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Figure 4. Illustration of the possible time-frequency characteristics of signal components [46] 

Figure 4 illustrates that some signal components might have a long time duration but narrow 

bandwidth, whereas some signals might have a short time duration but wide bandwidth such as impacts 

or transients. The latter group is especially of interest in the project, since it is characteristic for faulty 

mechanical elements of rotating machinery. Moreover, some signals have a short time duration and 

narrow bandwidth,  such as decayed resonance. In [6], the authors employ bispectral distribution for 

machinery fault diagnosis. The binary images extracted from the bispectra are taken as features to 

construct the target templates, then, the nearest template classifier is constructed to achieve pattern 

recognition and fault diagnosis. In the concluding part, it is claims that proposed method is tempting due 

to fast computing. In [45], a basic survey-type list of currently available various techniques for 

processing of non-stationary signals is presented. 

2.5 Machine-element oriented processing methods 

Another group of published signal processing techniques could be classifies as machine-element 

oriented, since they are not developed by mathematical studies but they are anchored to intrinsic 

characteristics of particular machine elements, like rolling-element bearings (REB) or epicyclic gearboxes 

(EG). In [46] the authors examine planetary gearboxes and derives the spectral characteristics for fault 

diagnosis. Furthermore, in [47], the analysis is extended to application of squared envelope spectrum to 

highly variable speed and load profile to diagnosis of rolling bearings. In these cases, two assumptions 

are made. 

Firstly, the techniques take advantage of physical characteristics of machine elements reflecting 

in realistic ranges of parameters of algorithms. Secondly, methods assume a predefined class of signals 

(i.e. family of signal components) generated by a faulty machine elements, which excludes a thorough 

mathematical universal evolution of algorithms, but at the same time makes them useful for practical 

applications. 
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3 Authors contribution to the field 

Following subsection will briefly  present signal processing methods developed by the authors during 

their previous study. Generally,  They can be divided into following fields: 

 identification of operational parameters 

 detection and identification of fault related components 

 extraction of fault related components 

Presented methods and previous experience gained by the authors during realization of first two tasks 

of this subject will serve as a starting point for the methods that will be developed within this research 

project. 

3.1 Identification of operational parameters 

Identification of operational parameters might also be divided into two subgroups. First, including the 

description of the influence of the operational parameters to vibration-based features. Second, 

reconstruction of rotational speed based on vibration signal itself. 

First group of signal processing techniques for analysis of machinery working under varying 

operational conditions, proposed by the authors,  includes analysis of dependence of signal 

characteristic features on variability of operational parameters. This a novel approach, which aims to 

take over currently implemented methods based on definition of machine operational states followed 

by referential analysis. Figure 5 illustrates a result of preliminary studies performed by the project’s co-

authors. 

 

Figure 5. Illustration of the dependence of a peak-to-peak energy estimator on variable load and speed 
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[48] 

Within this approach, paper [49] proposes two models of gearboxes operating under varying 

load conditions: a fixed-axis two-stage gearbox, and a planetary gearbox model. The paper illustrates 

how energy-based parameters are adopted as diagnostic features. In their studies, the researchers 

analyze the signal root-mean-square (RMS) value or the arithmetic sum of the amplitudes of spectral 

gearmesh frequency (GMF) components as energy estimators. The simulations ran by the authors show 

a strong correlation between load values, changes in condition, and the final values diagnostic features 

(i.e. narrowband or wideband energy estimators). 

The main merit of the paper is conclusion (based on empirical studies) that the dependency 

between load values and diagnostic features could be assumed as linear. In other work [50], the authors 

follow the analysis of energy-based estimators, which are call “trend time series”, or shortly “trends”. 

The authors make observation that trends frequently reveal considerable irregularities or fluctuations 

which cannot be attributed to evolution (practically degradation or initial machine wearing-in) of the 

technical condition evolution. Detailed analysis leads to a conclusion that a measure of symptom value 

fluctuations could itself be used as a diagnostic symptom. This conclusion is supported by the model-

based consideration, employing a modification of the Energy Processor (EP). The method is used for 

database of signals recorded for large steam turbines. 

