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Abstract. This paper presents a comparative study on the design, modelling, electromagnetic analysis based
on finite-element software, fabrication and experiment on rectangular flat (148 g) and C-shaped (148 g) levitation prototypes based on steel plates. No mechanical restrainer has been used in the transverse direction for the
levitation. This aspect of the work is an improvement over existing work reported in the published literature. The
entire set-up has been designed, fabricated, analytically investigated and experimentally evaluated and verified.
The finite-element model (FEM) has been derived using standard commercial package(s). The analytical model
has been obtained using specific permeance concepts following Robert Pohl’s method. Excellent correlation
between the predicted and experimental results is a highlight of the work. The stability against transverse
mechanical perturbation has also been investigated. Control system design and implementation is successfully
done.
Keywords. Lead compensator; coil design; analytical modelling; FEM analysis; permeance; stability analysis;
position sensor.

1. Introduction
This paper presents the design, finite-element (FE) analysis,
modelling, set-up fabrication, controller implementation
and successful levitation of different cuboid objects at a
nominal operating gap of 8 mm. The idea of all levitation
applications is the lack of mechanical contact, which
eliminates friction, enhances efficiency, brings down
maintenance costs and increases the life of the system [1].
Recent technological advances have brought back focus on
the applications of electromagnetic suspension and levitation techniques. They include levitated transportation,
magnetic bearings for rotating machinery, etc. [1–4].
Earnshaw [5] had first presented investigations leading to
possibility of levitation.
A design of a magnetic levitation control system has
been presented by Wong [6]. Moon [7] discusses superconducting levitation, applications to magnetic bearings
and transportation. A general survey of the possible applications and development of magnetic levitation technology
has been presented by Rogg [8]. Pal et al [9] have discussed
a unifying approach for development of magnetically suspended vehicles using controlled DC electromagnets
(EMs). However, a mechanical stop is used to restrain the
transverse movement along x and y directions. Morishita
*For correspondence

and Azukizawa [10] have discussed zero-power control
method for electromagnetic levitation systems (EMLSs).
Design and implementation of a controller for a magnetic
levitation system has been presented by Shiao [11]. However, analytical modelling is not addressed in any of the
available literature on electromagnetic levitation.
A study of attraction-type magnetic levitation system
with three AC EMs has drawn attention by the work of
Chen and Tsukamoto [12], but no comparative study is
done for different levitation prototypes. Moriyama [13] has
discussed an AC magnetic suspension using a differential
feedback power amplifier. Tsukamoto et al [14] have presented a new magnetic levitation system with AC magnets
but the transverse movement is kept out from the scope of
the work. The EMLS by means of salient-pole-type magnets coupled with laminated slotless rails has been discussed by Yamamura and Yamaguchi [15]. However, no
study of motion in the transverse direction is mentioned.
Though a method to control the suspension system utilising
magnetic attractive force has been presented by Matsumura
and Yamada [16], no study on validation of analytical,
practical and simulation results is presented. Digital control
implementation of a magnetic suspension system for laboratory experiments has been discussed in [17]. [18] presents a review of literature on electromagnetic suspension
and levitation techniques have been presented. Hence,
many exciting works have been presented by many. A
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review of the exciting literature reveals that though many
interesting works have been presented, effects of change of
dimensions and shape of the levitated object on its levitated
position and on controller design have not been studied.
Also, for the same levitating coil, the effects due to small
perturbations on different-shaped levitated objects have not
been reported in the published literature. A thorough
modelling of mathematical analysis and the magnetics in a
levitation system EMLS is also not available in the existing
literature. This work aims to focus on these issues.
This work also presents the parameter evaluation for the
levitation system using conventional methods and then using
finite-element model (FEM)-based calculations for two different-shaped objects. It includes investigations on stability
with regard to mechanical perturbations of position along
x (transverse) and z (vertical) axes. The challenges of the
design and implementation in the present arise particularly
from the absence of spherical symmetry in the levitated
object [2, 3, 19] with respect to the spherical ball levitation
experiment [20]. The simplicity of steel ball system lies in the
fact that the steel ball has spherical symmetry. On the other
hand the steel plate is geometrically mutually asymmetric in
the x–y–z directions with respect to the field lines. This
implies that one might have to try and implement separate
control action along the different axes. Feedback sensors are
installed in all the directions around the levitated object to
apply three-degree freedom control. The control attempted is
more involved than the set-ups described in [2, 3, 19] for
reasons discussed earlier. Unlike [19], where a mechanical
restrainer was used to prevent transverse or longitudinal
movement of the levitated plate, here the same is achieved in
the x-direction by an additional control loop and proper
feedback arrangement. Some authors have used more
involved techniques for controlling the air-gap of an EMLS
[5–7]. This work presents a simpler yet reliable control
strategy for the levitation prototypes.
The paper is organised as follows. Section 2 describes
the analytical modelling of the system, FE analysis and
parameter evaluation, while section 3 covers system modelling in z-direction. Section 4 presents modelling of
mechanical perturbation dynamics in x-direction. Stability
studies have been presented in section 5. The controller
design, feedback sensing and experimental waveforms are
included in section 6. Sections 7 and 8 present the concluding remarks and acknowledgements, respectively.

