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In this study, robustness of panel method based path planning algorithm under wind
disturbances is evaluated experimentally. Panel method, borrowed from fluid dynamics domain,
is a numeric tool for calculating the potential field around arbitrarily shaped objects. Resultant
potential field can be used for generating collision free trajectories for uncrewed aerial vehicles
with convergence guarantee. Robustness of the proposed method is demonstrated during indoor
experiments with a wind generator creating wind speed up to 7 m/s and also during outdoor
experiments with wind speeds ranging between 3 - 5 m/s. Experiment results suggest that panel
method based path planning scheme maintains its obstacle avoidance property under wind
disturbances.

I. Nomenclature

𝐾 = Coefficient matrix
𝑥, 𝑦, or 𝑑 = Distance
𝑞 = Flow velocity induced by a vortex
𝑢 and 𝑣 = Flow velocity components
𝑁 = Number of vehicles
𝛽 = Panel orientation angle
𝑠 = Panel length
Γ or 𝛾 = Vortex strength
Subscript = Meaning
∞ = Free stream
𝑖 and 𝑗 = Panel number
𝑠𝑖𝑛𝑘 = Sink element
𝑠𝑜𝑢𝑟𝑐𝑒 = Source element

II. Introduction

VerticalTake-off and Landing (VTOL) vehicles offer a promising solution to ground traffic congestion in densely pop-
ulated cities. Utilizing low-emission aircraft for the transport of people and goods over short distances could make a

contribution to mobility in the future and reduce mobility-related emissions. Research institutions,established companies
and start-ups are working on possible configurations of such aircraft and are examining the integration into the existing
mobility system and the market potential of air mobility transport solutions. [1–4]. Having fully autonomous vehicles that
can generate collision free paths not only increases the capacity of the urban air space but also reduces the urban air traffic
management efforts [5]. Therefore, path planning in urban environments is an important issue to be addressed. Moreover,
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evaluation of path planning algorithms in realistic experimental settings with disturbances is crucial to asses effectiveness.

Classical approaches to path planning for autonomous vehicles can be divided into two sub categories: optimization
problem based methods and potential field based methods. The first approach is formulating the problem as a large
optimization problem with constraints [6–9]. Second approach is using artificial potential fields to generate collision
free paths [7, 10–13]. 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 [14, 15]. 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 [16–20]. One specific harmonic potential field
that can be used in path planning is potential field of an irrotational flow of an ideal fluid [13, 21]. Panel method is a
numerical tool that calculates the potential field of the fluid flow around arbitrarily shaped objects. This method is
previously used for robot motion planning in literature [22–24]. Recently, panel method solution is used for addressing
path planning problem in urban air mobility [25, 26] where assuming complete knowledge of the city map, path of each
vehicle in an air taxi fleet is determined simultaneously using panel method.

In this paper the method proposed in [25, 26] previously developed at Middle East Technical University (METU)
is tested in a realistic simulation environment and hardware experiments are conducted with Ecole Nationale de
l’Aviation Civile (ENAC) in France through an international collaboration effort. Aim of this study is to test
the robustness of the algorithm under the effects of wind gusts. Hardware experiments are conducted for both
indoor and outdoor scenarios. Indoor flights took place in The Toulouse Occitanie Drone Flight Arena located
in France. The flight area that is equipped with high-precision localisation and measuring instruments is one of
the most hi-tech instrument equipped indoor flight zones in Europe[27]. Wind gusts in indoor arena are generated
with a windmodular wind generator. Outdoor experiments are held in a local RC airfield runway located inMuret, France.

Main contributions of this study are as follows:
• Addition of a correction term during velocity calculation step in order to improve disturbance rejection performance
of panel method based path planning algorithm.

• Field testing and verification of the robustness of panel method based path planning algorithm, both in an indoor
flight arena with wind disturbance as well as in outdoor flights with real wind.

III. Methodology
Panel method based path planning algorithm was presented in previous studies[25, 26].

A. Panel Method Preliminaries
Panel method is a numerical tool for approximating potential field generated by the irrotational flow of an ideal

fluid around arbitrarily shaped objects. To utilize panel method, the surfaces of the obstacles are divided into discrete
elements called panels and a flow element (i.e. vortex, doublet, source etc.) is prescribed on each panel (Figure 1).
In this study, prescribed flow elements are point vortices. Velocity induced by each panel on other panels can be
calculated in terms of unknown vorticity strength 𝛾. Then, unknown vorticity strengths can be found by setting the
normal component of velocity on the obstacle surface to zero. After applying this boundary condition, panel method
problem can be expressed as system of linear equations given in Eq. (1).

