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Abstract. Safe and accurate recovery of fixed-wing Unmanned Aerial Vehicles (UAVs) is a critical aspect of autonomous operations, especially
for systems designed for hand or catapult launch, which may lack landing gear. Under these conditions, parachute systems are often used for
a safe landing, although using these systems for precise recovery in populated areas, high terrain, and water presents significant challenges.
In addition, weather conditions have a major impact on the descent path post-parachute deployment, further complicating landing within the
designated safe zones. Improper location and timing of parachute deployment may risk large errors or unsafe touchdown, increasing the need
for precise parachute deployment location and timing.

This study presents the development of an autonomous parafoil deployment and recovery path planning algorithm for fixed-wing UAVs. The
proposed solution calculates the optimal parachute deployment point and generates a recovery trajectory that guides the UAV toward this point
while ensuring appropriate deployment orientation with respect to the desired landing location. The algorithm integrates UAV flight states,
the descent characteristics of the combined UAV-parachute system, and prevailing weather conditions to determine the deployment point and
recovery trajectory. A simulation model of the algorithm, along with the UAV dynamic model, was developed in MATLAB/Simulink to
investigate its performance. The results indicate that the proposed algorithm can improve UAV recovery strategies, minimising landing errors,
and increasing operational safety within the considered simulation conditions. Future validation of the algorithm under real-world conditions

may provide further insight into its reliability and lead to refinements in subsequent iterations.
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1. INTRODUCTION

Numerous domains have been revolutionised by the use of Un-
manned Aerial Vehicles (UAVs), including surveillance, agri-
culture, logistics and military, by enabling real-time monitor-
ing and efficient delivery [1, 2, 3]. However, the safe and ef-
ficient recovery of UAVs after a mission, particularly in emer-
gency situations and when they lack conventional landing gear,
remains a significant challenge. For fixed-wing UAVs, espe-
cially those designed for catapult or hand launch, landing on
the runway may not be feasible. Thus, other recovery systems,
such as parachute recovery systems or belly landings, have
become increasingly significant for ensuring reliable recovery
of UAV platforms. Parachute recovery systems, for instance,
work well for emergency deployment and in regions with no
designated runways. They offer the means for safe, reliable
recovery in most environments. Parachute systems, neverthe-
less, introduce substantial challenges, especially where pre-
cise landings are required. Several missions necessitate pre-
cise landing in pre-defined safe zones, as such variables as
wind conditions, aerodynamic design of the parachute-UAV
system, parachute deployment time, and altitude must be taken
into consideration in order to achieve such an objective. Wyl-
lie [4] emphasises the importance of parachute recovery sys-
tems on unprepared terrain for tactical fixed-wing UAVs, with
key considerations such as wind influence, descent environ-
ment, and accurate navigation systems. The study concludes
that the integration of parachute systems with accurate wind
models and deployment algorithms may enable safe, precise
and automated recovery under various environmental condi-
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tions. Similarly, Fortier [5] focused on the improvement of air-
drop systems for logistics purposes. The investigations were
carried out on guided and unguided systems, which took into
account the wind, parachute dynamics and release condition
uncertainties. As a result, a tool was developed for the esti-
mation of airdrop landing errors, leading to enhanced accuracy
and predicted landing outcomes.

The number of parameters influencing the success rate of
precise landing in a predefined location introduces a major
challenge, which draws attention to the need for improved
parachute deployment systems and algorithms capable of pre-
dicting the optimal deployment point and landing uncertain-
ties. Recent advancements in software development and com-
putational power enable modelling and simulation of aircraft
motion alongside the parachute deployment and its physical
effects on the flight [6]. This framework allows the analy-
sis of various parachute models and deployment algorithms,
thereby promoting advancements in automatic recovery sys-
tems. Modelling UAV dynamics with a recovery system such
as a parachute is a complex task, taking into account vari-
ous nonlinearities which can significantly impact the outcome.
Several studies were conducted on the dynamic modelling of
the combined parachute-vehicle system [7, 8, 9, 10]. A study
on autonomous landing employed a numerical multi-body
method for modelling the coupled vehicle-parachute system
using a parafoil parachute [11]. This type of parachute offers
several glide and manoeuvring capabilities compared to the
classical circular parachute. Such abilities allow the steering of
the coupled system, enabling higher landing accuracy. Further-
more, validation of the integrated system was demonstrated in
the cited work by performing autonomous landing simulations
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under various conditions. In addition to autonomous landing
systems, recent studies have investigated parafoil recovery and
homing under wind disturbances [12, 13, 14]. For example,
Tao et al. [15] proposed novel modelling methods to simulate
parafoil flying under rain and wind conditions by establishing a
dynamic model using revised aerodynamic equations based on
Computational Fluid Dynamics (CFD). Zhao et al. [16] pre-
sented a nonlinear six-degree-of-freedom (6-DOF) model of
the parafoil system based on aerodynamic parameter identifi-
cation through airdrop tests, while further airdrop experiments
verified the effectiveness of the dynamic model and the accu-
racy of the identification process. These studies, together with
recent work on parafoil trajectory planning using a restricted
6-DOF models [17], form the foundation for further research
that can enhance the accuracy of autonomous UAV recovery,
which promotes the development of more integrated and pre-
dictive algorithms.

