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ABSTRACT

This research presents an improved modal identification method to determine the
aerodynamic damping ratio of the transmission tower line system by employing the
measurement data from a full aeroelastic model wind tunnel test. The proposed method
combines the Hilbert Huang transform (HHT) and the wavelet analysis. Details of the
method are demonstrated and verified by the full aeroelastic model wind tunnel test.
Results show that the proposed method can eliminate the mode mixing caused by the
existence of the transmission lines, which aids in more accurately identifying the
aerodynamic damping ratios of the transmission tower with close frequencies. In addition,
the aerodynamic damping ratios of the tower with lines are several times larger than
those of the associated case without lines. Therefore, the effect of lines on the
aerodynamic damping of the tower should be carefully considered when estimating the
wind-induced responses of the tower. An expression of the aerodynamic damping ratios
is presented to provide guidance for quickly estimating the aerodynamic damping ratios
of similar transmission tower line systems.

1. INTRODUCTION

The transmission tower line system is sensitive to wind loads, as the structure is
flexible and low-damped. Its aeroelastic effect, especially for the aerodynamic damping
force, should be carefully considered when assessing the performance of the
transmission tower line system subjected to strong wind (Takeuchi et al., 2010). In
addition to aerodynamic damping forces on the tower, aerodynamic damping forces on
the lines between towers also play an important role in determining the wind-induced
responses of the transmission tower line system (Davenport, 1988; Momomura et al.,
1997; Xie et al., 2017; Bhowmik and Chakraborti, 2020). For instance, Maeda et al. (2003)
demonstrated excessive aerodynamic damping forces on the lines of the transmission
tower line system by making use of full-scale field measurement. It is, therefore, essential
for assessing the wind performance of the transmission tower to consider the
aerodynamic damping of both the tower and lines.

Aerodynamic damping, more specifically, aerodynamic damping ratios of the


mailto:lhzou@whu.edu.cnr

The 2022 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM22)
16-19, August, 2022, GECE, Seoul, Korea

transmission tower are usually identified based on the measured structural response
signals. There are a few signal-based identification methods, such as the random
decrement technique (RDT) (Tamura and Suganuma, 1996) and the autocorrelation
method in time domain, and the half power band-width method (Clough and Penzien,
1993) and Hilbert transform (HT) method in frequency domain. However, the
identification results from different methods are usually divergent (Davenport, 1983).
Since the vibration modes of the tower in the transmission tower line system are close to
each other because of the existence of the lines, the above methods could be even
inappropriate in some cases. To overcome such limitations, some research work
improved the conventional approaches for the identification of aerodynamic damping
ratios. The improved methods include normal decomposition method (NDM) (Fujimura
et al., 2007), frequency domain decomposition (FDD) method (Brincker et al., 2001), and
multiple-degree-of-freedom (MDOF) RDT method (Tamura et al., 2002), etc. The NDM
method makes use of the mode shape to decouple response components. The FDD
technique employs singular value decomposition to decompose the coupled spectral
density matrix. The MDOF RDT method assumes that the response signal is the
superposition of several damped free vibrations with different frequencies. It should be
mentioned that the wavelet transform and Hilbert-Huang transform (HHT) have also
received wide attention due to their satisfactory performance in identifying modal
properties for nonstationary vibration signals (Huang et al., 1998; Huang et al., 1999;
Kijewski-Correa and A., 2006; Kijewski-Correa and A., 2007; Kijewski-Correa and A.,
2003; He et al., 2011; Feng et al., 2019). However, the sole use of one method cannot
always guarantee reasonable accuracy of the estimated damping ratios, especially for
the transmission towers considering the effect of lines, for which their frequencies are
close and modes are coupled. Therefore, this study aims to combine the wavelet analysis
and HHT to develop an integrated approach that can identify the damping ratio of the
transmission tower more accurately and robustly.

In addition, most of the previous studies on identifying aerodynamic damping ratios of
the transmission tower line system are based on full-scale field measurements. Indeed,
full-scale field measurements can provide precise wind-induced structural responses,
from which the structural modal properties can be determined. However, full-scale field
measurements are usually difficult to be conducted and hindered by circumstances. It is
even impossible to carry out the full-scale field measurement at the design stage as the
structure has not yet been built. Regarding that the aerodynamic damping ratios are
crucial at the design stage as they are directly related to the wind-induced structural
responses and the associated structural design, the determination of the aerodynamic
damping is necessary for the wind design of the transmission tower line system. Given
this practical demand, it is favorable to measure wind-induced responses in the wind
tunnel by an aeroelastic model of the transmission tower line system at the design stage.
The aerodynamic damping ratios can then be determined by the wind tunnel test and the
modal identification method, guiding the wind design of the transmission tower line
system.

