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Design and Construction of a Pulsed Linear Induction MotorDeclaration1. I know that plagiarism is wrong. Plagiarism is to use another's work and pretend this it is one'sown.2. I have used the Harvard convention for citation and referencing. Each signi�cant contribution to,and quotation in, this thesis from the works(s) of other people has been attributed and has beencited and referenced.3. This thesis is my own work.4. I have not allowed and will not allow anyone to copy my work with the intention of passing it o�as his or her own work.
Signature.................................................Braam Maxim Daniels

i



Design and Construction of a Pulsed Linear Induction MotorAcknowledgmentsI would like to speci�cally thank the following individuals for the assistance and support they o�ered notjust during the course of this thesis but indeed over the last four years study which I have enjoyed at theUniversity of Cape Town.Firstly I would like to give a huge thanks to Mr. Chris Wozniak, whose subtle guidance, provision oflaboratory equipment and general assistance in the Machines Laboratory has made this projects labo-ratory testing phase an enriching and educational success. I would also like to extend great gratitudeto Mr. Barry Hansen whose unconditional support, advice and availability for long in-depth discussionsregarding the subject of electromechanical launchers has played a signi�cant role in the completion ofthis project.The Mechanical Engineering Workshop Sta� for manufacturing the few parts required in this project andfor their support and guidance o�ered during other projects I have had to complete during my stay atU.C.T. In particular Mr. Glen Newins whose dedication, patience and caring support of this project whilesimultaneously demonstrating similar behavior to all the other students is both highly commendable andgreatly appreciated.To my Mother and Father whose endless love and support has not only guided me through this projectbut through my entire university career. I gratefully thank you for everything you have done for me inthe past and during this project by eliminating all the unfortunate obstacles which life throws at one.Most notably was my computer crashing midway through the course of this project. Your swift reactionto the many events such as this is most gratefully noted and appreciated.I would also like to thank my thesis supervisor, Dr. Andrew Wilkinson for supporting this project andallowing me the freedom to research a topic of my own choosing. Without you faith, support and subtleguidance I would never have come so far and learned so much.I would also like to thank Mr. Julian Meyer who assisted me greatly in equipment and parts purchasing.Similarly I would also like to thank Mr. Alburt Martin who has provided me with all the electroniccomponents and companionship I have ever needed while working on this and other projects in TheWhite Lab. Mrs. Tembi Dlyakia who's the Departmental Secretary of the Mechanical EngineeringDepartment at U.C.T, for your supportive and joyful manner which has made all my administrativedealings with the department over the last four years an absolute pleasure.
ii



Design and Construction of a Pulsed Linear Induction MotorTo my fellow students with whom I have had the pleasure of studying alongside, for providing the endlessentertainment, support and camaraderie which was greatly enjoyed and required over the last four years.I'm sure the relationships forged will lead to many joyous encounters in the future. During the course ofmy studies I have obviously made many social sacri�ces, for this reason I'd also like to give thanks to allmy other friends and family for their endless understanding and patience during the course of my studies,this has been a strong motivator over the years and has allowed me to enjoy my studies in the fullest.

iii



Design and Construction of a Pulsed Linear Induction MotorSummaryIntroductionA typical coil gun converts electrical energy to linear kinetic energy by using a wire wound stator coil andelectro-mechanical principles to accelerate a ferromagnetic or wire wound coil armature. Of particularinterest to this study however is the operation of a multistage pulsed or capacitor driven linear inductionmotor/launcher which is shown conceptually in Figure 1 below.

Figure 1: Schematic diagram of a muti-stage capacitor driven linear induction motor/laucher system.These systems o�er a variety of attractive features over other coilgun and railgun systems but despitethis research into the technology remains a study of advanced electro-mechanical research groups only.Much of the current literature available describes these devices typically operating at voltages and energylevels exceeding 103 Volts and 103 Joules, operating at e�ciencies well above 50%. However despite theimpressive performance of these systems they are typically very large and bulky. It is because of theimpressive performance that these devices can achieve when scaled in size and operating energy that verylittle research has been focused system miniaturization, resulting in high research and development costswhich only a handfull of research programs can actually a�ord. Therefore certain critical engineeringand design issues such as lightweight design and system miniaturization of these systems has not receivedmuch attention [1].At lower energies and operating voltages the cost of the equipment required in building such a system isgreatly reduced. The availability of desktop computers also plays a signi�cant role in that for the �rsttime large supercomputers are no longer required to carry out the complex simulations required to modeland develop such a device. These and many other technological advances now make the study of lineariv



Design and Construction of a Pulsed Linear Induction Motorinduction launchers feasible within the scope of a small undergraduate project. The aim of this researchproject is to develop a linear induction motor system capable of operating at 400 Volts with an initialenergy of 25 J to investigate the low energy feasibility of the operating concept and to verify the designprocedure used in its development. If successful further research may be conducted into the expansionand optimization of the system.ProcedureA detailed launcher model/simulation program was �rst written in Matlab and served as a most importanttool used throughout the development and design of the single stage pulsed linear induction motor.Based on the initial inputs provided by the user, the simulation would calculate a speci�ed coil pairsinductance parameters, resistance and mass. These results are used by a numerical method based on twocoupled di�erential equations derived by applying Kirchoff's Voltage Law to the equivalent armatureand stator coil circuits (shown below in Figure 2), thus allowing for many of the systems time varyingparameters to be quite readily solved over a speci�ed time period.

Figure 2: Equivalent stator and armature coil circuits used to develop the di�erential equations describingthe launcher system.This simulation was then used to develop a feasible launcher system based on initial performance require-ment speci�cations, project goals and extensive research on the systems important design considerations.The complete launcher system on which tests were conducted is shown below in Figure 3.
v
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Figure 3: Experimental system used to test the pulsed linear induction launcher concept.Current waveforms produced by the system in practice and by the theoretical simulation are comparedto each other, in addition to qualitatively observing any motion of the armature coil. If the velocitiesachieved by the armature warrant it, optical methods may be used to determine armature velocity betweentwo points to more accurately compare the theoretical and actual mechanical performance of the system.ResultsDespite the less than impressive mechanical performance of the device, the actual current plots werevery much similar to that predicted by the computer simulation with any di�erences being reasonablywell explained. Figure 4 shows for comparison the typical tank circuit current waveform seen in practiceand the waveform predicted by the computer simulation of the launcher system for a similar systemparameters and operating conditions.
vi
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Figure 4: Actual (top) and theoretical (bottom) plots of the tank circuit current during the capacitorsdischarge into the stator coil for an initial voltage of 350 Volts.Analysis/comparison of these waveforms clearly reveals that damping of this oscillatory waveform inpractice is far more severe than theoretically expected, however the magnitudes of currents and oscillationfrequency are very close to that predicated by the simulation. Furthermore at voltages above 300 Volts,obvious motion of the armature was achieved, thus to some extent proving the operating concept.Finally when switching the tank circuit with a mechanical contactor as opposed to the IGBT, it wasfound that the mechanical performance (armature displacement and velocity) of the system was greatlyimproved. The current magnitudes and decay period was in practice also far closer to that predictedby the computer simulations. These tests con�rmed the conclusions made regarding IGBT usage in thesystem (as discussed in brief below).ConclusionsThe fact that that the actual launcher's electrical performance was predicted with good accuracy suggeststhat the simulation code is to some extent valid. Therefore the poor mechanical performance of thelauncher is attributed to the invalid assumption of an ideal system (neglecting mechanical friction andIGBT/diode on state resistance within the tank circuit) on which the system model was developed. Thevii



Design and Construction of a Pulsed Linear Induction Motorvalidity of this conclusion, speci�cally regarding the usage of the IGBT was con�rmed when the tankcircuit was switched using a mechanical contactor, as opposed to the IGBT.It was also learned that low operating voltages and input energies will result in launcher designs where thetank circuit is inherently limited by a very small oscillation envelope leading to poor system performance.Operating at much higher voltages will allow for much larger stator coils with higher inductances to beused which will make the system much more resilient to damping by increasing the envelope of oscillation.Numerous recommendations are made in light of these and other conclusions to facilitate any furtherresearch.
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Design and Construction of a Pulsed Linear Induction MotorGlossary of TermsA.C Acronym for Alternating Current.Adiabatic An Adiabatic Process is one where no heat is transfered to or from a working material or�uid. In the case of this project the temperature rise of the stator and armature coils happens soquickly (the time period is in the order of 3 m.sec) that it is assumed that all the energy lost dueto ohmic heating is absorbed by the armature and stator coil windings and not to the surroundingatmosphere.Armature Coil Unlike the stator coil, the armature is not �xed. The armature can be either a solidconducting ring or in the case of this project a wound coil whose ends are shorted to maintain theinduced current's �ow. Interaction of this induced current with the current in the stator coil resultsin an acceleration of the armature.Average The average value of a time varying quantity taken as Favg = 1
T

∫ T

0
f (t) dt and normally usedto determine average power dissipation over time period T .B.G.A Acronym for Breeder Genetic Algorithm. A computing technique used to �nd optimized de-sign solutions for di�cult/multivariable systems. These optimization algorithms are inspired byprinciples of evolutionary biology, such as replication, breeding, natural selection, mutation andinheritance to name but a few.Bore This is the inner diameter of the stator coil form and represents the maximum diameter which thearmature coil may be.Capacitor A passive electrical component which stores electrical energy as charge between to oppositelycharged plates. Capable of short duration high rate of energy release (i.e high power output) theyform an excellent isolated power source to drive the stator coil.Coil gun Any electromechanical launcher which operates by energizing a stator coil which acceleratesferromagnetic masses or wire wound helical armature coils using magnetic principles such as reluc-tance, induction and or the Lorentz force.Corona Discharge This is an electrical discharge where the potential di�erence or electric �eld is highenough to ionize the �uid around a conductor but not enough for the formation of a spark/arc .Coronal discharges are typically found in high voltage and high frequency systems. This makeslinear induction launchers particularly susceptible to this phenomenon which may over time breakdown the stator coil winding insulation and the dielectric material of the capacitor bank, resultingin failure of both these devices.LIST OF TABLES xix



Design and Construction of a Pulsed Linear Induction MotorD.C Acronym for Direct Current.Dielectric Losses These are non ideal losses which occur in a capacitors non-ideal dielectric and isusually related to the frequency and operating voltage of the device.Diode Reverse Recovery After a diode �nishes conducting in its forward state, a signi�cant amountof charge is built up in parts of the diode. The amount of charge built up is proportional to theforward current the diode has conducted. At turno� this additional charge results in a momentaryreverse biased current �ow through the diode. This is known as the diodes reverse recovery andthe time duration of reverse biased current �ow is known as its reverse recovery time. Although asmall problem the reverse recovery may often cause faults in power electronic circuitry.E.M.F Acronym for Electro Motive Force (similar to voltage).E.S.R Equivalent Series Resistance is the non ideal resistance found in non resistive passive componentse.g. A capacitor's E.S.R.E.T.O Acronym for Earth to Orbit.Envelope of Oscillation In the context of a decaying oscillatory voltage and current waveforms whichexist in the P.L.I.M tank circuits. The oscillations of current and voltage are never outside of thisenvelope which is essentially a decaying exponential function as shown in Figure 5 below.

Figure 5: Typical envelope of oscillation for the stator coil current.Excitation Speci�cally to coil guns this is the chosen method of armature coil energization. Typicallyand in the case of this project the armature coil is excited through induction. It may also howeverbe excited using the same current which energizes the stator coil, in this case brushes are required.F.E.M.M Acronym for Finite Element Magnetic Model, a freely available open source Finite ElementAnalysis Package for magnetic problems.LIST OF TABLES xx



Design and Construction of a Pulsed Linear Induction MotorFerromagnetic Ferromagnetic is a material property related to feromagnetism, the magnetic e�ectwe see in everyday day life. It is responsible for Ferromagnetic materials such as ion becomingmagnetized in the presence of an external magnetic �eld. Permanent magnets themselves can bemade of a Ferromagnetic material as well.H.D.P.E Acronym for High Density Polyethylene a commercially available plastic.Induction A process where by a time varying magnetic �ux through a coil induces an EMF or voltageacross the coil in accordance with Faraday's Law of Induction.Inductor A passive electrical component used in circuits for its property of inductance. When a capacitoris discharged into an inductor an oscillatory current �ow is produced with the capacitor and inductorexchanging energy. This oscillatory current in the stator coil inductor is suitable for inducing acurrent �ow in the armature coil which is in close proximity.Magnetic Coupling This is a measure of how well one magnetic circuit is coupled to another, normallyin context of two coils which are coupled to together to create a transformer or in this case a linearinduction launcher. The higher the coupling the higher the mutual inductance of the two coils.Magnetic Flux Flux is a measure of the quantity of magnetism, taking into account the strength ofthe magnetic �eld. A changing magnetic �ux through the circular area bound by a coil's windingsresults in the induction of voltage across that particular coil.Mutual Inductance The mutual inductance of two coils is the ratio of the product of the number ofturns on a coil and �ux through that coil to the current �owing in another coil which is providingthe �ux through the �rst coil, expressed as M = N1·φ12

I2
= N2·φ21

I1
.O.E.M Acronym for Original Equipment Manufacturer.P.L.I.M/P.L.I.L Pulse Linear Induction Motor or Pulsed Linear Induction Launcher.P.T.F.E Acronym for Polytetra�uoroethylene, more commonly known as Tel�on. Widely used to reducefriction because of its typically low coe�cient of friction when in contact with other materials.Pole Pitch This is the spacing between stator coils on a traveling wave type induction launcher.R.M.S Acronym for the Root Mean Square value of a time varying quantity taken as FRMS =

[

1
T

∫ T

0 (f (t))
2
dt

]
1

2 overa time period T . Normally used when working with an alternating voltage or current.Radius Ratio This is the ratio of the mean armature coil winding radius to the mean stator coil windingradius, expresses as ra

rs
.
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Design and Construction of a Pulsed Linear Induction MotorRail gun An electromechanical launching device which operates using to rails at a potential di�erenceand an externally provided magnetic �eld. The armature which is typically a conducting materialhas a current that �owing through it, provided by it being in contact with the aforementionedrails. This current �ow which is perpendicular to the external magnetic �eld results in an force onthe armature that is perpendicular to both the �ow of current and the external magnetic �eld, inaccordance with Lorentz Force Law.Reluctance As described by Maxwell's Equations, magnetic �ux always forms a closed loop. Howeverthe amount of �ux which �ows is dependent on the reluctance of the loop. Lines of magnetic �uxalways try to �ow through paths of low reluctance than through paths of high reluctance. Thisconcept is exploited in the design of a reluctance operated coil guns.Saturation Saturation occurs when ferromagnetic material cannot be magnetized any further, and theincrease of the external magnetic �eld results in no further increase in magnetization. This is adesign limitation of reluctance launchers, if poorly designed the external magnetic �eld producedby stator coils energization is wasted once the the ferromagnetic launching material has reachedsaturation. This energy is then goes directly to heating the stator coil greatly lowering devicee�ciency.Self Inductance The self inductance of a circuit/coil is the ratio of magnetic �ux through the circuit/coilto the current that is �owing in the circuit/coil.Skin E�ect The skin e�ect is a phenomenon which occurs at high frequencies and results in current�owing on the outside of conductors, reducing the e�ective cross-sectional area available for current�ow. In some cases this may greatly increase a conductor's resistance and thus the associatedohmic/heating losses as well.Stator Coil The stator coil is �xed, the oscillatory current which �ows through it when the a capacitoris discharged induces a similar current in the armature coil. These currents interact and result ina repulse force between the stator and armature coils. Since the armature is not �xed and free tomove this force results in an appreciable acceleration of the armature.Suck-Back This is a phenomenon which occurs in reluctance based launcher systems. Since the ferro-magnetic material is always attracted to the center of the stator coil, if the stator coil's power supplyis not interrupted when the armature or mass being projected has passed the half way through thestator coil, the launched mass will experience a signi�cant amount of unwanted deceleration, re-turning it to the stator coil center.Tank Circuit The tank circuit is another term for the stator coil circuit, and generaly refers to anycircuit where a capacitor is connected in parallel to an appreciable inductance as is the case withLIST OF TABLES xxii



Design and Construction of a Pulsed Linear Induction Motorthe stator coil circuit. Any initial electrical energy stored in the capacitor when the circuit is closedis exchanged between the stator coil inductance and the capacitor.Transformer A passive electrical component which transfers electrical energy from one circuit to anotherthrough the process of induction. These are also A.C devices and will not work on a constant D.Cvoltage, as a changing primary coil current is needed to induce a voltage in the secondary coil.U.P.S Acronym for Uninterpretable Power Supply.
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Design and Construction of a Pulsed Linear Induction MotorList of Symbols
a armature acceleration; Subscript to denote x, y, z direction [m/s]
B magnetic �eld strength/induction [A/m]; Subscripts x, y, z denoting direction
C tank circuit capacitance [F]
cp speci�c heat [J.kg−1.K−1]; Additional subscripts denoting material
E electric �eld strength [V/m]
Ecap capacitively stored energy [J]
Emagnetic magnetic energy stored in armature and stator coils [J]
Eohmic energy which is lost/dissipated as heat [J]
Ework useful work energy which accelerates the armature [J]
F armature acceleration force [N]; Subscripts x, y, z denoting direction
f frequency [Hz]
f0 resonant frequency [Hz]
fd damped frequency of oscillation [Hz]
Gsa stator/armature mutual inductance gradient [H/m]
Ia armature coil current [A]
Is stator coil current [A]
L self inductance [H]
Laa armature coil self inductance [H]
Lss stator coil self inductance [H]
lb induction length [m]
M mutual inductance [H]
Mas armature/stator mutual inductance [H]
Msa stator/armature Mutual InductanceMsa = Mas[H]
ma armature coil mass [kg]LIST OF TABLES xxiv
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ms stator coil mass [kg]
N number of turns on an inductor coil; Subscripts s and a denote stator or armature coil
n number of stator coils in multiple stage launcher
na radial divisions on armature coil inductance calculation mesh
ns radial divisions on stator coil inductance calculation mesh
P instantaneous power dissipation [W]; Subscripts IGBT , Diode, RMS and Avg denote IGBT or Diodecomponents and RMS or Average value respectively.
pmag radial magnetic pressure [Pa]
q charge [C]
R resistance [Ω]
Raa armature resistance [Ω]
Rss stator resistance [Ω]
ra

rs
stator/armature winding radius ratio

rai armature coil winding inner radius [m]
rao armature coil winding outer radius [m]
rsi stator coil winding inner radius [m]
rso stator coil winding outer radius [m]
s armature displacement [m]; Subscript x, y, z to denote direction
T temperature [K]; Subscript to denote usage
VGE IGBT gate emitter voltage [V]
Vs instantaneous tank circuit capacitor voltage [V]
v armature velocity [m/s]; Subscript x, y, z to denote direction
vs traveling wave velocity [m/s]
Waa armature coil width [m]
Wss stator coil width [m]LIST OF TABLES xxv
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x, y, z Refer to axis referenced by the coordinate system shown in Figure 6 below.

Figure 6: Coordinate system used to describe the launcher system.
Z transient thermal impedance [oC/W]; Subscripts IGBT and Diode denote the transient thermal impedanceof a speci�c device
α damping factor
ε induced Electro Motive Force [V]
Θ pole pitch [m]
µ0 permeability of space 4π × 10−7[N/A2]
ρ resistivity [Ω/m]
σh hoop stress [Pa]; Subscripts;aaor ssdenoting armature or stator support structures respectively
τ L.C.R damped oscillation decay time constant [L/Ω]
Φ magnetic �ux [Wb]; Subscript to denote x, y, z direction
ω0 resonant frequency [rad.s−1]
ωd damped frequency of oscillation [rad.s−1]
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Design and Construction of a Pulsed Linear Induction Motor1 IntroductionThere are many di�erent types of electro-mechanical coil launchers (listed below) each distinguished bytheir own method of operation and construction.1. Reluctance Launchers2. Induction Launchers3. Helical/Commuted LaunchersAfter doing thorough research on all of these operation and construction variations it was determinedearly in the design process that a capacitor driven coaxial linear induction motor, driving wire woundarmature coils would be the most interesting launcher system to investigate, model and build. Asidefrom consisting of only a few passive electrical components P.L.I.M (Pulsed Linear Induction Motors)also have a very elegant method of analysis discussed at great length in Appendix A.4 on page A-17.The operation of a typical linear induction motor is fairly simple to inderstand Figures 7 & 8 below showthe schematic outline of a general multi stage P.L.I.M (excluding the capacitor charging circuits) followedby a simpli�ed representation of the two coils with anti-parallel currents �owing in them for conceptualpurposes. When each of the capacitors shown in Figure 7 are discharged into the stator coil inductancean oscillatory current waveform is produced in the stator coil. This time varying oscillatory current willinduce a current in the armature coil which �ows in the opposite direction (in accordance with Lenz'sLaw) as shown in Figure 8. These anti-parallel currents in armature and stator coils results in a repulsiveforce Fz between the two coils in acordance with the Lorentz Force Law.

Figure 7: Sectioned schematic of the stator and armature coils of a mulitstage capacitor driven linearinduction motor/launcher.1 INTRODUCTION 1
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Figure 8: Illustrating the principle of operation of an induction based coil gun.This armature can either be a single turn ring of conducting material, or it can be made of a wire woundcoil with both ends shorted to allow current �ow as shown in Figure 8 above.The concept of a pulsed coaxial linear induction motor capable of driving a large mass to very highvelocities has existed for quite some time, however despite the very attractive performance attributesover rail gun technology research in P.L.I.M remains a subject of advanced electromechanical researchgroups. Much of the literature describes launchers operating with current, voltage and energy levels thatare in the order of 103 Amps, Volts and Joules. These excessive power requirements mean that veryfew people actually end up studying or researching P.L.I.M with intent to miniaturize and improve thetechnology, despite its incredibly attractive attributes for applications including mass transport, overheadfactory gantries, earth to orbit launching, conveyer systems, aircraft launching catapults and long rangeartillery. For this reason it is of major interest to determine whether or not a pulsed linear inductionlauncher could in fact be operated at much lower voltages and energy levels, opening up the �eld ofresearch to independent researchers and amateurs.The challenge in developing a P.L.I.M is largely due to the shear number of design variables involvedin the system and the extent to which these variables themselves are interrelated. This makes �ndingfeasible system designs based on a "trial and error" method almost impossible. It was thus required thatthis project conduct thorough research on the topic to acquire credible information regarding the systemsmodeling and design considerations to aid the design process ensuring that an operating system could bedeveloped within the �rst construction iteration.The primary objectives of this project are summarized below1. Conduct thorough research on the topic.2. Create a computer simulation to model and developed a 6 Stage P.L.I.M with an e�ciency greaterthan 3.5% (electrical to mechanical energy conversion).1 INTRODUCTION 2



Design and Construction of a Pulsed Linear Induction Motor3. Design/develop a feasible low energy laboratory scale test launcher using the computer simulation.4. Build and test this launcher to verify accuracy of model and prove concept.The test device must be able to feasibly and safely demonstrate the operating principle and when combinedwith the report must be of such a quality that further research on the topic will be greatly enriched orfacilitated through this work. Figure 9 shows a rendered impression of what the proposed 6 stage linearinduction launcher developed in this project would look like, it also shows the armature coil for a scalecomparison.

Figure 9: 3D visual rendering showing the concept of the 6 stage induction launcher also visible (theobject on the left) for size comparason is the concept armature.This project requires a broad set of skills and knowledge in power electronics, mechanics, basic physics,computer programming, measurement and numerical methods to achieve the said goals. As electro-mechanical engineering student this project e�ectively exercises the expertise and knowledge learned inthe last four years.The report begins with a brief executive summary which will e�ectively outline what this project hasachieved. In addition to this introduction it then presents the speci�cations of the laboratory scale P.L.I.Mwhich was tested to verify the theoretical model and simulation used to develop the system. After whichthe theoretical design approach which was followed in developing the launcher is described. The reportwill then describe the construction/selection/assembly process for each of the test rig's important itemsand systems. Thus with a general but �rm grasp of the devices expected capabilities and components,the report will present and discuss the experimental performance results of the test launcher in Section 5on page 31. This is followed by an in depth discussion and comparison between the theoretical Matlabsimulation results (found in Appendix B on page B-1) and the results achieved in practice by the testlauncher while also suggesting possible reasons for any di�erences or unexpected anomalies encounteredin practice.1 INTRODUCTION 3



Design and Construction of a Pulsed Linear Induction MotorThe report will then present the many �ndings and conclusions which were made in light of this in-vestigation. This conclusion will also will re�ect on the extent to which the project's objectives havebeen achieved in addition to outlining some of the projects limitations and constraints which may haveimpeded progress.The Section 8 on page 60 will present the recommendations and project direction which should followedin light of this work's �ndings to ensure the likelihood of further advancement/progress in this �eld ofstudy.In addition to all of the above this project includes many additional appendices which may be of interest tothe reader. Appendix A on page A-1 provides an excellent and in depth literature review covering almostevery aspect of the pulsed linear induction motor design, physics of operation, computer simulation,numerical analysis including a detailed introduction of the technology. Appendix A.4 on page A-17 is mostimportant as it presents the theory on which the entire theoretical model is based. It is thus also referencedextensively throughout Appendix B on page B-1 which presents the test launchers predicted simulationperformance calculations and results which essentially form the theoretical hypothesis of the test P.L.I.Msperformance. Appendix C on page C-1 furnishes the complete list of test launcher speci�cations and theirrespective justi�cations. Finally all parts drawings and a complete electrical circuit diagram can be foundin Appendix E on page E-1. Included also is a compact disk containing all of the information and dataused in compiling this project in addition to all the matlab simulation codes and a soft copy of this report.
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Design and Construction of a Pulsed Linear Induction Motor2 Main Speci�cationsA full list of the laboratory test launchers speci�cation are presented in Appendix 2, shown here forquick reference is the list of main speci�cations drawn up at the start of the laboratory scale launchersdevelopment. The location column in Table 1 below refers to where the speci�cation's justi�cation canbe found within Appendix C on page C-1.Table 1: List of main speci�cations.D/W Requirement Desired Actual Rev LocationD Modular construction Yes Yes 0 C.3.1.1.1D Operating energy 150 J 144 J 0 C.3.1.1.2D Stage energy 25 J 24 J 0 C.3.1.1.3D Stage e�ciency 3.5 % N/A 0 C.3.1.1.4W Operating voltage <500V 400V 0 C.3.1.1.5W Total length < 1m 500mm 0 C.3.1.1.6W Total cost <R1500.00 R3800.00 0 C.3.4.1D Robust and sturdy test rig Yes Yes 0 C.3.1.1.7NOTE:D = DemandW = WishTBC = To Be Con�rmed
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Design and Construction of a Pulsed Linear Induction Motor3 Theoretical Design Approach3.1 IntroductionThe design of a working P.L.I.L (Pulsed Linear Induction Launcher) is a task which requires an intermitunderstanding of the devices operation and a general "feel" for the relationships or tradeo�s that existbetween variables. It is the shear complexity of the system and the number of variables involved thatmakes any kind of hand written design calculations highly impractical. For this reason the �rst step indesigning a linear induction launcher is to write a computer program capable of calculating of all theimportant performance variables (Most of which are dynamic and the instantaneous values of these vari-ables must be found over a given time period) for a speci�ed launcher system. This computer simulationmust itself be based on a veri�ed analysis of the system, which once written will serve as an invaluabledesign tool allowing the performance of a speci�ed launcher to be estimated and studied. However theresults of such a computer simulation are still subject to the system limits determined by the speci�edcoil geometry, voltage and capacitor size. It is because the design input variables themselves are so nu-merous that chances of �nding/guessing an "optimal" design is highly unlikely. This project however isnot necessarily aiming to �nd an optimum design but is however more interested in qualitative resultsof the comparison between the theoretical computer simulated launcher system and an actual laboratorytest launcher system built to the same speci�cations which are used as inputs for the computer simula-tion. To ensure that a feasible or working launcher is constructed initial system inputs/speci�cations ofthe computer simulation were based on design considerations and careful study of the subject througha detailed and comprehensive literature review. This literature review can be found in Appendix A onpage A-1 and includes extensive and detailed sections regarding the considerations for design and syn-thesis of L.I.L (Linear Induction Launchers) with speci�c relevance to a small scale test launcher. Thissection will elaborate more speci�cally on the design process which was undertaken in developing thelaboratory scale P.L.I.M.3.2 Launcher SimulationAs mentioned, the �rst step in designing a linear induction launcher is writing the computer code neededto simulate and quantify a given design's performance. The simulation was implemented in MathworksMatlab and had two important components as listed below and illustrated in Figure 10.1. Stator/Armature Inductance Parameter Calculator2. Coil Performance Numerical Solution3 THEORETICAL DESIGN APPROACH 6
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Figure 10: Conceptual illustration of how the launcher simulation operates. All operations occurringwithin the dashed box represent the total actual simulation code. Outside the box are simply the userde�ned variable initialization and simulation output results.The input data which is made up of coil geometries and initial system conditions is written into a Matlab.m-File. The stator/armature inductance calculator uses the speci�ed coil geometries and wire diametersto determine each coil's self inductance in addition to calculating the mutual inductance and mutualinductance gradient between the coils over a speci�ed range of axial separation. The calculator alsoestimates the armature and stator coil's mass and resistance. The numerical performance simulationthen uses this data and the prede�ned initial system conditions solve the coupled di�erential equations(shown below), from which all other launcher performance parameters (e.g. circuit currents, instantaneousarmature acceleration and velocity) are quite easily derived as discussed in great detail in Appendix A.4.1on page A-17.
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(

dsz

dt
× dM

dz

)

