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Abstract
Inertial actuators can be used with velocity feedback controllers to reduce structural vibration, but the fi-
nite stroke length can affect the behaviour and the stability of the control system. Stroke saturation results
in impulse-like excitation, which is transmitted to the structure and may result in damage. Moreover, the
shocks produced by the impacts reduce the overall damping and eventually leads to instability and limit
cycle oscillations. This paper examines the implementation of a nonlinear feedback controller in order to
avoid collisions of the proof mass with the actuator’s end stops, thus preventing this instability. Firstly, the
nonlinear model of a stroke limited inertial actuator is identified experimentally. Secondly, a nonlinear con-
trol strategy is presented, which actively increases the internal damping of the actuator, and its experimental
implementation is discussed. Finally, the estimation of the relative proof mass velocity is presented using the
nonlinear model of the actuator and an extended Kalman filter algorithm.

1 Introduction

Active solutions, using inertial actuators driven from sensors via feedback controllers, are important in the
control of vibration in lightweight and flexible structures [1]. A velocity feedback controller (VFC) consists
of an inertial actuator attached to a structure, a collocated vibration sensor on the structure and a controller,
which feeds back the velocity of the structure to the actuator. Velocity feedback controllers are capable of
increasing the effective damping in the structure, hence reducing its level of resonant vibration [2]. The
main components of an inertial actuator as illustrated in figure 1 are: a magnetic proof mass, a coil and a
suspension, which connects the proof mass to an outer casing or a base mass. The operating principle of
an inertial actuator is that an input current to the coil generates a control force on the structure by reacting
against the proof mass, which starts to accelerate [2].

One concern using inertial actuators in velocity feedback loops is that their internal, linear, dynamics will
affect the behaviour of the control system, which then becomes only conditionally stable [3]. Moreover,
mechanical nonlinearities of inertial actuators can further affect the stability of VFC. Stroke saturation is a
nonlinear effect that is due to the proof mass hitting the actuator end stops, potentially imparting large shocks
to the structure, which may be damaged. It has been observed experimentally that stroke saturation is also
undesirable in terms of the stability of the closed loop control system, because it can reduce the stability
margin, and in fact, enhance the level of vibration [4, 5]. This motivates for having accurate models of proof
mass actuators and in particular of the nonlinearities that may affect the dynamics of these devices at low
frequency or large excitation signals [6]. Several attempts have been made to overcome the issue of stroke
saturation in inertial actuators [7, 8, 9, 10].

This research sets out a theoretical and experimental study of a nonlinear control strategy (NLFC) to prevent
stroke saturation of inertial actuators. The control strategy acts as a second loop alongside the linear VFC
and implements a simple nonlinear control law using the proof mass relative velocity signal [11, 12]. The

341



Figure 1: Schematic of an inertial actuator in cross-section

NLFC presented in this paper increases the internal damping of the actuator as the proof mass approaches
the end stops, whilst not affecting it when the proof mass is clear from the constraints. A drawback of this
control strategy is that it needs the relative proof mass velocity signal. In most cases it is impossible to
directly instrument the proof mass, hence a virtual sensing approach using the other available measurements
would be an interesting solution. Two different approaches are presented in this paper. The first one uses
the underlying linear deterministic model of the actuator to calculate the coefficients of a digital filter to be
applied on the current and base velocity signals. The second approach considers an extended Kalman filter
algorithm and the nonlinear model of the actuator to predict and update the estimation of the relative proof
mass velocity at each time step [13].

This paper is organised in three main sections. Section 2 investigates the nonlinear dynamics of the inertial
actuator through an experimental identification using base excitation and direct excitation experiments. Sec-
tion 3 presents the nonlinear feedback law and its experimental implementation on a control unit attached
to the free end of a cantilever beam. Section 4 introduces a state estimation approach for the relative proof
mass velocity using only the measurements of the electrical port of the actuator and the base velocity. The
conclusions are summarised in section 5.

