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Abstract. Faults in rotating systems can cause significant damage to the machinery and can result in

downtime and production losses. Hence, the timely detection and diagnosis of faults are very important for the

smooth running of machines and the assurance of their safety and reliability. In view of this, a review of the

literature has been presented in the article on the types of additive faults and their identification using con-

ventional signal-based techniques and automated artificial intelligence techniques. Through a literature survey,

the faulty rigid and flexible rotor systems mounted on rolling element bearings, hydrodynamic bearings, and

active magnetic bearings have been studied. The faults incorporated in this article are the additive fault types, in

which the process is affected by adding process variables. The rotor unbalances, shaft or bearing misalignment,

crack, internal damping, bow in the shaft, rotor-to-stator rub, and mechanical looseness are the classifications of

additive faults. Additionally, understanding the rotor response through theoretical and experimental investiga-

tions influenced by the additive faults and its detection and diagnosis using vibration and current-induced signals

is extremely important, and therefore the present paper briefly discusses this. Following the state of the art in the

dynamic analysis and identification of multiple hazardous faults, the general remarks and future directions for

further research have been suggested at the end of this article.

Keywords. Additive faults; rotor systems; bearings; signals based identification; artificial intelligence

technique.

1. Introduction

Due to the existence of serious malfunctions in the rotating

machinery, the reliability in the aerospace, automobile,

marine, and thermal power plant industries may be reduced

to a lower level and result in a great loss of economy. The

control of undesired vibration, the need for higher power

and speed as well as undisturbed and continuous operation,

are vitally essential in the production field. Therefore,

research on the diagnosis and prognosis of faults has been

ongoing for a long time. Rotating machinery (refer figure 1

for the schematic diagram of a rotor system) is affected by

the impact of various faults present in the integrated com-

ponents, viz., the shaft, bearings, couplings, gears, discs,

turbine blades, impellers, motors, actuators, and sensors.

Faults like rotor unbalance, residual bow and crack in the

rotating shaft, misalignment, gear transmission error, rubs

between the rotor and stator, rubs within the shaft assembly

(internal damping), and looseness faults fall under the

listing of additive faults. These faults may be inevitable in

the rotor system during its manufacturing and installation or

may develop during the normal operation of the machines

[1]. The system can be deeply influenced individually by

these faults and also by the interdependency of faults, in

which one fault can give rise to another fault. The faults in

which the process is affected by the addition of process

variables are known as additive faults, whereas when the

process in the faults is affected by the product of process

variables, then the faults are termed as multiplicative faults.

The additive or multiplicative nature of fault in the com-

ponents/system can be decided by the modelling process.

Additive faults can be modelled by the superposition of

signals on the inputs, states, and outputs of the process. The

physical reason can be based on, e.g., an offset in the sensor

(or actuator) of the amplifier electronic. Multiplicative

faults are parameter faults that result in changes of the

parameters of the process, like changes in resistances,

inductances, inertia constants or damping coefficients [2].

The basic model of additive fault and multiplicative fault

has been shown in figure 2. In figure 2, the additive faults*For correspondence
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influence a variable Y by the addition of the fault f (e.g.,

sensor biased) and multiplicative faults by the product of

another variable U with f (e.g., a parameter change within

the process).

Several developments towards visualizing the system

dynamics under individual and combined faults, as well as

their identification, are being published in a range of con-

ferences and journal publications. Moreover, to meet the

industrial demand in modern days, plenty of research has

been devoted towards monitoring the health condition of

rotating machinery. Muszynska [4] summarized a review

on mathematical models for different malfunctions, such as

residual unbalance, misalignment, rotor-to-stator rub, fluid-

induced instabilities, looseness of stationary and rotating

parts in rotating machinery, crack in shaft, and internal and

external friction in rotating machinery and presented vari-

ous results in graphical forms to explore the symptoms of

faults. Experimental results were gathered and utilized to

illustrate the dynamic responses of the rotor under the

effect of these malfunctions individually. However, the

different condition monitoring techniques were not elabo-

rated for the detection and diagnosis of these faults. Further,

a summary of research on the experimental identification of

dynamic parameters of supported bearings as well as dif-

ferent types of seals was presented by the authors [5, 6].

Most of the discussions in the review paper [5] were related

to the identification of parameters in fluid film bearings.

There were very few descriptions of speed-dependent

dynamic parameter estimation techniques in high speed

non-contact bearings such as foil bearings, active magnetic

bearings, etc. Apart from this, the paper [6] is limited to the

elaboration of literature published in the identification of

seal parameters through experimental investigations only.

Hence, the theoretical and computational techniques uti-

lized in the field of finding rotordynamic parameters of

seals can also be reviewed along with the experimental

error analysis. Vibration and current signal based tech-

niques [7–9] through experimental investigations have been

utilized for the detection of mechanical and electrical faults

in rotating elements such as induction motors, centrifugal

pumps, etc. The researchers [7] have adopted vibration and

current signals for the identification of only bent in the rotor

of the induction motor, which can be further used in the

identification of other faults such as unbalance in the rotor,

bearing misalignment, and broken rotor bar under the dif-

ferent conditions of load. Moreover, the limitation of the

paper [8] was to explore only time-domain vibration signals

for diagnosing faults in induction motor with the help of

multiclass support vector machine (SVM) algorithms.

Thus, the training and testing of SVM can be done for

diagnosing faults based on frequency and time–frequency

domain data, as these data help in observing several
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Figure 1. Schematic diagram of a multi-disc rotor system supported by bearings.

Figure 2. Basic models of fault (a) additive fault (b) multiplicative fault [3].
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characteristics of the signal. In a similar direction, the

authors of the research article [9] stated that the time-fre-

quency analysis using wavelet packets can also be utilized

for the classification of faults. This will enhance the per-

formance of the classifier. Făgărăşan and Iliescu [10]

elaborated on various methods for the detection of faults

and procedures for their identification in a modern industry.

These methods include observer based methods, signal

based methods, and parity equations. Walker et al [11]

concentrated on highlighting the recent research done on

additive faults in rotating systems in connection with sen-

sors, fault identification techniques, localization, prognosis,

and modelling. Further, an overview of applications of

active magnetic bearings (AMBs) for fault identification

and controlling vibration in flexible rotordynamic systems

was demonstrated by Srinivas et al [12]. However, it was

claimed that one of the applications of AMBs can be the

identification of the depth and location of multiple cracks in

rotor systems during their operational conditions. Opti-

mization of hybrid bearings (consisting of journal bearing

and AMB) can also be explored to increase load carrying

capacity within space constraints. Gayen et al [13] pre-

sented a detailed review on the static and dynamic analyses

of structural components composed of functionally graded

materials and incorporated with crack faults. It was sug-

gested to conduct experiments in a cracked functionally

graded rotating shaft system for determining crack param-

eters and identifying them.

Apart from this, various literatures are also available in

the area of determining failure modes through the signal

processing approach in rotating machines. Benbouzid et al
[14] discussed that the information about the failure mode

nature of an induction motor is very important for its design

and fault tolerant control. For detecting failure in induction

motors, the stator current signature analysis was examined

and found to be quite sensitive to induction motor faults,

which modified main spectral components, such as voltage

unbalance as well as single-phasing effects. The fault

characteristics vibration spectral components were also

observed to increase over time with an increment in the

fault severity. The mathematical equations were also pro-

vided for frequencies of the spectral components in pres-

ence of multiple faults such as broken rotors, damaged

bearings, rotor asymmetry, unbalance in rotors, etc. It was

advised to perform more experimental investigations for the

preventive maintenance, failure diagnosis and prevention in

induction motors drive systems. Lin et al [15] proposed a

signal processing method for determining tooth failure

modes in a gearbox. The condition vibration data was

obtained from eleven faulty gearboxes, which was used to

examine the fault growth parameter. Various statistical as

well as replacement decision models were made on the

basis of the observed condition data and failure events.

Using this technique, it was possible to follow the devel-

opment of cracks in gear tooth. However, the sample size of

the analysed data was quite small in terms of the number of

histories. For future works, a larger sample size can be

taken, which may result in better accuracy in the analysis

and improve the efficacy of the presented approach.

Later, Liu and Zhang [16] presented a survey on failure

modes, health monitoring, as well as fault diagnosis tech-

niques in wind turbine bearings. The wind turbine bearings

include main supported bearings and bearings used in

various components such as the gearbox, generator, blade,

yaw, and pitch. The survey was done to find a reliable and

cost-effective method that can determine the fault severity

and modes of the failure. This will also help in designing a

better outline of proper maintenance on turbines. During

the survey, it was found that the failure modes which occur

in wind turbine, are basically plastic deformation of bear-

ings (deformation on the macro scale due to excessive load

and misalignment fault, whereas deformation on the micro-

scale due to indentation), lubricant failure and contamina-

tion, electric arc erosion, cracks and fractures, improper

mounting, etc. Finally, most research was focussed on

intermediate-speed stage bearings and high-speed stage

bearings, whereas there was very little research in the field

of diagnosing low-speed gearbox bearings. This is because

when the rotors rotate at slow speed in the wind turbine

bearings, this results in producing weak fault signals.

The failure mode detection method is extremely impor-

tant for the prediction of the rolling element bearing life in

rotating machines. Kuo et al [17] proposed a feature

extraction method and neural network model for detecting

the abnormality modes. The combined techniques of

wavelet packet decomposition method, principal compo-

nent analysis as well as long short-term memory algorithm

were used in this paper. Experiments were also performed

on a machine consisting of a rotor system with a rotating

wheel at the middle and supported by rolling bearings at the

ends. Vibration signals were collected for the normal and

abnormal conditions (i.e., misalignment load, unbalanced

load, and impact load) of the machine. Further, those sig-

nals were analysed to detect failure modes in the supported

bearings. Nevertheless, the abnormal conditions were con-

sidered individually. Therefore, in the concluding remarks,

it was proposed to mix these three failure modes (i.e., the

combination of misalignment, unbalance, and impact loads)

and analyse the time as well as frequency domain signals.

After going through various literature as described in the

above portion, it can be stated that the detection of various

additive faults in the rotating equipment is extremely

important to assess the reliability and safety of the machi-

nes as well as enhance productivity. Signal-based identifi-

cation techniques and artificial intelligence techniques are

required for detecting these faults within the proper time so

that there is no harm to human experts working in or near

the machines and prevention of substantial losses in the

economy of industries. A lot of research has been done in

the field of types and symptoms of malfunctions in the

rotary machines and their identification methods as well as

integrated approach towards failure mode and signal
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processing technique. However, there was no paper pub-

lished that simultaneously described the causes and symp-

toms of additive faults, mathematical modelling of additive

faults, different condition monitoring techniques, and their

limitations in the rotor systems such as model-based tech-

niques, signal-based techniques, novel artificial intelligence

techniques, hybrid form of detection techniques, as well as

fault identification methods in bearings. Therefore, a review

has been made in this paper on the effects of additive faults

in the rotors and displacement as well as current signals

based faults detection and diagnosis strategies. Some of the

literature is also described, which focusses on utilizing

artificial intelligence techniques (i.e., machine learning

techniques, deep learning techniques, etc.) for fault identi-

fication in rotating machines. Additionally, a few pieces of

literature published in the area of condition monitoring of

supported bearings are summarized to make this review

article more interesting to the readers.

2. Additive faults in rotating systems

The following section discusses about the definition and

causes of various types of faults in rotating machines. The

literature survey done on additive faults, for example, the

rotor unbalance fault, crack, misalignment fault, shaft bow,

internal damping and rub between rotor and stator are

concisely explained in this section. These faults have been

considered by researchers individually or in combination

but without interplay among them [18–22].

2.1 Unbalance fault

Unbalance in the rotor is a very serious fault in rotating

machines, which produces extreme vibration in the system.

This vibration may generate a high amount of force at the

regions of bearings, as well as lessen the effective func-

tioning of a machine. In a practical scenario, it is not

possible to have an ideal balanced rotor due to several

irregularities, inaccuracies and manufacturing errors, which

result in the deviation of the rotor centre of gravity relative

to the centre of rotation. Moreover, the magnitude of

unbalance may differ during the operational period of the

rotor, as a consequence of dust and unwanted particle

accumulation, abrasion, wear and tear depreciation, etc. As

the unbalance force is equivalent to the product of mass,

eccentricity, and square of the rotor speed, the fault pro-

duces enormous vibration near the system’s critical speeds.

Accordingly, various researchers have studied and investi-

gated the dynamic outcome of the unbalance fault and its

balancing, detection, as well as diagnostic techniques.

The balancing techniques have been described for rigid

as well as flexible type rotors. Single-plane balancing, and

two-plane balancing, such as the conventional cradle bal-

ancing machine method (off-site or off-field balancing) and

the modern influence coefficient method (on-site or field

balancing), are different methods for rigid rotor balancing.

The modal balancing method as well as influence coeffi-

cient method are the two basic methods for balancing the

flexible rotor. In the area of flexible rotor balancing, Bishop

and Gladwell [18] proposed the modal balancing technique,

which needed the correct values of the system’s modal

parameters such as mode shape, natural frequency, modal

damping, etc. On the other hand, Drechslen [23] developed

the influence coefficient method, which exploited the

amplitude and phase values of vibrational responses to

determine the amounts of balance correction mass. There-

fore, the influence coefficient method requires little infor-

mation on the system modelling parameters as compared to

the modal balancing method in the balancing of a flexible

rotor.

In continuation to this, Morton [24] also utilized modal

balancing technique for balancing an elastic shaft in the

absence of trial masses and without knowing the values of

the supported bearing parameters. Besides, the step force

and deflection concepts were used at different nodes of

shaft elements. The balancing technique was observed to be

very appropriate for balancing of flexible shafts in the

various bounds of the system’s critical speeds. However,

one of the drawbacks of this work was neglecting the

gyroscopic couple effect of the shaft and its rotational

damping during the mathematical modelling of the flexible

rotor system.

Now approaching towards the field of unbalance fault

identification, a method was introduced by Krodkiewski

et al [25] for determining change in unbalance caused by

the loss of one or more blades in a turbine. Under this

method, a non-linear mathematical model of a multi-bear-

ing rotor system was developed based on Timoshenko

beam finite elements. Each element was considered to have

four degrees-of-freedom (DOFs) per node. The rotor sys-

tem consisted of a flexible shaft, four similar type journal

bearings as well as a rigid base foundation. From the faulty

system, the displacement responses were numerically gen-

erated and the method was tested with the inclusion of

Gaussian noise in the vibration signatures. The identifica-

tion method was appeared to be robust and effective in

nature. However, further investigation was suggested on

examining the effectiveness of method with respect to an

error in the mathematical model as well as conducting

experimental validation. Later, Lees and Friswell [26]

presented a mathematical model and least-squares tech-

nique for estimating the residual unbalance of rotating

shafts, as well as discs eccentricities in a system having

flexible bearings supports and rigid foundation (refer fig-

ure 3). Finite element method was used for describing the

rotor-bearing model and exploring the displacement

responses of the system in the frequency domain. Every

bearing was considered to have anisotropic nature with four

different linearized stiffness and damping coefficients. The

shaft damping terms were not considered during
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mathematical modelling of the system. Additionally, the

proposed method could not predict the phase of unbalance.

In the same direction, the measured vibrational responses of

pedestal was utilized by Shih and Lee [27] for determining

the imbalance state in a rotor system. Although the mod-

elling of all components of the system were done very

consistently, the method was not sensitive to noisy signals

in identification of unbalance characteristics. Still, the

stiffness and damping terms of bearings exhibited reason-

able sensitivity towards uncertainties. But, only discrete

unbalances were considered at the two disc locations.

In the area of rotor balancing and vibration control, a

review paper was published by Zhou and Shi [28], in which

the theoretical model was described separately for balanc-

ing rigid, as well as flexible rotor-bearing-disc models.

Modeling of the complex rotor was done with the assistance

of several sub-models, viz., the sub-model of flexible shaft,

rigid disc model, linearized bearing model, and coupling

model. The equations of motion (EOMs) of the whole

system were acquired by assembling the equations for each

of these rotor-bearing components. In the end, it was con-

cluded that the unbalanced fault-induced vibrational dis-

placements can be suppressed through the active balancing

technique. Moreover, the proposed balancing method can

also strengthen the production efficiency and economic life

of rotating machinery. However, the crucial issue experi-

enced in the proposed method was the minimal number of

eight pole actuators for controlling the vibrational modes.

Besides this, the estimation of unbalance fault parame-

ters is also extremely important in order to know quanti-

tative severity of the fault. Accordingly, an identification

technique was developed by De Queiroz [29] for estimating

the unbalance parameters, i.e. the eccentricity as well as

phase in a simple Jeffcott rotor. For this purpose, a dynamic

robust control mechanism was utilized to generate numer-

ically the unbalance disturbance forces. The proposed

technique was valid for some ranges of rotor speeds, so it

was suggested to accommodate a wider class of rotor

speeds in future work. Further, an influence coefficient

method was also employed by Nauclér and Söderström [30]

for unbalance estimation in rotating machinery using linear

and nonlinear regression techniques. The nonlinear

approach showed superior performance with the help of

unbalance estimation of a separator model (refer figure 4).

In the considered separator model, the spring stiffnesses

were modelled as complex numbers for establishing

damping in the rotor system. For measurement of vibra-

tional response at the two frame positions, the trial masses

were kept in two locations of the bowl and the separator

was further driven up to its operational speed. The proce-

dure was repeated for multiple number of experiments and

the proposed approach was found to be robust. However,

while developing the nonlinear identification approach, the

sensor noise was considered to be neglected as compared to

the system disturbance.

