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a  b  s  t  r  a  c  t

This  article  reports  the  development  of  an  unmanned  aerial  vehicle  capable  of  attitude  estimation  and
stabilization  through  the  implementation  of  a nonlinear  complementary  filter  and  proportional-integral
rate  controllers.  Four  infra-red  sensors  and  an  ultrasonic  sensor  are  integrated  with  the  main  platform
for the  collision  avoidance  schemes  and  for altitude  control,  respectively.  Critical  mission  capabilities  for
the vehicle  such  as  altitude  hold  and  collision  avoidance  are  developed.  An outdoor  navigation  scheme
eywords:
nmanned aerial vehicle

nfra-red sensor
ltrasonic sensor
arometer
ressure sensor

and collision  avoidance  algorithms  are  also  proposed  to  enhance  the vehicle  autonomy.  Experimental
results  have  shown  that  the  implemented  attitude  and  altitude  controllers  are  effective  and  the  platform
is capable  of navigating  autonomously  with  user-defined  waypoints.  The  collision  avoidance  algorithms
allow  the  platform  to avoid  obstacles,  both  reactively  and  in  the  midst  of  navigation  routines.

© 2012 Elsevier B.V. All rights reserved.
ollision avoidance

. Introduction

In recent decades, unmanned aerial vehicles (UAVs) have been
tilized extensively in many military and civil missions. Some of
hese missions include search and rescue operations, aerial surveil-
ance and sensing applications. Due to the high level of autonomy
n these platforms, the success rate of these missions with such
AVs can be exceptional and at the same time, their usage promotes

afety as human lives are not endangered. Another advantage that
hese unmanned platforms have is the ability to achieve stealth

ore readily than manned aircraft, due to their relatively smaller
izes and propulsion systems used. With this ability, many of the
ilitary missions, such as payload/weaponry drop-offs and recon-

aissance can be executed without detection from enemy units.
mong these existing UAVs, the quadrotor helicopter stands out as

 versatile type of rotary wing vehicle and it is capable of executing
asks and missions that are too difficult or dangerous for manned
ehicles to undertake.

The design and development of quadrotor platforms have
ained popularity in recent years, due to their flexibility and poten-
ial capabilities. Considerable work has been done to investigate
erodynamic factors in hope of enhancing vehicle performance and
fficiency. Some of these factors include the distortion and disrup-

ion of airflow due to the flow interaction between the four rotating
lades at close proximity and propeller blade flapping [1,2]. Airfoil

∗ Corresponding author. Tel.: +65 6790 5588; fax: +65 6791 1859.
E-mail address: mzwzhong@ntu.edu.sg (Z.W. Zhong).

924-4247/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
ttp://dx.doi.org/10.1016/j.sna.2012.11.017
and platform designs can also be customized in order to improve
aerodynamic efficiency [1].

The flight dynamics of a quadcopter is complex and this makes
attitude and position estimation as well as controller implemen-
tation challenging. There have been several attempts to model the
quadrotor helicopter in order to comprehend its dynamics [3,4].
Numerous controllers, both linear and nonlinear, have been pro-
posed to allow the platform to achieve a high level of stability [5–9].
Examples include model reference adaptive control [7] [7],  a non-
linear controller derived using back-stepping approaches [8] and a
controller based on a nested saturation technique [9].  There is also
a considerable body of work on estimating attitude for onboard
flight control systems [10–12].  Apart from attitude estimation and
stabilization, work has been done to expand the capabilities of
the platforms. Altitude control is seen as essential for many appli-
cations and thus, it has been investigated and some significant
studies on it can be found [13–15]. Autonomous navigation and
collision avoidance algorithms are useful in enhancing the system
autonomy. Various methods such as two-dimensional laser map-
ping, optical approaches and reactive infra-red sensing have been
introduced to achieve satisfactory indoor navigation and collision
avoidance [16–18].  Some aerial vehicles saw success with outdoor
navigation with the use of the Global Positioning System (GPS)
devices [19,20].

