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Abstract-An unmanned aerial vehicle (UAV) is an aircraft
capable of flight without a human operator. This aircraft
can be controlled remotely or autonomously via a
preprogrammed flight path. A quadrotor UAV is one of the
best unmanned aerial vehicles. It is an aircraft whose lift is
generated by four DC motors and it is able to take off and
land vertically. It also has the advantage that it can be
controlled by varying the speeds of the four motors in a
systematic manner. In this paper, we present the design,
development, testing and implementation of a quadrotor
unmanned aerial vehicle. The primary goal of the research
was to find a way of reducing the effect of the vibrations
generated by the rotors in order to ensure that those
vibrations are not transmitted to the electronic hardware.
For this purpose, polytetrafluoroethylene (PTFE) was
chosen for designing the hub and motor’s mount. PTFE is
composed of carbon and fluorine and is suitable for
absorbing the vibration generated by the rotors. A complete
simulation was developed and used to tune a proportional
controller in MATLAB. This controller was then
implemented in hardware wusing a PIC 16F876
microcontroller.  Experimental  results show  the
effectiveness of this material in reducing the effects of the
motor’s vibrations, and thus improving the measurement
quality of the inertial measurement unit (IMU).

Keywords-Unmanned Aerial Vehicle, Quadrotor,
PIC16F876 Microcontroller, Polytetrafluoroethylene,
Inertial Measurement Unit.

l. INTRODUCTION

A quadrotor is a small flying robot with four propellers
driven by four DC motors. The motors are placed at the
end of four arms and attached to a single hub. The
quadrotor is unstable and must be stabilized by a suitable
control  system. Researchers have proposed and
developed a very large number of control systems for
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such vehicles. Many of these are based on a linearization
model with a conventional proportional-integral-

derivative (PID) controller [1], [2], [3], while others are
based on non-linear feedback controllers [4], [5].

As shown in Fig. 1, the quadrotor has four identical
rotors grouped into two pairs and spinning in opposite
directions. Each rotor is attached to a blade and displaced
from the center of mass by distance D. The blade
produces both thrust and torque with respect to aircraft’s
center of mass. The front (R2) and rear (R4) motors both
rotate clockwise and the other two rotors (left R3, right
R1) rotate counter-clockwise. Due to the rotors spinning
in opposite directions, the torques on one side of the
aircraft cancels out the torques on the other side. Thus, if
all rotors are spinning with the same angular velocity, the
net torque is equal to zero and the thrust raises the
aircraft up. On the other hand, in order to achieve either
roll or pitch, a mismatch must be induced into the
aerodynamic torque balance by increasing or decreasing
the speed of the rotors rotating in the same direction.

The quadrotor has many advantages over other types
of UAVs in terms of safety, weight and cost. They can
also take off and land in a limited area and can easily
hover above stable or moving targets. Over the last ten
years, quadrotors have been used as scientific research
tools [6], [7], [8], [9], [10], [11], [12]. More recently,
quadrotors have been equipped with communication
systems and sensors and have been used for such
applications as search and rescue, surveillance, and
remote inspection. Another advantage is that a quadrotor
can also fly closer to obstacles/targets than a
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conventional helicopter and thus protect human life in
many dangerous environments.

One of the largest problems of this type of vehicle is
the construction of the hub and frame that are used to
hold the motors and all of the electronic components. To
the best of our knowledge, no studies of the behavior of
the quadrotor as a result of changing the material used to
construct the quadrotor airframe or the hub. In this
paper, we propose a new material that can tolerate
vibrations and through the simulation we compare our
results with those based on the commercial quadrotor
airframe. In order to overcome some of the limitations of
previous approaches, a new quadrotor airframe has been
developed and a test bed was created to test the proposed
material. A proportional controller was designed and
implemented using PIC16f876 hardware.

The remainder of this paper is organized as follows: in
the next section, we survey current research regarding the
quadrotor. In section Ill, we present the mathematical
model of a quadrotor. In section IV, we explain and
present the hardware design. In section V, we present
and discuss the simulation and implementation results.
Finally, we conclude and discuss future work in section
VI.

