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When a conductive material experiences a time-varying magnetic field, eddy currents are
generated in the conductor. These eddy currents circulate such that they generate a
magnetic field of their own, however the field generated is of opposite polarity, causing a
repulsive force. The time-varying magnetic field needed to produce such currents can be
induced either by movement of the conductor in the field or by changing the strength or
position of the source of the magnetic field. In the case of a dynamic system the conductor
is moving relative to the magnetic source, thus generating eddy currents that will dissi-
pate into heat due to the resistivity of the conductor. This process of the generation and
dissipation of eddy current causes the system to function as a viscous damper. In a
previous study, the concept and theoretical model was developed for one eddy current
damping system that was shown to be effective in the suppression of transverse beam
vibrations. The mathematical model developed to predict the amount of damping induced
on the structure was shown to be accurate when the magnet was far from the beam but
was less accurate for the case that the gap between the magnet and beam was small. In
the present study, an improved theoretical model of the previously developed system will
be formulated using the image method, thus allowing the eddy current density to be more
accurately computed. In addition to the development of an improved model, an improved
concept of the eddy current damper configuration is developed, modeled, and tested. The
new damper configuration adds significantly more damping to the structure than the
previously implemented design and has the capability to critically damp the beam’s first
bending mode. The eddy current damper is a noncontacting system, thus allowing it to be
easily applied and able to add significant damping to the structure without changing
dynamic response. Furthermore, the previous model and the improved model will be
applied to the new damper design and the enhanced accuracy of this new theoretical
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1 Introduction

When a nonmagnetic conductive metal is placed in a magnetic
field, eddy currents are generated. These eddy currents circulate in
such a way that they induce their own magnetic field with oppo-
site polarity of the applied field, causing a resistive force. How-
ever, due to the electrical resistance of the metal, the induced
currents will dissipated into heat at the rate of />R and the force
will disappear. In the case of a dynamic system the conductive
metal is continuously moving in the magnetic field and experi-
ences a continuous change in flux that induces an electromotive
force (emf), allowing the induced currents to regenerate. The pro-
cess of the eddy currents being generated causes a repulsive force
to be produced that is proportional to the velocity of the conduc-
tive metal. Since the currents are dissipated, energy is being re-
moved from the system, thus allowing the magnet and conductor
to function like a viscous damper. The use of eddy currents for
damping of dynamic systems has been known for decades and its
application to magnetic braking systems [1-4] and lateral vibra-
tion control of rotating machinery [5,6] has been thoroughly in-
vestigated.

While the theory and applications of rotary magnetic braking
systems have been well documented, there are many more appli-
cations of eddy current dampers. Karnopp [7] introduced the idea
that a linear electrodynamic motor consisting of coils of copper
wire and permanent magnets could be used as an electromechani-
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cal damper for vehicle suspension systems. He showed that his
actuator could be much smaller and lighter than conventional ac-
tuators while still providing effective damping in the frequency
range typically encountered by road vehicle suspension systems.
Schmid and Varga [8] studied a vibration-reducing system with
eddy current dampers (ECDs) for high resolution and nanotech-
nology devices such as an STM (scanning tunneling microscope).
Teshima et al. [9] investigated the effects of an eddy current
damper on the vibrational characteristics of superconducting levi-
tation and showed that the damping of vertical vibrations was
about 100 times improved by eddy current dampers. Lee [10]
considered the dynamic stability of conducting beam plates in
transverse magnetic fields. The research showed that three regions
of stability existed: damped stable oscillation, static asymptotic
stability, and static divergence instability. The buckling field was
also found to exhibit a linear dependence on the geometry of the
ratio of the thickness and length of the beam plate.