In this work, an unmanned quadrotor aerial vehicle capable of
attitude estimation and stabilization through the implementation

of a nonlinear complementary filter and proportional-integral rate
controllers is developed. Four infra-red sensors and an ultrasonic
sensor are integrated with the main platform for the collision avoid-
ance schemes and for altitude control respectively. Critical mission

dx.doi.org/10.1016/j.sna.2012.11.017
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
mailto:mzwzhong@ntu.edu.sg
dx.doi.org/10.1016/j.sna.2012.11.017
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Nomenclature

˛m Measurement vector of 3-axes accelerometer
� Intermediate controller output of attitude controller
�b, �s Weights given to barometer and ultrasonic sensor

altitude measurements, respectively
�m Measurement vector of 3-axes magnetometer

 ̋ Measurement vector of 3-axes gyroscope
ωu Output of attitude controller
ωu Output of altitude proportional-integral-derivative

controller
�, �,  Roll, pitch and yaw Euler angles of vehicle
b Gyroscope measurement bias
e Control error of nonlinear complementary filter
KP, KI, KD Proportional, integral, and derivative gains of a PID

controller
KP,rate Proportional rate gain of the attitude controller
RIB Transformation matrix from vehicle body axes to

inertial axes
RIB,x First column of the transformation matrix from

vehicle body axes to inertial axes
RIB,z Third row of the transformation matrix from vehicle

body axes to inertial axes
ṘIB Rate of transformation matrix from vehicle body

axes to inertial axes
x, y, z Position estimates of vehicle
xd, yd, zd Desired positions of vehicle
()x Vector operator to transform a cross-product into a

skew symmetric matrix

Subscript
e Of the nonlinear complementary filter for attitude

estimation

c
a
a
a

t
a
t
t
c
c
s

2

o
t
s
c
t
t
d
w
r
i
s
t

for altitude control respectively. The IR sensors have a maximum
ca Of controllers in collision avoidance schemes

apabilities for the vehicle such as altitude hold and collision avoid-
nce are developed. An outdoor navigation scheme and collision
voidance algorithms are also proposed to enhance the vehicle
utonomy.

In this article, section 2 deals with the development of
he platform which includes the structure, flight controller
nd external sensors used onboard. Section 3 elaborates on
he implementation of the algorithms that are used for atti-
ude and altitude control, autonomous navigation and for the
ollision avoidance schemes. Flight test results and their dis-
ussions are given in section 4 and a conclusion is drawn in
ection 5.

. Platform preliminaries

The quadrotor platform was developed through the integration
f different mechanical and electrical components. Fig. 1 illus-
rates the complete system with the structural frame, propulsion
ystem, external sensors as well as the autopilot and flight pro-
essor unit, while Fig. 2 depicts the operation flow diagram of
he system. The inertial measurement unit (IMU), together with
he magnetometer, provides the platform with a complete nine
egrees-of-freedom attitude and heading reference system (AHRS),
hich serves as a prerequisite for the control and navigation algo-

ithms. The GPS module provides position estimates which are used

n the autonomous navigation algorithm, while the infra-red (IR)
ensors provide measurements for obstacle detection. Details of
he various components are elaborated in the following sections.
Fig. 1. Integrated quadrotor platform with flight controller, sensors and propulsion.

2.1. Structural frame

The arms and centre plates of the quadrotor frame are made
using carbon fiber. Connections between the centre plates and
arms, as well as the motor mounts are made of aluminum.
The modular integration of the frame allows components to be
replaced easily if necessary. The frame, illustrated in Fig. 3, is
485 cm long from motor to motor and weighs approximately
450 g. The propulsion system is mounted directly onto this
frame.

2.2. Propulsion system

The propulsion unit for the quadrotor platform consists of four
950-kV brushless DC motors and four electronic speed controllers
which can take up to 18 A of current during flight operations.
The power source for the system is a 3-cell lithium polymer
battery. Propellers mounted on the motors are of 10 inches
length and have a fixed pitch angle of 4.5 degrees. This propul-
sion configuration allows safe operations of the platform and
ensures excellent lift and thrust performance for all of the flight
tests.

2.3. Flight processor and AHRS

For onboard processing and operations of the implemented
algorithms, a 16-MHz Atmega 2560 embedded processor is used
for the platform. An inertial measurement unit (IMU) shield,
which consists of 3-axes accelerometers (Analog Devices ADX330)
and gyroscopes (Invensense IDG500), is integrated with the
flight processor. The shield also consists of a 16-MB data log-
ger that is used for storage of flight data. It also has analog
ports, as well as serial and I2C interfaces, which are necessary
for the integration of external sensors. A magnetometer (Hon-
eywell HMC5883L) is connected to the IMU  shield through an
I2C port and that completes the AHRS for the platform. The
magnetometer is read using an I2C interface found on the IMU
shield.

