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ABSTRACT

This thesis presents the software system developed to collect, present and analyze helicopter
stability and control flight test data near real time inflight. The software system is designed to be
relatively simple to operate. The functionality of the program is presented in detail with example
screenshots of each window in the entire program. The procedures for use of the program are
presented in a step‘-by-step fashion that could serve as the basis for a user’s manual.

The data presentation and analysis techniques are discussed from both the user interface and
the internal program functionality perspectives. The mathematics used in the computation of the
engineering parameters are described in detail. .

The flight test techniques and pilot procedures as well as the background theory that were

used to determine the appropriate flight test techniques are also presented.

iv



TABLE OF CONTENTS

Chapter 1 1
Introduction
PUIPOSE. . coriireitiiiitiiies crentiriniiniiiies cie cenee sie seies + see o o ses seerenssesnests ses savebesasesiaresasesets 1
BacKgroUn ....cecc. cee « vevie cerecrerrrceecieesaresstessesseenans sresstssssesasessessesassansassessasessessnssssasssssensesssarere 1
Chapter 2 3
Description of Hardware
OVEIVIEW coviiee cirtitins st e ce + srsesteiesins coses sase tossenes ssesssesssesassnsssssassassis soe sessessesssessssnssenns 3
Aircraft Instrumentation Sensor Package .. . ...ccccoeciieiincncnniines criener «+ een vevvernenieenees oe veseeene 3
Laptop Personal COMPULET. .. .ccciciveiiinne vt + receressiscrssssessessesassssnes se + o ot sesseesssseessesnes oo sseees 5
General .. ... oot s ¢ s e e s e s e et sae e s re s eseesnan 5
System REqUITEMENLS .. .. .. coiceeins ot 2 e cree sesresnernenns srnee oo« cvasveeressessesaesssssssassansssssesnens 5
Chapter 3 7
Stability and Control Flight Testing
GENETAL....eiiiiieiiiiititiiiiies & i e+ se e sresssesreeseressesstsnsesaans esseeerseesanaes 7
Flight Testing Definitions ..... «.. ci. coveverrenisnnciniiiee o cve e+ cie st eee cevvessreressssessensessnensssssasssaes 7
Degrees of FIeedOm... ... voe v« vt v coieies criees c r i vt cerereerereseesesesesaees sssressessesses 7
AXis System NOtatiON...civiriiee « 1t st cvetisiisnistisisinssiiines st st e ees csessesssasanens sennen vresees 8
ROtOr Angle NOLAtOMN «euevevereres covnser erssrinssistssssssesssesissinses st stssssenss stssssssssssessessssens oo 8
, Control System NOtAHON . wccuiviniuiens cioiie s o et it sttt e see o eessessennsenns 10
| Stability Derivative NOtatioN....ueseeuerniises srvne ses s siee se v vt e et e sernseesesses seee + sonens 11
Aurcraft EQuations of MOION ......cuveiiiiiniinininsninnniisiiissssisennssesesssssssssssases 12
Aircraft Stability and Control. ...... cocciccis o+ 1 ces vt cit 4 v e e e 12
SEADIILY... cevvee + e ce i s e e e teese cees seresssaessenseraasnn 13
Static StabIlity.... cooc wve vt ¢ crrerrsiseiirisies i s e res eeee serereereeesaeeneenns seseene 13
Dynamic Stability .... . ... ... atte @ 4 we e eean s sennes ceessaes seseserees setsesssseneresnenes 14
COMEIOL.rvvvvvs + vevevsees wes wsssssasanas eee oe seveessssesees oo een s oee + o @ ooe e ere sevsesssssssees ses oes 1e 1o 16
Flymg Qualities versus Stability and CONtrol .........c.eeeeerenseseneesensenns oene o e e 17
Closed Loop Flight TeSting.....cceceevreiens veie s cree we ses + sresessnssssssssessssesssssssessssesensnsaessene 17




Open Loop Flight TEStNG......cccccnuvmicrieieieniiininenissniissesssnsesesssssnsesessnssssssssssissssscens 18

Open Loop Test Methods and TechnIqQUES........evueereeeiennrnnes cevetnnrncsncessssssssnes ceststenans 18
TIIIIL cevereeeeeeraereesnssnssssnesisnsnnns se sesaes oo oo sevs sosssses o suss sssssssessess seessssssessissnssessssnssans srnss 18
INPUL SHAPE....eceeeis sttty cstsises e sis sssssassssassriases o stesseseaes 18
Input AMPLItUE. . .. ittt o siesisneens + be ssbsesriens ves e sanes 19
Quickness Of INPUL. . . .. oo o e e e e s e 20
Excitation Methods ... ... . .t i e e et sesee 20

Low Order Equivalent SYStEIS ....cccvcviues crveees vere sive v sressnsssssesessssssssessenss ses sosesssssssssssssnes 20
First Order RESPONSES.. ... « e+« woet ettt sees + sres & essesnsntssssnsssens 21
Second Order Responses . e eeeeeee et esme e s eame s er e s seseresenn sesstremsssatssnenes 23

Chapter 4 27
Software Development

Typographic CONVENLIONS ... w.. ve v ceiiiises cer coveneesness + cornsnssesass o sssnsses cssrssssscss = ssnsessacees 27

Software DefiNItIONS .....ccociiiviimiiiniiiniins i oo+ tees cesee sose ssssesssressssessassssens 27

Development ENVITONIMENE «..cccieveiiiis w0 e senviesssisniisiinenes siie o o0 weres cessessene oo sessssssssessssnnssans 29

Software Testing and Debugging . ....ccccceis wen cerrrriniieninenienrensesressessessessessseenesnessees seseses 30

Program FIOW . ...cccociiiiiniiiciiiiins siee n crniniiensiies « coene seveseesesses o aee oe o st o o ses sen s ere oae .32

The Main Window ..... e we vveveees v+ sevsniscsssninienss cveenees + o G X

System Calibration...... vo o« ceeiie st v rrrriiiiiis cer e e eeee we e ereeeenes cerevene esse saeenene 36
DMU-AHRS .. . ... e ot rrriniiietiees « sresrsrrerssessssssrsssssessssssssesnessesesssssesssanssassasas 36
Control Position Wire Pull Displacement TranSduCerS........c.ccevreessreresrssssnssesasssesnessssnssnes 38

Data ACQUISItION .eevese eie v vt ¢ s ctvriiiniis s s crvrsseeneresrsresssresanenssssanees ses ese s sessessnies 44

Data ANALYSIS .coceecviiiiriisisiniiisisss s se sessiesssesssnnisnsieiens sise sres se te 00 5 sve sse sssseses sssseres ees .48
First Order Dynamic Response Data AnalysiS..... . ... coveit ittt v s evnene e 48

+ Program Operation. ... ..ccueiieies oo vcrvsesmsnseneness s nees R, 48
Analysis MathematiCs......ccuvviiririninicnnncinnnieisenns sreisieseioesmsieiane ssreesss oo 53
Second Order Dynamic Response Data Analysis . .... coccceeee ceeceerseneeens verereesssiessansassssnenns 56
Program Operation... ... coceiciies « os sen se svvee vie 40+ o 0 aee es trense seseesesssesnts seene sue 56
Analysis MathematiCS...ccucus ceves wrneeaesseneesensersnscesssesnesaesssessessessesseesasssssnesassssssassnsesses 61
Display of Characternistic Roots on a Complex Plane........covoverecvnisciinenes vveees v 0o oo ae 68

Printing Data ...cccvcvees + oottt ot - e sttt st sa e as 69

Data StOTage......ccovevuiirnrnristiieniiisiniessssistiisseens sssssesessnssssiess s sese sesssssses s sessssesess aes 69
File EXIENSIONS .uvevieuinisrisiesissinas sete + cosvesserssnssnssssessasass ssssassassnsssssesnsssssassasns sestssessssnsesaas 70

Vi



116 FOIIMALS .... « ceevrer oo sersssseeesssssssrees sssssssens srsssses sesssssinesssssssrsesassssssssasasassosssansnstessessssss 70

Program OPETAtiON ... weevees wr seesseessssssssssssssnens ssesses sississssissssasaesssstssassasssssssnansessacas 71

Chapter 5 73
Hover and Low Speed Flight Testing

GENETAL.....cous cecceeesiniies « sevvees sae @ seeseres sesssan « sessses & ssssesiases seivares mes seesesss as 4 sestiesss sessseeses 73

Safety CONSIdErations ....... . ovciiiieessestensesinnns tisesens ssssstssienss ssseses essssssssesssssssssnsnes 73

TREOTY «. v covver or certrisnceins oo srtemitieiiesis bes sesssssasisnes stessess o sessaiss sesinssines s sasasae 74

Longitudinal Equations of Motion for a Hovering Helicopter ... cooeues e vevereniiiccennns 74

Lateral-Directional Equations of Motion for 2 Hovering Helicopter ......cevunveesicsncenas 76

TeSt PIOCEAUIES. . cc.  civeers ceee =« rersinsiesiicisniisiee cosnsesnisne sressneisasensass sessessenenees sissansasnsessase 78

- Trimmed Flight Control POSItions. . .. c.cccciiiies v st eveveiinins oo cenvestncinns a0 o sessssssanens 78

TeSt MEthO c... coee ceverrnsccrecieeiiese oo+ sviises oo o s ssrissesseees sresssessessanevans vase ses 78

Program Operation... ...cescisisisiiinies + on stosesssrssniens  + sstesssssssnss oe sotesessssssasansasse 79

Data Reduction and Presentation ... v o+« covviieiies e v e cervensinsines wnie sessseesssssenne 81

Critical Azimuth Determination .......cceecsisiesenns « sovstnssessnses s crvessnessessenss sae sesssesanssasssenas 82

TSt MEtROAS..uciiiee o v ¢ et e certssesitiinee e sesssssensse et saesanesnanne 82

Program OpPeration.. .......ccicceciseisinsises ereenenisnianes seseess snveras a0 ses srssnasess soness ssossines 83

Data Reduction and Presentation .......c... cee covveesesee ve + sevveeesensiens sonssessenssenins + o 85

Low Speed Static Stability ....... ccoeiiiiinns cins cevitiiniins e e s e, 86

Test Method. ...ccevveniniices e ceines v esiine see + svineanens e e+ eeneessennes + 2e essssssemes 87

Program OPeration. . .. ... seteisseinns oo sesessisee e sses ssrssesssssessens stessssens 87

Data Reduction and Presentation. .......c.cicccicicieiie oo cvesrasssnsnes o ee sessssseenenns 89

Low Speed Long Term Dynamic Stability..... . coceeinies coiiee cvvenies e tn cirtiiinienninnes 91

; Test MEthOM «..ceiee ciree ot cirnerceniieniiiniiees o crresiene e e o e sastness os see sessssenssnnens saees 10 a 92

| Program OPEration . ... ccciccirsisiiiisins + svninssnse sesvestessessies + or sosssssssisnsnes se snaeae .92

Data Reduction and Presentation . .......cccooee soesecsens o o sensnsiuniens oo o sneesnesessaneanes 95

Control RESPONSE. . covee cevveie ce = ¢+ coesrssesviess sessessnsnies ae sesressessessenes sesesne sesessvens 98

Test MEthOd . .. covce eviecee ee o i+ o ceriiisies e sesesaees = tee s sressesenenenens 98

Program OPeration....c.cocuvesivcenes s+« cvvenvessens + sesessssisnns oo seesesessesssasnes anr ss se s en 99

Data Reduction and Presentation .. ....cccceees e svveiiens + oot svevsecsensnnnss sessensennes 102

vii



Chapter 6 104
Forward Flight Longutudinal Flight Testing

GENETAL ..oveevverres cevtreeee ot ssesssecsiosesins see sesssssssssssisessansnssanasns sossse + sesssesess © ereeenes s e 104
TREOTY cveveirrersies corvires + svssenerenisns ses s+ svsssesssrsssrses sesssesssssssstenstssess Sobstesesasmstntstssnsns sann 104
Longitudinal Static Stability. .. . . i v s, 104
Speed SLabIlity ..... coives ceritieiiiieieniiieiienias cees sevrnrneen e b 105
Angle of Attack Stability ......cceeveeinerenieninnis cereseninnene ceisiees i ssseessssneans 106
Longitudinal Dynamic Stability ........... coieeee cvencnieniinns vesrenieine + cnvsesniess o sssssinines ae 107
Short Term RESPONSE .. wecece verririisisinsissisinees sores stestisnssnisessssssssesnns ssesessssnnns secssssess 108
Long ’i‘erm RESPONSE .. . ci. « ceerveces ceviesseisaesens o sesessnsses sessssstessessns sressessssonesns 111
Longitudinal Equations of Motion for a Helicopter in Forward Flight. .. .......ccceeue..e. 112
Longitudinal Stability Dermvatives...... cc.. seeicsissiesieriienes + sosessissnenee sensens sesases sessnsnsas 113
TSt PrOCEAUIES ... e. «o cerveisiisininiiiane srrnscsesss sos stes sessisasssanss soe 20 sessessseosss sane sssesssssanesarsans 114
Trimmed Flight Control POSItIONS ....c.cccvvmemnncnisinies e+ ¢ crvrssnssinesssnissnsisssmsn, 114
Test Methods. ...t voeicsnercnisncnnnennnsmnsisiinen. e emsenreieneees e e ne 115
Program OPeration.......c.ccovvsemseisneissnessisnsssesssississasssees + o+ saessssssesseesssessassnssnssnsanes 116
Data Reduction and Presentation ........cceecesines oo ce e vees costesiensnns seeseies sevns o o 118
Longitudinal Static Stability .........ccuveirmiminimniniiiiiiins o o ot tenvenieies sreseens s o o 120
Test MEthod ....ccovveiis to e i s e e+ e cesstrenne cvesenis ser e e ae . 120
Program Operation.. ...... «. . vece + vt scvveens oo er e e srverissnssies ou e sness sae sesssseesenne 0 121
Data Acquisition Procedures... ... . s v v se v ee crnvcieniiien o e+ sseseeneienees 121
Data Reduction and Presentation ... . ... ... e coves os cesiins ceveresinanesisnisennine oo sine 123
Maneuver StabIlity .....ccocicisiicnenss sressnsiesne sesessssssesiesessees cotssseisassnssnnesnisans oo sesass sa 124
Test MEthod .. ... . cociceieins + e vt crcciisssiesiesnieistiisies e o secsseseessssnmssssnsssesasans .124
Program OPeration... .. .cc.cceveisiesieisissiminies + oo+ oo sesieses ssnes 2o serne sessssersssnssssnens 127

| Data Reduction and Presentation . ... ccoees v seee cev v ce veee o o cevseesessessnnne o o+ oeee 128
Long Term Dynamic Stability ..... .. ccecene coveriveeres conee cn stieies sesies + convvansnesesasseens 129
TeSt MEthOd ..oee v v cociir ¢ cvriiee et e e @ e e e sesssessssaesesses sse seeas 130
Program OPeration.........c.sceuereeerenisisessnsssssisissssisies ses sotssesssseens sesssnsses sssssssssssseseses 131
Data Reduction and Presentation ...........ociivesesiies sostiseinsensens sssessessesesassssssansasases 133
Short Term Dynamic Stability......c. cos cees ot « ctrvcsiniseiiisins sen srsesisasinenes ssesasenesnsnes 135
Test MEthOQ .... . . ceo oo e s it i vt sessaessssessnssanesaes 135
Program Operation .. ... ... w0 ceeeee eriene e e e+ s seens .o 136



Data Reduction and Presentation. . ...ccceereeeeees sesssssssscennes oo eeeeereessaseaseees sesseseres 138

CONLTOl RESPOMSE...cuivs « srrtirres « oo wrerareassrans avsssns o0 ssssen asses sastsssssbsstsssssssrssssansnsssnsrasasss 140
TSt MEthOT .vveevrerieeerenerensessarsnnsnee + o oe ssse s o+ & s sresssess sesasesser sessessssenss snssssesss 141
Program OPEeration . .. ccceeee sv e v v sveerss oo sren e v+ o s+ sitssisesens sestsssasain eetsanaenss 142
Data Reduction and Presentation ...... ...ccciveiines snseseenssisssnnsssssessiessnsess sssssesse 144

Chapter 7 147
Forward Flight Lateral-Directional Flight Testing
GEMETAl .ouuuiuns woscie e ene chiies eees + erssnnrinnes et S o s e 147
41 11T ) 2o GO G P P 147

Lateral-Directional Static Stability ........ccceivere corcrinsnsiriniinininssnenieieneeesesene, 149
Effective Dihedral. .... cocvinininiiiininn + cvviesiens + sinsieies senssessssssnneninnonss sssssnsanse 150
AQVETSE YaW..ooiiiviiviiiiss see st ot een vreeas + ssvesssseinees sesssssnssssisnie sosissstssssssnianes 151
Proverse ROIL . ..icie o coeee o o 1 iecee e cn ceicnieiiees i tessessteess e ssanessieisnasstrestesanesasasannans 152
Inherent S1IAESHP ... .. . ittt L s e e e e e seesesnennas 153

Lateral-Directional Dynamic Stability ....... . cccocenes coercsiinees senmesieranssnesienecsnesaes onee 153
ROIIMOGE . ..o coeceevieciiriees cvemcaernnes oo sossissssses ton sesessesnns ssnsssssssans son o+ 40 sessssseess 154
Spiral Mode. . .. . cociiisiiriicniinisiiesininssesesanens sevisnns see sesessssssassssissnnas sistessas 154
Lateral-Directional OSCIation.......cueeeiseeses ee sressenas sesstssnnsanes e see e svessaessessasnns 155

Lateral-Directional Equations of Motion for a Helicopter in Forward Flight ................ 155

Lateral-Directional Stability Derivatives....coiues oo covivines o+ snseeeseesas seresrsasnians soneennees o 156

TESt PrOCEAUIES .ccvet « covierrireriansinnins sentsserssisnnennes o sotsesisrens ssessessnss sonns sessesessssssesaesensnes o o 159

Lateral-Directional Static Stability......c.ccvciis + « v o covitiiiienes st eveinines ce e we crenentneninne 159

Test Method .. .. .. o+« secriiieise snieeiesees e cesee sestessesssssnnsnens 159
) Program OPeratiOn.....cucies woese tre sereseseses sevssaess « sossssensses ss sesesesass saee = @ sussesrsaens 160
Data Reduction and Presentation .........cceees covicsise covvesesinss + envssesessessssesnanes 162

Spiral Stability ........cocvriniiniinisisiseninnsinsnianne e eereree . ees sneesenses sseessessessesassensssesseses 164
TSt MEtROA .. ceeieieieeriiicreiceeieeiee o vee o1 corinesianss + o0 sessesesne sneees o sosanessessansanes on on 164
Program Operation.. .. . . ..ot e s oo s v emrine o e sene sesesrnsaneees seneaes saens 164
Data Reduction and Presentation ......cccuveee  covnieeis cinsinsnsnissnens so sevvenesnssanens o . 166

Lateral-Directional Oscillation Dynamic Stability..... . .. ccceee eveevivvvniiines o v e 168
TSt MEthOM ...oeee criririrencineiniisensesinisisiess crsteesees soes coseens = see  os sesssessersees sens oe e 168
Program Operation... ... ... . et «iiieeiiies simsessenes svestsseenesnesnes sesssssssssensanss sine 169
Data Reduction and Presentation....... .. e v v cvviines ceevtnvenninnetesenis o0 venens 172



ContrOl RESPONSE..... ciiieeririsiisisisniansessiiesisiesitissisisessssisiesssssssasssssssssssssassassssssssssnssnsssnss 174

TESt MEthOd ....coeorminrsernineresnensssieionsssnsssintsassesesssnsssssnsanes sresssssssssssssssessssanesesssns 174
Program OPeration.........cuersreeesussssesisssisisesssnetessosesssssssssmiesisssssassssssasssssassssess 175
Data Reduction and Presentation..........cccceiicsnsnssinniincsnnnmensisiise. 178

Chapter 8 ' 180

Conclusions and Recommendations

CONCIUSIONS ..couerenicniinns ernrtisnisisieienisesieissnsrsasissesamessensssessesessesssassses sorssssessstesssisasssssssastasasss 180
Recommendations.......... - coiceeseiceisiesiisenssmssnssnisenessessnssesioresssssssssmsarsssessesssssssssssansssssstossesnss 181
WOrks COnSUIEd ..........cocerivininiiiininiisiiniss s ss st ssess s bssnss s sanssessnsasssssen 183
Bibliography.............. T 184
LSt OF REFETEIICES «...vvvvensreees seosnsrssssmsnsssssssesssssassessessessesssasesseesessssessessesesesemssesesseseesesssssessanes 185
ADPENAICES «..covirierniniiiiiieiiis sttt st s e ssas e st sas e s e b e n e et s bt snnsnaes 187
Appendix A — Example Printed Data ..........ccocvccrerrrernrenrseeserecnes sonsesvsssevasserassesaresssssassessranes 188
Appendix B — Example Raw Data ........ccccecviieninininnisecnienns covenvee cvevsernees seesesseesssnsssessessssae 190
Appendix C — Cooper Harper Aircraft Handling Qualities Rating Scale.........ccecvrvereerreeeranes 193
VA cecuiiriiitiiiiinniies sertisiniiaiss cetssisestisesienis sasessessesssnsessssassesessssesseseserasasstasstebentesessessssnsssessnsntne 195



Figure 2-1
Figure 2-2
Figure 3-1
Figure 3-2
Figure 3-3
Figure 34
Figure 3-5
Figure 3-6
Figure 3-7
Figure 3-8
Figure 4-1
Figure 4-2
Figure 4-3
Figure 44
Figure 4-5
Figure 4-6
Figure 4-7
Figure 4-8
Figure 4-9
Figure 4-10
Figure 4-11
Figure 4-12
Figure 4-13
Figure 4-14
Figure 4-15
Figure 4-16
Figure 4-17
Figure 4-18
Figure 4-19
Figure 4-20

LIST OF FIGURES

Typical Aircraft Instrumentation Sensor Package Installation..........cccecevneurieenrirennenes 5
Recommended Pointing Device — Fujitsu Palm Mouse........c.covviineiiisnnsnssnincisians 6
Aircraft Axis Systemn NOttON ...vvuucisiescrssssmssstsissssstsisss s isnsssanens -9
Rotor Angular Relationships........ccoucuiuimisiinniniiensiinnsisessnnninies seessesisnses “eeeaene 10
Control System NOAtION. .....vivvecerereeresesssansensassasses oo s « sesescsssssesseseess sesssrssssesssssanss 11
Static SADIlILY ....cveeeriersireirseieinirnnenn o et 14
Dynammic Stability....c.oereerssersse e e ettt e 16
Open Loop Flight Testing Control Input Shapes ..... ...c.covervcciininsessccsscsnsesiesennns 19
Typical Stable First 6rder RESPONSE....ooceriinrsseisnncnnssisresssssssnesiessssnessssssessssssssesasnnones 22
Spring Mass Damper SYSteML......cecuueieuiurnisessesninsss v os + rovseressesessssssassessssessessasasseres 23
G Programming Block Diagram EXample .........cceeereererncsererserescssensssnrensesssesassesaes 30
Initially Envisioned Program Block Diagram .. ..... . cecee ceveeveerssesessessensssssesessensnns 32
Final Program B1ock DIiagram .........c.ccecereeeennes cevercsessrenseresassesesassessssssessessensessesees 33
Main WINAOW....cocvuiiniiieicnniiecerinesssieessssssensieses suvsssesssnsesssessssssssesessssesssessessssss 34
Hierarchical Menu Structure Block Diagram..... ....ecceveversrinennsnsesensessssesensesasesnseranns 35
DMU-AHRS Calibration Dialog..........ccecereuesenresresesnersesssrssssessessaesesseans P 37
Flight Control Position Wire Pull Transducer Calibration Dialog........c.ce. cveveeurue. 39
Proper Cyclic Control Positioning for Wire Pull Transducer Calibration . ............. 39
Determination of CYCIiC CONIOl POSItION...........csvusesseiesssesessscssesssscnns eereseessessees 42
Effect of Sampling Rate on Digital Sampling of an Analog Signal.........c.ccceerrenene. 46
Frequency AASING ......cocveee cerversrninessnnsnnesisnnses sone o0 coesnee sevvsssarsessasasssssessesssasseseons 47
Example Sampling Rates. ..... ' e ebereseesis saess e sessesessssssesebsssesesessssaete Sese Sessessssnren 48
Trim Data Plot Window ... ... coccieeiinininiiiieins co s sereresnsessssesessessssnssssessssesanans 49
Analyze First Order Response Window........c.cccereernsenmsnsrssessnsessessesessanes rerreessasaans 50
Determination of the Time Constant from the Steady State Rate...........cccveeeeeuennnne 51
Determination of the Time Constant by the Change in Rate .........ccoviiserccinnsansenne 51
Analyze Spiral Response Window .........c.cewes v coversenssssesissnsssisessensssssssssssssssssssenss 52
First Order Response Analysis Parameters used in the Change in Rate Method..... 54
Trim Data Plot WiNAOW .........oiuvieiersimnseniecsnias coismenenssseisssssnns sseseseesses senssesessesenes 57
Lightly Damped Second Order Response Analysis Window ........cceeceericccecrsennennne 59

xi




Figure 4-21
Figure 4-22
Figure 4-23
Figure 4-24
Figure 4-25
Figure 4-26
Figure 4-27
Figure 5-1
Figure 5-2
Figure 5-3
Figure 54
Figure 5-5
Figure 5-6
Figure 5-7
Figure 5-8
Figure 5-9
Figure 5-10
Figure 5-11
Figure 5-12
Figure 5-13
Figure 6-1
Figure 6-2
Figure 6-3
Figure 6-4
Figure 6-5
Figure 6-6
Figure 6-7
Figure 6-8
Figure 6-9
Figure 6-10
Figure 6-11
Figure 6-12
Figure 6-13
Figure 6-14

Heavily Damped Second Order Response Analysis WindoW........cocovcuiensisnsincans 60

Heavily Damped Response Example Plot.......coiecninininiiiicnnninnnssenicnnens 63
Heavily Damped Response Parameter Determination Charts..........coceveneiniiiineae 67
ROt LocuS Plot WINAOW .....ecveees corernsinnisinssnssisnsissisnssissssssssmsasisnessassssssnsssonsassssas 68
Typical FIle MENU......cciiviiiiciiriisieinisiiasssisesssessssssssssssssssssssssssssssssistsessssssssesens 71
Test Conditions DIAIOZ ...ccceeerreerrsrsseracseesessessnssssessssessienistsssssnssssscssesssssssnssasassssasesans 272
Save File DIalog...ccoumreseersriniciinninssiiesiisiinieninsssiinsiiesssssises sresssssssssmsssssssssesssnsass 72
Low Speed Trimmed Flight Control Positions Menu Selection .......cecvesrieasssscanns 79
Low Speed Trimmed Flight Control Positions Data Collection Window........eece.. 80
Low Speed Trimmed Flight Control Positions Data Presentation Window............. 82
Critical Azzmuth Data Collection Window .......cccocermvcienseninisnisnsiessssssessesssasnsasssnnns 83
Critical Azimuth Data Presentation Window ........cveevminnnscnicnnninncssinssnsssininess 85
Polar Plot of Critical Azimuth Data .........ccceuseieiiies cereniiesiieseninnsnnines coresenssnesnnnne 86
Low Speed Static Stability Data Collection Window ..........ccccuemeenivennnesnsenenninianns 88
Low Speed Static Stability Data Presentation Window ...........ccevvuvenennsensnsessnsnnnnne 90
Low Speed Long Term Dynamic Stability Data Collection Window...........ceucuu.. 93
Low Speed Long Term Dynamic Stability Data Presentation Window................... 96
Selecting Alternative Time History Data Plots.........ccccorveinierinniennneesnnenssnnsnninniensenns 96
Control Response Data Collection Window ........ccc.ccvveeenieicnne eeeeeeseseesssseessssesenes 100
Control Response Data Presentation Window ..........c.ceeininiisnnisecsnssesnnsnesnennens 102
Example Time History Plot of Longitudinal Modes of Motion........ccceveeserneeracnes 108
Forward Flight Trimmed Flight Control Positions Menu Selection .......cccceceveenae 116
Level Trimmed Flight Control Positions Data Collection Window..........ccceeununeee 116
Climbing and Descending TFCP Data Collection Window........ccceuecuninerenrinnannen. 117
Level Trimmed Flight Control Positions Data Presentation Window.........cccceeuee. 119
Climbing and Descending TFCP Data Presentation Window.......c..coueeinnicsunnne 119
Longitudinal Static Stability Data Collection Window...... .cccoeerierieenceniinianianeanae 121
Longitudinal Static Stability Data Presentation Window........ccccecervecnnee + evvenrnens 123
Maneuver Stability Data Collection Window .......ccceeevennnneninnennnes coveecessesninene 127
Maneuver Stability Data Presentation Window ....c...c.cevneeimnnccenesnenineinsnin. 129
Longitudinal Long Term Dynamic Stability Data Collection Window ................. 131
Longitudinal Long Term Dynamic Stability Data Presentation Window .. .......... 134
Longitudinal Short Term Dynamic Stability Data Collection Window ................. 136
Longitudinal Short Term Dynamic Stability Data Presentation Window.............. 139

xii



_Figure 6-15 Longitudinal Control Response Data Collection Window......c.ceeeeveevesecserererensensans 143

Figure 6-16 Longitudinal Control Response Data Presentation Window.........c.eeuneerusccisisinncas 145
, Figure 7-1  Idealized Time History Plot of Roll Responses to a Lateral Cyclic Step Input ..... 154
Figure 7-2  Lateral-Directional Static Stability Data Collection Window....... ccocevnisiseseasences 161
Figure 7-3  Lateral-Directional Static Stability Data Presentation Window........c.e. cecrcseseneens, 163
Figure 7-4  Spiral Stability Data Presentation Window.......... retebes sttt as s a st renanens 165
Figure 7-5 Spiral Stability Data Presentation Wmdow .............. 167
Figure 7-6 , Lateral Directional Oscillation Data Collection Window ........c.coeeureiueens eesnninaane 170
Figure 7-7 Lateral-Directional Oscillation Data Presentation Window.........ccuuerieveccinscsannens 172
Figure 7-8 Lateral Control Response Data Collection Window ceees seressbessaessessbsesaen s sansansbanes 176
Figure 7-9 Lateral Control Response Data Presentation Window ..........cevemeeiscennesssesacsnenenens 178

xiit



Table 3-1
Table 3-2
Table 4-1
Table 4-2
Table 4-3
Table 5-1
Table 5-2
Table 6-1
Table 6-2
Table 6-3
Table 64
Table 7-1
Table 7-2
Table 7-3

LIST OF TABLES

Axis System Notation DesCription......cciueuerieessisnsssnsnrens oo ststssnsnsees sossecsssescane oo .9
Static and Dynamic Stability Possibilit1es .... ceiceieiree cerrrrestneirnnsns covvvenienes o ven e 15
Typographic CONVENLIONS. ... cece cocvevtseessesisssnsssaens sersasannsss ssssessssnssans sees st ssesisss 27
Software DefInitions ......cocvvrrrsrees 1o vs se vee o crvseisesienees e cevssansssnsnes ‘e 28
Default File EXIENSIONS . «.occe coviesriiniseseniossisnssnsnies se srsssesseeens seessnes sesssssesassassansens 70
Hovering Flight Quasi-Static Rotor CharacteristiCs....... e woerereerussessssneessnrerenses 75
Summary of Static Stability Graphing Indications........cecveererieesnninninne « coreeninnane 91
Forward Flight Longitudinal Quasi-Static Rotor Characteristics... .... v.e. coeeurersenes 105
Analogy of Short Term Response and Spring Mass Damper System.. ................. 109
Analogy of Long Term Response and Spring Mass Damper System.........ccceeeueee. 111
Summary of Longitudinal Static Stability Graphing Indications... ..... ... ceureseeas 124
Forward Flight Lateral-Directional Quasi-Static Rotor Characteristics...........ces... 148
Relative Contributions to the Single Rotor Helicopter Stability Derivatives......... 149
Summary of Lateral-Directional Static Stability Graphing Indications................. 163

xiv
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a0 = Coning angle.
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B = Viscous damping constant.
Bcrwew = Damping constant which satisfies the critical damping case.
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FTE = Flight Test Engineer.
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H = Rotor hub force perpendicular to the mast.
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1 = Imaginary index.
L. = Moment of inertia in the roll axis.
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k = Spring constant.
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Chapter 1

INTRODUCTION

Purpose

The objective of this effort was to develop an automated software system for recording,
monitoring, and analyzing helicopter stability and control flight test data. The software
development project had the following primafy'design goals:

1. Record the proper data parameters at the appropriate rate to thoroughly document the

stability and control characteristics of any helicopter.

2. Have the capability to immediately analyze the data and output engineering values for
real-time in-flight assessment.

3. Provide a relatively simple Windows® based graphical user interface that minimizes the
technical expertise necessary for the user to collect, analyze aﬁd present the aircraft
stability and control characteristics.

4. Must l\)e constructed from commercial-off-the-shelf (COTS) products to minimize -

acquisition and development costs.

Background

Helicopter stability and control flight testing is inherently complicated, considering the
complexityl of the theoretical equations of motion governing the physics of helicopter motion.
Addlmg to the theoretical complexity is the requirement to record multiple data parameters at a
mucmh higher rate than possible using a manual data acquisition system. Finally, the reduction and
logical presentation of acquired data is a tedious and error prone process that is typically done
after the flight test is complete, the automation of this process would provide test results to the
flight test crew for immediate analysis. This would provide the crew with feedback on the quality ,
of the particular test performed.

Additional poFential benefits of this system include safety advantages and cost savings. An

_automated system would reduce the amount of time that the flight crew would need to focus their

attention inside the cockpit recording data. This adds a measure of safety to the performance of
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the flight test task. Cost savings could be realized by the reduction of lengthy flights required to
gather quality flight test data or in the elimihation of the requirement for expensive telemetry
systems that might 'be utilized in lieu of this system.

The University of Tennessee Space Institute (UTSI) is currently on contract to ciesign,
engineer, and build a highly portable system that can be quickly installed in any helicopter to
rapidly assess the aircraft’s stability and control characteristics. This software development effort

was 1n direct support of that project.



Chapter 2

DESCRIPTION OF HARDWARE

<
¢

Overview

The hardware components necessary to corhpose a functional stability and control analysis
system for this project, include the portable aircraft instrumentation sensor packaée and a laptop
or note};ook computer. The sensor package described below is the sensor package that the data
acquisition software was written to accommodate, however, the data acquisition software can be
modified to function with other sensor hardware comp;)nents. Thus type of modification is not a
i)uiltein capability of the current program and therefore would require rewriting many of the core

code modules and a recompilation of the program. This type of modification could only be

realistically be completed by a user that ié proficient in the G programming language.

Aircraft Instrumentation Sensor Package

The aircraft instrumentation sensor package is designed to be highly portable, allowing it to
be easily transferred from aircraft to aircraft with minimal installation time. There are six
components that comprise the sensor package, the main sensor box with solid state inertial
instruments, four control position wire pull displacement transducers, and an optiopal battery
1;ower source for the instrumentation package. The sensor package outputs the following

channels to the laptop computer:

. Pitch Attitude J « Pitch l\late

 Roll Attitude ..+ Roll Rate

. I-i;zading o ‘ \ » Yaw Rate

« Longitudinal Cyclic Stick Position « Vertical Acceleration

« Lateral Cyclic Stick Position y « Longitudinal Acceleration
« Pedal Position o Lateral Acceleration

+ Collective Control Position

With the inclusion of additional sensors and, some modifications to the software, additional

: data channels could be used in the data reduction process. Two pressure transducers could sense
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static air pressure and total (static + dynamic) pressure. With these additional channels, airspeed
and altitude information would be available for processing during data reduction. Also, strain
gauges could be added to the flight controls to measure control input forces. Although these
parameters are not necessary for the data reduction processes presented in this work, the data
reduction for some flight tests could benefit from the addition of these parameters. The
modifications necessary to make the software function with these additional data are substantial
and would require a significant programming effort.

