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AbstractDifferent 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 wereused during the piloted simulator trials while active side-sticks were operated at ONERA. A joint maritimescenario 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 differentcriteria such as quantitativemeasures and handling qualities (HQ) ratings in order to analyze the developedcontrol laws. Simulation results based on pilot studies for an EC135 in the DLR simulator and an EC225 atONERA are presented.

NOTATION

Symbols
∆φ, ∆θ, ∆ψ Attitude error in degrees
∆Vx , ∆Vy , ∆Vz Velocity error in m/s
VIAS Indicated airspeed in m/s
∆x , ∆y Position error in m

AbbreviationsACAH Attitude Command Attitude HoldACP Airload Computation PointACT/FHS Active Control Technology/ FlyingHelicopter SimulatorACVH Attitude Command Velocity HoldACVsH Attitude Command Ship VelocityHold
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1. INTRODUCTION

Maritime helicopter operations often create highstress levels and increased pilot workload becauseof not only the complexity of the maritime ma-noeuvres themselves but also the intricate aerody-namic environment, high sea states and high shipmotions. Such conditions, turbulent ship air-wake,poor visibility and atmospheric disturbances canlead to the limitation of operational capabilities ofthe rotorcraft. In the framework of the DLR (GermanAerospace 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 ofaugmentation and determining flight control law re-quirements for such complex maneuvers can helpto improve safety, reduce pilot effort and workloadand increase the helicopter-ship operational enve-lope [2].
There also exist control methodologies in litera-ture in order to improve the overall performance ofthe ship deck landingmissions. The implementationand pilot evaluation studies of different augmentedresponse types such as Attitude Command Atti-tude Hold (ACAH), Acceleration Command velocityHold (ACVH), Translational Rate Command PositionHold (TRC/PH) and amplitude dependent ACVH/TRChybrid response types based on diverse controlmethodologies like Nonlinear Dynamic Inversion ormodel-following architecture were presented in [3]and [4]. The current collaboration allows evaluatingand comparing ship deck landing control laws fordifferent helicopter types (e.g. EC135 at the DLR vsEC225 at the ONERA) and leading further investiga-tion in this field.
The structure of the paper is the following: Section1 provides an overall introduction of the challengesfaced during maritime maneuvers and the state ofthe art of the development of control laws. Section2 describes the objectives of project HACLAS. Sec-tion 3 provides the details of the simulation facili-ties and the maritime simulation environment usedfor the development of helicopter augmented con-trol laws for the shipboard operations at both DLRand ONERA. The recent developments on the he-licopter ship deck control laws at both the insti-tutes are presented in Section 4. Section 5 describesthe overall scenario for the pilot studies that havebeen 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 investigationand the comparison of advanced control laws imple-mented at DLR and ONERA based on piloted simu-lation studies. The paper also discusses additionalbenefits of using adapted stick dynamics and hapticcueing for better efficiency and reduced workload.
2. PROJECT HACLAS

DLR and ONERA are working together to bundletheir experience in flight controls and maritime op-erations. This is currently done through a commonand cooperative project called HACLAS.
The goal of the joint team is to implement, test andcompare different types of control laws for mar-itime operations especially ship deck landing ma-neuvers and to deliver requirements regarding thecontrol law characteristics. The main objectives ofthis project are:
1. Prepare a joint scenario for ship deck landingin the simulation environments of DLR andON-ERA (including shipmotions, ship air wake etc.).2. Harmonize test methodologies and assess-ment techniques. Different criteria could bedefined 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 asRate Command Attitude Hold (RCAH), AttitudeCommand Attitude Hold (ACAH), TranslationalRate Command (TRC). Optionally implementand 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, Braunschweigas shown in Fig. 1. Two interchangable cockpits canbe 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 asside-stick controls and experimental displays withtouchscreen capability on the pilot side.
3.2. Visual Environment in AVES