0 = IaRa + Laa

dIa

dt
+ M

dIs

dt
+ Is

(

dsz

dt
× dM

dz

)The theory required to develop both facets of this model was carefully researched and for the sake ofbrevity is not discussed here but can be found in Appendix A.4 on page A-17. However it is interestingto know that the di�erential equations were derived from applying Kirchoffs Voltage Law on theequivalent stator and armature coil circuits as shown in Figure 11 below.
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Figure 11: Equivalent tank circuit and armature coil circuits used to derive the systems coupled di�erentialequations.The purpose of this brief simulation description is to simply reveal how the theoretical tests and ultimatedesign of the single stage launcher was conducted. The corresponding detailed simulation results whichformed many of the speci�cations of the launcher constructed in practice can be found in Appendix Bon page B-1 which also provides excellent exposure to the typical outputs of the simulation implementedin Matlab.3.3 Initial Energy & Operating VoltageThe initial energy stored in the capacitor before it's discharged into the stator coil is what determinesthe amount of energy available for the acceleration of the armature (assuming for simplicity a �xede�ciency, which simulations indicate may not be true). Using the initial speci�cation requirements ofthe system and the relationship between capacitance, the energy stored and the voltage to which it ischarged (expressed as Ecap = 1
2CV 2) the tank circuit capacitor bank can be completely speci�ed. Theinitial stage energy input was speci�ed as 25 J. Since one of this project's important objectives is thatthe launcher may be operated o� readily available A.C power supplies, the maximum assumed voltage atwhich the device can operate was speci�ed as 400 V. Since both the capacitor banks energy content andmaximum voltage charge have been speci�ed, the tank capacitance could be calculated and speci�ed.Figure 12 below shows a typical instantaneous plot of all the system energies during operation eventof a pulsed linear induction motor and e�ectively illustrates that losses in the system are largely dueto ohmic/resistive heating only. Figure 12 also shows that while energy is dissipated as heat, it is alsotransfered between the capacitor and inductor.
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Figure 12: Typical instantaneous plot of all the energies stored or converted by the launchers components.It is for this reason that one of the main implications of driving the launcher with a voltage less than500 V is that the stator, tank circuit and armature coils have to be designed such they have the leastresistance to decrease or lessen the extent of the resistive/ohmic losses in the launcher system. Thespeci�ed design parameters determined at this stage are shown in Table 2 below.
3 THEORETICAL DESIGN APPROACH 9



Design and Construction of a Pulsed Linear Induction MotorTable 2: Design speci�cations the tank circuit capacitor energy sourceInitial Stage Voltage V 400Stage Capacitance µF 315Stage Energy J 25.23.4 Coil Geometry and Associated Speci�cationsThe stator and armature coil geometry speci�cations were determined by �rst choosing a coil pair ra-dius ratio ra

rs
followed by the armature bore diameter. Based on extensive research (presented in Ap-pendix A.5.1 on page A-29 & A.5.2 on page A-32) it was quickly learned that increasing the armaturebore diameter would greatly increase the systems performance. Since the objective is to maximize theamount of kinetic energy delivered to the armature coil there exists a trade o�, in that increasing a givenarmature bore diameter also results in a much larger coil turn circumference and (ceterus parabus) the ar-mature weight will increase accordingly thus signi�cantly decreasing its acceleration and overall launcherperformance. The existence of this tradeo� was correctly predicted by the system simulation (where boththe stator coil and armature weight including its associated form was estimated by the simulation, basedon user de�ned coil geometries). Another consequence of increasing armature/stator diameter is that theoverall coil resistance is greatly increased with each turn and thus an excessive number of turns on bothcoils undesirable. In an attempt to reduce the resistive losses in the coils large wire diameters have beenchosen to reduce the resistance per turn on both coils. However because the frequency of oscillation (ofvoltage and current in the tank circuit when capacitor is discharged into the tank circuit) is expectedto be in the order of 5kHz, increasing coil wire diameter can only be done up until a point where theadditional cross section of the wire will serve no useful purpose due to the skin e�ect which may actuallyresult in a decrease of e�ective current conducting area in the wire resulting in greater ohmic lossesand �dead weight� on the armature coil. Table 3 below shows the speci�cations of the wire used in thearmature and stator coils.Table 3: Design data of wire used for winding launcher coils [3].Diameter(mm) mΩ/m Maximum freqency foruniform current density in wireStator Coil (AWG 11) 2.30 4.13 3.2 kHzArmature Coil (AWG 13) 1.83 6.57 5.3 kHzTable 3 above shows that the maximum allowable frequency of current and voltage in the tank circuitshould not exceed 3.2kHz. This is important because the frequency of operation is approximately depen-3 THEORETICAL DESIGN APPROACH 10



Design and Construction of a Pulsed Linear Induction Motordant on the tank circuit capacitance and the inductance of the stator coil, a relationship expressed as
f ≈ 1

2π
√

Lss·C
. Since the capacitance has already been speci�ed an approximate estimation of the statorcoil's inductance could be made such that frequency of current and voltage oscillation would not exceed3.2 kHz.Studies show that breeder optimization routines applied to L.I.L (Linear Induction Launcher) simulationswould typically converge on coil pairs that have more or less the same length in addition to both coilsbeing thin rather than thick [2]. The latter result is quite expected as thicker layer of coils will reducethe overall radius ratio ra

rs
of the two coils resulting in reduced coupling and poorer performance.The acceleration of the armature is greatly dependant (for a speci�ed coil pair) on the initial axialseparation of the two coils when the stator coil is energized. This is explored later in more detail inSection 3.6 on page 17. Since it has been chosen to determine the armature coil's position relative to astage stator coil using optical sensors an additional design objective for the coil geometry was that whenthe armature is in its optimum position for the associated stage stator coil to be energised, part of thearmature must be outside of the stator coil in order for the armature coil to break the optical beam. Thebreaking of this optical beem results in a control signal being sent to a suitable control circuit allowingthe stator coil to be energised at the right time. This concept is better understood in looking at Figure 13below.

Figure 13: Showing the stage stator coil to be energized and the armature in transit. The beam hasbeen positioned such that as soon as the armature breaks the light beam, it is in its optimum positionfor stage stator coil to be energized.It was realized very early in the design process that the stator coil forms would not be able to be machinedfrom plastic stock material as the required wall diameter of 2 mm (to maximise the radius ratio) is fartoo thin to be machined from plastic stock. The stator coil form was thus bought o� the shelf. The mostconvenient coil form diameter found and used in this project had an outer diameter of 50 mm and a wallthickness of 2 mm and is made of Perspex.3 THEORETICAL DESIGN APPROACH 11



Design and Construction of a Pulsed Linear Induction MotorIn light of all these mechanical and electrical considerations made in designing the coil pair, much ofthe coil pair geometry was already speci�ed, starting with the coil diameters and the wire diametersspeci�ed in Table 3. A feasible working coil geometry was quickly established using the described launchersimulation program. The diameters were chosen such that the radius ratio would be maximized whilemaintaining at least 1.5mm of clearance between the stator coils inner form and the armature coil windingswhen the armature is co-axially located within the stator coil.The full details of the armature and stator coils are far too numerous to mention here but can be foundin the launchers detailed speci�cations, found in Appendix C on page C-1. For this reason a summary ofthe important mechanical and electrical speci�cations of the armature and stator coils pairs are presentedin Table 4 below followed by Figure 14 showing a plot of the coil pairs inductance mutual inductanceand mutual inductance gradient at various positions of axial coil separation, determined by the computersimulation.Table 4: Important design speci�cations for the laboratory scale pulsed linear induction motor.Mechanical SpecifcationsCoil Diameter Turns Length WeightStator Coil 52.3 mm 16 36.9 mm N/AArmature 43.38 mm 15 27.4 mm 58 gElectrical Speci�cationsSelf Inductance ResistanceStator Coil 10.9 µH 10.9 mΩArmature 9.39 µH 13.7 mΩCombined Coil Pair Speci�cationsMax Mutual Inductance Radius Ratio ra

rs7.53 µH 0.8380
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Design and Construction of a Pulsed Linear Induction Motor

Figure 14: Inductance parameters corresponding to the speci�ed coil geometries of the laboratory scaletest launcher.
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Design and Construction of a Pulsed Linear Induction Motor3.5 Circuit Resistance and DampingDuring discharge of the capacitor into the stator coil inductance the tank circuit of the linear inductionlauncher e�ectively forms an LC oscillator. In the absence of any circuit resistance the frequency ofoscillation would almost be equal to resonant frequency of the circuit expressed as fres = 1
2π

√
LC

. Alsoin the absence of any tank circuit resistance the current and voltage would oscillate forever (no resistivelosses). However, in practice, the tank circuit including the stator coil will have some resistance. Thisresistance is what causes the dissipation of energy (in the form of heat), resulting in oscillatory currentand voltage waveforms which decay over time. Thus for a speci�ed tank circuit the extant of this dampingis dependant on the tank circuit resistance and determines how quickly the current and voltage waveformswill decay, e�ectively controlling the envelope of oscillation. The reason for this is that increasing theresistance increases the ohmic losses resulting in the quicker decay of the current and voltage in the circuitdue to increased energy dissipation through resistive heating. Therefore this damped response is mostundesirable in the operation of a linear induction launcher because the greater the damping (quicker thedecay) the greater the resistance losses thus reducing the total amount of electric energy available whichcould be converted to kinetic energy in the armature. Figures 15 & 16 below comparatively illustrate thee�ects of resistive damping on stator coil current and armature acceleration for the most extreme cases ofunder damping and over damping as well as a typically damped response. A comparison of performancefor the various levels of damping investigated in Figures 15 & 16 is provided in Table 5 below.Table 5: Comparison of several of tank circuit oscillation responses. Note that the damped case onlytakes the stator coil into account in the LRC circuit. Also note that a mere 0.5 ohms of connectionresistance is enough to cause excessive damping, signi�cantly reducing performance.Max Velocity E�ciency Circuit Resitance Tank ResistanceUnder Damped 14.98 (m.s−1) 31.73 % 0 Ω 0 ΩDamped 5 15 (m.s−1) 03.74 % 0 Ω 10.9 mΩOver Damped 0.13 (m.s−1) 0.002 % 0.5 Ω 0.5109 Ω
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Figure 15: Stator coil current response to the capacitive discharge for 3 separate cases. Starting from thetop; under damped, damped and �nally over damped.Figure 15 above clearly illustrates that current will continue to oscillate forever if no circuit resistance ispresent, however as soon as there is resistance present the waveform will begin to decay. Note the greatlyreduced peak stator coil current in the stator coil for the over damped case.Figure 16 below shows the associated acceleration pro�les for these various levels of damping. It is clearlyevident that the maximum acceleration occurs with under damping, however in practice the best whichcan be achieved is that of the damped case. Figure 16 also re�ects the very poor acceleration achievedwhen the circuit response is over damped.
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Design and Construction of a Pulsed Linear Induction Motor

Figure 16: Predicted armature accelerations associated with the current plots of Figure 15, clearly illus-trating the decrease in armature acceleration as the extent of damping is increased.Since the stator coil itself is not ideal and has a resistance around 11 mΩ it is expected that the testlauncher will have a damped oscillatory response. The extent of this damping must be minimized byreducing the circuit connection resistance, to do this all wires must be as short as possible, if crimp jointsare used, the wire must be soldered in addition to being crimped onto the lugs. Ideally copper groundstrapping or buss bars must be used to connect capacitors in parallel. Simulations show that even atank circuit resistance of 25 mΩ(excluding stator coil of 11 mΩ) will lead to excessive damping and thuspoorer performance, again reinforcing the urgency and importance of keeping the tank circuit resistanceto a minimum. Every precaution that can be taken must be taken to ensure optimum performance of agiven launcher.3 THEORETICAL DESIGN APPROACH 16



Design and Construction of a Pulsed Linear Induction Motor3.6 Initial Armature Coil PositionTo achieve a given linear induction launchers optimum performance the �rst and successive stator coilstages need to be energized when the stationary or moving armature is its optimal position (relative to thestator coils), to fully take advantage of the induction length of the coil pairs. Determining the optimumposition for the speci�ed coil pairs was accomplished using the computational launcher simulation. Sinceone of the inputs to the numerical simulator is the initial coil separation when the stator coil is energized,a simple �for-loop� was implemented in Matlab which would simulate the launcher performance at variousinitial axial separations (ceterus paribus). Figure 17 below shows plots of launcher performance for variousinitial positions of the armature coil.

Figure 17: Single stage launcher performance vs. initial axial separation.The results of this simulation indicated that the optimum spacing of the coils (of this system) is 16 mm asshown in Figure 18 below. This is an important design speci�cation in that it determines the positioningof the optical sensors required to detect the armature coils position before the stator coil can be energized.Since the barrel form (onto which the stator coil is wound) is located �rmly by mounting clamps, theseoptical sensors will be mounted within the mounting clamps. This speci�cation thus determines thepositioning of the diametrically opposite holes in both mounting blocks to accommodate the opticalsensors as well as the positioning of the stator coil relative to the mounting clamps.3 THEORETICAL DESIGN APPROACH 17
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Figure 18: Section through stator coil, barrel and mounting clamps. This �gure e�ectively demonstratesthe optimum axial separation of the two coils and how the holes must be made in the mounting blocksto accommodate the optical sensors.
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Design and Construction of a Pulsed Linear Induction Motor4 Launcher ConstructionThis section provides an overview of the construction process, highlighting key design features for each ofthe important systems found in the laboratory linear induction launcher system. Detailed parts drawingsand a full circuit schematic can be found in Appendix E on page E-1.Aside from the electronic components in the control circuit the launcher system makes use of two veryimportant O.E.M components listed below in Table 6 below. The selection of these devices was based onthorough research of the respective devices data sheet, application notes and detailed operation calcula-tions all of which are presented in Appendices A on page A-1 & B on page B-1.Table 6: O.E.M components used in the launcher tank circuit.Item DescriptionTank Capacitors Afcap 440 Volt ; 50 µFC.V.T Polypropylene A.C capacitorsDiscrete IGBT & Diode Module Mitsubishi CM600-12H600 V @ 600 A (continuous)4.1 Armature CoilIn light of thorough research it was decided early on in the conceptual design of the test launcher thatit would accelerate wire wound armature coils whose ends are shorted allowing current to �ow. Thesearmatures o�ered easier system modeling and reduced ohmic losses however their design and fabricationwould o�er some interesting challenges [16]. Since the armature coil was designed to use a single windinglayer (as apposed to multiple winding layers) shorting the wire ends would require that at least one of thewire ends be routed through the center of the coil as shown in Figure 19 below, also shown is a multilayerwinding which allows the coil wiring ends to be shorted on the windings surface.
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Design and Construction of a Pulsed Linear Induction MotorFigure 19: Possible armature coil winding techniques. Showing single layer and multilayer coils on theleft and right respectively.The design of the armature coil form was based on the coil geometry speci�cations as summarizedin Table 4 on page 12. A further design goal for the armature was to minimize its weight, besidesaccomplishing this goal through varying the actual coil geometry and wire speci�cation (indeed most ofthe armature weight is due to the wire windings of the coil) additional measures were taken in selectingthe armature coil form material and shape. The armature was made from Polypropylene, the lightestof the commonly available plastics and quite coincidently the same material used in manufacturing thecapacitors. Furthermore since the coil requires wire to be passed through its center axis as shown inFigure 19 above, it was possible to remove much of the unnecessary material greatly reducing the coilforms weight while keeping it balanced. The �nal stator coil design concept is shown in Figure 20 witha comparison of the actual armature coil alongside.

Figure 20: ProEngineer 3D rendering of the armature coil on the left, while the actual armature coilbefore varnishing is shown on the right. This �gure illustrates many details of the armature coil formand the similarity between design concept and implementation.Figure 20 illustrates the key design features of the coil form quite e�ectively such as the grooves on the�at end surfaces of the coil form, their purpose being to e�ectively locate the copper wire which is routedthrough the central axis of the coil. Also obvious is the extensive material removal from what would havebeen a solid polypropylene cylinder which serves to reduce the weight of the armature coil form.The winding process started with routing the wire through the axial hole of the coil form, after whichthe free end of the wire would be positioned onto the surface groove locating the wire onto the coil formallowing the required 15 turns to be wound onto the form. Once wound the windings were secured tothe coil form using painters tape, the enamel coating at the two ends of the wound coil could be removedusing sand paper. After the enamel coating was removed the ends were permanently joined togetherwith a solder joint. Great care was taken in making each of the solder joins making sure that the solder4 LAUNCHER CONSTRUCTION 20



Design and Construction of a Pulsed Linear Induction Motorhad "�owed" into the exposed copper at the two wire ends. The solder joint implementation is shown inFigure 21 below.
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Figure 21: Close up view of the solder joint implementation, the exposed copper wire can be seen onthe wire which emerges from the coils center. Also re�ected quite well in this �gure is the wire locationgroove.Since the current �owing in one turn of the a coil is anti-parallel to the same current �owing in theadjacent turn what often happens in coils is that the individual turns tend repel each other, to preventthis from distorting the coil during the devices operation the armature coils were coated in 6 coats ofclear varnish thus "binding" the turns together and to securing the coil to form. A complete varnishedarmature coil is shown in Figure 22 below.

Figure 22: Close up view of an armature coil complete after being coated in 6 coats of varnish.The addition of the varnish increased the total weight of the coil by 10 grams beyond the design weightpredicted by the ProEngineer model. However the simulation code suggests that this extra 10 gramswould have a minor e�ect on the performance of the launcher.
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Design and Construction of a Pulsed Linear Induction Motor4.2 Stator Coil and Associated MountingThe stator coil, its form and the mounting blocks e�ectively make up the barrel of the launcher. Figure 23below shows the concept of the 6 stage linear induction launcher from which the laboratory test scalelauncher is derived.

Figure 23: A conceptual 3D rendering of the full 6 stage modular linear induction motor sectioned toshow stator coil location on the form and cutouts in mounting clamps for optical sensors.Figure 23 also e�ectively re�ects the simplicity of the linear induction launcher (aside from the armature)in that very few parts are actually required to construct the device. The stator coil form was purchasedo� the shelf as a 50 mm outer diameter/46 mm inner diameter clear Perspex tube shown in Figure 24below.

Figure 24: Clear Perspex tubing (50mm Outer Diameter and a 2mm wall thickness) used in the construc-tion of the laboratory scale test launcher.4 LAUNCHER CONSTRUCTION 23



Design and Construction of a Pulsed Linear Induction MotorThe mounting clamps were easily machined from H.D.P.E (High Density Polyethylene), another readilyavailable plastic. These mounting clamps are e�ectively two parts which clamp down to secure the statorcoil form as shown in Figure 25 below.

Figure 25: Stator coil form clamped between mounting blocks. Also shown is the armature coil whichloosely �ts in the Perspex form and the pre-wound stator coil (discussed later).The clamps would also house the optical sensors to determine when the armature is in the optimumposition for the corresponding stator coil to be energized. Figure 26 shows the design features of themounting blocks to accommodate optical sensors.

4 LAUNCHER CONSTRUCTION 24



Design and Construction of a Pulsed Linear Induction MotorFigure 26: Stator coil form mounting block showing diametrically opposite holes for armature coil opticalsensors.The stator coil was to be wound from enameled copper wire with a speci�ed diameter of 2.3 mm whichis quite thick and di�cult to wind by hand as it requires a large winding torque to make the windingsas uniform as possible. Since the Perspex (a brittle material) tubing only had a 2 mm wall thicknesswinding the stator coil directly onto this form may have resulting in cracking or breaking of the form.For this reason the armature coil was pre-wound onto a wooden form which had a similar diameter tothe Perspex tubing. The pre-wound coil was then easily secured to the Perspex coil form using painterstape as shown in Figure 27 below.

Figure 27: 16 Turn stator coil secured onto the Perspex form with painters tape.Once secure, the stator coil was compressed to improve uniformity and then coated in varnish to bindthe turns and secure the coil to the form. The completed single stage laboratory test launcher is shownin Figure 28 below.
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Design and Construction of a Pulsed Linear Induction MotorFigure 28: Complete single stage stator coil showing crimped & soldered connection leads which areconnected directly to the IGBT module and capacitor bank.4.3 IGBT Implementation and Drive CircuitryThe IGBT behaves much like a switch which keeps the tank circuit open allowing capacitor to be chargedand closes the circuit when the stator coil needs to be energized. One of the most important systemsfound on the launcher is therefore the IGBT drive circuitry.The device is turned on by applying a voltage to the gate of the device allowing current to �ow from itscollector to emitter. If not designed properly the drive circuit can cause failure of the IGBT. This is infact just what happened during the initial testing phase of the launcher, in light of this unfortunate lossmodi�cations have been made to the drive circuit and its layout. The circuit shown in Figure 29 is themost recent drive circuit re�ecting the neccessary changes to prevent failure of the IGBT, discussed indepth in Section 5.1 on page 31.

Figure 29: The complete launcher electrical schematic, showing the IGBT gate drive control, tank circuit,and capacitor charging circuit..The entire energizing event of the stator coil is expected to take place in less than 10 msec based on acomplete simulation of the launcher system shown in Appendix B on page B-1. The pulse generated bythe 555 Timer IC (used as a mono-stable vibrator) was set to 2 seconds for two reasons. It would ensurethat the 555 IC would be high (on pin 3) for the entire discharge event while in addition serving as somemeasure of switch de-bouncing.4 LAUNCHER CONSTRUCTION 26



Design and Construction of a Pulsed Linear Induction MotorThe circuit in Figure 29 also re�ects the opto-coupler used to isolate the control circuit from the heavycurrent tank circuit. An additional safety feature is the interlock, which decouples the charging circuit(connected to mains electricity) allowing current to �ow from pin 3 to the opto-coupler. This preventsdamage of the bridge recti�er, VARIAC (variable A.C) supply and mains wiring which may occur if thecapacitor was ever discharged while still connected the charging circuit. Trigger pulse from the 555 ICresults in the op-amp output swinging high (15 V), raising the IGBT gate voltage and thus turning theIGBT on and energizing the stator coil. The circuit in Figure 29 also shows the zener diode connectedacross the IGBT gate and emitter which protects the gate from any over voltage which may occur(discussed at length in Section 5.1.2 on page 36).The IGBT was carefully mounted on large aluminium heat-sink (150mm x 200mm x 100mm) as shownin Figure 30 below. Adequate Silicon heat transfer compound was also used to ensure e�cient heatdissipation from the device. Since the IGBT is a M.O.S device the gate and emitter were kept shorted asshown in Figure 30 below to prevent any damage which may occur during installation due to electrostaticdischarge .

Figure 30: The Mitsubishi IGBT securely mounted onto heat-sink and heat transfer paste used.4.4 Capacitor Bank and Charging CircuitThe capacitor bank was made out of six Afcap 440 V 50 µF Polypropelene A.C Capacitors connected inparallel initially with 6mm Litz wire and crimp connectors as shown in Figure 31 below. The suportingtheory justifying the choice of capacitor and the bank design for this application is discussed in greatdetail in Appendix B.9 on page B-19.
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Figure 31: Prototype capacitor bank with capacitors connected in parallel using crimped 6mm wire.However in light of initial testing which emphasized the need to minimize tank circuit resistance, thesecrimped wire connectors were scrapped and replaced with Nickel plated copper buss bars as shown belowin Figure 32, followed by Figure 33 showing the improved capacitor bank.

Figure 32: Nickel plated copper motor connection bars which replaced crimped capacitor connectors asshown in Figure 31.
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Design and Construction of a Pulsed Linear Induction MotorFigure 33: The complete capacitor bank after modifactions.The capacitor bank was charged through a variable A.C power supply (VARIAC) which was isolatedusing a 1:1, 2kVA isolation transformer. The output from the isolation transformer was recti�ed using a10 A bridge recti�er. The maximum output voltage from the Variable A.C supply was 260 V A.C. Sincethe A.C was recti�ed using a bridge recti�re, we can expect the peak D.C voltage ouput to be √2×260Vthus the maximum voltage to which the capacitors could be charged 360V, slightly less then the designspeci�cation of 400 V. The charging circuit is shown in Figure 34 below, including the interlock whichdecouples the charging circuit during the launcher operation. Figure 34 also shows where 10 Amp safteyfuses were used in the circuit.

Figure 34: Capacitor charging circuit.4.5 System Integration & Complete Test SetupBy integrating all the aforementioned systems the single stage test launcher was constructed. For initialtesting it was decided that additional measurement systems would be constructed and implemented oncethe launcher concept had proved successful, this was the case with the optical velocity sensors. The tankcircuit current was measured using a commercially available current meter. This device conveniently hada 1mV/Amp output and was capable of measuring the tank circuit current while outputting the data intoa digital storage oscilloscope for recording. Initial tests revealed the importance of minimizing circuitresistance to prevent damping. As such the tank circuit components were all physically located as closeas possible to each other to reduce the length of circuit wiring and thus resistance. The complete TestArea is shown in Figure 35 below, the microprocessor is not shown here as it was never implemented intothe �nal test set up.4 LAUNCHER CONSTRUCTION 29
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Figure 35: Laboratory test area, showing all equipment used to conduct tests on the single stage pulsedlinear induction launcher.The capacitor is charged with a through a variable A.C power supply which is coupled to an isolation 1:1transformer whose output is recti�ed to get a D.C charging current. During charging of the capacitor thesupply will see the capacitor as a dead short in the circuit, thus providing the maximum available current.To prevent excessive current draw the charging voltage was "ramped" up steadily on the variable theA.C supply preventing a rapid inrush of current to the capacitors, which may harm the bridge recti�eror any other component in the charging circuit. The initial charge on the capacitor was measured usinga digital multi-meter. Finally the IGBT drive or trigger circuit was enclosed in a project box for safetyand neatness. The power supply for the drive circuit was provided by a 24 V battery supply.
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Design and Construction of a Pulsed Linear Induction Motor5 Experimental Results5.1 Initial Tests and IGBT FailureInitial operation tests were conducted at a low voltage, to ensure that the test rig was working correctlybefore high energy tests could be conducted these initial tests form part of the commissioning of the testrig for safe usage. Any problems or failures encountered here will provide data allowing for circuit modi-�cation to be made in adition to making initial comparisons between theoretical and actual performance.Table 7 below sumarises the conditions of the initial tests.Table 7: Launcher preliminary testing details.Test No. VoltageCharge Energy Expected TheoreticalPeak Current ActualPeak Current3 150 V 3.43 J 858.02 A 800 A4 200 V 6.10 J 1144.00 A 1125 AThese tests ultimately resulted in failure of one IGBT modules. The possible reasons for this failurewere thoroughly considered allowing for possible solutions and circuit modi�cations to be developed andimplemented. All of which is discussed in much greater detail in Section 5.1.2. However before the failureof the IGBT module occoured some operation data was captured by the digital storage oscilloscope.Analysis of this data shows some correlation between theoretical and actual electrical performance of thedevice which is the subject of the Section 5.1.1 below.5.1.1 Circuit Resistance & DampingDespite failure of the IGBT in the preliminary trials of the device, data was still acquired which allowsfor a critical comparison between theoretical and practical results to be made. Using the digital storagescope and a Hall E�ect current to voltage transducer (which has a 1mV/A output) the current in thestator coil was measured during the discharge event. Figures 36 & 37 comparatively show the actualand theoretical plots of the tank circuit currents for initial capacitor voltage charges of 150 V and 200 Vrespectively.
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Figure 36: Actual and theoretical current waveform for an initial capacitor charge of 150 V
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Figure 37: Actual and theoretical current waveforms for an initial capacitor charge of 200 V.
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Design and Construction of a Pulsed Linear Induction MotorTable 8: Frequency of oscilation comparison for waveforms in Figures 36 & 37.Test Voltage Theoretical Frequency Actual Frequency Error150 3205 Hz 3125 Hz 2.6 %200 3205 Hz 3205 Hz 0 %A comparison of the theoretical and actual data presented in Figures 36 & 37 and Tables 8 & 7 abovereveals that the current magnitude & frequency of oscilation in the tank circuit is very accuratly predictedby the theoretical model. This serves as excellent validation of the computer code, in that it must atleasthave been able to correctly predict the coil pairs self inductace.It is however quite clear that in practics extent of damping in the circuit is quite severe. Is should alsobe noted that the theoretical currents plots shown above in Figures 36 & 37 were modeled under theassumption of ideal conditions, that said the circuit resistance was modeled taking only the stator coilsresistance and not the resistance of connecting wires or capacitive E.S.R (which is in practice small enoughto be ignored) into account. For this reason it is believed that the theoretical results will far better matchthe results in found in practice if the circuit connection resistance is included in the computer simulation.Figure 38 below shows a similar comparison as that found in Figure 37 for an initial capacitor charge of200 V however the theoretical results shown in Figure 38 do take into account an assumed circuit wiringresistance of 25 mΩ in addition to the stator coils resistance of almost 11 mΩ.
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Figure 38: Current waveform for operation with an initial capacitor charge of 200 V. However theoreticalresults were modeled taking into account the circuit wiring resistance assumed to approximately 25 mΩ.
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Design and Construction of a Pulsed Linear Induction MotorThe theoretical and practical results shown in Figure 38 above match very closely again in terms currentmagnatude of the frequency and this time the time period in which the waveforms decay, neverthelessthe graphs in Figure 38 are not identical as the circuit resistance was only estimated in the simulation.As described in Section 3.5 on page 14 the performance of a linear induction motor is greatly dependanton the extent of resitive damping in the system and as such every precaution must be taken to minimizecircuit resistance. Despite poor performance at this low energy input (approximately 6 Joules) whichwas to some extent expected (one can only hear the armature coil rattling in the barrel) these tests doserve as excellent validation of the computer simulation used to develop the launcher. Simulation andpractical tests both clearly emphasize the necessity of minimizing circuit resistance, and it is expectedthat the loop resistance can by minimized at least 4 fold through the following techniques.
• Connecting capacitors with copper buss bars.
• Reducing tank circuit wiring by physically moving all circuit elements closer together.
• Soldering all crimp joints (i.e. solder the wire to the lug).5.1.2 IGBT FailureDuring the launchers initial testing the IGBT used for switching the tank circuit had failed. It is notedthat the Failure of the device was non-violent and could not even be heard. The failed device wasunable to block current �ow from the collector to emitter; thus acting as a short circuit making itimpossible to charge the capacitor bank. Even shorting the gate and emitter to ensure the device wouldnot conduct failed to stop it from conducting. Since the device was operating within its save operatinglimits throughout the testing phase it is believed that devices gate had been damaged, the most likelycauses are discussed in this section. Important and relevant data regarding the devices operation is shownbelow in Figure 39, and will be referred to during this failure discussion.
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Figure 39: Data sheet summary of the important parameters for the IGBT (Mitsubishi CM600HU-12F)used to switch the test launchers tank circuit[37].To give the reader a better understanding of the systems being analyzed the tank circuit is shownin Figure 40 below, incl. the IGBT switching circuitry. The items in red represent stray (non-ideal)inductances and capacitances found in the circuit, due to wiring or in the case of the IGBT actualconstruction.
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Design and Construction of a Pulsed Linear Induction MotorFigure 40: Tank ciruit of the launcher showing capacitor bank Cbank, stator coil Lstator, associated straycapacitances and inductances and the IGBT drive circuit with gate resistance Rg.When the IGBT gate is turned on, the capacitor is e�ectively discharged into the stator coil inductance
Lstator, this results in an bi-polar oscillatory waveform as shown in Figure 41 below. The diode conductsthe negative half cycle protecting the IGBT from any reverse voltage. The IGBT gate is kept high evenwhen the device is not conducting.

