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ARTICLE INFO ABSTRACT

Keywords: Developing force control mechanisms employing electromagnetic solutions is on the rise in active control
Magnetic actuation applications for flexible mechanical systems, like marine engines and shipboard machinery. Electromagnetic
Switching power electronics control devices offer superior performance indicators compared to traditional mechanical force actuators in

Electromagnetic control
Marine oscillators
Electromagnet-mass-spring—damper

terms of longevity, energy efficiency, maintenance requirements, rapid control response, and high operating
speeds. This article investigates the use of magnetic actuation and switching power electronics in addressing the
(mechatronic oscillator) system stabilization and tracking control challenges encountered in the dynamics of a mechanical system with a single
Linear Quadratic Regulator (LQR) controller degree of freedom, comprising mass, spring, and damper elements. Particularly, a linear mechanical oscillator
Exact Feedback Linearization is nonlinearly coupled with an electromagnet and its associated driving circuit via the magnetic field. The
electromagnetically actuated mechanical system exhibits characteristics of a deferentially flat nonlinear system.
A control strategy is suggested for the purpose of tracking reference position trajectories using output feedback
linearization. The synthetic linearized control signal is subsequently guided to a DC-DC buck converter, able
to regulate the system’s input voltage in a wide range of operation, by switching the duty cycle. The converter
is described using a precise electrical model of the system, accounting for parasitic resistances in the inductor,
capacitor, and switches. An averaged state space approach is utilized to create a mathematical nonlinear
model for the converter which is then linearized by employing the Exact Feedback Linearization technique. By
applying optimal control theory, the controller’s coefficients are fine-tuned for optimal performance. To assess
the proposed method’s performance, the dynamics of the compensated mechatronic system is simulated using
MATLAB/Simulink. The simulation results demonstrate that the proposed control scheme choice for active
control of vibrating mechanical systems using magnetic coupling and switching DC-DC converters meets the
requirements and specifications. Finally, adaptations for applications including but not limited to monitoring
and manipulating vibrations in marine engines and shipboard machinery are examined as well.

1. Introduction consumption. Despite the ongoing advancements in marine mecha-
tronics, significant gaps remain in addressing the interplay between
The increasing demand for advanced marine systems capable of electromagnetic actuators and switching power electronics to achieve
high precision and stability has led to significant research into the stable control of oscillatory marine systems.
control of marine mechatronic oscillators. These systems, commonly In recent years, electromagnetic actuators have become increasingly
found in underwater vehicles, marine platforms, and wave energy con- popular in precision control applications due to their fast response
verters, are subject to harsh environmental conditions, including wave  times and ability to exert continuous control forces without mechanical
disturbances, current flow variations, and other external forces that contact. Research into their applications within marine mechatronic
induce oscillatory behaviors. Ensuring the stability of such systems re- systems has revealed their potential to dampen oscillations effectively,
quires robust control mechanisms that can mitigate the effects of these particularly when integrated into underactuated systems [1]. However,
external perturbations while maintaining energy efficiency and system these solutions have typically been explored in more conventional
reliability. One promising solution lies in leveraging electromagnetic applications, such as industrial robotics [2], with limited exploration in

coupling combined with switching power electronics for dynamic con-

f . 8 R the marine environment, where external disturbances present unique
trol, which enhances system responsiveness while minimizing energy
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challenges to control performance. Studies such as those by Chen
et al. [1] and Johnson et al. [2] have demonstrated that electro-
magnetic coupling, when combined with advanced control schemes,
can significantly enhance the stability of oscillatory systems. Never-
theless, the application of these techniques to marine systems has
been underexplored, particularly in the context of switching power
electronics.

Switching power electronics have emerged as a critical compo-
nent in energy-efficient control systems, particularly for their ability
to modulate power delivery dynamically. Techniques such as pulse-
width modulation (PWM) allow for precise control of power flow to
electromagnetic actuators, which is essential for stabilizing oscillatory
systems while minimizing power losses [3]. Despite these advances,
existing studies, including those by Huang et al. [4] and Smith et al. [3],
have primarily focused on their application to static or minimally
dynamic systems. These studies fall short of addressing the unique
challenges posed by marine mechatronic oscillators, where the need
for responsive, adaptive control is heightened by the unpredictability of
environmental disturbances. Therefore, this research aims to bridge this
gap by integrating switching power electronics with electromagnetic
coupling for the dynamic control of marine oscillators, offering a more
resilient and energy-efficient solution compared to traditional methods.

One of the primary innovations of this study lies in the combined
use of electromagnetic coupling and switching power electronics to
actively dampen oscillations and improve system stability. While Linear
Quadratic Regulator (LQR) control strategies have been extensively
studied in marine systems, such as in Ahn et al. [5] and Wu et al. [6],
these studies typically rely on mechanical actuators or passive damping
techniques, which can be less responsive to real-time disturbances.
In contrast, our approach leverages the high-speed responsiveness of
electromagnetic actuators and the precise control afforded by switching
power electronics, resulting in faster convergence to desired states and
reduced energy consumption. Additionally, the proposed method is
tested against various external disturbances, including impulse and step
disturbances, to demonstrate its robustness in a realistic marine setting.

