International Journal of Dynamics and Control (2024) 12:2498-2510
https://doi.org/10.1007/s40435-023-01363-7

®

Check for
updates

Advanced control strategy for magnetic levitation system: a higher
order sliding mode observer approach

A. M. Dongardive'® - R. H. Chile' - S. T. Hamde'

Received: 5 September 2023 / Revised: 2 November 2023 / Accepted: 27 November 2023 / Published online: 26 December 2023
© The Author(s), under exclusive licence to Springer-Verlag GmbH Germany, part of Springer Nature 2023

Abstract

This paper delves into the control of magnetic levitation systems, which inherently exhibit instability due to their nonlinear
nature. The main goal is to develop a control strategy that can effectively manage and stabilize these systems, especially
during challenging startup scenarios, when uncertainties and disturbances are present. To accomplish this objective, a control
approach based on a cascaded higher-order sliding mode observer (HOSMO) is proposed. This approach not only estimates the
system’s states but also ensures a smooth control output even in the presence of uncertainties and disturbances. To evaluate the
effectiveness of the suggested control method, a combination of simulations and experiments is performed. The performance of
the proposed controller is benchmarked against three alternative controllers: a conventional proportional—integral—derivative
controller, a controller based on state and disturbance observation (SDO), and another based on supertwisting disturbance
observation. Evaluation metrics such as integrated squared error, integrated absolute error, and integral time absolute error are
used for performance comparison. The outcomes of the study illustrate that the HOSMO based control approach outperforms
the other three controllers. It excels in its capacity to effectively control and stabilize magnetic levitation systems, even when
faced with uncertainties and disturbances.
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1 Introduction

Advanced controllers for Magnetic Levitation (Maglev) are
required to extend their applications to numerous real-world
systems in automation, transportation, and other relevant
research areas of study. The maglev system has shown
tremendous success in a variety of industries. It has been used
in high-speed maglev trains, frictionless bearings, space-
ships, rocket-guiding projects, gyroscopes, microrobotics,
contactless melting, wafer distribution systems, nuclear reac-
tor centrifuges, vibration isolation systems, and a variety
of other important applications [1, 2]. Researchers have
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recognised maglev’s potential as a useful research tool. The
absence of mechanical contact, which eliminates friction and
abrasion, is a typical feature of maglev applications. This
function extends the system’s operating lifespan, improves
labour productivity, and lowers maintenance expenses.
Maglev technology suspends items in the air using elec-
tromagnetic forces. These magnetic fields have the ability
to oppose gravity force as well as other opposing acceler-
ations. As a result, when affected by external noise, sensor
noise, and unknown dynamic components, maglev systems
exhibit severe nonlinearity and instability. While the poten-
tial uses of magnetic levitation are attractive, the system’s
open-loop instability and significant nonlinearity make con-
trol difficult. Despite having a total of six degrees of freedom
(DOF) in space, magnetic levitation objects have been thor-
oughly explored as standard challenges in modern control
methods. For magnetic levitation systems, a number of con-
trol strategies have been put forth, such as adaptive control
[3], PID [4, 5], robust control [6], accurate linearization con-
trol [7], and fuzzy H1 robust control [8]. The mathematical
model is often linearized around the nominal working pointin
several of these techniques. For example, PID controllers [4,
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5] provide a straightforward and straightforward-to-design
solution, but their performance may be constrained since the
mathematical model of the system is ignored. We need to
consider the non-linear dynamics of the plant to create a
functional controller. In addition, it is crucial to take into
consideration variations in the mass of the levitated object
as well as variations in the resistance and inductance of the
current coil brought on by the heating of the electromagnets.

By creating nonlinear controllers, the feedback lineariza-
tion technique’s robustness problems are resolved. Due to
its resistance to parametric uncertainties and outside dis-
turbances, SMC has become one of them. Conventional
SMC has some drawbacks, including (a) the requirement to
know the boundaries of uncertainties and disturbances, (b)
the potential for excessive actuator wear from discontinu-
ous control, and (c) the requirement that all the states shall
be available for measurement prior to controller implemen-
tation. There have been numerous initiatives to resolve the
issues with traditional SMC. Disturbance observer (DO) [9,
10]; generalised extended state observer (GESO) [11], iner-
tial delay control (IDC) [12, 13] etc. Many researchers have
employed observers in the context of magnetic levitation.
For instance, in the work of Kim et al. [14], a reduced-order
extended Luenberger observer is utilized for the controlled
levitation of permanent magnets. Similarly, Venkatraman and
van der Schaft [15] employ a full-order observer employ-
ing a passivity-based approach. Wu and Karkoub [16]
combine states estimated through fuzzy observers with a
variable structure system, applied to magnetic levitation.
Additionally, Baranowski and Piatek [17] present a report
on observer-based state feedback for magnetic levitation. It
has been suggested by Slotine et al. [18] that sliding mode
observers make SMC implementable by allowing the esti-
mate of states.

