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ABSTRACT

In this study, previously proposed panel method
based guidance algorithm is tested in a high -
delity simulation environment and in real-life
scenarios with a xed wing mini unmanned
aerial vehicle. Panel method is a numerical tool,
borrowed from uid dynamics domain, that can
generate collision free, smooth paths in environ-
ments with arbitrarily shaped obstacles. It guar-
antees convergence to global minima with little
computational load. Local vector eld generated
by the panel method is used to demonstrate a
simple path-planning and guidance of the xed
wing micro aerial vehicle with hardware experi-
ments. Experimental results suggest that the pro-
posed algorithm can generate collision free paths
for a xed wing aircraft without violating the ve-
hicle's limited ight envelope.

ing the problem as a large optimization problem with con-
straints. Different cost functions can be considered to op-
timize time, distance, energy consumption, number of ma-
neuvers, etc. Constraints may include dynamics of the vehi-
cle and air traf c regulations[3, 4, 5, 6]. Second approach
is employing potential functions where repulsive functions
prevent collisions and attractive functions guide the vehicle
to its destination [7]. Potential eld method for path plan-
ning is applied in various elds from wheeled ground vehi-
cles to unmanned aerial vehicles [8, 9, 10, 4, 11, 12]. Main
advantage of this approach is its simplicity and easy imple-
mentation. The potential eld method suffers from two major
drawbacks. First one, the vehicle may get trapped in a local
minima and secondly, the vehicle cannot reach to its desti-
nation if there are obstacles nearby due their repulsive force
[13, 14]. Harmonic potential elds, a sub category of poten-
tial eld based approaches, overcome the local minima limi-
tation and produce constrained and well-behaved robot trajec-
tory in static and dynamic environments [15, 16, 17, 18, 19].

An example of harmonic potential eld is the potential eld
1 INTRODUCTION of an irrotational ow of an ideal uid [20, 12]. The stream

In the air transportation industry, fuel cost and expenseéunctions and streamlines can be obtained by using the po-
associated with manpower are the rst and second |arge§pntial eld and then used as vehicle trajectories for solving
cost components respectively [1]. Therefore, having fully authe problem of navigation with obstacle avoidance. Analyt-
tonomous vehicles is desirable. Without a pilot present tdc@l solutions can be obtained by combining elementary po-
operate the vehicles, path planning and guidance become infentials such as uniform ow, sink, source and vortex, can
portant issues to be addressed. only be used to generate collision free paths around relatively
The goal of path planning is to determine a collision-free patrSimple geometries, such as cylinders [21, 22]. To compute
for a vehicle from an initial point to a target location. The paththe velocity eld around complex shaped obstacles a numeri-
planning problem is usually mathematically large in size ancf@l tool, namely panel method can be employed. Previously,
computationally expensive, often hard to solve even of ine.Panel methods were used for robot motion planning and tar-
Therefore, methods that provide fast solutions to dynamic trag€t tracking [23, 24, 25, 2].
jectory generation for aerial vehicles, while providing obsta-More recently, panel method solution is used for addressing
cle avoidance and collision avoidance are valuable [2]. path planning problem in urban air mobility [26], where as-
Path planning for unmanned aerial vehicles (UAV) is well SUming complete knowledge of the city map, path of each
studied in literature. Classical approaches in path planninyehicle in an air taxi eet is determined simultaneously us-
for autonomous vehicles in literature can be divided into twoiNd Panel method. Panel method based guidance algorithm
sub categories: optimization problem based methods and p#@s previously tested on quad-rotor platform [27, 28]. Quad-
tential eld based methods. The rst approach is formulat- Fotors do not suffer from minimum speed of turn radius lim-
itations. Hence, following the desired path is not a prob-
lem. On the other hand, xed wing aircraft would stall at
low speeds or cannot go backwards or sideways etc. There-
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fore, generating paths that can be followed by a xed-wingvelocity induced byj th panel onith panel can be expressed

UAV is a challenging task. asV =(u;v); given in Equation 3.

In this paper the method proposed in [26] is tested for xed-

wing platform in a realistic simulation environment and hard- u_ § 01 X X 3)
ware experiments are conducted in France. Experiments are % 2r ? 1 0 vy v

. . . 1)
held in a local RC air eld runway located in Muret, France.

Aim of this Study is to test the previous'y proposed pane'TO nd the unknown VortiCity a boundary condition has to be

method based guidance algorithm [27, 28] with a xed wing €nforced: the normal component of velocity induced at ob-
aircraft. stacle surface has to be zero such that no ow can go in or out

of the obstacle boundary. After applying this boundary con-
2 GUIDANCE METHODOLOGY dition, panel method problem can be expressed as a system
This paper follows the panel method based guidance alef linear equations given in Equation 4.
gorithm that was previously studied[26, 27, 28].

