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A method is presented, that is able to mitigate gust loads on an airfoil induced by an incoming
gust velocity field. It thereby computes the lift coefficient response to a specified arbitrary
gust velocity profile and predicts the required time-accurate control surface deflection. The
method uses the linear frequency domain solver to predict frequency responses for the gust
and control surface derivative of the lift coefficient efficiently. The frequency responses are
computed and then subsequently filled as samples into a surrogate model. For a new flight
condition the surrogate model predicts the frequency response by mere interpolation. Because
the aerodynamic response on the gust and the behavior of the control surface are known, the
aerodynamic lift response and the required flap deflection for alleviation can both be predicted
from a given gust velocity field.
The method is thereby able to predict the aerodynamic response and a time-accurate deflection
for any flight condition in the design space within milliseconds. Results of the method are
shown and analyzed on a 2D profile of a transonic airfoil with an implemented plain flap. The
parameter studies were made in low speed with variation of Mach number, Reynolds number,
angle of attack, flap chord size and initial flap deflection. In comparison to unsteady Reynoldsaveraged Navier-Stokes computations, the presented method can predict the aerodynamic
responses with the same accuracy and it saves more than 6 orders of magnitude in computation
time. Using the linear frequency domain solver it is also able to predict the arising unsteady
aerodynamic behavior and still cover the viscous effects in the flow.
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II. Introduction
n modern aviation, new transport aircraft tend to have a higher wing aspect-ratio and a more flexible wing in order
to increase its aerodynamic efficiency. Thereby the fuel consumption is reduced, which leads to lower emissions and a
more efficient aircraft. Due to the high span width of these wings, essential maneuvers and gusts induce additional
forces and moments on the aircraft. Especially for the wing bending moment, the aircraft structure needs to be sized
accordingly, which is directly related to the weight of the structures in the wing and the overall aircraft. Load alleviation
techniques aim to reduce these additional loads and thereby carry a high potential of substantial weight savings for
modern aircraft wing structures. This would allow more payload or weight savings due to smaller wings, high-lift
systems and control surfaces.
Active load alleviation techniques use control devices of the aircraft, such as ailerons, spoilers and elevators, to actively
affect the flow on the aircraft and decrease structural loads. In this work a load alleviation system is introduced, which
uses existing and already integrated high-lift systems and ailerons in order to cover a wide area of the wing span and
have a strong impact on the span-wise load distribution. The focus of the system is the load alleviation of gusts, since
the aircraft has to respond immediately and the system has to cover unsteady aerodynamic responses. The method must
be able to accurately predict the aerodynamic influence of the gust on the aircraft and then be able to influence the loads
to the desired state using the local control surfaces.
One condition is that the system needs to react extremely fast, since the time between detection of the gusts by sensors
and the gust inducing loads on the aircraft is within the scope of milliseconds. Second, the load alleviation system needs
to be viable in the complete flight envelope and therefore has to cover all possible flight conditions of the aircraft. It
also has to cover the unsteady aerodynamic effects for the gust and the control surface response in order to accurately
predict the aerodynamic behavior of the wing. Unsteady Reynolds-averaged Navier-Stokes (URANS) equations are
state-of-the-art flow simulations in the industry and are able to predict these unsteady aerodynamic effects. Nevertheless,
they are computationally too expensive and the properties of a computation for one flight condition have no reusability.
Therefore, computations done by the so called linear frequency domain (LFD) solver are used in a surrogate model (SM)
to achieve severe time savings. With the LFD solver based on one steady RANS solution, the derivatives of a gust or a
control surface can be computed for various frequencies, so that the frequency response is known for a defined frequency
band. By transformation of a time signal into the frequency domain using a fast Fourier transform (FFT) algorithm, it
can be combined with the frequency response for the defined input variable to get the response behavior in the frequency
domain. By transformation back into the time domain using an inverse fast Fourier transform (IFFT) the time signal of
the response variable, in example the lift coefficient, is received. In order to reuse the computations of the LFD solver,
the frequency response are filled as samples in a surrogate model at many different flight conditions in order to cover all
aerodynamic parameters of the flight envelope. For a new flight condition, the system then efficiently computes the
associated frequency response by mere interpolation. Therefore the system is able to predict the aerodynamic gust
behavior and the control surface behavior for arbitrary time signals within milliseconds. It covers unsteady aerodynamic
effects and is in consequence able to simulate fast gust responses and flap movements, which are required for the load
alleviation of gusts.
A requirement for the method is that the incoming flow velocity field is known, either by definition in the numerical
simulation or by measurement of the flow velocities. Regan and Jutte [1] showed that the development of technologies
for atmospheric sensors and aircraft responses reached a high level of maturity and that now active load alleviation is
becoming a crucial part for the design of new aircraft. Different approaches for the methodology of the control-law
system have proven to be successful, but non is yet superior to the others. Wildschek et al. [2] introduced an adaptive
feed-forward controller based on robust feedback of modal accelerations. They were able to prove the validity of the
method and highlighted the improved performance in comparison to a structural feedback control system. Giesseler et.
al. [3] developed a load alleviation system, which required the look ahead measurement of atmospheric disturbances by
a light detection and ranging (LIDAR) system and predicted gust and actuation input signals by a simplified linear time
invariant model. They stated a great potential of the model itself, however, they put emphasis on the possible problems
arising with measurement errors and performance issues. Pusch, Knoblach and Kier [4] optimized the parameters of a
feedback controller and the geometry for the aileron in order to increase the effectiveness of the gust load alleviation
system and achieved a performance improvement of 9%. They demonstrated that a well functioning load alleviation
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system needs to have a control surface on the outer wing and one on the inner wing so that essential parts of the load
distribution of the wing-span can be influenced by the control system. Bagheri, Jones and Gaitonde [5] developed a
model to predict gust responses using a reduced model of the LFD solver and could show that, for a series of 1-cosine
gusts, their model proved a good agreement with the original system. Comparisons between LFD results and Double
Lattice Methods (DLM) for gust encounter simulations on the NASA Common Research Model (CRM) were done by
Kaiser, Friedewald and Nitzsche [6] and showed good results in terms of time savings and accuracy for applications in
the linear gust regions. Kaiser et al. [7] also demonstrated that strong nonlinear effects occur on the wing for high
gust amplitudes and that the strongest wing bending moments were not found for the greatest gust lengths, as predicted
by their time-linearized approach. Bekemeyer, Thormann and Timme [8][9] used the LFD method to compute the
gust responses on a 3D geometry of a large civil aircraft and achieved two orders of magnitude of time savings in
comparison to time domain methods. Bekemeyer et. al. [10] also worked out a reduced-order model, which could
simulate gusts through hyper-reduction of unsteady computation data for a wide range of flow condition. In comparison
to LFD methods it was therefore able to simulate also dynamic non-linearities in the flow.
In order to use the control surfaces effectively, the aerodynamic behavior for the control surface deflections needs to be
predicted in a very short time and with a high accuracy in comparison to state-of-the-art URANS computations. Thereby
many different approaches for the simulation technique of control surfaces were developed in the past. Ghoreyshi
and Cummings [11] used the reduced order model to simulate the unsteady flow field of moving control surfaces and
showed that unsteady effects influence the amplitude and phase lag of the aerodynamic loads for moving control surfaces
significantly. The surrogate model used in this work was introduced by Seidler et al. [12], which is able to predict
unsteady aerodynamic responses for arbitrary and fast control surface deflections within milliseconds.
In this paper the surrogate model of the aerodynamic gust and control surface behavior are now applied for incoming
arbitrary gusts in order to fast and accurately mitigate the effect of the gust on the wing. It is explained how the gust
response of the wing is predicted in the frequency domain using the advantages of the LFD solver. It is then shown how
both surrogate models, for gust and for the control surface, are implemented in the overall process to achieve the ideal
flow control. For validation of the model, results of the LFD process are compared to URANS computations on a 2D
outboard section of a transonic wing. Numerical results are computed in the subsonic flow region and representative for
control surfaces a plain flap is shown for different flight conditions and flap sizes. To deepen the understanding of the
model, the possibilities and the limitations are worked out and analyzed in detail.

