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Abstract: Power generation technologies are essential for modern economies. Modal Analysis (MA)
is advanced but well-established method for monitoring of structural integrity of critical assets,
including power ones. Apart from classical MA, the Operational Modal Analysis approach is widely
used in the study of dynamic properties of technical objects. The principal reasons are its advantages
over the classical approach, such as the lack of necessity to apply the excitation force to the object and
isolate it from other excitation sources. However, for industrial facilities, the operational excitation
rarely takes the form of white noise. Especially in the case of rotating machines, the presence of
rotational speed harmonics in the response signals causes problems with the correct identification
of the modal model. The article presents a hybrid approach where combination of results of two
Operational Modal Analyses and Experimental Modal Analysis is performed to improve the models’
quality. The proposed approach was tested on data obtained from a 215 MW turbogenerator operating
in one of Polish power plants. With the proposed approach it was possible to diagnose the machine’s
excessive vibration level correctly.

Keywords: Operational Modal Analysis; large industrial machine; Experimental Modal Analysis;
combination of approaches

1. Introduction

Power generation systems are fundamental for modern societies in all countries across
the world. A growing trend towards renewable energies is a global phenomenon which
impacts all the other power technologies [1]. Paradoxically, the more participation of
renewable energy sources there is in the system, the more reliable sources are needed to
stabilize the system in low-insolation or low-wind periods [2,3]. Currently, and for the
foreseeable future, such sources are thermal plants. These plants differ in fuels, resulting
emissions, and the most popular are: natural gas, coal (hard and lignite), and nuclear.
The reliability of thermal plants is thus a crucial factor for efficient, safe, and reliable
power systems.

The core element of each thermal plant is a turbine—generator set. Such sets differ in
size and power, ranging from 50 MW (except small industrial units) up to 1000 MW [4,5].
Manufacturers perform constant efforts to increase efficiency and decrease fuel consump-
tion and emissions. Apart from many ways to achieve this goal, these mechanical systems
of rotating machines are continuously improved and modernized. On the other hand, it
leads to decreased tolerances, smaller gaps (e.g., between shaft and casing) and requires
increased precision in operation [6]. First of all, for trouble-free operation, each unit must
undergo proper alignment and balancing [7], but often these methods are not sufficient,
especially if the root cause is of a different kind.

The dynamic state is of paramount importance for turbo-sets. The vibration-based
analysis has become a standard procedure, and Turbine Supervisory Equipment (TSE)
systems with relative shaft vibration and absolute bearing vibration are de facto standard
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in assessing vibration severity [8]. Recent developments have led to introduction of a new
set of standards in this field [9,10].

A much more challenging part of dynamic state assessment is the analysis of struc-
tures. Each turbine-set is a very complex mechanism which consists of numerous structures,
e.g., casings, valve chambers, bearing pedestals. The overall dynamic state results from
excitation from rotating shafts and the transfer path determined by the structural compo-
nents. Structural analysis can help solve encountered problems which often prevent a unit
from starting or achieving the full load. The most efficient and robust method for such an
analysis is the Modal Analysis. In a number of publications one can find examples of the
use of modal analysis to identify and monitor the operation of rotating machines in the
energy industry [11-15].

The Modal Analysis can be applied in the Experimental Modal Analysis (EMA) [16-19]
or Operational Modal Analysis (OMA) [20,21] form. Comparison of the two modal analysis
techniques was presented in the paper by Orlowitz and Brand [22]. The former is based
on the active vibration tests. That is, it requires controlled and measured excitation. The
interested reader can find detailed descriptions together with mathematical formulae in
given references. In this approach, it is also essential to isolate a tested system from other
sources of vibration. That is why, in industrial conditions dynamic analysis is performed
in most cases using OMA [23,24]. This is because shutting down the machine in plants of
continuous production leads to significant financial losses. The second reason for using an
OMA is the problem with proper excitation of large and stiff structures. Comprehensive
review of the different OMA algorithms can be found in the article by Zahid et al. [25].
The attempt to create an automated OMA together with thorough analysis of the influence
of different selection of an estimation parameters can be found in paper by Rainieri and
Fabbrocino [26]. OMA has many advantages such as the use of actual excitation levels
and thus the study of the machine’s dynamic properties at the operating point has been
conducted. Apart from this, boundary conditions are real as well. However, the analysis of
results obtained through operational measurements carried out on rotating machines in
particular is baffling. There is a problem with separating rotational speed harmonics from
structural vibration components. The correct identification of those structural components
allows the modal parameters of the tested object to be estimated. It is also important to
mention that Modal Analysis can be applied in a variety of ways for reconstruction of
excitation force, as it can lead to the root cause identification of a fault [27].

In some cases, the ratio of structural components to harmonic ones may reach 60 dB.
The problem is significant when the natural frequencies are in proximity to the excitation
frequency and its harmonics. To separate easier random and deterministic components,
methods that allow the latter to be filtered out from the signal could be used.

