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ABSTRACT 

The saving grace of industrial systems in the present day is high-speed rotating machinery which encompasses 

turbines, compressors, generators and aerospace propulsion units. The successful performance of such machines 

largely remains the responsibility of efficient condition monitoring and fault diagnosis methods. Vibration 

analysis has become one of the most potent and popular in the number of these techniques. A cohesive 

exploration of the vibration nature of high-speed rotating machinery with its focus on signal acquisition, signal 

processing, feature extraction, and fault classification techniques is discussed in this paper. The process 

combines both experimental measurements, mathematical modeling and using advanced signal processing to 

detect typical mechanical faults including imbalance, misalignment, bearing flaws, shaft cracks and gear mesh 

anomaly. An elaborate experimental design is crafted based on an accelerometer, data collection apparatus, and 

spectral analysis apparatus to record the signature of vibrations at varying operation conditions. The time-

domain analysis, frequency-domain abasys and time-frequency-domain analysis are used to extract diagnostic 

features that are usually significant. Short-Time Fourier Transform (STFT), Fast Fourier Transform (FFT), 

and Wavelet Transform (WT) techniques are adopted to make a fault more detectable. In addition, automated 

fault recognition is performed with the help of statistical indicators and classifiers based on machine learning. 

The findings indicate that vibration-based diagnostics have demonstrated high relative accuracy of early fault 

detection and reliability of the system. Comparative study shows that the hybrid signal processing solutions are 

better than the conventional methods in complicated operational scenarios. The given methodology has offered a 

systematic framework of being predictive in maintenance developed in industrial rotating machines. The results 

of this study help in making the operations safe, minimizing downtime and minimizing costs of maintenance. 

The research can be used by the researchers and practitioners who wish to adopt modern vibration monitoring 

systems in the rotating machines that operate at high speed. 
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1. INTRODUCTION 

1.1. Background 

The rotating machinery of high speed is very important in power, manufacturing, 

transportation and aerospace industries, where efficiency and reliability are highly valued. These 

machines are characterized by high speed of rotation and dynamic loads, which make such machines 

predetermined by mechanical failures. Shafts, bearings, gears as well as couplings etc are 

components that are under constant stress that may cause wear, misfit, imbalance, or surface defects 

with time. The breakdown of these systems may lead to disastrous outcomes, such as massive 

equipment losses, high repair expenses, loss of products, and in the worst case, end up causing 

serious safety lapses to people involved in production. As a result, hundreds of mechanical failures 

are now detected and diagnosed at a young age and are regarded as a mandatory part of 

maintenance plans to maintain the continuity of operation and avoid failure without appropriate 

planning. The analysis of vibration has proved to be an effective and popular method of health 

monitoring of rotating machines. Mechanical defects tend to produce typical vibration pattern, in the 

form of periodic impacts, amplitude modulation or frequency change, which can be measured on 

sensitive measurement devices. These vibration signals can now more than ever be captured and 

analyzed in a high level of precision because of the development of piezoelectric accelerometers, the 

development of high-speed data acquisition systems as well as digital signal processing algorithms. 

The technologies of vibration-based diagnostics introduced today do not only make it possible to 

identify faults but also determine their magnitude and location in particular parts. Fault 

identification has also been enhanced by the accuracy and reliability of detecting faults using 

intelligent diagnostic tools such as machine learning, and deep learning algorithms that have been 

integrated with signal processing. Consequently, this has resulted in the vibration analysis taking its 

designations as an important part of the predictive and condition-based maintenance schemes as it 

helps industries to optimize the maintenance schedule, increase the lifespan of those equipments, 

lower the operating costs, and enhance the general safety. 

 

1.2. Importance of Condition Monitoring 

 
Fig 1 - Importance of Condition Monitoring 

 

1.2.1. Reduction in Unplanned Downtime 

The condition monitoring enables the mechanical fault to be detected early before turning into 

disastrous breakages. Maintenance teams can diagnose all possible issues in time by monitoring 

central machine parameters including vibration, temperature, rotational velocity, and so on. This 

dynamic solution reduces unwanted breakdowns and halts in production which are rather expensive 
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and disruptive. Avoiding randomly occurring unplanned downtime enhances both the overall 

productivity and utilization of resources by making sure that operations take place, not to mention 

that it is a crucial factor in the contemporary industrial maintenance management strategies. 

 

1.2.2. Improved Operational Safety 

Health monitoring of rotating machinery makes it more secure by avoiding accident cases due 

to an abrupt breakage of equipment. Just mechanical problems, including bearing spalls, 

misalignment of the shaft, or imbalance exists, causing risky situations when they are not detected. 

Condition monitoring through vibration gives real-time notification of the abnormal operating 

conditions so that corrective measures by operators can be taken before the fault is a safety hazard. 

This early warning feature can save the lives of people, damage to other equipment in the area, and 

make the industrial safety standards. 