III. Gust Simulation in the Frequency Domain
First the surrogate model is presented, which is able to accurately predict the airfoil response for an incoming
arbitrary gust. It thereby decomposes the velocity profile of the gust into its frequency components and computes the
lift coefficient response on the airfoil for a given flight condition.
A. Definition of the Gust
A gust is an atmospheric velocity perturbation and is modeled as a disturbance velocity field. In this work the gust
has only vertical velocity components relative to the wing profile. In Fig. 1 an exemplary gust description near the
airfoil is shown. On the left side the gust velocity profile vz (x, t) is shown, which describes the gust shape in lateral
direction. In the simulation with a fixed wing geometry, the gust always moves with the flow stream velocity uref in
the downstream flow direction, so that a realistic simulation of a movement of the wing through the gust is achieved.
Furthermore, the gust profile always starts at x0 , which is here in front of the nose of the profile in order to get a gust-free
flow at the beginning of the simulation at t = 0s. In the load control system the shape of the gust velocity profile is
known before the gust touches the airfoil, either by definition of gust load cases in the simulation or by a look-ahead
measurement in reality. Thereby, a vertical gust velocity time signal vz (x0, t) is determined, which describes the amount
of the vertical gust component on a fixed location at the leading edge x0 of the airfoil. On the right side a model of a
plain flap is shown, where the downward deflection of the control surface is defined as a positive deflection angle δ f .
Since the presented surrogate model is working in the frequency domain, the input time signal of the gust velocity
profile vz (t) is now converted into the frequency domain. A FFT algorithm from Cooley and Turkey [13] is used, in
order to divide the time signal into its frequency components v̂z (iω j ):
v̂z (iω j ) =

N
−1
Õ

vz (tn )e−iω j tn ,

tn = n∆t,

n=0

3

ωj = j

2π
,
N∆t

j = 0, 1, ..., N − 1

(1)
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Fig. 1

Sketch of the movement for the vertical gust over the 2D airfoil.

