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Abstract: This paper provides the description of the design, validation and testing of devices
and active control laws for the alleviation of dynamic loads on a new generation regional
aircraft. The main objective of the designed control laws is the alleviation of wing loads due to
discrete gusts and maneuvers. The first part of this paper introduces the project and the
framework in which it was developed. Then a description of the numerical models is provided,
together with the design methodologies of the active controllers.

Finally, the results of an aero-servo-elastic wind tunnel test campaign are compared with the
numerical simulation.

1. INTRODUCTION

Dynamic loads have an important role in the wing load sizing envelope, and they may result
one of the most critical conditions, moreover they affect the fatigue of the wing components.
The active load control helps to reduce the magnitude of these loads and can lead to structural
improvement as shown in the *50 by the Bristol Brabazon, that was designed with a structure
20% weaker than necessary thanks to the designer faith in the Gust Load Alleviation (GLA)
feed-forward controller [1]. More recently, a Nasa Technical Memorandum [2] provided an
historical survey of the active control technique used in many commercial and military aircraft.
Early GLA attempts faced the problem considering the rigid aircraft [3][4], but with the design
of new flexible aircraft the problem became aero-elastic and modal control started to appear.
The field of application, in the ’70, was restricted to the military vehicles like the XB-70 [5][6]
and B-52 [7], where the Load Alleviation and Mode Suppression (LAMS) used gyroscopic
measures to drive the deflection of ailerons, rudder and elevator.
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The Lockheed L-1011 represented one of the first application on a commercial aircraft, it was
equipped with a controller moving the ailerons with feedback on accelerations measured in the
wing tips and in the fuselage [8].

Most applications of alleviation control laws exploited the conventional control surfaces, but in
some cases dedicated devices were developed, for example the GLAS on the B-2 Spirit [9].
Another application of dedicated control surfaces for aeroelastic mode control appeared with
the B-1 Lancer [2], where dedicated nose mounted, small tabs were used to damp the fuselage
bending mode. Nowadays, all the commercial aircraft are equipped with some kind of load
alleviation system [2].

Wind tunnel tests helps to validate the numerical models in a controlled environment,
reproducing the desired 1-cos gust shape. Indeed, during flight test it is almost impossible to
encounter a 1-cos gust with prescribed amplitude and gust repeatability is even rarer. Moreover,
wind tunnel testing is cheaper and safer with respect to flight test.

Some alleviation tests were performed flying an aircraft into its own wake or in the wake of
another aircraft [10][11], but it is almost impossible to reproduce the most critical gust.

Wind tunnel is a controlled environment where the test can be performed using scaled models
that mimic the behavior of the reference aircraft. These are aero-servo-elastic models equipped
with movable control surfaces and different control laws can be applied to compare their
effectiveness. Some examples of aero-servo-elastic actively controlled models can be found in
[12]-[31].

2. THE CLEAN SKY 2 AIRGREEN2 PROJECT

The Clean Sky 2 AIRGREEN2 project [32] aims to develop a more efficient wing studying
innovative devices [33] to improve the aero-structural efficiency and aero-acoustic footprint of
a new generation regional aircraft.

The AIRGREEN?2 consortium is composed by many industrial partners, research institutions
and universities, creating a fertile environment where developing new concepts. The project
aims to increase the technology readiness level of the future regional aircraft by increasing the
overall technology readiness level and testing some of them in flight by the end of 2022.

The device developed in this framework are mainly four and all of them modify the wing shape
to achieve benefits in terms of aerodynamic performances or load alleviation capabilities. The
developed devices are:

¢ A morphing Droop Nose (DN) in substitution of conventional slats, which ensures better
take-off and landing performances reducing the noise and increasing the efficiency [34]-
[39] also allowing at the same time the adoption of natural laminar wings due to thanks
to the gapless solution.

e A morphing flap, that is used in combination with the DN to improve the high-lift phases
and the cruise performances when retracted, since its final part can be used as an
additional small trailing edge surface [40] helping to implement load control
technologies.

e A morphing winglet, equipped with two movable surfaces implementing the finger-like
structure that improves the climb performances and can perform Maneuver Load
Alleviation (MLA).

e An Innovative Wing Tip (IWT) device, used as an alternative to the winglet, that is
designed to perform both Maneuver and Gust Load Alleviation (MLA/GLA) [41][42].

These devices were deeply studied and designed to reach a TRL 5. Finally, the Winglet and the
IWT will be flight tested by the end of 2022 to provide a preliminary assessment of their load
alleviation and performances improvement capabilities.
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The project goal goes beyond the design and realization of the innovative device IWT, an
important portion consists in the development of the active control laws that must be
implemented on the real aircraft.

