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INTRODUCTION

Beside its major activity in the development obpld helicopters, Airbus Helicopters has been dpiey for a
decade now VTOL UAS systems. Regarding flight tegtopening the envelop of an UAS is a completenghaof
paradigm: when, on a manned helicopter, the fleghtelop can be opened step by step and always i@tiehe
capability of the on board pilot to recover and¢ane back to a safe envelop, on a UAS, the levalitdmation, the
complexity of the overall system, the reduced aness due to remote control and monitoring and ifeeamd
airworthiness constraints are new challenges additige standard problems of flight testing a VTOL.

This paper describes the methods used to operidgi énvelope of the VSR700 Unmanned Aircraft Syst
(UAS). The VSR700 is the leading UAS program inbdis Helicopters which enabled to grow competenni®g OL
UAS development. A focus will be made on two spediight testing phases: the initial speed/altéudomain
opening coupled with the tuning of the autopilodl &ime_Ship-Helicopter Operating Limits (SHOL) opani

When dealing with heavy UAS, the flight test loges be either to minimize the development timeatever the
risks. It can also be to minimize the risk, leadiodong development time. The flight test techmidloat was adopted
is a compromise between these two strategies.

VTOL UAS / DRONIZATION OF A CERTIFIED HELICOPTER

The VSR700 [1] is a drone under development forRhench Navy, based on the Cabri G2 helicopteis &
700kg-class drone, heavier than most native drofikes. main mission of the VSR700 is to perform niauet
surveillance with an Electro-Optical Sensor andaad® from a FREMM Frigate, where the VSR700 droiiebe
parked in the hangar alongside with a NH90 helieopt

This system consists of an Unmanned Aerial VeHidikV), a ground control station (GCS), and a data(iDL).
The UAV is based on a Cabri G2 helicopter modifigd
- Reshaping the cabin to better accommodate thenaiteystem and the external payload
- Installing a dual duplex full authority Flight Caat System fed by a full set of sensors (includimertial,
position and ground detection sensors)
- Installing a new Jet-Al/Avcat compatible dual chelfPADEC engine
- Installing a digital vehicle management system

UAS: GCS / datalink / UAV / Payload Cabri G2 Vs VSR700

Figure 1 : UAS definition. Cabri G2 compared to VSR 00



The piloting modes are those of a standard droaédation, return to base, geofencing) plus soneeifip modes
to support specific tasks like automatic ship diedde-off and landing [4]

The level of automation is high which adds a comipfein flight envelop opening and some specifitoping
modes / features dedicated to development flights teave been developed as will be detailed later.

Figure 2: VSR700 during the flight test campaign ofFREMM Provence
FLIGHT ENVELOP OPENING OF MANNED ROTORCRAFT

The flight envelope of an aircraft refers to theiemnmental and rotorcraft parameters in whichrthtercraft will
operate. The altitude and temperature range, théman rotorcraft weight and its center or gravi§Q) extremes,
maximum wind, etc. In a manned rotorcraft, thehitignvelope is opened during the initial flightsaaiew prototype,
but also when the envelope of an existing modetiesnded because of design changes (e.g. new sngewe rotor...)

[3].

Before opening the flight envelope, all criticat@aeters are identified. This usually includes dyitaand static
flight loads, power limits, vibration levels, cooltmargins, temperatures. From this, a list of peaters that needs to
be closely monitored in telemetry and in flightdentified.

The incremental approach is based on three prisipl

« Whatever the linearity of the phenomena, smalldn@nts of the parameters lead to linear evolutfon o
the limits (e.g. flights with wind from differenireéctions). This is the gradient method.

« Once the domain is opened, it is presumed as Aadeall increment of the parameter (e.g. airspeed)
allows an easy return to the “safe” domain that alasady opened. It supposes that the phenomena, in
the safe domain, are damped enough.

