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Abstract This paper presents a feasible 3D collision avoidance approach for
fixed-wing unmanned aerial vehicles (UAVs). The proposed strategy aims to
achieve the desired relative bearing in the horizontal plane and relative ele-
vation in the vertical plane so that the host aircraft is able to avoid collision
with the intruder aircraft in 3D. The host aircraft will follow a desired trajec-
tory in the collision avoidance course and resume the pre-arranged trajectory
after collision is avoided. The approaching stopping condition is determined
for the host aircraft to trigger an evasion maneuver to avoid collision in terms
of measured heading. A switching controller is designed to achieve the spatial
collision avoidance strategy. Simulation results demonstrate that the proposed
approach can effectively avoid spatial collision, making it suitable for integra-
tion into flight control systems of UAVs.

Keywords UAV - collision avoidance - switching control - PID control

1 Introduction

There has been an increasing number of UAV applications in the past few
years due to their usefulness in a variety of situations following the success of
several projects such as the Global Hawk [1], the Predator [2] and the M Q-8B
Firescout [3]. UAVs have shown several advantages over manned aircraft such
as low manufacturing and operational costs (depending on the UAV type), flex-
ibility to accommodate different payloads and risk reduction of human lives
(no pilot or crew), etc. These advantages have enabled UAVs as an indispens-
able platform for various flight missions ranging from intelligence, surveillance
and reconnaissance to scientific investigations and battlefield loss assessment.
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The risk of unexpected spatial aircraft collision increases when they share
the same airspace with other vehicles. This is caused by the fact that pre-
arranged flight trajectories for UAVs are designed with little consideration
of potential encounter. Also, the problem of UAV sense-and-avoid has been
identified as one of the most significant challenges facing the integration of
UAVs in the national airspace [4,5].

The collision avoidance problem can be divided in two parts. The “sens-
ing or detection” and the “avoidance” aspects, respectively. In this paper, we
address the avoidance aspect of the problem by proposing an approach for
3D collision avoidance in a non-cooperative scenario. Here, “non-cooperative
environment "refers to an environment where a host aircraft has no prior
information on the flight trajectory of an intruder and cooperative communi-
cation between them is unavailable. Non-cooperative approaches are the most
challenging aspects of the problem given the high uncertainty in the intruder
state. We have previously investigated the problem from the passive sensor
perspective [6-9].

Planar (2D) aircraft avoidance has been subject to extensive investigation
in a considerable number of papers, and significant efforts have been made to
deal with different problems in various scenarios [10-13]. Kochenderfer et al.
[14] presented a decision-theoretic approach to developing a collision avoidance
logic using probabilistic models of aircraft behavior. The proposed methodol-
ogy is aimed at meeting the safety level with guarantee while lowering the false
alert rate and simplifying the process of re-optimizing the logic in response to
variations in airspeed and sensor capabilities. Saunders et al. [15] assumed
a vision processing unit that provides object segmentation and a range esti-
mate to nearby obstacles. The proposed nonlinear guidance law attempts to
maneuver the UAV in such a way that the obstacle is moved to the edge of
the camera field of view (FOV), maintaining the obstacle on the edge of FOV
guarantees that trajectory of the UAV is not on the collision course with the
obstacle. There are also some approaches which rely greatly on availability of
a high-integrity GPS and a continuous data-link (e.g. automatic dependent
surveillance broadcast (ADSB) [16,17]).

Passive sensors also provide a means of identifying obstacles in different
avoidance strategies [18-20]. Beyeler et al. [21] presented a novel control strat-
egy for autonomous flight in the vicinity of obstacles with proximity of ob-
stacles estimated using optic flow sensors. The proposed solution allows a
UAV to fly and avoid obstacles using a simple sensor-to-actuator mapping by
exploiting properties of translation-induced optic flow and the dynamics of
flying platforms, thus eliminating the need for state information provided by
GPS. Griffiths et al. [22] proposed an obstacle avoidance strategy based on the
mapping information which utilizes laser range finder and optic flow sensors
to detect the terrain. Flight tests were conducted to verify the feasibility of
this method in real scenarios. A new passive approach to collision detection
and avoidance with moving obstacles is proposed by Angelov et al.[23]. In
this strategy, a maneuver based on the worst case scenario will be initiated



once a potential collision is detected. Afterwards, an optimal return to the
pre-planned route will be executed.

