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1. Introduction 

 
The eddy-current damper is a control device operating 

based on the generation of an eddy current. One possible 
physical mechanism generating the eddy current is via a 
relative movement between a conductor and a permanent 
magnet. Through this mechanism, the conductor is 
subjected to a time-varying magnetic field, and an eddy-
current force is simultaneously produced to oppose the 
relative movement (Zuo et al. 2011). Due to this non-
contact characteristic, the eddy-current damper is less likely 
to be damaged during operation. The eddy-current damper 
is also relatively reliable regarding the temperature 
variations (Wang et al. 2017). It is indicated that the eddy-
current damper could have a longer service life than some 
dampers, such as the viscous damper and the friction 
damper, which could suffer from the leakage problem and 
wearing damage, respectively (Wang et al. 2012). 

With these desired advantages, the eddy-current damper 
has been studied for vibration mitigation of automobiles, 
precision instrumentations, civil engineering structures, etc. 
(Bae et al. 2014, Diez-Jimenez et al. 2019). Sodano et al. 
(2005) investigated the performance of an eddy-current 
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damper in reducing the vibration of a cantilever beam. 
Experimental results showed that the tip displacement of the 
beam was suppressed by 42.4 dB at its first modal 
frequency. Chen et al. (2013) designed an eddy-current 
damper to reduce the vibration of a force sensor. Results 
showed that the damper could suppress the sensor vibration 
under an impact excitation by about 30 dB. Eddy-current 
damper could also be equipped to a tuned mass damper to 
reduce the vibration of a large-scale structure. Feudo et al. 
(2017) showed that an eddy-current damper attaching on a 
tuned mass damper could reduce structural vibration at the 
first resonance by more than 80%. Results from Lu et al. 
(2017) showed that the eddy-current damper equipped to a 
tuned mass damper could reduce the wind-induced 
acceleration and the earthquake-induced displacement of a 
high-rise building by about 45 to 60% and 5 to 15%, 
respectively. With these promising results, an eddy-current 
damper has been implemented with the tuned mass damper 
in the Shanghai Center Tower, and satisfactory control 
performance was observed in the field monitoring data 
obtained from a typhoon event (Lu et al. 2019). 

Eddy-current damper with a sufficiently large damping 
coefficient is needed for vibration mitigation. This damping 
coefficient is affected by the materials used for 
manufacturing the damper and their topological 
configurations (Ebrahimi et al. 2008, Ao and Reynolds 
2019). Ebrahimi et al. (2009) designed a cylindrical eddy-
current damper with radially magnetized magnets. The 
magnets were arranged with the Halbach array pattern, i.e., 
each magnet was arranged with the magnetic pole being 
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rotated by 90 degrees to its adjacent magnets. Results 
showed that the prototyped damper could provide a 
damping coefficient of up to 1.8 kN-s/m. Zuo et al. (2011) 
designed an eddy-current damper with four copper plates 
embedding inside five layers of magnet components. The 
magnets in each layer were arranged with an alternating 
polarity. Results showed that the designed damper with a 
size of 100 mm × 153 mm × 140 mm could provide a 
damping coefficient up to 2.2 kN-s/m. Huang et al. (2018) 
developed an eddy-current damper with soft irons 
embedding outside of the magnets of the damper. They 
showed that the damping coefficient of the damper could be 
increased from 61 to 321 Ns/m by the inclusion of soft 
irons. Li et al. (2019) enhanced the damping capability of 
an eddy-current damper by adopting a ball screw and a 
gearbox for linear-to-rotational motion conversion. It was 
reported that the damper with a volume of 1.10 × 106 mm3 
could provide a damping coefficient up to 1155 kN-s/m. 

In some studies, the eddy-current force is assumed 
linearly to the relative velocity between magnet and 
conductor (Wang et al. 2012). This linear force-velocity 
assumption might be valid for low-velocity magnitude 
(Huang et al. 2018). Under a large or time-varying velocity, 
the eddy-current force becomes nonlinear and hysteretic to 
the velocity. These phenomena have been observed and 
reported by some researchers such as Ebrahimi et al. 
(2008), Zuo et al. (2011), etc. Under a harmonic motion, the 
eddy-current force is found providing both linear damping 
force and linear elastic force. The stiffness coefficient of the 
elastic force and the damping coefficient of the damping 
force respectively increases and decreases with vibration 
frequency (Loong et al. 2020). Bae et al. (2009) reported 
that the stiffness coefficient and damping coefficient of the 
eddy-current force were respectively increased by about 9.9 
times and reduced by about 60% for vibration frequency 
increased from 1 to 8 Hz. Pan et al. (2016) also showed that 
the damping coefficient was reduced by 51% when the 
vibration frequency changed from 1 to 10 Hz. This 
vibration-dependent behavior of the eddy-current force 
would affect the vibration mitigation performance of the 
damper. For instance, the authors of the present study 
illustrated that neglecting the reduction of damping 
coefficient in the analysis could underestimate the total 
acceleration and relative displacement of a structure 
equipped with an eddy-current damper under ground 
excitations (Loong et al. 2020). It indicates that the 
nonlinearity of the eddy-current force is apparently an 
important issue that should be addressed. 

