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ABSTRACT

MODELING OF AN ELECTROMAGNETIC LAUNCHER

Cevik, Yasin
M.S., Department of Electrical and Electronics Engineering
Supervisor  : Prof. Dr. Osman Sevaioglu

December 2015, 72 Pages

This thesis involves modeling of an electromagnetic launcher (EML) by taking all of
the variables that affect the system performance into consideration. The study includes
deriving related electrical and kinematic equations and developing models based on
these equations. Two models are built in different simulation programs to be able to
analyze the system from different aspects. Models are verified by means of
experimental results. An experimental setup is designed and implemented to represent
a similar behavior to EML. The same system is simulated using two simulation
models. Experimental and simulation results are compared and discussed.

Keywords: Electromagnetic force, electromagnetic launch, modeling, simulation
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ELEKTROMANYETIK FIRLATICININ MODELLENMESI

Cevik, Yasin
Yiiksek Lisans, Elektrik ve Elektronik Miihendisligi Boliimii
Tez Yoneticisi : Prof. Dr. Osman Sevaioglu

Aralik 2015, 72 Sayfa

Bu tez sistem performansini etkileyen tiim degiskenler géz oniinde bulundurularak
elektromanyetik firlaticinin modellenmesini igerir. Bu ¢alisma, ilgili elektriksel ve
kinematik denklemlerin ¢ikarilmasi ve bu denklemler temel alinarak modellerin
gelistirilmesini kapsar. Sistemin farkli agilardan analiz edilebilmesi ig¢in farkli
benzetim programlarinda iki model gelistirilmistir. Modeller deney sonuglari ile
dogrulanmustir. Elektromanyetik firlaticiya benzer bir deney altyapisi tasarlanmis ve
kurulmustur. Ayn1 sistemin iki modelde de benzetimi yapilarak benzetim sonuglari
alimmistir. Deneysel sonuglar ve benzetim sonuglari karsilastirilip incelenmistir.

Anahtar Kelimeler: Elektromanyetik kuvvet, elektromanyetik firlatma, modelleme,
benzetim
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CHAPTER 1

INTRODUCTION

1.1.  General Information on Electromagnetic Launchers

The conservation of energy principle states that energy can neither be created nor
destroyed; it is just transformed from one form to another. The process of changing
of energy from one form to another is called energy transformation. There are many
different types of energy transformations, for example an electric generator converts
mechanical energy to electrical energy or a solar cell converts the radiant energy of
sunlight into electrical energy, etc. One type of transformation is the conversion of
electrical energy into kinetic energy, energy of motion. A classic example of this type
is electric motors. Besides, a specific application of this kind of conversion is
electromagnetic launchers, for which a lot of research and development studies have

been done in the recent years.

Electromagnetic launcher is a device that accelerates a projectile using electrical
current. It has a large power source connected to two parallel located conductive rails.
A conductive material, called armature in this application, closes the circuit by acting
as a shunt between two rails, by this way, current flows from one rail to another. While
the current flows, it creates magnetic field according to the well-known right hand
rule in such a way that magnetic field lines are perpendicular to the rails and armature.
This magnetic field lines and current passing through armature produces a force,

called Lorentz force, which accelerates the armature along the rails.



Current
Source (/)

Figure 1.1 Schematic of a sample EML system [1].

Electromagnetic launch studies mainly focus on three areas:

I.  Suborbital payload launch;
ii.  Electromagnetic aircraft launch system (EMALYS);

iii.  Electromagnetic railgun.

Launching an object into space using rockets is expensive because conventional
rockets need large amount of chemical fuel to use against gravity. In addition to that,
the mass of the payload it launches is only around 5% of the mass of fuel it uses [2].
Therefore, alternative methods have been investigated to launch objects into space
with less cost and in a more efficient way. An alternative way to launch suborbital
payloads is “electromagnetic launch”. It is inexpensive because it doesn’t require
heavy chemical non-reusable fuel to accelerate the projectiles and launcher can be
reused many times. While a typical sounding rocket needs to carry 500 kg payload to
reach the heights between 50 km to 1500 km, the mass of electromagnetic launcher
projectile used for the same application is about a few kilograms [3]. The mass of
projectile decreases as the use of heavy fuel decreases and hence less amount of energy
is required to launch them. Experimental results have shown that projectile energy of
32MJ can be reached with energy conversion efficiency of 33%, which is more than
enough for a projectile of 3.9 kg carrying 1 kg payload to reach the apogee of 120 km
with a muzzle velocity of 2.1km/s [3]. However, this technology is now used for lower
altitude launches that stay in space for short time to conduct scientific experiments.

For stable orbit payload launches, higher projectile velocities are needed, which in

2



turn results in higher atmospheric friction. This friction could melt the payload or air-
drag force would prevent the projectile to reach orbit altitude. New methods are
needed and more research and development studies have to be done to overcome these
problems [4], [5].

Electromagnetic launcher systems have also been used for launching jets and drones
from an aircraft carrier. Steam catapults have been used lately for launching; however,
they are large, heavy and maintenance for these systems is very hard. They also press
stress on aircrafts and shorten their services. Electromagnetic launchers; on the other
hand, propose to occupy lower space, decrease maintenance requirements and offer a
controllable launch. Catapult systems have no feedback control, in other words, once
the launch starts, the final aircraft velocity cannot be adjusted again and may be
affected by many unexpected environmental factors. However, electromagnetic
launchers measure aircraft speed during the launch and have a control system which

ensures that the final speed of aircraft is the value decided before the launch.

Third and the last area where electromagnetic launch studies mostly concentrate on is
railgun systems. Significant efforts have been made and great amount of research has
been done to use them for military purposes. Railguns fire projectiles with
hypervelocity which none of conventional weapons are able to reach. Thus the
projectiles have longer ranges with these hypervelocity than conventional weapons.
Furthermore, railgun systems are safer since they do not use explosives or fuel for
launching objects. Railgun systems take less space and their cost per shot is far less
when compared to gun systems which are expected to be replaced by railguns in
military in the future.

1.2. Recent EML Research

EML studies in different countries are given in the following parts of the thesis.

1.2.1. United States of America

Railgun studies in the United States started in 1986 when “Green Farm Electric Gun

Facility” was built to develop electromagnetic launcher [6]. In 1990, United States
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and United Kingdom built a laboratory in Kirkcudbright, Scotland for electromagnetic
launch studies. This laboratory was used actively until 2004 [7, 8]. In 2005, Office of
Naval Research initiated “Electromagnetic Railgun Innovative Naval Prototype”
program. The program includes two phases. Goal of Phase 1 was proof-of-concept
demonstration of 32 MJ muzzle energy railgun and it was achieved in 2012. Phase 2
started in 2012 and demonstration of repetitive firing is aimed. Phase 2 is expected to

be completed in 2017.

1.2.2. Europe

The leading center for railgun research in Europe is the Institute of Saint-Louis (ISL),
which is a French-German research institute. Railgun studies in ISL started in 1987.
A lot of different scale railgun prototypes have been produced and tested [9-12] by
the researchers in ISL. ISL also works with similar research groups on different topics.
It collaborates with the Royal Military Academy in Belgium on augmented railguns,
the University of Pisa in Italy on magnetic fields and the Institute for Semiconductor

Physics in Vilnius, Lithuania on sensors.

There is also an academic paper about suborbital payload launch published by
researchers from ISL [13].

1.2.3. China and Other Asian Countries

China is the leading country on the number of published academic papers in the field
of electromagnetic launch. The activity has greatly increased since a decade and there
are lots of institutes located in China that conduct research in this area. Moreover,

there are a lot of railgun prototypes countrywide [14-16].

Researchers in South Korea have been working on railgun since 2011. “Agency for
Defense Development (ADD)”, “Korea Electrotechnology Research Institute
(KERI)” and “Hyundai Wia Co.” collaborate in railgun studies [17-19].

There are also academic papers published by a research group at the University of
Tabriz, Iran [20], [21].



