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Machining vibrations often occur when working with thin-walled workpieces. One efective method to mitigate these vibrations is
by using a damper, which can enhance machining accuracy, surface fnish, and tool life. However, traditional contact dampers
have a drawback in that they require direct contact with the workpiece, leading to friction, wear, increased cutting forces, and
reduced machining accuracy. In contrast, electromagnetic eddy current dampers are noncontact dampers that can efectively
suppress machining vibrations without the need for physical contact. In this study, a method to suppress machining vibrations in
thin-walled workpieces using electromagnetic eddy current dampers is proposed. By establishing a theoretical model for the
electromagnetic damper, the damping force and equivalent damping of the damper are determined. Subsequently, the impact of
electromagnetic dampers on frequency response functions and machining vibrations are investigated through hammer impact
tests. Te results indicate that increasing the surface damper voltage and reducing the air gap both enhance the equivalent
damping of the electromagnetic eddy current damper. Moreover, cutting experiments are conducted to analyze the surface
roughness of thin-walled workpieces with and without dampers. Te results demonstrate that the eddy current damper can
efectively increase the equivalent damping and provide the necessary damping force to suppress machining chatter. Overall, the
proposed method utilizing electromagnetic eddy current dampers presents a promising solution for suppressing machining
vibrations in thin-walled workpieces.

1. Introduction

Tin-walled structures utilized in aerospace spacecraft de-
sign are commonly employed to minimize part mass and
decrease fuel consumption. However, the reduction in mass
is often accompanied by a decrease in the structure’s stif-
ness, making it prone to machining chatter [1, 2]. Machining
chatter, when it occurs, gives rise to various issues, including
increased tool wear, diminished machining quality, and
reduced machining efciency [3–6]. Consequently, fnding
efective methods to suppress machining chatter has become
a signifcant focus for researchers.

Controlling machining parameters is the traditional
method for suppressing machining chatter. Based on a sta-
bility prediction model and stability lobe diagram, the

cutting parameters are set in the stable cutting zone of the
stability lobe diagram by controlling the axial cutting depth
and spindle speed. In the turn-milling process, the turning
spindle and milling spindle rotate simultaneously, resulting
in constant changes in the axial cutting depth. Yan et al. [7]
proposed a stability prediction model for turn milling that
considered changing axial cutting depth and coupled
structural modes. Ozkirimli et al. [8] proposed a milling
stability prediction method suitable for use in fve-axis
milling and complex part machining. Te stability limits
can be predicted using the zeroth-order approximation
frequency domain method. Li et al. [9] designed a new type
of tool holder and developed a time-varying model to
control the stability of machining systems. Zhao et al. [10]
proposed a time-varying information model for controlling
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the machining stability of thin-walled parts, which is pre-
dicted based on time-varying information during machin-
ing. Te method for controlling machining parameters can
be carried out during the machining process; therefore, the
efciency of this method is higher. However, when original
modal parameters such as the stifness and damping of the
system are weak, the stable cutting area of the parts is small
in the stability lobe diagram.Terefore, for thin-walled parts,
it is difcult to achieve efective control of machining chatter
by controlling machining process parameters. Tis method
cannot satisfy the requirements of machining chatter control
of thin-walled parts.

Another efective strategy to control the vibration of
thin-walled parts is to employ dampers on the parts or
machining tools. Te mass, stifness, and damping of the
machining system can be efectively improved by applying
a damper to the system to increase the range of the stable
cutting area; thus, machining chatter can be suppressed, as
shown in Figure 1. Tuned mass dampers are widely used
compared to other passive devices, and they are easy to
implement and efective in controlling machining chatter
[11]. Kolluru et al. [12] proposed a novel surface damping
solution to realize the goal of suppressing high- and low-
frequency vibrations. In this solution, a thin fexible layer is
added to the surface of the workpiece and a discrete mass is
added to the surface of the fexible layer. Tus, the damping
of the workpiece is modifed.