The present research is part of efforts devoted to design a Sense and Avoid
(SA) system for airspace collision avoidance. This system only relies on the
detection of signals emanating from the targets themselves. Recently, motion
detection using multiple cameras provides an attractive means of developing
a SA system due to relatively low cost, size and power requirements for sen-
sors. The basic paradigm of this technology is to use multiple cameras placed
at different angles to create multiple views that, when combined, can allow
for calculation of object vectors [24]. The challenge of motion detection is
that a moving UAV makes it difficult to design a generic algorithm for dif-
ferent scenarios. Thus, various algorithms have been developed to deal with
different scenarios to make distinction between the movement of the host air-
craft and that of the intruder [25,24,26]. In practice, these algorithms cancel
the movement of the UAV, including movement based on vehicle trajectory,
as well for vibration from the UAV. Currently, there are only a few authors
addressing spatial (3D) collision avoidance. Christodoulou et al. [27] formu-
lated the confliction avoidance problem in three-dimension as a mixed-integer
nonlinear programming problem, and the total flight time to avoid possible
conflicts were obtained. In the present work, we aim to develop a 3D aircraft
collision avoidance system based on measured heading information. During
normal flight course, UAVs are commanded to achieve steady-state flight con-
ditions for most of the flight duration. Therefore, it is reasonable to assume
that both host aircraft and intruder are with constant velocity before the
collision is detected. The relative bearing is also assumed to be measurable
in the considered application. Cameras onboard the host aircraft are used to
estimate the desired relative bearing and relative elevation with respect to
the intruder aircraft during the approach process. The host aircraft resumes
the pre-arranged route after collision avoidance. By completing these tasks,
the intruder aircraft can be kept within the FOV of the camera. Moreover, a
switching control system is designed to command the UAV to achieve collision
avoidance during the encounter course.

The remainder of the paper is organized as follows: Section 2 describes
collision avoidance in a 2D scenario. This is achieved by designing a planar
spiral trajectory for the host aircraft. In Section 3, we extend the collision
strategy to a 3D scenario where the host aircraft keeps the desired relative
bearing with respect to the intruder aircraft and a relative elevation in the
vertical direction. Design of the control system to implement the proposed
collision strategy is given in Section 4. In Section 5, simulation results are
given for typical 3D collision avoidance scenarios. Section 6 concludes this

paper.
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Fig. 1 A UAV approaches a stationary target keeping a constant bearing o

2 Collision Avoidance of a Stationary Target

In this section, we begin analyzing the trajectory followed when an aircraft
maneuvers to avoid a stationary target. The collision avoidance problem is in-
vestigated in the planar case. Let us define, a polar and a Cartesian coordinate
frames with both origins located at the position of the stationary target, as
shown in Fig. 1. The aircraft starts from initial position (z,(0),y,(0)) with a
constant speed of V,. Any point on the maneuvering trajectory is described by
(Za,Ya) in Cartesian coordinates and (r, ) in polar coordinates. Here, aircraft
heading is denoted by # which is the angle between z—axis and flight direction.

Theorem 1 The path of an aircraft flying at a constant velocity V, with a
constant relative bearing o to a stationary target constructs an equiangular
spiral trajectory.

Proof: This proof is excerpted from [28]. Cartesian coordinate of the aircraft
can be related to its polar coordinates by the following expression,

xa(t) = 1(t) cosO(t) (1)
Ya(t) = r(t) sin 0(¢). (2)

Differentiating these equations leads to
iq =7 cosf —rfsinf (3)

Yo = 7sin 6 + 76 cos . (4)



It is observed from Fig. 1 that the relative bearing is the angle between flight
direction X, and line-of-sight (—X,.). Here, relative range X, is described by
the vector (x4,¥q). The constant bearing a indicates

X, - (=X,
# = cosa, (5)
”Xa””(_xr)”
which takes the explicit form of
_(xaxa + yaya) _ -r = cosa. (6)

