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Introduction

A coil gun is a type of pulse accelerator; it uses a pulse of current to accelerate a ferromagnetic projectile. A coil gun at its most basic is little more than a solenoid: an inductor with a hollow tube made from non-ferromagnetic material. An inductor is simply a wire wound into coils around a core, which can be ferromagnetic or not. A capacitor bank is used to provide a pulse of current through the solenoid, thus creating a magnetic field. The magnetic field induces electromagnetism in the projectile, causing it to be accelerated towards the center of the solenoid. Some method is then used to stop or redirect the current going through the coil before the projectile reaches the center of the solenoid. Otherwise, the solenoid would continue generating a magnetic field and the projectile would be slowed once it passed the solenoid.
The basic operation of a coil gun is as follows: a projectile is placed in the tube on the breech side of the solenoid. The capacitor is then connected to the solenoid by some sort of switch, allowing a short pulse of high-current electricity through the solenoid, creating a magnetic field around it. The magnetic field induces current in the ferromagnetic materials around it, including the projectile. This causes the projectile to be accelerated towards the center of the solenoid until just before it reaches the solenoid's center, at which point current ceases to flow through the wire of the solenoid. The projectile then continues down the barrel and out of the muzzle simply due to inertia.
The two main types of methods used to prevent the magnetic field from slowing the projectile are open loop and closed loop. Open loop takes no feedback from the coil gun. At its simplest, open loop is quite simply setting up the coil gun so that the capacitors are discharging a negligible amount of current by the time the projectile reaches the center of the solenoid. However, open loop systems require very precise and accurate firing mechanisms. The timing for these systems is usually roughly determined by math and finely tuned through testing. Closed loop systems use one or more sensors to determine when to divert power from the solenoid. This can be as simple as a photogate that is tripped just before the projectile reaches the induction coil to as complex as a battery of photogates that determine the acceleration and velocity of the projectile just before it reaches the solenoid, so that the shut-off time can be calculated to a high level of accuracy and precision. Placing sensors inside the solenoid is impractical for several reasons and would reduce efficiency significantly, so closed loop systems generally require some sort of timing mechanism and are inherently more complex, but easier to fine tune since the sensor(s) compensate for some measure of imprecision in the firing process.
This project also includes using motors to adjust the attitude and angle of elevation of the coil gun. Both of these are accomplished with a modified servo motor. Servos have two leads for power and one for control. The angular velocity that the servo spins at is determined by the electrical potential on the control lead. The attitude adjustment servo rotates the platform on which the coil gun is mounted on a ball bearing system. The elevation adjustment servo turns a threaded rod that moves a cylinder up and down. The muzzle end of the barrel rests freely inside the cylinder, and the breech end of the barrel is mounted to a hinge with a bolt. Both motors are controlled with the microcontroller.


