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Abstract

The Intelligent Wing is a research concept of a multifunctional wing combining classical functions as high-lift, lift
dumping and roll control, with newer functions as structural loads control, structural health monitoring or flutter
suppression. Therefore, the intelligent wing uses a high number of dynamic control surfaces. In particular for
the design of active maneuver and gust load control functions and their evaluation, the unsteady aerodynamic
effect of dynamic control surface deflections play a major role. For transport aircraft in transonic flight, this is
especially true, as the phase shift between the control surface deflection and the aerodynamic effect due to the
translational movement of shock waves significantly influences the controller design and its overall potential for
load reduction. In this paper, an efficient model structure is proposed with which the unsteady aerodynamic
effect of dynamic control surface deflections can be predicted. This method enables fast simulations in the
time domain of a flight dynamics model with multiple dynamic control surfaces on the wings.
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1. INTRODUCTION sary to compare different control laws and strategies

The Intelligent Wing is a research concept of a multi-
functional wing combining classical functions as high-
lift, lift dumping and roll control, with newer functions
as structural loads control, structural health monitor-
ing or flutter suppression.

Load control functions promise a lower structural
weight and enable a higher wing aspect ratio due
to reduced design loads. On the other hand, these
load control functions require fast control surface
deflections, especially in high-speed flight through
wind gusts, which leads to challenging requirements
for the actuation system. The evaluation of the
overall potential of load control functions and their
integration into a practicable wing concept is part of
the investigations concerning the Intelligent Wing.

In order to evaluate the overall potential of load con-
trol functions, multidisciplinary simulations of gust en-
counters and maneuver flights are required. These
simulations must include the disciplines aerodynam-
ics, structural dynamics, actuation system dynamics
and the controller functions to cover all significant ef-
fectors. Additionally, the simulation must be able to
predict the unsteady load distribution of the wing in
order to evaluate the holistic load reduction.

Due to the many different disciplines included in the
simulation and the high number of simulations neces-
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in various scenarios, the computation effort is a major
design variable for the model. Therefore, in this paper
a model structure is proposed by which the unsteady
distributed aerodynamic effect of multiple dynamically
deflected control surfaces can be predicted efficiently.
Common techniques for the aerodynamic modeling
of unsteady control surfaces use either a Doublet-
Lattice Method (DLM) in addition with corrections for
nonlinear effects, or Computational Fluid Dynamics
(CFD) programs, e.g. based on Navier-Stokes anal-
ysis [1] [2]. Not only does the DLM approach need
many corrections and a transfer from frequency do-
main to the time domain, e.g. via a rational function
approximation, but it also leads to inaccurate results
for unsteady transonic conditions [1]. Furthermore,
the computation effort for CFD analysis is quite high,
such that an efficient usage for a broad evaluation of
several controllers in various scenarios is not feasi-
ble. In 2021, Lancelot et al. published a method for
the modeling of unsteady control surface deflections
using simple lookup tables and transfer functions de-
termined by few CFD analysis [3]. Thereby, the to-
tal effect of the dynamic control surface deflection is
divided into a steady portion and an unsteady part.
The nonlinear steady effect is calculated by lookup
tables, determined by steady CFD analysis of con-
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stant deflection angles. For the determination of the
transfer function, an unsteady CFD analysis of a dy-
namic deflection is compared to the steady solution
calculated with the lookup table. Lastly, using this
method, the total distributed aerodynamic effect of an
arbitrary dynamic control surface deflection can be
calculated with an accuracy in the range of CFD anal-
ysis plus 5% error for most cases [3]. The total num-
ber of lookup tables and transfer functions necessary
for this approach depend on the number of points to
discretize the aerodynamic distribution, the number of
aerodynamic coefficients of interest and the number
of control surfaces. While the method works well for
aircraft configurations with few control surfaces, the
model for the here considered configuration with mul-
tiple individual control surfaces per wing would lead to
an excessive modeling effort. Therefore, an improved
method regarding the efficiency, which is based on
this approach by Lancelot et al., is presented in the
following.

In section 2, a flight dynamics base model and the
here used reference aircraft configuration with multi-
ple fast actuated control surfaces are introduced. The
modeling approach, developed at the Institute of Air-
craft Systems Engineering (FST) of the Hamburg Uni-
versity of Technology (TUHH), as well as the required
CFD data generation, conducted by the Institute of
Aerodynamics and Gas Dynamics (IAG) of the Univer-
sity of Stuttgart, are presented in section 3. In section
4, the proposed model is analyzed with regard to the
achieved accuracy compared to the CFD data and its
overall suitability within efficient flight dynamics anal-
ysis.

