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Abstract

In this paper, a novel feed forward control scheme with a fuzzy controller, based on the identification of
the signal’s main frequency, is proposed to control a semi-active two-stage vibration isolation system such
as the floating raft isolation system, whose excitation signal changes regularly. A fuzzy controller is
employed in this method to achieve the best isolation effect by analyzing the main frequency’s
characteristics of the excitation signal, such as amplitude and position, and a bypass electro-rheological
(ER) damper is applied to achieve the best control effect more rapidly and accurately. The inputs of the
fuzzy controller are the characters of the signal’s main frequency and the output is the effect coefficient of
the main frequency. Then, the optimal damping ratio of the ER damper and the appropriate voltage could
be obtained. The experimental results indicate that the proposed feed forward control method is more
effective in vibration isolation in comparison with the passive optimal system.
r 2004 Elsevier Ltd. All rights reserved.
1. Introduction

In recent years, great attention has been focused on the design of control techniques of the two-
stage vibration isolation system. Three types of vibration control methods have been proposed
and implemented successfully, namely, passive method, active method and semi-active method.
see front matter r 2004 Elsevier Ltd. All rights reserved.
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The semi-active control method plays an increasingly important role because it is more agile than
the passive method and cheaper than the active method. With the development of the eletro-
rheological (ER) fluid, the ER damper was found to shorten the control time and increase the
reliability of the whole control system dramatically.
Most control strategies for semi-active vibration isolation systems are developed based on

optimal control algorithms. As an exception, the application of adaptive control methods such as
model reference adaptive control and non-linear self-turning control was investigated by Sunwoo
and Cheok [1,2]. Generally, these controllers can minimize a defined performance index but may
not have good capability to adapt to significant changes of the excitation signal and system
parameters. The fuzzy inference, which is one of the knowledge-based approaches, has been
applied recently into the design of semi-active vibration isolation systems with better performance
because it is easier to control the system without considering the nonlinearity and uncertainty. Lin
and Lu [3] built a model following fuzzy controller for vehicle suspension systems. Yoshimura et
al. [4] used the displacement and velocity of the sprung mass and unsprung mass as the inputs of
the fuzzy controller, and damper force as the output, to control the system by 49 fuzzy rules. Choi
et al. [5,6] designed a neuro-fuzzy controller to control the semi-active ER suspension system and
took the velocity of the sprung mass and the rotation angular speed of the wheel as the inputs. The
results showed that the controller and the ER damper were effective to the suspension system. All
the methods mentioned above are feedback control and have proven to improve the system
performance.
The floating raft isolation system used in the ship, which has been developed during the

past 20 years, is a typical vibration isolation system. It is deemed as a kind of efficient equipment
for vibration isolation and noise reduction by isolating the vibrations of the host and
auxiliary machines effectively [7,8]. Floating raft isolation system mainly uses the damper to
isolate the vibration excited by the motors and bumps on the floating raft. Thus, the
characteristics of the damper are crucial to the vibration isolation effect of the floating
raft system. Varying from the road signals to the vehicle suspension system, the excitation signals
of the floating raft isolation system are produced by some machines fixed on it. Therefore, it could
be forecasted by analyzing the signal in frequency domain to assure whether the excitation signals
are stable or changed regularly when these machines work normally. If the features of the
excitation signal’s main frequency can be learned in advance with some signal-processing
techniques, a simple and better control scheme would be found readily to control the vibration
isolation system.
Based on this mechanism, a novel feed forward fuzzy logic control method was developed to

solve the problem in the semi-active two-stage vibration isolation system. The inputs of the fuzzy
controller are the characteristics of the signal’s main frequency, which are obtained by analyzing
the excitation signal of the system, and the effect coefficient of the main frequency is chosen to be
the output. Then, the optimal damping ratio and the corresponding control voltage of the ER
damper can be figured out and the best isolation effect of the system could be realized. It indicates
that the proposed fuzzy control method is more effective in the vibration isolation system than in
the passive system through the experimental result.
Section 2 demonstrates the structures and differences of two types of the two-stage vibration

isolation systems. The structure and the behavior of the ER damper are briefly explained in
Section 3. Section 4 presents the proposed fuzzy control method in detail. Section 5 discusses the
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experimental study and shows the results obtained. The conclusion of the work that has been done
is given in Section 6.
2. Semi-active two-stage vibration isolation system

