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[bookmark: _Toc216576335]Abstract
The most common type of robot that students have made throughout the years have been terrestrial robots. Wanting to take on a challenge I have decided to make an Autonomous Aerial Vehicle, or AAV. In particular I have decided to make a Quad-rotor helicopter. This is a platform that has four propellers in a “plus sign” configuration. Roll, pitch, yaw, and height are all adjusted by changing the velocity of the individual propellers. 
[bookmark: _Toc216576336]Executive Summary
	The Quad Rotor system is capable of hovering, forward movement, read movement, and side movement. This system has the sensors to take in data from its surroundings on its orientation with respect to gravity and the ground. By knowing its orientation the platform can correct any inconsistencies in its position. The idea behind the control algorithm for the Quad Rotor is that it will constantly be correcting its orientation to maintain a stable hover.
	The Quad Rotor was designed with reaction time in mind. An FPGA was used for sensor acquisition, sensor filtering. The idea is that the FPGA would alleviate the processor from having to go through a multitude of high frequency interrupts that would bog down the processor when running mathematical computations. By freeing the processor of interrupts and making the data available to the processor via a parallel buss, the processor runs at optimal speeds for control computation. 
	Controlling the Quad Rotor is done via a Proportional, Integral, Derivative(PID) closed loop feedback algorithm. The PID control allows for the Quad Rotor to make steady corrections that do not break into an oscillation. 
	The controlled results and sent to the FPGA which then provides the brushless motor drivers the pulse width modulated signal that specifies the speed at which the motors have to spin. The speed translates into a force that keeps the Quad Rotor stable.
	
[bookmark: _Toc216576337]Introduction
The Quad Rotor helicopter is an autonomous aerial platform is an aerial vehicle with strength and stability. The Quad Rotor has the ability to carry a large payload even at a small size.  The Quad Rotor is a prototype with only four propellers actuated by four brushless motors but the idea can be extended to having six, eight or more propellers and motors. The most common payload seen on these small models are usually cameras and video recorders. In industry these vehicles are generally used for surveillance, artistic still shots, and surveying wreckage from natural disasters.
My goal is to create an autonomous platform that can be used later for a series of these applications. For the purposes of demonstration the Quad Rotor will maintain a stable hover over an area to demonstrate its capability and power. 
This paper will be covering the Quad Rotor’s data collection sensors, control algorithm, and actuation.
[bookmark: _Toc216576338]Integrated System
[bookmark: _Toc216576339]Data Flow
[bookmark: _Toc216576340]Hardware	
The Quad Rotor has a variety of Sensors communicating to the FPGA. The FPGA communicates sensor data to the Micro Processor. The Microprocessor communicates actuation information to the FPGA. The FPGA generates the appropriate signal and sends it to the motor controllers. It is important to note that the processor never has any interaction with low level sensors, but only with the FPGA.
[bookmark: _Toc216576341]Software
	Data comes from the sensors in a digital format in the form of one or two bytes. The orientation data is passed to the FPGA. The FPGA implements a set of digital filters in order to suppress noise and vibrations created by the motors on the hull. The micro processor polls the FPGA for the latest data it has acquired, computes using a PID controller, and returns actuation information to the FPGA. The FPGA turns the actuation information into a PWM signal suitable for the motor controllers.



[bookmark: _Toc216576342]Theory of Operation
As the name implies, the Quad Rotor consists of a vehicle having four propellers.  Having the propellers in a “plus sign” configuration allows three dimensional motions in the following ways. The vehicle may ascend or descend by ramping up or down respectively, all four motors (1). In order to achieve forward flight the Quad Rotor only needs to change its pitch. By tipping forward the downward thrusting vector is tilted to offer a vertical component keeping the vehicle aloft and a horizontal component giving the vehicle motion. By increasing the speed of the back motor and decreasing the speed of the front motor the vehicle will tilt forward (2). The same theory applies to the vehicles roll axis by using the left and right motors (3). The yaw of the vehicle is not as intuitive as the other motions. The Quad Rotor has two pairs of propellers. One pair spins clockwise while the other pair spins counter clockwise. Each pair introduces an opposite moment force about the center of the vehicle. By increasing and decreasing each pair the vehicle can achieve control of the yaw motion.


[bookmark: _Toc216576343]Mobile Platform
The platform for the vehicle is a very simple one. I created mine using a piece of poly carbonate for the center piece. The center piece holds four aluminum tubes in the “plus sign” configuration. At the end of each of the tubes there is a fixed aluminum motor mount. Off of the four tubes hangs a flat bay area that holds the electronics and payload. I had originally tried to make the motor mounts out of plastic but plastic was not rigid enough and it does not dissipate heat from the motors. The weight difference between the plastic mount and the aluminum mount is so slight that it is negligible.
Before						After
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[bookmark: _Toc216576344]Actuation
	The Quad Rotor’s actuation mechanisms are relatively simple. The only actuation occurring is the modification of thrust produced by each of the four motor-propellers. The Quad Rotor uses four brushless motors to power the propellers. Each one of these brushless motors uses a special electronic speed control (ESC). The ESC’s accept a 50 Hz PWM signal with a 1 millisecond duty cycle corresponding to stopped and a 2 millisecond duty cycle corresponding to full power. Each motor is independently controlled by its own independent PWM signal.

