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Abstract

Calculation of inductance is the key point for electrical
propulsion,as the performance parametersdepend on induc-
tance value.In this paper, an inductanceformulais derived
based on the flux distribution to develop the parametric
magnetic network model for Multipole Field Electromag-
netic Launcher (MFEML).To account the magnetic field ef-
fect in the launcher, multiple flux paths are considered to
estimate the inductance profile. The theoreticalanalysis and
numerical simulations are performed and validated using
Finite Element Analysis.

Key Words:Multipole field, Flux distribution, Mag-
netic Equivalent circuit, FEA.

1 Introduction

The intensifying demand for the linear motion of various automatic
and robotic applications, electromagnetic launchers are becoming
more and more desirable. Multipole Electromagnetic Launchers
has the potential of developing huge thrust force, large driven mass,
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super velocity launch and steady maglev compared to conventional
electrical launchers [1]-[3].In [4], it is indicated that the projec-
tile is accelerated with spinning motion about its axis which could
keep the projectile fly stability. The present research of Multipole
Field Electromagnetic Launcher (MFEML)is mainly concentrating
on theoretical analysis and experimental verification. For exam-
ple, Zhu et al. [1]-[3] proposed the concepts of normal and twisty
MFEML; Luo et al. [7] analyzed different connection patterns
of MFEML and experimentally tested a single-stage launcher.The
above research demonstrated the characteristicsof MFEML with
an assumption that the basic principles of eddy-current catapult
and multipole field induction acceleration are identical. And the
Lorentz force is been calculated by neglecting the leakage fluxes.
However, previous studies excluded the leakage fluxes and instead
created an identical equivalent circuit for both the coils for the
calculation of Lorentz force.

In this paper, a flux concentrated Multipole Field Electromag-
netic Launcher is introduced. As theinductance varies according to
the permeance waveform, it is necessary to analyze the relative per-
meance before calculating the inductance.Hence a new methodology
is proposed to calculate permeance and further the inductance of
the accelerating coils based on the position of the projecting object.
The parameters are validated with Finite Element Analysis (FEA).

2 MAGENTIC NETWORK MODEL OF
MFEML

Fig.1, (a) shows the basic structure of a Single stage Multipole
Field Electromagnetic Launcher and (b) shows the catapult coil
and induction coil of the MFEML
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Fig. 1. (b) Catapult Coil and Induction Coil of MFEML

The working principle and the basic characteristics are elabo-
rated in [1]-[3], in brief the catapult coil will give the initial push
to the object and the induction coils will guide the object to move
along the axis with high thrust. The catapult coil conductor is
considered as cylindrical shape and it is kept in spiral arrangement.
The induction coils and catapult coil are energized from a capacitor
bank.

Fig. 2, (a) and (b) represents the flux flow diagram in a single
coil of MFEMLwhen object is inside and outside the coil respec-
tively.
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Fig. 2. (a) Flux lines in single coil of MFEML when object inside
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Fig. 2. (b) Flux lines in single coil of MFEML when object outside

The flux paths are equiflux lines (i.e., equal amount of flux lines
are represented by each flux path). The flux distribution is sym-
metric with respect to the center line of the excited induction coil.
The flux path 1 is assumed to have aflux ofl in the induction coil.
It crosses the air gap, splits evenly in the object, and then recrosses
the air gap to the other side of the coil. The reluctances of the
induction coil, air gap, and objectfor the flux path are denoted as
Re, Rg and Rp respectively. The magnetic circuit for a single coil
is shown in Fig. 3.

Fig. 3. The Magnetic Network Model of MFEML

In this model, different flux paths around the poles are considered
to find the magnetic impedance of the magnetic equivalent model.
Magnetic impedance is derived in terms of flux measured at the
magnetic equivalent of the electrical terminals and the (MMF) re-
luctance between them. The magnetic parameters need more care-
ful definitions as the magnetic flux flow in more regions with differ-
ent areas. So the general objective in this section is to derive the
permeances of each flux region, to find out the lumped equivalent
inductance offered by the coils in the equivalent magnetic model.
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This equivalent inductance is further used to evaluate/attain the
force offered by the coils on the projecting body

