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Abstract

Muzzle voltage is an essential diagnostic tool used in both contact resistance modeling and transition determination. However,
it is challenging to stem the necessary meanings from the collected measurements. In this study, EMFY-3 launch experiments
are used to model muzzle voltage characteristics to understand the transition mechanism better. These experiments have
muzzle energies in the range between 1.69-2.85 MJ in ASELSAN Electromagnetic Launcher Laboratory. Six different launch
tests with various rail current waveforms that ranged between 1.5-2.1 MA are used to investigate different scenarios. Some
parameters which affect muzzle voltage are calculated with the 3-D Finite Element Method (FEM), i.e., rail mutual inductance
$\mathrm{L_m}$. Muzzle voltages are decomposed into subsections; each subsection is calculated with proper models. Simu-
lation results are coherent with experimental measurements. Findings are compared with previous studies, and differences are
explained with possible reasons. Even though we could not conclusively resolve which physical quantity starts to transition,
the study showed that transition does not form a specific muzzle velocity, armature action integral, or down-slope rail current

ratio.
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Abstract—Muzzle voltage is an essential diagnostic tool used in
both contact resistance modeling and transition determination.
However, it is challenging to stem the necessary meanings
from the collected measurements. In this study, EMFY-3 launch
experiments are used to model muzzle voltage characteristics to
understand the transition mechanism better. These experiments
have muzzle energies in the range between 1.69-2.85 MJ in
ASELSAN Electromagnetic Launcher Laboratory. Six different
launch tests with various rail current waveforms that ranged
between 1.5-2.1 MA are used to investigate different scenarios.
Some parameters which affect muzzle voltage are calculated
with the 3-D Finite Element Method (FEM), i.e., rail mutual
inductance L,,. Muzzle voltages are decomposed into subsections;
each subsection is calculated with proper models. Simulation
results are coherent with experimental measurements. Findings
are compared with previous studies, and differences are explained
with possible reasons. Even though we could not conclusively
resolve which physical quantity starts to transition, the study
showed that transition does not form a specific muzzle velocity,
armature action integral, or down-slope rail current ratio.

Index Terms—railgun, muzzle voltage, electromagnetic model-
ing

I. INTRODUCTION

Lectromagnetic launchers (EMLs) are an accelerator that

converts the reserved electrical energy to linear kinetic
energy. It has two conducting rails, an armature, and a projec-
tile. A pulsed-power supply (PPS) produces a pulse-shaped
current in the order of a few MA in a slight duration (a
few milliseconds) of time. Lorentz force acts on the armature,
which is the underlying mechanism for propulsion.

At ASELSAN Inc., EMLs are explored in the naval context
since 2014 [I]-[7]]. Latterly, the EMFY-3 launcher is mani-
fested with a 50 x 75 mm rectangular bore and 6-m-length [§]],
[9]. The input energy of the PPS is doubled to 8 MJ, and the
2.91 MJ muzzle energy is obtained up to now. EMFY-3 is built
in the ASELSAN Electromagnetic Launch Laboratory, which
has an 8-MJ PPS system, a flash X-ray system, a 6-m-long
catch tank, a Doppler radar system, and diagnostic tools [10].
The geometric parameters of the launcher are shared in Table [}

One of the essential diagnostic tools for EML research is
the muzzle voltage. The muzzle voltage of a railgun is the
electrical potential difference between the muzzle ends of the
rails. It is a valuable diagnostic instrument for railgun research
because it can classify the electrical contact between armature
and rails. As the contact can be formed in multiple phases,
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TABLE I
GEOMETRIC PARAMETERS OF THE EMFY-3 LAUNCHER.
Rail Height 50 mm
Rail Separation 75 mm
Rail Width 50 mm
Rail Length 6.1 m

i.e., solid, liquid metal-to-metal contact, or arcing contact,
the muzzle voltage can be used to recognize transitions.
Predetermining these transitions before launch and getting the
rationalizations behind them is an imperative topic as these
states are heavily associated with launch safety and efficiency.