To control maglev systems, Bidikli et al. [19] a self-tuning
robust integral of signum of error (RISE) based controller is
designed. In the control design, unlike the classical RISE
controller, ‘tanh’ function is used instead of ‘signum’ func-
tion to obtain a more smooth control signal linearization was
applied. In one study by Baris Bidikli [20], stabilization and
control problem of a maglev system is solved by designing a
robust adaptive controller. To get rid of the velocity measure-
ment necessity in the designed controller, the control input
is combined with a nonlinear velocity observer design that is
able to compensate the lack of velocity measurement by esti-
mating the velocity of the iron ball during its movement. A
bi-loop frequency shifted internal model control(IIMC) pro-
portional derivative (FSIMC-PD) strategy is suggested by
Arunima Sagar et al. [21] for controlling the position of the
ball in a laboratory based Maglev setup. Three controllers
(inner, outer and stabilizing are suggested which makes the
system complex and increases the tunning parameters.

The authors of the paper [22] has proposed a controller for
amagnetic levitation system that combines linear and nonlin-
ear active disturbance rejection techniques. In a related effort
aimed at controlling the magnetic suspension of a low-speed
maglev train, Sun et al. [23] have introduced two distinct con-
trollers: a PID controller and an adaptive neural fuzzy Sliding
Mode Control (SMC). Addressing the challenges of nonlin-
ear suspension systems in maglev vehicles, Chen et al. [24]
introduced an innovative sliding mode adaptive controller
architecture that relies on RBF network approximation. It is
worth noting that these approaches can be readily expanded
upon, particularly considering their relevance and popularity
in the field. Number of control design examples to control
maglev systems utilizing sliding mode control (SMC) have
been documented in the literature. These include cascade
designs referenced as [25, 26]. Mane et al suggests a cascaded
SMC approach with two time scale observers [27]. Dongar-
dive et al. has suggested cascaded supertwisting uncertainty
and disturbence observer [28] that gives smooth controller
output designed for Maglev system.

Many control algorithms discussed are not able to handle
the uncertainty and disturbances in the system. Implementa-
tion of most of the control schemes discussed requires whole
state vector is available for measurement but it is not the case.
The velocity of the ball needs to obtained by taking the dif-
ferentiation of the output of position sensor. That results in
the amplification of the noise. Controllers based on SMC are
able to handle the uncertainty and disturbance, but they need
to know the bounds of these parameters. The major problem
of the SMC based control scheme is the chattering which
affects functioning of final control elements resulting into
wear and tear. In order to tackle these together HOSMO com-
bined with supertwisting control is suggested. The scheme
has following advantages:

1. The proposed scheme estimates all the states of the sys-
tem reducing the cost required for sensors.

2. The proposed method simultaneously estimates the dis-
turbance and uncertainty and eliminates its effect.

3. Unlike conventional SMC based control it provides chat-
tering free, smooth and continuous control.

4. The HOSMO combined with supertwisting control gives
finite time and exact convergence.

5. It can effectively manage and stabilize these systems,
especially during challenging startup scenarios, when
uncertainties and disturbances are present.

The work’s main contributions are listed below.

— Higher orders sliding mode observer to estimate the states
of the maglev system is designed and demonstrated.
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— Chattering free smooth controller performance is obtained
applying super twisting algorithm (STA) along with
HOSMO.

— When the proposed controller’s results are compared
against SDO-based SMC, STA-SMC, and typical PID
controllers using the time-domain performance criterion,
HOSMO surpasses the others.

— The effectiveness of the proposed approach is validated
through a combination of hardware experiments and thor-
ough quantitative simulations

The robust control method has undeniably found exten-
sive application in regulating a diverse array of systems,
effectively handling uncertainties related to parameters and
structure. These uncertainties are crucial considerations in
the administration of the maglev system. Within this con-
text, the electrical subsystem facilitates the transportation of
ferromagnetic material to its intended destination. Initially,
it generates the necessary electromagnet current by utilizing
the input voltage. To determine the requisite electromag-
net current, a controller based on the HOSMO framework
is employed for the electromechanical subsystem. Similarly,
a controller with a comparable design is utilized to retrieve
the computed current value from the electrical subsystem.

