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Abstract

This paper presents a design framework for automated landing of a lift-plus-cruise vertical take-off and land-
ing (VTOL) unmanned aerial system on a naval ship deck in adverse weather conditions. The work is carried
out as part of a project funded by the Dutch Ministry of Defense and has the goal of testing and extending
operating limits of VTOL configurations on a naval vessel. The presence of strong relative winds and turbu-
lence on a sailing vessel implies that a lift-plus-cruise configuration will commonly find itself in the transition
regime during relative position-keeping and landing in this environment. This leads to a number of distinct
challenges for control law design, which requires optimal use of the available control authority and bandwidth
throughout the entire velocity regime. The proposed approach aims to extend the operating limits by applying
robust control synthesis techniques to i) an existing, cascaded PID setup as benchmark and ii) a unified con-
trol law architecture based on incremental nonlinear dynamic inversion. A landing trajectory generation mod-
ule based on predictions of the ship motion completes the automated landing system. The insights from this
paper serve as a basis for control design and future real-world flight tests on a naval ship deck.

1. NOTATION
Acronyms: LOES Low-Order Equivalent System
CETI Control Equivalent Turbulence Input MBD Model-Based Development
DGPS Differential Global Positioning PID Proportional-Integral-Derivative

System SITL Software-In-The-Loop
DRB Disturbance Rejection Bandwidth SUOL Ship-UAS Operational Limits
DRP Disturbance Rejection Peak UAS Unmanned Aerial System
HITL Hardware-In-The-Loop VTOL Vertical Take-Off and Landing
INDI Incremental Nonlinear Dynamic

Inversion

2. INTRODUCTION
Copyright Statement Small and medium-sized drones are increasingly

used for various applications in the security and
military domain. Within naval operations, their low
cost and high degree of automation can provide
valuable new capabilities. However, naval ship
decks represent a challenging environment for both
manned and unmanned aircraft with strong winds,
gusts and turbulence in the ship’s air wake as well
as the motion of the deck itself, while sailing at sig-
nificant speeds. This paper describes the work car-
ried out as part of a project funded by the Dutch
Ministry of Defense on technology development for
automated landings of UAS on naval ship decks
under adverse weather conditions. The proposed
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Figure 1: VTOL UAS test platform: DeltaQuad EVO

technology consists of (i) advanced control laws for
gust and turbulence rejection in harsh ship wind
climates and (i) automated trajectory planning
based on ship motion prediction. The UAS on which
these technology developments are demonstrated is
shown in Figure 1 and represents a lift-plus-cruise
configuration. This configuration typically offers de-
sirable mission capabilities by combining vertical
take-off and landing (VTOL) with efficient wing-borne
flight for increased range and endurance. The air-
frame has a maximum take-off weight of 10kg and
cruise speed of 16.7m/s. Its four hover propellers
allow it to take off and land vertically, whereas its
wing, elevons and pusher propeller allow for efficient
wing borne cruise flight.

Despite their advantages, however, the presence of
aerodynamic surfaces leads to challenges in strong
winds and gusts, as these lead to significant aero-
dynamic forces and moments. Furthermore, the
particular mission profile of landing on a moving ship
in non-zero winds implies that the UAS will common-
ly operate in the transition regime. Since good tra-
jectory-following performance and desirable flying
characteristics should be achieved in the critical
phases of approach and landing, this means that
significant performance and robustness is expected
from the control laws. However, classical transition
schemes typically blend or switch between hover
and wing-borne flight controllers as a function of
measured airspeed. This typically includes distinct
front- and back-transition modes, during which the
vehicle accelerates or decelerates (i.e., transitions)
to or from stable wing-borne flight. The default con-
trol laws of the demonstrator UAS, which makes use
of the PX4 Autopilot? system architecture, are also
based on this strategy. However, in harsh maritime

2PX4 user guide: https://docs.px4.io/main/en/ (Re-
trieved July 25, 2025)

Figure 2: Naval vessel used in the project: LPD-2.
Credits: Mediacentrum Defensie

environments that are dominated by turbulence and
gusts, the concept of front- or back-transition be-
comes void as the UAS is expected to perform sta-
tion-keeping with respect to a moving reference
while being subject to rapid changes in relative air-
speed. Therefore, a blending or switching strategy is
expected to lead to (severe) performance and han-
dling issues and may (in some cases) even lead to
instability. Moreover, in addition to challenges result-
ing from strong winds and flying in transition mode
for prolonged times, the motion of a ship deck gen-
erally requires precise relative navigation and timing
to avoid high relative vertical velocities and exces-
sive relative bank angles at touch-down.

