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Abstract 

Title: “Use of Garmin Autopilot Envelope Protection System for Simplified 

Vehicle Operations in General Aviation” 

Author: Stephen Sullivan 

Advisor: Markus Wilde, Ph. D. 

The general aviation industry suffers from high rates of fatalities and accidents 

occurring due to loss of control while in flight. This thesis research aims to 

implement a simple yet effective simplified vehicle operations (SVO) scheme that 

uses a Garmin autopilot system to create a pilot-on-the-loop controller to help 

prevent loss of control incidents from occurring. With this scheme, the pilot is 

controlling turns and climb rates instead of elevator and aileron deflections and is 

protected from the risk of under-speed and stall through the Garmin autopilots 

built-in limits. To interface with the autopilot system, a Raspberry Pi and Python-

based software and hardware package is developed. This package is capable of 

reading any type of controller or joystick and translate its inputs into readable 

autopilot commands. The readable commands are generated in an ARINC 429 

format, one of the standard communications formats for aviation electronics.  

Control logic and methods are developed that take in current autopilot flight state 

data from the aircraft, combine it with pilot joystick inputs, and generate heading 

and vertical speed commands that can be transmitted to the autopilot system if the 
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proper setup is in place. Ground testing is performed before any flight testing to 

ensure that each major component of the software is functioning properly and will 

not cause any issues when integrating with systems onboard the aircraft. Flight 

testing is then performed, and the data recorded and presented in this thesis 

validates that the control logic properly interprets and utilizes the received flight 

state data to generate heading and vertical speed commands. Although the 

generated commands are not able to be transmitted to the autopilot due to a wiring 

issue onboard the aircraft, the pilot is able to simulate what the generated 

commands would be doing in terms of commanding climbs and level turns. The 

recorded data illustrates that while performing level turns using heading change 

commands, the rate of turn is influenced by the amount of heading change being 

commanded. This data also shows the correlation between bank angle, rate of turn, 

and heading change commands being given.  

Lastly, this thesis created a testbed for applicable future work to be conducted. 

Applicable work includes further flight testing that allows for commands to be 

transmitted to the autopilot system to test the envelope protection of the SVO 

scheme. Applicable work also includes further advancing the current simplified 

vehicle operations scheme as well as creating new capabilities through industry 

partnerships and future thesis research. Aircraft modifications and new control 

logic methods can be developed and easily integrated with the system that was 

developed in this thesis research. This research demonstrates the development of 

SVO schemes that can help create safer practices in the general aviation industry.  
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Chapter 1 

Objectives and Background 

Research Objectives  

Objectives are developed for this thesis research for verifying and validating results 

obtained through testing. This research intends to develop control logic and 

methods for use in implementing a simplified vehicle operations scheme through 

the usage of a joystick interface with a Garmin autopilot system. This includes the 

forming of readable autopilot commands that can be transmitted from user 

developed software. Success criteria for this research includes the correct usage and 

implementation of the developed control logic as well as the verification and 

accuracy of the commands being transmitted to the autopilot, demonstrated through 

flight testing.  

 

Overview of Simplified Vehicle Operations 

Simplified Vehicle Operations (SVO) reduce task overloading and the required 

skills needed to safely operate a vehicle. This is done with the implementation of 

automation, taking some of the workload off operators when performing tasks that 

are otherwise intensive or can be better performed by a machine [1]. An aircraft is a 

prime example of where SVO can be implemented to improve the overall safety by 
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using automated tasks. SVO has become more relevant today due to its applicable 

markets such as general aviation and the newer market that is urban air mobility 

(UAM). One of the strong features of SVO is the possible significant increase in 

safety. This is attractive for general aviation due to the high number of accidents 

and fatalities and also attractive for the UAM market that will need to have a high 

safety record if it hopes to maintain a profitable industry. SVO can take tasks that 

are currently performed by a pilot and instead, have those tasks be performed by an 

autopilot or computer system. This is due to the fact that those tasks can be better 

performed and more safely performed if done by a computer rather than a person 

[1]. The majority of fatal accident events occur mostly due to pilot error [1]. 

Having an SVO system in place that can complement the pilot while providing 

safety functionality could significantly reduce the number of accidents and fatalities 

associated with those events. In general aviation, SVO introduces a pilot-on-the-

loop scheme that creates a safer environment as well as the potential for an 

environment with lower barriers to entry in terms of time and cost of skill 

acquisition. An example of a pilot-on-the-loop system is shown in Figure 1, 

illustrating that the pilot is still controlling the aircraft but does not have to focus on 

lower control tasks and can instead focus on flight path planning, radio 

communications, and other higher level functions.  
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Figure 1 – Pilot On-the-Loop Diagram 

The SVO scheme performs the lower level tasks such as keeping the aircraft steady 

and level, while also executing more complex tasks based on pilot commands. This 

improves safety because the pilot is no longer responsible for maintaining a safe 

flying orientation, also reducing the workload placed on the pilot. Having a system 

capable of executing and maintaining both simple and complex maneuvers while a 

pilot operator focuses on higher level functions is the overall goal of SVO, 

especially in general aviation. This type of operation in general aviation presents 

challenges in terms of certification of pilots and for equipment used to create an 

SVO environment. There are questions that arise on the types of certifications for 

general aviation pilots. Should a new level of certification be implemented for SVO 

pilots? Does this require less, more, or the same amount of time compared to a 

standard private pilot certification? Independent of training, other questions raised 

are ones for the equipment required to perform SVO. Should existing equipment be 

implemented or should new equipment be introduced and how long would each 

type take to certify safe for general aviation? These are a small sample of the 

questions that the industry and certifying authorities must solve in order to move 

general aviation further along the SVO spectrum. While this thesis does not address 

all the issues and questions that need to be solved, it does propose a way to use 
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existing general aviation equipment to easily implement an SVO system. In doing 

so, a reduction in fatal general aviation accidents is possible based on why general 

aviation accidents are occurring and at the frequency for which they occur.  

 

 

Accidents in the General Aviation Industry  

From 2010 to 2018 there have been 11,816 general aviation accidents with 2,161 of 

those accidents being fatal, corresponding to a fatal accident percentage of around 

18%. Of those fatal accidents, there were 3,642 fatalities [3, 4]. Figure 2 illustrates 

this as well as shows that while the overall number of accidents has gone down 

from the 2010-2012 years, the number of fatal accidents is averaging around the 

same over the nine year span.  

 

Figure 2 – GA Accident Data 2010-2018 (R: Revised, P: Preliminary) 
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The leading cause of these fatal accidents in general aviation is a loss-of-control 

(LoC) incident [2]. A LoC incident can occur in any phase of flight and happens 

when the aircraft has an unintended departure from controlled flight. The most 

common phase of flight where a LoC incident occurs is while maneuvering, shown 

here in Figure 3 for 2017, with previous years shown in Appendix A of this thesis.  

[2, 4]. There are multiple factors that cause a LoC incident during the different 

phases of flight. Pilots can become singularly focused, entering a tunnel-vision-like 

state, causing their immediate attention to fall away from monitoring their 

instruments. This can cause a chain reaction of events that if the pilot is not aware 

of, will most likely lead to a LoC incident. Things such as stalls, spins, and other 

events can become deadly if under the right circumstance. This is even more 

dangerous if the pilot is inexperienced and without knowledge of how to recover 

from these events. To illustrate further how dangerous LoC incidents are in terms 

of fatal accidents, Figure 4 shows the defining events for general aviation accidents 

in 2017, with previous years shown in Appendix A of this thesis [4]. This shows 

how LoC incidents occur at more than triple the rate of other general aviation 

accidents. Having a simple, easy to implement SVO scheme that can reduce the 

frequency of LoC incidents is the goal of this thesis research.  
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Figure 3 – Phase of Flight for GA Accidents 2017 [4] 
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Figure 4 – Defining Event for GA Accidents 2017 [4] 

The way that this simple SVO scheme can be implemented is through the creation 

of an envelope protection system. Envelope protection is the range that an aircraft 

can safely operate in. When exceeded, the aircraft can enter a LoC incident, or an 

unintended departure of controlled flight. This thesis research creates an SVO 

scheme that constantly places the pilot in the envelope protection range without 

taking away the feeling and familiarity of hand-flying the aircraft. This is done 

through the use of readily available autopilot systems that are already certified for 
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general aviation use. An aircraft autopilot is utilized and interfaced with a 

controller and accompanying software, providing the operator a simple method for 

commanding level-turns and steady climbs. Through the use of on-screen warnings 

as well as maneuvering the aircraft, the autopilot will not allow the pilot to depart 

from the envelope protection range. This thesis research used the Garmin G5 and 

accompanying autopilot software and hardware to accomplish this. 
 

