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Abstract

Traditionally, in the design of a flight control
system, flight mechanics and aeroelasticity are
treated separately: flight mechanics uses the rigid
body approximation and an aeroelasticity phe-
nomenon does not make use of real time sim-
ulations. This approach is valid once the air-
craft presents sufficient stiffness, which leads to
a wide separation among the structural and rigid-
body modes. Conventional airplanes configura-
tions usually do not present any significant in-
fluence between rigid and aeroelastic modes but,
as the search for a more competitive aircrafts in-
creases the use of low density materials and air-
foils with lower thickness, this situation may not
be true and conventional design technique can
lead to error. This article compares the design of
a flight control system whose aircraft model was
obtained using rigid body approximation with the
design using an elastic aircraft model. Current
design techniques, such as robustness barriers
and notch filter, will be compared with the de-
sign considering the measurement and control of
structural parameters.

1 Introduction

Despite the aircraft is a flexible body, flight me-
chanics commonly makes use of the rigid body
approximation (RBA) neglecting the structural
dynamics, which is acceptable once the aircraft
has sufficient stiffness and consequently a wide
separation among the structural and rigid-body

modes as depicted on figure1.

Fig. 1 Rigid Body and Structural modes separation

This hypothesis may not be valid for many
aircrafts as the aircraft manufactures has in-
creased the use of low-density materials (such
as composites) and more tight criteria for struc-
tural design, bringing the safety margins to their
limit. The search for more competitive aircrafts
also brought the need for longer fuselages and
airfoils with lower thickness. These new design
techniques not only makes the aircraft lighter and
decreases the drag but also reduces the structural
modes natural frequencies, reducing the separa-
tion among the rigid body and structural modes.

The flight control system (FCS) must pro-
vide/enhance the aircraft’s natural stability
through the feedback of rates and acceleration.
Modern Fly-By-Wire systems also have some
protection features to avoid that the pilot exceeds
the aircrafts limits in some maneuver.

The sensors used to feedback signals to the
FCS have, not only the rigid body rates and accel-
erations but also high frequency content from the
structural deformation, which may pass through
the FCS and drive the controls at the frequency
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of the elastic modes leading to aeroservoelastic
instability, i. e. flutter or limit cycle oscilla-
tions. To avoid this structural coupling, the de-
sign should not only consider the positioning of
the sensors but also the the filtering of the FCS
command and, as a side effect, there is a decrease
in the phase margin in the Rigid Body Band-
width, which leads to a decrease in the closed
loop poles degrading the control law system per-
formance.

This article compared the design considering
the rigid body approximation (DRBA) where the
filters are the only responsible to avoid the struc-
tural coupling with the FCS and the structural dy-
namics with the design considering the flexible
aircraft model (DFAM), where structural modes
are feedback increasing its damping and decreas-
ing the need of filters leaving an open space to in-
crease the control gains therefore improving the
flight control system performance.

2 Development

2.1 Aircraft Model

The aircraft rigid body equations of motion can
be obtained directly from Newton’s second law
using an inertial reference frame[5]. The work of
Waszak et al[13] presents an integrated approach
that unites the structural deformations performed
by the aircraft structure and the aircraft dynamics
while assuming that the structural deformation is
sufficient small such as the linear elastic theory is
valid. This formulation uses the Lagrangian Me-
chanics to deduce the equations and, adopting the
mean axes, coupling between the rigid body de-
grees of freedom and the elastic degrees of free-
dom is avoided. In Silvestre[12] it is presented
that the body and mean axis can be considered
the same as the aircraft is performing common
operations.

Here follows a brief description modal
decomposition[1][8] and how the coupling be-
tween the structural and rigid body dynamics oc-
curs according to the adopted formulation.

