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Abstract

Amid intensifying competition in airdrop equipment development, there is a growing
demand for large-load, high-precision, maneuverable, and low-cost airdrop systems. How-
ever, Precision Aerial Delivery Systems (PADS) exhibit structural complexity and immature
dynamics theory for flexible-body parachute/parafoil systems. Flight testing proves pro-
hibitively expensive, while random environmental interference hinders data consistency.
To address these challenges, this paper integrates navigation control systems and actua-
tors with dynamics models through a Hardware-in-the-Loop (HIL) simulation system for
comprehensive performance evaluation.

Keywords: hardware-in-the-loop; full process dynamics; precision aerial delivery systems

1. Introduction

With the increasing competition in the development of airdropped equipment, the
trend now is the development of a large-load, high-precision, maneuverable, and low-
cost airdrop system [1]. Precision Aerial Delivery Systems have a relatively complex
internal structure and working procedure. The dynamics theory behind parachute systems
and parafoil systems (flexible bodies) is still undeveloped. On the one hand, the cost of
flight testing is high; on the other hand, the entire working process is highly sensitive to
random environmental factors, making consistent test data difficult to acquire. Therefore,
it is essential to integrate the navigation control system and actuators into the existing
dynamics model and use HIL simulation platform [2] technology to evaluate the flight
performance of Precision Aerial Delivery Systems.

To support the performance evaluation of precision airdrop systems, establishing a full-
process simulation framework and developing an HIL simulation platform requires a deep
understanding of key dynamics and control issues at each stage. This study concentrates
on three core subsystems of Precision Aerial Delivery Systems: parachute system, parafoil
system, and cluster parachute system.

In the parachute deployment process, the core dynamics and control challenge lie
in accurately modeling the complex process of rapidly extracting tightly packed suspen-
sion lines and canopies from the parachute pack. This process is significantly affected
by random factors such as friction, pack angle-of-attack, and manufacturing tolerances,
making complete repeatability difficult even with identical design parameters. In practical
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applications, payload wake and high-altitude winds often cause the deployment direction
to deviate from the freestream flow. The “rope-sail phenomenon” caused by lateral air-
flow acting on the suspension lines is particularly prominent, necessitating high-precision
variable-mass dynamics modeling methods. Simplified continuous extraction models can
be used during preliminary design to analyze factors such as packing technique, binding
force, payload velocity, and mass. Toni [3], McVey [4], Wolf [5], and French [6] established
engineering-applicable models under the simplified assumption of a fixed deployment
direction. Purvis [7-9] first proposed a more reasonable, simplified finite-segment planar
model, treating the canopy and suspension lines as concentrated mass nodes connected by
damped springs, successfully numerically reproducing the severe rope-sail phenomenon
observed in F-111 airdrop tests. Song and Wang [10] systematically proposed multi-flexible-
body and multi-rigid-body models while studying the main parachute deployment of
manned spacecraft, analyzing the influence of high-altitude winds and the suppression of
line lashing by the pilot parachute and peel strip; Ding [11], based on a continuous cable
dynamics model, explored the propagation mechanism of stress waves in bent suspension
lines/canopies and the causes of line lashing.

Compared with the parachute deployment process, the core dynamic problems of the
parachute terminal descent phase and the cluster parachute deployment process focus on
trajectory dynamics and motion stability. As an unrooted multibody system, parachutes
must meet trajectory requirements while avoiding instability, simultaneously describing
payload attitude changes. These demand establishing refined payload—parachute multi-
body dynamics models to study stability evaluation methods and criteria. White [12]
analyzed the stability of the payload—parachute system near equilibrium points using the
small perturbation method, based on a five-degree-of-freedom (ignoring roll) single rigid-
body model. Wolf [13,14] also established simplified interference force models for cluster
parachutes and analyzed their flight stability. Cockrell and Graham investigated the planar
motion stability of payload—parachute systems using perturbation analysis methods [15,16].
Tang [17] established an unconstrained nine-degree-of-freedom multibody model and
proposed an infrared target recognition algorithm incorporating parachute-ballistic mo-
tion characteristics. Ginn [18] analyzed the influence of added mass on stability. Notably,
NASA repeatedly observed in the “Orion” spacecraft airdrop tests [19,20] that two- or three-
parachute cluster systems, under factors like periodic oscillation and asymmetric geometry,
could cause the capsule to exceed the expected oscillation threshold, potentially leading to
excessive landing impact loads. Limited early testing of the Orion parachute system has led
to the development of new methods for quantifying and visualizing these critical loads [21].
Taylor’s [22] analysis of sub-scale wind-tunnel testing for the Artemis Orion parachute
system revealed a slight longitudinal static instability in the parachute canopy, providing
a potential explanation for the unwanted pendulum motion observed in the full-scale
vehicle. Addressing this, Pei, J. [23] analyzed the stability of two- and three-parachute
systems using simplified planar models combined with test data. Zhang et al. [24] studied
the variation patterns of the oscillation modal characteristics of the payload—parachute
system using data-driven techniques based on a multi-flexible-body dynamics model for
cluster parachutes. Huang et al. [25] detailed the guidance, navigation, and control (GNC)
system for Tianwen-1's Entry, Descent, and Landing (EDL), encompassing its architecture,
algorithms, and validation through ground tests, simulations, and actual flight telemetry.

