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Abstract

The parafoil is highly susceptible to deviations from its reference trajectory under wind
disturbances. Given its constrained longitudinal control authority, it has limited capability
to correct these deviations and regain the intended glide path. To overcome this limitation,
we propose a dynamic planning framework based on a layered homing strategy. The
airdrop mission trajectory is initially designed as a traditional multi-segment path. To
approximate non-uniform glide characteristics under wind disturbances, this planning
problem incorporates a predicted wind model as an external input. Node parameters of the
segmented trajectory are then solved using an improved grey wolf optimizer (IGWO). By
tracking this reference trajectory, the parafoil is guided into the proximity of the target. To
ensure landing precision, the terminal phase is formulated and discretized using an adap-
tive pseudo-spectral method (APSM). The online planner computes a real-time trajectory to
account for actual motion characteristics. This dynamic replanning (DRP) compensates for
deviations caused by model mismatches and external disturbances. The proposed homing
method is statistically verified via extensive Monte Carlo simulations under different wind
conditions. Finally, the airdrop experiment is conducted to validate the DRP method.

Keywords: parafoil; autonomous system; optimization problem; dynamic planning;
wind disturbances

1. Introduction
Parafoils are typically used for long-distance delivery from an airdrop vehicle due

to their superior gliding performance [1–3]. The ram-air parafoil achieves sustained un-
powered flight through its stable airfoil shape when inflated. Driven by its extended glide
range and greater payload capacity, the demand for precise autonomous airdrop systems
based on this technology has grown markedly in recent years.

However, the limited glide ratio of the unpowered parafoil restricts its height adjust-
ment. Its inefficient longitudinal control further dictates that precise trajectory planning
is essential for landing accuracy. As a result, the reference trajectory must satisfy the in-
herent gliding characteristics in both horizontal and vertical dimensions. Previous studies
have proposed various path planning methods for parafoils, such as the rapidly exploring
random tree (RRT) algorithm [4,5], smooth curve-based methods [6–8], and methods for-
mulated as optimal control problems [9,10]. RRT can rapidly generate a path in complex
environments, and is widely used in aviation guidance due to its rapid calculation capacity.
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However, as the resulting path is typically zigzag and does not account for continuous
kinematic constraints, a subsequent smoothing process is required for effective guidance.

Smooth curve-based methods, notably Bézier and Dubins curves, offer a distinct
advantage over RRT by generating trajectories that are inherently continuous and comply
with geometric conditions [11,12]. This characteristic makes them particularly suitable
for parafoil homing design, as the resulting trajectories are more consistent with flight
dynamics. Some studies have introduced the segmented homing method, which guides the
parafoil along multiple predetermined geometric segments in sequence [9,13]. A trajectory
composed of multiple arc curves and straight lines aligns well with the parafoil turning and
gliding maneuvers. The key parameters defining these segments can be obtained to solve an
associated planning problem using various algorithms, including the genetic algorithm, the
ant colony algorithm, and the gray wolf optimizer [14–16]. In addition, trajectory planning
formulated as an optimal control problem has been explored to meet various requirements,
such as wind resistance and terrain avoidance. The pseudo-spectral method is commonly
employed to transcribe the continuous optimization problem into a discrete nonlinear
programming problem (NLP) [17,18]. The optimized reference trajectory is capable of
closely matching the parafoil gliding characteristics, simultaneously satisfying different
objectives, such as minimizing energy assumptions, avoiding obstacles, and enabling an
upwind approach. However, this method faces challenges in effectively managing the
planning space. Specifically, the presence of height redundancy necessitates extensive
horizontal maneuvers to lose height, resulting in a narrow adjustment margin near the
terminal target point.

Parafoils are highly sensitive to wind disturbances, which can induce significant
trajectory deviations along the wind direction. The effective glide ratio (GR) varies with
the relative angle between the wind flow and the parafoil heading [19]. To account for
this influence, wind speed is generally estimated as a function of height [20]. Furthermore,
environmental wind forecasts can be incorporated a priori to enhance the robustness of
trajectory planning [21]. However, effectively incorporating predicted external information
to achieve landing remains challenging when dealing with an unknown airdrop area.

The predefined trajectories typical of conventional planning methods are static and lack
adaptability to external disturbances. Wind gusts can cause deviations from the reference
trajectory during flight. The control authority in the longitudinal/vertical channel is limited
for glide slope adjustment when relying solely on symmetric trailing-edge deflection. This
limitation can result in landing errors, manifesting as overshooting the target or landing
short of it. Various auxiliary measures, such as adjusting the movable center of gravity,
altering the canopy incidence angle, and deploying spoilers on the upper surface, have
been utilized to enhance control efficiency [22–24]. However, these methods often add
extra structural weight and increase system complexity. Given this limitation, research into
efficient online planning methods is therefore needed to correct trajectory deviations with
minimal hardware configuration changes [25]. In related fields, real-time trajectory adjustment
methods have been established to enhance the tracking performance of various vehicles, and
online optimization techniques are being explored to improve practical applicability [26–28].
In parafoil homing, several methods have been proposed to calculate control points online
using real-time wind field measurements. During the terminal T-approach phase on Titan, a
local grid refinement is employed to enhance computational efficiency [29].

As the major development of a precise airdrop system, Joint Precision Airdrop System
(JPADS) provided an error threshold of a landing precision of 100 m under non-ideal
conditions [30]. Adopting this as the design objective, this paper proposes a layered
homing strategy that integrates pre-planning with DRP. Distinct methods are tailored for
each phase to generate trajectories that meet specific requirements. The offline component
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utilizes multiple-segmented Dubins curves, which incorporate a wind prediction model.
An IGWO is employed to obtain highly accurate solutions. For the terminal flight phase, an
online RP scheme is implemented to dynamically adjust the path. Based on the APSM, the
trajectory planning problem is reformulated from the current flight position to compensate
for accumulated tracking errors caused by external disturbances. The main contributions
of the paper are summarized as follows:

1. The multi-segment Dubins curves are employed to more effectively incorporate the
wind model, thereby providing a closer approximation of the homing trajectory of the
parafoil in windy conditions. Specifically, wind effects are accounted for to estimate
the realistic GR characteristics at each height layer.

2. Landing performance in the terminal phase is further improved by a real-time re-
planning (RP) scheme. This approach reformulates the planning problem for the
terminal region through the APSM, where normalization of time and state variables
reduces computational costs. The trajectory is adjusted based on the prediction of
glide characteristics, reducing tracking errors during the subsequent flight phase.

3. A mathematical model of the parafoil system integrated with an autonomous control
system is developed based on the line of sight (LOS) guidance and linear active dis-
turbance rejection control (LADRC). Under various wind disturbances, the proposed
hybrid planning method is validated by tracking trajectories with this model. Airdrop
experiments are conducted to analyze the wind effect and validate the proposed
homing strategy.

