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Abstract: In the semiconductor manufacturing industry, the dynamic model of a controlled object is usually obtained from a
frequency sweeping method before motion control. However, the existing isolators cannot properly isolate the disturbance of the
inertial force on the platform base during frequency sweeping (the frequency is between 0 Hz and the natural frequency). In this
paper, an adjustable anti-resonance frequency controller for a dual-stage actuation semi-active vibration isolation system (DSASAVIS) is proposed. This system has a significant anti-resonance characteristic; that is, the vibration amplitude can drop to nearly
zero at a particular frequency, which is called the anti-resonance frequency. The proposed controller is designed to add an adjustable anti-resonance frequency to fully use this unique anti-resonance characteristic. Experimental results show that the
closed-loop transmissibility is less than −15 dB from 0 Hz to the initial anti-resonance frequency. Furthermore, it is less than
−30 dB around an added anti-resonance frequency which can be adjusted from 0 Hz to the initial anti-resonance frequency by
changing the parameters of the proposed controller. With the proposed controller, the disturbance amplitude of the payload decays
from 4 to 0.5 mm/s with a reduction of 87.5% for the impulse disturbance applied to the platform base. Simultaneously, the system
can adjust the anti-resonance frequency point in real time by tracking the frequency sweeping disturbances, and a good vibration
isolation performance is achieved. This indicates that the DSA-SAVIS and the proposed controller can be applied in the guarantee
of an ultra-low vibration environment, especially at frequency sweeping in the semiconductor manufacturing industry.
Key words: Semi-active vibration isolation; Dual-stage actuation; Dynamic vibration absorption; Adjustable anti-resonance
frequency controller
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1 Introduction
It is of great scientific significance and practical
value to fully study vibration isolation (Matichard
et al., 2015). Vibration isolation is one of the four core
technologies of the lithography machine (Ding et al.,
2011). Besides, there is an urgent demand for the
guarantee of an ultra-low vibration environment in
‡
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the fields of semiconductor manufacturing (Carre
et al., 1982), ultra-precision measurement (Lee et al.,
2011; Ito et al., 2015, 2017), ultra-precision processing (Li et al., 2019), floating raft (Zhao and Chen,
2008; Yang et al., 2017), and aerospace (Bronowicki
et al., 2003; Butler, 2011; Ismagilov et al., 2020). In
the semiconductor manufacturing industry, the dynamic model of a controlled object is usually obtained
from a frequency sweeping method before motion
control. However, the inertial force generated during
frequency sweeping will react with the platform base,
which equals the disturbance force that frequency
variation exerts on the whole system (Yin et al., 2012).
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Actually, the existing isolators cannot fully isolate the
vibration against the perturbation of a specific
frequency, especially between 0 Hz and the natural
frequency. The proposal of new vibration isolation
control methods is necessary to meet similar vibration
isolation requirements.
The passive vibration isolation system (PVIS),
such as springs, has advantages of simple structure
and easy realization (Kamesh et al., 2012; Alujević
et al., 2018). However, due to the limitation that the
stiffness of springs cannot be infinitely small, PVIS
cannot achieve ultra-low frequency vibration isolation (Coronado et al., 2013). Therefore, the active
vibration isolation system (AVIS) has been proposed.
AVIS is composed of sensors, actuators, a control
system, and passive vibration isolation components
(Nelson, 1991; Qiu et al., 2018). Compared with
PVIS, AVIS can adjust parameters of the system
flexibly according to the object of vibration isolation.
Therefore, AVIS has advantages of good adaptability,
low-frequency vibration isolation, and light weight,
and has become the research focus of vibration isolation technology. AVIS is divided into a full-active
vibration absorber and a semi-active vibration absorber. Due to the complex structure and the amount
of energy consumption of the full-active vibration
absorber, the semi-active vibration absorber is more
widely applied (Xu JW et al., 2020). Semi-active
vibration absorption technology can give suppress
vibration isolation by installing a tuned dynamic vibration absorber, which tracks the frequency of the
main system vibration by adjusting its natural frequency.
To isolate frequency sweeping disturbances
generated during frequency sweeping in the semiconductor industry, variable stiffness technology is
the key to determining the vibration isolation performance in the semi-active vibration isolation
(Zhang et al., 2019). This technology is divided into
mechanical variable stiffness technology (such as the
combined beam structure and air spring) and the intelligent material variable stiffness technology (such
as piezoelectric materials and shape memory alloys)
(Suzuki and Abe, 2013). Brennan (1997) proposed an
air spring to design a dynamic absorber that can
change the stiffness of the absorber by varying the
magnitude of the pressure in the balloon. The air

