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Preface zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Instability of  the pilothirframe combination has probably been a problem from the beginning of manned tlight. The rapid 
advances made in aviation following the Second World War greatly increased the incidence of  P I 0  problems and led to a 
large amount of research and development work aimed at understanding and mitigating these difficulties. Criteria and 
requirements were developed which could be used in design to obtain satisfactory P I 0  qualities. 

Nevertheless, in spite of all this work, and even with the great flexibility in modern control technologies available to the 
designer, P I 0  problems st i l l  often occur with new aircral‘t; in fact it i s  the power and responsiveness of modern control 
systems which makes them susceptible to various “non-linear” effects such as time delays, rate limits, actuator saturation, 
etc., leading to unexpected P I 0  difficulties. 

I t  i s  thought that an AGARD Flight Mechanics Panel initiative on this topic would be timely and relevant. 

A Workshop, involving presentations from appropriate specialists in the Handling Qualities, Control System Design and 
Testing fields, was proposed with the objectives of: 

Reviewing the experience of the problem. 

Re-examining the latest zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI0 research. 

Defining factors which may contribute to the development of P I0  problems in an aircraft. 

Illuminating new methods which are being used to analyse and avoid/overcome these problems. 

I n  order to get timely and full co-operation of specialists, the format of the workshop was informal briefings, material 
subsequently being selected and compiled to form this summary document. 

This Workshop was integrated with the symposium on Active Control Technology, using the proposed round table discussion 
at the close o f  the symposium as the lead into the Workshop. The Workshop, itself, took place on the Friday following the 
symposium. I t  was chaired by an ex-Panel memher with knowledge of the field who would be expected to produce a 
summary document for inclusion in the conference proceedings. 

With current experience, i t  i s  clear that a universal solution of the P I0  problem i s  s t i l l  evading the engineering community. 
The cost of  these problems in terms o f  programme delay and financial terms i s  significant, particularly when aircraft and 
crew safety may be or has been at risk. 

The gathering together of  specialists to discuss this problem from their various points of  view was expected to lead to positive 
gains i n  the state of knowledge regarding PIOs, provide a significant step toward their elimination and contribute to the 
avoidance of  PIO-associated programme costs and penalties. 

I n  this regard, i t  i s  believed from the feedback, both at the time and subsequent to the Workshop, that the objectives were 
achieved or even exceeded. The open discussion of the problems and possible solutions has helped to foster a continuing 
openness which can only benefit all who are involved in the design, manufacture and procurement of  aircraft which feature 
the type of  control systems to which these problems most frequently apply. 

Thanks are due to all those who made contributions to this Workshop and to those who facilitated i ts  running in conjunction 
with the ACT Symposium. I 

I 

I 
I 

Keith McKay 
British Aerospace, Military Aircraft Division 
Chairman, AGARD FMP P I 0  Workshop. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Prkface zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
II est vraisemblable que I’instabilitC du couple pilote/cellule a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApose des problEmes dEs les premiers vols pilotCs. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALes progrks 
rapides rCalisCs dans le domaine de I’aviation aprbs la deuxibme guerre mondiale ont eu pour rCsultat, entre autres, la forte 
croissance des problbmes de pompage pilot6 (PTO), ainsi que le lanccment d’un volume considCrable de travaux de recherche 
et dCveloppements ayant pour but la comprehension et la mitigation de ces difficult&. Des crithres et des sptkifications de 
conception Ctaient Clabords pour assurer I’obtention de qualites PI0 acccptables. 

Cependant, en dCpit de tout ce travail, et malgt-6 la grande souplessc autoride par les technologies de pilotage modernes, les 
concepteurs des nouveaux aeronefs rencontrent souvent des problbmes PIO. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA vrai dire, la puissance et la sensibilitb de 
fonctionnement mCmes des systhmes de pilotage modernes sont zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAh I’origine de leur susceptibilitk h divers effets ccnon- 
linCaires>>, tels que les retards, les limites de vitesse verticale. la saturation des vCrins etc.., ce qui crCe des difficultCS P I 0  
imprCvues. 

Le Panel AGARD de la MCcanique du Vol a considCr6 qu’il Ctait opportun et approprit de prendre une initiative h ce sujet. 

Un certain nombre de spCcialistes dans les domaines des caracdristiques de manmuvrabilite, de la conception des systhmes 
de commande et des essais ont CtC invitCs B animer un atelier de travail avcc pour objet de : 

faire le  point de I’expCrience acquise dans zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcc domaine 

rdexaminer les rCsultats des derniers travaux de recherche cn P I0  

definir les facteurs susceptibles de contribuer au dCveloppement des problbmes P I 0  

d’exposer les nouvelles mCthodes qui sont utilisCes pour analyser et eviterhrmonter ces problkmes. 

Afin d’assurer I’entibre cooperation des specialistes au moment voulu, I’atclier a et6 organise sous la forme d’une sCrie de 
briefings en petit groupe, les textes ayant C t t  s6lectionnCs et assemblCs par la suite pour constituer le present sommaire. 

Cet atelicr faisait partie du symposium sur les technologies des systbmes de contr6le actif, la table ronde qui cl6turait le 
symposium ayant servi d’introduction aux travaux de I’atelier qui se sont poursuivis le vendredi. L‘atelier a et6 pdside par un 
ancien membre du Panel avec une certaine expdrience dans ce domaine. qui a 6tC charge d’etablir un rCsum6 des travaux pour 
le  compte rendu du symposium. 

Dans I’ttat actuel des connaissances, iI semblcrait que la  solution univcrselle des problbmes de P I 0  Cchappe encore h la 
communautk technologique. Les coots engendrks par ces problbmes suite aux retards accumules son1 considCrables surtout 
lorsque la skurite des equipages et des aironefs est en cause. 

Ce groupe de spCcialistes, rCuni pour discuter des diffkrents aspects du problbme, a eu pour mandat de faire avancer I’Ctat des 
connaissances des phCnomEnes de PIO, de marquer une Ctapc importante dans I’Climination des problkmes et de contribuer h 
la rkduction des coots et des pCnalitCs qui grbvent les programmes de dCvcloppement h I’heure actuelle. 

Eu Cgard aux commentaires exprimes lors de I’atelier et par la suite, ces objectifs ont 616 atteints, voire mCme dCpassCs. La 
discussion ouverte sur les problbmes et les solutions possiblcs a favoris6 unc nouvcllc ouverture d’esprit, qui ne peut Ctre que 
bCnCtique pour tous ceux qui sont impliquCs dans la conception, la fabrication ct I’acquisition des aeronefs qui intbgrent les 
diffkrents types de systbmes de commande concernCS par ces problbmes. 

Nos remerciements son1 dOs B tous ceux qui ont present6 des communications lors de cet atelier, ainsi qu’h ceux qui on1 
facilite son organisation conjointement avec le symposium ACT. 

Keith McKay 
British Aerospace 
Military Aircraft Division 
PrCsidcnt, AGARD FMP Atelier de travail 
sur le pompage pilot6 (PIO) 
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1) Introduction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Instability of the pilot/airframe combination has been a 
problem from the beginning of manned flight. The rapid 
advances made in aviation following the Second World War 
greatly increased the incidence of PI0 problems and led to a 
large amount of research and development work zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaimed at 
understanding and mitigating these difficulties. Criteria and 
requirements were developed which could be used in design 
to obtain satisfactory PI0 qualities. Nevertheless, in spite of 
all this work, and even with the great flexibility in modern 
control technologies available to the designer, PI0 problems 
still often zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoccur with new aircraft; in fact it is the power and 
responsiveness of modern control systems whxh makes them 
susceptible to various "non-linear" effects such as time delays, 
rate limits, actuator saturation, etc., leadug to unexpected 
PI0 difficulties. With current experience, it is clear that a 
universal solution of the PI0 problem still evades the 
engineering community. The cost of these problems.in 
programme delay and financial terms is significant. The 
gathering together of specialists to discuss this problem, from 
their various points of view, has led to positive gains in the 
state of knowledge regarding PIOs; it has provided a 
si&icant zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstep toward their elimination and contributed to 
the avoidance of PI0 associated programme costs and 
pe-nalties. 

A number of experts in the fields of Flying Qualities, Flight 
Testing, and Pilot Modelling were invited to attend the 
workshop and give their views and experience before an 
audience made up of those pilots and ACT enghe&ng 
specialists, with an interest in the PI0 problem, who cared to 
stay zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon in Turin for the extra day. 

All of the contributors created an open and frank discussion of 
the problems whch exist and with which the flight controls 
and flying qualities communities are still struggling to 
overcome. There were a number of significant inputs tiom the 
floor , either in response to questions or as comments 
regarding the individuals experience. 

2) &!port StNChrlT 

This editorial summary has been generated from the 
information provided, including the free discussions after each 

presentation. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsummary also acts as an overall introduction 
to the presentations. 

For ease of both reading and editorial convenience, tlus report 
has zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbeen assembled with each of the presentations as separate 
sections, so that they can be treated as separate, stand alone 
papers, as well as being seen as a contribution to the overall 
workshop 

Two papers have also been generated from the Workshop, the 
frst being presented to the AIAA Guidance, Navigation and 
Control Conference, held in Phoenix, Arizona' , and the 
second being included in the Conference Proceedmgs of the 
AGARD FMP ACT Symposium*. 

3) The Workshop Format 

By agreement with the presenters, the Workshop was 
structured into a number of presentations, with a time 
allowance for questions following each. Initially, the objective 
was to complete the presentations in time to allow a general 
discussion, but this turned out to be impractical. Adequate 
levels of discussion were completed after each presentation. 

The presentation titles and presenters, in order of 
presentation, were: 

1. "PI0 - A Historical Overview", - 
D.T.McRuer, R.E.Srnith 

2. "The Process for Addressing the Challenges of 
Aircraft-Pilot Coupling" 
R.A'Harrah 

R.H.Smith 
3. "Observations on PIO" 

4. "Unified Criteria for ACT Aircraft Longitudinal 
Dynarmcs" 
R.Hoh 

5. "Looking for the Simple PI0 Model" 
J.C.Gibson 

6. "Experience of the RSmith Criterion on the F-15 
STOL k Maneuver Technology Demonstrator" 
D.J.Moorhouse 



'E-2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"Relation of Handling Qualities to Aircraft Safety" 

8. "Scarlet: DLR Rate Saturation Experiment" 

9. "SAAB Experience of Rate Limiting and PIO" 

J.Hod$mon 

J.R.Martin zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA& J. J.Buchholz 

P-O.Elgcrona & E.Kullberg 

Elements in Flight Control Systems" 
D.Hanke 

Phenomena in Digital Flight Control Systems" 
W.A.Flynn & R . E . k  

Limiting" 
c.chalk zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

10. "Handling Qualities Analysis of Rate Limiting 

11. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"An Investigation of Pilot Induced Oscillation 

12. "Calspan Experience of PI0 and the Effects of Rate 

4) The Workshop Presentations and 
Discussions 

4.1) Historical Overview 

Duane McRuer set the scene for the Workshop by providing a 
valuable background history to the subject of PIO. In this he 
was ably supported by Rogers Smith. The records, on both 
video and as time histones, of the PIOs which have occurred 
provided very graphic and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAs o w  evidence of the problems 
and consequences with which pilots can be confionted. 

These problems have manifested themselves since the earliest 
days of manned flight. The earliest recorded examples of Pilot 
I n d u d  Oscillation date back to the Wright Brothers first 
aircraft. The earliest video record dates from just before 
World War II, with the XB-19 a i r d  which d e r e d  a pitch 
PI0 on touchdown. 

The examples zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon video covered aircraft from the XB-19, 
through to a i d  such as the Space Shuttle, the YF-22 and, 
most recently, the JAS-39 Grippen. The video included the 
F 4  incident, when the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaircraft was destroyed as the PI0 
diverged. It was noted that often in the past the blame had 
been apportioned to the pilot, who might be referred to as 
"ham handed", and in one zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcase, the XF-89, the problem was 
solved by a change of pilot. 

The influence of variable pilot gain in the problem is 
significant, and easily shown by the various types of task for 
which PI0 is notorious, e.g. precision landing in turbulent 
conditions, air to air trackmg, flight refitelling, etc. Most of 
the videos related to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlandmg, although in the case of the 
YF-22, the air& was performing a low fly by for publicity 
purposes and the second JAS-39 incident occurred during an 
airshow. 

Certainly one of the major problems that was Wighted  in 
this session related to the recognition and reporting of PI0 
incidents. There is a tendency for pilots not to recognise the 
event which has occurred as a PI0 or to admit or discuss the 
event, having struggled with the problem and survived. In at 
least the case of the YF-22, the pilot was unaware that he was 

in a PIO, although he was aware of a control problem. This is 
a usual and typical reaction, and is characterised by the pilot 
feeling totally disconnected h m  the response of the aircraft. 
There is an apparent strong feeling that to admit to a PI0 is to 
invite blame, which is incorrectly apportioned to the pilot and 
this aspect was addressed later and in more detail during the 
Workshop. 

The presenters have concluded that the occurrence of PI0 
must be regarded as a failure of the design process. In some 
cases, such as the 0 - 1 6  or the JAS-39, the potential for a 
problem was identified before flight trials commenced, by 
various means. However, for one reason or another, the 
message was not reacted to in time and the consequence was 
the occurrence of and incident or accident. 

It was noted that all the catastrophic PI0 occurrences included 
the adverse effects of actuator rate limitmg. This was to be 
dealt with in some detail in later presentations to the meeting, 
as were the possible strategies for alleviating the problems 
which arise &om the excessive phase delays which actuator 
rate limiting bnng about. 

A good initial reference for the understanding of the PI0 and 
its subsequent development is provided by reference 2, 
published recently by AGARD. This report, which deals with 
the handling qualities of highly augmented aircraft, and the 
Working Group that produced it, have provided much needed 
discussion of the problem and allowed a shanng of the 
understanding from all interested parties within NATO. 

In the discussions which followed this presentation, there 
were a number of comments regarding the adequacy of the 
design process and the need to adequately "stress" the control 
system design before flight. In part~cular, one comment 
related to the Lavi where a moving base simulation suggested 
problems, but that this was eliminated prior to flight and no 
PIOs have ever occurred. The problems seen related to 
actuator rate limiting in one case, associated with crosswind 
landq,  where it was possible for the pilot to become out of 
phase with the a i r d  response. 

The more unusual example quoted from this aircraft related to 
the effects of asymmetric stores under manoeuvre loads. 
Under these conditions, the pilot would move the stick to 
recover the lateral balance, but the FCS demanded roll rate in 
response to the stick motion. The results gave clear evidence 
of a tendency to PI0 prior to flight. The effects was fixed. 

It was commented that the Space Shuttle fails all criteria that 
it can be subjected to, and requires very experienced pilots 
and carell handling. The view was expressed that the vehicle 
only awaits the "trigger" for a major happening! 

4.2) 
Aircraft-Pilot Coupling 

The objective of the design, as described by Ralph A'Harrah, 
should be the provision of h aircraft and control system 

The Process for Addressing the Challenges of 
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whichhas k v e l l  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhandliag zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAqualities and is free from PIO, or 
as Ralph pferred, Ailrran-Pilot cwpung. 

This zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAplopased name zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtakes the anpbasis away f" the 
wnkibution of the pilot, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAslthough it is @sed that the 
problem zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcannot zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoccur in the absence ofthe pilot The essence 
is that Airrraft-pilot Coupling is a design Mure in the fight' 
contml system, to which the pilot zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwill mwitti@y wntribnk 
by performing his task, i.e. that ofcontrolhug the aircraft to 
m e e t h i s ~ o u l a r p e r f ~ r e q u i r e m e n t s .  

It was sngpted that a good starting point for the design 
pmxss would be the design repuiremaas set" 
Mil-F-8785C. supplanented by the guidelines of 
MilSTD1797,01 any other crihin with which the &sign 
organisation in qIUStion has expaience and which can he 
deawnstrated to have mai t  

RslphA'Hsrrah reCDmmended that the Total zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAQnaliitymesgage 
was appropriate for this application, i.e. right f& time, and 
that to achieve this nqnid the building of a design team 
which sees the &ign tluuugh from concept to 
implementation and test. T ~ E  team should consist of control 
system designers, handling suality Expars, p i l a  siQ" 
esgineas and, mast significantly, mnst include managas for 
it to be succe3m and ~1slllt: that all buy into the problems 
and their solutim. 

In following the pmcess to the achievemeat of an aircraft 
which is free of adverse A-FT cha"h ' 'cq it was noted 
that the key is to eosure that the aeslgn in question is 
sdeqnatehl "&eased", i.e. that the FCS is rigorously examined 

tools and facilities that are available to the team. In the event 
thattheresultsobtninedaresupxt,thentheenslysismustbe 
taken to the point of developing a & prior to fight test, if 
F i l e .  

for the possibility of ainx&pilot coopling using the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbed 

In the durnsson wkch followed the presentahm, the 
example of the X-31 rurcraff was p t e d  by Rogen Snntb as 
bmg one where the p:-e moved forward very smoothly 
mretkteamwasc4ccatedatDryden Themtamt iod 
team was described as "seamless", ance all the spectalrsts 
~eresstheredtogetha mmto~pointthenhadbeen 
some warlriqg d&cnltw when the FCS design terrm wue 
mote to the test and developnentact~nty 

4.3) Design Clitcria for PI0 Asacasmemt 

A common theme which emaged from a n m b a  of the 

with regard to the deslgo cntena wlnch should be used to 
designandevaluate systems to be free &PI0 tendaunes. This 
sspad 
f 0 l l ~ i n ~ ~ ~ a L  

laescdaflons IS thaf y e  then IS 110 COmUWl, Wl l f kd  VleW 

pdCUhr1y lllusbated by the presactahons wlnch 

llle vim explessed are those of the presezltm and, clearly, 
some repr*lent extreme vim not held my the majority of 
people wurkin# in the field 

Design miteria based upon service exp=rience are not 
available as, it is sospected, most occll~~eflces me not reported 
or perhaps even recognised. Within experience in Eumpe, 
howem, tbwe mentes which are known about, at least to 
the author, do not show any marked dSerence in characta 
tium those which have OcCuITed in flight test, although the 
rsnge cif c " t i o n s  may be obended. 

lhere were mnsiderable SrgUmRlts as to which criterion was 
best, but pahaps the nmsage should really be that there is no 
anecrite€ion,provenasyet,whichfullydescri~allofthe 
problems which may be en"l and can be applied 
withm significant "Innitaticon as to applicability" and 
engineainsinterpretati on. 

4.3.1) Obscmtionr on PI0 

The meeting received a vabal blest f" Ralph smith; his 
feehngs wue that the proh1e-m has been SLirted mund for a 
nrnnber of years andno real pmgresp had heen made. This is 

S E a  where there are SigOlfiWIlt UQUUldE O V R  the 
effcdiveness of the sristing miteria at prediction of PI0 and 
even thedatahas upon which the criteria have been based. 
This latta view is not &enaally shared, and the u"s of 
the worlrshop rather pointed in a Werent direction. 
Nevertbeless, within this presentation there is food for 
thoughtandtheteehnicalinf"atondesenresconsidgatioo. 

In his -tion, which is self Bcplanatny, Ralph Smith 
expressed a mba of c."s which found accord with 
mwbas of the audience, especiauy when he suggested that 
alluwltircraftshonld bedeSignedtobepfegainstPI0, 
whether for military or civil application. 

Ralph Smith pmented the CoIVcpt which summarises the 
d t i m  svllich are necessary for the PI0 to oCcL1I. The PI0 

slddedy c a w  the pilotto imearre his gain tothe point that 

pmcess involves elements of aircraft dynamics, closed Imp 
control and a "trigger". This latta is the item which can 

the totd loop is driva nnstable. He described a simple model 
basedllpona s y n c b r " u s p i l o t w h o s e ~  tom aircraft 
state veriable is of the form of a simple "bnng-beng" input, 
combined with a dead space and a delay. With this simple 
model, in which the aircraft dynamics are mpmmted by a 
transfa fimctios i f a  limit cycle is encnmtered, then the 
intepAation is that a PI0 is likely to occur in flight. 

chic chalk pmlmeed that the pllot inpnt would be 
syechnmous with the QOSSDVR of the rate respoose through 
t h e m ,  which tmrnqmds tothe anitnde starting to move in 
the opposite direction. Such mneeptp w m  supported by John 
Gibswlandothes. 

Ralph Smith noted that it is possible to have aircraft with 
adeqwe "painrmmce" whilst having deticiezlt hrmdling 
qualities, and that this then placed heavy demands on pilot 
haining d costs of operation in service, when such a 
combin8tim occurred. A spcitic afnrment ?eked to the 
behsviour of trainee piloL% which d d  be very di~Terent with 
mspect to their gains employed, until they were familiar with 
theirtasks. 
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T k e  was dehte zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABS to what might zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAconstitute a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtrigga zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAand zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
whetha zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnot zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAii bad to be the pilot or the codml system 
which would wn~M~te it. But the view was also zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAexpssed 
that maybe it does not matter* it is, there will always be 
OM waiting to catdl the llllwLny under some ci-ces 
whlchtvll lbefdlmdertheright~timoneday. 

example of an aircraft for which this was the case. It fails to 
In the discussions, the Space ShutUewas uted BS anexcellent 

meet all the available design Critaiawithregard to resistance 
tom0 and does have a tendency form0 uolm W e d  very 
carefully by expeiexed, trained pilots. The difkulty Srises 
because the PI0 suscqbbiity is difficult to assess. The 
essential elanent of the process whi& weds to be followed 
up is to uwm that the conbl sy3tem is adequately stressed 
dnnngitsdesignand develop"& usiugwhatever W t r e s  
can be thrown at the problem, even i f h s  means flymg tight 
wntrol wmc" and in a way wlk-hmay or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmay not be 
redistic of normal pilot activities in fltght 

43.2) 
mu- 
Roger Hob ind~cated that the USAF is pumhg the PI0 issue 
actively and is eacouraBing R&Ll on a joint basis with a 
rurm&ofresearcha. 

He stafed that the phase lng at the crmmver freqmcy was a 

~ ~ t y o f a n F C S ~ ~ t o t h e p o s s i b i l i t y o f P I 0 . ~  

were developing following the debates which bad been held 
by AGARD Woddng Oroup 17, which am rrported in 
refmnce2. Hewasat pains to pint outthe hne6tswlk-h 
bed BccNed by ex"g the dlscwsion into an intematid 
follms all involved bad benefited &om shuring of srperience 
and Ideas 

Most of the more recent developments with regard to des i i  
criteria stem fium the activities of W- Group 17, noted 
in reference 2. This docum& also provides a gmd 
t d p u u d  for myone newto theH.¶ldhgQllfhties arena 
and who anshes to quickly ac@e a level of understandmg ' o f  

Uaified Criterion tor ACT Aimnfi Langitudlnd 

k e y p c m r m e t a i n -  . the sensitivity or 

presentation showed how new nitesia bssed upon phase lag 

the o v d  problems which am preseat, especiaUy wth a 
modembighIy ffugmentedairnafl Q h t  contml system 

Theewceptn- ' with phase delay would appenr to 
U I p h U e t h e d C -  . 'uof thef reqmcywpl lse 
Blsbling m Bcclwte essesrrment of PI0 susoeptibility, 
especisuy wben the phase "roll-oF is talren into acccur& 
This lamer tam relates therafe of m e  of phase ai UK 18W 
"Ver pint to the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsuscegtibility to PIO. 

A clear message Eum this presenter was that care was needed 
if the aircraft teatured e control system stndesy wbch does 
not mimic thatofa classical stableaircraftwnhuller. In Buch 
c i r c u m s t a n c e s t h e L o W - O r d a t m  apposch 
was seen to be deficient withits ability to analyse the aircsaft, 
paaicnlarly for Pro. 

mpome m e ,  md that how the gain and phase varied 
lnonnd the goGsoyeT pint is as important as the actual gain ai 
180" phase. n e  "Phase Delay" concept captured this nicely, 
andwuldevenaccnmtforrstelimitingbyitseff~onthe 
shape of the b q m c y  mpome curve. When combined with 
the "hopbsck" criterion proposed by John Gibson, the results 
wereveryenwura&. 

The pres" concluded with m assessmmt of the T-38 
PI0 iuciht,  aramining the effectiveness of the criteria 
which am available for predictioa of PI0 susceptibility. The 
results were someamat variedandresultedin a hated debate 
ressrding the validity d h o w  the criteria had been applied. 
This served to i l l m t e  that, at present, there is still SDme 
way to go, BS each criterion would appenr to be efkt ive in 
the hands of the inventor, but problematic in the hsnds of 
others. 

The subject of the feel system drew some debate The tachle 
receid by the pilot do include both farce snd " 

and there IS a suspinon that Shdcp which rely only on farce 
detract &Inn the hsedling. This is agam m BIca of major 
dehte, and it is Mt clear whether the plublem ls d y  OM 

of having pilots loam to wpe anth a new philosophy, whetha 
there are mdcsuable taaile &e& or amether a combmation 
of the two applies. 

Dave Moarhouse scpressed the view that the fed systas if 

h g n e d .  then it wuld be a q o r  soume of problm. 
well deslgd, should betraaspsradtothepllot. Ifnot well 

certaidy, poorly desiped fB21 Systems have been ma* 

4.3.3) 

John G i h  hghlighted that OM problem was the gsp whlch 

Lmking for the simpk PI0 Model 

occurs~airaaAHojectsandthelnnuencethatthishas 
onkeeplog scpatlsentnent and on UKablllly to learn the 
lesson5 Eumthepestwthout repeahng the 88me lIust&s 
Perhapsthis rortherhighlrghtstheneedtokeep deslgntarms 
ntnent use of arraaff demoastratorpojects was SBQL as a 
possible way to maintain exper& and the lessons of 
the past amnot lost to ea& suceessjve geoaatlan. 

He h b e d  the development of critene based npm the 
phaser&&hase&laymcepts H ~ c o m " t s o n t h e F %  
PI0 trace, wfiichhehadnot seenrmtil the meetin& iudicate 
that the trace developed as he would have aut1ciph3, with a 
dearderaeare m frequency as the amplitode of the oscillahon 
l l m a . d , d u e t o t h e ~ o f a c t u s t o r n d e h t i n g  The. 
tracesopported h is ideas regard ing thedeve l~end  
By"s of PIO, 0-4 the synchmurus behaviour of 
the pllotwththe alrcdt atlitode. 