The subsequent sections of the paper are organized as fol-
lows: In Sect. 2, an explanation of the core principles under-
lying maglev systems is presented, along with an exploration
of essential parameters and the development of mathemati-
cal model. Moving on to Sect. 3, an exploration of the design
and structure of the HOSMO-based cascaded controller is
discussed. This section also encompasses an elucidation of
the simulation outcomes obtained from the implemented
controller. Section4 delves into an elaborate description of
multiple controller techniques, including the standard PID
controller, the state and disturbance observer-based con-
troller, and the supertwisting disturbance observer-based
controller. This section further includes an analysis of sim-
ulation results and performance for all four methods. The
validation of these concepts through experimentation is out-
lined in Sect.5, followed by a comprehensive examination
and comparison of outcomes in Sect.6. Finally, the paper
concludes with a summary of findings in Sect.7.

2 Magnetic levitation system and its
mathematical model

Magnetic levitation system utilizes the magnetic force gener-
ated by a ferromagnetic coil to lift a steel ball and accurately
position it within the setup. Figure 1 illustrates the schematic
representation of the circuitry for the maglev system. The
final position of the ball is determined by both the current
passing through the ferromagnetic coil and the input received
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Fig. 1 Circuit diagram of a magnetic levitation system

from a sensor situated at the base of the system. To facilitate
current measurement, a resistor marked as R is incorpo-
rated in series with the coil. The mathematical depiction of
the maglev system encompasses two distinct subsystems: an
electrical system and an electromechanical system. An elec-
tromagnetic field comes into existence when a ferromagnetic
coil is supplied with a voltage of V., as illustrated in Fig. 1.
The formula for V. can be obtained by applying Kirchhoff’s
law of voltage to an electrical loop, and the derivation is as
follows:

1 dle  (Rc+ Ry)
—Ve=—~4+—-—1I 1
L. c dt L. c (D

The coil resistance is R. and current sensor resistance
is R, whereas the coil inductance is L., and coil current
is I.. As indicated by the symbol F. used by the coil, an
electromagnetic field created by the coil operates upon the
ball is given by
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The electromagnetic force constant is K, and there is an
air gap of x; > 0 between the ball and the electromagnet’s
face. The symbol F, represents the gravitational pull of the
opposite direction on the ball and is given as follows:

Fy = Myg 3)

where g denotes the gravitational acceleration and M)
denotes the ball’s mass. The equation of motion for the ball
is:

d*xp  Knl?

_ = — 4
dr2 oMy ° @

The Maglev system is modelled as follows in state space:

)'Cl = X2
. Kmxj%
Xy = — +
2 2be12 § 5
R. + R, 1
X3 = _MH 4+ —u
L. L.

This is achieved by substituting x; with xp, xo with X,
x3 with 1., and u with V.. The primary objective of the con-
troller is to regulate the position of the ball and compel it to
adhere to the reference trajectory r. The system’s dynamics,
as illustrated in the state space model, encompass various
unknown parameters: L., Ry, g, Mp, R, and K,,. Addition-
ally, the system remains unmatched due to the uncontrollable
nature of the dynamics of x. To address these challenges,
the following section introduces an innovative control strat-
egy based on a higher order sliding mode observer for both
electromechanical and electrical subsystems.

3 Higher order sliding mode observer based
controller design

The control of a maglev system is divided into two main com-
ponents. In the initial stage, designed controller is employed
to acquire the current for the electromagnets within the elec-
tromechanical subsystem to lift the ferromagnetic ball to the
desired position. This current is subsequently obtained from
the control of electrical subsystem.

As mentioned earlier, the system is characterized by a
lack of alignment, and to tackle the challenge of dealing with
uncertainty within this misaligned system, a virtual control
input denoted as x3 is formulated. Subsequently, a control
strategy utilizing higher order sliding mode observer based
control is developed, such that x3 will follow xé‘. Defining

the errors e; = x; —r, e2 = x — 7 and e4 = x3 — x3. The
model in (5) can be represented as follows in the error states
form:

él=e (6)
é = —aje; —azer + x5 +di @)
é4 = —azeq +bu + dy (8)

where the constants a;, ap and a3 are non-zero, and d; and
d, are the disturbances, respectively represented as

dy = aje] + aze Kinxs +g—xi—F 9)
1 = dj€] 2€2— - -
2be% 3
R R 1 .
dy = azeq — bu — ng + —u—x3 (10)
L. L.

