
Operational modal analysis of a turbine in big noise 
environment 

M. Zhao1, L. Yue1 
1Nanjing University of Aeronautics and Astronautics, College of Mechanical and Electronic Engineering 
29 Yudao Street, Nanjing, P.R China 
e-mail: yuelinme@nuaa.edu.cn 

Abstract. 
The testing of the dynamic behaviors of rotating machinery is important during its design and using process. 
Order based modal analysis (OBMA) is a novel modal analysis method of rotor systems under harmonic 
excitation. This paper utilizes OBMA to identify the resonances from the noise polluted operational data in 
a turbine’s run-up process. First, stationary wavelet transform (SWT) is employed to filter out the 
uncorrelated noise. Then, an order tracking method is utilized to achieve the accurate harmonic response 
known as engine orders. Finally, the PolyMAX modal parameter estimation algorithm is applied to identify 
the resonance frequency, damping and modal shapes. The method simulation was constructed with both big 
noise and harmonic response during a run-up process. Afterwards, this method was verified by a rotor rig 
experiment using the run-up data of a laboratory turbine model. 

1 Introduction 

An operational modal analysis (OMA) is valuable for analyzing the dynamic behaviors of rotating 
machinery, first because the vibration characteristics in static and rotational state are quite different. 
Secondly, large structures are hard to excite artificially by hamming or shaker. 

In operational modal analysis, the excitation force cannot be measured so the frequency response function 
(FRF) is unavailable. Therefore, OMA methods create different kinds of pseudo-Frequency Response 
Functions (pseudo-FRF) based on the assumption of the environmental excitation. For example, the power 
spectrum density function (PSD) is preferred, if the environmental excitation is assumed to be white noise 
with a wide frequency band. PSD based OMA method is widely used in modal analysis of large structure 
such as bridge or football stadium [1]. 

However in cases of rotating machinery, the external excitation contains the harmonics with frequency 
multiples of its rotational speed, the assumption of wide-band white noise excitation doesn’t establish any 
more. Traditional OMA method based on PSD is no more valid, because harmonic peaks in PSD will be 
wrongly identified as resonance frequency. Even if the engine sweeps across a wide frequency band, “end 
of order” effect will become the main problem [2]. “End of order” means the highest frequency of each 
engine order, which may be wrongly identified as physical poles of the system. 

To overcome the restriction on traditional white noise based OMA methods for rotating machinery, 
generally two different approaches has been taken into consideration. Firstly, varieties of methods have been 
proposed to diminish the influence of harmonics on the modal identification results [3]. Secondly, besides 
harmonic elimination, a new order based modal analysis method (OBMA), first proposed by Janssens [4][5] 
in 2006, utilizes the forced vibration response under sweeping harmonics for resonance identification. The 
order tracking method is used to extract the amplitude and phase response of forced vibration under different 
rotational speed. The response curves of different orders, which correlated amplitude/phase response with 
excitation frequency, are taken as the pseudo-FRF curve for further resonance identification. The OBMA 
method has been validated by some industrial examples, such as the dynamic characterization analysis of a 
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gear test rig [2][6]. Because harmonic excitation is usually dominating in rotating machinery, the OBMA 
method is more applicable than traditional white noise based OMA methods.  

The vibration signal is usually measured via several piezoelectric accelerometers, which brings about a 
problem of big measurement noise especially in high frequency band. Broad band noise has a bad influence 
on the accuracy of order tracking result. In the present paper, Stationary Wavelet Transform (SWT) is 
employed to eliminate the noise outside the concerned frequency band. 

The aim of the present paper is to validate an order based modal analysis method during an engine run-up 
process and the SWT noise suppression method. The theory background about forced vibration under 
harmonic excitation is described in section 2.1.1. Computed order tracking method and stationary wavelet 
transform are introduced in section 2.2. The problem of sweep rate selection in OBMA method is discussed 
in section 2.3. Section 3 illustrates the method via a simulated forced vibration signal under sweeping 
harmonic excitation, and a big white Gaussian noise is added in the signal simulated. In section 4, an 
experiment is carried out on a turbine rig to validate the introduced methods. 

2 Theoretical background 

2.1 Order based modal analysis 

The excitation in many rotating machineries are periodical with its frequencies composed of multiples of 
the rotational frequency, which is known as Engine Orders (EO). As shown in Figure 1, the rotation of 
residue unbalance gives rise to two orthogonal excitations  and  along the x and y axis. c is the 
engine order of harmonics, ,  and  are the amplitude and phase of the orthogonal excitation of 
engine order c respectively [5]. 
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Figure 1: Forced vibration of rotating machinery under sweeping harmonic excitation 
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 and  in equation (1) are the frequency domain expression of  and , while δ ∙  
presents unit pulse function.  

