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Abstract: A continuing task in engineering is to increase the reliability, 

availability and safety of technical processes and to achieve these fault diagnosis 

becomes an advanced supervision tool in the present industries. Vibration in 

rotating machinery is mostly caused by unbalance, misalignment, shaft crack, 

mechanical looseness and other malfunctions. The objective of this paper is to 

propose a model based scheme for fault diagnosis of a rotor system. Presence of 

faults changes the dynamic behaviour of the system which is taken into account 

by equivalent loads acting on the healthy system model. In order to diagnose the 

faults in a rotor system the experimental time responses for healthy system as 

well as for faulty system were used. It was observed that the proposed scheme 

successfully detects and identifies the type, location and amount of fault in a 

rotor system for unbalance, misalignment and crack. This method has thus 

demonstrated the efficacy of the model based fault detection system for a simple 

rotor-bearing system.  
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1.      Introduction 

      In present environment of globalization and competitiveness, industries attempt every 

possibility of reducing cost, improving efficiency and enhancing quality by implementing 

state-of-the art technology. All the core functional areas of a business such as production, 

maintenance, research and development seek to reduce downtime of machines, proper 

utilization of manpower and machinery, and most importantly improve productivity. 

     In view of this, condition monitoring is an important technique used by industries to 

prevent unwanted breakdown, ensure desired quality of product and achieve longer life of 

plant machinery. An on-going task in engineering is to increase the reliability, availability 

and safety of technical processes. Therefore, much effort goes into design and 

manufacturing of products including development of materials, testing of components, 

quality control etc. For the improvement of reliability and safety of machines, automatic 

and early detection and localization of faults is of primary interest.  

     The conventional approach towards improvement of system is to monitor some 

important variables like temperature, pressure, current, vibration etc., but it leads to 

detection of the internal faults at a rather late stage. However, applying static and dynamic 

process models and common process input and output measurements, their inherent 

relationships and redundancies can be used to detect faults at incipient stage and localize 

them.                                                                                                                              
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     There is an increasing interest in model based fault diagnosis technique due to 

economical and safety related matters. The general procedure of model based fault 

detection and isolation can be roughly divided into generation of residuals (i.e., functions 

that are emphasized by fault vector), diagnosis and isolation of faults. The difference 

between the actual features and normal features is known as residue. The residue thus 

generated gives the analytical symptoms of the fault. In a healthy situation (i.e., without 

any fault in the system) the residuals should normally be zero or close to zero whereas 

under faulty condition it is distinctly different from zero. This means in ideal condition 

residuals are independent of process inputs and outputs. 

     There are many methods which exist for residual generation like parity space approach, 

fault detection filter approach, dedicated observer approach, parameter identification 

approach,  signal models approach etc., even combination of these approaches can be used 

for residual generation. Frank [1] gives a detailed survey on different approaches of 

residual generation. 

     The early contribution towards parity equation based fault diagnosis was made by 

Potter and Suman [2] and further developed by Chow and Willsky [3] and Gertler [4]. 

Independent from this, Frank and Keller [5] had given a concept of dedicated observer 

approach for detection and identification of faults. There is another popular state estimator 

approach proposed by Beard [6], known as fault detection filter approach. The fault 

detection filter does not require the knowledge of the fault mode, hence a fault is detected 

when one or more of the residual projections along the known fault direction or in the 

known fault plane are sufficiently large. The most appealing feature of this approach is the 

residual direction for a fault is not affected by the fault mode. But this approach does not 

account for the effects of disturbances, parameter variations or measurement noise and 

therefore need a precise modeling. 

     All this approaches lead to the concept of state estimation. Apart from these 

approaches there is an alternative method for fault diagnosis known as parameter 

identification approach. A detailed description of this approach was given by Isermann [7] 

and Patton et al. [8]. The main idea behind this approach is to detect the faults via 

estimation of the parameters of the mathematical model by following procedure: 

a. Establish a parametric model of the system for the measurable input and output 

signals.  

b. Find out the relationship between the model parameters and the physical 

parameters. 

c. Identify the model parameter vector using the input and output of the actual 

system. 

d. Compute the physical parameter vector. 

e. Calculate the vector of deviations with reference to its normal value. 

f. Detect the fault by utilizing the relationship between faults and changes in the 

physical parameters. 

2. Mathematical Formulation 

     Generally, the model of a healthy rotor system is represented by linear equations of 

motion and can be written as 

                    
[ ] ( ){ } [ ] ( ){ } [ ] ( ){ } ( ){ }0 0 01 1 1 1NxN NxN NxNNx Nx Nx Nx
M x t C x t K x t F t+ + =&& &                      (1) 

The vibrations are represented by the vector { }0 ( )x t  at N degrees of freedom of the healthy 

rotor system due to the operating load ( ){ }F t  during normal operation. Where, [M], [C] 



                                            Model Based Fault Diagnosis of Rotor Systems     

 

 

517

and [K] are mass, damping, and stiffness matrices of any complex rotor system which 

includes the effect of bearings, foundations, and gyroscopic effects etc.  

