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ARTICLE INFORMATION ABSTRACT

Received date: 30" Sep 2024 An active vibration isolation system has been developed using an Active
Revised date: 15" Dec 2024 Dynamic Vibration Absorber (ADVA) that functions as an accelerometer
Accepted date: 27" Dec 2024 in the high-frequency domain. The system employs an air spring to

suspend the isolation table, serving as the control unit in the low-
frequency region, while the ADVA controls high-frequency vibrations.
Keywords The movements of the isolation table and the ADVA's absorber mass are
regulated by a PID controller, with additional acceleration feedback
] o ) enhancing isolation characteristics. Instead of costly servo-accelerometer
Active Vibration Isolation or a noisy Micro-Electro-Mechanical Systems (MEMS) accelerometer,
Active dynamic Vibration the acceleration of the isolation table is estimated using a Kalman Filter.
ﬁgf;;bnelr:” ter The Kalman Filter—e§timated accelergtion is more gccurate and less _nois_y
PID controller than the ADVA-estimated acceleration. This estimated acceleration is
integrated with PID control for the vibration control of the isolation table.
Experimental  results  demonstrate  significant  performance
improvements. The resonance peak of the isolation table is reduced from
-64.65 dB to -73.58 dB, indicating a two-fold reduction and shorter
settling time compared to ADVA-estimated acceleration feedback. In
terms of vibration transmissibility, the resonance magnitude decreases
from 12 dB to 3 dB. These results confirm that Kalman Filter-estimated
acceleration enhances vibration isolation effectiveness and offers a cost-
effective alternative to servo-type accelerometers.

1. Introduction that these systems remain devoid of vibrations caused

by direct disturbances and ground vibrations

Vibration isolation has emerged as a critical area concurrently [7]. Passive and active vibration isolation

of research in several mechanical systems and sectors, are two prevalent methods for mitigating vibration. A
such as silicon wafer fabrication, high-precision popular and recognised passive vibration isolation
measurement instruments, aerospace technologies, method incorporates passive components, such as
and semiconductor manufacturing [1-6]. It is essential metal springs [8] and springs [8], to reduce vibrations.
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However, the effectiveness of passive vibration
isolations is restricted by inadequate performance in
the low-frequency range [9, 10].

In contrast, active vibration isolation devices
systems may overcome these limitations [11-14]. In
the past, numerous approaches used to set up active
vibration isolation systems [15-17].The arrangement
of two isolators in series is an effective approach for
sustaining parallel high-stiffness and low-stiffness
suspension systems [18-20]. High-stiffness and low-
stiffness components are combined to achieve zero
displacement under on-board disturbances and ground
vibrations. The positive and negative stiffness are
combined to achieve zero displacement in response to
both on-board disturbances and ground vibrations. A
linear dynamic vibration absorber has been integrated
with the isolation table to create a quasi-zero stiffness
(QZS) vibration isolation system [21, 22].

A variety of control algorithms, such as state
feedback [23], Hoo control [24], feedforward control
[25], repetition [26], active acceleration control [27,
28], and PID control [29], robust control [30, 31] have
been applied to develop an active isolation system. In
order to detect low-frequency vibrations, all active
system control methods necessitate high-performance
sensors, such as servo-type accelerometers, which can
be costly [32]. A high-speed valve is required for a
pneumatic actuator to achieve better performance [33]
in low-frequency region. The high cost of these
components becomes the primary barrier to the
widespread application of active isolation systems in
industrial production processes.

MEMS accelerometers act as a cost-effective
alternative for commercial servo-accelerometers in the
detection of acceleration[34, 35]. In contrary to servo
accelerometers, MEMS accelerometers show less
sensitivity in the low-frequency band [36]. Moreover,
additional noise in MEMS accelerometers at
frequencies that are low adversely affects dynamic
responses [37]. The active vibration isolation system
integrates an active dynamic vibration absorber
(ADVA), serves as an acceleration sensor in the low-
frequency area and a MEMS accelerometer in the
high-frequency region [28]. The sensor fusion strategy
[38] combines low-frequency and high-frequency
acceleration signals and applied with PID control as
additional feedback to enhance performance of
isolation. However, the technique used for obtaining a
broad range of acceleration signals is highly
complicated. The selection of the cut-off frequency of
high-pass and low-pass filters in sensor fusion
method affects the acceleration signal and influences
the dynamic characteristics of the isolation table.

