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This paper presents the results of experimental tests carried out on a new inertial actuator that can
be used to implement a velocity feedback loop to reduce the flexural vibration of flexible struc-
tures. Classical inertial actuators used in vibration control systems incorporate coil-magnet linear
motors, with the magnet suspended on soft springs and the coil attached to the base. With this
configuration there are two aspects that limit the effectiveness of the feedback vibration control
system. Firstly, the inherent dynamics of the springs-magnet system limits the stability, and thus
control performance of the feedback loop. Secondly, when exposed to shocks, the actuator suffers
undesired stroke saturation effects, which may also lead to instability of the feedback loop. The
inertial actuator presented in this paper includes an additional flywheel element that increases the
inertia of the proof mass without increasing the weight of the suspended mass. As a result, the
fundamental natural frequency of the actuator could be lowered without increasing the static dis-
placement of the suspended mass. This improves the stability of the feedback loop, both by in-
creasing the feedback gain margin and by improving the robustness to shocks. This paper presents
the measured frequency responses functions that characterise the electro-mechanical response of
a flywheel actuator prototype, which are contrasted with simulations obtained from a simplified
lumped parameter model. The experimental results agree well with the simulation results and
confirm that the new flywheel actuator can be effectively used to implement a more robust veloc-
ity feedback loop.
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1. Introduction

This paper presents the experimental tests carried out on a new inertial actuator equipped with a
flywheel element, which was introduced in Refs. [1-3] for the implementation of more robust decen-
tralised velocity feedback loops for vibration control of flexible structures. The electromechanical
parameters of the tested flywheel inertial actuator are contrasted with simulation results obtained from
a simplified mathematical model (see Refs. [1,3]) and compared with those of classical inertial actu-
ators.

Elliott et al. [4], showed that flexural vibration of distributed two-dimensional thin structures can
be effectively diminished with decentralised feedback systems using collocated point force actuator
and velocity sensor pairs, which produce the so-called sky-hook damping effect [5]. As discussed in
Refs. [6-14], a point force excitation can be obtained from inertial (also called proof mass) actuator,
which is composed by a mass suspended on a spring with in parallel an electromechanical transducer.
Normally, a coil-magnet transducer is used, which can withstand the large stroke necessary to pro-
duce the desired levels of control force [14]. However, the internal dynamics of the inertial actuator,
i.e. its resonant response, makes the feedback control loop only conditionally stable [12]. In general,
to mitigate this problem, the inertial actuator should be designed with a very low fundamental reso-
nance frequency. However, this solution tends to enhance the static displacement of the proof mass
and this could lead to stroke saturation effects, which may also cause instability problems [10,15-18].
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All these stability issues become even more severe when multiple feedback loops are implemented
[19-21]. Therefore, several approaches have been investigated over the years to alleviate these prob-
lems. For example the implementation of internal displacement, velocity and force feedback loops
have been studied to minimise the stroke at the fundamental resonance of proof mass actuators
[22-24]. Alternatively various types of feedback controllers have been considered, which, in general,
also aim to compensate the second order dynamics of the proof mass actuator [25-30].

This paper considers the implementation of a new proof mass actuator with a flywheel element
[1-3], which resembles the mechanical element called “inerter” [31,32]. The flywheel produces an
apparent mass effect that increases the inertia of the suspended mass, though without increasing its
weight and thus without degrading the static displacement properties of the actuator. Therefore the
new actuator can be designed with relatively low fundamental resonance frequency and with rather
low static displacement, so that it can be effectively used to implement stable and robust point velocity
feedback loops.

This paper presents the initial tests carried out on a classical coil-magnet proof mass actuator that
can be equipped with a rocker arm having movable lumped masses, whose dynamic effect resemble
that of a flywheel element. The paper is organised in five sections. Section two describes the details
of the rig built for this study. Section three briefly recalls the analytical formulation used to derive
the measured response functions. Section four contrasts the simulated and measured frequency re-
sponse functions (FRFs) for a) the base impedance, b) the blocked force per unit input current and
c) the electrical impedance that characterise the classical and newly proposed proof mass actuators.

