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Introduction

French synthesis

CettetheVH D pWp j OTLQLWL DMémkredu@fbRdJHABR EWdipehn X Q
Aeronautic Defence & Spacelepuis 2000. Eurapter est le leader mondial en termes de
fabrication et suivi des hélicoptéres civils et militaires. Trés peu de pieces sont effectivement
IDEULTXpHY SDU OTHQWUHSULVH TXL VH FRQFHQWUH VXU
systemes négociés a desrfusseurs, ne gardant en fabrication interne que les équipements
clés comme la boite de transmission principale. Damsouci de garder la maitrise des
élémants clés, Eurocopter a souhai&quérir un nouveau savdaire: le design et la
fabrication deservocommandes principales nécessalams les commandes de vol.

Les servocommandes aidele pilote acontréler OfDSSDUHLO DYH&# SUpFL!
GIHIIRUW DX PDQFKH hélicop@iecommeé YeldaXpQin, les charges exercées
par les pales peuwe atteindre les 300daN. Dans ces conditions, un pilotage manuel serait
impossible. Différentes sortes de servocommandes peuvent étre uthigdemécanique,
électrohydraulique, électromécanique.

Ce travail concerne le design et la fabrication de semwmandes a entrée mécanique
et puissance hydraulique. Ces servocommandes sont constituées de
f 8Q OHYLHU GfHQWUpH SRXU WUDQVPHWWUH OHV R
f Un distributeur pour moduler la puissance
f Un piston pour transformer la puissance hydrauligue engndgssmécanique
f Un corps et une tige pour transmettre la puissance mécanique
f Une liaison mécanique pour assurer le contrble de la commande
Le distributeur est la piece la plusOteuse et la plus difficile a concevoir at
fabriquer de la servocommandeete piece est également celle qui influence principalement
OHV SHUIRUPDQFHY GH OYDFWLRQQHXU

Le principal objectif de la thése est de concevoir une servocommande faible colt qui
possede des performances similairesurie servocommande actuellement utiliséea
VHUYRFRPPDQGH VpOHFWLRQQpH HVW FHOOH GH Of(&
appareil léger (<5tonnes) avec un circuit hydraulique fonctionnant a faible pression (35bar).

Cet objectif a été scindé en trois étapes
f Modéliser une servocommaiht HW HQ SDUWLFXOLHWi:QefpWDJH
distributeur
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f Concevoir le distributeur a partir de ce modéle
f Fabriquer des prototypete servocommande et validé&a conceptiongrace a
des essais expérimentaux

Ces étapesnt été atteintes tout au lodg la these et sont décrites dans les différents
chapitres. Les deux premiers présenteptincipalement le fonctionnement général de
OYKpOLFRSWqUH GH OD VHUY REdRxd®D(EG ehapithecsaheerahty W U L E X
les études réalisées pouroégdre aux objectifs fixés par Eurocopter.

/IH SUHPLHU FKDSLWUH HVW XQH GHVFULSWLRQ GHVFHC
servocommande,O GpFULW WRXW GIDERUG OHV pOpPHQWYVY SULQF
sur les comportements de la¥eRFRPPDQGH SHUPHW GYH[SOLTXHU VRQ I
deux configurationsG 1 XW L OIR\DW.IEFOHYV QRPLQDO HW GpJUDGP Al
servocommande est le distributeur qui module la puissance hydraulique. Le fonctionnement
de cette piece estonc un point décisif vigvis des performances de la servocommande.
Comme celleci, le distributeur est décrit dans ses deux configurations de fonctionnement.

Dans ce chapittedes solutions techniquedu futur design sont sélectionnées pour la
servocommande etOH GLVWULEXWHXU DILQ GH UpSRQGUH DX[ H[LJF

Le second chapitre présente les modeéles et outils pour le design et la fabrication du
distributeur de servocommande. Il commence avec la description du domaine fonctionnel de
la senocommandej.e. le plan caractéristigue de puissance mécanique. Puis le domaine
fonctionnel du distributeur est décrit par les trois courbes caractéristitugain en débit, le
gain en pression et la courbe de fuite. Ces courbes sont analyséesnadintdz le lien entre
les caractéristiques du distributeur et les performances de la servocomrRargides
équations du modele de distributeur pour un orifice sont présentées en fonction des
parameétres géométriquda distributeuet des caractéristiquesi fluide Ces paramétres sont
ensuite analysés et leur plage de fonctionnement définie. La derniére partie du chapitre
présente les outilspour la simulation et la conception OHV S éexpédpanceG v
OYLPSOpPHQWDW L RstatiguX d® RBIQWH XTUX P BDUWLU GX PRGQqOH G
travers un orifice et le modéle dynamique de distributeur ainsi que de servocommande.

Le troisieme chapitre concerne le qjuésign et la fabrication des premiers
distributeurs. Afin de satisfaire les exigences, IpécHications doivent étre détaillées et
guantifiées. Ces spécifications proviennent des servocommandes existantes déja exploitées et
sont complétées par de nouvelles concernant la mixabilité avec la servocommande existante et
le débit maximal consommé plarservocommande. La méthode choisie pour ledpsign du
distributeur est basé sur une exploitation de modele. Celest fonction de différents
parametres des parametres fixes du fluide, de la servocommande et du distributeur et des
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autres parametes réglables, dit de design», qui influencent les performances du
distributeur et de la servocommande. La méthode consiste a calculer les parametres de design
a partir du modeleCette étude permet de définir un jeu de parametres irittahme il est

connu que les parametres fixes de design sont définis avec certaines incertitudes, plusieurs
distributeurs sont fabriqués autour du jeu de parametres initial. Du fait des tolérances trés
strictes, la fabrication des distributeurs est une opération diffidiliss, une nouvelle
méthode bas colts est développée basée sur la représentation asymptotique de la courbe de
JDLQ HQ SUHVVLRQ )LQD O Bontreqlivés aBrk fedidD I@sFdistributeuis D L
servocommandes fabriqués.

Le quatrieme chatre présente le design final du distributeur en mode nominal. Les
résultats expérimentawnt été exploités grace XQ SODQ GYH[SpPULHQFH DILQ
parameétres de design du distributeur réel. De plus ces essais sont utilisés pour recaler le
modek dynamique de distributeur eivaluer la mixabilité sur tout le domaine de
fonctionnementLes résultats de cette évaluation montrent cgetée derniere exigenc® THV W
pas atteinte Afin de solutionner ce probléeme, une nouvelle géométrie de famte le
distributeur est proposée. Le design est donc mis a jour grace a une approche basée sur le
modele puis validé par des essais sur le nouveau distrib&iaatement le distributeur est
monté sur un prototype de servocommande qui est testé sur le banclésdi@sultats
expérimentaux obtenus sont utilisés pour recaler le modéle dynamique de servocommande et
pour vérifier toutes les exigences. Quelques Iégéres modifications du design sont proposées
GIXQ SRLQW GH YXHDXDBNAWDQIL R&ieGai dO a limReXdeVH O
FRQVRPPDWLRQ PD[LPDOH DILQ GIDXJPHQWHU OD YLWHVVH

Thesis introduction

This thesis has been initiated by Eurocopter a member of EADS gEarppgan
Aeronautic Defene & Spacg since 2000. Eurocopter is leader manufacturing and
supportingcivil and military helicoptersThe company integrates mechanical and avionic
systems delivered by suppliersery few devices are manufactured by Eurocopter, for
example the main gear bowhich is a critical component of @ pters OnlyEurocopter has
wished to acquire a knefwow in the design and manufacturing of another critical device: the
main servoactuators used for the flight controls.

The servoactuators asstbie pilot to control the helicopter with accuracy and lkma
pilot loads (<0.25daN). On a helicopter like Dolphin, the load exerted by the blades can reach
300daN on the swashplateManual piloting would be impossible without these of
servoactuators.Different kind of servoactuators can be used perform this force
amplification function hydromechanical, electrbydraulicandelectremechanical.
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This work concernghe design and manufacturing bfdraulically supplied and
mechanically signalledservoactuata. These actuatorsvhich power assist the pilogre
constituted by:

An input lever to transmit the pilot order

A valve to modulate the powedelivered to the jack

A jackto transform the hydraulic power in mechanical power

A body and a rod to transmit the mechanical loads

A mechanical linkage to realizbe positioncontrol of the actuator.

The valve isthe most costly servoactuator device. Itdifficult to design andto
manufacture. This device is also the one that mainly influences the servoactuator
performance.

~h —h —h —h

The thesis mairobjective is to degn a low cost servoactuator which has similar
performances as one of the servoactuaitresady inservice The selected servoactuator is the
one of the EC130the most soldEurocopterhelicopter. This isa light helicoptefmaxmal
take off weight lowerltan5tonneswith hydraulic circuits working abw pressuré35bar).

This objectivehas been spread in three steps:

f modellingof servoactuator and in particular thewer controllerstage of the
servoactuator: thieydraulicvalve

f modelbased design of ¢hvalve

f manufacturing of servoactuator prototypes and validdtiooughexperimental
tests

These steps haveeen reached along the thesis and are described in different shapter
Thefirst two chapters mainly present a general statement of the helicthgeservoactuator
and the valve. The last third chapters concern the studies realized to meet the objectives fixed
by Eurocopter.

The first chapter irganised as top-down approacHrom the helicopter to the
servoactuator valvelt describes the maidevices of the helicopter. Then a focus on the
servoactuator behaviour permits to explain the functioning in the two operating modes
(nominal and degraded)he critical componentof the servoactuator is the valve which
modulates the hydraulic power. Thtise operationof this device is a key point for the
performances of the servoactuator. As the servoactuator, the valve is described for the two
operating modes. In this chapter some technological solutions for the future design are
selected for the servowator and the valve to meet the requirements of the application.

The second chapter presents the models and toalsefdesign and manufacturing of
the servoactuator valvé. starts with a description of the servoactuator functional dom&in
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the mechanical power plane characterisiiben the valve functional domain is described by
three characteristic curves: the flow gain, the pressure gain and the leakages curve. These
curves are analyzed in ordergoint out the links between the valve chagastics and the
servoactuator performances. After thtéte valve model equationsre establishedor an

orifice given asa function of thevalve geometry and the fluid physical propertiéhese
parameters are then analyzed and their range is defihedast part of the chapter presents

the simulation tools: the design of experiment, the implementation of the valvestptasi

model from the orifice valve model and thgndmic models of the servoactuator and of the
valve

The third chaptedeals withthe predesign and the manufacturing of the first valves.
To meet the requirements, specifications must be detailed and quantified. These specifications
come from the existing servoactuators already in useaemdompleted byadditionalones
concerning lie mixability with the existing servoactuator and the maximal flow consumed by
the servoactuatoiThe chosen methodudy for the valve prelesign ismodetbased. The
model isafunction of different parameters: some fixed parameters on the fluid, thearalve
the servoactuator and some design parameters which influence the valve and servoactuator
performancesThe methodology consists in computing the design parameters using the model
of the valve. This study allows defining an initial set of parametesst A known that the
fixed parameters are defined with uncertainigs manufacturing tolerancesomevalvesare
manufactured around this initial set of parameté&rge valves manufacturing is a difficult
operation because of tolerances. Thaisnew bw costprocessis developed based on the
asymptotic representation of the pressure gain characteristic Eimaély, in order to test the
manufactured valves and the servoactuator, two test beaoh@ssigned, manufactured and
set up

The fourth chpter presentghe final design ofthe valve in the nominal modd&he
experimental resultare exploited thanks ta design of experimernih orderto compute the
design parameters from real valves. Moreover these tests are used to update the dynamic
valve nodel and toassesshe mixability over the full operating domain. The results of this
evaluation point out that this requirement is not reached. In order to solve this pralviem,
valve geometry is proposed. The design is updatgidg a modelbased apmwach and
validated by experimental tests on the new vakieally, the valve is mounted on a first
servoactuator prototype which is tested on the servoactuator test BEmehobtained
experimental results are used to update the servoactuator dynangkcanddo check all the
requirements. For only marketing reasons, some lightifioations are proposed to increase
the neload speed.
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Chapitre 1

From helicopter flight controls to actuator components

1.1- French synthesis

Ce chapitre commence avec une descriptiod dS ULQFLSD X[ pOpPHQWYV GH
Un de ceuxci estla servocommandele vol. Cesservocommandesont majoritairement
hydrauliques et pilots par un distributeur qui module la puissance hydraulique. Comme la
these concernia conceptioret la fabricéion du distributeur vis-vis du comportement da
VHUYRFRPPDQGH OHV GHX[ PRGHV GTXWLOLVDWLRQ QRPL
du distributeur sont décrits. Le chapitre se termine avec la sélection de solutions technique
pourla conceptiordu nouveauistributeur afin de répondre aux spécifications.

Ca chapiteSUpVHQWH WRXW GIDERUG OfKAhrSpmRiEgWqUH DY
élémentsGH OTKpOLEFRSWqUH VRQW

f
f

Un moteurqui fournit la puissance mécanique en patrticulier au rotor.

Une boite de transmission principaigii adapte la vitesse de rotation du

moteur a la vitesse de rotation du rotor

Deux otos.LH URWRU SULQFLSDO DVVXUH OD SRUWDQF|
Le couple moteur est transmis au rotor principal par la la@Et&ransmission
SULQFLSDOH $ILQ GH FRPSHQVHU OD UpDFWLRQ
VHFRQG URWRU SOXV SHWLW HVW JpQpUDOHPHQ\
queue.

Un plateau cycliqueconstitué de deux parties, une WA RQQDLUH HW O
rotatve. lestench&d JH GH PRGLILHU OfLQHanGto@eskesHQ VL
directions et en bougeant verticalement.

Un mélangeuqui transforme les ordredu pilote en demande de déplacement

pour chague servocommande.

Les ommandes de vaui sont le ien entre le moteur (puissance), le rotor

(vol) et le pilote (ordres). Le pilote utilise trois systémes de contrfde
F\FOLTXH OH FROOHFWLI HW OH SpGDOLHU $LQVL
OD YLWHVVH GH O 9D Sa&dey, igde@alemehvhydidWiquesbrik P P
placeV VXU OD FKDLQH FLQpPDWLTXH DILQ GH UpG.
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garantir un pilotage possible et précidin de correctement positionnee |
plateau cyclique, trois servocommasatiedéplacent

La seconde partie dthapitre concerne une servocommande princifiajea plusieurs
VRUWHYVY GH VHUYRFRPPDQGHV HW G:HEdtrigue XuwHydtaulie.W H Q W L
Les hélicopteres légers étant de petits appareils comparés aux aéroplanes, la densité de
puissancestplus importante, ce qui explique que la puissance hydraulique ait été dadée.
VHUYRFRPPDQGH UHOé&WampHssde®®d TDSSOLFDWLRQ

f 8Q OHYLHU GfHQWUpH WUDQVPHWWDQW OHV RUGU

f Un distributeur qui module la puissance en fonction deoswerture

f Un piston qui transforme la puissance hydraulique en puissance mécanique

f Un corps et une tige pour transmettre les efforts mécaniques

f Des liaisons mécaniques qui assurent un asservissement en position de la
servocommande

Afin de piloter avec faltité et précision, un vérin double effet est sélectionné. Dans ce
FDV FRQWUDLUHPHQW j XQ YpULQ VLPSOH HIIHW OSYDFYV
hydraulique dans les deux sens de fonctionnement.

,O \' D GHX[ PDQLqUHV GTLQW pJnsg telpredni@Hcay, HaliyeReStR P P D Q
IL[pH DX EKWL GH OfKpOLFRSWqUH WDQGLVY TXH OH FRUSYV
FDV FY{HVW OD WLJH TXL VH GpSODFH WDQGLV TXH OH FR
questions de simplicité et de radiesse, la configuration a corps mekilété retenue.

,O HVW LQWpUHVVDQW SRXU XQH VHUYRFRPPDQGH GF
V\PpWULTXH /H PR\HQ OH SOXV VLPSOH GY\ SDUYHQLU HVW
une tige symeétrique impliguune longue tige avec deux portées au niveau du corps et donc
deux joints dynamiggeHQWUH OHV FRUSV SUHVVXULVpPpV j OTHQYLUR
gue la raison principal de dépose en maintenance des servocommandes concerne un
SUREOQPH @ %phiwbBa BKges MntsDi HVW WUQV LPSRUWRQW GTHQ C
le nombre. Un actionneur dissymétrignécessitanseulement un joint dynamique entre le
FLUFXLW K\GUDXOLTXH HW OfH[WpULHXU HVW GRQF VpOHFV

La servocommaG H HVW XQ RUJDQH FULWLTXH GH OYfKpOLFRS
son fonctionnement soit interrompu en service méme durant un tres court moment. La perte
GX FLUFXLW K\GUDXOLTXH HVW X @nEmnd kareset lelo@ QeHpet p WD Q
contrdler un hélicoptére sans assistance mise a part pour les plus petits appareils. Pour cette
raison, OD IRQFWLRQ GH WUDQVPLVVLRQ GH SXLVVDQFH GH O
Chaque corps étant alimenté par un circuit indépen8ann circuithydraulique est perdu, la
servocommande peut fonctionner avec le sec@d.XU GHV UDLVRQV GYfHQFRPEU
corps sont montés en tandem avec une seégrégation verticale.
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I TLQWHUIDFH SHUPHWWDQW GH WUDQVIRUPRd&esdPHV RUG
régie par le distributeur. Son fonctionnement est donc un point clé pour les performances de la
servocommande.

7TRXW GITDERUG pWDQW GRQQp TXH OH YpULQ HVW GL
symétrique, il faudrait logiquement un fonctionnematissymétrique du distributeur.
Cependant, afin de réduire, lesit) le distributeur est conservé symétrique, ce qui est une
solution inhabituelle.

Le distributeur doit moduler la puissance hydraulique en fonction de son ouverture.

Pour des raisons dels de fabrication, un distributeur cylindrique et linéaire a été retenu. Il
HVW FRQVWLWXp GIXQH FKHPLVH IL[H HW GTXQ FRUSV PREL

Lorsque le distributeugstassocié a un organe de transformation hydraulique, il réalise
un pont de Wheatstone. Ceci peie DYHF XQ XQLTXH GLVWULEXWHXU GFY
direction du fluide vers le bon conduit et de modulation de la puissance.

(Q SUDWLTXH OH GLVWULEXWHXU HVW FRQoX VDQV N\
linéarités dues aux efforts de frottement§ pWDQFKpLWp HQWUH OHV SDUWLF
donc assurée par des jeux de fabrication extrémement faibles mais qui induisent néanmoins
des fuites parasited.e distributeur finalement sélectionné est un distributeur cylindrique,
coulissant, dont Eorifices sont taillés dans la chemib&g(rel13).

&RPPH OH GLVWULEXWHXU HVW OD SDUWLH GH SLORW
VpFXULWp GH OfKpOLFRSWqUH OHV GLIIpPUHQWY FDV GH
compte.

7TRXW GIDERUG HQ FDV GH SHUWH G1XQ #HpaddextLW K\G
utilisé pour éviter de conserver une pression résiduelle dans les chambres et de bloquer
OIDFWLRQQHXU (QVXLWH OH GLVWULE Xt\Wads<ude idnémisec R Q VW
fixe. La conception du distributeur prend donc en compte un élément de secours permettant de
piloter ou de créer un byass si jamais la tige se grippe dans la chemise et empéche donc de
contrbler la servocommande. Une nouvelle piecalest ajoutée. Le tiroir principal bouge
dans une tige de secours en fonctionnement normal. Le tiroir de secours, maintenu centré par
une boite a ressort en fonctionnement normal, peut & son tour bouger dans la chemise si
jamais la tige principale se gripp GDQV OH WLURLU VHFRXUV (Q FDV (
manchadevient GRQF SOXV LPSRUWDQW PDLV OfKpOLFRSWqQUH HV

Enfin, un limiteur de débit est ajouté en amont du distributeur de limiter la
FRQVRPPDWLRQ GTXQH V ménéRanR R PddfiguBdtion $lL h\raximum de
débit est demandé (cas dégradé), le limiteur évite un désamorcage de la pompe donc la perte
de tout un circuit hydraulique. Udébit minimal vers les autres servocommandes est donc
garanti pour tous les cas dgure.

Le distributeur sélectionné edbncun distributeur linéaire avec deux portées, a tiroir
circulaire. Deux tiroirs sont présentse tiroir principal et le secondaire pour prendre en
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compte les cas de panne. Un limiteur de débit est égalemené gout garantir une
consommation maximale de la piece.

Les conceptionsde la servocommande et du distributeur sont fortenfiées a
OYDSSOLFDWLRQ /fpWXGH HVW EDVpH VXU XQ KpOLFRSWqL
architecturesLe schémale principe du fonctionnement de la servocommande est présenté a
la Figure15 avec gscorpsmobiles en tandem, les deux tiote distributeur (principatde
VHFRXUV HW GHved tietcbrinihnGelde @iattipn secaommande.