Within the project, intermediate experiments were realized to assess the effectiveness of the
designed devices and of the control laws: the aerodynamic performances of the innovative wing
were characterized with a 1:3 scaled model (WTT2) of the wing tested in a transonic wind
tunnel; the alleviation capability of the IWT and the active control technologies were tested on
a 1:6 aero-servo-elastic wind tunnel model (WTT3), while the flying prototypes of the
innovative device IWT underwent to structural test to achieve the permit to flight.

Since the reference aircraft doesn’t exist yet, the flying item were adapted to fit on a similar
aircraft, i.e. the existing C-27J Spartan selected by Leonardo for the final flight test inside CS2
program.

3. SIMULATION MODEL

The reference regional aircraft for the project is a Turboprop designed to accommodate 90
passengers and it is shown in Figure 1.

Figure 1: Artistic rendering of the Leonardo’s TP90

The reference numerical model of TP90 for the aeroelastic simulation carried out during the
entire AIRGREEN2 project is represented by a stick model where the structure is represented
by beam elements and the aerodynamics is modelled with a doublet-lattice (DLM) or vortex-
lattice (VLM) method depending on the required analysis. Several payload and fuel
configurations can be simulated using different sets of concentrated masses. This kind of
representation of the aircraft is widely used for the computation of the load envelopes because
it combines the ideal trade-off between model’s complexity and fidelity.

Figure 2: TP90’s aeroelastic stick model with the Innovative Wing Tip
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The model is written in a standard NASTRAN format, which is also the standard input file for
NeoCASS [44][45][46], which is the aero-servo-elastic design and analysis suite developed by
Politecnico di Milano. The analyses presented in this work are performed with NeoCASS since
it allows for an automatic transformation of the aeroelastic model into the corresponding State-
Space (SS) model, which allows to develop control laws in time domain and allows to create
complex Simulink model where the complete non-linear model of the actuator can be easily
added.

The problem is projected on its modal basis, the State-Space model of the structural part is built
with the modal mass, damping and stiffness matrices obtained as in Eq.(1), where U is the
eigenvector matrix, the subscripts gg indicates global matrices and 44 modal ones.

My, = UTMy, U = ! m; ]
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o

The DLM provides the computation of a transfer function, evaluated for a given set of reduced
frequencies and Mach numbers, where the output is a generalized modal forces and the input
can be the structural motion, the gust amplitude or an imposed motion of the aerodynamic mesh
e.g. one or multiple control surfaces, leading to an expression of the Generalized Aerodynamic
Forces (GAFs) as in Eq.(2).

GAFs = qo(Hom(k, Ma)q + Hag(k, Ma)v, + H 4, (k, Ma)u) )

To obtain the State-Space representation of the aero-servo-elastic system, the GAFs must be
translated into the time domain. This is done using the Matrix Fraction Approximation (MFA)
algorithm implemented in NeoCASS and described in [43]. Starting from the identification of
the H,, term, the one due to the structural motion, the transfer function is approximated to
obtain a State-Space system in the form of Eq.(5), where the input is the structural motion and
the output are the aerodynamic forces projected on the modal base.

X, =Ax,+ Bq

{Qa = Cx, + Dq

Khh = UTKggU =

A3)

The MFA approximates the aerodynamic transfer function as in Eq.(4) by computing the
A, Bi, C,, DY matrices. p = o + jk is the normalized Laplace variable.

Hum(p) = D%, + pD1, 4+ p?D?, + C,(pl — A,) (B, + pBY, + p?B?,) (4)

The identified matrices are used to assemble the dynamic SS-model that represents the
aerodynamic system, having the modal coordinates as input and the generalized aerodynamic
forces as output.
dx 1 1 . .
dta = —AqXq + t—Ban +B1,q+t,B%,4
a a
Qa =Coxq + Doaq + taDlaq + thzaq

)

The SS-system of Eq.(5) is coupled to the mechanical SS-model, providing the coupling
between the elastic and aerodynamic system and creating the full aero-elastic system in time
domain, as described in Eq. (6).
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The same approach is used to identify the forces due to the gust (Egs. (4)(5)), leading to the
aeroelastic system of Eq.(7) where the subscript a+g indicates the modal + gust contribution
and the subscript ag indicates the only gust contribution.

I 0 01,4
0 M-g.t2D?, 0 _[q]:

0 —t2B?, |
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Boa taBla a+g
1 0 0
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where:
A, Xa
Aarg = [ Aag] Carg = [Ca CagliXarg = [xag] (®)

This leads to the aeroelastic system of Eq.(9), where u, is the forcing term due to the gust and
its derivatives up to the second order.