Parafoil systems are key to enhancing precision airdrop performance. Their research
challenges lie in analyzing the impact of wind fields on stability and the strongly nonlinear
dynamics characteristics during maneuvering. This nonlinearity makes traditional flight
testing and system identification methods ineffective for prediction, urgently requiring
new modeling and identification approaches. Goodrick proposed a six-degree-of-freedom
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model early on and simulated the flight stability of small parafoil systems [26]. Slegers et al.
established a nine-degree-of-freedom multibody model and simulated the influence of
factors like installation angle and trailing-edge deflection on lateral motion [27]. The Italian
DIS Laboratory [28] demonstrated that 9-DoF models outperform 6-DoF in capturing
canopy—payload interactions. Vishniak [29] and Yang et al. [30] proposed 12-DoF and
15-DoF models, respectively, incorporating elastic suspension/control lines to resolve turn
dynamics. Zhang et al. [31] further developed an 18-DoF approach using quasi-coordinate
Lagrange equations, treating canopy, payload, and connection points as rigid bodies. Cui
et al. explored data-driven modeling of parafoil systems and analyzed the promoting effect
of sparse models on parafoil path planning [32].

HIL has evolved from a traditional control algorithm verification platform into a com-
prehensive environment [33]. An innovative Immersive Marine Engine Room Simulation
System integrates HIL simulation with 3D virtual reality through 5G networking [34]. In the
context of the new energy field, a simulation model was built on the StarSim-HIL platform
for the synchronization mechanism of wind power systems, and a comparative analysis
was conducted on the small-signal stability characteristics of doubly-fed wind power sys-
tems [35]. The cooperative control strategy of multiple Unmanned Aerial Vehicles (UAVs)
has been verified via HIL simulation in GPS-denied environments [36]. Its successful appli-
cations in fields such as robotics, energy, and shipbuilding highlight its irreplaceability in
reducing development costs and accelerating system iteration. Computer technology also
plays a pivotal role in HIL simulation platforms: enhancing dynamic robustness through
adaptive path planning and neural ODE solvers [37] while optimizing HIL resource al-
location via edge-centric computing and trust-aware task scheduling [38—40]. Regarding
UAV-enhanced edge computing task offloading mechanisms [41-43], these studies provide
trajectory optimization and resource scheduling methods, which directly support the in-
tegration of navigation control and low-cost performance evaluation for airdrop systems;
deep reinforcement learning frameworks [44—46] and digital twin technology enable effi-
cient simulation and dynamic model training, analogous to the comprehensive testing of an
HIL simulation platform; meanwhile, uncertainty management strategies [47,48] address
environmental interference through optimization algorithms to ensure data consistency.
Collectively, these works lay a theoretical foundation and provide practical tools for the
development of an HIL simulation platform.

The primary objective of this paper is to construct an HIL simulation platform to
address the challenges of high costs and data acquisition difficulties associated with actual
airdrop missions. First, the workflow of the precision airdrop system is introduced, and
a full-process dynamics model for the recovery and landing phase is established. Subse-
quently, an open and scalable simulation framework suitable for precision airdrop system
control is developed, and a relatively comprehensive HIL simulation platform is prelim-
inarily constructed. Finally, HIL simulation tests and dynamic performance analysis of
the parafoil system are conducted on this platform, providing preliminary validation of
its feasibility.