1.2 - Introduction

This chapter starts with a general description of the helicopéen devicesOne of
them is the flight control actuator3heses actuators are hydradigopliedandmechanically
signalledpiloted by a valvevhich modulates theylraulic power As the thesis concerns the
valve design and manufacturing to ensure the servoactuator behaviour, the two operating
modes (nominal and degraded)tioé servoactuat@andthen of the valvare describedThis
chapterends with a selection cfometechnological solutions for the future desighthe
servoactuator anof the valve to meet the requirements of the application.

1.3- Helicopter flight controls
1.3.1- A rotor aircraft: the helicopter

Before talking about helicopters, it seems interestingeésgnt a more general class of
aircrafts: the rotor aircrafts[18]. Indeed,the helicopter is only a particular case of rotor
aircrafts (Figurel).

In the rotor aircraft familyarefound aircrafts like:

f Autogyro The otor doesotreceive power; it is driven by aerodynamic forces
that are created by the air flux through the rotor. The autogiro drag is balanced
by a powered propdat. This type of aircraft is nmore developed.

f Gyrodyne combination between autogyro and helicopiée rotor is powered
by the gyrodye engine for takeoff, hovering and landing like a helicopter. At
the others flight phases, the rotgerates aan autogyro

f Hybrid aircrafts whoseconfigurationcan be chagedduring the flight. Various
kinds of hybrids between fixed and rotawing have beerreated (tiltrotor,
tilt-wing « and are still under development (e-glicopterBA609).

f Helicopterwhich is the simplest configuration, dominates others, though its
maximal translation speed is not the highest.
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Figure 1: Which kind of aircraft is the helicopter?

1.3.2- Helicopter architecture

The pinciple ofahelicopter is explainesh|Figure2

Figure 2: basicschemef helicopter

In helicopters, lift is functionally created by the main rotor that rotates at a constant
speed. The blades parasitic drag is compensated lgrtheeprovided todrive the rotor by
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the engineln order to balance the helicopter around the yaw axis the reaction torque can be
either provided by the tail rotor (conventional solution) or by directing the helicopter turbine
flux properly €.g. MD900 explorer).

1.3.2.1- Engine

The engineprovidesmechanical power to rotors, as well as secongawer users
(I1OLJKW FRQWUROV URWRU EUDNHYV). Ddah6 in&lé abhelbl) K\GUL
moreturbines engine, guistors engine that all drive the rotoat a corstant rotation speed.

1.3.2.2- Main gear box

Thegear box is needed in order to transmit mechanical power since engine tdt rotor.
is in charge of adapting the speeds between the rotor (hundreds of revolutions per minute) and

the engine (thousands of revolutiqres minute){Figure3).

1.3.2.3- Rotor

The main rotor, with a vertical axis dma large diameter, assumes gag&l above) lift
and propulsion. It is made bygiven number of blades (minimum 2) which are attactwed
central hubThe nain gear box trasmitsmechanicapower from engine to the rotain order
to balance reaction induced by the torque on the helicoptadditional and contrariorque
is necessary. This one can be generated by different sydmmexample, the NTR syamn
(No Tail Rotor). In thiscase, the force is created byad air jet on the extremity of a beam.
Another system is the presence of a second rotor wioiEiesin the opposite direction.
Finally, the most common system is an auxiliary rotor placedeagxtremity of a beam. It is

the tailrotor, whoserotation plane is horizont.
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Figure 3: Complete scheme of lieopter

[28]
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1.3.2.4- Swashplate

The swashplate ig charge of adjusting the collective and cyclic pitch of the main
rotor bladeslt consists of two parts: a stationary and a rotating swashplate. It is able to tilt in

all directions and mowevertically .

Figure 4: Scheme of a SuperPuma swashgj33]

1.3.2.5- Mixer

A mixer between pilot and flight controls is necessary. Indeed, one effect effectuated
by the pilot (for instance, an action on the attile lever), creates one or more effects on the
flight controls (in this example, all the main servoactuators have to [{&2i¢)Consequently,
the mixer transforms pilot orders into servoactuator position dew.

1.3.2.6- Flight controls

The flight control of ahelicopteris a multiple input multiple output systeifhe pilot
can modify the magnitudef the rotor liftvectorby increasing the collective pitch of the main
rotor bladesHe can also ogrstate this vector (forward/backward, right/left) by modifying the
blade pitch as a function on the blamiggle in the rotation plan@he yaw axis is controlled
by anaction on the pedals thatakethe tail rotor blade pitckiary .

The autopilot operates in parallel with the pil8b the pilot can act on the flight
controls at anytimand the autopilot can correct the high frequency. Its authority is very low
(3% of the blade defection)Consequently, it can be opevat or cu off without moving the
pilot commands.
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Figure 5: Helicopter command lin[33]

Flight controlsinvolve engine, rotor and [mt. Indeed, they us@owea engine to
transmit the pilobrders inorder to fly the vehicle.

A pilot usesthree main controlling systemgyglic control pitch (control stick),
collective control stick and rudder bar (pedlat) changethe elevation,the velocity andthe
headingof the vehicle
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f The controlstick controlsthe main rotor angle on tilting the rotor head on
which blades are fixed with pitch link tm the direction ofthe desired
displacement. Awash plate assumes this inclination function.

f The collective stick controlghe blades common angléhat modifies ift
generated by the rotor. Avash plate assumes this function too.

f The rudder bar increases or decreases the tail rotor lift which has to vary with
the main rotor power, so collective position.

In order toreduce the amount of force requirexlthe pilot hydraulicactuators are
placed in the flight controls palfi8]] On small helicoptershe pilot force is amplified in
normal modeandcan be the only source of power in bagkmode. On larger helicopters, the
pilot commandghe hydraulic actuatoras position demand signalBhe ollective andthe
cyclic sticks definghe vertically position andheinclination of the swashplaighreedegrees
of freedom) As three points are needl¢o controlthe swashplate position, it t®nnected to

thethree main servoactuators (.

Figure 6: Scheme of a hydraulic actuator withe three main servoactuators connected to the
swaslplate

Note: in other fields of aerospga@=noactuators meaactuatos using servovalves. In
WKH SUHVHQW GRFXPHQW WKLV ZRUG KDV WR EH XQGHUVW

They are different kinds of servoactuators and two power sources can be used:
electrical power or hydraulic power. Forlicepters that are small devices compared to
airplanes, the power density of the hydraulic is very interesting. So the main servoactuators of
helicopters arall hydraulically suppliedThe mechanically signalling allowtke pilot orders
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to be directly trasmitted to the servoactuator by radscase of hydraulic failure (for small
helicopters) Thus, the input signal of the servoactuator is mecharidattrically signaled
helicopter flight controls have appearatl Eurocopteron the NH90 military transpter.
However, the added complexity in the hard environment of the helicopter does not put a high

pressure in helicopter manufacturibg switch to fi-by-wire as done for airplanes since two
decades.

The main functions of &ydromechanical actuatoare described inFigure 7| The
engine is usé to generate hydraulic power. Thalwe modulateshe hydraulic poweras a
function of opening and finally, the jack transformthe hydraulic power ito mechanical
power.

Figure 7: Scheme of Aydro-mechanical actuator

1.4 - Architecture of a main servoactuatorfor light helicopters

As this work concerns light helicopterhie architecture oh mainrotor servoactuator
is described for thiparticular application Two modes of functioning are studied: nominal
and degraded mode. The nominal mode corresponds to a normal operating of the device,

whereas the degraded mode corresponds to the apparition of malfunction. The spesification
are different for eachcase

1.4.1- Architecture in nominal mode

Helicopterhydro-mechanical actuatorre constituted b:
f An input lever to transmit the pilot order
f A valve to modulate the powasfunction ofits opening
f A piston totransform the hydraulic power in mechanical power
f A body and a rod to transmit the mechanical loads
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f A mechanical linkage that performs a position closed loop by making the valve
opening proportional to the difference between the pilot |leNgplacement
paosition and the rodctualposition.

Figure 8: Example of servoactuator

In order to drive easily and with accuracy thetion of the actuators in the/d sides
adouble effecjack is selectedse(b) Where(a) presents a single effect
jack). It means that the hydraulic power can be used in the extensioassidell asn the
retraction side.

There are two ways timtegratethe servoactuator. In the firsase, the rod is fixetb
the helicopterframe whereas the bodly linked tothe swashplate. In the second case, the rod
moves with the swashplate whereas the body is fixed ondliepterframe. A moving body
configuration has been chosen for simpji@hd robustness reasons.

The advantage dad moving bodyservoactuators that itoperats naturally in closed
loop. Indeed, as thenput lever islinked to the body, when the lever movis body follove
the lever motion On contrary, on a fixed body rs®actuator, a motion of the input lever
causes a motion of the rod, but there is diect consequence on the lever. In this
configuration a copyof the rod position is needed to link the rod and the lever. This
configuration is so more complex and heavie

The disadvantage of the moving body configuration is rdguirement offlexible
hydraulic pipes. So it cannot be used for very high presstigg the case under study,
operating at lovsupplypressure, the moving body configuration has been chosen.
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It is interesting for a double effect servoactuator to have a symmetrical behavior. The
easiest way to obtain it is to design a symmetigehk. However, having a symmetricgick
implies to have a long rod ando sealso limit leakagedetweeninternal hydraulic circuit
andexterior(b)). Knowing that the maineasorof the servoactuator maintenance is
the externalleakages of the servoactuator, it is very importaninit the number ofseals
betweenthe high pressure domaiand theambianceof the servoactuatoA dissymmetrical
actuator (c)) that requiresonly one seal between internal hydraulic circuit and
exterior is thus selected for our apptioa.

Figure 9: Motion body actuator(a) Singleeffectactuator, (b) Symmetricatiouble effect
actuator; (c)Dissymmetricatloubleeffectactuator

1.4.2- Architecture in degraded mode

The servoactuator is eritical device of the helicoptedt is not accepted thatsit
operation is lost even during a short time.

The failurecase is the loss of the hydraytiower. Suchafailure is not extremely rare,
and the pilot cannot control the helicopter without sactaatorexcepted on very small
helicoptes with reversible servoactuatrFor this reasonthe actuator function is made
redundant with two parallel power pathEa hydraulic circuit is loss, the servoactuator can
operate with the second one. For reesof size, the two bodies areountedn tandem with a

vertical segregationFgure 10) (it would be impossible to have the two bodies in parallel
under the swashplate)
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Figure 10: Moving body servoactuator inidem with vertical segregation

The failure is monitored by dedicated lights at the flightdéckight is turned on to
warn the pilot in case of hydraulic circuit loss, in case of the loss of control of one body and in
case ofexcessivdoads on the servoactuator. For security reags@issor requirementsthe
lights must be tested before each flight for the three cases.

1.5- Architecture of the valve

The signal to power interface of the servoactuasothe valve. Thus thoperationof
this device is a key point for the performances of the servoactuatéor K& servoactuator,
there are two operating modes: nominal and degraded.

In the sectio it has been shown that the actuator is dissymmetrical for
guestions of spacaeeds In order toget a symmetrical response of the servoactuator, a
dissymmetrical valve is needed. Howevear fa cost point of view, the valve is kept
symmetrical which is an unususdlution.

1.5.1- Architecture in nominal mode

The valve has tanodulate the poweas a functionof its opening For reasons of
manufacturing cost, a lineand cylindricalspoolvalve has been selected. It is constitutéd
a body, the external sleeve and a mgwevice, the smol.

When the valve is associated with the hydraulic transformer (motor or cylinder), the
valve metering function is performed by combining four variable hydraulic resistances
(metering orifices) that are associated in a full Wheatstoiuge ([Figure 118) [[10]| This
allows a four quadrant operation, the unique vaksignensuring both functions of directing
the fluid to the right path and of modulating the orifices resistance toottme output flow
to load. According t, when the valve opening is positive, orificesc anda are
functionally closed while orificeb andd are active. In the same manner, when the valve
openingX is negativ, orificesb andd a functionally closed while orificesanda
are active. In absence of control input, all the orifices should be closed. However, the
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manufacturing tolerances do not allow to meet exactly this objectidealiers the valve
performance due to defects (clearance, rounded edge radius)

Figure 11: Valve seensa full Wheatstone bridge

Where

P Pressure supply (Pa)

R Return pressure (Pa)

Q Flow rate in jgk chamber Im/s)
Q2 Flow rate in jack chamber(@°/s)
Py Pressure in jack chamber 1 (Pa)
P2 Pressure in jack chamber 2 (Pa)
X Valve opening (m)
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S Section of the valve (m?)
a, b,c,d Names of the valve orifices)(

In practice, the valve is designedtlwout any dynamic seal to avoid friction ron
linearities. Consequently, sealing between moving parts is only ensured by extremely low
clearances that unfortunately induce paratéakages (dashed lines|Bigure 11t angFigure|

114d).
. Moreover, the valve orifices operate mainly in turbulent conditions that make their
hydraulic resistance strongly non linear.

As a consequence of all these technological defectfiptheate Q delivered by a real
valve dgends nodinearly on its opening andonthe ORD G SUH VPZ/.U RS

Figure 12: Nonlinearities on the flow rate and pressure dependinghenopening

Where
Q Flow rate(m®/s)
P Pressure drop (Pa)

The more common technological solution to produce hydraulic valves is the
cylindrical, sliding spool valve Where the orifices a machined on the valve spool.

Finally, for a manufacturing point of view, the easiest technologicéltion to
produce hydraulic valve is the cylindrical sliding spool valve with orifices machined on the

spool[FgureTy
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Figure 13: Cylindrical sliding spool valve

Where
C Chamber 14
C Chamber2 (-)

1.5.2- Architecture in degraded mode

The valve is the piting part of the servoactuato§o in order to guaranty the
helicopter safety, the different cases of failuretareetaken into account.

Firstly, in case of loss of ldyaulic pressure, a byass system is used to avoid keeping
pressure in th@ck chambes andto lock (hydraulic lock}the servoactuator. The detection of
the pressure loss is lead by a test piston and a spring. When the pressure in the supply line of
thevalve is too low, the test piston is moved by the spemgnecting the jack chamber to the
return line (bypass) Moreover, the motion of the test piston turns on a light to warn the pilot.
The light is checked before each flight. On the starting of dtiedpter, the light must turn
off when the pressure is supga (when the test piston is moving).

Secondy, the valve is made by a spool, moving in a sleeve, without Séassecurity
specifications lay down a kyass or a secondary control if the nmayipartis seized in the
sleeve. The design of the valve is so modified:

- the main spool is moving in the baak spool (primary stag€&igurel14]

T. Marger Page29



Valve design of hydro-mechanical servoactuator

- the backup spool can move in the sleeve. It is maintained in the center position by
a spring box. If the main spows seized in the baelap spool, the load on the spool
is increasing by the pilot until the baak spoolstarts to move

Figure 14: Architecture of the valv@main spoo] backup spool and external sle@

A third point of safety is the maximal consumption. The hydraulic pump supplies a
constanfressure with a maximal flow limitatidor the three servoactuator. In order to keep
a minimal flow rate for the other servoaator even if one is in degraded case (valve in by
pass mode)t will be shown is this thesis thatflow limiter (restriction)nust beadded on the
supply line ofthe valve.

Without supply pressure, the test piston is moved by a spring. When the @ressur
increass in the hydraulic circuit, the test piston and the bapkspool move to come back in
the nominal configuratiordence inmoving, the test piston checkgsfore each flight that the
backup spool is not seized in the external sleeve. The dateatithe main spool seizure is
checked by the motion of the bagk spool. The same light that the one in case of hydraulic
loss is turnon in case ofseizureof the main spoolConsequently, the pilot cannot know if
there is a hydraulic loss or a seiztmg knows there ia problem andhasto land orgo back
as soon as possible.

1.6- Conclusion

The servoactuator and valve designs are very influenced by the application. The
shows the functioal scheme of the servoactuatottwihe technological choices
adapted to the light helicopters studied in this thesis:

A tandem body motion servoactuator with its two valves (main andulgacpools)
and its mechanical input lever in case of retraction. This architecture has to answer the
problem of size, weight and particularly safety, which are imposed by aeronautical
applicatiors.
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Figure 15: Schemef the studied servoactuator
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Chapitre 2

Models and tools for design and manufacturing

2.1- French synthesis

Ce chapitre présente les modéles et outils pour le design et la fabrication du
distributeur de servocommande. Il est composé de trois parties.

/ID SUHPLqQUH GpFULW OH GRPDLQH GH IRQFMWMIiteReQQHPHQ
plan caractéristige de puissance mécanique.

La seconde partie concerne le distributeur. Son mode de fonctionnement est défini par
trois courbes caractéristiqueke gain en débit, le gain en pression et la courbe de fuite. Ces
courbes sont analysées afin de mettre en dwenies liens entre les caractéristiques du
distributeur et les performances de la servocommande. Un orifice général de distributeur est
mis en équation en fonction de sa géométrie et des parametres de flfideB.SDFW GH FH)
parameétres sur le comporterhesu distributeur est finalement analysé et leur plage de
IRQFWLRQQHPHQW GplLQL SRXU OYDSSOLFDWLRQ

Les outils de simulation sont présentés dans la derniere partie du chégstans
GTH[SPULHQFHV OfYLPSO pP HQatgDaNde RiBtrieidr & Re€ qoddlesT X DV L
dynamique de servocommande et de distributeur.

Dans les systemes hydrauliques aéronautiques, le fluide hydraulique est utilisé comme
YHFWHXU SRXU WUDQVIRUPHU OfpQHUJLH K\GURVWDWLT
hydraulique vers lébesoin utilisateur. Idéalement, le déplacement de la partie mobile est
proportionnel au volume transitant par le distributeur. La combinaison
distributeur/transformateur apparait globalement comme un intégrateur pur avec une
commande en position.

LapuissDQFH GpYHORSSpH SDU OfDFWLRQQHXU HVW IL[pH
retour, les sections effectivele piston du vérin et la capacité de débit du distributear.
distributeur et le vérin doivent étre dimensionnés selon la puissance regigselelo
OfXWLOLVDWLRQ *pQpUDOHPHQW XQ GRPDLQH GH IRQFW
UHTXLV DXWRXU GTXQ HIFRBWhiveguvdu éantidQardisEibuteBrBeQied Q W
vérin doivent étre conguafin de fournir une caractéristigue #jae symétrique et
SURSRUWLRQQHOOH HQ ERXFOH RXYHUWH (Q SUpVHQFH
OIDFWLRQQHXU j OD FKDUJH HVW GpOLFDWH VDQV FRQI
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OYDSSOLFDWLRQ GHV KpOLFRSWqUHV E@QHHG&®IW O YRQUQKQVM
GLVV\PpWULTXH DX YX GX VSHFWUH GYfHIIRUW &HWWH FRQI
(voir.

$\DQW XQ YpULQ GLVV\PpWULTXH OHV UgQJOHV GH FRC¢
adaptaon du distributeur vers le vériee qui signifiede concevoir le distributeur tel que
OfDFWLRQQHXU HVW XQH FDSDFLWp faudralt uiwdiswibuteun/ \P p W U
dissymétriqgue. Cependapbur des raisons de codts de fabrication, un digeilbusymétrique
est choisi

Si la charge est supposée connue et que la servocommande opére dans le domaine
VSHFWUDO LO HVW SRVVLEOH GYfpYDOXHU SRXU FKDTXH Il
OYDFWLRQQHXU SXLVVH SURGesht lds suMante8LPLWHYV GH FH GR

La limite de positionqui est définie par les butées mécaniques de la tige de
servocommande

La limite de vitesse qui est définie par le débit maximal au travers de la
servocommande

/ID OLPLWH GYDFFpOpUDWLR@LRQ GINWIEKHXLQHH SDU
La limite a faible amplitude qui est définie par la zone morte de la
servocommande.

La seconde partie du chapitre présente le modeéle non linéaire du distributeur, modéle
qui sera utilisé pour les études ultérieures.

*PQpUDOHPHQ@Qadr hyoiHdéceigqieQest symétriqgue et requiert donc un
distributeur symétrique. Ce cas est bien dévadopans la littérature et défipar de
QRPEUHX[] VWDQGDUGY /IDSSOLFDWLRQ TXL QRXV FRQFHL
caractéristiques définiegour le cas dissymétrique ne sont pas directement applicables et
doivent ainsi étre adaptées.