Brecher et al. [13] presented an analytical method for
a multistage multimass damper to increase the robustness
and efective frequency range of a system. Te performance
was excellent at low damping values. Te reliability of the
results was verifed using fnite element simulations and
measurements. Yang et al. [14] designed a two-degree-tuned
mass damper that has two degrees and can be utilized in
machining chatter suppression of aluminum thin-frame
workpieces. Te design, modelling, and analysis of a new
magnetic spring damper were carried out by Ebrahimi et al.
[15]. Te electromagnetic force was estimated through
electromagnetic theory analysis, and the movingmagnet and
conductor jointly acted as a viscous damper. Ma et al. [16]
proposed a tuned mass damper that is imposed on the tool
shank and can rotate with the tool. Te frequency response
function of the tool can be predicted when the damper is
applied, and the stability can be improved by optimizing the
natural frequency and damping ratio of the mass damper.
Receptance coupling substructure analysis was applied by
Duncan et al. [17] to develop a model and investigate the
efect of a dynamic absorber on the spindle-holder-tool
assembly. It was demonstrated that the dynamic absorber
can improve the system dynamic stifness and critical sta-
bility limit of machining. To enhance the dynamic charac-
teristics of fxtures for a large workpiece, Munoa et al. [18]
presented variable-stifness tuned-mass dampers to improve
the dynamic stifness of the fxtures. Te stifness and
damping were varied using spring and eddy currents to
achieve optimal tuning. Habib et al. [19] presented a new
type of nonlinear tuned vibration absorber to mitigate the
nonlinear resonance of mechanical systems. Den Hartog’s
equal-peak method was employed to determine the

parameters of the absorber, and the results showed that the
nonlinear tuned vibration absorber is superior to the clas-
sical linear tuned vibration absorber. Wan et al. [20] pre-
sented a method for controlling vibrations during milling
using a dynamic vibration absorber. Te modal parameters
of the workpiece were predicted, and the efects of the
dynamic vibration absorber on the dominant modes and
response displacements of the workpiece were also studied.
Subsequently, the dynamic displacements were minimized
using an optimization algorithm.

According to the above analysis, it can be concluded that
a tuned mass damper can be easily applied at low cost. While
the tuning mass damper is often fxed on the workpiece, the
surface of the workpiece or tool cannot be destroyed to fx
the damper and fxture, and the system quality cannot be
altered. Terefore, one of the difculties in applying contact
dampers is installation and fxation. Tis problem can be
solved by a noncontact damper, which does not need to
come into contact with the workpiece or destroy the
workpiece surface. When a conductor moves in an elec-
tromagnetic feld, the magnetic fux through the conductor
changes, and an eddy current is produced in the conductor.
Te conductor is not in contact with the electromagnet
during the moving process, and equivalent damping appears
with the eddy current. Because of the aforementioned ad-
vantages of magnetic dampers, many scholars have con-
ducted research on magnetic and electromagnetic dampers.
An eddy current damper with a rack and gear was proposed
by Li et al. [21], and the linear relationship between the
damping torque and damping velocity was obtained through
a theoretical model. Te accuracy of the theoretical model
was evaluated using COMSOL Multiphysics, and the in-
fuence of plate thickness, position, and number of magnetic
poles on the damping torque was analyzed. Butt et al. [22]
designed a two-degree magnetic damper to provide an eddy
current damping force against machining chatter caused by
the cutting force and only the experimental studies were
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Figure 1: Infuence of a damper on the stability lobe diagram.
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carried out. Eddy current damping is related to the magnetic
fux density, which is caused by the neodymium magnets.
Te damping force can resist the chatter caused by the
cutting force. An electromagnetic damper that suppresses
vibration in aluminummachining processes was designed by
Sodano et al. [23]. Te damping is generated by the damping
force when the radial magnetic fux changes. Te damping
force on the structure can be predicted by a theoretical
model based on the electromagnetic theory. Te proposed
electromagnetic damper can improve the damping ratio of
the workpiece. Ebrahimi et al. [24] proposed a novel eddy
current damper that can produce damping owing to eddy
currents based on the electromagnetic theory. When the
conductor moves relative to the permanent magnets, elec-
tromagnetic forces and eddy currents are generated. Sim-
ulations were conducted to optimize the damper. It can be
concluded from the above analysis that much of the research
is concentrated on mass dampers, whereas magnetic and
electromagnetic dampers are less studied.

