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ABSTRACT

To address the problem of sudden failures during multi-parafoil formation transportation, a new fault formation reconstruction
method based on the leader-following algorithm is proposed. First, monitoring of parafoil failures is established using an event-
trigger mechanism within a numerical simulation framework. If a parafoil fails, the latest detachment time of a replacement parafoil
is calculated based on its glide ratio to determine whether the altitude of the replacement parafoil meets the task reconstruction
requirements. If it does, the formation is reconstructed using a switching control law for the replacement parafoil, enabling it to
join the formation of the failed parafoil. Then, the leader-following algorithm is applied to reconstruct the formation, allowing
the new multi-parafoil system to reorganize and complete the task in an orderly manner, with the replacement parafoil stably
reaching the new target point as part of the reconstructed formation. Under this method, high-priority airdrop transportation
tasks are ensured to be prioritized in the event of sudden failures during multi-parafoil formation operations. Lyapunov’s theory
demonstrates the stability of this method. Simulation results validate the effectiveness of the framework, showing that the algorithm
can successfully handle sudden failures of individual parafoils during multi-parafoil formation operations.

Keywords: Parafoils; Fault tolerance; Formation flying; Guidance and control systems.

INTRODUCTION

Parafoils, renowned for their exceptional gliding performance, maneuverability, and high controllability, are crucial components
of modern airborne systems. They offer significant advantages in applications such as earthquake relief and military supply
airdrops. By airdropping multiple parafoils simultaneously, larger quantities of materials can be transported, making them valuable
assets in both civilian and defense sectors. Therefore, conducting in-depth research on multi-parafoil formation reconfiguration
technology is essential for enhancing airdrop mission efficiency and advancing the development of modern airborne equipment
(Sun et al. 2024).

To ensure accurate multi-point airdrops and the precise delivery of materials to their intended targets, close cooperation
between parafoils is essential. However, in multi-parafoil airdrop missions, issues such as rope tangling or parafoil damage may

arise, potentially preventing a parafoil from completing its mission as planned.
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Many scholars have conducted extensive research on unmanned aerial vehicle (UAV) task allocation and formation

reconfiguration. Among them, Ali and Khashayar (2016) designed a distributed cooperative and reconfigurable control
strategy for heterogeneous multi-agent system networks, considering the failures of control inputs and actuators. Ruixuan and
Zichen (2021) proposed a centralized allocation method, which effectively solved the task allocation problem with real-time
requirements. Pini et al. (2010) proposed a novel autonomous distributed management method, which effectively improves
the success rate of parafoil airdrops. Rosich and Gurfil (2011) designed a behavior strategy to control the relative motion of
multiple parafoils and proposed a behavior-based coordinated airdrop rule for multi-parafoils. P. Wang et al. (2023) designed
an anti-collision control strategy for multi-aircraft formation reconfiguration based on the artificial potential field method,
which enhanced the effectiveness of formation transformation strategies. Chen et al. (2016) proposed the modeling and
assembly control of a multi-autonomous parafoil system to achieve assembly and collision avoidance of a multi-parafoil system.
Guo and Chen (2022) proposed a completely distributed optimal position control protocol without position constraints. Su
et al. (2021) jointly optimized task allocation and path planning by improving the ant colony optimization algorithm based
on solving traditional path planning and task allocation separately. Chen et al. (2021) introduced a strategy for cooperative
airdrop formation. Philip et al. (1997) made a breakthrough in precision-guided airdrop testing. Qian et al. (2019) proposed
a two-level task model using simulated annealing and the tabu search algorithm to solve the multi-objective, multi-UAV task
planning problem, addressing the limitations of meta-heuristic search algorithms in multi-UAV cooperative task planning.
Zhang et al. (2022) designed a discrete particle swarm optimization algorithm based on particle mass clustering by introducing
a market bidding mechanism to address high real-time requirements in multi-UAVs cooperative dynamic task allocation.
The market auction mechanism was introduced during particle initialization and task coordination to build high-quality
particles. By constructing two emergencies, UAV failure and new urgent tasks, the algorithm can yield improved solutions in
a shorter time and effectively solve the dynamic task allocation problem. The progress mentioned above in UAV task allocation
and formation reconfiguration has significantly enhanced system efficiency and robustness. However, issues such as limited
real-time response capability and weak adaptability in complex scenarios remain challenges that need to be addressed.

