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Abstract. This paper presents the experimental results of a new proof mass actuator for the implementation of velocity feedback control loops to
reduce the flexural vibration of a thin plate structure. Classical proof mass actuators are formed by coil–magnet linear motors. These actuators can
generate constant force at frequencies above the fundamental resonance frequency of the spring–magnet system, which can be used to efficiently
implement point velocity feedback control loops. However, the dynamics of the spring–magnet system limit the stability and control performance
of the loops when the actuators are exposed to shocks. The proof mass actuator investigated in this paper includes an additional flywheel element
that improves the stability of the velocity feedback loop both by increasing the feedback gain margin and by reducing the fundamental resonance
frequency of the actuator. This paper is focused on the stability and control performance of decentralized velocity feedback control loops.
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1. INTRODUCTION
This paper presents an experimental study on a new proof mass
actuator with a flywheel element, for active vibration control in
a velocity feedback control loop to reduce flexural vibration of
a thin panel. A stability and performance study is presented to
assess how the additional flywheel element improves the overall
control performance of the velocity feedback loop compared to
the classical configurations of the actuator.

Feedback control with a collocated actuator and velocity sen-
sor can be used to generate an active vibration control system
to reduce flexural vibrations of thin plate structures [1–10].
In practice, a localized control point force is generated with
proof mass actuators [11, 12]. Typically, a classical proof mass
actuator is built with an outer cylindrical coil winding sus-
pended with soft springs to an inner cylindrical magnet [13].
The pair of forces are produced by the actuator when current
flows through the coil, such that one force is produced at its
base and a reactive force is balanced by the inertial effect of the
suspended coil [14]. The produced force is constant only at fre-
quencies above the fundamental resonance frequency of the ac-
tuator. Thus, this actuator can be effectively used to implement
an actuator-sensor velocity feedback control loop at frequen-
cies greater than its fundamental resonance frequency [9–12].
An ideal proof mass actuator for the velocity feedback con-
trol requires low fundamental resonance frequency, which can
be achieved with a comparatively soft suspension spring and
heavy proof mass, which in practical use causes instability of
feedback control loops when exposed to shocks or sudden ac-
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celerations [15,16]. Thus, the effectiveness of the velocity feed-
back loop using a classical proof mass actuator is limited by
stability issues caused by the low-frequency dynamics of the
actuator [5, 7, 8].

Several different solutions and designs were proposed to
overcome the limitations of low-frequency dynamics of proof
mass actuators. Blended, displacement, or force feedback con-
trol was proposed for more robust active vibration control using
proof mass actuators [17–19]. A compensation filter was pro-
posed, which shifts the fundamental resonant frequency of the
actuator to lower frequencies without increasing its proof mass
weight [20]. Another proposed solution was
nonlinear control of the actuator to reduce the excessive os-
cillations of the proof mass to prevent the actuator from hit-
ting its stop ends and thus causing instability of the feedback
loops [21]. Nevertheless, the proposed solutions add complex-
ity to the vibration control unit, and thus increase integration
difficulty and operating costs of the control system.

The mechanical element called “inerter” [22], which is
widely investigated in the literature [23,24], shows an enormous
potential. However, the proposed solutions present idealized
mechanisms that neglect the kinematic backlash and dynamic
stiffness in the gearing mechanisms that convert small axial
oscillations into angular oscillations of the flywheels [25, 26].
Similar studies present theoretical analysis [24], whereas this
manuscript focuses only on practical aspects of the new type of
actuator and presents experimental test results with a compari-
son to classical, off-the-shelf transducers.

The actuator investigated in this paper is based on a classical
proof mass actuator design with an additional flywheel element
attached to the coil armature that increases the inertia effect of
the proof mass. The new actuator design aims to improve the
robustness and performance of the velocity feedback control
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loops by increasing the inertance of the actuator, which reduces
fundamental resonance frequency without increasing the total
weight of the actuator.

This paper is organized into five parts. Section 2 describes
the three proof mass actuators compared in this study. The clas-
sical proof mass actuator, presented as a reference system, same
mass as the flywheel configuration actuator and flywheel proof
mass actuator. Section 3 presents the stability analysis, while
Section 4 the control performance of the active vibration con-
trol. Conclusions are discussed in the concluding section.