VIZF 2292 /2 + 6202

The assumption that the aircraft approaches with a constant velocity V, gives

VEFE =+ v, )
Thus, Eq. (6) can be rearranged as
7= =V, cosq, (8)
and the solution can be obtained with initial condition 7(0) = 7
r(t) = =Vatcosa + ro. 9)

Substituting Eq. (8) into Eq. (7) leads to a differential equation in terms
of heading 6 which yields the solution described by

Vat
0(t) =6y —In(l — — cosa) tan v, (10)
To
subject to the time constraint 0 < ¢t < r¢/(V, cos ).
The trajectory can also be expressed in terms of range and heading by
replacing time ¢ in Eq. (9) with Eq. (10),

7‘(6‘) _ 7,06(60—0) cota (11)

This is the equation of equiangular motion. For any point on the trajectory,
the intersection angle between the flight direction and line-of-sight is constant
Q.

The following theorem gives the last time moment when the host aircraft
should trigger an evasive maneuver. The time moment is only dependant on
measurements of heading.

Theorem 2 Given minimum range rmin (Tmin 1S the radius of the minimum
allowable flight circle), the aircraft can keep a constant relative bearing o dur-
ing the encounter course until the time moment t* given by

7.0(1 _ 6(0070*) cot a)

V, cos a

= (12)



where the maximum allowable 6* is determined by

0* = — tanln % 4 Bo, (13)
o
and
0* >0y when «€ (0,7/2). (14)

Proof: Given the minimum relative range 7,,i,, the maximum allowable
heading 6* can be obtained from Eq. (11), which takes the form of Eq. (13).
Therefore, the last time moment to trigger evasion maneuver for collision
avoidance can be obtained from Eq. (10), which is expressed as Eq. (12).

It is noticed from Eq. (12) that the evasion time ¢* is related to the initial
relative range ro. In our case, the only available information is heading angle
f and relative bearing «, and we proceed to estimate ry based on these infor-
mation. We firstly collect sufficient measurements of 0;,i = 1,..., N where N
indicates the number of samples. According to Eq. (11), relative range r; at
different sampling time is described by

ri(0;) = roelloveote i —1 N, (15)
which can be transformed into
Inr; =Inrg+ (0 — 0;)cota, i =1,..,N (16)
Introducing the following notation
z;=Inr;, i=0,...,N (17)
bj = (0y —0;)cotaer, j=1,...,N, (18)
converts Eq. (16) into a linear algebraic equation
AX = B, (19)
where
—-11
-10 1
A= |—-100 -1 € RVX(N+1), (20)
-1 0 ......... 1
X =[zo,x1, - ,xn]T € RNFDXL, (21)
B =[by,---,bn]" € RV*, (22)
Since the number of unknowns is larger than that of equations, equation (19)

is under-determined and the minimum norm solution can be obtained which
satisfies min||AX — B||2. The solution takes the form of

X =A*B, A" = AT(4AT)~ 1, (23)
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where A* is pseudo-inverse of A. Once the solution X is obtained, the initial
relative range 7o can be obtained using the Eq. (17). Measurement noise is
an inevitable factor affecting estimation performance of the algorithm in real
applications. In the considered application, white noise is added to measure-
ments of heading to check performance of the proposed algorithm, shown in
Section 5.

3 Spatial Collision Avoidance of a Moving Intruder

We consider avoiding the spatial collision with a moving intruder under con-
stant speed assumptions during the encounter course. The relative bearing a.
and elevation §, during the encounter course are described by

