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AbstractHelicopter ship-deck landings remain a daunting task for the pilots as well as for the automatic flight con-trol systems due to endless factors including but not limited to high sea states, highly irregular ship motionand ship air wake and turbulence. The proposed study presents classical and augmented autopilot modesin order to perform an Automatic Ship Deck Landing. The developed autopilot modes are managed by afully automated ship deck landing controller, enabling to perform the entire maneuver for a manned orunmanned helicopter, from the stabilised level flight to the over the deck hover and final landing phase.The complete landing maneuver is split into five different phases depicting five mission task elements. Inorder to perform these different phases, a Transition Down auto-pilot mode has been developed, enablingto switch between appropriate autopilot modes and instructions depending on the current phase alongthe entire maneuver. This automatic transition down mode has been tested through off-line simulationtool integrating a maritime simulation environment. Furthermore, the maneuver has been also evaluatedby two helicopter test pilots during the design process to evaluate its effectiveness in simulating a realis-tic operational scenario. Simulation results indicate improved task performance and improved perceivedsafety for the overall landing mission using the Automatic Ship Deck Landing mode.

NOTATION

Symbols
dx Longitudinal distance deviationof helicopter from DeckReference Point
dy Lateral distance deviationof helicopter fromReference Point
V x Forward Velocity of helicopter
V z Vertical Velocity of helicopter
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1. INTRODUCTION

Helicopter ship deck landings are inherently chal-lenging due to several factors. The dynamic andunstable environment of a moving ship, combinedwith adverse weather conditions, limited visualcues, and turbulent airwakes, significantly increasesthe difficulty of these operations for both mannedand unmanned aerial vehicles (UAVs) [1] [2]. Inmannedmissions, pilotsmust synchronize theirma-neuvers with the ship’s heave movements to mini-mize impact energy during landing, which requiresprecise control and high cognitive workload [3]. Ad-ditionally, the confined landing space and six de-grees of freedom motion of the ship deck furthercomplicate the task [4].
Developing and assessing automated modes anddetermining auto-pilot requirements for such com-plex maneuvers in such difficult maritime environ-ment can help improving safety and increase thehelicopter-ship operational envelope in case of a pi-loted vehicle, and is evenmandatory for rotary-wingUAVs [5] [6].
Moreover, automatic systems can utilize advancedsensors and algorithms to track the ship deck pa-rameters and execute precise landing maneuvers,even under adverse conditions [7] [8]. These sys-tems can also incorporate nature-inspired controlstrategies, such as optical flow theory, to achievesmooth and accurate landings [9]. By leveraging au-tomation, the risks associated with human error areminimized, and the overall safety and efficiency ofhelicopter maritime operations are improved [10][11]. Furthermore, automated landings can expandoperational capabilities, allowing UAVs to performmissions in conditions that would be too hazardousfor human pilots [12]
Existing studies have shown the benefits of pilot as-sistance systems with control augmentation featur-ing some of these different responses [13] [14] [15].The integration of advanced technologies in auto-matic helicopter landing systems significantly en-hances safety by addressing various challenges as-sociated with manual landings. For instance, aug-mented reality systems improve the pilot’s environ-mental perception, enhancing safety during land-ings in complex environments [16].
Even though some of the previous publications al-ready dealt with the development of such ship-decklanding controllers, for example using the opticalflow theory [9], it has to be noticed that the currentstudy attempts to apply the controller modes in arealistic environment, integrating ship air-wake [5]and ship motions correlated to sea state, which wasnot always the case in previous studies.