In addition, a study that focused on an affordable guided
airdrop system (AGAS) presented a concept of a low-cost
cargo air delivery system using a flat, solid, circular parachute
and an actuator-induced canopy deformation to generate steer-
ing by shifting the centre of pressure. AGAS relied on
wind estimations for computing the air release point, together
with the control authority to overcome errors induced by the
wind estimation and release-point calculations [18]. Wei et
al. [19] proposed a closed-loop guidance and control frame-
work for autonomous parafoil precision landing using a 6-
DOF parafoil model, trajectory optimisation, and a Nonlinear
Model Predictive Controller (NMPC)-based tracking. Their
work demonstrated advanced trajectory generation and con-
trol post-parachute deployment, with flap deflections as main
control inputs. However, the problem was formulated from
the parafoil system itself and concentrated on terminal land-
ing trajectory optimisation post-deployment. Moreover, recent
studies have further investigated autonomous parafoil landing
through model-predictive control, trajectory planning, and co-
ordinated guidance and control methods [20, 21].

The previously cited research has addressed important as-
pects of parachute-based precision recovery such as parachute
dynamic modelling, coupled parachute-vehicle system dy-
namics, autonomous parafoil landing, aerodynamic param-
eter identification, and environmental effects on precise re-
covery. Most studies related to parafoil modelling begin af-
ter the parafoil has already been deployed and mainly re-
volve around cargo delivery, payload release, and guided air-
drops. However, the problem addressed in this manuscript
differs from conventional parachute recovery studies, as the
novelty of the presented work lies in the development of an
integrated end-to-end framework for autonomous recovery of
a fixed-wing UAV, including wind-aware parachute deploy-
ment point estimation, path planning toward the deployment
point, automatic parachute deployment, transition from pow-
ered flight to parafoil descent, recovery at a predefined landing
zone, and evaluation of controlled descent steering following
parachute deployment. It is worth noting that the presented
pre-deployment path-planning framework not only answers the
question of where the parachute should be deployed, but also

how a fixed-wing UAV should approach that deployment point
so the system initiates the descent with a favourable orientation
relative to the target landing point. This issue is particularly
relevant for fixed-wing aircraft, unlike the airdrop systems pre-
sented in the literature.

Building upon the aforementioned research efforts and the
challenges in precise UAV recovery, this study investigates the
development of an autonomous parachute deployment algo-
rithm designed for fixed-wing UAVs equipped with a parafoil
parachute. The proposed framework aims to determine the op-
timal parachute deployment location by integrating the UAV
flight dynamics, descent characteristics of the combined UAV-
parachute system, and environmental conditions. In addition
to computing the deployment point, the algorithm generates
a recovery trajectory that guides the aircraft toward this point
while ensuring a favourable deployment orientation with re-
spect to the desired landing location. This trajectory plan-
ning step allows the UAV to approach the deployment point
while aligning with the parafoil descent path, thereby improv-
ing landing accuracy. This research implements and evaluates
the proposed solution within a simulation framework devel-
oped in the MATLAB/Simulink environment. This simulation-
based development represents a foundational step toward as-
sessing the potential performance of the proposed architecture.
Moreover, performance was analysed under both controlled
and uncontrolled descent scenarios. A set of Monte Carlo
simulations were conducted with uncertainties introduced into
the UAV and parachute aerodynamic coefficients, while the
wind profile was included as a deterministic input to compare
controlled and uncontrolled descent under fixed-wind condi-
tions. This setup enables an assessment of deployment accu-
racy under aerodynamic-parameter uncertainty, offering cru-
cial insights into the performance of the algorithm and its po-
tential contribution to increased landing precision. In addition,
the simulation provides a probabilistic view of possible out-
comes, margins of error, and estimated confidence intervals.

The remaining organisation of the article is followed by Sec-
tion 2, in which the vehicle used in the simulation is pre-
sented. Section 3 presents Model-In-the-Loop (MIL) simu-
lation environment, including the dynamic model, the pro-
posed parachute deployment algorithm, the recovery path plan-
ning algorithm, and the guidance logic. Afterwards, Section 4
presents the results of the study for Monte Carlo uncertainty
analysis with the proposed algorithm and selected landing sce-
narios. Finally, the conclusions and future plans will be out-
lined in Section 5.

2. FOXTECH GREAT SHARK 330

The study utilises the FOXTECH Great Shark 330 UAV (See
Fig. 1), a multi-purpose UAV primarily designed as a verti-
cal take-off and landing (VTOL) system. However, due to
the availability of aerodynamic properties of this vehicle, it
was selected for the study under the assumption that only the
fixed-wing configuration was used. This choice aligns with the
study’s focus on fixed-wing UAVs and enables a straightfor-
ward analysis of the proposed parachute deployment and au-
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Fig. 1. FOXTECH Great Shark 330 UAV [22]

Table 1. Great Shark 330 UAV properties [22, 23]

Parameter Symbol ‘ Value ‘ Unit ‘
Mass m 20 kg
Mean aerodynamic chord ¢ 0.286 m
Reference area Sref 0.7656 m?
Wing span b 33 m
Moment of inertia about the x-axis Ly 1.57 kg~m2
Moment of inertia about the y-axis Iy 243 kg-m?
Moment of inertia about the z-axis I, 4.05 kg~m2

tonomous path planning algorithm and the landing accuracy as
a result of its implementation. The Great Shark 330 UAV se-
lection was driven by its off-the-shelf availability, proven per-
formance, and the availability of aerodynamic and geometric
data, making it an appropriate representative platform for this
study. Although the aircraft is capable of vertical take-off and
landing, its VTOL capabilities were not utilised in the simu-
lations. Instead, the vehicle was treated only in its fixed-wing
configuration, consistent with the scope of the proposed re-
covery framework. Therefore, the use of the Great Shark 330
should be interpreted as a representative fixed-wing UAV case
study, rather than as a platform-specific argument for adding
parachute recovery to a VTOL aircraft. The proposed algo-
rithm is intended as a generic recovery methodology for fixed-
wing UAVs and is not limited to VTOL platforms. The main
properties of this vehicle are outlined in Table 1.

