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Abstract
 

An analytical model of the coupled pilot/vehicle dynamics, based fundamentally on the classical crossover model 
of a pilot, was examined extensively for its applicability in studying the effect of inceptor force-feel dynamics. 
Flight and ground-based simulation tests have been conducted on the AFDD JUH-60A RASCAL and the DLR 
ACT/FHS EC-135 in-flight simulator helicopters, and the NASA-Ames Vertical Motion Simulator (VMS). Analysis 
of test data has shown a preference for increased natural frequencies and damping ratios of the simplified 
second order dynamics of the force-feel system. Correlation of analytical model results with the piloted 
evaluations from these tests showed that precise handling qualities predictions remain challenging, but that it 
was possible to qualitatively characterize the relative influence of the force-feel dynamics on the handling 
qualities as being associated with the neuromuscular coupling of pilot, inceptor and aircraft. 

characteristics  (force gradient) and  the number  of axes  
Introduction controlled by the side-stick controller for the U.S. Army's Advanced Digital/Optical Control System (ADOCS)

Background demonstrator aircraft. A study on  the  NASA/Army  CH-The force-feel system characteristics of the cyclic 47B variable-stability helicopter (Ref. 2) provided insightinceptors of most helicopters are function of the on the significance  of cyclic  inceptor force-feel dynamiccharacteristics  of the components  in the mechanical  characteristics. This work led to a proposed requirementflight control system (mass, springs, friction dampers, that set boundaries based on the cyclic natural frequency etc.). For these helicopters, the force-feel characteristics and inertia, with the stipulation of a lower damping rat otypically remain constant over the entire flight envelope, iwith perhaps a trim release for pilots to optionally limit of 0.3 (Ref. 3). Another study was conducted by theNRC Institute for Aerospace Research of Canada using minimize control forces while maneuvering. With the their variable-stability Bell 205A helicopter (Ref. 4). This advent of fly-by-wire control systems and active research suggested boundaries for stick dynamics basedinceptors in helicopters, the force-feel characteristics are on natural frequency and damping ratio. While these two now determined by the closed-loop response of the flight test studies produced boundaries for acceptableactive inceptor  itself as  defined  by  the inertia,  and unacceptable stick dynamics for rotorcraft, theyforce/displacement gradient, damping,  breakout force  were not able  to provide guidance on how variations  ofand detent shape configuration parameters in the the stick dynamics in the acceptable region impact inceptor control laws. These systems give  the  flexibility  handling qualities.to prescribe different feel characteristics for differentcontrol modes or flight conditions, and the ability to More recently, a ground based simulation study (Ref. 5)provide tactile cueing to the pilot through the actively suggested little benefit was to be obtained from variations of the damping ratio for a side-stick controller controlled side-stick or center-stick cyclic inceptor. exhibiting high natural frequencies (greater than 17For rotorcraft, a few studies have been conducted to rad/s) and damping ratios (greater than 2.0). A flight testassess the effects of cyclic force-feel campaign was conducted concurrently  on the RASCALcharacteristics on handling qualities in  flight. An  early  study  of Ref.  1provided valuable insight into the static force-deflection JUH-60A in-flight simulator and the ACT/FHS EC-135 in-flight simulator (Ref. 6 and 7). Upon detailed analysis ofthe pilot evaluations the study identified a clear Presented  at the AHS  69th  Annual Forum,  Phoenix, Arizona,  preference for  a  high damping ratio  and naturalMay 21–23, 2013. This is a work of the U.S. Government and is frequency  of the center  stick  inceptors. Handling  not subject to copyright protection in the U.S. 
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Figure 1: Structural Pilot/Vehicle Model 

Handling Qualities AnalysisThe structural model was demonstrated in Reference 11to b  id ll i d h l i f k i tsi dd analysis includedements not previously e ea y su te to  t e  ana ys s o  tas requ rementerms  of iveness formance  and  predictli li i The th behi d the s ructurail on  of hh
e n aggresst es.gure  1litiesf

 pereorythd
epilot compensation. The expanison with Mission Task Elassessed in Ref 6. l,s tcompar hand ng quamodel of  Fihandli nt’ th ‘ it ttoon(ݐ s percept e power). It was therees  are  reflectities Sensitivity F1௘ܭ

. suggesi depensignaeedbacng  quadl ng Qual
ெܷ

’  ibs n eek e pentl ݑ fெng quaproprioceptive magnitude of a HandlF) ddetiha dhas(HQS , f net ܵܳܪܨ
an i liti d orehAnalytical Model tpropose e yunctioneiStructural Pilot ModelThe block diagram shown in Figure 1 illustrates thesingle  axis feedback  structure  proposed by Hess (Ref