Furthermore, we conduct a comprehensive comparative analysis
between the proposed control scheme and existing methods, such as
PID controllers and model predictive control (MPC), to highlight the su-
perior performance of the proposed system in terms of energy efficiency
and disturbance rejection. This comparison underscores the potential
for broader applications of this control strategy, not only within the
marine domain but also in other under-actuated electromechanical
systems. By addressing the aforementioned gaps in the literature, this
study contributes to the ongoing development of more resilient, effi-
cient control solutions for oscillatory systems, paving the way for future
innovations in both marine engineering and control theory.

In summary, the key novelties of this work are as follows:

+ The integration of electromagnetic coupling and switching power
electronics for enhanced dynamic control of marine mechatronic
oscillators, offering a more energy-efficient and responsive con-
trol method.

A novel use of feedback linearization, where similar devices in lit-
erature are typically linearized only around an equilibrium point.
Our approach extends the linearization to handle a broader range
of operating conditions, improving real-time control performance
in dynamic environments.

Consideration of the variability in the electromagnetic coil’s be-
havior as a function of the mass’s position. As the mass moves, the
distance between the coil and the magnetic field changes, affect-
ing the force produced by the actuator. This dynamic interaction
is incorporated into the control model to maintain accuracy and
robustness in the system’s response.

Comparative analysis against existing control strategies (such as
PID and Model Predictive Control), highlighting the superior per-
formance of the proposed method in terms of energy efficiency,
disturbance rejection, and faster convergence to desired states.
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2. Literature review

Mechatronic oscillators are widely used in various engineering ap-
plications, including automotive systems, aerospace systems, and ma-
rine mechatronics. These oscillators, which combine mechanical and
electronic components, are often subject to disturbances and oscillatory
behavior due to the dynamic interaction between mechanical elements
and external forces. In recent years, a significant amount of research
has been dedicated to controlling such oscillatory systems using ad-
vanced techniques such as electromagnetic coupling, switching power
electronics, and feedback control.

Marine mechatronic oscillators, in particular, present unique chal-
lenges due to the unpredictable nature of the marine environment.
Oscillations in these systems can be induced by external forces such
as waves, currents, and mechanical vibrations. These oscillations, if
left unchecked, can lead to significant instability and inefficiencies in
systems like underwater vehicles, marine platforms, and wave energy
converters [1,2]. To counteract these disturbances, various control
strategies have been proposed, including feedback control, linearization
techniques, and adaptive control.

Traditionally, control methods in marine oscillators have relied on
linear quadratic regulators (LQR) and proportional-integral-derivative
(PID) controllers. LQR control has been widely used to stabilize os-
cillatory systems by minimizing a quadratic cost function based on
system states and control efforts. However, as noted by [5,6], these
conventional control strategies often struggle to maintain performance
in the face of large external disturbances or underactuated systems,
where mechanical inputs are limited. PID controllers, while simple and
widely applied, also have limitations in non-linear or highly dynamic
environments, where they may fail to adequately adapt to changing
system dynamics [6].

Electromagnetic coupling has emerged as an effective approach for
controlling oscillations in mechatronic systems. This method utilizes
electromagnetic actuators, which convert electrical energy into me-
chanical forces to actively dampen oscillations. The use of electromag-
netic coupling offers several advantages over traditional mechanical
damping methods, including faster response times, greater precision,
and the ability to exert continuous control without physical contact [3].

Research on electromagnetic coupling has been primarily focused
on industrial applications, such as robotics and precision engineering,
where it has been used to stabilize systems against small perturba-
tions [2]. However, recent studies have begun exploring its application
in marine environments. In [1], electromagnetic coupling was applied
to control the oscillations of marine vehicles, demonstrating promising
results in terms of both stability and energy efficiency. Despite these
advances, the use of electromagnetic coupling in marine mechatronic
oscillators remains underexplored, particularly in conjunction with
other modern control techniques, such as switching power electronics.

Switching power electronics play a critical role in controlling the
energy flow in oscillatory systems. These systems rely on techniques
such as pulse-width modulation (PWM) to regulate the power delivered
to actuators, ensuring that the control inputs are efficient and precisely
timed. In the context of mechatronic oscillators, switching electronics
allow for dynamic adjustments to the power supplied to electromag-
netic actuators, which is crucial for minimizing power consumption and
improving control responsiveness [3].

Several studies have investigated the use of switching power elec-
tronics in electromechanical systems. For example, [4] highlights the
use of PWM techniques in marine systems to achieve efficient power
modulation, showing that switching electronics can drastically reduce
power losses in underwater vehicles. Similarly, [7] explores the inte-
gration of switching electronics with control schemes such as model
predictive control (MPC), illustrating how these techniques can en-
hance control precision while reducing energy costs. Despite these
advances, there is a gap in the literature regarding the application of



G. Tsakyridis et al

switching power electronics specifically in marine mechatronic oscilla-
tors, where the combination of electromagnetic coupling and switching
electronics could offer substantial benefits in terms of both efficiency
and control robustness.