 In this study, a plate-type eddy-current damper with a 
high-energy dissipation capability is designed and analyzed. 
The proposed eddy-current damper can provide a two-
dimensional planer damping force. As shown in the later 
sections, under a given volume, the proposed damper could 
provide a relatively large damping coefficient than that of 
some eddy-current dampers presented in the literature. A 
finite-element model is developed in ANSYS (2018) to 
investigate the eddy-current force generated by the damper. 
The hysteretic nonlinearity presented in the eddy-current 
force under a harmonic motion is examined. The effects of 
design parameters on the hysteretic nonlinearity in the 

eddy-current force are further discussed. The damper is then 
implemented on a base-isolated structure to illustrate its 
feasibility for vibration mitigation. 

 
 

2. Design of the Plate-type Eddy-current Damper 
 
Fig. 1 shows the notation for describing an eddy-current 

damper made by two pairs of rectangular magnets and a 
rectangular conductor plate. All magnets have identical 
dimensions with width × length × thickness, denoted as 𝑤௠ × 𝑙௠ × 𝑡௠. The north (N) and the south (S) poles of 
magnets are expressed as a cross and a filled circle, 
respectively. Magnets in the same column have the same 
polarity direction (see Fig. 1(b)). The clearance 𝑑 and the 
clear gap 𝑔 are defined as the distance between two 
adjacent magnets at the same layer and the distance 
between two magnets in the same column, respectively. The 
conductor is made by a copper plate with a dimension of 𝑤௖ × 𝑙௖ × 𝑡௖. This conductor embedding inside the middle 
of the magnet layer is moving with a relative displacement 𝑢. An eddy-current force 𝐹 is simultaneously generated to 

 
 

Fig. 1 Notation for modeling of eddy-current damper made 
by rectangular permanent magnets and rectangular 
conductor plate: (a) plan view; (b) elevation view

 
 

Fig. 2 Illustrative examples of four different eddy-current 
damper designs: (a) D1; (b) D2; (c) D3; (d) D4
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oppose this relative movement. In this study, analysis is 
conducted in ANSYS (2018) with a time step of 2×10-3 s. 

Preliminary analysis is performed to demonstrate the 
design idea of a plate-type eddy-current damper with a high 
energy-dissipation capability. Fig. 2 shows four eddy-
current damper designs, which are denoted as D1, D2, D3, 
and D4, respectively. The copper plate having dimensions 
of 𝑤௖ × 𝑙௖ × 𝑡௖ = 270 mm × 490 mm × 6 mm, is allocated 
in the middle of magnets with 𝑔 ൌ  10 mm. The 
conductivity of the copper plate is assumed as 5.8×107 S/m 
(Huang et al. 2018). The dimensions of magnets for D1, 
D3, and D4 are 𝑤௠  × 𝑙௠  × 𝑡௠ = 50 mm × 100 mm × 
25 mm while that for D2 is 100 mm × 50 mm × 25 mm. 
The magnets are made by NdFeB grade N35 with a 
remanent flux density of 1.45 T and relative permeability of 
1. Both the copper plate and the paired magnets are 
modeled with mesh sizes of 20 mm. It can be seen that D1 
and D2 have identical magnets, but the orientation of 
magnets for D2 is 90o rotated. D3 and D4 are made by two 
pairs of magnets with 𝑑 ൌ 10 mm. The polarity direction 
for D3 is the same, while that for D4 is alternating along 
with the direction of motion. 

To quantify the damping capability of a damper design, 
damping coefficient of the damper is adopted. The damping 
coefficient 𝑐 is defined as the ratio of eddy-current force 𝐹 over the constant relative velocity at stationary 𝑢ሶ  as 

 𝑐 ≡ 𝐹𝑢ሶ  (1)

 
Fig. 2 shows that the damping coefficient 𝑐 of D1, D2, 

D3 and D4 under a constant relative velocity 𝑢ሶ ൌ 0.2 m/s 
are 0.47, 0.22, 0.54 and 1.32 kN-s/m, respectively. The 
damping coefficient for D1 is two times more than that for 
D2. It indicates that the longer side of the magnet should be 
aligned perpendicularly to the moving direction. This is 
because the eddy-current force is positively related to the 
rate of changes in magnetic flux. Under an increment of 
time and a constant velocity, the changes of magnetic flux 
are related to the area formed by the length of the magnet 
and the moving distance. Since the length of D1 is larger 

 
 

than that of D2, the changes of magnetic flux for D1 will be 
larger than that for D2, which leads to a larger eddy-current 
force. Generally, under a given area of magnet, the magnet 
length should be sufficiently large to generate a large eddy-
current force (Heald 1988). However, there exists an 
optimal 𝑤௠/𝑙௠ to minimize the damper cost. As shown in 
Schieber (1975), the optimal 𝑤௠/𝑙௠  should be ranging 
from 0.3 to 0.5. Hence, 𝑤௠/𝑙௠ ൌ 0.5  is adopted 
hereinafter in this study. 

Figs. 2(c)-(d) respectively show that the damping 
coefficients for D4 and D3 are 2.81 and 1.15 times of that 
for D1. As expected, increasing the number of magnets 
enhances the damping coefficients. Results show that the 
alternating polarity configuration along the direction of 
motion, such as the design of D4, could enhance the 
damping coefficient, as compared to that with the same 
polarity configuration. It indicates that the alternating 
polarity is an efficient approach to increase the damping 
coefficient. To explain, the instantaneous eddy-current 
density 𝐽 for D3 and D4 of the middle of the copper plate 
at simulation time equals to 0.1 s are shown in Fig. 3. It can 
be seen that D4 has a larger magnitude of eddy-current 
density than that of D3. An additional eddy-current loop is 
observed in between two adjacent magnets with alternating 

 
 

Fig. 3 Comparison of eddy-current density 𝐽 at the 
middle of copper plate between (a) D3; and (b) D4

 
 

 
Fig. 4 Comparison between eddy-current damper designs with and without cover or soft iron: (a) D4; (b) D5-Fe; 

(c) D6-Fe; (d) D5-Al and (e) D6-Al 
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polarities. It indicates that the current density is intensified 
by the design of D4, which is beneficial for improving the 
damping capability of the eddy-current damper. This 
analysis is consistent with the results shown in Zuo et al. 
(2011) and Wang et al. (2012). 

