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Abstract: In this paper, an eddy current tuned mass damper (ECTMD) is utilized to control
the vibration of a cantilever beam. The robustness of the ECTMD against frequency detuning is
experimentally studied in cases of both free vibration and forced vibration. The natural frequency
of the cantilever beam can be adjusted by changing the location of a lumped mass. For purposes
of comparison with the ECTMD, the robustness of a tuned mass damper (TMD) is also studied.
The experimental results in the free vibration case indicate that the ECTMD works well both in
tuned and detuned situations, and the equivalent damping ratio of the cantilever beam equipped
with the ECTMD is 2.08~5.91 times that of the TMD. However, the TMD only suppresses the free
vibration effectively in the tuned situation. With forced vibration, the experimental results also
demonstrate the robustness of the ECTMD in vibration suppression in detuned cases. On the other
hand, the cantilever beam with TMD experiences 1.63~2.99 times the peak vibration of that of
the ECTMD control.

Keywords: eddy current tuned mass damper (ECTMD); tuned mass damper (TMD); vibration
control; frequency detuning; robustness

1. Introduction

Vibration control is commonly used in civil engineering [1–5], and includes passive [6,7],
semi-active [8–10] and active approaches [11–13]. In the passive approach, dampers, such as
magneto-rheological dampers, fluid viscous dampers, particle dampers and tuned mass dampers
(TMDs), have been utilized to suppress structural vibration and dissipate vibration energy of the
controlled structures [14–24]. A typical TMD device mainly consists of a spring-mass system
and a damper, with mainly the spring-mass-damper model usually being used to investigate the
characteristics of TMDs [25–27]. When the frequency of the TMD is tuned to the same as that of the
controlled structure, the vibration energy of the controlled structure is transferred to the TMD through
the spring-mass system and is dissipated by the damper. Owing to their simplicity and effectiveness,
TMDs are widely employed in vibration control for bridges [28–32], high-rise buildings [33–35], and so
on. However, TMDs are sensitive to frequency detuning, i.e., when the natural frequency of the primary
structure is changed, the control performance of TMD will be degraded.
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Recently, eddy current dampers (ECDs) have been proposed to suppress structural vibration, and
the control effectiveness of ECDs has been demonstrated both experimentally and numerically [36,37].
ECDs can generate an electromagnetic force to hinder structural movement and dissipate energy
through eddy currents, which are induced when an electrical conductor moves through a stationary
magnetic field or vice versa. The damping force provided by ECDs mainly depends on the relative
moving speed between the conductor and the magnetic field, the strength of the magnetic field, and the
gap between the magnet and conductor [38]. Various applications for the use of ECDs for controlling
structural vibrations have been studied. Bae et al. [39] investigated the performance of an ECD on
vibration control of a cantilever beam. A theoretical model of the ECD was established based on
electromagnetic theory, and this model was validated by experiments. Zhang et al. [40] proposed
a novel planar ECD that can provide damping forces in two different directions, and the analytical
model for simulation of the proposed planar ECD was validated by experiments. Bae et al. [41] applied
an ECD to provide additional damping for a tuned mass damper system on the vibration control of
a large-scale beam structure, and the feasibility of applying the ECD in the vibration control of large
structures was verified. Ao and Reynolds [42] used an ECD to control the vibration of a footbridge
and the analytic results demonstrated that the damping provided by the ECD was enhanced under
both harmonic and random inputs.

More recently, eddy current tuned mass dampers (ECTMDs), which combine a traditional TMD
and an ECD, have been proposed to control undesirable vibrations. Based on the theories of mechanics
and electromagnetism, the behaviors of ECTMDs have been studied by many researchers [37–41].
Niu et al. [43] applied an ECTMD on a bridge to suppress the wind-induced vibrations that occur in
the bridge hangers. Lu et al. [44] investigated the vibration suppression performance of an ECTMD
in Shanghai Center Tower, and the experimental results showed that the acceleration resulting from
wind-induced vibration was reduced by 45–60%.

