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A Hybrid Simulation Model for Electromagnetic
Launchers Including the Transient Inductance
and Electromotive Force

Nail Tosun™, Graduate Student Member, IEEE, Hakan Polat, Member, IEEE, Doga Ceylan™, Mustafa Karag6z ™,
Baran Yildirim, Ibrahim Giingen, and Ozan Keysan"™', Member, IEEE

Abstract— Although electromagnetic launchers (EMLs) are
superior to classical gun-powder-based launchers, they have to
withstand extreme electrical and mechanical conditions. There-
fore, the optimal design and precise simulations of these devices
are crucial. In this article, a new simulation strategy for EMLs is
proposed in order to achieve high accuracy and reduced complex-
ity. The inductance and electromotive force (EMF) variations in
the transient, which have a considerable influence on the launch
process, are modeled using the finite element method (FEM)
coupled with electrical circuit simulation. The proposed method
has a good agreement with the experimental results of two EMLs
(EMFY-1 and EMFY-2), which have 25- and 50-mm square bores
and 3-m-length launchers. The study showed that the hybrid
model with transient inductance and EMF calculations showed
a good agreement with experiments that have 625 kJ-3.241-M]J
input energies.

Index Terms— Electromagnetic launchers (EMLs), electromo-
tive force (EMF), finite element method (FEM), pulse power
supplies, transient inductance, velocity skin effect (VSE).

I. INTRODUCTION
HE electromagnetic launcher (EML) is a linear electro-
mechanical energy conversion device which is used to
accelerate a projectile to a few thousand meters per second.
The standard EMLs have two rails and an armature. The
armature accelerates the projectile, and sabot petals provide
its mechanical support to maintain it between the rails. Pulse
power supply (PPS) generates a pulse-shaped current in the
order of a few million amperes [1], [2]. Such a large current
in the system creates significant pressure and temperature gra-
dients, which are difficult to withstand. Therefore, a realistic
simulation model is crucial for both the design and operation
process of EMLs.
In the early versions of EML, simulation codes consisted
of lumped circuit models [3]-[5] and finite element methods
(FEMs) [6]. These lumped circuit models are coupled with
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kinematic equations to take into account the change in the
inductance and resistance due to the armature motion. How-
ever, geometries of the rails and armature are kept as simple
as possible since analytical formulations are used. FEM is an
excellent alternative to include the effect of armature and rail
geometries. However, the aspect ratio of an EML is high due
to the long rails compared to the small rail cross section.
For this reason, the analysis of EMLs using FEM requires
a large number of mesh elements for accurate results [7].
On top of that, 3-D FEM simulations with a moving armature
are even more complicated to compute due to high-velocity
sliding electrical contacts [8]. Thus, commercial programs
are not fully capable of simulating the sliding electrical
contacts between the armature and rails [8]. To overcome
these problems, there are mainly two different approaches in
the literature. Several researchers [9]—[11] built special FEM
codes to model EMLs without using commercial software.
However, these studies require specific knowledge of numer-
ical computation. Building a 3-D FEM simulation code from
scratch is quite time-consuming [12]. Other researchers used
commercial FEM codes rather than special ones and utilized
different techniques to model phenomena, which commercial
codes are not able to model inherently, such as velocity skin
effect (VSE). Solving the VSE problem accurately in transient
and 3-D is not possible using commercial FEM packages due
to the continuity conditions at the interface between static
and moving mesh elements. However, 2-D transient FEM
models can be used for investigating VSE phenomena [13].
The position and time-dependent conductivity is proposed in
the rails to simulate the armature movement without using
moving mesh structure [12], [14]. Moreover, time-harmonic
solutions can also be to model the velocity-related current
clustering without moving the armature [15], [16].

Ceylan et al. [17] used a 2-D-transient FEM method, which
includes a moving armature to model a VSE resistance, which
is later used to improve the 3-D static simulation environment.
The position of the armature is calculated using kinematic
equations excited with Lorentz force, and analytically modeled
rail portion is added as a lumped circuit parameter. To model
transient effects in the rails, these lumped parameters are
updated at each time step using a 3-D FEM model.