In the framework of the ONERA (The FrenchAerospace Lab) / DLR (German Aerospace Center)cooperation and a previous Joint-Team named HA-CLAS, augmented control laws were developed andtested, showing their efficiency and benefits for ro-torcraft ship deck operations, which are some of themost demanding of all rotorcraft piloting tasks [17][18] [19]. Nevertheless, it was highlighted that intro-ducing augmentation and automation during decklanding maneuvers could benefit to safety and ofcourse, pilot workload reduction [20]. In addition,full automation is required for UAV ship deck oper-ations.
Therefore, the current ONERA/DLR cooperationproject called ASTERN (“Automation of ShipboardhelicopTer opERatioNs”) is aimed to develop andevaluate different auto-pilot modes dedicated toship-deck landing phases. These automated modescould be managed by a fully automated ship decklanding controller, which is enabled to perform theentire maneuver for a manned or unmanned heli-copter. In the framework of this project, ONERA willfocus on the implementation of different autopilotmodes and a complete automatic ship deck landingcontroller and DLR will also focus on the implemen-tation of different automatic control modes mainlyhaving disturbance rejection capabilities to automa-tize different parts of a ship deck landingmaneuver.Additionally, DLR will also further investigate the im-plemented control laws to find a trade-off betweenthe disturbance rejection performance and stabilitymargins in order to cover a broader domain [21].However, the focus of this paper lies on the imple-mentation of the automatic ship deck landing con-troller and the design of thewholemaneuver includ-ing approach, descend and landing.
The paper presents the development and evalua-tion of helicopter autopilot modes, from the initialstabilised level flight to the stabilised hover over thedeck. The main focus of the paper is the develop-ment of an automatic ship-deck landing controller,integrating a deck motion estimator. The autopi-lot modes can be engaged by the pilot at differentstages of the maneuver, therefore, the realizationof the entire maneuver by an automatic controlleris also considered which would even be necessaryin the case of a UAV. The implemented controlleris evaluated on an offline simulation tool. Simula-tion results demonstrate the working of the auto-matic ship deck landing maneuver by performing acomplete approach and landing in the presence ofwind and ship airwake. Furthermore, the maneuverhas been also evaluated by two helicopter test pilotsduring the design process to evaluate its effective-ness in simulating a realistic operational scenario.



Figure 1 Deck landing Task - Straight In approach

2. SIMULATION ENVIRONMENT

This section provides a brief synthesis of the sim-ulation environments used for the current study.All developments are performed on an “off-line sys-tems development tool” that integrates all the com-ponents of the real-time ONERA simulator PycsHelwhich is a prototyping simulation bench dedicatedto Vertical Take Off and Landing aircraft, located inSalon de Provence [6]. Additionally, evaluations arealso performed at the Air Vehicle Simulator (AVES)located at DLR Braunschweig.
For the simulation set-up used at ONERA, the HOSTcode from Airbus Helicopters is used as the flightmechanic code in order to model an EC225 he-licopter. Ship movements are generated using amodel identified on the basis of experimental dataon the deck movements of a Lafayette-class frigate.Additionally, the HOST code integrates a ship air-wake model developed by ONERA in 1997 andbased on wind tunnel measurement campaignson a Lafayette frigate model. The frigate air-wakemodel and its implementation in the HOST code aredetailed in [5].
The simulation set up at DLR involved AVES thatrepresents DLR’s research helicopter Active ControlTechnology/Flying Helicopter Simulator (ACT/FHS).The helicopter flight model is a nonlinear modelbasedonDLR’s researchhelicopter ACT/FHS and thein-house real-time nonlinearmodeling programHe-liWorX [22]. The helicopter model in HeliWorX alsoconsists of an interface to simulate local aerody-namic effects by superimposing additional veloci-ties from external wind fields like turbulent ship air-wakes. For the ship model, a 6DOF hydrodynamicship model was considered [23]. The ship dynamicswas simulated using an in-house traffic server soft-ware VehicleControl.

3. TECHNICAL DEVELOPMENTS

For the proposed implementation, the completeapproach and landing maneuver was divided intofive different phases depicting five mission taskelements. The considered scenario consists of astraight approach as depicted in Fig. 1. Prior to thesefive phases, and based on the knowledge of the shippositions, an automatic guidance towards the stabi-lized level flight at point 1 in Fig. 1 has been imple-mented. However, this automatic guidance schemewill not be detailed in the paper as the current studyis dealing with “classical” flight guidance controller.Five different phases were defined as follows:
• Phase 1: Straight forward flight at constant ve-locity + constant altitude;• Phase 2: Straight forward flight at constant ve-locity + descent at constant glide slope;• Phase 3: Deceleration + descent;• Phase 4: Straight forward flight at constant ve-locity + constant altitude;• Phase 5: Hover over the deck + automatic land-ing.

