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e basic operation principle of elastic support/dry friction damper in rotor system was introduced and the unbalance response
of the rotor with elastic support/dry friction damper was analyzed theoretically. Based on the previous structure using an
electromagnet as actuator, an active elastic support/dry friction damper using piezoelectric ceramic actuator was designed and its
e�ectiveness of reducing rotor vibration when rotor traverses its critical speed and blade-out event happened was experimentally
veri�ed. 
e experimental results show that the active elastic support/dry friction damper with piezoelectric ceramic actuator can
signi�cantly reduce vibration in rotor system; the vibration amplitude of the rotor in critical speed region decreased more than 2
times, and the active damper can protect the rotor when a blade-out event happened, so the rotor can traverse the critical speed and
shut down smoothly. In addition, the structure is much simpler than the previous, the weight was reduced by half and the power
consumption was only 5W.

1. Introduction

Rotors in aircra� engines mostly operate above the �rst
critical speed, some even over second and third critical
speeds. 
ey must traverse their critical speeds frequently in
the operation. When a blade-out event happens in an engine,
it must be shut down immediately [1]. However in this case,
the rotor will vibrate violently while traversing the critical
speed region due to the excessive unbalance. 
is could
cause further damage to the engine [1–3]. In Certi�cation
Speci�cations for Large Airplanes CS-25 [4], some clauses
about aircra� engine rotor are as follows. “Design precautions
must be taken to minimize the hazards to the airplane in the
event of an engine rotor failure.” “
ere must be means for
stopping the rotation of any engine individually in �ight.”
is
is a crucial challenge to the design of aircra� engines.

In order to deal with abovementioned problems, e�ective
dampingmust be incorporated into rotor systems. It has been
proven theoretically and experimentally that as a new rotor
vibration damper, the elastic support/dry friction damper can
signi�cantly attenuate the vibration amplitude of rotor system
in the critical speed region [5–7]; moreover, it is convenient
to be controlled by adjusting control voltage [8–11]. However,

due to its oversized electromagnetic actuator, the application
of such a damper in aircra� engines will be restricted.

In recent years, smart materials have received more and
more attention in structure vibration control. It has brought
some new ideas for vibration reduction design of mechanical
structure [12–14]. In this paper, an active elastic support/dry
friction damper with piezoelectric ceramic actuator was
designed, and an experimental investigation on the damper
controlling the rotor vibration in a blade-out event has been
carried out.
e result shows that the vibration of rotor system
in the critical speed region can be e�ectively controlled
when a blade-out event takes place, so the rotor can be
shut down smoothly. In addition, due to its simple structure,
light weight, fast response, and low power consumption, this
new damper with piezoelectric ceramic actuator shows a
promising application prospect.

2. Basic Operation Principle of Elastic
Support/Dry Friction Damper


e basic operation mode of an elastic support/dry friction
damper [7] is shown in Figure 1. A rotor (4) is supported by
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Figure 1: 
e basic operation principle of elastic support/dry friction damper (1: elastic support, 2: moving disk, 3: stationary disk, 4: rotor,
and 5: rolling bearing, A: actuator).

two elastic supports (1) and at the end cross section of each
one the dry friction damper can be �xed.
e damper consists
of 3 key components:moving disk (2), stationary disk (3), and
actuator (A). 
e moving disk which is �xed at the end cross
section of the elastic support is connected with bearing outer
ring and it does not rotate with the rotor. 
e stationary disk
is �xed on casing and can be moved in axial direction.

If the moving disk moves with the rotor vibration, a
relative motion and frictional force between the moving
disk and the stationary disk will take place. 
e frictional
force can be changed through adjusting pressing force by the
actuator.When the actuator provides an appropriate pressing
force, this will lead to a dry friction damping dissipating the
vibration energy.

