13th International Conference

MODERN BUILDING MATERIALS, STRUCTURES AND TECHNIQUES

16-17 May 2019, Vilnius, Lithuania eISSN 2029-9915
Vilnius Gediminas Technical University elSBN 978-609-476-197-3

https://doi.org/10.3846/mbmst.2019.012

Harmonic components extraction influence on
resulting modal parameters of vibrating structures

Deniss Mironovs', Aleksey Mironov?, Andris Chate’

3 stitute of Materials and Structures, Riga Technical University, Riga, Latvia
2SIA D un D centrs, Riga, Latvia

E-mail: 'deniss.mironovs@edu.rtu.lv (corresponding author)

Abstract. It is possible to estimate condition of static structures, like bridges and buildings, by monitoring how their
modal parameters (frequency, shape and damping) change in time, based on modal parameters relation to mechanical
properties. Operational modal analysis (OMA) provides estimation of modal parameters. OMA basic assumption is that
excitation forces are random and their amplitude and frequency nature is similar to white noise. For structures with
periodic dynamic excitation, like wind turbines or helicopter blades, this assumption is violated, which makes OMA
application complicated and unreliable. There is a challenge of extracting periodic components before modal parameter
estimation, which otherwise contaminate signals and mask modal information. This paper considers a signal processing
tool for extraction of periodic components from signals aiming to perform OMA and to estimate modal parameters. The
tool is based on time synchronous averaging and utilizes tachometer signals. The influence of signal processing tech-
nique on modal parameters is studied by comparing these parameters with and without given signal processing tool. The
paper also considers the effectiveness of the tool and discusses its possible uses.
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Introduction

The field of structural health monitoring is rapidly growing and has its implementation in various fields, including civil
engineering. There are several SHM techniques, some of which are based on vibration analysis, particularly on modal
analysis (Maia & Silva, 1997). The latter is aimed at estimating modal parameters, including frequency, mode shape
and damping coefficient that are directly related to structural properties, like mass, stiffness and damping. In civil
engineering operational modal analysis (OMA) is more practical, because it does not require artificial test excitation
of the studied structure, unlike experimental modal analysis (Brincker & Ventura, 2015).

One descriptive feature of OMA is the assumption that existing natural excitation is essentially a white noise, i.e.
frequency spectrum of the exciting force has equal intensity for all frequencies (Mironovs & Chauhan, 2017). Moreo-
ver, it is assumed that excitation is evenly distributed around the system/object. In terms of a building structure these
forces can be either natural forces — wind, rain, even earthquake, or man produced sources of excitation — mainly
transportation traffic. For specific structures, which are exposed to periodic excitation, e.g. wind turbine tower and
blades or helicopter blades, OMA assumption is not met (Mironov, Mironovs, & Kabashkin, 2018). Periodic excitation
can be found from rotating mechanisms, like gearboxes and shafts. Random forces provide even excitation for natural
modes, while periodic part creates forced vibrations. The latter should be distinguished from natural modes, which is
a challenging task without propper signal analysis. An extraction algorithm can be a valuable tool in dividing recorded
signals into random and periodic part. Random part is then used for modal analysis and structural health monitoring,
while sole periodic part can be used for diagnostics of rotating machinery (Mironov & Mironovs, 2018a).

This paper shows application of an extraction algorithm and evaluates its effectiveness and influence on the re-
sulting modal parameters. The effectiveness of the algorithm depends on the quality of modal parameter estimation. A
high quality estimation has many modes present in the results, which are uncorrelated between each other, have low
complexity and clear modes shapes that correspond to theory of vibrations.
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Modal analysis

Modal analysis is a system identification technique, used for obtaining parameters of dynamic behaviour of systems.
These are modal parameters, mentioned above — frequency, damping and mode shape. This approach is used at design
stage of many civil engineering structures, like bridges, tall buildings, wind turbines, as well as for many other struc-
tures, including car bodies, aircraft parts, etc (Patel & Jamadar, 2016). Modal analysis gives information about fre-
quencies at which natural oscillations appear. Engineers exploit this information to avoid these frequency ranges for
safety reasons, or even vice versa, use resonances to amplify power of an instrument, for example. Modal analysis can
be used for structural health monitoring and damage identification, as well (Zou, Tong, & Steven, 2000).