3. DYNAMIC MODEL

The simulation begins with the activation of the landing mode,
where the proposed algorithm computes the desired parachute
deployment position and the optimal path towards this point.
The developed control algorithm keeps the UAV on the com-
manded path while maintaining the altitude; once it is within
the specified threshold, the parachute is deployed and the en-
gine is cut off. The parachute deployment introduces signif-
icant effects on the system dynamics, as the combined UAV-
parachute system is treated as a single rigid dynamic ob-
ject taking into account the added forces and moments from
parachute deployment, in addition to the changes in mass and
inertia due to the apparent effects of parachute deployment.

The tension in the suspension cable and the pendulum mo-
tion between the UAV and the canopy were not modelled,
but rather the most significant effects of the coupling were
captured using the apparent mass/inertia and the aerodynamic
forces due to the parachute. The framework developed in
MATLAB/Simulink addresses this complex task by modelling
the six degrees of freedom (6-DOF) nonlinear dynamics of the
UAV using equations of motion including the parachute effects
were outlined in Eq. (1) and Eq. (2).

m(§b+@bXVb>=ﬁA+ﬁT+ﬁG+ﬁp @))
1@+ @ x (I @) = My +Mp, 2

where:

m — total mass of the UAV—parachute system, [kg];

‘71, — linear velocity vector expressed in the body-fixed
frame, [m/s];

I_'};, — linear acceleration vector in the body-fixed frame,
[m/s?]);

@, — angular velocity vector in the body-fixed frame,
[rad/s];

(f)b — angular acceleration vector in the body-fixed frame,
[rad/s?];

I — inertia tensor of the UAV—parachute system expressed in
the body-fixed frame, [kgm?];

Fy— aerodynamic force vector, [NJ;

Fr — thrust force vector, [N];

Fg - gravitational force vector, [N];

Fp— parachute aerodynamic force vector, [N];

My — aerodynamic moment vector, [Nm];

Mp — parachute moment vector, [Nm].

The dynamic model was constructed in the flat earth North-
East-Down (NED) inertial coordinate system with respect to
the centre of mass of the object. The point at which the land-
ing mode was initiated was defined as the centre of the NED
coordinate system in the X and Y directions (0,0). The atti-
tude representation in space was based on quaternions to im-
prove three-dimensional simulation accuracy, while the Euler
angles were utilised for presenting the results and for com-
puting the components of the gravitational force vector. The
relationship between the inertial NED frame, the body-fixed
frame OpXpyp2zp, and the Euler angles ¢, 60,y was presented
in Fig. 2. Furthermore, the apparent mass and inertia effects
resulting from parachute deployment must be taken into con-
sideration when solving the equations of motion of the UAV-
parachute system. These effects are caused by the interaction
between the parachute and the fluid medium. Equation (3)
defines the scalar total mass in the implemented translational
dynamics, comprising the mass of the UAV m,, the deflated
parachute mass m,, and the effective scalar apparent-mass
contribution obtained from the diagonal apparent-mass matrix.
Similarly, Eq. (5) computes the total inertia of the system by
combining the UAV inertia, the apparent inertia caused by the
fluid-parachute interaction, and a simplified parallel-axis cor-
rection associated with the parachute attachment length. The
parachute’s apparent mass and inertia contributions are given

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



Nezar Sahbon, Michat Welcer, Albert Zajdel, Cezary Szczepariski

Fig. 2. Body-fixed frame Oyx,yyzy, the flat earth NED frame, and Euler
angles.

in Eq. (4) and Eq. (6), respectively. A rigid and fixed parafoil
parachute was assumed for simplicity, with practical accu-
racy [24, 25].

m=mg+ mp + tr(Mapparent)7 3

where M, ,parens s the diagonal apparent-mass matrix, and
tr(Mappa,e,,,) represents the scalar apparent-mass contribution
used in the implemented total-mass calculation. In the present
implementation, the translational dynamics were formulated
using a scalar total mass. Therefore, the directional apparent-
mass terms were first calculated as the diagonal entries of
the apparent-mass matrix and then combined into an effective
scalar apparent-mass contribution. This approximation retains
the additional inertial contribution associated with the parafoil-
air interaction while keeping the translational mass formula-
tion consistent with the implemented UAV-parachute dynamic
model.

0.666-p-(1+35-a)-b 0 0
0 0.267-p(>+2-a*(1-))c 0

0 0 0735»p(|+z.53(1fﬂ))"2(1%\);}12

“)

Mupparem‘ =

where:

p - Air density, [kg/m’];

a - Parachute arc to span ratio, [—];

a - Parachute arc height, [m];

t - Parachute thickness, [m];

f - Parachute thickness to chord ratio, [—|;

b - Parachute span, [m];

¢ - Parachute chord, [m];

A = b*/S,.s - Parachute aspect ratio, [—];

Syer — reference surface area of the parachute, [m

>

2].

I= ]aircrafl +Iupparenl + mp - 12 I3, (5

where Iyircrq st 1 the UAV inertia tensor, I,pparens is the apparent
inertia tensor, / is the parachute attachment length, and /5 is the
3 x 3 identity matrix. The term m,,l213 represents a simplified
diagonal parallel-axis correction accounting for the parachute
mass being located at an effective offset from the UAV centre
of mass. Since cable tension and pendulum dynamics were
not explicitly modelled, the attachment length was used as the

Table 2. Primary characteristic properties of the parafoil parachute
used in this study.