),regulatoryura
lhellேெ

mp
ܻ	the human pilot re

10) edd is  empt is sloyet ddyal
tTthe moe core ofee el faccounthe anal

l n  a  s
i i

t
u iform, for the fundamentat h hl k mechanisms whicassicathe struc

௠ሶ ݏܭ( ௘ܻot th

(1)the visuadybthde
)ฬ ߱ ∙ ฬ.cal mode is the proportionation ܥ  s egy,  anfunc ion etween td he  command

=.tan yd i d, ௘ ܭHerecompensatransfer anெܷsignalappliedessence an 
ff lek ta n s. , ݆(ld Scomponent ohe  HQ F i  dehe proprioceptivehen the HQSFn the proprh oceptivete le powerd ot mode
f
by a given iܥ

di
ton, e.g., 

ined  bfeetratb  t si dbac
es on for c
l t acl  ii
op

compensationpilot model incthe proprioceptive and vesrespectively) and suaHess argues thae compensaproprioceptive sensing oinput. he proprioceptive feeore centramodel ts

f d  i It npu
of 
t  te e  mo snl i (il

. i .t sThe sub-components oude the neuromuscular dynamicstibular feel ility odft 
௉ி and ܻbacberror compensaf onhe human pt

k ( to attitude regulaindication of thhat may be eo the attitude changeshe vi lici h ild dt t t t e peman e
i

n, t t ). compensationo response te maneuver.is The predt HQSF  fl 
ffect the primary ation over tf he aircrathe controldb l is tl l iction oEq f(bh1anddelii litidesdib bof ed on thbT ack e hrougher disp acemenement in Fhe structurail ’ tng quangaries shil

ca eftheref l to th  i f t ibromed se oun eown inot controions i
s predrom  aboveF gure 2, overl i.e., 1–10 rad/s.rom this modek aggressivenessing an appropr a

t . )oundf 
igure 1“internallhat the tt prescrtypicaThe happroacdrequire

y aheanoa  represen
the ai
l principl
frequency model of a human pilot

,e philosophy o
n essence  a  p
rcraft dynamics suc
es of he classical crossovert , oh s t h . 

frequency range of pandling qualities prediccan be tail o differentThis is achieved tored t b ty selec t fas
, 

te 
,”modelfundament

i i

l i



                       

 
                                                                                                

                                                                             

                               

 
 

 

                                                                 
 

                   

 

  

Vehicle

Vehicle

4 

3 

2 

1 

pilot crossover frequency. The use of the HQSF in thecontext of task analysis has been well illustrated in Ref.11. The reader is referred to that work for a detailedexplanation. 
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The selection of parameter values and configurationprocedures followed in this paper for the baselinepilot/vehicle model have been documented in exhaustivedetail by Hess et al. in Reference 11. This choice providea documented basis  for  validation of  the  model  anddrepresent, overall,  “good  practice”  values that  aresupported by a significant body of research. These aresummarized briefly in the foll .owing sections
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Figure 2: HQSF level boundariesOne of  the  difficulties in  using  model-based measuressuch as the HQSF for handling qualities prediction is thatthe validity  of boundaries  proposed in  the  literature isusually  subject  to a specific  set  of assumptions orconditions, such as the value of crossover frequency or aspecific set of configuration parameters. While the workof Ref. 11 accommodated variable crossover frequencies,results were predicated on a unique set of configurationparameter va ues in particu ar the omiss on of ves ibback. hi s becausestruc  mode  upsome f i d f
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longitudinal axis, RC: (a) pitch rate, (b) velocity lateral axis, AC: (a) roll rate, (b) velocity 
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Piloted Evaluations 

Handling Qualities RatingsPilot Handling Qualities Ratings from the ground-basedVMS experiment  and  flight testing on  the  JUH-60ARASCAL were found to compare rather favorably. For theSlalom MTE, ratings for the three force-feelconfigurations and the Rate Command response type,shown in  Figure  8, indicated borderline  Level  1/2handling qualities. For the same force feel configurationsin  Attitude Command,  Level  1  handling qualities wereattained. The Handling Qualities Ratings from the HoverMTE evaluations are shown in Figure 9. With theexception of Rate Command case F, all force-feel caseswere evaluated, on average, within a difference of 1 HQR. 
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Evaluation TasksTwo mission task elements (MTEs) from ADS-33E wereused  for evaluation of  the  effects  of cyclic  force feelcharacteristics on handling qualities, the Hover MTE, anthe Slalom  MTE. The Hover MTE is  a  low  speeddmaneuver (6-10 kt) that requires the pilot to make smallinputs  around trim. The Slalom  MTE  is a high  speedmaneuver  (60  kt) that requires  the pilot  to make  lowfrequency,  large  amplitude  inputs.  Together,  the  tasksare ideally suited to evaluate cyclic force feelcharacteristics for inputs that are broadly representativeof control strategies utilized by helicopter pilots. 
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Figure 9: Comparison of Handling Qualities Ratings 
from VMS and flight testing (Hover MTE, Center 