Garmin G5 Autopilot System 

The Garmin G5 flight instrument is an all-in-one flight display, accompanied with 

autopilot capabilities when paired with the Garmin GMC 507 and Garmin GSA 28 

smart servos. It offers standard flight display information such as heading, pitch, 

roll, along with a turn rate indicator. On each side of the G5 screen, the airspeed, 

vertical speed, and altitude can be displayed with multiple options for 

customization and configuration based on preferences. The G5 is shown in Figure 5 

and is the experimental aircraft version of the system [5].  

 

Figure 5 – Garmin G5 for Experimental Aircraft [5]  
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Both the G5 and GMC 507 are located on the instrument panel of the aircraft, as 

shown in the test aircraft in Figure 6, giving easy access to control multiple 

different functions.  

 

 

Figure 6 – Garmin G5 and GMC 507 Installed on Piper Test Aircraft 

The GSA 28 smart servos are connected to the control surfaces of the aircraft. In 

the case of this thesis, a Piper Warrior PA-28-161 aircraft being used has smart 

servos on the aileron and elevator control surfaces and does not have a smart servo 

on the rudder control surface. The current configuration of the GSA 28 smart 

servos provide pitch and roll autopilot features without a yaw damper [6]. Future 

work includes installing a GSA 28 smart servo and integrating it with the rudder 

control surface. For the purpose of this research the current configuration is suitable 

for testing and verifying the objectives that were set. The smart servos are 

connected to the mechanical linkages on the aircraft and as such, will move the 

yoke when adjustments and commands are given to the autopilot. In the event that 

there is a fault with the smart servos, the pilot is capable of over-powering them to 
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maintain safe flying conditions [6]. This means that during testing, if there is any 

issue with interfacing with the autopilot or any other circumstances that could arise, 

the pilot is able to maintain control of the aircraft and avoid a possible LoC 

incident.  

 

With the installed hardware on the test aircraft, the Garmin G5 autopilot offers an 

automatic flight control system capability that is being fully utilized for this thesis 

research. The flight control system operates using the smart servos and the flight 

director. The flight director sends pitch and roll commands to the servos through a 

controller area network, or CAN bus [6]. CAN bus is a standard hardware 

interaction protocol that allows communication between different pieces of 

hardware. This is how all the Garmin equipment and instruments are connected 

with each other. The flight director and smart servos are just two out of the multiple 

pieces of hardware using CAN bus.  

 

The G5’s automatic flight control system offers a range of capabilities. In the flight 

control mode, pitch and roll commands are sent to the smart servos based on the 

inputs made using the GMC 507 from the pilot [6]. This is one way for controlling 

the aircraft to perform altitude changes, turns, and more using pitch and roll 

commands. When the autopilot is placed in heading select mode, the pilot has 

control over the heading bug. This means that to change heading the pilot can 

simply use a selector on the flight director to input a desired heading and the 

autopilot will adjust the course of the aircraft to align with that heading. This is one 

of the modes being utilized for the development of the SVO scheme in this thesis 

research. Another interface that the autopilot offers is the vertical speed mode. 

Using a scroll wheel on the flight director interface, the pilot has control over the 

vertical speed of the aircraft, creating climbs as well as descents at selectable rates. 
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This indirectly controls the pitch of the aircraft and the autopilot will adjust this 

pitch to maintain the selected vertical speed. However, there can be limitations on 

performance due to the lack of an auto throttle system. The pitch axis of the aircraft 

is stabilized during maneuvers using pitch-rate control. A control loop is used for 

controlling and stabilizing the pitch rate, while another loop is utilized within the 

servo, making the servo motor more efficient [6]. Similarly, roll rate is used within 

a control loop to stabilize the roll axis of the aircraft based on commands sent by 

the flight director. The roll commands sent to the servos are rate and attitude 

limited in order to prevent the aircraft from leaving its flight envelope [6]. The 

automatic flight control system also has built-in electronic and stability protection 

[6]. This is another way that the G5 keeps the aircraft within its operating envelope. 

The automatic flight control system is constantly monitoring the orientation and 

speed of the aircraft, and when it senses that the aircraft has reached its limits in 

speed, pitch attitude, or roll attitude, the electronic stability and protection system 

commands the smart servos to bring the aircraft back to a safe operational position 

that is within the flight envelope. For roll and turn commands this is a bank angle 

that is customized based on pilot preference but with a maximum value of 30°. The 

pitch commands are also limited to a range between -15° and 20° [6]. The goal of 

using these systems for this thesis is to keep the pilot in the envelope protection of 

the flight control system to prevent a LoC incident from occurring.  
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Chapter 2 

Autopilot Interface and Methodology 

Joystick Interface with G5 Autopilot System 

To create an SVO scheme while maintaining the feeling of flying the aircraft, this 

thesis introduces the use of a flight simulator-type joystick to send commands to 

the autopilot, replacing how the pilot interacts with the flight director interface 

while in heading select or vertical speed mode. The joystick used for this thesis 

research is the Logitech Extreme 3D Pro. A picture of the joystick is shown in 

Figure 7 [7]. 

 

 

Figure 7 –  Logitech Extreme 3D Pro Joystick [7] 

Along with normal two-axis joystick control, it has a third, twist-axis for rudder 

control. It has twelve programmable buttons as well as an eight-way hat switch 

located on top of the joystick [7]. While the main interest of use for this thesis 
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research is the two-axis standard joystick motion, the trigger and thumb buttons on 

the joystick are used to safely terminate the code when finished with testing. Future 

work includes integrating more options and functionality using the remaining 

buttons of the joystick to perform mode switching and other unique features while 

interacting with the Garmin autopilot system. This SVO scheme is agnostic to the 

joystick used. Any type of controller could be used to interface with the autopilot. 

Things like a gaming controller or keyboard are just a few examples. The reason 

the joystick was chosen is to keep the familiarity of flying for the pilots using the 

SVO system. Using a different controller may be foreign to some pilots and could 

create issues in terms of testing and usage.  

 

The joystick is used as an input device to interface and command the Garmin 

autopilot. When the joystick is deflected, a heading or vertical speed command is 

formed based on the current autopilot heading and vertical speed data, integrated 

with what the pilot is intending to do. The heading command is formed in units of 

degrees while the vertical speed command is formed in units of feet. This newly 

formed command is then sent to the autopilot, causing either a heading change or 

vertical speed change to be executed. This is accomplished with a series of 

connected devices and interfaces, all crucial in sending the proper command to the 

autopilot. The joystick is connected via USB to a Raspberry Pi. The Raspberry Pi is 

a small computer that can be used for different types of projects and applications. 

For this thesis, it is being used as the computer that contains the software for 

reading, formatting, and sending data and commands to the autopilot. The software 

responsible for all of this is coded in Python. The code created for this research 

reads in flight state data from the G5 and inputs from the joystick. It then takes this 

information and using the developed control logic, generates heading and vertical 

speed commands, sending them to the next piece of hardware, the RTX Serial Port 
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Adapter. This adapter takes the generated commands sent to it from a USB to RS-

232 cable connected to the Raspberry Pi and converts it to ARINC 429. ARINC 

429 is a standard form of communication in the aviation industry and the process of 

formatting commands is explained in detail following this section of this thesis [8].  