2. Analytical modelling
The proposed magnetic levitation system for the rectangular shaped plate is shown in figures 1 and 7. Figures 2
and 8 show the C-shaped plate. It is assumed that all the
flux generated by the EM passes through the iron guideway (figures 3 and 4). The instantaneous coil inductance
may be expressed as [1]
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Figure 1. A 3D view of the model for the rectangular steel plate.

Figure 2. A 3D model of the set-up for the C-shaped plate.

Figure 3. Plot of H vectors of the model at the operating current
of 0.7 A for the rectangular steel plate (FEM analysis).

LðzÞ ¼

N
N2
UT ¼
¼ ðN 2 PÞ
i
RT

ð1Þ

where N is number of turns of the coil, i is instantaneous
current through the coil, UT is total flux in the magnetic
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Figure 4. Plot of H vectors of the model at the operating current
of 0.8 A for the C-shaped plate (FEM analysis).

circuit, RT is total reluctance of the entire magnetic circuit,
P is permeance and x is displacement in the x-direction.
Here, for the first time in published technical literature on
levitation, the authors have extended a method of permeance evaluation in doubly salient structures (originally due
to Robert Pohl for inductor alternators) [21] and later on
used in other SR machines [22]. In the following formulation choice, the angle b is critical and is guided by the
original work by Pohl [21]. It is seen that this method,
applied here, gives very accurate analytical results. This is a
significant contribution of this work (figures 5, 6, 7 and 8).
The instantaneous flux linkage due to the EM, in
dynamic condition, can be written as
w ¼ Li ¼ N/

ð2Þ
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Figure 7. A photograph of the laboratory-developed prototype
for the levitation of the rectangular steel plate.

Figure 8. A photograph of the laboratory-developed prototype
for the levitation of the C-shaped plate.

Hence, the instantaneous voltage across the magnet coil can
be expressed as
dw
dt

ð3Þ

dw
(Faraday’s law)
dt

ð4Þ

v ¼ Ri þ
where
D

emf e¼ 

Following Ampere’s circuital law in magnetics
Figure 5. Rectangular shaped steel plate (148 g).

Hcore lcore  Hair lair ¼ Ni:

ð5Þ

Putting B ¼ lH in (5), we get
Bcore
Bair
lcore þ
lair ¼ Ni:
lcore
lair
Also, / ¼ BA. Thus
/core lcore /air lair
þ
¼ Ni
lcore Acore lair Aair
or
/core Rcore þ /air Rair ¼ Ni:
Figure 6. C-shaped steel plate (148 g).

ð6Þ
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Neglecting leakage and fringing, /core ¼ /air ¼ /:
/ðRcore þ Rair Þ ¼ Ni:
Assuming that the ferromagnetic core is unsaturated,
Rair [ [ Rcore . Hence, neglecting Rcore , the instantaneous coil inductance is written as
LðzÞ ¼

N
N2
UT ¼
¼ ðN 2 PÞ:
i
Rair

ð7Þ

In the subsequent steps, the authors have applied Pohl’s
method [21, 22] to this doubly salient levitation structures
(not found elsewhere in the published literature on
EMLSs). In this method, the region under a pole pitch is
subdivided into a number of zones depending on variation
in geometry. Let us refer to figure 9, showing a cross section of the C-shaped EM levitation set-up with the plate
displaced in the transverse direction to the left from its
desired stable levitated position. In zone-1 the flux lines
face the slot portions of the EM, the mechanical air-gap of
length z0 and then the plate. In zone-2 the flux lines
negotiate only the mechanical air-gap clearance ðz0 Þ with
EM and plate ferromagnetic parts falling on both sides. The
flux lines being normal to ferromagnetic surfaces, the flux
lines shall consist of parallel arcs of circles (arc angle b)
and straight line portions as shown in figure 9. A remarkable observation made by Pohl was that for different ranges
of slot width to gap-length ratio (gs ranges like
s
s
g  10; 10  g \100, etc.) the angle b remained phenomenally constant at values like 1.05 or 1.1 radians and gave
accurate results comparable to those obtained by conformal
mapping.
Considering figure 9 (rectangular flat plate), the flux flow
area has been divided into six zones (1–6).
Now, permeance is given by
l A
P¼ 0
l
where A is the cross sectional area and l is the magnetic
path length. The permeance P for each zone shall be

calculated by integrating infinitesimal dPs. The width of
each flux tube is dx, and it runs along the length of the plate
perpendicular to the plane of this paper. Thus, dA ¼ wdx
where w is the linear dimension of the plate in the y-direction (perpendicular to the plane of this page). The flux
path length in zone-1 is the arc length bx plus the length z
of the straight line portion. Using Pohl’s method, the permeance for zone-1 due to the displacement of x in transverse movement ðP 1 Þ can be written as
Z x
dx1
P 1 ¼ l0 w
ðz
þ
bx1 Þ
0
ð8Þ

l w
b 
or P 1 ¼ 0 ln 1 þ x :
b
z
Similarly, permeance for zone-2 ðP 2 Þ is given by
P2 ¼

l0 wa
:
z

ð9Þ

Again, permeance for zone-3 ðP 3 Þ is given by
ðb2xÞ

dx1
ðz
þ
bx1 Þ
0
n
o

l w
b b
x :
P 3 ¼ 0 ln 1 þ
b
z 2
P 3 ¼ l0 w

or

Z

ð10Þ

For zone-4, P 4 can be written as follows:

or

Z

ðb2þxÞ

dx1
ðz
þ
bx1 Þ
0
o
l0 w n
bb
ln 1 þ
þx :
P4 ¼
b
z 2

P 4 ¼ l0 w

ð11Þ

Also, permeance for zone-5 ðP 5 Þ can be expressed
simply as
P5 ¼

l0 wða  xÞ
z

while permeance for zone-6 ðP 6 Þ is given by
Z x
dx1
P 6 ¼ l0 w
0 ðz þ bx1 Þ
l0 w 
b 
ln 1 þ x ;
or P 6 ¼
b
z
RT ¼