La premiére courbe caractéristique est la courbe de gain en débitciCaileespond
au débit mesuré travers le distributeur pour une perte de charge cotest&n pratique, il
suffit de connecter les deux ports normalement reliés aux chambres de servocommande (ce
qui équivaut a avoir un vérin symétrique et une charge nulld® etaintenir une pression
GYDOLPHQWDWLRQ HW GH UHWRXHWFBQVWDLWHU &HDW W H !
GLVWULEXWHXU j FRQWU{OHU OD YLWHVVH GH OD FKDUJH H
gain en débit correspond a la pente de cette courbe. Pour les trés faibles ouvertures, le gain en
débit est altéré par les fuve GXHV DX[ LPSHUIHFWLRQV GX GLVWULEXW
jeux diamétraux). Aux grandes ouvertures, le gain en déebgéesiralementéduit a cause
des pertes de charge parasg#ess des vitesses de fluide importantes dans les condugtes.
déeIDXWV DX[ SHWLWHYV RXYHUWXUHYV QITLQIOXHQW TXH MXYV
QpDQPRLQV DX U{OH PDMHXU VXU OHV SHUIRUPDQFHYV GH C
modifie en particulier la forme du gain en débit aux trés petites ouvechmase présenté a
Ia Les recouvrements peuvent a la fois étre fonctionnels ou parasites. Dans le cas
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des commandes de vol pour un hélicoptere, le recouvrement est préféré afin de garantir une
zone morte, ¢4 FL D | L € uBeftmmdoi¥sion de puissance vers la charge provoquée par des
YLEUDWLRQV DX OHYLHU GTHQWUpH

La seconde courbe caractéristique est celle du gain en preSBerst donnée par
une mesure de la pression en fonction du déplacement tiroir a débEmpratique cette
courbe est obtenue en obstruant les ports normalement reliés aux chambres de la
servocommande et en y faisant un relevé de pression tout en maintenant la pression
GIDOLPHQWDWLRQ HW GH UHWRXU FRQVWIRQWHH de&fldd FL FRL
servocommande sont figés. Cette courbe traduit donc la capacité du distributeur a délivrer de
la puissance pour vaincre une charge statique. Le gain en pression correspond a la pente de la
courbe pression/ouverture de tiroir autour du reeutme courbe idéale de gain en pression
donnerait une transition instantanée de pression au voisinage du neutre hydraulique. En
SUDWLTXH FH QTHVW ELHQ pYLGHPPHQW SDV OH FDV GfYR
préféra représenter les courbesptession de chaque port plutdét que le différentiel entre
ceuxFL (Q HIITHW SOXV G fnsiQdurnies, pan éxBmp® U RYDVO HDAU G TR XYH
de tiroir nécessaire pour égaler les pressions sur les deux ports qui correspond au point
GTpTXL Od &drbco@mande. Il indique le niveau de pression dans la servocommande
sans sollicitation. Comme pour le gain en débit, les défauts affectent la courbe pour environ

GIRXYHUWXUH 2Q FRQVLGqQUH FRPPH YDOHXU W\SLTXH >
différentiel maximal pour une ouverture de 1% du distributédu. final, les défauts
permettent une transition progressive du différentiel de pression autour du neutre hydraulique
ce qui contribue a limiter les problemes de désynchronisation.

La troisiéme & derniere courbe est la courbe de fuites. Elle correspond au débit
WUDYHUVDQW OH GLVWULEXWHXU SRXU XQ GpELW GpOLYUyg
pratique cette courbe est obtenue avec le méme montage que pour la courbe de gain en
pressbn en mesurant le débit quittant le distributeur. La fuite maximale est généralement
observée autour du neutre hydrauligue ou tous les orifices operent entre ouverture et
IHUPHWXUH 'H OD PrPH PDQLqUH OHV GpIDXWV MRXHQW
distributeur. Il est important de controler le débit de fuite maximal afin de garantir que celles
FL VHURQW FRPSHQVpHYV SDU OIDOLPHQWDWLRQ K\GUDXOL"

/H PRGgOH GTRULILFH GRLW SHUPHWWUH GH UHSURGX]
les performances ddistributeur. Dans un souci de précision il prend donc en compte les
UD\RQV GYDUURQGL GYDUrWH OH MHX GLDPpWUDO WLURLU
Chaque orifice est modélisé indépendamment en utilisant les équ@né @ Les
équations a QH VRQW SDV DSSOLFDEOHV GDQV Ol¢ FDV GY
modele de distributeur est ensuite obtenu eo@ant les quatre orifices grace aux équations
GH FRQWLQXLWp GpSHQGDQW GH OD FRQILIJXUDWLRQ GH O
ou de gain en pression). Douze parametres définissent ainsi completenreatiéle de
distributeur:
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Les propriepV S K\VLT Xuld/ LE€sHle principales propriétés sont la
densité( !) et la viscosité cinématique). La viscosité dynamique est quant a

elle déduite de ces deux paramétres.

/IHV FRQVWDQWHV GX PRGqOH GIpFRXOHPHQW ,0O
coefficient de débit limite ( ) et le nombre de débde transition ( ). lls

dépendent complétement de la géométrie du distributeur et peuvent étre
estimé par une approch€FD (Computational Fluid Dynamic)eurs valeurs

ne peuvent pas étre directement pilotées en changeant la domcdpt
distributeur.

Les paramétres géométriques. Les limites de ces parametres dépendent de la
géométrie de la servocommande. Il y a le nombre de {eftda larger de

fente (;), le jeu diamétral d), le UD\RQ GIDUURRQGL leSTDUrwWFk
recouvremets de chaque aré{Xp). Le domaine de variation possible de ces

parameétres est récapitulé

La troiseme partie du chapitre concerne FKRL[ HW O fiecWoutsLAED W LR Q
simulationnécessaire ® 1 p W X G H
Le premer outil est celuipour lesplalss GfH[SpULHQFH TXHdantd¥W XWLC
processus de conception. Dans tout processus industriel, les essais représentent une phase
critique du projet. En effet, ils peuvent étre nécessqioeir comprendre des phénomenes,
identifier, valider des parametres de conception et/ ou les optirmhsenéthode par plan
GYH[SPULHQFH '2( SHUPHW GH UpDOLVHU HW GYDQDO\VHU
/ID PpPWKRGH JpQpUDOH SDV j SDV GTXQ SODQ GYH[SpULH
Choisirle W\SH GH SlibeQes €s§ais\ui doivent étre réalisés (factoriel
FRPSOHW 7DJXFKL «
Choisir des facteurs (entrées)
Choisir un niveau de plan afin de considérer les effets principaux et
éventuellement les interactions de premier ordre puis dadexdre.
Choisir des réponses (sorties)
Générer le plan qui va indiquer les essais a réaliser pausiceux possibles
Réaliser les essais
Analyser les réponses avec le logiciel
Si une optimisation est requise, deux pas supplémentaires sont requis
Définir les critéres sur les réponses
BUpGLUH OfRSWLPXP

Le second outil utilisé est un logiciel de simulation dynamique. Le logiciel AMESIm
(Advanced Modeling Environment for performing Simulatidf]) a été choisi pour
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déveloper les modéles dynamiquesHd GLVWULEXWHXU HW VHUYRFRPPDQ
PXOWLSK\WLTXH UpDOLVDQW GHV VLPXODWLRQV GH V\VWqgP
Le modele de servocommandst construit aussi prés de la géométrie réelle que

possible. Toutes les fonctiods la servocommande sont modélisées

Les deux corps mobiles avec leur valeur de longueur de chambre, de diamétre

de tige et de diametre de piston

Les deux distributeursun pour chaque corps. lls sont identiques et montés

tétebéche

Le levier défini paison gain et son hystérésis

Les charges appliguées sur la servocommanpeids, efforts extérieurs

statique et dynamique, frottements de joints.

Les générations hydrauliques avec les deux pompes, les régulations de pression

et les baches.

De nombreux inteupteurs ont été ajoptV DILQ GIDLVpRSH QW VLI

différents cas de panne.

Comme la servocommande, un modeéle dynamique de distributeur est construit. Le
PRGgOH D JUDQGHPHQW pYROXp WRXW DX ORQJ GH OfpWX
celle-ci. Le modele se compose en particulier de

La section de restriction qui agit comme un limiteur de débit

Le tiroir principal et le tiroir secours. De plus le déplacement du tiroir secours

par le piston de test est simulé en cas de perte de pression

Le dametre hydraulique et la section de passage des distributeurs en fonction

GH OJRXYHUWXUH VRQW FDOFXOpV HQ WHQDQW F
fente de tiroir (rectangulaire, trapézoidale).

La premiére partie de ce chapitre a présenté le model®OwtVp SRXU GplLQLU O
a travers les orifices de distribution. Les parameétres de fluide et géométriques ont été extraits
de ces équations, ce qui a permis de mettre en lumiere les parameétres qui peuvent étre
optimisés. Du fait de sa grande infleen sur les performances dynamigude la
VHUYRFRPPDQGH HW GH VD SRVVLELOLWp GTIrWUH IDEULTX|
VHXO SDUDPQWUH VPOHFWLRQQpP SRXU OfRSWLPLVDWLRQ |
un modéle statique de dfiiibuteur, puis des modeles dynamiques de distributeur et de
VHUYRFRPPDQGH RQW pWp GpYHORSSpV ,0V RQW SHUPLV C
phase de développement de la servocommande.
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2.2 - Introduction

This chapter presents the models and témisthe design and manufacturing of the
servoactuator valvet is composed of three parts.

The first one describeté servoactuator functional domaie. the mechanical power
plane characteristic.

The second part concerns the valve. dgerating modeis defined by three
characteristic curves: the flow gain, the pressure gain and the leakages curve. These curves
are analyzed in order to point out the links between the valve characteristics and the
servoactuator performanceésgenericvalve orifice is described by equatiorignctiors of the
geomety and fluid parametersThe impact of these parameters on the valve behavior is
finally analyzed and their range is defirfedthe application

The simulation tools are presented hetlast part of the chtgr: the design of
experiment, the implementation of the valve gtstatic model and theydamic models of
the servoactuator and of the valve

2.3- Servoactuator behavior
2.3.1- Preliminary remarks on servohydraulic actuator

In aerospace hydraulic systems, the hyticafluid is used as a vectdo convey
hydrostatic energy fra the hydraulic power generator to each-asdr. As displayed by
a modern aerospace actuation system involves typically four functions:

a constant pressuaad variable flow powegeneration

a powerdistributionnetwork,

for each endiser, a hydraulic closed centre valwmeteringthe power delivered to
the load from the hydraulic supply, according to its control input signal,

for each endiser, a devicdransforming the hydrostatic power into mechanical
power.

T. Marger Page38



Valve design of hydro-mechanical servoactuator

Figure 16: Actuation system

From a more control point of vie, the valve is used as a powanplifier
thatfunctionallydelivers flow proportionally to its opening. Ideally, the motion of the moving

part of the hydromechanical transformer is proportional to the volume seek by the valve.
Therefore, the valve/transformer combination appears globailposition control as a pure
integrator.

For linear actuation Q)

For rotary actuation (2

with
Global valve to openingain (nf/s)
Unit displacement of the linear transformer’/{m)
Laplace transform (1/s)
Unit displacement of the rotary transformer/i)

>

Valve opening (m)
Output motion of theihear transformer (m)
Output motion of the rotary transformer (rd)

<

Figure 17: Control point of view actuator
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Note: The following developments will only consider linear actuateith jack type hydromechanical
transformers. However, there is no particular difficulty to extend these results to rotary actuators involving rotary
jacks or hydraulic motors

2.3.2- Power requirements

Depending on the type of load to be actuated (and sometionegeometrical
integration constraints), the jack may be symmetrical of not. In the gerirrtahot common

- asymmetrical case, the hydrostatic foFg@pplied to the loa is equal to

©)
while the consumed flows under load velocity are equal to
and 4
where
S Pistoneffective areaf chamber 1 (m?)
S Piston effective area athamber2 (m?)

Piston velocity (m/s)

Figure 18: Load equilibrium on an asymmmigal jack

The power capability of the actuator is fixed by the supply and return pressures, the
jack effedive areas and the valve flow capability.

The valve and jack should be sized (or selected) according to the power required for
actuation. Generally, a symmetrical operating domain (force/velocity) is also required. In the
general case of a permanent exdmesistant load forcBy and of an extra force to the load
Fwm, this is illustrated in the mechanical power planAt control level, the valve
and jack should be matched in order to provide a symmetrical and poopbrtipeAoop
static characteristic (load velocity vs. valve opening).
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whereFy (N) is the specified extra force to be delivered to the load.

Figure 19: Typical ®rvoactuator operating domain

2.3.3- Jack-to-load adaptation
In order tomeetthe stall force requirements, the jack sizing should verify:
©)

whereP;o andPyg are respectively the pressures itegsion and retraction chambér a
equilibriumandFg theload equilibrium at restor other operating points,

(6)
()
Equation to @ fixes theminimaljack effective areaas
®
)
andthe asymmetry ratio can be defineds
(10)
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In the presence ofa permanent load, thadaptation is difficult to ensure without
designing specific jacks as there is only a few setmaftios for off-the-shelf jacks.

In case of null permanent load, the two areas are obviously egagilhdeto a unit
asymmetry ratio. However, even in the absence of permanent load, asymmetrical jacks may
be designed to meet assembly requirements. This is particularly the case of tandem control
actuators like those used in helicopters or fighters flightrols: two pistons are mounted on
the same rod but with separatsatlies to avoid any crick failure propagation between the two
power paths.

Notes:
In the following developments, it is assumed that the labeling of jack effective areas is sudh as
greater than unity.
Due to their negligible influence in the case of aerospace actuation, the hydrostatic force due to
atmospheric pressure is not considered in equ@)n (

2.3.4- Valve-to-jack adaptation

The valveto-jack adaptation consists in designing a valve that provides a symmetrical
velocity capability whilesatisfying equation@ and @ An ideal "adapted" valve should so
produce outpuflows according to the asymmetry ratio:

(12)

and pressures at null opening satisfying
12

2.3.5- Frequency requirements

If the load is supposed known ane thervoactator operates in thepectraldomain, it
is possible to evaluate, for each frequency, the maximal output amghatdbe actuator can
produce. Three asymptotic limits are defining the reachable frequency d
20):

. - position limit: defined by the ends strofa
- speed limit : defined by the flow raterough the actuator (b)
- acceleration limit: defined by the pressure (c)
- low amplitude limit and fluid compressibility (d)
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Figure 20: Limit frequency respong@?2]

2.4- Non linear static valve model
2.4.1- The valve characteristics

a) Common hydraulic characteristic
Only the common, but less general, case of symmoaévalves is well documented in

the biography and in the standards. If the hydromechanical transformer is symmetrical (both
areas equal t®), the wellknown valve static hydraulic characteristic can be expressed
assuming null valve leakageso effectof the Reynolds numbeand perfectly synchronized
orificeq[21]

(13
where:
is the valve flow gain (f31s) (14)
is the valve pressure drop (Pa) (15
is the load pressure difference (Pa) (16)

is the equivalent orifice area/opening gairf/fm)

Note: Theabsolute and sign functions of equat(can be omitted if backflow is considered as not
possible.

The hydrostatic force delivered by the jack to the load is directly related to the load
pressure :

17
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Consequently, the hydraulic characteristic can be translated into the mechanical
domain, giving

(18)

As the valve opening is bourai¢ ), the power transfed from the supply to the
load is limited by the valve. Then, the valve flow capability could be given by the values of
and , according to equatio. However, this is not convenient in practice. For this
reason, it is preferred to indicate thalve nominal flow  that corresponds to the output

flow at full opening, under a given valve pressure drthye (homil pressure drop ,
commonly 70 bars).

This simple and leakagess model indicates clearlyge dependence of the flow gain,
(orthespeed gainvhich is the transcription of the flow gain on the servoactyator
on the supply, returnnal load pressures,
on the equivalent orifice gain that is sensitive to the effective orifices geometry
and the amount of flow turbulence.

In the particular case @ valve with null output flow, the valve model of equation

yields to

19
that giveshe hydrostatic force
(20)
This equation represents an ideal view on the load. Indeedhabmpening gains
infinity around the null openingn reality, thedefectsof thevalveinduce a finite gain and so
guaranty the continuitgf the pressuraround the null opening.

b) Means to quantify the valve characteristic
In practice, the real valve performance idired through three different curves, as

defined ian

The flow/opening curve [Figure21

The curves given as at constant valve presre drop. In practice, this
characteristic is got connecting the two useports of the valve () and maintaining

constantthe supply and return pressures. According to equatsand , this graph
indicates the valve ability to control the load speed by its opening, under nulfoliezad
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demand The so calledralve flow gain( ) corresponds to the curve slope. At very low

openings, the valvediv gain is altered by leakages duetlie real geometryof the valve
(rounded edges;learance). At very high openings, the flow gain is generally reduced as a
result of parasitic pressure drofgirect consequence of turbulent flow equatianyler high

fluid velocity within the flow path inside the valve.

Note: the desynchronization is the fact that two orifices cannot be opened at the same time and reduced
turbulence

Valve opening (%)

Figure 21: Typical flow gain cuve

Analysis of the curve

shows a typical flow gain curve and momedon +£10% of the spool
opening. Thanagnitudeorder of the real spoapening isaround +1mm as observedThe
defects of the spool affect only-5%0 of the openingOn a complete scale, the defects would
be invisiblealthough they play a major role in the actuator performahice ggometry of the
valve modifiesthe shapeof the curve at very low openinggsading to the generic cases of

Figure22| Overlap or underlap can kéherfunctional or parasitic.
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Figure 22: Defects of flow gain at very low openings

In the case of helicopter flight control actuators, overlap efepred in order to
produce a dead band effect. This avoids transmitting power to the load in the presence of
noise (vibrations) on the valve input (spool displacement).

The pressure/openingcurve [Figure23

The curveis givenas at null output flow. In practice, this characteristic is

obtained closing each useport of the valve ( ) and maintaining constant supply
and return pressures conditions. According to equation (5), this ghagtnates the valve
ability to deliver high force to driva staticload. The secalledvalve pressure gait ) is

the slope of the pressure/opening curve measured at hydraulic null ( . In practice the
pressue/opening graph significantly differs from the ideal one, equ (n the vicinity

of the hydraulicnull. Once again, this is the consequence of parasitic internal leakages,
manufacturing tolerances and reduceavfturbulence.

More information is made available when plotting the individual pressure/opening
curves ( and ) instead of the differential pressure/opening one. In
particular, the value at which the two usepmréssures are identical may be of particular
interest for quasi static actuator operatioleed, this point corresponds to the equilibriiiim

DQG Q Rf O&de@oactuator. Ihdicatesthe pressure level in the actuawmithout
external forceand aroad the hydraulic null (whiclkeorrespondto the main piloting domain).
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Figure 23: typical pressure gain aue

Analysis of the curve

shows a typical pressure gain curve andasmedon +£10% of the spool
opening. Themagnitudeorder of the real spool curve is aroundlfim, the defects of the
spool affect only +56% of the opening. On a complete scale, the defects would be invisible.
As a tpical value one can considea differential pressure of 40% for an opening of 1%.
Finally, defectscontributeto obtain a progressive diffemtial pressure around the natid to
avoidproblems of forcdighting due to a gap of synchronisation .

The internal leakage/opening curveFigure24

The curveis given as the consumed flow at null delivered flow, as a function of
the valve opening . The maximum valve leakage is generally observed in the

surroundings of the null opening, where the orifices operate between closure and opening.
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Figure 24: typical leakage curVgll]

Analysis of the curve

shows a typicaleakagecurve of the main spooand iszoomedon +£10%
of the spob opening.The magnitudeorder of the real spool curve is aroundlfim, the
defects of the spool affect only-5%0 of the openingOn a complete scale, the defects would
be invisible.The valve operates around the null openmmggt of the functioning timet is so
very important to control the maximal leakage valuguaranty the permanent leakage flow
to be compensated by the hydraulic supply

2.4.2- Orifice valve model

The orifice model must allowo reproducethe dominant effects that fix the valve
performance. As illustrated b the more advanced mod takes into
consideration rounded edgadiusorifices (radius ), the spocbushing radial clearance)(
and the idividual orifice desynchronization ().
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Figure 25: Real geometry of the valve edg2$]

Each orifice is modeled independently ( to ), using the set of equatio@
to . Equation to [24) are not applicable in case of non squarkoes.

Orifice opening

(21
with
If orifice i tends to open asincreases (orifices a and c)
If orifice i tends to close asincreases (orifices b and d)
Individual orifice underlap at null valve opening (m)
Crosssectional length  (m)

if then orifice opened (22
else orifice closed (23
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with
r Rounded edge radius (m)
c Diametral clearance (m)

Cross sectional area (1)

(24)
Orifice hydraulic diameter  (m)
(29
with
l¢ Slot width (m)
Orifice pressure drop (Pa)
(26)
Orifice flow number (-)
(27)
with
Fluid kinetic viscosity (St)
! Fluid density (kg/r)
Continuity constant  (-)
(28)

With
Limit flow coefficient ¢)

Transition flow number-j
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Orifice flow coefficient  (-)

(29

Orifice flow rate  (m°/s)

(30

a) Valvemodel
The valve model is obtained by associating the four orifices models according to the

full bridge architecture. The fluid capacitance effect is neglected due to the small volumes
fluid at stake within the val Hence, the continuity equation can be written as:

(39

(32

Previous orifice eqzntions to involve 5 geometrical parameters (, r, ¢, I,
ny), 2 fluid physical properties (and ) and 2 flow model constants ( and ). For

cylindrical valves, it is generally assumed thaindc are identical for all orifices. Moreover,
symmetrical valves are manufactured with sanaadn; for all orifices. Fluid properties and

flow model coefficients are also assumed to be identical favrdites. Only , that is
affected by manufacturing tolerances, must be considered different for each orifice because it

influences significantly the valve characteristic arothrhull opening.
Consequently the full valve model involves 12 parameters.