Figure 41: illustration of how the oscillatory wave is conducted through the IGBT device (with built inanti-parallel diode).The orientation of the IGBT is critical, had the device been orientated the other way around, the diodewould act as a dead short circuit immediately conducting any charge which tries to accumulate in thecapacitor during charging.It was found that the gate of the IGBT had blown through to the emitter. This was determined by risinggate voltage and measuring the VGE across the gate and emiter with a multimeter which registered 0 V,clearly indicating that the gate had infact been damaged.It is also worth mentioning that none of the devices control circuitry was damaged during the fault andthe op-amp used to control the gate voltage pulse was una�ected and in working condition after thefailure occurred.
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Figure 42: Safe operating area of the IGBT device[37].Figure 42 above shows the safe operating area of the device illustrating its maximum voltage and currentlimits. During these initial tests the launcher was not operated beyond 200V and the measured currentnever exceeded 2 times the rated collector emitter current. Furthermore because the diode always con-ducts (its purpose is actually for reverse bias protection of the IGBT) failure most likely occurred ata time when the IGBT was in (or switched to) its o� state when it should have been in its on state.The three most likely causes of failure are discussed below, these discussions are very theoretical and forgood reason. The entire event duration of the fault which resulted in the IGBT failure is such a shortevent that it is di�cult to say with any certainty what happened. The best that can be done within thescope of this project is to identify the possible causes based on the symptoms of failure observed in thesystem. Once done, the likelihood of failure occurring due to any one of these theories can be estimatedand e�ective attempts to mitigate these failure causes can be undertaken.5.1.2.1 Current Failure Theories1. Gate turn o� during IGBT conduction cycle would result in rapid fall in collector current, this fallin current is associated with a very high dI
dt

which could have caused a �back� E.M.F across the5 EXPERIMENTAL RESULTS 39



Design and Construction of a Pulsed Linear Induction Motorstator coil inductance Lstator. This back E.M.F would have been coupled directly to the gate drivecircuit through the IGBT's stray capacitance CstrayCG possibly exceeding the maximum allowablegate emiter voltage VGE . It is also possible that the high turno� dI
dt

was coupled to the stray wiringinductance Lstraywiring of the drive circuit through the stray capacitance CstrayGEwhich also wouldhave resulted in a �back� E.M.F that could have damaged the gate/emitter of the device.2. If the IGBT were o� when it should have been on the voltage it was supposed to conduct would'vecaused a voltage rise at the collector, it is possible that the rate of voltage rise dV
dt

(dependant ontank circuit frequency of oscillation & operating voltage) applied to the stray capacitance CstrayCGmay have resulted in a �ow of current from the gate to the the now low output of the driving opamp. This would have could have caused a current to �ow across the gate resistor resulting in avoltage at the gate which may have exceeded the devices VGE speci�action.3. Also less likely but equilly possible is that during the IGBT's o� state, when the diode �nishes itsconduction cycle, the revervse recovery of the diode is associated with a rapid positive rate of riseof current or dI
dt
, this dI

dt
could possibly have caused a back EMF when applied to the stator coilinductance Lstator. Again this back EMF coupled through the stray capacitance CCG to the gatemay have raised the gate voltage VGE beyond speci�cation resulting in failure.All of these failure theories have 2 things in common. Firstly and most importantly failure is ultimatelya result of gate destruction (through over voltage). Secondly all of these failure theories occur becauseeither the IGBT is o� or is turned o� when it should be on. Since the oscillatory wave form applied tothe device decays (as shown in Figure 41), the degree of severity of many of the failure theories aboveare greatly dependant on when the device is turned o�. For instance a turn o� of the IGBT very early(before the wave has decayed) in the case of Theory 1 would result in a much larger dI

dt
transient andconsequently a much larger gate voltage overdrive.Figure 40 shows that the op-amp was controlled using a 555 Timer IC operating in mono-stable mode.The pulse period generated by the 555 timer IC was approximately 2 seconds long, in contrasts to thetime it takes for the tank circuit current to completely decay which is in the order of milliseconds. It isbelieved that the interlock contactor which disconnects the charging circuit and electrical wiring of the3 prong wall socket and applies power to the op amp source (allowing the device to only be triggeredwhen the charging circuit is disconnected) may have resulted in the op amp in going high and suddenlyfalling to low, momentarily triggering the IGBT and turning it o�, when it should have continued in itson state. This is believed to be the root cause of the failure.5.1.2.2 Solutions & Modi�cations Fortunately because all the failure theories above are ultimatelya result of exceeding the gate voltage failure can possibly be prevented by implementing a few a simple5 EXPERIMENTAL RESULTS 40



Design and Construction of a Pulsed Linear Induction Motordrive circuit modi�cations as discussed below. These modi�cations relate mainly to the drive circuitas there is nothing that can be done about the stray capacitances in the IGBT modules which is aconsequence of the devices construction.1. The voltage at the gate needs to be �clamped� or �xed to a value not exceeding device speci�action.One easy method of doing this is to use a zener diode across the gate and emmiter of the device asshown in Figure 43 below. The zener diode conducts a forward current but also conducts when theits reverse voltage exeeds a specied value known as the zener voltage.

Figure 43: Modi�ed drive circuit showing the included zener Diode for over voltage protection.Once the reverse voltage has been exceeded, voltage across the zener diode will be clamped or �xedto this zener voltage and any voltage spikes above the zener voltage will be shorted directly toground. Using the zener diode preferably mounted on the IGBT device terminals (to minimize theloop inductance) will protect the gate from any voltages which exceed the zener voltage, which ischosen to be lower than the IGBT gate emitter VGE voltage speci�cation, e�ectively protecting thedevice from the three causes of failure discussed in Section 5.1.2 on page 36.2. Minimising gate drive wiring inductance Lstraywiring.The high rate of change of current at the collector of the IGBT (when it is turned o� duringits conduction cycle) applied to the gate drive wiring inductance Lstraywiring throught the straycapacitance CstrayCG can potentially result in a �back� E.M.F to the IGBT gate. Reducing thisunwanted wiring inductance Lstraywiring will go a long way in reducing the IGBTs vulnerability.Decreasing the wiring inductance can be done by minimizing the drive circuit loop area, representedby the shaded area in Figure 44 below. If this is not possible it is recomended in the MitsubishiApplication notes that the wires leading up to gate and emiter must be twisted with at least 3twists per inch [46].5 EXPERIMENTAL RESULTS 41



Design and Construction of a Pulsed Linear Induction Motor

Figure 44: Shade area represents drive circuit wiring loop. This larger this area the greater the straywiring inductance Lstraywiring.3. Minimising gate drive resistance Rg.The purpose of the gate resistance is to controll the turn on and turn o� speed of the IGBT. Asmaller resistance allows the device to turn o� or turn on faster. The device data sheet speci�es aminimum and a maximum gate resistance as shown in Table 9 below.Table 9: Minimum and maximum recommended gate resistances[37].Min Max1 Ω 10 ΩInitial tests were conducted with a gate resistance of 10 Ω . However in light of the failure theoriesit believed that minimizing this gate resistance would also minimize the possible voltage rise acrossit and possibly limit the extent to which the gate voltage could be exceeded under failure Theory2.4. Modifying Interlock wiringFigure 45 shows how the charging circuit and control circuit were initially interlocked so that thegate cannot be triggered with out �rst disconnecting the tank circuit from the charging circuitwhich is connected to the 220 volt mains socket, albeit through a 1:1, 2 kVA isolation transformer.Figure 45 also illustrates how this interlock controls the supply power to the op-amps source.
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Figure 45: Complete circuit showing the tank circuit, capacitor charging circuit and gate control circuitry.Also shown is the interlock preventing tank circuit energization while it is still coupled to the chargingcircuit. The LED is simply to indicate the status of the interlock.As discussed in Theory 3 it is believed that the initial supply of power to the op amp sourcemomentarily sets its output high. Since the 555 Timer IC has not been triggered the device falls tolow again. This momentary pulse would have momentarily turned the IGBT and then returning itto its o� state during its conduction cycle causing many of the failures discussed in Section 5.1.2 onpage 36. This interlock must be modi�ed to interrupt the current pulse at the IGBT gate duringthe capacitors charging phase without interfering with critical components such as the op-amp or555 IC. This can by done by disconnecting the opto-coupler on control side of the circuit as showin Figure 46 below. This would prevent unintentional momentary turn on of the IGBT when everthe interlock is switched.
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Figure 46: Modi�ed circuit showing interlock now interrupting the opto-coupler current �ow as opposedto the supply of the op-amp Also shown is the gate protection zener diode.Failure of the IGBT was a most unfortunate event. However much was learned about IGBT application,protection and control in linear induction motor systems. The failure emphasizes the important designconsiderations and precautions which must be made to avoid future failures. As such the circuit modi-�cations will be carried out on the test launcher circuitry before any further testing is conducted usingthe last remaining IGBT.5.2 Further Device TestingHaving implemented a few modi�cations, testing continued with the last remaining 600 A IGBT module.A major improvement in addition to the control circuit modi�cations was that of reducing the tank circuitsoverall resistance by replacing capacitor connectors with Nickel plated copper buss bars and physicallylocating all tank circuit components close to each other to reduced the tank circuit loop resistance andhopefully the extent of damping. Figure 47 comparatively shows two tank circuit current plots for twoseparate tests.
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Figure 47: Stator coil currents before and after the tank circuit resistance was minimized to reducedamping, clearly illustrating a less than signi�cant reduction in damping.Both these tests had an initial capacitor voltage charge of 250 V however the �rst test (above) wasbefore circuit resistance was minimized and the second (below) was conducted on the same test rig afterattempting to reduce the circuit resistance. Figure 47 shows that the improvements gained were hardlysigni�cant although the peak current was increased by approximately 100 A.It was during these tests that obvious motion of the armature coil was achieved. At a maximum testedinitial capacitor charge of 350 V representing approximately 19 J the armature coil would move approx-imately 15 mm hardly enough to practically measure its velocity but enough to verify that the conceptdoes in fact work. Unfortunately only 8 tests were conducted before the last remaining IGBT also failed.The full results and parameters of these tests are included in Appendix D on page D-1.Despite minimal movement of the armature the simulation plots for stator current closely match thoseof the laboratory scale model in that the frequency of oscillation of the current in the stator coil wasvery close to that predicted by the model, in addition to the general magnitude of the actual tank circuitcurrent which was also very much similar to that predicted by the simulation code. This suggests thatthe computer simulation had correctly predicted the coil pairs inductance parameters. The extent ofdamping found in the actual tank circuit however was much greater than expected. Since the capacitors5 EXPERIMENTAL RESULTS 45



Design and Construction of a Pulsed Linear Induction MotorE.S.R was less than 2 mΩ and having minimized the tank circuit resistance as much as possible showedlittle improvements it is believed that the resistance of the IGBT and the Diode during their respectiveconduction cycles were signi�cant enough to greatly limit the performance of the launcher. Unfortunatelythese resistance parameters are not re�ected in the devices data sheet and could not have been knownbefore hand.
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Design and Construction of a Pulsed Linear Induction Motor6 Discussion6.1 IntroductionThe theoretical simulation of the launcher system correctly predicted the electrical performance in thesense that the theoretical current waveforms matched those found in practice in terms of magnitudeand more importantly frequency of oscillation. Since the frequency of oscillation is dependant on thestator coils inductance and the tank circuit capacitance which is speci�ed, the correct predication of thefrequency of oscillation indicates that the simulation has at least correctly approximated the stator coilsinductance parameters. Mechanically however the actual results varied greatly to what was predicted bythe simulation program. This section will discuss some of the key reasons and factors which may haveresulted in such a marked di�erence between the actual and theoretical mechanical performance of thelauncher. Also if possible, methods around these launcher limitations are also discussed.6.2 Tank Circuit Resistance & DampingIt is currently believed that the main reason for the launchers poor mechanical performance is at rootcaused by the extent of damping, which is a result of resistance somewhere in the tank circuit. Asdiscussed in Sections 5.1.1 on page 31 & 3.5 on page 14 resistive damping of the oscillatory dischargecurrent in the tank circuit severely limits the acceleration of the armature. An additional implicationof the damping is that if the forward accelerating forces of the armature coil are inadequate, then it isalso very likely that the radial forces acting circumferentially on the armature coil are also inadequatemeaning that the centralizing force which was to hold the armature more or less in the center of thebarrel form thus greatly minimizing the armature/barrel contact and friction was absent. This wouldhave allowed the armature coil to touch the barrel form, severely limited the acceleration of the armaturethrough friction.As mentioned in the results section, many e�orts were made to reduce the circuit resistance, includingminimizing the physical spacing between tank circuit components. This was thought to be an e�ectivemeans of reducing resistance, because of the linear relationship between a wire's length and its resistance.All connecting wire lengths were more than halved in length, in addition to using Nickel plated copperbuss bars to connect capacitors in parallel. Also every e�ort was to improve the quality of connectionpoints in the tank circuit. After the ends of the stator coil were also sanded down to remove the enamelcoating, after which they were coated with solder, to prevent any oxidation of the copper over time.Figur 47 on page 45 shows that these measures did very little to reduce the extent of system damping.Fortunately there are only 4 sources of resistance within the tank circuit (listed below), allowing for acritical consideration of each to determine which one is the culprit.6 DISCUSSION 47



Design and Construction of a Pulsed Linear Induction Motor1. IGBT & Anti-parrallel diode.A likely contributor to tank circuit resistance is believed to be the IGBT module which is usedto reliably, e�ciently and safely switch or energize the stator coil at speci�c instants in time (asrequired in a multiple stage launcher). Both the IGBT and Anti-parallel diode have an associatedvoltage drop across themselves during the conduction of current. This voltage drop has a typicalspeci�ed value and in the case of the IGBT module used can be as high as 2.8 V (for both diodeand IGBT). During the design of the launcher, the contribution to current damping as a result ofthis voltage was not included in the simulation of the launcher. Subsequently this voltage drop hasbeen included in the launchers simulation revealing that is does in fact play a minor but still signif-icant part in damping the tank circuit current. This is discussed at length in Section 6.5 on page 54.
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Figure 48: Theoretical and actual current waveforms for an initial capacitor charge of 250 V, showing apeak current of just over 1125 A.Figure 48 shows both actual and theoretical plots of what the current waveform should look like,(ideally in the absence of any circuit resistance except that of the stator coil). The current shouldhave decayed completely in around 4 m.s instead in practice it is found that the current decays inless than 2 m.s, re�ecting a considerable amount of damping. Since the IGBTs internal resistancewhich is typically very low was not quoted in any of the devices datasheets or application notes,6 DISCUSSION 49



Design and Construction of a Pulsed Linear Induction Motorthe test launcher was modeled assuming that the resistance across the IGBT and its associateddiode would be negligible. For this reason the nominal circuit resistance used in the modeling anddevelopment of the device was that of the stator coil only. In light of the current waveforms seenduring the operation of the test launcher (shown in Figure 48) and the small amount of resistancerequired to drastically increase the e�ects of damping it is believed to be quite possible that thecircuit resistance contributed by the IGBT may in be signi�cant. In fact computer simulations haveshown that even 10 mΩ of resistance would enough to result in signi�cant current damping.2. Capacitor BankThe Afcap capacitors used to construct the tank circuit capacitor bank each had an internal seriesresistance of only 10mΩ [35], which is a signi�cant amount of resistance on its own. However thecapacitor bank was made by connecting six of these capacitors in parallel, the series resistancesof the bank was therefore equal to six 10 mΩ resistors in parallel. The internal resistance of thebank was thus approximately only 1.67 mΩ (resistors in parallel), this resistance was included inthe simulation model which showed that its contribution would not signi�cantly e�ect the tankcircuit current damping. In addition to the equivalent series resistance capacitors also have somesmall equivalent series inductance and while not speci�cally quanti�ed in the device data sheet itis mentioned that these capacitors have a low equivalent series inductance [35], a trait typical ofpolypropylene capacitors [27]. Furthermore serries inductances for the total bank inductance willbe much less than the inductance of one capacitor (inductors connected in parrallel). In additionwas learned that losses in these capacitors decrease as the frequency of operation is increased [31].Thus making the capacitor an unlikely contributor to circuit resitance and damping.3. Stator CoilThe resistance of the stator coil was actually conservatively estimated through modeling as 11 mΩ,however in practice using a Wheatstone Galvanometer based current measuring kit the stator coilresistance (including some wiring) was much closer to 6 mΩ . This means that that stator coil andtank circuit wiring had a very minor contribution to the systems damping, suggesting that that inpractice the extent of damping should have been much less severe. In consequence the likely hoodof the major resistance contribution coming from the IGBT module is increased.4. Circuit Connnections & Wiring ResistanceIn developing the simulation model of the test launcher it was assumed that the device would op-erate under ideal conditions and that the tank circuit resistance was negligible. In practice everye�ort had been made to reduce the circuit resistance and that comparative tests before and afterthese improvements showed little improvements in reducing circuit damping, therefore it is believed6 DISCUSSION 50



Design and Construction of a Pulsed Linear Induction Motorthat the major contribution of tank circuit resistance coming from the circuit connection and wiringresistance is unlikely, even more so since the stator coils resistance was less than that estimated bythe model.In light of this it most likely that the much of the circuits additional damping is largely a consequenceof the on state resistance in the IGBT module. This was a most unexpected outcome, but in light ofthe above considerations is still the most likely cause for the tank circuits resistance. This is a mostunfortunate result which cannot be worked around on the current test launcher design. However thee�ects of damping can be reduced if a higher stator coil inductance could be used, but this will requiresome revision of the initial performance requirement speci�cations and project objectives as discussed inthe following section.6.3 Low Tank Circuit Inductance Due To an Inadequate Operating VoltageThe design speci�cation that the launcher be operated at a low voltage imposed a serious limit on thetest launchers design which resulted a system inherently susceptible to current decay. Figure49 showsthe exponential function which serves as the oscillation envelope within which the discharge current inthe tank circuit decays.

Figure 49: Exponential function which determines the rate of stator coil current decay or the boundaryof envelope of oscillation.This exponential function is greatly dependant on the LCR time constant τ = L
R
, the greater this timeconstant the longer it takes for the current to decay to zero, the opposite also being true. Thus if thestator coil was designed with an inherently small inductance, then the reducing the circuit resistance willdo much less to increase the time constant. Therefore ideally a high stator coil inductance is preferred.However since the stator coils inductance is directly proportional to the number of turns, the goal ofachieving a higher coil inductance often results in increasing stator coil resistance. Not only does this6 DISCUSSION 51



Design and Construction of a Pulsed Linear Induction Motorresistance mitigate the e�ects of increasing the coil inductance on the time constant but it also greatlyincreases the given systems ohmic losses assuming the capacitive power supply remains unchanged (ininitial voltage charge and size).The armatures acceleration is proportional to the product of the armature and stator coil currents whichmust therefore be maximized in order to improve performance. Unfortunately the current in the statorcoil is also inversely proportional to the inductance as shown by the following relationship describinginstantaneous current in the tank circuit [13].
I (t) =

Vinitial

ωd · Lss

exp
1

2τ · sin (ωd · t)Therefore in order to maintain tank circuit current as the stator coil inductance is increased (Thusincreasing the envelope of oscillation) the voltage much be increased accordingly in order to maintaina feasible operating current. These �ndings suggest that the initial low voltage speci�cation of 400 Vmay in fact have constrained or limited the scope of possible design con�gurations resulting in statorcoil which is inherently susceptible to damping (has a small envelope of oscillation). The reason for thisis that since the capacitors initial voltage charge and its energy content (speci�ed by the systems intialperformance requirement speci�cations) e�ectively �xed the tank circuit capacitance. The stator coilinductance thus had to be chosen such that that the frequency of oscillation would be approximatelyequal to 3 kHz to avoid complications and losses due to the skin e�ect. Choosing this inductance resultedin an inherently low inductance giving rise to a small oscillation envelope. If however voltage was not adesign speci�cation or limit, choosing a higher voltage would enable a much smaller capacitance to beused for the same energy requirement and frequency of oscillation. A smaller capacitance would meanthat a larger inductance could be used while keeping the operating frequency within tolerable limits.Again operating at a high voltage will maintain the operating current when the stator coil inductance isincreased. This will allow for launcher con�gurations with much more attractive inherent time constantsthat are more resilient to circuit damping.6.4 FrictionAs mention in Appendix B on page B-1 it was assumed in the theoretical modeling of the single stage testlauncher that the system was in many cases ideal, electrically in the sense that the circuit connectionswould contribute no additional resistance and that the resistance across the IGBT would be negligible.Idealized mechanical assumptions were also made, most notably that the friction between the armaturecoil and the stator coil would be negligible and not included in the acceleration force modeling. Thisassumption was at �rst thought to be reasonable because during the launchers operation there would6 DISCUSSION 52



Design and Construction of a Pulsed Linear Induction Motorbe a radial force component which acts circumferentially on the armature coil surface. This radial forcewould e�ectively center the armature coil in the stator coil form during launching, thus reducing contactand friction between the armature coil and stator coil surfaces. In the case of the laboratory test launcherperformance is greatly worsened since the damping which is currently believed to be limiting the forwardacceleration of the coil will also reduce the radial/circumferential acceleration or force which locates thearmature coil resulting in increased contact and friction.Ideally this centering force must be very much greater than the weight of the armature, failure to meetthis condition will cause the armature coil to remain in contact with the stator coil form thus greatlyincreasing the force of friction which reduces the net acceleration on the armature greatly e�ecting velocityand displacement pro�les. Aside from the consequences of damping this is considered to be the most likelyreason for the di�erence between the actual and theoretical mechanical performance of the launcher.

Figure 50: Theoretical velocity and displacement pro�les of the armature illustrating how the e�ect offriction between the armature and the stator coil form may possibly a�ect the launchers performance.Figure 50 above illustrates the a�ect which friction may have had on the launchers mechanical perfor-mance, for a launcher operated at 400 V and assuming that any appreciable induction acceleration endsafter t = 1msec. Even though Figure 50 represents a very rough �guess� as to what frictions e�ects couldbe it does show that the actual armature displacements achieved in practice (approximately 10 mm - 18mm) might well be very close to what the simulation would have predicted if mechanical friction wastaken into account.6 DISCUSSION 53



Design and Construction of a Pulsed Linear Induction Motor6.5 IGBT & Diode Voltage DropThe e�ect of the voltage drop across the IGBT and its associated diode was also considered and investi-gated as it was believed to be responsible for the more sever damping which occurs later in the oscillatorydischarge time period. Since the two coupled di�erential equations on which the numerical simulationbased are derived using Kirchoff's Voltage Law applied to the tank circuit current loop, the IGBTand diode voltage drop was easily included in the simulation model in order to model the e�ect that thevoltage drop across the IGBT module has on the tank circuits behavior.Figure 51 below shows two stator coil current plots. The current plot in red represents the simulationwhere the IGBT and Diode voltage drops were not considered. The plot in blue illustrates the resultingstator coil current waveform when the IGBT and Diode voltages were included in the tank circuit model.Figure 51 clearly shows that taking the IGBT module voltage drop into account results in a minor butstill signi�cant reduction of the envelope of oscillation, particularly towards the end of the dischargeoscillation period, resulting in a much quicker tank circuit current decay.