The main sensor box is very small having physical dimensions of only 13 x 8 x 6 inches
(Iength, width, height) and weighs less than 8 pounds. This component contains a Crossbow
Technology Inc. Digital Measuring Unit-Attitude & Heading Reference System (DMU-AHRS),
and two power converters to provide proper output voltages.

The DMU-AHRS is a nine axis measurement system that outputs accurate acceleration,
angular rates, attitude and magnetic orientation. [1] The technology used in the DMU-AHRS is a
combination of silicon micro-electronic-mechanical system (MEMS) accelerometers, coriolis-
effect angular rate sensors, magnetometers, and high performance digital signal processing.
Algorithms are embedded in the unit which provide stabilized roll, pitch, and heading information
within one degree of accuracy. [1]

The main sensor box should be mounted as close to the center of gravity (CG) of the aircraft
as possible This will minimize any “lever effect”. If it is not mounted at the center of gravity,
then rotations around the center of gravity will cause the DMU accelerometers to measure an
acceleration proportional to the product of the angular rate squared and the distance betweén the
DMU and the CG. Also, the DMU-AHRS should not be exposed to large magnetic fields. This

could permanently magnetize internal components of the DMU-AHRS and degrade its magnetic

- heading accuracy.

The control position sensors are Space Age Controls’, part number 160-0830, wire pull
displacement transducers. These ‘string potentiometers’ must be installed orthogonal to the flight
controls, for proper system calibration. Figure 2-1 shows a typical installation of the system.

The total cost for the entire portable mstrumentation system is estimated to be $33,500. [2]



Battery Power Supply
(Optional)

® Lateral Control Position Transducer

® Longitudinal Control Position Transducer
@ Pedal Control Position Transducer

® Collective Control Position Transducer

Figure 2-1 Typical Aircraft Instrumentation Sensor Package Installation

Laptop Personal Computer
General

The laptop personal computer is used to control the mstrumentation package, collect the
required data at the command of the flight crew, present the acquired data in a format that is
comprehensible to the flight crew for immediate assessment, and store the data for future analysis
and presentation. National Instruments’ LabVIEW software was the host application that ran the

Helicopter Stability and Control Analysis Software developed in this effort.

System Requirements

The requirements of the laptop computer are largely driven by the LabVIEW software
apphcation The Windows 95/NT version of LabVIEW runs on any system that supports
Windows 95 or Windows NT 4.0. A minimum of 24 megabytes (MB) of random access memory
(RAM) is required for this version to run effectively. 32 MB of RAM and at least 30 MB of swap
space available 1s recommended The standard LabVIEW installation requires approximately 110

MB of hard disk space. A full installation requires approximately 150 MB. [3]



The laptop computer must have the capability to operate at a screen resolution of at least
1024 x 768 to properly view all functions of the software. Also, in order to successfully operate
the Helicopter Stability and Control Analysis Software an integrated pointing device (trackball,
touch-pad, mouse, or keyboard integrated pointing device) is necessary to perform some of the
software functions. Since the operating environment is subject to significant levels of vibration,
motion, and g forces, manipulating a touch-pad, trackball, or keyboard integrated pointing device
can be difficult. Also, there is not usually adequate space for a traditional mouse and mouse pad.
To overcome many of these obstacles a remote, handheld, pointing device is recommended.
Specifically, the Fujitsu, part number FID-824, Palm Mouse (figure 2-2) is recommended. With
this device, the user manipulates a navigation dome that responds to light thumb pressure to move
their cursor. The degree of the dome's tilt angle determines how fast the cursor moves. When
thumb pressure is released, the dome automatically returns to its center "home" position. Two
other buttons function as right- and left-mouse buttons. The user can swap the function of these
buttons and adjust cursor response using the Windows mouse control panel.

The final piece of hardware that is necessary to complete the system is the data acquisition
card. This software is designed to work with the IOtech Daq/112B data acquisition PC card.
This is a Type II Personal Computer Memory Card International Association (PCMCIA)
notebook computer expansion card, which serves as the communication link between the
software on the computer and the hardware in the aircraft instrumentation sensor package. This
card is an analog to digital converter with built in data buffering to prevent data loss. The

maximum sampling rate of this card is 100 kHz, with 12 bit resolution, on up to 16 channels.

Figure 2-2 Recommended Pointing Device — Fujitsu Palm Mouse



Chapter 3
STABILITY AND CONTROL FLIGHT TESTING

General

Although an aircraft may be designed primarily from-performance considerations, it must
also possess acceptable handling characteristics. However, good handling characteristics can be
achieved by artificial methods. [4] Many aircraft now are increasingly dependent upon automatic
flight control systems (AFCS) for good stability characteristics and expanding flight envelopes.
Modern flight dynamics is concerned not only with the stability and control of the basic aircraft
but also with the often complex interaction between the aircraft and the flight control system.
The flight control system comprises motion sensors, flight control computers, control actuators,
and otherﬂcontrol har&ware. Stability and control flight testing is conducted on the aircraft
together with the flight control system evaluated as a whole system and flight tested with

applicable systems degraded to evaluate possible failure modes.

Flight Testing Definitions

Degrees of Freedom

An aircraft in flight is capable of motion in six degrees of freedom, meaning that the aircraft
is free to move in thrt;.e translational components and three rotational components. The rotational
components of motion are equivalent to rolling, pitching, and yawing about the aircraft’s center
of mass, or more commonly referred to as center of gravity (CG). The translational components
" are the linear velocity components of forward, lateral and vertical velocity. A helicopter in flight
has additional degrees of freedom when the rotor system is considered. The primary motions are
the coning, lateral flapping, and longitudinal flapping of the rotor. Although these motions can be
significant, it can be shown tha\t the rotor tip path plane corresponds to stimuli well within one
revolution (<0.3 seconds) and therefore can be strictly considered as a force and moment

generator. [5]



For the purpose of describing the aircraft stability and control characteristics the aircraft will
be considered a rigid body. This implies that all points in the airframe maintain fixed relative
positions in space at all times. Despite the fact that in actuality there is considerable flexibility in
the airframe of most aircraft, the in;eraction of flexibility effects with the aerodynamics greatly
complicates the theoretical model of the motion of the aircraft. The complication added by
considering the aeroelastic effects is impractical and sufficient accuracy can be determined using
the rigid body model. The equations of motion of a rigid body can be separated int9 rotational
equations and translational equations if the coordinate axis origin is chosen to be at the aircraft
center of gravity. [6] For the aircraft to be in equilibrium along any straight unaccelerated flight
path, the equation of static equilibrium must be satisfied for each degree of freedom. That is the

sums of the forces and the sums of the moments about each axis must all be equal to zero.

Axis System Notation

If the aircraft is to fly steadily along any arbitrary flight path the forces acting on it must be in
static equilibrium if the flight path is a sfraight one, and in dynamic equilibrium if the flight path
is curved or accelerated in any way. [7] In order to discuss these equilibriums a standard system
of nomenclature and notation must be used to refer to the aircraft orientation and motion. For this
purpose the aircraft is represented by a set of orthogonal axes with the origin at the aircraft’s
center of gravity as shown in figure 3-1. This axis system is a right-hand system with the positive
X, Y, and Z axes pointing forward, right, and down respectively. Table 3-1 defines each

component of force, displacement, velocity, and inertia for each axis.

Rotor Angle Notation

Just as with the body reference axes system, the rotor angles are defined to aid in the
discussion of rotor characteristics. Figure 3-2a depicts the rotor longitudinal angular
relationships; and figure 3-2b presents the lateral rotor angles. The longitudinal tilt of the tip path
plane in relation to the shaft is the longitudinal flapping angle, a;;,. The longitudinal flapping
angle is positive when the blade flaps up over the front of the aircraft (y = 180°). The
longitudinal cyclic pitch angle, By, is the angle between the shaft plane and the control plane ,

(swashpiate plane). By, is positive when the longitudinal cyclic control is displaced aft. The
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______ Longitudinal Axis
— —-— Lateral Axis
-——— VYertical Axis

Sideslip Angle

/ ®
+ Y
+V
+L\+ ¢ ~ X
+u
Figure 3-1 Aircraft Axis System Notation
Table 3-1 Axis System Notation Description
Axes X y Z
(Positive in forward st (Positive in downward
\dutped (Positive to starboard) "
Measurement direction) direction)
X ¥ V4
Force Components
Longitudinal Force Lateral Force Vertical Force
L M N
Moment Components
Rolling Moment Pitching Moment Yawing Moment
Angles of Rotation ¢ £ v
Angle of Bank Angle of Pitch Angle of Yaw
u v w
Linear Velocity
Forward Velocity Lateral Velocity Vertical Velocity
P r
Angular Velocity q
Rate of Roll Rate of Pitch Rate of Yaw
: Ixx Iyy Izz
Moments of Inertia
In Roll In Pitch In Yaw




a. Longitudinal Rotor Angles
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Right Side View
b. Lateral Rotor Angles

Shaft Plane

Rear Yiew h - ro Ats

e — Rotor Digk Plane - Parallel to the Tip Path Plane
Rotor Shaft Plane - Perpendicular to the Mast
—====== Control Plane - Parallel to the Swashplate
~ = Flght Path of the Aircraft Body

Figure 3-2 Rotor Angular Relationships
lateral t1lt of the tip path plane in relation to the shaft is the lateral flapping angle, by; The lateral
flapping angle is positive when the blade flaps down over the right side of the aircraft (y = 90°).
The lateral cyclic pitch angle, Ay, is the angle between the shaft plane and the control plane

(swashplate plane). A, is positive when the lateral cyclic control is displaced right.

Control System Notation

" The manipulation of the flight controls can be represented in several ways. For example the
longitudinal cyclic control can be measured as a function of the displacement of the control stick
(BLong) O the angular displacement of the swashplate (Bys). The notation used throughout this
manuscript for control position is referenced to the displacement of the flight controls in the
cockpit where the control positions are measured. Positive control displacement is indicated by a

right lateral cyclic, aft longitudinal cyclic, right pedal, and up collective as shown in figure 3-3.
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Cyclic Control Displacements  Pedal Control Displacements  Collective Control Displacements

Forward
Blong 3B b,

B pey 3 Ped

Left
!

Right

‘waat‘d 43 Ped
(-

Figure 3-3 Control System Notation

Stability Derivative Notation

The notation used throughout this thesis for the dimensional stability derivatives are

normalized with respect to mass for force derivatives and inertia for moment derivatives as

follows:
1dX 1
X\ \=—— : . 3-1
O m 9( ) sec ’ “
19Y 1
Y =" —— . 3-2
O m o( )sec ‘ ’ “
1 0Z 1
Zy=——x— . \ eq. 3-3
m 9( ) sec ‘
1
4 1. 9() fisec
M= 1 oM 1 eq.3-5
1,, 0() fisec T
N =LV 1 eq. 3-6
077, 9() frsec *
Where: X0 = Longitudinal force due to ( ) parameter
Yy = Lateral force due to ( ) parameter |
Zy = Vertical force due to ( ) parameter
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m = Mass

() = Parameter to evaluate the partial derivative with respect to.
Ly = Roll moment due to ( ) parameter.

M, = Pitch moment due to ( ) parameter.

Ny = Yaw moment due to () parameter.

L. = Moment of inertia in the roll axis.

L, = Moment of inertia in the pitch axis.

I, = Moment of inertia in the yaw axis.

Aircraft Equations of Motion

The aircraft equations of motion are the foundation on which the entire framework of flight
dynamics is built and provide the essential key to a proper understanding of flying qualities. At
their simplest, the equations of motion can describe a small perturbed motion about a trim
condition. At their most complex they can be completely descriptive, embodying static stability,
dynamic stability, aero-elastic effects, atmospheric disturbances, and control system dynamics for
a given aircraft configuration. [8] Although it may be possible to fully describe the motion of an
aircraft mathematically it is impractical to utilize the equations in this form. However,
considerable insight into the airframe dynamics may be obtained by simplifying the set of
éovemlng equations of motion into a linearized form based on small perturbations about an initial
trimmed flight condition. [9] It is these linearized equations of motion that are used as the basis

for the development of the flight test techniques presented in this manuscript.

3

Aircraft Stability and Control

Stability and control are closely inter-related since the amount of stability possessed by an
aircraft determines t}1e control forces that the control system must generate to trim and maneuver
the aircraft. Aircraft handling is generally concerned with two relatively distinct aspects of
aircraft response to stimuli, the short term, or transient response, and the comparatively long term
response. The ability of the pilot to handle the short term dynamics of an aircraft is critically

dependant on the speed and stability of the response. In other words, the bandwidth of the human
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pilot and the control bandwidth of the aircraft must be compatible and the stability margins of the
dynamic modes must be adequate. Thus, the requirement for good short term handling tends to
be the main consideration in studies of flying and handling qualities. Longer term handling is
concerned with the establishment and maintenance of a steady flight condition, which is
determined by static stability in particular and influenced by the long period dynamic modes. The
dynamic modes associated with long term handling tend to be slow and the frequencies involved
are relatively low. [8] Thus, their control is well within the bandwidth of the average human pilot
even when the modes are marginally unstable (divergent). Stability and control flight testing
measures the aircraft’s stability and control characteristics which in turn determine the pilot’s

abulity to position the aircraft in the desired attitude, altitude, speed and direction of flight.

Stability

Stability is the pr6perty of a body that causes it when disturbed from a condition of
equilibrium or steady motion to develop forces or moments to restore the czriginal condition.
Stability can be positive, negative or neutral. Positive stability is characterized by an object’s
tendency to return to the initial condition. Positive stability is generally considered to be a
desirable aircraft characteristic. Negative stability is conversely the object’s tendency to move
further ﬁom the initial position after any disturbance. i‘Ieutral stability is characterized by an
object’s tendency to remain at any new position or rate after a disturbance from the original
condition. Stability can be further defined by examining both the initial tendency and the motion
of the object over a period of time. These classifications (;f stability are defined static stability

and ’&ynamic stability.
Static Stability

St;ltic stability is the initial and immediate tendency of an object after a disturbance from
equilibrium. Static stability can be positive, negative, or neutral as defined above. This initial
tendency can best be understood by considering a ball at rest on a surface. If the surface has a
concave shape, figure 3-4a, and the ball is displaced (B) from the original position and released
the initial motion of the ball will be in the direction of the original position (A). Negative static
stability is demonstrated by a ball on a convex surface, figure 3-4b, which indicates any
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Figure 3-4 Static Stability

disturbance from the initial condition (A) will cause the ball to diverge from the initial position.
Figure 3-4c illustrates a neutral static stability condition where disturbance from the initial

position (A) results 1n a new equilibrium state at position B.

Dynamic Stability

Dynamuc stability refers to the motion of an object as measured over a period of time.
Similar to static stability, the nature of dynamuc stability can be positive, negative, or neutral.
However, when considering the dynamuc stability of an object the static stability characteristics of
the object must also be considered For example, an object may exhibit positive static stability
while at the same time produce an unstable dynamic response. Additionally, the characteristics of
the dynamic response may be oscillatory or non-oscillatory. An oscillatory response occurs when
the motion of the object, after a disturbance, moves initially toward the original condition but
progresses beyond (overshooting) the initial position. This type of response is only possible if the
static stability is positive. There are six possible combinations of the above characteristics, three
are oscillatory and three are non-oscillatory as discussed in Table 3-2 and graphically depicted in

figure 3-5.
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Table 3-2 Static and Dynamic Stability Possibilities

Static
Stability

Dynamic
Stability

Description

Figure

Non-Oscillatory Responses

Positive

Positive

A displaced object moves towards the orignal
equilibrium without overshooting and settles down to the
original equulibrium condition -

3-5a

Neutral

Neutral

A displaced object remains at the new position of
equilibrium indefinitely.

3-5b

Negative

Negative

A displaced object diverges continu;)usly away from the
original equlibrium condition.

3-5¢

Oscillatory Responses

Positive

Positive

A displaced object imtially moves towards the original
equilibrium, but overshoots it Motion continues away
from equilibrium but only to a displacement that is less
than the imtial disturbance displacement, then the
motion begins 1n the opposite direction toward
equilibrium with another possible overshoot. This
periodic motion continues to decay eventually returning
to the original equilibrium condition

3-5d

Posttive

Neutral

A displaced object initially moves towards the original
equihibrium, but overshoots it. Motion continues away
from equilibrium to a displacement that 1s exactly equal
to the initial disturbance displacement, then the motion
begins 1n the opposite direction toward equilibrium with
another overshoot continuing again to the imtial
disturbance displacement. This periodic motion
continues mdefinitely.

3-Se

/ Posttive

Negative

A displaced object mitrally moves towards the original
equilibrium, but overshoots 1t. Motion continues away
from equilibrium but only to a displacement that 1s
greater than the imtial disturbance displacement, then
the motion begins in the opposite direction toward
equilibrium with another overshoot. This periodic
motion grows exponentially.

%

3-5f

15




»
<
o

Response
Response
Response

'ﬁ
LA

~—
\ A

\/ Time \_"

Time

o
o
—h

Response
Response
Response

U

Figure 3-5 Dynamic Stability

Control

Controllability can be defined as the ability of the aircraft to respond to control movements.
Two terms are used to define control further: control power is the measure of the total moment or
force available to the pilot for maneuvering from a steady trimmed flight condition or for
compensating for large gust disturbances; control sensitivity is the measure of either aircraft
acceleration or steady velocity produced by a unit of control motion. [5]

The pilot’s opmnion of controllability is shaped by several factors. The most apparent of these
factors are the initial response of the aircraft to a control input and the total attitude change which
results [19] Although there is a connection between stability and controllability, the relationship
is not direct For example, an aircraft that has strong positive stability 1s difficult to control
because it 1s resistant to change from the initial condition and an aircraft that is strongly unstable
will also be difficult to control because of it’s tendency to diverge from the initial condition. [11]
Maximum controllability (without an automatic flight control system) would occur in a an aircraft
with neutral stability, in this case the aircraft can be controlled with little effort however there
would not be any natural control force cues to indicate an off trim condition. The amount of

controllability designed into an aircraft is dependent upon the mission of the aircraft, a transport
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type aircraft is designed to be more stable than a attack aircraft indicating that there are trade-offs
in the design process. As a general rule, pilots prefer controllability over stability,-since it is the
increased maneuverability that gives the pilot the feeling of confidence that they can properly

position the aircraft [5]

Flying Qualities versus Stability and Control

Flying qualities are defined as, those qualities or characteristics of an aircraft that govern the
ease and precisiqn with which a pilot is able to perform the tasks required in support of an aircraft
role. [12] Flying qualities are a qualitative evaluation requiring the subjective judgment of a
trained pilot. Flying anél handling qualities are substantially dependent on, and are usually
described in terms of, the stability and control characteristics of the aircraft. The dynamic
behavior of the aircraft is significantly shaped by its stability and control properties, which in turn
have their roots in the aerodynamics of the airframe. [8] An aircraft’s stability and control
charactenstics are of course significant in the pilot’s opinion of an aircraft’s flying qualities;
however there are several other factors including flight control system, the cockpit controls and
displays, the environment, the pilot workload, and stress, which influence a pilét’s evaluation of
an aircraft’s flying qualities. Aircraft stability and control characteristics are determined by open
loop flight testing; whereas, closed loop flight testing techniques are used to determine an

aircraft’s flying qualities.
Closed Loop Flight Testing

Closed loop flight testing consists of performing mission relevant flight tasks and evaluating
the resulting man-machine performance.[12] Specifically, a task, conditions, and performance
standards are e;tablished and the pilot attempts to perform the task by manipulation of the flight -
controls. While performing the task he monitors the aircraft response through all available cues
and makes corrective control inputs as nécessary to meet the performance standards. This
process is called closed loop or pilot-in-the-loop flight testing because the pilot monitors the
aircraft via a feedback path and actively attempts to make corrective inputs to null existing

discrepancies.
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Open Loop Flight Testing

Open loop testing consists of measuring the aircraft’s response to natural or artificial
disturbances and is conducted without the pilot actively manipulating the flight controls. The
resulting motion is used to determine and quantify the aircraft’s stability and control
characteristics. The data acquired from this type of testing will yield engineering parameters of
time constants, natural frequency, damping, and stability characteristics. Typically, time histories
of pertinent parameters are recorded and analyzed to determine the aircraft response
characteristics, which are categorized into two groups, first order systems and second orgler

systems as described in the Low Order Equivalent Systems section below.

Open Loop Test Methods and Techniques

Open loop dynamics data are obtained to explain specific closed loop data, to document the
control system or aircraft response characte:ristics, to ensure safe operation of the aircraft at
corners of the operational flight envelope or to check compliance with military specifications.
The use determines the specific data to be acquired and the applicable flight conditions. The test
pilot must be aware of the specific flight conditions and variable constraints to obtain useful open
loop data. [12]

Trim

The pilot must establish stabilized initial conditions to provide adequate reference for time
histories and comparison to off trim flight conditions. The initial conditions can be achieved by
either trimming all control forces to zero or by holding the control fixed against the control force
while maintaining equilibrium flight conditions. If the test requires precise control inputs to
create the disturbance, the pilot trims all control forces to zero. If the test utilizes a release from
an off trim condition to create the disturbance, the pilot stabilizes at the equilibrium conditions by

v

holding the off trim control forces. [12]

Input Shape ’
Whether the input is a step, pulse, or doublet (figure 3-6) depends on several factors including
the nature of the response mode to be excited, whether it is to be excited \selectively, the data
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Figure 3-6 Open Loop Flight Testing Control Input Shapes
reduction technique, and sometimes on specific data constraints. For the pulse and doublet, the
controls must be returned to the initial trim position. The controls are returned to trim to
eliminate any forces or moments generated by the control displacement and to record the free
response (without a forcing function) after the ini‘tial disturbance. For doublets, the test pilot
makes a symmetrical input. Generally step inputs are used for first order responses; while steps,

pulses, and doublets are used for second order responses. [12]
Input Amplitude

The appropriate input size is a function of the data desired. The input must be large enough
to yield readable data with adequate signal to noise ratio. If the input is too large, nonlinearalities
of aerodynamics with airspeed might distort the data. Additionally, if the input is large, the
aircraft can reach a test limit prior to observing the complete response. On the other hand, it is
desirable to correspond open loop data to realistic input magnitudes used to perform closed loop
mission representativé tasks. The test team must explicitly consider input size. Because flight

safety is always a constraint on input size, proper build up procedures must be followed.

19



Quickness of Input

The input frequency should maximize the disturbance at the response frequency. To
approximate the natural frequency the pilot can make a series of sinusoidal, symmetrical control
doublets. Start at a low frequency, and observe the response Increase the frequency until the
largest response is observed. Once the input frequency is determined, this frequency is used for

subsequent control inputs.

Excitation Methods

Natural Excitation — No conscious pilot introduced excitation. Controls fixed without pilot

input. Imperfect trim conditions or atmospheric disturbances may excite an aperiodic divergent

mode or a lightly damped oscillatory mode. This is an unsatisfactory excitation technique if no

response is obtained, but usually indicates a desirable aircraft characteristic.

Artificial Excitation — The use of the control input shapes, amplitude and quickness
discussed above are used to introduce a perturbation from the equilibrium flight condition. If an
artificial excitation method is used, the disturbance should result in an aircraft response similar to
a response following a natural disturbance.

The method of excitation can determine the type of response documented. Natural
disturbances resulting in long term response are desirable but these responses are usually
contaminated by another disturbance before the motion is completed. This contamination makes

quantifying the mode of motion difficult or impossible.

Low Order Equivalent Systems

The physical motion of the helicopter in flight can be expressed mathematically by the
equations of motion as discussed in the Aircraft Equations of Motion section above. These
general equations can be simplified by maintaining specific variables constant during the conduct
of a flight test. Often the complicated equations of motion can be further simplified by making
one or more generally accepted assumptions. The result of this simplification is that the motion
of the aircraft can usually be represented by a first or second order linear differential equation. A

first order system would be representative of a motion that is only constrained by a damping
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force A second order system is characterized by a motion that is influenced by a restoring force
and a damper. If the helicopter is considered as a rigid body the nflight modes of motion can be

depicted satisfactorily with these two descriptive systems.

First Order Responses

A mass whose motion is only restrained by viscous damping is a typical example of a first
order response and is mathematically generically described by the following first order linear

homogeneous differential equation.

x=D_-x=0 eq. 3-7
Where: x = Angular or linear acceleration.
D, = Damping derivative.

X Angular or translational velocity.

Specifically 1n a helicopter the first order response solutions are represented 1n by following

equations:
p-L,-p=0 eq. 3-8
g-M, -q=0 eq. 3-9
r—N,-r=0 eq. 3-10
w—Z,-w=0 eq. 3-11
Where- D = Roll rate acceleration
4 L, = Rolling moment due to roll rate
P = Roll rate.
q = Puch rate acceleration.
M, = Pitching moment due to pitch rate.
q = Puchrate.
¥ = Yaw rate acceleration.
N, = Yawing moment due to yaw rate
r = Yaw rate.
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W = Lwnear acceleration along the z axis.

Z, = 'Vertical force due to vertical velocity.

w = Vertical velocity.

The generic characteristic equation has a real root A which is a negative number and equal to
the damping derivative. Solving this equation for the velocity yields the time response shown in
equation 3-12 and graphically depicted figure 3-7.

x=C,-e" eq. 3-12

Where: x | = Angular or translational velocity. - |

C; =Constant affected by the initial conditions of the motion.

e = Base of natural logarithm.
A = Characteristic root.
v f
t = Time.
Steady State Rate
05 2% of 55 Rate
5
M -
T Time

Figure 3-7 Typical Stable First Order Response
., This time response graphic depiction can be characterized by determining the time required
for the motion to reach 63.2% of the steady state rate, this time is referred to as the time constant,
1. The time constant, once determined from flight test data, is used to calculate the characteristic

root (the damping derivative) of the mode tested by the following equations.

.

A=—-= and.. eq. 3-13
’T

A=L, or. eq. 3-14

A=M, or. eq. 3-15
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A=N, or. eq. 3-16
A=Z, or. eq 3-17
Where: A = Characteristic root/damping derwative (L,, M, N,, or Z,,).
L, = Rolling moment due to roll rate (Roll Damping).
M, = Pitching moment due to pitch rate (Pitch Damping).
N, = Yawing moment due to yaw rate (Yaw Damping).
Z, = Vertical force due to vertical velocity (Heave Damping).
Second Order Responses

Many physical systems, including several important aircraft responses, exhibit the properties
of a spring, mass, damper system. A simple illustration depicting the forces acting on a typical

spring, mass, damper system are shown in figure 3-8.

y Spring
NWW\-
1
y Mass
_J L
Y ] [
1
Damper
A

) ()

7. 777 P77 777777. 7777777777 77777777777

Figure 3-8 Spring Mass Damper System
fn this system, the spring provides a linear restoring force that is proportional to linear
displacement of the mass, and the damping device provides a damping force that is proportional
to the velocity of the mass.
The mathematical model for response of this type system is a second-order differential in the

form of equation 3-18.

2
F(t)=m%t—x+ B ik eq. 3-18
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Where: t = Time.
x = Linear displacement.
m = Mass.
B = Viscous damping constant.
k = Spring constant.

The function F(t) is called the forcing function. If the forcing function is 0, the response of
the system is referred to as the free response. When the system is driven by a forcing function the
response is referred to as the forced function. [13]° ‘

It is well known from the theory of ordinary differential equations that the solution of any

linear, ordinary differential equation with constant coefficients is always of the form; [14]

x=Ae eq. 3-19
Where: A = Constant affected by the initial conditions of the motion.

e = Base of natural logarithm.

A = Characteristic root.

t = Tume.

- and substituting into the differential equation yields

AtAe? +£Me” +£—Ae” =0 eq. 3-20
m m
or...
A? +§-/1+£=0 eq. 3-21
m m

which is called the characteristic equation. The roots of this characteristic equation are called

the characteristic roots of the system. The roots of equation 3-21 are...

- B++B* —4mk

2m

'11,2 = eq. 3-22

or...

2
Ay =——=% (—) - eq. 3-23



The type of motion that occurs if the system is displaced from equllii)rium and released
depends upon the physical constants of the problem (the mass, spring constant, and the damping

constant). Three possibilities exist:

B ‘F
_> —
2m m

Then the roots are negative and real, indicating that the motion is stable, non-oscillatory, and

First if...

will dimish over time. This type of response is referred to as an over damped motion.

Second if...

B k

2m m
This represents the boundary between the over damped exponential motion and the damped
sinusoidal motion. This response is referred to as the critically damped response. When this
situation exists the motion will return to the trim condition as soon as physically possible without
any over shoot.

Lastly if...

B \/?
_< —
2m m

Then the roots are complex, indicating that the motion is oscillatory in the form of a damped

sinusoidal having a frequency given by:

F's k ( B )2
W= ,——|— eq. 3-24
m 2m

Where: 0]

Freguency.

Spring constant.

Mass.

B = Viscous damping constant.
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The level of dynamic stability of a second order system is generally expressed in terms of the
damping ratio, {. This 1s the ratio of the real system damping constant to the damping constant

which makes the system critically damped.

B
= . 3-25
g 3 eq

Critical

Where: { = Damping ratio.
B

Viscous damping constant.
Bcruca = Damping constant which satisfies the critical damping case.
The damping ratio can be expressed as a function of the exponential damping coefficient

(-{w,) and the damped natural frequency as follows:

- cw 1
¢ = P eq. 3-26

2
w (1)
C=_C n\/ d eq. 3-27

o, Vo,’ +(o,)
2 2
o, -0
4 =nw—d eq. 3-28
d

And the frequency of the oscillation given by equation 3-24 is referred to as the damped

natural frequency, the undamped or natural frequency of the system 1s:
a)" = eq. 3-29

Where: @, = Natural frequency.

Wy

Damped natural frequency.

N
I

Damping ratio.
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Chapter 4
SOFTWARE DEVELOPMENT

Typographic Conventions

This manuscript uses standard typographic conventions when referring to the software

functions and user interface. Table 4-1 shows examples of the conventions used.

Table 4-1 TypographicYConventions

Function Examples
Press <Enter>
Keyboard keys are enclosed by angle brackets. ' Press <Tab>
Press <F1>
Key combinations (“Hot-keys”) are keyboard keys joined Press <Alt> + <X>
by a plus sign. This means to press and hold the first key Press <Shift> + <F7>
and then press the second key. ‘ Press <Ctl> + <S>
Buttons and Tabs on the screen are enclosed by straight Click [OK]
brackets Click [Cancel]
) Click [Help]
Labels and other text on the screen are enclosed by single ‘Sample Rate’
uotes ’Pitch Rate’
q ' "Display Length’
Pull-down or pop-up menus and submenus 1nstructions are Select File | Save

Select Calibrate | DMU-AHRS

separated by the pipe (|) symbol. Select Edit | Copy

Information to be typed by the user appears in bold face. Type A:\setup

A
Software Definitions

Table 4-2 lists the computer software definitions used throughout this manuscript. These
definitions are provided for the understanding of basic terminology associated with the use of

personal computer software applications.
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Table 4-2 Software Definitions

Term

Definition

Click

Control

Dialog Box

Double Click

Field

Focus

Hot Key
Indicator

Menu

Popup Menu

Select

Window

To tap on a mouse button, pressing it down and then immediately releasing
it. Note that clicking a mouse button is different from pressing (or dragging)
a mouse button, which implies that you hold the button down without
releasing it. The phrase to click on means to select (a screen object) by
moving the mouse pointer to the object's position and clicking a mouse
button.

An object in a window or dialog box that allow user adjustment or input.
Examples of controls include push-buttons, sliders, check boxes, and drop-
down lists.

A box that appears on a display screen to present information or request -
input. Typically, dialog boxes are temporary -- they disappear once the user
has entered the requested informatjon.

Some operations require a double click, meaning that the user must click a
mouse button twice in rapid succession. The time interval between the
clicks is determined by the setup of the host computer.

A space allocated for a particular item of information. Most fields have
certain attributes associated with them. For example, some fields are
numeric whereas others are textual.

When an object has the focus, it can receive input from a user. In the
Microsoft Windows interface, several applications can be running at any
time, but only the application with the focus will have an active title bar and
can receive user input. Within the active application only one control can
receive user input by means of the keyboard or pointing device. The
control with the focus will generally have a visual cue (highlight, blinking
cursor, etc.) to indicate the focus.

A key sequence that executes a command.
A window object that displays data or output.

A list of commands or options from which the user can choose. The user
can choose an item from the menu by highlighting it and then pressing the
Enter or Return key, or by simply pointing to the item with a mouse and

- clicking one of the mouse buttons.

A menu that appears temporarily when the right mouse button is clicked on
a selection. Once a selection is made from a pop-up menu, the menu
automatically disappears.

To choose an object so that you can manipulate it in some way. To select
an object, move the pomnter to the object and click a mouse button or press
the <Tab> key repetitively until the control has the focus.

An enclosed, rectangular area on a display screen in which the graphical
user interface is displayed.
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Development Environment

National Instruments’ LabVIEW software is the host application that runs the Helicopter
Stability and Control Analysis Software developed in this effort. LabVIEW was chosen for this
role because of the powerful built-in data acquisition, signal processing, data analysis, data
presentation and data storage capabilities. LabVIEW combines an easy-to-use graphical interface
with the ﬂexibilitsl of a powerful programming language. It offers an intuitive environment,
tightly integrated with measurement hardware that permits the programmer to rapidly produce
solutions for data acquisition, data analysis, and data presentation

G is the programming language at the heart of LaI;VIEW. G, like C or BASIC, is a general-
purpose programming language with extensive libraries of functions for any hprogramming task.
G includes libraries for data acquisition, General Purpose Interface Bus (GPIB) and serial ’
instrumpnt control, data analysis, data presentation, and data storage. It also includes
conventional program debugging tools, breakpoints can be set, ;:xecution can be z;nimated and/or
single-stepped through the program to see how data passes through the program. This makes
debugging and program development easier. G differs from those programming la.nguagés in one
major aspect. OFher programming languages are text-based while G is graphical.

G is a general-purpose programming system, but it also includes libraries of functions and
development tools specifically designed for data acquisition and instrument control. G programs
are called virtual instruments (VIs) because their appearance and operation can imitate actual
instruments. However, VIs are similar to the functions of conventional programming languages.

A VI consists of an interactive user interface, a dataflow diagram that serves as the source
code, and icon connections that set up the VI so that it can be called from higher level VIs. More
specifically, VIs are structured as follows.

e The interactive user interface of a V1 is called the window or front panel, because it

simulates the panel of a physical instrument. The front panel can contain knobs,
pushbuttons, graphs, and other controls and indicators. You enter data using a mouse and

keyboard, and then view the results on the computer screen.
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Figure 4-1 G Programming Block Diagram Example

e The VIrecerves mstructions from a block diagram, which 1s constructed m G The block
diagram 1s a pictorial solution to a programming problem The block diagram 1s also the
source code for the VI An example block diagram 1s shown m figure 4-1
* VlIs are hierarchical and modular They can be used as top-level programs, or as
subprograms within other programs or subprograms A VI, when used withmn another V1,
1s called a subVI The icon and connector of a VI work like a graphical parameter list so
that other VIs can pass data to a subVI
With these features, G makes use of the concept of modular programming The application
can be divided mto a series of tasks, which can be divided again until a complicated application
becomes a series of simple subtasks A VI1s built to accomplish each subtask and then those Vs
are combined on another block diagram to accomplish the larger task Finally, the top-level VI
contains a collection of subVIs that represent application functions
Because each subVI1s executable mmdividually, separate from the rest of the application,
debuggmg 1s much easier Furthermore, many low-level subVIs often perform tasks common to
several applications, so specialized set of subVIs are developed which can be reused 1n future

applications [15]

Software Testing and Debugging

The software developed mn this effort was tested and debugged continually during the
development process The testing included two major parts, the user mterface functionality and

the processing of the data Functional testing of the user interface was straightforward This
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included verify that each component of the interface completed the intended program task. For
example, clicking a menu or button on the window should execute the appropriate task. This was
completed in a systematic method to ensure the entire user interface was functional.

