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Abstract: - Magnetic levitation systems are nonlinear and open-loop unstable, which makes accurate and robust
control difficult. This paper investigates two sliding-mode-based controllers for a nonlinear MagLev system:
the Super-Twisting Sliding Mode Controller (STSMC) and a Conditioned Barrier Adaptive Function Double-
Integral Terminal Super-Twisting Sliding Mode Controller (CB-STSMC). Both controllers are designed to
regulate the levitation gap while ensuring proper tracking of magnetic flux and momentum states. Their gains
are optimized using a Genetic Algorithm with the Integral of Time-weighted Absolute Error as the fitness
criterion. Closed-loop stability is established through Lyapunov analysis. MATLAB/Simulink results show that
both controllers achieve stable levitation, while the proposed CB-STSMC provides faster convergence, smaller
overshoot, and improved disturbance rejection compared with the conventional STSMC. These results confirm
the effectiveness of the proposed strategy for robust and precise nonlinear MaglLev control.
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1 Introduction challenges in controller design, [4]. Conventional
Magnetic Levitation (MagLev) technology is linear cor.ltr(.)llers t.ypica.llly operate'effectiv.ely only
revolutionizing transportation by enabling high- around limited linearized operating points and
speed, efficient, and sustainable mobility solutions, therefore st.ruggle to maintain performance across
[1], [2]. MagLev systems use electromagnetic forces the full nonlinear operating range. Consequently, the
to lift and propel vehicles without direct development of robust nonlinear control strategies is
mechanical contact with tracks or guideways, required to ensure fast dynamic response, limited

overshoot, and effective disturbance rejection.
Recent research has explored several nonlinear
control approaches, including Fuzzy Logic

thereby  significantly reducing friction and
mechanical wear. This technology has been widely
investigated in advanced transit systems and

experimental transportation platforms, where the Controllers (FLC) ar.1d Artificial Neural Networks
absence of mechanical contact allows higher (ANN), [5], [6]. While these methods have shown
operational speeds and smoother motion. promising results, they may suffer from slow

The fundamental operating principle of MagLev convergence and  sensitivity to  external
systems relies on applying an electric voltage to an disturbances. To address these limitations, this work
electromagnet to generate a magnetic force capable investigates a CB-STSMC, [7], [8]. This control
of counteracting gravitational forces, [3]. This strategy is designed to reduce chattering while
electromagnetic force enables the suspension of improving transient performance and tracking
ferromagnetic objects in mid-air without physical accuracy. In addition, recent implementations of
contact, eliminating friction-induced energy losses. backstepping control for MagLev systems, [9], have
The contactless nature of MagLev technology also demonstrated  systematic  stability  properties;
reduces maintenance requirements and increases however, they often exhibit relatively large steady-
system lifespan, contributing to improved reliability state errors, which are only partially mitigated by
and durability. integral backstepping schemes.

Despite these advantages, the intrinsic nonlinear Motivated by these limitations, the present study
dynamics of Maglev systems introduce significant proposes the use of the CB-STSMC algorithm to
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enhance the dynamic performance of the MaglLev
system. The controller is designed to improve the
tracking of desired state variables while minimizing
the ITAE. To further enhance control performance,

the parameters of the CB-STSMC controller are
optimized using a GA. This optimization approach
provides an effective mechanism for tuning
controller gains, enabling improved performance
across varying operating conditions.

The remainder of this paper is organized as
follows. Section 2 presents the mathematical model
of the Maglev system. Section 3 describes the
controller design, including the STSMC and the

proposed CB-STSMC. Section 4 reports the
simulation setup and results, including the
GA-based optimization of controller gains and a
comparative performance analysis. Finally, Section
5 concludes the paper and outlines potential
directions for future research.

2 Mathematical
MagLev System

The mathematical modeling of a Maglev system
requires describing the dynamics of a ferromagnetic
ball suspended in a vertical magnetic field generated
by an electromagnet. The behavior of this
electromechanical system is governed by the
interaction between electromagnetic and mechanical
dynamics. The model is therefore derived using
principles from electromagnetism and classical
mechanics, emphasizing the relationships between
magnetic flux, coil current, and the resulting
mechanical forces acting on the levitated object, [9],
[10].

Modeling of the

2.1 System Description

Consider a MaglLev system in which an iron ball is
suspended in a vertical magnetic field produced by
an electromagnet, as illustrated in Figure 1, [11].
The magnetic circuit is assumed to operate in the
unsaturated region, which implies that the magnetic
flux A varies linearly with the coil current i and the
ball position 8.