In this paper, muzzle voltage characteristics are examined.
For this regard, muzzle voltage decomposed into individual
parts related to physical reasons. A 3-D Finite Element Method
(FEM) model is used to calculate geometry-dependent param-
eters. Moreover, several hypotheses are constructed to possess
mechanisms that form muzzle voltage. These are confronted
with the previous studies in the literature, and empirical
data originates from EMFY-3 experiments. Furthermore, the
transition starting point is tried to correlate with some launch
parameters, i.e., armature velocity and armature action inte-
grals. At the end of the theoretical studies, a simulation model
is constructed for the muzzle voltage. The organization of the
paper is as follow; a broad literature survey about muzzle
voltage is shared in Section II, the conducted hypotheses are
explained with their validation in Section III, the simulation
results are compared with the experimental data in Section IV,
and the final thought are shared in Section V.

II. LITERATURE SURVEY

Muzzle voltage is an imperative diagnostic of a railgun.
Sudden large jumps in the muzzle voltage line transitioning
from a non-arcing, stable electrical contact to an arcing
contact. Such transition can provoke energy losses as the
contact resistance increase. Besides, material losses can occur
due to the blow-off forces, or significant rail damages can
happen during launches. These factors put a vital risk to the
operation of the railgun. Apart from large transients, medium
and slight amplitude variations also introduce information
about the rail/armature interface condition [[11]]. Thus it is
requisite to know the mechanism that creates muzzle voltage.
The complete proof of all mechanisms is incomplete in the
literature; investigations are proceeding. In this section, a brief
literature survey is yielded in muzzle voltage research.

The muzzle voltage, denoted as Uy, is a measurement that
consists of three contour integrals and an inductive term as
in (1). These contours are illustrated in Fig. 1.b. Magnetic
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Fig. 1. EMFY-3 Launcher at the ASELSAN’s Electromagnetic Launch
Laboratory (a). Muzzle voltage measurement (b). Breech and muzzle points
are illustrated with green and blue areas respectively.

flux ahead of the armature is the cause of the inductive term.
Such a term can be interpreted as a mutual inductance since
the current excitation is at the breech side. Such an analogy
is illustrated in Fig. 2. Granting the armature is stationary, a
railgun is a linear transformer whose secondary winding, Lo,
is open-circuited. Thus, the mutual inductance, M, is equal
to Lo. While the armature moves across the rails, breech
inductance, referred to as primary inductance L, is increased.
Nevertheless, Lo is still constant in most of the launch time
as the magnetic field ahead of the armature, which constitutes
Ly, is much weaker than its behind. Magnetic field density
vectors around armature are illustrated in Fig. 3. Then (1) can
be arranged as (2), where I, is the rail current, and R, is
the armature resistance in addition to contact resistance. This
sum is denoted as R, throughout the paper for the sake of
simplicity.

1) Armature: Stationary

+ +
Breech § % Muzzle

Fig. 2. The transformer analogy.

2) Armature: Moving
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Fig. 3. The magnetic field density vectors around armature are illustrated
with black arrows. Current density values are showed with colors. Muzzle
and breech sides are indicated. Armature moving direction is illustrated with
a gray arrow.

(2) is a prevalent insight when the muzzle voltage is decom-
posed considering the transformer analogy. Dreizin and Barber
contribute another term that is closely associated with armature
velocity [12]. As the armature move, a new rail portion is
experienced with a magnetic field gradient. Such gradients
induce a current in the inner surfaces of the rails (paths 1,
and 3 from Fig. 1.b.). This contribution becomes dominant as
velocity rises. The term denoted as U, is expressed analytically
and demonstrated in (3), where k is a geometry-dependent
parameter, p, is the rail resistivity, V is the armature velocity,
s is the rail separation. With the extension of U, the muzzle
voltage becomes (4).

U, = kI’!‘ V ,U'OPTV/S 3)

_ dI,
Un=1.R,+ Lmﬁ + kI, V MOPTV/S (4)

The content of the R, is an essential topic, as Dreizin stated.
Cy evaluates both armature and contact resistances when
the contact is considered homogeneous. However, when the
armature exceeds a few hundred m/s, the current distribution
is skewed into its tails. This phenomenon is known as the
velocity skin effect (VSE). The current distributions where
the armature is stationary and moving are illustrated in Fig.
4 to demonstrate its influence. As the armature moves, it is
not clear that Cy will take into account contact resistance.
The reason is that the current pass through C, is significantly
diminished as VSE becomes dominant. Even if magnetic field
gradients in the rail portion ahead of the armature can create
significant eddy currents, it is unclear to these currents can
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form a potential difference that can totally measurable through
line contours.

v=0m/s

v=500m/s
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Fig. 4. 2-D transient FEM results with stationary and moving armature. VSE
narrows the current distribution which may affect the muzzle voltage.