2. FLIGHT DYNAMICS BASE MODEL

In this paper, the here proposed method for the ef-
ficient modeling of unsteady control surface aerody-
namics is demonstrated for an aircraft configuration
with a multi-control surface intelligent wing design.
Therefore, the reference aircraft and its flight dynam-
ics base model are presented in the following.

2.1. Reference Aircraft

The demonstration of the control surface model is
done using a medium-range commercial airliner
configuration. The reference aircraft is a modification
of the DLR LEISA configuration, initially generated for
the LuFo Project LEISA by the DLR [4]. In the LuFo
Projects Polamin and INTELWI, the configuration was
upgraded with trailing edge tabs (TET) and dynamic
droop nose leading edge flaps (DN), capable of fast
deflection in cruise conditions [5] [6]. The all-speed
TETs are located within the low-speed-only Fowler
flap. In total, there are 5 DNs and 4 TETs in addition
to the classical aileron, such that almost the whole
leading and trailing edges are equipped with fast
movables. The Tab layout can be seen in figure 3. All
tabs and the aileron can be used for loads control, as
published by Ullah et al. [5] [7]. In this work, TET 1
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and TET 2 are treated as one single control surface.
The same applies to DN 1 and DN 2. Thereby,
the reference configuration has 16 dynamic control
surfaces at the wing: 4 individual DNs, 3 individual
TETs and one Aileron.

2.2. Model structure

The flight dynamics base model, developed at the
TUHH, is implemented in MATLAB/Simulink and con-
sists of several sub models for the various model do-
mains, as depicted in figure 1. Therefore, the inhouse
model library FlySim is utilized, which offers different
levels of model accuracy and thereby model complex-
ity for various model domains.

Main part of the model are the equations of motion
to simulate the aircraft motion, taking into account
all 6 degrees of freedom of the rigid body motion.
Inputs to the equations of motion are the forces and
moments resulting from the aerodynamics, inertia,
gravity and engines. In addition to the rigid body
motion, the structural dynamics are accounted for by
a modal model determining the deformation from a
stability axis coordinate system. Hence, the actual
aerodynamic forces are calculated as a result of
the aeroelastic coupling. Both, in order to couple
the aerodynamic model with the structural dynamics
model and in order to calculate structural loads at
various span stations of the wing, the calculation
of distributed aerodynamic forces and moments is
necessary. Therefore, the aircraft is divided into
132 chordwise stripes, for which the aerodynamic
forces and moments are calculated individually, as
schematically depicted in figure 2. One of these
stripes represents the tail surfaces, i.e. the hori-
zontal tailplane and the vertical tailplane. Another
stripe represents the fuselage and the remaining 130
stripes together represent the main wings. For each
stripe, the set of the three aerodynamic forces lift,
drag and sideforce as well as the three aerodynamic
moments, roll-, pitch- and yaw-moment, is calculated
by interpolation of lookup tables of aerodynamic
coefficients and derivatives, identified from CFD data.
For the calculation, the local free stream velocity, its
angles to the mean body axis as well as the local de-
formation angles, e.g. the local twist deformation due
to elasticity, of the respective stripe are considered.
The most important aircraft systems, when investigat-
ing the aircraft behavior during wind gust encounters
and extreme maneuvers, are the engines, the actu-
ation system and the flight control system. For the
engines model, the maximum available thrust is deter-
mined by lookup tables as a function of the current al-
titude and mach number. This maximum value is then
scaled with the current thrust lever position, ranging
from 0 to 1. The dynamics of the engine spool-up
and spool-down are not yet implemented but in order
to avoid unrealistically fast thrust changes, the thrust
rate of change is limited by the thrust controller.

The actuation system for the dynamic control surfaces
of the Intelligent Wing is a central aspect of current re-
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FIG 1. Main components of the flight dynamics base model
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FIG 2. Schematic depiction of the local lift and drag cal-
culation of a wing stripe

search at the TUHH. It's design is an iterative process
and the effect of design decisions can influence the
flight dynamically relevant control functions. Hence,
in this model, the actuation system can be run as a
co-simulation with the newest models from actuator
design. Thereby, the actuator dynamics within the
flight dynamics model are easily adapted to the most
recent state of design.