2. FLYWHEEL PROOF MASS ACTUATOR
The proof mass actuator shown in Fig. 1, is an electromagnetic
transducer, which transforms electrical energy to mechanical
point force. The classical configuration presented in Fig. 1a is
formed by an inner cylindrical permanent magnet which is con-
nected, via flexure springs, to an external ferromagnetic arma-
ture where a coil is housed. The sketch on the left-hand side
shows the lumped electro-mechanical parameter model of the
proof mass actuator. The masses indicated with Ma and mb rep-
resent the external ferromagnetic cylindrical element with a coil
and a permanent magnet, respectively. The soft flexure springs
are modeled with spring ka and dashpot ca. The electrical ef-
fects are modeled in terms of inherent resistance Re, inductance
Le and electromagnetic transduction coefficient ψ . When volt-

Fig. 1. Sketches (left-hand side) and pictures (right-hand side) of the
classical proof mass actuator, same proof mass as the flywheel config-

uration (b) and flywheel proof mass actuator (c)

age ua is applied at the electrical terminals of the transducer and
current ia flows through the coil, pair forces Fa are generated.
One force acts at the base, where the actuator is attached and
a reactive force acts at the proof mass, which is external coil
armature.

The second prototype considered in this study shown in the
sketch and picture of Fig. 1b is the classical configuration with
the same proof mass as that of the flywheel configuration. In
this configuration the proof mass Ma of the classical configura-
tion is increased by the additional mass of the flywheel element
mw and its supporting bracket, which is attached to the coil ar-
mature. However, the pin linking the flywheel element with the
base mass is disengaged and no inertia effect is created when
there are small oscillatory movements between the proof and
base mass of the transducer.

The final configuration shown in the sketch and picture of
Fig. 1c is the flywheel proof mass actuator. In this configura-
tion, the pin linking the flywheel element and base mass to en-
gaged means that small linear oscillations between proof and
base mass are transformed into small rotational oscillations of
the flywheel element and thus additional inertance is included
in the mechanical properties of the proof mass actuator. The
physical parameters of the proof mass actuators considered in
this study are reported in Table 1.

Table 1
Mechanical parameters of the proof mass actuators

Parameter Value

Proof mass Ma = 0.185 kg

Flywheel mass mw = 0.045 kg

Base mass mb = 0.115 kg

Axial stiffness k = 2950 Nm−1

Torsional stiffness kw = 0.009 Nmrad−1

Damping ratio ζ = 0.2

Flywheel inertia Iw = 42×10−6 kgm2

Flywheel offset radius rw = 0.011 m

Flywheel inertance Iw/r2
w = 0.353 kg

Transduction coefficient ψa = 22.5 NA−1

Coil resistance R = 22.5 Ω

Coil inductance L = 4.35×10−3 H

3. STABILITY
This section assesses the stability of the tested velocity feed-
back loops implemented on thin rectangular plates using the
classical with the same proof mass as the flywheel configura-
tion and flywheel proof mass actuators. The experimental re-
sults carried out on a plate were confronted in reference to the
open loop velocity sensor-actuator frequency response func-
tions for the voltage-driven proof mass actuators. The stability
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of the velocity feedback loops was assessed using the Nyquist
criterion [5, 8].

Figure 2 shows the Bode plot while Fig. 3 shows the Nyquist
plot. Both figures show the open loop sensor actuator frequency
response functions considering the plate equipped with a clas-
sical proof mass actuator (solid black line), with the classical
configuration with the same proof mass as that of the flywheel
configuration (blue dashed line) and with the flywheel proof
mass actuator (red dash-dotted line).

Fig. 2. Bode plots of the open loop sensor-actuator frequency re-
sponse functions for the voltage-driven actuators. Classical configura-
tion (solid black line), the classical configuration with the same proof
mass as that of the flywheel configuration (dashed blue line), and with

the flywheel proof actuator (dash-dotted red line)

Considering the proof mass actuators shown in Fig. 2, the
modulus plot is characterized by a heavily damped resonance
peak at the fundamental resonance of the proof mass actuator
and then a sequence of rounded resonance peaks and antireso-
nance lows pairs. The phase plot is characterized by a −180◦

phase lag at the fundamental resonance frequency of the actu-
ator and then a sequence of −180◦ phase lag and +180◦ phase
lead for each resonance peak and antiresonance low pair of the
plate.

The plot shows that the axial inertia effect produced by the
flywheel element shifts the resonance peak at the fundamental
resonance of the proof mass actuator to a lower frequency.

