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Abstract: Tuned mass dampers (TMD) have been widely used in passive vibration control, but
their main disadvantage is that the vibration reduction effect may be greatly affected by the natural
frequency of the main structure. In order to solve this limitation, we designed a frequency adjustable
tuned mass damper (FATMD) based on a magneto rheological elastomer (MRE), which is a new type
of magneto rheological smart material, with adjustable stiffness, obtained by changing the magnetic
induction. We used MRE to change the stiffness of FATMD to track the natural frequency of the
main structure. However, adding TMD will change the natural frequency of the system. Therefore,
we combined Hilbert–Huang transform (HHT) and a natural excitation technique (NExT), with
Simulink/dSPACE, to identify the natural frequency of the system in real time, and then calculated
the natural frequency of the main structure through the TMD optimal design theory. This can help
adjust FATMD to its optimum tuning state. To verify the applicability and effectiveness of FATMD,
this paper compares the FATMD and traditional TMD experimental results. The natural frequency of
steel beams can be changed by adding mass blocks. The experimental results indicate that FATMD,
using the frequency tracking method, can effectively track the natural frequency of the main structure
to ensure that the system is always in the optimum tuning state. In addition, FATMD can still achieve
a good vibration reduction effect when the natural frequency of the main structure changes.

Keywords: magnetorheological elastomer; frequency adjustable tuned mass damper; Hilbert–Huang
transform; natural excitation technique; real-time frequency tracking

1. Introduction

The tuned mass damper (TMD) is composed of a mass, a stiffness element and a
damping element, which can absorb the vibration energy of the main structure through its
own vibration, to reduce the vibration response of the main structure. It has the advantages
of simple structure, convenient layout, and effective vibration reduction effect. Nowadays,
TMD has been widely used in civil engineering, such as Sydney Tower in Australia [1], CN
Tower in Toronto, Taipei 101 Building [2], London’s Millennium footbridge [3,4], Pedro and
Inês footbridge [5].

However, TMD also has the disadvantage of being sensitive to the natural frequency
change of the main structure [6,7]. When the natural frequency of TMD deviates from
the natural frequency of the main structure, that is, when the TMD system is detuned,
its vibration reduction effect will be significantly reduced [8]. Rana et al. [9] found that
when the main structure damping is low, the detuning of the TMD system has a greater
impact on the peak and RMS value of the displacement response of the main structure.
Wang et al. [10] studied the vibration control of high-speed railway bridges using TMD.
The influence of a train on the natural frequency of the main structure was considered. The
research results showed that when a train is running, the TMD can improve the local peak
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imbalance of the frequency domain response curve and reduce the vibration effectively,
considering the change of the natural frequency of the structure. Okhovat et al. [11] took
Tehran Tower as a case study, to investigate the effects of the system detuning on TMD
performance, and found that when the natural frequency of the TMD deviates from the
optimal design frequency, the vibration reduction effect will be significantly reduced.

On the other hand, the natural frequency of the main structure may vary at different
stages. For example, the mass of the main structure changes during the construction
process [12], the change of water level in an elevated storage tank, and the change of
live load on a bridge will also change the natural frequency of the main structure [13,14].
Changes in structural natural frequency are not only affected by changes in mass, but also
by degradation of structural stiffness. A sudden seismic load and the long-term repeated
vehicle load will cause the stiffness of the structure to degrade [15–17]. In summary, the
natural frequency changes of the main structure are quite common; however, the traditional
TMD is unable to follow the natural frequency changes of the main structure, resulting in
detuning. Therefore, it is necessary to develop a frequency adjustable tuned mass damper
(FATMD), in order to adapt to the natural frequency changes of the main structure.

FATMD can be adjusted to the natural frequency of TMD by changing its stiffness or
mass [18–22]. Chifley Tower [23], Taipei 101 [24] and Shanghai Tower [25] were adjusted
to the natural frequency of TMD by artificially changing the pendulum length of the
pendulum TMD, but this artificial adjustment method is to make the TMD meet the
expected design requirements in the installation process, and cannot complete the real-
time adjustment of the TMD in the working process. To realize the real-time adjustment
of the natural frequency of TMD, Sun et al. [26] identified the natural frequency of the
main structure by short-time Fourier transform (SFT) [27], so that the natural frequency of
FATMD matches the natural frequency of the main structure. It was found that the SFT
identification method can effectively observe the frequency change of the main structure
and improve the vibration reduction effect. Shi et al. [28,29] developed a mass-changing
FATMD, which pumped water from the bottom water tank of the TMD to the upper water
tank of the TMD through a pump to change the mass of the TMD. The tuning method,
based on the acceleration ratio between the main structure and the TMD, and the frequency
identification method, based on SFT, were used to adjust the natural frequency of the TMD.
It is beneficial to adjust the frequency of TMD by changing the mass, but the method of
installing water pumps and tanks on TMD is cumbersome and difficult to achieve.

