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Abstract 

The paper deals with investigations in the ccynamios of the pilot-helicopter system 
under extreme conditions, considering cases when the following limits are exceeded. The 
primary ob~eotive is to evaluate l>elioopter loading and handling technique under the 
assumed conditions. The scope of investigations covers simulation analyses on mathemati­
cal modele, simulator teste and flight tests. 

Introduction 

The paper describes investigations in the area of complex pilot-controlled dyna­
mic systems under extreme conditions as indicated by the structural limits of their res­
pective parte and assemblies. Keen competition imposes increasingly rigorous requirements 
to be met by those systems so as to exploit all potential capabilities. Frequent occa­
sions of near-limit operation make the user control them as precisely as possible and 
consider the risk of exoeedeng the adminissible extremes. 

To define tl1e area of investigations more specifically ot will be helpful to aut­
line the concept of solution :for anticipated problelllSo There are features they share 
in common contained in the notion o:f transgressionX/ • For they refer to a process taking 
place near the limits, situations wl1en limits are exceeded, estimates as to a possibility 
to return :from beyond the limits. Also they embrace the reasons :for exceeding limits such 
as control error, system :failure, breaking rules :forced by oiroumetanoes or deliberate 
as a result o:f investigation procedure. rinally they cover oases of unintentional trans-
gression in extreme situations. ' 

Fig.1 illustrates the issue of transgression depicting possible runs of a controlled 
process which ef:feots phases n, n+1, ••• , where respective limits and areas could be 
described aa: 

limits and areas of risk - when limit proximity essentially af:feots the system data 
so that the way o:f control has to be modified by this proximity; 
admissible -when having the limit exceeded it is still possible to return to the 
original process by special way of control with no process changes involved; 
failure -when :following limit transgression damage occurs -to the system, yet it is 
possible to interrupt the process safely using emergency control technique at the 
cost o:f inability to continue the process as intended before; 
crash - when :following limit transgression the system becomes uncontrollable and, 
i:f going on, it may destroy the system. 

Selection and proper arrangement o:f transgression issues encourage the attempt 
o:f transgression as investigation method under limit conditione. Exceeding the :following 
limits, that is transgression,is the best way to discover and to specifY the kind and 
position o:f those limits. It provides information on either increase or decrease in the 
intensity o:f dangerous pl1enomena, :feasibility o:f recovery and safety manoeuvres, conse­
quences o:f transgression and spaces between successive limits. 

x/ Lat. transgressio - in narrow meanl.ng: orossingt in a bC)oader sense: crossing 
boundriesL infringing law and regulations, exceeding one s own limits and com­
petence. ~he issue o:f transgression was developed as a theory by th~ French 
sooiqlogist Marcel Mauss and, as a doctrine, it was presented in "L Homme et le 
Saore" by Roger Caillois giving the :foundation :for interdisciplinary synthesis 
of transgressive problems. 



The introduction of system transgression as inveotigation me·chod will permit 
tle follovdng: 
1, a·trict establishment of its limits /by confirming or denying their existanoe, 

poai tion n.nd chnrac·Ger/ 9 

2. de-tco·tion of its weak and critical points, 

3. relinb1e es·l;ima-tion o:f its limit data nnd adjustment. 

In-t;erdiociplinary approach elves a chance to conduct investigations in a i':rofer 
direction by introducing the elements of control theory 9 models of operator";.:: ::::.ot. ons from 
engineering poyohology as well as description of nmlti-purpose and multi-phunomena 
modelo of cont:rol objects. Failures of automatic system control under tranagrem:Jv0 
oonditiono contrary to numerous oases of ei':f'ective sys·tem control performed by l:nurnn 
operator in such oondi tions support 9 due to intert11sc1plinar.y approach, a nonr:!ep:t 
of -the UG~'.; of the system anthropomo1·phic adjustment for transgressive invest:tgat:tons .. 

'fhis papa' de:tls, in particular 11 with analysis and investigation of the •lytr'lmic:~ 
o:f helicopters nncler cxtr·eme "flight oondi tions. It covers both theoretical an.t.:.lysis 
and CIDp.Lr:l0u.l inveatieationn on real systems. 

The investigntionfJ referred. to the hurnn.:n-pilo·h his extreme oa.pa.bilitieo a.nr1 
fl cxlbili i:y of limi tatic:ls an the one ha.nd and to -ti1e machine-helicopter on the 
other., l~o:c irnrestigator, when unaw[lre of all phenomena taking place in the oJr:;l..e:.l 
and ne;sleoting the influence of handling dynamics, becomes arbitrary in selection 
of oriticc.l fli;sht phases, simplifies their models and considers the dynamics of 
ahclicopter as an isolated object .. 

The Jnvcstiga.tions concentrated on the course of taskft assigned a.nd operation 
of the helJ.oopter systems in selected critical flight pho.Des and under overcrition.l 
conditlono .. 

Gimul8.tiion anlytical and empirical methods were widely used throt1ghont all 
investic8.tion pfw.s 9S reflect). ne limit oondi tions much more, if not totally 9 safelyo 
They were employed to investigate the least explored phenomena" 

A oystern was developed of transgressive investigations from analyses to exper.L­
ments coverine: 
1 4 investigations in cen,rention.:ll time on. closed mathematical models of r' lo·~-hPl:L~ 

oop·ter configuration wJ.th the use of numerical methods and computer techniques? 

2. laborntot"y inver3t:leA.tions on simulator in real time .. as a.n · intermedL.1te form 
1Jefo1~e (joine over to the real ohjec'tt 

3. inyestie;a.tion on the real object incl11ding helicop·ter 9 measure equipment and 
oren /-Lcs't pilot, back-up pilot, observer and board mechanic/. 

In tlw case of investigationR on clo:Jetl mathematical models the handling mo"lel 
refleotinr, pilot

0

s decisions and execution is combined with the mot1el of the oUjc · 
or systems operation thtw making it possible to investigate the pilot-hel:lcopt er 
system sin.,l\1 tan eously. 

Helicopter simulator of a flexible hybrid-type construction equipped with 
a .stand for ergonomic investigo.tiono permit::: versatU.e tests of the pilot-helicop'l;er 
system in real time. The simulator circuit is audH:lollD.lly provider] with a model of 
nutom~.tic control based on handling models for investigations in conventional time, 
This allows to investigate the concept o:f anthropomorphic auto-pilot anri facllltn.tes 
·t;raining of extreme flight oonrlitions using information on transgressiv~ control 
provideu in flight director system. 

In order to reduce riolc when testing transgressive oonrlitionc in flight, 
al ternatir:g inves·t:lgations are introduced o:f :Isolated phaseo" Empirical simulation 
of hnrclly explored phenomena9 slmulator training and theoretical ano..lyses e.r0 uned 
heree r.rhey Hre combined in a uniform program so a.o to oonduot: tests as close to 
the systerr limit conditions as poosible at rislc margin not exceeding that involved 
in conventi.on.?.l investigations<) 

The mod".!_. 'cf ho.ncUing-representation of helicopter flight 

Any i't.ight asrdgnment can bo presenter} in the :form· of a flight profile oo~·;posed 
of m<J.noeuv,_·e sequence N., Any n-th manoeuvre can be dioti:ngnished as flight ph:·1;se 
subjected l;o fixed set of rules applying between time t np to t 1 • A limited eel; 
is a.vaila1 .e to copmpose ·any flight assignment co:1nistillr_{ ruo<1ul1 .. n-r The mo(lul:t 9 
li'hen solv( ! 1 give solution for an assigni1tent provided that -the final data of a pr(>, 
oecling mru 'euvre are inl';rodnotory da.tn. for the following one. , 

Manor 
in helicor 
rule oi' m! 
olonecl r;1o{ 
in relatlc 

vre representation consists in oalculo.tion of -~lme rune of al ia.'l':ci:ic~;~~ 
er flight dat:a and in eGtn.blishment of control function for the r:..::::umed 
oeuvre execution. For this purpose on inverse assignment is exeoui.,,.Jd in 
l converting the manoeuvre rule into extreme allowable impulses c-m·!;roJJinc 
to the r;rounrl., Translated into the system connected with helicopter the:,' 
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make it possible to specifY necessary control function, The solution is conducted step 
by step ln discrete system, A sec,~ion of flieht assignment of a tmi:form passage tech­
nique /Fig,2 items n and nt1/ is divided into a sequence of constant time sections 
i, i+1 for the assumed time interval 6. t, 