The dynamic behavior changes due to occurrence of a fault in the system. The extent of 

the change depends on the vector β, which describes the fault parameters such as type, 

location, magnitude etc., of the fault. The fault-induced change in the vibration behavior is 

represented by the additional loads acting on the healthy system. The equation of motion 

becomes 

                        [ ] ( ){ } [ ] ( ){ } [ ] ( ){ } ( ){ } ( ){ },M x t C x t K x t F t F tβ+ + = + ∆&& &                 (2) 

    The residual vibrations induced represent the difference of previously measured normal 

vibrations { }0 ( )x t  of healthy system from currently measured vibrations { }( )x t  of faulty 

system. The residual displacements, velocities and accelerations are given as 

( ){ } ( ){ } ( ){ }01 1 1Nx Nx Nx
x t x t x t∆ = − , 

         
( ){ } ( ){ } ( ){ }01 1 1Nx Nx Nx

x t x t x t∆ = −& & &  

                                                 
( ){ } ( ){ } ( ){ }01 1 1Nx Nx Nx

x t x t x t∆ = −&& && &&                                        (3) 

     Subtraction of the equations of motion for the healthy system (Eq. 1) from that of 

faulty system (Eq. 2), and using Eq. 3, the equation of motion for residual vibration can be 

represented as: 

                         
[ ] ( ){ } [ ] ( ){ } [ ] ( ){ } ( ){ },M x t C x t K x t F tβ∆ + ∆ + ∆ = ∆&& &                   (4)  

     The system matrices remain same and the rotor model remains linear. Only the 

equivalent loads induce the change in the dynamic behavior of the healthy linear rotor 

model. To identify the fault parameters, the difference of the theoretical fault model and 

the measured equivalent loads will be minimized by statistical algorithm like least square 

fitting.  

     For estimation of the fault induced residual vibrations, there is a need of measured 

vibration data for both healthy and faulty rotor system at same operating and measurement 

conditions. For example, differences in the rotor speeds, phase and the sampling times 

have to be taken into account.  As directly matching data are usually not available to 

generate residual vibrations, some signal processing has to be carried out to achieve the 

same conditions. For example different rotor speeds are compensated by adjusting the 

time scale of the recorded normal vibrations to the time scale of currently measured 

vibrations. Phase shifts are avoided by recording a trigger signal during the measurement 

[9, 10]. 

3. Model Based Scheme 

     To identify the fault in any system a model based scheme is established with the help 

of residual generation. The flow chart of this scheme is shown in Figure 1. The detailed 

description of scheme is given by Jalan and Mohanty [11]. 
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Figure 1: Flow Chart for Fault Diagnosis 

4. Experimental Setup 

     The schematic diagram of experimental rotor-coupling-bearing system (Machinery 

Fault Simulator) is shown in Figure 2. The shaft, 15.875 mm in diameter and 362 mm in 

length, is supported by two identical rolling element bearings ER 10K. A disc is mounted 

at the mid-span of the shaft.  The diameter of disc of mass 0.782 kg is 152.4 mm and 

thickness 15.875 mm. The rotor rig was instrumented with two numbers of B&K 4321 tri-

axial accelerometer along with B&K 2692 NEXUS signal conditioning amplifier. The 

rotor rig had a built-in optical sensor for rotational speed measurements. All the signals 

were analyzed on an OROS 8 channel OR-25 FFT analyzer. Two numbers of 

accelerometers were placed nearby on same structure in order to measure the angular 

rotational motions responses [12]. The tri-axial transducers are placed on left side bearing 

(bearing 1) block to measure the acceleration amplitude in horizontal (X axis) and vertical 

(Y axis) directions.  

     Measurement data are collected at rotor operating speed of 1800 RPM (30 Hz). The 

data are stored and formulated through OROS analyzer to determine the velocity and 
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displacement amplitudes by digital integration of measured acceleration data. 

Displacement data are transferred in MATLAB programming for further analysis.  

 

              

 

 
 
 

 

                        
Figure 2: Rotor-coupling-Bearing System 

(a) View of the Machinery Fault Simulator, (b) Line Diagram 

5. Results 

     The analysis has been carried out using the finite element method for flexural 

vibrations at a steady speed of 1800 RPM (30 Hz). To introduce unbalance in the system 

known standard masses are inserted in the disc (i.e., at node-6 as shown in Figure 3) at the 

specific location. For this analysis the parallel misalignment is varied from 0.0 to 2.0 mm, 

whereas angular misalignment is varied from 0 to 0.3 degree. To introduce crack in the 

system, the normal shaft is replaced by a flange (introduced in between node-4 and node-

5) simulated cracked shaft (shown in Figure 4). The flange simulated cracked shafts are 

joined at the mating flanges. The four bolts compress Belleville washers which can be 

loosened or tightened in a pattern to create an asymmetric time varying stiffness and 

simulate the opening and closing of a transverse crack. 
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Figure 3: FE Model of Rotor-coupling-Bearing System showing Node Locations 

 

           
Figure 4: Flanged Shaft (a) closed position (b) Open Position 

a. Coupling Misalignment 

     In the present study, vibrations at all 9 nodes i.e., 36 DOF of the model are considered. 