Magneto rheological elastomer (MRE) is a type of magneto rheological smart material
that uses polymer elastomer as the matrix and contains magnetic particles [30,31]. It can
quickly change its storage modulus with the change of the external magnetic field, and
has the ability to change stiffness in real time [32]. As a stiffness adjustable element, MRE
has been used in many applications, such as stiffness-adjustable spring elements [33],
stiffness-adjustable differential mounts of vehicles [34] and Mechanical leg, using MRE
joints [35]. It can be seen that MRE has a good stiffness adjustment ability and can be used
to make intelligent vibration reduction devices.

Due to the fact that the MRE-based intelligent vibration reduction device is different
from the passive control device, different control algorithms were needed to adjust the MRE
stiffness. Ginder et al. [36] first designed a dynamic vibration absorber (DVA) based on MRE,
and tested its performance. It was found that the DVA based on MRE has the advantages of
high bandwidth and fast response. Komatsuzaki et al. [37,38] and Park et al. [39] proposed
a DVA stiffness switching algorithm based on an external excitation frequency and an
optimal method of MRE-based DVA based on a model-free reinforcement learning method,
respectively, and both had good vibration reduction effect. Guan et al. [40] designed a
DVA with MRE isolator, and built a vibration control system based on the limited sliding
algorithm of linear quadratic optimal theory. Taking the five-story benchmark building
model as an example, the numerical simulation of semi-active control was completed, and
good vibration reduction effect was achieved. In the above research, appropriate control
methods, based on the vibration characteristics of the structure and the external excitation
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frequency, are applied to make the DVA achieve the optimal vibration reduction effect,
while the optimal design theory of TMD is not applied.

In the study of optimal design of adjustable TMD, based on MRE, Yang and
Wang et al. [41,42] proposed a vibration reduction system for adjusting TMD stiffness
through the MRE isolator. The system was used for the vibration control of the constructing
bridge tower. In the vibration control simulation, the measurement data were analyzed
by the system identification method to obtain the natural frequency of the bridge tower
in the construction process and optimize the TMD. However, this method cannot achieve
real-time adjustment, and it needs to artificially adjust the applied magnetic field. There-
fore, FATMD based on MRE should adjust its natural frequency, according to the natural
frequency of the main structure in real time, and ensure that the main structure is always
in the optimal tuning state. Therefore, our research group proposed a real-time frequency
identification method, based on Hilbert–Huang transform (HHT) and natural excitation
technique (NExT), to identify the instantaneous natural frequency of the main structure in
2015 [43]. Further, HHT [44–46] can divide the signal into multiple intrinsic mode functions
(IMFs) through empirical mode decomposition (EMD), and NExT [47,48] can eliminate
the end effect of IMFs and convert them into free attenuation signals, and then obtain the
instantaneous frequencies of different IMFs through Hilbert transform (HT). This identifi-
cation method is easy to implement, which does not need to select the window function
and is suitable for random load excitation, but the identified instantaneous frequency is the
natural frequency of the main structure-FATMD system, rather than the natural frequency
of the main structure itself. To solve this problem, we improved the frequency identification
method. Through the TMD optimal design theory, the natural frequency of the system is
converted into the natural frequency of the main structure, and the signal is segmented to
realize the real-time refresh of the natural frequency of the main structure. Then, the natural
frequency of the main structure itself can be calculated by the TMD optimal design theory.
On this basis, we establish a functional relationship between the natural frequency of the
main structure and the input current of the FATMD. By adjusting the current, FATMD can
track the natural frequency of the main structure in real time to ensure that the FATMD
vibration reduction system is always kept in an optimal tuning state.