Parameter Symbol ‘ Value ‘ Unit ‘
Mass mp 1.9 kg
Chord c 1.92 m
Span b 3.31 m
Parafoil panel thickness t 0.25 m
Arc height a 0.3 m
Attachment length l 3 m
Surface area Sref 6.32 m?

effective offset distance and the correction was applied equally
to the principal inertia components.

A
RENE N L
/ _ 0.055-p b (1 }A) 0 0
apparent — 0 0.0308-p (]i\A)H b (1+E(1+A)@-7-A) 0
0 0

0.0555 - p(1+8-a)b*-1*
(6)

The gravitational forces in the body fixed reference frame were

defined by Eq. (7), with an assumption of constant gravita-

tional acceleration of g = 9.81 m/s? in the inertial reference

frame.

—m-g-sin(6)
m-g-cos(0)-sin(¢) @)
m-g-cos(0)-cos(¢)

Fg=

The aerodynamic forces and moments model was developed
based on the stability and control derivatives of the Great Shark
330 UAY, obtained from the aerodynamic performance evalua-
tion by Shah et al. [22]. The parachute model neglected attach-
ment cable tension and pendulum effects to avoid overcompli-
cating the mathematical model. Therefore, assuming just the
aerodynamic contribution greatly simplifies the problem, with
balancing model fidelity and computational feasibility while
still providing practically relevant results. The parachute aero-
dynamic model employed literature-based aerodynamic coeffi-
cients [26], omitting control derivatives. Although the aerody-
namic coefficients from literature were derived for a parachute
of different size, their use is justified since they are nondi-
mensional flow behaviour and parafoil shape parameters rather
than absolute dimensions. For calculation of resulting mo-
ments and forces, geometrical characteristics of the parafoil
parachute employed in this study (listed in Table 2) were
used. This approach acts in accordance with standard aero-
dynamic practices, commonly employed in early-stage perfor-
mance evaluation when wind tunnel, Computational Fluid Dy-
namics (CFD), empirical or flight test results are unavailable.

Finally, the International Standard Atmosphere (ISA)
Simulink model calculated the air density and speed of sound
with respect to flight altitude. The wind environment was mod-
elled using a horizontal wind profile, interpolating both speed
and heading as a function of altitude.

3.1. Model Limitations and Practical Considerations

Several modelling assumptions were introduced in the study
for balancing the model fidelity, computational efficiency and
the primary objective of the proposed framework, which is
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necessary for a preliminary evaluation of a parafoil deploy-
ment and recovery path planning algorithm within a simulation
environment. As previously mentioned, the suspension line
tension dynamics and pendulum motion between the parafoil
canopy and the UAV were neglected. Similar modelling as-
sumptions have been adopted in previous parafoil modelling
studies where the connection between canopy and payload was
often treated as rigid and the system was described using a 6-
DOF formulation [16, 27]. In reality, these effects may in-
troduce higher-order transient attitude variations, oscillatory
behaviour, vortex-induced vibrations, and changes in the ef-
fective aerodynamic forces acting on the combined system.
Although neglecting these effects simplifies the mathematical
formulation and facilitates efficient simulations, it may also
lead to optimistic estimations of landing accuracy, especially
in the presence of turbulent atmospheric conditions. Never-
theless, the guidance and control framework presented takes
into account the most significant coupling effects through the
inclusion of parafoil aerodynamic forces, moments, apparent
mass, and apparent inertia terms. The presented framework
is intended to provide a first-order assessment of deployment-
point computation and recovery-path planning, which justifies
the adopted modelling simplifications.

Secondly, the transient parachute inflation process post-
deployment was not explicitly modelled. Instead, a first-order
transfer function was used to delay the onset of parachute aero-
dynamic effects. This simplification does not fully capture the
highly nonlinear inflation process and the associated deploy-
ment loads that may occur during parachute opening.

Another significant assumption involves wind data availabil-
ity and modelling. The computations of the deployment point
in this study are based on a predefined horizontal wind pro-
file as a function of altitude. Wind profiles are usually subject
to uncertainties in their measurements and variability with re-
spect to time. In practice, wind profile estimations may be ob-
tained from onboard wind-estimation algorithms, meteorolog-
ical forecasts, atmospheric databases, or ground-based mea-
surements. Previous studies have demonstrated real-time wind
estimation for fixed-wing UAVs using standard onboard sen-
sors [28]. Thus, any error in measuring wind profiles will
have a direct impact on the predicted drift and the accuracy
of the computed deployment point. Therefore, the reported
landing performance can be treated as an upper-bound estima-
tion of operational performance under the assumption of wind
knowledge. Finally, the proposed approach has been evalu-
ated through numerical simulations, incorporating six-degree-
of-freedom vehicle dynamics, parafoil aerodynamic effects,
apparent inertial effects, atmospheric modelling, and uncer-
tainty analysis; experimental validation was beyond the scope
of the presented study. Future work will focus on incorporat-
ing higher-fidelity coupled UAV-parafoil dynamics, improved
wind estimation techniques, and experimental validation to
further assess the practical applicability of the proposed recov-
ery strategy.

3.2. Parachute deployment algorithm

The parachute deployment algorithm was designed to com-
pute the deployment location necessary for a safe landing of
the system at a predefined point. The algorithm computes
the parachute deployment point (see Eq. (8)) by applying a
drift of AX and AY to the target landing location denoted by
Pr = X7, YT]T. The total drift was decomposed into two pri-
mary drift components: the parachute glide drift and wind
drift, as denoted by Eq. (9).