This research, therefore, fabricates a full aeroelastic model of a transmission tower line
system to obtain wind-induced responses, and presents an improved aerodynamic
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damping ratio identification method for the transmission tower line system that has very
close vibration frequencies. The novelty of the proposed approach is that it combines
HHT, the wavelet analysis, and the RDT, and hence can decompose complicated data
and eliminate the mode mixing. The details of the proposed method are explained first.
The full aeroelastic model wind tunnel test is then conducted on an aeroelastic model of
the transmission tower line system, to acquire wind-induced responses of the
transmission tower in the wind tunnel. Making use of the proposed method and the
measured structural responses, the aerodynamic damping ratio of the transmission tower
can be determined by considering the effect of lines. The results and discussion of the
aerodynamic damping ratio are presented for the case of the single transmission tower
without lines and the case of the tower with lines. The key findings are then summarized
in Conclusion remarks.

2. IDENTIFICATION OF AERODYNAMIC DAMPING BASED ON HHT AND WAVELET
ANALYSIS

2.1 Hilbert-Huang transform

As mentioned in Introduction, HHT has attracted attention in modal identification
(Chen et al., 2014). HHT is a useful tool to decompose complicated data set that is even
nonlinear and nonstationary (Huang et al., 1999; Huang et al., 1998). HHT method
consists of two steps, i.e., the empirical mode decomposition (EMD) and Hilbert
transformation (HT). The EMD assumes that any signal can be decomposed into several
intrinsic mode functions (IMFs). Each IMF is determined based on the two definitions: (a)
the number of zero-crossing of an IMF should be equal to the number of extrema, or their
difference should be within one; and (b) at any time point, the mean value of the envelope
defined by the IMF’s local maxima and the envelope defined by the local minima is zero.
It should be mentioned that an IMF is not necessarily linear and narrow banded, and
even can be nonstationary. More details can be found in (Huang et al., 1998; Huang et
al., 1999) and the decomposition process of EMD is briefly summarized as follows:

(). For the original signal x(t), determine the upper [x,(f)] and lower [x.(f)] envelopes by
the cubic spline fitting on the local maxima and minima of x(t), respectively;

(I). Calculate the mean of the both envelopes, i.e., mi(t) = [xp(t) + xu(£)]/2, and then
subtract m1(t) from the original signal x(t), i.e., h11(t) = x(t) - m1(t), which is the so-called
sifting process.

(Il1). Repeat the sifting process until the subtracted signal h1(t) satisfies the above two
criteria in the definition. The signal h1/(f) is then the first IMF and termed c1(t).

(IV). Subtract c1(t) from the original signal and repeat the above process from (I) to (lll)
to find the remaining IMF, i.e.,

x(t):JZ’::cj(t)+r(t) ™)

where c¢i(t) is the jth IMF of x(f), r(f) is the final residue, which is mean trend of x(t). The
above process is termed the EMD method, which is intuitive, direct, adaptive, and of
posteriori. It should be mentioned that each IMF in the EMD method could include more
than one frequency, which is different from the modal responses in the mode
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superposition method (Yang et al., 2003).

The next step of HHT is to perform HT on each IMF component. The instantaneous
amplitude, phase angle, and frequency can be obtained by HT. HT of a general IMF
component c¢j(f) can be expressed as

_1tg (7)
Hj (f)—;_J;t_—TdT (2)
The corresponding analytical signal Y(f) can then be expressed as
— ; — i6;(1)
Y(0)=¢ (0)+iH, (1) =a,(1)e 3)
where aj(f) and 6,(f) are instantaneous amplitude and phase angle, respectively. The
instantaneous frequency can be calculated by

do (1)
(t)=—~ 4
o, (1)=—" 4)
In this way, the original signal x(t) can be expressed as
(0 -Re| Sa (01| ®)
Jj=1

in which Re is the real operator. Unlike the Fourier transform, instantaneous amplitude
aj(t) and frequency wj(t) are time-varying, rather than a constant.

Making use of the logarithmic and differential operators, Yang et al (2003) derived the
relationship among instantaneous amplitude aj(t), instantaneous frequency wy(t), circular
frequency, and damping ratio for a multiple-degree-of-freedom system subjected to an
impact loading as

Ina; (t) =&t +Inb, (1) (6)

do. (t
o,(t)= ;t():a)dj:a)oj\/l—ﬁf (7)

Let the slope of Inai(t) in Eq. (6) be k1, and the slope of §(t) in Eq. (7) be k2, the damping
ratio and circular frequency can then be identified by

k2
¢ =,/ ‘ (8)
/ K+

@y == ©)

In practice, Yang et al (2003) suggested using the linear least-square fit procedure to
determine the damping ratio and frequency, i.e., (a) fitting the curve of logarithmic
amplitude Inaj(t) vs time by a straight line, and the line’s slope is k1, and (b) fitting the
curve of phase angle 6,(f) vs time by a straight line, and the line’s slope is k2. In this way,
the damping ratio and frequency of a MDOF system subjected to an impact loading can
be readily estimated.

