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Abstract: A novel type of tuned viscous mass damper
(TVMD) device incorporating eddy current damping and
metal springs as its
respectively, was developed. First, dynamic tests of the
TVMDs their
characteristics. Subsequently, four methods were proposed to
identify the TVMD parameters from the test data: the peak
point fitting method, hysteretic curve fitting method, time-
history fitting method, and transfer function fitting method.
The dynamic test results indicate that the TVMD exhibits the
inertial mass amplification and damping enhancement effects.

damping and spring elements,

were conducted to investigate dynamic

The spring and inerter elements demonstrate ideal linear
behavior, while the damping element exhibits nonlinearity,
primarily owing to the nature of eddy current damping and
in the TVMD device. The parameter
identification results indicate that all four methods can

inherent friction
reasonably determine the TVMD parameters. The transfer
function fitting method can provide an equivalent damping
coefficient useful for tuning design, while the other three
methods can identify parameters of nonlinear damping models.
The hysteretic curve fitting and time-history fitting methods
exhibit improved accuracy in parameter identification, while
the peak point fitting and transfer function fitting methods
exhibit higher computational efficiency.
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n civil engineering, structural vibration control is a
Ipivotal technique for enhancing the performance of
structures subjected to dynamic loads such as seismic mo-
tions and wind loads. To date, various types of dynamic
vibration absorbers have been proposed'”'. Among
these, the tuned viscous mass damper (TVMD), a novel
type of inerter-based vibration absorber, is promising for
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application in buildings and civil infrastructures” . The
TVMD is characterized by the inertial mass amplification
mechanism and the damping enhancement effect’™. The
TVMDs installed in a structure serve to tune a target
structural mode and provide supplementary damping for
the lower-order modes'”’, thereby demonstrating their
ability to control the seismic responses of both inter-story
1O The superior perform-
ance of the TVMD for controlling dynamic responses of
various structural systems, such as the frame structure!™,
coupled wall structure'""”
has been demonstrated. TVMDs have been employed in
real-world buildings in Japan, including a telecommuni-
cation building (a 15-story frame structure in Sendai) ',
Akasaka Intercity (a 37-story building in Tokyo) "', and
the Shinjuku Sumitomo Building (a retrofitted 54-story
building in Tokyo) """

The TVMD consists of an inerter element and a dashpot
element arranged in parallel, forming a viscous mass
damper (VMD), which is then linked to a spring element
in series.
with a parameter known as “inertance, ” which can be ex-
pressed in units of mass''”. However, different from the
general mass element, the inertial force generated by the
inerter element is proportional to the relative acceleration
between its two terminals. Over the past twenty years
since the inerter was proposed, various types of approa-
ches have been developed to realize the inerter ele-
5991 among which the ball screw system has
proved to be promising”'. This system utilizes a motion
conversion mechanism that converts linear motion into
rapid rotational motion to generate substantial inertial
force with a small physical mass. Through this mecha-
nism, the damping element, which is in parallel to the in-
erter element, can generate an extremely amplified damp-
ing force. By connecting the spring element with the
VMD in series, the TVMD has a natural vibration fre-

quency, enabling it to tune a selected mode of the struc-
4,20-21]

drifts and floor accelerations

4
, and core wall structure'"*,

The inerter element is a mechanical element

ment

ture, similar to a tuned mass damper'

Various methods have been proposed for the optimal
tuning design of TVMDs">*'.
cessful TVMD tuning control requires the actual parame-
ter values of TVMDs to closely match the design values.
Unfortunately, there is a lack of standardized methods for

However, achieving suc-
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accurately identifying TVMD parameters. To fill this
gap, this paper aims to develop methods for accurately
extracting the parameter values of TVMD devices from
experimental test data. The study introduces two novel
contributions: 1) the development of a novel TVMD de-
vice using eddy current damping and metal springs, and
2) the proposal of four methods for TVMD parameter
identification.