1
1
þ
;
ðP 1 þ P 2 þ P 3 Þ ðP 4 þ P 5 þ P 6 Þ

1
;
RT
PT ¼ ðP 1 þ P 2 þ P 3 Þ k ðP 4 þ P 5 þ P 6 Þ;

ð12Þ

ð13Þ

ð14Þ

PT ¼

ð15Þ

LðzÞ ¼ ðN 2 P T Þ:

Figure 9. Analytical model for the rectangular flat plate.

It may be worthwhile to mention here that the expressions for the different zones may juxtapose amongst
themselves, but the net permeance expression remains
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unchanged whether the plate gets shifted to the right or to
the left under horizontally perturbed/ displaced condition.
Of course, stable levitation is achieved at a symmetric
position.
Considering figure 10 (C-shaped plate), the cross sectional
area has been divided into nine zones (1–9). Using Pohl’s
method, the permeance for zone-1 can be written as (figure 10)
Z x
dx1
P 1 ¼ l0 w
0 ðz þ bx1 Þ
ð16Þ
l0 w 
b 
ln 1 þ x :
or P 1 ¼
b
z

Page 5 of 18
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Similarly, permeance for zone-2 ðP 2 Þ is given by
P2 ¼

l0 wða  xÞ
:
z

Again, permeance for zone-3 ðP 3 Þ is given by
Z x
dx1
P 3 ¼ l0 w
0 ðz þ bx1 Þ
l w 
b 
or P 3 ¼ 0 ln 1 þ x
b
z
while, for zone-4 ðP 4 Þ, it can be written as
Z ðbxÞ
2
dx1
P 4 ¼ l0 w
z
þ
bx
þ
bðx þ x1 Þ
1
0
o
l0 w n
2b  b
ln 1 þ
x :
or P 4 ¼
2b
ðz þ bxÞ 2

ð17Þ

ð18Þ

ð19Þ

Similarly, permeance for zone-5 ðP 5 Þ is given by
P5 ¼

n
bðb  xÞ o
l0 w
ln 1  2
:
z þ bb
ðz þ bbÞ

ð20Þ

Also, permeance for zone-6 ðP 6 Þ can be expressed simply
as

Figure 10. Analytical model for the C-shaped plate.

or

Z

ðb2xÞ

dx1
z
þ
bx
þ
bðx þ x1 Þ
1
0
n
o

l w
2b
b
x
P 6 ¼ 0 ln 1 þ
2b
ðz þ bxÞ 2

P 6 ¼ l0 w

while permeance for zone-7 ðP 7 Þ is given by
Z x
dx1
P 7 ¼ l0 w
0 ðz þ bx1 Þ
l0 w 
b 
ln 1 þ x :
or P 7 ¼
b
z

ð21Þ

ð22Þ

Again, permeance for zone-8 ðP 8 Þ is given by
P8 ¼
Figure 11. Inductance profile obtained by different methods for
the rectangular flat steel plate.

l0 wða  xÞ
z

while, for zone-9 ðP 9 Þ, it can be written as
Z x
dx1
P 9 ¼ l0 w
0 ðz þ bx1 Þ
l0 w 
b 
ln 1 þ x ;
or P 9 ¼
b
z

ð23Þ

ð24Þ

1
1
þ
;
ðP 1 þ P 2 þ P 3 þ P 4 Þ ðP 5 þ P 6 þ P 7 þ P 8 þ P 9 Þ
1
PT ¼
;
RT
PT ¼ ðP 1 þ P 2 þ P 3 þ P 4 Þ k ðP 5 þ P 6 þ P 7 þ P 8 þ P 9 Þ;

RT ¼

Figure 12. Inductance profile for C-shaped steel plate obtained
by different methods.

LðzÞ ¼ ðN 2 P T Þ:
ð25Þ
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Table 2. Coil design specifications (corresponding to figures 1,
2, 7 and 8)

Figure 13. Comparison of inductance profile for rectangular flat
and C-shaped plate obtained using Pohl’s method.

Table 1. Levitation prototype specifications (corresponding to
figures 7 and 8)
Parameters and values for rectangular shaped flat plate and values
for C-shaped plate.
Mass (m)
Air-gap (z0 )
Levitation force by EM (F)
Coil resistance (R)
Coil current (i0 )
Coil inductance (L0 )
Sensitivity of proximity sensor (B)

148 g
8 mm
1.45 N
11 X
0.7 A
0.06 H
1 v/mm

148 g
8 mm
1.45 N
11 X
0.81 A
0.05 H
1 v/mm

The inductance profile [1] is shown in figures 11 and 12 for
the rectangular and C-shaped plates, respectively, where
experimental result, analytical result (Pohl’s method) figure 13
and simulated results are found to be in very close agreement.
As expected, the inductance profile shows an inverse relation
with displacement in all cases. This approach of finding
inductances in EM applications, by applying Pohl’s method, is
novel and is claimed as a significant contribution of this work.
From the inductance profile in figure 11, it is observed that
stable levitation is possible at 8 mm gap for both the objects.
Hence, the system is modelled by linearising the same about
the stable operating point (air-gap of z0 = 8 mm).
The details for the prototype are given in table 1 and EM
coil specifications are shown in table 2. The relation
between the air-gap length and the current through the coil
is linear, since
/¼

