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Abstract: In a traditional aircraft design process, the air-frame is designed first, followed by
synthesizing the control system. This sequential method does not guarantee the best possible
closed-loop performance. The goal of the paper is to propose automatic control design methods
for flexible aircraft. Such approach enables the inclusion of the control design algorithms into
the multidisciplinary design optimization (MDO) of aircraft design. In such an extended MDO
framework, called co-design, the sizing, structural dynamics, acrodynamics and the controllers
of the aircraft are optimized in one single step. Co-design allows the usage of control tech-
nologies early in the conceptual preliminary design stage of aircraft design. A demonstrator
aircraft T-Flex serves as a test bed for the conceptual co-design. DLR’s Remote Component
Environment (RCE) framework is used as the backbone for the MDO toolchain implementa-
tion. The control design algorithms of the co-design considered in the paper are the baseline
and the flutter suppression controllers, which require a control oriented aeroservoelastic model.
The modeling is done via the bottom-up modeling approach and the resulting control oriented
models are given in the linear parameter-varying (LPV) framework. The baseline control sys-
tem features a classical cascade flight control structure with scheduled control loops to augment
the lateral and longitudinal axis of the aircraft. The control loops use scheduled elements of
proportional-integral-derivative (PID) controller structures. The flutter controller aims to miti-
gate the undamped oscillations of the wings that occur if the aircraft is flying beyond the flutter
speed. Parametric and dynamic uncertainties are accounted for in the control design. The ob-
jective of the design is to minimize the sensitivity function of the closed-loop while limiting
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the bandwidth of the controller to prevent the excitation of high-frequency dynamics. The ef-
fect of the following parameters on the conceptual co-design is investigated: wing sweep angle
between 0 and 30 degrees and flutter mass between 0 and 0.4 kg. It is examined how these pa-
rameters affect the flutter modes of the aircraft and the performances of the baseline and flutter
suppression controllers.

1 INTRODUCTION

In order to reduce harmful emissions and operating costs, one of the main directions of fu-
ture aircraft design is to increase the wing aspect ratio and decrease weight. Such air-frames
however, have increased aeroelastic behavior that are often prone to instability. Control de-
sign for such flexible air vehicles, which might require active flutter suppression controllers,
is a greater challenge than for classical rigid-like aircraft. There exist several recent research
projects investigating control design methodologies for flexible aircraft. These are the Perfor-
mance Adaptive Aeroelastic Wing (PAAW) project in the USA, [1]] and the Flutter Free FLight
Envelope eXpansion for ecOnomical Performance improvement (FLEXOP) and Flight Phase
Adaptive Aero-Servo-Elastic Aircraft Design Methods (FLIPASED) projects in the EU, [2,3].
A conceptual aircraft design is commonly obtained via a classical multidisciplinary design opti-
mization (MDO) process, where the structure and aerodynamics are optimized in one common
step. The control design comes at a later stage. In the case of flexible aircraft, such a sequential
structure-aero and control design optimization might lead to a sub-optimal performance aircraft
because the increased airframe flexibility leads to increased complexity in the control design
step. The challenges related to future conceptual aircraft designs this paper is focusing on are
therefore twofold. First, more advanced control loops are expected to be addressed and second,
the classical MDO approach might not be sufficient for airframe optimization. It is important
to include the control design aspects early-on in the preliminary stage of conceptual aircraft
design for air vehicles with increased structural flexibility. This can be achieved by including
the control design into the MDO process of aircraft design. Such approach, where the aerody-
namics, structural dynamics and the control design are optimized in a common step is called
co-design [4-7]]. In case of co-design for flexible aircraft, on top of the baseline controller
design, the active flutter suppression control design needs to be investigated as well.

One of the main challenges of co-design is finding a suitable control oriented modelling and
control design structure that can be included into the MDO process. The linear parameter-
varying (LPV) [13/14]] framework is well suited for control design for flexible aircraft, for
which a suitable low order control oriented LPV aeroservoelastic (ASE) model for flexible
aircraft is crucial. The ASE model of an aircraft is typically constructed based on the integration
of aerodynamics, structural dynamics and flight dynamics subsystems, [8H11]]. The models of
the subsystems are developed separately which are then combined. This way the ASE model is
formed. One of the challenges with such ASE models is that they are typically of too high order
for control design. Therefore, low order control oriented model is required. The main approach
for the control oriented model development is the “bottom-up” modeling [[12]]. The key idea
of the bottom-up modeling is the following. The subsystems of the ASE model in general
have simpler structure than the nonlinear ASE model. Therefore, the subsystems containing
the structural dynamics and aerodynamics model can be reduced by simpler, more tractable
reduction techniques. Creating the ASE model from the reduced subsystems leads to the control
oriented model which is suitable for control design. If such modelling framework is to be used
for co-design, the control oriented model generation needs to be done in an automatic fashion.
The control design step for flexible aircraft typically involves a lot of manual tuning and trial
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and error steps until the controller with the highest performance and robustness is achieved.
In addition, the control synthesis often has a high computational load. In order to include the
control design step into the MDO, it needs to have small computational load and the algorithm
needs to be robust against the aerodynamic and structural dynamic changes that occur during
the optimization process. The whole MDO process needs to operate in an automatic fashion,
without hand tuning. In addition to the control synthesis, performance and robustness analysis
of the resulting controllers needs to be carried out in an automated fashion as well. Some of the
automation aspects of the model generation and control design are elaborated in [23].