In order to perform these different phases, a “Tran-sition down” (TD) auto-pilot mode has been devel-oped, enabling to switch between appropriate auto-pilot modes and instructions depending on the cur-rent phase along the entire maneuver. Dependingon the maneuver phase, the auto-pilot mode en-gaged and their corresponding parameter targetsare synthesised in Table 1.
A specific point above the deck has been defined. Asillustrated in Fig. 2, this Deck Reference Point (DRP)is positioned at the deck center (landing grid), at aheight corresponding to the Horizon Reference Bar(HRB) height.
The stabilised HRB is an illuminated bar remaininghorizontal irrespective of the roll motion of the ship.



Table 1 Autopilot mode and targets depending on the maneuver phase
Phase Auto-Pilot mode engaged Auto-Pilot mode targets
1 IAS 60 ktALT 500 ftHDG Ship heading + ship trajectory alignment(through roll)
2 IAS 60 ktGS -3◦HDG Ship heading + ship trajectory alignment(through roll)
3 IAS 20 ktGS Glide slope based on point above deckHDG Ship heading + ship trajectory alignment(through roll)
4 IAS Ship speed (10 kt)ALT Height of the HRB (9.8m)HDG Ship heading + ship trajectory alignment(through roll)
5 HOVER dx and dyAutomatic Ship-DeckLanding mode (ASDLmode)

Ship speed

Figure 2 Deck Reference Point definition

This provides the pilot with a “True Horizon” refer-encewhilst those lights fitted to the ship superstruc-ture continue to show the ships actual angle of roll.In addition, the pilots also take into considerationthe distance between the helicopter and the DRP(DIST) along with the distance deviations depictedas dx on the longitudinal axis, and dy on the lateralaxis as illustrated in Fig. 3.
3.1. Description of the modes

As mentioned before, the approach towards theship is performed by using classical auto-pilotmodes such as Indicated Air Speed mode (IAS), Al-titude hold mode (ALT), Glide Slope hold mode (GS)and HeadinG hold mode (HDG).

dx>0

dy<0

DIST

Figure 3 Helicopter positioning

These modes are automatically engaged by an up-per mode called Transition Down mode (TD) follow-ing a logic that will be presented hereafter. Thesemodes were previously developed at ONERA in theframework of an European project [6] and tuned fora tilt-rotor application. Within this study, no majormodifications were needed, except the gains tun-ing to control an EC225 helicopter. Nevertheless, an



Figure 4 Helicopter alignment with ship’s track

adaptation of the HDGmode was required, in orderto align the helicopter with the ship track. Thus, theheading target is based on ship’s track, while heli-copter roll attitudes are adjusted to align the heli-copter trajectory with the ship ones as depicted inFig. 4.
3.1.1. TD mode and phase estimator logics

As mentioned before, the entire maneuver is splitinto five phases, corresponding to the engagementand disengagement of the auto-pilot modes andbased on the distance between helicopter and DRP(illustrated in Fig. 2), called DIST, helicopter heightand ground speed (GRS), longitudinal acceleration,dx and dy (defined previously):
• Phase 1: DIST >2442.7m• Phase 2: DIST <2442.7m and HC height > 200 ft• Phase 3: HC height < 200 ft and GRS > 22 kt andDIST < 90m• Phase 4: HC height < 40 ft and GRS < 22 kt andDIST < 46m• Phase 5: GRS=Ship speed (10 kt) and longitudi-nal acceleration < 0.1m/s2 and dx < 5m and dy<5m

