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ABSTRACT

This paper examines the position regulation of a nonlinear Magnetic Levitation System (MLS) in the
presence of coil resistance and inductance uncertainties due to temperature-dependent variations. First, a
nonlinear MLS model is formulated and rewritten via a nonlinear coordinate transformation into an
equivalent canonical form to facilitate controller synthesis. Then, a Modified Super-Twisting Sliding Mode
Control (MSTSMC) scheme is developed by combining an equivalent control component with a continuous
higher-order sliding switching law to achieve robust tracking with reduced chattering. All results reported
in this study are obtained from MATLAB/Simulink simulations. Under nominal conditions, the proposed
MSTSMC achieves fast transient performance (a rise time of 0.0665 s, a settling time of 0.115 s, and an
overshoot of 0.1761%) with negligible steady-state error. Robustness is further assessed by varying the
resistance and inductance within specified uncertainty ranges. In these conditions, the MSTSMC maintains
stable tracking with bounded error. Compared with Conventional Sliding Mode Control (CSMC),
MSTSMC provides improved quantitative tracking performance, as reflected by lower error indices-
Integral of Absolute Error (IAE), Integral of Squared Error (ISE), Integral of Time-weighted Absolute
Error (ITAE), and Root Mean Square Error (RMSE)- and yields smoother control actions with reduced
chattering. This is confirmed through control-effort and chattering-related measures (RMS control and
energy-like measures). These results suggest that the MSTSMC is a practical and effective approach for
MLS regulation under electrical parameter uncertainty.

Keywords-Magnetic Levitation System (MLS); sliding mode control; nonlinear control; super twisting;
uncertainty

I.  INTRODUCTION

electromagnetic inductor [12]. The sensor measures the object's

A Magnetic Levitation System (MLS) uses electromagnetic
force to levitate an object [1]. Considered a modern
technology, it has two distinctive characteristics: no friction
and no contact between the object and the system [2, 3],
offering high efficiency [4]. Due to these advantages, the MLS
system has many applications, including suspension [5],
bearings [6], wind turbines [7], maglev trains [8], disease
diagnostics [9], biological diagnostics [10], and biomedical
applications [11], among others. Figure 1 shows an MLS
system, which is an iron ball that levitates by an

position (air gap between the object and the electromagnetic
system), and the controller is a microcontroller or a computer.
The driver is designed to amplify the control signal from the
controller. The system must keep the object levitating by
balancing the electromagnetic and gravitational forces acting
on it. The electromagnetic force must be applied correctly so
that the object can levitate stably at the desired position. Due to
these characteristics, the system exhibits fast dynamics and
highly unstable behavior [13]. The MLS is nonlinear due to the
inductor's characteristics when the temperature increases,
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causing the resistance and inductance to vary with temperature
change [14]. Many controllers are used in MLS to keep objects
in the air. These controllers can be either linear or nonlinear.
However, due to the nonlinear characteristics, linear controllers
such as PID/fractional order PID [15], state feedback control
[16], and fuzzy control [17], are not suitable for systems
without applied linearization in only the area of an operating
point. Therefore, nonlinear controllers, including feedback
linearization [18], backstepping [19], high-gain observers [20],
passivity [21], synergetic control [22], and Sliding Mode
Control (SMC) [23], are more suitable for this type of system.

Electromagnet

L(X)

Controller

1
Sensor
[ X J

The simplest MLS design.

Fig. 1.

The present research used SMC, which has advantageous
characteristics such as high robustness and suitability for
nonlinear systems [24]. SMC can be found in many systems,
including induction motors [25], BLDC motors [26],
quadrotors [27], quadcopters [28], inverted pendulums [29],
mobile robots [30], Permanent Magnet Synchronous Motors
(PMSMs) [31], coupled tank systems [32], grid systems [33],
PMSGs [34], buck converters [35], and PMLS motors [36].
SMC delivers promising performance in linear and nonlinear
systems. There are many types of SMC and modifications that
improve the performance characteristics of augmented systems
[37]. Previously proposed and designed types of SMC include
Conventional Sliding Mode Control (CSMC) [38], integral
SMC [39], global SMC [40], terminal SMC [41], fractional
order SMC [42], higher order SMC [43], super twisting SMC
[44], and integral super twisting SMC [45]. One problem with
SMC is eliminating chattering in the control signal [46]. This
research used and evaluated the system performance of the
Modified Super-Twisting Sliding Mode Control (MSTSMC)
implemented in the MLS model without chattering,
contributing to the application of designing an MSTSMC. This
design builds upon the standard super-twisting structure by
augmenting the switching law with an additional sign. The
present research also evaluates tracking and control-signal
behavior under explicit resistance and inductance uncertainty
caused by temperature variation. Additionally, it contributes to
formulating the MLS model by employing a nonlinear
coordinate transformation into an equivalent canonical form to
facilitate transparent controller derivation and stability
discussion. Finally, the effectiveness of the proposed

MSTSMC is demonstrated through a comparative simulation
study against CSMC under nominal and R—L uncertainty cases.
Quantitative indices, such as time-domain specifications,
tracking error metrics (IAE/ISE/ITAE/RMSE), and control-
effort/chattering-related measures, are used to objectively
substantiate performance improvements.