Figure 1. Quadrotor Schematic Showing the Direction of Rotation.

1. RELATED WORK

Over the last five years, several algorithms have been
investigated for use in quadrotors [13], [14]. Some
algorithms have focused on its structure [15], while
others have focused on the control system. One of these
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control algorithms is based on the linear quadratic
regulator (LQR) [16]. Dynamic and visual feedback
techniques have also been used in this field [17], and
finally, neural networks have also been employed [18].

The use of sensors for the estimation of quadrotor
attitude is also important. The author in [19] proposed a
controller based upon the compensation of the Coriolis
and gyroscopic torques and the PD controller. Their
experimental set-up was restricted to relatively small
torque levels and thus the combination of the Coriolis
and gyroscopic torques did not make much difference.
The author in [20] proposed a controller based on
Lyapunov analysis using a nested saturation algorithm.
Their experimental set-up was also restricted to relatively
low speed. Finally, all control methods in the literature
require accurate information from a gyroscope, an
accelerometer, and other measuring devices [21].

As a result of improvements in the technology,
different sizes of quadrotors such as the Mesicopter [22]
and the DraganFlyer [23] have been developed. The
Draganflyer has carbon fiber and a high impact nylon
frame. It has a length of 30 inches from rotor tip to rotor
tip, weighs 17 ounces and can lift a payload of four
ounces in addition to its onboard electronics. Quattro
Copter [24] is 65 cm in length, weighs about half a
kilogram, has flight range of 1 km and has a detachable
fuselage.

X-4 Flyer [25] has a weight of 2 kg, a 70 cm frame
length, and 11 inch diameter rotors. It has an onboard
power supply that allows two-minute flights, and has a
wireless serial link and a camera system. It also includes
a rotor hub with a teetering design that has springs to
provide tensional stiffness. Different models of the X-4
Flyer are also presented. The authors state that the
greater weight of the commercial IMU negatively
affected the performance of the X-4.

The HMX-4 [26], [27] is another name for a quadrotor
that is similar to the Draganflyer. A research group at the
University of Pennsylvania developed this quadrotor
using a commercially available model. Three onboard
gyroscopes are used to stabilize the quadrotor but due to
the weight limitations of the HMX-4, no GPS or
additional accelerometers are used.

At Cornell University, two other quadrotor projects
were implemented [28]. The second was done as a
Master’s thesis project and focused on the structure of
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the quadrotor. The quadrotor designed in this project was
heavier (6.2 kg) than the first design. Two control
algorithms [29] were tried out on the quadrotor by a team
from the Swiss Federal Institute of Technology: PID and
optimal linear quadratic (LQ) control. The authors state
that the classic PID control was more successful than the
optimal control.

The commercial Draganflyer quadrotor used at
Stanford is also being used by a research team from
France [30]. They used the vehicle to study the
stabilization of a quadrotor with the goal of using new
multi-agent control techniques to allow several
quadrotors to act as individual agents in a system. Due to
this research, the original Draganflyer electronics
redesigned.

1. MATHEMATICAL MODEL OF THE
QUADROTOR

As shown in Fig. 1, the quadrotor’s lift is generated by
two pairs of DC motors as described above. Two frames
are shown, the earth-fixed frame which is used to specify
the location of the vehicle, and the vehicle body frame
used to specify the vehicle orientation. In order to
transform the body-fixed frame into the -earth-fixed
frame, the following direction cosine matrix is used:

S6SeSy + CypCo  SeSeCy — CaSy  SoCop
C(psw Clqu, - S(p (1)
CoSySo —SoCy  CoSoCy+SaSy CoCo

szy =

where 8, @ and v are the roll, the pitch and the yaw
angles, respectively. S represents the sine, C represents
the cosine, and t represents the tangent. The dynamic
behaviors of the quadrotor are expressed as:

. SeCop
X = T Uuq (2)
. S
y= f Ug 3)
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where u; = 1, + 1, + T3 + T, represents the total thrust,
T, is the normalized thrust, m is the total mass, and g is
the acceleration due to gravity. To relate the Euler
angular rates to the body angular rates, the following
equations are used:
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where u, is the pitching moment and it is equal to
(t3 —14), usgis the rolling moment and it is equal to
l(t; —72), u, is the yawing moment and it is equal to
v, + v, —v3 —v,, vis the normalized torque, and w is
the angular velocity of the rotor. If we assume that the
moments of inertia along the x axis and y axis are equal,
then
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IV. HARDWARE DESIGN

The main structure of the quadrotor consists of two
parts. The first part consists of the mechanical parts,
while the second part consists of the electronic parts. The
following section presents our proposed approach for
improving the measurement quality of the IMU through
dynamic vibration damping, and then a detailed
description of the printed circuit board.