Stick): (a) Rate Command, and (b) Attitude CommandShown in  Figure  10 are the Handling  Qualities  Ratingsfor the Hover MTE evaluations of the force-feelconfiguration FH, evaluated in the  VMS only,  and  force-feel  configurations B and C,  evaluated  in flight (Ref. 6).Results from the Slalom MTE evaluations of these sameforce-feel configurations are shown in Figure 11.Configuration FH  was  generally  found  to comparefavorably with force-feel configuration A. With AttitudeCommand, both configurations in the VMS wereconsistently  rated  very similarly by  the  pilots  in theHover MTE, with FH being assigned an average HQR 3.6(Figure 10) and case A an HQR 3.4 (Figure 9(b)). Both 
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Figure 11: Handling Qualities Ratings for Slalom MTE 

cases with  Rate Command were rated in  Level  2. It  isnoted, however, that the rating for configuration FHvera 5.1) was heavily biased relative to case A(a(averagege HHQRQR 4.3) by one pilot, from the five evaluationpilots that rated it in the VMS. General evaluationcomments from  the  remaining  four pilots  did notindicate significant differences between the handlingqualities of  these two cases. Results for the Slalom MTE(Figure 11) show Attitude Command configuration FHwas less preferred, relative to case A. Comments for thisconfiguration started to point to a loss in precision incapturing wings level attitude. 



                                                                                                                  
                  
                                                                                 

 

                                                                                                                                                                                                        
     

  
  

Pilot evaluation commentsReference 6 provided a summary of the pilot commentsdescribing  the  general  characteristics  for  the  variousexperimental force-feel configurations. Pilot commentsfrom the VMS experiment largely tended to corroboratethese assessments.For the Hover MTE in general, higher damping allowed,and often required, the pilot to close the loop moretightly, without risk of PIO, in order to achieve thedesired performance. One of the benefits of increaseddamping seemed to be that greater levels of precisionwere achieved resulting in the lowest workload. Thiswould be characteristic of  Case A.  Lower  damping, suchas  that of  Cases  F  and  D, often resulted  in “overlysensitive” and “unpredictable” response characteristicsconducive to a “definite tendency to over control”.The pilots perceived that the inceptor configurationswith lower natural  frequencies presented a  heavier feel,an were less sensitive, making the workload to captureandd maintain a hover more difficult. An inceptor with thecombination of  a  heavy  feel and low damping(configuration D) provided the least precision, feltwobbly when making small rapid inputs, and was themost prone to over-controlling the aircraft.A more detailed examination of the pilot evaluationcomments from the VMS experiment highlighted specificcharacteristics about the low damping force-feelconfigurations (i.e., F and D): 
•	 An often noticeable difference between lateraland longitudinal control characteristics, withlongitudinal controller feeling heavier comparedto lateral,  which  was  more prone to  PIO/overcontrol 
•	 Low damping configurations were easilidentified  because  they allowed high  frequencyyinputs.For the Slalom MTE, the overarching factors that affectedpilot perception remain fundamentally the same – mainlyhow precisely the aircraft tracked or responded tocontrol inputs. In particular, pilots had a markedpreference for well damped configurations to prevent:(a) over-controlling that would results in jerky ridequalities, and (b) susceptibility to bio-feedback. It wasnoted that bio-feedback (aircraft vibrations being fedback  through the  pilot’s arm into  the  inceptor) and itseffect was more noticeable in the attitude commandconfiguration since the lateral cyclic inputs had to remaindisplaced and held from the detent in order to hold thedesired aircraft attitudes. The lighter, less-dampedconfigurations (configurations C) proved to be the mostsusceptible to bio-feedback interference with the slalomtask. 