Data processfng testing was more complicated and included several methods of providing
input data to the software data processing routines. During the development of the this software
the hardware components of this system were not available. This meant that data acquisition
from the actual aircraft was not possible. Three methods were used to provide artificial data to
the program First a math model was used to generate a pure signal that represented an
appropriate system response (first order/second order). This technique was used to validate the
data analysis functions and to ensure the data flow through the program was correct. Once the
data flow was validated, the math model was modified to introduce a randomized scatter into the
pure signal to qualitatively assess the robustness of the data analysis functions. Next a control on
the user interface was added that allowed a simulated input signal to be fed to the to the program.
This method removed the math model and provided data that often was not compliant with the
theoretical math model. This allowed for further assessment of the robustness of the analysis
functions. The final method of data input was to manually input data that were recorded from a
different data recording device 1nstalled in another aircraft. This method was intended to validate
the software data processing routines with real aircraft data. In actuality the recorded data that
was available had a high level of noise and was ineffective in providing meaningful assessment of
the software data processing capabilities. This testing did highlight the fact that if the signals
received from the designed hardware are noisy, then there may need to be additional signal
processing routines added to the software. This additional signal processing capability could
easily be added to the data acquisition routines. Several implementation methods for adding
signal processing could be used One method is to apply a set of predetermined filters to the
necessary data channels in the design of the software code. With this approach the user is not
burdened with understanding and applying the necessary filtering However, this method is
totally inflexible and could be ineffective in some circumstances A much more flexible method
would allow the user to apply and adjust the filters for each data channel. Although this method

would be fully customizable to the specific application, 1t would require a comprehensive user
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understanding of the data filtering requirements. Also, implementation of this method would
require an extensive programming effort to develop a practical user interface to apply the desired

data filtering.

Program Flow

During the preliminary design phase of the development of the Helicopter Stability and
Control Flight Testing program a simple user mterface was a primary design driver. The overall
scheme of the software was envisioned to be ‘Switchboard’ window with a series of choices to
select the desired ﬂight test. Once selected, the flight test window would allow the user to collect
the flight data, analyze it and allow the user to save the data if desired. This model is very simple

as shown in figure 4-2.

Switchboard

I

Flight Tests
Data Collection

=

Figure 4-2 Imtially Envisioned Program Block Diagram

The simplicity of this model proved to be impracticable It was impossible to design good
interface windows that provided data collection, presentation and analysis in one window. It
became clear that it was necessary to separate the data collection from the presentation and
analysis. The final model that was implemented in the Helicopter Stability and Control Flight
Testing program is shown in figure 4-3. Independent data presentation windows provided an
opportunity to format the data in a fashion that was compatible with the desired printed data
output. The second benefit of dividing the data collection and data presentation windows is the
ability of collecting data 1n flight without having to spend time with detailed analysis inflight.

Data can be collected and saved to disk, then after the flight the data can be reopened and
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Figure 4-3 Fial Program Block Diagram

analyzed on the ground. The saved data are opened in a data presentation window without the
clutter of the data collection interface. The final advantage of dividing the data collection from
the data presentation was that it allowed for greater used of code modularization. In several
cases, major portions of the data presentation windows could be reused for multiple flight tests.
Another example of modularization is in the analysis tools. There are two primary analysis tools
that are called from any of the data presentation windows.

i
The Main Window

The main window for the Helicopter Stability and Control Flight Testing program is shown in
figure 4-4. This window is presented when the program is initially started and whenever specific
testing or analysis 1s not being conducted. The sample rate is adjustable with the knob at the top
left. The indicators in this window provide a continuous, real-time, graphical representation of
each of the data channels. The attitude, heading, and linear acceleration indicators at the top of

the window provide only instantaneous values; whereas, the body rates and control position
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Figure 4-4 Main Window

graphs display short time history plots for these parameters. The length of the histories are
adjustable with the ‘Sample Length’ control at the bottom left of the window.

The menu structure of the Main window provides access to the programs functionality.
Navigation between the main window and the functional areas of the program is accomplished by
this hierarchal menu system. The top level of this structure includes the File, Calibrate, Acquire
Data, Review Data, and Help selections. The Calibrate, Acquire Data, and Review Data
menu selections contain the primary functions of the software. System calibration functions are
performed from the Calibrate menu, the Acquire Data menu allows access to each of the flight
test data acquisition windows, and the Review Data menu accesses the data presentation and
analysis windows. The complete menu structure is shown in figure 4-5.

The File menu allows the user to send an image of the Main window, with the current
displayed data, to the printer. To configure the printer, the user can select ‘Print Setup...”. Also,

the application can be closed by selecting the ‘Exit’ command from the File menu.
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The core functionality of the program is nested in the Acquire Data and ,the Review Data
menus. The flight teéts are organized by three‘categories within the Acquire Data menu
selection: Hover and Low Speed Tests, Forward Flight Longitudinal Test§, and Forward
Flight Lateral-Directional Tests.

The Help menu curréntly contains only one functional selection. The About menu selection
opens a window that displays some descriptive information about the Helicopter Stability and
Control Analysis Software. The Help Topics and Index selections are not functional in tlus

version of the software.

.System Calibration

The Helicopter Stability and Control Analysis Softvbare and instrumentation sensor package
hardware milst be calibrated for each aircraft into wh;ich the hardware is installed. Once the -
calibration is completed the calibration data are automatically saved to the computer hard drive .
and automatically loaded into memory each time the proéram is run: If the hardware is moved
back and forth between two or more test ve;hicles, calfbration must be performed after each move,
even if the hardware‘was previously installed in that particular vehicle. Cal';bration of the system
is largely conducted through the software interface. The software controlled calibration functions -
are accessed through the ‘Calibrate’ menu selection from the main window. The éompbnents
which require calibration are the DMU-AHRS and the control position wire pull displacement

transducers.’

DMU-AHRS

To access the control position sensor calibration dialog box (figure 4-6) (sele‘c‘t |
Calibrate | DMU-AHRS from the mamn window menu. There are three separate calibrations that
may be conducted with this dialog box. h

Calibration constants that are necessary to correctly scale the output data are stored internally
- in an EEPROM memory chip. These constants are the custom offset and sensitivity information
determined for each AHRS unit. Each AHRS unit calibration constants are set at the factory and
rshould not have to-be changed: However, this information can be input into the f:onﬁgurgtion
screen by selecting ‘Calibration Constants’.

36



E & DMU-AHRS Calibration

Figure 4-6 DMU-AHRS Calibration Dialog

The ‘Zero Rates’ button is used to zero the rate sensor outputs. This should be an essential
part of your strategy in using the DMU effectively. The pitch, roll and yaw angles are calculated
by integrating the output of the angular rate sensors. Rate sensors are subject to small offsets in
the angular rate measurement. A constant offset error in angular rate will be integrated into an
error in angle that increases with time -- angular drift. The DMU rate sensors should be zeroed to
maintain the best accuracy.

The rate sensors will need to be zeroed more often when subject to large shocks or extremes
of temperature. After pressing the ‘Zero Rates’ button the AHRS must be motionless for
approximately 5 seconds. The DMU unit should be stationary during the zeroing process, but
need not be level. Zeroing measures the bias in the output of the rate sensors when the DMU is in
a condition of zero angular rate. [16] These values are used to minimize errors in the rate sensor
measurements.

The DMU-AHRS uses magnetic sensors to compute heading. Ideally, the magnetic sensors
would be measuring only earth's magnetic field to compute the heading angle. In actual
applications, however, residual magnetism in the DMU-AHRS itself and in the aircraft will add to
the magnetic field measured by the DMU. This unaccounted for magnetic field will create errors
in the heading measurement if they are not determined and corrected. The DMU-AHRS can
actually measure any extra constant magnetic field that is associated with the DMU installed in
the aircraft and apply the appropriate correction. This process is called hard iron calibration. The
Hard Iron Calibration will help correct for magnetic fields that are fixed with respect to the
DMU. It cannot correct for time varying fields, or fields created by components that move with
respect to the DMU. The DMU accounts for the extra magnetic field by making a series of

measurements.
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To start the hard iron calibration by clicking the ‘Begin Magnetic Calibration’ button. The
DMU will use all subsequent measurements to model ihe ;nagnetic environment. The pilot
should make at least two complete pedal turns, with as much-variation in pitch and roll as
possible. After completing the pedal tums clicl(~ tile ‘End Magnetic Calibration’ button to end
the hard iron calibration process. The DMU will calculate the h;nd iron magnetic fields and store

these as calibration constants in the EEPROM. To clear the hard iron calibration constants,

‘Clear Magnetic Calibration’ button. The DMU will set the hard iron correction to zero. This is

useful in determining the performance of the bare sensor. For best accuracy, conduct the
calibration process with the DMU installed in the aircraft. Performing the calibration process
with the DMU by itself, only corrects for the magnetism in the DMU itself. If the DMU is then

installed in an aircraft, errors arising from the magnet fields associated with the aircraft will

result.

Control Position Wire Pull Displacement Transducers

Calibration of the control position wire pull transducers is condlicted with the rotors static. If
the aircraft is equipped with hydraulically actuated flight controls it is highly recommended that \
the hydraulic system be energized to provide a mc;re accurate system calibration.

To access the control position sensor calibration dialog box (figure 4-7) select
Calibrate | Control Position Sensors from the main window menu. The use of this dialog box
is straightforward. Simply place the coqtr())l to be calibrated in the indicated position and click on
the button corresponding to the position of the control. Calibration of the cyclic position wire
pull transducers requires some further explan;tion. When the [Forward Ortho] button is clicked
the actual position of the cyclic must be against the forward stop but it must also be aligned
orthogonal to the longitudinal wire pull transducer. This method is particularly important if the
longitudinal (or lateral) wire pull transducer is not centered within the lateral (or longitudinal)
control travel as shown in figure 4-8. For the [Aft Ortho] position, the cyclic must be against the
aft stop and again aligned orthogonal to the longitudinal wire pull transducer. The same basic
method is used for the [Left Ortho] and [Right Ortho] positions, the control must be aligned A

orthogonal to the lateral wire pull transducer and against the left and right stops respectively. The

i
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Figure 4-7 Flight Control Position Wire Pull Transducer Calibration Dialog
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Figure 4-8 Proper Cyclic Control Positioning for Wire Pull Transducer Calibration
cyclic [Center] position is also marked with the cyclic positioned orthogonal to both the lateral
and longitudinal wire pull transducers. The cyclic corner positions ([Left Forward], [Right
Forward], [Left Aft], and [Right Aft] ) are marked at the extents of the cyclic control envelope.
Procedures

1. Position the appropriate flight control in the correct position. The order in which the
control positions are marked is not important; however, a systematic method should be
used to avoid missing a calibration point. Calibration requires all indicated control
positions be marked.

2. Click the button associated with the position of the control.

3. Repeat this procedure for each of the control positions indicated.

4. Click [OK] to save the calibration data to the hard disk.
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Program Notes:

The posmons of the other controls are ignored while one control is calibrated. For example
.collective and pedals positions are immaterial when calibrating the cyclic travel. )

Clicking the [Cancel] button discards any collected control position calibration data and
closes the Flight Control Position Calibration winclow.

' ‘Several important details should be mentloned about figure 4-8. First, notice that the wire
extending from the lateral wire pull transducer is perpendicular to the aircraft’s x-axis at
ca{libration points d, e, and f. At points b, e, and h, the longitudinal wire pull transducer wire is
perpendicular to the y-axis. This defines the meaning of the \expression “orthogonal to the wire
pull transducer”. This positioning of the cyclic bontrol does not place the control in the center of
the control envelope but is important to the proper determination of the cyclic posilion. . \

Next, figure 4-8 iodicates that the lateral wire pull traosducer is positioned to the left of the
cyclic envelope and tlle longitudinal wire pull transducer is positioned forward of the cyclic. This
\ configuration is not necessary for this program to properly function, these transducers can be
positioned on either side of the control envelope. The important constraints in mounting the
. cyclic wire pull transducers is that they are: 1) at very nearly the same height as the point where
the wires attach to the cyclic control, and 2) within the bounds of the opposite axis coﬂtrol ~
envelope. The second requirement means that the lateral wire pull transducer should not be
mounted any further forward or aft than the longitudinal cyclic control limits, and the longitudinal
transducer must not be mounted left or right beyond the lateral control bounds.

. Finally, an important detail shown in figure 4-8 is that at the corner of the control envelope

closest to both transducers (pomt a), the two wires do not reach a point where they progress over-

’ center. An over-center condmon would be where the cycllc control could be posmoned to a point
where the wires reach a maximum amount or retraction and then begin to extend again as the )
control is moved toward the corner of the control envelope The cyclic control should never cross
a line that connects the two points of origin on the wire pull transducers to arrive at any extent of

the control envelope. . v
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Mathematics of Control Position Determination
The determination of the collective and pedal position is based on a ratio of the current

control position to the total control travel. This control position percent travel value is computed

as follows:

Posgy = Coll, Coll,y, eq 4.1
Potcy, —Potg,
Pot,,; — Pot /

Posp,y = ~= ~el eq. 4-2
POtPedMﬂ - POtPEdM,,,

Where: Pos,, = Collective position as a percent of total travel.
Potc,, = Instantaneous collective wire pull transducer (WPT) value.,
Potc,, = Minimum collective WPT value.

Potc,, = Maximum collective WPT value.
Pos,,; = Pedal position as a percent of total travel.
Potp,, = Instantaneous pedal WPT value.

Minimum pedal WPT value.

Pot Pedygy

Poty,, = Maximum pedal WPT value.

v

The determination of the cyclic position is cohsiderably more complicated because the two-
dimensional movement of the cyclic control. Although the cyclic position is measured by two
wire pull transducers, the readings from these tr;lnsducers does not directly correspond to lateral
or longitudinal cyclic control position. Each transducer actually measures the radius of a circle
which is centered on the position of the respective wire pull transducer. If arcs are circumscribed
control as shown in figure 4-9.

The calculations used to determine this position are based on the equation for a circle

(equation 4-3).
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Figure 4-9 Determination of Cyclic Control Position

The general form for the equation of a circle is:

r=G— Ay + (- k) eq 43

Where: r = Radws of the circle

x = Abscissa or horizontal coordinate

y = Ordinate or vertical coordinate.

h = Honizontal displacement of the center of the circle from the origin
k = Vertical displacement of the center of the circle from the origin.

The two circles that are circumscribed around the two wire pull transducers are:

"1=\/(x"h1)2+(}’—k1)2 eq. 4-4

r2=\/(x—h2)2+(y—k2)2 eq. 4-5

The x coordinates for the given radii are expressed by solving for x as follows:

X, =h + \/rl2 + 2k, y, — k12 - yl2 eq 4-6

Xy =hy +4n +2k,y, -k, -y, eq. 4-7

The y coordinates for the given radii are expressed by solving for y as follows:
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=k "'\/"12 +2hy, _h12 ;xlz

ya =k +yn +2hy; —h* - 5}

eq. 4-8

eq. 4-9

Since the intersection of the two arcs is the point of interest, x;, =x, and y, =y,. Thena

s

Cartesian coordinate system is defined where the origin is at a point where k; =

shown in figure 4-9. Substituting and simplifying:
—4h,r, +4h,k P + 4k, R + 4k, + ...

( ) (nk,2 )+ (2k4 2 )+ (K, )+

k2 )+(2h k2 )+ @22 )-

( ) b

’_\

xX=

2(an,? + 4k.2)

and:

yer ~G-hY

Where: x

Lateral Cartesian coordinate cyclic position.

y Longitudinal Cartesian coordinate cyclic position.

0,and k, = 0 as

eq. 4-10

eq. 4-11

h; = Lateral position of the latéral wire pull transducer (WPT).

hy, = Lateral position of the longitudinal WPT.
- k; = Longitudinal position of the lateral WPT.
k; = Longitudinal position of the longitudinal WPT.
4 r; = Instantaneous lateral WPT value.
r; = Instantaneous longitudinal WPT yalue.

Then, the control position is expressed as a percentage of the total axis travel by:

p x—Pot,,
Pot,, —Pot,,
4
y - Pot,
Pos Long = Long v

43



Where: Pos,, = Lateral cyclic control position.

x =, Lateral Cartesian coordinate cyclic position. - -
Pot,, = Minimum lateral cyclic control WPT value.

Pot,, = Maximu;n lateral cyclic control WPT value.

Pos,,,, = Longitudinal cyclic control position.

y = Longitudinal Cartesian coordinate cyclic position.

Pot Longyy, = Minimum longitudinal cyclic control WPT value.

P?tunng = Maximum longitudinal cyclic control WPT value.

Data Acquisition

The data acquisition device for this project is the IOtech Dag/112B data acquisition (DAQ)
PCMCIA notebook computer expansion card. This card is an analog to digital converter with
built in data buffering to prevent data loss. The maximum sampling rate is 100 kHz, with 12 bit
resolution, on up to 16 channels. For each flight test the software automatically selects the
appropriate data channels to properly document the test Being performed. The setup of the DAQ
device for each test is simplified to the extent that the only user configuration necessary is the
selection of the sample rate. The sample rate parameter for each test defaults to a value that is
typically adequate to achieve acceptable test resplts.

The sa;nples of a signal obtained from the ﬂata acqliisition card constitute the time domain
representation of the signal. This representation gives the amplitudes of the signal at the instant of
time during which it had been sampled. When the signal that is being samI;led repi'esents a non-
oscillatory response, the sample rate needs only to be rapid enough to adequately define the shape
of the signal. If, however the signal represents an oscillatory function, the sampling rate must be
more carefully selected to avoid misrepresenting the signal as discussed below. In any case the
data collected from the DAQ system is always in the form of time domain information; that is, the
amplitude of the signal at one instant or a series of equally spaced time intervals. Howéver, in
many cases it is desirable to know the frequency content of a signal rather than the‘ amplitudes of
the individual samples. The representation of a signal'in terms of its individual frequency

components is the frequency domain representation of the signal.
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The algorithm used to transform samples of the data from the time domain into the frequency
domarn 1s the discrete Fourier transform or DFT. The DFT establishes the relationship between
the samples of a signal in the time domain and their representation in the frequency domain.

When the DFT 1s applied to N samples of a time domain representation of the signal, the
result is also a sequence of length N samples, but the information it contains is of the frequency
domain representation. The relationship between the N samples n the time domain and the N
samples in the frequency domain is explained below.

If the signal is sampled at a sampling rate of f; Hz, then the time interval between the samples
1
(that is, the sampling interval) is At, where At = f— .

‘When the sample signals are denoted by x[i], 0 < i < N-1 (for N samples). The discrete

Fourier transform, given by.
X,=Yxe V¥ eq. 4-14

The resulting output 1s the frequency domain representation of x[i] Both the time domain x
and the frequency domain X have a total of N samples. Analogous to the time spacing of Az
between the samples of x in the time domain, the frequency spacing 1s:

aedio L

eq. 4-15
N NA:

Afis also known as the frequency resolution. To increase the frequency resolution (smaller

Af) the number of samples (V) must be increased,’ (with f; constant) or the sampling frequency, f;
must be decreased (with N constant).

A/D converters (ADCs) are an integral part of DAQ process. One of the most important
parameters of an analog mput system is the rate at which the DAQ board samples an incoming
signal. The sampling rate determines how often an analog-to-digital (A/D) conversion takes
place. A fast sampling rate acquires more points in a given time and can therefore often form a
better representation of the original signal than a slow sampling rate Sampling too slowly may
result in a poor representation of the analog signal. Figure 4-10 shows an adequately sampled

signal, as well as the effects of under sampling. The effect of under sampling is that the signal
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Adequately Sampled Signal

Aliased Signal due to Undersampling

Figure 4-10 Effect of Sampling Rate on Digital Sampling of an Analog Signal

appears as if it has a different frequency than it truly does. This misrepresentation of a signal is
called an alias. |

According to the Nyquist theorem, to avoid aliasing sampling must occur at a rate greater
than twice the maximum frequency component in the signal being acquired. For a given °
sampling rate, the maximum frequency that can be represented accurately, without aliasing, is
known as the Nyquist frequency. The Nyquist frequency is one-half the sampiing frequency.
Signals with frequency components above the Nyquist frequency will appear aliased between DC
and the Nyquist frequency. The alias freqﬁency is the absolute value of the difference between
the frequency of the input signal and the closest integer multiple of the sampling rate. The next
two figures illustrate this phenomenon. For example, assume f;, the sampling frequency, is
100 Hz. Also, assume the input signal contains the following frequencies —25 Hz, 70 Hz, 160
Hz, and 510 Hz. These frequencies are shown in figure 4-11.

In figure 4-11, the frequencies below the Nyquist frequency (f/2 = 50 Hz) are samp}ed
correctly. Frequencies above the Nyquist frequency appear as aliases. For example, F1 (25 Hz)

appears at the correct frequency, but F2 (70 Hz), F3 (160 Hz), and F4 (510 Hz) have aliases at
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30 Hz, 40 Hz, and 10 Hz, respectively. To calculate the alias frequency, use the following

equation: | \ o - \
Fa = |- £.)= Fpu eq.4-16
Where: - fi = Aliased’Freqli‘ehcy.
Ix fs = Clésest integer multi'ples of the sampling frequency, f..
Sonpu ~= Actual‘ ﬁ'equc;ncy.
, For‘exaj;nple, ﬂh ‘ - " / .

) Alias F2 = |[(I x 100)-70| = 30 Hz
Alias F3 = |(2 x 100) - 160| = 40 Hz
Alias F4 = |(5 x 100) - 510| =10H: : o
,'}I‘he obvious question is, “How fast should I sample?” The first thought may be to saml;le at
the maximum rate available on the DAQ card. However, if you sample very fast over lopg
periods of time, you may not have enough memory or hard disk épdce to hold the data. Figure
4-12 shows the effects of various sampling rates. In case a, tﬁe sine wave of frequency fis
sampled at the same frequency, f; (samples/seé) = f (cycles/sec), or at 1 sample per cycle. The
reconstructed waveform appears as an alias at DC. As you increase the sampling to 7 samples/4
cycles, as in case b, the wa\f‘gform increases in frequency, but a!iases to a frequency less than the
original sighal (3 cycles instead of 4). The sampling r;te in cas;a bisf;=7/4 f. If you increase the

sampling rate tofs = 2f, the digitized waveform has the correct frequency (same number of
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Figure 4-12 Example Sampling Rates

cycles), and can be reconstructed as the original sinusoidal wave, as shown in case ¢. For time-
domain processing, it may be important to increase your sampling rate so that the samples more
closely represent the original signal. By increasing the éampling rate to well above f, say to f;

=10f, or 10 samples/cycle, you can accurately reproduce the waveform, as shown in case d.

Data Anélysis

The data collected' during the flight testing falls into two major categories. These are sﬁtic
data and dynamic data. Static data are relatively constant for the sampling period, whereas
dynamic data are coniinuously changing during the sampling period. Typically static data are
plotted and stand alone representing an aircraft characteristic. Some interpretation may be
neceésary,‘ for example determining the sign of the slope (;f a line, but these data generally do not
require complicated mathematical analysis. The specific methods for analyzing static data are
discussed with the data red;lcﬁon techniques for each test. The analysis of dynamic data usually

require significantly more complex mathematical methods to determine the engineering results.

First Order Dynamic Response Data Analysis
Program Operation

. The computer method for analyzing a dynamic response is a two step process. First, the

acquired data are trimmed to remove extraneous data that was recorded before and after the

48



desired response sequence. Then the relevant data are passed to a first order response data
analysis window.

The flight tests which acquire dynamic data have an [Analyze Data] button. Clicking this
button will pass the accumulated data to the appropriate analysis routine. This process begins by
sending the data to the Trim Data Plot window (figure 4-13). The Trim Data Plot window is
opened with the time history data for the chosen motion displayed.

The following procedures are used to operate this window:

Procedures

1. Drag the green triangle at the top of the graph to the beginning and the red triangle to the

end of the relevant data. Alternatively, enter time values corresponding to the beginning
and end of the relevant data, in the ‘Begin Selection’ and the ‘End Selection’ controls at
the bottom of the graph. The ‘Begin Selection’ control should be set to a point where
the rate first begins to increase. The ‘End Selection’ control should be set to the highest
rate point. If there is any data where the rate begins to decrease, these data must be
trimmed with the ‘End Selection’ control, or some of the analysis tools will fail.

2. Click [Trim Selection] to trim the unwanted data from before the beginning and after the

end of the selected data.

3. Click [Continue] to close the Trim Data Plot window and pass the selected data to the

Analyze First Order Response window or the Analyze Second Order Response window
as appropriate. Clicking the [Continue] button also trims the data from before the

‘Begin Selection’ and after the ‘End Selection’ settings.

Figure 4-13 Trim Data Plot Window
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The Analyze First Order Response window (figure 4-14) is opened with the data that was
passed to it displayed. The top left area of this window shows information about the sample data
that was passed to the window in the ‘Sample Information’ section. This information includes
the rate at which the sample was taken and the length of the trimmed data in seconds. The
calculated engineering data results are also presented at the top of this window in the ‘Test
Results’ section. The Test Results are constantly calculated as the analysis parameters (‘Steady

State’, or ‘Start Time’, and ‘End Time’) are adjusted.

Figure 4-14 Analyze First Order Response Window

The last control at the top of this window is the ‘Analysis Method’ selection control. This
control allows the user to choose one of two mathematical analysis methods. The two methods
are the ‘Steady State Rate Method’ and the ‘Change in Rate Method’. The
‘Steady State Method'’ is the simpler of the two methods; however, this method can only be
utilized if a steady state rate is achieved in the flight test. If a steady state rate is not achieved
during flight testing the ‘Change in Rate Method’ must be utilized.

Procedures
1. Select the desired ‘Analysis Method’ by clicking on the appropriate option in the
‘Analysis Methods’ section. It is normally easier to use the ‘Steady State Rate
Method' if the data clearly illustrates that the steady state was achieved. The ‘Change in
Rate Method’ can be utilized to analyze nearly any data but is more difficult to properly

operate.
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Figure 4-15 Determination of the Time Constant from the Steady State Rate

Steady State Rate Method (Figure 4-15)
2. Set the ‘Steady State’ by setting the numeric value or by dragging the red line at the
right edge of the graph. The steady state rate is the value at which the rate stabilizes.
This is the rate where the forces or moments are balanced with the damping.
Change in Rate Method (Figure 4-16)
3. Set the ‘Start Time’ and the ‘End Time’ values by setting the numeric values or by
dragging the red lines at the top edge of the graph. As the ‘Start Time’ and the
‘End Time’ settings are adjusted the program will continuously display the midpoint

(Mid) between these two points. Also, while adjusting these parameters ihe Time

Figure 4-16 Determination of the Time Constant by the Change in Rate
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Constant will be calculated and displayed on the graph. To properly adjust these analysis

parameters requires some experimentation.

a. If the plot consists of a concave up portion and a concave dowh portion the
‘Start Time’ should be set to a point after the end of the concave up segment.

b. The ‘End Time’ setting should be initially set to encompass the majority of the
concave down portion of the plot.

c. Make small adjustments to either or both the ‘Start Time’ and the ‘End Time’ values
until the midpoint and the time constant indicators are as close to each other as
possible.

Both Methods

4. When the analysis parameters are satisfactorily adjusted to adequately define the time

constant, click the [OK] button to pass the engineering data results back to the originating

flight test data presentation window.

The Analyze First Order Response window utilizes a body axis rate to determine the time
constant of the mode of motion. This method is not practical for the analysis of the spiral
response because the roll rates for this response are generally very low. Therefore, for this test,
the program uses a variation of the first order analysis methods shown above. This technique
uses the aircraft’s roll attitude time history trace to determine the time constant. The window

used for analysis is shown in figure 4-17.

Figure 4-17 Analyze Spiral Response Window
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This windew is very similar to the Analyze First\Order Response window above. This
methed determines the time required for the bairk angle to either half or double from the~ initial
trim value. The calculated engineering data results are presented at the top of this wmdow in the
‘Test Results’ section. The Test Results are constantly calculated as the analysis parameter
(‘Inltial Bank Angle’) is adjusted. The ‘Analysis Method’ selection control at the top of this \
window is used to select either the time to one-half or the tlme to double.

Procedures | ‘ |
1. Select the desired ‘Analysis Method’ by clicking on either ‘Time to 1/2 Amplitude’ or
‘Time to Double Amplitude’. ‘ o
2. Setthe ‘Initial Bank Angle’ setting by setting the numeric value or by dragging the red
line at the right edge of the graph. This is the equlllbnum flight condition bank angle
from which the test began. As this  parameter is adjusted the time to half or double
amphtude is contmually computed and d1splayed

3. When the ‘Inltlal Bank Angle’ is satlsfactonly adjusted to adequately define the time

constant, click the [OK] button to pass the engineering data results back to the originating

flight test data presentation window.

B

Analysis Mathematics

The mathematics required to calculate the desired engmeermg data are derived from the
equations of - a first order response presented in chapter 3. The procedures used are entirely
different for the three analys1s methods. I ‘ ) -

Steady State Rate Method

First, 63.2% of the user set steady state rate is ’deterrnined. This value is the ordinate value of
a point 'along the plot whose abscissa corresponds to the time constant value. The time constant is
determined by perforrhing a cubic spline interpolation along the plot at the calculated ordinate.
The interpolant used for this functioln‘is determined by ﬁnding the second derivative of the curve

at each point along the plot: Once the time constant is determined the characteristic root is

calculated by finding the negative inverse of the time constant as follows:
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T
Where: A = Characteristic root.
’ T = Time constant.
Change in Rate Method

eq. 4-17

The values for the parameters indicated in figure 4-18 are determined as follows. First, the

value for the midpoint (t2) between the ‘Start Time’ and the ‘End Time’ values is calculated.

Then the values Y1, Y2, and Y3 are determined by performing a cubic spline interpolation along

the curve at t1, t2, and t3. Finally, Al and A2 are calculated as the difference between Y1 & Y2,

and Y2 & Y3 respectively.
% , )
o t1 = Analysis Start Time
Y3 L t2 = Analysis Midpoint
Y2 A,z t3 = Analysis End Time
Al Y1 = Ordinate of t1
Y1 Y2 = Ordinate of t2
Y3 = Ordinate of t3
= Al = Distance between Y1 and Y2
at | dt Time A2 = Distance between Y2 and Y3
1 2 t3 .

Figure 4-18 First Order Response Analysis Parameters used in the Change in Rate Method

Once all the indicated values have been measured or calculated the time constant is calculated

as follows:

dt=12-f1=3-12

Al=Y2-Y1
A2=Y3-Y2
dt

N
A2
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eq. 4-18
eq. 4-19
eq. 4-20

eq. 4-21



Where: dat

Change in time.

tl = Anaiysis start time.

12 = Analysis midpoint time.

3 = Analysis end time.

Y1 = Ordinate value corresponding to the analysis start time.

Y2 = Ordinate value éérrespondmg to the analysis midpoint time.
Y3 = Ordinate value corresponding to the arialysis end time.

Al = Change in rate over first period of time.

A2 = Change in rate over second period of time.

T = Time constant. -

Once the time constant is determined the characteristic root is calculated by finding the

negative inverse of the time constant as follows:

A= —l A ' eq. 4-22
T
Where: A = Characteristic root.
T = Time constant.
Spiral Mode Method

First, 50% or 200% of the user set initial bank angle is determined. This value is the ordinate
value of a point along the plot whose abscissa corresponds to the time to half or double
amplitude The time to half or double amplitude ié determined by performing a cubic spline
interpolation along the plot at the calculated ordinate. The interpolant used for this function is

determined by ﬁndmg the second denvatlve of the curve at each point along the plot Then the

time constant is calculated by equation 4-23 or 4-24 Once the time constant is determmed the
charactenstlc root is calculated by finding the negative inverse of the time constant as shown in

equatlon 4-25.

eq. 4-23
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T= = eq. 4-24
In(0.5) ' N 4
‘ 1
A=—-= eq. 4-25
T
Where: T = Time constant.
T, " = Time for the bank angle to subside to one-half the initial value.
Tyx = Time for the bank angle to increase to double the initial value.
A = Characteristic root.

Second Order Dynamic Response Data Analysis

The anal);sis techniques used to determine the desired eﬁgineering data results are divided
into two s';ub-qétegories. The difference 1f1 the techniques is based on the amo;mt of damping . .
present in the system being analyzed. In terms of the damping ratio, systems with a damping
ratio of 0.5 or less are referred to as lightly damped in this manuscript. Damping ratios of 0.5 or
greater are considered heavily damped. The computer data analysis routines that are coded into

the software will adequatefy’quantify second order responses with damping ratio values between

| approxil;lately - 0.3 and +1.3. The ylightly damped oscillation method wqus well for systems -

. that have a damping ratio between — 0.3 and + 0.5. Correspondingly, the heavily damped
oscillation method works well for systems that have a damping ratio between + 0.5 and)+ 1.3.
Realistically; systems that have a damping ratio that is less than — 0.3 are relatively unlikely. -
However, if this type of response is_ encountered in flight testing, precisely quantifying the
response is not as important as determining how quickly the response diverges. Also, systems
that have a damping ratio of greater thap 1.5 are so over:damped that quantifying this is also
uﬁnecessary. i)ming flight testing, systems that have approximately 0.8 or greater damping ratios

will appear deadbeat to the pilot.

Program Operation

The same basic two step process used to analyze a first order response is used to analyze a

second order response. First, the acquired data is trimmed to remove unneeded data that was
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recorded before and after the desired response sequence. Then the relevant data is passed to the
second order response analysis window.

The flight tests which acquire dynamic data have an [Analyze Data] button. Clicking this
button will pass the accumulated data to the appropriate analysis routine. This process begins by
sending the data to the Trim Data Plot window (figure 4-19). The Trim Data Plot window is

opened with the time history data for the chosen motion displayed.

Figure 4-19 Trim Data Plot Window

The following procedures are used to operate this window:
Procedures

1. Drag the green triangle at the top of the graph to the beginning and the red triangle to the
end of the relevant data. Alternatively, enter time values corresponding to the beginning
and end of the relevant data, in the ‘Begin Selection’ and the ‘End Selection’ controls at
the bottom of the graph.

2. Click [Trim Selection] to trim the unwanted data from before the beginning and after the
end of the selected data.

3. Click [Continue] to close the Trim Data Plot window and pass the selected data to the
Analyze First Order Response window or the Analyze Second Order Response window
as appropriate. Clicking the [Continue] button also trims the data from before the
‘Begin Selection’ and after the ‘End Selection’ settings.

The Analyze Second Order Response window is opened with the data that was passed

displayed. The top left area of this window shows information about the sample data that was

passed to the window in the ‘Sample Information’ section. This information includes the rate at

57



.which the sample was taken and the length, in seconds, of the t;immed data. The calculated
engineering data results are also presented at the top of this window in the ‘fest Resﬁlts’ section.
Tile Test Results aré constantly calculated as the analysis parameters (‘Trim Point’, “Threshold
%', and ‘Peak Width’) are adjusted. At tﬁe top right i; the ‘Analysis Method’ selection with

- options for ‘Lightly Damped Oscillation’, and ‘Heavily Damped Oscillation’. The analysis
method defaulté to the Lightly Damped Oscillation setting for all tests except the Longitudinal
Short Term Dynamic Stability which defz;uits to Hea\tily Damped Oscillation since this is
typically the character of this mode. The user can <;hange this setting at any ?ime duriﬁg the
analysis process to better assess the mode of motion. As a rule-of-thumb, if the iumber of clearly
identifiable overshoots is two or more, tl;e lightly damped metl";od should be used to quantify the
response. Accordingly, if there is only one or no ideptiﬁabie overshoots, the heavily damped
oscillation method will work better. ‘

The ‘Time Response Graph’ shows the time domain information of the recorded motion
data on the dark blue data plot. The analysis ~toi)ls presented on this graph depend on the analysis
method selected. With the Lightly Damped Oscillation method selected, the red curves on this
graph represent the computed exponential decay (or growth) envelope of the motion and are
always symmetrical about the trim line. These curves are recompute& continuously as the
analysis parameters are adjusted and should roughly enclose the recorded motion data plot.
When the Heavily Damped Oscillation method is selected four orange lines are shown that
indicate the time of maximum amplitude and selected percentages of the maximum amplitude.