1391

spring is strongly related to the bearing capacity and
can be designed at a large size according to the actual
needs. In addition, it is durable, has good anti-fatigue
properties, and allows a large deformation amount to
meet the requirements of low frequency. However,
the tuning speed of the air spring dynamic vibration
absorber is relatively slow and cannot meet the requirement of higher frequency vibration. Nagaya et al.
(1999) proposed an assumption of variable stiffness
of a cantilever beam structure, and designed a cantilever beam type semi-active dynamic vibration absorber. However, the longitudinal size of the structure
is asymmetrical and large. In addition to applying a
vertical force to the damping object, the effect of
alternating torque results in the damping object producing unexpected rotation.
Recently, the piezoelectric actuator (PZT) becomes more attractive in the field of vibration isolation because of the advantages of wide band, high
precision, fast response, and light weight (Niu JC
et al., 2005; Qu et al., 2019; Wang et al., 2019). Davis
and Lesieutre (2000) proposed a PZT semi-active
dynamic absorber with a frequency shift range of
243–257 Hz using PZT variable stiffness technology.
Yong et al. (2004) proposed a method to change the
stiffness of the spring and realized the frequency shift
of the vibration absorber by controlling the deformation of PZT and adjusting the friction force between PZT and the side wall to change the coupling
degree of the two springs. The wide band and large
amplitude characteristics of PZT were fully used and
the disadvantage of a small deformation of PZT was
avoided, but the change in stiffness is not linear and is
difficult to control.
In this paper, an adjustable anti-resonance frequency controller for a dual-stage actuation semiactive vibration isolation system (DSA-SAVIS) is
proposed and tested to isolate frequency sweeping
disturbances instead of using variable stiffness technology. The DSA-SAVIS with the proposed controller
has a unique dynamic absorber characteristic and
allows an adjusting anti-resonance frequency point in
real time by tracking external disturbances. It makes
the best of the advantages of both voice coil motor
(VCM) and PZT based on the principle of dynamic
vibration absorption.
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2 Description and mathematical modeling of
the system
2.1 Design of the DSA-SAVIS
Based on the analysis of the dynamic vibration
absorption principle, the prototype of the DSASAVIS is designed (Fig. 1), including the payload,
base, connecting plate, air floating rails, passive vibration isolation spring, active actuator VCM, and
PZT. The VCM has a long motion stroke with zero
stiffness. However, it works only in low frequency
band, and its resolution is not high enough for the
isolation of micro vibration. The PZT has advantages
such as wide band and extremely high resolution, but
the stroke of the PZT is only a few tens of microns.
The proposed dual-stage actuator (DSA) is created by
serially connecting a VCM onto a PZT. The DSA
combines their advantages and obtains wide control
frequency band, high resolution, and long motion
stroke in the SAVIS.
The schematic of the designed DSA-SAVIS is
shown in Fig. 2, where m1 is the mass of the payload,
m2 is the sum mass of the VCM mover, PZT, and
connecting plate, k is the stiffness of the passive vibration isolation system, c is the damping of the passive vibration isolation system, fv and fp are the VCM
force and PZT force, respectively, and x1, x2, and xb
are the displacements of the payload, VCM mover,
and base, respectively.

where N is the number of coil turns, B is the average
magnetic induction of the air gap, d is the diameter of
the coil, I is the current value of the coil, and ki=NBπd
is the thrust coefficient of the VCM.
The one-dimensional piezoelectric constitutive
equation is as follows:
=
 D d33σ + ε 33 E ,

=
 σ Ep (ε − d33 E ),

where D is the longitudinal electric displacement, d33
is the longitudinal piezoelectric strain coefficient, σ is
the longitudinal stress of the piezoelectric ceramic
piece, ε33 is the dielectric constant, E is the longitudinal electric field intensity, Ep is the elastic modulus
of the PZT, and ε is the longitudinal strain.
The operating voltage, longitudinal displacement, and output force of the PZT actuator can be
derived as