Based on previous studies, it can be inferred that contact
dampers require physical contact with the workpiece, ne-
cessitating direct installation on the workpiece itself. Hence,
a noncontact electromagnetic eddy current damper, capable
of being adjusted to accommodate the various modes of the
machining system, is better suited for the machining re-
quirements of thin-walled parts. Additionally, adjusting the
modal parameters of the system using dampers is closely
linked to the inherent modal parameters of the system.
Consequently, the damper parameters should be tailored to
the specifc modes of the tool and parts. Te use of non-
adjustable dampers restricts their application range and
presents signifcant limitations. Meanwhile, existing eddy
current dampers are mostly designed with permanent
magnets, and the equivalent damping of the damper is
closely related to the magnetic properties of the permanent
magnets, making it difcult to adjust. Terefore, designing
eddy current dampers with electromagnets allows for online
adjustment of their equivalent damping, which is benefcial
for controlling machining chatter. Terefore, studying the
infuence of electromagnetic eddy current damper param-
eters on the equivalent damping is helpful to select the
appropriate damper parameters and improve the machining
futter suppression efect.

Tis paper introduces a novel damper design that utilizes
an electromagnetic damper to generate a magnetic feld,
thereby inducing eddy currents in a conductor. Tis damper
efectively alters the stifness and damping of the system,
providing a means to mitigate machining chatter. Te
theoretical analysis begins by examining the mechanism of
electromagnetic feld generation and eddy current in-
duction. By applying electromagnetic theory, the relation-
ship between the equivalent damping caused by the
electromagnetic eddy current and the electrical parameters
of the electromagnet is established. Impact experiments are
then conducted to obtain the frequency response functions.
Te resulting equivalent damping values from both theo-
retical analysis and experiments are compared, considering
variations in voltage and air gap. Finally, machining ex-
periments are performed on thin-walled parts made of

aluminum alloy. Te surface condition and roughness of the
workpiece are measured to validate the reliability of the
theoretical analysis.

2. Eddy Current Damper Model

According to the electromagnetic theory, electromagnets
generate an electromagnetic feld under the infuence of an
electric feld when a voltage is applied to the electromagnet.
When the conductor moves in the electromagnetic feld in Y
direction, an eddy current is generated in the conductor
along with an electromagnetic force. Te electromagnetic
force hinders the movement of the conductor and equivalent
damping is generated. Te electromagnet is installed near
the conductor such that the thin-walled conductor is within
the range of the electromagnetic feld. When the conductor
is machined using the machining tool, it moves in Y di-
rection. Given that the conductor performs reciprocating
movement, the fux density of the magnetic feld in the
conductor changes, and eddy currents are generated. Ten,
the movement of the conductor is restrained by the action of
the electromagnetic force to achieve suppression of ma-
chining chatter. When the workpiece is successively close
and far from the electromagnet, the eddy current formed in
the conductor moves in the opposite direction. An eddy
current is generated in the clockwise direction when the
workpiece is close to the electromagnet, whereas an eddy
current is generated in the counter-clockwise direction when
the workpiece is far from the conductor. Te formation
principle of eddy currents is shown in Figure 2.

Based on the above electromagnetic force generation
principle, an electromagnetic eddy current damper was
designed as shown in Figure 3. Te front end of the damper
is an electromagnetic core surrounded by a coil. Te coil is
connected to the damper shell by a spring. Te shell of the
damper is a hollow nylon shell that prevents the conduction
of electricity and magnetism. When the coil is energized, an
electromagnetic feld is generated.

As the conductor moves in the magnetic feld, the
magnetic fux through the conductor changes. Tis can be
expressed using the following Maxwell’s equation:

􏽉
L
Edl � −

d∅m

dt

� −􏽚
S

zB

zt
ds,

(1)

where E is the electric feld strength, B is the magnetic fux
density, and ∅m is the magnetic fux.

Te eddy current density J generated by the conductor
moving in the magnetic feld can be expressed as follows:

J � σ(v × B), (2)

where v is the speed of movement and σ is the magnetic
permeability of the conductor.