Kobayashi and Aida [11] explored the use of a Houde damper
(a type of damped vibration absorber) using an eddy current
damper as the energy dissipation mechanism. The eddy current
damper consisted of a conducting plated moving between two
permanent magnets. The study found the Houde damper could
increase the damping ratio by 2% and suppress the displacement
of the pipe by a factor of § to 10. Kienholtz et al. [12] investigated
the use of a magnetic tuned mass damper for vibration suppres-
sion of a spacecraft solar array and a magnetically damped isola-
tion mount for the payload inside of a space shuttle. The magnetic
tuned mass damper system targeted two modes of the solar array
(first torsion at 0.153 Hz and first out of plane bending of
0.222 Hz) and increased the damping by 30 and 28 dB, respec-
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tively, while the higher frequency untargeted modes 0.4—0.8 Hz
were damped in the range of 11-16 dB. Hahn et al. [13] studied
the damping characteristics of a permanent magnet moving inside
of a conducting tube. Their work performs an experimental and
theoretical analysis of the systems and determines the amount of
damping that can be expected for any pipe configuration. Graves
et al. [14] derived the mathematical model of electromagnetic
dampers based on motional emf and transformer emf devices and
presented a theoretical comparison between these two devices. A
motional emf device generates eddy currents due to the movement
of a closed conduction circuit or a conductor through a stationary
magnetic field, while a transformer emf device generates an emf
within a stationary conducting circuit, due to a time-varying mag-
netic field. Both of these electromagnetic devices can be used for
vibration damping purposes.

While the aforementioned studies have investigated a variety of
applications, several studies have been performed to determine the
effect of magnetic fields on the vibration of beams. Morisue [15]
investigated the effect of an applied magnetic field on a conduct-
ing cantilever beam and analyzed the beam response. The re-
sponse was predicted using finite difference methods and the re-
sults were found to compare well with experiments performed at
Argonne National Laboratory. In a similar study Takagi et al. [16]
studied the deflection of a thin copper plate subjected to magnetic
fields both analytically and experimentally. They used an electro-
magnet with very high current (several hundred amperes) to gen-
erate the magnetic field, then analyzed the response of the plate to
the applied field. Matsuzaki et al. [17] proposed the concept of a
new vibration control system in which the vibration of a beam
periodically magnetized along the span is suppressed using elec-
tromagnetic forces generated by a current passing between the
magnetized sections. To confirm the vibration suppression capa-
bilities of their proposed system, they performed a theoretical
analysis of a thin beam with two magnetized segments subjected
to an impulsive force and showed the concept to be viable. Fol-
lowing the proposal of the previous concept, Matsuzaki et al. [18]
performed an experimental study to show the effectiveness of this
new concept. However, a partially magnetized beam was not
available to the authors, so a thin beam with a current carrying
wire bonded to its surface along with a permanent magnet was
used. The system was then used to determine if the electromag-
netic force generated by the wire was sufficient to suppress the
vibration of the beam. The results of their study showed that in-
deed the force is capable of damping the beam’s first few modes
of vibration.

Recently, Kwak et al. [19] investigated the effects of an eddy
current damper on the vibration of a cantilever beam and their
experimental results showed that the eddy current damper can be
an effective device for vibration suppression. The authors ECD
used a fixed copper conducting plate and flexible linkage attached
to the tip of the beam in order to utilize the axial magnetic flux
and generate eddy current damping forces. Bae et al. [20] modi-
fied and developed the theoretical model of the eddy current
damper constructed by Kwak et al. [19]. Using this new model,
the authors investigated the damping characteristics of the ECD
and simulated the vibration suppression capabilities of a cantilever
beam with an attached ECD numerically.

