3MCKBA HE Ca-
MO pa3paboTBaHE Ha TMOAXOJSIIM MaTeMaTH-
YEeCKU MOJIENIU U allTOPUTMH, HO U TSIXHATA Be-
pudukanys B peajiHa U3MepBareiaHa cpena. B
TO3U KOHTEKCT MYJITUCEH30PHUTE CUCTEMHU U
M3MEpBATEIHUTE PBIIE ChC CKEHEp, MpeicTa-
BEHU B pasjien 2, ocurypsiBaT HeoOXoaumara
eKCTiepuMeHTaTHa 0a3a 3a U3MUTBaHE Ha aJlro-
PUTMH 3a JUHAMHUYHA KOPEKIHS. AJTOpuUT-
MUTE, OCHOBAaHM Ha mNpuHIUMNA ,predictor—
corrector W Ha aJalNTUBHOTO MpETErjsHe Ha
M3MEPBAaHUATA, IEMOHCTPUPAT CIIOCOOHOCT J1a
OTpaHMYaBaT BIUSHUETO HA TUHAMUYHH CMY-
IICHUS] ¥ HTHCTPYMEHTAIHN OTPaHUYCHUS BbP-
Xy pesynratute. [Ipuiaranero um Bbpxy JaH-
HU, TIOJTYYeHU OT KOOPAWHATHH H3MEpPBaTEITHU

MAIIHHA ¥ MOOWJIHU CHCTEMH, [TO3BOJISIBA €]1-
HOBPEMEHHO JIa CE OIICHSBA TOYHOCTTA Ha MO-
Jie7a M Jla Ce aJanTupa W3MEPBATEIHUAT IPO-
1leC KbM KOHKpETHHUTE ycioBus. JlaGopaTop-
HaTa WHPPACTPYKTYpa WIpaec BaKHa pOJs B
TO3HU TIPOIIEC, Thil KATO MPEIOCTaBs BH3MOK-
HOCT 3a KOHTPOJHMPAaHH EKCIEPHUMEHTH, MPU
KOHTO MOTAT J[a C€ BH3MPOU3BEIKIAT TUITHIHH
HH/IyCTPUAIHH Bb3ICHCTBUS KaTO BUOPAIIMH 1
TEMIIEPaTypPHU TPOMEHHU. Taka ce OCHrypsiBa
HaJIeK/IHA OCHOBA 33 KaTMOpUpaHe U OITHMH-
3alMs Ha aJITOPUTMUTE, MPEAW Te a ObaaTr
BHEJIPEHH B peajiHaTa MPOM3BOJCTBEHA CPEIa.
B ocHoBara Ha aqropuThMa CTOW UTEPATHBHA
IpOLEaypa, IPH KOSTO CTOMHOCTTA Ha M3MEP-
Banata Benmunna (k) ce onpeens KaTto KoM-
OuHanus OT mpejckazanara croinoct y(k) u
peanHoTo usMepane z(k):

y(k) =[1=K()]- (k) + K(k) - z(k), (1)

kbaeTo K (k) e amantuBen KoeuIienT,
KOMTO Ce OIpeeNsH TaKa, Y€ 1a MUHUMHU3HPA
CpeIHOKBaIpaTHYHATA IPEIIKa.

Upes Ta3u edeKTUBHA TOCTAHOBKA CE€ OCH-
rypsiBa OallaHC MEXJy MOJella M pPEaTHUTe
JJaHHU, KOETO BOAU JIO0 MO-BHCOKA TOYHOCT U
YCTOMYMBOCT CIPSIMO BHHIIHH Bb3/ICUCTBUS.

IIpuioxxumMocT B peajlHM NPOU3BOACT-
BE€HHU YCJI0BUA

[IpusaraneTo Ha METOIM 32 KOMIIEHCALIMS
Ha TPEUIKUTE € OT 0COOEHO 3HAYCHHE B pea-
HUTE TPOU3BOACTBEHHU YCIIOBUS, KBIAETO W3-
MEpPBATEITHUTE CUCTEMHU Ca M3JI0KEHU Ha pe-
nuna cmyiaBamu (akropu. Cpen Hali-uecTo
CpelllaHuTe ca BUOpaIMUTE, MOPOJICHH OT pa-
0oTaTa Ha TEXKH MAIIUHU W TPAHCHOPTHH
CHUCTEMH, TEeMIEpaTypHUTE H3MEHEHHUs, BO-
Jemy 10 TepMUYHU JedopMaluu Ha JeTai-
JUTE€ U WU3MEPBATEIHUTE CPEACTBA, KAKTO H
€JIEKTPOMATHUTHUTE CMYLUEHHUS, 3acAraiu
€JIEKTPOHHUTE KOMIIOHEHTH. B Te3u ycnoBus
u3MepeHuTe ctoiHocTh Z(k) 4ecTo chabpxkar
CMYIIEHHUSI, KOUTO CE€ MPOABSABAT KaTO IPEIKa
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MEX/y PEalHOTO M3MEpBaHE M OIEHKAaTa Ha
anroputrbma y(k):

e(k) = z(k) — y(k). (2)

Ta3u rpemka BKIIOYBA HE CAMO HMHCTPY-
MEHTQJIHU OTKJIOHEHUs, HO U BIMSHUATA HA
JTUHAMHUYHU Bb3JCHCTBUS U BBHIIHU (PakTOpH,
XapakTepHU 3a IIPOM3BOJCTBEHATa Cpeaa.
[enTa Ha aAropUTMHUTE 32 KOMIIGHCAIUS € MU-
HUMU3HMpAHE Ha CPEIHOKBAJpaTU4YHATA CTOM-
HOCT Ha Ta3u Tpellka:

J = minE {e?(k)}. (3)

[To TO3M HAYMH NMPUIIOKUMOCTTA HA pa3pa-
OOTEHUTE METOAM C€ U3pa3siBa B TSIXHATA CIIO-
COOHOCT J1a aJanThpaTr W3MEpBATEIHHS IPO-
LIEC KbM pEaJHUTE YCJIOBHS, KaTO OrpaHU4a-
BaT BJIUSAHHUCTO Ha CJIy‘-IElfIHPI U CUCTEMAaTUYHHU
cmyieHus. KomOuHanusara o MyaTHCEH30D-
HHU CUCTCMH U aJIAlITUBHU aJITOPUTMU Ch3/1aBa
MPEANOCTaBKY 3a MOCTUraHE HAa BHCOKA TOY-
HOCT U HAJACKAHOCT JOPH B HGGHaFOHpI/IﬂTHa
WHJIyCTpHAJIHA Cpeaa.

IIpumepu 3a pe3yJTaTu U NepPCHEeKTHBH

EdextuBHOCTTA Ha pa3riiegaHus MOAXO] ce
OLICHSBA UpE3 HAMAJISIBAHE Ha IPEILKUTE U I10-
noOpsiBaHE HAa YCTOMUMBOCTTAa Ha KOOPJMHAT-
HUTE U3MEPBaHUS B PEATHU IPOU3BOJCTBEHU
cpeau. OCHOBEH IMOKa3ares 3a TOBa € KOBapH-
alMsiTa Ha TpelIkaTa, KOsITO Ce aKTyalu3upa
Ha BCSIKA UTEPALIUs ChITIACHO:

P(k) =[1-K(k)]-P(klk—=1), (4

kbaeto P(k|k — 1) e npenckazaHata KOBapH-
alys Ha TpenIkaTa Bb3 OCHOBAa HAa Mojena, a
P(k) — akTyanusupaHata KOBapHamus CJe[
BBBEXK/IaHE HA PEATHOTO H3MEpBaHe.

Ta3u 3aBHCUMOCT MTOKa3Ba Kak upe3 u3dbopa
Ha TeryioBHUsS koeduimeHt K (k) anroputs-
MBT KOHTPOJIUPA CTETIEHTa Ha JIOBEpHE KHM
MoJIeNIa ¥ U3MEPBaHUATA, KaTo 10 TO3U HAuYuH

CE HaMaJlsiBa HEONPEEIIEHOCTTA Ha OLICHKATA.
B pesynrar ce ocurypsiBa mo-BUCOKa HaJIex I
HOCT Ha KOOPAMHAaTHUTE W3MEpPBaHUS, I0PU
IpU HaJIM4YKe Ha BUOpALlUU, TEMIIEPaTypHU U3-
MEHEHUS U IPYTU BHHIIHU (aKTOPH.

[lepcriekTuBUTE 32 pa3BUTHE BKIIOYBAT J10-
pa3BUBaHE Ha aJallTUBHUTE AJITOPUTMH, WH-
Terpanusi Ha HEBPOHHU MPEXKHU 3a OLIEHKa Ha
IapaMeTpUTe Ha TPELIKUTE U PA3IIUPsBaHE HA
IPUIIOKEHUETO Ha METOJla KbM CJIOXHHU HH-
NYCTpUAJIHU CLIEHAPUU C BUCOKH M3UCKBAHUS
32 TOYHOCT U MOBTOPSIEMOCT.

EKCIIEPUMEHTAJIHU PE3YJITATHU

3a excriepuMeHTa IHaTa IpoBepKa Ha Mpei-
JIO’)KE€HaTa METOJOJIOTHS € U3IOJI3BAaH paBHU-
HEH €TaJIOHEH JeTailsl ¢ AbJKKuHA 0KoJio 1900
mm, MOHTHpPaH BbPXY CTEH]I-CUMYJIATOp THII
xekcanoy ,,Mistral“ (Symétrie). Cuctemara
MO3BOJIIBA BB3MPOU3BEKIAHE HA KOHTPOJIH-
paHu BUOpAlMK U TUHAMUYHU Bb3/ICHCTBUS 110
TPUTE JIMHEWHU KOOpAMHATH (X, Y, Z) U IO
TpuTe BIIIOBU ocu. KaTo n3mepparenna anapa-
Typa ca U3MOJ3BaHU JIMHEHHU JaTYHIIH
ST1288 HEIDENHAIN c¢ nenenue i=0.001 mm,
CBBbp3aHU KbM MHOrokaHajaeH monyin GAGE-
CHECK ND2108G. MoHTaxXbT € peanu3upan
BbPXY a€pOCTaTUYHU OMOPH 32 M30JalUs OT
BBHIIHA CMYIIICHUSI.

Cumynanunte o0XBallaT YETUPU PEKUMA!
BEPTUKAJIHU Bb3ICHCTBUS, BB3JACHUCTBHS 1O OC
X, BB3JCHCTBHS MO OC Y U KOMOMHUPAHU CMY-
ieHus 1o (X, y, z). CnekTpaJHuAT aHaIu3 Ha
3allMCaHUTE CUTHAJIW TPU BEPTUKATHO BB3-
JIEHCTBHE TTOKa3Ba XapaKTePHU UHIYCTPHAIHU
MuKoBe Ha ok0j10 15 Hz, 21 Hz u 27 Hz, xouto
ca M3MOJI3BaHU 32 BH3MPOU3BEKIAHE Ha pea-
JUCTUYHU TUHAMHUYHHU YCIOBHS.

Kato nemoHcTpaTuBEeH puMep Ha BCUYKO,
Ka3aHo Mo-rope Ha Gur. 4 ca MoKazaHu pe3yJ-
TaTUTE TIPH BB3JCHCTBUA 110 OC X. be3 anropu-
ThbM 3a KOMIIGHCAllUsl CpeaHaTa pas3jiuka
crpsiMo pedepeHTHaTa paBHUHA € TPHUOTU3H-
TenHo Az = 8 um, a cTaHIapTHOTO OTKJIOHE-
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Hue goctura o =~ 3.8 um. [lpu npunarane Ha
AITOPUTHMA CTOHHOCTHUTE CE PEAYIIUPAT CHOT-
BeTHO 10 Az = 1 uymu o = 0.6 um.

Due. 4. Cpasnenue na usmepenume omrIOHeHUs
OM PAGHUHHOCIMIMA NPU 8b30EUCMEUs NO OC X: pe-
3yamamu 6e3 Komnencayus (2ope) u ¢ KOMNeHca-
yus (0ony); a) pesyrmamu om usmMepearus, nouy-
yeHu Oe3 U3NON36aHe HA MOOYIA C AN2OPUMbMA,
0) epewKu 6 usMepeanUama, 6b3HUKEAWU, KO2AMO
MOOyna ¢ aneopumvma e ce Unoasea, 8) pesyi-

mamu Om UsMepeaHusl, NOAYUeHU ¢ NOMOWMA Ha

MOOYIA € AN2OPUMDBMA, 2) SPeUiKl 8 U3MepBanU-

AMa, 6b3HUKEAWU NPU USNON36AHE HA MOOYIA C
aneopumuvma.

Pesynrarure morBepxkAaBaT, 4e MHTEIPU-
paHETO Ha IPEMJIOKEHUTE AJITOPUTMU 3HAYU-
TEJIHO HaMaJIsIBa BIUSHUETO HA UHAYCTPUATHU
BUOpAIMM BBPXY TOYHOCTTA Ha W3MEpPBaHU-
ara. ToBa ocurypsiBa 1no-cTaOMIHM U HaJexk-
JTHU pe3yJITaTH, KOUTO ce J00JInXkKaBar 10 HO-
MHHAJIHATa PABHUHHOCT JJOPH P TUHAMUYHH
HaTOBapBaHUs.

3AKJIIOYEHUE

IIpencraBenata paboTa pasriexjga HHTE-
rpypaH MOJIXO0J 3a MOBUIIIABAHE Ha TOYHOCTTA
IpU KOOPJIMHATHU M3MEpBaHUs ype3 KoMOu-
HUpaHE Ha MYJITHCEH30pHU HW3MEpBaTEIHU
CHCTEMH M aJITOPUTMM 3a KOMIIEHCAllUsi Ha
rpeuiku. Pa3paborenata meTojonorus ce oc-
HOBaBa Ha NpUHLMUNA predictor—corrector M
MUHUMH3HpAaHE Ha CPEeTHOKBaIpaTUYHATA
rpelika, KaTo OCUTYpsBa aJalTHBEH OallaHC
MEX/1y MOJIeNIa U PeaTHUTe U3MEPBAHHUS.

ExcniepumeHTanHarta npoBepka ¢ paBHUHHU
€TAJIOHHU JETall W CTEeHJ-CUMYJaTop 3a

BB3IPOU3BEK/IaHE HAa BUOpAIMHM MOTBBPXK-
JlaBa, 4ye MPUJIaraHeTo Ha aJrOpUTMUTE BOJU
70 CBUIECTBEHO HaMallsiBaHE Ha CpeaHara
rpellika U Ha Bapuauuure Ha pesynrarure. [lo
TO3U HaYUH C€ MIOCTUTa YCTOMYHNBOCT HAa KOOp-
JUHAaTHUTE W3MEpPBAHMS JOpPU B YCIOBHI,
ONMU3KU 10 MHIyCTpUATHATA MPAKTHKA.

[Tonyuenure pe3ynaraTtu AEMOHCTpUpPAT, Y€
MHTETPUPAHETO HA METOJAU 3a KOMIIEHCALIUS
Ha IPELIKU B ChbBPEMEHHU U3MEPBATEIIHU CHC-
TEMHU Ch3JaBa MPEANOCTABKU 32 HAACKIHO U
e(eKTUBHO NPUJIOKEHUE B MPOU3BOACTBEHU
CpeIy C BUCOKU M3UCKBAHUS 32 TOYHOCT U IIOB-
TOPSIEMOCT.
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Abstract

The paper presents the research activities and equipment of the Robotics and Mechatronics Laboratory at the Institute
of Robotics, Bulgarian Academy of Sciences. The laboratory is a part of the Center of competence "Smart mechatronic,
eco-and energy-saving systems and technologies". Description of the main research equipment and selected research
results obtained by the members of the laboratory during the period 2019 - 2025 are summarized and presented in the

paper.

Keywords: robots, humanoid robot, collaborative robot, human—robot interaction, Al integration.

INTRODUCTION

Robotics and mechatronics are two rapidly
developing fields engaging mechanical
engineering, electronics, computer science, and
control systems. This helps advancing
innovation  throughout industries  from
manufacturing to healthcare. The integration of
intelligent control with mechanical systems has
given rise to mechatronics—a multidisciplinary
approach that reinforces modern robotic design,
flexibility, and performance. As automation
becomes increasingly central to technological
advancement, robotics and mechatronics offer
foundational  frameworks for developing
adaptive, efficient, and autonomous systems.
Recent developments in sensor technology,
embedded systems, and artificial intelligence

have significantly expanded the capabilities of
robotic and mechatronic systems, enabling
more complex and responsive behaviours. The
robotic systems have been developed not only
for industrial applications, but also for other
applications. In this respect, social robots
emerge as autonomous agents capable of
adopting interaction, emotion, and companionship
in domains such as rehabilitation, education,
and customer service [1], [2]. Social robots are
designed to engage with humans through verbal
and non-verbal communication and represent a
progressive frame in robotics, that combines
mechanical systems with cognitive and
emotional intelligence. The development of
social robots relies on the integration of sensors,
actuators, artificial intelligence, and human-
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centred design principles. Unlike industrial
robots, social robots are engineered to interpret
and respond to human behaviour’ Thery are
capable of two-way interaction, i.e., a robot is
expected to be able to respond to a human in a
social manner, which make them essential in
advancing  human-robot interaction and
reconsidering the role of machines in everyday
life [1].

Another rapidly evolving branch of robotics
is collaborative robots. Collaborative robots, or
cobots, are designed to operate safely
alongside humans in shared workspaces
without the need for physical barriers [3].
Unlike traditional industrial robots, cobots are
designed with advanced sensors, adaptive
control systems, and ergonomic design
principles that enable intuitive human-robot
interaction and real-time environmental
responsiveness [4]. They paly essential role in
human-centric automation, where robotic
systems are optimized not only for precision
and efficiency but also for collaboration,
adaptability, and ease of integration [4].

Human-robot interaction (HRI) has become
a fast-progressing field, integrating robotics,
artificial  intelligence, neuroscience, and
immersive technologies. Interactive robotics
focuses on the development of robotic systems
capable of engaging in dynamic, real-time
communication, and cooperation with humans,
often through multimodal interfaces such as
speech, gesture, and touch. At the intersection
of robotics and human-computer interaction,
interactive robots are designed not only to
perform tasks but to learn, adapt, and respond
to human behaviour in  unstructured
environments.

RESEARCH EQUIPMENT OF THE
LABORATORY

1. Social humanoid robots
The laboratory is equipped with two types
of humanoid robots — Nao and Pepper (Fig.1).

Both robots are widely adopted in academic
and commercial settings, but they serve
distinct roles: Nao [5] is mostly used in
controlled environments like classrooms and
laboratories, while Pepper [6] is applied in
public-facing  roles = where  emotional
engagement and social presence are important.

a) Nao b) Pepper
Fig. 1. Humanoid robots Nao and Pepper

NAO is smaller, more agile, and widely
used in education and therapy and it is applied
in  education, research, = human—robot
interaction studies, therapy for children with
special needs.

Pepper is taller, designed for social
interaction and engagement with humans,
often in public or commercial spaces. It is
used in customer service, education,
healthcare, research in social robotics.

2. Collaborative robot

Franka Emika Panda [7] (Fig.2) is a state-
of-the-art 7-axis robotic arm designed for
safe, flexible, and high-precision human-robot
collaboration. It combines  advanced
mechatronic design with intuitive software,
making it ideal for research, education, and
industrial automation.
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The essential features of the robot are:

e Torque sensors in all joints for sensitive
force control and safe interaction with
humans;

e High dexterity due to its 7-axis kinematic
structure, enabling complex manipulation
tasks;

e Intuitive programming via the Desk
interface and support for ROS (Robot
Operating System), Python, and C++;

Fig. 2. The Franka Emika Panda robot

The applications of this robot are as
follows: precision assembly; human-robot
collaboration; research in robotics and Al;
Educational platforms.

3. Mixed reality head-mounted display

The HoloLens 2 (Fig.3) is a mixed reality
head-mounted  display  developed by
Microsoft. It offers immersive holographic
experiences by blending digital content with
the physical world, enabling users to interact
with 3D holograms in real-time [8].

The essential features of the device are:

e Immersive Mixed Reality: Combines
spatial mapping and holographic projection
to overlay digital content onto the real
world;

e Natural interaction: Users can manipulate
holograms using hand gestures, voice
commands, and eye movement;

e Enterprise integration: Compatible with
Microsoft Dynamics 365 apps like Remote
Assist and Guides for industrial workflows;

e Comfort & Ergonomics: Designed for
extended use with improved weight
distribution and adjustable fit;

Fig. 3. The HoloLens 2

The HoloLens mixed reality head-mounted
display could be used in areas such as
industrial training and remote assistance;
medical visualization and surgical planning;

4. EEG-based brain-computer
interface (BCI) platforms
The laboratory is equipped with the
following brain-computer interface (BCI)
devices: Emotiv EPOC+ [9], Emotiv Insight
[10] and OPEN BCI [11]. These devises are
shown in Fig.4.
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Emotiv EPOC+ is a robust, research-grade
EEG headset with 14 channels, suitable for
cognitive studies and neurofeedback. It offers
good signal quality but requires saline
preparation and a subscription for full data
access [9]. Emotiv Insight is a more portable,
user-friendly version with fewer channels and
dry sensors, ideal for wellness tracking and
basic BCI applications [10]. OpenBClI stands
out for its open-source architecture,
customizable hardware, and full access to raw
EEG data [11].

OPEN BCI

a) Emotiv Emotiv

EPOC+ Insight

Fig. 4. EEG-based brain-computer interface
(BCI) platforms

These devices are used for:

e Studying brain activity during tasks like
attention, memory, and decision-making;

¢ Human-computer interaction (HCI):
Exploring how users interact with digital
systems using brain signals, sending mental
commands to external devices (e.g., drones,
games, prosthetics), detecting subtle muscle
movements for non-verbal communication.

5. Depth cameras

Depth camera—also known as a 3D
camera or depth sensor—is an imaging device
that captures not only colour and brightness
(like traditional cameras) but also the distance
between the camera and objects in the scene.
This added layer of spatial information
enables machines to perceive the world in
three dimensions. The depth cameras usage is
in the following cases:
e Robotics: For obstacle detection, navigation,

and manipulation.

e Augmented & Virtual Reality (AR/VR): To
track user movement and map environments.

e Healthcare: In motion analysis and
rehabilitation systems.

e Industrial Automation: Object sorting,
inspection, and quality control.

6. 3D printers and 3D scanner

The 3D printers are very useful for rapid
prototyping, i.e., engineers can quickly test
and iterate designs. The following 3D printers
are available in our laboratory: Objet 30
PrimeTM [12], Flashforge Creator 3 [13],
Liquid Crystal HR 2 [14], Prusa MK4 [15].

The Objet30 Prime™ is a compact, high-
resolution PolyJet 3D printer designed for
professional prototyping across industries
such as consumer electronics, medical
devices, and engineering design.

The Flashforge Creator 3 is a high-
performance Fused Filament Fabrication
(FFF) 3D printer. It features an Independent
Dual Extruder (IDEX) system, allowing
simultaneous printing of two different
materials. Both Flashforge Creator 3 and
Prusa MK4 use FFF technology for printing.

The Liquid Crystal HR 2 is a resin-based
3D printer that utilizes Daylight Polymer
Printing (DPP) - a wunique technology
developed by Photocentric. Unlike traditional
SLA or DLP printers that rely on UV light,
the HR 2 uses visible light from an LCD
screen to cure specially formulated daylight
resins.

SELECTED RESEARCH RESULTS OF
THE LABORATORY ACHIEVED
DURING THE TIME PERIOD 2019 - 2024

The research results can be summarized in
the following research areas:
1) Motion tracking, analysis, and
transfer: Emotional and social movement
patterns were extracted from actors and
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transferred to humanoid robots to enhance
expressiveness [16]. An innovative method
for transferring the emotional and social
talents of theatre actors into socially assistive
robots to improve child-robot interaction was
introduced, particularly for children with
communication and developmental disorders.
Using an EMOTIV EPOC+ EEG device with
inertial sensors, actors’ head motions and
facial expressions were captured, processed
the data through geometric algebra
algorithms, and transferred them to the robot
for realistic expression. The system was tested
within therapeutic contexts, showing that
children responded positively, with increased
attention, motivation, and engagement.
Parents also reported favourable impressions.
The study marks an initial step toward
merging educational theatre techniques with
robotics to foster emotional learning,
attention, and teamwork in children with
special educational needs [16].

2) Kinematic modelling and locomotion
design: New formulations and algorithms for
solving inverse kinematics in serial robot
topologies were developed [17]. A new
algorithm for systematically classifying and
computing inverse kinematics (IK) solutions
for planar serial robots was presented. The
algorithm was implemented in AutoCAD and
tested on robots with two and three degrees of
freedom, successfully visualizing feasible
trajectories. The results support applications
in robot motion planning, workspace analysis,
and kinematic design [18]. Minimalist
principles were applied to generate walking
strategies for robots in unstructured terrain
[18]. Control algorithms for optimizing the
walking cycle of a minimalist robot named
Big Foot, which operates with only two
motors were presented. Despite its simple
design, the robot can walk, avoid obstacles,
and climb stairs. It uses various sensors—
including tactile sensors and motor

encoders—to  enhance motion  control.
Experimental validation using a 3D-printed
prototype confirmed that the polynomial law
offers superior performance in terms of speed
and smoothness, making it a promising
approach for similar low-cost walking robots
[18].

3) Speech therapy system (SST): SST
supports therapists and integrates into IoT
infrastructures and validated in real-world
settings. The study [19] presented the design,
development, and experimental validation of
a Speech and Language Therapy (SLT)
system with the potential to operate in the
Internet of Things (IoT) environment. The
system  integrates  multiple  assistive
technologies—including the humanoid NAO
robot, the EmoSan expressive robot, the
Emotiv EPOC+ brain-computer interface, and
a Kinect depth sensor—connected through
Node-RED, a flow-based programming
platform. Over six months, the system was
tested with 15 children (ages 3-10) with
communication disorders. The therapy
sessions  used interactive, play-based
scenarios where the robots engaged children
in structured games, supported by emotional
cues and brain-state monitoring. Results
showed that the system enhanced motivation,
attention, and verbal communication, and
children responded positively to robot-
assisted interventions [19].

4) Conversational Al integration: GPT-
based IoT frameworks were applied to
humanoid robots for natural language
interaction [20]. A model using Generative
Pre-trained Transformer (GPT) technology in
the Internet of Things has been created to
enhance the potential of humanoid robots as
learning and social assistants for natural
language interaction. The physical presence
of the robot enriches human communication
and helps to send of automatic context to the
GPT model [20].
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5) Neuro-cognitive modelling: EEG and
eye-tracking data informed conceptual models
for pedagogical human-robot interaction [21].
A conceptual model of neuro-cognitive
processing of semantic and perceptual
information in the learning process of human-
robot interaction was proposed, based on
modern research on EEG signal processing
and eye tracking, applicable in education
supported by socially competent robots [21].

CONCLUSION

This summary report presents the
equipment and the main research activities of
the “Robotics and Mechatronics” laboratory
which is funded by the Project Center of
Competence “Smart Mechatronics, Eco- and
Energy Saving Systems and Technologies”.
The equipment is utilized to obtain research
results in the field of robot interaction; motion
transfer;  kinematic  design;  3D-printed
optimized robots; assistive therapies, and
cognitive modelling. The obtained research
results show how robotics, Al, IoT, and
neuroscience converge to produce
transformative technologies in assistive
robotics.
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Abstract This article presents the means and results obtained from the research conducted in the "Automotive
Mechatronic Systems" laboratory during the period 2018 - 2023 on new and modernized mechatronic systems for
controlling the engine and transmission combinations of cars, using a drive wheel loading system and a system for
measuring toxic components in the exhaust gases of internal combustion engines. Through subsequent computer
processing, the power, environmental and economic indicators were determined. A simulation model was developed to
determine the drag of low- and ultra-low-profile tires when driving a car in a bend to ensure better stability and
controllability. Three-dimensional geometric models of various details of the car's transmission were developed and
various analyses were conducted using modern software products.

Keywords: automotive mechatronic systems, vehicles, cars, internal combustion engines, simulation model, software

products.

BBBEJIEHUE

[IpernensT Ha HAyYHUTE CIIMCAHUS, B KOU-
TO OCHOBHO C€ MyOTUKyBaT PE3yJITaTH OT H3-
cienBaHusl B 00acTTa Ha JBUTATENIUTE C Bb-
tpemHo ropene ([IBI') mokasBa, ye mpe3 mo-
CJICIHUTE TOJMHU H3CJIEI0BATEICKH KOJEKTH-
BU OT Pa3NUYHU CTPAHU AKTUBHO PAOOTST B
HAaCOKM, BOJCIIM 1O YCHBBHPIIECHCTBAHE Ha
MOIIHOCTHUTE, MKOHOMUYHU M €KOJIOTUYHU
mokazarenu Ha JIBI'. Ycunusta ca HacodeHU
[JIABHO KbM ONTUMU3HMPAHE HA MPOLIECUTE OT
pabotuus 1ukba Ha JIBIT, koeTo € cBbp3aHo C
mofoOpsiBaHe Ha MKOHOMUYHHUTE, MOIIHOCTH
Y €KOJIOTWYHU ToKa3arenu. M3cnenBanusra B
Ta3u O0NacT Mpe3 MOCIEAHUTE HSIKOJIKO TO-
TuHU OenexaT 3HAuYMTeNTHA aKTUBHOCT, B pe-

3yJATaT Ha KOETO CE€ yBeluyaBa OposT Ha Ha-
YUHUTE Iy OIUKaIIH.

3HauuTeNHAa 4YacT OT H3CJeIBaHUATa ca
CBBp3aHU C OpraHU3alusATa Ha NTPOTHYAHE Ha
TOPUBHHS TMPOLEC, KAKTO MPU JABUTATEIIUTE
ChC CAMOBB3IUIAMEHSBAHE Ha TOPHUBO-BB3-
JyIIHATa CMEC, TaKa U MPHU TE€3U C MPUHYIU-
TEJTHO 3anajBaHe. Pa3BUTHETO HA €EKTPOHU-
KaTa ¥ aBTOMaTUKara criomara 3a mo-100poTo
yIpaBlieHHEe Ha TOPUBHUS MpOIeC OT padboT-
Husg uukba Ha JIBI'. M3cinenBanusTa o oT-
HOIIICHUE Ha pa3iaudHH a3y Ha Ta3opasmpe-
JICJICHUETO MPU Pa3IMYHUTE PEKUMH Ha pa-
6ota Ha [IBI' u cBBp3aHHMTE C TOBa CUCTEMHU
3a Ta30paslpelieliCcHUE, PEAU3UPAHETO HA
pa3IM4YHU 3aKOHHM 3a aKTUBHOTO TOILIOOT/E-
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JISTHE B IIWIMHABPA W BIUSHUETO MM BBPXY
mporecute oT paboTHus 1ukea Ha JIBI u
JPYTH CE MPABAT B PEIUIIA CTPAHHU.

CepluecTByBaT pa3jiuyHU METOAM 34 W3-
cnenBaHe Ha paboTHUA nKKBI Ha JIBI™ 1 Bin-
STHUETO MY BBPXY MOIIHOCTHUTE, HKOHOMHUY-
HM U €KOJIOTUYHHM IMokazarenu Ha JIBI', kouto
ca CBbp3aHH, KaKTO C U3BBPIIBAHETO HA KOM-
MIOTHPHU CUMYJIAIMK, TaKa U ¢ JTabopaTopHU
HM3IUTBAHUS.

H3scnensanusa B o0nacTTa Ha HaMajIsIBaHE
Ha 3aMBPCSIBAHETO OT ABTOMOOWIHHS TpaH-
CIIOPT Ca aKTyaJHH, KaKTO 3a HalllaTa CTpaHa,
Taka W 3a Ipyrure crpanu oT EBporma u cBera.
[Topanu HamansBaHETO HAa He(PTEHHUTE 3amasu
B CBETOBEH Mamiad € HeoOX0oIuMo ToJo0ps-
BaHE HAa MKOHOMUYHHMTE M MOIIHOCTHHU IIOKa-
3arenn Ha /IBI' m m3non3BaneTo Ha anTepHa-
TUBHH TOPHBA.

[IpernensT Ha HAyYHUTE CIIMCAHUS, B KOU-
TO OCHOBHO C€ MyOJUKYBaT PE3yJITaTU OT H3-
cienBaHusl B 00acTTa Ha YNpaBiIsIeMOCTTa U
yCTOHYMBOCTTAa U 0€30MacTHOCTTa MpPH IBH-
JKEHUE Ha TPAHCIIOPTHHUTE CPEJCTBA MOKAa3Ba,
4ye Tpe3 MOCIEIHUTE TOJMHHM H3CIIeI0OBATEI-
CKM KOJIEKTUBH OT Pa3JIMYHU CTPAHU aKTUBHO
paboTAT B Ta3u 06nacT. YcunusaTa ca Hacoue-
HU KbM pa3pabOTBaHE Ha pa3IUYHU MaTeMa-
TUYHU MOJENW M H3CIEIBAHUS 4Ype3 HU3MOJ-
3BaHE Ha KOMIUIEKC OT €KCIIEPUMEHTAIHU Ja-
OOpaTopHH U IBTHH YPEIOH U CPENICTBA.

3HauMTEIHA YacT OT U3CJIEJABAHUATA Cca
CBBP3aHU C ONPEIECISTHETO Ha XapaKTePUCTH-
KUTE Ha MTHEBMAaTUYHUTE TYMHU Ha KoJjienara u
TAXHOTO BIUSHUE BBPXY TpPACKTOpHUATa Ha
JBUKEHHE Ha aBTOMOOWIIA, YIPaBISIEMOCTTa,
YCTOMYMBOCTTA U CTaOMUIIM3AIMATa HA yIIPaB-
JIseMUTe KoJjena. Pa3BuTuero Ha aBTOMOOH-
JIOCTPOEHETO M3UCKBA BCE MO MPEIU3HO U Ka-
YECTBEHO U3CJIEJIBAHE M ONTHUMHU3MUpPAHE Ha
BOKHHUTE TIApaMeTPU, OKa3Ballld BIIUSHHE
BBPXY YIPABIAEMOCTTa, YCTOMYHUBOCTTA, CTa-
OwHM3aIusaATa Ha yIpaBlIIEeMUTe Koyiena u Oe-
30MAaCTHOCTTA MpPU JBUKEHUE HA TPAHCIOPT-
HUTE CPE/CTBA.

OCHOBHHTE MapaMmeTpH, BIHUACUIN BBPXY
YCTOMYMBOCTTA M YINPABIAEMOCTTAa HA TpPaH-
CHOPTHUTE CPEJCTBA Ca: BUJA U CHCTOSHUETO
Ha IIbTHATa NOBBPXHOCT; CKOPOCTTA Ha ABU-
KEHHE, pa3IoJIOKEHUETO Ha MAacoBUS IICH-
TBp; €NAaCTHYHO-IeMI(UpaIIUTe U TeoMe-
TPUYHU XapaKTEPUCTUKU HA EJNEMEHTHUTE OT
OKa4YBaHETO; BI'bIBT, HA KOUTO C€ OTKIIOHSIBAT
yIOpaBlsieMUTe KoJieja; THUIbT Ha 3aJBUXKBa-
HCTO, TUIOBT U PASMEPHT HA rymara, KOUTO
OpeIonpeaeNiaT HEWHUTE TEOMETPUYHU U
€aCTUYHM XAPAKTEPUCTUKHU; CTPAHUYHOTO
yBIMYaHE HA MMHEBMAaTUYHATa ryma; BbTpell-
HO HAJIAraHC Ha BB3JyXa B IMHCBMATUYHATa
ryMa; BEepTUKAJIHOTO HATOBapBaHE Ha ITHEB-
MaTHYHaTa TyMa; pajJnyca Ha 3aBOsl U JIp.

C pa3BUTHETO HA EIEKTPOHHUTE U MeEXa-
TPOHHUTE CHUCTEMH B aBTOMOOHMIIOCTPOCHETO
Ce TMOSABSIBAT HOBH PEIICHHUs 32 U3CIIEABAHE HA
yIOpaBiIsieMOCTTa M YCTOWYMBOCTTa U 0€30-
NACTHOCTTA MPU JIBUIKEHHE HAa TPAHCIOPTHH-
T€ cpeactsa. B ocHoBara Ha Te3u METOIHU U
CpEICTBAa € MPHUHIMITBT, CBBP3aH C ONTUMAI-
HOTO pa3NpefieliecHue Ha CUJIUTE B TyMHTE
MeXy 4-Te 3aBUBAIU KOJieJa Ha aBTOMOOHU-
na.

N3J10KEHUE

Ilenra Ha HacTosAmus OOKIaa € Ja ce
IIPEACTaBAT CPEACTBATA, 3aKYIIEHH U J0OCTa-
BEHH IO TIpoeKTa B jabopartopus ,,ABTOMO-
OWJIHM MEXaTPOHHHU CHUCTEMH‘ Tpe3 Mmepuojia
2018 — 2023 roguHa ¥ MOJYyYEHUTE OCHOBHHU
pe3yJiTaTh OT IMPOBEICHU H3CIEIBaHUs HaA
HOBHU U MOJECPHU3UPAHU MEXATPOHHU CHUCTE-
MU 32 yIPABJICHHE HA TPOIIECUTE MpU paboTa
Ha /[BI' u Ha chBMecTHaATa paboTa Ha JIBUTa-
TeJA C TPAHCMUCHUATA U ONPENIEIITHE HA BIIUSA-
HHUETO UM BBPXY MOLIHOCTHUTE, UKOHOMHUY-
HHUTE W EKOJOTHMYHM IIOKa3aTeld Ha TpaH-
CIIOPTHHU CPEJCTBA Ype3 MPOBEACHU Jabopa-
TOPHU W3MUTBAHUS, Ype3 MpUJlaraHe Ha pas-
paboTeHusT CUMYJAIIMOHEH MOJIEN 3a OIpeje-
JISIHE Ha YBJIIMYAHETO Ha KOJIeJIaTa C HUCKO H
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CBPBXHUCKOTIPOQHUIHA TYMH TIPH IBHKECHHE
Ha aBTOMOOWJIa B 3aBOH 3a OCHUTypaBaHE Ha
0-7100pa YCTOWYHMBOCT U YIIPABIISIEMOCT.