2. Flywheel inertial actuator

Normally inertial actuators for active vibration control are based on linear electromagnetic motor.
In this study the transducer shown in Fig. 1a is used as reference actuator. As depicted schematically
in Fig. 1c, this actuator is formed by a magnetic inner cylinder, which is attached to the structure and
acts as a base mass my,,. Instead, the external coil armature cylinder acts as a proof mass M,, which
is suspended to the inner element via two flexural springs of stiffness k and damping c. The electro-
magnetic effect of the actuator is modelled in terms of transduction coefficient vy, that produces a
pair of forces F, proportional to the current i, flowing in coil, which is characterised by resistance R
and inductance L effects. The same transduction coefficient produces the back electromotive force
U that is proportional to the relative velocity w,,, — W, between the proof mass (coil) and the case
(magnet) of the actuator.

As shown in Fig. 1b, the same electromagnetic actuator is then equipped with a rocker arm having
lumped masses at the ends, which produces the desired rotational inertial effect proportional to the
relative axial motion between the inner cylindrical magnet and exterior armature coil element. This
actuator is thus characterised by an additional relative inertia effect, which, as depicted schematically
in Fig. 1d, is modelled with an inerter element [31] connected in parallel with the suspension spring
and damper elements. This element is characterised by a mass m,,,, which adds to the proof mass M,
and by a polar moment of inertia I,,. The relative motion between the inner and outer cylindrical
elements of the actuator was converted into a rotation of the rocker arm by hinging the arm to a post
connected to the inner cylindrical magnet and to a bracket fixed to the external armature-coil element.
The bracket was designed with four hinging points, so that the conversion offset r,, from axial to
rotational motion could be changed. In this way, the resulting equivalent relative axial inertia effect
of the rocking arm I,,/r,2 was varied. The hinges produce a rotational damping effect c,,, which is
also converted into axial damping given by c,,/r2. The physical properties of the coil-magnet actu-
ator and rocker arm element are summarised in Table 1. The table specifies the equivalent axial inertia
effects of the rocker arm element with reference to the four hinging positions, i.e. with reference to
the four offsets r;,.
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Figure 1: Pictures (a,b) and schemes (c,d) of the tested classical (a,c) and the flywheel inertial actuator (b,d).

Table 1: Mechanical parameters of the inertial actuators

Parameter Value
Proof mass / Coil mass M, = 0.203 kg
Case mass / Magnet mass m;, = 0.117 kg
Flywheel mass m,, = 0.03 kg
Axial stiffness k = 2950 Nm™1!
Damping ratio (=02
Flywheel polar moment of inertia I, = 6.47 - 107> kgm?
Torsional damping ratio ¢ = 0.005
Flywheel inertia values Iyr = 7.4; Ly = 7.0; Iys = 6.7; I,y = 6.5+ 107> kgm?
Pushing pin offset values Twi =17 ;12 =13;1,3 =9; 14 = 5mm
Axial mass effect of the flywheel i:VvTi = 0.26; ;:Vzv—z = 0.42; ;:Vzv—z = 0.83; i:”zv—i = 2.62 kg
Coil resistance R =2350Q
Coil inductance L =435-10"3H
Transduction coefficient Y, = 22.5NA"?

3. Actuators mathematical models

This section briefly recall the mathematical formulation used to derive the frequency response
functions (FRF) for the base impedance, electrical impedance and blocked force per unit input current
that characterise the electromechanical response of the classical (Figs. 1a,c) and flywheel (Figs. 1b,d)
proof mass actuators. The details of the mathematical formulations can be found in Ref. [3]. The
frequency domain formulation is derived with reference to the complex amplitudes g(w) of time—
harmonic functions given in the form g(t) = Re{g(w) exp(jwt)}, where w is the circular frequency
and j> = —1. For simplicity, the frequency dependence is omitted in the expressions of the FRFs.
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Considering the lumped parameter models shown in Figs. 1c,d, the base impedance, the blocked
force per unit driving current and the electrical impedance of the actuators are given by:

