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Modal parameters of a model turbine blade with a curved surface excited by white noise are identified by a novel
general-purpose 3D continuously scanning laser Doppler vibrometer (CSLDV) system via an extended demod-
ulation method (EDM). The proposed general-purpose system is calibrated to synchronously and continuously
move three laser spots on the curved surface of the blade along the same scan trajectory and capture its 3D
vibrations. The EDM is used to estimate its damped natural frequencies (DNFs) and 3D full-field undamped mode

shapes. Identified modal parameters are compared with those from a commercial 3D scanning laser Doppler
vibrometer (SLDV) system. Differences between their first six DNFs are less than 1.5%; their first six mode shapes
are highly correlated as their modal assurance criterion values all exceed 95%. However, the 3D CSLDV system
has much higher efficiency in obtaining 3D mode shapes of the blade than the 3D SLDV system.

1. Introduction

It is important to measure three-dimensional (3D) full-field vibration
of a structure in structural dynamic analysis and structural health
monitoring (SHM), especially for such structures as turbine blades and
pipelines, which have complex, curved surfaces. 3D full-field vibration
measurement of a complex structure can improve accuracy of its SHM by
providing more information to detect damage in it than single-axis or
one-dimensional (1D) vibration measurement [1]. It can also benefit
product design of a complex structure by matching its modal parameters
from its modal test [2] and those from its finite element (FE) analysis
[3,4].

A triaxial accelerometer can be attached on a structure to measure its
3D vibrations, which can lead to mass loading, especially when multiple
triaxial accelerometers are needed in modal tests of light-weight struc-
tures [5]. For large structures such as long-span bridges, the mass
loading from accelerometers can have fewer effects on measured
response. For example, methods were developed to accurately identify
natural frequencies and mode shapes of bridges under ambient excita-
tion [6-8]. As a non-contact sensor, a laser Doppler vibrometer (LDV)
can be used to measure vibration of a structure by avoiding the mass
loading problem. A conventional LDV can be used to measure 1D
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vibration of a test structure along the laser beam, but one needs to
manually move it after completing measurement at one point. It can be
extended and automated by mounting two orthogonal scan mirrors in
front of its laser, which can be referred to as a scanning laser Doppler
vibrometer (SLDV). Some studies aimed to extend the LDV and SLDV
from one dimension to three dimensions. Investigations include robot-
izing a LDV using a 6-axis robot arm and combining a SLDV with a multi-
axis positioning frame [9,10], sequentially moving a LDV or SLDV to
three independent locations [11-13], and using three LDVs or SLDVs to
synchronously measure vibrations at the same point [14], which has
been commercialized as 3D vibration measurement products, e.g., a
Polytec PSV-500 system. Researchers and engineers have applied these
systems in various areas, such as obtaining longitudinal vibration shapes
of a beam to detect its damage [15], validating FE models of complex
structures [16,17], updating the FE model of a fan blade using its
measured 3D dynamic strain distributions [18], and analyzing 3D vi-
bration behaviors of power tools to reduce their operating noise [19].
However, in 3D SLDV measurement, laser spots can only be moved from
one point to the next on a pre-designed measurement grid in a step-wise
manner, which can lead to a long test time, especially when the test area
is large and the measurement grid is dense [1].

One approach for saving the test time is to develop a 1D continuously
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Scan trajectory on a curved surface

Fig. 1. Main modules for running the general-purpose 3D CSLDV system.

scanning laser Doppler vibrometer (CSLDV) whose laser spot can
continuously scan the surface of the test structure via controlling its scan
mirrors [20,21]. The 1D CSLDV can be used in many areas, such as
transverse vibration measurement and modal testing of structures
[21-23], and their damage detection [24-27]. However, investigations
about using a CSLDV to measure 3D velocity components of a structure
are still scarce. A vibration measurement system using the CSLDV and
capturing 3D operational deflection shapes of a turbine blade excited by
a multi-frequency signal was developed by Weekes and Ewins [28]. The
CSLDV was moved to three independent locations during their test. It is a
main challenge to have scan trajectories of the CSLDV at three locations
to be exactly the same. Also, it is not possible to deal with transient
response of a structure under random excitation and estimate its 3D
mode shapes using the single CSLDV, since acquisition of three velocity
components is not simultaneous. In addition, it takes much time to reset
the CSLDV three times during measurement. Recently, a novel 3D vi-
bration measurement system was built using three laser heads and an
external controller to address the above challenges, which can be
referred to as a 3D CSLDV system [29-31]. Three laser spots in the
system can be aligned via a calibration procedure, and synchronously
and continuously moved along the same scan trajectory. Accuracy of the
system was validated via modal tests of beams and plates whose esti-
mated 3D modal parameters were compared with those from their FE
analyses and a commercial Polytec PSV-500-3D system. A limitation of
the system is that it can only be used to scan structures with planar
surfaces. However, surfaces of real structures in engineering practices
can be curved. Yuan and Zhu [32] recently developed a novel general-
purpose 3D CSLDV system to measure operational deflection shapes of
a turbine blade under sinusoidal excitation. Operational deflection
shapes obtained by the system were compared with corresponding re-
sults from a commercial SLDV system to validate its accuracy through
high modal assurance criterion (MAC) values. Further investigations are
needed to estimate modal parameters, such as damped natural fre-
quencies (DNFs) and 3D undamped mode shapes (UMSs), of a structure
with a curved surface excited by white noise, which is the most realistic
excitation. It can be expected that response of structures under random
excitation has much more noise than that under sinusoidal excitation,
meaning that it is more challenging to identify their UMSs under random
excitation than their operational deflection shapes under sinusoidal
excitation.