Another approach for identification of operational parameters includes methods of estimation 

of rotational speed based on vibration signal itself. Such tool was previously presented by the authors an 

named the "two-step method" [24]. The proposed method uses two separate steps for instantaneous 

frequency (IF) estimation. First, IF is roughly estimated based on a time-frequency distribution, such as 

the spectrogram. Second, a narrow bandpass filter with finely tuned specification is applied based on 

the preliminary IF estimate and a refined estimated is obtained by frequency demodulation. The 

algorithm of the proposed method is displayed in Fig. 6.  
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Fig.6. Scheme of the algorithm of the proposed method. 

As seen on the schematic in Fig.6, the proposed method performs a double IF estimation. The 

preliminary IF estimate obtained from the spectrogram is used for angular resampling of vibration 

signal. Then, it is possible to filter the selected component of interest in the angular domain by using a 

constant bandwidth bandpass filter and resample it back to the original time domain. The resulting 

filtered signal might be understood as the output to a time-varying filter ‘tuned’ to the IF of the selected 

component of interest. The final IF estimate is then obtained by frequency demodulation on the 

previously filtered signal [24]. In the Ref. 24 it has been shown that  estimation error of this method is 

around 0.5% with respect to rotational speed measured using phase marker. 

3.2 Detection and identification of fault related components  

Method developed by the authors dedicated for detection, but also identification bases on 

cyclostationary properties of vibration signals generated by machinery. Modulation intensity distribution 

is a general technique for detection and identification of modulations present in a signal. MID was 

originally designed for gearboxes and rolling element bearings diagnostics purposes; therefore, it is 

focused on detection of amplitude modulations that manifests themselves as symmetrically spaced 

spectral sidebands. It allows to present values of indicator of modulations on a bi-frequency plane of 

carrier signal frequency f and modulating signal frequency . Several statistical operations exists that 

might be used to define the indicator of presence of modulations; therefore, the proposed method 

might be customized in order to emphasize selected properties of different signals under study. In order 
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to examine the relation between three spectral components spaced by cyclic frequency , let us 

consider the product of two spectral correlation densities. The proposed function of f and for a given 

f is called the Modulation Intensity Distribution (MID) and can be expressed by: 

*

22 )()(),(   fSCfSCfMID xx

PSC

f ,      (10) 

where PSC in the upper index stands for Product of Spectral Correlation. 

Displaying the absolute value of MID on a bi-frequency plane (f, ) results in a MID map 

representing how various modulating components (of frequency ) are located (distributed) in the 

relation to the center frequency of sideband filter f which might be considered as a carrier frequency for 

the modulating signal. Additionally, at this point it should be stated that the terminology Modulation 

Intensity Distribution is chosen due to the fact that the MID map returns information on the value of the 

indicator of presence of modulations (product of spectral correlations in described case) per unit of 

surface area 2f . Since no conventional definition of Modulation Intensity exists, MID is not a 

distribution in a strict sense; therefore, proposed terminology is loosely introduced. 

 
Figure. 7. MID map for vibration signal generated by machinery operating with damaged rolling 

element bearing. 

Figure 7 presents exemplary MID map calculated vibration signal generated by machinery 

operating with damaged rolling element bearing. Its similarity to Spectral Correlation Density can be 

clearly noticed. Ref. 13 gives exhaustive description of properties of MID together with the practical 

study of the method.  

3.3 Extraction of fault-related components 

Methods proposed by the authors dedicated of fault related vibration components include 

averaged instantaneous power spectrum (AIPS) and the method that uses information given by AIPS to 

present chosen fault-related vibration component on the angle-frequency plane with preservation of 
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the influence of varying operational parameters on the amplitude. 

The most of signals from rotating machinery exhibit cyclostationarity with respect to time only 

when operating with the constant speed. Components related to rotational speed will then change their 

characteristic frequency with respect to speed variation. Since the characteristic components periods 

are no longer constant in time, time domain averaging cannot be applied. It is common practice in 

vibration analysis to use angular resampling techniques in such cases to achieve the equal amount of 

samples per angular unit.  

For angular period of interest  the averaged instantaneous power spectrum may be presented 

as: 

      (3) 

where is the angular length of the period and   is the fraction of the filtered version 

of the signal x(t) resampled to angular domain.  

Figure 8 presents the flowchart of the algorithm of proposed averaged IPS computation 

interpreted as an angular domain averaged energy flow of the output of a filterbank. Such, averaged 

instantaneous power spectrum illustrates phenomena present in the vibration signal that are 

synchronous with the rotational speed and manifest themselves as a modulations of various carrier 

frequencies. Proposed method appears to be useful for analysis of cyclic components present in 

rotational machinery vibration signals. Implemented angular resampling procedure for each frequency 

band separately seems to reduce the influence of rotational speed variations [5]. 
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Fig.8. Flowchart for calculation of proposed AIPS [51]. 

