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Abstract

Folding morphing aircraft exhibit strong aerodynamic—multibody coupling during airborne deployment due to
large relative motions and flow disturbances. To address limitations in full-sequence deployment simulation
and mechanism analysis, an aerodynamic—multibody coupled framework based on Kanes equations and a
quasi-steady aerodynamic model is developed, where the multibody system is modeled as joint-constrained
rigid bodies and aerodynamic loads are obtained by solving the inviscid Euler equations on Cartesian grids
with bidirectional iterative coupling. Numerical simulations of an LG2K-like UAV at 4° angle of attack and
4° sideslip angle show pronounced asymmetric wing deployment for @, = +1 rad/s. For w, =1 rad/s, the
maximum deployment difference reaches about 35° with full roll motion and slight center-of-mass motion, while
for , = —1 rad/s the difference reduces to about 15° with a final roll angle of about 70° and smoother attitude
evolution. In both cases, strong unsteady aerodynamic fluctuations are observed, indicating that the initial
pitch rate significantly affects deployment synchronization, attitude response, and overall deployment stability
and safety.

Keywords: folding morphing UAV, airborne deployment simulation, quasi-steady aerodynamic model, multi-
body dynamics

1. Introduction

Folding morphing UAVs exhibit strong aerodynamic—dynamic coupling during configuration transfor-
mation. Conventional design relies on repeated flight tests for performance evaluation, which are
costly, time-consuming, and risky, and thus difficult to meet rapid development requirements [1]. To
address this, the Arnold Engineering Development Complex (AEDC) proposed the concept of Virtual
Flight Test (VFT) to reproduce flight processes using ground-based experiments [2, 3]. Early work
mainly constructed aerodynamic databases from static force measurements [4, 5], while later stud-
ies introduced dynamic wind tunnel testing to capture motion-dependent aerodynamic effects [6, @].
However, due to scaling effects, support interference, and cost constraints, wind tunnel data still
deviate from real flight conditions and typically require correction [8, 9].

With the advancement of computational capability, numerical virtual flight methods have become a
key focus in morphing aircraft research [10]. Extensive studies have addressed aerodynamic and
dynamic modeling of morphing vehicles. Yue [0, 2] derived decoupled longitudinal dynamics for
a Z-shaped folding-wing aircraft under a quasi-steady aerodynamic assumption. Tong [13, 14] de-
veloped a multibody dynamic model for an asymmetric variable-sweep UAV using Kanes method,
capturing transient morphing behaviors. Shi et al. [15] constructed a large-scale morphing aircraft
model using DATCOM-based aerodynamic derivatives to analyze stability. An [16] proposed an un-
steady vortex lattice method to obtain aerodynamic and dynamic characteristics during wing sweep.
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However, despite progress in aerodynamic modeling, multibody dynamics, and coupling strategies,
a unified and efficient framewaork for simulating the full airborne deployment and deployment process
of folding morphing UAVs is still lacking.

A coupled simulation framework based on Kanes equations and a quasi-steady Euler aerodynamic
model is developed to simulate the full airborne deployment process of a folding morphing UAV from
release to configuration unfolding. The method adopts joint-constrained rigid-body representations
and computes aerodynamic loads by solving the inviscid Euler equations on Cartesian grids, with a
time-marching strategy used for aerodynamic—dynamic coupling. A representative LG2K-like config-
uration is selected as the research object [14]. Numerical simulations under carrier wake conditions
are performed to investigate asymmetric wing deployment and the resulting attitude response, pro-
viding a reference for dynamic analysis and attitude control design of folding morphing UAVs.

2. Modeling Method and Attitude Analysis

2.1 Quasi-Steady Aerodynamic Model and Coupling Method

A quasi-steady aerodynamicmultibody coupling method is developed to simulate the coupled aerody-
namic loads and multibody dynamic response during the airborne deployment of a folding morphing
UAV, with the flow field governed by the inviscid Euler equations in conservative form:

v or o6 om_ "
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The governing equations are discretized using a central-difference scheme with Jameson—-Schmidt—
Turkel (JST) artificial dissipation. A Cartesian structured grid is adopted.

A time-marching bidirectional coupling strategy is employed. At each time step, aerodynamic loads
are computed from the current configuration and transferred to the multibody dynamics module to
update velocities, angular velocities, and rigid-body attitudes under joint constraints. The updated
configuration is then used for the next aerodynamic computation, forming an iterative coupling pro-
cess.
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Figure 1 — Quasi-steady aerodynamic—multibody coupling framework

2.2 Multibody Dynamic Modeling Based on Kanes Equations

In the coupled framework described above, the multibody dynamics are formulated based on Kanes
equations. As shown in Fig. B, the vehicle is modeled as a tree-topology multibody system composed
of rigid bodies connected by joints, with local coordinate systems defined on each body to describe
relative motion.

