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Abstract: The investigations of the system which allow to avoid obstacles by the unmanned aerial vehicles (UAV) are presented in the pa-
per. The system is designed to enable the full autonomous UAV flight in an unknown environment. As an information source about obsta-
cles digital camera was used. Developed algorithm uses the existing relations between the imaging system and the parameters read from
the UAV autopilot. Synthesis of the proposed obstacle avoidance control law was oriented for computational simplicity. Presented algo-

rithm was checked during simulation studies and in-flight tests.
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1. INTRODUCTION

Unmanned Aerial Vehicles (UAVs) have wide range of appli-
cations - military and civil. Although they are able to perform a part
or even the whole mission automatically, do not have the full
autonomy. Autonomy level can be increased in substantial way
by means of obstacle avoidance systems.

In the past, graph methods (Shojaeopour, 2010) and potential
fields (Khatib, 1985) approach were utilized to the path planning in
autonomous navigation. Nowadays UAVs obstacle avoidance
problems are mainly resolved by the usage of fuzzy logic (Ciesluk
and Gosiewski, 2012, 2013; Guzel and Bicker, 2011) and meth-
ods of predictive control (Wang, 2001). Devices used as the ob-
stacle detection sensors are ultrasonic range finders (Modi et al.,
2001), laser scanners (Kownacki, 2013), lidars (Sabatini et al.,
2014) and vision sensors (ccd cameras (Meier et al., 2012), opti-
cal flow sensors ( Herrise et al., 2008)). Despite first three
of mentioned sensors have fairly good range measurements
quality, their mass is relatively large and they have low output
frequency (Modi et al., 2001).

The following paper presents the obstacle avoidance control
law based on the fuzzy logic controller. Input to the fuzzy logic
controller is the information acquired from the cameras. Obtained
information from vision system can be easily adopted to fuzzy
logic rules. Proposed algorithm is based on a small number of
input parameters, what results in low requirements of computa-
tional power. Main goal of the presented studies was simulation
tests. During this tests preliminary process of the control surface
selection was performed. Moreover presented control algorithm
was checked during in-flight tests.
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2. RESEARCH OBJECT

2.1. Quadrotor

As control object we have chosen quadrotor - vertical take-off
and landing (VTOL) object with very specific dynamics. Quad-
rotors are often used as a platform for formation flying control
framework, surveillance and reconnaissance purposes, aerial
surveys for agriculture, traffic monitoring etc. They can hover
above the desired waypoint and in place can change the motion
direction. It is simple to separate navigation from orientation
in quadrotor motion. Simplified dynamics model of this objects
is described in the next subsection.

2.2. Mathematical model

Methods described in the work of authors (Ciesluk and
Gosiewski, 2013; Soumare et al., 2002) allow obstacle detection
in the robot's surroundings. However, in order to avoid an obsta-
cle, location itself is insufficient. The adequate control procedure
is required, which take into account data read from the obstacle
localization sensor. Thus, in order to present the idea of control
algorithm used in the obstacle avoidance flight mode, mathemati-
cal model employed in the quadrotor research is used.

Determination of the dynamic model of the quadrotor required
linking together of the two coordinate systems. First coordinate
system is associated with the object — xz, y5, zg  while the other
one is associated with the Earth - x,y,z (Fig. 1). Quadrotor
center of gravity is the origin of coordinate system xz, yg, z5.
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Fig. 1. Quadrotor coordinates frame

Description of the variables containing position and orientation
data of the quadrotor in 3D space is described underneath:

X longitude] [¢ roll angle
[}’] = [latitude l [9] = |pitch angle (1
z altitude P yaw angle

Vector containing data of linear and angular quadrotor position
related to Earth coordinate system x, y, is specified as follows:

q=I[xyze$0e] (2)

Vector comprising linear velocities and angular rates compo-
nents of quadrotor in the xg, yg, zg System is defined below:

gg=[uvzpqr]” (3)

Relations between two corresponding coordinate systems can
be written in the following way based on Mellinger et al. (2012)
and Hoffmann et al., (2011):