The. YF-22 traces show the same &e&, although the inrtial 
t&a forthe respame might not have been the pilot, but was 
"e in the aircraft itself The pilot commented that he 
felt "- fmn the stlck" 

The~ewwasexpres&@atwhabvercriteriawasdeveloped, Indevclopinghisappmachtodesigningoutthe~orda 
ifwoold have to BoaDunt forthe shape ofthe f"y rigid body PIO, the LAHOS data bsse hsd been used, 
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modify thev zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAapplicatm zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof it The y to understandmg the 
scmtiwty of a desga was to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAset up a task wiuch would 
adequately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstre% the system, for example by semng up an 
HQDT type zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtask for a landtng spproach mdhon In the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcax 
of the F-15 Shfl'D, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtius had not revealed the problems 
mdlcatedbytheaitenw. 

A debate followed, prdctably, regardmg whst had o c c d  
and whether zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor not there had been a problem 

hour a not in1 I 

red& in examination of the Delay (or Average phase 

€Me, which is the same number) arnmd the crossover point, 
wnpledwiththe Seqnency at the crossover. The gain at this 
point is imporbnt. Clear bmdariea were identified, 
gradeable as Level 1, 2 or 3, which had teen subjected to 
vigolws Bimulation exedses over the last three years. This 
was despite the apparent scatta to be found in the Level2 
date contained within LAHOS. use of high and low order 
e&& umbe used to distiupkh the CBSes required for the 
analysis. 

The choice of the bnmdwes was worked up from slmulatlon 
results, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAorpen- s h o d  that these seemed to be 
atable and &&we 'Ibey have teen supported over a 
number of yearsby the work performed on &ght d a m m s h b  
a~rcraRsUchasFBWJaguarandEAP A b r i e f q " I t  
performed on the Calspan Lear Jel had enabled c"ahon, 
inpad, of the toncepts m tlight, as the experiments pelded 
thepre&ctedanswcrs. 

The UBe of phase delsy Is partldarly med as it CBn accollIt 
fortheeffects ofrate h h n g  via the "x on the shape of 
the fmpncymqmse It &the phase lag m the problem 
area This also apphes to amphhuk effects, wiuch C B ~  also be 
lnvestlgated 

The cleat zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAmessage from ths work is that the puws must be 
to demgn forLevel1 h"g @tm andthen stress the 
flight conhul system to examme its behanow under hgh Not 
g m  mdtions, for a range of qmt  amphtndes Ifthe aucrafl 
can only oscillate at high frequency, then the problem is 
solvedastheamplitudecanndbelarge Inresponxtoa 
qudon, John cnbson stated that It does not what 
causes the nolahon of the absolute mtena 

PI0 and Haudlmg Qualihes k g n  are sepmte assessments 
and shonld be treated as umtplemmtary, rather than 
s i m d t a n ~  tasks 

4.3.4) 
SMTD Demomtntor 

MOR "g his pmsmtihon pmla, Dave Mmrhouse 

aucrafi was "g a seumd low pass over the m w a y  wah 
vay little pilot actmty w i m  the event w m m d  The 

made He umclndedthat there h .hrayi a trigger and tbat 

Erpcrkace of the RSmith Criterion on the F-15 

rl&ded some iafonll8hon resardmg the YF-22 incldent The 

tliggerwas wlthmthe amall, as the Sel"0f the gearwas 

thedywaytoploceedlsto fir tbc SyIteIo 

As a manager, he stnssed that parl of the problem is the 
seeluag of a y e n o  amwerand that what was not needed was 
the adna fium SFecIallSts ergutng ova whethes or not there 
18 a problem. €hs orpenem was gc"td fium mtication 
of the RSnuth entena as an absolute to both the F-22 and the 
F-16 MATV auCratt. llus had shown the effects of the added 
thrustveetonngospsbllItytobem Hereptdthat there 
d d b e  a paper pnbhhed at the AJAA amf- on the 
subject ofthe e t k t s  of rate h t i n g  seen m fight ofthe F-15 
SMlD ancraft He "mded that -le mvolved m 
asaespmg PI0 should uhlw the R Snuth entenon, but s h d d  

(J+&tofs Post-Meetmg Note llus &scusm resumed at the 
AIAAmeehngmAngust,1994 Asaresultofthecamments 
made at Tuns Dave Moorhouse had remewed all of the F-15 
SMTD data and had fouud the undesuable charackmhcs 
wiuch bad been reported by Ralph Smith He also repnted 
that he was prewowly unaware of the donll8hon) 

4.3.5) 
Aircnft Safety 

The Relation of Handling QnaUtiea Ratings to 

lolm H o d $ "  showed the work wluch he, lsundertslung to 
relate the handhug @ha rnhog to aucrafi safety Another 
clear message 1s that the managas must be made aware that 
the m c e  of Aucrall-Pdot Couphg IS a safety related 

(There is a suspicion that moreaccidents OCM due tom or 
PI0 than due to structural falure!) 

issue, and Is at least as l " t  as shnctural uuesnty 

It w d d  be shown that the Cooper-Harper ratings could be 
correlated with probability of aimaft losses, with CHR 6 
"spmding to a probability of loss of 1 m I@' and CHR 3.5 
m"dq to a pbabiliiry of loss of 1 in lo', or 
effectively not within the fleet life of the aimaft. 

A comment was also passed regarding the C-17, where, 
dunng the development of the aircrsft, a rate h u t  had been 
appliedto the tailpk,and a ptch PI0 had teen fmecast and 
c.xmTed 

4.4) 
Lhita 

One of the major conhibutions to ca-c PI0 events is 
that due to actnatcx rate limiting, as noted in the opening 
presentetiCm by Duane M c R w  and Rogers Smith. The &ed 
of rate limiting is to add fintha phase lag between the pilot 
rmmnaod and the ai"R response and to reduce the 
h p e n c y  of the m v e r  point A numb of the events in 
the intn?du&ny video featured rate limitiq, most notable 
recent examples b e q  the JAS-39 and the YE22 accidents. 
Rate limiljng also featured in the Shuttle, YF-16, Tornado and 
many other major oc"ws of PIO. 

The modelling undertslren by BAe arose from the incidents 
with Tornado (MRCA), where rate limiting and acceIeration 
limiting in the actuator played a major part in the incidents. 
s u w  wodr Iead to vay detailed inve&igation of the 
actuation system, as therecontinuedtobe sllrprisesfrom this 

&cations in the tlight conm1 system of the aimaft. The 

T1# Adverse Inflnence of Actontor Rate 

piece of eqnipment, which eventually led to some 
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work zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1dent16ed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAexha zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAphase zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlags wiuch can result v q  
abnrptly once the actusta rate lImlt.9 

prior to flight However, the p" &d not catch up wth the 
endence and requue modi6cakm before &&t 

The alternative approach to rate Ilmitmg, as proposed by 
Ralph A"h, whezeby the actuator control loop 
incapmtes additional 1-c to c 0 r r " d  the m d  as soon zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
reqntre some care m Its mplementation, in order to c"t ly 
match uqmt andoutput, once the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhigh rate zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAdemands cease. 

as the ootrrmand meses 1s clearly vary beneficial, but does 

RalphA"hrecanmendedthattheactwforrate~bd~ly 
should be allwatedby the function to be fuliilled, not by the 
displacement that has to be achieved. Use of this lam can 
lead to theeffea of- the pilot out of the control loop. 

The tirst acndent started zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABS a response to lateral turbulence 
with a coutrol system wiuch augmented the dihemsl eff- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
making the luraaft very sensitive in roll More thm one 

work, cmmented that the JAS39 "m-stick" probably bad a 
v a y  slflcant effect, as it reqmres only very d 
movements to dennuul full control and had a skewed axis. 

m roll, then m pitch. Mad16moos to rcduEe the gam, h c h  

aircraft was 88sessed using a HQDT tcst Using results of h s  
a cntenon was developed h c h  allowed the marpins bom 

presenler, who had been involv€d wth saab m the subxqnent 

once the rate h t s w e r e  reackd, tbe PI0 deveLopedmtlauy 

also reduced the manoeumty, were mtmduced and the 

- 
rate l i t  to be estabh&d. 

4.4.1) SCARLET DLR Rate Saturation Flight 
Esperimsnt 

H-, as development progressed, there was a desk. to 

A nnmber of presenters repled work upon a shategy 
whaeby the effects of rate ltmihng Mlld be mitigated or even 
m o v e d  The baslc strategy concept was developed by Ralph 
A'Hwah, but expaiumts have beea carried out at Calapsn, 
at DLR Bnnmschweig aod other centres to examine the 
b=&its w%ich might emue. The object is to eliminate the 
" z b l e  effects of the addit~oual time delays which rate 
limits add to thecontrol system 

boost agility at lower speeds and modilicatim w a e  
introduced A s s e s p m e n t s h o w e d ( h s t ~ a m a n e  
conditions, using full roll and pitch stick, rate saturation and 
de@ure from stabilised flight could be reached. However, 
the decision was taken to continue 

The seoond accident featured a roll PI0 as the pilot 
aggressively rolled wings level to accslexate in fmnt of the 
mwd watching the aircraft at the stockhohl water festval. 

causes the ac~atortomem medmtely themput demand 
revaxs ,  rather thsn wattmg for the actaator to m c h  the 
demandedposltionbefolerenasing 

The mhon lxmg implemented on the IAS-39 IS s&to 
that proposed by Ralph A " h a n d  tested m the Scarla 
expennmt at DLR and also on the Calspan Lear Jet This 
works Wen to remtce the phase loss due to the actoatm, but 

The main benefit of the shategy, tested as the Project scarlet 
on the ATAS in-flight simulator dmkg 1992, is the runoval 
of the advase phase lag effects due to rate limiting. The 
testing paformed showed that even with the llctuator in rate 
limit, the ~ontml  movement followed the dmamled input 
much betta than with that in the case wi- this 
modifcation to the sctnstm loop. PI0 was . s u w " y  
prevented, whereas withont the modification, a PI0 did OCCUT. 

The eqcrhents prcgmd to examiue the effeds with a 
Rate Command, Attitude Hold control system, egah showing 
the benefit of having the actuator follow the onmoand These 
n i g h t ~ t s a r e c o n t i n u i n g .  

4.4.2) SAAB Experience with PI0 

needs careful blending of the srgnals to avoid fintha 
problems due to the amtatcrrmt tqiq at the danended 
position. 

4.43) Development of H.ndli.g Qunliffi criteria 
hcluding Rate umlting 

bsndwidth of the system and the wset of rate-lmit, which he The presenIation by Per-Dlov Elgcrona and Erik KuUbe~ is 
very significant in this respect. They reviewed the past the "Amplitude Msrgin". 

~~ 

expziem in Sweden with-PIO, and indicated that-the 
JAS-39 system originates fiom demrmshatiron work performed 
onaFBW ViggenairnaR Although this was &to have 
experienced Level 2 or 3 handling, due to excessive time 
delays, it mer expuiulced late limiting or PIO. 

His wnk clearly showed the ei?ects of rate limiting, with the 
cliffedgod behaviour app"t as the h p e a c y  reaches that 
for onset of rate Ihnitin& for a aven amplitude of input 
Clearly, smplitude and &ap%icy effects will need to be 
arA"ted for in any new hsndling qualities critaia. 

Rate limiting played a very significant part in both asci- 
to the JAS-39 Grim. The tirst accident was described as a 
design arm, in that the desgu was known to be sensitive 
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4.4.4) C4ap.n Exper*aa of PI0 and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe E m s  of 
R8te zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALimiting 

chic chslks zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApasonal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAeqeaiem of PI0 is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAUmsiderable, 
following a 1% zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsrending zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAinterest in the subject o m  most of 
his.rrrohlog years. Duringthis experience, the mepruRzcern 
that hehas U l K Y l p e r e d  is that ofthe attitude towards the pilot 
foUov@ a PI0 incident There is still atendencyto conider 
a PI0 as a "e of the pilot, wi" it must be properly 
regarded as a failure of the mntrol zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsystem and its design 
process. 

Over a puiod of some years, the Calspan Corporafion have 
mdataken a series of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASCpaiments with them-33A and Lear 
Jet zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaircraft to examhe the etfeds of rate limiting 
canpeasating devices. Dming these expeakmts, the results 
have shownthat, whenrate biting is present, the pilots will 
tend to adopt a simple non-hem, "bang-beng" mode of 
contml, which is keyed by either the ZBOes on the rates or the 
attitudepealS. 

Ifthe hceofthe DFBW F-8 aircraft is examined, tbenthe 
wrrelation hueen the zao cmssings of the pitch rate with 
the "deckah" event can be cleurly "guid Eveniudly, the 
result is ac" t  amplitude motion witha "banghug" pilot 
mpawe. The slope of the stick response relates to the feel 
systan, but the "decision" point is when to revQse the 
lw.pons direction 

All of the PIOS which had been examined SealEd to feahm 
tlm bellavlour. The default 1s pemaps Lx"d wthin the 
pllot's biam 

described, and the mults clearly m d l a  a demease m 
o d l a t m m a s t h e  ulptamplitll& 1s ilweasd Wlth 
tlm model, It was POaJslble to ex~rmne  w%i& terms m f l d  
the response ofthe aucraft F m t h i s  study, rate L u m t t o g h  
a my clear lnn- on the f i q m c y  A PI0 prone avcraft 

has alower fkqocncythana good e"fI, the cmxquenceu 
thatasthePIOkpncyisappr& Thecharactenst~cs 
are the m e  as shown by Ralph Smths model 

Using such a model, it could be possible to define a design 
gltenonelongthe lmes o fd the  f k q w  at the m v e r  
pomt IS less than 4 rad/- then there anll be a problem If 
thempawegrows Swhamodelcanbeusedtodwnmmte 
between goOa systems and PI0 pnme systems 

4.5) 
Ph"eM inmgiw Flfght caltml systems 

MadeUmg of tius behanm wog a Snnulmk package was 

An hve.8tigatlw Of Pilot hdnced Oldllltion 

This pscntatim o e n l d  around the coupling of the pllot 
with the st"d moQs of the abfmne. A nmnber of 
exsmplm wa-e quoted, the most notable being the F-Ill 

whenunr )u lgbesvyex tana ls to re l~un~wing when 
the pdot made an abrupt IOU loput, tlus excited the azng 
ben- and tomon, wlnch due to its low b e q ~ ~ ~ c y  and the 
&ect on thempome, he tned to oppose He rewpkdthe 
couplmg, so clamped the snck, w k m p m  the avcraft shook 
both hnn and the shck 

This was re fend to BS a "Pilot Assisted Oscillation" 01 

Pemaps a "Pilot Augmented oscillation". He let go, and due 
to the out of bslance, the stick travelled stop to stop! 

A tintber example was that of a large transport aircrafl, in this 
case the C-17. Excitation of the wing fkqnencies, in a 
somewhat similar manner to the F-111, had couplea with the 
pilafs stick inputs, crmsing a "rntcheting" effect on the 
response ofthe aireraft. Abriefpaper desrribmg these effects 
was made avsilable prior tothe workshop and is mtained in 
nfaenee 5, which will be included in the fill +of the 
Workshop which will be prepad for AGARD over the next 
few months. 

5)  ConChMiOllS 

Dunng the week of the ACT S y " ,  of whch the 
W " p  was the l i d  part, a m "  ofpersons expressed 
theu u" wth thm problem m wmect~on wth the large 
tmqort ainmtt, whae the sheer sup. of the avcraft fl 
place the s h u c d  pnmarymodes wtbm the tirquencyrsnge 
of both the pllot and FCS 

Tiis IS clearly an area whae there could be mcreasm 

with c u d  expectat", psaicnlary of the travelluig pubhc 
COILcem d &ctlwty, If safety records are to malntalned m h e  

The clashofresults h the diferent ClitenacUtTenuy m use 
IS probably one of tlae m n  problems amaated wth gethng 
managaocnt b b g  for the necessary deap  changes at an 
early en0ugJ1 stege often the techrucal arguments are clouded 
by qumnts about whether or not the mtem used really 
apply. What should be msldered IS wbt is actually 
hsppaung. 

%MY and emplnosm may shll be the best way to judge the 
problem m a CODsllltent f&hon, despite the posslble 
drawbacks The key 1s to have It apphed wth the full 
bacLgrouud of enpmnng eqmmce, using a team of 
engin= wth an established hack reoad to adequately 
"stress" the mi101 system and ensnre that the posslbhhes are 
addressed sdequ~tely Ihe use of the simple "bang-bang 
model to exate the system should enable the to 
examine the Mav~our "t more ngorousty than has 
beenthecasetodate 

The mae fact that there is a pcwibility of coupling should be 
enough to sny that a change is needed as the problem will 
~ S O m e t l m e  ' , under the right stimulus. Tbe demgn 
W v e  should then incl& emning that there is no 
possibility of the pilot coupllns with the aircraft in a way 
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1. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAterm PI0 p l i w  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAM ~ ~ i r r m t e d  empbrris zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtbe pilot, when the problem IS actually due to 
the 5ght mtd system aeslgn 

Pilot Coupling, thus avadmg the stigtn~ wfllch 
mipbt be attachedtothe pdot by the "m# and 

snbscrii to tlus cacepl or nomalalure 

3. PI0 or idvenc A i m &  Pilot Coupling is one 
result ofthe design pro~ew1.uiag 

4.Tbe "design process" objective should be the 
ichievement of Level 1 hd l l ng  qualities and 
freedom f" undesirable PI0 or APC. It should 
be noted that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthese dgectives zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAme not neoesoanly 
metbyjllstwllsidenngeithercmeortheotbR zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThey 
must both be cxunined riporoluly. It IS not 
sufficient Juat to deslgn to &eve Level 1 hsladling 

2. n l e p l l e m " I S *  tetter named AimrR 

Ullkliti8ted. fh-5, Mt all the afhldeea 

5.- deslgn team who anll implement the process 
should indude Rcs designers, hdl ing qullltier 
experts, simulation eQ@", test pilotr and 
project mMsgemeat, to ensure p m ~ e r  and 
effective zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcc"rmicah0n and O u l m s h I p  regarding 
pwsible development events. 

6. In the design process, every effort should be made. 
using ubtevercntena mc decided upon, to rad 
for tbe problem and to 'stress" the fiieht wmW 
system design adequately to eosure the problem 
hasbeendeslgnednb 

7 The use of i simple "b.ng-b.ag" puot madel to 
examme the behaviw of the systan rmda varying 
inpot amplaudes is an essential aspect of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA"amsing" 
t h e v t e m h g n  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

8. Adverse APC should be designed out not avoided 
by "g the pilot to ny the "f~ in a veq 
mmned "er. This cao neva be relied opon 
& all c- and wU almost inentably 
catch the design Out some day 

9. Large transport aircraft should be desiped to 
laeattbeumehdling mqnirementsasdtary 
fighter airnafl, wfrethcr for military or clvil 
~ h c a t o n  

10. Cire is reqnired More passing to a night test 
atageintheeventlhrttherearerrpcetrofthe 
IilXr8ft mponse tbit ire aot nndmtood It IS 

=c'=av to -bMY - unapected 
llqxmgs wiucil mght ceclu dnnng analysa, 
srmulaholl- both manned and n0n-d time, ng 
t=%- 

11. Remember that Murpby's Lm .ppl*r, ic. "Ifit 
CM happen, it @I happen". The desgn pmcess 
should recogwe this, not only as a tedmid 
pmblem,butalsoasamanaganentproblem n~ 

" a g e n m t  obligation IS to listen, understmud 
and act acmdmgly. 

12. AmraM%t Ccuphg probably BCCOWJ~S for more 
EXC& incidents and accidents thaa does stroctural 
failure Never rely on the adage, "fbe pi& RSFU 

sill& tbd wqv"! He probably will, given the 
"right" drrpmrt.nca. 

13. Cmml System k g n  Imd development anll re" 
a "Discmery proau" Th~s shcmld be recognrsed 
andthewholedesignteamsbouldreoognisethisand 
plan to be flexible in thdr apprrmch. 

a) Rcm"end.tions 

?he first re"endabm is that the term "PUot Jnduced 
Chdhtion" rhopld be &her be avoided md rephad by a 
name secb U "Aircmfl PUot Coupling", or it rkwld be 
remgnised U llot the fink ofthe p l l a  

llm term should be explained and dI associated shcmldbe 
educated to "d that it is not a "pht cause" which can 
be m v e d  by training, Slectioq awfulteva. It is aEoepted 
that the pilot is mvolved m c h n g  the loop that causes the 
Wbdity, but the piwuxwmi IS ewnl id ly  a control system 

blame, even Ifnmdarmtly, whae there shouldbe ucae 
kgnMlU.e m c - t p o p l l a r p a t t a c h s  

llm seamdreunmneadabonistbat the pmceawr hvdved i. 
tbe design, qndlllath and certitlatiw should be 
re-esmdnd PI0 or Alrcntt Pilot cotlplhg obeys 
Mnrpby'r Law, ir if it M b~ppm, it dl @pen. 

F h d y ,  the Flying QnlllUu community should seck to 
arrive i t  one set of tmiven.lly ~~cepted eriterh to 
describe and CVOIUI~C the sensitivity of a design to 
~ f i - c o l r p l i n g .  

At present, there mc a n u m k  of criteria w b d  m y  be 
pertiauy successful, with sanneofthe latest ideas laoldng veq 
prormsiog. Hwoddbepoductive to smktbe owmon ground 
rathertbmooocentratemthedlffaenoesdIthetime Fmm 
the ~~ which tmk place at the wclfkshop, it ls clear 
that th6e are a amber of passible approaches to the problem 
It is mportant to ahare ideas. and lhe AGARD meLbng has 
~l lce q p n  fecrlttated h s ,  as it did for Handlq Qualities 
with Wodong Gmnp 17 
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Introduction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
These problems relating to Pilot Induced Oscillations have 
manifested themselves since the earliest days of manned 
flight. The earliest recorded examples of PI0 date back to the 
Wright brothers first aircraft. The earliest zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfilmed records date 
back to just prior to World War lI, with the XB-19 aircraft 
which suffered a pitch PI0 just prior to touchdown. 

Four classes of PI0 have been identified, into which all of the 
known incidents zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be fitted. These are: 

1. Essentially Single zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAxis, Extended Rigid Body 
Effective Vehicle Dynamics. 

2. Essentially Single Axis, Extended Rigid Body with 
Significant Feel-System Manipulator Mechanical 
Control Elements. 

3. Multiple zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAxis, Extended Rigid Body Effective 
Vehicle Dynanucs. 

4. PIOs Involving Higher Frequency Modes. 

Historic P I 0  Incidents and Their Lessons 

The video clips which accompanied this presentation, 
illustrate a number of these different PI0 categories, starting 
with the clip of the XB-I 9 pitch PI0 on landing. 

Reference 1 presents detail descriptions, or specific 
references, for the PI0 incidents which were referred to 
during this presentation. Tables 1A to IC provide a brief 
synopsis of the major aspects of the incidents, whilst the 
notes which follow provide additional comment. Same of the 
incidents described in the tables were included in the video 
clips presented during the discussion. 

In the case of the XF-89, which sufFered a PI0 in pitch during 
a dive recovery, the chosen solution was to change the test 
pilot for the trials, to one with a lower gain and more relaxed 
flying technique. As a result, this incident was not repeated 
during the testing. 

The YF-12 incident is of interest. The aircraft was a 
forerunner of the SR-71A aircraft, and features a very long 
slender fuselage, being designed for sustained high supersonic 
cruise conditions. This represents one of the earliest zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcases of 
the pilot interacting with the flexible aircraft dynamic 
behaviour. This aircraft also exhibited an early example of a 
severe category zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIII PI0 wherein the effective aircraft dynamics 
presented to the pilot were affected by the amplitude of the 
pilot’s inputs. 

In the case of the MRCA, the two incidents resulted fkom an 
initially overgeared system, but the subsequent response was 
dominated by the adverse effects arising fiom the actuation 

Summary of Video Sequences 

Shown by D.T.McRuer 
mXB19 Circa, 1941 
b F-4 

YF-16 
ALT-5 SpaceShutUe, Enterprise, Edwards, 

F-8 DFBW 
b YF-22 Edwards, 25.4.1992 

Shown by R.E.Smith 
JAS-39 Linkoping. 1990 
JAS-39 Stockholm, 1993 

Low altitude sped  record attempt, 
White Sands, 18.5.1961 
First flight, Fcnt Wotth, 1974 

26.10.1977 
NASA Dryden, 18.4.1978 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

This Advisory Report oil “Pilot Iiidtrccd Oscil ldons ” hus  hceri prepared ( i t  tlte reyirest qf the Flight Vehicle Iittcgration Panel 
of ACARD. foriiierly  he Flight Mecltortics Pariel. 
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system rate limiting, resulting in a large amplitude pitch 
motion and loss of control just prior to touchdown. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Because of its high visibility, the PI0 on the Space Shuttle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
U T - 5  flight has probably contributed more to PI0 research 
than any other single incident. As the first landing of a 
shuttlecraft on a normal runway, the pilot was correcting for a 
higher than expected energy state while simultanmwly 
engaged in very tight precision closed-loop control. Initially 
there was a mild lateral PIO, followed by a longitudinal PIO. 
The latter involved oscillations at two fiequencies, 
corresponding to path and attitude modes. After analysis, the 
fundamental culprit in the effective dynamics was found to be 
excessive effective time delay (greater zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthan zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.25 sec.). With 
such large lags, the emphasis on the pilot is stay out of the 
control loopas much as possible, using intermittent, pulse-like 
corrections when needed. The video clip, which was filmed 
fiom some distance away, clearly shows the PI0 start and 
progression, even from a distance. 

For the B-58, in the case of the yaw damper being lost, the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
air& became very difficult to control. This was an early 
example of the "omega philomega d" effect in lateral control; 
unfortunately 1- to a fatal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcrash. 

The h42F2 L i h g  Body produced a series of PI0 incidents 
during its test career. 

The CH-53 has exhibited a range of non-rigid body modes 
which have resulted in PIO. These have occurred over a 
period of time and fiequently involve the motions generated 

by the underslung loads. Frequently, in such cases, the result 
is the loss of the load Gom under the helicopter. 