When using eddy currents, the typical method of inducing an
emf in the conductive metal is to place the metal directly between
two oppositely poled magnets with the metal moving perpendicu-
lar to the magnets poling axis; a schematic of this process is
shown in Fig. 1 and has been studied in Refs.
[1-8,11,12,14,19,20]. This configuration is optimal because of the
concentrated magnetic field between the two magnets. While this
configuration is effective for magnetic braking, in certain applica-
tions it is not possible. The research presented by Sodano et al.
[21] proposed and developed a theoretical model of one such sys-
tem in which the transverse vibrations of a cantilever beam were
damped by a permanent magnet fixed to a location perpendicular
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Fig. 1 Schematic of conductive material passing through a
magnetic field and the generation of eddy currents

to the beams motion and the magnet’s radial flux was used to
generate the damping force. It was shown through experiments
that the theoretical model very accurately estimated the damping
when the magnet was greater than 5 mm from the beam, but was
less accurate for smaller gaps. The present study will revisit the
theoretical model of the system developed by Sodano et al. [21]
and provide improvements to its accuracy over the whole range of
magnet locations. Additionally, this manuscript will present an
enhanced concept for the eddy current damper. Like the damper
used in the study by Sodano et al. [21] the proposed damper uses
the radial magnetic flux of the permanent magnet to suppress the
vibrations of the beam. However, in the previous study only one
magnet was used. In the present study, it is realized that when two
similar magnetic poles are placed close to each other, the mag-
netic flux of each magnet is compressed in the poling direction,
causing the intensity in the radial direction to be enhanced as
shown in Fig. 2. The increased flux in the radial direction causes
the magnetic damper to be far more effective than the use of a
single magnet. Furthermore, since the ECD of Refs. [19,20] was
installed at the tip of the beam, the dynamic characteristics of the
beam were changed considerably. However, the eddy current
damper developed by Sodano et al. [21] and the concept detailed
in this manuscript do not contact the structure, thus allowing them
to add significant damping to the system without changing the
dynamics of the structure.

In this manuscript the magnetic flux generated by a cylindrical
permanent magnet will be calculated, allowing the eddy current
density to be determined. After finding the eddy current density,
the image method described by Lee and Park [22] will be used to
enforce the necessary boundary condition of zero eddy current
density at the edges of the conductor. By doing this, the accuracy
of the predicted damping force will be improved over the tested
range of distances between the magnet and beam. The modifica-
tions of the model will be applied to the eddy current damper
previously developed by Sodano et al. [21] and the increased ac-

Fig. 2 Schematic showing the magnetic flux of one and two
magnets
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Fig. 3 Cantilever beam in magnetic field generated by perma-
nent magnet

curacy due to these improvements will be shown through a com-
parison of both models with experimental data. Lastly, a new eddy
current damper concept will be detailed. The improved model will
be applied to this new damper and the model’s accuracy will be
validated through experimental results. It will be shown that the
new damping concept provides significantly more damping to the
structure than the previously developed damper.

2 Eddy Current Damping Model

2.1 Model of Induced Eddy Currents. Figure 3 depicts the
configuration of our eddy current damping system, which consists
of a cantilever beam with a copper conducting plate located in the
magnetic field generated by a single cylindrical permanent mag-
net. Due to the permanent magnet, a magnetic field is generated in
the vertical (z) and horizontal or radial (y or R) axes. The con-
figuration of the damper is shown in Fig. 4 and consists of a
conducting sheet of thickness & and conductivity o moving with
velocity v in the air gap [, of a circular magnet. When the beam
surface is deflected and set in motion in the static magnetic field,
an electric field is generated in the conducting sheet. Since the
deflection of the beam is in the vertical direction, the vertical
component of the magnetic field does not contribute to the gen-
eration of eddy currents. Hence, the electric field on the conductor
is dependent on the horizontal component B, of the magnetic
field. As shown in Fig. 4, the eddy currents circulate on the con-
ducting sheet in the x-y plane, causing a magnetic field to be
generated.