[bookmark: _Toc216576345]Sensors
[bookmark: _Toc216576346]IMU
[image: http://www.sparkfun.com/commerce/images/products/IMU-v3-0_i_ma.jpg]
The IMU is a combination of sensors. The IMU contains a three axis accelerometer and a two axis gyroscope. The accelerometer puts out an analog signal represent the accelerations on three axes. When the platform has constant velocity or no velocity the accelerometer can be used to detect gravity and how the vehicle is oriented with respect to gravity. The Gyroscopes put out an analog signal representing rotational velocity around two axes. By integrating the values obtained from the gyroscope positional information can be calculated. The position tends to drift over time as the error in the gyroscope compounds. The general idea is to use the gyroscope to determine the orientation since it is not subject to accelerations that are tied to axis rotations, and then correct the position with the accelerometer at times of constant velocity
[bookmark: _Toc216576347]Gyroscope
[image: http://www.sparkfun.com/commerce/images/products/00394-03-L_i_ma.jpg]
A  Single axis gyroscope was used to measure the rate of yawing produced by the Quad Rotor. This gyro works similar to the one found in the IMU.
[bookmark: _Toc216576348]Sonar
[image: Product Image of Devantech SRF05]
The sonar sensor is a sensor that uses short sound bursts to determine how much distance is between the nearest object directly in front of it. In the Quad Rotor there is a sonar sensor that determines how far off the ground the Quad Rotor is. This sonar sensor works by toggling a pin for the duration of the sound burst.
[bookmark: _Toc216576349]Hall Effect (Current)
[image: ]
The Current sensors are used on the power board to determine how much current each motor is using. Although the final design did not use the data from the current sensors they are still available to the microprocessor.  The current running through a motor can be mapped to an amount of force or thrust that is produced by the motor and thus giving the controller more fine grained control over the outputs of the system.
[bookmark: _Toc216576350]Electronics
[bookmark: _Toc216576351]Power Board
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The Power board is a system that distributes power to all the systems on the vehicle. These systems include four motors, a filter board, FPGA board, and micro processor board. On this board there are current sensors for each of the motors. There are also a set of inductors used to attenuate some of the current spikes that can occur when changing the speed of the motors. This avoids unwanted resets and brown outs of the electronics.
[bookmark: _Toc216576352]Filter Board
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The filter board has six channels of eighth order low-pass Butterworth analog filters with a cutoff frequency of 1KHz. These filters are in place in an attempt to clean out noise and vibrations from the gyroscope and accelerometer data. The filters then go to analog to digital converters that are mounted after each of the filters.
[bookmark: _Toc216576353]FPGA
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The FPGA board was used for the number of general purpose pins available. This makes interfacing with other electronics possible in hardware taking away interrupts that the processor would have to deal with otherwise.  The FPGA also provides an easy means to do digital filtering on the data received mainly averaging several values to get a good estimate of the current value.
[bookmark: _Toc216576354]Micro Processor
[image: http://www.bdmicro.com/mavric-iib/mav2b_ph1_vsm.jpg]
The micro processor is a 16 MHz Atmega128 processor. This processor handles all of the high level thinking and control needed to drive the Quad Rotor. The microprocessor communicates with the FPGA via a ribbon wire that aids parallel communication so that the processor can receive immediate data from the FPGA.
[bookmark: _Toc216576355]Control
The control of the system involves four independent PID loops. A PID loop is need for pitch control, roll control, yaw control, and height control. As each of the PID controls calculates how the platform has to change, the results are summed up for each of the motors resulting in the correction needed for integrated control of the Quad Rotor.
[bookmark: _Toc216576356]Behavior
In the scope of the class the behavior of the Quad Rotor platform was to have an autonomous stable hover.  Although this was my goal very little is needed in software to allow for a more behaviors. Altitude change, rotation, and waypoint navigation are other behaviors that can be easily integrated into the platform.
[bookmark: _Toc216576357]Conclusion
I was able to construct a platform and fit all the electronics. I had some difficulties with the filter board that I designed and getting it to communicate with the FPGA. I decided to try to use the Analog to Digital converters from the microprocessor as a temporary short term remedy. It turns out that some of the ADC pins I needed were used to program the device. I was unable to get the device to hover autonomously although the entire system looks quite promising. I did not think that the FPGA was as versatile as it turned out to be in this project. It provided timers, SPI ports, filters and a communication system to interface with the processor. I learned that I could implement PID with an FPGA and I was considering making a module to control the entire aircraft only using an FPGA. I originally was going to use a 32 bit micro processor but that turned out to be really complicated and had unclear documentation for some of the software aspects. I wish I had not wasted time trying to use the 32 bit microprocessor and instead spend the time finalizing the Quad Rotor. I would like to extend the behaviors of the Quad Rotor and mount a video camera on to have a fun little toy to play with.
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