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Abstract This paper addresses stabilization and reference tracking in a magnetic levitation system, characterized by its
inherent nonlinearity and open-loop instability. A second-order dynamic model of the system is derived, considering the
injected current as the control input. An exact linearization procedure based on error dynamics is employed to obtain
an equivalent linear representation. From this model, two state-feedback control strategies are developed: a conventional
approach and an extended formulation incorporating integral action to ensure the accurate tracking of the reference position.
The performance of the proposed schemes is evaluated against a decoupled nonlinear proportional–integral controller using
metrics related to stability, transient response, and control effort. The results demonstrate the structural advantages of the
state-space-based approach, highlighting its systematic capability to meet dynamic specifications while improving closed-
loop behavior under disturbances and parametric variations.
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1. Introduction

Throughout history, humans have developed tools with the aim of expanding their capabilities and optimizing their
daily activities. From the earliest mechanical instruments to today’s automated systems, technological evolution has
been closely linked to the need to improve efficiency, reduce physical effort, and increase precision in performing
different tasks [1]. As civilization advances, these tools have ceased to be mere mechanical extensions and
become increasingly complex systems, integrating electrical, electronic, and computational components capable
of operating under variable and dynamic conditions, such as lifting heavy loads, cutting, and transporting materials
[2]. Even in the 21st century, there remains a keen interest in refining the processes that still require human
intervention. This is why many industrial and technological processes currently depend on the ability of these
systems to maintain stability and performance in the face of external disturbances and internal uncertainties [3].

As technological systems have become increasingly complex, so too have the demands placed on them in terms
of precision, stability, and adaptability. Many modern devices operate under dynamic conditions, where small
variations in internal variables can have a significant impact on the overall behavior [4]. This sensitivity has driven
the development of increasingly rigorous analysis methodologies, aimed not only at describing the system but
also at ensuring its safe and efficient operation across different scenarios. In this regard, the study of dynamic
systems with nonlinear and unstable characteristics has become an area of particular interest in the field of control
engineering [5].

Thus, mathematical modeling takes on central importance, as it allows representing these phenomena by means
of differential equations that describe their internal variables. This is essential for understanding and predicting the
dynamics of complex physical systems [6], where only the input and output parameters are typically known.
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Magnetic levitation is a field of great interest in control engineering, given the nonlinear and inherently unstable
nature of its dynamics [7]. Designing an efficient controller requires a precise understanding of system dynamics
[8]. However, when developing its mathematical model, several levels of uncertainty inevitably arise, given the
high complexity of representing all the disturbances and variations that affect its behavior [4]. These characteristics
position magnetic levitators as a suitable platform for validating advanced control techniques [9], especially those
aimed at coping with behaviors that are highly sensitive to disturbances and parametric variations.

The open-loop instability of the system implies that small deviations from the equilibrium point can lead to
rapid divergence in the position of the mass [10], which requires control strategies that are capable of ensuring
stability and dynamic performance under formal criteria. In many cases, traditional solutions rely on empirical
tuning schemes or nonlinear proportional–integral controllers designed around specific operating conditions [11].
Although these approaches may be functional in particular scenarios, they do not always provide a systematic
framework to guarantee transient response specifications, closed-loop pole placement, and robustness against
model uncertainties [12].

Under these conditions, addressing the problem from a state-space representation enables a more complete
description of the interaction between the electrical and mechanical variables of the system. This not only facilitates
stability analysis around the reference point; it also provides an appropriate framework for designing control
strategies with clearly defined performance criteria.

Over time, control theory has developed a wide variety of methodologies aimed at ensuring stability, dynamic
performance, and robustness against disturbances. In general, these approaches can be grouped into two main
categories: deterministic and heuristic strategies. The former are based on explicit mathematical models of the
system and rigorous analytical tools. This category includes classical controllers such as proportional-integral
(PID) [13] and state-feedback control. On the other hand, heuristic strategies rely on approaches inspired by
biological processes or artificial intelligence techniques, e.g., neural networks and fuzzy logic [14], which make it
possible to address systems that are highly nonlinear or exhibit significant structural uncertainty.