Method

The coil gun consists of the parts essential to its operation as well as a chassis and capacitor bank. Two servos allow adjustments to the barrel's attitude and angle of elevation. The barrel of the coil gun is a polyethylene plastic tube .72 m long with a 9.525 mm inner diameter. The solenoid is made of 4 layers of 22 gauge magnet wire, with approximately 36 wraps in each layer. The projectile is a 9 mm by 25 mm steel cylinder weighing 5 g. A chassis was made both to improve accuracy by preventing the barrel from moving significantly due to recoil and to act as a mounting point for the barrel and motors. Some efficiency may be lost to current induced in the steel parts of the chassis, but this should be negligible. In addition to the chassis, a plastic and wood container was built for the capacitor bank used to provide energy to the solenoid. This was done for safety reasons, although it is not actually necessary; the largest electrical potential that can be given to the capacitor bank is 15v, and the capacitors all have pressure valves in case overcharging causes the electrolytic solution inside to boil.
Discharging the capacitors through the coil was a larger issue. Two factors impacted the selection of a switch to connect the capacitors to the solenoid. Since the solenoid had very little resistance, very large currents passed through it. This is desirable as it produces the magnetic field around the solenoid, but the large current is also far in excess of what many inexpensive gates can handle. Additionally, the voltage produced by a capacitor decays exponentially over time, so switch bounce, as is found in all switches, reduces efficiency. Both issues were solved through the use of a silicon controlled rectifier (SCR). SCRs behave similarly to transistors. When a voltage tolerance on the gate is exceeded, current is allowed to pass from anode to cathode across the SCR. An SCR only resets once there is no longer current flowing through it.  This was desirable because an SCR will allow all of the charge built up in the capacitors will be released once it is triggered, regardless of whether or not a charge is still applied to the gate. This prevents excess charge from remaining in the capacitor bank after it is fired - a situation that would make things rather complicated and potentially dangerous. SCRs can also be triggered by a sufficiently high electrical potential between the anode and cathode. However, this characteristic was not desirable as it would make firing the solenoid on command difficult, so an SCR with a sufficiently high triggering electrical potential across the anode and cathode was chosen.
The capacitor bank is comprised of three capacitors connected in parallel. The effect of this is that total capacitance of the capacitor bank is equal to the sum of capacitance of each capacitor in the bank. The capacitor bank used in this experiment is equivalent to a 15v, 0.2F capacitor. The alternative is wiring the capacitors in series, which sums the electric potential of the capacitors but does not increase the capacitance linearly. Higher voltages yield higher currents and therefore more force on the projectile
The microcontroller was used to send PWM signals to the two servo motors that move the coil gun. The designs called for several other uses of the microcontroller, but these had to be scrapped due to setbacks in the building and testing of the solenoid itself. The coil gun was planned to be closed loop, using a sensor and the microcontroller's timer to maximize efficiency. However, delays meant that there was not enough time to implement such a system. As a fallback, the coil gun had been designed to allow the starting position of the projectile to be modified, so this crude form of open loop adjustment was used instead. The microcontroller was also supposed to keep track of the angle of elevation of the barrel using an encoder on the elevation servo. The microcontroller would have kept track of the angle of elevation and used this to look up and display the corresponding distance that the projectile would travel, as dictated by the equation d = 2 * v^2 * sin(theta) * cos(theta) / f, where d is distance, v is initial velocity, and theta is angle of elevation. Since the microcontroller itself could not handle trigonometry, a reference array was to be created and hard coded into the microcontroller.


Results

The capacitor bank constructed for the coil gun did not produce any noticeable movement in the projectile. Using a fifty volt charge and tens of thousands of Microfarads of capacitance, a small acceleration of the pellet away from the solenoid as well as a jolt from the apparatus were observed. 


Analysis

The objectives of this project were not met. Although more than enough capacitance was used, the amount of electrical potential across the solenoid was likely not enough to induce sufficient current in the solenoid. Most of the designs that were researched achieved muzzle velocities of approximately 9m/s or faster using 200-300v. An extremely small coil gun managed this with only 240MFD and 600v. Most of them were able to put holes through sheet metal and crush aluminum soda cans with a fifty to one hundred volt charge at only one thousand micro Farads.  We most certainly expected the pellet to move toward the solenoid while the opposite happened.  Overall, the results were nothing like we expected.


Discussion

Coil guns have very low efficiency, so even a slight improvement to efficiency is important. There are so many variables such as the solenoid, power supply, and projectile that affect efficiency that the only practical way to maximize it is through testing and optimization.  With only a short length of time available for design, building, and testing, it is important to start with as few unknowns as possible. Since this project was more concerned with making a precise and accurate coil gun than designing a more powerful coil gun, the best course of action would probably have been to start with an existing design that had approximately the desired performance. It is important that such a design has already been tested extensively, as this would make initial trouble shooting much easier. This design can then be modified to bring it as close as possible to the performance characteristics that are most desirable for the project. For this project, improvements would focus on improving the precision and accuracy. Most of the work would be on improving the circuitry of the existing design.