D4 is further incorporated with steel-based cover (D5-
Fe) and soft irons (D6-Fe) or aluminum-based cover (D5-
Al) and soft irons (D6-Al), as shown in Fig. 4. The 

 
 

 
 

dimensions of soft irons are 250 mm × 480 mm × 10 
mm, while that of the steel-based or the aluminum-based 
cover, with magnets embedded, are 250 mm × 480 mm × 
25 mm. The conductivity of the soft iron, steel, and 
aluminum are set as 1.0 × 107, 2.0 × 106, and 3.8 × 107 
S/m, respectively. The relative permeability of soft iron and 
aluminum are set as 4000 and 1.0, respectively 
(Engineering ToolBox 2001), while that of the steel is set 
 
 

 
 

 
Fig. 5 Schematic drawing of the proposed plate-type eddy-current damper with high energy-dissipation: 

(a) elevation view; (b) plan view; (c) cross-sectional view

Table 1 Parameters for finite-element modeling of the proposed plate-type eddy-current damper in 
ANSYS 

Descriptions Properties Value 

Magnet 

𝑤௠ × 𝑙௠ × 𝑡௠ 50 mm × 100 mm × 25 mm 
NdFeB Grade N35 𝑑 10 mm 𝑔 10 mm 
Number 16 pairs 

Remanent flux density 1.45 T 
Relative permeability 1 

Copper plate 

𝑤௖ × 𝑙௖ × 𝑡௖ 270 mm × 490 mm × 6 mm 
Number 1 

Conductivity 5.8 × 107 S/m 
Relative permeability 1 

Aluminum-based cover 

𝑤௔  ×  𝑙௔  × 𝑡௔  (including magnets) 250 mm × 480 mm × 25 mm 
Number 1 pair 

Conductivity 3.8 × 107 S/m 
Relative permeability 1 

Soft iron 

𝑤௦ × 𝑙௦ × 𝑡௦ 250 mm × 480 mm × 10 mm 
Number 1 pair 

Conductivity 1.0 × 107 S/m 
Relative permeability 4000 
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based on the magnetic-flux-density-field-strength curve (B-
H curve) developed based on the Steel 1008, which is 
available in ANSYS (2018). The damping coefficients for 
D5-Fe and D6-Fe are 1.26 and 1.77 kN-s/m, which are 
about 0.95 and 1.34 times of D4, respectively. The damping 
coefficients for D5-Al and D6-Al are 1.31 and 2.60 kN-s/m, 
which are about 0.99 and 1.97 times of D4, respectively. It 
is seen that the inclusion of steel-based cover has a 
negligible adverse effect on the damping coefficient. 
Results also indicate that adopting aluminum is better than 
steel as the cover. The soft irons embedded outside the 
magnets increase the damping capability of damper (Huang 
et al. 2018). The combinations of aluminum-based cover 
and soft irons (D6-Al) increase the damping coefficient of 
D4 by almost 2 times. 

The aforementioned analysis has inspired the design of 
the proposed plate-type eddy-current damper, as shown in 
Fig. 5. Table 1 shows the details of the design parameters 
for the proposed damper. The proposed damper is 
composed of a magnet component and a copper plate. The 
magnet component consists of 16 pairs of rectangular 
magnets, arranged with a 4-by-4 array. The sizes of each 
magnet and the copper plate are 50 mm × 100 mm × 25 
mm and 270 mm × 490 mm × 6 mm, respectively. The 
polarity of a magnet is alternating along the direction of 
motion 𝑢. Each row of magnets is embedded inside an 
aluminum-base cover that is contained by a soft iron (see 
Figs. 5(b)-(c)). The copper plate sandwiching inside two 
rows of magnets are allowed to move perpendicular to the 
longer side of magnets. The clearance 𝑑 and the clear gap 

 
 

 
 

𝑔 are both set as 10 mm. Fig. 6 shows the finite element 
modeling of the proposed damper using ANSYS (2018). 
The copper plate, magnets, aluminum-based cover, and soft 
iron are modeled with mesh sizes of 10, 20, 30, and 30 mm, 
respectively. These mesh sizes are chosen to simulate the 
eddy-current force with sufficient accuracy while ensuring 
that the computational efforts for the numerical simulations 
are manageable by a computer with two 10-core CPUs and 
128 GB memory. 