As only for few DOF the measured vibration data are available, for other DOF, vibration 

data are estimated using modal expansion as discussed by Sekhar [13]. Vibration data for 

healthy (without misalignment and unbalance) as well as with parallel misalignment 1 mm 

in horizontal direction and angular misalignment 0.2 degree with horizontal axis is taken 

for this analysis. 

     Now, to identify the fault, residual force (introduced due to misalignment) are 

calculated and compared with the numerical model force. The residual forces, for both 

experimental and numerical, in vertical direction for the system without misalignment, 

with parallel misalignment and with angular misalignment are shown in Figures 5, 6 and 7 

respectively. 

 
Figure 5: Residual Force at Different Locations along the Rotor-Bearing System without 

Misalignment in Vertical Direction. 
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Figure 6: Residual Force at Different Locations along the Rotor-Bearing System with 1 mm 

Parallel Misalignment in Vertical Direction. 

 
Figure 7: Residual Force at Different Locations along the Rotor-Bearing System with 0.2 

Degree Angular Misalignment in Vertical Direction. 

     As at node 6 the disc is mounted on the shaft some mass unbalance is always present at 

that node which is unavoidable. That is the reason behind a little residual force is created 

at node 6 even for intact system as shown in Figure 5. Whereas Figures. 6 and 7 clearly 

show that the residual forces are observed only at nodes 1 and 2, which are the nodes of 

coupling. Therefore, this method identifies the misalignment successfully. 

b. Disc Unbalance 

     Apart from the misalignment, fault due to disc unbalance has been simulated using the 

same technique. To introduce the unbalance in the system a mass of 6.14gm is attached to 

the disc at a location of 70 mm from the centre. Again in the same way the residual forces 

(introduced due to unbalance) are calculated and compared with numerical model force. 

The residual forces, for numerical and experimental studies, in horizontal and vertical 

direction due to unbalance are shown in Figure 8. 

 
Figure 8: Residual Force at Different Locations along the Rotor-Bearing System in Vertical 

Direction for 4.298e-4 kg-m Unbalance on the Disc. 
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     Figure 8 clearly shows that the residual forces are observed at node 6, which is the 

node of disc unbalance. From the figure we can detect the amount of unbalance. Now to 

verify the predicted value of unbalance amount in the system, another amount of 

unbalance is introduced in the disc. The residual forces are calculated from the 

experimental results at same operating speed 30 Hz and predict the value of unbalance. 

The comparison of actual unbalance and predicted unbalance is shown in Table 1. 

Table 1: Comparison of Predicted and Actual Unbalance 

Residual force at 

node 6 

(N) 

Predicted unbalance 

amount 

(gm-mm) 

Actual unbalance 

amount 

(gm-mm) 

Error in 

percentage 

14.18 399.1 429.8 7.14 

22.63 636.9 694.3 8.26 

44.41 1250 1335 6.36 

c. Shaft Crack 

     In case of shaft crack, numerical forces are not determined as in the present 

experimental setup it is not possible to calculate the crack depth ratio. Therefore, the study 

on shaft crack is performed on basis of experimental results. The residual forces at a 

particular time, in vertical direction without crack and with crack are shown in Figure 9. 

 
Figure 9: Residual Force at Different Locations along the Rotor-Bearing System without Crack and 

with Crack (2 bolt loosening) in Vertical Direction for 30 Hz Rotor Speed. 

    Figure 9 clearly shows that the residual forces are observed at node-4 and node-5 when 

the system having shaft crack. Node-4 and node-5 represent the ends of cracked element. 

The presence of residual forces at node-4 and node-5 clearly identify the presence of crack 

in that particular element. Therefore, this method identifies the crack successfully.  

6. Conclusions 

     By simple measurement of the radial vibration alone and applying the proposed model 

based technique, faults (unbalance or crack) of rotor-bearing system can easily be 

distinguished which is not possible by simple FFT analysis. This method has thus 

manifested the model based fault detection system for a simple rotor-bearing system. Such 

a method has enormous potential to exploit for online condition monitoring and diagnosis 

of rotor systems without any ambiguity where by the measurement of the responses, the 

fault condition and location can be detected. This method may be useful for large systems 

like in turbine shafts, gearboxes and the like. 
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