The ‘Frequency Response Graph’ shows the Fourier transform calculated frequency
domain information of the recorded motion data. The red line on this graph indicates the most
significant frequency that is present in the recorded data.

Procedures for the Lightly Damped Oscillation Method (Figure 4-20) )
1. Adjust the ‘Trim Point’ setting by either editing the numeric value or by dragging the -
small red indicator on the right side of the ‘Time Response Graph’. The trim point
should be near the mean value of the oscillatory motion and’should normally correspond

" to the initial trimmed state.
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Figure 4-20 Lightly Damped Second Order Response Analysis Window

Adjust the Time Response Graph’s ‘Threshold %’ setting by setting the numeric value
or by dragging the slider control as necessary. The threshold setting adjusts the minimum
detectable displacement from the trim value that will be recognized as a lobe of the
oscillation. The higher the ‘Threshold %’ setting the larger the magnitude of the
displacement must be to be detected. This value is a percentage of the range of the
Y-scale.

Set the Frequency Response Graph’s ‘Peak Width’ setting by dragging the slider control.
The function that finds the frequency peaks depends on an algorithm that fits a quadratic
polynomial to sequential groups of data points. The number of data points used in the
curve fit is specified by this setting. The default value for this setting is three, which is
good for most data, however if the data is erratic a higher setting may be necessary.
Adjust the Frequency Response Graph’s ‘Threshold %’ setting by setting the numeric
value or by dragging the slider control as necessary. This threshold setting adjusts the

minimum magnitude for a detectable frequency as a percentage of the Y-scale.
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5. When the analysis parameters are satisfactorily adjusted to adequately define the motion
decay (or growth) and frequency content, click the [OK] button to pass the engineering
data results back to the originating flight test data presentation window.

Procedures for the Heavily Damped Oscillation Method (Figure 4-21)

1. Adjust the “Trim Point’ setting by either editing the numeric value or by dragging the
small red indicator on the right side of the ‘Time Response Graph’. The trim point
should be near the mean value of the oscillatory motion, if there was any, and should
correspond to the final steady state condition.

2. The ‘Peak Width’ and ‘Threshold %’ settings are disabled with this analysis method.
The oscillation frequency is calculated solely on the basis of the ‘Time Response
Graph’.

3. When the ‘“Trim Point’ is satisfactorily adjusted to the steady state value, click the [OK]
button to pass the engineering data results back to the originating flight test data

presentation window.

Figure 4-21 Heavily Damped Second Order Response Analysis Window
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Analysis Mathematics

Analysis Mathematics for the Lightly Damped Oscillation Method

The mathematics required to calculate the desired engineering data are derived from the
equations of a second order response presented in chapter 3. ‘

First, the coordinates of each peak and valley of the time domain data are extracted. Then the
absolute value o/f the difference between the trim value and the ordinate value of each of these
coordinates is computed. Ths result replaces each ordinate of each original coordinate. These
new coordinates are passed to a exponential curve fit routine which returns the amplitude and
damping coefficients of the descriptive equation through these points. The form of this equation
is.

—{w,,x

y = Ae eq. 4-26
Where: y = Ordinate value.
x = Abscissa value.
A = Amplitude coefficient.
~{w, = Exponential decay coefficient.
e = Base of natural log

Then, the original data is passed to a Fast Fourier Transform (FFT) or Discrete Founer
Transform (DFT) routine that returns the frequency content of the recorded motion. The
frequency domain data are searched for the most dominant frequency which is returned as the
damped natural frequency (®g).

i(Iext, the damping coefficient and the damped natural frequency are passed to equation 4-27

to compute the damping-ratio.~ - -~ - . C e e e

lw, 1

")

Damping ratio

eq. 4-27

Where: ¢

{w,= Exponential damping coefficient.
®; = Damped natural frequency.
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Once the damping ratio has been determined the natural frequency can be determined by

dividing the exponential damping coefficient by —1 times the damping ratio.

i €Y

=€

Where: ), = Natural Jrequency.

(1] - ~ eq. 4-28

Con= Exponential dampir;g coefficient.
{ = Damping ratio.

The pei'iéd ot: the oscillation is equal to the inverse of the damped natural frequency.

P=— : o eq. 4-29

Where: P Period of the oscillatory motion.
w; = Damped natural frequency.
The time required for the oscillation to subside to one-half amplitude, or the time required for

growth to double amplitude are computed as follows:

1) .
ln(Z) eq. 4-30

%= {w
T, =1—2% A eq. 4L31 L

Where: Ty, = Time to one-half amplitude.

T, = Time to double amplitude. -
( ¢ = Damping ratio.
e —- - -0, = Natural frequency. -~ — —— " ____ _____ R

And fmaliy, the number of cycles required for the oscillation to subside to one-half

. amplitude, or required for growth to double amplitude are computed as follows: .

SRS C}{___T ' o eq. 4-32
- T X
C,= 72 eq. 4-33
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Where: Cy = Cycles to one-half amplztude.

Cz2 = Cycles to double amplztude.
Ty, = Time to one-half amplitude..”
T, '= Time tb double ai;zplitude.

X P = Peﬁqd. - {
Analysis Mathematics Jor the Heavily Dan;ped Oscillation Method
First,'the maximum amplitude of the response is measured and the time at which the

. maximum amplitude occurs is determined. For thlS analys1s, the time of maximum amplitude is
the analys1s start time (to). Then, 75%, 40%, and 20% of the maximum amplitude are calculated.
These values are passed to a cubic splinq interpolation to determine the times required to reach
each of these percentages. These times an;, refefped to as t;, tz, and t; respectively. A graphic
example of this is shown in figure 4-22. Ir{tﬁis e;(ample, to = 0.2920, t; = 0.5304, t; = 0.7505,
and t; = 0.9277 seconds.

1.0 T T !
E i i
by i i
1 - i~ ;- B S
2 | NP oo |
2 4 : : ' : 5
s OO 1 4 i 1
3 i ;f It i :
< U S A t,=02920 At,=0.2384 - : ,
05 f—atdle—] il ] 8/=08804 | 1] At,=04585 || ,
' A"mz A t;=07505 | || Aty=0.6357
r Ny e t5=09277 | |
4 A0 At e
0.0 05 10 15 20 25 3.0 35
—— - —_ - Time

Figure 4-22 Heavily Damped Response Example Plot

-Then the following values are computed:

Aty =t—1 h eq. 4-34
Ab=t—-1 » l eq. 4-35
Ats=t5—1, " eq. 4-36
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_4n

Y, eq. 4-37
17 t 2q.
At, — Aty ‘ )
. Y, =222 eq. 4-38
At, ,
3 = eq. 4-39
2At¢,
Where: ty = Time at which the response reaches maximum amplitude.
t; = Time at which the response subsides to 75% of the maximum amplitude.
t, = Time at which the response subsides to 40% of the maximum amplitude.
t3 = Time at which the response subsides to 20% of the maximum amplitude.
At; = Elapsed time from maximum amplitude to 75% of maximum amplitude.
At, = Elapsed time from maximum amplitude to 40% of max amplitude.

At; = Elapsed time fro;n maximum amplitude to 20% of max amplitude.
) = Damped Response Analysis Chart entry values.

The values calculated for Y}, Y5, and Y3 aré used t:or the entry points into the Damped
Response Analysis Chart. Reading these values across to the appropriate curve, then down to
determine the damping ratio. Small variations between the charted damping ratios are typical.
The three damping ratio values are averaged. The averaged damping ratio the chart is reentered
and the intersection with each of the four upper curves is read to the right. The values read out

referred to as Y, Ys, Y, and Y7, Finally, the natural frequency of the response is computed with

the following equations:
- 2X Y-
0, = 4 eq. 4-40
. Aty .
Y . .
0, = —3 , . eq. 4-41
At, ,
Y \
o, = il eq. 4-42
At, .



- w Y7

= — eq. 4-43
"~ 3Ar, 4
Where: @, = Natural frequency of the response.

At; = Elapsed time Jrom maximum amplitude to 75% of maximum amplitude.

At

= Elapsed time from maximum amplitude to 40% of max amplitude.
At; = Elapsed time from maximum amplitude to 20% of max amplitude.
Yy = Output values from the Damped Response Analysis Chart.

Equations 4-40 through 4-43 will each produce a value for the natural frequency. Typically
there will be some variance between these values; therefore the four values are averaged to find
the approximate natural frequency. Once the damping ratio and the natural frequency have been

de‘termined, the damped natural frequency can be calculated as follows:
W, =0,1-¢?. ! b eq. 4-44

Where: W = Dambed natural frequency.

@, = Natural frequency.

{ = Damping ratio.
The period of the oscillation is equal to the inverse of the damped natural frequency.

1
P=— \ eq. 4-45
0,

Where: P = Period of the oscillatory motion.
] @y = Damped natural frequericy.

The time required for the oscillation to subside to one-half amplitude is computed as follows:

_nG)

7 tw,

Where: Ty

eq. 4-46

Time to one-half amplitude. N
§{ = Damping ratio.

&J,. = Natural frequency.
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And finally, the number of cycles required for the oscillation to subside to one-half amplitude

is computed as follows:

T
C}é = I}f eq. 4-47

Where. Cy, = Cycles to one-half amplitude.

s
!

= Time to one-half amplitude.
P = Period.

For example the trace shown in figure 4-22 the following values were measured from the

plot:
to = 0.2920 sec t; =0 5304sec t, = 0 7505 sec t; = 0.9277 sec
At; = 0.2384 sec Aty = 0.4585 sec At; = 06357 sec

Then the chart entry values are found with equations 4-37, 4-38, and 4-39.
Y;=1923 Y, =1.610 Y;=1.333
Following the red example lines on figure 4-23 the damping ratios are found to be:
$=0.754 £=0.770 §=0781
These values are averaged to find £ = 0.768.
Then by following the green example lines on figure 4-23 the chart output values are found to
be.
Yy=119 Ys=172 Ys=2.42 Y;=2.72
Finally, the natural frequency is found by equations 4-40 through 4-43 to be:
w, = 3.744 rad/sec w, =3 751 rad/sec w, =3 807 rad/sec w, =3 803 rad/sec

These values are averaged to find @, =3 776 rad/sec
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Damped Response Analysis Chart
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Figure 4-23 Heavily Damped Response Parameter Determination Chart
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Display of Characteristic Roots on a Complex Plane

On each data presentation window there is a ‘Show Root Locus’ button. Once the response
has been analyzed and either the time constant (for a first order response) or the natural frequency
and the damping ratio (for a second order response) have been determined, the
‘Show Root Locus’ button will be enabled. Clicking the ‘Show Root Locus’ button opens the
Root Locus Plot window (figure 4-24) and plots the roots of the characteristic mode of motion.
This window presents the character of the response motion in a graphical format. The left half of
this plane represents increasing stability or convergence, the right half indicates increasing
instability or divergence. Characteristic roots on the real axis are indicative of an aperiodic first
order response. Whereas, a complex conjugate pair, as shown in figure 4-24, indicate an
oscillatory response. Increasing the radial distance from the origin represents an increase in the

frequency of the oscillation.

Figure 4-24 Root Locus Plot Window

The ‘Settings’ section of this window allows the user to overlay the standards established in
the ADS-33D handling qualities specification and to rescale the plot as desired. The ADS-33D
boundaries plotted, separate the Levels 1, 2, and 3 handling qualities as defined in the
specification. There are three options available in the ‘ADS-33D Boundary Overlay’ dropdown
list control. The ‘None’ selection clears the ADS-33 overlays from the plot. The ‘Hover
Pitch/Roll & Fwd Fit Mid-Term Pitch’ selection displays the boundaries defined in ADS-33D
Figure 3(3.3). These boundaries are used for Pitch and roll oscillations during fully attended

operations at a hover and low speeds. This overlay is also used for forward flight pitch
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oscillations categorized as mid-térm i)y the speciﬁcatjon. The mid-term oscillations of the
specification are referred to as long term responses in this manuscript. The final option available
is the ‘Lateral-Directional Oscillatory Requirements’ selection. This selection displays the
boundaries defined in ADS-33D Figure 9(3.4), which is used‘ to classify the forward flight lateral-
. directional oscillatory responses [17]. '

The ‘X Scale’, ‘Y Scale’, and ‘Keep Proportional’ settings allow the user rescale the either
or both the X and/or the Y axes. If the ‘Keep Proporti(?nal’ oi;)tion is checked then both axes will
rescale with the ‘X Scale’ setting. When this window is initially opened, the plot is automatically
scaled to-ensure the roots are displayed, but the user can rescale the plot as desired.

The ‘Plotteci Root Values’ section of this window displays the characteristic engineering
parameters of the root piotted. If the plotted root was from a second order system then the
parameters: -{, (exponential damp}ng'coéfﬁcient), damping ratio, damped natural frequency,
and the natural frequency are displayed as shown in figure 4-24. For a first order response only.
the characteristic root is shown. '

Clicking the ‘Print’ buttor; sends a copy of this plot to the printer. Clicking the ‘Done’ button
returns the program operation to the data presentation window that called the show root locus

plot.

Printing Data

The collected and analyzed data for each of the flight tests may be printed by selecting
Print Data from any data presentation window File menu. The format of the printed data is
similar to the onscreen display of the data and is consistent with the data presentation methods
recommended by 'the Helicopter Stabiliiéy and Control Flight Test Manual developed by the

United States Naval Test Pilots School. An example of the printed data is shown in Appendix A.

Data Storage

All acquired data can be stored to disk from any of the test data presentation windows. The
data can be saved with a proprietary file header information via the File | Save menu selection;

or simple raw data may be exported to a text file via the File | Export Data... menu selection.
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Saved data can also be read in from the disk by either choosing either the File | Open or the

File | Import Data... menu selections.

File Extensions

Each flight test can save data to the disk. To identify which test a given data file was
generated by and to simplify the opening of data for subsequent review, each test has a unique file
extension. A file extension is the three letter suffix that is appended to the user assigned file

name. The default file extensions for each ﬂiéht test are shown in table 4-3.

Table 4-3 Default File Extensions

* Flight Test ’ Extension
Trimmed Flight Control Positions ‘ .TCP
Critical Azimuth .CAZ
Hover Static Stability ~ HSS
Forward Flight Longitudinal Static Stability | LSS
Maneuvering Stability ) .MAN

| Steady Heading Sideslips ’ .SHS
Hover Long Tern Dynamic Stability HLT
Long Tern Dynamic Stability .LTD
Short Term Dynamic Stability - .STD
Lateral-Directional Oscillation ‘ .LDO
Spiral Stability ‘ .SPL

. Control Response ' . .CR
Turns on One Control ) .T1C
File Formats

Data saved to the disk via the File | Save menu selection isisa\ﬁled as an ASCII text file with
15 — 20 lines of header information prefixed ‘at the beginning of the file. This file format is
compatible with any text editor, and may be imported jnto many sp}eadsheet or mathen?atical
analysis applications; however, the header information may cause some problems with importing

the data: If problems arise with this process then the File | Export Data... command should be
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used to export the data without the header. Then the data should be accessible in many other
programs.

The storage space requirement for the data files is generally minimal, but may vary with the
sample rate and the length of the sample. A typical data file is normally smaller than 50 — 100
kilobytes in size. If all data parameters are recorded at a sample rate of 10 hertz, for 30 seconds
the file size is less than 100 kilobytes. The file size will grow dramatically at high sample rates.
At the maximum sample rate of 100 kHz the file size can easily exceed 10 megabytes. An

example printout of the raw data file is presented in Appendix B.

Program Operation

The 'File’ menu (figure 4-25) in each of the data presentation windows allows the user to save
the current data, open previously saved data, export the current data, import external data, print

the current data, setup the printer, and exit the data presentation window.

Figure 4-25 Typical File Menu

After successfully collecting data for any of the flight tests the software will automatically
ask the user to save the collected data for future analysis and/or presentation. If the user elects to
save the data, a dialog box (figure 4-26) is presented that allows test condition information to be
saved with the data.

Then the Save File dialog box (figure 4-27) allows the user to enter the desired file name and
path. The data is then written to the user chosen file name and disk location, in a tab delimited
text format which is readable in any text editor, word processor, or spreadsheet program. The
data files can also be reopened by the Helicopter Stability and Control Analysis Software for

further analysis or presentation.
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Chapter 5

HoVER AND Low SPEED FLIGHT TESTING

&

General

The helicoptér possesses the relatively unique ability to hover and fly at low speeds that are
impossible for conventional aircraft. This unique capability necessitates flight testing in a regime
that is not necessary for conventional aircraft. While many of the test methods and techniques are
derived from conventional aircraft flight test methods some tests are unique to the flight testing of

-hover capﬁble aircraft. A primary difficulty in conducting low speed flight testing is developing a
reliable method to accurately determine the aircraft’s speed relative to the air mass. The results
of many of the hover and low speed tests are tightly integrated with the actual speed of the
aircraft in the airmass, inaccurate or imprecise accounting of the airspeed will quickly
contaminate the data and results of this testing. This chapter discusses some basic hover testing
theoretical background, test techniques, and procedures for the operation of the Helicoptér
Stability and Control Analysis Software.

Whether the helicopter is in hover or forward flight, it is gqvemed by the same equations of
motion, but the fact that some of the derivatives are quite different strongly affects the flight
characteristics of the aircraft in the two flight regimes. It is therefore useful to study the low
speed and forward flight characteristics separately. One of tl;e advantages of starting with fhe
hover regime is that the coupling between the longitudinal and the lateral—dkeétional equations is

weak enough to be ignored, at least for the purpose of initial assessment. [5]

Safety Considerations

Typically, this testing is conducted before the forward flight ‘up and away’ testing is
conducted and as always an incremental bliildup testing procedure should be used. Since most
hover and low §peed testing will be conducted at very low altitudes above the ground, this testing
adds a degree of inherent danger and therefore shoqld- be approached with an additional measure

of planning and safety.
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Theory

The hovering helicopter dynamics as a whole are very complicated and are often nonlinear;
however, valuable indications of important handling characteristics can be determined by linear
analysis of the aircraft response to small disturbances. From a rigorous standpoint, the set of six
equations of motion (one for each degree of freedom of the helicopter) should be augmented with
three more equations representing the coning, longitudinal flapping, and lateral flapping of the
rotor. However the time constant for the flapping of conventional rotor blades corresponds to
- one-quarter to one-half of a rotor revolution. This rapid response justifies the quasi-static

assumption which eliminates blade motion as separat‘e degrees of freedom and simulates
replacing the rotor with an 1maginary device at the top of the mast, which essentially produces
forces and‘ moments iﬁstantaneously in response to —changes in flight condition or control

inputs [5] The dynamics of a helicopter are generally dominated by the forces exerted on the
-aircraft by the rotor, therefore the following quasi-static rotor characteristics (table 5-1) are
presented to indicate the rotor response to various control and external inputs. )
’ This list of quasi-static‘rotor characteristics gives a good indication of the expected response
of the aircraft in the given circumstances, furthermore it is worth noting that besides the control
derivatives the blowback/blow-side (M, and L,) are typically the most dominate terms for low
speed dynamics of helicopters. Both of thése derivatives are statically stable for the helicopter in
low speed flight. However it is important to note, while both of these derivatives contribute to a
meas{Jre of static stability, the contribution to the dynamié: stability may cause the motion to be

unstable in the longer term.

Longitudinal Equations of Motion for a Hovering Helicopter

The longitudinal equations of motion include two force equations (Iongitudinal and vertical
force) and one moment equation (pitch moment). The equations of motion presented below are
simplified by three significant assumptio;xs. First the effects of coupling between the longitudinal
axis and the lateral and vertical axes are minimal. Second, the derivatives Xy, Xswn, Zus Zg, Z §ion,
M., and M., are set equal to zero since the first order contributions of these derivatives (which
are proportional to up) are all zero in the hovering regime. Also, X, is small, having a negligible
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Table 5-1 Hovering Flight Quasi-Static Rotor Characteristics [12]

Rotor Force

Perturbation Rotor Response Applied to the Aircraft Derivative
Increased Coning ~4s.,
Collective Increment N da, Thrust Increase Collective
+Adcon Y +AT Control
Coll Sensitivity
Tip Path Plane Tilts +L
Right Lateral Cyclic Right Rught Rolling Moment O
Increment ob about the x-Axis Lateral
+AS1a +—1 +AL Control
, 90 Lat Sensitivity
Tip Path Plane Tilts -M
Forward Longitudinal Forward Pitch Down Moment Song
Cyclic Increment oa, about the y-Axis Longitudimal
+ASy o - —-AM Control
08 1ong Sensttivity
Increased Blade
Angle of Attack
Downward Increment g ’ -Z
in Vertical Velocity Increased Coning Thrust Increase Hea\:ve
da +AT
+Aw +—0 Damping
ow
Nose Up Pitching Moment
- Rotor Tilts Aft about the y-Axis due to;
Forward Increment 1n (Blowback) Aft tilted thrust vector, +M,
Horizontal Velocity ) a, Hub moments due to hinge Speed
+Au —= offset (1f present), and Stability
du Aft rotor H-force.
’ +AM '
Left Rolling Moment
. Rotor Tilts Left about the y-Axis due to;
Right Lateral Blow-side Left tilted thrust vector, -L
Increment m ( ) Hub moments due to hinge - .
Horizontal Velocity ob,, g Lateral Speed
A - offset (1f present), and Stability
+av ov . Left rotor H-force.
- AL
Rotor Lags Shaft by
Nose Up Pitch Rate AnglePPtrolF ;rttznal to Longitudinal thrust component -M
Increment ’ fich Ra damps pitch rate, Hinge offset q
+Aq — da, hub moment damps pitch rate. | Pitch Damping
dg .
Rotor Lags Shaft by
Right Roll Rate Anglellé’rcl)lplc{)rttlonal to Lateral thrust component -L
Increment ol Rate damps roll rate, Hinge offset P
+Ap - oby, hub moment damps roll rate. | Roll Damping
‘ ap ] » +

75




eSS

", effect on dynamic motions. [12] Finally, the equations are linearized based upon the small

perturbation assumption.

g=~M,Au-M Ag=M;_AS,,,
i~ X,Au-X,Aq+gA0 = X, Aam

) W ZAw Z; Abey

Where: ¢ ' = Pitch rate acceleration.
u = Linear acceleratwn along the x-axis.
u; = Linear acceleratzon along the z-axis.
X, ‘= Longitudinal force due to pitch rate.
X, = Longitudinal force due to longitudinal velocity. r
M, = Pitch moment due to pitch rate.
M, = Pitch moment due to longitudinal vélocity.
Z, = Vertical force due to vertical velocity.
Au = Change in linear ve‘lociiy along tile x-axis.
Aw = Change in vertical velocity. ’
Aq = Change in pitch rate.
g = Gravity. '
A0 = Change in pitch angle.
8 = Pitch moment due to longitudinal control.
By = Lt;ngitudtnal force due to longitudinal control.
5.y = Vertical force due to collective control.
J. Abiong = Change in longitudinal ‘control.,
ST Abc,y = Change in collective control.

Lateral-Directional Equations o:f Motion for a Hovering Helicopter

eq. 5-1
eq. 5-2

eq. 5-3

The lateral-directional derivatives Yy, Y;, and L,, are set equal to zero because the& are

proportional the initial trim velocity. The side force and rolling moment equations do not depend

on yaw rate in this approximation and are decoupled from the yawing moment equation.

However, the tail rotor thrust inputs could introduce rolling moments and side force. Control
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coupling depends on the center of gravity location, tail rotor height, and control system. It is

convenient to simplify the discussion by assuming pedal inputs produce only yawing moment and

lateral control inputs only rolling moments. [12] The lateral-directional equations include one

force equation (lateral or side force) and two moment equations (roll moment and yaw moment).

Where:

v=Y,Av—Y,Ap =Y; A8, +Y; ASp,

p—LAV-LAp=L; A8, +L; A8,

':_NVAV—NTA"=N6LNA6MI +N8pﬂ}A6Ped

Linear acceleration along }he y-axis.
qul rate acceleration.

Yaw rate acceleration.

Lateral for}.'e due to lateral velocity.
Lateral force due to roll rate.

Roll moment due tov lateral velocity.
Roll moment due to roll rate.

Yaw moment due to lateral velocity.

Yaw moment due to yaw rate.

Change in linear velocity along the y-axis.

Change in roll rate.

Change in yaw rate.

Lateral force due to lateral control.
Lateral force due to pedal control.
Roll moment due to lateral control.
Roll moment due to pedal control.
Yaw moment due to lateral control.
Yaw moment due to pedal control.
Change in lateral control.

Change in pedal control.
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Test Procedures

Trimmed Flight Control Positions

Th?. purpose of this test is to determine the control margins and ﬁandling qualities in low
speed forward, sideward aﬂd rearward flight. This t;zst is used to determine if the control inputs
necessary to maneuver the helicopter at low spéeds are in the usual sense (forward cyclic for
forward airspeed, right cyclic for right airspeed, etc.). Cyclic control displacement is an indicator
of the aircraft’s low speed static stability. Cross cc;upling is evaluated by looking at the amount
of off axis control input necessary for steady trimmed flight at increasing speeds in one direction.
Control margin, or percent of control travel remaining, is also evaluated during this test.
Monitoring of the clont;ol positions for a given data point must include any transient fluctuations
required to maintain the desired data point As a general rule of thumb 10% control travel
remaining is a good planning figure to allow for unexpected gusts and maneuver recovery.
Control margins are often used to set operating limits. ”

- In addition to the quantitative information acquired during this test, the test pilot should make
a qualitative assessment of the workload required to maintain each desired data point. This is
typically done by assigning a subjective Handling Quélity Rating (HQR) according to the
Cooper-Harper rating scale (Appendix C) for each data point. Qualitative assessments can also

be made of the vibration level at each data point as well as the field-of-view.

Test Method

‘The test is conducted by flying at steady, trimmed, level flight at a constant speed.
Incremental speeds are flown with data recorded at each steady speed. Ambient wind conditions
* for this test should be three knots or less. The method to determine test vehicle airspeed should
be as accurate as possible. The most accurate method requires a pace vehicle with a calibrated
airspeed system. Alternate methods include; onboard low-airslpéed indicator systems and external
ground based telemetry systems. The first airspeed increment from hover should be 2 — 3 knots,

then increments of 5 knots are typically used. The testing begins at a hover and proceeds to the

faster speeds until the desired speed is reached, a control posftion test limit is reached, or the test

~
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pilot determines that another speed increment could not be safely completed. This process is
repeated for each of the cardinal relative aircraft azimuths.
Pilot Procedures
1. Establish a zero drift hover on the test heading at the test altitude. Record the initial trim
conditions.
2. Establish the first airspeed increment, aircraft heading, and altitude with all control forces
trimmed to zero, record data.
3. Assign a HQR value for each data point as desired.

4. Repeat steps 2 and 3 for each data point.
Program Operation

Trimmed flight control position testing is accomplished by selecting Acquire Data |
Hover and Low Speed Tests | Trimmed Flight Control Positions | Longitudinal Flight (or
Lateral Flight) from the menu on the main window (figure 5-1). The Low Speed Trimmed
Flight Control Positions Data Collection window (figure 5-2) is used to accumulate the necessary
flight test data. The top half of this window displays a 30 second time history of the position of
each flight control. The lower half of the window is used to collect data for each desired trim
condition.
Data Acquisition Procedures
1. Enter the length of time that the control positions will be monitored on each data point in
the ‘Sample Length’ field. The ‘Sample Length’ setting can be set from 0 seconds
(instant sample) to 10 seconds, the default is 3 seconds. This setting can be changed for

subsequent data points as desired.

Figure 5-1 Low Speed Trimmed Flight Control Positions Menu Selection
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Figure 5-2 Low Speed Trimmed Flight Control Positions Data Collection Window

2. With the aircraft at a stable hover select the [Mark] button associated with ‘Hover’ to
record the initial trim condition. After [Mark] is pressed, the pilot should keep the
aircraft stabilized for the duration of the ‘Sample Length’ setting as the software will
monitor the control positions for movement during this period.

3. With the aircraft trimmed on the next data point and the ‘Speed’ set to the data point
being flown, select the [Mark] button corresponding to the speed being flown, to record
data. Again the data will be sampled for the duration set in the ‘Sample Length’ setting.

4. Select or enter a handling quality rating in the ‘HQR’ field as desired.

5. Repeat steps 3 and 4 for each desired data point.

6. When the all of the desired data points have been collected, select the [Done] button to
close the Low Speed Trimmed Flight Control Positions Data Collection window and
open the Low Speed Trimmed Flight Control Positions Data Presentation window.

Program Notes:

The default values for the speeds can be changed to any values of interest. If the speed is

changed from the default value, it must be set before the [Mark] button is pressed for that speed.

After a data point is marked, the [Mark] button mnemonic changes to [Clear]. If the user

wishes to discard the data collected for that data point the [Clear] button can be pressed. The
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data for that speed will be discardeci, the button mnemonic changes back to [Mark], and new data
can be acquired.

Although there are nine available c}ata points for each direction (2, 5, 10, 15, 20, 25, 30, 35, &
40 knots) it is not m;cessary to complete all entries. For example the user might choose to test 5,
10, 20, 30, & 40 forward and 5, 10, & 20 rearward.

Selecting the [Cancel] button discards all collected data and closes the Low Speed Trimmed
Flight Control Positions Data Collection window and returns to the main window. -

~ Selecting the [Done] button closes the Low Speed Trimmed Flight Control Positions Data

Collection window and opens the I;ow Speed Trimmed Flight Control Positions Data

Presentation window.

Data Reduction and Presentation

The Low Speed Trimmed Flight Control Positions Data Presentation window is shown in
figure 5-3. This window disi)lays the pertinent attitudel and control positions for the recorded
data. The information on the lower right can be filled in by the user to save reievant test
condition information with the data. Once this information has been entered by the user it will be
automatically reentered each time a data presentatjon window is opened. Then only the
information that has changed since the last test l;erformeci needs to be updated. y

Analysis of this information is primarily base;l‘ on the slope of the cyclic control position plot.
In the example data prgsented in figure §-3 the longitudinal cyclic stick position plot indicates
increasing forward stick displacement with incre:asing forward airspeed. This plot also indicates
increasing aft stick displacement with increasing rearward speed. Both of these indications
signify that the control« movements are in the usual sense and indicate positive lc;w speed
longitudinal static stability. ‘

The following questions should be answered based on the data presented in this window:
1. Were the control movements required in the usual sense (forward cyclic for forward
airspeed, right cyclic for right lateral flight, etc.)?

2. Were the control margins reached or exceeded?

3. Was there objectionable coupling between pitch, roll or yaw?
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Figure 5-3 Low Speed Trimmed Flight Control Positions Data Presentation Window

4. Were the control position changes with power or airspeed excessive?

5. Were the aircraft attitude changes with power or airspeed excessive?

Critical Azimuth Determination

The purpose of this test is an evaluation of the control margins and pilot workload with
changes in airspeed and relative azimuth. The techniques and considerations for trimmed flight
control positions apply to critical azimuth testing. Critical azimuth data are typically collected in
increments of 30 or 45 degrees although increments of 15 degrees or less are possible. Also,

critical azimuth data can be collected for one airspeed or for a series of airspeeds as desired.

Test Methods

Critical azimuth testing is often conducted in conjunction with trimmed flight control
positions testing and the same test methods are used. The test is conducted by flying at steady,
trimmed, level flight at a constant speed. Data are recorded at the desired relative wind azimuth

increments. Ambient wind conditions for this test should be three knots or less. The testing is
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conducted to determine pilot workload and control position margins at varying relative wind
azimuths. Caution should be exercised as control margins are approached. After each desired
relative azimuth is documented for one airspeed the process may be repeated for an airspeed
increment.
Pilot Procedures

1. Establish a constant airspeed on the desired test relative azimuth at the test altitude with

all control forces trimmed to zero, record data.
2. Assign a HQR value for each data point as desired.

3. Repeat steps 1 and 2 for each data point.

Program Operation

The Critical Azimuth Data Collection window (figure 5-4) is used to accumulate the
necessary flight test data. To access this window select Acquire Data |
Hover and Low Speed Tests | Critical Azimuth from the menu on the main window. The top
half of this window displays a 30 second time history of the position of each flight control. The

lower half of the window is used to collect data for each desired azimuth increment.

Figure 5-4 Critical Azimuth Data Collection Window
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Data Acquisition Procedures
1. Enter the length of time that the control positions will be monitored on each data point in
~ the ‘Sample Length’ field. The ‘Sample>Length’ setting can be set from zero seconds
(instant sample) to 10 seconds, the default is 3 seconds. This setting can be changed for
subsequent data points as desired. 4 f

2. Enter the ‘Test Speed’ in knots. ThJS is the speed that that is intended to be flown for
each of the desired test azimuths. 7

3. With the aircraft stable and trimmed at the test speed and with the relative wind from the
appropriate azimuth, select the [Mark] button assocmted with that azimuth to record data.
After [Mark] is pressed, the pilot should keep the aircraft stabilized for the duration of the
‘Sample Length’ setting as the software will monitor the control positions for movement
during this period. ‘

4. Select orentera handling quality rating in the HQR field as desired.

5.. Repeat steps 4 and 5 for each desired data point.

6. When the all of the desired data points have been collected, select the [Done] button to
close the Critical Azimuth Data Coiiectioﬁ Window and open the Critical Azimuth Data
Presentation Window. ‘ |

Pregram Notes:

The default values for the relative azimuths can be ~changed to any values of interest. If the
relative azimuth is changed from the default value, it must be set before the [Mark] button is
pressed for that azimuth.

'Aithough there are 24 preset relative azimuths it is not necessary to complete all entries.
Also, test azimuths can be completed in any order at the discretion of the flight crew.

After a data point is marked, the [Mark] button mnemonic changes to [Clear]. If the user
wishes to discard the data collected for that data point the [Clear] button can be pressed. The
data for that speed will be discarded, the button mnemonic changes back to [Merk], and new data
can be acquired.

" Selecting the [Cancel] button discards all collected data and closes the Critical Azimuth Data

Collection window and returns function to the main window.
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Selecting the [Done] button closes the Critical Azimuth Data Collection window and opens

the Critical Azimuth Data Presentation window.

Data Reduction and Presentation

The Critical Azimuth Data Presentation window is shown in figure 5-5. This window
displays the control positions plotted against the relative azimuths for which data were recorded.
The information on the lower right can be filled in by the user to save relevant test condition
information with the data. The information entered by the user will be automatically reentered
each time a data presentation window is opened. Information that has changed since the last test
performed can be updated.

In the top right corner of this window there is a button labeled [Show Polar Plot]. Clicking
this button displays the Polar Plot window (figure 5-6). This window provides a different
graphical presentation of the same data. The options available for user selection are which data to
plot and the scale of the plot. Data that is available for presentation on this plot is the HQR value,
lateral, longitudinal, and pedal control positions.
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Figure 5-5 Critical Azimuth Data Presentation Window
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Figure 5-6 Polar Plot of Critical Azimuth Data

Critical azimuth determination is an extension of low speed trimmed flight control positions
and is therefore analogous to hovering in winds of the velocities and azimuths tested. Critical
azimuths for a particular aircraft may be based on control margin remaining, excessively large or
frequent control inputs, or high vibration levels. [12] Critical azimuth data analysis should
include:

1. Were the control margins reached or exceeded?

2. Were the control position changes with variation in relative azimuth excessive?

3. Which azimuths produced the highest HQRs?

4. Were the vibration levels objectionable?
5

Was the field-of-view adequate?

Low Speed Static Stability

The purpose of this test is to evaluate the static stability or total restoring moment generated
by off trim conditions. This test is used to characterize the low speed static stability of the
aircraft as positive, neutral, or negative. Positive static stability is indicated by increasing cyclic
stick displacement in the direction of increasing airspeed. No variation in cyclic position at an off
trim steady condition indicates neutral static stability. Negative lateral or longitudinal static
stability would require a displacement opposite to the direction of flight. Positive directional
static stability is indicated by directional pedal control displacement opposite to the direction of
sideward flight (etc. left pedal for right lateral flight). Pedal inputs in the same direction as the

aircraft motion indicates negative directional stability.
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Although the direction of control displacement-is an indicator of the sign of ihe static
stability, neither the linear displacement nor the percentage of total travel, for a given airspeed
change, is a measure of the strength of the stabilfty. The amount of control displacement is a
function of the gearing of the physical flight control linkages. Control margins are also evaluated

during this test.