3. Unbalance Response of the Rotor with
Elastic Support/Dry Friction Damper

In order to explain the principle and mechanism of the
elastic support/dry friction damper, the rotor systemhas been
considered as a rigid rotor supported on elastic supports,
as shown in Figure 2. It consists of a concentrated mass, a
spring, a viscous damper, and a dry friction damper. 
e
concentrated mass� includes all the system mass, �1 is the
sti�ness coe�cient of the elastic support, and � is the damping
coe�cient of the system without the damping from the dry
friction damper. In the dashed box, it is the dry friction
damper. �(�) represents the damping force from the damper,�� = �� is the friction force, and � is the pressing force
between themoving disk and stationary disk.When a relative
motion between the moving disk and stationary disk occurs,�� = �� and when the relative motion does not occur,
the static contact of both disks is represented by a sti�ness
coe�cient �2.


e constitutive relation of the damping force �(�) from
the dry friction damper is shown in Figure 3. 
e 	�
represents the amplitude of the displacement of mass �.

is reveals the hysteretic property of �(�) related to the
displacement 	 between the two disks.
e following analysis
is based on harmonic balance method [15, 16].


emaximumdeformation overcoming the static contact
limit is

	� = ���2 . (1)

It means when 	� > 	�, there will be a relative motion
between the two disks and when 	� < 	�, there will be no
relative motion between both disks.

In the case of 	� > 	�, the equation ofmotion of the rotor
system is

�	̈ + �	̇ + �1	 + � (�) = �Ω2 sinΩ�, (2)

where � is the unbalanced mass and  is the eccentricity of
the mass�.

We introduce the following variables:

� = �,
�2 = �1�,

� = �
2√��1 ,

� = ��,

(3)

where � represents the unbalance of the rotor;� is de�ned as
damping ratio; � is de�ned as the relative eccentricity.

Instituting them into (2) gives

	̈ + 2��	̇ + �2	 + � (�)� = �Ω2 sin (Ω�) . (4)

It is a nonlinear equation associated with friction models.
Generally, one cannot obtain an analytical solution directly.
However, according to references [15, 16], the synchronous
component dominates in the vibration ofmechanical systems
in some cases of hysteretic friction modes. 
erefore, we
assume the solution of (4) as the following form approxi-
mately:

	 (�) = 	� sin (Ω� + �) . (5)
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Figure 2: 
e one degree of freedom model of the rotor system with dry friction damper.
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Figure 3: 
e constitutive relation of the damping force �(�).


e damping force �(�) is a periodic function with the
rotation of the rotor, its period is 2�/Ω.

Let

Ω� + � = � (�) + �2 (6)

and substitute it into (5), we obtain

	 (�) = 	� cos (�) . (7)


en, according to the relationship between �(�) and	(�)
in Figure 4, �(�) at any � can be obtained as follows:

� (�)

=
{{{{{{{{{{{{{{{{{{{{{

�� [	� cos � − (	� − 	�)	� ] 0 ≤ � < �
−�� � ≤ � < �
−�� [	� cos (� − �) − (	� − 	�)	� ] � ≤ � < � + �
�� � + � ≤ � < 2�,

(8)

where ̄� is the phase angle of point # and can be calculated by
the following equation:

̄� = arccos
	� − 2	�	� . (9)

� = �
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� = 0

z(�)

xy

xm
ad

x

bc

Figure 4:
e constitutive relation of the damping force �(�) (angle
domain).

Make Fourier series expansion for (8):

� (�) = ∑(%� cos &� + #� sin &�) . (10)

In the critical region, the synchronous component dom-
inates in the vibration of mechanical systems in some cases
of hysteretic friction modes [15, 16]. So let & = 1, �(�) can be
simpli�ed approximately as

� (�) = %1 cos � + #1 sin �, (11)

where

%1 = 1� ∫
�

−�
� (�) cos � *�

#1 = 1� ∫
�

−�
� (�) sin � *�.

(12)

Substituting (8) into (12), %1 and #1 are then obtained as
follows:

%1 = ��� ( ̄� − sin ̄� cos ̄�) 	�	�
#1 = −4��� (1 − 	�	�) .

(13)
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Figure 5: 
e amplitude-frequency diagram of the rotor under
di�erent pressing forces.

Substitute %1 and #1 into (11) and considering (6), we get

� (�) = ��� ( ̄� − sin ̄� cos ̄�) 	�	� sin (Ω� + �)
+ 4��� (1 − 	�	�) cos (Ω� + �) .

