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Abstract: Gust load alleviation has become an integral part of aircraft design to
significantly decrease the impact of atmospheric turbulence on aircraft loads, handling
qualities and also passenger comfort. During the design of an active control system,
the aerodynamic response of the aircraft subjected to gust encounter and control surface
deflection effects needs to be modelled. Current industrial practice is based on low-
fidelity linear-potential panel methods which are repeatedly evaluated in frequency domain
to obtain so-called frequency response functions. Even though rapid turnaround times
are possible, important aerodynamic effects such as shock waves and resulting boundary
layer separation which define transonic flow conditions are neglected. Typically, robust
and adaptive control laws have been designed to account for the shortcomings of the
underlying aerodynamic modelling fidelity. In contrast to this, we present initial results
of a basic gust controller while using an enhanced aerodynamic modelling by solving the
linearised Reynolds-averaged Navier–Stokes equations in frequency domain. Results are
presented both for an aerofoil and a large aircraft configuration near transonic cruise
conditions. Control laws derived from different levels of the aerodynamic hierarchy are
scrutinised during unsteady simulations of realistic gust-encounter scenarios.

1 INTRODUCTION

Aircraft-gust interaction significantly impacts e.g. structural loading, handling qualities
and passenger comfort. Hence, gust load analysis is a key task during design and certifica-
tion to ensure safety and confirm expected aircraft performance. Moreover, minimizing the
impact of gusts by employing an active gust load alleviation system, typically through the
use of conventional control surfaces, is an integral part of modern aircraft design [1]. The
current industrial practice for designing such controllers is driven by aerodynamic response
characteristics provided from low-fidelity models based on linear potential theory, such
as the doublet-lattice method (DLM) or the unsteady vortex-lattice method [2]. These
aerodynamic methods cannot capture transonic and viscous effects, like re-compression
shocks over the wings and their interaction with the boundary layer, which inherently
occur for large commercial aircraft due to their transonic speeds. Nevertheless, various
systems, currently in operation, have been derived from this low-fidelity approach [3].

A short introduction to the current state-of-the-art of load alleviation including several
opportunities and challenges can be found in [1]. The applied control systems typically
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aim at reducing loads of critical components by deploying control devices. Due to the
larger number of disciplines involved, e.g. rigid-body motion, flexible structures and aero-
dynamics, the modelling fidelity of each discipline is usually low. To account for the
shortcomings of the underlying aerodynamic model in particular, robust [4] and adap-
tive [5] control laws have been proposed in the past. Following a different approach, an
enhanced aerodynamic modelling is proposed herein by deriving aerodynamic character-
istics using computational fluid dynamics (CFD).

In the past few years, CFD in the context of loads and aeroelastics has been used to analyse
aircraft gust encounters, and examples ranging from simple aerofoils to civil aircraft are
available [6–8]. However, solving the fully non-linear, time-dependent Reynolds-averaged
Navier–Stokes (RANS) equations as aerodynamic model is computationally prohibitive,
not to mention specifically for control law design. However, linearised frequency domain
(LFD) methods have proven to retain the accuracy of small-amplitude unsteady RANS at
significantly reduced computational cost [9–12]. The governing equations are linearised
around an arbitrary non-linear steady state and then solved in the frequency domain.
The method has become prominent also for industrial applications to calculate frequency
response functions (FRF) with respect to structural degrees of freedom e.g. in the flutter-
stability context. More recent developments extended the approach towards responses to
gust encounters [13–15] and to investigate shock buffet on wings [16,17].

Herein, a simple active control law for gust load alleviation is discussed which is entirely
derived from linearised CFD computations. High-fidelity FRF for both gust encounter
(of static and rigid geometries) and control surface influence are computed and used
as input to the control design. Resulting control laws are employed during unsteady
time-marching RANS simulations to analyse their effectiveness. Moreover, an equivalent
control law derived from a low-fidelity panel method is constructed and compared to
the herein presented higher-fidelity approach. Finally, results for a close-to-production
aircraft configuration are shown which highlight how changes in vertical force and pitching
moment are simultaneously suppressed by deploying ailerons and elevators.

