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Abstract—Magnetic levitation (maglev) systems exhibit strong nonlinearity and intrinsic instability, making them
vulnerable to parameter uncertainties and unforeseen external disturbances, especially in demanding environmental
conditions. This paper presents a disturbance observer-based control (DOBC) integrated with a higher-order sliding
mode (HOSM) controller to enhance the stability and performance of the maglev system. Traditional sliding mode
control (SMC) methods often suffer from high-frequency oscillations, known as chattering, and require precise
knowledge of system parameters, which may not always be available. To overcome these challenges, the proposed
DOBCbased HOSM controller effectively estimates and compensates for disturbances while ensuring robust position
tracking. The controller’s performance is evaluated through simulations conducted on a predefined reference
trajectory, both in the presence and absence of external disturbances. Comparative analysis with conventional integer-
order proportional-integral-derivative (IOPID) and standard HOSM controllers demonstrates the superior disturbance
rejection capability and improved tracking accuracy of the proposed approach.

Index Terms—Maglev system, higher order sliding mode (HOSM) control, disturbance observer-based control,
Lyapunov stability

1. INTRODUCTION

Maglev systems have gained increasing attention due to their non-contact operation, minimal wear, low noise, and
high precision [1], [2]. These advantages make maglev technology suitable for high-speed transportation, space
engineering, rocket launch systems, and biomedical instrumentation [2]. However, the highly nonlinear and inherently
unstable dynamics of maglev systems pose significant challenges in designing effective controllers that ensure precise
position tracking while countering external disturbances and model uncertainties. Various control strategies have been
developed to address these challenges, including sliding mode control (SMC) [3], [4], adaptive control [3], [5], H-
infinity control [6], and PID-based techniques [7]- [9]. Among these, SMC is widely recognized for its robustness
against matched uncertainties and disturbances, making it a strong candidate for maglev control. However, traditional
SMC struggles with chattering, a high-frequency oscillation that can introduce vibrations and degrade performance.
Additionally, conventional modelbased controllers require precise system dynamics, which are often unavailable in
real-world applications due to parameter variations, external influences, or environmental factors.

To mitigate chattering, higher-order sliding mode (HOSM) control has been proposed, which extends conventional
SMC principles while significantly reducing oscillations. However, HOSM control alone still depends on accurate
model parameters, making its effectiveness limited when system dynamics change. Parameter uncertainties can lead
to slow responses, overshoot, and instability, requiring additional compensation techniques. In response, machine
learning-based estimators such as radial basis function neural networks (RBFNNs) have been explored to enhance
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system robustness. While these approaches offer adaptability, they require extensive training, high computational
effort, and may struggle with real-time implementation in highly nonlinear maglev systems. To tackle this challenge,
several approaches have been introduced, such as non-singular terminal sliding mode control (NT-SMC) [10] and
higher-order sliding mode (HOSM) [11]. These methods not only significantly reduce chattering effects but also ensure
rapid compensation for system perturbations within a finite time.

To enhance robustness and real-time adaptability, this work integrates disturbance observer-Based control (DOBC)
[12], [13] with higher-order sliding mode (HOSM) control, offering significant advantages over conventional
estimators [14]. Unlike machine learning-based approaches such as radial basis function neural networks (RBFNNs)
[15], [16], which require extensive training and large datasets, DOBC dynamically estimates disturbances in real-time
without an offline learning phase. It provides immediate compensation for system uncertainties, ensuring consistent
tracking performance even under unknown parameter variations. Compared to RBFNNs [17] and other model-based
estimators, DOBC exhibits lower computational complexity [18], making it more suitable for real-time maglev
control. Additionally, while conventional estimators primarily rely on model predictions, DOBC actively compensates
for both matched and unmatched disturbances, significantly enhancing system stability and robustness. This paper
aims to address the following critical challenges in maglev system control:

e Traditional SMC exhibits undesired high-frequency oscillations; HOSM control is employed to mitigate this
issue. * Variations in system parameters degrade controller performance; DOBC enhances adaptability by
providing realtime parameter correction.

e Environmental perturbations affect levitation stability; DOBC effectively attenuates disturbances, improving
robustness.

e Many advanced controllers struggle with computational efficiency; the proposed DOBC-HOSM framework
ensures fast, practical implementation.

The main contributions of this study are outlined as follows:

e Development of a nonlinear maglev system model using linear approximation and design of a HOSM
controller based on reaching law formulation and stability analysis.

e Integration of DOBC with HOSM control to improve disturbance rejection and model parameter adaptation.
This approach achieves robust position tracking with reduced chattering and enhanced disturbance
attenuation. Finally, the Lyapunov function candidate proves the control approach’s boundary and
convergence.

e Comprehensive simulation-based validation in MATLAB, demonstrating that the proposed DOBC-HOSM
controller outperforms conventional integer-order PID (IOPID) and standalone HOSM control in handling
model uncertainties and external disturbances.