As shown in Fig. 1, there are two types of two-stage vibration isolation system, namely, active
vibration isolation and passive vibration isolation. The objective of the active vibration isolation
system is to decrease the forces transmitted to the foundation. For example, the floating raft
isolation system in the ship is used to decrease the forces produced by the motors in order to make
the base of the ship stable. In the passive vibration isolation system, however, the vibrant object is
(a)
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Fig. 1. The two-stage semi-active vibration isolation system: (a) active vibration isolation; (b) passive vibration

isolation.



ARTICLE IN PRESS

T. Sun et al. / Journal of Sound and Vibration 280 (2005) 965–981968
the base and the purpose of the control system is to keep the displacement of the upper object
stable. Actually, two parameters have been defined to describe the capabilities of these two
systems, the force transmission ratio Tf in active system and the displacement transmission ratio
Td in passive system. And it can be proven that these two parameters are naturally the same in one
vibration isolation system.
Fig. 1 shows the structure of two dof vibration isolation systems modeled by the linear springs

k1 and k2, the ER damper c that can be changed with the voltage applied, the sprung mass m1 and
the unsprung mass m2. The displacements of the sprung mass and unsprung mass are presented by
z1 and z2, respectively. Fig. 1(a) illustrates the active vibration isolation system and its equation of
motion is

m1 €z1 ¼ �k1 z1 � z2ð Þ � c _z1 � _z2ð Þ þ Fm1;

m2 €z2 ¼ k1 z1 � z2ð Þ þ c _z1 � _z2ð Þ � k2z2; ð1Þ

where Fm1 is the force produced by the sprung mass m1 and Fb is the force transferred to the base.
From Fig 1(a) it can be learned that

Fb ¼ k2z2: ð2Þ

Applying Laplace transform to Eq. (1),

ðm1s
2 þ cs þ k1Þz1ðsÞ � cs þ k1ð Þz2ðsÞ ¼ Fm1ðsÞ;

ðm2s
2 þ cs þ k1 þ k2Þz2ðsÞ � cs þ k1ð Þz1ðsÞ ¼ 0:

ð3Þ

Thus, the force transmission ratio Tf ðsÞ could be written as

Tf ðsÞ ¼
FbðsÞ

Fm1ðsÞ
¼

k2cs þ k1k2

m1m2s4 þ ðm1 þ m2Þcs3 þ ðm1k1 þ m1k2 þ m2k1Þs2 þ k2cs þ k1k2
: ð4Þ

Fig. 1(b) shows the passive vibration isolation system, where rb is the displacement of the base.
The system dynamics is described as

m1 €z1 ¼ �k1 z1 � z2ð Þ � c _z1 � _z2ð Þ;

m2 €z2 ¼ k1 z1 � z2ð Þ þ c _z1 � _z2ð Þ � k2 z2 � rbð Þ
ð5Þ

and its Laplace equation is

ðm1s
2 þ cs þ k1Þz1ðsÞ � cs þ k1ð Þz2ðsÞ ¼ 0;

ðm2s
2 þ cs þ k1 þ k2Þz2ðsÞ � cs þ k1ð Þz1ðsÞ ¼ k2rbðsÞ:

ð6Þ

The displacement transmission ratio TdðsÞ can be expressed as

TdðsÞ ¼
z1ðsÞ

rbðsÞ
¼

k2cs þ k1k2

m1m2s4 þ ðm1 þ m2Þcs3 þ ðm1k1 þ m1k2 þ m2k1Þs2 þ k2cs þ k1k2
: ð7Þ

From Eqs. (4) and (7), we can see that the force transmission ratio Tf ðsÞ and the displacement
transmission ration TdðsÞ are equal. In order to use the instruments and the test-bed in the
laboratory, the passive vibration isolation system shown in Fig. 1(b) is analyzed here.
From Eq. (7), we can get the frequency response of sprung mass as shown in Fig. 2. It shows