Similarly, three distinct model based fault identification

schemes were developed by Sudhakar and Sekhar [31] for

identifying the unbalance malfunction in a rotating

machine. Out of these three schemes, the first was equiv-

alent loads based minimization method, the second was

equivalent loads based minimization method with

improvement in theoretical fault model and the third

scheme was vibration based minimization method. The

comparison was made for their suitability and effectiveness

in the identification of unbalance fault and it was observed

that the second scheme was less erroneous and better than

the first scheme. The second and third schemes were found

to be equally efficient in identification even in the case of

lower degree of freedom system. These methods were

limited to considering the measurement of vibrations at

only one location of the shaft, i.e., the disc location, which

could not provide appropriate results. Hence, it was sug-

gested to measure vibrational responses at more number of

locations and use this study further for detection of other

severe faults, such as cracks, misalignments, bows in shaft,

etc. Additionally, the investigation can also be done for the

transient rotors and the steady-state condition. Thereafter, a

Evaluation of Rotor Imbalance

Flexible Foundation

Figure 3. Two bearing rotor system with flexible foundation

explored by Lees and Friswell [26].

Frame

Frame

Bowl

Figure 4. A separator model [30].

Sådhanå          (2024) 49:207 Page 5 of 49   207 



metaheuristic method was utilized by researchers [32] to

identify unbalance forces in a rotor-hydrodynamic system.

This method was a combination of a genetic algorithm and

simulated annealing. The genetic algorithm was helpful in

improving the solutions significantly, whereas simulated

annealing was able to provide good solutions with fewer

iterations. The difference between measured and simulated

displacement responses was considered an objective func-

tion. The values of unbalance eccentricity, phase, and

position along the rotating shaft were known by minimi-

sation of the objective function. Besides this, the proposed

approach used the oil film force concept unlike the con-

ventional model based identification techniques, which

were utilizing the oil film linearized stiffness and damping

coefficients. Nevertheless, there was a limitation of this

paper. The weighting values in the metaheuristic method

(automatic search method) were always dependent of the

user choosing the weights. Therefore, it was suggested to

use the multi-objective search method in future work,

which can provide better results than the proposed

approach.

In the same line, Menshikov [33] developed an identifi-

cation methodology for estimating the unbalance parame-

ters of a deformable rotor mounted on two non-rigid

bearings. To identify the unbalance fault and bearing

parameters, the displacement response in the horizontal and

vertical directions was utilized as input in the proposed

technique. Subsequently, the inverse problem and least

square methods were employed for identification purpose.

Later, a method was also proposed by Pennacchi et al [34]

to identify the unbalance fault in a massive flexible rotor-

coupling-bearing system. Each component of the system,

such as the flexible rotor, non-rigid bearings, and elastic

foundation was mathematically modelled using finite ele-

ment method. Further, the information of displacement

signals in the frequency domain was given as input in the

developed estimation algorithm for identification of the

fault location and its severity throughout the shaft axis. An

experimental investigation was also executed on a 1.3 GW

power steam turbine to validate the numerical work.

However, the model used was not fine-tuned, and the

responses in the vertical direction were only measured.

Furthermore, the idea of model based equivalent load

method elaborated in Markert et al [35] was utilized by

Chatzisavvas and Dohnal [21] to identify single and double

unbalances in a coupled rotor model (refer figure 5). A

sparse force vector was assumed to boost the procedure of

identifying the unbalance with no prior knowledge about

the number of unbalances. The displacement responses in

both the time and frequency domains were taken into

account for estimation of the fault characteristics. Although

there was ill-conditioning issue owing to insufficient mea-

suring locations and system operating at a single speed

only, the developed technique yielded productive and sat-

isfactory outcomes. However, the proposed work was

limited to theoretical and numerical aspects in the

identification of unbalance fault only. There was no

experimental validation in a lab test rig setup or industrial

machines. Although the proposed technique identified sin-

gle and double unbalances in a rotor system, the identifi-

cation of multiplicative faults or combined faults can also

be done in the coming future.

In continuation of this, the two distinct techniques were

suggested by Yao et al [36] to determine the optimal values

of unbalance parameters, their locations and severities in a

rotor system. Among these two approaches, the first was

relying on modal expansion technique together with the

optimization algorithms. This technique was demonstrated

for identification of the unbalance fault in a single disc rotor

system. The other approach was associated with the inte-

gration of modal expansion technique, the inverse problem

and optimization procedure, which was illustrated for

unbalance identification in two discs rotor system. The

proposed techniques were verified through both the

numerical as well as experimental investigations. Other

than the optimization algorithms for estimation purposes,

the two different identification techniques were discussed in

[37, 38] for estimating the force due to an unbalance fault

in a rigid rotor mounted on rolling element bearings. The

first technique was a joint-input state estimation technique

and the second was Kalman filter-based input estimation

technique. Both the techniques were relying on the devel-

opment of mathematical model and measured values of

displacement and acceleration responses. The bearing

stiffness constants were obtained using the developed

techniques. The sensitiveness and effectiveness of the

method were also checked considering the system

modelling and noise signal errors for different ranges of

rotational speeds, and the method was found to be robust in

nature. Experimental investigations were also performed to

validate the numerical results. The shortcoming of their

works was the consideration of a rigid rotor and negligence

of shaft gyroscopic effect.

Again, in the area of optimization techniques for unbal-

ance fault identification, a nonlinear particle swarm opti-

mization method (i.e., a randomized and population-based

optimization method) was utilized for solving the inverse

problem and estimating parameters associated with unbal-

ance faults in a complex multi-disc rotor-bearing system

[39]. For establishment of the equations of motion, the

stiffness of the bearing was considered to be nonlinear and

varying with speed, preload, load and other factors. In this

paper, only the structural damping was considered and

damping of rolling element bearings was neglected. Fol-

lowing the same path, Abbasi et al [40] developed a novel

optimization-based method for estimating the unbalance

fault parameters in a single disk and double disk rotor

system. The objective function was the weighted least

squared difference between the measured as well as com-

puted displacement responses. For both cases of rotor sys-

tem, the highest and lowest relative errors between the

optimized, as well as actual values were zero percent for the
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unbalance eccentricity and phase angle in the absence of

noise in the signals. The efficacy of the discussed algorithm

was found to be extremely higher as compared to conven-

tional algorithms. In a concluding remark, AMB was sug-

gested to be used for controlling the vibration induced by

an unbalanced fault in future work. Thereafter, in the recent

publication, Lin et al [41] presented a novel two phase

model based method to identify the unbalance and the

supported bearings parameters in a turbine-bearing rotor

system. In the first phase, the initial unbalances and bearing

parameters were simultaneously identified, whereas the

progression of unbalances was determined in the second

phase. Five distinct kinds of optimization algorithms (such

as generic algorithm, grey wolf optimizer, grey wolf opti-

mizer with cuckoo search, whale optimization algorithm,

particle swam optimization algorithm) were utilized to

check robustness of the method. The method was found to

be quite effective and robust. FEM modelling results were

validated with machine’s operational data. Excellent con-

sistency was observed in the obtained results. However, the

effect of fluid film bearings, and the axial as well as tor-

sional vibration behaviours of the rotating shaft were

neglected in the present model of the system.

Further, a real application based drilling rig is an

important machine. It is generally utilized for exploration

and mineral resource development. Unbalance fault may

exist in the horizontal shaft of rotary table of the rig owing

to various factors such as accumulation of unwanted

materials or dust particles, errors in assembly, etc. This can

cause severe vibration in the system, which will immensely

minimise working accuracy and efficacy as well as even

affect construction safety. In order to get rid of this issue,

Wang et al [42] proposed an identification technique rely-

ing on fast Fourier transform for finding unbalance fault

parameters in the horizontal shaft. The output results of this

method (i.e., amplitude and phase of vibration) were

observed to be quite stable and accurate, as compared to the

two other methods such as cross-power method and cross-

correlation method. Dynamic balancing procedure was also

carried out in an electric spindle experimental platform and

found that the vibrational amplitude was greatly reduced

i.e., 98.6% after dynamic balance. The limitation of this

work was using the shaft at the end of the electrospindle for

the purpose of the experiment. Therefore, in the concluding

remarks, it was suggested to execute the proposed method

of identification and balancing on the actual condition of

the drilling rig.

Now, coming to the latest publications in the area of

rotor balancing techniques, as a balancing technique is

also important for suppression of the vibration caused due

to unbalance fault. Zhang et al [43] developed a new

method based on signal purification for solving the

dynamic balancing problem of a rotor. The signal purifi-

cation technique included signal resampling and spectrum

correction. This technique was also used for suppressing

vibration due to unbalance fault. Experiments were also

performed on a test rig set up consisting of a rotor system

linked with two discs and data acquisition as well as

processing device. However, the range of speeds chosen

for balancing the rotor was lower and the rotor was con-

sidered as rigid in nature. Hence, it was advised to

develop modified signal purification based method for

effectively balancing a high speed multidisc rotor. Shun

and Lei [44] also proposed an unsupervised deep

Lagrangian network method for balancing of the rotor. For

introducing the prior knowledge of physical test rig setup,

a Lagrangian layer was applied to the network. Both

experimental and numerical works were executed to val-

idate the developed balancing method. Numerical simu-

lation was done by considering a rotor system having four

rigid discs and two ball bearings support. Newton’s second

law was used for establishing equations of motion of the

system. The responses like displacement, velocity and

acceleration were generated by solving equations of

motion using Runge-Kutta method. Similarly, the test

setup for experiments was also comprising of a shaft with

four discs, motor, eddy current sensors, dynamic force

sensors, two ball bearings for the support purpose, etc.

Output results of the rotor balancing through simulation

and experiment proved that the technique was reasonable,

costless and user convenient. Lastly, it was claimed that

the balancing procedure can give much better performance

if the rotor system parameters can be adjusted and opti-

mized as well as the large number of sample data size can

Disk 1 Disk 2 Disk 3 Disk 4

Bearing 1 Bearing 2 Bearing 3 Bearing 4

Coupling

Figure 5. Rotor test rig set up developed by Chatzisavvas and Dohnal [21].
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also be taken. These would help in gaining more effective

and useful informations.

Further, unbalanced force identification is extremely

needed to overcome the impact of unbalance force and

guarantee the safe operation of machines. Hence, Lin et al
[45] utilized deep learning method for identification of

unbalance force in a hypergravity centrifuge structure. A

feature fusion framework was developed in combination

with the time domain signals for exploring the identifica-

tion effect. It was found that the proposed approach is

simple and quite reliable as compared to the conventional

unbalanced force identification technique. This approach

surpasses the concept of trial mass and model complexity.

However, less number of signal data samples and low

rotational speeds of the centrifuge rotor (i.e., low operating

frequency range) were considered in the present approach.

In a similar line, Baltazar-Tadeo et al [46] also proposed an

integrated rotor balancing method for the identification of

unbalance force in a multi degrees-of-freedom unbalanced

and asymmetric rotor-bearing system. This method inclu-

ded the methodology of parameter algebraic identification

and the traditional modal balancing approach. The devel-

oped algebraic identifier needed the displacement response

as input data, in place of the vibration response obtained by

putting trial weights in the traditional rotor balancing

methods.

This section describes the research performed in the field

of rotor balancing through modal balancing as well as

influence coefficient methods. The latter method was found

to be more effective and reliable than the former method.

The different ways of unbalance fault identification using

model based techniques and measurement of vibration

responses have been utilized by several researchers in both

experimental and numerical working environments. How-

ever, there are various scopes of work in investigating the

dynamics of the rotor under the effect of unbalance faults

and its identification technique. A joint-input state as well

as Kalman filter-based input estimation techniques can be

used for estimation of the unbalance fault parameters and

bearing characteristics in a flexible rotor with multiple discs

and consideration of gyroscopic moments. AMB technol-

ogy can be used as a vibration controller in an unbalanced

rotor system, along with a nonlinear particle swarm opti-

mization method for unbalance identification. Apart from

this, researchers have also used deep learning method and

optimization technique for rotor balancing and unbalance

fault identification in a rotor-bearing system.

2.2 Crack fault

The rotor crack is a major malfunction, which may cause

fatal machinery breakdown in case of not detected properly

in time. This fault can lead to interruption in the smooth

and efficient functioning of the industry. The base for crack

initiation may be due to fatigue of the shaft material, caused

by unrestrained cyclic working of machines. The shaft

crack in transverse direction is very hazardous because this

instantly varies the system’s vibrational nature. Usually, the

switching crack concept has been used for mathematically

modelling the transverse crack, which opens and closes at

regular intervals of time [47–50]. The concept of switching

crack is considered for the case of crack depth below the

radius of the shaft. Moreover, the hinge model is employed

to explain the vibrational nature of switching crack.

Nelson and Nataraj [51] developed an analytical method

for a flexible rotor system having transverse crack along

with a solution procedure and associated digital computer

program. A finite element model, in complex coordinate

form, was used to formulate the system equations of

motion. After that, the static condensation method was

exploited to reduce the degrees of freedom. A periodic

switching function expanded in a Fourier series was con-

sidered to model the opening and closing mechanism of the

transverse crack. The developed program was utilized to

study the system dynamics and compared the obtained

results with the analytical and experimental results of other

researchers. It was found that the sign of the minor axis for

every harmonic of the response is a function of the rota-

tional speed. Moreover, the phase angles for the harmonics

of the response was also appeared to be very sensitive at the

subcritical resonance speeds. However, the rotational

coefficients of bearings were neglected by them during the

development of system’s model. Rotational stiffness coef-

ficients of bearings are defined as the ratio of force due to

bearings and angular deflection at the bearing locations,

whereas the rotational damping coefficients of bearings are

defined as the as the ratio of force due to bearings and

angular velocity at the bearing locations. Similarly, con-

sidering a transverse crack in the rotating shaft, the vibra-

tional behaviour of a cracked rotor system having breathing

nature was investigated by Jun et al [52]. In their study, the

crack was assumed to be located at the mid-span of the

shaft and the effect of shear stress was neglected. The

fracture mechanics theory was employed for deriving the

direct and cross-coupled stiffness constants of the cracked

rotor system. It was also shown that the retardation angle of

the crack opening can be an acceptable mark of the crack

depth. Later, the stability analysis of a simple rotor with a

middle disk and transverse crack was done by Gasch [49].

Forced vibrations arising from crack and unbalance faults

were considered based on hinge model with no damping.

The gyroscopic effect due to disk was assumed to be neg-

ligible. The hinge model includes only one additional

parameter to describe the influence of crack and is appli-

cable only for the crack depth below half of the shaft radius.

Weight dominance effect (i.e. the vibration amplitudes are

very lower as compared to the shaft’s static deflection) was

assumed for transforming the non-linear equations of

motion into linear form, but having periodically time-

variant component. It was noticed from spectral analysis

that the amplitudes at the integer multiples (i.e. 1, 2 and 3)
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of rotational speed get increased to the same extent as the

crack grows.

Other than considering a transverse crack in the shaft, a

slant crack (i.e., crack depth making an angle with the shaft

axis) was assumed to be present in a rotor system and its

dynamic behaviour was analysed by Sekhar and Prasad [53]

with the help of finite element analysis. This slant crack

appears in the rotor due to shaft fatigue failure, by virtue of

excessive torsional moment. A flexibility matrix was

developed expressed by a stress intensity factor for a slant

crack relying upon fracture mechanics concept and conse-

quently, the stiffness matrix for a slant cracked element.

Three different types of slant crack, i.e. the quarter crack,

half crack and round crack were discussed, but quarter type

was considered for the analysis purpose. For the eigen-

frequency analysis, the crack was considered fully opened.

Eigenfrequencies were found to be decreased by increasing

the slant crack depth. The effective stiffness of the rotor

system also got decreased due to slant crack. A steady-state

analysis of the rotor system was also done by utilizing the

fast Fourier transform technique for identification of the

slant crack. It was found that the frequency spectrum of the

steady-state response of the cracked rotor accommodates

subharmonic frequency components at an interval fre-

quency complying with the torsional frequency. Anyhow,

there was no consideration of coupling between axial,

bending and torsional modes in the presented model.

Instead of considering only single transverse crack in a

rotor system, the vibrational characteristics of a simple

rotor with two aligned and open transverse cracks were

presented by Sekhar [54] through finite element modelling.

Even the rotor system was not having any disc, so the non-

gyro, undamped and stationary rotor was considered for the

eigenfrequency analysis. A stability analysis of the rotor

system was also performed, in the rotor was affected by

internal damping and crack faults. The main objective was

to observe the impact of one open crack on to another crack

for different eigenfrequencies, mode shapes as well as

threshold speed limits. Through this, it was noticed that a

shaft with a low slenderness ratio will have significant

changes in eigenfrequencies and the larger crack out of the

two cracks of two different depths had a crucial influence

on the eigenfrequency. The effect of cracks on threshold

speed limits was also found to be more appreciable in

comparison to the minimisation of eigenfrequencies related

to crack depth. This work can be extended further for the

presence of two cracks in two different directions in a

flexible rotor system.

Further, an AMB technology was utilized by Zhu et al
[55] to examine the dynamics of a middle disc-rotor system

incorporated with an AMB (working as damper) near the

disc location (follow figure 6). AMB was used for the sake

of suppressing vibrational motion of the disc. The trans-

verse crack was present at the disc location only and the

gyroscopic effect of the rotor was neglected. The numerical

method, i.e. Runge-Kutta 4th order ordinary differential

solver of fixed and small step-size had been utilized to get

the solutions of the nonlinear dynamic equations of the

system. It was found that a crack in AMB-rotor system

could be detected by the harmonic peaks of twice and thrice

of the shaft rotating frequency. More alternative diagnosis

methods are needed to detect crack in the AMB-rotor

machines using the complex control algorithms, such as the

H?, variable structure and robust adaptive controls.