2. Mechanism and Design of Frequency Adjustable Tuned Mass Damper (FATMD)
2.1. The Mechanism of Traditional Tuned Mass Damper (TMD)

The traditional TMD is a passive vibration reduction device, composed of springs,
mass elements and damping elements, as shown in Figure 1.
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Under the action of external excitation, f = F sin ωt, the dynamic equation (Equation (1))
of the system is shown as below:[

m1 0
0 m2

][ ..
x1..
x2

]
+

[
c1 + c2 −c2
−c2 c2

][ .
x1.
x2

]
+

[
k1 + k2 −k2
−k2 k2

][
x1
x2

]
=

[
f
0

]
(1)

where m1 and m2 are the masses of the main structure and TMD; k1 and k2 are the stiffness
of the main structure and TMD; c1 and c2 are the damping coefficients of the main structure
and TMD; x1,

.
x1 and

..
x1 are the displacement, velocity and acceleration of the main structure;

x2,
.
x2 and

..
x2 are the displacement, velocity and acceleration of TMD.

When the damping of the main structure is low, according to the TMD optimal design
theory [49], the optimal damping ratio, the optimal frequency ratio design formula of TMD,
and the acceleration amplitude ratio formula can be obtained, as follows:

ξopt =

√
3µ

4(1 + µ)(2 + µ)
(2)

γopt =
ω2

ω1
=

1√
1 + µ

(3)

..
x1
..
xst

=

√√√√√ λ4
(
(γ2 − λ2)

2 + (2ξλ)2
)

(
((1− λ2)(γ2 − λ2)− µγ2λ2)

2 + (1− (1 + µ)λ2)
2
(2ξλ)2

) (4)

ω1 =

√
k1

m1
, ω2 =

√
k2

m2
, µ =

m2

m1
, λ =

ω

ω1
, γ =

ω2

ω1
, ξ =

c2

2m2ω1
, Xst =

f
k1

(5)

where ξopt and γopt are the optimal damping ratio and the optimal frequency ratio of the
TMD vibration reduction system; µ is the mass ratio of the TMD and the main structure; λ
is the forced vibration frequency ratio; γ is the natural frequency ratio; ξ is the damping
ratio; ω1 is the natural circular frequency of the main structure; ω2 is the natural circular
frequency of TMD;

..
xst is the static deflection of the main structure.

2.2. The Mechanism and Structure of FATMD

The basic structure of FATMD is shown in Figure 2. The working mechanism of
FATMD is described as follows.
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Figure 2. Construction principle of frequency adjustable tuned mass damper (FATMD). The parts in
the dotted lines indicate the position of magnetic induction line and magnetorheological elastomer
(MRE) respectively.

When the natural frequency of the main structure changes, the magnetic field in
the magnetic circuit is changed by inputting a corresponding magnitude of current to
the FATMD coil, thereby adjusting the shear modulus of MRE and the frequency of
FATMD. Compared with traditional TMD, FATMD can maintain the optimal tuning state
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with the main structure in real time, and overcome the frequency sensitivity problem of
traditional TMD.

2.3. Magnetic Circuit Analysis of FATMD

The main components of the selected MRE are 15% rubber, 15% silicone oil and 70%
hydroxy iron powder [50]. Among them, rubber is used as the base material, silicone
oil is used to mix iron powder into liquid rubber, and hydroxyl iron powder is used for
magnetic particles, due to its high magnetism efficiency at a high frequency [51]. We used
ANSYS to complete the FATMD three-dimensional modelling and magnetic circuit analysis.
Figure 3 shows the ANSYS magnetic circuit analysis cloud diagram under 2 A current. The
magnetic induction of the iron core of the magnetic circuit is the largest, followed by the
MRE, and the magnetic induction distribution in the MRE region is relatively uniform,
with an average value of 0.647 T.
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Figure 3. Magnetic induction distribution of FATMD: (a) Global model; (b) Magnetorheological
elastomer (MRE).