Figure 51: Comparative simulation results illustrating the theoretical di�erence made when the IGBTmodule voltage drop is taken into account in the numerical launcher simulation (Both plots assume a25 mΩ circuit restance in addition to the estimated stator coil resistance).This e�ect or symptom of the IGBT module voltage drop is seen in practice as re�ected by Figure 52below showing a sudden �atting out of the decaying waveform after the 4th oscillation cycle. For the sakeof comparison both the practice and computer simulation results (for both plots in Figure 51 and thatof Figure 52 respectively) the initial voltage charge on the capacitor was 350 V, furthermore the IGBTand diode voltage drops were assumed to be the maximum value of 2.8 V as quoted by the IGBT devicedata sheet [37].
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Figure 52: Actual current plot over time for the single stage laboratory test launcher. Note the similarrapid current decay after the 4th cycle, very similar to what was predicted by the simulation.However the extent to which this e�ect may have reduced the armature coils acceleration is hardlysigni�cant. This is largely due to the fact that most of the armature coils acceleration takes places longbefore the 4th oscillation ends. This is largely due to the fact that the armature coil is well outsideits induction length of the coil pair for the e�ect to cause any signi�cant change in performance. Thecomparison of the maximum theoretical velocities in Table 10 for the two cases modeled and shown inFigure 51, con�rms that this e�ect is of minor signi�cance.Table 10: Comparative theoretical performance of the two cases modeled (re�ected in Figure 51).E�ciencyIgnoring IGBT & Diode Voltage Drop 1.61 %Considering IGBT & Diode Voltage Drop 1.24 %6.6 SummaryThe major reasons as to why the launchers performance (electrically and mechanically) did not matchthe theoretical performance predicted by the computer simulation have been discussed. The e�ects orphenomena which worked against the test launcher were both electrical and mechanical and were notunaccounted by the model due to the simpli�cations or assumptions made when developing the theoreticallauncher computer simulation and �nal test launcher system. In summary the major reasons discussedfor the single stage launchers poor performance are listed below.1. Armature/Stator Coilform Friction2. Circuit Resistance and Damping6 DISCUSSION 55



Design and Construction of a Pulsed Linear Induction Motor3. Limitations of Low operating voltage4. IGBT voltage dropThe theoretical design approach, construction and tests conducted on system have been so far beendiscussed. This section has critically discussed the results of the test launcher and the reasons for thedeviation in system performance when compared to the theoretical model. It is now possible to drawsome de�nite conclusions, even more so in light of the experience gained during the completion of thisproject. The following section contains the concluding remarks of this project which is followed byrecommendations for further study in this �eld.
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Design and Construction of a Pulsed Linear Induction Motor7 ConclusionsA complete computational simulation was written and used to develop a single stage pulsed linear induc-tion motor that was ultimately constructed and tested to verify the concept of operation and validatethe simulation code which was a key tool used in the design and development of the device itself.Unfortunately tests showed that in practice the constructed launcher failed to perform mechanically astheoretical simulations predicted it should. However careful study of the tank circuit current waveformsfor the launcher system suggests that the simulation code had correctly predicted the typical decaying os-cillatory current waveform which occurs in practice as well as the magnitude of these currents. In additionactually achieving motion of the armature coil does prove the concept of inductive acceleration. These�ndings conclusively indicated that the simulation model had correctly predicted the armature/statorcoil inductance parameters, a signi�cant step in the modeling and development of any system operatingon the concept of induction. Furthermore there is also substantial evidence to suggest that many ofthe theoretical models shortcomings are purely the result of the initial simpli�cations used in creatingthe simulation, and when taken into account the practical performance of the launching system can bereasonably well explained.It is interesting to learn that even though many of the simpli�cations made in the model on their ownwould have an insigni�cant a�ect on the launchers performance, it seems that all of these e�ects combinedis enough to signi�cantly a�ect the launchers performance. For this reason it is believed that it isnot the validity of the launchers simulation which limited the practical performance but instead theinitial assumptions made in developing the induction launcher system. Also despite the launchers poormechanical performance a review of this projects initial objectives show that many of the goals have tosome extent been achieved despite many of the initial speci�cations not being met.1. Conduct thorough research on the topic.2. Create a computer simulation to model and developed a 6 Stage P.L.I.M with an e�ciency greaterthan 3.5% (electrical to mechanical energy conversion).3. Design/develop a feasible low energy laboratory scale test launcher using the computer simulation.4. Build and test this launcher to verify accuracy of model and prove concept.For this reason in terms of the purely academic motivation of this project it is still be viewed as aeducational success leaving behind a detailed summary of the most important design considerations, acomplete and veri�ed computer simulation (although simpli�ed) and a test rig or procedure which allserves as an excellent starting point for any further research on this topic.7 CONCLUSIONS 57



Design and Construction of a Pulsed Linear Induction MotorA notable omission to this projects �nal scope was the microprocessor control of the test launcher systemwas never implemented. The reason for this is that microprocessor control would only have been necessaryif the launcher made use of more than one accelerating stage.In hindsight the most notable limitation of this project was the projects initial goals. As discussedthe requirement that the launcher operate with and initial capacitor charge of 400 V severely limitedor reduced the number of possible launcher designs. The experiment also suggests that the low stageenergy (25 J) is believed to be only enough for the launcher system to overcome the non-ideal operatingconditions and e�ects which are found in practice. It is concluded therefore that at higher energy levelsthese non-ideal e�ects would play much less of a signi�cant role in a�ecting the launchers performanceboth electrically and mechanically. This conclusion does seem to be quite a valid �nding that is supportedin the literature regarding the subject and although not strictly mentioned in the published literature,it is found that the general trend of designing linear induction launchers to operate at high voltages andenergy levels is very common. To put this in better perspective many of the launchers described in theliterature review operate at a voltage exceeding 10 kV and stage energies well above 5 kJ, which is morethan two orders of magnitude greater than the speci�ed energies in this projectFrom an economic perspective it is also noteworthy that even for a small project such as this the costs hadgreatly exceeded the originally speci�ed budget. This was largely due (and somewhat unexpected) to thehigh cost of the IGBT modules used for e�cient, safe and precisely switching the tank circuit. Howeverit was quite fortunate that the capacitors required for the launcher are infact used for Laboratory workin the Machines Laboratory at U.C.T, eliminating cost relating to their purchase. Some light materialsmanufacturing/machining was required for making the mounting blocks and armature coil forms but itis noted that the material requirements for the test P.L.I.M system were minor.All components which were integrated to form the test launcher functioned well and much was learnedabout their detailed selection for special applications usage. It was also unexpectedly learned that whileproviding precise and excellent switching characteristics that are considered ideal in high power applica-tions the IGBT was most vulnerable in the tank circuit with both devices ultimately failing. Most likelybeing even more vulnerable to failure at higher voltages and energies. Further as discussed it is morethan likely that the largest contribution to tank circuit resistance was due the IGBT and its ant-paralleldiode's onstate resistance. All this suggests IGBTs may not be the best device suited for linear inductionlauncher tank circuit application. The Afcap capacitors used in the capacitor bank in contrast performedvery well. They were capable of meeting the required currents while operating at a frequency far beyondthat found in its intended application withought failure.The armature coil is one of the projects most notable features. The fabrication of a projectile made froma wire wound coil that is shorted on itself presented some extra design considerations. Its design and7 CONCLUSIONS 58



Design and Construction of a Pulsed Linear Induction Motorconstruction was indeed a highlight in the project. It was only noted that the varnish used to bind thearmature windings to its form added and additional 10 grams to its total weight. It is also believed thatthe varnish may have increased the coe�cient of friction between the Perspex stator coil form and thearmature windings. Achieving movement of the armature coil also shows that the method of shorting thewinding coil using a solder joint is feasible.Despite the poor performance of the launcher the overall project and study is still viewed as a success.Much was learned in terms of this devices design, construction & component selection and even thereasonable correlation between the theoretical and practical results has provided an excellent startingpoint from which to critically analysis and explain the performance. It must also be considered that thislauncher was the �rst iteration design solution to a very complex problem which leaves behind a detaileddesign process of a linear induction launcher and de�nate conclusions made in light of the research.Clearly much was learned during the desiging, development and testing of this prototype model and assuch there are several recommendations which may improve the current launchers performance and moreimportantly assist any further research on the topic after this project is completed. These recommenda-tions will be presented in the following section.
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Design and Construction of a Pulsed Linear Induction Motor8 RecommendationsThere are a number of recommendations that can be made in view of the experience gained from thedevelopment of this test launcher. These recommendations would likely greatly improved the performanceof future launchers and could possibly verify the theoretical model even further. It should be noted thatimplementation of some of these recommendations would require a project whose objectives di�er slightlyfrom this projects. Nevertheless many of these recommendations could be easily implemented within thescope of a typical MEC4061Z undergraduate thesis project.8.1 Higher Operating VoltageAs mentioned, the initial performance requirement speci�cation and goal of this project to operate ona low voltage power source severely limited the possible designs of launcher systems leading to a designwhich is inherently plagued by excessive tank circuit current damping. Operating at a much highervoltage results in a greatly reduced capacitor size if energy content is to remain the same allowing thestator coil inductance to be much larger (while maintaining operation frequency and current). Enablingthe design of tank circuits which have much larger oscillation envelopes thus greatly improving launcherperformance capability. An additional bene�t of operating at a high voltage is that it enables the tankcircuit to be switched using triggered spark gaps, which is probably the best method as the cost ofsemiconductor switching devices increases greatly as the operating voltage increases.8.2 Higher Stage EnergyThe current performance of the single stage launcher would suggest that a stage energy of 25 J is onlyenough for the launcher to overcome the non-ideal conditions found in practice such as mechanical frictionand circuit resistance. Thus operating at higher initial energies would result in launchers where thearmatures mechanical performance would be enough to warrant measurement and comparison of itsactual and theoretical velocities. It should be noted that because of the interdependence of all the manyvariables involved in a linear induction motor simply changing the capacitor banks size or voltage toincrease the energy might not yield e�ective results for an already existing launcher. Any signi�cantchanges in operating voltage and energy would require a whole new launcher (stator and armature coilpair) to be designed around the new operating point.
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Design and Construction of a Pulsed Linear Induction Motor8.3 Tank Circuit SwithingSuprisingly a huge limitation of this project was the use of IGBT semiconductor devices to switch theoscillatory tank circuit currents. These devices allow for precision switching of the circuit that and canbe control by some very simple circuitry and a microprocessor which makes them ideal for multiple stageP.L.I.Ms. This project used discrete IGBT modules which included an anti-parallel diode connectedacross the gate and the collector allowing conduction of the alternating currents. These devices were veryexpensive and are the primary reason for the project running over budget, they also seemed to be veryvulnerable to failure and it is believed that their on state resistance was the greatest contributor/or causeof tank circuit current damping. Therefore aside from semiconductor switching techniques there are twofurther alternatives should be investigated should further study be pursued.1. Mechanical SwitchesA form of mechanical switch can also be used to switch the tank circuit and although this imple-mentation would most likely be far cheaper than any semiconductor devices, a mechanical switch(similar to a relay) would have to be carefully designed for this application and will still have itslimitations and drawbacks. At high energy levels discharging a capacitor by physically connectingcircuit contacts will result in excessive arcing and sparking which is accompanied by extremely loud"BANG" noise. The amount of energy lost when the contactors touch would have to be carefullyresearched as well. This almost explosive release of energy is obviously an operational hazard whichmust be avoided if possible. Furthermore these devices would not be suitable for a complete mul-tistage launcher as there mechanical turn on time would be far to slow to precisely energize thestator coils during the transit of the armature coil through the launchers barrel.2. High Voltage Spark Gap SwitchesFollowing the recommendation to operate at a much higher voltage a much more suitable meansof switching the tank circuit is then made possible. The device is known as a high voltage sparkgap switch. Its use has been well noted in the literature regarding P.L.I.M where the launcherstypically operate at voltages capable of ionizing and discharging through air. Sustaining current�ow through an electrical arc of ionized gas, the resistance of this path is incredibly small. Thusconducting the high voltage high current tank circuit energy, until the voltage drops below theionization voltage of the given spark gap con�guration. Such a device could be built at a cost muchlower than purchasing cost of a semiconductor device but greater than the cost of developing amechanical switch. They would also have to be carefully designed and there e�ect on the launchersperformance for a given voltage would need to be critically considered.8 RECOMMENDATIONS 61



Design and Construction of a Pulsed Linear Induction Motor8.4 Optimum Launcher Development Using BGAThe number variables and the extent of their interdependency has most de�antly made the development ofthe laboratory test launcher challenging, whose �nal design by no means represents a so called "optimum".The reason for this is that optimization of such a complex multivariable problem would have been outsidethe scope of this project, where the aim was more to develop a model or simulation which could beveri�ed with a simple test scale launcher. It is now strongly recommended that any further study shouldimplement what is known as a Breeder Genetic Algorithm to seek out and rank all possible launcherdesigns, thus optimizing the single stage design in a process similar to natural selection. Literatureregarding pulsed linear induction launcher design would indeed suggest that this is the most e�ectivemethod of designing a linear induction launcher [2, 22]. It is suggested that this algorythm be developedfrom the computer simulation model developed in this project.Due to the large computing times required to accurately simulate a given launcher design, it should bemade apparent that implementation of this optimization algorithm will require a signi�cant amount ofcomputing power, furthermore a detailed ranking method based on the projects goals will need to beestablished and implemented into the software to allow a computer to autonomously critically comparevarious launcher designs. Using this technique high e�ciency launchers can be developed which operate"optimally" around a user de�ned operating point (e.g. voltage, frequency and armature mass etc...).8.5 Armature/Stator Barrel Form Friction TestsAlthough it is expected to be much less of a problem at higher operating voltages and energies it wouldstill be interesting to quantify the friction that occurs between current the armature coil and the statorcoil form. This will perhaps help to aproximate more or less the energy requirements for the losses dueto friction allowing a stage energy to be chosen such the frictional losses are insigni�cant in comparisonto the kinetic energy gained by the armature coil. These tests can easily be performed on the currentlauncher setup using the tilted surface method of friction testing to give a crude estimation of how badlydynamic friction a�ects the launchers performance [15].
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Design and Construction of a Pulsed Linear Induction MotorFigures53 Basic circuit elements of a coilgun system. . . . . . . . . . . . . . . . . . . . . . . . . . A-554 Illustrating the reluctance launchers operation [6]. . . . . . . . . . . . . . . . . . . . . A-655 Section view of an air cored solenoid using FEMM software. a) No iron projectile near by; b,c,d) iron projectile moving progressively towards the center of the solenoid.A-756 Figure illustrating the Lorenze Force Law, it is important to note that this �gure describes the force on a charged particle in the absence of an electric �eld [10].A-957 Illustrating the principle of operation of an induction based coilgun. . . . . . . . . . . A-1058 Illustrating the induction launchers operation [11]. . . . . . . . . . . . . . . . . . . . . A-1059 Simpli�ed schematic of an n-stage induction launcher. S1- Sn representing each individual stator coils �trigger switch� to be �red at speci�c intervals based on the projectiles passage through the barrel.A-1260 Schematic of a 6 Stage launcher circuit that allows �energy recovery� [13]. . . . . . . . A-1361 Typical oscillatory and voltage current waveforms in the stator coil circuit. Note the phase di�erence between the two.A-1462 Modular n-stage 3 phase linear induction launcher coil con�guration [13]. . . . . . . . A-1563 Illustrating the helical launchers operation [18]. . . . . . . . . . . . . . . . . . . . . . . A-1664 Generic multistage capacitor driven induction launcher. . . . . . . . . . . . . . . . . . A-1865 Equivalent Lumped Parameter circuit model of the capacitor driven coil launcher [12]. A-1866 Showing the mutual inductance M , its gradient dM

dz
and the inductance length as a function of coil separation [4].A-2167 Division of real coils into an array of �lamentary coils [15]. . . . . . . . . . . . . . . . . A-2168 Diagram for �lamentary inductance formula [15]. . . . . . . . . . . . . . . . . . . . . . A-2169 Section through coils illustrating the division of real coils into of �lamentry elements or coils [15].A-2370 Inductance gradient & normalized induction length as a function of the radius ratio ra

rs
[4].A-3171 Single turn monolithic aluminium armature. . . . . . . . . . . . . . . . . . . . . . . . . A-3272 Two types of multiturn armatures from left to right: Shorted internaly and a Multilayer Armature shorted on its winding surface [16]. A-3373 Sectioned view through stator coil support tube, showing diametrically spaced holes allowing light beam to cross the armatures acceleration path.A-3574 Non-ideal capacitor showing its E.S.R. . . . . . . . . . . . . . . . . . . . . . . . . . . . A-3775 Non ideal capacitor showing its E.S.L. . . . . . . . . . . . . . . . . . . . . . . . . . . . A-3876 Afcap metallized polypropylene capacitor data [35]. . . . . . . . . . . . . . . . . . . . . A-3977 Typical continuous operating capabilities for various semiconductor devices [39]. . . . A-4078 Circuit symbols for IGBT's with and without the anti-parallel diode. . . . . . . . . . . A-4179 Mitsubish Power IGBT module (inc. anti-parallel diode) rated for continuous operation at 600V & 600A [37].A-4180 Thermal photograph of a computer chip in operation [41]. . . . . . . . . . . . . . . . . A-4381 Typical IGBT IC vs. VCE family of curves for various gate drive voltages. . . . . . . A-4482 Typical transient thermal impedance Log graph. This one in particular quotes both diode and IGBT Zthvalues as equal, thus presenting only a single curve. [37].A-4583 Illustrating how the oscillatory discharge currents are conducted between the tank circuit capacitor and the stator coil inductance.A-46

A LITERATURE REVIEW A-2



Design and Construction of a Pulsed Linear Induction Motor
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Design and Construction of a Pulsed Linear Induction MotorA.1 Introduction to TechnologyCoil gun technology has existed since the 1930's when Professor Northrup of Princeton University builtthe �rst mechanically synchronized launcher as a means of accelerating projectiles or payloads to hyper-velocities. He predicted the possibility of using these devices for launching vehicles into space [4]. Howeverat the time due their somewhat complex modeling and operation much more attention and research wasdone on railgun technology instead which o�ered a simpler operation, that said it was only natural thatrailguns were developed �rst ahead of coilguns. Despite the research being slow there have been numeroustechnological leaps and insites in understanding of coilguns, particularly in the early and late 1980's. Itwas in 1978 when the Soviet researcher N. Bondaletov accelerated 2 gram aluminium rings to 5 km/sover a distance of 1 cm [4]. In the period following Bodaletov's achievement much research was done atSandia Laboratories, Massachusets Institute of Technology (M.I.T) and The Universityof Austin Texas's Center for Electromechanics (CEM-UT) which resulted in the developmentof many novel methods of operation for the coilgun, described in more detail in Section A.2 on page A-5.The current popularity in the develpoment of railguns by no means makes them superior to coilguns,infact coilguns o�er the following very attractive advantages over railguns.
• No physical contact with projectile and barrels required
• Potentially zero mechanical wear
• Impressive increasing returns to scale
• Thrust acts over entire projectile length
• Up to 100 times more thrust on the projectile for a given current
• E�ciencies of well above 50%
• Possibility of modular construction
• Can be operated under open loop or closed loop control
• Launchers can be made such that the projectile �ts around the launching barrel (increasing feasi-bility of E.T.O launchers)Coilguns certainly do have their dissadvantages [5] (listed below), many of these can and have beenovercome by the parallel technological advances in semiconductors, computers and materials manufacture.
• Fast control and electrical switching systems
• Drive coils must be switched only when the projectile is in the optimum position along the barrelA LITERATURE REVIEW A-4
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• Complex modeling and theoretical performance analysis
• Large induced voltages or back E.M.F's are producedA.2 Methods of OperationAlthough there are many di�erent types of coilguns available each de�ned by its method of operation,armature and stator coil construction, geometry and power supply all coilguns consist of a few commonelements arranged in a similer circuit as shown in Figure 53 for a single stage launcher.
• Power supply
• Stator coil
• Armature or projectile
• Switching circuitry

Figure 53: Basic circuit elements of a coilgun system.This literature review will brie�y review the 4 most popular (and well understood) types of launchers aslisted below.1. Reluctance launchers2. Pulsed induction launchers3. Travelling wave induction launchers4. Helical (Brush Commuted) launchers
A LITERATURE REVIEW A-5



Design and Construction of a Pulsed Linear Induction MotorA.2.1 Reluctance LaunchersThe simplest form of coilgun is the reluctance launcher operating as shown in Figure 54. The circuit usedfor is essentially the same as shown Figure in 53. The power supply is generally in the form of a capacitorwhile the projectile is in the form of a solid ferromagnetic cylinder. When the capacitor is fully charged orwhen the projectile reaches a suitable position in relation to the stator coil the switching element is closedthus discharging the capacitor into the stator coil. A large pulse current from the capacitor �ows into thecoil, creating a strong magnetic �eld which accelerates the ferromagnetic projectile into the coil. Thesedevices operate on a single uni-polar current pulse supplied by polarized electrolytic capacitors. The aimis to choose a capacitor and stator coil with enough tank circuit resistance such that the LCR responseis heavily damped, resulting in a uni-polar discharge pulse. Diodes are used in the circuit to preventany oscillatory kickbacks which may still occur. If the current pulse is terminated before the projectilereaches the middle of the stator coil the projectile will exit the coil with a gain in velocity. However if thecurrent pulse is not terminated by the time the projectile passes the middle of the stator coil, then themagnetic �eld will decelerate the coil, this phenomena is known as suck-back. The possibility of suck-back means that timing and the shape of the current pulse (over time) are the most important designconsiderations [6]. Furthermore these launchers are only capable of pulling ferromagnetic projectiles, ifthe projectile is a permanent magnet then it is possible that the projectile can be accelerated by pushingas well.

Figure 54: Illustrating the reluctance launchers operation [6].A LITERATURE REVIEW A-6



Design and Construction of a Pulsed Linear Induction MotorThe above explination however does not explain why it is called a reluctance gun, Figure 55 can give someinsight into why this is so and shows a sectioned view through a solenoid stator coil carrying constantcurrent (i.e. current is going into and out of page) with an iron projectile at di�erent positions along itsaxis.What happens is that the system (solenoid carrying current and the iron projectile) tries to minimize thereluctance of the path through which the lines of magnetic �ux propagate. Now it is important to knowthat the reluctance of iron is far less than that of air, thus the mere presence of the iron projectile in thecore of the solenoid decreases the reluctance experienced by the magnetic �eld. The �eld will thus pullthe projectile to the center of the solenoid as shown [7].

Figure 55: Section view of an air cored solenoid using FEMM software. a) No iron projectile near by;b,c,d) iron projectile moving progressively towards the center of the solenoid.Although reluctance coilguns are the simplest type of coilgun available research on them suggests that tomodel them dynamically is very di�cult. In addition the complexity involved in determining the forceacting on a ferromagnetic projectile in a time varying magnetic �eld and the limiting e�ect of armatureA LITERATURE REVIEW A-7



Design and Construction of a Pulsed Linear Induction Motorsaturation results in embellished use of ball park estimates in their design resulting in poor performance.Although there are many ways of optimizing the performance of these launchers through design andconstruction, they will always be are inherently ine�cient as they operate on an over damped dischargecurrent waveform meaning that by design much of the energy stored in the capacitor must be dissipatedas heat. Never the less, the devices are very easily constructed.A.2.2 Pulsed and Traveling Wave Induction LaunchersInduction launchers are the most promising form of coilgun technology available. Not only is their oper-ation well understood but they also o�er operating e�ciencies well above 50%, this is perhaps the reasonfor most coilgun research using using this operation concept. Despite the research and understanding ofthese devices there is very little information on their synthesis or �step by step� design and developmentprocedure.�Design clearly invovles highly complex trade-o�s, as does the design of violins� [4].The stator coils are typicaly in the form of wound coils, while the armatures are made of a conductingnon magnetic material such as copper or aluminium, and can be in the form of either a wire wouldcoil shorted on itself, single turn ring or even a solid cylinder. The tank circuit involved is similar tothat shown in Figure 53 on page A-5, however the stator coils can be powered by either capacitors asdescribed in Appendix A.2.2.1 on page A-12 or a 3 phase power supply as described in Appendix A.2.2.2on page A-14. Both devices rely on two fundamental laws namely
• Faraday's Law of InductionStates that the induced E.M.F in a closed current loop is proportional to the negative of the rateof change of magnetic �ux through the loop [8]. When applied to an inductor coil the formulabecomes

ε = −N
dΦ

dtthe negative in the above formula was �rst given by Lenz's Law. In the case of two coaxial coilsas found in am induction based coilgun, the changing magnetic �ux dΦ
dt

is produced by the currentwaveform �owing in the stator coil and induces a voltage and thus a current �ow in the shorted inthe armature coil. This is known as mutual inductance and is the principle of operation found in atransformer.
• Lorentz Force LawThe actual force responsible for accelerating the armature is a result of this law, which states that acharged particle moving in an electromagnetic �eld will experience a force proportional to amountA LITERATURE REVIEW A-8



Design and Construction of a Pulsed Linear Induction Motorof charge on the particle, the strength of the electric and magnetic �elds and the speed at which theparticle moves. The force is perpendicular to both the direction of particle movement and directionof the magnetic �eld [9].This is illustrated in Figure 56 while the formula describing this law isgiven below
F = q (E + v × B)

Figure 56: Figure illustrating the Lorenze Force Law, it is important to note that this �gure describesthe force on a charged particle in the absence of an electric �eld E [10].Combining these two laws the basic principle of operation of an induction launchers is easily understood.Figure 57 shows two coils, one connected to a power supply and one the other shorted on itself (represent-ing the stator and armature coils respectively). The current waveform �owing in the stator coil creates atime varying radial and axial magnetic �elds Bz and Bx or Byrespectively . The magnetic �eld Bz whichhas an associated magnetic �ux going through the armature coil in turn induces a voltage in the armaturecoil as predicted by Faraday's Law of Induction and thus current �ow (since the armature is shorted)which is opposite in direction to the stator coil current. These opposing currents �owing in the stator andarmature coils will result in the two coils repelling each other as predicted by the Lorentz Force Lawspeci�cally applied to current carrying conductors in nearby proximity. Conceptually this is also visual-ized as the interaction between the radial magnetic �eld in the stator and the tangential/circumferentialcurrent in the armature, creating a force perpendicular to both aforementioned quantities producing aforward acceleration on the armature.
A LITERATURE REVIEW A-9
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Figure 57: Illustrating the principle of operation of an induction based coilgun.The design of the armatures used in these devices is crucial to their functioning. As mentioned earlierthe armatures can be either simply a solid cylinder or ring made of a conducting material or better stilla wire wound coil shorted on itself. The implications of using the above types are armature is discussedin more detail in Appendix on page A-32. Shown in Figure A-10 below is a section through an inductioncoilgun operating with a solid armature, the similarity between the induction launcher and reluctancelauncher is clearly quite obvious.

Figure 58: Illustrating the induction launchers operation [11].A more exact analysis of operation for these guns can be found in Appendix on page A-17. These coillauncher types are highly complex machines but they do o�er a much more accurate process of dynamicA LITERATURE REVIEW A-10



Design and Construction of a Pulsed Linear Induction Motorperformance analysis compared to modeling of reluctance launchers, taking into account the e�ect thetwo coils have on each other as they approach. This makes them a very attractive launcher type inaddition to their higher operating e�ciencies when compared conventional reluctance based coilguns.
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Design and Construction of a Pulsed Linear Induction MotorA.2.2.1 Pulsed Induction LaunchersThe de�ning attribute of these launchers is that they are driven by a decaying oscillatory current pulsein the stator coils. The source of such a current pulse is normally a capacitor discharging itself through thestator coil. These devices often consist of several stator coils, each one representing an acceleration stage.The coils are energized with a certain time sequence so as to generate a traveling electromagnetic wavethat interacts with the currents induced in the in the armature and thus accelerating it [12]. A multistagecapacitor driven induction launcher is schematically shown in Figure 59 below. The armature movingdown the barrel an at increasing velocity after each passing stage means that the energy transferred tothe armature in the latter stages must happen quicker than it did in the preceding stages.It is also clearly observed that the capacitor and stator coil inductor in the tank circuit form a commonLC circuit resulting in a typically oscillatory discharge current wave form during stator coil excitation.Manipulation of the tank circuit elements allows this waveforms frequency to be varied. With the optimumfrequency of this waveform being related to the transit time of the armature between two alternate statorcoils [13] and wire skin-e�ect considerations.

Figure 59: Simpli�ed schematic of an n-stage induction launcher. S1- Sn representing each individualstator coils �trigger switch� to be �red at speci�c intervals based on the projectiles passage through thebarrel.Noting that the capacitors store only a fraction of the energy transferred to the projectile, the abilityto use the remaining energy in a prior stage capacitor to help the following stages capacitor drive itsassociated stator coil will make e�ciencies above 90% very possible [4]. One such novel methode hasalready been described in the literature [13] and the schematic for this is shown in Figure 60 below.
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Figure 60: Schematic of a 6 Stage launcher circuit that allows �energy recovery� [13].The inductances L1-L6 represent the equivalent barrel coils, while values for resistors R1-R6 are chosensuch that the energy dissipated by each is equal to the sum of the kinetic energy and resistive losses ofeach section. S1-S6 and CS1-CS6 are trigger switches and Hall Effect current sensors respectively.All capacitors C1-C2 are charged to the same initial voltage, but cascade connected. Consider when S1isclosed at time t0 an energy equivalent to the kinetic energy transferred to the armature is dissipated byresistor R1, the left over energy in the inductor reverses the charge across the capacitor C1 as shown inFigure 61 below.
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Design and Construction of a Pulsed Linear Induction MotorFigure 61: Typical oscillatory and voltage current waveforms in the stator coil circuit. Note the phasedi�erence between the two.At time = t1 the instant of zero current crossing, switch S1 opens and switch S2 closes. This connectsthe two capacitors C1and C2 in series, generating a higher initial voltage for stage 2 and increasing theoscillation frequency (Capacitors in series decreases bank capacitance resulting in a higher tank circuitoscillation frequency). This switching process continues until all stator coils have been energized. Theentire system can be controlled using a single microprocessor for both current measurement and circuitswitching. Obviously in practice linear induction launchers require more than one current cycle to achievefor e�ective acceleration of the stator coil the microprocessor can easily be setup so that it only togglesswitches S1 & S2 at a later 0 current crossings, for example at time = t2 & time = t3This method can also be adapted to operate on Reluctance launchers and will also eliminate the problemof suck-back because each stage is turned o� at the instant of zero current crossing.A.2.2.2 Traveling Wave Induction LaunchersThis type of induction launcher is very similar in its fundamental operation to the pulsed inductionlauncher described above it di�ers however in that the device operates with each of its stator coils drivenby a continuous oscillating sinusoidal current. Similarly though like the pulsed induction launcher thelatter stages operate with at higher frequency to compensate for the projectile moving faster. Like anA.C. induction motor, they can also be operated by poly-phase currents. The stator coils themselves arenot single coils but rather multiple coils wound into one stator coil stage, this shown in Figure below 62for a 3-phase (A, B,C) oscillating power supply. The oscillating 3 phase currents creates a sinusoidalvarying magnetic �eld, one for each winding on the stator coil, which when summed results in a travelingmagnetic wave moving in the z axis with velocity vs, proportional to the power supply frequency f andthe pole pitch Θ, given by
vs = 2fΘIt is this magnetic �eld, that interacts with the armature coil inducing a current in the armature that isrepelled by the current in the stator coil.
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Design and Construction of a Pulsed Linear Induction Motor

Figure 62: Modular n-stage 3 phase linear induction launcher coil con�guration [13].As long as there is a di�erence in speed between the traveling magnetic wave velocity vs and the projectilevelocity vz an azimuthal current will be induced in the armature. This di�erence in speed is known asthe slip velocity, and along as some slip velocity exists the armature will experience a time rate of changein magnetic �ux through it, thus inducing the azimuthal current in the armature. Resulting in a force onthe projectile as desribed at the start of this Section on page A-8. The projectile will thus try to followthe traveling magnetic wave, much similar to an asynchronous A.C. induction motor. If the slip speedwas 0 m.s-1and the armature was moving at the same speed as the magnetic �eld, the armature will thenexperience no change in �ux over time and thus no azimuthal currents will be induced. The armaturewill cease accelerating and maintain a velocity very close to the traveling wave velocity.The excitation currents may be generated by rotating generators or capacitors, where each stator coilmust go through one or more cycles of voltage and current oscillations as the armature passes through it.A.2.3 Helical (Brush Commuted) LaunchersThese coilguns operate on common principle used in the induction type launchers, namely the LorentzForce Law, they di�er only in that the armature coils are not excited through induction, but ratherthrough direct connection to a D.C supply source through contact brushes that are in sliding contactwith two trailing feed wires of the armature coil, similar to what is shown in Figure 63.It is also possible to excite both stator and armature coils with the same power supply provided that thearmature coil is connected in serries with the stator coil through the brushes and that the armature coilbe aranged so that the currents �owing through the armature and stator coil �ow in opposite directions,thus producing a repulsive force [18]. An example of such a launcher is illustrated in Figure 63 below.
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Figure 63: Illustrating the helical launchers operation [18].Exciting the armature coil through sliding brushes has the great advantage in that it the launcher canboth attract and repel the armature thus getting more acceleration for a given cycle or stator coil stage,but it also presents some interesting design and construction challenges for both the stator and armaturecoils and the entire launcher barrel. Furthermore in large scale applications, where very high velocitiesare obtained, the brushes fail due to mechanical wear [4].A.3 Applications of TechnologyThe variety of advantages co-axial linear induction launchers o�er over rail guns (Discussed A A.1)lends the technology to many various applications. Already many L.I.Ms outperform certain existingdevices like steam catapults, heavy military artillery while also providing a practical means for scientistsand engineers to accelerate materials to hyper velocity for mechanics research. Furthermore a uniqueadvantage of co-axial L.I.M is the ability to accelerate a projectile located outside the drive coil or barrel,thus permitting the launching of large vehicles such as spacecraft which surround the drive [4]. In fact themost popular application of this technology is for Earth to Orbit launching of spacecraft and satellites,this is feasibly possible because of the increasing returns to performance the linear induction motors enjoywhen their size is increased. In nearly all of the literature regarding the subject, the simulation codessuccessfully used to predict the performance of a laboratory scale launcher have been used to pinpointconcept designs for high e�ciency, high velocity E.T.O launchers [33].A LITERATURE REVIEW A-16



Design and Construction of a Pulsed Linear Induction MotorA recent application for the technology has been proposed, if it ever became apparent that catastrophicclimate changes due global warming were inevitable and drastic emergency methods would be needed tocool the earth. The low E.T.O launching cost of this technology (estimated at 50 U.S Dollars per Kilo-gram) would be used to launch numerous small lightweight optical refracting screens with low re�ectivityinto space, in an attempt reduce the total amount heating energy the earth receives from the sun [34].A.4 Theoretical Analysis and ModelingThe problem of designing a working and e�cient or �optimized� coilgun is made di�cult because ofthe high degree of interrelation between the variables involved. For example, the force acting on theprojectile is a function of the currents �owing through the coils, which is (at least) a function of themutual induction between the armature and stator coils. The mutual induction is a function of theaxial distance/seperation between the coils, which is a function of the projectiles velocity which itselfis a function of the acceleration of the armature which �nally is proportional to the force acting on thearmature, which is where this analogy began. To complicate matters further the systems dynamic naturemeans most of these variables are themselves time varying.Despite all this, the basic operation is fairly well understood and there are many methods in the liter-ature which provide engineers with simple equations that give good approximations to all the variablesinvolved [14]. Using di�erential equations almost every variable of the system can be modeled and theo-retically determined for a speci�ed launcher system, time period, and initial conditions using a modernday desktop computer. The following Section will explain and outline a basic analysis method which canbe used predict the performance of a pulsed linear induction motor. The computer simulation programwhich is used to develop the laboratory scale pulsed linear induction motor is be based on the theorypresented here.A.4.1 Lumped Parameter Circuit and the Current Fillament MethodThe currents induced in the armature coil are assumed to �ow in circumferential paths on the outerskin on the armature, this current �ow and its distribution will for simplicity be assumed to be uniformalthough in practice with solid ring type armatures this is not true. The armature is thus conceptually(or physically) divided into a set of conducting rings, each with its own approximatly uniform currentdensity and equivelend circuit similar to the stator coil [15].The launcher shown in Figure 64 below can thus be modeled using the equivalent circuit shown inFigure 65 which follows.
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Figure 64: Generic multistage capacitor driven induction launcher.