In this paper, Kalman filter is used to estimate the
acceleration from the direct measurements instead of
expensive servo accelerometers and noisy MEMS

accelerometer. The estimated acceleration is compared
with the acceleration captured from ADVA's control
input in the low-frequency band. It is then used as
additional feedback with PID control to improve the
vibration isolation characteristics. A number of
experiments were conducted to measure the dynamic
characteristics such as compliance and transmissibility
and the effect of the Kalman filter estimated
acceleration on the dynamic characteristics of the
table. The performance of the ADVA’s estimated
acceleration and Kalman filter estimated acceleration
are compared in terms of dynamic characteristics.
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Figure 1. (a) Schematic of the developed system (b) fabricated

2. Structure of the Active vibration
isolation system
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The developed active vibration isolation system is
depicted in the Figure 1. The system consists of a mass
(my) of the isolation table that is supported by a spring
(k1) and a damper (c1). Both low-frequency positioning
and vibration control are performed by the pneumatic
actuator. The absorber mass (m.) hangs from the
isolation table and a Voice Coil Motor (VCM) control
the motion of the ADVA's mass. A displacement
sensor S;under the isolation table measures the relative
motion of the isolation table in relation to the base,
whilst another sensor S; measures the relative
displacement of the absorber mass with respect to the
isolation table. The servo-types of accelerometers and
MEMS accelerometer are mounted on the isolation
table. The high-frequency acceleration of the table is
measured using an inexpensive MEMS sensor (Sa),
while the low-frequency acceleration can be calculated
from the VCM's control current.

3. Principles of Active Dynamic Vibration
Absorber

Figure 2 illustrates the schematic diagram of the
active dynamic vibration absorber employed in the
proposed active vibration isolation system. The
primary purpose of the ADVA is to reduce the
vibration of the isolation table. The ADVA's mass
exhibit in-phase movement with the isolation table in
the low-frequency area and out-of-phase motion in the
high-frequency region. As a result, it primarily
operates as a control device in the high-frequency
domain.
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Figure 2. Structure of the ADVA

The ADVA's construction mimics that that of a servo-
accelerometer, which facilitates the estimation of low-
frequency acceleration from ADVA control current.

The formula for calculating acceleration is provided in
[28].

4. Modelling and Controller Design

Mathematical modelling

The equations of motion of the isolation table and
the ADVA’s mass can be expressed as follows:

my¥y = —kiyy — o+ ksiy —kpin + f, +(f¢§
1

myX, = kyi, 2

where mirepresents the mass of the isolation table, x
indicates displacements, f,: force generated by the
pneumatic actuator, f;: ADVA’s control force, fg: force
caused by the direct disturbance. Also, the subscript 0,
1, 2 identifies the base, vibration table and ADVA’s
mass.

The force fa is represented by

fa = Aop (D) ®)

where Ao: cylinder area, p: compressed air pressure.
The pressure of the compressed air satisfies the
following equation

dp(t) .
T2+ p(0) = kiy (6) )

where ks: valve coefficient, T: time constant, i1: control

current of the valve.

By applying the Laplace transform to the equations

(1)-(4), the following equations are obtained:

m152X1(5) = —k,Y1(s) — c15Y1(s) + kI, (s) —

kol (s) + Fy(s) + Fa(s) ®)
Mys2X,(s) = kyly(s) 6)

Fy = AoP(s) (7

TsP(s) + P(s) = kI, (s) ®8)

The control current of PID controller, including
additional acceleration feedback for the isolation table
and ADVA mass, can be written as follows:

Y;
L) = = (K ) + K " 4 K () -

$2Gp(s)Ka1 X1 (s) )
L(s) =— (szyz(s) + Ki; 2o +
sKa(G(5)) (10)
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where, Y1 = (X1 — Xo) is the displacement of the table
with respect to the base; Y, = (X2 — Xi) is the
displacement of the ADVA’s mass to relative to the
isolation table, Py is proportional, Pqis derivative, P; is
integral, Py and P is gains of acceleration feedback.Gr
denotes the low pass filter transfer function.

The transfer function of the table displacement (x1)
to direct disturbance (Fd) and table displacement (x1)
to ground vibration (Xo) can be generated using the
following equation

X1(s)
Fy(s)
Bas* + B3s® + Bos® + Bis + By

787 + ags® + ass® + ayst + azs3 + ays? + ags + ag

X1(s)