A. Mechanical Structure of the Quadrotor

The body of the quadrotor is shown in Fig. 2. The
main structure of the quadrotor consists of a set of
separate pieces which make up a hub joining the four
aluminum arms. At the end of each arm, a motor mount
is attached to hold a brushed DC motor, gear box and
propeller assembly. The resulting physical structure
weighs approximately 500 gm and measures 43x 43 cm
without the propellers.

Figure 2. Physical Structure of Quadrotor.

The materials for our design include aluminum and
polytetrafluoroethylene. Aluminum is light and strong,
inexpensive and will not introduce unnecessary vibration
into the system. Polytetrafluoroethylene absorbs
vibration very well, is inexpensive, light, and can be
machined very easily. The new design, which differs
from the current commercial hubs, is shown in Fig. 3. It
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includes the hub itself and four aluminum arms. The new
design ensured that the arms and the motors were
perfectly aligned.

As shown in Fig. 3, the arms of the quadrotor need to
be light and strong enough to withstand the stress caused
by the weight of the motors and the central hub. The
length of each arm is 19 cm long with an inner diameter
of 0.8 cm.

Figure 3. The Central Hub Attached to Four Aluminum Arms.

An AUTOCAD program is used for the propeller
design. The propellers are 31.8cm from tip to tip. Two
of them are tractors and the other two are pushers. As
shown in Fig. 4, a propeller with a shallow angle of
attack was designed using thin aluminum sheets. This,
along with the hub design, provides the vertical lift for
stable hovering.
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Figure 4. (a) Aluminum Propeller, (b) Propeller Design.

Fig. 5 shows the gearbox and the motor mount. The
gearbox has a 6:1 gear ratio. It is used in our design so
that the speed of the propeller will be slower than the
speed of the motor. This technique allows the motors to
exert more torque on the propellers even though they
draw much less current. The holder for the gearbox is
made from polytetrafluoroethylene while the motor
mount uses hard aluminum plate.

Figure 5. Gearbox and Motor Mount.

B. Electronic System

As shown in Fig. 6, the electronics consist of a
PIC16F876 microcontroller with several devices: an
external power supply, a 7805 DC voltage regulator, an
inertial measurement unit (IMU), drivers, and motors.
The schematic diagram for the electrical circuit is shown
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in Fig. 7. As can be seen, this figure details the circuit
used to interface the sensors and send their signals to the
PIC16F876 microcontroller, as well as the circuit used to
amplify the PWM outputs in order to drive the motors.

As a primary component, an IMU board with a high-
precision ADXL203 accelerometer and an ADXRS613
rate sensor from the Spark Fun Company is used.
ADXL203 is high precision, low power and has
complete dual axis accelerometers used as a tilt sensor. It
has a range of +/- 1.7g with a sensitivity of 1000mV/g.
The ADXRS613 is a complete angular rate sensor. Fig. 8
shows the IMU and the printed circuit board with the
IMU installed at the center of the board.

Ptch

Thrust

Tt X

Microcontroller

Converter Driver R

Converter

Microcontroller

Thrust

Yaw

Figure 6. Block Diagram for Electronic Control System.
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(b)
Figure 8. (a) IMU, (b) Printed Circuit Board with the IMU at the
Center.