The project goal is to test and extend the operating
limits of the demonstrator lift-plus-cruise configura-
tion (Figure 1) for naval ship deck operation by (i)
generation of landing trajectories that take into ac-
count the motion of the ship to minimize relative
velocity at touch down and (ii) development of con-
trol laws and -logic that improve disturbance rejec-
tion and overall flying characteristics in strong turbu-
lence and gusts. Besides the UAS and naval vessel
used in this project (Figure 1 and Figure 2), the ap-
proach should be suitable for a larger range of Class
1, 2 UAS and different ships such that it can be ap-
plied to the future heterogenous drone fleet operated
by the Netherlands Royal Navy.

With respect to landing trajectory generation, exist-
ing approaches can be divided into using a fixed
trajectory in space and time (Refs. 1,2) or using
trajectories optimized with respect to either the ship
motion (Refs. 3,4) or the air wake (Refs. 5,6). The
approach presented in this paper uses a trajectory
that consists of a fixed vertical velocity profile and
optimized touch-down timing based on motion pre-
dictions (Refs. 7,8). In terms of improved turbulence
and gust rejection properties of UAS, existing litera-



ture proposes a variety of different methods, ranging
from gain tuning to maximize attenuation in relevant
frequency bands (Refs. 9,10), adaptive control (Ref.
12), sliding-mode control (Ref. 13) and incremental
control (Refs. 14-16). Within this project, two ap-
proaches are followed in parallel. First, a benchmark
(i.e., standard) approach is followed to optimize the
feedback gains for improved disturbance rejection of
a cascaded Proportional-Integral-Derivative (PID)
controller architecture with classical transition logic.
This strategy requires relatively little modification to
the default UAS control laws and connects naturally
to the notable class of explicit model-following con-
trollers (Refs. 9,17) when command models are
incorporated as an additional feedforward degree-of-
freedom; however, for the reasons listed before, it is
anticipated to provide only small improvements for
the operational limits. Therefore, a second, unified
controller is proposed based on the principle of in-
cremental nonlinear dynamic inversion (INDI) and
extended control allocation techniques. This setup
has been repeatedly shown in the literature to result
in good performance over wide flight envelopes for
(predominantly land-based) VTOL vehicles (see,
e.g., Refs. 18-21). However, maritime applications of
INDI-based control laws for UAS have been relative-
ly scarce, with Ref. 22 forming a notable exception.
For both the PID and INDI controller configurations,
control design and analysis is performed based on
model-based development (MBD) using a multidis-
ciplinary simulation environment. The robust control
framework forms the basis for systematic tuning of
the available design parameters against a compre-
hensive set of requirements.

The presented benchmark and unified approaches
will ultimately be tested in real-world flight tests to
evaluate their potential for improving the ship-UAS
operational limits (SUOLs) of the demonstrator lift-
plus-cruise configuration for landing on a ship deck.
It must be remarked that the project is agnostic of
the positioning system used for relative navigation.
For the demonstration flight tests, relative navigation
will be provided by differential GPS with respect to
the ship deck. The controller design will aim to
achieve robustness to measurement error, time de-
lays, data gaps, etc. representative for both DGPS
and, e.g., optical means of relative positioning. With
the latter, future scenarios such as ship deck landing
in GPS-denied environments are anticipated for.

Summarizing, the contribution of this paper reads as
follows: a robust, unified, incremental control frame-

work is described for automated landing of a lift-
plus-cruise UAS on a naval ship deck, including
trajectory planning based on ship motion prediction
and control laws for improved gust and turbulence
rejection throughout the entire velocity regime, with
the goal of testing and extending operating limits of
such a configuration.