The outline of the paper is as follows: The details of the maglev system’s model dynamics are explained in Section 2,
focusing on the factors influencing the steel ball’s position. Section 3 presents the proposed DOBC-based HOSM
control strategy, which integrates a disturbance observer-based (DOB) approach to mitigate the effects of model
parameter uncertainties and external disturbances, ensuring improved position control. Section 4 analyzes the
simulation results, demonstrating the effectiveness of the proposed controller in comparison to traditional integer-
order proportional-integralderivative (IOPID) and HOSM control methods. Finally, Section 5 concludes the paper.

2. MATHEMATICAL MODEL OF THE MAGNETIC LEVITATION SYSTEM

Fig. 1 presents a schematic representation of a magnetic levitation (maglev) system, specifically model 33-210 from
Feedback Instruments Ltd. [19]. This diagram provides a conceptual overview of a practical maglev system commonly
used in applications such as high-speed trains, magnetic bearings, and various industrial processes. The system under
study consists of a steel ball that remains suspended within a voltage controlled magnetic field. The primary
components include a ferromagnetic core coil, functioning as an actuator, and a position sensor that continuously
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tracks the ball’s displacement relative to the coil. The ball exhibits a single degree of freedom, constrained to vertical
motion, which simplifies control implementation. The control system is computer-driven, with the controller designed
and executed within MATLAB’s simulink environment. The feedback loop is established through an infrared (IR)
sensor, which detects the ball’s position and transmits real-time data to the Simulink model via the PCI A/D-D/A
interface card from advantech technologies.
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Fig.1. Schematic diagram of Maglev ball system.

The processed control signals are then conveyed to the physical system through an analog control interface board,
which facilitates bidirectional communication between the computational and physical domains. This interface board,
featuring analog-todigital and digital-to-analog converters, enables smooth and efficient signal transmission. The
resulting control signal is applied to a current amplifier, which modulates the magnetic field intensity, thereby
stabilizing the levitation of the steel ball and ensuring precise tracking of the desired reference trajectory.

To improve resilience of the system against uncertainties and external perturbations, a disturbance observer-based
control (DOBC) approach is combined with a higher-order sliding mode (HOSM) controller. The fundamental
nonlinear maglev model [3], formulated in terms of the ball’s position x and the coil current i, is given by:

d2x .
m——= =mg + Fep (i, %)

Fom i) = —k (2)’ v

where m represents the mass of the steel ball, i denotes the coil current, x corresponds to the ball’s position, and k is
a constant dependent on the coil parameters. The gravitational acceleration is denoted by g, while the electromagnetic
force acting on the ball is expressed as F,,,, (i, x) . Due to the inherent nonlinearity of the system dynamics, linearization
is carried out around the equilibrium point (iy,x,) to facilitate controller design and system analysis. At this
equilibrium, assuming ¥ = 0, the system simplifies, one obtains

k=mg(2) @

The linearization is performed by assuming x = x, + Ax and i = i; + Ai where Ai and Ax represent the small
deviation from the nominal position of the steel ballx,and the coil current i,. Thus, the nonlinear maglev model (1)
can be linearized to

.. OFom (i,x) . OFom(i,x)
A = — (Tl i T ) 3)
OF oy (i,x) 2i
where, Femi = E";i I(io'xo) =~ 2x§2
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The transfer function is derived by estimating the partial derivatives and subsequently applying the Laplace transform
to (3) as

Ax _ Femy

“

AL s2_
Ai S“—Fem,

To compensate for modeling uncertainties and disturbances d(t), a disturbance observer (DO) is designed to estimate
and counteract the unknown disturbances affecting the system. Since the physical system depicted in Fig. 1 includes
an internal current control loop that ensures the coil current i remains proportional to the control input u that is i =
k,u, where k, is proportionality constant, the corresponding linearized system is formulated as

AX = alAx + bAu + d(t) %)

2ig

;2
where, a = —k 2% and b = k=2
2xg 2xg
Incorporating a DOBC or DO framework, an extended state observer (ESO) is designed to estimate both the system’s
internal uncertainties and external disturbances. The DO compensates for these perturbations, ensuring the system’s
stability and improving tracking accuracy. The state-space representation of the maglev system with DOBC is

J'Cl =Xy
Yy=Xx

where y is the output, a,, b, represent the nominal value of system parameter a and b, respectively, f(t) =
(a — ag)xy + (b — by)Au designates to the unknown internal dynamics, and model parameter uncertainties, while
d(t) represents the estimated disturbance using the ESO. The subsequent section introduces a DO-based HOSM
controller that utilizes the disturbance estimates from the DO to enhance the robustness of the system and mitigate
chattering effects while ensuring precise position tracking of the maglev system. The variations in parameters a and
b introduce complexities in precisely modeling the highly nonlinear, time-varying, and inherently unstable maglev
system. To address these issues, the following section presents the development of an HOSM controller incorporating
disturbance observer and examines stability of the system.