2.2 RDT based on wavelet analysis



The 2022 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM22)
16-19, August, 2022, GECE, Seoul, Korea

The above identification process is for the impact loading, i.e., the structure
experiences free vibrations. In reality, impact loads on a tall building or transmission
tower line system are not be easily applied and the structure is usually excited by ambient
forces. Therefore, the RDT method is widely used to generate a signature that represents
the free decay vibration of the structure (Kareem and Gurley, 1996; Ibrahim, 1977). The
detailed theory of the RDT method can be found in (Ibrahim and EC, 1976; Ibraham,
1977). For the structure with close vibration frequencies such as a transmission tower
with lines, however, directly using the RDT method usually cannot produce the perfect
free vibration decay of a single degree of freedom system. Although the EMD can
decompose the modal components, each IMF based on the responses of the
transmission tower usually mixes with the response components of the other modes.
Therefore, before conducting the RDT method on each IMF, the wavelet analysis is
applied to each IMF to eliminate the mode mixing. For a signal x(f), the associated
wavelet transform is defined as (Carmona et al., 1998; Chui, 1992)

1 * t_b
7 (ab)= (1), (1) ==, 5 w(Tjd’ 1o
where a and b are the scaling and translation parameters, respectively; 4ab is the
wavelet function and 4 a» is the associated complex conjugate function. The complex
Morlet wavelet function is expressed as

1 i2nF,t -2t/ F,
t)=——==¢e"de 11
¢(¢) N (11)

where Fp is the band-width parameter, and F. is the wavelet center frequency. The
wavelet coefficient C of the signal x(tf) can then be expressed as

C(1)=R(t)+il(¢) (12)
where R(t) is the real part and /() is the imaginary part. In this way, the mode mixing can
be eliminated and the real part R(t) is then used in the subsequent standard RDT step to
obtain the free decay curves.

A flow chart is shown in Fig. 1 to further clarify the whole identification process.

EMD RDT HHT
Original signal ) IMF =) Free-decaying curve wmss) Damping ratiotfj
Wavelet
analysis

Fig. 1 Process of identifying aerodynamic damping ratios of transmission tower line
system based on HHT and the wavelet analysis

3. AEROELASTIC WIND TUNNEL TEST

The aeroelastic model wind tunnel test is a useful alternative to field measurement
to determine the aerodynamic damping of the structure, and hence is adopted in this
research. The aeroelastic model wind tunnel test has been carried out in TJ-3 wind tunnel
test at Tongji University. A full aeroelastic model of the transmission line tower system is
fabricated according to the prototype of a 500 kV transmission line tower system in China.
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The tower is cat-head type lattice tower with a height H of 48.5 m in prototype scale,
which is made by angle steel, as shown in Fig. 2. The frequencies of the single tower
without lines are shown in Table 1. Considering the size limit of the cross-section of the
wind tunnel, a length scale of 1:30 is used for the tower. In addition to the geometry
similarity, the full aeroelastic model should be fabricated according to the similarity of a
few other parameters such as Strouhal number, Froude number, Cauchy number, inertial
parameter, and damping ratio. Reynolds number usually should be also considered when
fabricating the aeroelastic model. The transmission tower has a bluff shape of the angle
steel, and hence the aerodynamic properties of the transmission tower are not sensitive
to Reynolds number. Some of the key similarity ratios of the transmission tower’s
aeroelastic model are listed in Table 2.

Table 1 Vibration frequencies of the tower in each direction (Hz)
Vibration direction

Mode number

X y torsion
First mode in each direction 1.64 2.22 3.92
Second mode in each direction 4.89 6.66 —

Wind direction
o
a=0

~

Wind direction

a=90°

/

Fig. 2 Configuration of the single tower and the definition of wind direction

Table 2 Similarity ratios of the tower’s aeroelastic model
Length Wind speed Frequency  Mass Stiffness EA Damping ratio
ALt Au A Amt Aeat ALt
1: 30 1:5.48 5.48:1 1:27000 1:27000 1:1

The span of the lines between the two towers is 400 m in prototype scale. As for the
model of lines, the length scale of tower 1: 30 is too large, since the test section of the
wind tunnel cannot contain the basic tower line system, i.e., one tower with two spans of
lines. As a compromise, the equivalent modelling method of the line proposed by
Davenport (Loredo-Souza and Davenport, 2001) is adopted. Accordingly, the length
scale of line span is 1:60 and correction coefficient y = 0.5. Reynolds number of the lines



The 2022 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM22)
16-19, August, 2022, GECE, Seoul, Korea

in both the field and the wind tunnel are within the subcritical range, in which the drag
force is constant and almost independent from the Reynolds number. The similarity ratios
of the other key parameters of the lines are summarized in Table 3.

