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"A design concept of the coil gun together with its power conditioning unit
as an integrated system has been developed. The coil gun operates on theprinciple of the classical multiphase induction machine, and can therefore
be called a linear induction launcher (LIL). It has the advantage ofeliminating the need for accurate synchronization of the switching sequence.
The prpjectile consists of a payload housed within a conductive sleeve.
Strong centering forces due to the currents in the Fleeve provide stability
and minimize the magnetic fields within. The power conditioner functions
efficiently by using the energy left over from the previous stages to provide
energy for later higher-velocity stages.
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Present Status of Project

A design concept of the coil gun together with its power conditioning unit as an integrated

system has been developed. The coil gun operates on the principle of the classical multiphase

induction machine, and can therefore be called a linear induction launcher (LIL). It has the

advantage of eliminating the need for accurate synchronization of the switching sequence. The

projectile consists of a payload housed within a conductive sleeve. Stron,, centering forces due to

the cur-rents in the sleeve provide stability and minimize the magnetic fields within. The power

conditioner functions efficiently by using the energy left over from the previous stages to provide

energy for later higher-velocity stages&

More work is needed to understand how to better utilize the materials within the limits of

the mechanical and thermal stresses to develop an adaptive control system; to find out how to

work with the way high bloc, ng voltage of the power switches, and to construct a demonstration

model of a scaled-down LIL machine.

Work Done

Dtaing the first year, our effort resulted in the following accomplishments:

1. A feasibility study was made in which scaling laws were developed to provide the

dimamions for the launcher within the SDIO reqzun s.

2. The idea of a traveling-wave synchmnous launcher was examined in which a multiphase

arrangement of the drive-coil system accletes a conducting cylindrical sleeve and its

inner payload.

3. A power conditioning system for the gun was conceived which consists of several different

henw s to be used for the low. medium and high velocity segments of the barreL



4. Calculations of the decay time of the currents flowing in the projectile sleeve were made

and compared with the projectile transit time.

5. A mathematical model was developed for the band of currents moving along the barrel

6. For the synchronous launcher, the forces on the projectile were analyzed and their values

were calculated, taking into account conductivity, air gap, pole pitch, dimensions and

material stresses. The results of these preliminary studies motivated the search for

alternative schemes.

7. Non-synchronous operation of the gun was investigated to eliminate the need for exact

synchronism between the projectile and the wave packet. Reliance was placed on induced,

rather than impressed sleeve currents. This resulted in a compiete design procedure for a

coil gun utlizing the force slip characteristic as the principal law governing the thru in the

gun.

8. The design procedure for the launcher was further developed and optimized, the barrel was

sectionalized, and the number of required switches was reduced.

9. A power conditioning circuit was adapted to acoamndax the need for merging a number

of barrel-sections.

Directions for Further Werk

I. To carry out a static expement for testing force. curr•nt and slip relatioWships.

2. To test and develop power conditioning schemes.

3. To develop an adaptive control scheme to sucessively adjust system behavior.

4. To build a scaled-down launcher.

S. To study mechanical and thermal stresses by finite element analysis.
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Summary

This report describes our first year of work on the design of electromagnetic launchers and

of power conditioning systems for them. Our efforts were mainly directed toward the coil gun.

The report consists of a set of four quarterlies, each summarizing the work accomplished

during a three month period.

At first, attention centered on a synchronous version of the coil gun; later, on an

asynchronous machine. In both cases, the gun barrel is composed of a linear array of coils

carrying polyphase currents. These function to create an electromagnetic wave packet, moving

with increasing velocity from breech to muzzle, and driving the projectile al'".g with it. The outer

portion of the projectile, a conductive sleeve, carries a set of azimuthal currents sinusoidally

distributed along its length, and encloses the projectile payload. Selection of a conducting cylinder

as the projectile housing was intended to give a smoothly accelerated motion rather than an

impulsive one, that would characterize the movement of a projectile cossting of a single coil or of

a discrete set of coils. In addition, the sleeve would serve to center the projectile inside the ban-el

without the need for supporting guidWs. Also, the shielding effect of the conductive sleeve would

eliminate, in principle. any magnetic field from affecting the sensitive electronics of a 'smart'

projectile. The power conditioner serves to inject currents sequentially into the barrel coils so that

energy can be effectively transferred from them into the projectile.