2.1 Panel Method Preliminaries
Panel method is a numerical tool commonly used in uid
mechanics and aerodynamics domain for calculating the ve-

locity eld of the irrotational ow of an ideal uid around Here K is a coef cient matrix and ; is the unknown vortex
arbitrarily shaped objects. Panel method calculations requ”?trength on pangl. Components oK ; are the normal ve-

the surfaces of the obstacles to be divided into discrete e'%city induced byj th panel orith panel as given in Equation
ments called panels (hence the name panel method) as shogn

in Figure 1. Then, each panel is assigned a ow element (such’

as sources, doublets or vortices) with unknown strength. In

this study, prescribed ow elements are selected as point vorThe vectorRHS consists of normal component of free

tices. stream velocity. Solution of the system of linear equations
Let D be a region in<? containing an ideal uid and given in Equation 4 gives the unknown vortex strengths on

obstacle surface.

When the strength of every ow element in the regibn2

Kij i = RHSi (4)

Ki j=(uv)j ® (%)

RHS; = wu; cos i vi sin j (6)

P <2 is known, the uid velocity at any point can be calculated
o using Equations 1 and 2 .
7 panei @e\)‘f . o Panel method is well studied in uid mechanics and aerody-
SR namics domain. Reader may refer to [29, 22] for detailed
}v@/' Parl - ) derivation of panel method.

mth panel
2.2 Panel Method in Guidance Problem
7 After solving Equation 4 for unknown vortex strengths,
points uid streamlines can be obtained. By de nition uid stream-
Figure 1. Panel distribution over the surface of a body of arines do not cross each other and avoid coliision with objects

. on their path. Hence, resultant streamlines can be used as
bitrary shape [29]. . . .

vehicle trajectories.

Following [26, 27, 28], panel method equations are further
modi ed to t the needs of the guidance problem.
First, a point sink element is introduced RHS vector to
represent a goal position for the vehicle (Equation 7).

Boundary
points

P = (x;y) be any point inD. Velocity of the uid can
be described a¥ = (u;v). By Biot-Savart Law, velocity
induced by a point vortex element placed tit panel on any
pointP 2 D can be calculated in terms of unknown vorticity
strength as shown in Equations 1 and 2.

RHS; = u; cos i Vi Sin j
IRV L . ()
Uu=s-"2 1) Usink COS |  Vsink SIN |
pi
v= (x;  x) @) Panel method has built in obstacle avoidance property as
2 rgj streamlines cannot cross obstacle surfaces; however, to

avoid collisions between vehicles and additional element is
where (xj;y;)" denotes the position of the point vortex required. To that end, each vehicle is modeled as a point
andrp; = (X Xj)?+(y y;)?is the distance between source element and the velocity induced by these sources are
point vortex element and the poiRt = (x;y)T. Similarly, included inRHS vector as in Equation 8.
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2.3 Panel Method and Automatic Flight Controller Integra-

RHS, = Uy cos | Vi sin | tion for Guidance
Block diagram for panel method based guidance is pre-
X n X n ; sented in Figure 2. Panel method requires vehicle positions

Usource COS i Vsource SIN i (8
n=1 n=1
. Obstacle
Usink COS |  Vink SiN |  Veriees

Vehicle
Position

Finally, to increase the safety perimeter around the obstacle
safety source elemeinttroduced in [27] is included iIRHS
vector in Equation 9.Safety source element is an point sourc
element that travels with the vehicle itself. The safety source
element ampli es the vortex strengths on the obstacle edge
that are in the vicinity of the vehicle. Consequently, obstacles
push the vehicle further away to a safer distance.

Normalization
and scaling

4 R FIOV\_/ 4
Panel Method Based velocty
Guidance

) o
Vehicle
e _ Velocity
N\
=)

I DY Ve N
Heading Velocity
Error to Error to [
AIC ,
Desired Roll Heading | Heading [Velocity
_) Roll Angle Angle ) Emor | Error ) Error

A

Desired
Velocity

RHS; = ug cos i vi sin | Automatic Flight Controller
Ulurce COS | VD e SIN ©) Figure 2: Block diagram for panel method based guidance.
n=1 n=1
Usink COS i  Vsink SIN | and obstacle position as input. First, Equqtion 4 ha§ to be
Usafery COS | Vaarery SIN | solved for unknown vortex strengths. Coef cient matkixin