Apart from analysing the rotor behaviour under the effect

of crack faults, different techniques have been exploited for

the identification of crack faults. Sekhar [56] developed a

model based on-line identification method with modal

expansion for detecting crack in the rotor system. Equiva-

lent loads minimization approach was utilized for this

purpose. Virtual forces or moments applied on the intact

rotor system were treated as equivalent loads, which pro-

duce vibrational nature similar to the damaged rotor sys-

tem. Next, the comparison was made between the

equivalent loads calculated through measured vibrations as

well as the mathematical model to identify the crack depth

and its location. Finite element modelling was utilized to

describe mathematical equations of system components of

the rotor. The fast Fourier transform (FFT) was employed

for finding the nature and symptom of the crack fault. It was

also observed that the efficiency of the presented method

relies on choosing the number of shaft locations for mea-

surement. Subsequently, Sekhar [57] identified two cracks

(in transverse direction and having breathing behaviour) in

the rotor system using the previously developed identifi-

cation method. The estimated equivalent forces at the two

locations on the shaft were used to identify two cracks in

the system. The method was utilized with the evaluation of

equivalent loads to identify the two cracks, since the FFT of

the estimated equivalent force did not identify them toge-

ther. Only numerical investigations were presented; there-

fore, the experimental validation of the proposed technique

for detection of two transverse cracks in a rotor-bearing

system can be done as future work.

Following the similar technique, Dharmaraju et al [58]

presented an estimation methodology to identify crack

flexibility coefficients, as well as crack depth in a simple

rotor based on the information of excited force and

response. The transverse crack was treated as always open.

Crack location as well as the amplitude and frequency of

the excited force were known. The finite element method

AMB

CrackBearing 1 Bearing 2

DiskShaft

Figure 6. A cracked rotor-AMB system with a middle disk [55].
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having the Euler-Bernoulli beam element was employed for

modelling the system’s components. The static reduction

scheme was used for reducing the number of measured

responses. So, the only measurement of the degrees of

freedom at cracked element nodes was required to evaluate

crack flexibility coefficients using the identification algo-

rithm. An error function was defined between identified and

theoretical crack flexibility coefficients, which was evalu-

ated based on the fracture mechanics concept. Consecu-

tively, the crack depth was calculated by diminishing the

error function relative to the crack depth ratio. This min-

imisation was done using least squares and bisection

methods. To mimic the practical experimentation, the

proposed method was also examined and found to be robust

under the availability of measurement noise. The major

limitation of this work was that the static reduction

scheme could not eliminate rotational degrees-of-freedom

at the crack element nodes. Therefore, to overcome this

issue, the same methodology and error function were fur-

ther utilized along with hybrid reduction scheme to esti-

mate the crack flexibility coefficients and crack depth in a

simple rotor based on force and response information. In

the hybrid reduction scheme, the stiffness terms were

neglected on assumption of eliminating measured rotational

degrees-of-freedom (DOFs) at the nodes of cracked ele-

ment [59]. In both the presented works, the damping

coefficient of shaft was ignored in the rotor system. Like-

wise, a mathematical model-based identification method

was proposed by Pennacchi et al [60] for detecting trans-

verse cracks existing in industrial rotor-bearing systems.

Three distinct types of crack based on its depth were con-

sidered to examine the developed methodology, in which

the first type was crack with a depth of about 34% of the

shaft diameter, the second was partially breathing crack

having a 14% crack depth and the last was deep crack of

47% diameter depth. The method was quite effective and

robust and accurate even when it got validated experi-

mentally on a massive and horizontal cracked rotor test rig.

For identification of cracks, only the displacement mea-

surements were required nearby or on the supported oil film

bearings and these measuring planes are suitably available

in industries.

Other than original research articles, some review arti-

cles were also published by authors. Sekhar [61] presented

a summary of the different works done in the field of

diagnosing double or multiple cracks in vibrational

machines or structures such as shafts, pipes, beams, and

composite plates. The modelling features, vibration out-

comes, as well as identification techniques, viz., the change

in eigen-frequencies, model-based method, and wavelet

transform technique were discussed for diagnosing multi-

cracks. Several challenges included in the multi-cracks, for

example, the cracks location and orientation relative to one

another, alteration in mode shapes, as well as difficulty in

examining distinct vibrational structures having multiple

number of cracks were also elaborated in the paper. At last,

it was suggested to do further studies on optimization

technique in identification of multi-cracks, in which there

would be more number of the crack variables. Later, Kumar

and Rastogi [62] reviewed on dynamic nature of cracked

rotor-bearing system based on the previous research. All

the modelling approaches i.e., wavelet finite element

approach, wavelet transform, the Hilbert-Huang transform,

breathing mechanism of crack, and model-based identifi-

cation method were described, for diagnosis of crack fault

and studying vibrational nature of the rotor system. Lastly,

an extended Lagrangian concept was explained for

exploring the dynamics of the rotor with a crack fault, as

the classical Lagrangian equation was unable to do analysis

of the dynamics of the system with non-holonomic con-

straints, non-potential forces, and dissipative forces caused

by asymmetric effects in rotating machine components. The

review work can be extended to include studying the dif-

ferent modelling approaches for the identification of other

additive and multiplicative faults. Singh and Tiwari [63]

proposed an innovative method for identification of the

multi-crack, their locations along with sizes on a cracked

shaft using transverse frequency response functions. The

algorithm was based on the two stages in which the first

stage included the algorithm for detection of number of

cracks and their locations in cracked rotor and the second

stage included multi-objective genetic algorithm for

obtaining the accurate location of cracks and their sizes.

This identification methodology was tested with numeri-

cally simulated response from a shaft having two open

cracks and found to be effective and robust. The short-

coming of their work was the assumption of only two open

cracks with same orientation.

Apart from considering cracks in a rotor system linked

with rigid discs, a slant crack was also assumed to be

present in a gear-shaft system [64]. The crack may develop

as a result of usual torque transmission through the gear

system. Based on this conception, the authors developed

mathematical equations for the gear-rotor system made up

of two shafts mounted on each of two flexible bearings

(refer figure 7(a)). The vibrational characteristics of the

system was explored and the rotor whirling nature, insta-

bility and steady-state analyses were studied under the

influence of unbalance fault, slant crack as well as tooth

error excitations. From the analysis, a slight shifting of the

resonant peaks in the rightward direction was observed for

the slant crack in comparison to the transverse crack. The

axial translational vibration of the rotor was neglected

during the modelling of the system.

Shravankumar and Tiwari [66] proposed a model based

method for estimation of the unbalance as well as crack

multi-fault parameters, i.e. the eccentricity of the disc,

viscous damping coefficient and additive (negative) crack

stiffness with the help of full-spectrum signal. Complex

Fourier coefficients of the force and response were obtained

by full-spectrum, then these coefficients were utilized in the

estimation equation in order to identify various parameters.
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A Laval rotor with a crack in the transverse direction was

considered near the mid-disc position. The gyroscopic

moments due to the disc were neglected in the system

modelling. The algorithm was formulated using the linear

regression technique of equation of motion in frequency

domain. The parameter estimation was done for multiple

measurement speed range. Actually, there is no noise pre-

sent in numerical responses, but measured responses have

embedded noise. So, Gaussian random white noise was

added with numerical responses (estimated values of

parameters) for comparison with measured values of

parameters at different noise levels. This comparison con-

firmed the efficacy and potency of the proposed algorithm.

Further, an AMB was used by Singh and Tiwari [50] as a

vibration controller in a cracked Jeffcott rotor system with a

disc at the middle position and also in a cracked Jeffcott

rotor-bearing system with one disc at the offset position of

the shaft [65]. In both the papers, AMB was placed near the

disc location to keep vibrational displacements to a mini-

mum value. Other than the estimation of the disc eccen-

tricity and phase of unbalance, viscous damping coefficient,

additive stiffness of crack, force-displacement and force-

current stiffness coefficients of AMB were also identified

through the developed identification algorithm. Figure 7

(b) shows a lumped parameter model consisting of a

massless cracked shaft having an offset disc and an eight-

pole AMB with ends supported on rigid bearings. The

vibration displacement and the controller current of AMB

were utilized for identification of unbalance, crack and

bearing parameters. Thereafter, a full-spectrum analysis

was used for converting the time domain responses into

frequency domain. Following that, the multi-harmonic

complex reference generator was implemented successfully

to accomplish the phase correction in full spectrum har-

monics. Dynamic condensation technique was used to

remove rotational displacements. This algorithm was tested

numerically against various levels of errors in signal noise

and model parameters, which was observed to be powerful

in estimation. Further, FEM was used for modelling of the

transverse crack in a flexible rotor system supported by

conventional bearings [67]. However, the assumption of

discrete unbalance concept was used by them for modelling

of unbalance force in the rotor.

Despite of earlier discussed research papers relying on

model-based method, a new technique based on squared

gain of vibration amplitude was utilized by Gradzki et al
[68] to detect crack fault. Both experimental and numerical

simulations were performed to evaluate the effectiveness of

the proposed method. For removing environmental signals

i.e., sensor noise, external disturbances, etc. from the

diagnostic model, the two time intervals were analysed.

One was related to the operational signal, and another was

for the environmental signal. However, a short-time-inter-

val concept was used so that the environmental signal

remained unchanged in those time intervals. The method

was capable in detecting the crack fault in the existence of

variable amplitude data and reasonably high measurement

disruptions. It was also planned to perform experiments in

the future and detect other faults such as misalignment and

rub using this method. Thereafter, fifteen tree classification-

based machine learning algorithms were used for the

localisation and identification of cracks on wind turbine

blades [69]. The algorithms have taken the blade’s vibra-

tion response as an input received from piezoelectric

accelerometer. The obtained results were compared with

statistical, histogram as well as autoregressive moving

average analysis. It was observed that the machine learning

approach was quite helpful and effective in health moni-

toring of the wind turbine blade. This would enhance the

harvest of wind power capacity and minimise downtime of

the windmill.

In the field of identification of crack fault in a gear

system, Yang et al [70] detected crack in a spur gear tooth

by developing three degrees-of-freedom gear pair model.

The tooth backlash as well as nonlinearity in the bearing

clearance were considered for the purpose of model

Bearing 1 Bearing 2

Bearing 3 Bearing 4

Driving gear

Driven gear

Transmission

shafts

Slant crack

(a)

AMB

CrackBearing 1 Bearing 2

Shaft

Disk

(b)

Figure 7. (a) A slant crack geared rotor system developed by Han et al [64] (b) A cracked rotor system with an offset disk and AMB as

controller [65].
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development. Further, the tooth crack model presented by

[71], has been explored, in which both the crack and length

were taken for modelling tooth crack propagation at various

stages. It was also possible to predict the gear mesh stiff-

ness and vibrational nature of the cracked gear using the

model. Nevertheless, the crack fault was assumed in one of

the tooth only so that the frequency of tooth crack can

match with shaft rotational frequency. In the same year, the

non-dimensional equations of motion of a cracked Jeffcott

rotor system with two rigid bearing supports have been

developed by Xiang et al [72]. Gyroscopic couple effect,

torsional vibration and shaft damping effect were neglected

while developing the equations of motion. Various time

domain displacement responses, frequency domain

responses, displacement orbital responses were plotted near

the half subcritical speeds for studying the vibrational

characteristics of the cracked rotor. It was claimed that

whirl orbits having one inner loops around half of the

critical speed can be a good indication for detecting the

crack fault. Lastly, for future work, it was suggested to do

experiments on a rotor system incorporated with crack and

rotor-to-stator rub faults. Peng and He [73] studied the

effect of breathing crack location on the whirling vibra-

tional behaviour of a cracked rotor having rotational

damping. Campbell diagrams, decay rate and roots locus

plots were used for examining the dynamic effect on the

rotor due to presence of the crack at different locations.

Influence of gyro torque was ignored in the considered rotor

model. Further, the method of multiple scales and Hilbert

transform were used for identification of the nonlinear

breathing crack with its severity in a plate structure, in

which the plate was assumed to be perfectly elastic and

isotropic [74]. Afterwards, Mohammed et al [75] explored

vibration-based techniques for fault detection as well as

diagnosis of gear-tooth cracks in an automotive gear box

test rig. The dataset of vibration signal was analyzed with

the assistance of an artificial feedforward multilayer neural

network with back-propagation, to predict the severity of

gear-tooth cracks. High amplitudes of vibration were

observed for the case of larger crack size in the high-speed

shaft. Lastly, it was recommended to compare the proposed

method for different faults with larger data samples and

other statistical features.

Ensemble learning approach was proposed by Zhong and

Ban [76] to diagnose crack faults in a rotor system in

nuclear plants. This approach could overcome the limita-

tions of traditional machine learning approach. The

machine learning method has issues of insufficiency in field

fault data and a high level of noise in measurements. The

observation was made that the proposed ensemble learning

models provided more effective diagnostic results than the

single model in the presence of noise and small data for

case studies on experiments in gear as well as bearing’s

fault. However, there was a limitation of the discussed

ensemble learning technique as the models became over-

fitted and could not generalize well to new data due to small

training data. In a recent publication, Qiao et al [77]

established a mathematical model of a two-stage cracked

gear drive system in a wind turbine. The time dependent

mesh stiffness and gear pair contact stress were acquired

using the finite element technique. Experiments were also

performed to verify the proposed model. It was found that

the crack had a crucial impact on the mesh stiffness of the

single-tooth contact zone. Also the cracked gear drive

system affected the other-stage gear drive because of gear

mesh coupling. Then, a deep learning approach was

developed by Wang et al [78] in order to detect crack fault

at four distinct locations in asymmetric shafts. Convolution

neural network method was used to extricate the fault

characteristics of the generated signal and accomplish the

categorization task of crack location. At the last, it was

proposed to do more experimental research on other rotor

fault types and enrich the data set.

The research done in the area of analysis and identifi-

cation of crack fault in rotor systems has been reviewed in

this section. The distinct types of crack based on crack

direction (i.e., the longitudinal crack, transverse crack, slant

crack), crack depth, and open and switching crack, were

explored in the literature survey. For identification of the

crack fault, the mathematical model based techniques have

achieved more significance in the rotor dynamic field.

Some of the research has used AMB for controlling the

fault-induced vibration and detecting cracks in the rotating

machines. The effect of tooth-crack fault and its identifi-

cation in gear-based torque transmission system has been

also explored by few researchers. However, the rotational

coefficients of bearings, the coupling between axial,

bending and torsional modes can be considered during

modelling of the cracked rotor system in the future work.

Optimization techniques and machine learning approach

can be explored for identification of multi-cracks with more

variables in the crack fault. Experimental works can also be

done for studying the dynamic analysis and identification of

two or more open and switching cracks with different ori-

entations in flexible rotor systems.

2.3 Misalignment fault

Other than the above discussed unbalance and crack faults,

the misalignment is also a frequent malfunction in rotor

systems. The offset between the axis of supported shaft

with respect to bearings axis or offset between two coupled

shafts may be the prime reason for development of

misalignment fault. This fault may exist in the system on

account of thermal distortion of the machine components,

inappropriate fitting and installation or improper assembly.

Reaction forces as well as moments are developed at the

coupling position due to misalignment fault in rotating

machineries, which can cause an excessive vibration in the

system. This high amplitude vibration may result into

breakdown of the rotor system or its components by
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reducing their fatigue life [79]. This fault can also lead to

additional loads being applied to the bearing. Along with

radial vibration, there can be axial vibration in case of

misalignment, unlike unbalance case, which consists of

pure radial vibration.

In the field of coupling misalignment, the vibration sig-

nal based method was utilized by Dewell and Mitchell [80]

for detecting parallel misalignment as well as angular

misalignment in a metallic-disc-type rotor-coupling system.

The mathematical expression was provided for the moment

due to the angularly misaligned gear coupling. The theo-

retical model was also validated experimentally using a

real-time spectrum analyser. It was noticed that the

misalignment in disc coupling can be identified by vibra-

tion frequency of 19 and 29 times the rotor spin speed.

Further, Sekhar and Prabhu [81] studied the dynamic con-

sequences of combined misalignment (both parallel and

angular) in a coupled shaft-disc-bearing system. In order to

develop the dynamic equations of the faulty rotor as well as

bearing components, a FEM model with higher-order ele-

ments was utilized in the article. In this process, the shafts

were discretised into finite number of elements with eight

DOFs per node, which included deflection and slope of the

shaft as well as shear force and bending moment. The

gyroscopic effects of the rotor and the reaction forces as

well as moments as a result of coupling misalignment were

also incorporated in modelling of the system. The existence

of vibrational frequency of 29 times the shaft speed was

useful in identifying the coupling misalignment in flexible

rotating machinery. Subsequently, the same method and

model were employed to perform dynamic vibrational

phenomenon, viz. the eigenvalues and unbalance as well as

misalignment response analyses [82]. However, the model

was developed with the assumption of linear spring rates

for the flexural coupling in both the bending and axial

nodes.

Apart from coupling misalignment, there is chances of

misalignment in the supported bearings. The reaction forces

due to bearings are extremely responsive to the parallel

misalignment. Besides this, a variation in the reaction for-

ces of hydrodynamic journal bearings causes alteration in

the dynamic coefficients (i.e., damping and stiffness) of the

bearings. Hence, it is portended to considerably affect the

system’s vibrational nature and stability by changing the

displacement amplitudes in the range of rotational speed of

the rotor. Hu et al [83] did an experimental investigation on

misaligned journal bearings and observed changes in the

static deflection line and bearing coefficients due to bearing

misalignment in the lateral direction. The study can be

extended for different combinations of misalignment in the

supported bearings.

Later, FEM modelling was utilized by Prabhakar et al
[84] for exploring the transient vibrational nature of a

misaligned (both parallel and angular) coupled rotor system

in the transverse direction. The coupling joint model was

presented for two different states, in which the first was

frictionless joint and the second was a joint having damping

and stiffness coefficients. The continuous wavelet trans-

form technique (CWT) was used for generating the

frequency domain data from the time domain signals. They

perceived higher critical speed of the system for the case of

second joint model as compared to the first joint model.

Moreover, the subcritical speeds were noticed in CWT

coefficient plots available in the misaligned rotor system.

The experimental verification of the proposed theoretical

concept can be carried out as future work for betterment.