The visual projection system contains in total 15DLP-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° to120°is displayed in the dome shaped design of thesimulator. The software architecture is based on adistributed software design concept where severalsoftware modules can run either on a single com-puter connected via Ethernet, or run together onmultiple computers.
For the image generation software, DLR’s in-housedeveloped PC-based image generation system thatuses OpenGL based render engine, Real Time Im-age Generator (RTIG) is used. This object-orientedsoftware is adaptable to extend functionalities or in-tegrate new features according to the research re-quirement. Several visual features can be integratedvarying from simple 3D dynamic objects up to spe-cial visual features of diverse environmental effectslike fog, brownout and wave and water effects.
3.3. Ship Dynamics and Weather Simulation in

AVES

For the helicopter deck landing study at DLR, themaritime environment comprised of a detailed 3Dgraphical model of the German Navy F124 ’Sachsenclass’ frigate shown in Fig. 2, a vehicle simulationmodel to represent the ship dynamics and a waveand 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 tomodel the dynamics of vehiclesusing simple motion equations, trajectory followingalgorithms or by using complex MATLAB/Simulinkmodels. The vehicle dynamics can be computedsynchronously to other simulation models such asthe helicopter flight model. For the current study, aMATLAB/Simulink model was used, which was cre-ated using the Maritime Systems Simulator (MSS) li-brary [6]. Currently, it simulates the dynamics of aS175 ship model and uses the Joint North Sea WaveProject (JONSWAP) wave spectrum [7] for the wave

Figure 1 Air Vehicle Simulator (AVES) at DLR

generation. Since the model uses a separate wavegeneration engine, the ship movement is not syn-chronizedwith thewaves shown in the visualization.
The Sundog TritonOcean SoftwareDevelopment Kit(SDK) is implemented in the RTIG software in AVESfor representing awater andwave visualisation. Thewaves are generated using the JONSWAP wave pro-gram via the SDK. The weather simulation and 3Dcloud simulation are generated using the SundogSilverlining 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 theACT/FHS. It is based on the helicoptermodeling pro-gram SIMH [8] and each helicopter model consistsof a set of modular components (fuselage, stabiliz-ers, main rotor, etc.). Themain rotor blades are con-sidered as rigid blades and each main rotor blade isdivided into 10 blade segments. The Pitt & Petersdynamic inflow model is used [9].
Moreover, the nonlinear helicopter model in Heli-WorX comprises of additional features such as aninterface to superimpose additional velocities fromturbulent 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 loopedin time to enable continuous simulation above theship deck.
3.5. The Flight Simulation Facility at ONERA

In parallel, the piloted simulations to evaluate shipdeck 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 deProvence, as shown in Fig. 4.
The real-time core data-centric structure based onDDS (OpenSpliceDDS Community Version by Vor-tex) is built as a mutimodel architecture allowingthe integration of multiple language models (MAT-LAB/SIMULINK, C++, FORTRAN, etc.).
3.6. Visual Environment in PycsHel

ONERA’s PycsHel is a prototyping simulation benchdedicated 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 performelementarymissionsare present. They are built with OpenSceneGraphand can be customized according to the needs. Of-

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

fering a dual configuration, flight controls are basedon 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 toolkitOpenSceneGraph, orthophotographic and height-field based terrains fuelled by real-world geomaticdata. Four new laser-based projectors from Barco(F80) have been integrated in the simulation benchin 2021. This projection system has native WQXGAresolution (2560x1600) and up to 4K using pixel shifttechnics. It also allows stereoscopic or dual pilotpoint of view capabilities.
3.7. Ship Dynamics and Weather Simulation in

PycsHel

A 3D model of a Lafayette frigate is integrated inthe visual environment. Sea and atmospheric rep-resentations are performed through SunDog TritonSilverlining software, enabling real 3Dwaves for anyBeaufort scale and ship wake. Ship movements aregenerated using a model, identified on the basisof experimental data on the deck movements of aLafayette-class frigate.
3.8. Helicopter Flight Model in PycsHel

The flight mechanic code used in this project isthe HOST code from Airbus Helicopters, modellingan EC225 helicopter. HOST code integrates a shipair-wake model developed by ONERA in 1997 andbased on wind tunnel measurement campaigns ona Lafayette frigate model as shown in Fig. 5. Thefrigate air-wake model and its implementation in



