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Abstract: Magnetic levitation is a popular topic of research over the years throughout 
the world due to its wide range of industrial applications. In any DC attraction type 
suspension system, actuator and guide-way (rail) plays most important role. In this 
manuscript FEM based analysis of different structures of actuator and rail (guide-way) 
has been carried out utilizing ANSYS software. Input power to lift power ratio and lift 
power magnet weight ratio are two major factors for designing actuator and rail in 
electromagnetic levitation system (EMLS) [1]. These factors are dependent on the 
magnet dimensions, required gap flux and hence the required current density in the 
winding. The magnet configurations chosen on the basis of required pole-face area and 
necessary window area to house the excitation coils. There are various magnet and rail 
geometries; i.e. magnet with I, U and E profiles and various winding arrangements with 
flat and U-profile rail. A FEM analysis utilizing ANSYS software has done to find out 
the flux pattern, working flux density, field intensity, force etc. for different single 
actuator based levitation system at different operating conditions. Different aspects of 
rail and actuator have been described based on the ANSYS simulation results. The main 
objective is to propose a suitable configuration of actuator and guide-rail for a specific 
DC electromagnetic levitation system.  
 
Keywords: Electromagnetic levitation, FEM analysis, eddy current effect, ANSYS 
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1. Introduction 
 The suspension of objects with no visible means of support due to magnetic force is termed 
as magnetic levitation or ‘Maglev’. Magnetic Levitation has many fascinating applications; 
important among them are friction-less bearings, magnetically levitated (Maglev) trains, 
levitation of models in a wind tunnel, vibration isolation of sensitive machinery, levitation of 
molten metal in induction furnaces, levitation of metal slabs during manufacture etc. 
Levitation using magnetic force is based on two different principles: attraction (or 
electromagnetic attraction) and repulsion (or electro-dynamic repulsion). The electromagnetic 
levitation system (EMLS), uses the high-power solid-state controls to regulate the current in an 
ordinary direct-current electromagnet, and achieves stability through active feedback. Such 
systems are common in most of the maglev trains where the magnets used for levitation ride 
below a fixed iron rail and use the attraction force for suspension of trains. 
 The second approach, the electro-dynamic levitation system (EDLS), generally uses high 
speed super-conducting magnets that are mounted on the bottom of the moving vehicle and 
produces the repulsive force due to eddy currents produced in the aluminum guide ways. One 
of the main constraints of the superconducting repulsion principle is that it cannot provide 
suspension force below some critical speed [1, 3]. The electrodynamics levitation system is 
inherently stable, but at high speed it possess stability problem due to negative damping [2]. So  
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some kind of passive damper is required in elctrodynamically levitated vehicle to maintain 
stability at high speed. In electromagnetic system, the levitation is produced due to the 
attractive force between electromagnets and ferromagnetic objects. 
 The attraction type levitation system is simpler, relatively cheaper and has been chosen as 
the subject of present study. In EMLS the electromagnets are driven either by AC or DC 
source. Although several experimental systems using AC sources [1] have been built, these 
methods are considered to be suited for applications where mass of the suspended object is 
small. The severe constraints imposed by eddy-current losses in the magnet and the rather 