When submitted to external loads, the posi-
tion of any point p in the aircraft structure can be

written as linear combination of the position of
n control points, therefore it is necessary 3n co-
ordinates (considering displacements in the x, y
and z axis of the chosen reference frame) to de-
scribe the structural displacement. This 3n gen-
eralized coordinates are given by the vector q as
presented in equation 1, where the N(x,y,z, t) is a
matrix operator that interpolates the displacement
in q(t) to a generic displacement in pd(x,y,z, t).

pd (x,y,z, t) = N(x,y,z, t)q(t) (1)

Assuming that the structure has a linear be-
havior, its dynamics can be given by the equation
2 where M, B and K respectively mass, damp-
ing and stiffness matrices. Those matrices are de-
pendant of several factors such as geometry and
mass properties and can be obtained from com-
mercial engineering softwares for example MSC
NASTRAN. F is the external forces vector.

Mq̈(t)+Bq̇(t)+Kq(t) = F(t) (2)

The modal base can be derived from the free
vibration problem of the equation 2, leading to
equation 3, where η is the array of the 3n modal
amplitudes and Σ is the matrix whose columns
are the eigenvectors for each eigenvalue.

q(t) = Ση(t) (3)

Manipulating algebraically equations 2 and 3
leads to the new set of equations presented on
equation 4, where ζi is the generalized damping,
ωn,i is the free vibration frequency of each mode
given by ωn,i =

√
λi, µi is the generalized mass

and Qn,i is the generalized force.

η̈i +2ςiωn,iη̇i +ω
2

n,iηi =
Qn,i

µii
(4)

As already mentioned, the coupling between
rigid and structural modes is not made through
the rigid body or structural dynamics equations,
instead it is modeled at the determination of the
aerodynamic generalized loads. The total forces
and moments presented in each axis at rigid body
formulation[5] (X ,Y ,Z,L,M,N) are a function of
the dynamic pressure, the engines position, ge-
ometry (reference area and mean aerodynamic
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chord) and dimensionless coefficients. The equa-
tion for the Pithing Moment (M) is depicted on
equation 5 where it can be seen that there are co-
efficients related to the rigid body movement and
also coefficients related to the structural deforma-
tion.

M = 1
2ρV 2

0 Sc̄
[
CM0 +CMααv +CMp p+ ...

+CMqq+CMδδ+
∞

∑
i=1

(
CMηiηi +CMη̇iη̇i

)]
(5)

In Waszak[13] the strip theory is applied to
obtain the dimensionless coefficients, which is
expanded later by Silvestre[12] for the complete
aircraft dynamics. In Pogorzelski et al[7], the un-
steady strip theory is applied to compute the aero-
dynamic loads. In Neto[6] the doublet Lattice
method is applied to determine these loads. This
work uses the model developed by Silva[10],
which developed a conceptual aircraft for flight
mechanics and flight controls studies. This model
has three different configurations, each one with
a different damping for the structural modes. The
first configuration is used as it presents a be-
havior closer to the current aircrafts being de-
veloped by aeronautical industry considering the
presence of four structural modes. This model
has two pairs of elevators with are deflected sym-
metrically by the altitude hold autopilot. This
model also presents two pairs of aileron which
can be deflected symmetrically to control (damp)
the structural mode.

2.2 Control Law Architecture

The altitude hold autopilot allows the aircraft to
be held at a fixed altitude decreasing the pilot
workload. This system is more concerned with
the steady-state error and disturbance rejection
than a fast response as the longitudinal control
law of a Fly-By-Wire system. It has limited au-
thority over the aircraft, usually limited at 0.15g
over the longitudinal axis, allowing to keep the
aircraft within ±65 f t from the selected altitude
(RVSM requirement). It controls the pressure
altitude after been filtered by a complementary
filter. It is also used together with another con-

trol laws such as Mach, Speed and rate of climb
hold to compose different autopilot modes such
as Flight Level Change.

In the DRBA, the control law is composed
by a PID controller added with and stability aug-
mentation system (SAS), i. e. the aircraft short
period states are feedback to improve the aircraft
short term response characteristics[4]. Figure 2
presents the block diagram for this control law
where it can be seb that the derivative term of the
PID controller is made directly through the feed-
back of altitude rate (Ḣ). It already includes the
notch filters as it will be discussed later in section
2.3.

