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2.0 System Architecture

Since the mid 1990’s, the advent of the Micro Air Vehicle (MAV) has revolutionized military and commercial
surveillance operations. The small size (less than six inches in all linear directions) makes these aircraft difficult to
track and simple to deploy. It is possible to attach any number of payloads, most commonly a camera system
capable of taking pictures and transmitting the data to a ground station. The purpose of the MARVLIS project is to
design a MAYV loaded with an imaging system and a device which can capture an image and send it to a receiver on
the ground complete with a time and location stamp. A launching mechanism will also be designed to control the
launch velocity, pitch angle, and angle of attack. The following section describes several design options and the
resulting optimum design choices.

2.1 Aerodynamics

After preliminary trade studies, three airframe configurations were chosen as the best options to fulfill the
project requirements of the aerodynamics subsystem. The airframe configuration components in this early
stage of design consist of a wing planform and a tail configuration which will be integrated with a backbone.
The backbone will also provide attachment points for other subsystem components.

System Option 1:

Figure 2.1.17 Aerodynamics System 1

This configuration consists of an inverse Zimmerman planform and a Y-tail integrated with a backbone. The
inverse Zimmerman planform provides good stability characteristics due to the larger span towards the
trailing edge and has a large planform area with respect to the maximum linear dimension which will produce
a larger lifting area. The Y-tail configuration provides stability above and below the wing with low
interference with the prop wash while allowing for simple control surface integration.

System Option 2:

Figure 2.1.21 Aerodynamics System 2

The second airframe configuration consists of a rectangular planform and a V-tail configuration. The
rectangular planform will be easy to design and construct while allowing for easy control surface integration.
The V-tail consists of only two surfaces, so mass and fabrication complexity will be low. The V-tail provides
stability with low interference with the prop wash, and the higher flow velocities above the wing will make
the V-tail more effective than the inverted V-tail.

System Option 3:

Figure 2.1.3i Aerodynamics System 3

The final airframe configuration consists of an elliptical planform and an inverted V-tail configuration. The
elliptical planform provides a large lifting surface area for the maximum linear dimension, but control surface
integration will be more complex than the other wing planform geometries. The inverted V-tail will provide
stability below the wing and interference from the prop wash will be low, but because the flow velocity
below the wing is lower than that above the wing, the surfaces will have to be larger than those for the V-tail
to obtain the same amount of control.
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2.2 Electronics

There are three significant design options in which can be pursued:

System Option 1:

Powar
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Figure 2.2.17 Electronics System 1
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The first design option will incorporate a video camera, position/location determination system, R/C
receiver, speed controller for the motor, and data transmitter onto the MAV. The benefit of using a video
camera on the MAV is primarily its ease of implementation and its ease of use.

System Option 2:
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Figure 2.2.21 Electronics System 2
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The second design option replaces the video camera from the first design option with a still camera. This
option may help to alleviate the power consumption from the battery, since the camera does not have to
capture as many frames and the data transmission system doesn’t have to have such a high transmission

rate.
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System Option 3:
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Figure 2.2.3i Electronics System 3

As of right now, not enough is known about the position/location determination system to guarantee its
implementation into the electronics system on the MAV. If the system takes too much power or weighs too
much, the system will need to be abandoned.

2.3 Propulsion
Three significant propulsion systems have been designed:

System Ojon 1:

LiPo Batteries Electric Motor Pull Propeller
Figure 2.3.11 Propulsion System 1

The first system option includes Lithium-Polymer (LiPo) batteries, an electric motor, and a ‘tractor’
propeller located in front of the leading edge of the MAV. This is a fairly standard design for a MAV and
is similar to propulsion systems used by institutions such as the University of Florida, a leader in MAV
technology. The power is provided by the batteries, which will most likely be a group of individual cells
wired together in series to provide the required power to the motor. The 2 propeller blades are designed to
have rounded tips for better efficiency.

System Option 2:

Push Propeller LiPo Batteries Electric Motor
Figure 2.3.21 Propulsion System 2

The second system option also includes LiPo batteries and an electric motor, although the propeller is now
in a push configuration located behind the trailing edge of the MAV. The goal of this is to avoid the
propwash and skin friction drag created by a pull propeller. Again, 2 rounded propeller blades are used to
create maximum efficiency.

System Option 3: _’E =/>
C C>—
BN <

LiPo Battery Dual Electric Motors Dual Pull Propellers
Figure 2.3.3i Propulsion System 3

The third system option is a more unconventional design involving two pull propellers mounted on the sides
of the wing and wired to spin in opposite directions. The goal of this design is to produce equal and opposite
roll moments from each motor to increase the stability of the aircraft. This will clearly require a larger mass
budget but will allow a larger available thrust.
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2.4 Launch System
System Option 1:

The first system option for the launch system is comprised of a compressed spring as the propulsion
mechanism, and the use of actuators for pitch angle adjustment. Compression springs have been
implemented as the launch mechanism for previous MAVs at the University of Florida® and the University of
Notre Dame®. This method of launch propulsion has been proven in the field and at competitions. Actuators
are accurate angle adjusters and have been used in competitions as well.

System Option 2:

The second system option for the launch system uses compressed gas as the propulsion provider as well as
actuators for pitch angle adjustment. Compressed gas offers a unique approach as it is easily configurable for
different massed MAVs. Actuators used for pitch adjustment are proven and would complement the
configurability of the compressed gas.