Based on recursive kinematics, the system equations of motion are assembled using Kanes method
by combining generalized inertia forces and external loads, including aerodynamic loads and gravity.
The resulting governing equations can be written as
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Figure 2 — Adjacent rigid bodies and the coordinate systems established on them

2.3 Dynamic Model of LG2K-Type Folding Morphing UAV

An LG2K-type folding morphing UAV is selected for simulation to support attitude analysis and numer-
ical validation. A body-fixed coordinate system is defined with the X-axis pointing forward, the Y-axis
to the right wing, and the Z-axis downward. A symmetric deployment mechanism is adopted, avoid-
ing inherent geometric asymmetry in aerodynamic moments. The fuselage length is approximately
3.9 m and the wingspan is 7-8 m, as shown in Fig. 3.
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Figure 3 — Three-view drawing of the LG2K folding morphing UAV[17]

The geometric model is simplified from the LG2K prototype by neglecting detailed structural com-
ponents. A LG2K-type folding morphing UAV glider model is constructed, as shown in Fig. 8. The
fuselage and wings are modeled separately with a 0.024 m clearance. The main parameters include
a wingspan of 8.24 m, a wing area of 3.955 m?, and a mean aerodynamic chord of 0.48 m. The wing
uses a NACA4412 airfoil with a 2° incidence angle, while both the horizontal and vertical tails adopt

a NACAO0012 airfoil.
gl
/ S

Folded Deployed
Figure 4 — LG2K-type folding morphing UAV glider model

The inertial parameters of the aircraft components are listed in Table (reference). The wing is con-
nected to the fuselage via a revolute joint and rotates about the Z-axis of the body-fixed frame driven
by a torsional spring. The deployment angle is defined as zero in the folded configuration with a
locking angle of /2. A torsional spring stiffness of 200 Nmrad~! is selected to ensure deployment
within 0.5-0.6 s while accounting for aerodynamic damping effects.
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Table 1 — Inertial properties of fuselage and wing

Parameter Fuselage Wing

Mass (kg) 360.0 20.0
Center of mass (m) (1.201,0,0) (3.24,-0.088, 0.38)

I (kg-m?) 20.21 0.38

L,y (kg-m?) 649.66 24.07

I, (kg-m?) 653.44 24.45

2.4 Asymmetric Wing Deployment during Airborne Release

Flight tests have shown that folding morphing UAVs may exhibit asymmetric wing deployment dur-
ing airborne release [17], as illustrated in Fig. B, where the deployment angle difference between
the left and right wings is approximately 20°. Although the configuration is geometrically symmetric,
carrier wake effects may introduce sideslip relative to the incoming flow, resulting in asymmetric aero-
dynamic loads on the wings. Meanwhile, inertial coupling between vehicle attitude motion and wing
deployment further influences the deployment dynamics. Under the combined effects of aerodynamic
and inertial forces, asymmetric deployment and attitude response may occur, potentially leading to
unstable flight trajectories or even collision with the carrier aircraft [18]. Therefore, further numerical
investigation of the asymmetric deployment phenomenon and its influence on attitude evolution is
necessary.

Figure 5 — Asymmetric deployment phenomenon during airborne release of the LG2K UAV

3. Results

3.1 Simulation Conditions and Computational Setup

Numerical simulations of the airborne deployment process are conducted under carrier wake effects
represented by a sideslip angle. The freestream conditions are set to an angle of attack of 4°, a
sideslip angle of 4°, a Mach number of 0.28, and an altitude of 2 km.

Two initial pitch-rate cases, corresponding to nose-up and nose-down conditions, are considered:
o, =1 rad/s and w, = —1 rad/s. The simulations are performed using Cartesian structured grids with
approximately 1.337 x 10° cells. A fixed time step of 2.5 ms is adopted, and the total simulation time
is1.25s.

Figure 6 — Top view of computational grids around the aircraft at the initial state
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3.2 Simulation Results and Attitude Evolution Analysis

Fig. @ and Fig. 8 present the time histories of airborne deployment under two initial pitch-rate con-
ditions. After release, the vehicle enters the wing deployment process accompanied by attitude
variation, indicating significant aerodynamic—dynamic coupling characteristics. Under the combined
effects of carrier wake disturbance and attitude motion, asymmetric wing deployment is observed
during the deployment process.

Comparison of the two cases shows that the attitude evolution differs under different initial pitch
rates. For the w, = 1 rad/s case, larger roll and attitude deflections are observed, whereas the w, =
—1 rad/s case exhibits relatively weaker attitude evolution. The results indicate that the initial pitch rate
has a significant influence on both attitude response and wing deployment behavior during airborne
deployment.