In the literature, there are several methods for this separation. They have different
properties and, thus, are used for various purposes [28]. The first method for separating
deterministic and random components is Time Synchronous Averaging (TSA) [29]. This
allows a periodic signal to be extracted from the signal. A fundamental frequency of this
component must be known. The method guarantees good separation quality. However,
it is time-consuming. A similar separation method in which the knowledge of the fre-
quency of the extracted periodic signal is required is the Dislocation Superimposed Method
(DSM) [30]. This is a modification of the Random Decrement Technique (RDT) algorithm.
The next method, which may be used to separate deterministic and random components, is
the Linear Prediction (LP) method [31]. In this approach, it is assumed that the signal has
the character of white noise. Based on a certain number of signal samples, its deterministic
part is predicted using linear Auto-Regressive (AR) models.

In 1975, Widrow et al. [32] presented the Adaptive Noise Cancelation (ANC) method
which was able to separate a signal into deterministic and random components using
an adaptive filter. Initially, the method was applied for telecommunications signals. Its
introduction to vibrational signals was presented by Chaturvedi and Thomas in 1981 [33].
The method was later modified by Randall and Li [34] who proposed using a delayed
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original signal in place of the reference signal. The method is called Self-Adaptive Noise
Cancellation (SANC).

Another method for removing harmonic components from the signal is the Cepstral
method [35]. The signal is presented as a cepstrum, and in this domain, it is edited to remove
deterministic components. The method of removing harmonic components, used to extract
structural ones, is the double resampling algorithm [36]. The signal is transformed into
the order domain where the harmonic components are removed. Then it is re-transformed
into the time domain with a constant sampling period. The Discrete Random Separation
(DRS) algorithm presented by Antoni and Randall [37] was developed for discrete and
random components separation. It has also been used for pre-processing OMA data to
improve visibility of structural components [38]. All the described methods are based on
the information contained in the measurement data. If a particular type of motion revealing
the defect is not excited, it will not be visible in the processed results.

Authors would like to present a novel approach which combines several Modal
Analysis methods. The results of two independent OMAs and EMA are combined to
identify the root cause of the defect. It results in a much broader and thorough analysis
than any single approach and can reduce the influence of operational excitations. It is the
most comprehensive approach which the Modal Analysis can give. The presented case
study was taken on a 215 MW steam turbine in one of Polish power plants. The plant
reported a resonance which degraded the dynamic state of the unit. No specific solution
(e.g., balancing or alignment) was successful, and the proposed extended version of Modal
Analysis was chosen to identify the problem.

The paper is organized as follows: in Section 2, a description of OMA and EMA
methodology are described, Section 3 describes experimental conditions and parameters,
Section 4 presents the obtained results, and finally, Section 5 summarizes the paper with
conclusions concerning the combination of approaches.

2. Description of Approach and Methods

The main idea of the proposed approach is to combine the results from two inde-
pendent OMA measurements and the EMA measurement to gain a more detailed under-
standing of the tackled problem. In the first step, classical OMA in standard operational
conditions is performed to get an idea of where the problem is located (both in location
and frequency). In the second step, OMA during the run-down is conducted, and its
results are compared with the results from the first OMA to define precisely where the
excessive vibrations are located. Finally, EMA is conducted to get more insight into the
structure itself, i.e., when dealing with large machinery impact excitation often fails to
excite the vibrations of interest because of low impacting force. This type of behavior
suggests non-linearity of the system caused by its complexity, i.e., if the defect is related
directly to the impacted structure, it will be appropriately excited. In contrast, if the defect
is related to the surrounding elements (e.g., foundation), it will not be excited by the small
force of impact excitation. This approach is schematically shown in Figure 1.

2.1. Limitations of Modal Analysis

Modal models are a commonly used universal form of describing the dynamics of
mechanical structures. They are used to diagnose the condition of the machine under test
and can also be used in the health monitoring process. The theoretical assumptions of
modal analysis are relatively strict. Following assumptions must be met:

e the linearity of the tested systems—guaranteeing that the response of the system is
proportional to the excitation acting on the structure under examination,

stability of the modal model coefficients during the experiment,

the Maxwell principle of reciprocity,

observability of the system,

ability to measure all the characteristics necessary during the identification, and
small or proportional attenuation in the tested system.
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The above assumptions allow applying the modal superposition principle to the tested
system and its presentation as a sum of decoupled harmonic oscillators with one degree
of freedom.

OMA in standard ) ( . . .
. Information about the approximate location
operational o .
o and frequency of excessive vibrations
conditions ) L
™ e
OMA during the | Informationabout the exact location and
run-down frequency of excessive vibrations
J \

EMA on stopped
machine

Information about the root cause of defect

Figure 1. Schematic description of the proposed approach.

2.2. Comparison of Experimental and Operational Modal Analyses

EMA and OMA are most often used in research practice. In unusual cases for which
there are difficulties related to EMA and OMA, the Operational Modal Analysis in the
presence of eXogenous inputs (OMAX) model can also be used.