Including the size of soft irons, the size of aluminum-
based covers, and the clear gap between magnets, the 
volume of the proposed eddy-current damper is 270 mm × 
500 mm × 80 mm. Finite element analysis shows that the 
proposed eddy-current damper provides a damping 
coefficient of 24.44 kN-s/m under a constant velocity of 0.2 
m/s. It indicates that the damping density of the proposed 
eddy-current damper, which is defined as the ratio of 
damping coefficient over the volume of damper, is 2.26 
MNs/m/m3. This damping density is two times higher than 
that of the plate-type eddy-current damper developed by 
Zuo et al. (2011) with a value of 1.06 MNs/m/m3. The 
reasons attributed to a higher damping density of the 
proposed damper include: (1) the proposed damper adopts 
the aluminum-based cover; (2) the number of magnets per 
unit volume of the proposed eddy-current damper is higher 
than that developed by Zuo et al. (2011). The proposed 
eddy-current damper could be applied for vibration control 
that needs a planner-movement damping mechanism. For 
instance, it could be equipped to a tuned mass damper for 
mitigating the vibration of a high-rise building. It could be 

 
 

 
 

 

 
Fig. 6 Finite element modeling of the proposed eddy-current damper using ANSYS 

 
Fig. 7 Eddy-current force 𝐹 under harmonic motion with a vibration amplitude 𝐴 = 10 mm and a vibration frequency 𝑓= 0.5, 1.0, 2.5, 5.0, 7.5 and 10.0 Hz: (a) force-displacement curve; and (b) force-velocity curve 
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used as a supplemental dissipative device for a base-isolated 
structure. It could also be adopted as the energy 
consumption element in a replaceable coupling beam, such 
as the one patented by Wu et al. (2018) and their 
colleagues. 

 
 

3. Eddy-current force under harmonic motion 
 
The eddy-current force generated from the proposed 

eddy-current damper under a harmonic motion with a 
vibration amplitude 𝐴  and a vibration frequency 𝑓  is 
examined. This study focuses on the vibration control of a 
civil engineering structure, which normally vibrates with a 
frequency of less than 10 Hz (Zhu et al. 2012). The 
vibration amplitude is assumed between 4 and 12 mm. 

Figs. 7(a)-(b) respectively show the eddy-current force-
displacement and force-velocity curves under vibration 
amplitude 𝐴 ൌ 10 mm and vibration frequency 𝑓 ൌ 0.5, 
1.0, 2.5, 5.0, 7.5 and 10.0 Hz. Under a relatively low 
vibration frequency, e.g., 𝑓 ൌ 0.5 and 1.0 Hz, the force-
displacement curve is an ellipse without notable inclination 
and the force is linearly related to the velocity without a 
loop. It indicates that under low 𝑓, the proposed damper 
behaves practically as a linear viscous damper that can be 
characterized by a constant damping coefficient. Under a 
relatively high vibration frequency, e.g., 𝑓 ൌ 7.5 and 10.0 
Hz, the force-displacement curve becomes an inclined 
ellipse and the force-velocity curve consists of loops. The 
inclination for force-displacement curve increases with 𝑓, 
while the slope for the force-velocity curve slightly 
decreases with 𝑓 . The eddy-current force is shown 

 
 

hysteretic under high vibration frequency. It indicates that a 
certain “stiffness” behavior exists in the eddy-current force. 

To analyze, it is assumed that the eddy-current force 𝐹 
can be fitted as the sum of a linear elastic force 𝑘௘௤𝑢 and a 
linear damping force 𝑐௘௤𝑢ሶ  as 

 𝐹 ൌ 𝑘௘௤𝑢 ൅ 𝑐௘௤𝑢ሶ  (2)
 

where 𝑘௘௤ and 𝑐௘௤ are the equivalent stiffness coefficient 
and the equivalent damping coefficient of the linear elastic 
force and the linear damping force under harmonic motions, 
respectively. The values of 𝑘௘௤ and 𝑐௘௤ can be obtained 
by fitting the eddy-current force generated from the 
numerical simulation with Eq. (2) using the minimum 
mean-squared error criteria. Fig. 8 compares the eddy-
current force 𝐹 simulated using ANSYS (2018) and the 
results reconstructed using Eq. (2), under 𝐴 ൌ 6 mm, 𝑓 ൌ 
5.0 Hz as well as 𝐴 ൌ 10 mm, 𝑓 ൌ 2.0 Hz. Results show 
that Eq. (2) can fit the eddy-current force quite well. It 
indicates that Eq. (2) is sufficient to characterize the 
hysteretic nonlinearity presented in eddy-current force 
under a harmonic motion. 

The details of the fitted equivalent stiffness coefficient 𝑘௘௤  and the fitted equivalent damping coefficient 𝑐௘௤ 
under different vibration frequency 𝑓 are summarized in 
Table 2. Fig. 9 shows the variation of 𝑘௘௤ and 𝑐௘௤ as a 
function of 𝑓, under vibration amplitude 𝐴 ൌ 10 mm. It is 
shown that the stiffness coefficient 𝑘௘௤ and the damping 
coefficient 𝑐௘௤  increase and decrease with vibration 
frequency 𝑓, respectively. The value of 𝑘௘௤ is increased 
from 6.09 to 471.92 kN/m, while the value of 𝑐௘௤  is 

 
Fig. 8 Comparison of eddy-current force between the results generated from ANSYS and that reconstructed using Eq. (2): 

(a) force-displacement; and (b) force-velocity curves under 𝐴 = 6 mm, 𝑓= 5.0 Hz; (c) force-displacement and (d) 
force-velocity curves under 𝐴 = 10 mm, 𝑓 = 2.0 Hz 
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Table 2 Variation of equivalent stiffness coefficient 𝑘௘௤ 
and equivalent damping coefficient 𝑐௘௤ with 
respect to vibration frequency 𝑓 under a vibration 
amplitude 𝐴 ൌ10 mm 

Frequency 𝑓 
(Hz) 