3.1.2. HOVER mode

The proposed hover autopilot mode is based ona feedforward control strategy that integrates dif-ferent options and features. For longitudinal andlateral axis, this mode integrates the two controlmodes namely, Velocity Hold and Position Hold(VH and PH). The detailed implementation of thesemodes can be found in [19], however their engage-ment was not automatically performed by the sys-tem. But as described before, it can also be auto-matically engaged by the TD mode.
The VH mode was designed to maintain the cur-rent helicopter speed at the moment the mode isengaged or the ship speed, considering that a datalink between helicopter and ship is available. For thecurrent study, VH relative to ship speed was used.Depending on the sea state, sway, surge and heavemotions can lead to light helicopter speed varia-tions and thus, attitude variations while the con-troller tries to precisely follow the ship speed varia-tion. All speeds are considered in ground reference.Based on the difference between current helicopterspeed and the targeted ship speed, pitch and roll an-gle targets are generated and an Attitude Hold con-troller (ATT) is used to follow these targets.
In addition to VH mode, a PH controller mode firstplaces the helicopter at the DRP and then holds thisposition above the deck. This predefined positioncould be discussed and may be different when con-sidering a manned or an unmanned machine. In-deed, a pilot would certainly perform the hover be-hind the ship in order to avoid the turbulent airwakegenerated by the ship structures and hangar. In thisstudy, as considering an automatic management ofthe hover, it was always performed above the deck,in order to demonstrate the ability of the controllerto counteract the turbulent airflow and maintain arelatively precise position.
PH mode is based on the distance deviations noteddx on longitudinal, and dy on lateral as previouslyshown in Fig. 3. Figure 5 details the logic of the Po-sition Hold controller on longitudinal axis which islargely based on the VHmode. Hence, if the longitu-dinal distance deviation value is higher than 0.5m(dx), a variation of 0.3 kt of the speed is performedby the VH mode in order to get closer to the refer-ence position. Once dx value is lower than 0.5m, VHcontroller maintains the ship speed.
For the HOVER mode, a PID contributes to the lon-gitudinal cyclic controls as long as dx value is lowerthan 0.5m. When dx is higher than 0.5m, only a PDcontroller is applied. The same logic is applied forlateral repositioning. The only difference betweenlongitudinal and lateral controllers being the speed
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Figure 5 Position Hold controller logics on longitudinal axis

target taken into account by the VH controller whendy is higher than 1.5m. Thus on longitudinal, it isset to 0.15 kt (as shown in the Fig. 5), while it is setto 0.25 kt on the lateral. The yaw axis is based on afeedforward control strategy to follow ship headingvariations.
Through the collective, the HOVERmode follows theHorizontal Reference Bar, leading to continuouslyfollow ship deck heave motions. The heave con-troller is largely based on ALT, altitude mode wherealtitude target is the HRB height.
As discussed in [24], the deck height can vary greatlydepending on the sea state. As these variations indeck height can dangerously reduce the separa-tion distance, the development of a deck avoidancefunction was initiated in order to avoid any unex-pected impact between the helicopter and the deck.Nevertheless, feedback from a navy pilot indicatedthat as following the HRB height when performingthe hover phase, the need of such a function wasquestionable.
It should be noted that engine and torque limita-tions are not introduced in the current controller de-sign. However, these parameters are extremely im-portant in such maneuvers, when continuously fol-

lowing the HRB height, or/and when performing thehover in tail wind conditions.
3.1.3. Automatic Ship-Deck Landing mode

Preliminary developments have also been per-formed to design an automatic ship-deck landingmode (ASDL), the goal is to automatically determinethe time to initiate the final landing phase, and toperform the maneuver. For that, ship-deck heavemotion estimation is performed, based on the shipmotions on the vertical axis. It should be noted thatit has been assumed that the data link is able to per-fectly transfer all required ship parameters but de-lays, lacks or data alteration could be taken into ac-count and analysed in the future.
The ASDL mode considers the maximum ship deckheight reached previously and computes the max-imum deck height period (called T), the final land-ing sequence is then launched in order to touch thedeck when it reaches its maximum height as shownin Fig. 6.
The height of the deck is thus supposed to be pre-cisely known by the system. Based on the deckheight variations, themaximumheight of the deck is
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Figure 7 Deck height storage at each period

stored at each period as shown in Fig. 7. In addition,the period (T) of deck height variation is calculated(see Fig. 8).
A simple logic is then applied to determine the timeat which the landing phase has to start. It is pre-sented in the Fig. 9, the goal is to initiate the landingwhen the deck motions are getting lower.
This means when the difference in deck height be-tween two periods is less than a given threshold(0.6m), when the difference in deck height periodbetween two periods is less than a certain thresh-old (set to 0.6 s), and when the helicopter is close tothe landing grid (dx and dy less than 0.5m). The timeat which these four conditions are reached is addedto the deck height period. A decision time constant,set to 4.75 s up to now, is then subtracted, finally giv-ing the time at which the landing phase will be per-formed.
These threshold values could be re-evaluated forhigh sea states or, instead of being predetermined,could be evaluated in real-time depending on thecurrent shipmotions. The landing is then realised by
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Figure 8 Deck height storage at each period

a decrease of the collective, while longitudinal andlateral cyclic controls continue to follow the landinggrid position.
4. RESULTS AND DISCUSSIONS