Anthropomorphic structure of the handling model 
The development in ~he models of human behavior starts with psychological invMti­

gations of the operatior s aotivi ties, They have resUlted in psychological model revealing 
the notion of an operational image, that l.s, interMl model, 

Especially interesting is the model of pilot's aotivi ties described by cavalla /1/ 
which attempts to diverge from trannmittance model, 

In the course of the complex control process pilot's anticipation provides infor­
mation on flight data in the nearest future, Thus it eMbles him to estimate the difference 
between the actual and intended levels of state vector and manoeuvre rule indicates the 
direction of changes in control vector, 

In anthropomorphic hnndling model feedback nnd reactions baaed on pilot's antici­
pations are parallel elements of the control process, The feedback system fulfils tl1e 
assignment and stabilizes the system whereas the anticipation system, which is normally 
intended for more complex problems, serves to establish the intended and flexibly correc­
ted state vector to whioh feedback system is subjected, According to such an extrapola­
ted run feedback system performs its control function for the nearest moment, Anticipa­
tion is a permanent process interfering with control decisions depending on cttrrent gon­
ditiona, position of limits and run of the actual system state vector, For the pilot s 
mand is involved in anticipation process which is neglected by investigations, This 
process embraces oeonaequences of intended limit control changes being neither mere 
projection of ewents nor advancing penetration of distttrbanoes, The basic group of 
phenomena covered by snch an an:tioipation in limit flights refers to the dynamics 
of. changes in state vector limits and to evalttation of anticipation limit time, 

The crucial need to control tlle system in extreme conditions is to develop the 
hell. copter model control so as to maintain required control run in relation ot limi ta­
tions, This makes it possiblA to effect different variants of exceeding limits, 

Models of anthropomorphic control fall into several types, 
In the first variant of control in limit flight conditions with a provision th"t 

the envelope-a]' seiected-s;y·stem limits is not exceeded, calculated control impulse 
6 zj /tnrget impulse/ must not exoeed selected system state limits, This is wl!y in 

each step and for each element it is necessary to calculate set of upper and lower 
margins of state vector 6. "ui = "ui - xi and 6. "Li = xi - "Li as well as differential 

0 0 . 0 
quotients 6. Ilij = 6 x l6. z 1 for the assumed individual control impulse 6. z i 
/from relation z = ax"l a proper change in stai;e vector 6 x0 

1 oan be calculated for 6. ?.
0 
/, 

From calculated set of control margins 6 zijU = 6. x 0 ui/6. Ilij and 6. zijL = 6. x\/ 6. Ilij 
the minimum control margins 6. zjU ,L min are selected, 

The conditionsl6. zjl :::;;·16. zjU,L mini when fulfilled make it possible to .secure the 
objective within system capabilities and to fly 11 along limits" without exceeding them. 

The principle of limit rnn between allowable limits have been presented in Fig,) 
where zu 1 , "L 1, zu 2 , v1, 2 , 7l!J' z"LJ depict envelopes of top and bottom limit control 
impulses for the handling model - index 1, helicopter - 2 and environment - ~· 
On section AB control run z/t/ is effected for the condition l6zjl ~ j6.zjU • mini , 
the remaining area corresponding tol6zll = I L>z 1u,r,minl. Shaded area indicates the area 
where flying and control are oonsid rabl:y affected by limit prixirnity /risk area/, 

'fhe _!!e_£o~d_tlP~ of control deals "ith the models of exceeding limits, Having a prob­
lem of control along limits developed H is possible, at any time to exceed the limits, 
They oan be exceeded either by in·tentional control according to the rule corresponding 
to a·tructural capabilities of the system or by causing failure in selected system element 
and assembly, Also it is pos~ible by changing the environmental conditions, 

The third t;;:_pe is advance control, The handling model represents the process of 
complex decisions oonoerning flight program check I evaluation of performed manoeuvre 
and passage to another flight phase/, detection of system failure and serious distur­
bances and, as a result, proper modifications in flight program /alteration in X I and 
the way of ita execution, Any decision as to the choice of flight program modi- n 
fication l"lhen approDo<hlrlg serious disturbances or inten·tional change in control vector 
requires an adequate representation in the model of anticipation process, 

.,; equations connecting control veo~or Z with state vector X, 



Therefore, it is neoesoary to calculate extreme poss"ib1.l'ty of changes in_rvJjust-­
ment range 80 as to penetrate the area in which the prooes~ w.tll continue in th~ nenrf!S'~ 
.future .. Ji..t the same time nome fee.tures of extreme changes in adjustment range hnvo to 
be taken into consideration /Fig.4/ 

Disturbance magnitude should be converted int.o magnitnde of neoer-sar.:y olnnce in 
state veoto; h. x. Thus a premise is obtained to estimate to moment being_ n s~~r~:nc: 
noint of the control system reaction to compensate disturbance., To do th~s, 1.'· .. L, 
i1eoesaar:y to est:tmate time which pa.sses fr~)}n the onset of the system act:to~.--~.l~l~'E 
limit control capabilities up to the momen-c when alteration in adju~tment ... ;.\..>e 
equals dtsturbanoe magnitude D. X

11
• This time is limit time indioatea in Fie;.,ll as l;C1'2 

[Jymbols XrJi' x
11

, xU 2 ' XJ, 2 ' XUJ' x~, 3 refer to ·oop und bottom limits ofcyctem 

state /model of control system, object and environment/~ 

All the elementary control actions to couse required change in ntate vet' tor L,::; 
are mostly anticipation - tyre control processes. The handling model ~hen repres~~ts 
chare.cterJ.stio way of handling including action impulse Ll. Za which im tiatee ~1! ~1ation 
in state vector into required direction and udvance oountreaotion of control t_ L.rk ~ o 
impede mov'" ·nent so that the required level of alteration in state vector.6.X coulu be 
achie'fed, 

The fouri;h variant of anthropomorphic ·bype control denls with decisions to modl f::/ 
flight nsSlgnffieri·t-ff 9 -for insta.nce,an unex~1pected failnre occDrs to the system. Unlike 
static type Ucoision procer;Ges /as known from literntnre/ 1 those processes mur:;t be 
synohronizerl with f'licJrr. dyn:1.m.Lcs due to considerable time limitations. The pilot 
then ls forcerl to modify ftic-ht program by seleotinr; the rendY' flieht prooerlttrr--r;., 
IJ.1he henri sties of assignment s t;ruotnre like this have to be mru~tered by the pilot 
bo be employed atttomatloally. flialcine; a model in nnoh a car.;e consists i_n selectton 
of a proper sequence run. Ilavine a proper assiglllnent structure seleote,1, the deo.ts:lon 
sequence i.u focn.sed on seleotJon of dynnmic da.ta for respective neq.uenoes .. 

Fig.5 illustrates the func-tionJng of :fecdbaok circui-t while jn sunocnnive 
manoeuvres the system compens.'J.tes the error of tlte current and tareet state vector 
without exoeerlinG the limite imposed.,. 

1J:he O.nGignment it W[(.S provi(}ed 1 h::1tl to he e.f.'feoted to the :lSGUmed flic;ht proc;r·lm 
usill[S t11e l:iwit system o.'lp:J.bilitieo.., rrhe lim:ttntions assumed were: the use of m:tximnm 
enrrine pow(":r P and mn..ximum thrust T

1 
/streflm stall/ when maintainine the 11111:l.t 

u r max cr 
con-l;rol datD. (dv /dt/ , fd'!) /dt/ and<D ~ , Flisht program has beP.n pr0' cn-

o max y - rng.x \ y nh•X 
ted in Fie; .. 5 aFJ a 0et of altitude - n.irr;peed combinations at ~he end o.f each .flight 
phase .. The~: have been indicated on a cttrve ~; /t/ .. 

