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1.0 Project Objectives and Requirements

1.1 Project Objectives

The primary objective for team USAS is to conceive, design, fabricate, integrate and
test a system that provides artificia pitch rate damping for small UAV. The reason for this
system is that small, uninhabited aircraft suffer from inherent instabilities in the pitch axis
due to their size and the lack of pilot feedback. Other attempts by CU students at developing
digital electronic control systems have had limited success. Previous attempts at similar
systems have failed primarily due to excess complexity and insufficient time. By reducing
the scope of the system to a modular single-axis system, our team will create an essential
subsystem within the normal senior design period of two semesters. In order to successfully
complete this project, our team will construct a test-bed aircraft with the USAS control
system, and a simulation package for software testing. As a stand-alone system, USAS will
enhance the reliability of small aircraft, which are plagued by pilot error mishaps due to pitch
instabilities.

Secondary goals and possible extensions of this project include load factor limiting,
stall prevention, artificial stabilization of a statically neutral or unstable configuration,
control augmentation of pilot input (defined as amplification of control deflections as a
function of control deflection rate-of-change), and the expansion of the system to additional
axes of freedom.

1.2 Project Requirements

The requirements for the project were set with the desired functionality and
application in mind. The primary requirement for the project is a SAS capable of interfacing
with and flying on a small UAV. The system must also be capable of capturing data for
anaysis. The other requirements for the SAS system are shown below.

Table 1.1: SASRequirements

# $%
1 ] % &
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It is required that the SAS is capable of achieving pitch axis damping equivalent to a
10% static margin because that gives the stability characteristics that are desirable for UAV
flight. For safety purposes in-flight command override and limited control authority have
been included as requirements. When enabled the in-flight command override automatically
returns the CG apparatus to its full frontal position and disables the SAS. The 10% limited
control authority restricts the amount of control the SAS has on the flight of the aircraft. This
guantity was set to the same value as that used on the Apache AH-64 helicopter. The system
response time was set to 10 ms with the assumption of an airplane pitch bandwidth of 10 Hz,
which corresponds to the airplane’ s natural frequency. The system recovery time was set
according to an estimated pilot reaction time. The data sampling rate and the data resolution
requirements of the system were both set with the expected servo capabilities as the driver.

In order to test the SAS system atest bed aircraft is required. The requirements for the
aircraft are shown below.

Table 1.2: Test Bed Aircraft Requirements

= & 9 + %
@ ' ! | 8 -%9/ 2 % !
)" @ 0& 2 % 1% !
@ N - @ !
7 #1001 > & 2
! 7 = /P &YB 9: ; #6/P&W < 9:= 7 !
& 5 6 )

The size of the motor is set with cost and performance in mind and also with an
approximation of the total size and weight of the airplane. The wing loading requirement is
set considering an estimate of the in-flight g-load on the plane. The max weight and
wingspan of the plane are set according to the desired overall size of the test bed aircraft.
The requirement for an electric motor is for reduced vibration and environmental
friendliness. The required payload capacity for our electronics package is from an estimate
of the total size of the SAS. Note that this is not the requirement for the entire payload
capacity of the airplane (flight controls, batteries, etc.) just for the electronics (SAS) payload.
The moveable CG requirement in the table above is an apparatus to change the center of
gravity of the aircraft and is required for testing different stability configurations to find the
limits of system and to analyze its performance.

Simulations of several components of the system must be performed. A breakdown
of the ssimulations is shown in table 1.2. The reason for having these smulations is to verify
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crucial components of our system before complete integration. The simulations will help
mitigate a potentially catastrophic failure of our system.

Table 1.3: Smulation Requirements

2.0 Development and Assessment of Design Alternatives

2.1 Functional Needs
There are five basic functional needs required for the completion of this project. They
are asfollows:

1) Test-Bed Aircraft
2) Microcontroller

3) Sensor Package

4) Power (SAS)

5) Simulation Package

The test-bed aircraft is needed to provide a platform in which to test the stability
augmentation system. During the test, an on-board CPU (microcontroller) is needed to
process data and implement the SAS control agorithm. In order to drive the agorithm,
sensor inputs are required. The sensors used will be a rate gyro, an accelerometer, and a
pressure transducer. Next, in order to operate the SAS, power will be provided through a
battery package. Lastly, prior to flight, some sort of testing and analysis needs to be
accomplished in the form of acomputer simulation package.
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2.2 Test-Bed Aircraft

The driving design consideration when choosing atest-bed aircraft was whether it had
enough room to house the electronics system as well as a moveable CG apparatus. In
addition to this, the plane is aso required to be able to perform desired maneuvers and have
limited vibrations, thereby emphasizing the use of an electric motor. Considering these
design constraints, two choices were available: 1) Find a COTS édectric plane with the
desired performance capabilities and that was big enough to house the electronics systems
and then redesign the fuselage in order to integrate the moveable CG apparatus, or 2) Build a
custom aircraft to specs. When considering buying a COTS R/C plane, it was first assumed
that it would perhaps save the team time by decreasing build time. However, when
considering that a moveable CG apparatus would have to be integrated into the fuselage, the
team realized that the integration and redesign process could potentially take as much time as
building a custom plane from scratch. Since three of the team members were part of the prior
year's AIAA Design-Build-Fly team which successfully built and flew a custom R/C aircraft,
the team decided that building a custom plane would be the best option. This way it could be
designed to the design constraints and performance capabilities.

2.3 Microcontroller

When choosing a microcontroller different desired capabilities were investigated. In
order to make our system expandable for future capabilities, it was required that the
controller house at least five PWM modules. In addition to this, the controller was required to
house at least eight analog-to-digital converter modules for data acquisition purposes.
Finally, the controller was required to facilitate the timing requirements of our system.

Considering these design constraints, severa different microcontrollers were
considered for use in this project. The first was Microchip’s PIC18F458 controller. This
microcontroller housed all of the necessary requirements for our project and was capable of
being programmed in C (another desired design consideration). Not only did it house the
required capabilities, but it was almost identical to the microcontroller being used in ASEN
4519, the PIC18F452, in which the students learned how to program the controller. Three of
the five team members were enrolled for this class. Teaching the course was Dr. Palo, one of
the Project Advisory Board members, and as the final project in the class, he alowed the
students to pick a project that would help them with their senior design project.

An Atmel controller was also considered. It was noted that a year before, a student
team successfully built a controller board that would be capable of facilitating our project.
This board (NAIAD) used the Atmel ATMEGA128L controller. Thistoo facilitated all of the
design constraints. In addition to its capabilities, it was noted that there were students
available as aresource to help with any programming problems that would be encountered.
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Motorola controllers were looked into as well, but despite them being the industry
leaders in microcontrollers and having the performance capabilities required, there was
nobody at the university available as a resource should any problem arise. For this reason,
Motorola controllers were dismissed as an option. The last controller investigated was the
OOPIC controller. This was an attractive option due to its ease of programming, but it didn’t
have the aforementioned capabilities needed.

Considering all of these options, it was decided that since three of the team members
were enrolled in ASEN 4519 and would be introduced to programming the PIC18F452, it
would provide the best resource as for helping the learning process of microcontroller
programming. When making this decision, a trade study was performed in the form of a
design metric, which awarded scores to each design alternative. In this metric, a higher
number resulted in a better choice. This design metric can be found in Appendix 14.1. When
looking at the design metric, one will be able to see that the Atmel and the Microchip
microcontroller were both awarded the same amount of points. Due to the ASEN 4519 factor,
it was decided that the PIC18F458 was the better choice.

2.4 Sensor Package

For the SAS, arate gyro, an accelerometer, and a pressure transducer were needed to
complete the sensor package. Performance capabilities of the aircraft were calculated, giving
the team the requirements of each sensor. They are as follows:

Rate Gyro — sense a rotation rate of up to 135 deg/s
Accelerometer — sense ag-loading of upto 12 g's
Pressure Transducer — sense a dynamic pressure of up to 0.16 psi

Two different types of rate gyros were considered. The first was Analog Devices
ADXRS150. This gyro had the capability of sensing a rate up to +/- 150 deg/s and was
available already set-up on an evaluation board. Its MEMS technology characteristics also
made this an attractive decision for later use if we decided to use the rate gyro off of the
evauation board in order to scale down the SAS. It was also noted that these gyros were
known to be the best with noise issues. The other option as far as a rate gyro was concerned
was to cannibalize an existing Futaba stability system in order to obtain its piezo gyro. When
considering these two options, the ADXRS150 was clearly the gyro to choose. Not only was
it known to have the latest technology, but it came with a detailed spec sheet, was the
smallest package available, and was the best equipped to handle noise.

After performing the trade study on the Analog Devices gyro, it was noted that they
also offered a MEMS accelerometer, which could be acquired as a free sample. There were
several different ranges to choose from, but in order to get the maximum range that our plane
could potentially encounter, it was necessary to choose the +/- 50 g accelerometer. The

USAS Page 14 9/8/05




ASEN 4018 USAS

overly large range was of no concern because the spec sheet provided a schematic of acircuit
that would be able to scale down the range to +/- 15 g's. Due to Analog Devices excellent
track record, the performance capabilities of the sensor, and the fact that the team could order
it for free, no other manufacturers were considered and the ADXL150 became the final
choice for the accelerometer.

Two different manufacturers were considered when choosing a pressure transducer,
Omega and Honeywell. Both companies are known to make quality sensors and both
provided sensors with the capabilities needed. It was found that Honeywell had a model
(ASDX001D44R) available for $30 and was PC mountable. Omega also had a PC mountable
sensor available, the PX 139, but for a minimum of $59, and this particular sensor was larger
than the Honeywell model. Due to this difference in cost and size, it was decided to use
Honeywell’s ASDX001D44R.

2.5 Power (SAS)

Ni-Cd batteries will be used to power the flight control sub-system (FCSS) and the
electric motor. These are the cheapest and most readily available batteries. The only design
aternative, which arose when considering the power for the SAS, was whether to supply it
with its own independent battery pack or to tap into the flight controls battery pack. To keep
down weight, it would be beneficial to tap into the FCSS and eliminate the need for added
components. This would be feasible as well since the FCSS and the SAS both operate at the
same 5 volts. A standard Ni-Cd battery pack was at first considered to power the electrical
system. Later on in the design process, after PDR, it was realized that the SAS should be
supplied with a9 V supply, and then regulated to 5 V in order to keep a steady 5 V supply.
Thisin turn led to the design decision to power the SAS with astandard 9 V battery.

2.6 Simulation Package

The purpose of the simulation package is to test the control algorithms used in the
SAS. Thiswill be done through a Simulink model. Through Simulink, simulated pilot inputs
and sensor noise will be input into the model to get an idea of the types of problems the
control agorithm will have to deal with. Four of the members of the group are enrolled in Dr.
Mackison’s computer aided controls class, which uses Simulink, and is the reason it was the
chosen software environment and why no other design alternatives were considered for this
aspect of the project.

The design metrics for this part of the project along with the final design choices
again can be found in Appendix 14.1. To summarize the fina design, it was decided to build
a custom airplane, use the PIC18F458 microcontroller, Analog Device's MEMS rate gyro
and accelerometer, and Honeywell’s ASDX001D44R pressure transducer. It was also
decided to power the SAS with a 9 V battery and to use Simulink to create a simulation of
the system.
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3.0 Design-To Specifications

3.1 Rationale

The project specifications are intended to ensure the feasibility of the design as well
as limit its scope. Modern aerospace controls are a complex synthesis of hardware and
software that obtain the high fidelity demanded by both safety and performance
requirements. For this project, however, smplicity is a primary consideration, both to allow
development in ashort period of time with minimal resources, and to minimize the cost.

3.2 SAS System Overview

The system consists of two primary components. the stability augmentation system
and the test-bed aircraft.

The stability augmentation system (SAS) consists of a self-contained microcontroller,
a power supply, and sensor package. The SAS is interfaced with the aircraft flight control
system in order to receive pilot commands and directly communicate with the pitch control
servo.  The microcontroller reads sensor inputs and command inputs in order to create an
augmented elevator control signal.