The main goal of the paper is to develop an extended MDO toolchain that is capable of co-
design for flexible aircraft. By this approach the airframe parameters and the controllers can
be optimized in a common step. The aircraft under consideration is the T-Flex aircraft, which
was designed and built in the FLEXOP and FLIPASED projects. This aircraft serves as a test
bed for active flutter suppression control methods because it has two unstable flutter modes
within the flight envelope. Therefore, it serves as a good candidate for the co-design toolchain.
The T-Flex demonstrator UAV is shown in Figure [T] and it is presented in Section 2] The co-
design toolchain developed in this paper, described in Section [2} is implemented and tested
in the Remote Component Environment (RCE) environment , Section @ The MDO co-
design toolchain is utilized to assess the effects of several aircraft design parameters on the
flutter modes and the control design related consequences of these parameters. For this, first the
control oriented model development, control design and analysis algorithms are automated and
implemented into the MDO toolchain, Sections ] and 5] Second, a parameter study is executed
and the effects are evaluated, Section [6] The parameter study considers the variations in the
flutter mass and wing sweep angles.

Figure 1: T-Flex demonstrator aircraft

2 REFERENCE AIRCRAFT AND MDO TOOLCHAIN ARCHITECTURE

The reference aircraft of the MDO toolchain is the T-Flex demonstrator of the FLEXOP and
FLIPASED projects [2/3]. This aircraft has the following main characteristics. The aircraft has
a wingspan of 7m and aspect ratio of 20. The aircraft has a 300 N jet engine. The empennage
is configured as a V-tail and each wing has 4 control surfaces, . The outer control surfaces
are used for flutter suppression, see Figure 2]

The reference aircraft has two unstable aeroelastic modes. The first aeroelastic mode (symmet-
ric) goes unstable at 52 m/s and 50.2 rad/s and the second (asymmetric) at 55 m/s and 45.8 rad/s.
In order to have sufficient bandwidth, custom made actuators are designed for the aircraft. In
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Figure 2: T-Flex aircraft control surface configuration

addition to the GPS and air data probe, the aircraft has inertial measurement units (IMUs) at the
center of gravity and in the wings as shown in Figure 3]
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Figure 3: T-Flex aircraft sensor configuration

The central component in this scenario is the MDO toolchain, which encompasses its own
optimization process and returns to the Common Parametric Aircraft Configuration Schema
(CPACS) generation block after each iteration. The overall architecture of the MDO toolchain
is illustrated in Figure ] The co-design architecture starts with the design variables as the input.
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Figure 4: MDO Toolchain for demonstrator T-FLEX

These in the present case are the wing sweep angle A and the flutter mass my; with nominal
values Ao, = 20° and myy,,, = 0.24/, kg, respectively. The CPACS description file is gen-
erated based on the design parameters in Block 1 and the aircraft geometry is updated in Block
2. Blocks 3 then generates the finite element model (FEM) and the aerodynamic model. The
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ASE model is then generated in Block 4, based on which the Mission Model, the Handling
Quality (HQ) Model and the Flutter models are constructed in Block 5. The baseline (HQ) and
flutter suppression controllers are designed and evaluated in Block 6. The primary objective of
the MDO toolchain is to demonstrate the enhancements achieved through optimization, encom-
passing aircraft geometry, sizing, modeling, and control design concurrently, in comparison to
the reference aircraft. The relative increase of the flutter speed with active flutter suppression
control is chosen as the main cost function of the mission analysis. The subsequent sections will
provide a concise overview of the function blocks within the MDO toolchain and the standard
tools employed.

3 REMOTE COMPONENT ENVIRONMENT

DLR’s Remote Component Environment (RCE) [[17,|18] is an open-source software environ-
ment for defining and executing workflows containing distributed simulation tools by integrat-
ing them into a peer-to-peer network. The RCE framework is used as the backbone for the MDO
toolchain implementation. The following description has been taken from the related publica-
tion by the main developers, Boden et al. [[17,|18]]. RCE is being developed primarily by DLR
and has been used in various engineering projects, including several aerospace projects dealing
with MDO and multidisciplinary analysis (MDA). RCE has several advantages that can help
to achieve more reusable multidisciplinary processes. The workflow is composed of built-in
and user-defined components. Disciplinary tools are integrated as standalone components, with
defined inputs and outputs, and then distributed over the network. While executing the work-
flow, data dependencies between the components are automatically detected, and a component
is executed as soon as all its input data is available. Thus, multiple components can run at the
same time. The components of a multidisciplinary process can also be executed in a distributed
manner, where the tools are located on different machines with possibly different operating
systems. Once configured, the peer-to-peer network is automatically established between the
RCE instances running on different machines, making components visible and executable even
between instances that are only connected indirectly. The distributed execution capability alle-
viates tool deployment issues, Figure [5] including those related to the protection of intellectual