𝐾𝑖 𝑗𝛾 𝑗 = 𝑅𝐻𝑆𝑖 (1)

𝐾𝑖 𝑗 = (𝑢, 𝑣)𝑖 𝑗 · ®𝑛𝑖 (2)[
𝑢

𝑣

]
=

𝛾 𝑗

2𝜋𝑟2
𝑗

[
0 1
−1 0

] [
𝑥 − 𝑥𝑖
𝑦 − 𝑦𝑖

]
(3)

Here, 𝐾𝑖 𝑗 is a coefficient matrix and 𝛾 𝑗 are the unknown vortex strengths. Components of 𝐾𝑖 𝑗 are normal velocity
induced by 𝑗 th panel on 𝑖th panel.

𝑅𝐻𝑆𝑖 = −𝑢∞ cos 𝛽𝑖 − 𝑣∞ sin 𝛽𝑖 (4)
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Fig. 1 Panel distribution over the surface of a body of arbitrary shape. [28]

The matrix 𝑅𝐻𝑆𝑖 is obtained using free stream velocity components. Solving the system of linear equations given in Eq.
(1) vortex strength on obstacle surfaces are obtained. After the strength of every flow element on the map is known, the
fluid velocity at any point can be calculated and fluid streamlines can be obtained. Resultant streamlines can be used as
vehicle trajectories in path planning problem.

Panel method is well studied in fluid mechanics and aerodynamics domain. Reader may refer to [28, 29] for detailed
derivation of panel method.

B. Panel Method in Path Planning Problem
Following [25, 26]; resultant streamlines can be used as vehicle trajectories in path planning problem.

By definition fluid streamlines avoid collision with objects on their path. Hence, panel method has built in obstacle
avoidance property. Collisions between vehicles can be avoided by modelling each vehicle as a point source element as
in Eq. (5).

𝑅𝐻𝑆𝑖 = − 𝑢∞ cos 𝛽𝑖 − 𝑣∞ sin 𝛽𝑖 −
𝑁𝑒𝑉𝑇𝑂𝐿∑︁

𝑛=1
𝑢𝑛𝑠𝑜𝑢𝑟𝑐𝑒 cos 𝛽𝑖 −

𝑁𝑒𝑉𝑇𝑂𝐿∑︁
𝑛=1

𝑣𝑛𝑠𝑜𝑢𝑟𝑐𝑒 sin 𝛽𝑖

− 𝑢𝑠𝑖𝑛𝑘 cos 𝛽𝑖 − 𝑣𝑠𝑖𝑛𝑘 sin 𝛽𝑖 − 𝑢𝑠𝑎 𝑓 𝑒𝑡 𝑦 cos 𝛽𝑖 − 𝑣𝑠𝑎 𝑓 𝑒𝑡 𝑦 sin 𝛽𝑖

(5)

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. The goal position is represented as a point sink element and velocity
induced by sink element is prescribed as 𝑢𝑠𝑖𝑛𝑘 and 𝑣𝑠𝑖𝑛𝑘 in Eq. (5). 𝑢𝑠𝑎 𝑓 𝑒𝑡 𝑦 and 𝑣𝑠𝑎 𝑓 𝑒𝑡 𝑦 elements are the velocities
induced by safety source element introduced in [26]. 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.

After all the unknown vortex strengths are found, flow velocity at any point can be calculated. Calculated flow
velocity is fed to the vehicles as velocity command. In order to reduce deviation from original path under disturbance, a
correction term is introduced and fed back to the velocity calculation with velocity error and its derivative using a PD
controller.

Reader may refer to [25, 26] for detailed derivation of method.
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IV. Experimental Setup
One of the main contributions of this study is the experimental demonstration of the proposed method and verification

of its robustness to unknown wind disturbance. For both indoor and outdoor experiments, ENAC’s existing infrastructure
for autonomous systems is utilized. This section briefly explains the autopilot system, indoor and outdoor flight setup,
and wind generation method.

A. Indoor Flight Facility
The indoor experimental facility at ENAC consists of a 8 m × 8 m × 8 m flight volume with a mesh exterior, as shown

in Fig. 2a. Obstacles with various shapes and heights are inserted into the 8m×8m×8m flight area to model a scaled
urban environment. A 16-camera Optitrack system is used to track the motion of the quadrotors with sub-millimetre
resolution in real time—a feature that is replaced by considerably less accurate GPS when flying outdoors. The
quadrotors are called Explorer 1 and Explorer 2, and are shown in Fig. 2b. Including the battery, their mass is 535 g and
their maximum thrust is 40 N. A 3-cell battery operates at 11.1 V and contains 2,300 mAh, which provides roughly 15
minutes of flight time.

