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Abstract:

Introduction/purpose: Bearings constitute essential components without
which the functioning of systems subject to significant loads would be
inconceivable. The bearing installation process in rotational systems
diligently influences their longevity, reliability, and efficiency. Accurate and
meticulous bearing installation is of paramount importance to ensure
optimal operational performance of rotational systems. A proper bearing
assembly assists in the even distribution of loads, reduction of friction, and
minimization of wear. Additionally, appropriately mounted bearings
decrease the risk of vibrations, noise, and potential system failures.
Therefore, the bearing installation process represents a crucial step in
maintaining the reliable and efficient operation of rotational systems,
thereby extending their operational lifespan and reducing the need for
repairs.
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Methods: The methodology employed in this study combines
vibrodiagnostic analysis of an industrial mixer equipped with a planetary
gearbox and the concurrent application of thermographic techniques. This
integrated approach provides a comprehensive understanding of the
system's condition and helps identify potential sources of heating within
both the gearbox and the mixer. Vibrodiagnostic examinations
encompassed the analysis of vibrations generated by the planetary
gearbox during its operation, coupled with the interpretative scrutiny of
results aimed at detecting possible imbalances, damage, or irreqularities
within the mechanical system. On the other hand, the application of
thermography contributed to generating a visual representation of
temperature distributions at critical points of the gearbox, facilitating the
identification of thermal anomalies. The integration of these methods
enables a holistic scientific approach to the analysis of the planetary
gearbox system, allowing for detailed diagnostics and an understanding of
the root causes of potential operational issues in the gearbox.

Results: The meticulous interpretation of the acquired data facilitated the
identification of potential causes of thermal loading in the planetary gearbox,
providing a comprehensive insight into the mechanical and thermal facets
of the entire system. The integration of vibrodiagnostic and thermograpfic
methods constitutes a pivotal component of a holistic analytical approach,
crucial for an exhaustive understanding of the performance and overall
condition of the planetary gearbox and the industrial mixer. The obtained
results serve as the foundation for the development of precise diagnostic
procedures, laying the groundwork for the implementation of pertinent
improvements or maintenance strategies within the system. This, in turn,
holds the potential to optimize the operational performance of the planetary
gearbox and extend its operational lifespan.

Conclusion: The applied methodology, based on vibrodiagnostic analyses
and thermographic techniques, has provided a comprehensive insight into
the condition of both the planetary gearbox and the industrial mixer
containing it, with all analyses described in the text conducted on each
component within the mixer system. The detailed interpretation of data has
enabled the identification of potential causes of gearbox heating, offering a
deeper understanding of the mechanical and thermal aspects of the
system. In this manner, the efficiency of maintaining the examined system
can be enhanced.

Key words: planetary gearbox, industrial mixer, vibrodiagnostic,
thermograpfic, analysis, bearing, reliability, maintenance.

Introduction

Planetary gearboxes have a wide range of applications, starting from
the automotive industry, extending through the aerospace industry, and
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reaching heavy metal industries (Guo & Parker, 2011; McNames, 2002).
This type of gearbox is primarily utilized in harsh working conditions, which
significantly affects the lifespan of the system and its components. Such
conditions directly contribute to damage within the system, most
commonly resulting from material fatigue (Cheng et al., 2012). The
foundation of a reliable and high-quality operation of any technical system
lies in the design of its transmission system, aiming to ensure optimal
energy efficiency and proper lubrication. This approach helps to maintain
system performance and prolong the lifespan of its components (Zhang,
2013). Bearings, as fundamental components of any gearbox, endure
significant loads during operation and are therefore prone to frequent
potential failures, as described in the paper (Lu et al., 2020). Testing the
operational integrity of planetary gearboxes can involve various diagnostic
methods. In the study by (Lei et al., 2013), an adaptive resonance method
is described for diagnosing planetary gearbox faults. Planetary gearboxes
are frequently subjected to dynamic loads, as outlined in the paper
(Batinic, 2013), which can lead to elevated vibrations within the gearbox.
Modern diagnostic methods for assessing the condition of planetary
gearboxes are integral to implementing higher-quality maintenance
practices, with some primary diagnostics described in studies (Chatterjee
& Dethlefs, 2021; Lei et al., 2010). Vibration diagnostics is a crucial method
for monitoring and diagnosing the condition of rotating equipment, such as
pumps, compressors, turbines, gears, and other machinery systems in
industrial and engineering facilities. Since rotating equipment is
continuously subjected to mechanical loads and dynamic stresses, timely
detection of irregularities and the early stages of damage is essential for
ensuring the reliability and longevity of these systems.