In addition to electromagnetic coupling and switching power elec-
tronics, feedback linearization has become a popular method for con-
trolling non-linear mechatronic oscillators. Feedback linearization
works by transforming a non-linear system into a linear one around
an equilibrium point, enabling the use of traditional linear control
techniques such as LQR and MPC [8]. However, as noted in [8], feed-
back linearization is typically applied to systems where linearization is
performed around a single equilibrium point. In marine mechatronic
systems, where operating conditions can vary significantly, this ap-
proach may be limited. Recent research has suggested that extending
feedback linearization to handle a broader range of operating condi-
tions could significantly improve control performance in dynamic and
unpredictable environments.

Studies such as [6,8] have demonstrated the effectiveness of feed-
back linearization in electromechanical systems, where the lineariza-
tion technique allows for precise control over oscillatory dynamics.
However, its application in marine mechatronic systems remains an
area of ongoing research, particularly when combined with modern
control techniques like switching power electronics and electromag-
netic coupling. This research seeks to address this gap by integrating
feedback linearization with switching power electronics and electro-
magnetic coupling, providing a robust control framework for marine
oscillators operating in dynamic environments.

Several control approaches have been proposed in the literature for
marine mechatronic oscillators. LQR and PID controllers have been
the dominant strategies, but their limitations in non-linear and dy-
namic systems have prompted the exploration of alternatives such as
model predictive control (MPC) and sliding mode control (SMC) [7].
These methods have demonstrated improved performance in control-
ling non-linear oscillatory systems, but they often come with increased
computational complexity, making them less suitable for real-time
applications in marine environments.

The combination of feedback linearization, electromagnetic cou-
pling, and switching power electronics, as proposed in this study, offers
a balanced solution that maximizes control precision while minimizing
energy consumption and computational overhead.

3. Proposed methodology

The proposed control methodology integrates electromagnetic cou-
pling with switching power electronics and applies feedback lineariza-
tion to stabilize and control marine mechatronic oscillators. These
systems are subject to oscillations caused by environmental distur-
bances, such as wave impacts, current flow, and mechanical vibrations.
The primary goal of this methodology is to provide robust real-time
control, minimizing energy consumption while ensuring the stability
and precision of the system.

3.1. System overview

The marine mechatronic system under consideration consists of an
oscillating mechanical body equipped with an electromagnetic actuator
that exert control forces to counteract oscillations.

The oscillations are driven by external disturbances, and the actua-
tors respond to these disturbances by generating appropriate counter-
acting forces.

The primary components of the system include:

+ Oscillator: The mechanical body that experiences oscillations.
+ Electromagnetic Actuator: An electromagnet that produce force
in response to control inputs from the power electronics.
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Fig. 3: DC-DC Buck converter with parasitic elements

Fig. 1. DC-DC Buck converter with parasitic elements.

+ Switching Power Electronics: Electronics that manage the en-
ergy supplied to the actuators, using techniques such as pulse-
width modulation (PWM).

+ Control System: Feedback linearization is employed to transform
the system’s nonlinear dynamics into a controllable form. A Linear
Quadratic Regulator (LQR) or Model Predictive Control (MPC) is
then used to optimize the control inputs.

The control system is designed to be adaptive, capable of handling
disturbances in real-time, and efficient in terms of power usage.

3.2. Electromagnetic coupling

Electromagnetic actuators are central to the proposed methodology,
as they provide the actuation forces required to stabilize the system.
The actuators convert electrical energy into mechanical forces through
electromagnetic induction, and their advantage lies in their ability to
exert continuous control without mechanical contact, which is partic-
ularly important in harsh marine environments where maintenance is
difficult.

The governing equation for the force generated by an electromag-
netic actuator can be described as:

fem =N -i(t)-B-1 €))
or

fem =2 ngf o K;"g’ziz @
where:

K, = uyN>A

and f., is the electromagnetic force, N is the number of coil turns,
i(t) is the time-varying current through the coil, B is the magnetic field
strength, / is the length of the conductor within the magnetic field.
The electromagnetic force is applied in opposition to the mechanical
oscillations, and the current provided to the coil is controlled via
switching power electronics, as described in the following section.

3.3. Switching power electronics

Switching power electronics are used to regulate the power flow
to the electromagnetic actuators. The primary technique employed is
pulse-width modulation (PWM), which adjusts the duty cycle of the
control signal to modulate the average power delivered to the actuators.
PWM allows for precise control of the actuator’s force output, while
also ensuring that power consumption remains low. For the scope of
this work we use a topology known as step-down or buck converter
(Fig. 1).

By employing the state-space averaging technique, we can repre-
sent the converter in continuous conduction mode as follows. In this
constructed model, we consider the inductor current x, and the output
voltage x, as the state variables of the converter. Additionally, we
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assume that 0 < u < 1 represents the duty cycle of the switching signal.
The averaged state-space model of the converter can be expressed as
follows over the entire switching period:

x| = % [— ((rS +rpu+rg+ rD) X1 +xy+(rg +rpu+ VD]

ol ©
2= X1 Re2
where:

x, is the inductor current, x, is the output voltage across the load
resistor R, L is the inductance of the inductor, C is the capacitance
of the capacitor, rg is the series resistance of the switch S, r is the
forward resistance of the diode D, r; is the parasitic resistance of the
inductor, r. is the equivalent series resistance (ESR) of the capacitor,
R is the load resistance, V), is the diode voltage drop, u is the control
input (switch state, where u = 1 means the switch .S is closed), E is the
input voltage source, v is the voltage across the capacitor.

