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ABSTRACT

For novel passenger aircraft with pronounced aeroelastic effects, primary flight and aeroelastic
control should be addressed simultaneously, and, due to their inherent coupling with the airframe,
flight control development should begin early in the aircraft’s design process. To facilitate such a
control co-design, early stage, cost-effective hardware tests are required, to validate and mature
the developed controllers. Wind tunnel testing provides hardware-in-the-loop capabilities to test
primary flight and aeroelastic control. However, it poses constraints on model size and realizable
maneuvers. To address these challenges, this paper proposes a simulation-enhanced wind tunnel
testing approach, in which the physical model is augmented by an aircraft simulation. The setup
is tailored to aeroelastic applications by testing only a subcomponent of the aircraft, typically the
wing, inside the wind tunnel, while representing the remaining aircraft dynamics in simulation.
This allows the component to be scaled for best representation of the aeroelastic behavior. This
paper presents the overall architecture of this setup, including the interfaces between experiment
and simulation, and the implementation of the control functions to be validated. The capabilities of
the approach are demonstrated by the implementation and experimental validation of an integrated
control design combining primary flight and aeroelastic control. A roll rate-command attitude-hold
controller is coupled with gust load alleviation. The validation allows to assess the performance
of the control law and the interaction between primary flight and aeroelastic control. The results
demonstrates the merit of such a simulation-enhanced wind tunnel test in controller development,
allowing for a cost-effective wider range of testing scenarios.

Keywords: Wind Tunnel Testing, Flight Control, Aeroelastic Control, Validation & Verification

1 Introduction
Aeroelastic effects become increasingly important in the design of modern passenger aircraft, giving

rise to the development of secondary flight control functions that address these aeroelastic effects [1, 2].
Most of these secondary functions aim to adapt the dynamic response of the flexible aircraft [3], to reduce
the occurring loads and thus reduce the structural weight of the aircraft [4]. To maximize the potential
for structural weight savings, control design must be integrated into the earliest stages of the aircraft
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development cycle, ideally already during preliminary design [1]. Also, the design of secondary control
functions needs to be closely coordinated with primary flight control (PFC) design, since rigid-body and
flexible dynamics interact, and all control objectives and available bandwidth needs to be balanced [5, 6].
This suggests a control co-design [7], in which control development is performed alongside all the other
disciplines of aircraft development, such as structures, aerodynamics, or propulsion.

For an effective control co-design, it is important to validate control concepts early on, in a fast,
iterative fashion, to mitigate the risk. To validate flight control concepts augmented by aeroelastic
functions, several techniques are available. Moving from low to high effort and cost, examples in
literature on flexible aircraft flight control contain: numerical simulations [8], hardware-in-the-loop
(HIL) tests on a test bench [9], wind tunnel tests [10, 11], sub-scale flight tests on a UAV (unmanned
aerial vehicle) [12, 13], and full-scale flight tests on actual aircraft [14, 15]. As aerodynamics present
a major source of uncertainty, it would be advantageous to use validation approaches like wind tunnel
or flight tests that capture aerodynamic effects physically and not to rely on simulation only. Given
the limited availability of flight test platforms, especially for combined primary and aeroelastic control
validation, wind tunnel tests offer a suitable compromise, and are the focus of this paper.

Several methods have been proposed for validating PFC laws in wind tunnels, as reviewed in [16].
This approach has been introduced as so-called virtual flight testing [17, 18], to bridge the gap between
ground and flight testing. In the field of aeroelasticity, wind tunnel tests historically played a fundamental
role in the development process from the very beginning [19]. Testing in a wind tunnel has the advantage
of being cost-effective, allows to install a substantial amount of measurement equipment, provides a safe
environment, and offers controlled and reproducible testing conditions [20]. Reproducible conditions
are especially useful for aeroelastic control functions such as gust load alleviation (GLA), when the
same gust can be imposed repeatedly onto the aircraft while the controller is switched on and off [21].
In atmospheric flight conditions a repeated gust encounter is difficult to realize. The wind tunnel
environment also allows for a low-risk testing of experimental controllers, since the experiment can be
stopped instantaneously [22].

However, also wind tunnels experiments include a number of constraints. There are limitations in
size, so the aircraft under test is typically downsized to match the wind tunnel dimensions, leading to
the use of similarity conditions [20, 23]. Matching all similarity conditions in aeroelastic tests is hard
to achieve. Especially due to limited model size it is difficult to match the flexible eigenfrequencies of
the aircraft, such that these are usually higher then for a full-scale aircraft [24]. For flight control tests, a
second important constraint is the attachment of the aircraft in the wind tunnel. This limits the motion of
the aircraft in space, thus confines the testable maneuvers and the available measurement signals. There
have been experiments with free-flying aircraft in the wind tunnel, where the model is only attached to a
cable to convey the measurement signals and to add safety to the test [25]. This approach has even been
applied for aeroelastic control validation [22, 26] but most wind tunnel tests are still conducted with the
the model being mounted to a sting or a balance. In such a setup, objectives and test procedures must be
adapted to cope with the constraints of the wind tunnel setup.

To address above mentioned limitations, this paper presents a simulation-enhanced wind tunnel
test approach for validation of aeroelastic control functions integrated with PFC. In this setup, only a
component of the aircraft (e.g. wing, empennage, or half model) is physically tested in the tunnel,
feeding information to a controller executed on a real-time system, while a simulation model completes
the closed-loop system by supplying the remaining flight dynamics. This approach enables direct capture
of aerodynamic effects, which are often the largest source of uncertainty in control law validation,
particularly under unsteady and nonlinear flow conditions, while maintaining a safe, controlled, and
reproducible testing environment. Focusing on a single component allows increased geometric scaling,
leading to favorable aeroelastic properties such as lower flexible eigenfrequencies. These are essential to
ensure that the sensing and actuation system can achieve sufficient bandwidth to address the frequency
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ranges of interest. In addition, the larger model scale facilitates integration of sensors and actuators.
A similar concept has been proposed in [27], where rigid-body dynamics in response to a gust are
represented by imposing a pitch and plunge motion on a wing model. In contrast, the present paper is
focused on control law validation.

The approach of a simulation-enhanced wind tunnel experiment is used to validate an integrated
primary flight and aeroelastic control law. It acts as a rate-command, attitude-hold controller (RCAH) for
the roll axis, while simultaneously reducing gust and turbulence disturbances. The integrated inner-loop
for reference tracking of roll acceleration and gust load alleviation introduced in [28] is now combined
with a RCAH outer-loop to complete the primary flight control functionality.