Fig. 2 Block Diagram for the design considering
RBA

In the design considering the elastic body
model, moreover the previous PID+SAS another
control input is used, symmetrical deflection of
Aileron (Elevon), to increase the damping of the
structural modes through the feedback of the rate
of the first two structural modes. A Low Pass
Filter is included to attenuate effects of struc-
tural modes higher than two. Figure 3 presents
its block diagram.

Fig. 3 Block Diagram for the design considering
EAM

The altitude hold auto-pilot will be de-
signed through frequency domain optimization,
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which consists in determinate the vector p (N-
dimensional) of the decision parameters which
minimizes a functional J(ω) in a desired fre-
quency range. The vector p contains all the con-
troller gains and as the optimization converges,
the dynamic behavior of the system open loop
transfer function L is close to the desired target
loop transfer function Gd .

The use of optimization to design flight con-
trol systems has already been subject of study
leaving to the designer the task of mapping all
the requirements into a cost function[11]. The
DRBA uses the functional presented at the equa-
tion 6, where ω is the frequency in rad/s, σGd

and σL are the singular values of Gd and L re-
spectively. This functional computes the square
error relative to the desired open loop response
pondered by the frequency.

The way this functional was written, broken
in two different integrals, gives more emphasis at
the edges of the desired frequency range. The U
factor is included to add a heavy penalty if the
gains at vector p results unstable poles. Depend-
ing on the characteristics of the plant to be con-
trolled and the desired open loop transfer func-
tion, it may be quite difficult to achieve a perfect
fit between L and Gd , so the algorithm tries to at
least maintain L close to Gd by a γ factor as pre-
sented on equation 6, which is accomplished by
the f factor.

TDRBA =
1∫

ω0

f1(σL(ω))
(

σGd (ω)−σL(ω)
ω

)2
dω+ ...

+
ω1∫
1

f1(σL(ω))((σGd(ω)−σL(ω))ω)2dω+U

(6)
The DFAM uses the same functional includ-

ing an extra term to bring the structural response
bellow the threshold of −9db between a pre de-
fined range of frequencies as presented on equa-
tion 7,where σBLGd

and σBLL are the singular val-
ues of the broken loop of Gd and L respectively.
This threshold and the broken loop response will
be more detailed in section 2.3.

The target open loop transfer function has
a bandwidth of 0.15rad/s as the auto pilot for

the altitude hold has no need for fast responses.
Any bandwidth higher than the aircraft’s Phugoid
should already give good response.

TDFAM =
1∫

ω0

f1(σL(ω))
(

σGd (ω)−σL(ω)
ω

)2
dω+ ...

+
ω1∫
1

f1(σL(ω))((σGd(ω)−σL(ω))ω)2dω+ ...

ω3∫
ω2

f2(σBLL(ω))
(

σBLGd
(ω)−σBLL(ω)

)2
dω

(7)
The result of the optimization for both de-

signs are presented on figures 4 and 5, where it
can be seen that L has a good fit on Gd , admitting
a 15% error, up to 5rad/s, which is appropriate
for this control law purposes. In the lower part of
figure 5 its is presented the optimization regard-
ing the bandwidth of the structural modes.

Fig. 4 Frequency Domain Optimization (DRBA)

2.3 Structural Modes Filtering

The sensors used to provide data to the flight con-
trol system detects not only the rigid body motion
of the aircraft but also the high frequency struc-
tural dynamics. These dynamics may propagate
through the flight control system and drive the
control surfaces and, when interacting with the
aerodynamic and inertial forces, may lead to in-
stability. This issue has already been addressed
by industry as it can be seem in Caldwell et al[2],
Gangsaas et al[3] and Shin et al[9].
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Fig. 5 Frequency Domain Optimization (DFAM)

The structural dynamics shall also be consid-
ered when installing the sensors at the aircraft
because they could attenuate or amplify the high
frequency structural content of the signal - e. g.
if the sensor is located in a structural node, two
or more structural modes may interact and atten-
uate each other. On the other hand, the sensor
could be installed in the wing tip and detect dif-
ferent accelerations than the one performance by
the aircraft center of gravity.