Several methods including the demodulation method, polynomial
method, and lifting method have been developed and improved to
process signals from CSLDV measurements. By using these methods, one

can identify modal parameters of structures under various excitations,
such as sinusoidal [33], impact [34,35], multi-sine [36,37], and ambient
excitations [23,30,38,39]. The conventional demodulation method
cannot be used to process measured response of a structure under
random excitation since a known excitation frequency is needed to
conduct demodulation. An improved demodulation method was devel-
oped to estimate modal parameters of a rotating fan blade under
ambient excitation using a tracking CSLDV through 1D and two-
dimensional (2D) scan trajectories [23,39]; however, these studies
focused on transverse mode shape identification. Yuan and Zhu [30]
developed a 3D CSLDV system in conjunction with an extended
demodulation method (EDM) to identify DNFs and 3D UMSs of a beam
excited by white noise. However, the test beam in Ref. [30] has a planar
surface and the scan trajectory is a straight line. One still needs to
investigate how the 3D CSLDV system can be used with the EDM on a
structure excited by white noise when it has a curved surface.

This work aims to identify 3D modal parameters of a model turbine
blade with a curved surface excited by white noise using the novel
general-purpose 3D CSLDV system via the EDM. Three laser heads, an
external controller, and a profile scanning unit are used to build the 3D
CSLDV system. In order to ensure that three laser spots can synchro-
nously and continuously move along the same scan trajectory, spatial
relations among the three laser heads are determined via a calibration
procedure, and used with the 3D profile of the turbine blade to design a
3D full-field trajectory to scan its surface. The proposed EDM is an
operational modal analysis method that can be used to process measured
response of the turbine blade under random excitation to obtain its DNFs
and 3D full-field UMSs (FF-UMSs). Bandpass filtering and data averaging
were conducted in the EDM for enhancing the signal-to-noise ratio
(SNR) of measured response. The identified first six modal parameters of
the turbine blade are compared with those from a commercial 3D SLDV
system. Differences between their first six DNFs are less than 1.5%, and
their first six mode shapes are highly correlated as their MAC values all
exceed 95%. The number of points scanned by the 3D CSLDV system is
about 1,500 times that by the 3D SLDV system, while the test time
consumed by the 3D CSLDV system is less than 1/8 of that by the 3D
SLDV system. A significant advancement of this work is that the general-
purpose 3D CSLDV system can process measured response of a structure
with a curved surface excited by white noise via the EDM to estimate its
DNFs and 3D FF-UMSs.

This paper proposes an innovative method, namely the EDM, which
can be used with a novel general-purpose 3D CSLDV system to identify
3D modal parameters of a structure with a curved surface under random
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Fig. 2. Orthogonally mounted scan mirrors and their spatial relations with
respect to the reference object.

excitation. The proposed EDM is different from previous methods used
for CSLDV measurement since it integrates bandpass filtering and data
averaging to enhance the SNR of measured response and accurately
identify modal parameters of the structure with a curved surface. The
remainder of the paper is structured as follows. The methodology for
calibrating the proposed general-purpose system is shown in Section 2.1;
methods for designing a 3D zig-zag scan trajectory, constructing the
velocity transformation from vibrometer coordinate systems (VCSs) to
the measurement coordinate system (MCS), and processing measured
response via the EDM are shown in Sections 2.2, 2.3, and 2.4, respec-
tively. The experimental setup of the clamped turbine blade for esti-
mating its DNFs and 3D FF-UMSs is shown in Section 3.1, results of the
3D profile of the turbine blade and generated mirror signals are shown in
Section 3.2, and details of transforming measured velocity from VCSs to
the MCS and estimating 3D modal parameters of the turbine blade using
the EDM are shown in Sections 3.3 and 3.4, respectively. Main Con-
clusions are shown in Section 4.