2.4.3- Parameters of the bur ways, sliding spool valve

A number of parameters have to be defined in ordemnterstandhe orifice model.
Furthermore, an order of magnitude is given for each pararneteompletely define the
study domain

a) Fluid physical propdies
There are twanajorfluid physical propertiesdensity (!) and kinematic viscosity J.
These parameters are linked by the equation:

(33
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where [ isthe absolute viscosity tha mainly functionof the temperature of the fluid.
Note thatthe fluid physical poperties arealso function of pressure and temperature. The
evolution of density and kinematic viscositersuspressure and temperatusee drawn at

Figure26|in the case of MIEH-83282

Figure 26: Density and kinematic viscosity for the MH-832820il|[2]

b) Flow model constants
As it has been defined above, there are two flow model constantsand . These

parameters are totglunder the influence of the valve geometfyn strictly deduce them,
CFD (Computational Fluid Dynamic) would lza efficient supportSimulation of the real
flow rate across orifice would be a good mannegeb and values. It is important to
keep in mind that modifying one or two of the@n generate consistestiarges in thealve
and servoactuator performance. The values cannot be directly varied by design

f Limit flow coefficient

Von Mises had shown that for a generic configuration, the minimal value of flow
FRHIILFLHQW LV E¥perments givea limit flow coefficientvarying between
0.6and 1

f Transition flow number

In case of singularitythe transition laminaflow/turbulentflow is related to the value
of theReynolds number value between: 100 <R400[12]( Moreover theflow number can
be linked to Reynolds number by equoati
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(34

with

Cq Dischargecoefficient(-)

The dscharge coefficient and flow coefficient are really n&w the transition flow
number is in a same order of magnitude tthetransition Reynolds numbeWith a security
coefficient,therange of transitioffior theflow number is taken as below:

20< <500

c) Geometrical parameters
The Imits of these parameters are dependenthegeometry of the servoactuator.

Thus, numerical redts given thereafter are valahly in our case of study.

f Number of slotsrg)

Naturally, there is one slot at leastowever, one slot for the valve creates radial
efforts by dissymmetryln this case, it has to be noticed that sticking of the mainl $poo
increasingA priori, the number of slots will be lower or equal to faorlimit the machining
So, the slothumber isboundedas below:

1<mns<4
f Slot width (i)

The width of slots is not a free parametkrdeed, it is fixed byhe nominal flow othe
valve if other parameters are fixesbthe system idosing one degree of freedanThe first
constraint is geometrical:

N I+ < main spool external perimeter

Secondly,the slotwidth is one of the main design parameters of the valve if the
nominal opening is giver(equation to ). To obtain upper and lower limits of the
parameter, it is necessary to solve the set of equations in the worst case (T& 03
bar).

With these costraints and a security factdinjs range of the parameter is:

0.1mm <l < 2mm

Slot width isa parameter which directly actsn the nominal flow and so on the
servoactuatodynamic behaviourFurthermore it can be adjusted easily on the definition

range. Hence it is a geometrical parameter selected for the valve optimisation.
Note: the internal diameter of the main spool mlasge enougho avoid pressure losses.
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f Radial clearancec]

Internal leakage of the valve is directly influencedtlycleamance betweethe main
spoolandthe sleeve[7]| It is naurally strictly upper than null and must keptas low as
possible to reduce the leakages.

f Rouncdededgeradius(r)

In case of ideaValve therounded edgeradiusis null, sothe lower limitis:r > 0. To
find an upper limit for this parameteahe rod velocity curveversus spool opening under
interest. This curve is limitedy the specification ofhe servoactuator: 90 mm/s <
V < 150mm/s. If consider one limit as a perfect valve behavioar (), the distance between
the two limits corresponds approximatéttwo maximal rounddedgeradii. This gives rmax
= 251m (se. This value ismajoredusinga safetycoefficient. The range below is
kept for the study:

Opum <r < 10Qum

Figure 27: Effect of the rounded edge radius on the actuator speed in function of its opening

f Overlap &)

The angeof overlap is the same for all orificeBo getan idea of this rangehe rod
velocity curve is used like abov&he valve is supposed perfect, sas taken null. ForX
positive andX negative,the curve corresponding tthe lower limit of specification(Vioq =
90mm/s) is drawnThe maximum overlap supposed is half distance between the two curves at
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null flow rate.The obtained werlap is:Xo = 3Qum. An underlap is unacceptabhath respect
to input lever noise reinjectio®a
Opm < Xjp < 50um
d) Synthes

All previous data are summarized in|fhgblel

parameters Label Lower limit Higher limit
(unit)
Temperature T (°C) -40 100
=> density I NJ)HA 894 810
Fluid
Limit flow coefficient ) 0.5 1
Transition flow number ) 20 500
Number of slots ne (-) 1 4
Width of slots It (mm) 0.1 2
Geometrical
parameters | Radial clearance ¢ (um) 0 10
Rounckdedgeradius r (um) 0 100
Overlap Xio (UM) 0 50

Tablel: Summary othe model parametersinge

2.5- Simulation tools

Several simulation devicesvill be used during the development of the new
servoactuatorThis section aims at presenting thésels and mainly why and how they are
used.

The firsttool is adesign of experiment todDOE) which has beennvolved in the
design proceswith two objectives:
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Optimization: it permits toselectand define a minimal number ¢tdststo be
performed on a test benchp analyze theesultswith the best accacy and to
extract the optimum configuration for the valve design

Sendiivity analysis: the analysis will be performedaking a top level
calculation sheet in th®1S Excel environmenthat permits developing static
model of the valve.

Thelasttool tha has been used in this thesis is software for dynamic simulatin.
software AMESim(Advanced Modeling Environment for performing Simulati has
beenchoserto developdynamic models afhe servoactuatoandthevalve

2.5.1- Design of experiments

In all industrial projectsthe tests represent a critical phase of the project. Indeed they

can be needed to understand some phenomenuwlgntiity, to validate the desigrarameters
and/or to optimizehem But the method tselect,performand analyzehe tests must also be
optimized that testdeingreal or virtual (simulation)it can be done with a DOE approagh.

lot of DOE

softwares exist The softwareDesign expert{[30]) has ben chosen foiits

simplicity and its capaity to generatethe tests neededo analyzethe responseand to
computean optimum.

Design of experimenthegeneral methdlm6]|

Thestepby-step proceduref theDOE method is

f

f
f

Choose the type oflesign i.e. which tests must be performddomplete
IDFWRULDO IUDFWLRQDO IDFWRULDO 7DJXFKL
Choose théactors (inputs)

Choose thdevel of the designto consider the main effects of the factors and
eventually the interactions afg$t order and also of second ordéthe factors
Chooséheresponsg(outputs)

Generateof the designwhich gives the tests selected among all the possible
tests.

Perform the tests

Analyze the response with the software

If optimization is requiredtwo more steps are needed:

f
f

Note: From a mathematical point of view, an optimization is often associated to

Definethe criteria on the responses
Predictthe optimum design

maximization or minimization. A lot of methods have been developed to extract emuomaxi
on a topographic profile. But the response surface is needed. The design of experiment
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permits to obtain an approximation of this response surface with the lowest possible
incertitude in choosing thmost relevantests and with thadequatenathematial treatment.

Design of experiment: terminolo@ﬁzou

Experiment: An investigationthat can be real or virtual (simulatiorand that
establishes a particular set of circumstances under a specified protocol to abhsegvaliate
the implications of the resulting observations

Experimental Unit A physical entity or subject exposed to the treatment
independently of the other unitthe valve here for example).

Response A characteristic of arexperimental nit measured after eatment and
analyzed to address tbbjectives of the experiment

Experimental Error: Error due tothe fact that experimental nits treated
independently and identically will nbive identical responses

Observational Study. An investigation in which theinvestigator observes
experimental nits and measures one or more resparas@bles without imposing treatments
on the individuals

Factor (or parameter): Input of theinvestigation that cataketwo or more values

Levels The different values of a factor

Full Factorial Treatment Design: The treatmentconsiss of all possible
combinations of the levels of the factofsnterest

Design of experimerdpplied to the valve design

The DOE will be used on the valve tests in order to optimize its geonwvetty a
minimum ofmanufacturedalves

In the case of thealve optimization, only two input factorare considerednewith
three levels and the other with two levels. So, a complete faatdesanwill be used because
of the few tests needetihe DOE aglantage fothe presenstudy is the gaacity to interpolate
behaviourin the experimental domain with only few ddbecause of few tested valveBpr
each responsehé DOE will suppose a priori a polynomial approximation of the response
surface. The cefficients of thepolynomial are computetfom the performed testwith a
method based on the variance analysis (AN@

Finally the optimization tool is used criterion is defined foeach responsiom the
specificatiors. One ormanysolutiors which satisfythe critera areso extracte@nd permit to
computea desirability curveThis curve gives information on the robustness of the optimum.

This method permits to find an optimum in the experimental domain. A last
experment is nevertheless necessary to check the pr@dictions
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Design of experimerdpplied to the valve manufacturing

Anotherapplication of the DOE in this study is to perform a sensibility analysis on the
parameters of the valve in order to develop ahwdology to grind its flanks. The DOE is
applied not on real tests but on simulation results extracted from a-sfa@si model

implemented inthe MS Excel[[31]] This study is developed in sectwhile the

implementation of the model is explained in the next section.

2.5.2- Implementation of the valve quast-static model
2.5.2.1- Implementation of the equations of each edge

The equations that describe the flow rate for edge can be summzed in the
diagram o(i represents the edgeifice).

The starting point is the main spool displacement vextdtnowing X and with the
data o it is possible to @mputeX;, Xs, S, Dy and Kg. Then a second input is
necessary: the pressure vectd?; that permits to compute the parametersans Cy; and
finally the flow rateQ;. The pressure vector will be generated as explained in the following
section.
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Figure 28: Diagram of the valve orificesiodel defined by the equati to (30

2.5.2.2- Computation of theflow gain and of the pressure gain
The computation of these gains requires the equations of the edges and the continuity
equations thidink the pressures in each chamber and the flow rate of each edge.
a) Flow gain
For the flow gain, the continuity equations are:

Qa +Qp = Q¢ +Qq and P1=P,

The solvemodifies the pressurd®, andP, and computethe flow rateQ,, Qp, Q. and
Qq so hatthe cosfunctionJg is minimized
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(39

with j the index of the vector amtthe length of the vector.
The flow gain curve&), +Qp = f(X) can then be plotted.

b) Pressure gain
For the pressure gairhe continuity equations are:

Qa=QpandQc = Qq

The solver is used twice:
- firstly the pressur®; is modified to compute the flow ra€, and Qp, so that the cost
function Jp1 is minimized:

(36)

- secondly the pressuf® is modified to compute the flow ra@. and Qg so that the
cost functionJp; is minimized:

(37

The pressure gain curvBs = f(X) andP, = f(X) can then be plotted.

2.5.2.3- Linking the quasi static model and thadesign of experiment

When the DOE is used for sensibility analysisuses the results got from the
simulationof the quasi static modeThe procedure for this analysis is:
- the parameters of the valve equations are thdorfacfor the DOE:

- the DOE software generates the design (it giveests which have to be
performed)

- the pressurgainandflow gaincurvesare computed

- The esponses of the DOE are extracted from these curves

- These responses are plamented in the DOE software for the sensibility
analysis.
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2.5.3- Dynamic models ofthe servoactuator and ofthe valve

The developmenof a servoactuator i@ complex system which cannot be performed
at the first time. A dynamic model is thus built to obtai predictive tool which can help to
save time and money. The tool used to create this model is AMESim.

AMESIm is a multiphysics software performing simulations of engineering systems.
One of the advantages of AMESIm is to perform dynamic analysis adnsgdt has been
used to develop a model of the servoactuatarlving a detailednodel of the valve.

2.5.3.1- Servoactuator mdd

The servoactuatomodel has beehuilt as close as possible to the real geometry of the
servoactuato. All the functional parts of the servoactuator are modelled:

f The two moving bodies with the values of the chambers length, of the rod
diameter and of the piston diameter.

f The two valves: one for each body. They are identical and mounté¢d-taip

f The lever defined by its gain and hysteresis

f The loadsapplied tothe servoactuator: weight, external static and dynamic
loads, seal loads

f Thehydraulic generation made of theo hydraulic pumps, thealvespressure
relief to limit the supply pressa and the tanks

Lots of switches are added to easily simulate the different degraded cases and the
servoactuator behaviour in closed loop or open loop.

The valve ismodelledby a customized componetitat has been developed in the
frame of the presentavk. It is described in thiollowing section.
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Figure 29: AMESIm servoactuatatynamicmodel
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2.5.3.2- Valvemodel

Like the servoactuator, a dynamic valve model has been develapetiown in
Themodelparametersiave first beenfixed from the valvedesignand therupdated
with the testsealized throughout the study. Some functional parts are worthwhiletitee

f the restriction section whiddcts as flow limiter.

f the main spool and the baak spool. Furthermore, the displacement of the
backup spoolpushed by the test piston is simulatedase of loss of supply
pressure.

f The hydraulic diameter and flow section func@f openingare computed to
take into account €ferent geometesof vaves.

Figure 30: AMESiIm dynamic valve model

The main spool is a very important part of the valve described by the following
parameters:

[ The ool diameter antherod diameter
f The hydraulic diameter and flow section functioofsopening
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f The dametral clearance
f The ounded edge radius of each edge
f The overlap of each edge
f Hydraulic constants: maximum flow coefficient and critical flow number
Concerning the overlap, there is a big difference between the overlap implemented in
AMESim (effective overlap) and thmeasuredoverlap (apparent overlap). T
shows thalifference

Figure 31 Definition of the effectiveral apparent overlaps

The gpaent overlap corresposdo the flak to flank lengtlfrom the main spool to the
backup spool (or external sleeva@he effective overlaporrespondto apparent overlap only
LI WKH URXQGHG HGJH UDGLXV LV QXOO ,W§\wlaidkKH RYHU
between the two overlaps:

Apparent oerlap = effective overlap +2 (38

This detailed model has permitted to obtain a predictive mod¢heofralve and
consequently of the servoactuator.

2.6- Conclusion

The firstpartof this chapter was to present the model used to definedletArough
the valve orifices. Theldid and geometrical parameters were extracted from these equations
and hence it has permitted to point out the parameters which can be optimized. Because it
mainly influences the servoactuator dynamic and can be manufactured with accuracy, the slot
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width was the only parameter selected for the optimization. As the method is oriented with a
low-cost view, the valve static model and thite dynamic models of # valve and the

servoactuator has been developed. They have to save time and money during the
servoactuator development.
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Chapitre 3

Pre-designand manufacturing of the valve

3.1- French Synthesis

Ce chapitre présente le piésign et la fabrication des premiers rilistteurs de
servocommandePour cela, les spécifications concernant la servocommandeléfnies
puis les parametres de design du distributeurcaotilésj SDUWLU GIX&BtRIE qOH TX
de distributeur. Enfin un premier jeu de distributeur datéqué avec une nouvelle méthode
orientée vers une réduction des codts de fabrication.

/D SUHPLqUH SDUWLH GX WUDYDLO D pWp GH UpFXSpUH
FRQFHUQDQW OHV VHUYRIFMRBR®MDQGHY SULQFLSDOHV G

f

le diagramme effid/vitessequi correspond au domaine de fonctionnement de
la servocommandadl est construit a partir de la vitesse maximale a vide et de
OfHIIRUW GH UpYHUVL HD effowvge rguersiiiiliieRIS W26daND IL[p
en rétraction, 350daN en extensidruee vitesse maximale a vitlgax

90Mm/s Vpax< 130mm/s
la course mortegjui garantitun bon confort de pilotage tout en filtrant les
excitations parasited.e standardAIR8520 donne une valeur de course morte
de 0,2mm
la synchronisation des corpggi peUPHW G{DVVXUHU XQ IRQFWI
concert des deux corps de la servocommagada correspond a la distance
entre les neutres de chaque corps. Si cet écart est trop important, pour certaines
zones de fonctionnement, les deux corps peuvent travaillerppasition,
HQGRPPDJHDQW SUpPDWXUpPHQW OfYDFWLRQQHX
désynchronisation maximale de 100um.
OTHIIRUW P @auduEeincele confort et la précision de pilotage
/ITH[SPpPULHQFH PRQWUH TXH SRXU GHWbEMERUWYV V:
peuvent apparaitre. Il a donc été spécifié un effort de maximal de 3N.
les efforts statiques sur le levie€es efforts sont spécifiés par les standards
FAR et JAR.
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f la réponse en fréquence pour différentes amplitudes afin de garantir le bon
compotement dynamique de la servocommaniéeur de petits déplacements,
la réponse de la servocommande doit se trouver entre 80% et 100% du
GpSODFHPHQW GYfHQWUpH 3RXU GHV GpSODFHPHC
LVVXV GH OfH[SpULHQFHdJ¥IRf@EQueGepl LQLY HQ IRQFWL

f la tenue mécanique en températuge fréquence esouscharge pour assurer
OfLQWpJULWpPp GH OTDSSDUHLO

f les fuites internes et externes maximaless fuites externes sont définies par
OH GpSDUWHPHQW TXDOLWp Gi(Xut&®k peusMOBU (OO
PDQ°XYUH EXWpH j EXWpH SEX flites (htedrieS\WoiReQtQ H X U (
étre limitées visxvis de la consommation. Elles s@pécifieesa un maximum
de 0,4l/min.

f OfUHQFH VXU O KXULOH HWIpOQIHFIMHL R Q @p estaX Y X G
MIL -H-83282.

A ces exigencesontajoutéesdeux exigences
f OJH[LJHQFH Gddi BHWDEHWL®H SRXYRLU UHPSODFHU
servocommande existante par la nouvelle développée sans avoir besoin de
changer les autreservocommandes déjiQ SODFH VXU QTKYOL XRS W
FULWqUH LPSRUWD QaNanafbetan&eRLQW GH Y XH
f @figence de consommation maximgld garantt un débit maximal
consommeé par la servocommartdas tous les cas de figures

La seconde partiegle ce chapitreconerne les parametres a définir pour que la
servocommande réponde a ces exigences. Plusieurs parametres soapifiedsent

/ITKXLOH

/I TKXLOH XWLOLVpH QTHVW SDV XQ SDUDPgWUH VXU OH
les circuits hydrauliques des hélpteres est unieuile minérale MIL-H-83282. Ladensité et
OD YLVFRVLWp VRQW GRQF IL[pHVY DLQVL TXH OHV SUHVVLR

Le distributeur

Le recouvrement sur les eBWHY GX GLVWULEXWHXU HVW FKRLV
recouvrement positf ¥W LQGLVSHQVDEOH SRXU pYLWHU TXH OH
QTHQIMMHA@QUBHUPpSRQVH GH OD VHUYRFRPPDQGH ,0 SURYLH
morte. Le recouvrement au niveau du tiroir secondaire peut quant a lui étre plus important
PWDQW GRQQAWMKMIULYRAHQW TXTHQ PRGH GpJUDGp ,0 HVW GR
les fuites provoquées par cetii
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Les jeux diamétraux au niveau du distributeur sont choisis aussi faibles que possible
VDQV SUHQGUH OH ULVTXH GH EHRemhi€eF BrPcdrldyueBce Xdes uxU R L U
GLDPpWUDX[ GfHQYLURQ —P VRQW FKRLVLV

La course du tiroir principadst choise de +/-1mm ce qui correspond la course du
distributeur existant avec un gain de levier de 3 (course levier-8@m), pour répondre au
critere de mixabilité.

Le vérin

Les spécifications imposent les charges maximales que doivent développer la
servocommande en extensi@b0daN)et en rétractiorf220daN)avec une vitesse nullea
SUHVVLRQ GY{DOLPHQWDWLRQ pW o\ AltdnraSdqraneht dédwités. VHF W L

Concernant les jois, ils seront choisis avec des frottements dagdiesque possible
(environ 10daN).

Il reste donc un seul parametre de design concernant le distributeur sur lequel on
puisse jouer pour satisfaire legésifications: la largeur de fente. A cette architecture est
ajouté un composant originaline restriction en amont du distributeur, utilisé comme limiteur
GH GpELW DILQ GH JDUDQWLU OTH[LJHQFH GH FRQVRPPDWL

La troisieme partie sur la concept consiste a définir ces deux parameétres a partir
GT1XQ PR G gtatiqua delittibuteurr R X W G iz Enethio@e oKginale permettant de
transformer un débit traversant un orifice de distribution plein ouvert en vitesse maximale
GI1XQH VHU ¥RiBIYRaQUR @yant des frictiodaes aux joints est développa#n
de vérifier les exigences de vitesse maximales a vide. Ensuite la méthode suivante est mise en
place:

f Une largeur de fente est fixée

f Le diametre maximal de restriction est calculé B PYWLU G{IXQ VROYH:
GIREWHQLU OH GpELW GH IXLWH SHUPDQHQW

f Les vitesses maximales a vide de la servocommande sont calculées en
extension et en rétraction.

f Ces vitesses calculées sont comparées avec les spécifications. Si les vitesses ne
sont pas acceables, une autre largeur de fente est sélectionnée et la méthode
est réitérée. Le pas minimal défini de largeur de fense de 1/100 de
millimétre. Si les vitesses sont acceptables, le couple diamétre de
restriction/largeur de fente est conservé. La s@esble correspond au centre
de la zone de spécification de vitesse.