In control Bcquence from stick c:i.inplacements to helicopter di.sp1'1cements, canse:> 
and effects B.re subject to the folloVTing scheme: 

' , ' --~ ~- , 'Y -t> a a -~a a -r> V V -t> z, x o o u x ~Vo ~Y zo' xo ~ z' x z' x 
where: i5' 

0 
- f11oplacement of collecttve pitch levert S' x - stick displacement in ~_:he 

plane of symmetry, 0' 
0

, J'v -displacement of control disc /collective anrl cyolico.l 

inclillJ1tiol1 pitch/, a , a - Q.QOelerations in helicopter system a.r:; immediate zo xo 
/non inerti2.l/ result of control action, a , n - transpo~d. tion of no eel er2.ttons 

Z X 
into a system connected vti·th the o-rounr1 1 Vx' V z' x 9 z - airspeeds ann displacements 

of helir::opter an a re:.mll:; o:f a.ocelerat.lon effect tn tirne., 

AccordJ.nGlY a anc1 r:< ucoeler:tt.Lollr: have been a~~r;nmefi ns tnpnt control 
?. X 

impulses in the model, the remo.inine rln:ta have been calculated., 

Fi~~ Sa shows control impulses rnn. It ooOurs that the minimum impulser; a or 
X 

are gssumecl o..s limit values. Fig .. 51l ill1wtrater: en·t;rance in the following 1 imlt 
ranges o~ respeot:lve helicopter assemblies /1 - flight wl.th maximnm pltchinc;, 
2 - :tnitla-lly fliGht alone to stall conditions and then at the ene;ine maximum :pnwer. 
3 and 4 - flieht with mnximum power/.. · 

The effect of predictive system in the haniiling model is illuotrated in Fi;;.6 
:fc;r l~ob up -fast elevation to spot hoverine; at intended altitndeX/ ~ In a sJmi1le 
o :t.nBl e-po.rnme t c.:r vertical hal i copter movement the elements to be conr,iderecl are 
introductory vertical acceleration and subsequent flpeed reduction so as to maini:t<J. n 
hoverine at 10 m above the ;;rollnd. 

In order to esta.l1llr;h the otarting point for braking vertical moYement it is 
necessary to calculate the lower limit of system ;rdjustment for each step /Fi.r:,.IJ/. 
The a1h~.nce control A.ctlon /point B ln Fig.G/ for time t pel11ll tted wl th the o · gr · ' · 
accuracy of nnmeric solution, to brake olirnb:tng npeed at required altitude of 10m 
/point l'/. 

x/ typical fOE /"nap-of-the-enrth11 / manoeuvre - llob l1P /6/. 



Dynamics of multi-element discrete helioop~er structure 

A helicopter model w.9.s developed in the form of multi-element d:tsorete structures 
such as: rotor blades, fuselage structure, models of exciting :force generators /e.g. drive, 
elemen-~s of ao~ive or passive vibration isolation/, connected to one another by join~n 
/e.g. blade attaohmen·~ joints/. The dynamics of the whole system was solved by means of 
oystems of equntions of motion oorresponrline to each sub-syotem. The ayatems of equ.9.t1ons 
were next connected with equations of constraints. 

It is assumed that the whole system l.s moving unsteadily in relation to inertial 
system connected with the ground " , y , z and is subjeo·t to deformations evaluated in 
system x , y , z which are 0 0 0 connected with selected sub-sys~ems to which 
due to m m m their digitizing local systems 'x i' y 1 , z i are assigned in each 
i-th pcl.nt of the concentrated element state vecto'Pr m, m, 

Flg. 7 illustrates mutual interrelations between the system elements in gener~.lized 
coordinates, where q is generaliY.ed displacements, P is generalized force, F is posi­
tional vector of coordinates system of m-th element, r 1 is positional veStor or 
joint connecting elements m and m+1, i' i iR posi-wm,m+ tional vector of 1-th . m 
d:1.sorete point in the system oonncected with m-th element. 

Equations of motJ.on of the helicopter system elemen-ts 

Equations of motion for m-th assembly in generalized coordinates following left­
sided sepnration of linear elements assume the form: 

M'q + A<i + Cq = Pltl 111 
where ~1 is inertia mahrix, A is suppression m"trix, G is stiffness matrix, Pltl is 
generalized force being a non-linear function of aerodynamic loadst kinematic and force 
inputs reslllting from joint reaction1 gravity forces, control and friction loads and 
force generator Inputs of equipment installed on the helicopter. 

~'he solution of this sy-stem of coupled equations repre1.3enting non-linear relations 
of the helicopter clynsmics is extremely diffioul·t. Modal coordinates, when introduced, 
make it possible to obtain for the system of n degreeo of freedom n independent 
di:Cferential eqllntions of a single degree of freedom. And this is one of efficient 
means to solve the system., 

JJy a proper selection of 
Ill-orthonormal veo tors of free 

transformat1.on matrix .I oo 
vibrations of non-suppressed 

that its columns are 
system, and substitutinG 

, q =r·~ 121 
where: f -vector of modal coorclinates, and then premultiplyine; the system of equations 
in e;eneralized coordinates /11 by cT we obtal.n the following system of equations: 

which cfm be 
rT M rr + r T A r f 

trannformed into: 

r.1 'f + A' s + c \ = Ql tl 
where 

I.! • = 
that is into the system of 

1T M 1 I; ;,·= rTA r; 
n eqnntl.ons of a single degree 

C'= IT,Gr 
of freedom 

IJI 

I ill 

/5/ 

/6/ 

Using predictive integration to nolve this system in time t, t+Ll.t it is possible, 
having accomplished eaoh calculation of moclal coordinates veotor, to establish vector of 
the prl.mary generalized coordinates from tile formula /2/. 

En.ch equq.;tion in mn:tn coprclin.~tes wns solved using Runge-Kutt fourth-order methocl 
to determine :f i = fltl's 1 , ~ l/ according to relation 

t i = Qi/t/ - \if i - 0 i ~ 1 171 
st~r-t.inc; with the assumed initial conditions for t = to, r = 'f 0 and ~ = ~ 0 

wh1le shiftine; from ti to ti+ 1 = ti +i>t the following prooedure was applied. 

Time interval was divided into p sections 1 ,2 ••• k ••• p Of a maenitude 
L> tk = tlc - t 1 =eX lei> t and then the sys·tem of equations was solved p-time 

! k = f/tk,rk•tk/ 

k 
/j/ r k+1 =~ i +L>·t« It L. "j,n f n 

n=1 

lt 
I jl L. 

n=1 

9/~-5 
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where j and k- successive equatlonB j = 1 1 2 ... .,p; 1c 
coefficients in foll01ving equation n = 1 ,2 ••• k. k 

The condition is that in each equation ) a 
n7?J j 9 n 

Disturbance of air flow round the helicopter 

1,2 ••• p; n- index o.f term 

1 j 

Uniform air flow round the helicopter is disturbed by velocity field induoetl 
by a syst<?m of wakes generated by the helicopter rotors /main rotor and tal.l rotor/, 
lifting areas /wings, stabilizers/, fuselage flow round and atmosphere turbulence. 

Velocity field generated by rotary wake depends on wake geometry which is 
shaped due to the way of its creation and deformation in disturbed medium caused by 
all distu1bing factors, 

'rlle Y:ilirling surfaces induce velocity field V /x,y, z, t/ according to Elot and 
Savart ruJ e n JJ 

V=l b.rx"hxdi, 
n=1 Fn 

where n - r:lement eeneratine F -th whirling s11rfaoe /bladet win.gt eto./, dl - leng'·.h 
1l -

of wake eJ 0ment of rotation curlL\ I, h - projection of distance from elemenCar.:y 
rotation curl to the point; in which induced speed is determined. 

t11odel verJ .'?ication 
ResuJ ;s of investigations of the rotor dynamics under transgressive conditionr; 

can only 1 : reliable i:f the model is tested in well-controlled circumstances clone to 
ll.mi t one' and ·especially carefully are oheolced those phenomena /model :fragments/ 
which are ?Ssential to the system behaviour when exceeding limits. 

~his Jhapter includes the ontli ne of verifications, glo\lal and partial nlike, 
of the sy: em model by' comparison with methods used by world s leading halicopter 
manufaotn: !rs 1 fllght tests and by comparison of numeric solutions with ana..Lytical 
solutions, 

Comparisol' of presented method vlith the methods used by the world•s leading 
manufactu1ers 72,3/ · 

Studies /2 and 3/ deil-1 with compnrison of calculation methods develored by tl:e 
world•s loadine helicopter manufacturers of which methods provided in /3/are considered 
the most r:dvanced ones. 

