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Abstract

The goal of this project was to analyze, design and implement an autonomous quadrotor
aerial vehicle for collaborative operations with autonomous ground vehicles. The main design
constraints were to maximize payload and flight time. The quadrotor consists of a Delrin hub
with four aluminum arms, and is infused with an IMU and multiple range finder sensors. All of
the electronics on the quadrotor were implemented and the equations of motion were derived,
however at the time this report was written the control equations were not yet programmed. The
ground robot is also currently unable to communicate with the quadrotor despite the
communication framework being set in place. However, further work programming both the

quadrotor and the ground robot could result in a fully-functional system.
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1. Introduction

Due to its ability to perform a variety of tasks, the helicopter has become one of the most
versatile and complex flying vehicles in production today. Conventional helicopters employ two
rotors: one main rotor situated on the top of the vehicle and one tail rotor. However, there are
many other types of rotorcraft besides the conventional helicopter. In the early twentieth century
research began on the quadrotor rotorcraft. A stark contrast to the conventional helicopter, the
quadrotor employs four rotors placed on four rods that extend from the central hub of the
vehicle. Figure 1-1 below shows the configuration of a standard quadrotor. Two rotors spin in a
counter-clockwise direction, while the other two rotors spin in a clockwise direction in order to
generate a net moment of zero between all motors. As a result of utilizing four rotors instead of
the traditional two, quadrotors are able to generate a greater amount of thrust and are more
maneuverable than most helicopters. Furthermore, the symmetric design of the quadrotor allows
for relatively simple control of the stability of the aircraft. These characteristics have led to the

quadrotor becoming a popular commercial remote control (RC) helicopter in recent years.
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Figure 1-1: The Quadrotor [1]
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This project deals with the design of a quadrotor unmanned aerial vehicle (UAV). Itis a
continuation of work performed by MQP teams in the 2007-2008 and 2008-2009 academic
years. However, while this project is a continuation of their work, it is also a completely new
design. Some of the components that were left over from previous MQPs were used, but most of
the parts were damaged or didn’t fit the new specifications, and so were unable to be

incorporated into this analysis.

2. History

Igor Ivanovich Sikorsky once remarked, “The idea of a vehicle that could lift itself
vertically from the ground ... was probably born at the same time that man first dreamed of
flying [2].” The first indicators of this idea can be found in Chinese tops, a toy first used around
400 B.C. Assuming its inspiration came from the seeds of the sycamore tree, the toy consisted of
feathers at the top of a stick, which was rapidly spun to produce lift and then released into free
flight. Although rotorcraft can trace their roots back thousands of years and often captivated the
minds of men like Leonardo Da Vinci, it wasn’t until recently that real advances in rotary aircraft
were made. Thanks to the work done by men like Stanley Hiller and Igor Sikorsky, rotary
aircraft have become a major part of modern aviation due to their versatility and ability to take-
off and land vertically [2].

Research into the development of quadrotors began in the early twentieth century with the
work of Etienne Oemichen. An engineer with the Peugeot motor car company, Oemichen began
his research into rotorcraft in 1920 with his Oemichen No. 1 rotorcraft. This design consisted of

two rotors driven by a 25 horsepower engine and failed to achieve the thrust necessary to lift off



the ground. Figure 2-1 shows the Oemichen No. 2, a four rotor design with eight propellers,
which was driven by a 120 horsepower engine (later swapped out for a 180 horsepower engine)
and is perhaps Oemichen’s most noteworthy design. The aircraft first flew unassisted in 1922,
and by 1923 was able to achieve sustained flight for several minutes. On April 14, 1924, the
Oemichen No. 2 set the first ever Fédération Aéronatique Internationale distance record for
helicopters. In total, the Oemichen No. 2 flew more than 1,000 test flights during the 1920s and
exhibited a considerable degree of stability and controllability. Despite these accomplishments,
Oemichen recognized the machine was not practical, and as a result scrapped the design and

began working on a series of aircraft with only a single rotor [3].

