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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.

Methods: The methodology employed in this study combines
vibrodiagnostic analysis of an industrial mixer equipped with a planetary
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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
reaching heavy metal industries (Guo & Parker, 2011; McNames, 2002).
This type of gearbox is primarily utilized in harsh working conditions, which
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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).

The thermography method enables visualization of temperature
distribution on the surface of machine components and the identification
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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
provides a comprehensive assessment of the planetary gear reducer's
condition, enabling precise diagnostics and efficient maintenance of the
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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
BPF0=RPME(1——COS,8) (1)
2V D,
The Ball Pass Frequency Inner Ring is represented by Equation (2):

BPFI = RPM = (1 + 4 o 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-— (icos B)? 4)
B 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
associated with friction, lubrication issues, or excessive loads. By
visualizing the thermal distribution, especially in the lubricating fluid and
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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.
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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
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
the vibration level rises. The overall RMS value measured during this
period 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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Greased

spectrum ch:1 R:10-26600Hz L:25600 T:1s 0.742Hz
0015 |g RMS
0.014

0.013
0.012
0.011
0.010
0.009
0.008
0.007
0.006
0.0054|
0.004

0.003

0.002

0.001
0.000 | i Hz
1] 2000 4000 6000 8000 10000 12000 14000 16000 18000 20000 22000 24000

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
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longevidad, fiabilidad y eficiencia. Una instalacion precisa y meticulosa de
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
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interpretacion detallada de los datos ha permitido identificar las posibles
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,
vibrodiagnéstico, termografia, analisis, rodamiento, confiabilidad,
mantenimiento.

AHanus npumeHeHnst METOA0B BUOPOAMArHOCTUKM U TepMmorpadum ¢ Lenbo
BbisIBNEeHNs AedeKTOB Ha paHHen CTaaun B NMPOMbILLNEHHOW CUCTEME
CMecuTenNb-peaykTop — TemaTu4eckoe nccneaoBaHne

Bopusoti 3. HoBakoBny?, flyka [xxopaxeBuy?, koppecnoHaeHT, Jamup
Jepkosuy®, Muxans Bakatop?

2 HoBrCcaackvm yHMBepCcuTeT, TeXHoMNormdeckun dakynbtet um. Muxanna
MynuHa, r. 3peHsiHnH, Pecnybnuka Cepbus

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

PYBPUKA T'PHTW: 30.19.00 MexaHuka gecdopmupyemoro TBepaoro Tena,
30.15.35 Teopusi MexaHN3MOB U MaLLVWH,
55.43.00 ABTOomMOBUNecTpoeHue,

BWO CTATbW: opurmHanbHas Hay4Has ctaTes

Peswome:

Bepenune/uens: MNodwunHuxku sensromcesi saxHelwumu
KOMrioHeHmamu, 6e3  KOmopbIX  HEBO3MOXHO  rpedcmasumb
OYHKUUOHUPOBaHUE  MEeXaHUYecKux  cucmem, M008EePKEHHbIX
cepbe3HbIM Hagpyskam. [lpouecc ycmaHo8KU MOOWUMNHUKO8 8
POMOPHbIX cuCMeMax CyUEeCmeeHHO 6/UsSiem Ha CPOK UX CI1yX6bl,
HadexHocmb U aghghekmusHocmb. ToyHasi U rnpaeusibHasi ycmaHoeKka
nodwiurnHUKo8 uMeem e8axHeluwee 3HavyeHue Orns obecrniedyeHus
ornmumaribHbIX  3KCMIlyamayUuoHHbIX  XapakmepucmuK pPOMOPHbIX
cucmem. [lpasurnbHbili  NOOWUNHUKOBBIL  y3erl  criocobecmsyem
pasHOMePHOMY pacrnpedesieHurd Hazpy30K, CHUXEHUK mMmpeHuss U
MUHUMU3auuu u3Hoca. Kpome moe2o, npasusibHO yCmaHOB8/1IeHHbIe
MOOWUNHUKU yMeHbliarom eubpauuu, wyM U CHUXalm puck om
B03MOXXHbIX OMKa308 cucmemMbl. Takum 06pa3om, rMpouecc yecmaHO8KU
MOOWUMHUKOB 518/19emCsl 8aXHbIM 3marioM 8 obecrieyeHuU HadexHoul
u aghgpekmusHoli pabombl POMOPHbLIX CUCMEM, 4YMO [03680ss5em
npodnumMe CPOK UX CIyX6bl U CHU3UMb MompebHoCMb 8 peMOHMe.