Experimental proof of the U, is made by Parker [13].
Therefore, (4) seems a good way to examine the muzzle
voltage, excluding one problem. As Parker stated, the value of
the k is critical, and the analytical formulation has not adequate
accuracy. A 3-D FEM model could be used to evaluate k,
whereas it would have a significant computational load. The
objective is to examine induced currents due to the VSE in
3-D, which is still a challenging computational problem.

Chen et. al added a motional electromotive force (EMF)
term to the Uy, [[14]. This term is denoted as U., which is given
in (5). However, there are mismatches between simulations
and experiments. However, they conclude that the mismatches
occurred due to as U, is added to U,, as a whole. The term
should be multiplied with a proportionality constant as Co
does not include the whole contact.

U, = %L’ vl 5)
Unlike Chen et. al, we consider that there should not be
any motional EMF component in the U,, as there is in the
breech voltage. When the armature, a conductor, moves in its
magnetic field, it creates an EMFE. This can be explained by a
voltage caused by increased inductance as in the first term in
(6), phenomenologically. However, it is crucial that where the
EMF is built up in the railgun. The conductor movement in
the magnetic field creates an illusion that the EMF built up at
the armature as a contact voltage. However, as the armature is
connected to rails electrically, the EMF is created in the railgun
as a whole. For that reason, breech voltage measurements have
a clear slope correlated with armature acceleration. The EMF
discussions are mentioned in [4], interested readers can find
more detail in that article.

d\(t)  dL(t)

&= FTRY I(t) + L(¢) 7 (6)

Although series of works were conducted on the muzzle

voltage mechanisms, there are still missing points to fully

emulate it. In the following section, several hypotheses are

constructed to understand more about muzzle voltage. These

hypotheses are tested with various experiments to build a
simulation model.

dI(t)

III. HYPOTHESES

In the previous section, several muzzle voltage formulations
obtained in the literature are exhibited. Although some contri-
butions are solid, a few of them contradict themselves. In this
section, the primary objective is to hypothesize some of them
to achieve a better model. A typical muzzle voltage waveform
is illustrated in Fig.|10| with its rail current, I,.,;;, and armature
velocity, v, curves. Three separate regions are defined, each
of them illustrated with a distinct color. R represents the
first region where I,.,;; is continuously rising; however, v is
little. In Rs, I,4; is constant, as a pulse-shape rail current
is wanted. Since I,,; is retained minimal, there is not a
significant inductive voltage component in the muzzle voltage.
In R3, I.q; is decreasing whereas muzzle voltage increases
rapidly and ends its peak at the armature exit time. Conceding
three regions, five hypotheses are built and examined.
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Fig. 5. Typical muzzle voltage with its rail current and armature velocity curve
which is obtained with a Doppler radar. Each region of interest is illustrated
with different colors.

The first hypothesis is constructed as following;

Hypothesis 1 (H1): The muzzle voltage contribution in the
R1, consists of an inductive component due to L,,, and
resistive component due to Rcontact- Lm IS constant, whereas
Reontact has transients.

Hi is rooted in the transformer analogy where the ar-
mature can be pretended stationary. Thus, (2) is applied to
calculate U,,,. However, it is still important to determine how
much voltage induced by L,, and R ontact respectively to
understand whether one of two dominant or not. In Fig. [f]
rail current measurements and corresponding velocity curves
are illustrated. Ry is indicated with turquoise. Each rail
current has distinct fm,;l; thus I.mil values are various at Rq.
Therefore, the inductive component of the muzzle voltage can
be differentiated for each launch. It is clear that the armature
has little motion, so there is no reason for a variance in L,,.
Muzzle voltages at the R, are demonstrated in Fig. An
increase in muzzle voltages with a subsequent decrease is
observed in both measurements. It should be noted that, in
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Fig. 6. Rail current measurements at different tests (a). R is illustrated with
turquoise. Each test has dissimilar peak rail current, I,.4;;, with identical
current rise time, ¢, thus; their I,.,;; is differ. Corresponding velocity curves
are shown in (b). As the friction is dominant at R 1, stationary armature is a
valid assumption.