4.1. Evaluation of the controller

The controller developments have been performedon an ”off-line systems development tool" integrat-ing all the components of the real-time ONERA sim-ulator PycsHel. The evaluations of the system per-formances and different options developed wereperformed through off-line simulations and are dis-cussed hereafter.
The considered scenario consisted of a Frigatemodel that follows a North route (0◦) at a constantspeed of 10 kt during the simulations. Neverthe-less, this speed slightly varies depending on the seastate considered in the simulations. As proceedingto straight in approaches, the wind was aligned withthe ship (azimuth 0◦) with a magnitude of 10 kt.
4.1.1. Approach to the ship

Initially, the entire approach described in Fig. 1was evaluated. Figure 10 represents the entire ap-proach, starting at a distance of 2534m from theDRP, with 10 kt of wind from North (Ship route). Theyellow curve represents the TD upper mode phasesall along the maneuver, switching from 1 at the verybeginning to 5 at the end, corresponding to thehover phase.
In order to test the lateral repositioning during firstphases, the helicopter was placed at 5m on theright of the ship’s track (see blue curve in Fig. 10 ).
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During the approach, the lateral deviation is alwayslower than 2m, while it can be seen that there isan increase of the lateral motions in phase 3 dur-ing which the forward speed is reduced and the ver-tical speed adapted to capture the glide towardsthe DRP. In Fig. 11, the helicopter flight parametersare shown. Until phase 5, which initiates at 217 s,the forward ground speed Vx is well maintained tomatch the targets. Some transients can be observedon the vertical speed Vz, when transitioning fromphase 2 to 3, and especially from phase 4 to 5. Nev-ertheless, these transients are very limited in timeand have minor impact on helicopter height. It canbe observed that the heading is very well kept dur-ing the whole maneuver, with maximum deviations
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Figure 11 Helicopter parameters during the ap-proach and landing phases

of 0.5◦. The precision on the yaw axis could be cer-tainly relaxed during the approach.
The vertical path (height) corresponds to the tar-geted glide slope followed by the controller. Theheights of different points are illustrated in Fig. 12.The altitude variations of these points during thehover phase up to the deck landing are shown inFig. 13. It can be observed at around 217 s, theHOVERmode is automatically engaged. Then the pi-lot reference height is adapted to follow the Hori-zon Reference Bar height all along the maneuver.At 275.4 s, the automatic landing is initiated (greensquare), deck is touched at 279.5 s.
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4.1.2. HOVER mode performance

In order to estimate the performance of the HOVERcontroller, 10 simulations were performed in a sce-nario consisting of a sea state 4, ship speed of10 kt and a wind of 10 kt considered from North. Asshown on Fig. 14, the HOVER mode being not al-ways engaged at the same distance from the ship,we analysed the performance of the controller oncethe helicopter is above the landing grid (red line) upto the deck touchdown (end of the plot). An analysisof the distances dx, dy during the hover phase, thedistances at deck touchdown as well as the relativevelocities in longitudinal and lateral at deck touch-down is presented in the following Table 2 and Ta-ble 3.
It can be seen that the average precision lateral po-sitioning is better when compared to the longitu-dinal axis. The average distances from the landinggrid during a hover phase are 0.368m in longitudi-nal, and 0.02m in lateral. Themaximum dx distanceobserved being 1.12m and for dy, 0.496m.
At deck touchdown, the average precision in bothlateral and longitudinal are almost identical. The av-erage distances from the landing grid at touchdownare 0.174m in longitudinal, and 0.198m in lateral.The maximum distances observed being 0.63m fordx, and 0.42m for dy. Regarding the relative ve-locities, it is mandatory to have no horizontal rela-tive speed with the deck (to avoid tire damages orskid sliding). While not null, these velocities are verylimited, with an average of 0.316 kt and -0.06 kt re-spectively on longitudinal and lateral axis. The max-imum relative velocity on longitudinal axis is 0.58 kt,-1.11 kt on lateral.
In Table 4, the roll and pitch attitude difference be-tween ship and helicopter at touchdown are pre-sented. In roll axis, the difference is very limited, butthis ismainly due to very limited roll angle variationsof the ship as well as of the helicopter. The pitchangle differences are mostly due to the helicopterpitch attitude at touchdown. The main differencescan be seen on the heading, with a maximum de-viation observed of 10.27◦. If the constraints couldbe relaxed on the heading capture during the ap-
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proach, a specific tuning of the gains to follow shipdeck heading in hover would be certainly required.
4.2. Pilot Feedback and comments on the