B romsMa gacT oT m3cienBaHUATA U Mpe-
CTaBEHUTE PE3YJITaTH B IyOJIMKAIIUUTE CE U3-
M0JI3Ba CHUCTEMa 3a HATOBapBaHE Ha 3a/IBHXK-
BamuTe Kojena (¢ur.l), komOMHMpaH aHaJo-
roo-un¢ppoB (ALIl) u unppoBo-aHanoro
npeobpaszysaren (L{AII) ¢ USB wuntepdeiic

(¢ur.2), cnupadyeH CTeHI M TecTep 3a OKay- @ue. 3. Cnupauen mecmep “BEISSBARTH
Bane (¢wur.3) u cucrema 3a HHAMIKPAHE Ha BD640* u mecmep 3a oxaueanemo
JIBI', BKIIOYBAIIA CEH30p 3a M3MEPBAHE Ha “BEISSBARTH SA640"

HQJIATaHETO Ha PabOTHOTO BEIIECTBO B LU-
nuuabpa Ha JIBIT m koMOMHMpaH ycuiiBaTel ¢ /]
npeoOpasyBaresl Ha CHTHaJa OT CeH3opa
(¢ur.4), 3akynenu no npoekra. M3momssa ce
U JOMBIHUTENIHO OO0OpYyJBaHE - razaHajiun3a-
TOp 32 U3MEpPBaHE HA TOKCHYHUTE KOMIIOHECH-
TU B oTpaboTtunure razose Ha JIBI" (¢wur. 5).

Due. 4. Cenzop 3a usmepsaue Ha HANA2AHENO
Ha pabomHomo eewjecmeo 8 yurunovpa na J{BI"—
LAVL ZL45 “ u kombunupan ycunsamei ¢ npeoo-
pasysamein Ha cueHana om cenzopa — ,, AVL FI
PIEZO, Type 2P2E*

Que. 2. ANI/AII -, NI USB-6343* Duz.5. 'az ananuzamop DEK DG-041R
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B nyGmmmkanus [1] e uzcneaBaHo BIUsSHUE-
TO Ha MBTHUTE CHIIPOTUBJICHUS BHPXY Pa3Xo0-
Jla Ha TOPUBO Ha JIEK aBTOMOOWJ C aBTOMa-
TUYHA TpaHCMUCHA. ExcriepuMeHTaTHUTE U3-
MepBaHMs ca HallpaBEHU Ha JMHAMOMETPUYCH
crenr COSBER ¢ u3non3BaHero Ha JaHHU 3a
MOMEHTHHS Pa3Xojl Ha TOPUBO, MOJYYEHH OT
eNIeKTpOHHMs ONok 3a ympasneHue Ha JIBIT
ype3 wusnoia3Bane Ha Bluetooth LE (4.0)
adapters u mpuioxxenueto ,,Car Scanner Pro®.
Ha ¢ur. 6 e mpencraBeHo u3noi3BaHOTO 000-
pyIBaHe M aBTOMOOMJA 3a TPOBEXKAAHE HA
eKCIIeprMeHTa, a Ha ¢ur. 7 e mpeacTraBeHa
EKCTIEPIMEHTAIHO TIOTy4eHa MOLIHOCTHA Xa-
paKkTEepHUCTHUKA HA JIEKHUsSI aBTOMOOMI M BBHIII-
HaTa YeCTOTHA XapaKTePUCTHKA Ha JBUTATE-
TSl

@uez. 6. Excnepumenmanto uzcie08ane Ha ieKk
asmomobun Honda Accord 2.4

result

POWEr U088 | i s SO MaciIONDAACCORD: Bagid a3 T Cor o E
Opermor <. Trananissnn mode AT; Gowr 5. RPM Spood o 42.2 ’
Max_E 154.0[kK\W)

154

1%

Que. 7. Mownocmua xapaxmepucmuxa Ha 1eKus
A6MOMOOUN U 6LHUIHAMA YECTHOMHA
Xapaxmepucmuxa Ha 08u2ame’ist

B [2 u 3] ca u3cnenBanu CbOTBETHO BIIMSI-
HUETO Ha MBTHUTEC CHIPOTUBICHUS BBPXY
MKOHOMHUYHHUTE IMOKa3aTelld U BIUSHUETO HA
HAJUTHKHHUS HAKJIOH Ha MBTS BBPXY MAKCH-
MaJHaTa CKOPOCT Ha JIB)KEHUE Ha JIEK aBTO-
mobun Honda Civic ¢ MexaHM4HA TpaHCMU-
CcHsl, IPU TOJy4YeHaTa eKCIIePUMEHTAHO C JH-
HAaMOMETpPUYEH CTEH] MOIIHOCTHA XapakTe-
puctuka Ha aBromobOmna (¢pur. 8 u dur. 9).
Upe3 HW3MOM3BaHETO HA JIWHAMOMETPUYHUS
CTEH]I Ca OMpEeJeJIeH MaKCHUMaJHUTEe CKOpO-
CTH Ha JBWKCHHE HA JIGKUS aBTOMOOWI TpH
paznuyeH HakjaoH Ha nbTA 4%, 9% u 15%,
npenacraBeHu B Tadin.l. M3nonsBan € pexuma
Ha pabota ,,Road simulation (¢pur. 10), mpu
KOETO € CUMYJIUPAaHO HATOBApBAHE BHPXY JIBU-
rareJIHUTe Kojiena Ha aBromoOmia. Upes mo-
I'BJIHUTENTHO MHCTAJIMPAHUs Ha aBTOMOOMIIA
00pa0BH KOMITIOTHD ,,Infoboard (¢ur. 11) ca
OTIpeNIeICHd W WMKOHOMHYHHUTE TI0Ka3aTeln
MIpU Pa3IUYHU CKOPOCTU Ha JIBIXKEHHE M Ha-
KJIOH Ha 1T (¢ur. 12).

Due. 8. Excnepumenmanno uzcieogame Ha iex
asmomobun Honda Civic Aerodeck 1,5 iLS

ACIVIC AERO; Engine Number D)1 428; Turbocharger N.A; Car
Munul; Oear:$; RPM/Speed ratio 4.3

0 0
2240 2480 2720 2060 3200 3440 3650 3920 4160 44D0 4840 4B80 5120 5360 5600 5840 6080 6320 560 GEO0[RPM]

Due. 9. MowHocmua xapakmepucmurka Ha 1eKus
agmomooun
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Tabnuya 1
IpenaBku Vmax, km/h
v1=0,049 | y»=0,099 | y3=0,159
Btopa - - 59
Tpera - 75 48
YeTBBpTa 118 69 -
ITera 73 - -

Power performance Power test system

Vehicle info—

vence N 058 i R ot v o KT s hoer (NN

Engine number

oo LEEES

Engine cc

Chassis number [ Transmission Tyrewiath B -
RPWspeed ratio K]
Car manutacturer ([OOSR Gear Rim Dameter [ - | 7y

Model [CIVIC AERO - (SIS

Test item-

Bl Tyre Type

Constant test-

— Road simulation-
Coftresist rotati

>[I

v REM(pm)

(AFR Test

(=2 —
168

~

© Constant force()

———t 1

Super! frontale
Ramp rate(?)

==
7.58 /1=

(IR operr

|

@ue. 11. Ocnosen pabomen expau Ha
“Infoboard”, eepcusi “touch screen”

Qy, V100 km
= =y

®

40 60 80

100 120 140
V, km/h

—li
- = 2
A ylnw
" 2w
— - viinu

* o

160 180 200

a) PA3xo0 Ha 2opuso

600,0 100,0
90,0

500,0
80,0

60,0
500 =
40,0

30,0

20,0
100,0

10,0

00
0,0 10000

0.0
8000,0

20000

30000 40000 50000 60000 70000

n, min*
- = ge 2%, gkWh — - ge %, gkWh
& ge 4%, gkWh Pe, kW

——ge 0%, gkWh
4 ge o 2%, gkWh

= ge ion_0%, gkWh

0) cneyughuunus eghekmueer paszxoo Ha 20puso

@Due. 12. Pezynmamu 3a
UKOHOMUYHUME NOKA3AMenu

B [4] ca u3cienBaHu TOKCHYHHUTE KOMIIO-
HEHTH B OTpaOOTEHUTE ra3oBU MpH padoTa
7IBa BUJIa TOpUBa — OCH3WH U BTeUHEH He(TeH
raz (BHI'). HscnenaBanustra ca NIpOBEICHH
ype3 M3I0JI3BaHE HAa JIMHAMOMETPUYHHUS
crenp (¢ur.l) u razananuzatop (¢dur.5). Ha
¢wur. 13 ca npencraBeHu aBTOMOOMIIAa U HEOO-
XOUMOTO O00OpyJBaHE 3a MpPOBEXJaHE Ha
eKcrepuMenTa, a Ha ¢ur. 14 - momydyeHute
pe3ynTaTu 3a pa3TUYHUTE KOMIIOHEHTH IpHU
pa3IMYHU CKOPOCTH Ha JBUKEHHE Ha aBTO-
MoOua ¥ M3MOJI3BaHe Ha pekrMa Ha paboTa
,,Road simulation®.

P

Due. 13. ExcnepumeHmanto uscieosane 3a
usMepsane Ha KOMROHeHmume 6 ompadomenume
2asoee na nex asmomodbun Honda Civic Aerodeck

1,5iLS
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CO=f(speed of vehicle)
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& _—
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Que. 14. Excnepumenmanno uzciedgame Ha Kom-
NnoHeHmume 8 OMpabomeHume 2a308e

B [5] ca pasrienanu ocoOeHOCTUTE, CBBP-
3aHM ¢ KOHBepTUpaHeTo Ha OeH3uHoB [IBI" Ha
¢upmara ,,Peugeot” ¢ kog RFV 3a pabota ¢
BHI u e ycraHOBeHO, 4e TPaBHIHUSAT TOJ00P
Ha EJEMEHTUTE, MHCTaJaluATa M Hal-Bede
HacTpoiiKaTa Ha aBTOMOOMIIHATA Ta30Ba ype/l-
0a mpu koHBeptupane Ha JIBI' 3a pabota ¢
BHI e ot ocobeHo 3HaueHue 3a MOIIHOCTHU-
T€, UKOHOMUYHU U EKOJIOTMYHU I0Ka3aTesu
Ha J[BI" mpu pabota c BHI.

B [6] e cb3maneH u onucaH KOMIIOTbPEH
CHUMYJIAlIMOHEH MOJIeNl Ha pabOTHHUS LIUKBJI Ha
yetuputakrosu JIBI" (¢ur. 15) u Ha ¢ur. 16
ca MpeJCTaBEHU HSAKOM OT MOJIyYEHUTE Pe3yil-
tatu. C pa3paboTeHHs CUMYJIAIMOHEH MOJEN
MoraT Jla ce M3cieBaT MpoILEeCUTe MpH ycTa-
HOBEHHU PEKUMH Ha paboTa U Ja ce ONpeaenn
BIIMSTHAETO Ha KOHKPETHH IMapaMeTPU BBPXY
OCHOBHM TapaMeTpH, MOKa3aTeau M XapakTe-
PUCTHKH NpH paboTa ¢ HOBU U MOJEpHU3Hpa-
HU aBTOMOOMJIHU MEXaTPOHHHU CUCTEMHU.
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@Due. 16. Hanseane npu pasHu HA4aunu vy Ha
monnoomoensme

B [7] ca mpencraBeHn HSKOW BBH3MOXKHO-
CTH 3a yBelM4YaBaHEe HAa MOIIHOCTTAa Ha JU3e-
JIOB JIBUTATEN, KaTo ca MPEeJCTaBeHU pe3yiTa-

TH 3a MOLIHOCTTa, U3MEpEHa Ha KoJjeara Ha
ek aBtomobun AUDI A4, B pesynrar Ha
IIpoMsiHa Ha copTyepa Ha cucTemara 3a ynpa-
BJICHHE Ha JTU3EIIOBUS JIBUTATEIL.

IIpomsinata B HacTpoiikure Ha codryepa
BKJIIOYBA MOAU(DUIIMpAaHE HA IIUKJIOBATa MOp-
Iusl TOpPHMBO, BI'bJIa HA HW3IpPEBapBaHE Ha
BIIPbCKBAHETO W HAJSITAHETO Ha IThJIHEHE 3a
pa3IMYHUTE PEXUMHU Ha paboTa Ha JABMUrare-
as1. VI3mepBaHusaTa ca U3BBPIICHH B JIabopa-
TOPHHU YCJIOBUSI C AMHAMOMETPUYHHUS CTCHI,
npencraBeH Ha ¢ur.l m pexxuma Ha pabota
,»Quick power test”. Ha ¢ur. 17 ca nmpexacra-
BEHH TpaQuyuHO pa3ylTaTd OT U3MEpPBaHUATA
Ha MOIIHOCTTA Ha 3a/IBWKBAILUTE KoJiesla Ipu
pabota Ha cucremara 3a ynpasienue Ha [(BI’
C pa3IMyHU coPTyepu.

roslt

3976 2230 3300 ey 2550 2009 ET70 003 300 2000 3545 3200) 3430 3140 050 790 3400 A ¢ X PN

a) ¢ opueunannus cogpmyep (6e3 moougpuxayuu)

.

resalt Norveridaryton

Iax 78,3W]

6) ¢ moouguyupan cogpmyep (sapuanm 1)
VI pomsommeommespaas svipwmsmsssisiis

result —

va o

8) ¢ moouuyupan cogpmyep (sapuanm 2)

Due. 17. Uszmepena mownocm
Ha 3a06udiceawume Kouend
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Ot pesynrarure Ha Qur.17 ce Bwkma, 4ye
edeKTUBHATA MOIIHOCT TPH CHBPEMCHHUTE
nuzenoBu JIBI' ¢ npuHyIuTENHO MbIHEHE
MOXeE Jla Cc€ MOBHIIKU CaMO 4pe3 MPOMsiHA Ha
copryepa Ha cuctemaTa 3a yNpaBieHHE Ha
JIBI', Ge3 nma ce BiomAaBaT €KOJIOTHYHUTE MY
[TOKA3aTEeIH.

CpBMecTHaTa paboTa Ha JBUTATENs C
TPAaHCMHUCHSTA NPU TPAHCIIOPTHU CPEACTBA C
ABTOMAaTUYHU TPAHCMHUCHU O rOjsiMa CTEIEeH
3aBHCH OT MPaBUIHMS MOAOOP Ha MapaMmeTpH-
Te Ha XuaApoTrpaHchopMaropa, U Mpu MomIEp-
HU3MPAHE HAa MEXaTPOHHUTE CUCTEMH 3a yIIpa-
BJICHUETO WM, KOETO ITbK OKa3Ba BIHUSHUE
BbPXY MOIIHOCTHUTE, UKOHOMUYHUTE U €KO-
JIOTUYHU TI0Ka3aTelid Ha TPAHCIIOPTHH CPEI-
ctBa. B [8] e mpencraBena MeTtoaunka 3a T€o-
PETHYHO ONpe/eNITHe Ha HEOOXOAUMHTE Tia-
pameTpu Ha XUApPOJUHAMHYEH TpaHchopma-
TOp Ha JIGK aBTOMOOWJI W pPE3YJITaTH OT W3-
cleBaHe Ha CchbBMecTHara pabora Ha JIBI ¢
xuaporpacgopmaropa.

Enun ot mapamerpute, BIUsEIIUM BBPXY
YCTOMYMBOCTTA M YIPABISIEMOCTTa Ha TpaH-
CHOPTHUTE CPEACTBA € CTPAHUYHOTO YBJIMYA-
HE Ha MHeBMaTh4yHata ryma. B [9] e pa3zpabo-
TeHa HMHTEPAKTUBHA MpPOrpaMHa CHCTEMa B
cpegata MATLAB 3a uscnenBane BiIMsHHE-
TO HAa CKOPOCTTA Ha JBU)KEHHUE Ha JIEK aBTO-
MOOWJI C HUCKO U CBPBXHUCKOMPODUIHU TY-
mu 14" u 16" B 3aBOH, KaTo ce OTYUTA Mpe-
pasnpeneseHueTo Ha HOPMaJIHOTO HaTOBap-
BAHE U BIUSHUETO MY BBPXY XapaKTEPHUCTH-
KUTE Ha HANMPEYHOTO YBJIMYAHE Ha ITHEBMa-
TUYHUTE KOJIeJa 32 OCUTYpaBsHEe Ha Mo-100pa
YCTOMUYMBOCT U YHPABIIEMOCT. BBpXy ycTOM-
YUBOCTTAa W YIPABISIEMOCTTa Ha aBTOMOOH-
JTUTE OKa3BaT BIMSHHE MPABUIHOTO IMOAOH-
paHe Ha cXemara U KOMIIOHCHTHTE Ha OKay-
BaHe. B HacTosmIMsS MOMEHT OCOOEHO aKTya-
JIEH € BBIPOCHT 3a OCHTYpPSIBAHETO HA BUCO-
KOTO Ka4eCTBO M ChKpallaBaHE Ha BPEMETO B
MMPOCKTHUTE U KOHCTPYKTOPCKUTE paboTH,
KOETO C€ MOCTUra BCE MO-JIECHO C PA3BUTUETO
Ha KOMITIOTpHATa TEXHWKA W HAJIWYUETO Ha

pa3IMyHK CHEeNHAIH3UPAHN TPOTPAMHHU TIPO-
IYKTH, KaTo C€ HaMajsaBaT Pa3XOJHTEe, KOETO
M0 KOCBEH ITbT BJIHSIC BBPXY EKOJOTUYHUTE
MOKa3areay Ha TPAHCIOPTHHUTE CpeicTBa. B
pabotu [10-12] e paspaboTeH TpuUHM3MEpPEH
reOMETpPUYEH MOJIe] Ha HANpPEYHHS JIOCT OT
MPEeTHO HE3aBHCUMO OKauBaHe, THI Makdep-
ChH. V3BBpIICHH Ca Pa3IMYHU KOMITIOTHPHH
CUMYJIAIMU C U3I0JI3BaHE Ha METOoAa Ha
kpaitnure enementd (MKE), kato ca momy-
YeHU pe3yJITaTH 32 CKBHBAJCHTHOTO Hampe-
KEHHE, IMBIHOTO TPEMECTBaHE, COOCTBEHUTE
4ecTOTH U (GOPMH U € ONTUMHU3UpPaHa popma-
Ta M Macara Ha JOCTa.

Onucanara B [13] onutHa ypenba (¢ur.18)
Y METOJIMKaTa 3a ONpeesiHe Ha Koe(uIueH-
Ta Ha BB3AYIIHO CHIIPOTHBIICHHUE, TO3BOJISBAT
M3CIie/BaHE HAa Pa3IMYHU MOJCIIA Ha aBTOMO-
Ownm, pa3pabOTeHH B MOAXOAAII Mamad. B
pe3yaTar Ha IPOBEICHO M3CIIEIBaHE MOTaT J1a
Cce TOJIyYar 3aBUCUMOCTH Ha U3MEHEHHETO Ha
BB3AYIIHOTO chupotuBienue (¢ur.19), koe-
¢unmeHThT Ha oOTekaeMocT M (akTOopa Ha
00TEKaeMOCT OT CKOpPOCTTa Ha BB3AYIIHOTO
TEUYEHUE U YUCIIOTO Ha PeliHomc.

Due.18. Excnepumenmanna ypeoba
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Due. 19. HUzmenenue na koegpuyuenma Ha 6v3-
OYUIHO CONPOMUBIEHUE OM CKOPOCMMA HA 8b3-
OywHomo meyenue: 1 — cve cnychamu cmpanuy-
HU cmuKa,; 2 — ¢ OUSHAMU CMPAHUYHU CINBKIA

B nyOmukamum [14-16] ca pa3paboreHu
TPUU3MEPHU TEOMETPUYHH MOJIEIH Ha pas-
JVYHU JIETAIM OT TPAHCMHUCHUSTa aBTOMOOHU-
JIUTE U ca MPOBEJICHU PA3INYHU aHAIIU3U Ype3
MKE, ¢ n3nos3BaHe Ha IPOrpaMHUS POAYKT
SolidWorks. IlpoBenenutre ananmuszu upe3
MKE Morar ga ca oCHOBa 3a IPOBEXKIAHE HA
nabopaToOpHU U MMBTHU U3CIIEBAHUS HA CHOT-
BETHHUTE JACTAIM, KaTo B HM3CIEABAHUATA 1A
ce BKJIIOYAT U MEXaTPOHHUTE UM CHUCTEMH 3a
yIpaBJIeHNE U KOHTPOIL.

3AKJTIOYEHHUE

B mHactosimara cratus ca mOpencTaBeHU
CpelcTBaTa U TMOJYYEHUTE pe3yJiTaTh OT Ha-
MpaBeHHUTE U3CieBaHus B Jaboparopus ,,AB-
TOMOOMJIHM MEXaTpOHHM CHUCTEMH‘‘ Ipe3 Ie-
puoaa 2018 - 2023 roguHa Ha HOBU U MOJIEp-
HU3UPAHU MEXATPOHHU CHUCTEMHU 3a yIpaBiie-
HUE Ha ChbBMecTBaTa paboTa Ha JIBUTATENs C
TPAaHCMHUCHUSITA HAa aBTOMOOWJIM, Ype3 H3MOJ-
3BaHE Ha CHUCTEMa 3a HATOBapBaHE Ha 3aj-
BIDKBAIIIUTE KOJIeJIa M CUCTEMA 3a U3MEpBaHE
Ha TOKCHYHUTE KOMIIOHEHTH B OTPaOOTUIINTE
razope Ha J[BI'. Upe3 mocnensama Komio-
ThpHa 00pabOTKa ca OMPENENITHU MOIIHOCT-
HUTE, €KOJIOTUYHUTE ¥ UKOHOMUYHHUTE ITOKa-
3arenu. Pa3paboTeH € cCUMyNalMOHEH MOJEN
3a ONpENessiHE Ha YBJIMYAHETO Ha KOJETa C
HUCKO U CBPBXHUCKOMPO(PWIHA TyMH TMpH

JIBIDKCHHE HA aBTOMOOWJI B 3aBOM 3a OCHIY-
paBaHe Ha TO-700pa YCTOMYMBOCT W yIpaB-
asieMocT. Pa3paboTeHu ca TpUHU3MEPHH T'€0-
METPUYHHU MOJEIM HA Pa3IU4yHU JETAWIU OT
TpaHCMHUCHSATA HAa aBTOMOOMJIA U ca MPOBE/Ie-
HU pPa3MYHU aHAJIM3U C W3IMOJI3BAHE HA Ch-
BPEMCHHH MPOrPaMHHH MIPOIYKTa.

baarogapuocTu

Tosa uscnedsane e ¢hunancuparo om Egpo-
neiickusi OHO 3a pecUOHANIHO pa3zsumue 8
pamxume na OII ,, Hayunu uscneosanus, uno-
sayuu U OuUMAIU3ayus 3a UHMeIUSeHMHA
mpancpopmayus“ 2021-2027 2., Ilpoexm No
BGI16RFPR002-1.014-0005 Llenmvp 3a Kom-
nemenmuocm,, "Humenuecenmuu mexampon-
HU, eKO- U eHepeocnecmasawju cucmemu u
mexnono2uu “.
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Abstract This article presents the main tasks, methods and means for their solution and the expected results of scientific
research and their implementation in the Automotive Mechatronic Systems Laboratory during the period 2024 - 2029,
primarily with the funds purchased and delivered under the project to the laboratory during the period 2018 - 2023, in
the development and research of new and modernized automotive mechatronic systems, both for better power,
economic and environmental performance of vehicles and their engines, including with electric and hybrid drive, and
for increasing the stability, controllability and safety of movement of vehicles.

Keywords: automotive mechatronic systems, vehicles, cars, internal combustion engines, simulation model, software

products.

BBBEJIEHHUE

IIpe3 mocnenHWTE TOAMHU HM3CIEN0BATEN-
CKU KOJIEKTHBH OT pa3jM4YHU CTPAHU aKTHBHO
paldoTAT B HACOKH, BOZAEUIM A0 MON0OpsBaHE
Ha MOUIHOCTHUTE, UKOHOMUYHHU U €KOJIOTUY-
HHU IIOKa3aTely Ha JIBUTATEJINTE C BBTPEIIHO
ropene (/[IBI') upe3 onTumu3upane Ha mpore-
CUTE OT TeXHHUs paboTeH LuKBI. PazButuero
Ha €JIEKTPOHMKATa, aBTOMATHKaTa M KOMIIIO-
ThpHAaTa TEXHHUKA clioMara 3a 1o-100poTo ympa-
BJICHHE Ha TOPUBHUS MpOLIeC OT PaOOTHUS LU~
Kb npu pabora Ha JIBI' ¢ BTeuHeH HedTeH
ra3. 3a HaMaJIIBaHE Ha BPEIHUTE €MUCUU OT
TPaHCIOPTA CE€ HaJlara U3BbPILIBAHE HA U3CJIE-
JoBaresicka paboTa 3a ONTUMM3HpaHe Ha pa-
6oTHus 1uKbBa Ha JIBI' mpu koHBeHIMOHAN-

HUTE W XUOPUIHH aBTOMOOWIM U To-edek-
TUBHO W3IOJI3BaHE Ha EJICKTpPHUYECKaTa eHep-
TUSl TIPU eNEeKTPUYECKUTE U XUOPHUIHU aBTO-
Mobmmu. IlenTa e perynupane Ha MOITHOCTTA
Ha EHEepPruiHuTEe MpeoOpa3yBaTeNn; MOCTUTA-
HE Ha MO-HUCKWM HHWBAa HA CIIGKTPOMATHUTHH
CMYIIIEHUS], HA TIO-HUCHK TOK Ha MYJICAlUU U
MO-MaJjika OTJIeJIsTHA TOIUIMHHA eHeprus. M3-
CIIeJIBAaHUSATA HA EIIEKTPOBUTATEIINTE UMaT 32
e TIOCTHTaHE Ha: TOJSM BBPTAIl MOMEHT
MpU  pacTSAIIM TapamMeTpd Ha JABHXKEHUE,
e(PEeKTUBHOCT, HAJCKJTHOCT, HHCHK IIyM U
MaJKu pasMepu. Pa3nuyHu u3clienoBaTencKu
KOJICKTUBH aKTHBHO paboOTAT B oOiacTTa Ha
yIpaBIsIEMOCTTa, YCTOMYUBOCTTA U Oe3omac-
HOCTTa TIPH JIBIXKCHHE HA TPAHCIOPTHHUTE
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CPEICTBA M B YaCTHOCT BBbPXY ONTHMH3UPAHE
Ha TapaMeTpu U EJIEMEHTH OT OKa4YBaHETO.
3HaYMTENIHA YacT OT M3CJICBAHUATA Ca CBB-
3aHH C ONPEICNISTHE HAa XapaKTePUCTHKUTE Ha
IMHEBMAaTHYHUTE TYMHU Ha KoJjieJlaTa U BIUSHU-
€TO MM BBPXY TPEAKTOPHUATA HA JBHKECHUE HA
aBTOMOOMIIA.

HN3JI0KEHUE

IlenTa Ha HacTOAmMS MOKIAA € Ja ce
MPEACTABAT OCHOBHMUTE 3a/1ayd, METOJAUTE U
CpeICTBaTa 3a TAXHOTO PELIAaBAaHE U OYAKBa-
HUTE pEe3ydTaTH OT HAay4YHH W3CJIEABaHUS U
TSAXHaTa peanusanus B jJabopatopus ,,ABTO-
MOOUITHU MEXaTPOHHH CHUCTEMH‘‘ Tpe3 Mepu-
ona 2024 — 2029 roauHa, TPEIUMHO CbC
CpelcTBaTa, 3aKylE€HU U JOCTABEHU IO IPO-
ekTa B Jaboparopusta mnpe3 nepuona 2018 —
2023 roauHa, Npu pa3pabOTBaHE M M3CIIC/IBA-
HE Ha HOBHM U MOJICPHU3UPAHU aBTOMOOWIHU
MEXaTPOHHHU CHCTEMH, KAKTO 3a MO-T00pH
MOIIIHOCTHH, MKOHOMMYECKH U EKOJOTHYHU
MOKa3aTeJM Ha TPAHCHOPTHUTE CPEICTBA U
TEXHUTE JBUTATEIM, BKJIIOUUTEIHO C €JeK-
TPUYECKO U XUOPUIHO 3a/IB)KBaHE, Taka U 3a
MOBUIIIABAHE HA YCTOMUYMBOCTTA, yIpaBJse-
MocTTa M 0€30MacTHOCTTa Ha JABMIKEHHE Ha
TPAHCIIOPTHUTE CPEJICTBA.

3a mocTuraHe Ha IENTa L€ ce U3CieaBa U
ONTUMHU3Mpa paboTaTra Ha MEXAaTPOHHU CHC-
TEMH 3a yIpaBJIeHUE Ha MpolecuTe oT padorT-
HUs nUKbI Ha JIBI' u 3a ynpasineHue Ha CbB-
MecTHara pabota Ha [IBI' ¢ TpancMmucusTa B
71a00paTOpPHU yCIIOBUS U NP IIbTHU U3MUTBA-
Hus. Ille ce u3cnensar HOBU U MOJEPHU3HPA-
HU MEXAaTPOHHHU CHCTEMHM 3a IMOBMIIIABAHE Ha
YCTOMYMBOCTTA, YIpaBiIsieMOCTTa U Oe3omac-
HOCTTAa TpPH [BM)XEHHE Ha TPAHCIOPTHUTE
cpenctBa. HayuHo-u3cnenoBarenckust U mpu-
JIOKEH acCIeKT MPH aBTOMOOUJINTE C €JIEKTPU-
YeCKO M XUOpPUIHO 3aJBUKBAHE € CBHP3aH C
MPaBUIHOTO TPOEKTUPAHE Ha EHEPruiHUTE
npeoOpa3yBarenyu, OTAAaBallld €HEprusi B 3a-
xpaHBaumre Oarepuu. KitouoB MOMEHT ce
SBsIBA aHAJM3UPAHETO B JAMHAMHMYEH U YCTa-

HOBEH pEXHM Ha paboTa Ha JBYIOCOYHH
dc/dc mpeoOpa3yBarenu W OINpeneiastHETO Ha
SHePTUHHUTE 3aryOu, KOMTO Ca OCHOBEH II0-
KazaTeql Ipu OIpeleNsHe Ha IUTBTHOCTTA Ha
MOIIHOCTTA, pa3XOIUTe 3a OXJaKIaHEe W
CBBP3AHHUTE C TIX XapakTepucTuku. [loBuma-
BaHETO Ha €(EKTUBHOCTTA MOXE Jla OKaXe
3HAYUTEITHO BJIMSHHE BBPXY HamallsiBaHE Ha
3ary0ara Ha MOIIHOCT, KaTO CBIIECTBEHO
BIUSTHUE OKa3Ba TEXHOJOTHATA HA EJICKTPOH-
HuTe KiouyoBe, karo GaN unu SiC Ga3zupanu
TPAH3UCTOPH U METOABT Ha YIIpaBIICHUE.
OCHOBHU 3a/1a4H ca:

- W3cnenBaHe XapakTepUCTHKUTE Ha CbB-
PEMCHHUTC XI/I6pI/IZ[HI/I H CIICKTPHUYCCKU aBTO-
MOOWIH, ¥ M3MOJI3BAaHUTE B TAX €JIEKTPOJIBU-
rateiay, CUIOBH IpeoOpa3yBaTeiau, MEXaHUY-
Ha 94aCT 1 OCHOBHHU U3UCKBaHUsI.

- Pa3paboTka Ha MeTO/MKa 3a M3CIIC/ABaHE
Ha KOHCyMHpaHaTa U PeKylnepupaHa eHeprus
OT CJIICKTPUUYCCKU 3aJIBUKBAHO IIPEBO3HO
CPEICTBO.

- AHQIUTUYHO U CUMYJIAIIMOHHO M3CJIEII-
BaHE, B JIUHAMUYEH U YCTAHOBEH PEKUM, Ha
paborara Ha nBynocouHu dc/dc mpeoOpasy-
BaTeIM M OIpeJeNIsHEe HAa €HepruiHUTE 3ary-
ou.

- Pa3paboTka Ha Monenu M CHUMYJIALMOH-
HO TECTBAaHE HA CHUJIOBA TOMOJIOTUS U €JeK-
TPUYCCKHU ABUTATCIL.

- Pa3paboTka ¥ CHUMYJAIMOHHO H3CJEM-
BaHEe Ha MOJEIHM Ha €JIEKTPUYECKU BEITMUYUHU
- CWJIOBA TOTIOJIOTHS, €JICKTPUICCKH JBUTATE,
MeXaHMYEeCKa 4acT U YIIpaBJeHHUE.

- Monenupane Ha peXUMHUTE Ha padboTa
Ha CICKTPO3aJABUKBAHUSA IIPU PA3JIMYHU PC-
KUMHU Ha paboTa. AHAIN3 Ha MOJy4YEHUTE pe-
3yATaTH.

- H3cneaane Ha pabOTHHS Tpolec MPH
pabota Ha [/IBI" upe3 cHemaHe Ha UHAUKATOP-
HU JWarpaMmu, TsIXHaTa KOMIIIOTbpHA oOpa-
00TKa U onpeseNsiHe Ha BIUSHUETO My BbPXY
OCHOBHH TapaMeTpH, MOoKa3aTeIn M XapakrTe-
PUCTUKH TIpH paboTa ¢ HOBU, MOJCPHU3UPAHHI
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1 MOIU(UITUPAHU aBTOMOOWIIHM MEXaTpOHHU
CHUCTEMH.

- WscnenBane m mMomudunrpane Ha HOBU
MEXaTPOHHU CHUCTEMHU 3a YIpaBJICHHUE HA TIPO-
necure oT pabotHus HUKbI Ha [IBI, onpene-
JISTHE HA BIMSHUETO UM BBPXY MOIIHOCTHHUTE,
WKOHOMHMYHHU U €KOJIOTMYHHU ITOKa3aTelid upe3
nabopaTopHU U3MUTBAHUSI.

- H3cneasane u moauduuupane Ha HOBU
MEXaTpOHHU CHCTEMHU 3a YIpaBJeHUE Ha ChB-
MecTHara paboTa Ha JBHTrareliss U TPAHCMHU-
CHUsSATa U ONPEACIISIHE Ha BIUSHUETO UM BbPXY
MOIIHOCTHUTE, MKOHOMHUYHHU M EKOJOTHYHHU
MOKa3arejau 4ype3 JIabopaTOpHU M TBTHH H3-
MMUTBAHUS.

- MHM3cnenBane Ha KOJUYECTBOTO U ITOTOKA
Ha CHEeprus, pa3xo/ia Ha TOPUBO U EKOJIOTUIHH
MoKazareau TMpu XUOPUAHM TPAHCIOPTHU
CpeJCcTBa.

- 3D moxenupaHe, aHAJIU3H C U3IOJI3BaHE
Ha METO/Ia Ha KpaWHUTE CIIEMEHTH W H3CIIC/I-
BaHEC Ha BJIMSHUETO HA HAKOM TMapaMeTpu
BBPXY YCTOMYMBOCTTA W YIPABISIEMOCTTA HA
TPaHCIIOPTHHUTE CPECTBA.

MeroauTe M MOAXOAUTE 3a pElIaBaHE HaA
MIOCTaBEHUTE 3aJlaud, BKJIIOYBAT: pa3paboTBa-
HE HAa MaTeMaTU4YeCKH METOAU U MOJENH 3a
aHaJIU3 U OIpe/iesIsiHE Ha 3aryOuTe B CUJIOBH-
T€ eJIEKTPOHHU KJIIOUOBE Ha Mpeobpa3yBaTens
B nBynocounusi DC/DC npeobpasysaren. Cb-
BPEMEHHM IPOTPAMHU NPOAYKTH 32 MOJEIH-
paHe U CUMYJIHMpaHE Ha NPEXOJHH IPOLECH,
pa0boTa B yCTaHOBEH PEXKUM, 3ary0OH 1o BpeMe
Ha MIPEXOIHUTE MPOLIECH, 3aryOu B YCTaHOBEH
pexuM, 3ary0M B CHJIOBUTE TPAaH3UCTOPH Ha
cucremara Oarepus - CUJIOB €IEKTPOHEH Ipe-
oOpazyBarei - JBUTaTel.

MertoauTe ¥ TOIXOAUTE, Ype3 KOUTO CE
MIOCTUTAT MTOCTABEHUTE 3aJa4M 3a MoJ00psBa-
HE Ha MOIIHOCTHUTE, UKOHOMHYHU U €KOJIO-
TMYHH TOKa3aTeau npu pabota Ha [IBI" u npu
pabota Ha JIBI' ¢ TpaHcMucusitTa Ha HOBU U
MOZIEPHU3HUPAHU MEXATPOHHU CHCTEMHU BKIIHOU-
BaT U3IMOJI3BAHETO Ha MPOrpaMaTop U crerua-

au3upan copTyep, U3cieBaHe Ha MPOIECUTE
oT pabotHus nukbea Ha JIBI' B maGoparopHu
yCIIOBUSI Ype3 H3II0JI3BaHE Ha cHCTeMara 3a
nHauuupane Ha JIBI, m3non3Bane Ha QUHO-
CTEeH]I, ra3aHaju3aTop, TUMOMEp U Pa3xoJo-
Mep.