Inverse Dynamic Analysis 

Crossover frequency estimationEstimates of the inner-loop crossover frequencies frominverse dynamic analysis were obtained using theapproximation of Eq. (2) for an inclusive combination ofpilot model parameters and experimental force-feelconfigurations. Provided that stable solutions wereachieved, differences in the various estimates were foundto be fairly small (normally within ±0.05 rad/s).Resulting nominal values from this analysis are listed inTable 3 for both  the  Attitude and Rate  Commandresponse types and the Slalom and Hover MTEs.Figure 12 shows the commanded trajectory computed byinverse dynamic procedure for the output to accuratelytrack the desired path along the course. Note the relaxedentry and exit headings on the desired trajectory. Pilotswere not enforced during testing to enter and leave thecourse parallel to the centerline, and therefore thiscondition was not applied in the analysis. This simulatedslalom maneuver was conducted at 60 knots, which isrepresentative of the minimum aggressiveness requiredwhile still achieving desired performance.Figure 13 shows a desired groundspeed profile for theHover MTE maneuver. The maneuver depicted wasrepresentative of a low aggressiveness flight profile, withthe pilot holding a steady 6 knots velocity on the run inand decelerating into position in a stable hover in 5seconds. The pilot model is seen here to track this profileeffectively, despite the presence of gust disturbances.The main driver of the crossover frequency requirementwas the deceleration time. Analysis of a hypothetical highaggressiveness scenario, defined by a 10-knot run-in anda 5-second deceleration, resulted in identical crossoverfrequencies. At the other extreme, a low aggressivenessdeceleration of 8 seconds resulted in 1.2−1.4 rad/scrossover frequencies for both response types. Presenceof turbulence forced increased control activity of thepilot model to maintain the hover within the specifiedperformance requirements. This did not necessarilyaffect the crossover frequency estimate, but rathergreatly improved the correlation of the cut-offfrequencies from the Hover MTE analysis.
Table 3. Estimated crossover frequencies from 

inverse dynamic analysisCrossover FrequencyResponseMTE Type Roll (rad/s) PitchSlalom RCAC 1.41.4 NN//AARC 2.0 2.0Hover AC 1.8 2.2 
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Figure 12: Ground track from inverse dynamic analysis for Slalom MTE (RC, baseline) 
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Figure 13: Groundspeed profile from inverse dynamic analysis for Hover MTE (AC, baseline) 

Comparison with cut-off frequencies from flight
4Spectral analysis of the model-generated control inputsindicated that crossover frequencies from Table 3compared quite favorably with the cut-off frequencies, particularly to those from the Hover MTE simulation (Figure 14). Analysis of ldcut-off frequencies in haxes. Cut-off frequencies computesimulation anaMoreover -o
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Comparison with ADS-33 Design CriteriaRef.  6  presented  a  preliminary  comparison of  designcriteria  of the lateral dynamics  only in  the  Slalom MTE.This section will expand upon these findings by includingimproved aircraft models, and representative predictionsfor the Hover MTE,  and  a  comparison of  longitudinaldynamics.Figure 15 shows the mapping of the five force-feelconfigurations of Ref. 6 into the short-term attituderesponse bandwidth and phase delay plot. These resultsare obtained from the attitude frequency responsecurves to force input, rather than displacement input.Results shown here are for the simplified LOES transferfunctions of  the  aircraft,  hence  they differ  slightly fromthose in Ref. 6. Handling qualities specificationboundaries  have been  intentionally  omitted from  thechart.  In Ref.  6  it had been  shown  there was  a poorcorrelation of the experiment HQRs with the specifiedlimits  for  UCE =  1  and fully  attended  operations.  Thefollowing discussion focuses on the relative bandwidthand phase delay values of the various force-feelconfigurations to each other.This mapping is of course a function of the gain andphase differences of the second-order approximation ofthe force-feel system relative to the frequency responseto displacement input. Configurations A, D and F, withthe low natural frequency, were clearly found to have alower bandwidth and a higher phase delay thanconfigurations B and C. T l findings. Low dampingconsistent with the experimentahis result was generallyratios are seen to translate into a slight bandwidthincrement,  for  a  given  natural  frequency. The dampingratio is seen to have a different effect on the phase delaydepending on the value of natural frequency. This is seenas  an increase  in phase delay in  configuration  D  over A(low frequency configurations), but as a decrease inconfiguration  C  compared to  B  (high natural  frequencyco rations). Consequently, as indicated in Ref. 6,configunfiguration C was consistently predicted to have thebest handling qualities, based on the bandwidth andphase delay characteristics. Similarly, case A wastheoretically found to consistently expect the worst, ornear worst, handling qualities. These handling qualitiespredictions were, however, inconsistent with the piloteevaluation results, where case B was the most preferreddand D the least preferred force-feel configuration.Figure  16 shows the HQSF  curves/plots  for  the HoverMTE, based on the estimates of crossover frequencyobtained in the previous section. Only the longitudinalHQSF plots are shown for the hover analysis, since theseindicated the worst predicted handling qualities. TheHQSF plots are observed to be characterized by aprimary peak near the crossover frequency and asecondary one, which as will be discussed further below,is known to be associated with the neuromusculardynamics. The HQSF for force-feel cases D and F were 