Test Method

This test is conducted by establishing a‘steady, unaccelerated, trimmed hover and then
translating directidnally without varying the collective control position. The control positions are
compared to the trim condition control positions. Ambient wind conditions for this test should be
calm. The method to determine test vehicle ai;speed should be as accurate as possible. The most
accurate method requires a pace vehicle with a calibrated airspeed system. Alternate methods
include; onboard low-airspeed indicator systems, and external ground based telemetry systems.
Airspeed increments of 2 — 3 knots are typically used. Low speed static stability is typically
evaluated at airspeeds below effective translational lift (12 — 15 knots maximum) The testing
begins at a hover and proceeds to the faster speeds until the desired speed is reached, a control
position test limit is reached, or the test pilot determines that another speed increment could not
be §afely completed. For longitudinal static stability forward and rearward flight is conducted,
for lateral and directional static stability flight is conducted with a relative wind from 90° and
270°.

Pilot Procedures
1. Establish a zero drift hover on the test heading at the test altitude. Record the initial trim
conditions.
- 2. Accelerate to the desired airspeed (2 — 3 knot increment) with the collective fixed at the
zero airspeed trim position, stabilize the airspeed and heading , record data.

3. Repeat step 2 until 10 — 15 knots is reached.

Program Operation

The Critical Azimuth Data Collection window (figure 5-7) is used to accumulate the

necessary flight test data. To access this window select Acquire Data |
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Figure 5-7 Low Speed Static Stability Data Collection Window

Hover and Low Speed Tests | Low Speed Static Stability | Longitudinal Static Stability (or
Lateral-Directional Static Stability) from the menu on the main window. The top half of this
window displays a 30 second time history of the position of each flight control. The lower half of
the window is used to collect data for each desired off-trim condition.

Data Acquisition Procedures

1. Enter the length of time that the control positions will be monitored on each data point in
the ‘Sample Length’ field. The ‘Sample Length’ setting can be set from 0 seconds
(instant sample) to 10 seconds, the default is 3 seconds. This setting can be changed for
subsequent data points as desired.

2. With the aircraft at a stable hover select the [Mark] button associated with Hover to
record the initial trim condition. After [Mark] is pressed, the pilot should keep the
aircraft stabilized for the duration of the Sample Length setting as the software will
monitor the control positions for movement during this period.

3. With the aircraft stabilized on the off-trim data point and the ‘Speed’ set to the data point
being flown, select the [Mark] button corresponding to the speed being flown, to record
data. Again the data will be sampled for the duration set in the ‘Sample Length’ setting.

4. Repeat step 3 for each desired data point.
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5. When the all of the desired data points have been collected, select the [Done] button to
close the Low Speed Static Stability Data Collection window and open the Low Speed
Static Stability Data Presentation window.
Program Notes:

* The default values for the relative azimuths can be changed to any values of interest. If the
relative azimuth is changed from the default value, it must be set before the [Mark] button is
pressed for that azimuth.

After a data point is marked, the [Mark] bu;ton mnemonic changes to [Clear]. If the user
wishes to discard the data collected for that data point the [Clear] button can be pressed. The
data for that speed will be discarded, the button mnemonic changes back to [Mark], and new data
can be acquired. :

Selecting the [Cancel] button discards all collected data and closes the Low Speed Static
Stability Data Collection window and returns function to the main window.

Selecting the [Done] button closes the Low Speed Static Stability Data Collection window

and opens the Low Speed Static Stability Data Presentation window. ,

Data Reduction and Presentation

Analysis of this information is primarily based on the slope ‘of the cyclic control (or pedal
control) position plot. An example of the Low Speed Static Stability Data Presentation window is
presented as figure 5-8. This example is a lateral-directional data se;t but is representative of the
longitudingl da;ta as well. In the example data presented in figure 5-8 the lateral cyclic stick
position plot indicates increasing right stick displacement with increasing right lateral airspeed.
This plot also indicates increasing left stick displacement with increasing left lateral speed. Both
of these indications signify positive low speed lateral static stability. The positive slope of the
lateral cyclic control position plot indicates positive lateral static stability. This same example
shows an increase in left pedal associated with an increase in ﬁéht lateral airspeed and an increase
in right pedal with an increase of left lateral flight speed. Both of these indications denote
positive iow speed directional static stability. Note that for directional stability the negative slope

of the pedal control position plot indicates positive lateral static stability. Finally, for longitudinal
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Figure 5-8 Low Speed Static Stability Data Presentation Window

static stability an increasing stick displacement (in the same direction as the speed change) with
an increase in airspeed is the indication of positive low speed longitudinal static stability.
Graphically this would be plotted as a negative sloping line for positive static stability. A
summary of the static stability graphical indications are presented in table 5-2.

The information on the lower right can be filled in by the user to save relevant test condition
information with the data. Once this information has been entered by the user it will be
automatically reentered each time a data presentation window is opened. Then only the
information that has changed since the last test performed needs to be updated.

Analysis of low airspeed static stability data should consider the following questions: [12]

1. Were the control position gradients positive, neutral, or negative?

2. Did the pilot have force cues to an off trim condition?

3. Are the aircraft characteristics suitable for the intended mission.
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Table 5-2 Summary of Static Stability Graphing Indications

Test Axis Aircraft What control input Slope of the control Static
Motion was required? position curve Stability
Tncreasing Increasing Forward Cyclic Negative Positive
Forward " Neutral Zero Neutral
Speed
Increasing Aft Cyclic Positive Negative
Longitudinal
Increasing Aft Cyclic Negative Positive
Increasing
Aft Speed Neutral Zero Neutral
Increasing Forward Cyclic . Positive Negative
Increasing Increasing Right Cyclic Positive Posttive
Right )
Lateral Neutral Zero Neutral
Speed Increasing Left Cyclic Negative Negative
Lateral
. Increasing Left Cyclic Posttive Positive
Increasing-
) Left Lateral Neutral Zero Neutral
Speed
P Increasing Right Cyclic Negative Negative
Increasing Increasing Left Pedal Negative Positive
Right
Lateral Neutral Zero Neutral
Speed Increasing Right Pedal Positive Negative
Directional
Increasing Increasing Right Pedal Negative Positive
Right
Lateral Neutral , Zero Neutral
Speed Increasing Left Pedal Positive Negative

Low Speed Long Term Dynamic Stability

5

The purpose of this test is to evaluate the long term response of the hovering helicopter as a

function of time following a disturbance. The long term dynamic response is typically fully

‘coupled in all three axes. This mode is generally a low frequency lightly damped oscillation that

is typically'damped by the pilot or by the Automatic Flight Control System (AFCS). The

tdampmg ratio is often slightly negative which results in a oscillatory divergent response. If the

aircraft exhibits hegative low speéd static ‘stability in any axis, the dynamic response in'that axis

will be aperiodic and divergent and will likely dominate the overall response. In this case the

recovery from the test maneuver will hz;ve to be made quickly as the divergence will likely occur

within a very short time span.
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" Test Method o

This test is conducted by establishing a steady, unaccelerated, trimmed hover and fixing thé
flight controls while the aircraft is permitted to respond to natural external stimuli. This is an
unsatisféictory technique if no response occurs, however this indicates a desirable aircraft
characteristic. [12] If no natural excitation occurs, an artificial stimulus must be applied £o
initiat; a response. Normally a longifudinal cyclic input is applied to produce an off-trim pitch F
attitude of about five degrees, then the controls are returned and fixed in the trim positions and
the aircraft response is recorded. Since the aircraft response is typically coupled, an alternate
technique may be used. This technique ‘involves attempting to maintain the trim attitude in one or
two axes while allowing one or more axes to reqund naturally. For example the test pilot may

" maintain heading while the pitch and roll are allowed to respond. Another technique might
maintain heading and roll attitude while the pitch fespoﬁse is monitored. This technique is
difficult to perform and will often cause some contamination of the examineﬁ parameters. The
advantage of this technique is a simplification of the data reduction process. Although th1s
technique minimizes the data reduction and may be useful for generaliiing one aspect of the low
speed characteristics, it is not recommende;i for accurately documentiné the aircraft’s low speed
long term dynamic response. \
Pilot Procedures '
1. Establish a zero drift, unaccelera?ed, hover with all control f(;rces trimmed to zero.

2. Fix the flight 'controls in the tnmmed posi}ions and monitor and record the aircraft

4  response to any external stimuli.
Or, if no natural ;e;sponse is obtained; ) ,

3. Introduce a small off-trim attitude change (5 — 10° change of pitch or roll), and

‘ immediately return the flight controls to the trim positigns as accurately as possible.

)

Record the aircraft response.

Program Operation

The Low Speed Long Term Dynamic Stability Data Collection window (figure 5-9) is

displayed during the hover dynamic stability flight testing. To access this window select ’
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Figure 5-9 Low Speed Long Term Dynamic Stability Data Collection Window

Acquire Data | Hover and Low Speed Tests | Long Term Dynamic Stability from the menu
on the main window. Since the data collected for this test is sampled over a period of time the
user can select the rate of acquisition of the data samples. This is done with the ‘Sample Rate’
knob at the top left of the window. This setting adjusts the number of samples per second that
will be acquired in the range of 1 sample per second to 100 samples per second. The time
interval between each data sample is displayed below the ‘Sample Rate’ knob. In the example
shown in figure 5-9 the sample interval is 50 milliseconds. The default setting for the sample rate
is 20 samples per second and is generally suitable for this test.

Two continuously updating graphs are displayed in this window. The top graph is a time
history of the body axis rates in degrees per second, the bottom graph displays the frequency
content present for the selected body axis rates. When this window is initially opened both
graphs display continuous streaming data for all three axes. The user may select specific axes to
monitor by selecting the desired axes with the ‘Display Axis’ selection control. Since the hover
long term dynamic response is typically coupled between all three axes it is recommended that
this selection remain on ‘Pitch, Roll, Yaw’ for this test. The user can also set the length of time
that is displayed on the time history plot, this is done by adjusting the ‘Display Length’ slider
control. The valid range for this control, on this test, is from ten seconds to two minutes. The

default length for this test is 30 seconds. The number of data points held in memory can be
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calculated by multiplying the sample rate times the display length for example in figure 5-9

1 .
20 _Sé%eféﬁ x 30 sec = 600 samples. Data that is older than the display length is ‘expired’ and can

{

not be recovered. The display length must bé long encugh to capture the characteristic motion of
the aircraft without the time expiring. ' ‘

The bottom graph displays the frequency information for each axis displayed in the top graph. \
The frequency information 1s determined by a Fourier transformation of the time domain data.
The range of frequencies that can be determined are directly related to the sample rate. The
highest frequency that can be determined is one-half of sample rate in accordance with the
Nyquist Theorem.

The low speed long term dynamic stability test procedures are conducted while this window
is displayed, then before the data on the time history plot expires, the [Capture Data] button
must be pressed. When the [Capture Data] bution is pressed the time history data from the
aircraft body attitude, body rates, accelerations, and stick positions are sent Vto the data
presentation window. |
Data Acquisition Procedures -

1. Set the ‘Sample Rate’ as desired.

2. Set the ‘Display Length’ as desired.

3. Perform the Pilot Procedures above to stimulate the long period response. )

4. When the desired response data is shown in the time history graph select the

tCaptu re Data] button to close the Low Speed Long Term Dynamic Stability Data
Collection window and open the Low Speed Long Term Dynamic Stability Data
Presentation window.

Program Notes:

If the data on the time history graph is allowed to scroll off the window or ‘expire’, the data is
lost forever. To prevent this from happening increa;e the ‘Display Length’ setting. Setting the
‘Display Length’ to an overly long setting will cause the data presentation window to display

superfluous data. The default settings for the sample rate and the display length are normally
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sufficient to properly document most typical helicopter responses but some experimentation with
these settings may be necessary.

The ‘Sample ﬁate’ setting should not be changed during a flight test. All data for a spe;:iﬁc
test must be acquired at a constant sampling rate or the results will be inaccurate. ]

The [Clear Data] button clears both the time history and the frequency content graphs. It is
not necessary to clear data before beginning an attempt to acquire flight test data, but it may be
desirable to clear extraneous data before a “for-record test” is performed. This is especially
recommended if the display length is set to a long length and there are several minutes of

unnecessary or extraneous data preceding the test. -

Data Reduction and Presentation

The time history data of the aircraft body attitudes, body rates, accelerations, and stick
positions are available for analysis and presentation in the Low Speed Long Term Dynamic
Stability Data Presentation window (figure 5-10). The left side of this window presents the
relevant time histories, while the right side contains the analysis tools, engineering data results,
and general test information The time histories display the scaled raw data from which the

_engineering data results are calculated. The time histories that are displayed for this test are pitch
rate, pitch attitude, roll rate, roll attitude, and longitudinal stick position, although the user may
select other plots as desired. To display plots of different parameters the user can click on the
graph title and choose from a list of available plots as shown in figure 5-11.

When this window is initially opened, the ‘Engineering Data Results’ section is blank.
These data are determined by means of a process that is initiated by clicking the
[Analyze Responsé] button. This analysis can be done when the data is collected or the data
can be saved and the analysis can be performed at a later time.

Although it is recognized that the long term dyﬁamic response of the hovering helicopter is a
third order (or higher) function, that is coupled between all axes, the analysis routine in this
program will isolate only one axis at a time and return the coefficients of a second order function
representative of the motion about that axis. Each axis may be examined, but this analysis is

done in isolation from the motion of the other axes. This analysis is done by choosing the desired
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Figure 5-10 Low Speed Long Term Dynamic Stability Data Presentation Window

Figure 5-11 Selecting Alternative Time History Data Plots

axis from the selection at the top of the [Analyze Response] button and then clicking the
[Analyze Response] button. The results of the analysis are returned and filled into the
‘Engineering Data Results’ section of the window. For more information on the response
analysis process see the Second Order Dynamic Response Data Analysis section in Chapter 4.
The information on the lower right can be entered by the user to save relevant test condition
information with the data. Once this information has been entered by the user it will be
automatically reentered each time a data presentation window is opened. Then only the

information that has changed since the last test performed needs to be updated.
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Data Reduction

The engineering data results for the characteristic motion about the axis of interest can be

determined by the following process: ..

1.

2.
3.

Select the desired axis from the selection control at the top of the [Analyze Response]

button.

* Click the [Analyze Respdnse] button.

Complete the procedures outlined in the Second Order Dynamic Response Data Analysis

section in Chapter 4.

The following characteristic parameters’ are returned from this analysis: .

« Period of the Motion "« Damping Ratio

» Time to half or double Amplitude " » Natural Frequency

e Cycles to half or double Amplitude .+« Damped Natural Frequency -

4. Once the engineering data parameters have been determined the user may opt to view the

data on a complex plane by clicking the [Show Root Locus] button. For more
information on the Root Locus plot see the Display of Characteristic Roots on a.Complex

Plane section in Chapter 4.

i)

The data shown in the Low Speed Long Term Dynamic Stability Data Presentation window

can also be visually analyzed for several important characteristics. Some of the attributes that

may be determined are:

1.

x

Is the response in each axis convergent or divergent?

2 Is the response in one axis? Is the response coupled between two or all three axes?

- 3-

What is the phase delaybetween the axes forcoupled responses?

4. What are the relative magnitudes between coupled axes?

Analysis of low airspeed long term dynamic stability data should also address the following

questions:

1.

How easy was it to excite the long term response?

2. How easy was it for the pilot to suppress the long term response?

3.

Are the aircraft characteristics suitable for the intended mission?
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. Control Response ~

The purpose of this test is to evaluate the aircraft response to a flight control input. The
aircraft response is determined by the control sensitivity, damping, and response lags in the
examined axis. Control sensitivity is the acceleration per unit control mput. Dampmg is the
acceleration per unit of velocity. And the response lags are a consequence of the flight control
system characteristics and rotor system type. '

Seileral characteristics contributing to ‘desirableTresponse qualities are listed below. [12]

1. Pilots want a vehicle responsive enough to achieve some level of attitude change within a

certain time after a control input (without being overly responsive). .

2. Pilots want a reasenably steady state rate for a given input size.

3. Pilots want a predictable steady state response for a gi'ven control input.

* 4. | Pilots want a reasonable initial response (ag:celeration in the desired direction) shortly '
after control input.

Each of these qualities are direetl)" related to control sensitivity, damping, or both. The

resulting motion due to a given control input can be characterized as a first order system.

1

Test Method

This test is conducted by establishing a steady, unaccelerated, trimmed out-of-ground-effect
hover, applying control step input, and momtoring the aircraft response. An incremental buildup
techriique should be used to approach the maximum desired control input magnitude. Control
fixtures are generally used to restrain control inputs. The control input should be quick and
prec:Jise. If a fixture is used, the control should be firmly held against the fixture but not
forcefully. Recovery is initiated when a steady state rate is achieved or a predetermined test
flight 1imit is reached. ‘

Test limits on bank angle can prevent achieving a steady state roll rate. If the test helicopter
can achieve high roll rates and/or the test program is restricted to low roll attitudes, the recovery
may occur prior to achieving a steady state roll rate. In this case a smaller control input may be
evaluated that allows the aircraft to achieve a steady state rate, or a ‘false start’ technique may be

used. In this fechnique, the test pilot establishes a bank attitude in the direction opposite to the

*
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test input. Then the control step input is made from the banked control position. The use of the
false start technique permits a greater roll attitude change and a longer time to elapse prior to
‘recovery at the test attitude limit. ‘This technique may permit the helicopter to achieve the steady
state rate for the desired control input.
) .
The data reduction process uses the steady state rate to determine aircraft characteristics, but
does not critically depend on discerning a steady state rate. There are alternate analysis methods
included in the program that do not require a steady state to determine the desired aircraft
charac;teristics. '
Pilot Procedures
1. Establish a zero drift, unaccelerated, OGE hover with all control forces trimmed to zero.
2. Set the control fixture for the desired disi)lacement and position it for the desired input
direction. The control input size and direction are verbally and visually verified between
the pilot and copilot/flight test engineer. Start with small inputs and increase in size
incrementally until desired input is achieved. -
3. Apply the control input against the fixture and hold the controls fixed. Recover when a
steady state rate is obtained or a prédetermined test flight limit is reached.
4. Record the aircraft response.
5. When the maneuver is complete, announce the recovery so the control fixture can be -
quickly removed.
6. Repeat steps 1 through 5 for increasing control displacements until the maximum desired

deflection is attained.

7. Qualitatively assess the predictability of the control response.

Program Operation

The Control Response Data Collection window (figure 5-12) is displayed during low speed
control response flight testing. To access this window select Acquire Data |
Hover and Low Speed Tests | Control Response | (Pitch, Roll, Yaw, or Collective) from
the menu on the main window. Since the data collected for this test is sampled over a period of

time the user can select the rate of acquisition of the data samples. This is done with the ‘Sample
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Figure 5-12 Control Response Data Collection Window

Rate’ knob at the top left of the window. This setting adjusts the number of samples per second
that will be acquired in the range of 1 sample per second to 100 samples per second. The time
interval between each data sample is displayed below the ‘Sample Rate’ knob. The default
setting for the sample rate is 20 samples per second and is generally suitable for this test.

Three continuously updating time history plots are displayed in this window. The length of
time that is displayed on these graphs can be adjusted with the ‘Display Length’ slider control at
the bottom of the graphs. The valid range for this control, on this test, is from ten seconds to two
minutes. The default length for this test is 30 seconds. Also displayed with the ‘Display Length’
slider control is the ‘Points’ indicator which displays the number of data samples that are held in
memory. This value is calculated by multiplying the sample rate (in samples per second) times
the display length (in seconds). Only data displayed on the screen are useable. The ‘Display
Length’ defines the time interval at which the data expire and are no longer available for
determining the characteristic motion. The display length must be adjusted to capture the
characteristic motion of the aircraft without allowing necessary data to expire.

The top graph is a time history of the body axis rates in degrees per second, or in the case of
collective control response this graph displays the aircraft’s vertical velocity in feet per second.

The data presented on this graph are the basis for determining the engineering data results.
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Ideally the data presented on this graph will attain a stéady state rate during the peﬁommce of
the flight test technique. The middle graph displays the appropriate body attitqde or in the case of
collective control response thig is a plot of normal acceleration. The bottom graph shows the
api:ropriate control position versus time plot. ’ |
The control re(sponse test procedures are conducted while this window is displa{yecli. Bfafore .

the data on the time history plots expi;e, the [Capture Data] button must be pressed. When the
[Capture Data] button 1s pressed the time history data from the aircraft body attitude, body f
rates, accelerations, and stick positions are sent to the Control Response Data Presentation
win@ow. »
. Data Acquisition Procedures

1. Set the ‘Sample Rate’ as desired.

Set the ‘Display Length’ as desired.

5
H

2
3. Perform the Pilot Procedures above to test the control response.
4

When the desired response data is shown in the time history graph select the

[Capture Data] button to close the Conti'ol Response Data Collection window and open

the Control Response Data Presentation window.

Prografn No(egz - ‘ ! |

If £he data on the time history graph is allowed to scroll off the window or ‘expire’, the data
are no longer available. To I;revent the loss of necessary data increa;:e the ‘Display Length’
settin%;. Setting the ‘Display Length’ to an overly long setting will cause the data presentation
window to display unnecessary data. The default settings for the sample rate and the di'splay
length are normally sufficient to properly document typical helicopter responses but some ;
éxperimentation with these settings may be necégsary to achieve the desired results.

The ‘Sample Rate’ setting should not be changed during a flight test. All data for a specific
test must be acquired at a constant sampling rate or the results will be inaccurate.

. The [Clear Data] button élear§ all three time history gaphs. It is not necessary to clear data

before beginning an attempt to acquire tiight test data, but it may be desirable to clear extraneous
}data before a “for-recc;rd test” is performed. This is especially recommended 1f the display length

is set to a long length and there are several minutes of unnecessary data preceding the test. -
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Data Reduction and Presentation

The time history data of the aircraft body attitudes, body rates, accelerations, and stick
positions are available for analysis and presentation in the Control Response Data Presentation
window (figure 5-13). The left side of this window presents the relevant time histories, while the
right side contains the analysis tools, engineering data results, and general test information. The

time histories display the scaled raw data from which the engineering data results are calculated.

Figure 5-13 Control Response Data Presentation Window

When this window is initially opened, the ‘Engineering Data Results’ section is blank.
These data are determined by means of a process that is initiated by clicking the
[Analyze Response] button. This analysis can be done when the data are collected or the data
can be saved and the analysis can be performed at a later time. Analysis is done by clicking the
[Analyze Response] button. The results of the analysis are returned and filled into the
‘Engineering Data Results’ section of the window. For more information on the response
analysis process see the First Order Dynamic Response Data Analysis section in Chapter 4.

The information on the lower right can be filled in by the user to save relevant test condition

information with the data. Once this information has been, initially entered, it will be
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automatically reentered each time a data presentation window is opened. Only the information

that has changed since the last test pe}formed needs to be updated.

Data Reduction

The engineering data results for the characteristic motion about the axis of interest can be
determined by the following process: 1
1. Click the [Analyze Response] button.
2. Complete Fhe procedures outlineq in the First Order Dynamic Response Data Analysis
section in Chapter 4. ‘ ‘

" The following characteristic parameters are returned from this analysis:
o Time Constant T « Characteristic Root

3. Once the engineering data parameters h»ave been determined the user may opt to view the
data on a complex plane by clicking the [Show Root Locus] button. For more
' information on the Root Locus plot see the Display of Characteristic Roots on a Complex
Plane section in Chapter 4.

The data shown in the Control Response Data Presentation window can also be visually
analyzed for several important characteristics. Some of the attributes that may be determined are
the steady state rate, maximum rate, initial acceleration, maximum acceleration, and acceleration
delay.

Analysis of low airspeed control response data should also address the following questions:

1. Was the response predictable?

Was the response consistent?

2
3. Was the steady state rate adequate?
4

Are the aircraft characteristics suitable fpr the intended mission?
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Chapter 6
FORWARD FLI1GHT LONGITUDINAL FLIGHT TESTING

General

This chapter discusses the helicopter longitudinal stability and control characteristics in
forward flight. For ihe purposes of this diécussioq the term forward flight is defined as
translational flight generally élong the aircraft’s x-axis at airspeeds (relative to the air mass) from
lapproximately 30-40 knots to the aircraft’s maximum designed never exceed spe;d (Vnp). The
forward ‘ﬂight longitudinal characteristics include the pitch moments about the y-axis, and the
linear. force components along the x z;nd z axes. The theoretical background for longitudinal
stability and control flight testing, forward flight longitudinal flight test techniques, and

procedures for the operation of the Helicopter Stability and Control Analysis Software are

presented in this chapter.

Theory

v

The forward flight characteristics of the hehcopier are governed by the static stability,
dynamic stability, and flight control properties of the aircraft. The rotor produces many of the
most dominant forces that control the helic‘opter dynamics, therefore table 6-1 presents the quasi-
static rotor characteristics to indic,ate the rotor response to control inputs and external
disturbances.

’jI‘he follow-ing physical descriptions of the controlling forces and moments are presented to

\

x
better understand the overall reactions of the helicopter in forward flight.
Longitudinal Static Stability

The longitudinal static stability can be measured by determining the stick displacement (or
force réquired) versus aircraft speed. The static stability is said to be positive whén cyclic stick
displacement (increasing displacer;xent in the direction of the increase in airspeed) is required to
maintain an increase in airspeed. The helicopter longitudinal static siability characteristics are

influenced by many aerodynamic factors, but are dominated by the effects of the main rotor and

.
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Table 6-1 Forward Flight Longitudinal Quasi-Static Rotor Characteristics [12]

. ' Rotor Force
Perturbation Rotor Response Applied to the Aircraft
Increased Comung, Increased Lateral
. Flapping due to Coning, Increased .

Collective Longitudial Flapping, Nose up +AT, Thrust Increase

Increment ' +AMyp, Nose Up

+A8con N da, + db,, N da,, +AMcg, Nose Up

9 ?
¢y Oday, 30y
Tip Path Plane Tilts Forward
Lofr:xoi:iir; al : . -AT, Thrust Decrease
g . da, -AMy, Nose Down
Cyclic Increment ——Is ~AMer.. Nose Down
+.A814°ﬂ5 aal.ong ; G,
Increased Blade Angle of Attack,
Increased Coning, Increased Lateral

Downward Flapping due to Coning, Increased +AT, Thrust Increase

Inf:r ement in Longitudinal Flapping, Nose up +AMy, Nose Up

Vertical Velocity + Ho Nose U
+Aw cG, Nose Lp

da, . db, Oda,

+ ==, .+

Forward Increment

Rotor Tilts Aft (Blowback)

+AT, Thrust Increase (low up)
-AT, Thrust Decrease (high ug)

1n Horizontal
Velocity da,, +AH, Aft, Nose Up
+Au + ) +AMy, Nose Up
5 u +AMcg, Nose Up
Rotor Lags Shaft by Angle AT =0
Nose Up Pitch Rate Proportional to Pitch Rate ~ =
Inclzement ' +AH, Aft, Nose Up
+A aa1 s -AMpy, Nose Down (Damping)
b ) q -AMcg, Nose Down (Damping)

Speed Stability

the attributes of speed stability and angle of attack stability.
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the effects of the horizontal tail surfaces. The main rotor creates pitching moments as a result of

Considering the aircraft in trimmed level flight at a constz;nt forward velocity, the rotor is
producing an equal amount of lift on the left and right halves of the rotor disk despite the fact that
there is a relative velocity differential between the advancing and retreating halves of the disk.
This lift equilibrium {s accomplished by cyclic feathering and rotor flapping. The rotor blades

that are on the advancing side of the disk, experiencing an increased relative velocity flap, up to




reduce the angle of attack and the retreating blades flap down to increasé the angle of attack.
Typically, on U.S. built helicopters, the advancing rotor blades are on the night side in forward
flight.

A rotor system that 1s suddenly subjected to an increase of airspeed (i.e. caused by a
headwind gust) experiences an increased relative velocity on the advancing blades and a relative
velocity decrease on the retreating blades The immediate result is a dissymmetry of lift
condition that is manifested as a nose up pitching moment due to the mechanism of gyroscopic
precession. The gyroscopic precession, or phase angle, is exactly 90° for rotating bodies with a
flap hinge located at the axis of rotation. The 90° phase angle is reduced for rotor systems that
have the flap hinge displaced (offset) in plane, from the axis of rotation. Rotor systems that have
offset are affected by this reduction of the phase angle resulting 1n roll coupling with all pitch
moments and vise-versa. For the purposes of this discussion, the phase angle will be assumed to
be approximately 90°. The resulting aft tilt of the rotor disk has an aft thrust component that
tends to decelerate the aircraft back towards the trim airspeed  Therefore, speed stability has a

stabilizing effect The speed stability is often referred to as blowback.

Angle of Attack Stability

Angle of attack stability is described by an initially trimmed rotor system at a constant
forward airspeed that is affected by a sudden increase of angle of attack on all elements of all
rotor blades. This can be caused by a collective control position change, an upward/downward
gust through the rotor, a sudden change in the aircraft velocity vertical component, or a
cornAbination of these contributions. Considering the trimmed system that experiences a sudden
increase of angle of attack, all blades encounter an equal angle of attack change, however, the lift
increase 1s not equal for the advancing blades compared to the retreating blades. Although the
entire rotor disk experiences an increase in lift the advancing half of the disk has a greater lift
change that results 1n a nose up pitching moment due to the gyroscopic precession. The resulting
aft tilt of the rotor produces an additional angle of attack increase which further increases the nose
up pitching moment. This increasing nose up pitching moment with increasing angle of attack

indicates that angle of attack stability is a destabilizing attribute.
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The fuselage and tail also contribute to the angie of attack stability. ‘Most fuselages are
unstable with respect to angle of attack. At increased angles of attack, the fuselage typically
contributes a nose up pitching moment. The opposite is true of the horizontal tail, increased angle
of attack generally produces a nose down moment and a stabiliziﬂg effect. The relative strengths -
of these contributions vary with the physical design of each helicgpter and with airspeed. At low

airspeeds the contributions of the fuselage and tail are negligible, and at higher forward speedsi

* some helicopters gain sufficient stability from the horizontal tail to overcome the unstable

tendencies of the rotor.[18] The overall angle of attack stability for a given helicopter in a
specific configuration is the resultant sum of the rotor, fuselage, and tail moments due to the

angle of attack change.
Longitudinal Dynamic Stability

Dynamic stability examines the til‘;le rate of change of the motion of the aircraft: When
considering the longitu&inal characteristics of a helicopter in forward flight over a period of time
following a disturbance, the effects of speed stability and angle of attack stability become
coupled. That is to say that a disturbance in one mode will create a disturbance of the other
mode. Additionally, the effects of aerodynamic damping must be included in discussions of
dynamic responses. Helicopters in forward flight have dynamic characteristics that vary widely
not only between aircraft type; but also, between same type at varying gross weight, center of
gravity, configuration, anq forward airspeed. [18] Two oscillatory dynamic modes typically exist -
as discussed below.

6ne can observe both longitudinal modes of»motion in forward flight by suddenly deflecting
the longitudinal cyclic control to a new position and holding it there. The initial response of the
helicopter is to pitch in the appropriate direction corresponding to the control displacement and to

develop a change in G forces. This short term behavior subsides within 1 to 2 seconds and

involves primarily pitch angle (8), angle of attack (o), and G force or normal acceleration (Np).

. Velocity and altitude do not change appreciably during this short time. [18] If the control

deflection (assume an aft step input) is held fixed at the displaced position, at the end of the short

term motion the nose will be above the initial position and the airspeed will begin to change.
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Because of the aircraft deceleration, the speed stability of the rotor will create a nose down_
‘moment. "As the nose of the aircraft pitches down the component of weight of the-aircraft along
the flight path increases, tending to accelerate the aircraft. Thus there is a slowly changing
relationship between pitch moments and x-ax1s forces, which causes long period oscﬂlatlons
involving pitch attltude (8), velocity (u), flight path angle (y), and altitude. [18] If the long penod
motion is damped, the aircraft approaches a new equilibrium state — in this example, at a lower
-velocity. Figure 6-1 shows a typical time histony ‘plot of the pertinent parameters of the |

longitudinal modes of motion described above.
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Figure 6-1 Example Time History Plot 6f Longitudinal Modes of Motion
Short Term Response

As discussed in Chapter 3 the short term response characteristics of a helicopter in forward

flight inﬂuence the handling‘ quaiities in)performing maneuvering tasks requiring i)itching motion.
The pilot should be able to make changes in pitch attitude and flight path quickly and easily.

Instabilities in the short period response of the aircraft would make the aircraft very dlfficult to

control. The short period response is typically oscillatory and convergent and may be heavily
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damped This response 1s typical of a spring-mass-damper system with major contributions from
the parameters presented 1n table 6-2

The spring or restormg force 1s a consequence of the rotor system design, the two design
parameters that control the restoring force are the mast height and the flapping hinge offset The
mechanism for the mast height to provide a restoring force 1s that the pritching moment from the
thrust of the main rotor 1s directly proportional to the height of the thrust vector above the aircraft
center of gravity The restoring force due to hinge offset 1s due to the moment created by the
centrifugal force of a rotor system that 1s rotating out of plane with the rotor hub The system
damping 1s primarily a result of the aerodynamuc viscous effects

Ordinanly, the speed remains essentially constant while the pilot makes short term pitch
attitude changes, therefore changes m airspeed are neglected when discussing the short pertod

response For a constant speed the short period response 1s primarily governed by three aircraft

Table 6-2 Analogy of Short Term Response and Spring Mass Damper System [12]

Spring Mass Damper System Helicopter Pitch Rate Response
Vanable (0]
Sl Norloed -2, -,
e (., -
I;At?rscsull\;olgrlrl]naig:s |-M5ung 51“’”&' + (MWZ5u::g - ZwM&Lang )b Long
Where q = Pitch rate
Zy = Vertical force due to vertical velocity (Heave damping)
M, = Putch moment due to pitch rate (Pitch rate damping)
U = Imitial velocity
M, = Pitch moment due to vertical velocity (Angle of attack stability)
Sy = F1tCh moment due to longitudinal control
Spg . Vertical force due to longitudinal control
Oromg = Longitudinal control
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stability derivatives. These derivatives include the angle of attack derivative (M,,), the pitch rate
damping (M), and the vertical or heave damping (Z,,) derivatives.

It can be shown that the solution for the two roots of the short period mode are as follows:

2
-Z,-M ~Z,-M
,11'2={ - ")i ( v ") ~(Zz M, —uM,) eq.61

2

Where: A2 = Characteristic roots.
M, = Putch moment due to pitch rate.
M, = Putch moment due to vertical velocity.
Z, = Vertical force due to vertical velocity.
Up = Initial velocity component along the x-axis.

The short term response of the helicopter, like the response of a spring mass damper system,

15 aperiodic if the characteristic roots are real and is oscillatory if the roots are complex numbers.
2
Ty, T M q . .
If — Y )(Z wM, —uM ), A1 and A, are real roots and the time response is a

combnation of first order (non-oscillatory) exponential responses. Since the heave damping
derivative (Z,) and the pitch damping derivative (M,) are both inherently negative, the term Z.M,

15 positive. If the angle of attack derivative (M,,) is negative and large enough for

-Z,-M,Y
T ((ZWM g — UM, ), A, and X, are a complex conjugate pair and the time

response is sinusoidal When the angle of attack dertvative (M,,) is positive, the two roots of the
characteristic equation are real numbers indicating aperiodic responses One of these component
responses is convergent or divergent depending on the sign of the term Z,Mg—ugM,, [12]

The parameter, Z,M, — uoM,, , might be termed the maneuvering stability level (MSL). When
this parameter 1s positive, both roots are negative and a stable response is obtained. However, if
the MSL parameter 1s negative, one of the real roots is positive and yields an exponential

divergent short term response [12]
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Long Term Response

The long period response of a helicopter is simlar to the phugoid response of a conventional
airplane with one significant difference. The airplane phugoid response generally does not
mvolve angle of attack changes whereas the angle of attack parameter is primary contributor to
the helicopter long period response.