{Xae = AgeXae + Baeug

9
y = CgeXae + Daeug ©

Finally, the full aero-servo-elastic State Space model becomes:

{J'c = Ax+ B,u+ Bgg (10)
y =C+Dyu+Byg
where the control input u contribution is accounted as well.
A State-Space representation of the aeroelastic system such as the one in Eq.(10) is entirely
defined in time domain and can be used to simulate dynamic analysis using an integration
method or to develop control laws using design methodologies in time domain.

It was realized a SS model of each mass configuration and, since the aerodynamic matrices
dependency with respect to the Mach number, for each flight point.

The aero-servo-elastic SS model can be easily implemented in a Simulink model, which allows
to add external blocks to simulate sensors, actuators, and acquisition parameters, providing a
high-fidelity dynamic simulator of the reference aircraft. In particular, the detailed Simulink
model of the IWT’s control surface actuator was provided by Umbra, the company in charge of
its development and manufacturing, and it was added to the model: it transforms the
commanded position coming from the top level GLA controller into the real surface rotation
considering the non-linear kinematic of the actuation chain, the speed, stroke and force
saturations of the actuator and the full control logic. Moreover, the discrete time implementation
of the Simulink model allows to reproduce the sampling rates available on the aircraft and the
Flight Control Computer (FCC) performances, its simplified scheme is represented in Figure 3.
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Figure 3: Aero-servo-elastic Simulink model of the TP90

4. CONTROL LAWS DESIGN

The responsibility of design of active aeroelastic control was in charge of Politecnico di Milano
(POLIMI), with the contribution of Politecnico di Torino (POLITO). One of the requirements
of the project was the implementation of a GLA controller able to achieve a 20% reduction of
the wing root bending moment, using all the available control surfaces, and taking into account
the actual performances of the actuation system. Specifically, POLIMI and POLITO proposed
two different controller’s structure, respectively: the first one is a Static Output Feedback
controller while the second one is an H,, robust controller. Both the approaches are described
in the following.

4.1. STATIC OUTPUT FEEDBACK CONTROLLER

Static Output Feedback (SOF) controllers [47] are a class of controllers where the control input,
U(s), is obtained as linear combination of the measured responses, Y(s), by means of a
multiplication by a constant gain matrix, G, as U(s) = G Y(s). The SOF approach has been
successfully applied to synthetize aeroservoelastic controllers for gust load alleviation [50] and
flutter suppression [48][49].

Once the control input and the measured responses are defined, the design of the controller is
completed by the computation of the elements of the gain matrix G. The approach used here to
get the gain matrix relies on the minimization of a weighted H, norm of a properly defined
closed loop system whose input is the set of expected disturbances on the system, and the output
contains the set of system quantities whose response to the disturbance need to be minimized
and that are called performance output [50]. For a gust load alleviation controller, for example,
the disturbance input is represented by the gust velocity, while the performance output can
include internal forces and moments in several locations on the structure. In addition to the
performance output also the control input must be included in the computation of the H, norm,
so to both obtain a well posed optimization problem and to limit the control action.

The minimization of the closed loop H, norm is equivalent to the minimization of a quadratic
cost function associated with the norm of the control input u and performance output z [47][51],
as described by Eq.(10):

J= f [27W,,z + uT W uldt (11)
0
The relative importance of the performance and control input in the computation of the cost

function is defined through two weight matrices, namely W,, and W,,,,, which represents an
additional tuning parameter set used to adjust the controller behavior.
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The optimization of the cost function associated with the SOF control, and then the computation
of the gain matrix, need to be performed numerically since no closed form equation exists. In
the present work the algorithm described in [50] is used to perform the numerical optimization.
In this work, the measures available on the real aircraft are the acceleration of the wing tips and
of the CoG, together with the aircraft pitch rate. The acceleration measures are integrated
through a numerical integrator to obtain the velocities which are then used by the SOF controller
as independent input measures.

In the design of the gust load alleviation controller all the available control surfaces are
considered as control input: the ailerons, the IWTs movable flaps and the elevator. The
disturbance used to define the H, norm is constituted by the gust input, which is associated to
a shape filter to focus the action on the frequency range of interest. The performance output
contains the bending and torsional moments measured at wing root and the rigid displacement
and rotation of the whole aircraft; the latter is inserted to minimize the impact of the controller
on the low-frequency rigid body response of the aircraft.

Figure 4 shows the SOF control block, the inputs are already digitalized, and the acceleration
integrated through a discrete integrator to obtain the structural velocities, for a total of 7 input.
Considering the most general implementation of the SOF, the outputs are the 6 independent
control surfaces (2 IWTs flap, 2 ailerons, 1 elevator, 1 rudder). The rudder is considered for
sake of generality and for eventual use for MLA purpose. The gain matrix becomes a 6x7
matrix, with a total of 42 elements to be defined. Through the selection of the inputs (full set or
reduced), symmetry consideration (symmetric deflection for symmetric phenomena) and the
decoupling between longitudinal and lateral dynamics, the number of unknowns can be
drastically reduced.