Based on the above analysis, we made FATMD, and a photo of the real object is
shown in Figure 4. MRE is pasted between the lower bottom plate and the upper magnetic
conductor to facilitate shear deformation. The mass of FATMD is provided by the panel,
additional weight, iron core and magnetic conductor, and its stiffness is provided by the
MRE and spring. Variable current can be input into the coil to change the stiffness of
FATMD. Under different magnetic induction, the shear modulus of MRE can be measured
by dynamic mechanical analyzer (DMA), as shown in Figure 5a. We measured the magnetic
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induction at the MRE in the magnetic circuit with a Gauss meter, and compared it with
the ANSYS magnetic circuit analysis result, as shown in Figure 5b. It can be seen that in
the range of 0–2 A, the MRE magnetic induction has a linear relationship with the current,
and the measured data is in good agreement with the simulation results, which shows
that the FATMD magnetic circuit design is successful. Combining the measured data in
Figure 5a,b, the relationship between the input current and the MRE shear modulus can be
fitted, as shown in Figure 5c. It can be seen that the shear modulus of MRE increases with
the increase in the input current. When the current is between 0 and 1A, the shear modulus
of MRE increases approximately linearly with the current. When the current is greater than
1 A, the growth rate of the modulus gradually slows down with the increase in current
and, finally, the MRE shear modulus reaches the maximum value when the current reaches
about 1.8 A.
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3. Real-Time Identification of System Natural Frequency

Due to the fact that the fast Fourier transform (FFT) can only obtain the frequency
domain characteristics of the selected signal interval [52], and it is easy to cause TMD
detuning [53], we used the HHT and NExT methods to identify the natural frequency of
the system. As such, HHT is composed of the following two parts: empirical mode de-
composition (EMD) and Hilbert transform (HT). EMD decomposes the signal into intrinsic
mode function (IMF), based on the time-scale characteristics of the data and NExT uses
the cross-correlation function between the two points of the structure under stationary
random vibration signal excitation, to replace the impulse response function [54], so that
the real-time natural frequency of the system can be determined.

3.1. Hilbert–Huang Transformation

In order to make the signal meet the requirements of the HT, the IMFs need to be
screened. The method [55] is as follows:

First, the upper and lower envelopes of the signal need to be averaged, and the
remainder term is obtained by continuously removing the envelope average.{

hi+1,j+1(t) = hi+1,j(t)−mi+1,j(t) (i = 0, 1, 2, · · · , j = 0, 1, 2, · · ·)
x(t) = h1,0(t)

(6)

where hi+1,j+1(t) represents the i + 1 residual term after the j + 1 screening; mi+1,j(t) is the
average value of hi+1,j(t); x(t) is the initial input signal.

The remainder term hi+1,j+1(t) is required to meet the IMF restrictions [49], which is
defined as follows:

SDi,j+1 =
t

∑
t=0

[ ∣∣hi+1,j(t)− hi+1,j+1(t)
∣∣2

h2
i+1,j

]
(7)

x(t) =
n

∑
i=0

ci+1(t) + r (8)

where the smaller the value of SDi,j+1, the better the stability of the IMF, and the more
conducive to the HT. If the value of SDi,j+1 is between 0.2 and 0.3, the screening will be
stopped; otherwise, the screening will continue until all the conditions are met, and it will
be regarded as the IMF ci+1(t). Repeat the work above until the r in Equation (8) becomes
a monotonic function and cannot meet the IMF.

Then, perform HT on the IMF of each order, assuming a set of given signals is y(t),
and the HT formula can be written as follows:

ŷ(t) = H[y(t)] =
1
π

∫ ∞

−∞

y(τ)
t− τ

dτ (9)

The analytic signal formed is as follows:

Y(t) = y(t) + iŷ(t) = A(t)eiθ(t) (10)

A(t) =
√

y2(t) + ŷ2(t), θ(t) = arctan2
(

ŷ(t)
y(t)

)
(11)

where A(t) is the instantaneous amplitude; θ(t) is the instantaneous phase.
Thus, the instantaneous frequency can be obtained, as follows:

ω(t) =
dθ(t)

dt
(12)

3.2. Natural Excitation Technique

The IMF obtained by EMD is a stable random signal, which is suitable for NExT to
calculate its free attenuation response. Assuming that the degree of freedom of the system
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is N, the measurement point and the reference point are set to q1 and q2, respectively. When
a point p of the structure is excited by white noise, the cross-correlation function between
q1 and q2 is as follows:

Rq1q2,p(T) = E
(
zq1(t + T)zq2(t)

)
=

N
∑

l1=1

N
∑

l2=1
ϕl1,q1 ϕl1,p ϕl2,q2 ϕl2,pE

(
Zl1,l2

) (13)