This paper addresses the issue of multi-parafoil failures caused by unexpected situations during transportation tasks and
proposes a formation reorganization method based on an event-triggered mechanism combined with a leader-following algorithm.
First, a control law is designed for the replacement parafoil under fault conditions to ensure a stable arrival at the new target point.
Next, based on the glide ratio, the latest detachment time of the replacement parafoil is calculated. Finally, the leader-following
algorithm is employed to rapidly reorganize the parafoil formation and enable coordinated flight.

The main contributions of this work are outlined as follows:

« A fault reconfiguration method for parafoil formations using a leader-follower algorithm with an event-triggered mechanism
for real-time failure monitoring is presented. This approach enables quick response and adaptive formation adjustment,

enhancing mission continuity and safety.

o A formation reconfiguration strategy under fault conditions is proposed, including a control law that allows a replacement
parafoil to stably join and reach a new target. The design considers parafoil dynamics and mission requirements, offering

an innovative solution.

« This leader-follower algorithm with proportional-derivative (PD) control is used to enable rapid formation reconfiguration
and coordinated flight for parafoil groups, enhancing stability and flexibility in dynamic environments and providing an

effective solution for cooperative tasks under fault conditions.

The parafoil modeling section introduces the parafoil model, while the problem description section describes the potential sudden
failure scenarios that may occur during multi-parafoil formation airdrop missions and presents the corresponding countermeasures.
The multi-parafoil formation cooperative task reconstruction section focuses on the collaborative task reconfiguration method,
and the simulation and analysis section presents the simulation setup and the corresponding results. Finally, the conclusion section
summarizes the cooperative task planning algorithm for multi-parafoil cluster formations under fault conditions and highlights

the practical significance of the proposed method.
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Parafoil modeling

At present, the common parafoil system models are divided into the point-mass model (Qian et al. 2019), the 6 degree of freedom
(6-DOF) model (Li et al. 2020), the 8-DOF model, and the 9-DOF model (Prakash and Ananthkrishnan 2006). Among these, the
point-mass model and 6-DOF model are relatively simple and suitable for parafoil formation flying research, while the 8-DOF model
and 9-DOF model are relatively complex and more suitable for high-precision simulation and structural analysis of parafoils. Because
this paper studies the cooperative reconfiguration of multi-parafoil formation under fault conditions, focusing on the overall motion
of the parafoil, the attitude change of the parafoil system, and the relative motion among various structures in the system are not the
main research objects; therefore, the point-mass model of the parafoil system is sufficient to meet the design requirements.

As shown in Fig.1, the three-dimensional point-mass model of the i-th parafoil is established in the North-East-Down (NED)

coordinate frame, following the coordinate convention described in Luca et al. (2008), as follows:
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Source: Elaborated by the authors.

Figure 1. The three-dimensional point-mass model of the parafoil.

InEq. 1, X;, J;, Z, represent the position of the i-th parafoil, V: represents the total speed, }, is the flight path angle, and
@; is the heading angle, In Eq. 2, m, is the mass of the i-th parafoil, g is the acceleration due to gravity, D, is the resistance,
Ll.' represents the combined lift force, and ¢ indicates the bank angle, which depends on the pull-down amount of the control
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ropes on the left and right sides of the parafoil’s trailing edge. By differentiating Eq. 1 and substituting Eq. 2 into it, the following

second-order point-mass model for the parafoil can be derived:

{Pi(t) =V 3)

v,(t)=u,

Among them, p, (1)=|x(1),5(t).z (t)]T represents the position vector of the i-th parafoil in the cluster,
v, (t)= [in (1).V,.(¢).7, (t)] represents the velocity vector, and u, (t) = [uxi (t),uyi (t),uzt. (t)]T represents the equivalent
control input vector of the i-th parafoil along the three axes of the inertial coordinate system. After obtaining the equivalent control

vector u, (t ) , the bank angle of the parafoil system (Menon et al. 1999) can be calculated using the Eq. 4:

u, cosy, —u, sing,

cosy, (u,+g)—siny, (ux,. cos @, +u,,sing, )

