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Abstract—This paper presents the analyses of thrust and
normal forces of linear induction motor (LIM) segments
which are implemented in a rotating ring system. To obtain
magnetic levitation in a cost effective and sustainable way,
decoupled control of thrust and normal forces is required.
This study includes the design of a static test setup from
which the measurement results are compared and verified
with the derived analytical methods and finite element
simulations. The comparison shows significant correlation
of the thrust and normal forces as function of the slip
frequency .

Keywords—LIM, Decoupled Control, Magnetic Levitation,
Magnetic Bearing, Longitudinal End Effect, Transverse
Edge Effect, Saturation, Skin Effect.

I. INTRODUCTION

Magnetic levitation and bearing systems implementing
permanent magnets (PM) are widely accepted e.g. [1], [2].
Here, we would like to focus on a topology which does
not contain permanent magnets because of the advantages
in terms of cost reduction, ease of assembly due to the
absence of magnetic attraction forces and sustainability
due to the avoidance of rare-earth materials.

This paper presents a feasibility study of a novel
magnetic levitation system through the use of Single-sided
Linear Induction Motor (SLIM) segments implemented in
a rotating ring system. Levitation and rotation of this ring
system is realized by the SLIM segments and requires a
simultaneous, decoupled control of the generated thrust
and normal forces.

Available publications about LIMs are very diverse and
mostly written for a particular LIM with a specific
operation. This shows the importance of an analytical
model that corresponds with the SLIM under
investigation, in our case the three phase double-layer
secondary flat SLIM. A good realistic analytical model
gives a clear derivation of thrust and normal forces and
takes into account the following four effects: longitudinal
end effect, transverse edge effect, saturation and skin
effects.

Publications found about vector controlled LIMs [3]-[7]
are not sufficient enough to build an analytical model
from, none of these five papers includes all pre-described
four parasitic effects.

The next set of papers [8]-[11] discusses various ways
of decoupling the thrust and normal forces
simultancously. A control method of thrust and normal
forces using the combined power source, which has a low
frequency and a high frequency component, is proposed in
[8]. The low frequency component is used to control
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thrust force and supports the weight of the system, and the
high frequency component is used to control the normal
force. Another method [9] shows how the slip frequency
can be determined uniquely from dividing the thrust force
F, by the normal force F, according to F,/ F, = function
(fiip). From the unique slip frequency, the reference thrust
force and the air gap length, the primary current and the
power supply frequency of the LIM can be derived.

Yamamura [12] extensively discusses the double-sided
secondary flat LIM with longitudinal end effects. The
difference between the single-layer and double-layer
secondary lies in the secondary back iron. Because
Yamamura's model does not consist of a secondary back
iron no saturation is derived. Also the transverse edge
effect is not implemented in his model.

Two analytical models have been chosen to be
implemented and executed for the performance
calculation of the SLIM. The first one is based on the
theory of Gieras [13]-[14], the other one on the theory of
Boldea & Nasar [15]-[16]. Both theoretical approaches
provide solutions for the longitudinal end effects,
transverse edge effects, skin effects and saturation. Both
theories are applicable, because they are developed for the
same double-layer secondary flat SLIM.

The specifications and characteristics of the SLIM
under investigation are described in Section II. The two
analytical models, followed by a numerical model of the
SLIM are respectively discussed in Sections III and IV.
Section V describes the measurement setup, and Section
VI shows the results of the measurements and validates
them with the results of the analytical and numerical
models. Finally, Section VII gives the overall conclusions
and recommendations.

II. SPECIFICATIONS OF THE SLIM

The arc-shaped SLIM consists of a fixed primary and a
moving secondary. Fig. 1 shows the arc-shaped primary
without windings. The primary teeth and back iron are
made of 0.35 mm iron silicon laminated material M235-
35A, and has a pack of 200 laminations to prevent major
influence of eddy currents in the primary. Increasing the
number of poles will improve the force capability,
however, it will also increase the manufacturing
complexity and costs of a SLIM segment. Among these
design criteria a trade-off has been made; the SLIM is
constructed with 4 pole pairs.
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Fig. 1. Arc-shaped primary in 3D drawn model shown without the
windings

The primary windings are shown in Fig. 2. One should
notice the double layer of windings in Fig. 2(a) which
improves the magnetic flux distribution and reduces the
resistance and leakage reactance significantly. Also the
half end slots at both ends of the primary can be seen, it is
5/6 short pitched to eliminate the 5™ and 7™ order
harmonics of the induced magnetic flux density, which is
a major disturbance [17].