Figure 2-1: Oemichen’s No. 2 Design [3]

While Etienne was designing his quadrotor aircraft in France, the US Army Air Corps
contracted Dr. George de Bothezat and Ivan Jerome to develop an aircraft capable of vertical
flight. The aircraft they designed is seen in Figure 2-2, and underwent its first test flight in
October of 1922 at Wright Field in Dayton, Ohio. Despite the fact that the contract signed by de
Bothezat and Jerome called for the aircraft to sustain a 100 meter hover, their design never lifted
more than 1.8 meters off the ground and had a maximum flight time of 1 minute, 42 seconds.
Their design was also unresponsive, underpowered, and susceptible to reliability problems. As a
result of this, the Army Air Corps rapidly lost interest in the project despite the fact de Bothezat

and Jerome were able to prove that flight by a helicopter was theoretically possible [4].
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Figure 2-2: Bothezat's Design [4]

Despite these two examples from the 1920s, there has been relatively little research done
in the area of helicopters with four rotors. In fact, it was only within the past few years that
aerospace researchers once again increased their interest in the subject. However, many tilt rotors
have utilized a four-rotor design. A preeminent example of this is the Bell Boeing Quad
Tiltrotor, shown in Figure 2-3, which is currently being jointly developed by Bell Helicopter and
Boeing. A contender in the U.S. Army's Joint Heavy Lift program, this aircraft is being designed
to have a cargo capacity between 16 and 26 tons (approximately the same cargo capacity as a C-
130 Hercules) while maintaining the ability to take-off and land vertically. The design consists of
four separate rotors powered by V-22 engines with room for 150 seated passengers or 110
paratroopers. The first wind tunnel tests were completed in 2006 and the first prototype is

expected to be built in 2012 [5].

Figure 2-3: Bell-Boeing Quad Tiltrotor [5]



3. Goals and Methodology

The goal of this project was to design a quadrotor UAV capable of working in conjunction
with a Pioneer 3-DX ground robot. The quadrotor should be able to take-off from and land on the
ground robot, as well as achieve a controlled hover and follow commands sent to it wirelessly

from the ground robot.

Figure 3-1: Final implementation of the quadrotor.

In order to achieve these goals, the team was broken down into several specialized design
groups. The groups would focus on certain aspects, namely design, structural analysis,

electronics, and controls and programming. The responsibilities of each group were:

e Design Group: Focused on development and synthesis of the quadrotor frame.

e Structural Analysis Group: Analyzed the stresses and vibrations present in the quadrotor.



e Electronics Group: Determined the appropriate electronics and implemented them.
e Controls Group: Researched, derived, and programmed into the quadrotor the equations

governing the motion of the quadrotor as well as the control methods.

Using the combined work of these groups, it is possible to create a completed quadrotor that can
meet the project goals should be functional. The final implementation of the quadrotor is shown

in Figure 3-1.

4. Rotor Dynamics

In order to understand how the quadrotor flies, it is important to understand how a propeller
works. This is because as the thrust-producing component, the propeller is instrumental for
flight.

Propellers work by using Newton’s Third Law of motion and the principles of lift. The
propeller exerts a force on the air as it passes through, which accelerates the air. Newton’s Third
Law states that a reaction must take place, which pushes the propeller, and in turn the craft,
forward. Additionally, the blades of the propeller are not flat, but have an airfoil shape to them
in order to more effectively push the air. This works on the same principle as an airplane wing: a
pressure differential between each side of the airfoil produces a force that pushes the propeller
(and therefore the craft) forward. These two effects working together produce the thrust

necessary to make planes and helicopters fly.

4.1 Basic Equations
The thrust a propeller generates can be measured in multiple ways. The most effective
way is to use a test stand to quantitatively measure the thrust, but this can be time consuming and

requires additional physical components (the test stand). An alternative to actually measuring the
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thrust is to analytically calculate an estimation of the thrust, which is achievable through several
methods. The main approaches can be split into two categories: pressure-based and mass flow-
based.

The pressure based equation multiplies the sweep area of the propeller and the change in
pressure on each side of the propeller:

F = Adp
where 4p = p;. — py (€ represents downstream of the propeller, and i upstream). The values
for these static pressures can be calculated with the following equation:
1 2
Pe =Pot 5PV
where po is static pressure, p is air density, and V is air velocity. The thrust can then be
expressed in terms of the differences in velocity when combined with the first equation:

1
F = 2pA(VZ = VD)

An alternate method of reaching the same equation involves the use of mass flow rates

instead of pressures. The initial equation uses Newton’s third law and states:

In order to continue, we must find the velocity of the air at the propeller, which is assumed to be

the average of each side of the propeller:

1
V= e+ V)



From this, it is possible to solve for the mass flow rate; this is then combined with the previous

two equations to get the same equation as when beginning with pressure terms:

m = pl,A
1 2 2
F = 2pAVZ = V)

However, if velocity terms are not easily measurable, an alternate method needs to be derived in

order to model accurate thrust values.