3.0 Requirements

Table 3.0.1: Top-Level Project Requirements

Requirement Description Pa_rent Verification Method
Requirement
0.PRJ.1 Vehicle measures less than 6” in all linear Maximum MAV Measurement
directions Dimension
0.PRJ.2 Build a portable launching system Launch Mechanism Demonstration
0.PRJ.3 MAYV must loiter at a minimum elevation of 70 ft | Minimum Loitering Demonstration
AGL Altitude

0.PRJ.4 The MAV must fly for a minimum duration of 10 Endurance Demonstration
minutes

0.PRJ.5 The MAV must take a picture every thirty Image Acquisition Demonstration

seconds during flight
0.PRJ.6 The MAV shall record the time and position of | Time and Location | Stationary/Translation
each image taken Stamp tests

0.PRJ.7 The MAV shall transmit two data packages per Data Transmission | Demonstration/Ground
minute test

0.PRJ.8 Compare analytical and experimental flight data Aircraft Analysis Wind Tunnel test

for the aircraft to analyze low-Reynold’s number
flow

Table 3.0.2: Top-Level System Requirements

Requirement

Desciption

Parent
Requirement

Verification Method

0.SYS.1 The customer requires a maneuverable fixed Controllable fixed Inspection and
wing aircraft wing aircraft Demonstration
0.SYS.2 The launch system must control velocity, pitch, | Launch Mechanism Accurate test
and angle of attack while maintaining level measurements
wings
0.SYS.3 The MAV must be controlled by remote control Remote Control Ground tests
at a distance up to 300 ft
0.SYS.4 The imaging system must take pictures of a 3x3 Imaging System In flight test/Mounted on
object while fulfilling Johnson’s criteria and moving test stand
minimizing blur
0.SYS.5 The MAV must transmit data packages to a Data Transmission Ground tests

ground receiver up to 300 feet away.

System
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3.1

Aerodynamics

3.1.1 Planform Configurations

Wing planforms were selected for analysis based on successful designs for past MAVs and planforms
with favorable characteristics for low Reynolds number flow. The final selections were made through
a trade study process which analyzed the characteristics of each planform. For the wing, one important
limiting factor of the design was the maximum linear dimension, which must be less than or equal to 6
inches as set in the top level system requirements. A typical MAV wing area is often maximized for a
given dimension in order to achieve the required lift. The strict linear dimension requirement for a
MAV limits the possible range of aspect ratios. A second factor of greater importance is the cruise
coefficient of lift, which predicts the lifting performance of the wing. A high coefficient of lift will
produce high wing lift. This will enable flight with a higher mass and will lower the required wing
area. Lift coefficients will be determined by modeling each planform geometry in AVL using
estimates for air density, velocity, mass, and gravity. Figure 3.1.1.1 shows these planform geometries.

Figure 3.1.1.1i Wing planforms (elliptical, rectangular, Zimmerman, inverse Zimmerman,
trapezoidal with flow coming top to bottom)

3.1.1.1 Configuration #1: Inverse Zimmerman Planform

Pros: The inverse Zimmerman planform has been used by several MAVs, such as a
University of Florida competition MAV from 2000. This planform has a larger span towards
the back of the chord which maximizes the stability and lift effects of reflex and camber. The
inverse Zimmerman shape, which is a combination of two half-ellipses of different sizes at the
% chord, also has a maximum linear dimension to surface area ratio of 0.236 which is smaller
than a square. In other words, it approaches the optimal space usage of a circular planform
while maintaining a straighter trailing edge for better aecrodynamic effects. This planform also
balances a low ratio of maximum linear dimension to surface area with the ability to
manipulate the wing center of gravity. This causes the inverse Zimmerman wing to have a
positive Cy at zero angle of attack whereas the Zimmerman planform has a negative Cy in this
configuration’. This trailing edge also allows for easier control surface integration than a
circular planform.

Cons: The inverse Zimmerman planform does not have the best ratio of maximum linear
dimension to surface area ratio of the planforms analyzed. Also, the planform is more
complicated to design and to fabricate than a rectangle or an ellipse.

Effects on Requirements: For the inverse Zimmerman wing, the ratio of maximum linear
dimension to the wing surface area is low which is similar to that of the elliptical planform.
This means that the surface area will be large for a given maximum linear dimension and
allows the requirement for the maximum linear dimension of the MAV to be fulfilled while
providing a large lifting surface. Furthermore, the placement of control surfaces on the
inverse Zimmerman wing is easier than on the Zimmerman or circular planforms because of
the straighter trailing edge.

3.1.1.2 Configuration #2: Elliptical Planform

Pros: The circle has the best ratio of maximum linear dimension to surface area of the three
planforms analyzed with a ratio of 0.212. Additionally, the elliptical planform shape is easy to
design and fabricate.

Cons: The propeller will extrude beyond the planform, so it will not be possible to design a
circular planform of 6 inches in diameter. This will force an elliptical planform design and
may limit the total planform surface area more than the inverse Zimmerman planform.
Additionally, the placement of control surfaces on a circular wing has a higher degree of
difficulty than on a rectangular or inverse Zimmerman wing.
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3.1.1.3

3.1.2

Effects on Requirements: The elliptical wing with an aspect ratio of 1 (i.e. a circle) is the best
planform geometry to satisfy the linear dimension requirement because this planform has the
best surface area for a given dimension (the diameter, in this case). However, the 6 inch
requirement must also include the propeller and the tail, and any other components which may
extend beyond the wing area. In this case, an ellipse with a larger aspect ratio would better
fulfill the maximum linear dimension requirement, with the major axis being the span. The
elliptical planform is also constrained by the MAV controllability requirement, because
control surfaces would be more difficult to implement on the curved trailing edge of this
wing.

Configuration #3: Rectangular Planform

Pros: The rectangular wing is very simple to design and to fabricate. Also, the placement of
control surfaces on a rectangular wing will be easier than on any of the other planforms under
consideration.

Cons: The rectangular wing has a ratio of maximum linear dimension to surface area of
0.236. This parameter is the lowest when compared with the other two planforms.