If the surface charges are assumed to be ignored, the current
density J induced in the conducting sheet moving in the vertical
direction is given by

J=0(v XB) (1)
where the vXB term is an electromotive force driving the eddy

currents J. The velocity and magnetic flux can be written as fol-
lows

v=0i+0j+v.k 2)
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Fig. 4 Magnetic field and the eddy currents induced in the
cantilever beam

B=B,i+B,j+Bk (3)

where the velocity is only in the z direction. Substitution of Egs.
(2) and (3) into Eq. (1) allows the eddy current density to be
defined by

J=0(v X B) = ov,(- B,i + B.j) (4)

The above equation shows that the magnetic flux in the z direction
has no effect on the induced eddy currents and that the induced
currents are solely dependent on the x and y components of the
magnetic flux or the flux tangential to the face of the conducting
sheet.

The magnetic flux density due to a circular magnetized strip,
shown in Fig. 5, can be written by [23]

M0M0f2ﬁ dl X Rld

dB ===
R

4ar )

0

where uq and M are the permeability and the magnetization per
unit length, respectively. The vector R, is defined by the distance
between the differential element on the circular strip and the point
on the y-z plane as shown in Fig. 4 and defined as

ZA

P(R,6,7)

\J

X

Fig. 5 Schematic of the circular magnetized strip depicting the
variable used in the analysis
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R =R-r (6)
where
R=yj+zk (7)
r=>b cos @i+ b sin ¢j (8)
The length vector dl of the infinitesimal strip is
dl=— b sin ¢dPi + b cos pd Pj )

where b is the radius of the circular magnet.
Substituting Egs. (6) and (9) into Eq. (5), the magnetic flux
density due to the circular magnetized strip is

dB. = MozMob o sm(f)
U 4n (b*+y* +2° = 2yb m¢
0 y*+2 = 2yb sin ¢)’
b
=& ‘)fm“ 1(b.y.2) (10)
oMb m b—ysin ¢
B="4r ), @+ “2ybsin ¢y20?
0 y2 + 22 = 2yb sin ¢)°
Mob
=2 by.2) (11)

where /; and I, include the elliptic integrals and are shown in the
Appendix. Hence, the magnetic flux density due to the circular
magnet of length L is written by

0
M b
B\-(y,z)='u(i1 . f (z=2")M(b,y,z—2")dz' (12)
T Jy
Mo [*
Bz(y,z)=m; 0 f Iy(b,y,z—z")dz' (13)
-L

where z' and L are the distance in the z direction from the center
of a magnetized infinitesimal strip and the length of the circular
magnet, respectively. As indicated in Fig. 2, the magnetic field
distributions in Egs. (12) and (13) are symmetric about the z axis.

Since the velocity of the conducting sheet is in the z direction,
the magnetic flux density B, does not contribute to the damping
force. Using Egs. (1), (12), and (13), the damping force due to the
eddy current is defined by

2 e
F= f J X BdV=-kobv f f ny(y,lg)dyd¢>
1% 0 0

=— k277(75vJ yByz.(y,lg)dy
0

(14)

where & and v are the thickness and the vertical velocity of the
conducting sheet, respectively, r. is the equivalent radius of the
conductor that preserves its surface area, and l(g is the distance
between the conducting sheet and the bottom of the magnet as
shown in Fig. 4.

2.2 Application of the Image Method to Improve Model
Accuracy. The derivation performed in Sec. 2.1 is valid for the
case of an infinite conducting sheet, meaning that the edge effects
of the conductor are unaccounted for. Neglecting the edge effects
in the model will cause the predicted damping to be greater than
actually present, because the eddy current density is not required
to be zero at the edges. In order to account for the edge effects, the
image method [22] can be used to satisfy the boundary condition
of zero eddy current density at the conducting plate’s boundaries.
A schematic showing how the image method is used can be seen
in Fig. 6. By introducing an imaginary eddy current density the
net eddy current in the radial direction J’ can be written as
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Fig. 6 Schematic demonstrating the effect of the imaginary
eddy currents

J =" -1 (15)

where y is the radial direction and the imaginary eddy current
density is written as