4.2 Deriving the Propeller Thrust Equation
In order to accurately predict the motion of the quadrotor in simulation, an equation that
relates RPM to thrust must be derived. To do this, an equation based on the principles of
Newton’s Third Law of Motion is used. The equation is derived as follows:
m = (p) (r?)(P)(RPM)
where p = air density (kg/m®), r = propeller radius (inches), and P = propeller pitch (inches).

Converting units from imperial to metric:

m = (p)(mr?) (P)(RPM) (/) (. 0254%)
and
vp = (P)(RPM)
Converting units from imperial to metric:
vy = (PY(RPM)(1/¢()(.0254)

Combining:

v, = (p) (mr2)(P2) (RPM?) (1/602) (.0254%)



F = (p)(r?) (PY(RPM?) (1 12) (-0254%) (g g1)
However, it is important to note that this formula does make certain assumptions:

e v, (airspeed directly above the propeller) is assumed to be zero. Obviously this cannot be
the case or else no air would ever pass through, but while the quadrotor is in a hover, the
air is not actively moving towards the propeller at a significant rate.

e Constant hover is assumed. This can be linked to the first assumption, since any high rate
of motion would result in higher v;. Because the quadrotor will not be moving at high
rates of vertical motion, this is a safe assumption.

e The air is assumed to have constant density. This is perhaps the biggest assumption as it
postulates that air is incompressible.

All of these assumptions will be compensated for in the equations below. To help refine
the derived equation, the motors and propellers were tested using a thrust test stand (Figure 9-3),
which gave the RPM/thrust relation. By matching the curve produced through the above
equation with the curve made by the thrust test stand measurements, it was concluded that the

propellers were operating at approximately 34% efficiency. Thus, the final equation becomes:

F = (38)(p)(mr?) (P (RPM?) (14 2) (0254 (Vg g1)
F = (4% 107'2)(p) (nr?) (P?) (RPM?)
Since 9x6 (9 inch diameter, 6 inch pitch) propellers were chosen for this project, and assuming
standard sea-level air density, the equation can be further reduced to its final form:
F = (1.1013 % 10~8)(RPM?)
The above equation, relating RPM to kilograms of thrust, can be used in simulations of the quad

rotor. Even though it is an estimate, it matches the actual measured data closely enough within



the predicted RPM range for calibration purposes when a calibration coefficient of .34 is added

to the equation.

4.3 Propeller Wake

An important aspect to consider when analyzing propellers is the downdraft or the wake
downstream of the propeller. Since the quadrotor consists of four propellers, wake interaction
should be considered. The most powerful of these
interactions are the tip vortices, which are swirling patterns
of air that come off the tips of each blade, as seen in
Figure 4-1. Research has shown that these vortices move
downward with hardly any radial movement. Based on the

previous MQP, leaving one inch between the propellers

will be adequate distance to negate any concerns regarding
Figure 4-1: Propeller Wake [6]

tip vortices [6].

5. Mechanical Design

The design of the quadrotor was based on several factors: the team’s knowledge of design,
the previous MQP’s work, and other quadrotor projects that were discovered while doing the
literature review. The team felt that it was important to incorporate lessons learned from other
groups in order to not repeat errors in past designs. Specifically, the current design is of an
increased size from the previous MQP, which promotes a more rigid structure in conjunction
with allowing for an increased payload, in the form of more advanced electronics and sensors.

The quadrotor frame design goal from 2008-2009 MQP, shown in Figure 5.1, was to reduce

the weight by 10% of the 2007-2008 MQP’s design, which was constructed from Aluminum
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6061. The 2008-2009 MQP used a rapid prototype printer (3D printer) to manufacture the frame
out of ABS plastic, making it susceptible to breaking under high loads or impact. The frame had
a total mass of 39 grams. This included the frame, motor brackets and the cylindrical carbon
fiber arms, as shown in Figure 5-1. The arms on this frame were cylindrical, so the motors

would have to be checked for proper alignment.