Vibration diagnostics methodologies include signal analysis in both
the frequency and time domains, with advanced techniques increasingly
being used for more precise diagnostics. Frequency spectrum analysis
enables the detection of dominant frequencies, which facilitates the
identification of specific system components, such as gears and bearings,
which show signs of failure. Wavelet transformation, as a modern
technique, provides additional insight into short-term changes that often
go unnoticed in traditional frequency analyses, further enhancing the
precision of problem detection. Finally, time-domain signal analysis
through parameters such as RMS values and peak values enables the
direct detection of system performance changes, thereby simplifying the
identification of irregularities (Aherwar, 2012; De Silva, 2007; Goyal &
Pabla, 2016; Rai & Upadhyay, 2016; Singh & Sehgal, 2022; Vishwakarma
et al., 2017).
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The thermography method enables visualization of temperature
distribution on the surface of machine components and the identification
of zones with elevated temperatures, which may indicate potential issues
such as friction, inadequate lubrication, wear, or localized mechanical
stresses. The use of thermography aids in detecting these anomalies at
early stages, allowing for preventive interventions before more serious
failures or machine downtime occur. Thermography finds wide
applications across fields, from the construction industry to the process
and gas industries, and even aerospace, as illustrated in studies (Jakubek
et al., 2022; Risti¢ et al., 2013).

As opposed to vibration diagnostics, which focuses on analyzing
vibration patterns to identify mechanical irregularities, thermography
provides a different set of insights by relying on temperature variations
caused by increased mechanical load or friction. Thermographic analysis
is often useful in cases where vibration signals cannot fully reveal the
problem, such as issues related to thermal overheating of bearings or
electrical components in motors. Integrating these methods offers a
comprehensive view of equipment condition, which is especially valuable
in critical industrial processes where high machine reliability is essential.
In this way, a diagnostic approach that combines thermal and vibration
analyses is becoming increasingly important in modern industrial
applications to extend the service life of rotating equipment and minimize
the risk of unexpected failures (Gawde et al., 2023; Shaalan et al., 2024;
Thomas et al., 2001; Watban Khalid Fahmi et al., 2022).

Material and methods

In the pursuit of diagnosing faults in planetary gear reducers,
researchers increasingly employ advanced techniques such as
vibrodiagnostics and thermography. Vibrodiagnostic methodology
involves data acquisition on the vibrations of the reducer through the
placement of accelerometers at the key points within the system.
Frequency analysis of these vibrations facilitates the identification of
characteristic patterns associated with potential malfunctions such as
imbalance or gear damage. The sensitivity to changes in the reducer's
condition over time allows for an early detection of potential issues.
Conversely, thermography relies on infrared cameras to measure
temperatures on the surface of the reducer. Through the analysis of
thermal profiles, researchers can identify regions with abnormal
temperatures, indicative of problems such as friction or inadequate
lubrication. The amalgamation of vibrodiagnostics and thermography
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provides a comprehensive assessment of the planetary gear reducer's
condition, enabling precise diagnostics and efficient maintenance of the
system. In this case, thermography is utilized for the analysis of
temperature elevation on the bearings of a planetary gearbox within an
industrial mixer system with a power rating of 1.5 MW, undergoing a speed
reduction from 990 rpm to 49 rpm. Based on the presented formulas, it is
possible to determine the frequencies at which failures occur in specific
bearing components within the system, such as the inner ring, the outer
ring, the rolling elements, and the train. The Ball Pass Frequency Outer
Ring is represented by Equation (1):

d
BPFO = RPM = (1 — —cos ) (1)
2% D,
The Ball Pass Frequency Inner Ring is represented by Equation (2):

BPFI = RPMZ (1 + icos B) (2)
2 D,
The Fundamental Train Frequency is represented by Equation (3):
RPM d
FTF:T(l_D_pCOS'B) (3)

The Ball Spin Frequency is represented by Equation (4):

BSF = RPM& 1— (i cos f3)? (4)
d D,

Analysis of vibration and thermal heating in an industrial
mixer and a planetary gearbox system

A comprehensive assessment of the condition of a planetary gearbox
installed in an industrial mixer system, as well as the issue of heating in
specific components of both the gearbox and the mixer, can be achieved
by fully integrating both methods for evaluating the condition of individual
elements within the gearbox and the mixer. Vibration analysis is used to
evaluate the condition of a gearbox by examining dynamic loads that occur
during the operation of individual components, such as the gear meshing
points and tooth contacts, the condition of ball bearings within the gears,
and the alignment of the drive and the driven gear shafts. This method
provides insight into mechanical wear, alignment issues, and potential
imbalances that may affect gearbox performance and longevity. On the
other hand, infrared thermography offers a complete overview that can
detect current or potential issues leading to elevated temperatures within
the gearbox. Thermal imaging can reveal temperature anomalies often
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associated with friction, lubrication issues, or excessive loads. By
visualizing the thermal distribution, especially in the lubricating fluid and
other critical parts of the gearbox and the industrial mixer system, infrared
thermography allows for early detection of issues that may not be
immediately apparent through vibration analysis alone. This dual-method
approach ensures a thorough examination of both the mechanical and
thermal conditions, enhancing predictive maintenance and overall system
reliability.
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Figure 1 — Spectrum of vibrations at the measurement point of the gearbox input

