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Abstract—1In this paper we present a framework and a
method for sense and avoid to be used with unmanned
areial sytems (UAS). The framework is an essential part to
develop and validate the sense and avoidance algorithms. It
is implemented and used for simulation and on a real system
by using a common interface. The avoidance method in this
paper is based on the fact that the intruder vehicle has certain
limitations in turn rate and acceleration or deceleration. This
is used to define the geometry of the threat zone for every
intruder. In comparison to other geometry based algorithms
the presented method uses the abilities (type) of the intruding
aircraft and its current state. Diverse scenarios have been
simulated successfully in that framework and code for the real
system was generated and implemented.

I. INTRODUCTION

This work is based on a cooperation in the field of
simulation and real word test of cooperative Sense and Avoid
with Automatic Dependent Surveillance - Broadcast (ADS-
B). In the US ADS-B-Out will be mandatory from 2020 for
all aircrafts in Class A, B, and C airspace [1]. This provides
the chance to use ADS-B for Sense and Avoid, since all
information for detecting a collision threat and avoiding it is
available.

The advantage of geometric based approaches compared
to other approaches like probabilistic [2] and optimisation
[3] based algorithms is that they require less processing
power. So they are usually more suitable for small UAVs
with limited computational resources.

Other geometric based algorithms like [4][5][6] are often
based on a fixed definition, which causes a less efficient way
to avoid possible threats. Predictive algorithms [7] solve this
problem by predicting the intruders and its own path and
check if there is a risk of collision without or minimal use
of a collision zone. The prediction is usually very consuming
on processing power or restricted. The method presented here
is a combination of predictive and geometry based algorithm.

A general overview of sense and avoid can be found in
[8] [9] [10]. The main focus of this survey is the avoidance
part and possible solutions of it.

The avoidance algorithm is first implemented into a sim-
ulation environment. The focus was set on the interfaces,
which reflect those being present in a real system. This gives
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the ability of an easy and reliable implementation in the real
system via automatic code generation.

II. STRUCTURE OF THE SIMULATION

The Simulation was divided into several modules, which
communicate via UDP commands. This allows an easy
interchange of modules or the ability to relocate them. The
Structure of the whole simulation is shown in Fig. 1.
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Fig. 1.

Structure of the simulation

The Simulation is divided in three separate parts. Flight-
Gear was used to simulate the the flight mechanics of
the UAV and Intruders as well as for Visualization. The
UAV is controlled by the trajectory control module which
consists of a basic control with an interface for replanning
a trajectory. This is realized in Matlab and runs under soft
real-time. Another Matlab instance tracks the surrounding
traffic, conducts a threat estimation and gives, if necessary
an avoidance advisory to the trajectory control module.

In a real system the trajectory control module is part of the
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way this part was implemented by ourself. The other part can
be implemented outside of the main loop of the autopilot or
even on a separate controller / computer.

III. BAsic CONTROL OF THE UAV
A. Lateral Control

For short distances, the following approximation of the
latitude ¢, longitude A and Earth radius R are sufficient.

Ax = cos(pr)R(Ap+1 — k) (D

Ay = R(pr+1 — ¢r) )

Whereas Az and Ay are the distances between the
waypoint W Py and the following waypoint W Py ;. The
desired heading . to the next waypoint is calculated by the
following formula.

0 Ay

The difference xya between the actual heading y and the

desired heading x. is used to define the desired roll angle

e

XA = X — Xe 4

The difference between the heading of the UAV and the
heading of the desired track is limited +45deg. This ensures
that the UAV is still flying into the desired direction towards
the next waypoint.

—45deg < xa < 4bdeg (®)]

Whereas desired heading x A, is determined by the inverse
of the actual velocity over ground V, the shortest (perpen-
dicular) distance to the line between the two waypoints d
and a parameter kg .

1
Xa, = kayzd (6)

The desired roll angle is calculated as followed. Whereas
ky is a parameter which has to chosen suitable.

Vv
be = k’wg(XAc - Xa) (7)

The desired roll angle is limited +45deg to avoid too
extreme reactions.

—45deg < ¢ < 4bdeg (8)

The difference between the desired roll angle ¢. and the
actual ¢ is used to calculate the necessary deflection for the
aileron (.

¢ =ky(dc —¢) (©))

B. Vertical Control

The vertical control needs to control two settings, the
deflection of the elevator ¢ and the power setting 1 for the
engine. Both are coupled through their limitations.

1) Elevator: The desired flight path angle 6, is dependent
on the actual hight h, the desired hight h. and a parameter
k.

Oc = kn(h — he) (10)

0 is limited in this case to 5deg to avoid overwhelming
the aircraft.

—5deg < 0. < 5deg (11

The difference between the desired flight path angle 6,
and actual flight path angle 6 together with the parameter kg
is used to get an elevator command &. To avoid a continuous
offset a integrating part is added.

