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Abstract. In this paper, the authors presented various insights into theoretical and experimental
analysis carried out in past, to understand the vibration characteristics of a misaligned
rotor-bearing system. The literature presented by various researchers was reviewed methodically.
Firstly, the literature review based on theoretical vibration analysis of misaligned rotor system
with emphasis on finite element method has been presented. Secondly, various vibration-based
analysis methods and the description of experimental measurement techniques have been
discussed in detail. Apart from the above, distinct tools used for the detection of fault analysis of
the rotor system is also reviewed systematically, which may be useful for preventive maintenance
of the rotating machinery used in several industries.
Keywords: flexible-coupling, misalignment, rotor dynamics, vibration analysis, finite element
method (FEM), fault analysis.
1. Introduction
Coupling misalignment is the most common fault that occurs in a rotor-bearing system. A
typical rotor-bearing system is shown in Fig. 1, which consists of a shaft and disk mounted on the
bearings, coupling, drive motor. Perfect alignment of the driving and driven shaft is rarely
achieved in practical applications. Even if a perfect alignment is achieved initially, maintaining it
for a longer period is not achievable. Various reasons are foundation setting, thermal
expansion/contraction of foundation, unbalance, wear and tear, temperature changes arising due
to friction or due to process. All couplings subjected to misalignment produces reaction forces and
torque on the coupled machine. It is not the misalignment that causes the vibration, but the reaction
forces that a misaligned coupling exerts on the machine that provokes the machine to vibrate.
Mechanical alignment couplings specifically gear or grid coupling, impose a bending moment on
the machines, which is the function of the transmitted torque. Flexible element coupling such as
pin and bush coupling enforce a bending moment on the machines, which is proportional to the
misalignment but is sovereign of the transmitted torque.

Fig. 1. A typical rotor-bearing system showing shaft, disc, support bearings, coupling and drive motor

A lot of research has been performed to interpret the vibration response behaviour of a
rotor-bearing system. It is evident from the available literature that the first harmonic response is
due to the presence of unbalance in the rotor system. The unbalanced force is directly proportional
to the square of the rotating speed. Many researchers perceived that the second harmonic response
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gives a strong signal for the misalignment of the shaft. However, less literature shows that some
other rotor system faults such as rotor friction or rotor cracks also produces the second harmonic
response. Few researchers found no indication of the presence of a second harmonic response in
their research and designated that no universal rule for shaft misalignment identification exists.
The vibration response characteristics have not been understood comprehensively, especially the
relation between forces or torques and displacement, accelerations or moments. This review paper
gives diverse insights into analyses carried out by researchers in past. The various works of
literature have been systematically reviewed to figure out the effect of coupling misalignment on
the rotor-bearing system. The objective of this paper is to study numerous analysis models used
for the dynamic analysis of a rotor-bearing system with coupling misalignment. In Section 2, the
rotor-bearing system model with coupling misalignment based on finite element method (FEM)
and in Section 3, Diagnostic analysis and experimental investigations are presented. Finally, the
conclusion is drawn in Section 4.
2. Rotor bearing system model based on FEM
Gibbons [1] presented a mechanical model to calculate the forces and moments originating
from misalignment and analyzed the various types of coupling. Mancuso et. al. [2] derived that a
gear or grid coupling, impose a bending moment on the machines, which is a function of the
transmitted torque. In the case of pin and bush coupling, the bending moment is proportional to
the misalignment but independent of the transmitted torque. The bending moment varies with the
bending stiffness of the coupling, which depends on the type of flexible element used in the
coupling. Later these force equations based on the analysis proposed by him was adopted by
Sekhar and Prabhu [3]. Sudhakar and Sekhar [4] identified the forces and moments developed by
misaligned gear coupling and summarized the different studies on coupling misalignment
modelling, effects and identification. Bloch and Geitner [5] have provided a critical assessment
for couplings concerning the various types of stresses and the comparative values of these forces
were declared. Nelson and McVaugh [6] presented a procedure for dynamic modelling of a
rotor-bearing system consisting of a rigid disk, rotor element and discrete bearing. Saavedra and
Ramirez [7, 8] proposed a new coupling stiffness matrix considering five degrees of freedom per
node, three translational displacements each in 𝑥, 𝑦, and 𝑧-direction and two rotational
displacements in the direction perpendicular to the axis of rotation. Extending the work of [6] and
discarding the effect of the transverse mass moment of inertia and the gyroscopic effect on the
shaft element, the equation of motion for shaft, disc and bearing elements were deduced. A
coupling stiffness matrix is defined, to include the coupling element within the finite element
analysis of a misaligned rotor system and to determine the vibratory response of misaligned shaft
rotors connected by a love joy coupling and a three-pin coupling. Saavedra and Ramirez presumed
that the stiffness co-efficient for a specific type of flexible coupling depends on the transmitted
torque, the rotation speed, the rotation angle, the misalignment displacement and the misalignment
angle. After the qualitative and numerical analysis, it was reported that vibration generated by
shaft misalignment is caused by a variation in coupling stiffness and the forcing frequencies
generated by shaft misalignment and third-order harmonic frequency is dominant in the vibration
spectrum.