The variable 8 denotes the vertical displacement
of the ball from its nominal equilibrium position,
measured along the vertical axis and oriented
downward.
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Fig. 1: Schematic representation of the magnetic

levitation system (y = 6),
Source: [11]

2.2 Governing Equations

The dynamics of the Maglev system are described
using Kirchhoff’s voltage law for the electrical
circuit and Newton’s second law for the mechanical
motion of the levitated ball.

Applying Kirchhoff’s voltage law to the
electromagnet coil yields:
TR M

where u denotes the applied voltage, R is the coil
resistance. The vertical motion of the levitated ball
is governed by Newton’s second law:

d?e

 __—F-— 2
m—— mg (2)

where m is the mass of the ball, g is the
gravitational acceleration, and F denotes the
electromagnetic force generated by the coil.

The electromagnetic force is obtained from the
magnetic energy stored in the inductive field and
can be expressed as:

_1dL(6)
=2 ag L )

where L(0) is the position-dependent inductance of
the electromagnet.

The inductance is commonly approximated by
k .

L) = P where k is a constant related to the

magnetic circuit parameters.

Since the magnetic flux is defined as:

A= L(0)i 4)
the coil current can be written as:
Y N € c))
=——=—-—2=21
L(6) k
Substituting this expression into Eq. (1) yields:
di (1-6)R
=— 4+ 7 ] 5
u i + . (5
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Substituting the electromagnetic force expression
from Eq. (3) into Eq. (2) gives:
d*6 1dL(6) ,

= 6
Moz =59 L ™Y (6)

The momentum of the levitated ball is defined as:
de

—m 7
p=m )
which leads to

dp 1dL(9) ,
72 8
dt 2 a0 @ ™ ®

The derivative of the inductance with respect to the
position is:

dL(f) k
= 3 ©)
deé (1-6)
Substituting Eq. (9) into Eq. (8) results in:
dp 1 k 10
dt ~ 2(1-6)2" ™9 (19)

Using the flux relation in Eq. (4), the previous
equation can be rewritten as:

dp 22

L 11

at 2k (4
The complete nonlinear model of the MaglLev
system can therefore be obtained from Egs. (5), (7),
and (11). Defining the state vector:

x =[xy % x3]" = [0 p 2"

the system can be expressed in the following state-
space form

. X2 12
X1 = m (12)
.2 (13)

X2 ok mg
(1—-xR (14)

3= — X X3

This nonlinear state-space representation is suitable
for the design of advanced nonlinear controllers.

3 Controller Design

The MagLev system described by Egs. (12)—(14)
exhibits strong nonlinear behavior due to the
presence of the quadratic term x2 in the mechanical
dynamics and the product term (1 — x;)x3in the
electrical subsystem. These nonlinearities make the
stabilization of the levitated ball particularly
challenging when using conventional linear control
strategies. Therefore, the design of a robust
nonlinear controller is required to ensure accurate
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regulation of the levitation gap and stable system
operation.

The feedback control structure used in this study
is illustrated in Figure 2. The controller operates by
regulating the error between the desired and
measured position of the levitated ball. Based on
this feedback, the control input voltage applied to
the electromagnet is adjusted to maintain stable
levitation and desired system dynamics.

The proposed controllers are designed to satisfy the
following control objectives:

1) Maintain the desired levitation gap between

the electromagnet and the ball.

2) Ensure accurate tracking of the reference
magnetic flux required to sustain the
levitation force.

3) Drive the ball momentum to =zero to
eliminate residual oscillations.

4) Guarantee asymptotic stability of the closed-
loop system.

Target ®T

—> >
MagLev

~w o~

Iron ball

nogition

Fig. 2: Control flow diagram for MaglLev System
Source: created by the authors

3.1 Super-Twisting Sliding Mode Control
(STSMC)

In the design of a STSMC algorithm, the selection
of an appropriate sliding surface represents a
fundamental step. Several approaches have been
proposed for constructing sliding surfaces in
nonlinear control systems, [12]. Among these
methods, error-based sliding surfaces are widely
adopted due to their simplicity and ease of
implementation. Therefore, this approach is
employed in the present study to improve the
tracking of the desired state variables of the Maglev
system.

The tracking errors between the actual and
reference states are defined as:
(15)
where x; or(i = 1,2,3) denote the reference values
corresponding to the desired air gap, momentum,
and magnetic flux, respectively.