The long period response of a helicopter can also be modeled by a spring-mass-damper
system and can be represented by a second order differential equation. The parameters of the

spring-mass-damper system are presented in table 6-3.

Table 6-3 Analogy of Long Term Response and Spring Mass Damper System [12]

Spring Mass Damper System Helicopter Speed Response

Variable u

Mass Normalized X +g [_ ZiMu _Mw(quu _quu -Z,Z, )]
Damping Constant u (Zw Mq -M u, )2

Mass Normalized g (M wly —M,Z, )
Spring Constant (Zw Mq -M u, )

Forcing Function

Mass Normalized (_ 4 SLong M,+M S1omg z, ) 5
8 Long

Where: u = x-axis arrcraft velocity.
= Grawty.

p = Vertical force due to vertical velocity (Heave damping).

= Vertical force due to forward velocity.

4

Z,

Z,

M, = Putch moment due to pitch rate (Pitch rate damping).

M, = Pitch moment due to forward velocity (Speed stability)

M, = Pitch moment due to vertical velocity (Angle of attack stability)
U = Imial velocity.

M = Pitch moment due to longitudinal control.

= Vertical force due to longitudinal control.

Omg = Longitudinal control.
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If the spring constant term has a negative; value, the characteristic (equation for the system has
a positive real root and a negative real root, corresponding to convergent and divergent responses.
Similarly, the effeg:ti\‘/e: stiffness for the helicopter speed response is negative when the static
stability parameter, g(MwZu —~M,Z,) is negative. Thus, the s1én of this p;lrameter, determined
from the longitudinal control position versus airspeed gradients, indicates whether or not the ,

helicopter has a divergent aperiodic long term response. [12]

Loﬁgitudinal Equations of Motion for a Helicopter in Forward Flight

i The longitudinal equations for forward flight inplude two force equations (longitudinal and
vertical force) and one moment equation (pitch moment). The equations of motion presented
below assume that the initial flight path is near level (cos y;, = 1) and that there is minimal
coupling with the lateral-directional motion of the aircraft. [12]

— Al ~ wyAq + X, Au+ X Aw + X Ag +—g cos ¥,AB...

eq. 6-2
=X 8 Long AaLong +X S cai Ad Coll
(- Aii ~ woAg)+ (X, Au + X, Aw)+ (Xq'Aq)+ (- gcosy,A0)..
eq. 6-3
= (X ‘shmg AaLo"g + XGCoH Aacou )’ )
(~ AW —uoAq)+ (Z,Au + Z,,Aw)+ (Z,Aq)+ (- g siny,A6).. 4
) . 6-4
= (Zal‘mg A&Lo;lg + ZsCD" A6C0" eq
(-Aq)+ (M, Au+M Aw)+ (M Ag+ M ,Aw)..
eq. 6-5
= (M SLong Ad Long T M 8ot Ab gy
Wheré: m = Mass.
T L, = Moment of inertia about the y-axis. _
Au = Change in linear acceleration along the x-axis.
Aw = Change in linear acceleration along the z-axis.
Au = Change in linear velocity along the x-axis. ‘
Aw = Change in vertical velocity.
U = Initial velocity component along the x-axis.
wo . = Initial velocity component along the z-axis.
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Aq = Change in pitch rate.
= Longitudinal force due to longitudinal velocity.
= Longitudipal force due to vertical velocity.
= Longitudinal force due to pitch rate.
= Gravity.
= Initial flight path angle.
= Change in pitch attitude.
= Vertical force due to longitudinal velocity.

= Vertical force due to vertical velocity.

Xy

Xw

X,

8

Yo

A6

Z,

z,

Z, = Vertical farc:e due to pitch rate.
M, = Pitch moment due to loﬁgitudinal velocity.

M, = Pitch moment due to vertilcal velocity.

M, = Pitch moment due to pitch rate.

X Bimg = Longitudinal }'orce due to longitudinal control.
Xsca

= Longitudinal force due to collective control.

Z 5. = Vertical force due to longitudinal control.
sy = Vertical force due to collective control.
M 8, = Pitchmoment due to longitudinal control.

6oy = Pitch moment due to collective control.

Abpng = Change in longitudinal control

Adc,n = Changein collective control.

Longitudinal Stability Derivatives

The general form of the equation for the longitudinal moment stability derivatives is
preéented as equation 6-6. This general equation is used for each pertinent flight or control
variglble (4, W, g, OLong, and d¢yy ) While the holding the remaining \/raria'bles constant. The four
terms in equation 6-6 can be examined individually and relative magnitudes can be assessed for
each term, then the relative magnitudes can ‘be summed to gauge the overall impact of the
" examined variable. The terms of this equation represent the maj01; contributors to the longitudinal

stability of the helicopter, and include <1> the rotor hub force (H) acting perbendicular to the mast,
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<2> the moments due to rotor thrust (T) acting perpendicular to the tip path plane, <3> the pitch
moment due to the rotor hub force (Mpy), and 4> the fuselage and tail moment (Mcgu,). The
fuselage drag force is assumed to act through the center of gravity; and thus does not produce a

pitching moment. [12]

1 4
1 | ebMQ Q?da o \ T ’_(?)F 3M(cl
M y=—1/|Th+— (¢, +hay,)—+h Lo
zw[ 2 ]a() ()" "0 a0
) eq. 6-6
Where: My = Pitch moment due to examined variable.
() - = Exanuned flight or control variable (u, w, g, OLong> OF Ocalt)
L, = Moment of inertia about the y-axis. ’
T = Main rotor thrust.
h = Height of the rotor hub above the center of gravity.
e = Flapping hinge offset.
M; = Blade mass moment.
Q = Rotor angular velo;;'ity.
ay = Longitudinal flapping angle (shaft referenced).
- = Longitudir.zal distance between the mast and the CG.

Rotor hub Jforce perpendicular to the mast.

v
[

M CGpay = Pitch moment due to aerodynamic forces of fuselage and tail.

2

Test Procedures

Trimmed Flight Control Positions

The purpose of this test is to determine the variation in control positions and handling
qualities with changes in power and airspeed. The entire forward flight airspeed envelope is
typically evaluated and the full range of power settings from maximum continuous power to
autorotation. Control margin, or percent of control travel remaining, is evaluated during this test.

In addition to the quantitative information acquired during this test, the test pilot should make

a qualitative assessment of the workload required to maintain each desired data point. This is
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typically done by assigning a subjective Handling Quality Rating (HQR) according to the

Cooper-Harper rating scale for each data point.

Test Methods

Two basic procedufes are used to evaluate ihle forward flight trimmed control positions. The
level flight procedure measures the control inputs necessary for various airspeeds, and the
climbing and descending procedure evaluates the control displacements with power changes.

The level flight test is conducted by flying at steady, trimmed, level flight at a constant speed.
Incremental speeds are flown with data recorded at each steady speed. Airspeed increments of 10
knots are typically used. The testing begins at the slow speeds and proceeds to the faster speeds
until the desired speed is reached, a control position test limit is reached, or the test pilot
determines that another speed increment could not be safely completed.

For climbs and descents, one or more mission representative airspeeds are used. The
helicopter is stabilized on constant airspeed and the power is varied from autorotation to climb.
In this test the airspeed remains constant while the power is varied. A total of at least five power
increments should be evaluated.

Pilot Procedures (Level Flight)

‘ 1. Establish a steady,‘coordinated, level flight at the desired test airspeed with all control
forces trimmed to zero.

2. Record data.

3. Assign a HQR value for each data point as de;ired.

él. Establish the next airspeed increment and repeat steps 1 — 3 for e;ach data point.

Puot Procedures (Climbing and-Descending Flight) -
1. Establish a steady, coordinated, level flight at the desired test airspeed with all control
forces trimmed to zero, record data.
2. iAdjust the collective to achieveA the desired power increment while maintaining airspeed
- constant. Retrim the control forces to zero and record data. The altitude should remain

within #1000 feet of the initial test altitude.

3. Assign a HQR value for each data point as desired.
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4. Repeat steps 2 and 3 for each data point.

Program Operation

Forward flight trimmed control position testing is accomplished by selecting Acquire Data |
Forward Flight Longitudinal Tests | Trimmed Flight Control Positions | Level Flight (or
Climbing & Descending Flight) from the menu on the main window (figure 6-2). The Level
Trimmed Flight Control Positions Data Collection (figure 6-3) and the Climbing & Descending
Trimmed Flight Control Positions Data Collection (figure 6-4) windows are used to accumulate
the necessary flight test data. The top half of each of these windows displays a 30 second time
history of the position of each flight control. The lower half of the window is used to collect data

for each desired trim condition.

Figure 6-3 Level Trimmed Flight Control Positions Data Collection Window
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Figure 6-4 Climbing and Descending Trimmed Flight Control Positions Data Collection Window
Data Acquisition Procedures

1. Enter the length of time that the control positions will be monitored on each data point in
the ‘Sample Length’ field. The ‘Sample Length’ setting can be set from 0 seconds
(instant sample) to 10 seconds, the default is 3 seconds. This setting can be changed for
subsequent data points as desired.

2. Choose a target airspeed (level flight) or power setting (climbing and descending flight)
and adjust the ‘Speed’ or the ‘Power’ setting as necessary.

3. With the aircraft trimmed on the target speed or power setting for the data point being
flown, select the [Mark] corresponding button, to record data. After [Mark] is pressed,
the pilot should keep the aircraft stabilized for the duration of the ‘Sample Length’
setting as the software will monitor the control positions for movement during this
period.

4. Select or enter a handling quality rating in the ‘HQR'’ field as desired.

5. Repeat steps 2 — 4 for each desired data point.

6. When the all of the desired data points have been collected, select the [Done] button to

close the Data Collection window and open the Data Presentation window.
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Program Notes:

The default values for the speed/power settings can be changed to any values of interest. If
the speed/power setting is changed from the default value, it must be set before the [Mark] button
is pressed for that data point. —

After a data point is marked, the [Mark] button mnemonic changes to [Clear]. If the user
wishes to discard the data collected for that data point the [Clear] button can be pressed. The
data for that speed will be discarded, the button mnemonic changes back to [Mark], and new data
can be acquired.

In figure 6-3 there are eighteen differe;nt speed data points available for data collection, in
figure 6-4 there are twelve power data points. It is not necessary to complete all data entries, the
user can choose or change any of these values as desired.

Selecting the [Cancel] button discards all collected data and closes the Data Collection
window and returns program operation to the main window.

Selecting the [Done] button closes the Data Collection window and opens the Data

Presentation window.

Data Reduction and Presentation

The Level Flight and Climbing & Descending Trimmed Flight Control Positions Data
Presentation windows are shown 1n figures 6-5 and 6-6. These windows display the pertinent
attitude and control positions for the recorded data. The information on the lower right can be
filled in by the user to save relevant test condition information with the data. Once this
mformation has been entered by the user 1t will be automatically reentered each time a data
preéentation window is opened. Only the information that has changed since the last test
performed needs to be updated.

Analysis of this information is primarily based on the slope of the cyclic control position plot.
In the example data presented in figure 6-5 the longitudinal cyclic stick position plot indicates
increasing forward stick displacement with increasing forward airspeed. This indication signifies
that the control movements are 1n the usual sense and implies positive low speed longitudinal

static stability.




Figure 6-6 Climbing/Descending Trimmed Flight Control Positions Data Presentation Window
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.

The following questions should be answered based on the data presented in these windows:

L.

2
3
4.
5

i

Were the control movements required in the usual sense (forward cyclic for increasing
airspeed)? o

Were the control margins reached or exceeded" |

Was there objectionable couplmg between pitch, roll or yaw?

Were the control position changes w1th power or airspeed excessive?

-

Were the aircraft attitude changes with power or airspeed excessive?

Longitudinal Static Stability

moment generated by off-trim a1rspeed changes Since the aircraft’s forces/moments can not be

The purpose of this test is to evaluate the static stability or the change in the total longitudinal

directly measured in flight, the intent of th1s test is to measure the control displacements

necessary to balance the pitching moinents caused by airspeed variations from trim. [12] Positive

y o

static stability is indicated by increasing forward cyclic stick displacement with increasing

airspeed and increasing aft stick with decreasing airspeeds.

: Although the direction of cyclic displacement is an indicator of the sign of the static stability,
\nerther the lmear displacement nor the percentage of total travel for a given arrspeed change isa

- measure of the strength of the stability. The amount of control d1sp1acement isa functlon of the

<

'

gearing of the physical flight control linkages.

s

Test Method ¥

This test is conducted by establishing a wings level, steady, unaccelerated, trimmed awrspeed. *

Wlth the collect1ve control ﬁxed and rotor speed constant, the airspeed is varied incrementally

above and below the trim speed. To attam the off-trlm speeds stabilized cllmbs or descents wrll

result. The ﬁrst auspeed.rncrement above and below trim should be 2 -3 knots then increments

¥

. of 5 knots are typlcally used. These -airspeed 1ncrements are arbitrary. [12] It is much more

1mportant to be in stabilized ﬂlght than to establish the exact increment precisely. During tlus test

¥

an altitude band should be maintained; typically £1000 feet is used.

€

»
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Pilot Procedures

1. Establish a stabilized, wings level, unaccelerated, airspeed with the control forces
trimmed to zero. Record the initial trim conditions.

2. Stabilize on each airspeed increment with the collective fixed at the trim airspeed
position, record data.

3. Repeat step 2 until the desired airspeed range is covered.

Program Operation

The Longitudinal Static Stability Data Collection window (figure 6-7) is used to record the
accumulated flight test data. To access this window select Acquire Data | Forward Flight
Longitudinal Tests | Static Stability from the menu on the main window. The top half of this
window displays a 30 second time history of the position of each flight control. The lower half of

the window is used to collect data for each desired off-trim condition.

Data Acquisition Procedures
1. Enter the length of time that the control positions will be monitored on each data point in

the ‘Sample Length’ field. The ‘Sample Length’ setting can be set from 0 seconds

!aaaaaag~

Figure 6-7 Longitudinal Static Stability Data Collection Window
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(instant sample) to 10 seconds, tile default is 3 seconds.” This settiI{g can be changed for
subsequent data points as desired. \

2. Set the trim speed ir} the ‘Inttial Trim “Cc;ndition’ speed field.

3. Withthe aircraft stabilized on the trim speed and control forces trimmed to zero, select
the [Mark] button associated with the ‘I’nitlal Trim Condition’. After [Mark] is pressed,
the pilot should keep the aircraft étabflized for tl;e duration of the Sample Length setting
as the software will ;nonitor the cqntrol ﬁlositions for movement during this perioci.

4. Restabilize the aircraft on th; off-trim speed without retrimming the control forc;s.

" 5. With the aircraft stabilized on the off-trim data point and the ‘Speed’ set to the data point
. being flown, select the [Mark] button coqesponding to the ’speed being flown, to record
data. Again the data will be sampled for the duration set in the ‘Sample Length’ setting.

6. Repeat steps 4 — 5 for each desired data pdint. ] ‘ ,

‘7. ’ When the all of the desired data pdints have been collected, select the [Done] button to

| rclose the Longitudinal Static Stability Data Collection window and épen the Longitudinal
Static Sgability Data Presentation window.. |
Program Notes: |
' The default values for the initial trim speed and the off-trim speeds can be changed to any
values of interest. If these values are changed from the default values, they must be set before the '

[Mark] bqtton is pressed for that data point. L
After a data point i; marked, the [Mark] button mnemonic changes to [Clear]. If the user

* wishes to discard the data collected for that data pomnt the [Clear] button can be pressed. The
data for that speed will be discarded, the button mnem‘onic changes back to [Mark], and new data
can be acquired. L

, Selecting the [Cancel] button discards all collected data and closes the Longitudinal Static

Stability Data Collection window and returns function to the main window.
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Selecting the [Done] button closes the Longitudinal Static Stability Data Collection window

and opens the Longitudinal Static Stability Data Presentation window.

Data Reduction and Presentation

An example of the Longitudinal Static Stability Data Presentation window is presented as
figure 6-8. Analysis of this information is primarily based on the slope of the cyclic control
position plot. A longitudinal cyclic stick position plot indicates increasing forward stick
displacement with increasing airspeed or increasing aft stick displacement with decreasing
airspeed is indicative of positive longitudinal static stability. Graphically this would be plotted as
a negative sloping line for positive static stability. A summary of the static stability graphical
indications are presented in table 6-4.

The information on the lower right corner of the data presentation window can be filled in by
the user to save relevant test condition information with the data. Once this information has been
entered by the user it will be automatically reentered each time a data presentation window is

opened. Only the information that has changed since the last test performed needs to be updated.

i
i

G o]0 fol D+ |5 O
=< B
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Figure 6-8 Longitudinal Static Stability Data Presentation Window
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Table 6-4 Summarsl of Longitudinal Static Stability Graphing Indications

Aircraft What control input Slope of the control Static :
Motion was required? position curve Stability
' Increasing Forward Cyclic Negative Positive
Increasing -
Forward Neutral “Zero ‘Neutral
Speed .
Increasing Aft Cyclic Positive Negative
Decreasing Increasing Aft Cyclic ' Negative Positive
Forward Neutral - . . Zero Neutral
Speed . . .
. Increasing Forward Cyclic Positive Negative

Analysis of longitudinal static stability data should also consider the following guesti‘ons:

1. Were control margins approached or exceeded?

2. Isthere a speed band about trim within which there are no dlsﬁlacement (or force) cues to

indicate the off-trim condition?

3. Are the aircraft characteristics suitable for the intended mission?

Maneuver Stability

The maneﬁver stabilify test is a variation on the longitudinal static stability test. In both
cases, longitudinal control inputs are used to stabilize the aircraft at off trim conditions. The
static stability evaluation is conducted at 1.0 g and the i;irspeed is varied. In maneuvering
stability tests the trim airspeed is maintained and the normal acceleration is varied. The
maneuvering stability or pitching moment change due to change in load factor is determined from

the variation of the longitudinal control position with normal acceleration obtained during

stabilized conditions with constant airspeed and collective. [12]
Three test techniques are used to create changes in the aircraft normal load factor: steady

turns, symmetrical pull-ups, and symmetrical pushovers.
Test Method

The steady turn test technique is conducted by first attaining steady straight and level flight at
a constant speed and control forces trimmed to zero. The aircraft is banked to the first desired
bank angle with the collective fixed, while the pitch attitude is adjusted as necessary to maintain

- y
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airspeed. Control forces should not be retrimmed to zero at each bank atlgle. Data are reccrded
and the next bank angle is established. This process is continued until the maximum load factor
or predetermined test limit is reached. ‘ l

The symmetrical pull-up technique is performed from trimmed level flight. First the pitch
attitude is increased to allow the a1rspeed to decrease, then the pitch attltude is decreased to allow
the aucraft to accelerate As the speed approaches the original trim speed the first desired aft
cychc increment is rapldly applied and held. The goal is to attain a level pltch attitude at the
moment the airspeed returns to the trim speed. At that momerlthata are recorded. The process is
repeated with incrementally larger magnitude inputs to achieve increased load factors until the
maximum load factor or predetermined test limit is reached. This test technique requires
considerable practice and proper timing to yield satisfactory results. Caution must be exercised
with this method because an aircraft with neutral or unstable maneuvering stability characteristics
will continue to increase in g when longitudinal control is held displaced from trim.

The symmetrical pushover technique is similar to the pull-up technique except that the cycllc
control input is in the opposite direction. First, the airspeed in increased, then the aircraft is
pitched up; then just prior to reaching the trim speed, a forward longitudinal cyclic inc‘rement’is
applied. As the speed reached the tnm speed the aircraft should be in a level attitude and data are
recorded. Additional caution must be exercised when performing this technique not to exceed the
test g envelope, as many helicopters exhibit dangerous flight characteristics at low or negative

load factors.

‘ Pilot Procedures (Steady Turns Technique) \

1. Establish a steady, coordinated, level flight at the desired test airspeed.

2. Trim all control forces to zero.
3.” Fix the collective position.

4." Record the initial trim conditions.
5. Establish the first bank angle increment while the airspeed is maintained by adjusting the J
pitcll attitude, do not adjilst the collective or retrim the control forces.

6. Record data when the bank angle is established and the airspeed is stabilized.

7. Repeat steps 5 and 6 for each bank angle increment.
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Pilot Procedures (Symmetrical Pull-up Technique)

1.

2
3
4.
\5

Establish a steady, coordinated, level flight at the desired test airspeed.

Trim all control forces to zero.

Fix the collective position.

Record the initial trim conditions.

If a control fixture is used, establish the fixture increment and position the fixture as
necessary.

Using cyclic control o;xly decelerate below the trim airspeed.

Lower the nose of the aircraft below the trim attitude to accelerate toward the trim
airspeed. ’

Prior to reaching the trim speed, rapidly displace the longitudinal control and hold against
the fixture.

Record data at the moment where the airspeed stabilizes the trim speed, thg aircraft

attitude must also be at the trim attitude when data are recorded.

10. Repeat steps 5 — 9 for each data point.

Pilot Procedures (Symmetrical Pushover Technique)

1.

2
3
4.
5

Establish a steady, coordinated, level flight at the desired test airspeed.

Trim all control forces to zero. T

Fix the collective position.

Record the initial trim conditions.

If a control fixture is used, establish the fixture increment and position the fixture as
nécessary.

Using cyclic control‘ only accelerate above the trim airspeed.

Raise the nose of the aircraft above the trim attitude to decelerate toward the trim

airspeed.

Prior to reaching the trim speed, rai)idly displace the longitudinal control and hold against

. the fixture.

_Record-data at the moment where the airspeed reaches the trim speed, the aircraft attitude

must also be at the trim attitude when data are recorded.
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10. Repeat steps 5 — 9 for each data point.

Program Operation

Maneuver stability flight testing is accomplished by selecting Acquire Data |
Forward Flight Longitudinal Tests | Maneuvering Stability from the menu on the main
window. The Forward Flight Maneuvering Stability Data Collection window (figure 6-9) is used
to accumulate the necessary flight test data. The top half of this window displays a 30 second
time history of the position of each flight control. The lower half of the window is used to collect

data for each desired test point.

Figure 6-9 Maneuver Stability Data Collection Window

Data Acquisition Procedures

1. With the aircraft established in trimmed, steady, coordinated, level flight at the desired
test airspeed select the [Mark] button associated with “Trimmed Straight and Level’ to
record the initial trim condition..

2. Perform the Pilot Procedures outlined above to maneuver the aircraft into the proper
position to record data.

3. Press the [Mark] button associated with the data point the pilot has maneuvered the
aircraft for.

4. Repeat steps 2 and 3 for each desired data point.
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5. When the all of the desired data points have been collected, select the [Done] button to
close the Low Speed Trimmed Flight Control Positions Data Collection Window and

open the Low Speed Trimmed Flight Control Positions Data Presentation Window.

Program Notes:

The default values for the bank angle and cyclic input‘ can be changed to any values of
mte;est: If a value is changed from thé default value, it must be set before the [Mark] button is
pressed for that test point. ‘

After a data point is marked, the [Mark] button mnemonic changes to [Clear]. If the user
wishes to discard the data collected for that ;lata point the [Clear] button can be pressed. The
data for that point will be discarded, the: button mnemonic changes back to [Mark], ré.nd new data
can be acquired. | |

~ Each test technique has five available test data points, four. have preset default test values.
The fifth is available for the user to set as desired. Although there are five available data points

for test technique it is not necessary to complete all entries.

Selecting the [Cancel] button discards all collected data and closes the Forward Flight

Maneuvering Stability Data Collection window and returns to the main window.

Selecting the [Done] button closes the Forward Flight Maneuvering Stability Data Collection

Window and opens the Forward Flight Maneuvering Stability Data Presentation window.

Data Reduction and Presentation

_The Forward Flight Maneuvering Stability Data Presentation window is shown in figure 6-10.
This window displays the pertinent attitude and control positions for the recorded data. Analysis
of this information is primarily based on the slope of the longitudinal cyclic control position plot.
In the example data presente;i in figure 6-10 the longitudinal cyclic stick position plot indicates
increasing aft stick displacement with increasing load factor. This plot also igdlcates increasing
forward stick displacement with d;:creasing load factor in the pushover maneuvers. Both of these
indications imply positive maneu;/er stability. A reversal of the slope of this curve would indicate
an instability in the aircraft’s maneuve}iné sta{bility chara;:teristics. This would occur in an

aircraft that tends to ‘dig-in’ under increasing positive load factor.
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Figure 6-10 Maneuver Stability Data Presentation Window

The information on the lower right can be filled in by the user to save relevant test condition
information with the data. Once this information has been entered by the user it will be
automatically reentered each time a data presentation window is opened. Then only the
information that has changed since the last test performed needs to be updated.

The following questions should be answered based on the data presented in this window:

1. Were the control movements required in the positive maneuver stability sense (aft cyclic

for increasing load factor, forward cyclic for decreasing load factor)?

2. Did the longitudinal control displacements provide a physical cue to the pilot of normal

acceleration and turn rate?

3. Was there any tendency to exceed the g envelope of the aircraft?

Long Term Dynamic Stability

The purpose of this test is to evaluate the long term longitudinal response of the helicopter as
a function of time following a disturbance. The long term dynamic response is generally a low

frequency lightly damped oscillation that is typically damped by the pilot or by the AFCS. The
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intent of this test is to determine the longitudinal re§p6nse; therefore, small off-axis control inputs
may be applied to maintain the initial trim roll and yaw attitude. If the off-axis response is large

the controls should be fixed and the full response documented. )
Test Method

This test is conducted by establishing steady, unaccelerated, level flight with all control
forces trimmed to zero. The flight controls are fixed while the aircraft is permitted to respond to
natural externail stimuli and the aircraft response is recorded. This is an unsatisfactgry technique
ifno respbnse occ1,1rs, however this indicates a desirable aircraft characteristic. [12] If no natural
excitation occurs, an artificial sti;nulus must be applied to initiate a response. Longitudinal cyclic
{nput is applied to accelerate or decelerate the aircraft approximately 10 knots from the trim
speed, then the controls are returned and fixed in the trim positions and the aircraft response is~
recorded. If the response is moderately divergent thé artificial stimulus must be small enough
that the response can be adequately documented without exceeding a test limit. For both
techniques it may be necessary to keep ther aircraft level (laterally) by applying small lateral
control inputs. This should only be done if the off axis response is small. If the cross-coupled
response is large, the coupled response should also be documented.

Puot Procedures ‘
1.' Establish steady, unaccelerated, level flight with all control forces trimmed to zero.
2. Fix the flight controls in the trimmed positions and monitor and record the aircraft

response to any external stimuli.

Or, if no natural response is obtained;

3 Introduce a 10ngftudi?1al cyclic input to accelerate or decelerate the aircraft a}:proximately
10 knots from the trim speed and immediately return the flight controls to the trim
positions as accurately as possible.

4. Record the aircraft response.
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Program Operation

The Longitudinal Long Term Dynamic Stability Data Collection window (figure 6-11) is
displayed during the forward flight longitudinal long term dynamic stability flight testing. To
access this window select Acquire Data | Forward Flight Longitudinal Tests | Long Term
Dynamic Stability from the menu on the main window. Since the data collected for this test is
sampled over a period of time the user can select the rate of acquisition of the data samples. This
is done with the ‘Sample Rate’ knob at the top left of the window. This setting adjusts the
number of samples per second that will be acquired in the range of 1 sample per second to 100
samples per second. The time interval between each data sample is displayed below the ‘Sample
Rate’ knob. In the example shown in figure 6-11 the sample interval is 100 milliseconds. The

default setting for the sample rate is 10 samples per second and is generally suitable for this test.

i > Longitudinal Long Term Dynamic Stability Data Collection

Figure 6-11 Longitudinal Long Term Dynamic Stability Data Collection Window

Two continuously updating graphs are displayed in this window. The top graph is a time
history of the longitudinal pitch rate in degrees per second, the bottom graph displays the
frequency content present for the body axis rates. The user may select specific axes to monitor by
selecting the desired axes with the ‘Display Axis’ selection control. Since this test is primarily
concerned with pitch rates, it is recommended that this selection remain on ‘Pitch’. The user can
also set the length of time that is displayed on the time history plot, this is done by adjusting the

‘Display Length’ slider control. The valid range for this control, on this test, is from thirty
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s;ecoﬂds to four minutes. The default length for this test is 90 seconds. The number of data points
held in memory can be calculated by multiplying the sample rate times the display length. Data
t‘hat is c;lder than the display length is ‘expired’ ancf can not be recovered. The display length
mﬁst be Ipng pnough to capture the characteristic motion of the aircraft ‘
The bottom graph displays the ﬁequepcy information fo£ the axis displayed in the top graph.
The frequency information is determined by a Fourier transformation of the— timeé domain data.

The range of frequencies that can be determined are directly related to the éample rate. The

" highest frequency that can be determined is one-half of the sample rate in accordance with the

Nyquist Theorem.
The long term dynamic stability test procedures are conducted while this window is

di§piayed, then before the data on the time history’plot expires, the [Capture Data] button must

" be pressed. When the [Capture Data] button is pressed the time history data from the aircraft

body attitude, body rates, accelerations, and stick positions are sent to the data presentation

window.

Data Acquisition Procedures

1. Set the ‘Sample Rate’ as desired.
2. Set the ‘Display Length’ as desired.

3. Perform the Pilot Procedures above to stimulate the long périod re,sbonse.

'

4 “When the desired response data is shown in the time history graph select the
[()Da'[ﬁtu re béta] bl}tton to close the Low Speed Long Term Dynamic Stability Data
Collection window and open the Low Speed Long Term Dynamic S;abiliiy Data
Pr,ésent'atio‘n\ window.

Program Notes:

If the data on the time history graph is allowed to scroll off the window or ‘expire’, the data is
lost forever. To prevent thig from happening increase the ‘Display Length’ setting. Sett\ing the
‘Disblay Length’ to an overly long setting may cause the data presentation window to display

unneé:essary data.” The default settings for the sample rate and the display length are normally

M
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sufficient to properly document most typical helicopter responses but some experimentation with
these settings may be necessary. ‘ ‘ )
The ‘Sample Rate’ setting should not be changed during a flight test. All data for a specific
test must be acquired at a constant sampling rate or the results will be inaccurate.
The [Clear Data] button clears both the time history and the frequency content graphs. It is
not necessary to clear data’ before beginning an attempt to acquire ﬁight test data, but it may be
desirable to clea;' extraneous data beforé a “for-récord test” is perform‘ed. This is especially

recommended if the display length is set to a long length and there are several minutes of

unnecessai'y data preceding the flight test.

Data Reduction and Presentation

The time history data of the aircraft bbdy attitudes, body rates, accelerations, and stick
positions are available for analysis and presentation in the Longitudinal Long Term Dynamic
Stability Data Presentation window (figure 6-12). The left side of this window presénts the
relevant time histories, while the right side cont;zlins the analysis tools, engineering data results,
and general test information. The time histories display the scaled raw data from which the
engineering data results are calculated. The time histories that are displayed for this test are pitch
rate, pitch attitude, airspeed, normal acceleratiori, and longitudinal stick position, although the
user may select other plots as desired.

When this window is initially opened, the ‘Engineering Data Results’ section is blank.

This analysis can be done when the data is collected or the data can be saved and the analysis can
be pierformed at a later time. The data analysis is done by clicking the [Analyze Response]
buttonr~Th§ process used to determine the engineering data is detailed in the Second Order
Dynamic Response Data-Analysis section 1 Chaﬁter 4. The results of the analysis are returned
and filled into the ‘Engineering Data Results’ section of the window.

The information on the lower right can be filled in by the user to save relevant test condition 1
information with the data. Once this information has been entered by the user it will be
automatically reentered each time a data presentation window is opened. Only the information

that has changed since the last test performed needs to be updated.
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Figure 6-12 Longitudinal Long Term Dynamic Stability Data Presentation Window

Data Reduction

The engineering data results for the characteristic motion about the axis of interest can be
determined by the following process:

1. Select the ‘Pitch Axis’ from the selection control at the top of the [Analyze Response]
button.

2. Click the [Analyze Response] button.

3. Complete the procedures outlined in the Second Order Dynamic Response Data Analysis
section in Chapter 4.

The following characteristic parameters are returned from this anaiysis:

« Period of the Motion « Damping Ratio

« Time to half or double Amplitude  Natural Frequency
« Cycles to half or double Amplitude » Damped Natural Frequency
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4. Once the engineering data parameters have been determined the’user may opt to view the
data on a complex plane by clicking the [Show Root Locus] button. For more
information on the Root Locus plot see the Display of Characteristic Roots on a Complex
Plane section in Chélpter 4.

Analysis of longitudinal long term dynamic stability data should also address the following

questions:

1. How easy was it to excite the long term response?

2. How easy was it for the pilot to suppress the long term response?

3. Are the aircraft characteristics suitable for the intended mission?

Short Term Dynamic Stability

The purpose of this test is to determine the characteristics of the short term longitudinal
response due to longitudinal control inputs and to evaluate the pilot’s ability to make small
attitude changes. The longitudinal short term mode is the mechanism used to make pitch attitude
changes. Only small pitch attitude changeé from unaccelerated flight conditions are classified
under short term dynamic stability. Short ter;n longitu&inal responses resulting from gust inputs

are evaluated unﬁer the classification of gust response. [12]

Test Method

This test is conducted by establishing steady, unaccelerated, level flight with all control
forces trimmed to zero. A longitudinal control doublet input is used to excite the short term
respénse. To determine the frequency of the doublet application a frequency sweep of the
longitudinal control should be conducted. This is accomplished by applying sinusoidal inputs of
constant amplitude at a series of frequencies and observing the pitch response. The short term
frequency is found by starting with a low frequency input and increasing the input frequency
while comparing the pitch attitude response The short term frequency is indicated by a
maximum amplitude of the pitch response to the inputs. Data are taken using doublets at the

noted short term frequency with sufficient amplitude to disturb the pitch attitude. [12]
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Pilot Procedures

1. Establish steady, unaccelerated, level flight with all control forces trimmed to zero.

2. Conduct a longitudinal control input frequency sweep to determine the short term
frequency by observing the maximum pitch attitude amplitude.

3. Make a doublet longitudinal control input at the determined short term frequency and

record the aircraft response.

Program Operation

The Longitudinal Short Term Dynamic Stability Data Collection window (figure 6-13) is
displayed during the forward flight longitudinal short term dynamic stability flight testing. To
access this window select Acquire Data | Forward Flight Longitudinal Tests | Short Term
Dynamic Stability from the menu on the main window. Since the data collected for this test is
sampled over a period of time the user can select the rate of acquisition of the data samples. This
is done with the ‘Sample Rate’ knob at the top left of the window. This setting adjusts the
number of samples per second that will be acquired in the range of 1 sample per second to 100
samples per second. The time interval between each data sample is displayed below the ‘Sample
Rate’ knob. In the example shown in figure 6-13 the sample interval is 20 milliseconds. The

default setting for the sample rate is 50 samples per second and is generally suitable for this test.

Figure 6-13 Longitudinal Short Term Dynamic Stability Data Collection Window
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Two cor;tinuously updating gfaphs are displayed in this window. The top graph is a time
history of the longitudinal control position asa pércent of total travel, the bottom graph displays
time history of the longitudinal pitch rate in degrees per second: The user may select specific
axes to monitor by selecting the desired axes with thei‘Display Axis’ sefe;ction control. Since this
test is primarily concerned with pitch rates, it is recommended that this selection rerl;ain on
‘Pitch’ for this test The user can also set the length of time that is displayed on the time hlstory
plots, this is done by adjusting the ‘Dlsplay Length’ shder control The valid range for this
control, on this test, is from fifteen to forty-five“secortlds. The default length for this test is 30
sef:onds. The number of datg points held in memory can be calcuiated by multiplying the sample

rate times the dlsplay Iength for example in figure 6- 13 50 _%le_ x 30 sec = 1500 samples.