Effects on Requirements: The rectangular wing has the worst ratio of wing lifting area to
maximum linear dimension of all the wing geometries considered. This means that the wing
loading will be higher, so the coefficient of lift must compensate for the smaller wing area.
However, the rectangular wing will allow for easy control surface integration, and thus satisfy
the MAV controllability requirement.

Tail Configurations

Several different tail configurations were compared based on characteristics such as mass, fabrication
complexity, and stability contribution. The trade study table for these tail configurations can be seen in
Appendix A.4. Of the tail configurations compared and ranked within the performance characteristics
mentioned, the tail configurations chosen for further analysis are the Y-tail, the V-tail, and the inverted

V-tail.

3.2.1.1

3.2.1.2

Configuration #1: Y-Tail

Pros: The Y-tail was the first configuration choice because of the provided yaw and roll
stability above the wing while allowing minimal interference with the prop wash. This
configuration also provides additional stability and easy control surface attachment.

Cons: The Y-tail configuration has three surfaces and three attachment points which rank it
lower in the mass and fabrication complexity categories. Also, due to the differing flow
velocities above and below the wing, surface sizing may be more difficult.

Effects on Requirements: Requirement 0.SYS.1 states that the aircraft must be controllable.
For this reason, the tail configuration above the wing must not interfere with the prop wash.
If the tail interferes with the prop wash, adverse roll and yaw moments can result which will
affect the stability and controllability of the MAV. Also, if the tail does not provide enough
pitching moment to counteract the pitching moment of the wing, the MAV will be unstable
and uncontrollable.

Configuration #2: V-Tail

Pros: The V-tail was the second choice because this configuration has only two surfaces to
construct and requires only two surface connections. This lowers the weight and decreases
the fabrication complexity. Although the trade studies show the V-tail and the inverted V-tail
with the same ranks in every characteristic category, the V-tail was determined the better
configuration because the prop wash over the top of the wing causes higher flow velocities
than below the wing. For this reason, with the same size control surfaces, the V-tail will be
more effective and create more roll and pitch stability than the inverted V-tail configuration.

Cons: The V-tail configuration provides no additional stability below the wing which makes
control surface integration more difficult than on the Y-tail configuration. The control
surfaces of a V-tail configuration will require mixing horizontal and vertical control for each
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control surface. This will make the V-tail surface sizing and control surface sizing more
difficult.

Effects on Requirements: See Section 3.1.6.

32.1.3 Configuration #3: Inverted V-Tail

Pros: The inverted V-tail is the same configuration as the V-tail, but located below the wing.
This configuration will provide stability, and interference from the prop wash will be low
because the high flight angles of attack of a MAV will place the tail below the downstream
effects of the propeller.

Cons: Because the flow velocity below the wing is lower than that above the wing, the
surfaces of an inverted V-tail will be larger than those for the V-tail to obtain the same
amount of control which will add more mass to the entire system.

Effects on Requirements: See Section 3.1.6.

3.2 Electronics

3.2.1  Configuration #1: Video Camera

The first design choice consists of using a video camera instead of a still image camera on the MAV,
combined with the position/time system. The trade study can be seen in Appendix A.S5.

Pros: In the case of using the video camera in comparison to a still camera a greater number of
images will be received, giving a better view of the target area than a still camera could. The
chances of missing something of importance will be reduced with a video camera as images will
be fed in real or near real time from the MAV, whereas still images would depend on timing and
positioning of the MAV when a picture is taken to ensure the desired area is captured. Video
would allow for the possibility of flying the MAV to greater distances by using the video feed to
pilot the plane whereas no such possibility would be available with still images.

Cons: A video camera will have a reduction in overall image quality compared to a still camera,
though the quality should still be more than sufficient. The GPS signal will have to be matched to
a specific time frame of the video which could be difficult to do correctly. Since the video will
have no signal specifying when the image should be taken, this same signal cannot be used to
sample the GPS signal at the same time. The power draw on a video camera will be slightly more
than that of a still image camera as it will be in constant operation. Additionally, the transmitter
will need to be in constant use, thereby resulting in a high rate of power drain.

Requirements Analysis: Video footage obviously exceeds the requirement of an image every 30
seconds which was the minimum for mission success. This increases the amount of information
that needs to be transmitted to the ground, but due to how common video has become many video
cameras come equipped with a transmitter built in which would reduce the overall system
complexity. Use of the video camera may require more batteries than would be required with the
still image camera, as the power draw will be higher. More batteries would increase the weight of
the system which would then require a greater amount of lift to be provided by the aerodynamics
of the system.

3.2.2  Configuration #2: Still Camera

Pros: A still camera would be capable of providing a higher resolution image than can be
achieved with a video camera. It would also require less data to be transmitted to the ground as
well as draw less power. Since a signal would have to be sent to the camera to take the picture,
this signal could be used in conjunction with the GPS and used to record the position of each
image exactly.

Cons: There is the chance with a still image camera that the actual target is never photographed
due to the flight pattern of the MAV in conjunction with the timing of the image capture. The fact
that video is more commonly used would increase the complexity of the overall system, especially
since still cameras do not seem to come ready to transmit wirelessly.
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Requirements Analysis: This method could still meet the requirement of image acquisition once
every 30 seconds, and actually makes the job of matching up GPS with the image easier as well.
The reduction in power draw may allow for less batteries being required which would make it
easier for the system to fly and provide a longer duration. The image quality will be more than
met with a still camera, though there is the question as to whether or not a still camera would be
more susceptible to blur than a video camera, which would reduce the overall quality of the image.

3.2.3  Configuration #3: No Position/Time Determination System

The third design is one in which weight and power consumption are such issues that the position/time
determination system must be removed from the system to ensure that the MAV will be capable of
flight as well as imaging.