2. Introduction of Precision Aerial Delivery Systems

PADS integrates advanced technologies such as navigation, sensors, and measurement
and control, offering excellent controllability and maneuverability. It effectively improves
many of the shortcomings of traditional airdrop methods and is gradually replacing con-
ventional airdrop systems.
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2.1. System Composition

PADS can be considered a complex multi-stage, multi-parachute recovery system.
Its operation integrates the deceleration principles and working characteristics of various
parachute systems, making it more complicated than a single-object parachute system. As
shown in Figure 1, the PADS typically includes subsystems such as the parafoil system,
deceleration parachute system, landing system, navigation control system, and cargo
platform system.

Drogue — »
Parachute

Main Deceleration
Parachute

Parafoil —>»

’ < parachute cluster
system

Figure 1. The overall composition of Precision Aerial Delivery Systems.

2.2. Brief Introduction of Airdrop

The PADS workflow divides into three sequential stages: deceleration parachute
operation, parafoil operation, and cluster parachute operation. A brief introduction to each
stage is as follows:

(1) Deceleration parachute working stage

The cargo system comes out of the cabin, then the deceleration parachute system
straightens and inflates to decelerate the system. During the opening process of the
deployment mechanism, the communication and navigation control system, the landing
system, and the parafoil system are lifted, and the communication and navigation control
system initiates the power supply. Once the deceleration parachute is straightened and
fully inflated, it stabilizes the deceleration. Afterward, the release mechanism activates,
releasing the parachute system, which then separates from the airdrop system.

(2) Parafoil working stage

According to the predetermined control strategy and the pre-desired trajectory, the
navigation control system manipulates the parafoil to fly to the predetermined target area.

(8) Cluster parachute working stage

Upon reaching the target airspace, the control system issues a working command
based on the set landing determination conditions, pulls out the riser parachute, inflates
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it to full size, and deploys the landing parachute. The landing parachute inflates fully
and lands smoothly on the cargo platform; the landing release lock opens and the landing
parachute is discarded.

The above process shows that the HIL development of the PADS involves a wide
range of technical aspects, including the following;:

e  Opening of the parachutes at all levels;

Parachute inflation;

System dynamics modeling and analysis of the object-parafoil assembly.

3. Dynamic Modeling of the Whole Process of PADS

The various stages of precise airdrop studied in this article all involve complex dy-
namic equations and require individual modeling. The research encompasses the dynamic
modeling of both the parafoil autonomous flight to the target and the cluster parachute
working stage. A key aspect of the proposed modeling approach is its consistency across
different operational stages. Specifically, the dynamics of the deceleration parachute phase,
the parafoil autonomous flight phase, and the cluster parachute phase are all modeled
using a unified 9-Degree-of-Freedom (9-DoF) framework. While the fundamental kine-
matic and dynamic structure remains consistent, the distinct aerodynamic characteristics
and force/moment generation mechanisms unique to each stage (e.g., the predominantly
drag-based dynamics of the deceleration parachute vs. the lift-generating and controllable
dynamics of the parafoil vs. the multi-body interactions in the cluster) are captured through
stage-specific formulations of the aerodynamic forces and moments within this common
9-DoF model.

3.1. Dynamic Model for the Opening and Inflation Stages
3.1.1. Multi-Body Dynamics Model of Opening Process

Parachute opening is one of the key steps in the airdrop deceleration program and
the first action in the deceleration phase. The opening process starts with the parachute
opening process, in which the guide parachute pulls out the other parachute folded inside
the pack in order. The smoothness of the opening process is directly related to whether
normal inflation can be carried out. In this stage, the lines and canopy suit are subjected
to a large overload, and under the influence of high-altitude wind field, the “line sail”
phenomenon is likely to occur, causing damage to the canopy and even leading to airdrop
failure. As shown in Figure 2, considering the characteristics that the flexible fabric can
only be stretched but not compressed, and ignoring the bending effect of the line and the
canopy, the canopy and the line segment can be processed as a semi-damped spring model
with mass concentrated at both endpoints.