2. General-purpose 3D CSLDV system in conjunction with the
EDM

Main components of the proposed general-purpose 3D CSLDV system
are shown in Fig. 1. Its three laser heads, which can be referred to as Top,
Left, and Right laser heads, are extended from the commercial Polytec
PSV-500 3D SLDV system and used for vibration data acquisition. A
dSPACE MicroLabBox controller is integrated with the 3D SLDV system
that only has a step scanning function to conduct a continuously scan-
ning mode. Spatial relations among three laser heads can be determined
using a reference object via a calibration procedure and used with the 3D
profile of a test structure to pre-design a 3D full-field trajectory to scan
its curved surface. Input signals of scan mirrors with respect to the scan
trajectory can make three laser spots to scan it in a synchronous and
continuous mode.

2.1. Methodology for system calibration

The MCS is built using a reference object, as shown in the Appendix,
which can provide multiple calibration points with known coordinates.
There are twenty-one points on the plane of the reference object and
eight points on its two poles. Three VCSs of three laser heads are based
on their respective orthogonally mounted scan mirrors, whose geomet-
rical model can be seen in Fig. 2. X and Y mirrors rotate about orthog-
onal axes 0'x and 0”y”, respectively, and both of their rotating centers, o
and 0", are on o'z, whose separation distance is d. The point P” is the
virtual image of the point 0”, which means that [0 P”| = |0'0"| = d. The
generated laser beam passes through X and Y mirrors at incident points
P’ and o”, respectively. The distance between the point P’ and a point P
on the reference object is r. In the VCS, coordinates of points P' and P”
are written as
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P'ycs = [— dian(p),0,0]" M
" os = [0,dcos(a), dsin(a)]" (2)

respectively, where a and f denote rotating angles of X and Y mirrors,
respectively, and the subscript T denotes transpose of a matrix. The unit
vector of PP’ can be derived as

PP
[dtan(p), dcos(a), dsin(a) |

1
TP avan(p) 11 ©)
= [sin(B), cos(a)cos(f), sin(a)cos(8) |

Coordinates of a selected calibration point P on the reference
objective can be written using the VCS as

Pycs =P yes — re=[—dtan(),0,0]" — r[sin(/}),cos(a)cos(/z’),sin(aT)cos(/i) I
= [—dtan(p) — rsin(f), —rcos(a)cos(B), —rsin(a)cos(f)]
4

The relation between coordinates of P in the MCS Pycs and the VCS Py
can be written as

Pycs =T + RPycs 5)

where Pycs = [x,y,2]" can be directly read from the reference object,

T = [x,.¥,,2¢] denotes coordinates of o' in the MCS, and R is the
direction cosine matrix from the MCS to the VCS. By using the method
proposed in Refs. [29] and [40], which includes procedures of solving an
over-determined nonlinear problem and an optimization problem, three
pairs of T and R matrices for the system can be calculated. More details
about the calibration method can be found in the Appendix.

To evaluate the accuracy of estimated T and R matrices for three
laser heads, a calibration error is defined as the distance between the
calibration point and the laser spot, which can be written as

"= HPX/IICS - (T + RP'SCS) H )

where the superscript m denotes the index of calibration points, whose
maximum value is six in this work as shown in the Appendix. Mean
values of calibration errors from all six calibration points are 505.9 pm,
403.5 pm, and 452.5 pm for Top, Left, and Right laser heads, respec-
tively. Stand-off distances of the three laser heads are about 2100 mm
during measurement in this work, which means that diameters of laser
spots are about 490 pm. One can see that calibration errors and the size
of laser spots are of the same order, indicating that positions of three
laser heads in the MCS are accurately calculated through the calibration
procedure.

2.2. Methodology for designing a 3D zig-zag scan trajectory

In Refs. [30] and [31], a multi-bisection method based on an
assumption of a planar geometry was used in scan trajectory designs for
a straight beam and a flat plate. Although the method is efficient, it is not
suitable for scan trajectory designs for structures with curved surfaces.
To address the above challenge, a method for designing 3D scan tra-
jectories is developed for general surfaces, including both planar and
curved ones.