Patel and Darpe [9, 10] outlines a method of determination of the misalignment excitation by
investigating a coupled rotor-bearing system with pin–bush flexible coupling. Misalignment
forces and moments were obtained experimentally using a six-axis load-cell and implemented in
a finite element model. All three moments and three forces were measured and used to formulate
a more refined and realistic coupling stiffness matrix with all six degrees of freedom per node.
The researchers reported that the majority of the misalignment forces induce higher harmonics
and out of them, the 3X frequency component is more prominent. Also, the forces vary
continuously during rotation with a large mean force acting due to the misalignment. The presence
of strong higher harmonic frequency components are strong contenders for unique identification
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of rotor misalignment and can distinguish misalignment from rotor crack.
During the analysis of a stepped beam, Balasubramanian and Subramanian [11] developed a
beam element having deflection, slope, bending moment and shear force as degrees of freedom at
each node. The stiffness and mass matrix for stepped beam analysis were calculated. To study the
vibration response of misaligned coupling, Sekhar and Prabhu [3] extended the analysis of [11] to
two planes, considering beam elements having eight degrees of freedom at each node. A higherorder finite element was thus presented. The beam deflection 𝑞 𝑥 for an element of length l is
expressed as the seventh degree of a polynomial in 𝑥. Kramer [12] defined two models for
coupling, the first model considering the flexibility of mechanical coupling as rigid in a radial
direction and the second model considering the rotational stiffness and damping of the coupling.
Nelson and Crandall [13] also envisaged the coupling with two models, the first one considering
the couplings as an elastic component with isotropic translational and rotational stiffness and the
second model incorporating the internal damping and the inertia effects, in addition to coupling
stiffness. The four different models as shown in Fig. 2 have been experimentally investigated by
Tadeo et al. [14] for a flexible disc Vulkan Tormin L-3R coupling, which allows angular
misalignment relatively less than parallel misalignment. Tadeo et al. observed that a second model
by Nelson and Crandall, best describes the dynamics of the coupling because it includes rotational
stiffness, damping, mass and inertia. However, the second model of Kramer, which includes
rotational stiffness and damping only, showed that these coupling parameters are most important
for controlling the dynamic response. Tadeo and Cavalca [15] made a comparison of flexible
coupling models for getting its response using different models techniques found in the literature
of [12] and [6, 13]. The stiffness and damping parameters of the couplings and the bearings were
estimated using the Parameter Estimation method based on the non-linear damped least square
method as explained by Arruda and Duarte [16]. The magnitude of frequency response functions
was compared with the corresponding magnitude of the Frequency response function of the
experimental setup.

a)

b)

d)
c)
Fig. 2. Flexible coupling models: a) Kramers’s first model; b) Kramer’s second model; c) Nelson and
Crandall’s first model; and d) Nelson and Crandall’s second model

Using FEM and considering six degrees of freedom, Wang and Gong [17] modelled two
coupled rotor systems with three disks, each rotor supported on two bearings. Using nodal force
and moment vectors, misalignment effects were considered at the coupling location. The
researchers used Newmark-𝛽 method to solve the non-linear equations, and observed that 2X will
appear in parallel misalignment force spectrum and 2X, 4X, 6X will appear in angular
misalignment moment simulation. In the case of parallel misalignment, the orbit exhibited an
inverted triangle and in angular misalignment simulation, the orbit looked like an eight shape.