. LH Aileron
Pitch Command
Rate

RH Aileron
Command
CoG
Acc. > Discrete Integrator L HIWT
Gain Command
Tip Matrix RH Aileron
LH . . anc
» Discrete Integrator Command
Acc. <
Elevator
Tip Command
RH .
Ace > Discrete Integrator Rudder
cc. - ;
Command

Figure 4: SOF scheme, also including the rudder command for eventual MLA purpose

With this approach, three different controllers were designed, and they are briefly described in
the following.

e SOF401: it is a control law that exploits all the available control surfaces, i.e. aileron,
elevator and IWT, it is focused on the WRBM reduction due to the gust. The feedback
measures are the ones available (accelerations).

e SOF400: it is similar to the SOF401, but it uses only the IWT surface to assess the
alleviation of the device in standalone operation. The feedback measures are the one
available (accelerations).

e SOFO003: it is the latest controller developed and it is oriented to the flight tests, it
combines MLA and GLA capabilities of the IWT only and its objective is the reduction
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of the WRBM without increasing the tip bending and torsional moment. This latest
aspect is crucial because the device will be retro-fitted on an existing aircraft (C-27J)
which wing structure is already sized for the design load of its baseline version. The
feedback is represented by the pitch rate and the structural velocities obtained through
the numerical integration of the accelerations, hence only 4 quantities.

Table 1: SOF controllers summary

Name Aim TP90 Configuration Control surfaces used
SOF400 GLA TPOO-IWT IWT only
SOF401 GLA TP90O-IWT IWT + Aileron + Elevator
SOF003 GLA/MLA TP90-IWT IWT only

All the controllers are a single gain matrix designed to cover all the flight envelope and mass
configurations, avoiding interpolation scheme or gain scheduling.

4.2. Ho CONTROLLER

As robust control system an H,, optimal controller is proposed. Aim of the controller is to
minimize the effect of the disturbances wy (gust) and the performance output z, while
guaranteeing internal stability of the closed-loop system.

The state-feedback H,, controller is combined with a state observer for a full state control
system. The motivation for choosing a controller of such a simple form is twofold: 1) we aim at
obtaining a simple-enough controller, ii) output feedback H,,cannot be coupled to the robust
LMI techniques we want to apply, iii) this problem should be treated as a Multi-Input-Multi-
Output (MIMO) system. The scheme of a classical state feedback controller is in Figure 5.

w VA

\ 4

< vwvw

A\ 4

Figure 5: Classical scheme for oo controller

The first step is the definition of a classical state-feedback H,, using an LMI approach for the
evaluation of the gain matrix. Starting from the theory presented in [52], the following LMIs
has to be solved to find the gain matrix K

AQ + QAT + B,Y + YTBT * *
C;Q + Dy, Y —-¥?1 [ <0 (12)
By, Diw *
where ‘*’ indicates the symmetric terms of the matrix. A is the state matrix of the flexible
system, Cz is the matrix of output (i.e. the wing root loads), B,, and B,, are the control matrices
related to the deflection surfaces and to the gust, respectively. The gain that must be reduced is

Y. Q and Y are the unknown matrices to be evaluated, 0>0.
The matrix K of the control is the obtained as K = YQ 1.
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The controller we designed follows the scheme depicted in Figure 5 The control separates the
rigid and the flexible modes. A classical LQR control is first designed to stabilize the rigid
modes using only the elevator, and then a state-feedback H, controller takes care of the flexible
modes only, minimizing the },, gain between w, and z, using the aileron and the wing tip as
control action.

For the definition of this controller, the actuator dynamics is included in the aircraft state-space
model building a so-called augmented system. This means that a new state vector is created,
which includes the plant state and the actuator one. In this way, the input u represents no more
the actual command deflection, but it can be identified with the command required by the pilot
or the control system. The command deflection is instead given by the actuator state (or output)
vector components. An example of this kind of augmented system is given in [53], where the
aircraft longitudinal dynamics state-space model is augmented with the elevator actuator
dynamics.

Moreover, since in most practical cases the system states cannot be measured by direct
observation, a state observer that provides an estimate of the states, exploiting measurements
of the input and output of the real system, is designed. If a system is observable, the state
observer allows the fully reconstruction of the system state from its output measurements [54].
Since the control command obtained with the design of an Hoo controller is too high, the
minimum achievable gain is used as a metric by which a control-effector design is assessed, in
which limitations on the aileron rate and deflection are considered in the design of the controller
gain. Thus, a randomized Hoo controller is synthesized, considering an LMI approach for the
definition of the feedback controller.