Three VCSs and one MCS have been introduced in Section 2.1. Since
a measurement point PX in the MCS has the same coordinates, their
coordinates in three VCSs are different. Therefore, one has

sz\4€5 =T + RlP?/cs,l =T, + R2P"(/CS,2 =T; + R3P"(/cs,3 )

where subscripts 1, 2, and 3 denote Top, Left, and Right laser heads,
respectively, and the superscript k is the index of the measurement point
on the surface. Coordinates in the MCS Py;¢s of all measurement points
on the surface can be obtained using a 3D profile scanner that is an
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Fig. 3. Main steps of scan mirror signal generation and 3D CSLDV measurement.

internal unit of the Polytec PSV-500-3D system. Therefore, the 3D pro-
file scanner and three laser heads are in the same coordinate system with
respect to the same reference object, and errors from interaction be-
tween devices can be reduced to a relatively low level. The original 3D
profile of the test structure can be processed by a linear interpolation
method to obtain a much denser measurement grid that can be inputted
into scan mirrors to make them to continuously rotate. Coordinates of
the point P* in three VCSs are

Pl‘(/CS_l = R;l (Pfl/iCS - Tl) (8a)
Pf/cs_z =Ry : (PfWCS - TZ) (8b)
Pf/csn% =Ry : (P]/idcs - T3) (8¢c)

By Eq. (4), one has rotating angles of three laser heads

(x]]‘ = arctan (Z]‘(/cs,l / yl‘cxcs,l)

(92)

ﬂ’l‘ = arctan(xf,cs_l/(yf/cs_l/cos(af) - d) )7
a’; = arctan (Zl{,csfz/ yl\(/cs,z) (9b)

By = aICtan(x,\(/cs_z/(yf/cs_z/Cos (a‘;) - d) )’
a§ = arctan (Z]\(/cs_3 / Yl\(/cs_3) (99)

B = arctan(x"‘,csj/(yf,csj/cos(a_ﬁ) —d)).

2.3. Methodology for the velocity transformation among coordinate
systems

By synchronously and continuously moving three laser spots along a
pre-designed scan trajectory, velocities in three VCSs can be directly
acquired in one measurement. To transform them to vibration compo-
nents in the MCS, the following equation can be established using
calculated direction cosine matrices and unit vectors:

Ve, Vy, Vo] " = [Rier, Roes, Ryes]"] ' (Vi Vo, V4T 10

where V3, Vs, and V3 are directly acquired velocities from Top, Left, and
Right laser heads, respectively, and Vy, V), and V, are transformed ve-
locity components along three directions of the MCS, respectively. The
obtained real-time 3D velocity components can be used to not only
monitor the test structure in its operating condition, but also estimate its
DNFs and 3D FF-UMSs via a signal processing procedure.

2.4. EDM for 3D CSLDV measurement of a structure under random
excitation

The governing partial differential equation of a linear, time-
invariant, viscously damped structure under external excitation can be
solved to obtain its response at a spatial position x [30,41]:

N

u(x,1) = Z ¢;(x)¢; (Xp) [Ai(t)cos (a),,_it) + B,-(t)sin(a),,_,t) + C,-(t)} (11)

i=1

where x;, denotes the position of a concentrated force, t is time, N is the
total number of points on the measurement grid, ¢; is the i-th mass-
normalized eigenfunction of the associated undamped structure, A;(t),
Bi(t), and C;(t) are arbitrary functions of time related to the concentrated
force, and wy; is the i-th DNF of the structure that can be obtained by
applying the fast Fourier transform (FFT) on response. Filtering the
response u in Eq. (10) to allow wg; to pass yields

ui(x,1) = Di(x)cos(wgt — @) = @p;(x)cos (1) + Do (x)sin(wyit)  (12)

where ®;(x) are responses with in-phase and quadrature components
®;;(x) and ®q;(x), respectively, at measurement points along the scan
trajectory, and ¢ is the phase variable. To obtain ®;;(x) and ®q;(x),
multiplying u;(x,t) in Eq. (11) by cos(wg;t) and sin(wg;t) yield

(X, )cos (wy;t) = @p;(x)cos’ (w4;t) + Pgi(X)sin(wy,it) cos (wa,t)
1 1 1 a3
= E(D,_,-(x) + E@,J(x)cos (Za)dﬁ) + ECI:‘QJ(x)sin(Za)d_,-t)7
u; (X, 1)sin (a)d‘,»t) = <I>1,i(x)sin(wd,it)cos (a)d‘it) + <I>Q,,-(x)sin2 (wd‘,»t)
1 1 1 a4
= §<I>Q_,-(x) + ?I),_],-(x)sin (Za)dv,-t) — §<I>Q‘,-(x)cos (de‘it),
respectively, where ®;;(x) and @ ;(x) can be subsequently obtained by
using a low-pass filter to remove sin(2wq;t) and cos(2wq;t). By applying
the above procedure on the designed 3D zig-zag scan trajectory, the
EDM in Ref. [30] is extended from one dimension to three dimensions
and can be used to identify DNFs and 3D FF-UMSs of a turbine blade
with a curved surface under random excitation. Corresponding steps are
shown in Fig. 3.