3. SIMULATION ENVIRONMENT OVERVIEW

Successful and efficient deployment of the automat-
ed landing system calls for a development process
that is systematic and transparent in terms of de-
sign, verification, and validation. An MBD approach
provides the necessary tools and capabilities to
trace down specific functionalities and requirements
to distinct system features. To this end, a nonlinear
simulation environment is built that captures the
relevant environmental and platform-specific behav-
iors for the required ship-deck landing conditions
with a fidelity suitable for (early) control law devel-
opment purposes. This involves a number of system
components, including the UAS bare airframe flight
dynamics, airwake, and the motion of the ship deck.
These elements are merged into a single simulation
environment using multi-body dynamics modelling in
FLIGHTLAB® (Ref. 23). In addition, software-in-the-
loop (SITL) and hardware in-the-loop (HITL) simula-
tions are performed using dedicated equipment.

3.1. Bare airframe dynamics

Figure 3 shows a graphical view of the EVO VTOL
UAS research vehicle. Computational Fluid Dynam-
ics (CFD) simulations have been performed using
NLR’s in-house ENSOLV software to establish an
aerodynamic database of the lifting surface, elevons,
and propeller elements. In combination with the
scanned geometry, vehicle mass and inertia, and
(assumed) actuator dynamics, a FLIGHTLAB®
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Figure 3: DeltaQuad EVO platform layout



model of the EVO is created. FLIGHTLAB® is a
component-based simulation environment that al-
lows the designer to choose aerodynamic and struc-
tural models of different fidelity for individual compo-
nents to capture relevant physics while still providing
(near) real-time capability for dynamic simulations.
This makes it particularly suitable for efficient model-
ling of novel configurations that involve aero-
propulsive interactions. For initial modeling of the
EVO rotor forces and moments, blade element
models serve as the chosen formulation, whereas a
Peters-He inflow model (Ref. 24) is used for rotor-
wing interference. Blade dynamics and aeroser-
voelasticity are not included as these effects are not
expected to be significant on the demonstrator plat-
form in the airspeeds considered. As the project
progresses, the bare airframe model will be further
improved and validated against flight test data.

3.2. Control law interface

A functional mock-up (FMU) interface between
FLIGHTLAB® and Simulink® enables the implemen-
tation and valuation of flight control laws as part of
dynamic simulations of the closed-loop system. The
use of FMUs also simplifies the use of other
MATLAB® software tools used during development,
such as CONDUIT® (Ref. 25). Moreover, the devel-
oped control laws can be integrated into SITL/HITL
simulations thanks to the MATLAB® UAV Toolbox
Support Package for PX4 Autopilots (Ref. 26). This
package enables rapid deployment and testing of a
controller on an experimental PX4 flight control
computer. Combined, these tools enable rapid and
effective prototyping and task-oriented testing of
different control law configurations.

3.3. Ship deck environment

The distinctive characteristics of ship deck operating
environments require a multidisciplinary modelling
approach. This aims at two central aspects: i) the
interaction between the UAS and the air wake in-
duced by the superstructure of the ship when oper-
ating in different relative wind conditions; and ii) the
motion of the ship deck in different sea states and
wave directions. Ship motion data is obtained from
XMF (eXtensible Modeling Framework) computa-
tions performed by the Maritime Research Institute
Netherlands (MARIN). Together with CFD ship air
wake data obtained from the MARIN software tool
ReFRESCO, these datasets allows to run closed-
loop simulations for a variety of scenarios. More

Figure 4: Experimental motion base platform

details about the ship deck simulation environment
can be found in Ref. 4.

In addition to the FLIGHTLAB® model setup, ship
deck motion will also be simulated using a physical
motion base platform as part of a fully integrated
system validation exercise (see Figure 4). This ena-
bles flight tests of the EVO demonstrator on a land-
ing platform that simulates the heave, roll and pitch
motion expected on a ship deck environment in ad-
verse conditions.