5 X04(s) 3 2
V656+V55 T VaST + V38T T V25" V1S + Vo

;87 + ags® + ass® + a,st + azs? + ays? + ays + ag

where
a; = (mym,T + ¢ymy)
ag = (mym, + crkykg, + miTkokgs)
as = (Aokgiksmy + Thykyomy + Gpkgym, +
Thkym, + cikakp, + kokgomy + kykgom, —
kapZmZ + cimy)
ay = (Aokpiksmy + Gpkykgikay + Thiky kg,
+ Thykpymy + ky kg’
- k22kd2kp2 + cikykgy + ko ki
— kykizm, + kapZml + kym;)
as :(kzzkdzkpz + AOkadlkkas +
Aokzkazkpiks + Aokiiksmy + Gekakaiky, —
kzzkdzkiz - kzzkpz2 + C1k2kp2 + kykoka, +
kyki;m,)
ay = (Aokzkarkisks + Aok kazkiiks
+ Aok kpikpoks + Grkokgikin
+ Thykykiy + ky*kazks
— 2k, kizkyy + cikokin
+ kikpikyz)
ay = (Aokakigkpoks + Agkokipkp ks — ko’kip®)
ay = Aokakikizks
Bs = Tm,
Bs = (my + kyTky)
B3 = (kakgs + kZTkpZ)
B2 = (k Tk + kapZ)
By = kakiy
Yo = Tcim,
ys = (c;my, + Thym, + Teykokgy + AgTkyiksmy)
Va = (kymy + cikokgs + Thikokgy + Tejky kg
+ Aokpiksm, + AgTkykaikazks)

V3 = (AoThakgikpoks + AgThkykgzkp ks
+ Tklkzkpz + Clkzkpz
+ kikokgr)
V2 = (AoTkokgikipks + Aokakazkizks
+ Aokzkpzkpzks + Tklkzkiz
+ Clkzkiz + klkzkpz)
V1= (AOkailkkas + Aokzkizkpi ks + k1k2ki2)
Yo = Aokzkikipks

Equation indicates that an increase in the acceleration
feedback gain (ka1) increases the co-efficient of s° (asg),
s® (as) and s? (az), leading to a significantly greater
denominator value compared to the case without
acceleration feedback gain. If the denominator
increases, the displacement of the table reduces
compared to the absence of extra acceleration
feedback.

The addition of acceleration feedback effectively
increases the table mass. The acceleration feedback
coefficient is chosen to ensure the stability of the
isolation table. To determine the table’s steady-state
displacement for direct disturbance, Fq is considered
as step function, while the vibration of the base is set
to zero (xo=0)

Bas* + B3> + Bo5% + Bys
X1 () = lim +ho
Fy 520 7S7 + a6S® + ags® + ays*t + ass®
+a,5%2 + a;s + aq

This study uses the pole assignment approach to
calculate the controller parameter gains. The designed
active vibration isolation system incorporating ADVA
with PID control and acceleration feedback results in
a seventh-order system. The calculation of
acceleration feedback gain for the stated seventh-order
system is extremely complex and laborious. Therefore,
the isolation table and ADVA are treated as two
separate systems, with PID control applied for each of
them with additional acceleration feedback for the
isolation table.

The isolation table and ADVA are assumed as a
one degree of freedom system, where the movement
of the table is restricted only in the vertical axis. The
fundamental equation of motion for the vibration table
can be expressed as follows:

mi = F, + Fy (11)
where m represents table mass, x denotes the
displacement of the table along the y-axis, Fa, and Fq
are the actuating force and direct disturbance on the
vibrating table.

The actuating force can be written as
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F, = ki, (12)
where k is the actuator force co-efficient and i is the
actuator current.

Following the Laplace transformation, the dynamics
of the isolation table mass can be expressed in the
subsequent form

k
X(s) = (s 1(s) + 74 (13)
where each Laplace transform's variables are

represented by identical capital letters.
Controller design

The isolation table's control mechanism employs
a PID (proportional, integral, and derivative)
controller with acceleration feedback, enabling the
control current i(t) can be calculated using the
following Laplace-transformed equation:

I(s) = — (Kpl + % + SKdl) (X1(5) - XO(S)) -
2K, X(s) (14)

where Kp1, K;1, K41 and K, represent the proportional,
integral, derivative, and acceleration feedback gains,
respectively

The transfer function that characterises the system's
dynamics regarding table displacement due to the on-
board disturbances and ground vibrations can be
defined by the next two equations

X(s) s
Fy(s) — (m+ kka1)te(s)

X(s) _ kkays? + kkyys + kky
Xo(s) (m + kkgp)t:(s)

where t¢(s) is the characteristics equation of the PID-
controlled system with acceleration feedback and is
expressed as follows:

kkg, 5 kk,q

— 3
te(s) =s°+ (m+kky) . | (m+kkg)®

PR
(m+ kkyq)

For the third order system, the characteristic equation
can be expressed as follows

ta(s) = (s + wy)(s* + 2§ w,5 + w,?)
= 53 +/12$2 +/115 +AO

where A, = 20w, + w1, 4, = 2{wiw, + 0,2, 4 =
w, w, 2. For simplicity, it is assumed that w, w, = wy.