The remainder of this paper is structured as follows: Section 2 presents the parafoil
dynamic model and automatic control system used for simulation analysis, and details the
implementation of airdrop experiments and formulates the trajectory planning model of
the parafoil under wind fields. Section 3 details the integrated homing guidance scheme.
The multi-phase trajectory solution is obtained via the IGWO method. Building upon this,
the APSM is introduced to replan the online trajectory. Section 4 presents and discusses
the results under various conditions to validate the proposed approach. Finally, Section 5
summarizes the main conclusions and suggests directions for future research.

2. Autonomous Parafoil System
The parafoil typically comprises an upper canopy, a suspended payload, multiple sus-

pension lines, and steering lines. Directional control is effected by pulling down one side of
the trailing edge, and a flared landing is achieved by symmetric deflection of both trailing
edges. To analyze the parafoil homing method through simulation for different work condi-
tions, a numerical parafoil model with an automatic system is required. Figure 1 depicts the
conventional automatic guidance and control system for the parafoil. The process begins with
planning an offline reference trajectory from the predetermined airdrop position to the target,
which is typically kept fixed throughout the mission. Subsequently, based on the discrete
waypoints defining this planned path, the flight guidance and control modules compute the
necessary control input for trailing edge deflection to track the trajectory. Ultimately, this
system guides the parafoil to a landing in the vicinity of the target.

2.1. Parafoil Dynamics Model

As the foundation of simulation analysis, a six-degree-of-freedom rigid-body model
of the parafoil system is established [31–33]. The model assumes a fixed geometry between
the canopy and the payload, which captures the three translational and three rotational
degrees of freedom after the canopy is fully deployed. As illustrated in Figure 2, a north-
east-down (NED) ground coordinate system Ogxgygzg is defined to determine the position
of the parafoil. The body-fixed coordinate system Osxsyszs is defined with its origin at the
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system’s center of mass. The xs-axis is aligned with the longitudinal axis, pointing forward.
The zs-axis points downward along the positive vertical axis, and the ys-axis completes the
right-handed Cartesian system, pointing to the right.

 

Figure 1. Work frame of the automatic following system for the parafoil airdrop.

The payload coordinate system denoted as Opxpypzp has its origin at the payload’s
center of mass and is aligned with the system frame Osxsyszs. The canopy coordinate
system Ocxcyczc is defined by rotating the system frame about the ys-axis through the
incidence angle φ. The origin of this coordinate system is located at the canopy’s center
of mass, which coincides with the quarter-chord point. To analyze the aerodynamics of
the canopy as the primary lifting surface, the relative airflow angle is used. Specifically, αc

is the local angle of attack between the projection of the airspeed vector Vc onto the yc-zc

plane and the xs-axis. The sideslip angle βc is defined as the angle between this airspeed Vc

projection vector and the airspeed vector.
The rotational and translational dynamics of the parafoil system are governed by a set

of differential equations formulated in this body frame. These equations, which account
for forces and moments due to aerodynamics, gravity, and apparent mass effects, can be
summarized as

.
Vs = (m + m f )

−1(Fa
c + Fg

c + Fa
p + Fg

p)− Ω × Vs (1)
.

H = Ma
c + Lc × Fa

c + Lp × Fa
p − Ω × H (2)

where Vs = (u, v, w)T and Ω = (p, q, r)T are the translational and angular velocity
vectors of the system center of mass in the body-fixed frame Osxsyszs. m is the generalized
mass matrix of the system. m f is the apparent mass matrix accounting for the air enclosed
within the canopy. Fa and Ma are the aerodynamic force and moment vectors. Fg is the
gravitational force vector. The subscripts c and p denote quantities associated with the
canopy and payload, respectively. The displacement vectors of the canopy and payload
with respect to the system center of the mass are defined as Lc and Lp. H is the angular
momentum vector:

H = (I + I f )
−1

Ω (3)

where I is the inertia matrix, and I f is the inertia matrix induced by the apparent mass.
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The differential equation governing attitude angles is given by

.
Θ =


.
ϕ
.
θ
.
ψ

 =

1 sϕsθ/cθ cϕsθ/cθ

0 cϕ −sϕ

0 sϕ/cθ cϕ/cθ


 p

q
r

 (4)

where the vector Θ comprises the roll angle ϕ, the pitch angle θ, and the yaw angle ψ. The
yaw angle is defined as the parafoil’s heading relative to true north in the horizontal plane,
measured clockwise as positive. The shorthand notations s(·) and c(·) represent sin(·) and
cos(·), respectively.

Figure 2. The simplified schematic diagram of a parafoil system. The red dashed line indicates the
xc-zc plane. The yellow dashed line indicates the projection line of the canopy airspeed vector.

The aerodynamic force Fa
c and moment Ma

c contributed by the canopy are obtained
through a sequence of coordinate transformations given by

Fa
c =

1
2

ρV2
c ScLT

csL
T
ac

−CD

CY

CL

 (5)

Ma
c =

1
2

ρV2
c ScLT

csL
T
ac

−bCl

cCm

bCn

 (6)

where ρ is the air density. Vc is the local airspeed of the canopy. Sc is the canopy area. CD,
CY, and CL are the aerodynamic force coefficients. Cl , Cm, and Cn are the aerodynamic
moment coefficients. b is the parafoil span. c is the chord length. Lcs is the transformation
matrix from the system frame to the canopy frame, and Lac is the transformation matrix
from the canopy frame to the airflow reference frame:

Lcs =

cφ 0 −sφ

0 1 0
sφ 0 cφ

 (7)

Lac =

 cαccβc sβc sαccβc

−cαcsβc cβc −sαcsβc

−sαc 0 cαc

 (8)

https://doi.org/10.3390/aerospace13030276

https://doi.org/10.3390/aerospace13030276


Aerospace 2026, 13, 276 6 of 29

The aerodynamic force Fa
p contributed by the payload is

Fa
p =

1
2

ρVpSpCp
D

up

vp

wp

 (9)

where Vp is the local airspeed of the payload; Sp is the maximum cross-sectional area of the
payload; Cp

D is the drag coefficient; (up, vp, wp)
T is the velocity vector of the payload.

The aerodynamic coefficients of the parafoil are modeled as functions of inflow angles,
angular rates, and control surface deflections. The general form of these coefficients is given by

CD = CD0 + CDααc + CDα2 α2
c + CDδe δe + CDδa δasign(δa)

CY = CYββc + CYrrb/(2Vc) + CYδa δa

CL = CL0 + CLααc + CLα2 α2
c + CLδe δe + CLδa δasign(δa)

Cl = Clββc + Clp pb/(2Vc) + Clrrb/(2Vc) + Clδa δa

Cm = Cm0 + Cmααc + Cmqqc/(2Vc) + Cmδe δe

Cn = Cnββc + Cnp pb/(2Vc) + Cnrrb/(2Vc) + Cnδa δa

(10)

where sign(·) is the sign function; δa is the asymmetric trailing-edge deflection used for
direction control; δs is the symmetric deflection used for height control or speed braking.
CD0, CL0, and Cm0 denote the drag, lift, and pitch moment baseline aerodynamic coefficients
at zero angle of attack, respectively. Their first-order and second-order derivatives with
respect to the angle of attack are {CDα, CLα, Cmα}, and {CDα2 , CLα2}, respectively. The
derivatives with respect to the symmetric deflection are CDδe , CLδe , and Cmδe . The deriva-
tives with respect to asymmetric deflection are CDδa , CYδa , CLδa , Clδa , and Cnδa . The pitch,

roll, and yaw damping derivatives are denoted by Cmq,
{

Clp, Cnp

}
, and {Clr, Cnr}, respec-

tively. The values of the component stability and control derivatives for each coefficient are
obtained from high-fidelity CFD simulations and flight experiments [34].