For the flight control system, an industry-like cascade
control is implemented, based on the descriptions
in [8]. The control loops are cascaded according
to their control dynamics from the fastest innermost
damping loop to the slowest outermost position
control loop. The individual controller gains are
scheduled for the variables altitude and airspeed in
order to achieve good control behavior within the full
flight envelope. The flight control system includes
a manual flight mode with the rudder pedals and
sidestick inputs as interfaces. They can either be
controlled by the user during the simulation or by
a preset signal to simulate preplanned maneuver
scenarios. Different autopilot modes are included,
controlling the altitude and heading, the pitch and roll
attitude or the sinkrate and sideslip angle. This basic
flight controller shall be expanded with additional
control functions as load control.
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The environmental model is divided into the Earth
and Atmosphere model and the Wind and Turbulence
model. The Earth and Atmosphere model determines
the static air data at the current flight altitude, as air
pressure, temperature and density according to the
International Standard Atmosphere (ISA) [9] with the
additional option for temperature differences. Fur-
thermore, it determines the local earth gravitational
field and the local magnetic field using the definitions
of WGS84 [10] and EGM96 [11]. The Wind and
Turbulence model is used to simulate the following
specified wind scenarios:
« Constant horizontal wind from an arbitrary direction
- Discrete wind gusts with 1-cos shape, as defined by
the certification specification CS-25 for large aero-
planes [12]
« Wind shear
« Stochastic turbulence fields according to the military
standard MIL-F-8785C [13]
For management and control of the simulations, three
interfaces are provided to the user, marked by the yel-
low circles in figure 1. As the first input, the user can
select the initial conditions for the equations of motion
by selection of an arbitrary trim point. This determines
the initial position, attitude and velocity of the aircraft,
as well as the initial position of all control surfaces.
As the second input, the user can select which wind
or turbulence scenarios will occur during the simula-
tion. Both, the magnitude and the start time of the
wind scenario can be chosen. Finally, the user can
select one of the above mentioned controller modes
of the flight control system. An interaction with the
flight control system is also possible while the simula-
tion is running.

3. EFFICIENT UNSTEADY CONTROL SURFACE
MODEL

In the following, the efficient modeling of unsteady
aerodynamic effects of dynamically deflected control
surfaces in the transonic flight regime is presented.
The model is exemplary generated for the reference
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aircraft, presented in section 2.1. First, the generation
of the aerodynamic data set via CFD calculations for
the model development and its subsequent evaluation
is described in section 3.1. In section 3.2, the general
model structure of the efficient reduced order model
(ROM) is introduced. Thereafter, the optimization of
the arising design variables of the model is discussed
in section 3.3.

3.1. CFD calculations for the aerodynamic data
set

The grid and main setup used for the CFD simula-
tions within this work are equivalent to the one of Ul-
lah et al. presented in [7]. It is briefly summarized
here to provide a stand-alone understanding of the
work at hand. Further details on the CFD setup and
the underlying methods, i.e. for flap deflection, can
be found in [7]. Unsteady Reynolds-averaged Navier-
Stokes (RANS) simulations were performed for the
aerodynamic CFD dataset with steady and unsteady
flap deflections. Therefore, the unstructured, finitevol-
ume DLR TAU solver [14] was used. The RANS equa-
tions are closed by utilizing the Spalart- Allmaras tur-
bulence model in its original form. All CFD simula-
tions were performed at H = 35000ft, M = 0.8 and
Cr, = 0.5 for the wing-fuselage configuration shown
in Fig. 2. The flap deflection is realized via grid defor-
mation based on radial-basis functions, see [7]. The
time function of the flap deflection 4(¢) is based on a
gust encounter scenario, identified as critical for the
current flight case in [7] with a critical gust wavelength
A = 50m. The flaps are deflected similar to the 1-cos
function of the critical gust shape as used for gust load
alleviation, see [7]. The corresponding flap deflection
function is defined to

(1) Mn5gw.baﬁ<2;.v]

(2) T=\Usx

Two different deflection types are used within this
work. In case a full deflection and retraction cycle is
simulated, the function is applied for 0 <= 7. The
second case is a full deflection up t0 .42, With the
flap not being retracted, but held in this position.
Hence, the flap deflection function is applied for
0 <= T/2 with §(t) = Omas for t > T/2 . In line with
Ullah et al. [7], the time step size is selected to T'/150
with 400 inner iterations at each time step.