The rotor hypo·thetical data provided in /2 and 3/ have been calculated usint; the 
method described here in order to verify the data, 

Codes of respective companies a.sst1med in diac:rams for different calC''.tlation methods: 

ARC 
BHC 
BV 
llll 
KAC 
LCC 
MIT 
on 
31\. 
UARL 
B3 
IL 

Ames Research Center 
Bell Helicopter Compnny 

'Boeing Vertol Compa1JY 
llt't;hes Helicopters 
Kaman Aerospace Corporat1on 
Lockheed California Company 
f".1<clssachusetts Ins-ti tnte o:f TechnoloeY 
Office Hntiona.l d 'Etudes e-t de Resercheo Aeronpati<·l. 1 es 
Jj korsky Aircraf \; 
Uulted Aircraft TI.eoeo.roh Laboratories 
:P('eing Stall L1ethod 
Instytut r,otnictwa /Poland/ 

In 01''1 er ·to estimate the methods an extreme case has been selected with stream 
stall on return:l.fiG blade and compressibility phenomena on attacking blade /r.1 1 00o =0,9/ 
and at particular rotor :position aGainst the air :flow round,. It has been ' .. 
assumed for high flight speed /)A= 0,33/ that shaft inclination against the stre:tm 
is o< = 0 w 4 

Flext\r8.l loads /Fig,8/ reveal conformability for all methods, Defor,nations and 
torsional lends as mnoh more sen~}.tive indicator o:f the method quality show •conslr'l.e­
rable deserepanoy from one re:ml t to another, This especially applies to netltoils /2/. 
Gootl uniformity of results have been attained for improve<l methods /3/, including IJ, 
method /Fig. 9/, 

Check o_f method reliability by oompn.rison with fllght test results 

Ur;:im; II, method c:llculation8 were made for the cases teoted in flight. '1'h0 -ce£~u] J:;, 
are shown .. dl Fig.10. In the tlra.wJne distribl.t tlon of torque moment affecting helicopter 
blade root in steady :flic;ht has been shown. 

9'1-6 



This verification of calculations and tests is of particular significance for 
H concerns low torsional stiffness bl'>de ·type ACR /IJ/, Extreme sensitivity of c'll­
cula-tion results, in pa.rbicnlnr for torsional deformation, to method errors I even 
slight/ and errors in data set for -the rotors of' _this type with simultaneous con­
formity of calculation results nnd test results testifies to positive method veri­
fication, 

Check of numeric solution o.r blade motion equations by means of analitycal solution 
For v21~rious frequencies of blade exaltation and various suppressions the re!3nl ts 

of numeric program solutions have been oomparerl analytical solution of funcion type 
At -y = Ae - _ oos Y w ·t;. Fig.1·1 shmvs oompar:tson of :::rolutions for suppression /\ -= 25 n.t 

frequency 'I = 18 for solution step£'.'!!= 50, Calcul"tion results are not practically 
different from accurnte solution to \i = 18 forl"."f= 50, Greater conformity /strict 
coincidence of numeric ancl analytical raoul ts/ is obtained with decreased Rtep£>1j' =2. 5°, 

Examples of simulation invea·tlgations of rotot'dynamios in tranagreosion conditions 

This chapter covers examples o:f investie;ation possibilities, by meanS of an 
accurate simula-tion motle1 1 of the dynamics of helicopter rotors in transgression 
condi-tions. 

The first example pertal.ns to a hin&eless rotor, wherein by reducing the collective 
pitohl a llmi t chord instability of FLT /Flgp-I.ag-Torsion/ type was initially introduced, 
o.ncl w· th further reduction or the pitch - the limit of the divergent flutter of the 
blade 11as exceeded, The feasibility was J.nvestlgated of returning into the r»nges 
of stability by re-increaslng the collective pitch, The enclosed diagrams ·12-14 displny 
the methods of observinB the system in conditions o:t transgression. 

By /iner.ti~less/ reduction of tbe collective pitch the chord ins·tabili ty of FLT 
type /Fig.12/ was beine created, whole "ith further reduction of the pitch, the limit 
of the divereent flu·tter of the blade was e.xceeded /Fig,13/, The investigations of 
the posl!lbili ty of retnrnl.ne into the rantses of stability by means of re-increasing · 
the collective pitch are illustrated l.n Fits.11!. 

The second exrtmple deals with il)vestigations of a two-blades teetering tail 
rotor in the ewent of one the blncle s ·tip beins: damaged. Those oases are concerned 
with lnvesUGatine the consequences of rotor damage which may cause exceedeng of the 
limit of a respective type /FiG,1/, The results of changes in the condition of the 
system when the blade tip lms been injured on about 15·% of length1 with loss of mass 
and 1.Jendine; of the trailine seo·tion, are displa;yed in Fits,15 and 16, 

Investigations on the simulator 

On an investic;ation simulator /FiB,17/ J.t is feasible ·to investigate isolated 
me,noeuvers in normal{ extreme1 and overextreme conditions of flight, flight tasks, 
as well ns certain c osed problems, such as determinat!m of operation limits, esti­
mation of flyinG qualities - t\Sine; subjective scales of estimation, investigation 
of pilot-helicopter confieuration from point of view of ergonomics, or of processes 
of con·trol as performed by a human, All those investigations can be limited to inves­
tiGations excltwively in ·terms of real tl.me or ·they can be extended by analyzinG 
selected and reeistered fratpTJents in conventioMl time, ' 

Isol:tted manoeuvers, betne particularly adaptable to investitsating on a simu­
lator{ include the following: br~k1.ng 1 jumpine over an obstacle, safety ma.noeuvers 
of al kinds followin(l power plant failure such as landing or fly away with one 
engine inopera-tive, Repea·table exeouUon ol a selected manoeuver enables - by mee.ns 
of the method of successive approximations - to optimize the technique of control 
in oreder ·to utilize the limit possl.bilitl.es of the system, 

The purpose of inveatigations on a simulator of training character is to check 
the realHy of analytically elaborated control techniques, and to carry out training 
of crews in flight in order to master the correct control dynamics, 

The monitoring on ~- simulator of new probl~ms, connected with flying helicopters, 
and solved by o-ther moans 1 constitutes a reliable check of the correotness of the 
proposed solntions prior to conveying them onto actual systems, 

Investigation of system behavior in conditions of transgression consists mainly 
in resetting the system in selected fragments of the performed limit manoettver or 
of controlling the system beyond adminl.ssible limits, and in observation of con­
sequences of that operntion chiefly the rate at which the dangerous effects are 
building up, so as to have the possibility of est;imating the limit of risk, arlmi­
ssible limit, fnilure limit or limit of o'ttastroplte, The analysis of the vector 
of a posteriori state in conventional time is - in this case - the principle of 
investiga-tions. 



The pos·Jibility ot observing on a screen in real time the parameter• ot h~li9opter 
movements pt9rmi ts to investigate the problems of a.n-loioipe.tion of helicopter p~lo·r;~>ge, 
By introducing aooelerated oaloulations of limits of changes of state vector ill time 
in·terval from ·tlle ourreJrl; moment to the limit time, it is feaoibla to estimA~to ';he 
moment of m."'lcing the decision as to when to begin to change the vector of •to.te to 
desired magL2tude, 

Fig,18 illustrates the oonoept of suoh investigatiow by the e>::!ll!lple o·c landi.ng 
of an autoro·<ation helicopter when the pulling-off phase io computed in an accele­
rated scale of time, and is exeautad in limit modo in real time in the interval from 
ourren·t moment up to bralting the rate of descent dorm to the admissible. In the event 
when the accelerated course of limit trajectories on ·che soreen determines aolcl.y the 
aequenoe of tho line - the passive in:formation ool:lBtitntos tor the pilot an indication 
as to how and when the »neztn manoeuver should be initiatedo 

LimH :Lnvestigations in flight 

The in'lestigations in :fligh·t, of limit type, apart from the measurement apparatuo 
/board and "n the grouncl./ registering the helicopter dynamic parf!Jlleters 1 involve instal­
ling of such apparatus which permits to measure :functioning of the piloo; this enC>bloz 
to estimate both his abilities as operator and tho dogree of risk caused by the limi :, 
situation. This equipment also serves to monitor the elements of pilotage of antioi­
:pati ve na.tnre(> 

An ooulographio apparatus was mounted to examine ·t;he fixation of the pilot Q s 
eyesight, while his payohophysilogioal reactions can be aatimatod by a special set 
which serves to measure the following: 
1. Elm, according to which it is posiible to estimate the degrM of excitation, 

frequency of heart contractions, and selection of Koro'tkov tones >lhen moasurir.,g 
arterial pressure, 

2. v<mtilation parameters of the lungs /number and volume of mwcessibe inhalations/, 
3. arterial pressure of the blood, 
4e f'oroe of oontrol stick squeeze" 

The ooulographic apparatus, in addition to routine applio~ation to estimate the 
ergonomio work of thjt pilot, also serves to analyze the an·tioipative prooosses, 
because the operator •S eye, prior to taking the decision of ohenging th~ control 
vector, is tho :first ~,o reveal the Intention ..: it penetrates the area of future 
events, tho so-called orientai;ion area. Basing em this assumption it is possible 
to estima'Gu tho time of prediction, i,e, the time interval from the moment proce<ling 
the visual penetration to the moment of changing the oontrol vector, 

ThE".! apparatus for measuring the ps;yohoph:ysioal rea.o-t:ions is mainly u.eed to esti­
mate tho lovels of poyohoph:ysioal stress whioh is the discriminant of the degree of 
risk during o:r.eot>ticn of a flight task. 