2.4. External sensors and range finders

Four infra-red sensors (Sharp GP2Y0A02YK0F) and an ultra-
sonic sensor (MaxBotix LV-EZ0), illustrated in Fig. 4, are integrated
with the main platform for the collision avoidance schemes and
range of 1.5 m,  while the ultrasonic sensor can sense objects up to
6.45 m.  Measurements from these range finders are read through
analog ports available on the IMU  shield. The GPS module used for
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Fig. 2. The operation flow diagram of the system.
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Fig. 3. Empty frame 

avigation purposes is the MediaTek MT3329 unit and it is con-
ected through a serial connection to the flight processor. The
ensors mentioned above were mainly chosen based on their
eight and their adaptability for connection to the flight processor.

he ultrasonic sensor weighs approximately 5 g and has dimen-

ions of 2 cm by 2 cm by 1.5 cm.  The infra-red sensors weigh 4.8 g
nd have dimensions of 4 cm by 1 cm by 2.2 cm.

Fig. 4. Ultrasonic and infra-r
 quadrotor platform.

3. Algorithm development

3.1. Attitude estimation and control architecture

A nonlinear complementary filter was  implemented for

attitude estimation. The main tool utilized for this implemen-
tation is a transformation matrix between an inertial frame

ed range finders used.
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f reference and the body axes of the vehicle, using Euler
ngles [21]:

I
B=

[
cos � cos   sin � sin � cos  − cos � sin   cos � sin � cos  + sin � sin  

cos �  sin sin� sin � sin  + cos � sin  cos� sin � sin  − sin � cos  

−  sin � sin � cos � cos � cos �

]
(1)

Because this transformation matrix propagates through time,
he attitude of the vehicle is extracted from elements of the matrix.
rthogonality of the matrix is maintained by incorporating the
rthogonal error equally into the deviated row vectors in the
atrix. Gyroscope bias exists for all strap-down inertial navigation

ystems and this filter corrects the bias through the implementa-
ion of an estimation feedback loop [21]:

˙ I
B = RIB(  ̋ − b + KP,ee)x (2)

 = −KI,ee (3)

 = (RIB,z)x˛m + RBI ((RIB,x)x�m) (4)

Proportional-integral controllers were implemented to stabi-
ize the platform in the rolling, pitching and yawing axes. The rate
nput to the controllers can be seen as the inner loop while the pro-
ortional and integral terms are components of the outer loop for
he controllers. These attitude controllers can be formulated in the
ollowing expressions:

 = KP(u − ud) + KI

∫
(u − ud) (5)

u = KP,rate(  ̌ − u̇) (6)

where u and ud are the estimated and desired attitude vari-
bles (�, �, or  ) respectively and u̇ is the rate of the attitude
ariable.

.2. Altitude control scheme

The estimation of the altitude is done through the usage of a
arometer and an ultrasonic sensor. Measurements from these sen-
ors were integrated using a weighting scheme [22], based on the
eliability of the sensors at different altitudes. The scheme can be
epresented by the following piece-wise function:

b =

⎧⎪⎪⎨
⎪⎪⎩

0 if zs < zmin

1 if zs > zmax

zs − zmin

zmax − zmin
, otherwise.

(7)

s = 1 − �b (8)

where zmin and zmax represent the range in which the barometer
nd ultrasonic sensor measurements are weighted.

For regulating the error dynamics of the altitude, a proportional-
ntegral-derivative controller was developed. Different gains were
tilized for different altitude segments and they can be seen as a
orm of gain scheduling. The controller can be expressed as:

z = KP,z(z − zd) + KI,z

∫
(z − zd) + KD,z

d(z − zd)
dt

(9)

where zd and z are the desired and estimated altitudes of
he vehicle respectively. The output from this controller gener-
tes a throttle command and that regulates the altitude of the
ehicle.
.3. Autonomous navigation

An Autonomous navigation algorithm is proposed to allow the
latform to move between user-defined waypoints, as shown in
Fig. 5. Autonomous navigation scheme.