2.2. Flight Control Module

The parafoil is required to follow the planned trajectory until landing, either offline or
dynamically replanned online. This reference trajectory is typically defined by a sequence
of discrete waypoints {P0, · · ·Pi, · · · , PN}. An autonomous system integrating guidance
and control is designed to track this reference. Specifically, a line of sight (LOS) guidance
law generates the necessary steering commands for the controller based on the upcom-
ing waypoints [35,36]. As shown in Figure 3a, when the parafoil is navigating between
waypoints Pi(xi, yi, zi) and Pi+1(xi+1, yi+1, zi+1) in the geodetic coordinate system, the
parallel baseline angle ζ from Pi to Pi+1 is obtained:

ζ = arctan((yi+1 − yi)/(xi+1 − xi)) (11)

The LOS angle λ from the current position r(x, y, z) to the following waypoint Pi+1 is
then calculated:

λ = arctan((yi+1 − y)/(xi+1 − x)) (12)

The commanded track angle χd is determined by the guidance law within the look-
ahead distance:

χd = ζ + ∆χ (13)

where the angle increment ∆χ is given by:

∆χ = ks(λ − χ) (14)
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where χ is the actual track angle, and ks is a guidance gain related to the sight range:

ks = [ks1 + ks2tanh(||Pi+1 − r||/R)]−1 (15)

where tanh(·) is the hyperbolic tangent function; ks1 and ks2 are constant coefficients; R is
the waypoint switching radius as illustrated in Figure 3a.

To obtain the height command, the projection position of the current position onto
the reference trajectory is determined as illustrated in Figure 3b. The projected point Pr is
defined as follows:

Pr = Pi + υp
_______
PiPi+1 (16)

vp =
Pir×PiPi+1

||PiPi+1||2

=
(x−xi)(xi+1−xi)+(y−yi)(yi+1−yi)+(z−zi)(zi+1−zi)

(xi+1−xi)
2+(yi+1−yi)

2+(zi+1−zi)
2

(17)

The guidance system switches to the next waypoint when the parafoil enters the
vicinity of the current target waypoint. Specifically, if either of the conditions is satisfied:{

||Pi − r||≤ R
∆β = π/2 − (λ − ζ) ≤ 0

(18)

Then the current target waypoint is updated from Pi+1 to Pi+2.
The control system is structured around two primary channels: the direction channel

and the height channel. The direction channel generates a differential command for asym-
metric control surface deflection to manage track angle, while the height channel generates
a collective command for symmetric actuation to adjust height [37]. The LADRC method is
employed to track the desired commands according to the following control law [38]:

U =

[
δs

δa

]
= b−1

0 (ω2
c (Xd − σ1)− 2ωcσ2 − σ3) (19)

where Xd = [χd, |zPr |]
T denotes the state vector, comprising track angle and height; ωc

is a control bandwidth matrix; b0 represents the input gain matrix. The estimated state
(σ1, σ2, σ3) is updated through a linear extended state observer as follows:

.
σ1 = β1(Xd − σ1) + σ2, β1 = 3ω0
.
σ2 = β2(Xd − σ1) + b0U + σ3, β2 = 3ω2

0.
σ3 = β3(Xd − σ1), β3 = ω3

0

(20)

where ω0 is the observer gain matrix, typically parameterized by the observer bandwidth.

  
(a) (b) 

Figure 3. Schematic diagram of the line-of-sight guidance law for parafoil flight: (a) Heading channel.
(b) Height channel.
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2.3. Motion Characteristics Analysis

This study employed airdrop experiments to analyze the sensitivity of parafoil dynam-
ics to wind disturbances using an unmanned aerial vehicle (UAV). The parafoil is designed
to follow a predetermined flight path, typically featuring a V-type approach. It is released
at a calculated distance from the target to ensure sufficient airspace for a safe and controlled
descent. A middle key waypoint is set to guide the initial turn of the parafoil and align it
with the final approach into the wind. Two airdrop tests were conducted from a height of
150 m under windy conditions.

During Test A, there was a south wind recorded at a speed of 1.5 m/s. As shown in
Figure 4, during the downwind phase, the parafoil achieved an average horizontal speed of
8.32 m/s and a vertical speed of 2.06 m/s between 132 s and 144 s. After transitioning to the
upwind phase for landing, its horizontal speed decreased to 5.29 m/s while maintaining a
vertical speed of 2.06 m/s from 150 s to 165 s. Figure 4b illustrates the transient glide ratio
of the parafoil under different wind directions, evaluated using a 5 s sliding window to
smooth the measurement. During the downwind phase, the parafoil reached a glide ratio
of 3.73. Subsequently, when it transitioned to the upwind phase, the glide ratio decreased
to 2.62. The distance between the target and the key waypoint was 75 m. The parafoil
arrived over the target with excess height and therefore entered an orbiting maneuver to
shed the redundant height. Moreover, the turning maneuvers increased the vertical speed
and decreased the horizontal speed, thus reducing the glide ratio.

  
(a) (b) 

Figure 4. Flight performance of the parafoil system during Test A: (a) Comparison between the actual
horizontal motion trajectory and the expected airdrop path. (b) Time histories of the horizontal speed,
vertical speed, and glide ratio.

Test B differed from Test A in two primary conditions: the distance from the middle
waypoint to the target was increased to 138 m, and the test was conducted in a stronger
north wind of 3.3 m/s. As shown in Figure 5a, the enhanced wind resulted in a distinct
lateral deviation along the wind direction. Figure 5b further illustrates the wind influence
on the flight dynamics. During the downwind phase, the average horizontal speed was
9.02 m/s with a vertical speed of 2.08 m/s from 124 s to 138 s. After transitioning to
the upwind phase, the horizontal speed decreased to 3.05 m/s, while the vertical speed
remained comparable at 1.99 m/s from 141 s to 179 s. The glide ratio decreased significantly
from 4.11 to 1.38 during these two phases because the headwind component altered the
effective ground speed, which is the resultant of the airspeed and the wind velocity. The
combination of a greater flight distance and the low forward speed during terminal landing
contributed to the parafoil touching down short of the target.
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(a) (b) 

Figure 5. Flight performance of the parafoil system during Test B: (a) Comparison between the actual
horizontal motion trajectory and the expected airdrop path. (b) Time histories of the horizontal speed,
vertical speed, and glide ratio.