X u
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where: cg, sg,tg are shortened notation of cos(6),sin(0),
tan(0), similarly for the remaining angles ¢ and . Vector w
in Fig. 1 describes the position of mass center in the global
coordinate system. The gravitation force in the —zdirection and
the motors thrust F; in the z,, direction are the forces acting on the
quadrotor. Equation presenting the acceleration of the mass
center is described as follows:
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Every motor generates torque M;, that is parallel to the pro-
pellers rotation plane. Rotor 1 and 3 have clockwise direction of
rotation while 2 and 4 have counterclockwise direction. Motor
torques have directions opposing to the propellers rotation one.
Thus, M;and M5 have —z, direction while M,,M,, z, direction.
The length of each of the quadrotor arms is . Moment of inertia
matrix related to the mass center along the xzyg zg axis is I.
Angular acceleration described by Euler equation is following:

p I(F, —F,) p p
lq|= I(F;—F) -l g xlq (6)
r -M; +M, -M3+M, r r

Having regard to the (5) and (6) quadrotor dynamic system
equations are received:

X = (S¢S¢ + C¢SQC¢)%
§ = (—cysg + sysacy) v
i=—-g+ (C9C¢)%
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5ot o
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The description of system input variables u; will be presented
in the next section.

2.3. Orientation control

Linearization of the quadrotor equations of motion can be
made in the properly chosen equilibrium point. Selected
equilibrium point parameters are:

w=we0=¢=0p=1,, w=0,$=60=0y =0.

Taking assumption that roll and pitch angles of the system are
very small we can write that:

cos¢p = 1, cosf = 1, singp = ¢, sinf = 6.

Nominal force generated by motor-propeller systems in a
given state is defined as follows:

_mg
-7 ®

Presented model of the quadrotor is symmetrical, therefore
L = 1y, s0 according to equation (6) we can write:

Fi,O

LD =Uy —qr(l; _Iyy)
Iyyq:us_pr(lxx_lzz) (9)
I,,r=u,

Resultant torque values are determined by simple, proportion-
al-differentiating control laws, presented below:
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u2,des = kp,q) (¢des - ¢) + kd,¢ ( Paes — p)
u3,des = kp,H (edes - ‘9) + kd,9 (qdes - q) (10)
u4,des = kp,y/ (V/des - ‘//) + kd,y/ (rdes - r)

Each of the rotors during operation has a fixed angular
velocity w; and a vertical force is generated in accordance with
the following formula:

F =ba’ (11)
while torque is determined by term:
M; = de’ (12)

Important aerodynamic parameters describing the behavior
of rotating propellers in the air are taken into account during the
calculations. Those parameters are: b [N/rpm?] which is an
aerodynamic longitudinal coefficient (thrust) and d [Nm/rpm?]
describing air resistance coefficient of the rotating body. Designa-
tion of these aerodynamic parameters is done by combining the
momentum theory and the theory of the propeller thoroughly
described in Bresciani (2008) according to the relations:

:

b — JBET 13
o (13)
Q

d =<2 (14)

where: longitudinal force Tggr [N] is found by the integration of
the vertical forces acting on all sections of the blade elements.
Furthermore, the torque of the propeller Qgzr [Nm] is found by
integrating the horizontal forces multiplied by the moment arm on
all sections of the blade components.

Setpoint value of the motor angular speed is limited to the
range from 1200rpm to 8000rpm. Preset speeds of the individual
motors wf s, can be find from the set resultant force value’s
data uy ges @nd moments (Uz ges » Uz ges» Uages) DY transforming
following equation:

U1, des b wides
U3, des bl w%,des (15)
U3z, des —bl 0 0 [|w3 ges
Uy, des —d d —d d wz dos

2.4. Position control

To present the idea of the UAV position control, some
simplifications were adopted. They result from taking into account
the motion (liting) of the quadrotor to (x,y,zg) position. It is
possible, consequently to assume that tracked yaw angle is
Yr(t) = .

The linearization of equation (5) allows us to establish the
relation between specified linear acceleration, roll and pitch
angles as follows:

52

W, gos = (Bges SINWT + G4 COSYWL)Q
2des ( ¢des CoS +9des sin l//.l_)g (16)

ul, des

W3,des =

Utilization of the presented above dependencies allows to
provide the setpoints of the pitch and roll angles for the needs of
the quadrotor orientation control (10) (15). The value of force
setpoint u, 4, is determined in the following way:

2des COSV/T)/g
W, ges SINY1) /G (17)

¢des = ( 1,des Sln l//T
gdes = (Wl,des Cos l//T

=mw,

u 3,des

1,des

To determine the flight path in the 3D space, a method from
involving determination of the nearest point of the trajectory wy
for the current position w is utilized. Position and velocity errors
are defined respectively:

e, =W —Ww
e, =Wy —W

The calculation of the desired acceleration Ww; 4. is carried
out in the PD controller feedback loop in following way:

(18)

|zad kplel p +kd |e|v (19)

Ultimately, using equation (19) it is possible to determine

desired values of roll and pitch angles and w4 4.5 according to
equation (17).