1 Dynamic Tests of TVMDs

1.1 TVMD devices

Fig. 1 depicts the TVMD mechanical model, which is
composed of a spring element connected to the VMD in
series. In this study, three TVMDs labeled as T-1, T-2,
and T-3 were manufactured. The three devices were near-
ly identical, except that T-3 had slightly larger damping
than the other two. The reason for testing three devices
was to validate the performance stability of this novel type
of device. The configuration of the TVMD device is de-
picted in Fig. 2. The spring element (from point A to
point C) consisted of nine rods (one central main rod and
eight secondary rods positioned on the periphery) and six-
teen metal compression springs ( eight on the left and
eight on the right, separated by a middle panel). The
main rod transmitted axial loads and torque generated by
the VMD element, being fixed to the middle panel to en-
sure identical displacements of points D and B. The rela-
tive motion of points D and B with respect to the right
endpoint O represented the displacement of the VMD ele-

J‘_‘I‘—\

Spring element
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Spherical hinge

ment, denoted as u,. The secondary rods served to trans-
fer load and prevent the buckling of the metal springs un-
der compression. Due to the constraints imposed by these
rods, points A and C, representing the two end plates of
the spring element, exhibited identical movement. The
movement of points A and C relative to point O represen-
ted the displacement of the TVMD, denoted as u,. Addi-
tionally, as illustrated in Fig. 2, linear guide sticks were
utilized to enable the spring element and VMD element to
deform along the axial axes of the TVMD consistently.
When the middle panel shifted from its original position,
the eight metal springs on one side (either the left or right
side) were compressed, while the springs on the other
side remained free. Therefore, the stiffness of the spring
element was calculated as eight times the stiffness of a
single metal compression spring. An axial compression
test conducted on a single metal spring indicated a stiff-
ness of 232.3 kN/m. Therefore, the spring element had
a nominal stiffness of 1 858.4 kN/m.
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Fig.2 TVMD configuration

The VMD was formed by a ball screw system, while
the inerter element consisted of flywheels based on the
ball screw system. The inertance of the TVMD could be
altered by adjusting the moment of inertia of the flywheels
attached to the nut of the ball screw. The physical mass

of the inerter element was 73.7 kg. The damping element
comprised two tubes (an outer tube and an inner tube)
and permanent arc magnets. Eddy current damping can be
generated through the relative motion of a conductor in a
constant magnetic field produced by permanent magnets.
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The inner tube was fixed to the nut of a ball screw and ro-
tated when driven by the ball screw system. The iron in-
ner tube acted as a back iron, enhancing the intensity of
the magnetic field outside the inner tube and further am-
plifying the impulsive forces. To serve as the conductor,
a 10 mm thick copper tube was attached to the inner sur-
face of the carbon steel outer tube. The magnetic field be-
tween the inner tube and outer tube was generated by ra-
dial-magnetized permanent arc magnets, with adjacent
magnets having opposite magnetic poles. A total of 136
pieces of permanent arc magnets were used, each with a
projection area of 30 mm x 15 mm and a thickness of 3
mm. The air gap between the outer surface of the arc
magnets and the inner surface of the conductor was 2
mm. The permanent arc magnets of T-3 were different
from those of T-1 and T-2, with the former resulting in a
larger magnetic field than the latter. Apart from this dis-
tinction, the three manufactured TVMDs were identical.

1.2 Test setup, instrumentation, and loading proto-
cols

The specimens were loaded by a uniaxial dynamic load-
ing facility, as depicted in Fig. 3. Displacement transduc-
ers LVDT-1 and LVDT-2 were used to measure the dis-
placement of the VMD element u, and spring element u_,
respectively. The axial force was measured by the load
cell located at the terminal of the TVMD device.

Loading direction

Fig.3 Dynamic test setup

The experimental program involved two phases. Initial-
ly, quasi-static cyclic loads were applied to determine the
sliding friction force of the ball screw system, with an
amplitude of +60 mm and a loading velocity of 6 mm/’s.
Subsequently, dynamic loads were applied to examine the
dynamic properties and responses of the TVMDs, consis-
ting of a series of displacement-controlled sinusoidal
loads. The loading amplitudes were +20 and +27 mm
(with an additional +23.5 mm test for T-2), and the
frequency f, of the sinusoidal loads varied from 0.1 to
1.4 Hz, with an increment of 0. 1 Hz. Five cycles of
loads were repeated at each loading frequency until the
TVMD reached a steady-state response. Furthermore, it
is important to note that an increased number of loading
cycles (e.g., 7 to 10) were applied at the loading fre-
quencies that were near the natural frequency of the
TVMDs, as they required a longer duration to reach their
steady-state responses.