Ni
R

or i ¼

R
lg 1
/¼
/
N
lp N

Levitated force (F)
Number of turns (N)
Current rating (I)
Area of the stack ðAs Þ
Length of the stack ðLs Þ
Width of the stack ðWs Þ
No. of stacks
Wire gauge
Current density of the wire gauge
Area of the gauge ðAg Þ
Diameter of the wire gauge ðAg Þ
Area of the coil ðAc Þ
Length of the coil ðLc Þ
Turns per layer
No of layers
Inner diameter
Outer diameter
Cu mass density
Mean diameter
Mean turn length
Net length
Volume of the coil
Mass of the coil
Mass of the core
Mass density of the CRGO core
Total mass of the electromagnet

1.48 N
1000
2A
2:47  103 m2
0.056 m
0.044 m
110
24 SWG
5 A/mm2
0.559 106 m2
0:843  103 m
7.15 104 m2
0.044 m
36 (Assuming
window factor 0.8)
28
0.044 m
0.023 m
8.94 g/cm3
0.0335 m
0.21 m
210 m
1.17 104 m3
1049 g
343 g
7600 kg/m3
1.343 kg

Figure 14. Force constant (C) obtained analytically for the flat
rectangular plate and C-shaped plate.

ð26Þ

as the ferromagnetic parts are for the later calculation
(figures 14, 15, 16, 17 and 18).

3. System modelling in z-direction
The force of attraction between the rectangular ferromagnetic mass and the EM is given by [1]

Figure 15. Force constant (C) obtained experimentally for the
flat rectangular plate and C-shaped plate.
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 i 2
d1
LðzÞiðzÞ2 ¼ C
N
dz 2
z

ð27Þ

where the force constant C is given as
C¼

Figure 16. Force constant C obtained analytically and experimentally for the flat rectangular flat plate.

Figure 17. Force constant C obtained analytically and experimentally for the C-shaped plate.

Figure 18. Plot of B vectors of the model at the operating current
of 0.7 A for the rectangular steel plate (FEM analysis).

Figure 19. Practical force profile at the operating current of 0.7
A (rectangular shaped plate).

L0 z0
:
2

ð28Þ

When the plates are symmetrically placed at the nominal
levitated position, figures 7 and 8 show photographs of the
two set-ups. Also, figures 9 and 10 present sketches of
transverse views of the coil–plate assembly in the two
cases. The vertical direction is the z-direction mentioned
earlier.
Analytical calculations have been shown following
Pohl’s method. It has been mentioned that the system(s) has(have) been analysed using standard commercially available FE-software packages. Experiments were
also conducted and force was plotted against vertical displacement. Figures 19 and 20 show the simulated and
experimental force vs. z plots. They are found to be in good
agreement. This is justified by figure 19 (experimental) and
figure 20 (simulated) plots for the rectangular steel plate.
The same exercise was repeated for the C-shaped plate.
Figures 21 and 22 show experimental and simulated force vs.
air-gap profile at the the operating point (C-shaped plate). The
analytical calculation also matches very well with the practical
results for both the objects (figures 23 and 24). Thus, at a gap

Figure 20. Simulated force profile at the operating current of 0.7
A (rectangular shaped plate).

Figure 21. Practical and analytical force profile at the operating
current of 0.8 A (C-shaped plate).
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of 8 mm the simulated force value is 1.5 N (figure 20) while
the experimental value is 1.45 N (weight of the body) in
figure 19 at the operating current of 0.7 A for the rectangular
steel plate. Also, at a gap of 8 mm the simulated force value is
1.5 N (figure 22) while the experimental value is 1.45 N
(weight of the body) in figure 21 at the operating current of
0.8 A for the C-shaped plate. The initial practical tests and
FEM analysis validate that at operating point of 8 mm the
force is 1.45 N (mg). Let us assume that the plates are at their
nominal levitated position (without any transverse shift in the
x-direction). The electro-mechanical equations of the system
under such a condition are given by

Figure 22. Simulated force profile at the operating current of 0.8
A (C-shaped plate).

m

d2 z
¼ mg  F;
dt2

Ri þ L

Figure 23. Analytical force profile of the rectangular and
C-shaped plate at the operating current.

di
¼ v:
dt

ð29Þ
ð30Þ

It may be mentioned here that the stable operating point is
at z0 ¼ 8  0:5 mm, which represents the tolerance band.
Any perturbation that may cause the plates to be displaced
by amounts more than this will destabilise the plate(s). This
study is significant in understanding the limits of mechanical disturbances allowable in the vertical direction.
Depending on the application, appropriate mechanical stops
or buffers may be used beyond the zones of stable perturbation in the z-direction (dz). Similarly, there may be
mechanical disturbances in the transverse direction (x). The
following section presents a relevant study with respect to
the same. It may be recalled here that since the present
study does not consider propulsion, a movement in the ydirection is physically prevented using mechanical stops.

4. Modelling of mechanical perturbation dynamics
in x-direction

Figure 24. Practical force profile of the rectangular and
C-shaped plate at the operating current.