Un jeu de parameétsede 1.38mmde largeur de fentet 1.15mm de diametre de
restrictionestsélectionné puisque les résultats prédits par le modele-sfatigue assurent
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les tenues auexigences de vitesse maximales a vide en extension et en rétraction et a la
consommation maximale.

Les parametres dmnceptionD\D QW pWp IL[pV SDU OfpWXGH PHQpH
statigue de distributeurles distributeursdoivent ensuite étrdabriqués. Une nouvelle
approche est développée pour la fabrication de distributeur en cas de petites séries. Les
performances du distributeur sont directement liées a la géométrie du tiroir et de la chemise.
La largeur de fente, leur nombre et la course maeintu tiroir sont fixés par les
spécifications. Le jeu entre le tiroir et la chemise est défini le plus faible possible et nécessite
un apérage afin de limiter les fuites sans coincerf@rdaque chemise possede son propre
tiroir). /HV UD\RQV G izauldBs aEtes Dindir Qont taillés aussi aigus que possible
SXLVTXH LO VHUDLW WURS GLIILFLOH GTHQ VSpFLILHU XQ
DUrWH MRXHQW XQ U{OH LPSRUWDQW SXLVTXYLOV GplLQLV
dans les chambres de la servocommande. lls doivent étre fabriqués avec une grande précision
(<5um). Contrairement aux autres parametres, ils peuvent étre ajustés par un procédé de
rectification. La nouvelle méthode consiste a déterminer le recouvremettadaecaréte
JUKFH j OfDQDO\WH GH OD VHXOH FRXUEH GH PHVXUH GH
PHVXUHU OH JDLQ HQ GpELW pJDOHPHQW GRQW OfHVVD
informations redondantes, v. A partir de la mesure du gain en pression, une
tendance asymptotique de la courbe est extraite, puis amdlgséecouvrement au niveau de
chaque aréte est ainsi calculé avec un indice de confiance sur la pertinence du résultat obtenu.
30XV TXT9 x& est HoxOnddassaire pour retoucher les flancs distributeur.

&HV HVVDLV RQW SX rWUH UpDOLVpV JUKFH j OD IDEU
spécifique. CelsiFL D pWp UDSLGHPHQW VXLYL SDU XQ EDQF Gf
pouvoir effectuer Ig tests sur la future servocommande.

Le prédesign, fonction de la largeur de fente et du diametre de restriction, a donc été
effectué grace a une méthode fomdér le modele quasitatique de distributeur. Le diamétre
de restriction a été ajouté a lagaur de fente comme paramétre de conception afin de vérifier
la nouvelle spécification de consommation maximale. Aprés la définition de ces deux
parametres, le distributeur a été fabriqué avec un procédé original de rectification des flancs
de tiroir afinde réduire les colts. La méthode a été développée en partie avec une approche
SDU SODQ GYH[SPULHQFH VXU OD FRXUEH GH JDLQ HQ SUH
(un pour le distributeur et un pour la servocommande) ont été développés, fabeiqués,
configurés pour obtenir les données expérimentales sur le distributeur et la servocommande.
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3.2- Introduction

This chapter deals with the pdesign and the manufacturing of the first valves. These
ones will be designed to meet the requirements of thveaetuator whose specifications are
detailed and quantified in the first section of the chapter. Then thes\ale@re-designed
using a modebased methodology. The modelolves fixed and design parameters. The
methodology consists in computing the igasparameters which influence the valve and
servoactuator performances. This study allows defining an initial set of parameters that
permitsmanufacturinghe first valves. As the valves manufacturing is a difficult operation
because of tolerances, a nlaw cost methodology is developed. Finally, in order to test the
manufactured valves and the servoactuator, two test beaoheesigned, manufactured and
set up

3.3- Specification of the servoactuator

3.3.1- Specification from the existing servoactuatdf17]

3.3.1.1- Velocityand reversibility load

A good velocity of the flight controls is required in order to execute all possible
handlings in all flight domains. Consequentijpe helicopter manufacturespecifies its
servoactuators wittherules below:

f For asinglebody servoactuator, pilot should be informed of the flight domain
limit with a feedbaclon thecontrol For instancethe specification is:
Reversibility load: 2000 Nload to obtain a null speed with a full
opening valve)
Velocity at null load: 110 mm/s

f For a double body servoactuatdhe pilot has to be able to move the
servoactuator at the required maximal velocity when slaéids areextreme
and a body ifailed. A ratio of 3 or 4 between velocity at null load and velocity
under maximal load is chosen in order to obtain a reversibility loadonot
high, with a good load reserve.

For the new servoactuatdturocopter hafixed:
f themaximal velocity atull loadin the range
90mMm/s Vmax< 130mm/s
f the reversibility loado 220daNn retraction ando 350daNn extension.
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3.3.1.2- Dead stroke

It is the maximal input lever displacement tdatsnot indu@ any load motionA
deal stroke is needed for a pleasant flying, bBatimportantdead strokeeducesthe flight
accuracyThestandardAIR8520 gives a value of @mm for the dead stroke

3.3.1.3- Synchronizationbetween power paths

It exists only for double bodiegrvoactuators. The desynchronization is the difference
EHWZHHQ WKH QH MWNDDMLtmamfeFéhce is too important,
thedead stroke can be degraded, and contrary loads between the two bodies carlt appear.
the force fighting phenomenoio test the synchronisation, each bodtested independently
with a sinusoidal input at low frequency and amplitude and the output is measured accurately.
In case of perfect system, the two operating are identical. The gap between the two operating
is the desynchronization of the servoactuator.

Eurocopterequiresa maximal desynchronization of 100um

Figure 32: Cycle of each body of the servoactuator is plotesynchronizations the
differencebetweerthe twocentresalong Xsaxis.
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3.3.1.4- Input load

If the inputload is high, pilot loads are important. Consequentig accuracy of
control andthe comfort are degraded. Aghit valueof the maximal force to move theput
lever is 3N. According to Eurocopter experiencene real problems ocaappear for loads
higher than 5NThe input load must not exceed this value, even in casehydraulic failure
of onebody for GRXEOH ERGLHVY VHUYRDFWXDWRU

3.3.1.5- Staticconstraints

Loads which are applied on the input lever are defined &g Br JAR standads
They are assumed by the lever @nel stops of the lever.

The Imit of the loads on the erstroke ofthe jack has to be A4.timesthe load
developed by the servoactuator at nominal pressurbatitepilot.

3.3.1.6- Closedloop performance

a) Responsef the grvoactuator to low input displacement
The response of the servoactuator to low input displacenser very important

characteristic tguaranty the quality of the servoactuatiblis essential and has not to fenf
of a deviation. Eurocoptexxperiencas that theresponse of the servoactuatoustmeetthe
following criterion:

Input leverpeak to peak magnitud€.35mm which implies that theservoactuator
displacemenis between 80% and 100% tbie input lever

b) Frequency response
The aain andthe phasehave to bencluded inthe frequency domain defined by:

- a low limit given by the frequency response of the existing
servoactuator

- a high limit given by the frequency responseadervoactuator whose
behaviour is known to present risks of instability iggh frequencies.
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Higher limit

Lower limit

Figure 33: gabarit of theservoactuatomagnitudeLeverinput +~1mm

Higher limit

Lower limit

Figure 34: gabarit of theservoactuator phaséever nput +~1mm
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c) Stability
No phenomenon of chatter or vbion, autemaintained or maintained has to appear

during thefollowing tests

Large magnitude andpid alternating movements
Large magnitude andlow alternating movements
smallamplitude rapid alternating movements
smallamplitude slow alternating mements

rapid movements, stopping on the mechanical stops

~h ~~h ~—h ~h ~—H

Thesetestsarerealizedfor the following conditionsAIR 8520}

f without load andvith a nominal lock stiffness and two equivalent mass

f without load andvith a third lock stiffness and a nominaluggplent mass

f with half of the maximal loacand with a nominal lock stiffness and two
equivalent mass

f with half of the maximal loacdind with a third lock stiffnes and a nominal
equivalent mass

3.3.1.7- Mechanical aspect

a) Temperaturgange
The temperatureangedefined below is generally taken durirthe endurance test of

the servoactuator:
f A time of 2% of the servoactuatlfie corresponding to eold weather£65°C)
f A time of 10% of the servoactuattife corresponding to sveather relatively
cold (-45°C)
f A timeof 78% of the servoactuatbie for ambientemperatue (25°Q
f A time of 10% of the servoactuatifie corresponding to a weather relatively
warm (90°Q

b) Load spectrum
Aerodynamic department provides the time percentage duwnhiggh one the

servoactuators solicitedby static loads and dynamic loaddnfortunately, © values have
been obtained.

c) Movementsolicitation
The movementsolicitationis defined by Eurocopter experience:

f 95 movementsf the input leveof +/-15mm at 03Hz
f 260movement®f the imput leverof +/-5mm at 05Hz
f 2000 movementsf the input levepf +/-35mm at Hz
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3.3.1.8- Security/reliability

a) Protection filter
A hydraulic ILOWHU LV QHHGHG WR SURWHFW WKH VHUYRDF

It has to be thirenoughto guaranty a googrotectionand not too thin to avoid itslogging
Eurocopter found a good compromise with a filter at 200um.

b) Leakages
i) External leakages
External leakages are inevitably present. Indeed, gvstatic seals may be oiltight,

dynamic seals present a legkaCriteria of the external leakages of the servoaictr are
given by the qualitglepartment:
f 1 drop for 100 movementull stroke)for a new device
f 1 drop for 25 movement$ull stroke)for a devicen use
In a security approachthese criteria are alable because a seal leakage cannot
increase rapidly in some hours and the leakage is weak enotighhave an influence on the
hydraulic level in the tank.

ii) Internal leakages
Internal leakages atbe leakaggexisting between supphne and returnrand caused

by mechanisms which daot have sealsThese leakages depend on the supply pressure and
have to be minimisedtavoid a to highflow consumption. Fothe servoactuator with two
bodies under studyeurocopterequiresinternal leakaget® belessthan0.4l/min for a supply
pressure of 35ar.

c) Input stroke
The nput strokds the displacement of the input lever in the exdreme cases where

the valve slots are completely operatiwhere thevelocity of the servoactuatis maximal
The displacemdnis limited by two stops. Theelocity gain of the servoactuator is directly
linked to the gain the lever(ratio input motion/valve openingYhe higher the gain is, the
better dynamic performances of the servoactuaiibbe, but the less stability angin will be.
The input stroke is chosen between3-br 4mm as for the existing servoactuator

d) Locking mechanism
Blocking of a moving component has not to cause a lost of control. Three manners can

meetthis requirement:
f If the nisk of blocking isjudged extremely wealfrom statistics computation
based orexperience, definitiorand manufacturing quality, nothing to do is
needed.
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f If the risk of blocking is judge@atastrophigit means thait is superposed to
another failurg each failure hasotbe detcted during the flighor between
two flights.

f There must be some meanssurvive this blockingnd thesenears haveto be
testable(during the flight or between two flightey the probability of double
failure must be extremely weak.

3.3.1.9- Fluid specifications

The mineral oil selected by Eurocopter for its qualities in temperature is thédMIL
83282RLO $W f& LWV YLVFRXV FKODDO@GWHURBMVLFY DUH !

3.3.2- New specifications
3.3.2.1- Interchangeability/mixability

There are three main servoactuators aoielicopter.New servoactuators will be
mounted on newand old helicoptes and can replace one or more of the existing
servoactuators. So, existing and new servoactuators can leel imixthe same helicopter.

That s why the behaviour of the servoactuatorsst be sufficiently close.

It has been decided that the difference of speed between two servoactuators must be

lower thanlOmm/s for all the valve openings.

3.3.2.2- Maximal flow rate

For the application, the supply punimas a constant flow ratef 6l//min. This flow
provides the three main servoactuators. So, a security approach imposes that in athedses
in particular in degraded cases (seizutdhe flow consumption of a servoactuator must be
lower than4l/min. Thus, the two others servoactuators stdlvén 2/min to move. If this
criterion is notme, the required flow can be too high, the pump can be drained and so a
hydraulic circuit can be lost.

3.3.3- Summary of the specifications

The main specifications are summarize(iable?2
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Maximal speed 90<Vmax<130mm/s

Maximal death stroke 0.2mm

Input load 3N

Interchangeability/mixabilityl "9 H[LVWLQJ QHZ PP V IRU DO(
Servoactuator load 350daNin extension; 220daN in retraction
Dynamic Input=0.35mm 80% of0.35mmouptut<0.35mm
desynchronization 100um

Oil temperature -40°C to 110°C

Protection filter 100um

External leakages 1drop/100movements

Internal leakages 0.4/min

Maximal flow rate 4l/min

Table2: Summary othe main points of he specification

3.4- Model based methodology for the valve qg-design

The valve must be designed teerify the ®rvoactuator specificatiomlescribed
previously The valvebehaviouris influenced by the slot width artbe restriction diameter.
The objective hee is to compute some preliminary values of these two parameéltesspre
design requires the data of the fluid and of tleveactuatoralready fixed by the
specifications and the implementation of some equations of the valve and of the
servoactuator. Ral results are given lgymethod developeds design sheets in the MExcel
environment

3.4.1- Fixed parameters for the predesign

a) Fluid
Fluid used is the MItH-83282 and for a prelesign, temperature is taken at 25°C. So,

! NJFD QG # .Skl pressure B=35bar and returR=0bar.
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b) Valve
The overlapchosen fothe main spools 20um. A positive overlap is described in the

specification in order to filtehe vibrations oftie helicopter. The maximal deattoke on the
lever isspecifiedat 0.1mm. The gain of the lewis 3, so with 20um, the deatioke due to
the overlap is 60upwhich islower thanlOOum(se.

The overlap on the baalkp spool is chosen bigger. Indiedhe limitation of the dead
stroke is not applicable in this case because it is a degraded case. Furthermore, the diameter of
the backup spool is bigger than the owé the main spool. So, to limit the leakagése
overlap on the baelp spool is taken at 250u(ae.

The clearances on the main spool and the Jo@clspool are chosen as small as
possibé in order to decrease the leakages across the valve (no seals). The clearance on the
main spool diameter is taken at 6pum. The one of the-bpckpool is chosen a little bigger to
decrease the cost and because o&fiseciatedbig overlap. It is taken &um.

The stroke of the main spool is chosen almmwhich correspondto the stroke of
the existing valve. \ith alevergain of 3this makes a lever stroke is3thm

c) Jack
The supply pressure of the servoactuator is given by the pomp and is 35bar.

The specification of the servoactuator giveevelopedloads of 350daN in the
extension side anof 220daN in the retraction side for two bodageration So, for one body
only, theobtainedoadsare 175daN in extension and 110daN in retraction. With ayres$
35bar, theareaof the pistonnecessary is 500mnfiér the big chambeand 317mmz2for the
small chamber.

Big areapiston(mmg?) Smallareapiston(mm?)
Upper body 497.57 317
Lower body 506.53 317.06

Table3: Sections ofhepiston in each chamber
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The ®al load in the jack are estimated on the existing sectigator and supposed
identical

Seal load (daN)

Extension 3

Retraction 6

Table4: Seal loads in the jack in extension and retractio

3.4.2- Equations for the pre-design

The wo main parametenshich have to bedeterminedo meet the specificationshe
valve slot widh (l) andthe restriction diameter }, influence the maximal speed and the
maximal flow rate Their computation is shown losv.

a) Equation of the valvkeakageflow rate

The leakageflow rate isthe maximal flow rate when the valve main spool is seized at
extreme opening and whéme systenis in the initial neutraposition .

(1) lever at neutral position
(2) main spool at extreme opening
(3) lever at neutral position and main spool seized at extreme opening

Figure 35 Schemef the valvespook for different operating modes
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In order to compute thitow rate, an equivalerdreais needed and obtained from the

valve crosdlow areasdefined irFigure 36] assuming flow coefficient are identical because
of the large openingreagturbulent flow, sch:Cq'):

- whenthe two sectionsSandST DUH L Qor\ekhbhplédid thiFigure 36 S, is in series
with S andS is in series witts;), the equivalenareaS;qis such that

(39

- whenthetwo sectionsSandST DUH L Q(fd8 exaniple @ kth®igure36) S; andS; are in
parallel with§ andS;), the equivalenareaS.gis:

(40)

Figure 36 Valve sections in the seized case at extreme opening

The maximal flow rate in the seized case at extreme opening is given by:

(42)

with:
Sq Equivalent section of the system describg&igure36

b) Equation of the servoactuator speeds

The speed must be computed in extension and in retraction. The scheme of the
servoactuator in extension is givefHigure37
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Figure 37: Functional diagram of a servoactuator bodies in extension

The flow rates fotheedges b and dare computed with thi®llowing equations:

(42)

(43

where § and & are the valve opening sections associated to the edges b and d
respectively.

The servoactuator speed equation is given by:

(44)
It is also possible to write the equilibrium equation:

(49
where
Fseal Seal load (N)

Then, there are 3 equations and 3 unknown parameters (, Q; and Q,). While
reolving the systemof equations the servoactuator speed in extension is thus

computed.

The computation of the speed in retraction is based on the same methodology. The
scheme of the servoactuatorr@tractionis given i The flow ratedor the edges a
and care computeds for the extension case while taking into account the valve opening
sections associated to the edges a asdan(lS;). The equilibrium equatiofor the retraction
case igyiven by:
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(46)

The servoactuator speed in retraction can thus be computed.

Figure 38: Functional diagram of a servoactuator lietraction

3.4.3- Methodology and computation of the design parameters

The aim is to compute the slot width and the restriction diameter. These two
parameters influence both the valve maximal flow rate and the servoactuator speed in the
different configurations fouse. It is not possible to compute the two parameters by solving a
system of equations that describe all the configurations andnibat all the required
specifications(because of an algebraic Igo@\n iterative method is proposed to solve the
problemand is described

f the slot width is fixed.

f the restriction diameter is computed by a solvegdgba maximal flow rate of
Qmaxin seizure case at extreme opening.

f the servoactuator speeds are computed in extensibim aetractiorphases

f The computed speeds are compared with the specificatiotiwe nésults are
not correct, another slot width is selected and the computations-iane. ighe
minimal step on the width slot is 1/1@® millimeter. Otherwise, thedesred
pair of slot width and restriction diameter kept as the solutionThe speed
targeted is the mean of the speed specification more or less (@6
convergence criteria)

The computation gives for the pdesignan optimal operating point defined hyslot
width wsnit and a restriction diamet&¥,;.
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Figure 39: Functional diagram of the computation of the slot width and of the diameter
restriction

3.5- Asymptotic method for valve manufacturing

This sction presents an approach to support valves manufactaritige particular
cases of production in feseres. The performances ohydraulic valvesare directly linked to
the spool and sleeve geometrJhe \alve sipply pressure isgenerally fixed by the
application. The widthl{) andthe number () of the sleeveslots and themaximal spool
stroke(X) areset by the required dynamsiof the valve.The spool and the sleeve diameters
are accuracy manufactured to guaranty a radial clearance in the sfieniffbetween 4 and
8um). That § why each spool has its sleeve desigigw rouned edges of the spool are
grind as sharp as possible smtheir manufacturing is difficult to manag&he orifices
individual overlaps that define tloead sroke and the quilibrium pressuref the valveand
that play an important role in the stabilization of the servoactuator must be defined with high
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accuracy.Unlike the other parameters, they can be adjusted by an appropriate machining of
the valve with resort tan adegategrindingof the spool flanks.

3.5.1- Using the valve model to define the machining process

In order to determine the individual orifice overlapsyal methoatonsists mainly in
the following steps:

f The thre characteristics curvepréssure gain, flow gaiand leakagessee
are to be measured and constitutestiaging point
f An inverse method is computed in order to identify the unknomodel
parametersf the valve model from these experiments.
f The apparent overlap extracted from the model and used to define the
required spool flank grinding.
This method is efficient bugives redundantinformation and needs the three

characteristic curves (top of tffégure 40). For this reasona method thabnly usesthe
pressure gain curvis proposedWith one curve, less information will be obtained but only

the equilibrium pressure and the dead stroke are looked for. The equilibrium pressure is
obtained strailgt on the pressure gain curve. The problem is to compute the dead Atroke.
method based on thesymptotic representation of theessure gain curvis proposedt this

aim (bottom of theFigure 40). The following sections will dine the asymptotic pressure
curve and show that this curve allows computing the dead stroke.

Figure 40: simulation methods of grinding
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3.5.2- Asymptotic pressure gain

The interest of the asymptotic tream is to define a curve with few and wd#éfined
points.

The pressures in each chamber are measured during thgheessymptotic behaviour
is clearly defined at high openingsressures in chambers are given by the supply and return
pressure The transition between these two states can be approximatedstogight line for
each chambe, each line being defined hyo points. Consequently, only four
parameters are neededdiefine an asymptotic representationtod pressure gain curve.

Theseparametermeeded to define the asymptotic curgesstitute a vector (equation
that is identified from the measured pressure gain curve using afittingeapproach.