1.3 Experimental results

1.3.1

To ensure adequate stiffness of the high-performance
ball screw systems, the balls in the ball nut were preload-
ed during the production process. The precompression
load resulted in inherent friction in the ball screw sys-
tems. Fig. 4 depicts the hysteretic responses of the VMD
under quasi-static loading. The VMD element exhibited
“stop-to-go” behavior, indicating that the dry friction was
greater than the sliding friction. The sliding friction was
determined as the lower boundary of the axial force values
(i.e., 5 kN), as displayed in Fig. 4.

Quasi-static loading test

20

Axial force F/kN
= =

|
(=
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Displacement of VMD u,/mm

Fig.4 Hysteretic curve of the VMD under quasi-static loading

1.3.2 Dynamic loading test

Fig. 5 displays the displacement response history of T-1
at loading frequencies of 0.4, 0. 8 (approximately the
natural frequency of TVMD), and 1.2 Hz in the 27 mm-
magnitude dynamic tests. In Fig.5, y denotes the ratio of
the excitation frequency to the TVMD natural frequency.
As indicated, the spring displacement u, demonstrated
phase advance compared with the TVMD displacement
u,, while the VMD displacement u, exhibited phase lag
compared with u,. When the loading frequency f, was
close to the TVMD natural frequency (see Fig. 5(a)),
both u, and u, were significantly amplified compared with
u,, and the spring element and the VMD element had a
phase angle of approximately 180°. Fig. 5(b) depicts the
transfer functions from the TVMD total displacement u, to
the displacement of the VMD element u, and the spring
element .. When the loading frequency was substantially
lower than the natural frequency of TVMD( y<1), the
VMD response dominated the total displacement of the
TVMD (see Fig.5(c)). In contrast, the displacement of
the spring element was extremely limited because the
stiffness of the spring was much greater than the equiva-
lent dynamic stiffness of the VMD. This resulted in cy-
clic responses of the VMD with a large magnitude, thus
providing energy dissipation and damping supplementa-
tion in lower-frequency vibration. Conversely, when the
loading frequency was substantially higher than the natu-
ral frequency of the TVMD (y>1), the displacement of
the spring far exceeded the displacement of the VMD ( see
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Fig.5(d)). Here, the cyclic response of the VMD exhib-
ited a relatively low magnitude, offering limited damping
during higher-frequency vibration. As the loading fre-
quency approached the natural frequency of the TVMD
(y=1), resonance occurred, resulting in opposite de-
formations of the spring element and the VMD element
(see Fig.5(a)). The motion of the VMD experienced
significant amplification, leading to substantial supple-
mentary damping of the vibration. This finding aligns
with Ref. [11], which demonstrated that under TVMD
natural frequency loading, the spring element and the
VMD element deformed in opposite directions. This phe-
nomenon contributed to the damping amplification effect
of the TVMD, as the increased displacement of the VMD
enhanced energy dissipation.
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Fig.5 Displacement response of T-1. (a) Response history at f;
=0.8 Hz; (b) Transfer function; (c) Response history at f =0.4 Hz;
(d) Response history at f, =1.2 Hz

Fig. 6 depicts the hysteretic curves of T-1 at loading
frequencies ranging from 0. 1 to 1.4 Hz in 27 mm-magni-
tude tests. The thick dashed lines represent the hysteretic
response at a loading frequency of 0.8 Hz. At 0.8 Hz
loading, the TVMD’s hysteretic curve was fully developed

(see Fig.6(a)), indicating significantly enhanced energy
dissipation capacity. The spring element exhibited linear
behavior (see Fig. 6(b)), while the VMD element dis-
played a combination of negative stiffness and viscous
damping (see Fig.6(c)). The former was caused by the
inerter element, and the latter was due to the eddy current
damping. Similar test results were observed for T-2 and T-3.
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Fig.6 Hysteretic curve of T-1. (a) TVMD; (b) Spring element;
(c) VMD element

2 Parameter Identification of TVMD
2.1 Parameter identification of the spring element

Owing to the linear behavior of the spring element, its
stiffness was determined through linear fitting of F =k u,
where F and u, represent the axial force and displacement
of the spring element, respectively. Table 1 lists the line-
ar fitting results of spring stiffness for each TVMD speci-
men based on data from all dynamic loading tests. The
stiffness values were nearly identical for all three TVMDs
and closely matched the nominal stiffness value of
1 858.4 kN/m obtained from axial compression tests on
the springs.