The stability of the velocity feedback loops using the clas-
sical configuration, classical with the same proof mass as the
flywheel configuration and the flywheel proof mass actuator is
assessed using the Nyquist criterion presented in Fig. 3. The
Nyquist diagram for the open loop sensor-actuator frequency
response function for the voltage-driven classical proof mass
actuator shown with solid black line is characterized by a cir-

cle in the real negative quadrants, which is linked to the reso-
nance effect generated by the fundamental resonance effect of
the actuator. While the series of progressively smaller circles in
the real positive quadrants are linked to the resonance effects
produced by the flexural natural modes of the plate. The circle
in the left-hand quadrants indicates that the feedback loop is
only conditionally stable with a maximum signal gain margin
of about 54 dB.
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Fig. 3. Nyquist diagram for the open loop sensor-actuator frequency
response function for the voltage-driven proof mass actuators. Clas-
sical configuration (solid black line), the classical configuration with
the same proof mass as that of the flywheel configuration (dashed blue

line), and with the flywheel proof actuator (dash-dotted red line)

The Nyquist plot for the classical actuator with the same
proof mass as the flywheel configuration shown with the dashed
blue line presents similar characteristics to the classical con-
figuration. The circle in the left-hand quadrants indicates that
the stability gain margin is about 55 dB. Finally, analyzing the
Nyquist plot for the flywheel-proof mass actuator shown with
a dashed black line the circle in the left-hand quadrants indi-
cates that the stability gain margin is about 68 dB.

4. PERFORMANCE
The control performance of the velocity feedback loops with
the three configurations of the proof mass actuator is assessed
on a thin rectangular plate shown in Fig. 4. The proof mass ac-
tuator is attached on one side of the plate with an M5 nut which
was glued to the structure, while the ICP 352C65 accelerom-
eter is attached with wax on the opposite side at transducer
footprint. The accelerometer is power supplied using a 480B10
sensor signal conditioner. The integrated signal is sent to the
actuator through the QD4480 liner amplifier. The clamped thin
rectangular plate is excited with a stochastic vibration gener-
ated with the point force shaker. The shaker was attached to
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the base structure and attached to the plate using a stinger and
via a 288D1 force sensor. The mechanical properties of the steel
plate and the coordinates of the actuator and shaker are reported
in Table 2. To keep the focus on the analysis of the flywheel
proof mass actuators, only a simple fixed gain controller was
implemented.

Fig. 4. Picture of the test setup used to assess the control performance
of the closed loop sensor-actuator for the voltage-driven proof mass

actuators

Table 2
Mechanical parameters of the steel panel

Parameter Value

Length 668 mm

Width 444 mm

Thickness 1.4 mm

Density 8200 kg/m3

Elastic modulus 210 GPa

Poisson ratio 0.31

Damping ratio 0.0035

Actuator coordinate (234, 178) mm

Shaker coordinate (433, 157) mm

4.1. Performance at the control position
The control performance of the velocity feedback loops with
the classical configuration, the classical configuration with the
same proof mass as that of the flywheel configuration, and the
flywheel proof mass configuration are first assessed by plotting
the velocity of the rectangular plate at the control position. Fig-
ure 5 shows the control performance of the velocity feedback
loops implemented with maximum signal gains that ensure sta-
bility. The control velocity signal per unit force of excitation
is considered for the plane plate (dotted green line) and the
plate with the velocity feedback loop using the classical actua-
tor (solid black line), the classical actuator with the same proof
mass as the flywheel configuration (dashed blue line) and the
flywheel proof mass actuator (dashed-dotted red line).

Considering first the spectrum of the plane rectangular plate,
the flexural response at the control position is characterized by
a sequence of progressively smaller amplitude sharp resonance
peaks. When the velocity feedback loops are implemented with
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Fig. 5. Closed loop sensor-actuator frequency response function per
unit force excitation at the control position for the voltage-driven proof
mass actuators. Plane plate (dotted green line), classical configuration
(solid black line), the classical configuration with the same proof mass
as that of the flywheel configuration (dashed blue line), and with the

flywheel proof actuator (dash-dotted red line)

maximum control gains that ensure stability using the proof
mass actuators, the response at the control position is charac-
terized by rounded-off plate resonance peaks. However, the ve-
locity feedback loops also generate a high control spillover ef-
fect at the fundamental resonance frequency of the proof mass
actuators. The sharp peaks caused by the spillover effect in-
crease with increasing signal gain applied to the proof mass
actuators implemented in the velocity feedback loops. Thus,
for the classical configuration of the proof mass actuator, the
spillover appears at about 20 Hz, for the classical configuration
with the same proof mass as that of the flywheel configuration
at about 18 Hz, while for the pinned flywheel proof mass actu-
ator at about 12 Hz. What is worth noticing, the spillover effect
produced by the flywheel configuration has a lower amplitude
of about 8 dB compared to the other two configurations. Also,
at higher frequencies, the control performance of the flywheel
configuration is much greater compared to the other two con-
figurations.