The chief role in the problem of reducing the exoessive degree of risk is per­
formed by an adequate structure of tho program of investigations, created in aooordC~noe 
with tho prinoiple of optimization of risk gradation when passing over to s<>coesa1ve, 
more diffioul t phases of investigation. 

Joining the flight tests with simulation investigations leads ·oo reduction of 
the risk of limit tests to an adminissible levol. Inclusion of simulation into the 
invostigat:lon system oovers tho following: 
1. numerical simulation- introduction of initial limit investigations of th0 tests on 

a closed model in conventional time in order to determine the admiSBible Umlts, 
to detent the critical points of the test, and to elaborate the adequate Investi­
gation techniques and teohlliques of conl;rol, which tend to utilize the reserves 
of the .system when it is necessary to inoreaso the safety margin in limit situations, 

2. trainin:g in real time involving pilotage techniques spaoif:l.od in the test on an 
investi::;ator flj.ght simulator, in<iispensable for mastering and storage /in mind/ 
an adequate stereotype of dynamic control prior to going over te experiments on 
an aotu,o.l objeot, 

3. empirio'?.l simulation O:f oritiaal phases of the teat in conditions safer than those 
resulting :from th<> realization of the complete task, 

4. simulatton of tho test by moans of a veri:fiod /by results :from item 3/ olosed model 
and ext~-D,polation of results :for extreme and ovenxtremo conditions, 

Examples of transgression in experimental investigations 

Three types of experiments have been seleoted as exe.rr,plas illustratin<>: the 
problems <Jf transgression in flight teats a! helicopter: 



·I., invostigating ·tho dynamics of pilot.-holiooy-Ger OOT' suration in :tlylnr: lew nUove 
the ground in tho oontingonoy of po11ar plarrt :.to.:tlu.r0, 

2., investigating holioopt:er turnover during "'cako--o:f:f oz• landing on s1oplnc; turrnin, 

J., investigating lintit manoouvert>~bility of a helicopter iu llodgohopp;lllg., 

11._11 those o:xpOJ:"imonto bein-3 sign:1fio.r:mtly rislcy t:U.'O o:::cellent (11 cll!W8 0{ 

.:rv.nsgrosaion probloms /mui1~1tutie of o-vorla.pping litrU-;a of tho syoten, neooosity of 
Da.:Jtaril18' rwfety rnnnoouvers sftor trensgreeaion1 c .. t;, :ln tho evorrt of pcwe: plant 
i'rdlure/ they stroa£1 the nooessity fer en in·tcgral opproeoh ·to the pilot-~oLioopter 
r;on:figuration /by a vioiblo nud oquivalont iuf'lnonoe on tho posi·t.icm o! ?_ ", mi to both 
of tho pilotage pflramcGors end thoc>Je o:f ·hho helicopter/ and juati.fy th0 adoptt:H1 
mi'Jthod ct invontiga.-tions: al ternato conducting oZ r.n:pcr;~!montl3 and EJil~ uJ.n:l;:i.0'' inves ~:~­
ga"'~lons /theoretioul and lnboratoey/, o. noll aa sinulo/t;:tou extrapolut;ion o~ ·.vorl­
rtmrl::s fo:c extreme oondi tioi113q 

InvastigP-tionr.::: of pil ot--hclioopter oonfigurnt:ion h:t oondi tiontt of r•o'">7G.i:' pln:at f'ailo:ro 

Theme invoatigB,tions inoludo tests aonoernine (}Q-f.;0rroinn.tlon o:f lim:J.to ot sa1"'cd.~· 
r.;onon where it io f'en.ciblo to .safol::y ottrry orrt 1m:c(ting runnCHY_:t.vora or ·to oou"tinn;;l 
flight r.ftcn; fnilu.ro of the powo:r plan·t 11 tho ao-oo.llod HY zmto /"hoieht-70looi.;~yn 
~•ue to thoir dotormiuation in oo-ori..ll.i.nlteo altitude .... voleo:i.ty/1' totr1_;r; of iuterrnptcd 
t:o.kc-o:fi' in rooult of powet plant ·tnilttro, anr] oast~o of power p.,.ant f'ciJ.u-:·o c1uring 
operations por:t'ormcr1 by a holiooptor iu hovering :fliglrG, eJ1d a.t low ni:r o:pnod~ /reFuuo 
wo:>:l;: and :flying cro.no o:per~tions/ (> 

t.:Iodcl investigations by meann of a olonod simulation model dcrbermino tho oour:-F·r­
rf the veotol" of sta·te in the function of time for vm":' ouo +:YIJOO o1' oa:fcd;y nttJ'J:OCtrcors 
pftcr n :fniluro o:r ·tho power plclntc- ftnolysll'l of th'."!so {JOU:r-soa ini"omD nbot1. t · -t:ho 
cnoocrmiclll o:i? time plleuomont.'l. in tho llet1I'Blglo r.·oiutn o·f manocuverD 9 ldr.10 ta1CJJ.-_~o 7 
r::ud the l:l.keo 

Indiopenaable alno io tJJo rd.mnlation Nd;imnt:J of t:>~:miosiblo time of lHJi1-rccotion 
:roll on inc ponBr plant fciluro /bc.foro the :r.-otor ra~·oln·;;ions dJ.'OIJ bolew ·thB e.dra-1 -"::ib1 r:/., 
DY !10nns of oimuln.tion it io also ncd-ooonry i;o oBJ.'l."Y out_.'-£lot1rnation of the por.:r:ibillty 
of n vortex ring being :formc!U 4 an 

Us:i.11g a t=drr,l11£"~t:ion model :tt la i't~e.olble to dotc\~mine tho limits oJ' n e:c.foty r:o11e 
of helioo:ptcr operation in wbioh ·tho fniluTc o:f the por.or plant oyno:c;;uwuDlJ-· OJ;H.Jol.fics 
the rooa:lbllitiefJ mvl mmmo by nhioh the sufcty monoouver.a is per:torm!!!Cl., 

Flg 0 19 shous thr1 safety zoneo nhioh i-t is ncooflsnr;r ·to obtain, (,:r c;rpl<>Jinz tt)0 
mc·!;hc1 of t:mocoooivo ropcc-(;ing for determlnin,s tho optimnl m-smoCtJ7era of safot::;r fo. 
vnrlono initial conditions: at the momc:Jt of fa.ilnroo In order to ecr'G well uoi}un:lntcd 
wU;ll the stereotype of dyna.illoal control of -'cho hc1ioopter 9 :following powo1~ plnnt fn1lt'X''1 1 
for vnriona initial conditions of its oacUl'Tlng~ it is naoossa:ry to train ~:J10 ind1nic1ua1 
C13D0!3 of flight o.nU the complete rncnoeuvcrs of' f:ia:fety on n. r.:dmu.la:~or~ Suoonosivcly oo-
f. ~",ot:lng the in1.tial oond:t tiono of P.l ti tude rmd the rapidi t,:/ of :ruilttro t:;o;:n~>'<:'Olloc 9 cnC_ 
performing tho safcr~y manoeuver o:f la.ndi~ or depEn·turo 9 it ia poa: .¢ble to iotermino 
tho sone limltinc; points,. U-til:tzing ti,o oirouit of o..x:r~ioipo.tian fo::> invt~1'3t:lcntinr:: tLn 
·;_imii: :goasibiLitien of the s:yC:Jtem, no nell aa the oironit o£ automatic control /crQe 
FigoiOS~22,2J/ it io ::i?'8asib1e to rolativoly eaaily determine and maute~~ the toohniquc 
o t' pllo t . ..;gc in the mo:re Uiffionl t limit ylv:tr.::co()-