Pros: Without the position/time determination system, the MAV could weigh less, draw less
power from its batteries, and cost less. Additionally, the abandonment of the system could allow
resources to be shifted towards other aspects of the project that need more attention, such as the
camera system, aerodynamics, or propulsion.

Cons: The position and time determination system enable a “stamp” to be placed on the images
recovered from the MAV to aid in the image analysis in the future. Without the location of
capture and time of capture information associated with each image, the picture may be too
ambiguous and confusing to be usable.

Requirements Analysis: If the GPS is not onboard the MAV, the project would only be considered
a partial success as one of the requirements of the customer is to know the position of the images
taken. However, the weight reduction would allow for the MAV to fly without a change in the
size of the MAV required, thus keeping the requirement that the MAV not exceed 6 inches in any
dimension. This would also affect the data transmission requirement as now only the images
would need to be sent to the ground.

3.3 Propulsion

3.3.1  Configuration #1: LiPo batteries, electric motor, 2 blade rounded pull propeller

Pros: The first advantage to using the first design option is the efficiency of the system.

Electronic power would power both the engine as well as the electronics package, thereby
eliminating a subsystem. Unlike gasoline or rocket propulsion, the vibrations of an electronic
motor would be reasonable for the required imaging quality. Unlike the low efficiencies of a
gasoline or rocket engine, an electronic engine has a rather high efficiency. This means that the
onboard power system (battery) would not be wasted. Also unlike the gasoline or rocket power, a
battery would most likely be a solid or very contained liquid that would not significantly affect the
aerodynamics nor require additional fuel storage. Furthermore, exhaust from a gasoline engine
would limit camera placement. A solar panel small enough to fit on a MAV would not provide
enough energy to power the motor. It is possible to incorporate a solar panel on the aircraft for the
purpose of charging the batteries in mid-flight but for a mission endurance of only ten minutes the
additional mass and subsystem required would not be worth the minimal energy savings. Another
advantage of batteries is that they are available in a variety of shapes, sizes, and degrees of
flexibility. Leading industry and university MAV designers use electronic power®.

The three most heavily weighted criteria when selecting between batteries were the power/mass
ratio, energy/mass ratio and the energy/volume ratio, respectively. Four appropriate battery types
were researched: Nickel-metal hydride (NiMH), Nickel-cadmium (NiCd), Lithium-ion, and
Lithium-ion polymer (LiPo). The LiPo battery had the highest power/mass, energy/mass and
energy/volume ratios, and thus was the best choice to meet the dimension requirement. A distinct
advantage of using LiPo batteries is the ability to have the batteries manufactured into a custom
shape. A Lithium Polymer battery could be integrated into the wing in order to eliminate structure.
The advantage of an integrated battery would lighten the MAVs weight and thus increase
endurance. Lithium polymer batteries have previously been used as power sources for image
capture devices on other MAVs and when configured correctly are able to provide the appropriate

10
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power for the entire electronics package (image capture, time/position capture, data transmission,
and servo control).

The choice of batteries leads to the use of an electric motor. This is an advantage because it is far
more efficient than a gas motor, and will continue running as long as the batteries can provide a
current. It will not produce exhaust that could interfere with imagery. The power output can be
large as it is only limited by the thermal constraints of the motor materials.

A pull propeller is the most efficient method of providing thrust. This is because the propeller
spins in uniformly flowing air in front of the wing and is not hindered by turbulence off the
airframe. As a result, the motor does not have to compensate for irregular flow and the complete
system is more efficient. A two blade propeller also increases the efficiency as there are fewer
surfaces to create induced drag. Again, this helps the motor as it does not have to overcome this
adverse force. Finally, rounded blade tips also reduce induced drag by decreasing the lift at the
propeller tips, the tip vortices, and induced drag.

Cons: The disadvantages to this system begin with the batteries, which power all subsystems on
the aircraft. If another system drains the batteries during flight, power will be lost to the
propulsion system which can result in a loss of control. There is also the safety risk of
fire/explosion if power is drawn too quickly. As with any battery power source, the battery
depends on several other systems. The most important system to consider when choosing batteries
is the motor, but after the motor power is accounted for, the battery must also power the
electronics package. The large number of power-requiring systems will require several batteries.
The addition of batteries is in conflict with the dimension requirement. Another disadvantage to an
electric motor is that it cannot provide as much thrust as a rocket engine. The downside to a pull
prop is increased skin friction drag and prop wash over the aircraft. Finally, having only 2
rounded propeller blades limits the amount of achievable thrust as there is less surface area to
provide thrust.

Requirements analysis: The motor and propeller system selection directly affects project
requirements related to the maximum dimension and endurance, while the power selection is
related to nearly every requirement (i.e. image capture, data transmission etc.). Size requirements
inherently limit design weight, and thus the smallest possible system is required. An efficient
system draws the least power and leads to a reduction in the number of required batteries, a
smaller motor, and a smaller propeller. This efficient system leaves mass budget to be allocated to
other subsystems. This also allows for an increase in battery mass should other subsystems require
a greater power budget. Thus, having the increased efficiency over increased power allows the
MAV to fulfill the dimension requirements and the endurance requirements. The determination of
the optimal propulsion system will inherently be an iterative process, and the design choices allow
for slight adjustments in order to meet all requirements as specified in Table 3.0.1.

3.3.2  Configuration #2: LiPo batteries, electric motor, 2 blade rounded push propeller

Pros: The advantages of this system for the motor and batteries are the same as configuration #1.
The description for each is given in 3.3.1.

The push propeller was chosen for this design because of its reduction in skin friction drag and the
elimination of propeller wash over the airfoil. This configuration will allow for a more
conventional tail to be used which will allow for more yaw and roll stability of the aircraft. This
design stemmed from experimental data acquired over the summer. It was found that the propeller
wash over a conventional tail with a pull propeller caused the aircraft to become unstable. To
eliminate this affect and still use a conventional tail, a push propeller is one solution. This design
will also use two blades and rounded tips as described in 3.3.1.