Here, N is the number of time steps, tn are the time steps of the time signal and T is its period length. Smaller time
step sizes ∆t hereby lead to a higher maximum frequency and a higher time period length T leads to a smaller frequency
2π
step size ω j − ω j−1 =
. ω is the angular frequency for every sinusoidal component in the frequency domain. The
T
gust shape for a sinusoidal gust with a fixed frequency is described as:
vz (x, t) = A(vz ) sin(ω · t + φ(x))

(2)

The amplitude A(vz ) and the phase shift φ define the sinusoidal oscillation for every frequency. Since the gust moves
with the speed of the flow stream velocity uref , the wavelength for a sinusoidal gust can be determined with:
λ=

uref 2πuref
=
f
ω

(3)

In this equation f is the frequency and ω is the angular frequency. In order to show the decomposition from time
domain into frequency domain, a model for the fast Fourier transform results are shown in Fig. 2. In the figure an
arbitrary time signal of a vertical gust profile is depicted, which is then shifted into the frequency domain by the FFT.
For every frequency component for f = 0/T, 1/T, 2/T, ... the respective amplitude A(vz ) and the phase shift φ are shown
on the right side. As an example the sinusoidal profile of the f = 2/T = 0.4 Hz component is shown with its amplitude
of 0.031 m/s and the phase shift of 70°. Since the original time signal has a length of T = 5s, for a frequency of 0.4 Hz
two full periods of the sine are achieved within the time.
The spectra represent the decomposition of the original signal into the frequency domain and therefore the phase and the
amplitude for different frequencies from the FFT vary heavily and cover up wide ranges of phase shifts and amplitudes.
However, for example the different phase shifts only originates from the mathematical decomposition and have no
further physical information on the gust. The value for a frequency of an FFT at 0 Hz is special, because it describes
the arithmetic mean and therefore the average value of the time signal. The dataset of amplitude and phase shift for
every discrete frequency in a frequency spectrum is used in the further process as an input for the computation of the
aerodynamic response in the frequency domain.
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Fig. 2 Arbitrary time domain profile of a gust divided into its frequency components by the fast Fourier
transform.
B. Gust Simulation using the LFD Solver
The gust velocity field is now known in the frequency domain, but the responsive behavior of the airfoil to every
sinusoidal gust excitation is unknown. Therefore, the DLR LFD solver is used to predict the dynamic response behavior
of the airfoil, which is defined as the frequency response ĝ. The frequency response ĝ thereby is a vector, which
describes the magnitude and phase shift of the lift coefficient derivative ∂cL /∂vz for every frequency. The LFD solver
is hereby able to efficiently predict these lift coefficient derivatives on the airfoil for gusts with varying wave lengths.
The LFD solver is provided by the DLR TAU code [14] and calculates the first harmonic response of a damped
harmonic oscillator. The RANS equations are modeled with a small disturbance approach and by applying the solution
of the oscillator in the frequency domain, a complex-valued linear system of equations is obtained. Thus, for a
non-harmonic signal (see Fig. 2), that is decomposed into its harmonic components using an FFT, a LFD simulation
must be executed for each contributing frequency. The LFD Solver needs one well-converged steady RANS solution for
all frequencies. In addition, the control surface deflection, which was treated and shown in Seidler et al. [12], and the
disturbance caused by the gust are computed separately and both solutions are then superposed. Here, the gust LFD
method is shown in detail. The disturbance caused by the gust can be modeled with the semi-discrete time-dependent
flow equations as follows:
dw(t)
+ R = 0,
R := R(w(t), vz (t))
(4)
dt
where w is the conservative state-space vector of unknowns and R is the residual of w and the external disturbance
velocities vz on the mesh induced by the gust. Hereby, the conservative state-space vector w contains the variables for
the flow equations, specifically the mass, momentum, energy and the turbulent viscosity as used by the Spalart-Allmaras
turbulence model [15]. By substitution of an unsteady periodic disturbance with a steady state and a small perturbation,
the time-dependent variable w can be described as:
w(t) = w + w̃(t),

k w̃k << kwk

(5)

In this equation the vector w describes the steady-state time-invariant part, whereas w̃ describes the time-dependent
perturbation. Since we assume small periodic disturbances, the perturbation has to be distinctly smaller than the
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steady-state part. The residual in Eq. 4 can be expressed by using a first order Taylor expansion:
R≈R+

∂R
∂R
w̃(t) +
ṽz (t)
∂w
∂vz

R := R(w, vz ) ≈ 0

(6)

For a well converged RANS solution the mean residual R is zero in this equation and equivalent to the nonlinear flow
solution that describes the aerodynamic nonlinearities [8]. Through substitution of the residual and the vector in Eq. 4,
the equation becomes:




