INTERNATIONAL JOURNAL OF SYSTEMS APPLICATIONS, ENGINEERING & DEVELOPMENT

Issue 3, Volume 2, 2008

Rotor Shape Influence on Tubular Induction
Actuator Force

A. Zaoui, M. Abdellah, H. Mohellebi

Abstract— In this paper we present the inductive force analysis
of a tubular induction actuator (T1A) according to its geometrical and
physical parameters. The produced force derives from the energy
conversion factor witch is a function of the dimensional parameters
of this kind of systems. This analysis is done for three kinds of
rotors, the massive one, the coated one with a conducting layer and
the segmented one. Analysing forces methods are presented.
Emphasis has been made on the finite element method using
FLUX2D software.
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I. INTRODUCTION

HE tubular induction motors are used as long course

actuators. The machine shape is shown on Fig. 1. The

primary comprises a three-phase winding and the
secondary is a simple steel cylinder. The linear tubular motor
can also be regarded as a propulsion system. Its functioning
principle is similar to that of the traditional induction linear
motor. The propulsion force is the interaction between a
sliding field generated by the stator and the rotor induced
currents produced by the latter.
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Fig. 1. Architecture of the TIA
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Fig. 2. Coated rotor
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Fig. 3. Segmented rotor

The tubular induction motors are presented as an alternative
of the linear flat induction motor in which the stator is rolled
up in the form of tube whose axis is parallel to the movement
direction.

Recently, a great interest is carried to the use of these
systems in the projectiles propulsion [2]-[3]-[5]. In this case,
the rotor constitutes the projectile that is accelerated along the
stator until leaving it with a high speed. The stator is supplied
by an impulse current.

The TIA thrust force depends on the rotor architecture. To
this end, we distinguish several types of TIA that are
presented on the Fig. 1, Fig. 2, Fig. 3 (Massive rotor, Rotor
coated with a conducting layer, Segmented rotor).

Il. FORCE APPROCHING BY SIMPLIFIED MODEL

The simplified model of the induction motor is shown on
Fig. 4. The motor is represented by two magnetic areas
separated by an air-gap.
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Fig. 4. Simplified representation of the TIA

The stator area is traversed by a sinusoidal wave due to a
sinusoidal current density model then the force is given by the
following expression [3]:
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Where, Vsis the speed of the traveling wave 2 1, f. The stator
current wave Js and t are given by:

=gt i)
(2

j; = Jgsin((nx / <, )+ 2xft)
©)

The second area is represented by a conducting layer with a
surface resistivity equal to p/ t. where pc is the resistivity of
the conducting layer and t. its thickness. The preceding model,
with air-gap e and is a one dimension only, simple to apply
and the reactance of the rotor leakages is neglected.

1. Force APPROACHING BY CoNVERSION FACTOR G

A. The Conversion Factor

The conversion factor G of a system translates its capacity
of energy transformation from a given form to another. For an
electromagnetic system with the consideration of the air gap
flux distribution, conversion factor G can be written in the
following form:

G= (Z‘C%plof )/(ﬂ:pe/ t)
(4)

Where T, the distance between two consecutive poles [m],

D: rotor width [m] , t: rotor thickness [m], e: air-gap [m] and
p : rotor resistivity [Q. m].

B. Force Analysis Using G Factor
Relation between F and G

As aforementioned, G represents the conversion factor
when neglecting the flux leakages. The practical factor of
conversion Ga takes into account the leakage reactance X..
The force F using the volt-ampere method is given by [3]:

F=(1/vs)(ea/\/1+ Gza)

()

With: G, = (G /{L+ G tan(s,) + tan?(9,))) ©)

¢: rotor phase angle, G: X / R; (X, neglected)
Fig. 5 shows G, factor according to G factor or more
precisely the effect of the leakage reactance on the conversion

factor G, for the TIA when Fig. 6, shows the force F
(Force/volt-Amp) (F/VA) according to G , factor [6].
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The ideal conversion factor G is seldom reached in practice.
The presence of a great leakage reactance in the massive rotor
induces a small factor G compared to that of the coated rotor
for the same value of G.
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Fig. 5. Conversion factor Ga according to the ideal factor G
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Forces for various types of TIA

It is the force that is used as a fundamental parameter for
the comparison between different types of TIA. The study
consists finally to compare three types of basic rotors listed
below in Fig. 1, Fig. 2, Fig. 3 with the corresponding
conversion factors (Gco, Gmass, Gseg):

Geo = (20%puof /(mpe, /1) @)
Geo = (2%mof Ji(mp(e + to) /1, ) 8)
G mass = (ZTZPMOf )/(Tcpe/S) | ©)
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Geg = (212000t )i(ympe) (10)

Geo, Gmass and Ggeq are the conversion factors of coated, mass
and segmented rotors respectively.

el

real air-gap, t.: thickness of the conducting layer, &:

thickness of skin, e.. total air-gap = e+t; y: rotor pole pitch, w:

rotor slot width

The comparison of the ideal factors for the three rotors
shows respectively for the three rotors that:

We can improve the conversion factor G by increasing the
thickness t. of the conducting layer. However the total
apparent air-gap e; increases what would thus decrease the air-
gap flux density.

