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Abstract

Different types of control laws are implemented, tested and compared for maritime operations particu-
larly ship deck landing maneuvers at the flight simulation facilities at both DLR (German Aerospace Center)
and ONERA (The French Aerospace Lab). At DLR, “classical” cyclic and collective stick flight controls were
used during the piloted simulator trials while active side-sticks were operated at ONERA. A joint maritime
scenario for ship deck landing in the simulation environments of both institutes is presented. Test method-
ologies and assessment techniques to evaluate the ship deck landings are harmonized based on different
criteria such as quantitative measures and handling qualities (HQ) ratings in order to analyze the developed
control laws. Simulation results based on pilot studies for an EC135 in the DLR simulator and an EC225 at
ONERA are presented.
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1. INTRODUCTION

Maritime helicopter operations often create high
stress levels and increased pilot workload because
of not only the complexity of the maritime ma-
noeuvres themselves but also the intricate aerody-
namic environment, high sea states and high ship
motions. Such conditions, turbulent ship air-wake,
poor visibility and atmospheric disturbances can
lead to the limitation of operational capabilities of
the rotorcraft. In the framework of the DLR (German
Aerospace Center)/ONERA (French Aerospace Lab)
cooperation, one of the objectives of the Smart Ro-
torcraft Research Field 3 (RF3)is to develop and eval-
uate the enabling technologies for “easy flying” he-
licopters. This objective can be reached using aug-
mented control laws. Such control laws are partic-
ularly valuable for rotorcraft ship deck operations,
which are some of the most demanding of all rotor-
craft piloting tasks [1]. Assessing different levels of
augmentation and determining flight control law re-
quirements for such complex maneuvers can help
to improve safety, reduce pilot effort and workload
and increase the helicopter-ship operational enve-
lope [2].

There also exist control methodologies in litera-
ture in order to improve the overall performance of
the ship deck landing missions. The implementation
and pilot evaluation studies of different augmented
response types such as Attitude Command Atti-
tude Hold (ACAH), Acceleration Command velocity
Hold (ACVH), Translational Rate Command Position
Hold (TRC/PH) and amplitude dependent ACVH/TRC
hybrid response types based on diverse control
methodologies like Nonlinear Dynamic Inversion or
model-following architecture were presented in [3]
and [4]. The current collaboration allows evaluating
and comparing ship deck landing control laws for
different helicopter types (e.g. EC135 at the DLR vs
EC225 at the ONERA) and leading further investiga-
tion in this field.

The structure of the paper is the following: Section
1 provides an overall introduction of the challenges
faced during maritime maneuvers and the state of
the art of the development of control laws. Section
2 describes the objectives of project HACLAS. Sec-
tion 3 provides the details of the simulation facili-
ties and the maritime simulation environment used
for the development of helicopter augmented con-
trol laws for the shipboard operations at both DLR
and ONERA. The recent developments on the he-
licopter ship deck control laws at both the insti-
tutes are presented in Section 4. Section 5 describes
the overall scenario for the pilot studies that have
been conducted in both the simulation facilities at

DLR and ONERA to evaluate and compare imple-
mented basic and advanced control modes for ship-
board operations. In Section 6, the simulation re-
sults are discussed demonstrating the investigation
and the comparison of advanced control laws imple-
mented at DLR and ONERA based on piloted simu-
lation studies. The paper also discusses additional
benefits of using adapted stick dynamics and haptic
cueing for better efficiency and reduced workload.

2. PROJECT HACLAS

DLR and ONERA are working together to bundle
their experience in flight controls and maritime op-
erations. This is currently done through a common
and cooperative project called HACLAS.

The goal of the joint team is to implement, test and
compare different types of control laws for mar-
itime operations especially ship deck landing ma-
neuvers and to deliver requirements regarding the
control law characteristics. The main objectives of
this project are:

1. Prepare a joint scenario for ship deck landing
in the simulation environments of DLR and ON-
ERA (including ship motions, ship air wake etc.).

2. Harmonize test methodologies and assess-
ment techniques. Different criteria could be
defined and used such as handling qualities
(HQ) ratings, safety criteria, impact on Ship-
Helicopter Operational Limits (SHOL), etc. [5].

3. Analyze different flight control laws such as
Rate Command Attitude Hold (RCAH), Attitude
Command Attitude Hold (ACAH), Translational
Rate Command (TRC). Optionally implement
and analyze advanced control laws such as rel-
ative TRC, transition between control laws etc.

3. SIMULATION ENVIRONMENT

The following section describes in detail the simu-
lation environments used for the current pilot stud-
ies to investigate the augmented control laws imple-
mented specifically for ship landings at both insti-
tutes: DLR and ONERA.

3.1. The Flight Simulation Facility at DLR

The pilot assessments were conducted at the Air Ve-
hicle Simulator (AVES) located at DLR, Braunschweig
as shown in Fig. 1. Two interchangable cockpits can
be operated on a full-sized six degrees of freedom



(DOF) hexapod motion-based platform or a fixed-
based platform using a roll-on/roll off (RoRo) sys-
tem. The cockpit of DLR's research helicopter Ac-
tive Control Technology/ Flying Helicopter Simula-
tor (ACT/FHS) is represented, which is a highly mod-
ified EC135. The cockpit is incorporated with addi-
tional research measurement equipment such as
side-stick controls and experimental displays with
touchscreen capability on the pilot side.