omitted from  Figure 16 for clarity,  but  these  toodisplayed large peaks into the Level 3 region around thecrossover frequency, with a magnitude between A and B.Handling qualities predictions offered by the HQSF forthe Hover MTE were observed to be overly pessimistic,failing to predict the assigned handling qualities fromexperiment. Predictions for the Slalom MTE fared slightlybetter, with results for the Attitude Command responsetype accurately predicting Level 1 handling qualities, andthe predictions for the Rate Command being in the Level1/Level 2 range. Of course, the specific predictionindicated by  the HQSF is  a  function of  crossoverfrequency and these predictions assume the estimatedcrossover frequencies are accurate indications of pilotcontrol activity. Of interest in the subsequent discussionis how the HQ
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Importantly, the HQSF plots in Figure 16 do mirror thetrends  illustrated by  the bandwidth  and  phase  delamaps  in Figure  15.  For  example, case  A  was  in theoryypredicted by the HQSF to have the worse handlingqualities for both response types, inasmuch as it wascharacterized by the largest peak magnitude of the HQSF.Accordingly, case C was predicted to have the besthandling qualities.The HQSF peak observed near the crossover is a directfunction of the phasing of the open-loop pilot/vehicletransfer  function, and  therefore is a direct  reflection ofits stability margins (Figure 17). Also exemplified inFigure 17 is he approxima ߱ ⁄ )  behavior of hecrossover frequency mo el he h ot that i݁ݏ௖capture y the struc uralp delay are undamencontribution to the stab
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Effect of Motion FeedbackAs  previously mentioned,  the  HQSF curves werecharacterized b  a  secondary  peak observed  in thehigher frequencyy range (above 8 rad/s). This peak isknown to be associated with the neuromuscular systemdynamics and has been extensively studied in the contextof closed-loop pilot/vehicle system phenomena such asPIO and roll ratcheting (Ref. 15). Pilot evaluationcomments from  the  tests  clearly  indicated  deficiencieswith low damping force-feel configurations to be relatedwith tendencies to over-control and susceptibility tobiodynamic feedback.This section will therefore present results of theexamination of the effect of vestibular feedback andneuromuscular dynamics on the HQSF. Examination ofthe structural pilot model with vestibular feedback hasnot een reported in the literature. Although the subjectof hematical larn the con lb
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Effect of motion cuesMotion cues are well known to be crucial to the control ofa helicopter in hover (Ref. 17). On the other hand, with areasonable turn coordination it is expected the pilot willperceive minimal lateral accelerations associated withthe rolling  and  turning  of the aircraft  as he  or sheexecutes the slalom course. It could be argued motioncues may play a minimal role in this case. Studying pilotevaluation comments, motion appeared in fact not to be amajor factor. Pilot strategy was evidently heavily basedon  the  “visual  monitoring of  the bank angles  and  theanticipation of the ensuing turn rate associated withthese”.Cut-off frequencies from the spectral analysis of pilotstation lateral acceleration measured from flight shownin Figure 18, supported the hypothesis that motion cuesare lower in the Slalom MTE. Average values of  the cut-off frequency for the Slalom MTE were found to be abouthalf the value of those for the Hover MTE.Notwithstanding the frequency of the pilot station lateralaccelerations,  their  amplitude  in both  the  slalom andhover maneuvers was found to be small, with RMS valuesin the 0.02-0.05g range.Incidentally, average values of the cut-off frequency forthe Hover MTE evaluations are seen to be between 6 and7 rad/s. By definition of the cut-off frequency this impliesthat half the power in the auto-spectrum is containedabove this frequency. Therefore there must be asignificant amount of frequency content of the measuredaccelerations overlapping with the frequency of theneuromuscular mode dynamics (8–10 rad/s). 
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Handling Qualities Ratings (HQR) in Table 4 indeedappeared to confirm a negligible influence of motion cuesfrom the simulator in the execution and evaluation of theSlalom  MTE. Similarly,  from Table 4 it  is seen  thatpresence  of motion  cues in the  simulation testing didimprove the handling qualities from the Hover MTE,where motion provided a better ability to anticipate thedrift of the aircraft. This improvement, while significant(roughly 1 HQR), was not sufficient to warrant a changein handling qualities Level, in this case. It does highlight,however, the necessity to consider the inclusion ofvestibular feedback into the structural pilot model. 
Table 4: Comparison of Handling Qualities Ratings 

from VMS with and without motion (RC, Case A)
 Hover Slalom 

Pilot Motion Fixed Motion Fixed1 3 4.5 2 22 7 4 43 55 5 34 4 6 33 2.5 
Avg. 4.3 5.6 3.0 2.9 

