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ABSTRACT

To address the rigid-elastic coupling problem of modern flying-wing aircraft with lightweight
and large-aspect-ratio configuration, the influence of structural elasticity on aeroelastic-flight-
dynamic is investigated. A rigid-elastic coupled flight dynamics model was established based
on the mean-axis method, which incorporates rational function approximation of unsteady
aerodynamics with the modal approach to account for structural dynamic characteristics.
Taking a tailless large-aspect-ratio flying-wing aircraft as the example, systematic analysis was
conducted on the effect of structural elasticity on the aircraft’s dynamic characteristics,
handling qualities and stability by comparing rigid, aeroelasticity-corrected and rigid-elastic
coupled models. The results show that the increasing of structural elasticity can significantly
increase the damping of the short-period mode and reduce the Control Anticipation Parameter
(CAP). The influence of aeroelasticity can cause the aerodynamic center of the aircraft moving
forward, as well as decrease the static stability and control surface efficiency. The aeroelastic
effect must be fully considered in the design and control of a flexible flying-wing aircraft. The
current method provides a theoretical and engineering guidance for the dynamic design and
optimization of such aircraft.
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1 INTRODUCTION

The tailless flying-wing has gained considerable attention in aircraft design due to its superior
aerodynamic efficiency, yet it faces challenges in stability and controllability. Lightweight and
high-aspect-ratio design lead to low structural stiffness and high coupling effect between rigid-
body motions and elastic vibrations, which severely compromises flight quality. Traditional
methods based on rigid-body assumptions are no longer applicable, and greater attention must
be paid to the coupling effects between aeroelasticity and fight dynamics. Current flight
dynamic modelling of elastic aircraft primarily employs the mean-axis method, the quasi-
coordinate method [1], and the transient coordinate method. Among these methods, the mean-
axis method is widely adopted due to its concise formulation, which decouples rigid-body and
elastic motions. Grauer et al. [2] validated the feasibility of this method in engineering
applications based on the X-56A Multi-Utility Technology Testbed (MUTT).

Current research efforts primarily focus on modelling techniques. This paper, however,
establishes an aeroelastic-flight-dynamic model and systematically investigates the influence
of structural elasticity on flight dynamic characteristics and stability. Based on the mean-axis
method is applied and a typical flying-wing aircraft is analysed.
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2 METHODOLOGY

2.1 RIGID AND AEROELASTIC-CORRECTED FLIGHT DYNAMICS MODELS

State-space equation for the longitudinal small-disturbance flight dynamics of a rigid-body
aircraft can be written as
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where the state variables are velocity, angle of attack, pitch rate, and pitch angle, respectively.
Here, A is the system matrix, B is the control effectiveness matrix, and Ao represents the control
surface deflection. Eq.(1) is termed as the rigid flight dynamic model in the following sections.

In flight dynamics under the rigid-body assumption, the aerodynamic derivatives and the trim
condition are typically obtained through experimental or theoretical methods. This allows for
the calculation of the system matrix A and the control effectiveness matrix B. However, in
reality, the aeroelastic deformation alters the trim condition and modifies the aerodynamic
derivatives, consequently affecting the aircraft's dynamic characteristics. By incorporating the
aerodynamic derivatives of the deformed aircraft under the aerodynamic forces into Eq. (1), the
aeroelasticity-corrected flight dynamics model is obtained.

2.2 RIGID-ELASTIC COUPLED FLIGHT DYNAMICS MODEL

To establish the flight dynamics equations for a flexible aircraft, it is first necessary to obtain
the time-domain expression for the generalized aerodynamic forces. A widely used approach is
rational function approximation with methods including Roger's method, Padé¢ method, and the
minimum state (MS) method. This paper adopts the minimum state method.

The aerodynamic coefficient matrix (AFC) of the minimum state method is given by
O(k) = A, + (jk) A, + (jk)* 4, + (jK)DI(jk)I — R] " E (2)

where R is a diagonal matrix composed of the negatives of the predefined lag roots, and k is the
reduced frequency with jk = jowL/V = sL/V. According to the minimum state method, the
elements in D and E are free variables, and distinct negative roots are allowed in R. By
separating the real and imaginary parts of Eq. (2), an overdetermined system of approximate
equations is obtained, which is then solved to obtain 4o, A1, A2, D, and E.

To achieve state-space representation, an augmenting aerodynamic state vector x, is defined,
which satisfies:
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Once the time-domain expression for the aerodynamic forces is obtained, the aeroelastic flight
dynamic equation of the aircraft in generalized coordinates can be written as
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where & represents the generalized coordinates, which include the generalized coordinates for
both rigid-body and elastic modes, i.e., &= [x4” X'|7, Mun, Bun, Knn, and Qy are the generalized
mass matrix, generalized damping matrix, generalized stiffness matrix, and generalized
aerodynamic force coefficient matrix for the structural natural modes, respectively. Q. is the



generalized aerodynamic force coefficient matrix induced by the control surfaces, where Q.
=®'[AIC]®.. Here, ®. denotes the mode shape for control surface deflection, representing the
structural displacements caused by unit control surface deflection, and [AIC] is the
aerodynamic influence coefficient matrix.

Egs. (3) and (4) yield the state-space representation of aeroelastic equation of motion

x,=Ax +B.0o (5)
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It should be noted that this study primarily focuses on the effects of elasticity on the flying-
wing aircraft and does not consider the actuator system.

