Journal of Science and Technique - ISSN 1859-0209

ON THE USE OF THE GENERAL BANDWIDTH METHOD
TO IDENTIFY DAMPING IN MDOF SYSTEMS

Dinh Huong Vu®*
Unstitute of Techniques for Special Engineering, Le Quy Don Technical University, Hanoi, Vietnam

Abstract

The general bandwidth (GeB) method is one of the methods used for viscous damping
identification of structures. In this method, approximate and exact formulas have been studied
to estimate the damping ratio from frequency response function (FRF) of the single degree-
of-freedom (SDOF) system. However, the applicability of these formulas to estimate the
damping in multi degree-of-freedom (MDOF) systems has not been analyzed in detail. This
article studies the influence of modal parameters on the accuracy of the GeB method used to
identify the viscous damping ratios in MDOF systems. The results compared with the
formulas based on the half-power bandwidth (HPB) method show that the GeB method has
good efficiency and a wide identification range.

Keywords: Damping identification; general bandwidth method; half-power bandwidth method;
MDOF systems; frequency response function.

1. Introduction

Identifying the vibration characteristics of structures (modal frequencies, modal
shapes and damping ratios) is an important content in engineering mechanics. In
particular, identifying the structural damping parameters is a complicated problem and is
being researched by many scientists. Damping identification methods are divided into
many different groups, such as: Damping identification for each mode separately,
damping identification for many modes, identification in the time domain and
identification in the frequency domain.

The classical HPB method is known as a simple and widely used method to identify
damping in experimental research on structural vibrations. Accordingly, the viscous
damping ratio estimated by the classical formula from experimental data measuring
displacement or acceleration FRFs, is equal to half the frequency bandwidth
corresponding to the FRF signal power level being half the maximum power [1, 2].

The classical formula for damping estimation is an approximate formula and is
often used when the structure has a very small damping ratio. Therefore, many formulas
have been developed to improve the accuracy of the HPB method. In 2008, Yin [3, 4]
proposed an accurate formula to estimate the damping ratio of a single degree-of-freedom
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(DOF) system based on the squared FRF curve. With the assumptions that viscous
damping is proportional to stiffness, mass and is constant, Olmos [5] used the HPB
method to identify damping for MDOF systems. Afterwards, Wang [6] used the HPB
method and proposed a 3™ order formula to estimate the viscous damping ratio of the
SDOF system. Papagiannopoulos et al. [7] developed a 3" order formulas based on the
HPB method to estimate the damping ratios for MDOF systems. Wang [8, 9] compared
the 3" order formula with the classical formula to identify the damping ratios of the
2-DOF system. In general, the more separated the natural frequencies of structures, the
smaller the damping estimate error, and when damping level decreases, the accuracy of
the HPB method increases. In 2014, Wu [10] proposed a formula to determine damping
ratio by ignoring the 6™ order infinitesimal quantity. This formula has quite high accuracy
when estimating the damping ratio of the SDOF system. However, the limitation of the
Wu’s formula and also the general limitation of HPB methods is that its application range
is still only within the damping range (0 + 0.383). Furthermore, these damping estimation
formulas are all based on a SDOF system and when applied to MDOF systems, they need
to be considered specifically.

In 2015, Vu Dinh Huong et al. [11] used the GeB method and proposed an accurate
formula to estimate the viscous damping ratio from the displacement spectrum of the
SDOF system. This formula is generalized to determine the damping ratio according to
the power factor r instead of 2 as in the HPB method. The analysis results on the SDOF
system show that the GeB method identifies damping more accurately than the HPB
method and can estimate high damping level. Then, the author also used the GeB method
to identify the hysteresis damping from the acceleration FRF [12]. Later, Wu [13] also
analyzed the displacement spectrum to provide a formula to estimate the damping ratio
according to the power ratio, which is similar to the formula in [11] and then the author
investigated the influence of the power ratio on the accuracy of the damping estimation
formula in the MDOF system.

The GeB method is a new damping estimation method that has been researched
recently. The possibility of extending this method to estimate damping in MDOF systems
has not yet been studied in detail. In the MDOF systems, there are many parameters that
affect the results of damping identification.

This article studies the influence of modal parameters on the accuracy of the GeB
method to identify the viscous damping ratios in MDOF systems. The results compared
with the formulas based on the HPB method show that the efficiency and identification
range of GeB method.
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2. Damping identification methods

This section presents a summary of the damping estimation formulas using the
methods mentioned above.
2.1. Damping estimation formulas by the half-power bandwidth method

The classical formula for damping estimation based on the displacement FRF of
SDOF system has the following form [1, 2]:

g=% % D 1)

20 2

where b is the frequency bandwidth; w. and ax are two frequencies at the amplitudes
equal to 1/«5 the maximum amplitude (at resonance frequency ax).