3.2. Control surface model structure

In accordance with the method published by Lancelot
et al. [3], the total aerodynamic effect AQ. of the con-
trol surface at dynamic deflection is divided into a
steady portion AQ.s and an unsteady portion AQ..,
following equation 3.
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(3) AQc = AQCS + Ach

The steady portion represents the deviation of the
aerodynamic coefficient from the clean wing, which
would be reached when the current surface angle is
held constant over a long time span. The unsteady
portion is determined by the intermittent difference
from the total effect and the steady effect during a
dynamic change in deflection angle.

Lookup tables are used for mapping the current de-
flection angle at the current flight point, i.e. altitude
and airspeed, to the steady aerodynamic effect. For
the unsteady effect, transfer functions are used with
the deflection rate as input signal.

Theoretically, a control surface deflection has an
effect on all six aerodynamic coefficients (lift, drag,
sideforce, pitch-, roll- and yaw-moment) at each
aircraft stripe of the stripe model introduced in section
2.2. For the here considered reference aircraft with
16 dynamic control surfaces and a discretization
of the aerodynamic model using 132 stripes, this
leads to a total of 12,576 transfer functions plus 96
lookup tables. The modeling effort as well as the
computation effort for this high number of individual
transfer functions is significantly too large for the fast
comparison and evaluation of different load control
functions. Hence, a further improvement especially of
the unsteady model part is discussed in the following.
The first simplifying assumption is that each control
surface only affects the wing side at which it is posi-
tioned, e.g. the right aileron only effects the aerody-
namic coefficients of the right wing stripes. Thereby,
the required number of transfer functions and lookup
tables can already be cut in half.

For the second simplification, the wing is divided into
a few spanwise wing sections. For the here consid-
ered reference aircraft, 7 wing sections are chosen,
as depicted in figure 3 and discussed in section 3.3.1.
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FIG 3. Location of the trailing edge tabs (TET), droop
nose (DN), Aileron (AIL) and wing sections for
the reduced unsteady aerodynamics model

For each wing section, the spanwise distribution of
the unsteady effect is determined at a time stamp
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t, and saved within a lookup table. This distribution
is then scaled over the time by one single transfer
function, identified by the unsteady effect at the span
position WS, as depicted in figure 4. Thereby, the
number of transfer functions is reduced by the factor
k ~ 9 according to equation 4 with ngections = 7 and
Ngtripes = 05 PEr wing.

(4) k= Nstripes

Nsections
Just like Lancelot et al. proposed, the transfer func-
tions are estimated from single CFD analysis data for
a dynamic deflection of the control surface using the
MATLAB function tfest [15]. Thereby, the number of
poles and zeros of the transfer functions must be se-
lected in advance. As this is a trade-off between the
transfer function complexity and the accuracy, an op-
timization is possible and will be conducted in the fol-
lowing.

spanwise
distribution

AQ [

time [s] span coordinate 7 [-]

FIG 4. Example selection of a spanwise distribution

vector and a scaling function for the unsteady
effect of an aileron deflection at Mach 0.8

3.3. Optimization of design variables

In total, the following design variables need to be cho-

sen optimally during the identification of the control

surface model:

1) Number of wing sections and the location of their
cuts

2) Selection of the span position WS, at which the
transfer function is identified

3) Selection of the transfer function order, i.e. the
number of poles and zeros

4) Selection of the time stamp ¢, at which the distri-
bution of the unsteady effect is taken

The determination of these design variables is dis-

cussed in the following. In order to evaluate the op-

timization results, an error is formulated according to

equation 5.

(5) Esq = Z Z (AQC,ROM - AQ(:,C’FD)2

Nsection
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Here, the deviation of the unsteady model prediction
AQcu,rom from the CFD calculation AQcy.crp is
summed up for each time step ¢ and each span po-
sition 7sccrion- This leads to a single numerical value
giving a summary of the overall fit of the reduced
order model.