Data that is older than the display lquth is ‘expire?d’ and can not be recovered. The display
length must be long enough to capture the characteristic motion of the aircraft without the
expiring. ‘ ‘

The longitudinal ‘short term dynamic stal?iliiy,test procedures are conducted while this
windovs;. is di;played, then before the data on the timeﬁhistory plot expires, the [Capture Data]
button must be pressed.. When the [Capture Data] button is pressed the time history data from
the aircraft body attitude, body rates, accelerations, and stick positions are ;ent to the data
presentation window. |
Data Acquisition Procedures
;1' Set the ‘Sample Rate’ as desired.

é. Set the ‘Display Length’ as desired.

o

3. Conduct a longitudinal control input frequency sweep to determine the short term
frequency. Once the short term frequency is determined continue to oscillate the

N longitudinal control for at least two cycles at the determined frequency.

4. Make a doublet input at the determined short term frequency.
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5. Select the [Capture Data] button to close the Low Speed Short Term Dynamic Stability
Data Collection window and open the Low Speed Short Term Dynamic Stability Data
Presentation window. |

Program Notes:

The data necessary to determine the bharacteristi;:§ of the longitudinal short term dynamic
response is gathered from two separate test steps.’ i’irst, after the frequency sweep the frequency
is determined. Tpen the response is measured following the doublet input. In order for the
" software to be able to extract the necessary information, at least two cycles of the longitudirial
control input at the short term frequency and the respoflse to the doublet input murst be displayed
on the time history graphs. The [Capture Data] button should be pressed as soon as the response
to the doublet input subsides. If the data on the tlme hlstory graph is allowed to scroll off the
wmdow or ‘expire’, the data is lost forever. To prevent th1s from happening increase the ‘Display
Length’ setting. Setting the ‘Display Length’ to an overly long setting will cause the data
presentation window to display unnecessary data. The default settings for the sample rate and the
display length are normally sufficient to properly docurrient most typical helicopter responses but
some experimentation with these settings may be neceesary.

The ‘Sample Rate’ setting should not be changed during a flight test. All dz;ta fora speciﬁc :
test must be acquired at a constant san&pling rate or the results will be inaccurate.

The [Clear Data] button clears both the time histor)} e;nd the frequency content graphs. It is
not necessary to clear da‘ta before beginning an aﬁempk to acquire flight test data, but it may be
desirable to clear extraneous data before a “for-record test” is performed. This is esf:ecially
recommended if the display length is set to a long le;lgth and there are several minutes of

unnecessary data preceding the test.

Data Reduction and Presentation

The time history data of the aircraft body attifudes, body rates, accelerations, and stick
positions are available for analysis and presentation in the Longitudinal Short Term Dynamic
Stability Data Presentation window (figure 6-14). The left side of this window presents the

relevant time histories, while the right side contains the analysis tools, engineering data results,
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Figure 6-14 Longitudinal Short Term Dynamic Stability Data Presentation Window

II

and general test information. The time histories display the scaled raw data from which the
engineering data results are calculated. The time histories that are displayed for this test are pitch
rate, pitch attitude, airspeed, normal acceleration, and longitudinal stick position, although the
user may select other plots as desired.

When this window is initially opened, the ‘Engineering Data Results’ section is blank.
This analysis can be done when the data is collected or the data can be saved and the analysis can
be performed at a later time. The data analysis is accomplished by clicking the
[Analyze Response] button. The process used to determine the engineering data is discussed in
the Second Order Dynamic Response Data Analysis section in Chapter 4. The results of the
analysis are returned and filled into the ‘Engineering Data Results’ section of the window.

The information on the lower right can be filled in by the user to save relevant test condition
information with the data. Once this information has been entered by the user it will be
automatically reentered each time a data presentation window is opened. Only the information

that has changed since the last test performed needs to be updated.
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Data Reduction

The engineering data results for the characteristic motion about the axis of interest c;m be .
determined by the following process:
1. Select the ‘Pitcil Axis’ from the selection control at the top of the [Analyze Regponse]
button. . N |
2. Click the [Analyze Response] buttoﬁ.) ‘ ot
3. Complete the procédures outlined in the Second Order Dynamic Response Data Analj;sis
section in Chapter 4.

The following characteristic parameters are returned from this analysis:

o Period of the Motion » Damping Ratio
o Time to half or double Amplitude N Natural Frequency
« Cycles to half or double Amplitude « Damped Natural Frequency

4. Once the engineering data parameters have been determined the user may opt to view the
data on a complex plane by clicking the [Show Root Locus] button. For ;110re
information on the Root Locus plot see the Display of Characteristic Roots on a Complex
Plane section in Chapter 4.

Analysis of longitudinal short term dynamic stability data should also address the follpwing

questions:

1. Can the pilot make precise pitch attitude changes?

2  Are the aircraft characteristics suitable for the intended mission?

Control Résponse

The purpose of this test is to evaluate the aircraft response to a flight control input. The
aircraft response is determined by the control sensitivity, damping, and response lags in the
examined control axis. Control sensitivity is the acceleration per unit control input. Damping is
the acceleration per unit of velocity. The response lags are the time from the control input to the
aircrgﬁ response. The response lags are a consequence of the flight control systen; characteristics .

and rotor system type.
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- Several characteristics contributing to desirable response qualities are listed below. [12]
1. Pilots want a vehicle responsive enough to achieye some level of attitude change within a
certain time after a control input (without being overly responsive). ‘ '
2 Pilots want a reasonably steady state rate for a given input size.
3. Pilots want a predictable steady stpte’respbnée for a given control input. )
4. Pilots want a reasonable initial response (a?celeratioh in the desired direction) shortly
after control input.

Each of these qualities are directly related to control sens1t1v1ty, damping, or both. The

resultmg motion due to a given control input can be charactenzed as a first order system.

§

Test Method

This test is conducted by establishing steady, unaccelerated, level flight with all control ‘
forces trimmed to zero. A control step input is: appliéd, and the aircraft response is monitored.
Control fixtures are generally used to restrain control inputs and an incremental buildup technique
should be used to build up to the desired control input magnitl;de. The control input should be . |
quick and as precise as possible. If a fixture is used, the control should be firmly held against the ‘
fixture but not forcefully. Recovery is initiated when 2-1 steady state pitch rate is achieved or a
predetermined test ﬁight limit i§ reached.
| The ciata reduction proce;s uses‘ the steady state rate to determine aircraft characteristics, but
does not critic;ﬂly depend on discerning a steady state rate. There aré alternate analysis methods
inpludéd in the program that do not require a steady state to determine the desired aircraft
charéicteristics: ) \ \

- Pilot Procedures

. 1. Establish steady, unaccelerate&, level flight with all control forces trimmed to zero.
2. Set the control fixture for the desired displacement and position it for the desired inpu;
direction. The control input size and direction are \?érbally and visually verified between
the pilot and éopilot/ﬂight test engineer. Start with small inputs and in'crease in size ‘

incrementally until desired input is achieved.



3. Apply the control input against ghe fixture and hold the controls fixed. Recover when a
steady’statc pitch rate is obtained or a Iiredfatermined test flight limit is reached.
4. Record the aircraft regponse. t
5. When the maneuver is complete, announc;e the recovery so the control fixture can be
quickly removed.
6. Repe:at steps 1 — 5 for increasing contr}oll displacements until the desired deflection is
. attained. |

7. Qualitatively assess the predictability of the control response.

Program Operation

The Control Response Data Collection window (figure 6-15) is displayed during forward
flight control response flight testing. To access this window select Acquire Data |
Fomlrard Flight Longitudinal Tests | Pitch Control Response from the menu on the main
window. Since the data collected for this test is sampled over a period of time the user can select
the rate of acquisition of the data samples. This is done with the ‘Sample Rate’ knob at the top
left of the window. This setting adjusts the number of samples per second that will be acquired in
the range of 1 sample per second to 100 samples per second. The time interval between each data
sample is displayed below the ‘Sample Rate’ knob. The default setting for the sample rate is 20
samples per second and is generally suitable for this test. ‘

Three continuously updating time hustory plots are displayéd in this window. The length of
time that is displayed on these graphs can be adjusted with the ‘Display Length’ slider control at

the bottom of the graphs. The valid range for this control, on this test, is from ten seconds to two

,minutes The default length for this test is 30 seconds. Also displayed with the ‘Display Length’

slider control is the ‘Points’ indicator which displays the number of data samples that are held in
memofy. This value is calculated by multiplyiné the sample rate (in samples per second) times

the display length (in seconds). Data that is older than the display length is ‘expired’ an;:l can not
be recovered The display length must be long enough to capture the characteristic motion of the

aircraft without expiring.
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Figure 6-15 Longitudinal Control Response Data Collection Window

The top graph is a time history of the pitch rate in degrees per second. The data presented on
this graph are the basis for determining the engineering data results. Ideally the data presented on
this graph will attain a steady state rate during the performance of the particular flight test. The
middle graph displays the pitch attitude. The bottom graph shows the longitudinal control
position versus time.

The control response test procedures are conducted while this window is displayed, then
before the data on the time history plots expire, the [Capture Data] button must be pressed.
When the [Capture Data] button is pressed the time history data from the aircraft body attitude,
body rates, accelerations, and stick positions are sent to the Control Response Data Presentation
window.

Data Acquisition Procedures

1. Set the ‘Sample Rate’ as desired.

2. Set the ‘Display Length’ as desired.

3. Perform the Pilot Procedures above to test the control response.

4. When the desired response data is shown in the time history graph select the

[Capture Data] button to close the Control Response Data Collection window and open

the Control Response Data Presentation window.
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Program Notes:

If the data on the time history graph is allowed to scroll off the window or ‘expire’, the data is \
lost forever. To prevent this from happening increase the ‘Display Length’ setting. Setting the
‘Display Length’ to an overly long setting will cause the data presentation window to display
unnecessary data. The default settings for the Sample rate and the display length are normally
sufficient to properly document most typical helicopter responses but some expeﬁrpentation with
these settings may be necessary. |

The ‘Sample Rate’ setting should not be changed during a flight test. 'All data for a specific
test must be acquired at a constant sa;npling rate or the results will be inaccurate. N

_ The [Clear Data] button clears all three time history graphs. It is not necessary‘to clear data
before beginning an attempt t(; acquire flight test data, but it may be desiral;le to clear extraneoﬁs
data before a “for-record test” is performed. This is especially recommended if the display length

is set to a long length and there are several minutes of unnecessary data preceding the test.

Data Redqction and Presentation

The time history data of the aircraft bo&y attitudes, body rates, accelerations, and stick
positions are available for analysis and presentation in the Control Response Data Presentation
window (figure 6-16). The left side of this window presents the relevant time histories, while the
right side contains the analysis tools, engineering data results, and general test information. The

time histories display the scaled raw data from which the engineering data results are calculated.

When this window is initially opened, the ‘Engineeriqg Data Results’ section is blank.
These data are determined by means of a process that is initiated by clicking the
~ [Analyze Response] button. This analysis can be done when the data is collected or the data
can be saved and the analysis can be performed at a late;r timé. The results cu)fgthe anaI);sis are
returned and filled into the ‘Engineering Data Results’ section of the window. For more
infor;nation on the response analysis process see the First Order Dynamic Response Data
Analysis section in Chapter 4. i

The information on the lower right can be filled in by the user to save relevant test condition

information with the data. Once this inforrilation has been entered by the user it will be
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Figure 6-16 Longitudinal Control Response Data Presentation Window

automatically reentered each time a data presentation window is opened. Only the information

that has changed since the last test performed needs to be updated.

Data Reduction

The engineering data results for the characteristic motion about the axis of interest can be
determined by the following process:

1. Click the [Analyze Response] button.

2. Complete the procedures outlined in the First Order Dynamic Response Data Analysis
section in Chapter 4.

The following characteristic parameters are returned from this analysis:

« Time Constant o Characteristic Root

3. Once the engineering data parameters have been determined the user may opt to view the
data on a complex plane by clicking the [Show Root Locus] button. For more
information on the Root Locus plot see the Display of Characteristic Roots on a Complex

Plane section in Chapter 4.
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The data shown in the Control Response Data Presentation window can also be visually
analyzed for several important characteristics. Some of the attributes that may be determined are
the steady state rate, maximum rate, initial acceleration, maximum acceleration, and acceleration
delay.

Analysis of control response data should also address the following questions:

1. Was the response predictable? ’

2. Was the response consistent?

3. Was the steady state rate adequate?

4

Are the aircraft characteristics suitable for the intended mission?
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Chapter 7

FORWARD FLIGHT LATERAL-DIRECTIONAL FLIGHT TESTING
General

The forward flight lateral-directional characteristics include the roll moments about the
x-axis, the yaw moments about the z-axis, and the linear force components along the y-axis. This
chapter discusses the helicopter Jateral-directional siébility and control characteristics that are
present in forv;/ard flight. As in the previous two chapters the theoretical background for lateral-
directional stability and control flight testing, forward flight la{teral—direcﬁonal ﬂight test
techniques, and procedures for the operation of the Helicopter Stability and Control Analysis

Software are presented.
Theory

As discussed in Chapter 6 the forward flight characteristics of the helicopter are governed by
the static stability, dynamic stability, and control properties of the aircraft. Lateral control of a
helicopter is achieved in a manner similar to long{tudinal control. However, because the fuselage
roll moment of inertia is less than the pitch moment of inertia, the gearing ratio between the
lateral cyclic control and the swashplate is normally less than in the longitudinal control system.
In some flight conditions, the thrust vector is tilted laterally Xto balance side forces on the fuselage
developed as a result lateral velocity and tail rotor thrust. The control gearing, moment of inertia,
side force characteristics, and lateral speed stability together provide lateral control characteristics
in forward flight that are different than for the longitudinal axis. [12]

The side force characteristics, analogous to longitudinal drag, is normally a larger
contribution to the lateral force equation than drag is in the longitudinal equation. The tail rotor,
of aksingle rotor helicopter, always provides a significant side force and the fuselage lateral flat
plate area is greater than the frontal flat area. The tandem helicopter does not have a tail rotor,
but the fuselage tends to produce higher drag in response to lateral velocity because of it’s size
and shape. Generally in both single main rotor and tandem rotor configurations, there are no

surfaces generating roll moments equivalent to the longitudinal moments produced by the
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horizontal stabilizer. Therefore, any roll moments generated by the rotor, as it is tilted to balance
lateral force, results in a substantial bank angle. However, the tail rotor and(or the vertical tail (
provide forces ‘stabilizing yarw motion anafogous to the action of the horizontal tail in damping
_the pitch motion. [12] H

The rotor produces many of the most dominant forces that control the helicopter dynamics, ‘ ‘

however when considering lateral-directional characteristics the effects of the tail rotor become

much more evident and are included in the lateral-directional discussions. Table 7-1 presents the

quasi-static rotor characteristics to indicate the rotor response to various control and external

inputs,

¢

Table 7-1 Forward Flight Lateral-Directional Quasi-Static Rotor Characteristics [12]

- . Forces and Moments
Perturbation Rotor Response \ Applied to the Aircraft
Right Lateral Rotor Tilts Left (Blowside) -AL,, Left, Left Roll

Increment 1n ob -ALy, Left, Left Roll
Horizontal Velocity > ——1s . -AT1g, T/R Thrust Decrease, Nose
+Av Xl Right
' . Rotor Lags Shaft by Angle '
‘Right Roll Rate Proportional to Roll Rate -AALLP Lleszttllzl(::lll ((l]))zl:ln‘;;gg))
‘ = H»
Inc:eAn;ent _ abls -AT, T/R Thrust Decrease, Nose
op Right

Rught Yaw Rate T

Increment Negligible +AT1-R,Y'I;/‘1:gah;1usltnIncrease

+Ar ping
Rught Lateral Cyclic Tip Path Plane Tilts Right - ~

Increment + abls +AL, Right Roll Moment

+A0 95,
Rught Tail Rotor Pedal .

Increment Neghgible +ATm, Tﬁ/l;:lgkrlusﬁtlncrease

-Adpe £

[

'i‘he fuselage can also have a strong influence on the lateral-directional handling qualities of
the aircraft. The effect of the various contributors to the lateral-directional characteristics of a |
single main rotor helicoptei' are ranked by relative magnitude in Table 7-2. Also presented in this

_table are the usua{ sign for each the most prominent lateral-directional stability derivatives of the

single main rotor helicopter. g :
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Table 7-2 Relative Contributions to the Single Main Rotor Helicopter Stability Derivatives [12]

Derivative Relative Contributions ©
Symbol I’;?gl:l Fuselage and Tall Main Rotor Tail Rotor
2
N, + (Depends on vertical 1
fin size)
N, - 2 1
2 1
N, - - (Depends on vertical (Depends on
fin s1ze and height) tail rotor height)
N&M + 1
" N @ Generally Small
' 2
L, - 2 1 (Depends on
tail rotor height)
. 2 ' 1
L, + (Depends on vertical 3 (Depends on
: fin s1ze and height) tail rotor height)
2
L, - 3 I - (Depends on
tail rotor height)
Lspea + 1
; 1
Loa +,- (Depends on
‘ tail rotor height)
Y, - 1 1 1
2 oo
Y + (Depends on vertical 1
fin s1ze)
A 2 1
Y, - (Depends on vertical (Depends on
fin s1ze and height) tail rotor height)
Yapea + 1
Ysru - 1
Notes: (1) Ranking of relative contributors, 1 is largest contributor.

(2) Depends on the relative strength of the three contributors.

Lateral-Directional Static Stability

The helicopter lateral-directional static stability is evaluated by measuring the displacement

of the lateral and pedal control positions when the aircraft is flown in an off trim equilibrium
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flight condition. The gradient of the lateral cyclic controt with sideslip indicates the sign of the

ﬁ lateral stability or effective dihedral. The gradient of the pedal control with sideslip indicates the.
sign of the directional stability. [12] The static lateral-directional characteristics of a helicopter
are largely dominated by main rotor blowside,.dihedral effect, and the fuselage side forces
generated in sideslips. The main rotor blowside is generated in the samé manner as longitudinal
blowback, only blowside implies that a rolling moment rather than a pitching moment is

generated. The followmg physical descriptions of the influencing forces and moments are

presented to better understand the lateral-d1rect10nal reactions of the hehcopter in forward flight.

N

Effective Dihedral

The term dihedral eﬁect is typically used in ﬁxed wing aerod;'namics to describe the rolling
moment produced by placing the aircraft in a sideslip. This rolling moment is the product of an
1ncreased angle of attack on the forward wing, and a decreased angle of attack on the aft wing, in
a srdesllrp., The angle of attack increase is caused »by relative inflow angle change due to the
dihedral angle of the main wing. Considering an aircraft in level, trimmed, flight; a left pedal
application causes the right wing to be rotated forward of the left wing in a ﬂght sideslip. If the
aircraft has positive dihedral (upward slant of the\‘wings) the right wing will encounter an angle of
attack increase and the aircraft will tend to roll left, this is a stabilizing effect. Aircraft with
negative d1hedra1 or anhedral would experlence a destabilizing roll in the opposite direction of the
pedal application. Dihedral was the first method used in the construction of aircraft to gain lateral
stability [19] "

The helicopter equivalent of dihedral is the rotor coning angle which to some degree has the
same response to sideslii) as an airplane with positive dihedral. ‘Additionally, the rotor will also
respond to changes in sideslip because blade ﬂapping is produced by conditions referenced to the
ﬂrght path rather than to the fuselage orientation. [5]- Considering the trimmed hehcopter in
forward flight that is subjected toa sudden lateral gust from the right side; the rotor blade that is
over the tail is affected by a relative velocity increase and the forward blade experiences a relative

velocity decrease. The result is a left rolling moment or blowside. The main rotor contribution to

the rolling moment due to lateral velocity is a combination of both of these positive effects.
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'f‘he term effective dihedral refers to the total helicopter roll moment' due to sideslip and is not
necessarily caused entire:ly by dihedr;ll. The tail rotor and the fuselage and tail of the helicopter
also contribute to the efféctive dihedral response of the helicopter. Each of these contributions
can be stabilizing or desté.bilizing depending upon the height of the tail rotor thrust and the height
of the center of pressure with respect to the center of gravity.

Conventional helicopter notation is positive lateral velocity (v) to the right, and a positive
rolling moment (L) with right wing down. However, positive effective dihedral is defined as
right wing upward in a right sideslii). Thus the roll moment due to lateral velocity derivative (L,)

" is negative in the case of a helicopter with positive effective dihedral. [12]

Adverse Yaw

Helicopter adverse yaw is also a result of different effects as compared to the traditional
airplane aerodynamic causes. The yawing moment due to lateral control deflection in an airplane
is generally due to a drag differential between the left and right wings v;'ith the ailerons deflected.
In a left rolling condition the right aileron is deflected down which increases the camber of that
airfoil segment. The increased camber causes an increase in lift and lift induced drag. On the left
wing the opposite actions and reactions occur. The overall response to the differential lift is the
desired left rolling moment; however, the differential induced drag causes a right yawing
morment.

InaU.S. hglicopter when the lateral control is deflected to the left in forward flight, there is
an overall increase in the induced drag of the rotor system due to the increase in blade pitch angle
on the advancing blades. This overall increase of the rotor system drag causes the rotor RPM to
begin to decrease, which is sensed by the fuel control, which automatically increases fuel flow to
increase engine power and maintain rotor RPM. This increased engine power required to
maintain rotor RPM causes an imbalance of the moments about the yaw ‘axis. Left rolling
motions require an increase in power and an associated right yawing moment. Right rolling

motions reduce the power required and result in a left yawing moment. Therefore the yawing

moment due to lateral control deflection (N S1a ) is typically negative.
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The change in engine power required to maintain rotor RPM during rolling motions is known
as transient torque. It is interesting to note that for U.S. single main rotor helicopters where the
main rotors rotate counter-clockwise when viewed from above, there in a transient torque
increase in left rolls and a transient decrease in right rolls. For single rotor helicopters where the
main rotor rotates in the opposite direction, the transient torque responses will be reversed. That
is, left rolls will cause torque reductions and right rolls will cause transient torque increases The
interesting part is that the yawing moment produced for either direction of rotation is always

opposite to the rolling direction.

Proverse Roll

Traditional airplane aerodynamics >do not directly apply to the helicopter resultant rolling
moments due to tail rotor pedal control changes. In an airplane several factors affect this
derivative. First, the height of the rudder, typically above the CG. Left pedal application causes
a left rudder deflection and if the rudder center of pressure is above the aircraft’s CG results in a
right rolling moment. Second, as the aircraft rotates about the vertical axis, the wing that is
rotating forward is affected by a mcreased velocity due to rotation, and the other wing
experiences a local velocity decrease. [19] Once a sideslip is generated the airplane responds to
the dihedral effect, which generally causes a rolling moment in the direction of the yaw. The

second two effects are not specifically rolling moments as a result of the rudder application

(z

Spus ), technically they are rolling moments due to yaw rate and sideslip (L, ,&L 8 )
Although, these two effects are not strictly due to the rllddcr application they are often considered
as a part of the discussion of prover'ée roll in an airplane.

For a helicopter, either at a hover or 1n forward flight the rolling moment due to a change in
the tail rotor control position is a function of the height of the tail rotor above the vertical CG of
the aircraft. Most helicopters hover with the tail rotor at a height that is at least as high as the
vertical CG, and at increasing forward airspeeds the tail rotor height moves higher in relation to
the CG. With the tail rotor positioned above the CG, any increment of tail rotor thrust, will cause

a rolling moment about the longitudinal axis Specifically a right pedal increment will cause a

decrease of tail rotor thrust that will ‘tesult in the desired right yawing moment as well as a left
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rolling moment, or adverse roll. By sign convention a right pedal increment is positive and a left

rolling moment is negative; therefore, L;_, 1s usually negative in a helicopter ’

Inherent Sideslip

A typical U.S. single rotor helicopter (counter-clockwise main rotor rotation) in wings level,
coordinated, equilibrium flight has a tail rotor and/or vertical stabilizer that is producing a left
yawing moment to balance the torque on the main rotor. Consequently, the resultant
aerodynamic force has a lateral component to the right along the aircraft body y-axis. This
lateral force component requires an equal and opposite main rotor force component to maintain
equilibrium The lateral main rotor force is generated by a left tilt of the tip path plane. Thus,
the aircraft is normally flying 1n a right sideslip This sideslip is required to achieve a balance
between the sideforce contribution of the tail rotor thrust and the fuselage-main rotor side forces.
The sideslip angle required to achieve the balance 1n side forces is the inherent sideslip angle.
The inherent sideslip angle increases when main rotor torque required is increased by either
increasing gross weight or climbing at the same forward speed. In addition, a decrease in
airspeed at a constant main rotor torque may have the same effect; since the tail rotor force is
constant, a larger sideslip angle is required at the slower airspeeds to develop the same fuselage
side forces. .[12] Several design factors play a role in the amount of inherent sideslip present for
a given helicopter, including: main rotor hl{b offset, rotor height above the center of gravity, and
the height of the anti-torque force relative to (above or below) the center of gravity. -

?ome important effects associated with the inherent sideslip angle are demonstrated in flight.
The static lateral-directional stability can be dissimilar on either side of the inherent sideslip
angle.” Such a'condition results in dissimilar helicopter response to the right and left disturbances

from trimmed flight [12]

Lateral-Directional Dynamic Stability

Typically, three distinct dynamic modes of motion exist in the lateral-directional sense.
These modes include the roll mode, the spiral mode and the lateral-directional oscillation (LDO)

or dutch roll mode. The first two are non-oscillatory and the third is oscillatory.
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Roll Mode

Consider the roll rate response to a step lateral cyclic step mput No rudder pedal mput 1s
present For a hypothetical helicopter in which such an input did not excite the spiral or the LDO
modes the roll response 1s shown 1n figure 7-1 A steady roll rate would be achieved in some
period of time Two main effects are at work The cyclic input creates a rolling moment, which
1s opposed by a rolling moment due to roll rate (roll damping) When the roll rate builds up to the
pomt where the damping moment equals the control moment, no further increase 1 roll rate 1s
achieved The less damping, the higher the steady state roll rate 1s achieved for a given cyclic
mnput, and the longer the time will be to achieve steady state A well damped roll mode, with no
other modes mterfering, would be 1deal [18] Unfortunately, the damping contribution from the
rotor 1s usually quite low and 1s not augmented by any significant fuselage contributions, even at
high forward speed Consequently, the very long response times make 1t appear to the pilot like
an acceleration control m roll An nitial cyclic input must be reduced when the desired roll rate

response 1s achieved [18]

Spiral Mode

The spiral mode 1s best described by considering a helicopter placed 1n steady flight with zero
angular velocity, but with one wing low The flight controls of the aircraft are 1n the proper

positions for wings level flight. If the aircraft nights 1tself to a wings level attitude, the spiral

‘OS
Time

Figure 7-1 Idealized Time History Plot of Roll Responses to a Lateral Cyclic Step Input
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mode is convergent. A roll toward the existing bank angle indicates spiral divergence and no roll
motion in either direction indicates a neutral spiral mode. The dynamic stability of the spiral
mode depends on the relative magnitude of the dihedral effect, static directional stability, yaw
damping, and roll due to yaw rate. When the directional static stability is high and the stable
dihedral effect is low, the roll due to yaw rate rolling moment can cause the aircraft to roll into a
larger and larger bank angle. The continued increase in bank angle results in an increase in the
sideslip, which in turn causes an increase in yaw rate and classic spifal divergence. Helicopters
that do exhibit stable spiral modes (often with the aid of stability augmentation devices) usually
take a Jong time to converge and do not produce a significant effect on the short term

maneuvering of the aircraft. [18]

Lateral-Directional Oscillation

The lateral-directional oscillation (LDO) is an oscillatory mode coupling roll and sideslip
excursions. It is usually lightly damped and relatively low frequency. It is a “nuisance” mode,
requiring continual pilot compensation in precise lateral maneuvers. The LDO is characterized
by a combination of sideslip and roll attitude excursions at the same frequency but not in phase.
In aircraft where the dihedral effect is large in comparison to the directional stability the roll-to-
sideslip (¢/B) ratio is large, that is the LDO is mostly rolling with very little sideslip. A low roll-

to-sideslip ratio indicates a “flat” LDO, being mostly sideslip with very little roll.

Lateral-Directional Equations of Motion for a Helicopter in Forward Flight

:{I‘he three lateral-directional equations of motion for small disturbances form the basis for the
diséussions of the individual stability derivatives in the next section. The equations of motion
prese—nted belo;v assume that thehinitial flight path is near level (cos Yo = 1) and that thex:e is
minimal coupling with the longitudinal motion of the aircraft. Also, inertial and cross-axis

couplings in roll and yaw are not considered. [12]

V-Y Av-Y Ar+u,Ar-Y,Ap-g9=Y; Ad, +Y; Ad,, eq. 7-1
p-LAv-LAr—L,Ap=Ls A8, +L; A8y, eq.7-2
#~N,Av—N,Ar—N,Ap=N; A8, +Njs AS,, eq. 7-3
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Where: v

5%5%#.3.

PN

&

=z =

AaPed

Linear acceleration along the y-axis.
Angular acceleration about the x-axis.
Angular acceleration about the z-axis.
Change in linear velocity along the y-axis.
Change in angular velocity about the z-axis (change in yaw rate).
Change in angular velocity about the x-axis (change in roll rate).
Lateral side force due to lateral velocity.
Lateral side force due to roll rate.

Lateral s;'de Jorce due to yaw rate.

Roll moment due to lateral velocity.

Roll moment due to roll rate.

Roll moment due to yaw rate.

Yaw moment due 1o lateral velocity.

Yaw moment due to roll rate.

Yaw moment due to yaw rate.

Initial velocity component along the x-axis.
Gravity. -

Roll angle.

Lateral side force due to lateral control.
Lateral side force due to pedal control.”
Roll moment due to lateral control.

Roll moment due to pedal control.

Yaw moment due to lateral control.

Yaw moment due to pedal control

Change in lateral control.

Change in pedal control.

Lateral-Directional Stability Derivatives

The lateral-directional stability derivatives give the change in the total aerodynamic side

force, rolling moment, and yawing moment resulting from a change in one of the lateral-

directional flight or control variables (v, r, p, drar, and Jpeq). [12] The general forms of the
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equations for the lateral-directional force and moment stability derivativles are presented as
equations 7-4 through 7-6. These general equations are used for each pertinent flight or control
variable while the holding the remaining variables constant. The six terms of these equations can
be examined individually and relative magnitudes can be assessed for each term, then the relative

magnitudes can be summed to gauge the overall impact of the exammed variable.

(1) (2) @ @ (5)
—l /A —A—
Y= _1_ abls oT aY aTTR aY,&, ea 74
0= T30 2300 30)  30) 30 '

@ (2) (3) <4> (s)
1((,  ebMQ*\Ob, ... OT .. oY, i,:
ty= | (7o 2 G e S5 5
eq. 7-5
L SRY N I I
‘N()=L / b, +4 b, T ¢, oYy raTTR ON g, aQMR
L, a() 20 a0) “290) " 30 Ta()
eq. 7-6
Where: Yy = Side force due to examined variable.
L = Roll moment due to examined variable.
Ny = Yaw moment due to examined variable.
, Q) = Examined flight or control variable (v, p, ¥, 014, OF Opea)
m = Mass of the aircraft.
y = Moment of inertia about the x-axis.
I, = Moment of inertia about the z-axis.
T = Main rotor thrust.
Trr = Tail rotor thrust.
h = Height of the rotor hub above the center of gravity.
hrr = Height of the taul rotor above the CG.
by, = Lateral flapping angle (shaft referenced).
e = Flapping hinge offset.
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N
i

Blade mass moment.

Q = Rotor angular velocity.

Yr = Rotor side force.

Yigr = Side force due to aerodynamic forces of fuselage and tail.
Ny = Yaw moment due to aerodynamic forces of fuselage and tail.
- = Longitudinal distance between the mast and the CG.
4, = Length of the tail.

Our = Main rotor torque.

The terms of these equations represent the major contributors to the lateral-directional
stability of the helicopter. The physical explanations for the six terms are as follows:
1. The terms proportional to the change in lateral tilt of the tip path plane (Aby):
a. TAb,, increment in lateral component of rotor thrust due to a change in lateral tip path
plane tilt.
b. ThAby, roll moment produced by side force increment due to a change in lateral tip path
plane tilt.
c. T¢,Aby,, yaw moment produced by side force increment due to a change 1n lateral tip

-path plane tilt.

bM .Q>Ab
OV 5% B , Toll moment produced hub moments due to Ab;.

2. The terms proportional to the change in the thrust increment (AT).
a. by, AT, increment 1n lateral component of rotor thrust due to a thrust increment for a trim
condition with a constant lateral tip path plane tilt (by;).
b. hb;,AT, roll moment produced By side force increment due to a change in main rotor
thrust.
+ ¢ €mbi,AT , yaw moment produced by side force incremenit due to a change in main rotor
thrust.’
3. The terms proportional to the increment in the rotor side force (AYx):
a  hAYg, roll moment produced by rotor side force increment.

b. {.AYg, yaw moment produced by rotor side force increment.
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4. The terms proportioqal to the tail rotor thrust in;:rement (ATrR):
a. hgrATrg, roll moment produced by tail rotor thrust increment.
© b, ATz, ya\}v moment produced by tail rotor thrust increment.
5. The terms proportional to thé increments in the aerodynamig forces acting on the fuselage
and tail (p).

6. Increment in yaw moment due to a change in main rotor torque (AQuz).

Test Procedures
Lateral-Directional Static Stability.

The purpose of this test is to evaluate the static lateral-directional stability or the change in
the total lateral-directional restoring moment generated by off-trim sideslip conditions. Since the
aircraft’s forces/moments can not be directly measured in flight, the intent of this test is to
measure the control displacements necessary to balance the lateral-directional moments caused by
sideslip variations from trim. [12] Positive static lateral stability is indicated by increasing right
lateral cyclic §tick displacement with increasing right sideslip. Positive static directional stability
is indicated by increasing left pedal control displacement with increasing right sideslip.

Although the direction of the control displacements are an indicator of the sign of the static
stability, neither the linear displacement nor the percentage of total travel, for a given off-trim
condition, is a measure of the strength of the stability. The amount of control displacement is a

function of the flight control linkage gearing.

’I;est Method

This test is conducted by establishing a wings level, steady, unaccelerated, trimmed flight

condition. Then without varying the collective control position or rotor speed the sideslip angle is

. varied incrementally left and right of the trim attitude. At each stabilized off-trim flight

condition, the lateral and directional controls are used to maintain steady non-turning flight. The
longitudinal control is used to maintain a constant airspeed. If the aircraft is equipped with an
airspeed indicating system that is not effected by sideslip (i.e. a swiveling boom mounted pitot
probe) then this system is used to maintain airspeed. Otherwise, as the sideslip angle is

increased, the airspeed indicator may become inaccurate. To confirm the airspeed at large
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sideslips, the pedals can be quickly returned to trim to verify the airspeed. Maintaining airspeed
at larger sideslip angles will normally require the aircraft be in a slight descent. During this test
an altitude band should be maintained; typically +1000 feet is used. The first sideslip increment
left and right of trim should be approximately 2 degrees with subsequent increments of 5 degrees.
Pilot Procedures

1. Establish stabflized, wings level, unaccelerated, level flight with the control forces
trimmed to zero Record the initial trim conditions.

2. Stabilize on each sideslip increment with the collective fixed at the trim airspeed position.
The pedals are used to establish the sideslip angle while the lateral cyclic control is
simultaneously applied to prevent the helicopter from turning Record data.

Longitudinal control is applied as necessary to maintain the initial trim airspeed.

3. Repeat step 2 until the desired sideslip range is covered.

Program Operation

The Lateral-Directional Static Stability Data Collection window (figure 7-2) is used to
accumulate the necessary flight test data. To access this window select Acquire Data | Forward
Flight Lateral-Directional Tests | Steady Heading Sideslips from the menu on the main
window. The top half of this window displays a 30 second time history of the position of each

flight control. The lower half of the window is used to collect data for each desired off-trim

condition
Data Acquisition Procedures
1. Enter the length of time that the control positions will be monitored on each data point in
the ‘Sample Length’ field. The ‘Sample Length’ setting can be set from O seconds

(instant sample) to 10 seconds, the default is 3 seconds. This setting can be changed for

subsequent data points as desired.