Stiffness coefficient 𝑘௘௤ (kN/m) 
Damping coefficient 𝑐௘௤ (kN-s/m) 

0.5 6.09 24.55 
1.0 16.32 24.37 
1.5 29.44 24.12 
2.0 44.98 23.86 
2.5 62.47 23.58 
3.0 81.38 23.28 
4.0 124.10 22.76 
5.0 173.07 22.27 
7.5 311.14 21.08 

10.0 471.92 19.93 
 

 
 

decreased from 24.55 to 19.93 kN-s/m, for 𝑓 increases 
from 0.5 to 10.0 Hz. The increase in 𝑘௘௤ is about 77 times 
while the relative reduction of 𝑐௘௤  is about 19%. The 
vibration-dependent behavior of 𝑘௘௤ and 𝑐௘௤ would affect 
the vibration control performance of the eddy-current 
damper. This issue is important particularly for applications 
that are sensitive to vibration characteristics. For instance, 
an eddy-current damper connecting to a tuned mass damper 

 
 

 
 

would require a proper tuning of frequency. Neglecting the 
vibration-dependent behavior presented in the eddy-current 
force during the design stage would lead to a non-optimal 
design. Next, the effects of vibration amplitude are studied. 
Fig. 10 shows the variation of 𝑘௘௤ and 𝑐௘௤ as a function 
of 𝐴, under 𝑓 ൌ 5.0 Hz. Results show that the values of 𝑘௘௤  and 𝑐௘௤  are relatively insensitive to the vibration 
amplitude considered in the analysis. It seems that the 
nonlinearity of the eddy-current force is more sensitive to 
the vibration frequency than the vibration amplitude. 
Overall, it indicates that the nonlinearity of eddy-current 
force should be considered in the analysis especially for 
applications involving relatively high vibration frequency. 

Next, the reasons for the increase of stiffness coefficient 
and the decrease of damping coefficients with respect to 
vibration frequency are discussed. Similar to skin effects 
(Kazimierczuk 2014), the hysteretic nonlinearity presented 
in the eddy-current force is affected by the time-varying 
eddy current induced on the copper plate (Bae et al. 2009, 
Zuo et al. 2011). This time-varying eddy current, which 
produced by the non-constant relative velocity motion, 
generates an additional time-varying magnetic field that 
reduces the magnetic field provided by the magnets. The 
overall magnetic field is reduced and leads to a reduction of 
the damping coefficient. It should be noted that this 
additional time-varying magnetic field is generally not in 
phase with the magnetic field provided by the magnets. This 
results in a phase difference between the eddy-current force 
and the relative velocity. To explain, suppose that the 
relative displacement and the relative velocity of the 

 

 
 

 
Fig. 9 Variation of (a) equivalent stiffness coefficient 𝑘௘௤; and (b) equivalent damping coefficient 𝑐௘௤ as a function 

of vibration frequency 𝑓, under vibration amplitude 𝐴 = 10 mm 

 
Fig. 10 Variation of (a) equivalent stiffness coefficient 𝑘௘௤ and (b) equivalent damping coefficient 𝑐௘௤ as a function 

of vibration amplitude 𝐴, under vibration frequency 𝑓= 5.0 Hz
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harmonic motions are respectively denoted as 𝑢 ൌ𝐴 sinሺ2𝜋𝑓𝑡ሻ and 𝑢ሶ ൌ 2𝜋𝑓𝐴 cosሺ2𝜋𝑓𝑡ሻ, the eddy-current 
force with a phase lag 𝜙 to the velocity can be expressed 
as 𝐹 ൌ 2𝜋𝑓𝐴𝑐 cosሺ2𝜋𝑓𝑡 െ 𝜙ሻ (3)

 
in which 𝑐  is defined in Eq. (1). After some algebraic 
manipulations, Eq. (3) can be rewritten as 

 𝐹 ൌ 𝑘௘௤𝑢 ൅ 𝑐௘௤𝑢ሶ  (4)
 

where the equivalent stiffness coefficient 𝑘௘௤  and the 
equivalent damping coefficient 𝑐௘௤  that can be found 
related to 𝑐, 𝑓, and 𝜙 as follows 

 𝑘௘௤ ൌ 2𝜋𝑓𝑐 sin 𝜙 (5)
 𝑐௘௤ ൌ 𝑐 cos 𝜙 (6)
 
Within the regime of low velocities under which Eq. (1) 

is valid, suppose that 𝑐 is insensitive to the variation of 
velocity magnitude and since the phase lag 𝜙 is positively 
related to the vibration frequency 𝑓 (Kazimierczuk 2014), 
Eqs. (5)-(6) show that 𝑘௘௤  and 𝑐௘௤  are functions that 
respectively increase and decrease with  𝑓. Eqs. (5)-(6) 
also show that 𝑘௘௤ and 𝑐௘௤ are insensitive to the vibration 
amplitude 𝐴. The results shown in Eqs. (4)-(6) are 
consistent with the results obtained from the previous 
analysis in this section, i.e., the eddy-current force 