(14)

By substitution of �(�), (4) becomes

	̈ + 2��	̇ + �2	 + ���� ( ̄� − sin ̄� cos ̄�) 	�	� sin (Ω� + �)
+ 4���� (1 − 	�	�) cos (Ω� + �) = �Ω2 sin (Ωt) .

(15)

Substituting (5) into (15) and equating the coe�cients of
cos(Ω� + �) and sin(Ω� + �) from both sides of the equation,
respectively, a system of algebraic equations is then obtained
as follows:

−	�Ω2 + �2	� + 1� ��� ( ̄� − sin ̄� cos ̄�) 	�	� = �Ω
2 cos (�)

2��	�Ω + 1� 4��� (1 − 	�	�) = −�Ω
2 sin (�) .

(16)

Getting square of both sides of the above two equations
and adding them together, we obtain

[(�2 − Ω2) 	� + �2�2	��1� ( ̄� − sin ̄� cos ̄�)]2

+ [2��Ω	� + 4�2���1� (1 − ���2	�)]
2 = �2Ω4,

(17)

where �2 = �1/�, �2 = ��/	�, �� = ��.
Equation (17) holds only when 	� > 	�.
In the case of	� < 	�, there is no relativemotion between

the moving disk and stationary disk. 
us, the system is
purely linear, and the unbalance response 	� of the rotor can
be calculated by (18) directly:

	� = �Ω2
√(�2 − Ω2)2 + (2��Ω)2 , (18)

where �2 = 8/�,� = �/2√�8, 8 = �1 + �2.
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Figure 6: 
e amplitude-frequency diagram of the rotor under
di�erent pressing forces applied during the critical speed region
(1400∼1700 rpm).
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Figure 7: 
e amplitude-frequency diagram of the rotor when
blade-out event happened.

Figure 5 shows the comparison of the unbalance response
under di�erent pressing forces between the moving disk and
stationary disk by digital simulation. 
e parameters are as
follows:

� = 20 kg, �1 = 5.3 × 105N/m,
�2 = 2.5 × 105N/m, � = 130N ⋅ s/m,

� = 1.3 × 10−3 kg ⋅m, � = 0.3,
� = 0, 50, 150, 300, 1000, 2000N.

(19)

As shown in Figure 5, with the increase of the pressing
force�, the peak amplitude of the rotor at the critical speed
decreases at �rst and then increases. So, there must be an
optimum pressing force under which the rotor can traverse
the critical speed smoothly.When the pressing force increases
to 2000N, the equation 	� < 	� is always true in the whole
rotational speed region. 
ere is no relative motion between
the moving disk and stationary disk. Under this condition,
the elastic support/dry friction damper will not come into
play.

Furthermore, from Figure 5, we can also see that the
critical speed of the rotor increases with the pressing force�.

is is due to the sti�ness increase by �2 which is brought by
the damper. And this problem can be avoided by changing
the control strategy of the pressing force. Figure 6 is the
amplitude-frequency diagram under di�erent pressing forces
only applied during the critical speed region (1400–1700 rpm)
with other parameters unchanging.

As shown in Figure 6, when pressing force is only applied
in the critical speed region (1400–1700 rpm), the elastic
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Figure 8: 
e active elastic support/dry friction damper with electromagnetic actuator.
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Figure 9: 
e Experimental result of the rotor with active elastic support/dry friction damper with electromagnetic actuator.

support/dry friction damper can reduce the peak amplitude
of the rotor vibration at the critical speed signi�cantly, while
the dynamic characteristics beyond the critical speed region
will not change, despite of the pressing force input, as shown
in Figure 6.

Assume that the original unbalance force of the rotor

is � = 0.5 × 10−3 kg ⋅ m, the rotational speed of the
rotor is 2800 rpm (above the critical speed) and keeps other
parameters unchanging. When blade-out event happens, the

unbalance force of the rotor increases to � = 2 × 10−3 kg ⋅
m. It causes a sudden increase of vibration of the rotor.

e vibration will become violent when the rotor passes the

critical speed. 
is violent vibration may lead to damage to a
machine in practice. Figure 7 shows the amplitude-frequency
diagram of the rotor when blade-out event happened.