complex control circuitry for power modulation makes the AC method of stabilization 
inappropriate for heavy payloads. In contrast, the explicit DC method, technically known as the 
DC electromagnetic levitation system (EMLS) [1, 9], has a considerably simpler configuration 
with favorable power requirement. In DC EMLS, the current as well as the attraction force of 
the electromagnet can be effectively controlled by utilizing a switched mode power amplifier. 
EMLS requires two necessary subsystems: (i) a primary system for generating the magnetic 
field and (ii) a system for shaping or trapping the magnetic flux [1-3]. In case of DC 
electromagnetic levitation, electric current in a wire wound coil produces the primary field 
while the ferromagnetic object or guide-way creates a means of shaping the magnetic flux. 
Generally the electromagnet is kept fixed and the ferromagnetic object is made to remain 
suspended under the magnet as shown in Fig.1. Alternatively, the scheme is just inverted and 
the electromagnet is part of the levitated object under a fixed ferromagnetic guide-way (Figure 
2). The electromagnet (actuator) and guide-way (rail) combination along with associated closed 
loop control will make an EMLS (Fig.3). In the Fig.2 the electromagnet is made to remain 
suspended under the fixed ferromagnetic guide-way. This configuration is normally used in 
electromagnetically levitated vehicle [10] and maglev train. The electromagnet acts as an 
‘actuator’ which provides the basic suspension force. When the electric current is passed 
through a wire wrapped around a core of ferromagnetic material, magnetic flux is generated. 
This flux produces an attractive force on any nearby ferromagnetic material. Assuming idle 
condition, the magnetic force produced by the coil shown in Fig.1 can be written as [1, 2]. 
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 Where, N = No of turns of the coil, A = Magnet pole-face area, i(t) = Instantaneous current 
through the coil, z(t) = Distance between the pole-face of the magnet and ferromagnetic object. 
The two factors (i) input power to lift power ratio and (ii) lift power to magnet weight ratio 
greatly influences the design of actuator for a DC EMLS. Some important parameters like air-
gap flux, magnet dimension, winding arrangement, and current density in the winding dictates 
the above two factors. The magnet configuration is selected on the basis of required pole face 
area and the necessary window area to house the excitation coils [1, 7]. There are various 
magnet and rail geometries; i.e., magnet with U and E profiles and various winding 
arrangements with flat and U-profile rails as shown in Figure 4 [4, 5]. The eddy current will 
generate in the magnet core as well as in the solid guide-ways and it will be different for the 
different structures of magnet and guide-way. This eddy current will reduce the lift force. 
Laminated core structure is a better option as far as eddy current losses and faster response 
time of the magnet are concerned [4, 5]. Another important variable that will have a direct 
effect on the dynamic characteristics of EMLS is the time-constant of the magnet-coil. The 
inductance of the coil under some simplifying assumptions is given by the equation (2).  
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 From the equation (2) it is clear that selecting small number of turns, smaller pole face area 
and larger air-gap between magnet pole-face and guide-way can reduce the magnet electrical 
time constant but all these factors simultaneously will reduce the lift force. So there should be a 
compromise between dynamic characteristics and lift-force of the actuator while selecting all 
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the above parameters. By increasing the input dc link voltage the rate of rise of current through 
the coil increases which in turn reduces the effective value of time constant. This method is 
called voltage forcing [1]. 
 