Figure 65: Equivalent Lumped Parameter circuit model of the capacitor driven coil launcher [12].The number of stator coils in the equivalent circuit depends on the performance speci�cations (for ex-ample: muzzle velocity, weight of the projectile and barrel length), while the number of armature coilsdepends on accuracy required for the analysis in the case of a solid ring type armature where the currentdistribution is not uniform along the armatures length. For convention we denote n stator coil stages.Assuming a wound helical stator coil which forces the current distribution to be uniform, using Kir-choff's Voltage Law applied to a single stator coil stage and armature coil we develop two coupledordinary di�erential equations that govern the stator and armature currents [16].
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dzNote that the voltage sum in armature coil is equal to zero because the armature is shorted on itself. Theabove coupled equations are somewhat readily solved using a suitable numerical method (Runge Kuttaetc) subject to a voltage waveform and a set of initial conditions. All temperature rises are calculatedassuming that the ohmic losses are dissipated adiabatically in the windings, which is true for micro secondevents [16].Fortunatly the self inductances Lssand Laa are constant during the operation of the launcher unlike themutual inductance M and the mutual inductance gradient dM
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which are functions of elliptic integrals andare readily calculated as functions of stator and armature coil geometry and separation. Their evalutionis discussed in detail in Appendix A.4.2 on page A-20.The above equations thus provide a rough estimation of the most important performance parameters overtime (i.e. coil currents, acceleration, velocity, position and losses) which can be used to determine moreA LITERATURE REVIEW A-19



Design and Construction of a Pulsed Linear Induction Motorcomplex performance parameters such as the thermal and mechanical stresses in the stator and armaturecoils, which may or may not be important. The coil separation is easily determined by the numericalintegration of acceleration with respect to time as shown below
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vz dtA.4.2 Self Inductance, Mutual Inductance and the Mutual Inductance GradientAs shown in the section prior to this, the axial force Fz on the armature is greatly dependant on themutual inductance gradient dM
dz

between armature and stator coils. Figure 66 below shows the mutualinductance and its gradient as a function of armature and stator coil seperation. The mutual inductancegradient has two humps, anti-symmetrical with respect to the drive coil re�ecting the fact that the forceon the armature will be reversed as the coil crosses the mid-plane of the stator coil, furthermore theimplication of zero mutual inductance gradient at the mid-plane of the stator coils is that there will bezero force on the armature at this position. Also noted is that the mutual inductance is at its maximumwhen the two coils are co-planar, while the mutual inductance gradient has its maximum at the in�ectionpoint of the mutual inductance function. The distance from the center of the stator coil to axial positionswhere the mutual inductance gradient is at its maximum (or minimum) is called the induction length,which is always less than or equal to the stator coil radius [4]. The inductance length e�ects the optimumpositioning and available axial length wherein which e�ective acceleration of the armature is achieved,for a given set of coils.
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Design and Construction of a Pulsed Linear Induction MotorFigure 66: Showing the mutual inductance M , its gradient dM
dz

and the inductance length as a functionof coil separation [4].Each coil self inductances Lss and Laa their mutual inductance M and its gradientG are readily calculatedusing an method where a given coil is divided into equivalent conducting hoops as shown in Figure 67below. For two conducting hoops or �laments (as shown in Figure 68 below) the mutual inductance
M and mutual inductance gradient dM

dz
are calculated as a function of coil separation z and coil radi ri& rj [15]. This elementary approach is better known as Lyle's Method of Calculating MutualInductance.

Figure 67: Division of real coils into an array of �lamentary coils [15].
Figure 68: Diagram for �lamentary inductance formula [15].The mutual inductance for two coil �laments separated a distance z as shown above in Figure 68 is givenby the relation below as derived by Silvester [43, 20].
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}A.4.2.1 Mutual Inductance and Mutual Inductance GradientThe above analysis readily allows the elemental inductance parameters for two elemental hoops to becalculated. However what is needed is the inductance parameters for the entire armature and stator coils,thus each elemental mutual inductance and mutual inductance gradient contribution must be summedup to determine the total mutual inductance and mutual inductance gradient for the two speci�ed coilsat a given axial separation.Working with the general arrangement shown in Figure 69, where the stator and armature coils have Nsand Na turns respectively. The cross sectional area of the coil is divided Ns and Na axial elements and
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Design and Construction of a Pulsed Linear Induction MotorFigure 69: Section through coils illustrating the division of real coils into of �lamentry elements orcoils [15].A.4.2.2 Self InductancesContinuing with the general arrangement shown in Figure 69 the self inductance of each coil is calculatedusing Grover's expression for the inductance of a single turn circular coil of square cross section given belowfor the stator coil, calculation of the armature coil self inductance is done in a similar manner [15, 20].
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) where ci and ai are the mean diameter and side length respectively for the ithelement.As shown in Appendix A.4.1 on page A-17 the operation of an induction launcher is greatly depen-dant on these inductance values and how they change over time and axial displacement. The abovemethod presents a useful and powerful tool which is most necessary in determining a given launcherstheoretical performance. The inductance values can be can be pre-calculated and stored into an array forinterpolation during the numerical simulation which is discussed in more detail in the section following.A.4.3 Time Step Numerical Solution and Computer SimulationThe equations discussed in Appendix A.4.1 on page A-17 are di�erential equations and to have any prac-tical meaning must be solved using a suitable numerical method to provide the designer with detailedtheoretical information regarding a speci�ed launchers operation. These calculations and the aforemen-tioned inductance analysis discussed in Section A.4.2 on page A-20 require numerous calculations to bemade for each step in coil position and time. Doing this by hand to any degree of accuracy is highlyimprobable. The availability of modern day desktop computers however gives the designer a powerfultool capable of carrying out the necessary inductance calculations and simulations.It is should be noted that in the following equations the mutual inductance [M ] and its gradient [G] arefunctions of armature and stator separation and not time. These parameters are however a function ofcoil geometries alone (e.g. median coil diameters, diameter ratio, coil separation and winding lengthsetc..) and for a given launcher simulation design must be pre-calculated for all possible armature positionsA LITERATURE REVIEW A-23



Design and Construction of a Pulsed Linear Induction Motorbefore the the time step simulation can executed (based on the equations of Appendix A.4.1 on page A-17)to determine a given launchers performance.The di�erential equations of Appendix A.4.1 on page A-17, arranged into a matrix form allow for conve-nient expression and manipulation when solving the time step numerical problem and is shown below [17].
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[[L] + [M ]] ˙[I] = [V ] − [R] · [I] − vz × [G] · [I]

˙[I] = [[L] + [M ]]
−1 · [[V ] − [R] · [I] − vz × [G] · [I]]Using a subscript notation for a time step procedureA LITERATURE REVIEW A-24



Design and Construction of a Pulsed Linear Induction Motor
˙[I]t+1 = [[L]t + [M ]t]
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−1 · [V ]0Thus [I]1 = [I]0 +4t · ˙[I]0 = 4t · ˙[I]0, thereafter the solution for the current matrix is generally given as

[I]t+1 = [I]t + 4t ·t ˙[I]Solving the stator and armature coils currents is important because the force acting on the armature (andthus the acceleration) is greatly dependant of the product of these currents as shown in Appendix A.4.1on page A-17.The force acting on the armature at a given time t is thus given as
Fz @(t+1) = Transpose([I]t+1) · [G]t+1 · [I]t+1The armature acceleration is obtained directly by diving by the armature mass

az @(t+1) =
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maThe armature velocity vz and displacement sz is then determined through a numerical integration of theacelleration and velocity respectively, hence the need to only solve for the coil currents. The accuracy ofthis solution is obviously governed by the magnitude of the time step 4t used and the positional accuracyto which the mutual inductance [M ] and its gradient [G] matrices are solved.
vz @ (t+1) = vt + 4t · az @(t+1)

sz @ (t+1) = sz @(t+1) + 4t · vz @ (t+1)The time step simulation for an induction launcher thus reduces to the following algorithm [17].1. Specify coil geometries.A LITERATURE REVIEW A-25



Design and Construction of a Pulsed Linear Induction Motor2. Calculate all inductance parameters for the launcher.Namely the self inductance [L], mutual inductance [M ] and its gradient [G].3. Specify or calculate all initial values involved.E.g. Initial voltage, current, velocity and armature position etc...4. Begin time step simulation.5. Calculate both coil currents using the equivalent circuit model.6. Calculate new acceleration, velocity and displacement.7. Store instantaneous results.8. Interpolate new inductance parameters from data simulation in Step 2 (Change in coil separationresults in a change in [M ] and [G]).9. Return to Step 5, incrementing the problem time by 4t.10. Continue the simulation for desired problem time.It would seem remarkable that the many dynamic variables of such a complex system are so easily solved.While providing a powerful and useful design analysis tool, the above simulations will only yield a resultas good as de�ned by how closely the input system parameters match those for an �optimum� solution.The design problem now becomes one of optimization and �nding a set of input variables that will resultin a launcher design that meets a given speci�cation which may be based on operating e�ciency, length,physical size or even thermal limits of the material used to wind the coils themselves.A.4.4 Energy BalanceTo critically asses the performance of a launcher system it is necessary to consider the energy balance ofthe device determine to better understand how it uses the initial energy provided by the capacitor overtime. This will help to achieve more successful launcher designs. The energy balance typically includesthe following terms
• Electric energy stored in the capacitor bank
• Magnetic energy stored in the coils
• The kinetic energy gained by the projectile
• Ohmic losses due to the stator and armature coil resistancesA LITERATURE REVIEW A-26



Design and Construction of a Pulsed Linear Induction MotorThe goal being to ensure that the maximum amount of electric energy stored in the capacitor is transferredto the armature as kinetic energy thus maximizing system e�ciency. Multiplying the matrix voltageequations of Section A.4.3 on page A-23 by the current [I]
T the power balance of the system is derived.
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T · vz × [G] · [I]The instantaneous energy balance is derived through integration of the terms in the power balance withrespect to time [12] to obtain the relationship below

E (t)capcitor = E (t)magnetic + E (t)ohm + E (t)workwhere the instantaneous system energies are given as
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[I]T · [G] · [I] dxA.4.5 Armature/Stator Heating and Ohmic LossThe total ohmic loss of the system Eohm is the sum of the ohmic losses in the stator coil, armature coiland to some extent (but not discussed here) the heating of the capacitor (ESR) losses as shown below.
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adtWhere Rss and Raa are the stator and armature coil resistances whos calculation is based on the speci�edcoil geometry and wire resistivity. The calculation of Rss and Raa can be found in Appendix B.3.4 onpage B-11For short millisecond events the heating processes can be assumed to be adiabatic, in that all the heatenergy lost is directly absorbed into the armature and stator coils thus raising their temperature as givenbelow for both armature and stator coils [16, 12], asuming enameled copper winding wire is used.A LITERATURE REVIEW A-27
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cp;Copper · maA.4.6 Mechanical StressDuring operation the armature and stator coils of a co-axial linear induction motor (operating in pushmode) will experience a crushing and expanding pressure respectively. This pressure is a result of thecurrent in each coil's windings interacting with the net axial magnetic �eld Bz resulting in a radial forceacting on the armature or stator coils as predicted by Lorentz Force Law. If the induction motorwere operating in a pull mode the opposite will be true and the stator coil experience a compressiveradial force while the armature will experience the expansive force [1]. This section considers push modeoperation only.For a given coil carrying a current I of N turns and length l, its axial magnetic �eld strength can beapproximated as Bz ≈ µ0
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. The crushing or expansion force can now be approximated as a magneticpressure pmagnetic =

B2

z

2·µ0

[16, 23]. If an annular internal support structure is to be used for the armaturethen the maximum compressive hoop stress in the support structure will occur at the structures innerradius and is modeled using Roark Table 31, case 1c [1, 24] as shown below.
σhaa =

−2 · b2 · pmagnetic

b2 − d2Where b and d are the armature coil inner radius and the coil form inner radius respectively. Howeverfor the stator coil where the support structure is external (preventing expansion of stator windings) themaximum expansive hoop stress in the stator support structure is one again found at its inner radius andcan be predicted using Roarks Table 32, case 1a [1, 24].
σhss = pmagnetic

c2 + a2

c2 − a2Where a and c are the support structures inner radius (stator coil outer radius) and the support structureouter radius. If however it is not necessary to use an external stator coil support structure (and thusrelaying on the stator coil itself for structural support) then we the hoop stress in the coil is approximatelygiven as
σhss = pmagnetic

rsi

(rso − rsi)A LITERATURE REVIEW A-28



Design and Construction of a Pulsed Linear Induction MotorThe coil and armature support structures for a low energy L.I.M are typically very thin, for this reason wecan approximate them to behave as thin walled cylinders and taking only the hoop stresses into account,using the Tresca Theory of Failure we can estimate that failure will occur when the hoop stress(in the stator coil windings and the armature coil form) exceeds the respective materials tesnsile yeildstrength, as shown below [25].
σh ≤ σyAn important note is that when calculating the magnitude of the axial magnetic �eld strength Bz wecould add the �eld contributions of both the stator coil and the armature coil, but because in a L.I.M therespective coil currents will be anti-parallel the sum of magnetic �elds will infact be a di�erence, and thehoop stresses on the coils will in fact be lower while the armature is inside the stator coil [4]. In view ofthis, the maximum axial magnetic �eld is taken as that created only by the peak current �owing in thestator coil and is assumed to be constant when it actually is'nt because the current is oscillatory , thusproviding a very conservative estimation of the forces on the armature and stator coils.A.5 Design considerations and Launcher SynthesisWhile theory and understanding of a linear induction launcher is well understood and easily modeled,there exists no �xed or formal design process which one can follow to design a launcher that optimallymeets a given set of requirements and speci�cations [21]. Design would usually proceed by making certainassumptions that will give an indication of the inductance and therefore size and shape of the stator andarmature coils. Certain combinations can then be tested with a simulation with various initial inputconditions as discussed in Appendix A.4.3 on page A-23, but this iterative process soon becomes tediousand impractical as stages are added to the launcher system and often results in launchers with lowoperating e�ciencies [22].This part of the literature review will present all the important design concepts, considerations andoperating parameters of speci�c relevance to a capacitor driven pulsed induction launcher found in theextensive published literature available. This section includes numerous topics ranging from stator andarmature coil design to selection criteria for the tank circuit capacitor and switching elements. Thusproviding an e�ective starting point for specifying many of the launchers systems.A.5.1 Stator CoilThe operation of any electromagnetic co-axial linear launcher is largely dependant design of the statorcoil in terms of how well it is matched to a given power supply and the armature which it must drive. InA LITERATURE REVIEW A-29



Design and Construction of a Pulsed Linear Induction Motorcapacitor driven linear induction motor, the frequency of the LC oscillatory current wave in the statorcoils is related to the stator coils inductance and the tank circuit capacitor as illustrated by the equationsbelow.
ω0 =

1√
LssCand

ωd =
√

ω2
0 − α2where α = R

2L
. Since the tank circuit resistance is very small the damped frequency of oscillation is verymuch close to the resonant frequency of the system. This is an important relationship if the capacitanceof the proposed test launcher has already been speci�ed by specifying the operation voltage and energyinitial storage as part of the systems performance requirement speci�cations. The stator coil inductancemust be chosen to keep the frequency of oscillation with tolerable limits to avoid phenomena such ascorona discharge and the skin-e�ect.Using a computer analysis methode very similar to that discussed in Appendix A.4, scientists and en-gineers have created computer optimization routines which seeks out the best design for a given set ofparameter ranges. The results of extensive launcher research based on these optimization routines hasrevealed some interesting insights, especially regarding the geometries of the two coils. For example, thecomparison between optimum designs of di�erent launcher bores has revealed that launcher e�ciencygreatly improves as the bore size increases re�ected by the results shown in 11. Furthermore it wasdetermined that long thin stator and armature coils pairs yielded the best results [2].Table 11: Results of launcher bore investigation [2].BoreDiameter(mm) StageE�ciency(%) EntranceVelocity(m.s−1) TemperatureRise(K) ProjectileMass(g)30 25.6 1.414 14 10045 48.2 1.414 8 337.560 55.5 1.414 4 800Discussed in Appendix A.4.3 on page A-23 was the fact that force Fz acting on the armature is propor-tional to the mutual inductance gradient between two coils. This gradient is also closely related to theradius ratio ra

rs
of the two coils as is the available induction length lb of a given coil pair. These tradeo�sare shown graphically in Figure 70 below, note that at close to unity radius ratio, the inductance gradientA LITERATURE REVIEW A-30



Design and Construction of a Pulsed Linear Induction Motorapproaches in�nity. What we learn from Figure 70 is that, a longer inductance length is achieved througha small radius ratio, while a higher radius ratio will provide a higher inductance gradient.

Figure 70: Inductance gradient & normalized induction length as a function of the radius ratio ra

rs
[4].During operation the interaction between the axial magnetic �eld Bz (generated by the time varyingcurrents in the stator & armature coils) and the induced currents �owing in the stator coil, result in thestator coil being expanded radialy outwards, while the armature is compressed radially inward. This isa signi�cant point, because the coil form onto which the stator coil is wound, need not be very strongor rigid, resulting in a thinner coil form, decreasing the space between armature and stator windingsincreasing the radius ratio ra

rs
improving e�ciency of the launcher [1]. This expanding internal pressureon the stator and armature windings is discussed in more detail in Appendix A.4.6 on page A-28The performance of the stator coil is almost entirely related to its geometry and that of its correspondingarmature. However also of great importance is the resistance of the stator coil and its thermal limitations.Good e�ciency requires that the both stator and armature coils are of a low resistance [14]. The oscillatorycurrents �owing in the armature are in the order of 103 Amps, and thus some consideration must be givento its current handling capability especially at very high energy and voltage levels, see Appendix A.4.5on page A-27 for further detail. It should be noted in this respect however that the heating of the statorcoil is much less of a problem than in the armature because of the very short operating time involvedthe stator coils temperature rise is tolerable while the armature will have many induced current pulses(one for each stage) thus rising the armature coils temperature considerably higher than the stator coiltemperatures. [12].A LITERATURE REVIEW A-31



Design and Construction of a Pulsed Linear Induction MotorA.5.2 ArmatureThe armature of a given linear induction launcher must be suited to the stator coils driving it not onlyin terms of its inductance, geometry but also and most importantly its weight. Great attention to detailmust be taken when designing the armature coil because it will be the component of the linear inductionmotor that undergoes the most abuse, especially at high voltages and energies. In a similar way thatthe stator coil is expended radially outwards as (discused in Section A.5.1 on page A-29) the armatureis compressed radially inwards. Furthermore the desire for high muzzle velocities with a �xed amount ofstored energy implies that the armatures mass must be minimized [1].Initial studies involved single turned monolithic conducting rings made of aluminium or copper [16] asshown in Figure 71. For the purposes of modeling, the rings were notionally divided into a number ofseparate conducting rings which interacted with the changing magnetic �eld created by the oscillatorycurrents �owing in the stator coil. Simulation and experiments showed that the induced currents tendedto concentrate at the back of the armature (i.e the end trailing motion), resulting in excessive heatingand high stresses in this region of the armature in addition to limiting opperating e�ciencies to 15% orless [16].

Figure 71: Single turn monolithic aluminium armature.Another armature alternative is realized when the armature is made up of a wire wound coil shortedon its ends. This con�guration forces a uniform axial distribution of the induced currents along thearmature coils length and the temperature rise can be reduced by over an order of magnitude whileallowing the realization of e�ciencies above 40%. Two types of wire wound armature coils are shownbelow in Figure 72. The requirement that they be shorted at the ends (allowing current to �ow) thusposes some interesting design and manufacturing challenges, never the less the gains realized from doingso are signi�cant [16].A LITERATURE REVIEW A-32
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Figure 72: Two types of multiturn armatures from left to right: Shorted internaly and a MultilayerArmature shorted on its winding surface [16].As mentioned, in addition to the large axial acceleration forces, the armature will also experience crushingradial forces that are a result of the interaction axial magnetic �eld Bz and the circumferential currentsin the armature, discussed in more detail on Appendix A.4.6 on page A-28. There are two armaturedesign philosophies to manage crushing of the armature windings. One is two wind the coils such thattheir winding serves as a support structure. The second option is to provide the armature with its owninternal non-conducting support structure, which may be annular or solid. It should noted that in thecase on a annular support structure the hoop stress σh to which the support structure is subjected wille�ectively be double that experienced by a solid cylinder [1].A.5.3 BarrelThe launcher barrel is the sum o� the stator coils wound directly onto a suitable form with a suitablemounting system. The only requirement is that the coilform itself is made of a non conducting material.This is because the magnetic �eld created by the stator coil must only be allowed to induce currents inthe armature, the use of metal coil form will result in heating due to the eddy currents being induced inthe in the conducting coilform and reducing overall e�ciency of the induction motor. Similarly in highenergy linear launchers (> 2MJ) it maybe required that the coil form material selection also be able tohandle the temperature rise of the stator coil as well.Assuming a push mode operating, the stator coils themselves will also experience a similar magneticpressure as discussed at the end of Section A.5.2 on page A-32, causing the stator coils to expand duringoperation. This means the coil form will not experience any compressive radial forces and as such the coilforms wall thickness need not be very thick. Thinner walls of the coil form allow for increased couplingbetween the driving stator and armature coils greatly improving e�ciency, as previously illustrated inFigure 70 on page A-31 [1].A LITERATURE REVIEW A-33



Design and Construction of a Pulsed Linear Induction MotorAlthough in theory the radial Lorentz Forces acting simultaniously around the full circumference of thearmature would resolve to an equilibrium serving to axially locate the amature about the z axis of theslightly oversized launching tube, however in practice it is noted that stator coils are wound onto Paxoline,Lexan or coilforms while in addition making use of P.T.F.E liners to greatly reduce friction between coilform and armature windings [15, 5].As previously discussed, the performance of a L.I.L stage is greatly dependant on the initial position ofthe armature relative to the stator when the power is applied to the stator winding. When designinga multistage device great consideration must be made as to how each stage is "switched" or "turned-on" and that switching indeed occurs when the passing armature coil reaches its optimum position (formaximum stage e�ciency) relative to the stage stator coil. The implication of this is that the positionof the armature in the launcher barrel must be tracked as the projectile is accelerated from each statorto the next. There are obviously a number of ways of achieving this and the method chosen should bedetermined by the armature velocity, size and launcher geometry. Available methods are of example
• Accelerometers and transmitters on the armature coil, wirelessly streaming real-time data regardingarmature acceleration (from which velocity and position data can be determined)
• Measuring the ultrasonic phase-shift between an ultrasound signal received from the armature andthe known signal it transmits.
• Physical switch commutation actuated by the passing armature.There is one reliable method of detecting armature position for stage switching control in particularwhich uses optical methods and is similar to physical switch commutation, in that it relies passing ofthe armature that physically interrupt a beam of light that crosses the diameter of the barrel form thusoccluding the light beams path to a phototransistor or photodiode. This method has repetitively provenitself in small laboratory experiments [5] and can be implemented as shown in Figure 73 below.
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Figure 73: Sectioned view through stator coil support tube, showing diametrically spaced holes allowinglight beam to cross the armatures acceleration path.The use of such a method does come with the design cost that the geometry of the stator and armaturecoil pairs must be such that when the armature is in its optimum positioning for the stator coil to be�red, part of the armature must already be sticking out of the stator coil in order for it to be detectedin the �rst place, this is better understood in terms of the sectioned view of the launcher, provided inFigure 73 above.A.5.4 Capacitor Power SupplyThere are a number of di�erent ways to power a linear induction motor, largely depending on its operationprinciple as discussed in Appendix A.2 on page A-5. Of speci�c interest however is the capacitor drivenlinear induction motor and hence the implications regarding the use of capacitors as the systems powersupply. When the capacitor is discharged into the stator coil inductor the resulting oscillatory (alternatingabout 0 Volts) current that �ows within the system produces the time varying current needed by thestator coil to induce a voltage in the armature, this will require non polarized capacitors and thusimmediately ruling out the use of polarized electrolytic capacitors, limiting the choice of capacitor typeto those summarized in Table 12 below.
A LITERATURE REVIEW A-35



Design and Construction of a Pulsed Linear Induction MotorTable 12: Non-polorized capacitor comparison [27].Ceramic Polyester Polyethylene Polystyrene PolypropyleneESR Medium Low Low Very Low Very LowESL Low High High Low MediumTypicalCapacitance 0.1 pF - 100 pF 0.1 nF - 160 µF 1 nF - 4.7 µF 22 pF -2µF 68 pF-22 µFTypicalVoltage Ratings 6.3 V-50 kV 50 V-1 kV 16 V-400 V 50 V-630 V 50 V-3 kVSize Small Medium-Large Large Large LargeCost High Low Medium Low MediumSome of the more important capacitor speci�cations to consider when selecting the correct capacitorinclude [28, 30].Rated Capacitance CThis speci�es the amount of charge the capacitor is capable of storing and is measured in Farads.The amount of energy stored in a capacitor is closely related to its capacitance and the voltage towhich it is charged, a relationship commonly expressed as Ecap = 1
2CV 2.Rated Voltage UsThis is the maximum voltage with which the capacitor can operate continuously without breakingdown the dielectric resulting in failure of the device. For A.C applications it can be quoted as ane�ective R.M.S and as a peak non-repetitive rating as described below.Peak Non-repetitive Voltage UpkThis represents the maximum peak non-repetitive voltage rating the capacitor can tolerate withoutdielectric failure, it is normally speci�ed as a maximum voltage value (Which is greater than therated voltage Us) which lasts for a speci�ed time period, further more it is quite common to spec-ify the maximum allowable number of cycles where the maximum peak voltage is exceeded beforefailure occurs.Maximum Operating Current IrmsThis value speci�es the maximum allowable R.M.S current which can �ow through the continu-ously operating capacitor without resulting in failure of the device due to excessive heating. ValuesA LITERATURE REVIEW A-36



Design and Construction of a Pulsed Linear Induction Motorquoted in data sheets are often related to the capacitors power dissipation or the current carryinglimits of its connection terminalsPeak Repetitive Current IpkrThis value speci�es the maximum peak allowable current that the capacitor can withstand repeti-tively without resulting in failure of the device and is given as
Ipkr = C · dV

dtwhere term dV
dt
is the maximum allowable rate of voltage rise for the capacitor, another speci�cationdiscussed later.Peak Non-repetitive Current IpkThis value, similarly to the peak non-repetitive voltage rating speci�es the maximum current thecapacitor can tolerate brie�y during a fault/failure. It is normally a current rating over a speci�c pe-riod, sometimes the number of allowable periods where the current is close to the Ipk is also speci�ed.Maximum permissible rate of voltage rise dV

dtThis is the maximum allowable rate at which the capacitors voltage can rise or fall (with respectto time), repetitively and as discussed earlier is related to the capacitors peak repetitive currentrating Ipkr .Equivalent Series Resistance E.S.RThe actual capacitor used in life does not behave as the idealized device, instead we can expect acapacitor have some internal resistance associated with it. This is treated as a resistor connectedin series with the capacitor as shown in Figure 74below. The heat dissipation of a capacitoris strongly related to this equivalent resistance, which is a dependant largely on the capacitorsdielectric, conducting materials and construction.
Figure 74: Non-ideal capacitor showing its E.S.R.
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Design and Construction of a Pulsed Linear Induction MotorEquivalent Serries Inductance E.S.LSimilarly to the E.S.R we can also expect the capacitor to have some small internal inductanceassociated with it as shown below in Figure 75. In the case of an A.C as used by the L.I.Mthis series inductance may well result in reactive power losses, this happens when the operatingfrequency is high enough for the impedance associated with the E.S.L to be signi�cant.
Figure 75: Non ideal capacitor showing its E.S.L.Power Dissaption tan δWhen a capacitor has pulsed or oscillatory wave forms applied to it, the amount of power it candissipate is not only related to the frequency, voltage and currents of the applied wave form, butit is the sum of these aforementioned components for each harmonic waveform which togethermake up the applied waveform. Furthermore, the power dissipated for each waveform is a functionof a power dissipation factor tan δ , using subscript i to denote the relevant harmonic and for nsigni�cant harmonics the power dissipated is given as below [30].