Among the physical systems most commonly used to validate and compare these strategies, magnetic levitators
stand out, particularly regarding the control of a metallic sphere immersed in a vertical magnetic field generated by
an electromagnet. In this system, the position of the sphere is typically regulated using proportional–integral (PI)
controllers that rely on measurements of the magnetic flux or the current in the coil as the feedback variable [15].
This system is especially attractive due to its inherently open-loop and unstable nature and its marked nonlinear
behavior, making it an ideal platform for the comparative evaluation of different control approaches.

Under this premise, each author selects the strategy they consider most suitable to better control the state
variables, optimize settling times, or minimize the steady-state error. Magnetic levitation systems have gained
significant relevance in scientific research, not only for their educational value but also for their ability to represent
nonlinear systems that are experimentally accessible and exhibit dynamics comparable to various industrial
processes [16]. This characteristic positions them as intermediate testbeds between purely theoretical models and
highly complex real-world applications.

The interest in these systems is also explained by their potential for technology transfer. The control principles
developed in levitation platforms can be extrapolated to larger-scale applications, such as high-speed trains based on
magnetic levitation [17,18], as well as to automated industrial processes in laboratory environments [19], packaging
and handling systems, robotic platforms [20], and biomedical devices [21]. Furthermore, they are still widely used
in academic experimentation to validate advanced control models and algorithms [22].

Among the most common deterministic strategies in this type of application is state-feedback control, which uses
the system’s state variables to directly influence its internal dynamics, enabling the placement of poles at desired
locations and, consequently, the design of the system’s transient response and the steady-state behavior [23]. When
not all variables can be measured directly, one must to resort to the use of observers or state estimators [24], which
introduces an additional stage in the design process but significantly expands the applicability of the method. In
this context, the performance evaluation of these strategies is often complemented by control indices, which allow
establishing quantitative criteria to identify the alternative with the best behavior [25]. Additionally, with the aim
of bringing the analysis closer to more realistic operating conditions, disturbances in the form of noise can be
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incorporated into position measurement [26], thus enabling the evaluation of the system’s robustness against this
type of uncertainty.

This article proposes a control strategy based on the state-space approach for a magnetic levitation system,
systematically addressing its nonlinear and inherently unstable dynamics. This approach ensures asymptotic
stabilization around the equilibrium point, meeting performance criteria in both the transient and steady-state
regimes. The effectiveness of our method is validated through a comparative analysis against strategies reported
in the literature, considering different scenarios that include parametric variations and external disturbances. This
analysis enables a quantitative evaluation of the robustness and overall performance of the controller. Additionally,
as an extension of the study, a stage is incorporated which introduces noise into position measurement, in order to
approximate the system’s behavior to more realistic conditions and analyze the robustness of the controller in the
presence of measurement uncertainties.

The remainder of this contribution is organized as follows. Section 2 presents a description of a magnetic
levitation system (MLS), including its mathematical model. Section 3 details the implementation of the analyzed
control strategies. Section 4 presents the results obtained, and, finally, Section 5 outlines the conclusions of this
work along with future research directions.

2. Modeling the magnetic levitation system

This section introduces the mathematical model of the MLS under study, which is based on a third-order
representation adapted from [27]. A state-space formulation is then used to describe the error dynamics in the
vicinity of the equilibrium point. Figure 1 illustrates the schematic diagram of the MLS, where Fmag denotes
the electromagnetic force generated by the current i circulating through the inductor L; Fg corresponds to the
gravitational pull exerted on the ferromagnetic mass m; R stands for the internal resistance of the coil; v is the
input voltage applied; and e represents the equivalent voltage measured via the Hall-effect sensor, as outlined
in [27].
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Figure 1. Schematic representation of a MLS [28]