4. LANDING TRAJECTORY PLANNING

The ship-UAS guidance logic represents a key tech-
nology enabler and has been subject of previous
research by the project partners (see Ref. 4). For the
landing trajectory, a strategy is selected that com-
bines a relative position hold controller in the hori-
zontal direction with a pre-planned vertical velocity
profile and -controller. First, the VTOL UAS will fly
towards a point above the ship deck. Next, the posi-
tion hold mode is engaged to hold the position rela-
tive to the ship deck. In the third phase, the landing
is initiated. This final phase is executed through an
exponential (relative) height profile (Ref. 1):

h=(h- hdeck)lt:Oe_t/T + Rgeck €9)

where hy is the height above the deck at which the
landing maneuver is initiated, 7 is a constant and t is
the time elapsed since the start of the maneuver.
Differentiation of the exponential law provides the
height rate control signal which is proportional to the
height above the deck. A constant term is added to
this equation to anticipate for ship heave velocity:

. 1 .
href = - ; (h— hdeck) + Rgeck (2)



BASELINE SCENARIO

UAS

Figure 5: Comparison of two landing algorithms high-
lighting the value of using predictions of future deck
motion (illustration based on Refs. 3,4,17)

In Ref. 4, this strategy was presented as a baseline
scenario. Subsequently, the automated landing with
pre-planned velocity profile is to be extended with
touch-down timing. This can be done by initiating the
landing based on the energy level of the ship’s mo-
tion, as introduced in Ref. 2, or through real-time
planning and updating of the velocity profile based
on motion prediction. A combination of these meth-
ods is also possible. Real-time use of deck motion
predictions avoids vertical oscillations due to the
tracking relative to the ships motion by following a
direct path to the final landing state, as depicted in
Figure 5. In previous work by one of the authors
(Ref. 4), the landing point is chosen in the middle of
a time interval in which the ship deck has a fairly
constant downward motion for a relatively long dura-
tion. An analysis of the ship air wake can help to
further optimize a 4D landing trajectory in space.

In order to predict the ship motion, sensors will be
installed on a ship deck and a prediction model us-
ing either autoregressive moving averages (ARMA)
or adaptive notch filters (ANF) employed (Ref. 27).
These methods result in relatively consistent and
effective model parameter adaptation when condi-
tions are changing, while being fairly easy to imple-
ment. The motion prediction will be sent to the UAS
through a datalink for onboard trajectory planning.

5. CONTROL LAW DESIGN FRAMEWORK

To ensure adequate flying characteristics as the lift-
and-cruise UAS moves closer to its operating limits,
robust, high-performance flight control laws are re-
quired. Therefore, a well-defined set of design objec-
tives and constraints should be determined for the
mission at hand. These requirements should trans-
late to the control design in a clear and verifiable
manner. The robust control framework provides
important instruments to achieve translation in a
systematic and theoretically sound fashion.

5.1. Design requirements

When flying in strong winds and in the air wake of a
ship’s superstructure, good gust and turbulence
rejection properties are crucial for precise trajectory
following and safe landing. Disturbance rejection
therefore represents a key design goal. However,
the controller bandwidth must strike a balance, being
wide enough to capture and reject disturbances
while maintaining stability and robustness. This re-
lates to several aspects, including the avoidance of
excessive use of control authority, actuator overdriv-
ing, and structural mode excitation. Since many of
these aspects are effectively dictated by the availa-
ble hardware itself, there is a clear limitation on the
total bandwidth available for disturbance rejection
purposes. Therefore, it is of importance to get insight
into the frequency spectrum where attenuation is
needed for the mission at hand.

Since recent years, active research has been done
into disturbance rejection criteria in terms of the
disturbance rejection bandwidth (DRB) and disturb-
ance rejection peak (DRP) for manned rotorcraft
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Table 1: Example overview of selected design
objectives (note: list is non-exhaustive)

Category Example criteria Evaluation

Disturbance DRB, DRP, CETI

rejection response, SUOLs

Flying Damping, quick-

qualities ness, closed-loop .
bandwidth/phase | Fred.-domain
de|ay, LOES analy5|s, Hoo-
parameters norms, non-

linear simula-

Robustness  Stability margins, | tions, Monte
crossover freq., Carlo, etc.
airframe parame-
ter sensitivity

Control Actuator activity,

margin saturation rate

(Ref. 28). These criteria are defined as shown in
Figure 6 and are reported to be incorporated into the
future ADS-33F-PRF standard. They provide an
indication of how sensitivity functions should be
shaped in magnitude. However, the corresponding
performance boundaries will need to be modified to
be suitable for small-scale unmanned operation. A
useful instrument here is Froude scaling, as pro-
posed by Ivler et al. in Ref. 29.