PITCH PRESSURE LINEAR
RATE GYRO TRANSDUCER ACCELEROMETER
T T PILOT PITCH l l PILOT + SAS
SIGNAL PITCH SIGNAL
——————— ELEVATOR
GAIN CONTROL PCS BYPASS PCS FEEDBACK SIGNAL
RIC RIC ol
COMMAND OVERRIDE
TRANSMITTER RECENER P MICROCONTROLLER | CGSFEFDBACK SIGNAL
CG CONTROL <
Ll
F \ AUTO CG
CONTROL
A
Rx
BATTERY . DATA
POWER BATTERY ACQUISITION
COMMANDS CG CONTROL
BALANCE
HE0 WEIGHT
HENEO R MANUAL CG
CONTROL
OUTPUTS

Figure 3.1: SASBIlock Diagram

Figure 3.1 shows a schematic of mgjor SAS components. The radio transmitter and receiver
are a standard commercial radio control set. The control signals for ailerons, rudder, throttle,
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and CG control are routed directly from the receiver to the respective controls. The elevator
command is routed to the microcontroller, which mixes the signal with a stabilization
command, which is then sent to the elevator (pitch control) servo. The stabilization
commands are generated by the software in the microprocessor, using the sensor inputs (pitch
rate gyro, accelerometer, pressure transducer), and a control law. The control law attemptsto
damp uncommanded oscillations about the pitch axis of the aircraft, by comparing measured
pitch rate with the pilot commanded pitch rate. Additiona control signas are routed to the
CPU, including the command override function and gain control. Additionally, the CG
control position is monitored by the CPU. Various data streams, such as the control
deflections, sensor outputs, and augmented command signal are routed to a data acquisition
module, which stores data for analysis after landing.

3.3 Test Bed Aircraft

The purpose of the test bed aircraft is to provide a means to evaluate the performance
of the SAS. The aircraft design resembles a conventional radio-controlled model aircraft,
with various enhancements to facilitate the test and evaluation of the SAS. The aircraft will
weigh approximately 12 pounds, with a 72" wingspan, and a 60-size electric propulsion
system. The overall size was chosen based on the group® experience with similar aircraft, as
well as cost and performance reasons. A diagram showing the genera configuration of the
hardware is shown in Figure 3.2.

Powerplant
Electric Motor (.60 size) Yaw (2)
30 cell NiCd Main Battery

A Primary Flight Control
! System

RIC Receiver (Rx)
Rx Battery (Shared by SAS)
Servos {(Rudder, Aileron)
Motor Speed Control

SAS Electronics and
Sensor Package

Microcontroller

Pitch (y)

(SAS Control Axis) Pitch Control

High Speed Digital Servo
Elevator

Pitch Rate Gyro
Pressure Transducer

Linear Accelerometer

Figure 3.2: System Overview

Major aircraft subsystems include the power plant, primary flight control system (PFCS),
pitch control subsystem, CG control system, SAS electronics package and SAS sensor
package. The power plant consists of an electric 60 size motor (approximately 900 W)
powered by NiCd batteries. The motor is throttled using a commercially available electronic
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speed control. The primary flight control system consists of a commercial radio control set,
with arecelver, battery, and control servos for the ailerons, elevator, and rudder. The throttle
command is routed directly to the electronic speed control. Other functions transmitted to
the aircraft via the PFCS are the CG control, gain control, and command override. These
functions will be provided by a separate but similar radio control system operated by the
copilot. The SAS consists of an e ectronics package containing the CPU, which has its own
power supply, and a sensor package, consisting of sensors mounted within the payload
enclosure. The sensor package consists of a rate gyro, accelerometer and airspeed
measurement subsystem. The rate gyro generates the primary signal used to augment the
pitch rate, and the accelerometer measures the z-axis (vertical) acceleration for use in pitch
rate estimation. The airspeed measurement subsystem is also used in pitch rate estimation,
and consists of an electronic differential pressure transducer mounted to a common sensor
assembly, and aremotely mounted pitot-static probe.

Table 3.1 lists the sensors, actuators and electronics that will be implemented in the
design. Included in the chart are the relevant specifications for each device, aong with
sourcing and financial information.

Table 3.1 - Sensors, Actuators and Electronics

Primary Torque/  Speed/ Supply Current

MFG Supplier MFR Part #

Qty Component Range

Function Capacity Dir Voltage Drain
Actuator | 1 P"Cshef\j’g”"' Flight control| 27.7 oz-in O'O?aze” +- 60 deg 48V TBD | Futaba | Tower S9253 109.99
Actuator 4 F“g;::,zztrm Flight control | 55 oz-in O.I?azec ! +/- 60 deg 4.8-6V TBD Hobbico Tower CS35MG 32.99
Actuator 1 CGsé:ﬁlr:)trol Testing 135.8 0z-in o'lr:(?c / 2-6 revs 4.8/17.2V TBD Futaba Tower S5801 139.99
Power for
Actuator 1 Battery, CGS CcGS 1900mAH 7.2V TBD GPM Tower 1900SCR-6 16.99
- Aircraft
Propulsion 1 Motor . 1200W +X 24-36V 35A Astro Astro 661 249.95
Propulsion
Propulsion 1 |Speed Control| Throttle 3600W 0-100% 4.8-6V 0-60A Astro Tower 204D 89.95
- - Aircraft
Propulsion 5 Battery, Main P y 1900mAH 36V (tot) 35A GPM Tower 1900SCR-6 16.99
ropulsion
Pressure Dynamic . -
Sensor 1 Transducer Pressure 0-1 psi 4.75-5.25V 6mA Honeywell | DigiKey |ASDX001D44R| 30.13
Sensor 1 |Accelerometer| Load Factor +X, +Z +/- 50g 5v <2mA Analog Analog ADXL250 N/C
Sensor 1 A”g;'ﬁgra‘e Pitch Rate +y | +- 150 degls 5v TBD Analog | Analog |ADXRSI50EB| 50.00
Electronics | 1 |, SAS Control 10-40MHz 2-5.5V 25mA | Microchip | Digikey | PIC18F458 | NIC
Microcontroller| Software
. SAS Support Signal . . . - .
Electronics | 1 Electronics | Conditioning varies varies Misc DigiKey Misc 200.00
. Primary )
Electronics | 1 Reciever Flight Control 72MHz (A/C) 4.8V 14mA Futaba Tower R127DF 229.99
Electronics | 1 Aux Reciever | SAS Control 72MHz (A/C) 4.8V 14mA Futaba Tower R127DF 149.99
Electronics | 2 Battery, Rx Power 600mAH 4.8V 250mA Futaba Tower NT-4J Included
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3.4 System Requirements

A reiteration of the requirements defined in section 1.0 follows. The overall scope of
this project is set forth in the specifications shown in Table 3.2. The primary goa of the SAS
is to artificially provide pitch rate damping equivalent to a 10% static margin. Other
requirements include safety measures to allow manual deactivation of the SAS in-flight, and
limit its authority to produce elevator deflections. The remaining requirements are functional
elements based on a preliminary analysis of the overall system.

Table 3.2 - Project Specifications
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A primary functional requirement of the system is its processing speed. A Simulink model
was developed to estimate the pitch rate bandwidth of the aircraft. The model was observed
to have anatural oscillatory frequency of about 0.5 Hz. From this, the pitch bandwidth of the
aircraft was estimated to be approximately 10 Hz. In order to ensure that the SAS would
have a similar bandwidth and could provide a control signal in this range, the system
response time specification was set such that the main loop would be processed at ten times
this frequency, corresponding to a 10ms maximum latency. The initial specification for data
sampling rate was set to match the pulse repetition frequency of the servos. In order to avoid
aliasing effects on system performance, the sensor sampling rate must be at least twice the
system bandwidth. Theinitial specification for the data resolution was set to be equivalent to

the known capability of the servos. The microcontroller chosen exceeds this specification
with 10-bit resolution.
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Figure 3.3: Microcontroller Electronics Block Diagram

Figure 3.3 shows a block diagram of the SAS in more detail. This diagram illustrates the
signa routing between the peripherads and the CPU, as well as details of the failsafe
mechanisms of the command override process. The primary command override signa is a
PWM signal from the controller radio, which may be either a wide or narrow pulse
depending upon the selected mode. This signal is fed into a low pass filter and compared
with a reference voltage, which generates either a high or low signal from the comparator.
This signal is fed to the CPU and data switch. The signa fed to the CPU is primarily for
event logging. In addition, the input voltage to the CPU is compared to an external source
powered by the separate receiver battery. Should the voltage to the CPU drop below
acceptable levels, a command override signal is generated. Lastly, the processor itself may
generate a command override signal should it determine that there is an internal malfunction,
such as an overflow error. These signals are fed through OR gates to the data switch, which
performs the actual switching operations.

Based on this system architecture, the specification for the SAS hardware was
developed. Table 3.3 lists these specifications in detail.
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Table 3.3 - SASHardware Specifications

3.5 Test Bed Aircraft Requirements

The test bed aircraft requirements were developed around an initial choice of a 60-
size radio controlled aircraft. Table 3.4 lists the design specifications of the TBA. The size
specification refers to the nominal engine displacement (0.60 in®) required for reasonable
performance. This choice is based on the flying and building experience of the team, and
cost considerations. The more specific specifications ensure that the aircraft has appropriate
flying and handling qualities for the testing to be performed. In particular, an electric
propulsion system was specified to minimize vibrations introduced into the system, thereby
providing a more sterile test environment. Although electric propulsion incurs a significant
weight penalty, the benefits include ease of operation and cleanliness. In addition, a
minimum payload requirement was initialy specified to accommodate future experiments.

In order to reduce the size of the fuselage, the specification was reduced in the fina
specification.
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Table 3.4 - Test Bed Aircraft Specifications
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Of primary importance is the specification for a moveable center of gravity. The test and
evaluation program requires that the SAS performance be evaluated at reduced or zero static
margins. The moveable center of gravity allows the aircraft to be flown to a safe atitudein a
standard configuration prior to initiating reduced static stability tests. Table 3.5 lists the
specifications of the CG control subsystem.

Table 3.5 - CG Control System Specifications
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Prior to construction of the TBA, a technology demonstrator aircraft was
manufactured and flown. The demonstration aircraft is intended to provide the team with
practice in construction techniques and provide a research platform for initial system tests.
The wing, tail, and landing gear will be reused on the test bed aircraft. The SAS and CG
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control system bench tests will test these subsystems in a laboratory environment prior to
flight, and may require additional non-flight hardware to perform the tests.

4.0 System Architecture

The system design is based off the requirements and objectives that are set forth in
section 1.

4.1 SAS Design

The basic design of the SAS consists of a microprocessor which reads inputs from a
pitch rate gyro, alinear accelerometer, and a pressure transducer, and whose primary output
is a pitch command signal. This signa will be mixed with the pilot commanded pitch signal
from aradio control system, and sent to the pitch control servo. The microprocessor will also
facilitate data acquisition using an externa EEPROM memory device. The system will have
command override capability that allows disabling of the processor functions in-flight. In
command override mode, the pitch control commands are sent directly to the elevator servo,
bypassing the USAS software module. To ease the workload on the pilot our SAS will be
designed to input the commands from two separate radio transmitters. The first transmitter is
used by the pilot to control the flight of the plane. The second transmitter will be operated by
a different member of the team who is responsible for the movement of the CG. apparatus
and the in-flight gain control setting. The table below shows the components of the SAS
with a brief description of their purpose.

Table 4.1: SAS Design
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As stated in the design alternatives section an Analog Devices ADXRS150 rate gyro, an
Anaog Devices ADXL250 accelerometer, a Honeywell ASDX001D44R, and a Microchip
PIC18F458 microchip microcontroller will be used in the SAS..

4.2 Test-Bed Aircraft Design
Refer to section 3.3 and Table 5.1

4.3 C.G. Apparatus Design
CG Apparatus Design is discussed in detail in section 5.4.

5.0 Mechanical Design Elements

The desired final product of the USAS project will consist of a typical sized RC
aircraft with a functional stability augmentation system. Figure 5.1 below delivers a high
level view of the overall system architecture with the major subsystems identified.