§:k9(0—96)+kf0/(0—96)dt (12)

2) Motor Power Requirement: In comparison to most
other flight control algorithms the speed is not directly
controlled. The speed is a result of the flight path angle 6 and
the power setting of the engine 7. In this work is the power
setting is depending on the flight path angle # and desired
speed Vrag. This works very well since small derivations
on the power P cause even smaller changes on the speed
Vras.

P~ Vigs (13)

The power required by the engine is dependent on the
change of the potential energy mgh, the horizontal acceler-
ation maV and the drag $pC,, V.

. 1
P:mgh+maV+§prV3 (14)

For a desired constant speed the power requirement 7) can

be calculated as follows.

n=c10c + caVrasVras + c3 (15)

Whereas ¢, ¢o and cg are factors which have to be chosen
depending on the UAV.

1V. AVOIDANCE

The Avoidance is achieved by determining the possibility
of a collision a short time period into the future (e.g. 30s).
If there is a possibility of collision then a heading command
is given to the basic control. The intention of the heading
command is to increase the side distance as much as possible.
For this, the heading command is calculated as the gradient
at the possible intersection point in the future of the threat
function 2.
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A. Threat Region

The threat region is calculated for a certain time At into
the future. Figure 2 shows a curve with a constant azimuth
rate ¢); which is equivalent to a constant roll angle ¢;
(16). Whereas V; is the speed of the intruder and g is the
gravitational acceleration.

-9 ,
;= V. tan(¢;)

3

(16)

Fig. 2. Determination of the threat region

With formula (17) to (20) the position of the intruder (z?

yﬁ ;) can be calculated as if it would fly for the time peri(;d
At with a constant roll angle ¢;.

= At (17)
r= Viat (18)

w
xfl = rsin(u) (19)
yp; =11 —cos(n)) (20)

This can be done for the whole range of possible roll
angles so that the shape of the threat region is calculated by

21)-(23).
17 sin(p)
Mﬂzwmlﬂ&m @D
1,0 m
_’(/.}i,ma:z:At <p< "bi,mamAt (22)
'(/)i,ma;ﬂ = % tan(¢i,ma;v) (23)

The result is the threat region shown in Fig. 3.

zﬁi,maw is the expected maximum turn rate for the intruder
aircraft. A standard full circle takes 2min which is equal to
a turn rate of 3%.
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Fig. 3. Region where threat of a collision can exist

B. Threat Detection

For the threat detection the position of the UAV in
global coordinates P, ;, has to be transformed into intruder
coordinates F, ; for easier calculations (24)-(26). ), 4 is the
azimuth angle of the intruder in the global coordinate system
and v, 4 is the azimuth angle of the UAV in the global
coordinate system.

| cos(=vig)  sin(—1hy )
R el B

P, ; is the position and 1), ; is the azimuth angle of the
UAV in the intruder coordinate system.

X — I
P,i=Qq, | “9 25
0,0 g, |:yo’g _yi,g] (25)
qpo,i = wo,g - 1/)1:,9 (26)

With the heading of the UAV the position Pf‘f is deter-
mined at the time At.

POA,it — Po,i + ‘/zAt |:COS(1Z}012-):| (27)

Sin(¢o,i)

If this position is touching or inside the threat region, a

possible threat of a collision is detected. To determine if

POAj is inside the threat region in an efficient way, the threat
region is approximated by (28)-(29).

At
* 2 —1 0,1 2
L cos (ViAt) (28)
1 _ *
= VAL CO*S(M ) (29)
I

If |y*| > [y2f| , a possible collision is detected. An
avoidance resolution will be generated in this case.
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C. Avoidance Resolution

Based on the current location of the UAV P, ; relative to
the intruder, a new desired heading is generated. If y,; > 0
, the new desired heading is set to T + ¢; 4. In any other
case it is set to —75 +1); 4. The basic controller is supposed
to hold that heading for the time period of dt.

D. Simulation Results

The simulation shows the view from the UAV. The right
side of Fig. 4 shows the map with the threat region of the
intruder with the aircraft (UAV) in the middle.

Fig. 4. Screen shot of simulation short before threat detection

Once a possible threat is detected (predictor intersects
threat region) the map turns red and the avoidance manoeuvre
is performed (Fig. 5).

Fig. 5.

Screen shot of simulation short after threat detection

After the threat no longer exists the UAV goes back to its
original flight path (Fig 6).

In figure 7 trajectories of the UAV and the position of the
intruder with threat region for different times are shown.

A video of this example scenario can be found in [11]

V. IMPLEMETATION

The algorithm developed should now be tested in an
unmanned flying system. Threat detection and resolution will
therefore be implemented in an existing autopilot system.

Since most civil applications for UAS are developed using
small unmanned aircraft systems (sUAS), we will focus on
this kind of implementation first. As a consequence, ground

Fig. 6. Screen shot of simulation while intersecting planned trajectory

Fig. 7.
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based systems for traffic detection will be used. It also allows
for operation and testing in visual line of sight (VLOS),
which does not require restricted airspace in most countries.