When the conductor moves close to the electromagnet in
the magnetic feld, an eddy current is generated in the
conductor, and a magnetic force that hinders the movement
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of the conductor is also generated. According to the theory
of electromagnetic felds, the magnetic force generated in the
magnetic feld is mainly related to the change in magnetic
fux, which can be expressed as follows [23]:

FD �
B
2
0S0

2μ0
× 106, (3)

where S0 is the area of the electromagnet, μ0 is the per-
meability, and B0 is the magnetic fux density.

According to the production principle of the magnetic
fux in an electromagnet, the electromagnetic force can also
be expressed as follows:

FD �
μ0S0
8

Ud
2

ρ D2 + D1( 􏼁δ
􏼢 􏼣 × 106, (4)

where δ is the air gap, d is the diameter of the coil, U is the
voltage of the electromagnet, ρ is the resistivity of the
conductor, and D2 and D1 are the outer and inner diameters
of the electromagnet.

It can be observed that the maximum displacement
during machining is in the normal direction to the surface of
the workpiece. Terefore, the focus of modal analysis and

machining stability research is on the response and stability
in the normal direction of the workpiece. Te model has
been simplifed to a single-degree-of-freedom system model
for prediction and analysis. According to the dynamic
formula of a single-degree-of-freedom system, the re-
lationship between the exciting force and the displacement,
velocity, and acceleration can be expressed as follows:

m €X + c _X + kX � F, (5)

where m, c, and k denote the mass, damping, and stifness of
the single-degree system, respectively. When the conductor
is machined by a machining tool, it moves close and far from
the electromagnet in the axial direction of the electromagnet.
An eddy current is generated, and the magnetic force in-
hibits the reciprocating motion of the machining system.
Te damping force generated by the eddy current suppresses
machining chatter. Tis efect is related to the magnitude of
the electromagnetic force. When the eddy current damper is
applied to the machining system, the dynamic model of the
system can be expressed as follows:

m0
€X + c0

_X + FD􏼐 􏼑 + k0X � F,

m €X + c0 + ceq􏼐 􏼑 _X + kX � F.
(6)

Te restraining efect of the magnetic force generated by
a single electromagnet on the reciprocating motion of the
system can be expressed as the equivalent damping ceq:

ceq
_X � FD, (7)

ceq �
FD

_X
�
μ0S0
8v

Ud
2

ρ D2 + D1( 􏼁δ
􏼢 􏼣 × 106, (8)

where v is the moving speed of the conductor and δ is the air
gap of the magnetic feld. It can be concluded from equation
(8) that when the structure design of the electromagnetic
damper is determined, the equivalent damping of the system
in the application is related to the voltage and air gap.

3. Modal Analysis of Workpiece by Finite
Element Method

Dampers are usually applied to the zone of the workpiece
where the stifness is low and the dynamic deformation
displacement is the largest. To determine the position of the
damper, fnite element simulation software was used to
obtain the results of the modal analysis. Te natural fre-
quencies of the workpiece were calculated, and the results
are listed in Table 1.

Modal shapes corresponding to the natural frequencies
were also obtained. Te frst-order modal shape of the thin-
walled workpiece is shown in Figure 4. Tis fgure indicates
that the maximum dynamic deformation displacement is
located in the middle and above zones of the thin-walled
parts. When the natural frequency is 491.41Hz, the maxi-
mum response displacement is 1mm. Because the box-
shaped component has a close-to-symmetric structure, its
low-order results in modal analysis are similar. Te four
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Figure 2: Principle of eddy current formation.

Supporter Shell Coil Core

Figure 3: Schematic diagram of the proposed damper structure.
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thin-walled edges have similar processing stability, so the
analysis of processing stability is only conducted on one
edge. Terefore, the damper can be imposed on this zone to
suppress machining chatter.

4. Experimental Investigation of Eddy
Current Damping

To realize online adjustment of the equivalent damping of the
electromagnet, a DC power supply with an adjustable voltage
and current was used to control the electromagnet. Te
equivalent damping of the workpiece can be adjusted online by
controlling the voltage and size of the air gap. An electromagnet
with an iron core diameter of 14mm, length of 20mm, and
wire set diameter of 0.5mm was designed to conduct modal
measurement experiments. Te infuence of the eddy current
damper on the system damping was studied experimentally.
Tin-walled aluminum-alloy frame parts with a thickness of
2mm, height of 40mm, and side length of 100mm were se-
lected as conductors.Te damper was placed in themiddle and
outer sides of the thin-walled part. Excitationwas applied to the
inner side of the thin-walled part tomeasure the response of the
system during the impact experiments. Te electromagnet was
powered by an adjustable DC power supply, and the voltage
was adjusted using a voltage adjustment knob. A dynamic
signal analyzer (Benstone VP5), hammer, and accelerometer
were used for acceleration measurement, and the frequency
response function was derived. Te experimental device was
then set up as shown in Figure 5.