MeTtoaute U MOAXOAUTE 3a MOBUIIABAHE HA
YCTOMYMBOCTTAa W MOAOOpSBaHE yIpaBiisie-
MOCTTa Ha TPAHCIIOPTHUTE CPEACTBA HA HOBU
U MOJACPHHM3MPAHH MEXaTPOHHU CHCTEMH
BKJIIOYBAT: pa3paboTBaHe HAa CHUMYJIALMOHEH
MOJIeNT ¥ W3CJEABAHMs 4Ype3 W3IMOJI3BaHMs Ha
KOMILJIEKC OT E€KCIIEpUMEHTAIIHU ypeadu (Ja-
0OpaTOpHU U IIBTHH).

JlaboparopusTta pasmoiiara cbC ClenuaIm-
3upaHo 00OpyABaHE 32 HAYYHH W MPUIOKHH
W3CNeIBaHMs, 3aKyleHO IO MPOeKTa Tpe3
nbepBus eran (mpe3 nepuoga 2018-2023 ro-
JIMHA), KOETO IIle ce M3MOJ3Ba U Mpe3 HacTo-
sy eran. To BKIIIOYBA: CUCTEMa 3a HATO-
BapBaHE Ha 3aJIBIOKBaIIKUTE Kojiena (pur.l),
KoMOuHupaH ananoroBo-nudpos (ALII) u
uudposo-aHanoros npeodpaszysaren (LIAII) ¢
USB wunrepdeiic (¢ur.2), cnupadeH cTeHa u
TecTep 3a okayBaHe ((wur.3) u cucrema 3a UH-
nunupane Ha [IBI', BKitouBama ceH3op 3a
U3MepBaHe Ha HAJIATaHeTo Ha pabOTHOTO Be-
1IeCTBO B WIMHIBpa Ha JIBI' u komOuHMpan
ycuiBaTes ¢ mpeoOpa3yBaren Ha CUTHaJIa OT
censzopa (¢wur.4). M3non3Ba ce U JTOMBIHU-
TEJIHO O0OpyJBaHE - ra3zaHajlu3aTop 3a HU3-
MepBaHe Ha TOKCHYHHUTE KOMIIOHEHTH B OTpa-
6orunure razose Ha JIBI" (¢pwur.5).

Due. 1. JJlunamomempuuern cmend COSBER 4000
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QDue. 3. Cnupauen mecmep “BEISSBARTH
BD640* u mecmep 3a okausarnemo
“BEISSBARTH SA640*

Due. 4. Cenzop 3a usmepsaue Ha HANALAHEMO
Ha pabomHomo eewecmeo 8 yuiunovpa Ha J{BI"—
LAVL ZL45 “ u kombunupan ycuneamen ¢ npeoo-
pasysamen Ha cuenana om ceuzopa —,, AVL FI
PIEZO, Type 2P2E*“

Due. 5. I'az ananuzamop ,,DEK DG-04IR “

3a peanu3upaHe Ha IMOCOYEHUTE 3aJauH,
OCBEH HAJIMYHOTO 00OpYy/ABaHE € MPEIBUACHO
U 3aKyI[lyBaHETO Ha JOMBIHUTEIHO CIielua-
JIM3UpPAaHO 00OpyABaHE, BKIIOYHTEIHO U Ha
aBTOMOOMII ¢ XUOPUTHO 3a/IBUBHKBAHE.

B nmyb6nmkanuute ot 2024 rogunHa 10 cera
[1-4] ca HampaBeHM HSKOU CHUMYJIALMOHHHU
n3cleBaHUsl HAa KOMIIOHEHTH M IOKa3aTesu
Ha OEH3MHOBU [IBUTaTeNd U Ha OCH3MHOBU
JIBUTATEINN, paboTeny ¢ BTeUHEH He()TEH ras.

[IpoekTupanu U KOHCTPYUPAHU Ca pa3IUy-
HU ypelOH, CBbp3aHH C ONPEIEIIHE Ha IOKa-
3aTesd U KoHcyMatusu Ha [IBI" [5-6].

C uen HamansiBaHE BPEAHUTE €MHCHM OT
TpPaHCIOPTa € 0OO0CHOBAHO MPOBEKIAHETO HA
Hay4YHHM M3CJ€/BaHUs 3a IMOCTUraHE Ha IIOo-
e(EeKTUBHO M3MOJI3BaHE Ha eJEeKTpHUYecKara
€HEeprusi C pa3BUTHETO Ha XUOPUIHUTE WU
eJIeKTpuuecku apromobmnu. Ha m3nonsBanu-
T€ €HEepruiiHu MpeoOpas3yBaTenu ce H3BbPII-
BaT NpPOYYBaHUS, YUATO IIeNl € MOCTHUraHe Ha
BHUCOKa €(EeKTUBHOCT, PETylIMpaHe Ha MOLI-
HOCTTa Ha IpeoOpa3yBares, HUCKH €IeKTpPO-
MarHuTHU cMmyuieHus u np. B [7] e ussbpiue-
HO M3clie/iBaHe Ha (a30BO-yIpaBiIsieM MOCTOB
DC-DC npeobpa3zyBaren, cbC CUHXPOHEH W3-
MIPaBUTEJ, OCUTYpSIBAILl YCIIOBHS 3a MEKa KO-
MyTauusi Ha Tpansucropure (ZVS-PSFB) c
MPUJIOKEHUE 3a 3apeKaHe Ha OaTepHH.

Enextpuueckure npeBo3nu cpenctsa (EV)
U XMOpUJHHUTE eIEKTPUUYECKH MPEBO3HU Cpell-
ctBa (HEV) ce yrBbpX)aaBaT Karo KIOYOBH
TEXHOJIOTUH B MPEX0/ia KbM HUCKOBBITIEPO/I-
Ha MOOWIHOCT, OjarojapeHue Ha CIoco0-
HOCTTa MM Ja TpeoOpasyBaTr eJleKTpruuecKaTa
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eHeprusi oT OarepuuTe B MEXaHUYHO JBUXKE-
HUE C BHCOKAa €(PEKTUBHOCT. MexXaTpOHHHTE
CUCTEMH ca OT CBUIECTBEHO 3HAu€HHUE 3a
(GYHKIIMOHUPAHETO Ha enekTpomoOmute. Te
BKJIIOUBAT €JIEKTPUYECKH JBUTATEIH, €JIeK-
TPOHUKA 3a YIPABJIICHWE HAa aBTOMOOWIA H
cuctemu 3a Oe3zomacHocT. CTpykTypara Ha
EV BkouBa HSKOJKO OCHOBHH OJIOKa:
M3TOYHUK Ha eHeprus (Oarepusi), eIeKTpUye-
CKM TIpeoOpaszyBaTeid, EIeKTPOJABUTATEN U
cucrema 3a ynpasienue. [Ipu HEV nonbianu-
tenHo npucherBa [IBI, koiito padotu B cu-
HEeprus ¢ ejeKTpuyeckara cucrema. M360pbT
Ha EJICKTPOJBUraTe] € KPUTUYEH 3a ISJIOCT-
HaTa TMPOU3BOAUTEIHOCT HA MPEBO3HOTO
cpenctBo. Hait-uecto uznonsBanu ca PMSM
u BLDC aBurarenu, KOuTo mpeajiarat BUCOKa
e(EeKTUBHOCT, KOMITAKTHOCT ¥ HHCKH 3aryOu.
Brrpeku ToBa, IPEBKIIOYBAEMHUST PEAKTUBEH
nsuraren (SRM) v acCUHXpOHHUST ABUTaTeNl
CHILI0O HAMHpAT MPHUIIOKEHUE TMOpPau CBOSITA
YCTOMYMBOCT M HHUCKA II€HA, MaKap U C KOM-
MIPOMHUC B aKyCTUYHHUS KOM(OPT U ympasise-
MOCTTA.

Enexrpuyeckure npeodpasyBareinu UTpasT
LIEHTpajHa POJisi B YIPaABICHUETO Ha €HEp-
TUUHUS TOTOK IpPU EJIEKTPUYECKUTE U XH-
OpunHute apromoOunu. B enekrpuueckute u
XUOPUAHUTE aBTOMOOWIN C€ BHEAPSIBAT U U3-
moi3Bar Muorosxogosu DC-DC Tomonoruw,
KOUTO I03BOJISIBAT MHTErpalldsl Ha Pa3IMYHU
EHEePTUMHA U3TOYHHIN — OaTepUH, CYyNEePKOH-
JI€H3aTOpU, TEHEPaToOp U CIbHUYEBU MAHEIN —
B elHa cucrtema. Te3u pemieHus nogoOpsBar
I'bBKaBOCTTa M HAJEXKIHOCTTa Ha 3axpaHBa-
HETO, Karo ChIIEBPEMEHHO ONTUMH3UPAT
eHepruifHata eQEeKTUBHOCT 4Ype3 WHTEIHU-
TeHTHO yIpaBlieHue Ha Bxoposere. Hemocra-
TBIUTE BKJIIOYBAT CJIOKHOCT Ha yIIpaBJICHUE-
TO, TIOBHIIIEHU 3aryou mpu mpeoOpa3yBaHe U
HEOOXOMMOCT OT JONBJIHUTEIHA 3alluTa
Cpellly IpeHanpexeHusl.

dur. 6 mokaszBa paboTa Ha JBYNOCOYECH
TpaHchopmaropeH npeoOpasyBaren ¢ ¢Gpa3zoBo

yIpaBieHHe B MMOHIKABal] pexXUM Ha padora
Y OTJIaBaHE HA EHEPIHsi KbM TOBapa.

®dur. 7 moka3Ba paborara Ha ChIIUS Ipe-
oOpasyBares B MOBHIIABAL] PEXKUM Ha paboTa
U OT/JaBaHE Ha €Heprusi OT ToBapa KbM 3a-
XpaHBaIIHs U3TOYHUK.

3300W\|

HV Suppy ¥ e -

Due. 6. /[synocouer npeobpazysamen
EVAL 3K3W BIDI PSFB 6 nonudicagawy pexcum
Ha paboma [8]

LV Supply

HV Supply

Due. 7. /leynocouen npeobpasysamen
EVAL 3K3W BIDI PSFB ¢ nosuwasauy pedxcum
Ha paboma [8]

B pabota [9] e wuscnenaBana pabGoTHaTa
TEeMIEepaTypa Ha JIBOEH MHOTOJIUCKOB ChEIH-
HUTEI, Ype3 U3BBPIICH TEMIIEPATYPEH aHAIIN3
¢ m3noimsBaHe Ha MKE um upe3 mposeneHu
€KCIIEPUMEHTAIHU U3CIIEABAHUS 32 OIPEIEIIs-
HE Ha TeMmIiepaTypara Ha MacjoTO B Ipe/iaBa-
TENHaTa KyTus, TeMmIepaTypaTa Ha OXJIaau-
TeJIHAaTa TEYHOCT U TeMIepaTypaTa Ha CheIu-
HUTENUTE NPH ChbBMECTHATa paboTa Ha JBUTA-
TeJsl U TPAaHCMUCHSTA C IMarHOCTUYHA arapa-
Typa VCDS u upe3 u3nosi3BaHe Ha JWHAMO-
MeTpuueH creHa (¢ur.l) mpu ompeneneHu
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yCcloBHs Ha paboTa Ha aBTOMOOWJIA — pas-
JIMYHU TBTHH CHIIPOTUBJICHUS.

[Ty6mukamuu  [10-14] ca cBbp3aHu C
MPOBEJICHN EKCIIEPUMEHTATHU | CHMYJa-
[IMOHHU H3CIIC/IBAHUSI HA MapaMeTpu U KOM-
MMOHEHTH OT HE3aBHCHMHU OKAYBaHHs HA JICKH
aBTOMOOWJIM, KOUTO MOTAT Jla Ce MPUIIOKAT U
IpH U3clieABaHe U Moau(UIIMpaHe HA MeXa-
TPOHHHUTE MM CHCTEMH 3a YIPAaBJICHUE U KOH-
TPON Ha oOKauBaHWs. [Ipu ekcrepumeHTal-
HOTO M3CIIE/IBAaHE HA TPENTCHHATA Ha KOMIIO-
HEHTH OT OKAYBAHETO € M3IOJ3BaH TECTEPHT
3a OKauBaHE, KOUTO € YacT OT CHUCTeMaTa
mpencraBeHa Ha ¢ur. 3, a mpeoOdpa3yBaHETO
Ha QHAJIOTOBHUS EJIEKTPHUYCCKU CHTHAI B IIH-
bpoB e peanmuszapaHo 4Ype3 HU3IOJ3BaHE Ha
AUII, noka3ano Ha ¢wur. 2.

Due. 8. DC Power Supply

IIpu mpoBexnaHe Ha EKCHEPUMEHTUTE €
n3non3Bad 3axpanBan] Onok (DC Power
Supply), Ha ¢pupmata V&A Instruments, mo-
nen HY 1803D, noka3an Ha ¢wur. 8.

N3nonssan e u akcenepomersp ADXL335
(¢ur. 9), mpoussoxacTBO Ha pupmara ,,Analog
Devices®, KkoWTO wu3MepBa €THOBPEMEHHO
YCKOPEHHSITA 110 TPUTE OCH X, Y, Z.

Duz. 9. AKceJlep-OMembp ADXL335

Ha ¢ur. 10 e moka3aHO ISLTOCTHOTO
obopyBaHe 3a OIpenessiHe Ha MapaMeTpu Ha
TPENTeHUsST Ha OKAaYBaHE HAa aBTOMOOWII IPH
1a060paTOPHO M3MUTBAHE.

Pa3paboren e u BupTyanseH npudop ¢ mpo-
rpamara LabView, cTpykTypHara My cxema €
nokazana Ha ¢ur. 11, a Ha dur. 12 - npenaust
MaHesl Ha BUPTyaJlHUs nmpuOop. 3a JOMbIHU-
TeaHa 00pa0OTKa Ha JaHHWTE € HW3MOJI3BaHa
Ha nporpamara Matlab.

@Due. 11.Fnox-cxema Ha supmyanHus npudop 6
LabVIEW
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Due. 12. [Ipeden nanen Ha UPMYATHUS USMED-

samener npubop

3AKVIIOYEHUE

B HacTosmaTa ctaTus ca npeicTaBeHHu Oc-
HOBHMTE 3a/lauM, METOJUTE U CpeACTBaTa 3a
TAXHOTO pEIIaBaHE M OYAaKBAaHUTE PE3yJITaTH
OT HayyHU U3CJIECJBAaHMS U TIXHATa peanu3a-
uus B JlabopaTtopus ,,ABTOMOOWJIHM MeXa-
TpOHHHU cucTtemu* npe3 nepuonaa 2024 — 2029
roJMHa, MPEAUMHO ChC CPEJCTBATA, 3aKyIIEHU
U JIOCTaBEHU IO MPOEKTa B Jlaboparopusita
npe3 nepuona 2018 — 2023 roauna, npu pas-
paOoTBaHe M H3cJe/BaHE HAa HOBU M MOJEp-
HU3UpPAHU aBTOMOOWJIHM MEXaTPOHHH CHCTe-
MU, KaKTO 3a 10-100pH MOIIHOCTHHU, UKOHO-
MUYECKH U €KOJIOTUYHU IM0Ka3aTeau Ha TpaH-
CIIOPTHUTE CPENCTBA U TEXHUTE ABUTATEINH,
BKJIFOUHUTEIHO C EJNEeKTPUYECKO U XUOPUIHO
3aJIBUKBaHE, Taka M 3a IOBMILABAHE HAa YyC-
TOMYMBOCTTa, yMNpaBiseMocTTa U Oe3omact-
HOCTTa Ha JBW)KEHHE Ha TPAHCIOPTHUTE
CpeICTBa.

baarogapuocru

Tosa uzcnedsane e unancupano om Esepo-
netickus (oHO 3a pecuoHanHO pazsumue 8
pamkume na OII ,, Hayunu uscieosanust, uHo-
gayuu U OUSUMaIU3ayus 3d UHMeIUSeHMHA
mpancgopmayusn* 2021-2027 2., Ilpoexm Ne
BGI6RFPR002-1.014-0005 Llenmvp 3a Kom-
nemenmuocm,, "Humenuecenmuu mexampon-

HU, eKO- U eHepeOCnecmséauju cucmemu u
mexnoao2uu *.
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CUCTEMM U TEXHOJIOI'NU* - TABPOBO'2025

HAYYHOUM3CJIEAOBATEJICKA U ITPNJIO’KHA JIABOPATOPHA
KOHO®UT'YPALIUA CBC UHAYCTPHUAJIEH POBOT U MAIIIMHA C LITY

HYBRID RESEARCH AND APPLICATION LABORATORY PLATFORM
FEATURING INDUSTRIAL ROBOTICS AND CNC MANUFACTURING
TECHNOLOGIES

Tihomir Stoyanov'*%, Sevil Ahmed-Shieva"*", Nikola Shakev'*¢, Katya Madzharova-
Atanasova'?¢, Tanya Titova-Kosturkova'?¢, Borislav Penev'*!, Radoslav Hrischev!-#
and Andon Topalov!*h

'Faculty of Electronics and Automation, Technical University of Sofia, Plovdiv Branch
?Center of competence "Smart mechatronic, eco-and energy-saving systems and technologies"

a) stoyanov.tihomir@tu-plovdiv.bg; b) sevil.ahmed@tu-plovdiv.bg; c) shakev@itu-plovdiv.bg,
d) kmadzarova@tu-plovdiv.bg; e) t.titova@tu-plovdiv.bg,
f) bpenev@tu-plovdiv.bg; g) hrischev@tu-plovdiv.bg; h)topalov@tu-plovdiv.bg

Abstract

The paper is devoted to the current state, research directions and authors' view for the future development of the La-
boratory complex "Robotics and Intelligent Automation Systems". A research and application-oriented laboratory con-
figuration integrating an industrial robot and a CNC machine is presented. Computer Numerical Control (CNC) ma-
chines are an essential component of modern industry, widely used in sectors such as metal cutting, laser engraving,
welding, and beyond. In parallel, according to the International Federation of Robotics, the global number of industrial
robots has been growing exponentially over the past decade—by more than 10% annually. In light of these trends and
the rapid advancements in artificial intelligence, there is a growing need for research and implementation of algorithms
enabling the coordinated control of these two core components in automated systems—CNC machines and industrial
robots. The development of reliable algorithms for their collaborative operation is a key prerequisite for enhancing
productivity, quality, and responsiveness in modern manufacturing environments.

Keywords: Industrial robot, CNC machine, Robot-CNC machine collaboration.

BBBEJIEHUE

Hacrosmusar noknan mpencraBs Hay4HO-
u3cneaoBarencka jabopatopHa KoHpurypa-
U CbC MHJyCTpHUaJeH poOOT M MalluHa C
HITY, xosTo € yacT OT JlabopaTopeH KOMII-
nexc ,,POOOTHKA U MHTEIUIEHTHU CUCTEMH 32
apromaru3amnusa kpMm LIeHThp 3a KOMIETEHT-
HOCT “VIHTENIMT€HTHW MEXaTpOHHHU, €KO- H

€HEepProcnecTsIBald CUCTEMH U TEXHOJIOTUHU
Ha teputopusra TY-Codus, ¢umuan Ilnos-
TTUB.

MamuHuTe ¢ nudpoBO-IIPOrpaMHO YIIPaB-
nenue (LITY, CNC) ca Hem3MeHHa 4YacT OT
ChbBpEMEHHaTa MHIYCTpus B cpepu Kato, Me-
TaJOpsI3aHETO, JIA3ePHO TpaBUpaHE U 3aBapsi-
BaHe, 1 MHOro apyru. OT apyra cTpaHa cro-
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pen MexaynaponHara deaepaius no pobo-
TUKa OpOsAT Ha WHAYCTPUAIHUTE POOOTH B
CBETOBEH Maiiad ce yBeaudaBa JaBHHOOO-
paszHo mpe3 nocnenuure 10 roguHu — ¢ Haf
10% na roguna [1].

CrnenBaiiku Te3W TEHICHIIMHM U HampeIbKa
B o0JylacTTa Ha M3KYCTBEHMsI MHTENIEKT Ce 3a-
CIWJIBA HEOOXOJMMOCTTa OT U3CJICIBAHUS H
BHEIPSIBAaHUS Ha aJTOPUTMH 32 CHBMECTHO
yIpaBlIieHUE HA TE3U JIBA OCHOBHO KOMITOHEH-
Ta B €/lHa aBTOMaTU3HUpaHa CUCTeMa — Malllu-
nute ¢ LIITY u unnycrpuanaute podoru. Ha-
JUYMETO Ha HAACKIAHH AITOPUTMHU, KOUTO
MO3BOJISIBAT ChBMECTHATa UM paboTa € mpe-
MOCTaBKa 33 YBEIMYaBaHE Ha MPOU3BOIAUTEI-
HOCTTa, KayeCTBOTO M OBP30JCHCTBHETO HA
CHBPEMEHHOTO MTPOU3BOJICTBO.

XAPAYEPHA KOHOUT'YPALIUA

Hayuno-u3cnenoBatenckara JiaboparopHa
koHpuryparwus (Pur. 1.) ce cbeTon OT:

- mpu-ocha CNC mawuna(l);

- wecm-ocen manunynamop — Fanuc LR
Mate 200iD(2),

- nymm 3a ynpasienue na CNC mawiu-
Hama(3)

- cepso 3a06udceanus - ELAS - DA2(4);

- Yecmomen npeobpazysamen — DELTA
MS300(5).

@ue. 1. Hayuno-uzcnedosamencka 1abopamopra
KoH@ueypayus cve unoycmpuaned pooom u CNC
Mawuna.

1. Hnoycmpuanen pooom - Fanuc LR
Mate 200iD.
Fanuc LR Mate 200iD (dwur.2.) npencra-
BJISIBA IIECT-OCEH MHIYCTPUAICH POOOT, KOWTO
HMMa CJICTHUTE OCHOBHHU TEXHUYECKH JIaHHU [6]:

- Makcumanna mosaponocumocm: 7 ke
- Maxcumanen obcez: 717 mm
- Cmenenu Ha ceobooa: 6

- HHCI’I’ICUZCIL[MOHHCI noza. B8v3MOMNCHOCM
34 MOHmMasic Ha nO@, maeaH ujiu cmeHa.

Que. 2. Unoycmpuanen pobom —
Fanuc LR Mate 200iD.

[IynteT 32 ynpaBienue Ha pobor Fanuc
(Pur. 3.) e cBpp3aH ¢ Kaben KbM €NeKTpH-
YeCKOTO TabJoTO MoA caMusi poOOT, KbIETO
ce HaMHpa W KOHTPOJIEPHT My. PoOOTBHT e
HaCTPOEH Ja pabOoTH B aBTOMATHYECH PEXKHUM B
cuHXpoH cb¢ CNC MammHara.

Due. 3. Hodeuen nyam 3a ynpasierue Ha po-
6om — Fanuc LR Mate 200iD.
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2. CNC mawiumna.

Tpu-ocnatra CNC mamuna (Pur. 4.) ce
yIpaBisiBa 4ype3 IyJTHT 3a YIpPaBICHHE
(®ur. 5.), kolTO € 0bopynBaH cbe 17 THU
MaHeJ, MUIIKA U KJIaBHaTypa.

@ue. 5. I[lynm 3a ynpasaenue na CNC mawuna.

PaznuunuTe QyHKIMU 32 ymnpaBIeHHE MO-
raT Ja ce akTUBUPAT, KAKTO OT ThY IaHENa,
TakKa ¥ Ype3 MUIIKATa ¥ KJIaBHaTypaTa.

[TynTbT € M3paboTeH EProHOMUYHO U MO-
XKe J1a ce MecTH U QuKcupa B yao0OHa 3a ore-
paropa HOo3HIIHSI.

3. Ynpaenaseawo ycmpoiicmeo - Eding
CNC 600i.

CNC mammHaTa ce ynpasisiBa OT yIpPaB-
nsBaio ycrpoiictBo - Eding CNC 600i (®wur.
6.). YmpaBisBamoTo YCTPOMCTBO MOXe Ja
yIpaBisiBa JI0 MIECT OCH M € TPeJTHa3HAYECHO
3a MHAYCTPHUAIHU MPUIOKEHUS. YTIPaBlIeHU-
€TO MO AbpkKa BCUUKU cTaHaaptHu G, M u S
MallMHHA KoJoBe. MakcuManHata paboTHa
gecToTa Ha Besika ot ocute € 125kHz.

Duz. 4. CNC mawuna.

O6opynsan e cwc ,,START®, ,,STOP“ u
»EMERGENCY STOP* 6yToHu.

C 6yton ,,START* ce craptupa, a ¢ OyToH
»STOP* ce ciupa paboTa B aBTOMaTHYEH IIH-
kbl ,, EMERGENCY STOP* 6yToH ciyxu 3a
aBapuiiHO CIMpaHe Ha MallluHaTa W PoOoTa
IpH BH3HUKBAHE HA OMACHOCT. @uz.6. CNC 600i.
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4. Cepeo 3a0suxceanusn - ELAS - DA2.
3-te ocu Ha CNC MammHara ce 3aJJBUXKBaT
ot cepBo ynpasienus ELAS - DA2 (®wur.
7.). OCHOBHUTE TEXHUYECKH JaHHU Ha
CepBO ymnpasieHusTa ca [2]:

3axpanseawo Hanpescenue — 200-
230, V;

Yecmoma ua 3axpaneaujomo Han-
peaicerue — 50/60, Hz;

Homunanno uzxoono nanpesicenue-
200-230, Vac ~ 0-200, Hz (3asucu
om 8X00HOMO HanpediceHue);
Homunanen uzxooen mox — 3,5-6,5,
A (3asucu om mowHocmma Ha O8uU-
eames);

Maxcumanen usxooen mok — 10-15,
A(3asucu om mowHocmma Ha O8u-
eames);

Mowmnocm na oeucamens — 0,55-

11, kW.

@ue. 7. Cepso ynpasnenue - ELAS DA2.

5. Yecmomen npeoopaszyeamen -
DELTA MS300.

HInuemen MoTopa ce ynpasisiBa OT YeCTO-
teH mpeodpaszyBaten DELTA MS300 (Pwr.
8.). OCHOBHHTE TEXHHUYECKH JIaHHU Ha 4Yec-
TOTHUS TIpeoOpasysaren ca [3]:

Homunanno 3axpaneawo nanpe-
arcerue — 200-240, Vac;

Yecmoma ua 3axpansawomo Han-

peacenue — 50/60, Hz;

- Juanazon na usxoonama wecmoma
—0-599, Hz;

- Juanazon na uzxoomomo Hanpe-
acenue — 0-230, V;

- Ilpunosicum uzxooen moxk — 12,5, A;

- przo:)fcwwa MS’XO@HCZ MOouHoOCm —
2,2, kW/ 3, hp

Duz. 8. Yecmomen npeobpaszysamen — DELTA
MS300.

Te ca HacTpoeHu U pabOTIT B aBTOMAaTH-
YEH PEXUM.

6. 3awummna cucmema.

JlabopaTopHara KoHpUTypalus uMa 8 3aK-
JFOYBAIM CE€ MEXaHWYHO BPATH, JOIBJIHU-
TCIIHO OCI/IprCHI/I U C MAarHUTHHU CGHSOpI/I 3a
Oe3omacHocT — dwur. 9.

@ue. 9. Maznumnu censopu 3a 6€30nacHocm —
Telemecanique XCSZCI .
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Jlaboparopnara koHpurypamus pasmosara
U cbC cBeTNIMHHA KojoHa (Pur.10.) — curHa-
nu3vpaiia 3a pabOTHOTO ChCTOSIHME Ha CHUC-
Temara.

3eseHa CBETJIMHA:

- MHTa B 3€JICHO TP padoTa;

- CBETH IIOCTOSIHHO B 3€JICHO NpH M30paH
pexum “AUTO”.

UepBeHa cBeTIMHA:
- MUTa B YEPBEHO MIPU aKTHBHUpPaHa ajlapMa;

- CB€THU IOCTOAHHO B YEPBCHO IIPHU 38.,[[6171-
CTBAaH aBapHCH CTOII.

i =
Duz. 10. Ceemaunna KooHa.

CODPTYEPHO OBE3IIEYABAHE

1. Cog¢pmyep 3a npozpamupane na po-
oom — Fanuc LR Mate 200iD.

[ecr-ocHuar manunynarop — Fanuc LR
Mate 200iD, moxxe ma Objae mporpaMupan
KaKTO upe3 MOABIKHUSAT MYJIT 32 yIpaBICHHUE
- R-30iB (®wr. 11.), xoiiTo € obe3nedeH che
codpryep FANUC Robotics, Taka u upe3 odu-
[MUATHUAT cOo(Tyep 3a MporpaMupaHe W CH-
MyJUpaHe Ha pOOOTHU3MPAHM CHCTEMH Ha
Fanuc — ROBOGUIDE (®wur. 12.). Codrye-
ppT ROBOGUIDE mnpenoctaBs BB3MOXKXHOCT
3a MPOEKTUPaHe, TeCTBAaHEe M ONTHUMMU3ALUS HA
ey poOOTHU3UPAHU CUCTEMH, IOPH U Oe3 Ha-
TU4HreTo Ha pusmdecku podor [5].

@Due. 11. Iloosudicen nyam 3a ynpasienue -
R-30iB.

@ue. 12. Hzened na cneuuzmuwpauuﬂmhé;‘(})‘myel;”
- ROBOGUIDE.

2. Cogpmyep 3a npozpamupane na CNC
mawmunama — EdingCNC.
Crenanu3upaHusT codryep 3a mporpa-
mupane Ha CNC wmammuata — EdingCNC
(®ur. 13.), mpenoctaBsi Bb3MOXKHOCT 32 H3-
0JI3BaHe Ha (QyHKLIMOHAIHOCTH, KaTo [4]:
- Haii-kpaTko BB3MOXKHO Bpeme 3a
CNC npou3BojCTBO, OiarogapeHue
Ha anropursMma - Look Ahead Feed;
- M3nbiiHeHHE Ha peXUM Ha BilaraHe
32 MHOXECTBO NMPOIYKIINH;
- OnTUMH3WpaHH W3YUCICHHUS Ha
MI0JIaBAaHETO Ha BbpPXa Ha HMHCTPY-
MeHTa 3a (ppe3zoBaHe mo 4-ta oc,
0e3 cuylBaHE Ha MHCTPYMEHTa IO-
panu HENpaBUJIHO I[OJlaBaHe Ha
BbpXa Ha HHCTPYMEHTA;
- Komnencanus Ha oOpatHus yaap;
- IIponoprnuonanHo BpeMe 3a pas-
IphILaHE Ha IIMUH/ENA;
- OTkpuBaHE Ha KOJM3MU IpHU 3a-
pexxnane Ha G-Kof, 3aj1a4a mpejo-
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TBpaTsABallia IMOBpE€Aa Ha MallhuHa-
Ta.

BE0E 2E60 |15
Due. 13.1321e0 na cneyuanusupanuam cogpmyep
- EdingCNC.

3. Cog¢pmyep 3a npozpamupane na cepeo
ynpaenenusn — DriverCom.

Creunanu3upanuar copTyep 3a mporpa-
MHUpaHE Ha CEepBO yIpaBJCHUATA € —
DriverCom (®wur. 14.). [IpencrasisiBa guano-
rOBO TPHIIOKEHHE II03BOJISBAIIO HalIro/1e-
HUE W HAacTpPOWKa Ha OCHOBHUTE MapaMeTpu
Ha CepBO 3aBIKBaHETO. l[IpemocraBs BB3-
MOKHOCT 3a YIpaBJI€HHE MO CKOpOCT, MO3H-
WS ¥ BBPTSAI] MOMEHT.

@ ELAS_DriverCOM v1.15 BE x|
Real-time diagnostics Port
Cuntent (4] 0305 Velociy[pm] 118125 C coM1
DCUNKY] 287440  Velocty€RR [pis] 0 coM2
V-REF V] 0000  PosiiorERR [pk] 484 &
cOM
T-REF V] 0000  Tempersture [C] k] =
COM 4
PhaseU[a] 0381  UVWEncoder 2
Phasew/ [A] 0413 Encoder 272843 |
_ Modify |
Errors Save
Diiver READY
Export ->
Import <-
RFST ||
SCIPr 115200882
| Hint MODBUS Adde 4
Appicable Conlrol Mode: Pr.S FinwareVer 128

|| 906 roation DINK: 0n33

@Due. 14. Uzeneo na cneyuarusupanuam copmyep
- DriverCom.

4. Cog¢pmyep 3a npozpamupane na uec-
momuuam npeoopasyeamen — WPLSofft.
Creuuanu3upanuar copTyep 3a Mmporpa-
MHUpaHe Ha YECTOTHHUSAT MpeodpaszyBaTen € —
WPLSoft (®ur. 15.). To3u coptyep mo3Bosis-
Ba m3noi3BaHeTo U Ha PLC ¢dynkuuonamHo-
CTUTE Ha YECTOTHHs npeobpasysaten. [Ipeno-

CTaBsl Bb3MOYKHOCT 3a M3IOJI3BaHE Ha JIBA Me-
TOJla 3a IIPOrpaMUpaHe — Ype3 U3I0JI3BaHe Ha
Jaiep auarpaMu WM 4pe3 M3IMO0JI3BAaHETO Ha
KOMAaHJIHH PEJIOBE.

£ Svpiest - Do WP SE5

FEK|

Working
area

Ladder editing area

®ue. 15. Hzened na cneuuazzuéupciﬁzmm coghpmyep
- WPLSoft.

3AKJIIOYEHUME

IIpencraBenara HaydHOHW3CIEAOBATEICKA
naboparopHa KOHGUTYpalus ChC UHIyCTpHUA-
ner po6ot Fanuc LR Mate 200iD u mamuHa ¢
HIIY cb3paBa ycnoBusi KakTO 3a pa3BOMHA
Taka W u3cjemoBaTecKa aeiHocT. Hsakou ot
MJIAHUPAHUTE W3CJIEC/IBAHUS B AKTHUBHO CbT-
PYAHUYECTBO C MECTHH M YYXKIECCTPAHHU
YHUBEPCUTETH, HAYYHH OpraHU3alud U Ou3-
Heca KaTo C€ OCBIIECTBSIBAT BHCOKOKAYECT-
BEHU MPHUIOKHO-OPUEHTUPAHU H3CIEABAHUS
Y TEXHOJIOTMYEH U Hay4eH TpaHcdep Ha 3Ha-
HH4, ca:

* Pa3paboTka Ha HOBU aNrOpUTMH 3a
WHTEJIMIEHTHO YIpaBJICHHE Ha 3axXBalllallu
MEXAaHU3MU C U3IOJI3BAHE HA MOAXOIU OT W3-
KYCTBEHHUSI MHTENEKT (MallMHHO oOyueHwue,
pa3MHTa JOruKa, HEBpPOHHU MPEXH U Jp.).

* PaspaboTka u BHeOpsABaHE HAa CTPYK-
TYpH Ha CHUCTEMH 3a MPELU3HO MO3UIMOHUPA-
HE C TIPWIOKEHHE B POOOTOTEXHUYECKUTE
cUCTeMH (BKJI. U IPU MOOMIIHU poOOTH).

@ur. 18. [Ipencrassa eranu OT CbBMECTHA-

Ta paboTa Ha UHIYCTPUATTHUS POOOT KOH(PH-
rypauusi cb¢ MHIycTpHaieH pobot Fanuc LR
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Mate 200iD u mammna ¢ HIIY npu 3axaqa 3a
rpaBUpaHe BbPXY METAHU IUIOYH.

Due. 16. I pasupane

BaarogapHoctu

Tosa uscneosane e ¢punancupano om Eepo-
netickus (poHO 3a pecUOHATHO pazsumue 8
pamxkume na Ol ,, Hayunu uzcneosanus, umo-
sayuu U OUSUMAIU3aYUsi 3a UHMETUSEHMHA
mpancpopmayus“ 2021-2027 2., Ilpoexm No
BGI6RFPR002-1.014-0005 Llenmvp 3a kom-
nemenmuocm,, "Mnmenucenmuu mexampon-
HU, €KO- U eHep2OCNecmsawu Cucmemu u
mexHono2uu “
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MEKAYHAPOJHA HAYYHA KOHOEPEHIIUA
»MEXATPOHUKA, EKO U EHEPI'OCIIECTABAILIHA
CUCTEMM U TEXHOJIOI'NU* - TABPOBO'2025

JIABOPATOPUA ,MHTEI'PUPAHU CUCTEMMU 3A IITPOEKTUPAHE U
MMPOU3BOJACTBO B ABTOMOBUJIHATA UHAYCTPUSA“ 2018-2023

LABORATORY ,,INTEGRATED SYSTEMS FOR DESIGN AND
PRODUCTION IN THE AUTOMOTIVE INDUSTRY* 2018-2023

Valyo Nikolov!?

Pepo Yordanov'?

Technical University of Sofia, Plovdiv Branch, 25 Tsanko Dyustabanov Str., Plovdiv, Bulgaria !

Center of competence "Smart mechatronic, eco-and energy-saving systems and technologies

Abstract

"2

An overview of the possibilities for execution research and innovation programs of the laboratory ,, Integrated systems
for design and production in the automotive industry “ at the Center of Competence ,, Smart mechatronic, eco- and energy-
saving systems and technologies”, revealed within the framework of the implementation of a project under contract
BGO5M20P001-1.002-0023-C01. The areas of scientific research and publications for the period 2018-2023 are sum-

marized.

Keywords: Automotive Industry; Center of Competence.