(47)
The pressure equilibrium is taken from the cross point of the two asymptotic curves

and is directly linked to the parameters vector. The abscissa corresponding to the pressure
equilibrium is the hydraulic null which is the reé@ce opening of the valve:

(49)
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Figure 41: Asymptotic behaviour

A relation must now be found between the dead stroke and the parameters vector. The
dead stroke results from the non linear combination of the apparent overlap of each edge. The
problem thus consists in computing the apparent overlap from the parameters vector.

The schemeof the allows defining the positn of one edge by one
parameter of th&ssymVvector:

f edge ais associatedxg
f edge b is associatedxg
f edge cis associatedxg
f edge dis associatedxp
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This leads tdhe system of equatio:
(49

wheref represents the link between apparent overlaps of two edges and the distance
between the two associated parameters of Xhen, vector. The function f is supposed
identical for all the equation® mathematicfunction cannot be established to describe this
link becauseof the nonlinearities andf the algebraic loop in the modfedaquations to
). However, it is possible to analyse this link vehdtudying thesensitivityof the overlap
to the valveparameters

3.5.3- Link between the valveoverlap andthe valveparameters

To study the link, all the parameters are initially taken into account. The
demonstration is achieved for the first equation ofsliﬁem and thus requires working
only with a halfvalve.lt is proposed to look for:

(50)
with (relatio
Introducing the complete valve model yields:

(51
For given values of , It is particularly important to evaluate the

sensitivityof X1 +xoto the parameters . For twotest cases (testl and

test2), are computed with the model @Figure 28| for different sets of

. The influence of the parameters is measured by the maximal

variation of Tableb).
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Variation of parameters
Test 1 Test 2 Max (pum)
T(°C) 40 0 0.2
lf (mm) 2 1 0.01
ne (-) 1 4 0.001
P (bar) 35 100 0.1
Cq () 0.7 0.8 3.3
() 100 150 12
¢ (um) 4 8 16

Table5: Influence of the parameters on the asymptotic vector

It clearly appears that have a very little influence on this maximal

variation and that they can be removedrfrequation that becomes:

(52)
Moreover, the previous study also indicates that the influence of the three parameters
¢, Cq and . is constant whatever . Indeed|Figure 42[showsthat the slopes of
the curves,; +Xxxversus are identical for any individual parameter change.
Page89
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Figure 42 Asymptotiaistance versus apparent overlap

Consequently, in order to remove the influence, @, and  from equation and
to obtain relation, it is suggested to introduce an offset. This offset is deduced from a
pressure gain test combined with a single metrology. The metrologg tie real value of

. The test gives a pressure gain curve from which the asymptotic behaviour and

consequently are computed. The offset equal to the difference between these two
values and finally:

(53

Then a model reduction is achieved by selecting onlyirtheendng parameters to
find a relation between and

3.5.4- Parasitic influence of the rounced edge

The proposed method is tested on a case where the offset was computed for an
effective overlap before grinding of 200pm and a rounded edge radius of 3u
shows the apparent overlap computed with the asymptotic meg¢hsals the apparent overlap
during the grinding process (so for different values of effective overlaps). Moreover, as the
rounded edges may vary during the grinding, the process has been assessed for different

rounded edges radius (1 to 5um) as also dyspldyFigure43
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Results obtained with the offset are not as good as expected since they are sensitive to
the variation of the rounded edges radius. For a constant value &um, the computed
overlap is very close to the appat overlap and the error is lower than 2um. The error
reaches 7um for a variation of 2um of the rounded edge radius.

Figure 43. Computed overlap versapparent overlap

Usually the specification of & valve grinding imposes sharp edges (eventually
controlled with a microscope). The effect of rounded edge can so be assumed as negligible
and the apparent overlap is identical to the effective overlap (eqoﬂ' he asymptotic
method with an initial offset becomes a very accurate tool to estimate the overlap of the valve
Figuread).

On thgFigure 44] the offset has been computed for a null radhetige radius and an
overlap of 100um. Estimation of the computed overlap from the effective overlap is very
accuate (error lower than 3um).
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Figure 44: Computed overlap versesfectiveoverlap

The proposed asymptotic nteid has been preliminary validated through a model
based approach and under two assumptions: the maximal allowable error between estimated
and effective overlaps is 5um and the rounded edge radius is considered dhaunkxt
section will deal with thexperimental validation.

3.5.5- Experimental validation

The proposed method has been tested on two valves sized for a typical nominal flow
of 9/min. The difference between the two valves consists in their width of slots. After each
grinding the valves overlapsave been measured by metrology and compared with overlaps
FRPSXWHG E\ WKH DV\PSWRWLF PHWKRG B5HVXOWYV IRU WK
summarized respectively in t and th The first line (init) of these tables
gives the offset required for the asymptotic method.
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Asymptotic method Metrology error
Overlap with ,
Overla ualit
(% gp Oﬁset Q (% ) y (%stroka (%stroka
strok (% trok 9
Offset =
0 132 132 93 118
14
1 145 131 89 105 2.6
2 6.9 55 95 53 0.2
0: initial step (without grinding), 1: after grinding 1, 2: after grinding 2
Table6: grinding of the valve 100
Asymptotic method Metrology error
Overlap Overlap with Quality
0 offset 0 (O/OStroke) (%stroke)
(/Ostrokg o (/0)
(/Ustroke)
Offset =
0 116 116 95 117
0.1
1 7.8 7.9 96 7.9 0
2 5.6 5.7 94 5.4 0.3

0: initial step (without grinding), 1: after grinding 1, 2: after grinding 2
Table7: Grinding of the valve 200

Ead line presents the results after one stegrofding The columns two and three
indicate the computedoverlap without and with offset corrections. The quality of
approximation given in the fourth column represents the relative root mean square error
between the test pressure gain curve and the computed asymptote. Any value lower than 90%
points out a problem in the process of the pressure gain curve. The fifth column is the overlap
measured from metrology with3um accuracyFinally, the error of the asyptotic method is
provided incolumn six.
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(54

$IWHU WKH JULQGLQJ VWHS RI YDOYH 3 " WKH HUUR'
of quality of approximation indicates clearly if the asymptote ctiy@epresents the pressure

gainmeasure (as confirmed . Oppositely, the results associated with the second
JULQGLQJ VWHS DUH H[FHOOHQW 7KLV DOVR DHV WR

[7)-
Finally, these tests confirm the efficiency and accuracy of the asymptotic method
developed above.

Figure 45. Computed comparedith measurd pressure on valve 100 (grinding 1)

T. Marger Page94



Valve design of hydro-mechanical servoactuator

Figure 46. Computed comparedith measurd pressure on valve 200 (grinding 2)

This sectionaimed at defining a loweost manufacturing process for hydraulic spool
valves in the case of very low production rate. An original method has been proposed to
manage thepool flanks grinding from the single measurement of the pressure gain curve in
order to get the specified hydraulic characteristics. ldentifying an asymptotic pressure gain
curve allows extracting the effective geometry of the spool with accuracy. Towides
directly the amount of spool valve grinding. After a meldased preliminary validation, the
method has been fully validated for two different valves.

If the quality criterion is notmeef the dead stroke cannot be deduced from the
asymptotic presure gain. If this case happens, the solution is to perform a flow gaio and
extractthe dead stroke from the asymptotic flow gain.

3.6- Designof the test bench

Two test benches are developed in order to test the valves and the servoactuator. The
valve tes bench has to perform the static respdesesof the valve and the servoactuator test
bench has to perform the performance and endurance tests.
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Valve test bench

Static responses of the valve are the pressure gain, the flow gain and the |ediages.
hydraulic schematic principle is presentep:igure47|[31]| The test bench has been designed
for the valve under study but also for valves of bigger servoactuators. The test environment

is:
- fluid MIL -H-83287[2]]
- cleanliness class: StandarcNA8163
- Fluid temperature: 2@80°C
- Air temperature : 185°C
- Atmospheric pressure: 86D60hPa
- Relative humidity: 45/5%
- Nominal pressure: 200bar
- Nominal flow: 2d/min

Figure 47. Static test hydraulic schemgfigl]
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The test bench can be controlled by the input lever at different speeds, different
starting and end poisitand in the two ways.

Specification on theensorss very important because of the accuracy required on the
valve dimensionsA synthesis is shown and the test bench is sho

- Pressure: 4 measurements are needed but 2 sensors are necessary since
only 2 measurements are realised in the same time

- Flow: The range of measurement is too large to find one sensor that
covers all the range with enough accuracy. That is why two flowmete
are necessary: one for the small flow rate and the other for higher flow
rate. The selection of the flowmeter must be automatic and the small
flowmeter must be protected against an accidental important flow.

- Load: the load sensor is vertical to avoid prarasite radial loads.

- Displacement: a high accuracy is necessary on the displacement. It is a
difficult key point of the test bench.

- Temperature: The difference of temperature between fluid and test
bench has to be controlled. So two sensors are nemaedan be
identical.
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Pressure Supply Return Chamber 1 | Chamber 2
pressure pressure

Accuracy (%) <0.3 <0.3 <0.3 <0.3

Range of measurement (bg 0-250 0-250 0-250 0-250

Flow Small flowmeter Big flowmeter
Accuracy (%) <0.3
Minimal flow rate {/min) 0.002 0.2

Maximal flow rate min)

Load

Spool

Accuracy (N)

<0.05

Minimal load (N)

Displacement

Spool

Accuracy (um)

Maximal stroke (mm)

Temperature

Temperature

Accuracy (°C)

Range of measurement (°C

0-100

Table8: Synthesis of the sensors specification

T. Marger
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Figure 48: Valve test bench

Servoactuator test bench

The servoactuator test bench is shamvtih = Some pes can be seen:

- the load jack which has to reproduce the loads applied on the
servoactuatofl)

- the lever jack which has to reproduce the displacement ofettex
generated by the pil@ind the automatic pil@8)

- the servoactuatdR)

- the electric baya control the test bench

- the punp

- the climate enclosure to reproduce the extreme temperahateould
bewithstoodby the servoactuator
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Figure 49: Servoactuator test bench) Load jak; 2) Servoaatator to be tested; 3)dver
jack

3.7- Conclusion

The predesign of the valvaas afunction of the slot width anaf the restriction
diameter has been performed with a method based on the valve static model in this chapter.
The restriction diameter has been edldo the slot width aa design parameter to guaranty
the new specification of maximal flow rate. These two parameters were defined by-the pre
design and then the valve has been manufactured with an oggowssfor grinding the
spool flank to meet threquirements of manufacturing cost. The method has been developed
using DOE treatment on the only pressure gain curve. During the thesis, two tessbemeh
for the valve ad one for the servoactuator, haween developeananufacturecnd set upo
obtain experimentadatafor the valve andor theservoactuator.
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Chapitre 4

Final design of the alvein the nominal mode

4.1- French synthesis

Ce chapitre présente tanceptionfinale du distributeurpour le mode nominal. Un
premier jeu de parametres est calcule & LU GH OTDQDO\VH SDU SODQ GTH
des distributeurs fabriqués aprés le-gesign. De plus, ces essais sont utilisés pour recaler le
modele dynamique de distributeur et pour évaluer la mixabilité de la servocommande sur tout
le domaineGH IRQFWLRQQHPHQW ,0 VHUD PRQWUp TXH FHWWH
nouvelle géométrie de distributeur est nécessaire. Enfin, une approche a partir de modéles de
simulation permet de définir le design final qui est validé par des essaigmexp@ux sur le
nouveau distributeur.

La premiere partie concerne le design du distributeur et le recalage du modeéle de
distributeur a partir des résultats expérimentaux.
I TpWXGH SUpOLPLQDLUHVDWIHW LX Q@ HP BE G HY WXUIDAELX W H X U
les valeurs optimales des parametres de design de distriblaegeur de fenté; = 1,38mm)
et diametre de restriction (@ 1.25mm). Ces résultats doivent maintenant étre confirmés par des
mesures. Des essais vont étre effectués autour de ce pait FIfREWHQLU OYRSWL
(distributeur ayant les performances les plus proches du distributeur existant). Un domaine
GIpWXGH GplLQL SDU GLIIpPUHQWHY ODUJHXUV GH IHQWH H\
point optimal calculé est défini. EQW GRQQp TX{XQ GHV REMHFWLIV FRQ
FREWVY OH QRPEUH GH SRLQW GDQV OH GRPDLQH GTfpWX
GIH[SPULHQFH HVW GRQF XWLOLVpH
3RXU OH SODQ GYH[SPULHQFH OD ODUJHXU GH IHQW
considérés comme des entrées. Les sorties sont quant a elles déterminées par les
spécifications
Débit de fuite maximal. Le critere de sécurité donne un débit de fuite maximal
de 4L/min. Le débit de fuite sera mesuré dans la configuration la plus
pénalisate afin de bien obtenir un maximum.
Vitesse maximale a vide en extension. La spécification donne une vitesse
maximale a vide devant se trouver dans la zone £#4B0mm/s] avec une
préférence pour une vitesse de 106mm/s (vitesse la plus courante sur les
sevocommandes en utilisation). Cependant, les essais sont réalisés sur le banc
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de test distributeur et mesure un débit et non une vitesse de servocommande.
Une méthode realisée sur tableur pour transformer la courbe de gain en débit

en courbe de gainenvieVH GIXQH VHUYRFRPPDQGH GLVV\Pp
méme distributeur symétrique a été développéa®r annexe)l. La vitesse

maximale est donc extraite de la courbe de gain en vitesse.

Vitesse maximale a vide en rétraction. Identique a la configurationsesie

=RQH GYLQIOXHQFH GX GLVWULEXWHXU ,0 FRUUHV
GX WLURLU QpFHVVDLUH DILQ GYpJDOHU OD VHFW
section de restriction. Le pourcentage minimal choisi est de 70%.

Afin de limiter le nombe de distributeurs a fabriquer et a tester, des largeurs de fente
de 1mm et 2mm sont choisies, la largeur de 1,38mm étant bien inclue entre ces deux valeurs.

Trois valeurs de diametres de restriction sont ensuite sélectiand¢®s, 1,2 et
1,15mm. Il estLQXWLOH GH FKHUFKHU GHV GLDPgWUHV LQIpULFE
DSSOLTXH XQH GLIIpUHQFH GH SUHVVLRQ GH EDU HQWUH
1,15mm, le débit mesuré est de 4L/min. Les pertes de charge dans le distributeur étan
forcément plus importantes, 1,15mm représentent donc la limite basse. Seules trois
UHVWULFWLRQV RQW GRQF pWp IDEULTXpHYV DX YX GH OfYDSES
D\DQW XQ GLDPgWUH SOXV LPSRUWDQW Skélé&d veraLQWpUH
fabriquée.

Etant donné le peu de facteurs (entrées), un plan factoriel complet a été choisi. Les
UpVXOWDWY GTHVVDLV REWMAHIERYV/YROWL O pVKPEDB AR YR WHW B
GX ORJLFLHOp@&iehcs esDapsuBd tii[isé pour déterminer les entrées qui seraient
nécessaires afin de vérifier les spécifications sur toutes les sorties. Une courbe de désirabilité
est ainsi obtenue en fonction des entrées. Le maximum de la courbe correspond a la
configuration dite optimale.

En parallele des essais et pour tenter de gagner du temps, un troisieme distributeur
FRUUHVSRQGDQW {GHIVR.S QadFd iy @dged de fente de 1,38mm) a été
IDEULTXp /HV SODQV GYHI[S p UpokrQheHargedrRI© @riteQ@wV/1, 34gnR SW L P
'H SOXV OD FRXUEH GH GpVLUDELOLWpP HVW WUqV SODWH
robuste (visk YLY GH OD ODUJHXU GH IHQWH HW OfpFDUW GH Up
largeur de fente de 1,38mm &&r WUqV SHX GLIIpUHQW GYXQ GLVWULEX\

PP /H WURLVLqQPH GLVWULEXWHXU HVW GRQF XWLOLVp
erreurs entre la prédiction et la mesure restant dans le bruit de mesure, le résultat est validé. I
a éé jugé inutile de refaire un distributeur de largeur de fente 1,34mm. La configuration
optimale conservée est donc un diameétre de restriction de 1,15mm et une largeur de fente de
1,38mm.

&HSHQGDQW OH FULWQqUH GH PL[DELOfetVagu dgiubde&sDV HQ
OTpWXGH LO D pWp VXSSRVp TXJLO pWDLW VXIILVDQW G
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PD[LPDOHV j YLGH HQ H[WHQVLRQ HW HQ UpWUDFWLRQ O
PL[DELOLWp QYHVW SDV YpULILpfeﬂ),Y‘vAhtﬂe FUR @eEL J X U D W
deux vitesses pour la servocommande existante et celle développée ne correspondent que pour
les pleines ouverturdsin écart supérieur a 10% entre les vitesses apparait pour des ouvertures
moyennes ,0 DSSDUDLW TX{XQ RULILFH UHFWDQJXODLUH QH ¢
PLIDELOLWp VXU WRXWH OD SODJH GIRXYHUWXUH (Q FRQ'
OTRXYHUWXUH VHUD GRQF HVVD\pH

Un modéle dynamique de distributeur a été déymdoavec le logiciel AMESIm en
parallele du prélesign. Le modéle a été construit a partir des plans du distributeur. Lorsque
cela fut possible, les parametres geomeétriques ont été contrélés par métrologie. Le modéle
DLQVL REWHQX HVW thke PaxigddgdinenGighR Buivelst @risUite comparé aux
UpvXOoOwDWYV GYHVVDL &HFL D SHUPLV GH UHSURGXLUH OD
GYDUURQGL GYDUrWH HW OHV UHFRXYUHPHQWYV WRXW HQ
oulamétURORJLH /IH VHFRQG UHFDODJH FRQFHUQH OD SHQW!
coefficient de debic;, /H UHFDODJH HVW UpDOLVp VXU OD FRXUEH
avec le diametre de restriction 1,15mm, puis il est vérifié en comparamLidses de gain en
débit avec le diametre de restriction 1,25m. Ceci a permis de valider le modele de distributeur.
Un coefficient de débit général de 0,7 est approprié pour les orifices du distributeur.

La seconde partie concerne donc la définitiormefalidation de la nouvelle géométrie
de distributeur.

Pour la nouvelle conception, le diamétre de restriction de 1,15mm est conservé
SXLVTXTLO JDUDQWLW TXH TXRLTXYLO DUULYH OH GpELW
partie du chapitre a monpr TXTXQH IHQWH j ODUJHXU FRQVWDQWH QH
PLIDELOLWp 8QH IHQWH j ODUJHXU YDULDQW DYHF OfRXY
satisfaire toutes les exigences. Au vu de la forme du gain en vitesse de la servocommande
existante et du besoin de co(t faible de fabrication, une fente de forme trapézoidale est
choisie.

Le modéle recalé de distributeur est maintenant utilisé comme point de départ. Il est
WRXW GYDERUG PRGLILp DILQ GH SUHQG WehteHQurcBI®#I8WH OD
VHFWLRQ GH SDVVDJH GH OYKXLOH HVW FDOFXOp HQ IRQFW

ITRXYHUWXUH GX WLURLU &fHVW OD YDOHXU GYHC
bien évidemment pas fixe.

'H OD VHFWLRQ PD[LPDOH GfRXYHUWXUHceteOOH D p
ouverture et le diametre de restriction de 1,15mm, la vitesse de la
servocommande voisine de 106mm/s en extension et en rétraction.

De la petite base du trapégequre58) & fHVW OH SDUDPgWUH j Gpll
pour obenir la bonne forme de gain en débit.
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De la course totale du tiroir. Elle est conservée par rapport a la configuration
précédente.

Les résultats obtenus précédemment avec le modéle de distributeur étaient excellents
(erreur entre la prédiction et les essaiférieure a 5% en tous points de fonctionnement). Le
modéle sera donc un outil central pour la définition de la nouvelle géométrie. Les différentes
étapes pour la sélection de la fente sont les suivantes

Implémentation de la nouvelle géométrie dedetdns le modeéle.

Simulation du gain en débit pour différentes bases de trapeze et obtention
GIXQH UpSRQVH HQ IUpTXHQFH GH OD VHUYRFRP
modele de distributeur dans le modele de servocommande.

Sélection de la fente optimale awatdiametre de restriction de 1,15mm.

Fabrication du distributeur avec les fentes sélectionnées.

O9pULILFDWLRQ HW YDOLGDWLRQ GH OD QRXYHOOH
sur banc.

/ITRXWLO GH VLPXODWLRQ G\QDPLTXH eYHdd Betiape@eH W UR
RSWLPDOH DILQ GYREWHQLU XQ FRPSRUWHPHQW GH OD V&I
comportement existant. Les réponses en fréquence étant un critére prépondérant pour la
mixabilité des servocommandes, celdéont également été préels avec la fente obtenue.
8Q VHXO GLVWULEXWHXU HVW GRQF |Dpnost)eua/ SDVVp
FRPSDUDLVRQ HQWUH OH JDLQ HQ GpELW VLPXOp HW FHO
courbes étant extrémment faible (erreur inférieure a 5%), la nouvelle fente est donc
GpILQLWLYHPHQW VpOHFWLRQQpH SXLVTXTHOOH VDWLVIDL\

/ID GHUQLgqUH SDUWLH GX FKDSLWUH pWHQG OfpWXGH
Un premier prototype & servocommande a été fabriqué et est maintenant testé sur banc
GfHvVvVDL /H SUHPLHU FULWQqUH j YpULILHU HVW OD YLWHVYV
résultats de vitesse étant quelque peu différents des vitesses prédites par le modéle de
servocommande, il est nécessaire de le recaler (pressions réelles mesurées, course réelle du
tiroir, poids réel de la servocommande).

