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Abstract-- Active vibration control plays a vital role in
minimizing vibrations in lightweight structures. A crucial
part of this system is the actuator, which applies a control
force to minimize vibrations. A commonly used type of
actuator is the inertial electromagnetic actuator, which
generates force by accelerating a proof mass. Although it has
many benefits, its nonlinear behavior when the proof mass
reaches its displacement limit can negatively affect vibration
attenuation performance. This research first investigates the
actuator's force generation mechanism and its nonlinear
behavior under displacement saturation. Then, a nonlinear
sliding mode control method is implemented on a nonlinear
base system. A Luenberger observer estimates the system's
disturbance force in order to use in control algorithm.
Finally, the controlled structural displacement is compared
using both linear velocity feedback control and the sliding
mode control method. The results demonstrate improved
vibration damping performance, prevention of the proof
mass collision with the actuator's casing, and enhanced
system stability.
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1- Introduction

Active vibration control plays a vital role in minimizing
vibrations of lightweight structures. One of the main
components of such systems is the actuator, which applies
control forces to the structure to reduce vibration
amplitudes[1]. A common type of actuator is the inertial
electromagnetic actuator, which generates the required
control force. In general, an inertial actuator consists of a
magnetic mass with a specific weight (proof mass), an
electric coil, and a suspension system that connects the
proof mass to its housing. The force generation mechanism
in these actuators is based on the acceleration of the
moving mass, which produces significant inertial forces.
This displacement is created by the interaction between
two magnetic fields: a static field from permanent magnets
and a variable field induced by the coil’s current. While
various controllers can be used with this actuator, each has

its own advantages and drawbacks. A typical example is
linear velocity feedback control systems, which increase
the structure’s effective damping and reduce vibration
levels[2]. However, a major limitation of these actuators is
the nonlinear phenomenon of displacement (stroke)
saturation: when the linear velocity feedback gain
increases, the actuator’s mass collides with its upper/lower
housing limits, causing impacts that may lead to damage
or control loop instability[3]. This study aims to employ a
sliding mode control (SMC) approach to prevent stroke
saturation in the actuator. The actuator's nonlinear nature
prevents linear controllers from delivering optimal
performance because they cannot employ sufficiently high
gains. In addition to collision prevention, the proposed
method demonstrates significantly enhanced vibration
control performance over linear controller solutions.

2- Methods

The mechanical system investigated in this study for
vibration control applications consists of a mass-spring-
damper system integrated with an inertial actuator. The
system configuration includes a linear mass and damper
combined with a nonlinear spring, subject to excitation
from an external harmonic disturbance force. The
complete system schematic shown in Figure 1.

The nonlinear stiffness of the main mass spring is
presented in Equation (1), defined as a third-order
polynomial function.

p(xy) = kyxy + klpx13 1

The system dynamics are introduced by three second-
order differential equations, which are converted into six
first-order state-space equations (Eqs. 2) through standard
formulation. These equations describe: the controlled
structure mass position (z1), actuator housing position (z3),
and actuator proof mass position (zs). The coupling
stiffness parameter (Kcoupling) Characterizes the actuator-
structure connection, and the actuator housing's elastic
behavior is modeled via springs with stiffness coefficient

(k.), located at distance X, from the equilibrium midpoint
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of proof mass. This complete state-space representation
enables effective vibration control analysis and controller

design.
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Figure 1. The main mechanical system with
nonlinear inertial actuator
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The coefficient Fgrg (Elastic Recovery Force) can be
modeled using the piecewise linear function presented in
Equation (3):

ferr(Xy)

ksat(xr - xo) + kpxo
= kepx,
ksat(xr + xo) - kpxo

Xy = Xg
Ixrl <X
Xr = —Xo (3)

The objective is to develop a control method using
sliding mode control (SMC). Implementing this approach
requires prior knowledge of the disturbance forces acting
on the system.

The control strategy in this study begins with state
feedback of the system. As shown in the block diagram of
Figure 2, the displacements of system masses are
processed in both the controller and estimator algorithms
to generate the output current i[]. The estimator output (&)
is fed into the controller along with system states, and
finally being applied to the system as the control current

The only prior knowledge about the system's
disturbance force is its harmonic nature. An appropriate
estimation method must provide the control system with a

disturbance estimate for controller implementation.
Among various observer types, the Luenberger observer is
employed.
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Figure 2. Block diagram of the control system

For this system, the Luenberger observer takes the
form of Equations (4). By selecting coefficients 3 such that
the characteristic polynomial satisfy the Hurwitz criterion,
the observer's differential error equation stability is
guaranteed, with the error converging asymptotically to
zero at an exponential rate.
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The sliding surface is taken as the third-order
expression given in Equation (5). The control objective is
to determine the current i, such that the sliding variable s
converges to zero. Throughout all equations, the tracking
error is defined as e = y; — y, where y,; represents the
desired output and y denotes the actual system output.

s=e® +316 +31%¢ + e 5)

The control input, designed to drive the system states
toward the sliding surface, is given by Equation (6). The
parameters v and F(z4, z;, z3) are functions of the known
system states and their derivatives.

. mpm, 4)
Pig = k—(yd + F(24,23,25) — V)
coupling (6)

This equation serves as the system's primary control
input, ensuring all state variables reach the sliding surface.
To maintain the states on the sliding manifold, switching
action must be applied. Through the saturation function in
Equation (7), the controller not only confines the states to
the sliding surface vicinity but also eliminates state
trajectory chattering phenomena.