IP() =1"02A-y) (16)
(1)

where J 7 is the predicted eddy current density and the dimension
A corresponds to half the length of the conducting plate as shown
in Fig. 7. Only one imaginary eddy current is needed because the
conductor is modeled as a circular plate with the same area as the
original conductor as shown in Fig. 7. This assumption is made to
simplify the integration of Egs. (12)—(14). Substituting Eqgs. (15)
and (16) into Eq. (14), the damping force accounting for the
imaginary eddy currents is defined as

=fJ’><BdV——ka-6v(f f YB(y.l)dyd
f f YB}(2A - y,l)dydqs)

f yBi(ZA—y,lg)dy>

0

(17)

=—k2770'5v(f yB; (y,l )dy —
0

Assumed Circular
Shape of Conductor

Pole Pro;ectlon\ S T~
\, |

Fig. 7 Schematic showing the variables associated with the
conducting plate
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Fig. 8 Schematic showing the dimensions of the beam

Because it is too difficult to integrate Egs. (12) and (13) analyti-
cally, a numerical integration method is used to obtain the damp-
ing force in Eq. (17).

2.3 Modeling of Cantilever Beam. The dynamic model of
the cantilever beam is formulated using energy methods. The deri-
vation of this system starts by defining the kinetic energy, poten-
tial energy, and external work as:

1
=— f pui(x, ) Tii(x,1)dV (18)
2 \%4
1 T
U=—| STESdV (19)
2
\%4
Féx=Q,6u,+ Fou(x,t) (20)

where u(x, 1) is the displacement of the beam, p is the density, V is
the volume of the beam, F is a concentrated force acting on the
beam, E is the modulus of elasticity, and S is the strain of the
beam. The term Q, describes the nonconservative forces due to
the induced eddy currents and is written as:

21

where c, is the viscous damping force from the eddy currents. By
Hamilton’s principle, the variation of the energy in the system
must balance to zero as follows:

Qe == Ceu(xe’t) == Ceue

5]
f (8U + 6T — Féx)dt =0 (22)
a1

Taking the variation of the kinetic and potential energy from Eq.
(22) yields:

oU = f OSTESAV (23)
\%4

ST = f pdu”idv (24)
Vv

The variations found in Egs. (20), (23), and (24) can be substi-
tuted into Eq. (22) to obtain the variational equation below:

5]
f ( f pouTudVv - f SSTESAV + Su(x;) - F(x;)
1 v v

— dui(x;) - Qe(xi)) =0 (25)

Before solving Eq. (25) for the cantilever beam some assumptions
are made. The first assumption follows the assumed modes proce-
dure, which says that the displacement of the beam can be written
as the summation of modes in the beam and a temporal coordinate
[18]:

298 / Vol. 128, JUNE 2006

N
ux.0) = 2 $0ri(t) = $o)r(r) (26)
i=1

where ¢;(x) is the assumed mode shapes of the structure that can
be set to satisfy any combination of boundary conditions, r(¢) is
the temporal coordinate of the displacement, and N is the number
of modes to be included in the analysis. The second assumption
made is to apply the Euler-Bernoulli beam theory. This allows the
strain in the beam to be written as the product of the distance from
the neutral axis and the second derivative of displacement with
respect to the position along the beam. Once the strain is defined
in this way, Eq. (26) can be used to define the strain as follows:

FPulu,f)

ax?

S=-y =—y¢x)"r(1) (27)
where y is the distance from the neutral axis of the beam. Using
the previous two assumptions Eq. (25) can be simplified to con-
tain terms that represent physical parameters. By doing this the
equations representing the beam become more recognizable when
compared to those of a typical system and help give physical
meaning to the parameters in the equation of motion. The mass
matrix of the system can be written as:

M= f pd’ (x) p(x)dV (28)
v
The stiffness matrix can be written as:
K= f V@ (x)"Ed(x)"dV (29)
v

The parameters defined in Egs. (28) and (29) can be substituted
into Eq. (25). This substitution allows the variation to be written
as:

J 2 [ ()M i(t) = or" () Kr(t) + dr(D) () TFi(1) — 8iQ,(1)]dt =0

(30)

where &( ) indicates the variation of the corresponding variable.
Taking the integral of Eq. (30) leaves the equation of motion. The
following equation defines the motion of the beam:

ME(t) + CH1) + Kr(1) = ¢(x) (1) 31)
where the damping matrix C is defined as:
C=[Cy+ diced.] (32)

where ¢,=¢p(x,) with x, defining the location of the eddy current
damping force and c, is found from the damping force of Egs.
(11). These equations now describe the dynamics of the beam and
its interaction with the eddy current damper.