¢ As the test pilot has full authority in terms ofnrmmand travel, command speed, any upset position can
be recovered. The implicit prerequisite behindatimbination of command travel, command speed (what
is usually called “command activity”), is the piwtvorkload : this can be one criteria to stopehgelope
opening. This prerequisite is very important andggbeyond the sole flight controls, but also torgve
crew action on the helicopter configuration [3]

During the flight, a close follow-up of safety pareters is performed:
e On board, using FTI
¢ On ground, using telemetry



But there is more than this! An increase of a noiseibrations can be a hint that something is givam— even if
this change is below the alert threshold. But sommest small changes can quickly “explode” to a sexiphenomenon.
The overall behavior of the helicopter, as welltaspilot workload can also provide good cluesttp she test point.
The experience of the crew, inconsiously comparesattual response of the helicopter to the knomen @his is
very hard to translate into an automated monitoailggrithm.

FLIGHT ENVELOPE OPENING OF AN UAS: A CHANGE OF PARA DIGM

The UAV (Unmanned Air System) is a system of systefrhe flight envelope encompasses the usual flight
domain of the UAV, but also the datalinks, andftiectional domain of the ground segment. Such dsgeve been
widely studied for small drones [4] but less shdi@cheavy VTOL submitted to high airworthiness swaints like
the UAVS developed by Airbus Helicopters.

At first sight, one might think that opening thgfit domain of a “dronized” but already certifiestorcraft is a
walk in the park. However, the VSR700flight testngeigns showed that :

Some flight envelope demonstration can be easiffppaed by a pilot in command. However, the same
demonstration can be very difficult to perform with UAS. Flight control laws only react to minimize
error between a target and a current parameterreabepilot can decide to adapt the way he flies
according to the circumstances (eg : turbulen@eretharacteristics of the helicopter). This diffig
applies as well to piloted rotorcrafts if pilotectians are automated [5]

The incremental approach (in weight, NR, wind, tleince, slopes) can have detrimental effects : in
particular, the static limit approach (static conmehanargin) isn’t robust enough to prevent speed
saturation, or latent control loss

Whereas datalinks (DL) may be considered as missdements on piloted helicopters, their contribaitio
is as crucial as flight control systems on UAV phrticular, a high importance must be paid to caler
cases of partial / total loss of DL.

Safety functions (recovery function) have to beautjitt to be easy to use, with full authority. Thid e
further detailed as well.

Having high frequency actuators can not only coupter eigen modes (already problematic on manned
rotorcraft), but also on structural eigen modeoyab4Hz). Particular attention was paid to thisiryr
the flight tests

Whereas on piloted helicopters the test pilot e&e tontrols at any time to recover, the experishosvs
that the whole time lag (perception, decision,acithn controls, UAV reaction time) doesn't allow to
always recover. On some phases, such as taket#hding, a decision point must be used in order to
decide the UAV to continue the maneuver (with ci@¢o decide), or recover. These 3 last pointsired

to adapt the flight test technique, as well astieelopment sequence of the flight controls. Thikhe
developed in the dedicated paragraph.

Figure 3: Slope take-off and landings, good examplef incremental approach



STATIC MARGIN : NEED FOR ADDITIONAL CRITERIA

The figure 4 shows a quartering flight where theugidspeed (bottom right) is increased from 20kt25kits,
with initial FCS gains settings. Tail rotor commadn (3¢ line, left), shows activity, but with good margif0%
with a full stop at 100%). As soon as the grounddps increased towards 25kts and stabilized, Ddws increased
activity, with linear shapes. 5s after stabilizitg groundspeed target, the heading control is Vaigh excursions
(first line, left), at 150 degrees. The Ddn positis interesting: it is purely linear.

This flight test shows that, in this case (initigins settings), the static margin is good, butcttramand rate is
saturated: the flight controls speed is at its mmaxn, limiting the bandwidth. This handling qualagpect wasn'’t
experienced with the piloted Cabri: the pilot caaah higher command speeds. This shows that, étes method
was incremental, the cues for assessing the marginot the same as for usual piloted flight donogi@ning.

Figure 4: Example of flight envelope opening wheresual criteria are not sufficient



DEGRADED SITUATIONAL AWARENESS

The situational awareness is a mental process veheeeson will make a decision upon perceived efeambased
on his understanding and his projection. The figure based on [6].