P =

n
∑

1

(Virms)
2 · 2πfiC tan δThe capacitors in a L.I.M are expected to handle high frequency (+ 1 kHz) alternating currents whilestoring a signi�cant amount of energy (> 20 Joules). Due to the low dielectric loss of polypropylene,metallized polypropylene capacitors are a good choice for this application. These dielectric losses areproportional to the square of the operating voltage and frequency, now since the voltage is proportionalto the current and inversely proportional to frequency, the dielectric power loss is proportional to thesquare of the current and inversely proportional to the frequency, thus (for a given operating temp)current handling capability increases with frequency [31], furthermore these metallized polypropylenecapacitors also have typically low E.S.Rs and E.S.Ls thus lending them favorably to L.I.M use, againtheir more typical speci�cations can be seen in Table 12. An example of such a capacitors datasheet canbe found in Figure 76 below.
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Figure 76: Afcap metallized polypropylene capacitor data [35].In looking at the above capacitor data sheet one can appreciate the large di�erence (almost 60 timesgreater) between the continuous operating current Irms and the max peak repetitive current Ipkr whichthe capacitor can provide. This peak repetitive current can also easily be increased by adding capacitorsin parallel, thus creating a bank capacitor with a high total capacitance and thus the peak repetitivecurrent of the bank is much greater than that of any single capacitor, in accordance with Ipkr = C · dV
dt
.Further interesting details are the low E.S.R, over voltage test data and operating temperature range.One of these capacitors on their own can store around 4 Joules of energy, which may not sound like much,but can still be quite lethal because these capacitors can release all of that energy in a one millisecondevent, they are therefore well suited to high power applications.A.5.5 Switching ElementsThe switching element is a needed for precise control of when the energy stored in the capacitor isdischarged into the stator coil. This can also be done in a number of ways, in view of the publishedliterature describing typical L.I.M's operating on a voltage well above 2 kV, the common use of triggeredA LITERATURE REVIEW A-39



Design and Construction of a Pulsed Linear Induction Motorspark gaps is well documented to achieve precise triggering of each stage coil. The high operatingcurrents and typically voltages of over 400 V renders the use of physical contact switches impracticaland unsafe. Thus aside from spark gap technology, power semiconductors are the only other reliablemeans of switching the heavy voltages and currents need for the L.I.M's operation. Such semiconductoroptions include (but are not limited to); Silicon Controlled Recti�ers (S.C.R's), TRIAC's and IGBT's.This section will discuss in detail the design considerations and implications of using only the IGBTswitching solution, however Figure 77 best illustrates a general overview of the operating capabilities formost available power semiconductors in terms of voltage, current and frequency.

Figure 77: Typical continuous operating capabilities for various semiconductor devices [39].IGBT technology has been greatly improved upon since the Figure 77 was �rst printed and IGBT'scurrent ratings are now much higher and feature many desirable properties in general and speci�c toP.L.I.M applications. They use a M.O.S input gate and have a low on state collector emitter voltages
VCE (1.7 V - 2.8 V), high switching speeds and high current handling capabilities up to 1000 A with 600 V- 1700 V being typical voltage ratings. Further more their widespread availability has reduced their costand thus making many previously uneconomically applications/projects possible [36]. The IGBT can bethought of as a MOSFET and a Bipolar Junction Transistor, and thus is switched on when a voltage isapplied to the gate with only a small (insigni�cant) current drawn through the gate. The IGBT will bedamaged if a reverse voltage is applied across its collector and emitter. Thus manufacturers very ofteninclude an anti-parallel protection diode that conducts any reverse voltage applied to the IGBT. Thetypical circuit symbol for an IGBT is shown in Figure 78 which also shows an IGBT with an anti-parallelA LITERATURE REVIEW A-40
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Figure 78: Circuit symbols for IGBT's with and without the anti-parallel diode.The operation of a L.I.M will require a bipolar current �owing in the tank circuit. Thus the diode isuseful in that it allows the bipolar current to be switched without damaging the IGBT. As mentionedIGBTs with this anti-parallel diode are readily available in discrete packages, an example of which isshown in Figure 79 below.

Figure 79: Mitsubish Power IGBT module (inc. anti-parallel diode) rated for continuous operation at600V & 600A [37].Datasheets regarding these IGBT modules are far more extensive than that of the capacitor shown inFigure 76 on page A-39, and hence a full example data sheet is not shown here in its entirety. Thesedatasheets are rightfully very extensive as there are many considerations that must be taken into accountwhen using semiconductors in any kind of power circuitry. Discussed here however are the most importantdevice ratings found in the typical IGBT datasheet and their consequential circuit considerations relatingto P.L.I.M applications. Also when looking at the datasheet for an IGBT incl. an anti-parcel diode, twosets of data are often presented on for the IGBT itself and the diode. For reference this datasheet willbe discussed in terms of the Mitsubish Power IGBT & anti-parallel diode shown above in Figure 79 [37],and thus the symbolic naming standard for each of the ratings is the same as that used by MitsubishiElectric [38].A.5.5.1 Absolute Maximum Ratings These ratings are the most important ratings of IGBTsoperation. A maximum rating is a value which establishes either a limiting capability or limiting condition,and is determined for speci�c environments and operating conditions (normally temperature). It isvery common for a IGBT to operate beyond these maximum ratings for short time periode. The mostimportant ratings are thus are discussed below making mention as to whether or note the rating can beexceeded.A LITERATURE REVIEW A-41



Design and Construction of a Pulsed Linear Induction MotorA.5.5.1.1 IGBT & DiodeIGBT Collector Emitter Voltage VCESThis is the maximum voltage that the IGBT can block across its collector and emitter terminalswhen it is in its o� state (no voltage applied to its gate) without causing permanent breakdown ofthe semiconductor material.Diode Collector Emitter Voltage VGESThis rating speci�es the maximum reverse voltage that can be applied to the diode with out causingfailure.Continuous IGBT & Diode Collector Current ICThis rating speci�es the maximum continuous D.C or A.C R.M.S current that can �ow through theIGBT & diode. It is very often based on the junction temperature limitation of the device.Repetitive Pulse IGBT & Diode Collector Current ICMThis rating speci�es the maximum peak pulse D.C A.C RMS current which can be conductedthrough the IGBT & diode for short time durations without causing failure of either device. Veryoften short time operation allows for signi�cantly higher currents to be conducted through thedevices than indicated by the datasheets for continuous current rating IC and can often be up to 6times larger, provided that the maximum junction temperature rating is not exceeded. The valueis thus normally speci�ed in terms of a current magnitude, frequency duty cycle [40]. This is avery important and relevant to L.I.M applications and is discussed in more detail in the followingsection.eJunction Temperature TjmaxDuring the operation of semiconductor devices heat is generated, this heat �ows in all directionsin the device but �ows particularly well along the thermally conductive connectors. Thus thejunction at which the metal terminals meet the semiconductor material (speci�c to the IGBT) tendto experience a large temperature rise [41]. This rise of temperature is an important limiting factorto the all semiconductor devices since components operating at higher junction temperatures canbe expected to have shorter lifespans, and a general rule of thumb is that the failure probability ofa semiconducting device doubles for every 10oC - 15oC above 50oC [41, 42]. A thermal photographallows us to visualise temperature rise in a semiconductor device, for example on such thermalphotograph is shown in Figure 80 below. The maximum junction temperature thus representsmaximum permissible temperature the devices junction can reach during continuous operation. Ithas already been mentioned that the peak pulse current capability of a semiconductor device islimited by this rating thus a good understanding of the junction temperature and how it is raisedA LITERATURE REVIEW A-42



Design and Construction of a Pulsed Linear Induction Motoris required when choosing to use a given IGBT beyond this continuous current rating, this topic isthus discussed in more detail in Appendix A.5.5.2 on page A-44.

Figure 80: Thermal photograph of a computer chip in operation [41].A.5.5.1.2 Speci�c to IGBTIGBT Forward Collector Emitter Voltage Drop VCEsatWhen the IGBT is in its on state, its contribution to the total tank circuit resistance is expectedto be very small and the power loss associated with it to be insigni�cant. However semiconductorsoften have some small voltage drop across themselves and in the case of IGBT's used in this projectthis can range anywhere from 1.7 V-2.8 V [37]. This rating speci�es typical values for VCEsatunder various operating conditions. This small voltage drop is relevant as it a�ects the V · I powerdissipation in the IGBT and thus is an important factor in determining junction temperature rise.Gate Emiter Threshhold Voltage VGE(th)This value speci�es the minimum voltage that must be applied to the MOS gate in order to turnthe IGBT on. However, operating at lower voltages can result in high losses, this point is illustratedwhen looking at typical IGBTs IC vs. VCE family of curves (for various gate drive voltages) as shownin Figure 81 below. Exceeding this voltage may also damage the gate and MOS layer separatingthe gate from the emitter.
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Figure 81: Typical IGBT IC vs. VCE family of curves for various gate drive voltages.Figure 81 shows that increasing the collector emitter current at lower gate voltages tends to in-crease the IGBT's collector emitter saturation voltage, this is undesirable as power dissipated bythe IGBT is directly proportional to this voltage. Furthermore, the conduction current plateausshown in Figure 81 limit the maximum current the device can conduct at low gate voltages, incontrast operating at higher gate voltages there is a linear relationship between current Ic andcollector emitter saturation voltage VCE which is kept considerably lower as the conduction currentis increased.A.5.5.1.3 Speci�c to Anti Parralel DiodeDiode Forward Collector Emitter Voltage Drop VECsatLike the IGBT forward collector emitter voltage drop, the diode also has a small voltage drop acrossits collector and emitter and the power dissipation through the diode alone is equal to the productof the forward current through the diode and this voltage.A.5.5.2 Conduction Losses & Junction TemperatureIt is clearly evident from the discussion above on the devices important ratings, the one rating whichmost others are related is the devices maximum allowable junction temperature. To properly explainthe dynamics of heat transfer in a semiconductor is a vast subject and is obviously beyond the scopeof this project. However when choosing an IGBT for a L.I.M switching application it is imperativeto estimate whether the junction temperature will ever be exceeded during the operation period. In aL.I.M the IGBT & diode will be subjected to decaying oscillatory current waveform over a very shortA LITERATURE REVIEW A-44



Design and Construction of a Pulsed Linear Induction Motortime duration, in such an operating condition the current conducted by the device may greatly exceedit's continuous current rating, calculation of temperature rise under these conditions is based on thetransient thermal impedance of the device or Zth. Which is similar to a devices thermal resistance, but isa dynamic variable taking into account changes in the semiconductor material over the short time period.Data sheets will very often provide Zth data for the IGBT and the anti-parallel diode in terms of pulsefrequency and duty cycle as shown in Figure 82 below.

Figure 82: Typical transient thermal impedance Log graph. This one in particular quotes both diodeand IGBT Zthvalues as equal, thus presenting only a single curve. [37].The Zth is useful because provided power dissipation over time is known it allows estimation of theinstantaneous junction temperature as shown below [42].
Tj(t) = P (t) · Zth + Tjinitwhere the the instantaneos power is given as the product between the emiter collector coltage and thecurrent being conducted as shown below for both diode and IGBT.

Pdiode(t) = VCEsat(t) · Is(t)

PIGBT (t) = VECsat(t) · Is(t)It is also important to realize that because the current in a L.I.M uses a bipolar current it assumedthat the IGBT will conduct the positive half cycle and the diode will conduct the negative half cycle asA LITERATURE REVIEW A-45
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Figure 83: Illustrating how the oscillatory discharge currents are conducted between the tank circuitcapacitor and the stator coil inductance.The total junction temperature rise is the sum of the contributions from the diode and IGBT and thus(assuming the transient thermal impedance of the Diode and IGBT and equal, which may often be thecase).
Tj(t) = Tjdiode + TjIGBT + Tjinit

= Pdiode · Zth + PIGBT · Zth + TjinitThus operation of the device will be safe so long as Tj < Tjmax, it should be stressed that this is onlya basic approximation to the actual junction temperature, which may be considered conservative as itdoes not take into account any heat that may be dissipated through the heat sink onto which the IGBTmodule will be mounted.A.6 ConclusionsThis literature review is indeed broad and extensive; however the challenge of designing a pulsed linearinduction motor is itself of such a nature and requires a broad range of knowledge from the designer. Thisliterature review therefore has aimed to equip a designer with all the important knowledge and pertinentinformation regarding L.I.M design by covering topics such a theoretical modeling, capacitor & IGBTselection while in addition providing details on all critical mechanical and electrical design considerations.Much of the information presented above is discussed in terms of cumulative �ndings, assumptions andtopics of interest which were revealed not only throughout research process but through the developmentand design of the test launcher constructed in this project. It thus serves as an excellent reference sourceA LITERATURE REVIEW A-46
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Design and Construction of a Pulsed Linear Induction MotorFigures84 Section through coils illustrating the division of real coils into �lamentary elements or coils [15].B-585 Stator coil self inductance Lss as a function of ns. Note rapid convergence of results and also the low error percentage at 25. B-686 Armature coil self inductance Laa as a function of na. Again note rapid convergence of results and also the low error percentage at 25.B-787 Armature and stator coil mutual inductance Msa or Mas (for speci�ed coil separation). Also of interest is that the error value is less than 1%.B-888 Mutual inductance gradient (as a function of radial coil division) for the two coils when the armature coil is centrally located within the stator coil, Although the graph might seem very peaky/noisy the value of this inductance gradient is in the order of 10 H/m, and thus is deemed su�ciently close to 0 H/m.B-989 Curves for Msaand Gsavs. axial coil separation clearly re�ecting the fact fact that Gsa =
d

dz
Msa.B-1090 Graphs of stator current and voltage over the speci�ed time domain. . . . . . . . . . . B-1391 Induced current waveform of the armature coil. . . . . . . . . . . . . . . . . . . . . . . B-1492 Instantaneous plots of armature coil acceleration and velocity. . . . . . . . . . . . . . . B-1593 Instantaneous plot of armature coil position over time (ignoring friction), note the initial o�set. This measurement is based on the distance between each coils center.B-1694 Conceptual 3D rendering of what the armature coil will look like. . . . . . . . . . . . . B-1995 Afcap metalized poloypropelyne capacitor data [35]. . . . . . . . . . . . . . . . . . . . B-2096 Actual capacitor bank used in laboratory test launcher (Left) and schematic representation of this bank(Right).B-2197 Illustrating how dV

dt
is calculated for a given voltage waveform. . . . . . . . . . . . . . B-2198 Data sheet summary of the important parameters for the IGBT (Mitsubishi CM600HU-12F) used to switch the test launchers tank circuit [37].B-2399 Actual and avergage power dissipation through IGBT and diode for a single launching event.B-24100 Transient thermal impeadance graph of the Mitsubish CM600HU-12F used to switch the tank circuit of the laboratory test launcher [37].B-25101 Instantaneous energy balance of a single stage 25J Stage using a high ∆t re�ecting the only numerical error encountered in the launchers analysis.B-27102 A similar instantaneous energy balance of the same single stage 25J launcher but with a much smaller ∆t. Notice that the oscillatory anomaly of the energy balance found in Figure 101 has been eleminated. B-28103 Plots of the single stage launchers e�ciency and velocity for various initial armature and stator coil separations.B-29104 Graphic representation of the proposed 6 Stage P.L.I.M theoretical stage e�ciencies and velocities.B-30Tables13 Important non-variable parameters for P.L.I.M test rig. . . . . . . . . . . . . . . . . . B-414 Summary of important coil self inductance simulation for armature and stator coils. Also shown for comparison was the self inductance calculated by another inductance calculator [44].B-715 Mutual inductance and mutual inductance gradient values for the speci�ed armature & stator coil geometries (axially located within each other i.e. zero seperation between coil centers).B-816 Details of inductance simulation shown in Figure 89. . . . . . . . . . . . . . . . . . . . B-1017 Input data used to determine armature and stator coil resistances [3]. . . . . . . . . . B-1118 Details of numerical simulation used common to all the results that follow. . . . . . . B-1219 Single stage initial operating parameters. . . . . . . . . . . . . . . . . . . . . . . . . . B-1220 Important theoretical speci�cations regarding coil current and voltage. . . . . . . . . . B-1421 Predicted mechanical performance of a single stage test P.L.I.M. . . . . . . . . . . . . B-16B SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-2
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Design and Construction of a Pulsed Linear Induction MotorB.1 IntroductionThis section will detail the actual analysis and calculations used to develop the pulsed linear inductionlauncher test rig. Much of the required theory, matrix math and numerical analysis has already beendescribed in great detail in Appendix A.4 and is not included here for the sake of brevity, it is thereforehighly recommended that the reader �rst study Appendix A.4 on page A-17 before attempting to jumpstraight into much of what is presented here. Furthermore it would be useful to note that all of thesimulation results presented here are in context of Input Conditions to which the test rig was designed andform part of the devices speci�cations (unless otherwise states). A detailed list of test rig speci�cations canbe found in Appendix C on page C-1. The reasonably powerful computation ability of a typical desktopcomputer was used extensively to compute and calculate all design data and speci�cations including(and to be discussed in this order) coil inductance simulation, the numerical time step simulation of allelectrical and mechanical parameters over time and �nally feasibility testing of components e.g. IGBTjunction temperature rise and coil mechanical stress. All computation work was done usingMathworksMatlab.B.2 A Brief Discussion on Input Data.Many of the operating variables of for a P.L.I.M remain variable even once the device is constructed forexample operating voltage, capacitance and armature starting position. However when designing a testlauncher system, the coil geometries which cannot be changed once the device is constructed thereforecoil lengths, number of turns and radius ratio of stator and armature are thus �xed variables which arethe most important because they largely determine the range of the variable operating parameters suchas voltage. It is for this reason that the information presented here is given mainly in terms of geometrieson which test launchers coils have been built as summarized in Table 13 below.Table 13: Important non-variable parameters for P.L.I.M test rig.
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Design and Construction of a Pulsed Linear Induction MotorStator Coil Inner Diameter mm 50Stator Coil Length mm 37No. of Stator Coil Turns n/a 16Stator Coil Wire φ mm 2.3Stator Coil Resistance mΩ 11Armature Coil Inner Diameter mm 40Armature Coil Length mm 27.4No. of Armature Coil Turns n/a 15Armature Coil Wire φ mm 1.8Armature Coil Resistance mΩ 13.6Armature Coil Total Mass grams 58Radius Ratio ra

rs
n/a 0.838B.3 Coil Pair Inductance and Resistance CalculationAs discussed in Section A.4, the �rst step in simulating L.I.L's operation is to determine the inductanceparameters for the two coils in terms of self inductances Lss, Laa and the mutual inductance in additionto the mutual inductancegradient Msa and Gsa respectively. Again the method for doing this has beendiscussed in great detail in Appendix A.4.2 on page A-20.In all inductance simulations the coils were notionally divided up into Ns and Na longitudinal sectionsin both cases these values were set equal to the number of coils in each corresponding stator/armaturecoil winding layer. In addition the radial divisions ns and na were varied until suitable convergence ofthe inductance values were achieved. Figure 84 below illustrates this notional division for both coils.

Figure 84: Section through coils illustrating the division of real coils into �lamentary elements or coils [15].Obviously, having written a computer simulation to determine coil inductance one needs to compare theoutput results to results from elsewhere in order to verify the simulation is in fact correct before anyB SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-5



Design and Construction of a Pulsed Linear Induction Motordevelopment of the numerical simulation can be attempted. On one occasion this was done by comparingthe measured self inductance of a coil to that predicted by the simulation, this however turned out to bequite tedious, fortunately many inductance calculators can be found online, one in particular was mostuseful and its method was well referenced and most importantly di�erent to that used in this project[44].As mentioned determination of these inductance values requires the evaluation of elliptic integrals, itshould be be noted that errors in the results were encountered when using Matlabs built in ellipticintegral evaluation function. However when evaluating the elliptic integrals using a function based on amethod outlined by [15, 45], the errors would be corrected and the simulation results would converge ona values suitably close to that predicted by [44].B.3.1 Self InductancesFigures 85 & 86 show plots of the simulation stator and armature coils inductance and their error whencompared to results predicted by [44], for the coil geometries speci�ed in Table 13 on page B-4.

Figure 85: Stator coil self inductance Lss as a function of ns. Note rapid convergence of results and alsothe low error percentage at ns =25.
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Design and Construction of a Pulsed Linear Induction Motor

Figure 86: Armature coil self inductance Laa as a function of na. Again note rapid convergence of resultsand also the low error percentage at na =25.These values are thus used to form the co-e�cient matrix [L], which is a constant for given coil geometries,and does not change as the relative position of the coils changes unlike the mutual inductance and itsgradient which does change as the coils move closer/further apart.Thus for all inductance simulations (self, mutual and mutual inductance gradient) a subdivision of ns =

na = 25 was used, while Ns and Nawould simply be set eqaul to the number of turns per winding layerof the respective coil. The results of the self inductance simulation are summarized in Table 14 below.Table 14: Summary of important coil self inductance simulation for armature and stator coils. Alsoshown for comparison was the self inductance calculated by another inductance calculator [44].
n N Lsim(µH) Lref (µH) [44]Stator Coil 25 16 11.42 10.70Armature Coil 25 15 9.96 9.67B.3.2 Mutual Inductance and Mutual Inductance GradientAgain, using the approach outlined in Appendix A.4.2 on page A-20 the mutual inductance and itsgradient (with respect to axial position of the coils) was also determined. For test veri�cation purposesthe coil separation was set such that the armature coils were centrally located within each other. Thiswas chosen as a test reference position because it is known (as shown by Figure 66 on page A-21) that themutual inductance gradient of the two coils in that position will be zero. Figure 87 on page B-8 illustratesB SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-7



Design and Construction of a Pulsed Linear Induction Motorthe extremly rapid convergance of the simulation result when the mutual inductance between two coils iscalculated for various coil divisions ns and na , furthermore it illustrates that the result is very accurateeven for coarse coil divisions (i.e at low values of ns and na). The mutual inductances calcululated bythe simulator were again compared to those determined from another inductance calculator [44] for thesame inputs.Unfortunately the calculator used to compare inductance results did not calculate a mutual inductancegradient value, however as mentioned because of the speci�c coil position to be tested we can expectthe mutual inductance gradient to be very close to 0 H/m and this is indeed what the simulation haspredicted and is re�ected in Figure 88 on page B-9. With maximum mutual inductance of the betweenthe two coils occouring when when they are co-axially located (axial seperation of 0 m), the comparativeresults of these analyses are shown in Table 15 below.Table 15: Mutual inductance and mutual inductance gradient values for the speci�ed armature & statorcoil geometries (axially located within each other i.e. zero seperation between coil centers).
n N Msim(µH) Mref (µH) Gsim(µH/m) Gref (µH/m)Stator Coil 25 15 8.57 8.49 0 0These inductance values are then used to construct co-e�cient matrices M and G.

Figure 87: Armature and stator coil mutual inductance Msa or Mas (for speci�ed coil separation). Alsoof interest is that the error value is less than 1%.
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Figure 88: Mutual inductance gradient (as a function of radial coil division) for the two coils when thearmature coil is centrally located within the stator coil, Although the graph might seem very peaky/noisythe value of this inductance gradient is in the order of 10−19µH/m, and thus is deemed su�ciently closeto 0 H/m.B.3.3 Complete Inductance Parameters of Launcher SystemSince mutual inductance and its gradient change as the coils separation changes this necessitating that thecoe�cient matrices M and G must be evaluated for a speci�ed range of armature and stator separationbefore the numerical time step simulation is executed. This was implemented in Matlab where code waswritten to calculate and plot Msa and Gsaas function of coil position. The resulting curves for Msaand Gsa vs. coil position are shown in Figure 89 below. These curves matched those predicted by theliterature (See Figure 66 on page A-21) thus verifying this analysis to some extent
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Figure 89: Curves for Msaand Gsavs. axial coil separation clearly re�ecting the fact fact that Gsa =
d
dz

Msa.Again re-emphasizing that both Lss and Laa e�ectively remain constant throughout the event, unlike Msaand Gsa, there values only need to be calculated once. The accuracy of this data is thus subject to thenumber of places at which Msa and Gsa are evaluated. During the numerical simulation this inductancedata will be interpolated at each time step and the relevant Msa and Gsa corresponding to coil position
sz(t) will be used to construct the correct co-e�cient matrices for the given instant of the time simulation.Since Matlabs default interpolation is linear, a su�ciently high number of coil positions must be evaluatedto ensure that the input data of the numerical launchers is of a �good� quality. Figure 89 re�ects data forwhich a high number of positions were evaluted, more speci�c details regarding the results of Figure 89are provided in Table 16 below.Table 16: Details of inductance simulation shown in Figure 89.Position Range m -0.0721 to 0.0721Position Step mm 0.01Number of data points n/a 14430Evulation Time Hours ≈14

ns n/a 25
na n/a 25B SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-10



Design and Construction of a Pulsed Linear Induction MotorB.3.4 Coil ResistancesThe coil resistances are also calculated in the Matlab simulation, based on user de�ned coil inputs suchas number of turns and copper wire resistivity as shown in table belowTable 17: Input data used to determine armature and stator coil resistances [3].No of turns on stator coil n/a 16Stator coil wire resistivity mΩ/meter 4.1328Length of stator coil wire m 2.63Stator Coil Resitivity mΩ 10.9No of turns on armature coil n/a 15Armature coil wire resistivity mΩ/meter 6.5698Length of armature coil wire m 2.06Armature Coil Resitivity mΩ 13.37It was assumed that both coils would be wound as single layers coils and that each turn was approximatelyequal to the circumference de�ned by the mean radius of the wound coil, and so the coils length is givenas a the product of the circumference of one coil turn and the number of turns, as such the coil resistancewas estimated for both armature and stator coils
R =

l
∑

k=1

n(2πrl) · ρwhere l, n, rl and ρ are the number of winding layers, number of turns per layer, winding layer radiusand wire resitivity respectively.B.4 Numerical Launcher Simulation.Based on the results of Appendix B.3 on page B-5 and some speci�cations in Appendix C on page C-1there is enough data to simulate the entire operation event of a P.L.I.M. Matlab was used to numericallysolve the lumped parameter circuit di�erential equations described in Appendix A.4.1 on page A-17and thus almost every time varying quantity of the devices operation can be determined including coilcurrents, voltage in the capacitor, IGBT Junction temperature rise, armature position, aceleration andvelocity. Using a numerical solution to solve for quantities over time, it is important that a su�cientlysmall time step or ∆t is chosen to ensure that no numerical errors propagate which would result inincorrect data, more so after the data is manipulated to derive other performance variables. An exampleB SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-11



Design and Construction of a Pulsed Linear Induction Motorof a numerical error is discussed in Appendix B.11 on page B-26. The details of the numerical solutionused for all analysis to follow is thus provided in Table 18 below.Table 18: Details of numerical simulation used common to all the results that follow.Time Period µsec 0 - 4000Time Step µsec 0.1Points evaluated n/a 40001B.4.1 A Brief Discussion on Input DataClearly the most important input data for the numerical simulation is the inductance parameters forall possible coil positions. Above that there is also the energy initially stored in the capacitor, initialcapacitor voltage, initial coil separation and of course, armature mass. Considering only a single stageof the launcher system all of the following graphs in this Appendix correspond to the given input detailsshown in Table 19 below, unless otherwise stated.Table 19: Single stage initial operating parameters.Stage Energy J 25Initial Voltage V 440Stage Capacitance µF 315Initial Coil Seperation mm 16B.5 Electrical ParametersThe di�erential equations allow plots of instantaneous current over time to be made, these are necessarybecause the product of the two coil currents I (t)ss and I (t)aa are needed to calculate the instantaneousforce F (t)z acting on the armature coil and all other mechanical and electrical parameters of interest.The voltage across the capacitor over time is also of interest in that it is proportional to the energystored in the capacitor at any given instant. The algorithm described in Appendix A.4.3 on page A-23was implemented in Matlab, allowing all of the launchers performance parameters to be quanti�ed overtime. This section will present and discuss the current and voltage waveforms for a single stage of thetest launcher based on the aforementioned input parameters.Starting with the stator coil Figure 90 shows the resulting current and voltage waveforms over theprescribed time domain, re�ecting the highly oscillatory behavior of both current and voltage across thecapacitor and through stator coil inductance. In addition Figure 91 below also illustrates that a similarB SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-12



Design and Construction of a Pulsed Linear Induction Motorcurrent waveform is induced in the armature coil over the given time periode. Comparison of the currentswave forms in Figures 90 & 91 show that at any given instant the armature current is the opposite polarityto that of the stator coils current. An expected consequence of Lenz's Law again serving to validatethe simulation.