1.3.  Purpose of Thesis

Simulations are commonly used to support experimental investigations. It is important
to obtain detailed information on the behavior of the system before conducting
experiments. Once the behavior is known, a model to represent the overall system can
be developed. A validated simulation model is then used to predict the results of

similar experiments. Moreover, the model can be used for optimization purposes.

Electromagnetic launch system includes many different parameters. Large number of
experiments has to be done to investigate the impact of each parameter change on the
system. However, it would be time consuming and costly. The purpose of this thesis
is to develop an electromagnetic launcher model and verify it with experimental
results. The model is built to include all of the variables within the system. Effect of

each variable on the system may be analyzed separately.

1.4. Outline of Thesis

This dissertation contains five chapters.

Chapter 1 overviews electromagnetic launch and electromagnetic launch applications.
EML research studies worldwide are summarized. Importance of modeling efforts in

EML studies is also underlined. In addition, the overall goal of this thesis is stated.

Chapter 2 elaborates electromagnetic launcher components. Using electromagnetic
launch theory, Lorentz equation, known as the basis of electromagnetic launch, is
evaluated and simplified to the well-known formula. Moreover, different approaches

used in modeling studies are presented.

Chapter 3 details electrical and kinematic models of an EML. All of the equations
related with these models are derived. Two different models are developed based on
these equations. A new approach is proposed for Simulink model. The proposal, which
offers defining two different current paths instead of one as in [20], [22] while writing
the current equation, may provide more realistic results. An EML system is simulated

using two models and results are compared.



Chapter 4 includes the validation of the models through experiments.
Experimental goals and components are stated. Measurement methods are elaborated.
In addition, experimental results are analyzed to obtain a model to use in simulations.
The models are updated to represent the system used in the experiment. In the end,

simulation results and experimental results are compared and discussed.

Finally, the dissertation concludes with a summary of the work done. Information

and experience gained through the study is presented. Future work is also proposed.



CHAPTER 2

EML BACKGROUND

2.1.  Structure of EML
Electromagnetic launcher consists of three main parts:

I.  Pulse Forming Unit (PFU);
ii.  Conductive rails;

iii.  Launch objective.

2.1.1. Pulse Forming Unit

PFU creates a current pulse that accelerates the projectile through the rails. PFU
includes a pulsed power source, a high voltage switch, a crowbar diode, a pulse
shaping inductor and power cables that provide connection to the rails. Topology of a

PFU circuit is shown in Figure 2.1.

— L AW—

i L Recable

. A ]

Figure 2.1 Topology of a pulse forming unit



In EML applications, various different numbers of capacitors are charged with DC
current. The number of capacitors required scales by energy rating of the application.
Charged capacitors discharge over an inductor. Inductor is used to adjust peak current
and discharge duration, in other words, controls the shape of the pulse current.
Discharge start time is controlled by using high voltage switches. Generally, thyristors
and spark gaps are selected for this process. Pulse current is finally transferred to rails
by power cables. Simulation result for a pulse current of a PFU which has 4 mF, 10
kV capacitor and 10 uH inductor is shown in Figure 2.2. Discharge start time is set to
t=0.

18 h
16 \
14

Current (A)
o 6
prd

~——

0 2 4 6 8 10 122 14 16 18 20
Time (Ms)

Figure 2.2 Pulse current of a PFU

The major purpose of pulse forming unit studies is to have a current pulse close to a
rectangular shape, which is accepted as the ideal current pulse. In ideal current pulse
case, which is shown in Figure 2.3, current reaches instantly to a value of lp and
maintains its value until projectile leaves the rails. As the projectile exits the rails, the

current should then drop to zero. | and t represents current and time.
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Figure 2.3 Ideal current pulse

It is not practical to start and stop current flow instantaneously since all systems have
internal inductance; therefore, ideal current pulse remains a theory. However, a
current pulse can be approximated to the ideal current pulse by using more than one
PFU. Several PFUs connected to the same rails with different and appropriate
discharge start time provide flat current pulses. Simulation result for total current of 8
modules connected in parallel is given in Figure 2.4. Modules are identical and each

has 4 mF, 10 kV capacitor and 10 uH inductor. Discharge start time for each module

is given in Table 2.1.

p t

Table 2.1 Discharge start time for each module

Module
number

Discharge
start time
(ms)

0

0

0

0.8

2

3

4.2

ONOO|OT B WINF-

5.4
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Figure 2.4 Total current of 8 module connected in parallel

2.1.2. Conductive Rails

Rail pair is used as barrel in EML. Projectile is placed between parallel rails. When
the current pulse produced by PFU flows through rails and armature, armature starts
sliding along the rails. Current pulse peak value is generally in the order of several
hundred kA; therefore, a significant amount of initially charged electrical energy is
lost due to rail resistance in the form of heat dissipation. Furthermore, the contact
between projectile and rails causes friction force that also decelerates the projectile.
Hence, it can be said that rail material plays an important role in the efficiency of
launch application. Materials that have high electrical conductivity and small friction
coefficient should be used as rails. Also, roughness of the surface of the rails should
be as good as possible so that the contact resistance between projectile and rails can
be kept low.

2.1.3. Launch Object

Launch object generally consists of three parts. First part is the conductive part which
is called armature. Second part is a non-conductive part called sabot. It is used to hold
projectile in a precise position. Third part includes the object that is aimed to launch
and it is called projectile. Armature holds the projectile and sabot while conducting

current between the rails. As current passes through the armature, armature, sabot and

10



projectile starts moving with the effect of electromagnetic force acting on the
armature. After they leave the barrel, armature drops first. Then sabot are separated
from projectile by air drag force. Sabot falls away and projectile flies with

hypervelocity. An example of sabot separation is illustrated in Figure 2.5.

Figure 2.5 The separation of armature, sabot and launch object [23]

2.2.  Electromagnetic Launch Theory

The principle of electromagnetic launch technology relies on the Lorentz force, which
describes the interaction between electrical current and magnetic fields. This force is
defined by

F =q(V, xB) (2.1)

As armature completes the circuit path between the rails, current passes through rails

and armature with a drift velocity (V). The current flowing through the rails also

creates a magnetic field (B) between the rails. These perpendicular velocity and

magnetic field vectors result in a force ( E ) on any charged particles () between the

rails. Figure 2.6 illustrates this interaction.

11



|
Figure 2.6 Current and magnetic field interaction (left), Lorentz force (right) [24]

To better understand the interaction between the projectile and rails, the magnitude of
the Lorentz force can be given as

F=qv,B (2.2)

where qis charge, v, is the magnitude of the drift velocity of the charge, and B is the

magnitude of the magnetic field created between the rails. The amount of charge

flowing through the projectile can be written as

q=It (2.3)

where 1is the current and t is the passing time of a charge with a velocity of v,

through the projectile having a length of |. Equation 2.3 can be rewritten as

q=1-- (24)
Vg

Replacing ¢ in Equation 2.2 using Equation 2.4 gives the resulting equation

F =8Il (2.5)
Differentiating Equation 2.5 along the armature height | yields the following
dF = Bldx (2.6)

Equation 2.6 shows a relationship between Lorentz force acting on the armature,
magnetic field and the electrical current. The magnetic field B produced by a current

passing through a semi-infinite straight wire can be expressed by Biot-Savart Law as

12
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where u,is permeability of free space and r is the radial distance from the center of

wire. Now, two assumptions have to be made:

I.  the current passes only through the center of the rails, and
ii. the magnetic characteristics of rectangular rails are similar to the

characteristics of long circular wires.

The assumptions stated above are illustrated in Figure 2.7 below.