II. METHOD

A. Magnetic Levitation System Model

The system's dynamics can be analyzed using a mechanical
and electrical approach, as shown in Figure 2. In this figure, R
denotes resistance, L is inductance, F\ is gravitational force, F.
is electromagnetic force, x is the object's position relative to the
inductor, e is source voltage, m is object mass, and i is current.

GB;{LHR
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?

Electromagnetic

fe

fo

Fig. 2. The dynamics of MLS.

The dynamics of MLS can be written based on the
mechanical analysis using the second Newton law:

mi =mg —f, (H
where the electromagnetic force is expressed as:
—_12d
fo=—12L @) @)

The inductance L(x) is a nonlinear component that can be

represented as:
L

L(x) =L+ 07"0 (3)
where L, is the constant inductance in the absence of the object,
Xg is the equilibrium reference position, and Lyx, = 2k, with k
being the electromagnetic constant, the electromagnetic force
can be rewritten as:

i2
fo=k= 4)
where:
k= LoXo (3)

2

The mathematical expression of MLS dynamics based on
the mechanical analysis is:

T gL ©)

dt2 m \x
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The system can be analyzed using Kirchhoff's voltage law
applied to its electrical components:

e=iR+ %L(x)i )

Using simple mathematical procedures, (7) can be rewritten
as:

di R, 2k ide 1

prim L T ®)

Therefore, the dynamics of MLS can be expressed as a
state-space model by assuming x; = x, x> =x', x3 =i, and u = e.
The MLS state-space dynamics are written as:

. . kx_%
X=Xy Xp=g——> ©
! mx?
. Rx 2kxyx u
Xy = -2 T4 (10)
L Lx? L

with the output of the system:
y=x an

As can be seen in the MLS dynamics, the nonlinear
characteristics can be observed in (10) and (11). A simpler
model with only one dynamic equation showing nonlinearity
can be achieved by transforming the model into an equivalent
canonical form:

=y 7=y zy=g— S (12)
1= X1, Z2=Xz;, Z3=4 ma?
where x; > 0 and x; > 0. Thus, an equivalent model in new

coordinates can be expressed as:

Zy =12y Zp =173 Zz3 = f(2) + g(@Du (13)
where:
__ 4kPxpxi | 2kRx3 | 2kx3x,
f(Z) - mLx} mLx? mx3 a4
_ 2kx3
9() = 22u (15)

and x; > 0. The nonlinear coordinate transformation in (12)
rewrites the original MLS model in an equivalent canonical
form (13). In nonlinear control/SMC design, this step provides
a state evolution that follows a chain-like structure, with the
control input explicitly appearing in an affine manner in the
derivative of the sliding variable. Consequently, deriving the
sliding function, equivalent control, and robust switching
component becomes straightforward and analytically tractable
while grouping the system nonlinearities into fewer terms.
Temperature changes affect coil winding resistance and
magnetic circuit properties, resulting in uncertainty of R and L.
This work models resistance variation using the standard
copper-temperature relation:

R(T) = R,[1+ a(T —Ty)] (16)

where a = 0.00393/°C at 20°C. Therefore, a temperature rise
AT corresponds to AR/Ry = aAT . For example, AT = 50°C
yields = 19.7% increase in R, whereas AT = 60°C yields =
23.6%. Since inductance (L) is proportional to the effective
permeability of the magnetic circuit (u.), it changes with
temperature. Additionally, practical magnetic circuits may

experience shifts in inductance due to temperature-dependent
core properties and operating effects, such as saturation.
Therefore, an inductance (L) uncertainty range consistent with
temperature and permeability variation is defined, as well as
additional modeling mismatch, evaluating controller efficiency
over these ranges.

B. Conventional Sliding Mode Control

The control system block diagram is shown in Figure 3.
The SP block represents the set point, or reference value, while
the error is the difference between the set point and the
feedback from the sensor. The MLS block consists of the
obtained MLS model and represents the MLS plant. The SMC
is the designed sliding mode control, and the output is the
object position.

sP _>®_> SMC || MLs
L Sensor <

Fig. 3.