As shown in Figure 7, the amplitude of the rotor at
the critical speed increases 3∼4 times when blade-out event
happened. If there are no e�ective damping measures in the
rotor system, some serious damages may be caused during
the coast down process. When an appropriate dry friction
damping force is added (the pressing force was 100N), the
amplitude of vibration at the critical speed will be attenuated
signi�cantly and the rotor may be protected in this case.

4. Structure of the Piezoelectric Ceramic
Actuator and the Experimental Setup


estructure of the active elastic support/dry friction damper
with electromagnetic actuator is shown in Figure 8. 
e
device in the dashed box of the �gure is the electromagnetic
actuator. 
eoretical and experimental investigations have
proven that such a type of active dampers is very e�ective for
reducing vibrations of rotor systems [8–11]. Figure 9 shows
experimental results of a rotor with active elastic support/dry
friction damper with electromagnetic actuator [8, 10]. 
e
amplitude of vibration of the rotor is signi�cantly attenuated
at critical speed by the damper. But for application in aircra�
engines, its size and weight must be reduced; besides, it is too
complicated.

To this end, an active elastic support/dry friction damper
with piezoelectric ceramic actuator was designed. 
e sti�-
ness of the piezoelectric ceramic used is 35N/�m. As shown
in Figure 10, the piezoelectric ceramic can elongate at least
37 �m in the range of operating voltage, or create a maximum
extrusion force of about 1300N. It is adequate to provide the
pressing force for the damper.


ebasic structure of the piezoelectric ceramic actuator is
shown in Figure 11. 
e component (1) is the stationary disk,
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Figure 10: 
e piezoelectric ceramic and its voltage-strain curves and voltage-force curves.
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Figure 11: 
e elastic support/dry friction damper with piezoelectric ceramic actuator (1: stationary disk, 2: sleeve, 3: diving key, 4: support
cylinder, 5: piezoelectric ceramic, 6: small disc, 7: hemisphere, 8: preload bolt, and 9: preload bolt hole).



Shock and Vibration 7

�e controller

Figure 12: 
e whole experimental setup.

Figure 13: Simulation of blade-out event.

which is �xed on sleeve (2). 
e sleeve which is mounted
on support cylinder (4) can move in axial direction. Diving
key (3) can prevent the sleeve from rotating. Piezoelectric
ceramic (5) are placed in three via holes which are bored in
support cylinder (4). As the piezoelectric ceramic cannot bear
shear load, a small disc (6) and a hemisphere (7) are placed
before and behind the piezoelectric ceramic, respectively.
e
preload between the stationary disk and moving disk can be
adjusted by screwing preload bolt (8) in preload bolt hole
(9). 
en, the pressing force between the stationary disk and
moving disk can be changed by adjusting the control voltage
of the piezoelectric ceramic. 
is means that the damping of
the rotor system can be controlled by adjusting the voltage.


e whole experimental setup is shown in Figure 12.
It mainly includes a rotor, two elastic support/dry friction
dampers, a photoelectric probe (Schenck P84), and two
proximity probes (Schenck IN-085). 
e probe information
is shown in the following Table 1. 
e signals of the probes
are acquired and processed by a condition monitoring and
dynamic balancing system (CAMB9100).

As a result of using the piezoelectric ceramic, the struc-
ture of the active elastic support/dry friction damper is much
simpler and lighter (its weight is 3.5 kg) than the previous
electromagnetic actuator (its weight is 7.4 kg).
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Figure 14: 
e Bode curves of the rotor system with various
damping force applied from the beginning to the end of the rotor
running (CH1).

Table 1: Probe information.

Channels Probe type Positions Angles

Rotation speed
photoelectric

probe
Near the sha�

Horizontal
(15∘)

CH1 Proximity probe Probe frame
Horizontal

(0∘)

CH2 Proximity probe Probe frame Vertical (90∘)

5. Experimental Process and Analyses

In order to verify the damping e�ect of the active elastic
support/dry friction damper with piezoelectric ceramic actu-
ator and its protection for the rotor when blade-out event
happens, the following two sets of experiments were carried
out.

(A) 
e damping e�ect of the active elastic support/dry
friction damper with piezoelectric ceramic actuator is as
follows.