Theoretical background of modal analysis

For a single degree of freedom system the equation of motion is given as
M x(t)+Cx(t)+Kx(t) = p(¢), )

where: M is the mass matrix, C is the damping matrix, K is the stiffness matrix, x(t) is the response vector

and p(t) is the force vector, which in frequency domain is shown as:
(-Mo? + joC-K) X (@) = P(0). 2)

The Frequency Response Function (FRF) is a relation between response and excitation:
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The FRF mathematical model contains mode shapes, natural frequencies and damping coefficient in the following
equation:
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where 4, = Qr(pr(pf .Term ¢, isashape formode » and (, isthe modal scaling factor. The natural frequen-
cies for mode r are obtained from poles in Eq. (4) by
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As one can see, modal parameters are dependant on mass, stiffness and damping. Experimental modal analysis is
based on Eq. (3) and requires X (®) and P(®) to be known.

Operational modal analysis

This type of modal analysis is an output-only method, which means that only X ((D) is measured and P((D)
remains unknown. It is assumed, though, that excitation is essentially random in nature and evenly distributed across
system. An ideal case of such excitation in real world can be rain or traffic induced vibrations, averaged during con-
siderable time. Using this assumption the output is treated like an FRF function for further data processing.

Time synchronous averaging

This technique is used for obtaining periodic information from a given signal, which is widely used for machinery
condition diagnostics (Ha et al., 2016). For structural health monitoring purposes TSA is applicable in determination
of periodic component. Time synchronous averaging is a signal processing technique that extracts periodic waveforms
from noisy data (Bechhoefer & Kingsley, 2009). Tacho signal is necessary for order tracking, although, some tech-
niques exist, which allows production of a reference signal for TSA without direct acquisition of tachometer signal
(Coats, Sawalhi, & Randall, 2009). This research does use tacho signal, which gives necessary high precision. A single
tone signal in time domain can be presented as

D(t) = Del®*?, @)
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where @ is the frequency of oscillation (e.g. rotor frequency), ¢ istime and ¢ - initial phase of the signal.
A periodic signal is one that combines one or several harmonics of a single tone signal

. . . . K .
D, (t)=Dy+Die!” + D,e? + DyeP* + ...+ D,e"” = Y Dyl (8)
k=1
where each harmonic is a multiple of the fundamental harmonic and D, is the offset, which we assume to be zero
for most applications, as signals are highpass filtered during conditioning stage in many applications. The equation for
recorded signal with presence of periodic part is expressed as

x(1)=h(t)p(1)+D, (1), ©)

where h(t) is the Impulse Response Function, the FFT inverse of Frequency Response Function H (oa) .

Enhancement is applied for the vibrational signal x (t ) while in time domain, utiziling tacho signal. First, indi-
ces of samples for each rotation period start are collected. Using these indices time signal x() is divided into series
of non-equal chunks. These chunks are resampled to the shortest period length and then averaged, which gives the
periodic component D e (co) with the fundamental frequency of tacho signal, i.e. rotor. The index € in D, (co)
shows that this is experimentally obtained component and can differ from theoretical D, ((,0) . Subtracting periodic
component from the time signal in time domain (to keep the phase information) gives

xp (1) =x(1)=Dpe (1), (10)
where x, (t) is a “corrected” response or simply response with extracted harmonic component.

In the following sections modal parameter estimation is performed on x(#) and X, () and results are com-

pared.

Experiment

An experiment was conducted, which was aimed at estimating modal properties of small helicopter composite blades.
The experiment included dynamic rotation tests on a special rig.

Measurement system

The measurement system is integrated into the blade itself and consists of piezo film deformation sensors (Fig-
ure 1), thin conducting wires and data acquisition (DAQ) module on the rotating shaft. Sensors are fixed to the blades
surface via double sided adhesive tape, which correctly transmits deformations in the frequency region of interest.
Sensors and wires are covered with a layer of low density glass fiber mat and epoxy resin. This layer holds the meas-
urement system parts on the blade surface, prevents hazardous impact from fast airflow and centrifugal force, which
tends to rip off the sensors and wires during rotation. Epoxy resin is chosen according to the properties of the blades
material, so that both layer and the blade pair together successfully.

Figure 1. Blade with embedded piezo film sensors and measurement system
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The DAQ is Bruel & Kjear LAN-XI 12 channel module. It is transmitting acquired signals wireleslly onto PC
nearby at the control desk.