3. DISTURBANCE OBSERVER-BASED HOSM CONTROLLER DESIGN

Fig. 2 presents the overall framework of the proposed DOBC-integrated HOSM controller, developed to achieve
precise position tracking in the maglev system.

Disturbance 5
Observer (DO) -—d(f)

d(t)y

— e (t) Sliding G(t) =0 —» MAGLEV
Xy Surface
+ | Ueq ()

HOSM T
de(t) _] Control v(t)
g y(t)

L

Fig.2. Proposed DOBC-based HOSM control for maglev ball.
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3.1. Design of the HOSM Controller with Disturbance Observer

In this section, a HOSM controller combined with a disturbance observer (DO) is formulated to suppress chattering
while effectively compensating for external disturbances. The tracking error dynamics are defined as

61 = xr _x1
{e'l =e, =X, — X, (7

where x,. represents the desired position and x; denotes the actual position of the steel ball. Under the influence of
disturbances and parameter variations, the main goal is to drive the tracking error e; to zero within a finite time.
Considering the system dynamics in (1), the sliding surface c is designed as

where A is the gain parameter designed, such as A > 0. The final and optimal control output uf is ontained by
combining the robust term v(t)from the HOSM controller and the estimated equivalent control input ueq. A
Disturbance Observer (DO) is employed to estimate the disturbance term d(t), thereby improving robustness. Hence,
referring to (1)-(8), one can derive

0 =%, — Xy + A%, — %;) = —f(t) — apx, — bou — d(t) + %, + Ae, 9)

where, d(t) represents the estimated disturbance obtained from the DO. The equivalent control component is then
derived as equating 6 = 0

Uoq = 5o (<f(©) = agxy = (D) + &, + 2ey) (10)
To ensure error convergence in the presence of disturbances, the control input is designed as

= oo (—f (D) = agxy = v(t) = d(0) + %, + Aey) (11)
where, v(t) represents the robust term, expressed as [20]

v(6) = —mloCx, O] 72 sgn(a(x, ) + vy (O)_v,(6)
v, () = —nysgn(o(x,t)) (12)
v,(6) = —13l0(x, £)]

where sgn(a(x,t)) is the switching function defined as

1 0>0
sgn(o(x,£))={0 o=0 (13)
-1 o<0

where, 1,,7,, and 715 are the robust gains that need to be appropriately tuned. A Lyapunov function candidate V is
defined as

V= 502 (14)
From (8) - (12), it follows that
V =06 = o(v(t) — d(t)) (15)

For V < 0, ||v(t)|| = max(d(t)) with ||d(t)|| < D, where D indicates the maximum disturbance magnitude. The
robust gains 714,7,,13 > 0, ensure stability for both 0 > 0 and o < 0. The disturbance observer estimates unknown
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disturbances, leading to enhanced robustness compared to a traditional HOSM controller. This integration significantly
improves tracking performance in the presence of model uncertainties and external perturbations.

3.2. Disturbance Observer-Based Compensation in HOSM Control

To enhance the robustness of the HOSM controller against disturbances, a DOBC scheme is integrated. The primary
objective of DOBC is to estimate and compensate for disturbances in real time, thereby mitigating their adverse effects
on system performance. The control strategy consists of three components: the equivalent control, robust control and
the disturbance compensation term. The sliding variable is defined as:

o =Ce (16)

where C is a predefined vector ensuring that the sliding surface meets the desired system dynamics and e = [ey, e, ].
The control law for the HOSM controller with disturbance compensation is expressed as:

U,(t) = ueq (t) + ‘U(t) + Ugobc (t) (17)

where u,,(t) represents the equivalent control and u,.(t) denotes the disturbance compensation term. To estimate
disturbances, a disturbance observer (DO) is formulated as:

W — 1) - ) (18)

where ¢ is the estimated disturbance and [ > 0 is the observer gain ensuring convergence. The disturbance
compensation term is then given by

Ugope (t) = —d(8) (19)

which counteracts the effects of the external disturbances. To analyze stability, consider the Lyapunov function
candidate:

V=202+—d? (20)
2 2y
where d(t) = d(t) — d(t) represents the estimation error and ¥ > 0 is a positive constant. Differentiating V and

referring (10), (11) and (12), and " d(t) yields

V=06+-q%2
14 dt
= (£ (®) = ax, = v(®) = A(O) + %, +2e,) ++d (22 - d) 1)

= o2, —v(® +2(1-2)]
when o # 0,
26— v +2(1-9) <0
iy _d 22)
@l > 26, — v +2(1-2)

where ||d|| < D and D represents the maximum disturbance estimation error. The satisfaction of (22) ensures that the
condition V < 0 is satisfied thereby ensuring asymptotic stability. The physical or comprehensive specifications of a
magnetic levitation system are taken from [7].