design of the maneuver

4.2.1. Pilot Evaluation

The proposed landing maneuver was also testedwith two helicopter test pilots in the AVES located atDLR Braunschweig. Both the pilots are experiencedwith scientific flight testing for research and withsubjective pilot rating methods. Both of them arequalified as experimental test pilots. Unfortunately,they do not have much experience with helicoptership deck operations but as they have been partici-pating in various pilot studies in the simulator, theirfeedback is highly valued in the context of this study.Furthermore, automatic flight controlmodes can re-



Table 2 Performances during hover phase
Trial Number Mean dx (m) Max dx (m) Mean dy (m) Max dy (m)1 0.33 1.53 0.07 0.742 0.4 1.28 0.0009 0.613 0.41 1.02 -0.02 0.564 0.29 0.56 0.01 0.375 0.45 1.04 0.02 0.576 0.36 1.08 0.07 0.57 0.32 0.9 0.01 0.438 0.46 1.04 0.0009 0.369 0.19 1.77 0.04 0.4510 0.47 0.99 0.0001 0.37Average 0.368 1.12 0.02 0.496

Table 3 Performances at deck touchdown
Trial Number dx (m) Relative Long. Velocity (kt) dy (m) Relative Lat. Velocity (kt)1 0.049 0.16 0.42 -1.112 0.33 0.48 0.17 0.153 0.28 0.19 0.06 0.094 0.07 0.13 0.15 -0.035 0.27 0.55 0.23 0.096 -0.25 0.56 0.24 0.117 0.35 0.06 0.06 -0.078 0.63 0.58 0.082 0.169 -0.36 -0.08 0.36 -0.0310 0.38 0.53 0.21 0.04Average 0.174 0.316 0.198 -0.06

Table 4 Relative Attitude at touchdown
Trial Number Roll angle (deg) Pitch angle (deg) Heading (deg)1 0.16 -1.26 -2.212 -0.1 -0.29 -10.273 0.05 -2.46 -5.764 0.16 -2.15 -6.785 0.3 -2.93 -5.96 -0.39 -3.24 -5.857 0.06 -1.72 -6.18 0.46 -1.99 -3.689 -0.2 -2.34 -7.6710 0.25 -2.62 -5.82Average 0.075 -2.1 -6



duce the pilot workload significantly, therefore pi-lot feedback is highly valuable to test the improve-ments in safety and efficiency of the control modes.
However, the current study aimed to only thor-oughly assess the proposedfive phases of thewholeautomatic approach and landing maneuver to eval-uate its effectiveness in simulating a realistic opera-tional scenario. To achieve this objective, pilots wereasked a set of questionnaires. The pilots performedsimulations of the whole maneuver in the Air Ve-hicle Simulator and contributed their perspectivesabout the credibility of the maneuver in a realisticmaritime scenario. As the number of pilots is lim-ited, the main aim of the evaluation was to assessthe maneuver qualitatively.
Even though the outcome of the study is not a di-rect comparison of the efficiency of the automaticcontroller over the pilot flown automatic and aug-mented modes, it gives an indication of improve-ment and variation in the task performance for sucha mission. The feedback from the pilots during thedesign phase of the complete maneuver after per-forming the simulations in AVES based on the set ofquestionnaires asked is summarised below:
1. Choice of speed on Hover mode engagement(Velocity Hold option):Both the pilots preferred the ship speedinstead of current helicopter speed to bematched during activation of Hover mode. Thepilots commented that be it an automatic ma-neuver or a piloted, it is easier because onedoes not have to estimate the ship speed.
2. Precise velocity following versus correctionsmade at regular intervals:Pilot 1 commented it might be more useful tohave the corrections made when the gap be-tween ship and helicopter parameters is smallin order to avoid high frequency response fromthe helicopter. However, Pilot 2 also preferredto have a possibility to switch the automaticand pilotedmodes by pressing a button in casethe helicopter gives high frequency response inorder to take authority to manage the task.
3. Are the continuous (light) attitude variationscaused by the controller trying to follow theship speed acceptable?Both the pilots mentioned that it is accept-able and normal that the helicopterwould havesome motion and small attitude and speedchanges. If these variations are within the de-sired limits, then they are acceptable.
4. Relative position of the helicopter to the ship atAP engagement versus pre-defined position on