∂R
∂R
iω j I +
ŵ j = −
v̂z, j
(7)
∂w
∂vz
This equation describes the response of the flow variables in vector w to unsteady periodic gusts, which affect the
aerodynamics of the airfoil. The term on the right-hand side ∂R/∂vz is used for the steady-state response and the
unsteady response due to variations of the periodic gust frequency ω. It can be seen that for every frequency ω the LFD
solver assumes a linear response behavior of the aerodynamic variables in ŵ to the incoming gust velocity v̂.
For analysis of the unsteady aerodynamic effects of the gusts and control surface deflections in the time domain, an
important parameter is introduced, the reduced frequency k:
k=

ω c
uref 2

(8)

Here, ω is the circular frequency, c/2 is the semi-chord length and uref is the reference flow velocity. Naturally, for
the gust the circular frequency is derived from the number of sinusoidal gusts, which are encountered at the leading
edge at x0 = 0. The reduced frequency is a characteristic parameter for describing the unsteadiness of the case: At
k = 0 − 0.05 the flow is said to be quasi-steady [16], which means that the change in disturbance velocity on the airfoil
is so slow, that no unsteady effects occur and the gust can be seen as a constant vertical velocity component in the flow
field. For k > 0.2 strong unsteady aerodynamic effects occur due to the high velocity derivatives and heavily influence
the pressure distribution of the airfoil and thereby its response behavior.
In Fig. 3 an exemplary frequency response ĝ for the transmission behavior of the gust velocity vz to the section lift
coefficient cL on a transonic airfoil is shown. The frequency range covers reduced frequencies from 0Hz up to 40Hz,
so that even sharp gusts with high frequency components can be simulated with the model. The frequency response
was computed for low-speed conditions with a Mach number of 0.23, a Reynolds number of 29 · 106 and an angle of
attack of 2.86°. In the figure the magnitude and the phase shift for this flight condition are depicted. For steady flow
conditions at 0 Hz a gust with a 1 m/s amplitude leads to an increase of the lift coefficient of 0.097. Also there is no
phase shift, since there are no unsteady aerodynamic effects, which can cause any disturbances in the response to the
gust. At a reduced frequency of 0.01, unsteady effects arise in the flow and the gust influence decreases up to a lift
coefficient gain of 0.02/(1m/s) at k = 1. There is a delay in the lift coefficient response up to k = 1.5, in which the
phase shift reaches a minimum value of −80°. This shows that in this flight condition the influence of the gust on the lift
decreases and the lag in the response is increasing for higher frequencies. It can be seen that the unsteady effects in the
flow heavily influence the aerodynamic behavior of an airfoil in response to incoming gusts.
At this step in the process the frequency components of the incoming gust signal and the transfer function for every
gust frequency is known, so that the response behavior of the airfoil can be computed in the frequency domain. The
response behavior is computed for every frequency ω with the equation:
ĉL (iω) = ĝgust (iω) · v̂z (iω)

(9)

Now the lift coefficient in the frequency domain ĉL is transferred into the time domain by using the inverse fast Fourier
transform:
N −1
1 Õ
2π
cL (tn ) =
ĉL (iω j )eiω j tn ,
ωj = j
,
tn = n∆t,
n = 0, 1, ..., N − 1
(10)
N j=0
N∆t
The variable N is here the number of time steps tn and cL is the response lift coefficient for every time step of the input
signal. This process shows, how the time-accurate aerodynamic behavior of an airfoil in response to an incoming gust is
computed using the characteristics of the linear frequency domain.
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Frequency response ĝ for a gust under low speed flow conditions.