3.1 Higher order sliding mode observer (HOSMO)

As previously mentioned, the maglev system is mismatched
system, and as aresult, the virtual control input x3 is defined.
It is necessary to determine the position and velocity of the
ball in order to construct the controller for this system that
will cause the ferromagnetic ball to follow the designed tra-
jectory, but only position sensor is available. A HOSMO is
created to estimate the states of the maglev system in, and
then supertwisting controller algorithm is used for electrome-
chanical system to control the position of the ball to make it
track the given trajectory.

The HOSMO design is suggested by Chalanga et al. [29]
for double integrator purterbed system. On the same ground
HOSMO is designed for electromechanical system in maglev
using Egs. (6) and (7) as explained below:

e1=ér+z1
ey =—a1é] —aer+e3+u-+2o (11)
e3=23

where ¢] and ¢; are the estimates of e; and e; respectively
and z1, z» and z3 are the correction terms defined as:

21 =kiler — 1| sign(er — é1)
22 = kaler — &1 Psign(er — é1) (12)
73 = kysign(e; — éy)

where k1, k> and k3 are positive constants. Let the estimated
errors be é] = e] — €}, é» = er — é> and é3 = —¢é3 + d].
It is assumed that d; is Lipschitz and |d;| < A. The error
dynamics of the estimated errors are:
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é1 = —kié1|*sign(é) + é A2 ! .

_ +L3|62|" sign(02)+L4/ sign(6,) dt (24)
& = —kylé1|'Psign(éy) + &3 (13) 0

é = —k3|é|Psign(ér) + d

The above equation is finite time stable as proved in [30,
31]. It can be concluded that by selecting the appropriate
gains ki, k2, k3 as suggested by Levant [32], €1, ¢> and €3
will converge to zero in finite time.

Now in order to design the controller the sliding surface
is defined as

61 =cre1 + & (14)
Differentiation of Eq. (14) gives

51 = c1éy — a1é) — aréy + &3+ 20 + X% (15)
design the control x3 as

== (b —aél —mér+é+ 0

t
+L1|61|1/2sign(81)—|—L2/ sign(&l)dt> (16)
0

where L and L, are user defined constants. The estimation
of unknown uncertainty and disturbance d; is given by

di = é 7)

Now x3* obtained is the desired value of the current to
make the ball track the given reference trajectory. This value
of the current is obtained with similar HOSMO based con-
troller design for electrical loop. The design is explained in
the following equations

€4 =x3 — X3 (18)
oy = —aze4 + bu + es + z4 (19)
és = z5 (20

where the correction terms are

24 = kaléa|*Psign(es — &) 1)
75 = kssign(eq — é4) (22)

Let’s define the sliding surface as
02 =é4 (23)
Now taking differentiation of 65 and design u as

u=—(1/b) (—a3é4 +eé5+ 274

@ Springer

where L3 and L4 are user defined constants. The estimation
of disturbance d5 is given by

dy = é5 (25)

The block diagram of the controller is as shown in Fig. 2A.
Stability of the Controller The primary objective is to
design a continuous control signal, denoted as x3* in a man-
ner that leads to the realization of second-order sliding mode
within a finite time on the designated sliding surface. To
achieve this goal, the control strategy is determined based on
the following proposition. The control input designed in elec-
tromechanical loop results in the attainment of Second-Order
Sliding Mode (SOSM) on within a finite time. Moreover,
when o) reaches zero, it also implies the asymptotic stability
of both ¢; and e [29]. The control input x3* as mentioned
in (refeq.16) is given by

xj=—(c1&a—aiéy —mér+ &+ 2

t
+L1161|"*sign(61) + Lo / sign@)dt) (26)
0

where L1 > Oand L, > 0By putting the value of this control
input in Eq. (15) and representing Eq. (14) in the domain of
el and Ocl

€1 =01 —cie1 + e 27
&1 =ciey — L1161 2sign(61) + v (28)
V) = — Lpsign(ay) (29)

As stated earlier with reference to Eq. (13) by selecting the
appropriate gains ki, kp, k3 as suggested by Levant in [32],
e1, €2 and e3 will converge to zero in finite time. The Eqgs. (28)
and (29) is a supertwisting control and by selecting L1, Ly
as per [28] o1 = 0 and 0;1 = 0 which further implies, that
the closed loop system is given as

€] = —cje (30)
éz = —C1€] (31)