The main differences between EMA and OMA are related to the excitation method
of the test object. The EMA assumes the use of an active identification experiment. The
tested system is subjected to a controlled and measurable excitation. It is assumed that
apart from the controlled (and measured) force, no other input is supplied to the system
and all additional effects are treated as disturbances. This approach works very well
in laboratory conditions in which the tested object is isolated from its natural working
environment and disturbing external factors. The low influence of external disturbances
causes that the measurement characteristics are usually of good quality and allow trouble-
free identification of modal model parameters. The problem is usually getting the so-
called laboratory conditions. Such an operation is often technically complicated, time-
consuming, and thus expensive. In the case of objects of large dimensions and great
importance, such as generators, their foundations, and other civil engineering structures, it
is impossible to isolate the object for the duration of the test. In such a case, any disturbances
significantly deteriorate the quality of measurement characteristics while increasing the
modal model parameters’ estimators” dispersion. Considerable disturbances are usually
recorded during tests of power generation machines. There are disturbances related to
operations of neighboring machines, usually at the recorded measurement signal level.
Measurement characteristics obtained in this way are usually of little use for the estimation
of modal model parameters. The situation could be improved by switching off all running
machines. In industrial conditions, however, such a situation is infrequent.

Another problem that arises when examining large objects is the provision of an
appropriate, exciting force. In the classical EMA, three types of forcing waveforms are most
often used: impulse, random noise, and signals composed of sets of properly prepared
harmonic functions. The impulse excitation is most often used during preliminary tests.
The experiment is carried out in a much shorter time than other methods of forcing, but
the measurement characteristics are usually of lower quality. The other two methods of
providing a controlled input require additional tools generating vibrations, the so-called
shakers. In industrial practice, the use of shakers is significantly limited. Systems of this
type that allow the generation of exciting forces at an appropriate level are expensive and
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inconvenient to use due to their large size and weight. Another difficulty related to the
vibration excitation, occurring primarily in the case of large objects forced by impulse
signals, is only the local impact of the excitation on the structure under study. On the
one hand, the force which acts on the structure should be large enough to allow the
response to be registered at any point on the structure. On the other hand, it cannot be
destructive to the object. In the practice of modal research of large power generators and
their foundations, it turns out that the response signals are often undetectable due to their
masking by disturbances. It is often caused by the inability to isolate the object on which the
measurements are made from the environment and the high level of disturbances related
to operation of neighboring machines.

Another solution is to test the machines during their regular operation, i.e., using the
OMA method. As mentioned earlier, the main difference to the EMA methods is related to
object enforcement. OMA assumes that the object is forced only by random white noise
with a flat spectrum in the analysis scope. The estimation of modal model parameters is
based only on the response of the tested system which curves to the natural operational
excitation. Such a situation has several consequences, both positive and negative. First, in
most cases, it is not possible to measure the exciting force. Acting forces are usually not tied
to a specific place on the structure but have some spatial distribution. In practice, it is not
possible to measure operational forces directly. It is sometimes possible to estimate them,
e.g., by applying reverse identification methods, but in this case, it is necessary to have a
verified model of the system. Another aspect, especially related to operation of energetic
machines, is the immense diversity of dynamic conditions during regular operation and
transient states. Power machines are designed so that during stable operation they are
located at an optimal point on the frequency characteristic. Therefore, in most cases, key
moments of energetic machines are the transitional states related to run-up or run-down.
These states carry a lot of information about dynamic parameters of the machine, and often,
whenever possible, they can be used to identify model parameters.

From the OMA point of view, the modal model should be estimated, based on station-
ary conditions measurements. Hence, there is often a situation in which, during regular
operation, the operational forcing does not allow a sufficiently good forcing of even the
essential poles of the system which are excited, e.g., in transient states. Consequently, it can
cause difficulties in identification and the inability to detect poles that are weakly forced
during regular operation. The modal model obtained as a result of OMA is related to a
specific operating point of the tested machine, and therefore its generalization often does
not give good results.

Another disadvantage related to the use of OMA in the case of testing energetic
machines is the assumption of only a random input acting on the tested system. This
assumption causes those harmonic disturbances related to, e.g., operation of other rotating
machines located nearby are treated as additional poles of the estimated model. Thus, it
is necessary to inspect the parameters of the obtained modal model and recognize and
remove redundant poles appearing in the estimation results.

Another possibility in the researcher’s hands is integrating the features of OMA
and EMA methods in the form of the OMAX model. Such a structure allows for both
the controlled forcing of object vibrations and the use of natural operational excitation.
It seems that this form of the modal model is best suited for identifying parameters of
energetic machines.

The above considerations show that the issue related to obtaining modal models of
power generation machines is not trivial and requires a lot of attention and experience, both
measurement and practical knowledge during the estimation of modal model parameters.

2.3. Basics of Estimating Parameters of Modal Models

Estimation of modal model parameters can be performed in various ways. The
most popular methods are based on the time or frequency domain. In the first case, the
basis for parameter estimation is the time history of the system’s input and response or
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directly the waveform of the impulse response function. In the case of estimation methods
implemented in the frequency domain, the basis for parameter estimation is the waveforms
of the excitation and response spectra or the measured waveforms of frequency transfer
functions. In practical applications in diagnostics, the primary methods are classical
methods implemented in the frequency domain. It is dictated that it is possible to limit the
frequency band to those frequencies in which changes in the vibration waveforms during
the operation process are observed.