V. SIMULATION AND IMPLEMENTATION
RESULTS

Our research included two stages. The first was
performed using Matlab to evaluate the performance with
a mathematical approach, and the second was carried out
on the quadrotor platform in order to evaluate the
behavior of the quadrotor structure and the electronic
system. We experimented with various propellers
designs to determine the dimensions which would
provide the most lift. We also used four commercial
propellers for comparison. Fig. 9 shows the maximum
amount of thrust versus the pulse width modulation input
for different rotor propellers. Two different propellers
were designed for this study, and a commercial one was
tested with various airfoils, diameters, and pitches. The
first one was manufactured as shown in Fig. 4, from
aluminum sheets with a thickness of 1mm while the
second one had a thickness of 1.5mm. All propellers
were 31.8cm in length from tip to tip. The results show
that the thickness of the material and the angle of attack
have a strong effect on the thrust produced by the
propeller. In addition, they show that the 1mm propeller
outperformed the others in terms of the total thrust
produced. As a result, this propeller, as seen in Fig. 10, is
the propeller used for our quadrotor which has a PTEF
hub, 0.8 mm aluminum tube for arms and a Mabuchi
motor.
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Figure 10. Rotors Thrust Curve Using the 1mm Propeller.

The experiments show that the accelerometer is
sensitive to vibrations produced by the rotors and the
frame. As shown in Fig. 11, the reading from the tilt
sensor was 2.4 volt while the reading from the angular
rate sensor was 2.54 volt. The output is fixed and will not
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change since the rotors are all off, but when the motors
are running at only half power, an extreme amount of
noise is produced. This noise is due primarily to the
vibrations of the frame. As shown in Fig. 12, the voltage
input for each propeller was varied between 0 and 11V,
and the voltage required to make the UAV hover was
7.5V on each rotor. As shown in the same figure, the
noise worsens when full power is applied using a nylon
hub. The PTEF hub is able to reduce the noise, but it
does not eliminate it completely. The addition of a
second-order butterworth filter is able to reduce the
noise. With this modification, the PTEF reduces the
noise to such an extent that it appears that there is no
noise at all.
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Figure 11. Sensors Output with all Motors Off.
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V1. CONCLUSION AND FUTURE WORK

In this research, a quadrotor was designed using
inexpensive commercially available components. A new
material was used for the first time to minimize rotor
vibration. This has proven to be much more effective
than the materials used by other commercial quadrotors.
In addition, a custom-designed circuit board and software
have been developed to interface those components with
a PIC16F876 microcontroller. Several experiments were
conducted to test this material and a proportional control
law was successfully implemented on the system. The
quadrotor has been successfully tested and flown by an
external power supply. The results presented in this
paper demonstrate that the material used in the
construction of the vehicle brought about several useful
aerodynamic effects. We suggest that future work to
investigate the result of using the same material to build
the arms of the vehicle would be useful.

ACKNOWLEDGEMENT

The authors wish to gratefully acknowledge the help of
Dr. Madeleine Strong Cincotta in the final language
editing of this paper.

REFERENCES

[17 J. Bjorn, M. Kjaergaard, M. Sorensen, “Autonomous Hover Flight
for a Quad Rotor Helicopter”, Master’s Thesis, Automation and

Volume 4 No 6 June 2014

Control Department of electronic systems, AALBORG University,
Denmark, 2007.

[2] A. Tayebi, and S. McGilvray, “Attitude Stabilization of a Four-rotor
Aerial Robot”, in Proc. of 43rd IEEE Conf. on Decision and Control
System, Atlantis, Paradise Island, Bahamas, 2004.

[3] T. Bresciani, “Modeling, Identification and Control of a Quadrotor
Helicopter”, Department of Automatic Control, Lund University,
October 2008.

[4] H. Voos, “Nonlinear State-Dependent Riccati Equation Control of a
Quadrotor UAV”, In Proc. of the IEEE Trans. on Control Systems
Technology, VOL.12, No.4, July 2004.

[5] H. Voos, “Nonlinear Control of a Quadrotor Micro-UAV using
Feedback Linearization”, Proceedings of the 2009 IEEE International
Conference on Mechatronics, Malaga, Spain, April 2009.

[6] E. Altu, J. Ostrowski, and C. Taylor, “Quadrotor Control using Dual
Camera Visual Feedback”, in Proceedings of the IEEE International
Conference on Robotics and Automation, Taiwan, pp. 4294-4299, Sept
2003.