3 Experimental Setup
Experiments were performed on a cantilever aluminum beam in

order to determine the accuracy of the model developed in this
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Table 1 Physical properties of the beam, conductor and
magnet

Property Value

Young’s modulus of beam 75 GPa

Density of beam 2700 kg/m®

Conductivity of aluminum beam 3.82x 107

Thickness of copper conductor 0.62 mm

Conductivity of copper conductor 5.80x 107

Permanent magnet composition NdFeB 35

Residual magnetic flux of magnet 1.21 kGauss

paper. The dimensions of the beam are shown in Fig. 8. For the
experiments a neodymium-iron-boron (NdFeB) permanent mag-
net with radius and length of 6.35 and 12.65 mm, respectively,
was used. Other relevant properties of the beam and magnet are
shown in Table 1. The analysis of our system required that the
eddy currents generated in the beam be included due to the high
conductivity of aluminum.

The experiments performed in this study were aimed at calcu-
lating the damping ratio of the beams response for various gaps
between the magnet and beam. The experimental results obtained
by Sodano et al. [21] were used to simply show the improvements
in the model’s accuracy by incorporating the concept of the image
method. However, an experimental setup similar to that of Ref.
[21] was used, but the experiments performed in this study inves-
tigated the performance of an improved concept of the eddy cur-
rent damper. The improved concept utilizes two permanent mag-
nets positioned on opposite sides of the beam rather than a single
magnet. The two magnets were configured such that the same
magnetic poles were facing each other, causing a repulsive force
between the magnets and causing the magnetic flux to be com-
pressed along the poling axis of the magnet. The compression to
the magnetic flux in this way causes its magnitude in the radial
direction to be substantially increased and thus the damping force
is increased. The layout of the magnets is shown in Fig. 9.

To measure the damping ratio of the beam as the distance be-
tween the magnet and the beam is varied, the frequency response
was measured. The beam was excited using a piezoelectric patch
mounted at the root of the beam and the displacement response at
the tip of the beam was recorded using a Polytec Laser vibrome-
ter. Once the frequency response of the system was determined,
the unified matrix polynomial approach (UMPA) [24] was applied
to the frequency response, allowing the damping ratio of the sys-
tem to be extracted.

Additionally experiments were performed to measure the time
response of the system with various gap distances. The time re-
sponse of the system to an initial displacement was measured as
another means of identifying the amount of damping in the system
and to demonstrate the increased settling time due to the eddy
currents. The initial displacement condition was applied through
an electromagnet that when turned on would attract the beam, and
when turned off would allow it to be released and vibrate freely.
Because aluminum is not ferromagnetic, a 0.05 mm steel plate
was attached to the side of the beam, allowing the beam and
electromagnet to interact. This system allowed a constant initial
displacement to be repeatedly applied over numerous tests and
can be seen in Fig. 9.
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Fig. 9 Experimental setup showing position of magnets and
conducting plates

4 Results and Discussion

4.1 Numerical Calculation of Magnetic Flux. To determine
the damping force induced on the beam, the magnetic flux B must
first be calculated. However, the integration of Egs. (8) and (9)
that describe the magnetic flux is too difficult to solve analytically,
therefore a numerical method was used to obtain the solution. The
resulting magnetic flux for the improved eddy current damper that
utilizes two magnets is shown in Fig. 10. This figure shows the
magnetic flux lines with the contours that represent the magnitude
of the magnetic flux in the radial direction By. Figure 11 shows the
magnet flux density in the radial direction By, for the eddy current
damper developed by Sodano et al. [21] and for the case of two
magnets that is considered in this manuscript. This figure clearly
shows the increase in magnetic flux thought the use of a second
magnet.