that there are two natural frequencies, the first-order and the second-order natural frequencies.
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Fig. 2. The transmission ratio for various amounts of damping ratio.
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Here, only the first-order frequency f0 is considered because in most cases the vibration isolation
system operates in low-frequency band rather than high-frequency band. The intercross frequency
fc is between the first-order and second-order natural frequencies. For an excitation signal with a
single main frequency, we can easily choose the best damping ratio xOPT to achieve the best
isolation effect as shown in Fig. 2. When the main frequency is lower than fc, we can use the
maximal damping ratio xMAX as xOPT; and the minimal damping ratio xMIN is applied when the
main frequency is higher than fc. However, for a complex input signal, we cannot use the above
method to achieve best control effects because the signal has different main frequencies with
different amplitudes. A best damping ratio xOPT cannot be found readily in that some frequencies
are lower than fc, while others are higher with different amplitudes as shown in Fig. 2. In fact,
many motors and bumps work together when the ship sails and the excitation signal to the
floating raft isolation system contains many main frequencies at the same time. In order to solve
this problem, a fuzzy controller is developed to select the best damping ratio xOPT according to the
features of the complex signal’s main frequencies.
3. Properties of ER damper

The schematic diagram of the bypass ER damper used in this study is shown in Fig. 3. The
damper consists of a hydraulic cylinder, which is divided into two working chambers by a piston.
The bypass, fitted to the side of the hydraulic cylinder, comprises two concentric tubular
electrodes and an annulus through which the ER fluids flow. The positive voltage produced by a
high voltage supply unit is applied to the inner electrode, while the negative voltage is connected
to the outer electrode. In the absence of electric fields, the ER damper produces the damping force
only by the fluid-flowing resistance. However, if a certain level of the electric voltage is supplied to
the ER damper, additional damping force due to the yield stress of the ER fluid would be
produced. This damping force of the ER damper can be continuously tuned by changing the
voltage applied to the damper.
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Fig. 3. The proposed ER damper: (a) schematic configuration; (b) photograph.
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Based on the Bingham constitutive model of ER fluids [9–11], which is sufficiently accurate for
design calculation although it does not capture details of the deformation behavior of an actual
damper, the approximation of the damping force in the bypass damper is obtained as follows:

F ¼ c1 _xp þ FER sgnð _xpÞ; ð8Þ

where

FER ¼ a0 þ a1U þ a2U2; ð9Þ

where c1 is the viscous damping coefficient without applying voltage, which is determined by the
plastic viscosity of ER fluids and the geometry of the manufactured damper, FER is the
controllable damping force generated by the applied voltage, a0, a1 and a3 are the intrinsic
parameters of the ER damper and can be experimentally determined; U is the voltage; _xP is the
velocity of piston motion; and sgnð Þ is a signum function.
Fig. 4 reports the measured damping force with respect to the piston velocity at various

voltages. It is obtained by calculating the maximum damping force at each velocity. The piston
velocity increases from 15 to 100mm/s gradually, while the excitation amplitude is maintained to
be constant, e.g. 60mm. Such a plot is frequently employed to evaluate the level of damping
performance in damper manufacturing industry. For the proposed damper, the damping force
increased with the applied voltage, as expected. For instance, the damping force increases up to
217N at a piston velocity of 100mm/s and voltage of 5 kV. This figure agrees fairly well with the
presented damping model given by Eq. (8).
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For the two-stage vibration isolation system shown in Fig. 1(a), the following relations can be
obtained:

F ¼ c _xp ð10Þ

and

c ¼ 2x
ffiffiffiffiffiffiffiffiffiffiffi
m1k1

p
; ð11Þ

where c, m1 and k1 are the same parameters show in Eq. (1).
Replacing F and FER in Eq. (8) with Eqs. (9) and (10), we get

2x
ffiffiffiffiffiffiffiffiffiffiffi
m1k1

p
_xp ¼ c1 _xp þ ða0 þ a1U þ a2U2Þ sgnð _xpÞ: ð12Þ

In Eq. (12), the relationship between the damping ratio x and the control voltage U of the ER
damper is obtained. When the optimal damping ratio xOPT is obtained by the fuzzy controller, the
ER damper’s control voltage can be calculated.
4. Fuzzy control system