— —Fp Zg

wa N Wp iqg=0 N Zb * 14+YmZa (1)
_Fp _ _Ya
Fyi = ialy, 0 1+YmZa’ ()
_ Ua _ meé
Zui =7 o Zet oy 7 3)

In these equations Z, and Y,,, depend on the type of the actuator and for the classical actuator are
defined as Z, =c +]_£w and Y, = , while for the flywheel actuator are defined as

where the damping is defined as ¢ = {2/ Mk for

a

— ko w o Cw — 1
Z,=c+ o + ]wr‘% + 2 and Y, = TR

the classical actuator and ¢ = {2,/ (M, + 1,,/72 + m,, )k for the flywheel actuator. The impedance
of the actuator base mass is given by Z,, = jom,,. Finally Z, = jowL + R.

4. Experimental tests

The following subsections contrasts the measured and simulated base impedance, blocked force
per unit input current and electrical impedance of the classical and flywheel proof mass actuators.
The FRFs are depicted in a 5 x 2 matrix of plots. The left hand side plots show the moduli while the
right hand side plots show the phase of the measured (solid blue lines) and simulated (dash-dotted
red lines). The plots in the first row shows the FRFs for the reference actuator without flywheel while
the plots in the other four rows shows the FRFs for the reference actuator with the rocker arm hinged
with a progressively smaller offset (r,,, > 1,2 > 1,3 > 1,4) Such that the equivalent relative axial
inertia effect of the flywheel is progressively increased (iWTl < ;WTZ < IWT3 < IWT‘* :

wi w2 Tws Twa

4.1 Base impedance

The first row of plots in Fig. 2a show the typical modulus and phase diagrams that characterise the
base impedance of a proof mass actuator [33], which is characterised by low and high frequencies
asymptotic mass behaviours, proportional respectively to the total mass M, + m,; and the case mass
m,, Of the actuator. The two asymptotes are separated by a resonance peak and an antiresonance
through respectively at about the fundamental resonance frequency of 20 Hz and at about 32 Hz. The
remaining four rows of plots in Fig. 2b-e show the effects produced by the rocker arm hinged with a
progressively smaller offset such that its equivalent relative axial inertia effect I, /r,2 is progressively
increased. The fundamental resonance frequency moves progressively to lower frequencies; that is to
about 12 Hz (Fig. 2b), to about 10 Hz (Fig. 2¢), to about 8.5 Hz (Fig. 2d) and to about 6.5 Hz (Fig.
2e). Also, the amplitude of the higher frequency asymptotic mass behaviours is progressively in-
creased. Finally the internal damping effect in the proof mass actuator is also increased, such that the
resonance peak and antiresonance through are progressively rounded. The simulated impedance FRFs
align reasonably well with the experimental results for all configurations except the last one. For the
highest value of equivalent relative axial inertia effect 1, /n2, (Fig. 2e) the simulation result gives
lower actuator resonance frequency compared to the experiment. Furthermore, the high relative axial
inertia effect introduces additional dynamics to the system that result in a wide band crest followed
by a wide band between 50 and 100 Hz. The impedance measured on the classical actuator shown in
Fig. 2a is characterised by a glance at about 39 Hz, which is not predicted in the simulation. It is likely
that this peak is linked to a resonant rocking mode of the suspended mass, which is however removed
when the rocker arm is fixed to the actuator.
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Figure 2: Base impedance for the reference actuator (a) and for the flywheel actuator with inertia I ,,; (b),
inertia I,,,, (C), inertia I,,,3 (d) and inertia I, (€). Experimental results (solid blue lines). Simulations
(dashed-dotted red lines).