2.2 Mathematical modeling of the DSA-SAVIS
law:

(2)

U = Eh,
δ = nε h,

(3)
(4)

fp = − A
=
σ kuU − kpδ ,

(5)
x1

m1

fp
x2
k

c

m2

The output force of the VCM follows Faraday’s
fv

f v = NBπdI = ki I ,

(1)

xb

Fig. 2 Schematic of the designed DSA-SAVIS

Spring
Payload
Air-float rails
PZT
Connecting plate
Mover of VCM
Stator of VCM
Base

Fig. 1 Prototype of the designed dual-stage actuation semi-active vibration isolation system (DSA-SAVIS)
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where h is the thickness of a single layer of the
stacked actuator, n is the number of stacked ceramic
layers, A is the area of the piezoelectric ceramic piece,
ku=AEpd33/h is the force coefficient of the PZT, and
kp=AEp/(nh) is the stiffness of the PZT.
Because the stiffness of the piezoelectric ceramics is too large, it is reduced by connecting a PZT
series with springs. The stiffness of the PZT actuator
can be rewritten as
kp

 AEp kL (nh)   AEp (nh) + kL  ,

(6)

Fig. 3 shows the conceptual Bode diagram of the
system without any controller. There are two resonant
frequencies, ω1 and ω2. The value of c is less than 0.1,
and consider that c has little influence on the frequency transfer characteristics. To express clearly the
frequency transfer characteristics of the SAVIS,
Eq. (10) is equivalent to
m2 ks 2 + kkp
X 1 (s)
=
X b ( s ) m1m 2 s 4 + (m1kp + m2 k + m2 kp ) s 2 + kkp
=

where kL is the stiffness of the springs.
The equation of motion of the DSA-SAVIS is
given by

(11)
2
where ω1ω2 = ω3 k m1 , ω12 + ω=
kp m2 + k m1 +
2

(7)

Substituting Eqs. (1) and (5) into Eq. (7) and
noting that δ=x1−x2, the dynamic equation becomes
x2 =ki I − kuU + kp ( x1 − x2 ),
m2 
(8)

x1 = kuU − kp ( x1 − x2 ) − k ( x1 − xb ) − c( x1 − xb ).
m1 

kp m1 , and ω3 = kp m2 .

Magnitude (dB)

x=
fv − fp ,
m2 
2
 
 m1 x1 = f p − k ( x1 − xb ) − c( x1 − xb ).

s 2 + ω32
k
,
m1 ( s 2 + ω12 )( s 2 + ω22 )

0

ω

ω3
ω1

ω2

Fig. 3 Bode diagram of the system without any controller

2.3 Characteristic analysis
DSA-SAVIS is a linear time-invariant system,
and it is assumed that the initial condition of the system is zero. Let control inputs become zero, namely,
I=0 and U=0. Then the Laplace transform of Eq. (8)
can be written as
m2 s 2=
X 2 ( s ) kp X 1 ( s ) − kp X 2 ( s ),
 2
(− cs − kp − k ) X 1( s ) + kp X 2 ( s ) + (cs + k ) X b ( s ).
m1 s X 1( s ) =
(9)
The transfer function from xb to x1 is used to
evaluate the vibration isolation performance. The
transfer function of the system without any controller
can be derived from Eq. (9):

X 1 (s)
=
X b (s)
m2 cs 3 + m2 ks 2 + kp cs + kkp
m1m 2 s 4 + m2 cs 3 + (m1kp + m2 k + m2 kp ) s 2 + kp cs+ kkp

.

(10)