The structure of the control system is demonstrated in Fig. 5. It mainly consists of three parts:
the identification of signal main frequency, fuzzy controller and the output of control voltage.
When the control system runs, the first part will find the characteristics of the signal’s main
frequency and send them to the fuzzy controller. Then, the fuzzy controller makes the decision
according to the rules and selects the best effect coefficient of each main frequency. Finally, the
third part will find the best damping ratio of the ER damper and transform it into the
corresponding voltage that will then be applied to the ER damper.
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4.1. Identification of excitation signal

The signals in engineering vary widely and it is difficult to classify them accurately. Here we just
take into account those signals made by some motors or bumps in the ship or some machines. It
could be divided into two classes from the point of frequency domain, the stationary signal and
the non-stationary signal. There are two important parameters for describing the signal in
frequency domain that could show its effect on the system. One is the signal’s frequency position
that indicates mainly in which frequency band the signal’s energy is. The other is the main
frequency’s amplitude denoting the signal’s magnitude. The stationary signal implies that the
signal’s characters, including the main frequency’s position and amplitude, do not vary with time.
The non-stationary signal here means that these characters of the signal change continually. For
example, the sine or cosine signal with fixed frequency is the stationary signal, while the sweep-
frequency signal is the non-stationary signal whose main frequency is changed by rule. As shown
in Fig. 2, different main frequencies have various effects on the two-stage vibration isolation
system. Consequently, how to distinguish the main frequency characters of the signal, especially
the main frequency’s position and amplitude, is very important to realize the control.
Fig. 6 shows the process of identifying the signal’s frequency characters. Obviously, the signal is

divided into two classes and each has different handling methods. The Short-time Fourier
STFT
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Transform (STFT) algorithm processes the excitation signal at first. After that, the signal will be
split into two classes according to the moving trend of its main frequency. The processing of these
two types of signals is explained, respectively, in the following paragraphs.
4.1.1. Identification of stationary signal
The stationary signal’s main frequency characters can be easily obtained after the STFT

algorithm. It is obvious that the moving trend of the main frequency is fixed at the beginning of
this process because the main frequency remains unchanged. Therefore, the stationary signal can
be identified quickly, which means its characteristics, the main frequency’s position and amplitude
can be figured out through the STFT algorithm. The choosing of the window function is quite
critical because it can enhance the identification precision of the STFT algorithm. It is learned
from the simulation that the rectangle window function is not qualified enough here because it can
cause the frequency leakage. Thus, the hanning window is employed to find the exact frequency
characters of the stationary signal.
4.1.2. Identification of non-stationary signal

For the non-stationary signal, it is hard to find its main frequency characters due to the
successively changing moving trend of the main frequency. In such a case, the result may be coarse if
only the STFT algorithm is applied because the changing trend is more important for the non-
stationary signal. For example, the main frequency is 4Hz after the STFT algorithm in a moment,
but before this moment the main frequency is 15Hz and it becomes higher at a velocity of 3Hz/s.
Consequently, 4Hz is not logical and it should be replaced by one frequency bigger than 15Hz. In
order to achieve the exact identification, the STFT algorithm and the moving trend of the main
frequency are combined to complete the analyzing of the non-stationary signal. A similar problem
also exists when choosing the window function for the STFT algorithm. The hanning window
function prefers to cause the lag of the identification because it only weights the signal frequency in
the middle of the window, while attenuating the others. This will lead to the mistiness of the main
frequency and influence the accuracy of the identification. In this regard, the rectangle window was
employed because it has a smaller central lobe. During the whole signal-identifying process, the
rectangle window’s width could be adjusted with the moving trend of the main frequency in order to
acquire the proper frequency characteristics, the main frequency’s position and amplitude.
4.2. Fuzzy controller

The main frequency’s characteristics, including the positions and amplitudes, can be revealed
through the signal identification. Here we define the amplitudes as A1;A2; . . . ;An where
A1XA2X � � �XAn: According to the effect of the main frequency on the isolation system, the
following equations are built to find the optimal damping ratio of the ER damper:

Y ðxÞ ¼ A1Gðf 1; xÞ þ
Xn

2

b1iAiGðf i; xÞ; i ¼ 2; 3; . . . ; n; ð13Þ
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Gðf i; xÞ