3. Experimental validation
3.1. Testing setup of 3D CSLDV measurement

In this work, a model turbine blade was used as the test sample. It
was manufactured from a trapezoidal plate with a thickness of 3.5 mm,
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Experimental setup

Fig. 4. Relative position of the model turbine blade and the 3D CSLDV system and details of the setup of the turbine blade including its boundary conditions and

position in the MCS.
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Fig. 5. Grid of measurement points and the 3D profile of the surface of the
turbine blade.

)/‘

Fig. 6. 3D zig-zag scan trajectory pre-designed for the turbine blade to cover its
full surface.

two bases of 42 mm and 26 mm, and an altitude of 173.9 mm via
twisting, and used for methodology validation purposes. For vibration
measurement, it does not matter whether the turbine blade is a real
turbine blade or a model turbine blade, as the test procedure would be
the same. One end of the turbine blade was viced onto a workbench to
simulate its clamped-free boundaries. One can see from Fig. 4 that
excitation was provided by a MODAL-50 shaker from MB Dynamics via a
stinger attached on the free end of the turbine blade. Note that
arrangement of three laser heads is close to a plane instead of a cone, as
shown in Fig. 4, since modes of interest in this study are mostly bending
or torsional modes, not longitudinal modes. To enhance signal intensity
of laser spots, the turbine blade was covered by a reflective tape on its
surface. As mentioned in Section 2, the MCS is determined by the
reference object. As shown in Fig. 4, the turbine blade is parallel to the o-
xy plane of the MCS built on the reference object, its out-of-plane vi-
bration component is along the z direction, and its in-plane vibration
components are along x and y directions. A periodic chirp signal whose
frequency covers the range of 0 to 3000 Hz was used in the modal test of
the turbine blade by the 3D SLDV system for 900 s, and a white-noise
signal whose frequency covers the range of 0 to 3000 Hz was used as
random excitation in its 3D CSLDV measurement for 115.5 s. Note that
the difference between durations of periodic chirp and white-noise
signals is due to different durations of the two systems to complete
scanning of the whole surface of the turbine blade. The duration of the
SLDV system includes times of sampling and moving laser spots, while
the duration of the CSLDV system is determined by sampling and
scanning frequencies of measurement, which will be discussed in Sec-
tion 3.4.

This study aims to process response from 3D CSLDV measurement of
a turbine blade with a curved surface under random excitation using the
EDM, and to obtain its natural frequencies and 3D full-field mode
shapes, so that a white-noise signal can be used as random excitation in
3D CSLDV measurement. Natural frequencies and mode shapes of the
blade from 3D SLDV measurement were used as references to validate
those from 3D CSLDV measurement. While modal parameters would not
be affected by changes of excitation signals, it takes much less time in
the SLDV test by using the periodic chirp signal than other excitation
signals such as the white-noise signal that need many more averages.
One advantage of the 3D CSLDV system over the 3D SLDV system is that
it can save much test time. In order to show this feature, the periodic
chirp signal that takes less time in SLDV measurement was selected as
the excitation signal. In other words, the CSLDV system can still save
much test time even when the SLDV system is in its best condition.

3.2. Results of mirror signal generation

Prior to design of the 3D scan trajectory, the 3D profile of the turbine
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Fig. 10. Transformation from velocities measured in VCSs to three orthogonal components in the defined MCS.

Table 1
Comparisons between the consumed test time and the number of scanned points
by the 3D CSLDV system and those by the 3D SLDV system.

Measurement method 3D CSLDV 3D SLDV
Consumed test time (s) 115.5 900
Number of scanned points 132,000 85

blade was measured. As shown in Fig. 5, a grid of 17 x5 points were used
as reference points for profile scanning and measurement points for
SLDV measurement, and then linearly interpolated to be a denser grid
that includes 33 scan lines for continuous scanning. The zig-zag scan
trajectory, as shown in Fig. 6, was used since this study focused on
processing response of a structure under random excitation using the
EDM, and the zig-zag scan trajectory is more easily processed by the
demodulation method than other scan trajectories. There are two main
reasons for using the zig-zag trajectory in this work. First, for full-field
CSLDV measurement on an area, a Lissajous trajectory or a zig-zag
trajectory is commonly used, where the Lissajous trajectory is formed
by two sine waves at different frequencies and the zig-zag trajectory is
formed by two triangular waves at different frequencies [21]. The zig-

zag trajectory scanning method can provide a uniform straight-line-
based trajectory whose spatial position can be more easily and directly
obtained using signals of two orthogonal scan mirrors than the Lissajous
trajectory scanning method. The identified mode shapes can then be
plotted in the 3D profile of the test structure. Therefore, the zig-zag
trajectory fits this work better from the aspect of efficiency of scan
trajectory design. Second, the signal processing method used in this
work is based on signal demodulation that requires a low scan rate [21].
Additionally, data averaging conducted in this work requires laser spots
to complete a few scan cycles on each scan line with a constant scan rate,
which is difficult to achieve for the Lissajous trajectory. Therefore, the
zig-zag trajectory fits this work better from the aspect of scan mirror
control and signal processing.