When the frequency of the base vibration is
around ω1 or ω2, the vibration is amplified. When the
frequency of the base vibration equals ω3, the ratio of
x1 to xb subsequently becomes zero; the vibration is
entirely isolated (Sun et al., 2003; Franček et al.,
2019). The phenomenon is known as the antiresonance, and therefore ω3 is an anti-resonance
frequency (Xu YF et al., 2015; Bai et al., 2019). The
VCM mover, PZT, and connecting device can be
considered a dynamic vibration absorber. It cleverly
combines vibration isolation and vibration absorption
technology, and has advantages of large static stiffness, suitability for low frequency vibration isolation,
and high vibration isolation efficiency. Once the
system is determined, the initial anti-resonance frequency is fixed. If the anti-resonance frequency can
be adjusted to be equal to or close to the main frequency of the external disturbances in real time,
DSA-SAVIS can achieve better vibration isolation
performance.
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3 Design and analysis of the controller
3.1 Design of the controller
According to Fig. 3, the design principle of the
controller consists of two parts; one is to suppress the
extra vibration whose frequency is around two resonant frequencies, ω1 and ω2 (Zuo and Slotine, 2005;
Niu WC et al., 2018), whereas the other is to add a
new anti-resonance frequency ω4 which is adjustable
by tracking the external disturbances in real time.
Based on the above ideas, a closed-loop control block
diagrammatic sketch is designed (Fig. 4).

the Bode diagram, the attenuation amplitude of the
transmissibility at the anti-resonance frequency point
is −40 dB and −45 dB before and after the system
damping is ignored, respectively. Then, the Laplace
transform of Eq. (8) can be written as
m2 s 2 X 2 ( s ) =ki I ( s ) − kuU ( s ) + kp X 1 ( s ) − kp X 2 ( s ),
 2
s ) kuU ( s ) − (kp + k ) X 1 ( s ) + kp X 2 ( s ) + kX b ( s ).
m1 s X 1 (=
(14)
Substituting Eqs. (12) and (13) into Eq. (14)
yields the expression of the transfer function of the
system with the designed controller:
ks ( s 2 + ω32 )( s 2 + ω42 )
X1 (s)
=
, (15)
X b ( s ) a1 s 7 + a2 s 5 + a3 s 3 + a4 s 2 + a5 s + a6

Fig. 4 Closed-loop control diagrammatic sketch

where ω3 and ω4 are the initial anti-resonance frequency and the added anti-resonance frequency as
defined in Sections 2.3 and 3, respectively. a1–a6 are
as follows:

The difference between the expected value xr
and the actual one of the payload displacement x1 is
a1 = m1m2 ,
used as the input of the controller, and the outputs are

2
the current value of the coil I and the voltage value of
a2 = m1kp + m2 kp + m2 k + m1m2ω4 ,
the PZT U. The main frequency of the base vibration f

2
4
2
2
a3= m1kpω4 −10 m2 ku + m2 kpω4 − kp ki K + m2 kω4 + kkp ,
is obtained by fast Fourier transform (FFT), which is

used as a reference to determine the newly added
a4 = −kp ki τ ,
a kk ω 2 − k k K ω 2 ,
anti-resonance frequency ω4. With the inputs of I and =
p 4
p i
4
 5
U, the driver produces a voice coil motor force fv and
2
a = −k k ω τ .
p i 4
the PZT stack force fp to act on the payload. Above all,  6
a closed-loop control is formed to isolate the base
Fig. 5 shows the conceptual Bode diagram of the
vibration.
system with the designed controller. Compared with
The design of the controller contains two transFig. 4, the proposed controller suppresses the extra
fer functions from x1 to I and from x1 to U (Liu et al.,
vibration whose frequency is around ω1 or ω2. Sim2018), namely, H1 and H2, respectively, which are
ultaneously, an adjustable anti-resonance frequency
designed as follows:
ω4 is added to the closed-loop system Bode diagram
so that the vibration can be isolated without energy
I (s)
1
(12) consumption. The purpose of the proposed control
= K+ ,
H1 ( s=
)
τs
X 1 (s)
method is to adjust the anti-resonance frequency acU (s)
104
cording to the external disturbances and to make the
(13)
H=
,
=
2 (s)
best of the unique advantage of the dynamic vibration
X 1 ( s ) s 2 + ω42
absorption.
where K is the adjustable proportional gain coefficient
3.2 Selection of parameters
and τ is the adjustable integral gain coefficient.
By comparing the transmissibility curves of the
The designed controller contains three paramesimulation and experiment, it is verified that the sys- ters, K, τ, and ω4. ω4 is up to the main frequency of the
tem damping can be ignored (Song et al., 2018). From base vibration to decide.
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After the analysis by Lawes criterion, the constraint conditions of the system stability are written as
 K < (m1kp + m2 kp + m2 k )ω42 + kkp − 104 m2 ku ,
(16)

τ > 0.