¼ abs
2k2x

ffiffiffiffiffiffiffiffiffiffiffi
m1k1

p
f i þ k1k2

m1m2f
4
i þ 2ðm1 þ m2Þx

ffiffiffiffiffiffiffiffiffiffiffi
m1k1

p
f 3i þ ðm1k1 þ m1k2 þ m2k1Þf

2
i þ 2k2x

ffiffiffiffiffiffiffiffiffiffiffi
m1k1

p
f i þ k1k2

 !
;

ð14Þ

where Gðf i; xÞ ði ¼ 1; 2; . . . ; nÞ is the modulus of the system transfer function at fi and related to the
damping ratio x; b1i ði ¼ 2; 3; . . . ; nÞ is the weighting coefficient of every main frequency acquired
by the fuzzy controller; Y ðxÞ is the displacement response curve of the sprung mass when the
system is bestirred by different main frequencies simultaneously. The optimal damping ratio xOPT
could be acquired while Y in Eq. (13) is minimal.
4.2.1. Fuzzification of the input and output variable

Three coefficients, position coefficient F1i; amplitude coefficient A1i and effect coefficient
bi ð0obio1Þ; are defined here in order to describe the characters of the main frequency. F1i and
A1i are used as the two input variables of the ith fuzzy controller and the effect coefficient bi as the
output variable.
4.2.1.1. Fuzzification of position coefficient F1i. The form of coefficient F1i is given by

F1i ¼
f 1 � f 0
�� ��= f i � f 0

�� ��; f iaf 0

5; f i ¼ f 0

(
i ¼ 2; 3; :::; n; ð15Þ

where f0 is the first-order natural frequency; f1 is the main frequency whose amplitude is the
biggest and f i ði ¼ 2; 3; . . . ; nÞ stands for the other main frequencies.
It is obvious from Eq. (15) that F1i indicates the relative position between main frequency f1

and fi. F1i decreases when f1 is near the resonant frequency f0 and its influence to the system is
more significant than fi. The universe of discourse for F1i is taken as [0 5] according to its
definition ðlet F1i ¼ 5; if F1i45Þ: When F1i is near 1, that is to say, the main frequency f1 and fi
have similar effects on the isolation system. The universe of discourse for the input variables is
divided into five sections by using the following linguistic variables, i.e. very small (VS), small (S),
middle (M), big (B), and very big (VB). The membership function curve is a little denser in [0 1]
than in [1 5] to realize accurate control because the meaning of the position coefficient F1i that is
bigger than 1 is the opposite of that when it is smaller than 1.
4.2.1.2. Fuzzification of amplitude coefficient A1i. A1i is given by

A1i ¼ A1=Ai; i ¼ 2; 3; . . . ; n ð16Þ

From Eq. (16), we can find that A1i gives the ratio of A1 over Ai. A1i is bigger than 1 because A1 is
the biggest amplitude of all the main frequencies. Generally speaking, the effect of main frequency
fi on the system is smaller when the amplitude coefficient A1i is bigger. We consider that main
frequency (fi)’s effect is extremely small when the amplitude coefficient A1i is bigger than 5.
Therefore, the universe of discourse for input A1i is chosen as [1 5] ðlet A1i ¼ 5; if A1i45Þ and its
linguistic variables and the shape of membership function curve are similar with F1i:



ARTICLE IN PRESS

T. Sun et al. / Journal of Sound and Vibration 280 (2005) 965–981 975
4.2.1.3. Fuzzification of effect coefficient bi. The output variable of the fuzzy controller, effect
coefficient bi ð0obio1Þ; is the weightiness of the main frequency fi when the system is bestirred by
the two main frequencies f1 and fi together. It is clear that the weightiness of main frequency fi is
bigger if the effect coefficient bi is bigger. The universe of discourse for bi is [0 1] and its linguistic
variables are taken as small (S), middle (M) and big (B). Here three linguistic variables are used in
order to keep the continuity and stability of the control voltage.
Fig. 7 illustrates the membership functions of the input and output variables. Triangular

membership functions are chosen because they are very basic and have been widely used.