[7] G. Hoffmann, D. Rajnarayan, S. Waslander, D. Dostal, J. Jang, and
C. Tomlin, “The Stanford Testbed of Autonomous Rotorcraft for Multi
Agent Control (STARMAC)”, in Proceedings of the 23rd Digital
Avionics Systems Conference, Salt Lake City, pp. 12.E.4/1-10,
November 2004.

[8] S. Bouabdallah, P. Murrieri, and R. Siegwart, “Towards
Autonomous Indoor Micro VTOL”, Autonomous Robots, vol. 18, pp.
171-183, March 2005.

[9] N. Guenard, T. Hamel, and V. Moreau, “Dynamic Modeling and
Intuitive Control Strategy for an x4-flyer”, in Proceedings of the
International Conference on Control and Automation, Hungary, pp.
141-146, June 2005.

[10] J. Escare, S. Salazar-Cruz, and R. Lozano, “Embedded Control of
a Four-rotor UAV”, in Proceedings of the AACC American Control
Conference, Minneapolis, pp. 3936-3941, June 2006.

[11] E. Nice, “Design of a Four Rotor Hovering Vehicle”, Master’s
thesis, Cornell University, 2004.

[12] P. Pounds, R. Mahony, and P. Corke, “Modeling and Control of a
Quad-rotor Robot”, in Proceedings of the Australasian Conference on
Robotics and Automation, New Zealand, 2006.

[13] T. Madani, A. Benallegue, “Control of a Quadrotor Mini-
Helicopter via Full State Backstepping Technique”, IEEE Conference
on Decision and Control , San Diego, USA, 2006.

[14] A. Benallegue, V. Mister, and N. Sirdi, “Exact linearization and
Noninteracting Control of a 4 Rotors Helicopter Via Dynamic
Feedback.” IEEE International Workshop on Robot and Human
Interactive Communication, pages 586 — 593, 2001.

[15] L. Beji, K. Zemalache, and H. Marref, “Control of an Under-
actuated System: Application to a Four Rotorcraft”, IEEE International
Conference on Robotics and Biomimetics, pages 404 — 409, 2005 .

[16] P. Castillo, R. Lozano, and A. Dzul, “Stabilization of a Mini
Rotorcraft with Four Rotors”, Control Systems, IEEE, Volume: 25
Issue: 6, p.45- 55. Dec 2005.

[17] A. Mokhtari, and A. Benallegue, “Dynamic Feedback Controller
of Euler Angles and Wind Parameters Estimation for a Quadrotor
Unmanned Aecrial Vehicle”, Pro. of the IEEE International Conference
on Robotics, pages 2359 — 2366, 2004.



International Journal of Science and Advanced Technology (ISSN 2221-8386)

http://www.ijsat.com

[18] M. Tarbouchi, J. Dunfied, and G. Labonte, “Neural Network
Based Control of a Four Rotor Helicopter”, IEEE International
Conference on Industrial Technology, pages 1543 — 548, 2004.

[19] A. Tayebi, and S. McGilvray, “Attitude Stabilization of a VTOL
Quadrotor Aircraft”, IEEE Transactions on control systems technology,
vol. 14, No.3, May 2006.

[20] P. Castillo, A. Dzul, and R. Lozano, “Real-Time Stabilization and
Tracking of a Four-Rotor Mini Rotorcraft,” IEEE Transactions on
Control Systems Technology, Vol. 12, No. 4, JULY 2004, pp. 510-516.

[21] P. Martin, and E. Salaun, “The True Role of Accelerometer
Feedback in Quadrotor Control”, IEEE International Conference on
Robotics and Automation, pp. 1623-1629, May 2010.

[22] E. Altug, “Vision Based Control of Unmanned Aerial Vehicles
with  Applications to an Autonomous Four Rotor Helicopter
Quadrotor”, PhD thesis, University of Pennsylvania, 2003.

[23] M. Phillip “Modelling the Draganflyer Four-rotor Helicopter”, In
Proceedings of the 2004 IEEE International Conference on Robotics
and Automation, 2004.