After determining the magnetic flux generated by the perma-
nent magnet, the induced eddy currents could be calculated and
the damping force found. The eddy current density when the mag-
net is located at a distance of 1 mm from the beam is shown in
Fig. 12. This figure also shows the imaginary eddy current density
which was calculated using the image method and the resulting
eddy current density after the image method is applied to satisfy
the electrical boundary conditions of the conductor. The use of the
image method allowed our theoretical model’s accuracy to be
greatly increased.

Ig/b=0.5

y

Magnet

Fig. 10 Magnetic flux lines with contours of the radial flux B,
for two magnets
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Fig. 11 Magnetic flux density B, for a case of I,/ b=0.2

4.2 Validation of Model Through Experiments. Once the
magnetic flux and eddy current density had been numerically cal-
culated, the accuracy of the theoretical model could be validated
using the experimental setup previously detailed. The predicted
and measured damping ratio of the beam was used to demonstrate
the model’s accuracy. As mentioned, the theoretical model devel-
oped in this study provides increased accuracy over the model
previously developed by Sodano et al. [21]. To demonstrate the
improvement in accuracy that is obtained through the use of the
image method, Fig. 13 shows the experimental and predicted
damping ratios for the eddy current damping system investigated
by Sodano et al. [21] as well as the predicted damping ratio when
the image method is used. From the figure, it can be seen the
improved mathematical model developed in this manuscript pro-
vides a significant increase in accuracy when the magnet is in
close proximity to the conductor.

Now that the improvements in the model have been confirmed,
the performance of the enhanced eddy current damper can be
demonstrated. In order to obtain the damping ratio from the ex-
perimental data, the UMPA method was applied to the frequency
response. However, when performing the experiments it was
found that the damping ratio of the first mode was overdamped for
the case that the magnets were in close proximity to the beam.
Therefore, in this gap range the time response of the beam when
subjected to an initial displacement was measured, thus allowing

2
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Fig. 12 Eddy current density before and after the image
method is applied
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Fig. 13 Experimental and predicted damping ratio of the
beam’s first mode for the system used in Sodano et al. [21] and
the damping ratio predicted by the improved model developed
in this paper

the log decrement to be calculated. One experimentally obtained
frequency response of the system before and after placement of
the two permanent magnets is shown in Fig. 14. From this figure
it is apparent that the damping of the structure is significantly
increased after addition of the magnets into the system. Addition-
ally, the use of two magnets provides significantly more vibration
reduction than when one magnet is used, as done in Sodano et al.
[21]. When two magnets are used the first mode is critically
damped and the magnitude is suppressed by approximately 54 dB,
the reductions in the magnitude of the second, third, and fourth
modes are 31, 22.5, and 14 dB, respectively, whereas when one
magnet was used [21], the reductions in magnitude of the first,
second, and third modes were 42.4, 21.9, and 14.3 dB, respec-
tively. Furthermore, since this eddy current damper does not con-
tact the structure, significant damping can be added without sig-
nificantly changing the dynamic response of the system, as can be
seen in Fig. 14. If other passive damping methods such as con-
strained layer damping were to be used, the response of the struc-
ture would be considerably altered. The increased damping
through the use of two magnets can also be seen in Fig. 15, which
shows the time response of the beam subjected to an initial dis-
placement when one and two magnets are located a distance of
2.5 mm. These results indicate the advantage of using the new
damper configuration developed in this manuscript for the sup-
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Fig. 14 Experimentally obtained frequency response of the
system before and after placement of the magnets
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Fig. 15 Time response of the beam to an initial displacement
when one and two magnets are present

pression of transverse beam vibrations.