IV. Surrogate Model for Gust Load Control
In this section the operating principle for the gust surrogate model and the entire control process are demonstrated.
It is described how the frequency response data for different flight conditions from the LFD solver are used as a database
and then interpolated for new flight conditions in order to save a high amount of computing time. Next, it is shown how
the process combines the surrogate models for gust and control surfaces in order to achieve a targeted lift over time for
arbitrary incoming gusts by a time-accurate control surface deflection.
A. Surrogate Model for the Gust Response
The computation for the response behavior needs to be extremely fast and the computation of the frequency response
ĝ takes too much time for an in-flight flow control system. Therefore, in this process a number of precomputed frequency
responses are implemented as samples in a surrogate model, so that the flight conditions and geometric variances of
interest are covered by the parameter space. When a frequency response for a new, yet unknown flight condition needs
to be computed, the frequency response ĝ is computed from the sample data by mere interpolation and it therefore
only takes time in the scope of milliseconds. The surrogate model can be implemented for different aerodynamic and
geometric parameters of interest. The parameters are Mach number Ma, Reynolds number Re, angle of attack α and an
initial flap deflection angle δf . The generation of the sampling parameters and the interpolation are done using the DLR
SMARTy toolbox. SMARTy thereby stands for Surrogate Modeling for AeRo Data Toolbox and is a software, which
provides the handling and fast processing of high fidelity aerodynamic data [17][18]. For this surrogate model, from
experience a number of 100 samples was chosen to cover the parameters space for every surrogate model. The sampling
data were created using a deterministic Halton sequence [19] to achieve a uniform distribution of sampling data.
In Fig. 4 the samples of the surrogate model for the gust response are shown. In Fig. 4 (a) the steady lift coefficient
cL,0 for the 100 different samples are depicted. Due to limitations in the visualization, the parameters Reynolds number
Re and the flap chord size are not shown here. It can be seen that within the Mach number limitations of 0.15 to 0.3 and
an angle of attack of -5° to 10° the lift coefficient cL,0 varies within a range of 1.8. Naturally, the angle of attack α
thereby has a dominant influence on the static lift on the airfoil.
In the second figure (b) the gust frequency responses for 30 of the 100 samples are depicted in a polar plot, where the
magnitude and phase shift for every gust frequency are shown. At the frequency of 0Hz all samples range between 0.05
and 0.13 cL /vz in their magnitude, which defines their quasi-steady behavior for incoming gust with very high wave
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lengths. Also the phase shift starts for all samples at 0°, which means that, as expected, there is no lag between gust and
lift response on the airfoil. On the other hand, for high frequencies at 40Hz the magnitude decreases heavily up to cL /vz ,
which shows the weaker response to gusts at these wavelengths. Additionally, the phase shift is located between -15°
and -90°, which proves that strong unsteady aerodynamic effects generate a lag in the response for these frequencies.
Using these samples as data sets, the surrogate models are able to cover a wide range of flight conditions and compute
altered flight conditions extremely fast by mere interpolation of the data.
B. Coupling of Gust and Control Surface Surrogates
Here, the surrogate model is introduced, which describes the dynamic behavior of an airfoil in response to a gust.
In preceding works a surrogate model was developed, which could describe the aerodynamic response behavior to
a dynamic control surface deflection also using the same assembly of LFD computations and surrogate modeling
techniques [12]. Both methods are reversible, so from a lift coefficient time profile cL (t) also a respective gust profile
vz (t) or a flap deflection profile δ f (t) can be computed. Since the frequency response of both, the gust and the control
surface, is known for every flight condition, the surrogate model can be used to control the lift response of the airfoil in
response to a gust using a countering and immediate flap deflection. The resulting lift response cL,res (t) of the airfoil is
calculated by:
∆cL,res (t) = ∆cL,vz (t) + ∆cL,δ f (t)
(11)
In this equation cL,vz (t) is the lift coefficient response originated by the gust at a fixed flap position and cL,δ f (t) is the
lift coefficient response initiated by a dynamic flap deflection without a gust. After the target resulting lift response
is preset and the separate gust response is known, by superposition, the equation can be set to compute the required
lift coefficient cL,δ f (t), which needs to be generated by the control surface. By using the frequency response ĝδ, f of
the flap surrogate model, the flap movement profile δ f (t) is computed, which is required to control the lift coefficient
response for a gust from the actual state to the desired target state. Since both frequency responses are received from the
surrogate model, there is no CFD computation needed in the online process and as soon as the gust velocity profile is
known, the required flap movement profile can be calculated within milliseconds. In Fig. 5 the framework for the entire
feed-forward control system is depicted. The model is split into two parts, on the one hand the offline data generation
part, where the surrogate models are filled with samples of frequency responses and on the other hand the fast online
time signal computation. In the offline part the sampling parameters and their range limits for the surrogate models are
chosen. As stated before we use the Mach number Ma, Reynolds number Re, angle of attack α and the flap deflection
angle δ f . The surrogate model for the control surface also uses the flap chord ratio c f /c as a design parameter. These
parameters are given to the DLR SMARTy toolbox, where around 100 samples of the frequency response are computed
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to cover up the parameter space. For every one of those samples the TAU LFD solver computes a frequency response,
one for the gust and one for the control surface deflection, for 200 frequencies ranging from 0 to 40 Hz. Every frequency
response requires a RANS solution at this flow condition, which is computed by the DLR TAU CFD solver [20]. For the
control surface frequency response the grid deformation for the flap deflection are given to the LFD solver. For the gust
response the grid derivatives are directly calculated and added on the respective grid points by the solver automatically.
When the 100 samples for both surrogate models are computed, the sample data are filled into the surrogate model and
the offline process is finished (as seen in Fig.4).
In the online process first a gust velocity profile vz (x0, t) needs to be given as an input and is shifted into the frequency
domain using the FFT. For this flight condition the gust frequency response is then interpolated from the surrogate
model using a Kriging algorithm. Then the complex multiplication of gust and gust frequency response with equation
9 leads to the resulting actual lift response, which predicts the airfoil load response for the gust-only case. A target
lift coefficient response is defined by the user, which describes how the airfoil should respond by using the control
surface to achieve the desired loads. The deviation of target and estimated lift coefficient ∆cL (t) is determined, which
quantifies the amount of lift the control surface needs to compensate to achieve the target lift response. The control
surface frequency response is provided by the surrogate model and then divided through the frequency components of
the deviating lift coefficient in order to get the flap deflection movement in the frequency domain. It is shifted back into
the time domain using the IFFT and finally the ideal control surface movement δ f (t) is predicted to achieve the target
lift coefficient response.