According to airdrop test results, the motion of the parafoil can be summarized as
the superposition of its basic speed and the wind velocity, as expressed by the following
equation [20]: 

.
x = Vhx = V̂h cos(ψ) + Vwh cos(ψw + π)
.
y = Vhy = V̂h sin(ψ) + Vwh sin(ψw + π)
.
z = Vz = V̂z + Vwz.
ψ = δa

(21)

where (V̂h, V̂z) are the horizontal and vertical airspeed without disturbances, (Vwh, Vwz) are
the horizontal and vertical components of the wind speed, ψw is the wind direction angle,
defined as the bearing from which the wind originates, measured clockwise from true north,
and δa is the normalized asymmetric control input equal to the yaw angular rate.

The nominal glide performance for a specific parafoil-payload combination is cal-
ibrated through preliminary airdrop tests, which provides the reference model for the
trajectory planner. An increase in payload mass primarily increases both the horizontal and
vertical components of the equilibrium gliding speed, while the glide ratio remains largely
unchanged. Therefore, the key parameter requiring adjustment in the kinematic model is
the baseline airspeed. For significant mass changes, updating the reference performance
parameters in the model is necessary and is a standard operational procedure.

3. Dynamic Replanning Strategy
The unpowered parafoil is highly susceptible to external disturbances, which can cause

significant deviations from the planned trajectory. The inherent lack of propulsion means
that height tracking errors cannot be rapidly corrected. This problem is exacerbated if the
system continues to follow the predefined reference trajectory that is no longer optimal,
ultimately leading to a substantial landing error.

To mitigate these issues, an adaptive online replanning scheme is proposed to enhance
the robustness of the parafoil guidance system, whose architecture is depicted in Figure 6.
Central to this scheme is the DRP module, which integrates functionalities for trajectory
reconstruction and online solution. The workflow operates as follows. The parafoil initially
follows a pre-planned offline trajectory. During the flight, the DRP module continuously
reconstructs the planning problem based on current states and then solves it in real-time to
generate an updated trajectory. This new trajectory is subsequently executed via a trajectory-
switching module. The strategy allows for multiple iterative adjustments throughout the
remaining flight to ensure continuous and accurate target approach.

https://doi.org/10.3390/aerospace13030276
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There is a cooperation effect to mitigate external disturbances: (1) the DRP module
compensates for accumulated trajectory deviations through successive online updates
operating on a slow-time scale, and (2) the flight control system tracks the updated trajectory
against transient disturbances on a fast-time scale.

3.1. Layered Planning
3.1.1. Multi-Phase Trajectory Design

During flight, the parafoil is designed to follow a precomputed trajectory under the
command of a feedback guidance and control system. To compensate for deviations and
mitigate error accumulation, the replanning strategy is implemented. However, trajectories
generated by the APSM generally occupy a larger airspace to dissipate excess height,
which can leave insufficient space for precise terminal adjustment. The proposed guidance
strategy initiates with a multi-phase trajectory computed using the IGWO algorithm. The
primary objective of this strategy is to guide the parafoil to the target efficiently while
ensuring adequate height margin for the execution of DRP.

 

Figure 6. Work frame of the automatic following system with DRP.

The homing trajectory is divided into four sequential phases, as illustrated in Figure 7:
(AB) direction adjustment, (BC) straight glide, (CD) height reduction via circling, and (DE)
flared landing. The Dubins curve is employed to generate the segmented trajectory [8].
Let n1 ∈ {−1, 1} define the turning direction of the initial adjustment phase (AB), viewed
from above, where n1 = −1 denotes a counterclockwise (CCW) turn. Similarly, the turning
direction for the height reduction phase (CD) is defined by n2 ∈ {−1, 1}. For computational
simplicity and to ensure a coordinated maneuver, the turning direction of the height
reduction phase is set to be opposite to that of the initial adjustment phase, i.e., n1 = −n2.
Given a fixed initial yaw angle ψ0 and a required landing direction ψe, there exist four
distinct geometric configurations (G1, G2, G3, G4) for the composite Dubins path. These
configurations correspond to the feasible combinations of the turning directions that satisfy
the boundary conditions.

Given the initial position r0 and the target position re, the center coordinates of the
Dubins circles S1 and S2, denoted as rO1 and rO2 , can be calculated. The calculation accounts
for the geometry of the final approach and is given by the following equations:
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[
rO1.x

rO1.y

]
=

[
r0.x + R1 cos(ψ0 + n1π/2)
r0.y + R1 sin(ψ0 + n1π/2)

]
(22)

[
rO2.x

rO2.y

]
=

[
re.x + ls cos(ψe) + R2 cos(ψe + n2π/2)
re.y + ls sin(ψe) + R2 sin(ψe + n2π/2)

]
(23)

where ls is the flare initiation distance; ψe is the final heading angle for landing; R1 and R2

are the radii of circles S1 and S2, respectively.

  
(a) (b) 

  
(c) (d) 

Figure 7. Trajectory profile configurations with different rotation directions, where line colors denote
distinct flight phases: pink (direction adjustment), green (straight glide), yellow (height reduction via
circling), and blue (flared landing): (a) G1: n1 = −1, n2 = 1. (b) G2: n1 = −1, n2 = −1. (c) G3: n1 = 1,
n2 = −1. (d) G4: n1 = 1, n2 = 1.

As shown in Figure 8, the locations of the feature nodes change with the trajectory
profile configuration. The coordinates of the intersection point P, defined by two tangent
lines

_____
B1C1 and

_____
B2C2, are given by

rP = rO1 ± ∆(rO2 − rO1)/l (24)

where l is the distance between the centers of circles S1 and S2. The second term in
Equation (24) represents the horizontal offset of point P, and its sign (positive or negative)
corresponds to the two scenarios depicted in Figure 8. The distance ∆ from point P to O1 is
expressed as follows:

∆ = lR1/(R2 ± R1) (25)

Thus, the coordinates of key geometric nodes are obtained as follows:[
rB.x

rB.y

]
=

[
rP.x

rP.y

]
+ sign(rO1.x − rO2.x)

√
∆2 − R2

1

[
cos(γ)
sin(γ)

]
(26)
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[
rC.x

rC.y

]
=

[
rP.x

rP.y

]
+ sign(rO1.x − rO2.x)

√
∆2 + R2

1

[
cos(γ)
sin(γ)

]
(27)

where γ is the slope angle of the tangent line:

γ = λs ± δ = arctan((rO2.y − rO1.y)/(rO2.x − rO1.x))± arctan(R1/∆) (28)

where λs is the slope angle of the line connecting the centers of the two circles, and δ is the
half-angle between the bitangent lines. Specifically, the positive and negative signs of the
second term designate the upper and lower bitangent pairs,

_____
B1C1 and

_____
B2C2, respectively.

  
(a) (b) 

Figure 8. Key node positions with different bitangents: (a) Point P is located between the two circles.
(b) Point P lies on one side of the two circles.