In Figure 2, the demodulated acceleration spectrum (in g RMS) is
shown, aiding in the identification of high-frequency vibrations often
associated with bearing defects. Through demodulation, peaks are
observed at very low frequencies around 0.75 Hz, 16.5 Hz, and 0.375 Hz.
Although the values are relatively low (up to 0.005 g RMS), the presence
of pronounced peaks at these frequencies may indicate early signs of wear
or faults in the bearings.

g-demod spectrum ch:1 R:50Hz L:800 T:16s 1/1;0.736Hz

0.008]gRMS | | £=0.375; ord=0.51. Y=0.004; tot=0.159
i Hz o RMS
i P 0,000 0.151
0.006 - 0.005
P 165 0.004
P 0375 0.004
0.005 : i e
7. W\
o001
0003 ! \\ :
[
0.002 "ufi : ﬂ
LE \ | [
0.001 : n \/’\' A My “Jtﬂ__ “ { \' /“I\\\ A
0.000 / d \ IWWW/ N V'V !'/ ﬁJ S/ Wl
8 6 7 8 9 10 1 12

Figure 2 — Demodulated spectrum of vibrations at the reducer outlet - bearing

Based on the FFT analysis of the gearbox, slight looseness was
detected in the bearing at the gearbox output. Given the very low vibration
levels at the gearbox output, it is recommended to monitor the bearing
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condition and respond promptly if necessary. Obtain data on the bearings
in the gearbox for further analysis.
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Figure 3 — Spectrum of vibrations at the measurement point of the mixer input

Figure 4 shows the demodulated vibration spectrum at the mixer inlet.
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Figure 4 — Demodulated spectrum of vibrations at the mixer input

Based on the vibration spectra shown in Figures 3 and 4, it can be
concluded that there are no elevated vibrations beyond acceptable limits,
nor any detected irregularities in the mixer's operation at the bearing
measurement point at the inlet.
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Figure 5 — Spectral analysis of vibrations at the mixer outlet
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Figure 6 — Demodulated vibration spectrum at the mixer inlet

Given the visually identified potential malfunction of the bearing at the
mixer outlet, along with increased lubricant leakage, an additional time-
domain vibration acceleration analysis was conducted.
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Figure 8 — Thermal image of the gearbox at the inlet

The spectral analysis shows that vibrations are generally stable and
low-intensity, with RMS values close to zero for most of the measurement
duration. However, certain peaks (more pronounced increases in
vibration) occur at specific times, particularly after the 12th second, where

ration level rises. The overall RMS value measured during this
is 0.021 g, indicating a relatively low level of vibration, though
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periodic peaks may suggest occasional impacts or asymmetric loads
within the system.

Figure 9 — Thermal image at the gearbox output
Since the vibration analysis did not reveal any specific faults in the
operation of the gearbox and the mixer, a thermographic inspection
method was applied to the gearbox and the mixer to obtain a
comprehensive view and identify any potential system malfunctions.

Figure 10 — Thermal image at the mixer inlet
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According to Figure 8 and the operational parameters of the gearbox,
the recorded temperatures and the heating levels captured by the camera
fall within the allowable temperature range, indicating no operational
anomalies at the gearbox input.

Additionally, the temperatures at the gearbox output are considered
within the tolerance range for optimal operation of both the gearbox and
the output bearings.

Figure 11 — Thermal image at the mixer outlet

Based on the thermal image of the mixer, it is possible to analyze the
presence of high temperatures in specific areas, which may indicate
lubrication issues. In particular, the maximum temperature values are
relatively high, reaching 74.9°C and 77.3°C, which suggests intense
friction in certain zones of the mixer. These temperature peaks may be
associated with lubricant leakage problems, often manifesting through
specific thermal patterns. Lubricant leakage can lead to a loss of the
necessary amount of lubricant at friction points, resulting in increased
friction and higher temperatures, as shown in the image.

If leakage occurs, the lack of lubricant at critical points causes
overheating because there is insufficient lubricant to form a protective film
between contacting surfaces. In the images, we can observe concentrated
zones of high temperature, potentially indicating that certain parts of the
mixer are inadequately lubricated due to possible lubricant loss. When
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lubricant leaks or is excessively lost from the system, heat tends to
concentrate in specific areas, while other parts may remain cooler. This
uneven temperature distribution may point to potential leakage points.

Based on the FFT analysis of the mixer shaft at the output, a minor
axial clearance in the bearing at position 1 was detected, attributed to
improper bearing installation during assembly. Visual inspection revealed
an incorrectly positioned seal on bearing 1, showing signs of wear.
Consequently, lubricant leakage from the bearing and the ingress of
contaminants into its interior occur, which explains the temperature
difference compared to other bearings, given that the seal does not
function adequately.