A 4

Output

Control system block diagram.

The first step in designing SMC is to design the sliding
surface. The error sliding surface can be determined as:

=2z —Zq a7
€ =2y —Zy (18)
€ =23~ Z3 19)

where z;4, Z,4, Z34 are the reference values or the desired air
gap, momentum, and flux. The model of the system has three
state variables, so the sliding surface is determined as:

s =cie(t) +cé(t) + é(t) (20)

where ¢; and ¢, must satisfy the Hurwitz condition ¢;, > 0.
The sliding surface parameters, c¢: and c:, are chosen so that the
polynomial associated with the reduced-order error dynamics
on the sliding manifold is Hurwitz, providing stable internal
motion once s = 0. In practice, c¢; and c: are chosen as positive
constants to shape the desired convergence rate. Larger values
result in a faster response, but require more control effort. The
derivative of the sliding surface, s, can be defined as:

$§ = cré(t) + c,8(t) + &(0) Q1)

Then, the Lyapunov function can be mathematically written
as:

v =1s2 (22)

N

and its derivative is expressed as:
V=ss (23)
By considering (21), it can be rewritten as:
$=c1(t) + c26(0) + f(2) + g(@u — Z34(t)  (24)

Then, by substituting x; in (22) into (23), an equation of the
first derivative of the Lyapunov function can be obtained, as:
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V =s[eé(t) + é(8) + f(2) + g(D)u — 234(0)]  (25)

The SMC signal consists of equivalent control and
switching control. The control signal can be mathematically
written as:

1

Y@

(—f(2) —c1e(t) — c26(0) + 234 () + usw)  (26)

where ug,, is the switching control:

Ugy = —1 sgn(s) 27
where 7 is the constant and:
1, s>0

sgn(s)=4 0, s=0 (28)
-1, s<0

By substituting the control signal and switching control into
the derivation of the Lyapunov function, it can be rewritten as:

V= s(—r; sgn(s)) =-n|s| <0 29)

This shows that V" is negative definite for s # 0, while the
parameter T is positive, meaning that the system is
asymptotically stable in the sense of the Lyapunov function.

C. Modified Super Twisting Sliding Mode Control Design

Classical Super-Twisting Sliding Mode Control (STSMC)
is typically formulated as a two-component structure: a super-
twisting term proportional to |s|'/> sgn(s) plus an auxiliary term
generated by an integral-like internal dynamic. In this work, a
modified switching law is proposed that introduces an
additional sgn(s)-dependent component and an extra tuning
gain, giving a three-component switching law. This additional
term provides an extra degree of freedom to shape the reaching
dynamics and improve robustness when the coil's electrical
parameters (resistance R and inductance L) vary with
temperature. Thus, the proposed controller is not merely an
implementation of standard STSMC; rather, it is a modified
structure with an added control component and gain
specifically motivated by and evaluated under R—L uncertainty
in the MLS model. The switching control (u.) for the
MSTSMC can be written as:

Usy = —ky|s|°sgn(s) — kysgn(s) +wu (30)

uy = —kzsgn(s) (31
or:

uSW =

—ky|s|%%sgn(s) — kosgn(s) — ks [ sgn(s)d(t) (32)

where k,sgn(s) is the modification made in super twisting
sliding mode control compared with super twisting sliding
mode control (without k,sgn(s)). The CSMC gain is selected
to control bounded matched uncertainties/disturbances, and the
MSTSMC gains are chosen according to super-twisting
robustness conditions to ensure finite-time convergence
without chattering. Since R-L variations are the dominant
uncertainty in this study (as tested in the uncertainty
simulations), the gains are tuned to maintain stability and
tracking performance across the specified parameter ranges.

Substituting the control signal and switching control into the
Lyapunov function derivation yields:

V= s (kals|*sgn(s) = kasgn(s) = ks Isld(2)) =
~kals1°Is| = kals| = kslslf d(2) (33)

This shows that V " is negative definite, and the parameters
ki, ko, and ks are positive, meaning that the system is
asymptotically stable in the sense of the Lyapunov function.