2 THEORY
The governing equations are conveniently written in compact semi-discretised residual
form as

V
dw(t)

dt
+ R

(
w(t), vg(t), δcs(t)

)
= 0 (1)

The flow solution w is spatially discretised over the computational domain with associated
dual-grid cell volumes contained in the diagonal matrix V . The spatial discretisation
of the inviscid and viscous flux integrals is described by the residual vector R. Note
that the product of flow solution and temporal change of cell volumes is included in the
residual vector for ease of notation. The influence of gust disturbances is given by vg(t)
whereas control surface deflections are contained within δcs(t). Since these control surface
deflections can be transformed in a relative change in location x and velocity ẋ of grid
nodes by using mesh deformation techniques, equation (1) can be rewritten as

V
dw(t)

dt
+ R

(
w(t), vg(t), x(t), ẋ(t)

)
= 0 (2)

The difference between the vector of conservative variables w and an equilibrium solution
w̄, and accordingly for external gust disturbances, grid node location and grid node
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Figure 1: Sketch of gust parameters

velocities, is introduced as
w̃ = w − w̄ (3)

Applying a first-order Taylor expansion while assuming small amplitude harmonic pertu-
bations, equation (2) becomes after some re-arranging(

∂R
∂w

− iω∗V

)
ŵ = −b̂(ω∗) (4)

with ŵ and b̂ denoting vectors of complex-valued Fourier coefficients. The non-dimensional
reduced frequency ω∗ is normalized using the reference chord length cref and the freestream
velocity U∞. Responses to gust and control surface deflections can then be simulated in-
dependently, according due to the linearisation assumption, by altering the right-hand
side term b̂. For control surface deflections, the right-hand side term becomes

b̂cs(ω∗) =
(

∂R
∂x

+ iω∗
(

∂R
∂ẋ

+ w̄
∂V

∂x

))
x̂cs (5)

with x̂cs denoting the control surface deflection. For gust responses, we find

b̂g(ω∗) = ∂R
∂ẋ

∂ẋ
∂vg

vgze
i(x+x0) ω∗

cref (6)

where vgz and x0 are the vertical gust amplitude and the initial distance between gust
and airframe, respectively, as visualised in Figure 1. For a more in-depth discussion of
the LFD method, the interested reader is referred to [10,15].

Once the linearised system is solved at a reduced frequency ω∗, e.g. for the aerodynamic
gust response ŵg, the frequency response function of interest can directly be obtained,
e.g. for the change in lift coefficient due to gust excitation, by

Hg(ω∗) = ∂CL

∂w
ŵg(ω∗) (7)

where ∂CL/∂w is computed explicitly based on the equilibrium solution. Accordingly the
pitching moment coefficient and control surface deflections can be analysed.

After discrete FRF are available for all quantities of interest, the simplistic controller
enforces that e.g. changes in lift coefficient due to gust v̂g are counterbalanced by a control
surface deflection δ̂cs

Hg(ω∗) v̂g(ω∗) = −Hcs(ω∗) δ̂cs(ω∗) (8)
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(a) Aileron mode on port side (b) Aileron mode on port side

Figure 2: Aileron and elevator modes for conventional control surfaces of aircraft case.

The FRF of the control law Hc(ω∗), which describes the necessary control surface deflec-
tions to compensate the gust influence, can directly be obtained through rearranging,

δ̂cs(ω∗) = −H−1
cs (ω∗) · Hg(ω∗) v̂g(ω∗) := Hc(ω∗) v̂g(ω∗) (9)

The control law Hc(ω∗), which is defined at discrete reduced frequencies, is then trans-
ferred into time domain applying a rational function approximation. Herein, the Matlab
functionality of the transfer-function estimator tfest is used with a fifth-order polynomial.
For a system with multiple inputs/outputs of interest, e.g. lift and moment coefficients
and aileron and elevator deflections, the control law expression Hc(ω∗) would have an
entry per degree of freedom.

2.1 Practical Implementation Details

The FlowSimulator framework [18] is used to efficiently couple CFD-based aerodynamics
with a simple controller. Aerodynamics are solved using the DLR–TAU code which is
widely used in the European aerospace sector and validation of the code is available in
the literature for steady [19, 20] as well as unsteady cases [20, 21]. The RANS equations
in conjunction with the Spalart–Allmaras turbulence model are solved. Inviscid fluxes
are discretised applying a central scheme with scalar artificial dissipation. Exact gradi-
ents used for viscous and source terms are computed using the Green–Gauss approach.
Steady-state solutions are obtained using the backward Euler method with lower-upper
Symmetric–Gauss–Seidel iterations [22] and local time-stepping. Convergence is acceler-
ated by applying geometric multigrid and a 2V cycle.