Equation 4 is a constant and can be calculated and inverted of-
ine to reduce computational load. After vortex strengths are
is the total number of vehiclesisource andvseurce are veloc-  found, ow velocity at current vehicle position can be calcu-
ities induced by point source elements;inx andvgjnk ve- lated using Equation 10 and Equation 11. This velocity has to
locity induced by sink element that represents the goal posibe normalized and scaled. Flow velocity is greater in narrow
tion. usatety @ndvsatery are the velocities induced tsafety  passages and near goal position; however, the opposite veloc-
source elemerintroduced in [27]. ity regime is safer and more desirable for vehicles. Hence,
After all the unknown vortex strengths are found, ow veloc- ow velocity is also inverted before being fed into automatic
ity V = (u;v) atany pointP = (x;y) 2 D can be calculated ight control system as desired velocity.

using the relation given in Equation 10 and Equation 11.  Automatic ight controller calculates velocity error and con-
6 X verts it to heading error following the method presented in

Here,u; andv; are components of free stream velochty.

U= X Xg . X nX Xn sk X Xsk [30]. Then, heading error is converted to roll angle error con-
2 r§ =1 2 ra s=1 k=1 2 r2 straint by a sustained turn. Finally, desired roll angle is fed to
(10)  the vehicle.
Reader may refer to [26, 27, 28] for detailed derivation of
method.
ve Y ¥ X oy o X ay v
) 2 2 2 > 2 3 EXAMPLE SCENARIO

n=t s=h k= (11) In this study, panel method based guidance algorithm is

utilized for a xed wing aircraft ying in an outdoor arena
Here, goal position is denoted By = (Xg;Yg) and sink  with several no-y zones. Figure 3 shows an example ight
strength associated with this goal position iSN is the total — arena. Here horizontal axis is East direction and vertical axis
number of vehicles in the arena and each vehicle has a soureeNorth direction. All distance units are in meters. Solid ma-
assigned to them with strength,. Position of vehicles are genta shapes represent the no-y zones and act as obstacles
denoted a®, = (Xn;Yn). S andK are number of obstacles in panel method calculations. One of the strengths of panel
and number of panels respectively. Position of a vortex elemethod is that it can generate a ow eld around arbitrarily
ment on a given obstacle and panel is denotefkas, ysk) shaped objects. Lighter colored regions around no-y zones
and associated vortex strength ig. the Euclidean distance are the safety perimeters that are obtained by in ating the ob-

between the poinP and the goal position is given ag.
Similarly, r,, is the Euclidean distance between pdnand

ject boundaries by an amount srh.
In Figure 4, streamlines and paths followed by different

nth vehicle in the region andsk is the distance between vehicles are plotted. Start position is indicated with a blue

pointP andkth panel on obstacle

SEPTEMBER 12-16, 2022, DELFT, THE NETHERLANDS

circle and goal position is marked with x. At the start posi-
tion, using the formula given in Equations 10 and 11, desired
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velocity is calculated. This desired velocity is normalized and
fed to the vehicle as a desired heading command. As the ve
hicle travels in the desired direction, ow velocity calculation
is repeated for new position and desired heading command :
updated until the vehicle reaches its goal position. Paths ploi , , |
ted in Figure 4a and Figure 4b are the resultant trajectorie 2 0 — o
followed by vehicles from indicated start position to marked
goal position. In both cases, vehicles converge to goal po
sition following the streamlines. Since all streamlines lead -200 -100 O 100 200
to the sink placed at the goal position, vehicles would arrive East-direction --> {m)

to the destination irrespective of their start position. Further-
more, since goal position can be placed any point on the map,

collision free path between any point on the map can be gengigure 4: Streamlines and paths of vehicles with different
erated. start positions and destinations.

4 |IMPLEMENTATION AND FLIGHT PERFORMANCE

For simulation_s and real- ight experiments, open-sourceddone within 500 m radius. An RC-Transmitter is used to en-
Paparazzi Autopilot system [31] has been employed. Thesure the safely recovering of the vehicle in case of loss of

§|mulat|on environment resorts on the ‘JSBS.IM ight dynam- control in autonomous mode or any unprecedented situation.
ics model and presents a suf ciently realistic demonstration

during the development of the panel-method based guidance
algorithm. In the following sections, detailed description 0f4.2  Flight Experiments
the test platform and the ight experiments are discussed.

200 {0\

o
o

100+

orth-direction =-> {m}
[=]
=

o
[N

Normalized Flow Velocity in x-direction

-100

e
=}

(b) Streamlines and path of vehicle 2.