(1) 
e rotor was shut down and coasted down from
2000 r/min to 0 r/min, and the dry friction damper
was actuated from beginning to the end of the rotor
running. 
e control voltage of the piezoelectric
ceramic actuator was adjusted as 0V, 20V, 50V, 100V,
125V, and 150V (the pressing force was 0N, 150N,
420N, 810N, 980N, and 1120N), respectively.

(2) 
e rotor was shut down and coasted down from
2000 r/min to 0 r/min, and the dry friction damper
was actuated just in the critical speed region
(1400 rpm∼1670 rpm). 
e same control voltages
were input into the piezoelectric ceramic actuator,
that is, 0 V, 100V, 125V, and 150V (the pressing force
was 0N, 810N, 980N, and 1120N).

(3) 
e rotor was run at a given rotational speed
(1524 rpm) near the critical speed and a�erwards the
dry friction damper was actuated on the rotor.

(B) 
e rotor protection by active elastic support/dry
friction damper with piezoelectric ceramic actuator when
blade-out event happens is as follows.

(1) 
e rotor was run at a given speed (1700 rpm) above
the critical speed.
en, the blade-out event happened
and a�erwards the dry friction damper was actuated.
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Figure 15:
e Bode curves of the rotor systemwith various damping force applied just during the critical speed region (1400 rpm∼1670 rpm)
(CH1).
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Figure 16: 
e contrast of Bode curves of the rotor system by two
damping applied methods (CH1).
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Figure 17: 
e time domain waveforms of the rotor system at the
rotational speeds of 1524 rpm.

(2) 
e rotor was run up under well balanced state to
a given speed (1700 rpm) above the critical speed,
and then the blade out event happened. A�erwards
the rotor was shut down and coasted down without
dry friction damper applied. Finally, this process was
repeated with dry friction damper applied.

As shown in Figure 13, a mass of 1.5 gram was adhered
on the rotor and �ew out at about 1700 rpm.
is was used to
simulate the blade-out event.

Figure 14 shows the result of experiment A(1). It is the
amplitude of rotor vibration in horizontal direction versus
rotational speed; the voltage input into the damper is taken as
parameter a�ecting the pressing force between the stationary
disk and moving disk. In vertical direction, it follows the
same trend. When the elastic support/dry friction damper
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Figure 18: 
e rotor protection by elastic support/dry friction
damper when blade-out event happened.

was actuated, the vibration amplitude of the rotor system
decreased signi�cantly, especially in the critical speed region.

e attenuation of the rotor vibration by the damper was
sensitively related to the control voltage provided to the
damper. 
ere was an optimum control voltage (100V, the
pressing force was 810N) suppressing the amplitude by 2.6
times, that is, from 700 �m to 270�m. Beyond this optimum
voltage, the vibration amplitude in the critical speed region
increased slightly. Additionally, the critical speed of the
rotor increased slightly too. 
is result agrees well with the
theoretical analysis in Section 2.

Figure 15 illustrates the result of experiment A(2). It
indicates the e�ect of the damper by on/o� control strategy in
the critical speed region (1400 rpm∼1670 rpm). Figure 15(a)
shows the amplitude of rotor vibration in horizontal direction
versus rotational speed; the voltage input into the damper
is taken as parameter a�ecting the pressing force between
the stationary disk and moving disk. In vertical direction,
it follows the same trend. Figure 15(b) shows the damper’s
control voltage versus the rotational speed. It was input into
the damper only in the critical speed region and followed
on/o� control strategy. In Figure 15(a), when the elastic
support/dry friction damper was actuated only in the critical
speed region, the vibration amplitude of the rotor system in
the regionwas signi�cantly reduced, while in the other region
it did not change.When the control voltage reached 125V (the
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Figure 19: 
e rotor protection by elastic support/dry friction damper during shutdown.

pressing force was 980N), the amplitude at the critical speed
was also decreased 2.6 times. When the control voltage was
125V (the pressing force was 980N) and 150V (the pressing
force was 1120N), the two curves were almost identical. It
means that by the on/o� control strategy, the damper reached
its optimum e�ect with a voltage 125V (the pressing force was
980N), above this value, the damping e�ect did not change.

ese results also agree well with the theoretical analysis in
Section 2.