Figure 5 Ship air-wake measurements at IMFL windtunnel facilities

the HOST code are detailed in the following confer-ence paper [11].
4. TECHNICAL DEVELOPMENTS

The technical developments performed at DLR andONERA joint team under the project HACLAS are de-scribed in the following section.
4.1. Frigate Air-wake at DLR

A turbulent air-wake behind a F124 Sachsen Frigateshown in Fig. 6 is generated and implemented in thenon-linear model of ACT/FHS, HeliWorX. This modelis used for real-time simulations in the AVES. TheHeliWorX model features an interface to superim-pose velocities from turbulent ship air-wakes. Theunsteady air-wake data is used as a lookup tablewithin the helicopter simulation, which is loopedin time to enable continuous simulation above theship deck. In addition, temporal blending is per-formed at each time loop for smooth transition.The spatial dimension (120 x 80 x 40m), the spatialdiscretization (∆x = 0.3m) and the temporal dis-cretization (∆t = 0.04 s) of the unsteady air-wakecause a memory consumption of approximately60GB.
4.2. Advanced Flight Control Modes at DLR

Another development from DLR side is the imple-mentation of advanced control modes to make thelanding task easier for the pilots. Three basic com-mand types:
• Attitude Command Attitude Hold (ACAH)• Rate Command Attitude Hold (RCAH)• Translational Rate Command (TRC)

Figure 6 F-124 class frigate with turbulent air-wake.

Figure 7 Schematic of the model-following controlsystem

and three advanced command types:
• Attitude Command Velocity Hold (ACVH)• Relative Translational Rate Command (RTRC)• Ship-based Attitude Command Velocity Hold(ACVsH)

were implemented [12]. The control modes are im-plemented in a pre-established and flight-testedmodel following control system which imposes thedesired command model dynamics on the con-trolled helicopter [13]. This model-following controlsystem has three major components: a commandmodel, a feed-forward controller and a decoupledcascaded feedback controller as shown in Fig. 7.The command model generates the reference sig-nals for the desired helicoptermotion. Various com-mand types combined with various hold functionsare implemented in the command model.
The feed-forward controller provides basic re-sponse decoupling and improves the responsequickness. A 11-DoF helicopter dynamic modelwhich is derived by system identification in time do-main is the base for the feed-forward controller [14].



(a) Activation of the ship landing mode: The current speed and courseare stored as reference and followed by the FCS

(b) Fine adjustments to the reference groundspeed and heading can be made continu-ously with the 4-way Test 2 button to followthe ship’s trajectory
(c) Longitudinal and lateral shifting towardsthe landing deck is performed by the ACAHby means of stick deflection. The referenceground speed is restored by the FCS whenthe stick is released

Figure 8 ACVH control mode activation and handling

The feedback controller compensates differencesbetween commanded and measured values dueto modeling deficiencies and other disturbances. Italso establishes the desired hold types, e.g. attitudehold. Three classical command types, namely At-titude Command Attitude Hold (ACAH), Rate Com-mand Attitude Hold (RCAH) and Translational RateCommand (TRC) were implemented in the AVES.The first advanced control mode, Attitude Com-mand Velocity Hold (ACVH) combines a trajectoryhold (ground speed and heading) function whenthe cyclic stick is released with an attitude com-mand mode when the stick is moved as shown inFig. 9. The pilot can also adjust the heading andspeed of the helicopter using the 4-way stick but-ton on the cyclic stick. The key feature of this mode

is that no communication is required between theship and the helicopter. Such a mode could be use-ful in for example for EMCON (Emission Control)missions where no communication with the shipis allowed. The vertical mode provides a classicalrate command / altitude hold. Another advancedcontrolmode, Relative Translational Rate Command(RTRC) has been developed and implemented inthe ACT/FHS flight control system at DLR. When themode is activated, the helicopter velocity ismatchedto the current ship velocity when the cyclic stick isreleased and can be used as a standard TRC modewhen the stick is moved.
The third advanced mode named ACVsH also in-volves communication with ship. In this mode, uponactivation the helicopter holds the ground speed