(above) the deck:Both the pilots preferred the ship deck positionto be the most suitable.
5. Are the continuous (light) attitude variationscaused by the controller trying to follow theship position acceptable?One of the pilots mentioned that it depends onhow big the distance variations are. So if thedistance variations are small (in desired andadequate limits), then the attitude variationswill be small and that is acceptable. However, ifthe variation is big e.g. 50m, that would causebig attitude variations, in such a case we needto find a trade off having an exact position orfewer attitude variations.
6. Viewpoint about Automatic Mode engage-ment:Pilot 1 mentioned that the pilot must have thecontrol to engage the mode. Additionally, fora Position Hold mode, it should not engage ifyou are too far away from the position. How-ever, Pilot 2 specified that an automatic en-gagement is also good. Although if the maneu-ver is too rapid then manual mode is prefer-able. The combination of both could be usefulas well, so in general automatic but the pilotshould be able to overwrite it.
7. Suggestions for additional parameters in thelogic to initiate the landing maneuver:Pilot 1 suggested that it could be useful to useroll angles if the helicopter is too close to thecenter line. Pilot 1 also indicated it might bealso useful to consider other angular variationsas well. According to Pilot 2, the wind directioncould also play a role. Additionally, ship mo-tion could vary based on the wind and wouldnot be an ideal condition to land. Therefore, itcould be useful to incorporate wind conditionsincluding wind speed and direction.

As the purpose of the pilot evaluation was to assessthe suitability of maneuver for such a mission, notmuch stress was laid on the controller choice andperformance within the scope of this study. Eventhough the pilots performed the maneuver usingthree different augmented modes, only one exam-ple using TRC combined with ship relative PositionHold is demonstrated in the current study as the fo-cus remains the automatic ship deck landing con-troller. Fig. 15 shows the forward velocity duringthe final phase of the approach and descend fol-lowed by 30 s hover over the ship deck using TRCcombined with PH. No deck landing was performedspecifically in this case.
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Figure 15 Forward velocity of the helicopter duringapproach, descend and hover
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Figure 16 Helicopter position relative to deck centerduring the approach, descend and hover

Fig. 16 illustrates the helicopter position relativeto deck center during the approach, descend andhover over deck. The position and velocity both arein desired or adequate limits. However, pilots stillhave to do effort to perform the approach manu-ally. Even though the hover was performed com-pletely hands-off and autonomously, the pilots com-mented it was not easy to find a suitable position tostart the hover. This indicates how useful it can beto perform the completemaneuver automatically inorder to improve the overall safety for the pilots forsuch an operation.
4.2.2. Pilot Feedback for further

improvements

DGA-EV (French Flight Test Center) organised an ex-change with a navy pilot to have a feedback on the