 

Once a heading or vertical speed command is passed through the RTX Serial Port 

Adapter, it is sent to the Garmin GAD 29. The GAD 29 takes the ARINC 429 

formatted message and sends it to the autopilot over CAN bus. Once at the 

autopilot, the command is read in and a heading and or vertical speed change will 

take place. Which task is executed depends on the information contained in the 

ARINC 429 command. A diagram displaying the flow of communication between 

the joystick and autopilot is seen in Figure 8. Note that the Garmin G5 is both 

acting as the autopilot system, receiving heading and vertical speed commands, as 

well as the transmitter for reading current flight state data into the software on the 

Raspberry Pi.  

 

 

Figure 8 – Joystick Interface Diagram 
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The software on the Raspberry Pi logs the received flight state data, the transmitted 

commands, and the joystick inputs to a text file while running. This is used as a 

data recorder during flight testing. This feature, along with the joystick interface, 

are key in testing the SVO scheme and drawing conclusions on how effective the 

scheme is in not only protecting general aviation pilots but creating a new way for 

them to fly.  

 

ARINC 429 

ARINC 429 is a standard data communications protocol used in commercial as 

well as general aviation industries. ARINC stands for and is published by 

Aeronautical Radio, Inc.. While there are multiple versions of ARINC protocols 

and standards, ARINC 429 is most commonly used [8]. This research used ARINC 

429 standards for forming and sending commands to the aircraft’s Garmin autopilot 

system. This standard consists of a 32-bit encoded message that is made up of 

different pieces of information used to communicate with the autopilot. These 

encoded messages are broken up into five categories. The first part of the message 

that is sent and the first category is the Label [10]. The label takes up 8 bits of the 

32-bit message. The label is a standard identifier for a certain communication. For 

example, the Selected Heading label is 101 and is independent of what system it is 

being used on [9]. The next category is the SDI, which stands for Source or 

Destination Identifier. This 2-bit slice follows right after the Label section and 

contains optional information on where the transmission is coming from [10]. The 

next category is the Data Field section of the message. This section takes up 18 of 

the 32 bits. This is the section of information where, using heading as an example, 

an encoded numerical value is placed. While all 18 bits are dedicated to this section 

of the message, not all are being used. Depending on the type of message being 
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transmitted, the number of used bits varies. Each type of message being sent has a 

scale factor associated with it as well as the number of significant bits being used 

[9]. What this means is that while everything is encoded in a binary format, the data 

field section of the message is scaled depending on the type of message being 

transmitted. Selected Heading has a scale factor of 180° while Selected Vertical 

Speed has a scale factor of 16,384 ft [9]. The fourth section of the message is a 3-

bit SSM, or Sign/Status Matrix. This can determine whether the data field value is 

positive or negative, as well as the direction such as North, South, East, or West. It 

can also include the current status of equipment [10]. The final section is the Parity 

section or parity bit. This single-bit character offers error detection by means of 

ensuring the transmitted message was not disrupted or distorted [10]. This is 

accomplished by taking the number of bits assigned as 1 in the previous four 

sections of the message and add them together. An even number creates a parity bit 

assignment of 1 while an odd number creates a parity assignment of 0 [9]. All of 

these sections are put together to form a transmittable ARINC 429 message, 

starting with the Label section and ending with the Parity section. An example of 

this is shown in Figure 9, taken from an ARINC 429 example list [9].  

 

 

Figure 9 – ARINC 429 Example List [9] 

One of the main tasks that the Python code performs is forming the 32-bit ARINC 

429 messages that will be sent to the Garmin autopilot. Since there are only a few 
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possibilities for the vertical speed commands, those 32-bit messages are 

preformatted and stored for when they are called upon. Doing this reduces the 

amount of onboard calculations and time required to generate them. The vertical 

speed data field section is prewritten and combined with the other prewritten 

sections such as the Label, SDI, SSM, and Parity sections for specific vertical 

speed commands. When a vertical speed command input is given, it is passed 

through logic statements such as “if” and “if-else” statements. When it matches one 

of the conditions, the corresponding data field section is taken and combined with 

the remaining four sections to form a completed string. This is then sent to the 

autopilot to command a vertical speed and is repeated constantly throughout the 

course of the maneuvers. 

 

In the case of heading commands, due to the large number of possible values, a 

method was created to generate the 32-bit message. The label remains constant no 

matter what heading command is given, so that is prewritten along with the SDI 

section which consists of two zero values. There are three sections that need to be 

determined for heading commands. The first is the SSM section. When given a 

heading command value between 180° and 359°, the SSM bits are all assigned a 

value of 1. This is due to the standard protocol of reading in a value as a negative if 

it is greater than or equal to 180°. The first step is taking 360° minus the desired 

heading value. That new value is then subtracted from 180° and the resulting value 

is encoded into the data field section of the message. The goal is to encode a 

number that when added to -180° equals 360° minus the desired heading. For 

example, a desired heading of 275° would be encoded as 95° with all bits in the 

SSM assigned a value of 1. This example is shown in Equations 1 and 2 below.  
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360° − 275° = 85° (1) 

180° − 85° = 95° (2) 

 

Having the bits properly assigned in the SSM is crucial in making sure that the 

overall message is interpreted as 275° and not just 95°. An encoding mistake like 

that can cause the autopilot to perform a maneuver different from what the pilot 

intended. An example of the methodology of generating the properly formatted 

message for a desired heading of 275° is shown in Figure 10. In the data field 

section of the example the unused, or insignificant bits, are not shown and have a 

bit assignment of 0.  

 

 

Figure 10 – Heading Command Message Formation: 275° 
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For instances of desired heading values between 0° and 179°, no conversion is 

required since the value is less than 180°. The SSM bit assignment is changed to 

reflect a different range for the desired heading. The 29th bit is assigned as a 0, 

indicating that the value in the data field section is truly less than 180°. The 

remaining two bits of the SSM remain assigned as 1, however. An example for a 

desired heading of 150° is shown in Figure 11. Similarly, the unused bits are not 

shown in the data field section.  

 

 

Figure 11 – Heading Command Message Formation: 150° 

Once a message has been formed, it is transmitted to the autopilot and read in 

starting from the label bits and ending with the parity bit. It is important to ensure 

that the autopilot receives the right starting bit. A transmitted message sent in the 

wrong order could mean either nothing or a different type of command then what 

was originally intended. Ensuring that the right command is given also means 

ensuring that the heading and vertical speed messages compiled in the Python code 

reflect the objective of the maneuver being performed. 
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Controlling Heading and Coordinated Turns 

The Garmin GFC 500 setup, with the GMC 507 and G5, allows for independent 

and immediate control of the heading bug, shown on the GMC 507 in Figure 12 

[11]. Moving this bug allows the operator to select a desired heading and the 

autopilot will command the plane to perform a roll and pitch maneuver to obtain 

and maintain that desired heading. The maneuver performed is a level turn, 

meaning that no altitude is gained or lost during the maneuver. This functionality 

that the autopilot offers is the perfect mode to interface with for SVO.  

 

 

Figure 12 – Garmin GMC 507 [11] 

Performing a level turn involves using multiple control surface inputs in order to 

maintain a safe and controlled turn. Inputs from the ailerons, rudder, and elevator 

are needed to perform a level, coordinated turn. While this is normal operation for 

general aviation pilots, it still involves multiple functions being performed 

simultaneously and can cause task overloading which can lead to a LoC incident. 