Figure 12 — Point of the mixer outlet

From Figure 12, it is clearly seen that there is leakage at the mixer
outlet, causing an excessive concentration of heat on the bearing located
at the output section of the shaft. Given that lubricant leakage has been
identified in the mixer outlet area, a more detailed lubrication analysis of
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the bearing at the mixer outlet is necessary. Figure 13 illustrates the
lubrication spectrum at the mixer outlet.
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Figure 13 — Lubrication at the mixer outlet

A detailed lubrication analysis of the mixer outlet bearing was
conducted using Lubri Mode. According to the data from the obtained
spectrum, the lubrication condition of the bearing at the time of inspection
is satisfactory, likely due to recent lubricant application to the bearings.
However, given that the visual inspection revealed leakage, there is a
tendency for peak values on the diagram to increase, potentially placing
the lubrication level in the red zone, which necessitates re-lubrication of
the examined bearing.

Results and discussion

Based on all applied diagnostics, including vibration analysis,
thermography, and additional tools for bearing lubrication assessment, it
can be concluded that current testing does not always provide a fully
accurate picture of the condition. However, the diagnostic methods
performed enable a predictive assessment of the examined component’s
condition, allowing for timely implementation of appropriate maintenance
procedures to prevent extended and unplanned downtimes.

Vibrations, as a parameter, indicate potential damage to both the
planetary reducer bearings and the mixer itself. According to the measured
values, no critical values were identified per the ISO standard (ISO 20816-
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3:2022), and the measured vibration values for the reducer’'s measuring

points are shown in Table 1.
Table 1 — Vibration on the gearbox

Point 1V 1H 2V 2H 3V 3H 3A

Velocity (mm/s) 0,912 0,328 1,030 0,816 0,421 (0,637 (0,192

Acceleration

(g)RMS 0,252 0,380 0,377 0,316 0,229 (0,092 (0,146

The measurement results indicate that the RMS values of the
vibration velocity range from 0.192 mm/s to 1.030 mm/s, with the highest
value recorded at the measurement point 2V (1.030 mm/s) and the lowest
at the point 3A (0.192 mm/s). All velocity values are below the reference
threshold of 2.8 mm/s, indicating a low level of vibration consistent with the
standards for rotating machinery. Regarding the RMS values of vibration
acceleration, the range is from 0.092 g to 0.380 g, with the maximum value
observed at the point 1H (0.380 g) and the minimum value at the point 3V
(0.092 g). All acceleration values are below the 0.5 g threshold, indicating
the absence of impact vibrations that could compromise the structural
integrity of the bearings. Collectively, these data suggest a stable dynamic
condition of the system, with no elevated or critical vibrations that would
require corrective action.

Table 2 — Vibration on the mixer

Point 1V 1H 1A 2V 2H 2A
Velocity (mm/s) 0,281 0,170 0,116 0,357 0,164 (0,150
Acceleration (g)RMS 0,021 0,047 0,036 0,045 0,072 0,021
Point 3V 3H 3A 4V 4H 4A
Velocity (mm/s) 0,240 0,113 0,107 0,377 0,091 0,119
Acceleration (g)RMS 0,013 0,037 0,054 0,045 0,012 [0,038

The vibration analysis on the industrial mixer indicates that the RMS
values of the vibration velocity at the inlet points range from 0.116 mm/s
to 0.357 mm/s, while at the outlet points, they range from 0.091 mm/s to
0.377 mm/s. The highest velocity values were recorded at the points 2V
and 4V, yet all values are significantly below the threshold of 2.8 mm/s,
indicating a low level of vibration throughout the system. Regarding
vibration acceleration, the inlet points show the values between 0.021 g
and 0.072 g, while the outlet points range from 0.012 g to 0.054 g, with the
highest values at the points 2H and 3A. All acceleration values are below
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the reference threshold of 0.5 g, indicating the absence of impact
vibrations that could compromise the system's integrity. Overall, the results
indicate a stable dynamic condition of the mixer, with no elevated
vibrations requiring corrective action.

Conclusion

In this study, advanced vibration diagnostics and thermography
methods were applied and their results analyzed for an early detection of
defects in industrial systems such as gearboxes and mixers. Given that
these systems operate under substantial load, monitoring both vibrational
and thermal stresses is essential for the timely identification of
irregularities that could shorten service life and elevate maintenance costs.

Vibration diagnostics was employed to assess vibration levels
accurately during system operation, facilitating the identification of
potential issues in bearings, gears, and other moving components. By
measuring the RMS values of the vibrations at different bearing
measurement points, oscillations were detected that, while within
permissible limits according to ISO standard 20816-3, may indicate
gradual wear or the onset of damage. The vibration levels at critical points
also revealed frequent peaks at specific frequencies, potentially linked to
minor axial clearances due to improper bearing installation. These findings
underscore the importance of continuous vibration monitoring to reduce
the risk of more severe failures.