The effects of angular misalignment on stability of two

coupled rotors were investigated by Al-Hussain [85]. Lia-

punov’s direct method was employed for derivation of the

differential form of EOMs of the non-linear misaligned

rotor-hydrodynamic bearing system. The two rotors (having

a disc at the middle of each rotor) were fastened using a

flexible coupling. From the numerical simulation, it was

observed to have an advancement in the stability region of

model with enhancement in the angular misalignment or

stiffness constants of coupling. Later, Pennacchi and Vania

[86] focussed on two distinct fault diagnosis techniques for

identification of coupling misalignment, such as the orbital

response analysis as well as the model based technique

using frequency spectrum. Both experimental and numeri-

cal works were performed, where it was noticed that 19

vibrations occurs due to the angular misalignment between

generator and gearbox. One important point was also

analysed that the conventional condition monitoring tech-

niques can be merged together with the model-based

methods, in order to have an absolute health inspection and

to impart certain essential information necessary for pro-

tective and predictive maintenance. However, the short-

comings of their work were not including parallel

misalignment or combined misalignment (parallel and

angular) in the coupled rotor system.

Patel and Darpe [87] executed an experimental work

using full spectrum analysis and orbit plots for examining

vibration signal of the misaligned rotor-coupling system.

The two shafts-disc rotor system was having rolling ele-

ment bearing supports and combined misalignment

between the coupled rotors. The angularly and parallelly

misaligned rotors revealed, respectively, the outer and inner

looped orbits in the displacement response. In full spectrum

response plot, the misalignment fault exhibited a significant

amount of ?29 and -29 vibrations. Nevertheless, some of

the results were valid particularly for three pin-bush-type of

flexible coupling. It was also suggested to perform more

experiments for investigating the effect of several rotor and

support parameters on the misalignment fault. Thereafter,

Arebi et al [88] used an integrated wireless sensor attached

to the surface of rotating shafts and FFT signal for detecting

the motor shaft misalignment with the loader shaft. These

shafts were connected with the help of rubber spider flex-

ible coupling, in which the ring as well as pin can have

motion in the radial and rotational directions owing to the

presence of an elastomeric rubber sleeve. Increment in the
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displacement amplitude at 29, 39, and 49 vibrations was

found as a result of misalignment fault. However, the sys-

tem was assumed to have a dynamically balanced rotor. In

the same year, a hypothetical model was built by Messaoud

et al [89] to explore the dynamics of a rotor-AMB system

with the angular misalignment. The considered model

consisted of a motor shaft supported by a rigid bearing and

the angularly misaligned main rotor mounted on two

identical AMBs as shown in figure 8 (a). The proportional-

derivative (PD) controller was utilized as a vibration con-

trol scheme in equations of motion of the system. Further,

the investigation was done on the vibrational effect of the

rotor under the influence of rotor-to-stator air gap as well as

at various rotational speeds. The intensity of electromag-

netic forces was noticed to be decreased with increase in air

gap. Moreover, the forces due to AMBs were insensitive to

the rotor speed. The vibratory level of the system was

enhanced with elevation in the misalignment angle. The

limitation of this work was that only angular misalignments

was considered, not parallel and combined misalignments,

in the rotor-bearing system. Further, a proportional-

derivative (PD) controller was employed for simplicity’s

sake of equations of motion.

The theoretical model of a turbogenerator system was

built for the misaligned-coupled rigid rotors [91] and flex-

ible rotors [92]. The model was comprised of two rotors

having two flexible supports at each rotor and fastened

using a flexible type coupling. The system’s dynamic

equations were obtained, respectively, from Lagrangian

approach and finite element method for the rigid rotor and

flexible rotor models. The model of misaligned coupling

was presented using the coupling’s damping and stiffness

constants together with displacements at the locations of

bearings. After that, the identification algorithm was pro-

posed for estimating the disc unbalance eccentricities and

phases, dynamic coefficients of flexible coupling and sup-

ported bearings by utilizing the frequency domain dis-

placement signals. The method was extremely suitable and

efficient in identification of various parameters even against

the incorporation of signal noise and rotor modelling errors.

Later, the validation of the identified results was done with

the help of experimentation for distinct values of parallel as

well as angular misalignments in the coupled rotors [93].

Lastly, in the concluding remarks, it was advised to

implement the proposed technique in a practical turbine-

generator model.

Experiments were conducted by Verma et al [94] to

explore the effects of various levels of lateral, angular,

combined lateral as well as angular misalignments on the

displacement and stator current signatures. The rotor sys-

tem was consisted of a misaligned and coupled rotor sup-

ported by fluid film bearings. FFT analysed waveforms of

displacement and current along with the orbital shapes were

utilized to identify the remarkable features of misalignment

fault. It was observed that alone the stator current signature

can be useful in predicting the coupling misalignment fault.

The vibrational amplitude was higher in the horizontal

direction as compare to the vertical direction, as a conse-

quence of the enhanced preload effect of rotor in the ver-

tical direction. Jang and Khonsari [95] carried out a brief

survey on the features of misaligned hydrodynamic journal

bearings. Some of the bearing factors, which get affected

due to misalignment are the thermal and elastic deforma-

tion, surface roughness, and lubricants. The research is

needed to explore in the development of an analytical

technique for prediction of time dependent wear in pro-

tective and over-layered engine bearings. Later, the authors

also explored the misalignment effect on the performance

of a dynamically loaded engine bearing utilizing the con-

cept of mass conservative cavitation algorithm [96]. In this

article, it was suggested to investigate more on thermal

effects, which can play a crucial task in minimising the film

thickness and assisting metal-to-metal contacts. These

considerations will boost complexities in the mathematical

formulation of the misaligned engine bearings.

Experimental and numerical investigations as well as a

signal extracting technique were presented by Sawalhi et al
[97] to analyse the vibrational dynamics of a misaligned

center-hung rotor-bearing system. For developing general

equations of the complete rotor model, the finite element

method was utilized, in which the mass, damping and

stiffness terms of flexible shaft, disc, coupling and bearings

were taken into account. The equations were solved using a

variable-step solver in Simulink-MATLAB based graphical

programming environment. The coupling misalignment

force was calculated from the coupling stiffness constants

and shaft displacements nearby coupling location. The

stiffness of the coupling was acquired using the shaft spin

speed and the parallel misalignment amount. Experiment

AMB 1

AMB 2
Motor shaft

Rigid bearing

Rotor

Ball and Socket Joint

(a)

Rigid Support

Bearings Bearings

Disc 1

Disc 2Coupling

(b)

Figure 8. (a) Coupled rotor-bearing-AMB system with angular

misalignment [89] (b) Schematic representation of a turbine

generator system developed by Lal [90].
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work has shown extremely satisfactory results with the

numerically simulated data. Moreover, there was an

enhancement in the higher as well as lower harmonics of

frequency domain signal with fluctuations in the shaft

rotational speed. Lastly, it was advised of doing further

investigation and understanding the actual misaligned

shaft-coupling interaction mechanism through the observed

responses. Afterwards, the finite element modelling and

experimental work were executed by Lal [90] for estima-

tion of the speed-dependent parameters associated with the

flexible bearings, rotor unbalance and misaligned coupling

parameters in a multi DOFs turbine-generator model as

depicted in figure 8(b). The least-squares method was used

for solving the overdetermined system of identification

equation and obtaining the system and fault parameters.

Three levels of Gaussian noise and erroneous in modelling

characteristics (i.e., 1%, 2% and 5%) were added in the

system and then, the identified results were compared with

the case for a clean signal. The results were found to be

excellent and quite effective. However, the gyroscopic

effects due to wobbling of both discs were neglected in the

present analysis.

A methodology was proposed for identification of

unbalance, AMB constants, bearings stiffness, coupling’s

static stiffness, and additive coupling stiffness (ACS)

coefficients in a turbogenerator system incorporated with

AMB [98], as shown in figure 9(a). The estimated values of

ACS coefficients were the direct indicators of the nature of

misalignment and its magnitude. The sensitivity of the

developed method was tested by adding noise signal and

system modelling errors. Other than coupling misalignment

and misalignment in journal bearings, the misalignment

fault in active magnetic bearings was explored for rigid as

well as flexible shaft [99, 100]. The dynamic response and

identification of unbalance as well as misalignment faults in

AMBs levitated rotor system were presented by [101–103].

An unconventional trial misalignment concept was used for

estimating the unbalance fault and residual misalignment of

AMBs along with their force-displacement and force-cur-

rent stiffness constants. The vibrational effect of

misalignment over the displacement and current output of

proportional-integral-derivative (PID) controller was also

explained with orbital plots. Further, an extension of this

work was executed by Tiwari and Kumar [104] where the

trial misalignment was provided to the rotor virtually by an

additional bias current and the misalignment in displace-

ment sensors was also identified along with unbalance,

AMB misalignment as well as stiffness constants in a

flexible rotor system (follow figure 9 (b)). However, the

reported works were based on the theoretical and numerical

AMB

Journal Bearings

Coupling 1 Coupling 2

HP Rotor IP Rotor LP Rotor

(a)

Disc 2Disc 1

Coupling

AMB 1 AMB 2 AMB m

Disc p

Core 1

Core 2
Core r

(b)

Fibre-optic sensor

Figure 9. (a) A turbogenerator model associated with AMB [98] (b) A flexible rotor system levitated by AMBs and incorporated with

multiple discs as well as optic sensors [104].
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simulation aspects only. So, the experimental works can be

executed on a test rig set up to validate these results and

analysis.

Recently, a review paper was published by Kumar et al
[105], in which the different techniques for diagnosing

misalignment fault and its effect on bearing as well as

other rotor system components were described. The elab-

orated techniques were acoustic emission based tech-

niques, temperature based techniques, and vibration based

techniques. Out of these, acoustic emission techniques

were observed to be effective and reliable for detection of

misalignment fault. The fault can also be detected at early

stage as it can alarm the system before the fault occurs so

that a sophisticated and planned maintenance can be done

and sudden breakdown can be well prevented. But, the

model based techniques were not discussed for the

misalignment fault identification, misalignment in high

speed bearings such as foil bearings, active magnetic

bearings, etc. Hu et al [106] designed and fabricated a

misaligned triboelectric nanogenerator having three span

rotor system. The supported bearings were taken as mea-

surement points for time and frequency domain displace-

ment as well as triboelectric current signals. ResNet-18

convolutional neural network was found to be providing

highest accuracy in the detection of misalignment fault, as

compared to other deep learning approaches. This was the

first demonstration for health monitoring of such complex

rotor system, which requires troublesome in installing

sensors and complexity in the transmission path. The shaft

misalignment is very important in a flexible rotor system.

The dynamic modelling and analysis of a spline joint-

flexible coupling-rotor system has been elaborated in the

research paper [107]. A mathematical model of the spline

joint was developed, which has taken in consideration the

static misalignment due to the setting up of the spline joint

and the drive shaft.

The present review covers mostly the dynamic effect and

identification of coupling misalignment (parallel, angular,

or parallel and angular) in rotating machinery such as

simple Jeffcott rotor systems, coupled rotor systems, tur-

bogenerator models without and with AMB. Literature is

also available in the field of bearing misalignment in

hydrodynamic journal bearings and active magnetic bear-

ings. Misalignment fault is found to be detected using the

system’s vibration signature and fault parameters. How-

ever, more experimental investigations are required to

study the influence of different types of coupling and their

parameters as well as support conditions on the misalign-

ment fault. The model-based identification methodology

can be explored for a practical turbine-generator system

incorporated with bearing and coupling misalignments

using data of measured vibration. Along with these works,

the analysis of the thermal effects and film thickness can

also be further studied in the misaligned engine bearings as

a future scope.

2.4 Rubbing among rotating parts

Internal damping in rotating machinery occurs when the

material fibres are alternatively compressed and stressed

because of variation in velocity as well as displacement of a

point on the shaft axis relative to dynamic equilibrium

states. The internal damping is also developed as a conse-

quence of rubbing of the disc with the shaft or rubbing of

crack faces during its breathings on rotation. Due to internal

damping in the shaft, a force tangential to the rotor orbit is

produced, which leads to instability in the rotor-bearing

system at higher speeds. Apart from this, the destabilizing

effect of internal damping is extremely crucial when the

system’s rotational speed approaches the supercritical

speed zone. Internal damping occurs due to thermo-elas-

ticity, grain boundary viscosity, and shrink fit. There are

two internal damping, viz., viscous internal damping (de-

pendent on frequency) and hysteretic damping (frequency-

independent).

The dynamic effect of internal damping on the rotating

elements is a crucial research area to maintain stability in

the rotor-coupling-bearing system. The possibility of shaft

whirls, induced at asynchronous rotating speeds beyond the

first critical speed, was recognized and attributed to shaft

internal hysteresis [108]. Therefore, destabilization of rotor

systems due to internal damping is also a very prone area of

research. Ehrich [109] analyzed the instability due to

internal damping in rotating systems by focussing on

whirling motion of the shaft. Certain whirl mode was

noticed due to various damping values and conditions.

Additionally, a quantitative stability criterion was estab-

lished by comparing internal (destabilizing) damping forces

with external (stabilizing) damping forces. It was con-

cluded that if a shaft runs up to a speed range where internal

damping induces shaft whirl, the whirl induced at a speed

approximately half the rotation speed and the shaft spin

speed at which instability takes place is regulated by the

ratio of external friction and internal friction. However, this

paper contained numerical simulation work only, so there is

a need for exploration in the experimental field.

Lund [110] developed a technique to calculate the

damped natural frequency (eigenvalue) of a rotor system

supported on fluid-film bearings and incorporated with

internal damping and aerodynamic forces. The calculated

damped natural frequency provided a more realistic value

as compared to the conventionally obtained critical speed.

Zorzi and Nelson [111] utilized FEM and modelled a rotor

system possessed with viscous internal and hysteretic

damping. Both kinds of internal damping were found to be

destabilizing the rotor-bearing system and influencing

nonsynchronous forward precession. Apart from that, the

stabilizing consequences of bearing’s damping as well as

stiffness constants were also illustrated in the analysis.

During modelling of the system, the bearings were con-

sidered to be identical and linear in nature. Later, in the

same line, both internal damping were considered by Chen
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and Ku [112] to explore the whirl speed of the rotor system.

The FEM model relying on Timoshenko beam concept with

inclusion of centrifugal force due to rotating shaft mass was

presented by them. It was shown that both the transverse

shear deformation and the centrifugal force can lower the

whirl speeds; however, the whirl speeds are significantly

affected by the centrifugal force as the spin speed increases.

Ku [113] alone did modelling of a rotor system (using

FEM) associated with internal damping fault to explore its

vibrational characteristics. One type of internal damping

(i.e., hysteretic damping) caused destabilizing of the for-

ward precessional modes at any rotational speed, but the

other type of internal damping (i.e., viscous damping)

resulted in destabilization of forward precessional modes

for the rotational speed above than the system critical

speed. But there is consistent stability in the backward

precessional modes due to the appearance of any type of

internal damping in the rotor system. Anyway, they

neglected the axial motion of the rotor and bearings were

considered to be undamped and isotropic. The free vibra-

tion nature of a spinning shaft with both kinds of internal

damping was studied by [114]. The authors have also

presented the stability behaviour of a flexible rotor system

using the locus plots of the complex frequencies. However,

experimental work was not performed to validate the results

and analyse the stability criteria of the system under the

influence of internal damping.

Forrai [115] illustrated stability nature of a symmetric

rotor having isotropic damped bearings supports under the

influence of internal damping. The rotatory inertia of the

shaft and gyroscopic effect due to shaft and discs were also

included in the developed finite element based mathemat-

ical equations. However, the vibration in the axial direction

and external damping, and gravity effects were assumed to

be negligible in the presented model. From the numerical

investigation, it was found to have a decrement in the value

of threshold speed of instability as a result of enhancement

in internal hysteretic damping. Furthermore, the internal

damping in a rotor system gets stabilized and destabilized

in subcritical and supercritical conditions, respectively. The

material of the shaft undergoes a hysteresis cycle at the

frequency, where whirling of the rotor occurs. At syn-

chronous whirling, there is no waste of energy by virtue of

rotating damping as the rotor rotates like a rigid body [116].

Thereafter, Dimentberg [117] presented a numerically

simulated work based on Krylov–Bogoliubov averaging

method to analyse the vibrational nature of a Jeffcott rotor

under the existence of randomly varying internal and

external damping effects. The average value of the damping

coefficient and its standard deviation were also assessed

with the help of the trace of shaft whirl radius. The gyro-

scopic moment due to the rotating disc was neglected in

this paper.

Fischer and Strackeljan [118] investigated different

models of internal damping in rotor-shaft joints of a high-

speed centrifuge (refer figure 10 (a)) and studied the

system’s stability. Instability effects occurring in the cen-

trifuge were demonstrated by numerically modelling the

rotor system with 6-DOFs per node in the rotor. The simple

described model of dry friction can be further broadened to

examine the influencing parameters and micro-movements

in the joints of shaft-rotor of lab centrifuges. Later, Mon-

tagnier and Hochard [119] developed the Euler-Bernoulli

model of two configurations of a flexible rotor system

according to the types of support. The first configuration

was a rotor mounted on flexible type dissipative bearings

and the second configuration was the support coming from

infinitely rigid massive bearings on viscoelastic supports.

These two system configurations were considered for

studying the stability zone. The stability criteria for both

viscous and hysteretic damping was compared and it was

found that the latter model of damping gave an accurate

simulated damping behaviour data as compared to the

former model. Moreover, the viscoelastic supports provided

comparatively more stability in the system for the case of

long shafts.