Figure 5.1: Test-Bed and SAS components
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The magor mechanical components that will be discussed are the test-bed aircraft, its design
and the different stability configurations enabled by the movable CG apparatus, and the
adjustable tail-boom. The main purpose of the test-bed is to analyze the overall capabilities
of the SAS and to determine its complete limits of operation. Thiswill be done by adjusting
the static  stability configurations of the aircraft and then evaluating the performance with
and without the SAS. The main idea behind the moveable CG apparatus is to provide
stability adjustments during flight. Thiswill allow the aircraft to reach a safe altitude before
the stability is reduced and the SAS implemented, thus eliminating the need to take-off and
land with marginally stable configurations.

5.1 Test-bed Design
As a starting point, the test-bed sizing characteristic was set to resemble that of a
typical 60-size (defined from volume of motor used in in®) RC aircraft. There are severa
reasons for this decision:
- Team experience building this size of aircraft (namely last years DBF competition).
- Team experience with piloting aircraft of this size.
- This size will alow for adequate payload volume and weight for al system components
such as the moveable CG apparatus and SAS electronics.
- Needed components and materials will fall within budget constraints for aircraft of this
size.
- Based on preliminary weight estimate of 10-15 |bs an engine of this size will provide
ample power for all needed tests and configurations.
Once the appropriate size was selected the aircraft configuration needed to be defined. Some
of the configurations considered can be seen in figure 5.2. Bearing in mind that the design
and construction of the test-bed aircraft was not the emphasis of the project the standard
configuration was chosen based on simplicity and team experience.

* Adjustment of the dynamic stability of the aircraft is also an option. This can be done by changing the tail length (thus
the tail volume) while leaving the static stability of the aircraft the same. Time permitting multiple dynamic stability
configurations will be tested and analyzed.
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The following table summarizes the significant components/requirements of the test-
bed design. Severa of the design decisions were made based on convenience. For instance
the selection of an electric engine was made based on the fact that it is clean burning and
produces less vibration. There is also no CG shift over the course of the flight due to the
burning of fuel that is a characteristic of alternative gas motors. The wing, structure, and
modularity characteristics will be discussed in the following sections. The payload capacity
was determined based on the required components of the aircraft and SAS.

USAS

Figure 5.2: Alternative Aircraft Designs
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Table 5.1: Summary of Test-Bed Characteristics

Aircraft

Characteristics DEEIEn
. Type Size
E
naine Electric 0.60in"3
Wing e .
Wing Span L oading Airfoil Material
: Root - $4233, | . .
N 1
84in. 37 oz/ft" 2 Tip - SD7062 Fiberglass Composite
Total Weight 13.51b +/- 5%
Payload Electronics | Batteries Avionics Total
Capacity 90in"3 40in"3 52in"3 177in"3
Fuselage
Structure Fiberglass Composite Shell -
w/ Plywood Bulkheads Integrated Aluminum Backbone
Modularity Moveable CG.| Adjustable Tail Volume | Integrated Backbone

Table 5.1 also indicates atotal weight of 13.5 Ib +/- 5%. This was determined by accounting
for every needed part of the test-bed as well as its respective weight (see the Moveable CG
Apparatus section for a detailed discussion regarding the weight analysis). Below is atable
summarizing the overall weight breakdown of the test-bed, broken down into eight self-
defining categories. The electric power plant and the required batteries to power it was
found to be the largest weight contributor. Second was the wing due to its responsibility to
maintain a majority of the structural load. All the other subsystems and their corresponding
weight contribution can be seen listed in descending order.

Table 5.2: Weight Summary of Test-Bed Aircraft

Aircraft Subsystem Weight (kg) Weight (Ib) Weight %
Power Plant (motor and batteries) 2.29 5.06 37.60%
Wing 1.35 2.98 22.14%
Fuselage / Backbone 0.70 1.54 11.43%
Electric Power plant 0.59 1.31 9.72%
Electronics 0.51 112 8.31%
Moveable CG Apparatus 0.49 1.08 8.06%
Tall 0.45 0.99 7.36%
Landing Gears 0.31 0.69 5.11%
Total 6.10 13.44 100.00%
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5.2 Wing Design

The building technique that will be implemented to construct the wing is known as
the foam-core method. The popular foam-core wing construction technique is an adaptation
of the sandwich core method, used to make high-strength, light weight structural panels for
many applications. The sandwich core method incorporates stiff, high strength material
separated by a lightweight material whose modulus of elasticity might be several orders of
magnitude less than the skin. The core material provides little or no structural strength
directly, however, its effect of delaying local buckling of the skin increases the strength of
the panel significantly. When the overall strength of a panel is limited by its buckling
characteristics, sandwich panels provide greater strength per unit weight than homogeneous
ones.

Based on this theory the desired skin material, fiberglass-epoxy composite, was fail-
tested in order to determine the local buckling stress. The testing specimens used were
laminated with various thickness of glass fiber to determine, if any, effects of thickness on
buckling strength. A holding jig was designed to clamp the specimens in a way that
minimized local stress concentrations. A load was applied using a digital tension scale,
perpendicular to the axis of the specimens until local buckling was observed, and the force
was recorded. From the force, distance from point of failure, and cross sectiona dimensions,
the stress could be computed®. Based on this data an optimized wing could be constructed
based on the desired wing performance parameters.

A taper ratio of 0.6 was chosen primarily because of the type of load distribution
expected. An dliptic load distribution produces bending moments that increase towards the
wing root. For this type of loading, an optimized homogeneous beam model would utilize a
thicker section near the root to accommodate the higher load. The ailerons were sized to
50% of the span minus three inches near the wingtips to reduce flutter due to tip vortices.
The ailerons were sized in chord to 20% of the wing chord, and tapered with the wing, based
on estimated effectiveness and desired roll performance. The aerodynamic requirements
were a nominal aspect ratio of 8 and a design lift coefficient of 0.3 - 0.4. There was no
particular requirement for cruise efficiency, so thick airfoil sections were sought (thin airfoils
help to reduce profile drag, however, they require thicker skins in the structure for the same
overal strength).

The SD7062 and S4233 airfoil sections were chosen as the tip and root sections
respectively. Both of these airfoils have relatively high camber, which suits the need for a
relatively thick core. Both of these airfoils have been tested in the Reynolds number regime
at which our aircraft will be performing. Both the airfoils have desirable C. / Cp plots
corresponding to a C. ~ .8 and Cp ~ .01 at the expected operating regime. By applying a
geometric washout of 3° this should reduce the likelihood of tip stall.

© Toview a complete account for wing design and testing process refer to Reference 1
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Figure5.3: Airfails

Both airfoils are plotted above along with the rectangular beam cross section whose section
moment of inertia, excluding the leading and trailing edges matched that of the local airfoil
section. The sections obtained for the root and tip were then linearly interpolated along the
span. A weakness of this particular model is that the skin of the actual structure lies further
from the neutral axis than the model, along the area of maximum thickness. For this reason,
an |-shaped wing spar was added.

USAS

5.2.1 LiftingLine Approximation

For the purpose of structural design the expected load distribution that
would be applied to the wing needed to be analyzed. A ssimple, yet effective way
to estimate the aerodynamic load distribution is the lifting line method. A modern
implementation of Prandtl® classic lifting line theory is used to numerically
compute the circulation produced by the wing panel along its span. The wing is
divided into 50 segments and the circulation of each segment is computed based
on the downwash produced by the segment and its neighbors. Each segment
produces an incremental amount of downwash at any given point based on the
strength of the circulation and its distance from the point of interest. A set of
linear equations is produced and simultaneously solved to obtain a lift distribution
for the entire wing.

The basic lifting line method makes assumptions based on thin airfoil
theory. Thin airfoil theory requires that the airfoil may be cambered, but have no
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thickness. In addition, the Kutta condition must be satisfied; that is, the flow must
leave the trailing edge paralld to the trailing edge. This condition results in zero
circulation at the trailing edge, which is a boundary condition for this theory.
These assumptions are sufficient for small angles of attack and relatively thin
airfoils (an airfoil with finite thickness may be modeled as athin airfoil consisting
of the camber line only), however, the theory breaks down at larger angles of
attack where viscous effects dominate.

The lifting line method was implemented in our aircraft design
spreadsheet and Figure 5.4 summarizes the resulting lift distribution as well as the
corresponding load factor imposed at each section of the wing.

Figure 5.4:Lift Distribution

Based on lift distribution the equivaent bending moment on the wing could be
determined. Figure 5.5 shows the resulting bending moment distribution. This
bending moment distribution emphasizes the need for increased structura re-
enforcement near the root of the wing to counter-balance the operational wing
loading.
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Figure 5.5: Bending Moment Distribution

The overal purpose of the structural analysis presented above is to facilitate some
type of optimization of the structure, as well as to ensure that it meets the design
requirements. The only optimization performed was that of the skin thickness
along the span. The skin thickness was to be varied by an increasing number of
layers from tip to root. Since the aerodynamic model suggested a maximum
possible load at an angle of attack beyond which the load would tend to decrease,
the structure was designed with a factor of safety of 1. An additional margin of
safety was assumed to be provided by the structural elements not included in the
model, such as the wing spar. The worst-case scenario was considered to be the
design point, and this corresponds to a maximum elevator deflection at the
maximum estimated level flight speed of the aircraft.

5.2.2 Wing Construction

The foam cores were cut from expanded polystyrene foam panels using a
hot-wire technique. The hot-wire process consists of a wire heated to the melting
temperature of the foam by passing current through the wire. The wire is held
taut and passed over templates at either end of the core. Tapered panels are
constructed by using different sized templates at either end.

In order to counter balance the high bending moments realized at the root
a wing spar was constructed. The wing spar was a sandwich-core composite
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beam extending to the mid-span. The spar web was constructed of low-density
plywood laminated with carbon fiber cloth and epoxy. The number of layers of
the laminate were increased near the root of the spar, tapering from five to two on
one side, and two full span layers on the other. This component was cured using
the vacuum bag process, then sanded to fit the recess in the wing. The recess was
created by making cutouts on the top and bottom of the cores to receive the spar
caps, which were constructed of 1/32" high-density aircraft plywood. A slot was
cut in the foam to receive the spar. The caps were glued onto the cores prior to
laminating the panels, and the spar was glued in with epoxy when the wings were
joined.

The surface of the wing panels suffered from indentations due to excessive
vacuum, which locally compressed the foam. The surface finish was less than
desirable as well, so the entire wing was filled using auto body filler, then primed
and sanded repeatedly until a smooth surface was obtained. The compression of
the skin was probably detrimental to the structural strength, but was likely offset
by the addition of the auto body filler, which effectively stiffened the skin in those
areas. The net result was a structure that was probably as strong as designed, but
heavier than intended. Additional filler was required after the wings were joined,
as the two halves did not mate perfectly at the root. This was due primarily to the
fact that the foam cores required sanding after they were cut out, and could be
avoided by using pink or blue foam instead of white foam.

5.2.3 Nondestructive Wing Testing

Since the wing panel was intended for flight use, some type of
nondestructive test was required, such that the structural strength could be
validated without risk of destroying the wing. A simple test might be to rigidly
support one wing panel and place weights on the other to simulate the
aerodynamic load, however, should buckling occur, catastrophic failure would
likely occur, since the applied force would remain as the panel deflected. An
aternative approach is to apply a load mechanicaly, such that if deflection
occurs, the force tends to decrease. This was accomplished using straps attached
to the wing and to tension scales mounted to arigid structure.

The test apparatus was constructed with simplicity in mind, since the
purpose of the test was validation and not precise measurement. A set of wooden
supports was drilled to accept a crossbar of 1" EMT conduit. The scales were
supported from the crossbar using zip-ties. The wing was supported at the root
with a bracket designed to simulate the wing-to-fuselage interface, including the
forward pin and the two bolts. The bracket was secured rigidly in avise. The
load was applied to the wing using straps of nylon webbing, and the underside of
the wing was padded with soft foam, to spread the load, and prevent damage to
the wing surface. The opposite wing was supported only at the tip to minimize
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the total force on that wing. The force to be applied was computed using the
piecewise model, lumped to obtain five load points, and applied gradually using
elastic bands between the straps and the scales. Figure 5.6 shows all of the
different components used to create the wing testing apparatus.

