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Fb  = m(V.   
b + ω × Vb);

Mb  = Iω.       + ω × (Iω),
(17)
(18)

where Fb  = [Fx Fy Fz]T, m is the mass of an aircraft, Vb =  
[Vx Vy Vz]T is linear velocities in x-, y- and z- axes, ω =  
[p q r]T is angular velocities around x-, y- and z- axes, 
Mb = [Mx My Mz]T, I is 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 (γh) is calculated 
using the following equation:
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where γe is theoretical gravity at the equator, k is theo-
retical gravity formula constant, e is the first ellipsoidal 
eccentricity, φ is geodetic latitude, a is the semi-major 
axis, f is ellipsoidal flattening, ω is the angular veloc-
ity of the Earth, b is the semi-minor axis, GM is the 
Earth’s gravitational constant, h 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 CA2LM framework

This section briefly presents two case studies demon-
strating the capabilities of the CA2LM 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 

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 (qmax) and 
the steady state pitch rate (qss).

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

Fig.  10. Visualisation of qmax, qss 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

-1 -0.5 0 0.5 1 1.5 2

DB/q
ss

 (seconds)

0

0.5

1

1.5

2

2.5

3

3.5

4

q m
ax

/q
ss

150
m/s

160
m/s

170
m/s

180
m/s

190
m/s200
m/s

210
m/s

220
m/s

230
m/s

240
m/s

 Region of   
 satisfactory
 response    

 Abrupt  
 bobbling
 tendency

 Continuous
 bobbling  

 Sluggish
 response



180 V. Portapas et al. Modelling framework for flight dynamics of flexible aircraft

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 

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 

Fig. 12. Ailerons deflection δA, angular rate, load factor n, wing root bending moment Mroot and wing root torsion 
Troot and the roll, pitch and yaw rates at the aileron excitation frequency f = 1.1634 Hz

Fig. 13. Wing root bending moment Mroot 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 Tp = 10.24 sec and Tr = 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 1 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 Mroot 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 5th and 11th struc-
tural wing bending modes. At the frequency of 0.9 Hz, 
the Mroot 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 CA2LM 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 CA2LM 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 

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.

Acknowledgements

The author would like to acknowledge Stuart P. Andrews 
for developing the AX-1 aircraft model and tools for 
its analysis during his PhD degree studies at Cranfield 
University. These tools were the basis for developing the 
current CA2LM framework.

References
Andrews, S. P. 2011. Modelling and simulation of flexible air-

craft : handling qualities with active load control. Bibliogra-
phies. Cranfield University.

Cook, M. V. 2007. Flight dynamics principles: a linear systems 
approach to aircraft stability and control. 2nd ed. Elsevier 
aerospace engineering series. Oxford, Burlington: Butter-
worth-Heinemann/Elsevier.

Cooper, J. E.; Gaitonde, A.; Jones, D., et al. 2016. Aircraft Loads 
Prediction using Enhanced Simulation (ALPES). American 
Institute of Aeronautics and Astronautics. 

	 https://doi.org/10.2514/6.2016–1571
DeYoung,  J.; Harper, C. W. 1948. Theoretical symmetric span 

loading at subsonic speeds for wings having arbitrary plan 
form, No. NACA-TR-921.

DoD World Geodetic System. 1984. Its definition and relation-
ship with local geodetic systems (No. TR8350.2), 1991. Na-
tional Imagery and Mapping Agency.

European Commission. 2011. Flightpath 2050: Europe’s vision 
for aviation. Publications Office of the European Union, 
Luxembourg.

Gibson, J.  C.  1982. Criteria for handling qualities of military 
aircraft, No. AGARD-CP-333. AGARD, Neuilly-sur-Seine.

Kier, T.; Looye, G.; Hofstee, J. 2005. Development of aircraft 
flight loads analysis models with uncertainties for pre-
design studies, in IFASD 2005, 28 June  – 1 July 2005, 
München, Germany.

Leishman, J. G. 1988. Validation of approximate indicial aero-
dynamic functions for two-dimensional subsonic flow, Jour-
nal of Aircraft 25: 914–922. https://doi.org/10.2514/3.45680

Lindhorst, K.; Haupt, M. C.; Horst, P. 2014. Efficient surrogate 
modelling of nonlinear aerodynamics in aerostructural 
coupling schemes, AIAA Journal 52: 1952–1966. 

	 https://doi.org/10.2514/1.J052725
Lone, M. 2013. Pilot modelling for airframe loads analysis. Bib-

liographies. Cranfield University.
Mooij, H. A. 1985. Criteria for low-speed longitudinal handling 

Qualities. Dordrecht: Springer Netherlands. 
	 https://doi.org/10.1007/978–94–017–1193–7
Morelli, E. 2002. System Identification Programs for AirCraft 

(SIDPAC). American Institute of Aeronautics and Astro-
nautics. https://doi.org/10.2514/6.2002–4704

Palacios, R.; Cesnik, C. 2008. Low-speed aeroelastic modeling of 
very flexible slender wings with deformable airfoils. Ameri-
can Institute of Aeronautics and Astronautics. 

	 https://doi.org/10.2514/6.2008–1995
Palacios, R.; Murua, J.; Cook, R. 2010. Structural and aerody-

namic models in nonlinear flight dynamics of very flexible 
aircraft, AIAA Journal 48: 2648–2659. 

	 https://doi.org/10.2514/1.J050513



182 V. Portapas et al. Modelling framework for flight dynamics of flexible aircraft

Patil, M. J.; Hodges, D. H. 2006. Flight dynamics of highly flex-
ible flying wings, Journal of Aircraft 43: 1790–1799. 

	 https://doi.org/10.2514/1.17640
Simpson, R. J.; Palacios, R.; Goulart, P. J. 2015. Integrated flight 

dynamics and aeroelasticity of flexible aircraft with applica-
tion to swept flying wings. American Institute of Aeronau-
tics and Astronautics. https://doi.org/10.2514/6.2015–0183

Stengel, R. F. 2004. Flight dynamics. Princeton, NJ: Princeton 
University Press.

Theodorsen, T. 1949. General theory of aerodynamic instability 
and the mechanism of flutter, No. NACA-TR-496.

Tollefson, J. 2016. UN agency proposes greenhouse-gas stan-
dard for aircraft, Nature 530: 266–266. 

	 https://doi.org/10.1038/nature.2016.19336
Wang, F.; Huo, S.; Qiao, S., et al. 2015. An effective computer 

modelling approach to the study of aeroelastic character-
istics of an aircraft composite wing with high aspect ratio, 
Mathematical and Computer Modelling of Dynamical Sys-
tems 21: 58–76. 

	 https://doi.org/10.1080/13873954.2014.903283
Weissinger, J. 1947. The lift distribution of swept-back wings, 

No. NACA-TM-1120.