Table 1 Estimated stiffness of the spring element
Specimen No. T-1 T-2 T-3
Stiffness k,/(kN + m ") 1878.5 1892.7 1873.6
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2.2 Parameter calibration of VMD element

As shown in Fig. 1, three components contributed to
the total force of the VMD; the inertial force, eddy cur-
rent damping force, and sliding friction force. Four
methods were proposed to identify the parameters of the
VMD element; 1) the peak point fitting method, 2) the
hysteretic curve fitting method, 3) the time-history re-
sponse fitting method, and 4) the transfer function fitting
method.
2.2.1

In this method, the inertial mass and damping parame-
ters were determined by fitting the force-peak-acceleration
data and the force-peak-velocity data of the VMD, re-
spectively. These relationships were derived from the dis-
placement response history of the VMD element when the
system reached a steady state. Specifically, when the dis-
placement of the VMD u, =0, the acceleration ii, =0 and
the velocity i, reached their peak values, indicating that
the VMD force was caused by the dashpot element and
friction. Similarly, when u, reached its peak value, it, =
0 and ii, also reached its peak value, indicating that the
VMD force was generated by the inerter element and fric-

Peak point fitting method

tion.

The force-displacement response data from the last cy-
cle of the steady-state response under each loading fre-
quency were utilized to derive the force-peak-acceleration
data and force-peak-velocity data. For both positive and
negative loading in the final loading cycle, the test data at
the peak displacement U of VMD were selected as the
peak points, and the corresponding force was designated
as the VMD force at the peak displacement. Similar to
the steady-state response of sinusoidal vibration, peak ac-
celeration coincided with peak displacement, with a mag-
nitude of A = w’U, where w represents the loading fre-
quency. Furthermore, when a sufficient number of data
points were selected, the number of points with positive
velocity direction and those with negative velocity direc-
tion were nearly identical, minimizing the influence of
constant friction f on the fitting results. Fig. 7 illustrates
the fitting results for the force-peak-acceleration relation-
ship, demonstrating an ideal linear characteristic of the
inerter element. The fitting results are detailed in Table
2. The apparent mass of the inerter element, with an av-
erage value of 72.3 t, was approximately 1 000 times its
physical mass of 73.7 kg. This represents the inertial
mass amplification effect of the TVMD.

Table 2  Values of inerter mass estimated through the direct
fitting method

Specimen No. T-1 T2 T-3
71.5 72.6 72.7

Inertial mass m,/t

The peak value point was selected from the test data at
displacement u, =0. Similar to the calculation of peak
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Fig.7 Curve fitting for the inerter element estimated through
the direct fitting method. (a) T-1; (b) T-2; (¢) T-3

acceleration, the peak velocity V under sinusoidal loading
was computed as V = wU. This study considered three
damping models: 1) the equivalent linear damping mod-
el, commonly used in TVMD tuning design; 2) the ex-
ponential damping model, reflecting the nonlinearity of
the dashpot element and often utilized in finite element
analysis software; and 3) the Wouterse damping mod-
el | which accurately describes eddy current damping
characteristics across a wide range of loading velocities,
including damping force degradation at high-velocity
loading. Wouterse ™ has revealed that when the velocity
exceeds a critical value, the eddy current damping force
will decrease. The aforementioned three damping models
are formulated as

F,=c,v (1)
Fy=sign(v)c, v (2)
Fd:Fmax 2 (3)

v/v,+v, /v

where F;, and v denote the damping force and velocity,
respectively; ¢, and c,,, denote the damping coefficient of
the equivalent linear model and exponential damping
model, respectively; a denotes the equivalent damping
exponent; v and F_ _ denote the critical velocity and cor-
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responding damping force, respectively.

The damping model parameters were identified by fit-
ting the peak-velocity point data of all dynamic loading
tests. During the fitting, the additional friction force f
was considered in the exponential damping model and the
Wouterse damping model but not in the equivalent linear
damping model. Fig. 8 displays the fitting curves of the
damping models ( the shaded area represents the region
within two standard deviations of the error between the
experimental force value and the fitting results ). The

Amplitude/mm:

Amplitude/mm:

identified parameters for these models are listed in Table
3. The linear damping model provided an equivalent rep-
resentative of the eddy current damping in a region of ve-
locity but could not consider the nonlinearity at high ve-
locity and the friction effect. The small standard deviation
values for the errors indicate that the exponential damping
model and the Wouterse damping model reasonably cap-
tured the nonlinearity of the VMD element. Particularly,
the fitted curve of the Wouterse damping model reflected
the decrease in damping force at over-critical velocity.
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Fig.8 Curve fitting for damping parameters estimated through the peak point fitting method. (a) T-1; (b) T-2; (¢) T-3