¢ =tan' (4)

Problem description

During transportation tasks in a multi-parafoil formation, the special structure and complex environment of the parafoils
make them vulnerable to atmospheric turbulence, which may cause the parafoil ropes to become entangled. Additionally, sudden
encounters with birds may result in a parafoil failure, preventing it from completing the designated transportation task as originally
planned. In view of the above-mentioned sudden failure situation, this paper mainly studies the cooperative task reconfiguration
of multi-parafoil formation under failure conditions.

In response to failures caused by the above unexpected incidents, it is necessary to establish the following countermeasures
for cooperative mission planning in multi-parafoil formations under failure conditions: determine the fault; assess whether the
task reconstruction requirements are met; regroup the replacement parafoil formation; carry out formation flying; and prevent
collisions between parafoils.

According to the requirements of the airdrop transportation mission for a multi-parafoil formation under fault conditions, a

dynamic planning strategy for the cooperative mission of the multi-parafoil formation is proposed, as shown in Fig. 2.

o S
Communication satellite ;s{\‘

14 > S
i

Source: Elaborated by the authors.

Figure 2. Schematic diagram of the cooperative mission planning principle of multi-parafoils formation.
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The core idea is that when a parafoil fails, the task priority should first be determined first. The parafoil with a lower task priority
will abandon its original target point and take over the high-priority transportation task of the faulty parafoil. The replacement
parafoil will join the high-priority formation and reform the formation to continue flying. As shown in Fig. 2, P1-P3 represent
parafoils 1 through 3, forming a high-priority task formation heading to target point 1, while P4-P6 represent parafoils 4 through
6, forming a low-priority task formation heading to target point 2. Assuming P3 fails at a certain altitude and cannot reach the
predetermined target point, the task of P6 is modified, and the previous task heading to target point 2 is abandoned, with P3
replaced by P6 for target point 1.

Formation of cooperative task restructuring

Multi-parafoils formation cooperative task reconstruction

An event-triggering mechanism (Ge et al. 2020) is designed to monitor the real-time operating state of the parafoil. By calculating
the relative distance between the parafoil and the center of the formation, it is determined whether this relative distance exceeds
the safety threshold. If the relative distance exceeds the safety threshold, an event will be triggered.

Assuming that there are /N parafoils in the formation, the position of each parafoil at time # is expressed as p,(¢), and the

center position of the parafoil formation is:

pm(t)ﬁZpi(t) =%(in(t),zyf(t),zzi(t)} (5)

The relative distance d, (¢) between the i-th parafoil and the formation center is obtained by calculating the Euclidean distance:

d,(1)=|p,()-p, @) (©)

namely:

d,(0) = (5,0 -x, ) +(3 )=, +(z()-2,0) . @)

The fault can be detected by setting a threshold value d . for the relative distance. At each sampling time 7, , it is determined

whether a fault occurs based on the following conditions:

{1 ld. () > d,| ©

0 ld.() <4,

where the triggering condition p =1 indicates failure, and p = 0 indicates normal.

Calculation of the latest detachment time based on the gliding ratio

An event-triggering mechanism is designed to monitor the parafoil’s status in real-time for signs of failure. If a parafoil fails,
a parafoil from the low-priority formation is transferred to replace it and complete the transportation task.

Due to the unique structure of the parafoil, there are many restrictions on its flight movement. After a failure, it is necessary to

ensure that the parafoil has sufficient altitude to meet the latest detachment time requirements while adjusting its originally planned
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flight path. Otherwise, the parafoil will land before reaching the high-priority target point. In this paper, the latest detachment

time is calculated based on the glide ratio (Ghapanvary et al. 2021). Figure 3 shows the parafoil trajectory diagram. As shown in
Fig. 3a, assuming that the current position of the replacement parafoilisat p, = (xc Vo2, )T , the originally planned target position
isat p,, = (xtz s Vs 2 )T. After the failure, the task target point is changed, and the parafoil proceeds to the new target point
D, = ()Ct1 s VirZy ) . Since the horizontal projection of the parafoil in actual flight is not a straight line but a curve, this curve
can be divided into multiple path points, as shown in Fig. 3b, which can be approximated by multiple waypoints. The horizontal

distance of the parafoil’s actual glide is calculated by accumulation.