Zl1,l2 =
∫ t+T

−∞

∫ t

−∞

d(τ1)

ml1 ωd,l1
e−ξl1

ωl1
(t+T−τ1) sin

(
ωd,l1(t + T − τ1)

) d(τ2)

ml2 ωd,l2
e−ξl2

ωl2
(t−τ2) sin

(
ωd,l2(t− τ2)

)
dτ1dτ2 (14)

ωd,l1 = ωl1

(
1− ξ2

l1

)0.5
, ωd,l1 = ωl1

(
1− ξ2

l1

)0.5
(15)

where l1 and l2 are the modal orders, corresponding to point q1 and point q2, respectively;
ϕln ,qn and ϕln ,p are the responses of point qn and point p under the lnth mode shape
(n = 1, 2); mln is the ln-th modal mass; ωln is the ln-th natural frequency; ξln is the ln-th
modal damping ratio; d is white noise excitation.

The cross-correlation function of white noise can be expressed as follows:

E(d(τ1)d(τ2)) = αpδ(τ1 − τ2) (16)

where αp is the constant related to excitation; δ is Dirac function.
Substituting Equation (16) into Equation (13), we can obtain the following:

Rq1q2,p(T) =
N
∑

l1=1

N
∑

l2=1
αp ϕl1,q1 ϕl1,p ϕl2,q2 ϕl2,pZ2

=
N
∑

l1=1

ϕl1,q1
A

l1
q2

ml1
ωd,l1

e−ξl1
ωl1

T sin
(
ωd,l1 T + Θl1

) (17)

Z2 =
∫ t

−∞

sin
(
ωd,l1(t + T − τ2)

)
ml1 ωd,l1

e−ξl1
ωl1

(t+T−τ2)
sin
(
ωd,l2(t− τ2)

)
ml2 ωd,l2

e−ξl2
ωl2

(t−τ2)dτ2 (18)

where Al1
q2 and Θl1 are the constant terms related to reference point q2 and modal order l1.

It can be seen from Equations (17) and (18) that under the excitation of white noise, the
cross-correlation function of the two points is equivalent to the accumulation of a series of
impulse response signals, which can be used to replace impulse response signals.

3.3. The Procedures of the System Natural Frequency Identification Method

The HHT+NExT method divides HHT into two parts, i.e., EMD and HT. The main
implementation process is as follows:

• Firstly, obtain the natural frequency of the system response signal under impulse
excitation by FFT;

• According to the natural frequency of the mode to be controlled, set a band-pass filter
that allows the natural frequency signal to pass through to reduce the influence of
noise on the response signal and reduce the modal aliasing phenomenon in HHT;

• Set the measurement point and reference point, delay the response signal to obtain the
filtered measurement point signal array and the reference point signal array and use
EMD for the two sets of signals to obtain the corresponding ith IMF signals;

• To eliminate the end effect of the signal array of measurement point and reference point,
we use NExT to process them, and obtain the impulse response signal corresponding to
the ith mode, and perform HT to obtain the mean value of the instantaneous frequency
corresponding to the ith mode;

• The natural frequency of the system will be updated based on the average value of the
output instantaneous frequency at a certain pre-set time interval.
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To verify the effectiveness of the real-time frequency identification method, we carried
out a case study on a fixed-supported steel beam structure to identify the first three natural
frequencies of the steel beam system, and compared them with the ANSYS finite element
analysis results. The parameters of the steel beam are shown in Table 1.

Table 1. Parameters of steel beam structure.

Size (m3) Elastic Modulus (GPa) Poisson’s Ratio Damping Ratio Density (kg/m3)

2.5 × 0.24 × 0.025 211 0.3 0.01 7800

Through ANSYS finite element analysis, the first three natural frequencies of the steel
beam structure were 21.64 Hz, 59.60 Hz, and 116.76 Hz. The frequency identification
method introduced in Section 3.3 was used to intercept the acceleration response signal
within 7 s, to identify the natural frequency of the system. Figure 6 shows the comparison
result of the identification frequency and the frequency obtained from ANSYS analysis,
which indicates a good agreement.
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4. FATMD Real-Time Tracking Method of the Natural Frequency of the Main Structure

On the basis of the real-time identification of the natural frequency of the system, we
also need to calculate the natural frequency of the main structure through the TMD optimal
design theory, so that the natural frequency of FATMD can track the natural frequency of
the main structure in real time, in order to achieve the optimal tuning state.