Le modele dynamique de servocommande était basé sur le modéle de distributeur, les
plans de la servocommande et quelques domggsosées. Une analyse métrologique sur le
prototype a permis de connaitre les dimensions exactes des pieces, ce qui a entrainé la
modification de certaines valeurs du modele. Aprés recalage, les vitesses maximales a vide
entre le modéle et les mesurestdods proches.

La seconde chose a vérifier est la réponse harmonique de la servocommande. Les
|Figure 62| et[Figure 63| montrent le comportement de la servocommande réettgoaréau
comportement prédjtar la simulationLes courbes sont trés proches ce qui prouve la qualité
de la conception. En effet, la réponse harmonique était un des principaux criteres de
validation de la servocommande.
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Enfin, pour des raisons marketinpX URFRSWHU D LQLWLp XQ FHUWDLC
mineures sur les spécifications de la servocommande. Ainsi malgré le trés faible impact de la
vitesse maximale a vide sur le confort de pilotage,Elle D pWp UHYXH j OD KDXVVF
performanceLPSRUWDQWH GDQV OfHVSULW GX FOLHQW 8QH QF
imposée quitte a devoir revoir a la hausse le critere de consommation maximale. Afin de
répondre a ce nouveau besoin, deux modifications ont été apportées

La course du leviem été augmentée de 15%. Le gain étant conservé, le
GLDJUDPPH GH %RGH QYHVW SDV LPSDFWp

Un diamétre de restriction de 1,25mm a dorénavant été choisi produisant une
consommation maximale potentielle a 4,7L/min.

En conclusion de ce chapitre, le design dritiuteur en mode nominal a été présenté
GDQV FH FKDSLWUH /HV SDUDPgWUHV GH GHVLJQ GX GLV
DQDO\WH SDU SODQ GYH[SpPULHQFH EDVp VXU GHV UpVXOWI]I
été fabriqué et testé avec design. Celuci a été validé pour des valeurs extrémes du
domaine de fonctionnement et les résultats expérimentaux ont permis de recaler le modéle de
distributeur. La mixabilité a ainsi pu étre évaluée sur tout le domaine de fonctionnement.
/ITDQDO\YpOp UKH FHWWH H[LJHQFH QfpWDLW SDV VDWLVID
de distribution a donc été proposée en utilisant une méthode basée sur un modeéle de
VLPXODWLRQ /YLQQRYDWLRQ D FRQVLVWp HQ OD GplLQLW
assurer la spécification de mixabilité. Un orifice trapézoidal a été sélectionné grace au modele
de distributeur, a été fabriqué puis validé par des essais. La conception du distributeur a été
finalement complétement validée grace aux essais sur laceemmande. Toutes les
spécifications ont été satisfaites. Afin de répondre a un nouveau besoin marketing, la
conception a partiellement évolué du fait de la modification de certaines spécifications.
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4.2 - Introduction

This chapter presents the final desigrthe valve in the nominal moda first set of
design parameters are computed from EDM@E analysis ofthe tests onthe real valves
manufactured using the pdesign results Moreover these tests are used to update the
dynamic valve model and to evaluate thixability over the full operating domaiit. will be
shown thathis requirement is nanet and thata new valve geometry iseeded A model
based approach permitgfining the final designthat isvalidated by experimental teste a
new valve.

4.3- Valve design and valve model update from experiments
4.3.1- DOE-based selection of the rectangular slot and restriction diameter
4.3.1.1- Methodology ofdesign

The pevious Excel study allowed estinrag by computation an optimal operating
point defined bya width of slot(l; = 1.38mm)and a restriction diameter (& 25mm). This
resultmust be checked by measurememsal testswill be performed around this poirirh
order to define the real optimal operating poftstudy domain with different widths of slot
and different restction diameters including the computed operating point is defined. Since
one of the objectives is to limit the numbers of tests, the number of points in the study domain
will be limited. Then an approachwith a full factorial designis used in order tanalyze the
results

For theDOE, the width of slot and the restriction diameter are considered as inputs.
Concerning the outputs, they are determined by the specificat:

- Maximalleakage flow rateQfmay)

- Maximal speed without load in extensiorn.)
- Maximal speed without load in retractiovtd)
- Influence scale of the valv&aopilot)

Note: it is not possible to choose a maximal speed without load and the difference
between theawo speedqVex: - Vie) instead ofVey and Ve Indeed, outputs must have a
monotonic behaviour in the domain of study and the speed difference has o tede
monotonic. Thatd why Ve andV,¢ are selected.
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4.3.1.2- Inputs of the design of experiment

a) Width of slo

In order to limit the number afmanufactured valves and testgidths of 1mm and
2mm are chosen since the width of h88is included between these two values.

b) Restrictiondiameter

The most important parameter linked to the restrictibameter is the maximal
leakage flow rateThe leakage flow rate measured forestriction diameter of @.25mm
undera loss of pressure of B&r without other restriction is 4.7I/mi($e. This is the
maximal value that cabe obtained since any other restriction will make this value decrease.
Therequired leakage flow rate is 4l/mihus tests are repeated with lower diameter until the
flow rate d 4l/min is obtained. Step of @5mm are chosen between two diameters becalus
a manufacturing interest. All results are give A restriction diameter of 1.1Bm is
the minimal value that can be consideréteed, it has been explained that the flow rate
value carjust be smallewith other estriction which has a negative effect on the dynasmt
the servoactuator and on the operating of the vdilva limit case, if the diameter is very

small, the valve would be unnecessarfgee [4.3.1.3- c)[ In a low cost ww, the three
restrictionsof| Table9|will be tested. If a larger diameter becomes interesting, others tests will

be performed.

Restriction diameter

JORZ UDWH ZLWK ~

1.25mm 4 71/min
1.20mm 4 4l/min
1.15mm 4l/min

Table9: Flow rate measured for different restriction diameters under a loss of pressure of

35bar.
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4.3.1.3- Outputs of the design of experiment

a) Maximalleakageflow rate

The safety criterion gives a maximal flow rate gfin. Two flow raks are measured
during tests. The first one cosmonds to the lever in the centy@abition with a seizure of the

main spool in an extreme positigcase (3) ifFigure50). The second one corresponds to the
lever in extreme posdn with a seizure of the main sgao the other extreme position (case

( irfFauresd

Figure 50: Scheme of the valve maind backup spoolin different configurations

In operation if the seizure of the main spool appears in extreme position, theupack
spool will have low amplitude (the pilot receivasvarning of the seizure). Tha why the
maximal leakage flow rate has been calculated as the mean of the two méasurates.

b) Maximal speed without loa@h extension and retraction)

The gecifications give a maximal speed without load of [2A30mm/s] with a
preference for 106mm/s (the most often speed found in use). However, tests are performed on
the valve tesbenchandthe measurements givitow gains and not velocityAn Excel method
to transform the flow gain of the symmetric valveoira speed gain of a dissymmetrical
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servoactuator with the same symmetrical valve has been devdkgrahnex). Maximal
spea without load is directly extracted from tbbtainedspeed gaircurve

c) Influence scale of the valve

It corresponddgo the percentage of the main spool stroke needed to equal the section
opened by the valv@l;.Xnay and the section of the restrictiofl The chosemminimal
percentage is70%. The casel00% corresponds to thease where the pilot completely
controls the servoactuator with the valveae valueof %pilotis given by theformula:

(59

4.3.1.4- Measurement results

As there are very few inpufslot width and restriction diametethe measurements
that correspond ta full factorial design can be performe@he st have beewrarried out
and theresults for the two valves withslot width of Immand 2mm are:

- the measured leakage fldgegTable10

- the flow gaincurves

The flow gain measurements are usedytdatethe valve model. Theupdatingis not
detailed here not to interrupt the design of experiment sequiriseexplained in

i

With the Excel method validated by thpdatel valve dynamianodel, the flow gain
curvesare tansformed ito speed gain curvedey and Ve are extracted fronthese curves

[raveTg
All results are sumndeup i

Inputs (Factors) Outputs (Responses)

A B Y1 Y2 Y3 Y4

If Qrest Qmax Vext Vret %p"Ot
(mm) (mm) (I/min) (mm/s) (mm/s) (%)

2 1.25 4.7 130 135 65

1 1.2 3.9 85 75 110

1 1.25 4 85 75 120

2 1.2 4.4 125 135 60

1 1.15 3.8 80 75 110

2 1.15 4 120 133 60

Tablel0: Summary of theneasuremernesults
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a) Optimization

The optimization module in DesigExpert(§2.5.1- §56) searcheshe inputs sethat

meetsthe requiredspecifications omne output or on multipleutputs
The @timization has been performed numericallyon all the outpts with these
constraints on the inputs:
- |y may vary continuouslin the range [1mm ; 2mm]
DestCan take three discrete values {1.15mm; 1.2mm; 1.25mm}
and with the following specifications for the outputs:
- Qmaxmust bdower thardl/min
- Vextmust be inherange [90mm/s; 130mm/s]
- Vet must ben therange [90mm/s; 130mm/s]
- %pilot must bemaximizeal andgreater thar0% (if the %opilot is
greater thari00%,the valve behaviour is the same than for a % pilot of
100%)
If all the specifications are fully reqed, the optimization is achieved with a
desirability function equal to 1.

The @timization stars with a small value of a penalty function in a downhill simplex
(NelderMead) multidimensional pattern seawhich convergs at either a stationary
point or a design space boundary. Convergence is achieved when the distance moved or
objective function change is less thahOa® ratio.

The gtimization gives resutshowed o The optimal configuration found
by theDOE analysis is alotwidth of 1.34mm and a restriction diameter of 1.15
. This configuratiorsatisfiesall the criteria on the outputg their best and casponds to
the maximum of the desirability functioRurthermore the curgeof desirabilityare plotted
onfunctions of the slot width for the three restriction diametéhe curves show a
null desirabiity for the restriction diameter of 1.2mm and 1.25mm. The maximum of
desirability (0.872) is located on goint of the curve of null tangency. Consequently, this
maximum isa little sensitive to small variations of the slot width. If the sladth variesin
the range1.3mm; 1.41mm]the desirability varies of less than 1.5%.
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Figure 51: Resuls of theoptimizationfor all inputs and outpus.
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Figure 52: Curve of desirabilityfunctions ofslotwidth andfor threerestriction diametes.

b) Validation of the solutiombtained by the design of experiment analysis

In parallel of the tests dhe twovalves witha slot width of Inm and 2nm, a
third valve with aslot width of 1.38mmis manufacturedbecause of the préesign results.
However,the test results for this third valve can be exploited since the design of experiment
has shown that results for slot widths of 1.38mm and of 1.34mm are very close.

The st results fothe valve with a slotwidth of 1.38mm and a restriction diameter
of 1.15mmare:

- the measured leakage flow whose maximum iEr8i@

- the speed gain cunabtained from the flow measure$he curve gives
Vext = 101mm/s an®¥,et = 99mm/s.

The resultof the desig of experiment analys&nd of thevalve test arecomparedn
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Design of experiment| Test error

prediction
Qmax (I/min) 3.8 3.9 2%
Vext (MM/S) 95 101 6%
Vet (MM/S) 97 99 2%
%pilot (%) 0.9 0.9 0%

Table11l: Comparison between the prediction with design of experiment and test on the real
valve 6lotwidth of 1.38mm and restriction diamet&rl.15mm)

4.3.1.5- Conclusion

The valve with a slot width of 138mmanda diameter restriction af.15mmis the
optimum solution whichverifies the defined criteria. However a criteriolas notyet been
checked the mixability with an existing servoactuatoindeed, at the beginning of the study,
it has been thought that was sufficient to meet the requiremerfts the maximal ndoad
speed in extension and in retraction. Unfortunately, this important criienat metwith the
obtainedconfiguration.lndeedshows that the two speed curves for the existing and
developed seoactuatos are only good for thenaximal openings buthat they are very
different for theothers openinggaround 40% of opening)t appears that a rectangular slot
does not permit to satisfy the mixabilityiterion. The curve of the existing servoaattr
seems to indicate that the small openings correspond to aessliatl width and that the
maximal openings correspond to a largt width. Consequentlyg slot with a width that
varies with the openingill be designed antkested.
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Figure 53: Speed gain of the existing servoactuatat (ine) and thenewservoactuatowith
a slot width of 1.38mm and a restriction diameter of 1.1%dwutted ling.

4.3.2- Update of the dynamic valve model

4.3.2.1- Methodology:

A dynamicmodel of thevalve has been develop&dth AMESim in parallel of the
pre-design Excel treatment. The model is based ors¢hene of the valvewith geometrical
parametersWhen possiblethe geometrical parameters that are critical for the mode(gng
apparent owdaps)have been checked byetnology. Therounded edge radius cannot exceed
10um (f superior, the associated edges are grinded)

The model obtained after metrology is simulated to get the flow gain curvéhand
results are compared tbhe measured flowgain curve aroundhe null opening. It permits
adjustng the dead strokéy modifying the rounded edge radius and the effective overlaps.
This is the firsupdate

The secondipdateconcerns the slope of the flow gaas a function of the opening
The eudion of flow is:

(56)

The slopeof this equation depends dine flow coefficientCq which is a noknown
and notunder control parameter of the valeven ifexperience and analysis gives 0.6 <
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1|[27]] The simulated and measured flow gain curves are once more uspdatiethe Cq
such that the two slopes of the curves are identical.

4.3.2.2- Results for the valve under study

The valve used fathe updateis one the two valvethat have been tested. Thpdate
is performed onhevalve with a slot width of @m andarestriction diameteof 1.15mm.The
resultsaresimilar with the other valvelhe netrology gives:

Edge a Edge b Edge c Edge d
(return) (supply) (supply) (return)
25um 29um 29um 26pum

Table12: Overlap on each edge given the metrology

These datare implementedin the valve model obtained after metrology. THiew
coefficientCq is assumed to be equal to 0.78. Theuation gives a fir$ flow-gain curve
This flow gain curve is compared to theneasuredflow gain . The effective
overlap and rounded edge radius identifiedto get a better prediction dfie dead strokas
explained previouslyFurthemore, the flow coefficient is modifiedin order to adjust the

slope of the flow gainAll resultsare gvenTable13

Figure 54: Comparison of the flow gain obtained with g28td) and extracted from the
simulationbeforeupdate(blue). Width of slot#2mm; restriction diamete@=1.15mm
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Edge a (return) Edge b (supply) Edge c (supply) Edge d (return)
Xa0 r Xapp Cq Xbo r Xaoo Cq Xeo r Xapp Cq Xdo r Xapp Cq
pm | gm | pm - pm | gm | pm - pm | gm | pm - pm | gm | pm -
10| 1 | 12|07 25| 1 |27 |07] 10| 4 | 18] 07| 22| 1 | 24| 07

Xio . effective overlap of the edge i
r: rounded edge radius
Xapp: @pparent overlap

Table13: Overlap and flow coefficient on each edge aftpdate

Figure 55|shows the flow gains extracted from tests and simulation ayftgate No

difference between the two curves is visijfiigure56|(resp[Figure57) showsthe flow gains

extracted from tests and simulation without othedatefor a different slot width (resp.
restriction diameter)Resuls are excellentand validate theupdatefor the valvemodel (the
results arendependendf the restriction diameter).

Figure 55: Comparison of the flow gain obtained with tests (red) and extracted from the
simulation (blue). Width of slosH2mm; restriction diamete@=1.15mm.
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Figure 56. Comparison of the flow gain obtained with tests (red) and extracted from the
simulation (blue). Width of slotH2mm; restriction diamete@=1.25mm.

Figure 57. Comparison of the flow gain obtained with tests (red) and extracted from the
simulation (blue). Width of slot If=1mm; restriction diameter 1.15mm.
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4.3.2.3- Conclusion

An updateon the flow coefficient of thgalve dynamianodel has been performed and
validated for the computation domain. Concerning the death sipxlae a metrology on the
flank overlaps is a good starting point. Then overlaps have to be adjnstieel modelto
minimize death stroke error between the tested and simulated flow g@&npdatemust be
done for each valve.

A flow coefficient C4=0.7 is appropriated for such valve geomdgyror lower than
5% between simulation and measures in all cas€snsequently this value of flow
coefficient will be used for the Excel treatmemb(h flow gain to speed gain).

4.4 - Valve designupdate for mixability over the full operating domain

For the new design, e diameter restrictionf 1.15mmis kept since itguarantiesa
maximal leakage flow rate ofl/gin (se. It has been shown thatoss with a
constant width are not satisfyirapd that an original geometry witta changingslot width
(function of the openingseems more satisfyintp obtain a similar speed gain between
existing and developed servoactua A trapezoidal slot is chosen for manufacturing
easiness

Figure 58 Scheme of the trapezoidal slots
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4.4.1- From rectangular to trapezoidal valve slot

Theupdatemodel of vale defined in sectiis used as starting point. It is
modified to take into accourttapezoidal slot. First, equation defining thalve section

function of the opening has to be defth

Figure 59: Notation for the computation of the section of the slot in function of the opening.

Sectian of a trapeze with a small basj big bass /andheightX is:

(57)
Valve section of a trapezoidal slot at maximal openingticanbe deduced:
(58)
/ can be eliminated frorequatio. Angle . is introduced
(59)

Equation@ becomes
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(60)
b is extracted fronequation:

(61)
So the sectiorfunctions of opening, isbtained from equatio and:

(62)

Equation shows that thealve section equatioonly depends othe small basis
if the maximal strokeh) and the section at maximal openil@m@a® areknown.

The maximal strokeof the valves the same as for the rectangudint h = 0,93mm.

The ®rvoactuator maximal speed without loaddquired to bearound106mm/s with
a low dissymmetry between extension and retraction spe€de simulation of the
savoactuatorwith the dynamic modepermits defining for a rectangular slot, the needed
section of the valve to obtain this speed with a restriction diameter of 1.15mnar&#msust
be the saméor the trapezoidal slo{or even with another slot geometty) reach the target
speed. This necessaayeaobtainedby simulationis Snax = 1.488mm2(se the
curve correspond to Snax = 1.6 x 0.93 = U88mm?2 and gives the best result in term of
maximal speed and symmetrgtwea the extension anetraction speeds).
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Figure 60: Servoactuator maximal speed without load obtained witlséineoactuator
dynamic modeh order to extract the secticat maximal openingrectangular $ots).

4.4.2- Model-based glection of the basis oftie trapezoidal slot

The results obtained isectiond.3.2- p114with thevalve dynamic modetievice were
excellent. So thepdatel AMESimmodelis used for theslot selectiorbefore validation with
tests oma real valve The different steps of the method for the slot selection are

Evolution of the valvedynamicmodelto take into account trapezoidal
slots

AMESIm simulation for differat basis &) and extraction of the gain
speed anadf the harmonic response

Selection of the optimal slot with a restriction diameter of 1.15mm
Manufacturing of the valve with the slots selected bywtidee dynamic
model

Checking and validation of the newalve with trapezoidal slots on the
test bench

Note 1:The design explorer tool of AMESIim has not been used. Indeed, the only
parameter is the small basis. In this case, it is easier and faster to find the optimum manually.
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Note 2:The rarmonic responsis an important parameter &ssesshe real behawour
of the servoactuator. Thas iwhy it has been computddom the servoactuator model
developed for the speed gain. Two ways were possible to compute the harmonic response:
linear analysior thetrangerometer module of AMESimiLinear analysis is faster bistonly
efficient for linear systema In this case, theransferometehas so been usexb it represents
the way that is used during testing.

Two values of smalbass for the trapezoidal slodre pointed outthat area=0.6mm
anda=0.8mm (segFigure61). The value 00.6mm corresporgltothe speed gairthe closest
to the one of the existing servoactuator. &it is betterfrom a mixability point of view.
However, the value & 0.8mm shows more important speeds tli@an 0.6mm while the
differenceof speed with the existing servoactuatacceptable.

The harmonic responsis simulated from the servoactuator dynamic moded
plotted for these twoalues (Figure 62| and[Figure 63). They correspond tthe required
behavioursince the curves are included in the domain definm(utio

Finally, the value oD.8mmis selected for a control point of view. It has twain
advantages on the other value:
f The servoactuator allows the pilot to redaster in particular for small
openings
f The behaviour is more linear, which makes the control easier.
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Figure 61. Speed gain for the different basis of tragéestrictiondiameter ofL.15mm).
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Figure 62 Magnitude of simulated sesactuator with trapezoidal slotsnd real
servoactuators (lack curve) - Input magnitude: +1mm, restrictiordiameterd1.15mm.