In this study, a new hybrid 3-D FEM coupled electrical
circuit simulation, which is enhanced with transient inductance

0093-3813 © 2020 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
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TABLE I
GEOMETRIC PARAMETERS OF LAUNCHERS

EMFY-1 EMFY-2
Rail thickness 20 mm 60 mm
Rail height 25 mm 60 mm
Rail separation 25 mm 50 mm
Rail length 3m 3m

Fig. 1. EMFY-1 EML [17].

Fig. 2. EMFY-2 EML [18].

and a new electromotive force (EMF) calculation methods,
is introduced. The proposed method includes the EMF related
to the armature motion as well as the EMF due to rail current
distribution change, which becomes dominant when larger
rails are used. Moreover, 3-D quasi-transient FEM model that
uses position and time-dependent conductivity to model arma-
ture motion is used to calculate VSE resistance. The derived
VSE resistance is used to later enhance the hybrid model. The
proposed method is implemented and verified experimentally
with two different EMLs developed by ASELSAN [18]. The
geometric parameters of which are given in Table I. The
mechanical structure of EMFY-1 and EMFY-2 EMLs are
presented in Figs. 1 and 2, respectively.

II. SIMULATION MODEL

The hybrid simulation model diagram is illustrated in Fig. 3.
The hybrid model consists of a 3-D FEM model and a lumped
circuit model, which is used to simulate PPS and rail portion
that is not covered by the FEM model. Resistances and
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Fig. 3.  Hybrid FEM model to simulate EMLs.

Armature

L, integration
boundary

Fig. 4.  Geometry which is used for 3-D FEM analysis of EMFY-2. Half
symmetry is used for all FEM simulations. The integration boundary for Lex¢
is demonstrated.

inductances between the PPS network and 3-D FEM body
are used to model the movement of the armature. With that
structure, not only the computational complexity due to mesh
movement is significantly decreased, but also the total number
of mesh element is reduced.

In Fig. 4, the geometry used for 3-D FEM analysis is shown.
It should be noted that armature is kept stationary at the
preload position throughout the FEM simulation. The lumped
circuit accurately models the inductance and resistance change
due to the armature motion. The coupling between the two
models is satisfied using the following kinematic equations.
The Lorentz force which accelerates the armature obtained by
3-D FEM analysis where V,,, denoted as the volume of the

armature
ﬁarmz/// Jx Bdv 1)
Varm
topt R
F.
sz/ / T drde )
0 J0 Marm
Ax 1is the displacement of the armature from its initially
preload position. The parameters which are used in the circuit
simulation and their roles in the overall model are summarized
in Section II-A-II-C.

A. EMF Calculation, RpackEMF

The EML can be considered a one turn coil with a time-
dependent geometry

D) = A(t) = L@)I(2). 3)
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Lin¢ integration
boundary
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Fig. 5. Integration boundaries which are used for Lext and Liy¢ calculations.
Inductance gradients, Léxt and Li’n is calculated dividing the calculated
inductance values with the height of the integration boundaries.

The EMF can be calculated using Lenz’s Law

_di@t) dL(1) dI(t)
0= =" dr @

The first term in (4) is related to the transient inductance
of the system. When the armature is considered as the only
moving part, the total inductance of the system increases only
with armature movement. Then, (4) can be reconstructed like
in (5) and (6) in which velocity denoted as v is the armature
velocity and L' is the inductance gradient. Although back EMF
is not physically a resistance, it can be used in a mathematical
model to represent the back EMF voltage

I(t)+ L)

dI(t)

d dx
ct) = (az“’)) 10+l )

dI(t)
dr
L’ can be derived using the Lorentz force on the armature as
follows:

ety =oL (t)I(t) + L(t) (6)

1 7 2
Farm = EL I )
2F,
L = ;‘2‘“‘ (8)

Then the first part of the EMF equation can be used to model

RpackeMF as given in (10)

dI(t)

—_— 9
i 9

(10)

€(t) = Rpackemr! (1) + L(t)
Roackemr (1) = oL'(1).