[24] R. Arning, and S. Sassen, “Flight Control of Micro Aerial
Vehicles”, In AIAA Guidance, Navigation, and Control Conference
and Exhibit, 2004.

[25] P. Pounds, R. Mahony, J. Gresham, P. Corke, and J. Roberts,
“Towards Dynamically-Favourable Quad-Rotor Aerial Robots”, In
Proceedings of the 2004 Australasian Conference on Robotics and
Automation, 2004.

[26] E. Altug, J. Ostrowski, and R. Mahony, “Control of a Quadrotor
Helicopter Using Visual Feedback”, In Proceedings of the IEEE
International Conference on Robotics and Automation, pages 72-7,
2002.

[27] E. Altug, J. Ostrowski, and C. Taylor, “Quadrotor Control Using
Dual Camera Visual Feedback”, In Proceedings of the IEEE
International Conference on Robotics and Automation, pages 4294-9,
2003.

[28] M. Earl and R. Andrea, “Real-Time Attitude Estimation
Techniques Applied to a Four Rotor Helicopter”, In Proceeding of the
43rd IEEE Conference on Decision and Control, 2004.

[29] S. Bouabdallah, A. Noth, and R. Siegwan. “PID vs. LQ Control
Techniques Applied to an Indoor Micro Quadrotor”, In Proceedings of
2004 IEEE/RSJ International Conference On Intelligent Robots and
Systems, 2004.

[30] P. Castillo, A. Dzul, and R. Lozano, “Real-Time Stabilization and
Tracking of a Four-Rotor Mini Rotorcraft”, In IEEE Transactions on
Control Systems Technology, volume 12, pages 510-6, July 2004.

Abdel llah Nour Alshbatat was born
in Tafila, Jordan, in 1968. He
received the B.S. degree in Electrical
Engineering / Communications from
Mutah University/Jordan in 1991, and
the M.S. degree in Computer
Engineering / Embedded System from
Yarmouk University/ Jordan in 2004,
and the Ph.D. in Electrical and
Computer Engineering / Networks
from Western Michigan University/ USA in 2010. In 1991, he
joined Royal Jordanian Air Force (RJAF) and served in the
Directorate of Communication & Electronics ground
communication branch, during which, he was responsible for

44

Volume 4 No 6 June 2014

the wireless communication and digital microwave sections. In
2010, he joined the faculty of Tafila Technical University and
is currently assistant professor in the Department of Electrical
Engineering. His current research interests include computer
networks, wireless networks, embedded systems, unmanned
aerial vehicle, brain-computer interface and communication
systems.

Peter James Vial (M’89, SM’11)
received the BE (Electrical) degree
in 1987, the ME (Honours) on
Telecommunications in 1996,
Graduate Diploma in Education
(Mathematics) in 2000 and PhD on
Telecommunications in 2009 all
from the University of Wollongong,
Wollongong, New South Wales,
Australia. He is currently Lecturer

at the University of Wollongong.
2! He was elevated to Senior Member
of the IEEE in 2011 based on his significant contribution to
Electrical Engineering education at the University of
Wollongong between 1992 and 2011.

Liang Dong received the B.S.
degree in applied physics with
minor in computer engineering
from  Shanghai Jiao  Tong
University, China, in 1996, and the
M.S. and Ph.D. degrees in
electrical and computer
engineering from the University of
Texas at Austin in 1998 and 2002,
respectively. From 1996 to 2002,
he was a Research Assistant with
the Department of Electrical and

/|

Computer Engineering, University of Texas. From 1998 to
1999, he was an Engineer at CWiLL Telecommunications, Inc.,

Austin, TX, where he participated in the design and
implementation of a smart antenna communication system. In
2000, he was a Consultant for Navini Networks, Inc.,
Richardson, TX. From 2002 to 2004, he was a Research
Associate with the Department of Electrical Engineering,
University of Notre Dame. From 2004 to 2011, he was an
Assistant Professor then promoted to a tenured Associate
Professor of the Department of Electrical and Computer
Engineering at Western Michigan University. He joined the
faculty of Baylor University in August 2011 as an Associate
Professor of Electrical and Computer Engineering.