Based on the working principle of sequentially pulling the line segments and the
canopy during the opening process, the following dynamic assumptions are made for the
opening process using the parachute reverse pull method:

(1)  Under the action of the binding force, each segment of the line is pulled out of the
pack in sequence;

(2) Inflation commences only after the lines and the canopy are completely detached from
the pack;

(3) The canopy is pulled out of the pack in sequential succession;

(4) The connecting sling between the deceleration parachute and the parachute pack is
treated as a nonlinear damping spring.

Under the above assumptions, the object—parafoil system during opening can be
viewed as a multi-body system consisting of the deceleration parachute, the parachute pack,
the knots of the pulled-out line segments, and the cargo platform, so that the dynamical
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equations of each isolated body can be solved separately. A detailed dynamics model has
been developed by the project team [49] and will not be repeated here.

Suspension Line

Extracting Suspension
Line Segment

Node During
Line Extraction

spring-damper

parameters
Figure 2. The multibody dynamics model of the parachute opening process.

3.1.2. Dynamics Model of Parachute Inflation Process

Although the parachute inflation process has very complex dynamics, the simplified
inflation based on experimental modifications can well meet the engineering requirements
of flight trajectory characterization. Therefore, by referring to the latest correction formula
for the inflation process of NASA’s Orion spacecraft, a semi-empirical mathematical model
is employed to describe the parachute opening process, considering that the drag area of the
canopy, additional mass, and other relevant factors during inflation are closely associated
with the canopy shape. For the large parachute recovery system, the parachute suit inflation
process can be divided into initial inflation, main inflation, and inflation completion stages,
and the canopy shape change process is shown in Figure 3. In the initial inflation stage, the
airflow enters the canopy from the bottom and rushes to the top so that the canopy can be
expanded into an approximate cylindrical shape. In the early stage of the main inflation
stage, the parachute suit is like the shape of a “light bulb”, and its geometric shape can be
approximated as a combination of a hemisphere and a conical platform. In the recovery
process of large spacecraft, multi-stage closing technology is usually adopted in order to
reduce the overload of the opening parachute, so the main inflation process can be further
subdivided into level one, level two of inflation, and so on.

The literature [50] of flight test data show that the drag coefficient during inflation and
its projected area have the same rule of change, so the parachute coat volume curve must
be calculated to obtain the rate of change in the additional mass. The additional mass of
the parachute is the sum of two parts: one is the internal mass (air mass contained inside
the parachute suit), and the other is the air mass outside the parachute suit that follows
the parachute along with the movement of the parachute, and the additional mass of the
parachute can be expressed as follows:
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ma = (1+ka)p¥ 1)

where V is the internal volume of the canopy; k4 is the ratio of additional mass to contained
mass, which can be determined according to engineering experience [51].

Intermediate Final Full
Inflation Inflation Inflation Inflation

Figure 3. The main deceleration parachute’s canopy profile changes when inflated (The magenta part
is the parachute pack, and the cyan lines represent the parachute cords).

According to the degree of deceleration of the parachute system in the process of
parachute inflation and the characteristics of the surrounding flow field, the inflatable
can be divided into two kinds of inflatable mode: “infinite mass” and “finite mass”. In
this paper, we mainly refer to the empirical model of the parachute drag coefficient fitted
in the recovery system test of the Orion spacecraft in the United States. In the inflation
process of the large main parachute, the canopy will have a large deformation in a short
time, which leads to a large change in the dynamics of the parachute system. Usually, the
finite-mass inflation model is used for the dynamics analysis. However, in the deceleration
phase of the small tractor parachute, the velocity of the recovered object or the return
vehicle does not change much, and so the infinite-mass inflation model can be used for the
dynamics analysis.

(1) Finite mass inflation model

In the finite mass inflation process, as shown in Figure 4, in the i-th inflation phase, at
the initial moment #;, the drag force of the parachute is (C;S); ;. After a time ¢, the drag
area of the parachute reaches a stable value (C;S);. The variation in the parachute’s drag

area within the time range [ti, ti+t f} can be represented as follows:

(CaS)(£) = (CaS);_1 + [(CaS); — (CaS),_1] (t tf“) | @

where 7; is the inflation index of the i-th stage; and the formula for ¢ is outlined below:

(CaS); — (C4S);_1/CaSo
tf = K;Dg Vv 3)
1
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where K; is the dimensionless inflation stroke parameter; Dy is the nominal diameter of the
canopy; V; is the relative velocity of the canopy during the inflation process; and (C;S), is
the stabilized drag area of the parachute after full inflation.