Section 2 introduces the simulation-enhanced wind tunnel testing concept, detailing the intercon-
nection of a model in the wind tunnel, a numeric simulation model running in parallel, and a controller
executed on real-time hardware. The framework’s application to the integrated roll RCAH and GLA
controller follows: Section 3 describes the application case and defines control objectives, Section 4
outlines the aeroelastic modeling for simulation and control design, Section 5 details the control syn-
thesis, and Section 6 contains the experimental results from the German-Dutch low speed wind tunnel
in Braunschweig (DNW-NWB). The application case illustrates the formulation of equivalent control
objectives, measurements, and control actions to mitigate wind tunnel limitations, demonstrating the
framework’s ability to assess controller performance and primary-secondary flight control interactions.

2 Concept of Simulation-Enhanced Wind Tunnel Testing
To validate control algorithms, the controller is interconnected with the plant to form a closed-loop

system, whose properties can then be analyzed. This validation typically progresses from software-in-
the-loop (SIL), where all components are simulated, to hardware-in-the-loop (HIL), where the controller
runs on real-time hardware connected to all or parts of the aircraft existing as (scaled) hardware. For
flight controllers, particularly those facing complex aerodynamics, wind tunnels offer a high-fidelity
HIL environment. However, wind tunnel models are inherently limited by physical constraints on
flight dynamics, propulsion, and atmospheric conditions. To overcome these, several concepts reviewed
in [16] propose a wind tunnel based virtual flight test. This hybrid approach operates the wind tunnel
hardware (HIL) in parallel with an aircraft simulation (SIL). Both components are interconnected with the
controller by (virtual) sensors and (virtual) actuators. The controller is hosted on a real-time system, that
also runs the aircraft simulation. Wind-tunnel hardware and aircraft simulation can exchange information.

In contrast to the concepts reviewed in [16], the simulation-enhanced HIL setup proposed here is
specifically tailored to aeroelastic control functions integrated with primary flight control. To accurately
replicate aeroelastic properties in wind tunnel experiments, flexible models are ideally manufactured at a
large scale. Due to material and manufacturing constraints, properties such as flexible eigenfrequencies
scale inversely with model size, smaller models lead to higher eigenfrequencies. Therefore, this paper
proposes a simulation-enhanced wind tunnel setup shown in Fig. 1, where only a component of the aircraft
is placed inside the tunnel, such as the right wing. Depending on the component of interest, this could
also be an aeroelastic empennage, or a wing-fuselage-tail half model. By isolating an aircraft component,
the scale can be maximized to achieve manageable aeroelastic properties. While [27] explores a similar
concept for aeroelastic testing, the present work focuses on simultaneous validation of primary and
secondary flight control laws. Here, the physical wind tunnel model is equipped with hardware sensors
and actuators, which are augmented by virtual sensors and actuators from a real-time aircraft simulation,
interconnected with the controller executed on a real-time system. To validate control laws, a pilot
interface is added, to inject control commands and visualize information of the aircraft simulation or
wind tunnel model. The control commands can be defined using the PC interface of the real-time system,
or using a pilot stick. This allows to virtually fly the aircraft in the simulation-enhanced HIL setup.
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Fig. 1 Schematic depiction of the simulation-enhanced wind tunnel test.

To visualize the conceived interconnection of the three main components (wind tunnel model, aircraft
simulation, controller), Fig. 2 depicts the signal flow between those components. The wind tunnel domain
consists of the scaled aeroelastic aircraft component (here: wing) in the wind tunnel, including actuators
(to power control surfaces such as flaps, ailerons, spoilers, etc.) and sensors (accelerometers, gyroscopes,
pressure sensors, etc.). The wind tunnel model is typically mounted on a model motion system, that
allows to change the orientation of the model. For aeroelastic functions such as load alleviation, a
gust generator will be mounted in the tunnel, to induce atmospheric disturbances onto the model. The
conditions of the wind tunnel such as flow velocity can be adapted within the feasible range. The wind
tunnel may also provide additional sensors, such as a force and moment balance at the root of the model.
All sensor data from the tunnel is captured by a data acquisition system.
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Fig. 2 Signal flow diagram between wind tunnel domain, aircraft simulation domain, and controller.
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The aircraft simulation domain consists mainly of said simulation. The idea is that the simulation
mirrors the experiment, however taking the full-sized aircraft with all its components into account.
Obviously, depending on the desired test, the fidelity of the simulation can be reduced, from a full
nonlinear aircraft to a simplified dynamic about one specific aircraft motion.

Wind tunnel and aircraft simulation domain exchange information through two interfaces. Since
wind tunnel model and aircraft simulation have different scales, an important task of the interfaces is to
scale the signals accordingly. Scaling of course involves much more than simple geometric scaling. An
overview of similarity conditions important in wind tunnel experiments is given in [20]. It is expected that
not all similarity conditions are met. Therefore, the designers shall focus on the conditions most important
for control validation. The simulation interface obtains the information of the data acquisition system
of the wind tunnel, scales it to aircraft level, and passes it into the simulation. There, the data is picked
up and provides information for the respective aircraft component. The wind tunnel interface receives
information from the aircraft simulation, and influences the wind tunnel experiment. For example, wind
tunnel conditions and model orientation may be influenced by the simulation. Thereby, also the motion
of the aircraft can be represented in the wind tunnel, such as the angle of attack of the wing. The wind
tunnel interface also scales the received data, to be consistent with the simulation interface.

The controller executed on a real-time system operates in both wind tunnel and aircraft simulation
domain. There are certain control functions that are executed on aircraft level, and others that operate on
wind tunnel level. The former receive virtual sensor information from the simulation, and command vir-
tual actuators, while the latter use sensors and actuators in the experiment. The controllers communicate
through a control interface. This interface is again responsible for scaling between the domains, and this
time also offers bi-directional information exchange, depending on the implemented control function.

The interfaces between the two domains, especially the controller interface, need to serve another
purpose that results from placing only a component in the wind tunnel: signal emulation. Depending
on the mounting of the model in the wind tunnel, it might not be possible to receive all required sensor
information from the wind tunnel model that are required to perform the control task. This can be
overcome by emulating the required signal, using or combining available sensor and virtual sensor
information. How such a signal emulation can be realized will be discussed in the following section.

Lastly, the wind tunnel controller test is monitored and executed from a host computer, that is linked
to the data acquisition system and the real-time system running the controller. This host computer is not
depicted in Fig. 2. The host computer is responsible for interaction with the controller, such as enabling
or disabling the controller or certain actuators, resetting sensor signals, or sending reference signals to
the controller. The host usually also allows to connect external hardware, which serves as an entry point
for external signals, for example commanded by a pilot stick. This is represented by the Pilot Control
block in Fig. 2. Together with a visualization such as a primary flight display (indicated in Fig. 1), this
allows to even further increase possibilities with such a simulation-enhanced wind tunnel experiment.

