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1. Introduction
Mechanical vibration may be caused by force
whose magnitude or direction or point of application varies
with time. Vibration deals with force and motion, therefore
it can be considered as subfield of dynamics. In some cases
resulting vibrations may be of no consequences, in others
they may be disastrous. Vibration may be undesirable because they can result in deflection of sufficient magnitude
to lead to malfunction [1-3].
To reduce the impact of vibration force, damping is
provided. The energy dissipation properties of material or a
system under cyclic stress is known as damping [1-3].
Dampers are essential in reducing the vibration transmitted
to a body. Dampers can be classified as passive and semiactive dampers [1-3]. Hydraulic damper comes under passive dampers [4]. Magnetorheological (MR) damper and
electromagnetic dampers are classified under semi-active
dampers [5-9].
The magnetic flux from electromagnet (EM) can
be controlled by varying the current passing through electromagnet [10-12]. This type of electromagnet can be implemented in several fields of application in day to day life

[13-14]. Currently there exist many damping devices
which work under the principal of electromagnetism. Various research and development are ongoing related to electromagnetic damping [10-18].
The idea of combination of three stages of damping, explained in this paper, was obtained from the principles of eddy current damping [11] (Fig. 1), the adaptive
magnetic levitation system [19] (Fig. 2) and the working of
shunt damping [20-28].

Fig. 1 The eddy current spring-damper [11]

Fig. 2 Schematic of the magnetic levitation system [19]
From the investigation of existing dampers and
taking into consideration, constructing a damper which is
easy to construct, adaptive and cost-efficient, a device is
proposed in this paper, where three stages of damping
(Fig. 3) are combined to make an effective damping and to
sustain a shock (vibration force ) ranging from 10 to 50 N.
The proposed technology can be used to replace the existing packing methods like bubble wraps, package cushioning for fragile items, there by helps to provide a more reliable and real-time damping system. The wall of shock
absorbing box can be constructed using the proposed EMD
as shown in Fig. 4. The force transmitted from external
wall of the box to the interior wall of the box will be reduced (damped) by the small units of EMD, which is

Stage-1
Eddy Current Damping
Stage-2
Magnetic Levitation
Stage-3
Magnetic Repulsion
Fig. 3 Three stages of damping
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Fig. 4 Design of shock absorbing box
placed in between the walls. The idea and work for future
development are innovative and can be applicable in transportation, medical and industrial fields.
Proposed working principle of electromagnetic
damper (EMD) is shown in Fig. 5. Stage-1damping is obtained due to the effect of eddy current formation, when
the piston with the magnets moves through copper pipe
(Fig. 5). Stage-2 damping is obtained when the magnet
enters the region of solenoid setup and starts to levitate and
there by resist the downward movement of magnet (Fig. 5).
When the force acting on the piston is larger, then magnetic levitation breaks and piston moves downward. To resist
the downward movement of the piston stage-3 damping is
provided, in which the electromagnet is used to repel the
permanent magnet upward (Fig. 5)

Fig. 6 A damper system with a single degree of freedom
Table 1
Summary of values for modelling of EMD
Spring constant K
Mass of platform M
Maximum load
Natural frequency 𝜔𝜔𝑛𝑛
Forcing frequency f
Forcing ratio r
Damping ratio ζ
Damping coefficient c

1.52 N/mm
1 kg
24.32 N
0.39 Hz
1 Hz
2.56
0.5
3.86 Ns/m

The above results are applied in proposed model
of single degree of freedom system.The system is shown in
Fig. 7.

Piston

Neodymium magnet
Solenoid which provides
Stage-2 damping
South pole of solenoid 2

Stage-1 damping provided by
copper pipe
South pole of magnet
South pole of solenoid 1
Solenoid which provides
stage-3 damping
Copper pipe

Fig. 5 Proposed working principle of EMD
2. Mathematical modelling of damper system
For better understanding of the prototype and
based on required design parameters and to find out the
excitation of force from base to top platform, a mathematical modelling was done for a damper system with single
degree of freedom.
If the spring supplies a restoring force proportional to its elongation and the dashpot (electromagnetic
damper) provides a force which opposes motion of the
mass proportional to its velocity, then the system response
is proportional to the excitation, and the system is said to
be linear [29, 30]. Therefore the mathematical model developed will be linear single degree of freedom system.
Base motion of a damper system with a single degree of freedom is shown in the Fig. 6, in which K is the
spring constant of spring and c is the damping coefficient.
The modelling of spring was done as per the prototype and some assumptions were made. These are summarised in Table 1. The shaded sections are the values
assumed and the other values were determined as per the
calculation using respective formulas [29, 30].