Thermographic analysis further contributed by identifying key thermal
anomalies on bearings and critical gear contact points, which may signal
lubrication issues. The elevated temperatures recorded in specific bearing
zones exceeded optimal operational thresholds, suggesting intensified
friction resulting from either a deficiency in lubricant or inadequate
lubrication application. This thermal concentration likely stems from
lubricant leakage or uneven distribution, leading to overheating that would
not be detectable through vibration analysis alone.

The thermographic measurements enabled the visualization and
quantification of thermal peaks, with the highest temperatures observed at
the mixer and gearbox output bearings. The analysis of these thermal
deviations pointed to uneven lubrication and pronounced thermal zones,
which may represent potential hotspots for wear. This thermal data allows
for more precise control over lubrication quality, facilitating preventive
corrective actions, such as timely lubricant replenishment or replacement,
and thus mitigating the risk of further thermal damage to the system.
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Resumen:

Introduccién/objetivo: Los rodamientos constituyen componentes
esenciales sin los cuales el funcionamiento de sistemas sometidos a
cargas significativas seria inconcebible. El proceso de instalacion de los
rodamientos en sistemas rotacionales influye considerablemente en su
longevidad, fiabilidad y eficiencia. Una instalacion precisa y meticulosa de
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los rodamientos es fundamental para garantizar un rendimiento operativo
optimo de los sistemas rotacionales. Un montaje correcto de los
rodamientos facilita la distribucion uniforme de las cargas, reduce la friccion
y minimiza el desgaste. Ademas, un montaje correcto de los rodamientos
reduce el riesgo de vibraciones, ruido y posibles fallos del sistema. Por lo
tanto, la instalacién de los rodamientos es un paso crucial para mantener
el funcionamiento fiable y eficiente de los sistemas rotacionales,
prolongando asi su vida util y reduciendo la necesidad de reparaciones.

Métodos: La metodologia empleada en este estudio combina el analisis
vibrodiagnéstico de un mezclador industrial equipado con una caja de
cambios planetaria y la aplicacion simultanea de técnicas termograficas.
Este enfoque integrado proporciona una comprension completa del estado
del sistema y ayuda a identificar posibles fuentes de calentamiento tanto
en la caja de cambios como en el mezclador. Los examenes
vibrodiagndsticos abarcaron el analisis de las vibraciones generadas por la
caja de cambios planetaria durante su funcionamiento, junto con el analisis
interpretativo de los resultados para detectar posibles desequilibrios, dafios
o irreqularidades en el sistema mecanico. Por otro lado, la aplicacion de la
termografia contribuyé a generar una representacion visual de las
distribuciones de temperatura en puntos criticos de la caja de cambios,
facilitando la identificacion de anomalias térmicas. La integracion de estos
métodos permite un enfoque cientifico holistico para el anélisis del sistema
de caja de cambios planetaria, lo que permite un diagnostico detallado y la
comprension de las causas raiz de los posibles problemas operativos en la
caja de cambios.

Resultados: La meticulosa interpretacion de los datos adquiridos facilito la
identificacion de las posibles causas de la carga térmica en el caja de
cambios planetaria, proporcionando una vision completa de los aspectos
mecanicos y térmicos de todo el sistema. La integracion de métodos de
vibrodiagndstico y termografia constituye un componente fundamental de
un enfoque analitico holistico, crucial para una comprension exhaustiva del
rendimiento y el estado general de la caja de cambios planetaria y del
mezclador industrial. Los resultados obtenidos sirven de base para el
desarrollo de procedimientos de diagnoéstico precisos, sentando las bases
para la implementaciéon de mejoras o estrategias de mantenimiento
pertinentes en el sistema. Esto, a su vez, tiene el potencial de optimizar el
rendimiento operativo de la caja de cambios planetaria y prolongar su vida
util.

Conclusién: La metodologia aplicada, basada en analisis
vibrodiagndésticos y técnicas termograficas, ha proporcionado una vision
completa del estado tanto de la caja de cambios planetaria como del
mezclador industrial que lo contiene. Todos los analisis descritos en el texto
se realizaron en cada componente del sistema mezclador. La
interpretacion detallada de los datos ha permitido identificar las posibles
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causas del calentamiento de la caja de cambios, lo que proporciona una
comprension mas profunda de los aspectos mecanicos y térmicos del
sistema. De esta manera, se puede mejorar la eficiencia del mantenimiento
del sistema examinado.

Palabras claves: caja de cambios planetaria, mezclador industrial,
vibrodiagnédstico, termografia, analisis, rodamiento, confiabilidad,
mantenimiento.