property.
# B
D e

LR Goéttingen DLR
@ Cologne

- @qﬁ @ SZTAKI

= Budapest

Rl

i DLR Oberpfaffenhofengﬁ@ ' @ e .I.Iim Munich
(] === R

Figure 5: Distributed RCE workflow
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RCE supplies a graphical editor for creation of workflows, using the built-in components to con-
trol the data flow. Some built-in components can be used to perform optimization tasks within
the workflow, including nested loops, using built-in or user integrated optimization algorithms.
After integrating the tools required for the execution of the workflow, the user may compose
them into a workflow. To this end, RCE offers a graphical editor allowing the user to construct
a workflow by first dragging and dropping the required components into the editor and subse-
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quently connecting their respective inputs and outputs. After constructing such a workflow, the
user can execute it. The data model CPACS has been introduced and developed at the German
Aerospace Center (DLR) since 2005. CPACS is implemented in XML. The data of the aircraft
and the resulting controllers are stored and shared between the blocks via CPACS.

The final implementation of the workflow can be seen in Figure [0] The figure also indicates
the responsible partners within the FLIPASED project. Technical University of Munich (TUM)
handles the design parameter inputs, the geometry, FEM model and the aerodynamic panel
generation (Blocks 1, 2 and 3 of Figure[d], blue blocks in Figure[6]). DLR is responsible for the
ASE model generation and for the open loop mission analysis (Block 4 in Figure ], orange and
green blocks in Figure [6]), while the Institute for Computer Science and Control (SZTAKI) is
responsible for the control oriented modelling, control synthesis and analysis blocks (Blocks 5
and 6 in Figure 4], pink blocks in Figure[6]).
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Figure 6: Implemented RCE workflow

4 AIRCRAFT MODELLING
4.1 Dynamical high complexity model construction block (TUM)

The TUM block takes the design parameters as input and constructs a high fidelity nonlinear
model of the aircraft. From this high fidelity model the control oriented models for the vari-
ous control design applications can be derived. Catia model of wing -1 is reconstructed with
parametrized platform and structural layout. The current CAD model is fully capable of han-
dling the design parameters. The geometrical modelling process is automated with the Catia
macro language. Structure of wing -1 was modelled in HyperMesh (Figure [7}). All the model
generation operation was programmed with HyperMesh native macro language TCL. Currently
the geometrical and structural modelling tools are integrated in the RCE framework and works
automatically without human intervention.

The aerodynamic modelling tool for aeroelastic analysis is developed with PyNastran (Figure
). It is implemented with a CPACS interface to ease the data input and has a default Nastran
output. The tool is also integrated into RCE. The block provides the FEM and the aerodynamic
panels as output.
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Figure 7: Wing FEM generation

Figure 8: Wing DLM generation

4.2 Nonlinear model generation and open loop flutter analysis (DLR)

The outputs of the TUM block serve as the input for the DLR blocks. The FEM and aerody-
namics panels are integrated into Nastran and a Simulink nonlinear model is generated. Details
of the aeroservoelastci modelling can be found in [11},[19]. Furthermore, different methods of
flutter analysis are applied for the open-loop model, in order to validate the used tools. The
Simulink model representing the nonlinear flexible aircraft dynamics can be used in order to
determine the open-loop flutter speeds and frequencies. The aircraft is trimmed and linearised
for a couple of flight conditions. Especially, differences in flight speed are of interest for the
demonstrator aircraft, as they have the biggest effect on the aeroelastic modes. The set of lin-
earised state-space models is then analysed with respect to their eigenvalues. As soon as a pole
crosses the imaginary axis and migrates to the right half plane, unstable flutter becomes an is-
sue. Based on the trimmed airspeed of the linearised systems it can then be determined what
the flutter speed is.

4.3 Control oriented modelling of the T-Flex demonstrator aircraft (SZTAKI)

The MDO toolchain includes several control design blocks. These blocks require a control
oriented model of the aircraft, which serves as the foundation for the control design. It is
assumed that in the MDO process, the flutter tuning mass and the sweep angle of the wing can
change. This can lead to slightly different flutter modes, flexible behaviour and aerodynamic
parameters compared to the reference model. The automatic control oriented model generation
needs to account for and to capture these changes in a robust and automatic manner. In the
remainder of the section, the main aspects of the model generation are presented in this respect.

Flexible aircraft are typically modelled using subsystems. The structural dynamics model, the

7
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Figure 9: ASE subsystem interconnection

aerodynamics model and the flight mechanics model are combined to form the aeroservoelastic
(ASE) model. Such subsystem interconnection is depicted in Figure 9] These ASE models in
general are of too high order for control design, therefore, model order reduction is required.
One approach applied for the MDO process is the bottom-up modeling approach, [11.|12,19].