Xdeploy _ Xr — AX (8)
Ydeploy Yr —AY
AX| _ |AXpGD +AXwina )
AY AYpGp + AVying

Firstly, the parachute glide drift (PGD) in the X and Y di-
rections was calculated by Eq. (10). This drift is largely de-
termined by the dimensionless glide ratio of the combined
parachute UAV system Gp, the vertical descent interval be-
tween the deployment and ground altitudes, and the heading
towards the desired landing location, computed by Eq. (11). In
general, the heading angle yr would usually be computed us-
ing the relative position between the desired landing point and
the UAV’s position at landing mode initiation. However, since
the landing sequence in this study starts at the origin (0,0), this
simplification removes the need for offset terms in Eq. (11).

AX Zdeploy cos
PGD | _ / ploy Gp | (wr) dz,
AYpGp 0 sm(l//T)
where 24,51,y denotes the parachute deployment altitude. Since
Gp is dimensionless, the integration from the terrain level to

the parachute deployment altitude gives the horizontal glide
distance in metres.

(10)

yr :atanZ(YT,XT) (11

A crucial component of the parachute deployment algorithm is
the approximation of the descent drift caused by wind condi-
tions. This was done by integrating the wind profile (V,ying, )
computed using Eq. (12), with the descent rate of the UAV-
parachute system W from the terrain level to the parachute de-
ployment altitude z, defined by Eq. (13). The equations used
here for computing the wind drift follow the version presented
by Cacan et al. [29] in a form suitable for parafoil modelling.
It is worth noting that in Eq. (12), y,,;ng is expressed in the
horizontal NED frame and denotes the direction of the hori-
zontal wind-velocity vector, measured from the positive north
axis toward the positive east axis. Therefore, V,ying, and Vying,
correspond to the north and east wind-velocity components,
respectively.

lvwindx (Z)] _ [Vwind (2) - cos(Wiina(2))

) ) (12)
Vwindy (Z) Vivind (Z) ) Sln( Yywind (Z))

where: V,,;,4(z) - Wind speed as function of altitude, [m/s];
Wivind (2) - Wind direction as function of altitude, [°];
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Viind
z Ywind,
AXwina | Jo W dz (13)
AYWin d - z Vwindy
Jo W dz

Finally, both the glide performance coefficient Gp and the
mean descent rate W of the combined UAV-parachute sys-
tem were initially obtained through simulation by disabling
the wind model and analysing the steady-state descent be-
haviour after the transient parachute deployment phase. How-
ever, additional simulations revealed that the vertical descent
rate varies slightly with wind speed due to changes in the
aerodynamic equilibrium of the integrated system. Conse-
quently, the descent rate was modelled as a function of wind
speed using linear interpolation between the simulated operat-
ing points. The descent rate values were set between 3 m/s at
zero wind speed and approximately 3.75 m/s at 15 m/s wind
speed. The glide ratio was estimated from the lift-to-drag ratio
of the coupled UAV—parachute system, which yielded a glide
ratio of Gp = 3.31 by averaging the lift-to-drag ratio over the
quasi-steady descent phase following the transient parachute
deployment response.

3.2.1. Recovery path planning to the deployment point
Upon computing the desired parachute deployment point
ﬁdeploy, a recovery trajectory was created to guide the air-
craft towards the deployment point while ensuring a favourable
parachute deployment direction to the desired landing location
I%arge,. The trajectory path consists of a straight segment from
the UAV position By at the recovery initiation trigger to a tan-
gential entry point on a circular arc of radius Ry, followed
by a circular arc ending at 13;16 ploy- Several parameters must be
defined for the path planning procedure, including the forward-
cone threshold 6.,,., the number of candidate circles N cjes»
and the weighting coefficients Wy;; and Wjeqqing used in the
trajectory selection cost function. The complete recovery tra-
jectory generation method is presented in Algorithm 1.
Algorithm 1: Optimal recovery trajectory generation toward
the deployment point

Require: UAV position B, heading yp, deployment point
I_jdeploy, target point 1_57, turning radius Ry, cone angle
Ocone> Wind magnitude [Vy,inq|, weights Wy and Wieaging

Ensure: Optimal recovery trajectory P*

1: Compute direction to deployment point &depl(,y and UAV
heading vector hy

Compute heading deviation Qe pioy

if | ®tepioy| < Ocone and |Vyying| is negligible then
Set P* as the straight-line trajectory from Byto 13,16 ploy
return P*

end if

Compute desired deployment-to-target direction dpr

Generate N,;..s candidate circle centres C; around ﬁdeploy

Compute target heading yr from ﬁdepl,,y to I_’}

for each candidate circle centre é do
Compute distance d; = ||C; — By

12: if d; < Ry, then

Discard candidate

R A AN A S

—_ -
—_- o

—_
(95}

14: continue

15: end if

16: Compute left and right tangent solutions from B to the
circle

17: for each turn direction k € {L,R} do

18: Compute entry point ﬁeljllry

19: Construct candidate trajectory 13;" from a straight
segment and a circular arc

20: Compute exit heading l//e];it at f’de ploy

21: Evaluate trajectory cost

Jzk - Wdist (dl +Rlurn) + Wheading . Rrurn Welgcit - WT‘
22; end for
23: end for

24: Select the candidate trajectory with minimum cost:

P* = argminJ¥
ik

25: return P*

3.2.2. Guidance & control The guidance module then gener-
ated the desired roll angle continuously to track the planned re-
covery trajectory towards the deployment point and then to the
desired landing point post-parachute deployment. The lateral
motion of the fixed-wing UAV was primarily fulfilled through
bank-induced turning; the roll command formed the principal
control signal for path following during the pre-deployment
phase with minor corrections post-deployment. Regarding the
pitch command, the guidance algorithm maintains the altitude
of the aircraft upon triggering the recovery phase. However,
post-parachute deployment, the pitch and yaw controls are dis-
abled. The guidance through the generated desired path fol-
lowed the L; guidance logic [30]. The guidance starts by com-
puting the line segment of the current path between the previ-
ous waypoint and the next waypoint vectors denoted by Wea
and Wpg respectively (see Eq. (14)).