The :lni tial ·J?liglri; t0s-ta :l.Doludo invecrtiga:Gicms of tho mc-.:r·o di:£':1~:·,_-::;nl-:i pl~Drtcs of 
i'J.:lgh.t selcc·God during the simnlo:tion unal.ysis by men.n'3 of o. nlooed modol 9 o.r'-r~iod 
out in ccndiklono caaicr than during ""'"ho cas-3nt:lc..1 1:-:u:d: /the r.:c-om.lle~1 Goopirla~·~J. s:l.mn­
l~i;ion/ o ThciJ.~ purpoaGJ is to detect phcnometl::t. nilloh arc ei tho:l:' nnfo1~esecn or L,fo::mi Ole 
Go model., nl'U a.lso -'GO pra"'Tldo material for vo:ti:fioatiou of ma:bhcmatio!11. modolc., Thorn 
y;lll be ini i::lol phnses of onfcty manocuvcra at simv~a+.r:d. :toilure in ·ti.-.0 <': i;;:ini Gy of ""oJns 
lim:l t 9 un.J. tryir.:g to :fly through a vortex ring in ordel" "'Go eotimate tho :pos.';:i.b:tlit:r of 
·:.:vnfling :1:1; 9 and to errd.mnte the cont:eollt'~bili·ty of the hol:toopter uhc;_: :rtying throt1gh 
~·i~e rlDg9 und trialn to lana auto:rotationnlly on reduocJ o.:tr apae(1 in th::.; vio:i.ni ty of 
Llle point of :tnt:::::r:::catj~on o:f curves LIN and UIIV /raoor:.1~. :vs of sto.te vco·Gor -· P:l rso 20 1 
wuloc;.rcurr .... F1g 0 2"l/ c. 

.'Jctermiv . .r.ddon of system limits by 0Xtr-::tpoln-Lion of test oon.dition.s for lio:J.it conditions 

r.v oarryin;:s out n trmwgreasion by mo2.nrs o:f a rJinmlt:;t:ton modol ~ ::mrl Tl ~ ( 1 vn r-.71 inv0s=· 
:;:J.gn:Gion oirrmle;Lor:~ it ia pooaiblc to e:stima-i;a the );OCltlon of f.luoooscive zono limi+r.1 
.dl o:cJ.er to evt:imate theil~ r0cj.proonl position9 B!.l well as wlmuln1:ion v.r<HJ.rJ 9 and nlco 
:;irac re~1crves nnd tho degree of r:ir;k ou.mulo:tion uhioh il1:tlueno0 the proooss of ma..1dng 
dcololono 9 and aeloct.ing th0 type of r;afoty mm1oeu.-v0r<) 

Tranngrossiono of' suooeanive limite performed on a. s:1Iaulator dur1nt; au c•m("!::g0no:y 
rw.noeuver following the hoU.oopter pouo: .. plnrrt fniltn•o in hovoring fl:i.[l:ht: 9 arc din­
'}lnyed in Pig.2I} 0 This case: conoerna landing fl"Ct'"l the lowor llmit of HV zone; the liF:l:, 
pf arlmiss:tble lnn<11ng speed doternriros the limit o:t' Ilormal opo:ration of ·~ho helio(n"',tor; 
-"nrthor limite pertain to h.nrd lnitlling illld snf'e oro..oh~ 

9h,-9 



By modyf:ying ~,he pilotage technique so as to optimize the flow of energy in 
the cystem and utilize its reserves, H is possible to significantly :reduce the 
risky zones .. 

Inveet~_c;ations carried out on a simulation model have indicated that better 
utilization of energy can be obtained when emergenos manoouvors are oarried out 
in a more dynamio mannco,.., f:R.thor::l.ng speed with greater pitohiitgq and greater pull-up 
in rnlling-up ph~M:Jo io Ueoisi vo in a subntantial mea.suro for rolooe.ting zone lirni -Gr:;; 
/Figa25/ o 

During the fly away manoeuver it is feasible to reduoo the span of levels of 
energy flow r_y continuing flight on reduced r.p.m. Such a modification of fly away 
technique affords a considerable gain in tho form of a leoscr dr"P in maximum flight 
descent from i;hc mcmcn~c of failure /Fig.26/. 

Similar problema are encountered when investigating interrupted take-offs of " 
helicopter iiue to power failure. The article only points to the estimatic>n of effeoLi~ 
veness of pllotage technique modofioation in tho oourae o:f suoh a to.ke-<lffo The classic 
techniques nf take-off per:forming, and particularly of safety manoeuvers after eng·i ne 
failure I coL;siderabl a lowering of flight path/, de not warrant an adequate level of 
flight safety, and fer this reason it is suggested to modify the technique of talre-off, 
consisting in' increasing the rate of climb in the initial phase and fly away, following 
engine :fa1lc;r.e~ by applying the technique of minimum rotor revolutiontl /lesser lowering 
of flight pntnt. The illustration c:f comparing the classic technique with the modified 
one of vert:loa.l tnko-off /in the example without utilization of rotor energy in the 
phase of vertical climb/ is presented in Fig.27. 

The e:ffeoUveness of introducing limit simulation inveo"Gigntions is illtwtrated 
by tho resnJte of modifying the pilotage -technique of emergenoy manoeuver after pone±: 
plan·c :failm-~ of the helicopter when performing flying crane operationa.l'lllen applying 
classic technique, tl1e helicopter being initially violently lowered, after reduction 
of tho collective pitch, requires much :free space, already oooupied by the assembly 
stand and applianoeey as well as by the dropped lead, previously hoisted, and by miscel­
laneous objeo-cs in the surroundings. It is, thcrafcro, indicated to eearoh for new 
techniques of carrying out safety rnano.euvers in order to reduce this area. 

For the haliooptcr mass which, after jettisoning the load, little exceeds the 
empty weight, the moment of inertia of the rotor inerUal systl!llll is rela-tively high 
and the r.p.m. drop for this maoG, moulted in the first phase of flight after loss 
of power due to fai1L1re is substantially lesser than for the take-off mass. It is 
thus possible to rnanipuiate mere freely with the time interval of energy accumulated 
in the rotor, so that in the first phase of flight, a:fter a failure, the halioopter 
could be diO\'laoed as far as possible from the operational sHe and gather speed while 
being slightly lowered. For a modified pilotage technique - meeting those reguirements 
.-~ it was ass•x10d that after the failure and a:fter the time in which the pilot does :•ce 
react /"'1 , and n:fter jettisoning the lead during 2-3 s, with the collootive pitCJh 
nc·b reduced, and by pitching the helicopter /by pushing the oont:rol stick/ an impulse 
forwards wao oausod. !<ext, by a suitable change of the celleotivo pitch and i;hrust the 
rotor revolu-:;ions level was established at the optimal value :for tho next phcses of the 
manoeuver., 

Fig,28 r;hons the procedure of changing ·the flight parameters in the :function of 
time wHh cnn engine inoperative /failure/ by means o:f a modified technique o:f flight 
/first aocolnr"tion, then reduction of the collective pitch/ witoh speeding up the 
r.p,m. at tl1n rate of dU/dt = 2 m/s2 /U = w R/. 1\.n estimation of the possibility of 
ccllirline with obstacles has beon displayed in Fig.29. Visible are substantially 
magnified /ao compared with classic method/ the areas in which the presence of obsto.o­
leo does not imperil flight sa:fety. 

Investigatinc helicopter turnover during take-off and landine on eloping terrain 
The tt:;rnover investigations oonBti tute a dif'fereni; issue - as compared with th0 

-transgression investiga-tions of IIV zones and take-offs - although they also deal wl Gh 
tra.nsgreosion, but their character is more station,.:lry, and the oontaot o:f -the helioop~ 
ter with the ground bed presents other research problemrto The multitude of overln.pping 
limits /turnovs1·, sideslipping roll-down/, limitations of blade swinging, limits of 
un.otabln equilibrium, irrevershili ty of building up of dangerous phenomena af·i>e,. trans­
grem:Jing eaol.1 o-f the limits, the necessity of elaborating safety ma.noeuvers follo·,·:lng 
the -transgreosion; all that orestes problems which are common with those signaUz0u J n 
the in·trorluction as b0ing characteristic fer transgreeaicn /typical display of limite 
'"' Firs .30/. 