A

| =KD, J(C,9),~(C,9)./C,5,
) v

(C,S);

(CS)(1)=(C,S),, +

<cds)i—<cf,s>,«]J["—“]'1'

- ————_———_—_—_—_—_—————

(CaS)i

i livty
Figure 4. Finite-mass inflatable drag area variation curve.

Additionally, for the landing phase using a cluster of parachutes for deceleration,
this paper refers to the cluster parachute correction method proposed by J. Potvin et al.,
introducing ¢(j) to correct the drag characteristics of the cluster parachute system relative
to the single parachute system, that is

(CaS)/(t) = ¢(j)(CaS) () 4)

where the coefficient ¢ (}) is related to the parachute type and inflation speed; and (C;S)" (f)
indicates the rule of drag area change during single parachute inflation.

(2) Infinite mass inflation model

Generally, the overfilled phenomenon appears during the infinite mass inflation
process. Figure 5 deploys the parachute drag area change curve of the infinite mass
inflation process. It indicates that when the parachute is in the i-th inflation stage, the
resistance area (C;S);_; of the initial moment ¢; reaches (C;S);_; after t; and reaches the
peak (C;S),, after t,. Then, after y, it sharply drops to a stable resistance area (C45);. The
inflation time ¢, can be expressed by the following formula:

o Ce(CaS); — CaSia \ ™
fr=

(5)
CaSi — CySi

where Cy is the peak overload coefficient; and #; is the inflation index. In the range of time
[ti +ipp tittp+ tk} , the drag area of the canopy decreases rapidly from the peak to the
steady state, and its change relationship can be expressed as follows:

bttt

(CaS)(t) = (CaS),(Ce) & (6)
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(C.9), (CdS)(t):(CdS)p (Co) »
(C,9);
/n;
_ (aes-as,)
e CdSi - CdSH
(CdS)i—l t[+tf‘b+tk >

l livly tisly
Figure 5. Infinite-mass inflatable drag area variation curve.

3.2. The 9-DoF Dynamic Model Framework

The mass of the parachute and the added mass are combined into a general mass ma-
trix, mp, and a general moment matrix of the parachute, I, the increments in aerodynamic
force and moments induced by the unsteady motion of the parachute are represented by
the apparent mass, thus, m, and I, are as follows:

my, = diag(mc + ay, me + azz, me + azs) (7)
1, = diag(Ly + ag, Iy + ags, L. + agp) (8)

where . is the mass of the parachute; (I, Iy, I;) are the axial moments of the parachute on
the joint O; (a11, 433, A44, as6) is the apparent mass of the parachute.
We can describe the parachute—payload system as outlined below:

d d
my— [Vp + Qp X L] +my— [Vo + Qp x Ly = (mpg +mpg) +Fp +Fy €)

d d
E[Ibﬂb] + myL, X EVO =M, +L; x myg (10)
d

d
[L,Qp] +myLy x 2V

where F,, My, F,, M, denotes the aerodynamic forces and moments of the parachute and

4 o =M, + L, x mpg (1)

payload. To further develop the above equations, as follows:

mb[(vo+np ><UO> +BZ(Qh x Ly + O x O be)} +mp[(vo+np xvo)—i—

. (12)
(Qp X Lp 4+ Qp x Oy X Lp)} =F,+F, + myg+myg

Ibe + Oy x I, + myLy, X (VO +Qyp x Vo) =M, + L, x myg (13)

1Oy + Qp x Oy +myLy x (Vo+Qp x Vo) =My + Ly x myg (14)

An anti-symmetric matrix is introduced for simulation, as follows:

Y
i 0 -Ly -Lj
L=|-L, 0 -Lj (15)
—L; —L% 0
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0 -L -ILf
L,=|-L] 0 -L} (16)
-z —L¥ 0

Then, the dynamic equations can be further developed, and introducing the general-
ized mass matrix of the parachute system A5 and generalized force matrix Byyyc.:

mbE3X3~—|— my BZmbLb m,L,

Amass = mpr I, Os3x3 (17)
—mpr 03><3 Ip
(myEsx3 +my) (€ x V) m B} (Q x Q) x L) +m,(Q, x QO x L)
Bforce = — | Q% (LyQY) + myLy % (Qb x Bgvo) - 0 +