The modeling procedure is structured as follows. Subsection 2.1 presents the nonlinear dynamic model of the
system, Subsection 2.2 introduces the incremental model and defines the equilibrium point, Subsection 2.3 derives
the exact feedback linearization, and Subsection 2.4 formulates the state-space representation of the system.
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2.1. Nonlinear dynamic model

The model under study is an inherently unstable nonlinear system whose control objective is to regulate the vertical
position of a metallic sphere through the force generated by an electromagnet, as described in Figure 1. By applying
Newton’s second law [29] to the vertical dynamics of the sphere, i.e.,

mÿ = Fg − Fmag, (1)

where m is the mass of the sphere; y denotes its vertical position, measured from the electromagnet; Fg = mg is
the gravitational force; and Fmag is the electromagnetic force exerted by the current in the electromagnet. The latter
is modeled as a nonlinear function of the current i and the position y, following the approach proposed in [30].

Fmag = kmag

(
i

y3

)
, (2)

where kmag is a constant that characterizes the geometry and magnetic properties of the actuator. By substituting (2)
into (1), the nonlinear dynamic model of the system is obtained:

ÿ = g − kmag

m

(
i

y3

)
, (3)

2.2. Incremental model and equilibrium point

For the controller design, an operating point that corresponds to the desired equilibrium position y⋆ is defined. The
following incremental state variables are introduced:

η = y − y⋆, ζ = ẏ. (4)

The control current is denoted as ω = i. When (3) is expressed in terms of these variables, the dynamic model takes
the form below:

η̇ = ζ, (5)

ζ̇ = g − kmag

m
(

ω

(η + y⋆)3
), (6)

At the equilibrium point, ζ⋆ = 0 is satisfied, and the steady-state current required to compensate for the
gravitational action is as follows:

ω⋆ =
mg

kmag
(y⋆)

3
. (7)

2.3. Exact linearization by feedback

Given the nonlinear nature of Equations (5) and (6), the input–output exact feedback linearization technique is
applied in order to obtain an equivalent linear dynamic representation. To this effect, the following transformation
of the control input is defined:

ω = (η + y⋆)
3 m

kmag
(g − u), (8)

where u is an auxiliary control signal to be designed. By substituting (8) into (6), the nonlinearities are algebraically
canceled, and the decoupled second-order system is obtained:

η̇ = ζ, (9)

ζ̇ = u. (10)

This system corresponds to a double integrator, a canonical representation in control theory that enables
the systematic design of linear control laws for the original nonlinear plant, following the state-space analysis
framework presented in [31].
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2.4. State space representation

The Linearized System (9)–(10) is expressed in the standard state-space form:

ẋ = Ax+Bu, (11)

where the state vector and the system matrices are defined as follows:

x =

[
η

ζ

]
, A =

[
0 1

0 0

]
, B =

[
0

1

]
. (12)

Note that the pair (A,B) defined in (12) is completely controllable, a necessary and sufficient condition for
arbitrary pole placement through state feedback. This equivalent linear model is shared by the two control strategies
presented in Section 3.

3. State feedback control strategies

Based on the linear state-space model obtained in Section 2, two state-feedback control strategies are designed
to stabilize the MLS and ensure robust reference tracking. The first corresponds to standard state-feedback (SF)
control [32], formulated to modify the system’s dynamics through pole placement. This approach, detailed in
Subsections 3.1.1 and 3.1.2, is suitable when the system model is accurate and no external disturbances are
present. The second extends this strategy by incorporating integral action [33,34] with the aim of ensuring reference
tracking in the steady state as well as the rejection of constant disturbances. This leads to the formulation of an
augmented system model and the design of a state-feedback controller with integral action [35], which is developed
in Subsections 3.2.1 through 3.2.3. Both controllers share the exact feedback linearization structure described in (8)
and use Ackermann’s formula [36] for pole placement.