3.3.1. Determination of the wing sections

As only one transfer function is assigned to each wing
section to scale the distribution of the unsteady effect,
the transient behavior of the whole section is uniform.
Hence, areas with significantly different transient be-
havior need separate wing sections. In figure 5 it can
be seen, that the transient behavior changes signifi-
cantly across the wing span. In this example, the max-
imum unsteady effect at the aileron itself is reached
after approximately 0.08s and significantly falls again
until 0.15 s, as can be seen by the plot of n = 0.7. In re-
lation to this, the transient behavior of the unsteady ef-
fect outside of the control surface is slower. Especially
after the control surface has stopped, the reduction of
the unsteady effect is significantly delayed close to
the wing root, as can be seen by the plot of n = 0.03.
Thereby, a single transfer function for the whole wing
to scale a full-span effect distribution would lead to
a significant inaccuracy. The actual number of sec-
tions is a trade-off between the overall accuracy and
the model complexity. As a first assumption, the wing
sections were cut in alignment with the tab cuts, i.e.
each wing section covers the wing span portion of
one trailing edge tab. Additionally, the fuselage needs
an individual section, as its transient behavior signifi-
cantly differs from that of the wing stripes. Finally, for
the wing tip a separated section was implemented as
well, in order to refine the accuracy in this area. The
unsteady effect of a dynamic aileron deflection on the
wing stripes of each wing section can be seen in fig-
ure 6.

—n=0.03
- =02
~y = 0.36
—n=0.53
- =07
------- n =086

AQ [

0 0.1 0.2 0.3 0.4 0.5
time [s]
FIG 5. Unsteady effect of a dynamic aileron deflection

at Mach 0.8 on wing stripes at different span po-
sitions
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3.3.2. Selection of the span position at which the
transfer function is identified

It was found, that the span position at which the trans-
fer function is identified only has a minor effect on the
overall accuracy of the reduced order model. In some
cases, when the considered wing section was not in
the vicinity of the deflected control surface, there was
no influence on the accuracy at all.

Nevertheless, a global optimization of the variable
was included into a multivariable optimization pro-
cedure. In this procedure, the relevant parameters,
WS, the transfer function order and ¢,, are varied
over their full range. The transfer functions are cal-
culated individually for each control surface and for
the whole grid generated by the parameter variation.
For all transfer functions, a comparison with the CFD
data set is conducted in form of the squares error
determination according to equation 5. Finally, the
best combination of parameters can be determined
by the lowest square error. This procedure is used
as the effect of the parameter variation does lead to
many local minima, which makes it complicated for
gradient based optimization algorithms to find the
global minimum. In all cases where the span position
for the transfer function identification has no influence
on the model accuracy, the mid span position of the
considered wing section is used.

Exemplary, figure 6 shows the selected transient data
set of each wing section for transfer function identifi-
cation of the aileron deflection, marked with the red
line. All other transient data sets of the remaining
stripes of the wing section are marked with gray lines
for comparison.

— section 1 — section 2 — section 3
3 3 3
] e] V\ e]
< < <
0 0.5 0 0.5 0 0.5
time [s] time [s] time [s]
section 4 . section 5 —_ section 6
3 3 3
S M g k g
< < <
0 0.5 0 0.5 0 0.5
time [s] time [s] time [s]
— section 7
HS
c
4
0 0.5
time [s]

FIG 6. Unsteady effect of a dynamic aileron deflection
at Mach 0.8 on the wing stripes sorted by sec-
tions; red line: chosen wing stripe for transfer
function identification; black cross: time stamp
at which the distribution vector is determined;
gray lines: transient data sets of all stripes
within the wing section

3.3.3. Selection of the transfer function order

A higher number of poles and zeros of the transfer
function enable the modeling of a more complex tran-
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sient behavior. However, the computation demand
also rises with the order of the transfer functions. Sim-
ilar to the recommendation of Lancelot et al. [3], it was
found that a maximum of four to five poles and zeros
lead to a good fit of the estimated transfer functions
with the predetermined data set. The fit of the trans-
fer functions is determined by the MATLAB function
tfest in form of the fit percentage according to equa-
tion 6 [16].

(6)
FitPercent = 100 - (1 —

Hymeasured - ymodelH >

||ymeasured - ymeasuredH

Here, ymeasured 1S the measured output data, i.e. the
actual CFD data the transfer function should predict.
Umeasured 1S the mean of the measured data and
Ymodel 1S the predicted data of the transfer function.
With some exceptions, most estimated transfer func-
tions achieve a fit percentage of 90 or more. In all
other cases the lower fit percentage was accepted,
as the overall result for the wing section produces a
good result, as can be seen from low squared error
values E,, see equation 5.