 
Figure 1.  Simplified diagram of DC electromagnetic levitation system 

 
 

 
Figure 2. Simplified diagram of DC electromagnetic levitation system (inverted model) 

 
 

 
Figure 3.  Basic block diagram of DC Electromagnetic levitation system 

 
 

 
Figure 4. Different configurations of suspension systems 
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2. Finite Element Method (FEM) analyses 
 The arrangement is working on DC that is why a static magnetic field problem has been 
analyzed by the Finite Element Method (FEM). The static magnetic field problem can be 
described by the following Maxwell’s equations [8] 
 
 JXH =∇                                               (3) 
 0. =∇ B                                                  (4)                           
 0. =∇ J                                                  (5)   

  
μ
BH =                                                  (6)                           

 
Where H, B, J and μ are the magnetic field intensity, the magnetic flux density, the source 
current density, and the permeability, respectively. The permeability is supposed to be 
constant, μ = μ0 in air, 
 The 2D and 3D problem has been solved by FEM applying the ANSYS Multi-physics 
software.  
 
The basic laws of such fields are Ampere’s law: 
 
 ∫H.dl=∫J.dS                                            (7)                           
 
Where dS are the surface element and dl is the length element. The law of conservation of 
magnetic flux (also called Gauss’s law for magneto statics) is given as: 
 
 ∫B.dS=0                                                   (8)                           
 
Where H is the magnetic field intensity (in amperes/meter), J is the electric current density (in 
amperes/meter2) and B is the magnetic flux density (in tesla or Wb/meter2). The differential 
forms of equation (3) and (4) are obtained as: 
 
 JXH =∇                                                (9) 
 
 and, 
 
 0. =∇ B                                                   (10) 
 
The vector fields B and H are related through the permeability μ (in henries/meter) of the 
medium as: 
 

 HB μ=                                                   (11) 
 
In terms of the magnetic vector potential A (in Wb/meter) 
 
 XAB ∇=                                                  (12) 
 
Applying the vector identity for an arbitrary vector F  
 

 FFXFX 2).()( ∇−∇∇=∇∇                  (13) 
 
To Eqns. (3) and (6) leads to Poisson’s equation for magneto static fields: 

 JA μ=∇2                                                (14) 
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When J = 0, Eq. (14) becomes Laplace’s equation: 
 

 02 =∇ A                                                   (15) 
 
In the absence of currents (J = 0), the magnetic flux density H can be expressed in term of 
magnetic scalar potential Vm (in amperes/meter) as:  
 

 mVH −∇=                                                 (16)          
          
The use of magnetic scalar potential reduces the three components of magnetic field H into one 
component Vm making computations easier and more time efficient. Appling Eq. (9) on 
Eq.(16) yields: 
 

 0=∇−∇ mVX                                             (17) 
 
Equations (12), (14), (16) and (17) are useful tools in calculation of magnetic field in magneto 
static cases [8]. The magnetic field will be used in the calculation of magnetic force 
experienced by the levitated object in EMLS.  
 
3. FEM analysis and ANSYS simulation for the proposed system 
 The finite element method (FEM) (sometimes referred to as finite element analysis (FEA)) 
is a numerical technique for finding approximate solutions of partial differential equations 
(PDE) as well as of integral equations [6]. The solution approach is based either on eliminating 
the differential equation completely (steady state problems), or rendering the PDE into an 
approximating system of ordinary differential equations, which are then numerically integrated 
using standard techniques such as Euler's method, Runge-Kutta, etc. The Finite Element 
Method is a good choice for solving partial differential equations over complicated domains, 
when the domain changes, when the desired precision varies over the entire domain, or when 
the solution lacks smoothness.  
 ANSYS is engineering simulation software that has many finite-element analysis 
capabilities, ranging from a simple, linear, static analysis to a complex, nonlinear, transient 
dynamic analysis. The analysis guides in the ANSYS documentation set describe specific 
procedures for performing analyses for different engineering disciplines [6]. ANSYS 
Mechanical and ANSYS Multi-physics software are non exportable analysis tools 
incorporating pre-processing (geometry creation, meshing), solver and post-processing 
modules in a graphical user interface. These are general-purpose finite element modeling 
packages for numerically solving mechanical problems, including static/dynamic structural 
analysis (both linear and non-linear), heat transfer and fluid problems, as well as acoustic and 
electro-magnetic problems [6].   
 Electromagnetic simulation from ANSYS provides industry leading analysis tools that 
enable the accurate simulation of electromagnetic fields. ANSYS electromagnetic solutions 
enable engineers and designers to accurately predict the behaviour of electrical and 
electromechanical devices [6,7]. The ANSYS electromagnetic product suite contains both 
general purpose and application specific products to address a broad array of industry 
applications. 
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The flowchart for the ANSYS simulation procedure for the proposed system is shown in 
Figure 5. 
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Figure 5. Flow chart for ANSYS simulation 
 