3 Application Case: Integrated Roll and Gust Load Control
Building on the simulation-enhanced wind tunnel concept, this section details the application of the

approach for validating an integrated primary flight and gust load alleviation controller. The controller
simultaneously tracks roll commands and mitigates the effect of gust disturbances, which excite the
flexible dynamics of the aircraft and thereby induce loads. Roll control follows an A320-style rate-
command attitude-hold (RCAH) architecture [29], in which the controller tracks the roll rate commanded
by the pilot with the side-stick, and maintains a constant roll angle when the stick is released. The
gust load alleviation function targets the loads induced at the wing-root, the junction between wing and
fuselage, as these are one of the drivers of structural weight [2].
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Figure 3 illustrates a suitable sensor and control surfaces layout of a full aircraft configuration. The
PFC function tracks the roll rate reference using direct measurements of 𝑝𝑏. In contrast, wing-root loads
are not directly measurable in flight. Therefore, distributed wing acceleration measurements 𝒚acc are
used for GLA. The resulting objectives for the integrated control law are:

1. Primary Flight Control: Roll RCAH through reference tracking of the roll rate 𝑝𝑏,
and disturbance rejection in the low frequency regime,

2. Aeroelastic Control: Attenuation of gust-induced wing-root bending moment 𝑀WR,x and torsion
moment 𝑀WR,y (not depicted in the figure) using acceleration sensor feedback 𝒚acc,

3. Control activity and allocation: Efficient use of available ailerons 𝒖ail with minimal control energy,
4. Stability and robustness: Nominal and robust stability under uncertainty, robust performance.

ailerons 𝒖𝑎𝑖𝑙,2

inner ailerons 𝒖𝑎𝑖𝑙,1

roll rate 𝑝𝑏

gust 𝑤𝐺

wing acceleration
sensors 𝒚𝑎𝑐𝑐

MWR,x

Fig. 3 Feedback sensors and control surfaces on the full aircraft representation.

The simulation-enhanced wind tunnel environment introduced in Section 2 allows to conceptually
validate control laws developed for the full aircraft representation. Here, the setup consists of an
aeroelastic wing in the wind tunnel, interconnected with a flight dynamics simulation and the real-time
control law implementation. The wind tunnel setup is illustrated in Figures 4 and 5. The flexible model
represents a long-range aircraft wing [24], featuring four trailing edge flaps and ten acceleration sensors,
of which four are used in this work. The wing is mounted on a balance collecting force and moment data.
A turn table allows to adapt the angle of attack. A gust generator [21] is installed upstream of the wing
model, allowing to inject disturbances into the airflow.

Fig. 4 Experimental setup of the wind tunnel test for integrated roll and gust load control.
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Fig. 5 Feedback sensors and control surfaces on the wind tunnel model.

A comparison between the component-level wing model in Fig. 5 and the free-flying aircraft in Fig. 3
highlights the differences that the simulation-enhanced wind tunnel setup shall resolve. Because the wing
is physically clamped, it cannot execute an actual roll motion. To compensate, the aircraft simulation
emulates the aircraft’s roll dynamics about its longitudinal axis. Since the roll rate 𝑝𝑏 cannot be measured
directly, it is obtained within the simulation using the forces and moments measured by the balance. This
will be explained in further detail below. While the framework is capable to augment the wind tunnel test
with an aircraft simulation with full six degree-of-freedom longitudinal and lateral flight dynamics, the
scope of the present work is limited to the roll axis to reduce complexity. Other characteristics remain
consistent with the free-flying aircraft: wing-root bending and torsion moments remain non-measurable,
instead, flexible dynamics are captured through acceleration sensors. The control surface configuration
utilizes four outer-wing flaps, acting as both inboard and outboard ailerons.

Adapting the generic signal flow diagram presented in Fig. 2, the signal flow diagram for the present
experiment is shown in Fig. 6, with its three main components of wind tunnel domain (experimental
setup from Fig. 4), aircraft simulation domain (roll dynamics simulation), and real-time control law
implementation. The signals to and from the wind tunnel block correspond to those indicated in Fig. 5.
The simulation interface connects the sensor signals obtained in the data acquisition system to the aircraft
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Fig. 6 Controller and signal flow diagram for the application case.
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simulation. Scaling between the two different domains is indicated by the subscripts: WT denotes all
signals in the wind tunnel domain, i.e. directly linked to the hardware and thus the model size; AC
denotes all signals in the aircraft simulation domain, scaled and adapted for the full aircraft. Note that
the wind tunnel interface is not connecting simulation and wind tunnel domain. In the present wind
tunnel experiment it was not possible to pass data to the model motion block or wind tunnel condition
block (compare with Fig. 2). Instead, operating conditions, angle of attack, and thus the states were set
manually, indicated by Set States in the signal flow diagram.

The primary flight and aeroelastic controller deployed on the real-time system is operating in both
wind tunnel and aircraft simulation domain, as discussed before. The architecture and individual com-
ponents of the controller will be discussed in Section 5, detailing how to achieve the control objectives
defined above. Before doing so, Section 4 will discuss the modeling of the aeroelastic aircraft and wind
tunnel model, as well as the definition of the interfaces, to clarify the ingredients of the signal flow
diagram, and allow for understanding of the designed controller. Figure 6 indicates the sections in which
the respective components are discussed.

4 Aeroelastic Aircraft Modeling
A model of the aeroelastic aircraft is needed firstly to operate the simulation-enhanced wind tunnel

test, i.e. provide the aircraft simulation, and secondly to provide the input for model-based controller
design. To model the aeroelastic aircraft, the equations of motion for the rigid-body dynamics can be
written based on the mean-axis formulation, assuming a flat, non-rotating earth, uniform gravity, constant
mass and inertia tensor [30–32]:[

𝑚b · ( ¤Vb +𝛀b × Vb − TbE · gE)
Jb · ¤𝛀b +𝛀b × (Jb ·𝛀b)

]
= P ext

b ,
Vb = [𝑢b, 𝑣b, 𝑤b]𝑇 ,
𝛀b = [𝑝b, 𝑞b, 𝑟b]𝑇 .