There are 5 sections with 2 sensors in each, parallel to the axis of the blade, 10 sensors in total. Additionally a
tacho probe is installed on the shaft, which records the speed of rotation, giving impulses as output.

Presented signals are obtained for measurements with 8 degrees angle of attack, which allows the air flow to
effectively excite structural vibrations.

Data processing

Measured signals are 60 seconds long with 4096 Hz sampling rate. Time synchronous averaging was applied to ac-
quired vibrational signals. Figure 2 shows graphs for the measured signal, that has both periodic and random compo-
nents (“mixed signal”), periodic signal, accumulated using tacho impulses and the resulting signal (“corrected signal”),
which is received by subtracting periodic component from mixed signal. The time domain is shown on the left and
frequency domain is shown on the right, using Fast Fourier Transform. The phase alignment of mixed and periodic is
very important and is achieved by careful usage of tacho signal.

TSA application allows to determine periodic component, which has its fundamental frequency at 17.1 Hz. Peri-
odic component also has multiple harmonics, which is normal for complex rotary machinery.

The magnitude of the 2™ harmonic at 34.2 Hz for mixed signal is 57.5 mV. Correction reduces this harmonic
sixteen times — down to 3.5 mV. This scale of reduction is not the same for each harmonic, but it shows the effective-
ness of extraction for some. It should be noted, that this type of correction is able to extract periodic component coming
from excitation. Algorithm is not able, however, to extract forced responses of the structure itself. This should be kept
in mind, while performing modal parameter estimation.

The efficiency of periodic extraction cannot be directly measured. If a spectral magnitude is considered, there is
not much of a difference between mixed and corrected signal, but this is not entirely objective, because FFT spectrum
is largely dependant on conditioning properties, like time windowing, overlap, sampling rate and others. Additionally,
the purpose of extraction is to obtain more correct results of modal parameter estimation. Thus it is more practical to
compare mode parameters instead of FFT spectra (or time domain functions for that matter).

Mixed signal FFT of the mixed signal
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Figure 2. Example of TSA extraction for vibrational signal

Modal parameters estimation

The procedure of modal parameter estimation was performed using enhanced frequency domain decomposition
(EFDD) analysis (Gade, Moller, Herlufsen, & Hansen, 2005; Chauhan, 2015). EFDD transforms vibrational responses
into frequency domain. This technique utilizes conventional peak-picking technique, but in a slightly advanced way.
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The operator chooses a peak, which presumably belongs to a mode. The program then takes the chosen singular
vector as a reference vector and compares other singular vectors on both sides of the singular value plot using Modal
Assurance Criterion (MAC). This is a correlation coefficient based criterion and is set to be 0.8. Singular vectors,
which have MAC value 0.8 or more compared to the reference vector are taken into account. These singular vectors
together with the reference vector are averaged out to form a representation of particular mode shape. Averages are
weighted by multiplying to corresponding singular values. Corresponding singular values, when plotted, form a char-
acteristic single degree of freedom (SDOF) spectral bell, which is then inverse Fourier transformed into time domain,
giving an SDOF correlation function. This, in turn, can be used for natural frequency and damping ratio estimation.

The resulting modal frequency, mode shapes and damping coefficients for 10 estimated modes are shown in
Table 1. It has been observed, that the highest change of frequency and damping after processing appears at harmonic
frequencies, which is expected, because these frequencies were affected by the extraction algorithm. It is assumed that
degradation of harmonic presence allows to better evaluate response of the blade itself, even though it is forced.

As the result of extraction it was possible to estimate two additional modes, one of which lies on harmonic fre-
quency (34.29 Hz) and another mode (137.265 Hz) is a high order mode.

In order to quantifically evaluate difference between the same mode shapes before (original) and after (extracted)
processing, again MAC is used (Figure 3). Modes can be regarded as similar when MAC is > 0.8. It is a good indication
that same modes pairs (before and after processing) show MAC values close to 1. That means that processing did not
alter modal information in the signals in significant way.