Figure 5-1: 08-09 MQP quadrotor

This project’s quadrotor weights 1 kilogram including the frame, motor brackets, aluminum
arms, motor, IR sensors and wires. With the battery and computer onboard, the quadrotor totals
1.6 kilograms. The arms chosen for this project are square, so as to avoid the motor alignment
issues encountered by the previous MQP. The frame is made from Delrin plastic, which is more
durable than ABS plastic and can withstand impacts but is heavier than ABS. The frame was also

designed with a larger surface area to accommodate additional sensors.

5.1 Design Considerations

The quadrotor’s structure combines the successful elements of other builds into one: “cross-
bar” arms for motor mounting, a main body on which all the electronic components and sensors
are mounted, and landing gear. The design incorporates these basic components with a two plate
center assembly. The plates act as support for the quadrotor and provide an area for the

electronics to be housed securely. Figure 5-2 shows the design of the two plates and the cross-
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bar arms. The processor and inertial measurement unit were housed securely on the top plate
vibrationally isolated with foam in order to protect the sensitive electronics. The IR sensors were
placed on the underside of the arms and will attach to the motor brackets that act as the craft’s
landing gear. The battery was mounted to the bottom plate providing the quad rotor with a

lower, more stable center of gravity which will aid in a more steady flight.

Figure 5-2: Quadrotor CAD model

5.2 Material Selection
The specifications that dictated the choice of material were durability, density (weight), and
price. Table 5-1 illustrates the comparison of different material types and how their

characteristics compare.

Table 5-1: Comparison of Possible Materials for Design

Material Modulus of Tensile Strength Density (g/cm®)
Elasticity (GPa) (MPa)

Nylon 6.6 2.61 82.8 1.14

ABS .001 29.0 1.02

Ultem® 3.45 114 1.28

Delrin® 2.55 52.4 1.42

Carbon Fiber 220 760 1.7

Stainless Steel 404 200 1790 7.80
Aluminum 7075 71 572 2.80

The ideal choice of material would be carbon fiber due to its strength and low weight.

However, due to budgetary concerns, carbon fiber was ruled out and Delrin was chosen as the
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next best material. Delrin plastic was chosen over any other material due its availability, price
and higher manufacturability than aluminum. A sheet of 64in x 18in Delrin costs about $50.00
and is enough to make 3 frames. Aluminum was used for the arms due to its availability in a

hollow square extrusion.

5.3 Prototype

As the project progressed, the materials evolved along with the design for practical
reasons. The preliminary model was constructed of balsa wood and fiberglass, which was
intended as a proof-of-concept. This provided a useful three-dimensional model for the team to
begin the layout of the electronic components. It was known that the structure, while providing
key insights into the build, was not practical for use as a testing platform, and the model was
replaced in favor of a more rigid body. Due to this, balsa wood and fiberglass was not

considered as an option for a final material.

This led to the construction of the prototype seen in Figure 5-3, which was built with
aluminum cross arms and a Delrin plastic frame. The new frame provided a more rigid body
along with higher yield and tensile strengths, allowing for thorough testing without concern for
damage to key components (motor, electronics, etc.). The motor mounts and battery connector

were 3D printed with ABS plastic.
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Figure 5-3: Aluminum Quadrotor Prototype on Thrust Test Stand

5.4 Motor Alignment
The motors were each positioned 9.5 in from the center. Making all the motors the same
distance from the center simplifies the controls. If a motor is out of position it induces a moment

that unnecessarily complicates the controls.

5.5 Propeller Selection

The propellers that were used last year provided the necessary pitch and diameter but one
of them had an imperfection: a notch in the trailing edge. The team purchased new propellers
with the same pitch and a smaller diameter as this would produce the necessary thrust from the
motors that were purchased. The smaller diameter was chosen to allow the quadrotor to fit
through a 70cm (27.5 in) wide doorframe. The material is a composite APS propeller that is a

very rigid and durable material able to withstand rugged flight testing.