(1)

The quantities in this equation are defined with respect to the body frame, at the aircraft’s center of
gravity (index 𝑏). The upper equation defines the translational dynamics, based on the velocity vector Vb.
The lower equation defines the rotational dynamics, using the rotational velocity vector𝛀b. Aircraft mass
is denoted 𝑚b, the inertia tensor Jb, and the gravity vector gE in the earth-centered-earth-fixed frame.
Denoted on the right hand side are the external forces and moments P ext

b , which originate in aerodynamics,
propulsion, and inertia forces of the flexible aircraft. The dynamics equation are complemented by the
kinematics equations, that can be formulated as follows [29, 33]:

¤XE = T𝑇
bE · Vb, XE = [𝑥𝐸 , 𝑦𝐸 , 𝑧𝐸 ]𝑇 ,

¤𝚽b = Mbb ·𝛀b, 𝚽b = [Φ𝑏,Θ𝑏,Ψ𝑏]𝑇 ,
(2)

where the translational kinematics map the velocity vector Vb to the position vector XE in the earth-
centered-earth-fixed system using the transformation matrix TbE, and the rotational kinematics map the
rotational rates 𝛀b to the angular velocity ¤𝚽b, using the matrix Mbb that itself depends on the angles
of pitch, roll, and yaw. To complete the description of the aeroelastic aircraft, the flexible dynamics
need to be added. For linear structural dynamics these can be written in a modal formulation (index 𝑓 )
as [31, 32]:

Mff · ¥uf + Bff · ¤uf + Kff · uf = 𝚽𝑇
gf · P ext

g , (3)

where uf is the modal deformation vector, and the matrices Mff , Bff , Kff describe modal mass, damping,
and stiffness, respectively. The right hand side reads the external forces and moments, this time denoted
in the structural domain (index 𝑔). These are transferred into the modal domain using the eigenvector
matrix 𝚽gf . Note that rigid-body and flexible equations of motion are coupled through these external
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loads [30]. This coupling is highlighted by expressing the body-frame loads from Eq. 1 as the projection
of structural domain loads onto the (geometry-defined) rigid-body eigenvectors: P ext

b = 𝚽𝑇
gf · P ext

g .

Equations 1 through 3 define the baseline of a nonlinear aeroelastic aircraft simulation. Further details
on the underlying modeling components, particularly the external forces and moments, are provided
in [32, 34]. The model is generated using the DLR-internal tool VarLoads [35, 36]. Augmented with
sensors and actuators, the model can be used both for the aircraft simulation enhancing the wind tunnel
experiment, see Section 4.1, and for model-based controller design, see Section 4.2.

4.1 Simplified Aircraft Simulation
In the setup presented in Section 3, the aircraft model is simplified to focus solely on roll dynamics

about the longitudinal axis. Isolating this motion from Eq. 1, the roll acceleration ¤𝑝b is defined as:

¤𝑝b = ¤𝛀b,y = [J−1
b · (M ext

b −𝛀b × (Jb ·𝛀b))]y, (4)

where the external moments M ext
b are extracted as part of the loads vector P ext

b . This reduces even further
when a linearization is performed, assuming that the rates and accelerations in pitch and yaw are small,
and the inertia tensor partially zero, see [29]:

¤𝑝b ≈ 1
𝐽xx𝐽zz − 𝐽2

zx
· (𝐽zz · 𝑀ext

b,x + 𝐽zx · 𝑀ext
b,z ). (5)

Although this constitutes a simplification of the aircraft’s dynamics, it will not greatly effect the desired
roll control test, and was chosen in this wind tunnel campaign for simplicity of implementation. Under
the assumption of linearity (small angles), the rotational kinematics from Eq. 2 simplify to an identity
between pitch rate and roll velocity, yielding the following relations:

Φb =
∫ ¤Φb, ¤Φb = 𝑝b, ¥Φb = ¤𝑝b. (6)

Equation 5 and 6 form the simplified aeroelastic aircraft simulation model that is run in parallel to
the wind tunnel experiment. Equation 5 requires the external moments 𝑀ext

𝑏,𝑥
and 𝑀ext

𝑏,𝑧
as an input. In the

signal flow diagram in Fig. 6, it can be seen that the roll moment 𝑀aero
𝑏,𝑥,WT (of the wing component only,

and only aerodynamic contributions) is obtained from the wind tunnel, scaled to aircraft level by the
simulation interface. Note that the index 𝑏 is omitted in the signal flow diagram for improved readability.
The aerodynamic contributions of the other components (fuselage, empennage) are estimated based on
the aircraft model. Additionally, the roll damping is estimated based on the predicted movement of the
wing, and included in the moment term. Propulsive moments are disregarded in the setup. The yaw
moment 𝑀ext

𝑏,𝑧
is considered negligible as well.

With the mentioned simplification and constraints, Eqs. 5 and 6 define a simplistic roll dynamics
simulation to be integrated in the aircraft simulation domain in Fig. 6, derived from the rigid-body
dynamics of Eqs. 1 and 2. Flexible dynamics from Eq. 3 are not being simulated, as the dominant
contributions arise from the wing physically present in the wind tunnel. Flexible effects from the
fuselage and empennage are neglected. Although a more complete aircraft simulation (incorporating full
rigid-body and flexible dynamics) could be implemented, this setup is sufficient to validate the roll RCAH
and GLA control law and demonstrate the efficacy of the simulation-enhanced wind tunnel experiment.

4.2 Wind Tunnel Model
A model of the aeroelastic wing in the wind tunnel is not needed during the test, as it is physically

present in the closed-loop system (wind tunnel domain in Fig. 6). However, it will be needed for model-
based controller design, as described in Section 5. Since the wing is clamped at its root, this model
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only considers the flexible dynamics of Eq. 3. A discussion on representing rigid-body dynamics within
this clamped configuration follows in Section 4.3. The terms in Eq. 3 are generated using the DLR
VarLoads environment [35, 36]. The structural properties including modal mass, damping, stiffness, and
eigenvector matrices are derived from a finite element model, while aerodynamic loads are computed
using the Doublet Lattice Method (DLM) [32]. The aerodynamics also cover a gust disturbance 𝑤𝐺

induced upon the wing. This aeroelastic core is augmented with first-order actuator and sensor dynamics,
and time delay. For an in-depth description of this modeling approach, see [34]. The result is a model
in state-space representation, mapping the inputs of commanded control surface deflection and gust
disturbance to the outputs of loads measured by the wind tunnel balance and acceleration measurements
by the sensors near the wing tip:

𝑮𝑊𝑇 :


¤𝒙

𝒚

𝒑

 =


𝑨 𝑩u 𝑩d

𝑪y 𝑫yu 𝑫yd

𝑪p 𝑫pu 𝑫pd

 ·

𝒙

𝒖

𝒅


𝒖 = 𝒖cmd,WT, 𝒅 = 𝑤G

WT,

𝒚 =

[
𝑀x,WT

𝒚acc,WT

]
, 𝒑 =

[
𝑀WR,x,WT

𝑀WR,y,WT

]
.

(7)

The state-space model is in accordance with the inputs and outputs depicted in Fig. 6. Therefore, the
load from the wind tunnel balance is only the roll moment, other forces and moments could be supplied if
needed. Equation 7 sees the definition of an additional performance output 𝒑, namely wing-root bending
and torsion moment, at the origin of the loads reference axis (LRA), see Fig. 5. These quantities are
non-measurable on the physical wind tunnel model, but are included in the numerical model for controller
design, to allow targeting gust load alleviation.