Cons: The disadvantages for the motor and battery are the same as above in the configuration #1,
given in 3.3.1. One disadvantage of using a push propeller is the efficiency. Since the propeller is
operating behind the aircraft, the trailing vortices shed by the airfoil will have an adverse affect on
the efficiency of the propeller. This will cause the efficiency of the propeller to decrease. This
inefficiency will require the use of more batteries, and therefore add more weight to the aircraft.

11
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Requirements analysis: The system is not efficient because of the propeller operating in the wing
wake. This inefficiency will require more batteries to be used to produce the same amount of
thrust generated from configuration #1. This added weight inversely affects the project
requirements of maximum dimension and endurance. The added weight will cause the airframe to
become larger for structural concerns and therefore decrease the endurance possible while still
maintaining the 6 in dimension requirement.

3.3.3  Configuration #3: LiPo batteries, dual electric motors, dual 2 blade rounded pull propellers

Pros: The advantages of this system for the batteries and propeller are the same as above. The
description for each is given in 3.3.1.

The advantage of the dual motor configuration is the ability to use thrust vector control.
This could eliminate the use of control surfaces on the aircraft and reduce mass by eliminating the
need for servos to control those surfaces. In addition, two motors could possibly solve a serious
problem with lateral stability that has been observed in past singe-motor MAVs. The use of a
single motor can cause the aircraft to roll uncontrollably. With two motors rotating counter to
each other the net propulsive torque on the aircraft would be nearly zero.

Cons: The disadvantage of a dual motor system is that smaller motors are generally less efficient.
One large motor will be able to produce the required thrust and weigh less than two smaller
motors each producing half of the required thrust. This should leave more mass available for
payload in the final design.

Requirement analysis: The endurance requirement would be adversely affected by this
configuration because it is not efficient. Two small motors capable of producing enough thrust for
the MAV would weigh more than one larger motor. Thus, having one motor will allow for more
battery mass and increased endurance.

3.4 MAV Launcher System
3.4.1  Propulsion

3.1.4.1 Compression Spring

Pros:  Compression springs have been used as the launch mechanism for previous
MAVs at the University of Florida’ and have been proven in the field and competitions.
The mechanics of a compression spring system are easily modeled, fabricated, and tested
making it the front runner of possible propulsion systems. The system is also cheap to
manufacture as compression springs are common place in industry.

Cons:  The performance and reliability of a compression spring system will degrade
eventually over the course of repeated launches, necessitating a replacement.

Effects on Requirements: A compression spring system would satisfy the launch
requirements of being a portable system as the spring characteristics can be driven by
length adapting to the portable length requirement.

3.1.4.2 Compressed Gas

Pros: Compressed gas would provide a large acceleration for the size of the hardware. It
contains valve configurations to adjust the acceleration for different sized crafts.

Cons: Compressed gas would create the possible risk and accompanying consequences
of sealing issues. The complexity of the system would be much higher than the
compression spring making manufacturing more difficult. Compressed gas is expensive
to fill and maintain.
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Effects on Requirements: A compressed gas system would satisfy the launch system
requirement of portability as gas cartridges are available within the size limitations.
However, additional drawbacks to other aspects of the design process would be present
such as the need for a regulator and power system.

3.42  Pitch Angle Adjustment

3.2.4.1 Actuator
Pros: Actuators can be finely adjustable for angle rotations allowing precision aiming.
They are fairly cheap and durable.

Cons: Calibrating the actuators can be a challenge.
Effects of Requirements: An actuator system for adjusting the pitch angle of the MAV
launcher would satisfy the portability requirement due to their small size.

3242 Protractor
Pros: A protractor system would be cheap, simple, and accurate.

Cons: The accuracy of a protractor system would need to be tested to ensure requirement
fulfillment and reliability through repeatability. This system would also add to operation
training to use the device.

Effects on Requirements: A protractor system could satisfy the top level system
requirement of portability but since it would be an in-house build, the reliability and
accuracy could be compromised.

3.5 Final Design Choice

The number one design choice from each subsystem was chosen. The final design choice is provided
in figure 3.4.1, located in the appendix.

Roaddar
é""’/ L0 batteries
Wing membrana

\ 2 Propolier  Eloctic motor Servo controlier

& L i RC mosvar

— \ G"S
s
Wing stncture Speed

Imsging
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,‘e/ Y Tal Ve
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Figure 3.4.1
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4.0 Feasibility
4.1 Aerodynamics

4.2

The wing planform will be considered feasible if it has a theoretical coefficient of lift satisfying the
equation:

C. = Lift/(2pV?S) Eq4.1.1
Where Lift = Weight. This requirement must be met while satisfying the 6-inch maximum linear
dimension requirement. It will be assumed that the propeller will provide the additional lift necessary
for the initial climbing segment.
The current mass estimate for the total MAYV is 75.5 grams, so by multiplying by gravity (981 cm/s?),
the weight is found to be 0.74 N. These units are used because they were previously determined to be
the standard units for the project. The air density, p, can then be found in a standard atmospheric table.
Boulder has an elevation of 5,400 ft, and the MAV will fly at an altitude of at least 70 ft. Thus, an
approximate density value can be determined by estimating the elevation to be 5,500 ft. This elevation
corresponds to a density of 0.00104 g/cm®. The velocity of the MAV was not constrained by the PDD
requirements, but nonetheless the MAV must travel slow enough to satisfy the imaging quality
requirements. To achieve this, a preliminary value of 25 mph was used. Finally, the wing surface area
is a function of the planform geometry, so the different values are provided in a table below. For these
planforms, the area was maximized based on the linear dimension constraint of 6 inches. Thus, for
example, the circular planform has a diameter of 6 inches and the square planform has a diagonal
length of 6 inches (defined to be the length from the leading edge of the right wing to the trailing edge
of the left wing, at the maximum span).