Fig. 5. First, the position of the vehicle is estimated using the GPS
unit, which has a constant update rate of 10 Hz. Besides travelling
sequentially from one waypoint to another, the bearing of the vehi-
cle is also kept close to that of the next waypoint in order to reduce
cross-track error during motion. The vehicle is also commanded to
loiter in between waypoint transitions for a user-defined period
of time. The navigation scheme is governed by two proportional-
integral-derivative controllers which take in the errors between the
latitude and longitude of the current and targeted positions, similar
to the one shown in Equation 9. The controller outputs are trans-
lated from the navigation to the body axes through a conventional
transformation matrix.

3.4. Collision avoidance algorithm

The first of the two  collision avoidance schemes is a reac-
tive quad-directional algorithm which allows the vehicle to avoid
obstacles that are in its vicinity [22]. Measurements from the infra-
red sensors, which are mounted at the four edges of the central
plate of the platform, are paired and compared against for obsta-
cle detection, because the positions of these sensors are known
prior to flight. For instance, when an obstacle is detected 1 meter
in front of the platform via the frontal IR sensor, there exists a
difference in measurements between the front and back IR sen-
sors, and this is formulated as a distance error. It is then used as a
feedback error in the closed loop position controllers, and attitude
commands are given to allow the vehicle to shift away from the
obstacle. Once the distance between the platform and the obstacle
is farther than the safety distance set by the user, which is in this
case the maximum range of the IR sensor, the algorithm ceases the
collision avoidance commands and allows the vehicle to operate
freely. The case where the obstacle is detected from either of the
sides is analogous to the above-mentioned example. A pair of colli-
sion avoidance attitude controllers is implemented to regulate the
distance between the vehicle and potential obstacles. They gen-
erate roll and pitch commands to avoid the obstacles and can be
expressed as:

�ca = KP,ca(y − yd) + KI,ca(y − yd) + KD,ca
d(y − yd)
dt

(10)

�ca = KP,ca(x − xd) + KI,ca(x − xd) + KD,ca
d(x − xd)
dt

(11)

The second collision avoidance scheme is one, which is modi-
fied from the first and is integrated with the navigation algorithm.
Besides avoiding obstacles reactively, an additional command is
given to the vehicle for it to generate an obstacle-free path by
moving backward and sideward, away from the object concur-
rently. Upon detection of the obstacle in any particular direction,
commands will be sent to the platform to allow it to re-position
itself away from the object, based on the measurements from
the IR sensors. This is made possible due to the non-holonomic
properties of the quadrotor platform, and thus there is no turn

radius constraint for the platform. These motion commands are
repeated until the object is no longer detected by any of the IR
sensors. This allows the vehicle to avoid any obstacle of unknown
shape and size. During the activation of this scheme, the navigation
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both static and dynamic simulations of the AHRS module, proving
Fig. 6. Scheme for navigational collision avoidance.

ommands are temporarily re-scheduled. Fig. 6 illustrates this
ombinational scheme of autonomous navigation with collision
voidance.

These schemes implemented for the quadrotor platform are
ummarized in the schematic diagram shown in Fig. 7. The
rimary loop shown in the figure is responsible for the basic
peration and controls of the platform, and it is running at approx-
mately 200 Hz. The attitude stabilization algorithm and attitude

easurements can be found in this loop. The secondary loop,
hich is running at approximately 50 Hz, incorporates the algo-

ithms required for the altitude control, navigation and collision

voidance routines. Measurements from the GPS module, magne-
ometer, ultrasonic and IR sensors are used in this secondary loop
s well.

Fig. 7. Schematic diagram for al

Fig. 8. Attitude estimates from non
Actuators A 190 (2013) 66– 76

4. Flight test results and discussion

4.1. Attitude estimation and stabilization

First, ground tests were conducted to verify the estimation algo-
rithm, by inducing static and dynamic motions on the IMU and
flight processor. The nonlinear complementary filter performed
well during the ground tests. Fig. 8 depicts the pitch angle esti-
mates given by the nonlinear complementary filter during one of
the AHRS simulations. In this series of tests, the AHRS was  put into
motion to validate the accuracy of the algorithm. The pitch angle
estimate derived directly from the gyroscope was drifting at a rate
of approximately 0.35◦/s. This drift rate is unacceptable for most
flight applications, with a minimum operating time of approxi-
mately 10 minutes. Although the accelerometer angle estimate was
not drifting, it was  generally noisy and thus it could not be used as
well.