(a) Force/displacement curve of 1N/deg (b) Friction used as force/displacement curve
Figure 9 Classical Force/displacement curves

and heading of the ship when the stick is not mov-ing and is a standard attitude commandmodewhenthe stick is moved. Hence, on activation the shipspeed and heading ismatched and the pilot can alsoadjust the heading and speed of the helicopter us-ing the 4-way stick button on the cyclic stick.
4.3. Simulator Trials Analysis Tools at DLR

For the simulator trials performed in DLR’s AVES, anoverall evaluation toolchain for assessing the heli-copter ship deck landings was implemented [15].The toolchain evaluates various touchdown condi-tions like position, velocity and attitude errors be-tween the ship deck and the helicopter along withadditional evaluation parameters for the entire ap-proach such as levels of control activity: amplitudeand frequency, lateral track: distance about the shipaxis, position and track error (x and y) and headingvariations during the whole flight trajectory. For asubjective assessment, qualitative pilot ratings us-ing different rating scales namely Cooper-Harperrating scale and DIPES (Deck Interface Pilot EffortScale) were recorded during the pilot study [16] and[17].
4.4. ONERA Developments

From ONERA side, the following basic controlmodes: Attitude Command Attitude Hold (ACAH),Rate Command Attitude Hold (RCAH), TranslationalRate Command (TRC), HH (Height Hold = Heave TRC)and AcVH (Acceleration Command, Velocity Hold)were implemented in ONERA’S PycsHel simulatorand tuned for an EC225 helicopter model. While notevaluated yet, a relative TRC (based on the DLR ap-proach) has been also developed and implementedin PycsHel.
At DLR, ”classical” cyclic and collective stick flightcontrols were used during these trials while ac-tive side-stick units were operated at ONERA. Dur-

ing preliminary trials, it was observed that, withTRC, pressing the trim button can induce very slightmovements of the stick, and thus a transient speedset point. To avoid this, the nominal effort/stickposition law (1 Newton/deg), as shown in Fig. 9a,has been replaced by friction (2 Newtons) on thelongitudinal axis (see Fig. 9b) while the classicalforce/displacement curve was maintained on thelateral axis. This modification allows to place thestick at a given position (i.e. given target speed), andrelease it without any unintentional move as thetrim button has no more to be pressed.
Moreover, detentswere implemented on both cyclicand collective sticks to indicate specific speeds tothe pilot. A detent simulates a ball and groove fea-ture where a ball and spring are moved over a sur-face with a groove in it (e.g. an aircraft throttle).
The detent parameters that can be set are thecenter position, width, height, dead-band (locatedaround the center) and the scale factor (affectingthe sharpness of the detent).
One detent was placed at the neutral position of col-lective, enabling the precise recognition of the nullvertical speed by the pilot. In addition, a glide slopeguidance function sets a detent at the collective po-sition corresponding to the required vertical speedto followapredefined glide path angle. On cyclic, dif-ferent possibilities are offered. Positioning the de-tent at the neutral stick position enables the recog-nition of null angular rate commands in RCAH, nullattitudes in ACAH, or null velocity in TRC dependingon the law engaged (RCAH, ACAH or TRC). In addi-tion, ship speed can also be indicated by a detentpositioned at the associated longitudinal cyclic stickdisplacement. This last feature can be considered asa kind of relative TRC, as the pilot is then able to po-sition its cyclic around this detent, and to control thehorizontal speed around the ship speed. The use ofhaptic cueing showed real benefits and the possi-bility to increase the efficiency of augmented flightcontrol laws.