Figure 2.7 The magnetic field produced by current passing through the rails [24]

After applying the Biot-Savart Law equation into Equation 2.6 and integrating it,

Lorentz force becomes

2 R+l
L IVE U S (2.8)
4r 5 X 2R+1—-x
Evaluating the integral yields
2 2
F:ﬂjl |n{(RF;') } (2.9)
JT

The right hand side of the Equation 2.9 can be divided into two parts. First part is 12
and second part includes the rest. A new term is introduced in electromagnetic launch

studies to define the second part. It is called inductance gradient (L") and it is a
13



magnetic field factor which depends only the geometry of the electromagnetic
launcher itself. 1t is important to note that L' is not an inductance of the system and

its unitisH /m. Therefore, L' is expressed as

L'Eg‘_;ln{(Rgz')z} (2.10)

Finally, substituting Equation 2.10 into 2.9 gives the simple Lorentz Force equation

1.2
F==L' 2.11
5 (2.11)

2.3.  Inductance Gradient

Inductance gradient is one of the important parameters to determine the Lorentz force;
therefore, it has to be calculated accurately. Kerrisk’s method is widely used to find
L' of the EML systems [25].

The method developed at Los Alamos National Laboratory includes the geometry of
the rails and various material and logarithmic constants.

w WS S S S wW
L'=| A+BIn(a, —+a,——) |In(b, +b, = +b,—+b, —— 2.12
[ @ zhhﬂ(l R T B XY

where w is rail width, s is rail separation and h is rail height as shown in Figure 2.8.

Kerrisk’s parameters are given in Table 2.2,

Figure 2.8 Dimensions described in Kerrisk’s method
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Table 2.2 Kerrisk’s parameters

Kerrisk’s

paramete rs
A 0.44061
B -0.0771
a 3.397143
a, -0.06603
b, 1.007719
b, 2.743651
b3 0.022093
b, 0.263739

2.4. Literature Review

Global electromagnetic launcher model can be constructed by combining electrical
model of the pulse forming network, the rails and the armature with kinematic model

of the armature.

l rail
N\
7/
ELECTRICAL MODEL KINEMATIC MODEL
. Calculation of the force
Calcylatlt(;n o t: (:hcurr(_elnt acting on the launch
pzs;ént%e I;?JLr:?:h ot?';ilt S object, launch object
J velocity and position
Z
AN
V,X

Figure 2.9 EML system model

Electrical model is used to calculate the current passing through the rails. The current
found in the electrical model is then used in kinematic model to find the

electromagnetic force acting on the armature. The net force on the armature is obtained

15



by subtracting total friction force from electromagnetic force. Armature acceleration,
velocity and position is calculated by making use of this net force. The rail resistance
and inductance are time dependent due to moving armature along the rails. Therefore,
armature velocity and position found in the kinematic model are then used in the

electrical model to calculate the rail current.

The efforts on modeling and simulation of EML system are based on solving nonlinear
differential equations coming from the electrical and kinematic models. Different
ways to express these equations were published in the past. Since the armature is
driven by electric current, it is a natural approach to use electrical circuit simulation
environments. M. Coffo and J.Gallant [26] used PSPICE to model the system by
converting all constitutive equations into circuits consisting of basic circuit elements.
Y. Zhou et al. [27] also used PSPICE to build the models and do the analysis and
verified the model with experimental results. F.J. Deadrick et al. [28] expressed the

equations as a software program and used solver libraries.

Another approach to simulate the system is to use block diagram model for differential
equation system of the pulsed power supply and the launcher. T.Sianen et al. [22] used
SCILAB to present a simulation model. S.A.Taher et al. [20] used Simulink for block
diagram model and validated its accuracy with experimental and finite element
method (FEM) results. Yu and Fan [29] have attempted to use Simulink and Simplorer
to analyze the EML system, where electrical circuit simulation results obtained in
Simplorer are used to solve kinematic equations modeled in Simulink. Monte Carlo

method was also implemented to simulate EML [30].

As mentioned above, the rail resistance changes with time as armature moves through
the rails. Therefore, a time dependent model is needed to represent the resistance of

the rails. In related references, T.Sianen et al. [22] used a linear model, which follows

Ria () =R'x(t) +R, (2.13)

where X(t) is the position of the armature, R'is the resistance per unit length and R,

is the initial resistance. This assumption ignores the current skin effect and the contact
resistance when establishing the rail resistance. When the velocity of the armature is
16



low, the current could flow uniformly between the conductors, which is shown in
Figure 2.10.

Laver
Low Velocity
Armature

Figure 2.10 Current path through rails and armature at low velocity [31]

However, when the velocity is high, the density of the current through the rails and
armature changes in a way that current flows through the trailing edge of the armature
as shown in Figure 2.11.

High Velocity

Armature >

Figure 2.11 Current path through rails and armature at high velocity [31]

Rail resistance, Velocity Skin Effect (VSEC) resistance and contact resistance are all
formulated by taking the skin effect into consideration. The total rail resistance is
modeled in [27], [32], [33] as

R Rt + Rse + Rg + Re (2.14)

total —
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where R,,; is the resistance of the rails, R, is the change of contact resistance

caused by speed skin effect, R is the resistance of the armature and R.. is the contact

resistance.

J.Wey et al. [34] also used a model regarding the skin effect. In that model an

equivalent resistance equation for rails is given as

Rrail (t) = RI (t)X(t) (215)

R'(t) = RO'[\/% +erf (\EO)} (2.16)

where Ry is the variation due to normal skin depth and ¢, is a typical time constant in
the order of 1 ms. M. Coffo and J.Gallant [26] also used this representation for rail

resistance in their EML model.
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CHAPTER 3

EML MODELING

3.1. Electrical Model

3.1.1. Basic Form of EML

Mathematical equations are used to represent a system in Simulink. These equations
are then solved by an appropriate solver chosen in the program. Therefore, all
mathematical equations related to EML system have to be derived first.

Equivalent circuit model of the launcher can be drawn as in Figure 3.1. Description of

the circuit parameters is given in Table 3.1.

SCR Rscr Lm Rm
MN
Lc
Crowbar_ Rvar
Diode
Rc
Uc Rd

Lvar

+

Figure 3.1 EML equivalent circuit model
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Table 3.1 Description of the circuit parameters

Parameter Description

Rc Equivalent series resistance of capacitor

Lc Equivalent series inductance of capacitor

Rser Resistance of silicon controlled rectifier
stack

R Resistance of crowbar diode stack

Lg Inductance of crowbar diode stack

Rm Total resistance of pulse shaping inductor
and power cables in a module

Lm Total inductance of pulse shaping inductor
and power cables in a module

Rvar Total resistance of rails and launch object

Lvar Total inductance of rails and launch object

Uc Initial capacitor charge voltage

Electrical circuit equation of the system is found using Kirchhoff’s Voltage Law
(KVL). The current in the circuit flows through two different paths due to the
existence of the crowbar diode. Current follows the path drawn in Figure 3.2 until the

voltage at node A decreases to zero.

SCR Rscr Lm Rm

e
o

Rvar

Crowbar_Diode

Lvar

Figure 3.2 Current path 1

Voltage equation for path 1 can be written as

d

U, +i(R, +L, gti(t)+i(t)R FiR, +L, jti(t)+i(t)Rvar(t)+dt(i(t)Lvar(t)):O (3.1)

scr
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Voltage at node A is

3.2)

scr

V, =U, —i(t)R. - L, %i(t)—i(t)R

Internal resistances and inductances are included in the equivalent circuit model in
Figure 3.1. Their effects on the overall performance of the system should not be
neglected since the current in the circuit would be at a level of a few hundred kilo

amps to million amps.

The path for the current as the voltage at node A decreases to zero and the crowbar

diode is in the conduction state is drawn in Figure 3.3.