In CSLDV measurement, the time of moving laser spots along a scan
line for a full cycle can be defined as a scanning period T, and the
scanning frequency fs.a = 1/T is 1 Hz in this experiment. To denoise
measured response, a three-time average was conducted for both 3D
SLDV and CSLDV measurements. Therefore, it took t =33 x 3.5 =
115.5 s to conduct a full-field scan on the surface of the turbine blade,
where 33 denotes the number of scan lines and 3.5 means the number of
periods for each scan line, in which extra half periods were used to move
laser spots to the end of a scan line to continue scanning on its next scan

0.8 |-

Amplitude (mm/s/N)

I
500 1000

|
1500 2000 2500 3000

Frequency (Hz)

Fig. 11. DNFs of the turbine blade identified from the frequency spectrum measured by the 3D SLDV system, where the black solid line represents its frequency

spectrum and red dashed lines mark its DNFs.
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Fig. 12. DNFs of the turbine blade identified from the frequency spectrum measured by the 3D CSLDV system, where the black solid line represents its frequency

spectrum and red dashed lines mark its DNFs.

Table 2
Comparison between the first six DNFs of the turbine blade identified by the two
systems.

Mode No. DNF (Hz) Difference (%)
3D CSLDV measurement 3D SLDV measurement
1 38 37.5 1.3
2 367 370.5 0.9
3 399 403.3 1.1
4 685 695.1 1.5
5 1850 1870.8 1.1
6 2219 2226.3 0.3
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line. Scan mirror signals of Top, Left, and Right laser heads can be found
in Figs. 7-9, respectively, whose right subplots show details of two cy-
cles. Time-voltage series for X and Y mirrors are triangular and curved,
respectively, and much different from those in measurements of struc-
tures with planar surfaces [30,31].

3.3. Results of directly measured and transformed velocities

Directly measured vibrations in the experiment are in three VCSs of
three laser heads, which can be transformed to three orthogonal velocity
components in the same MCS using Eq. (9). Directly measured and
transformed velocities of the turbine blade excited by white noise are
shown in Fig. 10. Directly measured velocities in three VCSs and
transformed velocities along three orthogonal axes in the MCS can be
found in left and right subplots, respectively, where y axes are velocities

() 5o
g 15
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<
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0 1000 2000 3000
Frequency (Hz)
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0.4
0.6
0.8
-1

Fig. 13. Procedure of identifying the x component of the third 3D FF-UMS of the turbine blade: (a) the vibration component in the x direction of the MCS of the
turbine blade, (b) the frequency spectrum of response in (a), (c) the frequency spectrum of response filtered by a bandpass filter with a passband of 398 to 400 Hz,
where the only peak is the identified DNF of 399 Hz, and (d) the x component of the third FF-UMS of the turbine blade.



K. Yuan and W.D. Zhu

_—
~
~

0.7 03

0.6

0.5

0.4

e e et
- W
s 2 =2 =2 © 2 =~ =
= & 5 4 » © =

. ]
\ 03
02

Measurement 214 (2023) 112759

1 07

0.9

it | ”w -

0.7 0.3

10.6

90000000
es0sesesee
00000000

0.1

0.5 .

0.4 0.9

03 0.8

0.7

0.2 06

0.1 Ao 05

\ 04

Fig. 14. (a) Estimated first FF-DMSs of the turbine blade using the 3D SLDV system and (b) corresponding FF-UMSs using the 3D CSLDV system, with views from

three different angles.
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and x axes are time. In Fig. 10, velocities at the beginning of time axes
have much larger values than those at ends of time axes, since laser spots
were moved from the free end of the turbine blade to its clamped end
during measurement. Clamped-free boundaries of the turbine blade also
led to a much smaller amplitude of the velocity along the y direction in
the MCS than those along the other two directions. One can see that
directly measured velocities in VCSs and the transformed velocity along
the z direction have similar shapes. The reason is that velocities in VCSs
are along laser beams of laser heads whose directions are close to that of
the defined z direction in the MCS.