The length of each trajectory phase can be estimated after the feature nodes are
determined, as shown in the following equation:

L1 = R1∆ψ1

L2 =||rC − rB||
L3 = R2(∆ψ2 + 2πNcir)

L4 = ls

(29)

where Ncir is the number of circling maneuvers counted from the highest point above the
flared landing beginning point.

The total height H̃ of the planned trajectory must satisfy the actual airdrop height
constraint Htotal . Therefore, the trajectory planning problem is transformed into an opti-
mization problem for the feature parameters, subject to the following constraints:

min J =
∣∣∣H̃(R1, R2, Ncir)− Htotal

∣∣∣ (30)

subject to {
R1, R2 ≥ Rmin

int(Ncir)− Ncir = 0
(31)

where Rmin is the minimum turning radius, and int(·) denotes the ceiling function.
To account for the vertical variation in wind speed and direction, each trajectory

segment is discretized into several consecutive elements. The total descent height is then
estimated as follows:

H̃ =
4

∑
i=1

Ni

∑
j=1

Li
Nikij

(32)

where Ni is the number of elements within the segment, and kij is the glide ratio of the
i-th element.
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The wind influences the glide ratio of the parafoil because the wind alters the ground
speed, which is the vector sum of its airspeed and the wind velocity. Consequently, the
transient glide ratio at a flight level can be expressed as a function of the wind inflow angle:

k =

√
(V̂h cos(ψ) + Vwh cos(ψw + π))

2
+ (V̂h sin(ψ) + Vwh sin(ψw + π))

2

V̂z + Vwz
(33)

Based on a numerical weather prediction model, the environmental wind field is
constructed by assimilating observed atmospheric data and terrain information [39]. This
model primarily characterizes the mean wind profile, capturing the variations in wind
speed and direction with height. As shown in Figure 9, the resulting height profile of the
wind field for a specific area is displayed, illustrating the characteristic wind present during
the test period. A comparison between the modeled wind profile and actual sounding
observations indicates a high level of consistency. Given that the mean vertical wind in the
operational flight envelope is generally much smaller than the horizontal component, its
value is set to zero or to a minimal constant.

Figure 9. Comparison of wind fields between the predicted model and realistic observations.

3.1.2. Key Parameter Solving

The optimization expression in Equation (30) poses significant challenges for numerical
optimization due to the presence of the integer variable Ncir, which represents the circling
number. Traditional gradient-based methods are unsuitable for such problems because they
are difficult to handle discrete variables efficiently. To address this, the gray wolf optimizer
(GWO) is employed. This algorithm mimics the social hierarchy and collaborative hunting
behavior of gray wolves to optimize the key parameter vector X = (R1, R2, Ncir)T∈ R3

of the segment trajectory. In the GWO framework, the entire population forms a set
P = {X1, · · · , Xi, · · · , XWn}, and each wolf’s position in the search space encodes a
candidate solution Xi. The fittest three solutions are designated as the alpha (α), beta (β),
and delta (δ) wolves, which guide the search. The remaining solutions are referred to as
omega (ω) wolves and follow the leading wolves.

Each individual wolf in the pack moves toward the leading wolves to encircle the prey,
generating a new candidate position according to the following update rule at the iteration
step t:

X̂i(t + 1) = fiαXiα(t) + fiβXiβ(t) + fiδXiδ(t) (34)

where Xik(k = α, β, δ) denotes the guided position generated by the leading wolf for the
i-th wolf in the pack. fik is the weight coefficient derived from the optimal fitness value of
the leading wolf. The guided position is calculated as follows:

Xik = Xk − A × D (35)
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D =|C × Xk − Xi| (36)

The coefficient vectors A and C are calculated as follows:

A = 2a × r1 − a(t) (37)

C = 2r2 (38)

where r1 and r2 are random vectors with elements uniformly distributed in the range [0, 1]. The
components of the vector a decrease linearly from 2 to 0 over the course of the iterations, thereby
shifting the search behavior of the wolf pack from global exploration to local exploitation.

To balance exploration and exploitation while maintaining population diversity, a
cooperative learning mechanism is implemented among neighboring individuals [40]. The
neighborhood around the current solution Xi is defined as follows:

Ni(t) =
{

Xj(t)
∣∣Di

(
Xi(t), Xj(t)

)
≤ Ri(t), Xj(t) ∈ P

}
(39)

where the neighborhood radius is expressed as:

Ri(t) =
∣∣Xi(t)− X̂i(t + 1)

∣∣ (40)

The new candidate position X̂i-D(t + 1) is generated by randomly selecting an indi-
vidual Xn(t) from the neighborhood Ni(t) and another individual Xr(t) from the entire
population P. The element in its d-th (d = 1, 2, 3) dimension is calculated by:

X̂i-D,d(t + 1) = Xi,d(t) + r3,d(Xn,d(t)− Xr,d(t)) (41)

where r3 is a random vector with elements uniformly distributed in the range [0, 1].
The two candidate positions, X̂i(t + 1) generated by the standard GWO strategy and

X̂i-D(t + 1) generated by the dimension-learning strategy, are evaluated using the fitness
function. The candidate with the best fitness value is selected to update the position for the
next iteration.

3.2. Trajectory Updating
3.2.1. Optimization Reformulation

As shown in Figure 10, after the parafoil approaches the target by following the initial
offline trajectory, the APSM is used to compute the trajectory that is compliant with the
parafoil’s glide constraints. The underlying optimal control problem incorporating the
motion dynamics is formulated as follows [20]:

min J = w1

∣∣∣∣∣∣∣∣r(t f )− r̂t f

∣∣∣∣∣∣∣∣+w2

∫ t f

t0

∣∣∣∣∣∣U∣∣∣|2dt (42)

subject to 

.
X = f(X, U, t)
Xmax ≥ X ≥ Xmin

Umax ≥ U ≥ Umin

X(t0) = Xt0

X(t f ) = Xt f

(43)

where t0 and t f are the initial and final time of the planning horizon, respectively. The
position vector r(t) is a function of time. r̂t f is the expected landing position. w1 and w2

are the weights for the landing precision and control effort, respectively.
.

X = f(X, U, t)
denote the system equation of motion in Equation (21). The system state and control input
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fall within the available ranges of [Xmin, Xmax] and [Umin, Umax], respectively. X(t0) = Xt0

and X(t f ) = Xt f indicate the initial and final state conditions.

 

Figure 10. The hierarchical planning process from global multiple-phase trajectory generation to local
dynamic planning.