The key idea of the bottom-up modeling is the following. The subsystems of the ASE model
in general have simpler structure than the nonlinear ASE model. Therefore, the subsystems
containing the structural dynamics and aerodynamics model can be reduced by simpler, more
tractable reduction techniques. Combining these reduced order subsystems results in a low
order nonlinear ASE model upon which a nominal, low order, control oriented models can
be obtained. The control oriented models are based on the LPV framework, [13,/14]. The LPV
framework can serve as a good approach to model ASE systems for control design. The benefits
of utilizing the LPV framework are the following; it can capture the parameter varying dynamics
of the aircraft and many of the linear time-invariant (LTI) control design techniques have been
extended to LPV systems. An LPV system is described by the state-space model [|13,[20]]

i(t) = Alp(t)) 2(t) + Bp(t)) u(t) (1a)
y(t) = Clp(t) 2(t) + D(p(t)) u(t) (1b)

with the continuous matrix functions A: P — R"™*" B: P — R"*" (. P — R"*"=,
D: P — R"™*", the state z: R — R", output y: R — R™ input u: R — R", and a
time-varying scheduling signal p: R — P, where P is a compact subset of R". The system is
called quasi LPV model if the parameter vector p includes elements of the state vector x. The
system matrix S(p(t)) is defined as

B
Clp(t)) D(p(t)) )

In a grid-based LPV representation ( [20]]), the system is described as a collection of LTI models
(Ak, Bk, Cy, Di) = (A(px), B(px),C(pr), D(px)) obtained from evaluating the LPV model
at a finite number of parameter values {p;}/* = Paia C P. Using the bottom-up modeling
approach, a full order and a low order LPV model is obtained. The full order model is con-
structed without reducing the subsystems, while the low order model is obtained by reducing

8
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the structural dynamics and aerodynamics subsystems. The main measure of the accuracy of
the low order model is the v-gap metric, [21]]. The v-gap between the full and low order models
is calculated frequency wise at each grid point.

The modeling block in RCE takes the structural dynamics (M, Knp, Bry) and aerodynamics
data (Q)p) as input via CPACS from DLR. These parameters are expected to change due to the
MDO optimization, the rest of the model properties are assumed to be fixed.

4.3.1 Reduction of the structural dynamics model

The structural dynamics of the aircraft are of the form
Mn + C77 + IC77 = Fnodal 3)

where F},qa i the force acting on the structure in modal coordinates, M, C and K are the modal
mass, damping and stiffness matrices respectively. The full order structural model contains 50
modes, thus the structural dynamics model consists of 100 states. The structural dynamics
model is an LTI system, thus state truncation can be applied.

4.3.2 Reduction of the aerodynamics model

The aerodynamic lag terms take the state-space form

. 2V1as iri?id
Laero = ?Alagxaero + Blag 77 4
bs 4)

Yaero = C(lzzlgaj aero

where Viag is the true airspeed, 444 1s the rigid body state, 7 is the modal state of the structural
dynamics, d is the control surface deflection and ¢ is the reference chord. The full order model
consists of 1040 lag states. Using the aerodynamics model given by Aj,e, Biye and Ci,, in (@) an
LTI balancing transformation matrix 7, is computed. The balanced states of the aerodynamic
model with the smallest Hankel singular values are residualized, leading to a reduced order
aerodynamics model.

The initial model order reduction produced the following results. The structural dynamics
model can be reduced in the following way. In order to keep the v-gap between the high fi-
delity and the low order model low the first six structural modes are retained. Removing further
structural modes results in a large increase in the v-gap. This way, a 12 state structural dy-
namics model can be obtained from the 100" order model. In case of the aerodynamics model,
retaining two lag states results in a low order model with acceptable accuracy. The resulting
nonlinear ASE bottom-up model has 26 states that consists of 12 rigid body states, 12 structural
dynamics states, 2 aerodynamic lag states. Note, that the actuator dynamics are not included in
the control oriented model. The v-gap between the full order and the reduced order model of
the full order aircraft model for different airspeed values is given in Figure [I0]

4.3.3 Uncertain low order model

The next step is to develop uncertain LPV models of the aircraft. Uncertain models can be
developed by extending the structural dynamics model with the uncertain parameters. These
uncertainties appear in the mass matrix K and in the damping matrix C in (3] of the nonlinear
ASE model and are denoted by dx and ¢, respectively. Based on this uncertain, nonlinear