Forced vibration of a linear structure can be expressed in the frequency domain as: 

 ( ) ( ) ( )X H F    (2) 

Where,  is the FRF matrix of the rotor system,  is the external excitation. The FRF matrix can be 
expressed in the form of modal poles, shapes and participation factors [7]. 
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2

1
( ) ( )H V j I L LR LU 


     (3) 

Where,   is the diagonal matrix of modal poles, which can be written in the combination of modal 
frequencies and dampings. V  is the matrix of modal shapes and L is the matrix of modal participation factors. 
 , V and L are all complex valued. LR and LU are the real-valued lower and upper modal residuals. 

Substituting equation (3) into equation (2), the forced vibration of a rotor system is shown as follow: 

 1
2

1
( ) ( ) ( ( )) ( ( )) ( ( ))X V j I L F LR F LU F    


        (4) 

As shown in equation (1),  is made up of multiple orders of rotational frequency . Separate  
in x and y direction, equation (4) can be written into the following form. 

 2 1
2

1
( ) ( ) ( ) ( ) ( )x y x y x yX V j I L jL LR jLR UR jUR  


         

 
 (5) 

It is assumed that the amplitude of external excitation  is proportional to the squared rotational 
frequency . In order to make equation (5) has the same form as FRF, equation (5) needs to be divided by 

. Furthermore, if the response measured is the acceleration response, the amplitude response needs to be 
divided by the fourth power of rational frequency, . 

Equation (5) has the similar form as equation (3), also contains the information of poles and modal shapes. 
It means that the response curve during a run-up process can be used for modal parameter identification. In 
the present paper, the response curve is fitted by the least-squares complex frequency-domain (LSCF) 
estimation method, which is known as operational PolyMAX [8]. 

The range of frequency  is related to the sweeping range of  and the engine order c extracted. Modes of 
higher frequency will be identified, if the rotating machinery runs up through a wider rpm range or higher 
engine orders are extracted from the signal measured. 

2.2 Signal processing 

The signal processing technologies used in the present paper are stationary wavelet transform and order 
tracking. The former one is used to suppress the measurement noise in the original signal and the latter one 
is used to extract the forced vibration amplitude 0( )X c  and phase 0( )X c  of engine orders c during 
run-up process. 

The order tracking method utilized in the present paper is called Computed Order Tracking (COT) [9]. COT 
is based on the concept of angle domain resample, which first converts a time domain signal to a 
homogeneous angle domain signal. Angle domain resample is based on high accuracy estimation of shaft 
angle, thus a tacho is necessary to measure the rotational angle of the shaft. After the signal resampled, Fast 
Fourier Transform (FFT) will be exercised on the angle domain signal to get the order spectrum. Order 
spectrum resolution and highest analysis order are two main parameters of order tracking. The highest 
analysis order is determined by the number of resample points per round and order spectrum resolution is 
determined by the block size of FFT. In this section, the order resolution is 1/16 and the highest analysis 
order is 32. 

Vibration signal measured in practical environment is often masked by big noise. During the resample 
process, the wide band noise will lead to a problem of aliasing if the highest instantaneous frequency of the 
original signal exceeds the resample frequency. To avoid this, the angle domain resample frequency must 
double the highest frequency of the original time domain signal (Shannon's sampling theorem). Therefore, 
when an additive broad band noise is introduced, the original time domain signal must be filtered before 
resample to lower its frequency band. 

Stationary wavelet transform (SWT) is applied in the present paper to filter out signal exceeding Nyquist 
frequency [10]. SWT is a kind of undecimated discrete wavelet transform, whose wavelet coefficients have 
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the same length as the original signal. Meanwhile, SWT keeps the signal filtered the same phase as the 
original signal, which is important for further modal parameters estimation. As a kind of orthogonal wavelet 
transform, SWT first pass the signal through a series of quadratic mirror filters and get the approximate 
coefficients and detail coefficients respectively. 

Another problem in OBMA method is the selection of engine sweep rate. The sweep rate of rotating 
machinery will affect the accuracy of order tracking, which will finally affect parameter identification result 
of OBMA. A quasi-steady state response is needed to make the response close to the steady harmonic 
response 0( )X c , thus the sweep rate shouldn’t be too fast. 