The main structure and FATMD are equivalent to a two-degree-of-freedom system.
The first two natural frequencies of the FATMD-main structure vibration reduction system
are obtained by identifying the vibration response signal, and then the natural frequency
of the main structure is calculated according to the first two natural frequencies and the
formula of the acceleration amplitude ratio.

The calculation method is as follows:

• Firstly, the derivative of the acceleration amplitude ratio formula, with respect to the
square of the external excitation frequency ratio, is calculated to obtain the modal
mass expression of the main structure when the derivative is 0;

• Then, the first two natural frequencies of the identified system are substituted into the
above expression to obtain two modal mass expressions of the main structure with
different coefficients;

• Finally, under the condition that the stiffness, mass and natural frequency of FATMD
are known, the above two expressions are combined to obtain the modal stiffness of
the main structure, and then the modal mass of the main structure and the optimal
design parameters of FATMD are obtained.

According to the above method, it can be obtained from Equation (4), as follows:

d
d(λ2)

 λ4
((

γ2 − λ2)2
+ (2ξλ)2

)
(
((1− λ2)(γ2 − λ2)− µγ2λ2)

2 + (1− (1 + µ)λ2)
2
(2ξλ)2

)
 = 0 (19)

Substituting Equation (5) into Equation (19), the modal mass of the main structure can
be obtained as:

m′1 =
M11 + M12

M13
=

M21 + M22

M23
(20)

M11 = 2c4
2k1ω4

f 1

(
k1 −m2ω2

f 1

)
+ c2

2m2
2ω2

f 1

 m2
2ω8

f 1 + 4k2
1

(
ω2

f 1 −ω2
2

)2
−

2k1m2ω2
f 1

(
2ω4

f 1 − 3ω2
f 1ω2

2 + 2ω4
2

)


M12 = 2m4
2

(
ω2

f 1 −ω2
2

) m2
2ω6

f 1ω4
2 + k2

1

(
ω2

f 1 −ω2
2

)3
+

k1m2ω2
f ω2

2

(
2ω4

f 1 − 3ω2
f 1ω2

2 + ω4
2

)


M13 = 2ω2
f 1

 c4
2k1ω4

f 1 + m4
2

(
ω2

f 1 −ω2
2

)2
(

m2ω4
f 1ω2

2 + k1

(
ω2

f 1 −ω2
2

)2
)
+

c2
2m2

2ω2
f 1

(
−m2ω6

f 1 + 2k1

(
ω2

f 1 −ω2
2

)2
)


(21)

M21 = 2c4
2k1ω4

f 2

(
k1 −m2ω2

f 2

)
+ c2

2m2
2ω2

f 2

 m2
2ω8

f 2 + 4k2
1

(
ω2

f 2 −ω2
2

)2
−

2k1m2ω2
f 2

(
2ω4

f 2 − 3ω2
f 2ω2

2 + 2ω4
2

)


M22 = 2m4
2

(
ω2

f 2 −ω2
2

) m2
2ω6

f 2ω4
2 + k2

1

(
ω2

f 2 −ω2
2

)3
+

k1m2ω2
f 2ω2

2

(
2ω4

f 2 − 3ω2
f 2ω2

2 + ω4
2

)


M23 = 2ω2
f 2

 c4
2k1ω4

f 2 + m4
2

(
ω2

f 2 −ω2
2

)2
(

m2ω4
f 2ω2

2 + k1

(
ω2

f 2 −ω2
2

)2
)
+

c2
2m2

2ω2
f 2

(
−m2ω6

f 2 + 2k1

(
ω2

f 2 −ω2
2

)2
)


(22)
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where ω f 1 and ω f 2 are the first and second natural frequencies of the FATMD-main struc-
ture vibration reduction system; k1 is the modal stiffness of the main structure; m′1 is the
modal mass of the main structure.

The (M11 + M12)/M13 and (M21 + M22)/M23 in Equation (20) represent the modal
mass of the main structure. When the first two natural frequencies of the system and the
mass, stiffness and natural frequency of FATMD are known, the (M11 + M12)/M13 and
(M21 + M22)/M23 can be combined to calculate the modal stiffness k1 of the main structure,
and the modal mass m′1 can be obtained by substituting Equation (20).

