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This paper describes the full development process of a numerical simula-
tion model for the ACFA2020 (Active Control for Flexible 2020 Aircraft)
blended wing body (BWB) configuration. Its requirements are the pre-
diction of aeroelastic and flight dynamic response in time domain, with
relatively small model order. Further, the model had to be parame-
terized with regard to multiple fuel filling conditions, as well as flight
conditions. High efforts have been conducted in high-order aerodynamic
analysis, for subsonic and transonic regime, by several project partners.
The integration of the unsteady aerodynamic databases was one of the
key issues in aeroelastic modeling.

NOMENCLATURE
Symbols
A B, C,D State-space matrices
Ag, A1, A2, D, E, R Minimum-state approximation matrices
AIC Aerodynamic influence coefficients
c Reference chord length
Cp Unsteady pressure coefficients
F Flight dynamic forces
FJKS Differentiation matrix from k-set to j-set degrees
of freedom (DOF)
G Spline matrix between aerodynamic and struc-
tural DOF
J Aircraft inertia tensor
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Reduced frequency

Stiffness matrix

Aircraft mass

Mass matrix; flight dynamic moments
Mach number

Roll rate

Pitch rate

Generalized aerodynamic forces (GAF)
Yaw rate

Laplace variable

Integration matrix from j-set to k-set DOF
Mode shape transformation matrix
x-velocity in body axes

y-velocity in body axes

Velocities in body axes

Free-stream velocity

z-velocity in body axes, vertical gust velocity
Lag states

X-position

Y -position

Z-position

Angle of attack

Sideslip angle

Control surface deflection

Modal deflection

Pitch angle

Yaw angle, mode shapes on panel control points
Roll angle, mode shapes on structural DOF
Rates in body axes

Subscripts/Superscripts
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Aerodynamic axes

Aeroelastic

Body axes

Control modes

Computational fluid dynamics (CFD)
Drag force

Elastic modes

Flight dynamic

Gust modes

Gust forces
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Rigid body + elastic modes
Roll moment

Lift force

Pitch moment

Yaw moment

Rigid body modes

Trim

Side force
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1 INTRODUCTION

Today, active control and load alleviation is in use in military and more lim-
ited in civil transport aircraft. However, this technique still promises signif-
icant improvements for fuel efficiency, fatigue life, and ride comfort. Some
future aircraft configurations, like the BWB, might even rely on active con-
trol to remain airworthy. An unacceptably high vibration level in the cabin
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Figure 1 Exterior surface of BWB aircraft configuration. Dimensions are in millime-
ters
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of such aircraft might be reduced to the requirements on comfort of today
aircraft, or even better. The ACFA2020 BWB aircraft configuration (Fig. 1)
shall fully be exploited by active control design, in order to demonstrate best
possible performance of load alleviation and ride comfort of such aircraft con-
cepts.

Active control design optimization in aircraft configuration design demands
for low-order simulation models, recovering the relevant aircraft dynamics for
a manifold of mass distributions and flight conditions. Highly flexible aircraft
show significant interaction of the rigid-body flight dynamics and aeroelastic
dynamics, which poses challenging tasks in active control and load alleviation.

Thus, fully coupled flight dynamics and aeroelastic equations of motion
(EOM) have to be employed. The full range of possible mass distributions,
given by fuel tank filling, is captured by a parametric finite element model
(FEM) of the aircraft primary structure. The coupled flight-dynamic and aeroe-
lastic EOM are then set up, based on the eigendynamics of the FEM and a
high-order CFD unsteady aerodynamic database. The parametric space of the
model is augmented by multiple flight conditions, covering the whole flight en-
velope.

2 STRUCTURAL MODEL PARAMETERIZATION

Within the ACFA2020 project, a FEM of the BWB aircraft primary structure
was developed and applied in aeroelastic modeling. The FEM level of detail is
comparably low, but sufficient for the prediction of structural dynamic response

(a) (b)

Figure 2 Finite element model of the BWB aircraft structure (a) and fuel tank
layout (b)
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in the considered frequency range. A full span model was applied in aeroelastic
modeling to directly take into account asymmetric turbulence excitation. The
fuel tanks (Fig. 2) are represented by concentrated mass elements connected to
the structure.

