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A BSTRACT
In this study, previously proposed panel method
based guidance algorithm is tested in a high fidelity simulation environment and in real-life
scenarios with a fixed wing mini unmanned
aerial vehicle. Panel method is a numerical tool,
borrowed from fluid dynamics domain, that can
generate collision free, smooth paths in environments with arbitrarily shaped obstacles. It guarantees convergence to global minima with little
computational load. Local vector field generated
by the panel method is used to demonstrate a
simple path-planning and guidance of the fixed
wing micro aerial vehicle with hardware experiments. Experimental results suggest that the proposed algorithm can generate collision free paths
for a fixed wing aircraft without violating the vehicle’s limited flight envelope.
1

I NTRODUCTION

In the air transportation industry, fuel cost and expenses
associated with manpower are the first and second largest
cost components respectively [1]. Therefore, having fully autonomous vehicles is desirable. Without a pilot present to
operate the vehicles, path planning and guidance become important issues to be addressed.
The goal of path planning is to determine a collision-free path
for a vehicle from an initial point to a target location. The path
planning problem is usually mathematically large in size and
computationally expensive, often hard to solve even offline.
Therefore, methods that provide fast solutions to dynamic trajectory generation for aerial vehicles, while providing obstacle avoidance and collision avoidance are valuable [2].
Path planning for unmanned aerial vehicles (UAV) is well
studied in literature. Classical approaches in path planning
for autonomous vehicles in literature can be divided into two
sub categories: optimization problem based methods and potential field based methods. The first approach is formulat* Email
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ing the problem as a large optimization problem with constraints. Different cost functions can be considered to optimize time, distance, energy consumption, number of maneuvers, etc. Constraints may include dynamics of the vehicle and air traffic 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 field method for path planning is applied in various fields from wheeled ground vehicles to unmanned aerial vehicles [8, 9, 10, 4, 11, 12]. Main
advantage of this approach is its simplicity and easy implementation. The potential field 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 destination if there are obstacles nearby due their repulsive force
[13, 14]. Harmonic potential fields, a sub category of potential field based approaches, overcome the local minima limitation and produce constrained and well-behaved robot trajectory in static and dynamic environments [15, 16, 17, 18, 19].
An example of harmonic potential field is the potential field
of an irrotational flow of an ideal fluid [20, 12]. The stream
functions and streamlines can be obtained by using the potential field and then used as vehicle trajectories for solving
the problem of navigation with obstacle avoidance. Analytical solutions can be obtained by combining elementary potentials such as uniform flow, sink, source and vortex, can
only be used to generate collision free paths around relatively
simple geometries, such as cylinders [21, 22]. To compute
the velocity field around complex shaped obstacles a numerical tool, namely panel method can be employed. Previously,
panel methods were used for robot motion planning and target tracking [23, 24, 25, 2].
More recently, panel method solution is used for addressing
path planning problem in urban air mobility [26], where assuming complete knowledge of the city map, path of each
vehicle in an air taxi fleet is determined simultaneously using panel method. Panel method based guidance algorithm
was previously tested on quad-rotor platform [27, 28]. Quadrotors do not suffer from minimum speed of turn radius limitations. Hence, following the desired path is not a problem. On the other hand, fixed 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 fixed-wing
UAV is a challenging task.
In this paper the method proposed in [26] is tested for fixedwing platform in a realistic simulation environment and hardware experiments are conducted in France. Experiments are
held in a local RC airfield runway located in Muret, France.
Aim of this study is to test the previously proposed panel
method based guidance algorithm [27, 28] with a fixed wing
aircraft.
2

G UIDANCE M ETHODOLOGY

This paper follows the panel method based guidance algorithm that was previously studied[26, 27, 28].