The total width of the primary of 120 mm is given by

summing up the primary core width Lprim of 70 mm and
the width of the end windings of 50 mm.

T

(] LR DL LY LAY ELERLEL T
| I il ] Primary core width i Primary core |
| I | | plus end windings |} | width I |

11! | i \ I
1L D '

(b)

Fig. 2. (a) Windings layout of primary in setup with double layer
windings, half filled end slots and 5/6 short pitched windings and (b) the
primary core including end windings.

The secondary of the SLIM consists of a non-
ferromagnetic high conductive Aluminum T633/80 (Also
known as AlSilMgMn) layer backed up with a
ferromagnetic steel (also known as 11SMn28) core. To
produce a high magnetic flux density from a certain
amount of current it is important to keep the height of the
air gap g as small as possible, therefore it is set at | mm.

All the parameters and dimensions of the primary and
the secondary of the SLIM are summarized in [18]. The
total length of the primary equals a length according to
[ T(2p +5/6) + w,], with pole pitch 7, number of pole pairs
p and w, the width of teeth. Fig. 3(a) illustrates the SLIM
parameters.

III. ANALYTICAL MODELS

Two analytical models based on theoretical approaches
of Gieras [13], [14] and Boldea & Nasar [15], [16] have
been implemented in Mathcad software and contain the
derivation of thrust and normal forces and the longitudinal
end effect, the transverse edge effect, skin effect and
magnetic saturation.

For a complete derivation of the formulas one is
referred to [18]. Fig. 3 shows two schematic drawings
with parameters of the SLIM which are convenient during
the derivation of the force equations. The upcoming
equations (2-5) are the same for both analytical models,
the equivalent air gap g. is given by:

ke(g+d)g+ d® — gd

e=9g @2+ & ’ (1)
t
ko= ——,
t1 — 70t (2)
4 ) wy W) wator ) *
slot slot slot
~=— ¢ = arctan —Iny/1+ [ — s
! ™ ng 2933 ( Qgt ) .
3)
g =g+d, “)

with k¢ -the Carter coefficient, t,-the primary slot pitch,
g, -the total resultant air gap and y -empirical coefficient.
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Fig. 3. SLIM parameters given by (a) 3D schematic drawing and (b) 2D
schematic cross-section

A.  Gieras Model

The approach of Gieras is based on a solution of the
two-dimensional (2D) electromagnetic field distribution.
Successively, the longitudinal End effect, the transverse
edge effect, the saturation and the impedance are derived.
With the help of Fig 4, the thrust force F; is derived, from
the primary and secondary current with the longitudinal
end effect factor according to:

I prim R])h X, I ;ec
Yy -

A ) ,
| | RZV
| |
: Uprtm § Xv 0 : E"” (1 - k”) S,
| | X,,
| |
| | N
é |

Fig. 4 Per phase equivalent circuit of the SLIM according to Gieras [13]
’ 2 I
Tph (Isee) R2V

sV
’ (5)
with I¢ a function of E,,, and primary current Iy, (Fig. 4).

t
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The normal force F, is the subtraction of the attractive
force F,, and the repulsive eddy current reaction force F,,
given by:

F?l na F??'F" (6)

The repulsive eddy current reaction force F,, increases
simultaneously with an increase in slip frequency, which
means that the total net normal force F, decreases. Finally,
the attractive and repulsive forces are:

B?
Frm = - z5 A,
dyig
Fm’ = Fr. grq s
& ™

with By, - and B, -the air gap magnetic flux density in
the x- and z-direction and A the active surface of the
primary core.

B. Boldea & Nasar Model

This approach neglects the core losses and at rated
frequency the skin effect is small, therefore X,' = 0. The
mechanical power and the secondary loss are represented
by resistances R, and R,' in Fig. 5 to take into account the
longitudinal end effect. The quasi-one-dimensional theory
includes the transverse edge effect, skin effect and
secondary saturation by means of appropriate coefficients,
implemented by equivalent secondary conductivity 6, and
equivalent gap g..

1, R, X, I, X,=0 R,

IS0 A N

MV

o2 -

(e}

Fig. 5. Per phase equivalent circuit of the SLIM according to Boldea &
Nasar [15].