4. Simulation Results & Discussion 
 Two-dimensional FEM simulation [11-13] has been carried out to determine flux pattern, 
working flux density, field intensity, force etc. for different structures of actuator and rail 
(Figure 4) Commercial FEM software ANSYS (version 12.1)has been used for this purpose. 
The field flux plots of different structures with air-gap of 0.5 cm are shown in Figure6 to 
Figure12. It has been observed that the generated flux is maximum for U-I structure and 
minimum for E-U structure irrespective of any air-gap. Figure12 shows flux pattern of U-I 
structure for 20 mm air-gap.  From Figure6 and Figure12, it is clear that for any model with the 
increase of air-gap the generated flux reduces due to increase of leakage and fringing.   
  Figure 19 shows the generated flux vs. air-gap curve for six different structures as described 
earlier. It has been noticed that the generated flux of the actuator decreases with the increase of 
air-gap between the pole-face of electromagnet and guide-rail. With the increase of air-gap 
(Figure6 and Figure12) leakage flux as well as fringing is increased and the flux linkage 
between magnet and guide-way is decreased. Irrespective of any air-gap position the generated 
flux is maximum for U-I (with lower winding) structure and it is minimum in E-U structure. It 
has been observed that for a large operating air-gap (more than 20 mm) the generated flux is 
almost constant and remain same irrespective of any structure.  
 It has been noticed that the attractive force developed between actuator and guide-way has 
been decreased with the increase of air-gap (Figure13 and 14). In actual situation the force 
between electromagnet and rail will vary inversely proportion to the square of the air-gap. Due 
to this inherent force-distance characteristics one of the pole of the maglev model lies on the 
right half of ‘s’ plane and system becomes unstable. For closed loop stability, the force-
distance characteristics have to be modified so that with the change with air-gap the required 
force will vary linearly. It may be seen the maximum attractive force is developed in the air-
gap. Since in the present configuration the actuator is fixed and armature is movable the net 
acting force is downwards. With the increase of air-gap the flux density and field intensity of 
the levitated system have also been reduced. The direction of flux density is clear from the 
Figure 15 and Figure 16. As expected the flux density is more in the inner surface than the 
outer surface. The field intensity is mostly concentrated in the air-gap. Figure 21 shows the 
variation of field intensity with the change of air-gap for different rails and actuators. The 
pattern of flux, flux density, field intensity, force for other different structures (shown in Figure 
4) are similar for U-I structure and have not been reproduced here. 
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 For the same dimension of electromagnet and rail, it has been observed (Figure20) that any 
operating condition the lift force developed between the U-I structure (U-core magnet and flat 
guide-way) is more than the U-U structure and E-I structure . But the guidance force developed 
is more in U-U structure. It is to be mentioned that the levitation force is maximum when the 
electromagnet is placed centrally with the guide-way, whereas the guidance force is zero. In the 
EMLS, other than levitation force, guidance force is also developed between actuator and rail. 
In ANSYS simulation both the guidance and levitation force is observed. In actual Maglev rail 
system there will be always a relative change in distance between guide-way and rail. Here the 
effect on levitation and guidance force with the shifting of rail (guide-way) has been studied 
through FEM analysis. It has been noticed (Figure22-23) the levitation force is maximum when 
the electromagnet is placed centrally with the guide-way, whereas the guidance force is zero. 
The shifting of rail has been done both directions with respect to central position. With the 
change of rail position in either direction, the levitation force has been reduced and the 
guidance force has been increased. The flux pattern for U-I structure during shifting of guide-
way (both direction) has been observed in Figure17-18. 
 

 
 

Figure 6. Flux pattern of U-I structure for 5mm air-gap 
 

 

 
 

Figure 7. Flux pattern of U-U structure for 5mm air-gap 
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Figure 8. Flux pattern of U-I structure with two coils (upper side) for 5mm air-gap 
 

 

 
 
Figure 9.  Flux pattern of U-U structure with two coils (upper side) for 5mm air-gap 
 
 

 
 

Figure 10.  Flux pattern of E-I structure with single coil for 5mm air-gap 
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Figure 11.  Flux pattern of E-U structure with single coil for 5mm air-gap 
 

 

 
 

Figure 12.   Flux pattern of U-I structure for 20 mm air-gap 
 

 

 
 

Figure 13.   Force for U-I structure for 5 mm air-gap 
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Figure 14.   Force for U-I structure for 20 mm air-gap 
 

 

 
 

Figure 15.  Flux density for U-I structure for 5 mm air-gap 
 

 

 
 

Figure 16.   Flux density for U-I structure for 20 mm air-gap 
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Figure 17.   Flux for U-I structure where z=10 mm, x=5 mm (-ve shifting) 
 
 

 
 

Figure 18.  Flux for U-I structure where z=10 mm, x=5 mm (+ve shifting) 
 

 

 
Figure 19.   Flux vs. air gap curve for different structures for different air-gap 
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Figure 20.  Force vs. air gap curve for different structures for different air-gap. 