At an early stage of the project. a feasibility study was carried out in whicb scaling laws

were developed for the length of the barrel and projectile, the thickness of the armature and the

relation between the diamet and the pole pitch. It was concluded that, within the. constraints of

available materials. a I kg projectile could be accelerated with a reasonable barrel length, but that

the length was propottional to the cube of the muzzle veocity.

The principal problem with operation in the synchronous mode was the need for precise

coinidence between the movement of the wave packet and that of the projectile. It soon became

evident that, to meet this requiremet it would be necessary to devise a real-time control system

that would govern the triggering of the current injection switches. An alternate approach was
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therefore investigated that uses a mode of operation similar to that of an induction motor. This is

possible because the force-slip characteristic of the coil gun, when operated asynchronously, is

very similar to the torque-slip characteristic of a polyphase rotating machine.

The most important accomplishment during our year of study was the development of a

detailed procedure for designing a multi-section, inductively-operating coil gun. The calculated

projectile velocities and temperatures make us believe that it may really be possible to construct a

coil gun of this type; that is, the acceleration of a 1 kg projectile to a velocity of 2 km/s with

reasonable efficiency is a first attainable goal. A high degree of energy utilizatic t is obtainable

mainly because of a newly-developed power conditioning circuit that operates by transferring

energy from capacitor to capacitor simultaneously with the projectile movement (in an open loop

controlled circuit). Other major accomplishments were the development of a mathematical model

for the spectrum of harmonics currents moving along the barrel; the development and breadboard

testing of a power-conditoning system for energizing the coil curmrnts analysis and calculation of

the forces on the projectile; study of the effects of varyin- the principal parameters of the gun

(sleeve conductivity, air gap, pole pitch, sleeve radius and thickness. maximum allowable surmss.)

Of course, in the last analysis, the performance of an experimntal model of the gM, when

energized by a power conditioning system, will be the real test of the feasibility of our proposed

solution to the e niA&Wtic labunher problem.

Detailed summaries of the waxk performed during each quarter arm next presented.
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First Ouarter - Summary of Work Perfoamed

During the first interval, primary emphasis was placed on a linear synchronous accelerator.

This approach to the design of an electromagnetic launcher employs a sequential linear arrangement

of coaxial drive coils through which a projectile, housed within an electrically conducting sleeve, is

propelled at an increasing velocity from breech to muzzle. The propelling force is due to the

interaction between azimuthal currents flowing in the sleeve and the radial component of the

magnetic field set up by driver coil currents. This gun design concept is now described in more

detail in the following paragraphs.

Initially, in the "start" section of the gun barrn', at the breech, a pattern of azimuthal sleeve

currents is impressed by induction. Once established, this current pattern (a sinusoidal distribution

alog the length of the sleeve) does not change too muh because the pojectile transit time through

the giu, anticipated to be about 2 milliseconds, is less than the time constant for deay of the

currents, estimated to be about 3.5 milliseconds. By suitably injecting currents into the armry of

coils constituting the four sections into which the barrel is divided (the "start" section being the

first), a traveling-wave magneic field packt is ceated widdn the barrel. This ptovides the en=gy

transfer mechanism which, by its interaction with the sleeve currents, propels the projectile with. a

relatively constant force, and hemce with an icasing velocity, through the gun. Transfer of

energy from eectrical form in the gun power suppy, to kinetic form, for the pmjectile morion, is

accomplshed differetly in the four gun sectios in a mean appropriate to the "srt." "low-

velociy "Mlit-velocty" ad hghvel o ty " regimes.