Qb X (Lbﬂb) -I—Ianb X (Qp X VO) 0 (18)
B/F, +F, m;g + m,g
M, + L, x myg
M, L, X m,g

where E is the unit matrix; and O is the zero matrix. Then, the vector form of the parachute-
payload system dynamic equation is

Vo
Q| = Ar;;sstorce (19)
QP
Introducing the vector R from the connection point to the original point, the Euler
angle’s differential equation of the system is

Vo=BER (20)
’Yp 1 —tanfycosy, tanf,sinvy,
¥Y,| = |0 cos Yp/cost, —sinvy,/cosb, |y (21)
ép 0 siny, cos vp
Tp 1 —tanf,cosy, tan6sinvy,
P, = |0 cosvyy/cosB, —siny,/cosby |y (22)
éb 0 sin vy COoS Yy

In summary, this dynamic model can be used to simulate and analyze the dy-
namic characteristics, such as attitude, velocity, acceleration, and so on, of the parachute—
payload system.

The theoretical foundation and validation of the 9-DoF dynamic model and its pa-
rameter system adopted in this work have been thoroughly elaborated and verified in
prior research [52]. These studies confirmed the model’s sufficient accuracy and reliability.
Therefore, the focus of this paper will shift to the model’s integration and application
validation within the proposed HIL simulation platform.

4. HIL Simulation Platform
4.1. HIL Simulation Platform Overview

The PADS HIL simulation platform establishes dynamic and control models for key
operational phases—including deceleration parachute deployment, parafoil operation,
and cluster parachute operation—and provides a real-time simulation environment for



Electronics 2025, 14, 4285

11 of 19

analyzing motion characteristics, interface relationships, and timing sequences. It enables
the emulation of flight control processes, real-time dynamic simulation with visualiza-
tion of the full airdrop sequence, and comprehensive analysis of system-wide dynamic
behaviors. Applications include visualized simulation analysis and verification for system
architecture design, landing guidance algorithms, navigation scheme development, and
critical component validation, as well as serving as an automated testing platform for
homing procedure controllers.

4.2. HIL Simulation Platform Architecture

The PADS HIL simulation platform comprises four core components: Unit Under Test
(UUT), Dynamic Models, Emulators, and Simulators. Their functions are shown in Table 1.
The Airdrop HIL Simulation System consists of five core subsystems: Real-Time Simulation
Platform Subsystem, Dynamic Simulation Model Subsystem, Three-Axis Electromechanical
Rotary Table Subsystem, Visualization Scenario Display Subsystem, and Simulation Task
Management Subsystem. The system architecture and structural framework are illustrated
in Figure 6.

Table 1. System composition and functions.

Component

Elements Function

Unit Under Test (UUT)

Dynamic Models

Emulators

Simulators

Master Control Computer

INS Module ' Physical hardware embedded in the
Drive Control Unit simulation loop for performance validation
Motor Actuators

Real-time emulation of airdrop physics

e  Object-Parachute Dynamics Model (deceleration/ gliding /landing)

Interface fidelity preservation and
environmental simulation:

GNSS Emulator:

> Receives kinematic parameters from
dynamics model
>  Processes data with navigation
error/fault injection
> Outputs via authentic electrical
e  GNSS Signal Emulator interfaces
e  Communication Radio Emulator

e Load Simulator Radio Emulator:

> Bridges ground commands to airborne
systems

> Maintains hardware protocol
compliance

Load Simulator:

> Replicates aerodynamic loads on
control lines
> Enables realistic actuator testing

e  Real-Time Computing Platform

o X Execute models and render outputs
e  Visualization Engine
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Simulation computer

Manual instruction [ |

Dynamics simulation
software

giNetwork port

.

Network port 4
3D visualization

Inertial

navigation e
module

Load simulator

Airdrop
mission
planning
software .
. Dri
Parafoil master control Ve Motor
control

machine box actuator

Ground Communic —_ |,
> monitorin ation radio —
g software equivalent

Figure 6. Parafoil Hardware-in-the-Loop (HIL) simulation system architecture diagram.