Situational awareness Perception Comprehension Projection Decision

How decision is made ? What the crew Comprehension of what How will the UAV What is decided ?
perceives is perceived react ?
Partial perception from Comprehension based - Not full authority - Late decision
the crew : on bench training : for safety pilot - Overconfidence:
- Doesn't “feel” - Negative training - Latency issues the UAS doesn't
WYSIWYG - HM™I - Commands not learn'!
Display latency - Workload straighforward
Not same holistic (head-in flying)

picture among the
crew

Figure 5 : Situational awareness process and UAS gicularities

The perception of an UAS is somehow difficult: it is partial dset crew does not feel the rotorcraft (e.g.: sound,
vibrations). The WYSIWYG phenomena is What You 8&Vhat You Get, inspired from typing software wer
what you see typed on your computer screen, cajuibe different from what you’ll retrieve from thginter... All
what the flight test crew perceives on ground Bnsthrough the system under test itself: it carbbgged, show
latency. Flight Test Instrumentation can help teeha critic view on the displayed information, sashbasic piloting
information (indicated airspeed, attitudes...), onieke information (engine power, flight controls d®..). On top

of these difficulties, as the information to bepdisyed are numerous, the displays are dense aritddigplay the
same information. The crew don’t share the samistimpicture and therefore an increased inforrmagbaring is
needed, which represents potentially a dense arwnication.

The comprehensionis what the crew understands, based on perceplisrthe crew relies only on displayed
information, and have a partial perception, theans@nding is helped by intense training on benchet familiar
with the procedures, the zones and the flightrtesieuvers to be performed. However, this can bjesuio negative
training as modeling can be partial, non-fully egantative, and lead to wrong reactions. The higtkiad, dense
cross-crew communication can make difficult to ustind in real time, get the right “big picture”tb& situation. In
some cases, the understanding can be different thhenerew position (flight test engineer, test pilas they have
different sources of information.

The projection is how the crew projects in the future, basedrenunderstanding and the knowledge of the system
itself. In some cases, the system can react nquiakly as would a piloted rotorcraft: the systetself can show
neither full authority, nor full command speed auity, so the reaction of the UAV can be more slaggvhich can

be challenging for recovery actions near the shkigkdIin some flight phases, the projection isn&yetm make, such

as flying the UAV in front of the pilot, where conamds are inverted (left stick will move the UAVtte pilot right).
When the pilot is continuously flying the UAV, thisversion is intuitive. But when the test pilotshta take over from

a full automated flight, this can be tricky.

Thedecisionis the conclusion of this mental process: the atewides what to do. In UAS activities, the decisian
be difficult to make, based on the difficulties d®ped before. This can lead to late decision.,lthstusual mindset
of the flight test crew, on manned rotorcraftsoidegin the flight campaign cautiously, expanddbenain and get
used to the rotorcraft behavior; margins can belgaéduced. When dealing with an UAS, the systeesd’t learn
and unconsciously the crew can reduce marginguistsafety at risk: UAS improves with software afed, not with
flight hours flown.



Figure 6: Trying to board the flight test whilst watching FT| parameters

The lessons learnt from the flight test campaigmeagd that the Ground Control Station (GCS) haddo
considered as a cockpit : in order to focus onpatar, figure out the airborne situation whilstkog at the FTI
curves, roaming discussions, entering/exiting tl@SGave to be minimized in order to avoid loss itfasional
awareness.

TAKE INTO ACCOUNT THAT RECOVERY ISN'T ALWAYS POSSIB LE

Based on the specific situational awareness coricepe UAS flight tests, it was identified thatowery actions
were not obvious, could be late and lead to sligggsovery trajectory. In some cases, when nedligiigg domain
boundaries (eg : extreme deck motion), the reconery have detrimental effects.

In that respect, a dedicated decision height has pat in place, where a recovery (abort) is alibabove, and
prohibited below. The decision criteria are basedrajectory : relative vertical speed of the UABhwegard to the
deck, horizontal trajectory (accuracy of the UAVsftimn wrt ship deck reference point).