Mesh deformations arising from control surface deflections are calculated with the ra-
dial basis function method [23] and assuming blended control surfaces defined by surface
modes, as shown in Figure 2 for aileron and elevator of the chosen aircraft case. Gusts
are modelled using the field velocity approach which introduces an artificial mesh veloc-
ity [24]. The velocity term is added to the governing equations and is prescribed based on
the gust excitation while no additional deformation of the computational grid is required.
While this preserves the gust shape even for large cells, the influence of the airframe on
the gust shape is neglected.
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Table 1: Time-domain numerical parameters

Parameter Aerofoil Case Aircraft Case
Non-dimensional time-step size 0.1 0.062
Number of time steps 2000 1280
Number of iterations per time step 100 200
Abort density residual 10−3 10−8

Table 2: Frequency-domain numerical parameters

Parameter Aerofoil Case Aircraft Case
Number of Krylov vectors 30 100
Number of deflation vectors 10 20
Krylov convergence criterion 10−8 10−6

During unsteady simulations, a dual time-stepping combined with the second-order back-
ward differentiation formula is used, settings of which are summarised in Table 1. Time-
step size and number of time steps follow from numerical experiments [15].

The LFD formulation is based on a first-discretise-then-linearise, matrix-forming approach
with an analytical, hand-differentiated fluid Jacobian matrix. A generalised conjugate
residual solver with deflated restarting is used to solve arising linear systems [25], as
defined in equation (4). For preconditioning a block incomplete lower-upper factorisation
of the Jacobian matrix with zero level of fill-in is applied [26]. The chosen number of
Krylov and deflation vectors together with the linear convergence criterion are given in
Table 2 and follow previously published results [15, 25].

3 RESULTS

This section presents results to showcase the performance of the controller derived from
a higher-fidelity aerodynamic model. Gust responses for an aerofoil at transonic speeds
are first analysed and results are compared between the uncontrolled system, the herein
proposed controller and an equivalent DLM-based controller. Afterwards a large civil
aircraft, namely the XRF1, is investigated to outline the simplicity of the methodology
when moving towards large-scale, industry-relevant test cases.

3.1 NACA0012 Aerofoil

Results are first presented for a NACA0012 aerofoil at weak transonic flow conditions with
a freestream Mach number of 0.75 and a chord Reynolds number of 10 million. The angle
of attack is set to zero degrees. The computational mesh consists of 70,000 points. The
chosen control surface is a flap with the hinge axis located at 75% chord length as shown
in Figure 3(a) together with the mesh around the aerofoil. During unsteady simulations
mesh deformation techniques are applied to model deflections. The reference steady-state
surface pressure distribution in Figure 3(b) gives a symmetric flow field with a very mild
shock at roughly 20% chord length.

As a prerequisite to the gust load alleviation controller, FRF are computed for the flap
as well as the gust response at 21 reduced frequencies uniformly spaced in the interval
[0, 1]. The corresponding function Hc of the control law to compensate for the change
in lift coefficient is presented in Figure 4. Note that the FRF include both the gust
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(a) Mesh around aerofoil and control surface (b) Surface pressure distribution

Figure 3: Mesh around aerofoil, control surface definition (in red) and steady-state pressure coefficient
for NACA0012 aerofoil case.

(a) Magnitude (b) Phase

Figure 4: Frequency response function Hc and its rational function approximation for NACA0012 aerofoil.

and flap influence resulting in a clearly non-linear behaviour especially around a reduced
frequency of 0.5. As outlined in Section 2, a rational function approximation (RFA)
is used to transfer the discrete frequency-domain FRF into time domain, thus enabling
its inclusion in a time-marching unsteady RANS simulation. The resulting fifth-order
polynomial after optimizing the coefficients is also given in Figure 4 showing overall good
agreement albeit some deviations for the magnitude and phase in the highly non-linear
response range. Higher-order polynomials have been tested but have not been found to
be beneficial due to overfitting and/or increased complexity.

Afterwards, the controller is incorporated in an unsteady RANS gust response simulation
to investigate its effectiveness for non-small gust amplitudes which violate the modelling
assumptions of the underlying LFD method. The sensor, necessary for the basic feed-
forward control, is arbitrarily positioned at two chord lengths upstream of the aerofoil.
Figure 5(a) shows the time history of the lift coefficient response for a long 1–cos gust
with non-dimensional gust length of 32 and a maximum gust velocity of 6.6% of the
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(a) Lift coefficient response (b) Gust velocity and flap angle

Figure 5: Aerofoil results with and without control for dimensionless gust length of 32.