The actual number of poles in each transfer function
is determined individually by the optimization proce-
dure introduced in section 3.3.2. The number varies
between 2 and 5 in most cases.

3.3.4. Selection of the time stamp at which the
distribution of the unsteady effect is taken

As can be seen from figure 5, the maximum unsteady
effect is reached at different times for different span
positions. This implies, that the best time stamp ¢,
to identify the unsteady effect distribution vector may
be different for each section. Additionally, ¢, can also
vary for each control surface deflection. Hence, an
optimization for each wing section and control surface
is necessary.

t, is varied over the full time range of the training sig-
nal of 0.43 s in 300 steps in the optimization procedure
introduced in section 3.3.2 to find the best combina-
tion of ¢, and WS,,.

As can be seen in the example of the aileron deflec-
tion in figure 6, as expected the distribution vector of
the unsteady effect is automatically taken at the vicin-
ity of the peak of the unsteady effect, as indicated by
the black cross.

4. ANALYSIS

In the following, the proposed efficient modeling of un-
steady control surface aerodynamics is analyzed and
evaluated. Firstly, the superposition procedure, where
the effect of an arbitrary combination of control sur-
face deflections is predicted by superposition of the
effects of isolated control surface deflections, is ana-
lyzed in section 4.1. Thereafter, the achieved model
accuracy is analyzed by evaluation of the reduced or-
der model results for the total transient effect of iso-
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lated tab deflections and by their spanwise distributed
effects in section 4.2 and for combined tab deflections
in section 4.3.

4.1. Analysis of the superposition procedure for
combined control surface deflections

The here proposed modeling strategy for the un-
steady aerodynamic effect of arbitrary tab deflections
utilizes the isolated models for each individual tab
and the subsequent superposition of their results.
Hence, at this point, it is shortly demonstrated, that
the superposition method leads to an acceptable
accuracy for combined tab deflections. In figure
7, a comparison of a CFD analysis of a combined
upwards deflection of all trailing edge tabs with the
superposition of CFD results from the isolated trailing
edge tabs deflected in the same angle is shown.
The comparison is made for the three most relevant
coefficients with respect to loads control: the lift
coefficient, as it is primarily responsible for the wing
bending moment, the pitching moment coefficient,
as it is primarily responsible for the wing torsional
moment and the drag coefficient, as it is primarily
responsible for cruise performance degradation and
passenger discomfort when changed dynamically.
As can be seen in figure 7, the superposition proce-
dure leads to very similar effects, compared to the
analysis of the combined deflection, with a maximum
error of 3.6 % and 4.5 % of the maximum effect for the
lift and the pitching moment coefficients, respectively.
Only regarding the drag coefficient, some small devi-
ations are visible with a maximum error of 9.3 % of the
maximum effect.

-3
0pde ‘ ‘ ;

ab CFD result of combined deflection d
— — — -Sum of CFD results of isolated deflections

0 01 02 03 04 05 06 07 08 09 1
span coordinate 7 [-]

AC, H

0 01 02 03 04 05 06 07 08 09 1
span coordinate 7 [-]

0 01 02 03 04 05 06 07 08 09 1
span coordinate 7 [-]

FIG 7. Comparison of the superposition procedure with
CFD results for the total effect of all trailing edge
tabs deflected upwards simultaneously at Mach
0.8
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4.2. Analysis of ROM results for isolated tab de-
flections

In order to demonstrate the accuracy of the proposed
ROM for isolated control surface and tab deflections,
their predictions are compared with CFD data in this
section. First, the total effect on the aircraft forces and
moments coefficients are analyzed. Figures 8 and 9
show the comparison of those total effects for the de-
flection of all trailing edge tabs and droop noses indi-
vidually. In this paper, the analysis is limited to the lift,
drag and pitching moment coefficient, as they have
the most relevant effect on load control functions, see
section 4.1.

In general, the dynamic trailing edge tab deflections
have a significant effect on all three of the considered
coefficients. Hence, they are suitable for the reduc-
tion of the design wing bending moment by adjust-
ing the total lift and its spanwise distribution during
maneuvers and gust encounters. However, this will
induce unwanted pitching moments and thereby in-
creases the wing torsional moment [7][17]. And lastly,
by effecting the drag coefficient, the passenger com-
fort and the cruise performance in turbulent air have
to be investigated cautiously.

In the following, an error formulation according to
equation 7 is used for evaluation, where the total
error is taken relative to the maximum value of the
target CFD data of the considered tab.