Taking these tasks and replacing it with one simple movement in the SVO scheme 

is one way of adding safer practices to general aviation. This is done by using the 

joystick interface that is connected with the Garmin autopilot system. When the 

joystick is deflected to either the right or the left, a heading command is sent to the 
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autopilot. This heading command is formed in multiple steps. The first is that the 

joystick deflection is an input of heading change. This heading change scales 

depending on the amount of deflection and its maximum can be set to any realistic 

value. Depending on the direction the pilot is wanting to turn, the heading change 

command is either positive or negative. The next step is adding this value to the 

current heading of the aircraft that is read into the program running on the 

Raspberry Pi. If the heading change command is negative, the new heading 

command will be less than the current heading, causing a turn to the left, relative to 

the aircraft. Similarly, if the heading change command is positive, the new heading 

command will be greater than the current heading, causing a turn to the right, 

relative to the aircraft. Once this new heading command is formed, it is sent to the 

Garmin GAD 29 using ARINC 429 formatting. The autopilot then takes over and 

performs the heading change, creating a level turn.  

 

For as long as the joystick is deflected, a heading command will always be given, 

creating a constant offset between the current and commanded heading. This is 

different than a heading error input, which tells the autopilot that it is not on the 

right heading and is off course, causing a correction to take place. What this thesis 

research did is utilize the heading selection capabilities that the Garmin autopilot 

system offers and integrate a new way of controlling the selection. This is how the 

level turn is performed and maintained for as long as the pilot allows. The amount 

of deflection will adjust the amount of heading change being commanded, creating 

different commands being sent to the autopilot. Once the joystick is brought back 

to its neutral position relative to a left/right deflection, a zero degree heading 

command is given and the commanded heading will become the current heading, 

ending the maneuver. This creates a control loop for performing level turns and is 

shown in Figure 13. The amount of heading change used for testing was set at a 
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maximum value of 25° based on discussions with the pilot. With this research, rate 

of turn is configured to be around three degrees per second and the results section 

shows how using less than max joystick deflection results in smaller turn rates.  

 

 

Figure 13 – Heading Change Control Loop 

By implementing heading control into the SVO scheme, the pilot is placed into the 

envelope protection system of the Garmin autopilot. A LoC incident can occur in 

the form of a stall during a level turn. One factor used in determining the 

accelerated stall speed is the load factor during the turn. The load factor during a 

level turn is dependent on the bank angle of the aircraft. This is represented by 

Equation 3 where 𝜙 is the bank angle of the aircraft. Figure 14 shows how load 

factor is influenced by bank angle. Once the load factor is determined, the 

accelerated stall speed can be calculated using Equation 4. The stall speed is 

determined based on the aircraft being used. For this thesis, the aircraft being used 

for testing is a Piper Warrior PA-28-161 and has a normal indicated stall speed of 

50 knots and a landing configuration indicated stall speed of 44 knots. Figure 15 

shows the relationship between load factor and stall speed for both normal and 

landing configurations of the aircraft.  
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𝑛𝑧 =
1

cos(𝜙)
 (3) 

𝑉𝑠𝑡𝑎𝑙𝑙𝑎𝑐𝑐
= 𝑉𝑠𝑡𝑎𝑙𝑙√𝑛𝑧 (4) 

 

 

Figure 14 – Load Factor vs. Bank Angle for Piper Warrior 
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Figure 15 – Stall Speed vs. Load Factor for Piper Warrior 

The above figures indicate that the higher the load factor acting on the aircraft, the 

higher the stall speed becomes. The Garmin autopilot system will prevent the pilot 

from going past a set bank angle that would cause the aircraft to enter a possible 

LoC incident. Taking this level of protection and implementing it into the SVO 

scheme provides further layers of protection. By using the joystick interface to 

command a heading change, the pilot is no longer commanding bank angle. Doing 

this takes away the risk of a pilot-induced bank angle that could lead to a high load 

factor and subsequent stall. The Garmin autopilot system will perform the heading 

change and monitor factors such as bank angle as well as airspeed, ensuring that the 

aircraft will not leave the envelope protection region. If it senses that this is 
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happening, the aircraft will be brought back into the protected region using the 

GSA 28 smart servos. With this research, the only practical way this would occur is 

due to low airspeed. Due to the absence of an auto-throttle, the pilot must monitor 

and maintain a safe airspeed while flying the plane. Future work includes gaining 

the ability to change the set turn rate for the Garmin autopilot to have control over 

heading change as well as direct control over rate of turn. This introduces 

requirements for more safety monitoring from the SVO scheme to ensure that the 

aircraft, while having higher performance and capabilities, is still in a safe 

operational regime.  
 

Controlling Vertical Speed and Climbs 

Similarly to the methodology for controlling and maintaining level turns, the 

Garmin autopilot system being utilized also has control over vertical speed. What 

this means is that using the scroll wheel on the GMC 507, shown in Figure 16, a 

vertical speed can be selected in flight [11]. This can be either a positive or 

negative rate, creating an ascent or decent. The Garmin autopilot system monitors 

the pitch and speed of the aircraft, creating an internal control loop for maintaining 

the selected climb rate as best as possible. Since the autopilot does not have control 

over the throttle on the aircraft, it uses pitch angle to adjust speed to try and 

maintain the selected climb rate. For this thesis research, having control over the 

vertical speed selection is another mode to include in the SVO scheme.  
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Figure 16 – Garmin GMC 507 [11] 

Performing and maintaining a rate of climb, or vertical speed, involves using both 

pitch angle of the aircraft as well as the speed of the aircraft. This relationship is 

shown in Equation 5, where 𝜃 is the climb angle and is dependent on the pitch 

angle as well as the angle of attack. 

 

𝑅/𝐶 = 𝑉∞𝑠𝑖𝑛𝜃 (5) 

 

The pilot must monitor and operate the throttle and pitch of the aircraft to maintain 

the desired vertical speed. This, like performing a level turn, is standard practice for 

general aviation pilots but under the right set of circumstances can cause task 

overloading and lead to a LoC incident. A high traffic situation like one near an 

airport is an example of where a pilot could become easily distracted and lose focus 

on either speed or pitch angle of the aircraft, causing a LoC incident. Taking the 

tasks associated with climbing or descending and offloading some of those 

associated duties to the autopilot is the goal of the SVO scheme in this thesis. 

These tasks become relaxed when the pilot no longer needs to provide constant 

corrections and monitoring of pitch angle and climb rate. The SVO scheme using 

the joystick interface with the Garmin autopilot system takes the capabilities of the 
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scroll wheel on the GMC 507 and integrates it into the forward/backward axis of 

the joystick. This gives the pilot indirect control over the pitch of the aircraft while 

still keeping the familiarity of hand flying the aircraft but uses the Garmin 

autopilots built in envelope protection. When the joystick is deflected forward it 

sends a negative vertical speed command to cause a decent, in fpm, to the autopilot 

through the software on the Raspberry Pi. Similarly, when the joystick is deflected 

backwards a positive vertical speed command is sent and causes the aircraft to 

climb. This is very similar to the method that is used for sending heading change 

commands when the joystick is deflected to the left or right. Figure 17 illustrates 

the logic used for sending vertical speed commands to the autopilot. The vertical 

speed is scaled to be in hundreds of feet per minute to match the same scale that the 

Garmin autopilot system uses. The vertical speed commands, similar to the heading 

commands, are sent using ARINC 429 protocols.  

 

 

Figure 17 – Vertical Speed Control Scheme 

By implementing vertical speed control into the SVO scheme, the pilot is operating 

within the envelope protection system of the Garmin autopilot. What this does is 

that while using this SVO scheme, the pilot cannot cause a LoC incident no matter 

how much the joystick is deflected. The Garmin autopilot will give on screen 

warnings for pitch angle as well as any low or high speeds that are configurable to 

the aircraft and pilot preference. If the pilot ignores this and continues to deflect the 
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joystick, the smart servos will receive commands from the autopilot to either pitch 

the plane up or down, bringing the aircraft back into a safe state of operation. An 

example of this is shown for a high pitch angle and low speed incident in Figure 18. 