R1, L4 is increasing whereas frail declines continuously.
Therefore, if the inductive component is solely dominant,
muzzle voltages should have a continuous decreasing trend. As
L., is considered as constant, R.,qc¢ should have a dynamic
value. Conveniently, R ontact TiS€ES CcONcerning its initial value,
as the electrical contact is heated with /,,; and friction. The
exact variations of R.,ntqct are difficult to calculate, although
they may be extracted from empirical data. The inductive
component can be calculated, as the L., is exploited with 3-D
FEA. However, H1 is valid; Rcontact must have significant
dynamics that can influence muzzle voltage. Both inductive
and resistive components are critical and should be calculated
when R is modeled.
The second hypothesis is constructed as following;

Hypothesis 2 (H2): Muzzle voltage is not depend on the
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Fig. 7. Muzzle voltages at R1. Slight increase with subsequent decrease is ob-
served which indicates multiple transient mechanisms are occurred. As I,.4;;
is monotonously decreasing, transients occur due to resistive components.

module’s capacitor voltage, V., at R1 and Ro.

To confirm these claims, Ro should be investigated. The
starting point of the study is H,. In Fig. [§] rail currents
with comparable I rail, diverse pulse width and V., are shown.
R is colored to designate the region. It should be noted
that throughout Ro, all test has comparable armature action
integrals, and v’s, as equally weighted armatures, are used; the
only distinction is V.. However, muzzle voltages are the same,
excluding inductive spikes due to PPS firings. Thus muzzle
voltage is invariant to V.. This is convenient as the EML is
deemed a current-driven device. Therefore, Ho is confirmed.

The third hypothesis is constructed as following;

Hypothesis 3 (H3): At Ro, Reontact IS constant as long as
the sliding contact has stable liquid film.

In Ro, Lail is vanished to zero to create pulse shape current;
thus, the inductive voltage is minimal. From Fig. @(b), it is
clear that muzzle voltage is steady. Thus, R.ontact can be
considered as constant. It should be noted that Hs focuses
Ro, as the friction lose effect before Ko, which indicates that
the liquid form is received at the electrical contact. However,
someone can claim that the value of R.,,tqc¢ may differ with
different I,.,;; excitations; as Fig. |§| shows almost identical ex-
citations throughout R, and Ro. For that reason, experiments
with different jrail should be considered. In Fig. (a) an
experiment with a different f,.ail is added. Muzzle voltages in
Ro are demonstrated only; actual values are dashed, whereas
the moving-averaged values are shown with bold lines. In Fig.
E[ (b), Reontact distributions at Ry are illustrated with a Box-
Whisker plot. Legend 1 to 3 indicate experiments with IATM»Z
is 1.5 MA whereas, legend 4 indicated the experiment with
fmil is 2 MA. Red dots in Fig. |9| are outliers that occur due
to inductive voltage spikes related to switching PPS modules.
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Fig. 8. Rail current measurements with different pulse-width, and V. (a).
Corresponding muzzle voltages (b). Rz is colored in both subfigures. It should
be noted that I,.,;; is vanished to zero in R2 which means there is no inductive
component at muzzle voltages.

Reontact 1s deemed to constant around 25-30 pf2, regardless of
I,.4;; which verify Hs. In Fig. El (b), the legend 4 is fatter than
others, even though the median is close. This can be explained
with Test A’s 1,45 in Fig. 6. (a). Test A’s I,.,; is not flat as
experiments with 1.5 MA I,,;;s (demonstrated in Fig. 8. (a)),
which extract some inductive components to muzzle voltage
at RQ.

Hypothesis 4 (H4): Muzzle voltage is not depend on the
armature velocity at R and Rs.

H, is a strong argument respecting previous studies that
verify its contrast [[13]. However, in Rs, there is not any
muzzle voltage deviation even though v exceeds 1500 m/s.
Our conclusion from the contradiction with [13]] is the follow-
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Fig. 9. Muzzle voltage measurements at Ro (a). Their fruil are demon-
strated. Actual values are dashed, whereas moving-average filtered values are
illustrated with bold lines. Rcontact values at Ro are visualized with Box-
Whisker plot (b).

ing; the EMFY-3 launcher has non-conductive containment,
whereas in [[13] the containment is laminated steel which
can amplify magnetic field gradients ahead of the armature.
Such amplification increases the muzzle voltage content of this
phenomenon such that it is observable, unlike our empirical
data.

Hypothesis 5 (Hs5): The moment that transition starts is not
dependent solely armature action integral, muzzle current
ratio, and armature velocity independently.