The expressions for reluctance of the induction coil, air gap
and object for the flux pathsare derived and the expressions are

presented in this section.
The Reluctance of Flux path 1
Reluctance in induction coil
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The Reluctance of Flux path 2
Reluctance in induction coil
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Reluctance in air gap to reach other side of the coil
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Rog2 =

Where |,

l. is length of the coil in meters

lg is length of the air gap in meters

h. is height of the coil in meters

l, is length of the projecting object in meters

h,, is height of the projecting object in meters

h.,, is height of the metallic sheath in projecting object in meters

w, 1s width of the coil in meters

w,, is width of the coil in meters

t is thickness of the coil winding in meters

1o is permeability of the air

Hrpis Telative permeability of the projecting object

n is number of turns

In a similar way,the reluctances of all the flux paths are been
derived and the equivalent magnetic circuit is developed as shown
in Fig. 4
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Fig. 4. The Magnetic Equivalent Circuit of MFEML
The complete inductance offered by the induction coil based on
the position of the object is found using
N2

L= 9
Rtot(zl ( )
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The force generated on the projectile is derived from the electro-
mechanical energy conversion principles as,
F = 122%

2 dr

The same methodology is followed for different position of the
object i.e., when the object totally outside, just entering and while
leaving the induction coil to estimate the inductance and force pro-

file.

(10)

3 Inductance Calculation of catapult coil

The induction coils cannot provide the initial thrust because the
force generated by the induction coil is three dimensional [3]. Due to
which the object cannot move smoothly in the axis of the barrel. To
overcome this problem, catapult coil is used in the MPEML, which
provide the initial thrust such that the object is given the direction
in which way it has to propel. In this section, the inductance offered
by the catapult coil is presented. The catapult coil considered in
this work is a cylindrical cooper wire in a spiral arrangement which
is excited by a capacitor bank.
The inductance of the catapult coil is expressed as

N2A?
©T 304 11D, (11)
A= D4 NS (12)

Where

A= Area of the Spiral Coil

D;= Inner Diameter of catapult coil

s= Distance between the coil winding

w=Wire diameter of catapult coil

N.= Number of turns catapult coil

D,=Outer Diameter catapult coil

The overall electrical equivalent circuit of MFEML is presented
in Fig. 5.
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Fig. 5. Overall Electrical Equivalent circuit of MFEML

4 VALIDATION OF PROPOSED
MEHTOD BY COMPARING INDUC-
TANCES

The inductance profile of a single induction coil in MFEML is shown
in Fig.6. It is observed that the maximum and minimum inductance
of the induction coil when the projecting object is completely inside
is 30.2 mH and 23 mH respectively.

Inductanee

E ] T
Pasition of the Gojest. m

Fig. 6. Inductance Profile of a Single Coil of MFEML

To validate the inductance profile, Finite Element Analysis isim-
plemented andflux distributions in the MFEML are plotted. The
flux density and flux intensity plots are shown in Fig. 7, 8& 9.
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Fig. 9. Flux intensity profile in MFEML

From the finite element analysis, the maximum inductance value
attained is 33 mH and the minimum inductance value observed is
24 mH. And the comparison plot between the proposed method and
FEA are shown in Fig. 10.
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Fig. 10. Comparison of Inductance Profile

TABLE 1. SYSTEM PARAMETERS

Induction Acceleration Coil

Length of the Coil 0.02m
Length of the Air gap 0.01m
Height of the Coil 0.04m
Length of the Projecting object 0.04m
Height of the Projecting object 0.02m
Helght pfthe Metalhc sheath in 0.01m
projecting object

Thickness of the Coil winding 0.01m
Number of Coils 8
Permeability of the Air 4¥T*107-7
Number of Turns 500
Material Copper
Catapult Coil

Material Copper
Inner diameter 0.01m
Outer diameter 0.04m
Number of Turns 30
Projecting Object

Material Steel 1008

5 Conclusion

This article introduces a flux concentrated Multipole Field Elec-
tromagnetic Launcher. New formulae for inductance of anaccel-
eration coilof MFEML based on the flux distribution method are
derived.Mathematical basedmagnetic circuit is model is developed
considering the flux leakages. The method proposed here can easily
be applicable for inductance calculation of coils of any random size
and shape. The proposed method values are validated with finite
element analysis.
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