AHanus npumMeHeHnst METOA0B BUOPOAMArHOCTUKM U TepMmorpadum ¢ Lenbo
BbisIBNeHNs AedeKTOB Ha paHHen CTaaun B NPOMbILLNIEHHOW CUCTEME
CMecuTenb-peaykTop — TemaTu4eckoe nccneaoBaHne

Bopusoti 3. HoBakony?, flyka [xopaxeBuy?, koppecnoHaeHT, Jamup

JepkoBuy®, Muxarnb Bakatop?

2 HoBucaackuin yHMBEPCUTET, TEXHOMOMMYeCKniA dakyribTeT nm. Mmnxanna
MynuHa, r. 3peHsHnH, Pecnybnuka Cepbus

6 YHnBepcuteT o6opoHbl B Benrpane, BoeHHas akagemus, 1. Benrpag,
Pecnybnuka Cepbus

PYBPUKA TPHTW:

30.19.00 MexaHuka gedopmupyemoro TBEPAOro Tena,

30.15.35 Teopust MEXaHU3MOB U MaLLVH,

55.43.00 ABTOMOGMECTPOEHME,

B[O CTATbW: opurmHanbHas HayyYHas ctaTbsl

Pe3some:

Benenune/uens: lodwunHuku Aensmces saxkHelwuMu
KoMroHeHmamu, 6e3  KOmopbIX  HEBO3MOXHO  rpedcmasumb
OYHKUUOHUPOBAHUE = MexaHUYeckux  cucmemM,  no08epKeHHbIX
cepbe3HbIM  Hagpy3kam. [lpouyecc ycmaHo8KU MOOWUNHUKO8 8
POMOPHbIX cucmemMax CyUuecmeeHHO 6/lUsiem Ha CPOK UX CI1yXObl,
HadexHocmb U aghghekmusHocmb. To4yHas u rpasusibHasi ycmaHosKa
MoOWUNHUKO8 -~ umMeem B8axHeluwee 3HadeHue Onsi obecrievyeHus
onmumalsibHbIX  3KCMTyamaUyUuoOHHbIX — XapakmepucmuK  pPOMOPHbIX
cucmem. [IpasusnbHbili  MOOWUNHUKOBBIU  y3er  criocobcmeyem
pasHoOMepHOMY pacrnpedesieHUrd Hazpy30K, CHUXEHUK MpeHuss U
MUHUMU3auyuu u3Hoca. Kpome moeo, npasusbHO ycmaHOB8/1I€HHbIE
noOWUNHUKU yMeHbwarom eubpayuu, wym U CHUXamm pucKk om
B803MOXHbIX OMKa308 cucmemsl. Takum 06pa3om, nMPouecc ycmaHo8KU
MoOWUMHUKOB 518/19€MCsl 8aXHbIM amariom 8 obecrieyeHuUU HadexHou
u ahgekmusHol pabombl POMOPHbLIX CUCMEM, 4YmO M[M038075em
npooIUMb CPOK UX Cr1y>bbl U CHU3UMb 1ompebHOCMb 8 PEMOHME.

Memodbi: Memodonoeus, ucronb3o8aHHass 8 daHHOM uccriefo8aHuu,
coyemaem e cebe subpoduazHocmMuYecKuli aHanu3 rnPOMbIWIEHHO20
cMmecumersisi,  OCHaWEHHO20  MjiaHemapHbIM  pedyKmopoM, U
00HOBpPEeMEeHHOe MnpuMeHeHUe mepmoepaguydeckux memodos. Takol
KomrinekcHblli modxod obecriequgaem 8CECMOPOHHEE [OHUMaHUe
COCMOSsIHUSI cucmeMbl U [oOMo2aem 8bisieUmb MoMeHyuUanbHbie
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UCMOYHUKU  B803MOXHbIX  OucbanaHcos,  rnospexoeHuld  umnu
HeposHOCcMel 8 MexaHu4eckol cucmeme. [TomMumMo mozo, npumMeHeHue
mepmoepaghuu r1o3807UM0 MOyHUMb 8u3yanbHoe npedcmassieHue o
pacripedesieHUU memnepamypbl 8 KPUMUYECKUX MOoYKax KopobKu
nepeday, ymo obnieayunio udeHmuguKauuo mernnosbix aHomasnud.
WHmeepayusi amux memodos obecriequeaem Uer10CMHbIl HayYHbIl
nodxo0 Kk aHanu3dy cucmembl r1aHemapHoU Kopobku mnepedady,
nossonswull npogodums OdemarnbHyto OuagHOCMUKY U MOHUMamak
nepeornpuYuUHbl MomeHyuanbHbix npobnem 8 pabome KOpPOOKU
nepedau.