Having this SVO scheme in place will significantly reduce LoC incidents caused 

from pilot error while maintaining the familiarity of flying a general aviation 

aircraft.  

 

 

Figure 18 – SVO Envelope Protection System 
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Chapter 3 

Flight Testing and Results 

Preflight Validation Testing 

Before flight testing could take place the software had to be tested and debugged to 

ensure, to a certain level, that every aspect of it was working as it should. This was 

done in increments and was built up after each iteration had been successfully 

tested. The first step in this testing cycle was the reading of incoming data from the 

Garmin G5. This was tested using a spare Garmin G5 and a USB to RS-232 cable 

plugged into the Raspberry Pi. The G5 would constantly be transmitting flight state 

data and the software on the Raspberry Pi was able to read and process this data. 

The heading could not be properly tested due to the lack of a compass that would 

tell the G5 its current heading. That test had to be performed for the first time while 

on the airplane during ground testing. The next step was validating that the inputs 

the operator was giving with the joystick were being appropriately translated in the 

software. This was accomplished with the simple practice of printing and recording 

inputs to verify that the joystick was being read correctly. Once this was done, the 

next task that had to be tested was using the joystick inputs and scaling them to 

match a type of command that would be sent to the autopilot. This meant checking 

that the left/right axis of the joystick was being converted into heading commands 

and the forward/backward axis into vertical speed commands. The conversion from 

a given command to something that was readable for the autopilot was the next test 

for the software. This was validated using examples of ARINC 429 messages and 

trying to generate the same message given the same command as the example. 

Once this was demonstrated for multiple different examples, verification was done 
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to ensure that the ARINC 429 message could be successfully transmitted and 

received from one device to another. This was done by sending the formatted 

message from the serial port of the Raspberry Pi and reading it using the serial port 

of a laptop along with a Matlab script for reading incoming serial data. Messages 

that were transmitted were received with no disruption or signs of error. The final 

step was ensuring that the data being collected as well as transmitted was being 

properly saved to a text file. The text file is used for analyzing the data and creating 

figures. This was verified once the file was shown to be correctly saving and 

formatting the selected data. Once all the testing that could be done before 

integrating with the airplane was complete, the integration and ground testing of the 

complete system began. 

 

Flight Test Environment 

The flight testing was performed in steps. The first step was taking the hardware 

and software package onboard the aircraft to integrate with the onboard 

components of the aircraft. The Raspberry Pi has three major components that 

would be connected to it. The first is the cable connecting the Garmin G5 so 

current flight data could be read in. The second was the cable that connected to the 

autopilot system so that commands could be transmitted from the Raspberry Pi. 

The third major component was the joystick being used for pilot input into the 

software to generate commands for the autopilot. Before any flying was done, 

validation was required to ensure the software and data being recorded was 

accurate beyond what had been accomplished during the preflight validation 

testing. The most unknown variable in this testing was the reading and recording of 

heading data coming from the G5. Now that the hardware and software package 
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had been installed with the aircraft components, heading data was available. The 

software was validated when checking the file that the data was being saved to and 

seeing that this was indeed correct. Garmin G5 flight state data was being 

transmitted to the Raspberry Pi and read into the software as well as the joystick 

inputs from the pilot. Along with these, the ARINC 429 commands that were 

formed in the software were also being properly saved. The transmission of the 

ARINC 429 commands from the Raspberry Pi to the Garmin autopilot system was 

unable to be tested. This was due to the unknown wiring pinout of the Garmin 

GAD 29. Notwithstanding, a flight test could still be performed to validate the 

methodology and control logic as laid out in this thesis. Once the weather had good 

visibility along with minimal turbulence, a flight test was performed. 

The aircraft used was a Piper Warrior PA-28-161 and is shown in Figure 19. The 

hardware and software package was installed onboard the aircraft. The software 

was tested to validate that the program was correctly running and saving the 

required data. Once this was shown, the pilot was able to take off and begin testing.  

 

 

Figure 19 – Florida Tech Piper Warrior 
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Types of Testing Performed  

There are four tests performed during flight testing. Each has a specific reason and 

goal for why it is being performed. The first is a climb to cruise altitude. This is 

being performed to gather flight test data on how the system performs while trying 

to maintain a selected vertical speed. Since the ARINC 429 commands are not 

being sent to the autopilot due to the wiring issue, the pilot uses the scroll wheel on 

the Garmin GMC 507 to command a vertical speed of 400 fpm. While doing this, 

the pilot also uses the joystick to generate a commanded vertical speed of 400 fpm 

by giving a full aft deflection. Doing this creates recorded data that is similar to 

what the ARINC 429 commands would be sending. The pilot is acting as the bridge 

between the Raspberry Pi and the autopilot. The vertical speed command created 

from the joystick deflection matches the selected vertical speed given to the 

autopilot from the pilot, simulating a working connection between the Raspberry Pi 

and autopilot. This command is held at 400 fpm till reaching the desired cruise 

altitude of around 2,000 feet. Once reaching this altitude and smooth air, the 

maneuver is stopped. The expected results from this test should indicate how well 

the autopilot performs without having an auto throttle.  

The second test performed is a level turn to the left. To perform this maneuver in a 

way that would simulate ARINC 429 commands being sent to the autopilot, the 

pilot performs two tasks. The first is a full deflection of the joystick to the left. This 

creates a maximum heading change command that is constantly applied for as long 

as the joystick is fully deflected. The second task is again creating a bridge between 

the Raspberry Pi and the autopilot. In terms of heading change, this means using 

the heading select bug on the GMC 507 and maintaining a constant difference 

between the current heading and selected heading. This difference between the 

current and selected heading is the same difference that the joystick deflection 
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forms in the software running on the Raspberry Pi. For a full deflection of the 

joystick, this difference is 25°. This enables data to be recorded and analyzed that 

could be used to validate the logic in the software for generating commands that 

would control the heading of the aircraft if properly received by the autopilot. 

Similar to this maneuver, the next maneuver that is performed is a full joystick 

deflection turn to the right. This maneuver is performed in the same way that the 

left turn is performed. Instead of a heading difference of 25° to the left, the pilot 

commands a constant heading difference of 25° to the right while giving a full right 

joystick deflection. Again this data is recorded to be analyzed post-flight. These 

tests should indicate the relationship between bank angle, rate of turn, and heading 

change command. 

The final test performed is a left turn but with a joystick deflection of less than full. 

The pilot uses the heading select bug to maintain an offset of around 13° between 

the current and selected heading, while also trying to maintain a joystick deflection 

of about half. This test provides data that can be compared to the full deflection left 

turn. This allows for connections to be drawn between rate of turn versus the 

amount of offset between the current and selected heading as well as other 

important parameters seen in the full deflection left turn.  