As an early fly-by-wire, sidestick controlled, aircraft, the 
lessons Gom the YF-16 are significant in several ways. During 
the high speed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtaxi runs before the scheduled first flight, the 
pilot began to rock the wing fiom side to side to gain a better 
appreciation for the aircraft. This was his practice fiom flying 
production test operations on the F-111 aircraft. For the 
YF-16, where the sidestick was essentially force-sensitive, 
this rapidly became overcontrol, developing into a PIO. In a 
wonderfd feat of airmanship, the pilot chose to become 
curborne to regain control of the aircraft. In this case, the PI0 
was first seen in the in-flight simulation performed in the 
NT-33A aircraft. However, this was overlooked as the aircraft 
was prepared for flight. Again, the video recording shows the 
onset of the motion and the subsequent divergence that 
occurred 

Excessive time delays resulted in the F-18 having a PIO, 
following which the d was forbidden to undertake 
carrier landmgs or formation flying until the fix for the delays 
was developed and incorporated. 

The YF-22 incident arose when the pilot brought the aircraft 
into a condition which had never been evaluated before. The 
incident occurred whilst flying a low approach and overshoot 
for the second time in fiont of the gathered pressmen. The 
mode was such that the pilot made a more aggressive forward 
stick input, raising the gear at the same time, which 
"ed the response via a discrete gain change and caused 
an excessive nose down pitch. The view downwards from the 

Table 1A - Famous PlOs 

Longitudinal PlOs - Extended Rigid Body 
- xs-1 - XF-89A 

- F-86D 
- F-100 
- F-101 
- X-15 

- Sea Dart - YF-12 

- MRCA 
- Shuttle 

- FBW F-8 
- YF-22 

- JAS-39 

PI0 during gliding approach and landing, 24 Oct 1947; NACA pilot Herbert Hoover 
PI0 during level off from dive recovery, early 1949; pilot Fred Bretcher; Large 
amplitude Category 1 PI0 
PI0 during formation flying when pulling Gs; Category II PI0 
P O  during tight manoeuvring 
Aft c.g. 
Gliding flight approach and landing, 8 June 1959; pilot Scott Crossfield; (NASA TM 
X-159, Sept, 1959, Finch 8 Matranga, NASA TN D-1057, July 1961, Matranga) 
Category II PI0 
Post take-off destructive PI0 
Mid frequency (Category 111 PIO) 8 high frequency flex mode involvement (Category I 

Short Take+ 1975; Heavy Landing, 1976 
ALT-5 during landing approach glide, 26 Oct 1977; pilot Fred Haise; both attitude and 
path modes involved; Category II PI0 
PI0 during touch and goes, 18 April 1978; pilot John Manke; Category 111 PI0 
PI0 during low approach and wave off in afterbumer, 25 April 1992; pilot Thomas 
Morgenfield; Category 111 PI0 
PlOs during approach, 1990; PI0 during demonstrattion, 1993; Category II 8 111 PlOs 

PIO) 
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cockpit is exceptional, causing the pilot to be aware of the 
change of attitude at low level. This resulted in a stick 
reversal. In response to the question as to why the pilot did 
not break out of the PI0 loop, he stated that he thought 
something had broken and had not recognised the PIO, the 
rate limiting effects having detached zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhim from the aircraft. 

The last examples shown on video were the two incidents 
which occurred with the JAS-39 Gripen. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfirst accident 
happened during a landing approach in gusty conditions. The 
roll activity put the actuation into rate saturation, and the 
motion transferred zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfrom roll to pitch, just prior to touchdown. 
Loss of control ensued and the aircraft ended by rolling over 
following a combined roll and pitch demand from the pilot. 

The second accident, which occurred during the Stockholm 
Water Festival, again started following a rapid stick input, 
which caused rate saturation and the PI0 rapidly diverged into 
a pitch up to very high AoA, at which point the pilot ejected. 
The time zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf" loss of control, the start of the PIO, to ejection 
was of the order of 5.9 seconds. 

It is considered that in this zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcase, the stick dynamics may have 
contributed significantly to the problem which the pilot 
encountered. 

A 111 background into the causes and effects of PI0 is also 
contained in reference 2, which deals with the handling 
qualities of highly augmented aircraft. 

Pilot-Behaviour-Theory Based Categories for PI0 

In severe PI0 cases, there is always a precursor, i.e. some 
unusual set of circumstances which lead to the aircrafi being 
in a sensitive situation. Then follows the "triggef mechanism", 

i.e. that which actually causes the PI0 to break out on this 
occasion, when it did not on maybe several hundred other 
times at the similar condition. Finally, there are the pilot 
mode "shfters" which cause the response of the pilot to 
change, to a synchronous or "bang-bang" control mode. 

Studies of the pilot behaviour in the severe PIOs show 
changes to the pilot behavioural characteristics, and there are 
detectable changes in the pilot-organised system pattern and 
the pilot-pattern transitions. Along with these effects, it is 
possible to detect the Controlled-Element dynamic transitions, 
tiom FCS and aircraft configuration shifts and the sensitivity 
to the pilot input amplitude. 

Three categories for the PlOs can be derived based upon the 
pilot behaviour: 

Category I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Essentially Linear Pilot-Vehicle System 
Oscillations. 

Category II - Quasi-Linear Pilot-Vehicle System 
Oscillations 

Category III - Essentially Non-Lina Pilot-Vehicle 
System Oscillations with Transitions. 

The Design Process 

One of the main concerns which arises from the past 
experience relates to the failure of the design processes 
involved in the FCS development activities. There is plenty of 
evidence, as shown, for this failure, but what is behind it? 

The process zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstarts with the design criteria and the analysis 
which is performed using these criteria. Perhaps there are 

Table 1B - Famous PlOs 

Latemldirectiinal PlOs - Extended Rigid Body 
- KC-135A ' Mild Lateral-directional P I0  associated with omega-phi/omega d, late 1950s (AFFTC 

- 8 5 2  
- F-10lB 
- X-15 
- Parasev 

- 8-58 
- M2-F2 

TR-58-13) 
Roll PI0 while refuelling 
Lateral P I0  at high q ,  subsonic (AFFTC 58-11) 
Lateral PIO, 1961; (NASATN 0-1059, Nov, 1961), Category II P I0  
Paraglider Research Vehicle lateral rocking P I0  during ground taw, 1962; pilot Bruce 
Petersen 
Lateraldiredional control associated crash, Sept 14, 1962; pilot Ray Tenhoff 
Lifting Body Lateral-direction31 PIO, 10 May 1967; pilot Bruce Petersen (NASA TN 
08496) 

High speed PIO, circa 1957; Bobweight and primarycontrol system involved; 
Category 111 PI0  
High speed PIO, 26 Jan 1960; Category 111 PI0  
Low attitude record run second pass, 18 May 1961; pilot Cmdr Jack Feldman, RIO 
Ens Hite; Destructive PI0  

Longitudinal PlOs - Extended Rigid Body Plus Mechanical Elaborations 
- A4D2 

- T-38 
- F-4 
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Table 1C zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Famous PlOs 

Lateml-Directional PlOs - Extended Rigid Body Plus Mechanical Elaborations 
- A-6 Lateral effective bobweight zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAeffects; Category zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI PI0  

PlOs Associated with Higher Frequency Non-Rigid Body Modes 
- CH53E Airplane-Pilot Coupling with Flexible Modes; several major instances in precision 

hover and with heavy sling loads,including crashes, heavy landings, dropped loads, 
etc., 1978 - 1985; Extreme Category I to I I  PlOs 

3D, Multi-Axis PlOs 
- x5 
- YF-16 
- ALT5 
- F-14 
- AD-1 Oblique Wing 

'31 March, 1952; pilot Joe Walker 
"First Flight", pilot Phil Oestricher, Category 111 PI0  
Lateral PIO, just prior to longitudinal PIO; 26 Oct 1967; pilot Fred Haise 
High Alpha, with some Beta; pilot Don Evans zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

problems with the design criteria themselves, in that they do 
not represent the necessary conditions satisfactorily to ensure 
freedom from PIO. 

properly and take account of the lessons which this provides 
for the design process. 

Testing, both in ground simulators and, if possible, in airborne 
simulations must seek to "stress" the design adequately to 
ensure that any inherent problems are uncovered. It may even 
be possible to idenw the trigger mechsms from such 
stressing of the control system design. 

Clearly, there have been examples where this stressing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhas 
been carried out, but the mformation gained has not zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbeen 
acted upon, probably because of programme times.de 
pressures. It is this failure of the design process which is in 
most urgent need of attention if the problems of PI0 are to be 
satisfactorily resolved. 

Conclusions 

PI0 has been a phenomenon of concem to both pilots and 
aircraft designers since the earliest days of flight. However, 
the severity and frequency of occurrence has increased with 
the advent of power flight controls and the use of Fly-by-Wire 
flight control technology. This stems fiom the effective 
increase in the time delays which these zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsystems have the 
potential to introduce, with the consequence that they may 
"separate" the pilot from the control. 

In almost all the cases in which the aircraft suf€ered severe 
PI0 and loss of the aircraft, actuator rate limitmg has played a 
major part. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOnce in rate limit, the actuator adds significant 
phase lag to the response very rapidly, such that it is 
impossible for the pilot to compensate for the effects. 

Lastly, it must be recognised that the FCS design process will 
remain a Discovery Process, and that sufficient flexibility in 
the management and design team is an essential ingredient, 
such that the lessons which can be learned are incorporated in 
a timely manner. All involved in the process, from FCS design 
engineer, through handling qualities specialist, the test pilots 
to the team project management have a role to play in 
ensuring that the process works satisfactorily. Good technical 
communication is the essential prerequisite for success 
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The problem can be solved, and some design teams have 
demonstrated that this is the case. The key is to have the right 
tools, apply the chosen criteria correctly, stress the FCS design 
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The term "Pilot Induced Oscillation" is misleading in that it 
places an undue emphasis on the role of the pilot in the 
process. Clearly, the phenomenon cannot occur in the absence 
of the pilot, but the term PTO suggests that the pilot is in some 
way responsible for the occurrence. He is not. 

The phenomenon may be better described by the title 
"Aircraft-Pilot Coupling", or A-PC. This may be considered to 
better describe what is actually zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoccurring when the pilot is 
trying to perform his normal function, i.e. that of controlling 
the aircraft which he is flying. 

For a designer, the objective should be to ensure that there is 
no possibility of A-PC occurring. Associated With tlus, the 
goal should also be to achieve Level 1 handling qualities. The 
key is to understand the Process involved in design and test 
and to ensure that this is exercised to achieve the objective. 
%s has to be set alongside the management goals of better, 
faster and cheaper, in order that the manufacturer zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan remain 
competitive in the market. 

2) Aircraft-Pilot Coupling Issues 

The key issue facing the design teams is how to arrive at an 
aircraft design which is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAfree from adverse aircraft-pilot 
coupling. Associated with this is the issue of improving the 
flying qualities specifications to improve the effectiveness at 

discrimination between satisfactory and adverse levels of pilot 
coup1 ing zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA. 

This then raises the question of whether the approach should 
be proactive during the design, or reactive in the event of 
there being and incident or accident during the test of the 
vehicle. 

Conventionally, the design process is confused by the lack of 
consensus which frequently exists between test pilot opinions 
and the effect this then has on the commitment and 
constituency of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAteam for elimination of the effects of 
A-PC. There are also questions as to whether the existing 
vehicles have a latent tendency to A-PC which has yet to be 
shown and which may defeat generalised treatments. 

3) The Process Objectives and Means to 
Achievement 

The process for addressing the challenges of aircraft-pilot 
coupling is considered to have the following major objective; 

No adverse A-PC characteristics combined With the 
achievement of Level 1 flying qualities. 

To achieve this it is essential that both the Project 
Management and the A-PC elimination team must have the 
same objective. This also relates to the overall Management 
goal of beiter, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAf i e r  and cheaper, and as such this concurs 
with the Total Quality Management aspiration of "right first 

time". 

A-PC Workshop 

Aircraft-Pilot Couplincl Issues 
How to design/develop an advanced aircraft free of adverse 

How to improve flying qualities specification to provide 
A-PC 

improved effectiveness in discriminating between satisfactory 
and adverse levels of A-PC 
Proactive during zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe design/development, or reactive after the 
accident 
Lack of test pilot consensus/co"itmentlcaency on the 
elimination of A-PC 
Are catasirophic A-PC's lurking in the background of many 
airaafi or isolated occurrences that defy general treatment 

To meet the goal, there are three areas which 
must be considered, i.e. the Team to tackle the 
problem, the Tools to be used and, lastly, the 
A-PC Process itself. 

3.1) The A-PC Team 

The first requirement is the correct team 
composition, constituted early in the design 
process, and left to run with the task to its 
completion, with at least sufficient continuity to 
ensure that nothing is missed. In this way, it is 
important that the team itself decides when help 
is needed, not the manager. It is essential that the 
team is empowered to ensure that the process 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

This Advisory Report on "Pilot Induced Oscillutiorzs " hus been Iwepared at the request of the Flight Vehicle Integration Panel 
of AGARD, .formerly the Flight Mecliunics Panel. 
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runs through successfully to the achievement of the goals set 
out. 

including ground zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbased simulators and in-flight, variable 
stability simulators. Analysis techniques with which the team 
has experience and confidence should be used to back up tius 

work, and this will undoubtedly provide the basic 
design evidence for any possible changes. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

A-PC Workshop 

A-PC Team 
A team formed zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAat the conception of the program 
-Early definition of the full 'Team" is recommended 

facilitates the sense of "ownership" of the consequences of the 

minimises the disruptive "reinventing" of the team to include new 
groups actions 

members 
-Additional outside experts to help with special challenges 

done at the request of the team 
based on a team perceived need 

A team empowered to define zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe A-PC process needed to 
meet the goal 

The team should consist of personnel drawn from Test Pilots, 
Flying Qualities engineers, FCS Design engineers, Simulation 
specialists and, most importantly, a representative h m  the 
Project Management organisation, preferably at a level with 
executive authority. The team should have access to outside 

A-PC Workshop 

help from recognised experts in the field, 
should tius be required, but only at the 
request of the team based upon a perceived 
need for the assistance. It is also desirable 
that the Customer has either representation 
on the team or has v e q  close liaison with 
the team, to ensure that there is 
understandug and ownership of the 
findugs from the team. 

3.2) The A-PC Tools 

Robably the best starting point, which the 
team might consider for the tools to be 
used, is the Flying Qualities definition 
presented in Mil-F-8785C, although the 
team could actually start with any proven 
specification with which they have had 
previous experience. 

Flight simulation is seen as the major 
component for the assessment and 
elimination of any adverse A-PC effects, 

However, it should be recognised that if, from 
their own knowledge, the team has something 
which it regards as better, and with which it has 
a proven track record, then it should be allowed 
to use it as a normal tool. 

3.3 The A-PC Process 

The process which will be followed most often is 
essentially iterative in nature. Frequently the first 
iteration is regarded as a practice attempt at the 
design. The iterations will continue until the 
team meets the goals which have been set for it. 
All of the tools will be employed in the process, 
and it is essential that the pilots are fully 
involved throughout the design activity. 

I A-pcToO's Flying qualities specifications, such as MIL-F-8785C 
Ground based simulators 
In-flight variable stabtlity aircraft 
A-PC research resub considered by the A-PC team to be 
more effective than the specification 
Standard ana~caVcomputatnal tools 

I 

The process is therefore one of starting with a set of design 
criteria, or specification, to act as a set of design guidelines, 

followed by simulation, then detailed analysis of the 

1 
Within the process, avoidance of adverse A-PC may be 
assisted by giving adequate consideration as to how the 
control functions are allocated between the control 
effectors. In this zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcase, it may be more appropriate to 
allocate the rates of control movement by the function 
to be performed, rather than by the more conventional 
method of allocating the rates according to the 
displacements which are required. A consequence of 
failing to allocate the control functionality correctly is 

A-PC Workshop 

Suaaestions for A-PC Team consideration 
Take advantage of the guidance available from the Flying Qualities 

Compliance is not the issue, because beating the Spec is not difficutt 

*The incremental time delay associated with the pilot's inpu! exceeding the 
actuator rate limits should be included as part of the MilSpec time delay 
budget 

specification 

For Fly-by-Wire Controls 

For multi-input controls 
For unstable aircraft, to assure that the critical stability augmentation 
system input is not nulled by the rate or position saturation caused by 
other inputs 
For allaircraft, to assure that the pilot's input is not nulled by rate or . 
position saturation caused by other inputs 
to minimise the elevon coupling associated with the pilot's control input 
being allowed to exceed 100% of the surface authority (causing an 
OR-axis upset) 
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A-PC Workshop 

Aviation Accident Information 
Commercial Aircraft 

1959 to 1990 data indicate a relatively constant 1.5 fatal 

10 fatal accidents in 1989,7 in 1985 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 70 - 75% of commercial accidents were considered the 

accidents per million flights 

responsibility of the flight crew 
General Aviation 

400+ fatal accidents per year from 1985 - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA90 
80% of accidents are attributed to the pilot 

I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
It is essential that the design is properly 
"stressed" during its development and 
assessment, i.e. the problems must be 
searched for using all possible tools and 
criteria with which the team is both familiar 
and comfortable and with which it has had 
experience of successful use in the past. The 
role of simulation cannot be overstressed in 
the pursuance of this goal, whether this be 
ground based or in flight. 

Finally, if a problem is found then it is 
imperative that it is analysed, understood and 
a fur is designed before it enters into the flight 
test phase. The consequences of failing to do 
this have been well illustrated in the 
precedmg presentation. In this context, it may 
be as important for the Managers to the generation of out of axis inputs in response to control 

commands. experience the problem at first hand, perhaps via the use of 
in-flight simulation in a real environment and under realistic 
conditions. 

References 

One of the key features to be examined and avoided is the 
pilot commenting that he feels f i om out from the control 
loop. This is usually a sign of impending disastrous behaviour 
from A-PC. In this respect, it is essential that the incremental 

capability of the actuator rate limit should be included as part 
of the Mil-Spec time delay budget. For Level 1 Handling, this 
time delay must be less zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthan 100 millisec. Compliance with 
the specifications should not prove to be too difficult. The key 
is to treat the specification as a set of guidelines and meet the 
intent. It is this aspect that may, and usually does, produce the 
most difficulty, as the designers need to understand the 
intention behind the specification rather than simply the rules 
which it declares. 

time delay which can result when the pilot's input exceeds the 1. Mil-F-8785C 
Flying Qualities of Piloted Aqlanes. 

4) Conclusions 

From past experience, it can be concluded that the description 
of Pilot Induced Oscillations places an unwarranted emphasis 
on the role of the pilot in these events. Whilst it is clear that 
they zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan not occur without the pilot, they are not due to the 
pilot, but to a failing in the process for design of the system 
including the pilot in the control feedback loop. A better term 
for them would be Aircraft-Pilot Coupling. 

The goal for any design team must be the avoidance of 
adverse A-PC effects. This is probably best attained by 
ensuring that the team designs the system to achieve Level 1 
Handlmg Qualities. It is suggested that a specification such as 
Mil-F-8785C should prove to be an adequate starting point for 
this process. 

The team to engage in the design process must be properly 
constituted with representatives from all of the disciplines that 
must contribute to the process. Included in the team should be 
FCS designers, Flying Qualities engineers, Simulation 
experts, Test Pilots and, perhaps most significantly, 
representatives of the Management Team and Customers. It is 
important that cooperation forms the basis of the team 
operation. 
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Observations on P I 0  
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1) Background and History zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The preseritation started with an analogy. Comparison of the 
handling characteristics of a Porsche with those e x p t e d  from 
a modern combat type aircraft indicate that we .accept 
significantly poorer handling performance with the aircraft 
than we would with a high performance road vehicle. 

The work which led to the evolution of the Smith-Geddes 
criteria stems from work performed for the USAF in relation 
to the F-15 aircraft. The logic that arrived at the criteria 
stemmed from a belief that the exiding handling qualities 
criteria were inadequate for assessing the PI0 susceptibility of 
an aircraft, and that the only successful way to tesz for this 
was to use the methods of Handling Qualities During 
Tracking (HQDT). The work which was performed was 
offered for the update of Mil 1797, but was not incorporated. 

* In introducing himself to the audience, the presenter stated 
that he was not "a member of this church", and that his views 
were considerably at variance with the majority of those who 
might speak on this subject. 

The presentation concentrated on the un@stStanding of PI0 
and the process by which it originates, using a simple model 
to demonstrate the characteristics which are inherent. The 
presentation also provided an explanation of the 
Smith-Geddes criteria, without resorting to the detail of the 
theories which support the criteria. 

'Ihe major thrust relates to the application to the assessment of 
PI0 susceptibility and includes a commentary on the state of 
the control law development, together with the associated 
flight test technology, as perceived fiom the position of the 
presenter. 

(Editorial Note - The slides which form the basis of the 
presentation are nearly self explanatory and the notes which 
follow are therefore derived from the transcription of the 
Workshop recording of the presentation and subsequent 
discussion.) 

2) Comments on the Criteria and the 
Assessment Process 

As noted above, the criteria proposed for the assessment of 
PTO susceptibility was derived in rcsponse to an Air Force 
Test Centre requirement for a reliable method with which to 
evaluate aircraft passing through their hands. 

The presenter showed that his belief was that all FBW aircraft 
should obey the same Handling Qualities requirements, and 
that his real concern was aimed at the designs of commercial 
aircraft which featured FBW control systems. Specifically, it 
was comidered possible that these aircraft were being 
designed PTO prone. 

The presenter believed that when zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAan aircraft failed to meet 
some particular criteria which might prove to be significant, 
then a possible way forward was to amend the criteria, rather 
than to identify the cause of the noncompliance and then fix 
it. He expressed the personal belief that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthis had in fact 
occurred in the past. The view was expressed that there vias a 
significant improvement to be had from the Handling 
Qualities are by adopting an improved approach. 

In assessing aircraft, the presenter's view was that specific 
testing for PI0 susceptibility was avoided and that, at least in 
the past, the PIOs had been discovered by accident, rather 
than being deliberately sought prior to cure. The result of this 
approach was often and accident or incident. Poor handling 
qualities had zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbeen accepted as necessary adjunct of obtaining 
good performance. 

Within the USAF test community, there had been a different 
approach adopted. The work undertaken there had been 
targeted at identification of the system dynamics and the test 
pilots had becm trained to stay out of the control loop as far as 
is possible. In this way, they were better equipped to cope 
with PI0 prone dynamic behaviour. It was also found that it 
was difficult to get a trained test pilot to close the loop in the 
same way as a Service pilot would. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

This Advisory Report zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon "Pilot Indi4ced Oscillations" lias been Impared at tlie request of tlie Flight Vehicle Integration Panel 
of AGARD, foriiierly the Flight Mechariics PoneI. 
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It was the experience with working with test pilots that 
brought about the doubts in the presenter's mind with regard 
to handling qualities evaluations. This stems from the 
variability or subjectivity of a pilot's views, and indeed it is 
possible to obtain a range of comments kom an individual 
pilot. 

3) Understanding the P I0  Process 

Fundamentally, PI0 is a simple process, although there are 
many issues related to it which will never be fully understood. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A very simple model of the pilot behaviour could be 
developed of a "synchronous" or 'Tmg-bang" zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtype, where the 
pilot is modelled as responding in this manner to an 
observation parameter, such a aircraft attitude or normal 
acceleration. 

The non-linearity involved in reality is extremely complex, 
but is probably not entirely relevant with regard to the 
specifications of what has to be achieved with regard to 
provision of good handling qualities and resistance to PIO. In 
this respect, the presenter expressed severe reservations with 
regard to the applicability of task oriented flying qualities and 
Cooper-Harper ratings as a means to ensuring the aircraft is 
free of adverse PI0 characteristics. 

Use of these methods was considered to hinder the resolution 
of the parametric effects which might be considered in the 
establishment of a design, or in the repair of a design. The 
alternative PI0 rating might be acceptable, but did not fit with 
the concept of task oriented Flying Qualities tests. This stems 
from the difference between the assessment of closed loop 
stability and overall system performance. 

Theory was considered to be a better way to diagnose possible 
PIO. 

The simple model which has zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbeen evolved consists of a 
"bang-bang" pilot, with a threshold and a time delay, followed 
by a representation of the aircraft dynamics by an appropriate 
transfer function, or a simulator. The feedback could be 
various, e.g. normal acceleration, flight path angle, attitudes 
etc. 

Using such a model, the results of which correlate with the 
PI0 traces which arise from flight test, it was possible to 
defie ''go') or "no-go" tests for PIO. For a PI0 to exist, this 
simple model must exhibit a limit cycle, at least. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn example, 
correlated with flight, was shown for a roll response. Plotting 
the results in the phase plane, it was demonstrated that a 
reduction of the command gain would remove the instability 
and limit cycle tendency of this simple system. 

4) Application of the Criteria 

The basic Smitli-Geddes criteria has been applied by the Air 
Force Test Centre over some period of time and to many 
aircrafi in the current inventory. Use of the criteria had 
predicted problems with the Shuttle, the B-2 and the C-17, all 
of which had experienced problems with PI0 in some form. 
The presenter expressed his confidence with the criterion in 
the hands of a team of engineers who had been close to its 
derivation. 

The same does not appear to have been universally the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcase 
when used by engineers who were not involved in the 
derivation, but only the application. 

(Editorial Note - Clearly, korm the discussion which ensued, 
there was a significant debate going on zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwithin the US 
regarding the effectiveness of the criteria, or perhaps the 
meaning of the results that were produced. Successes and 
failures to show what was actually happening were claimed, 
but without resolution of the arguments at this meeting.) 
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One of the concems which comes from the work presented 
and expressed by the presenter, is that a student pilot, because 
he does not have the training, is more likely to adopt a 
command strategy which approaches this simple model and 
hence may be more likely to mi into the problems which 
result. 
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Unified Criteria for ACT Aircraft Longitudinal 

Dynamics zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Mr. Roger H. Hoh 

Hoh Aeronautics Inc. 
Vista Verde Center #217 

2075 Palos Verdes zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBADr. North 
Lomita, CA 90717 

United States 

1) Introduction 

Roger Hoh pointed out that the USAF was pursuing the PI0 
issue actively and was in the process of appointing contractors 
to research the problem and was encouraging them to share 
experience and work together to a solution. He went further, 
by suggesting that the AGARD c m " m t y  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcould, perhaps, 
assist in this process, as had occurred in the past with, for 
example, Workmg Group 17, which had examined the 
Handling Qualities issues for highly augmented and unstable 
aircraft. A key issue within this process was identified as "the 
encouragement of people to express their ideas openly". 

2) 
They zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBATry to Encompass 

Possible Criteria and the Characteristics 

Essentially, the analysis commences with examination of the 
small amplitude, short term response of the aircraft as 
indicated in figures 1. Here, the areas examined are zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe 
attitude bandwidth, wewc and 7p, the flight path bandwidth and 
any dropback. With this established, the analysis moves to the 
moderate amplitude response, looking at attitude quickness as 
the critical parameter. 