 
 

 
Figure 21.  Field intensity vs. Air-gap of different structures 

 
 

 
 
Figure 22.   Levitation and guidance force vs. shifted distance (3D) for U-I structure 
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Figure 23.  Levitation and guidance force vs. shifted distance (2D) for U-I structure 

 
5. Conclusions 
 A comparative study between different structures of rail and actuator used in EMLS has 
been presented. A two dimensional FEM analysis has been carried out utilizing ANSYS 
software.    
 Different structures of electromagnet and guide-way and their relative advantages and 
disadvantages have been discussed.  The reduction of lift force due to eddy current effect very 
much depends on the magnet and guide-way geometry.  Because of better lift force, a U-core 
magnet with a flat guide-way may be suitable for both low and high speed DC attraction type 
levitation systems. This idea will be utilized for the design and fabrication of 
electromagnetically levitated vehicle as a future extension of work. The effect of shifting of 
guide-way (rail) on levitation and guidance force has also been studied.  
 
Acknowledgements 
 The author wishes to acknowledge DST, Govt. of India for sponsoring the Project entitled 
“Development of DC Electromagnetic Levitation Systems –Suitable for Specific Industrial 
Applications” 
 
References 
[1] P. K. Sinha, “Electromagnetic Suspension, Dynamics and Contro”l, Peter Peregrinus 

Ltd., London,1987. 
[2] B. V. Jayawant,” Review lecture on electromagnetic suspension and levitation 

technique”,     Proc. R. Soc. Lond. A416, 1988, pp.245-320. 
[3] F. C. Moon, “Superconducting Levitation, Applications to Bearings and Magnetic 

Transportation”, John Wiley and Sons, USA, 1994. 
[4] P. Appun, G. Ritter,“Calculation and Optimization of the Magnets for an Electromagnetic 

Levitation Systems”, IEEE Trans on Magnetics, vol.Mag.11, No.1, pp.39-44, Jan 1975. 
[5] D. Aldo, R. Alfred, “Design of an integrated electromagnetic levitation and guidance 

system for Swiss Metro”, 3rd International Symposium on Advanced Electromechanical 
Motion Systems, Patras, Greece, 8-9July, 1999. 

[6] Reference Guide ANSYS CFX-solver, Release 11.0. 
[7] S. Banerjee, P. Biswas, R. Bhaduri, “A Comparative study between different structures of 

Rail and Actuator used in Electromagnetic levitation systems”, Proc. in 5th IET 
Intentional Conference on Power Electronics, Machines and drives,PEMD 2010,UK,19-
21 April 2010. 

ANSYS Simulation Based Comparative Study between Different Actuators 

229



 
 

[8] Matt
[9] N. A

air-g
4195

[10] A. B
Syst

[11] Kwa
mag
Jour
pp.2

[12] Lei 
Two
Elec

[13] Guir
dyna
Intel

[14] S. B
in el
No.1

[15] S. B
Con
IEEE
415.

[16] S. B
Levi

 
 
 

 
 
 

Engineers
Who 2007
consultan
different c

thew N. O. Sad
A. Shirazee an
gaps to suspen
5. 
Bittar and R. 
tems Magazine
ang-Ok An, Ch
gnetic scale for
rnal of Applie
251-258. 
Mei, Zhiquan 

o Similar Hybr
ctronics and Ap
rong Wang, H
amic modeling
lligent Control

Banerjee, R. Bh
lectromagnetic
1, 2008, pp.33-

Banerjee, T. K. 
trol of Electro
E Transactions
. 
Banerjee, R. B
itation for a Cy