Table 3 Similarity ratios of the lines’ model

Span Line’s cross-section  Sag Line Stiffness mass Damping
ALy area Asag  density EA Ami ratio
Aa,l Am,i Aea, Agi
1: 60 1:900 1:30 1:450 1:54000 1:27000 1:1

(@) __ : (b)

Fig. 3 (a) Fabricated aeroelastic tower model in the wind tunnel, and (b) the aeroelastic
model of the tower line system in the wind tunnel

In the wind tunnel test, Category B of terrain is considered according to China’s code of
practice (GB 500009) and the construction site. The simulated wind profiles are shown
in Fig. 4, in which the mean wind speed profile is normalized by the mean wind speed at
40 m high, i.e., V4aom. The wind tunnel test has been conducted for wind direction a = 0°,
30°, 45°, 60°, and 90°. Results for the two representative wind directions a = 0° and 90°
(the definition of wind direction is shown in Fig. 2) are shown in this paper. The model’s
frequencies have been identified and the results are shown in Tables 4 and 5 to validate
the accuracy of the aeroelastic model, details of which can be found in (Liang et al., 2015).
As can be seen, the model has high accuracy in terms of the frequency of the first mode
in directions x and y. Although the aeroelastic model has some error for the second
frequency, this will not cause considerable errors as the structural response is dominant
by the first mode response. In the aeroelastic model wind tunnel test, the acceleration
responses of the aeroelastic model are measured by the micro acceleration sensor, and
the measurement location is illustrated in Fig. 5. A section of the measured time histories
of acceleration responses is shown in Fig. 6, when the mean wind speed at the top of
the tower Vi = 5.5 m/s.

Table 4 Comparison of vibration frequencies of the single tower without line

x direction (Hz) y direction (Hz)
1st mode 2nd mode 1st mode 2nd mode
Frequency in full scale 1.64 4.89 2.22 6.66
Model’s target frequency 8.98 26.79 12.16 36.50
Model’s frequency 8.15 20.51 11.29 25.72

Model’s error 9.2% 23.4% 71% 29.5%
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Fig. 4 Mean wind and turbulence intensity profiles in the wind tunnel
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Table 5 Comparison of vibration frequencies of the tower with lines

direction x (Hz)

direction y (Hz)

1st mode 2nd mode 1st mode
Frequency in full scale 0.67 1.55 1.95
Model’s target frequency 3.65 8.49 10.70
Model’s frequency 3.08 6.55 9.96
Model’s error 15.6% 22.9% 6.9%
[0} 0.5 1 1.5 2 t2(35) 3 3.5 4 4.5 5

Fig. 6 A section of the measured acceleration response at Location A when Vy=5.5

m/s
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As mentioned before, the vibrations of lines between the transmission towers interact
with the vibrations of the towers, and hence the frequencies of the tower with lines are
rather close to each other. The power spectral densities (PSDs) of acceleration response
in direction y when V= 5.5 m/s is shown in Fig. 7a and b for a single isolated tower and
the transmission tower with lines. As can be seen, the peaks of the PSD for a single
tower is clearly scattered, indicating that the vibration frequencies of different modes are
not close to each other. By contrast, the peaks of the PSD for the tower line system are
clustered together. In other words, due to the effect of the lines, the frequencies of the
tower with lines are close to each other. Clearly, the effect of lines should be considered
when assessing the wind performance of the tower line system in engineering practice.

(@) (b)

0.014 . . . 0.035

11.29Hz 7.13Hz
0012 | | 0.03 |

0.01 L ] 0.025 |
9.96Hz
0.008 | 0.02 |

0.006 | 0.015 |

acceleration spectrum
acceleration spectrum

0.004 | 0.01 |

3.47Hz
0.002 | 25.39Hz 1 0.005 | 17.9Hz 23.6Hz
A
0 L \\"’\»\ 0 L H

0 10 20 30 40 0 10 20 30 40
frequency (Hz) frequency (Hz)

Fig. 7 PSDs of the along-wind acceleration response (direction y) when V4, =5.5 m/s
and a = 90° for (a) a single isolated tower, and (b) transmission tower line system

4. RESULTS AND DISCUSSION OF THE AERODYNAMIC DAMPING RATIO

4.1 Calculation of the aerodynamic damping ratio

According to the process described in section 2, IMF components of the measured
acceleration responses are determined based on the EMD method. As an example, the
first four IMF components of the acceleration responses in direction y and the associated
power spectra densities (PSDs) are shown in Fig. 8, when Vy = 5.5 m/s and wind
direction a = 90°. As can be seen, the third IMF component corresponds to the vibration
component of the first mode. Furthermore, it can be observed from Fig. 8 that each IMF
component has some mode mixing, for the wide range of the peak. In order to eliminate
the mode mixing, the wavelet analysis is conducted on each IMF component, and the
RDT technique is then conducted for the real part of the wavelet coefficient C(f). For
instance, the free decay curves of the third IMF3 (i.e., mode 1 in direction y) are shown
in Fig. 9a. As can be seen, the mode mixing has been eliminated, since there is no beat
phenomenon in the free decay curve. HT is then carried out on the free decay curve, and
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the resultant instantaneous amplitude and phase angle are illustrated in Fig. 9b. The
curves of these two are smooth, leading to reliable slope of the curves, i.e., k1 and ko.
The damping ratio of the free decay curve can then be identified according to Egs. (8)

and (9).
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Fig. 8 (a) IMF components and (b) the associated PSDs of the tower’s along-wind
acceleration response of the tower with lines for wind direction a = 90° and Vy = 5.5
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Fig. 9 (a) Free decay curve of the tower with lines after wavelet analysis, and (b)
instantaneous amplitude and phase angle of the IMF3 shown in Fig. 8