Figure 25. Restoring force (F) due to disturbance along xdirection.

When disturbance is applied along x axis (as shown in
figure 25) a restoring force (F) is developed. The x-component (Fx ) of this force tends to bring the object back to its
previous position.

Figure 26. Analytical inductance plot for the displacement in xdirection (rectangular steel plate) obtained using Pohl’s method.
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From figure 25, the net displacement of the object can be
described as follows:
! ! !
ds ¼ dx þ dz
! ! !
AB ¼ x þ z
o

! ! !
A1 B ¼ AB þ dx
!
¼!
x þ!
z þ dx
o

! ! ! !
dAB ¼ A1 B  AB ¼ dx
!
!
where dx is small deviation vector in x-direction, dz is
!
small deviation vector in z-direction, AB is the initial
!
displacement vector and A1 B is the final displacement
vector after small perturbation.
At a vertical separation corresponding to the stable levitated position, z0 , these equations for displacement along xdirection can be modelled.
The restoring force can be defined as [23]

dWf AB
!
:
FAB ¼ 
dAB

ð31Þ

The restoring force along x-direction can be expressed as
(figure 25)
jFj ¼

Figure 27. Analytical inductance plot for the displacement in xdirection (C-shaped plate) obtained using Pohl’s method.

Figure 28. Simulated plots of Lx vs. x for rectangular plate
obtained from 3D FEM analysis.

WfA1 B  WfAB
dAB

or
Fx ¼

WfA1 B  WfAB
:
dx

ð32Þ

The rate of change of energy stored in the magnetic circuit
is


dð12 Li2 Þ
1
di
2 dL
¼  2Li þ i
Fx ¼ 
:
dx
2
dx
dx

ð33Þ

Mechanical energy transferred = electrical energy input ?
rate of change of energy stored in the magnetic circuit. In
FEM analysis the current is considered as constant (operating current of 0.7 A for flat rectangular plateand 0.8 A for
C-shaped plate as given in table 5). Hence,

di
dx

Figure 29. Simulated plots of Lx vs. x obtained from 3D FEM
analysis for C-shaped plate.

term is

considered as zero in FEM analysis.
The inductance variations (Lx ) for displacement in x-direction at different z values as obtained using Pohl’s
method are shown in figures 26 and 27, respectively, for the
flat rectangular and C-shaped plates; the corresponding
FEM simulated inductance plots (Lx ) are shown in figures 28 and 29, respectively. Flux linkage (wx ) vs. displacement plots for the two objects (at different z values)
are shown in figures 30 and 31.

Figure 30. Simulated flux linkage (w) vs. x plots for rectangular
steel plate.
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Figure 33. Simulated plots of

dL
dx

vs. x for C-shaped plate.

Figure 31. Simulated flux linkage (w) vs. x plots for C-shaped
plate.

Figure 32. Simulated plots of dL
dx vs. x for rectangular steel plate.
Figure 34. Restoring force for the displacement in x-direction
from analytical model (rectangular shaped flat plate).

From the FEM analysis and using curve fitting techniques, the polynomial function of inductance along x-direction can be expressed as
Lx ¼ A þ Bx þ Cx2 ;

ð34Þ

dL
¼ ðB þ 2CxÞ:
dx

ð35Þ

Restoring force

Fx ¼ 

i2
ðB þ 2CxÞ
2

ð36Þ

where constants A  C at different z are shown in table 3. dL
dx
plots at different z for rectangular plate and C-shaped plate

Table 3. Constraints of polynomials function (Lx ) along x-direction as obtained from FEM analysis (figures 28 and 29)
Air-gap (mm)

A

Flat rectangular plate
6
6:9938  102
8
6:3369  102
10
6:1848  102
C-shaped plate
6
6:5372  102
8
6:0088  102
10
5:8004  102

B

C

1:5402
3:4524  102
1
9:5430  10
3:6328  102
1:0960
1:6882  102
1:7460  101 3:2262  102
9:899  101 3:0754  102
3:2032  101 2:7688  102

Figure 35. Restoring force for the displacement in x-direction
from analytical model (C-shaped plate).

are shown, respectively, in figures 32 and 33; the restoring
force (F) along x-direction for the two objects are shown in
figures 34 and 35, respectively.
The electro-mechanical equation of the system in the xdirection is given as
m

d2 x
dx
þ k ¼ Fx :
dt2
dt

ð37Þ

Substituting for Fx in (34), this equation can be written as

Sådhanå (2020)45:53
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5. System stability analysis
5.1 Flat rectangular plate levitation system
The mechanical dynamics of the system is non-linear as
found from (29). The equations are therefore linearised
around the operating point z0 . On taking the Laplace
Transform, the transfer function of the electrical system for
the rectangular steel plate G1 ðsÞ becomes
G1 ðsÞ ¼

DIðsÞ
1
1
¼
¼
:
DVðsÞ R þ sL 11 þ 0:06s

ð39Þ

After linearising (29), the transfer function G(s) becomes
GðsÞ ¼

Figure 36. Root locus plot of the open loop system (rectangular
plate levitation).