To analyze a more realistic case, the controller is synthesized starting from the measurements
of on-board sensors, considering both IMU data (in terms of z, dz/dt, 0, q) and the wing
accelerations in three selected sections.

Some remarks are at hand: a “unique” observer is designed for all the flight conditions. This is
necessary since the observer design needs the knowledge of the system matrices. The choice of
“nominal” matrices A, B is obvious; the gust disturbance does not contribute to the estimation
process, since this signal is not measurable on board, being a disturbance.

5. NUMERICAL RESULTS

This section summarizes the results obtained with the numerical simulator for both the
controller methodologies and the results are non-dimensional or the axes label intentionally
omitted for confidentiality reasons.

The results are presented in terms of load envelope and the comparison is done with the open
loop condition. The envelope is obtained with the Simulink model presented in Figure 3, testing
10 gusts with an equally spaced frequency, both positive and negative amplitude, between 1
and 10Hz, over 7 flight points and 6 mass configurations. The envelope is made of a total of
840 gust load cases for each controller. Figure 6 shows the monitoring sections spanwise used
to evaluate the alleviation capabilities.
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Figure 6: Monitoring sections spanwise

Figure 7 to Figure 9 show the open and close loop bending/torque envelopes obtained with the
SOF controllers, which were normalized considering the maximum torque/bending values,
directly obtaining the alleviation in term of % reduction. The most effective controller, in term
of Wing Root Bending Moment (WRBM) reduction is the SOF401, the one that exploits all the
movable surfaces of the aircraft. As, a drawback, this controller increases the torsional moment
in some portions of the wing (mainly in the inner part). The SOF400 uses only the IWT control
surfaces and reaches lower WRBM reduction, but the torsional moment increase is limited. The
SOF003 controller, mainly oriented to the flight tests, has lower alleviation capabilities but it
does not increase the torsional moment, following the design constraints imposed. The overall
alleviation capabilities of the SOF family are reported in Table 2.

Table 2: SOF controllers alleviation capabilities

Controller SOF003 SOF400 SOF401
Section BM ™ BM ™ BM ™
WS00 0.87%  2.39% | -4.44%  7.40% | -7.59% -
WSo01 1.43%  2.46% | -636%  7.51% | -8.92%

WS02 | -1.56%  0.81% | -6.78%  1.71% | -9.40% -0.58%

WS03 | -445%  0.03% |-14.62% 13.66% | -11.38%  0.00%
WS04 | -12.54% -12.80% -17.68% -24.59%

WS00 _ WSO01

1 —e—QOpen Loop
—=—SO0F003
—6—SO0F400
—4—S0F40

0.5¢ 0.5

Bending moment [-]
o

Bending moment [-]
o

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Torsional moment [-] Torsional moment [-]

Figure 7: Torque/Bending envelope on the root section and the section before the engine for the SOF controllers

10
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WS02

—e—COpen Loop
—=—SOF003
0.5 —¢—SOF400
—4—S0F401

Bending moment [-]
o

Bending moment [-]
o

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Torsional moment [-] Torsional moment [-]

Figure 8: Torque/Bending envelope on the section after the engine and the section before the aileron hinge for
the SOF controllers

WS04

—e—(Open Loop
—=—SOF003
—6—SOF400
—4—S0OF401

Bending moment [-]
o

-1

-1 -0.5 0 0.5 1
Torsional moment [-]

Figure 9: Torque/Bending envelope on the wing tip section for the SOF controllers

The Hoo controller achieved better performances, reducing the root loads of about 15-20% for
both bending and torsional moment. The results are obtained with a slightly different simulator,
and they are not referred to the entire envelope but only to the most critical gusts for each flight
point and mass configuration ad for this reason they are not embedded in previous figures.
The results obtained whit SOF controllers are far from the target reduction (-20%), this is due
to the hardware limitations of the FCC to be tested in flight, which are reproduced on the
numerical simulator. The sampling rate and controller frequencies (50Hz) imposes to reduce
the gain values to maintain the stability of the closed loop system, achieving lower alleviation
capabilities. To improve the alleviation capabilities, the sampling rate and the FCC frequencies
where increased to 1kHz and the SOF gain matrix was scaled by a uniform factor of 3, G =
3G omina; - Table 3 reports the alleviation capabilities of the SOF High Frequency (HF)
controllers, while Figure 10 Figure 12 compare the envelope obtained for the nominal
controllers (continuous lines) with the HF (dashed lines). In the two cases, the actuators
performances are the same, only the electronics hardware performances were numerically
modified, and the gain matrix scaled.