Therefore, both the states e; and e; are asymptotically stable
by choosing c1 > 0
4 Performance evaluation with simulation

In this part, MATLAB/Simulink is used to gauge how well
the suggested control method works. The outcomes of the
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Fig.2 Block diagram for proposed controller

proposed approach are contrasted with those of super twist-
ing disturbance observer based controller (STDO), state and
disturbance observer based controller(SDO) and PID con-
troller. Table 1 contains a list of the nominal plant parameters
of the magnetic levitation system that were used in the
simulation and for experimental validation. By employing
MATLAB/Simulink, we execute a simulation of the Maglev
system illustrated in Fig.1 to showcase the efficacy of the
suggested controller. The initial conditions for the system
states are set as follows: position of the ball x(0) = 0.014,
velocity x(0) = 0 and current x3 = 0.

A PID controller integrated with a feed-forward (PID-
FF) component is implemented and assessed for controlling
the system, following the design principles outlined in the
work by [33]. Within this framework, the electromechanical
loop within the maglev system is governed by a combination
of PID and feed-forward control, while the electrical loop
is managed through Proportional Integral (PI) control. The
gains for the PID controller and the feed-forward component
are as per the recommendations of the authors as Ki, = 524,
K,b = 208, K,b = 3, and Ky f = 153. To maintain the
real current x3 at the desired current level, xg‘, a PI controller
is utilised in the current loop. The PI controller’s parameters
are ki = 50, 000 and kp = 219, respectively.

Magnetic levitation systems is controlled using cascaded
sliding mode control, according to Ginoya et al. [26]. The
electromechanical loop utilizes a sliding mode controller that
relies on a state and disturbance observer (SDO). Meanwhile,
the electrical loop employs a sliding mode controller centered
around a disturbance observer. The SDO serves the purpose
of concurrently estimating both the system’s state and uncer-
tainty

Table 1 Nominal parameters of maglev system

Parameter Value Units
M, 0.068 kg

L, 413 mH

R, 1 Q

R. 10 2

K 6.580 x 107> Nm?/A?
g 9.81 m/s?

Ty 0.014 m

The SDO-based controller used for the electromechanical
subsystem and the DO based controller used for the electri-
cal subsystem both have the controller parameter settings is
mentioned in the said paper as k;1 = 35, kg1 = 3, €1 = 0.05
and kjp = 35,kso = 3, €2 = 0.05 respectively.

A Super twisting disturbance observer(STDO) based con-
troller is suggested by Dongardive et al. [28] to control the
position of ball in maglev system. The control strategy has
STDO designed for both the subsystems, electromechanical
and electrical. The controller parameters used by the designer
for electromechanical loop are k1 = 25, k, = 10, k3 = 0.01,
€1 = 0.05 and for electrical loop are k4 = 50, k5 = 2,
ke = 45, and eo = 0.05.

With the nominal plant characteristics listed in Table 1, the
proposed HOSMO-based controller is tested for the magnetic
levitation system. In addition to being able to estimate the
states of the system, the developed observer-based controller
can estimate the disturbance and parametric uncertainty d;
and d» in two loops of the Magalve system.
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€1 = 0.001 and for electrical loop are k4 = 50, ks = 25,
Ly =14, L4 = 20, and ¢, = 0.001.

Fig.4 Plant states and its estimation for nominal plant and plant with
20% uncertainty
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Fig.5 Simulation results for proposed controller with nominal plant

The simulation results for proposed controller for tracking
of the desired trajectory, required control input current and
control input voltage are shown in Fig. 3a—c respectively.
Figure5a, b show the plots of d; and d> with their corre-

0.015

0.014 |

0.013

0.012

r1 and r

0.011

0.01

0.009 ! ; ;
0 5 10 15 20
Time (sec)

(a) Ball tracking for proposed controller
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(c) Control input for proposed controller

Fig.6 Simulation outcomes for proposed controller under plant uncer-
tainty of 20%

sponding estimates of dy and d», respectively. The designed
HOSMO estimates the states of the system under nominal
plant conditions and in presence of added uncertainty as
shown in Fig. 4a, b and ¢ and d respectively. Figure 5c, d
respectively depict sliding surfaces used for controlling elec-
tromechanical and electrical loops. The generated control
input and current are both within the maximum allowable
limits and provide the desired tracking performance. The
tracking performance together with control input, current,
and uncertainty estimation are presented in Figs. 6 and 7 for
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Fig. 7 Simulation outcomes for the proposed controller under a plant

uncertainty of 20%
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(b) Ball tracking comparision for plant with 20% uncertainty