a,. = arctan u, (24)
LTg — Tt
Zg — 2

B, = arctan — ! ) (25)
Lo — Tt

where (24, Ya, 2a) are position coordinates of the host aircraft, and (x¢, vz, 2¢)
are position coordinates of the intruder. The spatial encounter scenario as-
sumes that the host aircraft and the intruder move with constant speeds to-
wards each other and a potential collision will occur unless an avoidance ma-
neuver is triggered. Here, the assumption that the intruder follows a straight
flight with a constant velocity is reasonable since the encounter course does
not persist for a long time and the intruder does not perform abrupt or aggres-
sive maneuvers. When the host aircraft detects the intruder with the heading
0o, relative range ryp can be estimated using the method proposed in Sec-
tion 2 based on measured heading collected up to the period of time when
the encounter course occurs. Given the minimum allowable relative range, a
switching controller is triggered to avoid the possible collisions and the aircraft
is expected to maintain relative bearing «,. in the horizontal plane and relative
elevation (3, in the vertical plane. This is implemented by design of controllers
in consideration of actuator capability. After collision avoidance is achieved,
the host aircraft is commanded by the switching controller to resume the pre-
arranged flight trajectory. For a stationary object, the requirement that the
relative bearing is constant generates a spiral horizontal approaching trajec-
tory. For a moving intruder, it will be seen that, owing to the movement of
relative kinematics, the resultant horizontal trajectory tends to be spiral-like
during the collision avoidance course due to the variations in the relative bear-
ing.
The kinematic equations used to describe motion of the aircraft are

&q = Vg cosfcosy, (26)
Yo = Vg sinf cosy, (27)
Zq = Vg siny. (28)



where (24, ¥a, 2q4) are velocity components of the aircraft. 6 is heading angle
and v denotes flight path angle. The dynamic motion of velocity V,, heading
0 and flight path angles v can be described by [29]

. 1
Vo = E[Y sin 8 4 (T cosa — D) cos 5] — gsin~, (29)
. 1
9: m[(L‘FTSiDG;)SiHU
+ Y cosocos B+ (D — T cosa) cososin ], (30)
1
= mVa[(L—l—Tsina)cosa—l-(Tcosa—D)
1
-sinosin 8 — Y sino cos 5] — 79087, (31)

where V, is the aircraft velocity, m the mass of the aircraft, g the gravitational
acceleration, a the angle of attack, 5 the sideslip angle, v the flight-path angle,
o the bank angle (rotation about the velocity vector), L the lift force, D the
drag force and 7T the thrust force.

The lift force L is described as

L=3S,Cp
Cp = Cro+Cla+CYs;+ Co6,
+ 2‘0/ (Cla+Clq)+CL'M. (32)

Here the dynamic pressure is ¢ = 0.5pV,2 and p is the air density. S,, is the
wing planform area. Explanations to aerodynamic coeflicients Cry and Cg)
are given in [30]. 07 and . are flap and elevator control command. ¢ and M
are pitching rate and pitching moment.

Thrust T is given by

T = gSpT. (33)

where Sp is the area of disc swept out by a propeller blade and T is the thrust
coefficient.
The drag force D is expressed as

D =qS.,Cp
- (CL—Cro)* | s 5
Cp =Cpo + AR +Cp o+ Choa
+C% 6, + CHM M, (34)

and side force Y is
Y = quCY

b
Cy = Oy + Oy ba + Oy b + oo (Chp + Cyr), (35)
T



Here, e is the efficiency factor and AR is the aspect ratio. d, and §, are
aileron and rudder control command. Details for aerodynamic coefficients
T., C]g) and C§}) can be found in [30].

To construct a realistic collision scenario, the host aircraft is commanded
to move with steady-state flight conditions. This indicates the velocity, angle
of attack and pitch angle are kept constant, and accelerations and angular
rates are stabilized to zero. For the UAV model, throttle, elevator and aileron
are properly actuated to achieve steady-state flight in consideration of struc-
tural limitations and servo dynamics constraints. The thrust force is controlled
by choosing appropriate angular speed of engine. Due to the absence of flaps
and rudders onboard the UAV, bank and yaw motion are controlled through
commanding aileron actuators. The bank-to-turn (BTT) control mechanism
is employed and two proportional-integral-derivative (PID) controllers are de-
signed. The first one takes the desired yaw motion as input and stabilizes the
yaw motion to the desired level. The yaw error is then input into the BTT
PID controller and the command is converted to actuate the aileron to stabi-
lize the bank motion in consideration of roll limit. The pitch and altitude are
controlled by deflecting the elevator and a PID controller is designed for this
purpose.