As shown in the figure, it was  able to eliminate the drifting
effects caused by the gyroscope and at the same time obtain a set
of noise-free measurements as compared to those of the accele-
rometers. The filter was capable of estimating the attitude during
its robustness for flight implementation. Although there is an ini-
tial settling time of approximately 6 seconds for this filter, this is

gorithm implementation.

linear complementary filter.
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Fig. 9. Flight tests for the verificatio

ot significant for the operation of the vehicle. The roll and yaw
ngles were also estimated from this filter and similar results were
btained.

Flight tests of the attitude estimation and stabilization algo-
ithms were conducted in appropriate indoor and outdoor
nvironments. As shown in the left frame of Fig. 9, the platform,
ighlighted in red, was flown approximately 5 meters above the
round in an outdoor flight, when wind conditions were not strong
nough to cause major disturbances to the platform. In some of the
ubsequent trials, the performance of the UAV was tested against
ild gust disturbances. For the indoor flights, the platform was

own at approximately 1 meter above the ground, as shown in
he right frame of Fig. 9. These tests aided in the verification of the
bove-mentioned algorithms, without gust disturbances.

For flight testing of the attitude estimation algorithm, the plat-
orm was kept at a near-hover state during flight. Data logging was
onducted to collect the information on the angles estimates based
n the nonlinear complementary filter. The pitch angle estimates
hown in Fig. 10 demonstrate the capability of the nonlinear com-
lementary filter during flight. It was able to attenuate the high

evel of noise present in the accelerometer measurements, even
hen the accelerometer noise was much higher as compared to
HRS simulations. The noise is due to the vibrations induced by the

otors and those were transferred to the flight controller through

he structural frame of the vehicle. In general, the filter provided
xcellent attitude estimation abilities, which is a pre-requisite for
he attitude stabilization algorithm.

Fig. 10. Attitude estimate
titude estimation and stabilization.

In order to test the implemented attitude control architecture,
flight tests were performed to observe the dynamic responses of the
quadrotor UAV. During these flight tests, the gains for the attitude
control loops were optimized to obtain good platform stability.

Fig. 11 depicts the errors of the roll and pitch angle estimates
during one of the flight tests. As shown, the errors were regu-
lated reasonably well during flight and this allowed good matching
and tracking between the desired and estimated angles. With
that, the platform was  stabilized and other tasks such as altitude
control, autonomous navigation and collision avoidance can be
performed.

4.2. Altitude control results

The altitude control flight trials were conducted in various envi-
ronments and at different altitudes to verify the robustness of the
sensor, against different surfaces and the noise properties. One of
these tests is shown in Fig. 12.  The platform was flown in an indoor
test-bed and was  commanded to maintain altitude control. At the
same time, the true altitude of the platform was  measured using an
external measuring device. For this example shown in Fig. 12,  the
true altitude of the platform is approximately 1 meter.

Tests and results for the altitude estimation and control algo-

rithm can be illustrated using three sub-schemes, namely the
pressure sensor, ultrasonic sensor and fusion sub-schemes.

First, by implementing the ultrasonic sensor sub-scheme, the
tests were conducted at varying altitudes, and the error plots

s during flight test.
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Fig. 11. Attitude errors for

Fig. 12. Flight tests for the verification of altitude estimation and control algorithms.

Fig. 13. Altitude errors for ultrason
 attitude controllers.

of the altitudes are shown in Fig. 13.  At lower altitudes, it
can be observed from the magenta plot that altitude track-
ing was accurate and the standard deviation of the error was
0.0762 m.

At mid  and higher altitudes (green and blue plots respectively),
the ultrasonic sensor readings were fairly noisy but the platform
was still able to maintain its altitude with standard deviations of
0.291 m and 0.522 m respectively.

Next, the altitude controller was tested with the pressure sen-
sor sub-scheme. It was  also tested at different altitudes, and the
results are plotted in Fig. 14.  As illustrated in the figure, the pres-
sure sensor altitude errors generally had a range of 1.5 m and an
average standard deviation of 0.556 m,  but they were less noisy as
compared to the ultrasonic sensor measurements as they have been
filtered. Although they cannot predict altitudes to a high precision,
they are useful as approximations when the platform is at higher
altitudes, where ultrasonic sensor measurements are not available
or when the ultrasonic sensors readings are noisy.