BBBEJIEHUE

JlaGoparopus ,,JIHTerpupanu cucremu 3a
MIPOEKTUPAHE U MPOU3BOJICTBO B aBTOMOOMUJI-
HaTa MHAYCTpUA™ € eHa OT JabopaTopuMuTe,
Pa3MoIoKEeHN Ha TEPUTOPHSITA HA TPETHU U YeT-
BBpTH yuebeH kopnyc Ha TY-Codus, punman
[InoBaus. T4 e gact ot L{eHTHpa 3a KOMIIETEH-
THOCT ,,JIHTEJIUT€HTHU MEXaTpPOHHH, €KO- U
€HEepProcrecTABalld CUCTEMH U TEXHOJIOTUHU,
Pa3KpUT B PAMKHUTE Ha U3IIBIHEHNE HA MIPOEKT
o gorosop BGOSM20P001-1.002-0023-C01,
¢unancupan or OnepatuBHa nporpama ,,Ha-
yKa u o0pa3oBaHHe 3a UHTEIUTCHTEH PAacTex
2014-2020%, cwpunancupana ot EBpomneii-
CKHsI ChIO3 Upe3 EBpOINENCKUTE CTPYKTYPHU U
MHBECTULMOHHU (oHpoBe. [lepuoasT Ha u3-
neiiHeHHWe Ha 1npoekta € 30.03.2018 —
3011.2023 1.

Wsrpaxxnanero Ha nabopaTopusita 3aro4yHa
Ha 26 tonu 2019 r. ¢ odunmanHa nepeMoHus
»1I'bpBa KOMKa*, ¢ KOSATO CTApTHPA PEMOHTBT U
IIPEYCTPOMCTBOTO Ha 4YacT OT CBLIECTBYBa-
mjara crpaja Ha TeXHU4YecKH YHUBEPCUTET -
Codus, ¢umman Ilnoaus - Tperu yueben
KOpIyC.

OdunmanHOTO OTKpHBaHE Ha JlabopaTop-
HUTE KOMIUIEKCH U Jipyra UHQpPAcTPyKTypa €
u3BbpiIeHo Ha 29.05.2021 r. Ha HepeMoHus,
CBhCTOsUIa c€ B JBOpa Ha crpajgara Ha TY-
Codus, ¢umman IlnoBauB Ha yn. "Llanko
JrocTtabanoB* Ne 8.

[TonGopbT Ha U3CIIEAOBATENICKUS CHCTAB Ha
naboparopusara 3amoyHa U CE€ U3BBPIIM Ha
eTarna Ha IMOATr0TOBKA Ha MPOEKTHOTO MpeJijIo-
xeHue npe3 nepuona 2016 - 2017 ronuna, a
Ha3HauaBaHETO ce peanusupa npe3 2020 ro-

217

Toszu dokymenm e cv30aden 6 pamkume na Ilpoexm Ne BG16RFPR002-1.014-0005 Llenmuvp 3a komnemenmnocm
"HnmenueseHmnu MexampoHhu, eKo- U enepeocnecmsagawu cucmemu u mexronozuu”, unancupan om Ilpoepama
., Hayunu uzcnedeanus, unosayuu u oueumanusayus 3a unmenueenmua mparcgopmayus ™ 2021-2027 .
(IIHUUTUT), cvpunancupana om Eeponetickus cvio3 upes Egponeiickus (hoHO 3a pecuoHaIHo pazeumue

MHOBALIUM U AUTUTANU3ALNA 3A
WHTENWIrEHTHA TPAHC®OPMALMWA



CuthuHaHcupaHo ot
EBponeiickus chi03

3nenHHTEHA areHIHA ™
.IIporpama 3a oGpazoBaHHe"

MPOrPAMA
HAYYHU U3CTNEOBAHUA,

auHa. OCBEH MPeIBUICHUTE HAYIHHU MIPOYyYBa-
HUS U U3CJICIBAHUS, 3CIICA0BATCIUTE U3BBP-
IIBAT [OJIrOTOBKA HA TEXHUYECKH CIIeU(pHKA-
IIUU 3a 00sIBsIBAHE Ha OOIICCTBEHU MOPBUKH,
OpraHu3aiysi Ha JOCTaBKHTE, MOHTaXKa, Bb-
BEXK/IAHETO B €KCILIOATAIMs Ha 000pY/IBAHETO
Y y4yacTBaT B 00y4EHHsI Ha CIICIIUAIMCTH 32 pa-
0oTa ¢ Hero oT pUPMUTE — JOCTABUHIIH.

N3JI0KXEHHUE

B nepuosa Ha u3IbJIHEHHE HA IPOEKTa Jia-
6oparopus ,,IHTerpupanu CUCTEMH 32 IPOCK-
TUpPaHE U IPOU3BOJCTBO B ABTOMOOMIIHATA HH-
nycTpus e o03aBesieHa ChC CIEIHUTE Hayd-
HOM3CIIEI0BATEICKU MAIIMHU U ChOPBKEHUS,
ChC CHOTBETHUS CIICIMATN3UPAH COPTyep.

1. Cucrema 3a u3cjieaBaHe, aJaNTHBHO
yhpaBJ/ieHHe U ONTHMH3AIUS HA NPOU3BOJI-
CTBEHHS MPOIleC HA JeTAWJIN B aBTOMOOH-
JocTpoenero (¢pur. 1)

Duez. 1. Cmpyeosoppezosu yenmovp ST10Y

OCHOBHUSAT KOMITOHEHT Ha Ta3u CHCTEMa €
BUCOKOIIPOU3BOTUTEIICH JBYIITTUH]IEIICH
ctpyroBodpeszosu nentsp ¢ LITY, Y u C ocu,
ST10Y na ¢upmara HAAS AUTOMATION
(USA). Hdonbanurennust mmuaaen (¢ur. 2)
MO3BOJISIBA OKOHYATETTHU 00paboTku 0e3 cHe-
MaHe Ha JeTaia.

@Due. 2. Pabomno npocmpancmeo wa ST10Y

JIBaHasieceTno3MMOHHATa XUOpHUIHA pe-
BOJIBEpHa II1aBa ((hur. 2) MO3BOJIsIBA U3MOI3BA-
HETO Ha MIECT CTPYTrOBU W ILIECT BBHPTSIIHU Ce
MHCTpyMEHTH. ToBa pasmupsiBa Bb3MOXKHO-
CTHUTE Ha MallIMHAaTa 33 U3BBPIIBAHETO CTPYTO-
BaHe, (pe3oBaHe, MPOOMBaHE HA OTBOPHU U Ha-
ps3BaHe Ha pe36u. Hamnunero Ha Y u C ocu
103BOJIsIBA 00pabOTBAHETO Ha CIIOKHU MOBBP-
XHMHHU, a aBTOMaTU3MpaHaTa CHCTeMa 3a W3-
MepBaHe Ha MHCTPYMEHTA — POCIIe/ITBaHe Ha
HEroBOTO M3HOCBAHE B IIpolieca Ha U3padoTKa.

B HAaYYHHUTC H3CICABAHUA € MNPCABUACHO
Ta3u CUCTEMa J1a Ce U3I0JI3Ba 3a ONTUMHU3AIUS
Ha TEXHOJIOTUYHUTE TPOIIECH, pa3paboTBaHe
Ha CTpaTeruM 3a aJalTHBHO YIpaBJIeHHE U
HOBYU UHCTPYMEHTH.

2. BwucokockopocTeH BEPTHKAJIEH
oopadorBamy wmentep ¢ HIOY m S
ynpasJjasiemu ocu (HAAS UMC 500 SS)

Oo6paboTBaHeTo Mo 5 ocu € e(eKTHUBHO
CPEICTBO 3a HaMajsiBaHe Opos Ha HacTpoii-
KMT€ M TIOBMIIABAaHE Ha TOYHOCTTa IpPHU
CIIOKHU OETalIU U AeTaillJId ¢ MHOT'O BHLHIITHU
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NOBbPXHUHH. [10-KbCHTE XO0BE Ha YHHBEp-
canaus o0padotsam eaTsp HAAS UMC 500
SS (dwur. 3) mo3BossBat 3+2 ocHO 00paboOT-
BaHE U €IHOBPEMEHHO 00paboTBaHe 1Mo 5 ocu
Ha komrtaktHu neraitmn. UMC 500 SS e o0o-
pyJBaHa C BHCOKOCKOPOCTEH HIMHUHIEN, YCT-
POMCTBO 32 CMsIHa Ha HHCTPYMEHTH M BBPTSINA
Maca turn JoJika (B u C ocu) ¢ nen namans-
BaHE BPEMETO Ha Iporpamara U IMOBHUIIIABaHE

Ha NPOU3BOAUTCIHOCTTA.

Q@ue. 3. Bepmukanen oobpabomsawy yenmovp UMC
500 SS

Cucremara 3a aBTOMaTU3UPaHO U3MEPBaHE
Ha JieTallyla ¥ MHCTPYMEHTA J1aBa IMIMPOKH Bb3-
MO>KHOCTH 32 HayYHM M3CJIe/IBaHUs B 001acTTa
Ha HACTPOWKHUTE W IOJHACTPOMKHUTE HA Ma-
muHu ¢ LIIY, ycpBbpiieHcTBaHETO HaA IIpO-
1eca Ha 00paboTKa U MOI00psIBaHE HA KAYeCT-
BOTO Ha 00pabOTBaHUTE JETANIIN.

3. 3D ckenep (Artec Leo)

Ckanupaneto B 3D e MOIIEH MHCTPYMEHT
3a mpeoOpa3yBaHETO HA CIOXKHU (PU3MUECKH
noBbpxHUHHU B CAD ¢opmat. CkenepsT Artec
Leo (¢wur. 3) e nmpennasHaueH 3a BUCOKOCKO-
pPOCTHO ILU(POBU3UpPAHE HA peaHH, KaKTO

MaJIKu MEXaHUYHH, TaKa U TOJISIMO rabapUTHH
neraiisid. [lonydeHuTe TeOMETPUYHU MOJEIIN
B STEP, IGES niiu X T dopmaru nomnexar
Ha cnenBama oopaborka ¢ CAD/CAM/CAE
coryep, C 11eTT HAyYHH U3CIEABAHUS Ype3 CU-
MyJaly, TeHepUpaHe Ha MAIIMHEH KO/ U 13-
paboTkaHa JeTailii C MeTaJopeXKely Ma-
IITMHY WU aIATUBHU TEXHOJIOTHH.

@ue. 4. 3D cxenep Artec Leo

3. Cucrema 3a npororunupase Ha 3D
AeTAlJIM B aBTOMOOMJIOCTPOEHETO

Cucremara 3a nporotunupane Ha 3D ne-
TalIM B aBTOMOOMJIOCTPOCHETO € MpeJHa3Ha-
YyeHa 3a n3paboTBaHe Ha CJIOKHU MPOCTPAHCT-
BEHU METAJIHU JIeTailliv 32 HOBU U MOJIEPHU3H-
paHu aBTOMOOWIIHM MEXaTPOHHU CHUCTEMU
ype3 aIuTUBHA TeXHOJIOorusl. OCHOBEH KOMIIO-
HEHT Ha Ta3u cuctema e 3D mpunTtep 3a Mme-
tanu EP-M260 (¢wur.5).

snid-3

092W-d3

\ V4

Due. 5. 3D npuﬁimepisa memanu EP-M260
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[TpuHTEpBHT PabOTH MO TEXHOJOTHS TIO-
CIOMHO H3rpaXkJaHE Ha JETAIM OT MeTall
Ype3 CEJICKTUBHO JIA3ePHO TOIICHE B MPAaXOBO
nerno (Metal Powder Bed Fusion, Selective
Laser Melting). IlpuatepbT MOXe na ce u3-
M0JI3Ba C IIMPOKA ramMa MaTrepuaid — MapTeH-
3UTHU U HEPBHKIACMH CTOMaHU; aTlyMHHHUECBH,
MEJIHU, THUTAHOBH, HHKEJIOBH, KOOAJIT-XpO-
MOBH CIUIaBH u Jip. [IpeaBuneHnTe HayYHH U3-
clieZIBaHUs ca B 00JIaCTTa HA BH3MOKHOCTHUTE
3a MPUJIOKCHHUE Ha TEXHOJIOTUATA B UHAYCTPH-
QJIHOTO TIPOM3BOJICTBO, KAaue€CTBOTO MU MeXa-
HUYHUTE XapaKTEPUCTHKH Ha H3PAOOTCHUTE
JeTaiIn, BIMSTHUETO Ha CIIeBAIY MEXaHUIYHU
1 TEPMUYHH 00PaOOTKHU U Jp.

4. Ilnockomumposbuna SHPH 30.63

VYHuBepcalHaTa IUIOCKONLIH(OBbYHA Ma-
mHa ¢ PLC ynpasnenue (¢ur. 6) e npeanas-
HaueHa 3a TOATOTOBKA Ha M3TPaXIAILIUTE
wiouyu Ha 3D npunTepa 3a metaniu EP-M260.

Due. 6. [Tnockownugosvuna mawuna SHPH
30.63

OcBeH TOBa Ta3u MalllMHA € TPeIBUJICHA 3a
oOpa®oTBaHe W M3ClIe[IBAaHE Ha JIPYTHd HH]Y-
CTPHAJIHU U3/I€THS C TUIOCKU TOBBPXHUHH.

5. 3D npuntep 3a HeMerasu BigRep
STUDIO G2

Hemerannure marepuanu (mgacTMacu u
KOMIIIIO3UTHU MaTepualii) HaMHUpaT HIMPOKO
MIPUIIOKEHHUE B CbBPEMEHHUTE aBTOMOOUIIH.

Texnonorusra Ha 3D NPUHTUPAHETO HAB-
JIM3a B UHAYCTPHUAIHOTO POU3BOJACTBO Ha Jie-
Talau OT Te3U MaTepUaId IOpPagud Bb3MOXK-
HOCTTA 3a [10JIy4aBaHe Ha OJICKOTEHU U3ENHNs
C 10CTaThb4Ha SIKOCT.

@Due. 7. 3D npunmep 3a nememanu BigRep
STUDIO G2

Mupokodopmarhus (c paboTHO MpOCTpaH-
ctBo 500x1000x500 mm) npuntep BigRep
STUDIO G2 (¢ur.7) no3BoisiBa rneyar Ha ro-
JeMH JeTalllM ¢ BUCOKa pa3feiUTeNIHa CIO-
cobnocrt (0,1-0,4 mm) OT BUCOKOKAaYECTBEHHU
matepuanu (PLA, ABS, ASA, BVOH, HI-
TEMP, HI-TEMPcf, PLX, PETG, ProHT,
TPU, PA6/66 u nap.) mo TeXHOJIOTUATa
FDM/FFF (Fused Deposition Modeling/ Fused
Filament Fabrication). Pasnoo0pa3ueTo Ha u3-
MOJI3BaHUTE MaTEPUaAIH, KOHTPOJIUPAHHUTE T1a-
paMeTpu Ha IeyaTHUS POLeC U TeMIIepaTypu
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Ha ekctpyaepure (2 Op.), paboTHara Maca, pa-
0oTHaTa Kamepa 1 KOHTEitHepa 3a ChbXpaHeHHe
Ha (puameHTa JaBaT MIMPOKH BB3MOXKHOCTH
3a HAyYHH U3CIICABAHMS HA MHOYKECTBO XapaK-
TEPUCTUKU HA Ka4eCTBOTO HA TedYaTa U roTo-
BUTE U3JICIHSL.

6. MammuHa 3a TepMH4yHa o0paldoTka
Ha JeTaiiau, u3padorenu ¢ 3D npuHTep
MamuHara 3a TepmuyHa 00paboTka Ha Je-
Talln, KOSITO € IporpamMupyeMa My QesHa mety
Witeg FHP 63 (¢wur.8), e npeanasnayena 3a
Hay4YHM W3CJE/IBaHUs Ha BIIMSHUETO HA Tep-
MHUYHaTa 00paboTKa BBPXY CTPYKTypara M
MEXaHUYHUTE XapaKTepUCTUKU Ha Jerailiy,
MPOU3BEACHN 4Ype3 TexHosoruute Ha 3D
IPUHTUPAHETO.

?a;—wﬁ - - -

‘ (AR RENERRAT] [RERERER!
i b7

L

(Dz. 8. Ilpoecpamupyema mypenna newy Witeg
FHP 63

[Ipe3 nepuona 2022-2023 r. OT uU3cienoBa-
TEJCKUSl ChCTaB Ha Jiabopatopus ,,IHTerpu-
paHU CHCTEMH 3a MPOECKTHPAHE W MPOU3BOJI-
CTBO B aBTOMOOUJTHATa UHAYCTPUS ca U3BBP-
LIEHW HAayYHU U3CIIEBAHUS, KATO IIOJyUYEHUTE
pEe3yATaTH OT TAX Ca IPEACTABEHU B 24 HaAyYHU
nyONMKalKy B CTpaHaTa M 4yKOMHA, 7 OT KO-
UTO ca pepepupan B CBETOBHUTE Oa3u JaHHM.

OcHoBHUTE 00JacTH HAa MPOBEJACHUTE Ha-
YYHH HU3CIIEABaHUS ca:

1. AJUTHBHHM TeXHOJIOTMH 3a TMPOU3-
BO/JICTBO U MEXAaHUYHH XaAPAKTEPUCTHKHU HA
MOJIMMEPHU U3/1eTus

® U3CIIC/IBAHE HA BIUSIHHETO Ha CKO-
pOCTTa Ha 1eyar u AeOeInHaTa Ha CJI0s BbPXY
TOYHOCTTA Ha OTBOPH U aJIXE3UATA MEXTY CJI0-
esere nipu 3D neuar [1], [2] [3];

® U3CIIE/IBAHEC HA MEXAHUYHUTE XapaKTe-
PUCTUKH Ha TIOJIMMEPHU U3JEIHS C TIPHIIOKE-
HUE B TBTHOTO CTPOMUTENICTBO [4];

e Ompe/eNsHE Ha CTATUYHYS U TUHAMUY-
HUS MOAYJ Ha JHUHEWHHU nedopMaluu Ha ap-
MHUPaHH TOJIMMEPOESTOHHN KOMITO3UTH C SMOK-
CUJHA MaTPUIlAa U MUHEPATHHU JTUCIICPCUOHHU
meiHATENH [5], [6], [7].

2. Texnosorum 3a odpadoTka 4pe3 ps-
3aHe HA CBPBXTBBPAU MAaTEPHAIH

e  MaTeMaTHYHO MOJeJIUpaHe Ha KUHEMa-
TUKaTa ¥ TUHAMHKATa Ha JIMCKOBA CHCTEMa 32
BUOPAIIMOHHO psi3aHEe HAa ONTUYHU 3arOTOBKHU
(81, [91;

®  CKCIEPUMEHTAIHO U3CIICABAHE Ha Tpa-
[IaBOCTTa Ha IOBBbPXHUHUTE NpU BHOpaLU-
OHHO psI3aHE Ha ONTUYHU 3aroToBku [10].

3. Crpykrypa, TepMHUYHA U MEXaHUYHA
00padoTKa, MeXaHW4YHH XAPAKTePHCTHKH
HA MeTaJIu U MOAN(UUIMPAHU AJTYyMUHHEBHU
CILUIABH C NMPHJIOKEHHE B aBTOMOOHMIOCTPO-
eHeTo

e  aHaJM3 Ha BIUSHUETO HAa TEPMHYHATA
00paboTKa BBPXY CTPYKTypara U MeXaHHY-
HUTE XapaKTepUCTUKHM Ha MOJIU(pULUpPaHU
anrymuHueBu criasu [11], [12];

®  CGKCIIEpUMEHTAJIHU U3CJEIBaHUsA Ha
BIMSHMETO Ha TepMHUYHATa 00paboTKa BBPXY
CTPYKTypaTa U MEXaHUYHHUTE XapaKTEPUCTUKH
Ha jetaiiau ot Cu 99.9, uzpaborenu upes cTy-
neHa riactTuaHa aedopmarus [13];

e  U3CIIeJIBAaHUS HA KOPO3UATa HA MOJHU-
(bunupanu aTyMUHHUEBH CIIJIaBU B arpeCHUBHU
cpenu [14], [15];
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4. TeopernyHu U3CJIeABAHMS HA MOBe-
AeHNeTO0 Ha MOAM(UIMPAHU ATYMHHHEBH
ciiiapu ¢ CAE codryep npu craTU4HU U
HMKJIUYHA HATOBAPBAHUS

®  U3CIE[BAaHE Ha BIMSIHUETO Ha pas-
JUYHU TEPMHUYHU OOpabOTKH BBPXY IOBele-
HUETO Ha MOIUQPUIUPAHU  ATyMHHHUCBH
CIUTaBU MPY KOMOMHUPAHU CTATUYHU HATOBAP-
Banus [16], [17];

®  U3CIEe[BaHE Ha yMOpaTa U MyKHATUHO-
YCTOWYMBOCTTA Ha MOAUDULIMPAHH aTyMUHU-
€BU CIUIABU MPHU PA3TUYHU PEKUMHU HA TEPMO-
obpaborka [18], [19];

5. TexHosorum 3a MexaHU4YHA o00Opa-
00TKa, aJAaNITUBHO yNpaBJ/ieHHEe U AKTHBEH
KOHTPOJI, MeTaJIOpe:Kellli HHCTPYMEHTH
NPU MHOTOOCHHM CTPYroBH M (ppe3oBH Ma-
muHu ¢ [ITY

e  K3ClIeJIBAHE HA BIUSHUETO HA MHUKPO-
CTPYKTypaTa Ha MaTepualia ¥ TeOMETpUATA Ha
pEeXeluss UHCTPYMEHT BbPXY KadecTBOTO Ha
00paboTBaHUTE MOBBPXHUHH IIPH JCTANHIH OT
anymuHueBu ciuiasu [20], [21];

e  METOJIMKA 32 aJalTHUBHO YIIPaBJICHUE U
aKTUBEH KOHTPOJI TIpH (Ppe3oBaHe HA MPABOB-
rblieH K00 [22];

e  H3ClleJIBaHE HA CTAOMIHOCTTA MpU 00-
paboTBaHe Ha BHTPEIIHU POTAIMOHHU MOBBHP-
XHUHHU cbe cTpyr ¢ LITY [23];

®  CKCIIEPUMEHTAJIHO M TEOPETUYHO W3-
cieBaHe Ha COOCTBEHUTE YECTOTH Ha aHTHU-
BUOpalMOHHA maHra [24].

3AKVIIOYEHUE

BucokoTexHOIOrn4HOTO 000py/IBaHE U €KC-
nepTu3aTa Ha H3CIEAOBATEICKUSA CbCTaB HaA
naboparopust ,, IHTerpupanu cucTeMu 3a Ipo-
eKTHpaHe M MPOM3BOJICTBO B aBTOMOOMIIHATA
WHIYCTPUS € MPEANOCTaBKa 32 U3BBPIIBAHE
Ha HAay4YHU U3CJIEIBAHUS HE CaMO B TOPENOCO-
YeHUTe 00JIaCTH, HO U B JAPYTU HAIpaBJICHUS
Ha aBTOMOOHIIOCTPOCHETO.

baaropapuocTtu

Tosa uscnedsane e gunancupano om Eepo-
neuckus (QOHO 3a pPecUOHAIHO pazsumue 6
pamxume na OII ,, Hayunu uzcrnedsanus,, uno-
aUUU U OUSUMAIU3AUUSL 3d UHMENUCeHMHA
mpancpopmayus“ 2021-2027 2., Ilpoexm No
BGI6RFPR002-1.014-0005 Llenmvp 3a xom-
nemenmuocm,,  "Humenucenmuu — mexam-
POHHU, eKO- U eHep2OCnecmAsaU Cucmemu u
mexnonocuu
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Abstract

Laboratory 6.2 “Disperse systems and rheology in clean technologies” within WP 6 “Nano-structured materials
and disperse systems in clean technologies” aims at the development of new systems for clean technologies and nano-
technologies in various scientific and technological areas: new cleaning agents for hard surfaces; encapsulation and
controlled release of reagents; wetting and dewetting processes. The main objectives are to conduct experimental and
theoretical research and development of new dispersed systems through the inclusion of new raw materials and innova-
tive materials, and to develop and apply theoretical models of the interactions and stability of complex dispersed sys-
tems.

High scientific output of Lab 6.2 is manifested via 21 scientific publications in the fields of Dispersion Chemistry,
Chemical and Materials Sciences for the period 2018 — 2024 (8 articles in QI journals, 6 in Q2, and 7 materials in
04). Optimized compositions of cleaning formulations for hard surfaces with sulfonated methyl esters have been ob-
tained [1]. New theoretical models for the interactions that determine the structures in micellar systems have been
developed and applied [2]. New phenomena such as vortexing [3] and nanoemulsification [4] have been described.
New methods have been proposed for obtaining emulsions and foams from triglyceride phases [5]. The role of the com-
ponents and compositions for the rheology [6], wetting, and cleaning [7] has been demonstrated.

Keywords: disperse systems, rheology, clean technologies, wetting, emulsification, theoretical modeling

1. INRODUCTION

The volume of scientific research in the
field of colloid chemistry, which includes
dispersed systems, surface phenomena, nano-
particles and nanomaterials, has grown steadi-
ly over the last 30 years: this can be seen from
the increasing impact factors of journals in the
Nanotechnology and Dispersion Chemistry
thematic areas, and is due to the fundamental
and applied importance of these fields [8,9].

The areas in which the most intensive re-
search is conducted are:

» Synthesis and analysis of the properties
of new micro- and nanostructured materials
with new mechanical, thermal insulation, cat-
alytic, optical and magnetic properties.

* Disperse systems in the protection and
purification of the environment, such as filtra-
tion and absorption systems for water and gas
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purification; sensors for detection of pollu-
tants based on nanostructured surfaces.

» Synthesis and characterization of proper-
ties of new wetting and cleaning preparations
based on micellar and polymer solutions, with
applications in clean technologies, and specif-
ic to the surfaces to be cleaned and the type of
pollutants.

Laboratory 6.2 “Disperse systems and rhe-
ology in clean technologies” within WP 6
“Nano-structured materials and disperse sys-
tems in clean technologies” focuses on the
development of new dispersed systems for
clean technologies and nanotechnologies in
the following areas:

« Stabilization of industrial products repre-
senting dispersed systems.

* New cleaning agents for hard surfaces
with technological applications.

» Methods for encapsulation and controlled
release of reagents in technological processes.

» Optimization of wetting and dewetting
processes in technological applications.

The main objectives are experimental and
theoretical research and development of new
dispersed systems through:

* Inclusion of new raw materials and inno-
vative materials;

» Development and application of theoreti-
cal models for the interactions and stability of
complex dispersed systems;

* Characterization and optimization of dis-
persed systems with technological applica-
tion.

Working closely with Laboratory 6.1. “In-
novative nanostructured materials” and estab-
lishing cooperation with the other laboratories
within the Center of Competence, and with
Bulgarian and foreign industrial companies,
will provide a stable basis for future devel-
opment.

The present material aims to demonstrate
the achievements and the capabilities of La-

boratory 6.2 “Disperse systems and rheology
in clean technologies”.

2. OPTICAL INSTRUMENTATION FOR
SURFACE AND BULK
CHARACTERIZATION

Optical attachment (Fig. 1) integrated with
the rheometer enables in-situ, frame-
synchronized imaging under shear/oscillation,
capturing droplet/bubble deformation, coales-
cence/breakup, alignment, and shear banding.
It supports transmitted/epi illumination, op-
tional crossed polarizers for birefringence,
and PIV analysis, and works with tempera-
ture-controlled plate—plate or cone—plate ge-
ometries without compromising gap or nor-
mal-force control.

An imaging ellipsometer (EP4, Accurion
GmbH, Gottingen) equipped with a focus
scanner (Fig. 2) provides quantitative, per-
pixel y/A mapping and model-based retrieval
of the film thickness and the optical constants.
The system: a) achieves ~1 um lateral resolu-
tion (optical-microscopy class, [10,11]) with
A-scale thickness accuracy on solid films; b)
supports single- or multi-wavelength opera-
tion in the visible/near-IR (350-1000 nm); c)
allows angle-of-incidence tuning (typically
40-75°) for optimum sensitivity.

Fig. 1. Optical attachment mounted on a TA In-
struments rheometer, enabling in-situ imaging
during shear and oscillatory tests on a tempera-
ture-controlled plate—plate geometry
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Interchangeable objectives (2%, 10x, 50x)
enable field-of-view versus resolution trade-
offs. Automated focus-stacking preserves
sharpness on uneven substrates and permits
stitched maps over mm-cm areas; time-
resolved acquisition tracks adsorption, swell-
ing, and crosslinking kinetics with second-
level temporal resolution. Measurements are
calibrated on Si/SiO: standards and fitted with
Cauchy models to extract the thickness (d),
the complex refractive index (n, k), and the
surface coverage.

The instrument supports both null ellipsom-
etry and rotating-compensator ellipsometry
(RCE) modes. A wet (liquid) cell enables in-
situ thickness measurements of layers under
water, and the EP4 can be coupled to a Lang-
muir trough to quantify the monolayer thick-
ness at the air/water interface. A mapping
mode resolves nanometric variations in thick-
ness/optical contrast across large areas, provid-
ing roughness/topography proxies with a high
spatial uniformity. In our laboratory, we have
extended the interpretation pipeline with addi-
tional analyses and custom visualization rou-
tines, improving confidence in fitted parame-
ters and facilitating correlative studies.

Representative data (Fig. 3) show a silicone
surface after drying a cationic surfactant layer,
with thickness/contrast heterogeneity con-
sistent with interfacial layer structuring [12].

Fig. 2. Imaging ellipsometer EP4 (Accurion,
Germany) used for per-pixel y/A mapping and
thin-film thickness retrieval

100 mM 2C,-DAC

Thickness, nm

4 2
ERE TR SRR L

dinm]

Fig. 3. Images of dry layers deposited from solu-
tions of 100 mM 2C8-DAC obtained by the ellip-
someter EP4 (Fig.2). The vertical sectional analy-
sis is shown as an inset

3. EQUILIBRIUM AND DYNAMIC
SURFACE PROPERTIES, SOLID
WETTABILITY AND LIQUID
FOAMABILITY

Drop Shape Analysis System DSA100E
(Kriiss GmbH, Germany) for surface wetting
studies with a tilting table, a dosing system, a
temperature control cell, and a surface rheol-
ogy module is shown on Fig. 4. The system is
designed for determining contact angles, sur-
face energy and wetting of micron drops on
solid surfaces, incl. inclined surfaces and un-
der different temperatures. Additional module
for characterizing of foam properties of dis-
persed systems extends further the capabilities
of the system.

The liquid deposition or the detachment
from solid surfaces have been characterized
[13] to optimize the composition of different
products (see Fig. 5).
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Fig. 4. Drop Shape Analysis System DSA100E
(Kriiss GmbH, Germany) for surface wetting stud-
ies with a tilting table, a dosing system, a temper-

ature control cell, a surface rheology, and a
foaming module

(@) E (b) E
(c) (d)

Fig. 5. Consecutive stages of silicone drop de-
tachment from a model surface [13]

The advancing and receding contact angles
have been measured, Fig. 6, and analyzed to
show the impact of different surfactants on
the wettability and to relate the observed ef-
fects to the structure of the deposited layers
[12].

Water Si-wafer
60
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Fig. 6. Contact angle of 3 ul water droplet on a
silicon substrate as a function of time after depo-
sition: 90 second on a horizontal substrate posi-
tion and 30 seconds during tilting to a vertical
position [12]

4. PARTICLE SIZE DISTRIBUTION IN
THE DISPERSE SYSTEMS

Laser diffraction system Analysette 22
NanoTec (Fritsch GmbH, Germany) is shown
on Fig. 7. The system allows for the meas-
urement and analysis of the particle size and
the size distribution in various dispersed sys-
tems — suspensions, emulsions, aerosols.
Thus, monodisperse nanoemulsions sponta-
neously formed from multiconnected micellar
phases [4] in the presence of different essen-
tial oils have been characterized, see Fig. 8.

Fig. 7. Laser Diffraction System Analysette 22
NanoTec (Fritsch GmbH, Germany)
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Fig. 8. Size distribution of the obtained limonene
droplets in 1 wt% w/w CAPB:SLES solution +30
mM MgCl; [4]

5. PERSPECTIVES

Innovative products with new raw materi-
als for cleaning and antibacterial effects will
be among the main targets of Lab 6.2 in the
next period. Other targets include: the optimi-
zation of surface wetting for process applica-
tions; developing theoretical models and ex-
perimental approaches for encapsulation and
controlled release of reactants in technologi-
cal processes. Main goal in the project
BG16RFPR002-1.014-0005, is to achieve
TRLA4, i.e. component and/or breadboard la-
boratory validation of a technology, where
basic technological components are integrated
and tested in a laboratory setting to demon-
strate that they work together.

The staff of Laboratory 6.2 has published
four scientific articles in 2025 so far, includ-
ing three articles in Q1 journals and one in Q2
[14-17]. Mass-transfer processes with im-
portant technological applications have been
studied both experimentally and theoretically:
spontaneous bubble growth in high-air-
solubility liquids and emulsion droplets (see
Fig. 9 and Ref. [14]), and volatile amphiphiles
between vapor and aqueous phases (see Fig.
10 and Ref. [15]). Polymers bulk confor-
mation and deposition on different surfaces,
e.g. hair [16] and silicon [16,17] has been

thoroughly investigated and described. Repre-
sentative images of polymer-silicone layers
deposited on Hair-like surfaces [16] are
shown on Fig. 11. The results obtained in
2025 has been presented to two international
conferences so far, with 1 oral presentation
and 3 posters.

Bubble in PP1 droplet in degassed water

t=0s 1mm t=95s t=180s t=285s

Bubble in PP1 droplet in ethanol

t=0s 1mm t=24s t=46s t=72s

o008

Fig. 9. Bubbles inside PPI droplet in degassed

water (upper row) and in ethanol (second row)

[14]. The observations were performed with in-
strument DSA100E, see Fig. 4

',! menthol, T= 25 °C

80 4 adsorption from vapor |

55 | |
Y barrier-diffusion
N control

50 1

Interfacial tension, o(t) (mN/m)

45 T diffusion control

0 10 20 30 40
(a) Time, "2 (s'2)

Fig. 10. Relaxation of the interfacial tension, o(t),
in the course of adsorption from menthol vapors:
symbols — experimental data,; dashed lines — diffu-
sion-controlled model (no adjustable parame-
ters); solid lines — the best theoretical fits using
the mixed barrier-diffusion-controlled model [15]
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Fig. 11. Ellipsometry images (1470 um x 2160
um) of lubricant (PSCs and silicone) layers de-
posited on Hair-like surfaces. The average thick-
ness and reproducibility are shown at the top of
each image [16]. The observations and measure-
ments were performed with the imaging ellipsom-
eter EP4, see Fig. 2
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»MEXATPOHUKA, EKO 1 EHEPI'OCIIECTABAIIHN
CUCTEMM U TEXHOJIOI'NU* - TABPOBO'2025

TEXHOJOI'MYHU Bb3MOKHOCTHU HA OBOPYJIBAHETO B
JIABOPATOPUA C 1.3. “AIMTUBHU U EHEPT'OCIIECTABAILIIA
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Abstract
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The main advantage of the additive method is flexibility - the same machine can produce many fundamentally different

products without the need for special equipment for them.

The report presents modern trends in the development of additive technologies, the technological capabilities of the
equipment implemented in the laboratory. C 1.3. “Additive and energy-saving technologies and equipment”, as well as
the results achieved by the team in the field of additive and tool manufacturing.

Keywords: 3D metal printer; additive technologies; metal powder.

BBBEJIEHUE

HoBute mpaxooOpa3Hu MeTalud OTKpHUBAT
HOBHM BB3MOXKHOCTH, KOHWTO III€ JOBEAAT 0
yBEJIMYaBaHE HA MPHUIOKEHUSATA HA METATHU
MpaxoBe Mpe3 CJeIBalIuTe TOUHH. ,,Research
and Markets* myOiukyBa HOB JIOKJal, O3a-
TJIaBEeH ,,BB3MOXHOCTH 32 aIUTHBHO ITPOM3-
BOJICTBO B HHJIyCTPHSTA 32 METaJIHH PAaXOBE:
10-rogumiHa ma3zapHa mporHosa®. Jlokmaabt

MpeJroara, 4¢ HOBUTE MPUIIOKEHUS B aepo-
KocMuYeckaTa, He)TeHaTa U ra3oBaTa, MeIu-
[IMHCKaTa M CTOMATOJIOTWUYHATA MPOMHUIILIE-
HOCT I[€ YBEJIMYaT E€KCIIOHEHIMAJHO Thpce-
HETO Ha MPaxOBU MeTaIHU MaTepuanu [1].
OcpenHeHnTe MPOrHO3U 332 PAa3BUTHUETO Ha
naszapa Ha aguTHUBHU TexHosnoruu (3D nmpun-
THUpaHE) Ha HAKOU OT BOJECILIUTE aHAIU3aTOp-
CKM KOMIIAaHMM TOKa3BaT PbCT OT 4,1 mupa.
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nonapa npe3 2014 r. no 44,5 mupa. nipe3 2026
r. [2].

[Topaau HECKaTa CKOPOCT U BUCOKATa IIeHa
Ha MPOU3BOJACTBO B CPAaBHEHHE C KOHBEHIIHO-
HAJHUTE IPOLIECH 3a U3paboTBaHE HA MeTal-
HU W3JIeNus, aJUTHBHOTO IPOU3BOACTBO CE
npujiara npu eAUHUYHO MPOU3BOACTBO WIIH
MIPOM3BOJICTBO HA MAJKH MApPTHIUA. AJUTHB-
HOTO TMPOU3BOJICTBO HA MATPHUIM U HHCTPY-
MEHTH, KOUTO ce Ipuiarar 3a (jopMoBaHe Ha
METaIM U TMOJMMEPHU MaTepuald HaMupa
[IUPOKO TMPUIIOKEHHUE TTOPATH Bh3MOKHOCTH-
T€ 3a MOCTUraHE HA YHUKAIHU XapaKTepUCTH-
KM Ha MaTpHIaTa, KaTo HalpUMep MHOTOIO-
COYHHM OXJIaXJalu KaHaiui. Te3m Xxapakte-
PUCTHKH IO3BOJISIBAT TEXHOJIOTHYHUSAT IIPO-
nec Ha (opMoBaHE Ha MeTanu jna Objae Mo-
e(pEeKTHBEH WIN J1a C€ MPOU3BENE MPOAYKT C
MO-BHCOKO Ka4ecTBO.