4.2.2. Fuzzy control rules
The empirical knowledge to construct the fuzzy control rules is presented as follows:
(1)
 If F1i is big or very big, and A1i is small or very small, then bi is big.
In this case, F1i is big or very big, that is to say, f1 is farther away from the first-order natural
frequency f0 than main frequency fi. Hence, fi’s effect on the whole vibration isolation system
is more significant than f1 in terms of the position coefficient F1i: At the same time, A1i is small
or very small, that means the amplitudes of both the two main frequencies, f1 and fi, are
similar. In this case, we think fi’s effect on the system is considered to be bigger than f1 and it is
reasonable to focus on fi. What’s more, the effect coefficient bi is big herein. For example,
there are two excitation signals that are both sines at the same time. The main frequency f1 is
2Hz with amplitude 1 cm, and f2 is 5Hz with amplitude. The first-order natural frequency f0 is
4.5Hz. The position and amplitude coefficients can be acquired with the values of 5 and 1.
Fig. 7. Membership function of the input and output variables.
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Apparently, F1i is very big and A1i very small, and the effect coefficient bi is taken as 0.9 in this
case in order to give more attention to the main frequency f2.
(2)
 If F1i is small or very small, and A1i is big or very big, then bi is small.
This rule is opposite to the first rule and can be deduced easily.
(3)
 If F1i and A1i are both big or very big, then bi is middle.
This rule means that fi should be considered more from the point of position coefficient F1i
and f1 is a little important to the system in terms of amplitude coefficient A1i: So a compromise
between F1i and A1i is made and the effect coefficient bi is middle.
(4)
 If F1i and A1i are both small and very small, then bi is middle.
This case is opposite to rule 3.
Based on the above empirical knowledge, 25 various fuzzy control rules were derived and are

shown in Table 1. They can be described by the linguistic form:

Rj : If F1i isCj andA1i isDj thenbi isEj; j ¼ 1; 2; :::; 25;

where F1i; and bi are, respectively, the input and output variables; Cj;Dj; and Ej are the as fuzzy
sets whose membership functions are respectively shown in Fig. 7.

4.2.3. Defuzzification of the output
The defuzzification procedure employed is the centroid of area method. This method is

sufficient for the controller and is one of the most popular means available.

bi ¼
XN

m¼1

xmmb0i ðxmÞ

,XN

m¼1

mb0i ðxmÞ; i ¼ 2; 3; . . . ; n; ð17Þ

where b0i is the fuzzy set of the output; xm is the element in the output variable’s universe of
discourse; mb0i ðxmÞ is the membership function of xm and N is the number of the fuzzy set which xm

belongs to.
From the discussion mentioned above, we learn that the effect coefficient bi denotes the effect of

main frequency fi, and, apparently, the effect of the main frequency f1 can be defined as 1� bi. In
order to simplify the formula, the weighting coefficient b1i in Eq. (13) can be figured out by the
following equation when the effect coefficient of main frequency f1 is taken as 1:

b1i ¼ bi=ð1� biÞ; i ¼ 2; 3; . . . ; n: ð18Þ
le 1

zy control rules of fuzzy controller

F1i

VS S M B VB

VS M M B B B

S S M B B B

M S S M M B

B S S M M B

VB S S S M B
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So far, all the parameters in Eq. (13) have been obtained and the optimal damping ratio xOPT
can be figured out accordingly.

4.3. Output of the voltage

The optimal damping ratio xOPT figured out from Eq. (13) must be transferred into the voltage
of the ER damper. From Eq. (12), the appropriate voltage can be determined. The relative
velocity of the damper piston, _xP; can be measured by the sensors. One important point that
should be noticed is that the ER damper has a permitted voltage UMAX in order to operate safely.
If the transferred voltage is higher than UMAX; UMAX would be used to replace it in order to
protect the ER damper from damage.
5. Experiment and results

For the two-stage vibration isolation system given in Section 2, the parameter values used for
the experiment are given as: m1 ¼ 60 kg, m2 ¼ 16 kg, k1 ¼ 33 kN=m, k2 ¼ 185kN=m, UMAX ¼