 

1.2.3. Extension of Equipment Lifespan  

Routine working and proper maintenance procedure can help a great deal in increasing the 

working life of machinery. The wear and deterioration process is reduced as minor faults are detected 

and corrected at early stages thereby avoiding extreme damages that would otherwise require 

expensive replacement. Monitoring of the condition of components like bearings, shaft and gears is 

done to ensure that they are effectively in a safe condition to ensure that they maintain their 

structural integrity and proper functioning. This increase in life cycle of equipment results to 

increased business payoff and lessening the capital expenditures on new equipment. 

 

1.2.4. Optimization of Maintenance Schedules 

Monitoring of conditions allows planning of maintenance operations to be carried out 

according to the real health of the machine and not on a regular basis. With the use of the data 

collected, predictive maintenance strategies can be used to identify the time of the next services or 

maintenance inspection, lubrication, or part replacement. This factual solution will help avoid 

unneeded maintenance opportunity and make sure that the interventions are carried out before the 

fault reaches the critical stage. Scheduling of activities in the most optimized maintenance, saves on 

the costs of operation, enhances the efficiency of the work force and guarantees, high availability of 

machinery. Industries will also be well placed to have more reliable operations at a lower cost by 

shifting to condition-based practices rather than a time based approach or reactive maintenance. 

 

1.3. Vibration Analysis of High-Speed Rotating Machinery 

The vibration analysis has been recognized as one of the best methods of checking the health 

of the high-speed rotating machines, and this analysis offers precious information about dynamics 

and the working complexity of the mechanical systems. Constant mechanical forces are acting on 

high-speed rotors, shafts, bearings, and couplings, which causes possible faults including imbalance, 

misalignment, wear, or local damage. The defects produce typical vibration signals detectable and 

evaluated to reveal the anomaly prior to catastrophic failures. Vibration analysis can be used as a 

vital part of predictive and condition-based maintenance strategies as the study of the vibration 

patterns of machine allows the engineer to estimate the fault type, its severity, and the localization of 
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the fault. This analysis is usually both the time-domain analysis and frequency-domain analysis. 

Parameters like root mean square (RMS), peak amplitude, kurtosis and crest factor, time-domain 

methods are a fast assessment of the total energy of vibration and impulsive activity. They are also 

easy to calculate and come in especially handy when identifying overall health deterioration of the 

equipment or sudden alterations in the state of the machine. Frequency-domain methods that adopt 

spectrum analytic tools like Fast Fourier Transform (FFT) allow detection of precise fault-related 

frequencies e.g. rotational speed of the shaft, frequencies of bearing defects, and gear mesh 

frequencies. In this technique, one can distinguish between different types of fault with distinct 

spectral signatures. Timefrequency analysis techniques such as the Short-Time Fourier Transform 

(STFT) and Wavelet Transform are used to provide localized signal information in time and 

frequency domains in non-stationary or transient vibrations, such as those in high-speed equipment 

of variable load. These techniques are particularly useful in identifying events with short durabilities, 

e.g., bearing-defect impact or abrupt shaft misalignment is hard to see in traditional analysis. Due to 

the achievements in sensor technology, high-resolution data recording systems, and computing 

programs, the process of vibration analysis has become both more precise and accessible. Vibration 

analysis can not only be used to discover faults, but together with other smart diagnostic tools, such 

as machine learning and deep learning models, it allows predicting fault development trends and 

adaptive maintenance. In general, vibration analysis offers a high-quality, non-invasive, and real-

time technique of achieving the safety, reliability, and efficiency of the high rotating machineries. 

 

2. LITERATURE SURVEY 

2.1. Early Developments in Vibration Analysis 

The original studies in the field of vibration analysis were mainly concerned with the simplest 

signal processing methods, including spectrum analysis and monitoring amplitude in order to 

identify mechanical failures. Scientists have noted that flaws in rotating machines resulted in some 

typical vibration patterns that were traceable to certain machine parts. Through the frequency 

spectrum analysis, engineers could possibly associate some of the frequency peaks with the rotation 

of the shaft, bearing components, and gear interactions. These were pioneering works that formed the 

basis of modern condition monitoring systems through establishing the correlation between the 

vibration signatures and mechanical faults. The early methods, though limited in calculating power, 

proved useful in detection of defects of substantial size, and were beneficial in understanding the 

behavior of the machineries. 

 

2.2. Time-Domain Analysis Techniques 

Time-domain analysis methods use more direct methods of studying vibration signals as they 

change with time. The popular parameters are often retrieved root mean square (RMS), the peak-to-

peak amplitude, kurtosis, and crest factor to measure the characteristics of signals. RMS is the total 

energy of the vibration signal and is commonly utilized as a general signal of machine health. 