The symmetric flight conditions 8 = 0,Y = 0 convert Eq. (29)-(31) into

. 1
Vo=—((Tcosa— D) — gsinv), (36)
m
; 1 . .
’(/J = W(L-FTSHIG) Sln¢, (37)
1
4= mVa(L+Tsina)cos¢— gc‘zsv' (38)

Here, we assume roll angle (¢) and bank angle (o) are approximately equal
due to the small quantity of the angle of attack a. When steady-state flight is
achieved, the host aircraft moves with an constant velocity and yawing angle.
Also, the stabilized pitch © and angle of attack a indicate that flight-path
angle v = © — a is also constant.

4 Design of the Switching Control System for Collision Avoidance

The control objective is to keep desired relative bearing o and relative ele-
vation S during the encounter course. To implement the proposed strategy, a
switching control scheme consisting of a pre-arranged controller and a colli-
sion avoidance controller is designed, as shown in Fig. 2. For free flight condi-
tions, the pre-arranged controller generates flight trajectories in consideration
of operational and flight envelope requirements. Normally, routine control al-
gorithms are programmed and saved on the flight computer and the most
suitable one is chosen for the specific airspace environment. Such a controller
aims to achieve steady-state flight without consideration of the potential con-
flict collision. During the encounter course, the collision avoidance controller
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Fig. 2 The switching control system for collision avoidance

is triggered once the potential collision is identified by the detect and sense
system on the host aircraft. It arranges an evasive flight trajectory subject to
the constraints that the relative bearing and elevation are desired values.

It is found that the desired bearing of the host aircraft should be tuned
to generate an anticipative flight trajectory subject to operational constraints
when the aircraft is at close vicinity of the intruder. Practically, it is infeasi-
ble for the aircraft to consistently follow the spiral trajectory after collision
avoidance is completed. Thus, as the aircraft is out of the potential collision
region, pre-arranged flight control can be resumed.

A switching controller is introduced to initiate the collision avoidance con-
troller when potential collision is detected, which is triggered by the estimated
relative range (relative range is estimated in the horizontal plane). Once the
relative range reaches the threshold, collision avoidance controller is activated
to generate aileron and elevator command, i.e.,

k;ﬁel+k;pfeldt+k;/’% t <ty

Yema =\ kles + kY [eadt + k592 4 <t <t
0, t>t2

where e; = ¢ — 1, 5 = arctan Z2= Yot ad — 9. The term arctan £2= —% 4 al

denotes the desired yaw of the host alrcraft during the encounter course The
yaw command t.m,q is subject to constraints ¥in < Yemd < Ymaz, and it
resumes to zero after the collision avoidance is completed. (z4,7,) are hori-
zontal positions of the host aircraft, and (x4, y¢) of the intruder. k}f , k;/’ and kw
are proportional, integral and derivative gains of the PID controller. Zero yaw
command indicates that current heading is the desired heading, and there is no

need to drive the BTT to change the yawing. The host aircraft maintains the
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current heading and travels in straight line. The time moment ¢; triggers the
collision avoidance controller which is determined by the threshold of the esti-
mated relative range. to is the time moment to resume the straight-line flight
after collision avoidance which is determined by the relative bearing angle «..
This is the time when the relative bearing angle is less than a prescribed angle.
The prescribed angle is defined by the relative angle between the two aircraft
at time ¢1.

The collision avoidance also includes altitude control through deflecting
the elevator. Initially, both the host aircraft and intruder move at the same
altitude. Once the potential collision is detected, elevator of the host aircraft
increases or decreases so that the host aircraft can ascend or descend to avoid
the collision. When the collision is avoided, the host aircraft resumes level
flight. In this case, the elevation can be considered as pitch, and the control
command is

S o o de
Ocma = ki e3 + kf / ezdt + kg)d—f (39)
h¢ —h t<t
Za — Zt d
e3 = h¢ + h.tan(arctan — + By —O)t>t. (40)

Altitude correction term

Here h? is the desired altitude, h. is a constant used to generate the desired

altitude offset and arctan 22—t + B¢ is the desired elevation during the en-
counter course. kf:) ,k® and kg) are proportional, integral and derivative gains
of the altitude PID controller. The altitude correction term aims to change
altitude of the host aircraft to the desired level during the collision avoidance

course.