Figure 63. Phae ofsimulated semactuator with trapezoidal slotsnd real servoactuators
(black curves) - Input magnitude: +1mm, restrictiordiameterd1.15mm.
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4.4.3- Experimental validation of the selected basis

A valve with a trapezoidal slot and a small basis of 0.8mm has so been manufactured

and tested on the valve test befelyure 64ishows the comparison of the flow gain between
the valve simulation and the test.

The gap between the two curves in very srrathximal error lower than 5%gurves
are very closevhich definitely validateghe trapezoidal slot with a small basis @rm.

Figure 64: Comparisorof the flow gains between simulated aedl valve.

4. 5- Servoactuator behavior
4.5.1- Validation on the servoactuator

A first prototype of servoactuator has been manufactured and ntested on the
servoactuator test bench. The firsitemon to be checked is the +#wad speed of the
servoactuator. The results of this experimental test compared to the servoactuator dynamic

model prediction are shown on fhable14
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Speed in extension Speed irretraction
Dynamic model prediction 106mm/s 106mm/s
for the newservoactuator
Tests results for the existin 129mm/s 117mm/s
servoactuator
Tests results for the new 88mm/s 108mm/s
servoactuator

Table14: Comparisorbetween experimental tests results and servoactuator dynamic model
prediction

The results obtained are little different from the servoactuator dynamic model
prediction but stay in the specification domain. So the model ned&dsupdate.

The servoactuator dynamic model was based on the valve dynamic model, the scheme
of the servoactuator and some supposed data. A metrology analysis has been performed on the
prototype to know the real value of the servoactuator parametershe lever stroke, the
bodyweight) and the supposed data has been changed on the model from the measured data
extracted from the test on the prototymeg(the pressure supply on each body, the seal
loads).

After the update on the servoactuator dynamicehahe results of the no load speed
between the model and the test are very cI. This updaté servoactuator model
will replacethe previous one in theture analyses.

Seal load Servoactuator dynami( Test speed obtained
model predition
Extension 35daN 88mml/s 88mml/s
Retraction 10daN 108mm/s 108mm/s

Tablel15: Comparison between experimental tests results and servoactuator dynamic model
prediction after updating

The other main respongé the system to be checked is the harmonic response of the
servoactuator. Th&igure 62| and|Figure 63| show the behaviour of the real servoactuator
tested on the test bench compared to the behavioucfaeédiy the simulation.

The curves are very close which is proving the quality of the conception. Indeed the
harmonic response was one of the main criteria to valteterifice valve geometry, and the
predictiors areimpressively good.
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Figure 65: Magnitude of simulated sevactuatorcomparedwith the real tested servoactuator
- Input magnitude: +Lmm, restrictiordiameterd1.15mm.

Figure 66. Pha% of simulated sewactuatorcomparedwith the real testedervoactuator
Input magnitude: +1mm, restrictiordiameterd1.15mm.
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4.5.2- Evolution of the project

For marketing reasons, Eurocopter initiates some evohiton the servoactuator
requirementsThe maxmal speed without load is not as important as the harmonic response
for the piloting comfort, but it has a big influence on the customer mind. An increased on the
maximal speed without load has so been imposed by the sale department dven if
consumptia criterion has to be reviewed too.

In order to increase the maximal speed without Mvacth is in the low limit of the
specification domaintwo modifications have been realized:

f The lever stroke has been increabgd 5% Theopen loopgain has beendpt
notto modify the Bode diagram which is very satisfying.

f A restriction diameter with a value of 1.25mm is chosen a priori. In this case,
the tests give a maximal flow rate of 4.7I/min. If this case happens with a pump
which delivers 6l/min, then 1.3l/im are availabldo feedthe three remaining
servoactuators (2 main servoactuators and the tail servoactuator), which gives
0.43l/min by servoactuator (which represent 15mm/s in extension for the main
servoactuator).

The new servoactuator load/speed hag obtained is shown on {regure67

Figure 67: Load/speed diagram of the new servoactuator from simulation obtained with a
restriction diameter of 1.25mm.

T. Marger Pagel28



Valve design of hydro-mechanical servoactuator

4.6- Conclusion

The design of the alve in the nominal modeas been presented in this chapter. The
design parameters of the valve have been computed from a DOE analysis based on
experimental results. A valve has thus been manufactured and testedisvidledign. The
designhas been validated for extreme values of the functional domain and the experimental
results have permitted to update the valve dynamic model. The mixability has thus been able
to be evaluated over the full operating domain. The analysis point out thaeduirement
was not reached. An original geometry for the valve width dtaveen proposed using a
modelbased approach. The innowatihas concerned to define the right geometry to ensure
the mixability specification. A trapezoidal slot has been saleatith the dynamic model,
manufactured and validated by experimental reskitsally and although the requirements
are already met, the servoactuator has been upgraded for marketing reasonsloBide no
speed of the servoactuator has been increased.
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Condusion

French synthesis

Le principal objectif de lahése est de concevoir une servocommaades colt qui
possede des performances similgije FHOOH GH OYKpOLFRSOMqWH OHHE O X\
performances classiques pour le design de la servocommantiées vitesses maximales a
vide en extension et en rétraction. Les nouvelles exigences requises dans ce travail sont
f OH GpeELW PD[LPDO GLUHFWHPHQW OLp j OD FRQVREF
f ID PLIDELOLWp DYHF OD VHUYRFRPPDQGHEeH[LVWDQ
toutes les servocommandes au méme moment durant la maintenance si une
GITHQWUH HO O H.\Celtte/IpeclEigatibhF #gdplriculidrement prise en
compte durant la conception du distributeur et estdeteoriginalités de ce
travail.

/1 R E M Hd-aafit toldDit a choisir une métho@eS D U W modée fi¥ @mulation
afin de limiter les essais expérimentaux et de développer une nouvelle méthode de fabrication.
Pour garantita précision des résultats demulation,des pieces ont été fabriquéedexdtées
WRXW DX ORQJ GH OfpWXGH HW RQW SHUPLY GH UHFDOHU ¢

Les architectures de servocommande et de distributeur onimptiséesdans le
chapitre n.& RQFHUQDQW OHV VHUYRFRPPDQGHV XQ FRUSV PRE
un hélicoptereléger avec de faibles charges et par conséquent avec une faible pression
G 1D OL P HO s&Mdcdrnande double efiedt requise puisque les charges peuvent
SURYHQLU GHV GHX[ GLUHFWLRQV )LQD O HiimteQI#¥ fu@§ DFW LR (
externes,O TH Q F R P Etlabtérise® W montage en tanddde plus, pour des raisons de
ILDELOLWp OYDFWLRQQHXU SRVVgGH GHX[ FRUSV [H GL
mécanique et un tiroir linéaire pour la robustesse et la simplicité. Comnraidess de
seécurité exigent une solution de-pgss en cas de grippage du tiroir principal, un tiroir
secondaire a été ajouté au distributeur.

Dans le chapitre deux, l&guations qui définissent lgéoit a travers les orifices de
distributeur ont été pséntées.Elles permirent de recenser les paramétres de fluide et
géométrique qui influencent le comportement du distributeur et par conséquent de mettre en
lumiére les parameétres qui peuvent étre optimisés pendant la phase de Seslgon
paramétre a té sélectionné, la largeur de fente, pour sa principale influence sur le
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FRPSRUWHPHQW G\QDPLTXH GH OD VHUYRFRPPDQGH HW p
aisément et avec précisio@omme la méthode de design est basér un modele de
simulation, il eVvW QpFHVVDLUH GTpWDEOLU XQ PRGgOH GH GLVW
chapitre donne le premier modele dynamique avant recalage.

Dans le chapitre trois, le poesign du distributeur a été achevé en utilisant une
méthode bassur le modéle statiqueeddistributeur. Les paramétres de design sont la largeur
de fente RXU OHV UDLVRQV GRQQpPHV SUpPFpGHPPHQW HW OH C
distributeur pour garantir la nouvelle spécification sur le débit maximal consobenpFe
design permet dealculer ces deux parametres et de fabriquer des distribudinsde
satisfaire les exigences concernant les colts de fabricatine, nouvelle méthode pour la
rectification des flancs distributeur a été proposée. Elle a été développée en utilesant un
DQDO\WH SDU SODQ GYfH[SpPULHQFH HW HVW EDVpH VXU OH
gain en pression. Cette méthode est bas coHOOH QH UHTXLHUW TX{XQ HVYV
FRXUEH GH JDLQ HQ SUHVVLRQ SXLVTXIds GébesBReX D& GH JL
EDQFV GYHVVDLV RQW pWp GpYHORSS puur \pBpdderl aTxX HP HQ\
expérimentations ddistributeur etlela servocommande.

Le quatrieme chapitra concernde design du distributelen modenominal. Un plan
GYH[SpPWUIDHQRUPLYVY GH FDOFXOHU OHV SDUDPqQWUHV GH GH)
distributeurs fabriqués. Un distributeur avec ces valeurs a été fabriqué et les parametres de
design ont été validés grace aux résultats expérimentaux pour les valeureexdEna
spécification de vitesse maximale a vide. De plus ces essais ont permis de recaler le modéle
G\QDPLTXH GH GLVWULEXWHXU HW GYfpYDOXHU OD PL[DELO
Les résultats de cette évaluation montrent gete exigenceQ { Hbas\atteinte Afin de
résoudre ce probleme, une nouvelle géométrie de distributeur a été proposée. La géométrie
innovante proposée concerne un distributeur avec des fentes trapézoidales qui répondent au
critére de mixabilité sur tout le domaine dedbonnementlLes nouveaux parameétres de
design sont la petite et la grande base des fentes trapézoidales. Ces parameétres ont été calculés
grace a la simulation du modéle dynamique recalé de distributeur. Finalement, un nouveau
distributeur a été fabriquét les essais ont permis de valider la nouvelle géoméige.
GLVWULEXWHXU D HQVXLWH pWp PRQWp VXU OD VHUYRFRP!
OH EDQF GYHVVDL VHUYRFRPPDQGH &HFL D SHUPLV GH
servocommande. Les gdltats expérimentaux ont complétement validé le design de
distributeur. Deux |égeres modifications ont néanmoins été apportées pour des raisons
purement marketing OfDXJPHQWDWLRQ GH OD FRXUVH OHYLHU HW
G 1D X J P H QaasH axintalevd Wile.
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La conclusion finale de la thesd VW OH VXFFqV GH OfpWXGH (Q HIII
départ de ce travail fut la servocommande existeotegue il y a plus de 20 ans et quelques
spécificationsl O Q '\ &wduD pMh ni aucune regde conception. L&assage de client
acheteur a fabricard donc étéun traval GpOLFDW /I{DSSURFKH FKRLVLH S
objectifs de conception et de fabrication de distributeur a bas colt estWas®d OTLQWHUDF'
entre les modéles de simulatiet les essais expérimentaux des distributeurs fabriqess.
modéles ontSHUPLW GH JDJQHU GX WHPSV HW GH OYDUJHQW HW
final.

La conception du distributeur a été basée sur le modele dynamique réalisé. Pour le
développerHQW GHV IXWXUHV VHUYRFRPPDQGHY LO VHUDLW M X
GH VLPXODWLRQ /TDQDO\WH GH UREXVWHVVH GH OD FRQF
FRPELQDQW XQ RXWLO GH PRGpOLVDWLRQ Speptettr&tWwLYH H'
GYDOOHU SOXV ORLQ GDQV OHV REMHFWLIV GH GLPLQXWLT
fabrication a cause des tolérances non justifiées.

Thesis conclusion

The thesis main objective is to design a low cost servoactwdtwh has simar
performances athe one of the most sol&urocopterhelicopter the EC130The usual main
performances for the servoactuator design are théoawb speeds in extension and in
retraction. The new requirements to meet in this work are:

f the maximal flow ate that influences the consumption

f the mixability with existing servoactuators to avoid changing all the
servoactuators at the same time during the maintenafius. specification is
scarcely takemto account in the valve design and is ohéhe originalities of
this work.

The lowcost objectivded to choose a modélased design to limit the experimental
tests and to develop a new manufacturing method. In order to guaranty the results of the
modetbased method, the devices have been manufacturedestedi along the study to
update the models.

The architecturgof the servoactuatand of the valvéhave been selected in chapter
one Concerning the servoactuat@, moving body is chosen since the EC130 is a light
helicopter with low loadsand thus wth a low supply pressuré double effect servoactuator
is required since loads can be in two sid@sally, theactuatoris dissymmetricato limit the
external leakages and tpace occupied. Moreover, for reliability reasahg,actuatorhas
two bodes. The valve is chosen with a mechanical input and a linear spool for robustness and
simplicity. As the safety requires a {pass solution in case of the main spegikure, a back
up spool has been added to the valve
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In the chapter two, the equat®that define the flow through the valve orifices have
been presented. It permits ttake an inventory ofhe fluid and geometrical parameters that
influence the valve behavioand consequently to highlight the parameters that can be
optimized during the esign.Only one parameter has been selected, the slot width, because it
influences mainly the servoactuator dynamic and also because it can be adjusted easily and
with accuracyAs the design method is modehsed, it is necessary to establish a staticetnod
of the valve and dynamic models of the valve and of the servoactuator. This chapter gives the
first dynamic models before updating.

In chapterthree, thepre-designof the valve has been achieved using a method based
on the valve static model. The dgsiparameters are the slot width for the reasons given
aboveand thediameter of aestriction added to thealve to guaranty the new specification on
the maximal flow rate. The pmesign allows to compute these two parameters and to
manufacture valves.ol'meet the requirement on the manufacturing cost, a new method for
the spool grinding has been proposed. It has been developed using a DOE analysis and is
based on the asymptotic behavior of the pressure gain curve. The methoeastiatvonly
requiresone test to measure the pressure gain curve since the flow gain curve is not necessary.
Two testbenches have been developed specifically during the thesis to get experimental
results on the valve and on the servoactuator.

The fourth chapteconcernsthe design ofthe valve in the nominal modef the
servoactuator A DOE analysishas permitted to compute thedesign parameters from
experimental resultson manufactured valvesA valve with these values has been
manufactured and the design parameters hage talidated thanks to experimental results
for the extreme values of the 4mad speed specificatiodoreover these tests are used to
update the dynamic valve model and to evaluate the mixability over the full operating domain.
The results of this evaltian point out that this requirement is not reached. Ireiotd solve
this problem, a newalve geometryhas beerproposed.The innovating proposed geometry
concernsthe valvetrapezoidal sla that ensure the mixability requirement over the full
operatig domain. The newdesignparameters are the small and large ba$#ése trapezoidal
slots. These parametdrave beewomputed by a moddlased approach on the valve updated
dynamic modelFinally, a new valve has beemanufacturednd tests permit to \id the new
geometry.The valve has next been mounted on the servoactuator and the full device has been
tested on the servoactuator test bench. It has allowed to update the servoactuator dynamic
model. The experimental results have completely validateddlve design. For marketing
reasons, two minor changes have nevertheless duad:the lever stroke and the maximal
consumption have been increased in order to increase the no load speed.
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The final conclusion of the thesistlgatthe study is succesdf Indeed theonly initial
element to start the work was the existing servoactwatothey were few specifications, no
designs scheme and no design rules. The work was thus difficult. The chosen approach to
complete the objective of designing and mantufang a lowcost valve is based on the
interaction between simulation model and experimental tests of real manufactured valves. It
permits to save time and money and to produce a final efficient device.

The valve has been desifpom a modelbased apmach. For the development of the
future servoactuatothe robustness analysis of the conception could be automated using a
predictive tool like the servoactuator model developed during the thesis, and an optimization
tool. By this way, the conception amdanufacturing (unjustified tolerances) cost could be
decreased.
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Annexl.:
method to compute thespeedgain curve from the flow
gain test

The initial point is the data issues from the flow gain test. During it, the two chambers
are connected across a flowmeter and the stroke is measured by a LVDT
sensor.

Figure 68: Outline of the flow gain test

First step of the method is to extract all the pressure and the sections during this test.
In extension, the flow rate through edge d is:

(63
It is equal to flow rate through edge b:

(64)

In retraction, the flow rate through edge a is:
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(69

It is equal to flow rate through edge c:

(66)

Note :S, S, & andS; (overlaps and clearance can be taken into account) vary with
the stroke of the maispool and can be computei:th/\equationto.

Pressure Pc can be deduced from equg68}@s!l (resp|65{66) for extension (resp.
retraction). Pc is calculated from the return edges (a and d) and not pressule edgdes) so
that the computation does not depend on the restriction.

i) Computation of the speed éxtension

The aim is to compute the speed gain of the dissymmetrical servoactudtothe
flow gain of the symmetrical valve defined above. Two bodies, the restriction and seals loads
are taken into accounkigure 69|shows theservoactuator in the case of extension and the
notations used.

Figure 69: Servoactuator in extension
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The equation defining the speed of the servoactuator is:

(67)

The fow rate equatiosapplied at tkb four edges of the valvegsve:

(68)

(69)

(70)

(71)

Some hypotheses are needed:
- Same low coefficient (Cq) for all edges
- The two symmetrical valves are strictly identical (upper and lower) =>
Q. andP; identical.

Equation and become

(72
Equation and become

(73)
Equation and become

(74
Equation and become

(79
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Equation@ combinedwith equations, , and gives the system

below:
(76)
Qc, Pe, P, Saih Sohe Sa Sib known, calculation ofP,n or Pyp, Or Py 0 Py is necessary to

computethe speed of the servoactuator.
Load equilibrium in the jack gives:

(77)
Pressuré,, can be deduced frothe syste and the equatio:

(78)
So, the speed of the servoactuator is obtained from:

(79

1)) Computation of the speed in retraction

Method is identical as the speed in extension, only initials conditions are different.

Figure 70: servoactuator in retracbn

Equation@ about the speed is identicBlquations of edg, , , and

the equation of loads equilibriu@ are becoming:
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(80)

PressureP,, is computedas Py, in the previos case. By analogy, the speed of the
servoactuator in retraction is deduced.
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SOUS CRITERES DE COUT ET DE MIXABILITE

RESUME: /HV VHUYRFRPPDQGHV DLGHQW OH SLORWHSsipnFERE2GWU{OHU OfD S
GYHIIRUW D.XeR&v&llE&tHése concerne le design et la fabrication de servocommandes a
entrée mécanique et puissance hydraulique. Le distributeur est la piéce la plus codteuse et la
plus difficile & concevoir et a fabriquer de la servocommande. Cette piéce est également celle qui
LQIOXHQFH SULQFLSDOHPHQW OHV SHUIRUPDQFHY GH OTDFWLRQQHXU
concevoir une servocommande faible colt qui posséde des performances similaires a une
servocommande actuellement utilisée. Cet objectif a été scindé en trois étapes :
f Modéliser une servocommande et en particuOLHU OfpWDJH-SLORWH GH FHOOH
f Concevoir le distributeur a partir de ce modéle
f Fabriquer des prototypes de servocommande et valider la conception grace a des essais
Dans le premier chapitre, des solutions techniques du futur design sont sélectionnées pour la
VHUYRFRPPDQGH HW OH GLVWULEXWHXU DILQ GH UpSRQGUH DX[ H[LJI
chapitre présente les modéles et outils pour le design et la fabrication du distributeur de
servocommande. Le troisiéeme chapitre concerne le pré-design et la fabrication des premiers
distributeurs. La méthode choisie pour le pré-design du distributeur est basé sur une exploitation
de modéle. Une nouvelle méthode de fabrication bas colts est développée basée sur la
représentation asymptotique de la courbe de gain en pression. Le dernier chapitre présente le
GHVLJQ ILQDO GX GLVWULEXWHXU /fpYDOXDWLRQ j SDUWLU GYHVVDLV
concluante, une nouvelle géométrie de fente pour le distributeur est proposée. Le design est
donc mis a jour grace a une approche basée sur le modéle puis validé par des essais.
Mots clés : conception, servocommande hydromécanique, distributeur, méthode de fabrication

VALVE DESIGN OF HYDRO-MECHANICAL SERVOACTUATOR UNDER COST AND
MIXABILITY CRITERIA

ABSTRACT . The servoactuators assist the pilot to control the helicopter with accuracy and
small pilot loads. This work concerns the design and manufacturing of hydraulically supplied and
mechanically signaled servoactuators. The valve is the most costly servoactuator device. It is
difficult to design and to manufacture. This device is also the one that mainly influences the
servoactuator performance. The thesis main objective is to design a low cost servoactuator
which has similar performances as one of the servoactuators already in service. This objective
has been spread in three steps:

f modelling of servoactuator and in particular the power controller stage of the servoactuator

f model-based design of the valve

f manufacturing of servoactuator prototypes and validation through tests
In the first chapter some technological solutions for the future design are selected for the
servoactuator and the valve to meet the requirements of the application. The second chapter
presents the models and tools for the design and manufacturing of the servoactuator valve. The
third chapter deals with the pre-design and the manufacturing of the first valves. The chosen
methodology for the valve pre-design is model-based. A new low cost manufacturing process is
developed based on the asymptotic representation of the pressure gain characteristic curve. The
fourth chapter presents the final design of the valve. As the assessment of the mixability criterion
is not concluding, a new valve geometry is proposed. The design is updated using a model-
based approach and validated by experimental tests.
Keywords : model-based design, hydro-mechanical servoactuator, valve, manufacturing
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