Digital pull scales Elastic bands Support structure

v/

Load straps

Tip support

Holding Jig

Figure 5.6: Test Apparatus

The process of concentrating the load distribution at five points had the
effect of increasing the bending moment, although the shear force remained the
same at thewing root. Thisis dueto acombination of the way theload is
distributed, and the change in effective moment arms caused by moving the
distributed loads to discrete points. Figure 5.7 shows a comparison of the
moment curves produced by the distributed load, the test loads, and the wing that
was supported at the tip. During the load test, local buckling was observed on the
unloaded panel, but not on the panel being tested. The same was observed when
the apparatus was reversed to test the opposite wing. The reason for thisis
evident in the plot of the moments, as the moment on the tip supported wing is
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significantly greater near the mid span. This observation helped to confirm that
the wing closely conformed to the design specifications.

Normal Bending Moment Distribution

M, Ib-ft

0 0.2 0.4 0.6 0.8 1

Spanwise Station

—&— Distributed Load —=— Approximated (test) Load Point Load at Tip

Figure 5.7: Wing Bending Moment Distribution

5.3 Fuselage Design

A side goal of this project has been to capitalize on the structural aluminum backbone
design that was initially used in CU’s 2002 DBF design. This concept involves using an
aluminum channel that will essentially be the structural anchor for all the major components
of the aircraft such as the wing, motor, etc. This concept was effectively demonstrated in the
DBF design, however, due to the use of balsa wood construction around the backbone the
overall design was rather bulky and added unneeded structural weight. With the structural
strength of the backbone there is only need for a non-structural fuselage shell mainly for
aerodynamic purposes. In response to this need fiberglass and carbon fiber composites were
researched.

Overall this project has emphasized the use of fiberglass and carbon fiber composites
for their high stiffness and strength to weight ratios. This corresponds to one of the reasons
for the construction of the TDA, which was to gain familiarization with these materials and
their corresponding construction techniques. More specificaly the TDA fuselage was
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constructed using a foam® core mold to attach the desired layers of fiberglass to, then
saturating with epoxy. Each layer was then set using a vacuum bag that applied a uniform
and constant pressure to the mold until the epoxy had set. There are many subtleties to this
process that aren’t disclosed in this report, however, when the test-bed aircraft fuselage (and
wing) is constructed it will be completely documented in an easy to follow step by step
process for future use by students in the department.

With the required construction experience with fiberglass (carbon fiber will not be
used for this purpose because it is difficult to mold due to its stiffness) an optimized shell can
be constructed yielding shape-holding stiffness at minimum weight. Considering that the
TDA fuselage had a wall thickness of ~.050 in (see Figure 5.8 for a picture of the TDA
fuselage) and acted as structural component of the aircraft a reduction in wall thickness and
thus weight can be performed. As an educated guess if the test-bed fuselage shell is 1/3 the
thickness of the TDA fuselage wall thickness it should easily retain its molded shape under
aerodynamic effects. Considering that the surface area of the TDA fuselage is approximately
that of the test-bed fuselage shell, it will weigh ~236 g (TDA fuselage weighed 709 g).
Including the estimated weight of the back bone and motor mount of 274 g (based on weights
of DBF's backbone and motor mount, see Figure 5.9) this results in a structurally sound
fuselage weight of ~510 50 g. a weight reduction of at least 20% from the TDA fuselage
design.

Figure 5.8: TDA Fuselage

§ There are three different foams that could be used for this purpose and they are loosely defined based on their color of
white (1-2 Ib/ft%), blue (4-6 Ib/ft), and pink(6-12 Ib/ft%). For most purposes their main differenceis only their listed density.
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Figure 5.9: DBF Backbone

Not only will the fuselage design be lighter but all the components of the aircraft will
be easily accessible considering that the fuselage shell will come completely off. This will
allow for quick maintenance or adjustment of most components of the aircraft as well as easy
access to al of the test-beds payload such as the SAS electronics. Figure 5.10 illustrates the
overall concept of utilizing the structural strength of the backbone by attaching every load
bearing component of the aircraft to it. It also illustrates the ease of access of every
component when the fuselage shell is removed.

Electric Control Main
Powerplant Linkage Battery

/

15x6 Propeller

N L

Backbone NWS Servo
/ Nose gear
Nose Mount
gear
Strut

Figure 5.10: Backbone Cutaway
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5.4 Adjustable Components

54.1 Moveable CG Apparatus

In order to provide different stability configurations to test the SAS a
mechanica system had to be devised that would adjust the CG location of the
test-bed aircraft. In order to get a complete range of stability configurations the
design requirement was set to change the static margin from a stable 10% to a
marginally unstable 0% configuration. In order to do this the total CG shift had to
be 10% of the mac of the wing, which was .919 in. In order to do thisarelatively
accurate weight analysis had to be conducted. This was done by utilizing the
CAD of the test-bed to place each component’s individual CG with reference to
an arbitrary point (tip of back bone) and then determining the CG of the entire
test-bed. In order for this to be effective every known component and its
respective position on the test-bed had to be accounted for. This analysis
produced an accurate weight estimate as well as a means to configure the aircraft
with an appropriate CG location at approximately the wing root quarter-chord.

With the CG location in the ballpark the neutral point of the wing-tail
configuration needed to be calculated in order to accurately place the CG to get
the desired 10% and 0% static margin. Using Shevell, (Ref. 2) a neutral point
equation is as follows:

5, . dC, 1

np

USAS
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(dC, /da), , de, Sy li,
(dc, /da),, da S, ¢ " dc, 1+ (dC /da), | dg, S, ,
(dc, /da),, da s, "

dc,,
G, .

will be assumed to be negligible. The lift curve slopes of both the tail and wing
dC, /da werefound based on the airfoil sections used (the root airfoil section for
thewing). In order to determine the downwash gradient de, / da alook-up table

in our aircraft design spreadsheet was used based on graphs presented in Roskam
(Ref. 3). With the neutral point determined our spreadsheet was used to
dynamically determine the static margin based on the position of the cg.

In order to simplify the analysis the moment associated to the fuselage

At this point the total moveable weight needed to adjust the static margin
from 10 to 0% had to be determined. Based on the amount of available space in
the fuselage the total movement of the apparatus was determined to be 11.5 in.
Given this adjustment length the corresponding moveable weight could be
determined to be 1.08 Ibs based on a total aircraft weight of 13.4 lbs (including
moveable weight). To reiterate this is the weight needed to move the CG of the
aircraft by .919 in., corresponding to a 10% static margin shift.
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With the needed moveable weight selected as well as the total moveable
length the drive mechanism needed to be developed. Considering the apparatus
will ultimately be responsible for decreasing the stability of the aircraft it would
beidedl if it could be adjusted remotely. Thiswould allow the aircraft to reach a
safe atitude after takeoff before testing begins and the stability decreased. This
would decrease the risk of crashing the aircraft when testing marginally stable or
even unstable configurations. To do this remotely, a sail-winch servo was
selected with high-torque and multiple revolution capabilities (needed to scale the
entire 11.5 in track). This would allow another receiver to be mounted on board
and thus the capability to control the CG position from the ground. The reasoning
for a different transmitter and receiver is to alow the pilot to concentrate on
flying the aircraft while the CG operator could adjust the CG accordingly. This
would aso allow for two sets of eyes to determine the condition of the aircraft,
and if a crash appears immanent then the moveable CG can be switched to the full
forward position increasing the stability.

In order to constrain the moveable weight to move only in the longitudinal
direction of the aircraft the backbone was realized to be the perfect guide. By
rigidly mounting a rack to the backbone and adapting arack gear to the sail-winch
servo the drive mechanism was established. The last consideration was how the
weight would dlide in the backbone. Several different aternatives were
considered but in the end it was decided that the less friction imposed the better
and therefore the less work needed by the sail-winch servo. Less friction would
essentialy increase the performance of the system as well as the sensitivity. To
do thisradial ball bearings were utilized. There would be four different contacts
to ‘raills’ cut into the backbone where each of these contacts would be a radial
bearing. This essentially cuts out almost al frictional losses and just requires the
sail-winch servo to move the inertia mass of the moveable weight.

Figure 5.11 below illustrates the overall mechanical design of the
moveable cg apparatus. In order to minimize the amount of ‘dead-weight’ added
to achieve the needed 1.08 Ibs as many of the required components of CG
apparatus (such as the servo battery) were integrated to the moveable weight.
Another observation that can be made from figure 5.11 was the use of limit stops.
These prevent the moveable weight from continuing off the rack and disengaging.
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Backbone Roller

Track
Shuttle
Assembly \
\ Limit Stop
/ \V\ Rack Gear

Ball Bearing Rollers

Drive Servo Servo

Battery

Figure 5.11: Moveable CG Apparatus

Based on the discussion above the following table (Table 5.3) was created
identifying the major parameters of the moveable CG apparatus, their roles and
objectives, aswell as any relevant notes.
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Table 5.3: Overview of Moveable CG Apparatus Specifications and Requirements

Relevant

Objective

Specification
. Attain +10% - 0% SM islinearly related to
Moveable Weight 1.08 Ibs Static Margin dew of Balance Weight
Total Longitudinal, , _. Attain +10% - 09U gear rack and
11.5in . . pinion design to move
Movement Static Margin apparatus
Futaba Sail-Winch Servo Gear wheel radius - .75
Torque - 135.8 0z-in Needed revolutions -
Control Servo Speed - 11.5 rads Torque/ Speed 24 Max
|Max Revolutions - 6 Travel Time-1.3s
. . 3/8 Diameter radial|Prevent  apparatuyBearings will dlide in
Slide Mechanism bearings I\‘rom sticking grooves cut in backbone
. Servo Feedbac I Eliminate need for
Position M easurement v rement Data Acquisition external sensor

USAS

5.4.2 Adjustable Tail Boom

The main consideration behind an adjustable tail boom was the ability to
not only change the static stability, but the dynamic stability of the test-bed as
well. By changing the length between the wing and the horizontal stabilizer while
keeping the static margin the same effectively changes the dynamic stability of
the aircraft. Although testing the SAS using different tail-lengths is low priority
the test-bed does have this capability that could be utilized at a later time. There
are also different static stability configurations that are enabled due to the
adjustable tail-boom, including unstable configurations. These will be discussed
in the comprehensive stability analysis section.

Figure 5.12 illustrates the mechanical components of the tail as well as the
tail boom adapter, which is used to change the length of the tail. It is asimple
mechanical concept primarily consisting of the tail boom adapter, which has 7
pre-drilled holes each 1 in apart. Any two of these holes can be used to attach the
taill boom. This results in the capability of moving the tail boom atotal of 4 in.
forward (from position shown in Figure 5.12) in 1 in. increments.
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Figure 5.12: Adjustable Tail boom

5.5 Comprehensive Stability Analysis

As discussed in the previous two sections there are a multitude of stability
configurations enabled by the movable CG apparatus and the adjustable tail-boom. Figure
5.13 illustrates the full variation of different positions of the moveable cg apparatus and the
adjustable tail-boom. The stability configurations imposed by adjusting the moveable CG
are in accordance with the desired 10 — 0% static margin (when tail is at the full aft position).
However, when the tail is moved forward the resulting stability is not as intuitive. Thisis
due to the effect the tail has on not only the CG of the aircraft (when the tail moves forward
the CG moves forward, increasing stability) but on the neutral point as well. By moving the
tail forward the neutral point is also moved forward. Based on the table values (in figure
5.13) the observation can be made that moving the tail forward moves the neutral point
farther than the CG of the aircraft. Thus, moving the tail forward not only decreases the
dynamic stability but the static stability as well. This interaction explains the last two
stability configurations in the table in Figure 5.13. In summary, the test-bed is capable of
testing at static stabilities ranging from 10 -> -.4.3% static margins.
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Difference in positions of
horizontal stabilizer with
reference to wing root c/4

Cl4 \A Coai/
4

Static CG aft of

M_CGloc Tail loc Margin crl (in)

Total distance traveled by

moveable CG apparatus Forward Aft 10.0% 2.49
Moveable CG Wgt =1.081b Aft Aft 0.0% 341
Forward Forward 5.7% 2.26

Aft Forward -4.3% 3.17

Figure 5.13: Sability Configurations

5.6 Drawing Tree and Drawings
To date there are atotal of 16 assembly drawings and 33 drawings of individual parts

that need to be fabricated. However, since the tail (and possibly the wing) from the TDA
will be used on the test-bed the amount of parts that still need to be fabricated drops by
amost half. Based on the machining experience of our team as well as the availability of an
additional machine shop in Denver completing these parts on time isn’t a concern.