Due to the size and structure of the model, estimating modal parameters can be
divided into methods for systems with one degree of freedom and systems with multi-
degrees of freedom. It is assumed that the former behaves like a simple harmonic oscillator
in the vicinity of a given natural frequency. The influence of the remaining vibration modes
is negligible. These methods can be used for systems with low damping, for which the
coupling between particular modes of vibration is negligible. In other cases, methods for
multiple degrees of freedom are used.

Time-domain methods are, in principle, multi-degrees of freedom methods. Having
analyzed the formulas for the impulse responses of the linear system for the excitation at
the jth point and the response at the ith point it can be seen that:

e  poles of the system do not depend on the position of the excitation and the response
measurement and can be estimated based on each impulse response (a similar state-
ment can be justified for frequency characteristics),
mode shapes do not depend on the location of the jth point on the structure,
the input coefficient of participation of a given form in the response does not depend
on the position of the ith point of response measurement.

Estimation procedures based on the above assumptions result in estimates of global
modal parameters determined by methods of estimating global modal parameters.

In the case of analyses performed in the time domain, there can be a distinguished
group of methods based on the knowledge of system model in the form of a regression
series, most often of the AutoRegressive Moving Average with eXogenous input (ARMAX)
type. The analyzer must have some research experience to enable him to choose a method.
When choosing, one should pay attention to the following aspects:

the complexity of numerical calculations,
range of tested frequencies,

damping values in the system,

type of experiment used.

Estimation methods implemented in the time domain, from the point of view of
numerical calculations, are better conditioned due to the specific frequency characteristics.
From the numerical point of view, the approximation by the least-squares method in the
frequency domain is more difficult to implement due to the possibility of local minima. For
this reason, time-domain estimation methods are more effective for noisy data. While using
them additional errors due to spectral leakage, aliasing or the use of time windows, etc.,
are avoided. On the other hand, frequency-domain methods offer a more straightforward
possibility of data averaging used to remove noise with an average value of zero from the
measured waveforms.

3. Description of Experiments

The machine under investigation is identified with an excessive vibration level on one
of the bearings during standard operational conditions. The source of these vibrations is
unknown, so the investigation is divided into three parts, i.e., OMA in standard operational
conditions, OMA during the run-down, and EMA when stationary. These analyses are
shown in the following subsections.
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3.1. OMA in Standard Operational Conditions

OMA in standard operational conditions was conducted to identify the frequencies
at which highest vibration level is located and how Operational Deflection Shape (ODS)
at identify frequency looks like. To achieve this, a dense measurement grid is selected, as
presented in Figure 2.

Figure 2. Measurement grid for OMA in standard operational conditions. Green and red components
are related to bearing pedestals, while black components are related to the generator casing. Points
encircled with green eclipse are related to the bearing with excessive vibration levels.

The measurement grid is composed of 64 points measured in three orthogonal di-
rections. The leftmost green component is related to one of the bearings. The center
red component is related to two bearings in one bearing pedestal. Points encircled in
green eclipse are related to the bearing with excessive vibration levels. Black components
are related to the generator casing. The rightmost green components are related to the
last bearing.

LMS SCADAS III with 28 channels is used as a data acquisition system, along with 8
3-dimensional (3D) accelerometers PCB 356A16 and 2 1-dimensional (1D) accelerometers
PCB 333B30 for capturing acceleration signals. Performing measurements in the entire
network of measurement points required 8 partial experiments. During the measurements,
the 3D accelerometers were moved during the individual partial experiments, and the
1D accelerometers were used as a reference. The sampling frequency is 1000 Hz, and the
acquisition time is 300 s. The averaging window is set to 4 s length to obtain a frequency
resolution of 0.25 Hz, and the Hanning window is used for averaging procedure for
Cross-Power Densities (CPD) calculation. Data acquisition is made at a constant speed
of 3000 RPM, which is the operating speed for the considered machine. The machine is
loaded at half of the capacity.

3.2. OMA during the Run-Down

OMA during the run-down is done to identify the ODS and corresponding resonant
frequencies. Once the ODS are found, a comparison with the ODS from the first experiment
will point to the particular resonant frequency, causing the excessive vibration levels. The
operational schedule in the plant does not allow to do more than one run-down. Therefore,
only a single partial measurement was done, i.e., the measurement grid is reduced to
8 points, as shown in Figure 3.
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Figure 3. Measurement grid for OMA during the run-down. Points encircled with green eclipse are
related to the bearing with excessive vibration levels.

Run-down started at 3000 RPM and slowed down to 0 RPM over 40 min. This
recording is used to calculate the CPD with the same parameters as in OMA in standard
operational conditions.

3.3. EMA on Stopped Machine

EMA was done on a stopped machine to identify the Mode Shapes (MS) related to
the bearing pedestal. EMA is done with controllable and measurable excitation, and it is
done using the modal hammer PCB 086D20. The excitation force is not high enough to
excite the entire structure. Thus the excitation is done on the bearing pedestal itself, and
the measurement grid is limited to the bearing pedestal as well, as shown in Figure 4.

Figure 4. Measurement grid for EMA when stationary. Points encircled with green eclipse are related
to the bearing with excessive vibration levels.