(a) Vertical gust amplitude over gust length (b) Maximum lift coefficient

Figure 6: Gust amplitude and maximum lift response with and without control for aerofoil case

free-stream velocity. Even in this non-linear regime with transient flow separation and
reattachment, the controller based on linearised aerodynamics significantly reduces the
lift response. Only a minor lift build-up can be observed around a non-dimensional time of
21 coinciding with the location of the maximum lift of the uncontrolled system response.
The time signal of the gust velocity at the sensor as well as the obtained flap angle are
presented in Figure 5(b). Since the sensor is placed upstream of the aerofoil, a phase lag
is needed for the flap angle while the general shape is similar to the gust excitation with
a maximum deflection of 7.05 deg. Altering the sensor position would result in a shift in
phase lag but retain the overall efficiency of the control system.

A more classical DLM-based controller has also been derived following the aforementioned
sampling and RFA approach. The lift coefficient response to the same gust as before util-
ising the lower-fidelity controller is also shown in Figure 5(a). Even though the maximum
lift coefficient is reduced by approximately a factor of 5.5 compared to the uncontrolled
system, the RANS LFD-based controller performs significantly better especially around
the non-dimensional time of 23. This is primarily due to the overestimation of the control
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Figure 7: Three-view of XRF1 aircraft and surface mesh.

surface effectiveness from the low-fidelity method which can be seen when comparing the
flap angles during the unsteady simulations in Figure 5(b).

Both controllers are now applied to suppress the lift coefficient response for several 1–
cos gusts. As defined by international certification requirements, the non-dimensional
gust length varies between 2.8 and 35 and the gust amplitude is adjusted accordingly.
Resulting combinations of gust length and amplitude are shown in Figure 6(a). The
maximum lift coefficient value is extracted from all simulations and given in Figure 6(b)
for the uncontrolled, the RANS LFD-based controlled and the DLM-based controlled
system response. While both controllers decrease the maximum lift coefficient, the LFD-
based controller is significantly more effective and barely shows any deviations from zero.

3.2 Large Passenger Aircraft XRF1

The second investigated test case is the passenger aircraft configuration XRF1, a three-
view illustration of which is offered in Figure 7. The XRF1 research test case is used
by Airbus to engage with external partners on development and demonstration of rel-
evant capabilities. XRF1 is an industrial standard multidisciplinary research test case
representing a typical configuration for a long-range, wide-body aircraft. It features a
total mass of about 200,000 kg and a fuselage length-to-diameter ratio of about 11. The
wing has the following approximate planform parameters; an aspect ratio of about 8.5, a
taper ratio of 0.22 and a 30◦ quarter-chord sweep angle. The mean aerodynamic chord
of the model is approximately 7.5 m with a span and reference area of 57 m and 380 m2,
respectively. Engine nacelles are treated as flow-through.

In contrast to the aerofoil case, the proposed aircraft control system aims at negating
the increase in lift coefficient while simultaneously trying to retain a trimmed condition
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Figure 8: Steady-state surface pressure distribution of XRF1 aircraft.

(a) Aileron magnitude (b) Aileron phase

(c) Elevator magnitude (d) Elevator phase

Figure 9: Frequency response function Hc and its rational function approximation for aileron and elevator
of XRF1 aircraft.

with a pitching moment of zero. Therefore, two each of ailerons and elevators, the port
side of which are displayed in Figure 2, are used as control surfaces. The ailerons have
a length of about 20% semi-wingspan each and the hinge axis it located at 66% chord
length. Elevators span across roughly 85% of the horizontal tail plane and their hinge
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(a) Lift coefficient response (b) Pitching moment coefficient response

(c) Aileron and elevator deflection angle

Figure 10: Aircraft results with and without control for gust length of 116 m.

axis is at approximately 75% chord length. All control surfaces are modelled as a blended
surface without a gap and, as for the aerofoil case, mesh deformation techniques are
applied during the RANS simulations. As a prerequisite for unsteady time-marching and
frequency-domain simulations, a steady aeroelastic trimming is performed to ensure that
lift equals weight and no pitching moment is present at a Mach number of 0.85 and an
altitude of 10 km. As described in [15], an artificial horizontal tail plane mode is also
defined for trimming purposes. The resulting steady-state surface pressure distribution is
shown in Figure 8 and contains a strong shock at roughly 70% chord length, the location
of which approximately coincides with the hinge axis of the ailerons.