In each replanning cycle, the optimization problem is reconstructed using updated
parameters, including wind field information, the current flight position, and heading.
According to the zero-sideslip angle condition, it is assumed that the track direction aligns
with the longitudinal axis of the parafoil at the end of the planned trajectory. The initial
heading constraint and the terminal constraint requiring the parafoil to face into the wind
are given by

ψt0 = ψcur (44)

ψt f = ψwe + π (45)

where ψcur is the current yaw angle of the parafoil, and ψwe is the surface wind direction.
Figure 11 schematically illustrates the decomposition of the ground velocity into its

airspeed and the ambient wind velocity in the horizontal plane. To estimate the time-
varying wind field, a sliding window approach is applied. The algorithm inputs include
the measured ground speed, yaw angle, and sideslip angle. The wind speed and direction
at each time step are approximated as follows:

Vwh =
√

Ṽ2
wh.x + Ṽ2

wh.y (46)

ψw = arctan(Ṽwh.y/Ṽwh.x) + π (47)

where the estimated wind components are calculated as follows:

Ṽwh.x = Vh cos(χ)− V̂h cos(ψ) (48)

Ṽwh.y = Vh sin(χ)− V̂h sin(ψ) (49)

where Vh and V̂h are the measured ground velocity and baseline airspeed, respectively.
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Figure 11. Schematic diagram of the decomposition of ground velocity into airspeed and wind
velocity components.

3.2.2. Discretization and Solving

The solution to the continuous-time optimization requires a discrete-time formulation.
Before discretization, time normalization is carried out on the time variable as follows:

τ =
2

t f − t0
(t −

t f + t0

2
) (50)

The variables of the system and input on the scaled time are given through the
Lagrange interpolation:

X(τ) =
N

∑
i=0

Li(τ)X(τi) (51)

U(τ) =
N

∑
i=1

L̃i(τ)U(τi) (52)

where Li(τ) and L̃i(τ) (i ̸= 0) represent the Nth-order and the (N − 1)th-order Lagrange
polynomials, respectively:

Li(τ) =
N

∏
j=0,j ̸=i

τ − τj

τi − τj
(53)

L̃i(τ) =
N

∏
j=1,j ̸=i

τ − τj

τi − τj
(54)

The variable τk (k = 1, . . . , N) denotes a Legendre-Gauss collocation point, defined
as a root of the Nth-order Legendre polynomial. Further, the initial time point τ0 = −1 is
included in the discrete time set to enforce the initial condition X(t0) = Xt0 . The state at
the final point τN+1 = 1 is then approximated using the Gauss quadrature rule as follows:

X(τf ) = X(τ0) +
t f − t0

2

N

∑
k=1

ωkf(X(τk), U(τk), τk) (55)

where ωk is the Gauss integration weight.
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Finally, the discrete NLP derived from the original continuous optimal control problem
is formulated as follows:

minJ = w1||r(τf )− r̂τf ||+ w2
t f − t0

2

N

∑
k=0

∣∣∣∣∣∣U∣∣∣|2 (56)

subject to 

N
∑

i=0

.
Li(τk)Xi =

t f − t0

2
f(X(τk), U(τk), τk)

Xmax ≥ X(τk) ≥ Xmin

Umax ≥ U(τk) ≥ Umin

X(τ0) = Xτ0

X(τk) = X(τ0) +
t f − t0

2

N
∑

k=1
ωkf(X(τk), U(τk), τk)

(57)

The above discrete optimization problem is solved numerically using a sequential
quadratic programming (SQP) method. The SQP algorithm iteratively solves a series of
quadratic programming subproblems that approximate the original NLP locally around the
current iterate. The solution yields a sequence of discrete states and control inputs at the
collocation points. For each subsequent replanning cycle, this solving process is repeated,
starting from the latest estimated system state, thereby enabling real-time correction and
refinement of the guidance trajectory.

4. Simulation and Experiment
4.1. DRP Verification

As shown in Figure 12, the parafoil simulation starts from an initial position of (0, 3000,
−2000) m with zero initial heading, targeting the origin of the ground coordinate system.
multiple trajectories are generated from a common starting point to the origin based on
the APSM, each designed for a different wind direction. These trajectories account for the
dominant steady wind component and ensure the parafoil can execute a flared landing into
the wind, with the wind direction ψw ranging from 0 to 315 degrees.

Figure 12. Planned trajectories for variable wind direction based on APSM.

The parafoil is designed to follow a predefined trajectory. Upon reaching a specified
height, the DRP process is initiated to update the reference trajectory. Flight simulations
are conducted with a limit of up to five RP cycles to validate the process. The performance
of the dynamic planning strategy is evaluated under varying wind disturbances. As shown
in Figure 13, the parafoil achieves accurate trajectory tracking with a minimal landing
error of (0.8, −19.3) m under a mild 1 m/s wind. When wind intensity increases, the
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replanning mechanism becomes more active. As shown in Figure 14, the first three updates
extend the trajectory horizontally to exploit glide performance, but a lateral wind-induced
deviation of about 137 m at the fourth point necessitates a compensatory shortening of the
remaining path, resulting in a final error of (60.1, 42.6) m. In Figure 15, the 5 m/s wind
leads to a significant initial deviation after release. The proposed method mitigates this
error from over 200 m to 80 m through successive replanning, which involves dynamic
adjustments in both distance and height to cope with disturbances, culminating in a landing
error of (−70.4, 42.0) m. These results underscore the strategy’s robustness in managing
uncertainties across different wind conditions.

It is noted that since the parafoil must land into the wind, a weaker headwind typically
requires a longer descent glide distance to fully dissipate the available height. As shown in
Figure 13, under a light wind condition (1 m/s), the planner generates a relatively longer
gliding trajectory to ensure the redundant height is completely expended before reaching the
target. Conversely, a strong wind (5 m/s) overall reduces the glide ratio. Therefore, as shown
in Figure 15, the corresponding horizontal gliding distance is correspondingly shorter.

  
(a) (b) 

Figure 13. Comparison of the actual flight trajectory and the planned trajectories under a wind speed
of 1 m/s from 315 degrees: (a) Horizontal plane projection. (b) Vertical height profile.

 
(a) (b) 

Figure 14. Comparison of the actual flight trajectory and the planned trajectories under a wind speed
of 3 m/s from 180 degrees: (a) Horizontal plane projection. (b) Vertical height profile.

The effective ground glide ratio decreases when flying into a headwind, a principle
clearly illustrated in the resulting trajectories under different wind conditions. In Figure 15,
the parafoil encounters a predominant headwind throughout most of the descent between
approximately 1700 m to 600 m in height as it approaches the target. This causes a significant
degradation in ground glide performance, thereby reducing the total glide distance and
resulting in a more direct trajectory. In contrast, Figure 14 presents a different scenario.
Between approximately 1700 m and 800 m in height, the parafoil’s heading relative to
the wind shifts, placing it in a tailwind condition. This yields a higher effective glide
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ratio, necessitating a longer flight path to dissipate the height, thereby accounting for the
extended lateral range observed.

 
(a) (b) 

Figure 15. Comparison of the actual flight trajectory and the planned trajectories under a wind speed
of 5 m/s from 360 degrees: (a) Horizontal plane projection. (b) Vertical height profile.