11
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Table 3: SOF HF controllers alleviation capabilities

Controller SOF003HF SOF400HF SOF401HF
Section BM ™ BM ™ BM ™
WS00 |-4.58% 8.04%
WS01 | -5.50% 8.15%
WS02 |-5.71% 1.53%
WS03 | -6.79% 11.70%
WS04 1.91% 1.89% -1.44%  9.69%

WSO00 WSO01
—6—Open Loop
—a—SO0F003
05 -—0—SOF400
—4—8O0F40

o
o

Bending moment [-]
o
o
(6]

Bending moment [-]
o

1
-

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Torsional moment [-] Torsional moment [-]
Figure 10: Torque/Bending envelope on the root section and the section before the engine for the SOF HF
controllers
WS02

—6—Open Loop
—a—SO0F003
- —¢—SOF400
—4—80F401 _

o

1)
o
o

Bending moment [-]
o

Bending moment [-]
o

-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1
Torsional moment [-] Torsional moment [-]

Figure 11: Torque/Bending envelope on the section after the engine and the section before the aileron hinge for
the SOF HF controllers

12
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WS04

1% s —e—Open Loop

T —=—SOF003
—6—SOF400
—4—S0F401

Bending moment [-]
o

-1 -0.5 0 0.5 1
Torsional moment [-]
Figure 12: Torque/Bending envelope on the wing tip section for the SOF HF controllers

More aggressive controllers (gain augmentation) have better alleviation capabilities: the SOF
HF family reach a 17.47% WRBM reduction with a concurrent WRTM reduction (9.75%),
indeed the improved hardware allows a faster response to the gust disturbance. The SOF400
HF (IWT only) reaches an alleviation of 10%, proving the alleviation potential of a small,
dedicated control surface located at the wing tip, without the participation of the conventional
control surfaces which are used only for the maneuvers. As a drawback, some High Frequency
controllers increase the torsional moment spanwise (SOFO03HF and SOF400HF) or in the outer
part of the wing (SOF401HF). The 20% reduction of the WRBM is slightly missed by the
SOF401HF controller, even if it must be considered that this controller is optimized for the
nominal hardware and is adapted to the improved (HF) one by simply scaling the gain matrix:
a re-tuning of the controller could lead to higher alleviations.

The SOF003 controller was designed considering the concurrent GLA and MLA, in the
following the results of a dynamic response to a square wave aileron deflection is reported. As
done for the GLA assessment, also in this case the two electronic hardware were considered
and considerations like the GLA ones can be drawn. HF controllers better perform but in the
outer portion of the wing the torsional moment increases, mainly since in this region the load
due to the IWT is introduced to modify the lift distribution and reduce the WRBM. Nominal
SOF003 has lower MLA capabilities, and the torsional moment increase is lower but spanwise
distributed.

Table 4: SOF003 Maneuver Load Alleviation results

Controller SOF003 SOF003HF
Section BM ™ BM ™
WSO00 -1.76% 4.04% | -4.52% -1.66%
WSO01 -3.00% 4.63% | -743% -4.17%
WS02 -3.25% 2.55% | -7.67% 7.14%
WS03 -8.08% 12.72% | -15.81% 39.73%

WS04 0.71%

13



IFASD 2022-071

WS00

—e—Open Loop
—=—SO0F003

= 05 -¢ SOF003HF =
() ()
S S
o (@)
E 0 S
(®)] ()]
£ c
= °
S -0.5 S
m m

b Vg : ‘ ‘ : : : ® ¢

-1 -0.5 0 0.5 1 -2 -1 0 1 2

Torsional moment [-] Torsional moment [-]

Figure 13: Torque/Bending envelope on the wing root and tip section for the SOF controllers for MLA

6. WIND TUNNEL MODEL

To wvalidate the active control laws developed within the project and to assess their
effectiveness, a scaled wind tunnel model was designed and realized. The test facility was the
large wing tunnel model available at the Politecnico di Milano (GVPM), it is a closed-circuit
wind tunnel with two test rooms: the low turbulence and high-speed test section sizing 4x4x5
m where the airflow reaches 55m/s, and the controlled turbulence low speed test chamber with
a section of 12mx4x38m that is located in the return duct. It’s scheme is shown in Figure 14.

Figure 14: Politecnico di Milano’s wind tunnel, in yellow the 4x4x4m high speed test room

The lesson learned with the Clean Sky 1 GLAMOUR project [17][18] were crucial to the
development of the WTT3, indeed the philosophy is the same and some components of the
GLAMOUR model were recycled and improved for the WTT3 campaign.

The model was scaled considering an iso-frequency approach, such that the time scale of the

real aircraft and the scaled model are the same A, = Ai = 1. This means that the length and
f

velocity scale must be the same A4; = A,,. To fit inside the test room, the length scale is 4; = %,
which would lead to test velocity to low, for this reason a half model configuration was chosen.
With this compromise, a length scale becomes 1; = % and leads to higher wind tunnel speeds.