Samantaray [121] analytically showed the steady-state

dynamics of a 4-DOFs rotor, in which the two DOFs were

translational and the other two were rotational DOFs. The

disc gyroscopic effect was also taken along with internal

damping effect. It was demonstrated the motor speed could

not cross the stability threshold and got fixed at the

threshold states. Moreover, there was a rise in the system

vibration for a higher amount of power given to the motor

as compared to enhancement in the motor speed. However,

the shortcoming of this work was the consideration of a

perfectly balanced rotor and neglecting the torsional

vibration. Thereafter, Vatta and Vigliani [122] considered a

dynamically balanced rotor with internal damping and

derived equilibrium equations of the system. The nonlin-

earities resulting due to the subsequent extension and

compression of the elastic shaft fibres during rotation were

included in the model. Dynamic stability analysis along

with the transient nature of shaft vibration for the super-

critical and subcritical speeds were also presented in this

article. A modal analysis technique was utilized by

Chouksey et al. [123] to investigate the internal damping

effect and estimate the forces originating from journal-

bearing support in a flexible rotor system. The stability of

different modes was studied to get a better idea of the

frequency response functions of the system subjected to

external excitations and also to predict the direction of the

whirl of various modes.

An identification algorithm was proposed for estimating

internal damping, crack and unbalance parameters in a

Jeffcott rotor system supported by conventional bearings

and an AMB as a controller. The AMB was kept nearby the

disc and crack positions. In the mathematical modelling of

the system, they neglected the gyroscopic effect due to disc

and considered the isotropic nature of active magnetic

bearing [124]. Later, an experimental work was done by

Roy and Tiwari [125] to identify the rotating and stationary
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damping along with crack fault parameters in a rotor-

bearing system.

Kozioł and Cupiał [126] considered a Stodola-Green

rotor (i.e., a cantilevered beam with a rigid disc attached to

its free end) and analysed numerically the stability beha-

viour of the rotor under the influence of internal damping. It

was observed that the piezoelectric actuators can control

the vibration and decrease the effect of internal damping.

However, the static or dynamic unbalance of the disc was

not considered during the development of EOMs of the

system. A practical implementation of the proposed anal-

ysis and technique utilizing a low-pass filter may boost the

performance of the control system. Further, the nonlinear

vibrational characteristics as well as stability analysis of a

rod fastening rotor incorporated with internal damping were

explored by Wang et al [127]. The finite element method

relying upon Timoshenko beam theory was employed for

mathematical modelling of the rotor system considering the

nonlinear oil-film force and force due to internal and

external damping. The internal damping was found to cause

low-speed attenuation and high-speed amplification in the

rotor-bearing system. The research done in this paper can

provide a path towards the investigation of the nonlinear

dynamic nature of the rod fastening rotor, associated with

other additive and multiplicative faults.

Sarmah and Tiwari [128] established a model-based

identification algorithm for a two-degrees-of-freedom Jef-

fcott rotor system incorporated with internal damping,

crack and bow faults as well as AMB technology. AMB

was installed near the middle disc position to reduce

vibration of the rotor. The concept of full spectrum analysis

was used for exhibiting the vibrational nature of faulty

rotor. The frequency domain displacement and AMB cur-

rent data were given as input in the developed identification

equation to obtain the values of various system and faults

parameters. These parameters included unbalance

eccentricity and phase, crack additive stiffness, bow mag-

nitude and orientation as well as values of internal and

external damping. Experimental investigation was also

carried out for validating the proposed numerical model.

The identification method was noticed to be quite effective

and robust. In the concluding remarks, it was stated that the

coupling misalignment effect can also be included in the

rotor modelling along with earlier available faults to show

an effect in multiple harmonics of rotor. Apart from this,

the dynamic interaction between residual shaft bows and

misalignment faults can also be explored in the future.

In this section, the literature survey has been presented

on the internal damping (i.e., rubbing among the rotating

components) in the rotor system. The primary focus was

made on the stability analysis, shaft’s synchronous and

asynchronous whirling motion and identification of internal

damping. Researchers have presented the dynamic analysis

in simple rotor models, high-speed centrifuges, and Sto-

dola-Green rotor models under the effect of internal

damping. However, the mathematical model of the rotor

systems was developed with various assumptions. Very less

experimental works have been performed in the area of

internal damping. More efforts can be given in the field of

the nonlinear dynamic nature of the rotor system incorpo-

rated with internal damping and consideration of nonlin-

earity arising from supported bearings.

2.5 Shaft bow fault

As a result of outrageous heat generation as well as shaft

weight for a longer period, there is a bow in the shaft. For

the shaft rotational speed below the critical speed, the bow

effect in the rotor gets increased, which may result in rub

phenomena between stationary and rotating elements. This

rub between rotor and stator causes ruinous failure and
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Figure 10. (a) Schematic diagram of a high-speed centrifuge studied by Fischer and Strackeljan [118] (b) A rotor-gear-bearing system

having viscoelastic supports [120].
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accidents, which are going to be discussed in the subse-

quent section.

Meacham et al [129] explored a complex modal bal-

ancing technique for a linear flexible rotor system incor-

porating the effect of residual shaft bow. To acquire the

system model parameters, a mathematical model was

developed, correlating the balance corrections and mea-

sured responses. Three balancing strategies were discussed

for the rotor balancing in which the first was treating

unbalance and bow as an equivalent unbalance, the second

was subtracting low-speed runout from the response at the

balance speed, and the last was critical speed balancing

using data at a neighbouring speed. The balancing proce-

dures for two real applications were applied, in which the

first was a single-spool gas turbine with numerically sim-

ulated data, and the second was an operating steam turbine-

generator set. The discrete unbalances resulting from rigid

discs were assumed instead of the flexible shaft residual

unbalances. Rao and Sharma [130] presented the analytical

results for the Jeffcott bowed rotor and validated the the-

oretical results with experimental ones. The influence of

rotor bow on the dynamic behaviour was studied in this

paper. An experiment was performed with bow phase equal

to 1800. For this bow phase, the self-balancing speed and

phase jump was obtained from experiment. In this work, the

gyroscopic effect due to disc was neglected in the system

modelling.

Nelson [131] proposed a procedure for balancing a multi-

degrees-of-freedom unbalanced and bowed flexible rotor

system. The support mechanisms were assumed to be linear

and isotropic. The rotor lateral displacements were written

considering the complex translational as well as rotational

DOFs at all nodes. The presented mathematical model also

utilized experimental data for estimating corrective unbal-

ance vectors associated with each unbalance method. The

technique was observed to be highly effective for balancing

the system under the bow effect. Later, both numerical and

experimental investigations were done to identify the

location and severity of a generator thermal bow based on

model based diagnostic technique [132]. Basic statistical

methods were used to check the accuracy of the bow

identification. However, the considered faulty rotor-bearing

system was assumed to be linear and time-invariant.

The viscoelastic supports can be used for mounting the

geared-rotor system, which helps in suppressing the fault

induced vibration. With the same viewpoint, the vibrational

nature of a geared rotor-viscoelastic bearings system was

examined by Kang et al [120] under the influence of the

bow effect as depicted in figure 10(b). The mass and

stiffness constants of viscoelastic material were utilized for

mathematical modelling of the force due to supported

bearings. While doing vibrational analysis, the gear

eccentricity effect and excitations from transmission error

of the gear were also considered in the model. The results

showed that the system’s 1st critical speed was mostly

governed by viscoelastic supports stiffness. Moreover, one

more mode was excited due to the existence of the trans-

mission error, and the frequency of resonance was equal to

the ratio of original critical speed and number of gear teeth.

However, in the paper, there was an assumption of con-

sidering the linear nature of the contacts of the viscoelastic

supports.

Song et al [133] presented the effect of bow on the

longitudinal response using both the numerical simulation

and experiment. It was observed from the simulation that

the vibration in the rotor can be severely affected due to the

shaft bow for less values of disc eccentricity and damping

ratio. Moreover, the displacement responses were gathered

experimentally from a test rig consisting of three-span

flexible shafts with two discs. Further, the wavelet trans-

form and principal component analysis techniques were

exploited to process the collected test signals and determine

the characteristics of the bow fault. The experimental and

simulation results were consistent in this article. However,

there is a need for more investigation into different methods

of accurately predicting machine responses for multiple

values of residual shaft bow and at higher operating speeds.

Thereafter, for analysing the vibration signals in a bowed

shaft-bearing system, an order analysis technique was

presented by Mogal and Lalwani [134]. Both amount and

location of the bend in the shaft were obtained using this

technique. An order analysis made an accurate evaluation

of amplitude and phase at a machine rotational frequency.

The difference between the phase in the axial direction at

the drive and non-drive bearing ends confirmed bow in the

shaft. Experiment was successfully conducted, which

proved that the proposed scheme for fault identification was

an effective technique for the bent shaft. In the present

study, the disc was available at the shaft’s middle location.

Hence, the analysis can be extended for a flexible bowed

shaft with offset discs considering the gyroscopic effects.

Pereira et al [135] provided the mathematical modelling

of the shaft bow utilizing the finite element of curved beam,

in which the rotating inertia forces were not neglected in

the dynamic system response. The resultant shaft dis-

placement was found to have overlapping effects from the

external effort and the residual bowing shaft. Lastly, it was

proposed to examine in future how the bowing shaft

interferes with the dynamics models and enhances the

approach of the bow curve. After that, both numerical and

experimental investigations were done by Chatterton et al
[136] to study the vibrational nature of a generator origi-

nated from the rotor thermal sensitivity. The developed

model was based on a linear relationship of response with

an independent variable. Further, Shin et al [22] explored

the vibrational dynamics of a rotor having two flexure pivot

bearing supports, in which the bow fault was induced in the

journal due to asymmetric temperature distribution (also

called as Morton effect). Enhancement in the amplitudes of

vibration was observed with the time-varying phase.

However, the flexibility of housing can be considered in the
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future for more improvement in the presented model and

analysis.

Afterwards, Gautam and Tiwari [137] considered resid-

ual bow in a misaligned shaft and analysed the rotor dis-

placement and controlling current responses. The system

was considered to be like a rotor-train type, in which there

were two offset discs and two coupled rotors (each to be

connected by flexible coupling and supported by rolling

element bearings at the ends). AMB was used as a vibration

controller unit installed at the middle of one rotating shaft.

The weight dominance concept was assumed to reduce the

complexity nature of mathematical equations and build the

linear relationship between the slopes at coupling and

transverse displacement of discs. Various time domain

responses, frequency domain responses and orbital

responses were plotted to explore the rotor motion. It was

found that the bow in shaft directly affected the 19 har-

monics with high amount of vibration amplitude. More-

over, the amplitude of vibration was quite dominant over

vibration due to the misalignment force.

Recently, Han et al [138] developed equations of motion

of a rotor system having an initial bow and supported by

squeeze film dampers using the Lagrange method. The

nonlinear forces coming from the fluid-film of the squeeze-

film damper as well as the cubic nonlinearity of the system

were considered as sources of nonlinearity in the rotor

systems. Equations of motion were solved utilizing the

combined techniques of the classical incremental harmonic

balance (IHB) and the modified IHB methods. Moreover,

the stability analysis of the solutions of rotor systems was

performed employing the Floquet theory. Frequency-re-

sponse curves, time histories, Poincare� sections, and disk-

centered whirl orbits according to the change of system

parameters were also constructed. The calculated results

were a good sign for studying the response characteristics

of rotor systems with an initial bow.

This section elaborates on numerical and experimental

investigations for the identification of the shaft bow in rotor

systems. The effect of the bow on the longitudinal and

transverse responses of the vibrating machines was also

studied in various literature. Even in the area of rotor-gear-

viscoelastic supports system, the researchers have explored

themselves in studying the analysis of bowed shafts, gear

eccentricity, and transmission error effects. In future work,

the nonlinearity nature of viscoelastic supports in gear

mechanisms and other rotor systems can be explored at

higher speeds. The rotor model incorporated with the

residual bow in the shaft can be made more accurate and

complex by considering the time-variant system, flexibility

of housing, and shaft as well as discs gyroscopic moments.

2.6 Rub between rotor and stator

The rub is initiated in a rotating machine through the

contact of the rotor with stator due to a reduction in

clearance between them while operating. As the contact

leads to high impact force and excessive amplitudes of

vibration, so there is a chance of catastrophic failure of the

system. Thus, the rotor-to-stator rub can be hazardous in

rotating machinery, such as compressors and turbines. Rub

may also occur as a consequence of other faults, such as

mass unbalance, rotor misalignment, mechanical looseness

of components, and improper installation of bearing and

rotor components. The rotor-to-stator rub contains various

physical phenomena, i.e. the impact, frictional behaviour

among the two contacting rotating and stationary elements

and stiffness variation. In the rub case, the system stiffness

may increase due to the additional involvement of contact

stiffness.

Rotor-to-stator rub may usually take place in two ways

(i) Partial rub: The partial rub phenomenon takes place

when there is a temporary contact between rotor and stator

during some interval of precession. During this phe-

nomenon, the contact point starts to behave like a new dry

non-lubricated bearing, which supports the rotor. Moreover,

there is a modification in the dynamic aspects of the system.

Thus, as the partial rub continues, leads to full rub phe-

nomena at a high speed. (ii) Full rub: The full rub phe-

nomenon takes place when the rotor touches the stator (for

example, a seal) throughout its entire motion. The rotor

bounces its way all around its orbit, which produces a large

unbalance response in the rotor.

Chu and Zhang [139] explored the vibrational dynamics

of a rotor system with rub impact and journal bearings

support. A non-linear mathematical model was applied with

piecewise line stiffness for this purpose. The rotational

speed, damping coefficient and unbalance parameters were

utilized as control factors to perceive several forms of

quasi-periodic, periodic, and chaotic vibrations. The par-

ticular vibrational signatures are observed to be extremely

helpful in diagnosing the rotor-to-stator rub. Further, the

non-linear vibration response of a Jeffcott rotor was pre-

sented, which was induced due to rubbing phenomena.

Nevertheless, experimental investigations were not per-

formed to validate the responses acquired from numerical

simulation. A numerical technique was exploited for solv-

ing the differential equations of motion and obtaining

quantitative result. Through this, stable, periodic, and

chaotic motion with doubling and grazing bifurcation was

noticed at the higher spin speed of the rotor [140].

Al-bedoor [141] presented coupled translational and

torsional vibrations of a rotor system having two fluid

bearing supports and rotor-to-stator rubbing phenomenon

(refer figure 11 (a)). Appropriate coupling between the

unbalanced rotor translational and torsional vibrations was

done using two successive transformation matrices. The

elastic impact-contact idealization technique was utilized

for modelling the rubbing condition. The orbital displace-

ment response was found to be more irregular in shape due

to consideration of the torsional flexibility of the rotor, in

comparison with only the rotor lateral deflection. Moreover,
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a split in resonance was observed with the incorporation of

the torsional flexibility in the system. It was also mentioned

that the reduction in the split in resonance and decrement in

the number of rotor-to-stator contacts can also occur by

considering the non-zero bearing cross-coupling coeffi-

cients. But only theoretical and numerical works were

presented in this paper. At last, it was suggested to imple-

ment the proposed method and analysis in larger-scale rotor

models. Later, Bachschmid et al [142] utilized a least-

square fitting technique for identifying rub and unbalance in

a turbogenerator based on the development of complete

rotor system model. In the first case, the unbalance fault

was identified in a large turbogenerator, whereas the rotor-

stator rub was identified in the sealing in the second case.

The developed method was quite helpful and efficient for

the detection of the faults. However, the non-linear oil film

effects in the fluid film journal bearings were neglected

during modelling of the rotor-bearing system.

Further, a rigid shaft linked with a disk in the mid-span

and supported on two flexible oil-film journal bearings was

examined by Chang-Jian and Chen [144] to present its

vibrational behaviour under the impact of rotor-stator rub.

There were several assumptions made for mathematical

modelling of the rotor system, such as the negligence of

gyroscopic moment and vibrations in the axial as well as

torsional directions, the short time interval during rub, and

identical nature of bearings and their dynamic coefficients.

A Runge-Kutta technique was employed to get the solution

of equations of motion. Afterwards, the displacement orbit

response, Poincare’ maps, and power spectra of the rotor

and bearing centres were plotted for analysing the faulty

nature of rotor vibration. It was found that the trajectory of

the centre of the rotor or supported bearing can evade the

unwanted nature with variation in system parameters up to

some desired values. Abuzaid et al [145] presented both

analytical and experimental investigations to understand the

rotor motion under the influence of the partial rotor-to-

stator rub phenomenon. The rubbing fault caused the

measured vibrational response to change or distort into a

flattened segment in the waveform. They also identified the

severity of rub experimentally in which the light rubbing

phenomenon was indicated by harmonics at 19, 29, and

39 shaft angular frequency, whereas the severe rubbing

phenomenon was marked by subharmonics at 1/3 and 2/3 of

the frequency. Moreover, there was an increment in the

resonance frequency due to the stiffening effect of the rotor

rub with the stator. The analytical results were observed to

be matching from the experimental results. However, future

work is needed to yield the relationship of rubbing contact

angle with other parameters of the system, i.e. the stator

stiffness and rotor speed.

Yungong et al [146] developed a feature extraction

method for diagnosing the rotor-to-stator rub based on the

measured vibration response and identified dynamic load. It

was found that the rubbing fault can be represented more

effectively by detecting stator vibration signals than that of

the rotor. Results acquired from the discussed method

revealed good agreement with experimental data. Ma et al
[147] explored numerically the non-linear vibrational

behaviour of a rotor system having two offset discs and

under the two conditions of rotor-to-stator rub impact. The

first condition was fixed-point rub-impact, in which the

rotor is in contact with the stator at a fixed point once per

cycle of shaft rotation. This was possible when the stiffness

of the stator was higher as compared to the rotor system or

bumps resulting from the stator deformation. The second

condition was local arc rub-impact. Coulomb type friction

model as well as piecewise linear spring model were uti-

lized for describing the rotor contact with the stator.