In this experiment, analysis is limited to 16 measurement points. Thus 2 partial
experiments are conducted. For each partial experiment, 20 averages are done to minimize
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the external noises’” influence on obtained results. The acquisition time window is set to 4 s
to obtain the Frequency Response Function (FRF) with 0.25 Hz frequency resolution.

4. Results

In this section results from OMA in standard operational conditions, OMA during the
run-down and EMA when stationary are presented and analyzed.

4.1. OMA in Standard Operational Conditions

Data quality analysis is conducted before actual analysis. This is done by comparison
of reference signals from all partial experiments. Calculated Power Spectral Density (PSD)
functions are shown in Figures 5 and 6. It is clearly shown that the obtained PSD functions
are similar. This confirms the similar operational conditions in all of the partial experiments.

0

Ampltude [dB]

0 50

100 150 200 250 300 350 400 450 500
Freauency HA

Figure 5. PSD functions at the first reference point from all partial experiments.

20 T

Amplitude [dB]

1 1 1 1 1 L 1 1
100 150 200 250 300 350 400 450 500

Freauency HA

Figure 6. PSD functions at the second reference point from all partial experiments.

Based on all acquired CPD functions, the SUM indicator is calculated as shown in
Figure 7. This indicator shows that the highest amplitude of vibrations is observed in 100

Hz frequency.
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Figure 7. SUM indicator from CPD functions acquired during standard operating conditions.

Modal parameter estimation is conducted in LMS Test.Lab Operational Modal Analysis
module with use of the OMAX algorithm. A list of identified frequencies and damping
ratios is given in Table 1.

Table 1. List of identified frequencies and damping ratios from OMS in standard operational conditions.

Mode No. Frequency [HZ] Damping Ratio [%] Comment
1 50.01 0.00 Harmonic of rotational speed
2 75.01 0.01 Natural frequency
3 100.06 0.00 Harmonic of rotational speed
4 125.01 0.01 Natural frequency
5 133.17 0.24 Natural frequency
6 150.09 0.00 Harmonic of rotational speed
7 199.96 0.01 Harmonic of rotational speed
8 234.27 2.56 Natural frequency
9 250.05 0.01 Harmonic of rotational speed
10 300.06 0.02 Harmonic of rotational speed
11 350.19 0.01 Harmonic of rotational speed
12 400.20 0.01 Harmonic of rotational speed
13 438.64 0.32 Natural frequency
14 450.07 0.01 Harmonic of rotational speed
15 464.95 0.39 Natural frequency

Considering the SUM indicator shown in Figure 7 and the list of identified frequencies
given in Table 1, it seems that the highest contribution to vibration levels is in 100.06 Hz
frequency. Identified ODS at this frequency is shown in Figure 8 at its two extreme positions.

(a)

Figure 8. Cont.
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(b)

Figure 8. Identified ODS at frequency 100.06 Hz: (a) first extreme position; (b) second extreme position.

It is clearly shown that the right side of the center bearing pedestal has higher defor-
mation amplitudes than its left side. This ODS is responsible for excessive vibration levels
on a bearing of interest. It is important to note that ODS could be a composition of motions
of several MS.

4.2. OMA during the Run-Down

For the case of OMA during the run-down, only 1 partial experiment is done, so there
is no need to check for the similarity of consecutive experiments. SUM indicator is shown
in Figure 9.

-60 T T T T T T T T T

Amplitude [dB]
8
L

£l u%mw N“’\W

-110}

| 1 1 | | 1 | |
o] 50 100 150 200 250 300 350 400 450 500
Freauency HA

Figure 9. SUM indicator from CPD functions acquired during run-down.

Modal parameter estimation is conducted in LMS Test.Lab Operational Modal Analysis
module with use of the OMAX algorithm. A list of identified frequencies and damping
ratios is given in:

Considering the SUM indicator shown in Figure 9 and the list of identified frequencies
given in Table 2, the most interesting ODS frequencies are 90.57, 91.42, 94.80, and 98.91 Hz.
Visual comparison of these ODS with the ODS given in Figure 8 pointed to ODS located in
frequency 98.91 Hz, shown in Figure 10.

Table 2. List of identified frequencies and damping ratios from OMS during the run-down.

. . Damping . .
Frequenc Damping Ratio Mode Frequenc . Frequenc Damping Ratio
Mode No. [‘%{Z] Y p[%% No. [(%IZ] y R[i/‘t,l]o Mode No. [‘}{Z] y p[%%
1 23.36 2.74 9 98.91 0.64 17 286.49 0.10
2 33.81 3.44 10 133.46 2.03 18 295.06 0.18
3 44.99 3.24 11 170.09 0.76 19 356.79 0.22
4 69.03 2.21 12 180.42 0.33 20 373.78 0.13
5 79.15 4.80 13 183.54 0.57 21 396.47 0.11
6 90.57 2.00 14 198.07 0.30 22 411.61 0.10
7 91.42 3.09 15 257.32 0.41 23 440.36 0.47
8 94.80 1.08 16 273.25 0.11 24 458.01 0.34
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(a)

(b)

Figure 10. Identified MS at frequency 98.91 Hz: (a) first extreme position; (b) second extreme position.