Phase lag at the crossover point is seen to be a key element of 
any criteria which attempis to evaluate this problem of PI0 
susceptibility. Examination of the trends for increasing pilot 
gains allows establishment of the phase margins. Using 
Mil-STD-1797 as a guideline sets a limit of 45" phase margin 
under the conditions of maximum pilot trackmg gain. If the 
pilot continues to track with increasing gain, then it becomes 
essential to examine the phase roll-off. Two examples of 
differing characteristics ase shown in the figure 1. The 
problem relates to identification of how far you zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan go before 
nmning into the problems. 

Figure 2 illustrates the type of boundaries which can be 
applied to the small amplitude, short term control measures of 
Phase Delay, Pitch Attitude Bandwidth, dropback and, finally, 
flight path bandwidth and pitch attitude banhdth. 

Figure 3 illustrates the concept of quickness, which is 
routinely applied to the rotary wing aimaft, but is not yet 
used in the fmed wing application. The concept is analogous 

to bandwidth, except that it applies to manoeuwes of larger 
amplitude. The figure illustrates the expected shape of the 
boundaries and how the terms are defined fiom the frequency 
response. 

2.1) The Concepts of Phase Delay 

Phase delay captures the "shape" of the frequency response 
curve nicely. For many systems, whch feature classical 
aircraft behaviour typical of aircraft without complex 
augmentation and actuation systems, it is possible to use the 
Low Order Equivalent Systems (LOES) approach as for these 
cases the shape is described via the "time delay". In these 
cases, PI0 will OCCUT when a small increase in gain is 
accompanied by a large loss of phase. However, for aircraft 
which do have complex augmentation, then such an 
approximation is likely to be misleadmg as the phase roLl-off 
cannot be captured adequately via an equivalent systems 
approach. For such systems, it becomes essential to examine 
the phase roll-off in detail. Figure 4 illustrates the differing 
aircraft response types which may be encountered, with 
clearly very Merent characteristics. 

In examining the database for the effectiveness of the Various 
criteria, it became apparent that some cases did not fit well 
with the recommended crihia for assessing handling qualities 
and PI0 susceptibility. Figures 5 and 6 illustrate some of the 
effects. However, when the John Gibson dropback criterion 
was added and applied, then the points mostly came into a 
seasible fit. As an alternative approach, work at NASA 
Dqden has utilised the flight path bandwidth, with equal 
success. 

Of interest, it was noted that the Space Shuttle failed all the 
criteria, whichever way they were looked at. Whilst it is 
perhaps not surprising that this vehicle does have a PI0 
tendency, what is surprising is that the pilot evaluations are 
not to be trusted. The vehicle awaits the appropriate trigger 
for a major PI0 and tlus should not be a factor in the decision 
process. The deficiency is there, should be recognised and 
fixed. 

This Advisory Report zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon "Pilot Inditced Oscillations" has been prei>ored at (lie reqitest of the Flight Vehicle Integration Panel 
of AGARD. foniierly the Flight Mecliaiiics Panel. 
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2.2) Triggers zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
From what had already been presented, it was clear that the 
concept of a "trigger" mechanism is warranted. However, it is 
not clear what the actual triggers are. Ralph Smith indicated 
that the trigger mechanism could actually be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwitlun the 
aircraft, or it could be the pilot, usually responding to some 
external influence. Both are significant and neither aspect 
should be ignored in any analysis or assessment. During the 
discussions which took place during the workshop, it was 
suggested that it may never be possible to identify all the 
triggers which are out there waiting for the right set of 
circumstances. 

response shaping characteristics very nicely. It hat 
shown that these methods even capture the T-38 PIO. 

been zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

2.3) 

Presently, no criteria are available whch relate to the 
implications of rate limiting for fixed wing aircraft. The use of 
Attitude Quickness parameters is the closest approach, but 
this is confined to the helicopter fraternity. Combining the 
Attitude Quickness with bandwidth at small amplitude does 
enable the effects of rate limiting to be picked up with the use 
of aggressive Mission Task Elements. 

The Effects of Rate Limiting 

2.4) Response Characteristics and Appropriate 
Analysis Techniques 

One of the problems which has to faced is that with Active 
Control Technology, it is possible to make the response look 
like anythmg that you want. However, different mechanisation 
will influence the response shaping. Again, figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 illustrates 
this effect. 

Classical aircraft responses have the form of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk/s between the 
phugoid and short period for the flight path response. The 
application of Equivalent Systems depends on this 
characteristic being followed. If the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsystem under 
investigation does not follow this pattern, as many ACT zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
systems do not, then the Equivalent Systems approach cannot 
be used reliably. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAn example of this is with a rate demand, 
attitude hold system, which does not follow the form of k / S .  If 
the LOES methods are applied to this type of controller, then 
it is possible to fix the pitch response but degrade the path 
response. 

2.5) Feel System Influence 

One concern which was raised in the presentation relates to 
the question of whether or not to include the feel system in the 
model for assessment and establishment of the criteria. 
Ideally, a common approach would be adopted for all criteria, 
based upon first principles. Currently, it is believed that the 
choice is made somewhat arbitrarily, depending upon the 
team's past experience rathe-r zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthan upon any deterministic 
assessment. 

3) Concluding Remarks and Discussion 

As far as criteria development is concerned, the presenter 
agreed with Ralph Smith that all aircraft needed to be 
evaluated agamst some criteria In this regard, the work which 
had been reported by John Gibson appeared to capture the 

On this basis, it would appear that there is a combination of 
criteria required to adequately predict the Susceptibility to PI0 
and that no single criteria could adequately capture the 
characteristics in a meamngfd way. 

In the discussion which followed this presentation, the effects 
of rate limiting were raised. These effects zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be sufficient in 
their own right to bring about a PI0 tendency. It was admitted 
that PI0 usually starts out of rate limiting, but the effect of 
rate limiting is to lock the PI0 in. This requires very positive 
action to unlock, e.g. by either clamping or letting go of the 
stick. It was noted that this is not always psychologically 
either possible or desirable! 

Rate limiting effects are not covered in any of the flying 
qualities specifications. The question was asked, 'Why not?". 
To cover this aspect, the criteria needs to cover the effects of 
amplitude and it is not clear how to incorporate this effect into 
the criteria. This could imply problems for " C a r e h  
Handling" systems, in that do we really understand what is 
required to achieve the carefiee handling objective when the 
effects of amplitude on the handling qualities 'criteria remain 
to be defined. 

Chic Chalk raised a point about the T-38 PIO. Analysis 
performed by STI had shown that the pilot could not adopt to 
the change in dynamic characteristics which occurred with the 
bobweight working and not working. He pointed out that on 
the T-38 it was possible to move the controls without moving 
the bobweight due to the effects of the actuation control valve. 

Figure 7 summarise some of the characteristics of the T-38 
PI0 which a has been reported by Northrop in report 
NOR-64-143 and has been subjected to analysis by Systems 
Technology, Inc. Figure 8 shows the flight record of the PI0 
itself. 

This particular P10 case has been the subject of many separate 
analyses over a period of time, due to its unusual features. 
Here it has been analysed using the various available current 
criteria with varying effect, as illustrated in figures 9 to 12. 
Use of the Mil-STD-1797A approach, i.e. the equivalent 
systems CAP criteria is shown in figure 9. This indicates that 
the effect of removing the bobweight is to reduce the predicted 
handling rating to Level 3. 

Use of the "Gibson" criteria, shown in figure 10, indicates that 
both with and without the bobweight, the vehicle would be 
likely to have a PIO, due to low gain margins without the 
bobweight and because of the bobble and dropback combined 
with high phase rates with the bobweight. 

Figure 11 shows an application of the R.Smith criterion, 
which indicates there should be no PIO, with or without the 
bobweight and that the bobweight should improve the 
aircraft's handling. 



Using the bandwidth and overshootldropback criteria, the 
results of figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA12 show that this predicts a PI0 with the 
bobweight and not without it. i 

L as could the effects of the bobweight on this parhcular 
aircraft. However, during the discussions, it became apparent 
that the impact of the actuation behaviour may have had a 
dominant effect on the overall behaviour of the aircraft, and 
that separating out the effects of the actuation and bobweight 
may not be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas straight forward as at first thought. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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ATTITUDE QUICKNESS CRITERION AS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAA MODERATE AMPLITUDE 
AGILITY REQUIREMENT 

BASED ON OPEN LOOP BOXCAR INPUTS OF VARYING DURATION AND 
AM PLlTU DE. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
IS ANALOGOUS TO BANDWIDTH, EXCEPT IT APPLIES TO LARGER 
AMPLITUDE MANEUVERS. 

DEFINITION OF CRITERION PARAMFTERS, AND EXPECTED SHAPE OF 
BOUNDARIES IS SHOWN BELOW. 

RIGHT PATH 
FREOUENCY REspoNsE 

ATTrmoE 
FREOUENCY REspoNsE 

161 A-\ 1 %  1 1  IN& 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACONMNTloNAL 

- zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-8 P 

- 1 * rp  
2 1 

1 

RATE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACOMMANO '+' \-. \ ATTIWOE HOLD zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
OD' 

Ts 

AllITUDE CO- If1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA7 '-% AllITUOE Hou) 

1.2 m'  

- O D  ----c a' 

GENERIC CHARACTERISTICS OF THREE RESPONSE-TYPES 
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I zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Y F - I 7 ( d ) ( H Q R  2) 

c-3 

-1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 -160 

I 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI 

-1 70 -1 80 -190 - 200 -210 - 220 -230 
Attitude Phase Angle zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAat Criterion Frequency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0.3 
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YF-ll(orig.)(HQR IO) - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
1 0.2 - 3 
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EXLOIPLE APPLICATION OF PI0 CRITERIA 

T-38A PIO: M zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.91, h = 6500 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAft 

Nonlinear bobweight effects 

Reached load factors of about +8g, -9g 

No bobweight: 

e MF,(s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAi3.18) 

Fe 
- I .  

s(s +20)[s2+2(.4)(7)s +7’][s2 +2(.18)(18)s + 18’1 

Bobweight loop closed: 

e MF,(S i3.18) 
- 3  

Fe ~(~+21.8) [~~+2( .1 ) (9 .8 )s  +9.82][sz+2(.23)(17.7)s+ 17.7’1 

TIME HISTORY OF THE PI0 

Analyzed by Systems Technology, Inc. 

Results published in Northrop Report NOR-64- 143 
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APPLICATION OF MIL-STD-1797A CRITERIA 

Equivalent Systems (CAP) criteria: handling qualities Levels 

DAMPING zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

'0 No bobweight: Level 2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
-- High time delay 

With bobweight: Level 3+  

-- Level 2 time delay 

-- Below Level 3 damping 

APPLICATION OF MIL-STD-1797A CRITERIA 

Gibson design criteria (no handling qualities Levels) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
n zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA28- No bobweight: PI0 likely 
9 

I 
t " 18 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
A 

-- Low gain at 0.3 cps - 
c -- High phase rate 
d 
B 

With bobweight: PI0 likely 

-- Bobble and dropback 
-- High phase rate 

, _ _ _ _ _ _ _ _ - - - - - -  -. 
Ho bobualght 

-288 -188 -lo8 -14E -IDB -188 -88 -68 -48 -28 8 

Phase (dq )  
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APPLICATION OF PROPOSED CRITERIA 

R. Smith (including Level boundaries for comparison purposes) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
U zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0.9 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
p 0.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6 0.7 
E 0.6 
g 0.5 
E 0.4 

0.3 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.. 
0.2 .' 

0 

- 
c 

e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8 0.1 '. 
n 1 

-60 -80 -100 -120 -140 -160 -180 

Attitude Phase Angle at Criterion Frequency, 4 8- 
(degl Fe l ( j  4 

No bobweight: No PI0 

-- Solid Level 1 
-- Meets stringent limits 

With bobweight: No PI0 

-- Solid Level 1 
-- Improved handling 

APPLICATION OF NEW CRITERIA 

Bandwidth plus overshootldropback (including Levels) 

Level 3 Isusceptible to PI01 

20 .14  Level 2 (susceptible to PI01 

0 0.06 a 0.04 i 
0.02 ; 

O L  
0 1 2 3 4 5 

Pitch Anltuds Esndwidth.'+~ lradlsscl 

bobweight added 5 .  
" !  

z . 1  3 

" , 3 -  PI0 possible 

2 "  I no bobweight 

.' no PI0 L .g I 

0 I !  

6 1  
1 -  

0 0.2 0.4 0.8 0.8 1 

Pitch Adludo Oropbsck AT3 lllsrcl 

No bobweight: No PI0 

-- Level 2 (low Bandwidth) 
(gain margin limited) 

-- No pitch bobble 

With bobweight: PI0 likely 

-- Level 3 +  j 

-- Pitch bobble 
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Looking for the simple P I0  model 

Mr. John C. Gibson 
Consultant 

19, Victoria Road 
St Annes, Lancashire 

England 
FYS 1LE 

United Kingdom zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
U PI0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBACharacteristics 

The PI0 record of the NASA F-8 DFBW in Figure 1 is an 
amalgam of many general features to be found in such events. 
There is a tight task, to keep the nosewheel off the ground 
despite limited rear fuselage clearance; excessive lag from the 
0.1 second time delay; an initially small rapidly diverging 
attitude oscillation; the onset of actuator rate saturation 
leading to a marked reduction in frequency, accompanied by a 
tail strike to spur on the pilot's efforts; some full amplitude 
stick inputs; removal of the time delay but with no immediate 
effect; selection of SAS "on" changing the dynamics 
sufficiently to produce a subsiding oscillation; a 
corresponding increase in frequency; and eventual recovery. 
The pilot's inputs track the fiequency with varying form, fiom 
effectively an initial sinusoid in anti-phase with the attitude, 
to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAari irregularly non-linear form where the phasing of the 
hdamental wanders about in between the pitch rate and the 
attitude peaks. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Among such generality, the fine detail varies from case to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
case. In the Figure 2 PI0 (which initiated the PI0 criteria 
developments over many years at BAe Warton), the landing 
task was routine and the pilot perceived the event as some 
initial turbulence response followed by a large pitch up 
despite full forward stick. Although to an engineer this was 
plainly a PIO, the pilot was completely unaware that an 
oscillation driven by his inputs had occurred. The input 
sinusoid fundamental diverges fiom a small beginning and 
tracks the attitude very closely, the fiequency reducing as rate 
saturation sets in. There is an additional higher frequency 
dither which may be neuromuscular, possibly associated with 
the natural frequency of the pitch control circuit. 

In the Figure 3 event, with an intermediate FCS standard, the 
reverse situation applied. It could be identified only because 
the pilot said he had frozen the stick just before touchdown as 
he felt he was entering a PIO. The record shows a reduction 
in amplitude, an increase in fhquency h m  the final approach 
stick pumping, and an increase in stick dither. These are 
insufficient to indicate a PI0 by analysis, the previous 
pumping being of entirely normal character induced 
subconsciously. However, it confirmed a prediction made by 
the author that this FCS standard would be found 
unsatisfactory, and it led directly to prohibition of its use for 
take off and landings until the final standard was introduced. 

In the phase between initial and intermediate FCS standards, 
a Panavia company conducting Tornado performance take off 
trials performed an acceleration with the initial augmentation 
standard engaged in order to reduce the stick load to achieve 

full leading edge dowi tail angle, Figure 4. The intent was to 
switch off the augmentation as the aircraft rotated for lift off, 
but the deep saturation due to excessive command gain 
allowed a sharp pitch up before the tail moved off its stops. 
The resulting corrections launched the pilot into an instant 
fully developed large amplitude PIO, which subsided at once 
after the augmentation was eventually switched off. 
Dominated by the actuation characteristics, the PI0 remained 
virtually constant over a speed increase greater zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthan 100 
knots. In this example there was no divergence from a small 
beginning; the pilot's inputs were irregular and non-linear, 
and the fundamental phasing lies somewhere between the 
pitch rate and attitude peaks. 

The YF-22 PIO, Figure 5, did not occur during take off or 
landmg but in a low altitude fly-by. Set off by an unexpected 
trim change, the PI0 diverged rapidly from small to large 
amplitude. The rate limiting said to be a factor is not 
obviously evident in the stabilator or nozzle records. 
Presumably it was located within the control law functions in 
such a way as to add substantial phase lag, explaining the 
failure of the relatively smooth stabilator trace to reflect the 
sharp comers of the stick input trace. At first the pilot's inputs 
were non-linear and slightly irregular, with the phasing 
drifiing from the attitude towards the rate peaks, but then 
entered a period of gross irregularity. 

The oscillation in Figure 6, from the FBW Jaguar digital FCS 
research aircraft, shows how powerful is the attraction to the 
"PI0 frequency" (nominally where the attitude lags the stick 
by 180") even for the most minute amplitudes. The flight was 
in cloud, and a pitch mode change selected by the pilot 
resulted in a change of trim stick position faded over a few 
seconds. At the same instant the HUD failed, leaving the pilot 
with only the head down attitude indicator. He immediately 
entered what he described as a f 112" attitude PIO, but as 
the traces show it was much smaller than that, approximately 
& 0.06" with a stick amplitude of f 2 mm or less. There was 
about the same pitch acceleration as is normally excited in the 
landing flare pitch pumping, due to the high PI0 frequency of 
1.8 Hz which also agreed precisely with the analytical value. 
Apparently this enabled the pilot to maintain a low input, but 
he misinterpreted its double integration into an assumed 
attitude oscillation which was not otherwise visible to him. 
The high pitch rate sensitivity (see Reference 1) of the design 
led to excessive gain at the PI0 frequency, but all other PI0 
indicators were negligible. In this example the pilot's inputs 
were essentially linear and in anti-phase with the attitude - or 
more probably in phase with the pitch acceleration which was 
the only physical cue available. 

This Advisory Report on "Pilot Indi4ced Oscillations" hns been prepared at the reqrtest zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the Flight Vehicle Integration Panel 
of ACARD, formcrly the Flight Mechanics Panel. 
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Figure 7 is included as a reminder that roll zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be just as 
much a problem. In this case the cause was a mixture of 
spoiler actuator rate saturation and excess command gain and 
phase lag at the PI0 frequency, and it was eliminated by 
attention to the latter. Nowadays one would certainly consider 
the new rate limit algorithms called for by AWarrah zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas well. 
A result of the saturation is that both spoilers operate 
simultaneously for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAperiods, in which the control power is 
effectively doubled. Here the pilot inputs again contain a 
range of phasing and non-linearity. (Similar actuation effects 
may be the cause of reported occasional roll PI0 on some 
modern jet airliners, and it is known that a command filter 
has been provided to cure this on one such FBW zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtype.) 

22 The Pilot 

It is one thing to determine what the pilot did in each of these 
PI0 examples, but quite another to develop a theoretical pilot 
model which could predict before the event the exact 
behaviour seen there. The non-linearity and irregularity 
makes success unlikely in the extreme. One reason for 
seeking the simplest possible pilot model for PI0 is evident 
in the film of the Figure 1 PIO. The extreme variations in 
attitude so close to the ground would be stupefying. It is 
typical that pilots in such PI0 believe that something has 
failed and their reaction is little more than a desperate 
survival effort to prevent the aircraft from impacting the 
ground - the "lawn dart trick" of the YF-22 pilot. The lack of 
connection felt by the pilot between the stick and the response 
has been discussed further in Reference 1 .  These factors are 
ample explanation for the "out of body experience" described 
by a speaker at the Workshop. A subtle control strategy could 
not be expected. It is also unnecessary to invoke the control of 
n o m 1  acceleration in landing or take-off pitch PIO, and 
meaningless in roll PI0 which is of generally identical 
character. 

In the pursuit of understanding normal closed loop pilot 
behaviour and of optimum handling qualities through the FCS 
design process, the simplest functional pilot-aircraft model, 
WS, has been of inestimable value even though it does not 
represent reality perfectly and despite the existence of highly 
detailed structural models of the human pilot. In the world of 
chaos theory - and a major PI0 is certainly chaotic! - simple 
though non-linear deterministic equations have been shown to 
provide accurate global representations of random or chaotic 
behaviour in innumerable fields of science. Examination of 
PI0 records shows the dominant role of the zero crossings of 
the attitude rate, representing the peaks in attitude but more 
precisely delineated both in the records and in the pilot's 
visual perception. This point signals the reversal of the stick 
motion and enables a simple model of the pilot behaviour to 
be constructed which gives a sufficiently good global 
representation of the flight events, even though it will not be 
exact. 

Such a model is implicit in the fixed base simulation PI0 
assessment techniques used for many years at BAe Warton. 
Simply by exciting the PI0 frequency oscillation at all stick 
amplitudes including the largest possible, without regard for 
any task "trigger", it is possible to determine the 
susceptibility to PIO. The nature of the stick force and 
displacement characteristics (which must of course be 

accurately simulated) tends to induce the variations in shape 
and phasing seen in the examples above. A conventional pitch 
stick will tend to produce a sinusoidal input with its peaks 
locked to the attitude peaks. Shorter travel andor lighter 
forces will tend to produce a more relay-like action, but 
probably retaining some elements of the sinusoid. This would 
typify a normal roll stick but zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be seen in the NASA F-8 
record. A very short travel stick is llkely to produce an almost 
pure relay-like action, as in the YF-22, with its fundamental 
apparently locked to the rate peaks. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(See Figure 14 in 
Reference 1 .) 

Although non-linear analytical models of such behaviour have 
not been employed at Warton, the simulator being the 
preferred option, such models should be perfectly feasible. 
Two have in fact been proposed at this Workshop, by Chalk 
and R.H.Smith, and it is strongly recommended that such 
models should be more widely considered. Some development 
to include the quasi-sinusoidal inputs would be desirable, 
since these occur about as often as the more relay-like type. 

The Aircraft a 
Despite the need to ensure that PI0 can be detected by such 
methods, it should be mandatory to try to ensure its 
elimination in the design process itself. It is not too simplistic 
to assert that PI0 happens because it is possible, and that it 
will not occur where it is not. It is not a mysterious oscillation 
conjured up by mischance or pilot incompetence. It is a well 
defined manifestation of a closed loop instability where the 
necessary aircraft contribution is readily identified. Three of 
the major aircraft properties relevant to PI0 susceptibility, its 
phase delay, PI0 frequency and PI0 gain, have been 
discussed in Reference 1. The gain has not been much 
considered in the past literature, and is further addressed in 
the following. 

- 

- 

The evolution of the Tornado FCS design to solve the early 
PI0 problem took place over a short period of time 
commencing more than 18 years ago, predating such material 
as the M I O S  data and the comprehensive methodology 
developed at Warton through subsequent projects. It is 
instructive to compare its PI0 parameters with the current 
criteria, Figure 8. The intermediate design was not a response 
to the PIO, having been prepared before it occurred, but as it 
was an obvious improvement it was adopted. The author's 
reservation noted above was based on there being little 
change in the pitch dynamics, suspected as being a primary 
factor but without a positive means of quantifying the effects 
at that time. The main change was a significant gain reduction 
at the PI0 frequency. This is indeed confirmed by the current 
criteria, there being little difference in phase delay or 
frequency but an improvement in gain of one HQ level. The 
Figure 3 event finally led to the agreement that further 
improvement was mandatory, which was provided by the final 
design. The main deficiency of the unaugmented aircraft was 
sluggishness but with no PI0 tendency, and it had in fact 
always been considered slightly easier to land in this mode 
than in the initial augmented mode! 

The significance of the PI0 gain in its own right was seen in a 
Calspan experiment discussed in Reference 2, where a 



configuration was rated 8 and 9 for tracking at 6.9 lb/g. When 
the stick force zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAper zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAg was increased to 1 I lb/g, it was rated zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4 
for flight refuelling . A somewhat similar experiment was 
done in a brief BAe familiarisation exercise with the Calspan 
Leajet 25B. This was designed to explore the effect of the 
PI0 gain in configurations with acceptable phase delay and 
satisfactory PI0 frequency, Figure 9. The handling of cases 1, 
2 and 3 was rated essentially levels 1, 2 and 3 respectively, 
which was the hoped for result. At 6 lb/g, case 3 exhibited a 
small and continuous oscillatory tracking behaviour, though 
safety of flight and gross loss of control were not remotely an 
issue. At 12 lb/g, Without a change in dynamics, it became 
relatively smooth and was rated Level 2 for tracking. The 
obvious mismatch between the stick force per g and the 
attitude sensitivity was noted by the pilot. 

High order roll PI0 is identical in principle to pitch PIO, 
Because the stick forces are usually light, PI0 gain limits 
based on response amplitude per force input are unlikely to 
work. The maximum PI0 attitude res.ponse that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be 
generated by using zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA111 stick displacements have to be 
specified instead, as noted in Reference 1. 

While stating which parameters are useful PI0 identifiers, it zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
can be equally desirable to point out those that are not. In the 
LAHOS and other Calspan flight research data, the 
"equivalent model" that exactly represented each set of 
dynamics was of course the basic short period mode plw the 
lag filter, rather than another nominal mode plus a time delay 
which looks less and less like a lag the larger its values 
become and the more deeply one examines all the relevant 
response characteristics. It is very clear that the PI0 
susceptibility cannot be identified from the lag value itself but 
only from the whole integrated response. Figure 10 shows 
examples where the effect of added lags varied from excellent 
to no change in rating to catastrophic, without any obvious 
correlation to their value. The effect is subsumed in the 
combined effects of the phase delay or average phase rate 
(Reference 1 ), PI0 frequency and gain. 

Figure 11 shows how easily the PI0 frequency can be 
obtained by pencil and ruler from the Bode plots of the 
Shuttle Orbiter at three PI0 €light conditions. The phase 
delay takes only a little longer. The stick characteristics are 
not given in detail and so the PI0 gain factor is not well 
clarified, though it does appear to be large. The method is 
much simpler and at least as accurate as the more elaborate 
analyses reported in the source, and is a well proven design 
process. 

Another example of the need to examine the actual response 
rather than some mode parameter or formulaic expression is 
shown in Figure 12. This violates the nominal linear PI0 
boundary of 2{p, 1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAl/T02, which was postulated in 
considerable discussion about the results as the true 
explanation for the PI0 at low stick forces. In fact even at 1 
lb/g the attitude margins are quite substantial because the 
phase shift associated with the violation occurs at a high 
enough frequency to cause no serious harm. As shown in 
Reference 1, if the short period frequency is very low then 
this violation does indeed create problems. In this example it 
seems much more probable that the PI0 was in flight path 
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and not attitude at all. In the simulation experiment, height 
and height rate were the principal parameters displayed to the 
pilot, the attitude being available only on a head down 
attitude ball. Flight path angle, equivalent to vertical velocity, 
always lags the stick by 180" at the short period frequency, 
while vertical path or height displacement lags by 180" or 
more at all frequencies. These are notoriously difficult to 
track in a closed loop manner, and the flight path angle 
margins here are very small. The truth of the matter could 
now be resolved only by examining the simulation records - if 
they are still available after 30 years! 