Vestibular feedbackVestibular feedback provides in essence the ability toeffect anticipatory response based on the physicalsensing of accelerations. In other words, it provides leadto the pilot. To the pilot model it effectively provides theability to execute derivative control, in addition to theproportional-integral action of the visual compensationmodel. In theory, so does the proprioceptive feedback,although through a very different mechanism. Vestibularfeedback should, hypothetically, improve the ability ofthe pilot to control the aircraft. This should be reflectedtructural del.in the HQSF from the s pilot moOne direct effect of the vestibular gain on the modeshift the 180-degree phase crossover frequency to hfrequenci lative i o the gain crossover, consequenf insi hh open-loop the s tty marg  T ish nner ransferi
l is to es ret ighertlhyedincreasif bil is evidenced it ta nt .e -hrequency response oi own inn  the  HQ b  the rek b  Fid  19  Tdd sl ihgns i  turn is  reflec(ithif i f tt
n the
on  i


,fiunct
ngon as sSF eh.tgureuc iserved ht s t ng oe 2 irad/sto eyypically  o) frequencybehind the strucpea near  2d dic
 t ton  anaroun .ehd .,epeacrossovertheoryHQSFthe power ofwoul

l ii(tsuraik d Figure 20). Accorl mode this reds suggestive ofhe roprioceptive compensation, whice an impprovement in the handli li t
nguctiond, tra  a re uc nht titat ng qua es./

feedback gain is tunedot modelo ensure a mthe closet b
oThe proprioceptivethe structural ildescribed in Re 11pf i accordingconfiguration procedurenimum damping ra
oop proprioceptive system
back in parallezingd lTthoi t
re iucing the er than 0.12. 
ht t od-lulh

.(i.e., 0.15) ofSimply introdproprioceptivestabilit fmanifes d i
ik e.Figure 18: Cut-off frequencies for lateral feeucing veshis loopi dbac91pon 
ar feedas the effect ofdestabiliaccelerations at pilot station t. s sy ote t F tentiథ ܭforgure , allyሶ great

i
i



 
  

 

  
  

                                                                 

                                                                              
                                                                                                    

 
 

  

 

 

 

 

K
m

d
o

t

system was consequently found to be reflected in thesecondary peak  seen in  the  HQSF plots  (Figure  20).Although the distance between the magnitude curve atthe peak  frequency  and the  0  dB line  in Figure  19 isreduced, the phase of the open-loop pilot-vehicle transferfunction at the natural frequency of neuromusculardynamics is typically sufficiently large that the requiredconditions for instability are not satisfied. Depending onthe specific phasing of the open-loop pilot/vehicletransfer function the magnitude variation on the HQSFcan be more or less pronounced.The significance of this analysis is that handling qualitiesimprovements predicted by the HQSF in the vicinity ofthe crossover frequency may thusly be lessened by theincreased magnitude at the neuromuscular modalfrequency, which  has  been argued  could  be related to areal tendency to over-control.A variation (i.e., root locus) analysis of the vestibularfeedback gains was conducted with the nominalconfiguration  parameter values in  place  and  theproprioceptive loop closed Indicated by the lower valueslar feedb k hithe point of instabilfee ty, resulfi ts shown inFFigured 21force- l d shoul b
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This result is possibly academic, since pilots may notrealistically destabilize the neuromuscular system in this 
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Neuromuscular componentsThe prior discussion has highlighted the significance of 

5neuromuscular dynamics in the effect of vestibularfeedback on the HQSF. Additionally, it could be arguedthat the effects of the different restraints on the pilot arm 4between the center-stick and side-arm configurationscould h h i ll be represented b tions in the 3was of some interesth l ff these neuromuscu
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Figure 24: Effect of neuromuscular damping ratio on 

baseline AC roll control HQSFVariation in the damping ratio of the neuromuscularsystem  was  seen to  have a very  small effect  on theneuromuscular mode  resonance  peak of  the baselineAttitude Command configuration (case F). The pilotmodel was of course programmed to “adapt” to eincreased neuromuscular damping by increasing ththeproprioceptive gain in order to achieve the desired 0.15minimum damping ratio of the proprioceptive closed-loop system. The net effect is seen in Figure 22 only as aslight variation in the pilot gain and phase in the lowfrequency region (below 1 rad/s). This would require anadjustment to the integral compensation gain in order torecover the proper ߱ ⁄  b ior, with its resulting௖With the i ng anoverall increase of the proprioceptive compensation, andhence the HQSF fThe unseentio of  t e neuromuscuess sensitive to vestibuil

y varia, ypot et ca y,neuromuscular model. Therefore itto investigate t e potentia e ectdynamics parameters had on the HQSF H
Q

S
F

 

lar 
2. 