Kurtosis is used to determine the impulsiveness of the signal and it is more effective in identifying 

bearing defects at an early stage. Crest factor points at the existence of shock or impact events. These 

features are simple to calculate and do not take much processing time hence they can be used in real-
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time monitoring. Nevertheless, they cannot effectively discriminate against certain types of faults, 

when used in complex equipment where different loads and speeds are being used. 

 

2.3. Frequency-Domain Approaches 

Frequency-domain analysis or univariate spectral analysis converts time-domain vibration 

signals into the frequency domain. Techniques used to convert the vibration signal to the frequency 

domain include the Fast Fourier Transform (FFT). This conversion enables engineers to detect high 

frequency components, which represent mechanical failures. Frequencies that are common in faults 

are the rotational speed of the shaft, frequencies of bearings, and gears mesh frequencies. The 

analysis of spectral peaks and harmonics can help to identify the position and the level of defects. 

Frequency domain techniques are very useful in the diagnosis of steady-state and periodic faults and 

still form a mainstay of condition monitoring through vibration. However, their operation can be 

degraded in case of changing or unsteady signals. 

 

2.4. Time–Frequency Analysis Methods 

The time frequency analysis techniques were formulated in order to address the shortcomings 

of the traditional time and frequency techniques in the analysis of non stationary vibration signals. 

Time/frequency analysis, e.g. Short-Time Fourier Transform (STFT), Wavelet Transform (WT) has 

methods that can provide both time and frequency data at once and there are viable to detect 

transient events and changing fault patterns. Wavelet packet decomposition also helps to improve 

the resolution further by decomposing the signals into several frequency bands to extract fine feature. 

These methods are mainly useful in fault diagnosis bearing and variable-speed machinery analysis. 

Although they have benefits, timefrequency approaches can be difficult to pick parameters, and can 

be computationally complex. 

 

2.5. Intelligent Diagnostic Systems 

In vibrationbased fault diagnosis, intelligent diagnostic systems have gained popularity in 

recent times with the advent of computing power and availability of data. Artificial neural networks, 

support vector machines and deep learning models are popular techniques based on artificial 

intelligence to extract features automatically and classify faults. These learning systems are able to 

acquire complex nonlinear relationships between the features of vibrations and fault conditions and 

enhance the quality of diagnostics. In particular, deep learning methods require less manual feature 

engineering since they are trained on raw signals. Adaptive and predictive maintenance plans are 

also made possible by intelligent systems. Nonetheless, the quality and quantity of training data 

determines their efficacy. 

 

2.6. Research Gaps 

Although there have been great achievements in the field of vibration analysis and fault 

diagnosis, there are still a number of problems that are still on-going. The first concern is the fact that 

noise and interference occur in the actual situations at industries, which may blur the information 

about faults in them. Signal characteristics also vary with changes in operating conditions including 

load, speed and temperature, which reduces diagnostic reliability. Also, application of advanced 
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algorithms in real time monitoring systems is challenging because of constraints to calculations and 

hardware. Various available techniques are not robust and flexible in relation to various machines 

and work conditions. Thus, hybrid methods of analysis that would integrate various signal 

processing and intelligent methods are in demand to enhance accuracy, reliability and real-time 

results. 

 

3. METHODOLOGY 

3.1. System Description 

The experimental apparatus of this experiment will consist of a high speed rotor system with 

an electric motor, whose operational conditions are that of a real-life running of a rotating machine. 

The system includes a precision-balanced shaft which is held on rolling element bearings at its ends 

to provide stable rotation and reduce undesired vibrations. The connection between the shaft and the 

motor is also a flexible type to allow a small misalignment and lessen the transmission of the 

mechanical stresses. The electric motor gives a regulated and regulated rotational speed enabling the 

system to work in varying conditions of loads and rotational speeds to work under experimental 

conditions. A variable frequency drive (VFD) is employed to control the operating frequency which 

allows a large amount of variation in the rotational speed of the motor. A high strength steel material 

is used to produce a rotor shaft that is capable of withstanding high rates of rotation speed and 

dynamic loading. An array of test parts and discs can be attached to the shaft, to be able to insert 

controlled defects or imbalances, in order to simulate faults. The bearing housings have been firmly 

attached on a base frame of steel to reduce any structural vibrations and external shocks. This hard 

structure increases precision in measurements and will guarantee repeatability of measurement 

outcomes. This whole device is attached on vibration-isolated supports to diminish the effect of 

ambient vibrations of the surrounding environment. The accelerometer is placed strategically around 

the bearing points and the axis of the shaft to record vibration signals at many directions to enable 

the monitoring of the condition. Rotational speed is measured using a tachometer that gives signal 

processing reference signals. The sensors connect to data acquisition hardware and the sensors 

capture high-resolution data on vibrations in real time. The obtained signals are sent to a computer 

system to be saved and further analyzed. The integrated design allows the planned study of vibration 

behavior at multiple operating circumstances and fault conditions so that it offers an effective basis 

on which the effectiveness of diagnostic and monitoring methods can be assessed. 