Wps — W,
n= H (14)
|Wpg — W4l

To compute the L; guidance distance, one must specify a
damping ratio { and turn period 7y. These parameters greatly
influence the track guidance performance and are aircraft de-
pendent. Moreover, the ground speed magnitude was needed in
addition to compute the L; distance using the following equa-
tion:

_E TV
= —

To ensure a real forward lookahead distance of the guidance
point, the lookahead distance L; must be constrained using the
cross-track error magnitude ||€,pssrrack|| @and the minimum for-
ward distance as:

L = max (Ll, \/||Ecrosstmck||2 +l]2‘wd,min) :

Computing the cross-track error magnitude first required defin-
ing the vector from the start point of the current segment to the
aircraft position P, denoted by w and computed via Eq. (17).

Ly 15)

(16)
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This was then used to find the perpendicular cross-track error
vector by projecting w on to 7 using Eq. (18).

Ww=P—Wp a7)

(18)

Ecrosstrack =w- ("_‘; . ﬁ)’_’i

Next, it was necessary to compute the angle 1 between the
ground track and target waypoint bearing. This can be done
by calculating the angular deviation between the normalised
ground speed vector ¥, and the normalised error vector [ be-
tween the current position and the lookahead reference point
B\ (see Eq. (19) through Eq. (21)).

Pia = (-t 5-07) + (VL= Vommaratl ) 19
. Vg
O (20)
A
. P,-P
f= K= 1)
[P =Pl

By taking the four-quadrant inverse tangent function, the
signed angular deviation can be found using the atan2 for-
mulation, which ensures robust numerical computation, cor-
rectly distinguishing clockwise and counter-clockwise devia-
tions (see Eq. (22)).
ne [—75, 7[]’

N = atan2(sin(n), cos(N)) (22)

Finally, the commanded lateral acceleration was determined
with Eq. (23), plugging the commanded acceleration along
with the gravitational acceleration magnitude g into Eq. (24)
yields the commanded roll angle.

2 .
Ly

‘Pcmd € [‘Pmim ¢max]

An autopilot control loop was developed for the study, with
proportional-integral-derivative (PID) controllers used for the
roll, pitch and yaw channels. While the UAV stayed on the
desired path, its speed was maintained at a cruise condition of
22 m/s. This was done via a dedicated PID controller that ad-
justed the thrust output along the x-axis to maintain the desired
airspeed.

As previously mentioned, the parafoil-UAV was regarded
as a single coupled rigid body with modified aerodynamic,
apparent mass, and apparent inertia properties post-parachute
deployment. Hence, the post-parachute dynamics were not
treated as a conventional fixed-wing flight, as the engine was
turned off and the forward speed was reduced. Rather, the re-
sultant aerodynamic forces and moments were governed by

(23)

Qcma = atan2 (acmd7 8 ) (24)

the parachute-UAV system configuration. The available con-
trol authority was therefore inherently reduced compared to
the pre-deployment phase as a result of the lower forward
speed of the combined system following engine shutdown and
parachute deployment. This modelling framework assumed
that the aircraft ailerons maintained limited residual control
authority over the roll channel of the combined system. The
roll motion of the aircraft changes the orientation of the resul-
tant aerodynamic force vector, producing a lateral component
that enables minimal course adjustment during the controlled
descent phase [31, 27]. To avoid the assumption of excessive
post-deployment manoeuvrability, the commanded roll angle
was constrained to 10°. Therefore, the controlled descent case
should be interpreted as an assessment of the potential benefit
of limited post-deployment roll authority within the adopted
model, rather than as experimental validation of a specific ac-
tuator layout. This model-in-the-loop structure enabled sim-
ulation of the parafoil-UAV system, including the parachute
deployment algorithm, path planning and subsequent landing,
while accounting for nonlinear dynamics, atmospheric effects,
and control logic transitions.

4. NUMERICAL RESULTS

Performance analysis of the parachute deployment algorithm
was carried out through numerical simulations in the MAT-
LAB/Simulink environment, using a Runge-Kutta 4th order
(RK4) solver at a 200 Hz integration frequency. In this study,
a Monte Carlo analysis was conducted to evaluate the landing
dispersion, introducing uncertainties in the parachute and UAV
aerodynamic parameters. Particularly, the analysis considered
an uncertainty of 5% for the UAV aerodynamic derivatives and
10% for the parachute aerodynamic derivatives, with 1,000
simulations performed for each descent scenario. The se-
lected aerodynamic parameters were independently perturbed
as p = po(1 + &), where p is the perturbed parameter value,
po is its nominal value, and 6 ~ % (—0.05,0.05) for the UAV
derivatives and & ~ % (—0.10,0.10) for the parachute deriva-
tives. The randomized UAV parameters included Cpg, Cpg,
CDaz, Cyﬁ, Cro, Cra,» Clﬁ’ Cino, Cna» and Cnﬁ’ while the ran-
domized parachute parameters included Cpo, Cpa, Cyg. Cro,
Cras Cig> Crps Cnos Cimas Cimg» and C, 5. Moreover, control-
surface derivative uncertainty was set to zero and was therefore
not included in the Monte Carlo randomization. The wind pro-
file was included as a deterministic input and was kept identi-
cal for the controlled and uncontrolled Monte Carlo cases. The
wind profile was defined at altitude levels £,,,,s = [0, 100, 600]
m, with wind speeds Vg = [5,3,3] m/s and wind-direction
angles W, ;g = [—60,—30,—150]° in the NED frame. Wind-
speed and wind-direction uncertainty were not randomized,
since the objective of this analysis was to isolate the influence
of aerodynamic-parameter uncertainty and active roll steering.
Two primary descent scenarios were assessed: uncontrolled
and controlled. The uncontrolled scenario disabled all con-
trol surfaces upon parachute deployment, allowing the system
to descend under the influence of the deterministic wind pro-
file and passive glide behaviour. On the other hand, the con-

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication.