The response of a shaft coupler system consisting of flexible shafts, unbalance disc, elastic
support and shaft coupler with parallel misalignment were derived using a transfer matrix by Tsai
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and Huang [18]. The result showed that the shaft misalignment prevailed the response in most of
the rotation speed, but the unbalance could become momentous at high speed. An illustrative shaft
misalignment model incorporating both parallel and angular misalignment with mass unbalance
and a flexible coupling having axial, torsional and axial flexibility was presented by Redmond
[19], which was able to simulate non-linear bearing stiffness and coupling angular stiffness
anisotropy. Lal and Tiwari [20-23] presented a series of literature and developed an identification
algorithm, based on the least-square fit technique in the frequency domain, to evaluate parameters
of speed-dependent multiple faults in a turbine generator system model having flexible coupling.
The authors claimed that the proposed algorithm could be used for simultaneous estimation of
bearing dynamic parameters, residual unbalance, and the misalignment forces and moments from
the forced response of the turbo-generator system. Recently Kannababu et al. [24] proposed a
method using additive coupling stiffness (ACS) for representation and identification of parallel
and angular misalignment.
Al-Hussain [25] further proposed a model about angular misalignment affecting the flexible
coupling joint connecting two Jeffcott rotors, each mounted on two sets of hydrodynamic bearing
that displays asymmetric principal stiffness and cross-coupling terms. The dimensionless stability
criteria of the non-linear system of differential equations are obtained using Liapunov’s direct
method through partial differentiation of Hamiltonians obtained from kinetic and potential
energies. Vibration analysis of the rotor-bearing system of a misaligned shaft was studied by Rao
and Sekhar [26]. By using the Lagrange method and considering 6 degree-of-freedom (DOF)
model, Xia et al. [27] calculated the dynamic reaction force varying with rotational angle by
analyzing the deformation of a hexangular flexible coupling connecting two rigid rotors, which
have an angular and parallel misalignment. To solve the differential equations and calculate the
vibration response of the rotors, the high order Runge-Kutta algorithm is applied.
A dynamic model is derived by Lee and Lee [28] for a misaligned rotor-ball bearing system
driven through a flexible coupling by treating the reaction loads and deformations at the bearing
and coupling elements as the misalignment effect. Jafari and Jamshidi [29] examined the nonlinear
vibration characteristics of a rotor with an asymmetric shaft (rectangular), connected to a motor
through a flexible coupling. Xu and Marangoni [30, 31] presented a theoretical model of a motor
with a versatile flexible coupling rotor for describing the mechanical vibration resulting from
angular misalignment. The researchers assumed that the flexible coupling behaved as a universal
joint and concluded that the misalignment is often characterized by a 2X component. However,
the misalignment effect might not articulate always because the forcing frequency of
misalignment (2 x shaft running speed) is not close enough to at least one of the system natural
frequencies to excite the system substantially. In some cases, the misalignment response is hidden
and doesn’t show up within the vibration spectrum.
Mitchell and Dewell [32] determined that the expected vibration frequencies for a misaligned
metallic-disc flexible coupling having four bolts were four times (4X) the shaft running speed.
Upper sideband frequency is going to be the number of bolts plus shaft’s speed i.e. five times (5X)
of shaft’s speed. Lower sideband fundamental frequency is going to be the number of bolts minus
shaft’s speed i.e. three times (3X) of the shaft’s speed. Tuckmantel et al. [33] investigated the
steady-state response of a rotor-journal bearing-flexible disc coupling system by introducing
angular misalignment to the system. Its effect on the coupling reaction forces and moments exerted
in a coupled shaft is simulated through the model proposed by Sekhar and Prabhu [3], considering
only the bending flexibility and disregarding torque. Chen et al. [34] carried out a comprehensive
study on the rotor system misalignment, through a conjunction of Workbench and experimental
verification using spindle reliability test bench, and axial stiffness and radial stiffness are solved
and therefore the formula for extra loads caused due to misalignment is derived. Jalan and
Mohanty [35] presented a model-based technique for fault diagnosis of a rotor-bearing system
under steady-state condition using the residual generation technique.
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3. Diagnostic analysis and experimental investigation
This section provides a summary of varied techniques used for the diagnosis and monitoring
of misalignment in a rotor-bearing system. The different techniques used by researchers are
vibration monitoring and analysis, noise monitoring, motor current signature analysis (MCSA),
artificial neural networks, thermography etc.