DZðsÞ
kz0
¼ 2
:
DIðsÞ
ms z0  ki0

ð40Þ

Thus
k¼

2Ci0
:
z20

ð41Þ

Substituting the values from table 1 in (41), we get k = 3.76
for the rectangular plate and 3.47 for the C-shaped plate.
Hence, at the desired levitated position, the transfer function G3 (s) becomes (rectangular steel plate)
G3 ðsÞ ¼

Figure 37. Root locus plot of the open loop system (C-shaped
plate levitation).

m

d2 x
dx
i2
¼

½B þ 2Cx
þ
k
1
dt2
dt
2

ð38Þ

where i is constant for a fixed air-gap, k dx
dt is air resistivity
force and k1 is air resistivity constant.
The perturbed model has been verified with 60%
deflection of total length (45 mm) along x-direction through
FEM analysis.

DZðsÞ
25
¼
:
DIðsÞ ðs þ 47Þðs  47Þ

ð42Þ

After linearising the model about the operating point ðz0 = 8
mm) from (42), the plant has one stable pole at s = –47 and
an unstable pole at s = 47 for the flat rectangular plate. The
next objective is to design a phase lead compensator so that
the overall closed loop system is stabilised. The pole and
zero are to be placed on the negative real axis and there are
many possible pole–zero locations for stabilising the system (figures 36 and 37).
The small-signal Simulink model of the overall closed
loop system during stable levitation for the rectangular flat
plate is shown in figure 38. The open loop poles for the
rectangular plate levitation system are shown in the rootlocus plot (figure 36). The closed loop stable roots for gain

Figure 38. Block diagram of the closed loop system (rectangular steel plate).

53

Page 12 of 18

Sådhanå (2020)45:53

Figure 39. Root locus plot of the closed loop system at gain 6
(rectangular plate levitation).

Figure 40. Root locus profile of the complete system at gain 6
(C-shaped plate levitation).

Figure 41. Frequency response plot of the inner current loop
(rectangular plate levitation).

Figure 42. Frequency response plot of the overall closed loop
system (rectangular plate levitation).

(=6) are shown in figure 39. These poles are at 289 
i408; 411; 57; 25 for the rectangular plate (figure 40).
The transfer function of the coil at z0 (= 8 mm) gap for
the rectangular plate is given by
G1 ðsÞ ¼

1
1
¼
:
R þ sL 11 þ 0:06s

From the phase angle criterion, we can write
 K 
P
 90 þ tan1 wg
 tan1 ð5:73  103 wg Þ
KI
þ 180 ¼ /

1þ

5:45KI

ð43Þ

For designing the current controller (PI) type, the innermost current loop is considered separately for both objects.
The loop gain of the current loop can be written as (rectangular plate)

KI 
1
GHi ðsÞ ¼ KP þ
:
s ð11 þ 0:06sÞ

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

ﬃ

ð44Þ

where / is the phase margin (PM) and wg is the gain
crossover frequency. From the magnitude criterion we get

2

wg

ð46Þ

1
 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ¼ 1:
1 þ ð5:73  103 wg Þ2
Assuming PM is 60 at a gain crossover frequency of 100
Hz (allowable vibration frequency is 10 Hz), KP and KI
values are obtained, respectively, as 9.4 and 6180 for the
rectangular steel plate. The transfer function of the
designed current controller is therefore given by Gc ðsÞ ¼
9:4ðsþ657Þ
s

ð45Þ

wg KP
KI

for the rectangular steel plate. The Bode plot of the
inner loop (figure 41) also shows that PM is 60 , which
matches with the design. Frequency response plot of the
overall closed loop system with the lead compensator is
shown in figure 42 for the rectangular plate. The overall
closed loop system has a gain margin of 56.4 dB for the
rectangular plate levitation (figure 42).
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Figure 43. Simulink diagram of the complete system (C-shaped plate).

Figure 44. Frequency response plot of the inner current loop (Cshaped plate levitation).

Figure 45. Frequency response plot of the complete system (Cshaped plate levitation).

5.2 C-shaped plate levitation system
The transfer function of the electrical system for the Cshaped plate G2 ðsÞ becomes
G2 ðsÞ ¼

DIðsÞ
1
1
¼
¼
:
DVðsÞ R þ sL 11 þ 0:05s

ð47Þ

Also, the transfer function of the mechanical system G4 (s)
for the C-shaped plate levitation system becomes
DZðsÞ
23
¼
:
G4 ðsÞ ¼
DIðsÞ ðs þ 49Þðs  49Þ

G2 ðsÞ ¼

1
1
¼
:
R þ sL 11 þ 0:05s

ð49Þ

The loop gain of the current loop can be written as (Cshaped plate)

KI 
1
GHi ðsÞ ¼ KP þ
:
s ð11 þ 0:05sÞ

ð50Þ

From the phase angle criterion, we can write
ð48Þ

After linearising the model about the operating point ðz0 = 8
mm) from (48), the plant has one stable pole at s = –49 and
an unstable pole at s = 49 for the C-shaped plate. Figure 43
shows the simulink model, and figure 37 presents the root
locus plot for the C-shaped plate case. The closed loop
stable roots for gain (=6) are shown in figure 40. These
poles are at 310  i426; 400; 60; 13 for the Cshaped plate. Similarly, the transfer function of the coil at
the same nominal operating point (z0 ¼ 8 mm) for the Cshaped plate is given by

 K 
P
90 þ tan1 wg
 tan1 ð4:63  103 wg Þ þ 180 ¼ /:
KI

ð51Þ
From the magnitude criterion, we get
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ

ﬃ
1þ

5:45KI

wg KP
KI

2

wg

1
 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ ¼ 1:
1 þ ð4:63  103 wg Þ2