It should be mentioned that the structural damping ratios are identified based on the free
decay curves caused by the impact hammer test on the structure in the wind tunnel
without wind flow. The structural damping is then determined by the process shown in
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Fig. 1 except for the RDT step, as the impact hammer test can cause free decay curves
directly. The aerodynamic damping ratios are then determined by subtracting the
structural damping ratio from the total damping ratio identified by the proposed method.
In the following section, therefore, the structural damping ratio will be first discussed, and
followed by the investigation on the aerodynamic damping ratio.

4.2 Structural damping ratios of the transmission tower without and with lines

The structural damping ratios of the transmission tower without and with lines are
identified respectively for comparison. The acceleration responses of the two structures
caused by the impact hammer are measured. Then the process shown in Fig. 1, except
for the RDT process, is conducted on the responses to determine the structural damping
ratio based on the slopes k1 and k2 of the instantaneous amplitude and phase angle of
the IMF component.

The free decay curves of the two IMF components associated with the first two modes,
after the wavelet analysis, are shown in Fig. 10 for the case of a single tower without line.
The counterparts for the tower line system are shown in Fig. 11. The associated
instantaneous amplitude and phase angle are then determined by HT, as shown in Figs.
12 and 13. Making use of the values of k1 and k2 from the instantaneous amplitude and
phase angle, the structural damping ratios can be identified. The identified structural
damping ratios are listed in Table 6 for two cases. As can be seen, for the same mode,
the structural damping ratio of the tower with lines is much larger than that of the single
tower without line. This difference is more significant for the modes in direction x. For the
first two modes in direction x, the structural damping ratios of the towers with lines are
larger than those of the single tower by more than 26%, indicating the important role of
lines in calculating the structural damping of the transmission tower.

(a) (b)

1 0.6
05t 03
3 Y
E E
S o 2 o
5 S
<@ K7)
3 & -.
" 05 ® oafl

L L L L L _06 1 1 1 1 L
0 0.5 1 15 2 25 3 0 0.2 0.4 0.6 0.8 1 1,
time (s) time (s)

Fig. 10 Free decay curves of the single tower after wavelet analysis for (a) the first two
modes along direction x; and (b) the first two modes along direction y
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Fig. 11 Free decay curves of the tower with lines after wavelet analysis for (a) first two
modes along the direction x; and (b) first mode along the direction y
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Fig. 12 Instantaneous amplitude and phase angle of the tower without line for (a) the
first mode along direction x; (b) the second mode along direction x; (c) the first mode
along direction y; (d) the second mode along the direction y
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Fig. 13 Instantaneous amplitude and phase angle of the tower with lines for (a) the first
mode along direction x; (b) the second mode along direction x; (c) the first mode along

direction y
Table 6 Comparison between structural damping ratios of the single tower and the tower
line system
Structural damping ratios
cases x direction y direction
First mode Second mode First mode Second mode
Single tower @ 1.97% 1.92% 2.14% 3.18%
Tower with lines @ 2.49% 2.85% 2.43% -
(@/D-1) 26% 48% 14% -

4.3 Aerodynamic damping ratios of the single tower

The measured structural acceleration responses of the single tower without line,
subjected to wind flow with different mean wind speeds in the wind tunnel, are employed
to examine the aerodynamic damping of the tower. The process shown in Fig. 1 is used
to identify the damping ratio of each mode. For instance, the free decay curves of the
IMF components associated with the first two modes, after the RDT and wavelet analysis,
are shown in Fig. 14 for a = 0° and Vx = 5.5 m/s. It can be observed from Fig. 14 that the
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free decay curves are very smooth and decay gradually. As a result, the instantaneous
amplitude and phase have a clear slope (as shown in Fig. 15), leading to the identification
process of damping ratios being reliable.