Table 3

Values of damping parameters estimated through the peak point fitting method

Damping model

Parameters T-1 T2 T-3
Equivalent linear damping model Equivalent damping coefficient ¢,/ (kN + s - m ') 208.8 224.4 268.9
Exponential damping coefficient ¢,/ (kN - s* - m %) 71.2 73.9 83.2
Exponential damping model Equivalent damping exponent « 0.37 0.36 0.38
Constraint friction f;,/kN 0 0 0
Critical damping force F . /kN 32.8 33.2 36.6
Wouterse damping model Critical velocity v.,/(m s D) 0.24 0.22 0.19
Constraint friction f,/kN 8.0 8.5 6.8

2.2.2 Hysteretic curve fitting method
The force of the VMD element under sinusoidal loading
was calculated by

F=mii+F,(it) = —o'mu+F,(it)

(4)

The velocity of the VMD & was obtained from the dis-
placement time history using the interpolation method,
and the acceleration was calculated according to the as-
sumption ii = w’u for the sinusoidal steady-state response.

According to the steady-state hysteretic response data of
27 mm-magnitude dynamic tests at loading frequencies

ranging from 0.1 to 1.4 Hz, the parameters of the afore-
mentioned three damping models were identified through
the least square method. The fitting results are presented
in Fig. 9 and Table 4. Consistent with the observation
from Fig. 8, the equivalent linear damping model overes-
timated the damping at high velocities ( see Fig.9(a) ),
resulting in a higher estimation of damping forces at zero-
displacement regions. The fitting results of the other two
damping models agreed well with the experimental data,
as shown in Figs.9(b) and (c).
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Fig.9 Curve fitting for T-1 obtained through the hysteretic curve fitting method. (a) Equivalent linear damping model; (b) Exponential
damping model; (c¢) Wouterse damping model
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Table 4 Values of damping parameters estimated through the hysteretic curve fitting method

Damping model Parameters T-1 T-2 T-3

Equivalent linear damping model Equivalent damping coefficient ¢,/ (kN +s - m ') 217.4 225.2 273.2
Exponential damping coefficient ¢,/ (kN - s* - m %) 88.4 87.8 106

Exponential damping model Equivalent damping exponent « 0.55 0.55 0.56
Constraint friction f,/kN 0.6 1.5 0.0

Critical damping force F,,/kN 34.3 33.2 36.1

Wouterse damping model Critical velocity v,/(m + s ") 0.27 0.26 0.21
Constraint friction f;,/kN 4.4 5.1 3.4

2.2.3 Time-history fitting method

To accurately calculate the velocity and acceleration re-
sponse history of the VMD element, a finite element
model of the VMD was developed in OpenSees. The in-
erter element was represented by an InertiaTruss ele-
ment "', The dashpot element was modeled using a Truss
element with Viscous material adopting an exponential
damping model. Friction f; was simulated using a Viscous
material with an equivalent damping exponent a =0. The
time-history response of a VMD under a given load can
be calculated from the nonlinear FE models in OpenSees.
Optimization algorithms are utilized to determine the pa-
rameters of the nonlinear model by minimizing the differ-
ence between the FE-estimated responses and the test data.
In this study, the genetic algorithm ( GA) was chosen for
nonlinear optimization due to its effective global search ca-
pability. As depicted in Fig. 10, the optimization process
was conducted using a Matlab program, which interacted
with the OpenSees program to estimate the nonlinear dis-
placement history responses, compare them with the test
data (U,), and adjust the TVMD parameters accordingly.
In this GA-based optimization, an initial population of 200
individuals was selected. The best-matching parameter val-
ues were determined after 3 000 rounds of iterations. The
fitting results are listed in Table 5, and the fitting curve
of T-1 is illustrated in Fig. 11.

mn- U= Ul

Cexpr &y Jo
where Ut‘:./fEA(Cexpa a, fo, )

Matlab

Jie m
: r Nonlinear
displacement
Input force F —= £ -l ° —  history
Parameters ¢y, @, f; . ) response
OpenSees Ur