The amplitude response of a SDOF system of 4Hz natural frequency and 2% damping ratio is shown in 
Figure 2 and Figure 3. Figure 2 and Figure 3 represent logarithmic and linear sweeping process respectively. 
Obviously, high sweep rate makes the amplitude response deviate from the exact value . This is 
because if the sweep rate of a rotating machinery is too high, the transient response can’t be neglected, which 
will lower the estimation accuracy of pseudo-FRF. 

It has been discovered that the distortion of amplitude response has something to do with the system’s 
damping ratio. Smaller damping leads to more severe distortion of the estimated pseudo-FRF. For a common 
small damping structure, the sweep rate could be determined by experience. For example, according to the 
recommendation of ISO standard, in order to meet a satisfying accuracy, the sweeping velocity should be 
less than 0.5 oct/min [11]. It means that for a logarithmic sweep case, the rotational speed is not allowed to 
double in every two minutes, and for a linear sweep case, the sweep rate is related to the initial rotational 
speed. 

 

Figure 2: Amplitude distortion for a logarithmic sweep process 

 
Figure 3: Amplitude distortion for a linear sweep process 

3 Numerical Simulation 

As shown in Figure 4, a rotor was mounted on a plate-shape foundation of size 300×800 mm. The modal 
frequencies and dampings of the plate calculated by finite element method are shown in the first column of 
Table 1. The rotor on two excitation points was assumed to run up from 400rpm to 1600rpm in four minutes 
with a linear sweep rate of 400 rpm/min. The acceleration responses at 26 homogeneously distributed points 
were simulated by Duhamel integral and modal superposition method. 
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Figure 4: Excitation points and measurement points of a plate 

The simulate time domain vibration signal is shown in Figure 5 (a). The signal was polluted by additive 
white Gaussian noise, whose S/N ratio is 10 dB. As shown in Figure 5 (b), after passing through an SWT 
filter of 10 levels as introduced in section 2.2, the noise was alleviated, and obviously harmonic resonance 
phenomenon was more explicit in the signal filtered. The waterfall plot in Figure 6 shows the amplitude 
response varying with the instantaneous rotational speed obtained at point 8. The peaks of red curves 
indicate harmonic resonance during sweeping process. 

  
(a) Original vibration signal with 10dB additive 
white Gaussian noise 

(b) Signal filtered by SWT 

Figure 5: Original time domain signal and signal filtered 

 
Figure 6: Waterfall plot in the order domain of measurement point 5 

The response curves extracted from engine order 5 and 15 are shown in Figure 7, which has been divided 
by the fourth power of rotational frequency  as introduced in section 2.3. Figure 8 shows the stabilization 
diagrams of order 5 and order 15, after applying the LSCF modal parameter estimation method to the orders 
extracted. The vertical lines of ‘s’ indicates the physical poles, ‘f’ represents modal frequency unstable, ‘d’ 
represents damping unstable and ‘v’ represents modal vector unstable.  

The modal parameters identified using order 5, order 10 and order 15 are shown in Table 1. There are 6 
modes superposed in the simulate signal and totally 5 modes are identified using the OBMA method and 
SWT filter introduced previously. Mode 3 with natural frequency 116.26Hz cannot be identified. One 
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possible reason is that two natural frequencies are too close and masked by the noise. The modal shapes 
identified from mode 1 to mode 6 are shown in Figure 9. Two bending modes and three torsional modes are 
exhibited. 

(a) Order 5 of the 26th measurement points (b) Order 15 of the 26th measurement points 

Figure 7: Amplitude and phase of order 5 and order 15 extracted from the simulate signal 

(a) Order 5 (b) Order 15 

Figure 8: Stabilization plot of order 5 and order 15 

Exact value Order 5 Order 10 Order 15 
Frequency 

(Hz) 
Damping 

(%) 
Frequency 

(Hz) 
Damping 

(%) 
Frequency 

(Hz) 
Damping 

(%) 
Frequency 

(Hz) 
Damping 

(%) 
45.85 6.00 45.39 5.34 - - - - 

113.77 2.00 113.88 1.94 113.74 2.12 114.19 2.11 
116.26 2.00 - - - - - - 
257.44 4.00 - - 257.69 1.90 - - 
288.55 4.00 - - 289.09 3.97 288.62 3.42 
422.07 1.00 - - - - 422.17 1.00 

Table 1: Comparison of identified modal parameters and simulate modal parameters 
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(a) Mode 1 (b) Mode 2 