Te acceleration response of thin-walled aluminum-
alloy parts without damper was obtained by impact tests
in the frequency range of 0–2000Hz. Te maximum ac-
celeration was measured to be 586.15mm/s2/N at a natural

frequency of 700Hz. Ten, the eddy current damper was
imposed near the outside of the thin-walled workpiece, and
the air gap was set to 3mm. A voltage of 20V and current of
0.104 A were applied to the damper. Te maximum accel-
eration still occurred at a natural frequency of 700Hz, but it
was reduced to 403.28mm/s2/N for the electromagnetic
force caused by the eddy current. Te experimental results
showed that the response decreased signifcantly after the
damper was applied, decreasing to 68.8% of the maximum
value of the original acceleration response. Te response
curves of the system with and without the eddy current
damper are shown in Figure 6.

According to the theoretical analysis defned by equation
(9), when the core and coil of the electrode are determined,
they cannot be replaced during milling. Terefore, the
equivalent damping of the electromagnet can be adjusted
online only by adjusting the voltage U of the electromagnet
through an adjustable DC power and the air gap δ between
the electromagnet and the workpiece. On the basis of the
experimental device shown in Figure 5, the voltage and air
gap of the electromagnet were adjusted to verify the re-
liability of the theoretical analysis.

4.1. Infuence of Voltage on System Damping. According to
milling dynamics theory [25, 26], the amplitude of the
frequency response function of a machining system can be
expressed as

|∅(ω)| �
X

F0

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

􏼌􏼌􏼌􏼌􏼌􏼌􏼌􏼌

�
ω2

n

k

1
�������������������

ω2
n − ω2

􏼐 􏼑
2

+ 2εωωn( 􏼁
2

􏽱 ,

(9)

Table 1: Natural frequencies of the workpiece.

First order Second order Tird order Fourth order Fifth order Sixth order
Natural frequency (Hz) 490.41 529.98 530.01 585.08 1015.4 1157.9

Fre=490.41 Hz
Unit (mm)

0

0.111

0.222

0.333

0.444

0.556

0.667

0.778

0.889

1

Figure 4: Modal analysis of parts by fnite element analysis.

DamperWorkpiece Accelerometer Adjustable power

Figure 5: Experimental device for impact test when the damper is
applied.
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where ωn denotes the natural frequency of the system, ε
denotes the damping ratio, and k denotes the stifness of the
system.

Te frequency response function can be decomposed
into the real and imaginary parts as follows:

G(ω) �
ω2

n

k

ω2
n − ω2

ω2
n − ω2

􏼐 􏼑
2

+ 2εωωn( 􏼁
2
,

H(ω) �
ω2

n

k

−2εωωn

ω2
n − ω2

􏼐 􏼑
2

+ 2εωωn( 􏼁
2
.

(10)

Tus, the frequency response function can be expressed
as ∅(ω) � G(ω)+ jH(ω).

When the frequency is equal to the natural frequency
ω�ωn, the imaginary part of the frequency response
function can be expressed as follows:

H(ω) �
ω2

n

k

−1
2εω2

n

� −
1
2εk

.

(11)

According to equation (11), when the frequency is equal
to the natural frequency, the absolute value of the imagi-
nary part of the frequency response function is inversely
proportional to the damping ratio and stifness. Terefore,
with an increase in the input voltage, the equivalent
damping of the system will also increase, and the absolute
value of the imaginary part of the frequency response
function at the natural frequency will be smaller. Te
voltage applied to the damper was varied by adjusting the
DC power, and the voltage values were set to 10 V, 20 V,
and 30 V.Te image part of the acceleration response of the
system was measured during the impact test.Te results are
shown in Figure 7.