Nezar Sahbon, Michat Welcer, Albert Zajdel, Cezary Szczepariski

trolled case maintained aileron control actuation to influence
the roll channel, allowing the system to steer toward the de-
sired landing point during descent. These cases were designed
to isolate the impact of active control on parachute descent ac-
curacy, highlighting its contribution to autonomous precision
landing under the assumed aerodynamic-uncertainty and fixed-
wind conditions.

All desired landing points were defined in the flat earth NED
coordinate system, with the landing mode initiation location
set as the origin (0,0). The dispersion analysis reference de-
sired landing point was placed at 2,000 metres north and 2,000
metres due east relative to the UAV. Moreover, the reference
point fell within an ideal square-shaped 100 by 100 metres
safe zone. This safe zone was nested within a larger accept-
able zone measuring 300x 300 metres, which in turn was en-
closed by a 700x700 metres zone deemed unacceptable for
safe landing due to the possible presence of objects which may
damage the UAV. Landings outside this outer zone were con-
sidered damaging to the UAV. The initial altitude for all simu-
lations was set to 250 metres.

The wind profiles were inspired by publicly available me-
teorological data obtained from Windy.com [32], where wind
information is available at discrete altitude levels, including 0
m, 100 m, and 600 m. The selected altitude levels were kept
in the model, despite the fact that the simulations presented
in this study were initiated at 250 metres altitude and there-
fore primarily utilised the lower portion of the wind profile,
with in-between wind values obtained through linear interpo-
lation between the discrete altitude levels. Moreover, for the
path planning and guidance, Table 3 outlined the values of the
user-defined constants. The dispersion results for the uncon-
trolled scenario were shown in Fig. 3, with its corresponding
histogram in Fig. 4. The controlled scenario outcomes were
presented in Fig. 5 and Fig. 6. A statistical summary of the
landing performance, including the mean error &, standard de-
viation o, margin of error E from the mean, and the 95% con-
fidence interval, was provided in Table 4 for both scenarios.
In addition, the percentage of Monte Carlo runs falling within
each landing zone was reported in Table 5 to provide a safety-
oriented interpretation of the dispersion results.

The zone percentages in Table 5 were calculated using mu-
tually exclusive square-zone boundaries, where the acceptable
zone excludes the safe zone, and the unacceptable zone ex-
cludes both the safe and acceptable zones.

The dispersion plots show the desired landing point marked
in magenta (x) and the mean landing point in cyan (+). The de-
sired safe (green), acceptable (yellow), and unacceptable (red)
landing zones were illustrated with increasing tolerance levels.
Ellipses representing the 1-sigma (blue), 2-sigma (green), and
3-sigma (red) confidence intervals of the landing point distri-
bution were also illustrated in the figures. The results clearly
highlight the advantages of autonomous controlled descent,
with a reduction of the mean landing error by approximately
53.65% compared to the uncontrolled descent. Notably, the
average landing location falls within the designated safe zone,
exhibiting high landing accuracy. The landing-zone classifica-
tion further confirms the benefit of active steering. In the un-

Monte Carlo Simulation: Dispersion on Ground
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Fig. 3. Uncontrolled descent Monte Carlo dispersion results under un-
certainty.
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Fig. 4. Uncontrolled descent Monte Carlo dispersion histogram.

controlled case, 15.10% of the Monte Carlo runs landed within
the safe zone, while 3.30% landed outside the outer zone. In
contrast, the controlled case increased the safe-zone percent-
age to 56.90% and reduced the percentage of landings outside
the outer zone to 0.10%. This underscores the potential benefit
of incorporating active steering within the proposed framework
under the assumed simulation conditions.

It should be noted that the comparison between the uncon-
trolled and controlled descent Monte Carlo analyses was meant
to isolate the contribution of active steering within the pro-
posed framework. The Monte Carlo analysis demonstrated
that the controlled descent reduced the mean landing error and
the landing point dispersion relative to the uncontrolled de-
scent. A similar trend was observed in guided airdrop studies,
where active control resulted in lower landing errors relative
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Table 3. User defined parameters for path planning and guidance.

Parameter

‘ Symbol ‘ Value ‘ Unit ‘

Weighted distance coeff.

Weighted heading coeff.

Guidance response period

Guidance damping ratio

Number of circles candidates

Maximum angle for the straight path

Path planning turn radius

Maximum roll angle (pre-deployment)

Maximum roll angle (post-deployment)

Waist 1 -
Wheading 3 -
T 30 S

¢ 0.7 -
Neircles 12 -
Ocone 20 °
Riurn 500 m
Pmax 20 °
Pmax 10 °

Table 4. Monte Carlo dispersion statistical summary

| 2lm] | o[m] [ E[m] | 95% Confidence interval [m] |

Uncontrolled descent | 148.87 | 102.89

6.37 [142.49,155.24]

Controlled descent 68.99 61.69

3.82 [65.16,72.81]

Monte Carlo Simulation: Dispersion on Ground
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Fig. 5. Controlled descent Monte Carlo dispersion results under uncer-
tainty.

Table 5. Monte Carlo landing-zone classification.