II. RESULTS AND DISCUSSION

The following MLS parameters were used in the present
study: the coil inductance was L = 0.12 H and the resistance
was R = 9 Q. The object mass was m = 0.36 g and the coil
constant was k = 0.00013, whereas the gravitational force
constant was g = 9.8 m/s2. The research simulation was
performed using MATLAB 2018. The performance analysis
included time-domain response specifications, such as rise time
(), settling time (z,), overshoot (Os), and Steady-State Error
(SSE). The tracking-error parameters (IAE, ISE, ITAE, and
RMSE) are:

IAE = fOTIe(t)Idt; ISE = fOTez(t)dt; ITAE =

T 1 T
J, tle(®)ldt; RMSE = /;folez(t)ldt (34)

The control effort is quantified using RMS control (ugys)
and energy-like measures (E,,) as:

ups = [TREOlE B, = [[ut@de 69

A chattering-related measure based on total variation was
used:

TV(u) = [ u?()dt (36)

A. System Response in Initial Condition

In Figure 4, the black line is the reference value, the blue
line is the response from the MSTSMC, and the red line is the
response from the CSMC. The controller parameters were
selected to ensure stability while balancing convergence speed
and control effort. The sliding-surface coefficients ¢ and c2
were chosen such that the characteristic polynomial associated
with the reduced-order error dynamics on the sliding manifold
was Hurwitz. For the second-order case, selecting ¢; > 0 and ¢z
> 0 ensured stability; however, larger values increased the
convergence rate at the expense of higher control activity. For
the CSMC, the switching gain, m, was sufficiently large to
satisfy the reaching condition in the presence of bounded
matched uncertainties. Increasing n improves robustness, but it
may also increase chattering and control effort. The final gains
used for the CSMC parameter simulation were ¢; = 1000, ¢z =
80, and n = 300, which provide clear reaching behavior. For
MSTSMC, the gains (k:;, k2, ks) were tuned to achieve
chattering-free convergence. Generally, k: primarily influences
convergence speed near the sliding surface through the [s]/2
sgn(s)-type action. k: strengthens robustness against matched
uncertainty, and ks shapes the internal super-twisting dynamics
and the smoothness of the control signal. The final gains used
in the simulations were chosen to maintain stable tracking
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under nominal and R-L uncertainty cases while keeping the
control signal smooth. The MSTSMC parameters were k: =
300, k2= 1, ks =0.1, ¢; = 2000, and c: = 80. According to Table
I, the CSMC and MSTSMC systems achieved the reference;
MSTSMC showed a slightly better response than CSMC. The
MSTSMC's detailed system performance specifications were
0.0665 s rising time, 0.1150 s settling time, and 0.1761%
overshoot. Meanwhile, the CSMC-augmented system had a
rising time of 0.1506, a settling time of 0.2874, and an
overshoot of 0.00089%.

0.014
0.012 -
0.01
°
g0.00B
c
L
% 0.006
o
a
0.004
- Reference
- CSMC
e w— MSTSMC
0 :
0 0.5 1 1.5 2
Time (second)
Fig. 4. Simulation results of CSMC and MSTSMC.
TABLE L RESPONSE SYSTEM COMPARISON
Controller | t,.(s) | t,(s) | O,(%) |sS, (m)
CSMC |0.1506/0.2874/0.00089| 0
MSTSMC [0.0665/0.1150| 0.1761 0
21
20
19

Voltage (volt)

Time (second)

Fig. 5. Control signal of CSMC.

The control signal is depicted in Figures 5 and 6. Chattering
was only observed in the control signal of the system with
CSMC. The MSTSMC did not result in chattering. As

observed, the MSTSMC had a more stable control signal.
Based on Table II, the MSTSMC had smaller error values
regarding IAE, ISE, ITAE, and RMSE than the CSMC.

In terms of control effort, the MSTSMC required a smaller
value than the CSMC. The MSTSMC indicated smaller
chattering because the total variations were smaller than those
of the CSMC.

20
18
16
14
12
2
& 10
g
!
6
4
2
ot
0 0.5 1 1.5 2
Time (second)
Fig. 6. Control signal of MSTSMC.
TABLEIL PERFORMANCE METRICS COMPARISON
Controller | TAE ISE ITAE |RMSE| ugys | E, | TV
CSMC | 6.235e-06 | 9.662e-04 | 6.903e-05 [0.0303 | 14.8030|436.4|46.29
MSTSMC | 3.558e-06 | 5.02e-04 | 1.698e-05 |0.0222 |14.3747420.1|18.19