It is clearly shown that ODS’s motion from standard operating condition (Figure 8)
and ODS from run-down (Figure 10) are similar. This links the root cause of the excessive
vibration levels during the standard operating conditions with the structural dynamics.

4.3. EMA on Stopped Machine

It is important to note that these measurements are done during the regular operation
of the power plant and similar machines operating nearby. Thus, the environmental noise
is exceptionally high. The most important frequencies are related to the vicinity of 100 Hz,
as found in previous sections. Therefore, analysis of these frequencies is of primary interest.
Firstly, Power Spectral Density (PSD) is checked between 2 partial experiments to check
the similarity between excitation levels, as shown in Figure 11.

28

T T T T T

/ —

ol // T
/

o

Amplitude [dB]
®

8 1 1 1 1 1 1 1 1 1
0 20 40 60 80 100 120 140 160 180 200

Freauency [H4

Figure 11. PSD of two excitation signals from EMA when stationary experiment. Similarity of these
curves present the repeatability of the EMA experiments.
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SUM indicator for this analysis is shown in Figure 12. It is important to note that many
spikes present on this graph are related to environmental noise, i.e., vibrations from the
machine operating nearby.

-6 T T T T T T T T T
ol ]

-75

Amplitude [dB]
ég \
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Figure 12. SUM indicator from FRF for EMA when stationary.

In a frequency range up to 200 Hz, 95 natural frequencies were identified. Among
these frequencies, there are a few close to 100 Hz, but their MS are different from the
ODS reported in previous sections. This is most likely related to the modal hammer low
excitation force compared to operational excitation. The operational excitation, forced
vibration of foundation under the machine, is the cause of the excessive vibration levels.

5. Summary of the Results

An engineering problem of bearing pedestal with high amplitude vibrations was tackled
using the novel approach combining two OMA measurements and EMA. The ODS at 98.91
Hz was identified and related to the foundation vibrations under the operating machine.

Based on the first conducted analysis, i.e., OMA in standard operating conditions, it
was concluded that the excessive vibration level was related to the second harmonic of
operating speed and was in the bearing pedestal. It was still unclear what the resonance
frequency was—as it was above or below 100 Hz.

The second analysis, i.e., OMA during the run-down, helped to identify four resonant
frequencies below 100 Hz. Among these four frequencies, only one ODS resembled the
ODS identified in the first analysis. At this stage, it was already evident what resonance
frequency was causing the problem. However, it was still uncertain if the problem was
related to the machine itself or the foundation underneath.

The third analysis, i.e., EMA on the stopped machine, was unable to identify the
problem, which was most likely related to low input excitation compared to operational ex-
citation. If excessive vibration levels were related to the machine itself, one of the identified
MS would resemble the ODS identified in the previous analysis. Thanks to elimination,
it was concluded, based on EMA, that the problem was located in the foundation of
the machine.

6. Final Conclusions

The paper presents a new hybrid approach to the assessment of the dynamic condition
of large rotating machines used in the power generation industry. The combination of many
variants of different MA types (EMA, OMA based on stationary responses, OMA based
on transient responses) allowed to identify a potential source of the problem of increased
vibration level. In the literature, one can find the use of combining EMA and OMA for the
modal identification of objects. This combination is most often used to find the MS scaling
factors obtained on the basis of OMA [38,39]. In the presented work, EMA was used for
geometric verification of MS obtained by OMA analyzes.
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Such an innovative application gives additional information to the researcher and
allows for a more confident interpretation of the results. The proposed approach should
be adopted by users of power generation assets and other critical machinery, alike. Better
modal models can improve knowledge of the dynamic properties of machine. In case of a
deteriorated dynamic behavior it can shorten and improve looking for a root cause of a
problem. Eventually, it can help to increase availability of critical assets.

Author Contributions: Conceptualization, K.D., K.M., PK. and T.B.; methodology, K.D. and K.M.;
software, K.D.; validation, K.D., KM., PK. and T.B.; formal analysis, K.D. and K.M.; investigation,
K.D. and PK; resources, T.B.; data curation, PK.; writing—original draft preparation, K.D.; writing—
review and editing, K.M., PK. and T.B; visualization, K.D.; supervision, K.M.; project administration,
T.B.; funding acquisition, K.M. and T.B. All authors have read and agreed to the published version of
the manuscript.

Funding: The APC was funded by AGH, Robotics and Mechatronics Department.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. GWEC. Global Wind Report 2019. Glob. Wind Energy Rep. 2020, 78.

2. Badur, J.; Hyrzyniski, R.; Kraszewski, B.; Ziétkowski, P.; Dudda, W. Analiza zmiennosci generacji energii elektrycznej w okresie
pierwszych pieciu miesiecy 2019 r. ze szczegdInym uwzglednieniem generacji energii ze Zrédet wiatrowych. Nowa Energ. 2019, 3, 40.

3. Grafiken Von Rolf Schuster Zur Energiewende. Available online: https:/ /www.vernunftkraft-odenwald.de/grafiken-von-rolf-
schuster-zur-energiewende/ (accessed on 21 December 2020).