9
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Figure 11: Uncertainty of the flutter modes: nominal model (blue), uncertain (red)

model a grid-based uncertain LPV model is constructed. The grid-based uncertain LPV model
is obtained over a 3 dimensional grid. The grid consists of 31 equidistant points of the airspeed
between 30m/s and 70m/s, 3 points of the natural frequency in the structural dynamics between
+1% of the nominal value, and 3 points of the damping in the structural dynamics between
+10% of the nominal value. This results in a total of 31 x 3 x 3 = 279 grid points. The
scheduling parameter p can then be defined as

p=| ok (&)

where py,., . is a measured parameter and i and d¢ are unmeasured. These uncertainties have a
significant effect on the flutter speeds and frequencies. The nominal and uncertain flutter modes
of the control oriented LPV model are shown in Figure[I1]

4.3.4 Modeling block resilience

As it can be seen, the bottom-up modeling approach involves a certain degree of heuristics.
These heuristic steps include the selection of the structural dynamics states to retain and setting
the the number of retained aerodynamic lag states. These parameters are hand tuned for the
initial, reference aircraft model. The modeling tool needs to be adopted to the collaborative

10
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design in this respect. This means that the retained the initial structural modes to be retained are
the ones of the reference aircraft. However, it is crucial that after every MDO iteration, the v/-
gap metric is analyzed and that it does not exceed a threshold value. If this value is exceeded, it
means that the bottom up-model is not accurate enough. Therefore, at the expense of increasing
the order of the resulting model, additional structural modes need to be retained. The number of
retained modes is increased until the v-gap values are satisfactory. A similar approach is used
for the order of the lag state aerodynamics model. In this case the number of the retained lag
states is increased until a satisfactory v-gap level is obtained.

The modeling block provides two LPV models, one for the baseline control design (RigAC-
Model) and one for the flexible control design (FlexACModel). The FlexACModel is the low
order, uncertain LPV model of the aircraft obtained by the steps described above. The RigAC-
Model is obtained from the nominal low order aircraft model by rezidualizing the structural and
lag state dynamics. This model serves for the baseline control design, containing only the 12
rigid body states. These resulting models are saved in the ToolSpecific section of CPACS.

5 CONTROL DESIGN AND ANALYSIS
5.1 Baseline control design functions (SZTAKI)

The starting point for the baseline control design is the baseline design for the flight tests. How-
ever, some modifications had to be carried out. The reason for this is that flight test controllers
required a lot of hand tuning to achieve the highest performance. The key idea is to simplify
these requirements in order to achieve controller design alrorithms that can run in an automatic
fashion.

The baseline control design is based on the LPV model obtained in the model integration block,
that has 12 rigid body state and the actuator dynamics. The baseline control design takes the
actuator dynamics and the baseline control design model RigACModel as inputs via CPACS.
The baseline control system features a classical cascade flight control structure with scheduled
control loops to augment the lateral and longitudinal axis of the aircraft, see Figure [[2] The
control loops use scheduled elements of proportional-integral-derivative (PID) controller struc-
tures with additional roll-offs in the inner loops to ensure that no aeroelastic mode is excited by
the baseline controller. Scheduling with indicated airspeed Vs is used to ensure an adequate
performance over the velocity range from 40 m/s to 70 m/s. Structurally the controller consists
of several loops targeting different dynamical modes. Accordingly, intuitive design specifica-
tion for the loops can be formulated by the user in terms of settling times, reference tracking or
robustness margins. The control design itself automatically optimizes the corresponding gains,
in order to satisfy the specified design goals. Once the optimization found a feasible solution
it provides the corresponding control gains and control structure which is then used for the nu-
merical analysis. The main algorithms of the baseline control design based on the approach
described in [22]. The tool used to obtain the respective PID gains is systune of Matlab,
which provides intuitive access to performance specifications and which well suited for imple-
mentation as automatic control design algorithm. In addition, several steps are included in order
to make the automatic control design algorithms more robust against model variations resulting
from the MDO process. These steps are detailed the controller description.

5.1.1 Inner lateral loop design

The inner lateral loop takes the LPV model containing the lateral states, inputs and outputs.
Time and frequency domain control performance specifications are given. The time domain

11
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Figure 12: Baseline control architecture

performance requirements are formulated as a step reference system tracking. The reference
system is given as a second order system

The ideal model is given as

2

Wy,

$2 4+ 2Cwy s + w?

idjat =

where w,, = 0.7 X w,, , is the natural frequency and ¢ = 0.8 is the damping factor of the ideal
model. w,, , is the roll frequency of the lateral model. Such approach improves the robust-
ness of the control design approach with the expense of achieving a sub-optimal performance.
The frequency domain specifications are 5d 5B gain and 40° phase margins. In case the perfor-
mances cannot be met, the design is repeated with design criteria relaxed by 10% until a feasible
controller is found.

5.1.2 OQuter lateral loop design

Once a feasible inner controller is designed, the controller is connected to the lateral LPV model
and the outer, y, loop design starts. The outer loop performance is set up as a step tracking
requirements. The ideal model is given as

0.2
s+ 0.2

Gidlat =

Since the model is generally numerically ill conditioned, it can happen that integrators in the
model appear as stable or unstable real poles with values in the order of magnitude of 1079. In
order to overcome such numerical issues, a soft constraint for the outer lateral loop is to have
all closed loop poles < —0.01. Similarly as in the inner loop, in case the performances cannot
be met, the design is repeated with design criteria relaxed by 10% until a feasible controller is
found.