Using the model of the magnetic damping system, the fre-
quency response of the beam was predicted and its accuracy was
compared to the experimentally measured frequency response. A
typical predicted and measured frequency response of the beam is
shown in Fig. 16. To better show the accuracy of the model as the
distance between the magnet and the beam is varied, the damping
ratio was experimentally measured and predicted at several loca-
tions. Figure 17 shows the results of the experimental tests, the
improved eddy current model that utilizes the image method, and
the results using the model described by Sodano et al. [21]. It can
be seen in the figure that the model of the eddy current damping
system very accurately predicts the damping of the beam. Further-
more, this illustrates the improved accuracy gained through the
use of the image method.

5 Conclusions

This study has developed a passive damping system that uti-
lized the eddy currents induced in a moving conductor to suppress
the vibrations of a beam. Because the damper is of passive nature
it is robust to parameter changes, requires no additional energy,
and is easy to apply to the structure. Furthermore, the damper
developed in this paper is a noncontact damper, thus allowing
significant damping to be added while allowing the other proper-
ties and dynamics of the structure to be unaffected by its addition
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=== Measured FRF ||

Magnitude (dB)

-80 . . . . . . L
0 50 100 150 200 250 300 350 400
Frequency (Hz)

Fig. 16 Measured and predicted frequency response of the
beam for the case that the magnet is located 4 mm from the
beam
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Fig. 17 Experimental and predicted damping ratio of the
beam’s first mode as a function of the gap between the magnet
and beam

to the system. This point is of significant importance to the many
structures that were designed with specific key parameters in
place, through which the addition of a damping scheme such as
constrained layer damping would change. The eddy current
damper developed in this paper utilized two magnets and was
shown to significantly outperform previously designed systems
that utilize only one magnet. A mathematical model of both the
eddy current damping system and its interaction with the beam
has been developed. This model of the system has been improved
from earlier models through the use of the image method which
allows the electrical boundary conditions of the conductor to be
satisfied. The improved theoretical model has been shown to ac-
curately predict both the frequency response and time response to
an initial displacement. Furthermore, the model was used to cal-
culate the damping ratio as the distance between the magnet and
the conductor increase and compared to experimentally measured
damping ratios and those predicted using a previously developed
eddy current damper model. The results showed the model to be
very accurate and to significantly outperform the previous model.
The eddy current damper developed in this paper had the capabil-
ity to provide critical damping to the first mode of vibration and
reduce the second through fourth modes by 31, 22.5, and 14 dB,
respectively.
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Appendix
The integration /; in Eq. (10) is

2 .
sin ¢ 1 m —4yb
S
! f b7+ 2= 2yb sin )27 bynpz{m|: N4 2

0

37 —4yb T —4yb 37 —4yb

(A1)

where
mr=b>+y*+ (A2)
n*=(b-y)+2* (A3)
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p=(b+y)’+2 (A4)
The elliptic integrals of Eq. (A1) are
¢
E, =(¢>,m)=f (1 -msin® 0)d6 (A5)
0
¢
Ey=(¢m)= J (1 —msin® 6)"12d6 (A6)
0
The integration 7, in Eq. (11) is
2 .
b—ysin ¢ 1 (77—4yb)
I, = déd=—— E|— —
: JO (b* + 22 = 2yb sin ¢)>? ¢ bnp? s[ Ny 2
37 —4yb m —4yb 37 —4yb
EI(Ts 2 >] “'Pz[Ez(Z’ 2 ) +E2(Tv 2
(A7)
where
m?=b>+y*+7* (A8)
n?=(b-y)?+z (A9)
p=(b+y)+2 (A10)
s=b2—y* -7 (A11)
The elliptic integrals of Eq. (A7) are
¢
E, =(¢,m)=J (1 —m sin® 0)"%d6 (A12)
0
¢
E2=(¢,m)=J (1 —msin® 6)"'2d6 (A13)
0
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