The most dificult aircraft response characteristic to deal with 
in the prevention of PI0 is often the rate limiting, inevitably 
part of most systems. Its effects depend greatly on its location, 
but it almost always has at least an unsatisfactory mfluence 
on the PI0 frequency and gain at large stick amplitudes and at 
worst may cause catastrophic closed loop instability, 
pilot<oupled or not. The minimisation of high frequency 
command gain and phase lag can do much to ameliorate it. It 
may be that this beast has finally been tamed by the 
development of rate limit algorithms to eliminate their phase 
lag, which were called for by A'Harrah. If these are positively 
confirmed to have no adverse handling effects, as preliminary 
studies appear to show, then a major cause of non-linear 
response PI0 will have been eliminated. 

3 Criteria Formalisation 

18 years after the Tornado PI0 was successfully resolved, it 
seems inexplicable that similar PI0 problems can still occur. 
For whatever reason, current formal methods are not working. 
The Vista F-16 is a powerful tool which should be put to use 
in establishmg a universally acceptable set of criteria for the 
prevention of PI0 by design. It should do this by determining 
the PI0 qualities of a sufficiently wide range of linear and 
non-linear dynamic qualities, both in pitch and in roll, to 
establish a customerdefined set of Ixvel boundary limits on 
whatever parameters are found best to quantify PIO. Only by 
doing this will it be possible to resolve the claims of the many 
competing criteria and guarantee a PIO-free future for all. It is 
not particularly difficult to identify the means. 

References: 

1 Gibson, John C., "The prevention of PI0 by design", 
AGARD FMP Symposium on Active Control Technology, 
Turin, 9 - 12 May 1994 

2 Gibson, John C., "The development of alternate criteria 
for FBW handling qualities", AGARD CP-508, 1991 
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Figure 1 NASA F-8 DFBW go-around PI0 
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Stick pumping 
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Stick on forward zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Incipient PI0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 2 Landing PI0 

(Tornado, initial FCS) 

. 

Figure 3 Incipient landing PI0 
(Tornado, intermediate FCS) 
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Figure 4 Tornado short takeoff PI0 
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Figure 5 YF-22 landing PI0 
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Figure 8 Tornado in retrospect - Cat.C handling 

Pitch rate gain: zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa t  

Nominal aircraft: 
Stick force = 6 IWg 
w, = 5.0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArad f sec zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Stick filter: 
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Figure 9 Calspan Learjet PI0 phase and gain experiment 
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Case No. Lag constant PI0  gain Rating 

1-1 0 Level 1 4 (sluggish response) 
+ lag 
-1-4 0-5 sec >>Level zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3 10 (severe PIO) 

3- 1 0 Level 1 4, 5 (oscillatory, low damping) 
+ lag 
= 3-3 0.25 sec >Level 3 10 (severe PIO) 

~ ~ 

5- 1 0 Level I 5, 7 (oversensitive, abrupt) 
+ lag 
= 5-4 0-5 Level 2 6 (smoother but P I 0  tendency) 

8A 0 Level 1 6 (grossly excessive bobble) 
+ lag 
= 8D 0.3 <<Level 1 2 (excellent attitude control) 

Figure 10 Non-correlation of added lag and P I 0  margins 
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A) ALT Landing PI0 

Actual PI0 frequency = zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0.57 Hz 

-1 80" phase frequency = 0-55 Hz 
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B) PI0  at altitude 

Actual PI0 frequency = 0.49 Hz 

-1 80" phase frequency = 0-52 Hz 

C) Cockpit display PI0  

Actual PI0  frequency = 0-32 Hz 

-1 80" phase frequency = 0.32 Hz 
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Taken from: 
J.Guidance July-August 1984 

Prediction and occurrence 
of pilot induced oscillations 

Twisdale, Kirsten 

Figure 11 Shuttle orbiter zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI0 examples 
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Low altitude, high speed 
handling and riding qualities 
A'Harrah 
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Figure 12 Probable height-related P I 0  
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The Relation of Handling Qualities Ratings to Aircraft 

Safetv 
Mr. John Hodgkinson 

McDonnell Douglas Aerospace 
Transport Aircraft Unit 

Dept lXM, Mail Code 36-41 
3855 Lakewood Blvd. 

Long Beach, CA YO846 
United States 

1) Introductory Remarks zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Before making the presentation, a few comments were offered 
regarding the experiences with PI0 with which MDA and 
their forerunner companies have zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbeen involved. 

Firstly, the F 4  accident, captured in film during the speed 
runs at White Sands, followed when the pilot was undertaking 
a 3g turn onto the line for the run. The pilot had trimmed the 
air& before the run to pitch up in the event that he let go 
and decided to abort the speed run. In the event, during the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
turn, a roll PI0 started and he failed to let go in time to save 
the aircraft. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

- Recently, one of the new products had also run into problems 
with PIO. A rate limit of 12.5"//sec. had been introduced zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon the 
pitch control due to possible loa- problems on the tail. 
Whilst this was opposed by handling qualities specialists, the 
change had been implemented and the aircraft had 
subsequently encountered the predicted PIO. 

This brought the presenter to the main theme of his 
presentation, that of relatmg the handling qualities issues, and 
specifically the PIO, to aircraft safety. It is essential that the 
programme managers recognise that PI0 is safety critical in 
that it is loss of control, and that when it is encountered, it is 
as dangerous as a structural failure of the airkame. 

2) 
Implications for Design for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASafety 

Air accident statistics collected from 1960 to 1991 clearly 
indicate that air travel has been, and continues to be, an 
extremely safe mode of bansportation. Improvements in safety 
can be largely attributed to the emphasis placed by 
manufacturers on technologies such as fail-safe design for 
structure and systems. However, the improvement has seemed 
to approach an asymptotic limit near 4 accidents per million 
departures. 

Accident Statistics, Adverse Weather and 

Many of the accidents which still occur happen during poor 
weather conditions of low visibility, rain, fog, snow slush, 
cross winds, etc. The data indicate that maybe you cannot 

design a better pilot and that human error carinot be 
surpressed. Alternatively, a question could be asked, 'Why is 
it, that these carefdly selected, highly trained men and 
women who are thoroughly checked for health, who 
demonstrate high standards of discipline and awareness, who 
are continuously undergoing refresher training are actually 
held responsible for many of these accidents?" 

A different approach is considered here. 

The notion of "pilot error" represents a pilot stressed to 
failure. It is assumed roughly equivalent to loss of control, loss 
of the aircraft and loss of continued safe flight or landing. It is 
not considered as a pilot mistake. As the accidents zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAseem to 
indicate the total absence of mechanical aspects, but the 
effects of weather are significant, this latter seen to be the 
major factor in the analysis. Design for safety in adverse 
weather holds promise for a highly leveraged means of 
improving safety. 

3) Current Design Philosophy 

Current design techniques centre around four safety tools 

1. Function Hazard Analysis 

2. Failure Modes and Effects Analysis 

3. Fault Tree Analysis 

4. Zonal Analysis 

Use of these techniques has reduced the effects of equipment 
failures such that they are very infiequent causes of accidents. 
The effects of weather are not subject to such rigorous 
assessments. The poor weather, all-upaircraft state is not yet 
explicitly addressed in the requirements. Improving aircraft 
safety in adverse weather without mechanical failures might 
have a major impact on ~verall safety. More and more, 
designers are becoming aware of the effects of low-level, 
chronic disturbances which can have just as da"g 
consequences as acute stress. In such circumstances, the 
increase of loss of control probability associated with adverse 

This Advisory Report on "Pilot Inrlitced Oscillations " has been prepared at the request zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the Flight Velricle Integration Panel 
of ACARD, formerly tlic Flight Mechanics Panel. 
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weather zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan and does add up zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAI become a chief cor 
the deterioration of flight safety. 

per f l a t  hour safety standard. 
Reference 1 presents an analysis 
which zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtakes the probability of a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgust 

ibutor 

Figure 8 
Relationship zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBABetween Mean CHR and PILOC) 

D 

d X m t  cause. Nevertheless, the 
same logic and arguments can be 
applied, and indeed, the effect of 
PI0 susceptibility may well be a 

It is important to have a set of criteria for allowable aircraft 
handling qualities in the face of adverse weather. Such criteria 
should allow numerical relationship between atmospheric 
weather states and allowable handling qualities. 

1 2 3 4 5 6 
-" 

Mean Cooper Harper Rating 

4) 
Qualities Criteria and Loss of Control 

Development of a Relation of Flying 

One possible way to apply the FAR design criteria of 
FAR25-1309 is to require the aircraft be protected b m  a 
postulated "loss of aircrafl due to loss of control in a particular 
weather type" with the same 

indicr es that the handling is excellent with no pilc 
compensation required to achieve the desired performance.. 

If the Cooper-Harper rating distribution is recorded for a given zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
task as a random normal variable, then a relationship 
between CHR and the probability of loss of control, as shown 
in the figure, is achieved. 

If an analysis is performed on an airrraft's control system, then 
the design goal is for catastrophic failures to occur with a 

probability of 5 1 X lo-' per flight hour, or effectively 
never within the aircraft's operational life in a large fleet of 
aircraft. By analysis, it is possible to show that this coincides 
with the Cooper-Harper Rating of I 3.5 , as shown in 

encounter based upon r.m.s. gust 
intensity and the associated 
probability of loss of control and 
then approximates the probability of 
the pilotk losing control by 
multiplyins the probability of 
encounter of a gust of a particular 
intensity with the probability of the 
loss of control due to that level of 
gust. 

Whilst the analysis has been 
performed for aircraft entering into 
adverse weather conditions, the 
effects of PI0 are very similar, in 
that they also represent a i r d  loss 
of control, although possibly due to 
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wik adverse weather wheri a close control task is required, 
approaching touchdown. 

The Cooper-Harper scale represents a workload metric which 
can be related to the probability of losing control of the 
aircraft during any particular task, for a give scenario 
consisting of 

1. the aircraftk equations of motion and associated 

2. atask, 

3. an assumed failure state, 

4. the weather state, 

5. any disturbance state of interest, 

6. 
7. etc. 

handling qualities, 

Examination of the Cooper-Harper handling qualities rating 
scale gives a rating of 9 the interpretation that the aircraft 
will &er occasional loss of control, whilst a rating of 1 

detail in reference 1. 

Similarly, the analysis can be extended to show that CHR 6 

corresponds to probabilities of loss of control of I 
This is summarised in the figure, where Level I, Level II and 
Level IU have been equated to the probability of loss of 
control, based upon the results of the simulation studies 
performed.. 

5) Concluding Remarks 

The results which have been derived form this analysis 
indicate how the safety of aircraft may be improved by 
ensuring the aircraft are designed to have good overall aircraft 
flying qualities and fkeedom from PI0 susceptibility. Whilst 
the analysis was originated for the effects of adverse weather, 
it zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be extended to cover the effects of PI0 susceptibility. 

The primary object behind this exercise is to educate the 
management team as to the worth of having good, i.e. Level I 
handling qualities, especially for large passenger transport 
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aircraft, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwhen conventionally this might not be the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcase, and 
significant safety improvements may be obtained.. 

The scenario that can be postulated is the occasion when all 
the adverse events zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhappen together and the pilot for some 
reason has zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto make a correction, e.g. a side-step on approach, 
whilst zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcoping with other events. It is under these conditions 
that the pilot gain zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan increase to the point where the system 
no longer responds properly and the PI0 is entered. 

Having good handling to start off with provides zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthat extra zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
margin which, under such circumstances, can lead to the 
avoidance af an incident or accident, as even if the handling 
degrades, it is unlikely to become unsafe. However, if the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
aircraft is Level 11 to start off, then under such conditions, it 
may well enter Level JII or worse. 

Reference 

1. AIAA93-31059 
"Flying Qualities for Adverse Weather" 
D.Gillette, M.Page, J.Hodgkmson 
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Wright Laboratory, W L/FIMS 
Building 450, 2645 5th zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBASt., Ste 16 

Wright Patterson AFB 
Ohio 45433-7922 

United States 

aircraft and the assessment of the PI0 proneness fiom 
prediction compared to the flight experience. 

1) Introduction 

Before makug his presentation proper, Dave Moorhouse 
added some information regardmg the YF-22 incident. The 
aircraft was making a second low pass over the runway with 
very little pilot activity when the event commenced. The 
trigger was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwithin the aircraft, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas the selection of the gear was 
made. He confirmed that the pilot was unaware of the PIO, 
but that he had the impression that the aircraft had "broken" 
in some way that he did not understand. 

He concluded fiom this incident that, with any flight control zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
' , zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsystem, there is always a trigger and that the only way to 

proceed is to adequately stress the system by ensuring that 
aggressive flight tasks are evaluated and then fix the system 
if any adverse problems are encountered. . 

2) Experience with the RSmith Criterion 

As a manager, he stressed that part of the problem is the 
seeking of a yes-no answer and that what was not needed was 
the advice fiom specialists arguing over whether zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor not there 
is a problem. His experience was generated fim application 
of the R.Smith criteria as an absolute to both the F-22 and the 
F-16 MATV aircraft. This had shown the effects of the added 
thrust vectoring capability to be zero. He reported that there 
would be a paper published at the AIAA conference on the 
subject of the effects of rate limit@ seen in flight of the F-15 
SMTD aircraft. 

He recommended that people involved in assessing PI0 
should utilise the R.Smith criterion, but should m w  their 
application of it. The intended paper for the AIAA meeting 
would address the experience of Flight Simulation, a 
discussion of the Neuromuscular cues which a pilot might 
receive and how the Ralph Smith Criterion should be 
modified in its application. Included in the content would be 
the effects of the eddycurrent stick dampet designed for the 

The key to understandmg the sensitivity of a design was to set 
up a task which would adequately stress the system, for 
example by setting up an HQDT type task for a landmg 
approach condition. In the case of the F-15 SMTD, this had 
not revealed the problems indicated by the criterion, although 
there had been some evidence of the aircraft being close to the 
outbreak of a PI0 due to the effects of actuator rate limiting. 

A debate followed, predxtably, r e g m  what had occurred 
and whether or not there had been a problem. Ralph Smith 
maintained that a problem had indeed occurred, although 
Dave Moorhouse stated that he was not aware of any adverse 
behaviour, other than that which he described. 

Reference 

1. D. J.Moohouse 
"Experience with the RSmith criterion on the F-15 
STOL and Maneuver Technology Demonstrator" 
AIAA Paper 94-3671 

(Editor's Post-Meeting Note: This discussion resumed at the 
AIAA meeting in August, 1994. As a result of the comments 
made at Turin, Dave Moorhouse had reviewed all of the F-15 
SMTD data and had found the undesirable characteristics 
which had been reported by Ralph Smith. He also reported 
that he was previously unaware of the information). 

This Advisory Report zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon "Pilot Induced Oscilla~ioris " has bceri prepared t i l  the request of the Flight Vehicle Irilegraliori Panel 
of AGARD, forriierly the Flight Mechanics Pariel. 
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SUMMARY 

The time delay which arises due to rate limiting in a control 
system has been identified as a contributing factor to the 
occurrence of pilot induced oscillations (PIOs) (Ref 1). 
Recent discussions concerning PI0 prevention measures have 
proposed the elimination of this time delay through an 
alternate control scheme (Ref 2). In response to this proposal, 
the SCARLET (Saturated Command And Rate Limited 
Elevator Time delay) project was initiated in order to study the 
effects of both the time delay and the elimination scheme on 
the handling qualities of a contemporary fly-by-wire aircraft. 

A flight experiment was carried out in 1992 using DLRs 
ATTAS In-Flight Simulator (Ref 3). The flight test included 
runs with two different control laws: a conventional control 
scheme and the alternate control scheme (ACS). Results of the 
experiment demonstrated both the negative effect of rate 
saturation and the effectiveness of ACS to reduce the 
equivalent time delay and improve tracking performance. 

In order to further validate the concept of an alternate control 
scheme, the algorithms were adapted for use with a model- 
following control system. Pilot-in-the-loop simulations have 
shown improved performance through the use of ACS during 
rate saturated . conditions. A second flight test will be 
performed this year in order to further evaluate the use of the 
alternate control scheme to eliminate the rate limit induced 
time delay and reduce the danger of PIO. 

1. INTRODUCTION 

1.1 The Problem 

Actuator rate saturation can lead to a significant time delay 
between the actuator input and the actuator output. This time 
delay arises due to the interaction of two rate limited elements 
in the control system: the actuator itself, and the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcommand to 
the actuator (actuator input). The actuator is rate limited due to 
'real-world' effects. Fig 1 depicts a typical actuator consisting 
of a motor or hydraulic booster and a controller. The error 
between the actuator command and the output is calculated by 
the controller and used to drive the motor. The motor, 
however, can only respond with a limited rate due to 
constraints in electric current or hydraulic flow. The actuator 
command, on the other hand, is intentionally limited, either by 
a software rate limiter somewhere in the control system, or 
simply by the pilot, if the stick is moved with a limited rate. 

Consider now a situation in which the rate limited command is 
faster than the actuator, as shown in Fig 2. In the first time 
period (0 < t < tl), the actuator strives to reach the command 
with its maximum rate; however, a discrepancy will develop 
between the magnitudes of the command and the output due to 
the difference in rate limits. When the 'command then changes 
direction at t,, its magnitude is greater than that of the actuator 
output, and therefore the command begins to move into the 
direction of the output while the actuator continues in its 
original direction as it tries to meet the command. Only when 
the magnitudes of the two signals meet at t, will the actuator 
finally change direction to follow the command. The time 
period between the reversal of the command and the reversal 
of the actuator output is the time delay T,. 

I '  ' I  

Fig 1 Actuator 

t 

Fig 2 Time delay 

This Advisory Report on "Pilot Indrrced Oscillations" has been prepared a! zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA!lie reyrtesr zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof !lie Flight Vehicle integration Panel 
of AGARD, forinerly the Flight Mechanics Panel. 
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It can also be noted that the time delay will be maximum for 
some middle value of the rate limited command. If the 
commanded rate is only zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAslightly faster than the maximum 
actuator rate, as in Fig 3a, then the discrepancy between the 
two signals and therefore the corresponding time delay will 
remain small. On the other hand, if the commanded rate is 
much faster than the maximum actuator rate (Fig 3c), then the 
discrepancy between the signals will be large, but the time 
between the reversal of the command and the point at which 
the magnitudes become equal again will be small. For the 
simple case shown here, the maximum time delay will be 
reached when the input rate is twice as fast as the output rate, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
as illustrated in Fig 3b. Thus it is important to note that only 
when the command is limited, and the rate limit is moderately 
faster than the maximum actuator rate, will the time delay be 
significant. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
t t t 

act-inp - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Fig 3 Different time delays 

Fig 4 Time delay elimination 
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Fig 6 The experiment 

1.2 The Solution 

The time delay could be eliminated if the actuator reversal 
occurred at the same point as the command reversal, as shown 
in Fig 4. Therefore, a solution is suggested through the 
following Altemate Control Scheme (ACS) (Ref 2): 

Ifthe actuator is rate saturated, then coordinate the reversal 
of the actuator rate with the reversal zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the command. 

The ACS can be implemented through the use of a logic block 
placed directly before the actuator in the control loop, as 
depicted in Fig 5 .  The actuator command from the control 
system is fed into the logic block. The logic then determines 
whether ACS is required based on information about the 
command and the actual actuator output. When ACS is to be 
activated, the logic block provides an output signal which 
serves as a new actuator input. This modified input is 
calculated to produce the desired actuator output. If ACS is 
not required, then the logic block simply passes on the nonnal 
actuator command as input to the actuator. 

This process is clearly illustrated in Fig 4. In the first time 
period the command demands more than the actuator can 
achieve, such that as before a discrepancy develops between 
the magnitudes of the signals. However, when the command 
changes direction, the logic switches on and produces the 
output shown, which serves as the new actuator input. The 
actuator now strives to follow the logic output and thus 
changes direction immediately, and therefore the time delay 
disappears. The basic design philosophy is that when 
conditions are right for the occurrence of the time delay (i.e. 
the actuator is saturated), then the normal control system 
structure is bypassed, and the information about the command 
reversal is passed directly to the actuator. Thus the time delay 
is eliminated. 

2. FLIGHT TESTING 

2.1 The Experiment 

In order to evaluate the solution strategy, a flight test was 
performed using DLR's In-Flight Simulator ATTAS 
(Advanced Technologies Testing Aircraft System). ATTAS's 
Experiment and Control Computer (ECC) is depicted in Fig 6. 
The slow rate limit of the actuator was simulated using a 
software rate limiter, such that the ATTAS actuator never 
reached its true saturation state. This rate limiter is portrayed 
as the 'simulated actuator' block. A second rate limiter was 
used to limit the actuator command (pilot input). This rate 
limit was set such that the maximum time delay would be 
produced, so that the time delays could be seen clearly. A 
tracking generator supplied a pitch angle tracking task for the 
pilot to follow. The pilot compared the commanded pitch 
angle on the display with the actual pitch angle of the aircraft 
and then closed the outer feedback loop using the stick 
deflection to command an elevator deflection. Thus in this 
experiment, the actuator input was directly proportional to the 
pilot command. The ECC also contained the Altemate Control 
Scheme algorithm in a logic block. Test runs were flown using 
two different control laws, CCS (Conventional Control 
Scheme) and ACS. With CCS, the logic block was a simple 
one-to-one feedthrough and thus the normal aircraft was 
flown. With ACS, the logic block was active and provided a 
modified input to the actuator when necessary. This setup 
allowed the effects of the ACS to be evaluated and compared 
with the unmodified configuration. 
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The time histories of the test runs demonstrate the advantage 
of ACS. Fig 7 shows the results of a test run with a very slow 
elevator and the Conventional Control Scheme. The tracking 
task represents the desired pitch angle; the actual pitch angle 
of the aircraft is also shown. By comparing these two curves it 
can be clearly seen that the pilot was zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAunable to fulfill the 
tracking task. The presence of the time delay created 
undesirable coupling between the aircraft and pilot. 
Oscillations developed which increased in amplitude until 
about zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA50 seconds, at which point the pitch angle became so zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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large that the maximum allowable speed was exceeded and the 
safety pilot took over control. With ACS, however, the pilot 
was able to follow the tracking task much more closely, as 
shown in Fig 8. Although there is still significant discrepancy 
between the desired and actual pitch angles due to the 
extremely slow elevator, the correspondence between the 
curves is much higher and oscillations did not develop. There 
was no apparent tendency toward undesirable aircraft-pilot 
coupling. In general, the flight test data demonstrates that the 
use of ACS decreased the equivalent time delay and the 
tracking error. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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3. EXTENSION OF ACS CONCEPT 

3.1 Model-following Control System zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
The next step of the project was to extend the application of 
ACS to a more complex and realistic control system. For this 
purpose a model-following control system was chosen as 
illustrated in Fig 9. In this type of system the actuator input is 
no longer proportional to the stick deflection. Rather, the pilot 
input is forwarded to a model, which calculates the desired 
aircraft response. The output of the model is then used in the 
feedforward block to calculate the necessary control input to 
the real aircraft which will produce the desired response. In 
order to compensate for disturbances and model uncertainties, 
a feedback loop compares the model response with the actual 
aircraft response and calculates the error. The sum of the 
feedforward command and the feedback command becomes 
the input for the actuator. In addition, a rate command control 
law zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAwas implemented at the stick, such that the stick deflection 
is proportional to a commanded aircraft rate. The pilot 
command is therefore no longer directly related to the actuator 
input. Although the same ACS strategy can be used in this 
case, the control system differences dictate that the ACS 
activation criteria must be based on the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApilot command instead 
of the actuator input. Thus as shown in Fig 9, the logic block 
uses information about the pilot command and the saturation 
state of the actuator in order to determine whether ACS is 
necessary. 

The underlying idea is to 'meet the pilot's expectations'. The 
pilot makes an input at the stick and consequently expects a 
change in the aircraft's motion. Normally the forward path 
elements (model, feedforward) transform the pilot inputs into 
actuator commands which will produce the expected response. 
However, when the actuator is saturated, then the normal 
control law issues commands which the aceator zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcannot 
follow. When there is then additionally a reverse in the 
command, as was illustrated in Fig 2, the time delay arises and 
prevents the aircraft from responding immediately to the pilot 
control inputs. However, because the pilot expects a change 
from the aircraft, the lack of one can lead the pilot to make a 
larger control input in an attempt to produce a response. In 
general this creates the type of high-gain closed-loop feedback 
which can lead to undesirable aircraft-pilot coupling. In this 
situation, ACS should be activated such that the actuator 

reacts as quickly as possible when the pilot commands a 
change in the aircraft motion. This will in tum ensure that the 
aircrujl responds quickly and therefore that the pilot's 
expectations are met. In order to accomplish this, the logic 
block checks the actuator saturation state and the pilot 
command- when the actuator is saturated and the pilot 
commands a change, the normal control system is bypassed 
and the pilot commands are forwarded directly to the actuator. 
This scheme eliminates the time delay and thus reduces the 
potential for PIOs. 

3.2 Simulation Results 

Pilot-in-the-loop simulations were carried out as a first step in 
evaluating the extended implementation of ACS. The 
simulations were configured similarly to the first flight 
experiment in that the pilot was given a tracking task to follow 
and tests were performed with both the CCS and ACS control 
laws. A comparison of the two schemes is shown in Fig 10. 
Once again it can be seen that with a rate limited actuator and 
CCS the pilot was unable to follow the tracking task, and large 
amplitude oscillations developed as a result of aircraft-pilot 
coupling. For the same configuration, ACS led to much better 
tracking accuracy and smaller system amplitudes. 