4. Steltz, W.G. Steam Turbines; McGraw-Hill Professional Publishing: New York, NY, USA, 2006; Volume 4.

5. Laudyn, D.; Pawlik, M.; Strzelczyk, F. Elektrownie; Wydawnictwa Naukowo-Techniczne: Warszawa, Poland, 2000.

6. Tanuma, T. Advances in Steam Turbines for Modern Power Plants; Woodhead Publishing: Sawston, UK, 2016.

7. Amroune, S.; Belaadi, A.; Menasri, N.; Zaoui, M.; Mohamad, B.; Amin, H. New approach for computer-aided static balancing of
turbines rotors. Diagnostyka 2019, 20, 95-101. [CrossRef]

8.  Grissom, B.; Hatch, C.T.; Bently, D.E. Fundamentals of Rotating Machinery Diagnostics; ASME Press: New York, NY, USA, 2018.

9. ISO 20816-1; Mechanical Vibration—Measurement and Evaluation of Machine Vibration—Part 1: General Guidelines. Interna-
tional Organisation for Standardization: Geneva, Switzerland, 2017.

10. API Standard No. 670; Machinery Protection Systems, Fourth Edition. American Petroleum Institute: Washington, DC, USA, 2000;
1-96.

11. Chandravanshi, M.L.; Mukhopadhyay, A.K. Analysis of variations in vibration behavior of vibratory feeder due to change in
stiffness of helical springs using FEM and EMA methods. |. Braz. Soc. Mech. Sci. Eng. 2017, 39, 3343-3362. [CrossRef]

12.  Grosel, J.; Sawicki, W.; Pakos, W. Application of Classical and Operational Modal Analysis for Examination of Engineering
Structures. Procedia Eng. 2014, 91, 136-141. [CrossRef]

13.  Manzato, S.; Devriendt, C.; Weijtjens, W.; Di Lorenzo, E.; Peeters, B.; Guillaume, P. Removing the Influence of Rotor Harmonics
for Improved Monitoring of Offshore Wind Turbines. Dyn. Civ. Struct. 2014, 4, 299-312. [CrossRef]

14. Gioia, N.; Daems, P; Guillaume, P.; Helsen, ]. Long term operational modal analysis for rotating machines. J. Phys. Conf. Ser. 2018,
1037, 052035. [CrossRef]

15. Salehi, M.; Esfarjani, S.M.; Ghorbani, M. Modal Parameter Extraction of a Huge Four Stage Centrifugal Compressor Using
Operational Modal Analysis Method. Lat. Am. ]. Solids Struct. 2018, 15, 1-11. [CrossRef]

16. Heylen, W.; Lammens, S.; Sas, P. Modal Analysis Theory and Testing; Katholieke Universiteit Leuven, Faculty of Engineering,
Department of Mechanical Engineering, Division of Production Engineering, Machine Design and Automation: Leuven, Belgium,
1997; Available online: https://asset-pdf.scinapse.io/prod /156689764 /156689764.pdf (accessed on 1 February 2022).

17.  Ewins, D.J.; Saunders, H. Modal Testing: Theory and Practice. J. Vib. Acoust. 1986, 108, 109-110. [CrossRef]

18. De Silva, C.W. Experimental modal analysis. In Vibration Monitoring, Testing, and Instrumentation; CRC Press: Boca Raton, FL,
USA, 2007; pp. 237-263.

19. Snoeys, R;; Sas, P; Heylen, W.; Van der Auweraer, H. Trends in experimental modal analysis. Mech. Syst. Signal Process. 1987, 1,
5-27. [CrossRef]

20. Peeters, B.; Van der Auweraer, H. PolyMAX: A Revolution in Operational Modal Analysis. In Proceedings of the 1st International

Operational Modal Analysis Conference, IOMAC 2005, Copenhagen, Denmark, 2627 April 2005.


https://www.vernunftkraft-odenwald.de/grafiken-von-rolf-schuster-zur-energiewende/
https://www.vernunftkraft-odenwald.de/grafiken-von-rolf-schuster-zur-energiewende/
http://doi.org/10.29354/diag/114621
http://doi.org/10.1007/s40430-017-0767-z
http://doi.org/10.1016/j.proeng.2014.12.035
http://doi.org/10.1007/978-3-319-04546-7_34
http://doi.org/10.1088/1742-6596/1037/5/052035
http://doi.org/10.1590/1679-78254117
https://asset-pdf.scinapse.io/prod/156689764/156689764.pdf
http://doi.org/10.1115/1.3269294
http://doi.org/10.1016/0888-3270(87)90080-X

Energies 2022, 15,1871 15 of 15

21.

22.

23.

24.

25.

26.
27.