 


γj
0 1
u
xj − xi
=
2
−1 0 yj − yi
v
2πrij

P = (x, y) be any point in D. Velocity of the fluid can
be described as V = (u, v). By Biot-Savart Law, velocity
induced by a point vortex element placed at jth panel on any
point P ∈ D can be calculated in terms of unknown vorticity
strength γ as shown in Equations 1 and 2.
u=

γj (yj − y)
2
2π rpj

v=−

γj (xj − x)
2
2π rpj

(1)
(2)

where (xj ,p
yj )T denotes the position of the point vortex
and rpj = (x − xj )2 + (y − yj )2 is the distance between
point vortex element and the point P = (x, y)T . Similarly,
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Kij γj = RHSi

(4)

Kij γj = (u, v)ij · n⃗i

(5)

Here, K is a coefficient matrix and γj is the unknown vortex
strength on panel j. Components of Kij are the normal velocity induced by jth panel on ith panel as given in Equation
5.
RHSi = −u∞ cos βi − v∞ sin βi
(6)
The vector RHS consists of normal component of free
stream velocity. Solution of the system of linear equations
given in Equation 4 gives the unknown vortex strengths on
obstacle surface.
When the strength of every flow element in the region D ∈
ℜ2 is known, the fluid velocity at any point can be calculated
using Equations 1 and 2 .
Panel method is well studied in fluid mechanics and aerodynamics domain. Reader may refer to [29, 22] for detailed
derivation of panel method.
2.2

Figure 1: Panel distribution over the surface of a body of arbitrary shape [29].

(3)

To find the unknown vorticity a boundary condition has to be
enforced: the normal component of velocity induced at obstacle surface has to be zero such that no flow can go in or out
of the obstacle boundary. After applying this boundary condition, panel method problem can be expressed as a system
of linear equations given in Equation 4.

2.1
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Panel Method Preliminaries
Panel method is a numerical tool commonly used in fluid
mechanics and aerodynamics domain for calculating the velocity field of the irrotational flow of an ideal fluid around
arbitrarily shaped objects. Panel method calculations require
the surfaces of the obstacles to be divided into discrete elements called panels (hence the name panel method) as shown
in Figure 1. Then, each panel is assigned a flow element (such
as sources, doublets or vortices) with unknown strength. In
this study, prescribed flow elements are selected as point vortices.
Let D be a region in ℜ2 containing an ideal fluid and

velocity induced by jth panel on ith panel can be expressed
as V ij = (u, v)ij given in Equation 3.

Panel Method in Guidance Problem

After solving Equation 4 for unknown vortex strengths,
fluid streamlines can be obtained. By definition fluid streamlines do not cross each other and avoid collision with objects
on their path. Hence, resultant streamlines can be used as
vehicle trajectories.
Following [26, 27, 28], panel method equations are further
modified to fit the needs of the guidance problem.
First, a point sink element is introduced in RHS vector to
represent a goal position for the vehicle (Equation 7).
RHSi = − u∞ cos βi − v∞ sin βi

− usink cos βi − vsink sin βi

(7)

Panel method has built in obstacle avoidance property as
streamlines cannot cross obstacle surfaces; however, to
avoid collisions between vehicles and additional element is
required. To that end, each vehicle is modeled as a point
source element and the velocity induced by these sources are
included in RHS vector as in Equation 8.
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2.3
RHSi = − u∞ cos βi − v∞ sin βi
−

N
X

n=1

unsource cos βi −

N
X

n
vsource
sin βi

(8)

Panel Method and Automatic Flight Controller Integration for Guidance
Block diagram for panel method based guidance is presented in Figure 2. Panel method requires vehicle positions

n=1

− usink cos βi − vsink sin βi

Finally, to increase the safety perimeter around the obstacles
safety source element introduced in [27] is included in RHS
vector in Equation 9.Safety source element is an point source
element that travels with the vehicle itself. The safety source
element amplifies the vortex strengths on the obstacle edges
that are in the vicinity of the vehicle. Consequently, obstacles
push the vehicle further away to a safer distance.
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RHSi = − u∞ cos βi − v∞ sin βi
−

N
X

unsource

n=1

cos βi −

N
X

n
vsource
sin βi

n=1

(9)