2 Identification and modelling of nonlinearities

A large amount of literature has shown that the internal dynamics of inertial actuators affect the stability
and performance of VFCs [3]. This motivates for having an accurate models of inertial actuators and in
particular to look for nonlinearities that may affect the dynamics of such devices for large excitation signals.
This section briefly describes the methodology for the identification of mechanical nonlinearities of inertial
actuators, which has been described in detail in [6]. The electrical nonlinearities are neglected since they
mainly affect the behaviour at high frequencies. The inertial actuator considered in this study is a Micromega
Dynamics IA-01 [14]. The characterisation of the inertial actuator is performed using two experiments. The
first experimental set-up is called base excitation and is shown in figure 2(a). The actuator is mounted on
a force sensor, which is rigidly connected to an electrodynamic shaker. An accelerometer is attached to
the actuator casing in order to measure the acceleration of the base mass. The actuator’s coil terminals are
initially left open to measure the voltage due to the back-electromotive force (back-emf). The output force,
acceleration and voltage signals are acquired by a dSpace 1103 control board. The second experimental
set-up is called base blocked, or current excitation and is shown in figure 2(b). The actuator is fixed to a
rigid clamped mass and the force at the base is measured by a force cell positioned between the actuator
and the blocked mass. In this experiment, the signal generated by the dSpace is amplified by a voltage
driven current amplifier before entering the actuator leads. The amplifier also has an output monitoring port
for measuring the current of the load. Again, the current and voltage signals are acquired by the dSpace
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(a) (b)

Figure 2: (a) picture of the set-up for the base excitation experiment; (b) picture of the set-up for the blocked
base experiment

board. The underlying linear parameters for both tests have been measured by applying a broadband white
noise with small amplitude excitation and recording the measurements for 60 seconds and taking averages.
The actuator’s coil terminals are firstly left open and then shunted in order to see the additional damping
introduced by the electromechanical coupling. To identify the nonlinear behaviour, the base excitation test
has been used with large amplitude signals. The actuator’s coil terminals are left open circuit in order
to measure the back-emf and a sine-sweep excitation has been used, in order to catch all the information
about the instantaneous frequencies in the response. In this case the experiment is 60 seconds long for
linearly sweeping up (down) from 5 Hz (25 Hz) to 25 Hz (5 Hz) at a rate of 40 Hz/min (-40 Hz/min). In
order to understand the dynamic behaviour of the electrodynamic proof mass actuator, a two-port network
is built for such a system. The equivalent electromechanical nonlinear lumped parameter model of the
inertial actuator is shown in figure 3, where mb represents the base mass of the actuator and mp represents
the proof mass. The base mass and proof mass displacements are xb and xp, respectively. The actuator’s
suspension is represented by a nonlinear restoring force fRF (ẋr, xr), which for the underlying linear model
is given by the stiffness and damping coefficients kp and cp. The external force applied to the base for
the equilibrium is denoted by f . The variable ia is the current flowing through the coil, while ea is the
voltage across the coil terminals. The electromechanical coupling factor, which in general is a nonlinear
function of the displacement is φ(xr) = Bl(xr), where B is the magnetic flux generated by the permanent
magnet and l(xr) is the length of the winding exposed to the magnetic flux B. In the underlying linear
model the coupling factor is given by a constant. The voice coil is typically modelled as a series ideal
inductance Le and resistor Re. The underlying linear parameters of the inertial actuator have been identified
by matching the experimental driving-point electric and mechanical impedances and the transmissibility with
the ones calculated from the linearised lumped parameter model of figure 3 [6]. The identified parameters
are summarised in table 1.