 

Results of Flight Testing  

For the vertical speed maneuver, the data that is of most importance is the airspeed, 

pitch, vertical speed, and commanded vertical speed. This data is reflected in 

Figure 20, Figure 21, and Figure 22 below.  
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Figure 20 – G5 Airspeed vs. Time 
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Figure 21 – G5 Pitch Angle vs. Time 
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Figure 22 – Actual and Commanded Vertical Speed vs. Time 

These figures show what is to be expected when trying to obtain and maintain a 

selected vertical speed with the current configuration of the aircraft. Not having an 

auto-throttle means that to control airspeed, the autopilot must pitch the aircraft 

depending on the feedback it is receiving. If the airspeed is dropping and cannot 

sustain the desired vertical speed, the autopilot will pitch the aircraft down to gain 

more airspeed. This is a form of energy management and conservation that is being 

utilized by the autopilot. Vertical speed is a function of pitch and flight path angle, 

along with airspeed. Without having independent control over the throttle on the 

aircraft, the inner control system of the autopilot has to use the pitch angle of the 

aircraft in coordination with the current airspeed to obtain a desired vertical speed. 
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This creates a coupling between airspeed and pitch angle in the vertical speed 

formula. Having this relationship present makes reaching the desired vertical speed 

take longer as well as creating the oscillation seen in Figure 22. By looking at the 

pitch angle and airspeed data in Figure 20 and 21, it can be observed how the pitch 

angle is used to try and control airspeed while also being used to find the optimal 

speed and orientation for the desired vertical speed. Figure 22 shows that the 

oscillatory response for the actual vertical speed starts to dampen after about 30 

seconds. This is due to the autopilot starting to find the proper range and control of 

the pitch angle that creates and airspeed and vertical speed closer to the desired 

value. Similarly to a standard control system, smaller and smaller corrections are 

used to bring the response closer to the desired value. Had the maneuver been 

carried out longer a more complete set of data could have been compiled to further 

analyze how fast the Garmin autopilot can obtain the desired vertical speed with the 

aircraft’s current configuration.  

The next maneuver to evaluate is the level turn to the left at full joystick deflection. 

Important factors to look at are the current and commanded heading, along with the 

roll, or bank, angle, heading change command, and rate of turn. The filtered 

heading is also analyzed to validate the logic of the software in interpreting 

incoming heading data when the heading is greater than 179° as discussed earlier in 

this thesis.  
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Figure 23 – Actual and Commanded Heading vs. Time 
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Figure 24 – Heading Change and Joystick Input vs. Time 

Figure 23 shows the relationship between the current heading and the heading 

being commanded using a full left joystick deflection as shown in Figure 24, along 

with the joystick input value. During a left turn, the logic of the code with a full 

leftward joystick deflection would command a heading change of 25°. Since this is 

a turn to the left, the heading change command is negative, subtracting from the 

current heading value. This creates a selected heading value as shown in Figure 23. 

There is a constant 25° difference between the actual heading and the commanded 

heading, identical to what the pilot was commanding using the heading bug of the 

autopilot. At the beginning and end data points, there is a ramp up and ramp down 

to the 25° offset. This is caused by the pilot giving an input with the joystick. 
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Seeing this validates the control system for heading commands. When the pilot 

gives the initial input that value is converted to the heading change command 

which is then added to the current heading, causing a selected heading command 

that is different from the current heading. When the pilot brings the joystick back to 

a neutral position, the heading change command values decrease with time till 

reaching a 0° command, making the selected heading command equal to the current 

heading command. Furthermore, the logic in the heading control law also takes into 

account the readable range of heading values for the autopilot between 0° and 180°. 

Figure 25 illustrates this, validating that portion of the control logic. When the 

heading passes 180°, the control logic takes the current heading value and converts 

it into a value that brings it back into the autopilots acceptable range and uses that 

new value to generate the ARINC 429 command that would be sent to the 

autopilot.  

 

Figure 25 – Filtered Heading vs. Time 
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The heading change command that is given for a full leftward deflection of the 

joystick corresponds to a standard rate turn of 3° per second. This is shown in 

Figure 26 below and can be used in comparison with other levels of joystick 

deflection to correlate selected heading commands with rate of turn. Another 

comparison that can be made is the relationship between the amount of joystick 

deflection and the bank angle of the aircraft. A larger heading offset leads to a 

higher rate of turn which requires a steeper bank angle. The bank angle is shown in 

Figure 27. These figures also demonstrate how it takes time to reach the desired 

parameter value for performing a certain maneuver. In the case of the full leftward 

joystick deflection, it takes 10 seconds to reach a turn rate of about 3° per second 

with a corresponding bank angle between 16° and 18°. This pattern of behavior is 

also shown when the maneuver is finishing.  

 

Figure 26 – Rate of Turn vs. Time 
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Figure 27 – Bank Angle vs. Time 

To get a comparison and to see how the amount of joystick deflection influences 

the different parameters such as rate of turn and bank angle, the next set of data 

being analyzed is the left turn with a heading offset commanded by the pilot that is 

half of the max heading offset seen in the figures above. This is a heading offset 

between 12° and 13° which corresponds to a half leftward deflection.  
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Figure 28 – Actual and Commanded Heading vs. Time 
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Figure 29 – Filtered Heading vs. Time 

Figure 28 and Figure 29 again validate the control logic by showing the interaction 

between the current and commanded heading data along with the filtered heading. 

The filtered heading in Figure 29 shows that the control logic will not distort the 

commanded heading unless it is out of the autopilots acceptable range. These 

figures illustrate the overall consistency of the control logic for leftward joystick 

deflections and turns. While the above figures validated the consistency of the 

control logic, Figure 30 and Figure 31 shows the relationship that is developed 

between rate of turn and bank angle with the heading change command. Compared 

to a heading offset of 25° with a rate of turn of around 3° per second, Figure 30 

shows that for a heading offset of 12° to 13° a rate of turn significantly less is used 
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to perform the turning maneuver. An important note shown in this figure is that the 

rate of turn sporadically changes throughout the maneuver and is far less consistent 

compared to the rate of turn shown for the 25° heading offset. The reason for this 

sporadic behavior could be due to the amount of heading offset being commanded 

along with the more sporadic behavior of the bank angle shown in Figure 31, which 

is also considerably less than the bank angle for the 25° heading offset. For a 

smaller heading offset it appears to create a larger range of values for rate of turn 

and bank angle compared with the larger heading offset of 25°. While the reason 

for this behavior from the autopilot is beyond the scope of this thesis, one definitive 

conclusion that can be drawn from these results is that the rate of turn can be 

indirectly controlled through the use of heading change commands that are linearly 

scaled based on joystick input. This is one area for future work and development 

that can be looked at with a smaller focused scope.  
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Figure 30 – Rate of Turn vs. Time 
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Figure 31 – Bank Angle vs. Time 

The final maneuver that was performed and can be analyzed is the full rightward 

joystick deflection and turn. This has similar results to the full leftward joystick 

reflection in terms of the magnitude but uses the control logic in a different way. 

This is first shown in Figure 32 and Figure 33 below.  



48 

 

 

Figure 32 – Actual and Commanded Heading vs. Time 
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Figure 33 – Heading Change and Joystick Input vs. Time 

Figure 32 shows how instead of decreasing the heading to turn left, the control 

logic instead adds the heading change command to the current heading, creating a 

selected heading that is greater than the current heading, causing a turn to the right. 

There is also the same ramp up and ramp down period at the beginning and end of 

the maneuver, correlating to the pilot deflecting the joystick and then returning the 

joystick to its neutral position at the end of the maneuver. The increase in heading 

is also observed in Figure 33, where the heading change command is 25° compared 

to the left turn where the heading change command was -25° and there was a 

decrease in heading. The control logic is further validated for rightward turns by 

looking at Figure 34 below.  
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Figure 34 – Filtered Heading vs. Time 

Figure 34 shows a similar control logic response compared to the leftward turn in 

that the commands being sent to the autopilot are in the acceptable range of values 

between 0° and 180°. The last aspect that is important to analyze and compare to 

the different above maneuvers is the rate of turn and bank angle shown in Figure 35 

and Figure 36. Similarly to the full leftward joystick deflection turn, the values for 

rate of turn are averaging around the standard rate of 3° per second, with a bank 

angle between 15° and 18°. An important distinction between the two maneuvers is 

that the pilot noted some slight turbulence while performing the full rightward 

joystick deflection turn, which appears to be the reason why the behavior is slightly 

more sporadic compared to the full leftward joystick deflection turn. This becomes 
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more evident when looking more towards the end of the maneuver when the data 

becomes less sporadic and begins to smooth out, reflecting the data from the 

leftward turn but with an arbitrary positive value. This final set of data further 

validates that the control logic in the software running on the Raspberry Pi is fully 

capable of reading in current autopilot data, combining that data with pilot 

command inputs, and generating commands that could be sent to the autopilot with 

the proper wiring setup. While these results demonstrate the potential capabilities 

of a system that can generate and communicate with an aircraft autopilot system, 

there is a large amount of future work that can be developed to further demonstrate 

the powerful capabilities of using and interfacing with off-the-shelf autopilot 

systems like the Garmin system used for this thesis.  