The second term in (4) is the voltage on the EML inductance
due to rail current transient. This inductance can be further
divided into two parts: the interior inductance Lin; and the
exterior inductance Le;. The integration surfaces which we
used to calculate these inductance are demonstrated in Fig. 5.

When the Rpackpmr is calculated in that way as in [17],
the only term that affects the inductance change of the system
is considered as the armature displacement. However, due to
varying skin effect throughout the launch process, the current
path in the rails also changes with time. This variation in
the rail current path is responsible for an inductance change,
which should be considered when the EMF term is evaluated.
Especially for larger caliber launchers, the transient effect of
the rail inductance becomes more dominant due the larger
lateral rail current displacement. Then the EMF equation (4)
should be reconsidered so that Rpackemr should be modeled

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 48, NO. 9, SEPTEMBER 2020
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Fig. 6. Coil deformation analogy. Transition from highly transient rail current
to dc state can be considered as lateral deformation of a coil. Changing in the
rail current path creates a transient inductance change which is also a source
of EMF.

0 I |

Coil Deformation

like (11) without the assumption that the armature is responsi-
ble the inductance change only. The deviation of the equivalent
current path in an EML is analogous with a coil that is
deformed as shown in Fig. 6

dL(t)
dr

Even though constant current excitation is applied, there
exists an induced EMF at the terminals of the coil when it is
deformed, as shown in Fig. 6. At = 0.1 ms, due to the initial
firing of the PPS units, the current is highly transient, and
the current is concentrated at the inner rail surface. However,
later on the rail current reaches into dc state and gets a
more homogeneous distribution. Lateral displacement of the
rail current density can be considered as an expansion of a
single turn coil. Therefore, when only inductance variation
due to the armature movement is considered, the calculated
EMF is less than the actual one, since the EMF contribution
of the displacement of current distribution is ignored. EMF
calculations with and without transient rail inductance for
EMFY-1 and EMFY-2 are shown in Fig. 7. It should be noted
that the proposed model has higher EMF resistance than the
EMF resistance calculated with the control method since the
proposed one also covers the rail inductance change. Since the
rail thickness as presented in Table I is smaller for EMFY-1,
the difference between methods is not significant as EMFY-2.

Y

RpackeME(f) =

B. Inductance

While the armature moves through rails, the inductance of
the system increases. However, 3-D FEM simulation calculates
just the inductance of the system at the preload position since
the model is static. Inductance contribution due to armature
displacement added to the simulation using the lumped induc-
tance parameters. The difference between these inductances
arises from integration boundaries. Exterior boundary is used
to calculate Lexi, which is due to change of the air region
between the rails. Interior boundary is used to calculate Liy,
which is then used to model the rail inductance with Lext.
Inductance gradients, which are calculated from 3-D FEM
and the displacement which comes from kinematic equations
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Fig. 7. Comparisons of the two calculation methods of EMF resistance on
(a) EMFY-1 and (b) EMFY-2. The proposed method which uses (11) for EMF i
calculation, clearly gives a larger resistance than the method which uses (10) 0.05[; The difference increases at rail 0.2
for EMF calculation, especially at EMFY-2. The reason for that is the fact i current down-slope region
that rail current movement is also included in the EMF calculation. Spikes at o ‘ ‘ ‘ ‘ (
the EMF resistance where transient rail inductance included comes from the 0.5 1 15 3 25 3 35 4 4‘5)
discrete derivative operator in (11). Time (ms)
Fig. 8. Comparison of L;y;. EMFY-2 simulation model used in these calcu-

used to model the lumped inductance L(¢) as in the following

equation:
(12)