As an alternative to these guidelines, explicit dis-
turbance modeling can be performed. The approach
described in Ref. 11 can be adopted to model the
vehicle response to turbulence with a control equiva-
lent turbulence input (CETI) representation, which
drives the controls of the aircraft to reproduce realis-
tic motion caused by turbulence and corresponding
power spectra as demonstrated for different UAV
configurations in Refs. 9 and 10. This is used to
identify the frequency range at which the feedback
control response should provide attenuation. Similar
to Refs. 9 and 10, a control requirement is defined to
minimize the RMS (30) of the error signal in the
frequency domain due to CETI turbulence, amount-
ing to minimizing the 3o deviation of the aircraft re-
sponse from trim due to CETI turbulence.

A second category of requirements considers the
flying characteristics of the UAS in a broader sense.
This aspect concerns both automatic path-following
as well as (optional) manual handling. For lift-and-
cruise UAS, the desired dynamics can be catego-
rized according to the three main modes of opera-
tions: hover, transition, and forward flight. According-

ly, different response type characteristics may need
to be selected for each of these modes. To achieve
the desired response properties, specific handling
criteria as listed in airworthiness standards (e.g.,
ADS-33, see Ref. 30) for large-scale manned vehi-
cles can be used. Typical handling quality require-
ments include a minimum closed-loop bandwidth,
damping, quickness (related to available control
authority) and coupling between individual axes.
However, target values should again be transformed
to be applicable to small-scale UAS.

Finally, in line with the previous discussion, specific
attention is given to robustness, control activity, and
saturation handling. Robustness relates to classical
and multi-channel stability margins at both the air-
frame input and sensor outputs, with extensions to
parametric uncertainty. Control activity is to be min-
imized to limit actuator degradation and to maximize
authority. Although the latter ensures that saturation
is postponed, it can be expected that flying in strong
winds will lead to frequent saturation of one or multi-
ple effectors. Under these circumstances, the con-
troller shall remain stable and ensure a gradual deg-
radation of performance.

5.2. Robust control framework

The multi-objective set of design requirements (see
Table 1) represents a combination of high- and low-
level objectives and constraints that should be trans-
lated to a systematic control design strategy. The
robust control framework is fundamental to system-
atic analysis and design of controllers that need to
comply with precise performance goals in the face of
uncertainty. Figure 7 shows the typical system inter-
connection that illustrates how a controller K inter-
acts through inputs u and observations y with a
generalized plant P that is affected by external dis-
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Figure 7: Generalized system interconnection
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Figure 8: High-level unified INDI control law; the benchmark PID setup is similarly configured in hover mode

turbance signals w and some form of uncertainty A.
Observations of the resulting closed-loop system
dynamics are obtained through z. Then, the design
objective can generally be stated as the minimiza-
tion of the worst-case H,-norm:

min max IWLF,(F,. (A P), K)Wrllo <y (1)

For more detailed background, the reader is referred
to, e.g., Refs. 31, 32. Depending on the problem
definition, a variety of different methods and imple-
mentations exist. For example, in the classical case
of full-order #,.-synthesis, the controller structure is
left unspecified and nominal loop-shaping considera-
tions are used to maximize robustness against im-
plicit forms of full-block dynamic uncertainty. Another
case is to optimize specific parameters of some a-
priori specified structured control law against an
explicit combination of dynamic and parametric un-
certainty, which can be referred to as structured
mixed p-synthesis. Whereas these methods are
commonly presented for Linear Time-Invariant (LTI)
systems, extensions to Linear Parameter-Varying
(LPV) systems also exist (see, e.g., Ref. 33).