-60 

-40 

-20 

0 

20 

M
ag

ni
tu

de
 (

dB
) 

-900 

-720 

-540 

-360 

-180 

0 

P
ha

se
 (

de
g)

 

߱௖ = 1.8 rad/s 

0.1 1 10 

ݏ ehavFrequency (rad/s) 

Figure 22: Open-loop ࣘࢅࣘࡼࢅ frequency response for effec he  HQSF, over ncreased damprequency range wasncreasthat hie dampingar feedb k Vestibular 
its on  t . he entireenefit of il

varying neuromuscular damping ratios, baseline, AC tbtained b i to ngac
-60 

-40 

-20 

0 

20 

M
ag

ni
tu

de
 (

dB
) 

-900 

-720 

-540 

-360 

-180 

0 

P
ha

se
 (

de
g)

 

h i kes  i. t t tar  syslncreasedt f th
em s maramucfeedl h l
back
ues w
drastical
 in can be it  the stabihence al

.gayth, ouo  overous sec
li to significantly higher
em being a
ing the pilot would be ess
ts  from hffectedltva e sys thtsorol ib y ondicad ont t tproneprevi -conon ase eti . e  argumen

l frequency was found,e effect on the positioning ofi k (Figure 23) and k indd  secon
The neuromuscular naturahowever, o have a noticeablthe neuromusculttl lso on tf the rolconsequenthe HQSF oelevadted peawoul indicaf

y  ak forte a 
e  assocFl l ary  pealar fkind of t

ar resonance peah ateoop ( igure 24). The resulh 19 rad/s neuromuscu requencyd sensitivity to any hrequiremen s and would be an tht e 
ingi hgf eighteroll trequency aircraundesirable characteristic ,.0.1 1 10 

Frequency  (rad/s) 

Figure 23: Open-loop ࣘࢅࣘࡼࢅ frequency response for 
varying neuromuscular frequency, baseline, AC 

Summary DiscussionComparison of analytical handling qualities predictionswith experimental test results confirmed the HQSF failed,for some of the configurations, to correlate with the 



                                                                                                                                                                                                                                              

                                                           
                      

                      
           
                         

           
                                           

assigned HQR, when employing the nominal parameters.This result is of course subject to the crossoverfrequencies employed in the analysis. Since accuracy ofthe crossover frequency estimates from the inversedynamic analysis  was  not in  question,  these boundariesmay need to be reexamined, to include vestibularfeedback.Rather than dwelling on the specific validation of this setof boundaries, the subsequent analysis of the effect of theforce-feel dynamic characteristics focused on the relativedifferences in the HQSF between configurations. Thecomparative trends from the HQSF analysis wascontrasted to the ADS-33 short-term attitude designcriteria, but applied to the force input. The relativepredictions between configurations were found to mirroreach other, since both metrics fundamentally are directreflections of the stability margins of the open-looppilot/vehicle attitude tAn exhaustive examinaransfer function.on of the pilot/vehicle model, forvarying combinations of vestibular feedback andneuromuscular dynamtiics was conducted. This analysisrevealed a significant sensitivity of the pilot model toaircraft motion for the force-feel configurations withreduced damping. This behavior was associated with theincreasing magnitude of the open-loop resonant peakassociated with the neuromuscular system. Of course,this behavior was also determined to be highlydependent on the phase of the open-loop pilot/vehicletransfer function at this frequency.While a formal  PIO  analysis was not conducted,  thisheightened sensitivity of the pilot model to aircraftmotion was likened to a propensity to PIO by the pilot.Force-feel  configurations with  the  low  damping  andnatural frequency (D and F) were found to be the mostsensitive.  This result was  found  to be  consistent withpiloted evaluations, whereas the nominal analysis couldnot predict this behavior.Increasing the natural frequency of the force-feeldynamics had the effect of shifting the resonance peak toa higher frequency, and thus reducing its impact on theHQSF in the frequency range associated with handlingqualities (1.5–10 rad/s). However, in doing so made theconfiguration potentially more prone to biodynamic-feedback  in response  to high  frequency  aeroelastically-induced vibration. This could explain this propensity forforce-feel configuration C.Design requirements defining inceptor force-feeldynamic characteristics therefore cannot be formulatein isolation. The coupled nature of the inceptor anddaircraft  response dynamics  needs  to be  considered,inasmuch as they have a significant impact on themagnitude and phase of the open-loop pilot/vehicletransfer function at the neuromuscular mode frequency.Conservative design of force-feel characteristics shouldensure  low  natural  frequency  and  low damping 

combinations be avoided as they were shown to beprone to PIO in both analysis and experiment.Finally, it is noted that analysis centered on the resultsfor a center stick inceptor, but certain assertions for theside-arm controller may be inferred from the parametricanalysis of the neuromuscular dynamic characteristics.This analysis showed how a hypothetical increase in thedamping of the neuromuscular model significantlyreduced the sensitivity of the proprioceptive loop tovestibular feedback. If the argument that side-armrestraints is somehow to increase the neuromuscularsystem damping is accepted, then the reduced in luenceof inceptor damping on the handling qualities ffor theside-arm configurations would be easily explained. 
ConclusionsBased on the analysis of results from the systematicexamination of the structural pilot model and the flightand simulation test piloted evaluations presented above,it is possible to establish the following conclusions:1) Qualitative analysis of the relative effects on thehandling qualities of different force-feel dynamics ispossible using a well-defined pilot/vehicle modelbased on  the  basic  principles espoused by theclassical crossover pilot model theory.2) Where vestibular feedback plays a significant role, itis possible to correlate the analysis with flight andsimulation results.3) The fundamental effect of force-feel dynamics on thehandling qualities is characterized by the effect it hason the gain and phase properties of the pilot/vehicleopen-loop resonance peak associated with theneuromuscular system. 