The possible loading conditions of the aircraft have been defined over the full
range of fuel tank filling level, from empty to full. Further, the fuel distribution
over tanks in wing and fuselage was considered, providing a useful margin of
z-position of the aircraft center of gravity (CoG). Three configurations of fuel
distributions are considered (CG1-3) for 11 steps of fuel filling (0: 0% 10: 100%).
The range of possible CoG z-positions, measured from the aircraft nodes, de-
pending on fuel filling, is shown in Fig. 3.
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Figure 3 Center of gravity z-position of the considered mass variants: 1 — CG-1;
2 — CG-2; and 3 — CG-3

Modal analysis was performed for all mass configurations of the FEM, leading
to individual modal bases applied in aeroelastic modeling (see subsection 4.1).
The elastic modal deflections [®.] are mass-normalized, leading to unitary modal
mass matrices [Mgtruct]. To represent flight dynamics by the rigid body modes,
its deflections are normalized to 1 m for translational modes, respectively, 1 rad.

3 AERODYNAMIC ANALYSIS

Steady aerodynamic analysis of the rigid aircraft as well as unsteady aerody-
namic analysis of the flexible aircraft have been performed with simplified as
well as high-order aerodynamic methods in subsonic and transonic regime. The
databases have been combined and included in flight-dynamic and aeroelastic
modeling.
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3.1 Steady Aerodynamic Analysis of the Rigid Aircraft

A steady aerodynamic database for the rigid BWB aircraft configuration was
computed by project partners with different aerodynamic methods. Up to Mach
number 0.6, a subsonic three-dimensional (3D) panel method was applied for
computation of static polars, flap derivatives, as well as dynamic derivatives.
The transonic regime was covered by steady aerodynamic analysis with CFD
methods. Static polars and flap derivatives could be obtained by CFD analy-
sis for a reduced set of angle of attack and sideslip angle conditions. However,
dynamic derivatives have not been computed by CFD methods, thus had to be
extrapolated from the subsonic aerodynamic database. The flap layout of the
BWRB aircraft, applied in aerodynamic analysis, is shown in Fig. 4.

(a) (b)

Figure 4 Panel mesh (a) and subdivision into gust zones (b)

3.2 Unsteady Aerodynamic Analysis of the Flexible Aircraft

The unsteady aerodynamic analysis was performed with the subsonic panel
method ZONA7, implemented in the aeroelastic toolkit ZAERO [1]. The lifting
surfaces, the winglets, and the fuselage of the BWB aircraft have been modeled
by wing panels, as shown in Fig. 4. Groups of panels in span and longitudi-
nal directions build up gust zones, which account for individual gust downwash
inputs in the simulation model.

As usual in aeroelastic analysis, the unsteady aerodynamic database is com-
puted for modal coordinates, i.e., modal aerodynamic forces with regard to
modal deflection. In order to account for the unsteady aerodynamics of control
surfaces, additional control modes are introduced, which are defined by deflec-
tion of corresponding aerodynamic panels. Further, gust unsteady aerodynamic
forces are included by a downwash distribution over the aircraft.
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The aeroelastic database is computed in frequency domain, assuming har-
monic oscillation of mode shapes, control surface deflections, and gust down-
wash over a predefined frequency range. A nondimensional, so-called reduced
frequency is applied here:

{C,} = [AIC(ik, Ma]" {w}

with k = we/(2V).

A full matrix of aerodynamic influence coefficients for each panel, with
regard to deflection of another panel is computed by the program.

Further detail on the unsteady aerodynamic foundation of ZAERO can be
found in [1]. The complex AIC relate normal wash w to unsteady pressure coef-
ficients C}, on aerodynamic panels, which are normalized by dynamic pressure.
Note that the AIC are independent from structural properties and dynamic pres-
sure.

Generalized aerodynamic forces, denoted by @, are the unsteady aero-
dynamic forces on modal coordinates. By the use of an integration matrix SKJ,
the pressure coefficients C), are converted to aerodynamic forces in the 6 DOF
directions of each panel at the panel control points [1]. For the transformation
of the 6 DOF displacements at the panels control points to normal wash, the
differentiation matrix FJKS is employed. As the panel control points do not
coincide with structural grid points, displacements and forces have to be trans-
formed from structural to aerodynamic DOF by a spline matrix G. Now, the
displacements are the generalized right-hand side by the modal matrices, defined
on panel control points:

@)= ()| = 12, 27 (6 K" (ATCER)" [, 0, v,

with
(@, W] = [FIKS(ik)]" [G] [®, D] .