The optimum solutions of K and τ are as follows:
min Gmin
K ,τ

 K < (m1kp + m2 kp + m2 k )ω42 + kkp − 104 m2 ku ,

(17)
τ > 0,
s.t. 
| I |< I max ,
| U |< U max ,


where Gmin is the minimum value of the closed-loop
gain, Imax is the maximum of the current value of the
VCM, and Umax is the maximum of the voltage value
of the PZT.
Gmin can be derived as

(

)

Gmin = inf 20 lg ( H ( jω ) ) ,

Fig. 6 shows the relationship of Gmin, K, and τ.
Initially, three different τ values are selected and set as
0.4×10−4, 0.5×10−4, and 0.6×10−4. Therefore, three
relationship curves of Gmin with K are obtained when
each τ is fixed (Fig. 6a). Similarly, three different K
values are selected and set as 300, 600, and 900. Then,
three relationship curves of Gmin with τ are obtained
when each K is fixed (Fig. 6b).
By comparing Figs. 6a and 6b, we can determine
that with the decrease of K and τ, Gmin decreases.
The transfer function from the velocity of the
base vibration vb to I can be written as
k ( Kτ s + 1)( s 2 + ω32 )( s 2 + ω42 )
I (s)
= 7
, (20)
Vb ( s ) b1 s + b2 s 5 + b3 s 3 + b4 s 2 + b5 s + b6

where b1=τa1, b2=τa2, b3=τa3, b4=τa4, b5=τa5, b6=τa6.
The maximum of the gain of vb to I, i.e., |GI|max,
can be derived as

(18)

where

GI

max

= sup ( H I ( jω ) ) ,

(21)

where

H ( jω ) =
kω (ω32 − ω 2 )(ω42 − ω 2 )
(a6 − a4ω 2 )2 + (−a1ω 7 + a2ω 5 − a3ω 3 + a5ω ) 2

.

(19)

Fig. 5 Bode diagram of the system with the designed
controller

H I ( jω ) =
kω (ω32 − ω 2 )(ω42 − ω 2 ) ( Kτω )2 + 1
(b6 − b4ω ) + (−b1ω + b2ω − b3ω + b5ω )
2 2

7

5

3

2

.

(22)

Fig. 7 shows the relationship curve of |GI|max and
τ, and GImax is the saturation value of |GI|max. Initially,
three different K values are selected and set as 300,
600, and 900. Then, three relationship curves of
|GI|max with τ are obtained when each K is fixed. The
intersection point of each curve with the saturation
GImax is the desirable minimum value of τ under the

Fig. 6 Relationship curves of Gmin and K (a) and Gmin and τ (b)
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corresponding K. From Fig. 7, we can determine that
with the decrease of τ, |GI|max increases.

25

|GU|max (V/(mm·s−1))

GUmax
20
15
10
5
0
Kmin

200

400

600
K

800

1000

Fig. 8 Relationship curve of |GU|max and K
Fig. 7 Relationship curve of |GI|max and τ

Therefore, τ cannot be infinitely reduced due to
the limitation of the range of the control signal I.
The transfer function from vb to U can be written
as
104 ks ( s 2 + ω32 )
U (s)
=
. (23)
Vb ( s ) a1 s 7 + a2 s 5 + a3 s 3 + a4 s 2 + a5 s + a6

The maximum of the gain of vb to U, i.e., |GU|max,
can be derived as
GU

max

= sup ( HU ( jω ) ) ,

(24)

Therefore, K cannot be infinitely reduced due to
the limitation of the range of the control signal U.
In this study, the permissible current control
range of the VCM is −1.67–1.67 A, the permissible
voltage control range of the PZT is 0–150 V, and the
maximum speed of the base vibration is 7 mm/s.
Based on the above analysis, the selection process of
the parameters of the proposed controller is as follows:
First, determine the anti-resonance frequency ω4 to be
added according to the main frequency of the base
vibration. Then, based on Eq. (17) and the conclusions from Figs. 6–8, the optimum solutions of K and
τ can be properly chosen for the designed controller
for the best performance of the DSA-SAVIS.

where
H U ( jω ) =

4 Experiment verification
104 kω (ω32 − ω 2 )

(a6 − a4ω 2 )2 + (−a1ω 7 + a2ω 5 − a3ω 3 + a5ω )2

.