2 With the aircraft stabilized on the trim speed and control forces mmr;led to zero, select
the [Mark] button associateci with the ‘Initial Trim Condition’. After [Mark] is pressed,
the pilot should keep the aircraft stabilized for the duration of the Sample Length setting

as the software will monitor the control positions for movement during this period.
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f > Lateral-Directional Static Stability Data Collection
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Figure 7-2 Lateral-Directional Static Stability Data Collection Window

3. Restabilize the aircraft on the off-trim sideslip angle without retrimming the control
forces.

4. With the aircraft stabilized on the off-trim sideslip and the ‘Degrees’ set to the sideslip
angle being flown, select the corresponding [Mark] button, to record data. The data will
be sampled for the duration set in the ‘Sample Length’ setting.

5. Repeat steps 3 — 4 for each desired sideslip angle data point.

6. When the all desired data points have been collected, select the [Done] button to close
the Lateral-Directional Static Stability Data Collection window and open the Lateral-
Directional Static Stability Data Presentation window.

Program Notes:

The default values for the off-trim sideslip angles can be changed to any values of interest. If
these values are changed from the default values, they must be set before the [Mark] button is
pressed for that data point.

After a data point is marked, the [Mark] button mnemonic changes to [Clear]. If the user
wishes to discard the data collected for that data point the [Clear] button can be pressed. The
data for that speed will be discarded, the button mnemonic changes back to [Mark], and new data

can be acquired.
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Selecting the [Cancel] button discards all collected data and closes the Lateral-Directional
Static Stability Data Collection window and returns flinction to the main window.
Selecting the [Done] button closes the Lateral-Directional Static Stability Data Collection

window and opens the Lateral-Directional Static Stability Data Presentation window.

Data Reduction and Presentation

An example of the Lateral-Directional Static Stability Data Presentation window is presentéd
as figure 7-3. Analysis of this information is primarily based on the slopes of the lateral cyclic
control position a;1d the pedal control position plots versus sideslip angle., A lateral cychic stick
position plot that indicates increasing rigﬁt stick displacement with increasing right sideslip or
increasing left stick displacement with increasing left sideslip is indicative of positive dihedral
effect (positive lateral static stability). Graphically this would be plotted as a positive sloping line
for positive static stability. A pedal position plot that indicates increasing left displacement with
increasing ﬂghg sideslip or increasing right displacement with increasing left sideslip is indicative
of positive directional static stability. Graphically this would be plotted as a negative sloping line
for positive static stability. A summary of the lateral-directional static stability graphical
indications are presented in table 7-3. X

The; information on the lower right corner of the data presentation window can be filled in by
the user to save relevant test condition info}rnation with the data. Once this information has been
entered by the user it will be automatically reentered each time a data presentation window is
opened. Only the information that has changed since the last test performed needs to be updated.

Analysis of lateral-directional static stability data should also consider the following
questions: - - -- .o -

1. . Were control margins approached or exceeded?

2. Is there a speed band about trim within which there are no displacement (or force) cues to

indicate the off-trim condition? |

3. Were there any pitot static problems in sideslips?

. 4. Are the aircraft characteristics suitable for the intended mission?
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Figure 7-3 Lateral-Directional Static Stability Data Presentation Window

Table 7-3 Summary of Lateral-Directional Static Stability Graphing Indications

Aircraft What control input Slope of the control Static
Motion was required? position curve Stability
Increasing Right Cyclic Positive Positive

Neutral Zero Neutral
Incrt.:asing Increasing Left Cyclic Negative Negative
sﬁlfslﬁp Increasing Right Pedal Positive Negative
Neutral Zero Neutral

Increasing Left Pedal Negative Positive
Increasing Right Cyclic Negative Negative

Neutral Zero Neutral

I“Cﬁafsting Increasing Left Cyclic Positive Positive
Sideslip Increasing Right Pedal Negative Positive
Neutral Zero Neutral
Increasing Left Pedal Positive Negative
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Spiral Stability :

The purpose of this test is to determine tile helicopter response to bank angle deviations from
trim. A preliminary assessment of the spiral mode can be evaluated during turns.on’one control
testing. For cyclic only turns, the position of the lateral cychc control when the bank is steady is
an md1cat10n of the sp1ra1 mode. L1kew1se, the pedal posmon durmg pedal only turns when the
bank angle is steady, also provides an indication of the §p1ra1 mode. The spiral stability test will

quantify the spiral mode. [12]
Test Method

This test is conducted by establishing wings level, steady, unaccelerated, level flight with the
control forces trimmed to zero. While mamtaining the otJher controls fixed, lateral C);clic is
aﬁplied io establish the desired test bank angle. Then the lateral cyclic must be smoothly returned
to the trim position. Since the spiral mode is usually weak, the response is easily contaminated if
the controls are not retumed precisely to trim. With the controls at the trim positions a time
history of the aircraft response is recorded A bank angle wh1ch converges back toward the level
attitude mdlcates positive spiral stability. A bank angle Wthh diverges from trim corresponds to
negative spiral sfability. ’ |
Pilot Procedures

1. Establish a stabilized, wings level, unaecelerated, level flight with the control forces

| trimmed to zero. } .
2. Note the control positions (primarily the lateral cyclic control posdtion).
3. Use lateral cyclic control to establish the deeired bank angle, then smoothly return the
cyclic to the trim position. Precise positioning of the lateral control to the trim position is
important to preve;lt contaminating the spiral response.

4. Record a time history of the roll attitude response.

¢

Program Operation
The Splral Stability Data Collection window (figure 7-4) is used to accumulate the necessary

flight test data. To access this wmdow select Acquire Data | Forward Fllght Lateral-

Directional Tests | Spiral Stablllty from the menu on the main window. This window displays
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Figure 74 Spiral Stability Data Collection Window

time history plots of the roll rate, roll attitude and the lateral flight control position. Since the
data collected for this test is sampled over a period of time the user can select the rate of
acquisition of the data samples. This is done with the ‘Sample Rate’ knob at the top left of the
window. This setting adjusts the number of samples per second that will be acquired in the range
of 1 sample per second to 100 samples per second. The time interval between each data sample is
displayed below the ‘Sample Rate’ knob. The default setting for the sample rate is 20 samples
per second and is generally suitable for this test.

The length of time that is displayed on these graphs can be adjusted with the ‘Display
Length’ slider control at the bottom of the graphs. The valid range for this control, on this test, is
from ten seconds to two minutes. The default length for this test is 30 seconds. Also displayed
with the ‘Display Length’ slider control is the ‘Points’ indicator which displays the number of
data samples that are held in memory. This value is calculated by multiplying the sample rate (in
samples per second) times the display length (in seconds). Data that is older than the display
length is ‘expired’ and can not be recovered. The display length must be long enough to capture
the characteristic motion of the aircraft without relevant data expiring.

The middle graph displays the roll attitude. The data presented on this graph are the basis for

determining the engineering data results. The intent is to measure the time required for the
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perturbed roll attitude to subside to one-half (or double) the initial perturbation. The spiral
stability test procedures are conducted while this window is displayed. Before the data on the
time history plots expire, the [Capture Data] button must be pressed. When the

[Capture Data] button is pressed the time history data from the aircraft body attitude, body

" rates, accelerations, and stick positions are sent to the Spiral Stability Data Presentation window.

Data Acquisu‘io‘n Procedures

1. Set the ‘Sample Rate’ as desired.

2. Set thé ‘Display Length’ as desired.

3. Perform the Pilot P}ocedmés above to test the s;;iral stability.

4. When the desired response data is shown in the time history graph select the

. [Capture Data] button to close the Spiral Stability Data Collection window and open the
Spiral Stability Data Presentation window.
Program Notes: .

If the data on the time historyj graph scrolls off the window or ‘expires’, the data is lost
forever. To prevent this from happening increase the ‘Display Length’ setting. Setting the
‘Display Length’ to an unneces(sarily long setting will c\ause the data presentationrwindow to
display unneeded data. 'f‘he default settings for the sample rate and the display length are
normally sufficient to properly document most typical helicopter responses but some
experimentation with these settings may be necessary.

R The ‘Sample Rate’ setting should not be changed during a flight test. All data for a specific
test must be acquired at a constant sampling rate or the results will be inaccurate.

The [Clear Data] button clears all three time history graphs. It is not necessary to clear data
before beginning an attempt to acquire flight test data, but it may be desirable to clear extraneous

data before a “for-record test” is performed. This is especially recommended if the display length

is set to a long length and there are several minutes of unnecessary data preceding the test.

Data Reduction and Presentation

An example of the Spiral Stability Data Presentation window is presented as figure 7-5. The

left side of this window presents the relevant time histories, while the right side contains the

166



i
/
i
! i ) \,
] b5 Y i
e
// N
7 e
prd
u N

Figure 7-5 Spiral Stability Data Presentation Window

analysis tools, engineering data results, and general test condition information. The time histories
display the scaled raw data from which the engineering data results are calculated.

When this window is initially opened, the ‘Engineering Data Results’ section is blank.
These data are determined by means of a process that is initiated by clicking the
[Analyze Response] button. This analysis can be done when the data is collected or the data
can be saved and the analysis can be performed at a later time. The results of the analysis are
returned and filled into the ‘Engineering Data Results’ section of the window. For more
information on the response analysis process see the First Order Dynamic Response Data
Analysis section in Chapter 4.

The information on the lower right can be filled in by the user to save relevant test condition
information with the data. Once this information has been entered by the user it will be
automatically reentered each time a data presentation window is opened. Then only the

information that has changed since the last test performed needs to be updated.

Data Reduction
The engineering data results for the characteristic motion about the axis of interest can be

determined by the following process:
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1. Click the [Analyze Response] button.
2. Complete the procedures outlined in the First Order Dynamic Response Data Analysis
section 1n Chapter 4.

The following characteristic parameters are returned from this analysis-
o Time to half or double » Time Constant o Characteristic Root

3 Once the engineering data parameters have been determined the user may view the data
on a complex plane by clicking the [Show Root Locus] button. For more information
on the Root Locus plot see the Dlzsplhy of Characteristic Roots on a Complex Plane
section in Chapter 4.

Analysis of spiral stability response data should also address the following questions:

1. Was the spiral stablity response different to-the left and right?

2. Did the spiral response vary with airspeed or power changes?

3. Are the spiral stability characteristics suitable for the intended mission?

Lateral-Directional Oscillation Dynamic Stability

The purpose of this test is to evaluate the long term lateral-directional response of the
helicopter as a function of time following a disturbance This long term dynamic response is
generally a low frequency lightly damped oscillation that is typically damped by the pilot or by
the AFCS. The intent of this test is to determine the lateral-directional response; therefore, small
off-axis control inputs may be applied to maintain the initial trim pitch attitude. If the off-axis

response is large the controls should be fixed and the full response documented.

Test Method

This test 1s conducted by establishing steady, unaccelerated, level flight with all control
forces trimmed to zero. The lateral-directional oscillation 1s excited with one of the methods
described below, and the aircraft response is recorded If the response 1s moderately divergent
the artificial stimulus must be small enough that the response can be adequately documented

without exceeding a test limit.
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Excitation methods

Release from steady heading sideslips. This technique requires that the cyclic and/or
ciirectional controls are quickly and simultaneously returned to trim from the steady sideslip. The
response is measured from the time when the controls are returned to trim.

Pedal Doublet. To determine the frequency of t‘he doublet application a frequency sweep of
the directional control should be conducted. This'is accoml;lished by applying sinusoidal inputs
of constant amplitude at a series of freql;encies and observing the yaw response. The LDO
frequency is found by starting with a low frequency input and increasing the input frequency
while comparing the yaw attitude response. The desired frequency is indicated by a maximum
mplitudé of the yaw response to the pedal inputs. The LDO is excited by appl);ing a pedal
doublet at the noted frequency with sufficient amplitude to disturb the yaw attitude.

Release from pedal driven LDO. This technique also utilizes a frequency sweep of the pedal
controls to determine the LDO frequency as described above. Once the LDO frequency is
determined, a sinusoidal pedal input is applied at the determined frequency and at a sufficient
amplitude to excite the LDO. Then the lpedal controls are quickly and precisely returned to trim
and the aircraft response is recorded.

Pilot Procedures

1. Establish steady, unaécelerated, level flight with‘ all control forces trimmed to zero.

2. Excite the LDO by one of the methods described above and quickly return the flight

controls to the trim positions as accurately as possible.

3. Record the aircraft response.

. Program Operation

The Lateral-Directional Oscillation Data Collection window (figure 7-6) is displayed during
the lazlteral-directionaI oscillation flight testing. To access this window select Acquire Data |
Forward Flight Lateral-Directional Tests | Lateral-Directional Oscillation from the menu on
the main Wi;ldOW. Since the data collected for this test is sampled over a period of time the user
can select the rate of acquisition o% the data samples. This is done with the ‘Sample Rate’ knob

at the top left of the window. This setting adjusts the number of samples per second that will be
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Figure 7-6 Lateral Directional Oscillation Data Collection Window

acquired in the range of 1 sample per second to 100 samples per second. The time interval
between each data sample is displayed below the ‘Sample Rate’ knob. In the example shown in
figure 7-6 the sample interval is 100 milliseconds. The default setting for the sample rate is 10
samples per second and is generally suitable for this test.

Two continuously updating graphs are displayed in this window. The top graph is a time
history of the roll and yaw rates in degrees per second, the bottom graph displays the frequency
content present for the roll and yaw body axis rates. The user may select specific axes to monitor
by selecting the desired axes with the ‘Display Axis’ selection control. Since this test is primarily
concerned with roll and yaw rates, it is recommended that this selection remain on ‘Roll & Yaw’
for this test. The user can also set the length of time for the time history display, this is done by
adjusting the ‘Display Length’ slider control. The valid range for this test is from thirty seconds
to four minutes. The default length for this test is 60 seconds. The number of data points held in

memory can be calculated by multiplying the sample rate times the display length (for example,
1
in figure 7-6, 10 &:e%g x 60 sec = 600 samples). Data that exceeds the display length is

‘expired’ and can not be recovered. The display length must be long enough to capture the
characteristic motion of the aircraft without the relevant data expiring.

The bottom graph displays the frequency information for the axes displayed in the top graph.
The frequency information is determined by a Fourier transformation of the time domain data.
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The range of frequencies that can be determined are directly related to the sample rate. The
highest frequency that can be determined is one-half of sample rate m accordance with the
Nyquist Theorem.

The LDO test procedures are conducted while this window is displayed. Before the data on
the time history plot expires, the [Capture Data] button must be pressed. When the
[Capture Data] button is i)ressed the time history data from the aircraft body attitude, body
rates, accelerations, and stick positions are sent to the data presentation window.

Data Acquisition Procedures

1. Set the ‘Sample Rate’ as desired.

2. Set the ‘Display Length’ as desired.

3. Perform the Pilot Procedures above to stimulate the LDO response.

4. When the desired response data is shown in the time history graph select the

[Capture Data] button to close the Lateral-Directional Oscillation Data Collection
window and open the Lateral-Directional Oscillation Data Presentation window.
Program Notes:

If the data on the time history graph is allowed to scroll off the window or ‘expire’, the data is
lost forever. To prevent this occurrence increase the ‘Display Length’ setting. Setting the
‘Display Length’ to an unnecessarily long setting will cause the data presentation window to
display unnecessary data. The default seitings for the sample rate and the display length are
normally sufficient to properly document most typical helicopter responses but some

experimentation with these settings may be necessary.
| The ‘Sample Rate’ setting should not be changed during a flight test. All data for a specific
_ test must be acquired at a constant sampling rate or the results wi{l be inaccurate.

The [Clear Data] button clears both the time history and the frequency content graphs. It is
not necessary to clear data before beginning an attempt to acquire flight test data, but it may be
desirable to clear extraneous data before a “for-record test” is performed. This is especially
recommended if the display length is set to a long length and there are several minutes of

unnecessary data preceding the test.
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Data Reduction and Presentation

The time history data of the aircraft body attitudes, body rates, accelerations, and stick
positions are available for analysis and presentation in the Lateral-Directional Oscillation Data
Presentation window (figure 7-7). The left side of this window presents the relevant time
histories, while the right side contains the analysis tools, engineering data results, and general test
information. The time histories display the scaled raw data from which the engineering data
results are calculated. The time histories that are displayed for this test are roll rate, roll attitude,

yaw rate, yaw attitude, and directional control position. The user may select other plots as

desired.

Figure 7-7 Lateral-Directional Oscillation Data Presentation Window

When this window is initially opened, the ‘Engineering Data Results’ section is blank.
This analysis can be done when the data is collected or the data can be saved and the analysis can
be performed at a later time. The data analysis is done by clicking the [Analyze Response]

button. The process used to determine the engineering data is detailed in the Second Order
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Dynamic Response Data Analysis sectio;l in Chapter 4. The results of the analysis are returned
and filled into the ‘Engineering Data Results’ section of the window.

The information on the lower right can be filled in by \the user to save relevant test condition
information with the data. Once this infom;ation has been entered by the user it will be
automhtically reentered each time a data preseﬂtation winqov;r is opened. Only the information

H

that has ‘changed sirice the last test perf(_)rmed‘ needs to be updated.

Data Reduction

1

The engineering data results for the characteristic motion about the axis of interest can be

" determined by the following process:

1. Select the ‘Roll Axis’ or ‘Yaw Axis’ from the selection control at the top of the
[Analyze Response] button. ‘

2. -Click the [Analyze Response] butfon.‘

3., Complete the procedures outlined in the VSecond Ordér Dynamic Response Data Analysis
section in Chapter 4.

" The following characteristic parametérs are returned from this analysis:

o Period of the Motion « Damping Ratio
» Time to half or double Amplitude « Natural Frequency
« Cycles to half or double Amblitude "« Damped Natural Frequency

4. Once the engineering data parameters have been determined the user may view the data
4 ona complex plane by clicking the [Show Root Locus] button. For more information

on the Root Locus plot see the Display of Characteristic Roots on a Complex Plane

) §ecﬁon in Chapter 4. (
Analysis of lateral-directional oscillation data should algo address the following questions:
1. How easy was it tc; excite the LDO response?
2. How easy was it for the pilot to sug)press the LDO response?

3. Are the aircraft characteristics suitable for the intended mission?

\
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Control Response

The purpose of this test is to evaluate the aircraft response to a flight control input. The
aircraft response is determined by the coﬁtrol sensitivity, damping, and response lags in the
examined axis. Control sensitivity is the acceleration per unit control input. Damping is the
acceleration pier unit of velocity. The respbnse lags are the time from the control input to the
aircraft response. The response lags are a consequence of the flight control system characteristics
and rotor system type.

As noted in prévious chapters, several characteristics contributing to desirable response
qualities are listed below. [12]

1. Pilots want a vehicle responsive enough to achieve some level of attitude change within a

certain time after a control input (without being overly responsive).

2. Pilots want a reasonably §1teady state ratelfor a given input size.

3. Pilots want a predictable steady state response for a given control input.

4. Pilots want a reasonable initial response (acceleration in the desired direction) shortly

‘after control input. ‘ ‘
Each of these qualities are directly related to control sensitivity, damping, or both. The

resulting motion due to a given control input can be characterized as a first order system.

Test Method

This test is conducted by establishing steady, unaccelerated, level flight with all control
forces trimmed to zero. A control step input is applied, and the aircraft response is monitored.
Control fixtures are generally used to restrain control iﬁputs and an incremental buildup te‘chnique
should be used to build up to the desired control input magnitude. The control input should be
quick and precise. If a fixture is used the control should be firmly held against the fixture but not
forcefully. Recovery is initiated when a steady state roll rate is achieved or a predetermined test
flight limit is reached. | \ A

Test limits on bank angle can prevent achieving a steady‘ state roll rate. If the test ‘helicoll)ter
can achieve high roll rates and/or the test program is restricted to low roll attitudes, the recovery

may occur prior to achieving a steady state roll rate. In this case a smaller control input may be
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evaluated that allows the aircraft to achieve a steady state rate, or a ‘false start’ technique may be
used. In this technique, the test pilot establishes a bank attitude in the direction opposite to the
test input. Then the control step input is made from the banked control position. The use of the
false start technique permuts a greater roll attitude change and a longer time to elapse prior to
recovery at the test attitude limt. This technique may permit the helicopter to achieve the steady
state rate for the desired control input.

The data reduction process uses the steady state rate to determine aircraft characteristics, but
does not critically depend on discerning a steady state rate. There are alternate analysis methods
included in the program that do not require a steady state to determine the desired aircraft
characteristics.

Pilot Procedures

1. Establish steady, unaccelerated, level flight with all control forces trimmed to zero.

2. Set the control fixture for the desired displacement and position it for the desired input
direction. The control input size and direction are verbally and visually verified between
the pilot and copilot/flight test engineer Start with small inputs and increase in size
incrementally until desired input is achieved.

3. Apply the lateral cyclic control input against the fixture and hold the controls fixed.
Recover when a steady state roll rate is obtained or a predetermined test flight limit is
reached.

4. Record the aircraft response.

5. When the maneuver 1s complete, announce the recovery so the control fixture can be
quickly removed.

6. Repeat steps 1 through 5 for increasing lateral cyclic control displacements until the
desired deflection is attained.

7. Qualitatively assess the predictability of the control response.

Program Operation

The Control Response Data Collection window (figure 7-8) 1s displayed during forward flight

control response flight testing. To access this window select Acquire Data | Forward Flight
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Figure 7-8 Lateral Control Response Data Collection Window

Lateral-Directional Tests | Roll Control Response from the menu on the main window. Since
the data collected for this test is sampled over a period of time the user can select the rate of
acquisition of the data samples. This is done with the ‘Sample Rate’ knob at the top left of the
window. This setting adjusts the number of samples per second that will be acquired in the range
of 1 sample per second to 100 samples per second. The time interval between each data sample is
displayed below the ‘Sample Rate’ knob. The default setting for the sample rate is 20 samples
per second and is generally suitable for this test.

Three continuously updating time history plots are displayed in this window. The length of
time that is displayed on these graphs can be adjusted with the ‘Display Length’ slider control at
the bottom of the graphs. The valid range for this test is from ten seconds to two minutes. The
default length for this test is 30 seconds. Also displayed with the ‘Display Length’ slider control
is the ‘Points’ indicator which displays the number of data samples that are held in memory. This
value is calculated by multiplying the sample rate (in samples per second) times the display
length (in seconds). Data that exceeds the display length is ‘expired’” and can not be recovered.
The display length must be long enough to capture the characteristic motion of the aircraft

without relevant data expiring.
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The top graph is a time history of the roll rate in degrees per second. The data presented on
this graph are the basis for determining the engine,ering data results. Ideally the data presented on
this graph will attain a steady state rate during the performance of the particular flight test. The

muddle graph displays the roll attitude. The bottom graph shows the lateral cyclic control position
versus time plot. .

The control response test procedures are conducted while this window is displayed, then
before the data on the time history plots expire, the [Capture Data] button must be pressed.
When the [Capture Data] button is pressed the time history data from the aircraft body attitude,
body rates, accelerations, and stick positions are sent to the Control Response Data Presentation
window.

Data Acquisition Procedures

1. Set the ‘Sample Rate’ as desired.

2. Set the ‘Display Length’ as desired.

3. Perform the Pilot Procedures above to test the control response.

4. When the desired response data is shown in the time history graph select the

[Capture Data] button to close the Control Response Data Collection window and open
the Control Response Data Presentation window.
Program Notes:

If the data on the time history graph is allowed to scroll off the window or ‘expire’, the data is
lost forever. To prevent losing relevant data, increase the ‘Display Length’ setting. Setting the
‘Display Length’ to an unnecessarily long sétting will cause the data presentation window to
displa); unnecessary data. The default settings for the sample rate and the display length are
nonna!ly sufficient to properly document most typical helicopter responses but some
experimentation with these settings may be necessary.

The ‘Sample Rate’ setting should not be changed during a flight test. All data for a specific
test must be acquired at a constant sampling rél‘te or the results will be inaccurate.

The [Clear Data] button clears all three time history graphs. It is not necessary to clear data

before beginning an attempt to acquire flight test data, but it may be desirable to clear irrelevant
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data before a “for-record test” is performed. This is especially recommended if the display length

is set to a long length and there are several minutes of unnecessary data preceding the test.

Data Reduction and Presentation

The time history data of the aircraft body attitudes, body rates, accelerations, and stick
positions are available for analysis and presentation in the Control Response Data Presentation
window (figure 7-9). The left side of this window presents the relevant time histories, while the
right side contains the analysis tools, engineering data results, and general test information. The

time histories display the scaled raw data from which the engineering data results are calculated.

Figure 7-9 Lateral Control Response Data Presentation Window

When this window is initially opened, the ‘Engineering Data Results’ section is blank.
These data are determined by means of a process that is initiated by clicking the
[Analyze Response] button. This analysis can be done when the data are collected or the data
can be saved and the analysis can be performed at a later time. The results of the analysis are
returned and filled into the ‘Engineering Data Results’ section of the window. For more
information on the response analysis process see the First Order Dynamic Response Data

Analysis section in Chapter 4.
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The information on the lower right can be filled in by the user to save relevant test condition
information with the data. Once this information has been entered by the user it will be
automatically reentered each time a data presentation window is opened. Then only the

information that has changed since the last test performed needs to be updated.
Data Reduction

The engineering data results for the characteristic motion about the axis of interest can be
determined by the following process:
1. Click the [Analyze Response] button.
2. Complete the procedures outlined in the First Order Dynamic Response Data Analysis
section in Chapter 4.

The following characteristic parameters are returned from this analysis:
» Time Constant « Characteristic Root

3. Once the engineering data parameters have been determined the user may view the data
on a complex plane by clicking the [Show Root Locus] button. For more information
on the Root Locus plot see the Display of Characteﬁstic Roots on a Complex Plane
section in Chapter 4. )

The data shown in the ConUol Response Data Presentation window can also be visually
analyzed for several important characteristics. Some of the attributes that may be determined are
the steady state rate, maximum rate, initial acceleration, maximum acéeleration, and acceleration
delay. .

Analysis of forward flight control response data should also address the following questions:

1. Was the response predictable?

2. Was the response consistent?

3. Was the steady state rate adequate?

4

Are the aircraft characteristics suitable for the intended mission?

179



Chapter 8
CONCLUSIONS AND RECOMMENDATIONS

Conclusions

. The objective of this gffort was to develop an a;utomated software system for recording,
monitoring, and analyzing helicopter stability and control flight test data. The primary design
goals for this I;roj ect were successfully accomphshed.' During the development process, several
difficulties were erllcountered. The primary olistacles included:

1. Design of the user interface and data flow model.
2. Determining the lateral and longitudinal cyclic control position. -
3. Determining which data parameters to sample and the rate at which to sample to properly
document each flight test. |
4. Selecting the data from the appropriate time period when collecting from a streaming
data source.
5. Saving the acquired data to disk, and reading data from the disk for later analysis an;!
presentation. .
6. Presentiilg the acquired data in a format consistent with the format commonly utilized by
experimental test pilots and flight test engineers.
7. Designing the analysis tools necessary to quantify the engineering parameters which
characterize the aircraft responses. |
Each of the obstacles encountered during the development process were adequately
surmounted; however, the last one deserves some discussion. The analysis tools were necessary
to quantify the aircraft dynamic responses. These dynamic responses were classified into low
order equivalent systems. The first order systems analysis did not present significant challenges
except to mention that a high signal to noise ratio can easily contaminate the engineering data
results. Analysis of the second order systems did however piesent a major difficulty. A heavily ‘
damped oscillation proved to be very difﬁc;llt to characterize in terms of frequency and damping.

The method chosen in this work depends a graphical analysis technique. This graphical
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technique works extremely well for a pure and perfect first order response; however, a noisy
signal or a response that is contaminated with other aircraft characteristics is likely to be
inaccurately characterized. Although this analysis tool is sensitive to noise or contaminated
aircraft responses, a heavily damped response is generally considered a desirable flight
charactenistic. Classifying the response as being heavily damped is often sufficient.

Testing the software also presented some challenges. Specifically, since the hardware was
not available to acquire real data from the aircraft, artificial data inputs had to be used to simulate
the aircraft responses. The software testing indicated that the user interface is functional and the
data handling routines are relatively reliable. This testing also indicated that some data filtering
may be necessary to minimize the noise on some channels.

The final product of this effort is a software system capable of collecting, presenting and
analyzing helicopter stability and control flight test data near real time inflight The software

system is designed to be relatively simple to operate.

Recommendations

With most engineering design projects, hindsight allows the engineer to recommend
approaches that might produce a better final product if the project were to be done over again or
is revised in the future. The following recommendations should be considered for inclusion in
future developments of this software.

Although the analysis tools developed i this effort are functional, they are relatively
simglistlc. More robust analysis tools are available commercially. Specifically, National
Instrﬁments’ Advanced Analysis Toolkit has professionally developed functions that are capable
of more accurately charactenizing the aircraft responses of interest. The functions n this
commercial toolkit are modular and could be easily incorporated into the Helicopter Stability and
Control application developed 1n this effort.

The data that is acquired is not currently filtered or processed in any way It may be
advantageous to allow the user to selectively apply signal processing to the data channels. For
example, the normal acceleration (N,) may need to be filtered to remove the vertical vibration

caused by the main rotor. The implementation of this signal processing 1s very sumple; however a
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user interface change would be required to allow the user to select the desired signal processing
for each channel.

This program currently has the capability to overlay some of the requirements for military
rotorcraft handling qualities (as specified in ADS-33D) over the data results determmed from
flight testing. This permits a quick assessment of the compliance with the requirements of the
specification. The current capability is limited to the comparison of some of the oscillatory
response requirements. Future developments of this software should consider expanding the
capabilities of the software to assess additional requirements of the specification, for example,

bandwidth and attitude quickness.
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APPENDIX A

EXAMPLE PRINTED DATA
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Forward Fhight Longitudinal Static Stability
Atrcraft Type OH-58 Temperature +12° C Fuel Used/Remain 310
Asrcraft Number N88UT Pressure Altitude 3000 Weight 2910
Pilot Lewis Rotor RPM 100% Center of Gravity 114 2
FTE Davis Torque N/A Other
Configuration Std
Comments
Pitch Attitude (deg
NU -
2_3 —
- R
0- T —=
- N————
- - T
-2~
ND .4~
Collective Control Position (% from full down) Total Collective travel = 12 7 1n
Up 100=
757
507
25=
Down 0—:
Directional Control Posttion (% from full left) Total Directional travel = 6 9 in
Right 100— 1 T | T .1 .1 1. . T .1 T O
75
507
25
Left 0-
Lateral Control Position (% from full left) Total Lateral travel = 10 3 1n
Right 1001 1 _ 1. 1. 1 . .I..1I. 1. 1 1. — 1. .1 I
757
507 3 : =+ F
257
Left o= ) 1
At 10 Longitudinal Control Position (% from full forward) Total Longitudinal travel = 9 4 in
ft 0=
75
50 .
25-
70 71 72 73 74 15 76 TT T8 79 80 8t 82 B3 84 85 86 67 88 89 90
Airspeed (knots)

+

Figure A-1 Example Printed Data
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EXAMPLE RAW DATA
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0

Hover Long Term Dynamic Stability Response

OH-58
N 88UT
Lews
Dawvis
+12°C
2010
100%
75%
310
2910
1142

Standard
No Comments

2447
1769
0723
0151
0413
0409

ss+esBaqin Data*****

Time
sec
0000
0100
0200
0 300
0400
0 500
0 600
0700
0 800
0900
1000
1100
1200
1300
1400
1 500
1600
1700
1800
1900
2000
2100
2200
2300
2400
2 500
2600
2700
2 800
2 900
3000
3100
3200
3300
3400
3500
3600
3700
3 800
3900
4 000
4100
4200
4 300
4 400
4 500
4 600
4700
4 800
4 900
5000
5100
5200
5300
5400
5 500

Pitch
deg

0005

0004
-0 002
-0018
-0026
-0 022
-0 044
-0 050
-0 054
-0 065
-0072
-0 090
-0 116
<0112
-0 120
<0141
-0 160
-0 161
-0 158
-0 161
-0 161
-0 165
-0183
-0 208
-0 230
-0257
-0 279
-0277
-0 295
-0295
-0314
-0315
-0 342
-0 365
-0 381
-0 388
-0 401
-0 396
-0 411
-0 435
-0 439
-0 439
-0 442
-0 439
-0438
-0 443
-0 456
-0 466
-0 461
-0 464
-0438
-0423
-0413
-0 409
-0 408
-0 386

Rall
deg
0005
0011
-0 005
-0 011
-0 022
-0 022
-0026
-0022
-0 006
0000
0014
0021
0032
0023
0013
0028
0021
0029
0023
0009
0007
0008
-0002
0004
0014
-0 001
0001
-0014
-0 002
<0011
-0018
-0 013
-0020
-0030
-0 020
-0020
0018
-0 022
-0 012
-0028
-0028
-0017
-0 025
-0 033
-0043
-0029
-0017
-0019
-0017
-0031
-0024
-0 027
-0015
-0013
-0 009
-0008

Heading Pitch Rate Roll Rate Yaw Rate

deg

359 998
359 990
359 975
359 975
359 988
359 997

0000
359 997
359 984
359 989
359 983
359 984
359 976
359 970
359 974
359 979
359 985
359 988
369 979
359 986
369 980
369 970
359 980
359988
359 982
359 982
359 988

0004

0013

0011

0026

0038

0053

0038

0036

0032

0017

0008
359 999
359 990
359 986
359 982
359 980
359 989
359 930
359 984
359977
359 988
359976
359 970
359 566
359 967
359 961
359975
359 985
359 983

deg/sec

0052
-0 015
-0 059
-0 167
-0073
-0 026
-0 155
-0 051
-0 043
-0116
-0 063
-0 188
-0 261

0046
-0 084
-0210
-0 190
-0 007

0033
-0 037

0000
-0 037
-0 181
-0 249
-0 225
-0 266
-0216
0017
-0 180
-0 004
-0 186
-0 011
-0 268
<0228
-0 158
-0 077
0127
0049
-0 146
-0248
-0033
-0 002
-0 036
0031
0014
-0 050
-0127
-0 106
0053
-0029
0255
0155
0101
0035
0015
0218

Figure B-1 Example Raw Data

deg/sec
0048
0062
-0 156
-0 066
-0 106
-0 005
-0 040
0041
0159
0064
0138
0075
0105
-0 087
-0 101
0148
-0 070
0082
-0 062
-0 144
-0 014
0014
-0 110
0064
0094
-0 148
0021
-0 149
0117
-0088
-0071
0049
-0071
-0 097
0101
0003
0012
-0 036
0 100
-0 156
-0 008
0117
-0 084
-0079
-0 102
0142
0123
-0 022
0016
-0 139
0070
-0 030
0124
0023
0040
0002

Lateral
deg/sec %
-0 021 50 30
-0 077 50 21
-0 157 50 29
0002 60 19
0135 50 19
0086 50 22
0036 5005
-0 032 50 02
<0133 5013
0045 50 00
-0 054 5011
0008 50 15
-0 079 5003
-0 062 50 22
0044 50 08
0047 5009
0064 50 00
0031 50 19
-0 092 50 14
0063 5012
-0 054 5011
-0 102 5024
0101 5029
0082 5010
-0 059 50 27
-0 002 50 08
00861 5019
0160 50 06
0084 50 15
-0 015 50 18
0144 5006
0127 50 14
0 146 5022
-0 147 5012
-0 019 50 01
-0 041 50 04
-0 150 50 19
0090 5013
0096 50 17
-0 087 50 28
-0 040 50 05
-0 036 50 18
-0023 5005
0085 5016
0011 50 03
-0 052 50 08
-0073 50 07
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Figure B-1 (cont ) Example Raw Data
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APPENDIX C

COOPER-HARPER AIRCRAFT HANDLING QUALITY PILOT RATING SCALE
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Figure C-1 The Cooper-Harper Aircraft Handling Quality Pilot Rating Scale
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