When the natural frequency is constant, the damping
ratio increases linearly with increasing damping. It can be
observed from the comparison in Figure 7 that the response
amplitude of the system decreases with an increase in the
electromagnet voltage. When a voltage of 10V was applied,
the frst-order natural frequency of the workpiece system
was 715Hz, and the corresponding extreme acceleration
value was 299.7mm/s2/N. When the applied voltage was
increased to 20V and 30V, the frst-order natural frequency
remained unchanged and the extreme value of acceleration
increased to 256.7mm/s2/N and 139.4mm/s2/N, re-
spectively.Tus, it can be concluded that, with an increase in
voltage, the eddy current damping generated by the elec-
tromagnet increases the equivalent damping of the system
and has little efect on the natural frequency of the system.
Te acceleration response of the system decreases with an
increase in voltage, and the absolute value of its acceleration
gradually decreases.

When the damper is applied, the damping of the system
can be decomposed into two parts: the original damping of
the system and the part induced by the damper. Te
damping ratio of the system at diferent voltages was ob-
tained by ftting, and the equivalent damping of the system
was calculated.

When the damping efect of the electromagnet resulting
from the eddy current was applied, the natural frequency of
the system remained unchanged. Te variation in its
equivalent damping is shown in Figure 8. When the voltage
increased from 10V to 30V, the equivalent damping ex-
perimentally achieved increased from 121.92N/ms−1 to
346.6N/ms−1 and the equivalent damping of the predicted
increased from 52.05N/ms−1 to 468.4N/ms−1. When the
voltage was less than 20V, the theoretically predicted results
were lower than the experimental results. When the voltage
exceeded 20V, the theoretical prediction results were sig-
nifcantly higher than the experimental results.
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4.2. Efect of Air Gap on Equivalent System Damping.
According to the theoretical model analysis, there is an
inversely proportional relationship between the size of the
air gap and equivalent damping of the system. When the
electromagnet is close to the conductor, the magnetic fux
increases, and when the magnet is far from the conductor,
the magnetic fux decreases.

Modal impact experiments were carried out to measure
the acceleration results of the frequency response function
when the air gaps were set at 1mm, 2mm, 3mm, 4mm, and
5mm. Te measurement results of the frequency response
function are shown in Figure 9.

When the damper was applied to the conductor, the
air gap of the electromagnet increased from 1mm to
3mm. Te amplitude of the response function corre-
sponding to the frst natural frequency increased from
98.55mm/s2/N to 169.7mm/s2/N. Te amplitude of the
response function without damper was 237.25mm/s2/N.
With an increase in the air gap, the amplitude of the
response function gradually increased on the frst-order
natural frequency, and the corresponding natural fre-
quency did not change signifcantly. Tere is evidence that
shows that the magnetic feld reduces with an increase in
the air gap, and the suppression efect on machining vi-
bration is also reduced.

As can be seen from the comparison of the results shown
in Figure 10, an increase in the air gap reduces the equivalent
damping of the system in the machining process of thin-
walled parts. When the air gap increased from 1mm
to 5mm, the equivalent damping decreased from
297.36N/ms−1 to 144.84N/ms−1. Te theoretical prediction
results show that when the air gap increases from 1mm to
5mm, the equivalent damping increases from 433.76N/
ms−1 to 33.35N/ms−1. Te variation trend of the theoretical
prediction results is clearly greater than that of the exper-
imental results, and the trends of the theoretical and pre-
dicted results are consistent.

5. Application of Eddy Current Damping on
Thin-Walled Workpiece Milling

Te eddy current damper was applied inmilling experiments
of thin-walled aluminum box parts on a Mikron 500E fve-
axis machining center. Te machining tool was a 10-mm-
diameter end-milling cutter. Te machining parameters
were as follows: spindle speed, 2100 rpm; feed speed,
500mm/min; axial cutting depth, 4mm; and radial cutting
depth, 4mm.Te settings of the thin-walled aluminum-alloy
machining are shown in Figure 11.