B nmoxitana ca npeacraBeHd Bb3MOKHOCTH-
Te Ha 000pYABAHETO 32 AAUTUBHO MPOU3BO/I-
ctBo B naboparopuss C 1.3. “AnuTHUBHU H
€HEeprocIecTsIBalll TEXHOJIOTUU U EKUIIHPOB-
ka” B ['abpoBo Tex Ilapk.

N3JIOKEHUE

Hayunute 3amaum Ha nabopatopusita C
1.3. “AIUTUBHU U €HEPTOCIECTSBAIINA TEXHO-
JIOTUM U EKUITUPOBKA™ ca:

- MPOEKTHpPaHE, ONTUMHU3UPAHE U TPOU3-
BOJICTBO Ha JIETAWJIM M MHCTPYMEHTH IO Me-
tozaa Ha 3D nmpuHTHpaHe;

- MPOEKTUpPAHE Ha MPOLECU 3a JOU3IPaAXK-
JlaHE Ha JIeTalu U UHCTPYMEHTH 10 METOo/aa
Ha 3D npuHTHpaHE;

- MPOEKTHPAHE U W3CIIEIBAHE HAa KOHBEH-
UOHAJTHU ©  CICIHUATHA WHCTPYMEHTH,
BKJIFOUUTETHO U Ha CTI00SeMU UHCTPYMEHTH
C €JEMEHTH, TNOJydeHH mno meroaa Ha 3D
MIPUHTHUPAHE;

- ONTUMHU3HUPAHE HA YCIOBUATA U PEKUMHU-
T€ 3a M3TpaXJaHe Ha JEeTaillin o0 METOoJla Ha
3D npuHTHpAaHE;

- MPOEKTUPAHE U HU3CIeABaHe Ha paboTo-
CIOCOOHOCTTa Ha CHEIHUAIHW HUHCTPYMEHTH,

MoJy4YeHu 1o Merojga Ha 3D mnpuHTHpaHE,
npegHasHaueHu 3a 00paboTBaHEe HA HEMeTal-
HU MaTepUaH.

3a TAXHOTO peanusupane jgadopaTopusra e
obopyaBana ¢ 3D npuHTep 3a METaTHU U3e-
must ProX DMP 200.

Ha ¢ur. 1 e npeacraBeH pa3noiaoKEHUSIT B
naboparopusta 3D mpuHTEep 3a METaTHH U3-
nemus ProX DMP 200.

@Due. 1. 3D npunmep 3a memannu uzdenust ProX
DMP 200

TexHomorusita, ¢ KOSTO C€ OCBIIECTBSBA
W3rpaXxiaHeTo Ha jaeraiure e ,,Metal Powder
Bed Technology*. Ha ¢wur. 2 e npencrasena
MPUHIMITHATA CXeMa Ha IMpolieca 1Mo M3rpax-
JlaHe Ha JIETalJIN TI0 Ta3U TEXHOJIOTHS.

@Due. 2. [lpunyunna cxema ua ,, Metal Powder Bed
Technology “[3]
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Cuctemara 3a MOJaBaHE HAa MeETAIHUS
npax (1) ce ceecron ot OyTano, KOETo MmojaBa
HE00XOMMOTO KOJMYECTBO Ipax KbM CHCTe-
MaTa 3a pa3CTUIAHE Ha METaJHMs cloil (2).
Tst ce cbeTon OT mperu3Ha pojKa, KoATo ell-
HOBPEMEHHO pa3CTUja METaJHUS Ipax Ha
CJIOM ¢ TO4YHa BHcouMHA. Ta3u BHcOYMHA Ba-
pupa ot 0.01 mm o 0.05 mm, B 3aBUCUMOCT
OT 3aJlaIecHUTe peXXUMHU Ha nuirpaxnaane. Ilpe-
LU3HO IOJIOKEHUAT METAJIEH CJION C€ CHUHTe-
poBa upe3 J1a3epHO JIbUYEHUE, OCUTYPEHO OT
MoIeH na3epeH m3toyHuk (3). 3a ma Obae
OCUTYPEHO TOYHOTO OOXOKJaHE Ha KOHKpET-
HUTEC KOHTYPH, PpA3MOJIOKEHH B TEKYIIUSI
CIIOM OT M3rpaXKAaHus IeTailll, ce M3MOoi3Ba
Ipelu3Ha CUCTeEMa 3a OTKJIOHEHUE Ha Jiazep-
Hus b4 (4). Crex NpuKIIOUYBaHEe Ha rpoleca
Ha CUHTEPOBAaHE Ha TEKYILHUs CJIOH, IpeLun3Ha
eJIEKTPOMEXaHUYHA CHCTeMa MpeMecTBa IUIo-
yara (5), BbpXy KOSITO C€ U3rpakja MeTaIHO-
TO u3Aenue (6) HaJody Ha Pa3CTOSIHUE, PAaBHO
Ha BUCOYMHATa Ha M3rpaKAallus ClIoi, Karo
IPOLIECHT 3aroy4Ba oTHayano. B 1. Hap. ,,ipa-
xoBo Jerno® (7) ce nmemo3upa METaTHUAT
Ipax, U3MOJI3BaH MPU MOCIOWHOTO M3rpax/a-
HE, KaTo TOH € HAIbJIHO T'OJIEH 3a MOBTOPHO
uznons3paxe [3].

Pasmepute Ha pabGorHara 3oHa Ha 3D
npuHTepa 3a MeranHu usngenus ProX DMP
200 ca 140x140x70 mm, KaToO OpuUEHTALUATA
Ha pa0OoTHaTa 30Ha B MPOCTPAHCTBOTO €
npejcraBeHa Ha ¢ur. 3.

Z 20 3D SYSTEMS

X — 140mm
Y - 140mm
Z—-70mm

@ue. 3. Pabomna 30na na ProX DMP200 [4]

Marepuanute, OT KOUTO MOTaT Ja ObaaT
n3paboTBanu Aeraiinu ot3D mpuHTEpa 3a Me-
tanau u3genus ProX DMP 200, ca:

- cromana 1.2907 — LaserForm Maraging
Steel (B);

- cromana 17-4PH — LaserForm 17-4 PH (B);
- cromana 316L — LaserForm 316L (B);
- cromana ASTM F75 — Laser Form CoCr (B).

XVMUYHUSAT ChCTaB HA CTOMAHUTE € Mpe/-
cTaBeH B Tabum. 1 [4].

Taonuuya 1. Xumuuen cocmas Ha u3noA36anume CMoMaHu.

[TpoIICHTHO ChABPKAHUEC
Enement | Cromana | Cromana | CtomaHna CroMaHa
1.2907 17-4PH 316L ASTM F75

Fe Bban. Bban. - <0.5
Ni 17.0-19.0 3-5 10.0-14.0 <0.1
Co 9.0-11.0 - - bai.
Mo 4.0-6.0 - 2.0-3.0 5.0-6.0
Ti 0.90-1.10 - - -

Si <1.0 <1.0 <1.0 <1.0
Cr - 15-17.5 |16.5-18.0 | 28.0-30.0
Cu - 3-5 - -
Mn - <1.0 <2.0 <1.0
Nb - 0.15-0.45 - -

C - - <0.030 <0.02
S - - <0.030 -

P - -- <0.045 -

Cd - - - <0.02
Be - - - <0.02
Pb - - - <0.02

Cromana 1.2907 necHo ce moamaBa Ha
TepMUYHa 00pabOTKa Ype3 MPOCT MPOIEC Ha
3aKaisiBaHEe 4Ype3 CTapeeHe, KOeTO BOAU [0
OTJIMYHA TBBPIOCT M skocT. CTOMaHaTa MMa
nobpa usHocoyctoiuuBocT. [lo oTHomIeHHE
Ha TmocneaBamata oOpadoTKa, MaTepHaTbT
nokasBa J1o0pa 3aBapseMocT U 0OpalOoTBae-
mocT. Cromana 1.2709 e unmeanHa 3a UHOBa-
TUBHU TIPOEKTH HAa MHCTPYMEHTH M MATPHIH,
BKJTFOUHTETHO KOH(GOPMHH OXJIaXKIaIllh KaHa-
JIM 3a UIMpUI[BaHE, JIECHE MO/ HAlIATaHe U eK-
cTpyaupaHe. MaTepuarbT ce HM3I0J3Ba U 3a
BHCOKONIPOU3BOJAUTEHH  a€POKOCMHUYECKH,
ABTOMOOWIHH M JAPYTH TPOMUIIICHH TPHIIO-
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KEHHS, KOUTO U3UCKBAT BHCOKA SIKOCT U W3-
HOCOYCTOMYMBOCT [4].

Hepbxnaemara cromana tun 17-4 PH e
Hal-IIUPOKO HM3MOJ3BaHATa OT BCHYKHU JIHC-
MIEPCUOHHO-BTBBP/ASIBAILIL  CE€ HEPBKIAeMHU
ctoManu. HeifHata kOMOMHAIMS OT CBOKCTBA
JlaBa Ha KOHCTPYKTOPUTE BB3MOKHOCTH Ja
OCHUTYPST HaJCKIHOCT KbM CBOUTE MPOIYKTH,
KaTo ChIIEBPEMEHHO OINPOCTSBAT MPOU3BOI-
CTBOTO M 4eCTO HamaisiBar paszxoaute. Cto-
maHa 17-4 PH e mapTeH3uTHa HepbXkaacMma
CTOMaHa, KOSTO OCHUTYpsiBa H3KIIIOUHUTENIHA
KOMOMHAIMs OT BUCOKa SIKOCT, 100pa ycToii-
YUBOCT Ha KOPO3HWsSI W JOOpH MEXaHWIHH
cBoiicTBa npu temrepatypu ao 316°C. Heii-
HaTa YHHKaJlHA KOMOWHAIUS OT CBOWCTBA
MpaBu Ta3u CIUIaB €(PEKTUBHO pEIICHUE 3a
MHOTO KOHCTPYKTUBHH M TPOU3BOJCTBEHU
npobaemu [4].

AycTeHuTHATa HEpPBXKJAaeMa CTOMaHA THI
LaserForm 316L e u3KIIOYUTEITHO HUCKOBb-
riepoHuAT kiac Ha 316. Ta3u cromana ce
W3MOJI3Ba KaTo MaTrepual 3a oO0Io mpeaHas-
Ha4yeHUe C OTIMYHU MEXaHUYHU U KOPO3HOH-
HU CBOMCTBa Ipu cTailHa TemmepaTrypa. Yc-
TOWYMBOCTTA M Ha XJIOPUJU MPABU TO3H CIIe-
nupuYeH Kiac HephXKIaeMa CTOMaHa MOAXO-
IS0 32 MOPCKH IpuiioxkeHus. 316L e u npen-
MOYUTAHUAT MaTepuaj 3a H3IO0JI3BaHE BbB
BOJIOPOAHU aTMoOcC(epu MWIH 3a BOJOPOJHU
TpHOONPOBOAN / OXJIAXKAAUTN TPUIOKEHUS.
Ocgen ToBa 316L 3ama3Ba 100pu MEXaHUYHU
CBOMCTBAa NP MHHYCOBHU U JOPU KPUOTE€HHU
TEMIIEpaTypH M € MOJIXOJIAINA 32 CTPYKTYPHHU
KOMIIOHEHTU MPU HUCKU TEMIIEpATypHU MpPH-
noxxeHusi. HeHagMuHara € U cTeneHTa U Ha
MPUJIOKEHHE B XPAaHUTEIHO — BKycOBaTa
MPOMUIIIEHOCT [4].

KobGanToBo-xpoM-Moi0/1IeHOBUTE CIIIABU
ca W3BECTHU C BUCOKATa CH SIKOCT U TBHPAOCT
Y 3amasBaT T€3HW CBOMCTBA JIOPH IIPH TOBUIIIE-
HU TemriepaTypu. OCBEH TOBa, T€ CIIOHTAHHO
oOpa3yBar 3alIMTEeH MacuBeH (UM, KOWTO
npaBu LaserForm CoCr (B) eanoBpeMeHHO
YCTOWYMB Ha KOPO3Hs U OMochBMeCTHM. Te3un

npeaumcTtBa mpaBat LaserForm CoCr (B)
WJeATHUST MaTepuai 3a 3bOHU KOPOHKH, MO-
CTOBE M MOJBM)XHH YacTuuHU mpote3u (RPD),
3a MEIUIIMHCKU MHCTPYMEHTH U YCTPOWCTBA,
(¢hopMHU ¥ MIAHIK, TPOMHUIIUICHU TPUIOKESHHUS,
MPUJIOKEHUS C BHUCOKO M3HOCBAHE U YacCTH,
U3MCKBAIlM BHCOKAa SIKOCT NpPU MOBUIICHU
Temneparypu [4].

Ot ekuna Ha naboparopusara ca IOCTUTHA-
TH CJEIHUTE pe3yiTaTd B obOjacTra Ha ajau-
TUBHOTO IIPOU3BOICTBO:

- MPOEKTUPAH € U € MPOU3BEJICH HOB (OpPMO-
oOpa3yBaill KOMOMHUPAH UHCTPYMEHT ,,Chbp-
1e-r03a” ¢ TeMnepupania CUCTeEMa OT BbT-
pEIIHU OXJIAUTENHN KaHalli, KaTo € Hamale-
Ha BB3MOXKHOCTTA 3a MOsIBA HA BCMYKHAaTUHU
U Ipyru nedeKkTu Ha u3pabOTeHUTE IIacTMa-
COBM M3JIENUS U € yBEIMUYEHA MPOU3BOAUTEI-
HocTTa ¢ 40% B pe3yinrar Ha CbKpaTEHUs
TEXHOJIOTHYEH LIUKBJI;

- IPOEKTUPAHU Ca U ca IPOU3BEICHHU JII03H 32
TOPUBEH MPOIEC C YHUKAIHA T€OMETPHUS;

- TMPOEKTHUpaAHHU ca TAJIO Ha CriobseM cTpy-
rapcki HOX U TsUIO Ha JHUCKOBa criobsema

dpe3a.

3AK/IIOYEHHUE

W3uckBaHusATa KbM M3AETUATA, MPOEKTH-
paHu U U3pabOTBAaHU B ChBPEMEHHOTO Malllu-
HOCTpOEHEe, ca Bce Mo-BHCOKH [5-7]. MnTe-
TPUPAHETO HA aIUTUBHU INPOLIECH U TEXHOJIO-
MU B MHCTPYMEHTAJIHOTO MPOU3BOJCTBO BO-
Y 10 3HAYUTEIIHO MOBUIIABAaHE HA IPOU3BO-
JUTEIIHOCTTa, KayecTBOTO U jJoOaBeHaTa
CTOWHOCT Ha TOTOBUTE U3/ETHS.

QDYHKIMOHATHUTE BB3MOKHOCTH Ha TeEX-
HOJIOTUYHOTO 0obOopyzaBaHe B JlaGopaTtopust C
1.3. “AQUTHBHYU U €HEPrOCHECTSIBAIIN TEXHO-
JIOTUW W €KUIIMPOBKA~ OTrOBAPAT HA MPEIU3-
BHUKATEJICTBaTa HAa CHBPEMEHHOTO MalllMHO-
ctpoene u Uunycrpus 4.0.

Hannynoto oOopynBaHe M HaTpyHaHUAT
ONUT TpU MPOEKTUPAHE M HU3pabOTBaHE Ha
u3zenus B 1aboparopusTa ch3aBaT YCIOBHS
3a MOBHILIABaHE Ha €()EeKTHUBHOCTTA MPH IPO-

235

To3u dokymenm e cv30aden 6 pamkume na Ilpoexm Ne BG16RFPR002-1.014-0005 Llenmuvp 3a komnemenmuocm
"HnmenueseHmnu MexampoHhu, eKko- u enepeocnecmsagawu cucmemu u mexronozuu”, unancupan om Ilpoepama
., Hayunu uscneosanus, unosayuu u oueumanusayus 3a unmenueenmua mparcgopmayus ™ 2021-2027 .
(IIHUUTUT), cvpunancupana om Eeponetickus cvio3 upes Egponeiickus (hoHO 3a pecuoHaIHo pazeumue



MPOrPAMA
ChhuHaHcupaHo ot V30b1HATEHA areHIHA = HAYYHU U3CTIENBAHMUS,
y c MHOBALWMW U OMTMTAITU3ALMA 3A
EBponefickusi Cbi03 | TIporpama 3a oGpazoBanue” MHTENVIFEHTHA TPAHCG)OPLI"\"'IALI,HSI

W3BOJICTBO U JOM3TPaKJaHE Ha JETalIn U
MHCTPYMEHTH 110 MeTona Ha 3D nmpuntupane,
KakToO M 3a ONTHUMHU3UpPAHE Ha YCIIOBUSTA U
PEKUMUTE 32 TAXHOTO MPOU3BOJICTBO.

BbaarogapHocTu

Tosa uzcnedsamne e gunancupano om Espo-
netickus (oHO 3a pecuoHAIHO pazsumue 8
pamkume na OI1 ,, Hayunu usciedsanus,, uHo-
sayuu U OuUMAaIU3aAyus 3a UHMeIUSeHMHA
mpancghopmayus* 2021-2027 ., Ilpoexm No
BGI6RFPR002-1.014-0005 Llenmvp 3a Kom-
nemenmuocm,, "HumenuceHmuu mexampon-
HU, KO- U eHepeoCnecmsasawju cucmemu u
mexHoao2uu

JIUTEPATYPA

[1] Cucremu 3a mpoektupane. Digitalk Report,
roun 2022 1., https://digitalk.bg/report/6090/

[2] New report: 3D printing opportunities in the
metal powder industry, Metal Powder Report
2015; 70(1):40.

[3] Fabricacion aditiva e impresion 3D en la
Industria 4.0, UNIDAD 3, http://creo.sc-
celje.si/pluginfile.php/2426/mod_resource/
content/2/UNIT%203%20-
%20AM%20and%203D%20print%20in%
20Industry%?204.0.pdf  (moctemHO  Ha
16.09. 2025 r)

[4] https://www.3dsystems.com/  (mocThIICH
Ha 16.09.2025 1)

[5] Gibson I, Rosen D, Stucker B, Khorasani
M. Additive Manufacturing Technologies.
Switzerland: Springer Nature Switzerland
AG, 2021.

[6] Lee J-Y, An J, Chua Ch. Fundamentals
and applications of 3D printing for novel
materials. Applied Materials Today 2017;
7: 120-133.

[7] Kami A, Abedini V, Jadali A. Application
of Additive Manufacturing Methods in the
Fabrication of Cutting Tools. Contrib. Sci.
& Tech Eng, 2024; 1(2): 44-47.

236

To3u dokymenm e cv30aden 6 pamkume na Ilpoexm Ne BG16RFPR002-1.014-0005 Llenmuvp 3a komnemenmuocm
"HnmenueseHmnu MexampoHhu, eKko- u enepeocnecmsagawu cucmemu u mexronozuu”, unancupan om Ilpoepama
., Hayunu uscneosanus, unosayuu u oueumanusayus 3a unmenueenmua mparcgopmayus ™ 2021-2027 .
(IIHUUTUT), cvpunancupana om Eeponetickus cvio3 upes Egponeiickus (hoHO 3a pecuoHaIHo pazeumue


https://digitalk.bg/report/6090/
http://creo.sc-celje.si/pluginfile.php/2426/mod_resource/content/2/UNIT%203%20-%20AM%20and%203D%20print%20in%20Industry%204.0.pdf
http://creo.sc-celje.si/pluginfile.php/2426/mod_resource/content/2/UNIT%203%20-%20AM%20and%203D%20print%20in%20Industry%204.0.pdf
http://creo.sc-celje.si/pluginfile.php/2426/mod_resource/content/2/UNIT%203%20-%20AM%20and%203D%20print%20in%20Industry%204.0.pdf
http://creo.sc-celje.si/pluginfile.php/2426/mod_resource/content/2/UNIT%203%20-%20AM%20and%203D%20print%20in%20Industry%204.0.pdf
http://creo.sc-celje.si/pluginfile.php/2426/mod_resource/content/2/UNIT%203%20-%20AM%20and%203D%20print%20in%20Industry%204.0.pdf
https://www.3dsystems.com/

CbcuHaHcupaHo ot
EBponeickusa cbH3

HsneiHATeHA areHITHA ™
,.IIporpama 3a oGpazoBaHHe"

MPOrPAMA

HAYYHU U3CTNEOBAHUA,
MHOBALMWA U OUTMTANTU3IALINA 3A
WHTENWIrEHTHA TPAHC®OPMALMWA

MEKAYHAPOJHA HAYYHA KOHOEPEHIIUA
»MEXATPOHUKA, EKO 1 EHEPI'OCIIECTABAIIHN
CUCTEMM U TEXHOJIOI'NU* - TABPOBO'2025

IMPUJIOKEHUE HA AIMTUBHUTE METO/IA B
NHCTPYMEHTAJIHOTO MPOU3BOACTBO

APPLICATION OF ADDITIVE METHODS IN
TOOL MANUFACTURING

Hristian Mitev
TECHNICAL UNIVERSITY OF GABROVO

Center of competence "Smart mechatronic, eco-and energy-saving systems and technologies'

!

(CCSMEESST)
Yosif Mitev Hristo Radev
TECHNICAL UNIVERSITY OF GABROVO TECHNICAL UNIVERSITY OF GABROVO
CCSMEESST CCSMEESST

Hristo Metev
TECHNICAL UNIVERSITY OF GABROVO

CCSMEESST

Abstract

Irina Aleksandrova
TECHNICAL UNIVERSITY OF GABROVO

CCSMEESST

The report examines and analyzes the possibilities for manufacturing cutting tools using additive methods. It presents
specific solutions for a turning tool and a disc milling cutter with replaceable carbide inserts, created in the "Additive
and Energy-Saving Technologies and Equipment” laboratory at the Center of competence "Smart mechatronic, eco-and
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BBBEJIEHUE

AnutuBHOTO Tipou3BoAcTBO (All), uzBect-
HO o1ie Kato 0bp30 npororunupane (RP) nnu
3D npuHTHpaHe, € Tpyma OT ChBPEMCHHH
MIPOM3BOACTBEHH MIPOIECH 3a U3paboTBaHE Ha
reoMeTpudHo cioxHU 00ektH oT 3D CAD
JAaHHY ¢ MaJIKU UM 0e3 He0OXOIUMOCT OT JI0-
BBPIIBAIIM Olepanud. To HaMupa Bce MO-ITH-
POKO TPUIIOKEHHE B PA3IUYHU CEKTOPH Ha
MPOM3BOACTBOTO KaTo MeTanoo0paboTBaHe,
MEIUIMHA, aBTOMOOWIIHA, aBUAIIMOHHA, XPaHH-
TEJIHO-BKYCOBaTa MpoMHUIILIeHOCT U Ap.[1-3].

JlHEeC aguTUBHOTO TIPOM3BOJICTBO BCE TIOBE-
4ye 3aMecTBa KOHBEHIIMOHAJIHUTE MPOU3BOI-
CTBEHH TPOIIECH, 0COOEHO MeXaHNYHaTa o0pa-
00TKa, MHXXEKITMOHHOTO (POPMOBAHE, JICCHETO,
3aBapsiBAHETO, JIa3epHaTa M IUIa3MeHara oOpa-
6otka u ap. [1-3].

B uHCcTpyMeHTanHaTta MPOMHIIIEHOCT
QJIUTHUBHUTE METOJM CE W3IOJI3BAT 3a MPOTO-
TUTIUPAHE U MPOU3BOJACTBO HA MHCTPYMEHTH,
KaTO AO0IIbJIBAT KOHBCHIIMOHAJIHUTEC HpOI/IS-
BOACTBEHH TEXHOJOTHHU TOPaJAd MHOXKECTBO-
TO Hpe)II/IMCTBa, KOUTO HpI/ITe)KaBaT — C’BKpa-
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I[aBaHe Ha UKbJIA HA MPOEKTUPAHE U MPOU3-
BOJICTBO 0€3 OrpaHnYeHne Ha KOH(pUrypanus-
Ta u ap. [4].

Hanmuumnero Ha moaxomsma W JOCTBITHA
MHCTPYMEHTAJIHA €KUITMPOBKA € OMPEeAessio
IIPU peaM3UpPaHETO HAa BCEKH TEXHOJOTHMUYCH
npouec. B penuna ciydau, npu crienupuyHu
JeTalii, EeKCIEePHUMEHTAIHU U3CIIEABaHuS,
ONTUMU3ALMOHHY 33]]a4y U Jp. € HeoOXoauma
CreluaiHa eKUIupoBKa. M3paborBaHero Ha
€IUHUYHU OpOMKM OT TakaBa EKHUIIMPOBKA €
0aBeH M CKBII TPOIEC, KOUTO MOXE J1a Tpo-
BaJil M3MBJIHEHHETO Ha 3ajadata. [logxomsin
MIOJXOJ 3@ pEIIaBaHeTO Ha MpolsiemMa B TO3U
ciy4aii e MeToasT Ha 3D mpuHTHpaHEeTo.

Bonpeku ue 3D nmpuHTHpaHeTo HE € Mo-
MPOU3BOAUTETHO OT KOHBEHIIMOHAJIHATA TEX-
HOJIOTHUS, TO CbKpallaBa 3HAYUTEIHO IMPOU3-
BOJICTBEHUS IIUKBJI, Thil KATO KOHBEHI[MOHAJI-
HO W3pabOTBaHUTE MHCTPYMEHTH H3HCKBAT
MHO>KECTBO orepanuu (CTpyropane, (ppezona-
He, nutrdoane u np.). [locnenBammre odpa-
6otku Ha 3D mpousBeNEHUTE pPEXKEIH WH-
CTPYMEHTH OOWKHOBEHO C€ OrpaHHyaBaT [0
3arosiBaHe Ha PEKEIIUTE €IEMEHTH B TSJIOTO
Ha WHCTPYMEHTA W JOBBLPIIBAIIN OICPAIHH
(uecTo cpelaHu KakTo MPHU aAUTUBHO, Taka U
KOHBEHIIMOHATTHOTO MTPOU3BOICTBO) [2].

W3cnenBanusta B o0nacTra Ha aJUTUBHO-
TO TPOU3BOJICTBO HA PEXKEUIH HHCTPYMEHTH
Ha TO3M eTal ca HAaCOYEHH OCHOBHO KbM: Ch3-
JaBaHe Ha MHCTPYMEHTH ChC CIOXKHA KOH(U-
rypamusi, HEIOCTH)KUMa Ype3 KOHBEHIMOHAI-
HUTE METOJIM, U C KaHAIHU C ONTHUMAaJHa Teo-
METpUsl 3a CMa304YHO-OXJaKJalla TE4HOCT,
ocurypsipaiia mo-epeKTUBHO OXJaKIaHEe H
CMa3BaHE Ha KOHTaKTHaTa 30Ha [2, 4 5, 6, 7];
n3paboTBaHEe Ha XHOPUAHM HMHCTPYMEHTH,
IIPU KOMTO OMalliKkaTa ce Mpou3Bexk/1a 1o KOH-
BEHLMOHAJIHUTE TEXHOJIOTUH, a pexenaTra
4acT — aIuTUBHO [8, 9]; u3paboTBane Ha oe-
KOTEHU (peleThYH! WIH THUII ,,[TYeJIHA MUTa™)
KOHCTPYKIIMM MHCTPYMEHTH, C KOETO ce IO-
noOpsiBa JMHAMHKaTa Ha Ipolieca psizaHe, ad-
copbupaT ce BUOpalMUTe W C€ YBeIHuYaBa

TpalHOCTTa Ha MHCTpyMeHTa [6, 8, 10]; cb3-
JlaBaHE Ha HHCTPYMEHTH C BHCOKa SKOCT,
pa3MepHa M TeOMETpUYHA TOYHOCT Ype3 H3-
MOJI3BaHE HAa MaTephalyd Ha MeTajiHa, MOJH-
MEpHa M KepaMuyHa ocHoBa [l, 6]; yBenuua-
BaHe Ha Opos Ha pexeuuTe prOOBe MPU MHO-
ropbOOBUTE WHCTPYMEHTH W ONTUMHU3HPAHE
Ha reoMeTpusiTa UM, KakTo M Ha dopmara u
Pa3noJI0KEHUETO HA KaHAIUTE, OCUTYPSBAIIN
IPEeLU3HO MOJaBaHe Ha OXJIAXKIAlla TEYHOCT
KBbM BCEKH peXell pbO, MO3BOJISIBAIIO BUCO-
KOIIPOU3BOJUTENHO PsI3aHE U MOBHILIABAHE Ha
edeKTUBHOCTTa Ha mporeca [6, 17]; momyda-
BaHE Ha HOBU KapOWJHU (HAIp. MOACHUIICHU C
JIMaMaHT) U MHOTOCJIOWHU CTPYKTypH (CILIaB
ot Co-Cr-W) 3a mpou3BOACTBOTO Ha YCHBBP-
NICHCTBAHU  KOHCTPYKIIMM  WHCTPYMEHTH,
U3HCKBAIld BUCOKA TOIUIOYCTOMYUBOCT IMPH
oOpaboTBaHe Ha TPyAHOOOpPaOOTBAacCMH Mate-
puanu [12, 13].

Kakto Bcexku NpOM3BOACTBEH MPOIEC U
aJIMTUBHOTO TPOMU3BOACTBO MMa HEAOCTATHIH
OTHACAIIM C€ J0: OIPAHUYEHHS] CBHP3aHU C
BUJIOBETE M3II0JI3BaHU MaTepuau;
MPOM3BOJICTBEHHUS KaNalMTeT; KaueCTBOTO Ha
MOJTyYaBaHUTE TMOBBPXHUHH, HEOOXOTUMOCT
OT Ollepaluy 3a mocieasama oopaboTka; 1mo-
BHCOKH Pa3XOlld, CHEPTOEMKOCT U BpeMeeM-
KOCT CIIPSIMO KOHBEHIIMOHATHUTE TEXHOJIOTHH
[14, 15].

Llenma na Ooknada € aHAIU3 Ha TEXHO-
JOTHYHUTE BB3MOXHOCTH W TPHIIOKEHUETO
Ha aJUTUBHUTE METOIU B MHCTPYMEHTAITHOTO
MIPOU3BOJICTBO C OTJIE/ Ch3JaBaHE HA HOBU U
YCHBBPIICHCTBAHU KOHCTPYKIIMU HA PEKEIIH
WHCTPYMCHTH.

N3JI0KEHUE

[Ipon3BoguTeny Ha peXemy HHCTPYMEH-
ti, karo Komet Group, MAPAL Inc.,
Sandvik Coromant u ap., U3MoJI3BaT aUTUB-
HUTE€ METOAM 32 MPOU3BOJICTBO Ha PEXKEIIH
UHCTpYMEHTH ((ppe3u, CTpyrapcku HOKOBE,
cBpemia u ap.) [2, 4, 8].
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Komet Group ca cw3nanu ¢pesu 1o MeTo-
na Ha 3D NpUHTHUPAHETO C BBTPEIIHUA OXJIaX-
Jally KaHAIU ¥ ONTUMU3UPAHU PEXelld pPb-
0oBe U cheauHUTENHA YacT. KoHCTpykuusTa
€ OJIGKOTEHa, KaT0 MHCTPYMEHTHT paboTu C
MO-BUCOKU CKOPOCTH Ha Psi3aHE B CpPaBHEHUE
C KOHBEHLHUOHAJIHUTE HWHCTPYMEHTH, KaTo
HUBaTa Ha myM ca no-uucku (¢wur.1) [8].

R NANNNAN
"/"/"l" /g

Due. 1. AoumusHo npousseder hpe306 uncmpy-
menm na Komet Group [8]

Sandvik Coromant mnpuaara aguTHBHA
TEXHOJIOTHSI 32 U3pab0TBaHE HA WHCTPYMEHTH
CoroMill® 390 ¢ BbTpelIHa CTPYKTypa, THI
,,ITIeTHA TTUTA* ¥ ONTUMHU3HPAHU OXJIaK AN
kaHanu (¢ur. 2) [4]. KopnycsT Ha UHCTpY-
MEHTHUTE € MpousBeneH 4upe3 3D mpuHTHpaHe
nmo merona Powder Bed Fusion (PBF) u e
nU3paboTeH OT TUTaH. Ta3u KOHCTPYKIUS IO-
3BOJISIBA TO-BUCOKH CKOPOCTH Ha ps3aHe
CIPSIMO KOHBEHIIMOHATHO M3Pa0OTEHUTE WH-
CTPYMEHTH.

Due. 2. AoumusHo npoussedena gpesa
CoroMill® 390 na Sandvik Coromant [4]

[IpoexkTupanust u uzpaboreH (ppe3oB HH-
CTPYMEHT, TIOKa3aH Ha (ur.3, e ¢ BbTPELIHH
OXJIAKJAIIM KaHAIM, KyXO0 CMEHSEMO TSUIO U

rojisiMm Opor 3b0u (z=12), 3HAYUTEIIHO Ha-
BUIIaBal] Opost Ha 3p0UTE HAa KOHBEHIMOHAI-
HO TIPOW3BEXJIAHUTE MHCTPYMEHTH C MOI00-
HU pa3Mmepu [2]. Beexu 360 nma serso 3a 3a-
MOEHa peXKellla IUIACTHHA OT TOJIMKPUCTAJICH
nuamant (PCD).

Due. 3. AoumusHo uzpabomeHno msno Ha Gpe306
UHCMPYMEHM, MOHMUPAHO 8bPXY Ovpoicay [2]

MAPAL ca pa3pabotunn cBpeajia Cbe
CMEHseMa TBbPAOCIUIABHA pekella YacT
MIPOU3BE/ICHA 110 ATUTHBEH METO, U ONAIlIKa,
n3paboTeHa ¢ KOHBEHIIMOHAIHU MeToau ((ur.
4) [8]. Te3au HHCTPYMEHTH Ce XapaKTepu3upar
C ONTUMAJIHO O0pa3yBaHE M OTBEXJaHE Ha
CTPYXKKUTE, TOAOOPEH MOTOK Ha OXJaKAaIia
TEYHOCT M HaMalsgBaHE Ha pa3XxoJuTe 3a
n3paboTBaHE.

4 |

Duez. 4. AOumusHo nPouUsse0eHo ce8peodio CbC
cmensiema naacmuna Ha MAPAL [8]

N3mnon3BaHeTo Ha AaUTUBHU TEXHOJOTHH
3a MPOMU3BOACTBOTO HAa MHCTPYMEHTH 3a CTa-
TOPH HA E€JIEKTPUYECKU MPEBO3HU CPEACTBA €
HaMaJIWJIO 3HAYMTEIHO TEermoTo mM. ToBa €
MOCTUTHATO C KOHCTPYKTHBHA ONTHUMH3ALINS,
3aITbjIBaHE THI ,,TYeJIHA MUTA™ U OITHUMAIHO
oxnaxmaane (¢pur. 5) [4].
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BuTpemnn
ONTHMH3HPAHH KAHATH

YacT OT HHCTPYMeHTa
e n3paboTeH ot
KOMITO3HTHH
BBIIIEPOJHH BIaKHA

Due. 5. Uncmpymenm 3a npobusare Ha cmamopu
Ha elekmpudecKku npego3nu cpeocmea [4]

AJMTUBHO TPOM3BEACH HMHCTPYMEHT OT
WC-Co 3a Hapsi3BaHEe Ha BBTPELIHHM 3b0U Ha
3p0HM KoJsena, uzpaboren mo SLM TexHoI0-
rusl, € oKa3aH Ha ur. 6 [4].

Due. 6. Aoumueno npouzgeder UHCMpyMeHm 3a
Hapsazeaue Ha 3v0HU Koend ¢ bmpeuitu 3v0u [4]

C TexHMKara Ha HACOYEHO EHEPrHiTHO
ornarane (DED) ca u3paboTeHu cmeHsieMu
IJIACTUHU C TPU Pa3IMYHA HUBA HA TBBPJOCT,
MOAXOASIIN 32 00paboTBaHEe HA PA3IMYHU Ma-
tepuanu (¢ur. 7). Pexemure prboBe Ha mia-
CTHHHUTE Ca ChC 3allOCHU CHHTETHYHU JUa-
MaHTH [4].

Due. 7. Konyenmyanen ousaiin Ha aOumueHo
npouseedena cmensiema niacmuna [4]

[IpumepHa onekoTeHa KOHCTPYKIMS Ha
3D-npunTtHpan Metuuk Ha ¢upma Thurmer e
nokazana Ha ¢ur. 8 [8]. 3D nmpuHTHpaHETO HA
pe300oHape3Hn MHCTPYMEHTH € Ha eTarl Ipo-
TOTHUIIHPAHE.

Due. 8. Aoumusno npousseden memuux ¢ 90%
Hamanenue na macama [8]

Karo ce orumra HarpynaHusAT OIUT IpU
MPOEKTHpPAHE U MPOU3BOACTBO HAa PEXKEIIH
HHCTPYMCHTHU 110 aJUTUBHU MCTOJU, B nabo-
paropusi ,,AoumusHu u enepeocnecmasauyu
mexHono2uu u obopyosane“ xpm LleHTbpa 3a
KOMITETEHTHOCT "VIHTEIMTeHTHN MeXaTpOHHU,
€KO- U CHCProcCrecCTdaBalii CUCTCMU U TCXHO-
aorun” — ['abpoBo ca MPOEKTUpAaHU U U3pa-
00TEeHU TpU BHUAA PEXKEIIU HHCTPYMEHTH —
METUHUK; CTPYrapcku HOX CbC CMEHseMa
TBBPJOCIUIaBHA IUIACTUHA U JWUCKOBa (pe3a
CbC CMEHSEMH TBHPOCIIABHU TUIACTHHH.