The generalized coordinates of the rigid-body modes are transformed into the body states.
Therefore, the vector xz = [u, a, g, 0, B, ¢, p, ]T is introduced. Through linear transformation,
a state-space equation of rigid-elastic coupled flight dynamics is obtained
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where, x:= [x., x.”, x.']” and x. is the elastic modal coordinate vector.

3 RESULTS AND DISCUSSION

A tailless flying-wing aircraft, as shown in Figure 1, is studied in this paper. It features a high
sweep angle and a high aspect ratio, and is equipped with control surfaces on the trailing edge
of the mid-wing section. NACA 6501 is employed as the basic airfoil. Figure 1 shows the finite
element model of the aircraft. A symmetric boundary condition is applied at the wing root, and
the modal results are presented in Table 1.

Figure 1. Finite element model of the aircraft



Table 1. Natural frequencies of rigid-body and elastic modes

Type Mode Shape Frequency/Hz
T1 0
Rigid modes T3 0
R2 0
Sym 1st Bending 1.23
. Sym 1st In-plane Bendin 1.77
Elastic modes g Sym 2n121 Bending ¢ 3.87
Sym 1st Torsion 11.9

The current aircraft is assumed to cruise at 90 m/s in the sea-level. Figure 2 compares the
frequency responses of angle of attack obtained from the rigid, aeroelasticity-corrected, and
rigid-elastic coupled models. The results show that the rigid-elastic coupling model
significantly differs from the other two methods, whose curve remains smooth, without
resonant peaks or phase changes induced by the phugoid mode. Around the frequency of the
short-period mode, all three models exhibit consistent trends, with the aeroelasticity-corrected
model being relatively close to the rigid-elastic coupled model. The rigid-elastic coupled model
shows distinct variations around the 1% bending, 2" bending, and 1% torsion modes, indicating
that structural modes significantly affect the aircraft's dynamic characteristics.
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Figure 2. The frequency response of angle of attack

The stiffness parameters of the structural model are multiplied by a coefficient # (a larger
indicates a structure closer to rigidity) to adjust structural elasticity in this section. The influence
of structural elasticity on longitudinal flight dynamics characteristics and flying qualities is
investigated by using the rigid-elastic coupling model.

The root locus plot of Figure 3 shows that none of the root loci cross the imaginary axis,
indicating that the system remains stable under the considered flight conditions. As the
structural elasticity increases, some mode damping increases such as the short-period, 2™
bending, and 1* torsion, while the other mode damping decreases such as 1% bending, the
control surface deflection mode, and the 3™ bending mode. The increasing of damping of the



short-period mode can significantly increase the aerodynamic damping. When stability margins
are reduced, the short-period mode may transition from a pair of complex conjugate roots to
two distinct real roots due to increased elasticity, exhibiting overdamped characteristics.
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Figure 3. Root locus plot with # as the parameter (smaller 7 indicates greater elasticity).

During the aircraft maneuver, the damping ratio of the short-period mode influences the
overshoot in the response. A smaller value leads to a higher control precision. Different flight
phases impose varying requirements on precision. Especially during rapid maneuvers and
precise tracking, higher demands are placed on damping performance. This means damping
performance must be maintained within a suitable range. Figure 4 (a) shows that the short-
period damping ratio ¢ increases with the structural stiffness #.

Another key metric for evaluating short-period mode quality is the Control Anticipation
Parameter (CAP), which revealing the alignment between aircraft controllability and pilot
"expectations". The CAP is defined by
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The CAP must also be maintained within a reasonable range. As shown in Figure 4 (b), CAP
decreases with the increasing of structural elasticity. Furthermore, flight speed can also alter
the CAP value by influencing the short-period natural frequency and aeroelastic effects, which
may adversely affect controllability. Therefore, the influence of structural elasticity on handling
characteristics must be considered.
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Figure 4. Variation of damping ratio and CAP with structural elasticity



Although the damping of the short-period mode increases and its eigenvalues gradually move
away from the imaginary axis, this does not imply that the system is more stable. In fact, as
structural elasticity increases, the longitudinal static stability margin of the aircraft gradually
decreases. Elastic deformation shifts the aerodynamic center closer to the center of gravity. If
the distance between them is initially small in the rigid configuration, the elastic effect may
lead to a transition from static stability to instability.

The same control surface excitation is applied as shown in Figure 5. Figure 6 presents the time-
domain responses of the angle of attack a for different values of #. It can be observed that as
structural elasticity increases, the peak response amplitude decreases significantly, while the
convergence speed changes little. This behavior primarily stems from the combined effects of
altered damping characteristics and reduced control surface effectiveness.
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Figure 6. Comparison of time-domain responses for different structural elasticities

4 CONCLUSIONS

This paper investigates the influence of structural elasticity on the aeroelastic flight dynamics
characteristics and stability of a high-aspect-ratio flying-wing aircraft. A rigid-elastic coupled
state-space model is established by employing the mean-axes method and the modal approach
accounting for the structural elastic effect.

The comparison of results obtained from the rigid model, aeroelasticity-corrected model, and
rigid-elastic coupling model shows the following conclusions.



(1) Under the same control surface excitation at frequencies away from elastic mode
frequencies, the responses from the aeroelasticity-corrected model and the rigid-elastic
coupling model agree well.

(2) Increasing the structural elasticity augments the damping ratio of the short-period mode,
while it simultaneously reduces the CAP and thereby affects handling qualities.

The study demonstrates that aeroelastic effects must be fully considered in the structure and
control design of flying-wing aircraft. The methodology presented in this paper provides
theoretical support for the dynamic design and optimization of such aircrafts.
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