See Appendix 14.2 for drawing tree and Appendix 14.6 for drawings.
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6.0 Electrical Design Elements

6.1 Controller Board Block Diagram

The controller board block diagram can be seen in Figure 6.1. From it, one can see at
the top of the figure that each of the sensors are inputted into analog-to- digital converters for
processing.

Figure 6.1: Controller Board Block Diagram

On the left-hand side are the transmitter inputs which then go through a pulse-width-
modulated signal decoder (this will be discussed in more detail in section 6.3) and then on to
an ADC. On the right hand side are the outputs to the elevator and CG servo along with the
respective feedbacks. At the bottom of the figure are the power source and a power check.
This power check and the command override signal at the left of the figure are connected to
digital OR gates. The purpose of these is to activate the switch in the top-left corner in case
there is a problem. Once activated, the switch bypasses the SAS and gives the pilot direct
control over the servos.

6.2 Command Override Process

Figure 6.2 shows the block diagram for the command override process discussed in
the previous section. In it, a PWM signal is sent through a low pass filter (LPF), thereby
taking the average of the signal. This averaged signal is then sent through a comparator and
compared to a reference voltage. The outcome of this is then sent to one of the OR gates
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shown in Figure 6.1 and a digital input/output pin in the microcontroller for data collection.
This is so that when the data is downloaded, the switch setting can be seen. Through this
circuit, the one-time command override signal can be processed and the override process can
be achieved.

Figure 6.2: Command Override

6.3 PWM Decoder Process

Figure 6.3 shows the block diagram for the PWM decoder process. This circuit still
needs to be tested to make sure that it works. The idea behind this decoder process is to
output a voltage relative to the width of the incoming PWM signal. The reason for thisis that
the transmitted PWM signal needs to be processed through the microcontroller in order to be
used in the control algorithm. Therefore, converting the PWM signa into an analog signa
allowsiit to be processed through an ADC in the microcontroller.

The way the circuit will work is the PWM signal will enter a summer and then be
integrated through a LPF. This signa will then be inputted into the one-shot, which will then
try to generate a pulse that matches the pulse width of the incoming PWM. The one-shot will
continue doing this until it matches the PWM, and in the meantime, the analog signal coming
out of the LPF will be proportional to the pulse being generated by the one-shot, until finally
the voltage is proportional to the incoming PWM.
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Figure 6.3: PWM Decoder

6.4 Electrical Schematics
The electrical schematics for the electronics package can be found in Appendix 14.3.

6.5 Power Analysis

Table 6.1 breaks down the power specifications of the SAS. From it, one can see that
the entire electronics package draws less than 300 mA. This enables the use of a9 V battery
to power the system. COTS 9 V batteries are rated at 400 mAh, thereby providing enough
power to run the electronics for the designated five minute testing time. Since the voltage
regulator in the system requires a minimum of 7.5V to operate, atest will be performed once
the system is complete to see that the operating voltage of the 9 V battery does not drop
below 7.5V before the 5 minute testing time is complete.

USAS Page 45 9/8/05




ASEN 4018 USAS

Table 6.1: Power Breakdown

Power Breakdown

Operating Voltage Current Draw

Component Range (V) (mA)
Microcontroller
(PIC18F458)
Rate Gyro 4.75105.25 6.0 (8.0 Max)
(ADXRS150)
Accelerometer 4106 1.8 (3.0 Max)
(ADXL 150) o
Pressure Transducer <20 <10
(SDX Series)
Voltage Regulator 75 Vin 20 8
(LM340T-5.0)
Total 5 <300

6.6 Data Acquisition
Table 6.2 provides a breakdown of the data acquisition requirements for the project.
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Table 6.2: Data Acquisition Summary

10 ,- #2
10 bit #
8 & !
7 |
1 1
!
2 #
3
2 4 !
5
6
7 2 '& F
8 CG Control Feedback
300s % 2 7 P
275kB 0 a f/‘b

It also addresses one of the requests for action items from PDR. The ADC’s of the system
were found to have 10 bit resolution, thereby making each data sample taken require two
bytes for storage. At PDR, the ADC’s were mistakenly assumed to be 8 bit converters. A
sampling time of greater than 50 Hz was decided upon and together with the sampling time
and the amount of independent pieces of data that needs to be taken resulted in a minimum
storage capacity of 275 kB.

6.7 Noise Analysis

Once the system is integrated within the aircraft, some issues with noise may arise.
The possibilities are summarized in Table 6.3. Running at 10,000 rpm, the engine and its
brushes could create a relative electrical noise that would be input into the system. It could
also create some vibrational noise resulting in a 170 Hz input. Also, the rotation of the
propeller could possibly create some pressure noise in the system as well. Once the plane and
the electrical system are completed, data will be taken on the ground with engine on and off.
The two sets of datawill be compared, and should any noisy signals be found, they will then
be filtered accordingly.
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Table 6.3: Noise Analysis

Possible Sources of Noise

Component System Input
Propeller 10,000 rpm
Engine Brushes 10 x rpm (100,000)
Vibrational Noise ~10 kHz
Pressure Noise ~10 kHz

7.0 Software Design Elements

7.1 Process Flow

The PIC18F458 microcontroller is designed for real-time embedded applications.
This means that the software is an integral component of the system itself, and must
guarantee that the critical tasks are performed at regular time intervals. Thisis an essentia
element for a system, which must perform time-dependent operations, such as integration and
differentiation. The overall software architecture of this system consists of three primary
components:. Initialization, main loop, and subroutines.

The initialization process occurs after power-up or a system reset. During
initialization, the microcontroller hardware is configured for operation and the global
variables areinitialized. The hardware configuration consists of setting 1/0 ports for either
input or output, configuring the ports for the type of 1/0 (analog, digital, or PWM), and
setting special function registers, which control the operation of the device. Such special
operations include items such as hardware interrupts, which enable time-critical tasksto be
performed essentialy in parallel with normal operations.
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After initialization, the process enters the main loop of the software, which isiterated
indefinitely, unless a hardware interrupt occurs, power islost, or the system isreset. The
main loop continuously reads the sensor and command inputs, makes decisions based on
these inputs, and then performs the primary task of generating control signals. In addition,
the secondary task of data acquisition is performed.

The code that performs these tasks is generally located in separate functions, which
are called by instructions in the main loop. The bulk of the software is contained in these
functions. Thistype of architecture provides alevel of modularity (also referred to as
encapsul ation), which facilitates modification and test of most operations independent of the
overall architecture.

7.2 Software Architecture

The basic structure of the control processis shown in Figure 7.1. The process starts
with power up, and proceeds through the initialization process to the inputs section. The
three sensor inputs are read using the analog-to-digital conversion unit, then the command
inputs are read using a combination of PWM inputs and digital 1/0. The feedback signals
from the servos are read using the ADC, at which point the code enters the command
override decision block. This block bypasses the main control algorithm if the command
overrideison. The command override is a multi-tiered failsafe process which may be
performed in software for normal operation, or directly by external hardware in the event the
processor failsto function.
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Figure 7.1 - SASProcess Flow

When command override is off, the data switch allows pilot control of the CG mechanism,
and the elevator control is augmented by the primary control algorithm. When activated,
command override bypasses the control algorithm, and the pilot has full control of the
elevator. The CG control however, is automatically commanded to the full forward position
by the system. If power islost to the microcontroller, the data switch defaults to pilot control
of both the CG and the elevator position.

The bulk of the process is consumed in data acquisition and execution of the primary control algorithm. A
detailed description of the data acquisition processis shown in

Table 7.1. The table indicates the steps in order of execution, the hardware operation
required for input, the data quantity generated and the appropriate units. The upper portion
of the table lists the input operations, and the bottom illustrates the numeric conversions
required for use of the data.
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Table 7.1 - Data Acquisition Process

QTY
Read pitch rate A/ID 0-1023 bin
Read z acceleration A/D 0-1023 bin

[y

Read dynamic pressure A/D 0-1023 bin
Read PC servo feedback signal A/D 0-1023 bin
Read CG servo feedback signal A/D 0-1023 bin
Read PC pilot command A/D 0-1023 bin
Read CG position command A/D 0-1023 bin
Read gain control A/ID 0-1023 bin
Read command override state DIG 0,1 bool

© 00 N o o b»h W DN

Read data acquisition state DIG 0,1 bool
Scale pitch rate -150 - +150 | deg/s
Scale z acceleration -15 - +15 g

Convert dynamic pressure to indicated airspeed 0-155 ft/s

Convert PC feedback signal to position -60 - +60 deg

Convert CG feedback to longitudinal position 0-115 in

Convert pilot command to commanded position -60 - +60 deg

Convert CG command to commanded position 0-115 in

Convert gain control to numerical gain TBD

Table 7.2 Shows a detailed list of operations that the primary control algorithm must
perform. The overall purpose of this agorithm isto estimate the pilot commanded pitch rate
for comparison with the pitch rate sensor data. This comparison generates an error signal,
which is used to compute the augmented elevator deflection. At any given time, a pilot
elevator input produces an angular accel eration, dependent on the flight velocity, current
angular velocity, atmospheric conditions, airplane dynamics. Since angular acceleration is
not directly measured it must be derived from the relation between the moments about the
pitch axis and the pitch moment of inertia of the aircraft. In addition, in order to compute the
moments about the pitch axis, the angle of attack must be known, however this quantity is
also not measured directly. The angle of attack is found by measuring the z-axis acceleration
with the accelerometer, and using an aerodynamic model of the wing and tail combination.
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Table 7.2 - Primary Control Algorithm

PROCESS

Compute estimated alpha az*2*w/(g*rho*v~2*a) = alpha

[ay

Compute SAS commanded elevator deflection scale factor

Estimate tail downwash lookup table or scale factor and alpha

Compute tail moment contribution flight mechanics

Compute wing moment contribution flight mechanics

Compute angular acceleration alpha_dot_dot=M/I

Integrate to find pitch rate Euler integration: d_alpha dot = alpha_dot_dot * dt

Compare computed PR to measured PR

© 00 N o o b~ W0DN

Apply proportional gain to PR error

Differentiate measured pitch rate to find angular acceleration dPR / dt

Compare measured AA to computed AA

Apply derivative gain to AA error

Compute elevator deflection error

Apply elevator correction to pilot command

Output elevator command signal

Figure 7.2 shows ablock diagram of the system dynamics with a closed |oop proportional
control system, and ssmulated external disturbances. The pitch rate alone is sufficient for
generating a proportional gain for the closed-loop control system, however, a proportional
only controller will probably be insufficient to damp oscillations when the center of gravity is
near or behind the neutral point. In this case, derivative gain will be required on the angular
acceleration. Since there is no direct measurement of this quantity, an alternative method

will be required to generate an error signal. Angular acceleration is already computed for the
pitch rate algorithm, however, amore direct measurement is required for comparison. This
may be accomplished by differentiating the measured pitch rate over time to get angular
acceleration.
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Figure 7.2 - Dynamic Model of Control System

8.0 Integration Plan

8.1 Unit Test Plan

In order to ensure the smooth integration of the subsystems, a unit test plan (UTP)
was developed (Table 8.1). The goal of the UTPisto fully test and evaluate subsystems
individually prior to integration into the overall project. Sensors are bench tested in the
|aboratory to determine signal to noise ratio, proper operational range and resolution, and
signal conditioning requirements. After bench testing, either the TDA or TBA isused to
flight certify the subsystems one at atime. Mechanical subsystems are also bench tested to
ensure reliable operation prior to flight. In addition the TDA and TBA are ground tested and
flight tested prior to installation of experimental hardware.
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Table8.1