3.1. State feedback control

3.1.1. Control law Based on the representation (11), the following state-feedback control law is proposed:

u = −Kx, (13)

where K =
[
k1 k2

]
is the state-feedback gain vector, following the formulation presented in [32]. By

substituting (13) into (11), the closed-loop dynamics are obtained:

ẋ = (A−BK)x. (14)

The values of (A−BK) completely determine the transient response of the system and can be placed at arbitrary
locations in the complex plane through an appropriate selection of K.

3.1.2. Design by pole placement The Controller Gains (13) are calculated using Ackermann’s formula [36]. The
performance specifications are expressed in terms of the settling time Ts and the damping ratio ξ, from which the
natural frequency is obtained:

ωn =
4

ξ Ts
. (15)

The two desired closed-loop poles are selected as follows:

p1 = −ωn, p2 = −αωn, (16)

with α > 1 to avoid repeated poles and improve numerical robustness. The gains are obtained by evaluating

K = acker(A, B, [p1, p2]). (17)
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3.2. State feedback control with integral action

Although the SF controller ensures the asymptotic stability of the decoupled system, its performance may degrade
in the presence of parametric uncertainties or step-type disturbances, situations in which steady-state error may
arise. To eliminate this error, the architecture is extended by incorporating an integral state [33,34], thus giving rise
to the controller.

3.2.1. Augmented system with integral action The integral state variable xI is introduced, defined by the following
dynamics:

ẋI = η, (18)

which accumulates the position error over time. By incorporating (18) into Equations (9) and (10), the augmented
system is obtained, following the approach presented in [35]:

η̇ = ζ, (19)

ζ̇ = u, (20)
ẋI = η, (21)

whose matrix representation takes the standard form:

ẋa = Aa xa +Ba u, (22)

with

xa =

 η

ζ

xI

 , Aa =

0 1 0

0 0 0

1 0 0

 , Ba =

01
0

 . (23)

The pair (Aa, Ba) is completely controllable, which ensures the feasibility of arbitrary pole placement for the
third-order system.

3.2.2. Control law with integral action The control law for the augmented system (22) is defined as follows:

u = −Ka xa, (24)

where the augmented gain vector is
Ka =

[
k1 k2 kI

]
. (25)

Expanding (24) in terms of the components of (25) yields

u = −k1 η − k2 ζ − kI xI , (26)

where k1 and k2 govern the dynamic response, while kI determines the speed at which the steady-state error is
eliminated. Thus, the closed-loop dynamics of the augmented system become:

ẋa = (Aa −BaKa)xa. (27)

3.2.3. Design by pole placement of the augmented system The design of Ka is carried out by pole placement on the
pair (Aa, Ba), using the same specifications Ts and ξ from Section 3.1.2, with the natural frequency given by (15).
Since the augmented system is of the third order, the specification of three poles is required. Two dominant poles
are thus selected:

p1 = −ξ ωn + j ωn

√
1− ξ2, p2 = −ξ ωn − j ωn

√
1− ξ2. (28)

A third real pole associated with the integrator dynamics is also selected:

p3 = −αωn, α ∈ [3, 10], (29)
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where α ensures that the integrator dynamics are sufficiently faster than those of the dominant poles, so that they do
not significantly alter the specified transient response. The controller gains are obtained by applying Ackermann’s
formula to the augmented system:

Ka = acker(Aa, Ba, [p1, p2, p3]). (30)

4. Numerical validation

This section evaluates the performance of the controller applied to the second-order MLS model. For this analysis,
the simulation parameters used in [28] were adopted, including the operating and current limits, the equivalent
metallic mass, and the magnetic force constant. A detailed summary of these parameters is presented in Table 1.