5. PILOTED SIMULATION

During the pilot studies at DLR and ONERA, the pi-lots performed multiple ship deck landings on afrigate class ship in order to evaluate the imple-mented control modes. The complete details aboutthe piloted simulation are described in the followingsection.
5.1. Pilots and Pilot Task

A total of five helicopter pilots with different levelsof experience as described in Tab. 1 participated inthe piloted simulation study. Pilot 1 and Pilot 2 aredoing research in the area of scientific flight testingand both of them are experienced with subjectivepilot rating methods. Pilot 1 is qualified as an ex-perimental test pilot, Pilot 2 and Pilot 5 are doingresearch and their experience is considered highlyvaluable for the evaluation. Pilot 3 is a military pi-lot from the German Navy and is familiar with heli-copter ship deck landings of Lynx helicopters on theconsidered F-124 class frigate. Pilot 4 is a pilot fromthe German police and Pilot 5 is a French navy pilot.Both Pilot 4 and Pilot 5 are familiar with helicoptership deck landings.
The task performed during the simulator trials atDLR was based on the standard port lateral ap-proach as defined in the Helicopter Operationsfrom Ships other than Aircraft Carriers (HOSTAC)as shown in Fig. 10 [18]. Standard Port Lateral Ap-proaches are usually performed in the direction op-posite to the air-wake. However, the chosenmaneu-ver is with an approach from the turbulent air-waketo make the task more challenging and hence moresuitable for the evaluation of the control modes.
The pilots begin the task at a height 65 ft with aforward speed 20 knots approximately 600 ft be-hind the ship and establishes a hover alongside thedeck, followedby a lateral transitionmaintaining thesame altitude over the deck [19]. Upon detection ofa quiescent period, a vertical descent followed bythe landing is performed. The pilots repeated eachlanding using different control modes 2-3 times.
It has to be noted that, while at DLR the scenarioswere started in the vicinity of the ship, simulationruns were initiated much away from the ship at ON-ERA, allowing the study of the entire approach. Themaneuver was defined as depicted in Fig.11. Onlystraight-in maneuvers were performed at ONERA,defined by:

• At 4000 yards behind the ship, the helicopter isin level flight, at 60 kts, at 500 ft above sea;

Figure 10 Deck Landing Mission Task Element [20]

• At 2550 yards behind the ship, helicopter ini-tiates descent at constant glide (following glideslope indicator of the ship) along the trajectory.• At ship fantail, the helicopter velocity is the shipvelocity (10 kts during the trials);• The vertical speed is adapted tomaintain a con-stant glide slope of -3 deg.

5.2. Test Scenario and Test Configurations

During the pilot study at DLR, the deckmotion simu-lation modelled after a German Navy F124 ’Sachsenclass’ frigate was used. The frigate was proceedingat 10 knots in sea state 6 with the sea approachingat 30° to the bow. The frigate ship dynamic modelalso included a simulation of turbulent ship air-wakeattached to it. A good visual environment (GVE) asshown in Fig. 2 was used for the evaluation of heli-copter ship deck landings.
The major goal of the piloted evaluations was to as-sess and compare the performance of augmentedcontrol modes during ship deck landing maneuversfor different helicopter types at both DLR and ON-ERA. Therefore, the test matrix was created for veryparticular conditions.
For the pilot study in AVES at DLR, test points werebased on five different flight control configurations(except RCAH) as provided in Tab. 2 for each individ-ual axis. Pilots highlighted that the RCAH is clearlynot adapted to this procedure as it resembles flyingin directmode. Hence due to time constraints, RCAHwas not considered in the final test matrix.
During the simulator trials at ONERA, the LafayetteFrigate was following a North route at a constantspeed of 10 kts. As proceeding to straight in ap-proaches, the wind was aligned with the ship (az-imuth 0 deg) with a magnitude of 10 kts. Different



Table 1 Overview of pilot experience
Pilot 1 Pilot 2 Pilot 3 Pilot 4 Pilot 5

Pilot license 41 years 12 years 25 years 15 years 20 years
Experimental test pilot Yes No No No No
Total flight hours 6700 h 1050 h 3900 h 2800 h 2200 h
Offshore flights per year - - 50 50 50
Proportion of offshore flights per year 0% 0% 50-75% 25-50 50-75%%
Maneuver: Ship deck landing per year 0 0 ≥ 30 ≤ 10 ≥ 30