3.4. Feedback linearization

The system dynamics are inherently nonlinear, particularly due to
the oscillatory nature of the mechanical body and the nonlinear rela-
tionship between current and force in the electromagnetic actuators.
To address this, feedback linearization is employed to transform the
nonlinear system into a linear form that can be more easily controlled.

The nonlinear equations of motion governing the marine oscillator
can be expressed as:

mx + bx + kx = for, (x, X, 1) (©))

where:
m is the mass of the mechanical body, b is the damping coefficient, k
is the stiffness of the system, f., is the control force applied by the
electromagnetic actuator, x is the displacement of the oscillator.

The goal of feedback linearization is to eliminate the nonlinearities
in the system. This is achieved by defining a new input u, which is a
function of the system states and the desired control input.

For this purpose, we assume a system of the form:

x=a(x)+b(x) u

5)
y=cx)
or in matrix form:
X Xy
X X3
= + u, y=x (6)
X x 0

n—1 n

X, a(x)| | A(x)

From Eq. (5), a control law capable of creating an overall linear
control loop can be derived:
a(x) + Z’.’_l a;_1x; 1%
—_— = (@)
[7E3 peo e
with the reference variable y..; as well as the freely selectable coeffi-
cients a;,_,, i = 1,...,n, and V, yielding the desired system behavior
and

a(x) = Lle(x), p(x) = L,L" ' e(x) 8

the Lie derivatives:

Lye(x) = ma(x), ©)
ox

and

Lyc(x) = ’)2(;) b(x) (10)

Fig. 2 depicts a block diagram of the control loop with linear
dynamics between input y,,, and output y, as described above.

One of the key novelties of the proposed methodology is the exten-
sion of feedback linearization beyond the traditional approach, which
typically linearizes the system around a fixed equilibrium point. In this
work, the linearization is applied over a broader operating range.
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Control law and LQR implementation

Once the system has been linearized, a Linear Quadratic Regulator
(LQR) is used to optimize the control effort. The LQR aims to minimize
the following cost function:

J = /00 (xTQx +uTRu) dt an
0

where:
x is the state vector (displacement and velocity), u is the control input,
Q is a positive-definite matrix that penalizes deviations in the state, R
is a positive-definite matrix that penalizes control effort.

The LQR solution provides an optimal control law in the form:

u=—-Kx (12)

where K is the gain matrix computed by solving the Riccati equation.
The control input u is then applied to the switching power electronics to
regulate the current through the electromagnetic actuators, providing
real-time stabilization. It is important to note that LQR is specifi-
cally designed for linear systems, and its application to nonlinear
systems requires additional considerations and extensions, such as Lin-
ear Quadratic Gaussian (LQG) control for systems with noise. According
to [10], the elements of a 3 X 3 Q matrix can be obtained from the
desired specifications by fixing the value of the R matrix, as follows:

1

9= 57 (Cad)? — A2, +2A3,(A3) — 2 w,) + {wdAsz)
"By
387w} + 202 + D2wp + A3, (267 + Do? + 1)
&= 2 s
Bs
=2 (A3 + Q¢+ D) - A2, + 90702
q3 = 5
"B,

where ¢ is the damping ratio, , is the natural frequency, and 4;; are
the elements of the matrix A.

3.5. Simulation

To validate the proposed control methodology, simulations were
conducted focusing on the system’s ability to track a reference position
and follow a sinusoidal trajectory. Rather than subjecting the system
to impulse or step disturbances, these simulations were designed to
test the control algorithm’s precision in handling continuous, dynamic
changes in position. This is particularly important for applications
where precise tracking and smooth transitions are critical, such as in
marine systems with oscillatory behavior.

The simulation aimed to evaluate the system’s performance in key
areas:

» Tracking accuracy: The system’s ability to closely follow the
reference position and sinusoidal trajectory, maintaining minimal
error throughout the operation.

» Smoothness of response: The control system’s ability to handle
the inherent oscillations of the system while ensuring a smooth
response with minimal overshoot or oscillatory lag.

« Stability: The ability of the control algorithm to maintain sta-
bility during continuous operation, especially while tracking the
sinusoidal path.

The results highlight that the proposed methodology excels in pro-
viding high tracking precision and smooth trajectory following. This is
critical in practical scenarios where maintaining a smooth and precise
trajectory, rather than simply reacting to disturbances, is paramount.
Furthermore, when compared to traditional PID control and Model
Predictive Control (MPC), the proposed method demonstrates superior
performance, especially in terms of its ability to handle dynamic tra-
jectories with greater energy efficiency and more effective disturbance
rejection.
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Fig. 2. Control loop with linear dynamics between input y,,, and output y [9].
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Fig. 3. Marine mechatronic oscillator without switching power electronics.

4. Linearization

The following chapter shows in details the feedback linearization
procedure for both the mechatronic oscillator and buck converter.

4.1. Exact feedback linearization of the mechatronic oscillator

The mechatronic oscillator system shown in Fig. 3 is described by
the following mathematical equations [11]:

X| =Xxp

X, = —k + Kni?

Xy = —kx; —cxy 2y —xp) (14)
Lolyx

x3=—RX3+&+lu
(p=x1)> L

Following the exact feedback linearization procedure described
in [11]:

m Lolgxs
=" (_gr 0073
S = = ( s L(lo—x1)2L>
T as)
=[]
y=h(x) =x,
where:

X =[xy, X, x3] = [x, v,i] is the state vector.