Table 1. Parameters of the analyzed MLS

Parameter Value Unit

Kmag 2.4× 10−06 kgm/As2
m 0.02985 kg
y⋆ 20× 10−03 m
i⋆ 0.9758 A

imin 0 A
imax 4 A

Three different positions were considered, and the mass was placed at different time intervals. In the first interval,
between 0 and 2 seconds, the mass was positioned at y⋆ = 20 mm. After 2-4 seconds, the reference changed to
y⋆ = 24 mm. Finally, the reference decreased to y⋆ = 16 mm. For each control strategy, three case studies were
considered, whose parameters are presented in Tables 2 and 3. Table 2 corresponds to the scenarios defined for the
state-feedback control strategy introduced in Section 3.1 and evaluated in Section 4.1, whereas Table 3 corresponds
to the scenarios associated with the state-feedback control with integral action.

Table 2. Scenarios evaluated for the design of the state feedback controller

Case p1 p2 k1 k2

I −40 −40 1600 80
II −78 −37 2886 115
III −20 −35 700 55

Table 3. Scenarios evaluated for the design of the integral action state feedback controller

Case p1 p2 p3 k1 k2 kI

I −20.5 −64 −42 4861 126 55104
II −12 −35 −70 3710 117 29400
III −60 −38.5 −29 5167 127 66990

To perform a quantitative performance comparison, each case was evaluated using different indices, including
the integral of time multiplied by the absolute error (ITAE), the integral absolute error (IAE), the integral of time-
weighted squared error (ITSE), the integral squared error (ISE), and the settling time ts s [28]. These indicators
allow analyzing the dynamic behavior of the system in terms of tracking error, thus providing an objective criterion
to identify the control strategy with the best performance.

Stat., Optim. Inf. Comput. Vol. 16, Month 2026
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4.1. State feedback control

The state-feedback-based controller was designed by assigning the desired system poles, which are specified
in (16). Once the desired poles had been established, they were used in the expression presented in (17), i.e.,
the method for computing the controller gains using Ackermann’s formulation. The values corresponding to
the selected poles and the gains obtained for this control scheme are summarized in Table 2, which details the
parameters used for the implementation of the controller in our case study. The corresponding responses for each
control strategy are presented in Figure 2, where both the position and the current required by the actuator are
shown. In addition, the numerical performance of the control metrics are presented in Table 4.
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Figure 2. Levitator response to the state feedback control

Table 4. Summary of control indices evaluated via state feedback

Case ITAE IAE ITSE ISE ts[s]

I 0 1.6× 10−3 9.379× 10−6 1.501× 10−5 0.2219
II 4.084× 10−6 1.275× 10−3 7.203× 10−6 1.165× 10−5 0.1896
III 1.427× 10−6 2.514× 10−3 14.75× 10−6 2.322× 10−5 0.3591

Based on the behavior of the controller, which is depicted in Figure 2, and the numerical performance listed in
Table 4, the following can be stated:

i. Among the three cases evaluated, important differences are observed regarding their performance indices. In
the case of the ITAE, Case I reports a value equal to 0. However, this result is due to numerical rounding
effects since the actual value is below the order of ×10−12. When comparing the other two cases, Case
III exhibits a lower value (1.427× 10−6) than Case II (4.084× 10−6), which suggests a slightly faster and
better-damped response for this specific index.
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ii. As for the IAE, the lowest value corresponds to Case II (1.275× 10−3), when compared to the values for
Cases I and III, respectively: 1.6× 10−3 and 2.514× 10−3. This indicates that Case II exhibits reasonable
damping and a better transient response.

iii. For the ITSE, Case II shows the best performance, with a value of 7.203× 10−6, approximately half of
that recorded in Case III (14.75× 10−6) and lower than that obtained for Case I (9.379× 10−6). This result
suggests that Case II is more effective in reducing larger-magnitude errors over time.

iv. In the ISE, Case II also exhibits the lowest value (1.165× 10−5), which indicates better performance in the
initial instants. Although Case I reports a close value (1.501× 10−5), its behavior remains slightly inferior,
while Case III shows the worst performance with 2.322× 10−5.

v. Finally, in terms of settling time, Case II reports the lowest value (Ts = 0.1896 s), compared to the
Ts = 0.2219 s and Ts = 0.3591 s obtained for Cases I and III, respectively, which confirms a faster dynamic
response of the system.