Parameter Symbol Value Units
Base mass mb 0.054 kg
Proof mass mp 0.031 kg

Transduction coefficient φ 1.55 N/A
Natural frequency ωp 9.7 Hz

Damping ratio ζp 30% −
Coil resistance Re 3.2 Ω
Coil inductance Le 211 µH

Table 1: Identified actuator linear model parameters

In general, the assumption of linearity in the model holds only for small amplitude signals. For large ampli-
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Figure 3: Nonlinear lumped parameter model of the proof mass actuator

tude signals, a nonlinear model of the inertial actuator is required. This is crucial in case of instabilities or
large amplitude of motions. The governing equations of the nonlinear system in figure 3 can be written as,





mpẍp(t) = −fRF (ẋr(t), xr(t)) + φ(xr(t))ia(t)

f(t) = φ(xr(t))ia(t)− fRF (ẋr(t), xr(t)) +mbẍb(t)

ea(t) = φ(xr(t))ẋr(t) +Reia(t) + Le
d
dt
ia(t)

. (1)

The nonlinearity of the inertial actuator is identified following three steps, namely detection, characterisation
and parameter identification, as proposed in [15, 16]. The inertial actuator is tested using the base excitation
experiment with a harmonic signal for detecting the nonlinearities. Then a linear sine sweep up and down
excitation is used and a formulation can be chosen for the nonlinear model. Finally, the nonlinear model
parameters can be identified using the restoring force surface method [15, 16, 17] and the back-emf signal
for the transduction factor. Fig. 4(a) shows the experimental data points of the restoring force in the phase
space for the largest amplitude of excitation. It can be seen that the restoring force measurements are close to
a linear behaviour until the actuator reaches the end stops. The restoring force suddenly steepens if the proof
mass collides with the end stops. In order to identify the nonlinear parameters of the nonlinear function, an
assumption is made, which is

fRF (ẋr, xr) = fRF,v(ẋr) + fRF,d(xr), (2)

hence, the contribution of the damping and elastic restoring forces can be separated. The scattered data plot
of the measured elastic restoring force is shown in figure 4(b) with the black dots. It can be seen that the
behaviour of the elastic restoring force is piecewise linear, where the stroke saturation can be modelled as
a non-smooth function with a very large stiffness. From this scattered data plot a nonlinear model can be
fitted, which is shown in figure 4(b) with the red solid line. The elastic restoring force of the fitted polynomial
model shown in Figure 13 with the red solid line can be written as,

fRF,d(xr) =





ksat(xr + x0)− p1x0 + p2 xr ≤ −x0
p1xr + p2 |xr| < x0

ksat(xr − x0) + p1x0 + p2 xr ≥ x0
, (3)

where the parameters appearing in equation (3) are p1 = 230N/m, p2 = 0N , ksat = 2 · 104N/m and
x0 = 1.25mm. The scattered data plot of the damping restoring force is shown in figure 4(c). It is observed
that the experimental data points of the damping restoring force are well fitted by a linear model, which is
shown with a red solid line and can be written as,

fRF,v(ẋr) = p1ẋr + p2, (4)
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Figure 4: (a) 3D restoring force data points; (b) model identification of the elastic restoring force; (c) model
identification of the damping restoring force; (d) model identification of the transduction factor.Experimental
data (black dots), fitted curves (red solid line)

where the parameters appearing in equation (4) are p1 = 1.4N/ms−1 and p2 = 0N . The scattered data plot
of the transduction factor versus the displacement is shown in figure 4(d). The transduction factor behaviour
is polynomial and symmetric. In fact, the peak in the transduction coupling is reached for the proof mass in
centred position. From this scattered data plot a nonlinear model can be fitted, which is polynomial of the
2nd order and can be then written as,

φ(xr) = p1x
2
r + p2xr + p3, (5)

where the parameters appearing in equation (5) are p1 = −300kN/Am2, p2 = −6.5N/Am and p3 =
1.8N/A.