The feasibility and effectiveness of ECTMDs in vibration control has been demonstrated by
the aforementioned studies. However, the robustness of ECTMDs has rarely been reported, especially
in cases of experimental studies. In this paper, the robustness of an ECTMD against frequency
detuning was studied experimentally in cases of both free vibration and forced vibration. Furthermore,
the robustness of a traditional TMD was also studied to make a comparison with the ECTMD.

2. Vibration Control of a Cantilever Beam with an Eddy Current Tuned Mass Damper

In this paper, a cantilever beam is used as the primary structure, and an ECTMD is installed on
the end of the primary cantilever beam, as shown in Figure 1, to control the vibration of the beam.
The ECTMD consists of a small cantilever beam, a permanent magnet and a copper plate fixed on
the primary cantilever beam. The small cantilever beam can provide stiffness for the ECTMD and
the frequency of the ECTMD can be adjusted by changing the length of the beam. The permanent
magnet is placed on the end of the small cantilever beam, and can be regarded as a lumped mass.
In this study, the ECTMD or TMD is designed to control the first mode vibration of the primary
cantilever beam. When the primary cantilever beam is excited by external forces, the vibration energy
can be transferred through the small cantilever beam to the ECTMD.

To investigate the robustness of the ECTMD, the natural frequency of the cantilever beam
is designed to be a variable, while the natural frequencies of the TMD and ECTMD are fixed.
When the natural frequency of the cantilever beam is set close to the natural frequency of the ECTMD
or the TMD, it is defined as a perfectly tuned situation; the opposite conditions are defined as a detuned
situation. To study the detuned influence on the robustness of the ECTMD and TMD, the detuned
ratio γ is defined by

γ =
fp − fdamp

fdamp
× 100%
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where fp is the fundamental natural frequency of the cantilever beam, and fdamp is the natural
frequency of the damper. When the detuned ratio γ is less than zero, this situation is defined as
downward-detuned; and if the detuned ratio γ is larger than zero, it is defined as upward-detuned.
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Figure 1. A cantilever beam controlled by an eddy current tuned mass damper (ECTMD). Figure 1. A cantilever beam controlled by an eddy current tuned mass damper (ECTMD).

3. Experimental Setup

The experimental setup is shown in Figure 2. A data acquisition system with 16-bit resolution and
1 MHz maximum repeat rate (IOtech WaveBook 516) is used to collect data and a laser displacement
sensor with 0.6 µm repeatability, 150 mm reference distance and ±40 mm measurement range (Keyence
LK-G155H) is used to record the displacement of the primary cantilever beam. A vibration exciting
motor with an unbalanced mass (WS-25GA370R) is used to generate a harmonic excitation on the end
of the cantilever beam. The sampling frequency is set to 1000 Hz.
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The higher modes of vibration of the controlled structure will reduce quickly due to the higher 
damping ratio in higher modes. Therefore, the dominant vibration mode of the cantilever beam will 
be the first vibration mode. Therefore, the detuned characteristics under the first natural frequency 
are only considered in this paper. The fundamental frequency of the primary cantilever beam can be 
adjusted by changing the placement of a lumped mass (0.4 kg) on the cantilever beam, as shown in 
Figure 3. The primary cantilever beam is shown in Figure 3. When the movable lumped mass is set 
in the middle of the cantilever beam, the fundamental frequency of the beam is 3.53 Hz. When the 
weight is placed at the free end of the primary cantilever beam, the fundamental frequency of the 
cantilever beam is 3.05 Hz, and when it is moved close to the fixed end, the fundamental frequency 
is 4.06 Hz. 

Figure 2. Experimental setup for robustness study.