Ha npbBB morien chlecTByBa rosiMo pas-
HOOOpa3ue OT YHHBEpPCAJIHU CTPYrapcKu HO-
JKOBE€ CbHC CMCHACMU TBBPAOCIUIABHH ILjIa-
CTMHH, MpEUIaraHd OT MHOXXECTBO (HUPMH.
Ho t0 ce cBexna 10 pa3nuyeH Tyl IJIaCTUHA,
pa3iuyeH 3aJ€H bI'bJI M Pa3iIlyueH IVaBeH
YCTaHOBBYEH BI'bJ. B MHOro ciyyau e HeoO-
XOUMO J1a ce pabOoTH C APYTH, pa3iuyHH OT
CTaHJAapTHUTE MapaMmeTpu (Hamp. HAaKJIOH Ha
IJIaBHUSL peXell pbO, INaBeH YCTaHOBbUYEH
BI'BI U Jp.). TakaBa HecTaHAapTHa WHCTPY-
MEHTaJIHa eKUIMPOBKa ce n3paboTBa 6aBHO, a
pa3xonuTe B IOBEYETO CIy4yaW ca HeoIpaB-
nanu. Ilpunaranure pemeHust oT Obp3opexe-
II1a CTOMaHa MJIM MOHOJIUTHH TBBPAOCIIABHU
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MHCTPYMEHTH IpeJoarar 1no-Hucka mnpous-
BOJIMUTEIHOCT M Ka4eCTBO MOpaayd HEOOXOmIH-
MOCTTa OT YEeCTO Ipe3aTouBaHe 3a MOIAbP-
*KaHe Ha paboTOCIOCOOHOCTTA M.
Pa3paboren e napamerpuueH MojaeNl Ha
HOX ChC CMEHsIeMa TBBPAOCIIIABHA IIACTHHA,
MpenHa3HauYeH 3a u3paboTBaHe Ha Tparewo-
BuHA pe3ba (¢ur. 9). M3non3paHa e miacTu-
Ha VCMT110304, xato Jem1oTo ce mojiyyaBa
JTUPEKTHO TIPU MPUHTHPAHETO Ha TsUI0TO. [ eo-
METPUYHUTE IapamMeTpu ca: INIaBeH yCTaHO-
BBUCH BI'BN K = 20°, BI'bJ HA HAKJIOHA Ha
miaBHUS pexkenl ppo As = 0°; miaBeH 3ajeH
BIBJI 0 = 7°. To3u moaxon mo3BosiBa MPUH-
TUPAHETO Ha TAJOTO B Pa3MYHU BapUAHTH
criopel KOHKpPETHaTa HEOOXOAUMOCT TIpHU
ONTUMU3AIIMOHHY U3CICABAHUS U JIP.

Duz. 9 Mooenu na cenoben cmpyeapcku Hodxc (a)
U Ha mAnRomo Ha Hodca (6)

AHaJIOTHYEH TIOAXOJ € M3MOJ3BaH NPU U3-
paboTBaHETO Ha JHMCKOBa (ppe3a ChC CMEHse-
MU TBbpAOCIUIaBHY TuiacTuHH (ur. 10). Ope-
3aTa € TpeAHa3HaueHa 3a eKCIIePUMEHTH,
CBBbp3aHM ChC 3bOOHApsI3BaHE, Hajaramu pe-
JMIa cnenuGUIHA TeOMETPUYHH U3UCKBAHUS.
Ts e mpoexTrpaHa Ha 6a3a Ha TBHPIOCIIIIABHA
miactuHa VCMT110304 ¢ srea npu Bbpxa
35°, xoeto e omnpeaenio npu Gopmupane Ha
pexent 360 ¢ 40°, chCTaBeH OT JBE MIACTHUHHU.

Taka mpoexkTHpaHata (gpe3a MOXxe Ja ce u3-
moJi3Ba 3a 00paboTBaHeTO HA crenuanHu “V”
oOpa3HM KaHajau, 3bOHM TpeOCHU W 3BOHU
KOJIeJIa C TIPaBH WJIM HAKIIOHCHH 3b0MU.

a 0

Due. 10 Mooenu Ha oucxosa ppesa cve
CMeHseMU M8bPOOCHIIABHU NIACMUHU(A) U HA
msiomo Ha gppezama ()

3AKIIOYEHUE

1. AHanu3bT Ha pasrjielaHuTe U Jpyru
ONHMCaHW B JUTepaTypaTa NpUMEpU Ha ajau-
TUBHO U3pa0OTEHN MHCTPYMEHTH IOKa3Ba, ye
T€3W METOAM MpeAarar 3HauuTeTHH IpeauM-
CTBa 110 OTHOUICHNE Ha HaMaJIsIBaHE Ha TEryo-
TO, ONTHUMM3MpAHE Ha OXJIAXKJIAIIUTE KaHaJH
U Ha TEOMETpUATAa HAa WHCTPYMEHTA, IOJ0-
OpsiBaHe Ha MapaMeTpuTe Ha 0OpaboTkKa, I'bB-
KaBOCT Ipy M300pa Ha MHCTPYMEHTAJCH Ma-
Tepual M TMOBMIIABAaHE Ha IPOU3BOIUTEI-
HOCTTA.

2. HampaBeHOTO Npoy4BaHE IOKa3Ba, ue
3acera JMIICBA W34YepIIaTeNIeH TMperyies] Ha
MPUIIOKEHUETO Ha AAUTUBHUTE MPOLECH IpU
n3paboTBaHE Ha PEXEIIM HHCTPYMEHTU. Te
BCE OlI[e HE ca HaMEpUJIM IIUPOKO MPUIIOXKe-
HUE, KaTo CE M3IOJI3BAT MPEIUMHO 3a H3pa-
00TBaHEe HAa MPOTOTHUIIM WJIM JEMOHCTpALU-
OHHU MHCTpyMeHTH. [IpnunHNTE 32 TOBA ca B
JuIcaTa Ha pa3dupaHe 3a Bb3MOXKHOCTUTE U
MpeIuMCTBaTa Ha T€3M TEXHOJOTHH, KaKTO U
CKBIIOCTPYBAIIOTO MTPOU3BO/ICTBO.

3. HanpaBenusiT 0600111€H aHaIn3 oa4ep-
TaBa HEOOXOAMMOCTTA OT MO-HAaTaThUIHU U3-
cliefBaHus B Ta3u 00JIaCT, 0COOEHO MO OTHO-
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JAUAT'HOCTUKA HA ABTOHOMHU MOBHUJIHU POBOTH

DIAGNOSTICS OF AUTONOMOUS MOBILE ROBOTS

Vanya Markova

Bulgarian Academy of Sciences
Institute of Robotics

Abstract

Ventseslav Shopov

Bulgarian Academy of Sciences

Institute of Robotics

The article discusses the development of a mobile robot diagnostics system based on an embedded Raspberry Pi com-
puter running Linux and using the Robot Operating System (ROS). The system architecture is presented, including
hardware and software components, diagnostic modules and monitoring tools. The main methods for collecting, analyz-
ing and visualizing data on the robot's state are described. The results show that the use of the ROS diagnostics frame-
work and system monitoring modules contributes to increasing the reliability and safety of mobile autonomous systems.

Keywords:deep reinforcement learning, formation control, autonomous mobile robots, PPO, multi-agent systems,

obstacle avoidance, cooperative behavior

BBBEJEHUE

Pa3BuTtHeTro Ha MOOMIHHUTE POOOTU U TAX-
HOTO TNPHWJIOKEHHE B MHIyCTPHAIHH U H3CIIe-
JIOBATEJICKU Cpelyd M3UCKBA HANEKIHU METO-
1M 32 TWArHOCTHKAa ¥ MOHUTOpHWHT. EnHa oT
OCHOBHUTE TPYJHOCTH € WHTETPUPAHETO Ha
pa3HOOOpa3HU CEH30pH M aKTyaTOpH B peall-
HOBpEMeBH cOpTyepHHU cucTeMu. Brpasenute
KoMITtoTpHu kaTo Raspberry Pi, komOuHupanu
C omepainuoHHa cuctema Linux u copTyepHa-
Ta pamka ROS, mpemoctaBsT IOCTBIIHO H
e(deKTUBHO pellleHne 3a U3rpa)/JIaHe Ha TaKH-
Ba cucrtemu [1].

JlmarHoctukata Ha MOOWUTHH poOOTH
BKJTIOYBA HAOJFO/IEHUE HA XapyepHUTE Tapa-
MeTpu (TeMIeparypa, HalpekeHue, HaToBap-
BaHE), ChCTOSTHUETO Ha CEH30PHUTE U aKTyaTo-
puTe, KaKTO ¥ HAa KOMYHHMKAI[MOHHATa Cpefa.
[MomoOHa cucTemMa TO3BOJSIBA KaKTO peak-
TUBHO, Taka W TMPEAUKTHBHO OTKPHBAHE Ha
noBpeau [2].

YmpasiienneTo Ha GopMaUKA OT ABTOHOM-
HU MOOHWIJIHM POOOTH € KIIOYOB MpoOJieM B
MHOTOAareHTHUTE CHCTEMHU C HIUPOKO MPHIIO-
KEHHe B 00JacTH KaTo HaONoJeHue, KapTo-
rpadupaHe, MOHUTOPHHT Ha OKOJIHATA Cpeia,
ThPCEHE U CIacsBaHe, KAKTO U B UHTEIUTeHT-
HU TpPaHCIOPTHU cucTeMu. llocTturanero u
HOJTbPKAHETO HAa KOOpAMHHUpaHa (hopmainus
MEXJy MHOXECTBO pPOOOTH TIPECTABIISIBA
3HAYUTENHO MPEAU3BUKATEICTBO, 0COOEHO B
TUHAMUYHA W YaCTUYHO HETO3HATH CPEiH,
KBJETO KOMYHUKAIIMOHHUTE OTPaHUYCHHUS,
M30ATBaHETO HA MPEMATCTBHS M JICIICHTPAIH-
3UPAaHOTO B3€MaHE Ha PEIICHUS UTPasAT Ch-
IIIECTBEHA POJISL.

JlmarHocTuyHaTa cHCTeMa, U3rpajieHa Bbp-
xy Raspberry Pi, Linux u ROS, moxxe na 0b1e
WHTETpUpaHa B pa3audHu cepu HA poOOTH-
Kara W aBTOMAaTW3anusATa. | 'bBKaBaTa apxu-
TEKTypa MO3BOJIsIBA a/IalITUPAHE KbM CIICIH-
(UYHUTE M3UCKBAHUS HA MPHIOKEHUETO, Ka-
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TO C€ rapaHTUpa HAJEKIHOCT U BH3MOKHOCT
3a TUCTAHIIMOHHO HAOJI0/ICHUE.

B wuwnmyctpuanHara aBTOMAaTH3alUS MO-
owmHuTe podotn (Automated Guided Vehicles
— AGV u Autonomous Mobile Robots —
AMR) u3nmbIHABAT KIIOYOBA pOJIsi B TpaH-
CIIOPTHHU W CKJIAJIOBH CUCTEMH. J{MarHOCTHY-
HaTa CUCTeMa ClIeJd ChCTOSHUETO Ha OaTrepu-
ATa, ABUTATEIINTE U CEH30pUTE, KATO OCHUTY-
psiBa IPEIUKTHUBHA MOAIPHKKA U MPEJOTBpa-
TSABa HEXENaHW mpecTon. ToBa MOBUIIABA
e(heKTUBHOCTTa U 0€30MacHOCTTa Ha MPOU3-
BOJICTBCHHSI ITPOIIEC.

B Hayunute uzcneaBaHus AUarHOCTUYHATA
CUCTEMa CIIy’)KH KaTo OCHOBA 3a BaJIUJUPAHE
Ha QJITOPUTMU 3a yNpaBICHHE, HABUTAIUS U
KOOpJWHAIMSI HAa MHOTOAareHTHU CHCTEMH.
Upes chOupaHe Ha JaHHHU OT Pa3IMYHU HOAY-
JU W3CJICJIOBATCIIUTE MOTAT Jia aHAIU3HPaAT
MOBE/ICHUETO Ha poboTa B peanHa cpena, Ja
UIACHTH(UIIPAT CITA00CTH | J1a ONTUMHU3UPAT
QITOPUTMHUTE.

N3JT0XKXEHUE

ApXUTEKTypaTa Ha JMAarHOCTHYHATA CHC-
TeMa € M3rpajieHa Mo MOJYJIEeH MPUHLUI, Ka-
TO ce KOMOMHMpAT XapIyepHU U cOPTyepHHU
KOMIIOHEHTH, B3auMojeicTBamm upe3 ROS.
MoaynHUAT TMOAXOJ MO3BOJIABA JIECHO pa3-
IIUpSABaHE W QJaNTHPAHE KbM Pa3INYHU BH-
noBe MOOWIHM 1iatdopmu, kaTto oOpazoBa-
TeJNHU poOoTH, nHAycTpuanHu AGV cucremu
Y M3CIIEOBATENICKH TIPOTOTHUITH.

Xapayep

- Raspberry Pi — n3bpan kato 1eHtpaiex
W3YUCIUTENICH MOAYJ TMOpaju cBOsATa J0-
CTBITHOCT, HUCKA KOHCYMAIlisi Ha CHEPrusi |
noJipbhkka Ha Linux-6a3upaHu omneparuoH-
Hu cucremu. Moaenu karo Raspberry Pi 4
MPEJOCTaBAT YETHPHSIPEH MPOLecop U J0cC-
TaThYHO0 RAM 3a m3nwianenue Ha ROS Homo-
BE€ M TUarHOCTUKA B pealHO BpeMe.

- CeH30py — HM3MON3BAT CE€ paA3JINYHU THU-
MOBE CEH30pM 3a HaBHraluss M KOHTPON:
nneprmaneH moayn (IMU) 3a m3mepBane Ha

yCKOpeHuss U BrioBu ckopoctd, LiDAR 3a
JIByMEpHO KapTorpadupaHe U OTKpHUBaHE Ha
MPETSATCTBHS, YITPa3ByKOBU U HH(ppauepBe-
HU CEH30pH 3a OJM3KU Pa3CTOSHUSA, KAKTO U
RGB-D kamepa 3a Bp3lpueMaHe Ha OKOJIHATa
cpena.

- AKTyaTOpH — BKJIIOYBAT EJIEKTPOIBHUIa-
teau (DC unu BLDC), motopHu apaiiBepu ¢
BB3MOKHOCT 3a OOpaTHa BpB3Ka, KAKTO M
CEpBO MEXaHU3MH 3a CIEHUAIU3UpPaHU 3aja-
Yy (HanpuMep MaHUITYyIaTOPH).

- 3axpaHBallla cucTemMa — aBTOHOMHATa pa-

0oTa ce ocurypsiBa OT JIMTHEBO-HOHHA Oarte-
pusi, cHabJeHa ¢ MOJIYJN 3a yIpaBlieHUE Ha
eHeprusita (Battery Management System,
BMS), koiito npepoctaBs uHbopManus 3a
HUBOTO Ha 3apsja, HANPEKECHUETO U TeMIe-
parypara.
- Komynukanmonnu wuntepdeiicu — Brpane-
auar Wi-Fi u Bluetooth mo3BonsBar otaane-
YeHO HaONIOJCHHE W YIPaBJICHUE, OKATO
USB u GPIO noprosere ynecHsBaT CBbP3Ba-
HETO Ha CEH30PH U JApaABEpH.

Co¢ryep

- Linux (Ubuntu/Raspberry Pi OS) — ome-
palMOHHATa CUCTEMa OCUTYpsiBa yNpaBlIEeHUE
Ha TMPOIECHTE, ApaiiBepy 3a XapayepHUTe yc-
TpOICTBa M MOJIPBKKA Ha MPEKOBH MPOTO-
Ko, Hanmumero Ha mMakeTHH MEHWIKBPHU
(apt) ynecHsiBa MHCTaJalUsATa U OOHOBSIBaHe-
To Ha ROS 1 cBbp3anu OMOINOTEKY.

- ROS (Robot Operating System) — 0ocHOB-
HaTa coTyepHa pamKa, KOSTO pealu3upa
KOMYHHUKAIMsI MEXIy OTACITHUTE MOIYJIH
ype3 TeMH, yciayru u aeiictsus. ROS npenna-
ra rOTOBM NaKeTH 3a JWAarHOCTHKA, BU3yallu-
3anusl ¥ CHUCTEMEH MOHUTOPHHT, KOUTO 3Ha-
YUTEIHO ChKpallaBaT BPEMETO 3a pa3pabort-
Ka.

- ROS Diagnostics — u3mnoin3Ba cTaHJapTHU
cboOmenus (diagnostic_msgs) 3a myOIHKy-
BaHE Ha CTAaTyCH M MpeaynpexaeHus. Beexu
MOAyJN (CEeH30peH MApaiBep, aKTyaTop WIH
CHCTEMEH IpoLeC) MOXe J1a mojaBa HH(Op-
MaII¥si 32 CBOETO ChCTOSTHUE.
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- HHcTpyMeHTH 3a BH3yanusanus —
BKJIFOYBAT rqt robot monitor 3a AMarHoCTUKA
B peanHo Bpeme, RViz 3a BusyanHo npexacra-
BSIHE HAa CEH30pHU JaHHH U rqt graph 3a Ha-
OJto/IeHNe Ha KOMYHUKAIIMOHHATA TOMOJIOTHUS
Ha cucTeMara.

JAMarHOCTUYHH HOLYJIU

- Sensor monitor node — mpoBepsiBa 4€CTO-
TaTa ¥ KOPEKTHOCTTA Ha MyOJMKYBaHUTE CEH-
30pHH JaHHU. [Ipu OTKJIOHEeHHe Wu3Bekaa
MpEeIyNpexKACHHE 32 BH3MOXKHA MOBPEIa WIH
3ary0a Ha Bpb3Ka.

- Motor driver monitor node — cienu Ha-
MIPEKEHUETO, KOHCYMHUPAHUsI TOK U TeMIiepa-
Typara Ha MOTOPHHUTE JIpaiilBepH, KOETO MO3-
BOJISIBA HABPEMEHHO OTKPUBAHE Ha MPETOBAp-
BaHE WJIH MIPETPsiBaHE.

- System monitor node — HabmonaBa u3-
YUCIUTEIHATE pecypcu Ha Raspberry Pi
(CPU, RAM, aucKOBO MPOCTPAHCTBO), KAKTO
U Temreparypara Ha mpouecopa. Mupopma-
[UATa C€ W3IOJI3Ba 3a MPEBaHTHBHA 3alUTa
OT TIpeTpsiBaHE M MPETOBAPBAHE.

- Network monitor node — aHanu3mupa Ka-
YeCTBOTO Ha Oe3KMYHATa W KaberHaTa BPbH3-
Ka, cielnu 3a 3aryba Ha MakeTu u 3a0aBsHE B
KOMYHHKAITUATa MEXKIY HOJIOBETE.

MeToam 3a ATMATrHOCTHKA

MeToauTe 3a AMATHOCTUKA B MOOWIIHU PO-
0O0TH3MpaHN CHCTEMH UMAaT KJIIOYOBO 3HAUYE-
HUE 3a HAJCKIHOCTTAa M yCTOHYMBOCTTA HA
excrtoatanusi. OcHOBHATA 1€ € Jla C€ OCH-
TYpH CBOEBPEMEHHO OTKpPUBAaHE HA TPEIIKH,
MpeIOTBPATsABaHE HA TOBPEIN M MOAIPHKKA
Ha CTaOMITHA KOMYHUKAIUS MEXTy MOJTYJTUTE.
B pamkuTe Ha mpemioxeHara cuctema, 6a3u-
pana Ha Raspberry Pi, Linux u ROS, nuarno-
CTHKaTa Ce€ pealn3upa 4pe3 KOMOWHAIUS OT
copTyepHH MMaKeTH, CHCTEMHU JIOTOBE M Tpa-
(UYHN UHCTPYMEHTH 32 BU3YaIIU3AIIHSL.

ROS Diagnostics Framework

ROS Diagnostics Framework e nenrpaien
eJIEMEHT Ha cHUcTeMaTa 3a JIWarHoctuka. Tol
W3MO0I3Ba CTaHJIapPTHU CHOOIICHUS
(diagnostic_msgs) 3a oOMeH Ha mHbOpMAITUs

3a ChCTOSTHUETO HA Pa3TUYHUTE KOMIIOHEHTH.
Bcexu ROS Hox moxe na myOiuKyBa cTaTtyc
Ha XxapayepeH Wi coTyepeH MOMIyH, Karo
HanpuMep:

- OK — MoaynpT pyHKIIMOHUPA HOPMATHO;

- Warning — 3aceyeHd ca aHOMaJIHH WU
CTOMHOCTH U3BBH ONTHUMAIIHUS IUAMA30H;

- Error — Bb3HHMKHANIA € KPUTHYHA TPEIKa,
M3HCKBalla He3a0aBHA HaMeca.

[IpenuMcTBO Ha TO3M MOIXOJ € BB3MOXK-
HOCTTa 3a IICHTPAIM3UPAHO CHOUpAHE W
CTpyKTypupaHe Ha HH(poOpmanusTra OT pas-
TuyHU u3ToyHUIM. OCBEH TOBa CHCTEMara
MO3BOJIABA HEpapXUYHO MPEACTaBsIHE Ha IH-
arHOCTUYHUTE JaHHU, KOETO YJIECHSBA OIle-
patopa MpH aHaau3 Ha CIOKHU CUCTEMH.

Busyanuzanus

Busyanuzanusara Ha AMArHOCTUYHUTE JaH-
HU € OT CBIIECTBEHO 3HAYCHHE 32 OIEepPaTOPH-
Te u umxkeHepure. ROS npenocraBs HAKOIKO
MHCTPYMEHTA 3a Ta3u 1e:

- rqt_robot_monitor — rpaduyueH uHTEp-
(eiic, KOWTO BH3yalIW3upa JHATHOCTUYHHUTE
cboOImIeHus B peanHo Bpeme. [loTpeOutensrt
MOKE JIECHO Jla HICHTH(UIMpPA MPOOIeMH
Yype3 IIBETOBO KOJHpaHe (3eJeH0 — HOPMAITHO,
KBJITO — MPETYNPEKIECHUE, YEPBEHO — TPEIll-
Ka).

- RViz — ocHOBEH MHCTpYMEHT 3a TpHUH3-
MEpHa BHU3yalu3allus Ha CEH30pHU TaHHH.
OcBeH 3a HaBuranusa W Kaprorpadupane,
RViz moxe na 0be U3MOI3BaH U 3a HAOMIO-
JIEeHWE Ha JUArHOCTUYHU JaHHHU.

- rqt_graph — moka3Ba TOMOJOTHATa Ha
ROS HopmoBeTe u Bpb3KUTE MEXKIY TAX. Upes
TO3W MHCTPYMEHT MOrar Aa ObIaT OTKPHUTH
MPEKBCBAHUS B KOMYHHUKAIUATA, HEMTPABIITHO
KOH(OUTYpUPAHH TOMHUIM WJIA JUIICBAIIH
BPB3KH.

CucremMH#u J0rose

CucteMHUTE JIOTOBE JOIMBJIBAT JUATHOC-
TUYHATA paMKa, KaTO MPEJOCTaBAT JeTailIHa
nHpopmanus 3a CbOUTHSATA U NPOIECUTE B
cuctemara. B mpeioxkeHara apxuTeKTypa ce
M3T0JI3BAT:
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- rosout — OCHOBEH KaHaJl 3a JIOT ChoOIIe-
Hus B ROS. Ilo3BonsBa mpociensiBane Ha
CTaTyCH, TPEIIKH U MPEIyNpeKICHUs, TeHe-
pHUpaHU OT HOJIOBETE.

- syslog — cuctemen nor Ha Linux, Ko#iTO
CbXpaHsiBa MH(pOpMaIMs 3a IpOLecH, apail-
BEPU U CUCTEMHH CHOUTHSL.

- journald — yact ot systemd, KosATO mpe-
JOCTaBs MO-T'bBKAaB MEXAHM3bM 3a ChOHMpaHe
u  GQwITpUpaHe Ha JIOTOBE, BKJIIOYUTEIHO
BpPEMEBU MapKH U HUBA Ha KPUTHYHOCT.

W3non3BaHeTo Ha KOMOMHMpaH JIOTMHT
OCUTYpsiBa BB3MOXKHOCT 3a aHaJIU3 Ha CHOU-
TUATA KaKTO IO BpeMe Ha paboTa Ha poOora,
Taka M 1MocT(akTyM, 3a LEIUTE Ha OTCTPAHs-
BaHE Ha Npo0JIeMU WIN ONTUMH3ALIHUS.

Custom Dashboard

3a 1o-y00HO B3aMMOJEHCTBHE MEXKIY
oreparop U poOOT € BB3MOXKHA pa3zpaboTka
Ha custom dashboard — ye6-6a3upana wim
JIECKTOT CHCTEMa, KOSTO MHTETpHUpa TaHHH OT
ROS diagnostics, cucreMHu JIOroBe M CEH-
30pHU HOzoBe. [IpemumcTBara Ha TO3HM MOJ-
XOJ BKJIFOYBAT:

- OTpaneueH n0CThII Upe3 yed uHTepdeiic;

- MHTepakTBHU Bu3yanu3auu (Tpaduxu
Ha TeMIieparypa, HaToBapBaHe Ha MpOIecopa,
HUBO Ha OaTepusTa);

- BB3MOXKHOCT 3a M3MpamaHe Ha yBEIOM-
JICHUS U aJlapMU IPU KPUTUYHU ChOUTHS;

- Mcropuuecko chxpaHeHHE Ha NAaHHH 3a
MPEIUKTHUBHA MOIPHKKA.

Custom dashboard moxe na Obae peanu-
3upaH 4pe3 uHTerpanus Ha ROS ¢ nomynsipHu
mnatdopmu kato Grafana nunu Webviz, koeto
IIpaBU cHCTeMara oule MOo-I'bBKaBa U IOJAXO-
TSIIIIA 32 Pa3IMYHH CIIEHAPHH.

3AKVIFOYEHHUE

[Ipennoxkenata cuctema 3a AMArHOCTHUKA
JEMOHCTpHpa BB3MOXKHOCTUTE Ha Raspberry
Pi m ROS 3a wHTErpHpane Ha XapayepHO U
coTyepHO HaONIOJCHHE B PEATHO BpEME.
I'bBKaBaTa apXWTEKTypa I03BOJISBA aJlanTH-
paHe KbM pa3iuvHU MPUWIOKECHUS U JT00aBsSHE
Ha HOBU CEH30pHU U JUArHOCTMYHU Mojynu. B
Obpaemy pa3paboTKH ce MpeaBHKIA H3MON3-
BaHE Ha MAIIMHHO OOyuYeHUE 3a MPEIUKTUBHA
JTIMAarHOCTHKA.

BaarogapHoctu

Tosa uzcnedsane e unancupano om Eepo-
netickus (oHO 3a pecUOHATHO pazsumue 8
pamxume na OII ,, Hayunu uzcnedsanus, uro-
sayuu U OuUMAaIU3ayus 3a UHMeIUSeHMHA
mpancpopmayus“ 2021-2027 2., Ilpoexm No
BGI16RFPR002-1.014-0005 Llenmvp 3a Kom-
nemenmuocm,, "HumenucenHmuu mexampon-
HU, €eKO- U eHepeoCnecmasauju cucmemu u
mexnonocuu *
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YIIPABJIEHUE HA ®OPMAIIMU OT ABTOHOMHUA MOBUJIHAN
POBOTHU YPE3 AbJIBOKO OBYYEHHUE C IIOAKPEIIA

FORMATION CONTROLS THROUGH TRAINING WITH
REINFORCEMENT LEARNING

Vanya Markova

Bulgarian Academy of Sciences
Institute of Robotics

Ventseslav Shopov

Bulgarian Academy of Sciences
Institute of Robotics

Abstract

This paper investigates the application of Deep Reinforcement Learning (DRL) for formation control in teams of auton-
omous mobile robots. The main focus is on the Proximal Policy Optimization (PPO) algorithm, which is used to train
agents to maintain a desired formation, avoid obstacles, and navigate efficiently to the goal. A model of a simulation
environment with different obstacle densities is presented, in which agents are trained through a trial-and-error strate-
gy, optimizing a reward function. The results show that PPO allows for the implementation of flexible and cooperative
behavior with high success rates, even in dynamic and partially unfamiliar environments. A quantitative analysis of the
performance in different scenarios is performed, confirming the potential of the DRL-based approach for real-world
applications in robotics.

Keywords:deep reinforcement learning, formation control, autonomous mobile robots, PPO, multi-agent systems,

obstacle avoidance, cooperative behavior

BBBEJIEHUE

VYnpasieHneTo Ha GopMaluu OT aBTOHOM-
HU MOOWJIHHM POOOTH € KIIIOUOB MpoOJeM B
MHOT'OAareHTHUTE CHCTEMH C IIUPOKO IPUIIO-
KEHHEe B 00JaCTH KaTo HaOJIoJeHue, KapTo-
rpadupaHe, MOHUTOPUHT Ha OKOJIHATa Cpena,
TBPCCHEC U CIIACABAHEC, KAKTO U B MHTCIIMI'CHT-
HU TpaHclopTHM cucTteMu. [locturanero u
MOAIBPKAHETO Ha KOOpAMHMpaHa (hopmanus
MEXJIY MHOXECTBO pOOOTH NpeCTaBisIBa
3HAYUTEIHO IPEIU3BUKATEICTBO, OCOOCHO B
JUHAMUYHA M YaCTMYHO HEIMO3HATHU CpeHu,
KbACTO KOMYHUKAIMOHHUTE OrpaHUYCHUS],
M305TBaHETO HA MPENSATCTBUS U JICLEHTpaIu-
3MPAaHOTO B3€MaHE Ha PEIICHUS HIpPasiT Ch-
IIECTBEHA POJISL.

TpaguuMoHHUTE TOIXOAW KBM YIIpaBlie-
HUETO Ha Qopmaru 0OMKHOBEHO ce Oa3upar
Ha TIPEeIBAapUTENHO Je(PUHUPAHU TIpaBUIIA,
HepapXuyHu CTpaTerud OT TUma '"Juaep-
cienoBaren” WIM KOHCEHCYCHM MeToiu. Ma-
Kap J1a ca epeKTUBHU B CTPYKTypUpPaHU Cpe-
I, T€3W MOJXOJM YeCTO JeMOHCTPHpAT Orpa-
HUYEHA aJaNTUBHOCT B CIOXHHU U TUHAMUYHU
YCIIOBHSA, TIpU KOWTO areHTUTE TpsiOBa aBTO-
HOMHO Jla C€ TPUCIOCO0sSBaT KbM IIPOMEHH U
cmytieHus. [Ipe3 mociaenHuTe TOTUHH, METO-
aurte, 6asupaHu Ha OOy4YeHHE — U MO-CIeIlH-
QTHO TBIOOKOTO OOyYeHHE C TOJKpPEIUICHHE
(Deep Reinforcement Learning, DRL) — ce
YTBBPKIaBaT KaTo oOeliaBamnia ajJTepHaThBa,
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mpejjaraia T'bBKaBU, MallabUpyeMu U yc-
ToWuuBH perienus [1], [4].

B HacrosmoTo m3cnenBaHe ce pasriexnia
npusioxkennero Ha DRL 3a ynpaBneHue Ha
dbopMaIu B €KUM OT aBTOHOMHHU MOOWJIHU
po6otu. ITo-KOHKPETHO, POKYCHT € BHPXY U3-
noji3BaHeTo Ha anropurbMma Proximal Policy
Optimization (PPO) — ceBpemenen DRL me-
TOJ, HM3BECTEH CBC CBOSITA CTAOMIHOCT U
edexTuBHOCT TIpH oOy4denwue [1]. PPO ce npu-
jara 3a 0Oy4eHHe Ha areHTH B CUMYJIallMOHHA
cpena, Taka 4ye Te Ja MOrar Ja IO-CTHraT u
MOIBPIKAT KellaHa (POpMaIrs, KaTo ChIICB-
PEMEHHO HAaBUTHPAT KbM LieJieBa TOUYKa B cpe-
TIM ¢ pa3jIMdHa IUTBTHOCT Ha MPESTCTBUSATA.

YrpaBiieHHeTO Ha MHOTOAareHTHU CHCTEMU
ype3 o0y4yeHHE C IMOJAKpEIUICHHE € O0CKT Ha
WHTEH3WBHO M3CJI€/[BaHE B MOCIEAHOTO Jece-
tunerue. B nmureparypara ce cpemar pasiny-
HU TIOJIXOJT 32 YIIpaBJICHUE HA pOOOTU3UPAHH
(dbopMaruy, BKIFOUYUTEITHO METOIU, Oa3upaHu
Ha TMpaBujia, ONTUMHU3ALMS, MOBEICHYECKO
KJIIOHMpaHe U AbJIO0KO oOyuyeHue. Meroaure
oT TUHa '"nuaep-ciaenoBaTen" U KOHCEHCYC-
0a3WpaHu CTpaTeTUH Ca YECTO H3IOJI3BAaHU
Mopajy CBOSITA OTHOCHTETHA MPOCTOTA U YC-
torumBocT [2], [3].

C mapacTBamuTe BB3MOXXHOCTH Ha HEB-
POHHHTE MPEKHU U H3UHCITUTCIHUTE PECypCH,
DRL 3anouna na ce u3nona3sa 3a yrpaBJieHUE
Ha CJIOXHM 3afaun B poOotukata. I[logxoau
kato Deep Q-Networks (DQN), Trust Region
Policy Optimization (TRPO) u PPO noxa3sar
I00pH pe3yiTaTd MpU 3a/layl ¢ HeMpeKbCHa-
™A cheTostHUsL M newictBus [1], [4]. PPO, B
YaCTHOCT, C€ U3IMOJI3BA IIMPOKO 3apajd CBOS
OanmaHC MEXIy CTaOMJIHOCT HAa OOyYEHUETO U
u3uuciInTenHa eeKTUBHOCT. B KOoHTekcTa Ha
dbopmarmonHo ympasienue, DRL ce uzmomns-
Ba KaKTO B IICHTPAIM3UPAHU, TaKa U B JICIICH-
TpaJIU3UPAaHU CLIEHAPHUH, KATO YECTO Ce KOM-
OWMHMpa C CHUMYJIAIMOHHU CpPeOu  KaTo
Gazebo, ROS, Unity umu custom OpenAl
Gym cpenu [7], [8].

Hsxonko u3ciieqBaHusi 1eMOHCTPUPAT yC-
nexa Ha DRL B ympaBiieHue Ha posiu OT po-
00TH, Hamp. Ype3 KOJEKTUBHO OOYyYeHHE,
o0ydeHne ¢ KOONepaTUBHU areHTH WIW KOH-
KypeHTHa quHamuka [S], [6]. Bce omie obaue
0CTaBaT OTBOPEHU MPEIU3BUKATEICTBA, CBBP-
3aHH CBC CKAUPyeMOCTTa, OE30MacHOCTTA,
00SICHUMOCTTA U TpaHCPEPHOTO OOyUeHHE Ha
MOJINTUKHA MEXAY Pa3IndHU Cpeaud U KOH(U-
ryparu.

N3J1I0KEHUE

OO0ur npersiex Ha DRL u PPO

OOyueHHeTo ¢ NOJKpEeIyIeHue € Mapajur-
Ma, B KOSITO areHTUTE Ce y4JaT Jia B3eMaT 1ocC-
JIeIOBATEJIHN PEIEeHUs Ype3 B3aUMOACHCTBUE
cbe cpemara. Deep Reinforcement Learning
(DRL) cpueraBa Ta3zu mapaaurma ¢ AbJIOOKH
HEBPOHHH MPEXH, 32 JIa CE CIPaBs ChC CPEIH
C  BHCOKA  pa3MEpHOCT.  AJTOPUTBMBT
Proximal Policy Optimization (PPO) e uact
oT cemeiicTBoTo Ha policy-gradient metoauTe
¥ M3M0J13Ba CHOTHOIICHNE MEXKIy HOBA U CTa-
pa MmoJuTHKa 3a cTabuiM3upaHe Ha O0ydeHu-
€TO Ype3 OrpaHnyaBaHe Ha MPOMSHATa B TIO-
JUTHUKATA.

PPO e u30pan B HAcTOSIMIOTO H3CJE/IBaHE
Hopajgu CBOSITa CTAOMIIHOCT, CPAaBHUTEIIHO
O0bp30 00yueHHe M J0Ka3aHa €(PEeKTUBHOCT B
HETPeKbCHATH 3a/1a4H.

dopmyaupaHe Ha 3a1a4aTa

Bceeku areHT (po6oT) ce Monenupa Karo
TOYKa C OTPaHWYEHa CKOPOCT U TI0JIe Ha 3pe-
Hue. 3anavara ce (opMyiHpa KaTro emnu3o-
mnuHa Markov Decision Process (MDP), kb-
JIETO BCEKH areHT MMa YaCTUYHO HaOJroieHue
Y ChCTOSIHUE, BKIIFOYBAIIIO:

- HeropaTa coOOCTBEHA MO3HIIMS U CKOPOCT,

- OTHOCHTEITHU TO3WIMU Ha CHCEIHNTE B
KOMYHUKAIITUOHHUS PAJNYC,

- OTHOCHTEJTHA TIO3HIINS Ha [eITa,

- GJIM30CT 710 MPENSATCTBHUS.

[IpocTpaHCTBOTO Ha NEHCTBHATA BKIIOYBA
MpoOMsHa Ha JMHEHHaTa U BIIoBa CKOPOCT Ha
areHTa.
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@yHKIUA HA Bb3HAIPAXKICHUE

OyHKIMATAa Ha Bb3HArpaxaeHue KoMOU-
HUpAa HAKOJIKO KOMITOHEHTA!