3 Experimental implementation of a nonlinear feedback controller

This section examines the experimental implementation of the VFC and NLFC loops for the vibration reduc-
tion of the first mode of a cantilever beam using the stroke limited inertial actuator presented in section 2.
The experimental set-up is shown in figure 5. It consists of an aluminium cantilever beam and a control unit
attached at the nodal point of the second mode of the beam. The control unit comprises the inertial actuator,
a collocated accelerometer and a force sensor. The external excitation is given by an instrumented hammer,
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Figure 5: Experimental test rig for the active vibration control of the beam

whereas the acquisition and control system are performed by the dSPACE control board, where the sampling
rate of has been set to fs = 10kHz. The parameters of the test rig are given in Tab. 2 for the beam and
control unit, and in section 2 for the nonlinear model of the inertial actuator.

Property Value
lbeam 175 mm
bbeam 25 mm
hbeam 3 mm
macc 0.005 kg
mbase 0.053 kg
mgauge 0.023 kg

Table 2: Parameters of the cantilever beam and the control unit

3.1 Velocity feedback control (VFC)

The stability of the VFC is analysed using the Nyquist criterion for the open loop FRF L(jω) = hsYcc(jω),
where hs is the velocity feedback gain and Ycc(jω) is the driving point mobility [18]. The VFC gain is set
to unity and the actuator is driven by a broadband white noise current at small level, in order the actuator
operates within its linear range. This results in the open loop FRF shown by the polar plot in figure 6. It
can be seen that the locus of the Nyquist intersects the negative real axis at a distance δ = 0.068, which
corresponds to a gain margin gm = 1/δ = 14.7 and the closed loop system being only conditionally stable.
As a result, the maximum velocity feedback gain that can be applied to the system without driving it unstable
is hs,max = 14.7. However, it has been noted that the VFC becomes unstable for feedback gains much lower
than hs,max and this has to be attributed to the stroke saturation nonlinearity [19, 20]. In fact, this instability
is caused by the proof mass leaving one end stop and quickly moving through the stroke, hitting the opposite
end stop and imparting an impulse, which is in phase with the velocity of the structure. This reduces the
overall damping of the system until the controller becomes unstable and limit cycle oscillations are observed.

3.2 Nonlinear feedback control (NLFC)

The study of the previous section motivates for the development of a nonlinear controller, whose aim is
to prevent the destabilisation of the feedback loop due to stroke saturation yet maintaining the vibration
suppression performance of the VFC. The author of [11] proposed to use a combination of relative velocity
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Figure 6: Nyquist of the measured open loop FRF with a control gain hs = 1

feedback and VFC, where the tuning of the two feedback gains is a trade off between the stability and
performance of the control system. Later on, other researchers dealt with the stroke saturation phenomenon
using a nonlinear feedback controller, which is function of the relative proof mass displacement [21]. In
this paper we merge these two ideas into a nonlinear feedback controller (NLFC) that acts as a second loop
alongside the VFC and is implemented as illustrated in the schematic of figure 7. The acceleration signal
from the accelerometer is high pass filtered and integrated to obtain the velocity at the control point ẋc. The
velocity of the structure at the control point is then amplified by a fixed VFC gain. The amplified signal is
then fed to the actuator for the VFC. The signal of the force cell, which corresponds to the control force fc
and the acceleration signal ẍc are high pass filter and the relative proof mass acceleration is calculated as,

ẍr =
fc −mcẍc

mp
, (6)

where mc = macc +mbase +mgauge +mp is the total attached mass at the control point. The relative proof
mass velocity and displacement are then calculated by high pass filtering and integrating the acceleration
signal. Then, the NLFC input signal to the inertial actuator is calculated in real time using the following
control law,