12
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5.1.3 Inner longitudinal loop design

The inner longitudinal loop takes the LPV model containing the longitudinal states, inputs and
outputs. The performance is set up as a step tracking requirement. The ideal model is given as

2

W,

long 2
i 82 + CwnS + ()7%

where w,, = 1/3 X Wn,.., eri0q 19 the natural frequency and ¢ = 0.8 is the damping factor
of the ideal model. wy,,,, ... 18 the short period frequency of the longitudinal model. In
addition to the tracking requirement, 5d B gain and 40° phase margins are required as well. If
the performances cannot be met, the design is repeated with design criteria relaxed by 10% until
a feasible controller is found.

5.1.4 Outer longitudinal loop design

Before the outer, h, loop design is started, the inner loop controller is connected to the longitu-
dinal model. Time domain control performance specifications are given as response time of 3s,
steady state error of 0%, peak error as 1.2. Since the model is generally numerically ill condi-
tioned, it can happen that integrators in the model appear as stable or unstable real poles with
values in the order of magnitude of 1079. In order to overcome such numerical issues, a soft
constraint for the outer longitudinal loop is to have all closed loop poles < —0.01. Similarly,
these conditions are automatically relaxed in case a feasible controller is not found.

5.1.5 Sideslip loop design

The sideslip, 3, loop takes the LPV model connected with the inner and outer controllers.
This ensures that the sideslip controller to be designed does not interfere with the lateral and
longitudinal controllers. Since the main goal of this loop is to keep 5 = 0, the performance is
set up as a disturbance rejection for a frequency range between 0 and 1 rad/s and the damping
of the closed loop is set to be (,; > 0.125. In addition, 5dB gain and 40° phase margins are
required as well.

5.1.6 Airspeed loop design

For the airspeed, Vg, loop the 12 state LPV model is connected with the lateral, longitu-
dinal and sideslip controllers. The performance is set as tracking requirement with response
time of 35s, steady state error of 0, peak error as 1.5. Some of the design requirements and
performances of the baseline control design can be seen in Figure

Finally, the 4 controllers are connected to the 12 state rigid body model. The response can be
seen in Figure Further details about the baseline control design can be found in [22,23].

The airspeed dependent PID gains for all baseline loops are are saved in the ToolSpecific section
of CPACS under the name Baseline. These are the main outputs of the block. A simple metric
is also returned for the user which indicates the performance of the control loops. This allows
the interaction with the automated design process: the user can formulate tighter or loser spec-
ifications according to the individual needs. A clear graphical representation is also provided
which can be included in the reporting.
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Figure 13: Ezxample baseline control design requirements and results

5.2 Flutter control design functions (SZTAKI)

The flutter controller design is done based on the uncertain LPV ASE model of the aircraft.
Since rigid body modes might be unstable and the aim of the flutter controller is to stabilize the
flutter modes, the inner loops of the baseline controller are connected to the model. The flutter
control design block takes the outer aileron (denoted by L4 and R4) actuator dynamics and the
flutter control design model FlexACModel as inputs via CPACS.

The internal structure of the flutter controller is shown in Figure[T5] The flexible model of the
aircraft is split into the lateral and longitudinal model. The two flutter modes appear separated
in these two system, hence the this separation allows us to stabilize them one-at-a-time. The
controller designed to stabilize the symmetric (longitudinal) and asymmetric (lateral) flutter
mode is denoted by Ky, and K,gm respectively. Both of these controllers are SISO and they
are both augmented by a low pass filter

1.6-10°

F(s) = 55605 7 1.6 10°

(6)

to limit their bandwidth. The input of the flutter controller consists of the pitch rate (¢), and
angular rate measurement from the L6 and R6 IMU sensors (g and gr). The actuating signals
are the deflection commands for the pair of outermost ailerons (ug;, and uggr). These signals are
blended together as depicted in Figure[I5]
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Figure 15: Internal structure of the flutter controller.

The design of both Ky, and K, is carried out for the nominal and uncertain values in the
structural dynamics. The controllers are designed for these values simultaneously with struc-
tured H, synthesis for values of the airspeed between 40m/s and 70m/s. The generalized plant
interconnection is illustrated in Figure Here, the weighting functions are W,(s) = 1/2,
Wy (s) = 1/10°, and 7(s) is the forth order Padé approximation of 15ms delay. The objective
of the synthesis is to minimize the sensitivity function of the closed-loop which results in robust
stabilization. For a detailed reasoning for and explanation of this design process see [24]. The
MIMO flutter controller is then formed by the interconnection of SISO controllers and the filters
as in Figure[I5]

Similarly to the baseline control design algorithm, the flutter suppression control design block
needs to be augmented with basic analysis algorithms to verify if the resulting controller sat-
isfies the control performance specifications. As a main measure, the multi-input multi-output
(MIMO) disc margins are selected. The state-space model of the resulting flutter suppression
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Figure 16: Generalized plant interconnection used for the flutter control design.

controller is the output of the block. The controller is saved in the ToolSpecific section of
CPACS under the name Flutter.