4.3 Interfaces between Wind Tunnel and Simulation
Figure 6 illustrates the signal flow, where the simulation and control interface link the wind tunnel

and aircraft simulation domain, while the wind tunnel interface is not available in this application case.
The simulation interface transforms wind tunnel measurements for use in the simulation domain. The
roll moment (and more generally the loads) measured by the wind tunnel balance are scaled to reflect
full-scale aircraft values; wing-tip accelerations are transformed likewise. The measured control surface
deflections are mapped directly to the aircraft without scaling.

An important consideration for clamped wing configurations is the lack of rigid-body motion.
Unlike a free-flying aircraft, which alleviates additional aerodynamic loads such as gusts through natural
flight path adjustments, a clamped model remains fixed. This results in significantly higher measured
loads [27]. A model motion system can partially replicate these effects, as demonstrated in [27]. By
imposing heave and pitch dynamics at the wing root, the rigid-body dynamics of Eqs. 1 and 2 can be
mimicked. The respective motion would then be defined by the wind tunnel interface. However, the
current setup lacks this capability. To compensate, the simulation interface could theoretically incorporate
an artificial alleviation factor to reduce the gust-induced loads. As this would also reduce the measured
roll moment, this option is not implemented here. Instead, lower-magnitude gusts are utilized to reduce
the aerodynamic loads, while allowing for a representative evaluation of the control laws.

The control interface links the control law on aircraft level to the one on wind tunnel level. Beyond
scaling between these domains, its purpose is signal emulation, which is necessary for the roll control
law to be tested. As shown in Fig. 6 and further detailed in Section 5, the aircraft level controller outputs
a commanded roll acceleration ¤𝑝𝑏,cmd. This is the typical command passed to a control allocation block
to achieve the desired aircraft motion. Since roll acceleration cannot physically occur in a clamped wing
configuration, the signal emulation within the control interface transforms commanded roll accelera-
tion ¤𝑝𝑏 to commanded roll moment 𝑀𝑏,𝑥 , based on the relationship established in Eq. 5. Combined with
the scaling between aircraft and wind tunnel domain, the control interface reads:
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𝑀x,WT ≈ 1
2
· 𝐽xx,WT · 𝑘WT-AC · ¤𝑝AC, (8)

where the factor one half accounts for the single-wing setup in the wind tunnel (assuming symmetric
contributions of both wings), and 𝑘WT-AC represents the scaling between the domains. This relationship
defines the representative experimental task: a simultaneous roll moment command and gust load
alleviation, providing the foundation for the control design described in the following section.

5 Control Law Design
The integrated primary flight and aeroelastic control law is designed to fulfill the objectives estab-

lished in Section 3. Its architecture is illustrated in Fig. 7, which is a mirrored version of the lower portion
of the signal flow diagram from Fig. 6. The controller employs a cascaded structure consisting of an outer-
loop rate-command attitude-hold (RCAH) system, and an integrated inner-loop. The outer-loop tracks
commanded roll rates (roll angular velocities) and maintains attitude when the rate command returns to
zero, following a standard PFC architecture, as used for instance in nonlinear dynamic inversion (NDI)
control implementations [37, 38].

The inner-loop introduces a novel feature compared to traditional implementations. While standard
primary flight control typically employs an open-loop control allocation to execute roll acceleration
commands, the approach presented here establishes a closed-loop on this innermost variable. The system
tracks the roll acceleration, which is emulated via the measured roll moment as described in Section 4.3.
Furthermore, the inner-loop incorporates the aeroelastic control functionality for gust load alleviation,
resulting in an integrated inner-loop control law, as proposed in [28]. The following sections provide a
functional overview of the controller components, moving from the outer to the inner loop.

Pilot 
Command 

Model 

Reference 
Model

Error 
Controller

Control 
Interface

Inner-Loop 
Integrated 

Control Law

Mx,cmd,WT

Primary Flight Control

ሶ𝑝cmd, AC

𝛷ref,AC
ሶ𝛷ref,AC
ሷ𝛷ref,AC

ucmd,WT

𝛷AC , ሶ𝛷AC Mx,WT, 𝑦acc,WT

𝛷cmd,pilot,AC
ሶ𝛷cmd,pilot,ACሶ𝛷stick,AC

PFC Outer-Loop PFC Inner-Loop &
Aeroelastic Control

Fig. 7 Architecture of the integrated primary flight and aeroelastic control law.

5.1 Outer-Loop Control Law
The outer-loop primary flight control architecture comprises a pilot command model, a reference

model, and an error controller to realize the RCAH functionality. This outer-loop transforms pilot stick
inputs (roll velocity commands) into a commanded roll acceleration, which is then passed to the inner-
loop control law. While the architecture follows those of NDI designs [37], other implementations for
the outer-loop remain feasible. The specific design presented here is developed in [39] for evaluating
(incremental) nonlinear dynamic inversion flight control functions, and inspired by the A320 flight control
system [29]. Figure 8 shows the first two components: pilot command and reference model.

The pilot command model processes roll rate (roll angular velocity) stick inputs ¤Φstick to generate
pilot-commanded roll angle Φcmd,pilot,AC and roll rate ¤Φcmd,pilot, while imposing the RCAH logic and
several envelope protections. Specifically, the pilot command model implements a blending between
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rate-command attitude-hold and direct attitude control functionality [39]. Within the standard roll angle
range, here ± 35◦, the RCAH mode is active: the stick-commanded roll rate passes through the upper
signal path, while the pilot-commanded roll angle is derived by integrate that same rate. An upper limit
on the roll rate is implemented, here to a value of ± 15◦/s. In this mode, releasing the stick maintains
the current roll angle. When the roll angle exceeds the threshold of ± 35◦, up to a hard limit of ± 60◦,
the system transitions to attitude control. In this regime, the stick input is routed to the lower signal
path to directly command the roll angle, while the rate path is set to zero. To allow a smooth transition
between these modes, the attitude control gain is defined by a relative damping 𝜁 and natural frequency𝜔0
consistent with the reference model.

∫ ∫
𝛷ref,AC

2𝜁𝜔0

ሶ𝛷ref,AC

ሷ𝛷ref,AC

𝜔0/2𝜁

--∫

2/𝜁𝜔0

Reference Model

0

0ሶ𝛷stick,AC

ሶ𝛷cmd,pilot,AC

𝛷cmd,pilot,AC

Pilot Command Model

+ + 

+ 

+ + 

Fig. 8 Pilot command and reference model of the developed control law.

