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Abstract: The development of flight control laws is commonly divided into primary func-
tions, which control the aircraft’s attitude, and secondary functions which mitigate structural
loads. This approach is justified by the separation of eigenfrequencies of the rigid body and
structural modes of, e.g., large transport aircraft. For very lightweight and flexible unmanned
aircraft, such as the German Aerospace Center’s High Altitude Long Endurance (HALE) air-
craft "THAPalpha”, however, this approach is not suitable due to the overlap of the rigid body and
structural modes. This paper addresses the challenges for flight control design which are posed
by this finding and we propose a flight control design process which considers the structural
and rigid body modes by using a fully flexible aircraft model. The control design is validated in
the frequency domain first, using classical performance and robustness criteria, before moving
on to a non-linear, high fidelity simulator for further validation.

1 INTRODUCTION

High Altitude Long Endurance (HALE) aircraft are operated at altitudes of up to 25 km in
the stratosphere. Mission scenarios for those aircraft are similar to satellites and require the
platform to stay airborne in the stratosphere from multiple days up to several months. Further-
more, the platform shall be able to fly on a desired (ground) track and perform multiple cycles
from take-off to landing with the possibility of maintenance or exchange of its payload at rel-
atively low cost. Staying airborne as heavier than air vehicle by the use of only solar energy
requires extremely light weight structures. Compared to classical unmanned aerial vehicles, the
described aspects result in high structural flexibility, a low tolerance on external (aerodynamic)
loads and an unusual low airspeed in combination with a very small flight envelope. Especially
the interaction of the structural dynamics with the short period mode is a major novel issue.
The contribution of this paper is the proposal of a generic flight control system design strategy
for HALE which considers the extraordinary dynamics of the configuration, as well as the need
for robustness and stability in the control design. This publication focuses on the three major
aspects:

1. modeling the flexible aircraft with a focus on enabling the primary flight control design
in Section Section [2}

2. an overview of the chosen architecture and robust control design in Section @;

3. the extensive validation process of the flight controller using a high-fidelity simulation
model in Section



2 FLEXIBLE AIRCRAFT MODEL

For the design of the Flight Control Software (FCSW), a flexible flight dynamics model has been
implemented based on the model data in references [[1-3]. The model uses standard flight me-
chanics equations of motion [4] as implemented, e.g., in the German Aerospace Center (DLR)s
VARLOADS toolchain [3]].

The rigid part of the non-linear equations of motion is defined as
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with the aircraft’s mass m, its moment of inertia I, and the linear and rotational velocities Vy,
(2. The flexible equation of motion is defined as a second-order linear equation of the form
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with the mass matrix Mg, damping matrix Dy, and stiffness matrix Ky. The variable uy denotes
the modal displacement of the structural nodes of the model. The equations and (2) have
the external forces and moments Pg’“ on the right-hand side. These are calculated from the
aerodynamic and propulsion loads.

The modeling process and the equations of the flexible aircraft simulation model are described
in more detail in [6]] and [[7]. Important for the design of the primary flight control functions
is the application of a drag polar and flight mechanical effects like roll-yaw coupling due to
application of directional lifting forces. The methodology of accounting for these effects in line
with classical aeroelastic matrix formulations is described in []].

Additionally, via the force summation method [9]], load recovery can be executed. This en-
ables the analysis of structural loads at various cut-points within the aircraft in post-processing.
Additionally, the load monitoring stations can be set as an output during linearization. This
possibility can be used later in the validation and verification (V&V) framework to determine
the influences of the controller on the peak structural loads.

The above-presented non-linear model serves for:

1. generating linear models of the form
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which are used for linear control design using robust control design methods. The vector

x denotes the state vector, including relevant rigid body and flexible states, u is the con-

trol input, i.e., control surface deflection angles, y denotes the output vector and d is the
disturbance vector added after linearization.

2. The non-linear model is used for simulations in the software-in-the-loop (SIL) environ-
ment to evaluate the control laws.



3 FLIGHT CONTROL DESIGN

The control structure is selected as a cascaded architecture [[10], consisting of an inner loop,
which tracks the roll attitude ® and pitch attitude ©. The outer cascade is the auto-pilot (AP)
which follows commands in the flight path angle (FPA) ~, equivalent airspeed (EAS), and track
angle y. On the right-hand side, not included in the control software, the block AIRCRAFT
MODEL denotes the non-linear, flexible aircraft dynamics including sensors and actuators. For
the control design, the actuators and sensors are simplified as second-order dynamics and a
delay approximation. From Figure [I] the following four main control modes exist, of which
modes two and three will be assessed in the V&V in the following Section [}

1. Manual Mode: the pilot command is mapped to the control surfaces, and no protection
algorithms are active.

2. Augmented Mode: the inner loop rate-command-attitude-hold (RCAH) control law is
active, and the pilot command is interpreted as pitch and roll rate command.

3. Flight Path Mode: the autopilot controls the flight path vector with the entries airspeed,
FPA, and course angle command ([V, v, x|7), defined by the operator.

4. Managed Mode: an Flight Management System (FMS), which is not part of the FCSW,
controls the aircraft trajectory and provides the flight path vector command.

Additional controller components depicted in Figure |1| are the control allocation, which maps
the inner loop command to the control surfaces. In this case, a fixed allocation is chosen,
since the minimal weight requirement of the aircraft causes hardly any redundancy in the High
Altitude Long Endurance (HALE) which would allow dynamic re-configuration. The Envelope
Protection, however, tracks the airspeed and angle of attack (AoA) during Augmented Mode
operation and dynamically adjusts the pitch attitude limits in the inner loop according to the
current airspeed vector. This function can be disabled as soon as the airspeed is managed by the
autopilot. The design of the inner loop and autopilot control laws used structured H,, control
and has been presented in [[10].
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Figure 1: Flight control software architecture.



4 SIMULATION-BASED VALIDATION

This section presents the non-linear simulation-based validation of the closed loop system in-
cluding the flexible aircraft model and the designed control system.
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