Based on these results, it can be concluded that Case II exhibits the best overall performance, as it achieves the
most favorable values in four out of the five evaluation criteria.

4.2. State feedback control with integral action

The numerical performance of the state feedback controller that adds an integral action is reported in Figure 3 and
Table 5.
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Figure 3. Levitator response to integral action state feedback control

Analogously to the analysis of the state feedback control, the evaluated cases for the controller including integral
action are presented below:

i. In relation to the ITAE, Case II records the lowest value (0.539× 10−5). In contrast, Cases I and III exhibit
higher values: 1.818× 10−5 and 1.137× 10−5, respectively. This difference indicates that Case II provides
better performance in terms of error reduction over time, which translates into a faster response with greater
system damping.
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Table 5. Summary of control indices evaluated by state feedback with integral action

Case ITAE IAE ITSE ISE ts[s]

I 1.818× 10−5 1.394× 10−3 5.593× 10−6 8.942× 10−6 0.3389
II 0.539× 10−5 1.685× 10−3 6.515× 10−6 10.32× 10−6 0.5044
III 1.137× 10−5 1.321× 10−3 5.432× 10−6 8.686× 10−6 0.3067

ii. Regarding the IAE, Case III achieves a better performance (1.321× 10−3), while Cases I and II show values
of 1.394× 10−3 and 1.685× 10−3. This result suggests that Case III provides a lower accumulation of
absolute error, which is reflected in a more favorable transient behavior and an adequate level of damping.

iii. As for the ITSE, Case III exhibits the lowest value (5.432× 10−6), followed by Case I (5.593× 10−6) and
Case II (6.515× 10−6). This comparison shows that Case III achieves a more efficient reduction of larger-
magnitude errors over time, which translates into more favorable dynamic performance.

iv. In relation to the ISE, the lowest value corresponds to Case III (8.686× 10−6), indicating a better initial
behavior. Case I reports a close value (8.942× 10−6), although slightly higher, while Case II records the
highest value (10.32× 10−6), reflecting a less favorable performance according to this criterion.

v. In terms of settling times, Case III offers the best value (Ts = 0.3067 s), while Cases I and II reach times of
0.3389 s and 0.5044 s, respectively. These results show that Case III allows the system to reach the steady
state in a shorter time interval, reflecting a faster dynamic response.

Based on the analysis of these indices, it can be determined that Case III exhibits the best overall performance,
since it achieves the most favorable values in four out of the five evaluation criteria.

4.3. Comparison of results against a decoupled PI controller

The design of the PI controller proposed in [28] was developed based on a second-order model corresponding to a
MLS. In a manner analogous to what is established in (8), the variable w is defined as the control input. In this case,
the same criterion was adopted, considering an equivalent equilibrium point located at the origin of the coordinate
system, which is defined as follows:

w = (η + y⋆)3(
m

kmag
)(g − u), (31)

where u represents an auxiliary control input employed for regulating the state variables. By substituting (31) into
(6), the incremental model described in (9) and (10) is obtained once again.

When implemented in the decoupled system described in (9) and (10), the primary objective of the PI approach
is the asymptotic stabilization of the system at the origin of the coordinate system. To this effect, the following PI
controller structure is established:

u = −kpζ − koη − ki

∫ t

0

ζ dτ, (32)

To evaluate the performance of the designed controller within a comparative framework, this section contrasts
the best results obtained in the previous sections with the reference controller proposed in [28]. To this effect, a
new naming convention for the evaluated cases is adopted. The case with the best performance in Section 4.1 (Case
II) will hereafter be referred to as Case II.I. Similarly, the case with the best performance in Section 4.2 (Case III)
will be denoted as Case III.I. Finally, the controller reported in [28], used as a reference for comparison, will be
identified in this work as Case I.I. The numerical performance of this comparative analysis is depicted in Figure 4
and listed in Table 6.
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Figure 4. Comparison of the system’s time response under three control strategies