5.2.1 RCE with Modeling and Control design blocks

The performance evaluation is done in two steps. First, it is critical to evaluate the RCE im-
plementation of the modeling and control design blocks for the baseline and flutter suppression
control design. First, an "Input Provider’ is used to send the initial CPACS file, then the Mod-
eling component start processing and sets an output based on the actual modelling script. The
output is forwarded to the Baseline (RigACModel) and Flutter (FlexACmodel) Controller com-
ponents. Once the baseline design is finished, the baseline design gains are sent to the flutter
design block. Finally, the Analysis block receives the flexible model, the baseline gains and the
flutter controller. The modeling, he control design components and the analysis tool function
with a help from external scripts which act like wrappers between them and the actual Matlab
files. The scheduling between the blocks is based on the data that is the output of the preced-
ing block. The output is set using the post-execution commands of the modeling block. The
output is written in the output directory in accordance with the wrapper, so when the current
block finishes, the post execution commands are executed. All RCE block communications and
data sharing needs to be specified in addition to the scheduling of the RCE blocks. The control
oriented modeling blocks output files are referenced in CPACS. These output files are given in
the ToolSpecific field of the CPACS xml file.

The second step is to evaluate the results of the control design blocks. This step is carried out
for each controller individually first. For the baseline controller the first step is to evaluate if
the handling qualities are satisfied or not. If this can not be achieved by the resulting controllers
then the handling qualities need to be relaxed. In addition to the handling qualities, robustness,
gain and phase margins of the resulting controller is evaluated. The analysis results are also
written in the corresponding ToolSpecific field of the CPACS xml file. The flutter controller is
also analyzed if it satisfies the robustness analysis criteria.

5.3 Analysis of the designed controllers (SZTAKI)

The final block of the MDO toolchain is the analysis block. In the present case, the performance
of the baseline and flutter controllers are evaluated. Figure |17 shows the disk margins obtained
by this analysis.

For the closed loop analysis the baseline and flutter controllers are connected with the flexible
aircraft model. The analysis of the closed-loop is based on disk margin calculations. Complex
scalar uncertainties are injected into the channels involved in the feedback loops and the phase
and gain combination at which the closed-loop becomes unstable is computed in each channel,
simultaneously. First, the robustness of the baseline controller is analyzed without the flutter
controller. The speed at which the disk margins become zero is considered the open-loop flutter
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Figure 17: Resulting disk margins

speed. In the next step, the flutter controller is also connected to the system and the margins
are recaclulated. This step reveals how much the flutter controller is able to extend the safe
flight envelope functioning simultaneously with the baseline controller. For a more detailed
explanation the reader is again referred to [24]. The analysis block determines the robust flutter
speed. This is the lowest speed where the closed loop gain margin falls below 1.5 dB or the gain
margin falls below 15 degrees. The absolute flutter speed is the lowest airspeed at which the
flutter mode becomes unstable. The output of the analysis block are the open loop, the absolute
and robust flutter speeds.

6 RESULTS OF THE PARAMETER STUDY IN THE MDO CO-DESIGN TOOLCHAIN

A parameter study for the T-Flex demonstrator was set up in the co-design MDO toolchain.
The design variables are the wing sweep angle A and the flutter mass my;. The design values
are given in Tables |1| and [2 The MDO setup is set up based on the configuration presented
in the paper. All parameter cases run through in RCE with one study taking around one hour
computational time.

Table 1: Sweep angle values

12.5° | 15° | 17.5° | 20°

10\2.5" 5° | 7.5° | 10° 22.5° | 25° | 27.5° | 30°

Table 2: Flutter mass values

[ 0kg [0.06kg | 0.12kg | 0.18kg | 0.24kg | 0.3kg | 0.36kg | 0.42kg |

First, the open loop results are evaluated. For this the symmetric and asymmetric flutter modes
are assessed separately. Figures[I§ and [I9show the results of the parameter study with respect
to the flutter frequency and damping as a function of airspeed. It can be observed that the sweep
angle makes both the symmetric and asymmetric flutter mode frequencies highly airspeed de-
pendent. This could potentially indicate a more difficult active flutter suppression design. In
case of the symmetric flutter mode, the flutter frequency increases as the sweep angle increases,
requiring higher actuator bandwidth and higher sampling rate for the flutter suppression con-
troller. The flutter mass, as expected, has a huge impact on the flutter frequency.

The damping plots show the airspeed where the flutter modes become unstable for each param-
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Figure 19: Flutter damping with respect to the airspeed and parameter variation

eter study case. This happens when the damping becomes negative. It can be observed that the
higher sweep angles push the open loop flutter speed higher. Once the flutter modes become
unstable the slopes of the damping curves remain similar. This means that the sweep angle
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variation does make a huge impact on how aggressive the flutter mode is. In case of the flutter
mass variation, low flutter mass values result in the flutter modes not going unstable up until 70
m/s airspeed. The higher the flutter mass is, the lower the open loop flutter speed becomes.