Numerical simulation was done to analyse the system

vibration responses. There was a difference in the combi-

nation frequency components and continuous spectra under

both the rub-impact conditions. However, the rotor move-

ment was not considered in the axial and torsional direc-

tions. Further, the supported bearings were modelled using

linear damping and stiffness constants. Afterwards, Huang

[148] presented the vibrational nature of a rotor-coupling-

bearing system having multiple faults, such as the
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Figure 11. (a) A motor-shaft-disc-stator system with rub impact explored by Al-bedoor [141] (b) Physical model of fit looseness fault

[143].
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imbalance, rub impact and transverse crack using a

numerical method. The effect of the crack depth and its

angle was studied on the vibrational motion of the coupled

system. It was perceived that as there is an enhancement in

rotating speed, the system tends to have more unstable and

complex behaviour.

Liang et al [149] presented a method for analysing the

nonlinear responses in the frequency domain caused due to

rotor-to-stator rub-impact. The method involved the non-

linear output frequency response functions (NOFRFs)

based on Kullback-Leibler (KL) divergence. The work

done in this paper could detect efficiently the rubbing (ro-

tor-stator) fault in a rotor system. In the end, it was advised

to study the influence of the system nonlinearities on each

order of refined NOFRFs weighted contribution rate

derived from KL divergence. Moreover, the efficacy of the

developed index in detecting other fault types of the rotor

system, as well as faults of other nonlinear engineering

structures need to be further researched. Later, the nonlin-

ear vibration responses of a two-spool aero-engine rotor

system were explored under multi-disk rub-impact [150].

The rotor model consisted of multi-stage compressors as

well as single-stage turbines which had undergone rubbing

phenomena when its vibrational displacements exceeded

the clearance. However, during the modelling of the aero-

engine model, the bladed disks were considered to be rigid

disks. The pedestals were also modelled as linear form.

Sozinando et al [151] studied the effect of incompress-

ible as well as inviscid fluid in a vertical rotor system. The

whole system was submerged in the fluid and incorporated

with rotor-to-stator fault. Experimental investigation was

also presented for validating the theoretical results obtained

using the wavelet synchrosqueezing transformation

(WSST) technique. This technique was able to discretise

the rotor vibrational signal in the supercritical speed zone

into various supercomponents. The proposed theoretical

technique and results were noticed to be consistent with

experimental results. However, the technique can be

extended for addressing the continuous degrading of faults

of a vertical rotor in a fluid type system. Apart from this,

other kinds of data, such as those collected using acoustic

data, can also be considered in future work. Furthermore,

Paiva et al [152] presented numerical simulation work of a

4-DOFs Jeffcott rotor system with non-smooth rotor-to-

stator contact. Based on type of contact, the contact nature

was classified into three dynamical modes such as no

contact, intermittent contact or full contact. Then, a mul-

tiparametric analysis was used to classify the dynamical

response into periodic or chaotic or hyperchaotic manners

for large magnitude of friction coefficient. Among the other

two contact type, intermittent contact was observed to be

the most effective one, which exhibited rich and complex

behaviours. However, during the development of mathe-

matical model, the contact between rotor and stator was

assumed to be point type, but not surface type contact.

Besides this, the wear layer underwent only normal radial

strain.

In this section, the research done in the area of rotor-to-

stator rub impact in rotating machinery has been explored

through several published journal and conference papers.

Nonlinear nature of the rotor displacement was studied

using various forms of response signals, such as the quasi-

periodic, periodic, and chaotic vibrations, orbit responses,

Poincare maps, power spectra, and bifurcation diagrams.

However, in most of the papers, the rotor system’s math-

ematical modelling under the rotor-to-stator rub impact was

developed for simple rotor systems with multiple assump-

tions, such as neglecting gyroscopic effects, axial and

torsional vibrations, and short time interval during rub, and

identical nature of bearings and their dynamic coefficients.

Moreover, the influence of the system nonlinearities on

each order of improved nonlinear output frequency

response functions can be further studied based on Kull-

back-Leibler divergence. The analysis for rub impact can

be exposed for the flexible and complex dual rotor and

turbogenerator systems.

2.7 Mechanical looseness

Mechanical looseness is also a frequent fault, which exist in

the rotor systems due to bad quality and inappropriate

installation, and extreme vibration for a long time. The non-

linear dynamic nature of a rotor system mounted on two oil

film journal bearings was presented by Chu and Tang [153],

in which the pedestal looseness was considered at one of

the bearing support. The periodic responses from the

developed equations were obtained using the 4th order

Runge-Kutta and shooting methods. Floquet theory was

exploited to investigate the system’s stability. By consid-

ering the rotor angular speed as well as unbalance as the

control parameters, various kinds of quasi-periodic, peri-

odic and chaotic vibrations were perceived. The short-

coming of this article was that the gyroscopic effect was

neglected due to the rigid disc and the pedestal looseness

was assumed at one bearing only. Wu et al [154] proposed

the Hilbert–Huang transform (HHT) technique for experi-

mentally diagnosing and detecting the looseness faults in a

rotor system. Through the assistance of the similarities

between the information-contained marginal Hilbert spec-

tra, the mechanical looseness faults at distinct parts of the

machine were diagnosed in the system. A rotor test rig set

up driven by a motor at 1500 rpm constant rotational speed

was taken for illustrating the looseness faults at several

mechanical components. Experimental results demon-

strated that the developed diagnosis technique was able to

categorize the discrepancy amongst the marginal Hilbert

spectra distributions and hence identify the kind of loose-

ness faults in rotating machinery. In future work, the

developed technique can be applied for diagnosing screws
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looseness in a rotor system incorporated with two or more

discs and rotating at high speeds.

The FEM modelling of a rotor system with two offset

discs was performed by Ma et al [155] under two distinct

loading states relying on API Standard 617 as well as the

spectrum cascades. The orbit plots and Poincaré maps were

utilized for examining the dynamic effect of looseness

clearance, non-loosened bolts stiffness, and rotational

speed. Under these two loading conditions, several forms of

bifurcation diagram, quasi-periodic, periodic, and chaotic

motions were noticed in the responses. However, for effi-

ciently simulating the vibrational features, the modelling of

the system was based on assumptions of identical oil-film

bearings with linear damping and stiffness parameters. The

dynamic influence of the pedestal looseness on the bearing

characteristics was also ignored. Later, Reddy and Sekhar

[156] applied artificial neural networks (ANN) by two types

of techniques, i.e. statistical features and amplitude in the

frequency domain in a simple rotor system for the identi-

fication of looseness and imbalance faults. The rotor in the

test rig was comprised of a shaft with a disc at the midspan

and operated at a constant speed. After that, the vibration

data was collected by simulating various rotor unbalance

states and loosening the bolts of pedestal part. Different

statistical features as well as amplitudes in the frequency

domain were taken out separately from the vibration

response data and further given as input into the neural

network. The statistical features method was observed to be

more effective and provided good results as compared to

frequency domain amplitudes. The discussed technique can

be explored for fault identification in a rotor system with

one or multiple discs at offset position or more complex

rotors. Moreover, the study can be extended to other faults

identification individually or simultaneously.

In the review paper, Cao et al [157] discussed the causes

for various looseness phenomena in mechanical systems

such as foundation looseness, pedestal looseness and

component match looseness. Other six kinds of looseness

incorporating single looseness, looseness coupled with rub-

impact, looseness coupled with crack, looseness at two end-

supports, looseness of rotor system with slowly varying

mass, and looseness of double-span rotor system were

elaborated in the aspects of dynamics modelling, solution

method and their nonlinear dynamic characteristics.

Experiments conducted in looseness fault were also

explained by them. Wang et al [158] used numerical inte-

gration methods to produce asynchronous vibration

response phenomena as a result of looseness fault. For

modelling of the rotor system, a single degree-of-freedom

lumped mass model as well as rotor-casing model of a

practical engine was demonstrated along with two loose-

ness fault models. The asynchronous responses were gen-

erated due to the relationship among the changing period of

stiffness and rotational speed. The frequency multiplication

and excitation of the natural frequency were observed at

certain speeds for equal values of the changing period of

stiffness and spin speed of the rotor. However, to incor-

porate the strong nonlinearity in the system, nonlinearity

due to rolling element bearings can be considered along

with nonlinearity caused by looseness fault.

The fit looseness fault in the rotor-bearing system can be

originated due to variation in temperature, the problem of

assembly error, and vibration for a long period. This fault

may also result in accelerating the mechanical wear phe-

nomenon. Hence, Wang et al [143] presented research work

on bearing fit looseness fault among outer ring as well as

pedestal. The rotor-bearing-coupling dynamic model was

considered to have interaction between the outer ring of

bearing as well as pedestal. The physical model of fit

looseness fault is depicted in figure 11(b). FEM modelling

was done for the rotor, whereas the lumped mass model

was explored for bearing outer ring and pedestal. The

numerical integration method was utilized for generating

the system’s response. The vibration arising from looseness

fault was able to get minimised by incrementing the

tightening torque. The acceleration response of the pedestal

exhibited multiple frequencies and periodic impact beha-

viour after lowering the noise level. Moreover, experiment

works were performed for validating the efficacy of the

developed technique. For modelling the faulty rotor-bear-

ing system, the friction forces between the bearing outer

ring and pedestal were assumed to be equivalent to viscous

damping forces.

A three discs-Jeffcott rotor-bearing system was consid-

ered and the response characteristics have been numerically

analysed under the influence of fit looseness fault [159]. For

controlling the vibration originating from the faulty rotor

system, a squeeze-film damper was employed. It was

observed that this damper can minimise very efficiently the

nonlinear vibration signals of the system. Still, various

assumptions were made for analysing the dynamic inter-

action between bearing housing and its outer ring. The

outer ring of bearing was considered harder than the

housing so that the outer ring can be taken as a mass unit.

Nonlinearity resulting from rolling element bearings was

also neglected while modelling the system. Lin et al [160]

established a model for pedestal looseness in a rotor system

consisting of two discs and supported bearings. The system

was also incorporated with labyrinth seals foundation and

looseness at sliding oil-film bearing. Afterwards, the

dynamic nature of the system was examined with two dif-

ferent working conditions, in which the first condition was

in-phase unbalance while the second condition was out-of-

phase unbalance. In the first and second cases, the eccen-

tricity of both discs was in the same and reverse directions,

respectively. The non-linear vibration features were anal-

ysed using orbital plots, Poincaré maps, spectrum cascade,

and vibration waveforms under the effect of shaft angular

frequency, eccentricity, looseness gap, and mass of the

support. In comparison to the first condition, the second

condition was observed to cause looseness in the bearings.

Extensive careful consideration was required in the design
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of the rotor system, as the cost may increase if the extensive

mass of the bearing is considered to prevent the looseness

fault to a particular extent.

Both experimental as well as numerical investigations

were presented to explore the vibration mechanism of a

rotor system linked with multiple discs [161]. Lagrange

principle was employed to establish the system’s model

with the inclusion of gyroscopic moment, nonlinear cubic

supporting stiffness and pedestal looseness fault. Further,

the EOMs of the considered system were solved utilizing

the harmonic balance and Runge-Kutta methods. As com-

pared to Runge-Kutta method, the accuracy of the harmonic

balance method was justified. The different types of

response plots such as vibration waveform, Poincaré map,

time history, phase portrait and bifurcation diagram were

presented for discussing the nonlinearity effects resulting

from the support and looseness fault individually as well as

in a combined way. The results obtained from numerical

simulation were excellently verified with the experimental

works. However, the nonlinearity resulting from rolling

element bearings was neglected while modelling the rotor

system. Therefore, more investigations can be done in

further works for the proposed rotor-bearing system with

consideration of strongly nonlinear support.

In the year 2023, Xingrong et al [162] have published a

paper related to experimentation on a simple rotor system

having bolt looseness in the front squirrel cage supporting

structure. The mathematical model of bolt looseness was

done using generalized Dahl friction model, which fol-

lowed Mesing hypothesis. The shaft orbital responses of the

system were analysed for three different cases, in which the

first case was considering faultless linear rotor system. The

second and third cases were, respectively, consideration of

nonlinear system having bolt looseness without gyroscopic

effect and with gyroscopic effect. Out of these cases, the

third case has shown strong influence on the harmonic

components in the vibrational dynamic signals. Afterwards,

Zhao et al [163] proposed a data-driven diagnosis technique

for timely monitoring the occurrence as well as deteriora-

tion of the pedestal looseness. A finite element model of a

rotor-bearing system was developed, in which the piece-

wise linear function was employed to characterize the

pedestal looseness fault. The Newmark-b method was used

to solve the established equations of motion. The nonlinear

autoregressive with exogenous inputs (NARX) models

under distinct looseness levels were identified by consid-

ering the unbalanced force as the input and the vibration

response as the output. Results generated by solving theo-

retical equations have exhibited that the sensitive feature

indicator presented in the paper was more efficient and

effective, as compared to the conventional type indicator.

For future work, the application of data-driven diagnostic

methods can be explored for quantitatively analysing var-

ious faults and detecting the location of damage to engi-

neering structures.

The present section covers the investigations done in the

field of mechanical looseness, such as the foundation

looseness, pedestal looseness and component match

looseness in the rotor-bearing system. In most of the

studies, the nonlinearity resulting from the rolling element

bearing was neglected and the disc was assumed to be

present in the mid-span of the shaft. Hence, future inves-

tigation can be done for a complex rotor-coupling-bearing

system with multiple discs at offset positions and consid-

ering the strong nonlinearity of the supports. The effect of

pedestal looseness was only explored for the system asso-

ciated with conventional bearings. Therefore, the research

work can also be done for the mechanical looseness in the

rotor-active magnetic bearing system operating at higher

speeds.

3. Review on different fault diagnosis techniques
in the rotating machinery

Condition monitoring of the rotor systems has been a cru-

cial task for research people, engineers and skilled profes-

sionals in industries. It is mainly required to enhance the

structural reliability and productivity of manufacturing

plants in a real time. A flow chart is given in figure 12,

which shows the need of condition monitoring in rotating

machines. There are mainly two categories of condition

monitoring techniques i.e., signal based technique and

model based technique. Signal based fault identification

approach depends on extraction of signals (vibration, cur-

rent, etc.) or symptoms from the rotor systems, which may

carry details about faults of interest. The symptoms are

either directly or after proper modifications used for the

fault detection and diagnosis.

Frank [165] discussed that the usual symptoms are the

magnitudes of the time domain signals measured from the

system, arithmetic or root mean square values, statistical
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Figure 12. Flow chart representing the need of condition

monitoring [164].
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moments of vibrational amplitude distribution, measure of

signal’s power content relative to frequency, correlation

coefficients, etc. The formula for calculating the overall

root mean square (RMS) value was given by Zhuge [166],

which is presented as follows:

Overall RMS ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

P0:45fs
0 power fð Þ

BW

s

ð1Þ

In equation (1), BW represents the noise power band-

width of the signal, the analysis frequency band is denoted

by f and fs is the sampling frequency band. The next section

discusses the research work done in the field of signal based

approach by going through multiple journal and confer-

ence-published papers and books.

3.1 Review on signal based fault detection
and diagnosis methods

Doebling et al. [167] presented a review on vibration signal

based techniques for detection, characterisation, as well as

identification of damage in structural and mechanical sys-

tems. The damage in the system would cause changes in the

measured vibration responses. The identification methods

were categorised using several criterion, i.e., the extent of

damage detection imparted, model-based versus non-

model-based techniques and linear versus nonlinear tech-

niques. The change in physical characteristics of the

structure, such as the mass, stiffness and damping caused

noticeable variation in the modal properties (i.e., resonant

frequencies, mode shapes, as well as modal damping). A

summary of major issues for recent research in the field of

vibration-based structural damage identification and health

monitoring was also addressed in this paper. Further, more

surveys on critical issues in vibration signals based fault

diagnostics and prognostics were presented by Giurgiutiu

[168]. The monitoring can be allowed to observe timely the

fault propagation in the system. Depending on the propa-

gation of faults, the prognostics of the failure moment and

the remaining life period can be executed. In this review

paper, various methods for fault diagnostics and prognos-

tics were also discussed.

Carden and Fanning [169] described the research work

in the area of vibration based health monitoring of struc-

tural engineering applications. The different methods for

damage detection, such as utilizing the measurement of

natural frequencies, structure mode shapes, operational

deflection shapes, modal strain energy, dynamically cal-

culated flexibility matrix based techniques, frequency

response function based techniques, and neural network

based techniques were discussed in this paper. However,

in the literature, the survey on methods utilizing sensors

for the identification of damage in structures was not

included. Later, the benefits of the wavelet transform for

fault diagnosis were summarized, along with a discussion

of the prospects of wavelet analysis in solving non-linear

problems [170].

Nandi et al [171] overviewed on the different types of

faults and their detection techniques in electrical machines.

These faults include the bearing faults, stator faults, broken

rotor bar as well as end ring faults, bent shaft causing

serious damage to stator core as well as windings, initial air

gap and dynamic air gap eccentricity related faults. The

distinct types of techniques were also discussed for the fault

detection relying on axial flux-based measurements,

vibrational response analysis, and transient current as well

as voltage monitoring. Moreover, it has been found from

various literatures that the motor-current signature analysis

is an extremely efficient approach for diagnosing faults in

induction machines. In the same direction, a survey on

latest research in wind turbine health monitoring as well as

fault identification was described by Lu et al [172]. In this

study, it was accomplished that the model-based fault

diagnosis technique is the most effective and efficient

method from sub-system to whole system levels. Moreover,

focus was also given to an appropriate gray-box modeling

approach for fault identification, suggesting that more

studies can be done on this as future work.