SCR Rscr Lm Rm
A

Crowbar_ Rvar
Diode

Lvar

Figure 3.3 Current path 2

Voltage equation for the second path is written as

] d. ] d .. ] d.
IOR, + Ly 1O +1OR 1) + - (OLLO) +IOR, + L, i) =0 (3.3)

It should be noted that the initial value of the current i(t) in Equation 3.3 is the final
value of the current found in the solution of Equation 3.1, which corresponds to the

peak value of the total current in the module. The variable resistance of the launcher

R, and the variable inductance L, both depend on the position of the launch object.

var var

The relationship for the resistance will be detailed in the following sections; however,
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L (t)) termin both

var

has to be analyzed at this stage due to the presence of %(i(t)L

var

Equation 3.1 and Equation 3.3. The inductance of the rails is assumed to have a linear
relationship with the position of the launch object. It follows

L) =L'x(®) (3.4)

where L'is the inductance per unit length, i.e. inductance gradient and X(t)is the
position of the launch object. Equation 3.1 and Equation 3.3 may be rewritten as
. d... . : d... . N
U, +i(tR, +L, a|(t)+|(t)R +i(t)R, +L, —it)+i(t)R,, (t)+L"x(t)—i(t)

dt dt

35

+i(t)E L'v(t) =0 o9
dt

. d... . v d oo od . d...
itR, +L, al(t)-l_l(t)Rvar(t)-'_L X(t)al(t)-l-l(t)a L'v(t)+i(t)R, +L, al(t)_o (3.6)

where V(t) is the velocity of the launch object, obtained from %x(t) :

L'x(t) expresses the inductance of the rails, but L'v(t) does not have a meaning related
to the inductance. According to Faraday’s Law of induction, L'v(t)I(t)is called the
back EMF and L'v(t)is a resistance that represents the mechanical energy converted

from electrical energy by a magnetic field.

3.1.2. Multistage EML

In EML applications, a multistage structure is used instead of a single PFU to
eliminate the limitations and improve the performance of the system. The current
passing through each electronic component in a PFU, which is the main concern in
designing of a PFU, decreases as several numbers of PFUs are connected in parallel.
Moreover, increasing number of PFUs gives the advantage to shape the rail current by

triggering each PFU in an order to increase the acceleration of the launch object.

Equivalent circuit model for the multistage EML is given in Figure 3.4.
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hh+bk+.. .+

2 Rvar

2{ Lvar

Figure 3.4 Multistage EML equivalent circuit model

Modifying Equation 3.5 and Equation 3.6 for multistage EML model yields

_UC + il (t) Rc + Lc %Il (t) + il (t) Rscr + i1 (t) Rm + I—m %Il (t) + itotal(t) Rvar (t) +

1 d - - d 1
L x(t)a Lot (1) + 1o (t)a L'v(t)=0

3.7)

LR <L Li o+ 0RO+ Ux) L vi 03 L+
1 m m dt 1 total var dt total total dt

: d.

|1(t)Rd + Ld a'l(t) =0

(3.8)

where i, (t) is the current in PFU-1 and i, (t) is the sum of the currents in each

PFU.
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itotal(t) =i1(t)+i2(t)+---+in(t) (3.9)

The variable rail resistance is modeled as in [29]. In this model, velocity skin effect
due to sliding contact, current skin effect and imperfect contact effect are all taken
into consideration and each is represented as a part of total rail resistance. Resistance
equations for the rails, the launch object, the contact between rails and launch object

8—X‘/@,xsl
3hV 2t

R, (x) = (3.10)
8l |zup x> |

3hV 2t

R =2 [P (3.11)
h\ 2t

and velocity skin effect are defined as

R =K | (3.12)
h 2t
Ry (V) = Rye #V° (3.13)

where R (x)is the rail resistance, R;is the resistance of the launch object, R is the
contact resistance and R,..(V)is the resistance due to velocity skin effect. | is the
length of the rails, s is width of the launch object, h is the height of the rails. k. is
the contact resistance constant, w is the permeability of the rail material, p is the
effective resistivity and t represents the time. Finally, R, is the proportionality

constant and v is the velocity of the launch object.

3.2.  Kinematic Model

Kinematic model equations arise from the classical equation
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F

net = Ma (3.14)
where F,is the net force acting on the launch object, mis the mass of the launch

object and a is the acceleration of the launch object. The net force on the launch

object is found by subtracting the mechanical friction force F, (t) from the

electromagnetic force F,,(t), assuming that all other forces acting on the launch

object are negligible.

Fu=F

em

~F, (3.15)

net

The electromagnetic force F,,(t) is simply found by using Lorentz force equation,

Fo=tu

em total
2

(3.16)

The mechanical friction force is a function of the friction coefficient . and the

normal force F ,
Fo=unFy (3.17)

The normal force has both mechanical (F .) and electromagnetic (F,,,)

components, which can be written as

I:N = I:N,mech + I:N,em (318)
The mechanical normal force is obtained from the compression test of the launch

object. However, the electromagnetic normal force is proportional to the

electromagnetic force,

F aF,

em

(3.19)

N,em—

where « is a proportionality constant depends on the geometry of the current bridge.

The electromagnetic force and its components are shown in Figure 3.5.
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ARMATURE

Figure 3.5 Electromagnetic force and its components

An expression for the net force acting on the projectile is found by combining all the
equations from Equation 3.14 to Equation 3.19.

Fnet = I:em - l:f = (1_alufr)|:em —Hy I:N,mech (320)

As the acceleration of the launch object is calculated from Equation 3.14, velocity
and position of the launch object can be easily found as follows

v(t) = j a(t)dt +v, (3.21)

x(t) = j v(t)dt + X, (3.22)

3.3.  Implementation in Simulink

All mathematical equations representing both electrical and kinematic models are
expressed as block diagrams in Simulink. Each block has inputs and outputs and
outputs of some blocks are used as inputs for other blocks. These relations and all the
sub blocks are explained in detail in this section.

The model uses some inputs defined by the user. Input parameters are set according

to the system to be modeled. These parameters include capacitor voltage, capacitance
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value of PFU and all the resistances and inductances of PFU. Moreover, values of
some constants such as electrical resistivity, proportionality constant and contact
resistance constant are written here. Finally, the rail and the launch object dimensions
and the mass of the launch object are all set in this part. Dimensions of the rails and
the launch object are used to find the inductance gradient according to Equation 2.12.
The mass of the launch object is used to solve the kinematic model equations.

Capacitance and charge voltage PFUimpedances Rail and launch object parameters

[Reotal] flength]

copmeRance Cow33 Riotal Gotod length Gotod9
[Ltotal] heignt Gl
charge_volt Goto34 Liotal Gotos

[rail_width]

H

[L prime] rail_width Coto38

ﬁ
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3
=8
g
3
|
=
=3
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|

Goto1 [Rve]
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Le] Gota16
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H

[Rd] Goto30
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L] [mass]
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Figure 3.6 Input parameters

Switch time of each PFU used in the system is also set by the user, as the system is
multistage and each PFU is triggered independently.

R e

Y GotaZs

lIl—’

52 GotaZd

= Gotoa0

52 Goto31

o

Figure 3.7 S\;vitch time set for each PFU
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The current and the voltage of each PFU are calculated separately and then the total
current is found by the summation of all module currents. A modular model approach
is used so as to modify the model easily for new systems. Only by adding or removing
voltage and current sub-blocks without changing other blocks, a model for the system

having different number of PFUs can be modeled.

The block to find the capacitor and the diode voltage is given in Figure 3.8. This block

is used to represent the Equation 3.2.

time
—> .
capacitor voltage

module current
—>
capacitance
- 7 Module voltage
charge voltage | calculation block

switch time
hme |

Rscr
%.

Re
—

Le
—

Figure 3.8 Module voltage block

“Time” input is used as reference for switch time of each PFU. “Module_curr” input
is derived from the module current block. Capacitor inductance, resistance and
thyristor resistance are also used as inputs since they exist in the equation of capacitor
and diode voltage. The diode voltage found in this block is used as an input to the
module current block. The module current block is shown in Figure 3.9. In this block,
the diode voltage is the control input. Initially, the diode voltage is equal to the charge
voltage and greater than zero; therefore, Equation 3.7 is used to find the module
current. The capacitor voltage and the diode voltage decreases as the capacitor
discharges over pulse shaping inductor. Equation 3.7 is valid until the diode voltage
decreases to zero, after than the block representing Equation 3.8 is used for deriving
the module current. It should be noted that the current used in Equation 3.8 has an
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initial value. The final value of the current calculated in Equation 3.7 has to be used
as the initial value for the current given in Equation 3.8.