 

3.2. Instrumentation and Data Acquisition 

The instrumentation system used in this research is meant to measure and capture the 

vibration signal produced by the high-speed rotor pile under different operating conditions properly. 

The main sensing devices are piezoelectric accelerometers because of their high level of sensitivity, 

frequency response is broad and the reliability is good even in a dynamic environment. These sensors 

are placed in key areas, around the bearing housings and at points of critical interest to the shaft 

assembly so as to record the vibrations in a radial direction as well as an axial direction. Appropriate 

mounting methods such as stud mounting and adhesive bond are used in ensuring strong contact 

and minimizing signal distortion due to sensor resonance or loosening during operation. To ensure 
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the accuracy and consistency of the measurements of the accelerators, the individual accelerators are 

calibrated before the experimentation process. The location of sensors is then generally chosen under 

the modal analysis and pre-tests so that essential vibration modes and frequency associated with 

faults can be well sensed. To minimize electromagnetic interference and external noise, the 

accelerators are connected to the data acquisition system by means of shielded cables. The 

measurement chain is enhanced with signal conditioning units, such as charge amplifiers and filters, 

to boost weak signals and eliminate unwanted frequency components. A high-performance multi-

channel data acquisition (DAQ) system is used in capturing vibration data which can simultaneously 

sample signal channels across all sensors. The DAQ system has high sampling rates which allow the 

correct sampling of high-frequency vibration components that indicate bearing defects and structural 

resonances. They include the use of anti-aliasing filters that avoid spectral distortion during digital 

conversion. The data collection system is set to be able to record data at a continuous or intermittent 

mode based on the requirements of the experiment. The sampling parameters, real-time signal 

monitoring and the storage of acquired data in digital format are under control of a specific data 

acquisition software platform to be analyzed in the offline. Sampling frequency, acquisition time and 

trigger conditions are also set to the optimal parameters to be used to guarantee a data collection that 

is reliable. The signals of the vibrations recorded are then fed into a work station central to the further 

processing and feature extraction. This powerful instrumentation and data collection system will 

guarantee quality, repeat data and create a sound foundation of the further diagnostic and analytical 

procedures. 

 

3.3. Signal Processing Framework 

The systematic signal processing framework of the vibration signals obtained on the 

experimental setup are used to obtain useful information on fault diagnosis. The framework is 

characterized by several steps, such as signal preprocessing, noise filtering, feature extraction and 

fault classification, all of which are aimed at ensuring enhanced performance of diagnostics in terms 

of accuracy and reliability. 

 
Fig 2 - Signal Processing Framework 

 

3.3.1. Signal Preprocessing 

The initial step in this framework is signal preprocessing which entails the process of 

preparing the raw vibration signals to be analyzed. Demeaning, detrending, and normalization are 
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some of the operations involved in this step to eliminate a baseline shift and provide the uniformity 

of all the data sets. Preprocessing is also related to solutions of problems such as sensor drift or 

transient offsets that may corrupt the signal of vibration. Owing to standardization of the signals, this 

step ensures that the observed signals are an accurate representation of the true behavior of the 

machine and not the artifacts added by the system of measurements. 

 

3.3.2. Noise Filtering 

To eliminate undesired frequency content and external perturbation of the vibration signals, 

noise filtering is used. Low-pass, high-pass and band-pass filters are usually applied depending on 

the area of interest among the frequencies. Other sophisticated techniques, such as wavelet denoising 

or adaptive filtering can also be used to improve signal-to-noise ratio without any loss of important 

fault-related information. The noise filtering is necessary in order to enhance the signal clarity and 

the sensitivity of the further extraction of features, especially in industrial conditions with the high 

ambient vibrations. 

 

3.3.3. Feature Extraction 

The feature extraction process entails the calculation of material that describes the vibration 

signal and discloses facts on the well being of the system. Time-domain parameters like RMS, 

kurtosis and crest factor are used to measure the total power of vibration, impulsiveness and shocks. 

Frequency-domain features obtained using Fast Fourier Transform (FFT) bring to light characteristic 

fault frequencies, including frequent bearing defect frequencies or frequent gear mesh frequencies. 

Transient or non-stationary signals have local frequency content that can be provided by time-

frequency methods such as Short-Time Fourier Transform (STFT) or Wavelet Transform. Intelligent 

diagnostic models are fed by these features which are easier to detect faults and to classify them. 

 

3.3.4. Fault Classification 

The last step is fault classification, the task of which is to extract features and categorise 

certain machine faults. The common methods used in machine learning, which are the support 

vectors machines, the neural networks, and deep learning models, are utilized to identify patterns 

related to various fault conditions. Classification models are trained on labeled data sets in order to 

differentiate between healthy and faulty states at different working conditions. Effective fault 

identification makes it feasible to implement proactive maintenance to help avert unexpected 

machine failures, making it reliable and efficient in terms of operational and efficiency. 