With such a method, late recovey actions are excluut it also means that for such domain explmrathere
is no escape once the decision height is reacheeksaent.

.

Abort is allowed

Abort is prohibited

Figure 7: Dedicated decision height method



COMPLEXITY DUE TO SITE AND AIRWORTHINESS CONSTRAINT S

Whereas traditional manned rotorcraft are airwotthify wherever it can be useful, the flight tasta for a UAV
belongs to the flight conditions as it carries sageibstantiation, such as emergency responsepgmanjation density,
manned/unmanned traffic proximity. This createsadditional level of complexity that has to be dewith. In the
initial flights, a “white” area, with zero peoplesidsity was used. As long as the program ran, aedtaturity
increased, the following steps were reached :

* Use of sparsely populated area
« Use of civil airports, in cooperation with Air Tfaf Control

Stey 1 2 3 4
Site white segregate segegatec Low density
Safety FTS FTS + Geofencing FTS + Geofencing Geofencisgstem
contributor: V&V
Overall Maturity | Low Mediun- Mediumr High
Test Program First tests Speed / Altitude / Mission tests, Ship SHOL
Take-off, Landing, | Weight opening performance Mission tests
hovering Maturity (elongation &
payload)
MuM T
Flight Test| Deported GCS pilof Main GCS pilot Main GCS pilot M&CS pilot
Leacer
Photo

Figure 8: Typical site and airwothiness constraints evolutin

Figure 9: VSR700 flying in Aix Les Milles (LFMA) airport




PREPARATION FOR UAV FLIGHT ENVELOP EXPANSION / DEVE LOPMENT LOGIC

Simulation rigs were intensively used for 3 purpgose
- Assess the trajectories before defining the fljgiocedures:
0 Return To Base (RTB) trajectory
0 Geofencing and RTB activation behavior
- Assess the HMI and AFCS functions and performmibeessary bug fixings / improvements
- Become accustomed to handling the entire system.

As the usual senses of the crew are not used ($ighting, smell, touch), the crew has to mentdheeactions
and the flight test sequence before the flighaddition to a poor situational awareness, the dimension is usually
limitative: the flight test order has to be adapted the crew has to be highly prepared to the befiere the test
campaign.

In order to ease initial testing of the technoldgicks of the UAV, on top of integration bench, @ptionally
Piloted Vehicle (OPV) was also used, with a safaétgt onboard. This permitted the easy developnudrtight
control laws, especially automatic take-off anddiag laws for land and shipboard landings. It abolwobtaining a
good system maturity before performing the remopéiyted UAS flights. The OPV mode was also usettam the
crew to remotely fly the UAV and to investigate thgact of system failures.

The OPV was used for the first step of this progrand was also used to test the new functionswibatd be
implemented in the UAS.

To prepare for a new test campaign, the OPV has bsed for three purposes:

- Assess the behavior of the UAS following giveituiiges

- Assess the behavior and the consistency of #jectories (yaw rate in hover, RTB trajectory)

- Continue the training of the flight test crew

The development of the FCS relied on three testiegns:

- Simulation

- Prototypes with safety pilot on-board (OptionalijoRed Vehicle)
- Prototypes without safety pilot on board

Smulation OPV Unmanned aircraft

Figure 10: Test strategy for flight controls

The simulation enables to validate and verify tighf modes. Prototypes with safety pilot on boéystem
disconnected in case of failure and pilot recovgtime piloting) enables to iterate quickly on sfieainodes like
Automatic Takeoff and Landing (ATOL) and with a uegd level of Verification and Validation (V&V). Umanned
prototypes enable to finally test functions in reavironment.

For flight in unmanned configuration, a stepwis@rajpch was adopted. Risk level is a combinatiomvéen
severity and occurrence. When confidence is pamymwence of accident can be high, but risk leaelloe acceptable
providing minimization of severity. This is typitglachieved by flying in white area. Flying abowsvidensity area
increases the severity (consequences for thirdegariand therefore requires a better confidendbendesign. The
flight test area (white area, populated or not pajed area) and the emergency procedures (needh fimdependent
flight termination system) were defined in accomawith the achieved V&V. Today the V&V has beehiaved at
100% enabling flight over low density populatedasrgvith geofencing.