Factor G for the massive rotor is proportional to the skin
effect thickness & that depends on the air-gap maximum flux
density Bg, on the magnetic pole saturation flux density By
and on the pole pitch tp [1].

The advantage of the massive rotor lies in the simplicity of
its realization and its aptitude for varying G through the
increase of the penetration depth in order to increase the emf
E. The segmented rotor combines the advantages of the above
rotors (the coated rotor and the massive rotor) to give finally:

This allows a greater flexibility in the choice of rotor slot
width w, y and t to get the desired value of G. Thus, in this
case, we can improve the factor G by:

- increasing the width of the rotor slot
- decreasing the rotor slot pitch

- decreasing the air-gap

- decreasing the resistivity.

IV. FORCE APPROACHING BY COUPLED CIRCUITS METHOD

The stator winding of TIA consists of an arrangement of
series-connected coils supplied with a sinusoidal power
source. The rotor is a conducting metal cylinder.

The rotor can be divided into conducting rings in which the
current density is supposed uniform. Each ring is regarded as
an electric circuit of the same form as that of the stator [9].
The equivalent electric circuit of the rotor obtained using
coupled circuits method is short-circuited; however, the stator
circuit is feed [5]-[9].

The L s , mutual inductance between the rotor ring ji; and
the stator coil i, , depends on the linear displacement of the
rotor along z coordinate. This permits to write the mechanical
equations governing the TIA [7]:

F,—Fe= M(d%2/dt?) (11)
F.= IsTGrs I
12)
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G, =il /oz=G]

(13)
Lrl,sl Lrl,sZ Lr1,53
T
L, =L = er,sl Irz,sz 12,53
Lr3,sl Lr3,52 Lr3,53
(14)

V. FINITE ELEMENTS MODELLING

The model of the inductive tubular actuator by the finite
element method is governed by equation (15):

roti rotA=1J
9

(15)

By applying the Galerkin technique we obtain:

j N(rotlrotA -3)dQ=0
un
(16)

In the axisymmetric case the volume integral is reduced
to a surface integral:

Zn.[ rN(rotirotA -J)dr=0
u

17)

N is the 2D form function.

A study with the software FLUX2D of a TIA prototype
allowed predicting the evolution of the force according to
other determining parameters. This component decrease
rapidly when the air-gap value exceeds 2 mm. The maximum
value of By is about 0.6 Tesla for an air-gap of 2 mm (Fig. 7)
and it reaches a very low value, 0.3 10 *® Tesla, for an air-gap
of 4mm.

Studies undertaken on the tubular motor and discussing the
comparison of the results obtained by the simplified model,
used in [4], and the finite element method (FEM) (Fig. 7,
Fig.8) with taking into account the effects of the extremity
show that:

o The theory of the simplified model gives reasonable results
in consideration of various simplifying assumptions.

o Better results are obtained by the FEM and mainly in the
case of the infinitely long model where the boundary
effects are neglected.
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o A difference in the force values exists between the finite
and infinite length models what confirms the importance
of the boundary effects for this type of motor.
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Fig. 7. Normal component of flux density Bn for an air-gap of 2 mm.

The forces are calculated by the finite element method
(FEM) via the integral of JxB [7]-[8].

To obtain acceptable forces, only the air-gaps going up to 2
mm are acceptable, beyond this value the force decrease
considerably. Optimal force is obtained for frequencies
varying between 20 Hz and 40 Hz (Fig. 8).
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Fig. 8 Thrust force for different supplying frequencies

VI. CONCLUSION

The analytical approach of the thrust forced by the means of
the conversion factor proves to be interesting insofar as it
makes it possible to clarify the principal parameters necessary
to the design of the linear tubular motor. This approach makes
it possible to carry out a first analysis of the thrust force
according to the choice of the various parameters that
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determine it. Thus, the thrust force for different types of TIA
(massive rotor, coated rotor, segmented rotor) was discussed.
This approach makes it possible to get the first values of the
studying parameters and the design of TIA by the finite
element method. Owing to the latter, results were obtained
namely the behaviour of the force according to the choice of
the air-gap, the frequency, as well as the behaviour of the
normal component of the air-gap flux density which is at the
origin of the thrust force.
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