Due to installation and accessibility problem, the half model is vertically mounted, the
connection between the half fuselage and the wind tunnel floor is realized with a pivot, that
preserves the pitch free body motion, mounted on a sledge that preserves the plunge free body
motion. Since the gravity acts perpendicularly to the lift, a dedicated Weight Augmentation
System (WAS) is used to artificially generate the weight force. The WAS consists in a linear
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electric actuator that acts on the moving sledge in correspondence of the centre of gravity of
the aircraft, reproducing the weight force indeed.

Once frozen the velocity and length scale, it is possible to find the scale factors to be used to
scale the stiffnesses and masses of the real aircraft by keeping constant the ratios between
inertial and aerodynamic forces, and the ratio between elastic and aerodynamic forces. The
scaling factors used to realize the WTT3 are reported in Table 5.

Table 5: Scaling factor used for the wind tunnel model

Magnitude Scale factor (4)
Length, Velocity 1/6
Time, Frequency, reduced frequency 1
Mass 1/63
Inertia 1/6°
Bending and torsional stiffness 1/6°
Axial stiffness 1/6*

An important ratio which cannot be preserved is the one between the inertial and gravity forces,
represented by the Froude number. Thanks to the WAS, it is possible to impose the force that
counteracts the lift force, and in the case of unit load factor n=1 it is the weight force. In this
way the Froude scaling is preserved only for the plunge motion.

The most sensitive part for the scaling process is the wing, which stiffness properties are
reproduced by an aluminium spar on which there are connected in a single point the 3D printed
aerodynamic sectors.

Figure 15 (left) shows the installation of the WTT3 model in the test room: a dummy floor
covers the WAS-sledge-pivot connection to the room’s floor and the gust generator is mounted
at the inlet of the test section. Figure 15 (right) represents the structural skeleton of the
aeroelastic model, highlighting the WAS-sledge-pivot mechanism.

PIVOT

SLEDGE

Figure 15: (left) WTT3 WT model in test condition with the gust generator at the inlet of the test room, (right)
WTT3 structural model
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Figure 17: The complete WWT3 model installed in the Large POLIMI’s wind tunnel test chamber

The gust generator consists in 6 vanes [55] that are simultaneously deflected to generate the
desired gust shape. The comparison between the numerical scaled gust and the one obtained in
the wind tunnel is illustrated in Figure 18, which shows how the 1-cos shape is obtained and
the peak value is reached, a slight difference is present in terms of frequency.

2L / — Experimental gust|
= = Numerical gust

Figure 18: Experimental and numerical gust profile

The model is equipped with movable surfaces (aileron, IWT flap and elevator) commanded by
a Harmonic-Drive servo-motor [56][57] used to trim the aircraft (elevator only) and to perform
the GLA. The model is equipped with many sensors which are used to monitor the test and to
provide the control feedback: accelerometers located in the wings, fuselage and tail planes,
strain gages along the wing spar, encoder to measure the pitch and control surfaces rotations, a
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potentiometer to measure the plunge. Some accelerometers are located in the same position of
the acceleration sensors used to design the control laws, e.g. the ones on the CoG, on the wing
tip and on the engine section.

Two gust frequencies were considered in the tests, both with positive e negative amplitudes,
they are the gust tuned on the 1% wing bending moment and the gust producing the highest
Wing Root Bending Moment (WRBM).

The comparison between the numerical and experimental results shows how the aeroelastic
behaviour of the WT model is well predicted by its numerical model, Figure 19 compares the
acceleration obtained with the numerical model (scaled reference aircraft) and the one measured
in the wind tunnel for a gust excitation without any GLA controller (open-loop); the peak value
is well matched by the numerical prediction but the numerical response appears to be more
damped.

— Experimental
——Numerical

Acceleration [-]

Time [s]
Figure 19: Comparison of the wing tip acceleration experimentally measured and numerically obtained

Figure 20 shows the evolution of the WRBM, the 1% peak value is perfectly matched by the
numerical model, but as in the case of the acceleration, the evolution of the numerical WRBM
1s more damped.

— Numerical
—— Experimental

R O il i P TR B

WRBM

Time [-]
Figure 20: Comparison of the WRBM experimentally measured and numerically obtained

These first results provide an indication: the free body motion is not perfectly reproduced; this
can be noted by the absence of the free body response after the first peak.