Table 4.1.1
Planform Geomery | Circular | Square | Zimmerman | Inverse Zimmerman | Trapezoidal
Wing Area, S(cnf) | 150.4 116.1 135.5 135.5 96.8
Required C. 0.76 0.98 0.84 0.84 1.18

Finally, the required coefficient of lift for each geometry can be calculated. If the theoretical lift
coefficient is not satisfied by AVL modeling for a given wing planform, then it will be considered
unfeasible. The AVL model is not yet complete, but it will eventually be the deciding factor on wing
feasibility. It is also notable that satisfying feasibility at this stage does not ensure that the planform
will be able to satisfy the flight requirements in an actual demonstration; this calculation is intended
only to compare the different wing planforms under consideration and to aid in the selection process.
As one can see, the circular and Zimmerman planforms will likely be the most feasible to implement
into the MAV design, as they have the lowest required coefficient of lift.

Electronics

4.2.1  Imaging

Over the last several years, there have been major developments made in the field of digital
imaging which have enabled cameras to become lighter in weight, have a lower power
consumption, and be manufactured more cheaply. A profitable market for this research is evident:
cell phones. What this means to engineers who want to incorporate extremely small cameras into
their designs is that they have access to a market that is literally oversaturated with products and
configurations to choose from. Many miniature cameras can be bought for extremely low prices
as well, well within the budget of a Senior Project.

Many of these cameras have a limit to the resolution they are able to capture at however, usually
640 x 480 pixels. Using Johnson’s Criteria, at the most stringent level, it was found that the
MARVLIS project would need a camera with a resolution of at least 311 x 311 pixels (assuming a
55° viewing angle), which most, if not all cameras exceed by a large margin.

4.2.2  Image Transmission

Transmitting an image wirelessly is nothing new, there are many transmitters available on the
market which are specifically designed to transmit images or video wirelessly to a receiver of
considerable distance away. Additionally, several groups in previous senior projects, including
CHIRP and SOARS, integrated wireless cameras into their designs. Both of these projects were
small, light weight reconnaissance aircraft designed to transmit images or streaming video from
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4.3

4.4

distant or unreachable locations. Therefore, it should be possible to integrate the same technology
into the MARVLIS project.

423 GPS

There are two difficulties in integrating a GPS into a MAV; first the GPS module must be small
enough to fit onto the MAV and not overweigh it, secondly information must be sent to a ground
station and processed to give useable information. There are GPS modules available’ that fit the
size, weight, accuracy and cost requirements. Communicating with the GPS from the ground
could be done using a radio module®. A difficulty remains in communication between the GPS the
transceiver and the ground station. The GPS and transceiver must properly communicate and the
ground station must have a computer which can take the information and process it. At this time
hardware and software needed to complete this task are missing in the design.

Propulsion

The single tractor, two blade propeller configuration is a feasible design for several reasons. In the
past, nearly all MAVs use this configuration and are successful?. Basic design was done using Java
Prop'®and it was found that a propeller needed to produce about .36 N (basic estimate) of thrust had
an efficiency of 66.794%". The propeller needed to spin at 5000 RPM which is well within the
capabilities of the motors seen available. The power needed to produce that thrust was 4.82 W which
is .669 A for a 7.2 V battery. This was computed in JavaProp using a twin blade propeller with
rounded tips, indicating that this propeller design is feasible. The Black WidowMAYV had a propeller
of 3.81in that spun at 5250 RPM in a single tractor, two blade propeller configuration. They were able
to operate there propeller at 72% efficiency”. This shows that the selected propeller design is capable
of providing enough thrust required by the MAV. There are many electric motors capable of providing
the power required. The input parameters and results used for Java Propare given in Appendix A.1.

A Lithium-ion polymer battery is a feasible option for this MAV for several reasons. In the past,
MAVs or UAVs slightly larger in size have used lower quality batteries with lower energy and power
densities to successfully power these vehicles. LiPo batteries have the best energy density and power
density over other applicable batteries. Lithium-ion polymer batteries are available commercially, or
“off the shelf”. This ensures that no manufacturing is required on part of the MARVLIS team. A
prototype MAV was built in the summer 2007 that was successfully powered by LiPo batteries.

When considering feasibility, the most encouraging aspect of LiPo batteries is their current use in the
aerospace and MAYV industries and research.

Currently commercial and research MAV such as AeroVironment’s Wasp™* or the University of
Florida MAVs® are powered by LiPo batteries. While the successful implementation of LiPo batteries
in these applications does not guarantee perfection, it does guarantee feasibility.

The design decision to use Lithium Polymer batteries was based on trade studies regarding several
different types of batteries. The trade study in Appendix A.6 outlines the reason that LiPo batteries
would be used over any other type of battery system.

Launch System

The compression spring launch system is a proven and reliable source of launch propulsion. Some
modeling calculations and sensitivity plots have been made to get a feel for what kind of spring
characteristics would be needed.
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5.0 Testing and Verification
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Figure 5.0.11 Testing and Verification Flow Diagram

6.0 Risks

The major risks to the project can be summarized in the following figure and table:

i aNicH

Prohabiity of talune
Figure 6.0.1i Risk Assessment Chart
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Table 6.0.1 Risk Descriptions and Mitigations

Risk | Description Mitigation
Al Wing not capable of In the event that the wing does not produce enough lift, a
producing enough lift. new wing must be designed to provide the required lift.
This may include parameters such as a new airfoil design
and a larger lifting area.
A2 Platform not stable
enough to control MAV
during flight.