In order to verify the members of the model which are dtffioul t to be precisely 
ma·thoma·tloaUy reprcsenterl /this pertains cl'defly to rotor aerodynamics/, the OflLtation 
of turnover h:~s been solved by simulation method. For this purpose, the phases of he­
licopter turno7er were investigated on flat tarrain, during which tho vector of stnte 
of the oyotem TIBS beiP...g registered: the posi·~ion of the control system elemento 9 m>::•~:>.nr 
position of .;0 ·o h01iccpter, revolution of the helicopter rotor, blade flajlping anc;le, 
components of l'eaotion foroes acting on landing gear wheels, and oomponen-ca o.f vertical 
rea.otions aotl:og on main landing gear wheels by means of tenaomet:rlo scales /Fig .. 31/., 



Those inveatigaions resulted in the estimation of the rate of build-up of dangerous 
phenomena in the vicinity of turnover limit and during ita tranasreeeion, and also of 
the techniques of performing safety manoeuvero for prevention of turnover. 

Tl1e last phase of empirical investigations covered landing operations, and engine 
and rotor stoppage 1 as well ns starting and take-offs in conditions of natural sloping 
of terrain, in various configurations with relation to the slope /up the slope, down 
the slo~e, with R.H. and L.H. side to the elope/, with various loadings of the heli­
copter ;mass and position of mass oenter/ 1 with various values of wind velocity and 
direction, ae well as for various inclinations o~ the elope. 

By means of the vefified eimlllation model- poseibili ties were estimated of extending 
the admissible limits by! 
~ reducing the minimum collective pitch{ 
- increasing the rangea of maximem disp aoementa of the oyolio pitch of the swash-plate, 

increasing ground bed roughness, 
increasing the wheel braking moment and blocking the wheels 1 increasing the turnover angle /particularly when dealing with •tail" turnover by 
changing the balanoe/, 
in·troduoing elastioi ty in the !lapping hinge, 
marring the helicopter in parking grounds dllring starting phase, and prior to stopping 
the rotor. 

Investigations of the limit manoeuverability of the helicopter l.n low :t'lying /hedgehopping/ 
The investigations included analysis of problems pertaining to investigating low 

flying of the helicopter close to the ground, the so-called HOE /taking place :for 
instanoe, when performing agricultural airborne operations/. Limit possibilities of 
their execution were estimated, with maximum utilization of functional and structural 
reserves of the pilot-helicopter configuration. 

The proximity of the ground makes such fligh·t rislcy owing to the possibility of 
helicopter colliding with the earth or with obstacles on the ground. The existence of 
dangerous zones inside of whioh flying is not recommended creates additional risk in 
the ewent of power plant failure in those zones. Such !aots are responsible :t'or a signi­
ficant increase of requirements concerning both the pilot who :t'lies in those conditions 
and the helioop·~er and espeoinlly its dynamic quali tiee. Hear~ eaoh :t'Hght is :t'eattt­
red by suoh oharao·teristio manoeuvers as: sorainble1 quick stop /normal, sideways, rever­
sal/, jumping over an obstacle at low speed V = ?u-90 km/h, encountered in agricultural 
airborne operations, and at medium speed V : 120-160 km/h, employing the technique o:t' 
maximum altitude when hedgehopping, and the technique of minimum altitude over the 
obstacle, symmetrical hopping, as well as those involving change o:t' direction, agri­
cultural wingover/pedal turn , turns to a target and in a epeoi:t'ied direotion1 slalom, 
and manoeuver of s type, bob up i.e. a rapid ohange of altitude in hovering !light, 
and hit the deok - sudden descent with a sharp passing over to low flying. 

An example is displayed in Fig.J2-31! for agrioul tural returns. The oculogram signa­
lizes advanced moments of visual penetration of future areas o:t' the :t'light course. The 
technique of performing returns has been utilized for the most e:t'feotive modifioation 
of the braking manoeuver - braking by means of return. The reduction o:t' braking distance 
as compared with previolls techniques is manifold, and moreover a signi:t'ioant bank of the 
helicopter with relation to the obstacle redlloes the risk of collision of the blade tips 
with the obs~nole, and reduces the indispensable braking distance by the radius of the 
rotor /Fig.34/. 

Prediction processes in control o:t' the system during performing limit manoeuvers in 
low fl¥ing /hedgehopping/ 

The process of prediction in low :t'lying oonoerns control advance actions /e,g. de­
cision to begin braking1 or jumping over an obstacle, or levelling out/ from the point 
of view of forming the !light path as well as by means of energy in the system, 
In limit low flying, the ourren~ phase in addition to the requirement of being cor­
rectly performed, must be a phase which prepares the system for the beet possible carrying 
out of consecutive phnsea. The predioUon limit time will reach those· nert phases in 
which the ef:t'eot of operations in the onr:r.ent phane will be subject to dissipation. 
Particularly important are the energy-consuming and energy-negative elements of the ma­
noeuver. 

In the ~irst oase - it is neoesnary, in the preceding phases, to e~eoute oontrol 
in attoh a mannet·that it would be poaaible in the critical phase to utilize the maximum 
of components of the system energy /e.g. by cumulating the energy of the helicopter rotor 
to increase the rotatione,l speed of the rotor, and by stimulation o:t' the available power 
along the maximttm gradient of aooeleration1 and - i:t' necessary - change o:t' air speed to 
the vicinity o:t' energy-eaving zone/; in the second oase - the preparation of the ~ystem 
for absorption of power /e.g. by reducing the rated rotational speed of the rotor, or by 
maintaining the air speed in slloh ranges thnt will enable substantial absorption o:t' power 
accelerations- medium speeds/. ' 
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Invest gationo of prediction prooeaaea are extromaly deffioult sinoo they 
:pertain to <b.ought processes and imagination, but in some degree the ooulogrsphio 
measurement and measurements of payohophys~ogiaal parameters permit to penetrate 
into tho na ure of anticipation processes and control thereof and in particular 
1 t is feasi l.e ·to localize fairly precisely the moments of m;;king advanced decl.slono 
as to oontr t operationso 

By com 'ring the eyesight fixation paths on ooulogranw with the time ,-uns of 
the vector state, and aualyMng the advance of visual penetration of the dir play 
of antioipa od changes of the system, it is possible to estimate fairly accurately 
the limit t no of anticipation /see Fig.20 and 33/. In some manoeuversy in whioh 
the predict ! limit change of the vector of state is not connected with the neo<•soity 
of visual p c•urml of the area of :future events, it is practicable to utilize the measu·" 
rements o~ 1 cyohophys~ogioal parameters /building up of stress prior to ooourrenoe of 
the risky pheo~se/. 

Of the physiological paxameters the :frequency of heart oontraotions proved to be 
the most sensitive indicator of physical and emotional burden during flight,, The meaou­
remont of ay•terial pressure, although not reflecting the dynomios of oha.n;:;;ez occurring 
in :flight, made it possible to deeply j.nspeot the behavior of the circulatory system 
in seleo·~ed flight oonditiollB, The examinations of minute ventilation of the lungs 
and :frequeno;y of respiration constitute a source of information about the degree of 
load caused by flight. 

Tho investigations point to the faot that the greatest peyohophyeioal load on 
the pilot io incurred by those manoeuvers in which the prediction processes must be 
carried out very precisely owing to the irreversibility of oonsequonoes, particularly 
dangerous when the limit time is inoorreotly estimatod, Such oaee has been observed 
during the manoeuver of lowering and low levelling out /hit the deok/. 

summar;y: 
The presented h¥pothesl.s on the advieabili ty of introduoi 0,~ transgression as 

a method of investigating oompl0x systems, such as helicopters - in result of which 
it is feasiJ.le to achieve a signH'ioant progress in the development of science about 
the subject of investigatio>w - has been aupported by providing adequate examples of 
the investigatioilB. 

The or.,nted system of transgression investigations, including the set of simulation 
models of the pilot-helicopter configuration, the laboratory station of the helicopter 
investigation simulator, as well as the prepared process of limit flight tests of heli­
copters, enable in a large range the realization of the presented problem in an effec­
tive manner and with adequate precision required in that type of research. 