(a) Indoor flight arena. (b) Ground control station and quadrotors.

Fig. 2 Indoor flight facility of ENAC.

B. WindShape - The Wind Generator
To test the robustness of the algorithm under effects of unknown wind gusts, the wind generator shown in Fig. 3 is

used. WindShape is a modular wind generator located inside ENAC’s indoor flight facility. Spatial wind control is

Fig. 3 WindShape, wind generator located inside ENAC’s indoor flight facility.
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possible via wind pixels, which are individual counter-rotating small electric fans. These fans have very low moment of
inertia compared to traditional wind tunnel fans, making them easier to change the rotation rate, hence rapid variation of
the wind speed. However during the presented experiments, the spatial wind speed have been kept constant.

C. Outdoor Flight Facility
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. 4a. 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). Different quadrotors were used
for the outdoor flights. They consist of the same avionics and propulsion system used on the indoor quadrotors, but
are additionally equipped with Ublox-M8 GPS receiver which supplies 5 Hz position information with an accuracy
of approximately 1.5 m. The quadrotors that are used for the outdoor flights are shown in Fig. 4b alongside with the
ground control station (ordinary laptop), safety-pilot transmitters, and an XBee radio-modem that is used for telemetry
and down-link communication.

(a) Outdoor flight field. (b) Ground control station and outdoor quadrotors.

Fig. 4 Outdoor flight facility of ENAC, in Muret, Toulouse.

D. Paparazzi Autopilot System
Throughout the whole flight tests, we have used the Paparazzi Autopilot system [30]. It is an open-sourced project

started back in 2003 and used by several research groups, academics, and hobbyists. Being one of the first open-source
autopilot systems in the world, Paparazzi covers all three segments: ground, airborne, and the communication link
between them. Paparazzi has also its complete flight plan language, where the user can define any possible trajectory
using existing commands, such as circle, line, hippodrome, figure-eight, survey, etc. Additionally, any function written
in C language can be called from the flight plan and executed. This opens up a lot of application possibilities, such as
triggering a navigation procedure via a sensor output. Its integrated ground control station permits to control the flight
plan execution, to move waypoints, or change any parameters of the aircraft while in flight.
During both indoor and outdoor flights, the position of the vehicles are known (indoor:OptiTrack, outdoor: GPS plus

on-board estimation), and therefore the calculated flow-field velocity for each vehicle serves as a reference velocity to
follow. This reference is being updated at a frequency of 10Hz during the flights and once the velocity error between the
reference and actual velocity is calculated, it is directly used as an input to the guidance control algorithm. Quadrotors
use an Incremental Nonlinear Dynamic Inversion (INDI) [31] based guidance outer-loop to calculate the reference
attitude and rotation rate, and later a cascaded INDI inner-loop calculates the required motor rpm increments.

V. Results

A. Simulation Results
During development, performance of the proposed path planning algorithm is tested on a simulation environment.

Simulation results for two sample scenarios are plotted in Fig.5. In this figure, geometric shapes in magenta represent the
cross-sections of various buildings in an scaled urban environment. Although panel method can provide a potential field
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around any arbitrarily shaped obstacle; square, hexagon and trapezoid obstacles are selected for ease of manufacture in
hardware experiments.

(a) Streamlines and path of vehicle 1. (b) Streamlines and path of vehicle 2.

Fig. 5 Streamlines and paths of vehicles with different start positions and destinations.

Vehicles are assumed to be point objects in velocity calculations. On the other hand, real vehicles have a finite
volume. In order to take the vehicle volume into account, obstacle boundaries are inflated by an amount equal to
vehicle radius. Throughout the paper, solid magenta shapes represent the real obstacles and shaded areas are the ob-
stacle boundaries obtained after inflation. In panel method calculations, these inflated obstacle boundaries are considered.

In Fig 5, streamlines and paths of two different vehicles are plotted together. The blue circle marks the vehicle start
position and the green cross marks the vehicle goal position where a sink element is located. By definition, streamlines
cannot enter into obstacles or cross each other. Consequently, vehicles following streamlines, can arrive at any desired
destination point from any arbitrary starting position on the map with obstacle avoidance guarantee.

B. Indoor Tests with WindShape
To test the robustness of the algorithm under effects of unknown wind gusts the wind generator shown in Fig. 3 is

used. WindShape is a modular wind generator located inside ENAC’s indoor flight facility.