L(t) = [Lig (t) + Lip ()] Ax(2).
In this part of the study, we developed two main contribu-
tions to inductance gradient calculation. The first one is about
the methodology we used for lumped inductance calculation.
We used two different methods to compute Liy, namely,
the flux integration method and the stored energy method.
The flux integrating method use a surface integral on the
inductance related area to integrate the rail flux. Then the
inductance is calculated using (13) where Ajy is the area of

the interior inductance

1
L) =5 [[ (8.0 > 080 d A

The energy method uses the stored magnetic energy in
the rails to compute inductance. The stored energy in rail is
calculated as in (14) and (15) where Vi,j is the volume of

13)

single rail
> o 1
Bunca) = [[[AOBO @B = L) (14)
Vrail

2 Egtored (t)
Ity

Lint(t) =

5)

lations. Difference between two model increases especially at the downslope

rail current region.

Height Moving Direction

Lumped port

/f

]

N
Lyt integration
boundary

pd =
Lin¢ integration
boundary

Fig. 9.  New integration boundary for lumped inductance calculations.
Armature is far away from the integration boundaries. The new integration
boundaries are shorter than the previous ones. The reason for such a change
is preventing both the effects of lumped port and armature from inductance
gradient calculation. Since the calculated inductance value normalized with
the height of the integration boundary, the height is an invariant parameter

for inductance gradient calculation.

cannot be calculated from the stored energy method since the
volume integration includes only the rail.
It should be noted that both approaches for calculating
it are fundamentally true, but there is a slight difference
in their definition. At ¢+ = 4.75 ms, the current in the
downsloped phase, in which two factors are shaping in the

L/

However, these two methods give slightly different results
as shown in Fig. 8. L{ calculations diverge especially at
the downslope region of the rail current. The integration
boundaries that used to compare these methods are illustrated
in Fig. 9. This variation is explained in Fig. 10 using the
current distribution and the magnetic flux density vectors.
At t = 0.5 ms, current density is concentrated at the edges due
to skin effect which is shown in Fig. 10(a). Therefore, there
is a small magnetic field density inside the rail, which makes
Lin: minimal. Then, rail current starts to go into low-frequency
state at + = 1.5 ms, which is shown in Fig. 10(b). Some of
the magnetic flux density vectors in the rail close their loop
through the air region. Therefore, when flux counting method
is used, not only the rail inductance but also air inductance is
calculated. The part of the Liy that comes from the air region

current distribution. The first one is the skin effect due to
current transient and the second one is the current diffusion
process due to transition from dc to ac state. Ly is still high
due to the inner current density. However, computed Li,; from
the stored energy method is a bit misleading since the current
distribution at the edges contribute Lex; rather than Ly but
the volume integration in (14) uses that in Ly calculation.
Ceylan et al. [17] used the integration domain illustrated
in Fig. 3 that covers rail as well as the armature domains.
However, this integration boundary brings error about induc-
tance calculation when it is used in the lumped parameter
calculation. The reason is that lumped inductance parameters
are used to model inductance of the rail portion, which is
not covered in 3-D FEM. Therefore, the current distribution

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on June 06,2021 at 15:34:39 UTC from IEEE Xplore. Restrictions apply.
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Time=500 ps Surface: Current density norm (A/m?)
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(a)

Time=1500 ps Surface: Current density norm (A/mz)
Arrow Surface: Magnetic flux density
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(b)

Time=4750 ps Surface: Current density norm (AImQ)
Arrow Surface: Magnetic flux density
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Fig. 10. Rail current distribution and magnetic flux density vectors through-
out the launch. The color legend is for the current density only and its unit is
A/mz. The rail current waveform is demonstrated in Fig. 8. (a) 0.5, (b) 1.5,
and (c) 4.75 ms.

should not be affected due to armature. The new integration
area which excludes the armature is shown in Fig. 9. Ley; cal-
culations with two different integration boundaries are shown

IEEE TRANSACTIONS ON PLASMA SCIENCE, VOL. 48, NO. 9, SEPTEMBER 2020
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Fig. 11. Comparison of Léxt calculation methods. Control method found

inductance gradient %12 higher since the domain includes armature rail
interaction region. Integration boundaries which are used in the control method
and the proposed method can be seen in Figs. 3 and 7, respectively.
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Fig. 12. Definitions of the interior and exterior boundaries, outer air domains,
and the symmetry axis. There is a significant amount magnetic flux density
around the outer air domain which is taken into account when the inductance
are calculated. The color legend is for the current density only and its
unit is A/ m?.

in Fig. 11. The new boundary which excludes the armature
give 12% deficit in Ley calculation. The outer air region, and
interior and exterior boundaries are illustrated in Fig. 12.