2.5. Obstacle avoidance controller

Quadrotor control system has two independent feedback
control loops (Fig. 2). The inner control loop is responsible for
quadrotor stabilization, while the outer loop is associated with the
UAV position control. The inner loop uses the data read from the
three axis accelerometer and gyroscope for the control of the roll,
pitch and yaw angles (b, 6, ). This loop works with 200 Hz
frequency. On the other hand the outer loop, utilizes the quadrotor
GPS position and GPS velocity data to control the flight.

) des Lk
Obstacle ﬂ:,dss " -
Position s Firs Wi avoidance & Orientation | 2, Quadro?or -
control =Sl ontroller o | i dynamics
»| (Fuzzy Logic) Wi des N contro
yoll) wiz) I BEGEHFE
T

Fig. 2. A block diagram of the quadrotor control system

The obstacle avoidance system includes an additional block
(fuzzy logic controller) in the inner loop. This block is responsible
for producing the corrections k,, ko to the desired values
of navigational angles (@45, B4es)- These adjustments are
described in the following way:
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Pr,aes = Paes T kg — correction of the desired rolling angle,
Or.des = Baes T kg — correction of the desired pitching angle.

Corrections k; to the throttle signal are calculated with
following simplified formula:

kr =30% - U1,des (20)
Upk = Ugges + kr (21)
a)

,,,,,,,

0.054...

100

75

groundspeed [m/s] N

= 50
.
0 o

23 image coverage
by the detected obstacles [%)]

Fig. 3. Obstacle detection a) Image sections definition,
b) sample fuzzy logic control surface

Signal of desired throttle is calculated as follows:

Image obtained by the vision system can be shown schemati-
cally in Fig. 3a. Whole image is divided to 6 main sections. Cam-
era is oriented always in flight direction of the quadrotor. Vision
algorithm analyze only the center of the image (section V on the
Fig.3a). Fig.3b represents surface whereby corrections k,, kg are
calculated. Control signal is produced basing on vehicle ground
speed and coverage of the section V (center of the analyzed
image) by the detected obstacle.

Detection of obstacle in the section V of the image, starts col-
lision avoidance procedure and next, sequent image sections are
analyzed and processed. The correction values k., kg, kr are
determined based on information from analyzed sequent image
sections. In the situation when the obstacle free space is detected
in the IV and VI sections (Fig. 3a), the correction kg with the sign
appropriate to the maneuver direction is produced according to
modeled control surface (Fig. 3b). For image sections | and Ill, k.
is determined with (20) and also appropriately signed k., is pro-
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duced with control surface from Fig. 3b also. In the case of section
Il the correction k- is overwritten only. The last possibility is when
in the whole image is no obstacle free space. In this case, correc-
tion k; is obtained with equation (20) and kg is calculated
in following manner:

Oges £y =0 (22)

what causes a vertical ascent of the UAV. The vertical ascent
is continuing until the obstacle free space is localized in the im-
age. Above procedures and control rules have good performance
in the open space and during outdoor flights. In the case of indoor
flights it is needed to use additional correction to yaw angle de-
sired value ¥ 4.

3. SIMULATION RESULTS

Basing on equations (7) the simulation model of the quadrotor
was build in Matlab/Simulink software with the usage of special-
ized toolboxes like Control System, Flight Dynamics and Control,
Aerospace and Fuzzy Logic. The aim of the simulation research
was a preliminary selection of the parameters that are used in the
autonomous mission control system of the unmanned aerial vehi-
cle. Dynamically changing simulation environment has been
programmed as the model of the virtual reality written in VRML
(Virtual Reality Modelling Language). Virtual simulation world
reproduces the area in which the in-flight tests were to be con-
ducted. This will allow the comparison of the results obtained from
the simulation with the measurements taken directly from the
conducted experiment. The simplified model of image processing
methods was approved in the simulation tests. Brightness control
system described in Cie$luk and Gosiewski (2013, 2014), that is
essential during in-flight tests, wasnt used during simulation
studies. Whereas the law of UAV position control, autopilot oper-
ating modes and the area describing the obstacles were modeled.
Image used by the obstacle avoidance algorithm is continuously
extracted from a moving quadrotor in 3D space. During simulation
tests image refresh rate is set at 10 fps. The flight simulation
screen is presented in Fig. 4. The graphs show the currently
generated flight path and the result of vision obstacle detection
algorithm.