Figure 11 ONERA’s deck landing scenario - Straight In approach
Table 2 Test configurations used at DLR

Config. ACAH TRC ACVH RTRCPitch ACAH TRC ACVH RTRCRoll ACAH TRC ACVH RTRCYaw RCDH RCDH ACVH RCDHHeave HH HH HH HH

runs were based on three different flight controlconfigurations as provided in Tab. 3
5.3. Assessment Methods

The evaluation of the implemented control lawswasperformed using the implemented toolchain by an-alyzing objective simulation data, subjective pilotratings and the pilot feedback during the simula-tion. For the objective evaluation, task performanceis evaluated during the approach and at the touch-down point. The implemented toolchain evaluatesthe touchdown conditions specifically the positionerror (∆x ,∆y ) , velocity error (∆Vx ,∆Vy ,∆Vz ) and at-titude error (∆φ,∆θ,∆ψ) between the ship deck andthe helicopter.The quantitative mission success isdetermined depending on if the pilot could achievethe desired or adequate limits during landing. Thedesired and adequate boundaries are defined foreach of the touchdown conditions based on the size

Table 3 Test configurations used at ONERA
Config. ACAH RCAH TRCPitch ACAH RCAH TRCRoll ACAH RCAH TRCYaw RCDH RCDH RCDHHeave HH HH HH

of helicopter, size of ship and the pilot feedback [12].Along with the touchdown evaluation, the objectivecriteria to evaluate the entire manoeuvre such aslevels of control activity: amplitude and frequencyand position and track error (x and y ) during thewhole flight is also investigated for extra knowledgebut not used as a part of evaluation.
For the subjective evaluation, pilots awarded ratingsbased on different rating scales namely: Cooper-Harper Handling Qualities Rating Scale (HQR) andDeck Interface Pilot Effort Scale (DIPES) after eachexperiment.
The Cooper-Harper rating scale was used to assessthe handling qualities of the helicopter during the fi-nal phase of the landing [16]. It consists of a decisiontree and ranges from ratings 1 to 10 defining thebest handling qualities of an aircraft as 1 "excellent,highly desirable" and theworst handling qualities as10 "major deficiencies". The handling qualities rat-ings (HQR) in the range of 1-3 represents Level 1,



in the range of 4-5 represents Level 2 and the restLevel 3 Handling Qualities. The Cooper-Harper rat-ing scale is a highly complex scale and hence is nor-mally used only by experimental test pilots.
DIPES was used to quantify the workload of an av-erage fleet pilot and is designed in particular forship deck landings [17]. Using this 5-point scale, thepilot rates the landing maneuver based on work-load, performance, accuracy, and consistency. Rat-ings between DIPES-1 to DIPES-3 are considered asacceptable and ratings of DIPES-4 to DIPES-5 areconsidered as unacceptable. Moreover, each ratingcan be supplemented with letter suffixes explainingthe cause of growing workload (e.g. ’D’ for deck mo-tion or ’V’ for visual cues). The pilots were asked togive at most three additional suffixes, if needed.
6. SIMULATOR TRIAL RESULTS

In the following section, the results of the evaluationof the ship deck landing scenario and the flight con-trol modes at DLR and ONERA are presented.
6.1. Evaluation at DLR

The simulator trials at DLR were focused to evalu-ate the ship deck landing scenario and to evaluateand compare the flight control modes for their suit-ability for ship deck landing missions. All aforemen-tioned pilots participated in the simulation trials atthe AVES. Each pilot performed each test indepen-dent from the other pilots. The simulation resultsare focused on Pilot 3, Pilot 4 and Pilot 5 as they hadexperience with maritime missions.
The objective assessment majorly involved the eval-uation of the touchdown conditions. In addition, theentiremaneuverwas also analysed to have a deeperknowledge of the approach phase. Three metrics;position offset, velocity error, and attitude error atthe touchdown point were evaluated. Fig. 12 showsthe touchdown positions of the helicopter relativeto the deck center by the three maritime pilots fordifferent control configurations. Due to time con-straints, Pilot 3was not able to performa landing us-ing ACVsH command type. The figure demonstratesthe pilots could achieve a desired or at least ade-quate performance with almost all the commandtypes. Fig. 13 illustrates the position of the heli-copter relative to the deck center throughout theapproach and during the landing phase using ACAHand ACVH control configuration. It can be seen fromthe landing phase in the trajectory and was also re-markedby the pilots that it wasmuch simpler to per-form the landing in the ship air wake using ACVH
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Figure 12 Landing positions relative to deck usingdifferent control configurations (Blue: Pi-lot 3, Purple: Pilot 4 and Orange: Pilot 5)