4.2. Combined Homing Strategy

The initial state of the parafoil system is set at the position (1414.2, 1414.2, −2000)
m with a yaw angle of 228.14 degrees. The landing target is set at the origin of the
ground coordinate system. The landing direction is determined to be 225.94 degrees, which
is consistent with wind direction to achieve an into-wind touchdown. The segmented
trajectory is computed using the IGWO method, configured with a population of 30 search
agents and a maximum of 500 iterations. Figure 16 displays the resulting trajectories for
different geometric configurations.

For comparison analysis, Table 1 lists the detailed numerical results, including the
characteristics radii in the adjustment and circling phases, as well as the optimal fitness
value, obtained under identical conditions using the standard GWO method. The results
indicate that the characteristic parameters obtained by both methods are in close agree-
ment. As depicted by the fitness curves in Figure 17, the IGWO method exhibits faster
convergence across all four configurations, achieving a fitness value below 0.1 within the
first 100 iterations and demonstrating a superior convergence rate.

 
Figure 16. Results of planned trajectories for different configurations through the IGWO method.

Under the operational conditions depicted in Figure 16, a clockwise adjustment turn
requires significant yaw control effort. Consequently, this maneuver results in additional
height loss, thereby reducing the available margin for final landing adjustments. In contrast,
trajectories G1 and G2 facilitate a quicker transition to the straight glide phase. Between
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these planning results, trajectory G2 is selected as the nominal reference. This selection
is primarily based on its larger turning radius, which allows the parafoil to maintain a
stable spiral descent during the circling phase with minimal control actuation, enhancing
robustness against wind uncertainties.

Table 1. Comparison of calculation results using GWO and IGWO.

Algorithm Type R1 (m) R2 (m) Fitness

GWO

G1 118.03 191.65 5.5 × 10−2

G2 228.96 289.51 6.4 × 10−3

G3 150.68 200.14 2.1 × 10−3

G4 102.49 152.85 5.5 × 10−2

IGWO

G1 100.02 191.65 4.7 × 10−7

G2 289.05 289.80 9.1 × 10−5

G3 150.13 200.57 4.6 × 10−7

G4 113.32 148.09 5.4 × 10−3

Figure 17. Iteration convergence curves from GWO and IGWO.

To quantitatively analyze the wind impact, two specific trajectories are planned using
the IGWO method: Trajectory I is optimized for wind-free conditions, while Trajectory II
accounts for a realistic wind field. The flight simulation results comparing the two guidance
trajectories are presented in Figure 18. Analysis of the horizontal motion in Figure 18b
confirms that the parafoil’s heading effectively tracks both reference trajectories. However,
significant differences emerge in flight accuracy. For Trajectory I, the simulation reveals a
consistent deviation from actual flight data. The glide ratio is overestimated in the straight
phase but underestimated in the circling phase. This mismatch leads to an accumulated
height error of 156 m as shown in Figure 18c, ultimately resulting in a premature touchdown
with a landing position error of (168.95, 97.11) m.

In contrast, Trajectory II, which incorporates a wind model, demonstrates superior
performance and a much closer match to actual flight data. The maximum height error is
mitigated to approximately 56 m during the circling phase. Consequently, the final landing
error is substantially reduced to (−62.09, −66.69) m. Furthermore, the tracking errors
throughout the flight exhibit smaller fluctuations, indicating enhanced robustness provided
by the wind-model-based design.
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(a) (b) 

  
(c) (d) 

Figure 18. Comparison of the planned trajectories with and without the wind model to the actual
flight paths: (a) Three-dimensional trajectory. (b) xy plane. (c) xz plane. (d) yz plane.

To contrast with the offline layered planning strategy, a simulation employing only
DRP is conducted under identical conditions. As shown in Figure 19, the parafoil is released
from the initial position (1414.2, 1414.2, −2000) m with a yaw angle of 228.14 degrees. The
initial trajectory is generated using the APSM. During the flight, the guidance trajectory
is sequentially updated at heights of 1749.2 m, 1373.1 m, 954.2 m, 583.6 m, and 247.3 m.
Through these five trajectory updates, the final landing error is (−39.9, −38.2) m. This
result indicates that DRP is more beneficial for landing precision than the offline layered
planning strategy. It is also noted that a considerable horizontal maneuvering range is
required to dissipate the redundant height.

  
(a) (b) 

  
(c) (d) 

Figure 19. The flight simulation only using DRP without layered planning: (a) Three-dimensional
trajectory. (b) xy plane. (c) xz plane. (d) yz plane.
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To enhance airdrop accuracy, online trajectory adjustment simulations are performed
under the same conditions. The parafoil initially follows the offline trajectory II until
reaching a predetermined height, at which point the reference trajectory is updated by the
RP process. The parafoil then tracks the newly generated trajectory to landing. Figure 20
illustrates several replanned trajectories initiated from initial RP heights H0 along the
original path. The corresponding planning parameters, including computation time and
the modified average glide ratio, are listed in Table 2.

The results demonstrate that the required planning time decreases as the parafoil
descends, due to the reduction in the search space as the remaining flight distance shortens.
Additionally, the glide ratio gradually increases during the final phase of flight, resulting
from the decrease in wind speed at lower heights.

Table 2. Planning parameters for different RP height points.

RP Height 1145 m 924 m 713 m 477 m

Calculation Time 4.26 s 1.67 s 2.15 s 1.11 s
Average Glide Ratio 2.32 2.39 2.43 2.58

A single RP maneuver is insufficient to effectively cover the remainder of the flight,
especially when initiated at higher heights. Therefore, a simulation featuring a two-stage
dynamic updates strategy is conducted. As illustrated in Figure 21, the first online trajectory
is planned at a height of 1000 m to replace the original offline reference trajectory. When
the parafoil descends to 500 m, a second updated trajectory is planned, replacing the initial
RP trajectory.

  
(a) (b) 

Figure 20. RP trajectories from different height points along the offline trajectory: (a) Horizontal
plane. (b) Vertical plane.

By initiating each replanning cycle from the parafoil’s current position and state, the
system effectively resets the accumulated tracking error from the previous flight phase. This
results in an adjusted trajectory that is more closely aligned with the parafoil’s actual glide
capabilities and the prevailing environmental conditions. The final landing point error is
(−16.58, −15.29) m. The parafoil touches down with a yaw angle of −145.83 degrees, which
is a deviation of 11.77 degrees from the expected −134.06 degrees. Nevertheless, the landing
accuracy is significantly improved compared to simply tracking the static offline trajectory.

The wind field comprises a mean component, characterized by low-frequency varia-
tions predictable via wind models, and a turbulent component. The turbulent component
is modeled as a random process with defined statistical properties. To assess the robustness
of the dynamic planning algorithm against wind uncertainty, a Monte Carlo simulation is
conducted. In each simulation, a gust-type perturbation is modeled as a maximum devia-
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tion of ±10% around a baseline wind value, in order to assess the algorithm’s robustness
under varying stochastic wind conditions.