Propeller Balancing:
Propeller balancing is important to the flight of the quad rotor. Propellers with blade
imperfections are more prone to vibrations at higher RPMs. An extremely precise magnetized

balancer can be used for this application but a simple test with a dowel should suffice especially
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considering the material and manufacturer of the propellers that were used. The following

procedures show how to balance a propeller:

e Position the propeller on a dowel that is horizontally balanced.

e Spin the propeller and observe where it stops, repeat several times.

e |If it is clearly stopping at one spot or near one spot repeatedly, that indicates an
unbalanced weight between the two. The heavier blade will be pointed downwards and
this is the one that should be augmented by either slight sanding or in a more severe case,

shaved down with a razor.

Performing these procedures showed that the propellers were not in need of any further

balancing.

5.6 Vibration Analysis

The study of vibration mechanics is an important aspect of all designs because mechanical
systems have natural modes and may cause control disturbances due to sensor (accelerometer)
measurement error. For the structure, when a specific force is applied to the mechanical system
the natural mode can be excited which can lead to catastrophic failure of the system. This leads
to the importance of studying the resonance frequency of the quadrotor, which is the frequency
that the system will be exited, to ensure that the natural modes will not be disturbed. As for the
electronics, vibrations cause noise in the measurement; this in turn leads to stability problems.

The natural frequency of the spar is calculated analytically and compared to the shedding
frequency of the propeller. It will also be used to determine the physical limits for maneuvering
before it breaks. Assuming that the spar acts like a cantilever with a fixed end and free at the

other, the natural frequency of aluminum spar is estimated with the following equation:
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were KL is a constant at each node for all cantilever with a free end, n is the node, E is the
modulus of elasticity , p is the density, I is the area moment of inertia and A is the cross-section
area. The values for p and E are found in Table 5-2. Below is shown the natural frequency of the

aluminum spar at 6 different nodes.

Table 5-2: Natural Frequency of Aluminum Spar

n Knl Hz
1.8751 | 1702.906
4.6941 | 10672.02
7.8547 | 29881.4

10.9954 | 58554.98

14.13772 | 96805.61

17.27876 | 144599.5

OO | WIN (-

The dimensionless Strouhal number was used to determine the frequency induced by the

propeller at different rpm:

St = fLJV

Where St is the Strouhal number, f is the vortex shedding frequency of the propeller, V is
the velocity of the flow through the propeller and L is the characteristic length of the propeller.
Historical data for the Strouhal number was attained from the previous MQP since the propellers
used are the same for both projects. The Strouhal number is 0.2, which was experimentally
determined using the wind tunnel, and L is 0.017m and V is determined by multiplying the RPM
with the radius of the propeller. The velocity of the flow was calculated using half the radius,
since the values for the vortex shedding frequency are an average of each propeller blade; the

maximum angular velocity that the motors can produce at no load is about 12,000 RPM. The
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following Figure 5-4 presents a linear correlation between the increase in vortex shedding
frequency and the increase in RPM. Comparing the vortex shedding frequency with the natural

frequency of the aluminum bars it can be determined that about 3000 RPM can excite a node.

Vortex Shedding Frequency vs RPM
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Figure 5-4: Graph of Vortex Shedding Frequency versus Motor RPM

5.7 Landing Pad

One of this project’s goals was to allow the quadrotor to dock “with the ground robot for
power conservation during transit and rapid deployment.” In order to accomplish this task, a
landing pad was constructed. Given a distance between landing supports on the quadrotor of
187, a 6” safety margin on either side was assumed, giving the landing pad a radius of 36”. A
series of four infrared LEDs, arranged in the shape of an isosceles triangle with another in the
center, would provide the quadrotor, outfitted with a matching set of infrared detectors, to find

the ground robot and discern its orientation.

Seen in Figures 5-5 and 5-6, the landing pad was designed to be made of lightweight wood
or Plexiglas. However, on a trip to Home Depot, it was clear that none of the wood there would
be suitable, and there was no Plexiglas that was 36” in diameter. The next best option was a
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36”x30” Plexiglas rectangle, which was chosen as the material for our landing pad. It was then
painted flat black so as to minimize any environmental reflections that could interfere with the

infrared detectors. It was then attached to the ground robot.