@ 000] o - 4 y | .
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X (m)
Source: Elaborated by the authors.

Figure 3. Trajectory diagram for calculating detachment time in case of failure. (a) 3D trajectory diagram for task replacement
in case of failure; (b) 2D trajectory diagram for task replacement in case of failure.

The specific calculation is as follows:

l’h()rizontaly i= \/(xi+l _'xi )2 + (yi+l _yi )2 (9)

In Eq. 9, the curve is approximated as 71 segments of a straight line, and the waypoints of each straight line segment are
T _ —
denoted as p, = (xi,yl.,zl.) ,where (i =0,1,....,n) ,and Py=P., P, = P, .

To calculate the horizontal distance of the parafoil’s glide, the sum of the horizontal distances L, is used, as expressed

orizontal

below:

n—1
Lhorizontal = Z Lhorizontal,i (10)
i=0

The vertical distance between the parafoil and the target position is given by the difference between the coordinates Z, and

z,, as expressed below:

h =z —z (11)
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The horizontal glide distance Lgh. 4. can be calculated by multiplying the glide ratio k with the vertical distance hv , as

expressed below:

L

glide

= kxh, (12)

where Kk represents the glide ratio of the parafoil and Lgh. 4. represents the horizontal glide distance achievable by the parafoil,
calculated based on the glide ratio.
According to the requirements, for the parafoil to safely complete the airdrop task, the achievable horizontal distance of the

parafoil must be greater than the actual required gliding distance, ensuring sufficient altitude to perform the flight maneuver:

Lglide - horizontal (13)
Eq. 13 is equivalent to:
{ _ Lglide
detach — (14)
Vinax

InEq. 14, ¢
of the parafoil.

, represents the detachment time at the parafoil’s current position and V. represents the maximum speed

detac max

To sum up, if the replacement parafoil leaves the original formation for a new target point before the latest detachment time,

sufficient altitude can be guaranteed to change its flight path and land at the target point with high task priority.

Design of contral law under fault conditions

By calculating the latest detachment time of the replacement parafoil and ensuring that it meets the formation reconstruction
requirements, the control law (Thierry et al. 2022) is switched to ensure stably joining of the high-priority formation and following
of the formation leader to safely reach the new target point.

Assuming that during the formation airdrop transportation, the i-th parafoil suddenly failed and could not continue to
complete the airdrop task, the j-th parafoil is transferred to take over the high-priority airdrop task. The position and speed of

the pilot parafoil in the high-priority formation are Preader1 and V), Therefore, it is necessary to design a control law so

eaderl”

that the j-th parafoil can safely and stably join the new formation and proceed the new target point.

To complete the airdrop transportation task, the control law of the j-th parafoil is designed as follows:

u,(t)=-K, (1’/ ()= Preaer (1)) -K, (V, (1) =V uten (t)) (15)

where k , represents the position feedback gain and kv represents the velocity feedback gain.

To ensure that the j-th parafoil can stably reach the new target point p,, , Lyapunov function V (¢) is constructed as follows:

V(t) = %(1’/ (t) = Pieadert (t))T (pj (t) = Pleadert (t)) +%(V/ (t) ~Vieaden (t))T (V/ (t) ~Vieaden (t)) (16)
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To verify the stability of the control system, the position error part of the time derivative V (f ) is calculated as follows:

V(t) = %{%(p, (t) = Pieadert (t))T (Pj (t)_pleaderl (t))'*'%(V/ (t)_l/leaderl (t))T (V] (t)_l/leaderl (t))} (17)