Capacitor voltage

position_

Rrtotal
—
Liotal
= ]

Rvar_total
—

Lprime, Module current
Trotal calculation block module current
—5

Figure 3.9 Module current block

Unlike the approach used both in [20] and [22] to represent the EML in block diagram
model, this model takes the effect of the diode resistance and inductance into account
while building the model of the system. Therefore, the effect of the change in the
impedance of the diode on the current waveform may be observed. This approach
provides a more detailed analysis and reliable results.

As the current of each module is found, the total current is calculated by summation
of the module currents.

modulel cur
_

module2 cur
h—— total current _

module3 cur Q "
—_]

moduled cur

module5 cur
—

Figure 3.10 Total current calculation block
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“Rvar_total” input of the module current block is the summation of the resistances

given by the equations from Equation 3.10 to Equation 3.14. The blocks used for
representing these resistances are given in Figure 3.11.

time
|
position Reail Rye | Velocity skin Rysec
lensth Rail resistance ——> effect —
_g_’- velocity |  resistance
height —
time time
height !
—g—’ Rarm hﬂg‘ﬁ’ Reont
Armature widy| Armature ke Contact | —>
— " resistance — " resistance
position position
Rrail
—_—
R'I".\'el’.'

Rrotal
R.ﬂﬂll

Reont

Figure 3.11 Rail, velocity skin effect, armature and contact resistances

“Lprime” input of module current block is also found using the block built for
Equation 2.12.

height
— | Inductance
il wi Gradient | Lprime
rail_width ! | Lprime,
i calculation
armature width
—

Figure 3.12 Lprime calculation block

30



Kinematic equations are also expressed in the model. The block to find the
acceleration, the velocity and the position of the launch object is shown in Figure 3.13.

Ttotal acceleration
— Kinematic [ >
Lprime model veloci
— block 4'}'
mass position

Figure 3.13 Kinematic model block

Total current passing through the rails, inductance gradient and the mass of the launch
object are inputs of the block. The acceleration of the launch object is first calculated
using equations from Equation 3.14 to Equation 3.20. The velocity and the position

are then found by solving Equation 3.21 and Equation 3.22.

Efficiency of the system is also figured out using the block given in Figure 3.14.

mass

—>

velocity Efficiency efficiency
capacitance

charge voltage

Figure 3.14 Efficiency block

In this block, efficiency is defined as the ratio of the kinetic energy of the launch object
to the charge energy of all capacitors in the system.

;mv2
=7
~CVv?
2

(3.23)

where m is mass and V is velocity of the launch object, C is total capacitance of PFU

and V is charge voltage of the capacitors in the PFU.
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Finally, there is an output section in the model; all the waveforms of the outputs of

the system can be monitored here. Outputs to be monitored are given in Figure 3.15.
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Figure 3.15 Outputs of EML system

3.4.  Implementation in Simplorer

Electrical components are represented numerically in Simulink. Their impedance
values are used in the equations to build blocks; however, electrical circuit simulation
programs serve component models in detail. For each model, all of the parameters
affecting their operation are included and can be controlled by the user. Therefore, the
system is also modeled in Simplorer simulation program. Simplorer is convenient in
modeling electrical part of the system. Simulink; on the other hand, is suitable for
representing the kinematic part. Moreover, optimization studies have to be done to
increase performance of the system. Optimum switching time of each module,
optimum length of the rails, etc. can all be found by analyses conducted in Simulink.
It would be better to model the system in these two different simulation environments

to be able to analyze the system in different aspects.

Simplorer includes library of models for electrical components. Therefore, it is easy
to implement a circuit model by just choosing the component from the library,
dragging it into the model and making wire connections. However, EML system
includes lots of variables and effect of change in each variable may be wanted to be

observed. On the other hand, since EML system consists of modules, it would be time
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consuming to change a variable in all modules manually. Therefore, as in Simulink
model, an input control section is built as shown in Figure 3.16. Constant values are
assigned to all of the parameters and also for the switch time for each module as given
in Figure 3.16. Furthermore, variables used in kinematic equation are also defined and

controlled in this section.

Switch1 Capacitance | shape Rcable

CONST | —H CONST  |— CONST [ CONST [—m@
Switch2 ‘Vcharge Rlshape Lcable

CONST | —H CONST | —H CONST  |—H CONST Bl
Switchd Rcapacitor Rd Lprime.

CONST | —H CONST | —H CONST  [—H CONST  [—
Switchd Lcapacitor Ld mass

CONST [—H CONST CONST & CONST [
SwitchS Rscr

CONST | —H CONST | —H

Figure 3.16 Input section for Simplorer model

The system to be modeled has 1MJ PFU. The PFU is composed of five 200-kJ unit
modules. Values of circuit parameters of each module are given in Table 3.2.

Table 3.2 Values of the circuit parameters of each PFU module

Parameter Description Value
Uc Initial capacitor charge voltage 10 kV
C Capacitance of capacitor 4 mF
Rc Equivalent series resistance of capacitor | 0.25 mQ
Lc Equivalent series inductance of capacitor | 0.1 uH

Rscr Resistance of  Silicon  Controlled 1 mQ

Rectifier Stack

Rd Resistance of crowbar diode stack 0.6 mQ

Ld Inductance of crowbar diode stack 0.1 uH
Rishape Resistance of pulse shaping inductor 2.0 mQ
Lshape Inductance of pulse shaping inductor 10 uH
Recable Resistance of power cables 5 mQ
Lcable Inductance of power cable 0.4 uH

The circuit model for 200-kJ module is shown in Figure 3.17.
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Figure 3.17 Circuit model for 200-kJ unit module

Five 200-kJ unit modules are connected in parallel to form 1MJ PFU. The PFU is
connected to a load that represents the rails and the armature. Load components are
given in Figure 3.18.
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Figure 3.18 Load components
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The load includes rail resistance Rril, contact resistance Rcont, armature resistance
Rarm, velocity skin effect resistance Rysec, rail inductance Ly and a resistance that
represents the back emf. The values for these components are found by implementing
the equations given in section 3.1.1 and 3.1.2 in the equation block. Kinematic
equations are also modeled in equation blocks. Velocity and position of the launch
object are found using the blocks given in Figure 3.19.

velocity position
EQUBL1

ki

I
Ll

<+
W
o

EQUBL

Figure 3.19 Kinematic equation blocks

The current passing through the rail is used as the input for the equation block, as well
as the mass and the inductance gradient defined by the user in the input section. As
the acceleration of the launch object is found according to Equation 3.14, velocity and
position are calculated by using integral blocks in the program.

The descriptions and the values of the parameters of PFU modules are given in Table
3.2. The remaining specifications of the simulated launcher are given in Table 3.3.

Table 3.3 Specifications of the simulated EML

Description Value
Mass of the launch object 125 ¢
Inductance gradient (L") 0.45 uH/m
Length of the rails 2m
Width of the rails 25 mm
Height of the rails 25 mm
Distance between the rails 25 mm

Two different scenarios are simulated. Firstly, all 200 kJ unit-modules are triggered
at the same time and the results are obtained and compared. Secondly, the modules
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are triggered sequentially. Module trigger order for two scenarios is given in Table

3.4.

Table 3.4 Module trigger order for two scenarios

Scenario 1 Scenario 2
Module Trigger Module Trigger
number time (ms) | number time (ms)

1 0 1 0
2 0 2 0
3 0 3 0.2
4 0 4 0.6
5 0 5 1

Simulation results from two programs for scenario 1 are given in the Figs. 3.20-3.24

as below.