(25)

Fig. 8 shows the relationship curve of |GU|max and
K, and GUmax is the saturation value of |GU|max. Initially, three different τ values are selected and set as
0.4×10−4, 0.5×10−4, and 0.6×10−4. Then three relationship curves of |GU|max with K are obtained when
each τ is fixed. The relationship curves of |GU|max and
K are the same under different values of τ, so the three
curves coincide completely. The intersection point of
each curve with the saturation GUmax is the desirable
minimum value of K under the corresponding τ. From
Fig. 8, we can determine that with the decrease of K,
|GU|max increases.

Fig. 9 shows the physical picture of the designed
DSA-SAVIS whose parameters are listed in Table 1.
Fig. 10 shows the experimental system. The absolute
speeds of the base and the payload are measured by
the GS-11D type piezoelectric vibration sensor
(GS-11D, Geospace, USA). The GS-11D is a highoutput, rotating coil geophone, designed and built to
withstand shocks of rough handling. The precision
springs of this field tested geophone are computer
designed and matched to optimize performance
specifications even under the most extreme conditions. The measuring signal is collected using a realtime target machine (NI PXIe-1062Q, National Instrument, USA). The controller is completed and then
downloaded into the real-time target machine as well.

Zhao et al. / Front Inform Technol Electron Eng 2021 22(10):1390-1401

Spring

Air-float rails

Payload
PZT
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The control signal voltage range of TA115 is 0–10 V
and the gain is 0.2–0.8 A/V. In this experiment, we set
the gain as 0.2 A/V. The control voltage range of
RH31 (RH31, CoreMorrow, China) is 0–5 V and the
gain is approximately 30.75 through experimental
calibration. The VCM and PZT are driven for active
vibration control.
4.1 Experiment verification of frequency domain

VCM

GS-11D

Base

Fig. 9 Physical picture of the designed DSA-SAVIS

Fig. 10 Experimental system

4.2 Experiment verification of vibration isolation

Table 1 Parameters of the DSA-SAVIS
Parameter
Mass of the payload, m1 (kg)
Sum mass of the VCM mover, PZT,
and the connecting plate, m2 (kg)
Stiffiness of the passive vibration
isolation system, k (N/m)
Stiffness of the PZT actuator, kp (N/m)
Thrust coefficient of the VCM, ki (N/A)
Thrust coefficient of the PZT, ku (N/V)

The external vibration is generated by hitting the
base with a Japan pulse hammer (GK-2110, ONOSOKKI, Japan), and is detected and analyzed by a
941B type vibration analyzer (941B, Boyuan Electronic Technology, China). The transmissibility of the
DSA-SAVIS without any controller is measured
(Fig. 11). The two resonance frequencies are approximately 8.8 and 17.5 Hz, and the anti-resonance
frequency is approximately 14.3 Hz. Fig. 12 indicates
that the resonance peaks are eliminated with the
proposed controller. Furthermore, the transmissibility
is less than −5 dB for the whole frequency band, less
than −15 dB when the frequency is lower than the
initial anti-resonance frequency, and less than −30 dB
when the frequency is around the added antiresonance frequency. With the change of the controller parameter, the added anti-resonance frequency
of the system changes simultaneously. The experimental results are consistent with the theoretical one
of the proposed controller.

Value
0.695
0.614

The external vibration is generated by hitting the
base with a GK-2110 Japan pulse hammer (GK-2110,

480
5000
31.8
25.4

The control signal is calculated and then transferred to the drivers, the TA115 type power supply
(TA115, Trustautomation, USA) of the voice coil
motor and the RH31 type power supply (RH31,
CoreMorrow, China) of the electromagnetic actuator.
The supply voltage of TA115 is 24 to 48 V. The
equivalent motor voltage can be increased up to ±43 V.