A3 | Platform not stable Lowering the center of gravity of the MAV by adding a fuselage to the
enough for imaging design or making larger tail surfaces will increase the stability of the
system to meet resolution aircraft.
requirements.

El Vibration of motor Vibrations will be mostly caused by the propeller, and if the propeller is

causing too much blur “homebuilt” greater tolerances on its production will need to be
implemented to increase its symmetry and therefore decrease its
vibration. Foam could also be used to help dampen out vibrations

E2 Weight or Power The least significant component of the electronics system, the

Consumption for position/location detection system, will need to be abandoned
electronics system is too
high
E3 Electric components to The MAV will need to be tested strenuously before any expensive
sensitive to impacts electronics, such as the camera, transmitter, and position/location
system, will be mounted on the aircraft. Additionally, a structure to
protect the electronics may need to be built
P1 | Not capable of integrating Purchase as many “off the shelf” systems as possible. Determine
propulsion components. information about system integration before purchasing. Manufacture
necessary connections i.e. gearbox.

P2 Batteries drain Add more batteries. The disadvantage is that the MAV will be heavier

prematurely and another iteration will be necessary. Remove electronic equipment.
Utilize safety margin to ensure necessary batter power, current and
voltage.

P3 Cannot manufacture Purchase a similar propeller off the shelf.

designed propeller
P4 Propulsion system does Sufficiently test propulsion system and coordinate with aerodynamics to
not provide necessary design an appropriate system. Utilize safety margin in order to ensure
thrust. necessary thrust.

7.0 Team Qualifications

Table 7.0.1 Team Qualifications

Technical Area Team Member Respnsible Level of Expertise
Imaging system Sean Hammervold Intermediate
Propulsion (Propeller design) Matthew Shields Summer Experience
Propulsion (Propeller design) Christopher Carnahan Intermediate
Propulsion (Power selection) William Holway Electronic knowledge — competent
Battery knowledge - intermediate
Propulsion (Motors) Chris Aiken Summer Experience
Aerodynamics (Wing selection) William Foley Intermediate
Aerodynamics (Airfoil/Tail design) Lindsay Marek Intermediate
Aerodynamics/Launcher David Berman Proficient
Electronics (GPS) Roland Pitcairn Intermediate
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Electronics/Website | Cameron Hatcher Intermediate/Advanced

8.0 Response to PDD feedback from PAB

Table 8.0.1: Response to PDD Feedback

PAB Comment Response
Re-order requirements to improve flow Now ordered as shown in section 3.0 of this paper
Cite references Included citations in Background section
Eliminate redundancy in 11.3.2 Rewrote section so that electronic risk did not discuss weight risk

9.0 Resources and References

9.1 Facilities
Table 9.1.1 - Facilities
Facility Comment
Air Force The MARVLIS team would be interested in utilizing the wind tunnel at the Air Force

Academy Wind | Academy in Colorado Springs to obtain far more accurate data than is achievable in the ITLL.

Tunnel All contact to this point has been through Dr. Mohseni. Tests would be conducted to
determine polar curves, stability derivatives, and hopefully flow visualization
9.2 References

1. Falk, Karl H. Aircraft Propeller Handbook. 2nd ed. New York: The Ronald P Company, 1943. 3-33.

2. Theodorsen, Theodore. Theory of Propellers. New York: McGraw-Hill Book Company, Inc, 1948. 23-
38.

3. Shevell, Richard S. Fundamentals of Flight. 2nd ed. Upper Saddle River, New Jersey: Prentice Hall,
19809.

4. "SWARMS Propwash." 25 Sept. 2007
<http://209.85.165.104/search?q=cache:HrDtJEqFY olJ:www.pittick.com/swarms/propwash/2004/Prop
wash%2520June%25202004.pdf+air+propeller+tip+efficiency&hl=en&ct=clnk&cd=83&gl=us>.

5. "Navigation Products." Wi2Wi. 28 Sept. 2007 <http://www.wi2wi.com/navigation.php>

6. "ICradio Mini 2.4G Datasheet." In-Curcuit. Jan. 2007. 28 Sept. 2007 <http://www.ic-
board.de/data/datasheet/ICradio-Mini24G_(english).pdf>

7. Drela, M.; Youngren, H., Athena Vortex Lattice (AVL) Program, copyright 2002.
http://web.mit.edu/drela/Public/web/avl/

8.  University of Notre Dame, http://www.nd.edu/~mav/auvsi/torres.htm, copyright 2002.

9. University of Florida, http:/www.mae.ufl.edu/mav/PDE/EMAVC2006%20-
%20UF%20Gator%20Team%20A.pdf

10. Java Prop, http://www.mh-aerotools.de/airfoils/javaprop.htm

11.

Aerovironment, www.Aerovironment.com
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Appendices

A.1 JavaProp Analysis

Table 4.3.1i Given Parameters forJavaProp

Number of Blades 2
RPM 5000
Thrust (N) 0.36
Diameter (m) 1524
Spin Diameter (m) .00635
Velocity (m/s) 8.94

Table 4.3.2i Results for Above Parameters

Coefficient of Lift

v/(nD) 0.704 vi(qg R) 0.224
Efficié 66.794 % loading medium
Thrust (N) 0.36 N Ct 0.0787
Power (W) 4.82 W Cp 0.0829
b at 7 22.2° Pitch (m) 147 m
Cl .329 Cd .0306
A.2 Aerodynamics
a Required Angle of Attack (rad) Thin Airfoil Aproximation: p
C, : Coefficient of Lift G = 2pa Sen = Zbc
S : Planform Area (c®)
b : Wing Span (cm) L 1 L .
¢ : Chord (cm) = as= 2 Srec= b Q@
.5r \25 .51 \/ZS