ð52Þ
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Table 4. Levitation prototype specifications
Parameters

Rectangular steel plate

C-shaped plate

Mass
Levitation force by EM
Operating air-gap
Coil current
Coil inductance
Inductance at operating point (table 6)
Additional inductance contributed by
ferromagnetic object
Force constant
Force constant
Coil resistance
DC gain of the system
Mechanical dynamics

m
F
z0
i0
Lcoil
Lz0

148 g
1.45 N
8 mm
0.7 A
0.02 H
0.06 H

148 g
1.45 N
8 mm
0.81 A
0.02 H
0.05 H

L0
C-analytical
C-practical
R
K
G1 ðsÞ

0.043 H
1.72 104 Hm
1.89 104 Hm
11 X
25

0.03 H
1.21 104 Hm
1.42 104 Hm
11 X
23

Electrical dynamics

G2 ðsÞ

Position controller (lead compensator)

C1 ðsÞ

Current controller (PI)

C2 ðsÞ

25
ðsþ47Þðs47Þ
1
ð11þ0:06sÞ
4ðsþ45Þ
ðsþ450Þ
9:4ðsþ657Þ
s

23
ðsþ49Þðs49Þ
1
ð11þ0:05sÞ
4ðsþ45Þ
ðsþ450Þ
7:5ðsþ725Þ
s

–183, –47, ?47
–310±i426, –400, –60, –13
56.4 dB

–174, –49, ?49
–289± i408, –411, –57, –25
57.9 dB

Open loop poles of the plant
Closed loop poles of the overall system
Gain margin of the overall system (GM)

6. Controller design and feedback sensing
for experimental set-up

Figure 46. Fabricated mechanical set-up (CAD drawing).

Assuming PM is 60 at a gain crossover frequency of 100
Hz (allowable vibration frequency is 10 Hz), KP and KI
values are obtained, respectively, as 7.5 and 5440 for the Cshaped plate. The transfer function of the designed current
for the Ccontroller is therefore given by Gc ðsÞ ¼ 7:5ðsþ725Þ
s
shaped plate. The Bode plot of the inner loop (figure 44)
also shows that PM is 60 , which matches with the
design. Frequency response plot of the overall closed loop
system with the lead compensator is shown in figure 45 for
the C-shaped plate. The overall closed loop system has a
gain margin of 57.9 dB. As regards stability aspect,
C-shaped plate is slightly more stable than the flat rectangular plate.

The present prototypes (table 4) consist of a single horizontal coil wound around C-shaped laminations so that the
flux lines cross the air-gap vertically and enter the plates.
For complete stabilisation of the rectangular levitated plate
there is a need to control positions in all the directions (x, y,
z) as discussed earlier. Obviously, control in three independent axes is not possible by only one single controller.
However, electromagnetically speaking, the flux lines in the
three axes are of a coupled set of functions affected by the
mmf of the coil and the permeance and hence the shape of
the levitating ferromagnetic object and the rest of the
structure. Also, the magnetic flux path nature is completely
isotropic.
Thus, without going into mathematical rigor of the
coupled set of equations, it may be notionally inferred that a
change of position in one axis does affect the flux linkage
distribution, with the levitated object, in all the directions.
It may be therefore interesting to experimentally try and
generate a feedback control signal from a weighted combination of sensed position-dependent signals of all the
three axes and use the same to achieve stable levitation at
(and in very close proximity of) the nominal operating
point. It is with such a notion that this simple approach is
adopted as an attempt to reduce the system complexity.
Let w1 ; w2 ; w3 ; w4 ; :::; wM be the nonzero weights at different points for the rectangular plate and
x1 ; x2 ; x3 ; x4 ; :::; xM be the corresponding distance from the
centre of gravity. Then the centre of gravity is given by

Sådhanå (2020)45:53

Page 15 of 18

53

Figure 50. Steady state response of the coil current during
stable levitation (CH2) (C-shaped plate).
Figure 47. Mechanical structure of the set-up in FEM software.

Figure 48. Experimental Current vs. air-gap plot for the
rectangular shaped and C-shaped plate.

Figure 49. Steady state response of the coil current during
stable levitation (CH3) (rectangular steel plate).

xcg ¼

w1 x1 þ w2 x2 þ w3 x3 þ w4 x4 þ
þ w M xM
w1 þ w2 þ w3 þ w4 þ
þ wM

ð53Þ

The controller may be extremely sensitive to the ‘weights’
used. The xi inputs in this case are the feedback signals

Figure 51. Transient response of the coil current during
stable levitation (CH2) (rectangular steel plate).