The velocity error is part of the derivative 14 (t ) :

d(1 . .
E(E(I/j (t) _I/leaderl (t))T (I/j (t) - I/leaderl (t))j = (I/j (t) - I/leaderl (t))T (I/j (t) - I//eaderl (t)) (18)
Combined with Eq. 17 and 18, it is:

V(t) = (Pj t) = Pleader (Z) ' (V] (t) ~Veadert (Z))

V0T O [, (0,0 i)V, 0 Vi O KV, () Vi ()))
Simplify to:
V() =(1=K,)(2, ()= P (1)) (¥ () =Vsaacn ()2, ()= Prees (D) (¥, (1) =V saan (1)) 20)

-k, (V/ (t) ~Veader (t))(V] (t) ~Vieagen (t))T

Properly increasing the gain k& , makes the first term show a negative feedback effect and does not influence the system, and

if kv is a positive definite, V' (t ) is always negative or zero, that is:

V(t)<0 1)

Equation 21 shows that the derivative of the function ¥, does not increase, and the energy of the system decreases monotonously
or remains unchanged over time, so the system is stable (Kuang et al. 2024).
To sum up, by designing an effective control law, the replacement parafoil can fly stably and move to a new target point in

case of failure.

Formation flying based on the leader-follow algorithm

The leader-follower algorithm (Z. Wang et al. 2023) is a common formation control algorithm, in which the pilot parafoil
guides other parafoils to form a configuration based on specific rules. The leader parafoil is responsible for tracking the formation
reference trajectory, and the other followers adjust their motion states according to the leader’s position and speed to create and
maintain the formation shape. When a fault occurs, the control law of the replacement parafoil j is switched, and the PD control
strategy is used to control the system behavior of the j-th parafoil through proportional and derivative terms, so that it can join
the new formation and continue to fly with the pilot parafoil. The tracking velocity of the replacement parafoil in the next stage

X, ¥, Z direction is calculated as follows:
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Vo, =V, @) +k -D,+k, (Vo () =V yoaen (1))
V(@)= de(t)4—k' ‘D, +k,-( Vot =V teader1 () (22)
Vo, @)=V ,(0)+k-D, +ky, -V, ;(6) =V juzers (1)

In Eq. 22, the proportional gain and differential gain are respectively &, and k,, D D ,D_arethe position errors of the replacement
parafoil and the leader parafoil of the high task priority formation in the direction of XV 2V et O Voo @V ogogor (0

represents the velocity component of the leader of the high task priority formation, and /. V.

" Vzl represents the current

velocity component of the j-th replacement parafoil.
To ensure that the speed does not exceed the maximum limit and to prevent instability caused by excessive speed, the speed

is proportionally limited. The total tracking speed is then calculated as follows:

2 2 2
Vy = Va0 +V,, (07 + V., (1) 23)
If V,, () is greater than the maximum allowable speed V" max , proportional speed limiting is performed as follows:

Vo, (O,
Vi () =—1—""%
o, ()= a0

V(O
V;z,a):”fVme 0
VZ,Q_]» (t) 22/ ( ) max

V()

To prevent collisions between parafoils, when the distance between them is less than the safe distance R , the velocity vector

of the parafoil in the new formation is adjusted as follows:

V)= —sign(D,)
6{7

()= 515 ~sign(Dy3) (25)
B

Vo(t) =——sign(D.,)
IEil

In the Eq. 25, Dx? DV3 DZ3 represents the Euclidean distance between the current parafoil and other parafoils in the
direction x, y, z; £ represents the repulsion term generated when the distance between parafoils is less than the safe distance; #

represents a distance scaling factor.
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Eq. 24 limits the tracking speed relative to the leader, and this paper also limits the anti-collision speed in a similar manner.

Once the safety velocity Ve 1 exceeded, where Vige 18 defined based on the safe distance between parafoils to prevent collision,

the anti-collision speed is hmlted as follows:

131 (t) I/vafe

Vi) =
\/Vx31 (t) + V
}31 (t) I/vafe

y3i (t) + VzSz

} 3i (t) I/sa/e

v31 (t)
me+wm+am

v31( )
JVas O +V, 3 (0 + V4, (1)

(26)

The total anti-collision speed of the parafoil in the new formation is the average of the revised anti-collision speeds of each

parafoil, as follows:

t)= t
7, 0= Nl”vﬂ)
_ 1
V(0= Vo1& Vi (0)

t)= t
zl() N 1[] 231()

where N represents the number of parafoils in the new formation.