The higher modes of vibration of the controlled structure will reduce quickly due to the higher
damping ratio in higher modes. Therefore, the dominant vibration mode of the cantilever beam will
be the first vibration mode. Therefore, the detuned characteristics under the first natural frequency
are only considered in this paper. The fundamental frequency of the primary cantilever beam can be
adjusted by changing the placement of a lumped mass (0.4 kg) on the cantilever beam, as shown in
Figure 3. The primary cantilever beam is shown in Figure 3. When the movable lumped mass is set in
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the middle of the cantilever beam, the fundamental frequency of the beam is 3.53 Hz. When the weight
is placed at the free end of the primary cantilever beam, the fundamental frequency of the cantilever
beam is 3.05 Hz, and when it is moved close to the fixed end, the fundamental frequency is 4.06 Hz.

An electric motor with an unbalanced mass, which is used as a vibration exciter, is installed at
the free end of the primary cantilever beam, as shown in Figure 3. The parameters of the primary
cantilever beam are listed in Table 1.

Table 1. Parameters of the primary cantilever beam.

Parameter Value

Material Stainless steel 304
Length 750 mm
Width 40 mm

Thickness 5 mm
Adjustable frequency range 3.06 Hz~4.05 Hz
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The vibration suppression of the damper is much more effective when the damper is installed at
the location where the maximum mode displacement happens [45]. In this study, the maximum mode
displacement of the cantilever beam happens at the free end, and therefore the ECTMD or TMD is
fixed at the free end.

The configuration of the designed ECTMD is shown in Figure 4. The ECTMD consists of a small
cantilever beam, a copper plate and a cube of acrylic glass embedded with a disk magnet. One end
of the small cantilever beam is fixed on the controlled cantilever beam, and the other end is attached
to the cube acrylic glass. The copper plate is fixed on the primary cantilever beam. The gap between
the magnet and the copper plate is 3 mm. When the copper plate is removed from the cantilever beam,
the ECTMD becomes a TMD. Since the mass of the thin copper plate is relatively small, the fundamental
frequency of the cantilever beam will not be affected.

Some parameters of the small cantilever beam, the copper plate and the cylindrical magnet are
listed in Tables 2–4.

When the fundamental frequency of the cantilever beam is changed from 3.06 Hz to 4.05 Hz, dynamic
properties of the ECTMD and TMD, such as the frequency, remain at a constant value, equal to 3.53 Hz.

Table 2. Parameters of the small cantilever beam.

Parameter Value

Material Stainless steel 304
Length 180 mm
Width 30 mm

Thickness 0.3 mm
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Table 3. Parameters of the copper plate.

Parameter Value

Material Copper
Thickness 1 mm

Table 4. Parameters of the magnet.

Parameter Value

Material N35 (NdFeB)
Diameter 12 mm

Height 10 mm
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4. Experimental Results

4.1. Case I: Free Vibration

To test the robustness of the ECTMD and the TMD in the free vibration case, an initial displacement
is applied to the free end of the primary cantilever beam. The displacement values of the controlled
beam are collected for detuned ratios γ of 0%, 14.7% and −13.3%. The free vibration displacements of the
controlled structure in these three detuned situations are shown in Figure 5, and the frequency spectra of
the free vibration displacements of the controlled structure in the tuned situation are plotted in Figure 6.
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As shown in Figure 6, there are two dominant frequencies when the controlled structure is with
the TMD, and the difference between these two dominant frequencies is only 0.38 Hz, which indicates
that a beat vibration [46] is excited in the structure and the vibration energy of the controlled structure
is exchanged between the TMD and the controlled structure. Moreover, the beat vibration and vibration
energy transformation can also be seen in Figure 5a,b. We noted that there is no beat vibration when
the structure is controlled by the ECTMD.



Appl. Sci. 2017, 7, 895 7 of 11

Figure 5a shows that for the situation with a detuned ratio γ = 0%, the damping ratios of the
cantilever beam are 0.14% without control, 0.53% with the TMD and 1.39% with the ECTMD. Figure 5b
shows that for the situation with a detuned ratio γ = 14.7%, the damping ratios of the cantilever beam
are 0.18% without control, 0.22% with the TMD and 1.3% with the ECTMD. Figure 5c shows that for
the situation with a detuned ratio γ = −13.3%, the damping ratios of the cantilever beam are 0.11%
without control, 0.13% with the TMD and 0.27% with the ECTMD. The damping ratios of the cantilever
beam in various cases are summarized in Table 5.