3.4. Results of DNF and UMS identification of the turbine blade

Data acquisition of 3D CSLDV measurement has a sampling fre-
quency of f;; = 8,000 Hz. As a result, the total number of 3D CSLDV
measurement points is k = 0.5 x 8000 x 33 = 132,000, where 33 de-
notes the number of scan lines. Comparisons between the consumed test

(b)
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Fig. 15. (a) Estimated second FF-DMSs of the turbine blade using the 3D SLDV system and (b) corresponding FF-UMSs using the 3D CSLDV system, with views from
three different angles.

time and the number of scanned points by the 3D CSLDV system and
those by the 3D SLDV system are made in this work. It can be seen from
Table 1 that a total of 85 measurement points were scanned by the 3D
SLDV system in 900 s, while 132,000 points were scanned by the 3D
CSLDV system in 115.5 s, which means that the 3D CSLDV system has
much higher efficiency than the 3D SLDV system in identifying 3D
modal parameters of the turbine blade. Frequency spectra of the turbine
blade from the two systems are shown as black solid lines in Figs. 11 and
12, respectively, where the first six DNFs of the turbine blade shown as
red dashed lines can be identified in the frequency range from 0 to 3000
Hz. Note that amplitudes of frequency spectra are different since
different excitation signals are used in SLDV and CSLDV measurements.
Comparison between the first six DNFs of the turbine blade identified
from measurement by the 3D CSLDV system and those by the SLDV
system are shown in Table 2. Differences between the first six DNFs
identified by the two systems are less than 1.5%.

The procedure of identifying the x component of the mode shape of
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Fig. 16. (a) Estimated third FF-DMSs of the turbine blade using the 3D SLDV system and (b) corresponding FF-UMSs using the 3D CSLDV system, with views from

three different angles.

(a)

0.9
ceeen il
0.8

10.7

10.6

0.5

0.4

0.3

0.2

0.1

< 0.6

0.5

#'- 0.4
-

1

0.9
eecsct |l
0.8 '

0.7
10.6
0.5
0.4
0.3

0.2

0.1

0.6
0.5
- 0.4

0.1

Fig. 17. (a) Estimated fourth FF-DMSs of the turbine blade using the 3D SLDV system and (b) corresponding FF-UMSs using the 3D CSLDV system, with views from

three different angles.

the turbine blade at its third damped natural frequency of 399 Hz, which
can be obtained from the third peak in the frequency spectrum in Fig. 12,
is used to explain details of the EDM introduced in Section 2. The first
step, as shown in Figs. 13(a) and 13(b), is to conduct a three-time
averaging on response of each scan line, and to obtain the i-th DNF
wq; of the turbine blade by processing its averaged vibration component
in the x direction of the MCS via FFT and a peak-picking process on its
averaged frequency spectrum. The following step is to filter raw
response in the first step using its identified DNF. In this case, the third
DNF of 399 Hz is selected, and the used filter has a passband of 398 to
400 Hz. The frequency spectrum shown in Fig. 13(c) is filtered response.
The final step is to multiply filtered response from the second step by
sinusoidal signals cos(wg;t) and sin(wg;t), where wg; is the identified
DNF, and apply a low-pass filter with a cutoff frequency of 1 Hz to
multiplied response to remove sin(2wg;t) and cos(2wq;t) in Eqs. (12)

10

and (13), respectively, to obtain the i-th UMS of the turbine blade. The
normalized x component of the third UMS of the turbine blade using a
unit maximum absolute component value can be seen in Fig. 13(d).
The first six 3D FF-UMSs of the model turbine blade estimated by the
3D CSLDV system and corresponding full-field damped mode shapes
(FF-DMSs) estimated by the 3D SLDV system can be found in Figs. 14-19,
where left ones are FF-DMSs estimated by the 3D SLDV system and right
ones are FF-UMSs estimated by the 3D CSLDV system. Mode shapes are
normalized by the maximum values of their corresponding modes,
respectively, and shown in views from three different angles. DMSs of
the turbine blade estimated by the 3D SLDV system can be compared
with its corresponding UMSs estimated by the 3D CSLDV system since it
has relatively small damping ratios. Blue points in Figs. 14-19 are
selected points from the profile of the turbine blade to denote its un-
deformed shape. Based on scaled deformations shown in Figs. 14-19, one
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Fig. 18. (a) Estimated fifth FF-DMSs of the turbine blade using the 3D SLDV system and (b) corresponding FF-UMSs using the 3D CSLDV system,
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Fig. 19. (a) Estimated sixth FF-DMSs of the turbine blade using the 3D SLDV system and (b) corresponding FF-UMSs using the 3D CSLDV system, with views from

three different angles.