€ = Xi — Xjref

Taking the time derivative of Eq. (15) yields:
é; = Xi — Xiref (16)

The sliding surface is then defined as a linear
combination of the tracking errors:
S = cieq + cye, + c3e3

(17
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where ¢4, ¢,, and c3 are positive design constants.

Differentiating Eq. (17) with respect to time gives:
§:C1é1+C2é2+C3é3 (18)

Substituting the state-space dynamics given in
Egs. (12)—(14) and the error derivatives from Eq.
(16) into Eq. (18) result in:

. X2 . x5 .
S$=0 (_ - xlref) +C |5 —mg — Xoref
m 2k

R(1—xy)x
+C3<_ ( 1)3

(19)
k +u—x3ref)

Setting s =0 in Eq. (19) yields the equivalent

control input:
2

1 X2 X3 .
e i (E - xlref) +c (ﬁ MG ~ Xoret

R(1—x)x;
+e3 | — - rx X3ref

The discontinuous component of the STSMC
control law is defined as:

Uy = —ki | s | sgn(s) —k, j sgn(s)dt (21)

where the sign function is defined as:

Ueg

) (20)

-1 s<0
sgn(s) =40 s=0 (22)
1 s>0

The control gains kiand k,are key parameters
of the STSMC algorithm. The gain k; determines
the magnitude of the discontinuous control action,
while k, regulates the integral component of the
super-twisting algorithm. Proper tuning of these
parameters is necessary to ensure stability and
improve tracking performance, [13], [14]. In this
work, the parameters are optimized using a GA to
enhance robustness and tracking accuracy.

The complete STSMC control law is therefore
expressed as:
U= Ugg + Uy (23)
Substituting Egs. (20) and (21) into Eq. (23) gives:
u=—i cl(x—z—fcl )+c <§—m - X )
m ref 2 2k g 2ref

C3
R(l _xl)X3 .
te3 | — T — X3ref

—kq|s|sgn(s) — k, J sgn(s) dt

24)

To analyze the stability of the closed-loop system,
the following Lyapunov candidate function is
considered, [15]:
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1
V = 552 (25)
Taking the time derivative of Eq. (25) yields:
V =ss (26)

Substituting the expression of § and applying the
control law in Eq. (24) leads to:
V=-k |1s?~ky,|sI<0 (27)
Since V is negative semi-definite, the sliding
variable s converges to zero, and the asymptotic
stability of the closed-loop system is ensured under
the proposed STSMC control law.
3.2 Conditioned Barrier Adaptive
Function Double Integral Terminal
Super-Twisting Sliding Mode Control

(CB-STSMC)

The CB-STSMC is an advanced control strategy
developed to enhance the performance and
robustness of Maglev systems in the presence of
nonlinear dynamics, steady-state errors, and external
disturbances, [8]. This control framework combines
several mechanisms within a unified structure.

The conditioned barrier mechanism introduces
operational constraints that prevent the system
states from entering unstable regions. The adaptive
component continuously adjusts the controller
parameters in response to variations in system
dynamics and environmental conditions, thereby
maintaining consistent control performance. In
addition, the double-integral terminal structure
improves tracking accuracy and accelerates
convergence toward the desired equilibrium point
while reducing steady-state errors. The integration
of super-twisting sliding mode principles further
enhances robustness against disturbances and model
uncertainties, enabling stable and precise control of
the levitated ball.

The error variables and their derivatives are
defined in Egs. (15) and (16). To improve error
compensation and enhance convergence behavior,
the integral of the error signals is introduced as:

€4 = f eq dt
es = [e,dt (28)
6’6 = f e3 dt

To further reduce steady-state error and

suppress oscillatory behavior, double-integral terms
of the tracking errors are also incorporated:
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e; =J([e db)dt
eg = [ ([e,dt)dt
eq = [ ([esdt)dt

(29)

The sliding surface incorporating proportional,
integral, and double-integral error components is
defined as:

S = c1eq + e, + c3eg
tcqa(es)? + c5(e5)?? + co(e6) %
+c,e; + cgeg + cgeq
where ¢;(i = 1,...,9) are positive design parameters
and q4, q,, q3 are fractional powers used to improve
convergence properties.