28.
29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Reynders, E. System Identification Methods for (Operational) Modal Analysis: Review and Comparison. Arch. Comput. Methods
Eng. 2012, 19, 51-124. [CrossRef]

Orlowitz, E.; Brandt, A. Comparison of experimental and operational modal analysis on a laboratory test plate. Measurement 2017,
102, 121-130. [CrossRef]

Sun, Q.; Yan, W.-].; Ren, W.-X,; Liu, L.-L. Application of transmissibility measurements to operational modal analysis of railway,
highway, and pedestrian cable-stayed bridges. Measurement 2019, 148, 106880. [CrossRef]

Qi, K.; He, Z.; Li, Z.; Zi, Y.; Chen, X. Vibration based operational modal analysis of rotor systems. Measurement 2008, 41, 810-816.
[CrossRef]

Bin Zahid, F; Ong, Z.C.; Khoo, S.Y. A review of operational modal analysis techniques for in-service modal identification. J. Braz.
Soc. Mech. Sci. Eng. 2020, 42, 398. [CrossRef]

Mendrok, K.; Dworakowski, Z. A review of methods for excitation force reconstruction. Diagnostyka 2019, 20, 11-19. [CrossRef]
Randall, R.B.; Sawalhi, N.; Coats, M. A comparison of methods for separation of deterministic and random signals. Int. ]. Cond.
Monit. 2011, 1, 11-19. [CrossRef]

Braun, S. Extraction of Periodic Waveforms by Time Domain Averaging. Acustica 1975, 32, 69-77.

Dayong, N.; Changle, S.; Yongjun, G.; Zengmeng, Z.; Jiaoyi, H. Extraction of fault component from abnormal sound in diesel
engines using acoustic signals. Mech. Syst. Signal Process. 2016, 75, 544-555. [CrossRef]

Wang, W.; Wong, A K. Autoregressive Model-Based Gear Fault Diagnosis. J. Vib. Acoust. Trans. ASME 2002, 124, 172-179.
[CrossRef]

Widrow, B.; Glover, ].R.; McCool, ].M.; Kaunitz, J.; Williams, C.S.; Hearn, R.H.; Zeidler, ].R.; Dong, J.E.; Goodlin, R.C. Adaptive
noise cancelling: Principles and applications. Proc. IEEE 1975, 63, 1692-1716. [CrossRef]

Chaturved, G.; Thomas, D. Adaptive noise cancelling and condition monitoring. J. Sound Vib. 1981, 76, 391-405. [CrossRef]
Randall, R.B.; Li, L. Diagnostics of planetary gear bearings in the presence of gear vibrations. In Proceedings of the International
Conference on Gearbox Vibration and Diagnostics, London, UK, 16-17 November 1995; pp. 73-80. Available online: http:
/ /unsworks.unsw.edu.au/fapi/datastream /unsworks:60754/SOURCEO1?view=true (accessed on 2 February 2022).

Randall, R.B.; Sawalhi, N. A new method for separating discrete components from a signal. Sound Vib. 2011, 45, 6-9.

Groover, C.L.; Trethewey, M.W.; Maynard, K.P.; Lebold, M.S. Removal of order domain content in rotating equipment signals by
double resampling. Mech. Syst. Signal Process. 2005, 19, 483-500. [CrossRef]

Antoni, J.; Randall, R. Unsupervised noise cancellation for vibration signals: Part Il—a novel frequency-domain algorithm. Mech.
Syst. Signal Process. 2004, 18, 103-117. [CrossRef]

Mendrok, K.; Dziedziech, K.; Kurowski, P. Detection of structural abnormality of industrial rotary machine using DRS-aided
operational modal analysis. Measurement 2020, 164, 108098. [CrossRef]

Brincker, R.; Andersen, P. A Way of Getting Scaled Mode Shapes in Output Only Modal Testing. In Proceedings of the IMAC-21:
A Conference on Structural Dynamics (2003), Kissimmee, FL, USA, 3-6 February 2003; pp. 141-145.

Reynders, E.; Degrauwe, D.; De Roeck, G.; Magalhaes, F.; Caetano, E. Combined experimental-operational modal testing of
footbridges. J. Eng. Mech. 2010, 136, 687-696. [CrossRef]


http://doi.org/10.1007/s11831-012-9069-x
http://doi.org/10.1016/j.measurement.2017.02.001
http://doi.org/10.1016/j.measurement.2019.106880
http://doi.org/10.1016/j.measurement.2007.11.009
http://doi.org/10.1007/s40430-020-02470-8
http://doi.org/10.29354/diag/110241
http://doi.org/10.1784/204764211798089048
http://doi.org/10.1016/j.ymssp.2015.10.037
http://doi.org/10.1115/1.1456905
http://doi.org/10.1109/PROC.1975.10036
http://doi.org/10.1016/0022-460X(81)90519-8
http://unsworks.unsw.edu.au/fapi/datastream/unsworks:60754/SOURCE01?view=true
http://unsworks.unsw.edu.au/fapi/datastream/unsworks:60754/SOURCE01?view=true
http://doi.org/10.1016/j.ymssp.2003.09.008
http://doi.org/10.1016/S0888-3270(03)00013-X
http://doi.org/10.1016/j.measurement.2020.108098
http://doi.org/10.1061/(ASCE)EM.1943-7889.0000119

	Introduction 
	Description of Approach and Methods 
	Limitations of Modal Analysis 
	Comparison of Experimental and Operational Modal Analyses 
	Basics of Estimating Parameters of Modal Models 

	Description of Experiments 
	OMA in Standard Operational Conditions 
	OMA during the Run-Down 
	EMA on Stopped Machine 

	Results 
	OMA in Standard Operational Conditions 
	OMA during the Run-Down 
	EMA on Stopped Machine 

	Summary of the Results 
	Final Conclusions 
	References