142



J. Electrical Systems 21-1s (2025): 137-147

TABLE I
Comparison of transient responses for various control strategies in position tracking (Fig. 7)
Transient Performance I0OPID HOSM DOB+HOSM
Overshoot (%) 72 22 0
Settling Time (sec) 2.2 0.35 0.2

4. RESULTS AND DISCUSSION

he effectiveness of the proposed DOBC-based HOSM control strategy has been evaluated through numerical
simulations performed in MATLAB/Simulink. The primary objective of these simulations is to compare the
performance of integerorder PID (IOPID), higher-order sliding mode (HOSM), and DOB-HOSM controllers in
regulating the position of the maglev steel ball. By analyzing their transient and steady-state responses, the study aims
to establish the superiority of the proposed DOB+HOSM approach.

Table I provides a comparative analysis of percentage overshoot and settling time across the three controllers. These
indices are particularly significant as they inherently capture other dynamic parameters such as peak time, delay time,
rise time, and overall error characteristics. To further evaluate robustness against model uncertainties, unknown
dynamic parameters are introduced into the simulation, where a, = 2180 and b, = —3518.85 represent the system’s
uncertain dynamics.
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Fig.3. Performance evaluation of controller for square wave reference.

The simulation results in Fig. 3 illustrate the position tracking performance of all three controllers. While each method
demonstrates rapid convergence to the reference trajectory, the DOB+HOSM controller exhibits superior tracking
precision and dynamic response compared to the HOSM and IOPID controllers. The enhanced robustness of the
proposed method is evident in its ability to achieve minimal steady-state error and faster stabilization. To assess the
resilience of the controller against external disturbances, the Magnetic Levitation System (MLS) is subjected to
sinusoidal and sawtooth wave perturbations. The disturbance amplitude is set to 10% of the reference trajectory’s
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mean value to simulate realistic external uncertainties. The output response and control signals under these
disturbances are depicted in Figs. 4-5. A closer inspection of the results indicates that the DOBC-based HOSM
controller exhibits significantly improved disturbance rejection compared to both the HOSM and IOPID controllers.
The proposed control strategy successfully mitigates the effects of matched and unmatched disturbances, ensuring
stable levitation even under fluctuating external conditions.

The robustness of the proposed controller is further valildated by evaluating its performance under parameter
variations. The controller gains k1 and k2 are varied within a range of +20% to analyze the impact of modeling
uncertainties. As illustrated in Figs. 6-7, the DOBC+HOSM controller maintains stable and optimal control
performance, whereas the HOSM and IOPID controllers exhibit noticeable deviations. In addition, the control voltage
response in Figs. 3-5 highlights a key advantage of the proposed method—reduced overshoot and smoother control
action. While the HOSM controller shows fluctuations when sensor gain k1 varies, the DOBC+HOSM controller
generates a more stable and consistent control response, as depicted in Fig. 7. This reinforces the robustness and
adaptability of the proposed method under sensor gain variations, further justifying its effectiveness over conventional

approaches.
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Fig.4. Performance evaluation of controller for sine wave disturbance.
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Fig.5. Performance evaluation of controller for sawtooth wave disturbance
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Fig. 6. Robust Performance evaluation of controller with +20% variation in the gains k1 and k2.
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Fig. 7. Robust Performance evaluation of controller with —20% variation in the gains k1 and k2.
5. CONCLUSION

The effectiveness of the proposed disturbance observerbased control (DOBC) integrated with the higher-order sliding
mode (HOSM) controller in mitigating disturbances and handling model parameter variations has been rigorously
demonstrated in this study. The controller ensures stable levitation of the maglev system despite external perturbations
and variations in system parameters, exhibiting enhanced robustness and rapid convergence. The proposed approach
successfully mitigates model uncertainties while achieving precise position tracking, even in the presence of
significant exogenous disturbances. Furthermore, the methodologies employed in this framework can be extended to
other nonlinear systems, facilitating an in-depth investigation of their closed-loop behavior under various model
uncertainties and nonlinear conditions. This adaptability highlights the potential of the DOBC-based HOSM controller
in improving the performance of a wide range of nonlinear control applications.
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