(a) Case 1: Empty arena. (b) Case 2: Arena with one building. (c) Case 3: Arena with two buildings.

Fig. 6 Trajectories under wind disturbance.

To assess the effectiveness of panel method under wind disturbance three basic cases are considered and plotted
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on Fig. 6. First, to compare the performance of panel method and wind correction term, both methods are tested in
an empty arena under wind disturbance. Results are presented in Fig. 6a. Here, wind speed (measured at the exit of
WindShape) is gradually increased from 0𝑚/𝑠 to 10𝑚/𝑠 and the vehicle is tasked with flying on a straight line. In
Fig. 6a, solid lines are the trajectories obtained from panel method solution and dashed lines are trajectories generated
by panel method with correction term. The improvement introduced by the correction term is evident in this plot.
Especially at higher wind speeds correction term reduces the deviation from original path significantly. Therefore, for
the rest of the experiments panel method with correction term is used for path planning.

(a) Trajectories for scenario 1.
(b) Images captured from experiment with wind
speed, 𝑉𝑤 = 4𝑚/𝑠 for scenario 1.

Fig. 7 Scenario 1: Travelling downstream in wind cone.

For the second case, a building is placed downstream of the wind to check whether the wind disturbance can cause a
collision to an obstacle. As it can be observed from Fig. 6b, the vehicle avoids the building when the the wind speed
is as high as 7𝑚/𝑠. However, this time the vehicle overshoots as soon as it exits the WindShape cone. This sort of
overshoot is expected since there is a sudden change in wind speed at the exit of wind generator cone and velocity
correction only uses instantaneous velocity error as opposed to prediction of desired path multiple steps ahead. Hence,
for the third case, an other building is placed at the overshooting position to check whether this overshoot movement
would cause a collision. In Fig. 6c, trajectories for the third case are plotted. In this scenario, in order to force the
vehicle between buildings starting position is shifted 1𝑚 towards north. In this case too, panel method prevents collision
with both obstacles under wind gust.

In Fig. 7, an example scenario for a single air taxi in an scaled urban environment is plotted. For this scenario
the vehicle is tasked with picking up a passenger from its start position in north west and travel to its destination in
south east. This mission requires the air taxi to travel downstream in wind cone generated by WindShape. In Fig. 7a,
trajectory logs from experiments conducted at different wind speeds are plotted together. Although the disturbance
caused by the wind is evident, the air taxi arrives to its destination without much deviation from the original path. In Fig.
7b, sequential image captures from the experiment with wind speed of 4𝑚/𝑠 are presented.

Second example scenario where an air taxi is tasked with travelling from west to east is presented in Fig. 8. In
this mission the air taxi has to travel across the wind cone generated by WindShape. In Fig. 8a, trajectory logs from
experiments conducted at different wind speeds are plotted together. Especially at high wind speeds there is visible
deviation from the original path. Nonetheless, the air taxi follows a collision free path and arrives to the desired
destination. In Fig. 8b, sequential image captures from the experiment with wind speed of 4𝑚/𝑠 are presented.

Multiple vehicles. For urban mobility applications, planning collision free paths for multiple vehicles is a necessity.
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(a) Trajectories for scenario 2.
(b) Images captured from experiment with wind
speed, 𝑉𝑤 = 4𝑚/𝑠 for scenario 2.

Fig. 8 Scenario 2: Travelling across wind cone.

(a) Trajectories for scenario 3.
(b) Images captured from experiment with wind
speed, 𝑉𝑤 = 4𝑚/𝑠 for scenario 3.

Fig. 9 Scenario 3: Path planning for real vehicle and virtual vehicle.

To that end, a virtual vehicle is included to the experiments throughout Paparazzi’s dynamic simulation. Experiment with
the virtual vehicle is presented in Fig. 9. Here, the mission of the virtual vehicle is to travel from north east to its goal in
south west. Similarly, the real vehicle travels from west to east. Both vehicles are modelled as point source elements in
calculations to prevent any collisions. Furthermore, this experiment is conducted under different wind speeds. In Fig.
9a, trajectory logs from experiments conducted at different wind speeds are plotted together. To avoid collision with
the virtual vehicle, real vehicle follows a path around hexagonal buildings. However, when the wind speed is larger
than 3𝑚/𝑠, the real vehicle is forced to take the path between hexagonal buildings. In either case, there is no collision
with the virtual vehicle. In Fig. 9b, sequential image captures from the experiment with wind speed of 4𝑚/𝑠 are presented.