Table 3
MAC values between 3D FF-UMSs of the turbine blade estimated by the 3D
CSLDV system and corresponding FF-DMSs estimated by the 3D SLDV system.

Mode number 1 2 3 4 5 6

MAC values (%) 100 929.1 99.1 99.5 95.8 97.2

can see that the second, third, and fifth FF-UMSs estimated by the 3D
CSLDV system are torsional modes and the first, fourth, and sixth FF-
UMSs estimated by the 3D CSLDV system are bending modes, which
are similar to corresponding FF-DMSs estimated by the 3D SLDV system.
Mode shapes from both systems have much smaller deformations along
the y direction than the other two directions, since it is more difficult to
excite longitudinal vibration of a cantilever structure than its transverse

11

vibration; this is consistent with results of 3D real-time response shown
in Fig. 10. Another possible reason is that arrangement of three laser
heads is close to a plane instead of a cone, which leads to a slightly
smaller response amplitude along the y direction. MAC values [42] be-
tween 3D FF-UMSs of the turbine blade estimated by the 3D CSLDV
system and its FF-DMSs estimated by the 3D SLDV system are calculated
and shown in Table 3. One can see that MAC values between mode
shapes estimated by the two systems have a minimum value of 95% for
all the six modes, showing high correlations and the same level of ac-
curacy between estimated mode shapes from the proposed 3D CSLDV
system and the commercial 3D SLDV system.

4. Conclusions

DNFs and 3D FF-UMSs of a clamped-free model turbine blade with a
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Fig. Al. Details of the reference object and points marked by red circles for
calibration purposes.

curved surface under random excitation are identified by a novel
general-purpose 3D CSLDV system via the EDM. Three laser heads, an
external controller, and a profile scanner are used to build the 3D CSLDV
system. In order to ensure that three laser spots can synchronously and
continuously move along the same scan trajectory, spatial relations
among the three laser heads are determined via a calibration procedure,
and used with the 3D profile of the turbine blade to design a 3D full-field
trajectory to scan its surface. The first six modal parameters of the tur-
bine blade identified from measurement by the 3D CSLDV system are

Appendix

Measurement 214 (2023) 112759

compared with those by the SLDV system. Differences between the first
six DNFs identified by the two systems are less than 1.5%, and MAC
values between mode shapes estimated by the two systems have a
minimum value of 95.8% for all the six modes, indicating that the 3D
CSLDV system proposed in this study have the same accuracy as that of
the commercial 3D SLDV system in modal parameter estimation. In
modal testing of the turbine blade, the number of points scanned by the
3D CSLDV system is about 1,500 times that by the 3D SLDV system,
while the consumed test time by the 3D CSLDV system is less than 1/8 of
that by the 3D SLDV system, which means that the 3D CSLDV system has
much higher efficiency in identifying 3D modal parameters of the tur-
bine blade than the 3D SLDV system.
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When any two arbitrary points are selected from the reference object, the spatial distance between them keeps constant in any two different
coordinate systems. For two reference points in coordinate systems MCS and VCS defined in this study, it can be written as

1 _ 7
|Pﬁcs_ MCS| - |P’Vncs_Pvcs|

(A1)

By assuming that a total number of H (H > 4) points are selected for calibration, m is from 1 to H—1 and n is from m+1 to H. An over-determined
nonlinear problem with H(H — 1)/2 equations like Eq. (A1) can be solved to obtain exact values of r via the nonlinear least squares method, in
which initial values of r can be inputted using roughly measured distances from incident points of laser beams on the X mirror to selected points. Six
points with coordinates (-150,150,0), (150,150,0), (150,-150,0), (-150,-150,0), (-5,25,80), and (-5,-35,150) are selected from four corners and two
poles of the reference object, as shown in Fig. A1l. The matrices R and T can be solved via the following optimization problem:

H
F(T,R) =6 =min Y|Py — (T + RP}) | (A2)
m=1
In the MCS, let Pycs = (30 Poo) /H, dlics = Prics —Pucs, and Ques = [Ahes Gircss - Ahics)- Similarly, in the VCS, Qyes = [abes, @cs: ---» Alics] can be
constructed by Pycs = (X h_ Pls) /Hand s = Pl —Pycs. A 3x3 matrix A can be obtained by A = Qy¢sQyyes, and can also be decomposed through

the singular value decomposition A = UZV", where U and V are two 3x 3 orthogonal matrices, and X is a 3x 3 diagonal matrix with non-negative real
numbers on the diagonal. One can use U and V to obtain R and T via

1 0 0

R=V|0 1 0 U’ (A3)
0 0 |VU"|

and

T= PMCS - RPVCS (A4)

12
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