To avoid the structural dynamics being feed-
back to the flight control system, a set of fil-
ters are used to attenuate the signal content in-
side the range of the structural dynamics. This is
usually done by a set of notch filter and/or low
pass filters whose function is to preserve the high
gain at low frequencies, keeping the flight con-
trol desired performance, and attenuate the high
frequency content.

This analysis is done through the broken loop
response from the control surface actuator to the
flight control system output with the set of filters
(if needed). The broken loop response shall lie
bellow the FRF (Frequency Response Function).

In this article, the FRF used in the design con-
sidering the rigid body approximation is defined
from the separation of the broken loop response
of the rigid and elastic body model, considering
the amount of attenuation needed to bring all the
resonance peaks bellow to a certain threshold and
the uncertainties in the frequency of these res-

onances. The Military Standard MIL-F-9490D
recommends a gain margin of 8db in every loop,
but it is an industry standard to adopt threshold
9db for this threshold[3]. The same threshold is
used in the FRF defined for the design consider-
ing the elastic model.

The broken loop frequency response of both
designs are depicted in the figures 6 and 7 to-
gether with both FRF. The notch filters acts like a
band-stop filter with a narrow stop band centered
at the frequency to be rejected. Its equation is
presented on equation 8 where ω0 is the desired
frequency to be attenuated and the parameters d
and c adjust the attenuation and how narrow the
filter is.

H(S) =
S2 +2

(
d/

c
)

ω0S +ω0
2

S2 +2
(

1/
c
)

ω0S +ω02
(8)

It can be seen from the figures 6 and 7 that the
requirements were satisfied: The broken loop re-
sponse in the DRBA lies bellow the FRF and the
broken loop response in the DFAM lies bellow
the −9db threshold.

Fig. 6 Broken Loop Response (DRBA)

The filtering adds additional phase lag to the
control loop as it can be seen in the figure 8 where
its values at 1rad/s and 5rad/s is highlighted for
comparison. The high phase delay introduced by
the set of notch filters used in the DRBA adds
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Fig. 7 Broken Loop Response (DFAM)

additional penalties in the project which may pe-
nalize the controlled aircraft performance.

Fig. 8 Phase Delay Introduced by Filters

3 Results

Without the introduction of the notch filter in the
control loop, the controlled aircraft in the DRBA
has an acceptable damping but, as the notch fil-
ter were included in the control loop the aircraft
became unstable. It was necessary to re-calculate
the gains considering the filters and even though
the damping felt dramatically as show in Figure
9. This occurs due to the high phase delay intro-
duced by the filters in the control loop as already
depicted in Figure 8.

Fig. 9 Closed Loop Poles(DRBA)

The filter used in the DFAM did not introduce
a phase delay as high as in the DRBA therefore
there were no need for a second loop in the gains
calculation. Of course the damping had a slight
felt with the filters but it kept close to the damp-
ing of the aircraft in the DRBA without the filter
as presented in Figure 10.

Fig. 10 Closed Loop Poles(DFAM)

The aircraft response to an altitude step is
presented in the figures 11 and 12. Both de-
signs provide the same altitude response but the
damping in the pitch rate response is higher in the
DFMA. The structural response in the DFMA is
much lower than in the DRBA due to the feed-
back of the structural modes rate.
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Fig. 11 Aircraft Step Response - Altitude & Pitch
Rate

Fig. 12 Aircraft Step Response - Actuator &
Structural Response

4 Comments and Conclusions

As the search for more competitive aircraft
grows, the aircraft’s structure becomes more flex-
ible and it structural modes may interfere with the
rigid body modes. The use of filter to avoid this
coupling introduces large phase delay in the con-
trol loop that may compromise its performance
or even the stability. Other approach to avoid the
aeroservoelastic coupling is to control the struc-
tural modes through the feedback of its param-
eters. The control of the structural modes may
not only avoid the extensively use of filters but
also reduce the structural workload implying in
a reduction of fatigue and the time between con-
secutive scheduled maintenance.