(30)

Taking the time derivative of Eq. (30) yields:
s = Clél + Czéz + C3é3 +

q1-1 q2-1 qs-1
csq1ey' €1+ Csqaes’ ey +coqsey’ €3 (3D
+C7e4 + Cg€s + Cq€gq
Setting s =0and substituting the system
dynamics from Egs. (12)—(14) results in the
equivalent control input:
1 Xy . X§ .
ueq = _a 1 (E - xlref) + C2 ﬁ —mg— xzref
R(1—
C3 <—%X1)XS - )'c3,ef> + C4qlefl_1e1 + csqzegz_le2 (32)

-1
+C6q3e;’3 e; + c e, + cges + coeg

To ensure that the system trajectories reach and
remain on the sliding surface, a reaching law is
introduced, [12]. The switching component of the

proposed controller, therefore, extends the
conventional STSMC law as:
Ugy = —ky | 5 | sgn(s) — k,[ sgn(s)dt — (33)

To reduce chattering and improve convergence
speed, the adaptive conditioned function yis defined
through:

lp = k3 sgn(Y — Usac) (34)

The saturation function ug,, is bounded within
the interval +Q, where Q > 0 is determined from
the design parameter k5. It is defined as:

u, lul<Q
Usqt = {Q sgn(w), lul>Q (35)

The introduction of the conditioned function
together with the bounded saturation function
effectively mitigates chattering while maintaining
fast convergence of the control signal.

To verify stability, the Lyapunov candidate
defined in Eq. (25) is used. Substituting Egs. (30)
and (31) into Eq. (26) yields
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V = S(Clél + Czéz + C3é3
(36)

q1-1 qz2-1 q3—1
€1q1€," €1t Csqre5” e +Cezes” €3
+cse, + cges + coeq)

Applying the switching law defined in Eq. (33)
results in:
V =s(—k; |'s|sgn(s)—k,f sgn(s)dt —) <0 37

Since V is non-positive, the sliding variable
converges toward zero, and the stability of the
closed-loop system is guaranteed.

Finally, combining the equivalent control
component in Eq. (32) with the switching term in
Eq. (34) yields the overall CB-STSMC control law

(38)
U =Uupy —ky | s | sgn(s) —k,J sgn(s) dt —

4 Simulation and Results

The effectiveness of the proposed controllers is
evaluated through numerical simulations conducted
in the MATLAB/Simulink environment. The
closed-loop Simulink implementation is illustrated
in Figure 2, while the principal parameters of the
Maglev system are summarized in Table 1. In all
simulations, the control objective is to drive the
system states toward the equilibrium point

x, =[x+ 0 1/kag]T

where xq:represents the desired position of the
levitated ball (air gap), [11].

Table 1. Model Parameters

Symbol Description Value Unit

m Iron ball mass 0.068 kg

L Coil inductance 412.5 mH

R Coil resistance 10 Q

g Gravitational acceleration  9.81 m/s?

k Coil constant 0.01838 H
Source: created by the authors

For optimal controller performance, the

controller parameters must be appropriately tuned.
In this study, the parameters of the proposed
controllers are optimized using a GA, [16]. The GA
operates by generating an initial population of
candidate parameter sets and iteratively evolving
them through selection, crossover, and mutation
operations. At each generation, the candidate
solutions are evaluated according to a predefined
fitness function, and the best-performing solutions
are retained for subsequent generations. The
optimization  process  continues until  the
convergence criteria are satisfied.
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The fitness function adopted in this work is based
on the ITAE, which penalizes long-lasting tracking
errors and therefore encourages faster convergence
and improved transient behavior. The fitness value
used during the GA optimization is defined as:

n

1 tr z
Fitness = |— (f t le(t) | dt)
n to

i=1

where e;(t) denotes the tracking error associated
with the i*"system state, t, and ty represent the
initial and final simulation times, and n is the
number of controlled outputs. In the present case,
n = 3, corresponding to the air gap, momentum,
and magnetic flux states. The optimized controller
parameters obtained using the GA are summarized
in Table 2 (Appendix).

(39)

The simulations were conducted to evaluate the
ability of the proposed controllers to track the
desired air-gap reference, which is set to 2 cm and
represented by the state x;. The initial condition of
the system is chosen as x;(0) = 1 cm.

Figure 3(a)-3(c) illustrate the comparative
dynamic responses of the system under the GA-
based STSMC and GA-based CB-STSMC controllers.

Figure 3(a) shows the air-gap response. Both
controllers successfully regulate the ball position to
the desired reference value; however, the CB-
STSMC  achieves faster convergence with
significantly reduced overshoot. The STSMC
controller exhibits a noticeable transient overshoot
and slower settling behavior before reaching the
equilibrium point.