The relative degree of the system described above is equal to
3. Exact feedback linearization can be applied, and we suggest the
following coordinate transformation:

h(x) X1
z=|Lhx)|= x, 16)
2 K,,i%
L h(x) —kxy —exy + s

a(x) = L3fh(x) =

2
KRy (kB > a7

N
Lm(ly — x1) m  m(ly—x)?

Table 1
DC-DC converter simulation parameters.
Parameter Values
E 32V
Uret 12V
R 10 Q-20 Q
L 2 mH
c 10 yF
ry 02 Q
rs 0.1 Q
p 0.001 Q
Vp 0.8V
b(x) = L, L /h(x) Koxs (18)
X) = X)= ———
g/ Lm(ly — x,)2
Hence:
v—a(x) Lm(y—x,)? m—m(ly — x;)? K,,Rx;
= = 3 U+ Xx; 3 +
b(x) 2kK,,x3 2m Lm(ly — x;)
19)

4.2. Exact feedback linearization of the DC-DC converter

The relative degree of the system described in Eq. (3) is equal to 2
since L, L h(x) # 0. Ergo, exact feedback linearization can be applied
since the number of states is equal to the relative degree of the system.
Taking into account the averaged state-space model of the converter in
Eq. (9), we suggest the following coordinate transformation:

h(x) X3 = Uref
z= = 1 (20)
th(x) x| — —C]Rclex(r+r)
And the system’s mathematical model can be written as:
. fo 1 0
z= [O NERANE 21

In order to fully define u, we need to calculate the following:

a(x):Lfrh(x)=%<VD+x2—<XI(rD+rL)>_ 1 (ﬁ_i))

L rRc\Cc  RC
E+Vp+x(rp—rg)
b(x) = L,L h(x) = —
(22)
Hence:
Vo s 51D x_x
CL<U—(D S )+ (‘CR“*)
y= v —a(x) _ (23)
b(x) E+Vp+x(rp—rg)

5. Controller design

We assume for the DC-DC converter simulation parameters the
Table 1:
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Inductor Current
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Fig. 4. Inductor current with variable load.

Using the LQR control theory described in the chapter above, we can
compute the gain matrix K by solving the Riccati equation (Eq. (24)).
The Lyapunov function is equal to the total energy of the system, hence:

12, 1
H= A2+ ECAVOZ =270z (29

2L

By solving the equation above:
L ,C IC

2T 2 2R 25
0=l ke we =
2R, 2
We arbitrarily chose R = (LC)?. We can now use Matlab to compute

the LQR controller gain matrix:

K =[1.369 x 107, 123445].

In order to verify the controller’s stability, a variable load is assumed.
As the load of the DC-DC converter varies across a range of 10 to
20 ohms, the inductor current dynamically adjusts in response to
these load fluctuations. Employing a Linear Quadratic Regulator (LQR)
controller, this system is adept at maintaining stability and optimizing
performance under varying load conditions. The LQR controller utilizes
a feedback loop that continuously adjusts the control input to minimize
the quadratic cost function, thereby ensuring a well-tailored response
to load changes. By integrating the LQR controller into the DC-DC con-
verter system, we achieve a sophisticated and adaptive control strategy
that enables the inductor current to seamlessly track and regulate with
precision, demonstrating the efficacy of LQR in handling load variations
for enhanced stability and overall system performance.

Fig. 4 shows how the load of the DC-DC converter varies across a
range of 10 to 20 ohms and the inductor current dynamically adjusts
in response to these load fluctuations. Employing a Linear Quadratic
Regulator (LQR) controller, this system is adept at maintaining stability
and optimizing performance under varying load conditions. The LQR
controller utilizes a feedback loop that continuously adjusts the control
input to minimize the quadratic cost function, thereby ensuring a well-
tailored response to load changes. By integrating the LQR controller
into the DC-DC converter system, we achieve a sophisticated and adap-
tive control strategy that enables the inductor current to seamlessly
track and regulate with precision, demonstrating the efficacy of LQR
in handling load variations for enhanced stability and overall system
performance.

Fig. 5 shows the output voltage of the converter with respect to
the load variation. In the same dynamic scenario, operating with a
reference voltage of 12 V, the LQR controller continuously adjusts the
control input to ensure that the output voltage remains stabilized at
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Fig. 5. Output voltage with variable load.
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Fig. 6. Transient voltage with variable load.

the desired reference point despite the varying load conditions. This
highlights the robust and adaptive nature of the LQR controller, which
excels in regulating the converter’s output to counteract the impact
of load changes, ultimately providing a stable and controlled output
voltage under dynamic operational circumstances.

Fig. 6 depicts the transient voltage of the output under the same sce-
nario. In response to load variations ranging from 10 to 20 ohms in the
DC-DC converter system, the transient voltage exhibits a commendable
behavior by closely tracking the load changes while being effectively
kept at low levels. The successful integration of the LQR controller
proves instrumental in achieving a smooth and controlled response of
the transient voltage to load variations, underscoring the effectiveness
of advanced control techniques in enhancing the robustness of DC-DC
converter systems.