Figure 5-5: Side View of the Landing Pad

Figure 5-6: Aerial View of the Landing Pad

6. Quadrotor Control

Control theory is a branch of engineering and mathematics that deals with the behavior of
dynamic systems. It utilizes controllers to manipulate the inputs of a system to achieve the

desired effect on the output of the system. The cruise control feature on many cars is a great
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example of a controller. It measures the output from the car (the car’s speed) and manipulates the
car’s input (the throttle on the engine) to ensure the car remains around a desired speed.
Although the history of control systems dates back to antiquity, it wasn’t until relatively recently
(1867) that a more formal analysis of the field of control theory began.

Perhaps the most common and well-known controller used in control theory is the PID
Controller. PID is short for proportional-integral-differential, which refers to the three terms that

operate on the error signal to produce a control signal. The general form for a PID controller is
d
u(t) = Kye(t) + K j ()t + Kp (D)

This MQP’s quadrotor uses a variation of the PID controller, the PD controller. In this form, only

a proportional and differential term are calculated, no integral term is used.

6.1 Dynamics of Motion

Before it is possible to control a quadrotor, it is first necessary to understand how the
quadrotor behaves by deriving the equations of motion that govern its flight. This can be done
through the use of the Lagrangian equations of motion [1]. The position and orientation of a
quadrotor can be given at any time using the coordinates x, y, z, @, 0, and y. The X, y, and z
variables represent the position of the quadrotor with respect to an inertial frame, while the ¢, 6,
and y variables are the three Euler angles (roll, pitch, and yaw) and represent the orientation of
the quadrotor. These angles can be seen in Figure 1-1. These variables can be naturally split into
two categories of coordinates: the translational coordinates & = (x, y, z) and the rotational
coordinates n = (o, 0, y).

Using these variables, it is possible to calculate both the translational and the rotational

kinetic energies of the quadrotor. The translational kinetic energy of the quadrotor is:
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A
Ttrans =

& &

m.rT.
2

where mm is the mass of the quadrotor. Similarly, the rotational kinetic energy is:

=

Trot & EhTJIh

where ] is the inertia matrix of the quadrotor. The only potential energy that needs to be
accounted for in this analysis is gravitational potential energy, given by the equation U = mgz.

Using these equations, the Lagrangian can be found to be:

. m.rT. 1-T-
L(q'Q)=Ttrans+Trot_U=?E & +E77 Jn — mgz

Using the equation defined above, it is possible to create a model for the generalized
dynamics of the quadrotor using the Euler-Lagrange equations with an external generalized

force:

where F = (F, 7). Fe is the translational force applied to the quadrotor and t is the generalized
moments. Defining F as F = (0 0 u)T (where u represents the generalized control inputs), it is

possible to write:

F. =RF
where R represents the transformation matrix:

cOco s¢sb —s 0
R=|c¢sOsd —s¢cop s¢sOsd +cdcd cOso
cPoslcod +s¢Ps¢d s¢sOcod —copso cOco

c and s represent cosine and sine, respectively, in the above matrix.
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Since there are no terms that combine £ and 7 in the Lagrangian, the Euler-Lagrange
equation can be decoupled, resulting in dynamics for the & variables and n variables. This makes

it possible to obtain the following two equations:

0
mg

J i +Hn———(n Th)= =<

Defining a Coriolis/Centripetal vector:

V(n,n)= 1 ———(n RED)

It is possible to write:

\7(77,7'7)=(l]———(77 D)) =C(n,n)n

The C(n, n) in the previous equation is called the Coriolis term and represents the

centripetal and gyroscopic terms associated with 7 n.

By substituting the expression for F: into the equation mé + ( 8 ) = F; and setting
mg
7 = T, it is possible to obtain the final equations of motion for the quadrotor. These six
equations are:
mX = —usin( 0)

my = ucos( 0 )sin( ¢ )

mZ = usin( 0 )cos( ¢ ) — mg
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b =7,

b =7,
These six equations completely model the motion of the quadrotor. The X, y, and z coordinates
indicate the position of the center of mass with respect to some inertial reference frame, while

—_—~

Ty, T,,and T, are the angular moments for pitch, yaw, and roll, respectively. T4, T,

and T, are all control inputs. The u variable in the above equations is a control input as well,

and represents the total thrust generated by the four propellers.

6.2 Altitude Control

In order to control the altitude of the quadrotor