The last but not least, a final scenario for indoor arena is presented in Fig. 10. In this scenario a different type of
disturbance is considered which is other than wind. The vehicle is tasked with travelling from north west to south east.
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(a) Trajectory under sudden disturbance.
(b) Image captured from experiment with sudden
disturbance.

Fig. 10 Scenario with sudden disturbance.

At the position indicated with the red arrow in Fig. 10a the quad-rotor is pushed towards east with a stick. Although this
disturbance causes the vehicle to follow a different streamline, it neither causes any collision nor prevents the vehicle
from reaching its goal.

C. Outdoor Tests
Outdoor experiments are conducted in a local RC airfield runway located in Muret, France, as shown in Fig. 4a.

For the outdoor scenarios, there are no real buildings on the test area. Instead, no-fly zones with different shapes are

(a) Recorded trajectory for outdoor experiment.
(b) Satellite image captured from experiment.

Fig. 11 Outdoor experiment with single vehicle.

defined on the outdoor arena. No-fly zones are marked with magenta colored polygons on the map as shown in Fig. 11b.
Shaded areas are the safety perimeter around buildings. Safety perimeter for outdoor experiments were taken as 1𝑚 (as
opposed to 20𝑐𝑚 safety perimeter in indoor arena) due to greater sensor errors that had to be considered such as GPS
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accuracy, heading information from magnetometer, etc...

(a) Trajectories of vehicles for 𝜎 = 0.95. (b) Trajectories of vehicles for 𝜎 = 1.5.

Fig. 12 Outdoor experiment with one real and one virtual vehicle.

In Fig. 11, outdoor experiment for a single vehicle is plotted. Similar to indoor tests, no-fly zones are also inflated
as a safety precaution. Inflated boundaries are plotted with shaded pink color. For this scenario, the vehicle starts from
origin and is tasked with traveling to four goal positions sequentially and returning to origin again. Trajectory of the
vehicle is plotted in Fig. 11a and satellite image capture from the experiment is presented in Fig. 11b.

Multiple vehicles. In Fig. 12, outdoor experiments with one real and one virtual vehicle are presented. In this
scenario, the real vehicle flies together with a virtual vehicle. Vehicles are tasked with travelling between 3 different goal
positions sequentially while avoiding each other and no-fly zones. Both vehicles are modelled as point source elements
in panel method calculations to prevent collisions. Source strength is a design parameter. In Fig. 12a, trajectories of an
experiment with relatively low source strength is given. In this case, both vehicles enter narrow corridors between no-fly
zones and do not alter their path until they get close enough to the other vehicle. For the second case plotted in Fig. 12b,
same scenario is repeated with larger source strength. This time, instead of entering narrow passages between no-fly
zones, vehicles take a detour around virtual obstacles and avoid each other completely.

VI. Conclusion
In this study, robustness of panel method based path planning is explored through hardware experiments both

in indoor and outdoor test facilities. Potential field generated by panel method guarantees obstacle avoidance and
global convergence [26]. This property, enables panel method based path planning algorithm to inherently overcome
disturbances. Even if the vehicle deviates from its original path due to some disturbance, the new position still leads the
vehicle to the global minima. In order to reduce the deviation from original path, a correction term is introduced and fed
back to the velocity calculation with a PD controller. Furthermore, obstacle avoidance and goal convergence capabilities
of the panel method based path planning algorithm under wind gust disturbances are evaluated through indoor and
outdoor test campaigns.

Indoor experiments suggest that, panel method based algorithm is robust against wind gust disturbances. Even under
effect of wind, vehicles can avoid obstacles and arrive desired goal positions. The velocity correction term improves
disturbance rejection and decreases the deviation from original path.
Outdoor experiments were more challenging than indoor tests in the sense that not only there were wind disturbance

but also greater sensor errors had to be considered such as GPS accuracy, heading information from magnetometer, etc...
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For this reason, larger safety perimeters are defined around no-fly zones. Outdoor experiments are conducted in an open
area with no buildings to disturb the wind flow. Effect of wind around real buildings could not be observed.

Current method neither has memory nor has any knowledge about future path. On the other hand, panel method
requires little computational power and can generate longer path segments faster than controller feedback rate. Instead
of instantaneous errors, feeding a longer segment of the original path can improve disturbance rejection property of the
proposed method, which is going to be handled in our future work.
All in all, both indoor and outdoor flight tests suggests that panel method based path planning algorithm is a promising
tool for path planning in urban airspace with decent disturbances rejection and guaranteed global convergence.
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