The source of this improvement can be seen by comparing the 
pilot input, actuator command and actuator reaction (Fig 11). 
In the CCS case, the pilot inputs lead to control system 
commands which the actuator cannot follow. A comparison of 
the slopes of the control system and actuator curves shows that 
the control system command rate is much faster than the 
actuator can achieve. The constant slope of the actuator 
indicates that the actuator rate is saturated. The time delays 
can be seen explicitly in this time history as the distance 
between the reversal of the control system command and the 
reversal of the actuator. The corresponding ACS time history 
shows the disappearance of the time delays. Although the pilot 
inputs in this case also lead to control system commands 
which the actuator cannot follow, ACS ensures that the 
actuator reverses immediately when the pilot commands a 
change. Thus the time delay does not occur. This can be seen 
by comparing the control system and actuator traces and 
noting that the two curves always reverse at the same time. 

Fig 9 Model following control system 
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This lower figure also illustrates the fact that ACS only 
activates when necessary, i.e. when the actuator is saturated. In 
regions where the pilot inputs are moderate and the actuator 
can follow the control system commands without saturating, 
ACS remains off and the normal control law is used. This 
situation occurs between approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA30 and 50 seconds, 
where the actuator curve follows the command curve very 
closely. However, if the pilot, for whatever reason, makes a 
sharp input which produces a commanded rate greater than 
the actuator can achieve, then ACS switches on and ensures 
that the pilot's expectations are met. This scenario occurs in 
the latter half of the trace. At approximately zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA51 seconds the 
pilot pushes the stick sharply, and the resulting divergence of 
the control system and actuator curves indicates that the 
actuator has saturated. When the pilot then commands a 
change in direction at about 52 seconds, ACS switches on and 
the actuator changes direction immediately. The actuator 
remains saturated for most of the next 20 seconds or so, and 
the coordination of the actuator and command reversals 
through ACS can clearly be seen. Once the commands are 
reduced and the actuator can again satisfy the demands, the 
system returns to the normal control law. This occurs at 
approximately 72 seconds, beyond which the actuator once 
again follows the control system closely. 

4. CONCLUSIONS AND FUTURE PLANS 

The SCARLET project to date has successfully demonstrated 
the ability of ACS to reduce the negative effects of rate limit 
induced time delays, and has also shown that the basic strategy 
can be extended to more complicated control systems. 
Currently a second flight test is being prepared to further 
evaluate the application of ACS to a model-following control 
system. While the first flight test demonstrated the 
advantageous application of ACS to reduce the closed loop 
time delay, during the next flight test emphasis will be shifted 
to obtaining extensive pilot ratings and feedback in order to 
more closely evaluate the benefits of ACS with regard to 
flying qualities. 
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1) Introduction 

In their presentation Per-Olov Elgcrona and Erik Kullberg 
reviewed the past expkrience in Sweden with PIO, which had 
been so publicly witnessed with the second accident to the 
JAS-39 aircraft at the Stockholm Water Festival. 

Prior to commencing on the JAS-39 project, SAAB’s 
experience of the PI0 phenomenon had commenced with the 
5-35 aircraft. This aircraft had high stick sensitivity combined 
with a linear gearing of the stick to elevon. Following the PIO, 
the solution devised was to add a non-linear gearing and 
improve the stability augmentation of the system. 

For the next aircraft project, the AJ-37 Viggen, significant 
work was performed on the handling qualities and resistance 
to PIO, based upon new dormation received during the 
1960’s from Ashkenas, McRuer and A’Harrah. By 1963, 
Sweden had developed its own specification for flight control 
system design and for handling qualities. 

* 

The latest versions of this AJ-37 aircraft have a digital flight 
control zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsystem. The AJ-37 .Viggen zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhas never experienced a 
problems with PI0 in its service to date. 

The JAS-39 flight control system originated from 
demonstration work performed by SAAB on a FBW AJ-37 
Viggen aircraft. This aircraft had been flown with instability 
levels of up to 4% chord at low Mach Number. This was the 
limit for this aircraft. Although this aircraft was reported to 
have experienced Level 2 or 3 handling, due to excessive time 
delays within the flight control system, it never experienced 
rate limiting or PIO. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOn this basis, it was deemed that there 
was sufficient knowledge and confidence to proceed with the 
JAS-39 aircraft project, and the JAS-39 specification was 
written around this experience, with a demanding handling 
qualities requirement. 

2) The Role of Actuation Rate Limiting 

Examination of the time delay requirements in the fly-by-wire 
experiments resulted in the requirement to achieve Level 1 

handling qualities, with a time delay of less than 100 
milliseconds. The measured time delay, from flight test, was 
actually around 70 to 90 milliseconds in both roll and pitch 
axes. It was noted that this requirement resembles the 
recommendations of both MIL-F-8785C and Mil-STD-1797. 

2.1) The First PI0 Accident to the JAM9 

The design criteria used relates to the total time delay in the 
system. Whilst under ordinary linear circumstanms, this can 
be achieved with comparative ease, once the actuator exhibits 
rate limiting, the effective time delay increases rapidly beyond 
100 milliseconds. 

Actuator rate limiting played a very significant part in both 
accidents to the JAS-39 Grippen. The first accident was 
described as a design error, in that the design was known to 
be sensitive prior to flight. However, the design process did 
not catch up with the evidence and require modification before 
flight. Following the accident, the whole process was 
reviewed and scrutinised with regard to the design of the 
flight control system. 

The first accident started as a response to lateral turbulence 
with a control system which augmented the dihedral effect, 
“g the aircraft very sensitive in roll. More zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthan one 
presenter, who had been involved with Saab in the subsequent 
work, commented that the JAS-39 “mini-stick” probably had a 
very significant effect, as it requires only very small 
movements to demand 111 control and had a skewed axis. 
Once the rate limits were reached, the PI0 developed initially 
in roll, then in pitch. 

Examination of the Nichols plots shown in the figures will 
quickly reveal the impact of the rate limiting. 

Further, on the JAS-39, the controls are used for both 
stabilisation and control, and there is thus competition 
between the requirements for the control capability. Clearly, if 
the pilot demand uses all the capability that is present, then 
there is no capability left for the stabilisation of the aircraft. 
The effect can be likened to approaching an invisible cliff 

This Advisory Report on “Pilot zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlirditced Oscillations” h a s  been  irep pared (11  he reyitest of ~ h c  Flight Vehicle Iiitegralion Panel 
of AGARD, foriiiei.ly the Flight Meclioriics Poizel. 
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edge, all is acceptable until there is a sudden loss of control 
and the aircraft departsfrom controlled flight. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
2.2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThe Development of the Vix "  

Mdfications to reduce the gain, which zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAalso reduced the 
manoeuvrability and agility at low zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAspeeds, were introduced 
and the aircraft was assessed using a HQDT test. Detail 
assessment enabled the establishment of a "footprint", from 
parametric variation of stick inputs in both pitch and roll, 
talung into account the effects of atmospheric disturbances 
such as gusts and turbulence, where rate limiting effects could 
be encountered, and hence these regions could be avoided. 

Typical examples of the results of this assessment are shown 
in the figures which accompany this presentation. Using 
results of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthis, a criterion was developed which allowed the 
margins from rate limit, or the distance from the cliff edge, to 
be established. Within these bounds, the aircraft can be safely 
operated without any particular concern. 

Typically, for a given system evaluation, the results of around 
lo00 landings would be examined for the effects and the 
presence of rate limiting. In this way, different control system 
designs could be evaluated. The more control activity a system 
showed, then the closer the system would be to the adverse 
effects of rate limiting and the consequent significant increase 
in the time delays which result. 

However, as development progressed as planned through the 
flight test programme, there was a desire to boost agility at 
lower speeds and modifications were introduced. Assessment 
showed that under extreme conditions, using full roll and 
pitch stick, rate saturation and departure from stabilised fight 
could be reached. It was understood that it was vital not to 
reach rate saturation for any length of time as the effects of the 
r e d u d  gain and additional phase lag would cause the 
air& to become unstable. The possibility of the "cliff edge" 
was found and action was taken, but unfortunately the wrong 
conclusions had been drawn. 

The decision was taken to continue flying, as there were only 
a small number of aircraft involved in the test programme and 
all flying was to take place under very controlled 
circumstances which would minimise the possibility of any 
problems developing. It was known that for production, the 
problem had to be solved and the solution was defined some 
months before the second accident occurred. 

2.3) The Second Accident to the JAS-39 

A time history of the second accident, which occurred during 
the public demonstration at the Stockholm Water Festival, 
was shown. The second accident featured a roll PI0 
consequent upon the pilot aggressively rolling to wings level 
to accelerate in front of the crowd watchmg the aircraft. The 
roll input was sufficient to drive the actuation to the deflection 
limit and shortly after the rate limit was reached. This caused 
the air& to roll more zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthan expected, so the stick was 
reversed, d r i v u  well into the rate limitmg since the stick was 
demandmg the limit of both deflection and rate. The figure 
showing the stick deflection in roll and pitch as a crossplot is 

the record of this incident. With the rate limiting in effect, the 
inner stabilisation loops were ineffective. Analysis has shown 
that the effective time delay between pitch stick and pitch 
acceleration response increased from less than 100 
milliseconds to around 800 milliseconds. The subsequent 
response and pitch up to high AoA caused the pilot to eject 
after 5.9 seconds, fortunately Without causing any harm to the 
crowds on the ground or the pilot. 

3) The Chosen Solution 

In the short term, the objective is to restart the flight test 
programme for the aircraft. In the meantime a longer term 
solution is being designed around the concept of "g the 
actuator reverse when the stick is reversed. 

The solution being implemented on the JAS-39 is similar to 
that proposed by Ralph A " t h  and tested in the Scarlet 
experiment at DLR and also on the Calspan Lear Jet. This 
works well to reduce the phase loss due to the actuator, but 
needs careful b lendq of the signals to avoid further problems 
due to the actuator not being at the demanded position. In 
addition, the effects of noise at around 10 Hz needs to be 
considered. 

Assessments performed so far indicate that the revised control 
strategy is effective in controlling the response during stick 
pumping and when the stick is let go. However, one result is 
that the response to a step input is reduced, which tends to 
reduce the aircraft agility. This would appear to be an 
essential compromise, if aircraft safety and freedom h m  PI0 
is to be ensured. 

4) Conclusions Regarding Pilot-Induced 
Oscillation 

From the experience gathered w i h  SAAB, the conclusions 
which can be drawn are summarised as follows: 

1. That PI0 susceptibility is independent of the type of 
flight control mechanisation, i.e. whether or not the 
aircraft is FBW or conventional. 

2. PI0 is the result of "disharmony" between the pilot's 
action and the aircraft's reaction, i.e. there is an 
excessive time delay between the input and 
subsequent response. 

3. The causes of PI0 are now known to be associated 
with a susceptible amn& a demanding pilot task 
and a trigger event. 

4. Within these factors, the aircraft susceptibility is the 
only one over which there is any consistent control. 
The other factors are associated with "chance". 

Typical causes of PI0 have been identified as: 

1. A susceptible aircraft, e.g. a vehicle either high stick 
sensitivity or excessive time delay or phase lag. 

2. System non-linearities, e.g. unblended changes in 
gain which are not controlled by the pilot, rate 
limiting of the control surfaces and excessive 
deadband in the stick sensor system. 
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SPECIAL CONSIDERATIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.....( zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcont.) 

Conttol surfaces are used both for stabilisation & zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
manoeuvring ("competition") zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

cliff edge 

I 
'deoanure' pitch stab 

JAS 39 Fliglh Conml System 
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AEROELASTIC 
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ABSTRACT 

PILOT-IN-THE-LOOP OSCILLATIONS zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Pilot-induced oscillation (PIO) is an unwanted and inadvznent closed-loop coupling between the pilot 

and one or more independent response variables of an aircraft. PI0 typically results when the pilot 
attempts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAto perform a high gain tracking task using the usual cues of acceleration or attitude. Control 
system and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaircraft characteristics within the bandwidth in which the pilot is active zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan conmbute to a 
coupling between the pilot response and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaircraft dynamics. The result is a neub-ally damped or undamped 
out-of-control condition in which the pilot is often making intentional e x m e  and repetitive inputs in an 
effon to damp the motion but only serves to enhance it. Pilot-augmented oscillation (PAO) is an 
unintentional closed-loop coupling which does not involve a tracking task. Another aircraft variable 
which may lead to PI0 or PA0 is aeroelastic deformation of the vehicle structure. This elastic response 
can produce pilot cues or zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaircraft rigid body motion which can be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAenhanced when the pilot attempts to 
damp the oscillation and PI0 results. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAOr, the elastic oscillations alone may lead to PAO. The potential 
for aeroelastic pilot-in-the-loop coupling is not widely recognized, and this can mean resources expended 
in ineffectual or non-optimal solutions to the problem until the aeroelastic source is recognized. This 
paper -will characterize the aeroelastidpilot coupling phenomena without reproduc-hg the fundamental 
research which has already been published on more general PIO. Examples of aeroelastic PI0 and PA0 
will be provided to illustrate the various ways in which the phenomena can manifest itself, including 
recent experiences with the C-17A and the V-22. An examinatiOn of the potential for predicting this 
coupling will also be provided. Lastly, recommendations for flight test methodology to uncover and 
investigate aeroelastic pilot-in-the-loop coupling will be provided. 

AOA 
ASE 
CG 
EFCS 
8 
HQDT 
Hz 
Lco 
PA0 
PI0 
V/STOL 

NOMENCLATURE 

angle of attack 
aemervoelasticity 
center of gravity 
electronic flight control system 
acceleration due to gravity 
handling qualities during tracking 
hem (cycles/semnd) 
limit cycle oscillation 
pilot-augmented oscillation 
pilot-induced oscillation 
vertiWshoxt takeoff and landing 

BACKGROUND 

The aeroelastic behavior of an air vehicle can affect its stability and control in ways which are often 
not fully appreciated. The aeroelastic characteristics are determined by structural inertia. structural 
stiffness, and airloads. These elastic effects are, most fundamentally. the deformation of lifting surfaces 
and fuselage or the altering of their incidence. The principle results are a change in trim requirements 
which may result in maximum trim authority being reached earlier than predicted, a change in lift zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

This Advisory Report on “Pilot liidiiced Oscillations ” has been prepared at the request of the Flight Vehicle hilegration Panel 
of AGARD, foriiicrly the Flighi Meclmiiics Porrel. 



10-2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
distribution and pitching moments, and reduction zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAin control surface effectiveness. One zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgood example zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof 
the later phenomenon is the decreases in the rolling moment nonnally expected of a rigid wing whereby 
wing torsional deformation produces an effective reduction in the angle of aaack (AOA) of the wing- 
aileron combination. Taken to extremes, this effect zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan yield an opposite moment than expected of a 
lateral control input (aileron reversal). Other examples of aeroelasticity affecting stability and control are 
wing torsion producing a washqut or reduction in-AOA at the outboard portion of the wing, fuselage 
bending altering tail incidence. and elevator chordwise distortion (hown as rollup). Wing, fuselage, and 
aileron distortion tends to be destabilizing while tailplane, elevator, and general control surface distortion 
is usually stabilizing. A potential aeroelastic effect on controllability of a mechanical flight control system 
is unanticipated loads in the mechanical system (cables, pushrods, etc.) producing uncommanded control 
surface deflections. 

Another source of stability and control problems is the feedback of structural modes of response 
through the electronic flight conwl system sensors to the control algorithms. .These sensors ( n o d  and 
lateral accelerometers, pitch, roll and yaw rate gyros, etc.) which are mounted to the structure, will zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAalso 
measure acceleration and angular velocities produced by structural deformations such as fuselage bending 
and torsion. Control surface rotation due to structural deformation and their elastic modes will also be fed 
back via surface position sensors. n e s e  structural responses can be perceived by the flight computers as 
uncommanded surface deflections. The aeroelastic signals from the sensors will be fed i ny  the flight 
control system computer, which will in turn command conwl surface deflections to counter what it takes 
to be aircraft rigid body motion or erroneous control surface positions. The phase lag from the sensor to 
the control surface motion may be such that a sustained motion can result. It is possible for this structural 
feedback to produce large neutrally damped or even divergent oscillations of the control surface. resulting 
in o v a  system instability and the possibility of structural faihJre. lhese problenis lie in the field of 
aeroseavoelasticity (AS€). 

The effects of structural coupling can be reduced by placing the sensors at ideal locarions or "sweet 
spots" within the structure. These are generally locations with the least motion overall, but may be where 
particular structural modes are least likely to create feedback problems. The point of least angular motion 
is ideal for a gyro sensor and the point of least linear motion is ideal for an accelerometer. The lowex 
order structural modes generally contain the most energy, produce the least structural deflection, and are 
the most likely to be within the active bandwidth of the flight control laws and the pilot responsiveness. 
More typical today, the structural signal is simply filtered at the frequency of concern. Ground vibration 
tests and ground resonance tests are used to v e 1 3 ~  the positioning of these structural filters. These tests 
verify the mandated gain margin to prevent ASE instabilities. However, no such criteria exists to ensure 
against aeroelastic pilot-in-the-loop instabilities. Analytical and hardware simulators are used to verify 
that the filters do not adversely degrade handling qualities. 

INTRODUCTION 

A derailed definition of the fundamental PI0 problem will provide the foundation far a more general 
definition of the aeroealstic pilot-in-the-loop oscillation effects. 

P I 0  Definition 

Pilot-induced oscillation is the undesirable and inadvertent closed-loop coupling of the pilot with one 
or more independent response variables of the aircraft (References 2 and 3). The phenomenon typically 
manifests itself during a high gain pilot task such as visual tracliing. It is characterized by repetitious, 
and ofien large control inputs in concert with a .zero damped or divergent aircraft resonant oscillation. 
such as pitch or roll (example response in Fi -m 1. from Reference 4). The pilot attempts to damp the 
oscillation but the control inputs act only to sustain or drive the response to greater amplitude because of 
an unfavomble phase relationship between the input and the aircraft response. Therefore, a PI0 
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constitutes an out-of-control state and, if allowed to diverge to extreme attitudes and rates, can produce 
destructive flight loads. The zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaircraft may otherwise have stable stick-free or stick-fixed dynamics, and 
perhaps even generally adequate handling qualities at the flight conpition. 

The high gain visual tracking tasks most commonly associated with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI0 include aerial refueling, 
formation flight, air-to-air tracking, ground gunnery, and approach and landing. Performing these tasks 
involve acute pilot attention to-visual (including displayed information) and vestibular cues, i.e. persody  
sensed attitude and rates, neuromuscular and proprioceptive dynamics (e.g. seat-of-the-pants). 
Accelerations as low as 0.01g (Reference 2) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcan be sensed by pilots and thus contribute td coupling. 
Exactly how a pilot processes and reacts to these sensory inputs is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstill not entirely understood. and yet 
they lie at the hean of the PI0 problem,. The mere presence of the mass of the pilot's hands on the 
controls can be destabilizing in some instances (the limb bobweight effect). The mere anthromeuic 
ditnmsions of the pilot has the & a t  of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAallef input gains in a limb bobweight influence. Should the 
aircraft response to the pilot's input fail to produce the desired result as revealed by the sensory response, 
the pilot will correct the input as basic vestibular and flying experience dictates. If the correction results 
in a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgreatex perceived response error, the unstable input-response condition can result The pilot- 
dependent mture of PI0 makes it somewhat insidious in that one pilot may experience the event where 
another may not because of individual sensitivity, reactions, experience, and conuol techniques. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

An important example of an independent response variable component of the PI0 instability is 
control system time delay in the affected axes which induces phase lag within the bandwidth of the pilot 
response. The delay could be the product of feel (i.e. bungee) or control system nonlinearities, 
computation delays for digital systems, or higher order system dynamics (Reference 3). When the PI0 is 
as&fated with a rigid body mode of the aircraft (dutch-roll, short period, etc.) as an independent variable, 
it has been found that a modal damping of 2 percent or less is required for a resonant condition (Reference 
3). PI0 is also often associated with saturation of the control system, i.e. high rate maximum control 
inputs or control surface rate-limiting (adding phase lag), and control system nonlinearities. Abrupt 
control inputs have also been associated with PI0 onset (Reference 4). The switch from anitude tracking 
to pilot-felt acceleration tracking has been observed to be part of PI0 initiation (Reference 4). The human 
dynamics involved with this "switching" is not well understood at this time. Transients due to turbulence, 
control system activation/deactivation or mode changes. and abrupt trim changes are additional possible 
contributors. 

Aeroelastic Pilot-in-the-Loop Definition 

It is essential for the most effective solution to a aeroekistic coupling problem that the source of the 
instability be properly identified This is not always readily accomplished because of the complexity of the 
pilot-vehicle system and the m e  of the pilot-in-theloop phenomena An aircraft variable which has 
contributed to such instabilities but one which is not commonly considered is the aeroelastic modes of 
response of the airframe. These are such deformation modes as wing torsion, fuselage first longitudinal 
bending, vertical tail pitch, and podded engine yaw. Each mode has an associated frequency, mode shape, 
and damping; all of which are subject to change as a function of the aerodynamic loads (airloads, air 
density, shock wave effects). When excited by a maneuver (inertia, airload change) gusts, of internal 
mechanical impulse, the structure will oscillate at these modal responses at its particular damping zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArate. 
Periodic mechanical vibrations of the air vehicle are also present in the system. One or more modes may 
play in a PI0 or P A 0  event 

AEROELASTIC P I 0  can be defined as 

TYPE I - Aeroelastic structural deformation produces accelerations or attitude changes 
at the pilot station which results in PI0  when the pilot intentionally attempts to counter 
these dynamics. 



TYPE zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAII zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- Aeroelastic structural deformation produces an aircraft rigid body response 
which results in zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI0 when the pilot intentionally attempts to counter these dynamics. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

AEROELASTIC zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAP A 0  can be defined as 

Aeroelastic oscillations or mechanical vibrations produces-acceleraLions at the pilo1 
station which the pilot unintentionally couples with, sustaining or enhancing these 
dynamics. 

Examples of these instabilities will be presented in a following section. 

Including all of the factors acting in an aeroelastic/pilot coupling event, a block diagram of the system 
containing these elements would look like Figure I. Since the practical limit of a manual pilot input 
bandwidth is about 3 Hz, the smctural elastic modes contributing to an aeroelastic PI0 would typically be 
restricted to this level as well. However, there have been examples of PI0 in which the pilot response and 
the PI0 resonance did not share the same frequency, especially when the system zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgoes from nonsaturation 
to saturation (Reference 3). Because PA0 is an unintended input created by a physical vibration of the 
pilotlstick or pilor/throttle systems, frequencies above 3 Hz can come into play. The excited and sensed 
elastic mode may alter the gain and phase characteristics of the control system such as to allow a PI0 to 
develop at a liequency different from the elastic mode's frequency. While few PI0 problems have been 
rooted in aircraft elastic modes, these sorts of PIOs continue to appear during flight tests and must be 
understood to be properly dealt with 

One noteworthy source of PI0 which has been observed is fuel slosh This M-been encountered on 
the T-37A. KC-135A. and KC-IO, most notably when an attempt was made to damp dutch-roll 
oscillations using rudder. ?he momentum affects of the fuel slosh at approximately the same frequency as 
the dutch-roll motion served to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAenhance the oscillations to a PIO. Changes in fuel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtank baffling cured this 
problem. This an example of an inertia coupling phenomena that falls between the more classical PI0 
problem and aeroelastic PIO. A similar instability has resulted from the pendulum motion of sling loads 
below helicopters and V/STOL akcraft. 

EXAMPLES OF AEROELASTIC PI0  & PA0 

What follows are a few cases of aeroelastic PI0 and PA0 which were readily uncovered with just a 
little library research. They illustrate both types of aeroelastidpidot coupling and Just a few of the many 
conceivable mechanisms for the instability. There have probably been many instances of aeroelastic pilot- 
in-the-loop instabilities in the history of mechanical fli@ which eithex have gone undocumented or wen? 
resolved without being identified as such. 

YF-12A 

'Ihe Lockheed YF-12A (Figure 3) experienced a small-amplitude PI0 of about 1.0 Hz during the high 
pilot gain aerial refueling task (Reference 5). The severity of the PI0 increased as fuel was on-baded to 
maximum capacity. The cause of this anomaly was the fim longitudinal fuselage bending mode at 
approximately 2.5 Hz which produced a small but perceptible vemcal acceleralion at the pilot station 
when excited, which the pilot then naturally attempted to damp manually. This fuselage bending was 
induced by the frequent elevon inputs during refueling which changed the airload distribution on the 
wingdaft fuselage with respect to the rest of the airframe. The unusually long cantilevered forward 
fuselage of the aircraft served to amplify the amount of fuselage pitching at the pilot station as a result of 
the first bending mode. Figure 4 (from Reference 5 )  illustrates the longitudinal fuselage bending mode 
shape and shows the coclrpit motion that the modes produced. This problem represents a Type I 
aeroelastic PIO. The PI0 was an annoyance only and the pilot was able to avoid reacting to the fuselage 
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bending response with sufficient concentration once the dynamics of the problem we& understood. It is 
important to note that the PI0 frequency was less than half of the source smctural mode. The two 
frequencies may not be coincident in frequency and this can complicate determining the source of the PIO. 

Note in Figure 4 that the positioning of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgyro package and instrumentation (accelerometer) 
package is zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo~timized to preclude the influence of fuselage elasticity. Th-e zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgyro package is placed near the 
point of least rotational acceleration from the mode, and the accelerometers placed at the point of least 
normal acceleration from the mode. Feedback of signals from either of these packages through a flight 
control computer would not be expected to produce a PI0 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAor limit cycle response due to structural 
feedback (the ASE issue). However. it was not sufficient in itself to preclude a PI0 problem 

F-111 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
AU models of the F-111 fighter-bomber (Figure 5 )  have experienced a sustained heavy underwing 

store oscillation characteristic called limit cycle oscillation &CO) (Reference 6) at the edges of its flight 
envelope. Generally associated with high pitch inertia stores and at various wing sweep angles, wing 
elastic motion at about 2.8 Hz results. For the more common K O  case, antisymmetric wing bending and 
torsional deformations result in an asymmetric airload distribution which produces and uncommanded 
rolling moment. In fact, the store oscillation is frequently initiated by an abrupt maneuver, particularly in 
the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAlateral zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaxis. When the pilot attempts to m t  the rolling motion manually. the tendency to enter a 
PI0 is very great. The lateral stick movements deflect the outboard roll spoilers on the wings in a sense 
that enhances the divergent rolling motion. This, then, is an example of Type II aeroelastic P I0  since the 
wing deformation is producing a rigid body roll which l ads  to PI0 when the pilot enters the loop to bring 
the roi&g moment to zero. When the pilot attempted to hold the stick centered after-the oscillation was 
excited. the aircraft rolling motion had a tendency to rock the pilot from side to side, inadvertently 
commanding additional alternating roll commands. Thus, an aeroelastic PI0 became an aeroelastic PA0 
when the pilot attempted to take himself out of the loop. 