C. VSE Modeling, Rys.

2-D transient FEM simulation is used to estimate VSE
resistance, Ryse [17]. The reason for this is 3-D transient
FEM analysis is hard to converge for EML simulations.
In the proposed method, we used a quasi-transient 3-D FEM
simulations to fit Ry rather than 2-D approximation. In quasi-
transient FEM analysis, the armature does not actually move,
i.e., meshes of the armature are stationary. However, con-
ductivity of air-armature region is modified with time in
the direction of armature motion to simulate the movement.
In Fig. 13, the moving armature-air conductivity function is
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Fig. 13. Time and position dependent electrical conductivity function used
in armature-air region.

represented. Such a method is called a Eulerian method [12],
and it converges quickly in 3-D EML simulations.

It should be noted that 2-D approximation of fitting Ryge
overestimates the actual VSE resistance. The reason is that
2-D approximation assumes that the rails and air have infinite
height and the current distribution is identical through symme-
try axis. However, 3-D rail geometry has rail-air boundaries.
Thus, current distribution across to symmetry axis is not uni-
form. Under infinite rail height assumption, current clustering
happens across to rail height which cause overestimation in
VSE resistance calculation.

III. RESULTS

In this section, the developed hybrid model which include
transient inductance and EMF is compared with four experi-
mental results. Two launch results of EMFY-1 and two launch
results of EMFY-2 are represented. Two simulation methods
are constructed to understand the improvements that men-
tioned in Section II. The proposed method regards improve-
ments whereas the control method is used to create benchmark.
Differences between the proposed and control methods are
listed in the following.

1) The proposed method uses (11) for Rpackpmr calculation
which covers the transient inductance related EMF. The
control method uses (10) which only calculate armature
related EMF.

2) Both the proposed and the control group methods use
flux-integration method to calculate lumped inductance
parameters. However, the proposed method uses arma-
ture excluded integration boundary which is shown
in Fig. 9 whereas the control group uses armature
included boundary which is given in Fig. 5.

3) The proposed method uses Ryge from 3-D quasi-transient
analysis whereas the control group uses Ryge from 2-D
transient analysis which used in [17].

Rail currents measured with Rogowski coils for both
EMFY-1 and EMFY-2 launchers. The muzzle velocity of the
launch package is measured by high-speed camera. Armature
exit time can also be used to verify the kinematic calculations

3225
TABLE II
PARAMETERS OF EMFY-1 AND EMFY-2 EXPERIMENTS
EMFY-1 EMFY-2
Exp. A Exp.B Exp. C Exp D.
Initial Electrical Energy 750 kJ 625 kJ 1.227 MJ  3.241 MJ
Launch Package Mass 414 ¢ 416 g 932 g 10332 g
Capacitor Voltage 3560 V. 3250 V. 4000 V 6500 V
TABLE III

ERROR ANALYSIS! OF RAIL CURRENT WAVEFORM

Experiment No Control Method Proposed Method

EMFY-1 Experiment A 73.29 kA 18.4 kA
EMFY-1 Experiment B 19.61 kA 4.61 kKA
EMFY-2 Experiment C  49.58 kA 18.57 kA
EMFY-2 Experiment D 99.13 kA 22.65 kA

T'RMSE error which we defined in (16) used in this analysis.