ThMe launcher may be visulizod as an assembly of two basic types of elemmnts: drive coils

and projectile coils. For our d i, the performance of a single-drive-coil, single.

projectle-coil system was analyzed when excited by a voltage spike. The efficiency of energy

transfer was calctilated, and found, for the ideal cW of no resisaive losses in either coil, to be

equal to the squam of the initial coefficient of coupling between th.- two coils. The effects on

efficiency of ose in te drive cod and in the p•ojectile cod we= examind Especially Wwrtsting
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was the finding that prjectile losses gave rise, after the initial part of its travel, to a retarding force

(similar to a drag force) for the remainder of its travel. The relative importance depnds on the size

of the resistive losses. Calculations were made of the mutual inductance MK of the dependence of
dM

M on the separation x between the coil centers; and of T , which is a measure of the accelerating

force on the projetle for fixed currents in the two coils.

For the single-coil system, an important question that arises is: if the driver coil moves

transversely, off-axis, during its travel, will there be a restoring force or not? This question of

transverse stability was first thought about and then experimentally studied in a simple system. It

was found that. when the coils were co-planar, the system is stable; however, during the coil

motion, the rangement soon becives unstable after the moving coil has been driven a short

dsace beyond the driver

Next, the idea of a traveling-wave synchronous launchea was examied, in which the

sequence of coils constituting the gun barel is excited to achieve a reltively non-impulsivc,

smooth &cleratig foa applied to a cylindrical slee ixjxectile. radh than to a single driven cod

or o a set of driven coils. An pnt aspect of ths Wea is th a As of ciular, zimuha

curmnts is irnuced on the sleee during the frst part of its moion so that the traveling-wave

magpedc field pu•k may subsequ, aly &acelrt it. Hen it was ess= tal to esum the deay

time of these curents so that a cmpariso could be made with the u-ansit time fth h the gun.

This estim was made first for a ,,anar sleeve model and then for a cylindrical slme The two

results were nearly in AgM nt, yeldng a time comsan of about 3.5 ms for the dinsions

chose and for a copper deee This exceeds the aAdp&.e transit tim of about 2 max, Wd heunc

offered us eacoiagemenz that the overal gener concept was rox an it so one,.
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Second Quarter - Summary of Work Perfomed

During the second quarter, our work continued to focus on the linear electromagnetic

launcher.

An important question, first raised in the previous quarter, was: How does the decay time

of the sleeve currents compare with the transit time of the projectile through the gun? Obviously, if

the ctents decay too quickly, there will be no thrust available to accelerate the projectile during

the latter part of its transit through the barel. The time cosant for the (copper) sleeve was

e I rned to be 3.5 milliseconds in the previous quarter, compared to a transit time of 2 ms.

During this quarter, a morm careful re-calculation of this quantity was made for the cylindrical

modl (the new result was 3.33 ms instead of 3.74 ms), and an additioral calculation was made for

a small projectile diametW (5 cm - the result was 3.53 ms). We concluded that the radius of the

projectile sleeve has only a minor influence on the deay time, and that the previous estimant of 3.5

Mis was (hAps foruitouly) a very good one.

To gaiW adoeal ight into do question of deay time, a diff mod of the projectile

was employ&• iL wa viewed s a long coi; that is. a lumed circut rthe than a fied pproach

was usa1, A coild hau is R WadindLtc L with an assca ed cot of LX TM

appwmch is descibed in detaiL The esults uggest that mutual inductnce eftfcts give a decay rate

in the cente of th eve tb a fstWer than tt a the en&s of the Sleeve. Subsequently, he se

aPpoah wvs "%ted to study the wave-shape of the current in the coils that compose the burel.

Them cwrens ame swiwb on sequewntialy in the coils at the front end of the excited-coi group,

and sWihd off at the uailing end of the group. Iday. tbey are sinusoida for exatly three

cys, for u wiS a tine as they flow, a&tally, they re not. The resulus of this study were

pre d in the thrd quamery report.