4kV: From these parameters, we can get the formant frequency and the intercross frequency of
the real system: f 0 ¼ 3Hz, f c ¼ 5Hz. The experiment was carried out in the State Key
Laboratory of Vibration, Shock and Noise. The setup of the experimental equipment is displayed
in Fig. 8.
Fig. 9(a) illustrates the acceleration of the excitation signal. The signal is composed of two sine

waves that can be denoted as follows:

4 sinð2p 3tÞ þ sinð2p 7tÞ; 021s;

sinð2p 3tÞ þ 4 sinð2p 7tÞ; 122s;

4 sinð2p 2tÞ þ sinð2p 7tÞ; 223s: ð19Þ
Fig. 8. Photograph of the experimental apparatus.
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Fig. 9. Acceleration of the excitation signal and the sprung mass.
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Fig. 9(b) shows the acceleration of the sprung mass. The dotted line denotes the optimal passive
system with the damping coefficient xP ¼ 0:7; while the real line denotes the semi-active fuzzy
control system. It was learned that the control effect of the semi-active fuzzy control system is
better than the optimal passive system all the time, by a decrease of 15–50% through the fuzzy
control. The reason for the better performance is that fuzzy control system can get the optimal
damping ratio xOPT by analyzing the frequency of the signal in three different sections, while the
optimal passive system employs the same damping ratio xP ¼ 0:7 all the time. The amplitude of
the main frequency 3Hz is four times of that of the main frequency 7Hz before the 1st second.
The effect of main frequency 3Hz on the whole system is very important because its amplitude is
bigger and its position is nearer to the formant frequency f0. Hence, the fuzzy control system paid
more attention to the main frequency 3Hz and adopted the optimal damping ratio xOPT ¼ 1 with
the corresponding voltage as 4 kV. The situation was reversed during the 1st and 2nd second and
the main frequency is more important to the system. The fuzzy control system uses xOPT ¼ 0:1 and
U ¼ 0 kV:During the last time section, one of the main frequencies changed from 3 to 2Hz, where
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the amplitude was four times that at the main frequency 7Hz. Although its amplitude is big, it is a
little far away from the formant frequency. Therefore, its effect on the system was not very
dramatic. The fuzzy control system used xOPT ¼ 0:3 and U ¼ 1 kV after considering the two main
frequencies’ positions and amplitudes.
Fig. 10 shows the displacement of the sprung mass. The excitation signal is the superposition of

two sine sweeping signals. One changed from 0 to 10Hz, while the other from 10 to 0Hz during
30 s. That means, the system was excited by two main frequencies at the same time and these main
frequencies varied with the time. Figs. 10(a) and 10(b) illustrate the displacements of the sprung
mass of the optimal passive system, and the semi-active fuzzy control system respectively. It is
clear that the vibration isolation effect is better in Fig. 10(b) than that in Fig. 10(a) because fuzzy
control system can provide the optimal damping ratio and voltage in every sample time. The
sprung mass’ frequency response is denoted in Fig. 11. It was found that the amplitude ratio of the
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Fig. 10. Displacement of sprung mass under the chirp excitation system.
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fuzzy control system is lower than that of the optimal passive system in the whole frequency band.
The voltage of the damper is shown in Fig. 12.
6. Conclusions

In summary, this paper proposed a new feed forward fuzzy control method for the semi-active
vibration isolation system with an ER damper. It is simpler and rapider than the feedback control
methods because the feedback information does not need to be used in it. The experimental results
indicate that the proposed semi-active control method is better in enhancing the performance of
the vibration isolation system in comparison with the passive control one. Three merits of the
control system are concluded as follows:
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(1)
 It brings forward a method in frequency domain to identify the characters of the excitation
signal’s main frequency as well as the main frequency’s position and amplitude. In order to
identify these characters more accurately, various methods are employed according to
stationary and non-stationary signals, respectively.
(2)
 It uses the fuzzy controller to find the weightiness of every main frequency. The rules of the
fuzzy controller are made experientially and can be adjusted according to the change in the
system parameters. Therefore, the vibration isolation system is able to find the best damping
ratio and voltage of the ER damper.
(3)
 The semi-active vibration isolation system is combined with the ER damper. Using the
character of the ER fluids, the control effect of the whole system becomes faster and more
reliable.
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