Major Task Description

Perform basic I/O operations on the
PIC18F4xx, including digital I/O, A/D
input, PWM output and memory

writes

Basic
Microcontroller (MC)
Operations

- Unit Test Plan

Primary Goal

Familiarization

USAS

Deliverables

Test and verify MC implementation
of digital 1/0, ADC, and PWM
capabilities

Advanced MC
operations

Perform PWM servo feedback
control tests

PWM input and output, ADC
input, R/C Receiver
interfacing, performance
analysis

Operate R/C controls with MC in
the loop

Perform bench tests of sensors,
determine signal conditioning
reguirements

Sensors and signal
conditioning

Familiarization, signal
conditioning design

Test and verify sensor outputs,
signal ranges, SNR's, and signal
conditioning hardware

Calibrate and test sensors in field
environment, using PIC interface

Advanced sensor
operations

Unit test of sensors, flight
certification

Test and verify operation of MC
and sensor package in flight

\Write individual signal processing

Programming and control blocks

Code development

Test and verify operation of real
time control software modules

Develop critical subsystems, such
as command override processing,

ST o] oJeJaN@ LT ENToIg S power conditioning, backup systems

Electronic hardware design

Develop, test, and verify operation
of all necessary electronic
hardware support elements

Manufacturing
Quality Control

Implement quality assurance on
critical airframe components

Flight safety, mission
performance

Test and verification data on
critical components, such as wing

Evaluation Flight

Testing Shakedown flight testing of airframe

Pilot familiarization, aircraft
trim adjustments, evaluation
of flying qualities

Qualitative flight test analysis

Specification Flight

Testing Detailed flight test of airframe

Establish baseline aircraft
performance characteristics

All aircraft performance
parameters applicable to SAS
verification testing

Build and test individual sensor

Perform measurements with

SHEEETERNEESEE [l subsystems in ASEN 4519

Resource management primary sensors using MC

8.2 Quality Assurance

Manufacturing and assembly of the mechanical and electronic components requires
some control measures to insure reliable operation and proper interface between each
component. A quality assurance program will ensure that each component not only meets its
design specifications, but has been tested thoroughly for reliability prior to integration and
flight testing.

Soldering of critical electronic components such as elements of the flight control
subsystem, electric propulsion system or SAS electronics will be performed by qualified
individuals, then checked for defects by at least one other team member. Of primary
importance is the detection of cold solder joints, which are susceptible to failure due to
airframe vibrations. As an additional measure, the SAS electronics and sensor package may
be subjected to avibration test.
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To reduce manufacturing time and unnecessary costs, all drawings for parts to be
machined will be evaluated by a qualified machinist prior to manufacture. This evaluation
will include details such as machinability, tolerancing, and material selection. Evaluation for
machinability determines whether or not a particular cut or shape is practical or possible to
make. Tolerancing is of primary importance for components consisting of more than one
part, to insure that the parts can be assembled, and that proper clearances for fasteners or
moving partsis assured. In particular, proper tolerancing will ensure that, provided each part
is made to within its individual tolerance specifications, an assembly will fit together. In
addition, machined parts will be designed for both function and simplicity. Emphasizing
simplicity will reduce overall design and manufacturing time.

All critical components will undergo a final inspection by the systems integration
manager prior to integration into the project. This will provide a level of redundancy to the
quality assurance program, in order to reduce the risk of component failures during test. In
addition, the integration manager will oversee the assembly of components into the aircraft.
Where applicable, locking hardware or LocTite will be used to prevent loosening of
components due to vibrations. Prior to flight an inspection of all critical components will be
performed. This includes checking the security of maor structural fastenings, al flight
control linkages, and al accessible electronic connections, with particular emphasis on the
flight control connectors. A flight control function test and radio range test will be
performed prior to the initiation of flight tests.

8.3 Assembly Sequence

Many components must be assembled in a particular sequence. An assembly
sequence of the project subsystemsis shown in Figure 8.1. The maor components, including
the fuselage, wing, tail assembly, and USAS electronics are shown in order of assembly in
the upper left-hand corner. Breakdowns of the major components are indicated with dashed
arrows. For each component, alist of components that are assembled to it are shown
indented below the parent item. For items that do not mate directly to the parent component,
asolid arrow indicates the component to which the item is assembled. The numbers
associated with each component refer to an assembly sequence identifier, which is used to
identify the sequence in a master assembly checklist, which will be created and updated
during the manufacturing process. As the manufacturing process progresses, afully detailed
assembly sequence will be documented and converted into an assembly checklist.
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Figure 8.1: Assembly Flow Diagram

A sample of the assembly checklist is shown in Figure 8.2. The checklist specifies
the tightening torque, if applicable, and whether the component is to have thread-locker
applied. The sequence numbers indicate the order in which the components are to be
assembled, including order for subassemblies. The checklist has a column for initial quality
assurance inspection, and final inspection by the integration manager.
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Figure 8.2: Assembly Checklist

9.0 Verification and Test Plan

The following test plans are designed to verify design requirements specified in
Section 3.0.

9.1 UAV Flying Qualities

In order to gain a clear understanding of the SAS performance, it is necessary to
determine the baseline flying qualities of the UAV (the test bed aircraft). If the pilot
discovers any instability or idiosyncrasies, these will be factored into the SAS verification.
The SAS will not be installed during this flight test.

9.1.1 Hypothesis

Flying qualities are subjective. Each pilot makes a qualitative assessment
of how an aircraft performs. This means that several pilots may disagree on
whether an aircraft is “fast” or “maneuverable” or stable.” In order to eliminate
the impact of a subjective assessment, a modified Cooper-Harper pilot rating scale
(Table 9.1) will be used. This scale alows pilots to quantify their qualitative
assessment of an aircraft’ s performance.
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Table 9.1: Cooper-Harper Rating Scale

Aircraft Characteristics Demands on the Pilot
1 Excellent—highly Pilot compensation not a factor for
desirable desired performance
Good—negligible Pilot compensation not afactor for
2 S :
deficiencies desired performance
Fair—some mildly Minimum pilot compensation required
3 L )
unpleasant deficiencies for desired performance
4 Minor but annoying Desired performance requires
deficiencies moderate pilot compensation
M quatd y Adequate performance requires
5 objectionable : ) .
N considerable pilot compensation
deficiencies
6 Very objectionable but Adequate performance requires
tolerable deficiencies extensive pilot compensation
Adequate performance not attainable
7 Major deficiencies with maximum tolerable pilot
compensation.
Controllability not in question
8 Major deficiencies Congderable pilot compensation is
required for control
9 Major deficiencies Intense pilot compensation is required
to retain control
. L Control will be lost during some
10 Mgjor deficiencies portion of required operation

The test bed aircraft is expected to qualify at Level 1 or Level 2 on a
modified Cooper-Harper pilot rating scale. Such a rating indicates that the
aircraft meets the pilot’s expectations for a stable and maneuverable aircraft, with
no additional demands on the pilot. If pilot compensation is necessary, this will
be factored into the results of the SAS verification (Section 9.2).

Idedlly, at least one qualified pilot, who is not associated with the USAS
team, would be available for testing both the aircraft and the SAS. This would
add a measure of objectivity to the tests, since the primary pilot is a member of
the project team.

9.1.2 Measured Response
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This type of testing does not involve the collection of data. It issimply the
guantification of qualitative pilot assessment. Therefore, the only response is the
pilot compensation required to maintain attitude.

9.1.3 Controlled Experimental Variables

The test bed aircraft is designed to be flown outdoors. For thisreason, itis
not possible to control environmental factors that may impact the perceived flying
qualities of the aircraft. Extreme air temperature and wind speed may camouflage
the true capabilities of the aircraft. Preferably, wind speed would not exceed 5
mph, and the ambient temperature would be between 50& and 70&. The pilot(s)
will nevertheless be required to have experience flying R/C aircraft in wind
speeds up to 20 mph, and air temperatures as low as 40&-.

9.14 Sensors

The only “sensor” for thistest is the pilot.
9.15 Test Table

Table 9.2 shows the throttle settings and maneuvers that will govern this
test. The maneuvers were kept simple, because advanced aerobatic maneuvers

are beyond the scope of thistest.

Table 9.2: Test Table

Maximum Throttle

Tria Setting (%) Maneuvers
1 0 Control-surface check (pre-flight)
2 50 Left and right turns
3 50 Left and right aileron rolls
4 50 Climb without stall
5 75 Left and right turns
6 75 Left and right aileron rolls
7 75 Abrupt upward pitch
8 100 Left and right turns
9 100 Left and right aileron rolls
10 100 Abrupt upward pitch

USAS

Normal cruise speed for R/C aircraft is 50% throttle. This will be the
initial throttle setting for the flying test. No trials will be conducted at 100%
throttle unless and until the aircraft performs satisfactorily at the lower throttle
settings.
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9.1.6 Procedure

Prior to takeoff the pilot will begin by verifying communication between
the radio and the on-board receiver, then checking servo operation. With the
controls operating normally, the pilot will begin flight tests according to Section
9.1.5. When the flying trials have been completed, the pilot will rate the aircraft
according to Section 9.1.1.
9.1.7 Measurement Error Estimate

This test involves quantification of qualitative assessment. There are no
measurements, and therefore no measurement error.

9.1.8 Analytical Prediction of Measured Responses

No measurements will be taken during thistest. There are no responses to
predict.

9.1.9 Plot and Analysis

This type of test does not involve the collection of data. There will be no
datato plot.

9.1.10 Applicable Drawing

The applicable drawing for thistest is USAS T-01 Test Bed Aircraft.

9.2 Stability Augmentation System Performance
Upon completion of the SAS, its performance will be verified according to the
requirement specified in Section 3.0.

USAS

9.21 Hypothesis

The test bed aircraft was designed with a 10% static margin. The aircraft
center of gravity can be moved as far as the aerodynamic center—the position
where the static margin is 0%. For this reason, the SAS is required to provide
artificial pitch-rate damping equivalent to 10% static margin.

9.2.2 Measured Response
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USAS

The onboard DAQ will record the pitch-rate-damping time constant and
the pitch-rate oscillatory frequency. These data will indicate the degree of pitch-
rate damping provided by the SAS.

9.2.3 Controlled Experimental Variables

The SAS will be tested on its ability to respond to varying throttle settings,
and to changes in the aircraft static margin. Higher throttle settings (faster
airspeeds) will require the SAS to activate the elevator more quickly. Reduction
of the static margin will determine if the SAS can compensate for reduced static
longitudina stability.

If time alows, the SAS will be tested for its response to changes in
dynamic stability. This will be done by adjusting the tail volume of the test bed
aircraft (see Section 5.0).

9.24 Sensors

The SAS takes input from a rate gyro, a linear accelerometer, and a
pressure transducer attached to a pitot-static tube. SAS response to the input from
these sensors will be recorded by the onboard DAQ.

9.25 Test Matrix

Table 9.3 is the test matrix for the SAS verification test. A maximum of
15 tests will be performed, and a flying-quality rating will be assigned for each
combination of throttle setting and stating margin. The pilot(s) will use the rating
scalein Section 9.1.1. No tests will be performed at 100% throttle until the trials
have been conducted at the lower throttle settings.

Table 9.3: Test Matrix

Throttle (%)
50 75 100

9.2.6 Procedure
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Testing will begin with the SAS disabled. The pilot will put the aircraft in
level flight at 50% throttle, and then apply an abrupt upward pitch command.
Thistria will be repeated at 75% throttle. It is necessary to conduct these trialsin
order to ensure that the aircraft behaves asit did prior to SAS installation.

