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F, =m(V, + w x V); (17)

M, =Io+ w x (Iw), (18)
where Fj, = [F, F, F,JT, m is the mass of an aircraft, V), =
[V, V, VT is linear velocities in x-, y- and z- axes, @ =
[p q r]T is angular velocities around x-, y- and z- axes,
M, = [M, M, M,]T, Tis the inertia matrix.

Yet, it should be noted that significant changes in
the CG position are expected because of high structural
deformations. A constantly changing CG position will
result in a time-varying inertia tensor I. Hence, a con-
tribution of each node should be taken into account in
the equations of motion and a new approach is currently
under development.

2.6. Gravity and atmosphere modelling

Gravity is modelled according to the WGS-84 reference
(WGS-84 1991). Gravitational constant (y),) is calculated
using the following equation:
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where vy, is theoretical gravity at the equator, k is theo-
retical gravity formula constant, e is the first ellipsoidal
eccentricity, ¢ is geodetic latitude, a is the semi-major
axis, f is ellipsoidal flattening, w is the angular veloc-
ity of the Earth, b is the semi-minor axis, GM is the
Earth’s gravitational constant, & is height. The gravita-
tional constant is then applied at the CG position for
solving equations of motion. Additionally, it is applied to
each structural node to solve the structural equation of
motion. Atmospheric properties such as air density and
temperature are modelled as the International Standard
Atmosphere (ISA) according to ESDU 77021.

3. Case studies utilising the CA’LM framework

This section briefly presents two case studies demon-
strating the capabilities of the CA?2LM framework. The
first case study focuses on the handling qualities analysis
and the second demonstrates the capability of perform-
ing failure case assessments. Both case studies are based
on the AX-1 model, which is representative of a large
transport aircraft.

3.1. Time domain handling qualities analysis

The Gibson Dropback Criterion (Gibson 1982) is a
well-known approach developed to predict longitudinal
handling qualities and assist in the design of command
and stability augmentation systems. The key advant-
age of this approach is that it is based in the time do-
main, so the effects of nonlinear dynamics arising due
to nonlinear flight control can be considered in the
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Fig. 10. Visualisation of g,,,,, q,; and DB terms used in the
Gibson Dropback criterion
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Fig. 11. Effect of airspeed on the longitudinal handling qualities
of the AX-1 model

handling qualities analysis. Such effects cannot be cap-
tured through approaches based on low order equivalent
systems (LOES). The key parameters for evaluating the
Dropback criterion are:

1. Pitch rate overshoot ratio, which is expressed as a
ratio between the maximum pitch rate (q,,,,) and
the steady state pitch rate (qs,).

2. Attitude dropback (DB) to the steady state pitch
rate (q,,) ratio.

These parameters are illustrated graphically in Figure 10.
The criterion is based on these ratios and the extensive
pilot opinion gathered to outline the regions of satisfac-
tory and undesirable response characteristics, as shown
in Figure 11. The boundaries shown in Figure 11 are
based on the research conducted by Mooij (Mooij 1985),
which focused on large transport aircraft.

In this case study, the AX-1 model was trimmed at
an altitude of 10000 ft and the Dropback criterion was
evaluated at several airspeeds. This was carried by speci-
fying an elevator pulse input of +5°. Figure 11 shows the
variation of longitudinal handling qualities with varying
airspeed. It should be noted that no stability augmenta-
tion system has been implemented, and, consequently,
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the majority of the cases are not in the satisfactory re-
gion. However, at airspeeds of 180 m/s, 190 m/s and
200 m/s the response of the aircraft is within the satisfac-
tory region.

3.2. Aileron soft failure simulation

A control surface failure scenario is one of many ex-
treme cases that need to be considered for the flight
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loads evaluation. Here a soft aileron failure is simulated,
where the port aileron undergoes an actuation failure
whilst the starboard aileron remains in the original trim
setting. The main results obtained from the simulation of
the AX-1 model are shown in Figure 12. The port aileron
is forced to effectively undergo a limit cycle oscillation at
a constant frequency of 1.16 Hz, which corresponds to
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Fig. 12. Ailerons deflection § 4, angular rate, load factor 1, wing root bending moment M,,,, and wing root torsion
T,00r and the roll, pitch and yaw rates at the aileron excitation frequency f = 1.1634 Hz
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Fig. 13. Wing root bending moment M,,, at different aileron excitation frequencies
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the first wing structural bending mode. The amplitude
of this oscillation is set to +15°.

The frequency content of the roll rate (p) and yaw
rate (r) signals shows that the failure has excited a low
frequency lateral-directional mode corresponding to the
periods of T,, = 10.24 sec and T, = 10.92 sec in roll and
yaw, respectively. These correspond to the usual frequen-
cies of the aircraft’s Dutch roll mode. The highest peaks,
just above I Hz, are the direct result of the simulated ail-
eron forcing function. The load factor (n) only exhibits
large transients when the aileron failure is initiated.

Figure 13 shows the frequency content of the wing
root bending moment M, at different aileron excita-
tion frequencies. At a frequency of 1.245 Hz, slightly
higher than the frequency of the first structural mode
of the wing (1.1634 Hz), the first aeroelastic mode ap-
pears and a resulting resonance is observed. Upon mag-
nification (bottom right subfigure), other two peaks can
be observed at 2.5 Hz and 3 Hz. These correspond to the
aeroelastic modes associated with the 5™ and 11t struc-
tural wing bending modes. At the frequency of 0.9 Hz,
the M, is higher than at the frequency of 1.1 Hz, which
can be explained by the fact that the forcing function fre-
quency is getting closer to the rigid body frequencies.

4. Conclusions

A brief overview of the CA?2LM framework designed to
model flexible aircraft has been presented in this paper.
Structural deformations are obtained through a linear
modal formulation of the aircraft structure. An assump-
tion of linearity limits the model to small deformations
that are less than 10% of the wing semi-span. The aero-
dynamics is modelled by coupling the steady Modified
Strip Theory with the Leishman-Beddoes unsteady
model in the state-space form. The CA*LM framework
effectively combines these methods in a MATLAB/
Simulink environment. The capabilities of such an en-
vironment are demonstrated through two case studies.
These cases have focused on the AX-1 model, which
represents a generic large transport aircraft. The first
case study focuses on the handling qualities analysis
based on the Dropback criterion. It demonstrates that
the AX-1 model’s response to a longitudinal control in-
put is unsatisfactory without a stability augmentation
system. The second case study simulates a port aileron
failure case and its impact on structural loads. It shows
that the coupling between aeroelastic modes and rigid
body flight dynamic modes appears when the aileron
undergoes a limit cycle oscillation at a slightly higher
frequency than the first wing bending mode.

Recent developments in highly flexible aircraft have
introduced wing deflections of more than 25% of wing
semi-span. Thus, a new approach to structural modelling
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is currently being developed. Moreover, such a flexible
aircraft cannot be assumed as a rigid body when solving
the flight dynamic equations of motion. Hence, a new
approach including additional terms due to the flexib-
ility into the equations of motion is being investigated.
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