Figure 11: lllustration of the OPV as a tool to pae the way for the UAS — sea trial campaigns

THE FLIGHT ENVELOP OPENING IN PRACTICE: FOCUS ON IN ITIAL FLIGHTS/AUTOPILOT
TUNING AND SHOL OPENING

Initial Flights / Autopilot Tuning:

It was decided since the beginning of the develogrterely only on highly assisted modes. The |dwssistance
provided was a TRC mode ([7] for response typemiiei). Direct control or lowest level of assiste like Rate
Command / Attitude Hold (RCAH) or Attitude Commaiittitude Hold (ACAH) commands were assessed islg/r
for remote piloting. The drawback of such approiadhat the remote pilot could not recover theraiitcas he would
do on a manned helicopter in case of a stabilityilmration issue.

A solution to this paradox was to give sufficientleority to the pilot for some specific manoeuvirsecover
main feared event. For instance, for first takeamidl landing, the pilot had full autority on thélective axis (possibly
over power protection) so that he could bring btk helicopter on ground quickly in case of horizbmirift or

ground resonance.

The procedure for the tuning of the autopilot colhers is described in figure 11:

Identification \

\ .
Initial \ \ Intermediate Target Flight envelop .
opening | Flights

tuning } tuning ‘ tuning

/

‘\‘/; f » f \_/

Initial gain restoration
Emergency procedures (contingency, abort)

Figure 12: Bode diagram of pitch axis

Opening forward and lateral flights was done witiirst autopilot tuning computed in simulation.

This tuning is intentionnally smooth with low gaét high frequency (above 2Hz) so that the risketénject
vibration modes is low.

This tuning enables opening the speed enveloplin wénd conditions and to perform a first set oédification
flights. Identification flights consist in calibed stimulations at rotor level applied on the comdsaaround trim



conditions. These identifications enable to deemeaccurate modeling of the helicopter responsettzrdto refine
the tuning of the controllers. The stimulation mbstrich enough in terms of frequency band whilepkeg trim
conditions (for example hover). Usually, two colies tunings are proposed: a target one and amnirgdiate one
basically in between the initial tuning and thegtrtuning. The intermediate tuning does not hde game
performances as the target one but it enableslimm@ progressive approach since it is less prtonenexpected
behaviours. Note that for UAV’s with ship operasgrthe target tuning exhibits very high performancest
comparable with standard controllers tuning for neghhelicopters (for which a trade off between grenances and
comfort is taregted) . A specific procedure enalideme back to the safe and smooth tuning irstesoiusly in case
of stability issue with the new tuning. In caseofergency procedures (like a contingency pattdioviong a datalink
loss), a reversion to the initial safe tuning soahutomatically commanded by the system.

The following figures shows typical controllersrsitag the from initial low gain controller in blugping through
the more performant black controller and endindnlite optimized red one.

Bode Diagram
T T

Magnitude (dB)

Phase (deg)

Frequency (rad/s)

Figure 13: Bode diagram of pitch axis

New functions:

A similar approach was used when it comes to argadf improving significantly a piloting mode.

As already described, the development logic ofjileing modes relies on several testing meansew function
is first tested in simulated and then on OPV witlsadety pilot on board and finally on the UAV priyjoe.
Nevertheless, it is also interesting to forese¢henUAV some dissimilarity in order to be able exover from an
erroneous behaviour of the piloting mode at tese llowing figure illustrates this principle:

Function2 |———

v

Function 1

S

Emergency procedures (contingency, abort)
Piloting mode change

Figure 14: Development principles of a function
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Like for the tuning, starting from a secured pitgtimode (Function 1), the new or modified funct{ganction 2
and then Function 3) is tested with a possibitityavert manually or automatically (in case of egeeicy procedure)
quickly to a safe piloting mode (Function 1).