 

3.4. Fault Simulation 

Fault simulation is an important part of experimental analysis of vibration since it allows the 

specific faults to be introduced into the system to study their effects on vibration behaviour. Here, 

explicit faults like imbalance of masses, misalignment of the shaft, and faults on bearings are 

intelligently planted in the high-speed rotor system to measure its reaction to the understood fault. 

Mass imbalance is achieved by placing small weight around the rotor in certain spots that create 

uneven centrifugal forces when the rotor is in motion. The imbalance induces periodic vibration 

signals at the shaft rotational frequency which are convenient to verify the sensitivity of the 
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monitoring system and diagnostic system. Simulation of mass imbalance is also useful to investigate 

amplitude changes and phase relationships, which are important signs of fault identification. The 

misalignment between the shaft can be simulated by applying a forced change in the angular or 

parallel position of the motor and the driven shaft. Misalignment causes extra vibrational forces in 

the radial and the axial direction which can hardly fail to cause higher amplitude of vibration at the 

harmonic frequencies of the shaft rotation. It is possible to measure the capability of the system in 

detecting and distinguishing misalignment among various faults by measuring the resulting 

vibration patterns. Misalignment testing is also used to give the indications of the influences of the 

stiffness of the coupling, bearing compliance, and the distribution of the load on the machine 

performance. Bearing defects Bearing defects are induced through alteration or pre-damage to certain 

bearing components, e.g. spalls, cracks, or scratches on the inner or outer race. These flaws generate 

typical high-frequency vibration frequencies when the rolling elements traverse the flawed area that 

become perceivable regularly as impulse signals in time-domain analysis or attentive spectral peaks 

in frequency-domain analysis. Simulated controlled bearing fault By simulating controlled bearing 

fault, it is possible to test more sophisticated diagnostic methods, including machine learning-based 

fault classification or wavelet analysis, under realistic operating conditions. In general, fault 

simulation offers a scientific approach to the study of the connection between definite mechanical 

defects and vibration properties. It guarantees that the results obtained by using this experimental 

setup align with what would happen in real machineries in terms of faults and provide a solid base 

on which the signal processing algorithm, feature extraction algorithms, intelligent fault classification 

algorithms can be tested. By doing this, the mechanisms of fault comprehensively can be understood, 

which enhances the predictability of the predictive maintenance strategy. 

 

3.5. Machine Learning-Based Classification 

Machine-based classification classification is now a critical technique of the fault diagnosis of 

modern vibration-based technique that allows the enabling of an automated and precise detection of 

machinery faults using complicated vibrations data. It is proposed in this study that the results of 

processing vibration signals, including time domain processing results like RMS, kurtosis and crest 

factor and frequency domain and time frequency results, be utilized as input to intelligent 

classification models. The Support Vector Machine (SVM) and Artificial Neural Network (ANN) two 

commonly used machine learning algorithms are applied to and categorize the health condition of 

the rotor system in different fault conditions. Support Vector Machine is called a supervised learning 

model, which uses the construction of an optimal hyperplane that divides data sets of various fault 

classifications in a high feature space. SVM works best with fault diagnosis since it may work with 

small data sets, high dimensions of the input features and also with nonlinear decision boundaries by 

using a kernel functions. The algorithm is trained by learning pattern and correlation in the space of 

the features that have been identified as indicators of any of the types of faults by being provided 

with labeled data which covers both the healthy and faulty conditions such as mass imbalance, 

misalignment, and bearing defects. In the testing phase, the model classifies new feature vectors, 

which will give correct prediction of the fault type based on the learnt decision boundaries. Artificial 

Neural Networks, however, are neural networks that recapitulate the construction and operation of 
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biological neural networks, and can learn complex nonlinear association between input 

characteristics and output categories. The feed forward neural network is trained in this work with 

the help of the extracted vibration features with a series of hidden layers and nonlinear activation 

functions to detect slight changes in the vibration patterns that presence faults. ANN model is 

optimally determined through the algorithm of backpropagation and gradient descent in order to 

reduce the error of classification and enhance the accuracy of prediction. The integration of SVM and 

ANN techniques offers the merits of both algorithms: SVM is a confident algorithm that can deal 

with the small dataset and high-dimensional data, and ANN is the algorithm capable of representing 

the complicated nonlinear interdependence. With machine learning generation, detecting faults 

automatically is possible, less expert interpretation is required, and predictive maintenance plans can 

have a solid basis. This smart control methodology will guarantee prompt and precise detection of 

rotor system failures when operating in different configurations to increase the overall mechanism 

dependability and productivity. 