To study the suppression efect of the electromagnetic
eddy current damper onmachining vibration, the surfaces of
thin-walled workpieces with and without dampers were
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analyzed. A Hirox RX-100 3D video microscope was used to
measure the machined surface of the workpiece and evaluate
the surface profles. Te measured surface profle of the

workpiece is shown in Figure 12. When the eddy current
damper was not applied, there was an evident surface vi-
bration on the workpiece surface. After the damper was

Tool

Workpiece Damper

Adjustable power

Figure 11: Settings of thin-walled aluminum-alloy machining.
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Figure 12: Surface state of workpiece before and after application of damper. (a) Surface state of workpiece without damper. (b) Surface
state of workpiece with damper.
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Figure 13: Measured roughness results as a function of the damper voltage.
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applied, the vibration on the workpiece surface was sup-
pressed to a certain extent and the vibration on the work-
piece surface disappeared. Te peak value of the surface
without damper was 2308 μm and the peak value was re-
duced to 2158 μm.

To quantitatively analyze the suppression efect of the
electromagnetic eddy current damper on machining vi-
bration, a sample of aluminum-alloy thin-walled workpiece
was characterized: roughness and profle were measured.
Te measurements were conducted on a Hommel T8000 RC
roughness- and profle-measuring instrument.Te sampling
length was set to 5mm. Te roughness comparison results
are shown in Figure 13. Te roughness of the surfaces of the
workpiece with damper and workpiece without damper were
analyzed, and it was found that the surface vibration of the
thin-walled aluminum-alloy workpiece mainly appeared in
the middle area of the thin-walled part before the damper
was applied. Because the rigidity of the middle area was
weak, machining vibration was more likely to occur.Te two
end areas of the workpiece were originally at the corner of
the workpiece, the rigidity was signifcantly enhanced, and
the machining surface exhibited no evident vibration. Before
the damper was applied, the surface roughness of the middle
area of the thin-walled workpiece was 1.94 μm. After the
damper was applied, the surface vibration of the workpiece
reduced signifcantly. In addition, the surface roughness was
reduced to 1.04 μm. Te roughness of the workpiece also
reduced to 53.6% of its original value. Terefore, the pro-
posed electromagnetic eddy current damper can signif-
cantly increase the system equivalent damping and suppress
machining vibration.

6. Conclusions

In this study, an electromagnetic eddy current damper was
introduced to suppress the machining chatter of a thin-
walled aluminum-alloy workpiece. An electromagnetic eddy
current damper is a type of noncontact damper that can
suppress machining chatter without destroying the surface
of the workpiece. An electromagnetic eddy current damper
can change themagnetic fux of the system by controlling the
voltage and air gap of the damper. Terefore, the equivalent
damping of the system can also be controlled, and the
damper can realize online control in this manner. Trough
theoretical and experimental analyses, the following con-
clusions were drawn:

(1) A model of the equivalent damping of an electro-
magnetic eddy current damper was presented
resulting from theoretical analysis. Te efects of the
voltage and gap size on the equivalent damping were
analyzed. Te position where the damper was ap-
plied was also predicted using modal simulation of
the fnite element analysis method.

(2) Impact experiments on thin-walled aluminum-alloy
parts were carried out, and the experimental results
were compared with the theoretical prediction re-
sults when the voltage and air gap of the damper
varied. Te equivalent damping of the system

increased from 121.92N/ms−1 to 346.6N/ms−1 when
the voltage of the damper increased from 10V to
30V, and its equivalent damping decreased from
297.36N/ms−1 to 144.84N/ms−1 when the air gap
increased from 1mm to 5mm. Te experimental
measurement results were consistent with the the-
oretical prediction results.

(3) Milling experiments were performed on thin-walled
aluminum-alloy parts with and without electro-
magnetic eddy current dampers. Te surface
roughness of the workpiece was measured and it was
found that the surface roughness of the workpiece
was reduced from 1.94 μm to 1.04 μm after the
damper was applied. Te roughness of the parts
decreased to 53.6% when the eddy current damper
was used. Tese results show that the damper has an
evident suppression efect on machining chatter,
thereby verifying the reliability of the theoretical
analysis.
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[26] Y. Altintaş and E. Budak, “Analytical prediction of stability
lobes in milling,” CIRP Annals-Manufacturing Technology,
vol. 44, pp. 357–362, 1995.

10 Shock and Vibration