Fig. 7 Scheme of force acting on the EMD
Consider y(t) represents the motion of the base
center, the base is subjected to external forces as shown in
Fig. 7. The vertical motion X of top platform, is determined
from [30]:
1

(1 + (4𝜁𝜁 2 − 1)𝑟𝑟 2 )2 + (2𝜁𝜁𝑟𝑟 3 )2 2
𝑋𝑋
�
� �=�
(1 − 𝑟𝑟 2 )2 + (2𝜁𝜁𝜁𝜁)2
𝑌𝑌

Fig. 8 Top platform’s responses X to forcing frequencies r
The 14 mm excitation of base is transmitted as
magnitude of oscillation, |𝑋𝑋| = 7.544 mm to the top platform of mass M (1 kg). This amplification occurs because
the assumption forcing frequency (1 Hz) is near the suspension’s natural frequency (0.39 Hz).
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A graph between top platform’s responses, X, to
forcing frequencies r, obtained using MATLAB (Fig. 8).

Simulation of the current density (Eddy current)
formed when the magnet moves and reaches the centre of
the copper pipe (time t = 50 ms) is shown in Fig. 11.

3. Investigation on three stages of damping and results
Stage-1 damping. Stage-1 damping is obtained by
Eddy current damping. Eddy currents are generated in a
conductor in a time-varying magnetic field [31]. They are
induced either by the movement of the conductor in the
static field or by changing the strength of the magnetic
field, initiating motional and transformer electromotive
forces, respectively. Since the generated eddy currents
create a repulsive force that is proportional to the velocity
of the conductor, the moving magnet and conductor behave
like a viscous damper. The diagrammatic representation of
the magnet falling through the metal pipe is shown in
Fig. 9.

Fig. 9 Diagrammatic representation of the magnet falling
through the metal pipe [31]
The stage-1 is investigated by the free fall of Neodymium magnet of 20 mm diameter and 0.2 mm thick
through copper pipe 160 mm long and 28 mm diameter.
The results of observations are given in Table 2.
From Table 2 it is clear that when the magnetic
field of magnet is increased, then the time taken by the
magnet to cover 160 mm length copper pipe in freefall also
increases. This states that, when magnetic field of permanent magnet increases, the Eddy current induced in the
copper pipe also increases there by providing a damping
effect.

Fig. 10 Simulation of the magnetic flux density, when
magnets reach at centre of copper pipe

Fig. 11 Simulation of the current density (Eddy current)
formed when the magnet moves and reaches the
centre of the copper pipe

Table 2
Stage-1 results
Number of magnets
attached, units
1
2
3
4
5
6

Time taken to cover
160 mm in free fall, ms
23
35
50
55
85
98

Modelling of stage-1 damping. To justify the
above experiment, modelling of free fall of magnet through
copper pipe was done using COMSOL Multuphysics. Simulation of the magnetic flux density formed inside the copper pipe at time t = 50 ms from the start of free fall of
magnet inside the copper pipe is shown in Fig. 10.

Fig. 12 Observation of Lorentz force acting on the free fall
of magnet

Fig. 13 Observation of velocity of free fall of magnet
through copper pipe
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Hence value of k is taken to be 1 for theoretical experiment
and also for finite element modelling. The turn density is
denoted as n = N/L, where N is number of turns and L is
length of solenoid.
A simple solenoid was constructed with coper
pipe of 0.2 mm thick as the core and the number of turns
(winding of insulated copper wire) N (90) and length of
solenoid L (50 mm) was made (Fig. 16).
Experimental setup is shown in Fig. 16. The value
of magnetic field at the centre of the solenoid is determined theoretically using Eq. (1). Theoretically the expected
magnetic field B is calculated as 2.261946711 × 10-3 T.
Fig. 14 Observation of acceleration of free fall of magnet
through copper pipe
The effect of Eddy current damping can be explained using the gradual increases, in case of Lorentz
force and velocity and after a time 50 ms both become
constant, in the case of magnet falling freely inside a copper pipe. Whereas the acceleration reduces and become
constant. The respective cases can be justified using the
graph obtained from the modelling of stage-1 experiment
(Figs. 12, 13 and 14).
Stage-2 damping. For stage-2 damping, different
types of solenoids were constructed and tested, in order to
understand the nature of magnetic field formed inside the
solenoid. Each types differ from each other by number of
windings, number of layer of windings, combination of
magnetic poles on coil, by varying the current through coil
and making of split coils. Among this a simple solenoid
construction with number of windings N (90), with 2 layers
and length of solenoid L (50 mm) was chosen.
The main objective of stage-2 investigation is to
study the nature of behaviour of magneticfield inside the
solenoid by determining the magnetic field thoriticaly as
well as from modelling and observe the nature of a
permenent magnet levitating inside the solenoid.
Solenoid is a long straight coil of wire that can be
used to generate a nearly uniform magnetic field similar to
that of a bar magnet (Fig. 15) [32]. The field can be greatly
strengthened by the addition of an iron core.