Figure 6 presents the control performance of the veloc-
ity feedback control loops analyzed with 10 Hz to 1 kHz
frequency-averaged closed-loop sensor-actuator frequency re-
sponse functions per unit force excitation with reference to in-
creasingly higher feedback control gains. The reductions are
normalized with reference to the frequency-averaged plain rect-
angular plate. The results show the frequency-averaged plate re-
duction with increasing feedback control gains up to maximum
control gain that guarantees stability for the feedback loops im-
plemented with proof mass actuators considered in this study.

The analysis of results for the classical configuration shows
that the feedback control loop produces up to 11.4 dB reduction
of the velocity reductions at the control position with a maxi-
mum control gain of 54 dB. The performance of the velocity
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Fig. 6. Control velocity reductions of the frequency-averaged closed-
loop sensor-actuator frequency response functions. Classical configu-
ration (solid black line), the classical configuration with the same proof
mass as that of the flywheel configuration (dashed blue line), and with

the flywheel proof mass actuator (dash-dotted red line)

feedback loop is slightly lower when the classical configuration
that has the same proof mass as that of the flywheel configu-
ration is used. The results presented with the dashed blue line
show that the velocity feedback loop can generate only up to
11.3 dB reduction with a maximum control gain of 55 dB. Fi-
nally, the feedback loop with the flywheel proof actuator shown
with a dashed-dotted red line can implement much larger feed-
back control gains of up to 59 dB such that the frequency-
averaged velocity of the plate is reduced by up to 17.9 dB. The
improved control performance by about 6.5 dB compared to the
classical configuration and by about 6.6 dB compared to the
classical configuration that has the same proof mass as that of
the flywheel configuration is obtained thanks to the possibility
of implementing much higher stable control gains.

4.2. Overall performance
The performance of the feedback loops with the compared
proof mass actuators was assessed considering the total flex-
ural kinetic energy of the thin rectangular plate. Figure 7 shows
spectra of the total flexural kinetic energy of the panel per unit
force excitation for the plate without actuators and when the
velocity feedback loop using the three proof mass actuators is
implemented with maximum control gains that ensure stability.
Figure 7 shows results for the plain plate (dotted green lines)
and for the plate with the classical proof mass actuator (solid
black line), with the classical configuration with the same proof
mass as that of the flywheel configuration (dashed blue line)
and with flywheel proof mass actuator (dashed-dotted red line).
The plate flexural kinetic energy per unit force excitation ef-
fects presented in Fig. 7 were derived when the velocity feed-
back loops are implemented with maximum control gains that
ensure stability.

The spectrum of the kinetic energy per unit force excitation
for the plain plate is characterized by a sharp resonance peak at
about 44 Hz, which is due to the fundamental natural mode of
the plate and a sequence of sharp resonance peaks progressively
smaller in amplitude due to flexural modes of the plate. When
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Fig. 7. Total flexural kinetic energy per unit force excitation of the
plate with maximum signal gain. Plane plate (dotted green line), clas-
sical configuration (solid black line), the classical configuration with
the same proof mass as that of the flywheel configuration (dashed blue

line), and with the flywheel proof actuator (dash-dotted red line)

the feedback loop with the proof mass actuators is implemented
with maximum control gains that ensure stability, the spectra of
the kinetic energy are characterized by rounded-off plate reso-
nance peaks.

The first two resonance peaks are rounded-off by about
81 dB and by about 58 dB. The results show that all three ve-
locity feedback loops produce similar vibration control perfor-
mance in the entire frequency band. The measured and simu-
lated spectra of the kinetic energy also show the pinning effect
of the plate at about 60 Hz and about 130 Hz.