. Air Density (g/crs)
V : Cruise Velocity (cm/s)
L : Lift Required

-

Sinvzim= b Q- (4bO3C)

Required Angle of Attack with Varying Chord and Mass
For an Inverse Zimmerman Planform

Coefficient of Lift with Respect to Chord
For Rectangular, Elliptical, and Inverse Zimmerman Planforms
14 T T T T T T
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Required Angle of Attack with Varying Chord and Mass
For an Inverse Zimmerman Planform

Chord Length (cm)

10 20 30 40 50 60 70 80 90 100
Mass (9)
Steady Level Flight at 10 Degree Angle of Attack
Planform: Rectangular |Elliptical {Inverse Zimmerman
MAV Mass (Q) Chord Length (cm)
100 8 10.7] 8.75
75 5.65 7.6 6.65
50 3.25 4.6 3.85

clc
clear all
close all

%% CI Calc

V = 609.6; % Cruising Velocity (cm/s)

rho = 9.771*10" - 4,

% Air density

m=75.5; % MAV mass (g)

g =981, % Gravity (cm/s"2)

L=m*g; % Lift required

c =2.54:15.24; % Chord length (cm)
b =15.24; % Span (cm)

AR =Db./c;
S_sqr = b*c;
S_ell = pi/4*b*c;

S_invzim =b*c - (.4*b*.3*C);

Cl_sqgr = L./(.5*rho*V"2.*S_sqr);
Cl_ell = L./(.5*rho*V"2.*S_ell);
Cl_invzim = L./(.5*rho*V"2.*S_invzim);

figure(1)

plot(c,Cl_sqr, k')
hold on

plot(c,ClI_ell, ™)
plot(c,Cl_invzim, b )

title([ 'Coefficient of Lift with Respect to Chord'

,10, 'For Rectangular, Elliptical, and Inverse

Zimmerman Planforms'  ])

xlabel( 'Chord Length (cm)' )

ylabel( 'Coefficient of Lift' )

legend( 'Rectangular' , 'Elliptical' , 'Inverse Zimmerman' )
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W

V =1117.6; % Cruising Velocity (cm/s)
rho =9.771*10" -4; % Air density

b =15.24; % Span (cm)

g =981, % Gravity (cm/s”2)

c = 2.54:15.54, % Chord length (cm)
m = 1:100; % Mass of MAV

for i=1:length(c)

S_sqr = b*c(i);
S_ell = (pi/4)*b*c(i);
S_invzim = b*c(i) - (.4*b*.3*c(i));
for j=1:length(m)
L = m(j)*g; % Lift required

Cl_sqr(i,j) = L/(.5*rho*V"2*S_sqr);
Cl_ell(i,j) = L/(.5*rho*V"2*S_ell);
Cl_invzim(i,j) = L/(.5*rho*V"2*S_invzim);

end
end
figure(2)
conto urf(Cl_sqr/(2*pi)*180/pi)
title([ 'Required Angle of Attack with Varying Chord and Mass' ,10, 'For a Rectangular Planform' )
ylabel(  'Chord Length (cm)’ )

xlabel(  'Mass (g)' )
colormap jet

colorbar(  ‘location’ , ‘eastoutside’ )

figure(3)

contourf(Cl_ell/(2*pi)*180/ pi)

title([ 'Required Angle of Attack with Varying Chord and Mass' ,10, 'For a Elliptical Planform' )
ylabel(  'Chord Length (cm)’ )

xlabel( 'Mass (g)' )
colormap jet
colorbar(  'location’ , 'eastoutside’ )

figure(4)

contourf(Cl_invzim/(2*pi)*180/pi)

title([ 'Required Angle of Attack with Varying Chord and Mass' ,10, 'For an Inverse Zimmerman
Planform' )

ylabel( 'Chord Length (cm)' )

xlabel( 'Mass (g)' )

colormap jet

colorbar(  'location’ , 'eastoutside’ )

A.3 Launcher

V; : Desired Launch Velocity

mass : Mass of MAV ) ) o 5 o
k: Spring Constant Fx=mQy =-k&- mQ@ Gin(q)Vy =2Q, D

a, : Acceleration )
X : Spring Compression ‘ mQ, + mQy Gin(q) Vs

: Launch Angle - -x X7 oD
: Gravity

: Length of Spring

: Runway Length

UraQo
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Spring Constant vs. Spring Compression

x 10° Satisfying 10m/s launch speed
4.5+
509
4 609
709
3.5 80g
- 90g
E 3 100g
S
E 25
g
S 2r
g
g 15
1 [
0.5F
O = = T gfi}ir;” Iy
-35 -30 -25 -20 0
Spring Compression (cm)
A.4 Tail Trade Study
Invert.
Weighting | Conv. | T-Tail | H-Tail | Tri-tail | V-Tail | V-Tail | Y-Tail | No Tail
Mass 0.40 2 3 2 1 3 3 2 4
Fabrication
Complexity | 0.15 2 3 1.5 1 3 3 2.5 4
Stability
Contribution | 0.45 1 1 4 2 3 3 5 1
Total 1.00 1.55 2.10 2.83 1.45 3.00 3.00 3.43 2.65
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A.5 Camera Trade Study
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A.6 Battery Trade Study

Unweighted Score
Energy/Weight
Energy/Size
Power/Weight
Charge/Discharge
Self-discharge rate
Nominal cell voltage

Weighted Score
Energy/Weight
Energy/Size
Power/Weight
Charge/Discharge i
Self-discharge rate
Nominal cell voltage

NiMH NiCd Li-ion
Ranking 2.8475

Li-ion

This provides insight regarding battery performance. For each category, such as Energy/Weight, each battery
is ranked against each other. Each row adds to the same value so that the final rankings of the batteries reflect
their performance against each other. The weight column was used in order to classify certain categories as
more or less important.
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