Prabhakar et al. [36] studied the transient response of a misaligned rotor-coupling-bearing
system using the finite element method. From the vibration analysis, the subcritical speed at
one-half, one-third and one-fourth were found when the misaligned rotor-coupling-bearing system
passes through its critical speed. The continuous wavelet transform (CWT) has been used to
extract the silent features from the time response of the rotor system by Prabhakar [37].
Ganeriwala et al. [38, 39] conducted a series of tests on a Machinery Fault Simulator (MFS) to
determine a unique vibration signature of a shaft with coupling misalignment. The researchers
concluded that a stiffer coupling always results in a higher vibration level and the coupling
geometry plays a very important role. The rigid coupling shows moderate peaks at 2X, 4X and 6X
and a moderate one is at 5X. The presence of 2X and its harmonics are easier to identify by the
geometry of the coupling, but the reason for 5X remains deceptive.
The systematic and detailed experimentations were performed by Azeem et al. [40] on Spectra
Quest’s Machinery Fault Simulator for two common faults of the rotating machinery i.e.
misalignment and crack. It was reported that the misaligned shaft shows higher vibration
amplitude at 2X shaft running speed. The effect of coupling misalignment on the dynamic
characteristics of an unbalance multi-disk rotor supported by oil-lubricated journal bearings are
investigated experimentally and theoretically by Wan et al. [41]. The investigators reported that
misalignment can cause multiple frequency vibrations, including 2X, 3X, 4X, 5X and other
multiple frequency components of vibration, among which the 2X is dominant. Tuckmantel and
Cavalca [42] carried out a comparison between two approaches for modelling the forces and
moments originated by a flexible disc coupling with angular misalignment. The first approach is
based on linear bending flexure, as proposed by Sekhar and Prabhu [3], of the disk packs, and
assuming that the misalignment effects are the summation of the first four harmonic components.
And the second approach is a structural analysis of the coupling through the finite element method
Abaqus. The cyclic nature of coupling efforts is captured by the application of consecutive shaft
spin angles.
Pennachi and Vania [43] proposed two diagnostic techniques, the orbit shape analysis and the
model-based identification in the frequency domain, to identify the faults in rotating machinery
and validated through an experimental case study concerning a gas turbine generator unit. Lei et
al. [44] provided a comprehensive reference for the researchers concerning Empirical Mode
Decomposition (EMD), as a time-frequency analysis technique, which can process nonlinear and
non-stationary signals. Lei et al. [45] presented, a new method named adaptive ensemble empirical
mode decomposition, in which, the sifting number is adaptively selected, and therefore the
amplitude of the added noise changes with the signal frequency component during the
decomposition process. Srinivas et al. [46, 47] studied the static and time-dependent coupling
misalignment forces in flexibly coupled Jeffcott rotor systems with angular misalignment and
integrated with active magnetic bearing (AMB). Natraj and Baskaran [48] proposed a method to
analyze the vibration behaviour, using Bartlett Power Spectral Density (BPSD), of a rotor-bearing
system having coupling misalignment and looseness of bearing faults under the dynamic state.
Verrucchi et al. [49] experimented to study the effect of the misalignment in induction motor
coupled with flexible coupling employing the Motor Current Signature Analysis (MCSA) and the
Load torque Signature Analysis ((LTSA). Hariharan and Srinivasan [50] performed an
experimental study on a rotor dynamic test bench to predict the vibration spectrum for shaft
misalignment using three-pin type flexible coupling. The experimental and numerical (ANSYS)
results were obtained and compared. The authors concluded that misalignment can be
characterized primarily by 2X (two times) shaft running speed. Lu et al. [51] applied the proper
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orthogonal decomposition (POD) method for dimensions reduction of dual rotor-bearing system
model with coupling misalignment and compared the dynamical behaviour of the reduced-order
model with finite element model and revealed that the POD method is having higher
computational efficiency and accuracy. Nicolae et al. [52] employed the optimal auxiliary
functions method (OAFM) to investigate the dynamic behaviour generated by angular
misalignment of two rotors connected through flexible coupling. Mogal and Lalwani [53]
proposed the order analysis technique of vibration analysis for fault diagnosis of unbalance and
misalignment of the rotor-bearing system. The researchers used the phase and the amplitude
obtained from the order analysis to identify fault type and its location effortlessly. Xin Lu et al.