3.2. Visual Environment in AVES

The visual projection system contains in total 15
DLP-based LED projectors, each with a native res-
olution of 1920x1200 pixels. A vertical field of view
(FoV) of -55° to 40° and a horizontal FoV of -120° to
120°is displayed in the dome shaped design of the
simulator. The software architecture is based on a
distributed software design concept where several
software modules can run either on a single com-
puter connected via Ethernet, or run together on
multiple computers.

For the image generation software, DLR’s in-house
developed PC-based image generation system that
uses OpenGL based render engine, Real Time Im-
age Generator (RTIG) is used. This object-oriented
software is adaptable to extend functionalities or in-
tegrate new features according to the research re-
quirement. Several visual features can be integrated
varying from simple 3D dynamic objects up to spe-
cial visual features of diverse environmental effects
like fog, brownout and wave and water effects.

3.3. Ship Dynamics and Weather Simulation in
AVES

For the helicopter deck landing study at DLR, the
maritime environment comprised of a detailed 3D
graphical model of the German Navy F124 'Sachsen
class' frigate shown in Fig. 2, a vehicle simulation
model to represent the ship dynamics and a wave
and water effects and weather simulation.

The in-house enhanced traffic server software Ve-
hicleControl is used for simulating the ship dynam-
ics. It can be used to model the dynamics of vehicles
using simple motion equations, trajectory following
algorithms or by using complex MATLAB/Simulink
models. The vehicle dynamics can be computed
synchronously to other simulation models such as
the helicopter flight model. For the current study, a
MATLAB/Simulink model was used, which was cre-
ated using the Maritime Systems Simulator (MSS) li-
brary [6]. Currently, it simulates the dynamics of a
S175 ship model and uses the Joint North Sea Wave
Project JONSWAP) wave spectrum [7] for the wave

Figure 1 Air Vehicle Simulator (AVES) at DLR

generation. Since the model uses a separate wave
generation engine, the ship movement is not syn-
chronized with the waves shown in the visualization.

The Sundog Triton Ocean Software Development Kit
(SDK) is implemented in the RTIG software in AVES
for representing a water and wave visualisation. The
waves are generated using the JONSWAP wave pro-
gram via the SDK. The weather simulation and 3D
cloud simulation are generated using the Sundog
Silverlining SDK.

3.4. Helicopter Flight Model in AVES

DLR’s nonlinear real-time helicopter modeling pro-
gram HeliWorX has been used at AVES to model the
ACT/FHS. Itis based on the helicopter modeling pro-
gram SIMH [8] and each helicopter model consists
of a set of modular components (fuselage, stabiliz-
ers, main rotor, etc.). The main rotor blades are con-
sidered as rigid blades and each main rotor blade is
divided into 10 blade segments. The Pitt & Peters
dynamic inflow model is used [9].

Moreover, the nonlinear helicopter model in Heli-
WorX comprises of additional features such as an
interface to superimpose additional velocities from
turbulent ship airwakes on 44 Airload Computa-
tional Points (ACPs) at the helicopter model (Fig. 3).
These wind fields have been generated using High-
fidelity Computational Fluid Dynamics (CFD) [10].
The unsteady airwake data is used as a lookup ta-
ble within the helicopter simulation, which is looped
in time to enable continuous simulation above the
ship deck.

3.5. The Flight Simulation Facility at ONERA

In parallel, the piloted simulations to evaluate ship
deck landings were also performed at the PycsHel



Figure 2 DLR's simulator - Cockpit point of view dur-
ing maritime simulation
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Figure 3 Distribution of Airload Computation Points
(ACPs) in HeliWorX

simulation bench located at ONERA center, Salon de
Provence, as shown in Fig. 4.

The real-time core data-centric structure based on
DDS (OpenSpliceDDS Community Version by Vor-
tex) is built as a mutimodel architecture allowing
the integration of multiple language models (MAT-
LAB/SIMULINK, C++, FORTRAN, etc.).

3.6. Visual Environment in PycsHel

ONERA's PycsHel is a prototyping simulation bench
dedicated to Vertical Take-Off and Landing Systems.
The half cave video projection room offers a 270°
horizontal field of view plus the ground display.
Cockpit displays are three tactile screens, not rep-
resentative of existing on-board systems but all in-
formation required to perform elementary missions
are present. They are built with OpenSceneGraph
and can be customized according to the needs. Of-

Figure 4 ONERA’s simulator - Cockpit point of view
during maritime simulation

fering a dual configuration, flight controls are based
on four active side-sticks, manufactured by Witten-
stein for the cyclics, and Safran Electronics and De-
fense for the collectives.

Visuals are based on the Open-source 3D toolkit
OpenSceneGraph, orthophotographic and height-
field based terrains fuelled by real-world geomatic
data. Four new laser-based projectors from Barco
(F80) have been integrated in the simulation bench
in 2021. This projection system has native WQXGA
resolution (2560x1600) and up to 4K using pixel shift
technics. It also allows stereoscopic or dual pilot
point of view capabilities.

3.7. Ship Dynamics and Weather Simulation in
PycsHel

A 3D model of a Lafayette frigate is integrated in
the visual environment. Sea and atmospheric rep-
resentations are performed through SunDog Triton
Silverlining software, enabling real 3D waves for any
Beaufort scale and ship wake. Ship movements are
generated using a model, identified on the basis
of experimental data on the deck movements of a
Lafayette-class frigate.

3.8. Helicopter Flight Model in PycsHel

The flight mechanic code used in this project is
the HOST code from Airbus Helicopters, modelling
an EC225 helicopter. HOST code integrates a ship
air-wake model developed by ONERA in 1997 and
based on wind tunnel measurement campaigns on
a Lafayette frigate model as shown in Fig. 5. The
frigate air-wake model and its implementation in