Pabit
his M
Shibp
Progr
Engin
Profe
India
includ

Subr
M.E. 
Indian
worki
institu
resear
resear
Electr

s (India) and m
7 and IBC FOR

ncy projects. D
countries in IE

diku: “Element
nd A. Basic, “E
nd load”, IEEE

M. Sales,” H
e, Vol.18, No. 4
hang-Hwan Im
r linearizing m
ed Electromag

Deng, Chengz
rid Magnetic B
pplications, ICI
Hong Xu, Jian
g of force for m
l and Automati
haduri and D. P
c levitation sys
-48. 
Sunil Kumar,

omagnetically 
s on Control Sy

Bhaduri, P. Bi
ylindrical Rod”

tra Kumar Bi
ME. Degree 
pur,Howrah, W
rammed under
neering, NIT, 
essor in electric
. He has total 
de Electromagn

ata Banerjee
(Electrical Ma
n Institute of T
ing as an ass
ute of technol
rch papers in N
rch interest inc
ronics. He is a

member of IEEE
REMOST Eng
Dr. Banerjee 

EEE conference

ts of Electroma
Electroperman

E Trans. on Ma

H2 and H. con
4, Aug.1998, p

m, Chang-Hwan
magnetic flux 
gnetics and M

zi Liu “A 5-DO
Bearings”, Pro
IEA 2009, pp.
n Sun, Wei W
motor in Magle
ion, WCICA 20
Prasad, “Some 
stem”, Internat

 J. Pal and D. 
Levitated Syst
ystems Techno

iswas.“Practic
”, ISIE-2011, J

swas complete
from Bengal

West Bengal,
r external reg
Durgapur, Ind
cal engineering
four years exp
netic Levitatio

was born in 19
achines) in 199
Technology, K
sociate profes
logy, Durgapu
National/Intern
cludes Control
a life member
E (USA). His B
gineers of worl
has received 

es and seminar

agnetic”, OXF
nent suspension
agnetics, Vol.3

ntrol for magl
pp.18-25. 
n Lee, Hyun-K
density and fo

Mechanics", Vo

OF Magnetic L
oc. of 4th IEE
1215 – 1219.

Wei ,”Eectrom
ev train”, Proc
008., pp. 8198 
aspects of swi

tional Journal o

Prasad, “Cont
tem by using a
ology, Vol. 16,

cal Demonstra
June 2011, Gda

ed B.Tech from
l Engineering
, India.He is
gistration at th
dia. He is pres
g in Asansol E
perience in tea
on and Power e

968. He receiv
94 and Ph.D in

Kharagpur in th
sor in electric

ur, India. He h
national Confe
l Systems, Ele
r of Systems S
Biographical in
ld-2008. He ha
some academ

rs. 

ORD Universi
n system for a
1, No.6, Nov.1

lev vehicles”, 

Kyo Jung,”Opt
orce’, Proc. in
olume 18, Nu

Levitation Moto
EE Conference

magnetic field
c. of 7th Worl
– 8202. 

itching power 
of Power Elec

troller Design f
an Optimizatio
 Issue 3, May,

ation of an El
ansk, Poland. 

m WBUT, Indi
g and Scienc
s presently p
he department
sently working
Engineeng Col
aching. His res
lectronics & D

ved B.E. (Elect
n Electrical Eng
he year 2005. H
cal engineerin
has published 
erence Records
ectrical Machn
Society of Ind
nclusion is in M
as worked man
mic awards an

ity press. 
cquiring large
1995, pp.4193-

IEEE Control

timal design of
n International
umber 4/2003,

or System with
e on Industrial

d analysis and
d Congress on

amplifier used
ctronics, Vol.1,

for Large-Gap
on Technique”,
 2008, pp.408-

lectromagnetic

ia. He received
ce University,
perusing PhD.
t of Electrical
g as a Asistant
llege, Asansol,
search interests
Drives. 

trical) in 1989,
gineering from
He is presently
ng in national

a numbers of
s/Journals. His

nies and Power
dia, Institute of
Marquis Who’s
ny research and
nd has visited

e 
-

l 

f 
l 
, 

h 
l 

d 
n 

d 
, 

p 
, 
-

c 

d 
, 
. 
l 
t 
, 
s 

, 
m 
y 
l 
f 
s 
r 
f 
s 
d 
d 

P. K. Biswas, et al.

230