1 sfe>1
sat(s) =ys/e —1<s/e<1
1 sle<1 @)

The final actuator control input is given by Equation
(8), where K represents the switching gain and ¢
determines the boundary layer thickness that prevents
excessive chattering. The equivalent control term (dia)eq
in this equation is directly obtained from Equation (6).
This formulation ensures robust tracking performance
while maintaining system stability through proper
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selection of these key parameters. The boundary layer
technique effectively smooths the control signal,
eliminating  high-frequency  oscillations  without
compromising the sliding mode controller's inherent
robustness properties.

¢i, = (¢ia)eq - Sat(s) ()

3- Verification

To validate the simulation results against reference data,
the actuator model was first analyzed in its linear form
with a fixed-base connection, followed by evaluation of
the nonlinear model using reference parameters[4]. Under
an excitation current of i, = 62.5 mA and ¢ = 1.6, the
frequency response of the grounded actuator system and
validation results are presented in Figures 3 and 4,
respectively.
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Figure 3. Validation of simulation results against
reference data for the linear grounded actuator system.
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Figure 4. Validation of simulation results against
reference data for the nonlinear grounded actuator
system

4- Results and Discussion

Through simulations of the grounded actuator system, the
displacement results of the actuator proof mass (m,) for
both linear and nonlinear cases are presented in Figure 5.
As shown by the solid-line plot, under identical excitation
conditions, the nonlinear system exhibits distinct behavior
when reaching the upper and lower displacement limits,
with its displacement never exceeding 0.04 meters. Figure
6 displays the phase portrait of the proof mass for both
cases, where the higher velocity variations (greater
acceleration) during impact events demonstrate the
generation of higher accelerations and impulsive forces.
The disturbance force employed in this simulation consists
of a harmonic combination of multiple sinusoidal forces
with different frequencies and amplitudes. This
disturbance force is applied to the primary mass according
to Equation (9) and the configuration shown in Figure 1[5].

fa(®) = 0.35in(21.45t) + 0.4sin(18.26t)
+ 0.455in(4.9t) ©)
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Figure 5. Displacement response of the proof mass in

both linear and nonlinear actuator configurations.
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Figure 6. Phase portrait of the actuator proof mass for
both linear and nonlinear operational modes.

Based on the Luenberger observer formulation in
Equations (4), the coefficients B were determined through
pole placement of the Hurwitz characteristic polynomial.
The selected values are summarized in Table 1. Figure 7
demonstrates excellent convergence between the
observer's estimated disturbance (§) and the actual
disturbance force (Fy4), validating the observer design.
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Figure 7. Comparison between the actual disturbance
force and the estimated force from the Luenberger
observer.

Table 1. Observer parameters

value parameter
1600 Bs
1.12 x 106 B,
4.48 x 108 B,
1.12 x 101 B,
1.792 x 1013 B,
1.792 x 1015 B,

Figure 8 demonstrates the displacement response of the
controlled mass (m;) under different control scenarios.
Initially, the linear controller reduces the vibration
amplitude of m; compared to the uncontrolled case before
t=>5s. However, instability emerges as the actuator proof
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mass impacts its displacement limits, causing vibration
amplification. In contrast, the nonlinear controller
achieves a remarkable two-order-of-magnitude reduction
in displacement amplitude (from 107 m to 107> m),
effectively suppressing vibrations and eliminating
instability caused by impacts.

0.025 T

Displacement (m)

o 1 2 s 4 5 s 1 8 9 10
Time (s)

Figure 8. Displacement of the primary mass under

nonlinear control, linear control, and uncontrolled

conditions.

Simulation results demonstrate the displacement
behavior of the actuator proof mass under three distinct
control scenarios (Figure 9). The velocity feedback
controller exhibits clear instability when impact events
occur between the proof mass and actuator housing, as
evidenced by the large displacement spikes in the time-
domain response. In contrast, the proposed nonlinear
control method effectively constrains the proof mass
motion, preventing these destabilizing collisions while
maintaining vibration suppression performance.
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Figure 9. Relative displacement of the actuator proof
mass under nonlinear control, linear control, and
uncontrolled conditions

To evaluate the system's practical performance when
the mass, stiffness, or damping of the controlled structure
changes, we simulated various parameter values while
keeping other parameters constant. The damping
coefficient ¢; and stiffness parameters kq , k;,, of the
controlled structure were separately tested across ranges of
0.01 to 10 and 44 to 4400, respectively, with no significant
change observed in the vibration amplitude of the primary
system. However, when the main mass m, (design value:
10 kg) deviated significantly from its nominal value, the
estimator became unstable, producing unreliable outputs
and causing system-wide instability. Through iterative
testing, the overall system demonstrated acceptable
performance within a mass range of approximately 7 to 15
kg, showing good agreement with the 10 kg design
condition (Figure 10).

To demonstrate system instability outside the stable
operating range, simulations were conducted at extreme

mass values of 6 kg and 16 kg (Figure 11). The results
clearly show destabilizing behavior in both cases.
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Figure 10. Variation of the primary system mass and its
performance compatibility with the 10 kg nominal design
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Figure 11. System instability due to primary mass
variations at 6kg and 16 kg

5- Conclusion

In this study, a nonlinear structural model with an inertial
actuator was used to evaluate the performance of sliding
mode control (SMC). By incorporating a Luenberger
observer for disturbance estimation, the results
demonstrated significant vibration improvement compared
to linear control methods. The proposed nonlinear
controller not only reduced system vibration amplitudes
but also prevented collisions between the actuator's proof
mass and its housing - a critical instability source in linear
control systems. Furthermore, the robust sliding mode
control enhanced system performance under parameter
variations and uncertainties, showing superior adaptability
compared to conventional approaches.
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