By continuously expanding the square root expressions, in 2011, Wang [6]
proposed a cubic equation to determine the viscous damping ratio from the displacement
FRF as follows:

45 +285 =D (2)

Using the HPB method and ignoring 6" order infinitesimals of the damping ratio,
Wu [10] proposed the formula to determine the &:

gD 3)

2|1+b?
Wu's formula gives the best damping estimation in the group of formulas based on
the HPB method. However, the Wu-HPB method also has certain limitations when
compared with the GeB method (details are presented in the section 4).

2.2. General bandwidth method
In the HPB method, the frequency band width is determined from two frequencies

wa and ax with the FRF amplitudes equal to 1/\/5 the maximum amplitude of the FRF.
When the structure has a high damping level or has close natural frequencies, the
frequencies wa and/or ax are outside the resonance peak (Fig. 1). To overcome this

limitation, the GeB method is proposed, with two frequencies @, and @, corresponding

FRF amplitude equal to 1/«/? the maximum amplitude, in which the coefficient r is
called the power factor and has any value greater than 1.
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Fig. 1. GeB method with the power factor.

Based on the analysis of the displacement spectrum and general power factor,
Vu Dinh Huong [11] has proposed the formula to estimate the viscous damping ratio:

1 r—1
gz\/i_\/4(r—1)+4bf—bf ®

where b is the general frequency bandwidth, r is general power factor,

b, = 22— ©)

with @ and @, are two frequencies at the amplitudes equal to 1/ \/F the maximum amplitude.

When identifying the viscous damping of the SDOF system, the errors of formula (4)
based on the GeB method and the formulas based on HPB method are presented in detail
in [11]. A similar analysis of the MDOF system will be conducted in the following sections.

3. Simulated FRF measurement data and estimate damping of MDOF
system using GeB method

The experimental FRF measurement data is the ratio between the output parameter
X(t) and the input force f(t) in the frequency domain [2, 14]:

H(w)=% (6)

where X(w) and F(w) are the Fourier transforms of x(t) and f(t), respectively.
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Simulated FRF measurement data of MDOF systems is given by the following
equation [2, 8]:

;1+2|§ (a)/a)) (0] @,)* (")

where an, & are the natural frequency and the damping ratio of the n'" mode, respectively;
an is the amplitude coefficient of the n' mode; N is the number of degrees of freedom of
the system.

The displacement FRF amplitude graph according to (7) has the form shown in Fig. 2.

The damping identification process is performed for each mode by separating the
frequency domain corresponding to each mode (the frequency domain around the
resonance peak and can extend to the minimum point (Fig. 2)). Then, determine the
general frequency bandwidth from maximum power factor rmax:

Fnax = (8)

Maximum

|H1|max/\IT
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Fig. 2. Identify the damping of the first mode using GeB method.
Consider the following cases:

- Case 1: If rmax > 2, both HPB and GeB methods can estimate the damping ratio.
Then, choose r = 5/4, the formula to estimate the damping by the GeB method is
as follows (9):
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- Case 2: If 2 > rmax > 5/4, then the HPB method cannot estimate the damping
parameter because the half-power bandwidth does not exist. On the contrary, the GeB
method can still estimate the damping ratio according to formula (9) with r = 5/4.

- Case 3: If rmax < 5/4, choose r = rmax, the GeB method can still identify the damping
ratio using formula (4).

4. Comparison of the accuracy of damping identification methods in
MDOF systems

This section evaluates the damping estimation error in the MDOF system by the
GeB method, then the results are compared with the HPB method using the classical
method and Wu-HPB method (Wu's formula).

Considering the 2-DOFs system, the displacement FRF function is simulated
according to the following formula:

H (@) = & + B (10)
1-(wl o) +2i& (0l w) 1-(0!o,) +2i& (ol w,)

From (10) it can be seen that the displacement FRF function H(®) depends on many
parameters that affect the accuracy of damping identification methods: damping level
(damping ratios & and &), natural frequencies ax and ., amplitude coefficients a; and
a. Some results of investigating the influence of the parameters on the damping
estimation error by the identification methods are presented in the sections below.