During development, the use of filtering im-
plies also in multiple loops in the computation of
the control gains and the filters parameters, i. e.
after computing the gains and the filters parame-
ter it may be necessary to re-evaluate the design
and even change it.

Counterbalancing this advantages, the feed-
back of structural modes brings the need of the
measurements of the structural modes, which in-
volves not only the appropriate choice of the
sensor location but also the hole development
of the system which provides all the safety re-
quirements pointed by the Fault Hazard Analysis
(FHA). It shall be addressed also the safety and
procedures involved in the case of the failure of
such system. Other aspect that may brings diffi-
culties to the project is the flexible aircraft model,
whose parameter depends on a certain maturity of
the project.

References

[1] M. N. Bismarck-Nasr. Structural Dynamics in
Aeronautical Engineering. American Institute
of Aeronautics and Astronautic, 1999.

[2] B.D. Caldwell, R. W. Pratt, R. Taylor, and R. D.
Felton. Aeroservoelasticity. In R. W. Pratt, ed-
itor, Flight Control Systems practical issues In
design and implementation, chapter Chapter 7.
The Institution of Electrical Engineers, 2000.

[3] D. Gangsaas, J. Hodgkinson, M. Harden,

7



D. P. T. FERREIRA†*, P. PAGLIONE*, C. D. P. S. SILVA†

N. Saeed, and K. Chen. Multidisciplinary con-
trol law design and flight test demonstration on
a business jet. AIAA Guidance, Navigation and
Control Conference, (AIAA-2008-648), 2008.
Honolulu Hawaii.

[4] F. L. Lewis and B. L. Stevens. Aircraft Control
and Simulation. John Wiley and Sons, 2003.

[5] R. C Nelson. Flight Stability and Automatic
Control. WCB/McGraw-Hill, 1998.

[6] A. B. G Neto. Dinâmica e controle de aeron-
aves flexíveis com modelagem aerodinâmica
pelo método doublet lattice. Graduation Final
work„ 2008.

[7] G. Pogorzelski, A. Zalmanovici, R. G. A.
da Silva, , and P. Paglione. Flight dynamics of
the fexible aircraft including unsteady aerody-
namic effects. International Forum on Aeroelas-
ticity and Structural Dynamics (IFASD, 2009.

[8] S. Rao. Mechanical Vibrations. Addison-
Wesley, 1990.

[9] J. Y. Shin, C. Harden, N. Saeed, R. Hartley,
and K. Chen. Pitch control law analysis and
flight test demonsntration of an executive trans-
port aircraft. AIAA Guidance, Navigation and
Control Conference, (AIAA-2009-6120), 2009.
Illinois, USA.

[10] A. L Silva, P. Paglione, and T. Yoneyama.
Conceptual flexible aircraft model for modeling
analysis and control studies. 2010.

[11] A. S. F. Silva, H. M. Paiva, and R. K. H. Galvão.
An optimization approach to design feedback
controllers for flight control systems. 20th In-
ternational Congress of Mechanical Engineer-
ing, November 2009.

[12] F. J. Silvestre and P. Paglione. Modelagem da
mecânica de vôo de aeronave flexível e apli-
cações de controle. Master’s thesis, Technolog-
ical Institute of Aeronautics - ITA, 2007.

[13] M. R. Waszak and D. K. Schmidt. Flight dy-
namics of aeroelastic vehicles. AIAA - Journal
of Aircraft, 1988.

5 Acknowledgement

The first author would like to thank the advisors
for the careful revision and orientation during the
development of this article.

6 Copyright Statement

The authors confirm that they, and/or their company or
organization, hold copyright on all of the original ma-
terial included in this paper. The authors also confirm
that they have obtained permission, from the copy-
right holder of any third party material included in this
paper, to publish it as part of their paper. The authors
confirm that they give permission, or have obtained
permission from the copyright holder of this paper, for
the publication and distribution of this paper as part of
the ICAS2010 proceedings or as individual off-prints
from the proceedings.

8