 

Figure 35 – Rate of Turn vs. Time 
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Figure 36 – Bank Angle vs. Time 
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Chapter 4 

Conclusion and Future Work 

Conclusion  

This thesis research demonstrated the potential for using a simulator-type joystick 

for implementing an SVO scheme. A control logic was developed for interpreting 

pilot inputs from the joystick, combining these inputs with current autopilot data, 

and generating the appropriate ARINC 429 commands that could be transmitted to 

the autopilot given the proper setup onboard the aircraft. Extensive testing was 

performed and documented showing the iterative process used for ensuring each 

component of the developed software was operating as it should. This started with 

the interaction between the joystick and the Raspberry Pi, creating the code that 

would read in joystick inputs and turn those into useable variables to be 

manipulated and integrated with incoming autopilot data, which was the next task 

in the testing phase. Ensuring that the autopilot data could be read in, sorted, and 

organized was crucial in forming the correct commands. After that was validated, a 

method for converting those commands into the properly formatted ARINC 429 

commands was developed. This was then used in the next phase of testing by 

sending these commands from one device to another, demonstrating that the 

software was capable of communicating the proper information and commands 

without and distortion or disruption. Flight testing was now able to be performed to 

test the fully integrated system.  

While the ARINC 429 commands were not able to be sent to the autopilot due to a 

wiring issue onboard the aircraft, the pilot was able to act as a bridge between the 



54 

 

commands generated by the software on the Raspberry Pi and the autopilot. The 

data that was recorded from the flight testing showed that the control logic 

developed acted as intended is validated in the results section. It was also shown 

that the amount of heading change being commanded caused an indirect command 

over the rate of turn and bank angle of the aircraft. This showed that an SVO 

scheme can be developed that would behave similarly to hand flying an aircraft in 

terms of different levels on control input given. While the envelope protection 

system of the Garmin G5 could not be fully tested with the SVO scheme, future 

work shows that this is the next feasible testing to be performed. 

 

Future Work 

As stated above, the next logical step in future work is fixing the interface that will 

allow ARINC 429 commands to be sent from the Raspberry Pi to the Garmin 

autopilot. Future work also includes more flight testing to verify that this interface 

is working properly and making any adjustments necessary to the software running 

on the Raspberry Pi in terms of the generated ARINC 429 commands. The 

envelope protection system of the G5 would also be tested during these future flight 

tests. Further future work could include a different method for controlling level 

turns such as a direct method for controlling turn rate. A promising method for 

accomplishing this is the use of an adaptive controller that uses heading change 

commands to achieve a desired rate of turn based on the amount of joystick 

deflection given. Lastly, future work will include modifications to the aircraft such 

as an auto-throttle capability that would allow for greater autopilot control and 

functionality.  
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Appendix A 

General Aviation Crash Figures 

The following figures are NTSB general aviation crash statistics for Phase of Flight 

and Defining Event accidents and fatalities from 2016 to 2013 [4].  

 

 

Figure 37 – Phase of Flight for GA Accidents 2016 [4] 
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Figure 38 – Defining Event for GA Accidents 2016 [4] 
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Figure 39 – Phase of Flight for GA Accidents 2015 [4] 
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Figure 40 – Defining Event for GA Accidents 2015 [4] 
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Figure 41 – Phase of Flight for GA Accidents 2014 [4] 
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Figure 42 – Defining Event for GA Accidents 2014 [4] 
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Figure 43 – Phase of Flight for GA Accidents 2013 [4] 
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Figure 44 – Defining Event for GA Accidents 2013 [4] 
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Appendix B 

Python Code 

# Stephen Sullivan 
# Spring 2020 
# Thesis Flight Test Code 
 
import pygame 
import serial 
 
pygame.init() 
 
done = True 
 
pygame.joystick.init() 
 
fh = open('FlightTestFile.txt', 'a') 
 
while done: 
 
    ser = serial.Serial('/dev/ttyUSB0', 38400) 
    G5_data = str(ser.readline()) 
 
    if G5_data[2] == '=': 
 
        data = G5_data[2:len(G5_data)-3] 
        # print(data) 
 
        pitch = int(str(data[11:15]))/10 
        roll = int(str(data[15:20]))/10 
        heading_current = int(str(data[20:23]))           # Heading doesn't work unless hooked 
up on aircraft 
        heading_current = round(heading_current) 
        # heading_current = 125 
        vertical_speed = int(str(data[45:49])) 
 
        # print("Pitch Angle (deg): ", pitch) 
        # print("Roll Angle (deg): ", roll) 
        # print("Magnetic Heading (deg): ", heading)           # Heading doesn't work 
        # print("Vertical Speed (10 fpm): ", vertical_speed) 
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        joystick_count = pygame.joystick.get_count() 
 
        pygame.event.get() 
 
        for i in range(joystick_count): 
            joystick = pygame.joystick.Joystick(i) 
            joystick.init() 
 
            axes = joystick.get_numaxes() 
 
            head = joystick.get_axis(0) 
 
            vs = joystick.get_axis(1) 
 
            heading_change_command = 25 * head 
            heading_change_command = round(heading_change_command) 
 
            heading_new = heading_current + heading_change_command 
 
            if heading_new < 0: 
                heading_new = heading_new + 360 
            if heading_new > 359: 
                heading_new = heading_new - 360 
 
            heading_new_actual = heading_new 
 
            if heading_new > 180: 
                heading_new = 180 - (360 - heading_new) 
                bit29 = '1'  # SSM: |1 1 1| 
                head_SSM_string = '111' 
                SSM_count = 3   # number of 1's in Sign Status Matrix 
            elif heading_new < 180: 
                bit29 = '0'  # SSM: |1 1 0| 
                head_SSM_string = '011' 
                SSM_count = 2   # number of 1's in Sign Status Matrix 
 
            # Data Field Bits Not In Use 
            bit11 = '0' 
            bit12 = '0' 
            bit13 = '0' 
            bit14 = '0' 
            bit15 = '0' 
            bit16 = '0' 
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            # Data Field Bits In Use 
            bit28 = '0' 
            bit27 = '0' 
            bit26 = '0' 
            bit25 = '0' 
            bit24 = '0' 
            bit23 = '0' 
            bit22 = '0' 
            bit21 = '0' 
            bit20 = '0' 
            bit19 = '0' 
            bit18 = '0' 
            bit17 = '0' 
 