5.0.1. Stability analysis of the DC-DC power converter
The DC-DC converter system dynamics can be expressed in state-
space form as:

z=Az+ Bu
where:
0 1 0
o
The control input is defined as:

u=—-Kz=-1369x10°z — 123445z,
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Table 2

Mechatronic oscillator simulation parameters.
Parameter Values
Iy 0.02 m
K, 0.0015
R 12 Q
m 0.54 kg
k 100
b 1
L 0.805 H
Ly 0.805 H

where K = [1.369 x 10°, 123445] is the LQR gain matrix computed using
MATLAB.
The closed-loop system dynamics are given by:

z=(A-BK)z

Substituting A, B, and K, we obtain the closed-loop system matrix:
0 1

A=
A7 21369% 109 —123445

The eigenvalues of the closed-loop matrix are:

Ay =-=12319.39, 4, =-111125.61

Since both eigenvalues have negative real parts, the system is asymp-
totically stable.

5.1. Mechatronic oscillator LQR controller design

The elements of the Q matrix can be obtained from the desired
specifications using Eq. (13). Let us now assume an overshoot smaller
than 10% and a settling time of 4 s. To find the damping ratio ()
and the natural frequency (w,) of a second-order system with a given
overshoot and settling time, you can use the following relationships:

ut
0S8 = e\ V-

(26)
= 4
(o,
Which leads to w, = 5.4rad/s and ¢ = 0.49. We know that:
0 1 0 0
A=[0 0 1[,B=|0]|.r=1
0 0 O 1

1
"= (€Ca?)* — A3)) = 5954

31
=30k + (2% + D0}

4= = = 1251
31
=2(2¢2 + De?) + 9.2 0?
q; = =421
B,

We can now compute the LQR matrix gain using Matlab:

K =[77.16,53.67,10.56]

We assume the following parameters for the mechatronic oscillator
system (see Table 2).

The simulation results are shown in Fig. 7. The system starts from
zero initial conditions and under the influence of the state controller is
able to reach the equilibrium point in almost 2 s, in accordance with
the design assumptions.

The controller was also asked to track a reference sinusoidal signal
of the form:

r(t) = 0.03 + 0.01 sin(?)

The error matrix can be computed as: The new control input for
tracking the reference signal can be written as:
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Fig. 7. Simulated mass position from zero initial conditions.
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Fig. 8. Tracking of a reference signal.

v="F-—kie; —kye, —e3z3
Or equivalently:

v=—0.01cos(t) — k; [z) — 0.03 + 0.01 sin(t)] — k, [z, — 0.01 cos(?)|
— €3 [2z3 — 0.01 sin(?)]

Fig. 8 shows the capability of the mechatronic oscillator system
to accurately track a sinusoidal reference signal when equipped with
a Linear Quadratic Regulator (LQR) controller. The controller seam-
lessly integrates with the mechatronic oscillator system to regulate its
dynamics. As the sinusoidal reference signal is introduced, the LQR
controller dynamically adjusts the control input, ensuring that the
system responds with precision to faithfully replicate the desired sinu-
soidal trajectory. This inherent tracking ability highlights the synergy
between the control strategy and the electromechanical dynamics of
the mechatronic oscillator system.

5.1.1. Stability analysis of the closed-loop system

To analyze the stability of the mechatronic oscillator system under
LQR control, we use the state-space representation of the system,
which has been transformed into new coordinates through feedback
linearization.

The system dynamics, expressed in the new linearized coordinates
Z from (16), are given by:

7Z=AZ + Bu 27)
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Fig. 9. Simulink diagram of the mechatronic oscillator system with DC-DC converter
and controllers.

where:
0O 1 0 0
A=|0 0 1|, B=|0
0 0 O 1

The control input u is defined as:
at)

=v- 28

“=v-35 28)
For the LQR controller, the control input v is given by:

v=—-Kz=—kjz| —kyzy — kzz3 29

where K = [k, ky, k3] are the LQR feedback gains computed to optimize
the system’s performance.
The computed LQR gain matrix is:

K =1[77.16,53.67,10.56]

The closed-loop system dynamics, incorporating the LQR controller,
can be written as:

Z=(A-BK)Z (30)
where the new closed-loop system matrix is:
Ag=A-BK

To verify the stability of the closed-loop system, we calculate the
eigenvalues of the matrix A,. The eigenvalues are as follows:

Ay =—419-422i, Ay =-2.18, iy=—-419+4.22i

Since all the eigenvalues have negative real parts, the system is
asymptotically stable.

6. System simulation

After mathematically describing and linearizing both the DC-DC
converter and the mechatronic oscillator, the focus now shifts towards
joining these components together. By combining these systems, we
aim to create a comprehensive model that encompasses both the power
electronics of the DC-DC converter and the dynamic behavior of the
electromagnetic mechanical system. This integrated approach allows us
to apply classical control strategies to regulate and optimize the overall
system performance. Employing well-established control techniques,
such as the LQR method (as seens in Section 4), we seek to en-
hance the stability, response time, and efficiency of the interconnected
DC-DC converter and EM-MSD system. Through this interdisciplinary
approach, we aim to achieve a robust and efficient control framework
that can adapt to various operating conditions and ensure the seamless
interaction of these complex electromechanical components. Fig. 9
shows the block diagram of the interconnected DC-DC converter and
EM-MSD system.