In R3, muzzle voltages have significant jumps, although
I,.q4;; are continuously decreasing. Such increment can be
associated with an increase in Rcontact aS negative jrail
creates separative forces between rail and armature. Moreover,



Reontact 1s dependent on contact pressure which is linked
with I,..;;. However, these muzzle voltage increments are not
steady; they seem like random high transients. Thus, they point
out unhealthy, unstable arcing electrical contact. It is vital to
determine when and why the transition occurs.

To correlate the transition moment with launch parameters,
the first candidate armature action integral is used. The arma-
ture action integral (AAI) is the time integral of the 12, as
demonstrated in (7), where t..;; is the armature exit time. As
AAI is a cumulative term that reflects the armature’s electrical
load, it may be associated with the transition.

(7

In Fig. 10, AAI values with respect to time are illustrated
with different launches. The transition moments are indicated
with vertical dashed lines and arrows. These measurements
have rail currents whose demonstrated in Fig. 8.a. All of
them have the same fmil, which indicates launches have
the same linear current density, similar accelerations, and
identical armatures. However, transitions occured at different
AALI values. Fig. 10 also shows that armature velocity can not
be a candidate also. Transitions occurred between 1635-1820
m/s, which is a large velocity span. Again, the linear current
density is set constant, and identical armatures are used in

tewit
AAI:i/‘ 12, dt
0

these experiments.
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Fig. 10. Muzzle voltages with respect to armature action integrals.

Down-slope I,4;; ratio is associated with transition first by
Satapaty et. al. [15]. A statistical analysis of existing data
showed that contact transitions happen at approximately 80%
of jrail during down-slope. In the EMFY-3 experiment, the
transition occurred 93%-61% down-slope I..,;; ratio without
demonstrated any trend solely. Our conclusion as the transition
can not be modeled with launch parameters, /R3 can not be
simulated accurately.

IV. RESULTS

In this section, the simulation model, which is obtained
by considering H1-H5, compared with experimental results.
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Fig. 11. Simulation and experimental muzzle voltage waveforms are illus-

trated with Reontact.

The model is built with (2), as H4 states that muzzle voltage
is independent of v. As aforementioned L,, is a geometry-
dependent parameter, it is exploited with 3-D FEA with flux-
counting method [4]]. L,,, is 18 nH for the EMFY-3 launcher.
Reontact 1s constant around 25-30 pf) at Ro, however, it
has a dynamic value in R as H; indicates. Even if the
dynamic nature of the R oniqact Seems challenging to include
a mathematical model, a simple sigmoid function is used. The
sigmoid function is given in (9) where ~, and ¢ determine the
transition velocity, and position respectively.

1

0(%C7t):m

®)

v, and ( are not calculated analytically, they extracted
through muzzle voltage values considering (2). v is equal to
10, and ( is equal to 0.9 10~3 give consistent results with
experimental findings.



TOSUN et al.: MUZZLE VOLTAGE CHARACTERISTICS OF RAILGUNS

Simulated and measured muzzle voltages are illustrated
with the dynamic R.ontqct in Fig. 11. The model fit muzzle
voltages without any discrepancy in Ry and Ro. The model
starts to deviate when I,,;; begins decreasing. However, this
is expected as the I,,;; becomes less, the contact pressure
also diminishes, which eventually increases R ontqct- Such a
mechanism is a lack in the model. Moreover, the complete
transition region is also excluded in the model as aforemen-
tioned in Hs5 explanation. These regions are demonstrated in
Fig 12.
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Fig. 12. R3 and the complete transition zone.

V. CONCLUSION

In this study, several hypotheses on muzzle voltage mech-
anisms are investigated with empirical findings. These are
compared with previous studies in the literature. Moreover, a
simulation model is proposed to model muzzle voltage at pre-
transition regions. The remarks which are obtained throughout
the survey are listed as:

1) The muzzle voltage contribution in the R, has an in-
ductive component due to L,,, and resistive component
due to Reontact- Lm is steady, whereas Ropiqce includes
transients. R.ontqct can be modeled as a simple sigmoid
function which emulate the phase change.

2) Muzzle voltage is not depend on the module’s capacitor
voltage, V., as the EML considered a current-driven
device.

3) At Ro, Reontact is constant (25 — 30u£2) as the sliding
contact has stable liquid film. R.,ptqc¢ 1S invariant from
I,.qi1 as long as the contact is stable.

4) Muzzle voltage is not depend on the armature velocity
at R; and Ro.

5) The moment that transition starts is not solely dependent
on armature action integral, muzzle current ratio, and

armature velocity alone.
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