Second, the closed loop performance is evaluated. Figure [20]shows example of the pole migra-
tions for A = 3° and my; = 0.42 kg.
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Figure 20: Open ('0’, blue) and closed loop ("x’, red) pole migration examples

In Figures 20la and 20]c the pole migrations of the open loop model and the model with the
baseline controller are depicted. It can be observed that the flutter modes are only very mildly
affected by the baseline controller. In Figures [20/b and [20]d the flutter controller is also added
on top of the baseline controller. The flutter modes are pushed to the left, the baseline and flutter
controllers are operating as expected.

Figure 21} shows the open loop and robust closed loop flutter speeds with respect to the pa-
rameter study. As in Figure [I8], the open loop flutter speed increases by increasing the sweep
angle. The closed loop flutter speed remains at a relatively constant level for low sweep angles
after which it start to decrease. At A = 27.5° the open loop robust flutter speed are the same.
This, upon a detailed investigation, turns out to be due to the baseline controller. Recall, that
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the baseline controller is designed based on the 12 state model. Once it is connected with the
flexible model, for this specific case the baseline controller pushes a different aeroelastic mode
unstable for a certain airspeed range, which the flutter controller is not able to stabilize. It does
stabilize the original flutter modes though. Retuning the baseline controller design algorithms
could overcome this problem. However, this phenomena also indicates that designing flutter
suppression controllers is more difficult for higher weep angles. In case of the flutter mass vari-
ation, the open loop and closed loop flutter speeds are at 70 m/s airspeed, which is the limit
until which the MDO was run. At higher masses, the open loop flutter speed decreases, but the
relative gain in the closed loop flutter speeds becomes higher.
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Figure 21: Open loop (blue) and closed loop robust (red) flutter speed variations

Third, the mission analysis is evaluated. The effect of the sweep angle and flutter mass on the
open loop, robust closed loop and absolute closed loop flutter speeds is summarized in Table 3]

Table 3: RCE results; red: reference configuration, blue: best A case, violet: best m ,, case
Mass [kg] | Sweep [deg] | Open loop flutter [m/s] | Robust flutter [m/s] | Increase [%]
0.24 0 52 63 21.15
0.24 2.5 52 63 21.15
0.24 5 52 62 19.23
0.24 7.5 52 62 19.23
0.24 10 53 63 18.87
0.24 12.5 53 63 18.87
0.24 15 54 63 16.67
0.24 17.5 54 64 18.52
0.24 20 55 65 18.18
0.24 22.5 57 61 7.02
0.24 25 58 62 6.9
0.24 27.5 56 56 0
0.24 30 61 66 8.2
0 20 70 70 0
0.06 20 70 70 0
0.12 20 66 70 6.06
0.18 20 60 64 6.67
0.3 20 52 62 19.23
0.36 20 49 59 20.41
0.42 20 45 56 21.74
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It can be seen that the lowest sweep angles give around 21% increase in the closed loop flutter
speed, while the increase in case of the highest flutter mass is almost 22%. Note, that a higher
granularity in the airspeed resolution would probably lead to A = 0 as the optimal parameter for
the sweep angle. Both of the optimal parameters individually resulted in more than 3% increase
with respect to the reference aircraft model.

7 CONCLUSIONS

Future aircraft designs will result in airframes with increased structural flexibility. This in-
creased flexibility requires additional control loops, for example active flutter suppression con-
troller. In a classical approach, the conceptual airframe is a result of an MDO process where
the structure and the aerodynamics are optimized in a single step. The control design comes
later in the design process. Since flexible aircraft require increased complexity in the control
design, the classical MDO might result in a sub-optimal airframe design. The paper proposes
an extended MDO for flexible aircraft, called co-design, where the airframe parameters and the
controllers can be otimizied in a single step. The proposed co-design is presented through the
T-Flex demonstrator aircraft and the implementation is done in the RCE framework. In order to
achieve the proposed co-design, the modelling and control design algorithms have to be set up
in a way that can run automatically without human interaction. The control design algorithms
of the co-design considered in the paper are the baseline and the flutter suppression controllers.
The design parameters of the aircraft are chosen to be the sweep angle and the flutter mass. The
objective function of the mission analysis is the relative increase of the flutter speed with active
suppression. The lowest sweep angles and the highest flutter mass values resulted in the opti-
mal airframe configuration, with above 3% increase over the reference airframe performance.
The presented parameter study demonstrates the applicability and the possible benefits of the
proposed co-design approach for conceptual aircraft design.

In the present paper the sweep angle or the flutter mass were varied only one at a time. In
addition, the workflow is set up to handle the ply angle variations as well. As a future work, we
plan to run the study over the full grid of the available design parameters to get richer data.
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