Figure 52. Transient response of the coil current during
stable levitation (CH2) (C-shaped plate).

from the position sensing networks while the gains at the
summing blocks represent the weights.
A transistor-based amplifier circuit is tried here. The
amplifier design is done such that the nominal operating
point for achieving stable levitated position corresponds to
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Figure 53. Rectangular steel plate levitation on the laboratorydeveloped practical prototype.

a Q-point, which is located ideally at the middle of the
amplification zone. For this case, three sets of EM along
with three sets of sensors are ideally needed. The displacement in all the directions (x,y,z) with three angular
displacement (roll, pitch, yaw) are to be considered (six
degrees of freedom (DOF) control) for a rectangular
steel plate. As already mentioned earlier, the position
sensing has been implemented in three axes (figures 46
and 47).
Later, the output signal is sent through a window comparator, which detects operation at the nominal point. The
main purpose of this additional window comparator is to
create a zone of stability around the nominal operating
point. We have chosen MJE13005 as the transistor for
driving coil current. When the device operates in the linear
mode, the required operating current is 0.7 A for the rectangular steel plate levitation and 0.8 A for the C-shaped
plate levitation of the same weight figure 48. Figures 49 and
50 show the steady state response of the coil current during
stable levitation for the plate and C-shaped plate levitation,
and figures 51 and 52 show the transient response of the
coil current during stable levitation for the rectangular steel
and C-shaped plate levitation, respectively; figures 53 and
54 show clear pictures of a rectangular and a C-shaped
plate levitation on the laboratory-developed practical setup.

Figure 54. C-shaped plate levitation on the laboratory-developed
practical set-up.

Table 5. Predicted and experimental values of two different-shaped objects
Operating gap (z0 )
Rectangular steel plate
C-shaped plate

Predicted
8 mm
Predicted
8 mm

Operating current (i0 )

Experimental
9 mm
Experimental
9 mm

Predicted
0.7 A
Predicted
0.8 A

Experimental
0.64 A
Experimental
0.7 A

Table 6. Practical, analytical and simulated inductance value at the operating point
Object
Rectangular shaped plate
C-shaped plate

Experimental value

Analytical value

0.078 H
0.07 H

Simulated value

0.06 H
0.05 H

0.07 H
0.06 H

Table 7. Comparative study of flat rectangular and C-shaped plate levitation system
Parameters
Operating current (table 5)
Leakage flux
Inductance at operating point (z0 ) (table 6)
GM of the overall system (table 4)

Rectangular shaped

C-shaped

Lower
Less
Slightly more
Lower

Higher
More
Slightly less
Higher

Remarks
Required higher VA for C-shaped plate
Required lesser current for rectangular shaped plate
Effect of restoring force is less for C-shaped plate
Stability is better for C-shaped plate
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7. Conclusions
In this paper, a thorough and comprehensive comparative
study on different analytical and practical aspects of two
different plate levitation prototypes has been presented. The
complete set-ups have been designed, modelled, analysed,
fabricated and experimentally investigated for both a rectangular plate and a C-shaped plate. The authors have not used
any mechanical restrainer for the levitation of both the objects
and hence this work is an improvement compared with the
other literature. Electromagnetic analysis has been done using
available standard FEM packages (ANSYS-MAXWELL).
System parameters have been evaluated and verified through
analytical, simulation (FEM analysis) and practical results
(tables 4–7). The analytical approach adopted towards determination of variation of inductance with position (following a
method originally proposed by Robert Pohl [21] for inductor
alternators) is another significant contribution of this paper.
Both the set-up(s) have been fabricated and the experimental
results have been found to be in very close agreement with the
simulation results. Thus the theoretical analysis and experimental studies justify each other. This is a major highlight of
this work.
This paper also shows the effect of mechanical perturbations on performance for disturbances in the transverse
direction. The study is claimed as a significant addition to
the existing knowledge-base on attraction-type electromagnetic levitation. The conclusions can be drawn as follows: an approach based on permeance function is extended
here for analytical evaluation of the inductance variations.
Excellent correlation among the analytical, simulated and
measured helped develop precise levitation prototypes. The
effects of mechanical perturbation dynamics have been
studied (in both x- and z-directions for both the objects).
The authors have evaluated parameters for the transverse
disturbance, e.g. inductance plot due to transverse displacement, rate of change of inductance due to transverse
disturbance and restoring force in x-direction, analytically.
Later, the results have been verified with FEM software
packages too. Stability analysis has been done using standard simulation packages. The complete fabrication of
levitation prototypes based on a weighted analogue controller (figures 55 and 56) of both the objects has been
presented earlier. A two-loop controller, an inner loop
current controller (based on a PI controller) and an outer
loop position controller (based on a lead compensator) have
been designed and implemented on these laboratory-developed prototypes (table 4). A simpler and reliable control
strategy has been applied in this work. No mechanical
restrainer has been used in the transverse direction. This is
an improvement over the work reported in the literature. In
this work, sensors have been included in all the directions
(x, y, z) to create a zone of stability around the operating
point of 8 mm (± 0.5 mm) instead of a 0 point of stability0 at
8 mm. As all the sensor pairs are aligned in a straight line,
keeping the object in middle, and the sensors are placed at

Figure 55. Practical set-up of the rectangular steel plate
levitation prototype.

Figure 56. Full prototype of the C-shaped plate levitation set-up.

the extremities of the levitating plate, it can detect small
displacements in x or y directions.
Two attraction-type levitation prototypes have been fabricated in the laboratory, where (i) a rectangular and (ii) a
C-shaped steel plate of mass 148 g each have been successfully levitated. A good agreement between predicted and
measured parameters implies that the system modelling is
accurate. This also leads to accurate design and implementation of analogue controllers. The comparison of analytical,
practical and simulated results at the operating point for both
the objects clearly shows that the analytical model matches
closely with the practical model for both of these robust setups. Excellent correlation between the theoretical and experimental results is another highlight of this work.
It is claimed that such a detailed and point-by-point
comparative study, involving both analytical and experimental aspects, is hardly found elsewhere in the published
technical literature on attraction-type electromagnetic
levitation.
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