  
(c) Mode 4 (d) Mode 5 

 
(e) Mode 6 

Figure 9: Shapes of modes identified 

4 Experimental validation 

In order to validate the method described in the present paper, an experiment was carried out on an turbine 
rig. As shown in Figure 10, one blade disk was supported by a pair of ball bearings on two pedestals. 
Measurement points are presented by yellow and red points on the pedestals and foundation. The turbine 
model ran up from 200 rpm to 1200 rpm in 120 seconds, with a linear sweep rate of 8.3 rpm/s. Six 
piezoelectric accelerometers with 100 mV/g sensitivity were placed at point 1 to 12. 12 measurement points 
were divided into two groups represented by different colors. Each group contained 3 runs and the order 
spectrums of different runs in one group were averaged to further alleviate measurement error. 

  

(a) Turbine rig (b) Measurement points 

Figure 10: Turbine rig and the measurement points 

As the unbalance mass remain the same in each measurement, the amplitude response under certain 
rotational speed was repeatable. The phase responses were calculated with reference to the tacho pulse. As 
the position of unbalance mass remained unchanged, the phase response was repeatable in each 
measurement either. Therefore, the order spectrum of different measurement groups can be directly 
combined for parameter estimation. 
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The acceleration along three orthogonal directions x, y and z was measured. In addition, one tacho was 
placed besides the shaft for angular speed estimation and order tracking. The signal was synchronously 
sampled by a 32-channels parallel data acquisition system, with a sampling rate of 12800Hz. 

  

(a) Original time domain signal (b) Signal filtered by SWT 

Figure 11: Original acceleration signal measured and signal filtered by SWT 

 
Figure 12: Waterfall plot for the averaged result of three runs 

  

(a) Order 3 (b) Order 4 

Figure 13: Amplitude and phase responses of order 3 and order 4 

The original time domain signal measured in z direction of point 5 is shown in Figure 11 (a). The original 
signal was mainly polluted by the electrical oscillation of the three-phase asynchronous motor with 
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frequency around 4000Hz. The SWT filtered result is shown in Figure 11 (b). The signal is divided into 10 
levels and the components out of frequency band concerned are filtered. After passing through the SWT 
filter, the noise is suppressed, and the vibration amplitude has an explicit increment in the run-up process 
due to the increase of the centrifugal excitation aroused by residue unbalance. 

The computed order tracking result of vibration signal in z direction of point 6 is shown in Figure 12 in the 
form of a waterfall plot. The order resolution is 1/64 and highest analysis order is 32. The red curves in the 
waterfall plot indicate the amplitude responses under sweep excitation. Figure 13 (a) (b) are amplitude and 
phase responses of engine order 3 and 4 extracted from x direction of point 1 to 3. 

The LSCF parameter estimation method has been applied to order 3 and order 4 to estimate modal 
parameters. The stabilization diagrams are shown in Figure 14. Modal parameters identified from order 2 to 
order 4 are shown in Table 2. The modal shapes of mode 2 and 3 are exhibited in Figure 15. 

(a) Stabilization diagram of order 3 (b) Stabilization diagram of order 4 

Figure 14: Comparison between stabilization diagram of order 3 and order 4 

 Engine Order 2 Engine Order 3 Engine Order 4 
 Frequency 

(Hz) 
Damping 

(%) 
Frequency 

(Hz) 
Damping 

(%) 
Frequency 

(Hz) 
Damping 

(%) 
Mode 1 - - 12.6 1.2 - - 
Mode 2 25.9 3.9 24.6 8.1 22.5 7.5 
Mode 3 32.2 8.5 35.3 6.3 33.4 8.9 
Mode 4 - - 56.3 4.4 56.3 3.9 

Table 2: Comparison of natural frequency and damping ratio identified from order 2 to 4 

  

(a) Shape of mode 2 (b) Shape of mode 3 

Figure 15: Shapes of mode 2 and mode 3 obtained by the OBMA method 
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5 Discussion 

The experiment and the result introduced in section 4 are discussed from following three aspects: 

(1) For safety concerns, the rpm range of the experimental rig was restricted under 1200, thus only modes 
of frequency less than 100Hz can be identified. 

(2) The accuracy of estimation result is affected by the accuracy of order tracking. To improve the accuracy 
of order tracking, suitable sweep rate and order resolution are necessary. In the experiment above, a 
relatively low sweep rate and high order resolution is selected. 

(3) To combine the experiment result, the unbalance mass should remain the same during each measurement. 
If the unbalance mass changes, there should be one reference point remain at the same position in each 
measurement to scale the unbalance change. 
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