ψ(xr, ẋr) =
nrẋr

(x0 − |xr|)2p + b
, (7)

where nr is the feedback gain of the nonlinear controller, b is a limitation parameter and p is an exponent
parameter. The control law of equation (7) increases the active damping of the inertial actuator as the proof
mass approaches the end stops. As the relative displacement of the proof mass gets close to the stroke
limit, the denominator term of equation (7) reduces, hence the current proportional to the relative velocity
increases. In such a configuration, if b is set to zero, the input current for displacements close to the stroke
length can take large values, with dangerous and impractical implications. Hence, a saturation limit on
the maximum control action has to be set. The active damping added to the actuator can be derived from
equation (7) as,

cactive(xr) =
φψ(xr, ẋr)

ẋr
=

nrẋr
(x0 − |xr|)2p + b

. (8)

The control action is bounded between a minimum active damping cactive(0) = cmin, that is reached when
the proof mass is centred within the casing, and a maximum active damping cactive(x0) = cmax that is
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Figure 7: Schematic of the experimental implementation of the VFC and NLFC

reached when the proof mass saturates in stroke. From this consideration, the parameters b and nr can be
calculated. For this experiment the NLFC has been designed according to equation (7) to have cmin =
0.5 N/ms−1, cmax = 100 N/ms−1 and p = 1.

Figure 8 shows a comparison between the uncontrolled scenario (passive system, red dashed lines), the
VFC case using hs = 42%hs,max (black dash-dotted lines) and the VFC plus NLFC case also with hs =
42%hs,max (blue solid lines). Figure 8(a) shows the spectrum of the excitation force and the time history
of the velocity at the control point. Figure 8(b) instead shows the phase plane of the relative proof mass
displacement and velocity. It can be seen that in the uncontrolled case, the vibration of the structure dies out,

(a) (b)

Figure 8: (a) Spectrum of the excitation force and time history of the velocity signal at the control point; (b)
phase portrait of the relative proof mass displacement and velocity. Red dashed lines represent the response
for the uncontrolled scenario; black dash-dotted lines represent the response with the NLFC switched off and
hs = 42%hs,max; blue solid lines represent the response with the NLFC switched on and hs = 42%hs,max

but only after a certain period of time. Also, the trajectory of the proof mass starts to orbit until it eventually
decays to zero. Implementing the VFC and assuming a feedback gain hs = 42%hs,max leads to instability
for the same level of excitation of the uncontrolled case. In fact, the trajectory of the proof mass is fixed on
a limit cycle. If the NLFC is also implemented, under the same conditions of level of excitation and velocity
feedback gain, the system remains stable. This can be observed in both the time history of the structural
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Figure 9: Comparison of the stability range for the feedback laws with the experimental inertial actuator. Red
circles in the dark grey area show the experimental data points in which the VFC is stable; Black asterisks in
the light grey area show the experimental data points in which the VFC plus NLFC is stable

velocity and in the trajectory of the proof mass. Of course, the stability of the nonlinear system does not
depend only on the value of the VFC gain hs, but also on the magnitude of the excitation P . Therefore, a
parametric study has been carried out in order to investigate the potential benefits of the NLFC over different
scenarios. In particular, the stability of the system has been evaluated for each value of P and hs, and in two
different testing conditions: the VFC loop is implemented with the NLFC switched off, and when both the
VFC and NLFC are implemented. For each scenario, the operating region of the inertial actuator is defined
as,

OR(P, hs) = {(P, hs) max
t→∞

|xr(t)| < x0}, (9)

where the sets of (P, hs) inside the operating region are those in which the system is stable and the inertial
actuator is adding damping to the structure. In this case the beam has been excited with three different levels
of excitation, namely: low (below 20 N), medium (between 20 N and 30 N) and high (above 30 N). For each
level of excitation, the test has been repeated increasing the velocity feedback gain from the uncontrolled
case to hs,max. The parametric study has been conducted firstly with the VFC loop only and secondly with
both the VFC and NLFC in order to compare the operating regions of the inertial actuator with the two
different control strategies. The results are shown in Fig. 9, where the red circles are the experimental data
points in which the VFC is stable, and the black asterisks are the experimental data points in which the VFC
plus NLFC is stable. The data points of the two control strategies defines the operating region of the inertial
actuator that is highlighted by the light grey area for the VFC strategy and by the dark grey area for the VFC
plus NLFC strategy. Hence, the main finding of the experimental study is that the added NLFC loop is able
to increase the safe operating region of the inertial actuator.