The third fusion sub-scheme is altitude tracking and con-
trol using a combined weighted altitude from both the pressure
sensor and ultrasonic sensor readings. These tests were also per-
formed at different heights, and Fig. 15 plots out the results of
the sub-scheme. As seen from the plots, the errors of the com-

bined weighted measurements were much lower at different
altitudes, and thus this combined measurement was proven to be
reliable.

ic sensor in altitude control.
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Fig. 14. Altitude errors for p

At lower altitudes, this fusion sub-scheme took in a more heavily
eighted ultrasonic sensor measurement, which was  reliable, as

een from Fig. 15.  Therefore, it was able to track and regulate the
ltitude error well, because the standard deviation at lower alti-
udes was only about 0.07 m.  At mid  altitudes, even though there
as an increase in noise in the ultrasonic sensor measurements,

his scheme was able to utilize the less noisy barometer readings to
ttenuate the noise partially. The standard deviation of the altitude
rror at mid  altitudes was 0.201 m.  At higher altitudes, the pres-
ure sensor measurements were weighted more heavily, and at the
ame time the noisy ultrasonic sensor readings were weighted to a
esser extent as their reliability decreased. This allowed the altitude
rror to remain quite small in magnitude and have a standard devi-
tion of 0.259 m.  Therefore, through observations from flight tests
nd analysis of this logged information, it could be seen that the
ltitude estimation and control algorithm allowed the platform to
rack and control its altitude well at varying altitudes by combining
eadings from both sensors.

For the altitude controller, different sets of gains were
equired at different altitudes, based on the sensors that were

sed. This can be seen as a simplified form of gain sched-
ling, with the altitude as the scheduling parameter for the
ontroller.

Fig. 15. Altitude errors for combined m
e sensor in altitude control.

4.3. Autonomous navigation results

Before performing the autonomous navigation scheme, it is nec-
essary for the platform to obtain a good position estimate and to
loiter in a desired location reasonably well. For loitering tests, the
coordinates (latitude and longitude) of the platform were logged
during the flight tests and was  imported to MATLAB and Google
Earth for post processing and trajectory plotting. These loitering
flights were conducted in an enclosed outdoor test-bed where the
GPS device could provide sufficient information for the position
estimate. Fig. 16 shows one of the tests to verify the loitering capa-
bilities of the platform.

As seen in Fig. 16, the pilot was not controlling the UAV (high-
lighted in red) via the transmitter (highlighted in yellow), and the
UAV was able to maintain its position well. The results of one of the
position hold tests are shown in Fig. 17.  In this figure, the latitude
and longitude were extracted and a two-dimensional trajectory
was plotted, highlighted in blue.

As shown in the figure, the platform was able to maintain its
position well, within a circle of 5 m radius (highlighted in orange),

noting that the resolution of most GPS devices is about 3 to 5 m.  To
be able to hold its position within such limits was  sufficient for it
to perform other navigation related tasks.

easurements in altitude control.
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Fig. 16. Flight test for loitering and position estimation, without pilot intervention.
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Fig. 17. Trajectory of vehicle during loitering.

Next, the autonomous navigation scheme was tested on the
ame outdoor environment. Two waypoints (WPs) were defined
y the pilot prior to flight. The trajectory of one of the flights with
wo waypoints is shown in Fig. 18.  The trajectory of the UAV is high-
ighted in blue. The starting position of the UAV and waypoints are
lso shown. At the starting position, the GPS unit was initialized
nd calibrated to ensure good accuracy of its performance. Next, it
as flown in the stabilization and altitude hold mode, before tran-

iting into the waypoint navigation mode. As shown in the figure,
he UAV was able to travel to the waypoints in a reasonable manner.
he cross track error found in some parts of the trajectory plotted
ould be due to the inaccuracy of the position estimate given by
he GPS device or due to gust disturbances affecting the operation

f the UAV during flight. In general, the deviation from the target
ath was small. The distance between the two waypoints was set
t approximately 26 m.

Fig. 18. Autonomous waypoint navigation with two waypoints.
Fig. 19. Autonomous waypoint navigation with four waypoints.

Another waypoint navigation test was done with two additional
waypoints, in the same test environment. The results of these tests
are shown in Fig. 19.  Throughout this navigation scheme, roll, pitch
and yaw commands were given to allow the UAV to move towards
the next waypoint via the shortest distance possible. Also, the plat-
form was  commanded to loiter at each of the waypoints for about
five seconds before moving onto the next waypoint. As shown in
the figure, the quadrotor platform was  able to track a path gov-
erned by four waypoints reasonably well. Cross-track error during
motion was  also minimal, thus proving the efficiency of this guid-
ance algorithm.