The following procedure will then be used to conduct this test:

Enable the SAS

Fly in stable (10% SM) configuration with 50% throttle
Pilot pitch command

Fly in stable configuration with 75% throttle

Pilot pitch command

Reduce SM to 7.5% with 50% throttle

Pilot pitch command

Keep SM at 7.5% with 75% throttle

Pilot pitch command

Continue according to test matrix

9.2.6.1 Alternative SAS test

This is the off-ramp mentioned in Section 10.0. In the event that
outdoor testing is not possible due to inclement weather or other
circumstances, the testing will be conducted indoors. The SAS will be
instaled in the fuselage of the test bed aircraft, and the fuselage and tail
section will be mounted inside the ITLL wind chamber. The wind speed
in the tunnel cannot be adjusted, so the aircraft static margin would be the
only controlled experimental variable. Table 9.4 shows the abbreviated
test table for the alternative SAS test.

Table 9.4: Test Table

9.2.7 Measurement Error Estimate
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The static margin measurement is should be accurate to within  1%. The
uncertainty arises from the servo resolution, which limits the accuracy with which
the static margin can be adjusted.

9.2.8 Analytical Prediction of Measured Responses

A Simulink model will be created to predict the responses of the SAS (see
Section 7.0).

9.29 Plot and Analysis

The amount of damping provided by the SAS will be plotted against both
static margin and throttle setting. This will determine the effectiveness of the
SAS for varying aircraft configurations.

9.2.10 Applicable Drawing

There is no drawing for this test.

10.0 Risk Assessment

10.1 Test-bed Risk Assessment

Table 10.1 below illustrates the risks associated with the test-bed aircraft and points
out complications that could occur on behalf of this component. This table was initially
conceptualized for the PDR review however the identified risks and their corresponding risk
factors still prove valid at this point in the project.

The first risk brings up the possibility of a crash that could effectively destroy the
desired testing platform for the SAS. The major impacts of a crash can be seen in the table as
well as obvious accommodations/precautions that can be made to minimize the possibility of
this event. Due to the various circumstances associated with a crash it was difficult to set an
appropriate off-ramp for this event. In other words a crash could be interpreted as anything
from a hard landing requiring a landing gear/servo replacement to a high atitude/velocity
failure resulting in complete (non-repairable) destruction of the aircraft. Therefore due to the
numerous variables associated with a crash a specific off-ramp was not allocated.

The second risk related to the test-bed aircraft addresses the issue of successfully
integrating the SAS. As is the case for all complex systems there is a question of whether
every component cannot only operate correctly on its own, but operate successfully as one
system. This risk identifies the importance of integration for our project as well setting an
off-ramp if thisisn’t complete or progressing by March 19™. Thisisn't to say that the SAS
won't be tested incrementally to verify functionality before it is integrated to the test-bed
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Nevertheless, if a roadblock occurs during integration to the test-bed a

comprehensive test will be devised to examine the capabilities of the SAS. This will consist
of atail-boom configuration that can be tested in the ITLL wind chamber.

Specific Risk

Test-bed aircraft
crash / mishap
prior to SAStests

Table 10.1: Summary of Risks Associated with Test-Bed Aircraft

- Require intense last

minute build effort

- Inability to verify SASin

RC aircraft

- Ensure that an experienced

Accommodations

pilot flies Aircraft

- Select an ' Almost Ready to

Fly@nodel to usein re-
building effort

- Ensure that all pre-flight

tests and precautions have
been made before flight

Risk

Factor

Off-Ramp

N/A
There are so many factors
involved with a crash such|
as total damage and when
it occurs. An off-ramp
here would be arbitrary,
however alternative
testing proceduresin a
wind chamber will be
developed so data can be
taken in the event of the
test-bed aircraft being

test-bed Aircraft

complication

- Develop back-up testing

apparatus to test SAS
capabilities

irrepairably crashed (see
tests following risk)
- Develop test-bed aircraft in Off-Ramp:
Unabletointegrate| - Require unexpected team parallel with SAS it SAEASLSQ blthh
the SASwith the resources to overcome Medium |integrated by this date

prioritization will move to
developing alternative
testing apparatus

10.2 Microcontroller Selection Risk Assessment

Thetable below illustrates the relevant risks of our microcontroller selection again, as
of PDR with the exception of therisk factors. At PDR the corresponding risks were both
high due to the inexperience of the team for this subject. Asresearch into the topic advanced
both the risks were de-elevated as more experience on this subject was gained. At this point
thisislittle doubt that the microcontroller will perform to the requirements of the project.

USAS
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Table 10.2: Summary of Risks Associated with Microcontroller Selection

Risk

Factor CA-REN

Specific Risk I mpact Accommodation

. Degrade/ disable

required performance
reguirements - Select and thoroughly test
processor capabilities (w/
Discrepancy - Require unexpected team| componentsif possible)
between expected resources to overcome ASAP N/A
vs. actual complication
performance - Allocate funds for a back-
- Exceed budget when up microprocessor if need
replacement must be arises

ordered or find required
replacement unavailable

- Schedule critical path

Software . Unabletointegrateall |~ SS/6ct processor ASAP
Development Components by Project _ _ _ N/A
I nexperience Due Date - Build expertise on subject

by having 3 team members
taking Dr. Palo’s Data
Acquisition course

10.3 Current Risks

At this point in the project the major concerns are the implementation and capability
of the SAS now that the crucial elements such as the microcontroller and sensors have been
nailed down and researched.

11.0 Project Management Plan

11.1 Organizational Responsibilities

The organizational responsibilities for the project are shown in the table below. The
table lists the major tasks that are necessary to complete for mission success. The table also
shows who in the group is responsible for the tasks and also a brief explanation of what the
task entails.
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Table 11.1: Organizational Responsibilities
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11.2 Work Breakdown Structure

The WBS for team USAS is shown in the diagram below. The diagram shows the
major subsystems of the project and the top-level tasks involved with those subsystems. A

more detailed WBS can be seen in the Appendix 14.4.

1.0 Program 2.0 System 3.0 Control 4.0 Test-Bed 5.0C.G. 6.0 7.0 Tests and
Management Engineering System Aircraft Apparatus Verification Reporting

i 1.1 Scheduling | 2.1System 3.1 Micro 4.1Aero 51C.G. || 6.1SAS
Integration Controller Dynamic Apparatus Simulation
1.2 Budget Design Design
(l\él:?:ngsemem || 2.2 System | 3.2 Control | \elsﬁnzlig:ding
Specifications Theory -| 4.2 Structure 52C.G. SIW Test
1.8 Task 3.3 Power
Delegation and 2.3 Design to " Svstem | 4.3 Fuselage 5.3 C.G. 6.3 C.G.
Organization q Specs. 4 Design H Manipulation Control
Monitoring Effects System Bench
1.4 Weekly 3.4 Software 4.4 Backbone Test
Time Sheet | Design
Collection 3.5 Sensors || 6.4 TDA Flight
(Rate Gyros, 4.5 Flight Test
1.5 Website Accelerometer Controls
and , etc.) 6.5 Test-Bed
Documentation M Aircraft Flight
|| 4.6 Tail/Tail- Test
H if Biasti?ion [| Boom Design
il 6.6C.G.
Control

USAS

-| 3.7 Integration |||

4.7
Fabrication

Figure 11.1: WBS
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7.1CDR

7.2 PDR

|| 7.3 Fall Final
Report

7.4 Spring
Final Report

7.5 Test Plans

7.6 SAS
— Passive In-
flight Test

7.7 SAS
— Active In-flight
Test

6.7 SAS
Hardware
Bench test

L | 7.8 Test
analysis
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11.3 Schedule
The project schedule can be seen in Appendix 14.5.

11.4 Cost Estimates
Table 11.2 shows the estimated cost breakdown for the project.

Table 11.2: Cost Estimates

Aircraft Stability System Movable CG
Position
Structure and hardware $427.00 | Sensors $229.15 measurement $15.00
Radio and controls $705.95 | Software $0.00 [ Servo & battery $16.99
Propulsion and power $837.86 | Microprocessor $0.00 | Radio $175.00
source
Miscellaneous $468.36 | 'nterface and $265.06 | Hardware $56.60
Hardware

Data Acquisition $100.00

Verification $ 30.00
$2,439.17 $624.21 $263.59

Grand Total $3,326.97

PDR Estimate $3,763.00

Expenditures $1,073.70

The costs are broken down into major subsystems and major components of those
subsystems. Considering the above estimate is below the allotted $4,000 there is no reason
to apply for additional funding.

11.5 Specialized Facilities and Resources

This project will require the use of a wind tunnel for the calibration of the fabricated
pitot tube used in conjunction with our pressure transducer. The wind tunnel located in the
ITLL a CU isavailable and will be used for these tests. A wind chamber is also needed for
pre-flight testing of the SAS and aso for back up testing of the SAS in the event of a
catastrophic test bed airplane crash. Again, this resource is available through CU. The wind
chamber built by Walt Lund can and will be used for the appropriate tests. The last
specialized resource that is needed for this project is UAV test airspace. The boulder
aeromodelers airspace located near the Boulder Reservoir has been secured for any UAV
flights that need to be performed.
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14.0 Appendices
14.1 Design Metrics

Microcontroller Design Metric

Component Manufacturer/Part Specs and Comments Scale Attributes/Score
32 kB Flash, 1536 Bytes Ram 1
8/10 bit ADC 1
5 PWM 1-10 bit resolution 1
Microchip 3410 1
PIC18F458 Max Speed - 40 MHz 2
Main advantage is the application of ASEN 4519 to this chip. The code can be
easily expanded to any PIC chip that meets our design parameters. Also, this 3
brand of chip could be possibly used by the rest of the class, creating vast
learning resource.
128 kB Flash, 4kB EEPROM, 4 kB internal SRAM, Optional 64 kB External 2
8/10 bit ADC 1
2/8-bit PWM, 6/2-16 bit PWM 2
Atme| 53110 1
ATMEGA128L Max Speed - 8 MHz 1
Microcontrollers Lots of memory options and higher bit resolution on the PWM's. Last year's 2
FUAV electronics team used this chip so there is some in-house experience.
32 kB Flash, 512 Bytes EEPROM, 1 kB Internal Ram 2
8/8 bit ADC 1
Motorola g/llsgn PWM i Score: 8
68HC908AB32 Max Speed - 8 MHZ 1 Rating: Medium
Motorola has a long industry record of providing quality microcontrollers. 1
However, there is no experience on campus with them
2 Sockets for program and data EEPROM. (8 Pins) 1
4 ADC -1
. 2 PWM -1
ooP o
¢ 31 Digital 0 1
N/A 0
Very easy to program, but does not have expandibility capabilities 0
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Test-Bed, Sensors, and Power Design Metric

Component Manufacturer/Part Specs and Comments Attributes
By building a custom plane, we can custom fit the control package, as well
Custom as incorporate a moveable cg apparatus. Also, we will be able to vary the tail
Test-Bed Aircraft length and be able to test Fhe SAS. or? dlﬁereqt configurations elasuy :
Would not have to spend time designing an airplane, however, it would be just
Kit as time consuming to redesign a kit. The balsa construction would not be

nearly as robust as the custom fiberglass.