[54] investigated the influence of misalignment on the nonlinear dynamics of a two-shaft
rotor-bearing-gear coupling system with rub-impact fault using the time-frequency method. The
investigators revealed that the misalignment affects the stability of the rotor system harshly at high
rotating speed and with increasing misalignment the speed range of the unstable motion also
increases.
Experimental and theoretical investigation about reaction moments was carried out by Cura
and Mura [55] for the misaligned splined coupling. The use of Hilbert Huang Transform (HHT)
to detect the lowest possible misalignment level on a rotor-coupling-bearing system was studied
by Sekhar and Chandra [56]. The researchers concluded that HHT is more efficient than other
conventional techniques like Fourier spectrum analysis, Continuous Wavelet Transform (CWT),
even for a very small amount of angular misalignment. A combined approach of discrete wavelet
transform (DWT) and fuzzy logic was introduced by Umbrajkaar and Krishnamoorthy [57] to
anticipate the degree of misalignment (DoM). The DB2 mother wavelet was employed for feature
extraction. The researchers adduced that the prediction accuracy of DoM gets enhanced by the
incorporation of a fuzzy inference system and attained less than one percent error in the output
result of vibration signal analysis. Zhou et al. [58] proposed a statistical fuzzy vector chain code
(SFVCC) for extracting the shape feature vectors of the shaft orbit. By utilizing these shape vectors
as input of support vector machine (SVM), shaft orbit of different rotating types of machinery
were identified. Verma, Sarangi and Kolekar [59] conducted an experimental investigation to
detect the misalignment by using diagnostic tools as Stator current signature. Chacon et al. [60]
conducted an experimental investigation using Acoustic Emission (AE) technique, to detect shaft
angular misalignment. Reddy and Sekhar [61] presented an alternative method to detect
misalignment using torque measurement and observed that angular misalignment torque signature
and parallel misalignment torque signatures are having different spectral characteristics. Another
misalignment detection tool was introduced by Fatima et al. [62, 63], by measuring the rate of
temperature rise of shaft coupling through thermal imaging. For detection of wind turbine shaft
misalignment, a temperature measurement technique, using an infra-red thermometer was
suggested by Tonks and Wang [64]. The model was investigated and validated through a real-time
shaft alignment test. The rate of change in temperature was found to be a factor of misalignment.
M. Attia Hili et al. [65, 66] studied and developed a model, to quantify the bearing dynamic
behaviour and loads that affect bearing. Also, vibration response was characterized to identify the
type of misalignment. A model for study and diagnosis of angular misalignment in induction
motor-load system was conferred by Bossio et al. [67], and the effects of angular misalignment
on motor power, motor torque and therefore the current were simulated. The researchers informed
that detected motor variables viz. load, current and instantaneous power can detect the angular
misalignment. Additionally, the infra-red thermography was conducted, to evaluate the grimness
of the angular misalignment on the flexible coupling.
4. Conclusions
The authors have attempted to analyze and classify the kinds of literature mainly of the last
few years according to various methodology/modelling methods used by the researchers. From
the above literature survey, the authors realized that a lot of research has been carried out to
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interpret the vibration behaviour of misaligned rotor system, however, the authors believe that not
enough works are reported when the rotor system is accelerating or decelerating during start-up
or shut-down. As many researchers perceived that second harmonic response gives a strong signal
for the misalignment of the shaft, however, literature also shows that other types of rotor system
malfunction can also produce second harmonic response such as rotor friction or rotor cracks. Few
researchers indicated that no universal rule for the identification of shaft misalignment in a
vibration spectrum exists and it essentially depends on the type of coupling used, and the System’s
FRF’s. Therefore, only one type of character signal such as vibration signal is not substantial to
judge the misalignment, as it is confounding. The current literature makes clear that a
comprehensive analysis of the dynamic impact of a flexible coupling misalignment on a real
shaft-line with several bearings is lacking, and it could be investigated. In addition to MCSA,
LTSA, Thermal imaging, and other characteristic signals, additional characterization signals to be
explored for real-time diagnosis of misalignment of the rotor-bearing system.
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