Pesynbmamesi: TujamernbHass uHmeprnpemauyus nosy4eHHbIX OaHHbIX
romoeasia 8bisi8UMb omeHyuasbHble MPUYUHbI MENIo8ol Hagpy3sKu 8
nnaHemapHoU Kopobke rnepeday, Ha OCHOBaHUU 4eao CKiadbieaemcs
ronHoe npedcmasrieHue 0 MexaHU4eCcKUX U mersioebix acrnekmax eceli
cucmemsil. WHmeepayuss  mMemodoe  eubpoduazHoCmuku U
mepmoepagpuu  S87SemMCcs  KIIH4Ye8biM KOMIOHEHMOM UesioCmHOo20
aHanumu4yeckozo nodxoda, KoOmopblU umMeem pewaioujee 3HavyeHue
Orid rofIHO20 MOHUMAaHUS Xapakmepucmuk U obwea2o cocmosiHUs
nnaHemapHozo pedykmopa U  MPOMbIWIIEHHO20  CMecumeris.
lMony4yeHHble pe3ynbmambl Sensomcess ocHoeol 0ns pa3pabomku
moYHbIX uagHoCmu4Yeckux rpouedyp, 3aknadbieasi pyHOameHm Ons
8HEOpeHUsT ~ coomeemcmeyluwux  ycoeepweHcmeogaHuli  unu
cmpameaull mexHU4YeCKo20 0bC/TyKuU8aHUS cucmemMbl. A 3mo, 8 C80H0
o4yepeodnb, rno3gonum  OMNMUMU3UPO8amb  3KCIslyamauyuoHHbIEe
Xxapakmepucmuku njaHemapHoU Kopobku nepeday u rnpolnums CPOK
ee Criyxb6nbl.

Bbigo0bi: lNMpumeHeHHas memodorioaus, OCHOB8aHHasi Ha
8ubpoduacHOCMUYECKOM aHasiu3e u mepmozpachudeckux memodax,
roseorsnuna rnosny4yums 8CeCMOPOHHee rnpedcmasieHue 0 COCMOsIHUU
Kak riaHemapHoz20 pedykmopa, mak u rnpoMbIWIEHHO20 CMecumeris.
lpuyem ece aHanu3bl, OrUCaHHbIe 8 cmambe, bbiriu MPoeedeHb! o
KaxdomMmy  KOMroHeHmy  cucmembl  cmecumens.  [loOpobHas
UHmMeprnpemauyusi daHHbIX criocobcmeosarna 8biS8NIeHU 803MOXHbIX
MPUYUH repeepesa Kopobku nepeday, 4mo rMo3eosusio a/ybxe MoHsIMmMb
MexaHu4Yyeckue U mernsosble acrekmsi cucmemsl. Pykosodcmeysichb
pesynbmamamu  0aHHO20  uccriedo8aHusi,  MOXHO  [08bICUMb
aghgpekmusHOCcmb 06CTy>KUBaHUS Mecmupo8aHHOU CUCMEeMBbI.

Knroveeble criosa: nnaHemapHasi Kopobka nepedad, npoMbIlIeHHbI
cmMecumerib, e8ubpoduazHocmuka, mepmoepadgpus, aHasnus,
MOOWUNHUK, HalexXHOCMb, MexHUYeckoe 0bCyxugaHue.

AHanusa npuMmeHe meToda BUOpOAMjarHOCTUKE U TEPMOBU3KjE Y LNIbY
OTKpVBama paHe hase gedekaTa Ha MHAYCTPUjCKOM CUCTEMY MeLuay-
penykTop — cTyaunja cniyyaja
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Bopusoj 3. Hoeakosuh?, /lyka Hhophesuh®, aytop 3a npenucky, Jamup
JepkoBuh?, Muxasbe Bakatop?
aYHuBepanTteT y HoBom Capy, TexHuukn dakynteT ,Muxajno MynuH”,

3penanuH, Penybnnka Cpbuja

5YHuBepauteT onbpaHe y beorpaay, BojHa akagemuja, Beorpag, Peny6nvka
Cpbuja

OBNACT: MawwmrHCcTBO

KATETOPWUJA (TUM) YITAHKA: opyruHanHu Hay4Hu paa

Caxemak:

Yeod/uyurs: Jlexajesu npedcmaerbajy Kiby4yHe KoMroHeHme 6e3 Kojux 6u
QYHKUUOHUCaHe cucmema U3/IoXeHUX 3HamHum ornmepehersuma 6urso
Hesamucrnueo. [lpouec yspalwe rexajesa y pomauyuoHe cucmeme
3HauyajHo ymu4ye Ha HUX08 8eK mpajarba, noysdaHocm U egbukacHocm.
Ta4yHa u npeyusHa MOHMaXa riexajesa je 00 CyWMUHCKO2 3Havaja 3a
rocmusarbe onmumarHux padHuUXx rnepgopmaHcu pomayuoHUX cucmema.
lpasunHa yepadrwa rnexajesa OOMPUHOCU pPasHOMEPHOj pacrodernu
onmepehera, cMarberby mpera U MuHuMu3ayuju xabara. lloped moea,
adekeamHO MOHMUpPAaHU Iexajeeu cMarbyjy puduk o0 eubpauuja, byke u
rnomeHyujanHUx omkasa cucmema. Cmoea, npouec yepadre rexajesa
npedcmaerba Kiby4YHU KopakK y odpxasary noy3daHoe u eghukacHoe pada
pomauyuoHuUx cucmema, Yume ce npodyxasa HUxo8 padHu 8EK U CMaksyje
rnompeba 3a rornpaskama.