Number of windings = 90

Fig. 16 Experimental setup for stage-2
Modelling of stage-2 damping. The modelling of
above experimental setup is done using the software Vizimag. Magnetic field line representation and magnetic
flux density of at the centre of solenoid is shown in figure
Fig. 17. The maximum flux density Bmax, force around
solenoid P due to magnetic field and magnetic field density
at the centre of the core B obtained from modelling of
stage-2 setup is shown in Table 3.

a

b

Fig. 17 Modelling of stage-2: a - magnetic field line representation, b - magnetic flux density
Table 3
Results from modelling
Fig. 15 Distribution of magnetic field along solenoid [32]
At the centre of a long solenoid, the magnetic
field is [32]:
𝐵𝐵 = 𝜇𝜇𝜇𝜇𝜇𝜇.

(1)

From Eq. (1) for the magnetic field B, n is the
number of turns per unit length (turn’s density), I – current
passing through the wire, µ is the permeability (µ = kµ0
and µ0 = 4π×10-7 H m-1), k is relative permeability of core.
The core used here is a copper pipe. Permeability of copper
pipe is 0.999994 (permeability of air is 1.00000037 [33]).

Bmax
1.89 × 10-3 T
P (force around solenoid)
5.55 × 10-6 N
B (magnetic flux density at centre of solenoid) 1.528 × 10-3 T

To know the nature of levitation inside solenoid a
piece of neodymium magnet was allowed to fall freely
through solenoid setup. It was observed that the neodymium magnet was able to levitate inside the solenoid; this is
shown in Fig. 18, a and schematic drawing of magnet
aligning inside the solenoid is shown in Fig. 18, b.
For an extra external force while magnet falls
freely, a 12 g of weight (e.g.: bolt) which is equivalent
1.18 N on free fall is attached to the magnet. For an extra
external force during the free fall of magnet a weight is
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attached with single disc magnet is shown in Fig. 19, a and
with multiple magnets is shown in Fig. 19, b.
Magnet levitating inside the
solenoid setup

damping system is shown in Fig. 21. The maximum flux
density Bmax, Force around solenoid P due to magnetic
field and magnetic field density at the centre of the core B
obtained from modelling of stage-3 setup is shown in Table 4.

Coil
Aligning of magnet

Copper pipe

Table 4
Results from stage-3 modelling
Bmax
P (force around solenoid)
B (magnetic flux density at centre of
solenoid)

3.63×10-3 T
1.57 ×10-5 N
3.687×10-3 T

a
b
Fig. 18 Levitation of one piece of magnet inside solenoid:
a - from experimental setup; b - schematic drawing
It was observed that the magnet with extra weight
was able to levitate. As the magnets increased the strength
of levitation also increased. On varying external force acting on the levitating unit (the magnet with attached
weight), was able to reciprocate.
0.12 g of weight (bolt) which
provides an external force of
1.18 N during free fall.
Single neodymium magnet

Multiple neodymium magnets

a
b
Fig. 19 For an extra external force during the free fall of
magnet: a - weight attached with single unit of
magnet, b - weight attached with multiple units of
magnets
Stage-3 damping is provided by magnetic repulsion between the edges of solenoid and magnet. Simple
solenoid construction with coper pipe of 0.2 mm thick and
outer diameter 18 mm is used as inner core of solenoid 2.
The number of turns N (90) and length of solenoid is L
(50 mm).The solenoid setup is as shown in Fig. 20.

a
b
Fig. 21 Modelling of stage-3: a - magnetic field line representation, b - magnetic flux density
Fig. 22 illustrate the experimental setup of stage-3
damping. Fig. 22, a shows that the magnet repels when
south pole of magnet comes in contact with south pole of
solenoid. Fig. 22, b shows that when north pole of magnet
come in contact with south pole of solenoid both unit get
attracted and rests over the solenoid. For stage-3 damping
we will be using experimental setup as shown in Fig. 22, a.

Repels

Number of windings =90
N

S

Attracts
Coil

Copper pipe

Fig. 20 Experimental setup of stage-3
There is a magnetic field produced inside the solenoid which is theoretically determined from Eq. (1).
Theoretically the expected magnetic field B is calculated as
2.261946711 × 10-3 T.
Modelling of stage-3 damping. The magnetic field
line representation and magnetic flux density of stage-3

a
b
Fig. 22 Experimental view of stage-3 damping: a - magnet
repelled when south poles comes in contact,
b - magnet attracts when north pole comes in contact
4. Design and prototyping of EMD
4.1. Design of proposed EMD
The design of the proposed EMD is shown in
Fig. 23. The EMD is placed between load acting platform
and a base. The main part of the construction consists of
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the spring, neodymium magnet and solenoid setup. The
other parts are: piston (which connects the load acting
platform and the magnet arrangement), spring holder and a
coupling (which helps to couple the solenoid 1 and the
outer cover of the solenoid 2).
Parts are shown in Fig. 23. It consists of two solenoids: solenoid 1 made from copper pipe of 28 mm diameter and 100 mm length and solenoid 2 made from copper
pipe of 18 mm diameter and 50 mm length. A spring of
outer diameter 27 mm, 7 units of permanent magnet,
90 mm long piston which holds the permanent magnet,
outer cover of solenoid 2, coupling for coupling two solenoid section and a spring holder.