Then, the first-order natural frequency of the main structure can be obtained,
as follows:

f1 =
1

2π

√
k1

m′1
(23)

Combining Equation (3), the optimal frequency of FATMD can be obtained, as follows:

f2 = f1

√
m′1

m′1 + m2
(24)

The optimal stiffness of FATMD is as follows:

k2 = 4π2 f 2
2 m2 (25)

For the self-made FATMD in this study, its stiffness can be expressed as follows:

k2 = 4k + 2km

km = Gm A
h

(26)

where k is the spring stiffness; km, Gm, A, h are the MRE stiffness, shear modulus, area
and thickness, respectively. It can be seen from Figure 5b that Gm in Equation (26) can
be adjusted by the current in the FATMD coil, thereby changing the stiffness and natural
frequency of the FATMD, and realizing the real-time tracking of the natural frequency of
the FATMD to the natural frequency of the main structure.

5. Vibration Control Experiment of FATMD

To verify the vibration reduction effect of FATMD, we built a vibration control ex-
periment platform, as shown in Figure 7. In the experiment, the natural frequency of the
steel beam is adjusted by changing the number of mass blocks in the middle of the steel
beam, which is used to simulate the change of the natural frequency of the main structure.
FATMD is placed in the middle of the steel beam to control the first-order modal vibration
of the structure.
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There are five comparative experiment cases, including four additional mass blocks,
three mass blocks, two mass blocks, one mass block and no mass blocks. Through frequency
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identification, the first-order natural frequencies of the five experiment cases are 19.41 Hz
(19.42 Hz), 19.91 Hz (19.96 Hz), 20.44 Hz (20.53 Hz), 21.01 Hz (21.11 Hz) and 21.64 Hz
(21.71 Hz), the recognition errors are within 1%. It can be seen that the identified natural fre-
quency is accurate, which confirms that the proposed real-time frequency tracking method
is applicable and can be used to calculate the natural frequency of the main structure.

The parameters of FATMD are shown in Table 2, in which MRE is a cylindrical block,
with a cross-sectional area of 33 mm2 and a thickness of 3 mm. The working process of
the FATMD vibration reduction experiment system is shown in Figure 8. The frequency
tracking system in the experiment consists of Simulink/dSPACE and a circuit system. The
circuit system is composed of a high-voltage source and a low-voltage source, respectively,
connected to the FATMD coil and the dSPACE output. The principle is as follows.

Table 2. Basic performance parameters of FATMD.

Mass (kg) Damping Ratio Current (A) Stiffness without Current (N/m) Max Stiffness (N/m) MRE Size (mm3)

2.25 0.09 0~2 26,956 41,519 33 × 3
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Figure 8. FATMD vibration reduction experiment system.

Firstly, the real-time frequency tracking method, proposed in Section 3.3, is realized by
Simulink/dSPACE, and the first two natural frequencies of the system are obtained. Then,
the natural frequencies of the main structure are calculated by Equations (20) and (23),
which are substituted into Equations (24)–(26) to calculate the optimal frequency and
stiffness of FATMD. Combined with the relationship between the current and the shear
modulus in Figure 5c and the relationship between voltage and current in the circuit
system, the current in the FATMD coil is adjusted to make the FATMD achieve the optimal
tuning state.

We obtained the function relationship between frequency and current, current and
voltage, through the measured data of current and voltage in the circuit system, as shown in
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Figure 9. The relationship between input voltage and FATMD natural frequency is shown
in Equation (27).

U = 1.548 + 4.020I − 3.344I2 + 2.916I3 − 1.504I4 + 0.311I5 (27)

where

I = −73702.868 + 19132.147 f2 − 19844.901 f 2
2 + 102.812 f 3

2 − 2.660 f 4
2 + 0.028 f 5

2 (28)
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To verify the vibration reduction effect of FATMD under the changes in stiffness of the
main structure, we conducted vibration control experiments using traditional TMD and
FATMD. The mass of the traditional TMD is 2.25 kg; the total spring stiffness is 32,636 N/m,
and the damping ratio is 0.09. The specific experiment steps are as follows:

• First, taking the four mass blocks in the middle of the steel beam as the basic case,
conduct the steel beam vibration experiment in an uncontrolled state, and record
the mid-span acceleration response of the steel beam under harmonic and white
noise excitation;

• Place the traditional TMD in the middle of the steel beam and record the mid-span
acceleration response;

• TMD is replaced by FATMD. Apply voltage to FATMD through the calculation fre-
quency of the main structure, using Equation (27). Then, record the mid-span accelera-
tion response under the two excitation methods;

• Reduce the number of mass blocks to achieve the purpose of changing the natural
frequency of the steel beam, repeat the above steps until the number of mass blocks
is zero.