A. Platform

The UAV autopilot system Paparazzi [12] was started as
an open source project in 2003 [13]. Since then, it has been
widely used in research and applications [14][15]. Several
hardware platforms are available, allowing the control of
small to large flying systems, both fixed and rotary wing.
Through its main base is in academia, a focus is modularity
of the software system, which is a big difference to many
other systems, including commercial ones. This allows for
the addition of flight algorithms and interfaces, being very
important in the context of the problem considered here.

On-board software is generated by a build-system, in-
cluding all configured modules and subsystems. The ground
station is modular by connecting data-link, user interface and
data server by a publisher-subscriber bus (Fig. 8), called IVY
[16]. There are also simulator and interface modules to be
connected to the ground station bus to allow for simulation
and interfacing with other applications.

Multi-UAV functionality is already included in the system,
providing information of all planes connected to the ground
station to all other flying systems. This information has since
been used for following of aircraft or formation flying. We
will use the data as input to the avoidance algorithm.

A Paparazzi Lisa/M2.0 Autopilot is used for the imple-
mentation presented here. The complete system including
GPS and telemetry weighs less then 40 grams. The setup is
shown in Fig. 9. Small and lightweight aircraft are used for
testing to reduce cost and risks.
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Communications between the Paparazzi agents
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Fig. 8. Paparazzi ground station bus system (source: [12])

Fig. 9.

Paparazzi Lisa/M hardware setup (source: [12])

B. Integration

A functional interface was defined to use the same algo-
rithms in Matlab simulation as in the autopilot. For compi-
lation in the Paparazzi environment, a wrapper was created
making it a navigation module. Every other aircraft in the
autopilot system will now be recognized as a threat, when
criteria of the algorithms are met.

As described earlier, a software in the loop (SIL) sim-
ulator is included in the paparazzi system. It is used to
test functionality of the implementation by starting two of
these airplane simulation processes, one using the avoidance
algorithm. After functionality has been verified, the software
is loaded onto the autopilot and tested in flight, while the
intruder is still a simulated aircraft. In the last step of testing,
two UAV are used, one acting as the intruder.

In the final setup, all intruders to be recognized will be
put as signals to the ground station bus. The next chapter
will describe the technology.

By using this step by step approach, we can safely test
the limits and the performance of the avoidance algorithm.

C. Detection of manned aircraft

Intruder detection is one of the most challenging tasks
in the field of UAS. Especially small UAS do not allow

the installation of complicated and heavy optical or radar
systems like proposed in [17], [18]. Therefore external
systems involving cooperating traffic are considered to be a
solution. As stated before, ADS-B is considered a candidate
for such a system [19]. ADS-B only covers powered aircraft
at the moment, we also include the FLARM system [20].
The FLARM system is installed in the majority of glider
airplanes in Europe.

We have implemented two interfaces to our autopilot
system. Using a PowerFlarm (Fig. 10) system as a receiver,
airplanes equipped with ADS-B or FLARM are detected. Via
a serial interface and a special software module, this data is
read from the device and injected to the Paparazzi data bus
as intruder aircraft. Drawback of the solution is the price,
which is 1800 €.

Fig. 10. Powerflarm device (source: [20])

As a cheap solution an open source software defined radio
receiver for ADS-B was adapted to the autopilot system.
Using a commercial USB digital terrestrial television receiver
(DVB-T), the signal can be decoded [21], [22]. The interface
program calculates the positions of all received aircraft
relative to the UAV and sends the closest one to the autopilot
as the intruder. All data is also visualized in the ground
station, as seen in Fig. 11.
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ADS-B receiver showing intruder in ground station

As an additional test, a simulated aircraft can be used
to test the reaction of the UAV to a real (ADS-B) intruder
without having to fly it close to a manned aircraft.

When using larger UAYV, the receiving and processing of
intruder data can be performed on-board, increasing range
significantly.
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D. Status

Integration of all parts of the sense and avoid system
to the autopilot has been performed. Intensive SIL testing
confirmed proper fuctionality. Planes with integrated autopi-
lots are in use for several tasks since many years. Flight
tests included multi-UAV flights. Step by step testing of the
sense and avoid system in flight will commence as soon as
conditions allow.

VI. CONCLUSION

The method presented works well for single intruders.
Through the prediction, the UAV can detect a possible
threat and avoid it well in advance. Compared to other
algorithms using prediction this method is very efficient
with computational requirements and can, as shown, be
implemented in a small autopilot like Paparazi. Compared to
algorithms with a fixed threat zone the introduced algorithm
incorporates a more realistic threat prediction. This leads to
avoidance manoeuvres when the risk actually exists, and less
unnecessary avoidance manoeuvres.

All simulations have been performed with a single intruder
at a time. Problems could arise if there is more than one
intruder at one time or if the intruder is changing its speed
quickly. For general aviation this is usually not the case,
since the performance is very limited. Commercial airliners
have more performance and can accelerate very fast, but for
passenger comfort and through limitations they are not using
these capabilities.

An implementation using the open source autopilot Pa-
parazi has been performed. Simulation results are as expected
allowing for start of real flight experiments. By including
the two most common cooperative sense and avoid systems,
ADS-B and FLARM, the system has the potential to be used
in real applications.
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