Do and Chong [173] developed a vibration signal-based

fault detection and diagnosis technique applicable in

induction motors. The scale invariant feature transform

algorithm was utilized for generating the fault symptoms in

the fault detection process. Then, the faulty symptoms were

used in the pattern classification technique for the fault

diagnosis process. From their results, it was concluded that

the proposed technique yielded high level of accuracy and

better operation than the wavelet-variance based and

wavelet-cross correlation based approaches. Further, a lit-

erature review on health monitoring as well as fault diag-

nosis of planetary gearboxes was summarized by Lei et al
[174], in terms of methodologies, such as the modelling,

signal processing, and intelligent diagnosis. It was claimed

that an enormous amount of work has been done in the field

of fixed-axis gear boxes, but less work has been done in

planetary gear boxes. The workings, functions and differ-

ence between planetary and fixed-axis gear boxes were also

described in this paper. At last, the critical issues observed

in the research area of gear boxes were reviewed, and the

scope for future work was outlined.

The modelling and diagnosis issues, as well as chal-

lenges in fault detection of rotating electrical machines by

two signals based solutions, i.e., current signature and

vibration signature were addressed by Giantomassi et al
[175]. Several experimentations were also carried out on

real motors aiming to illustrate the efficacy of the devel-

oped methodologies. The results obtained by the authors

manifested that the signal based solutions were capable of

modelling the fault dynamics and identify the motor con-

ditions (i.e. healthy and faulty). Further, the model-based

and signal-based fault diagnosis approaches were reviewed

along with their applications in several industries [176].
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The survey was done on the topics, such as the determin-

istic and stochastic fault diagnosis techniques, discrete and

hybrid system diagnosis techniques, as well as networked

and distributed system diagnosis methods in the model-

based approach. In signal-based approach, the review was

summarized on the time domain-based, frequency domain-

based, and time-frequency signal-based methods. In the

continuation of this review, a survey on knowledge-based

fault diagnosis and hybrid as well as active fault diagnosis

can be done in future work.

Uddin and Rahman [7] performed experimental investi-

gations and utilized time as well as frequency based motor

current signal and vibration signal for online detection of

bow fault in the rotor-induction motor system. For analysis

of the frequency domain signal, a fast Fourier transform

and Hilbert transform were employed. It was observed that

the vibration signal was more appropriate and informative

in the detection of fault. In future, the proposed technique

can be exploited for other faults i.e. rotor with unbalance

fault, damaged rotor under distinct states of load. Further,

De Azevedo et al [177] presented a state-of-the-art review

on bearing failure and its effect in large-scale wind tur-

bines. Various technical, financial and operational chal-

lenges were discussed in the area of health monitoring of

wind turbines. In the end, it was felt that more efforts could

be made to describe the financial and practical challenges

as well as aspects for the rapid and safe implementation of

condition monitoring in wind turbines.

Wu et al [178] elaborated a novel technique for the fault

detection, isolation and tolerance of current sensors for

permanent magnet synchronous machine drive systems.

This method was based on practicable estimation of the

current amplitude, which required the knowledge of three

phase currents and motor-shaft position, in place of an

accurate system model having explicit parameters. More-

over, experiments were carried out to verify the usefulness

and trustworthiness of the discussed technique. In the same

year, Salameh et al [179] published a review paper

describing the various methods utilized in gearbox health

monitoring of wind turbines. Difficulties and future direc-

tions were also elaborated in order to focus on different

condition monitoring techniques in systems. The drawback

of this paper was that the descriptions of health monitoring

methods used in the other components of wind turbines

such as bearings, drive shafts, generators, etc., were not

included.

Fault diagnosis is a challenging task in hydraulic systems

due to nonlinear time variant signals, as well as a complex

vibration transmission mechanism arising from various

faults. Accordingly, Dai et al [180] examined and sum-

marized the foremost technologies and research level of

fault diagnosis in a hydraulic system. The main issues

perceived in the application of deep neural networks were

also elaborated to understand a hydraulic fault diagnosis as

well as certain feasible solutions. Thereafter, a review of

fault detection and diagnosis (FDD) techniques for various

industrial activities was presented by Park et al [181]. It

was found that there are a lot of complexities and hassles in

the execution of the FDD methods for practical industries

as a result of the unique features such as multivariate

statistics, non-stationary time series data, non-linearity

data, correlation, and multimodality.

Gangsar and Tiwari [182] summarized the existing

research and development in the area of electrical and

mechanical fault identification of induction motors. The

braking of rotor bars, stator winding faults or armature

faults, bearing faults, and air-gap eccentricity related faults

were under the classification of faults in induction motors.

The condition monitoring technique was based on analys-

ing the vibration and current signals (time and spectral)

measured from different faulty induction motors. A review

on advancements in the artificial intelligence-based fault

diagnosis including the popular approaches was also given

in this article. The review of system signals, and traditional

and modern signal processing approaches for fault diag-

nostics of induction motors have also been concisely

included in this review paper. However, this review paper

was limited to discussions on identification in induction

motor only. Hence, efforts can be given in summarizing the

works performed in the combined rotating systems such as

induction motor attached with a pump, induction motor

linked with a gearbox, induction motor integrated with a

generator, etc. In the same field of FDD, an overview of

existing research and challenges for future fault diagnosis

methods were briefly demonstrated by Abid et al [183]. It

was claimed that the hybrid FDD techniques have huge

opportunity in the coming future practical applications in

comparison to conventional FDD methods. The multiple

model banks and multi-stage filtering techniques, which

integrates state and parameter estimation methods as well

as signal processing approaches, fall into the category of

the hybrid FDD techniques.

An extensive review on damage detection methods

relying on non-machine learning and machine learning

approaches in wind turbine system was presented by Kumar

et al [184]. Several signal processing approaches consisting

of time-domain and frequency-domain analyses, joint time-

frequency techniques, entropy-based damage identification,

supervisory control and data acquisition were also empha-

sized and discussed in this paper. In the end, it was con-

veyed that the online monitoring of wind turbines can be

done consistently and in a reliable manner with the

advancement in communication technology. Tiboni et al
[185] explored the comprehensive literature survey on the

multiple phases of vibration signal-based health monitoring

of rotating machines. The reliability and effectiveness of

the distinct signal processing methods, feature selection, as

well as diagnosis were highlighted in this paper. It was

suggested that more advanced and innovative diagnostic

procedures based on artificial intelligence and machine

learning can be proposed in future for fault detection and

diagnosis.
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In recent publications, Mutra et al. [186] have presented

signal based fault parameters identification technique in a

rotor-roller bearing system. The vibrational dynamics of the

system was investigated under several operating conditions.

This included the inner race fault, roller fault, as well as the

outer race fault. Empirical mode decomposition

scheme was utilized to estimate the intrinsic modal func-

tions for the time domain signals. The counter propagation

neural network model and adaptive neuro-fuzzy inference

model were also proposed, through which the roller faults

can be predicted by 100%, the inner race fault by 87.5%,

and the outer race fault by 96%. It was also observed that

the inner race fault and the roller fault have more influence

on the system’s response, as compared to the outer race

fault.

Similarly, a comparison between acoustic signal based

fault detection model and image classification model was

proposed in the paper [187], to detect various mechanical

faults in induction motors. The faults included breakage in

the shaft, misalignment, mounting bolt looseness, and

cooling fan issues. Further, a review on vibration and

acoustic signal based fault detection method was presented

by Alharbi et al [188] to detect faults in belt conveyor idler

system. Various steps involved in the method such as data

collection, signal processing, feature extraction and selec-

tion, and machine learning model construction were also

described in the review paper. At last, for future work, it

was suggested to do investigations on multi-information

fusion and multi-model approaches for the detection of

fault.

Other than published review and research papers on

signal based fault detection and diagnosis technique, there

are a lot of books available on the topic of condition

monitoring of rotating machinery [189–195]. The industrial

approaches, identification techniques and methodologies in

mechanical as well as electrical systems are described in

these books. The applications of condition monitoring in

industry, aerospace, automotive working fields, centrifugal

pumps and wind turbine are also explored in the books

written by the authors [196–202].

As compared to signal based fault identification tech-

nique, the model based technique is quite useful and

powerful. This technique depends on the usefulness of the

mathematical models of the system associated with the

individual or combined faults [203]. Here, the system’s

dynamic model is utilized to generate estimates of mea-

sured as well as unmeasured variables of the system. Fur-

ther, the estimates of the measured variables are made in

comparison with the actual measurements, thereby gener-

ating the error signals known as residuals [204, 205]. Based

on residual generations, there are two types of the model

based approach i.e., analytical based approach (includes

parity space approach, observer based approach and

parameter estimation approach) and knowledge-based

approach (includes symptom based approach and qualita-

tive based approach) [206]. The summarized review of

model based identification of various multiplicative faults is

already presented in the paper [207].

3.2 Review on fault diagnosis using artificial
intelligence methods

With the prompt progress and advancement in science and

technology, mechanical equipment such as rotating

machines are becoming extremely functional and complex

in recent industry. Accordingly, the fault diagnosis of rotor

systems becomes the most critical aspect in system design

and maintenance. Now a days, artificial intelligence (AI)

methods (such as k-Nearest neighbour (k-NN), Naive Bayes

classifier (NBC), support vector machine (SVM), artificial

neural network (ANN), and deep learning method, etc.)

have been an important part of condition monitoring of

mechanical as well as electrical machines, due to its rapid

computational and robust performance, and high accuracy.

It also reduces the dependence on experienced personnel

with expert knowledge.

The support vector machine (SVM) algorithms concept

was used by Gangsar and Tiwari [8] for diagnosing various

mechanical faults in the induction motor at different speeds

and loading values. The faults in the induction motor

include the bearing fault, unbalance in the rotor, residual

bow, and rotor misalignment. This approach used time-

domain vibration signals of the motor. The accuracy in fault

classification was observed to be increased with increments

in the speed and load on the induction motor. Further, it

was suggested to utilize time and frequency domain data

for the training as well as inspecting the support vector

machine algorithms for fault classification. Further, Rapur

and Tiwari [208] used the same SVM algorithm through the

time domain signal to diagnose the flow instabilities i.e.,

suction blockage and crack in the impeller in the centrifugal

pump. Later, the frequency domain vibration and motor

current data were utilized for classifying the mechanical

faults and flow instabilities in the centrifugal pump. Several

flow instabilities in the centrifugal pump consist of suction

re-circulation, discharge re-circulation, pseudo-re-circula-

tion, and dry runs. For future work, it was suggested to

adopt the time-frequency analysis (i.e., wavelet transform)

for improving the performance of the fault classifier method

[9, 209].

Kumar et al [210] published a short state-of-the-art

review on vibration signal-based predictive maintenance

and diagnosing of the faults in various mechanical devices

such as pulleys, gear, bearings, pumps, compressors, etc.

The application of artificial neural networks, fuzzy logic,

and other emerging artificial intelligence techniques was

also elaborated in the health monitoring of machines. At

last, it was asserted that the artificial neural network and

support vector machine algorithm can be used as an auto-

matic fault diagnosis technique. This also helps in better

classification of different faults. Moreover, the convolution
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neural network method is quite useful in reducing the

maintenance cost of the machines. Afterward, a review of

fault diagnosis through wavelets on machine components

was presented by Srilakshmi et al [211]. The research on

quantitative and qualitative methods such as model based

approaches, knowledge-based approaches, and pattern

recognition based approaches was discussed in this paper.

Further, the papers published in the area of approaches for

prognosis through statistical-based techniques, model-

based techniques as well as data-driven techniques were

also described.

Researchers [212, 213] utilized the combined techniques

of continuous wavelet transform and support vector

machine algorithms to diagnose mechanical and electrical

faults in induction motors. For the detection and classifi-

cation of faults, the axial, radial, and tangential vibration

signals of the motor as well as its three-phase current signal

were used. Based on this technique, various induction

motor fault conditions were simultaneously identified,

which included electrical faults (i.e., the broken rotor bar,

phase unbalance, and stator winding fault), as well as

mechanical faults (i.e., bearing fault, unbalanced rotor,

bowed rotor, and misaligned rotor). Experimentation was

performed in a test rig consisting of machine fault simu-

lator, a tri-axial accelerometer, three alternating current

probes, and a tachometer with constant direct current

source, a data acquisition system, and a signal monitor. For

future work, it was suggested to use the data after denoising

of vibration and current signals and check the robustness of

the presented technique. Moreover, it would be a chal-

lenging task to develop an accurate mathematical model for

each possible fault in induction motor.

One review paper was published by Nasiri et al [214] for

describing the applications of AI methods in the field of

fracture mechanics for identification of failure modes and

mechanisms. A review on five AI methods i.e., artificial

neural network, Bayesian network, genetic algorithm, fuzzy

logic and case-based reasoning was summarized in this

paper. It was concluded that artificial neural network

genetic algorithm and Bayesian network are the most useful

methods for mechanical fault detection with higher accu-

racy in the results. The fuzzy logic method also achieves

good accuracy in the fault detection and diagnosis, whereas

the case-based reasoning method is mainly applicable in the

identification of failure mechanism. Future focus can be

given in the area of hybrid intelligent systems made by

combination of case-based reasoning method with other AI

techniques. This can be applied in more complex fracture

mechanics problems in practical world applications.

Liu et al [215] presented an overview on theoretical

concepts of various types of AI approaches and their

applications in the domains of rotating machines. These

approaches included k-Nearest neighbour (k-NN), Naive

Bayes classifier, support vector machine, artificial neural

network, and deep learning method. The advantages and

limitations of these approaches were also discussed in this

paper. A Venn diagram has been plotted (refer figure 13) to

describe the relationship between these artificial intelli-

gence techniques. Here, MLP represents for multi-layer

perceptron, CNN for convolutional neural network and

RNN for recurrent neural network. Through comparison

among these AI techniques, it was concluded that the k-

Nearest neighbour method shows lesser performance in

faults classification and robustness to noise as compared to

other techniques. Further, the support vector machine

algorithm and deep learning method exhibited higher

accuracy in the results of fault detection and diagnosis. The

limitations of k-NN algorithms are the requirements of

large computational work and lots of storage space.

Moreover, the strong prior assumptions, and need of prior

probability are the drawbacks of Naive Bayes classifier

method.

Later, Wei et al [216] presented a review paper which

describes about the two aspects of early fault diagnosis

techniques i.e., fault frequency-based detection (FFD)

method and artificial intelligence (AI) based method in

gears, rotors and bearings. The early fault diagnosis tech-

nique is very important in order to provide relevant infor-

mation about the failure which can happen in the system.

This is required for taking necessary maintenance actions

and prevent severe failures and reduce financial losses. The

fault frequency-based detection method included wavelet

transformation technique, empirical mode decomposition

technique, ensemble empirical mode decomposition tech-

nique, local mean decomposition technique, empirical

wavelet transform technique, variational mode decompo-

sition technique, stochastic resonance, and sparse decom-

position, etc. The artificial intelligence based method

included various types of approaches mentioned by

researchers [215]. The different methodologies (i.e., dic-

tionary leaning, time domain features, wavelet transfor-

mation and quadratic classifier, etc.) used by various

authors for the identification of faults were also summa-

rized in the paper. However, the early fault diagnosis

methods were applied on one test rig only, so it was pro-

posed to check the robustness of the methods for multiple

rotating machines in practical applications. In the conclu-

sions, one suggestion was made to perform research on an

Artificial

Intelligence
Machine Learning

(Logistic Regression, etc.)

Representation learning

(autoencoders and so on)

Deep Learning

(MLP, CNN, RNN)

Figure 13. A Venn diagram showing the relations among

various AI approaches [215].
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early fault diagnosis method based on multi-information

fusion.

Afterward, Lang et al [217] utilized AI techniques, i.e.,

deep neural network-based methods, for diagnosis of stator

winding faults in an electrical vehicle’s motor. This tech-

nique could overcome the difficulty in detecting faults in

motors under light loads and fluctuations of the rotor speed.

Fluctuations in speed cause a reduction in the accuracy of

the fault diagnosis. Therefore, the distinct types of mathe-

matical tools (such as pre-processing, extraction, and

selection of relevant statistical characteristics and model

parameters) in AI techniques make for an effective and

reliable fault diagnosis in motors. As various signal patterns

of the motor condition are generally uncertain with varia-

tions in the operational conditions, it becomes a big chal-

lenge to effectively detect the motor state under these

varying conditions.

Further, a systematic review was presented by Saini et al
[218] for predictive monitoring of multiple faults in the

components (i.e., gearboxes, bearings, shaft, etc.) of the

rotating system. The review was made on data acquisition

technique to artificial intelligence technique. Advanced

signal processing methods were described for the de-nois-

ing of signals and feature processing methods. It was a very

challenging task to speculate the condition of a complete

machine based on the fault predictions from several sub-

components of that system. This can be overcome by per-

forming research work on fault diagnosis with the help of

the stacking ensemble machine learning approach. Here,

the information obtained from multiple machine learning

models can be combined and used to predict the health of a

complete system. In recent publications, Singh et al [219]

published a review paper on different AI techniques and

their applications in fault diagnosis of rotating machines,

i.e., induction motors, centrifugal pumps, bearings, and

gears, etc. AI techniques are observed to be the best auto-

mated, effective, and efficient fault diagnosis in rotor sys-

tems, which is preferable used in the modern industries. At

last, the final observations were made after studying various

literature and the scope of future work.

Further, a chronological list of source material on addi-

tive faults with brief details on their symptoms, effects,

identification techniques and shortcoming is presented in

table 1.

3.3 Review on condition monitoring of bearings

Mathew and Alfredson [237] presented a review on health

monitoring of rolling element bearings by analyzing the

fault induced vibration signatures and assessing values of

fault parameters. Experimental works were performed on a

test set up comprising of a shaft mounted on two double

row self-aligning ball bearings. The displacement responses

obtained from the rig were analyzed in the time and fre-

quency domains. It was concluded that the frequency

domain signals were more effective and consistent in

identifying the fault in comparison to the time domain

signals. It was due to the inability of most of the time

domain techniques, which could not identify damage in

bearings when those were subjected to an overload condi-

tion. Lastly, it was suggested to increase the number of tests

and utilizing different techniques for effective damage

detection in bearings.