Here, ¥,. and ¥, are computed from rigid-body modes ®,. and structural modes
®., defined on structural DOF. The control modes ¥, are directly defined on
panel coordinates; ¥,, V., and V. are composed of real numbers, i.e., the de-
flection of the individual panel control points are in phase. Differently, the
gust modes ¥, have to be expressed by complex numbers, as there are vari-
able phase angles for gust input on all aerodynamic panels. This approach
takes into account that gusts downwash hits the individual parts of the lift-
ing surface with correct time delays, as the gust is travelling through the air-
craft.

Concluding, the aerodynamic forces are subdivided into columns for rigid-
body, elastic, flap, and gust perturbations. Finally, the aerodynamic forces are
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Figure 5 First two symmetric structural mode shapes

generalized left-hand side by the modal matrices for rigid-body modes and struc-
tural modes.

For the transonic regime, the generalized aerodynamic forces of some impor-
tant structural modes have been corrected with results from an unsteady CFD
simulation. Eight mode shapes, namely, the pitch and plunge mode, ®¢FP,
the first five symmetric and the first anti- symmetric mode shape, ®S¥P | were
chosen for CFD analysis. Due to limited computational resources, one inter-
mediate mass configuration for the extraction of mode shapes for CFD analysis
was chosen, meaning all fuel tanks were filled by 50%. The resulting generalized
aerodynamic forces were transformed afterwards to all other modal bases, used
for the reduced order model (ROM). The first two symmetric mode shapes are
shown in Fig. 5.

Further, the GAF from CFD analysis were computed for perturbations (right-
hand side generalization) of flaps 1, 2, 5, 5", and 6, represented by the flap modes
®CFD . The projection (left hand side generalization) of the resulting unsteady

pressures is now performed on the full set of rigid body and elastic mode shapes
@SFD:

[QFP(iR)] = [@7P] " (6] [SKa]" [AICGR)]"
x [FIKS(ik)]" [G] [@CFP @CFP CPF] | (1)

(Note that Eq. (1) represents an equivalent computation of GAF with the panel
method, but does not reflect the process for CFD-computed GAF.)

Equation (1) yields a subset of columns of the full GAF with regard to the
full modal basis. The same columns of the previously computed GAF are now
replaced by the columns computed by CFD analysis. This results into a CFD-
corrected GAF database with regard to the mode shapes of the intermediate mass
configuration (CFD variant) of the aircraft structure. It should be noted that
some correction factors had to be applied to the CFD-computed GAF columns,
due to different modal deflection and the application of a half-span model in
CFED analysis.
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3.2.1 Transformation of computational fluid dynamics corrected
generalized aerodynamic forces to structural mass variants

The modified GAF for the high-speed aerodynamic regime are computed for the
eight selected mode shapes, only. To recover these forces also for the modal bases
of all 33 mass variants, a transformation rule for GAF has to be defined. Let
[Q%,,] be the GAF with regard to deflection of the mode shapes [®¢] and [QY ]
with regard to control surface deflection. Then, the GAF [th] with regard to
deflection of the mode shapes [@Z], and [ch] with regard to control surface
deflection, are:

Qb (k)] = [T 1@ (k)] [T8] +
(@ (k)] = [T2]" [Qfe(ik)]

with [T (ga} as the least squares solution of the equation

@3] [75°] = @] -
The above transformation yields a mathematically correct solution, only if
a complete modal basis is used, meaning as many modes as DOF of the finite

element model. Here, just 80 modes are inside the modal basis, but showed a
sufficiently accurate solution of the transformation.

3.2.2 Approximation of aerodynamic forces in the Laplace domain

In order to derive equations of motion in the time-domain, the GAF are approxi-
mated in the Laplace-domain by the Minimum-State Method [2]. By replacing iw
with the Laplace variable s, the approximation equation in the Laplace domain
becomes:

@l (3]

= [ilrar [l o () ]+ ] (e 2 )i

The rational function approximation is a well-known source of modeling er-
rors, in particular, when approximating gust columns. An appropriate num-
ber of roots (size of R), as well as constraint setting for approximation (real-
and/or imaginary part fitting for one reduced frequency) is crucial for suc-
cess.

The approximation matrices Ag, A1, A2, D, E, and R are directly applied to
the time-domain simulation model, to account for unsteady aerodynamic forces
with regard to modal, control surface, and turbulence perturbations.
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4 TIME-DOMAIN SIMULATION MODEL

The simulation model was implemented in the well-known simulation environ-
ment Matlab Simulink, which was also preferably used for control design in
the ACFA2020 project. The aerospace blockset was taken advantage of, for an
easy implementation of some standard flight dynamics blocks, like the 6 DOF
Newton Euler EOM.