4.4. Collision avoidance results

The next series of flight tests for the verification of the colli-
sion avoidance algorithms were performed in a similar outdoor
test-bed. To verify the reliability of the IR sensors and the algo-
rithm, objects of different materials such as wood and human-like
obstacles were used to test if common objects found in a practi-
cal urban environment would trigger detection from the sensors.
One of these tests is illustrated in Fig. 20.  As shown in the figure, a
wooden obstacle, highlighted in orange, was  used for this test. The
flight tests were performed at altitudes ranging from 1 to 3 metres,
at which these urban objects could be imposed on the platform. The
detection of the obstacles occurs when the object is approximately
1.5 metres in the vicinity of the platform. This is due to the maxi-
mum range of the sensors used. Thus, this range can be extended,
if other rangefinders are utilized.

Results for the reactive quad-directional algorithm can be illus-
trated using Fig. 21,  and they demonstrate the fact that the UAV was
avoiding obstacles without any pilot inputs. In this figure, the blue
plot gives the estimated attitude of the vehicle. The red plot is the
radio input by the pilot. These plots are normalized and scaled for

better comparison with the other plots in the same figure. Some
of these radio inputs are circled in magenta for clarity. The plot
in green is the attitude command given to the platform when the
IR sensors detect an obstacle. They are given by the differential

Fig. 20. Verification of the collision detection and avoidance algorithm.
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 reactive collision avoidance scheme.
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Fig. 21. Attitude parameters for

easurements of the IR sensors mounted on the platform. For the
itch command, it is a scaled version of the difference in measure-
ents between the front and back IR sensors. These differential
easurements were then used to compute errors which were fed

ack into the controllers in order to regulate them to zero. Some of
hese IR measurement plots are circled in yellow for clarity. There-
ore, this plot illustrates the capability of the collision avoidance
lgorithm.

Next, for the combinational flight mode of autonomous naviga-
ion and collision avoidance, tests were conducted without pilot
ntervention and in a suitable enclosed outdoor test environment.
he vehicle was first set to the altitude control mode straight
fter take-off and allowed to maintain a reasonable height, ranging
rom 1 to 3 meters so that the waypoint navigation and collision
voidance schemes could be performed. After that, the naviga-
ional collision avoidance algorithm was toggled and the UAV
utonomously moved to the waypoints and avoided any obsta-
le presented to it as it navigated within the flight zone. Fig. 22

hows a picture where the platform (highlighted in red) was  nav-
gating to its next waypoint, while performing collision avoidance

ig. 22. Flight test for combinational mode of waypoint navigation and collision
voidance.
Fig. 23. Trajectory of the UAV during navigation and collision avoidance.

commands, with the urban obstacle in its path (highlighted in
orange) and without any pilot intervention (highlighted in yellow).

Next, for the combinational flight mode of autonomous naviga-
tion and collision avoidance, flight information such as the radio
inputs, measurements given by the ultrasonic and infra-red sen-
sors as well as attitude and position information was logged and
post processed in MATLAB and plotted in Google Earth to show and
demonstrate the feasibility and capability of the algorithm.

Fig. 23 depicts the trajectory taken by the vehicle when it was
navigating for one point to another and when it met an obstacle
along its flight path. As shown in the figure, the vehicle was able to
maneuver itself away from the obstacle presented in front of it and
moved backward and sideward in order to avoid the obstacle and
implemented an alternative flight path. With this ability to avoid
obstacles of unknown shape and size, the vehicle would be able to
avoid bigger obstacles such as buildings and ground vehicles, and
thus this scheme can potentially improve the mission capability
and autonomy of the UAV in urban terrains where the presence of
obstacles is inevitable and has to be avoided at all costs in order to
perform the missions successfully.

5. Conclusion

This paper elaborates on the development of a quadrotor plat-
form that is able of performing attitude estimation and stabilization
using an onboard flight processor and an AHRS module. It has
demonstrated practical mission capabilities such as altitude con-

trol, autonomous navigation and collision avoidance, through the
implementation of various algorithms discussed in Section 3.
Future work includes the addition of external sensors such as a
laser range finder, which can be used to map unknown terrains
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nd improve the navigation capability of the platform. Further flight
ests can also be performed to investigate the effects of the collision
voidance algorithms on larger obstacles such as urban infrastruc-
ure and ground vehicles.
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