- Ri: monoxuTtenHa CTOMHOCT 3a MOJIBP-
aHe Ha hopMmarus;

- Ra: HakazaHue 3a cOMBCHK C MPENSATCTBUS
WJIM OIPYTHU arCHTHU,

- Rs: monoxutenna croiiHOCT 3a mpuUOIH-
YKaBaHE U JJOCTUTaHE Ha IENTa;

- Ra: Hakazanume 3a 3ary0a Ha Bpb3Ka C
dbopmarusTa.

O6mara GyHKIUA:

R total = wi'Ri + w2'Rz2 + w3-R3 + wa'Ra

3akmouenne u Obaena padora

W3cnenBanero neMoHcTpupa e(heKTHB-
HoctTa Ha PPO 3a ynpaBnenue Ha KOOPAUHU-
paHoO TOBEJCHHE B MHOTOAr€HTHH CHUCTEMHU.
braemiara pabora BKIIOUBA:

1. Peanuzanusa B peaiHa cpela upe3 CUM-
peait Tpanchep.

2. Kom6unupane nva DRL ¢ MPC u xosn-
CEHCYCHH TIOJIXO/IH.

3. Ckanupase 70 1€CEeTKU areHTH.

4. UsnonzBane Ha GNN u pekypeHTHHU
MPEXHU.

5. LlenTpanu3upana KpuTUKa C JICLIEHTpa-
TU3YpaHa MoJIUTHKA.

EKCIHEPUMEHTHU U PE3VYJITATH

CumynannoHnHa cpena

N3non3Bana e custom cuMysallMoOHHA cpe-
na, 6azupana Ha OpenAl Gym. Cpenara no-
3BOJISIBA!

- JepuHMpaHEe Ha pa3jiMyHa ITbTHOCT M
pa3MoioKeHNE Ha MPENsATCTBUS,

- HacTpoiika Ha Opos areHTd u popmaruu
(uueitHa, V-o0paszHa u 1ip.),

- BU3yaJIM3allus U 3aIIUC HA EMU30/H1.

OOy4eHueTo ce M3BBPILBA C MMOMOIITA Ha
Stable-Baselines3, kaTo BCEKHM areHT U3II0JI3-
Ba nHAMBUAyanHa PPO-nonutuka.

ExcriepymeHTanHa nocTaHOBKa

Konduryparus

- bpoii arenTu: 5

- Tun ¢popmanus: nuHeiiHa u V-o0pa3Ha

- Pasmep na kapra: 20x20 equHunu

- Ilpoabmxurennoct Ha enuzon: 500
CTBIIKU

- Havanuu ycnoBus: ciayyailHM mO3ULIUU
OKOJIO HayaJIHA TOYKa

Pesynrarure noxassat, ue PPO Boau 1o
BUCOKa ycneBaeMocT (92%) u cTabuiHo noj-
IbpXKaHe Ha QopmarusaTa B cpela ¢ MajKo
npensATcTBus. B mo-ciokHara cpena, ycrie-
BaeMocTTa € 76%, kKato ce HaOJromaBaT IoO-
4yecTu COMBbCHIM M BPEMEHHO HapylllaBaHe Ha
(dopmanusaTa. ATEHTUTE pa3BUBAT aIAlTHBHH
CTpaTernuy, BKJIIOYUTEIHO pErylupaHe Ha
CKOpPOCTTa ¥ BH3CTAaHOBSIBAaHE Ha (hopManusara
clieq MpeMrUHaBaHe Ha TECHU yYacThIIH.

Experiment |

18
16
14
12

Reward
—
oON MO ®O

\) \) Q \) \) Q
RS SR IIE SR
Epochs

Due. 1. Ilpouzsooumennocmma Ha 08ama anco-
PUMBMAa @ CIyuall Ha KOAEKmue om MoOUuIHu po-
bomu 6 ycno8uama Ha Maibk Opou npensamcmeus,

Kamo Mempukama e cymapHama Hazpaoa

ANTOPUTHMBT 32 TIOACHUIIBAHE € pealIU3UPaH
¢ momoinra Ha makera OpenAl Baselines[13].
Anroputmute DDQN u PPO ca momudunm-
paHu, 3a 1a Morar Ja o0paboTBaT MpeTeriieHa
Harpaja. 3a Ja MOTaT arcHTHTE Ja 3ara3sT
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¢dopmanusiTa, € HEOOXOIUMO Harpajara IMpH
JIOCTUTAHE Ha IIeJITa J1a € IMO-ToJisiMa, KOTraTo
areHTUTE 3arma3saT GopMaImsITa.

Baselines e Oubnuoreka, HamucaHa Ha
Python, ¢ paznuunm anroputMu 3a oOydeHHE
Cc moncuiaBaHe. BaxkHO mpeauMcTBO €, ue
Baselines pabotu noope ¢ Tensorflow[14].

[To TO3W HaYMH W3YUCIICHHATA MOTAT Ja
pabotat kakro Ha CPU, Taka u Ha GPU. 3a
TOBa M3CJICIBAHE AJITOPUTMHUTE 32 00yUYEeHHE C
MOJICWJIBAHE THPBOHAYAIHO ca OOydYeHU Ha
GPU, wusnon3paitku CUDA 10.1, nmapanenna
M3uuCIUTeNHa Iargopma, paspaboreHa oOT
NVIDIA. Mznoassanmsar GPU e NVIDIA
GeForce GTX 1660, a CPU e 8-sanpen Intel
(R) Xeon (R) CPU E7.

WNunukaropu 3a oreHka: 3a 1a ce CpaBHAT
DDQN u PPO, e mHeobxoqumo na ce neduHm-
par nokazarenn. O0oOmieHara Harpaga € u3-
OpaHa KaTo OCHOBEH MHJIUKATOP.

B ToBa mpoyuBaHe MpoBegOXME JBa SKCIIe-
puMeHTa. M1 B JBata eKCIIepUMEHTa CpaBHS-
BaMe JiBa JBJIOOKO OOYYCHH aJrOpUThMa C
noaapwxkka: DDQN u PPO.

B nmepBHs ekcriepuMeHT u3cienBamMe Ipo-
W3BOAMTETHOCTTa Ha JBaTa aliropuThbma B
Clly4ail Ha KOJIEKTUB OT MOOWJIHH POOOTH B
yCIIOBUSITA HA MAJIbK OpPON MPEMsTCTBHS, KaTo
METpHKaTa € CyMapHara Harpasja.

BbB BTOpHSI EKCHEpUMEHT CpaBHSBaMe
MIPOU3BOJAMTEITHOCTTA HA TE3U JIBA AJITOPUTH-
Ma B ciyd4ail Ha rojsm Opoil mpenstcTBus. B
TO3W CiIy4ail, 3a J1a ce JIOCTUTHE €Ha U ChIIa
o0mra Harpaja, ca HeoOXOTUMHU TIOBEYE eIo-
xu. O6miara narpaga cien 1500 emoxu e en-
HaKBa U 3a JiBaTa aropuThMa.

Experiment Il
20
15
- 10
:
0 ~— PPO

C PO S S
S o S PS8

Epochs

@ue. 2. Cpasnssame npouzsoOuUmMenHoCmma Ha
me3u 08a an2opumvMa 8 CLyHall Ha 20sAM Opoll
npensimcmeus

3AKJIIOYEHHUE

Pesynrarure moxassat, ue PPO Boam 1o
BUCOKa ycneBaeMocT (92%) u cTabuiiHo nof-
IbpXKaHe Ha QopmarusaTa B cpela ¢ MajKo
npensTcTBus. B mo-cioxkHaTa cpena, ycre-
BaeMocTTa € 76%, kKato ce HaOJromaBaT IoO-
4yecTu COMBbCHIM M BPEMEHHO HapylllaBaHe Ha
(dopmarusaTa. ATEHTUTE pa3BUBAT aIalTUBHH
CTpaTernuy, BKJIIOUUTEIHO pErylupaHe Ha
CKOpPOCTTa ¥ BH3CTAaHOBSIBaHE Ha (hopManusaTa
cleq MpeMrUHaBaHe Ha TECHU yYacThIIH.

baaropapuocru

Tosa uzcnedsane e ¢unancupano om Eepo-
neiickus (OHO 3a pecUOHANIHO pa3zsumue 8
pamkume na OII ,, Hayunu uscneosanus, uno-
sayuu U OUUMAIU3AYUs 3a UHMeIUSeHMHA
mpancopmayusn* 2021-2027 2., Ilpoexm Ne
BGI6RFPR002-1.014-0005 L{enmvp 3a xom-
nemenmuocm,, "Humenucenmuu mexampon-
HU, KO- U eHepeoCnecmasauju cucmemu u
mexnonocuu *
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CPEJA - IOKA3SATEJIN HA KAYECTBO HA EJIEKTPUYECKATA
EHEPI'US

ACTIVE MICROGRID IN AN URBAN LOCATION - LOW VOLTAGE
POWER QUALITY INDICATORS
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Abstract

The research and analyses presented in this paper are an attempt to prove the concept that a flexible and efficient energy
transformation requires a gradual digitalization of the energy system, starting from the inside out, i.e., from the low-
voltage micro- and nano-grids, which mostly integrate low-power photovoltaic power plants and consumers with similar
demand profiles. This article analyse the initial results of a series of measurements of electrical energy quality indicators
taken from an active microgrid connected to a 198 kWp PV system.

Keywords: active microgrid; power quality; renewable generation.

BBBEJAEHUE

B YCJIOBUATA Ha BCE ITO-HapacTBalla MHTET-
panuss Ha BH300HOBIEMH eHepFHﬁHH HU3TO4Y-
HUIOW, MUKPOMPEKHUTC CC IMPEBPHIIAT B aK-
THBHA HOKanHa/ﬂeueHTpannsnpaHa eHepFHﬁ-
Ha MUKPOCHCTEMA, KOATO MOKE a IIPOU3BEK-
Aa, pasnpeacia U CbXpaHABa CICKTPUYCCKA

€Heprus MpH JIBa OCHOBHU pexXnMa Ha padora:
CBBbp3aHa C OCHOBHATa Mpeka WM B aBTOHO-
MeH pexuM. HTepechT KbM aKTHUBHHUTE MH-
KPOMPEXH € MPOBOKHPAH 3apajiv TIXHATA T'bB-
KaBOCT, HaJ€KTHOCT, Bb3MOKHOCT 32 JIOKAJTHO
ympasieHue. B chcTaBa ci CbBpEMEHHUTE aK-
TUBHU MUKPO MPEXXH MOTaT Jia BKJIFOUBAT pa3-
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JUYHU M3TOYHUIM Ha eHeprus (poroBoi-
TAauYHH [ICHTPAJIU, BATHPHHU TeHEepaTopH, OaTe-
pHUH, TU3EIIOBU arperatv u ap.), ToBapu (Ou-
TOBH ¥ MHIYCTPUATHH IMOTPEOUTEINHN, 3apSTHH
CTaHIIMU 32 eJIeKTpoMoOuu u ap.). Enepruii-
HaTa HU CUCTEMa Ce HaMHpa B [IEPUO/I HA EHep-
ruitHa Tpanchopmanus. To3u mpexon ce xa-
paKTepusupa C TOJEMHU JELEHTPATU3UPAHU
BH300HOBSIEMH MOIIHOCTH (Haii-uecto (oTo-
BOJITAWYHM [IEHTPAJIN) M U3TPaKJIAHE HA CHUC-
TEMU 3a ChbXpaHeHHE B HavasleH eTamn. U aBata
mpolieca ce ciy4Bar 0e3 MpeiBapuTeIHa Mpo-
THO3HA OLIEHKA 3a MPUCHEINHUTENICH Kanalu-
TET U pasmpeenenue Ha toapurte. [Ipes roau-
HUTE HE € U3BBHPILIBAH KAaKbBTO U JIa € aHATU3
Ha pasluKarta MEXKIy HETHa TeHeparus |
HETHO MOTpeOJIeHne, JTUICBAa MPOTHO3EH aHa-
7M3 Ha TOTpeOJieHNe Ha CTpaHa HUCKO Hampe-
xeHue. M3XoapT OT TO3W Ha MPHB MOTIE]
cTpaHeH ()EeHOMEH € H3CIIe/IBAHE Ha MHUKPO
MpEXUTE, aHAJIU3 Ha MPOOJIEMHUTE MPU MPUCH-
eIuHsBaHE Ha (OTOBOJITAUYHH IICHTPAH
(®EL), omeHka Ha BB3MOXKHOCTUTE 32 MHTET-
pHUpaHe Ha CHCTEMH 3a ChbXpaHEHUE Ha ,,H3JI1-
IIBIUTE OT €HEPrUs W YIPaBJICHHUE Ype3 TO-
Bapa.

N3JI0KXEHHUE

B cratusiTa ce aHanu3upar mbpBUTE pe3yi-
TaTu OT NOPEIULAa U3MEPBAHNS Ha IT0KA3aTEIN
Ha KayecTBO Ha €JEeKTpHuYecKaTa E€HEeprus B
aKTHBHA MUKpoMpexka ¢ npucbeauHeHa OEL]
¢ MomHocT 198 kWp. Cxemara Ha cBbp3BaHe
Ha notpeburenure e TN-C, mecrata Ha npu-
crenuusBane Ha OEL[ u mpexxoBus aHanuza-
TOp ce mpeacrasar Ha ¢ur. 1. Pasrnexna ce
aKTUBHAa MHKPOMpEKa HHCKO HalpexeHHe.
N3mepBaHusTa ca IPOBEAECHHU C aHAJIN3ATOP HA
KauecTBOTO Ha elleKTpuyecka eHeprus Metrel
MI 2892 — ¢wur.1, koliTo € yacT oT 0bopya-
BaHeTo Ha naboparopus C 7.3 ,,PazpaboTBane
Ha ChbBPEMEHHU €HEpruilHO-e(DEeKTUBHHU eNeK-
TPOKOMITIOHEHTH M CHCTEMH C MPHIIOKEHHE B
UHAyCTpUanHus cexkrtop”. M3mepBareaHusT
ypen pasmoiara ¢ peauna (yHKIIHOHATHHU

BB3MOXKHOCTH, KaTO M3MEpBaHe Ha e(eKTus-
HaTa CTOMHOCT Ha €JIEKTPUYECKUTE BEJIMUYUHU
(true RMS) 1 Bb3MOXHOCT 3a aHaJIU3 Ha Ka-
YECTBOTO Ha e€JEeKTpUYecKaTa eHeprus (u3-
MepBane mo cragaapt 50160). IlpurexaBa
BHCOK KJIaC Ha TOYHOCT, KaKTO U TpapuvHO H
TaOJIMYHO TIPEJICTABIHE Ha pe3yararute [1].

Que. 1. Ananusamop Ha Kauecmeomo Ha enexkm-
puueckama enepeusi METREL MI 2892

HaGmnronaBaMe ciieAHUTE €IEKTPUYECKH Be-
JUYMHU B TOYKaTa Ha MPUCHEIMHSABAHE Ha
@OELL: nanpexenus B Tpute azu Ua, U, Uc
n Heytpamara Un; TOk B Tpute ¢Gasu u
HeyTpanara la, Is, Ic, In 1 06110 XapMoHHYHO
M3KpUBSIBaHE IIPU MaKCHUMaJIeH TOK BbB BCSAKA
¢a3za u Heytpamara TDD%, Total Demand
Distortion, TDD I, I, I3, In. HaGmromaBame
O0IIIOTO XapMOHWYHO M3KpHBSIBaHE Ha TOKa
TDD Ii, I, I, In, THi1 KaTO TO3HM ITOKa3aTel
M3MepBa XapMOHWYHMS TOK Ha Besika (a3a Ha
€JIEKTpO3axpaHBallla Mpexa, KaTo MPOLEHT OT
MaKCUMAaJIHMsI TOK Ha KOHCYMaTOpHUTE, WH]U-
KaTop 3a XapMOHUYHO M3KpuBsBaHe. [lo TO31
HauMH C€ OTYMUTAT yCJIOBUATA HA HaTOBapBaHE
Ha aKTMBHATa MUKpoMmpexa. To3u nmokaszaren e
MO-TI0JIe3€H OT O0II0TO XapPMOHUYHO U3KPUBS-
Bane (THD), xoeTo m3moi3Ba OCHOBHUS TOK
Kato ornpaBHa Touka. Cuura ce, ue TDD e
KJIFOYOB TIOKa3aTesl 3a OCUTypsiBaHE Ha ChOT-
BETCTBHUE CBC CTAaHAAPTUTE 3a Ka4eCTBO Ha
€JIEKTPOCHEPIUsITA.
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1x400kVA - pesepseH TpaHcd.
1x830kVA - paboteH TpaHced.
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@ue. 2. [lpunyunna enexmpuiecka cxema Ha aKMUGHAmMa mpedicd, KoM Koamo uma npucveounena PEI].

Bceuuku u3mepBaHus ca ¢ Kjac Ha TOYHOCT
CBIVIACHO JICHCTBAIIUTE CTAHAAPTH ¥ HOPMHB-
HU M3UCKBaHUS 32 (DYHKIIMOHAJTHOCT U €JIeK-
TpomarautHa chBMecTumoct (EMC): EN
61010-1, IEC/EN 61000-4-30, Class A;
IEC/EN 61557-12; IEC/EN 61000-4-7, Class
I; IEC/EN 61000-4-15; EN 50160; IEEE 1448;
IEEE 1459; IEEE 519; EN 61326.

KadecTBOTO Ha enekTpoeHeprusiTa ce omnpe-
JeNss OT CTaHJapTH, NpUIaraHd B HaIara
ctpana: bJIC EN 50160:2006, IEC 61000-3-1,
IEC 61000-3-4.

280.00
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220,00
200,00
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5 16000

> 14000
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40.00

20.00

2025-06-15 09:30:00

2025-06-22 09:30:00
Time

24000 MABPAAANSINAAN NN AN PSP AP NI SN NN

N3bupame mnepuox Ha U3MEpBaHHUS OT
13.06. no 03.07.2025 r., npe3 unrepsai ot 10
MUHYTH - TIEPUOJ] OT TOMHATa, KOUTO ce Xa-
pakTepusupa ¢ MaKCHUMajIHO MHTEH3UBHA CO-
JapHa reHepanus. Busyanuzanus Ha usmepe-
HUTE BEIIMYHMHU Ce TpeacTaBs Ha urypu 3, 4
us.

[IIupokoTO MPUIIOKEHNE HA YCTPOMICTBA C
HEJIMHEEH XapaKkTep Ha ToBapa Hajlara Heoo0Xxo-
JUMOCTTA 32 YCTaHOBSIBAHE HA M3MEHEHHUETO
Ha ITOKAa3aTeJIUTE 3a Ka4yeCTBOTO Ha EJIEKTpH-
yecKkaTa eHeprusl.

2025-06-29 09:30:00

Due. 3. Uzmenenue na ghazogume nanpexcernuss — Ua, Ug, Uc, Uy
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V3meHenunero B HUBaTa Ha (pa30BUTE Harmpe-
KEHHS ¥ HAIIPEKEHUTO B HYJIEBHS MPOBOIHUK
ca B JIONYCTUMHUTE TPAKULU U OTIOBAPAT Ha
crannapta EN 50160 [4], koiiTo ce oTHacs A0
KaueCTBOTO Ha EJEKTPOEHEPrusiTa B MpPEXHU
HUCKO U CPEJHO HalpeXeHUe U 3a/1aBa JoIy-
CTUMMTE I'DAaHHULM HA BCUYKHM MapaMEeTpU Ha
Hanpexxenuero. Cropen HEro JOMYyCTHMHTE
0aBHM NPOMEHHU Ha HANPEKEHHETO CE OLICHS-
BaT uype3 CPeAHOKBAJIpaTUyHaTa CTOMHOCT 3a
uHTepBaI oT 10 min, YUUTO OTHOCUTEIHHU MIPO-
MEHH OKOJIO HOMUHAJIHATa CTOMHOCT TpsOBa

na ca 10 £10% mpe3 95% ot cenqmunara [2].

3a KparTbK MEpHOA OT BpEME € HU3MEPEHO
’mporajiane” Ha 3aXpaHBallOTO HaNpeKEHUe
BCJIEJICTBUE aTMOC(EPHO MpEeHaNnpeKeHue u
MOCJIC/IBAILIO 33/ICMCTBaHE HA peJerdHara 3a-
uuta. Cien Bb3CTaHOBABAaHE HA peJieiiHara 3a-
UTa eJeKTpUYecKaTa Mpeka IojlyyaBa 3a-
XpaHBaHE ¢ HOMUHAJIHU CTOWHOCTH Ha Harpe-
KCHHETO.

Ha ¢urypa 4 ca nanenu HuBara Ha U3MEHe-
HUEe Ha (a30BUTE TOKOBE, KAKTO M TOKAa B HE-
yTpaJHUS HyJIEB IPOBOIHUK.

440.00
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@Due. 4. Uszmenenue na gpazosume moxoge — 14, I, Ic, Iy

[[IupoxoTo mpusoxkeHne Ha KOHCYMaTOpH €
HEJIMHEEeH XapaKTep Ha ToBapa Hajlara Heo0Xxo-
IMMOCTTa 32 YCTaHOBSIBAHE Ha M3MEHEHHETO
Ha HMBATa HA BUCIIM XapHOMHIIM B pas3riex-
JlaHaTa eJIeKTpUYecKaTa Mpexa.

CrpliecTBEHO BHUMAHHE € OT/I€JICHO Ha BHC-
IIMTE XapMOHUIM HA TOKAa M OOIIOTO UM Xap-
MOHHMYHO H3KpuBsiBaHe. OO1I0TO 3KPUBSIBaHE
Ha TepceHero (TDD) onpenens XxapMOHUYHO-
TO W3KPUBSIBAaHE HAa TOKAa B €JIEKTpUYECKaTa
CHUCTEMa KaTo MPOILEHT OT TOKa MPHU ITHIHO
HaToBapBaHe. ToBa € MH/IEKC 3a KaUECTBOTO Ha
€JIEKTPOCHEPIUsTa, KOUTO CBbP3Ba XapMOHUY-

HOTO ChIbpXKaHHE Ha TOKA C MaKCHUMAaJIHUA
TOK, KOMTO cHCTEMara MOXE Jla IOeMe, KaTo
ocurypsBa ctaOuiaHa MspKa 3a W3KpUBSIBaHE,
KOSATO OTpa3sBa OOLIOTO BB3AECHCTBHE BBPXY
crcremMara, 0CoOEHO Py MPOMEHSIIH CE YCII0-
BUsl Ha HaToBapBaHe. ToBa e pa3nukara c¢ 00-
ujoto xapmonnyHo uskpussasane (THD), koe-
TO € CbOTHOUIEHHE KbM OCHOBHHS TOKOB KOM-
IIOHEHT ¥ MOJKE J1a BApUPA 3HAUNUTEIHO B 3aBH-
CHUMOCT OT HaTOBapBaHETO.

2
TDD = /zfzz [%] .100%, (1)
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KbJETO: h — HOMEp Ha XapMOHHUKa; [, -
aMIUTUTY/Ia HAa XapMOHUK Ha TOKa C MOpEeIeH
HOMEp &, I} — MakcuMaJeH TOK Ha TOBapa.
Bps3kara mexny (TDD) u (THD) e:

TDD = THD.= )
L

Kakro ce Bmwxkma ot (1) oOmoTo M3KpUBS-
BaHe Ha TbpceHeTo (TDD) ouensiBa xapmo-
HUYHHS ChCTAB HAa TOKOBE MEXKy KpailHUs 110-
TpeOUTEN M M3TOYHHKA HA CHEPTus, T.e. IO-
Ka3Ba BB3JCHCTBHETO HAa XapMOHHYHUTE H3-
KPUBSIBAaHUS B aKTHBHATAa MUKPOMpPEXKa.

42.00

39.00

36.00

33.00

30.00

27.00

— 21.0

= 1800

B
15.00
1200
00 K &
600 ¢h
3.00
0.00
3.00

-6.00

2025-06-15 09:30:00

2025-06-22 09:30:00

Time

2025-06-29 09:30:00

Due. 5. Xapmonuuno uskpuesaeare na moka ¢ % om moxa npu nvano Hamosapsawne, TDD 1), I, I3, Iy

IlomydenuTe pesyinraTd IOKa3aBT, Y€ B
100% ot u3mMepeHuTe CTOMHOCTH Ha OOIIOTO
XapMOHMYHO HW3KpUBSBaHE Ha TOKOBETE
(THD1) na tpute ¢asu — Iy, b u Is ca B
JonycTumara cTouHoct ot 25% nanena B BJIC
IEC 61000-3-4 — EnexkrpomMarHuTHa ChBMeE-
ctumoct. Yact 3-4 I'panuny — orpaHuvaBaHe
Ha EMHCUUTE Ha XapMOHHYHUTE TOKOBE B
clIabOTOKOBU CHCTEMHM, 3axpaHBaHe Ha 000-
pyZABaHe, ¢ HOMUHaJIEH TOK Hax 16 A [3]. U3-
KITIOUEHHE TPaBAT XapMOHHUIIUTE HA ToKa — IN
B HEypaJHHs HYJIEB INPOBOAHMK, KBJAETO CE
3a0ens3BaT KpaTKOTpailHW MOBHIIABAHUATA B
HUBaTa UM.

[Ipu mBbIHO HaTOBapBaHE, KaKTO € B KOH-
kpetHus ciydaid (THD) croiftHocTTa 32 Teky-
IIMTE XapMOHMIIM HA TOKA B HYJIEBHSI POBOJI-
HuK e paBHa Ha (TDD), koero oka3Ba Hera-

TUBHO Bb3/JCHCTBUE BbPXY aKTHUBHATa MUKpPO-
MpeXka ¥ BCHUKH MPUCHEINHEHU TTOTPEOUTENN
Ha €JIEKTpUYecKa eHeprus. Te3u CTOMHOCTH
BOJSIT IO HEXKEIIAHO yBEJIMYaBaHE Ha TEMIIE-
parypara Ha TOKOBOJCIIUTE YacTU U HEOOXO-
JIIMMOCTA OT MPEOPa3MEPSBAHE UM.

TDD pmaBa mpencraBa 3a  TEKYLIOTO
W3KPUBSIBAHE KaTo NPOLIEHT OT TOKa IMpHU
II'BJIHO HATOBAPBAHE U € HAW-TOOPHST WHACKC
3a Ka4eCTBOTO Ha €JEKTpUYECcKara €Heprus,
KOMTO OOSICHSIBA TEKYIIUTE XapMOHHUIIA B Kpast
Ha Bepurata Ha rnorpeoduresns. XapMOHUIHOTO
V3KpUBSIBAHE Ha HAMpEeXEHHEeTo B oOIara
pa3npenenuTenHa CUCTEMA, KOETO OMpPeaeiist
KOHCYMAalHsITa HA €JIEKTPOCHEPTHS, 3aBUCH OT
XapMOHMIIUTE HA TOKA U UMIIE/IAHCA Ha CHUCTe-
Mara NpU pa3IuYHUd XAPMOHHUYHHU YECTOTH.
[ToTpeburenure Ha EIEKTPOCHEPTHUS Ca CBBP-
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3aHW KbM EJIEKTPOCHEpPrHifHAaTa CHCTEMa B
Toykara Ha o00mo cBbp3BaHe (Point-of-
Common Coupling, PCC). KoeduruentsT Ha
kbco chequHenue (Short-Circuit Ratio, SCR)
OTIpesielisi MMIIeJaHCca Ha CHCTeMara W € OT
3HAYCHHE, Thi KaTO UMIIEJAAHCHT C€ BIIUSC H
OrpaHU4YaBa OT TOKa Ha KbCO CHEJAMHCHUE B
cucremara. SCR onucsa KOJIKO rojisiMo € BiHsI-
HUETO Ha XApMOHHUIIUTE Ha HANPEKECHUETO
BBPXY Ka4eCTBOTO Ha EIEKTPOCHEPrusiTa B
cucTeMara B pe3yliTarl Ha XapMOHHIIUTE Ha
TOKa, Mpou3BeXaaHu ot norpedurens. SCR
MOXeE J]a C€ TPE/ICTaBU KaTo:

SCR = ¢, 3)
I
3AKJIOYEHUE

TDD moske na ce n3moi3Ba Kato HaleKIeH
VHJIMKATOP 32 ITOTEHIIUAIHOTO Bb3CHCTBHE HA
XapMOHULIUTE BbpPXY BCHUYKHM YYaCTHHULHU B
aKTHUBHATa MUKpoMpexa. [Ipyu HuCKu HaToBap-
BaHUs B MpEKaTa/HUCKO MOTPEOICHHE BUCOKH
HuBa Ha THD moxe na noBenar A0 HHUCHK
TDD, xoeTo moka3Ba, 4ue 00OLIOTO Bb3AeHCTBIE
Ha XapMOHHUIMTE € He3HauuTenHo. OT apyra
CTpaHa MpU BUCOKO MOTpeOlIeHnEe B Mpexara,
OMM3KO 0 HOMHHAJIHOTO HaTOBapBaHE CTOM-
Hoctute Ha THD u TDD ca paBHH, KOETO
MOXKE C€ OKa3Ba 3HAUMTEJIEH MpoOIeM C Ka-
YECTBOTO HA €JIEKTPOCHEPTHATA. 3a pa3iinKa
ot THD, xoiiTO ce mpoMeHs ¢ HATOBapBaHETO,
TDD ocwurypsiBa nmo-crabuiHa ¥ MOCJIeI0Ba-
TeHAa MSApKa 3a OLEHKAa Ha BIUSHUETO HA
XapMOHUYHOTO U3KPUBSIBAaHE B aKTUBHUTE MHU-
KpOMpEXH, CIIeI0BaTeNIHO TpsAOBa Jja ce mpe-
MOYNUTAa TpPH TMPOLECH Ha JUTHUTAIU3ALHUSL.
Cpmio taka TDD e ocobeHo mosie3eH mpu
OLIEHKaTa Ha NOTEHUMAJIHOTO MpPETpsBaHE Ha
o0opyzBaHeTO, BJIOIMIAaBaHETO Ha paboTara Ha
TpaHchopMaropute H APYyrd TpoOIeMH B
eJIeKTpUYecKara cUCTeMa, 0COOEHO B MPOMHU-

IIJIGHU CPeJ C MPOMEHJIMBH HAaTOBAapBaHMAL.
CnenBa na ce uma IpeBUJl IIPU M1O-HATATHII-
HH M3CJIEJIBAHUS, Y€ CHIIECTBYBa HOPMAaTHBHA
Mpa3HUHA TPU OIICHKAa Ha BB3ACHCTBHETO Ha
SNIEKTPOHHUTE MTpeo0pas3yBaTeI B aKTUBHUTE
MHUKPOMPEXH, paboTenu B Y4eCTOTHHUS TUara-
30H 2-3 kHz no 200 kHz.

baaropapaoctu
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CUCTEMM U TEXHOJIOI'NU* - TABPOBO'2025

BJIUAHUE HA BUTOBUTE IOTPEBUTEJIN HA EJIEKTPUYECKA
EHEPI'UA BHPXY KOEOUIIUMEHTA HA MOIIIHOCT B MPE XKW HUCKO
HAIIPEXKXEHUE

IMPACT OF HOUSEHOLD ELECTRICITY CONSUMERS ON THE POWER
FACTOR IN LOW-VOLTAGE GRIDS

Lyubomir Dimitrov

Texnuuecxu ynusepcumem- I abposo
DEPARTMENT OF ELECTRIC POWER DISTRIBUTION AND ELECTRICAL EQUIPMENT, CENTER OF
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TECHNICAL UNIVERSITY OF GABROVO, 5300 GABROVO, BULGARIA

Dimitrina Koeva

Texnuuecxu ynusepcumem- I abposo
DEPARTMENT OF ELECTRIC POWER DISTRIBUTION AND ELECTRICAL EQUIPMENT, CENTER OF
COMPETENCE “SMART MECHATRONIC, ECO- AND ENERGY-SAVING SYSTEMS AND TECHNOLOGIES”,
TECHNICAL UNIVERSITY OF GABROVO, 5300 GABROVO, BULGARIA

Abstract

Dome stic electricity consumers have significant impact on the normal operation of low-voltage electricity distribution
grids. A large amount of consumers have active-inductive loads, which directly affect the efficiency and quality indicators
of the electricity distribution system. This report presents a part of the measurements and examines the change in the
power factor (PF) in an urban low-voltage electrical grids.

Keywords: power factor; power quality analyzer; power distribution network; power quality.

BBBEJIEHHUE

EnexrpopasnpenenuTesHuTe MpeXu HUCKO
Hanpexxenue (HH) ocurypsiBar 3axpanBane
(upe3 moa3eMeH Kabesl WM BB3IyIIHA eJeK-
TPOIPOBO/IHA JIMHU) HA ompeseseH Opoit mo-
Tpeburtenu no HelHOTO Tpace. M3uckBaHusATa
3a HOMHUHAQJIEH TOK Ha pa3lpelelIUTEIHUTE
MpEXH C€ ONPEAENAT OT OpOsl Ha BKIIFOYEHUTE
NOTPeOUTENN U CPEAHUs TOBap Ha €IMH TO-
Tpedure.

[IpyHIMIIHATE OrpaHUYUTENIHYU [TapaMeTpU
Ha pasnpeAeauTeIHaTa Mpexa ca: MakCuMall-

HUSAT TOK, KOWTO TSI MOXKE J1a IIPOITyCKa HEOrpa-
HHAYEHO IBJITO BPEME M MAaKCHMAJIHATA JUbJ-
KHMHA Ha Ka0ena, pH KOSTO MIPU MPOTUYaHE Ha
MaKCHUMaJIHMS TOK Ja HE C€ HaJAXBBbPJII Mak-
CUMaJIHUs JOIYyCTUM I1a]1 HA HAIIPEKEHUE.

Te3n orpaHuyaBaliy YCIOBHUS O3HAYaBar,
4ye roJI€MUHaTa Ha TOBapa, KOUTO eIeKTpOopas-
MPEACIIUTETHUTE MPEATPUATHS MOTAT J1a CBBP-
KaT KbM CBOWTE PA3NPEICIUTEIIHU MPEKH
HH, e orpanunyes.

YCTaHOBEHUAT pel, U3IOJI3BAaH OT Pa3jIvy-
HU JOCTaBYHIIA Ha CIIEKTPOCHEPIHsd, C€ pas3-
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JIM4aBa YyBCTBUTEIIHO U 3aTOBA € TPYAHO Ja CE
110CO4YaT CTaHAAPTHUA CTOMHOCTH.

B ycnoBusiTa Ha 3HauMTENEH PBCT HA (oO-
TOBOJITAMYHU LIEHTPAJIU C Majlka MOLIHOCT,
npucbenuHeHu KpM Mpexxu HH, cnensa na ce
OTYMTAT OIlle: CyMAapHUAT TOBAp, KOMTO Beye €
BKJIIOYEH KbM JlaJieHaTa pasnpelesIuTeIHa
Mpexa; pasnonoxenrero Ha QELL o Tpaceto
Ha pa3npeAeauTeaHaTa Mpexa, T.e. 01130 J1 e
710 TIOJICTAHIUS, HJIK € OJIM30 70 OTAaNCUeHHS
Kpail Ha MpexaTa, OJIN30 JIM € 10 APYT'H TOBapu
U T.H. [IpeHOCHT i1 110 eneKTpruyecKara Mpexa
€ CBBP3aH C pEIMIa HEraTUBHU IOCIEANULHU
KaTo HampuMmep MOBUIICHU 3aryOH IO eJeK-
TPOIIPEHOCHUTE ChOPBKEHUS [4].

MHOTro0 4eCTO B IpaICKH yCIOBUSI OUTOBHUTE
U MaJIKM MHJyCTPHAJIHHU MOTpEeOUTENH ce 3a-
XpaHBaT Ipe3 aKTHUBHA paslipe/eiuTenHaTa
mpexxa HH. MakcumanHO JOMyCTUMHUSAT TO-
Bap, KOWTO MOXe€ /1a ObJie NPUCHEIUHEH 10
TO3M HA4MH, C€ OrpaHUYaBa OOMKHOBEHO OT
HaJIMYMETO HAa pEe3epBHAa MOIIHOCT Ha TpaH-
chopmaropa B HOACTAHIHATA.

Ha npaxTuka obaue:

- TOJIEMUTE €JIEKTPUYECKH TOBapu (Har-
pumep, Haa 300 kVA) usncksar kabenu ¢ ro-
JSIMO C€YEHHUe, MPU TOBa, aKo LIEHThpa Ha To-
Bapa He € pa3MnoyokeH 01130 70 Tpadonocra,
TO3U METOJ MOXe€ /1a ObJIe UKOHOMUYECKH He-
U3TOJICH;

[lopagu Te3u NPUYMHU JTUPEKTHO BKIIO-
yenu tuHuK KbM Mpexku HH (ot 230/400 V o
253/440 V) OOMKHOBEHO ce mpujarar 3a
3aXpaHBaHE HA TOBAPH C HOMUHAJIHA MOILITHOCT
ot 80 10 250 kVA.

[TorpeOutenuTte, 3aXxpaHBaHETO Ha KOUTO C€
OCBhILECTBSIBA OT aKkTUBHU Mpexu HH B
rpajicka cpera Morar jAa ObaaT: KUIUIIHU
Crpajiy; Mara3uHH 1 ThPrOBCKU CTPa/in; MaJIKU
NpeanpusTHs, paOOTUIHUIM U OEH3WHOCTaH-
LU U JIp.