Therefore, the final total velocity vector of the j-th replacement parafoil is:

V() =V5, )+ ks -V, (t)
VA=V, () +k -V (1)
V(0 =V (6)+ky -V, (0)

zZ]

where k, represents the velocity correction factor.

(27)

(28)

In the manuscript, the control input for each parafoil is defined as the time derivative of its velocity vector, representing the

acceleration components along the three coordinate axes. This formulation explicitly links control actions to dynamic changes

in velocity, providing a mechanism for directly regulating the parafoil’s motion. This ensures that formation maintenance and

collision avoidance can be achieved through acceleration control. The mathematical expression of this control input is given in Eq. 4:

dt
av,

dt
av,(1)

dt

w0 =2V,0)-
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The stability analysis described in the Lyapunov-based stability analysis section is conducted based on this control law, which
defines the control input % ; () as the time derivative of the velocity vector. The final control actuation of the parafoil is executed
through the ropes connected to the left and right sides of its trailing edge. The roll angle ¢, obtained from Eq. 4 represents the
required bank angle to achieve the desired flight trajectory. This roll angle directly affects the distribution of tension between
the two control lines, thereby influencing the parafoil’s orientation and flight path. The control mechanism relies on differential

actuation, where the difference in rope tensions determines the effective roll response.

LetT,, and T, denote the tensions in the left and right ropes, respectively. The differential tension A7 =T, s T”,ght
is related to the roll angle ¢, through a proportional relationship, AT =k - ¢., where K is a constant dependent on the parafoil’s
geometry and control sensitivity. The individual tensions can be expressedas 7, , =7,  +——and T, =T,  ———, with T,

being the baseline tension when the parafoil is in neutral flight. By dynamically adjusting these tensions according to the control

algorithm, the desired roll angle can be achieved and maintained, ensuring accurate trajectory tracking. These formulations for

AT, Zeﬁ,and T.

vigh are developed by the authors based on the control mechanism of the parafoil system.

Simulation and analysis
To validate the effectiveness of the proposed algorithm, simulations were conducted using MATLAB 2020. The simulation
parameters were set as follows: simulation time sim_time = 500 s, time step df = 0.1 s. There are two formations in total, each

consisting of three parafoils. Table 1 provides the initial position data for these parafoils, flight speed V. =32m-s?, V. =18m-s?,

min

heading angle @, =mrad, @, . =-mrad, flight path angle y, ~=-8xm180rad, ¥ . =-16 x m 180 rad, repulsion term

& =200, distance scaling factor £ = 13.5, distance threshold dzh =80m, k1 =04,k2=0.5k3=0.5, mee =25m-s™

Table 1. Initial position information of the parafoils cluster.

Parafoil number Initial position (m)
1,500, 600, 2,000
2,100, 800, 2,000
1,800, 900, 2,000
-800, 1,500, 2,000
-500, 1,400, 2,000
-800, 1,300, 2,000

Source: Elaborated by the authors.

ol |-

Figure 4 shows the two-dimensional trajectories of the multi-parafoil cluster formation during a cooperative task flight.
Figure 4a shows the scenario where no parafoil fails during flight, and the two groups of parafoils form a stable formation to
complete the transportation task. Figure 4b shows the process of a multi-parafoil formation collaborative transportation task. The
event-trigger mechanism detects that the P3 parafoil in the high-priority formation fails to complete the transportation task due to
a sudden situation, as shown by the yellow line in the figure. The P6 parafoil needs to be transferred from the low-priority formation
to replace the P3 parafoil to complete the task, as shown by the blue line in the figure. At this time, the latest detachment time is
calculated based on the current position of the P6 parafoil to determine whether its current height meets the requirements of the
replacement task. After the calculation, the P6 parafoil does not meet the latest detachment time requirement due to insufficient
height and cannot complete the replacement task or reach the high-priority target point. Figure 4c shows that the P6 parafoil
meets the latest detachment time requirement and has sufficient altitude to complete task redistribution. Therefore, the control
law of the P6 parafoil is adjusted to enable it to stably integrate into the high-priority formation, as shown by the blue line in the
figure. At the same time, the leader-follower algorithm and PD control strategy are adopted to enable it to form a new formation
with the high-priority group and reach the target point safely and stably.