The momentum response of the iron ball is
presented in Figure 3(b). The CB-STSMC controller
drives the momentum to zero more rapidly and with
smaller oscillations than the conventional STSMC,
indicating improved damping characteristics and
enhanced transient stability

Figure 3(c) depicts the magnetic flux response.
The CB-STSMC controller provides a smoother flux
trajectory and faster stabilization around the
reference value. In contrast, the STSMC exhibits
larger transient deviations before converging. This
behavior confirms that the proposed controller
improves the regulation of the electromagnetic
dynamics of the MagLev system.

A quantitative comparison of the two control
schemes is summarized in Table 3 (Appendix),
which reports standard performance metrics for the
air-gap response.

The results indicate that the
GA-based CB-STSMC  controller  significantly
E-ISSN: 2224-2856
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improves the dynamic performance of the MaglLev
system. In particular, it achieves a faster rise time
(0.1002 s compared to 0.2137 s), a shorter transient
response, and a substantially reduced overshoot
(0.0057 % compared to 2.3242 %). The error
indices also confirm the superior performance of the
proposed controller, with considerably lower ITAE
and IAE values.

—
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——GA based CB-STSMC
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Fig. 3: Comparative Analysis of system response:
(a) Air-gap, (b) the momentum of the iron ball, (c)

Flux
Source: created by the authors

To evaluate the tracking quality, two integral
performance indices were considered. The Integral
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of Absolute Error (IAE), IAE = ftzf le;(t) | dt,

quantifies the overall accumulated tracking error.
The Integral of Time-weighted Absolute Error

(ITAE), ITAE = fti)f tle;(t) | dt, assigns a greater

penalty to errors that persist at later times.
Therefore, lower values of these indices indicate
better transient behavior and faster error attenuation.

5 Conclusion

This study presented the CB-STSMC as an advanced
control strategy for nonlinear MagLev systems. The

proposed CB-STSMC integrates several key
mechanisms, including conditioned barrier functions
to maintain system operation within safe regions,
adaptive components for dynamic parameter
adjustment, and double-integral terminal terms to
improve tracking accuracy. In addition, the
incorporation of super-twisting sliding mode control
principles enhances robustness against disturbances
and modeling uncertainties.

The controller parameters were optimized using
a GA with the ITAE selected as the optimization
objective. The GA-based tuning procedure enabled
effective adjustment of the controller gains,
resulting in reduced steady-state error and improved
transient response. Lyapunov-based analysis was
used to verify the stability of the closed-loop system
and to demonstrate the asymptotic convergence of
the tracking errors.

Simulation results obtained in the
MATLAB/Simulink environment confirmed the
effectiveness of the  proposed controller.
Comparative analysis with the GA-based STSMC
demonstrated that the CB-STSMC provides improved
dynamic performance, including faster response,
reduced overshoot, and better steady-state regulation
of the air gap, momentum, and magnetic flux states.

Future work will focus on extending the
proposed approach toward real-time implementation
on a physical Maglev platform, as well as
investigating robustness under external
disturbances, parameter uncertainties, and hardware
constraints. Additional research may also explore
improved GA tuning strategies and alternative
optimization techniques to further enhance
controller performance.
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APPENDIX
Table 2. Optimized Controller Gain Parameters
Controller Gains Values
GA-based STSMC kq, ko 164, 6.94
€1,C2,C3 30.92, 60.48, 34.88
GA-based CB-STSMC ki, ky, ks 194.72,2.97,2.95
€1,€2,€3,Cq 73.44, 64.61, 16.85, 60.74

Cs,Cg,C7,Cg, Cq

89.39, 98.05, 30.37, 30.95, 33.55

91,.92,93

1.28,1.43,1.53

Source: created by the authors

Table 3. Comparative Performance Metrics of Proposed Controllers for Air-Gap Response

Metric GA-based STSMC GA-based CB-STSMC
Rise Time (s) 0.2137 0.1002

Transient Time () 0.5697 0.1845

Settling Time (5) 0.4768 0.1613

Overshoot (%) 2.3242 0.0057

Peak 2.0465 2.0001

Peak Time (s) 0.4188 0.3600

ITAE 2.0930 x 10~* 3.3400 x 10~°

IAE 0.0016 6.7030 x 10~*

Source: created by the authors
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