Pilot-commanded roll angle and rate command are passed into the reference model. This second-
order model transfers the commands into an ideal reference in angle Φref , rate ¤Φref , and acceleration ¥Φref ,
that the error and inner-loop controller shall track. The otherwise standard implementation is augmented
with the rate feedforward from the pilot command model, in order to reduce phase lag and expedite the
buildup of the reference. The reference model includes gains with tunable parameters, to set the desired
reference dynamics: the natural frequency 𝜔0, determining the speed of the tracking, and the relative
damping 𝜁 , trading rise time of the response with an overshoot above the desired reference. These two
parameters are also included in the pilot command model, as discussed above. They are selected or
tuned based on the aircraft of application. In the presented experiment, a relatively slow dynamic of
𝜔0 = 2 rad/s was set, while the damping was set at 𝜁 = 0.8.

The reference roll acceleration is fed forward directly to the commanded roll acceleration ¤𝑝cmd,AC,
while the reference roll angle and rate are processed by the error controller shown in Fig. 9. This controller
ensures tracking of angle and rate using a PID-based design receiving feedback signals from the aircraft.
Proportional, integral, and derivative paths are all routed through a common integrator, to allow for easy
implementation of anti-windup strategies (not part of this paper). The parameters of the controller can
either be tuned manually, or using a multi-objective parameter synthesis such as developed in [40]. This
component concludes the outer-loop controller design, that is deployed on aircraft level.

kI

kP

kD

∫
d
dt

Error Controller

ሶ𝑝cmd,AC

𝛷ref,AC

d
dt

ሶ𝛷ref,AC

ሷ𝛷ref,AC

𝛷AC
ሶ𝛷AC

-

-

+ 

+ 

+ 

+ 

+ + 

+ 

Ix 1/2

Control Interface

Mx,cmd,WT
TAC,WT Kr

ucmd,WT

Ky

+

-

Mx,WT

ሷ𝑦acc,WT

Inner-Loop
Integrated Controller

ሶ𝑝cmd,WT

Fig. 9 Error controller, control interface, and inner-loop of the developed control law.

In a standard PFC architecture, such as NDI, the commanded roll acceleration ¤𝑝cmd,AC is mapped
to the control surfaces using a control allocation scheme. In the strategy proposed here, however, this
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acceleration is actively controlled. This necessitates feedback of the roll acceleration, which can be
provided by angular accelerometers on free-flying aircraft. Although not common for state-of-the-art
passenger aircraft, these sensors are available and have proven to be beneficial for implementation of
so-called incremental control methods [41]. In the current wind tunnel setup, the roll acceleration is
non-measurable, therefore emulated by the feedback of the roll moment, as outlined in Section 4.3. The
control interface bridges between outer-loop and inner-loop control.

5.2 Inner-Loop Integrated Control Law
The inner-loop controller combines roll acceleration (roll moment) tracking with gust load alleviation,

forming the core of the integrated primary flight and aeroelastic control law. For an aeroelastic aircraft,
tracking roll acceleration in addition to roll rate is beneficial, as the rigid-body dynamics are influenced
by the flexible dynamics. This inherent coupling between rigid-body and flexible dynamics is also
the rational of performing an integrated control design, rather than a separated approach for designing
primary flight and aeroelastic control. Additionally, since both control functions are realized using the
same set of control surfaces, an integrated controller provides an effective framework for managing the
necessary trade-off to fulfill all control objectives.

The inner-loop controller is developed using 𝜇-synthesis robust control [42–44]. This is an effective
method for this application case, because it allows numerous (often conflicting) control objectives to
be formulated within a joint optimization setup using weighting functions, without imposing a certain
controller structure. In aeroelastic control, the optimal pairing of actuators and sensors is less obvious
than in PFC, therefore, an unstructured synthesis that optimizes these multi-variable interactions is
beneficial. The weighting functions encode the control objectives, including tracking performance,
disturbance rejection, and control allocation. Additionally, robustness is a key requirement to ensure
reliable controller performance even under uncertainty. This is explicitly addressed by 𝜇-synthesis,
which incorporates uncertainty directly into the plant model [45].

The synthesis setup in closed-loop configuration is shown in Fig. 10, illustrating the control ar-
chitecture and the interconnection with the aeroservoelastic design model defined in Eq. 7. The plant
model 𝑮 represents the wind tunnel wing 𝑮WT, where the subscript is omitted here for clarity. In the
figure, the plant model sees the same inputs and outputs as in Eq. 7, namely control commands 𝒖cmd,
gust disturbance 𝑤𝐺 , feedback variables 𝑀𝑥 and 𝒚acc, and performance outputs 𝑀WR,x/y. The plant is
augmented with uncertainty, indicated by the tilde and discussed below. The controller combines feedfor-
ward action 𝑲𝑟 and feedback 𝑲𝑦 action to track the reference command 𝒓, here the roll moment 𝑀𝑥,cmd,
and suppress the gusts disturbances. To impose tracking requirements, the tracking error is formulated
between the feedback signal and the ideal reference 𝒓id generated by the filter 𝑾ref . The loop is closed
by connecting the feedback signals to the controller, which are subject to noise 𝒏.

𝑮𝒖
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𝒅 𝒑

𝒏

𝒚

𝒆

𝒓

𝒓𝑖𝑑
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̃
𝑲𝑟

𝑲𝑦

+

−

+

+

+

−
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𝑀𝑥

𝒏𝑦
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𝑛Mx

=

=
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Fig. 10 Synthesis setup for the inner-loop integrated controller.

The ideal reference is generated by passing the reference signal through the filter 𝑾ref . The architec-
ture presented here constitutes implicit model-following, where the reference dynamics are not explicitly
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embedded within the controller, but implicitly adhered to during the synthesis. The tracking filter is
designed as a second order filter, with a roll-off frequency between 5 and 10 rad/s. The selection of
this tracking frequency poses a trade-off between tracking and load alleviation capabilities: the faster the
demanded tracking, the lower the available bandwidth for load alleviation, due to the link between per-
formance and robustness and hence inherent constraints on shaping the sensitivity functions (waterbed
effect) [46]. The selection of this filter must be coordinated with the parameters set in the reference
model, as described in Section 5.1.

In robust control, specific closed-loop transfer functions connecting exogenous inputs and outputs
are selected and weighted for inclusion in the 𝐻∞-norm, which the synthesis algorithm seeks to minimize.
This approach enables the systematic shaping of these transfer functions to achieve the desired dynamic
behavior of the closed-loop system [42]. The transfer functions selected for the integrated controller
are summarized in Table 1. The following abbreviations for the sensitivity functions are used, derived
based on the partitioned plant of Eq. 7: input sensitivity 𝑺i = (𝑰 + 𝑲y𝑮yu)−1, output sensitivity 𝑺o =

(𝑰 + 𝑮yu𝑲y)−1, input complementary sensitivity 𝑻i = 𝑲y𝑮yu · 𝑺i, and output complementary sensitivity
𝑻o = 𝑮yu𝑲y · 𝑺o. The error 𝒆 on the roll moment is weighted such that tracking is achieved in the low
frequency regime, as well as disturbance rejection. All feedback variables (roll moment, acceleration
sensors) 𝒚 are weighted to ensure robust stability, and to shape sensor usage in the respective frequency
ranges. The control commands 𝒖 are weighted to shape the applied control energy, to roll-off in the high
frequency range, and to attenuate noise in said range. Finally, the performance output 𝒑 of the wing-root
moments is used to achieve the desired gust load alleviation, focused on the first flexible eigenmode.