(a) (b)

o
»
o
N

acceleration (m/s?)
o
.01 o
S
<
C PR
. ¢
¢
<
¢
acceleration (m/s?)
o
N o

-1 i ! . L -0.4 . . .
0 0.2 0.4 0.6 0.8 0 0.5 1 1.5

time (s) time (s)
Fig. 14 Free decay curves of the IMF components after the wavelet analysis and RDT
for a = 0° and Vx = 5.5 m/s: (a) the first two modes along direction x, and (b) the first

two modes along direction y
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Fig. 15 Instantaneous amplitude and phase angle of IMF components for a = 0°: (a) the
first mode in x direction; (b) the second mode in x direction; (c) the first mode in y
direction; and (d) the second mode in y direction
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Fig. 16 Variation of aerodynamic damping ratio with mean wind speed Vj for: (a) the
first two modes in direction x when a = 0°; (b) the first two modes in direction y when a
= 0°; (c) the first two modes in direction x when a = 90°; and (d) the first two modes in

direction y when a = 90°

The identified aerodynamic damping ratios of the single tower are shown in Fig. 16, for
different mean wind speed at the top of the model V4. It can be seen that for each
vibration mode, the damping ratio increases almost linearly with mean wind speed,
except for the minor deviation at the second mode in direction y when a = 90°. Moreover,
the aerodynamic damping ratio of the first mode is greater than that of the second mode,
suggesting that the aerodynamic damping ratio tends to decrease with increasing
structural frequency. A similar linear variation of the aerodynamic damping ratio has been
shown in (Fujimura et al., 2007; Takeuchi et al., 2010) for the range of mean wind speed
examined in this research. In view of the above discussion, an empirical expression
shown in Eq. (13) is proposed to estimate the aerodynamic damping ratios,

fa,i%=a(;—HBj+b(§] (13)
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where &, is the aerodynamic damping ratio of the ith mode; V4 is the mean wind speed
at the tower top; fi is the frequency of the ith mode; B is width of tower’s bottom
perpendicular to the approaching wind, when a = 0°, B = 0.298 m (8.85 m in prototype),
and when a =90°, B =0.222 m (6.67 m in prototype). As can be seen from Eq. (13), the
aerodynamic damping ratio depends on two non-dimensional parameters, i.e., the
reduced wind speed (Vu/fiB) and frequency ratio (fi/f). The coefficients a and b are
determined by the regression analysis, and the results are listed in Table 7. As the
aerodynamic damping ratio shows remarkable difference for different wind and vibration
directions, the coefficients a and b are provided for each wind and vibration direction.
The regression results of Eq. (13) are shown in Fig. 16 to validate the accuracy of the
expression. In Fig. 16, the aeroelastic model wind tunnel test results are indicated by test,
while those estimated by Eq. (13) are indicated by Eq. As can be seen, for most cases,
the estimated results from Eq. (13) are very close to those from the wind tunnel test,
except for a few cases when a = 90° shown in Fig. 16 (d). The minor difference could be
attributed to wind tunnel test measurement errors. Generally speaking, Eq. (13) can
predict the aerodynamic damping ratio of single tower with enough accuracy, especially
for the aerodynamic damping ratio of the first mode in each direction.

Table 7 Regression coefficients of the aerodynamic damping ratios for single tower

without line
. Wind direction a = Q° Wind direction a = 90°
Reg]rc?s_s 'on x (along- y (cross- x (cross- y (along-
coefficient wind) wind) wind) wind)
a 0.9914 0.4089 0.1360 1.1987
b -0.3162 -0.1610 0.4158 -1.067

4.4 Aerodynamic damping of the tower with lines

This section examines the aerodynamic damping ratio of the tower with lines. For
the tower with lines, only the aerodynamic damping ratios of the tower for wind direction
a = 90° are identified, as when a = 90°, the transmission lines are along the cross-wind
direction and hence have considerable effects on the connected towers. The free decay
curves of the IMF components of acceleration responses of the tower with lines after the
wavelet analysis and RDT are shown in Fig. 17. Clearly, all the curves decay smoothly,
indicating that the mode mixing has been eliminated even for this complicated case. The
associated instantaneous amplitude and phase are shown in Fig. 18, from which the
aerodynamic damping ratio can be readily determined by Egs. (8) and (9). The variation
of the identified aerodynamic damping ratios with mean wind speed V4 is shown in Fig.
19 for a = 90°. Comparing Fig. 19 with Fig. 16(c) and (d) clearly suggests that the
transmission lines increase the aerodynamic damping ratio of the tower significantly. For
example, when Vy = 5.5 m/s, the aerodynamic damping ratios of the first mode in
directions x and y are larger than those for the single tower without line by 1170% and
507%, respectively. When estimating the wind-induced response of the tower in a
transmission tower line system, the effect of the lines on the aerodynamic damping ratio
should be considered. Using the aerodynamic damping ratio of the single tower without
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the line is very likely to overestimate the tower’s responses, and hence make the design
too conservative and waste structural materials.
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Fig. 17 Free decay curves of the IMF components after the wavelet analysis and RDT
for a = 90°: (a) vibration along direction x, and (b) vibration along direction y
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Fig. 18 Instantaneous amplitude and phase angle of IMF components for a = 90°: (a) the
first mode in direction x; (b) the second mode in direction x; and (c) the first mode in
direction y
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Fig. 19 shows that the variation trend of the aerodynamic damping ratio with V4 for the
tower with lines is very similar to that of the single isolated tower without lines. More
specifically, the aerodynamic damping ratios of the tower with lines increase almost
linearly with V. Additionally, for the same V4, the aerodynamic damping ratio of the first
mode is larger than that of the second mode, indicating that increasing structural
frequency leads to reduction in aerodynamic damping ratio. An expression that is same
as Eq. (13) is used to estimate the aerodynamic damping ratios of the tower with lines.
The results of the regression coefficients a and b are shown in Table 8. The estimated
aerodynamic ratios based on Eq. (13) and Table 8 are also shown in Fig. 19 to compare
with the test data and hence to verify the predictive accuracy by using the proposed
expression. As can be seen, for the first mode in each vibration direction, the regression
result can estimate the aerodynamic damping ratio with high accuracy, although the
estimate has minor error for the second mode in direction x. This error for the second
mode is acceptable since structural response is usually dominant by the first mode.
Through this way, the aerodynamic damping ratio of the transmission tower with lines for
the critical wind direction can be quickly estimated.
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Fig. 19 Variation of aerodynamic damping ratio with mean wind speed V4 for: (a)
vibration in direction x when a = 90°; and (b) vibration in direction y when a = 90°