4.3. Operation Process of HIL Simulation Platform

The operating process of the airdrop HIL simulation platform comprises three phases:

the preparation phase, the flight control phase, and the data playback and processing
phase. Figure 7 depicts the HIL proof-of-concept prototype developed in this study, and
the processes are summarized as follows:

4.3.1. System Preparation Phase (Airdrop Preparation Phase)

@
@)

®)

4)
®)
(6)

@)

Integrated control box, simulation test computer, and display equipment power-up.

The communication and navigation control system (upper and lower chassis) and mo-
torized three-axis rotary table (including inertial guidance module) are powered up.
The parafoil master control machine completes the initial parameter injection (target
point, excitation point, hovering point, navigation mode, control mode, hovering
radius, gliding ratio, etc.).

Start the ground monitoring software and read in the initial wind field data from the
wind field environment toolkit.

Start the 3D view display software and read the geographic environment model from
the Geographic Environment Modeling Toolkit.

Start the simulation task management software and set up the simulation task. Define
the parameters of the parafoil system, select the aerodynamic data of the parafoil,
the wind field environment data (initial wind field and real-time wind field), and the
dynamics model.

The integrated control box downloads the parachute dynamics model, simulation
initial parameters, and wind field data from the simulation task management software.

4.3.2. Real-Time Simulation Phase (Controlled Flight Phase)

)

The integrated control box collects the maneuvering line offset from the drive control
box by means of parallel leads.
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@

®G)
@)

©)

(6)

@)

®)
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The integrated control box solves the wing and parachute dynamics model in real
time, and uses the results to drive the load simulator, the guard-guide equiva-
lent, the three-axis motorized rotary table, and the three-dimensional view display
software, respectively.

The 3D view display software reads the flight state of the wing and parachute system
from the dynamics simulation software and displays it online in real time.

The load simulator sends the simulated load control quantity to the load actuator to
apply the simulated load to the maneuvering line.

The inertial guidance module rotates with the three-axis motorized rotary table and
sends out the inertial guidance attitude data, which is corrected and supplemented
(position, velocity, and heading data) and then transmitted to the guidance equivalent.
The guard-guidance-equivalent device integrates and processes the inertial guidance
data, simulated guard guidance position, and altitude data, and sends them to the
parafoil general control machine.

The master controller monitors the ground monitoring software for new control
commands. If it monitors the valid ground instruction, it runs the control algorithm
according to the ground instruction, calculates the control quantity, and sends it to the
motor drive control box; if there is no valid ground instruction, it runs the pre-loaded
control algorithm, calculates the control quantity, and sends it to the motor drive
control box.

The motor controller issues commands to the parachute line manipulation actuator,
which controls the motor to drive the winch to rotate and pull the manipulation line.
The potentiometer coaxial to the capstan follows the same angle of rotation and
provides real-time feedback to the motor drive control box.

(10) Repeat step (8) and continue with the new control action cycle until the system lands.

4.3.3. System Post-Processing Phase (Data Playback Phase)

At the end of the simulation, the 3D view display software reads the downlinked flight

data and performs data playback offline.

Integrated Control Box

Real-time Simulator

Turntable Data

? Turntable

Controller

? Motor
- UDP I !
P —— VN
Host Computer Software Display Computer

Figure 7. HIL proof-of-concept prototype.
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5. Simulation
5.1. Full Process Dynamics Simulation

In this section, the airdrop process is simulated and analyzed to verify the accuracy
and applicability of the established dynamics model. In the simulation, mainly for the
plateau test state of an airdrop system, a multi-flexible body model is used to establish
the dynamics model of the opening process, the opening process, and the steady descent
process. In the opening process, the main parachute and its parachute line are divided
into 120 flexible line segments, and the suspension lines are discretized into 20 flexible
segments; the traction parachute is treated as a rigid body. Under the dropping speed of
120 m/s (completely horizontal direction), the opening time is about 1.076 s, the maximum
opening force is 145.7 kN, and the maximum acceleration is about 48.13 m/s?.