B. System Response with Uncertainty

To demonstrate robustness, this study expanded the
uncertainty analysis from a single case to a parameter sweep
study across the defined R and L ranges. The controllers on a
grid of R and L combinations were measured, and the worst-
case and average tracking indices (IAE, ISE, ITAE, and
RMSE) as well as the control effort metrics (urys and § u’df)
were reported for all cases. This approach provides a
reproducible robustness assessment. In the simulation, the MLS
parameters were changed from their default values. The
resistance value changed from R = 9 Q to R = 7.5 Q. The
inductance value changed from L = 0.12 H to L = 0.24 H. In
real-time practical use, an increase or decrease in system
temperature causes a change in the parameter value or its
uncertainty. According to Figure 7 and Table III, both systems
achieved the reference when applied with CSMC and
MSTSMC; however, the MSTSMC results were slightly
superior to the CSMC results. The detailed system performance
specifications for MSTSMC were 0.0665 s rising time, 0.1150
s settling time, and 0.1762% overshoot. Meanwhile, the CSMC
results were 0.1506 s rising time, 0.2875 s settling time, and
0% overshoot. The control signals are displayed in Figures 8
and 9. The CSMC exhibited chattering in its control signal,
whereas the MSTSMC did not. This further demonstrates the
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superiority of the MSTSMC, as it exhibits greater stability in
its control signal. Similar to the previous test results, Table IV
presents a comparison of performance metrics that provide
computational and analytical proof that the MSTSMC
produced smaller error values in terms of IAE, ISE, ITAE, and
RMSE than the CSMC. The magnitude of the MSTSMC's
control signal was also smaller than that of the CSMC. The
smaller total variation of the MSTSMC indicates smaller
chattering.

0.014
0.012
0.01

°
]
g0A008
 —
2
% 0.006
o
o

0.004

- Reference
= CSMC
0.002 = MSTSMC
y
0 0.5 1 1.5 2
Time (second)
Fig. 7. Simulation results of CSMC and MSTSMC.
TABLE III. RESPONSE SYSTEM COMPARISON
Controller | t,. (s) | t;(s) |0 (%)|sS, (m)
CSMC |0.1591]0.3140| 0 0
MSTSMC | 0.0697|0.1418| 0 0
20
19

0

0.5 1 1.5 2
Time (second)
Fig. 8. Control signal of CSMC.

The improved performance of MSTSMC under resistance
and inductance uncertainty is due to its switching action, which
differs from that of CSMC. Variations in resistance and

inductance directly affect the electrical dynamics, which
modify the effective input gain and introduce matched
uncertainty into the sliding-variable dynamics, s. CSMC's
discontinuous sgn(s) switching enforces robustness, but it also
amplifies high-frequency activity, resulting in chattering and
increased sensitivity to unmodeled dynamics. In contrast,
MSTSMC uses a continuous, higher-order switching
mechanism (super-twisting action) that maintains strong
disturbance rejection while producing a smoother control
signal. This continuous correction reduces excitation of high-
frequency modes and mitigates chattering. Thus, it yields more
consistent transient and steady-state performance when R and L
vary. The tabulated step-response metrics and control-signal
plots quantitatively support this explanation, showing faster
settling and reduced control variation for MSTSMC across
uncertainty cases.

25

20

Voltage (volt)
o

0 0.5 1 1.5 2
Time (second)

Fig. 9. Control signal of MSTSMC.

TABLEIV. PERFORMANCE METRICS COMPARISON

Controller| IAE ISE ITAE RMSE| ugys | E, | TV
CSMC | 6.235¢-06 9.662e-046.903e-05/0.0344(11.6814436.426.96
MSTSMC | 3.558e-06|5.02e-04 [1.698e-05/0.0235]12.9425420.121.34

IV. CONCLUSIONS

This paper presents a Modified Super-Twisting Sliding
Mode Control (MSTSMC) strategy for the position regulation
of a nonlinear Magnetic Levitation System (MLS) in the
presence of coil resistance and inductance uncertainties. The
simulation results demonstrate that the MSTSMC strategy
achieves more accurate tracking and improved transient
behavior compared to the Conventional Sliding Mode Control
(CSMC) strategy. Additionally, the MSTSMC  strategy
produces a smoother control signal with significantly reduced
chattering. The effectiveness of MSTSMC was further verified
under variations in resistance and uncertainty parameters,
where it maintained stable tracking and bounded error. Despite
these promising results, the current study has several
limitations. First, all findings are based on MATLAB/Simulink
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simulations. Therefore, unmodeled dynamics, such as actuator
saturation, sensor noise, quantization, delays, and thermal-
electromagnetic coupling, may affect performance in practice.
Second, the robustness assessment focused on uncertainty in
electrical parameters. Additional disturbances, such as external
vibrations and payload changes, and broader model mismatch,
were not thoroughly examined. Future work should address
these limitations by implementing the proposed controller in
real time on an embedded platform and experimentally
validating it on a laboratory MLS setup. Additional research
may include systematic comparisons with other advanced
nonlinear controllers, such as adaptive control, observer-based
SMC, backstepping, feedback linearization, and higher-order
sliding mode. The uncertainty study will also be extended to
include combined disturbances, measurement noise, and
actuator constraints.
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