Table 1 Relevant closed-loop transfer functions and weights to shape these.

Objective
Sensitivity to shape
Name Formula Channel

Reference Tracking Feedforward Sensitivity 𝑾ref − 𝑺o𝑮yu𝑲r 𝒓 → 𝒆

Disturbance Rejection Disturbance Sensitivity 𝑺𝑜𝑮yd 𝒏 → 𝒆

Aeroelastic Performance Performance Load Sensitivity 𝑮pd − 𝑮pu𝑲y𝑺o𝑮yd 𝒅 → 𝒑

Control Activity
Feedforward Control Sensitivity 𝑺i𝑲r 𝒓 → 𝒖

Feedback Control Sensitivity 𝑲ySo 𝒏 → 𝒖

Sensor Usage
Complementary Sensitivity 𝑻o 𝒏 → 𝒚

Nominal Stability

To enforce robustness in the control design, uncertainties are incorporated into the plant model used
for the synthesis. Multiplicative structured uncertainty [42] is implemented at both the plant input and
the output, representing variations in actuators and sensors, respectively. These uncertainties are selected
based on physical insight and are designed to increasing in magnitude at higher frequencies. The complex
uncertainties impose both gain and phase deviations, thereby encoding unknown or unmodeled dynamics,
model mismatches, and variations in operating conditions. The resulting uncertain plant is defined as:

𝑮̃ = (𝑰 +𝑾𝑜𝚫o) · 𝑮 · (𝑰 +𝑾𝑖𝚫𝑖), 𝚫i/o = diag(𝛿i/o,m), ∥𝚫i/o∥∞ < 1, (9)

where 𝚫i/o encodes the diagonal matrix of structured uncertainty at the inputs or outputs, consisting of
complex uncertainty elements 𝛿𝑚. The diagonal weighting matrices 𝑾i and 𝑾o define the frequency
dependent magnitude of these uncertainties and are chosen to reflect the worst-case system behavior.

A comprehensive description of the inner-loop integrated control design is provided in [28], including
the selection of weighting functions to achieve the desired closed-loop shapes from Table 1, and detailed
information on the uncertainty modeling. That work also contains further explanations on the synthesis
mechanism, and the evaluation of the control law. The following section details the evaluation of the
combined RCAH and GLA controller within the experimental framework.
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6 Experimental Validation and Results
The integrated primary flight and aeroelastic controller is validated at the German-Dutch low-speed

wind tunnel in Braunschweig (DNW-NWB), utilizing the simulation-enhanced wind tunnel test concept.
The setup is illustrated in Section 3, see the signal flow diagram in Fig. 6. The tests are performed at
a freestream velocity of 30 m/s, at atmospheric conditions, the wing model is set to 0◦ angle of attack.
The controller described in the previous section is discretized and executed on a real-time system, with a
sample frequency of 1000 Hz. The system also runs the simplified aircraft simulation model at the same
frequency. The actuators are operated by PWM signals at 560 Hz, the data acquisition system provides
information at 3000 Hz. Further information on the wind tunnel campaign is given in [47].

To validate the primary flight control function of roll rate-command attitude-hold, a roll rate stick
command is given to the controller, as illustrated in Fig. 6. In the test setup, an actual joystick is used and
connected to the host computer that controls the real-time system. The current roll attitude is visualized
on a simulated primary flight display (artificial horizon), as schematically indicated in Fig. 1. This
allowed to “fly” the aircraft in the simulation-enhanced wind tunnel setup. Alternatively, the roll rate
commands are provided using a graphical user interface on the host computer.

The results of one validation scenario are displayed in Fig. 11. In this scenario, the stick is first
deflected fully to the right, commanding a roll rate 𝑝stick of 15◦/s, as shown by the black line in Fig. 11b.
This leads to a reference roll rate 𝑝ref being generated by the reference model, displayed as the blue line
in the same figure, smoothed out compared to the commanded roll rate. The actual roll rate 𝑝 is able to
track the reference roll rate quite closely, indicating good tracking properties and well-matched dynamics
in the different controller loops. If the inner-loop integrated controller were too slow, the roll rate would
not be able to track the reference roll rate. The good tracking capabilities can also be observed in Fig. 11c,
in which reference roll moment, ideal reference roll moment, and actual roll moment are closely related.
To achieve the desired roll rate the flaps are deflected upwards on the right wing, leading to decreased
lift on this wing and inducing the roll motion to the right, see Fig. 11d. The maximum allowed roll rate
is achieved relatively fast, then the roll acceleration, i.e. roll moment, and the flaps return towards zero.
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(c) Roll moment.
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Fig. 11 Roll angle, rate, moment, and control commands during a full stick and release maneuver.
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Note that the flaps deflect to different extents. The inner flaps 1 and 2 deflect by about twice as much
as the outer flaps 3 and 4. This is an intentional design specified in the inner-loop integrated controller:
all flaps shall contribute to the reference tracking task, while only the outer two flaps contribute to
the gust load alleviation task. To reserve bandwidth for the load alleviation task, in case the gust acts
simultaneously to the roll maneuver, the control allocation is performed in such a way that the outer flaps
only use about half as much deflection for tracking the reference as the inner flaps. This was achieved by
an individual shaping of the weighting function imposed on the control command, see [28] for details.

The deflection of the stick leads to the roll angle building up, as shown in Fig. 11a. The commanded
roll angle Φcmd,pilot (black line) is computed based on the commanded roll rate, therefore increases by
15◦/s. Tracking of the roll angle is also satisfactory, as the match between reference angle Φref (blue
line) and actual angle Φ (yellow line) shows. At about 6 seconds, the roll angle exceeds the value of
35◦. As described in section 5.1, this alters the control function from a rate tracking to an angle tracking.
With the stick still deflected fully to the right, the commanded roll angle now reads 60◦, the maximum
allowed. The roll rate is decreased as not to overshoot this value, leading to a negative roll acceleration
and thus moment, as well as flap deflection. This slows down the speed of the roll motion. As soon as
the maximum roll angle is reached, the roll rate, moment, and flap deflection remain at zero.

After the stick is released at about 14 seconds, the commanded roll angle drops back to 35◦, the
commanded roll rate is zero, yielding a roll angle reference that now slowly approaches the commanded
value. To do so, a negative roll rate reference is generated, again closely tracked by the actual roll rate,
see Fig. 11b. Roll moment and flaps now deflect into the opposite direction, generating a roll motion to
return the attitude to a bank angle of 35◦. As soon as this angle is reached, the rate, moment, and flap
commands also reach zero.