Outdoor runway experiments are conducted in a local RC
4.1 Experimental Platform air eld runway located in Muret, France, thatis 124 ml2.5

An overview of the complete ight test system is shown m in size, as shown in Fig. 5b.
in Figure 5a. A small xed-wing UAV has been used for ENAC has privileged access to this air eld, and can do
the real- ight experiments. A laptop running Unix/Linux for tests in a volume of 500 m radius and up to 150 m height
Ground Control Station is used to control the autonomougwhich can be increased to 450 m in certain cases).
mission and also to send the reference velocity input cal- For outdoor ight experiments, 2 scenarios are considered.
culated by the panel-method based guidance algorithm duiFhe mission for the rst scenario is plotted in Figure 6. Be-
ing ight. An X-Bee radio modem, attached on the side fore the mission starts, aircraft is loitering around a standby
of the computer screen in Figure 5a, is utilized for teleme-position just outside the ight mission arena indicated with
try between the aircraft and the Ground Control Station and start arrow on Figure 6a. Standby position is marked
datalink communication was suf cient as the ight tests were with a red diamond in lower right corner of Figure 6b, and

SEPTEMBER 12-16, 2022, DELFT, THE NETHERLANDS 28
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Speci cation Units
Wing Span 1.2 [m]
Surface Area 0.28 np?]
Mass 0.75 [ka]
Battery Capacity 30 [Wh]
Flight speed 12 [m/s]
Flight time 60 [min]
Components

Motor T-Motor 2208/18 - Kv 1100
Autopilot Paparazzi Chimera v10

GPS U-Blox M8N

Companion board Raspberry Pi Zerov 1.3

(b) Outdoor ight facility at Muret, France.

Figure 5: Complete ight test system and ight facility.

loiter path is indicated with a green circle around standby
point. Goal positions are marked with stars in Figure 6a and
no-y zones are painted with magenta. Furthermore, no-y
zones can also be observed in Figure 6b as red polygons.
The mission of the aircraft for the rst scenario is to travel
between points A-B-C-D-E sequentially without entering the
no-y zones. After reaching point E the vehicle repeats the
sequence until it is called back to standby position again.
Arrows plotted on the path in Figure 6a are the instantaneous
ow velocity calculated by panel method. The difference
between the instantaneous ow velocity plotted here and
the vehicle velocity is used for heading error calculation in
automatic ight controller as discussed in Section 2. For all
simulated cases, ground speed of the vehicle wdSmats
and maximum bank angle was limited30 degrees.

In Figure 7, path logged in real ight test for scenario
1 in Muret, France is plotted. In this case, the vehicle is
to travel between points A-B-C-D-E and repeat the task
until it is called back to standby position. Although path
followed by the vehicle in real ight is slightly different from
the simulated case, the vehicle successfully completes the
mission several times without entering into the no- y zones.

North-direction --> (m)

Table 1: Airframe Speci cations

100 -2

w
o

—200 -100 O 100 200
East-direction --> (m)

(a) Simulated path and desired velocity vectors.

(b) Simulation for ight facility at Muret, France.

Figure 6: Simulations for Scenario 1.

Since all the equations in panel method is non-dimensionalt can be scaled to larger problems. In that respect the second

SEPTEMBER 12-16, 2022, DELFT, THE NETHERLANDS
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bank angle was limited t60 degrees.

5 CONCLUSION AND FUTURE WORK

This study focuses on experimental evaluation of the
method presented in [27, 28] on xed wing platform. Guid-
ance for a xed wing aircraft is a challenging task due to the
constraints on minimum speed and turn radius. Panel method
imitates uid ow and generates easy to follow smooth tra-
jectories for vehicles. Simulations and ight experiments in-
dicate that xed wing aircraft can follow the collision free
paths generated by panel method without exceeding the ight
envelope limits.

As future work, panel method algorithm can be further im-
proved to generate even smoother paths that can guarantee
both obstacle avoidance and envelope protection.

Figure 7: Real ight log for Scenario 1.
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[1]

(2]

3]

[4]
Figure 8: Real ight log for Scenario 2.

[3]
scenario is conducted in a larger airspace as shown in Figure
8. Moreover, instead of rectangles, this second arena also
contains arbitrarily shaped no- y zones. Again, the vehicle is
loitering around the stand by position outside the map. The
mission is to travel between point A-B-C-D-E sequentially [
and returning to point A again to repeat the task.

In scenario 1, relatively smaller arena is used. When con-
ned in a such narrow space, minimum turn radius of the
xed wing aircraft becomes a limiting factor. Conversely,

in scenario 2 much larger area is used; thus, there was
enough space for maneuvers at goal locations. To make
this scenario more interesting no-y zones placed to create
narrow corridors between goal locations. For real ights, the [8]
ground speed of the vehicle was seflfan=s and maximum

6]
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