Zone Uncontrolled [ %] ‘ Controlled [%] ‘
Safe zone 15.10 56.90
Acceptable zone 50.20 37.00
Unacceptable zone 31.40 6.00
Outside outer zone 3.30 0.10

to unguided descent [5]. Therefore, the presented comparison
underlines the benefit of active steering within the proposed
framework. However, this does not establish explicit superi-
ority over alternative parafoil guidance and control strategies
available in the literature.

Following the Monte Carlo analysis, controlled descent per-
formance was further assessed for three distinct desired land-
ing locations positioned at different bearings relative to the

180 Monte Carlo Simulation: Final Position Error
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Fig. 6. Controlled descent Monte Carlo dispersion histogram.

UAV’s position upon initiating the landing mode. These sce-
narios were denoted as Case A, B, and C, located at the coor-
dinates (X7,Y7) provided in Table 6, along with the associated
wind profiles (altitude A,,;,4, wind speed V4, and wind direc-
tion Y,,i,¢) and the resulting landing error for each case. Each
point was enclosed by a 100 by 100 metre box designated as
the safe zone. The landing performance trajectory results for
cases A to C were shown in Fig. 7 through Fig. 12.

The controlled landing results demonstrated the capability
of the parachute deployment algorithm with controlled descent
across various preferred points and wind conditions. In all
three cases, the UAV successfully landed within the designated
safe zone around each target coordinate. Case B achieved the
highest accuracy with a final error of 13.94 metres, with the
lowest wind speed scenario across the operational altitude lev-
els during the descent and a target landing point in the north-
east quadrant. Case C exhibited the highest deviation with a
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Table 6. Controlled landing test cases setup and final position error

[XT5YT] [l'll] hwind [m] Vwind [m/s] Ywind [O] Error [m]
Case A | [-1000, -1500] | [0,100,600] [12,10,10] [-60,-30,-10] 22.53
Case B [1000, 1500] [0,100,600] [5,7,12] [0,0,0] 13.94
Case C [2000, 0] [0,100,600] [10,10,10] [90,60,45] 30.51
rrrrrrrr UAV flight path 1000 - [-------"UAV flight path @‘_’”di"g point
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final error of 30.51 m, likely due to the additional turning ma-
noeuvres required to reach the deployment point, though it still
remained well within the defined safe zone. Case A featured
the maximum wind speed at the ground layer and 10 m/s at
the remaining layers, resulting in 22.53 metres of error, indi-
cating a safe landing. These results suggest that the parafoil
parachute deployment algorithm and path planning with ac-
tive steering are capable of achieving precision landings within
the considered simulation scenarios, parameter uncertainties,

10

000\ = UAV flight path

X Desired Landing Point
= = Safe zone
—= Wind profile

500

0

-500 2000

1000

-1000 500

North [m] Bast [a]
ast [m]

Fig. 10. Case B: Three-dimensional trajectory.

wind-profile assumptions, and modelling simplifications. Fur-
thermore, the final position errors remain consistently within
the safe zone threshold, underscoring the algorithm’s resilience
and adaptability to variable desired landing locations.

5. SUMMARY AND CONCLUSIONS

In this research, the numerical model of the Foxtech Great
Shark 330 UAV descent using a parafoil parachute was devel-
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oped, including aerodynamic and inertial effects resulting from
parachute deployment and interaction with the air. A parachute
deployment algorithm was successfully developed and imple-
mented within the simulation model.

The results of the Monte Carlo dispersion analysis indicated
the effectiveness of the proposed algorithm under the consid-
ered uncertainty assumptions. The controlled descent scenario
with active roll steering improved the mean landing error by
53.65% in comparison with the uncontrolled descent case. The
landing-zone classification further showed that active steering
increased the percentage of Monte Carlo runs within the safe
zone from 15.10% to 56.90%, while reducing landings outside
the outer zone from 3.30% to 0.10%. The statistical analy-
sis demonstrated a narrower dispersion for the controlled sys-
tem with higher accuracy and tighter confidence intervals, in-
dicating improved robustness of the controlled descent strategy

within the considered simulation scenarios and uncertainty as-
sumptions.

Further evaluations were carried out with active descent
steering for various desired landing points at distinct head-
ings and wind profiles, demonstrating the system’s adaptability
across the considered operating conditions. In all the simula-
tion cases, the algorithm successfully computed the parachute
deployment point with path planning in order for the UAV to
land within the specified safe zone, with the final error ranging
from 13.94 to 30.51 metres, under the considered wind-profile
cases. These results showcase that the proposed parachute de-
ployment algorithm and active descent steering may provide
a feasible approach for improving recovery accuracy of UAV
systems. The objective of this study was not to demonstrate
superiority over existing guidance or control approaches that
may be feasible for this type of problem, but rather to present
a unified framework adapted to fixed-wing UAV operations.
Moreover, the proposed framework was formulated using rela-
tively computationally efficient guidance, path-planning, and
deployment point estimation algorithms, facilitating imple-
mentation, reproduction, future improvements, and adaptation
to onboard fixed-wing UAV recovery applications. To con-
clude, the presented approach demonstrates the potential of
autonomous parachute deployment and path planning for im-
proving fixed-wing UAV recovery performance within a simu-
lation environment.

Further expansion upon this research will include integra-
tion with onboard sensors and experimental validation of the
proposed solution. Future research will focus on increasing
model fidelity, taking into consideration cable tension, pendu-
lum motion dynamics, canopy inflation transients, wind esti-
mation uncertainty, and turbulent wind profiles. In addition,
hardware-in-the-loop evaluation and flight testing remain im-
portant directions for future work.
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