The measured spectra also show that the velocity feedback
loops with proof mass actuators generate high control spillover
effect in correspondence to the fundamental resonance fre-
quency of the actuators. However, the feedback loops using
the flywheel proof actuator produce a much smaller control
spillover effect. This is because when the actuators are equipped
with the flywheel, the spillover occurs at a much lower fre-
quency in correspondence to the fundamental resonance. Thus,
when the feedback loop with the flywheel proof actuator is im-
plemented the spillover effect is about 40 dB lower compared
to the classical configuration and about 30 dB lower compared
to the classical configuration with the same proof mass as the
flywheel actuator. It can be noticed that the measured perfor-
mance of the velocity feedback loops with the flywheel proof
mass actuator is slightly more disturbed at lower frequencies
compared to the other two configurations, most probably due to
additional rotational oscillations of the flywheel element itself.

Figure 8 presents the frequency-averaged plate kinetic en-
ergy reduction with reference to increasingly higher feedback
control gains. The reductions are normalized with reference to
the frequency-averaged plate kinetic energy of the plain rect-
angular plate. The results show the frequency-averaged plate
kinetic energy reduction with increasing feedback control gains
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up to maximum control gain that guarantees stability for the
feedback loops implemented with proof mass actuators consid-
ered in this study.

15 20 25 30 35 40 45 50 55 60 65 70

Control gain (dB)

11

12

13

14

15

16

17

|K
in

e
ti
c
 e

n
e
rg

y
 r

e
d
u
c
ti
o
n
| 

(d
B
)

Fig. 8. Reductions of the 10 Hz – 1 kHz frequency-averaged kinetic
energy produced by the feedback loops. Classical configuration (solid
black line), the classical configuration with the same proof mass as that
of the flywheel configuration (dashed blue line), and with the flywheel

proof actuator (dash-dotted red line)

The feedback loop with classical proof mass actuator shown
with a solid black line produces up to 15.4 dB reduction of
the frequency-averaged kinetic energy with a maximum con-
trol gain of 54 dB. The feedback loops with the classical con-
figuration that has the same proof mass as the flywheel config-
urations shown with a dashed blue line produce up to 15.6 dB
reduction with a maximum control gain of 55 dB. When the fly-
wheel proof mass actuator, shown with a dashed dotted red line
is used, it can implement much larger feedback control gains of
up to 68 dB, and the frequency-averaged kinetic energy of the
plate is reduced by up to 16.4 dB.

The drop in the frequency-averaged kinetic energy perfor-
mance of the control system is caused by high signal gains
applied to the control actuator, which instead of reducing vi-
brations create a pinning effect of the plate presented and de-
scribed in Fig. 7. Nevertheless, the presented experimental re-
sults show that improved control performance of the velocity
feedback loops with flywheel proof mass actuator is obtained
thanks to the possibility of implementing much higher control
gains.

5. CONCLUSIONS
This paper presents a new proof mass electromagnetic actuator
with a flywheel element that can be effectively used in velocity
feedback control loops to reduce the flexural vibrations of a thin
rectangular panel. Three different configurations of the proof
actuator were considered and compared with each other. The
stability and control performance of velocity feedback loops
were considered using a classical proof actuator, a classical ac-
tuator with the same proof mass as that of the flywheel config-
uration, and a flywheel proof actuator. Experimental test results
carried out on a test rig with a thin rectangular panel were com-
pared using three proof mass actuators.

The stability analysis shows that the addition of the flywheel
element increases the gain margin of the feedback loops. More-
over, compared to the classical configuration with the same
proof mass as that of the flywheel configuration, the flywheel
prototype increased the gain margin without any increase in the
actuator weight.

The performance analysis shows that the addition of the fly-
wheel element in a proof mass actuator can increase the per-
formance of the velocity feedback loops, both at the control
position and its overall effectiveness at a thin rectangular panel
thanks to the possibility of implementing much higher stable
control gains.

The experimental results presented in this paper confirmed
that the flywheel proof mass actuators can improve stability and
control performance of the velocity feedback loops to reduce
the broadband vibration of a thin plate. The improved control
performance was obtained thanks to the lower fundamental res-
onance frequency of the proof mass actuator and thus the pos-
sibility to implement much higher control signal gain.

The proposed design would be beneficial in any type of trans-
portation vehicle where there are irregular dynamics of the mo-
tion, which cause high accelerations or shocks, for example,
planes when landing, and underground trains going through
tunnels.
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