Rutan zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAVoyager 

The Rutan Voyager aircraft (Figure 6) flew around the world non-stop and unrefueled on 14 through 
23 Decembex 1986. The aircraft was unconventional in design and consauction, and was exceptionally 
flexible under airloads. Among its many unusual flight characteristics, the plane suffered from what its 
crew called “pitch porpoising” (Reference 7). The root cause of this porpoising was symmetrical wing 
bending which could be induced by a venical wind gust or a sudden longitudinal input from the pilot. 
Coupling between the wing bending mode and fuselage bending enhanced the Wing motion. The event 
occurred at heavy weights (regardless of cg position) and 82.5 hots, doubling in amplitude each 1.5 
cycles Apart from decelerating, the pilot had to manually damp the pitch Osciuations with longitudinal 
stick inputs, applying forward stick as the nose pitched down, etc. This proved to be a very difficult task 
and any error would only worsen the situation, adding PI0 to what was essentially an incipient flutter 
mode. Only the development of a special autopilot for the aircraft to actively damp the motion made the 
aircraft suitable for its mission. This is representative of a Type I aeroelastic PI0 with the “Wing 
flapping” producing a pitch acceleration at the pilot station MWY leading to PI0 unless the pilot was 
especially attentive. 

lnitial plans to decouple the wing and fuselage modes by adding mass to the Wing tips on a cantilever 
beam extending ahead of the tips, effectively reducing the wing bending frequency, were dropped. 
Instead, bob weights were added in the pitch control system to improve stick dynamics in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAnecessary 
bandwidth and to reduce the pilot.workload in damping the motion. Even given this. the Voyager 
remained a marginally safe aircraft. 

V-22 Osprey 
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The tilt-rotor zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAV/STOL (vertical/shoe takeoff and landing) Bell Helicopter Textron V-22 aircraft 

(Figure 7) suffered a number of pilot-in-the-loop instabilities during its early development which involved 
aeroelastic modes of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaircraft and digital flight control system characteristics (Reference zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 and 9). m e  
test team encountered a 3.2-Hz PA0 above approximately 250 knots (conventional "airplane" mode) in 
which the pilot/lateral stick system coupled with the antisymmetrical wing fore/& (chord) bending mode. 
Later, above 300 knots (airplane mode), a zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA4.342 PA0 was uncovered which involved the coupling of 
symmetrical wing forer& bending with Filot inpit to the thrust c6naol lever and longitudinal Sck. The 
airframe oscillations caused the pilot's zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAarm to make unintended small, periodic thrust and pitch inputs. 
This limb bobweight effect permitted PA0 involving the pilot input at a bequency which a pilot is 
normally unable to intentionally command physically. This Same instability manifested itself at 3.8 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAHz 
during accelerations and deccelerations while carrying a sling load on the-aft hook. The difference in 
oscillation frequency may have been due to an increase in wing modal freqency with a reduction in wing 
fuel, or the the pendulum motion of the load may have been a primary contributor to the instability. These 
problems were alleviated with notch fiter additions to the flight control laws to attenuate the pilot input in 
the forward path at the troublesome frequencies. These PAOs were highly pilot-dependent; with one pilot 
experiencing the instability but another unable to duplicate the instability. This was partially attributed to 
the varying anthropometric gains of the individual pilots. 

An uncomfortable 1.8 Hz vertical bouncing oscillation was experienced at low power settings during 
approaches to hover. The pilot was coupling with symmetrical wing span-wise (beam) bending which 
probably had the effect of altering the engine thrust vectors and producing uncommanded variations in 
descent rate. The pilot response appears to have been an example of Type II aeroealstic PIO, and was 
resolvedwithareductioninfeedbackgains. Another very unusual V-22 instability occurred on the 
groun& It involved a 1.4-Hz lateral banslation mode of the airhame on its landing gear (helicopter 
mode), producing a rigid body roll oscillation, which the pilot tended to couple with through stick 
response. The coupling excited the upper focus roll mode of the aircraft. Although the PI0 disappeared 
when the stick was released, the solution involved additional stick mass balancing in the lateral axis for 
pilot-in-the-loop inertia. This zero airspeed instability involved elastic response in the sense that the 
stiffness of the landing gear system (spring rate) combined with the inenia of the airframe determined the 
frequency of the oscillation. The excitation of the rigid body mode of the system implies that, rather than 
being an inertia coupling instability, it may have been a Type II aeroelastic PIO. 

C-17A Globemaster I I I  

An aeroelastic pilot-augmented oscillation was found to exist on the McDonnell Douglas C-17A 
Figure x) during a roll with an abrupt application of lateral stick (Reference x). The coupling produced 
a pronound 2.2 hertz roll "ratcheting" oscillation superimposed on the steady-state roll. The sharp 
aileron and spoiler input excited the wing fundamental antisymmemc bending mode, with heavy 
outboard engine nacelle pitching motion. which produced an oscillatory lateral acceleration at the pilot 
station, shaking the pilot-stick limb bobweight system. This caused the pilot to inadvertently command 
lateral stick inputs which had the effect of sustaining the wing bending and lateral accelerations, 
especially when the stick was held out of the center detent in the region of high forward path gains. The 
antisymmemical bending mode, necessarily containing some torsion because of the wing sweep, would 
produce a lift distribution proverse to the existing roll during one half of the modal cycle and adverse roll 
lift during the second half of the cycle. The change in engine thrust vectors resulting fiom the nacelle 
pitching and wing deformation may also have contributed to the oscillatory roll response. This resulted 
was an oscillatory lateral oscillation superimposed on the steady-state rolling moment. The ratcheting 
was also excited by zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgusts, and by sideslip maneuvers during which the electronic flight control system 
(EFCS) commanded aileron to counteract the rolling moment produced by the yaw. In one of the earliest 
versions of the EFCS software the PA0 resulted in a Limit Cycle Oscillation W O )  with heavy and 
sustained rolling oscillations which prompted flight termination. The PA0 was worse at the high speed 
and high altitude regions of the flight envelope. The C-17A possesses a relatively high gain control 
system required for its tactical mission and. combined with the heavy aeroelastic oscillations common 
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with large zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtransports aircraft, increased the potential for aeroservoelastic and aeroelastic pilot-in-the-loop 
instabilities. 

The roll ratcheting was a very undesirable characteristic which had the potential for causing 
additional dynamics and controls difficulties during development testing, and produced wing loads in 
excess of design limits. Later EFCS software versions reduced gains in the forward stick path for the 
late4 axis, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthis e-hninated the PA0 potential. Further gain changes and digital filtering was planned 
at the time of writing to further reduce the feedback to an acceptable level. A recovery procedure was 
briefed for flights intended to investigate the roll ratcheting response or for tats in which there was a 
high potential for exciting the oscillation. The procedure involved centering the stick after achieving a 
safe attitude and decelerating. A stick-fixed condition was maintained because experience had shown 
this to be effective and because the stick pendulum frequency was not hown with certainty. The roll 
ratcheting was also experienced when commanding heading changes with the autopilot zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA(AP) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- an AS€ 
instability. 

Figure 2 shows the worse zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcase roll ratcheting response. Note the sharp aileron input and the stick 
maintained out of the center detent during the roll. The motion at the pilot station, the resulting stick 
motion and aileron response are visible. The ratchering is evident as the scalloping of the roll rate 
response mace. Note the large wing tip response at the 2.2-hertz fundamental antisymmemc bending 
frequency 

PREDICTION OF AEROELASTIC PI0  & PA0 

The prediction of aircraft mctural dynamics is based upon well-developed structural and 
aerodynamic modeling methods combined with sound mathematical solution techniques. However, each 
component of the analysis incorporates many simplifying assumptions in the reduction of the myriad 
nonlinearities and to make the solution more tractable and less costly in computer resources. The 
modeling of unsteady aerodynamics and transonic flow is st i l l  limited. And, the prediction of separated 
flow characteristics i s  currently notgossible. The mechanisms responsible for structural damping is still 
not entirely understood or fully predictable. The structural resonant frequencies, mode shapes, and 
particularly attendant acceleration amplitude at specific points within the aidhime are not precise. 
Combining these models with the models of the rigid body zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaircraft aerodynamics and the conml system 
modeling would produce considerable uncertainties in a simulation incorporating all of these features. 
Such tests concentrating on areas of suspected PIOPAO susceptibility may yield useful data. But it would 
neither zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgumtee the existence nor nonexistence of any such instability. Of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcourse, refining the analysis 
variables with the use of flight test dam would significantly improve the applicability of the results. 

The early prediction of a pilot-in-theloop oscillation problem can permit corrections to be made to an 
aircraft prior to initial flight and to avoid testing and production delays, and to combat cost o v m  
There are many references which discuss techniques for the analysis of the general PI0 instability 
(Reference 2.3.4.5, and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA9). and there is no point m reproducing that work in detail in this paper. nese 
analysis methods may be useful in predicting aeroelastic PIO, and possibly PAO, providing structural 
response is included in the overall system model. This was attempted in at least one case with limited 
success (Reference 5).  The difficulty comes in the modeling of this response as a simplified control 
system element in the required notation. 

The more common computational analysis methods for predicting potential PI0 are explained in 
Reference 4. They require the modeling of the pilot, usually as a pure gain controller. However, this has 
OccasiomIJy been found to be inadequate simplification. Modeling random turbulence disturbances also 
commonly uses a model, albeit an empirical one. Smith (Reference 2) states that a resonant pilot-vehicle 
system that is one with distinct resonant peaks apparent in transfer function plots (such as in Figure 8. 
from Reference 3). is a necessary requiremenr for PIO. He further states. at least for a typical longitudinal 
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PIO. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthat the phase margin of the pilot input and p i l o t - s e d  acceleration in the affected axes must zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe 
less zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthan zero. The other particulars of these methods will not be reproduced here. The more basic 
modeling of the pilotkontroller system. normally as a simple spring/mass/damper system has more 
promise for revealing PA0 when excited with the predicted aeroelastic or mechanical vibrations the air 
vehicle is likely to experience. The amplitude of these inputs would then be varied to cover the range of 
uncgrtainty in this papmeter. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

An essential tool for predicting any system instabilities is a simulation. A purely analytical 
simulation without hardware-in-the-loop or pilot-in-the-loop would required models of system 
nonlinearities and modeling of the pilot neuromuscular dynamics (a very nonlinear system in itself). in 
addition to the basic aircraft rigid body dynamics, which add considerable uncertainty to the results. Such 
simulations are typically done, however, to provide initial insight into potential PI0 instabilities. The use 
of man-in-the-loop ground-based simulators, particularly fixed-based simulators, has occasionally been 
able to identify PI0 instabilities which later occurred in flight or reproduced those which have occurred 
(Reference 2). The validity of such a test is greatly enhanced in the actual control system flight hardware 
is included. Oscillation the motion-based simulator in the most likely axes and at possible amplitudes can 
go a long way toward uncovering PAO. The difficulty comes in the limited frequency response of many 
such simulators. An electromechanical shaker attached to the controller, with the pilot's l i b  physically 
present or simulated, may also provide useful data 

The aircraft model in the simulations should include estimated structural dynamics to provide an 
initial look at any potential ASE instabilities. These zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAestimated dynamics zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare in simplified equation fonns 
which predict the displacement rates at the control system package location and possibly control surface 
position feedbacks resulting from structural deformation. This simulation, however;will not demonstrate 
the existence or nonexistence of aeroelastic PI0 unless the aerodynamic effects of structural elasticity and 
the accelerations at the pilot station from these deformations are modeled. "his could be done in the same 
manner as for the sensor package for the pilot station response, but has not or is seldom done because the 
prediction of these effects would be so simplified to pennit a real-time simulation that the nuances which 
play in a PI0 event would most likely be lost A real-time simulation including any reasonable estimation 
of non-rigid aerodynamics is probably not possible with the current computer and mathematical tools. 
Inflight simulators have been very helpful in uncovering pilot-in-the-loop instabilities (Reference 4). but 
the dissimilar aircraft makes it unsuitable for revealing aeroelastic PI0 susceptibility. 

ALLEVIATION TECHNIQUES 

A flight controls engineer would likely assume a strictly control system dependent instability when 
initially seeking the solution to a PIOPAO. The general resolution would then be software changes. 
probably in the form of notch or roll-off filters, or to alleviate system nonlinearities in the bandwidth in 
which the instability occurs. This can be a very lengthy process of code changes, digital modeling, and 
simulator tests before the new sofcware is available for flight. The process may zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArequire several months, 
and the new control laws may not produce overall handling qualities as desirable as those preceding the 
change. 

Three basic methods of preventing basic PI0 exist, and they hold equaly promise for reventing PAO. 
The first and most common method is to attenuate the pilot input in the bandwidth in which the 
difficulties occur. A filter in the appropriate stick input channel is commonly used today for digital flight 
control systems, with a mechanical stick damper, perhaps a viscous damper, used for the non-elecmcal 
mechanical effect. This is the "inelegant" solution in that any gain change within the 0 to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA3-Hz 
bandwidth has the potential for degrading general aircraft responsiveness. The second method, when 
possible without producing additional problems. is to attenuate the feedback signal (in a fly-by-wire 
system) which is playing a dominant role in creating Lhe instability. The later technique assumes that 
sufficient test data have been collected to isolate the troublesome feedback channel. If a prior 
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consideration is given to all  possible sources of troublesome feedbacks. hcluding aeroelastic. then the 
precise mechanism for the anomaly can be determined. Identifying the mechanism can assist in isolating 
the source to a particular transducer. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAThis is critical in optimizing a solution which will not adversely 
impact desirable system dynamics. The third method is to eliminate control system phase lags (Reference 
2) and nonlinearities. This could involve considerable system optimization to, again, avoid undesirable 
handling qualities. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAAll system changes must be checked in flight fcr full validation. All of thsse solutions 
presume that it is impractical to make major changes which would change the rigid d h c s  of the 
aircraft. The rigid body modes are determined by the moments of inertia of the vehicles and the 
aerodynamics (such as the positioning of the wing) at the particular flight condition, and so are difficult 
and expensive to alter. 

Unfomtely, eliminating a Type I aeroelastic PI0 at the root cause would mean shifting a strucfural 
resonant frequency of the resultant amplitude of structural deformation to prevent coupling. This m m  a 
structural change to the air vehicle which is considerably more expensive in resources zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthan a control 
system change. As an example. it could consist of stiffening a major portion of the airframe. This would 
entail considerable manufacturing drawing and tooling changes and reanalysis of a portion of the flight 
loads and structural dynamics. Repeating a portion of the loads and flutter fight testing, and even some 
of the attendant ground tests, may also be required. The only cost-effective solution would be changes to 
the control systems as described previously. Eliminating a Type II aeroelastic PI0 would be equally 
difficult, requiring the structural mode changes just discussed or a rigid body aircraft mode change to 
decouple the response. The rigid body response can be automatically damped with an electronic stability 
augmentation system or similar function of an overall fly-by-wire system. This should prevent pilot 
coupling. So, in the end, a control system change is the more likely solution for aeroelastic PI0 and PAO. 
However, recognizing the true source of the instability would provide clues to a solution much easier to 
implement or one with less adverse impact on the o v e d  system dynamics and aircraft flying qualities. 

For a mechanical control system, or electrical systems with mechanical controllers, the addition of an 
artificial feel system or modifications to an existing feel system can reduce zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAPI0 susceptibility. This can 
take several forms, using one or more. of three basic elements (Reference 10). The viscous damper already 
introduced provides highex stick foRces proportional to the rate of stick deflection. A bellows gives a 
spring pd ien t  that is a function of airsped and altitude and is essentially a mechanical gain changer. 
The bobweight will increase stick force per g, and is essentially a mechanical feedback of pilot-applied 
forces. All of these elements, when properly applied to a control axes affecting PIO, have seen various 
level of success. However, such measures should be taken with zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcare because of the potential for 
destabilizing influences beyond the PI0 condition, largely because of nonlinearities added to the system, 
and instances wherein the feel system itself was at the root of a PI0 (Reference 9). Similarly, stick 
friction, break-out forces, preloads, and deadbands or hysteresis also have the potential for either 
exacerbating or reducing the PI0 susceptibility 

TESTING METHODOLOGY 

Inter-Discipline Communication 

The structural dynamics and fight controls members of the flight test team must maintain a close line 
of communication between each other. Aside from potential aeroelastic/pilot coupling, amservoelastic 
concems demand this son of intention as well. When a pilot-in-the-loop oscillation incident does occur, 
the structural dynamics team can assist in identifying any potential aeroelastic contribution by comparing 
the oscillation frequency with structural modes isolated in ground vibration and flight flutter testing. If an 
aeroelastic contribution to the instability appears to be possible, the structures team can perform analysis 
or recommend data channels for use in controls analysis to verify this contribution,. If the aircraft is not 
adequately instrumented to verify an aeroelastic contribution to the oscillation the structures team can 
recommend transducer installations which will assist in the investigation. 
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Testing Techniques zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

The fundamental handling qualities test methods zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas suitable for revealing aeroelastic pilot-in-the- 
loop ovillation suxeptibilify as they are for other PI0 tendencies. PA0 would most likely also be 
uncovered-as a consequence. These methods typicaJy consist of performing high gain handling qualities 
during tncking (HQDT) tasks such as air-to-air tracking. Other basic stability and control tests such as 
abrupt pull-ups and push-overs or sideslips with an anitude capture on return to steady level flight have a 
higher potential for exciting structural elastic modes which could contribute to a PI0 event. However, 
such maneuvers are seldom performed during HQDT. The sharp manual control inputs common of fight 
flutter testing (Reference 1) will produce the highest manually-induced elastic response and, although also 
not normally concurrent with a high gain pilot task. might uncover any inherent aeroelastic/pilot 
resonance. An opportune gust or the inertia effects of stores release zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAalso has the potential for producing 
the elastic response zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthat results in an instability. Thus, the potential exists far an aeroelastic PI0 to reveal 
itself during any portion of the early development flight testing. Therefore, the normal envelope 
expansion testing should consist of concurrent structural dynamic and flying qualities testing in the 
normal build-up fashion with basic tasks pedormed as early in the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtest program.as reasonable. The early 
look at operationally realistic mission tasks which has become common in military flight test efforts may 
also provide insight in this regard. 

Because PIO/PAO susceptibility may be strongly dependent on individual pilot sensitivities and 
reactions, a single Cooper-Harper nting (Reference 10) among a sampling of pilots indicating poor 
handling qualities should not be dismissed as anomalous. The damping zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof the basic rigid body modes of 
the &raft should be tracked during the build-up and care taken when they approach the 2.percent 
criteria mentioned earlier. The frequencies of structuraJ modes should be tracked in concert with the rigid 
body modes during the build-up to provide warning of the potential for the coupling of these modes. This 
requires the close association of the flying qualities and structural dynamics test engineers. Tests should, 
of course, include failure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAcases with stability augmentation systems off (where practical). reversion to 
mechanical systems, and other such conditions to ensure PIO-free control in these states. Such systems 
have the potential for artificially damping an elastic mode when active, so an aeaoelastic pilot-in-the-loop 
oscillation m a y  develop when they are tumed off. 

Recovery Techniques 

The normal PI0 recovery procedures, once the pilot or test team recognizes the event as such, is to 
either: 

1. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBANeutralize the controls and hold fued  until (he dynamics die-oul, while decelerating; 

2. Release the controls to remove the pilotfrom the loop, while decelerating. 
or 

The concurrent deceleration out of the test condition is best achieved by onIy pulling the throttles back but 
may be enhanced with a pull-up. The latter technique may aggravate the aeroelastic component of the 
PIO, so it should be used judiciously. The choice of recovery techniques would be based upon aircraft, or 
the failure of one technique to produce the recovery expeditiously. Either method should be suitable for 
an aeroelastic PI0 or PAO. 

The F- 1 1 1 aeroelastic PI0 discussed previously illustrates one case in which the recovery procedure 
proved to be critical. R e d  that when the pilot attempted to hold the stick centered during the recovery, 
the aircraft rolling motion had a tendency to rock the pilot from side to side, inadvertently commanding 
additional alternating roll commands. In the worst conditions. when the pilot had released the stick. the 
light lateral stick damping inherent in the design had permitted the pendulum mode of the stick to couple 
with the rolling inertia produced by the LCO to again create an unstable response. In such a stick-free 
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situation, the stick had been known to move on its oWn laterally from stop-to-stop, again producing 
uncommanded bank-to-bank roll. Recovery by centering the stick and decelerating out of the condition 
proved to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAbe safe and effective. However, some exciting rides were experienced. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Instrumentation 

A basic error which is often made when performing flying qualities tests is to limit the 
instrumentation to parameters directly associated with the control system and rigid body response. Other 
parameters must be included to allow for analysis of unexpected events such as ASE anomalies and P10, 
including aeroelastic PI0 and PAO. The following list is an example of the instrumentation which should 
be included from the start, or added once a problem occurs which requires investigation. Derived 
parameters for these basic measwands are not included in the list. Additional useful information on 
required instrumentation can be found in Reference 9. 

Basic control system instrumentation: 
pilot inputs (control forces and deflections) 
control zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAsurface deflections 
sensor output (gyros and accelerometers) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
primary system feedbacks 
mechanical systems responses 

primary system outputs 

Basic rigid body dynamics instrumentation: 
b e - a x e s  cg accelerations 
three-axes cg angular rates 
three-axes pilot station accelerations 

Basic smctural dynamics instrumentation: 
fuselage bending and torsion 
wing d a c e  bending and torsion 
tail surfaces bending and torsion 

?he structures parameters could be derived from accelerometers at the extreme of the surfaces or properly 
located and oriented strain gages. The modal data would need to be interpreted by reference to ground 
vibration or flight flutter test data. 

CONCLUSION 

’Ihe effects of aeroelastic influences zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAon zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAaircraft connollability are frequently overlooked when 
attempting to resolve a problem uncovered in flight test, This m a y  be particularly true of pilot-induced 
oscillations. me work already undertaken to predict PI0 will assist in the prediction of aeroelastic PIO, 
but must be combined with adequate pilot and structural models, both of which greatly increase the 
uncertainty in the results. Simulations and the inclusion of flight test results should enhance the 
applicability of the results, but the prediction of aeroelastic PI0 or PA0 remains a very uncertain 
undertaking. During flight testing, communication between the structud dynamicists and the flight 
controls teams must be maintained to deal with combined phenomena such as aeroelastic PIO. Likewise, 
both srmchlral and controls parameters must be included in a flight test instrumentation suite to provide 
the data required to deal with such combined effects. Luckily, the time-worn envelope expansion and 
suitability test techniques and PI0 recovery procedures are sufficient for an aeroelastic/pilot coupling 
instability. Failure to recopize the aeroelastic source for a pilot-in-the-loop instability m a y  delay the 
resolution to the problem and lead to time-consuming and expensive solutions which adversely effects 
desirable system dynamics. 
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(NOTE: This zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBApaper is an expansion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof an eaflier work on the subject of aeroelastic/pilot coupling 
presented in Reference 13.) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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1. SUMMARY 

Rate saturation conditions caused by rate 
limiting elements (RLE’s) in flight control 
systems can contribute to severe pilot 
induced oscillation. In order to gain more 
theoretical insight in this problem the paper 
deals with the development of rate limiter 
describing functions in order to establish a 
theoretical basis for open and closed loop 
handling qualities analysis in the frequency 
domain. Although rate limitation produces 
nonlinear system behaviour it could be 
shown that rate limiter describing functions 
could be applied to existing methods used 
in handling qualities analysis of pilot/ 
aircraft systems. 
A new handling quality parameter, the rate 
limiter onset frequency, is defined as a 
measure of input amplitude and frequency. 
Here.the onset frequency in reference to the 
system bandwidth could be a suitable 
parameter in defining handling qualities 
boundaries for flight control systems with 
RLE’s. 
The response in amplitude and phase is 
presented for different types of input 
signals such as triangle and ‘sinusoidal 
oscillations. Rate limiter cascading is 
considered too. 
Further, the suitability of various existing 
handling quality criteria are compared with 
the RLE results especially with respect to 

PIO. Finally the improvements in system 
behaviour by applying an alternate control 

scheme (ACS), as proposed by A’Harrah, 
will be discussed. 

2. INTRODUCTION 

Rate saturation conditions in flight control 
systems are well known as an element 
which can contribute to severe pilot 
induced oscillation (PIO). Recently, the 
problem of rate saturation caused by rate 
limiting elements (WE)  in flight control 
systems has been revived due to the 
proposal to overcome rate saturation 
produced handling problems by using an 
alternate control scheme (ACS) providing 
that the rate of the RLE has the same sign 
as the commanded rate so that the input 
and output signals are in phase [ l ]  . 
Due to this proposal flight tests have been 
carried out at DLR [2] and Calspan [3] 
in order to evaluate both the ACS- 
alghorithm and the expected handling 
quality improvements. 
The intention of this investigation is to 
describe the dynamic behaviour of rate 
limiting elements in the frequency domain 
Through describing functions in order to 
provide the basis for both the pilot/ aircraft 
system analysis and the definition of para- 
meters which will influence handling 
qualities . zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

This Advisory Report zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAoti “Pilot Itiduced Oscillations” has been prepared at rhe request zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAof h e  Flight Veliicle Itiregraiion Panel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of AGARD, formerly rhe Flight Mechoriics P o d  
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Although RLE's cause nonlinear system 
behaviour it will be shown in this investi- 
gation that linear methods could also be 
used when RLE's are active in the flight 
control path. Further it will be shown that 
existing methods used for handling 
qualities analysis on pilot/aircraft systems 
in the frequency domain such zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas open and 
closed loop approaches are also applicable zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
[41. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
3. RATE LIMITER DESCRIBING FUNCTION 
FOR TRIANGLE TYPE INPUT SIGNAL 

Assuming that the RLE will be excited by 
a triangle type input (rate limited input ) 
then the output signal is only affected by 
the RLE if the input rate is higher than the 
limited rate of the RLE. The time response 
of both the input and the output signal in 
the steady state oscillation condition is 
shown in figure 1. 
From this figure the describing function of 
the nonlinear rate limiting element as a 
function of input amplitude and frequency 
can be derived for the amplitude 

A = Xo/Xi = Xoot0/ Xoiti 

to = ti 

k = Xoo/ Xoi 

A = k  

with 

and 

it follows 

and for the phase 

~p = - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA0, T, 
with 

ai = 7d2 ti 

it follows 

~ p =  - zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAd 2  ( 1 - k )  

0,s k 51 

By defining the ratio of the rate limiter rate 
to the input signal rate as k both the 
amplitude and the phase angle will be 
linear functions of k. 
An important parameter is the frequency at 
which the RLE will become active. This 
frequency is called the 

RLE onset freqency, 

0 onset . 