7. WIND TUNNEL TEST RESULTS

The wind tunnel test campaign aimed to investigate the behavior of the GLA control laws on
the scaled model, two flight conditions were investigated, and they are the maximum operating
speed and dive speed at the corner point. The WT speed considered are the reference EAS

values scaled by 1, = %. The gust amplitude considered are obtained by scaling the Vg5t (gas)

of the same scale factor. The gust frequencies tested are the one tuned on the first bending mode
and the one producing the maximum WRBM. This provides the test matrix reported in Table 6
repeated for each controller both in open and closed loop condition, for a total of 16 points for
each controller.
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Table 6: Test matrix

Gust

Flight Point . Amplitude
Frequencies
Tuned & +Tuned &
VMO WRBM max +WRBM max
VD Tuned & +Tuned &

WRBM max +WRBM max

Figure 21 shows the comparison between the Open and Closed, experimental and numerical
WRBM. 1t is possible to see how the peak value of the gust is matched but the response is
different after it: the WT model behaves more like a clamped wing where the rigid body
response is missing. This aspect directly impacts on the controllers’ performances where the
CoG acceleration is a feedback measure used to compute the control surfaces deflection, in the
SOF case if the CoG acceleration is value, the required deflection is lower due to the
proportional nature of the controller. This latest aspect can be seen in Figure 22, where the
experimental results are compared with the numerical ones: a generalized lack of correlation is
present for several reasons:

Bending [-]

The rigid body motion is not fully reproduced, and it introduces two main issues: the
first one is the missing CoG acceleration in the feedback which limits the surface
command with respect the numerical prediction, the second one is the “clamped”
behavior of the model where is missing the load relief due to the plunge motion. While
the second effect affects both OL and CL responses, the first one impact on the CL
response only. This aspect strongly influenced the Hoo controller because the rigid body
measures were relevant for the state reconstruction and for the input computation.

The model is trimmed with the WAS, but due to the lift force the pitch limiter device
introduces a static friction that makes difficult to trim the model with the elevator. This
is the reason why the model is not fully free in plunge motion. This is translated into an
uncertainty in the initial trim condition which may leads to different gust responses.
The efficiency of the control surface is lower in the wind tunnel model and higher
deflection are required to obtain the same responses, as explained in the following.

SOF400

|
——Experimental Open Loop
——Experimental Closed Loop |
----Numerical Open Loop
- ---Numerical Closed Loop

Time [-]

Figure 21: Numerical vs. Experimental Open and Closed loop at WS00 for SOF400
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Figure 22: WRBM variation for SOF controller, experimental and numerical results

A comparison between the numerical and experimental transfer functions between the aileron
rotation and the wing tip acceleration (Figure 23), shows a lower magnitude for the WT model,
this fact is due to the lower aerodynamic efficiency of the control surfaces in low-speed
condition. This can be partially solved in the wind-tunnel by scaling the control input by a
constant ratio, with a kind of amplifier (gain value in the WT Simulink control scheme). The
drawback is that excessive scaling factor may lead to saturation in speed and velocity affecting

the test with a non-linear effects, for this reason instead of a scaling factor of i = 1.6 it was

used a factor of 0—175 = 1. 3 that proved to do not reach saturation in the numerical simulation of
the SOF HF family. This partially recover the control surfaces effectiveness loss.

40 -
=——Numerical

30 = ==Experimental
= =Numerical input/0.6

dB [g/rad]
s 3

o
T

10° 10
Frequency [s]

Figure 23: Experimental FrF comparison

Figure 24 sows the results obtained with the augmented experimental and numerical gains, the
comparison is performed between the numerical simulation obtained for the SOF HF family,
where better electronics allows to scale the nominal matrix by a factor of 3. The experiment test
used a scale factor of 4 which considers the gain scaling and the 0.75 factor due to the control
surfaces efficiency loss. In this case better alleviation performance can be achieved w.r.t. the
nominal gains, but the experiment is still affected by the limitations due to the limited plunge
as discussed before. However, a WRBM reduction of 20% is achieved for the experimental
SOF401 HF controller.
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Figure 24: WRBM variation for SOF controller with augmented gains, experimental and numerical results

8. LESSON LEARNED AND EXTENSION TO THE REAL AIRCRAFT

The AIRGREEN?2 project produced a huge number of results and extended the knowledge
about the Gust Load Alleviation technologies for a new generation regional liner. This work
shows how new dedicated control surfaces can be used to perform GLA in combination with
conventional control surfaces or as dedicated surfaces. Key factor for the effectiveness of the
control laws is an adequate hardware, which must ensure sufficient performances to achieve
reduction close to the target of 20% of the dynamic loads.

The designed Wind Tunnel model allowed to perform an extensive validation campaign of the
developed GLA controller, remarking their effectiveness and their robustness.

With respect to the previous GLAMOUR project [17][18], some hardware modification
improved the repeatability of the test, hence providing more reliable results. Despite this
improvement, the rigid body motion of the model is not fully reproduced and impact directly
on the effectiveness of the controllers. At the end of the test session, a gust response without
the pitch limiter mounted show a sensible improvement of the model trimming (pitch motion),
while other modifications are now under implementation to better reproduce the plunge motion.
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