Memodbi: Memodonoeus, ucronb3o8aHHass 8 daHHOM uccriefo8aHuu,
coyemaem 8 cebe subpoduazHocmu4ecKul aHasu3 rnpPoOMbILLIEHHO20
cMmecumersisi,  OCHaWEHHO20  MjiaHemapHbIM  pedyKmopoM, U
OOHOBPEMEHHOE MNPUMEHEHUE mepmoepagbudeckux memodos. Takol
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KomriniekcHbIl modxod obecrieyugsaem 8CECMOPOHHEE [OHUMaHUe
COCMOSIHUSI cucmeMbl U oMo2aem 6bIsseumb  MoMmeHyuanbHble
UCMOYHUKU  B803MOXHbIX  OucbanaHcos,  rnospexoeHuld  umnu
HeposHocmel 8 MexaHu4Yeckol cucmeme. [ToMuMo moeao, npuMeHeHuUe
mepmoezpaghuu ro380osusIo fosy4ums 8usyansbHoe npedcmassieHue o
pacripedenieHUU memrepamypbl 8 KPUMUYECKUX MOYKax KopobKu
nepeday, ymo obneayuno udeHmMuguKauuw mernnosbix aHomasud.
WHmeepayusi amux memodos obecriequsaem UernoCmHbIl HayYHbIl
nodxo0 K aHanu3dy cucmembl rnaHemapHoU Kopobku mnepedady,
noseonsowull Mposodums OemarsnbHylo OUuagHOCMUKY U MOHUMamb
MepeonpuUYUHbl  NMOMeHyUanbHbIx npobnem 6 pabome KOpobKU
nepedau.

Pesynbmamesi: TuwjamernbHass UuHmeprnpemauusi nosy4eHHbIX OaHHbIX
rnomoasna ebis8UMb omMeHyuasbHble NpUYUHbI Merio8ol HagpysKu 8
rnrnaHemapHoU Kopobke rnepeday, Ha OCHOBaHUU 4e20 CKiiadblieaemcsi
rosiHoe rpedcmaessieHuUe 0 MexaHU4YeCKUX U merniosbix acriekmax ecell
cucmemsil. WHmeepayusi  memodos  eubpoduazHoCmuku U
mepmoepagpuu  S8/SemCcs  KIIK4Ye8biM KOMIIOHEHMOM UesloCmHOo20
aHanumu4yeckozo nodxoda, KoOmopbil umMeem peliaroulee 3HavyeHue
Orid MOfIHO20 TOHUMAaHUS Xxapakmepucmuk U obwea2o cocmosiHuUs
nnaHemapHoeo pedykmopa U  [POMbIWIIEHHO20  CMecumers.
lMonyyeHHble pe3yribmamsbl S6M5Mcs 0cHogoU 0Onid pa3pabomku
moYHbIX duazHocmu4Yeckux rpouedyp, 3aknadbigas ¢pyHOameHm Ons
gHeOpeHUsT ~ coomeemcmeyrwux  ycogepweHcmeosaHul  unu
cmpameaull mexHU4eckoz20 obcryKugaHuUsi cucmembl. A 3mo, 8 C80H
oyepeodsb, fo3gonum  onNMUMU3UpoO8amb  IKCITyamauyuoHHbIe
Xapakmepucmuku nnaHemapHol Kopobku nepeday u rpodniume CPOK
ee Ccriyxb6ebil.