 

4. RESULTS AND DISCUSSION 

4.1. Time-Domain Analysis Results 

Table 1: Time-Domain Analysis Results 

Condition RMS (%) Kurtosis (%) 

Healthy 34.3 50.0 

Imbalance 80.0 79.0 

Bearing Defect 100.0 100.0 

 

 
Fig 3 - Graph Representing Time-Domain Analysis Results 

 

4.1.1. Healthy Condition 

In healthy working conditions, the system of the rotor has comparably small vibration levels 

as the RMS value of 34.3 percent and kurtosis of 50.0. These smaller values mean that there is no 

significant overall vibrational energy as well as no impulsive events have taken place, so it is assured 

that all the machine parts such as the shaft, bearings, and coupling are working well. The moderate 

kurtosis is also an indication that there are no major shocks or impacts that take place when the 

rotation is normal. These base values are employed as a point of reference to compare the effects of 

induced faults and in assessing the sensitivity of the time-domain features of detecting the early stage 

of mechanical problems. 
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4.1.2. Mass Imbalance 

With the addition of a mass imbalance, both RMS and kurtosis values are significantly raised, 

having a value of 80.0% and 79.0, respectively. The RMS increment is an indication of more total 

vibration energy, and is mainly caused by the asymmetrical centrifugal forces created by the 

introduced rotor imbalance. Increased kurtosis indicates the existence of periodic impulsive elements 

as a result of unbalanced rotation by the rotor. The changes provided show that features of time-

domain are effective in model capturing the influence of mass imbalance, which provides a good 

model difference between the healthy state and the one with mass imbalance. These findings also 

show the sensitivity of these measures to rotational abnormalities and hence can be usefully used in 

detecting imbalance related errors at an early stage. 

 

4.1.3. Bearing Defect 

RMS and kurtosis values are maximized in cases of bearing defects found to be 100.0 which is 

the worst vibration situation of the experiment. The higher RMS indicates that the vibration energy is 

greatly increased because of the constant collisions of rolling parts and damaged bearing faces. The 

kurtosis value is also large which means there is high impulsiveness of the signal and this feature has 

been observed in localized defect like spalls or cracks in the bearing races. These significant 

variations attest to the fact that time-domain analysis is effective in the detection of bearing faults, the 

results of which are vital in predictive maintenance. The comparison of healthy, imbalance, and 

bearing defect conditions shows that RMS and kurtosis are sensitive diagnostic signals in the time-

domain vibration analysis. 

 

4.2. Frequency-Domain Analysis 

The frequency-domain analysis represents the effective method of detection of certain fault 

indicators in the vibration signals of rotating machinery. With the conversion of the time-domain 

signals into the frequency domain with the help of Fast Fourier Transform (FFT) we can observe the 

clear peaks with the rotational speed, bearing defect frequencies and other characteristic harmonics. 

When the body is healthy, the frequency spectrum is mainly composed of low amplitude peaks 

displayed at the fundamental rotational frequency and its harmonic, as evidence of the normal 

operating vibrations with minimal disturbances. These baseline spectral attributes are considered as a 

baseline to detect abnormalities created by mechanical failures. Once faults have been added, 

significant changes are observed in the spectral material. An example of this is that mass imbalance 

will give high level of peaks in the rotational frequency of the shaft and the harmonics. The 

magnitude of such peaks is directly proportional to the magnitude of the imbalance meaning more 

vibrational energy is the result of uneven centrifugal forces on the rotor. These spectral peaks would 

be mostly clustered into lower frequencies, and therefore, are relatively easy to detect in the 

frequency spectrum. Frequency-domain analysis therefore gives a straight-forward approach of 

showing the difference between imbalance induced vibrations and normal running circumstances. 

Defects which bear defects with them build more multifaceted spectral patterns, however. The 

bearing components are harmed, either through spalls or pits or a crack in localized sections, 

generating high frequencies of vibration that are caused each time the rolling entities hit the defect. 
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Repeatedly associated with these fault frequencies are the harmonics and sidebands which manifest 

as evenly spaced peaks about a fundamental rotational frequency, or bearing characteristic 

frequency. These harmonics are also a powerful indicator of bearing damage and give all the details 

concerning the place of damage and the extent of damage. Through the comparison of healthy and 

poor bearings spectra, it is possible not only to identify the presence of such a fault but also the type 

of a fault by the nature of its frequency pattern. In general the frequency-domain analysis serves as a 

complement on top of time-domain features, as it can give accurate data regarding the spectral 

makeup of vibrations. It allows locating certain frequencies and harmonics that are associated with 

faults and helps diagnose faults and predictive maintenance. Amplitude, frequency, and harmonic 

analysis the amalgamation of amplitude, frequency, and harmonic components provides a powerful 

technique of identifying and tracking numerous mechanical failures in rotating apparatus in distinct 

operation environments. 