The different vibration parameters like overall RMS

value, peak value, crest factor, power, and cepstrum of the

acceleration signal, etc., obtained from a rig having a shaft

with two deep grove ball bearing supports were used by

Tandon [238] to detect defects in bearings. The author

compared all these parameters in the form of defect

detectability (defined as the ratio of the level of the

defective bearing to the maximum level of the good bear-

ings) and found that the defect detectability of overall

power was the best, followed by peak and RMS value

measurements. Moreover, the outer race defect and inner

race defect, respectively, was not detected by crest factor

and cepstrum. After seven years, the author along with

other researchers studied the comparison between distinct

condition monitoring techniques for detecting defects in

induction motor ball bearings. These techniques included

vibration based measurements, and stator current harmonics

measurement for the detection of outer race of the bearing.

Stator current monitoring method was found to be the most

useful and cost-effective technique [239].

Kim et al [240] presented a review on novel health

monitoring approaches for bearings having speeds lower

than 600 rpm. This is a great challenge to monitor low-

speed bearings as compared to medium or high speed

bearings as the traditional velocity and acceleration sensors

are only appropriate for large defect size. The sensors are

also sensitive to responses with high impact rates. How-

ever, the acoustic emission method was noticed to be the

best in detecting the defects such as propagation of crack,

surface contact fatigue. The authors have also elaborated

the surveys done in the field of condition monitoring using

ultrasound method and various vibration measurements,

i.e., RMS value, crest value, skewness, kurtosis, etc. Lastly,

it was suggested to utilize more advanced signal processing

techniques in monitoring the low speed bearings, which can

suppress the noise coming from nearby environments and

enhance the source signals.

Craig et al [241] applied a technique that incorporated

electrostatic sensors and oil pressure sensors, to detect

charge during surface wear and debris in oil scavenge lines,

respectively, in tapered roller bearings. The bearing distress

was identified before the wear-out phase by increasing

inductive and optical particle counts. Later, Kirankumar

et al [242] explained different vibration analysis based

techniques for determining early faults conditions from

bearings. The techniques include vibration monitoring,

wear debris monitoring, temperature monitoring, soap

techniques, non-destructive test, etc. The condition
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monitoring of bearings gives warnings before final failure,

nature of failure and information, manages potential life of

machine, evaluates corrective actions, maintains efficiency

as well as reduces life risks of operators. Among all tech-

niques, the artificial neural network and convolution neural

network methods are noticed to be more effective and

efficient in online identification of faults in bearings. These

methods can also reduce maintenance cost of the rotor-

bearing machines. Lastly, in conclusion, it was suggested to

employ pre-whitening of the signal before analysis so that

the bearing faults signal can be excellently extracted from

the background noise.

In the same direction, Abdeljaber et al [243] utilized

compact convolutional neural networks for identifying,

quantifying and localizing the damage in ball bearings.

Experimental works were performed to verify the accuracy

of the proposed approach. Even in addition to the single

bearing damage case, the presented fault diagnosis

approach can test multiple bearing damage scenarios, in

which several defects were introduced at the same time to

the monitored bearing. The proposed system exhibited high

robustness in contrast to the serious additive noise. As a

future work, it was suggested to explore the convolutional

neural network under different levels of speed and torque as

well as another conditions in the test rig. After one year, the

stator current and shrinkage methods were applied for

health monitoring of induction motor bearing [244]. Vari-

ous informations available in the spectrum of stator current

spectra (which incorporated the amplitude of an appreciable

number of sidebands around the first eleven harmonics)

were used for detecting damage in bearings. Shrinkage

method was used to avoid the overfitting issues in classi-

fying different conditions of the bearing problems and fault

signatures. It was conveyed that the predictions captured

with the presented technique matched the expectations from

a health monitoring point of view.

Moshrefzadeh et al [245] developed a method that can

differentiate between distinct health states of rotating

machines, regardless of bearing load and rotating shaft

speed conditions. Spectral amplitude modulation method

was utilized to highlight several components of a signal

with multiple energy levels. Two data classifier methods,

i.e., support vector machine and subspace k-nearest

neighbors were also discussed in order to classify different

fault types in bearing. The proposed approach was found to

be comprehensive as even defects without typical fre-

quency signatures were also detected. However, the main

drawback was that a classifier trained on one data set

(especially a multi-class classifier) might not be able to

diagnose rolling element bearings in other machines.

Further, Schwendemann et al [246] presented a review

on various schemes for analyzing the bearing fault analysis

in grinding machines. The paper was containing two parts

of the analysis in which the first part was classification of

bearing faults, whereas the second part was prediction of

remaining useful life of bearings. The first part included theT
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detection of unhealthy conditions, the position of the error

at the inner and outer races of the bearing and the severity

of the fault. The second part was important for assessing the

productive use of a component before a potential failure,

optimizing the replacement costs and suppressing

machine’s downtime. Nevertheless, there is a requirement

for enhancing the prediction accuracies in diagnosing faults

in bearings, which is very much important to know the

remaining useful life of bearings.

Kahr et al [247] applied machine learning approach for

the fault detection and diagnosis in rolling element bearings

in a test set up. The rig set up was comprising of a control

box, induction motor to drive the test bearing, protection

unit and soft starter of motor, minicomputer to supervise

the measurement process and the data flow, accelerometer,

analog-digital converter, etc. The authors have utilized

synthetically generated data for training and evaluating

convolutional neural networks performance. The measure-

ment results of a healthy bearing and bearings having dis-

tinct defect sizes in outer ring were compared and observed

that the low frequency vibrational components show the

impact failure modes in the bearing. It was difficult to

expose the characteristics failure frequencies in the pres-

ence of noise dominated signals. Hence, the signal

demodulation in accordance with the Hilbert transform was

exercised for isolating the vibrational components and

highlighting the fault signature. Lastly, it was encouraged

to utilize the machine learning approach for the health

monitoring of large and costly bearings.

Euldji et al [248] proposed a methodology that combined

three algorithms, such as variational mode decomposition,

decision trees, and extreme learning machines, for

extracting relevant features and estimating the remaining

useful life of ball bearings using vibration signals. These

three algorithms have their own works. The variational

mode decomposition technique was used to suppress noise

percentage from the actual vibrational responses. Next, the

decision tree algorithm was utilized in extracting relevant

features from bearings vibration. This was further fed into

the extreme learning machine algorithm to determine the

life of the ball bearings which is left over for its usefulness.

There were investigation of two kinds of data set. The first

was relying on real vibration signals and the second was

relying on denoised vibration signals. Those data were used

to build decision tree for demonstrating the monitoring

process in the fault diagnosis.

Recently, Kumar et al [249] proposed an intelligent

framework for identification as well as quantitative esti-

mation of bearing defect size. This would prevent unex-

pected downtime of machines, minimize maintenance costs

and achieve higher working performance. Among different

techniques, k-nearest neighbor algorithm was considered to

be the most reliable artificial intelligence method for

identifying bearing defects. The maximum errors in esti-

mating the inner race, outer race and roller defect widths

were, respectively, observed to be 2.474%, 14.534%, and

5.517% only. This shows the effectiveness and accuracy of

the proposed method and how much it is robust. In the

conclusion section, it was advised to utilize a dynamic

simulation-assisted framework for defect identification,

degradation monitoring, and determination of remaining

useful life of cylindrical type roller bearings.

Afterward, Luo et al [250] developed an innovative non-

linear dynamics model of deep groove ball bearings having

a localized outer race defect. Here, an angle-based, time-

varying contact force model was derived with consideration

of the transient impact force. Besides this, a displacement

excitation function was presented for simulating the vari-

ation of the contact displacement relying on the angular

velocity of the rolling element around the leading edge of

the defect. The described results contributed to the under-

standing of varying stiffness excitations due to rolling

element-defect interaction and their effects on the vibration

response of the bearing assembly. However, for under-

standing the vibration spectrum of defective bearings, the

effect of varying stiffness excitation mechanism, external

load, diametrical clearance, as well as defect geometry and

position, etc., can be explored as a scope of future work.

3.4 Review on hiding and compensation faults

Generally, machine tools are exposed to variable operating

conditions. These tools are rarely maintained at steady

state, which causes significant variations in the heat gen-

eration. When the generated heat gets combined with the

effect of environmental temperature variation, the structure

of machine tool is exposed to uneven distributions of the

temperature field. This causes occurrence of thermal errors

in high speed spindle systems. Thermal errors are the hid-

den errors which influence the machining accuracy of

computer numerical control (CNC) machine tools [251].

Hence, it is very crucial to eliminate or compensate these

errors. In the area of analysing the effect of thermal errors

and reducing them, Creighton [252] proposed a spindle

growth compensation scheme, which was based on the

exponential growth model. This scheme was capable of

minimise the effect of thermal errors up to 80% in an

experimental test rig consisting of a spindle and a motor.

Mayr et al [253] and Li [254] have summarized a review of

the research works done in the field of understanding

changes in machine tool performance due to changes in

thermal conditions. The main focus was on metal cutting

machine tools i.e., turning and milling machines. The

procedures and techniques used in modelling and com-

pensating methods of the thermal error were also described

in this paper. Lastly, it was advised to develop more precise

and effective measurement devices as well as strategies, in

order to reduce the uncertainties of temperature and dis-

placement measurement of machine tools and work pieces.

Further, Ma et al [255] proposed a genetic algorithm to

boost the accuracy and convergence of thermal error

Sådhanå          (2024) 49:207 Page 39 of 49   207 



compensation model relying on conventional neural net-

works. The proposed approach was experimentally applied

in a high-speed spindle system of a jig borer. From the

results analysis, it was observed that the axial accuracy gets

improved by 85% after error compensation, and the trans-

verse directions (i.e., vertical and horizontal directions)

accuracy gets improved by 82% and 85%, respectively.

This showed the effectiveness and robustness of the pre-

sented technique in modelling and compensating the ther-

mal errors. Later, in the same direction, a review paper was

published by Li [256] to summarize the different thermal

error suppression techniques and modelling compensation

methods used in high-speed motorized spindle machines.

Haoshuo [257] utilized a loading method based on heat

flux to suppress thermal errors of a motorized spindle. A

finite element model was established to examine the steady-

state and transient thermal-structure coupling analysis of

the spindle. Through both experimental and simulation

works, the author could effectively predict the thermal

errors and minimise them up to higher percent. In recent

publication, Friedrich [258] applied a hybrid thermo-elastic

correction model approach for correction of thermal errors

in computer numerical control (CNC) machine tools. The

approach included simulation generated characteristic dia-

grams, the finite element model and a structural model-

based decision algorithm. It was observed that the proposed

approach provided good calculation results as compared to

the measured data.

4. General remarks and future directions
of research

A detailed review of the additive faults in rotating machines

and their identification using signal based vibrational

analysis as well as artificial intelligence techniques has

been presented in this paper. The primary emphasis was

given to summarizing the numerical and experimental

investigations performed in simple and complex rigid as

well as flexible rotor systems, such as dual-rotor systems,

turbogenerator systems, doubly-fed induction generators,

helicopters, wind turbines, and moment exchange devices.

For the numerical modelling of the rotating system,

Lagrange’s principle and finite element method were

mostly used. A numerical integration method, i.e. Runge-

Kutta 4th order solver was mainly utilized to solve the

dynamic equations and generate the system linear as well as

nonlinear responses. Experimental works were executed by

developing the laboratory rotor-bearing test rigs with

mechanical and electrical components [259] as per the

requirement of operation and existing faults. From briefly

studying the various literature and examining the response

natures, it is ascertained that both the theoretical and

experimental aspects are equally important for a deeper

understanding of the fault effects as well as vibration

mechanism and signatures. The following points are the

outcomes of the present review:

4.1 General remarks

1. Experimental investigation is very limited for the case

of rotor systems with rub between rotor and stator due

to complexity exists in the vibrational phenomena.

Further, the research is needed to explore in the

development of an analytical technique for prediction

of time dependent wear in protective and over-layered

engine bearings.

2. Identification of primary faults at the early stage is

extremely required to prevent the occurrence of other

faults (i.e., secondary faults) caused due to primary type

faults.

3. Numerical investigation and development of mathemat-

ical model is also very limited in rotor systems with

mechanical looseness faults.

4. Research is quite sufficient in the field of coupling

misalignment and bearing misalignment fault in the

rotor-bearing systems. The bearing misalignment

included misalignment in hydrodynamic plain journal

bearings, ball bearings, fluid film bearings, foil bearings

and active magnetic bearings, etc.

5. The effect of tooth-crack fault and its identification in

gear-based torque transmission system has been also

explored by few researchers. However, they were no

simultaneous consideration of cracks in the flexible

shafts on which the gear drives were mounted. There is a

great possibility of development of cracks in the shafts

due to fatigue of the shaft material, caused by unre-

strained cyclic working of rotating machine. Moreover,

the rotational coefficients of bearings along with their

translational coefficients, as well as the coupling

between axial, bending and torsional modes were also

not included during modelling of the cracked rotor-gear-

bearing system.

6. Through various published literatures it has been found

that the mathematical model has also been developed for

modelling various mechanical and electrical faults in the

induction motors, AC machines and generators, etc.

7. Although artificial intelligence (AI) technique exhibits

better when it comes to predict the results from a seen

data set, this fails to perform in a situation on which the

AI model is not trained. Therefore, more advanced

techniques like the combination of artificial neural

network and fuzzy logic algorithm (which is also called

as ANFIS algorithm i.e., adaptive neuro fuzzy inference

system) along with deep learning model can be used for

providing excellent performance in the fault detection

and diagnosis as compared to individual artificial

intelligence technique.

8. Exploration of research which combines multiple model

banks and multi-stage filtering methods is not found yet
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in the field of hybrid fault detection techniques. This

hybrid technique will incorporate together the parameter

and state estimation techniques to increase the accuracy

and robustness in the diagnosis performance.

9. Several faults (such as cracks, misalignments, bows,

etc.) with high severity levels may occur simultaneously

in the rotating machines during the operation, so it can

be a good approach to consider the faults under

progression for detecting them at the initial stage.

10. Generalization of the artificial intelligence based tech-

niques is one of the challenging aspects in fault detection

and diagnosis, which may be considered on a priority

basis in the coming future.

4.2 Future directions for further research

Based on the critical review of the literature, it can be

ascertained that a large number of investigations have been

reported on the dynamic analysis and condition monitoring

of additive faults in rotor-bearing systems using model-

based methods, signal-based methods, and artificial intel-

ligence techniques, deep learning algorithms, etc. More-

over, case-based reasoning method has also been applied

for solving problems in the area of fracture mechanics,

design and optimisation of micro electro-mechanical sys-

tems, etc. However, there are a few areas that need further

studies and extensions in research work. These are as

follows:

1. A randomized and population based optimization

method (which is inspired by the flocking behaviour of

birds or fish schooling) can be used for solving systems

of nonlinear equations and identification of unbalance in

a flexible rotor incorporated with active magnetic

bearings. The AMB technology can be used as the

vibration controller or the rotor supports.

2. Optimization techniques can be developed for identifi-

cation of multi-cracks with more variables in crack fault.

Experimental works can also be done for studying the

dynamic analysis and identification of two or more open

and switching cracks with different orientations in

flexible rotor systems.

3. The model-based identification methodology can be

explored for a practical turbine-generator system incor-

porated with bearing and coupling misalignments using

data of measured vibration. Further, the analysis of the

thermal effects and film thickness can be investigated in

the misaligned engine bearings.

4. An attempt can be made in the area of the nonlinear

dynamic behaviour of the rotor system associated with

internal damping and nonlinearity arising from sup-

ported bearings. Moreover, the analysis for rub impact

can be exposed for the flexible and complex dual rotor

and turbogenerator systems.

5. Experimental investigations are required on real aero-

engines, double-stage bowed rotor-gear-bearing system,

and power station turbogenerators for investigating the

dynamic analysis and identification of unbalance as well

as bow faults.

6. Analysis and identification of bow and rub faults can be

done in the practical rotating machines with consider-

ation of thermal effect arising from the rub, shaft

damping and gyroscopic effects, through numerical

investigations and experiments.

7. There is a scope of developing the complex and practical

rotor models, considering the temperature variations and

its effect in the rub fault and looseness at both or more

supported bearings. Almost all investigations were done

at low speeds, which can be further explored for the

rotor systems in the range of higher spin speeds.

8. The experimental works can be explored for detection of

crack and bow in the turbine blades. Further, the

nonlinearities from the supported oil-film bearings, the

shaft residual unbalances, anisotropic AMB-rotor sup-

ports can be considered while theoretically developing

the complex rotor models.

9. Research can be explored in the area of combination of

case-based reasoning method with other artificial intel-

ligence techniques (i.e., hybrid intelligence techniques)

for identification of fracture modes and parameters in

complex fracture mechanics problems.

10. Further, in the future diagnostic systems, not only data-

driven AI methods, but also the consideration of failure

mechanism and prior knowledge should be utilized and

integrated closely to improve diagnostic performance.

11. At present, fault diagnostic systems are mostly built as

the combination of individual parts, such as data

collection, feature extraction and dimensionality reduc-

tion, fault recognition with little consideration of the

whole diagnostic system. Deep learning techniques

provide a way to integrate the feature extraction part

and pattern recognition part into a system. More than

this, a complete integrated and automated diagnostic

system should be paid more attention.

12. Research work can be performed on early fault diagnosis

method based on multi-information fusion. This can

extract more information of the faults characteristics,

which is important for detection of weak fault symptoms

at an early fault stage.

13. Advanced methods such as the combination of artificial

neural network and fuzzy logic algorithm, combined

methods of multiple model banks and multi-stage

filtering technique as well as combination of deep

learning, signal processing and model based methods

can be proposed in future to enhance the efficiency of

early fault diagnosis techniques. This will also improve

their capability of finding faults with high accuracy and

fast computation.
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