4.1 Equations of Motion

The time-domain simulation model represents the nonlinear 6 DOF Newton-
Euler flight-dynamic equations of motion as well as aeroelastic equations of
motion. Flight dynamics and structural (aeroelastic) dynamics are coupled
by unsteady aerodynamic forces, whereas inertial coupling is not considered,
assuming the aircraft dynamics on mean axes. For the sake of low model
order, control surface dynamics are not directly computed in the simulation
model, but represented by appropriate transfer functions from control com-
mands to control deflection inputs. The flight dynamic DOF, X, Y, Z, &,
O, and ¥ are defined over body axes, as shown in Fig. 6, denoted by the sub-
script B.

The flight dynamics Newton Euler EOM are the force and moment balance
equations:

m{%"‘gbX%_Tbege}:FFD"’_FEED—’_FgD;

T 4+ x T = MTP + MER + MEP

Figure 6 Definition of N ED-system (zo, Yo, 2z0), body axes (z5,ys, z25), Euler angles
(®,0,7), wind axes (z4,ya4, 24), angle of attack a4, and sideslip angle 54
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with aerodynamic forces and moments due to flight dynamic motion,

FFD
CD CDp CDq CDT CD5
= GooSretLpa Cy p+3Cyp pp+Cyqpq+Cvrpr+Cys 6]
CL CLP CLq CLT‘ CLts
. C Cip Clq Cir
MFP = doo Sref§ Tya Cm o+ Cmp p+ Cmq q+ Cor p T
Cn Cnp qu Cnr
Cis
+{ Cms p 6 | + (ARP — COG) x FFP |
Cn5

and aeroelastic coupling forces/moments and gust forces/moments,

PR A <) Aperi ' i — gD
MFD = —(qAre0?") — 4o <W> rel?” — Qoo <W> re2!] — Qoo UrZq ;

F/EED 1 c .
A/FD = _V QOoArngg —(dw W Arglwg .

The aeroelastic EOM are comprised by the modal inertial and elastic forces
on the left-hand side, as well as aerodynamic forces due to flight-dynamic, elas-
tic, control surface, and turbulence perturbation, on the right-hand side of the
following equation:

0

{ne}
[Mstruct} {7.7.6} + [Kstruct} {776} = [AEO} {5C}

1
K{wg}
fin} ..
: ey L
*(m) ] 1{5{6}} +(2Vm) o) : D} @)
T

The rigid-body modes 7, account for aerodynamic forces due to flight-
dynamic motion [3,4]. For the coupling of flight dynamic motion to rigid body
modes, 7, has to be expressed by the flight dynamic DOF:
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-X —u —1
Y v v
-z . |-w]. . |-w
Nr = ) y e = —p e = _p
S q q
- —r —7

The aeroelastic EOM are augmented by a lag equation, which accounts for
time delays of unsteady aerodynamic forces:

??@
MNe
(i) = (%) Rl () + B {0}

C
1 .
K{wg}

The first-order differential equation is solved for the lag states, which are coupled
to the aeroelastic EOM, Eq. (2).

Unsteady aerodynamic forces are computed for rigid-body and elastic modes
(see section 3), which are defined on a body fixed coordinate system (Fig. 7).
Thus, the aerodynamic response of the rotational rigid-body modes about y-
and z-axis is equal to a corresponding change in angle of attack « or sideslip
angle 3. Therefore, aircraft attitude (®, ©, ¥), which does not change the aircraft
heading with regard to the airflow, may not be represented by the rotational

1

(a) (b)

Figure 7 Positions over wingspan for cut forces outputs (a) and acceleration sensor
positions over airframe (b)
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rigid-body modes. Instead, perturbations of a and § are taken into account by
velocity proportional aerodynamic forces of the rigid-body translations in y- and
z-axis directions. Note that the contribution of A,y to the aerodynamic coupling
from flight dynamics to structural dynamics is omitted in Eq. (2) for the above
described reason [3].

4.2 Sensor System

Besides flight dynamic measurement outputs, like alpha/beta probes and CoG
accelerations, structural sensors are integrated into the model, to be applied for
load alleviation in active control design. These are several acceleration sensors
(with regard to body axes) distributed over wingspan and wingchord, as well
as cutforce and moment sensors at 14 positions over wingspan for left and right
part of the aircraft (see Fig. 7).