Two examples are given:

Piloting mode Function 1 Function 2 Function 3 Comments
Take-Off Hover mode with Take-off version 1 | Take-off version 2 | Control laws and
joystick relying on | relying on ground | relying on ground | sensor dissimilarity
ground speeds only| speeds and positionsspeeds and positions
and relative Function 1 requires
positions to the datalink
landing spc
Navigation Robust and simple | Improved Improved Control laws
navigation navigation with a ¥ | navigation with a$ | dissimilarity
set of new features | set of new features
(e.g relative (e.g smart wind Function 1 also usef
navigation maragemen for contingenc

Some specific modes have also been developpedriue specific development needs like magnetometight
calibration, identification flights.

SHOL (Ship-Helicopter Operating Limits):
Opening the take-off and landing flight envelogh# UAV over the ship was also a change of paradigmpared
with the classical opening of SHOL. This comes fitwa following:
e The ship take-off and landing strategy followedthg system is not the same as on a piloted heécopt
(811091
e The awareness from a moving ship is degraded @rehd visual deported GCS pilot since on a shép th
“ground” is moving and this could alter good petti@p of UAV motions

«  Strong safety objectives since the crash on thewhs rated hazardous to catastrophic dependitigeon
crash area.

To cope with these challenges, the following wasipe
- Procedures including roles and respsonsibilitizseeted behaviours and emergency actions wereadkfin
- Clearance distance from ship structures was defifibis distance was based on an extensive failure
assessment campaign done in simulation and dutinghvell the possible failures (system and vehialeje
assessed together with automatic abort triggertbeéreby the system (system monitoring) or by a gobu
operator (ground monitoring).
- Decision height was defined: below a certain heightas assessed preferable to let the UAV corepilet
landing even if something seems to go wrong.
- Dissimilar abort mode was implemented: in caser&xpected behaviour of the automatic landing mode,
this mode enables to move the helicopter away ttwrdeck. The availability of this mode is ensusgtte
it is independent of the sensors used for thelghiging and it is relying on dissimilar control law

11



Figure 14 describes the approach to define thayspfecedures to be applied during the SHOL opening

Minor trajectory
o . .
deviation
Automatic . K
+ detectionand | Significant trajectory

reconfiguration deviation

h | A 4
Failure ,| Failure Procedures ,| Validation
Conditions Tests Tests
3 4 Manual detection *
@ and reconfiguration

Figure 15: Safety approach for ship landing tests

Based on the FHA and FMECA, the failure conditians identified and failure tests are performedrmugation.
The tested failures are intended to be exhaustidet@ cover any failure type (detected loss, haedodrift) at any
equipment (sensors, actuators and computers).

The failures can be ranked in two categories:

- The failures that are passivated automaticallyfanavhich the autopilot either reconfigures and towres
the sequence (take off or landing) or triggers aord
- The failure that are not passivated at the tim8lOL opening and for which a ground operator regpve
action is expected
For both categories, only the failures with a tr&gey deviation that could lead to a collision &ept. Based on
the trajectory deviations, a procedure is defingds procedure specifies the deviation for whichaation by the
operator is required and the type of recovery. ddwgation could be monitored either with visual €bg the operator
in visual contact and/or a display relying on ateipendent position measurement.
Then the procedures are validated on the systexhben

CONCLUSION

The flight domain opening of the VSR700 has notnbesly a challenge to open a flight domain by ftdélhas
allowed Airbus Helicopters to open a new functiot@ainain: opening a flight envelope of an UAS. Trhisturity on
flight test technique can now be applied on newsats, such as dronizing other existing helicopters

The flight envelope opening test campaign of th&Y®0 was completed after 120 flight hours of unneanffight
tests. This included:

« Initial hover flights

*  Opening of the flight domain based on the Cabrifi@at domain

« Opening an alternate flight domain (alternate groass, power upgrade, variable NR)
e Sea and deck landing demonstrations

The opened SHOL domains allow to operate the VSRMships. Results are classified. It has alloveestart
developing a new appliation (uncrewed H145 [10]).
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