command type than the classical ACAH approach.
The level of control activity for performing the ma-neuver is also considered as a significant metric tobe studied. Fig. 14 illustrates the pilot control inputsfor the approach and landing phase for ACAH andACVH control modes by Pilot 5. Lesser pilot activitywas observed with ACVH mode when compared toACAH mode. It can be also be observed that the pi-lots had to usemore effort during the landing phase(towards the end of the flight) in comparison tothe approach phase. This behaviour was observedfor all control modes. This behavior is expected asthe pilot has to make adjustments against the driftcaused by turbulence.
For the objective assessment, the pilots wentthrough a set of questionnaires based on differentrating scales namely DIPES and HQR after each ex-periment respectively. For awarding Cooper-HarperHanding Qualities Ratings, the focus remained onthe landing phase where as for other scales wholemaneuver was addressed.
It should be highlighted that the HQR ratings wereonly awarded by Pilot 1, Pilot 2 and Pilot 5, be-cause of the fact that the HQR is a relatively com-plicated scale. Fig. 15 shows that the pilots couldachieve Level 2 or Level 1 (for advanced commandtypes) Cooper-Harper HQRs which depicts that theyachieved desired or adequate performance with amoderate compensation. It can be observed fromthe Fig. 15 that there was a improvement in the
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Figure 13 Helicopter position relative to landing po-sition performed by Pilot 4 (Blue: ACAHand Yellow: ACVH)

ratings from Level 2 to Level 1 when using the ad-vanced command types.
Fig. 16 depicts the DIPES ratings awarded by all fivepilots for ship deck landings performed using all thecommand types. The figure demonstrates theDIPESratings to be ‘acceptable’ for most of the advancedcommand types (TRC, RTRC and ACVsH) for almostall the pilots whereas the pilots provided higher rat-ings for the basic command types (ACAH and ACVH).The ratings illustrate that using the advanced com-mand types the task became acceptable. The DIPESratings highlighted most clearly the benefits of theRTRC mode, contrary to the ACAH (also ACVH by Pi-lot 4) mode, which was deemed ‘unacceptable’ bysome of the pilots. Along with the DIPES ratings,the pilots can also describe the cause of the in-creased workload by providing one or more suf-fixes. In this study, nearly all the pilots remarkedthat the deckmotion (D) and air wake turbulence (T)were the major causes of increased workload andmade the overall task more challenging. Apart fromdeck motion (D) and turbulence (T), lateral position-ing (L), and height control (H) were some other fac-tors stated by the pilots for increased workload.
It should also be noted that even if some of thelandings with basic command types displayed bet-ter task performance, it actually took higher pilotworkload to achieve such accuracy. Besides that thehigher ratings by some pilots could be impacted bynot only the task being demanding but can also varydepending on the level and type of experience of
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Figure 14 Time Histories of pilot control activitythroughout ACAH and ACVH approach byPilot 5

the evaluation pilot as described in Tab. 1. It canbe noted that the tests were performed by limitednumber of pilots, although according to [21] threepilots seems to be bare minimum with four likely tolead to a more reliable result.
Some of the pilots experienced a higher workloadwith ACVH mode, because they were not habitualusing the 4-way test button to adjust the speed andheading instead of classical control inputs. How-ever, some of them experienced a relatively higheroverall workloadwith TRCmode specially during theapproach. This is because they had to give large con-trol inputs because usually TRC is generally used forfinal precision during landing whereas it was alsoused for the approach phase in the current study.
6.2. Evaluation at ONERA