AC; rom — AC; crp

7 Erog=
(7) ! max(|AC; crpl)

For the trailing edge tabs, the highest measured rela-
tive error at lift coefficient calculation is 1.7 % at TET
5. The pitching moment is similarly well predicted with
a maximum relative error of 3.0 % at TET 4. The drag
coefficient shows a more complex transient behavior,
especially for deflections of tabs 3 to 5. Thereby, the
highest measured relative error at drag coefficient cal-
culation is 8.3% at TET 4. Nevertheless, the model
accuracy regarding the effect of the tab’s drag co-
efficient on the total aircraft drag is acceptable, as
the higher relative errors occur only at the outer tab,
where the absolute aerodynamic effect is comparably
low. Thereby, the absolute drag error at TET 4 and
TET 1+2 are almost identical at around 5.3 - 1072, al-
though TET 1+2 has a relative drag error of only 1.7 %.
In general, the droop nose deflections have a minor
effect on the lift coefficient but a significant effect on
the pitching moment and the drag coefficient. Hence,
they may be used in combination with trailing edge
tabs for load control functions to compensate the wing
torsional moment induced by the TET deflections, as
described e.g. by Ullah et al. [5].

For the droop noses, the highest measured relative
error at lift coefficient calculation is quite high with
55.3% at DN 3. This is a result of a delayed reaction
of the ROM model to the control surface deflection
due to slightly inaccurate transfer function identifica-
tions. In general, the lift coefficient prediction is less
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FIG 8. Comparison of the ROM with CFD data for the total lift, drag and pitching moment coefficient effect of

trailing edge tab (TET) deflections at Mach 0.8

accurate for the droop noses. Main reason is the more
complex transient behavior compared to that of a trail-
ing edge tab deflection. As the droop nose deflection
has a small effect on the lift in general, these higher
errors are accepted. The accuracy of the ROM predic-
tion for the pitching moment coefficient and the drag
coefficient are again comparable to that of the trail-
ing edge tabs. The maximum relative error at pitching
moment prediction is 2.9 % at DN 4 and the maximum
relative error at drag prediction is 8.2 % at DN 3.

In the following, the spanwise distribution of the above
mentioned effects is analyzed for the examples of the
pitching moment and the drag, as they are the main
effects of a droop nose deflection. Figure 10 shows
the distributed pitching moment coefficient effect of an
aileron / TET 5 deflection at Mach 0.8. The deflection
signal is the same, as in figure 9. Interesting to notice
is that the effect is increasingly delayed with spanwise
distance to the control surface. Although this gradual
increase in delay is approximated by a few wing sec-
tions, each with a single transfer function, the results
match up with the CFD data qualitatively good. Only
at some spots, light deviations of the ROM predictions
from the CFD data are visible. But these deviations
are not expected to have a significant influence on the
planned flight dynamical simulations.

Figure 11 shows the distributed drag coefficient effect
of a dynamic deflection of DN 4 at Mach 0.8. The
deflection signal again is the same, as in figure 9.
Here, the more complex transient behavior of the var-
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ious wing span positions can be seen. While the drag
at the span position of DN 4 immediately decreases
for some milliseconds at the start of the deflection,
it is initially mostly constant for span sections further
away from the tab. After this initial decrease, the drag
at the tab rises rapidly with a slight overshoot of the
steady effect, building thereafter. A comparable be-
havior can be seen for the rest of the wing span, but
for the span section between n = 0.2 and n = 0.55, a
noticeable second overshoot can be seen. All in all,
the ROM follows all these effects quite well. Some no-
ticeable deviations occur at a few wing stripes at the
initial drag decrease and the subsequent overshoot at
the tab itself. This is due to the simplification made by
the sectioning procedure of the unsteady effect and
thereby shows the trade-off between accuracy and
model complexity.

4.3. Analysis of ROM results for combined tab
deflections

After the overlay procedure has been demonstrated
based on CFD data only in section 4.1 and the ef-
ficient unsteady aerodynamics model was analyzed
for isolated tab deflections in section 4.2, in this sec-
tion the combination of both is analyzed. Therefore,
the ROM-predicted unsteady aerodynamic effect of a
combined deflection of tabs is compared to CFD data.
Figure 12 exemplary shows the lift effect of a com-
bined dynamic deflection of all trailing edge tabs from
0° to —10° within approximately 0.2s at Mach 0.8. As
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FIG 9. Comparison of the ROM with CFD data for the total lift, drag and pitching moment coefficient effect of droop

nose (DN) deflections at Mach 0.8
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FIG 10. Comparison of the ROM with CFD data for the
distributed pitching moment coefficient effect
of a dynamic aileron deflection at Mach 0.8

can be seen, both, the transient behavior of the lift ef-
fect as well as its spanwise distribution are predicted
quite satisfactorily.