500

450 - |
400 -
350
= —Experiment
24300 - J
e —Proposed Method
£ 2s0| —Control Method i
=
3
=200 |
~
150 J
100 - J
50 J
0 ‘ ‘ ‘ ‘ ‘
0 0.5 1 15 2 2.5
Time (ms)
Fig. 14.  Simulation and experimental results for the rail current of the

experiment-A. EMFY-1 launcher is used in this experiment.

of the proposed model. Experimental parameters of EMFY-1
and EMFY-2 are given in Table II.

A. EMFY-1 Experiments

EMFY-1 is the first EML developed with a C-type solid
aluminum armature powered by 4-MJ capacitor-based PPS
[17]. The launch tests of EMFY-1 were conducted in open area
in 2018. The proposed model is compared with two EMFY-1
experiments, with stored electrical energies of 750 and 625 kJ.
The schematic and parameters of PPS which is used in
these experiments can be found in [19]. The simulations and
experiment rail current waveforms comparison for EMFY-1
launcher is given in Figs. 14 and 15.

B. EMFY-2 Experiments

EMFY-2 is the second EML developed by ASELSAN
Inc. [18]. The launch tests were conducted in ASELSAN
electromagnetic launch laboratory in Ankara in 2019. Thir-
teen 250-kJ PPS modules were used in parallel. The stored
electrical energy for the EMFY-2 experiments are 1227 and
3241 kJ, respectively. EMFY-2 experiments are compared with
the simulations in Figs. 16 and 17.
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TABLE IV
SOME CRITICAL OUTPUTS OF THE EMFY-1 AND EMFY-2 EXPERIMENTS AND SIMULATIONS WITH THE CONTROL AND PROPOSED METHODS

Proposed Method  Control Method Experimental Result Improvement!
EMFY-1 Experiment A
Peak Rail Current 453 kA 444 kA 457 kA 2.84%
Muzzle Current 368 kA 325.1 kA 354 kA 4.21%
Armature Exit Time 2.7 ms 2.82 ms 2.75 ms 0.70%
Muzzle Velocity 2220 m/s 2062 m/s 2174 m/s 3.04%
Muzzle Kinetic Energy  102.02 kJ 88.44 kJ 98.30 kJ 6.25%
Efficiency 13.60% 11.79% 13.11% 6.25%
EMFY-1 Experiment B
Peak Rail Current 404 kA 401 kA 409 kA 0.73%
Muzzle Current 306 kA 282 kA 303 kA 5.94%
Armature Exit Time 2.99 ms 3.1 ms 2.98 ms 0.32%
Muzzle Velocity 1891 m/s 1744 m/s 1973 m/s 7.45%
Muzzle Kinetic Energy ~ 74.74 kJ 63.26 kJ 80.96 kJ 14.18%
Efficiency 11.96% 10.12% 12.90% 14.18%
EMFY-2 Experiment C
Peak Rail Current 1046 kA 1055 kA 1039 kA 0.87%
Muzzle Current 239 kA 309 kA 272 kKA 1.47%
Armature Exit Time 5.99 ms 6.14 ms 5.90 ms 2.54%
Muzzle Velocity 577 m/s 576 m/s 627 m/s 0.15%
Muzzle Kinetic Energy ~ 155.14 kJ 154.61 kJ 199.31 kJ 0.27%
Efficiency 12.65% 12.62% 16.24% 0.27%
EMFY-2 Experiment D
Peak Rail Current 1202 kA 1222 kA 1202 kA 1.66%
Muzzle Current 564 kA 657 kA 595 kA 5.21%
Armature Exit Time 4.51 ms 4.65 ms 4.40 ms 2.37%
Muzzle Velocity 928 m/s 920 m/s 1020 m/s 0.78%
Muzzle Kinetic Energy ~ 444.47 kJ 436.78 kJ 585 m/s 1.31%
Efficiency 13.71% 13.48% 18.08% 1.31%
! Improvement ratio is described at (18).
450 1200
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= 3001 7 g — Control Method
= =
= 2501 . 1 =
g —Experiment £ 6001 1
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Time (ms)

Fig. 15.  Simulation and experimental results for the rail current of the
experiment-B. EMFY-1 launcher is used in this experiment.