In a second scenario, the stick is deflected in an alternating left-right movement, with occasional
return to zero, trying not to exceed a roll angle of 35◦, such that the controller remains in the rate
command setting. The results are depicted in Fig. 12. Figure 12a and 12b reveal a close match between
the reference roll angle and rate and the actual roll angle and rate (blue and yellow lines), while there
is a certain difference to the signals commanded by the stick (black lines). This indicates that the
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(c) Roll moment.
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(d) Flap deflection.

Fig. 12 Roll angle, rate, moment, and control commands during a left-right stick maneuver.
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reference model introduces some delay, due to the chosen parameters for frequency 𝜔0 and damping
𝜁 , see section 5.1. For a closer match of the signals a faster outer-loop dynamic is needed, which then
necessitates an even faster inner loop. If the controller shall be improved in terms of tracking and handling
qualities, this would need to be addressed.

The commands send to the inner-loop are tracked with satisfactory accuracy, as revealed by the roll
moment (emulated pitch acceleration) displayed in Fig. 12c. Note that the commanded roll moment is
essentially the derivative of the reference roll rate, yielding twice as many peaks as in the rate plot. The
flap deflection commands presented in Fig. 12d are directly linked to the commanded roll moment. As
in the first scenario, the outer flaps deflect only about half as much as the inner flaps, due to the specified
control allocation. The maximum allowed flap deflection was defined to be ±15◦. The inner flaps deflect
close to this limit when the controller reaches the maximum allowed roll rate, but the limit is respected.
The inner flaps have sufficient margin, they do not deflect more than 7◦, preserving sufficient control
authority for the secondary aeroelastic function, even when the maximum roll rate is commanded. When
the rate command returns to zero, also the flaps return to their zero position.

Having validated the primary flight control function of roll tracking, the third scenario presented
here is concerned with gust load alleviation. For this scenario, the reference (roll rate command) is kept
at zero. The gust generator (see Fig. 4) then induces a continuous harmonic gust that excites the flexible
wing. After some time the controller is turned on, to analyze the load alleviation capabilities. The result
is depicted in Fig. 13, where roll moment is plotted over time. Note that this roll moment measured by
the wind tunnel balance can be seen as an equivalent wing-root bending moment. The actual bending
moment is defined with respect to the loads reference axis (LRA), as indicated in Fig. 5. The measured
roll moment could be transferred to this wing-root bending moment, but this step is omitted within this
paper, as both quantities resemble each other quite closely. Figure 13 shows the roll moment response of
the wing to a gust with a frequency of 8.5 Hz, which is close to the first flexible eigenfrequency of the
wind tunnel model (wing bending), and therefore yields the highest loads.
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Fig. 13 Reduction in roll moment (≈ bending moment) with active integrated controller.

As observed in the figure, the bending moment can be substantially reduced when the controller
is active. The relative reduction of the root-mean-square value reads 66% when referring to the Delta
in roll moment induced by the gust. The anti-symmetry of the roll moment in positive and negative
direction is linked to the gust generator, that induces a larger updraft (positive lift, negative roll moment)
than downdraft. The reduction in bending moment is also presented in Fig. 14a, there as an overlay of
time excerpts with and without active controller and hence gust load alleviation (GLA). The necessary
flap deflection commands to achieve the load alleviation are plotted in Fig. 14b. Now the control
allocation once again is visible: the inner flaps 1 and 2 are not used for load alleviation, but only for
tracking purposes, while the outer flaps 3 and 4 are used for both, and now achieve the load reduction.
The maximum commanded deflection does not exceed 8◦, leaving sufficient control authority for a roll
command that might be given simultaneously.
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(b) Flap commands during active controller.

Fig. 14 Roll moment and commanded flap deflections during a gust encounter.

With these scenarios, the integrated roll RCAH and GLA controller is successfully validated using
the simulation-enhanced wind tunnel experiment. The setting allows to investigate the performance of
the controller in various conditions and maneuvers, of which only three were shown as examples. By
enhancing the wind tunnel experiment, not only the aeroelastic control function could be tested, but also
the primary flight control, and the interplay and coordination between the functions.

7 Conclusions
This paper presents a strategy for simulation-enhanced wind tunnel testing, that allows the validation

of primary flight and secondary control functions, with a focus on testing for aeroelastic aircraft. The
idea is to replicate the aeroelastic properties of the aircraft under test as closely as possible on a wind
tunnel model. To do so, and to account for the limitations of the wind tunnel, only a component of the
aircraft (e.g. wing, empennage, or half-model) is placed inside the tunnel, while an aircraft simulation
integrates the obtained measurements and provides the remaining quantities needed for controller testing.
Interfaces between wind tunnel and simulation domain account for signal scaling and emulation, such
that the relevant signals are available in either domain. A designed controller is then deployed in one,
the other, or both domains, and is fed with the signals relevant for validation. The schematic signal flow
diagram is presented, showing the integration of the different components, adaptable to a variety of tests.

The concept of simulation-enhanced wind tunnel testing is then demonstrated using the example of
a roll rate-command attitude-hold controller combined with gust load alleviation. Having presented the
experimental setup, the generic signal flow scheme is adapted to the test example, to further improve
understanding of the proposed testing concept. The example shares details on the implemented model,
controller design, and finally presents the results obtained in the wind tunnel test. Thereby, the effec-
tiveness of the proposed simulation-enhanced wind tunnel experiment is demonstrated: it was possible
to investigate the performance of the primary flight and aeroelastic controller, and how the functions
interact. For example, the necessary adaptation of inner- and outer-loop dynamics based on the various
filters and gains to be tuned was analyzed. Such an investigation would not have been possible by purely
testing the wing model in the experiment, showcasing the merits of the proposed testing concept.

Future work is suggested in maturing the proposed concept: the example presented here uses
a simplified aircraft simulation model, with isolated roll dynamics. While serving the purpose of
conceptually demonstrating the idea, future work should aim at integrating a full nonlinear aircraft
simulation within the enhanced wind tunnel test. With a full aircraft simulation also interactions of all
rigid-body dynamics (and kinematics) with the flexible dynamics could be investigated. Furthermore
interesting would be to conduct wind tunnel tests using an aeroelastic half-model of the aircraft including
fuselage and tail, that allows to not only mimic roll dynamics, but also pitch dynamics. If the model
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motion system were able to generate fast pitch and heave dynamics, the obtained aerodynamic behavior
is even closer to that of a free-flying aircraft. With such a hardware setup, simulation-enhanced wind
tunnel testing could strongly benefit flight control development for future aircraft concepts, under safe
and reproducible conditions, early on in the design process.
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