4.1. Effect of the damping level on the damping estimation error

For varying damping levels (assuming damping ratios & = &), investigate the error
in estimating the damping ratios of the first and second modes using the above formulas
(with natural frequency ratio a./ax = 4). The results are given in Fig. 3 and Fig. 4 with
amplitude coefficients a, = a, and a, = -ay, respectively.

Figure 3 and Fig. 4 show that the damping estimation error using the GeB method
is significantly smaller than the classical and Wu's formulas based on HPB method. The
range of damping identification using the GeB method is also larger than that one
determined by the above formulas. When the damping level increases, the error variation
of the GeB method is smaller than that of the HPB method. That shows the effectiveness
of the GeB method for structures with high damping levels. For example, in Fig. 3a, at
the damping level of 0.05, the damping estimation errors of the first mode by the classical
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method (classical form of HPB method), Wu-HPB method (Wu’s formula), and the GeB
method are not too different: 4.19%, 3.63%, and 2.44%, respectively. But at the damping
level of 0.2, the corresponding errors are too different: 71.51%, 41.43%, and 24.82% in
that order.

80 a) Damping estimation for mode 1 20 b) Damping estimation for mode 2
| |- = ~Classical Method ~ - —Classical Method
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Fig. 3. Dependence of damping estimation error on the damping level (with a; = a1).
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Fig. 4. Dependence of damping estimation error on the damping level (with a;= -a1).
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Specifically, the classical and Wu-HPB methods can only estimate damping level of
the first mode within a range of less than 0.23 (Fig. 3a) and similarly which of the second
mode within a range of less than 0.38. (Fig. 3b). Meanwhile, the GeB method can estimate
the damping ratio of the first and second mode up to 0.38 (Fig. 3a) and 0.45 (Fig. 3b)
respectively. The results in Fig. 4 also show similar observations, the range of damping
identification using the GeB method is also larger than that one using the HPB method.

121



Section on Special Construction Engineering - Vol. 07, No. 01 (Jun. 2024)

Table 1 and Table 2 present more detailed results on the damping estimation error
according to the assumed damping ratios (with amplitude coefficients a, = a;). The
damping level of a certain mode greatly affects the damping estimation error of itself.
The higher the resistance level, the larger the error. The results also show that the damping
level of the second mode does not have much impact on the damping estimation error of
the first mode and vice versa.

Table 1. Damping estimation error of the first mode (%)

Method Classical Method Wu - HPB Method GeB Method
?:;‘;)Tne; £,2005 | £=01 | &=03 | £=005 | £=01 | £=03 | &=005 | &=01 | £=03
£=005 | 419 | 16.75 - 363 | 13.69 - 244 | 898 | 3856
£,=0.1 415 | 16.46 - 3590 | 1342 - 241 | 88l | 375
£,=03 396 | 1543 - 340 | 1247 - 228 | 819 | 339

Table 2. Damping estimation error of the second mode (%)

Method Classical Method Wu - HPB Method GeB Method
Assumed

damping £1=01 | &=02 | &=04 | &=01 | &=02 | &=04 | &=01 | £=02 | &=04
&=0.1 1.05 3.7 1.16 -0.95 -4.21 -0.85 -0.63 -2.63 -0.57
£=0.2 1.07 3.94 4.53 -0.93 -4.02 -3.56 -0.62 -2.51 -2.24
=04 2.69 5.35 - -20.65 -19.44 - -12.33 -11.51 -9.48

For the first mode (Table 1), when the damping level is small (& = 0.05), all three
formulas have quite accurate identification results (the error is less than 5%). However,
when the damping level increases (& = 0.1), the formulas based on the HPB method give
a large identification error of over 10% (about 13 + 16%), while the error of the GeB
method is only about 8 + 9%. Especially, when the damping level is large (& = 0.3), the
HPB method cannot determine the damping parameters while the GeB method can still
estimate the damping ratio, but the error is quite large (over 30%).

At the same damping level, the GeB method also estimates the damping ratio of the
second mode more accurately than the HPB method (Table 2). Some negative errors
indicate that the estimated damping parameter is smaller than the assumed damping level.
The damping estimation error of the second mode is significantly smaller than that of the
first mode, which can be explained by the fact that the damping ratio of the first mode is
more sensitive to influences from other mode than the second mode.