[m]
150
100 o
50
o
50

-100 0 100 [111]

Fig. 4. Simulation studies application (UAV flight path - left side, output
of the obstacle detection algorithm (processed image) - right side)

Simulation study was conducted for the model which reflects
the area of out-door field tests. Fig. 5 presents the pictures taken
during the proving ground studies.
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The influence of changes in the sequence of the image con-
trolled areas to the direction of the maneuver is presented in Fig.
7. Edges of the map show the position expressed in meters.
Green points represents the obstacles, while the blue square is
the quadrotor destination waypoint. Analogously the red thick line
shows the travelled path. Example shows that the direction of the
maneuver is highly dependent on the established criteria for im-
age search of obstacle-free sections. During simulation tests,
different forms of the control surface were tested. Results for
different types of the control surfaces are presented in the Fig. 8.
In simulation research the best possible shape of the control
surface was chosen, taking into account quadrotor reaction ag-
gressiveness.

4. IN-FLIGHT TESTS

The most important step in an obstacle avoidance controller
synthesis is in-flight testing. At the same time, it is the most risky
part of the research. The study has been carried out on the air-
: field. Own build quadrotor airframe with ArdupilotMega 2.0 was
Fig. 5. View of the airfield used as a testing object. ArdupilotMega 2.0 runs custom control
application. The image processing algorithms are implemented on
a small, smart camera with auto iris lens (Ciesluk and Gosiewski,
2014) and mass of 220g. Image processing algorithm was work-
ing with 42 Hz frequency.

Fig. 6. Field area modeled in the VRML
(Virtual Reality Modelling Language)
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Fig. 7. Different quadrotor reactions depending
on image search algorithm configuration

[m] [m]
150 150
100 o 100 o
50 . » 50
0 0
50 -50
400 0 100 [m] 00 0 100 [ b))
Fig. 8. Quadrotor flight paths for different control surfaces Fig. 9. Field experiments: a) picture from the webserver of vision system

b) photo of the tree as an obstacle (made during the field test)
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The quadrotor was also equipped with a wireless WiFi router
(90g) and LiPo battery 4600mAh. Total mass of all components
was less than 400g. Trajectory was planned to meet on its way at
least one obstacle. Tests were carried out for short range mis-
sions to keep constant radio contact with the quadrotor. The Fig. 9
presents quadrotor during in-flight tests and the vision system
webserver.

Fig. 10. Quadrotor flight paths during in-flight tests
(based on the satellite maps of the investigated area)

5. CONCLUSIONS AND FUTURE WORK

Proposed vision obstacle controller connected with fuzzy logic
technique to control surface modeling is an effective method of
controlling small UAVs autonomously. Obtained during simulation
studies and in-flight tests results indicate that vision obstacle
avoidance system can be used in the real applications but we
have to take into account that experimental tests were properly
arranged (straight path line with one, clear, explicit obstacle). It
will be much more difficult to use this system and algorithm in the
dynamic environment, bad weather conditions and to small obsta-
cles. Several unsuccessful attempts were recorded, however
taking them as the base it is hard to say, whether the obstacle
detection system was guilty of the failure.

Further works will be strictly associated with the operation ef-
fectiveness improvement of the obstacle detection methods pre-

acta mechanica et automatica, vol.9 no.1 (2015)

In the Fig.10 quadrotor flight paths obtained during in-flight
tests are presented. Flight paths are marked with dark blue lines
on the airfield satellite view from ground control station. Prese-
lected flight paths should be straight, but in case of obstacle vision
system acting, desired path was corrected to amount of obstacle
appearance.

I
J
'
)
)
1
1

A

sented in the work. Consecutive tests will be conducted for more
complex missions.
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