Table 8 Regression coefficients of the aerodynamic damping ratios for the tower with
lines

Wind direction a = 90°
X (cross-wind) y (along-wind)
a 1.2208 4.3295
b -2.1615 -2.5246

Regression coefficient

5. CONCLUSION REMARKS

An approach combining Hilbert Huang transform and the wavelet analysis has been
proposed to determine the aerodynamic damping ratio of the transmission tower with
lines. A full aeroelastic model wind tunnel test has been conducted to acquire the wind-
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induced vibration signals of the transmission tower line system. The aerodynamic
damping ratios of the transmission tower for different wind speeds have then been
successfully identified by employing the proposed method and the wind tunnel
measurement. An expression of the aerodynamic damping ratios has been obtained by
the regression analysis, through which the aerodynamic damping ratios of the single
tower and of the tower with lines can be estimated.

The proposed method, by taking advantage of both HHT and the wavelet analysis, can
eliminate the mode mixing caused by close mode frequencies of the transmission tower
with lines. The resultant free decay curves determined by the RDT are rather smooth,
through which reliable aerodynamic damping ratios have been identified.

Results show that the lines between towers have significant effects on both the structural
damping and aerodynamic damping. When considering the lines, the structural damping
ratio of each mode is larger than that of the case without line by 14% ~ 48%; its
aerodynamic damping ratio is several times larger than that in the associated case
without line. As a result, the effect of lines on the aerodynamic (and structural) damping
of the tower should be carefully considered when estimating the wind-induced responses
of the tower. The expression of the aerodynamic damping ratio for different wind speed
and vibration frequency has been provided for the single transmission tower and the
tower with lines, though which the aerodynamic damping ratio of similar transmission
tower line system can be quickly determined.

REFERENCES

Bhowmik C and Chakraborti P. (20202, “Analytical and Experimental Modal Analysis of
Electrical Transmission Tower to Study the Dynamic Characteristics and Behaviors,”
J. Civ. En%, KSCE, 24(3), 931-942.

Brincker R, Ventura C and Andersen P. (2001), “Damping estimation by frequency
domain decomposition,” Proceedings of the 19th international modal analysis
conference (IMAC). Orlando, FL, USA, 698-703.

Carmona R, Hwang W-L and Bruno T. (1998), “Wavelet Analysis and Its Applications:
practical time-frequency analysis,” San Diego: Academic Press.

Chen B., Zhao S.L. and Li P.Y. (2014), “Application of Hilbert-Huang Transform in
Structural Health Monitoring: A State-of-the-Art Review,” Math. Probl. Eng. 2014.

Chui CK. (1992), “Wavelet Analysis and Its Applications: An introduction to Wavelets,”
San Diego: Academic Press.

Clough RW and Penzien J. (1993), “Dynamics of structures: McGraw-Hill New York.

Davenport A. 51983), “The relationship of reliability to wind loading,” J. Wind. Eng. Ind.
Aerod., 13(1-3), 3-27.

Davenport A. (1988), “The response of tension structures to turbulent wind: the role of
aerodynamic damping,” 1st International Oleg Kerensky Memorial Conference on
Tension Structures. London.

Feng, Z.Q., Zhao, B., Hua, X.G. and Chen, Z.Q. §2019), ‘Enhanced EMD-RDT method
gozr( 2)ut%)Lg-only ambient modal identification of structures”, J. Aerosp. Eng., ASCE,

Fujimura M, Maeda J, Morimoto Y, et al. (2007), “Aerodynamic damping ﬁroperties of a
transmission tower estimated using a new identification method,” 12th International
Conference on Wind Engineering, Preprints. 1047-1054.