Due to a holistic approach with an interdisciplinary connection of tile subject 
problems, it we.s possible a.o, io work out an integral model of the helioopcer ns a 
multielement elastic structure controlled by an anthropomorphic model of pilotage, 
and to builu a hybrid laborato~J station- imitator of limit prooeaaes of the pilot­
helicopter oonfiguration and a safe execution of numerous and multilateral flight 
tests, including the system of transgression inveetiga·~ions into those flight tests 
whioh were featured by a partiot\larly high degree of risk. 

Tho performed processes for verifying the prod.uoed mathematical models and systems 
which subsb.,uted actual objects, confirm the likelihood of utilizing the aforementioned· 
system, as a multi-role device for investigating the helicopter system. 

The herein mentioned examples of techniques and types of investigation<; as well as 
thellimit CP$es of helicopter flight signalize the research possibilities of l;he system 
and the character of achieved results. 
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1., T:~rpea ot control process runs for various 
oases or transgression. 

2. Diagram of adopted designations for 
overflight of seat or "n". 

3, Diagram of a limit run, 

9~-13 

y 'J' xu1 XuJ x ~ 1 envelope of -·-, -h. 1;~ npper limits 

x i ' 0~ \,.::_11.? state Xu : =JA'' ,{( X (of system 
t. 

1 
_ :;/<0 area of penetration 

1-- - ,-::-J!7;f t of l!isturbanoes 
/•\1,, 1 F- va.l.ue of disturb., 

:::;?:'~,f.-<:t;::;;;, 1Llxn...or required chan­
.. ·"Y·;.~'>t)/~l/~i1/:??},:;.;;f __ y_ ge of vector of .!.L/ ~!{(//;? .--... state 

· X, . ·_:;:;·•. 111W, )M.S!" of regulation 
::.JJ./ · !@.LK.l [envelope of 

lr · lower limits 
- • 14

- ti!lle o xu XL- o:r system 
~reaction I ~ a·~;:a;te 

l. lgr .J I o-
minimum-~1ma of anticipation 

4. Variation of system regulation range 
according to time elapse !rom the mo­
ment of intervention of oontrol system. 
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5. Illustration of flight solution 
"along limitationsn on the example 
ot " nol'!llal tska-eff of the heli­
copter: a - funotion of control 
impulaea, h - run of ohs.!lge of 
parameters of system state, 
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Examplo of functioning of pre­
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of deformable elements of the helicopter, 

" 

" 

JJO,OO 

8, Ampli 1de of bending moments in plane 
of th 1st. Comparison of methods aoo. 
to /2 l/ and IL. 
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of the solution o! the differen­
tial equations system of blade 
movement; a - numerical aolu-
ti on /IL/, b - analytical so­
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13. 

12. Run of instability FLT for the hingeless 
rotor at reduction of oolleo-tive pitch 
by LVV = -1oo. 

0 

Transgression of aeroelastio instability of the hingeless 
rotor /blade :flutter/ oaussed by a substantial reduction 
of the collective pitch. 
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14. Trangression of aeroelastio instability of the hingelesa 
rotor blade in result of the reduction of the oolleotive 
pitch and return into the ranges of stability of movement 
of the blade whioh is subject to violent fll<tter /Fig.13/ 
by re-increasing the collective pitch to initial value. 
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Distributions of tail rotor blade tips torsions /two-blade teetering 
tail rotor/ in the event of failure of the blade tip at an azimuth 
1soo /15% of blade tip damage - with loss of mass ~ causing its tor­
sional deformation displayed in Fig.16/ 1- damaged blade tip, 2-0.5 R 
of damaged blade, 3 - 0,5 R of undamaged opposite blade, 4 - tip of 

und"""'Bed.-Qpposite blade._. 
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16. Distributions along the radius: Px - of centrifugal foroe, 
tr- of pitoh angle Mx- of torsion moment for oase desori~ed. 
in Fig.15. Mark s;ymtols every 450 in sequenoe:Tl<'YAXI><IOOV' 
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19. 

U!lV 
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17, Diagram of the physical sy, em of a si­
mulator. Station of operat< of investi­
gation simulator of the hel copter: 1-
boa..rd instruments V h,n wp1 ; 2- artifi­
cial horizon ljl,, 'P> 1 3- :rligh path h-x; 

h I 

4 - oontrol st2ok; 5 - peda s; 6 - lever 
pitoh-power; 7 - adjistable seat for 
pilot; 8 - force imitator - trim tab; 
9 - lever and knobs for erg nomic re­
gulation o! operator statio•; 10 - sig­
nalling of power plan failuJe• 11- mi­
niaturized, integrated oontJ·oiler. 

Types of limits o! 
zones H-V /e<luiva- o;J \ 
lent o! Fig,1/, As a 
the ori terium adop- ~ i:f "-. 
ted was the admiesi b- 4' ., · 
le landing speed .P g ·:.. manual control 
/example f'or heavy ~II,) •• • • \solution in real time 
lift helicopter- o grg~-·. fjl/flight path/ 
failure o:f two en- ~ oint ·. · . ~- 1 ti 1 
gineo/. "' or beJ... . 1 rgr~te~n,i~~"nr;;;it 

inning •. · 1 iaht 1JL1tll/ Zones: 1 - soft lan- of flar'l·.;. · . T ~ 
ding, 2- hard landing, . · · •... +7/ W=Wadmiss, 3 - admissible orash ., oosibl · .. · . . (I 
landing, 4 - area of ~ utomati 
catastrophe. rl ontrol 
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18, Display on osoillosoope screen of anti­
cipation processes j~or the case of au-to­
rotational landing /information diagram/. 
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20, Run of vector of state during autorotational landing td - periods 
of visual anticipation for estimation o~ ~lare moment. 
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21. Oculogram of 
autorotational 
landing from 
Fig.20. 
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22. Illustration of antici-
pation processes and 
automatic landing on 
the diagram of helicoP­
ter autorotational lan­
ding flight paths. 

Picture of a simulator instru~ 
ment panel after autorotational 
landing from hovering at the 
altitude of h=130 m. Touchdown 
parameters read from instrument 
panel: banking ~x = 7°! pitch 
~ y = 50, apgular veloo ty of · 
de~leotion ~ z = 50/s, rate of 
deaoent w = 1.5 m/a, horizontal 
speed V = 25 km/h, rotor r.p.m. 
n = 60% •. 
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Influence of dynamics of per­
forming a safety manoeuver on 
the size of H-V zone. 

power system 
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24. Exceeding successive 
limits in simulated 
manoeuver after failure 
of one engine in hove­
ring flight, Q a 3600 kg. 

2 6. The curve of maximum 
altitude loss in phase 
of bringing up to speed 
from the rate of one 
engine failure to the 
moment of at·taining the 
steady rate of climb. 

Full line-altitude losses at speedi~g-up the 
rotor after failure at the rate o~ U ~ dU/dt = 
6 m/s2; broken line for U • 2 m/s • 

27. 

91!-19 

Influence of modification 
of handling technique on 
flight path during inter­
rupted vertical take-off 
of the I category helicop­
ter. M - modified tech­
nique. 
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28. The oours e of al teratione in he;;.; 
lioopter system data following 
failure of one engine by a mo­
dified handling technique. 
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10. 

30. Limite of helicopter operation in 
lateral position in relation to 
slope. Helicopter mass Q • 3000 kg, 
ooeffioient of friction ef wheels 
and landing gear ftr • .4, admissible 
wind velocity from adveroe

0
direotion: 

1 ~ lightening at i1": =7 , eo and 
wind V•5 m/s up the0 min slope~om 
2 - area of admissible operation, 
3 ~ turnover tor wind V=5 m/s down 
the slope, 4 - sideslipping ftr"•4• 
wind V•5 ID/s down dle slope. 
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29. Flight paths of the helicopter 
following failure of one engine 
by a modified handling teohni~ 
que. 

31. A helicopter loosing balance 
while turning over to the left. 
1,2- extensometer balances. 
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32. Flight patlt/in three nrojeotions/ of two agricultural 
manoeuvres - wingover7peaal turn /from kinetheodolite 
mea.s~~ements/ o _ 

33, Ooulogram of agrioul oural return /wingov0r/pedal 'mrn/. 
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34. Comparison of classical braking and 
braking by return. 
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