Table 6. Summary of control indices vs. decoupled PI control

Case ITAE IAE ITSE ISE ts[s]

I.I 3.119× 10−3 1.058× 10−3 0.114× 10−6 3.143× 10−6 0.5
II.I 0.408× 10−5 1.275× 10−3 7.203× 10−6 1.165× 10−6 0.1896
III.I 1.137× 10−5 1.321× 10−3 5.432× 10−6 8.686× 10−6 0.3067

Based on the results presented in Table 6, the following can be stated:

i. In terms of the ITAE, Case II.I exhibits the lowest value (0.408× 10−5). Although Case III.I is slightly higher,
by approximately 0.01 ms (1.137× 10−5), it still shows a better performance than Case I.I (3.119× 10−3),
indicating that Case II.I has a greater ability to reduce errors that persist over time.

ii. Similarly, Case II.I achieves the lowest value regarding the ISE (1.165× 10−6), compared to 3.143× 10−6

and 8.686× 10−6 for Cases I.I and III.I, respectively, demonstrating a lower accumulated error energy
throughout the process. Additionally, Case II.I records the shortest settling time (ts = 0.1896 s).

iii. On the other hand, Case I.I reports the lowest values regarding the IAE (1.058× 10−3) and the ITSE
(0.114× 10−6), which suggests a good performance in reducing absolute error and diminishing larger-
magnitude errors. However, its settling time (ts = 0.5 s) is significantly higher compared to the other
analyzed cases.

Although Case I.I shows better performance in the IAE and ITSE, its settling time is considerably higher, which
reflects a slower dynamic response and a delayed convergence to stability. Meanwhile, Case II.I offers the most
balanced behavior regarding response speed and the reduction of accumulated error. This control case achieves the
most favorable values in terms of the ITAE, the ISE, and settling times, demonstrating a greater ability to reduce
persistent errors and reach the steady state in shorter periods of time.

4.4. Robustness analysis under measurement noise

To further deepen the analysis under conditions closer to reality, a noise signal was introduced into the measurement
of the mass position, modeling disturbances associated with sensor noise and acquisition errors. This approach
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made it possible to evaluate the robustness of the previously designed controllers, specifically considering the most
representative cases presented in Sections 4.1 and 4.2. Thus, the impact of noise on the dynamic performance of
the system and the controllers’ ability to maintain stability and tracking accuracy were analyzed.
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Figure 5. White noise applied to position measurement

The noise signal presented in Figure 5 corresponds to a white noise designed to emulate typical disturbances
in measurement systems. Its magnitude allows representing a realistic scenario without introducing artificial
instabilities, thereby facilitating the analysis of the system’s behavior under random variations in the measurement.
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Figure 6. Comparison of the system’s temporal response under noise regarding position measurement

Table 7. Summary of the control indices under noise regarding position measurement

Case ITAE IAE ITSE ISE ts[s]

I.II 0.199× 10−3 1.532× 10−3 7.073× 10−6 11.17× 10−6 0.255
II.II 6.481× 10−6 1.48× 10−3 5.306× 10−6 8.294× 10−6 0.334

Based on the results, significant differences between the evaluated cases are observed in terms of performance
indices, as described in Table 7:
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i. In particular, for the ITAE, Case II.II reports a value far below that of Case I.II. This difference—of several
orders of magnitude—indicates that Case II.II has a greater ability to attenuate persistent errors over time,
which translates into a more efficient response in terms of reference tracking.

ii. Regarding the IAE, Case II.II also achieves the lowest value compared to Case I.II. Although the difference
is relatively small, this result indicates that Case II.II exhibits a lower accumulation of absolute error over
time, reflecting a slightly more favorable transient response of the system.

iii. With respect to the ITSE, Case II.II again stands out, with the lowest value compared to Case I.II. This
behavior suggests that Case II.II is more effective in reducing larger-magnitude errors over time.

iv. For the ISE, Case II.II maintains the best performance by recording the lowest value compared to Case I.II.
This result demonstrates a lower total error energy, implying a more efficient system behavior in terms of
accuracy.

v. Finally, regarding the settling time, Case I.II shows a better response compared to Case II.II. This indicates
that Case I.II reaches the steady state in shorter time intervals, implying a faster response, albeit at the cost
of higher accumulated error across the evaluated indices.