Bbigo0bi: lMpumeHeHHas memodorioaus, OCHOB8aHHasi Ha
8ubpoduacHoCMuUYECKOM aHasiu3e u mepmozpachudeckux memodax,
ro3eosusna rosy4umsb 8CEeCmopoHHee npedcmasieHue 0 CoOCMOosIHUU
Kak nnaHemapHo2o pedykmopa, mak U rpoMbIUWIeHHO20 CMeCcUmeris.
lpuyem ece aHanu3bi, onucaHHbie 8 cmambe, bbliu MpoeedeHbl Mo
Kax0oMy  KOMMOHeHmy  cucmembl  cmecumens.  [lodpobHas
uHmepnpemauyusi daHHbIX criocobcmeosasna 6bisI8NIeHUK 803MOXHbIX
MpUYUH nepezpesa KOPobKu rnepedad, 4Ymo rno38osusno aiybxe MoHsAMmb
MexaHu4eckue U mernsosble acrekmbsl cucmembl. Pykosodcmeysich
pesynbmamamu  0aHHO20  uccrie0o8aHusl,  MOXHO  MO8bICUMb
aghgpekmugHoCmb 0BCYKUBaHUST MECMUPOBaHHOU CUCMEMBI.

Kntouesble crioga: nnaHemapHasi Kopobka nepeday, rnpomMbILUIEeHHbIU
cmecumers, subpoduacHocmuka, mepmoepacghus, aHanus,
noGWUMNHUK, HaleXXHOCMb, MEXHUYECKoe obcrnyxugaHue.
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AHanunsa npumeHe meToaa BUOGpoanNjarHOCTUKE U TEPMOBU3N|E Y LUIby
OTKpMBama paHe dase aedekaTa Ha UHAYCTPUjCKOM CUCTEMY MeLLay-
penykTop — cTyauja cnydyaja

Bopusoj 3. Hosakosuh?, flyka Thophesuh®, aytop 3a npenmcky, Jamup
JepkoBuh?, Muxase Bakatop?

aYHuBepauteT y HoBom Caay, TexHuuku dakynteT ,Muxajno MynuH”,
3penanuH, Penybnuka Cpbuja

5YHuBepauteT onbpaHe y Beorpany, BojHa akagemuja, Beorpan, Peny6nvka
Cpbuja

OBJIACT: mMalUMHCTBO
KATEFOPUJA (TWUM) YITAHKA: opurinHanHu Hay4Hu paj

Caxemak:

Yeod/uyurb: Jlexxajesu npedcmaerbajy Kiby4YHe KOMIIoHeHme 6e3 Kojux 6u
byHKUUOHUCare cucmema U3/IOXEeHUX 3HamHUM onmepehersuma 6usio
Heszamucrniueo. [pouec yzpalH-e Jfiexajesa y pomayuoHe cucmeme
3HauyajHo ymuye Ha HUX08 8eK mpajarba, rnoysdaHocm U egbukacHocm.
TayHa u nipeyusHa MOHMaxa rexajesa je 00 CyWMUHCKO2 3Havaja 3a
rnocmus3sarbe ornmuMasHUx padHuUXx nepghopmaHcy pomauyuoHUX cucmema.
lpasunHa yzpalma nexajesa OONPUHOCU pPasHOMEpPHOj pacrodenu
onmepehera, CMarery mpera U MuHUMU3ayuju xabara. lNoped moea,
adekeamHO MOHMUpPaHU Jiexajesu cMmarbyjy pusuk o0 eubpayuja, byke u
romeHyujanHux omka3sa cucmema. Cmoea, rpouec yepaldre Jiexajeea
npedcmaerba KibyYHU Kopak y odpxxasarby rnoy3daHoe U echukacHoe pada
pOomayuUoHUX cucmema, Yume ce rpodyxasa HUxo8 padHU 8€K U CMarbyje
rompeba 3a noripaskama.