What these methods share as a common basis is
that the optimal controller is directly determined by
the problem definition itself; i.e., in other words, it is
the product of the combination of the (nominal) plant
behavior, the anticipated level of uncertainty, and
the performance requirements (disturbance rejec-
tion, tracking behavior, etc.) as specified by the de-
signer. This makes the robust control framework a
natural choice in light of the multi-objective set of
design requirements specified before.

Since the fundamental trade-offs and implications
captured by H,,-machinery are of vital importance to
sound robust design, it serves as the central frame-
work for parameter synthesis for the candidate con-

trol law structures in the project. However, an im-
portant consideration is that not all design criteria
can be easily translated to norm-based objectives
(e.0., H, Or H,). This applies in particular to some
nonlinear time-domain requirements. To this end,
the ‘control-theoretic’ robust framework is combined
with the ‘process-oriented’ design approach used in
CONDUIT® (Ref. 25). This implies that a translation
to norm-based descriptions is made where possible,
while additional time-domain evaluations are per-
formed for specific criteria. This strategy is also re-
flected in Table 1, which lists a combination of dif-
ferent evaluation methods for the presented criteria.

6. CONTROL LAW ARCHITECTURES

Two different control law architectures are investi-
gated in the project, with an overview provided in the
following section. The first option represents a
benchmark design based on a classical, cascaded
PID structure with mode-blending, whereas the sec-
ond setup corresponds to a unified control approach
based on the principle of Incremental Nonlinear Dy-
namic Inversion (INDI). A high-level illustration of the
unified INDI control law architecture, including the
common elements shared by the benchmark PID
controller, is provided in Figure 8. Here, the different
modes of operation can be recognized from the mul-
ti-loop configuration. This setup allows for the selec-
tion of different (manual) flight modes. For relative
position and velocity control during the automated
landing, a DGPS sensor solution will be used that
provides a relative position error to the UAS.

6.1. Blending cascaded PID benchmark

The first architecture consists of a combination of
classical, cascaded PID controllers that are blended
as the UAS changes flight mode (i.e., from hover to
wing-borne flight and vice versa). The corresponding



logic ensures that the appropriate effectors are used
as the UAS traverses the transition corridor. This
architecture is equivalent to the PX4 stock controller.
In fixed-wing flight mode, the PX4 position controller
consists of additional logic based on the Total Ener-
gy Control System (TECS; initially proposed in Ref.
34) and nonlinear path-following guidance (see, e.g.,
Refs. 35 and 36) concepts. With the former, throttle
and pitch attitude commands are generated by en-
ergy balance computations. Additionally, turn coor-
dination logic is incorporated to minimize lateral
acceleration.

The PID control gains serve as the primary design
parameters to optimize the control law according to
the design requirements listed before (stable eigen-
values, bandwidth, stability margins, etc.). However,
due to the fact that the overall architecture is left
unmodified, the overall performance gain is ex-
pected to be limited. Since operations on a naval
ship deck will likely include significant spatial and
temporal differences in turbulence intensity, it is
anticipated that the UAS will operate in the transition
corridor for significant amounts of time. This creates
the possibility for irregular switching between flight
modes and may lead to inadequate use of the avail-
able control authority. Therefore, a second, incre-
mental control law, configured for unified operation
over the flight envelope, is designed in parallel.

6.2. Unified INDI control law

The INDI principle is applied to resolve both the
translational and rotational dynamics of the VTOL
UAS (i.e., rates and accelerations). With this ap-
proach, the aim is to transform the nonlinear air-
frame dynamics to a desired form. The proposed
setup integrates the corresponding INDI loops into a
unified control structure that maps desired trajecto-
ries through an intermediate kinematic transfor-
mation onto direct propulsion forces and vehicle
attitude. Consequently, attitude is treated as a virtual
control variable that is to be resolved through an
intermediate kinematic mapping to desired effector
moments. This approach is known as the time-scale
separation principle and is illustrated in Figure 8.
Examples in the literature of similar setups applied
to VTOL vehicles can be found in Refs. 18-22.