Figure 3.20 shows the current of module 1, which has a peak value of 149 kA with a
rise time of t=0.295 ms. Total current passing through the rails, which corresponds to
the sum of the current of five modules is given in Figure 3.21. The peak of the total
current is approximately 746 kA, five times the peak of one module current as
expected. The time when the launch object leaves the rails can be found from Figure
3.23. As the length of the rails is 2 meters, the moment the launch object position
reaches 2 meters is the launch time. The launch time may also be decided from Figure
3.24. Total resistance of the rails and the launch object decays from a value. The time
when this decaying path changes is the launch time because as in Equation 3.10 the
rail resistance equation is defined as a piecewise function according to the rail length.
In Figure 3.23 there is slight difference in launch time in two simulation results. In
Simulink, the launch object leaves the rails at t='5 ms, whereas according to Simplorer
the launch time is approximately 5.3ms. This difference arises from the difference in
velocities obtained in two programs. As it may clearly be seen from Figure 3.22, the
velocity of the launch object is higher in Simulink than the one in Simplorer solution.
The velocity of the launch object is the integral of the acceleration and therefore, a
closer look at the acceleration waveforms can explain the difference in the velocities

found.
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Figure 3.24 Total resistance of the rails and the launch object

Figure 3.25 demonstrates the acceleration waveforms of the launch object. Although
the difference between the peak values of the waveforms seems to be small, the figure
scale is in the order of thousands and this results in 20-25 m/s difference in the
maximum values of the velocity curves. However, according to Equation 3.14,
Equation 3.16 and Equation 3.20, the main reason that lies behind these inequalities
in acceleration, velocity and position waveforms in two programs is small differences

between current waveforms given in Figure 3.21.
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Figure 3.25 Acceleration curves of the launch object

As stated before, a rectangular shape current pulse is preferred in EML applications.
Therefore, instead of triggering all PFUs at once, a sequential triggering is applied.
For this purpose, the same system is simulated again according to the timing sequence

given in Table 3.4. Results are given in the Figs. 3.26-3.30 as below.

Figure 3.26 demonstrates the current of module-4. Module 4 is triggered at t= 0.6 ms
and has a peak value of 162 kA with a rise time of 0.3ms. Apart from trigger time, all
the module currents have the same peak value and rise time. The total current passing
through the rails is shown in Figure 3.27. It has a peak value of 430 kA and by
sequential triggering, this value is kept almost constant for about 1 ms. The launch
time may be found from Figure 3.30 as the instant when decaying path of the
waveform changes and it is around 6.1 ms. The velocity and position waveforms found
in two programs are noticeably different as shown in Figure 3.28 and Figure 3.29. The
maximum values of the velocity and the position are higher in Simulink. The
aforementioned reason for the differences in the same graphs in scenario 1 is still valid
for the differences in scenario 2. However, the waveforms in Figure 3.28 are closer

than waveforms in Figure 3.22 and the same is valid for the acceleration waveforms.
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This means that inequalities in the total current waveforms shown in Figure 3.27 are

less than the one in Figure 3.21.
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Figure 3.30 Total resistance of the rails and the launch object

Some differences are noticed between the results for two scenarios. First of all, the
peak value of the module current in scenario 2 is higher than the peak value of the
module current in scenario 1. The reason may be explained through total resistance
waveforms given in Figure 3.24 and Figure 3.30. Initial value of the resistance and the
magnitude of the total current are higher in scenario 1. As a result, more energy is lost
on resistance and total energy transferred to inductance is decreased. Consequently,
peak value of the module current is less in scenario 1. Secondly, maximum values for
the total current passing through the rails, the velocity and the position of the launch
object are smaller in scenario 2 comparing to the values in scenario 1. Final and the
most remarkable difference between the simulation results of two scenarios is seen in
the waveforms of the total current passing through the rails. The current waveform in
Figure 3.21 is a pulse current with a peak value of 746 kA while, in Figure 3.27, the
current waveform consists of three pulse currents with the same peak value around
430 kKA. A flat current waveform is observed in scenario 2 because of sequential
triggering. Since the Lorentz force is directly proportional to the square of the current
passing through the rails, the maximum value for the velocity of the launch object is
higher in scenario 1, but this difference is about 30 m/s. On the other hand, the

difference in the peak values of the total current between two scenarios is nearly 320
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kA, which causes higher deformation of the material of the rails and the launch object
for the scenario 1 as compared to scenario 2. Furthermore, rail dimensions have to be
expanded as the amount of current passing through the rails increases and this results
in higher costs. Therefore, sequential triggering is preferred generally in EML

applications.
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CHAPTER 4

EXPERIMENTAL PROCEDURE

4.1. Experimental Goals

In the previous chapter, EML is modeled in two different simulation environments. In
order to continue with further studies using simulations, the models have to be verified
by experimental results. For this purpose, a system similar to an EML is prepared.
Instead of rails and launch object, a sliding contact mechanism is connected to PFU
as a load. Several tests are performed and data is recorded. The models mentioned in
previous chapter are modified to simulate the system used in the experiment. Finally,

simulation and experimental results are compared.

4.2.  Experimental Components

The system used in the experiment is composed of two parts: a PFU and a load. PFU
includes a capacitor bank, a pulse shaping inductor and a crowbar diode bank.
Capacitors are charged to desired voltage level through a DC voltage source. Circuit
schematic of the PFU and the voltage source is given in Figure 4.1.
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Figure 4.1 Circuit schematic of the PFU and DC voltage source

Unlike PFUs generally used in EML application, there is not an external switching

unit in this PFU. Circuit is closed by the sliding mechanism in the load. Load is
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connected to the PFU from A and B terminals shown in Figure 4.1. A special load is
designed to represent rails and launch object in an EML. In EML, launch object slides
between the rails with electromagnetic force acting on it. During the motion, due to
very high currents passing through the rails and the launch object, erosion and
degradation occur in conductors. Moreover, contact between these two weakens. If
the contact between the rails and the launch object is set to be poor initially, as the
launch object moves along the rails contact is lost and arching occurs, resulting in high
resistances. By taking these issues into consideration, the mechanism given in Figure

4.2 is developed.

Figure 4.2 Schematic (left ) and rotation axis (right) of the mechanism designed to
represent the rails and the launch object

This mechanism includes a copper rod screwed between two non-conducting L shape
plastic materials. It can rotate around z axis. Copper rod is wired to the PFU from
terminal A shown in Figure 4.1. On the other end of the table, aluminum is screwed
to copper and placed on the route of the copper rod such that it hits the edge of the
aluminum and a copper-aluminum contact is formed. Terminal B, which is shown in
Figure 4.1, Ois wired to copper. It is expected that as the copper rod gets close enough
to the aluminum, arching occurs and PFU circuit is closed. After a short time, the rod
hits the aluminum and contact is formed. Then due to high current, aluminum melts
from the edge and contact is lost. After contact loss, a short arching occurs again and
finally conduction stops. Therefore, a time varying resistance is expected to be
observed in the load. Circuit schematic of the overall system is presented in Figure
4.3.
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Figure 4.3 Circuit schematic of the system

Aluminum samples are 10 cm long and width of the samples are changed during the
experiment. Samples having a width of 0.6 cm and 1 cm are used in experiments in
order to see the effect of the aluminum width on the load resistance. One edge of the
aluminum is curved to increase contact area between aluminum and copper. The load

and aluminum samples used in the experiment are shown in the figures below.

Figure 4.4 Load used in the experiment
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Figure 4.5 Aluminum samples used in the experiment

4.3. Data Acquisition

The main aim in the experiment is to obtain required data to model the electrical
resistance of the load and use it in the simulation. Measurements are performed
accordingly. Electrical resistance between two nodes can be explained as the ratio of
voltage between the nodes to current passing through the nodes. Therefore, measuring
the voltage between A and B nodes given in Figure 4.3 and the current passing through
the load would be adequate to find the resistance. Schematic of measurements is given

in Figure 4.6.