Analog Devices [150 deg/s, can come packaged on an evaluation board
ADXRS150 MEM device with excellent noise handling and enough range

Analog Devices |300 deg/s, can come packaged on evaluation board Score: 2
ADXRS300 MEM device with excellent noise handling, abundant range Rating: Medium

Specs N/A

Would have to take from Futaba package

Rate Gyro

Piezo

Analog Devices [+50g Dual Axis Accelerometer with Analog Outputs

Accelerometer ADXL250 Can be programmable to +25 g
Analog Devices |+10 g Dual Axis Accelerometer with Duty Cycle Outputs
ADXL210 Does not have large enough range
Honeywell Good range (0-1 psi), 5V operation, lowest cost

ASDX001D44R Smallest and cheapest of all and has the right woltage
Good range, 5V operation
Has just enough range and has a 5V operating level enabling power through
same output as microcontroller
Omega PX71- |Good range, 5V operation
0.3GV PC board mountable, but difficult configuration compared to PX139

Pressure Omega PX139-

Transducer 0.3D5V Medium

Tap into Reciever's|Eliminate the need to add another battery back just for the SAS, however, the
Power Power receiver battery may not carry enough wltage to do this.
Configuration

Independent Adds extra weight but may be necessary

Final Design Choices

Component Manufacturer/Part Rationale Score  Attributes/Cost
Test-Bed Aircraft Custom Built Ability to design around SAS and movable cg 3
apparatus
Microcontroller Microchip Identical to ASEN 4519 chip except it has 9
PIC18F458 enough PWM's required for expandibility
Analog Devices |Lowest cost, latest technology, readily available
Rate Gyro ADXRS150  |device 8
Accelerometer Analog Devices |Same brand used during ASEN 3300, has good 2
ADXL250 range, and is easily mounted to a PC board
Pressure Honeywell Has good range and can be easily mounted to a 3
Transducer ASDX001D44R [PC board
Ideal if possible, otherwise independent pack will
SAS Power Tap into FCSS |be used. Aircraft and FCSS will use 1
conventional NI-Cd battery packs
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14.2 Drawing Tree
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14.3 Electrical Schematics

Main Board

Sensor Board
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14.4 Work Breakdown Structure

USAS Work Breakdown Structure

WBS Activity Name Responsibility
1 Project Management

1 A Scheduling AD
1 1 1 Project Schedule AD
1 2 Budget Management (CFO) BB
1 2 .1 Budget Maintenance BB
1 2 .2 Budget Reports BB
1 2 3 Budget Predictions BB
1 3 Task Delegation and Organization AD
1 3 .1 Project WBS AD
1 3 .2 Task Assignment AD
1 3 .3 Weekly Meetings AD
1 4 Weekly Time Sheet Collection AD
1 4 1 WTS Review AD
1 5 Website and Documentation

1 5 1 Website Maintenance MS
1 5 2 Meeting Minutes Documentation JH
2 A System Integration TB
2 A 1 Hardware Integration TB
2 1 .2 Software Integration TB
2 2 System Specifications

2 2 1 PDD

2 2 2 Design To Specs B
2 2 .3 Build To Specs B
2 3 Design to Specs. Monitoring

2 31 Specs. Requirements Documentation TB
2 3 .2 Specs. Achievement Verification and Reporting TB
3 1 Micro Controller JH
3 1 1 Functionality Test JH
3 1 .2 Circuitry JH
3 1 2 1 Circuit Design JH
3 1 2 2 Circuit Fabrication JH
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Software Implementation
Sensor Integration
Control Theory
Simulation Development
Simulation Verification
Power System
Housing
Interface
Software
SAS Control Algorithms
Psuedo Code
Code
Data Acquisition and Storage Algorithms
Psuedo Code
Code
CG. Control Algorithms
Psuedo Code
Code
Sensors (Rate Gyros, Accelerometer, etc.)
Rate Gyro
Functionality Test
Circuitry
Signal Conditioning
Accelerometer
Functionality Test
Circuitry
Signal Conditioning
Pressure Transducer
Functionality Test
Circuitry
Signal Conditioning
Data Acquisition
Functionality Test
Storage Capabilities
Interface
Integration
Control Hardware Integration
Control Software Integration
Control Hardware/Software Integration
Test-Bed Aircraft

Aerodynamic Design
Aircraft
Wing

Page 7

JH
JH
B
TB
TB
JH
JH
JH

TB
TB
TB
JH
JH
JH
MS
MS
MS

JH
JH
JH
JH
AD
AD
AD
AD
TB
TB
TB
TB
JH
JH
JH
JH

B
TB
TB
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4 a1 .1 2 Tail TB
4 1 .1 3 Fuselage B
4 2 Structure AD
4 2 .1 Aircraft AD
4 2 .1 1 Wing AD
4 2 1 2 Tall AD
4 2 .1 3 Fuselage AD
4 3 Fuselage Design

4 31 Fuselage Attachment Tabs MS
4 3 .2 Engine Mount MS
4 3 .3 L.G. Mount MS
4 3 4 Servo Housing MS
4 3 5 Control System Housing MS
4 3 .6 Landing Gear Design MS
4 A4 Backbone Design MS
4 4 1 Strength/Stiffness/Size Calculation MS
4 4 2 Weight Relief MS
4 4 .3 Movable CG. Accommodation MS
4 5 Flight Controls BB
4 5 .1 Servos BB
4 5 .2 Receivers BB
4 5 3 Flight Control Transmitter BB
4 5 4 System Control Transmitter BB
4 5 5 Routing BB
4 .6 Tail/Tail-Boom Design

4 6 .1 Tall AD
4 6 .1 .1 Horz. Stab. AD
4 6 1 .2 Vert. Stab. AD
4 6 .1 3 Saddle AD
4 6 .2 Tail Boom AD
4 6 2 .1 Attachment-Fuselage MS
4 6 2 .2 Attachment-Tail AD
4 N4 Fabrication

5 CG. Apparatus

5 A CG. Apparatus Design MS
5 1 1 Weight MS
5 d .2 Servo MS
5 1 .3 Shuttle MS
5 1 4 Track MS
5 2 CG. Software

5 2 .1 Psuedo Code

S 3 CG. Manipulation Effects

Verification
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SAS Simulation

Static Wing Loading Test

CG. Control System Bench Test
TDA Flight Test

Test-Bed Aircraft Flight Test
CG. Control System Flight Test
SAS Hardware Bench Test

Tests and Reporting

CDR

PDR

Fall Final Report

Spring Final Report

Test Plans BB
SAS Passive In-flight Test

SAS Active In-flight Test

Test Analysis
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14.5 Project Schedule
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2
(9]
D
ID |Task Name Aug 17,03 |Aug 24,'03 [Aug 31,'03 [Sep7,'03 |Sep14,'03 |Sep21,'03 |Sep28,'03 |Oct5,'03 [Oct12,'03 |Oct19,'03 |Oct26,'03 |Nov2,'03 |Nov9,'03 [Nov 16,03 |Nov 23,03
817 | 824 | 831 | o7 9/14 9/21 9/28 105 | 1012 | 1019 | 10026 | 1y2 | 119 | 1116 | 11/23
1 PDR Charts
2 PDR Charts Draft 1
3 PDR Charts Draft 2
4 PDR Charts Final
5 Revision 1
6 Group Meeting
7 Revision 2
8 Final Revision
9 PDR Charts Due
10 |PDR Presentation W 109
11 | Preliminary Test-Bed Fabrication
12 Fuselage Final Assembly ———————— | Jake,Mike
13 Tail Boom Final Assembly [ —————_____| Adam
14 Tail Boom Attatchment —] Mike
15 Control System Routing [ | Jake,Adam,Mike,Tom
16 Wing Construction ———— },Barry,Tom
17 Static Wing Loading Test Tom,Barry
18 Aircraft Cosemetics Barry, Tom,Adam
19 | Accuator Output Testing P
20 Servo Selection Analysis Jake,Mike,Tom
21 Servo Selection Deadline ﬁ 10/30
22 Basic Servo Test ke, Tom
23 Data Switch Operation Test DJ% Mike, Tom
24 | Sensor Selection —
25 Sensor Selection Analysis ke Barry
26 Sensor Selection Deadline E 10/13
27 | Final Test-Bed Aircraft Design [, |
28 Aerodynamics Design [ Mike,Adam,Tom
29 Structural Design [ ] Barry,Adam
30 Stability Design | I Adam,Mike
31 Fuselage Re-Design [, |
32 Bulk Head Drawings | I | Mike
33 Engine Mount Drawing Barry
34 L.G. Mount Drawing :b Barry
35 Servo Housing Drawing Jake
oQ 36 Control System Housing Drawing :b Jake
37 Backbone Design P —
< 38 Backbone Drawing Tom
Z 39 Backbone Mount Drawing :b Mike
L 40 | C.G. Apparatus Design I ——
41 C.G. Apparatus Calculations | I | Mike
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ID [TaskName Nov2,'03 [Nov9,'03 [Nov16,03 [Nov23,03 [Nov30,03 |Dec7,'03 [Dec 14,03 |Dec 21,03 [Dec 28,03 [Jan 4,04 [Jan11,'04 [Jan 18,04 [Jan 25,04 [Feb 1,04 [Feb 8,04
e | a9 [ awe | 123 | 1m30 | 127 | 12n4 [ 121 | 12p8 | ws | a1 | ime [ ips [ 2n | 2
43 | SAS Preliminary Design T —
44 Circuit Design [ Tom Jake Adam
45 Power Supply Design b Tom Jake Adam
| 46 |Electronics Package Design 1 [ —
[ a7 | Circuit Board Design 1 [ ] Tom Barry
48 | CDR Charts N u
49 PreliminaryCDR Chart Review Al
[ 50 | Revision1 All
51 Revision 2 Al
[ 52 |  FinalRevision Al
53 |CDR 1126
54 | CDR Presentation u 128
| 55 |Semester Report | |
56 | Sensor Input Testing
57 Dynamic Presure
[ 58 | Acceleration Jake,Barry
59 Angular Velocity JakeBarry
60 | Microcontroller Functionality Test ——
61 Write to external memory Jake
[ 62 | Output PWMsignals Jake
[ 63 | Read A/D Inputs Jake
64 Read PWMinputs Jake
[ 765 |  Microcontroller Functionality Test Dea 2R
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D |Task Name Jan1l, 04 [Jan18 04 [Jan25 04 |Febl, 04 |Feb8, 04 |Feb15 04 |Feb22 04 |Feb29, 04 [Mar7, 04 |Mar14, 04 |Mar2i, 04 |Mar28, 04 [Apr4, 04 [April, ‘04 |Apris, 04
il | 118 | 125 | 21| 2i8 | 215 | 222 | 229 | 87 | s/ii4 | s2i | 328 | 44 | 41 | 4/18

66 | Eledronics Package Fabrication [ |

67 Circuit Boad Fabiication :&I’om,Ad am,Barry

68 Circuit Comstruction Tom,Adam,Barry

69 Chasis Design and Construction :Ewomﬁd am,Barry

70 Find Assembly [ TomAdam,Barry

71 | Final TestBed Aircraft Fabrication [ |

72 FuselageFabrication [, |

73 Cut Foam Bary

74 Glass Fusdage :}i} Bary,Adam

75 Backbone Fabrication [ Tom

76 C.G. Apparatus Fabricaton

77 Backbone Integration

78 Avimics/Ekctronics Integation C—————

79 Wing Fabrication [ ]

80 Cut Foam [ )]

81 Make Spar —/

82 Glass Wing [

83 Aileons b

84 Test Bed Hardware Integation | — All

85 Test Bed Aircraft Completion Deadline [ | 3/9

86 | System Software Develop ment [ |

87 Control System Software [ |

88 SAS Software [ ]

89 C.G. Contmol System Sdtware [ Q

90 Data Acqusition Software L

91 Software Completion }3’16

92 | Control System Hard ware —

93 PC Board Constrution C——

94 | Control System Simulaion [ |

95 Improvement and Validaton of Simulink’ [ ]

96 | Hardware/So ftw ae Integration [, |

97 Hardwvare Software Integration [

98 System Integration Deadine }4’2

99 Component Verification Program |

100 CG Contrd System Bench Test C———

101 SAS Hardware Bench Test C—/

Apr 25, '04
4/25
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|May 16, '04 |May23, '04 |May 30, '04 |Jun 6, '04

ID |Task Name Feb29, '04 |Mar7‘ ‘04 |Mar14‘ ‘04 |Mar21, ‘04 |Mar28. ‘04 |Apr4, ‘04 |Apr11, ‘04 |Apr18‘ ‘04 |Apr25, ‘04 |May2, ‘04 |May 9, '04
2129 I 317 I 3/14 3/21 3/28 414 4/11 I 4/18 I 4125 I 5/2

102 | Flight Tests

103 Test-Bed Aircraft Flight Test :}1’

104 C.G. Contrl System Flight Test —

105 SAS Hardware Passive Inflight Test

106 SAS Hardware Adive Inight Test :E]

107 | DataAnalysis [ ] All

108 | Find Presentations [ ] All

109 | Find Repot C———M

ASEN 4018

Jun13, '04
6/13

9/8/05

USAS




ASEN 4018 USAS

14.6 Drawings
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