6.2.1. Background

Incremental Nonlinear Dynamic Inversion (INDI) is a
control strategy that gained popularity in recent

years and that simplifies the inversion of a nonlinear
system through Taylor-series linearization. (Ref. 14)
Acceleration measurements allow to find the re-
quired actuator increment from the acceleration error
through inversion of the control effectiveness. The
resulting, simplified control law reads as follows:

Au, = B™'(v - y,) (3)
U, = Uy + Au, 4

where B represents the (local) control effectiveness
matrix, u the actuator command vector, v = y, the
pseudo-control vector and the subscript ‘0’ refers to
the previous time-step. Thanks to the incremental
form, the plant dynamics do not need to be in affine
form with the control input. Applied to aircraft rate
control, a sensor-based approach to INDI effectively
treats the system dynamics as a disturbance that is
measured through acceleration feedback (y,) and
compensated for by fast actuator action. The key
concept of this approach, therefore, lies in its ability
to compute control inputs based on acceleration
measurements and local actuator effectiveness,
rather than relying on a full dynamic model. Conse-
quently, with respect to automated UAV landings on
naval ship decks, sensor-based INDI reduces de-
pendency on an accurate aerodynamic model (e.g.
in the presence of ground effect and other aerody-
namic interactions with the ship’s superstructure).
Moreover, it provides effective rejection of external
disturbances, as demonstrated in Ref. 15 for a
quadcopter and in Ref. 16 for a tail-sitter.

6.2.2. Robustness considerations

Despite its seemingly attractive benefits, the use of
sensor-based INDI must be carefully considered in
light of overall robustness. This is due to the fact that
this type of controller effectively generates high-gain,
high-bandwidth feedback control action, as dis-
cussed in Ref. 37. To this end, it is common prac-
tice to adopt carefully tuned feedback filters to avoid
actuator wear and excitation of structural modes
from acceleration feedback signals:

ol

Yo = Hcyo (5)
Uy = Hsyncuo (6)

Au, = B~ (v — ),
u; = g + Aug,

Here, H. serves as an (equivalent) compensation
filter (typically a low-pass filter). The filter Hg,,  is
used to ‘synchronize’ the input feedback signal with
the filtered acceleration signal (Ref. 38). Alternative-
ly, a combination of model-based and sensor-based



inversion can also be used. For example, a scaled
complementary filter (SCF) as proposed in Ref. 39.
can be used to blend both prediction signals as a
function of frequency:

Yo = (1 = K.H)yM® + K H,y,
= yMB) 4 K.H.ey, (7)

Here, K, € [0,1] represents the compensation gain,
whereas H, is referred to as the compensation filter
in this context. Setting K. = 1 and disconnecting the
model prediction signal make the inversion strategy
collapse to the filtered sensor-based variant from
above. Tuning these inversion compensation pa-
rameters allows the designer to set the bandwidth
associated with the inversion loop and thereby bal-
ance out disturbance rejection performance with the
robustness properties mentioned before. Together
with the virtual control parameters associated with
the pseudo-control input v and the selected repre-
sentation of the on-board model, they represent the
main design parameters to satisfy the design re-
quirements. As shown in Refs. 37 and 39, this can
be done systematically using the H,-framework.

6.2.3. Control allocation

The control allocation module is of central signifi-
cance to the unified control design strategy. Here, a
condition-dependent effector weighting scheme en-
ables a smooth transition of priorities over the flight
envelope. For example, the gradual conversion from
propeller-induced attitude changes in hover mode to
the use of control surfaces in forward-flight can be
achieved by allocating the available effectors as a
function of airspeed. A popular and effective method
that is implementable in closed form while having
bounded run-time at the same time is the weighted
pseudo-inverse (Refs. 40, 41), which takes the form:

Kaoc () = W()T*BT(BW()™'BN)™ €))

Here, W(.) represents a weighting matrix as select-
ed by the designer and B is the (local) control effec-
tiveness matrix from before. The unified control
structure allows the control law to remain the same
throughout the entire flight envelope, while the con-
trol allocation provides a smooth transition in effector
use according to their effectiveness between hover
and fixed-wing flight. This is particularly beneficial for
landing on a ship in adverse weather. When keeping
its relative position over the deck of a sailing naval
vessel in relative winds, the UAS will regularly oper-

ate in a velocity regime similar to transition for pro-
longed times. Instead of continuously switching be-
tween distinct controllers for hover and fixed-wing
flight, the proposed controller should allow for effi-
cient trim and control in this intermediate regime.
Using the attitude commands as virtual controls in a
combined allocation allows to maximize vertical con-
trol authority for gust rejection and for accurate verti-
cal velocity tracking during landing, but comes with a
number of challenges.