As expected, for the further coefficients, the accuracy
is also acceptably high, following the same minor is-
sues already discussed for the superposition proce-
dure in section 4.1 and the general prediction of more
complex transient behavior e.g. at the drag coeffi-
cient, as discussed in section 4.2. To conclude these
analysis, the obtained relative errors for the current
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time [s] 0 o
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FIG 11. Comparison of the ROM with CFD data for the
distributed drag coefficient effect of a dynamic
deflection of DN 4 at Mach 0.8

example of a combined dynamic deflection of tabs are
calculated. Therefore, the error definition in equation
7 is used. With this definition, the maximum error for
each wing stripe is calculated. As the approach of
sectionizing the wing will inevitably result in larger er-
rors of single wing stripes, an additional mean error
E,¢; needs to be defined in order to evaluate the over-
all accuracy. This is done according to equation 8.
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FIG 12. Comparison of the ROM with CFD data for the distributed lift coefficient effect of a combined dynamic
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The achieved results are summarized in table 1. As
can be seen, the highest measured relative error at
lift effect prediction is only 1.14 % and the mean error
is even lower at 0.30 %, which demonstrates the good
functionality of the proposed procedure for flight me-
chanical analysis including load reduction functions
targeting the wing bending moment. Although the
maximum relative error at pitching moment prediction
is quite high with 15.7%, the mean relative error is
acceptable low at 2.86 % because the high errors are
only present at few wing stripes. Thereby, the pro-
posed procedure is also suitable for monitoring the
wing torsional moment at flight mechanical analysis
including load reduction functions. Lastly, the errors
for the drag effect prediction are also acceptably low,
which also enables the monitoring of the load allevi-
ation function’s influence on cruise performance and
passenger comfort.

coefficient highest E,..; Eru
ACT 1.14% 0.30%
ACDp 6.24 % 1.56 %
AC,, 15.7% 2.86 %

TAB 1. Maximum relative error and mean relative error
of ROM predictions for a combined dynamic de-
flection of all trailing edge tabs at Mach 0.8

5. CONCLUSIONS

In this paper, an efficient modeling approach for the
unsteady aerodynamic effect of tabs or control sur-
face deflections is presented. The model uses data
from stationary CFD analysis to generate lookup ta-
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bles for the steady effect prediction of each isolated
control surface deflection and data from selected un-
steady CFD analysis to identify transfer functions for
the additional unsteady effect. Hereby, the transfer
function scales a spanwise distribution vector of the
unsteady effect for a wing section. By selecting the
number of sections the wing is divided into, the com-
promise between complexity and accuracy can be ad-
justed. For the here considered wing with multiple
movables covering almost the complete leading and
trailing edges of the wing, a coincidence of the tab
cuts and the section cuts lead to feasible results. Fur-
ther design parameters at the identification process of
the unsteady effect are the selection of the span po-
sition WS, at which the transfer function is identified,
the order of the transfer functions and the selection of
the time stamp t,, at which the distribution of the un-
steady effect is taken. In this paper, the optimization
of those parameters is demonstrated. It was found,
that in most cases the span position WS, has almost
no influence on the model accuracy. Furthermore, the
best time stamp ¢, is at the time of maximum un-
steady effect in most cases and a transfer function
order of 4 to 5 leads to reasonably good results.

The effect of an arbitrary combination of tab deflec-
tions is calculated by superposition of the predicted
effects due to the isolated deflection of each tab. Us-
ing an example with all trailing edge tabs deflected si-
multaneously, it was shown that the proposed model-
ing strategy leads to an quite accurate unsteady con-
trol surface aerodynamics model. The mean relative
errors for this example were shown to be less than
3% for the most important aerodynamic coefficients
at investigation of load control functions.

In total, the model is sufficiently accurate and ac-
ceptably fast for the integration into a flight dynamics
model with the goal of simulating a broad spectrum
of maneuvers and gust encounters for controller and
systems evaluation.
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