In Ou ,her. the methods used to switch the coil currents arc different. depending upon

whether the Cods a• located in the low, medium- or high-weocity section of the barrel. For the

anediz.nvk•iz pmt an anysis and design of a six-scroa model iis poseted, with resisors
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used to represent energy transfer to the projectile during its travel throu.gh the center of the barrel.

The basic idea of the circuit is described in detail, with magnetic coupling among the six coils

assumed to be absent. The construction of a breadboard model was smite4d so that the circuit

behavior could be experimentally observed. It was planned, later, to position the coils to

gradually increase the coupling in order to simulate a more realistic situw on. The experimental

circuit behavior is described in the third quartely report.

IA order to calculate forces, losses and efficiency, two mathematical models were

constructed for the distribution of currents along the barrel. One. an integral representation, was

based on the Fourier tnmsform. The second, a disete representation, was based on Fourier

secis. The current in e=h coil was assumed to be sinusoidal, but to last for only a few complete

cycles. Then, to check the validity ot" the representation based on Fourier series, a set of

paraneters was chosen, and the current distribution along the ban-el calculaCd for a number of

different values of time. Also4 the specutl compositio of the disstriWtion was calculed. The

graphs depicting the current distribution clearly show a travelling wave, and suggest that the

origial fomuws and the program which was used o deveop tde grahs s boh mcor.

In a separate self-contained section intended to be the ore of a published paper, the basis

for a d"ign poedure for the kla was prcs=nd, h= aspects of the wtxk to dr u•4nAying

the diesign were briefly summarized and the effects of tuyncbroous wave coonanats wem

considemd Also disacued wr: how the design is affect by mechanical stress .limitaiAos

thermal diffusion velocity; tempeature rise of the projectile how thel length depends on the

nauzzle veWkiry aW bow efficency is affected by muani velocity.



Third Ouarter - Summary of Work Performed

The work accomplished during the third quarter again focussed on the coil gun, and

consisted of four main parts:

(a) For the currents flowing in the barrel coils, waveforms were plotted for the case where

18 coils w-e sequentially energized with 6ff° delay between fhings. Each coil was allowed to

oscillate for exactly three periods. The purpose was to see whether the currents actually were

sinusoidal or not. This simulation suggests what might occur in a practical situation. This work

was done for three different spacings between adjacent coils. The results indicate that, in the first

few and in the last few coils on a long barrel, the currents would not be sinusoidal, but along most

of the barrel length, the waveform would be quite good.

(b) A breadboard circuit was built to simulate the medium-velocity section of the barrel.

It was a six-coil scaled-down version with no coupling between the coils. The goal was to test the

circuit, to gain insight into its behavior and to make an estimate of the efficiency of the power

conditioner. Voltage waveforms across each capacitor and currents in each coil were recorded.

For this experimental circuit, in which the currents flowed for only one half-cycle, and ir which

the peak currents increased in value in succeeding coils, it was esimated that the one-shot energy-

usage efficiency was about 56%, In a practical situation, in which the peak currents in the barrel

coils would be kept constant to make the thrust on the projectile fixed, and in which there are

repeated firings, it is believed that the efficiency would be considerably higher.

(c) An analysis of a planar model of an asynchronous driver-projectile system was carr,.-d

out. For this case, the projectile velocity V was lower than the magnetic wave velocity V,; that is,

them was a relative velocity between the projectile and the wave. The force was calculated that is

exerted on the projectile by the action of the magnetic field on the projectile currents. This mode of

operation is very similar in concept to that of an induction motor. The results are prcsented in the

form of a sties of graphs showing the force as a function of the slip (Vs-V)/V bktween the

projectile and wave velocities. Parametric studies of the effects of varying the synchrr.ous speed
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V., conductivity, gap width and pole pitch were made. The behavior of the system was found to

be qualitatively and q.uanit.~tively sirufil~r to that of an induction motor. This similarity was used as

the basis for developing a design procedure for a coil gun operating in the asynchronous mode.