4 State estimation

This section investigates two approaches for the estimation of the proof mass velocity from the available
measurements. Often inertial actuators are surrounded by protective casings, thus preventing the proof mass
to be directly instrumented with an accelerometer or a strain gauge. In fact, the previous section dealt with the
problem of measuring the proof mass velocity by using a force gauge to measure the control force and then
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retrieving the proof mass velocity considering the dynamic equation (6). However, a force gauge adds mass
to the structure and is an expensive device. A better idea is to use a virtual sensor that calculates the proof
mass velocity using the available measurements and the mathematical model of the actuator. Section 4.1
presents an open loop algorithm that calculates the proof mass velocity applying a digital filter to the current
and base velocity signals, where the digital filter coefficients are calculated from the actuator underlying
linear dynamics. Section 4.2 instead presents an extended Kalman filter algorithm that calculates the optimal
estimate of the proof mass velocity using the nonlinear model of the actuator and the voltage, current and
base acceleration signals.

4.1 Linear deterministic model

Considering an underlying linear model of the inertial actuator in figure 3 and that the control force fc = −f ,
the equation of motion of the proof mass and the control force can be written as,




jωmpẊp(jω) = φIa(jω)− [cp +

kp
jω

]Ẋr(jω)

Fc(jω) = −jωmpẊp(jω)− jωmbẊb(jω)

, (10)

where Ẋb(jω) is the base mass velocity in frequency domain. From the set of equations (10) the control
force results,




Fc(jω) = −φIa(jω) + [cp +

kp
jω

]Ẋr(jω)− jωmbẊb(jω)

Fc(jω) = −jωmpẊr(jω)− jω(mp +mb)Ẋb(jω)

. (11)

Equalling the right hand side terms of the set of equations (11) leads to the equation of motion of the relative
coordinate, which can be solved for the relative velocity as,

Ẋr(jω) =
φIa(jω)− jωmpẊb

jωmp + cp +
kp
jω

. (12)

Equation 12 can be divided into two transfer functions: one for the current and one for the base velocity.
These transfer functions are then translated in the digital domain using the bilinear transformation consider-
ing a pre-warping coefficient µ given by,

µ =
ωp

tan(
ωp

2fs
)
, (13)

where fs is the sampling rate. Thus, the digital filter applied to the current becomes,

H1d(z) =
Ẋr(z)

Ia(z)
=

φµ− φµz−2
(mpµ2 + cpµ+ kp) + (2kp − 2mpµ2)z−1 + (mpµ2 − cpµ+ kp)z−2

, (14)

and the digital filter applied to the base velocity becomes,

H2d(z) =
Ẋr(z)

Ẋb(z)
=

−mpµ
2 − 2mpµ

2z−1 −mpµ
2z−2

(mpµ2 + cpµ+ kp) + (2kp − 2mpµ2)z−1 + (mpµ2 − cpµ+ kp)z−2
. (15)

Finally, combining the filtered signals using equation (14) and equation (15) gives the estimation of the
relative proof mass velocity. However, this is an open loop approach, thus a change in the system that is not
considered in the model gives a poor estimation of the proof mass velocity.
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4.2 Extended Kalman filter (EKF)

An approach that considers the nonlinearities in the model and gives a correction term to the estimate based
on some measurements is given by the extended Kalman filter (EKF) [13]. The dynamic equations of the
system in figure 3 can be written as,

{
mpẍr + cpẋr + κ(xr)xr = φia −mpẍb

ea = φẋr +Reia
, (16)

where the inductive term Le
d
dt ia has been neglected and the nonlinear stiffness κ(xr) is given by,