            # Bits based on scaling factor of 180 for selected heading (1/2, 1/4, 1/8,..., 1/4096) 
            b28 = 90 
            b27 = 45 
            b26 = 22.5 
            b25 = (180 / 16) 
            b24 = (180 / 32) 
            b23 = (180 / 64) 
            b22 = (180 / 128) 
            b21 = (180 / 256) 
            b20 = (180 / 512) 
            b19 = (180 / 1024) 
            b18 = (180 / 2048) 
            b17 = (180 / 4096) 
 
            datafield_count = 0 
 
            if heading_new >= b28: 
                bit28 = '1' 
                datafield_count = datafield_count + 1 
            else: 
                b28 = 0 
            if heading_new >= (b28 + b27): 
                bit27 = '1' 
                datafield_count = datafield_count + 1 
            else: 
                b27 = 0 
            if heading_new >= (b28 + b27 + b26): 
                bit26 = '1' 
                datafield_count = datafield_count + 1 
            else: 
                b26 = 0 
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            if heading_new >= (b28 + b27 + b26 + b25): 
                bit25 = '1' 
                datafield_count = datafield_count + 1 
            else: 
                b25 = 0 
            if heading_new >= (b28 + b27 + b26 + b25 + b24): 
                bit24 = '1' 
                datafield_count = datafield_count + 1 
            else: 
                b24 = 0 
            if heading_new >= (b28 + b27 + b26 + b25 + b24 + b23): 
                bit23 = '1' 
                datafield_count = datafield_count + 1 
            else: 
                b23 = 0 
            if heading_new >= (b28 + b27 + b26 + b25 + b24 + b23 + b22): 
                bit22 = '1' 
                datafield_count = datafield_count + 1 
            else: 
                b22 = 0 
            if heading_new >= (b28 + b27 + b26 + b25 + b24 + b23 + b22 + b21): 
                bit21 = '1' 
                datafield_count = datafield_count + 1 
            else: 
                b21 = 0 
            if heading_new >= (b28 + b27 + b26 + b25 + b24 + b23 + b22 + b21 + b20): 
                bit20 = '1' 
                datafield_count = datafield_count + 1 
            else: 
                b20 = 0 
            if heading_new >= (b28 + b27 + b26 + b25 + b24 + b23 + b22 + b21 + b20 + b19): 
                bit19 = '1' 
                datafield_count = datafield_count + 1 
            else: 
                b19 = 0 
            if heading_new >= (b28 + b27 + b26 + b25 + b24 + b23 + b22 + b21 + b20 + b19 + 
b18): 
                bit18 = '1' 
                datafield_count = datafield_count + 1 
            else: 
                b18 = 0 
            if heading_new >= (b28 + b27 + b26 + b25 + b24 + b23 + b22 + b21 + b20 + b19 + 
b18 + b17): 
                bit17 = '1' 
                datafield_count = datafield_count + 1 
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            else: 
                b17 = 0 
 
            head_label_string = '01000001' 
            label_count = 2     # number of 1's in heading label 
 
            head_SDI_string = '00' 
            SDI_count = 0 
 
            head_datafield_string = bit11 + bit12 + bit13 + bit14 + bit15 + bit16 + bit17 + bit18 
+ bit19 + bit20 + bit21 + bit22 + bit23 + bit24 + bit25 + bit26 + bit27 + bit28 
 
            head_function_string = head_label_string + head_SDI_string + 
head_datafield_string 
 
            if heading_new == 180: 
                bit29 = '1'  # SSM: |1 1 1| 
                head_SSM_string = '111' 
                SSM_count = 3  # number of 1's in Sign Status Matrix 
                head_datafield_string = '000000000000000000'  # When equal to 180 degrees, 
bit 29 will be 1 and all other bits in data field will be 0 
                datafield_count = 0 
                head_function_string = head_label_string + head_SDI_string + 
head_datafield_string 
 
            P_count = SSM_count + datafield_count + label_count + SDI_count 
 
            if (P_count % 2) == 0: 
                head_P_string = '1' 
            else: 
                head_P_string = '0' 
 
            Heading_ARINC429_string = head_function_string + head_SSM_string + 
head_P_string 
 
            # print(Heading_ARINC429_string) 
 
            # Label 104 Selected Vertical Speed 
 
            if vs == 0: 
                vs_command = 0 
                vs_SSM_P_string = '0111' 
                vs_datafield_string = '000000000000000000' 
 
            if vs != 0: 
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                if vs < 0: 
                    if vs >= -0.25: 
                        vs_command = -100 
                        vs_datafield_string = '000000000101111111' 
                        vs_SSM_P_string = '1110' 
                    if -0.5 <= vs < -0.25: 
                        vs_command = -200 
                        vs_datafield_string = '000000000100111111' 
                        vs_SSM_P_string = '1111' 
                    if -0.75 <= vs < -0.5: 
                        vs_command = -300 
                        vs_datafield_string = '000000001011011111' 
                        vs_SSM_P_string = '1110' 
                    if -1 <= vs < -0.75: 
                        vs_command = -400 
                        vs_datafield_string = '000000001110011111' 
                        vs_SSM_P_string = '1110' 
                if vs > 0: 
                    if vs <= 0.25: 
                        vs_command = 100 
                        vs_datafield_string = '000000000110000000' 
                        vs_SSM_P_string = '0111' 
                    if 0.5 >= vs > 0.25: 
                        vs_command = 200 
                        vs_datafield_string = '000000001011000000' 
                        vs_SSM_P_string = '0110' 
                    if 0.75 >= vs > 0.5: 
                        vs_command = 300 
                        vs_datafield_string = '000000001100100000' 
                        vs_SSM_P_string = '0110' 
                    if 1 >= vs > 0.75: 
                        vs_command = 400 
                        vs_datafield_string = '000000001001100000' 
                        vs_SSM_P_string = '0110' 
 
            vs_Label_string = '01000100' 
            vs_SDI_string = '00' 
 
 
 
            """ 
            # Label 212 Vertical Speed 
 
            if vs == 0: 
                vs_command = 0 
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                vs_SSM_P_string = '0110' 
                vs_datafield_string = '000000000000000000' 
 
            if vs != 0: 
                if vs < 0: 
                    if vs >= -0.25: 
                        vs_command = -100 
                        vs_datafield_string = '000000001011111111' 
                        vs_SSM_P_string = '1110' 
                    if -0.5 <= vs < -0.25: 
                        vs_command = -200 
                        vs_datafield_string = '000000011001111111' 
                        vs_SSM_P_string = '1110' 
                    if -0.75 <= vs < -0.5: 
                        vs_command = -300 
                        vs_datafield_string = '000000010110111111' 
                        vs_SSM_P_string = '1110' 
                    if -1 <= vs < -0.75: 
                        vs_command = -400 
                        vs_datafield_string = '000000011100111111' 
                        vs_SSM_P_string = '1110' 
                if vs > 0: 
                    if vs <= 0.25: 
                        vs_command = 100 
                        vs_datafield_string = '000000001100000000' 
                        vs_SSM_P_string = '0110' 
                    if 0.5 >= vs > 0.25: 
                        vs_command = 200 
                        vs_datafield_string = '000000010110000000' 
                        vs_SSM_P_string = '0111' 
                    if 0.75 >= vs > 0.5: 
                        vs_command = 300 
                        vs_datafield_string = '000000011001000000' 
                        vs_SSM_P_string = '0111' 
                    if 1 >= vs > 0.75: 
                        vs_command = 400 
                        vs_datafield_string = '000000010011000000' 
                        vs_SSM_P_string = '0111' 
 
            vs_Label_string = '10001010' 
            vs_SDI_string = '00' 
            """ 
 
            VS_ARINC429_string = vs_Label_string + vs_SDI_string + vs_datafield_string + 
vs_SSM_P_string 
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            # print(VS_ARINC429_string) 
 
            b_Head = Heading_ARINC429_string.encode('utf-8') 
            b_VS = VS_ARINC429_string.encode('utf-8') 
 
            fh.write(data + "\t \t" + VS_ARINC429_string + "\t \t" + 
Heading_ARINC429_string + "\t \t" + str(vs_command) + "\t \t \t \t" + str(heading_new) + 
"\t \t \t \t" + str(heading_change_command) + "\t \t \t \t" + str(heading_new_actual) + "\t \t 
\t \t \t" + str(vs) + "\t \t \t \t \t \t \t" + str(head) + "\n") 
 
            ser = serial.Serial('/dev/ttyUSB1', 38400) 
            ser.write(b_Head) 
            ser.write(b_VS) 
 
            # To properly end the program, hold the joystick trigger and thumb button 
            button0 = joystick.get_button(0) 
            button1 = joystick.get_button(1) 
            if button0 == 1 and button1 == 1: 
                fh.close() 
                done = False 
 
pygame.quit() 