Fig. 11 Transmissibility curve of the DSA-SAVIS without
any controller
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ONOSOKKI, Japan). The velocities of the base and
the payload are measured by the GS-11D type speed
sensor (GS-11D, Geospace, USA). Based on the FFT
results of the external vibration, ω4=20, K=100, and
τ=0.000 01 are set for the proposed controller.
Fig. 13b infers that the proposed controller
achieves a good performance for isolating the external disturbances. Without any controller, the base
vibration velocity is 6 mm/s, the maximum velocity
of the payload vibration is 4 mm/s, the payload continues to oscillate, and the vibration attenuation is
slow. With the proposed controller, the payload vibration velocity decays more rapidly, and the maximum velocity of the payload vibration is 0.5 mm/s
with a reduction of 87.5% compared to that without
the controller. Fig. 13c shows that when both the
VCM and PZT work, the system can have a good
vibration isolation effect on the external vibration. If
only one of them works, the vibration isolation effect
is not ideal. This indirectly indicates that VCM and
PZT are indispensable in the design of a system
controller.

Fig. 14 shows that the peak frequency point of
the spectrum is approximately 20 rad/s by the FFT of
the base velocity, and the amplitude is 0.48 mm/s.
With the proposed controller, the amplitude of the
payload’s velocity is 0.11 mm/s at 20 rad/s, with a
reduction of 77.1%. The attenuation effect is better
than those of other frequency points. This verifies the
remarkable vibration isolation effect at the antiresonance frequency point which is consistent with
preset ω4.
Fig. 15 shows the vibration isolation performance of the whole system when the platform base is
applied with the frequency sweeping disturbances,
which is generated by a vibration exciter. Set 5, 10, 15,
20, and 30 Hz as the sweeping frequencies, the amplitude of each frequency disturbance is set to the
same, 5 mm/s, and each frequency disturbance continues 2.5 s. When the sweeping frequency of the
disturbance changes, the controller will adjust the
parameters in real time to realize the anti-resonance
frequency point tracking. The results of FFT analysis
0.5
Base

Velocity (mm/s)

0.4
0.3
0.2

Payload with the proposed controller

0.1
0
0 20

Fig. 12 Transmissibility curve with the designed controller
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5 Conclusions
Based on the unique dynamic vibration absorption characteristic of the DSA-SAVIS, an adjustable
anti-resonance frequency controller is proposed. The
dynamic vibration absorption point is adjusted in real
time by tracking the external disturbances to achieve
good vibration isolation performance. The proposed
control method makes full use of the anti-resonance
characteristic of dynamic vibration absorption. The
experimental results showed that the closed-loop
transmissibility is less than −5 dB in the whole frequency band. Without any controller, the operating
frequency of the system ranges from 11.1 to 17.5 Hz
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U
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75
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Time (s)

8

10

12

U (V)

I (A)

show that the transmissibility at 5, 10, 15, 20, and
30 Hz is −28.4, −29.4, −27.5, −26.7, and −25.7 dB,
respectively, with a reduction of 92.3%, 93.8%,
90.7%, 91.7%, and 94.8%, respectively, compared
with that without the controller.
The payload velocity is used as the input of the
proposed controller, and the outputs are the current
value of the coil I and the voltage value of the PZT U.
Fig. 16 shows that following the principle of selecting
parameters of the controller proposed in Section 3, the
control signals I and U are not saturated, which is in
accordance with the expected requirement of the experiment and verifies the design rationality of the
previous controller.

0

Fig. 16 Curves of the control signals I and U

and the corresponding bandwidth is 6.4 Hz. When the
proposed controller is introduced, the bandwidth is
extended to the full band. Furthermore, the closedloop transmissibility is less than −30 dB around the
added anti-resonance frequency, which can be adjusted from 0 Hz to the initial anti-resonance frequency.
This is the best working frequency for the system to
isolate the vibration effectively with the antiresonance frequency we added. With the proposed
controller, the disturbance amplitude of the payload
decays from 4 to 0.5 mm/s with a reduction of 87.5%
for the impulse disturbance applied to the platform
base. Concurrently, the system can adjust antiresonance frequency point in real time by tracking the
frequency sweeping disturbances, and a good vibration isolation performance is achieved. The closed-
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loop transmissibility at a different sweeping frequency is below −25.7 dB, and the reduction is above
90.7% compared with that without the controller. The
whole system has characteristics of adjustable vibration absorption point, long stroke, high precision, and
wide band. This indicates that the proposed control
method has good application prospects in the guarantee of an ultra-low vibration environment, especially at the frequency sweeping in the semiconductor
manufacturing industry.
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