 
 

behaves as a combination of a linear elastic force 𝑘௘௤𝑢 and 
a linear damping force 𝑐௘௤𝑢ሶ , with equivalent stiffness 
coefficient 𝑘௘௤  and equivalent damping coefficient 𝑐௘௤ 
that respectively increase and decrease with vibration 
frequency 𝑓. It should be noted that although a sine 
function is assumed for relative displacement 𝑢, the 
analysis is applicable for cosine function, it is not shown in 
the study for brevity. It should be noted that the assumption 
for the insensitivity of 𝑐 to the variation of velocity 
magnitude is only valid under low velocity magnitude. The 
generation of eddy-current force, which modeled by Shi et 
al. (2020) using an equivalent circuit model made by a 
voltage source connecting in series with a resistor and an 
inductor, showed that the damping coefficient 𝑐 was a 
decreasing function of vibration frequency. In the regime of 
relative high velocities, Bourquin et al. (2014) adopted the 
Maxwell receding image method to show that the damping 
coefficient was a decreasing function of velocity magnitude. 
Huang et al. (2018) also simulated this phenomenon for 
their designed eddy-current damper and pointed out that the 
relationship between the eddy-current force and the relative 
velocity was linear only for velocity less than 1.0 m/s. 
Hence, the maximum damping force was found to increase 
with velocity, but the increasing rate decreased with the 
velocity magnitude (Ebrahimi et al. 2009, Huang et al. 
2018). Summarizing the results shown in the previous and 
the present studies, the reduction of damping coefficient 𝑐 
due to high velocity magnitude mainly affects the maximum 
damping force generated by the damper, while the phase lag 
 
 

 
Fig. 11 Variation of the stiffness coefficient 𝑘௘௤ and the damping coefficient 𝑐௘௤ as a function of (a) width 𝑤௠; (b) 

length 𝑙௠; and (c) thickness 𝑡௠ of magnet under a harmonic motion with an amplitude 𝐴 = 10 mm and a 
frequency 𝑓 ൌ 5.0 Hz
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contributes to the hysteretic nonlinearity of eddy-current 
force.  

 
 

4. Effects of different design parameters 
 
The effects of the dimensions of permanent magnets and 

copper plate, the number of copper-plate layers, and the 
clear gap on 𝑘௘௤ and 𝑐௘௤ are explored through parametric 
case studies of a damping system, under harmonic 
excitation, simulated in ANSYS (2018). 

 
4.1 Dimensions of magnet 
 
Figs. 11(a)-(c) respectively show the effects of magnet 

width 𝑤௠, length 𝑙௠ and thickness 𝑡௠ on the equivalent 
stiffness coefficient 𝑘௘௤  and the equivalent damping 
coefficient 𝑐௘௤ of the eddy-current force under a harmonic 
motion with an amplitude 𝐴 of 10 mm and a frequency 𝑓 
of 5.0 Hz. Figs. 11(a)-(b) show that both 𝑘௘௤  and 𝑐௘௤ 
increase with 𝑤௠ and 𝑙௠. The increasing rate of 𝑘௘௤ and 𝑐௘௤ for 𝑤௠ and 𝑙௠ are practically constant. It indicates 
that the damping capability and the stiffness behavior are 
enhanced simultaneously by the increase of 𝑤௠ or 𝑙௠. It 
should be noted that the ratio of 𝑘௘௤/𝑐௘௤ is almost constant 
with 𝑙௠. As seen from Eqs. (5)-(6), it indicates that the 
phase lag 𝜙 is insensitive to the variation of magnet length 𝑙௠, under a given frequency. Fig. 11(c) shows that both 𝑘௘௤ 

 
 

and 𝑐௘௤ increase with  𝑡௠, in which the increasing rate 
decreases with 𝑡௠. It indicates that increasing the thickness 
of magnet could improve the damping capability but at the 
same time enhance the stiffness behavior. The reduction of 
increasing rate indicates that a magnet with relatively large 𝑡௠ is not effective for enhancing the damping capability. 
Overall, this section shows that enlarging the dimensions of 
magnet simultaneously enhances 𝑘௘௤ and 𝑐௘௤ due to the 
increase of magnetic field. 

 
4.2 Dimensions of copper plate 
 
Figs. 12(a)-(c) respectively show the effects of copper-

plate width 𝑤௖ , length 𝑙௖  and thickness 𝑡௖  on the 
equivalent stiffness coefficient 𝑘௘௤  and the equivalent 
damping coefficient 𝑐௘௤ of the eddy-current force under a 
harmonic motion with 𝐴= 10 mm and 𝑓 = 5.0 Hz. Fig. 
12(a) shows that 𝑘௘௤ slightly decreases with 𝑤௖ , while 𝑐௘௤ slightly increases with 𝑤௖. The increase of 𝑤௖ could 
reduce the existence of stiffness behavior. It could be seen 
from Eqs. (5)-(6) that the phase lag 𝜙 of the eddy-current 
force is reduced. From a design point of view, lengthening 𝑤௖ also increases the allowable movement for the damper. 
The damper could move with larger amplitude without 
reducing its damping capability. Fig. 12(b) shows that the 
variation of 𝑘௘௤ and 𝑐௘௤ are insensitive the variation of 𝑙௖. This is because the vibration direction is perpendicular to 
the length of the copper plate, increasing the length of 
copper plate would have negligible effects on the dynamic 

 
 

 

 
Fig. 12 Variation of the stiffness coefficient 𝑘௘௤ and the damping coefficient 𝑐௘௤ as a function of (a) width 𝑤௖; 