 Using the information carried by AIPS it is possible to extract fault-related component of 

interest on angle-frequency plane. Information obtained by application of AIPS contains only averaged 

values of signal energy and can not be used for efficient analysis of cycles with variable energy. When 

instantaneous energy of investigated component varies, resulting AIPS will compensate such variations. 

In other words, variations of amplitude of vibration signal, related to varying load of observed 

machinery, will be lost during averaging process. However, AIPS is still capable of recovering the 

averaged “shape” or, simply put, the pattern of the time-frequency representation of the component of 

interest. Therefore, starting point for the proposed method is to use obtained AIPS as a basis for 

representation of investigated components (of time-varying energy) on time-frequency plane. 

General idea is to “mask” squared filterbank output of the signal in order to preserve only the 

information about desired component by covering other, unwanted signal components and reducing the 

noise. Time-frequency “mask” is calculated using information obtained from AIPS and for chosen cycle 

  can be given as follows: 
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As shown in eq.11 “mask” can be simply understood as AIPS normalized to unitary values.   

Subsequently, by multiplying the filterbank output by the obtained mask, components related to 

a chosen cycle will be preserved while the energy of other components and the noise will be reduced. 

Extracted second-order cyclostationary component of interest might be expressed as follows: 

).;(~);,();( fnxffMASKfnx m

ff         (12) 

The outcome of the proposed method for all frequency range of measured signal might be 

understood as a time-frequency (angle-frequency) representation of the signal rescaled in both domains 

by a scaling function calculated on the base of the AIPS. Figure 9 presents the simplified flowchart for 

the described extraction method [51]. 

Squared filterbank output Resampling and filtering

AIPS Normalization

Extracted component 

 

Fig.9. Simplified flowchart of the extraction method. Please note that the obtained mask in 

normalization phase was periodized in order to show the relation with the resampled filterbank output 

[51]. 

Introduced method allows the extraction of a desired second-order cyclostationary component 

from time–frequency representation of the signal. It may be used to reveal additional information about 

the phenomena that cause generation of the component of interest by revealing its energy distribution 

in both time (angular) and frequency domains. The preservation of cycle energy variations can help to 

estimate the influence of varying rotational speed to signal energy. As shown in Ref.51, it is useful for 

recovering cyclostationary components masked by other components originated from different sources. 

Therefore, it might be applied in either multi-fault cases or in the presence of high noise disturbances. 
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4 Conclusions 

Variety of methods discussed in subsections 2.1 - 2.6 has proven their usefulness in case studies 

presented  in corresponding research papers. However, the authors could not find any quantitive 

evidence in the literature that those methods will be suitable for vibration-based condition monitoring 

of machinery operating under extremely varying operational conditions. Majority of existing signal 

processing methods dedicated to technical diagnostics is suitable only in limited range of application. 

Additionally, beside methods proposed by the authors [48, 51], existing methods take under 

consideration either; varying rotational speed or  varying load while joint influence of both of those 

factors is often neglected.  

Based on previous experience of the authors, methodology of vibration-based diagnostics can 

be proposed for machinery operating under variable regime. First the vibration signal generated by the 

object under study is being registered. Next, rotational speed is being estimated either from direct 

measurement or based on vibration signal itself. Next step is to perform angular resampling of the 

vibration signal in order to change the domain of observation to angular. Final steps includes detection 

and identification of fault related components and extraction of fault related components using 

methods presented in the previous chapter.  

 

Figure. 9. Proposed methodology for vibration-based condition monitoring of machinery operating 
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under varying regime.  

Although, it has been shown that analyses originated from cyclostationarity approach can be applied for 
machinery operating under variable speed and load, there is a limitation given by uncertainty principle. 

For rotor machinery vibration signals, second-order cyclostationary components are often periodically 
excited natural resonances. Such components might be presented as a band-limited noise amplitude-
modulated by a periodic function: 

 

)()()( thtgtxSOC 
,        (6.2.3) 

 

where h(t) is the band limited  noise, g(t) is the periodic modulation signal and index SOC stands for 
“second order cyclostationary”.   