Figure 5 is a three-dimensional trajectory diagram of the parafoil formation collaborative task flight. Figure 5b shows that the

P6 parafoil cannot complete the replacement mission due to insufficient altitude, as shown by the blue line.
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Figure 4. 2D trajectories diagram of multi-parafoil formation flight. (a) Failure-free formation task coordination; (b) If a fault

occurs but the detachment time is not met, the replacement task fails; (c) If a fault occurs but the detachment time condition is
met, the replacement task is successful.
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Figure 5. 3D trajectories diagram of multi-parafoil formation flight. (a) Failure-free formation task coordination; (b) If a fault
occurs but the detachment time is not met, the replacement task fails; (c) If a fault occurs but the detachment time condition is

met, the replacement task is successful.
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Figure 6 shows the position error, which is described in Eq. 7, between parafoils in the formation during flight. Figure 6a shows
that under fault-free conditions, there is an initial distance error between parafoils because the formation has not been established
in the initial stage. However, as the formation gradually stabilizes, the distance difference between parafoils gradually decreases,
and no event is triggered until the end of the mission. As shown in Figure 6b, at a certain moment, the distance between the P3
parafoil and the formation exceeds the safety threshold, resulting in an event trigger, which is judged to be a fault, as shown by
the yellow line in the figure. The P6 replacement parafoil fails to meet the latest detachment time requirement due to insufficient
height and cannot complete the transportation task, resulting in a large distance error between P6 and other parafoils in the
high-priority formation, as shown by the blue line in the figure. As shown in Fig. 6¢, the P6 replacement parafoil meets the latest
detachment time requirement. By switching the control law of the P6 parafoil, it can stably join the high-priority-task formation,
where the leader-follower algorithm is used for formation flight. Therefore, before joining the high-priority-task formation, there
is a large error between the P6 parafoil and other parafoils, and after joining the high-priority-task formation, the error gradually

decreases, as shown by the blue line in the figure.
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Figure 6. Position error during the multi-parafoil formation flight. (a) Failure-free formation task coordination; (b) If a fault
occurs but the detachment time is not met, the replacement task fails; (c) If a fault occurs but the detachment time condition is
met, the replacement task is successful.

To provide a clearer representation of the control performance, Fig. 7 depicts the magnitude of the control input ui for each
parafoil. As shown, the distribution of control inputs reflects the designed coordination mechanism, ensuring that the formation

maintains both stability and safety while effectively achieving the desired trajectory.
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Figure 7. Detailed analysis diagram of the control input.

CONCLUSION

This paper proposes a cooperative task reconfiguration algorithm for multi-parafoil cluster formations. First, an event-
trigger mechanism is designed to monitor the operational state of each parafoil within a time-stepping simulation framework.
If a parafoil in the high-priority formation fails, one from the low-priority formation is selected to replace it and complete the
transportation task. Secondly, it is necessary to determine whether the formation reconfiguration conditions are met before
transferring. Therefore, according to the gliding ratio, the latest detachment time by which the parafoil must leave the original
formation is calculated, and it is determined whether the current altitude meets the task reconfiguration requirements. If so,
the control law for the replacement parafoil is designed and switched to ensure that it gradually approaches the leader parafoil in the
new formation. Finally, the leader-follower algorithm combined with the PD control strategy is used to guide the parafoil to join
the new formation and achieve formation flight. This method lays a solid theoretical foundation for airdrop transportation in
multi-parafoil cluster formations and effectively addresses the problem of formation task reconstruction in the event of unexpected
failures during airdrop transportation. It comprehensively improves the reliability and safety of the airdrop transportation task

of a multi-parafoil cluster formation.
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