(b) length 𝑙௖; and (c) thickness 𝑡௖ of copper plate under a harmonic motion with an amplitude 𝐴 = 10 mm 
and a frequency 𝑓 ൌ 5.0 Hz 
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characteristics of the eddy-current force. It indicates that 
there is no additional benefit to increase the copper-plate 
length for enhancing the damping coefficient. The 𝑘௘௤/𝑐௘௤ 
is also practically constant with 𝑙௖. It means that the phase 
lag 𝜙 is insensitive to the length of copper plate 𝑙௖. Fig. 
12(c) shows that both 𝑘௘௤  and 𝑐௘௤  increase with 𝑡௖ . It 
indicates that increase of 𝑡௖ simultaneously enhances the 
stiffness behavior and the damping capability of the 
damper. The increasing rate for 𝑘௘௤ seems constant while 
that for 𝑐௘௤  slightly decreases with 𝑡௖ . When 𝑡௖  is 
comparable to the skin depth (Kazimierczuk 2014), the 
damping capability is reduced. Hence, the increasing rate of 𝑐௘௤ is reduced with 𝑡௖. Since the increasing rate for 𝑘௘௤ to 𝑡௖ is higher than that for 𝑐௘௤ to 𝑡௖, based on Eqs. (5)-(6), 
it is shown that the phase lag 𝜙 increases with 𝑡௖. In other 
words, the hysteretic nonlinearity of eddy-current force 
becomes more noticeable when thickness of copper plate 
increases. 

 
4.3 Number of copper-plate layer 
 
Figs. 13(a)-(b) respectively show the effects of the 

number of copper-plate layer 𝑁 on the equivalent stiffness 
coefficient 𝑘௘௤ and the equivalent damping coefficient 𝑐௘௤ 
of the eddy-current force under a harmonic motion with an 
amplitude 𝐴 of 10 mm and a frequency 𝑓 of 5.0 Hz. The 
number of copper-plate layers is defined as the number of 
copper plates being embedded in between two consecutive 

 
 

 
 

rows of magnets. Hence, the number of magnet layer is 
always equal to the number of copper-plate layers plus one. 
It can be shown in Fig. 13 that both 𝑘௘௤  and 𝑐௘௤  are 
linearly related to the 𝑁. It indicates the increasing the 
number of copper-plate layers simultaneously increases the 
stiffness behavior and the damping capability of the 
damper. However, it should be noted that the ratio of 𝑘௘௤/𝑐௘௤ of the eddy-current damper with 𝑁 ൌ 5 is quite 
similar to that with 𝑁 ൌ 1. It indicates that the phase lag 𝜙 
is insensitive to the variation of number of copper-plate 
layers. This finding is useful from a design point of view. 
During a design stage, when a designer would like to 
analyze a plate-type eddy-current damper with multiple 
copper-plate layers, he or she might first examine the eddy-
current damper with a single layer of copper plate. This is 
beneficial as analyzing the eddy-current damper with a 
single layer requires less computational time for numerical 
simulation. 

 
4.4 Clear gap 
 
Figs. 14(a)-(b) respectively show the effects of clear gap 𝑔  on the equivalent stiffness coefficient 𝑘௘௤  and the 

equivalent damping coefficient 𝑐௘௤  of the eddy-current 
force under a harmonic motion with an amplitude 𝐴 of 10 
mm and a frequency 𝑓 of 5.0 Hz. Fig. 14 shows that 𝑘௘௤ 
and 𝑐௘௤ decrease with 𝑔. The reduction is mainly caused 
by the reduction of the magnetic field experienced by the 

 
Fig. 13 Variation of the (a) stiffness coefficient 𝑘௘௤ and (b) damping coefficient 𝑐௘௤ as a function of the number of 

copper-plate layer 𝑁 under a harmonic motion with an amplitude 𝐴 ൌ 10 mm and a frequency 𝑓 ൌ 5.0 Hz

 
Fig. 14 Variation of the (a) stiffness coefficient 𝑘௘௤; and (b) damping coefficient 𝑐௘௤ as a function of clear gap 𝑔 

under a harmonic motion with an amplitude 𝐴 ൌ 10 mm and a frequency 𝑓 ൌ 5.0 Hz 
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copper plate. The equivalent stiffness coefficient 𝑘௘௤ and 
the equivalent damping coefficient 𝑐௘௤  are respectively 
reduced by 37.0% and 37.8% for thickness changed from 8 
to 16 mm. Again, similar to the number of copper-plate 
layers, the ratio of 𝑘௘௤/𝑐௘௤ is almost constant for the range 
of 𝑔 considered in the analysis. It indicates that the phase 
lag 𝜙 is insensitive to the variation of clear gap. 

 
 

5. Application of the proposed Eddy-current 
Damper on a base-isolated structure 
 
The vibration mitigation performance of the proposed 

eddy-current damper is examined in this section. The eddy-
current damper shown in Fig. 5 is implemented to an 
idealized linear elastic two-degree-of-freedom base-isolated 
structure, as shown in Fig. 15. The structure formulated as a 
shear-beam model is subjected to a harmonic ground 
motion with an acceleration amplitude of 0.1 m/s2 and an 
excitation frequency up to 5 Hz. The eddy-current damper 
under the harmonic motion is modeled as a dashpot element 
in parallel with a spring element that provide a linear 
damping force and a linear stiffness force, respectively. 
Recall that the equivalent damping coefficient 𝑐௘௤ and the 
equivalent stiffness coefficient 𝑘௘௤  are sensitive to the 

 
 

