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ABSTRACT
Magnetic levitation, suspending an object in the air by a magnetic force with
no physical contact, is a striking example of a mechatronic system and
underlies applications from frictionless bearings to high-speed trains, but it
presents a fundamental difficulty: the suspension is inherently unstable and
cannot hold itself, so it can be maintained only by continuous automatic
control. This study examines the closed-loop control of a magnetic levitation
system and how control stabilises an otherwise unstable suspension. A
magnetic levitation system, in which an electromagnet suspends an object at a
small gap, was considered, the instability of the open-loop system was
characterised, and a feedback controller was applied that senses the gap and
continuously adjusts the electromagnet current to hold the object at the
desired position, the response being examined. Without control the system was
unstable: the smallest disturbance from the equilibrium grew rapidly, the
object either falling away from the magnet or being pulled into it, because the
magnetic force strengthens as the gap narrows and weakens as it widens, so
any deviation reinforces itself. With feedback control the suspension was
stabilised: the controller, sensing the gap and adjusting the current to oppose
any deviation, held the object steadily at the desired gap, and when
commanded to a new gap it moved there and settled with only a small
overshoot. The control thus converted an unstable system that could not hold
itself into a stable one that maintained the levitation and followed commands.
The study shows that closed-loop control is essential to magnetic levitation,
transforming an inherently unstable suspension into a stable one, and it

discusses why the system is unstable and how feedback stabilises it.
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INTRODUCTION

Magnetic levitation, the suspension of an object in the air by a magnetic force without any
physical contact, is among the most striking demonstrations of mechatronics, the integration
of mechanical, electrical, and control engineering. An electromagnet pulls on a piece of
magnetic material, holding it suspended at a small gap, with nothing touching it. This
frictionless, contactless suspension underlies practical applications such as magnetic bearings,
which support spinning shafts without wear, and magnetically levitated trains, which ride

without contact for high speed and smoothness (3, 6).

Magnetic levitation presents, however, a fundamental difficulty: it is inherently unstable. The
magnetic force pulling the object toward the electromagnet grows stronger as the gap narrows
and weaker as it widens, so if the object drifts even slightly closer to the magnet, the force
increases and pulls it closer still, while if it drifts away, the force weakens and it falls further
away. Any deviation from the desired position therefore reinforces itself and grows, so the
suspension cannot hold itself steady; left to itself, the object is pulled onto the magnet or falls

away (5).

Because of this instability, magnetic levitation can be maintained only by continuous
automatic control. A feedback controller must sense the gap and constantly adjust the
electromagnet's current to counter any deviation, strengthening the pull when the object falls
too far and weakening it when the object comes too close, thereby holding the object steady
at the desired gap (1, 2). This paper examines the closed-loop control of a magnetic levitation
system and how control stabilises an otherwise unstable suspension, characterising the
instability of the uncontrolled system and applying a feedback controller that holds the object
at the desired position. The aim is to show why the system is unstable and how feedback

stabilises it, and to demonstrate the stable behaviour that results.

LITERATURE REVIEW
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Magnetic levitation and its control are treated in the standard works on control engineering
and

mechatronics and in the literature on magnetic suspension and bearings (1, 3, 6). The
literature establishes that the magnetic suspension is inherently unstable, owing to the way
the magnetic force varies with the gap, and that this instability is the central challenge of

magnetic levitation, requiring active control to overcome (5).

INSTABILITY AND FEEDBACK STABILIZATION

The literature explains the instability and how feedback overcomes it:

e The magnetic force grows as the gap narrows, so any deviation reinforces itself and the
open-loop system is unstable (5).

e Feedback control senses the gap and adjusts the electromagnet current to oppose
deviations, stabilising the suspension (1, 2).

e The system is commonly linearised about the operating point for control design (4).

e These principles underlie magnetic bearings and levitated transport (3, 6, 10).

A recurring theme is that closed-loop feedback control is essential to magnetic levitation,

converting an unstable suspension into a stable one.

The literature describes how feedback control stabilises the suspension: by sensing the gap
and adjusting the electromagnet's current to oppose any deviation, the controller supplies the
corrective action the system itself lacks, turning the unstable behaviour into stable regulation
about the desired gap (1, 2). For the design of such controllers, the system is commonly
linearised about its operating point, after which the methods of control engineering apply (4,
8). The principles are set out in the standard control texts (2, 8, 9), and their application to
magnetic bearings and to levitated transport, with the practical electromagnet and suspension

design, is treated in the specialised literature (3, 6, 7, 10).

RESEARCH GAP
Although magnetic levitation control is well established, a concise demonstration that
characterises the instability of the uncontrolled suspension and shows how feedback control

stabilises it and holds the object at a desired gap remains useful as a clear illustration. There
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is therefore value in a study that contrasts the unstable open-loop behaviour with the stable

closed-loop response and relates the difference to the action of feedback.

OBJECTIVES

The objectives of this study are:

e To consider a magnetic levitation system in which an electromagnet suspends an object at
a small gap.

e To characterise the instability of the uncontrolled, open-loop system.

e To apply a feedback controller that senses the gap and adjusts the current to hold the
object at the desired position.

e To examine the resulting response and relate the stabilisation to the action of feedback.

METHODOLOGY

1. System and Controller

A magnetic levitation system was considered, in which an electromagnet suspends an object
at a small gap, the magnetic force pulling the object toward the magnet (3). The instability of
the open-loop system, without control, was characterised. A feedback controller was then
applied that senses the gap and continuously adjusts the electromagnet current to oppose any

deviation, holding the object at the desired gap (1, 2). The system is summarised in Table 1.