The Simulink simulation reveals a compelling graph showcasing
the successful stabilization of the mass at a precise position of 0.01
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Fig. 10. Mass position of the mechatronic oscillator stabilized at 0.005 m with DC-DC
converter and controllers.
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Fig. 11. Mass position of the mechatronic oscillator stabilized at 0.01 m with DC-DC
converter and controllers.

meters within the integrated DC-DC converter and mechatronic os-
cillator control architecture. The simulation captures the dynamic in-
terplay between the controllers, illustrating the concerted efforts of
the mechatronic oscillator controller, determining the required voltage
for positioning, and the DC-DC converter controller, adeptly adjusting
the input voltage to the mechatronic oscillator. As the simulation
progresses, the mass steadily converges to and stabilizes at the spec-
ified position, underscoring the effectiveness of the closed-loop control
system in achieving precise and stable electromechanical positioning
(Figs. 10-13)

As the mechatronic oscillator controller adeptly calculates the re-
quired voltage for positioning, it outputs a reference voltage signal.
The DC-DC converter, operating in tandem within the closed-loop
control architecture, diligently adjusts its output voltage to mirror the
mechatronic oscillator reference. This synchronized response ensures
that the mass stabilizes at the targeted position of 0.01 m. The correla-
tion between the mechatronic oscillator controller’s reference voltage
and the DC-DC converter’s output voltage serves as a crucial element
in achieving the desired precision in mass positioning, emphasizing
the effectiveness of the integrated control system in orchestrating a
harmonious and stable electromechanical equilibrium. The simulation
results are shown in Figs. 13-15.

The controller was again asked to reference sinusoidal signals of the
form

#(t) = 0.008 + 0.002 sin(?),
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Fig. 12. Mass position of the mechatronic oscillator stabilized at 0.015 m with DC-DC
converter and controllers.
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Fig. 13. Converter output voltage Vs. Reference voltage, mechatronic oscillator stabi-
lized at 0.005.
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Fig. 14. Converter output voltage Vs. Reference voltage, mechatronic oscillator stabi-
lized at 0.01 m.

r(t) = 0.01 + 0.005 sin(?),

r(t) = 0.012 + 0.003 sin().

The integrated mechatronic oscillator and DC-DC converter system
demonstrate a good ability to accurately track the reference sinusoidal
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Fig. 15. Converter output voltage Vs. Reference voltage, mechatronic oscillator stabi-
lized at 0.015.
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Fig. 16. Mass position for tracking of reference signal r(r) = 0.008 + 0.002 sin(z).

signal. This dynamic capability is achieved through the synergy of the
mechatronic oscillator controller and the DC-DC converter controller.
The mechatronic oscillator controller, finely tuned to interpret and
respond to the sinusoidal reference signal, generates corresponding
voltage commands to position the system accordingly. Simultaneously,
the DC-DC converter controller seamlessly adjusts its output voltage
to precisely follow the mechatronic oscillator controller’s commands.
The harmonious interaction between these components enables the
entire system to faithfully reproduce the sinusoidal reference signal,
showecasing its proficiency in dynamic tracking. Figs. 16-18 and 19-21
show the results of the simulation (see Fig. 17).

7. Conclusion

This study presented a comprehensive investigation into the dynam-
ics and control of a marine mechatronic oscillator system, integrating
electromagnetic coupling and switching power electronics. By employ-
ing advanced control techniques such as exact feedback linearization
and the Linear Quadratic Regulator (LQR), we achieved improved
stability and energy efficiency in the control of a single-degree-of-
freedom mass—spring—damper (EM-MSD) system coupled with a DC-DC
buck converter. The key contributions of this work lie in the application
of feedback linearization and LQR strategies to a non-linear electrome-
chanical system, offering a novel approach to dynamic control in
marine environments.
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Fig. 17. Mass position for tracking of reference signal r(r) = 0.01 + 0.005 sin(r).
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Fig. 18. Mass position for tracking of reference signal r(r) = 0.012 + 0.003 sin(z).

Outout Voltage Vs Reference Voltage

45+
4l
35
3
e
&
& 25
S
2
1.5
1
0.5 Output voltage
Refernce Voltage
L L

. )
0 5 10 15 20 25 30
Time (s)

Fig. 19. Converter output voltage Vs. Reference voltage for tracking of reference signal
(1) = 0.008 + 0.002 sin(7).

7.1. Methodological insights and novelty

The proposed methodology leverages the principles of electromag-
netic coupling, whereby an electromagnet is integrated with a mechan-
ical oscillator and controlled via power electronics. Unlike traditional
mechanical force actuators, electromagnetic systems offer the advan-
tages of low maintenance, energy efficiency, and faster response times.
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Fig. 20. Converter output voltage Vs. Reference voltage for tracking of reference signal
r(t) = 0.01 + 0.005 sin(r).

Outout Voltage Vs Reference Voltage

4.5
4
3.5
3
s
)
s 25
o
>
2
1.5
1
0.5 Output voltage
Refernce Voltage
N )

0 I L 1 L
0 5 10 15 20 25 30

Time (s)

Fig. 21. Converter output voltage Vs. Reference voltage for tracking of reference signal
(1) = 0.012 + 0.003 sin(7).