5 Simulation Results
5.1 Performance of the Relative Range Estimation

In this section, we aim to evaluate the performance of the proposed relative
range estimation method based on the measured heading angles § when mea-
surement noise is present. Here, the initial heading is 6y = 0, and heading of the
aircraft increases at an angular speed of 10 deg /s. Equation (15) is employed
to generate the heading information. A zero-mean Gaussian random noise is
added to the heading measurements with normal distribution of N(0,0.02).
The initial relative range 7¢ is set to be 600 m. It is shown in simulations that
range estimation accuracy is affected by the number of samples. Estimation
accuracy degrades when an excessive large or a small number of samples are
chosen. The proper number of samples is obtained when mean square errors
between the real and estimated relative range reaches minimum. In the con-
sidered application as shown in Fig. 3, the number of samples is chosen to be
127.
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Fig. 3 Estimation of relative range using the proposed method

The sampled heading with measurement noise is used to construct the
matrix A and vector B following Eq. (23). Once the solution X is obtained,
the estimated relative range r;,% = 1,..., N can be calculated from Eq. (17)
(shown in Fig. 3). The estimated initial relative range 7o is 601.24 m, and the
standard deviation for the estimated relative range is 0.38 m. It is observed
that the proposed method can estimate the initial relative range with good
accuracy.

5.2 Collision Avoidance for Typical Collision Scenarios

In this section, we tested performance of the control system for two typical
collision scenarios when an intruder follows straight flight: head-on and an-
gle interception. Also, the proposed strategy is applied to an intruder with a
curved flight trajectory. Actuator constraints for aileron and elevator are also
taken into account. It should be clarified that the proposed collision avoidance
strategy can be applied to both manned and unmanned aircraft. Motivated by
the availability of the Airborne Systems Laboratory (ASL) [31] as a flight ready
testing capability with a reliable fault-tolerant flight control system'®, we de-
cided to test the collision avoidance strategy using a Cessna model to validate,
identify and remedy possible deficiencies before its implementation on UAVs

L Tt is worth noting that the ASL has autonomous capabilities. Collision avoidance algo-
rithms running on an onboard payload can autonomously command the aircraft. Therefore
much of its behavior is similar to a UAV.
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with safety guarantees. For this purpose we use a high-fidelity Cessna aircraft
model from the Airlib [32] simulation toolbox. The Airlib toolbox provides
a graphical software environment in consideration of aeronautical constraints
for the design and analysis of aircraft dynamics and control systems. Thus,
employment of the Cessna 172 model from the Airlib leads to a reliable per-
formance evaluation of the proposed strategy. Aerodynamic parameters of the
Cessna, as shown in Table 1, are used in simulations to test performance of
the proposed strategy.

For the head-on case, the host aircraft initially follows a level flight with
45° heading. The intruder follows a straight line and moves towards the host
aircraft. Both at an altitude of 60 m. Once the potential collision is detected
based on the minimum allowable range, the host aircraft starts the collision
avoidance strategy by keeping the relative bearing of 40° and relative elevation
of 5 during the encounter course. Control gains for heading are chosen to be
k;f = 1.5, kf’ =0 and k;ﬁ = 0.05. Control gains for pitch are kz(;) = —0.01,k? =
—0.0021 and k§ = —0.01. Another PID controller is used to implement the
BTT control to generate aileron command with control gains k, = —0.05, k; =
—0.1 and kg = 0. It is noticed from Fig. 4 that the host aircraft flies sideways
on the horizontal plane and increases height to avoid collision. Once collision
avoidance is achieved, the host aircraft resumes its pre-arranged route. For the
angle interception scenario, the intruder aircraft moves with initial heading of
135° and the host aircraft of 45°. It is seen from Fig. 5 that the collision
avoidance has been achieved when the desired relative bearing is 60° and
relative elevation is —35° during the encounter course. The control gains are
chosen to be k, = 0.7 and k; = 12. In Fig. 6, the intruder initially moves
towards the host aircraft with a constant heading. During the encounter course,
the intruder changes heading to follow a curved flight trajectory with varying
velocity from 54 m/s to 56 m/s. In this case, potential collision is avoided by
keeping a relative bearing of 30° and relative elevation of 5°. Control gains
are k;f = 1.7, kf’ = O,k;ﬁ = 0.045 for the heading, and kg) = —0.02,k§9 =
—0.004, kf? = —0.015 for the pitch. It is seen that the host aircraft follows
a spiral trajectory in the horizontal plane and increases height to avoid the
collision during the encounter course.