The onset frequency can be calculated as 

xoi = xoo 

xoi = xi ai 2/ 71 

0 onset = xoo/ xi 7t/2 

or 

It turns out that this frequency is propor- 
tional to the RLE rate and inverse propor- 
tion to the input amplitude. 
The frequency response of the triangle type 
excited RLE is shown as bode plot in 
figure 2 indicating that there is no ampli- 
tude or phase delay as iong as the RLE will 
not onset. After onset the amplitude 
decreases with -2OdBldecade and the phase 
shows an initial steep gradient with a final 
value of -90 degrees at high frequencies. 
The frequency response for different input 
amplitudes is characterized by different 
onset frequencies. That means that the 
frequency response curve is shifted to the 
left along the frequency axis in case of 
increasing amplitudes and vice versa. 
For simplification the frequency could be 
normalized by the onset frequency so that 
the frequency response is valid for all input 
amplitudes. The RLE onsets then at the 
normalized frequency of one. 
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The time delay which is often used instead 
of phase delay can be calculated as 

T , = t , (  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1 - k )  

The time delay has a maximum at a 
specific rate ratio or frequency. 
The maximum time delay occurs exactly at 
a rate ratio of 

k zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA= 0.5 
or at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

0 = 2 0 onset. 

The time delay as a function of input 
amplitude and frequency is illustrated in 
figure 3. From this figure it could be de- 
rived that by doubling the input amplitude 
the onset frequency will be halved and the 
maximum time delay will also be doubled. 
Large amplitudes provide a sharp maximum 
and small amplitudes a flat maximum of 
time delay. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
4. RATE LIMITER DESCRIBING FUNCTION 
FOR SINUSOIDAL TYPE INPUT SIGNAL 

Figure 4 indicates the time response of a 
fully active RLE in the steady state os- 
cillation condition excited by a sinusoidal 
input signal. 
The situation for different rate ratios of 
RLE rate and input rate is represented in 
figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 .  
It is seen that the rate limiter onsets if the 
rate limitation is equal to or lower than the 
maximum rate of the sinussoidal input. 
After that the input signal rate varies with 
the cosine so that there are conditions 
where the output signal will 'meet' the input 
signal at a rate which is lower than the 
RLE rate so that the output signal will 
follow the input signal ( the RLE remains 
deactivated). 
Due to this fact there are conditions where 
the RLE is only partly active. These 
conditions are given in the regions I and I1 
as shown in figure 5. Region I11 is the area 

where the inpu signal rate is always 
greater than the RLE rate, so the RLE will 
be active at all times. 
Due to these nonlinearities it is necessary 
to use for each set of conditions different 
RLE describing functions. 
In region I the output of the RLE will meet 
the input signal before the maximum of the 
input signal is reached. After the 'meeting 
point' the output will follow the input 
signal. Because the amplitude and phase are 
defined in reference to the maximum 
amplitude and the change of sign of the 
input signal we can conclude that there is 
no RLE produced amplitude and phase 
delay in region I. 
The condition that the output signal exactly 
meets the input signal at its maximum is 
given for 

. . 

k = X,/X imax= 0.725 

o = oi k 71/2 

o, = 1.38 o onset. 

or with 

at 

Because amplitude and phase delay will 
occur only for RLE rates lower than 0.725 
(Region 11) this frequency is called 

the effective RLE onset frequency 

onset e f led ive '  

The amplitude and phase values in region 
I1 can be calculated by solving the 
equation 

f(t) = sin(t) - cos(to) (t-to) -sin(to) = 0 
with cos(to) = k 

in order to get the point of intersection of 
the RLE rate with the input sine signal. The 
equation could not be solved explicitly. 
This was done by using the Newton 
approximation method. 
The amplitude is then approximated by 
using a quadratic function of k and the 
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phase by using a linear function of k as 
for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
Region I 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 k 2 0.725 

A = O  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cp=o 

Region I1 

0.725 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA> zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAk > 0.537 

A = 1 - 4.51 ( 0.725 - k ) * 

= - 173 ( k - 0.537 ) - 32.5 

Region I11 

k 50.537 

A = k xl2 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
cp = - arccos ( k x/2 ) 

For 
k 5 0.537 

or for 
o 2 1.86 o onset 

the condition is given where the input rate 
is always higher than the RLE rate so that 
the RLE is active all the time. 
This behaviour is illustrated in the bode 
plot in figure 6.  
The general results drawn from the triangle 
type excited RLE are also valid for 
sinusoidal inputs. 
The explicit time delay can be calculated 
by using the relationship 

cp = ai T,. 

For region I11 the time delay is given by 

T, = - arccos( k 7d2) / ai 

The amplitude and phase response is very 
similar to that of the triangle type input but 
the RLE onset is shifted by the factor of 
1.3 8 to higher frequencies. 
Figure 7 gives the phase delay as a func- 
tion of input amplitude and frequency. 
Illustrated are curves of constant phase 
delay produced by the RLE as the 
theoretical onset (dotted curve), the 
effective onset (bold solid curve) and 
constant phase curves of different amount 
of phase delay. By changing the RLE rate 
the whole set of curves will be shifted 
along the frequency axis. 

5. CASCADED RATE LIMITER DESCRIBING 
FUNCTION 

In flight control systems often additional 
signal rate limitation is implemented in 
order to avoid actuator rate saturation 
caused by large pilot command inputs in 
combination with large augmentation of 
system commands so that several RLE's 
could be active in the flight control path. 
This situation where several RLE's are in 
series is identified as cascaded rate 
limitation. 
The cascaded rate limitation situation is 
exemplified in figure 8. 
The total frequency response of cascaded 
rate limitation is given by multiplying the 
transfer function blocks as it is valid for 
linear transfer functions but interchanging 
the transfer blocks is not allowed for 
nonlinear systems. As long as the 
frequency is lower than the onset frequency 
of the relevant RLE the transfer function 
will have zero dB in amplitude and zero 
degree in phase. 
Assuming that the rate limitations of the 
different RLE's are different it is obvious 
that with increasing input frequency or 
amplitude the RLE with the lowest rate 
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value will be active first zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA( lowest onset 
frequency ) because the input signal will 
pass all RLE's with higher rates. 
If the input frequency is further increased 
the other RLE's become active ( onset ) if 
their onset frequencies are reached. The 
amplitude and phase between two RLE's 
will then be fixed by their rate ratio. These 
values remain constant and independent 
of the input frequency and amplitude. 
In cases where the lowest RLE is in front 
of the RLE's with higher rate settings they 
will never be active because the lowest 
RLE output rate is always lower than that 
of the others. 
The frequency response of a cascaded rate 
limiter situation with three RLE's is shown 
in figure 9. 

This figure illustrates an example for three 
RLE's in series showing that each rate 
limiter will be active ( onset ) one after the 
other and each contribute in amplitude and 
phase with a constant value which is given 
by the value at the onset frequency. The 
amplitude slope remains also in the 
cascaded situation - 20 dB/ decade. 
I t  is  clearly seen that cascaded rate 
limitation degrades the total frequency 
response tremendously. Important for the 
total behaviour is the ratio of the onset 
frequencies of the different RLE's. 
Figure 10 indicates the phase response in 
case of similar sinusoidal type input 
showing the behaviour where different 
RLE's became active at their individual 
effective onset frequencies. 
As far as handling qualities are concerned 
it can be concluded from this figure that 
implementing cascaded rate limitation in 
flight control systems makes little sense 
because the frequency response will 
additionally be degraded. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
6. COMPARISON OF THEORETICAL 
RESULTS WITH REAL MEASUREMENTS 

the flight control computer systems the 
actuator generally became rate saturated if 
larger amplitudes were commanded. 
As an example figure 11 shows the 
frequency response of an electro-hydraulic 
actuator of DLRs flying simulator ATTAS 
which is used for direct lift control excited 
with increasing amplitudes. It is seen that 
for a commanded amplitude of 20% of the 
maximum stroke the actuator is rate 
saturated. Further it is seen that the onset 
frequency is reduced with increasing 
amplitude and that the amplitude slope of - 
20 dB/ decade and the steep phase delay is 
evident as it is theoretically described. 

In that case where the actuator input signal 
is electronically rate limited such that the 
actuator itself did not become rate saturated 
the frequency response results in the linear 
summation of both the frequency response 
of the actuator and the rate limiter 
amplitude and phase as exemplified in 
figure 12. 

7. INFLUENCE OF RATE LIMITATION ON 
PILOT/ AIRCRAFT SYSTEM HANDLING 
QUALITIES 

A typical pitch axis closed loop control 
situation as it is used for pilot/ aircraft 
handling quality analysis is shown in figure 
13 .  

Handling quality criteria or parameters are 
based on closed loop parameters e.g. the 
Neal-Smith criterion zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA[ 5 ]  with pilot leadflag 
phase and resonance of the closed loop 
system or on open loop parameters like 
bandwidth , phase delay and phase rate 

The rate limiter describing function 
provides the base for investigating the 
influence of rate limitation on closed or 
open loop systems very easily by using the 
established handling quality analysis 
methods. 

~ 7 1 .  

Apart from signal rate limitation realized in 
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7.1 The rate ..miter onset freqency 

. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAIt is obvious that the rate limiter onset 
frequency as a function of input amplitude 
is the key parameter with respect to aircraft 
handling qualities because for the pilot the 
dynamic behaviour of the aircraft will 
change dramatically at this frequency. 
If the pilot is not able to adapt to the 
sudden dynamic change pilot induced 
oscillation can occur and control could be 
lost. 
Increasing the input amplitude will drive 
the onset frequency to lower frequency 
values as it is shown in figure 7. 
Existing handling quality criteria imply 
linear response of the controlled plant and 
all handl ing quali ty parameters are 
therefore only valid for these conditions. 
For nonlinear behaviour as it is given when 
rate limitation becomes active the handling 
quality criteria should be adapted. The rate 
limitation problem could be tackled by 
defining flying qualities as a function of 
input amplitude represented by RLE-onset 
frequency. 

As it is exemplified in figure 14 linear 
flying quality criteria are valid in the region 
below the RLE onset boundary. Above the 
boundary RLE behaviour has to be 
considered for pilot/ aircraft stability 
analysis. Further this representation could 
be used to define the allowed distance of 
the RLE onset frequency relative to the 
task bandwidth for the linear system (RLE- 
onset margin ). 

For instance the task dependent 
amplitudes have to be defined to avoid at 
the bandwidth frequency zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAa,, the RLE 
onset. Because flying qualities are 
inherently connected to flight safety the 
probabil i ty of  exeeding the defined 
amplitude could also be an adequate 
approach to define the allowed input 
amplitudes. In order to provide an onset 
margin the RLE-onset frequency should 

have a sui table distance f rom the 
bandwidth 'frequency for level 1 flying 
qualities. 
In cases where higher amplitudes are re- 
quired from both the pilot and/ or the flight 
control system as normally used and the 
RLE becomes active, the influence of the 
RLE should be such that the f lying 
qualities do not become worse than level zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 
but with double amplitude by no means 
should 'jump' to level 3 or create pilot 
induced oscillation as it is required in the 
MIL-F-8785 specifications. 
Additional analysis, simulation and flight 
tests have to be done to provide the data to 
be able to define RLE- onset margins or to 
show that in a rate limited condition the 
bandwidth reduction is acceptable. 

7.2 Open/ closed loop handling quality 
parameters 

The influence of RLE on handling qualities 
could be studied by comparing the effects 
on existing handling qualities criteria. 
In figure 15 RLE produced time delay is 
compared with the bandwidth criterion [6] 
showing that the boundaries from level 1 to 
3 are exceeded in case of increased 
amplitudes. Assumed is an aircraft with 
0.25 s time delay where a RLE is added. 
The behaviour is quite nonlinear depending 
on both amplitude and frequency. 
Further, the influence of RLE on open and 
closed loop parameters could also be 
demonstrated by using the Nichols plot [5]. 
Figure 16 exemplifies how the phase and 
amplitude margin of the open loop system 
and how the closed loop bandwidth and 
resonance are effected by a RLE. 
Curve A represents a typical aircraft short 
period response with a pilot modelled by a 
pure gain and a t ime delay of . 3  s 
providing a closed loop bandwidth of 
about 1.5 rad/s. 
Curve B shows how curve A is influenced 
by the RLE which becomes active at the 
onset frequency of oOnset = 1 .  
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Further it can be derived that the phase/ 
amplitude slope remains nearly unchanged 
but that the bandwidth defined by phase 
and gain margin is heavily reduced. If the 
pilot would increase his gain in order to 
stay with the needed bandwidth of zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA1.5 rad/s 
(curve C) by applying e.g double amplitude 
the onset frequency shifts to zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA.5 rad/s and he 
would get zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 dB resonance. Finally with 
higher gains the system would become 
unstable. 
So the initial bandwidth could never be 
recovered by a pure gain. Due to the fact 
that the dynamic will change very rapidly 
the pilot will have no time to adapt to the 
new situation. Instinctively he will increase 
his gain which leads to the described 
control problems. 
RLE's in flight control systems require a 
detailed analysis by considering the input 
amplitude in order to define the RLE- onset 
margin. 
However it must be considered that the fre- 
quency analysis for  a control loop 
presumes steady state oscillation conditions 
where the pilot ' has time to adapt' to the 
changed dynamics. In real flight the 
dangerous PI0 prone situations are given 
by the unforeseen dynamic change where 
the pilot is not able to adapt fast enough to 
the new dynamics. 
Therefore devices have to be implemented 
in flight control systems which are able to 
avoid rate saturated conditions or which 
'improve' the dynamics such that the flying 
qualities are only degraded but not so much 
that P I0  could develop. 
The potential of ACS to avoid P I0  in rate 
limited situations as proposed in [l] will 
be discussed in the next chapter. 

7.3 Potential of ACS on handl ing 
qualities 

The alternate control scheme (ACS) 
providing the sign of the output signal rate 
equal to the input rate if the rate limiter is 
active means that the phase delay becomes 

zero. 
This situation is shown in the time domain 
in figure 17 and in the frequency domain in 
figure 18 ( Nichols plot). 

In the Nichols plot curve D represents the 
frequency response of the rate limited 
system with an ideal phase compensation. 
The frequency response is only effected by 
amplitude reduction. It can be seen that the 
pilot could recover the initial bandwidth 
by increasing his gain without any danger 
of instability. System degradation is only 
given by the fact that the system is gain 
limited. 
Similar results could be obtained by using 
the Gibson criterion [7] where the phase 
rate at the -180 phase is used to predict 
P I0  behaviour ( Figure 19). 
The solid curve represents a modern fighter 
type airplane. Assuming a RLE onset at zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAo 
= 2.3 rad/s (dotted curve) PI0 is predicted. 
The same situation with RLE compensation 
by ACS is illustrated by the bar-dot curve. 
In this specific case  the^ total behaviour 
would even be improved by the com- 
pensated RLE compared to the initial con- 
figuration. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
So the ACS seems to be a good solution to 
avoid PIO's when RLE's become active in 
flight control systems by assuring at least 
level 2 flying qualities. 

8. CONCLUSIONS 

Rate limiter describing functions have been 
derived and have been used in pilot/ 
aircraft analysis by using established 
methods. By this, insight into the influence 
of WE'S in flight control systems has 
been gained showing that phase and 
amplitude are heavily reduced if the RLE 
becomes active. As a key parameter the 
RLE-onset freqency was defined which can 
be used as a measure of the input 
amplitude. RLE's in flight control systems 
make system dynamics input amplitude 
dependent which leads to the requirement 
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to define input amplitude dependent 
handling qualities too. Here the onset 
frequency of RLE's in reference to the 
bandwidth frequency could be a suitable 
parameter to define handling quality 
boundaries for flight control systems with 
RLE's. Further, the frequency response 
behaviour of RLE cascading configurations 
has been derived showing that the overall 
system dynamics will additionally be 
degraded and therefore should be avoided 
in any case. 

From a handling qualities standpoint the 
main problem is seen by the fact that 
control dynamics will change suddenly 
when RLE's onset and the pilot is not 
able to adapt fast enough to the changed 
dynamics. Instinctively he will respond by 
increasing his gain to compensate the 
bandwidth reduction. 
Because a pilot's adaptation capability de- 
pends strongly on his skill RLE onset is 
generally dangerous and P I 0  could happen. 
Therefore, RLE onset should be prevented 
in any case or if so the consequences of 
RLE should be reduced so that at least 
level 2 flying qualities are assured. 
It is shown that the ACS as a means for 
counteracting RLE phase delay could fulfil 
these requirements. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
9. REFERENCES 

1. 

2. 

3. 

A'Harrah, R.C., 
"Communique with DLR and others," 
NASA HQ, Washington DC, 
July 14, 1992 

Buchholz, J.J., 
"Saturated command and rate limited 
elevator time delay, SCARLET," 
DLR IB 1 1 1 -93/18, April 1993 

Ohmit, E.E., 
"Tes tp lan  f o r  NT-33  I n - f l i g h t  
investigation into flight control system 
rate limiting,!' 

4. 

5. 

6. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
7. 

Calspan NT-33A TM No. 605, June 
1993 

Hanke, D., 
"The inf luence o f  rate l imi t ing 
elements in flight control systems on 
handling qualities," 
DLR IB 11 1-93/61, September 1993 

Neal, T.P., Smith, R.E., 
"An in-flight investigation to develop 
control system design criteria for 
fighter airplanes," Vol. I and I1 
AFFDL-TR-70-74, 1970 

Hoh, R. et al., 
" P r o p o s e d  M I L  S t a n d a r d  a n d  
Handbook 
-Flying Qualities of Air Vehicles," 
Volume 11: Proposed MIL Handbook 
AFWAL-TR-82-308 1, Volume I1 
November 1982 

Gibson, J.C., 
"Piloted handling qualities design 
criteria for high order flight control 
systems,"AGARD-CP-333 on "Criteria 
for handling qualities on military 
aircraft, "April 1982 pp.4.1-4.15 



Figure 1 RLE time response (triangle type input) zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 2 RLE frequency response (triangle type input) 
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Figure 6 RLE frequency response (sinusoidal input) 



11-12 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 -45 -60 -70  -80 d M  

Input 
Amplitude 

1 10 

ALE onset Frequency, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArad I s  zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA..-..-.. 
Onset ettective 

- 
Figure 7 RLE produced phase delay 

1 

Amplitude zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
0 

-1 

100 

Figure 8 RLE cascading zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAtime response 



11-13 

0 

-20 

-40 

-60 

-80 

-1 00 

-1 20 

-1 40 

-1 60 

Phase, deg 

1 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA2 3  5 10 20 100 
Frequency, rad/s zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

Figure 9 Cascaded RLE frequency response (triangle type input) 
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Figure 13 RLE's in pilot/ aircraft system 
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Figure 14 RLE onset frequency - a flying quality parameter 
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1) Introduction 

The experience of PI0 within the C a l p  Corporation is 
considerable, following a long zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAstandmg interest in the subject. 
During zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthis experience, the major concem that has been 
uncovered is that of the attitude towards the pilot following a 
PI0 incident. There is still a tendency in many areas of 
aviation to consider a PI0 as a failure of the pilot, whereas it 
must be properly regarded as a failure of the control system 
and its design process. 

Over a period of some years, the Calspan Corporation have 
undertaken a series of experiments with the NT-33A and zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBALear 
Jet air& to examine the effects of rate limiting 
Compensating devices. The notes which follow summarise the 
presentation given on some of the aspects which have been 
investigated both analytically and experimentdly in flight 
tests. 

2) Simple Pilot Models 

The interest in pilot modelling has re-awoken with the recent 
incidents resulting in the losses of the YF-22 and JAS-39 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
a i r d .  In the past, a number of authors have idenMied that 
human dynamics zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAare a primary cause of PIO, with lack of 
piloting skill and errors of judgement under stress as 
contributing factors in the occurrence of PIO. 

From a study of PI0 incidents, all of which involved control 
surface rate limiting, it was observed that the pilots tended to 
switch the sign of their control command when either pitch or 
roll rate changed sign. This is illustrated by the vertical 
dashes on the time histories of the PIOs in the NASA Digital 
Fly-By-Wire (DFBW) F-8 (figure 1) and the Calspan LearJet 
(figure 2). 

These time histories show that, when rate limiting is present, 
the pilots will tend to adopt a simple non-linear, “bang-bang” 
mode of control at a selected amplitude which exhibits a finite 
rate of change and which is keyed by either the zeroes on the 
rates or the attitude peaks. The sense of the control action is 
as follows, for figure 1 : 

1. Nose rising; hold the stick forward, 

2. Nose stops; keys switch to aft stick, 

3. Nose falling, holm stick aft, 

4. Nose stops; keys switch to forward stick. 

For the traces shown in figure 2, then a similar trend is seen, 
but related to roll rate and roll attitude. The model which this 
gives of the Not action is very s d a r  to that proposed by 
Ralph Smith in his presentation. 

All of the PIOs which have been examined during the course 
of this investigation have seemed to feature this behaviour. 
The default control mechanism used by the pilot is perhaps 
contained within the pilot’s brain. 

2.1) Analytical Modelling Results 

Figures 3 and 4 show two forms of the modelling which have 
been used to simulate the effects of rate limiting in tlus study 
of PI0 sensitivity and mechanisms. The model was created 
using a Simulink modelling facility and is matched to the 
results of tests perfonned on the Calspan LearJet aircraft. 

The results,shown in figures 4, 5 and 6, clearly indicate a 
decrease in oscillation frequency as the input amplitude is 
i n d .  With this model, it was possible to examine which 
terms inftuenced the response of the aircraft. From this study, 
rate limiting has a very clear influence on the frequency. A 
PI0 prone aimaft has a lower frequency than a good aircraft, zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA

This Advisory Report on “Pilot Inditced Oscillations” has been prepared at the reqitest of  he Flight Vehicle Integration Panel zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
of ACARD, .forinerly the Flight Mechunics Panel. 
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the consequence is that zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAas the PI0 frequency is approached, 
the amplitude of the motion will increase. The effect of 
actuator rate limiting is to rapidly cause the amplitude to 
increase as the rate limits are reached. 

The characteristics are the same as shown by Ralph Smith's 
model. zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
! h " a r i s i n g  the findings, the non-linear pilot model 
developed exhibits trends which closely match the trends 
observed in flight test for PI0 incidents involving surface rate 
limiting. Such a model may be zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAused to discriminate 
analytically between PI0 free and PI0 prone systems. Using 
such a model, it could be possible to define a design zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAhiterion 
along the lines of if the frequency at the crossover point is less 
than 4.5 radsecond, then there will be a problem if the 
response grows monotonically with increase of input 
amplitude. 

3) Software Rate Limiter Concepts zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
As already described, a software rate limit concept had been 
proposed by Ralph A'Harrah and this proposal has resulted in 
several studies being performed on the Calspan LearJet 
aircraft, in addition to those experiments already described by 
DLR on their A?TAS aircraft. 

The rate limit concept (RLC) has the following form: 

where 

RLC input 
RLC output zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA- - 

- - 4 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
8'2 

~OL.,, 

AT = Sample Time 
Frame count 
Rate limit 
Rate threshold for activation of bias 

Bias removal inverse time constant 

- - n 
- - 
- 

ao-SHOL.D- 

removal 
K , =  

The software rate limiter described above was implemented in 
the pitch and roll commands of the Calspan LearJet aircrafl 
with a software cycle time of 10 milliseconds. 

A series of sts were performed by Rogers Smith h m  
NASA Dryden, the tests consisting of a powered a p c h  
with an offset to be corrected just prior to touchdown on the 
runway. The basic characteristics were chosen to give an 
aircraft with a quick, but not objectionable, response. The rate 
limit and transport delay were then added until the aircraft 
became PI0 prone. The rate limiter was removed and the 
aircraft evaluated to establish the PI0 p n e  tendency was due 
to the rate limiter and not the delay, (Figure 7). The rate 
limiter was then added and the landmg task performed. In 
this way, the impact of addmg in the rate M t e r  control 
algorithm could then be established. 

Variations of command zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAgain were made for a chosen rate limit 
value of 5Oo/sec, with up to double & being examined. 
Lastly, the roll stick deflection per pound was reduced by a 
third and the position command gain to the ailerons was 
tripled so as to keep a constant roll response per pound. 

All of the variations were evaluated with the same offset 
approach and landmg technique and Cooper Harper ratings 
given for the resulting handhng qualities. PI0 ratings were , 
assigned in accordance with the Chalk PI0 Tendency ' 

Classification scale. 

4) Results 

Configurations with slightly hi& command sensitivity, time 
delay in the command path and phase shift associated with 
rate limiting were evaluated as Level 3 with strong PI0 
tendency in this offset landmg task. 

When the rate limiter concept software WBS added to the 
command path, these configurations were raised to high Level 
2 in their ratings with no PI0 tendency, although undesirable 
motions were still observed during the landmg task. 

,_ 

Tables and 2 summarise the tests which were performed, 
whilst Table 3 summarises the fmdmgs of the flight test 
evaluations with and without the RLC concept operating. 

These findugs were very clearly supported by the video 
mrdmgs of these landmgs, which were shown following the 
completion of this presentation. Subsequently, further tests 
have been performed to asses the efficacy of the rate limiter 
concept and these have broadly given similar conclusions. 

5) Conclusions 

The effect of the rate limiting control concept is to convert an 
aircraft which would be rated as Level 3 and PI0 prone to one 
with improved Level 2 handling and which is non-PI0 prone, 
although there are some unusual tendencies for the pilot to 
become accustomed to, relating to the apparent non-linearity 
of the command characteristics. There is also a need to attend 
to the fdmg out of the rate limiter algorithm if the effects of 
mismatched demand and control position are to be minimised. 

Certainly, the concept has been demonstrated to be beneficial 
in overcoming the adverse effects of actuation rate limiting 
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and does appear to be worthy of firther detailed investigation. 
Further work on the fadmg out of the zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBArate limiting algorithm 
will be essential for zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBAthe adoption of the system into a real 
ahcraft project. 
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Figure 4 

Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA5 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA8 
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Figure 11 zyxwvutsrqponmlkjihgfedcbaZYXWVUTSRQPONMLKJIHGFEDCBA
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Figure 12 

Figure 13 
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