The dynamics of the second order system are
characterised by two variableswqy(2mfy) and ¢, =
C.which are used to characterize the dynamics of the
system. Hence, the controller gains are obtained by
means of comparing between the ideal and system
characteristics equations.

Ay(m + kkgq)
p1 = Tk
Ao(m + kkgq)
i1= f
A(m+kkgy)
di = f

The transfer function representation for the
absorber mass displacement in response to direct
disturbance with PID control can be computed using
the following equations, derived similar to the
isolation table

X(s) s

Fa(s) — mic(s)
where £.(s)is the characteristic equation of the
absorber dynamic system as expressed by the
following equation

t.(s) =s%+ *Kaz s?+ *hyz s+ k:f
where Ky, K;, and Ky,are the proportional, integral
and derivative gain respectively.

The PID controller gains are determined by
comparing the characteristic equation with the ideal
one, resulting in the following equation.

Am Agm A,m
Koo =T Ko =T K = 5

Theoretical analysis of controller design suggested
that adding acceleration feedback into the controllers
significantly enhances the system's virtual mass. This
leads to reduced displacement in response to both
known and unknown disturbances.

5. Kalman Filter

An accelerometer is typically employed to
determine the absolute acceleration of a system.
However, industrial servo-type accelerometers likely
to be expensive. A more economical solution to this
issue is to implement a MEMS accelerometer; yet
these devices often generate noisy data in the low-
frequency range. The directly measured values of the
feedback signal may be complemented by Kalman
filter estimations to decrease noise. The Kalman filter
functions as a linear quadratic estimating (LQE)
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algorithm by evaluating a sequence of data across time
while accounting for noise and other defects.

Theory

The state space model of a dynamic system
incorporating both process noise and measurement
noise can be represented in the following form.

x=Ax+Bu+Q
y=Cx+R
where x denotes the state variables, A represents the
state matrix, B corresponds to the control input, C
refers to the measurement matrices, U is the input
vector, Q is the process noise vector, and R stands for
the measurement noise vector.

The method of estimating the state using the
Kalman filter is broken down into two primary steps:
forecasting the state and taking corrective action. The
output of each stage is sent into the following phase,
and this sequence will continue until the final estimate
is obtained. The implementation of these processes is
accomplished by means of the Kalman filter
algorithm, which is divided into two phases: the time
update phase and the measurement update category.

Time update
X1 = PX_1 + Bu
Pey =P +Q

Measurement update
Xie = Xk-1 + K = Cxpe—1)
K = (P_1O)(CP1C+ R
P = (1=K C)Prq

The gain of the Kalman Filter denoted by K. ()
and (x) stand for the expected and estimated values of
X. For the simulation purposes, the state space model
of the developed system can be written as follows.

r 0 1 0 0 01
*1 _E _4a 0 0 ﬁ X1
d [xll m1 m1 m1 xl]
—I|X =] 0 0 0 1 0 [Ix
dt{xzj 0 0 0 0 X2J|
p 1iLp
0 0 0 0 —=
| a
r 0 0
k
0 ——=> 0]
m, 1
0 0 |ria], |my]
mz 0
o L
LT

6. Experiment

Experimental set-up

The developed system's experimental setup is
depicted in a photograph in Figure 3. The leaf springs
control the translational movement of the table along
the vertical axis. In the low-frequency range, an air
spring is an actuator; in the high-frequency range, an
ADVA acts as a vibration control device. A voice coil
motor drives the absorber mass (VCM). The
displacement of the absorber mass with respect to the
isolation table and the relative movement of the
isolation table with respect to the base are measured
by eddy-current gap sensors. The control algorithms is
implemented using dSpace 1104. Power amplifier is
used to power the electromagnet and Voice Coil Motor
(VCM). Dynamic signal analyser Hewlett Packard
35670A is used to measure frequency response for
both direct and ground vibration. A servo-type
accelerometer is used as reference. Ground vibration
is generated using piezoelectric actuators which are
placed between the base and floor, and the
electromagnets under the table cause direct
disturbance. Power amplifier is used to power the
electromagnet and VCM.

~ ~
Figure 3. Experimental Set-up

Results and discussion

The dynamic performance characteristics of the
developed active vibration isolation system were
measured experimentally. To enhance dynamic
behaviours such as compliance and transmissibility,
additional acceleration feedback was incorporated
using PID control. Typically, acceleration is measured
using a servo-type accelerometer, which is highly
accurate but is expensive. As an alternative, the
ADVA used in the developed isolation system can
serve both as a vibration control device and as an
accelerometer. Additionally, acceleration can be
estimated using a Kalman Filter.