We investigate how the minimum relative range changes with variations
in the desired relative bearing and elevation for the straight flight intruder.
Table 2 summarizes the distribution of minimum relative range for different
relative bearing and elevation. It is noticed that for a given relative elevation,
the minimum relative range increases with an increase in relative bearing. This
indicates that when the desired relative bearing is larger, the host aircraft tends
to follow a spiral-like trajectory with a larger distance from the intruder. For a
given desired relative bearing, the same trend can also be observed. Therefore,
increasing relative bearing and elevation can help to avoid spatial collision
with safety guarantees.
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Table 1 Parameters of the Cessna 172

Parameters Value

m:  Gross mass with full tank 1043.3 kg

g:  Gravitational acceleration 9.80665 ms—?2
p: Air density 1.201 kgm =3
S:  Aircraft wing area 16.17 m?

b:  Wing Span 10.91 m
I.: Moment of inertia about z—axis 1285.3 kgm?
I,,: Moment of inertia about y—axis 1824.9 kgm?
I..: Moment of inertia about z—axis 2666.9 kgm?
I,.: Product of inertia 0

Cro: Aircraft lift curve intercept 0.31

C¢:  Aircraft lift curve slope 5.143

C%:  Change in lift coefficient with time rate of angle of attack 1.3714

Ci‘i: Change in lift coefficient with elevator control 0.43

C}: Change in lift coefficient with pitching 3.9

CM: Change in lift coefficient with pitching moment 0

Cpo: Minimum drag 0.031

e: Efficiency factor 1

AR: Aspect ratio 7.32

Cj;ﬁ: Elevator drag contribution 0.06

C%“: Aileron drag contribution 0.13

CM: Change in drag coefficient with pitching moment 0

Cg: change in side force coefficient with sideslip angle —0.31

Cf,“: Aileron effect on side fore coefficient 0

C%.: Change in side force coefficient with rolling rate —0.037

(5. Change in side force coefficient with yaw rate 0.21

Clﬁ :  Change in rolling moment coeflicient with sideslip angle —0.089

Cf @: Change in rolling moment coefficient with aileron deflection —0.178

C?: Change in rolling moment coefficient with roll rate —0.47

C/: Change in rolling moment coefficient with yaw rate 0.096

Cmo: Zero lift pitching moment coeflicient —0.015

C5: Change in pitching moment coefficient with angle of attack —0.89

C%: Change in pitching moment coefficient with elevator deflection —1.28

C%: Change in pitching moment coefficient with time rate of angle of attack —4.8438
C2: Change in pitching moment coefficient with pitching rate —12.4

CM: Change in pitching moment coefficient with pitching moment 0

CP: Change in yaw moment coefficient with sideslip angle 0.065

C%: Change in yaw moment coefficient with aileron deflection —0.053

C?: Change in yaw moment coeflicient with rolling rate —0.03

C): Change in yaw moment coeflicient with yaw rate —0.099
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Top view for head-on collision avoidance
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Fig. 4 Collision avoidance for the head-on scenario

6 Conclusion and future work

In this paper, a feasible spatial collision avoidance strategy is proposed. The
host UAV is controlled to maintain a safe relative range from the intruder by
keeping the desired relative bearing and elevation during the collision course.
The switching control system is also designed to determine the time moment to
trigger the collision avoidance strategy. Performance of the proposed collision
avoidance strategy is verified in typical collision scenarios. It is demonstrated
that the collision avoidance can be achieved using the proposed strategy. We
are currently working towards the implementation of this approach on our ASL
platform where the simulated scenarios presented here will be tested using two
aircraft. Future work also includes testing the proposed strategy for scenarios
when UAVs are with variable velocity.
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Top view for angle interception collision avoidance
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