4.2 Blocked force

The first row of plots in Fig. 3a show the typical modulus and phase diagrams that characterise the
blocked force per unit driving current of a proof mass actuator [33]. At low frequency the force rises
proportionally to w? and is out of phase with the driving current signal. The force peaks at the funda-
mental resonance frequency of the proof mass actuator, i.e. about 20 Hz, and then rapidly decreases
and settle to a constant value equal to the transduction coefficient, i.e. 27dB, in phase with the driving
current. Thus the proof mass actuator produces the desired constant force excitation in phase with the
driving signal at frequencies above its fundamental resonance frequency. At lower frequencies the
force produced is out of phase with the driving signal. Thus when this actuator is used to implement
a negative velocity feedback to mimic a sky-hook damper, at frequencies below the fundamental
resonance frequency, the feedback loop essentially produces a positive velocity feedback effect, that
IS a negative damping effect, which could lead to instability. It is therefore vitally important the fun-
damental resonance frequency is as low as possible and the amplitude of the resonance peak is also
the minimum possible. The remaining four rows of plots in Fig. 3b-e show that when the actuator is
equipped with the rocker arm hinged with an increasingly smaller offset and thus the equivalent rel-
ative axial inertia effect of the rocking arm I,, /r2 is progressively increased, the resonance peak is
progressively smoothened and brought down in frequency. Also, the higher frequencies constant
force excitation is also progressively lowered to about 21 dB, 18 dB, 14 dB, 6 dB. Also the simulated
force per unit driving current FRFs agree reasonably well with the experimental results. As seen
above, the classical actuator is characterised by a rocking effect of the proof mass, which produces a
small peak at about 39 Hz. Also, at frequencies above fundamental resonance frequency of the actu-
ator, the rocker arm brings in additional dynamic effects, which results in additional small peaks at
about 50 Hz and around 100 Hz (particularly for the configuration with the smallest offset).
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Figure 3: Blocked force for the reference actuator (a) and for the flywheel actuator with inertia I,,1 (b), iner-
tia I,,, (), inertia I,,3 (d) and inertia I,,4 (€). Experimental results (solid blue lines). Simulations (dashed-

dotted red lines).
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Figure 4: Electrical impedance for the reference actuator (a) and for the flywheel actuator with inertia I,,1
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4.3 Electrical impedance
The first row of plots in Fig. 4a show the typical modulus and phase diagrams that characterise the
electrical impedance FRF of a coil-magnet proof mass actuator, which is given by the superposition
2
of the of the coil Z, and the electro-mechanical effect 1}::"# . Inthe 0 — 100 Hz frequency range, the

m<a

coil electrical impedance is purely resistive. Also, the electro-mechanical effect is relevant only
around the fundamental resonance frequency of the actuator. Thus the spectrum is characterised by a
constant value of about 27.5 dB and phase zero for the resistive component and, around at about 20
Hz, a resonance peak and a phase swing to about +30°, which is due to the electro-mechanical effect
of the proof mass actuator. The remaining four rows of plots in Fig. 4b-e show that when the actuator
is equipped with the rocker arm hinged with an increasingly smaller offset and thus the equivalent
relative axial inertia effect of the rocking arm I,, /12 is progressively increased, the resonance peak
is progressively smoothened and brought down in frequency. The simulated impedance FRFs agree
quite well with the measured FRFs, particularly because the higher dynamic effects introduced by the
rocker arm element occur at higher frequencies than the fundamental resonance frequency of the
proof mass actuator and thus are not rendered into the electrical impedance.

5. Conclusions

This paper has presented experimental and simulation results on the FRFs that characterise the
electromechanical response of a new flywheel inertial actuator, which can be used to implement a
velocity feedback loop to reduce the flexural vibration of flexible structures. The study has considered
the mechanical base impedance, the blocked force per input current and the electrical impedance
FRFs. The measured FRFs were taken on a classical coil-magnet inertial actuator equipped with a
rocker arm system specifically designed to produce a variable flywheel inertia effect. The simulated
FRFs were derived from a lumped parameter model.

The study has shown reasonably good agreement between the measured and simulated FRFs. Also,
it has confirmed that the rotational inertia effect of the flywheel element tends to reduce the resonance
frequency and the amplitude of the fundamental resonance peak that characterise the response of the
actuator without increasing the static deflection of the actuator. Thus the new flywheel inertial actu-
ator could be used to implement more stable and robust velocity feedback loops to control the vibra-
tion of mechanical systems and flexible structures.
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