Memode: Memodosiozuja npumerseHa y 080M UCMpaXusary KOMOUHYje
8ubpodujazHOoCMUYKy aHanuay UHOYCImpUjCcKO2 Melwada OfpeMIbeHo2
raHemapHuUM MeradyeM U UCMOoBpeMeHy MPUMEHY mepmoepaghbcKux
mexHuka. Oeaj uHmeepucaHu ripucmyn omo2yhaga ceeobyxeamHu ygud y
Cmarbe cucmema u riomaxce y udeHmugbukayuju nomeHyujaaHux useopa
3agpesarba, Kako y MeHady, mako u y mewady. BubpodujazHocmuuka
ucnumuearba obyxeamuna cy aHanu3y eubpauuja Koje eeHepuwie
rnraHemapHU Mera4y mokom pada, y3 uHmeprnpemauujy pesynmama padu
omKpueara  Moeyhux  HeypasHomexxeHocmu, owmehema  umnu
HernpasusiHocmu y mMexaHu4kom cucmemy. C Opyee cmpaHe, npumeHa
mepmoepachuje  OorpuHerna je cmeapary 8U3yernHo2 - rpukasa
oucmpubyuuje memrepamype Ha KPUMUYHUM madykama Mer-aya,
onakwasajyhu udeHmucgbukayujy mepmuykux aHomaruja. MiHmeepayuja
osux Memoda omozyhasa XOnucmuyku Hay4YHU npucmyn aHanu3u
cucmema nnaHemapHo2 Memava, Wwmo omoeyhasa demarbHy
OujacHOCMUKY U CrO3Hagearse OCHOBHUX y3poKa MomeHyujasiHux
oriepamusHux rpobriema y Merady.

Pesynmamu: [laxrbuea uHmMeprpemauuja npukyrn/beHux rnodamaka
omoeyhuna je uleHmuguKkauyujy nomeHyujanHux yspoka mepmMuykKoe
onmepehera y nnaHemapHoOM Merady, npyxajyhu ceeobyxeamaH ysud
y MexaHu4Ke U mepMuYKe acriekme UerioKyrnHoe cucmema. Miimeepauyuja
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subpodujazHoCMUYKUX U mepmozpagpckux memoda rnpedcmaesrba
KIbyYHY KOMIOHEHMY XO/iucmuyko2 aHanumuykoe npucmyna, Koju je
Heorixo0aH 3a nomryHU ysud y repghopMaHce U YKYrHO Ccmare
rnrnaHemapHoea Merava U uHOycmpujckoe Mewadva. [JobujeHu pesynmamu
CrlyXke Kao OcHO8a 3a pa3eoj rnpeyusHux OujacHOCmUYKUX ripoyedypa,
rnocmaerbajyhu  memesrb  3a  umrnemeHmauujy — odeosapajyhux
nobosrbwara Unu cmpameauja odpxaeara y cucmemy. To Moxe
dosecmu Qo onmumusauyuje padHUX repghopMaHcU aHemapHo:
Mersada U rnpodyxemka He20802 padHo2 8ekKa.

Sakrbyyak: lMpumer-eHa memodorioauja, 3acHoeaHa Ha
subpodujazHoCMuUYKUM aHanusama U mepmMoapaghCKUM MmexHUKama,
npyxura je ceeobyxeamaH yaud y cmare Kako nnaHemapHoz mer-aya,
mako u UHOycmpujckoza mewuaya y KojeM ce OH Harnasu, rpu 4Yemy cy cee
oriucaHe aHarnuse cripogedeHe Ha C8aKoj KOMIIOHEHMU yHymap cucmema
Mewaya. [emarbHa uHmepnpemauuja rnodamaka omoeyhuna je
udeHmucgbukayujy nomeHyujaiiHUX y3poKa 3aspeearba Merbaya, WImo
OoripuHocu 6orbeM pasymesarby MexaHUYKUX U MepMUYKUX acriekama
cucmema. Ha osaj HauyuH Moxe ce yHarpedumu eghukacHOCm oOpxKasarba
ucriumusaHoe cucmema.

KrbyyHe peyu: nnaHemapHu — Merad, UHOycmpujcku — Meuwad,
subpodujacHocmuka, mepmozpadhuja, aHanusa, nexaj, noysdaHocm,
odpxasarse.
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