Figure 90: Graphs of stator current and voltage over the speci�ed time domain.Figure 91 does not show the armature coil voltage, the reason for this is that the armature coil is shortedon itself and thus the voltage across it is always 0 V (or close to 0 V, depending on the quality of thesolder joint).
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Figure 91: Induced current waveform of the armature coil.These results are very important in that they are used to derive many of the P.L.I.M's operation speci-�cations, which the capacitors and switch gear components must be able to tolerate. As such the usefuldata extrapolated from this analysis is tabulated in Table 20 below.Table 20: Important theoretical speci�cations regarding coil current and voltage.Maximum Stator CoilCurrent A 2260.5Stator Coil R.M.SCurrent A 599.76Maximum Stator Coil
dI
dt

A/µs 29.12Maximum Capacitor
dV
dt

V/µs 5.04Maximum half-waveperiode µs 158.8Maximum Armature CoilCurrent A 1164B.6 Mechanical ParametersBased on the theory outlined in Appendix A.4.1 on page A-17, the instantaneous force acting on thearmature coil is readily calculated provided the instantaneous current and inductance data is provided.The numerical simulation algorithm implemented in Maltab provided acceleration pro�les for the arma-ture coil over the speci�ed time period. Numerically integrating this acceleration pro�le over the speci�edB SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-14



Design and Construction of a Pulsed Linear Induction Motortime period made calculation of the instantaneous armature velocity and displacement possible. For thespeci�ed coil geometries and inputs of Tables 13, 20, 19, Figures 92 and 93 below show the resultingplots of amature coil acceleration, velocity and position over time.

Figure 92: Instantaneous plots of armature coil acceleration and velocity.This analysis reveals that the armature coils is subjected to an extremely high acceleration which is inthe order of 1500 G's. This acceleration being proportional to the product of the armature and stator coilcurrents is not constant or linear; instead it is a series of pulses which decay in magnitude in a mannersimilar to the coil currents and capacitor voltage. The rather "bumpy" velocity pro�le also shown inFigure 92 re�ects this pulsating acceleration pro�le. These results also predict an appreciable gain inarmature kinetic energy over a very short time period and displacement. The armature coil displacementpro�le is shown in Figure 93 below.
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Figure 93: Instantaneous plot of armature coil position over time (ignoring friction), note the initialo�set. This measurement is based on the distance between each coils center.At this point it is important to discuss a major simplifying assumption of this simulation. The analysisdescribed in Appendix A.4.3 on page A-23 represents the idealized operation of a P.L.I.M and does nottake into account the mechanical losses from friction between the armature coil and stator coil form. Thisis re�ected in that even though the coil currents and accelerations decays to 0 as shown in Figures 92& 93 above, the velocity and displacement pro�les continue unimpeded . In practice this is not trueand despite the centralizing radial force acting on the armature coil which axially locates it preventingcontact between the stator coil form and armature coil windings, friction some friction is still anticipated,resulting in armature positions and velocity pro�les which look di�erent particularly towards the end ofthe speci�ed time period.The mechanical data thus forms the P.L.I.M's predictive performance speci�cations, the important quan-tities of this analysis are summarized in Table 21 below.Table 21: Predicted mechanical performance of a single stage test P.L.I.M.Max Armature Velocity m.s−1 6.25Max Armature Kinetic Energy J 1.13Max Armature Acceleration G 1910Stage E�ciency % 4.54B SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-16



Design and Construction of a Pulsed Linear Induction MotorE�ciency of the test launcher was taken in as the �nal armature kinetic energy over the initial electricenergy stored in the capacitor before discharge. This might not seem like much, however it does exceed theinitial performance specifcation of 3.5%. Also simulations carried out on the same single stage launchershow that if the projectile does not start o� from rest, the e�ciency is increased therefore the gain inarmature kinetic energy is increased. Thus if a multiple stage launcher were built with the same coilgeometry a higher overall e�ciency can be achieved. This idea discussed in more fully in Appendix B.13on page B-30.B.7 Coil HeatingUsing the heating analysis and assumptions outlined in Section A.4.5 on page A-27, the instantaneousplots of coil current can be used to calculate heating of the armature and stator coils based on the I2Rpower losses. Although the coil currents are high, the pulsating nature and short time period wouldintuitively result in a small temperature rise in the coils. Simultaneously executing this analysis withinthe numerical simulation allows for instantaneous temperature of the coils to be calculated (based on theassumption of adiabatic heating) and thus the total temperature rise. The results of this simulation aresummarized in Table 22 below.Table 22: Temperature rise of stator and armature coils.Initial Stator Coil Temperature oC 25Stator Coil ∆T oC 0.4857Initial Armature Coil Temperature oC 25Armature Coil ∆T oC 0.3198Even though the most of the energy initially stored in the capacitor dissipated as heat in the coilsit is immediately evident that using such a low input energy (25J) results in an almost insigni�canttemperature rise as initally expected.B.8 Stator and Armature Mechanical StressDuring the operation of the linear induction launcher, the stator and armature coils experience a radialexpansive and compressive pressure respectively. These pressures and their theoretical modeling are dis-cussed in more detail in Appendix A.4.6 on page A-28, presented here is a basic stress analysis performedto ensure that the armatures coil form is not crushed or that the copper stator coil will not "burst".Starting with the stator coil, it was assumed that this coil would not have an external support structure,and that the coil itself would form its own support structure. That said the hoop stress developed inB SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-17



Design and Construction of a Pulsed Linear Induction Motorthe coil due to the magnetic pressure is compared directly to the yield strength of copper (which is aconservative assumption because the copper wire is �nely extruded and coated in enamel making its yieldstrength somewhat higher). The hoop stress in the stator coil is given as
σhss = pmagnetic
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= 6.76MpaThe typical yield stress of copper (70 Mpa) greatly exceeds the maximum hoop stress that will bedeveloped in the copper coils with a safety factor close to 10. Furthermore, as discussed in Appendix A.4.6on page A-28 this is a very conservative design estimate as it assumes a constant peak current which isobviously not the case as the current is a decaying oscillatory waveform and it also does not take intoaccount the reduction of the axial magnetic �eld Bz when the armature is near the stator coil. As such itis expected that the actual stress to which the stator is exposed is somewhat less than the above estimate.The armature coil however is wound on a polypropylene coilform support structure shown in Figure 94below, the wall thickness of this form is aprroximatly 2.5 mm.
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Design and Construction of a Pulsed Linear Induction MotorFigure 94: Conceptual 3D rendering of what the armature coil will look like.During its passage through the active stator coil, it will experience a compressive force acting circumfer-entially around the armature winding surface. This is a result of the interaction of circumferential coilcurrent and axial magnetic �eld Bz. As described in Appendix A.4.6 on page A-28 The hoop stress inthe armature coil form is given as
σhaa =

−2 · b2 · pmagnetic
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= 2.65MpaThe yield stress of polypropylene is in the order or 12 Mpa which exceeds the hoop stress developed inthe support structure by a safety factor greater than 4. Again similarly to the stator coil analysis, thisanalysis is rather conservative in that it also assumes a uniform peak stator coil current and also doesnot account for the reduction of axial magnetic �eld Bz due to the armatures passing through the statorcoil. It should also be noted that the central diametrical support structure of the armature form neededfor routing the wire thought the coils central axis to short the single layer coil e�ectively will serve tostrengthen the armature support structure, also not taken into account is the actual structural supportof the armature coil itself and its contribution to the armatures total structural rigidity.Clearly evident from this analysis is that the radial or expansive forces to which the armature and statorcoils are subjected are not of great concern at the speci�ed operating voltages and energies.B.9 Capacitor SelectionThe important considerations regarding capacitor selection and capacitor bank design were mainly thecurrent handling capability and ohmic heating of the device in addition to the more obvious operatingvoltage limitation. In the operation of the launcher the oscillatory currents �owing in the capacitor areof a very high magnitude which greatly exceeds many capacitors continuous R.M.S rating. However thisrating can be exceeded for very short m.sec events provided the capacitor is not heated excessively orsubjected to voltages exceeding its rating. As such this section will present the basic calculations (whichwere implemented in Matlab for simplicity and completeness of the simulation code) done to verify thesuitability of the chosen capacitor used in the tank circuit capacitor bank. Apart from device limits,many of the variables needed for these calculations were determined by the device manufacturer and arepresented in the device's data sheet.B SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-19



Design and Construction of a Pulsed Linear Induction MotorFigure 95 below shows the data sheet of the metalized polypropylene capacitor which is used tank circuitcapacitor of the single stage test launcher.

Figure 95: Afcap metalized poloypropelyne capacitor data [35].The speci�cations which the capacitor had to meet were determined using the launcher's numericalsimulation results to be discussed in the sections that follow.B.9.1 Current HandlingAs shown by this devices datasheet, a single capacitor is capable up supplying a peak repetitive pulsecurrent of 1000 A. If however 6 of these capacitors are connected in parallel as shown schematically andphysically in Figure 96 below.
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Figure 96: Actual capacitor bank used in laboratory test launcher (Left) and schematic representation ofthis bank(Right).Not only is the total bank capacitance raised to 300 µF (assumed close enough to the origional inputparameter and speci�cation of 315 µf) but the peak repetitive pulse current capability of the bank is alsoraised to 6000 A. The peak repetitive pulse current for the launcher is given as system is given as
Ipkr = C · dV

dtWhere C is the bank capacitance and dV
dt

is conservativly set to the maximum rate of voltage rise in thecapacitor and is calculated from the simulation results for the instantaneous capacitor voltage over time
Vs as shown in Figure 97 below.

Figure 97: Illustrating how dV
dt

is calculated for a given voltage waveform.Table 23 below e�ectively compares the speci�cations of the capacitor bank (of 6 capacitors) to theoperating speci�cations set by the launchers simulation. It is immediately clear that the peak repetitiveB SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-21



Design and Construction of a Pulsed Linear Induction Motorpulse current rating of the bank greatly exceeds the operating currents it will be subjected to during thelaunchers operation.Table 23: Important performance speci�cations of the single stage launcher capacitor bank.Simulation Requirement Speci�cation Capacitor Bank Speci�cationPeak RepativePulse Current 1574 A 6000 AMax dV
dt

5.04 V/µsec 20 V/µsecB.9.2 Heating Energy LossIn practice the capacitor is not an ideal device, having a small series resistance which resulting in thecapacitor dissipating some energy as heat. More advantageously though is that when using 6 capacitorsin parallel the total equivalent series resistance of the bank will be 6 times less (resistors in parallel) andso energy lost to heating the capacitor is given as
Ecapheat =

1

6

∫ tf

0

I2
ss · ESR dt = 0.27mJThis was numerically integrated while running the time step numerical launcher simulation and the resultsrevealed that the energy dissipation was small enough to be considered insigni�cant hence neglecting itsinclusion in the energy audit of Appendix B.11 on page B-26. It was also assumed that such a smallamount of energy dissipation would result in a neglegable temperature rise in the capacitor.B.10 Switch Gear SelectionSince it was decided early in the project to use IGBTs for switching the high voltage and currents from thecapacitor into the stator coil, the important considerations were studied carefully. The major concernshave already been identi�ed and discussed at great length in Appendix A.5.5 on page A-39. Presentedhere is the thermal analysis and its results used to determine the suitability of the chosen IGBT module.All of the following results and graphs are based on the same 25 J single stage launcher as discussedthroughout this section. Figure 98 belows is a summary of the datasheet for the chosen IGBT devicewhich includes the anti parallel diode.

B SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-22



Design and Construction of a Pulsed Linear Induction Motor

Figure 98: Data sheet summary of the important parameters for the IGBT (Mitsubishi CM600HU-12F)used to switch the test launchers tank circuit [37].This depth of analysis for the component is required because during the operation of the linear inductionmotor, the IGBT & diode will be subjected to currents way beyond that of its rated continuous operatingcurrent. As discussed the limiting factor of the IGBT current capability is its junction temperature.Therefore the current can exceed the devices continuous current ratings provided that that the junctiontemperature does not exceed the devices absolute maximum rating. Figure 99 below shows this "pulsat-ing" power dissipation through the IGBT and the diode over the same time period. Furthermore thesepower pulses are alternating, re�ecting the fact that the IGBT conducts for the positive half cycle whilethe diode conducts for the negative half cycle. Also shown is the average power dissipation of the afore-mentioned power curves, which was used in calculating the maximum temperature rise of the junction foreach power pulse as given below. Thus giving the total operational temperature rise as the summationof temperature increases for all IGBT and Diode power pulses where each temperature rise is estimatedas the product of the average power and the transient thermal impedance of the conducting device asshown [40].
4TIGBT = PavgIGBT · ZthIGBTB SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-23



Design and Construction of a Pulsed Linear Induction Motor
4TDiode = PavgIGBT · ZthIGBT

Tj =
∑

4TIGBT +
∑

4TDiode + Tjinitial

Figure 99: Actual and avergage power dissipation through IGBT and diode for a single launching event.The values of Zth are dependant on the length or period of the given power pulse and are provided inthe devices data sheet, in the form of the log graph shown in Figure 100 below.
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Figure 100: Transient thermal impeadance graph of the Mitsubish CM600HU-12F used to switch thetank circuit of the laboratory test launcher [37].Using the transient thermal impedance value corresponding to the pulse periode of the power (pe-riod = 20µ.sec) as shown in Figure 100. The results of this thermal analysis are summarized belowin Table 24, assuming an initial junction temperature to be that of room temperature (25oC). Further-more this analysis can be considered some what conservative as it does not take into account the heatsinkto which the device is mounted.Table 24: Peak and Average power dissipation through switching device and estimated junction temper-ature at the end of one launch.Peak Power (IGBT) W 4343Peak Power (Diode) W 6012.5Max Average Power (IGBT) W 2761Max Average Power (Diode) W 3825IGBT Zth
oC/W 0.0035Diode Zth
oC/W 0.0035Device Juntion Temp oC 118This thermal analysis reveals the junction temperature of the IGBT with anti-parallel diode will notexceed the maximum limit of 150oC for a single armature launch operation and is in fact within the safeoperating limit of 125oC as quoted by the device data sheet.
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Design and Construction of a Pulsed Linear Induction MotorB.11 Energy BalanceAgain using the approach outlined in Appendix A.4.4 on page A-26 a full instantaneous energy audit wasperformed at each time interval during the numerical simulation to con�rm the energy balance equationpresented below.
Ecapinitial − Ecapacitor − Emagnetic − Eheat − Ekinetic = 0Noting that all analysis and performance quantities are based purely on the di�erential equations de-scribed in Appendix A.4.1 on page A-17, testing the simulation in terms of an energy balance will verifyits correctness to a great extent. As mentioned however, this was one particular part of the analysiswhich was vulnerable to the pitfalls of the numerical method. Figures 101 & 102 are both for the exactsame simulation inputs and conditions, however Figure 101 uses a much larger (1000 times greater) timestep or ∆t than Figure 102 resulting in a much quicker simulation which is however plagued by therounding errors re�ected by the oscillatory energy balance that decays to a negative number, suggestingthat more energy has been used in the system than was originally provided by the capacitor. This isobviously an incorrect result and running the same simulation with a much smaller ∆t resulted a muchlonger simulation time but it did however completely eliminate the rounding errors in the energy balance.This is illustrated in Figure 102 where the energy balance is 0 J at all times throughout time period ofinterest.All the values used in quantifying system energies are determined through solving the di�erential equationsfor the lumped parameter circuit discribed in Appendix A.4.1 on page A-17, this energy balance is thusindeed a profound veri�cation of the model since it has correctly predicted the Law of Conservation ofEnergy. This serves as excellent evidence that the simulation is at least correct in an ideal sense (ignoringof course mechanical friction and circuit wiring resistances). Both simulations of Figures 101 & 102 areof the same time period, the time step of both simulations however was di�erent as tabulated in Table 22below. Table 25: Time step data for Figures 101 & 102.Large ∆t simulation (Figure 101) µsec 10Small ∆t simulation (Figure 102) n sec 10
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Figure 101: Instantaneous energy balance of a single stage 25J Stage using a high ∆t re�ecting the onlynumerical error encountered in the launchers analysis.
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Figure 102: A similar instantaneous energy balance of the same single stage 25J launcher but with amuch smaller ∆t. Notice that the oscillatory anomaly of the energy balance found in Figure 101 has beeneleminated.Further analysis of the system energies illustrated in Figure 102 above also reveals that the oscillatorysharing of energy between a capacitor and inductor, which decays in magnitude as the systems energyis dissipated as heat in the coils (and of course a gain in armature kinetic energy). The rate at whichthe energy in capacitor and inductor decays is obviously related to the circuit resistance. The simulationre�ects the relationship between system energies and resistive losses in that the heating curve has asimilar (but inverse) appearance to that of the capacitor and inductor energy curves (because total heatdissipated increases as capacitor and inductor energy decreases). This analysis gives invaluable insightinto where the systems energy is at any point in time during the launchers operation and illustrates thatmost of the losses are due heat dissipation.This energy analysis also reveals that rate at which armature kinetic energy increases after t=1.75 msecis very small (largely due to the armature coil being outside of the induction length lb), at this pointB SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-28



Design and Construction of a Pulsed Linear Induction Motorthere is still a small but signi�cant amount of energy which can be recovered and used in the proceedingstages as opposed to being dissipated as heat. One possible implementation for such an energy recoverysystem has already be described in Appendix A.2.2.1 on page A-12B.12 Armature Initial Position InvestigationAs discussed in Section A.4.2 on page A-20 on page it is clear that the operation and performance of agiven launcher stage is greatly dependant on the coil separation when power is applied to the stator coil.To determine the variation on luancher performance with coil seperation, the simulation code was usedto test various initial positions and plot the variation of performance in terms of �nal �nal velocity andstage e�ciency. The results of this investigation are shown graphically in Figure 103 below, with moredetails regarding the positions tested and results of analysis shown in Table 26 following.

Figure 103: Plots of the single stage launchers e�ciency and velocity for various initial armature andstator coil separations.This analysis correctly illustrates that at when the axial separation of the coils is 0 mm (i.e. the coilsare axially located with the armature coil centrally located within the stator coil) the armature does notaccelerate in either direction since the mutual inductance gradient G and thus the accelerating force Fz iszero. The resulting e�ciency is 0 %, however as coil separation is increased the stage e�ciency increasesresulting in higher armature velocities. This performance gain in acceleration increases until it hits itspeak after which performance begins to drop as separation is increased, re�ecting the fact the armatureis to far outside of the induction length lb for e�cient energy transfer to take place.B SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-29



Design and Construction of a Pulsed Linear Induction MotorTable 26: Information regarding the armature position analysis implemented in Matlab.Range of Position tests m 0 - 0.05Distance between each position mm 0.002Total positions evaluated no. 26Position yielding highest performance mm 0.016B.13 Multiple Stage InvestigationA complete six stage launcher was also modeled to determine if e�ciency of the launcher would increaseas additional acceleration stages were added. The coil geometries and initial conditions are identical tothose shown in Table 13 on page B-4 & Table 19 on page B-12 while all numerical simulations werecarried out with the speci�ed time step shown in Table 18 on page B-12. The results of this analysis areillustrated in Figure 104 below.

Figure 104: Graphic representation of the proposed 6 Stage P.L.I.M theoretical stage e�ciencies andvelocities.This analysis has revealed that each proceeding stage operates at a higher e�ciency than its precedingstage. This is a result that has been well noted in the literature and is largely due to the fact that anygiven launcher will perform better if the armatures initial velocity is increased, however the gains fromthis do approach a limit and is re�ected by the decreasing gradient of the e�ciency curve in Figure 104.The gains will decrease because the armature eventually reaches a velocity where it passes the inductionlength to quickly for e�ective energy transfer to take place. To compensate for this e�ect, the initialseparation of the coils for the �nal 3 stages is slightly closer than the preceding 3 stages. Also shown isB SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-30



Design and Construction of a Pulsed Linear Induction Motorthe �nal velocity reached at the end of each acceleration stage showing that this launcher can theoreticallyand ideally achieve an armature velocity just below of 30 m.s−1, a more detailed overall summary of theproposed 6 stage linear induction launchers performance is provided in Table 27 below.Table 27: Proposed 6 Stage P.L.I.M theoretical performance results.Stage E�ciency(%) Velocity(m.s−1) ArmatureKinetic Energy (J) Initial CoilSeperation (mm)1 4.5 6.25 1.1 162 11.3 11.67 4.0 163 15.2 16.36 7.8 164 20.6 21.10 12.9 105 23.5 25.45 18.9 106 25.8 29.50 25.2 10B.14 SummaryThis appendix has covered the complete analysis used in developing the single stage launcher and concep-tual multi-stage system based around this single stage device. These calculations have thus show that thelauncher meets many of the initial Performance Speci�cation Requirements as listed Table 1 on page 5in addition to providing new speci�cations for the systems and components whose selection/constructionand integration will form the comple linear induction launcher system. These calculations are howeverbased on a few simplifying assumptions as listed below.1. Tank circuit resistance is assumed to be negligible and only the estimated stator coil resistance isconsidered.2. The associated voltage drop across the IGBT and diode have an insigni�cant e�ect on the tankcircuits behavior.3. The on-state resistance of the IGBT and diode is insigni�cant.4. The system is assumed to be mechanically ideal and as such friction is neglected.These calculations do more than just specify systems performance they also form the theoretical hypoth-esis of the systems behavior which will be critically compared, with insight to the actual performance ofthe system in practice.B SUPPORTING SIMULATIONS, CALCULATIONS ANDOPERATION HYPOTHESIS B-31
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Design and Construction of a Pulsed Linear Induction MotorC.1 IntroductionThis Appendix outlines with justi�cation, the performance speci�cations for the laboratory test launcher.These speci�cations fall into two main categories as discussed below.
• Performance Requirement Speci�cationsThese detail the main operating speci�cations which the launcher system must achieve in orderto view the completed systems as a success. These speci�cations were drawn up very early in theprojects development and many formed part of the original project proposal.
• Other Speci�cationsThese are the speci�cations which the many systems that form the linear induction motor mustmeet in order for their integration to result in a complete and operating linear induction launchersystem. They are typically developed as stages of the system's design are completed. They alsoinclude dates for project deliverables, cost and saftey speci�cations.Wherever possible the following speci�cations detail the required performance of the device and or itssystems and not the device itself. However in some cases it was necessary to specify items relating tosystem as they form an important aspect of the expect systems performance. The actual parametersachieved in practice are also listed for convenient comparison.C.2 Performance Speci�cations ListNOTE:D = DemandW = WishTBC = To Be Con�rmed
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Design and Construction of a Pulsed Linear Induction MotorTable 28: Complete speci�cations of the concept 6 stage linear induction launcher and the single stagetest linear induction launcher.D/W Requirement Desired Actual Rev Location1. Performance Speci�cation C.3.11.1 Main Performance Requirements Speci�cation C.3.1.1D Modular construction Yes Yes 0 C.3.1.1.1D Operating energy 150 J 144 J 0 C.3.1.1.2D Stage energy 25 J 24 J 0 C.3.1.1.3D Stage e�ciency 3.5 % TBC 0 C.3.1.1.4W Operating voltage <500 V 400 V 0 C.3.1.1.5W Total length < 1 m 500 mm 0 C.3.1.1.6D Robust and sturdy test rig Yes Yes 0 C.3.1.1.71.2 Launcher Barrel Form Speci�cation C.3.1.2W Made of a non-conducting material Yes Yes 0 C.3.1.2.1W Length <500 mm 500 mm 0 C.3.1.2.2D Outer diameter 50 mm 50 mm 0 C.3.1.2.3W Wall thickness <5 mm 2 mm 0 C.3.1.2.41.3 Stage Capacitor Bank Speci�cation C.3.1.3W Voltage rating 400 V 440 V 0 C.3.1.3.1W Bank capacitance 312.5 µF 300 µF 0 C.3.1.3.2W Peak repatative current 2300 A 6000 A 0 C.3.1.3.3W E.S.R <10 mΩ 1.67 mΩ 0 C.3.1.3.4D Non-polarized polypropylene dielectric Yes Yes 0 C.3.1.3.5D Low E.S.L Yes Yes 0 C.3.1.3.61.4 Single Stator Coil Speci�cation C.3.1.4W Stator coil inner diameter 50 mm 50 mm 0 C.3.1.4.1W No. of stator coil turns 16 16 0 C.3.1.4.2W Stator coil wire wire 2.3 mm 2.3 mm 0 C.3.1.4.3W Stator coil length 37 mm 38 mm 0 C.3.1.4.4W Stator coil resistance 11 mΩ 6 mΩ 0 C.3.1.4.5D Sturdy mounting/securing of coil to barrel form Yes Yes 0 C.3.1.4.61.5 Armature Coil Speci�cation C.3.1.5D Armature mass 58 g 68 g 0 C.3.1.5.1C LIST OF SPECIFICATIONS C-4



Design and Construction of a Pulsed Linear Induction MotorD/W Requirement Desired Actual Rev LocationW Armature coil inner diameter 40 mm 40 mm 0 C.3.1.5.2W No. of armature coil turns 15 14.5 0 C.3.1.5.3W Armature coil wire diameter 1.8 mm 1.8 mm 0 C.3.1.5.4W Armature coil length 27.4 mm 30 mm 0 C.3.1.5.5D Initial stator and armature coil o�set 16mm 16mm 0 C.3.1.5.6W Armature coil resistance 13.6 mΩ TBC 0 C.3.1.5.7D Armature coil form Yes Yes 0 C.3.1.5.8D Sturdy mounting/securing of coils to form Yes Yes 0 C.3.1.5.91.6 IGBT Device Speci�cation C.3.1.6D Tolerable junction temperature rise > 118oC 150oC 0 C.3.1.6.1D Voltage rating 450 V 600 V 0 C.3.1.6.2W Peak repetitive pulse current 2300 A 2300 A 0 C.3.1.6.3W Gate drive voltage 4.5 V -20 V 16 V 0 C.3.1.6.4D Anti-parallel diode Yes Yes 0 C.3.1.6.51.7 Control Circuitry C.3.1.7D Use GT16 mMicroprocessor Yes Yes 0 C.3.1.7.1D Drive on voltage (Output high) 16 V 16 V 0 C.3.1.7.2D Drive o� voltage (Output Low) < 4.5V 0.5 V 0 C.3.1.7.3W Pulse period 8 msec 2 sec 0 C.3.1.7.42. Experimental Measurements C.3.2D Stator current Yes Yes 0 C.3.2.1W Capacitor voltage Yes No 0 C.3.2.2W Armature velocity tracked with optical sensors Yes No 0 C.3.2.33. Safety C.3.3D Device must be properly grounded Yes Yes 0 C.3.3.1D Control circuity for IGBT optically isollated Yes Yes 0 C.3.3.2D IGBT properly mounted to heat sink Yes Yes 0 C.3.3.34. Cost C.3.4Total cost < R 1500.00 > R 2500.00 0 C.3.4.15. Dates for deliverables C.3.5D Parts drawings submissions Before 07/09/2007 22/08/2007 0 C.3.5.1D Final report submission 31/10/2007 31/10/2006 0 C.3.5.2D Presentation 20/11/2007 20/11/2007 0 C.3.5.3C LIST OF SPECIFICATIONS C-5



Design and Construction of a Pulsed Linear Induction MotorC.3 Speci�cation Justi�cationC.3.1 Performance Speci�cationsC.3.1.1 Main Performance Requirement Speci�cationC.3.1.1.1 Modular construction It was required from the onset that the test rig should be designedin such away that its construction would be modular, allowing for this project to conduct small scaletest research on the technology �rst before any further investment is committed to its expansion anddevelopment. Additional bene�ts for building a multistage pulsed linear induction launcher includeimproved overall e�ciency and stage capacitor energy recycling capability. This report must investigatethe feasibility of the technology and compare the theoretical and practical performance of a single stagelauncher which will ultimately form part of a 6 stage modular linear induction launcher.C.3.1.1.2 Operating energy The initial energy input speci�cation of 150 J (stored in capacitors)was quoted for a complete 6 stage linear induction launcher. This projects scope will only allow for asingle stages construction and testing. If its performance is satisfactory and if time allows the constructionadditional stages may be included in the projects scope.C.3.1.1.3 Stage energy The speci�cation of a 6 stage launcher operating on an initial energy of150 J implies that each stage be operated on 25 J, thus the test launcher has been designed to operatewith a maximum initial stage energy input of 25 J.C.3.1.1.4 Stage e�ciency This speci�cation was set very early in the launchers development andwas initially set as a bench mark based on the performance of reluctance launchers, which at the timewas thought to be the best way of making a coil gun. However in light of an extensive literary review itwas determined that a coil gun operating on the principle of induction would allow for overall and stagee�ciencies far exceeding the speci�ed 3.5 %.C.3.1.1.5 Operating voltage The typical operating voltages seen in the literature are in the orderof 103 V, presumably this is because the ohmic losses due to resistance in the coils is decreased by reducingpulsed current, however to keep power the same a higher voltage is required. Operating a device at highvoltage has its obvious bene�ts, however when only dealing with such a small stage energy it becomesimpractical and extremely expensive. As such, the launcher must be designed to operate on a voltageless than 500 V, while maintaining stage energy of 25 J.C LIST OF SPECIFICATIONS C-6