To compare acceleration data from the servo-type
accelerometer, ADVA-estimated acceleration, and the
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Kalman Filter-estimated acceleration, a sinusoidal
signal with a frequency of 5 Hz was applied to all the
electromagnets beneath the isolation table. The
corresponding acceleration data were collected and
plotted in Figure 4. The results in Figure 4 indicate that
the acceleration estimated from the ADVA control
current is much noisier than that from the servo-type
accelerometer, and the magnitude of the acceleration
differs significantly. To address this, the ADVA
acceleration data were calibrated against the servo-
type accelerometer data, as shown in Figure 5.

Acceleration (m/sz)

0 0.2 0.4 0.6 0.8 1
Time (s)

Figure 4. Comparison of the servo, Kalman filter estimated,

and ADVA estimated acceleration

To evaluate the impact of Kalman Filter-
estimated acceleration feedback on the dynamic
characteristics of the isolation table in the frequency
domain, several experiments were conducted to
measure compliance, which reflects the influence of
on-board disturbances on the isolation table's
movement. A sweep signal of constant magnitude was
applied to the electromagnet beneath the isolation
table using a frequency response analyzer, and the
displacement of the table was measured using an eddy-
current displacement sensor. Simultaneously, the
movement of the isolation table and the ADVA mass
was controlled using a PID controller. The frequency
response was then measured with additional
acceleration feedback using both ADVA-estimated
acceleration and Kalman Filter-estimated acceleration
with PID control. All frequency response results, with
and without acceleration feedback, are presented in
Figure 6.

The results indicate that acceleration feedback has
no effect on very low frequency vibration of the
isolation table. However, its effect is significant at the
resonance frequency. It is shown that the magnitude
of vibration at the resonance peak is -64.65 dB which
is reduced to -73.58 dB and further to -80.02 dB due
to the ADVA acceleration and Kalman Filter
estimated acceleration feedback, respectively. A
lower resonance magnitude corresponds to a shorter
settling time for the isolation table’s vibration.
Notably, the reduction in the resonance peak is twice

It is observed that the Kalman Filter-estimated
acceleration is less noisy compared to the ADVA-
estimated acceleration and does not require for
comparison with the servo-type accelerometer data.
Therefore, if the state-space model of the developed
system is known, Kalman Filter-estimated
acceleration can be used as the acceleration feedback
signal to improve the dynamic characteristics of the
active vibration isolation system.

AN

Servo

\ \ \ Kalman
_ LT / ADVA

§ vV ¢ v v

0 0.2 0.4 0.6 0.8 1
Time (s)

0.5

Acceleration (m/sz)
o

-0.5

Figure 5. Comparison of the servo, Kalman filter estimated, and
calibrated ADVA estimated acceleration
due to the Kalman Filter-estimated acceleration
compared to ADVA-estimated acceleration feedback.
This implies that the vibration of the isolation table
settles in half the time with Kalman Filter feedback
compared with the ADVA-estimated feedback.
Likewise, the direct disturbance effect, the
transmissibility of ground vibration to the isolation
table was measured with additional acceleration
feedback. In this case, the ground vibrations were
generated by applying voltage to the piezo actuator
using a piezo amplifier. The frequency response of the
vibration isolation table with additional ADVA-
estimated acceleration and Kalman Filter-estimated
acceleration feedback, was measured in the same
manner as for direct disturbance and summarized in
Figure 7. The resonance peak magnitude was reduced
from 12 dB to 6 dB due to ADVA-estimated
acceleration and further reduced to 3 dB with Kalman
filter estimated acceleration. Since the magnitude of
ground vibrations is significantly smaller compared to
on-board disturbances, the vibration transmitted from
the ground to the isolation table is minimal,
particularly at higher frequencies, as shown in the
high-frequency region of the frequency response. The
results in Figure 7 demonstrate that Kalman Filter-
estimated acceleration feedback has a greater impact
on the vibration isolation characteristics of the table
compared to ADVA-estimated acceleration feedback.
This superiority is attributed to the Kalman Filter's
higher data accuracy and reduced noise.
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Due to its low noise and high data accuracy, the accelerometers. Eliminating the need for servo-type
Kalman Filter-estimated acceleration feedback accelerometers significantly reduces the overall cost of
enables the developed system to replace servo-type the developed active vibration isolation system.
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7. Conclusions
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