V. Results
In this section the results for the application of the presented control system are shown. Simulations of different gusts
with the LFD surrogate model are demonstrated to show the effects of varying parameter settings for the aerodynamic
response of the airfoil. These simulations are compared with URANS computations, which serve as a reference in terms
of accuracy. Additionally, LFD-SM and URANS computations are compared in the required computation time in order
to demonstrate the advantages of the surrogate model.
A. Validation of LFD-SM with URANS Results
The results of the surrogate model approach and the unsteady RANS solutions are compared for different testcases.
As a realistic geometry, the airfoil of the transonic wing of the Airbus XRF1 aircraft was chosen. The XRF1 is a
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long-range wide-body aircraft, which is provided by Airbus for research purposes. The surrogate model was filled with
100 samples of frequency responses, each covering a gust frequency range of 0 to 40 Hz with 200 frequencies. The
URANS computations were done using 500 to 1000 time steps to cover the unsteady aerodynamic effects for every
simulation accurately.
In Table 1 the parameters for the URANS and LFD computations are listed. The following case shows results for the
lowspeed surrogate model SM 1 and the computations for case 1 with a Mach number of 0.2 and an angle of attack of 0°.
In Fig. 6 the URANS and LFD-SM computations for four different gust profiles are shown. On the lower half the time
Table 1
Index
SM 1
case 1
case 2

Parameters for the considered surrogate model and their specific cases.

Description
plainflap, lowspeed
-

Ma [-]
0.15 − 0.3
0.2
0.2304

Re [-]
15 − 30 · 106
19 · 106
21.8 · 106

α[deg]
−5 − +10
0.0
2.868

δf [deg]
−10 − +10
δ f (t)
δ f (t)

cf /c [-]
0.1 − 0.3
−
−

domain of the gust velocity at the airfoil nose x0 and on the upper half the resulting lift coefficient response is depicted.

LFD-SM vz,max=5 m/s
LFD-SM vz,max=10 m/s
LFD-SM vz,max=15 m/s
LFD-SM vz,max=20 m/s
URANS vz,max=5 m/s
URANS vz,max=10 m/s
URANS vz,max=15 m/s
URANS vz,max=20 m/s
Gust Signal Profile vz(t)
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time, s

Fig. 6

Variation of maximum vertical gust velocity - comparison between URANS and LFD-SM results.

The computations represent a low speed flight condition on a transonic airfoil. Every gust profile has the same
relative velocity vz course, but as a variation the maximum amplitude of the gust is increased from 5 m/s to 20 m/s.
The FFT and the LFD always assume the input time signal to be periodic and the response to be without an initial
transient phase, as it is always the case for time-accurate unsteady simulations. Therefore, for comparison, the URANS
computations are done for 2 to 4 periods of the time signal to reach a swung-in state.
For a maximum amplitude of 5 and 10 m/s it can be seen that the lift coefficient response of the surrogate model matches
the URANS results with a high accuracy and is able to predict the gust response with the provided LFD data. For a 15
m/s maximum amplitude non-linear effects start to occur in the flow and the lift coefficient responses diverge. At 20 m/s
the flow separates from the airfoil and therefore the lift coefficient response has a strong nonlinear behavior. The LFD
model does not have information on the flow separation, since the data were calculated at the steady-state around ±0 m/s
gust velocity. Here, the LFD method therefore assumes that the flow is still attached to the airfoil and overshoots the
predicted lift coefficient response of the airfoil.
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Another specific case for the showing the characteristics of the gust response is shown in Fig. 7. In this example the
gust profile has the same shape for both cases, but they have different period lengths of T = 5s and T = 0.5s. Thereby,
40

1.5
Vertical Gust Velocity vz(x=0,t)
URANS for T = 5s
URANS for T = 0.5s
LFD-SM for T = 5s
LFD-SM for T = 0.5s
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0.4
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time, s
Fig. 7

Variation of period length - comparison between URANS and LFD-SM results.

we can see the effect of reducing the wavelength of a periodic gust, while remaining the shape of the gust profile. The
computations were thereby made with a periodic gust profile moving over the airfoil, until the aerodynamics reached a
swung-in state in the lift response. It can be seen, that for the quasi-steady case with a gust period length of T = 5s, the
lift follows the shape of the gust and almost resets to the no gust state after every period length of 5s. In strong contrast,
the gust with a wavelength of 0.5s first of all ends with a ∆cL of 0.2 at every period, because the flow around the airfoil
has no time to settle until the next gust arrives. Furthermore, the effect of the gust is smaller, since for these frequency
ranges the gust has less influence on the lift magnitude and therefore the lift only reaches a maximum ∆cL of 0.7. This
examples shows the strong influence of the unsteady aerodynamic effects around the airfoil, which lead to a different
behavior for gusts with different wavelengths. However, we can see that the results of the LFD method perfectly match
the URANS computation and are able to cover all arising aerodynamic effects in their lift response. This example shows
the advantage of the LFD method, which can predict these unsteady aerodynamic effects with high computation time
savings.
B. Load Control of the Gust Response using a Plain Flap
In Fig. 8 an example case of the full flow control system is shown. Similar to before here also a gust with a maximum
positive gust velocity of 5 m/s is encountered by the airfoil and causes a variation of the lift coefficient over time. The
computation were made with the surrogate model SM 1 and the flight condition of the second case (see Table 1). The
relative lift coefficient response on the gust rises up to ∆cL = 0.4 at the gust velocity of 5 m/s, but within the 2 seconds
the flow does not reach a steady-state and the lift is still increasing. The URANS computation for validation matches the
response very well, especially in amplitude and behavior. The response of the URANS computation is 0.02 s behind the
LFD model, which is probably due to the implementation of two independent methods and a small deviation at higher
frequencies due to the superposition of gust and control surface response.
The desired target state in this case is to minimize the alteration of lift for the airfoil at ∆cL (t) = 0, although it is flying
through a gust. Using the presented control system, in the figure the required flap deflection δ f ,1 (t) for the alleviation of
11
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Fig. 8 Example of a gust velocity profile, the respective aerodynamic airfoil lift response and the controlled
flap deflection.