Figure 16 gives a comparison of the results of A(1) with
those of A(2). 
e amplitude-speed curves of A(1) were
displayed by dotted line, while the results of A(2) by solid
line. From Figure 16, it follows obviously that the on/o�
control strategy of the damper was su�cient to attenuate the
vibration amplitude in the critical speed region.

Figure 17 shows the result of experiment A(3). It is the
waveforms of vibration of the rotor system in horizontal
direction at the rotational speed of 1524 rpm. 
e elastic
support/dry friction damper was actuated at about 0.75 s.
e
peak-to-peak value decreased rapidly from400�mto 200�m
approximately a�er 2∼3 periods (about 0.1 s). Compared with
Figure 9(b), the response time decreased more than 80%. In
Figure 9(b), the response timewas 10∼12 periods (about 0.5 s)
[10].

Figure 18 illustrates the result of experiment B(1). It shows
the waveforms of the rotor protected by elastic support/dry
friction damper a�er blade-out event happened. 
e blade-
out event happened at about the 51 s, then the peak-to-
peak value increased rapidly and was maintained at about
260 �m.
e elastic support/dry friction damperwas actuated
at about 56 s then the peak-to-peak value decreased and was
maintained at about 200�m. 
e result indicates that the
protection e�ect by elastic support/dry friction damper is
satisfactory.

Figure 19 shows the result of experiment B(2). It is the
amplitude of rotor vibration in horizontal direction versus
rotational speed during shut down when blade-out event
happened. In Figure 19(a), �rstly the rotor traversed the
critical speed smoothly during startup in balanced state.

en at some time, the blade-out event happened. In this
condition when the rotor shut down and coasted down the
amplitude at the critical speed increased more than 2 times,
from about 400�m to 1000 �m, this is extremely dangerous.
In Figure 19(b), repeated the rotor startup process in the
balanced state and blade-out event happened. A�er that,

Table 2: Comparison of two dampers.

Electromagnetic
actuator [8, 10]

Piezoelectric ceramic
actuator

Weight 7.4 kg 3.5 kg

Response time
10∼12 periods
(about 0.5 s)

2∼3 periods
(about 0.1 s)

Power consumption 25W (max) 5W (max)

actuating the elastic support/dry friction damper (the control
voltage was 100V, the pressing force was 810N). In this
condition, the vibration of rotor system in the critical speed
region was e�ectively controlled, and the rotor traversed
the critical speed smoothly during shutdown. 
e peak
amplitude almost equaled that in the balanced state.

In addition, the power of the piezoelectric ceramic was
lower than 5W in all the above experiments. Table 2 shows
the comparison of important parameters of piezoelectric
ceramic actuator and electromagnetic actuator. 
is com-
parison gives a clear result indicating the advantages of
the elastic support/dry friction damper with piezoelectric
ceramic actuator.

6. Conclusions

In this paper, an active elastic support/dry friction damper
with piezoelectric ceramic actuator was designed, and its
damping e�ectiveness on reducing vibrations of rotor systems
was veri�ed theoretically and experimentally. 
e main
conclusions are summarized as follows.

(1) 
e elastic support/dry friction damper with piezo-
electric ceramic actuator has good damping e�ects.

e vibration amplitude of a rotor traversing the
critical speed can be reduced signi�cantly.

(2) For a designed rotor with the elastic support/dry
friction damper, there is an optimum value of the
pressing force between the stationary and moving
disks at which the damper has the best damping e�ect.
If the pressing force exceeds this value, the damping
e�ectwill becomeworse, and the characteristics of the
rotor system will be changed.

(3) If the operating speed of a rotor is above the critical
speed, the elastic support/dry friction damper with
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piezoelectric ceramic actuator can protect the rotor
when a blade out event takes place. 
e damper
can attenuate the vibration amplitude of the rotor
traversing the critical speed signi�cantly.

(4) 
e active elastic support/dry friction damper with
piezoelectric ceramic actuator is featured by simple
structure, light weight, fast response, and low power
consumption. It is a promising active damper to be
applied in rotating machinery.
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