PFU

Rogowski
K—/\/~\ Cur. Probe

Figure 4.6 Schematic of measurements
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Voltage divider used in the experiment is a capacitive voltage divider and has a ratio
of 1:20. Current is measured by Rogowski current probe. Rogowski current probe is
generally used for transient current measurements. It consists of an air-cored coil
which is named as Rogowski coil and an integrator. It is placed around a current-
carrying conductor. As the current passing through the conductor changes, a voltage
Is generated on the coil. This voltage is proportional to the rate of change of current.
The voltage is then integrated to find the flux linkage which is proportional to the

current. Basic form of a Rogowski current probe is shown in Figure 4.7.

+.Vﬂlﬂ

Figure 4.7 Basic form of Rogowski current probe [35]

During the experiments, a commercially available Rogowski Current Probe (PEM
CWT 300LFB) is used. The probe has 0,imV/A ratio. More information about
Rogowski probe is provided in APPENDIX A. Voltage and current signals are
monitored and saved by Tektronix DPO3034 oscilloscope. Measurement equipments

are shown in Figure 4.8.
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4.4. Test Procedure and Results

Components of the experimental setup are shown in Figure 4.8 and Figure 4.9.

' s
Charge Volt.

L}

Figure 4.9 Pulse Forming Unit and load

The capacitor bank in the PFU shown in Figure 4.9 is produced by connecting several
100 uF, 650 V capacitors in parallel so that total capacitance of the PFU is 200 mF.
The energy of the PFU is 42.25 kJ, if capacitors are charged to 650 VDC. However,
capacitors are charged to 100 VDC in the experiment since that amount of charge
voltage is enough to create current pulse to melt aluminum. The crowbar diode pack
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is also produced by connecting 70A, 1200 V diodes both in parallel and series so that
the resulting diode pack withstands 35000 A, 20 ms pulse currents according to their

ratings. Inductance of the pulse shaping inductor is 663 uH.

Test procedure simply includes charging of the capacitors and closing the circuit by
pushing the copper rod manually. As the circuit is closed by copper-aluminum
interaction, both voltage and current of the load is monitored and data is recorded. The
load is enclosed by a box to prevent scattering of aluminum particles over test area as
shown in Figure 4.9. Several aluminum plates are used in the experiments. However,
due to poor arrangement of the aluminum plates’ position, some unexpected
waveforms are observed as shown in Figure 4.10. Ripples in the voltage waveform
prevent to make reliable analyses about what is really happening between the

aluminum plate and the copper rod.
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Figure 4.10 Waveforms for poorly adjusted aluminum-copper contact
(CHZ1: Blue, Current, 1kA/div, CH2: Red, Voltage 100V/div)

After some trials, the most appropriate aluminum plate position is found and following

waveforms are observed.

51



i —F X ~— . 1

6 Nov 2015
14:17: 21

125M3 /s
5M points

@ /
36. 0y

File
Utilities

Figure 4.11 Waveforms for well-adjusted aluminum-copper contact
(CHZ1: Blue, Current, 1kA/div, CH2: Red, Voltage 100V/div)

Experiments are also repeated for 0.6 cm wide aluminum plates and same waveforms
are observed as shown in Figure 4.12. This means that change in the resistance of the
aluminum plate doesn’t significantly affect the load resistance. There are other

dominant resistances that build up the load resistance.
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Figure 4.12 Waveforms for well-adjusted aluminum-copper contact for 0.6 cm wide
aluminum plate
(CHZ1: Blue, Current, 1kA/div, CH2: Red, Voltage 100V/div)

The copper rod and aluminum plates are deformed through the experiments as shown
in Figure 4.13. Peak values of the currents passing through the load are observed to
be between 1.5-2 kA. This gives the idea of how could rail and armature material be
affected by peak currents of hundred thousand kA in an actual EML application.
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Figure 4.13 Deformation in the copper rod and aluminum plates

4.5. Data Analysis

Results of successful trials are analyzed to find the load resistance. Current pulse is
observed between 8 ms and 26 ms time interval in oscilloscope recordings as shown
in Figure 4.11 and Figure 4.12. A resistance waveform for this time interval is found

by dividing voltage to current as demonstrated in Figure 4.14.
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Figure 4.14 Resistance waveform for the time interval between 8ms and 26 ms

The waveform in Figure 4.14 doesn’t give enough information about the load

resistance. However, it may be said that resistance is high at the beginning and at the
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end of the time interval. A closer look at the waveform is needed to see the exact
characteristic of the load resistance. Therefore, the time interval is narrowed between

10 ms and 24 ms and the waveform in Figure 4.15 is obtained.
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Figure 4.15 Resistance waveform for the time interval between 10 ms and 24 ms

As there is contact between two different materials and the peak value of current
passing through these materials is very high, we can not say that the load resistance is
simply composed of copper and aluminum resistances. It includes different
components between different time intervals. At t=10ms a contact is formed
between aluminum plate and copper rod, in other words, copper rod touches aluminum
plate. Initial resistance is 40m<Q). Between t=10ms and t=14ms contact area
increases and therefore resistance decreases. At the same time, aluminum temperature
increases. At t=14ms, aluminum melts and plasma occurs. Resistance between
t=14ms and t=24msis the sum of calescent aluminum resistance and plasma
resistance. The value of the current decreases as time passes and plasma length and

plasma resistance increases. At t =26ms, conduction stops and plasma vanishes.

The next step is to validate the simulation with the experimental data. Waveform in
Figure 4.15 is used to model the load resistance. To do this, curve fitting function of

MATLAB is applied to the waveform and an equation for the resistance is derived.
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Curve fitting waveform together with actual resistance waveform are given in Figure

4.16.
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Figure 4.16 Curve fitting waveform and actual waveform

Equation for the load resistance as a result of curve fitting is

R(t) =3.863x10%t" —9.674x10°t® +8.945x10*t? — 265.6t + 0.4075 (4.1)

Simulation models of the system is prepared in two simulation environments by
modifying the models given in 3.3 and 3.4. The system in the experiment includes one
PFU and a resistive load. Therefore, input blocks are reduced to include parameters

shown in Figure 4.17 and Figure 4.18.
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Figure 4.17 Input parameters for the system in Simulink
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Figure 4.18 Input parameters for the system in Simplorer

Module voltage and current are calculated by the blocks demonstrated in Figure 4.19
in Simulink. On the other hand, circuit schematic shown in Figure 4.20 is used to find
module voltage and current in Simplorer.
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Figure 4.19 Module voltage and module current block in Simulink
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Figure 4.20 Circuit schematic in Simplorer

Finally, load resistance is modeled by implementing Equation 4.1 in the model as

shown in Figure 4.21 and Figure 4.22.
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Figure 4.22 Implementation of load resistance model in Simplorer

Simulations are run according to input parameter values given in Table 4.1. The
current waveforms are compared with the experimental result. The experimental and

simulated current waveforms are shown in Figure 4.23.
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Table 4.1 Input parameter values used in the simulation

Input Parameter Value
Capacitance 200 mF
Charge voltage 100 V
Riotal 5.25 mQ
Ltotal 663 LLF
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Figure 4.23 Comparison of the current curves

Simulink and Simplorer simulation results agree with each other. However, simulation
results have little error compared with the measured value. The rise time is shorter and
the peak value of the pulse current is less for the experimental curve as compared to
simulation curves. The difference may be explained by comparing resistance
waveforms in Figure 4.14 and Figure 4.16. High resistance observed around 8 ms in
Figure 4.14 is not included in deriving model for the load resistance. This high
resistance at the beginning results in higher heat loss. In addition, the amount of energy
that is transferred to inductance decreases. As a result, peak value of the current and
rise time decreases. Another difference is observed at the tails of the pulses. Fall time
for the experimental curve is lower than fall time for the simulation curves. The reason
again lies in the difference between resistance curves given in Figure 4.14 and Figure
4.16. Very high resistances that occur around t = 25ms causes a faster discharge in the
experiment. These high resistances again are not included in the resistance model of

the load. However, errors of simulations are within an acceptable scale of 5%.
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CHAPTER 5

CONCLUSION

There is a growing interest in electromagnetic launch applications worldwide. Several
institutions and companies are producing prototypes and doing research on developing
electromagnetic launch technology. Research efforts spread over a wide range of
areas. Material technology, energy storage, power conditioning, modeling are areas
where electromagnetic launch studies mainly focus on. A collaborative study is
needed to conduct development studies because there are a lot of different
mechanisms that effect the overall performance of the system. Moreover, these studies
should be supported by simulation and modeling efforts. An experimentally validated
simulation may be used to predict the result of change in each parameter on the overall
performance of the system instead of conducting an experiment.