4.3 Trimming and Linearization

In ACFA2020, the requirement for control design was a linear state-space model
of the BWB aircraft of reasonably low order. Thus, the nonlinear simulation
model was linearized at trimmed steady horizontal flight condition. The consid-
ered operating points are all possible combinations of fuel filling, CoG position,
Mach number, and dynamic pressure. For each of them, a linear state-space
model, covering flight-dynamic and aeroelastic response, as well as required in-
puts and outputs, was derived. The operating point state and input vectors for
linearization are computed by a trim routine.

The trim routine is divided into two steps:

(7) flight dynamics longitudinal trim:

mg = Cro(ar,  =0,Ma) + 2Cs, (o, 8 = 0, Ma)dr
+ 2CL52 (aTv ﬁ = 07 Ma)éT ) (3)

mg(rarp — TcoG) = Cmo(ar, 8 = 0,Ma) + 2Cy, (o, 8 = 0, Ma)dr
+ 2Cm52 (aTv ﬂ = 07 Ma)éT +2 (ZARP - Zengine) Fthrust ; (4)

(13) steady aeroelastic trim:

g1 c Vor
nr = Kee oo <2V) Acr1 {Qb,T} (5)
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where
cos (ar) Voo 0
Vo,r = 0 i Qr=<0,. (6)
sin (ar) Voo 0

Lateral trim was not conducted, because no asymmetries of neither the air-
craft nor its flight path had to be considered. To satisfy the longitudinal moment
and lift equations, the elevators (flaps 1 and 2) and angle of attack were used as
trim variables.

Equations (3) (6) are solved iteratively until convergence of the trimmed
angle of attack ar and the trimmed elevator angle d7. The resulting trim input
and state vectors is applied as operating condition for linearization.

4.4 Order Reduction

There are several methods how to reduce the order of the time-domain sim-
ulation model suitable for the control algorithm design [5,6]. In spite of the
different reduction concepts, there are always two basic possibilities, either the
state truncation, denoted by subscript ST, or the singular perturbation approxi-
mation, denoted by subscript SPA. Let the original state space model be divided
as follows (states corresponding to index 1 are the preserved ones, 2 are the
reduced ones):
AB An A By
{C’ D} = [ A2 Aoxx Bo

Ci Cy D

Then, the reduced order state space model obtained by state truncation of

any type is:

{A B} B {AH Bl}

CD|gr C1 D
The singular perturbation approximation variant of the reduced model
preserves the DC-gains of an original system and generally can be written as

{AB

Ayy — Ajp Ayt Agy By — Ajp Ay By
C D '

LP A C1 — CoAyy Aoy D — CoAyy' By

The preserving of the transfer functions for DC-gains and for the low fre-
quencies is important in context of the low-order model approximation and,
consequently, preserving of the rigid body and flight dynamics motion compo-
nents. Therefore, the SPA [7] variant of the reduction has been always cho-
sen.

The concept focused on four-order reduction is the balanced reduction [6]
based on the given inputs and outputs with the chosen model dimension. This
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Figure 8 Comparison between original (1) and reduced (2) transfer functions

variant has been used as the reference one. The balanced reduction is very
straightforward especially for the pure structural models with the proportional
damping. The airplane model, however, also consists of the states with the high
damping and even real poles. The evaluation of the final damping values of
particular modes is relatively complex. The computational experiments show
that the pure balanced reduction can discard some important states, like the
first bending mode, some of the lag states, or even some flight mechanic states.
Therefore, also other approaches have been applied.

The first variant of the control design ROM contains all flight mechanics
states, all lag states, and states of the first (lowest) 19 elastic modes. The sim-
plified variant of the control design ROM takes separately the symmetrical and
antisymmetrical components including all flight mechanics states, all lag states,
and states of the first (lowest) 4 elastic modes. The example of comparison be-
tween original (80 states) and reduced input output (only 2 symmetrical modes)
transfer functions is shown in Fig. 8.

5 CONCLUDING REMARKS

The results of aerodynamic and structural dynamic analysis of the BWB aircraft
configuration have been applied to a flight-dynamic and aeroelastic modeling pro-
cess. An easily applicable way for integrating results of unsteady CFD analysis
into the full aerodynamic database was found. Aerodynamic coupling of flight
dynamics and aeroelasticity, which is a key issue for flexible aircraft dynamics
modeling, was accounted for by representing flight-dynamic motion by rigid-
body modes. The time-domain equations of motion have been augmented by
two-dimensional turbulence and control surface inputs as well as flight-dynamic
and structural outputs.
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In a second step, the simulation model was trimmed and linearized at pre-
defined operating points over the flight envelope. A model order reduction was
applied to the linear models to provide a sufficiently accurate ROM for the con-
trol design process.
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