The FRF of the control law’s two components, which account for the aerodynamic re-
sponse due to the gust and the control-surface deflection, are shown in Figure 9. Whereas
the phase angle for the aileron shows a linear decrease with increasing reduced frequency,
strongly non-linear behaviour is observed for the magnitude. This could result from the
dynamics of the shock in the vicinity of the hinge of the aileron. Recalling that the en-
tries of the FRF given by function Hc describe the transfer between the gust excitation
and a control-surface deflection, a relatively large factor of more than 4.5 can be ob-
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(a) Uncontrolled

(b) Controlled

Figure 11: Aircraft surface pressure distribution at CL,max for gust length of 116 m

served already in the magnitude of the FRF for the aileron, see Figure 9(a) and compare
with Figure 4(a). This will result in large control-surface deflections for realistic gust
amplitudes. In contrast to the aerofoil case, the area of the ailerons is relatively small
compared to the overall wing area and thus its influence on the lift coefficient is signifi-
cantly smaller. Therefore, using only the generic outer ailerons is not enough to alleviate
the gust and additional control surfaces, e.g. inner aileron or spoilers, are required. The
approximation using RFA, necessary for a continuous time-domain representation, is also
provided showing an excellent agreement with the reference data throughout.

Results of lift and pitching moment coefficient response with and without control law,
simulating a 1–cos gust response with a medium gust length of 116 m and a small am-
plitude of 0.1% of the freestream velocity, are shown in Figure 10. Significant reductions
in lift build-up are achieved by the controller nearly eradicating the gust influence on the
global integrated coefficients. Aileron deflections up to −1.0 deg are necessary to com-
pensate for the lift build-up directly reflecting the aforementioned trends of the control
law magnitude. Note that rigid body motions and elastic deformations are not accounted
for in this study and might enhance the effectiveness of the control law since these ad-
ditional degrees of freedom will withdraw energy from the gust excitation. Moreover,
practical constraints of the control devices, such as response time and maximum deflec-
tion angles, are currently not accounted for. Thus, to completely compensate the lift
coefficient increase encountered during gusts with amplitudes defined by certification re-
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(a) Gust length of 17 m (b) Gust length of 214 m

Figure 12: Aircraft lift coefficient response with and without control for gust lengths of 17 and 214 m.

quirements (approximately 6% of the freestream velocity), more than ailerons are needed
since aileron deflection angles of around 60◦ are infeasible.

A more detailed analysis of the alleviated gust response for a gust length of 116 m is
provided by extracting surface pressure distributions at the time instance of maximum lift
coefficient (non-dimensional time of about 15). Results are shown in Figure 11. Due to the
upwards deflection of the ailerons, the aerofoil camber is reduced and circulation around
the affected wing sections is lowered. Consequently, an upstream shock movement results,
while the shock intensity decreases, and the local pressure coefficient increases. Hence, the
total lift coefficient remains nearly unchanged even though inboard wing sections produce
significantly more lift compared to the undisturbed flow field shown in Figure 8. The
elevator deflection causes only a slight additional pressure deviation on the horizontal tail
plane due to the significantly smaller deflection of 0.2◦, cf. Fig. 10(c).

Finally, the control law is applied to two different 1–cos gusts with gust lengths of 17
and 214 m, respectively. Corresponding lift coefficient responses are shown in Figure 12.
While for the longer gust a nearly perfect response (i.e. no significant increase in lift)
is obtained, the shorter gust length features several oscillations before and during the
aircraft-gust interaction. This results from the limited frequency sampling range up to
a value of 2.0. Previous studies have shown that for shorter gusts reduced frequencies
at least up to 3.0 should be pre-computed [15]. Without those support points, the fifth-
order polynomial used for the RFA introduces large deviations outside the sampling range,
which ultimately leads to oscillations in the aerodynamic response.

4 CONCLUSIONS

Sizing for gust loads is an integral part of aircraft design. Higher-fidelity computational
fluid dynamics, specifically linearised methods, have matured in recent years to be used
routinely in the industrial process for aircraft loads and aeroelastics. However, such meth-
ods are rarely used in control law design for active gust load alleviation. Hence, this work
presents first results of using higher-fidelity aerodynamics in designing a simple gust con-
troller aimed at negating gust-induced loads via deploying conventional control surfaces.
Following a demonstration for a transonic aerofoil case, the methods are successfully ap-
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plied to a close-to-production large civil aircraft. Overall, it is expected that current
control law design based on linear-potential aerodynamic theory can be readily enhanced
when using equivalent computational fluid dynamics methods.
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