 
Fig. 15 Implementation of the proposed plate-type eddy-

current damper on a base-isolated structure
 
 

variation of vibration frequency, but insensitive to the 
variation of vibration amplitude (Figs. 9 and 10). Therefore, 
for each frequency, the equivalent damping coefficient 𝑐௘௤ 
and the equivalent stiffness coefficient 𝑘௘௤ of the damper 
are obtained from Table 2. The dynamic equations 
describing the base-isolated structure equipped with the 
eddy-current damper can be written as 

 𝑴𝒙ሷ ൅ 𝑪𝒙ሶ ൅ 𝑲𝒙 ൌ െ𝑴𝜦𝑥ሷ௚ (7)
 

where 𝒙 ൌ ሾ𝑥௕ 𝑥௦ሿ்  is the displacement vector of the 
structure. 𝑥௕  and 𝑥௦  are the relative-to-ground 
displacement at the base and at the top of the structure, 
respectively. 𝑥ሷ௚ is the ground acceleration. 𝜦 ൌ ሾ1 1ሿ் 
is a vector with entries formed by ones. 𝑴, 𝑪, 𝑲 are the 
mass, damping and stiffness matrices of the structure 
defined as 

 𝑴 ൌ ൤𝑚௕ 00 𝑚௦൨ , 𝑪 ൌ ቂ𝑐௕ ൅ 𝑐௦ ൅ 𝑐௘௤ െ𝑐௦െ𝑐௦ 𝑐௦ ቃ ,𝑲 ൌ ൤𝑘௕ ൅ 𝑘௦ ൅ 𝑘௘௤ െ𝑘௦െ𝑘௦ 𝑘௦ ൨ 
(8)

 
where 𝑚௕ ൌ  12000 kg, 𝑐௕ ൌ 9.42 kN-s/m, 𝑘௕ ൌ1184.4 
kN/m are the mass, damping coefficient, and stiffness 
coefficient at the base of the structure, respectively. 𝑚௦ ൌ 
18000 kg, 𝑐௦ ൌ 5.65 kN-s/m, and 𝑘௦ ൌ 4441.3 kN/m are 
the mass, damping coefficient, and stiffness coefficient at 
the top of the structure, respectively. Eqs. (7)-(8) are solved 
numerically using the ordinary differential equation (ode) 
solver in MATLAB (2018). 

Figs. 16(a)-(b) respectively show the base drift 
amplitude and the absolute acceleration amplitude response 
spectra at the top of the structure with and without eddy-
current damper under the harmonic ground motion. The 
results for the case of neglecting the nonlinearity of eddy-
current force are also presented for comparison. For this 
case, the damping coefficient of the damper is assumed as 𝑐 = 24.44 kN-s/m. Results show that the proposed damper 
reduces the base drift and absolute acceleration when the 
excitation frequency is closed to the modal frequency of the 
structure. The proposed damper could reduce the peak of 

 
 

 
Fig. 16 Response spectra of the base-isolated structure equipped with the proposed eddy-current damper under 

harmonic ground motion: (a) base drift amplitude; (b) absolute acceleration amplitude 
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the relative displacement and absolute acceleration response 
spectra by 71.9% and 73.1%, respectively. Fig. 16 also 
shows that when the nonlinearity of eddy-current force is 
neglected, the base drift and absolute acceleration 
amplitudes of the structure are underestimated. This 
phenomenon is obvious for a relatively large excitation 
frequency (see the results of excitation frequency larger 
than 4.0 Hz). These results indicate that it should consider 
the nonlinearity of eddy-current force in the analysis in 
order to obtain a more accurate response estimation. 

 
 

6. Conclusions 
 
This study designs a plate-type eddy-current damper 

with a high energy-dissipation capability. The proposed 
damper having a dimension of as 270 mm × 500 mm × 
80 mm is made by sixteen pairs of magnets and a copper 
plate. The magnets are arranged as two rows of 4-by-4 
arrays with polarities alternating to the adjacent magnets 
along the direction of motion. The copper plate is embedded 
in between the two rows of magnets. A finite-element model 
is developed to investigate the eddy-current force generated 
by the damper. Under a constant velocity of 0.2 m/s, the 
damping coefficient provided by the eddy-current damper is 
24.44 kN-s/m, which results in a damping density of 2.26 
MNs/m/m3. The eddy-current force is found to have a 
hysteretic relationship with the relative velocity between the 
magnet components and the copper plate. The eddy-current 
force is fitted as the sum of a linear elastic force and a linear 
damping force that can be characterized with an equivalent 
stiffness coefficient and an equivalent damping coefficient, 
respectively. Results show that the stiffness coefficient is 
increased by about 77 times while the damping coefficient 
is relatively reduced by about 19% for vibration frequency 
increased from 0.5 to 10.0 Hz. The variation of the damping 
and stiffness coefficients on the width, length, and thickness 
of magnet and copper plate, as well as the number of 
copper-plate layers together with the clear gap are further 
analyzed. It is found that the phase lag caused by the 
hysteretic nonlinearity can be reduced with the increase of 
copper-plate width, as well as the decrease of copper-plate 
thickness and magnet width. On the other hand, the phase 
lag is found to be insensitive to the length of magnet, the 
length of copper plate, the number of copper-plate layers, 
and the clear gap. The implementation of the proposed 
eddy-current damper on a base-isolated structure is further 
presented. Results show that the proposed damper could 
reduce the peak of the base drift and the peak of absolute 
acceleration response spectra by 71.9% and 73.1%, 
respectively. It should be noted that this study focuses on 
numerical simulation only. Experimental studies should be 
conducted in the future to verify the results. 
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