The framework of this thesis is to develop an electromagnetic launcher model. Two
different models are prepared to be able to analyze system from different aspects.
These models take all of the variables affecting the performance of the system into
account. Each variable can be controlled and result of the change in each variable can
be observed through simulations. Simulation studies are also supported by

experimental results.

In the first chapter, an overview of EML and EML applications has been provided.

Information about EML research studies worldwide is presented.

In the second chapter, electromagnetic launcher components have been elaborated.

Additionally, Lorentz force, where electromagnetic launch technology is founded on,

is simplified to the well-known equation F =%L'I2 using electromagnetic launch

theory and Biot-Savart law. Finally, brief information on modeling of electromagnetic
launcher is given. Different methods and simulation approaches applied in the

literature are stated.
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Third chapter has started with deriving all the equations governing both electrical and
kinematic models of the electromagnetic launcher. Two simulation models are
developed in MATLAB/Simulink and Simplorer simulation programs. A new
approach used in Simulink model. Two different current paths are defined while
deriving current equation instead of using only one path that is applied in both [20],
[22]. By this way, freewheeling diode impedance is taken into account. Additionally,
change in the impedances of capacitor and high voltage switch would only effect the
rise time of the current. In the next step, simulation results for the same system is
obtained and compared. The results have seemed to be quite similar except small
differences in velocity and position curves. Next, the reason of the difference is

discussed in detail.

Finally, in the fourth chapter, an experimental test set up has been presented. Test set
up does not fully represent an electromagnetic launcher; however, models are
modified to simulate the system used in the experiment. Firstly, experiments are
conducted and results are monitored and recorded. After that, resistance model of the
load is found through some analysis in Simulink. Finally, resistance model is
implemented in two simulation programs and current waveforms of both simulations
and experiment are compared. Since the resistance model does not include high
resistances observed at the beginning and at the end of the conduction in the
experiment, rise time and peak value of the current waveform are smaller in the

experimental curve.

This work is open to different perspectives, since the models used in this work is
designed for general purpose pulse power applications. The approach used to find the
load resistance model will be applied to obtain the rail and launch object resistance
models in a real electromagnetic launch application. EML models built in two
simulation programs need to be fully validated with experiments conducted with a real

electromagnetic launcher.

Another step would be building of a GUI for electromagnetic launcher simulations.
User provides all inputs defined for the system and GUI shows all resultant waveforms

of the simulation. Owing to this, all of the efforts will gain a professional look.
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APPENDIX A

ROGOWSKI COIL DATASHEET

CWT SPECIFICATION

The CWT from Power Electronic
Measurements Ltd. is a state of
the art wide-bandwidth ac
current probe.

The CWT is ideal for power
electronics development work
because it combines an easy to
use thin, flexible, clip-around coil
with an ability to accurately
replicate fast switching current
waveforms be they sinusoidal,
quasi-sinusoidal or pulsed.

Tek tun: SN/ Aversie IS 3
[ v

Wl ATV CRT IaW W s Ch U WV

A 2700A current pulse with a 6700A/.¢s falling edge
measured by a CWT15 with a 500mm coil and a very
high bandwith coaxdal shunt - 10.s/div.
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PERFORMANCE CHARACTERISTICS

Type Sensitivity | Peak Peak Moise Droop LF (3dB) Phase lead HF (3dB) bandwidth
(Pt current | difde max ' #p bandwidth at S0Hz typ. [MHz) fu**
(kA) | (S]] (Vg | (3Sme) | typ. (M) typ. (deg) gt | Al
300mm TOdmm
High Sensitivity Ranges of CWT ... measuring currents from 300m#A
CWTD1S 200.0 003 02 8.5 130 180 210 i BkHz [ 4
CWTO3, 100.0 006 04 a5 ] 05 210 (3 2kHz 0 65
CWTOE 50.0 [5F] 0.8 3.0 70 B0 210 (3 3kHz 18 0
CWT1 0.0 0.3 20 5 40 50 1.9 (3 ZkHz 16 10
[CWTiN 0.0 0.3 20 Z.0 0 75 19 (3 1kHz 10 5
CWT3 10.0 0.6 40 8.0 30 35 1.0 @ S00Hz 18 10
Standard Ranges of CWT ... measuring currents from 154
CWT3N 10, [ 40 120 < 1.0 [ 5
[CWTE 3 § 8.0 120 E I E [i
[CWT15 Fl 5 20, 7.0 7 E . [ i
CWT 1, B 20, 50 5 T 0. 18 0
[CWTED 0. 2] 20, 35 35 1.2 0. 8 0
CWT150 0.2 0.0 400 3.0 032 032 0.3 18 0
CWT300 0.1 0.0 0.0 3.0 (K] (K] 0.2 18 0
CWTEID 0.05 120.0 0.0 3.0 0.06 0.05 0.1 18 0
CWT1500 0.02 300.0 40,0 3.0 0.035 0.03 0.06 16 0

. Distietod aseng e f, |-348) bhasdwidh.
" For 2.5m caba keagih. Contact PEN tor vakees of £ for athar coll asd 2tk keaghs

TYPICAL ACCURACY  Traceahle caliwation i +0. 2% with conductor caniral in the loop | TYPICAL LINEARITY  +0.05% (Full Scale)
Variston with conductor position in the ool loap typically +1%

ABSOLUTE MAXIMUM CWT 03, 06 PEAK 40.0 RMS 12 @ T0°C

VALLIES OF o / dit (kjis) AT 015, 1M, 3N PEAK 20.0 RMS 10 & T0°C

[waluge misst nod be excesded) all other CWT's PEAK 40.0 RMS 15 @& T0°c [Fusther informalion avadabie on regeest)

COIL AND CABLE

@ COIL CIRCUMFERENCE

300, 500, 700 or 1000mm

@ COIL CROSS SECTION (max)

&.5mm - {14 men with sleeve)

PEAK COIL VOLTAGE ISOLATION 10V
&mn&mummmnmmnmmmmmu:wuam
alcon shiave oS aidiiional b | crodecdon. aboud oo, i i il igh voliage mn
B cblainad from PEM.
TEMPERATURE RANGE -204G o100
Fior dis-rating cu i iemparab e cyoling S coreadt FEM
@ CABLE LENGTH (fom be to coll) 25m or 4m
INTEGRATOR
& POWER SUPPLY
B Baferyd nAA[1 5V clsnced sholi betiesies) | IR Rechasgeable batery  n AA frachamasblz NMH beitzrias)
5
#J:armmwmzmmlﬂmncm 2002 5mm st for 12 10 249 (200%) DC Ingut
Thpleal e Tz Recharge time #0hs, Typveal e 3dtrs
Halery inaperaes with DC supply present Bettary ia chaned wheoever DC sapply prasent

@ INTEGRATOR BOX DIMENSIONS

H=183mem, W = 83, 0 = 32mm

& OUTPUT SOCKET

BMC  joutput imgedance 5011 - unil supplied with
IL5m ENG - BHC coasial cabla]

MIK. QUTPUT LOWDING

100k flar rafieed accuracyh

TEMPERATURE RANGE

0°C o 40°C
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APPENDIX B

SIMULINK BLOCK DIAGRAM MODEL

71



BLOCK DIAGRAM MODEL FOR
MULTISTAGE EML
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