Based on this analysis, it can be concluded that Case II.II exhibits the best overall performance, as it achieves
the most favorable values in the analyzed error indices. Although Case I.II stands out for its shorter settling time,
Case II.II offers a more suitable trade-off between accuracy and dynamic performance. However, it should be
highlighted that, given the system’s limitations, these responses are not feasible in practice; around the fourth
second, the actuator becomes saturated. Consequently, it is necessary to incorporate an additional filter to attenuate
current spikes, preventing saturation and ensuring proper system operation.

5. Conclusions and future work

This article presented the design of a nonlinear controller for the stabilization of a MLS, which was modeled
through an equivalent second-order linear representation. Two related control strategies were analyzed: the first
based on state feedback and the second incorporating an additional integral action into this control structure, with
the aim of improving reference tracking and stabilizing the metallic mass around the desired operating points.
The results obtained from the simulations show that the placement of the closed-loop system poles has a direct
influence on system dynamics. In particular, it was observed that certain pole configurations yield faster responses,
albeit with a more oscillatory behavior, while other configurations produce more damped responses at the expense
of longer settling times.

In the case of the state-feedback controller, the location of the first pole directly influences the system dynamics.
In particular, placing it farther from the origin makes it possible to obtain faster responses. However, this
improvement in response speed typically implies higher current consumption, given the larger control actions
required to reach the reference point in shorter times.

The incorporation of integral action into the state-feedback controller helps to reduce the errors associated with
significant changes in the system reference. This improves the tracking of the operating point and yields a more
appropriate response to abrupt reference variations. However, this improvement in performance under disturbances
or reference changes typically comes with a slight increase in settling time, on the order of a few milliseconds,
compared to the state-feedback scheme without integral action.

When comparing the most representative cases of the state-feedback-based controllers and the decoupled
PI control, it was observed that each strategy exhibits particular strengths with different degrees of suitability
depending on application requirements. On one hand, state-feedback control allows for faster system responses, but
this advantage usually implies higher current consumption. On the other hand, the decoupled PI controller shows a
better performance in response to reference changes (as evaluated via the IAE and ITSE), favoring operating point
tracking. Nevertheless, this strategy tends to exhibit a more oscillatory response compared to the state-feedback
scheme.

When disturbances in the form of noise are incorporated into the system, additional differences in the
performance of the evaluated control strategies become evident. Although a fast response is maintained, there
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is greater sensitivity to noise, which leads to increases in the control signal and the appearance of current spikes
that may drive the system into saturation conditions.

These results highlight the importance of considering system robustness against external disturbances during the
controller design stage. In this context, it becomes necessary to incorporate additional elements, such as filters in
the control signal, to mitigate the effects of noise, reduce current spikes, and ensure that the system operates within
its physical limits.

Future research should focus on experimentally validating the proposed scheme on a physical magnetic
levitation platform to assess controller performance under real-world conditions, including measurement noise,
actuator limitations, and unmodeled uncertainties. Subsequent work should evaluate controller sensitivity through
deliberate parametric variations—such as changes in sphere mass or the magnetic constant—to quantify robustness
and formally define stability margins. Additionally, optimization techniques like evolutionary algorithms
or semidefinite programming could be explored for the automatic selection of pole locations in order to
simultaneously optimize multiple performance indices. Finally, an additional filter could be incorporated into
the control scheme to attenuate overshoots in response to abrupt reference changes, with the aim of achieving
a faster response with a lower level of oscillation. It would be necessary to consider this filter in the presence of
measurement noise, since it may generate peaks in the control signal that exceed the current limit, leading to system
saturation.
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