This model only takes into account the fundamental
space harmonic, so the primary current sheet of becomes:

_ Mph \/Elrprim Nk,
m ®)
The derivation of the longitudinal end effect, the
transverse edge effect, the saturation and the impedance

[18] leads to the calculation of the thrust force F; and
normal force F,, according to:

1 exp((ys — F)k2pr] — 1
P = .U-n&p-}mzRf’ {_13 (exp[(73 Mj') j pr] — 1)
v If2 -

+ H; k?pr}
)
I'I"'r‘m

ge

L\\) 2pT ~
+ a,pipg. Re { j I explikz] L{fr d;r}
0 110

where a. is the equivalent width, A, - the air gap
magnetic vector potential, y; -the air gap field propagation
constant, H,, - the conventional air gap field, H, -the air gap
reaction field, J,, the current sheet density and, * - the
complex conjugate value. A complete comparison
between analytical models and FEM model is given in
[18].

Fn:

IV. NUMERICAL MODEL

Numerical models have been made with finite element
(FE) program OPERA-2D using three modules, namely
the Static Field, AC eddy current and the transient eddy
current solvers. The specifications, i.e. the dimensions and
parameters of the system given in [18], are implemented
in OPERA-2D via the pre-processor. Fig. 6 shows the
overall drawing of the SLIM, Fig. 6 (b) and (c)
respectively illustrate the SLIM zoomed in without and
with mesh. As a consequence of the 2D-FEM analysis, the
width of the SLIM is considered infinite and the primary
width L is assumed equal to the secondary width wi.
Consequently, the transverse edge effect is excluded from
the resulting final solution.

(©)

Fig. 6. (a) The overall SLIM model, (b) the SLIM zoomed in air gap
and (c) the SLIM zoomed in on air gap with mesh.

V. MEASUREMENT SETUP

A static test setup in Fig. 7 has been designed and
constructed to acquire measurement data from the SLIM.
The double layer secondary ring has a length of 1000 mm
and a radius of 801 mm. The radius of the ring has been
assembled by a steamroller, which introduces inaccuracies
in the radius. As a result, at both ends of the SLIM the air
gap is significantly bigger than in the middle and does not
match the preferably uniform height of 1.0 mm. The
average air gap height is determined with backward-fitting
of the air gap, using the analytical, equations (5) — (10),
and the numerical models.

The primary is attached to a 4 DoF piezoelectric force
sensor, i.e. the Kistler 9272, which measures the torque T,
and the three orthogonal components of force Fy, F, and
F,. The Kistler 9272 sensor has a high natural frequency
(> 4 KHz) enabling high resolution Force measurements.

(b)

Fig. 7. The static test setup shown in: (a) front view and (b) side view
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Fig. 8 shows a schematic block diagram of the
measurement setup. RMS current values from 4.15 till
6.8 A with frequency range from 0 - 200 Hz are applied
with the AC Power Amplifier (ACPA).

The output voltage of the Kistler 5019 charge amplifier
is connected with the DSPT SiglLab 20-42, a four channel

dynamic signal analyzer (16-bit resolution), operated with
SigLab and MATLAB software.

Al

Current Probe

Py
w P
4SPACE ACPA iy :
interface board m m
1103 ety i«
Secondary

=
—

Kistler 5019 -
‘W Charge m i S et
Ampliffier
Kistler 9272

Fig. 8. Measurement setup illustrated in block diagram.

SigLab 2042

VI. RESULTS

The numerical results of FEM in Fig. 9 are lower than
the measured ones, mainly because of the earlier given
implicit assumptions by the 2D-analysis. As a
consequence the transverse edge effect is excluded and
this lowers the conductivity G4. Other effects that
contribute to the deviation between the measured and the
2D-FEM results are [18] e.g. deviations in the
construction, non-uniform air-gap, drift of the force
sensor, etc. The analytical and 2D-FEM models are a good
approximation and useful tools for this feasibility analysis.
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Fig. 9. FEM (-) and measured (*) results of (a) F; and (b) F,

VII. CONCLUSIONS & RECOMMENDATIONS

This paper has shown various analyzing methods for
the thrust and normal forces for a novel magnetically
levitated system using SLIM segments in a rotating ring
system. A test-setup has been constructed and measured
and compared and validated with analytical and numerical
results. Model comparison shows significant correlation of
the thrust and normal forces as function of the slip
frequency. The analytical models and 2D-FEM model are
useful tools in approximating and predicting the measured
results for this novel magnetic levitation system.
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