The incorporation of a DC-DC buck converter into the system allows for
precise control of the electromagnet’s voltage, with the LQR controller
ensuring optimal performance through the minimization of a quadratic
cost function.

The novelty of this work lies in several aspects:

+ Integration of Electromagnetic Coupling and Switching
Power Electronics: The fusion of these two techniques in control-
ling marine mechatronic oscillators offers more efficient power
consumption and improved responsiveness compared to existing
methods.

Application of Feedback Linearization Beyond Equilibrium
Points: In the literature, feedback linearization is generally ap-
plied around specific equilibrium points. In contrast, this study
extended feedback linearization to cover a broader range of op-
erating conditions, ensuring robust real-time control even under
dynamic environmental disturbances such as wave impacts or
mechanical loads.

Experimental Validation: Through simulations, we validated the
system’s ability to handle disturbances, such as impulse and step
changes, while maintaining stability. The tracking of sinusoidal
reference signals further demonstrated the system’s adaptability.
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7.2. Comparison with existing techniques

Several studies in the literature have proposed control methodolo-
gies for similar electromechanical systems. For instance, traditional PID
controllers have been widely used in controlling mass-spring—-damper
systems due to their simplicity and ease of implementation. However,
these controllers often exhibit slower response times and higher energy
consumption under dynamic disturbances compared to the LQR control
strategy utilized in this study. A recent study by Tang et al. (2018)
demonstrated that while PID control is effective for simpler systems,
its performance degrades significantly in dynamic conditions where fast
response and energy efficiency are critical [12].

Model Predictive Control (MPC) has also been applied to elec-
tromechanical systems, offering a sophisticated approach capable of
handling multivariable constraints effectively [13]. Despite its advan-
tages, MPC is often computationally expensive due to the continuous
re-optimization required during operation. Lee and Kouvaritakis (2017)
highlight the computational demands of MPC, noting that although it
provides optimal performance under complex constraints, it requires
significant processing power, which limits its applicability in real-time,
high-speed disturbance scenarios [14].

By comparison, the LQR approach adopted in this study provides
a balance between computational efficiency and control performance.
Linear Quadratic Regulator control, as explored by Kiumarsi et al.
(2017), minimizes a quadratic cost function of both state and control
variables, resulting in reduced energy consumption and robust stability
in a wide range of operating conditions [15]. Our method leverages
exact feedback linearization to transform the nonlinear dynamics into a
controllable linear form, simplifying the control problem and allowing
for the effective application of LQR.

This combination of feedback linearization with LQR offers superior
disturbance rejection, faster convergence to desired states, and reduced
energy consumption, which is especially beneficial in marine environ-
ments where external disturbances are prevalent. Bian and Duan (2020)
discuss the advantages of LQR control in applications where both
efficiency and robustness are critical, making it ideal for environments
with frequent disturbances [16].

7.3. Applicability to other electro-mechanical systems

The control strategy developed in this work is not limited to the ma-
rine mechatronic oscillator system but can be applied to a wide range
of under-actuated electro-mechanical systems. Systems with similar dy-
namic characteristics, such as electromechanical actuators in robotics,
aerospace systems, or energy harvesting applications, can benefit from
the electromagnetic coupling and LQR-based control strategies outlined
in this study. For instance, applications in precision positioning or
vibration control in manufacturing systems could utilize this approach
for enhanced performance.

7.4. Convergence of the control law

The convergence properties of the control law were also examined,
ensuring that the system returns to equilibrium or follows a reference
trajectory after disturbances. By employing the Riccati equation to
solve for the optimal gain matrix K, the LQR controller guarantees
convergence to the desired state in minimal time. The use of Lya-
punov functions to describe the total energy of the system provided
further insights into the stability and convergence properties of the
controller. Specifically, the control law was shown to converge in the
presence of both step and sinusoidal disturbances, achieving the desired
performance metrics such as settling time and overshoot.
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7.5. Future work and extensions
While this study demonstrates the effectiveness of the proposed con-

trol strategy in marine mechatronic oscillators, future research could
explore the following directions:

Experimental Implementation: Moving from simulation-based
validation to physical experiments with actual marine systems
will provide more insights into real-world performance.
Multi-degree-of-freedom Systems: Extending the control
methodology to systems with higher degrees of freedom could
further enhance its applicability to complex systems, such as
robotic manipulators or multi-axis marine platforms.

DC-DC Converter with Circuital Elements: Future work could
incorporate parasitic elements, such as inductor resistance, switch
resistance, and non-ideal capacitors, into the DC-DC converter
model. This would allow for a closer simulation of real-world per-
formance and further refine the accuracy of the control method-
ology.

Observer Implementation: Another promising avenue for future
research is the integration of observer-based control schemes. By
using observers to estimate the states of the system in real-time,
the mechatronic oscillator could function as a non-invasive sen-
sor, capable of providing critical information about the system’s
dynamics without the need for direct measurements.

In summary, the integration of electromagnetic coupling, switching
power electronics, and advanced control strategies offers a novel and
efficient solution to the control of marine mechatronic oscillators.
The proposed methodology has shown superior performance compared
to traditional control strategies, providing a foundation for further
research and development in this field.
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