Since any signal can be represented as a sum of sinusoidal waveforms, Eq.(6.2.3) might be presented in 
the following form: 
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is discrete frequency component of the transfer function. It now becomes clear that second order 
cyclostationary components might be understood as a sum of the products of the modulation signal 
with each frequency component of the narrow band noise signal. 

Therefore, Eq.(6.2.4) might be presented in the following form: 
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When rotational speed of machine varies, modulation signal becomes non-deterministic in time domain 
as its’ instantaneous frequency is related directly to the rotational speed. However, natural frequencies 
do not depend on the rotational speed and their values remain unchanged despite varying speed. 
Therefore, component g(t) in Eq.(6.2.3) does not have to be necessarily deterministic in time domain. 
Moreover, when modulation signal is related to the rotational speed, it will become stationary after 

resampling to angular domain. Behavior of the component )(tx f

SOC  with the signal g(t) related to 

rotational speed )(t is presented on the time-frequency plane in the figure 6.2.1. 
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Figure 6.2.1. Time frequency representation of discrete frequency component amplitude-modulated by 
time varying signal. 

As shown in the figure 1, investigated signal is represented by a carrier component of characteristic 

frequency f constant in time domain and a set of symmetrically distributed sidebands of characteristic 

frequency related to )(t , constant in angular domain.  

Since Eq.(6.2.1) requires signal to be band-pass filtrated with the filter of the constant bandwidth f  

some higher harmonics of the modulation signal will be partially filtered out from resulting signal. 

Therefore, synchronous averaging in the angular domain will be burden with error due to the fact that 

for periods with lower values of )(t , the envelope of the signal will contain more harmonic 

components while for higher values of )(t  resulting envelope will contain less harmonic 

components, hence, less energy (see fig.6.2.1). In order to overcome this phenomena, squared envelope 

of the signal, obtained after band-pass filtration, should be low-pass filtered in the angular domain. 

Cutoff frequency m is associated to    by following relation: 
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where 
)(max t

 is the highest value of rotational speed for analyzed vibration signal. Rounding towards 

minus infinity provides the highest harmonic of the component of interest, that is contained in 

frequency range from   
  

 
 to  

  

 
) in whole length of the analyzed signal, to be preserved. Influence 

of described filtration will be tested on the simulated signal in section 6.2.3 of this chapter. 

At this point it should be stated that in order to choose the value of f  it is crucial to satisfy the 

following condition:  

   
   ̇   

 
          (6.2.9) 

where m stands for the characteristic frequency of the component of interest represented as a  multiple 

of rotational speed (order) and  ̇   [Hz] is the maximal rotational speed of the rotating machinery 

during the signal acquisition. Same as with envelope filtration requirement, by selecting filtration band 

with    that not meet the condition from Eq.(6.2.9) some portions of the signal that contains 

information about energy flow carried by the desired component will be removed from the filtered 

signal which may seriously affect the results (see fig. 6.2.1) [51].  

Explanation provided above proves that majority of existing methods (including authors contribution) 

that base either on narrow band filtration or averaging will fail when applied to extremely varying 

operational conditions. For relatively large changes of rotational speed it is difficult or impossible to 

satisfy the condition given by eq. 6.2.9. It is caused by the fact that filtration band    would be 

disproportionally wide with would be impossible for digital (sampled) signals.  

As presented in Ref. 5 and 51 analyses based on averaging can return misleading results when applied to 

signals with relatively large variation of amplitude (e.g. vibration signals generated by machinery 

operating under extremely varying operational conditions). 

The outcome of research task presented in this report shows that there is a need for set of tools 

dedicated for processing of non-stationary signals with strong amplitude and frequency modulations. 

Moreover, in order to successfully applied it to vibration-based condition monitoring it is necessary to 

present mathematical model of  vibration signals generated by machinery operating under extremely 

varying operational conditions and properly define the class of such signals. 

The realization of task No. 2 of the project enabled completion of a detailed survey and analysis of 

existing methods of diagnostics of rotating machinery working under variable operational parameters. 

Some preliminary research work has been done during aggregation of the project’s proposal; however, 

current work enabled detailed investigation described in Chapter 2. Within research, a number of 

different approaches has been defined, from which two have been found especially promising, namely 

variable load-based deduction and instantaneous spectrum analysis. 
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Concurrent group of tasks of the project, i.e. task No. 3, and 4 will enable purchase and setup of a 

laboratory test rig enabling generation of signals simulating work of rotating machinery under extremely 

variable operational parameters. 
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