Table 5. Equivalent damping ratios in different situations.

Detuned Ratio Without Control With TMD With ECTMD

γ = 14.7% 0.18% 0.22% 1.3%
γ = 0 0.14% 0.53% 1.39%

γ = −13.3% 0.11% 0.13% 0.27%

Both Figure 5 and Table 5 demonstrate that the TMD only works well in the perfectly tuned
situation (γ = 0) while the ECTMD still has considerable effectiveness in both tuned and detuned
situations (γ = 0, γ = 14.7% and γ = −13.3%), with the equivalent damping ratio of the cantilever beam
with the ECTMD being around 2.08~5.91 times that of the TMD control. In addition, it can be seen that
the ECTMD works better in the upward-detuned situation (γ = 14.7%) than in the downward-detuned
situation (γ = −13.3%). Therefore, from the results in Figure 5, it can be seen that the robustness of
the ECTMD is better than that of the TMD in the free vibration case.

4.2. Case II: Forced Vibration

To study the robustness of the ECTMD in the forced vibration case, a motor with an unbalanced
mass is used to generate the harmonic excitation on the free end of the cantilever beam. The frequency
of the excitation load can be varied from 0 Hz to 5 Hz.

Figure 7 plots the steady-state response of the cantilever beam in a wide frequency domain under
different detuned situation. The results show that, when the frequency of the excitation load is larger
or smaller than that of the cantilever beam, some new resonance peaks are excited in both tuned
and detuned situations (γ = 0%, γ = 14.7% and γ = −13.3%), and the displacement responses of the
cantilever beam with the TMD near the resonance peaks are 1.63~2.99 times that with the ECTMD
in both tuned and detuned (γ = 0, γ = 14.7% and γ = −13.3%) situations. Therefore, the vibration
performances plotted in Figure 7 demonstrate that the robustness of the ECTMD is much better than
the TMD in the forced vibration case.
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Figure 7. Frequency responses of the cantilever beam in different detuned situations. (a) Detuned ratio
0%; (b) Detuned ratio 14.7%; (c) Detuned ratio −13.3%.

Please note that in Figure 7c the curve (blue dashed line) for the vibration of the primary structure
with TMD control is not continuous. The missing segment corresponds to the worst-case vibration
of the primary stricture in the case of the TMD control, and was not recorded since the vibration of
the primary structure was so severe that the primary structure starts to impact the mass of the TMD.

4.3. Discussion

The experimental results in the free vibration case clearly reveal that a beat vibration is excited
in the structure with the TMD, and the TMD reduces the vibration of the controlled structure
by transferring the energy to the TMD, and therefore the vibration reduction is effective only in
the tuned situation. However, the ECTMD dissipates the vibration energy of the controlled structure by
the damping force provided by the ECD and the damping force mainly depends on the relative motion
between the damper and the main structure. Therefore, if there is a relative movement, the vibration
energy of the controlled structure can be effectively dissipated by the ECTMD in both tuned and
de-tuned situations, which results in the strong robustness of the ECTMD.

5. Conclusions

In this paper, the robustness of an ECTMD to control a cantilever beam is studied experimentally
under different detuned cases. Moreover, to compare with the performance of the ECTMD,
the robustness of a TMD is also studied. The experimental results show that the ECTMD is more
robust in both the free vibration case and the forced vibration case. In addition, in the forced vibration
case, some new resonance peaks are excited in both perfectly tuned and detuned situations, and
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the displacement responses of the cantilever beam with the ECTMD near the resonance peaks are
much smaller than those with the TMD control in both the downward-detuned and upward-detuned
cases. Though we have experimentally demonstrated the robustness of ECTMD in both free vibration
and forced vibration cases, an in-depth theoretical analysis of the robustness of the ECTMD is yet to be
undertaken, and will be carried out as a future work.
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