4.2. Effect of the natural frequency ratio @/ e on the damping estimation error

For varying natural frequency ratio a./ax, investigate the error in estimating the
damping ratios of the first and second modes using the above formulas (with amplitude
coefficients a; = - &). The results are given in Fig. 5 and Fig. 6 with damping ratios
& =&=0.10and & = & =0.30, respectively.
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When the structure has separate frequencies (and damping is small - Fig. 5), the
damping estimation errors by the methods are also small. The errors increase as the
natural frequency ratio decreases. When the structure has two close natural frequencies
(! en 1s close to 1), the errors increase rapidly and identification methods are no longer
accurate. Even in this case, the GeB method still gives better results than the HPB method.
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Fig. 5. Dependence of damping estimation error on the natural frequency ratio @,/ e
(With é:l = f?_ = 010)
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Fig. 6. Dependence of damping estimation error on the natural frequency ratio @,/ an
(with & = & =0.30).

On the other hand, the estimation range by the GeB method is also larger than the
formulas based on the HPB method. In Fig. 5, the GeB method can estimate the damping
when the natural frequency ratio @,/ e is about 1.2, while the HPB method can only do
the same thing when the natural frequency ratio @,/ e is greater than 1.6. Furthermore,
for high damping levels (Fig. 6), the damping estimation ranges of the first and second
modes by the GeB method are about @,/ @ > 2.6 and w./ @, > 3.1, respectively. Meanwhile,

the corresponding ranges are about /@ > 5 and @/ax > 8 by HPB method using
Wu’s formula.
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4.3. Effect of the amplitude ratio az/a1 on the damping estimation error

For varying amplitude ratio a./a,, investigate the error in estimating the damping
ratios of the first and second modes using the above formulas (with natural frequency
ratio ax/an = 4). The results are given in Fig. 7 and Fig. 8 with damping ratios
&=&=0.10and & = & =0.30, respectively.

The larger the amplitude coefficient of a certain mode, the smaller the damping
identification error of that mode. In some cases, the error depends on the amplitude ratio
and it can be positive or negative and has no clear rule (Fig. 7b and Fig. 8a). However, in
most cases, the damping estimation error by the GeB method is often smaller than the
damping estimation error by the formulas of the HPB method.
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Fig. 7. Dependence of damping estimation error on the amplitude ratio ao/a:
(With §1 = fz = 010)
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Fig. 8. Dependence of damping estimation error on the amplitude ratio az/a;
(With 51 = fz = 030)
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5. Conclusion

The accuracy of the GeB and HPB methods in identifying viscous damping in the
MDOF system from the frequency response function has been studied. The damping
level, natural frequency ratio and amplitude coefficients have a great influence on the
damping identification results of the methods. The larger the damping level, the higher
the identification errors. The damping level of a certain mode greatly affects the damping
estimation error of itself but does not affect other modes too much. The natural frequency
ratio of the two modes has a similar influence on the damping estimation error of those
two modes. When the natural frequency ratio decreases, the damping identification errors
of both modes increase. The larger the amplitude coefficient of a certain mode, the smaller
the damping identification error of that mode.

The analysis results also show that the GeB method has a smaller damping
estimation error than the formulas of the HPB method. The GeB method also has the
largest damping identification range, it can be applied in MDOF systems with low and
high damping levels, and with close natural frequencies.
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SU DUNG PHUGNG PHAP DO RONG DAI TAN SO TONG QUAT
NHAN DANG CAN TRONG HE HUU HAN BAC TU DO

Vii Binh Huong!

Wién Ky thudt cong trinh dac biét, Truong Dai hoc Ky thudt Lé Quy Dén, Ha Ngi, Viét Nam

Tém tit: Phuong phap do6 rong dai tin sb tong quat 1a mot trong nhitng phuong phap dé

nhan dang can nhét cua két ciu. Trong phuong phap nay, mot s6 cong thirc gin ding va chinh

xé4c da dugc nghién ctru dé ude lugng ti sd can trong hé mot bac tu do. Tuy nhién, kha ning ap

dung cua cac cong thirc nay dé wac lugng can trong hé hiru han bac tu do van chua dugc phan

tich mot cach chi tiét. Bai bao nghién ctru anh hudng ciia cac tham sé dao dong riéng téi do chinh

xéc cua phuong phap do rong dai tan sb tong quat khi nhan dang ti s6 can nhot trong hé hiru han

béc tu do. Cac két qua duogce so sanh voi cac cong thirc di c6 trén co s phuong phap do rong nira

cong suat cho thay hiéu qua tot va pham vi img dung rong ciia phuong phap do rong dai tan s6
tong quat.

Tir khéa: Nhin dang can; phwong phdp dé réng dai tan sé tong quat; phuwong phdp dé

rong nita cong suat,; hé hitu han bdc tw do; ham phan ung tan so.
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