Effector saturation requires dedicated solutions in
the control design. In the case sufficient control au-
thority is available to meet the acceleration demands
(i.e., in the “over-actuated” or “exactly actuated”
case), control allocation shall aim for an effector
distribution that maximizes the distance to the re-
spective saturation limits. This can be achieved by
finding control solutions for which the #,-norm be-
tween the actual and desired (typically zero) effector
guantity (e.g., position, RPM) is minimized within the
null-space of the control effectiveness matrix. Such
an additional step in the null-space towards a “pre-
ferred solution” also serves to resolve the path-
dependency problem of incremental control alloca-
tion that can otherwise lead to undesired configura-
tions and early effector saturation (Refs. 40,42,43).
Popular approaches to solve the constrained alloca-
tion problem, which arises from effector rate and
position limits, are cascaded (iterative) pseudo-
inverse approaches or linear and quadratic pro-
gramming (Ref. 41). In both cases, the error
weighting matrix can be used to prioritize control
around individual axes. In case the demands cannot
be met (i.e., the “underactuated” scenario), axis
prioritization and anti-windup will need to be per-
formed. Here, a strategy must be determined which
control variables are prioritized. Heave and pitch are
typically given precedence to over roll and yaw, to
ensure that a safe vertical flight path is maintained.

6.2.4. Anti-windup compensation

Anti-windup compensation ensures that saturation
does not result in a controller-induced loss of stabil-
ity and performance for the underactuated scenario.
In the case of integral action, this technique prevents
the integrator state from accumulating tracking er-
rors that will need to ‘wind down’ over time once the
system returns to an unconstrained condition. This
same principle also applies to general multivariable
controllers with many states (Ref. 44). Accordingly,
design of anti-windup compensators can be per-



formed based on a formal framework that ensures
stability and desired input-output behavior according
to some performance norm. As outlined in Ref. 44,
the two main approaches to the design of modern
anti-windup algorithms can be categorized as direct
linear anti-windup (DLAW) and model recovery anti-
windup (MRAW). Similar to ‘unconstrained’ control-
lers, these compensators can be of dynamic or static
nature. The concept of pseudo-control hedging
(PCH), popular in the context of (I)NDI control archi-
tectures (see Refs. 45, 46), can be viewed as a spe-
cial example of an MRAW scheme of the latter type.

6.3. Flight envelope protection

To prevent the UAS from entering flight conditions
that will be difficult or impossible to recover from
(e.g., all authority is lost), additional schemes will
need to be established. This applies in particular to
scenarios that involve aerodynamic wing stall or
excessive levels of sideslip. Irrespective of the con-
trol law (PID or INDI), the initial strategy during hov-
er will include controlling sideslip to zero (weather
vaning) and limit pitch and roll angle commands to
reduce susceptibility to gusts. Here, it should be
remarked that during hover with respect to a moving
ship deck, the (relative) airspeed may be significant.
This will result in nonzero sideslip, which is funda-
mentally different from a pure (i.e., stationary) hover
scenario. During the project, the precise effects of
sideslip in combination with strong winds on landing
performance will be investigated in detail.

7. CONCLUDING REMARKS

The project is currently in its design phase, during
which a number of technical challenges are being
addressed that are specific to the application at
hand but that are also of wider relevance. A specific
example is the topic of stability and performance
implications resulting from a mix of physical and
virtual control effectors of varying bandwidth in a
multi-loop control allocation setup. This is an area of
significant interest that standard INDI and feedback
linearization theory do not consider. Another exam-
ple is the systematic design of anti-windup algo-
rithms in combination with incremental controllers.

Fully integrated nonlinear simulations and land-
based flight tests are planned in the upcoming
months. Ultimately, the proposed control approach is
to be validated by means of flight testing at sea on
the LPD-2 naval ship deck.
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