κ(xr) =




kp |xr| < x0

kp + kc(1−
x0
|xr|

) |xr| ≥ x0
, (17)

according to equation (3), where kc = ksat − kp is the impact stiffness. Considering the current signal and
the base acceleration signal as inputs to the system and the voltage signal being the output measurement, the
set of equations (16) can be written in state space form as,

{
ẋ = A(x)x + Bu + W

y = Cx + Du + V
, (18)

where the state vector is x = [xr ẋr]
T and the input vector is u = [ia ẍb]

T . The system matrix is given by,

A =

[
0 1

−κ(x1)
mp

− cp
mp

]
, (19)

where the nonlinear stiffness is given by equation (17). The input matrix B is given by,

B =

[
0 0
φ
mp

−1

]
, (20)

the output is y = ea and the output matrices are C = [0 φ] and D = [Re 0]. W is the covariance matrix for
the process noise, whereas V is the covariance matrix for the measurement noise. The observability matrix
of the system of equation (18) is given by [13],

Ob =

[
C
CA

]
=

[
0 φ

−φκ(x1)
mp

−φcp
mp

]
, (21)

which has rank 2, hence the system is observable [13]. The EKF algorithm linearises the system at each time
step, it predicts the state values using the inputs to the system, then it updates the state estimation using the
output measurement value. The EKF approach presented in this section and the linear digital filter discussed
in section 4.1 are compared to the case where the proof mass velocity was calculated from the force gauge
measurement. Figure 10(a) shows the proof mass velocity when the actuator operates within its linear range.
The blue solid line represents the proof mass velocity derived from the force gauge measurement, the black
dash-dotted line shows the virtual measurement using the linear deterministic model and the red dashed line
represents the estimation using the EKF algorithm. Since the actuator is operating within its linear range the
two virtual sensing approaches can reliably predict the proof mass velocity signal. However, this no longer
apply when the actuator enters its nonlinear regime of motion. Figure 10(b) shows the response to the system
when the actuator is subject to a limit cycle oscillation. In this scenario, the linear digital filter no longer
describes correctly the proof mass velocity, whereas a better estimation is given by the EKF. The time history
of the proof mass velocity given by the EKF almost matches the one measured with the force gauge except
for a time delay, as shown in figure 10(b).
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(a) (b)

Figure 10: Time histories of the relative proof mass velocity measured by using the force gauge (blue solid
line), linear deterministic digital filter (black dash-dotted line) and EKF (red dashed line). (a) Linear re-
sponse; (b) nonlinear response

5 Conclusions

This paper presented a nonlinear feedback controller that aims to prevent stroke saturation instability and its
implementation using a virtual sensor is discussed.

Firstly, an experimental investigation on the nonlinear behaviour of the inertial actuator has been presented.
Base excitation and direct excitation experiments have been performed in order to characterise and to iden-
tify the linear and nonlinear parameters of the actuator. in particular, the nonlinear parameters have been
identified using the restoring force method and the back-electromotive force signal. Secondly, the nonlinear
feedback control strategy has been presented and its real-time experimental implementation on a control unit
attached to a cantilever beam has been discussed. The nonlinear controller operates as a second loop along-
side the classical velocity feedback and it increases the internal damping of the actuator as the proof mass
approaches the end stops. It has been shown that the nonlinear feedback controller is able to increase the safe
operating region of the actuator. Hence, larger feedback gains can be used, or larger impulse excitations can
be withstood, without the system becoming unstable if this nonlinear controller is used. Finally, the estima-
tion of the proof mass velocity from the available measurements and the actuator model has been discussed.
Preliminary results showed that an extended Kalman filter algorithm that uses the current signal and the base
acceleration signal as inputs and the voltage signal across the actuator terminals as output measurement can
accurately predict the proof mass velocity, hence it can be used as a virtual sensor algorithm. Future work
may be related to the experimental implementation of such virtual sensor algorithm.
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