effectiveness of the whole scenario as well as theautomatic ship deck landing controller. Please noteno evaluations were performed in the simulator buta general description of the implemented phasesof the maneuver and the controller demonstrationwas provided. While the general technical approachwas validated, a number of points requiring partic-ular attention were outlined:
• For instance, it was outlined that ship stabili-sation should be taken into account, and moreparticularly the roll stabilisation. It should benoted that while stabilising the roll motion ofthe ship induces larger ship heading variationsthan usually considered and as these yaw mo-tions are complex to follow (by the pilot andthus probably by an automatic system), thisshould be integrated in ship motion models.• Considering a straight-in approach with head-wind is a start, but other operational casesshould be considered to better evaluate thesystem robustness. In particular, test cases in-volving tail wind / three-quarter tailwind, whichare often realised in operation. In these con-ditions, turbulence due to the proximity of thehangar are lowered, but ship motions are com-pletely different as thewaves are impacting theship from behind. From the helicopter perfor-mances perspective, this requires more powerwith smaller power/torque margins as the air-speed is reduced.• As previously indicated, engine and torquelimitations were not introduced yet in thecontroller, however these parameters are ex-tremely important in such maneuvers. Pilotlaid emphasis on also considering One EngineInoperative case when decelerating close tothe ship (Phases 3-4). The automatic controllershould integrate the possibility to perform ago-around or to perform the landing depend-ing on the position of the helicopter at the oc-currence of the loss of one engine.• The pilot indicated that the landing phase is notalways performed vertically. Thus, pilots preferperforming a deck landing with a low longitu-dinal speed on some helicopter types, such asthe "Panther" (Military Dauphin) for example.

It was also indicated that during the final landingphase, pilots try to hold constant helicopter atti-tudes. Some simulations were done where cycliccontrols were managed to maintain the current he-licopter attitudes (through an ATT mode) instead offollowing the landing grid position (HOVER mode).But this contributed to degrade the performances



at deck touch (final positionwith respect to the land-ing grid). A trade-offbetween attitude variations andposition hold should be further investigated if this isreally essential for pilots.
5. POTENTIAL FUTURE DEVELOPMENTS

While the overall performances of this automaticcontroller are promising, the HOVER mode perfor-mances are degraded at higher sea states due tomuch larger ship motions. As one might expect, in-creasing the windmagnitude and the level of turbu-lence also decrease performances. As outlined pre-viously, the different threshold values used in thecontroller should be adapted (ideally evaluated inreal-time) for high sea states, for larger ship deckheight and attitude variations.
Therefore, based on pilot feedback described in theprevious section and considering the current resultsand limitations, following developments could beconsidered to improve the implemented automaticflight control modes in future research:

• Further optimisation will be done on the auto-matic ship-deck landing controller that also in-tegrates a deck motion estimator.• Piloted simulations will be performed to assessthe benefits of the automatic modes and han-dling qualities ratings.• Further optimisation of the automatic controlmodes involving improved disturbance rejec-tion properties.
The initial objective of the collaboration project wasthat DLR will concentrate on evaluating and in-vestigating these implemented control laws. How-ever, an exchange mobility having a duration of sixmonths has been organised, where the DLR rep-resentative is working at ONERA. Thus, investiga-tions will be performed to adapt the ONERA con-troller, to improve the disturbance rejection proper-ties and find the trade off between disturbance re-jection performance and stability margins. It is alsoexpected to perform evaluations in the ONERA sim-ulation environment with a DGA-EV pilots. In thisway, a clear comparison can be performed for twodifferent helicopter types and two different simula-tor environments.
6. CONCLUSIONS

In the framework of the cooperation between DLRand ONERA, an Automatic Ship-Deck Landing con-troller consisting of an automatic transition down

upper mode has been developed and tested for dif-ferent phases of the approach and landing throughoff-line simulations integrating a complete mar-itime simulation environment. The simulation re-sults demonstrate the following key points:
• The implemented Transition Down uppermode enables the realization of the entiremaneuver, from the stabilised level flight tothe over the deck hover and final landingphase automatically managed.• In the considered scenario (wind magni-tude=10 kt, sea states <=4), the overall per-formances are very good during all phases ofthe maneuver. The preliminary developmentsof the automatic landing, integrating a deckmotion estimator, also show very promisingresults.• The pilot evaluations of the maneuver indicatethe suitability of the maneuver for a realisticship deck landing mission.

Nevertheless, some additional modifications haveto be realised to improve the performances of thisupper mode for higher sea states and wind con-ditions. In addition, only a very limited number oftest conditions were studied up to now, and morecomplex test cases would have to be investigated tocope with more realistic operational situations.
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