The acceleration response curves of the steel beam under different cases are as shown
in Figure 10. In each subfigure, the case of white noise excitation is on the left and that of
natural frequency excitation is on the right. It can be seen that in the steady-state response
stage of the system, when the external excitation is white noise, the acceleration of the
FATMD vibration reduction system remains at about 0.4 m/s2 with the gradual decrease in
the number of mass blocks. The minimum and maximum vibration reduction ratios of peak
acceleration are 21.83% and 49.73%, respectively, which are significantly better than those
of the traditional TMD vibration reduction system. Similarly, when the external excitation
is harmonic excitation, and the peak acceleration of the FATMD vibration reduction system
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is always maintained at about 0.1 m/s2 with the reduction in the number of mass blocks.
However, the peak acceleration of the traditional TMD vibration reduction system is
increased from 0.19 m/s2 to 0.35 m/s2. It indicates that FATMD can adapt to the frequency
changes of the main structure and maintain the optimum vibration reduction effect.
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In order to show more clearly that the traditional TMD is more sensitive to the change
of the natural frequency of the main structure and highlight the advantages of FATMD,
we calculated the RMS and its reduction of the mid-span acceleration response of the steel
beam without control, with TMD and with FATMD, under harmonic excitation, as shown
in Figure 11. It was found that under harmonic excitation, as the number of additional
mass blocks decreases, the acceleration response, RMS of FATMD, is basically maintained
at about 0.1 m/s2, and the vibration reduction ratio is between 82.61% and 85.56%, which
appears to be steady. The trend is due to the frequency tracking method, which can be
used to observe the natural frequency of the main structure in real time, so as to ensure
that FATMD is always in the optimal tuning state. The acceleration response, RMS, of
the traditional TMD increased from 0.12 m/s2 to 0.22 m/s2, and the vibration reduction
ratio decreased from 79.24% to 64.45%. The vibration reduction ratio continues to decrease,
which indicates that the natural frequency of the steel beam changes when the number of
mass blocks is reduced. That is, when the natural frequency of the main structure changes,
the traditional TMD appears to be detuning. Therefore, FATMD can obtain a stable and
good vibration reduction effect in a wide frequency band, and its vibration reduction
performance is significantly better than that of traditional TMD.
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6. Conclusions

We developed a FATMD, based on the smart material MRE, and a frequency tracking
system based on Simulink/dSPACE. We also carried out the vibration control experiments
of FATMD on fixed-supported steel beams. The following main conclusions are drawn
from this study:

• FATMD can change the natural vibration frequency by changing the input current, so
as to adapt to the frequency change of the main structure, and continuously achieve
an optimal vibration reduction effect. Based on the FATMD magnetic circuit analysis
and MRE magnetic induction tests, the relationship between the MRE shear modulus
and input current is obtained, and then a method for adjusting the natural frequency
of FATMD is proposed.

• A real-time frequency tracking method, based on HHT+NExT, is established. The
simulation and experimental results of frequency tracking show that the method has
high accuracy for frequency identification of the main structure, which confirms the
applicability of the proposed method. The identified natural frequency of the vibration
reduction system can be converted into the natural frequency of the main structure
through the TMD optimal design theory, and the optimal frequency of FATMD can be
calculated using the natural frequency of the main structure. Based on the relationship
between the optimal frequency and the voltage of FATMD, the frequency tracking of
FATMD can be achieved.

• It was found that, compared with traditional TMD, FATMD has better and stable
vibration reduction effect when the natural frequency of the main structure changes.
When the difference between the natural frequency of the structure and the natural
frequency of the TMD gradually increases, the traditional TMD appears to be detun-
ing, and the vibration reduction effect is reduced. However, FATMD can track the
natural frequency of the structure in real time to continue to maintain good vibration
reduction performance.
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