The 2022 World Congress on
Advances in Civil, Environmental, & Materials Research (ACEM22)
16-19, August, 2022, GECE, Seoul, Korea

He X.H., Hua X.G., Chen Z.Q. and Huang F.L. (2011), “EMD-based random decrement
technique for modal parameter identification of an existing railway bridge,” Eng.
Struct., 33(4), 1348-1356.

Huang N.E., Shen Z. and Long S.R. (1999), “A new view of nonlinear water waves: the
Hilbert spectrum,” Annu. Rev. Fluid. Mech. 31(1), 417-457.

Norden E. Huang, Zheng Shen, Steven R. Long, Manli C. Wu, Hsing H. Shih, Quanan
Zheng, Nai-Chyuan Yen, Chi Chao Tung and Henry H. Liu (1998), “The empirical
mode decomposition and the Hilbert spectrum for nonlinear and non-stationary time
series analysis,” Proceedings of the Royal Society of London. Series A: mathematical,
physical and engineering sciences 454: 903-995.

Ibraham S. (1977), “A method for the direct identification of vibration parameter from the
free responses,” The Shock and Vibration Bulletin, 47 .

Ibrahim S. (1977), “Random decrement technique for modal identification of structures,”
J. Spacecraft. Rockets., 14(11), 696-700.

Ibrahim S and EC M. (1976), “The Experimental Determination of Vibration Parameters
From Time Responses,” The Shock and Vibration Bulletin, 46.

Kareem A and Gurley K. (1996), “Dampingsin structures: its evaluation and treatment of
uncertainty,” J. Wind. Eng. Ind. Aerod., 59(2-3), 131-157.

Kijewski-Correa T and A. K. (2003), “Wavelet transforms for system identification in civil
engineering,” Comput-Aided. Civ. Inf., 18(5), 341-357.

Kijewski-Correa T and A. K.E(ZOOI(\S), “Efficacy of Hilbert and Wavelet Transforms for Time-
Frequency Analysis,” J. Eng. Mech., ASCE, 132(10), 1037-1049.

Kijewski-Correa T and A. K. (2007), “Performance of Wavelet Transform and Empirical
Mode Decomposition in Extracting Signals Embedded in Noise,” J. Eng. Mech., ASCE,
133(7), 849-852.

Lianfg .G., Zou L.H., Wang D.H. and Cao H. (2015), “Investigation on wind tunnel tests
gsaGféJI%eroelastic model of electrical transmission tower-line system,” Eng. Struct.,

Loredo-Souza AM and Davenport AG. (2001), “A novel aggroach for wind tunnel
modelling of transmission lines,” J. Wind. Eng. Ind. Aerod., 89(11-12), 1017-1029.

Maeda J, Morimoto Y, Ishida N, et al. (2003), “Aerodynamic dampin? groperties of a
high-voltage transmission tower,” Proceedings of 5th International Symposium on
Cable Dynamics. 255-262.

Momomura Y., Marukawa H., Okamura T., Hongo E. and Ohkuma, T. (1997), “Full-scale
measurements of wind-induced vibration of a transmission line system in a
mountainous area,” J. Wind. Eng. Ind. Aerod., 72, 241-252.

Takeuchi M, Maeda J and Ishida N. (2010), “Aerodynamic damping properties of two
transmission towers estimated by combining several identification methods,” J. Wind.
Eng. Ind. Aerod., 98(12), 872-880.

Tamura Y and Suganuma S-y. (1996), “Evaluation of amjalitude-dependent damping and
g?t%asl f1r§8uency of buildings during strong winds,” J. Wind. Eng. Ind. Aerod., 59(2-

Tamura Y., Zhang L., Yoshida A., Nakata S. and Itoh T. (2002), “Ambient vibration tests
and modal identification of structures by FDD and 2DOF-RD technique,” Structural
Engineers World Congress.

Xie Q., Cai Y. and Xue S. (2017), “Wind-induced vibration of UHV transmission tower
I2|r11% séyzsétem: Wind tunnel test on aero-elastic model,” J. Wind. Eng. Ind. Aerod., 171,

Yang J.N., Lei Y., Pan SW. and Huang N. (2003), “System identification of linear
structures based on Hilbert—Huang spectral analysis, Part 1: normal modes,” Earthq.
Eng. Struct. D. 32(3), 1443-1467.



	1. INTRODUCTION
	2. IDENTIFICATION OF AERODYNAMIC DAMPING BASED ON HHT AND WAVELET ANALYSIS
	2.1 Hilbert-Huang transform
	2.2 RDT based on wavelet analysis

	3. AEROELASTIC WIND TUNNEL TEST
	4. RESULTS AND DISCUSSION OF THE AERODYNAMIC DAMPING RATIO
	4.1 Calculation of the aerodynamic damping ratio
	4.2 Structural damping ratios of the transmission tower without and with lines
	4.3 Aerodynamic damping ratios of the single tower
	4.4 Aerodynamic damping of the tower with lines

	5. CONCLUSION REMARKS
	REFERENCES