Fig.10 Time-history fitting method

Test data
--—-- Fitting curve

Displacement/mm

Fig.11 Curve fitting for T-1 obtained through the time-history
fitting method

Table 5 Values of inertial and damping parameters estimated
through the time-history fitting method

Specimen No. T-1 T-2 T-3
Inertial mass m,/t 71.4 73.5 72.7
Exponential damping coefficient c,,,/ 48 7 033 88 6
(KN« s* +m~™®)
Equivalent damping exponent « 0.54 0.54 0.49
Constraint friction f;,/kN 2.1 1.6 1.0

Fig. 11 indicates that the time-history fitting method
provided satisfactory estimation results that correlated well
with the test data of the VMD element. The time-history
fitting method utilized the complete time-domain response
data rather than being limited to steady-state response data.
2.2.4 Transfer function fitting method

The transfer function of the TVMD can be derived from
the equation of motion, considering the equivalent linear
damping model. The transfer functions from TVMD dis-
placement to spring displacement and VMD displace-
ment **' are presented as

U, w'm +o'c (5)
U A (k=0'm)" +(c,0)’

Ud kb

—Za_ 6
. (6)

(ky~0’m)” + (c,0)”

The equivalent linear damping coefficient could be de-
termined by fitting Eq. (5) or (6) to the measured trans-
fer function data, while the spring stiffness and inertial
mass values from Tables 1 and 2 were used. Table 6 and
Fig. 12 illustrate the fitting results and curves of the trans-
fer function based on Eq. (6) alongside the 27 mm test
results. The shaded area represents the region within two
standard deviations of the error between the measured
transfer function data and the fitting results ( see Fig. 12).
The addition of sliding friction (i. e., Coulomb damping)
resulted in larger equivalent linear damping under small
displacements. Consequently, the transfer function of the
20 mm-magnitude loading test was smaller than that of
the 27 mm-magnitude loading test, as depicted in Fig. 12.

Table 6 Values of equivalent damping coefficient estimated
through the transfer function fitting method
Specimen No. T-1 T-2 T-3
Equivalent damping coefficient ¢,/
209.6 219.4 255.4
(kN-s-m™)
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Fig.12 Curve fitting for damping element obtained through the
transfer function fitting method. (a) T-1; (b) T-2; (¢) T3

Additionally, the transfer function fitting method cannot
account for the nonlinearity of the system.

2.3 Comparison and discussion

The transfer function fitting method offers a representa-
tive equivalent damping coefficient suitable for tuning de-
sign but cannot estimate parameters for nonlinear damping
models. Conversely, the other three methods can identify
parameters for nonlinear damping models. Among them,
the time-history fitting method and hysteretic curve fitting
method provide more precise estimations of TVMD pa-
rameters compared with the peak point fitting method,
largely owing to their utilization of a larger volume of dy-
namic response data.

In terms of computational costs, the peak point fitting
method demonstrates the most efficient performance, as it
utilizes limited amounts of crucial test data. The transfer
function method also has low computational costs, while
the costs of the hysteretic curve fitting method and time-
history fitting method are relatively high owing to their
utilization of full response data.

3 Conclusions

1) A TVMD device incorporating metal springs and
eddy current damping was developed. The test results in-

dicate that the spring element and the inerter element ex-
hibits ideal linear behavior, while the dashpot element
displays a nonlinear force-velocity relationship, primarily
attributed to the unique characteristics of eddy current
damping and inherent friction. The dynamic characteris-
tics of the TVMD, including inertial mass amplification
and damping enhancement effects, were revealed.

2) Four parameter calibration methods were intro-
duced; the peak point fitting method, hysteretic curve fit-
ting method, time-history fitting method, and transfer
function fitting method. While the transfer function fitting
method offers an equivalent damping coefficient for tun-
ing design, the remaining three methods can identify pa-
rameters for nonlinear damping models. The hysteretic
curve fitting and time-history fitting methods provide su-
perior accuracy in parameter identification compared with
the other two methods, while the peak point fitting and
transfer function fitting methods exhibit lower computa-
tional costs.

3) Three damping models were employed for parame-
ter identification of the damping element of TVMD: the
equivalent linear damping model, exponential damping
model, and Wouterse damping model. The exponential
damping model and Wouterse damping model exhibit su-
perior fitting accuracy compared with the equivalent linear
damping model. Particularly, the Wouterse damping
model reflect the decrease in damping force at over-criti-
cal velocity.
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