ONERA simulator trials were performed by Pilot 5,and led to a classification of the basic control modesbased on the pilot subjective feedback. Thus, it washighlighted that the RCAH and ACAH are clearly notadapted to this procedure. RCAH was a bit betterrated but still required a high workload. TRC is themost efficient with a large decrease of theworkload.Contrary to the results already experienced in previ-ous studies, RCAHwas here better rated than ACAH.This can be explained by less disturbance rejectioncapability of the ACAH implemented in the simula-tor compared to the RCAH for the case of PycsHel.
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Figure 15 HQR results for ship approaches usingdifferent control modes at DLR

Therefore, the pilot hadmore difficulties to preciselycontrol the helicopter speed above the deck.
In Fig. 17 and Fig. 18, a comparison of pilot controlsand flight parameters during the entire procedure isdone, between TRC (blue line) and RCAH (red line).It is clear that the requested inputs on controls arelower with TRC, and the trajectory ismuchmore sta-bilized. In this case, the pilot didn’t land and flywhenusing the RCAH.
As previously mentioned, the force displacementcurve used on the longitudinal cyclic in TRC wasswitched to pure friction. A deceleration from 20kts to 10 kts (blue curve) performed with the clas-sical force displacement curve on the longitudinalcyclic can be seen in Fig. 19. The force gradient being1N/deg. It can be seen that at around 60s, the pilotis acting on the trim release button (red curve), gen-erating small control variations. In Fig. 19 , the samemaneuver is performed but using a 2N friction onthe longitudinal, and a detent positioned to the cor-responding ship velocity. The difference in terms ofrequired pilot actions on the flight controls is clearlyvisible on the red curve. The pilot is able to feel thedetent and place the stick immediately at the properposition to reach the ship velocity. This force law onthe cyclic was considered as very well adapted. Ifkeeping a classical force gradient curve on the lat-eral is adapted for straight in approaches, whereonly small lateral velocity corrections are needed,setting friction on the lateral axis could be beneficialfor relative wind or cross deck procedures, wheremaintaining a lateral speed is requested.
Finally, the HH law on collective was very well ap-preciated, enabling a precise control of the verticalspeed during the approach. In addition, the use of

Figure 16 DIPES results for ship approaches usingdifferent control modes at DLR
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Figure 17 Comparison of pilots controls betweenTRC and RCAH during the procedure

detents to indicate specific vertical speedswere alsovery well appreciated, as also demonstrated in [22].
6.3. Pilot Feedback and Future Developments

Some requirements were expressed by the pilot af-ter simulation trials at ONERA:
• Use of the 4-way button cyclic stick to enterset points (+- 1kt) in relation to the referenceground ship speed. Both in longitudinal and lat-eral.



Figure 18 Comparison of flight parameters be-tween TRC and RCAH during the proce-dure

• The possibility to change the course (+- 1 deg)with the 4-way button on lateral could be inte-grated on the collective stick.• Possibility of a limitation of the vertical speedby the HH law before the touch down regard-less of the decrease of the collective (i.e. verti-cal speed target).
7. CONCLUSIONS

A maritime simulation environment has been im-plemented in both DLR and ONERA simulators, en-abling the evaluation of helicopter augmented con-trol laws in ship deck operations. Three basic (ACAH,RCAH, TRC) and three advanced command types(ACVH, RTRC, ACVsH) were developed and testedby DLR, while ONERA focused on three basic con-trol modes (RCAH, ACAH, TRC). Simulator trials re-sults illustrated that even if some of the landingswith basic command types displayed better taskperformance, it actually took higher pilot workloadto achieve them. The pilot feedback indicated an ex-tensive reduction in the workload when using theadvanced command types. Among these advancedcommand types, Relative Translational Rate com-mand has shown larger benefits. Finally, it has beenshown that the use of active inceptors, with specifichaptic cues (detents), can bring benefits in the man-agement of augmented flight control laws.
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Figure 19 Comparison of a deceleration maneuverwith different force displacement laws
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