Table 1. Modal frequency and damping of a composite blade. Estimation without and with periodic extraction

Nr. f.Hz damping complexity description
original | extracted | original | extracted original extracted
1 9.056 9.055 1.756 1.755 154 14.9 1% bending Y axis
2 17.143 17.267 0.337 0.864 14.3 37.4 forced bending (1% rotor harmonic)
3 31.44 31.44 0.234 0.235 21.2 213 1% bending Z axis
4 - 34.29 - 1.058 4.0 forced bending Z axis (2" rotor harmonic)
5 51.455 51.316 0.368 1.394 99.2 94.2 (3" rotor harmonic)
6 68.593 68.579 0.921 1.321 10.3 13.7 3 bending Z axis (4" rotor harmonic)
7 84.802 84.833 0.118 0.166 70.7 66.9 2" bending Y axis
8 | 118.752 | 118.711 1.284 1.293 0.8 0.7 4" bending Z axis
9 - 137.265 - 0.072 48.2
10 | 153.589 | 153.536 0.546 0.557 42.6 35.0 3" bending Y axis

Table 2. Mode shapes of a composite blade. Estimation without and with periodic extraction

original

extracted

original

| extracted

1.9 Hz

2.17 Hz

5.51 Hz
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The original mode shape set shows some correlation between shapes, with MAC values >0.5, estimated at fre-
quencies falling to different harmonics. This can be an indication that there is some kind of physical connection on
these frequencies, which is rotor excitation in this case. Another reason for higher MAC is aliasing of mode shapes for
high order modes, which is most probably not the case here. For the pair of modes at 17 and 51 Hz MAC is 0.523; for
51 and 68 Hz MAC is 0.601. When comparing same pairs of modes between original and extracted sets, MAC value
is 0.618 and 0.583 respectively, showing no significant anticipated reduction of MAC values.

Another approach to evaluate difference between before and after processing is to use modal complexity and its
measure — Mode Complexity Factor (MCF). A complex mode can appear due to several reasons: non-proportional
damping, bad measurements or poor modal parameter estimation and inconsistent data due to e.g. time variant condi-
tions (ARTeMIS, 2017). Complexity close to 0% means that the mode is real, which is a good sign of a natural mode.
Complexity close to 100% means that the mode is complex. The composite blade is not homogenous and its inner
structure changes between sections, so some modes are complex due to non-proportional damping.

As can be observed in Table 1, the harmonic extraction decreases the influences of periodic parts. This results in
a decreased complexity for modes Nr. 5, 7 and 10-5.5% improvement in average. On the other hand, modes Nr. 2 and
6 obtained higher complexity after processing. This might be explained by the fact that mentioned modes are basically
a superposition of several modes (most probably of two modes), one of which is a forced harmonic mode and another
is a natural one. Decreasing the harmonic part in ensamble brings the natural mode to a higher relative presence. This
might lead both to a higher or lower complexity, depending on the initial presence of the harmonic part. Modes that
are not in vicinity of harmonics (Nr. 1, 3, 8) did not show serious modification of MCF parameter.

Conclusions

The goal of this study was to experimentally verify the effectiveness of harmonic extraction tool for structural response
data, using the example of a composite helicopter blade. Apart from the effectiveness, the overall impact on the dataset
was analysed. Modal parameter estimation was performed for the original obtained vibrational response of rotating
helicopter blade. A harmonic extraction algorithm was applied on the mentioned dataset, using time synchronous av-
eraging, based on tacho signal. The tool is essentially an ultra precise bandpass combfilter, which attenu-ates magni-
tudes of the harmonics frequencies. A repetition of modal parameter estimation was done for the processed data and
two sets of modal parameters were compared. This included comparison of frequency, damping, mode shapes, MAC
and MFC values for mode shapes.
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Figure 3. MAC values for mode shapes between original and extracted mode sets: a) autoMAC for original,
b) autoMAC for extracted; c) MAC between original vs. extracted

The influence of harmonic components extraction algorithm on modal parameters is rather low, which means
also low impact on the response and therefore — low error. The effectiveness of the processing depends on the initial
overall presence of harmonics in the given signal. The processing gives possibility to estimate some extra modes,
which might be hidden by harmonics. There has been reduced complexity for some modes, although for others it was
increased. Nevertheless, the extracted harmonics dataset shows some improvement in the quality of modal parameter
estimation. The ability to compare original and extracted versions provides more insight on the structural response and
the impact of harmonics in the response, which leads to better understanding of oscillations of the specific object and
allows better judgement on the latter. This feature can be used by engineers and researchers for a more precise evalu-
ation of dynamic behaviour of vibration structures under harmonic excitation conditions.
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