the lift is shown. The responsive flap deflection correctly predicts that the plain flap needs to be deflected upwards
and decrease the lift to diminish the effect of the gust on the wing. The orange line shows the results of the URANS
computation for a simulation with both, the gust velocity vz,1 (t) and the flap angle deflection δ f ,1 (t). At t = 1.2s the lift
coefficient decreases by 8 lift counts. This occurs due to the prediction of the LFD-SM, which predicts the lift coefficient
response for the gust with a time shift of about 10-20ms too early and therefore starts to move the flap milliseconds too
early. However, in general the orange line for the combined simulation shows excellent results and achieves ∆cL (t) = 0
for the most part of the simulation time.
The computation time from vz,1 (t) as an input to δ f ,1 (t) as an output was thereby achieved within 10 milliseconds. In
Table 2 the computation times for the offline process and the online process of Fig. 5 are listed. The offline process
of computing the 100 samples of the frequency responses has to be done twice, since the surrogate models for flap
deflection and gust velocity have to be computed separately. The second online step of computing a flap movement
Table 2

Computational time from the gust velocity field to the flap deflection profile for the LFD-SM.

Method
Offline
Online

Computation steps
100 samples of ĝ for 200 frequencies with LFD solver (≈ 2h), parallel
vz (t) to ∆cL (t): FFT, ĝvz with interpolation (≈ 2 · 10−4 s), Eq. 9, IFFT
∆cL (t) to δ f (t): iteration(FFT, ĝδ f with interpolation, Eq. 9, IFFT)

Comput. time
≈ 100 · 2h
≈ 1.3 · 10−3 s
≈ 8 · 10−3 s

profile δ f (t) from a given lift coefficient deviation ∆cL (t) takes 8 ms, because the frequency response ĝ for the flap
derivative is dependent of the mean flap angle and therefore the solution has to be found by iteration. It is important to
mention that these time specification only serve as a first indication for the very short computation times of the method.
There is a lot more optimization possible in the general computation steps, the application of the surrogate model and the
usage of faster programming languages, therefore the method is expected to be even faster in a final case of application.
An additional example is shown in order to point out the side effects of using a control surface to alleviate the lift of
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incoming gusts. Although it reduces the lift and thereby the wing bending moment with the defined control surface
deflection, the different influences on the wing pressure distribution of gusts and control surface cannot counterbalance
each other at every point of the airfoil. In Fig. 9 the airfoil is affected by one positive 1−cosine gust with a maximum
gust velocity of 10 m/s for the flight condition of case 1 (see Table 1). The lift induced by the gust cL (t) is alleviated
using the control surface deflection δ f (t), which was computed by the presented LFD surrogate model. In order to
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Fig. 9 Comparison of lift, drag and moment coefficient for URANS computations of a 1 − cos gust with
vz,max = 10m/s for gust and control surface deflection separately and in combination.
single out the different effects, URANS computations were made for only the gust, only the control surface deflection
and the combination of both inputs. All three computations are compared in their lift, drag and the moment at 0.25c
of the airfoil. Fig. 9 (a) shows the lift response for the three cases: The positive gust leads to an increase in the lift,
while the control surface deflection generates an opposing negative lift. As desired, both effects together diminish the
lift increase due to the gust, whereas small variations still remain between 0 and 0.5s. These can be explained in the
non-linear behavior of the pressure distribution for high gust velocities and control surface deflections, which cannot be
fully covered by the assumption of the linear behavior in the LFD model.
By focusing on reducing the integral lift on the airfoil, two other effects arise on the airfoil: In comparison to the gust
only case, in this example alleviating the lift increases the drag (see Fig. 9 (b)) and induces a positive moment on the
airfoil. The control surface deflection leads to a strong increase of the moment in Fig. 9 (c), mostly because of its lever
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arm in relation to the reference point at 0.25c. The combination of gust and deflection induces a positive moment around
the airfoil. Therefore, when building a load alleviation system, it has to always be taken into consideration, that the pure
alleviation of one integral force or moment on the airfoil will always have a strong effect on the other forces on the wing.
C. Characteristics of the LFD Surrogate Models
Here, the characteristics of steady and unsteady response of an airfoil to gusts and control surface deflections are
shown. Therefore the magnitude and phase of the surface pressure distribution for different frequencies are analyzed.
The reduced frequencies of 0, 0.1875 and 0.75 were chosen to analyze the effect of arising unsteady aerodynamic
behavior and compare the differences for gusts and control surface deflections. For the gust the magnitude of cp is
relative to the vertical gust velocity vz,gust and for the control surface it is relative to the deflection angle δ f . The
computations were made for a Mach number of 0.2, Reynolds number of 29 · 106 , an angle of attack of 0.0° and a set
control surface deflection of 1.28° (see Table 1, case1).
In Fig. 10 the magnitude of the surface pressure distribution for the gust and the control surface deflection are
shown. In Fig. 10 (a) it can be seen that the gust has the strongest influence on the front part of the airfoil, whereas the
peaks arise at the leading edge near the stagnation point. Additionally, the gust has an extremely small influence on the
rear half with x/c > 0.5 on the airfoil. For gusts with higher frequencies, hence smaller wave lengths, here the influence
on the pressure cp is lowering.
The magnitude of the flap derivative in 10 (b) shows a similar trend at the leading edge of the airfoil. The plain flap
deflection leads to a strong change of the pressure near the stagnation point and is decreasing for deflections with a
higher frequency. However, the control surface deflection also leads to a stronger change in the rear half of the airfoil,
where the magnitude reaches a peak of 0.08cp /δ f for all 3 frequencies. It is important to point out that the unsteady
effects of control surface oscillations with higher frequencies flatten out the effect on the leading edge pressure, while
the effect on the rear half near the control surface remains the same for the 3 frequencies.
The figures also show, that diminishing the aerodynamic loads of an incoming gust by an ideal control surface deflection
will lead to changes in the pitching moment of the airfoil, because their influence on the pressure distribution deviates
on different sections of the airfoil.
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Surface pressure distribution of the magnitude for varying frequencies.