− usink cos βi − vsink sin βi

− usaf ety cos βi − vsaf ety sin βi

Here, u∞ and v∞ are components of free stream velocity. N
is the total number of vehicles. usource and vsource are velocities induced by point source elements. usink and vsink velocity induced by sink element that represents the goal position. usaf ety and vsaf ety are the velocities induced by safety
source element introduced in [27].
After all the unknown vortex strengths are found, flow velocity V = (u, v) at any point P = (x, y) ∈ D can be calculated
using the relation given in Equation 10 and Equation 11.
N

u=

S

K

−σ x − xg X σn x − xn X X γsk x − xsk
+
+
2
2π rg2
2π rn2
2π rsk
n=1
s=1
k=1

N

v=

S

(10)

K

−σ y − yg X σn y − yn X X −γsk y − ysk
+
+
2
2π rg2
2π rn2
2π
rsk
n=1
s=1
k=1

(11)

Here, goal position is denoted by Pg = (xg , yg ) and sink
strength associated with this goal position is σ. N is the total
number of vehicles in the arena and each vehicle has a source
assigned to them with strength σn . Position of vehicles are
denoted as Pn = (xn , yn ). S and K are number of obstacles
and number of panels respectively. Position of a vortex element on a given obstacle and panel is denoted as (xsk , ysk )
and associated vortex strength is γsk . the Euclidean distance
between the point P and the goal position is given as rg .
Similarly, rn is the Euclidean distance between point P and
nth vehicle in the region and rsk is the distance between
point P and kth panel on obstacle s.
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Figure 2: Block diagram for panel method based guidance.
and obstacle position as input. First, Equation 4 has to be
solved for unknown vortex strengths. Coefficient matrix K in
Equation 4 is a constant and can be calculated and inverted offline to reduce computational load. After vortex strengths are
found, flow velocity at current vehicle position can be calculated using Equation 10 and Equation 11. This velocity has to
be normalized and scaled. Flow velocity is greater in narrow
passages and near goal position; however, the opposite velocity regime is safer and more desirable for vehicles. Hence,
flow velocity is also inverted before being fed into automatic
flight control system as desired velocity.
Automatic flight controller calculates velocity error and converts it to heading error following the method presented in
[30]. Then, heading error is converted to roll angle error constraint by a sustained turn. Finally, desired roll angle is fed to
the vehicle.
Reader may refer to [26, 27, 28] for detailed derivation of
method.
3

E XAMPLE S CENARIO

In this study, panel method based guidance algorithm is
utilized for a fixed wing aircraft flying in an outdoor arena
with several no-fly zones. Figure 3 shows an example flight
arena. Here horizontal axis is East direction and vertical axis
is North direction. All distance units are in meters. Solid magenta shapes represent the no-fly zones and act as obstacles
in panel method calculations. One of the strengths of panel
method is that it can generate a flow field around arbitrarily
shaped objects. Lighter colored regions around no-fly zones
are the safety perimeters that are obtained by inflating the object boundaries by an amount of 5m.
In Figure 4, streamlines and paths followed by different
vehicles are plotted. Start position is indicated with a blue
circle and goal position is marked with x. At the start position, using the formula given in Equations 10 and 11, desired
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(a) Streamlines and path of vehicle 1.
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Figure 3: Example flight arena.
velocity is calculated. This desired velocity is normalized and
fed to the vehicle as a desired heading command. As the vehicle travels in the desired direction, flow velocity calculation
is repeated for new position and desired heading command is
updated until the vehicle reaches its goal position. Paths plotted in Figure 4a and Figure 4b are the resultant trajectories
followed by vehicles from indicated start position to marked
goal position. In both cases, vehicles converge to goal position following the streamlines. Since all streamlines lead
to the sink placed at the goal position, vehicles would arrive
to the destination irrespective of their start position. Furthermore, since goal position can be placed any point on the map,
collision free path between any point on the map can be generated.
4

(b) Streamlines and path of vehicle 2.

Figure 4: Streamlines and paths of vehicles with different
start positions and destinations.