Memode: Memodosoauja npumer-eHa y 080M UCMpaxKusary KoOMOUHyje
8ubpoldujacHocmuyKy aHanusy UHOYCMpUjcKo2 Mewada OrpemMrbeHoe
ryiaHemapHUM MersadyeM U UCIMOBPEeMEHY MPUMEHY MmepMoepagbCcKux
mexHuka. Osaj uHmezpucaHu ripucmyrn omoeayhasa ceeobyxeamHu ysud y
Ccmakse cucmema u romaxe y udeHmucbukayuju nomeHyujanHux useopa
3azpesarba, Kako y Mersaqy, mako U y mewady. BubpodujazHocmuyka
ucniumuearba obyxeamuna cy aHanusy eubpauuja Koje eeHepuuie
ryiaHemapHU Merad ImoKom pada, y3 uHmeprpemauujy pesysmama padu
omkpusarba  Moeyhux  HeypasHomexeHocmu, owmehera  unu
HernpasusiHocmu y mMexaHu4ykom cucmemy. C Opyee cmpaHe, npumeHa
mepmoepachbuje  OoripuHerna je cmeapary 8U3YEeNIHO2  Ipukasa
ducmpubyyuje memrnepamype Ha KPUMUYHUM madykama Mer-aya,
onakwasajyhu udeHmugukauyujy mepmuykux aHomarsuja. inmezpayuja
osux memoOa omoeyhaga XOnuCMUYKU HayyHU [pucmyn aHanusu
cucmema nnaHemapHo2 Mersa4a, Wmo omoeyhasa OemarbHy
OujaezHOCMUKYy U crio3Hasar-€ OCHOBHUX y3poKa rnomeHyujanHux
orepamusHux rpobriema y MeHady.
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Pesynmamu: [Maxrbuea uHmMeprnpemauuja npukyrn/beHUX rnodamaka
omozyhuna je udeHmucbukauujy romeHyujarHUx y3poka mepMuyKoe
onmepehera y nnaHemapHoOM Merady, rnpyxajyhu ceeobyxeamaH ysud
y MexaHU4Ke U mepMuyKe acriekme UesioKyrnHoe cucmema. MiHmeepauyuja
g8ubpoldujacHocmuykux U mepmoepachckux memoda npedcmasrba
KIbY4YHY KOMIMOHEHMY XOuCmu4yko2 aHanumuykoe npucmyna, Koju je
HeorixodaH 3a nomryHU yeud y repgopmaHce U YKYrNHO Cmare
nnaHemapHoe2 Merava U uHdycmpujckoe Mmewava. [JobujeHu pesynmamu
Crly)ke Kao OCHOB8a 3a pa3eoj rnpeuyusHux OujaeHOCMUYKUX rpoyedypa,
nocmaerbajyhu  memerb  3a  umrsieMeHmauujy — odezosapajyhux
rnobosbwara unu cmpamezuja odpxaeara y cucmemy. To Moxe
dogecmu 0o onmumu3ayuje padHux nepghopmaHcu raaHemapHoe
Merbaya U rpody)xemka Hhe2o80e padHo2 8eKa.

Sakrbyyak: lpumer-eHa memodorioauja, 3acHoeaHa Ha
8ubpodujazHoCMUYKUM aHanu3ama U mepmMozpacbcKUM mexHUKama,
npyxura je ceeobyxsamaH y8ud y cmarse KaKko rnnaHemapHoz MeH-aya,
mako u UHOycmpujcKo2 Melwiada y KojeM ce OH Harna3su, rnpu 4Yemy cy cee
orucaHe aHasnu3se criposedeHe Ha C8aKoj KOMIOHEHMU yHymap cucmema
Mewada. [emarbHa uHmepnpemauuja rnodamaka omoeyhuna je
udeHmucbukayujy rnomeHuujanHUx yspoka 3aspeearba Meraya, Wmo
doripuHocu borbeM pasymesarby MexaHUYKUX U MepMUYKUX acriekama
cucmema. Ha osaj Ha4yuH Moxe ce yHarpedumu eghukacHOCm oOpkasarba
ucriumusaHoe cucmema.

KrbyyHe pequ: nmaHemapHu Memsad, UHOYCmpUjCKU  Mewad,
subpodujacHocmuka, mepmozpadpuja, aHanusa, nexaj, noyzdaHocm,
odpXxKasarse.
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