In Fig. 11 the respective phase shift of the gust and control surface on the airfoil surface are depicted. The phase is
shown in degree, which means that a phase shift of −90° describes a delay of a quarter period. For gusts in Fig. 11 (a)
at k = 0 the pressure distribution on the suction side of the airfoil has a constant phase shift of 180°, because for an
increase in gust velocity, the pressure on the suction side is decreasing. Therefore, in this case input and output have the
opposite phase, although there is no actual time shift. On the pressure side for increasing gust frequencies the pressure
has a steadily decreasing phase shift. On the suction side for k = 0.75 the pressure cp has almost a delay of 360° at the
trailing edge of the airfoil, a full period length in comparison to the quasi-steady case. Nevertheless, when looking at
the magnitude it can be seen that this section has negligible influence on the overall pressure distribution for the gust.
The Fig. 11 (b) shows the phase shift for the plain flap deflection. Here, the suction side of the airfoil also has
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the opposite phase of 180° for a reduced frequency of 0, since the positive downward deflection of the flap leads to a
negative increase on the suction surface pressure. In this example for increasing control surface oscillation frequencies,
the pressure on the flap section has a preceding response with a phase shift of 45°, whereas a special effect occurs, when
moving upstream. The response is delayed up to about x/c = 0.5 for both sides, whereas for the front section the change
in pressure has a lag of −50° in response to the control surface movement. In general it can be seen, that in this case for
reduced frequencies up to k = 0.75 the pressure change for an incoming gust is delayed near the leading edge, while
some parts of the surface pressure near the control surface are preceding the control surface deflection.
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VI. Conclusion
In this article a method is presented, which is able to predict gust and control surface responses fast and with a
high precision. It enables the usage for an in-flight load control system, where gust and maneuver loads are predicted
and alleviated in a feed-forward system. The usage of the linear frequency domain solver has thereby shown, that it is
able to compute the aerodynamic responses for different frequencies efficiently and still cover the viscous and unsteady
effects on the airfoil surface. Furthermore, the usage of the frequency responses in a surrogate model allows the wide
parameter space for many different flight conditions for the method. The system is able to predict the ideal control
surface deflection due to an incoming gust in less that 10 ms, whereas there are still major improvements possible in
terms of reducing the computation time.
For analysis, it was shown that the linear frequency domain solver requires a linear response behavior for gust velocities
and control surface deflections and starts to deviate for higher gust amplitudes in comparison to URANS computations.
Also it was examined that the gust mainly affects the pressure distribution of the leading part of the airfoil near the
stagnation point, while the control surface deflection also affects the pressure at the rear part near the control surface.
Due to the different effects on the surface pressure distribution of gusts and control surfaces, it must be taken into
account that by pure alleviation of the integral lift, the drag is influenced and an additional moment will be induced.
In the future, the model will be applied on a realistic use case and validated in wind tunnel tests. Additionally, it will be
used for a more complex 3D wing with control surfaces, where the interactions of gusts and extending control surfaces
will be analyzed.
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