I MPLEMENTATION AND F LIGHT P ERFORMANCE

For simulations and real-flight experiments, open-sourced
Paparazzi Autopilot system [31] has been employed. The
simulation environment resorts on the JSBSIM flight dynamics model and presents a sufficiently realistic demonstration
during the development of the panel-method based guidance
algorithm. In the following sections, detailed description of
the test platform and the flight experiments are discussed.
4.1

Experimental Platform
An overview of the complete flight test system is shown
in Figure 5a. A small fixed-wing UAV has been used for
the real-flight experiments. A laptop running Unix/Linux for
Ground Control Station is used to control the autonomous
mission and also to send the reference velocity input calculated by the panel-method based guidance algorithm during flight. An X-Bee radio modem, attached on the side
of the computer screen in Figure 5a, is utilized for telemetry between the aircraft and the Ground Control Station and
datalink communication was sufficient as the flight tests were
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done within 500 m radius. An RC-Transmitter is used to ensure the safely recovering of the vehicle in case of loss of
control in autonomous mode or any unprecedented situation.
4.2

Flight Experiments

Outdoor runway experiments are conducted in a local RC
airfield runway located in Muret, France, that is 124 m × 12.5
m in size, as shown in Fig. 5b.
ENAC has privileged access to this airfield, and can do
tests in a volume of 500 m radius and up to 150 m height
(which can be increased to 450 m in certain cases).
For outdoor flight experiments, 2 scenarios are considered.
The mission for the first scenario is plotted in Figure 6. Before the mission starts, aircraft is loitering around a standby
position just outside the flight mission arena indicated with
a start arrow on Figure 6a. Standby position is marked
with a red diamond in lower right corner of Figure 6b, and
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Specification
Wing Span
Surface Area
Mass
Battery Capacity
Flight speed
Flight time

1.2
0.28
0.75
30
12
60

Components
Motor
Autopilot
GPS
Companion board

T-Motor 2208/18 - Kv 1100
Paparazzi Chimera v1.0 1
U-Blox M8N
Raspberry Pi Zero v 1.3

Units
[m]
[m2 ]
[kg]
[Wh]
[m/s]
[min]
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Table 1: Airframe Specifications

(b) Outdoor flight facility at Muret, France.

Figure 5: Complete flight test system and flight facility.

loiter path is indicated with a green circle around standby
point. Goal positions are marked with stars in Figure 6a and
no-fly zones are painted with magenta. Furthermore, no-fly
zones can also be observed in Figure 6b as red polygons.
The mission of the aircraft for the first scenario is to travel
between points A-B-C-D-E sequentially without entering the
no-fly 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
flow velocity calculated by panel method. The difference
between the instantaneous flow velocity plotted here and
the vehicle velocity is used for heading error calculation in
automatic flight controller as discussed in Section 2. For all
simulated cases, ground speed of the vehicle was at 13m/s
and maximum bank angle was limited to 30 degrees.
In Figure 7, path logged in real flight 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 flight is slightly different from
the simulated case, the vehicle successfully completes the
mission several times without entering into the no-fly zones.
Since all the equations in panel method is non-dimensional,
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(a) Simulated path and desired velocity vectors.

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

Figure 6: Simulations for Scenario 1.

it can be scaled to larger problems. In that respect the second
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bank angle was limited to 50 degrees.
5

C ONCLUSION AND F UTURE W ORK

This study focuses on experimental evaluation of the
method presented in [27, 28] on fixed wing platform. Guidance for a fixed wing aircraft is a challenging task due to the
constraints on minimum speed and turn radius. Panel method
imitates fluid flow and generates easy to follow smooth trajectories for vehicles. Simulations and flight experiments indicate that fixed wing aircraft can follow the collision free
paths generated by panel method without exceeding the flight
envelope limits.
As future work, panel method algorithm can be further improved to generate even smoother paths that can guarantee
both obstacle avoidance and envelope protection.
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Figure 7: Real flight log for Scenario 1.
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