OT roiMo 3Ha4€HUE 3a MPABUIHOTO QyHK-
LIMOHHUPAHE Ha €JIeKTPOCHAOIUTEITHUTE ChOPb-
KEHUS U eNEKTPO003aBEXIAHETO B T€3U Mpe-
KU, € MOJAbpKaHe Ha KaueCTBO Ha 3aXpaHBa-

HIOTO HampexkeHue. B mo-mupox cMUCHI TOBa
O3HauaBa CBOTBETCTBUE C HOpPMAaTUBHUTE
U3HUCKBAHMS TI0 OTHOLIEHHE TrojieMHHaTa Ha
Halpe)KEHUETO W Ha YecTorara, AOIYCTUM
JMara3oH Ha OTKJIOHEHUETO Ha HaIlpe)KeHue-
TO, HENPEKbCHATO EJEKTPOCHAOIIBAHE C
€JIEKTPOCHEPIHsl, C U3KIIIOYCHHE Ha CIIy4auTe
IIpU U3KJIIOYBAHE 32 IUIAHOBO TEXHUYECKO 00-
CIIy’)KBaHEe, WIM U3KJIIOUBAaHUS, TPEIU3BUKAHU
OT aBapuy MO Mpekara WU JAPYrH HeoOH-
YailHU CUTYyalluy, 3ara3BaHe CUHYCOUJaIHaTa
¢dopma Ha HanpexenueTo [1].

N3BecTHO €, uye peakTUBHATA MOIIHOCT
HOJ/AbPKAa €JIEKTPOMAarHUTHUTE CHUCTEMHU Ha
TpaHchopMaropu U JBHUraTelid B HACUTEHO
ChCTOSIHME U TOBA € 4acT OT TEXHMs IPUHIIUII
Ha paborta. [IpeHochT Ha peakTUBHA MOLTHOCT
U CHEeprus MO eJleKTpUyecKkara Mpexa e
CBBP3aH C peaulla HETaTUBHU MOCIEAUIIHN KaTO
HalpuMep MOBUILEHHU 3aryOu Mo eneKkTporipe-
HOCHHTE ChOPBKEHUS.

B enextponpeHocHara Mpexa uma Ipuche-
JTUHEHH OTPOMHO KOJIMYECTBO MHAYKTUBHHU TO-
Bapy M CyMapHO TAXHaTa peaKTHUBHA MOIIHOCT,
KOSATO IUPKYJIMPA MEX1y T'€HEPAaTOPUTE U KOH-
CyMaTopuTe, HMMa CTOXaCTHYE€H M TPYAHO
MIPOTHO3UPYEM XapakTep Ha u3MeHeHue. Mo-
JKEM J1a OLICHMM HEWHOTO BJIUSHUE B OTACIIHU
y4acThIM OT MpeXkara ype3 KOCQHUIMEHT 0
motHocT (power factor, PF). BbB Bcuuku mpe-
U HEJIMHENHOCTTa ce MPOMEHSI C MPUCHEIH-
HSIBaHE Ha HOBM MOTpeOUTENH, B T.4. UHBEP-
topu Ha OEILI.

B Ta3u Bpb3Ka ca U3BbPIICHU TPAKTUYECKU
M3MEpBaHUS Ha 4acT OT rpajicka eleKTpopas-
npenenuTelHa Mpexa HHCKO HalpeKeHue
(0.230/0.400 V AC).

B KOHKpeTHHSAT ciydail pasriexaame ak-
THBHA MpeXa B IPaJICKU YCIOBHUS, C IPUCHEAU-
Hena @EIL 198 kWp. B sxxunumniaure paiionu mno-
rojsiMara 4acT OT €JeKTPOpa3NpelesIuTeTHUTE
MpPEXHU Ca peall3upaHu Karo KaOeTHU JIMHUU
(KJI) m BB3AyIIHU ENEKTPONPOBOIHU JTHHUHU
(BEJI), usmbiaHeHn ¢ yCyKaHHU U30JIUPaHH MPO-
Bomaumy (YII) ¢ mpenBapuTeIHO M3YHCICHO U
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u30pano ceuenue. Haif-uecto Te ce peanusupar
no cxema TN-C, npu KOSITO HEyTpajaHUs MPO-
BOJIHUK UMa (QyHKIMATA HA paOOTEH U 3aIIUTEH.
[IpoBeneHuTe M3MEpBaHHsSI Ca HACOYCHH KBbM
YCTaHOBSIBaHE Ha U3MEHEHHETO Ha KOe(PUIIHEH-
ta Ha MomHocT (PF) mpu npeobnanaBamy 6u-
TOBH IMOTPEOUTENN B Ta3H Mpexka, KOUTO ca ¢
U3pa3eH aKTHBHO-WHIYKTUBEH XapakTep Ha TO-
Bapa. M3MepBanusiTa ca mpoBeJeHH C aHAU3a-
TOp Ha Ka4eCTBOTO Ha EJIEKTPUYECKA CHEprus
METREL MI 2892 — ¢wur.1, xoiiTo € 4act ot
obopyaBanero Ha maboparopust C 7-3 ,,Pa3pa-
00TBaHE Ha CHBPEMEHHU CHEPrHIHO-e()EKTHB-
HU €JICKTPOKOMITOHEHTH U CHCTEMU C TIPHIIOKE-
HUE B MHAyCTpuaiHus cekrop®. M3mepraren-
HUSAT ypel pasnonara ¢ penuna GpyHKINOHATHU
BB3MOXKHOCTH, KaTO U3MEpBaHe Ha e(heKTHBHATA
CTOMHOCT Ha €JICKTPHUYECKHUTE BEIUYHMHHU (true
RMS) u Bb3MOXXHOCT 32 aHalu3 Ha KaueCTBOTO
Ha eJIeKTpUYecKara cHeprus (M3MepBaHE I10
crauaapt BJIC EN 50160:2006). ITpurexasa
BHCOK KJIaC Ha TOYHOCT, KAKTO U BB3MOXKHOCT 32
rpadguyHO U TaOIWYHO TMPEACTaBSIHE HA PE3yI-
tarure [2].

QDue. 1. Ananuzamop Ha Ka4eCmeomo Ha eleKm-
puueckama enepeusi METREL MI 2892

B HacTodmmus nokian ca M3BBPILICHH W3-
MEpBaHMs Ha KOCPUIIMEHTa Ha MOITHOCT TPH
WHAYKTUBEH W KalallMTUBEH XapakTep Ha

TOBapa, KakTo U OO0 XapMOHUYHO H3KPH-
BSIBAHE TIPU MaKCHMAJICH TOK BbB Bcska (haza —
PFlcap+, PF2cap+, PF3cap+, PFetotcap+
PF1lind+, PF2ind+, PF3ind+, PFetoting-.

QDue. 2. [lpunyunna cxema Ha c8vbp368aHe HA
METREL MI 2892

Bceuuku u3mepBanus ca ¢ Kjac Ha TOYHOCT
CBIVIACHO JICHCTBALIUTE CTaHApPTH U HOPMUB-
HU W3UCKBaHUS 32 (PyHKIIMOHAIHOCT M €lIeK-
TpomaruutHa chBMectuMoct (EMC): EN
61010-1, IEC/EN 61000-4-30, Class A;
IEC/EN 61557-12; IEC/EN 61000-4-7, Class
I[; IEC/EN 61000-4-15; EN 50160; IEEE 1448;
IEEE 1459; IEEE 519; EN 61326. KauecTtBOTO
Ha EJIEKTPOCHEPIUusiTa Ce ONpesaens OT CTaH-
JapTy, npuiaradu B Hamara crpada: bJIC EN
50160:2006, IEC 61000-3-1, IEC 61000-3-4
[3].

N30pan e xapakTepeH nepuoj OT ToguHaTa
(MHTeH3UBHA cojlapHa TeHepalus), Karto M3-
MepBaHMsATa ca u3BbpuieHH oT 13.06. no
03.07.2025 r., npe3 unTepBan or 10 MuHyTH.
To3u mepuoxa OT roavHaTa ce xapakTepusupa
ChC 3HAUUTEIIHA KOHCYMaIUs Ha €JIEKTPUUECKa
eHeprus, Hail-Bede 3a OXJIaX/J1aHe Ha TIoMelle-
HUSTA B XKUINIIATA.

[TomydyenuTe pe3ynTaTd OT MPOBEACHUTE
M3MEpBaHUS HA W3MEHEHHETO Ha KOe(UIIMEH-
ta Ha MomHocT (PF) ca nanenn Ha ¢urypu 3,
4us.
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@ue. 3. Koepuyuenm na mowpocmma npu kanayumueen mosap na mpume gasu PFcap+ — PF1, PF2, PF3

Ha ¢urypa 3 ca nagenu rpaduynu pesyn-
TaTH, MPEJICTABSIIN U3MEHEHUETO Ha CTOMHO-
CTUTE Ha Koe(dHIIMEHTa Ha MOIIHOCT IIPH Ka-
nauuTuBeH toBap — PFeap+, KOUTO poctura
MakcuMaitHa ctorHocT: PF = 0.98.

Ta3u cCTOMHOCTH ce ABJDKAT TJIaBHO Ha clia-
OoHaTOBapeHUTE KaOEeTHU TNHUU

1pe3 onpeAeNeH! NepUoan OT JIEHOHOIIH-
€TO —MOMEHTH, B KOUTO KaOenHaTa JUHUS €
cnabo. Te3n Mepku Hali-4ecToO ca CBHP3aHU C
MIPOEKTUPAHE U M3rPa)KJaHe Ha KOMIIEHCH-
pamu ypeadu. eIeKTpOoIpeHocHaTa Mpexa 3a
HUCKO HalpeXeHHE U Ch3/aBa MPEANOCTaBKU
32 TOKOBOJICIIIUTE YaCTH.
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PaGorara Ha eneKTpUUECKUTE MPEXKH C Ka-
MaruTHUBEH (aKTOp HA MOIIHOCTTA Hajara He-
00XOAMMOCTTa OT KOMIIEHCUPAHE Ha PEaKTUB-
HUTE TOBAPH, KaTO TOBA MMa MPSKO OTHOIICHHE
KbM Ka4eCTBOTO Ha eJIEKTpUUECKaTa CeHepTrus 1
MOBUIIIABAaHE HA €(EKTUBHOCTTA Ha EJICKTPO-
cHabauTenHara cucrema. ToBa Hamara jia ce
B3eMaT TEXHHYECKH M OpPTaHHU3AIlMOHHU Mep-
ku. Te3n Mepku Haif-uecTo ca CBbP3aHU C IPO-
EKTUPaHEe W W3TPaXKJIaHe HAa KOMIICHCHpPAIIU
ypenou

Ha ¢urypa 4 ca magenu rpadudnu pe3yin-
TaTH TpH paboTa Ha eIeKTpO3axpaHBallaTa
MpeKa C MHIYKTHBCH XapakTep Ha ToBapa W
MakcuMasiHa cToMHOCT PFing = 0.99. Ilpe3 no-
rojsiMara 4acT OT BPEMETO, MOTPEOHUTEIUTe
KOHCYMHpAT OCBEH aKTHBHA €HEPrus U UHIYK-
TUBHA. PeakTWBHATAa MOIIHOCT C HHIyKTUBEH

XapakTep ce o0yciaBs OT OMTOBUM KOHCyMa-
TOPH: Pa3TUYHU BUJOBE KIMMAaTUYHH U BEHTH-
JIAIIMOHHU CHCTEMH, 33/IBH>KBAHUS C Pa3INuHU
BUJIOBE EJEKTPUYECKH [IBUTATENIM U HWHBEP-
TOPH 3a TAXHOTO yrpasieHue. OCBEH TOBa B
penuua eneKkTpoypeau ca BrpaJieHdu ToJsIM
Opoil UHTyKTUBHU €JIEMEHTH.

[Ipu Te3n m3MepBaHUsS ca IMOJYYEHH pa3-
JUYHU CTOMHOCTU Ha Koe(uIMeHTa Ha MOII-
Hoct (PF), karo Haif-Huckute 3a TpuTe (asu
ca:LL1 -0.23,3aL.2-0.34,3a L3 - 0.15. Mak-
CHUMAaJIHUTE CTOWHOCTH, KOUTO Ca OTYETCHH 32
tpute ¢asu ca: L1 —0.99,3a L2 -0.97,3a L3
—0.97. Te3u koneOaHus ce IbIKAT Ha YECTUTE
W3MEHEHHUS B XapakTepa Ha TOBapa U ca mpe-
[IOCTaBKa 3a BJIOILIABAaHE Ha EKCIUIOATallOH-
HUTE XapaKTEePUCTUKH Ha €JIEKTPUUYECKUTE Ch-
OPBIKEHHS.
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3AKVIIOYEHUE

[TogoOpsiBane pexumuTe Ha padora Ha
SJIEKTPOTIPEHOCHATa MpPEKa HUCKO HArpexe-
HUE B 3HAYMUTEIIHA CTETICH 3aBUCH OT U3BBHPIII-
BaHE Ha TIEPUOIUYHY U3MEPBAHUS U aHAIIU3 HA
KayecTBOTO Ha EJICKTpUYECKaTa CHEPrus |
MOAIbpKAHE HA KOe(UIIMEHTa Ha MOIIHOCT
(PF) B HEOOXOmuMuTe rpanumu. Tosa 1me J0-
MIPUHECE 332 B3eMaHE HA HABPEMEHHU MEPKH 3a
YBEIIMYaBaHE Ha CKCIUIOATAIIMOHHUTE Bb3-
MOKHOCTH Ha EJICKTPUYECKUTE ChOPHKCHHUS U
HaMaJlIsiBaHEe Ha (PMHAHCOBHUTE Pa3XO/IH.

[TomoOpsiBaHeTO HAa KOSPHUIIMEHTA HA MOIII-
HOCT BOJIM JI0 HaMaJIsiIBaHE Ha TOKOBOTO HATO-
BapBaHE HAa TOKOBOJICIIUTE YaCTH, KaTO IIUHH,
Ka0enu, eNeKTPUYECKH armapatu u jap. Hama-
NsBa 3aryOWTe Ha akTHBHA eHeprus. Jlompu-
Hacsl 32 HOpMaJiHa paboTa Ha TeHEPATOPHUTE B
SJIIEKTPUICCKUTE IEHTPATH U HEHYXHOTO UM
IIpEeTOBapBaHe.

Peanusupannute n3MepBaHus MOraT Ja Io-
CIly’)KaT 3a M3BBPIIBAHE HA JOMBIHUTEICH
aHAJIN3 U MEPKH 3a 110 €PEKTUBHO M3TIOJI3BAHE
Ha pa3riiekIaHara eJIeKTPOIPEHOCHA MPEXa.

baaropapuocTtu

Tosa uscnedsane e ¢hunancuparo om Egpo-
neiickusi OHO 3a pecUOHANIHO pa3zsumue 8
pamxume na OII ,, Hayunu uscneosanus, uno-
sayuu U OuUMAIU3ayus 3a UHMeIULeHMHA
mpancpopmayus“ 2021-2027 2., Ilpoexm No
BGI6RFPR002-1.014-0005 Llenmvp 3a xom-
nemenmuocm "Humenueenmuu mexampouHu,
€KO- U eHep2oCnecmsa8auiu CUCmemuy U mexHo-
noeuu
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MN3CJIEABAHE BJIMAHUETO HA TEOMETPUATA U CUJIATA HA
JAE®OPMUPAHE BbPXY I'PAITABOCTTA HA OBPABOTEHATA
INOBBPXHUHA HA MECHHI" CUZN39PB3, CJIEJ IIOBbPXHOCTHA
INJIACTUYHA JE®@OPMAIUA C UHCTPYMEHTHU OT “FERROTIC C”

STUDYING THE EFFECT OF GEOMETRY AND DEFORMATION FORCE
ON THE ROUGHNESS OF THE MACHINED SURFACE OF CUZN39PB3
BRASS, AFTER SURFACE PLASTIC DEFORMATION WITH TOOLS
FROM "FERROTIC C"

Kalin Anastasov
Technical University of Gabrovo, BG

Petya Daskalova
Technical University of Gabrovo, BG

Center of competence "Smart mechatronic, eco-and energy-saving systems and technologies"”

Abstract

The article presents the results of a study of a machined surface using the method of surface plastic deformation of
test specimens made of CuZn39Pb3 brass. The working elements of the device are made of “FERROTIC C” cemented
carbide alloy. The 2-D parameters of roughness Ra and surface were measured. The study was conducted at variable
values of the radius of the deforming element R and the pressing force Fb to determine their influence on the studied

parameters of the surface texture.

Keywords: Surface plastic deformation; Brass; Roughness; Ferrotic C; Radius; Pressing force .

BBBEJAEHUE

B cBBpeMEHHOTO TPOM3BOACTBO HAa KOH-
CTPYKLIIMOHHH €JIEMEHTH, BCE MO-TOJISIMO BHHU-
MaHue ce 00pbhIla Ha ChbCTOSHUETO Ha TTOBBP-
XHOCTHHS CJIOM Ha JCTaMINTE, Thil KATO TOU €
B IPAK KOHTAKT C JAPYTUTE EJIEMEHTH WIIH
MpSAK KOHTAKT ¢ OKoJHata cpeaa. ChCTosHHE-
TO Ha TO3M CJOM OT IJI€AHA TOYKa Ha rparma-
BOCT, TBBPJIOCT, OCTAThYHH HAMPEKEHUS € OT
peluaBaiio 3HAa4Y€HHWE 3a YMOpHATa JbIro-
TPalHOCT, KOPO3MOHHATA YCTOMYMBOCT, U3HO-

COyCTOMUYMBOCTTAa, TPUOOJIOIMYHOTO IOBEE-
HHE U Ipyrd [1-6] .

CrpuiecTByBatT peauiia METOIU 3a MOAU(HU-
Kalys Ha IOBBPXHOCTHUTE CIIOEBE Ha KOH-
CTPYKLIMOHHUTE E€JIEMEHTH B 3aBUCHUMOCT OT
€KCIUIOATallUOHHUTE YCJIOBUSL — TEPMHUYHH,
XUMHUKO-TEPMHUYHH, €JIEKTPO-XUMUYHH, ¢u-
3UyHHM, 00paboTBaHE dYpe3 MOBBPXHOCTHA
mwiactuyHa geopmanus (IITIJ) u npyru.
IIIIJ] ce mpuiara OCHOBHO KaTO IIPEBEHIUs
Cpelly yMOPHO pPa3pyllaBaHe, MOpajH IOJIy-
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yaBaHe Ha MUHUMAJIHA IParnaBoCT, OCTAThYHU
HaNpeXEeHUs1 Ha HATHCK, U3/1peOHeHa 1 XOMO-
TreHU3UpPaHa MUKPOCTPYKTYpa, MOBUIICHA MH-
kporBbpaoct u apyru. III1/] moxe na ce pea-
JU3Wpa 1o JABa OCHOBHU METO/1a — AMHAMUYEH
u cratudyeH. CTaTHYHHUAT € 0cO0EHO MOIXO-
IS TPU MOIU(UIIUPaHe HA TOBbPXHOCTHUTE
CJIOEBE Ha POTALIMOHHU U IIOCKU JETANIN U €
MPWIOKUM B MNPOMHIILJICH BapHaHT MOpaau
ajanTHpaHa KbM CHBPEMEHHHUTE MeTallope-
eI MallMHU €KUITMPOBKA, U3IM0JI3Ba ChIIH-
T€ KMHEMaTHYHH JBM)KEHUS 32 OCHIIECTBSBA-
HE Ha MpoIleca, KaKTO U METaJIOPEKEUIUTe
uHCTpyMeHTH. CTaTHYHHTE METOAM ca JBa
OCHOBHU THIIA, pa3IM4aBaiiku ce MO BHJA Ha
TPHEHETO B 30HATa Ha KOHTAKT — TPUEHE NPHU
TepKansue Roller burnishing (RB) n TpueHe
nipu mwib3rane Slide burnishing (SB). III1[ ¢
TpUEHE MPU ILTH3TaHE CE peaTn3upa ¢ MPOCTH
B KOHCTPYKTUBHO OTHOIICHHE HMHCTPYMEHTH,
Kato neopMUPALIUAT €JIEMEHT OCHOBHO € OT
muamanT Slide diamond burnishing (SDB), Ho
€ Bb3MOKHO MPHIIOKEHUETO U HA APYTU MHC-
TpyYMEHTalIHu marepuanu [6-13]. Bbpxy 00-
pabotkara upe3 SB, BIUAAT peauna GpaxTopu
— TEeOMeTpHs Ha WHCTPYMEHTa, CKOPOCT Ha
IUTh3raHe, MojaBaHe, Opoi mpexonau, cuiaa Ha
nepopMupane, KoeQUIMEHT Ha TpPUEHE Ha
TpUOOIOTHYHATA JBOUIIA — HHCTPYMEHT 3aro-
TOBKA, TPAriaBOCT Ha MOBBPXHUHATA OT TPEJI-
X0ZHa 00paboTKa, U3XOJHA TBHPJAOCT Ha 3a-
roToBKarta, Buaa Ha usmnoissanata MOT, ku-
HEMaTUYHa TOYHOCT M CTAOMJIHOCT Ha CHCTe-
MaTa — MalllMHA, WH-CTPYMEHT, JeTaill.
Bceuuku Te ca BB B3aMMHHM KOpENAlMOHHH
BPB3KH U TPSKO BIUSAAT Ha MOJy4deHaTa Mo-
BbpXHUHA. Upe3 SB TeXHOJIOTHS MOXE Ja ce
0o0paboTBaT pa3IUYHU MaTepuail — BBIJIE-
POIHM, JIETHMpPaHW, HWHCTPYMEHTAIHH W He-
PBKIAEMH CTOMAaHU, IIBETHH METalu M CILIa-
BU, B Pa3]IMYHO CHCTOSIHHE 110 OTHOIIIEHUE Ha
TBBpRocTTa[12].

[IInpoko u3Mon3BaHa B MalIMHOCTPOEHETO
LBETHA CIIJIaB Ha OCHOBA M€, 3a IPOU3BEXK-

JaHe Ha KOHCTPYKIIMOHHHM €JIEMEHTH B aBTO-
MOOMITHATa MPOMHUIIICHOCT, KOpaboCcTpoeHe-
TO, EJEKTPOTCXHUKATa, apXHTEKTypara, Me-
TUIMHATA, TOBa € MecuHra. [Ipurexaa 100-
pu  aHTHU(PPUKIIMOHHU KadecTBa, KOPO30YycC-
TOWYMBOCT, 00paboOTBAEMOCT, Upe3 KiIacHyec-
KHTE TEXHOJIOTMH — JICCHE W ps3aHe. B 3aBu-
CUMOCT OT TPOICHTHOTO ChIbp)KAaHUE Ha
eJIeMEHTa I[MHK MMa TPU BHJA MECHHT, pa3-
JMYaBaly Ce O CBOSATA MUKPOCTPYKTypa —
ChC ChIBbPIKAHHWE HA IIUHK 110 35% - eonoga-
3eH o mecutne, 36% - 46% - osygaszen (a+p)
mecune n 46% - 50% - f mecume.

OOekT Ha HacTosmIaTa paboTa € Mu3cienBa-
HE Ha HSAKOU OT XapaKTEePUCTUKHUTE HA MOBBP-
XHOCTHHSA CJIOH Ha NpoOHU Tena u3paboTeHu
oT MecuHr Mapka CuZn39Pb3, mnoiyueHH
cien TII1J], cmamany kpM rpynara Ha aABydas-
HUTEe MecuHTH. Te uMar oriaudHa oOpaboTBa-
€MOCT 4Ype3 psA3aHe, HO MMOpan HaJIuIue Ha f3
(aza umar BIOIIEHA TMJIACTUYHOCT MPH CTaii-
Ha TemIreparypa, 0e3 mpeaBapuTeNHa Tep-
MU4YHa 00paboTKa.

en na cratusara e uzcinensane 2-D mapa-
Mepbpa Ra OT MOBBpPXHOCTHaTa TEKCTYpa,
cinen I (Slide burnishing) nporuec, Ha 3a-
rotToBku ot MecuHr CuZn39Pb3, B cbCTOS-
HU€ Ha MOBbPXHUHATA - CJIE]l CTpPyroBaHe, 0e3
npeaBapuTeNHa TepMHUYHA OOpaboTKa — OT-
rpsiBaHE U M3IOJI3BaHE Ha JedopMupali ene-
meHT u3padoren ot “FERROTIC C”.

N30 KEHHUE

1. MATEPUAJIM U METOIHN

1.1 Marepuan

W3non3BaHusAT MaTepual € MECHHT,
mapka CuZn39Pb3 c¢ amamersp PD23MM, C
XMMHYEH ChCTaB IMOKa3zaH B Tabia.l. 3a u3c-
JeBaHe Ha XUMHYHUS ChCTaB Ha Marepuasa
€ W3MOJ3BaH cHnekTpomersp BELEG LAB
3000s, npencraBeH Ha gurypa 1.
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Taon. 1. Xumuuen cocmas na mecurne CuZn39Pb3

Zn Sn Si Mn Pb Fe P Cu

3341 | 0.13 | 0.02 | 0.03 | 3.23 | 0.2 | 0.06 | 62.87

QDue. 1. Cnexmpomemvp BELEG LAB 3000s

Teeprocrra HBW e usmepena cwriacHo
EN ISO 6506 ¢ nomomira Ha ypea 3a U3MUT-
BaHE Ha TBBPAOCT IO MeToaa Ha bpunen c
nuameTsp Ha unaeHropa D = 4,83 mm, Haro-
BapBane F = 3000 Kgf u Bpeme Ha 3aabppkaHe
15 s. U3nutanuero € mpoBeeHO Ha TBHPIO-
Mep Mmapka INNOVATEST, npencraBeH Ha

¢urypa 2.
Pesynrature cien u3NUTBaHE Ha TBBPAOCT

ca— HB =153,6.

Due. 2. Tevpoomep INNOVATEST

1.2 MamuHa, HHCTPYMEHTH M INPHCIOCO0-
JIeHU S

ExcriepuMeHTHTE Ca [POBEJCHH HA CTIpY-
ro-¢pe3oBu neHTsp ¢ LITY, mapka “PAUC*,
mo0. T2500, npencraBeH Ha ¢urypa 3.

. :
Due. 3. Cmpyzo-i)geaoeu yenmuwp c LIV, mapxa
“PAUC*, moa. T2500

[IpucnocobneHnaTa U3MOI3BAHA TPU €KC-
IIEpUMEHTHUTE Ca:

o BwpTsm ueHTsp;
o [TaTpOoHHUK XMIPABINYEH;
o 3b0€H LIeHTh, pecTaBeH Ha (urypa 4.

Due. 4. 3vben yenmovp

266

Tosu 0okymenm e cv30aden ¢ pamkume Ha IIlpoexkm Ne BGI16RFPR002-1.014-0005 Llenmwvp 3a komnemeHmHocm
"Humenueenmuu MexampoHHU, eKo- U eHepeocnecmagawu cucmemu u mexuwonoeuu”, unancupan om Ilpoepama
., Hayunu uscneosanus, unosayuu u oueumanusayus 3a unmenueenmua mparcgopmayus ™ 2021-2027 .
(IIHUUTUT), cvpunancupana om Eeponetickus cvio3 upes Egponeiickus (hoHO 3a pecuoHaIHo pazeumue

WHOBALIUWU U AUIUTANU3ALIUA 3A
WHTENWIrEHTHA TPAHC®OPMALMWA



CbcuHaHcupaHo ot
EBponeickusa cbH3

HsneiHATEHA areHEa =
.IIporpama 3a oGpazoBaHHe"

NMPOrPAMA

HAYYHU U3CTNEOBAHUA,
WHOBALIUW U OUTUTANU3ALIUA 3A

Pexxen MHCTPYMEHTH W3IOJI3BaHU TPU
EKCIIePUMEHTA:

Ha 0a3a Ha oOpabGoTBacMus maTepwall C
HEroBUs BUJ M (U3NKO-MEXaHUYHU XapaKTe-
PHUCTHKH, € MpueTo 0OpaboTKaTa Ha OMMMTHUTE
00pa3nu J1a ce U3BBPIIA C METaJOKePAMUYHH
cmensiemu miactuau VCMT 160404-F3P na
¢upma ISCAR [14], yctaHOBeHH B mHpu3Ma-
tiueH avpxkad SVVCN 2525M-16 [14], xato
ca OCUTYPEHH CJIECIHUTE T'eOMETPUYHH Iapa-
METpH:

- TJIABEH YCTAaHOBBYEH BI'bJI kp=172,5°%

- CHoMararesieH YCTaHOBBUEH BI'BI ; Kp' =
72,5°

- TJIaBEH 3aJieH bI'bJ o = 7°:

- paauyc Ipu BbpXa Ha MHCTPYMEHTA e =
0.4mm.

[TnactuHata u gppkada ¢ TexHute hopma
U pa3Mepu ca MpeAcTaBeHu Ha ¢purypu 5 u 6.
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@uz. 5. IInacmuna VCMT 160404-F3P
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SVVCN 2525M-16

@Due. 6. /[opocay SVVCN 2525M-16

3a peanu3upaHe Ha Mpoleca Ha MOBBPX-
HocTHA TutactuyHa aedopmarus (II11) e uz-
MIOJI3BAHO YCTPOMCTBO C peryjupaHe cujaTa
Ha NPUTUCKaHe ['3, CbC CMEHAEMHU HAaKpalHU-
M U3pabOTEeHU OT MHCTPYMEHTAJIEH MaTepH-
an “FERROTIC C”, ¢ pa3nuuHu paanycCH.
[IpucnocobneHunero u npuHIKNA My Ha pabdo-
Ta € mpejacTaBeHo Ha urypa 7 [11] .

spring holder

;. . | nut |
spring 2 % :
diamond insert

-I')B device

@ur. 7. Ilpucnocobnenue 3a ocvujecmasgane Ha
npoyeca Ha I111/]

1.3  JlaGopaTtopHo oGopyaBaHe 3a Wu3cC-
JeaBaHe Ha 00padoTeHuTe 00pasuy

3a wm3cienBaHe TpamaBocTTa Ha oOpabdore-
HaTra NOBBbPXHUHA ciep crpyroBane u 11T e
M3TI0JI3BAH U3MOJI3BaH rpamnasomep ,,Mitutoyo”.
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WHTENWIrEHTHA TPAHC®OPMALMWA



CbcuHaHcupaHo ot
EBponeickusa cbH3

HsneiHATEHA areHEa =
.IIporpama 3a oGpazoBaHHe"

NMPOrPAMA
HAYYHU U3CTNEOBAHUA,

1.4  IlnaH Ha ekcnepUMMEHTA

3a u3cieaBaHe BIUSHUETO HA FEOMETPHTA
Ha AeQopMHUpalIis eJIeMEHT U cujlaTa Ha Jie-
dbopMalus BbpXy TpamaBocTTa Ha oOpaboTe-
HaTa TMOBLPXHUHA ca TPOBEIACHHW eqHO]ak-
TOPHU E€KCIIEPUMEHTH, TP CIETHUTE MOCTO-
SHHU €JIEMEHTH Ha PEeXMMa Ha psi3aHe IMpU
CTpPyroBaHe: CKOpOCT Ha psizaHe Ve = 50,
m/min, nogaBane f = 0,05, mm/rev u apado-
YyuHaA Ha psA3aHe ap = I, mm. llpouecsT Ha
[IIT/] e mpoBeeH IpU CAECOHUTE TOCTOSHHU
napamerpu: Ve = 70, m/min, nonaBane [ =
0,05, mm/rev. IIpoMeHINBUTE TTApAMETPH TIPH
[T/ ca: Fig = 50N, 100N, 150N, 200N, 250N,
300N, 350N, 400N n npOMEHIUB pajuyC Ha
nedopmupaiust enemeHT: r = 3mm, 4mm,
Smm, xato ca u3pabOTeHH MPOOHH Tena 3a
BCSIKa KOMOWHAIIHSL.

ExcnepumenTa € mpoBeleH B yCIOBHSTA
Ha npwiaraie Ha MOT Ha BosiHa ocHOBa U 3a
rpolieca Ha cTpyroBane u 3a to3u Ha [1I1/].

Cxema Ha npoOHOTO Ts10 ¢ dopMa U pas-
MepH e mpejcTaBeHa Ha gurypa 8, a Ha Gury-
pa 9 u 10 ca npeacrtaBeHH OMUTHUTE IOCTa-
HOBKHM mipu crpyroBane u III1/l, B paGorHu
YCIIOBHSL.

Yuocmek ¢ M Cmpu2obon ysacmbk

923

1 1 |

% - A

= -

@ue. 10. Onumna nocmanogka 3a npoyeca Ha
oy

2. EKCIIEPUMEHTAJIHU
PE3YJIITATU U KOMEHTAPHU

HN3MepeHnTe CTOMHOCTHM Ha MapameTbpa
Ra, npu paznuunute paauycu Ha AedpopMmu-
pamusi eJIEMEHT ca CUCTEMaTU3UpPaHU B Tad-
nuuu 2 — 4.

Taén.2. Cmotinocm na napamemvpa Ra, npu
r=3mm, Ha depopmupauus eremernm

IIpo6uO Cuna Ha zie- Uzmepena Uzmepena
TSIIO tdhopmupane TpamnaBocT rpamnaBocT
Ccle]] CTpyro- cnen T/
BaHE

1 50 0.595 0.440

2 100 0.633 0.434

3 150 0.573 0.246

4 200 0.553 1.076

5 250 0.542 1.097

6 300 0.562 1.380

7 350 0.480 1.510

8 400 0.529 1.594

Ta6n.3. Cmotinocm na napamemvpa Ra, npu
r=4mm, na depopmupauus eremenm

WHOBALIUKM U OUTUTANTU3ALIMA 3A
WHTENWIrEHTHA TPAHC®OPMALMWA

cmpyeosane

Due. 9. Onumna nocmanoeka 3a npoyeca Ha

IIpo6HO Cuna Ha zie- H3mepena H3mepena
TSIO tdhopmupane rpamnaBocT rpamnaBocT
cle]] CTpyro- cnen T/
BaHE

1 50 0.589 0.161

2 100 0.658 0.311

3 150 0.665 0.307

4 200 0.677 0.238

5 250 0.639 0.221

6 300 0.642 0.221

7 350 0.620 0.352

8 400 0.614 0.507
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CbcuHaHcupaHo ot
EBponeickusa cbH3

HsneiHATETHA areHEA =~ ™
,.IIporpama 3a oGpazoBaHHe"

MPOrPAMA
HAYYHU U3CTNEOBAHUA,

Tabn.4 Cmotinocm na napamemovpa Ra, npu
r=5mm, Ha dehopmupawus eremenm

[Ipo6uO Cuna Ha e- Wzmepena Wzmepena
TAIIO dopmupane rpanaBocT rpanaBocT
cien cTpyro- cnen T
BaHe

1 50 0.623 0.170

2 100 0.581 0.211

3 150 0.584 0.244

4 200 0.606 0.205

5 250 0.590 0.296

6 300 0.534 0.389

7 350 0.564 0.332

8 400 0.580 0.258

I'padmuna nHTEpnpeTanys Ha U3MEPEHUTE
CTPOMHOCTH Ha TapaMeTbpa Ra, ciel mpole-
ca Ha III1]] ca mpencraBenu Ha Qurypu 11 —
13.

lpadumKa Ha napameTbpa Ra,

npu r=3mm

0 100 200 300 400 500

Due. 11. I paguxa na Ra, npu r = 3Imm, na Oe-
Gopmupawus enemenm

paduka Ha napameTbpa Ra,

npu r=4mm
0,6
0,4
0,2
0
0 100 200 300 400 500

Due. 12. I'paghuxa na Ra, npu r = 4mm, na oe-
Gopmupawus enemenm

paduka Ha napameTbpa Ra,

npu r=5mm
0,6
0,4
0,2 M
0
0 100 200 300 400 500

@Due. 13. [paguxa na Ra, npu r = Smm, Ha Oe-
Gopmupawus enemenm

3AK/IIOYEHUE

[IpoBeneHO eKCIIepUMEHTAITHO U3CIe-
BaHe Ha 2-D mapamepbpa Ra, OT NOBBpX-
HocTHara Tekcrypa, cien I (Slide bur-
nishing) mpoliec, Ha 3arOTOBKH OT MECHHT
CuZn39Pb3, B cbCTOsSIHUE HA MOBbPXHUHATA
- cien cTpyrosaHe, 0e3 mpeaBapuTesIHa Tep-
MUYHa 00paboTKa - OTTpsiIBAaHE M M3IOJI3BaHE
Ha Jedopmupanl eJIeMEeHT u3paboTeH OT
“FERROTIC C”. ExcnepuMeHTUTE ca Ipo-
BeJIEHU ¢ JlehopMUpaIIM €JIEMEHTH C pa3iiny-
Ha reoMeTpus (paanycu), Ipu pa3InyHU HUBA
Ha cujarta Ha negopmupane Fa.

Pesynrarure nokassar, 4ye napaMeTpure
panuyc Ha JepopMupamus €JIeMeHT » U CH-
nata Ha gegopmupane Fp, OKa3BaT 3HaUUTEIl-
HO BIIMSIHME BBPXY IpamaBocTTa Ha 00pabo-
TeHaTa MoBbpXHHMHA. C yBenM4aBaHE Ha pa-
nuyca Ha aedopmupalivs eJ1eMeHT, BIusHue-
TO Ha JaedopmalnMoOHHATa cujla HaMmalsBa.
[Ipn MuHMManeH paguyc r = 3mm M Npuia-
rane Ha cuna Fp Hag 150N, uMa BIoIIaBaHe
Ha TIpanaBoCTTa HaJ CTOMHOCTU IOJY4YEHH
ClIe]] CTPYTOBaHe.

HabmonaBa ce, ue npu HUBa Ha Jedop-
ManmonHara cuna Fz = 150N pannyca Ha uH-
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CbcuHaHcupaHo ot
EBponeickusa cbH3

NPOrPAMA
M:3nbpaHHaTEeHA areHIHIT = ™ HAYYHU U3CNEBAHUS,
" MHOBALWMW U OMTMTAITU3ALMA 3A
.IIporpama 3a o0pa3oBaHHe WMHTENUIEHTHA TPAHC®OPMALUA

CTpyMEHTa UMa Hail — c1a00 BIHMSHHE BBPXY
IpanaBoCTTa.

BbaarogapuocTu
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