(d) A procedure for designing a coil gun to operate in the asynchronous mode was

developed. It is based on the assumption that the gun has a force-slip characteristic that is identical

with the torque-slip characteristic of an induction motor. The gun is seen as consisting of a

number of separate sections; each may have a different synchronous speed, and operates, from

projectile entry to projectile exit from the section, on the portion of the force-slip characteristic that

lies above, a chosen minimum force F0 . The principal design parameter is the ratio Fo/Fc, where Fc

iq the maximum foime. This approach was extremely promising, and was actively pursued.

The principal importance of the asynchronous approach is that it removes the need for

precise synchmnism betw•en the magnetic wave packet and the projectile. This permits pre-

sequenced gating of the switches activating'the barrel coils, so that closed loop operation is not

necessary.
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Fourth Quart= - Summray of Work Performed

The work accomplished during the last quarter of our fry year consists of four pats.

First, a complete design procedure, initially described in the third quai,•rly rc.ort, was

developed basd on the theory of steady-state operation of the polyphasc iaductidn motor, which

the launcher resembles in many rapects. This step-by-step procedure develops the design of a

multi-section gun which will accelerate a projectile of given mass to acbie.ve a specified muzzle

velocity. Essential prammeters that enter into the detsign are: sleeve diwenionm, and conductivity;

specific heat; ability to withstand mechanical and thermal stress; maximum acceleration. The

design calctulates the total barrel leno, the optimum length and frequency for each section, the

transit time, the projectile temperature rise and estimates the losses. A sample design is given to

iustiate the procedure for a I kg projectile with an aluminum sleeve, a muzzle valocity of 2000

m/s and entry speed of 200 m/s, 8 sections, and maximum acceleration of 106 m/s 2. The

conresponding barrel length is 2.7 m with a sleeve temperature rise of 3320 C

Second, a performance analysis of the launcher was made. It examined the question of

how to determine the launcher dimensions to make best use of the mechanical, electrical, and

thermal properties of materials, while minimizing losses and maximizing conversion into kinetic

energy. A planar model of the launcher, and a Fourier series reprsentation of the curmnts mid

fields, were used as the basic tools to carry out the wodr- Parametric studies show graphically the

effe:ts on the launcher length and operation of: muzzle velocity; sleeve length, thickness and

"r,.ius; pole pitch; allowable mechanical and thermal stress; barrel coil thickness. We hope to

construct an experimental model during our second year of work to the extent allowable by our

funding. T will enable us to demonstrate how closely the performance of the device we build

by our design methiod agrees with predictions.

Thhd, an initial attempt was made to address the control problem. Since the transit time of

e ppojecdle through the gun is so shom it is not fasible to se z closed-loop real-time scheme to

conatol switch triggering. Instead. a more prctical oer-loop altamradve was coa.eive6 which
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uses a pre-scheduled firing sequence together with an adaptive control scheme. Gun performance

data is taken during each shot, and is then processed to re-schedule subsequent firing sequences.

In this way, by making small corrections before each shot is fired, a self-adjusting system may be

made.

Fourth, a series of experiments was performed with a small two-stage coil gun. The driver

consisted of two stationary 5-cra-diameter, separately- excited coils, and the projectile of a 3.5-cm

length of thin-walled copper tubing. The driver coils were sequentially energized by allowing 50

pfF condensers, at 3 kV, to discharge through the coils. Velocity reached by the projectile was

determined shortly after it had passed through the driver by measuring the time interval between

two fixed points in its guiding PVC tube. Of great interest was the clear demonstration of how

critical was the initial location of the projectile at the time of firing if a high velocity of the projectile

was to be achieved. We hope to avoid this problem in our gun designs by using a sleeve

projivtile, polyphase excation of the barrel and an asynchronous mode of operation.
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