Table 1: Elements of the magnetic levitation system

Element Role
Electromagnet Provides the magnetic force suspending the object
Gap Distance between magnet and object, to be held
Open-loop behaviour Unstable; deviations grow
Gap sensor Measures the gap for feedback
Feedback controller Adjusts current to oppose deviations

2. Evaluation
The behaviour of the system was examined in two cases: open-loop, without control, to

confirm and characterise the instability, that a deviation from equilibrium grows; and closed-
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loop, with the feedback controller, to see whether the suspension was stabilised, the object
held steadily at the desired gap, and how it responded when commanded to a new gap,
including the speed

and overshoot of the response (4, 8).

RESULTS AND FINDINGS

Without control, the system was unstable, while with feedback control it was stabilised, as
shown in Figure 1, which contrasts the open loop and closed-loop responses of the gap. In the
open-loop case, the smallest deviation from the equilibrium grew rapidly: the gap ran away
from the desired value, the object either being pulled onto the magnet or falling away,
because the magnetic force reinforces any deviation, strengthening as the gap narrows and

weakening as it widens (5). The uncontrolled suspension thus could not hold itself.

Magnetic levitation: gap response with and without control
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Figure 1: Magnetic levitation gap response with and without closed-loop control

With the feedback controller, the suspension was stabilised. The controller, sensing the gap
and adjusting the electromagnet current to oppose any deviation, held the object steadily at
the desired gap, and when commanded to a new gap it moved there and settled with only a
small overshoot, the response rising to the new position and settling quickly (1, 2). The
control thus converted an unstable system that could not hold itself into a stable one that

maintained the levitation and followed commands. The behaviour is summarised in Table 2.

Table 2: Behaviour with and without control
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Aspect Open-loop Closed-loop
Stability Unstable Stable
Deviation from gap Grows rapidly Held small
Suspension Cannot hold itself Maintained steadily
Response to command — Settles with small overshoot
DISCUSSION

The results show that closed-loop control is essential to magnetic levitation, transforming an
inherently unstable suspension into a stable one. The instability of the uncontrolled system is
fundamental, not a defect to be engineered away by a better magnet: it arises directly from
the way the magnetic force depends on the gap, growing as the gap narrows, so that any
deviation reinforces itself, the object accelerating toward the magnet if it comes too close or
away if it drifts too far (5). No passive arrangement of a single electromagnet can hold the
object steady, because there is no restoring tendency; on the contrary, the tendency is to
amplify deviations.

This is why magnetic levitation cannot be achieved by a fixed magnet current alone.

Feedback control supplies exactly the restoring action the system lacks, which is why it
stabilizes the suspension. The controller continuously senses the gap and adjusts the
electromagnet current to oppose any deviation: if the object falls too far, it strengthens the
pull to draw it back; if the object comes too close, it weakens the pull to let it ease away (1, 2).
This active, continuous correction creates a restoring tendency where none existed, holding
the object at the desired gap, so the closed-loop system is stable though the open-loop system
is not. The controller must act quickly and continuously, since the instability would otherwise
grow fast, which is why magnetic levitation depends on fast sensing and a well-designed

controller (8).

The practical significance is that magnetic levitation is fundamentally a control achievement
as much as a magnetic one, and its performance rests on the controller. The controller not
only stabilises the suspension but determines how well it behaves: how steadily it holds the

gap against disturbances, how quickly it responds to commands, and how much it overshoots,
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all of which are shaped by the controller's design, as the settled, lightly overshooting response
illustrates (4). This is why the design of the feedback control is central to magnetic bearings,
levitated trains, and other applications, where the control must hold the levitation reliably
under real disturbances and loads (3, 6, 10). The practical conclusion is that closed-loop
feedback control is indispensable to magnetic levitation, converting an unstable suspension
into a stable, controllable one, the main caveats being that real systems require fast, robust
control and accurate sensing, and that the results illustrate the principle rather than the

performance of a specific built system.

LIMITATIONS

The following limitations apply to this study:

e The results illustrate the principle rather than the performance of a specific built system
with its disturbances and loads.

e Real magnetic levitation requires fast, robust control and accurate, fast sensing of the gap.

e The system was treated about an operating point; behaviour over a wide range was not
examined in detail.

e The study addressed stabilisation and command response and not all aspects, such as

disturbance rejection under load.

FUTURE SCOPE

Future work could extend the present study as follows:

e Assessment of disturbance rejection and the holding of the gap under varying loads.
e Comparison of controller designs for speed, overshoot, and robustness.

e Study of behaviour over a wide range of gaps, beyond a single operating point.

e Inclusion of sensor noise and its effect on the control.

e Application to specific systems such as magnetic bearings and levitated transport.

CONCLUSION

The closed-loop control of a magnetic levitation system was examined by characterising the
instability of the uncontrolled suspension and applying a feedback controller to stabilise it.
Without control the system was unstable, the smallest deviation from equilibrium growing

rapidly because the magnetic force reinforces any deviation, so the suspension could not hold
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itself; with feedback control, sensing the gap and adjusting the electromagnet current to
oppose deviations, the suspension was stabilised, the object held steadily at the desired gap
and moving to a new gap with only a small overshoot when commanded. The study shows
that closed-loop control is essential to magnetic levitation, supplying the restoring action the
system lacks and transforming an inherently unstable suspension into a stable, controllable
one, with the caveats that real systems require fast, robust control and accurate sensing and

that the results illustrate the principle rather than the performance of a specific built system.
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