Figure 8 presents the acceleration variation in the cargo platform during the main
parachute operation phase, while Figure 9 shows the motion state diagram of the parachute
system during the deceleration parachute deployment process; specifically, the dots denote
the deceleration parachute packs, the squares denote the cargo platform, and the connecting
lines denote the parachute cords. Figure 10 illustrates the three-dimensional trajectory of
the cargo platform throughout the airdrop process, and Figure 11 displays the combined
velocity—time curve of the cargo platform during the airdrop. From the simulation results,
it can be observed that the airdrop system first decelerates to approximately 50 m/s; after
about 6 s, the parafoil starts to expand; and finally, the landing velocity under the action of
the cluster parachutes is 8.8 m/s. To sum up, the dynamic model for the entire process of
Precision Aerial Delivery Systems can effectively simulate the motion characteristics of the
airdrop system, such as the parachute-opening overload, the steady-state flight velocity of
the parafoil, and the acceleration of the cargo platform.

50

acceleration(m/sz)

time(s)

Figure 8. Cargo platform acceleration during main deceleration parachute operation.

6000 =
= ¢® .., Cargo platform
< 5998 —
= =N
8_5996 @:‘:i,\\\
= G_/-\\\
25094 SN
T Decelerating parachute park ‘

5992
0 50 100 150

Horizontal position (m)

Figure 9. Diagram of the motion state of the parachute system during deployment.
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Figure 10. Trajectory of cargo platform during airdrop.
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Figure 11. Resultant velocity of cargo platform during airdrop.

5.2. HIL Principle Prototype Verification

Under specific airdrop test conditions, we conducted full-process HIL simulation tests
of the system to verify the hardware configuration, data interface, parameter definition,
input/output signals, and display functions of the principle prototype. Figure 12 gives
a comparison of the flight trajectory of the parachute system in the HIL simulation test
and the airdrop test; from this, the following can be seen: Despite trajectory deviations
attributable to wind field uncertainties and stochastic factors, the flight trajectory of the
parafoil in the HIL simulation has the same movement trend as the airdrop test trajectory.
It shows that the HIL simulation prototype basically has the ability of HIL simulation
for the whole process of the precise airdrop. Real-time injection of test vectors enables
the following:

e Initial State Setting: Customization of initial conditions and system parameters, in-
cluding initial position, paraglider parameters, target point settings, etc.

e Real-Time Simulation Efficiency: Continuous monitoring of UUT parameters
(Figure 13). The control quantity of simulation data is generated at a frequency
of 4 Hz. The simulated motion delay of the simulator is less than 1 ms, and it can
generate dynamic model results per millisecond.

e  Result Display: Three-dimensional visualization of wind fields, initial parameters,
pitch—-plane deviations, and real-time flight data.
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Figure 12. Comparison between HIL simulation data and airdrop test data.

Simulation Master Control Software

Figure 13. Real-time monitoring diagram of parameters for tested equipment.

6. Conclusions

Conventional aircraft-based precision airdrop testing is prohibitively costly and, due
to constraints in resources, funding, and testing capability, has been limited to nominal
atmospheric conditions and standard initialization scenarios—leaving performance in
extreme environments unverified. To address the urgent need for rapid trajectory analysis
in airdrop missions, this paper integrates previously developed models for parachute dy-
namics, parafoil dynamics, and a cluster parachute system. Key enhancements introduced
in this work include dynamics models for parachute line stretch and inflation, a system-
level airdrop process dynamics framework, and an HIL prototype that integrates parafoil
navigation and control systems. Through hardware-in-the-loop simulations, the proposed
framework thereby enables the supply of empirical data for optimizing the design of PADS.

The main contributions of this research are twofold, as follows:

(1) Development and validation of a physics-based deceleration parachute model that ac-
curately captures line-stretch and inflation dynamics; by integrating a 9-DoF dynamic
framework, a full-process dynamic model for the three stages of deceleration of the
parachutes, parafoils, and cluster parachutes was established.
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(2) Establishment of a hardware-software-integrated HIL simulation platform for end-to-
end airdrop process emulation, which supports multi-scenario testing, flight perfor-
mance evaluation under variable conditions, and serves as a physics-based virtual
proving ground for system optimization.

Looking forward, future work will focus on extending the current framework to
incorporate more complex environmental disturbances, such as turbulent wind fields and
multi-aircraft interaction effects, as well as exploring adaptive control strategies to further
enhance landing accuracy and system robustness under uncertain operational conditions.
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