 

4.3. Time–Frequency Analysis 

Time frequency analysis offers better insights into the vibration signal particularly in non 

stationary or transient signals which could not be exhausted using the traditional modes of time 

domain analysis or frequency domain analysis. In this paper, we will make use of the wavelet 

transform method on the vibration signal of the rotor system and therefore generate wavelet 

scalograms, which will represent the distribution of signal energy at both the time and frequency. At 

the discrete frequency, where FFT can only give a global frequency content, wavelet representation 

can be used to detect short-periodic events and localized effects, and thus it is especially useful in the 

detection of the transient fault signatures that appear intermittently or at variable operating 

conditions. In the case of the healthy system, the wavelet scaled gram has quite equal energy 

distribution over the frequency spectrum with low-intensity variations which are associated with 

normal working vibrations. However, in contrast, with the mass imbalance added, periodic bursts of 

energy at the shaft rotational frequency are visible in the scalogram. These bursts are clumped in a 

few periods of time which points out to the fact that the vibrations caused by imbalance are periodic. 

It is far easier to separate the time-localized energy peaks in the wavelet domain than in FFT, when it 

is smeared across the frequency domain. This illustrates the benefit of time frequency representation 

in the derivation of amplitude as well as time content of vibrations caused by faults. Bearing defects 

make the scalograms even more accentuated. The vibrations due to the impulse of the interaction of a 

rolling element with a damaged bearing surface manifest themselves in high-energy spikes at typical 

fault frequencies. These spikes are time-scattered and are usually combined with harmonics, which 

can be easily resolved by the wavelet scalogram and are harder to resolve in the frequency spectrum 

on its own. The scalogram, therefore, allows identifying the precise time ranges, during which the 

fault effects take place, which is essential to understand the dynamics of fault and its level. Generally, 

the time-frequency analysis of wavelet transforms greatly improves fault detection potentials 

through detection of localized and short-term volatilities of vibrations. Wavelet scalograms allow 

implementing a review of the dynamics of the entire system at once to quickly identify anomalies and 

diagnose the system more effectively by combining both the time and spectral information. The 

method is particularly worthwhile in rotating machines, in which the faults are intermittent and 
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fluctuate in extent and effect dependent upon the operating conditions, it is a key component of 

predictive maintenance and condition-based monitoring. 

 

4.4. Classification Performance 

Table 2: Classification Performance 

Method Accuracy (%) 

SVM 94.2 

ANN 96.8 

CNN 98.1 

 

 
Fig 4 - Graph Representing Classification Performance 

 

4.4.1. Support Vector Machine (SVM) Performance 

The Support Vector Machine (SVM) model was able to show a great ability to differentiate 

between the healthy and defective states of the rotor system. Through the features obtained in time, 

frequency and time-frequency analyses, the classification accuracy of SVM was 94.2. The model was 

able to distinguish the various types of faults successfully as it identified the best hyperplain in the 

feature space with a very small data set. Its sensitivity to high-dimensional input and the ability to 

respect non-linear decision boundary helped in the correct detection of faults especially when 

required to identify between mass imbalance and bearing defects. The great level of accuracy 

indicates that the model was conclusive in learning the connection between the features of vibration 

and the conditions of machine health. 

 

4.4.2. Artificial Neural Network (ANN) Performance 

The Artificial Neural Network (ANN) was an additional enhancement in the performance of 

the classification by portraying nonlinear complex relations between the vibration feature set. The 

ANN model with a 96.8 accuracy was capable of identifying the minor variations in types of faults 

such as misalignment and minor bearing irregularities. The backpropagation-trained feedforward 

network was supported by a large number of hidden layers, nonlinear activation functions, and used 

them to extract patterns that would not be easily apparent in the traditional statistical analysis. Its 

excellent performance compared with SVM indicates the ANN capability to adjust to the nonlinear 



 

 
 

ISSN: 3071-6357 
PP: 01-16. 

 

---------------- 
Vibration Analysis of High-Speed Rotating Machinery 

Zara Ahmed 

   14 

input features (complex and multi-dimensional) to be considered a good tool in automated fault 

diagnosis of rotating machinery. 

 

4.4.3. Convolutional Neural Network (CNN) Performance 

Convolutional Neural Network (CNN) recorded the best classification accuracy of 98.1 which 

shows the benefits of deep learning in feature learning and fault detection through automated 

processes. The CNN could automatically extract the pertinent features in the form of directly 

processed time frequencies as wavelet scalograms and did not require a manual engineering step. It 

identified fault-specific patterns amidst the vibration data (its convolutional layers), including 

impulsive bearing impulse and periodic vibration caused by imbalance, which are examples of faults. 

The overall level of the CNN model accuracy means that deep learning based methods can be 

extremely useful when dealing with large datasets with multifaceted faults and may be scaled to 

solve real-time condition monitoring. 