C. Comparison

Root-mean square error (RMSE) of the current waveforms
which is obtained from simulations and experiments are given
in Table III. Error formulation that we used in current wave-
form analysis is given in (16) where n, X, and x represent the
amount of the sampled data, simulated value, and experimen-
tal value, respectively. The simulation results of the control
method, proposed method, experimental results, and improve-
ment ratios (IRs) are given in Table IV. IR which we used to
compare two methods uses mean absolute error (MAE) of the
measurement parameters such as armature exit time, muzzle

Time (ms)

Fig. 16.  Simulation and experimental results for the rail current of the

experiment-C with EMFY-2 launcher.

current, and muzzle speed. MAE and the IR are defined in (17)
and (18), respectively, where Xcontrol, )Acpmposed and x represent
the simulated value of control method, the simulated value of
proposed method, and experimental result, respectively

RMSE = (16)
MAE = |X — x| (17)
IR — MAE (Xcontrol, X) — MAE(fproposem x) . (18)

X

Authorized licensed use limited to: Eindhoven University of Technology. Downloaded on June 06,2021 at 15:34:39 UTC from IEEE Xplore. Restrictions apply.



TOSUN et al.: HYBRID SIMULATION MODEL FOR ELECTROMAGNETIC LAUNCHERS INCLUDING THE TRANSIENT INDUCTANCE AND EMF

1400

1200 -
1000 -
<
&
~ 800 J
g .
£ —Experiment
S 600l —Proposed Method
3 —Control Method
400 1
200 1
0 \ \ \ \ \ \ \ \ \
0 05 1 15 2 25 3 35 4 45 5
Time (ms)
Fig. 17.  Simulation and experimental results for the rail current of the

experiment-D with EMFY-2 launcher.

The proposed method showed that transient inductance
and EMF calculations improved the simulation-experiment
accuracy by 3.49% in average. Moreover, the rail current
waveforms fit the experimental results better which indicate
the inductance and resistances of the systems are found better
with the proposed method. Two simulation methods dissociate
at the downslope rail current region. In Section III, we showed
that the EMF term, which comes from rail inductance change
due to lateral rail current movement is not a considerable term
relative to EMFY-2. The reason for that is EMFY-1 has a
smaller rail width. The reason for lower rail current at the
downslope region in the control method is overestimated the
VSE resistance due to 2-D approximation. EML model can
be considered as discharging RL circuit at the downslope rail
current region. Therefore, an overestimated lumped resistance
causes a faster decay in the rail current. However, in EMFY-2
simulations the opposite is happened. The EMF term which is
derived from rail current displacement is the dominant term;
thus, RpackeMr calculation without it results in a underes-
timated lumped resistance. Although the VSE resistance is
overestimated also in EMFY-2 models, the effect of RpackeMF
is more significant. Therefore, rail current discharges slower
in EMFY-2 control method simulations.

IV. CONCLUSION

The remarks which are obtained throughout the develop-

ment of the simulation model can be listed as follows.

1) Beside from armature movement, the lateral rail current
movement also generates an EMF which should be taken
into account in EML simulations. Therefore, the correct
approach to calculate EMF resistance is given in (11).

2) The boundaries where the Lex and Lijy; are quite
important. They should be calculated at the proposed
surfaces in order to reduce to error that comes with
the hybrid simulation method. The surface which is
illustrated in Fig. 8 can be used to calculate the system
inductance which did not covered by 3-D FEM in the
hybrid simulation model.

3) VSE resistance calculation made with 2-D approxima-
tion overestimates the actual VSE resistance by 40%.

3227

Quasi-transient 3-D FEM analysis is a good alternative
for VSE resistance modeling.

4) Hybrid model such as 3-D FEM and lumped circuit com-

bination can be used for EML simulations effectively,
since it decreases computational complexity where the
error due to approximations is tolerable.
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