Design and Construction of a Pulsed Linear Induction MotorC.3.1.1.6 Total length This refers to the total allowable length of the complete 6 stage linear in-duction launcher (de�ned as the longest side of the devices foot print) and is speci�ed to be less than 1m.This speci�cation has been made purely for the sake of miniaturization and also re�ects the impressiveacceleration capabilities of a linear induction motor.C.3.1.1.7 Robust and sturdy test rig The test rig must be a quality device worthy of furtherresearch into the subject. A robust and sturdy design will go a long to make this will happen. Alsobecause it is an electrical device the design must also strive for stability, rigidity requiring careful assemblyand quality wirework to ensure no unfortunate accidents occur.C.3.1.2 Launcher Barrel Form Speci�cationC.3.1.2.1 Made of a non-conducting material This speci�cation relates to the most importantmaterial property required of the launcher barrel form. It is important that the form be made of a nonconducting material to avoid the induction of eddy currents in the form itself, which would result insigni�cant losses that would manifest in the heating of the coil form.C.3.1.2.2 Length This speci�cation relates to the actual length of barrel required for a full 6 stagelinear induction launcher and is speci�ed to be less than 500 mm again purely for miniaturization of thedevice.C.3.1.2.3 Outer diameter Research on the subject, as discussed in the literature review revealsthat for a given input power, the launchers performance will improve as its barrel bore was increased. Ofcourse the improvements gained from increasing stator coil diameter eventually become less signi�cantand (to borrow a phrase from economics) the marginal utility in doing so becomes negative. For thisreason a typical diameter of 50 mm has been speci�ed as the outer diameter onto which the stator coilwill be wound directly.C.3.1.2.4 Wall thickness To improve inductive coupling (and thus performance) of the launcher,the armature stator coil radius ratio ra

rs
must be as practically close to 1 as possible. To achieve this, thewall thickness of the stator coil form must be as thin as possible and thus a preliminary wall thicknesshas been speci�ed to be less than 5 mm.
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Design and Construction of a Pulsed Linear Induction MotorC.3.1.3 Stage Capacitor Bank Speci�cationC.3.1.3.1 Voltage rating This speci�cation is set to in order to meet one of the projects primaryobjectives; that being to construct a pulsed linear induction launcher capable of operating on practicalpower and energy sources. This is an advantageous design objective in that it is a lot easier and cheaperto acquire low voltage power electrical components and devices. As such this projects initial operatingvoltage which is the voltage the capacitor must be able to tolerate is speci�ed as 400 V, a voltage readilyavailable in laboratory conditions.C.3.1.3.2 Bank capacitance Since the energy stored in a capacitor is proportional to its capaci-tance and the voltage to which the capacitor is charged, having speci�ed the initial system energy input of25 J and the operating voltage the stage capacitance is implicitly speci�ed as well. The above relationshipis expressed as
Ecap =

1

2
CV 2Solving for C in the above equation and substituting the speci�ed voltage and input energy the stagecapacitance is speci�ed as 312.5µF, rounding this �gure to the closest 100 µF, the bank capacitance isspeci�ed as 300µF.C.3.1.3.3 Peak repatative current The desired peak repetitive current is a calculated in the nu-merical launcher simulation and represents the peak current achieved by the oscillatory current dischargewaveform produced when the capacitor is discharged into the stator coil. Assuming this peak currentdoes not decay and setting it to the max possible value determined in the simulation a capacitor chosen tomeet this requirement will be a very conservative choice. Determined by calculation the capacitor bank(comprising of 6 identical capacitors connected in parallel) has a peak repetitive current rating of 6000A greatly exceeding the required 2300 A speci�cation determined by the launchers theoretical model.C.3.1.3.4 E.S.R During the operation of a the linear induction launcher large currents will �ow inand out of the capacitor, therefore the capacitor must ideally have a low equivalent series resistance toreduce I2 · ESR heating losses in the capacitor which would result in a reduced e�ciency and possibledamage to the capacitor. Since the max operating currents of the launcher are in the order of 103 A, aseries resistance which is less than 10 mΩ will result in a power dissipation of less than 10 W. Furtheradvantages of using capacitors in parallel is that the bank resistance will be only 1.67 mΩ thus greatlyreducing the heating of each capacitor within in the bank.C LIST OF SPECIFICATIONS C-8



Design and Construction of a Pulsed Linear Induction MotorC.3.1.3.5 Non-polarized polypropylene dielectric The operation of a pulsed linear inductionmotor involves a bipolar oscillatory current in the tank circuit. As such the capacitors must thus benon-polarized in order to tolerate the reverse voltages and currents applied to it. A.C capacitors optionswere well researched and the �ndings are presented in the literature review. Polypropylene capacitorsmust be used as these showed to be the most attractive in that they have relatively large capacitances,high operating voltage ratings, low cost, great availability, low E.S.R and E.S.L.C.3.1.3.6 Low E.S.L The literature review revealed that the frequency of oscillation of the launcherscurrent and voltage would be in the order of 5 kHz; as such any additional series inductance in the tankcircuit would result in an appreciable reactance in the tank circuit which may adversely e�ect the launchersoperation. The capacitor used must therefore feature this design attribute.C.3.1.4 Stator Coil Speci�cationC.3.1.4.1 Stator coil inner diameter In light of the extensive literature on the subject it was clearthat maximizing the stator coils diameter would greatly improve a launchers performance. A reasonablediameter was estimated to be around 50 mm. This was a practical diameter for which a coil form couldbe readily bought of the shelf. Since the stator will be wound directly onto the barrel form its innerdiameter is speci�ed to be equal to the outer diameter of the barrel form (which is 50mm).C.3.1.4.2 No. of stator coil turns The capacitor being completely speci�ed, the value of thestator coil inductance must be chosen such that the peak current is limited to a value below 2500 A andoperating frequency of operation below 3 kHz. This limitation is mainly to ensure that a reasonablypriced semiconductor switching device can easily be easilyand to reduce the possibility of the skin e�ectoccurring in the stator coil. All these variables are related to the peak current in the circuit as shown [13].
Imax =

Vs

Lss · ωThis relates to the number of turns in the the number of turns on the stator coil greatly determines its selfinductance. This initial estimate showed that a stator coil self inductance in the order of 10 µH would besuitable. In practice additional stator turns increases the stator coils resistively which greatly increasesdamping, decreasing launcher performance. Since it is expected that both coils would have a similarlength, the number of turns on the stator must not be great as this would result in a heavier armature.Comparative launcher simulation tests wherein which the armature, capacitance and initial voltage were�xed, show that a 50 mm stator coil with 16 turns of 2.3 mm enameled copper wire would operate withe�ciency beyond the speci�cation of 3.5% and the peak discharge current to less than 2500 A.C LIST OF SPECIFICATIONS C-9



Design and Construction of a Pulsed Linear Induction MotorC.3.1.4.3 Stator coil wire diameter The choice of stator coil wire diameter choice was one offabrication practicality and electrical suitability. Too thick a wire would be incredibly di�cult to winduniformly. While it is true that using thicker wire would reduce overall circuit resistance, however thisis only strictly true for D.C current and when oscillatory or A.C currents are considered the skin e�ectmust also be taken into account. With the size of the tank circuit capacitor speci�ed and an the statorcoil inductance known an approximate frequency of operation can be estimated to be in the order of 3kHzusing the formula below
f =

1

2π
√

Lss · CThe skin e�ect will result in the current �owing through the stator coil to �ow on the outer surface ofthe wire. This reduces the e�ective current carrying area of the wire resulting in losses. This skin e�ectis worsened by increasing frequency or increasing wire diameter. The wire diameter chosen is the largestdiameter practically possible (to minimize resistance while being easy to wind) which could operate at afrequency close to 3 kHz [3]. The chosen wire diamter is thus 2.3mm.C.3.1.4.4 Stator coil length The length of the stator coil is a value derived from previous speci-�cations. It is important that this length is not more than 50 mm or else completing a 6 stage launcherbased on the stator coil design would exceed the overall speci�ed length of 500mm (allowing for mountingand stage spacing). The �nal stator coil length is the product of the number of coil turns and the coilwire diameter, yielding a stator coil length of 37 mm.C.3.1.4.5 Stator coil resistance Since this value is in the order of 10−3 Ω measuring the actualvalue cannot be done with a standard ohmeter. The coil resistance used in launcher modeling was infactcalculated in the simulation code (as shown in Appendix B.3.4 on page B-11) as 11 mΩ. When measuredwith a Galvanic ohmeter the stator coil resistance was approximatly 6 mΩ, far less than that predictedby the simulation, thus giving more allowance for tank circuit wiring resistance.C.3.1.4.6 Sturdy mounting/securing of coil to barrel form The stator coil will conduct thou-sands of Amps and therefore must be securely mounted to the barrel form to avoid accidental movementor distortion of the windings which may occur because the current �owing in each turn is e�ectivelyanti-parallel to the same current in the turns adjacent. The stator coil is thus held in place using varnishand clear tape at its ends.C.3.1.5 Armature Coil Speci�cationC LIST OF SPECIFICATIONS C-10



Design and Construction of a Pulsed Linear Induction MotorC.3.1.5.1 Armature mass Minimization of armature mass is of great importance if high accelera-tions are hoped to be achieved. This was considered throughout the armatures design most speci�callywhen selecting the correct number of turns for the coil. Weight was also reduced by removing material onthe polypropelene coilform as shown in. The armature weight was determined using ProEngineer usingspeci�ed material densities shown in Table 29 below, yeilding a design weight speci�cation of 58 g.Table 29: Densities used in armature and stator coil mass calculations [47, 48].Density of Copper 8.96 g.cm−3Density of Polypropylene 0.95 g.cm−3The �nal armature weight of 68 g was only slightly heavier than expected, largely due to the additionalweight of the varnish used to protect and secure the coil to the form.C.3.1.5.2 Armature coil inner diameter The stator coil form is purchased o� the shelf havingan inner diameter of 46 mm. The armature coil form diameter was chosen such that radius ratio of thearmature and stator coils is maximised. Therefore for a a clearance of 1 mm between the armature coiland the stator coil form and assuming an initial armature coil wire diameter of 2 mm the coil form isconstrained to a maximum diameter of 40 mm.C.3.1.5.3 No. of armature coil turns Assuming an initial wire diameter of 2 mm the number ofarmature turns was chosen such that the armature coils length would be similar to that of the speci�edstator coil. To achieve this around 18 turns are required. However it was revealed by extensive simulationthat the weight of this many turns would severely limit performance and choosing a number slightly lesswould greatly improved the coil pair's performance. As such the speci�ed number of turns is 15.C.3.1.5.4 Armature coil wire diameter Initial simulations were conducted with an armature wirediameter of 2 mm. In practice 1.8 mm enameled copper wire is used. The slightly increased coil resistance,however the performance gains from weight minimizations more than made up for this. Furthermore itwould increase the spacing between armature coil and the stator coil form to 1.8 mm enough to be certainthere would be no interference, even after varnish is applied to the armature windings.C.3.1.5.5 Armature coil length Similarly to the stator coil, the armature coil length is a speci�ca-tion derived from the number of coil turns and widning wire diameter speci�cations. The �nal armaturecoil length is therefore 27.4 mm, approximately 9 mm shorter than the stator coil.C LIST OF SPECIFICATIONS C-11



Design and Construction of a Pulsed Linear Induction MotorC.3.1.5.6 Initial stator and armature coil o�set The armature and stator coil pair must havelengths such that when the armature is in its optimum position (for the corresponding stage stator coilto be energized), part of the armature must be outside of the stator coil in order for the optical positiondetection of the armature to take place. Since both armature and stator coil geometries are now com-pletely speci�ed it was determined through the computer simulation that the optimum armature/statorcoil axial separation would be 16mm. At this position the requirement that the armature coil be outsideof the stator coil is achieved, enabling optical triggering to be used on the device if any stage expansionresearch is conducted.C.3.1.5.7 Armature coil resistance Since this value is in the order of 10−3 Ω measuring the actualresistance cannot be done with a standard ohmeter. Furthermore the armature coil would be shorted onistelf and thus measuring the actual resistance of the �nal coil is very di�cult indeed. The coil resistanceused in simulation was infact calculated in the simulation code as 13.6 mΩ.C.3.1.5.8 Polypropelyne armature coil form A polypropylene coilform must be used as thisis the lightest commercially available plastic. It also has excellent mechanical properties, meaning thatmore material can be removed (reducing weight) leaving the coil form walls thinner still but strongenough for the armature coils to be wound onto them and to resist any compressive stresses which maybe experienced during the launching operation.C.3.1.5.9 Sturdy mounting/securing of coils to form Like the stator coil, the induced current�owing in the armature coil could cause distortion of the windings. For this reason the armature windingsare secured to the form by coating the coil windings in varnish. A total of 6 coats of varnish have beenapplied to all armature coils which neatly secures the windings in place. This increased the armaturestotal weight by approximately 10 g.C.3.1.6 IGBT Device Speci�cationC.3.1.6.1 Tolerable junction temperature rise To be sure that the IGBT device may be operatedbeyond its speci�ed continuous current capability for short time durations it must be determined whetheror not its junction temperature will exceed the speci�ed maximum limit of the device. Since mostsemiconductor devices have a maximum allowable junction temperature of 150 oC selecting the device wasa simple matter of �nd a device with a suitable on state voltage rating and a transient thermal impedance(both used to calculate junction temperature rise) which would maintain the junction temperature below150oC.C LIST OF SPECIFICATIONS C-12



Design and Construction of a Pulsed Linear Induction MotorBased on the junction temperature rise simulations (discussed and calculated in Appendices A.5.5 onpage A-39 & B.10 on page B-22) the chosen IGBT module's junction would reach a maximum temperatureof 118 oC which is suitably lower than the devices maximum limit of 150 oC [37].C.3.1.6.2 Voltage rating Since the maximum voltage to be applied to the stator coil during thecapacitors discharge is already speci�ed as to be 400 V, an IGBT module (with anti-parallel protectiondiode) must be chosen such that its switching voltage or maximum voltage which it can block during itso� state than this. The chosen device (Mitsubish CM600HU-12F) had a voltage rating of 600V providingan overload safety factor of 1.5.C.3.1.6.3 Peak repetitive pulse current The peak repatative pulse current is the maximumcurrent magnitude seen by the device during its operation. The theoretical value was determined bytheoretical modeling taking the maximum peak current in the oscilatory waveform which occours whenthe capacitor is discharged into the stator coil. This waveform obviously decays, and thus quoting themaximum value can be considered as a very conservative assumption.C.3.1.6.4 Gate drive voltage This is a very important speci�cation which must be taken intoaccount when designing the devices drive circuitry. The value in the chosen IGBT module's data sheetthe maximum gate emitter voltage or drive voltage as seen. The drive circuitry which provides the outputdrive pulse for the IGBT's gate cannot exceed this maximum value as it may result in permanent damageof the device. However if the gate voltage is far to low it will result in an increased saturation voltageacross the collector and emitter during the IGBT's conduction cycles, severely limiting the current whichis conducted.C.3.1.6.5 Anti-parallel diode The chosen IGBT module must also have a built in anti-parallelprotection diode across its collector and emitter. This is to ensure conduction of positive and negativecycles of the oscillatory tank circuit current.C.3.1.7 Control CircuitryC.3.1.7.1 Use GT16 Microprocessor Since the single stage test linear induction launcher wasoriginally developed to operate as part of a 6 stage launcher it is important that the devices controlcircuitry is built to allow for convenient implementation of a GT16 Microprocessor control. As such thecontrol circuit must have to lines, (Ground and +5 V) which can be connected directly to a microprocessorkit. The launcher must be triggered by pulling the +5 V to ground, the ground line is to reference themicroprocessors control circuitry.C LIST OF SPECIFICATIONS C-13



Design and Construction of a Pulsed Linear Induction MotorC.3.1.7.2 Drive on state voltage (Output High) The magnitude of the drive voltage was chosensuch that it would be high enough for the device to operate in its linear region (thus minimizing thecollector emitter voltage across the IGBT) without being to close to the absolute maximum limit. Thedrive voltage used is 16 V, typical for most IGBT applications.C.3.1.7.3 Drive o� state voltage (Output Low) In order to turn the IGBT o�, the voltage atthe devices gate must simply be below the its speci�ed threshold voltage. The chosen IGBT (MitsubishiCM600HU-12F) has a threshold voltage of 4.5 V. Since a single supply rail op amp (LM 358) was used,the low state of the op amp could not be exactly 0 V which is deemed acceptable since the output onlyneeds to be less than 4.5 V. Furthermore switching speeds for turn o� are not of any concern as it isexpected the current will have completely decayed within the chosen pulse period (Governed by the 555IC Timer circuit). The o� state voltage was thus very close to but not actually 0 V.C.3.1.7.4 Pulse period The pulse time was chosen to greatl1y exceed the launching time. This isbecause unintentional turn of the IGBT during its conduction may result in failure of the device. Sincetime period for the tank circuit current to completely decay is in the order of milliseconds, choosing adrive pulse time of approximately 2 seconds would be more than su�cient to ensure the gate voltagewould not go low during the IGBT's conduction cycle.C.3.2 Experimental MeasurementsC.3.2.1 Stator Current Real-time measurement of the tank circuit current is required for anyinteresting insights into the test launchers operation to be made clear. Measurement of the current willprovide feedback data on 3 parameters (Namely the frequency of oscillation, the extent of damping andof course the magnitude of the current.) of the launcher which can readily be compared to the resultsaquired through extensive computational simulations. The current is measured using a current meter(Using a L.E.M module or current transformer to provide readings while remaining isolated from thetank circuit). Its output is 100 mV/A and could connected directly to a digital storage scope triggeredon rising pulses. It is noted that waveform averaging and HF noise rejection features on the oscilloscopeshould also be enhance quality of the output current trace.C.3.2.2 Capacitor voltage The initial voltage charge on the capacitor is measured directly using adigital mutlimeter. However because of the incredibly short duration of the current and voltage decay atypical multimeter cannot be used to determine the time varying voltagewave form. It is decided not tomeasure system voltage as it would not provided anything more meaningful/revealing than that alreadyprovided by the current measurement.C LIST OF SPECIFICATIONS C-14



Design and Construction of a Pulsed Linear Induction MotorC.3.2.3 Armature velocity tracked with optical sensors It was decided vary early in the designof the test launcher that the armatures velocity would be determined using optical methodes. Howeverin an e�ort to manage time e�ectively and prevent uncesssary work, the detailed design of the opticalspeed trap would only commence once the laboratory test launcher concept had been proven to launchthe armature coil at a speed worth measuring.C.3.3 SaftyC.3.3.1 Device must be properly grounded The device must be properly grounded, to preventany points "�oating" above ground which may result failure of supply circuit breakers to "trip" when afault occurs and more dangerously user electrocution. In addition proper grounding of the device willalso reduce any control circuit noise or radiation interference which may unintentionally trigger the IGBTdrive circuit.C.3.3.2 Control circuity for IGBT optically isollated For the purposes of operator safety andpreventing control circuit damage, as much of the control circuit must be isolated from the actual gatedrive circuit. This must be achieved using an opto-coupler to provide galvanic isolation between the 555Timer IC control circuitry and the op-amp which provides the drive voltage of the IGBT.C.3.3.3 IGBT properly mounted to heat sink The IGBT modules must be securely mounted toa suitable heat sink. Since the discharge period is so short this is probably more for safe sturdy locationof the device than for heat dissipation.C.3.3.4 Charging circuit must be fused The circuit used to charge capacitors must be suitablyfused. The fuses are built into the variable A.C power supply and preventing it from drawing/supplyingan excessive amount of current, which may occour if there is a fault in the tank circuit during charging.C.3.3.5 Isolation transformer to protect variable A.C supply The purpose of the isolationtransformer is to decouple the charging circuit and the variable A.C supply which would both otherwiseshare the same ground which may result in the variable AC supply's casing (which itself is grounded)"�oating" to a hazardous voltage. Use of a suitable isolation transformer will prevent this from occurring.C.3.4 CostC.3.4.1 Total cost The total budget allocated to each MEC4061Z undergraduate thesis project isaround R1500. Additional funding is availabe, if necessary.C LIST OF SPECIFICATIONS C-15



Design and Construction of a Pulsed Linear Induction MotorC.3.5 Dates for DeliverablesC.3.5.1 Parts drawings submissions Parts that require any machining must be submitted to theworkshop for manufacture before the September Vacation (stating on 7th September 2007) to avoid theannual congestion of the Mechanical Engineering Department's Workshop, expected to be greater thisyear because of the number of students registered for the MEC4061Z course.C.3.5.2 Final report submission A �nal coppy of the report is to be submitted to the mechanicalengeering departmental secretary (Mrs. Thembisa Dlakiya) on Tuesday the 30st of October 2007.C.3.5.3 Presentation A poster presentation and interview will be conducted with an external ex-aminer on Tuesday 20th of November 2007.
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Design and Construction of a Pulsed Linear Induction MotorFigures105 Comparative plots of the theoretical and actual current in the tank circuit/stator coil for an initial voltage of 80 V.D-4106 Comparative plots of the theoretical and actual current in the tank circuit/stator coil for an initial voltage of 115 V.D-5107 Comparative plots of the theoretical and actual current in the tank circuit/stator coil for an initial voltage of 150 V.D-6108 Comparative plots of the theoretical and actual current in the tank circuit/stator coil for an initial voltage of 200 V.D-7109 Comparative plots of the theoretical and actual current in the tank circuit/stator coil for an initial voltage of 210 V.D-8110 Comparative plots of the theoretical and actual current in the tank circuit/stator coil for an initial voltage of 250 V.D-9111 Comparative plots of the theoretical and actual current in the tank circuit/stator coil for an initial voltage of 300 V.D-10112 Comparative plots of the theoretical and actual current in the tank circuit/stator coil for an initial voltage of 350 V.D-11Tables30 Comparison of actual and theoretical result for the test launcher for an initial voltage of 80 V.D-431 Comparison of actual and theoretical result for the test launcher for an initial voltage of 115 V.D-532 Comparison of actual and theoretical result for the test launcher for an initial voltage of 150 V.D-633 Comparison of actual and theoretical result for the test launcher for an initial voltage of 200 V.D-734 Comparison of actual and theoretical result for the test launcher for an initial voltage of 210 V.D-835 Comparison of actual and theoretical result for the test launcher for an initial voltage of 250 V.D-936 Comparison of actual and theoretical result for the test launcher for an initial voltage of 300 V.D-1037 Comparison of actual and theoretical result for the test launcher for an initial voltage of 350 V.D-11
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Design and Construction of a Pulsed Linear Induction MotorD.1 IntroductionThis appendix presents the many tank circuit waveforms found in practice for various operating voltages.These results are presented in contrast to the theoretical results predicted by computer simulations andused to develop the launcher system. The results will be compared in terms of
• Oscillation frequency [Hz]
• Peak current [Amps]
• Discharge period [sec]It should be noted that the mechanical performance of the actual launcher is not discussed here, thereason being that notable motion of the armature was only achieved at voltages above 300 V. In whichcase the armature would only move approximately 15 mm, hardly enough to warrant optical velocitymeasurement of the armature coil. The poor mechanical performance di�ers from what the computersimulation had predicted, reasons explaining this are discussed in detail in Section 6 on page 47 withinthis reports main body.For all the theoretical results that follow, the tank circuit uses and assumed loop resistance of 4 mΩinaddition to the stator coil resistance and capacitor E.S.R of 11 mΩ and 1.67 mΩ respectively, the tankcircuit capacitance used in the model was 305 µF which is the actual capacitance of the bank. Furthermorethe maximum IGBT and diode voltage drop of 2.8 V is also included in the theoretical simulations.
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Design and Construction of a Pulsed Linear Induction MotorD.2 ResultsTest 1: Initial capacitor energy = 0.98 Joules @ 80 VoltsTable 30: Comparison of actual and theoretical result for the test launcher for an initial voltage of 80 V.Frequency of Oscillation Period of Decay Peak CurrentTheoretical 3.2 kHz 4.5 msec 446 AActual 3.3 kHz 1.25 msec 375 A

Figure 105: Comparative plots of the theoretical and actual current in the tank circuit/stator coil for aninitial voltage of 80 V.

D DETAILED TEST RESULTS D-4



Design and Construction of a Pulsed Linear Induction MotorTest 2: Initial capacitor energy = 2.02 Joules @ 115 VoltsTable 31: Comparison of actual and theoretical result for the test launcher for an initial voltage of 115 V.Frequency of Oscillation Period of Decay Peak CurrentTheoretical 3.2 kHz 4.5 msec 641 AActual 3.3 kHz 1.25 msec 600 A

Figure 106: Comparative plots of the theoretical and actual current in the tank circuit/stator coil for aninitial voltage of 115 V.
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Design and Construction of a Pulsed Linear Induction MotorTest 3: Initial capacitor energy = 3.40 Joules @ 150 VoltsTable 32: Comparison of actual and theoretical result for the test launcher for an initial voltage of 150 V.Frequency of Oscillation Period of Decay Peak CurrentTheoretical 3.2 kHz 4.5 msec 836 AActual 3.15 kHz 1.25 msec 740 A

Figure 107: Comparative plots of the theoretical and actual current in the tank circuit/stator coil for aninitial voltage of 150 V.
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Design and Construction of a Pulsed Linear Induction MotorTest 4: Initial capacitor energy = 6.10 Joules @ 200 VoltsTable 33: Comparison of actual and theoretical result for the test launcher for an initial voltage of 200 V.Frequency of Oscillation Period of Decay Peak CurrentTheoretical 3.2 kHz 4.5 msec 1115 AActual 3.0 kHz 1.5 msec 810 A

Figure 108: Comparative plots of the theoretical and actual current in the tank circuit/stator coil for aninitial voltage of 200 V.
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Design and Construction of a Pulsed Linear Induction MotorTest 5: Initial capacitor energy = 6.70 Joules @ 210 VoltsTable 34: Comparison of actual and theoretical result for the test launcher for an initial voltage of 210 V.Frequency of Oscillation Period of Decay Peak CurrentTheoretical 3.2 kHz 4.5 msec 1171 AActual 3.15 kHz 1.75 msec 1150 A

Figure 109: Comparative plots of the theoretical and actual current in the tank circuit/stator coil for aninitial voltage of 210 V.
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Design and Construction of a Pulsed Linear Induction MotorTest 6: Initial capacitor energy = 9.50 Joules @ 250 VoltsTable 35: Comparison of actual and theoretical result for the test launcher for an initial voltage of 250 V.Frequency of Oscillation Period of Decay Peak CurrentTheoretical 3.2 kHz 4.5 msec 1394 AActual 3.3 kHz 1.25 msec 1200 A

Figure 110: Comparative plots of the theoretical and actual current in the tank circuit/stator coil for aninitial voltage of 250 V.
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Design and Construction of a Pulsed Linear Induction MotorTest 7: Initial capacitor energy = 13.70 Joules @ 300 VoltsTable 36: Comparison of actual and theoretical result for the test launcher for an initial voltage of 300 V.Frequency of Oscillation Period of Decay Peak CurrentTheoretical 3.2 kHz 4.5 msec 1672 AActual 2.8 kHz 1.8 msec 1400 A

Figure 111: Comparative plots of the theoretical and actual current in the tank circuit/stator coil for aninitial voltage of 300 V.
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Design and Construction of a Pulsed Linear Induction MotorTest 8: Initial capacitor energy = 18.70 Joules @ 350 VoltsTable 37: Comparison of actual and theoretical result for the test launcher for an initial voltage of 350 V.Frequency of Oscillation Period of Decay Peak CurrentTheoretical 3.2 kHz 4.5 msec 1952 AActual 3.3 kHz 2.25 msec 1400 A

Figure 112: Comparative plots of the theoretical and actual current in the tank circuit/stator coil for aninitial voltage of 350 V.
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Design and Construction of a Pulsed Linear Induction MotorTable 38: List of Drawings.Drawing number Drawing Name Type1.1 Final Assembly Assembly1.2 Barrel Assembly Assembly1.2.1 Stator Coil Form Part1.2.2 Base Part1.2.3 Lower Mounting Block Part1.2.4 Upper Mounting Block Part1.3 Armature Assembly Assembly1.3.1 Armature Coil Form Part1.4 Complete Circuit Diagram Circuit
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Design and Construction of a Pulsed Linear Induction MotorTable 39: Electric Components List.Item No. DescriptionB 10 A; 1500V Bridge Recti�erC1 Capacitor 47 uFC2 Capacitor 0.76 uFC3 Capacitor 10 nFC4 Tank Circuit Capacitor 305 uF; 450 VF1 Fuse 10 AF2 Fuse 10 AI IGBT [CM600HU-12F]IC 555 Timer ICL Stator CoilOA Op-amp [LM358]OC Opto-coupler [4N32]R1 Resistor; 10 kΩR2 Resistor; 10 kΩR3 Resistor; 10 kΩR4 Resistor; 10 kΩR5 Resistor; 10 kΩR6 Resistor; 2.7 kΩR7 Resistor; 500 kΩR8 Resistor; 10 kΩR9 Resistor; 150 kΩR10 Resistor; 10 kΩR11 Resistor; 5 kΩS Safety InterlockZ Zener Diode 16 V; 5W
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