 

4.5. Discussion 

This paper has presented the findings of this research, which indicate the success of a hybrid 

model, which integrates advanced signal processing algorithms with machine learning-based 

classification in fault diagnosis using vibrations. The proposed framework contains time-domain, 

frequency-domain and time-frequency analyses that allow capturing global as well as local features 

of the vibration signals. The time-domain characteristics (RMS and kurtosis) give easy-to-gel signals 

on the health of the system, while the frequency-domain analysis measures some characteristic 

frequencies and harmonics that are used as signs of a fault. Nevertheless, the timelike frequency 

component tuched by the use of the wavelet method is much more sensitive to the detection of events 

that are etchy and non-stationary, including impulsive effects of bearing damage, which remain 

undetected by the conventional FFT analysis. Such combination enables the system to identify faults 

early before it is too late or when the operating conditions change or the fault does not occur 

continuously. The diagnostic performance is even better when these extracted features are inputted 

into machine learning models. The Convolutional Neural Network (CNN) which is based on the 

deep learning algorithm showed better results in terms of accuracy than the conventional models 

such as the Support Vector Machine (SVM) and Artificial Neural Networks (ANN) due to its ability 

to extract hierarchical patterns automatically using the wavelet scalograms. The power of the CNN to 

represent high-dimensional and subtle features makes the network especially powerful in noisy 

settings where other standard statistical or frequency-domain approaches can fall short. The hybrid 

method also lessens the use of manual feature selection and fault detection can be more generally and 

scalably utilized on a variety of rotating machines. As it is discussed in the results, the use of wavelet-

based signal processing in conjunction with intelligent classifiers gives a comprehensive picture of 

the dynamic behavior of the system. Such faults as imbalance of masses, faults of misalignment, and 

faults of bearing can be properly separated, transient phenomena can be determined in time and 

frequency. The method enhances the robustness and accuracy of the condition monitoring systems 

and therefore, they are applicable in real time industrial uses. In general, the results prove that hybrid 

frameworks with the use of both advanced signal processing and deep learning can significantly 
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improve the approach to fault detection, as predictive maintenance strategies become more efficient, 

fast, and stable to noise and variability in work. 

 

5. CONCLUSION 

This paper described an end-to-end framework of the vibration analysis of condition 

monitoring and fault diagnosis of rotating machinery running at high speeds and derived 

experimental studies alongside the latest signal processing and machine learning methods. The 

experiment aimed at recording and subjecting vibration signals to vibration conditions that are 

healthy plus the artificially caused ones and are: the mass imbalance, shaft misalignment, and 

bearing defects. The framework revealed a multi-dimensional insight into the dynamic behaviour of 

the rotor system through time-domain, frequency-domain and time-frequency analysis. RMS, 

kurtosis and crest features in the time domain provided fast insights of general vibration energy and 

impulsiveness whereas in the frequency-domain analysis, the features presented characteristic fault 

frequencies and harmonics corresponding to a given mechanical fault. The research has, however, 

outlined the same conventional techniques lack usefulness in the detection of the transient and non-

stationary fault events, and this has led to the inclusion of the wavelet-based time-frequency analysis. 

Wavelet transforms made it possible to localize bursts of energy involved in time and frequency 

space allowing precise detection of brief effects by bearing defects and other short-lived faults. 

 

The obtained features were also used as an input to machine learning algorithms, such as 

Support Vector Machines (SVM), Artificial Neural Networks (ANN) and Convolutional Neural 

Networks (CNN). These smart models showed a high level of classification, whose CNN gave the 

highest level of performance because it could automatically retrieve hierarchical patterns in wavelet 

scalograms. Step 3 The findings validated the fact that a combination of the use of wavelet-based 

features with deep learning plays an important role in enhancing fault detection even in the noise-

contaminated operational condition or when the load and the speed change. This mixed method is 

very useful in making less reliant on manual feature engineering, as well as in increasing the strength 

and stability of the diagnostic system. 

 

In sum, the presented methodology provides a scalable and systematic method of predictive 

maintenance in rotating machines. It helps to reduce unintended downtime, minimize the cost of 

maintenance, and increase operational safety since it allows detecting widespread mechanical issues 

at the initial stages and is accurate in classification. It is also shown through the study that the 

techniques can be applied in more complicated systems in the industry, where fault diagnosis and 

real-time monitoring are vital. 

 

The next generation of study is going to be involved in the framework implementation in real-

time industrial contexts, using fast data acquisition systems, and adopting it in U-iiiot systems. This 

integration would provide the opportunity of continuous monitoring, automatic fault detection, and 

predictive maintenance strategies that are data-driven to make smart decisions to manage machine 

health. Also, there is further research on the use of hybrid deep learning structures and superior 



 

 
 

ISSN: 3071-6357 
PP: 01-16. 

 

---------------- 
Vibration Analysis of High-Speed Rotating Machinery 

Zara Ahmed 

   16 

feature fusion procedures to improve fault sensitivity and performance of classification in categories 

of rotating machinery. 
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