The microcontroller will be programmed to emit
digital signal to the controller according to the distance
diagram in Fig. 25. The signal will be adjusted using feedback signals from the proximity sensors. Driver act as a
digital-to-analogue signal convertor. The process continues
as long as there will be force acting on the system. Initially
the distance between the platform where load act and sensor is read and when the sensor reads distance between the
regions a solenoid 1 is activated and when sensor reading
is between b solenoid 2 is activated. The parameters a and
b depends on the placing of sensor module.

Platform where load acts
Spring
Spring holder
Copper pipe
Piston rod
Neodymium magnet
Solenoid 1
Coupling
Solenoid 2

Fig. 25 Actuation sequence of solenoid

Solenoid 2 outer cover
Base

Fig. 23 Proposed EMD
4.2. Control system of proposed EMD
The control system for EMD is shown in Fig. 24.
The purpose of the control system is to sense the distance
between two walls (platform where the load acts and the
base), and there by activate the solenoids to resist the frequent and sudden downward movement of permanent
magnets. When the distance between the walls varies, it is
detected by the proximity sensor. The output from proximity sensor is send to microcontroller in the form of analogue signals. Micro controller is programmed in such a
way that it produces output signal to the driver module
board to activate solenoid 1 and solenoid 2 respectively
(Fig. 24).

The control system is supported by a feedback
system as shown in Figs. 26 and 27. Considering a simple
system characterized by a single variable L which represents the distance between base and load acting platform.
Under normal conditions the system has a steady state
value of L=L0 which may vary somewhat over time due to
the variation of force acting f, on the load acting platform
which cannot be measured or are unaware. To rectify the
variation in the value of L as a result of varying force a
mechanism for measuring the state of the system as well as
a control input i, with which can be used to modify the
state L of the system. In summary, the system has the following functional form L (i; f; t). Fig. 26 shows a block
diagram of the relationship between the system, the variables i and f, and the measurement of the system state L.
Created according to feedback and PID control theory [34].

Activation of solenoid 1
Activation of solenoid 2
Proximity sensor
Coil driver board

Output signals to
activate coils

Fig. 26 Block diagram of the relationship between the system's L, f and i

Power supply
2 Amp, 12V

Difference in distance input

Fig. 27 Block diagram of system with the feedback loop
Micro controller board

Fig. 24 The control system for EMD

Fig. 27 illustrates the block diagram of system
with the feedback loop. In which an unknown force f modi-
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fies the distance between two wall L and a new value for
the distance between the walls Ld. An error e is calculated
by taking the difference between L and Ld. The input which
is a function of error e, calculates the error and send it to
the controller to modify L.
Final assembly (Fig. 28) shows the complete setup of proposed EMD. This consists of the EMD device
(assembled EMD), micro controller module with driver
module, digital sensor module, external power supply and
LED lights.

Micro controller
and driver module

Digital Sensor
Module

Fig. 28 Final assembly of EMD
5. Conclusions
In this paper an adaptive and semi active EMD is
developed, by implementing proposed idea of combination
of three stages of damping. The proposed EMD can be
used to damp forces between 10-50 N and one of its major
application is in developing a shock absorbing box, which
can be used for the transportation of fragile and valuable
materials.
Mathematical modelling of damper system (single-degree-of-freedom system) for the proposed system
was modelled. It was observed that an excitation of 14 mm
on the base of system is transmitted as 7.554 mm on top
platform. Based on this modelling, a damper was constructed by implementing the three stages of damping
which includes the technology of electromagnets and permanent magnet.
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Shanker Ganesh Krishnamoorthy, Inga Skiedraitė
DEVELOPMENT OF ELECTROMAGNETIC DAMPER
Summary
This paper presents the development of an electromagnetic damper on proposed system of three stages of
damping. Mechanical design, control system and control
algorithm was developed for EMD. Control algorithm for
EMD was explained by considering feedback system, and
choosing control elements, sensor. Investigation was done
regarding the three stages of damping. Based on the experimental setup theoretical evaluations as well as finite element modelling was done. The possible application of
proposed EMD is mentioned in this paper.
Keywords: electromagnetic damper (EMD), eddy current
damping, magnetic levitation, magnetic repulsion, solenoid.
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