  
(a) (b) 

  
(c) (d) 

Figure 21. Comparison between the two-stage RP trajectories and the flight trajectory: (a) Three-
dimensional trajectory. (b) xy plane. (c) xz plane. (d) yz plane.

A total of 23 airdrop experiments are conducted, each incorporating two RP updates.
The distribution of landing points relative to the target is shown in Figure 22. The results
indicate that the majority of landing points fall within the desired 100 m error radius. The
average landing position is (−12.28, −6.29) m, indicating a consistent bias to the southwest
of the target, and the circular error probable (CEP) is calculated to be 47.21 m. Furthermore,
the landing points are distributed along the expected landing direction, passing through
the target. These data support the robustness of the DRP in achieving landing accuracy
within approximately 100 m of the target under a wind environment.

Figure 22. Distribution of landing points relative to the target.
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4.3. Airdrop Flight Experiment

An airdrop experiment utilizing the DRP system was carried out from a height of ap-
proximately 700 m. The tested system consists of a parafoil with an area of 10 m2 and a mass
of 2.9 kg, carrying a 10 kg payload. The flight management computer integrated within
the 10 kg payload is built around an Allspark2-x86 single-board computer (AMOVLAB,
Chengdu, China), equipped with a 4.2 GHz quad-core Intel Core i7-1165G7 processor (Intel
Corporation, Santa Clara, CA, USA) and 16 GB of LPDDR4 RAM. As shown in Figure 23a,
the canopy is packed within a deployment box mounted beneath the fuselage. The payload
is connected to the UAV by two release hooks. The payload is equipped with a flight
manager computer that issues guidance commands, as shown in Figure 23b. These com-
mands are executed by a controller, which actuates the control surfaces via steering lines
for trajectory control. The controller actuates two actuators to pull down the trailing-edge
steering lines and control flight. A telemetry data link transmits real-time flight data to the
ground monitoring station.

 
(a) 

 
(b) 

Figure 23. The UAV-parafoil airdrop test system (Note: The non-English characters visible on some
components are printed labels or marks used in the experiments): (a) The connection between the
UAV and the parafoil. (b) The equipment composition of the test system in the payload.

During the test, ground-level wind conditions were southerly at around 2 m/s. The
parafoil was released from the UAV at an initial position of (266.84, −98.82, −685.52)
m in the ground coordinate frame, with a heading of 148.7 degrees. The designated
landing target was set at the coordinate origin (0, 0, 0) m, aligned with a prescribed landing
direction of 180 degrees due south. As illustrated in Figure 24, an airdrop mission comprises
several sequential phases. During the initial deployment phase, the release mechanism
is activated, and the payload extracts the parafoil canopy from the pack assembly under
gravity. The canopy then undergoes critical inflation. Following successful inflation, the
system enters the stable gliding phase, where the fully inflated parafoil achieves steady
flight. Subsequently, during the homing phase, the parafoil follows a planned path toward
the target through a series of guidance-controlled turning maneuvers. Finally, at a specified
height, a symmetric trailing-edge deflection is commanded to initiate a flared landing. This
maneuver is designed to reduce both forward and descent velocity for a safe touchdown.
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(a) (b) 

  
(c) (d) 

Figure 24. Sequential phases of a parafoil airdrop mission from a UAV. The process includes:
(a) Deployment phase. (b) Stable gliding phase. (c) Homing phase. (d) Flared landing phase.

As illustrated in Figure 25, the parafoil first tracked an initial reference trajectory
beginning with a height of 562.93 m, which was subsequently replaced by successively
replanned trajectories. For practical implementation, the trajectory was iteratively refined
through a series of bounded adjustments. Throughout the flight, a total of 19 updates were
performed. During the initial flight, the parafoil exhibited a higher glider ratio than that of
the reference trajectory. The onboard flight controller is only activated after the parafoil
is released and achieves a steady gliding state, in order to avoid unnecessary control
surface deflections during the transient deployment and inflation phase. Consequently,
the comparison data between expected and actual states is calculated and sampled from
the moment the controller is engaged. Therefore, the initial sampled data in the controlled
flight phase naturally begins at a lower height than the original airdrop release point.

As shown in Figure 26a, the parafoil consistently flew ahead of the reference trajectory
until t = 88 s. Consequently, subsequent dynamic adjustments were designed to extend
the horizontal travel distance in order to dissipate the resulting height surplus. Between
t = 88 s and t = 160 s, the height error between the actual position and the reference
trajectory oscillated within a range of ±5.6 m. After t = 160 s, as the parafoil turned into
the headwind landing direction, a larger height error of 9.3 m was rapidly introduced.
This error was subsequently corrected during the final landing phase. Figure 26b presents
a comparison between the actual and expected track angles. The results indicate that
the tracking performance is generally satisfactory, with the actual trajectory effectively
following the expected command. A sluggish response is observed in the directional
motion, characterized by a time delay. This delay primarily stems from the aerodynamic
response inertia inherent to the parafoil system. To compensate, a height advance of 10 m is
applied for triggering waypoint switches. This provides the system with the additional time
and spatial margin required to execute turn commands, thereby mitigating the adverse
effects induced by the response delay. The application of the DRP strategy effectively
compensates for this latency, thereby enhancing landing precision. The parafoil ultimately
touched down at a horizontal position of (−20.96, −16.89) m relative to the target.
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(a) (b) 
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Figure 25. Comparison between the planned trajectories and the realistic flight: (a) Three-dimensional
trajectory. (b) xy plane. (c) xz plane. (d) yz plane.

  
(a) (b) 

Figure 26. Comparison between flight states and reference states: (a) Height. (b) Track angle.

5. Conclusions
This paper proposes a combined homing method that integrates segmental and dy-

namic planning. Initially, the parafoil is guided toward the target using an offline trajectory.
Subsequently, the terminal trajectory is planned online based on real-time conditions. The
following conclusions are drawn from the results of flight simulations and experiments:

(1) By incorporating the wind prediction model, the planned multi-phase trajectory
aligns more closely with the actual motion characteristics than ignoring wind effects.
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Following the layered homing strategy, the parafoil is ensured to be guided into the
target zone well for landing.

(2) The replanning optimization is performed and resolved quickly through time and
space normalizations. Dynamic terminal adjustment effectively compensates for the
deviation caused by external disturbances. In addition, the online updated trajectory
is better suited for the remaining flight, which is beneficial for landing precision.

(3) Results show that the DRP method satisfies gliding performance requirements for un-
deractuated parafoil systems in windy conditions. It reduces the flight control workload,
ensuring high precision in airdrop operations despite external wind disturbances.

The research in this paper benefits the parafoil autonomous homing technology in
complex environments. Future work will focus on integrating higher-fidelity turbulence
and gust models to test the algorithm under conditions that more closely resemble severe,
realistic flight environments, and engineering validation of the proposed method through
flight tests in mountain environments.
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