Fig. 8 Ball tracking comparison of all controllers with nominal plant

and with uncertainty
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Fig. 9 Current input comparison of all controllers with nominal plant
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Fig. 10 Control input comparison of all controllers with nominal plant
and with uncertainty

the same plant when parametric uncertainty of 20% is used to
mimic it. Figure 8a, b, respectively, for nominal and system
with uncertainty, show the comparative tracking results for
all four controllers. The camprision of required control input
is shown in Fig. 9a, b and current input required for nominal
and uncertain plant are shown in Fig. 10a, b respectively. It
is evident that the proposed controller outperforms the other
two controllers.

5 Experimental results

The suggested controller architecture’s experimental verifi-
cation is carried out utilizing a magnetic levitation laboratory
apparatus by Quanser [34], depicted in Fig. 11.

Within this setup, a robust one-inch steel ball is suspended
utilizing an electromagnetic suspension mechanism within
the maglev facility. Positioned atop the apparatus is an elec-
tromagnet capable of raising the steel ball from its base,
sustaining it within open space. Two distinct system variables
are immediately monitored and accessible for configuration
feedback. These variables encompass the coil current and
the gap between the magnetic surface and the ball. The fer-
romagnetic ball’s movement spans from O to 14 mm, while
the optical sensor designed for ball detection operates within
a linear range of 6—14 mm. Control input varies from 0 to

Fig. 11 Magnetic levitatirolleron setup (Quanser Inc.2010)
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Fig. 12 Results for proposed controller (experimental)
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Fig. 13 Results for STDO based controller (experimental )

24V, while input current ranges from 0 to 3 A. For all four
controller types, the controller parameters and initial con-
ditions are established to correspond with those utilized in
the simulation. Figures 12, 13, 14 and 15 exhibit the ref-
erence tracking, required control input voltage, and input
current graphs for all controllers respectively. According to
the experimental validation, the proposed controller performs
tracking better than the alternatives and keeping the current
and voltage input within limit.

@ Springer
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(c) Control input for SDO

Fig. 14 Results for SDO based controller (experimental)

6 Performance evaluation of the proposed
controller in comparison to the other three
controllers

The efficacy of the proposed strategy is examined in this
section through simulation. A comparison is drawn between
the proposed method and the outcomes generated by a linear
PID controller, an SDO-based controller, and an STA-based
controller. The effectiveness of the suggested controller is
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Fig. 15 Results for PID controller (experimental)

evaluated across nominal system and nominal system with a
20% parametric uncertainty. Utilizing graphical representa-
tions, it becomes evident that the suggested technique excels
in tracking performance within a predefined operational
range. The evaluation of outcomes incorporates error-centric
performance metrics like ISE, IAE, and ITAE. The summa-
rized performance evaluation for all four controller types,
nominal plant scenarios and based on error-related criteria
with nominal parameters, is presented in Table 2.

The performance analysis of the controllers applied to a
plant with a 20% uncertainty is shown in Table 3. The data
in the table indisputably establishes that the suggested con-
troller outperforms the other three approaches.

Table 2 Performance analysis of all controllers for nominal plant

Controller IAE ITAE ISE

PID 0.000756 0.00507 3.916 x 1076
SDO 0.000723 0.00369 1.244 x 1077
STDO 0.000366 0.00176 4782 x 1078
HOSMO(proposed) 0.0000845 0.000568 5.053 x 10~

Table 3 Performance analysis of all controllers for nominal plant with
20% uncertainty

Controller IAE ITAE ISE

PID 0.000796 0.00523 4.016 x 1076
SDO 0.000775 0.00395 1.43 x 1077
STDO 0.000392 0.00188 5.404 x 1078
HOSMO(proposed) 0.0000543 0.000607 6.348 x 107

7 Conclusion

In this work higher order sliding mode observer(HOSMO)
based control is proposed for nonlinear, mismatched maglev
system with uncertainties. The proposed strategy not only
estimate the states of the system but it is also able to tackle
uncertainties and disturbances with smooth control action.
The recommended approach performs better than conven-
tional PID, SDO-based and STDO based controls which is
observed through simulation and experimental validation.
The outcomes clearly indicate that the recommended con-
troller proficiently stabilizes the magnetic levitation system
even during challenging startup scenarios, seamlessly guid-
ing it to the targeted operational states. It adeptly handles
uncertain models subjected to external noise and effectively
manages inherently unstable nonlinear dynamics.
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