T=0.75s T=1.00s T=1.25s

Figure 7 — Time history of airborne deployment with initial angular velocity w, = 1 rad/s
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Figure 8 — Time history of airborne deployment with initial angular velocity @, = —1 rad/s

Fig. @ and Fig. @0 show the time histories of wing deployment angles and deployment rates under
the two initial pitch-rate conditions. Asymmetric wing deployment is observed in both cases, mainly
reflected in differences in deployment rate and locking time. For the w, =1 rad/s case, the right
wing completes deployment at approximately 0.55 s, while the left wing locks at about 0.65 s, with
a maximum deployment angle difference of approximately 35°. In contrast, the w, = —1 rad/s case
exhibits relatively synchronized deployment, with the right and left wings completing deployment at
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approximately 0.82 s and 0.9 s, respectively, and a maximum deployment angle difference of about
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Figure 9 — Time histories of left and right wing deployment angles
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Figure 10 — Time histories of left and right wing deployment rates

Asymmetric wing deployment further affects vehicle attitude evolution. Fig. I and Fig. T2 show the
time histories of attitude angles and angular velocities under the two initial pitch-rate conditions. For
the w, = 1 rad/s case, earlier deployment of the right wing induces significant roll motion, with the
roll angle exceeding 180° at approximately 0.75 s. In contrast, the w, = —1 rad/s case exhibits more
synchronized deployment and a weaker roll response, with a final roll angle of about 70° and a roll
angular velocity of approximately 3 rad/s. The results indicate a strong correlation between wing
deployment asymmetry and roll response intensity.

Fig. I3 and Fig. T4 show the time histories of centroid position and velocity under the two initial pitch-
rate conditions. For the w, = 1 rad/s case, the vehicle exhibits noticeable forward and upward motion
during the later deployment process. In contrast, the @, = —1 rad/s case remains in a descending
state with negative V, throughout the simulation. The difference in lateral displacement between the
two cases is relatively small.

Fig. I3 shows the time histories of aerodynamic force components in the inertial frame, where F,,
Fy, and F, denote the aerodynamic forces along the three coordinate directions. During the wing
deployment process, all aerodynamic force components exhibit noticeable fluctuations, indicating
strong unsteady aerodynamic effects that further influence vehicle attitude response and center-of-
mass motion evolution.
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Figure 11 — Time histories of aircraft attitude angles
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Figure 12 — Time histories of aircraft angular velocities
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Figure 13 — Time histories of aircraft centroid coordinates
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Figure 14 — Time histories of aircraft centroid velocities
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Figure 15 — Time histories of aircraft aerodynamic forces

The above results indicate that different initial pitch-rate conditions significantly affect wing deploy-
ment synchronization and the overall dynamic response of the vehicle. In the nose-up case, more
pronounced asymmetric wing deployment is observed, accompanied by stronger roll response and
larger spatial deviation. Meanwhile, the vehicle centroid exhibits an upward motion tendency during
deployment, implying a potential collision risk with the carrier aircraft. In contrast, the nose-down case
shows more synchronized wing deployment and smoother attitude evolution. Overall, a clear coupling
relationship exists between asymmetric wing deployment and vehicle attitude motion during airborne
deployment, which further affects center-of-mass motion characteristics through aerodynamic mo-
ments. The results demonstrate that the initial attitude motion state has an important influence on
the deployment safety and attitude stability of folding morphing UAVs during airborne release.

4. Conclusion

This study investigates the large relative motion and strong aerodynamic interference during the air-
borne deployment of folding morphing UAVs using the developed aerodynamic—multibody dynamic
coupling method. Numerical simulations are conducted to achieve a unified description of the dy-
namic behavior from airborne release to configuration deployment. Based on an LG2K-type folding
morphing UAV configuration, comparative analyses are performed under different initial pitch-rate
conditions while considering carrier wake effects. The results show that asymmetric wing deploy-
ment generally occurs during the deployment process, and different initial pitch states lead to distinct
dynamic response characteristics. Under an initial nose-up pitch-rate condition, stronger deploy-
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ment asymmetry is observed, accompanied by more significant attitude evolution and roll response,
whereas the responses remain relatively moderate under an initial nose-down pitch-rate condition.
The proposed coupling framework can effectively capture the major dynamic characteristics during
airborne deployment and provides a useful reference for deployment analysis and scheme design of
folding morphing UAVs. It should be noted that the present quasi-steady aerodynamic model still has
limitations in capturing strong transient flow and local separation effects. Future work will further ex-
tend the simulation conditions and investigate additional initial conditions and flight states to improve
the applicability of the method in complex airborne deployment environments.
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