The authors woulAcknowledgementsd like to thank Prof. Ron Hess from UCDavies for his insight in implementing the structural pilotmodel and interpreting its results. 
ReferencesLandis, K., and Glusman, S., "Development of ADOCScon1trollers  and  control  laws:  Vols 1-3". USAAVSCOM TR 

84-A-7, March 1987.2Watson, D. C., and Schroeder, J. A. "Effects of StickDynamics on Helicopter Flying Qualities," AIAA-90-3477-
CP, Presented at the AIAA Guidance, Navigation andControl Conference, August 1990.3Mitchell, D. D., Aponso, B. L., and Klyde, D. H., "FeelSystems and Flying Qualities". AIAA-95-3425-CP,Presented at the AIAA Atmospheric Flight MechanicsConference, Baltimore, MD, Aug. 7-10, 1995.4Morgan, M. J.,  "An  Initial  Study into the Influence ofControl Stick Characteristics on the Handling Qualities of 

http:function.on


            
          

                                                                                                       

                        

a Fly-By-Wire Helicopter," AGARD-CP-508, February,1991.5Greenfield, A., and Sahasrabudhe, V., "Side-StickForce-Feel Parametric Study of a Cargo-Class Helicopter," 
Proceedings of the 67th annual forum of the American 
Helicopter Society, Virginia Beach, VA, May 3-5, 2011. 6Lusardi, J.A.,  et al. "In Flight  Evaluation of  Active  Inceptor Force-Feel Characteristics and Handling Qualities,". Proceedings of the 68th Annual Forum of the 
American Helicopter Society, Phoenix, AZ, May, 2012.7von Grünhagen, W., Schönenberg, T., Lantzsch, R., Lusardi, J.A., Lee, D., and Fischer H., “Handling Qualities Studies into the Interaction Between Active SidestickParameters and Helicopter Response Types,” Presentedat the 38th European Rotorcraft Forum, Amsterdam, theNetherlands, September 4-7, 20128Anon., "Handling Qualities Requirements for Military Rotorcraft, ADS-33E-PRF". U.S. Army Aviation andMissile Command, Mar, 2000. 9Hess, R.  A.,  "Analyzing Manipulator and Feel System Effects in Aircraft Flight Control," IEEE Transactions on 
Systems, Man and Cybernetics, Vol. 20, (4), July/August 1990, pp. 923-931.10Hess, R. A., "Unified Theory for Aircraft Handling Qualities and Adverse Aircraft-Pilot Coupling," Journal of 
Guidance, Control and Dynamics, Vol.20, (6), 1997, pp.1141-1148.11Hess, R. A., Zeyada, Y., and Heffley, R. K. "Modelingand Simulation for Helicopter Task Analysis," Journal of 
the American Helicopter Society, Vol. 47, (4), October 2002, pp. 243-252.12Heffley, R. K., Bourne, S. M., and Hindson, W. S.,“Helicopter Pilot Performance for Discrete-Maneuver Flight Tasks,” Proceedings of the Twentieth Annual 
Conference on Manual Control, NASA Conf. Pub. 2341, June 1989, pp. 223-231.13Aponso, B. L., Tran, D. T., Schroeder, J. A., and Beard, S. D., “Rotorcraft Research at the NASA Vertical Motion Simulator,” AIAA-2009-6056, Presented at the AIAA Atmospheric Flight Mechanics Conference, Chicago, IL,Aug. 10-13, 2009.14Lusardi, J. A., von Gruenhagen, W., and Seher-Weiss, S., “Parametric Turbulence Modeling for Rotorcraft Applications, Approach, Flight Tests and Verification,” 
Proceedings of the Rotorcraft Handling Qualities 
Conference, University of Liverpool, UK, Nov. 2008. 15Johnston, Donald. E., and Aponso, Bimal. L., ”Design Considerations of Manipulator and Feel System Characteristics in Roll Tracking,” NASA CR-4111, Feb.1988. 

16McRuer, D. T., and Krendel, E. S., “MathematicalModels of Human Pilot Behavior,” AGARD-AG-188, Jan.197417Schroeder, J. A., and Grant, P. R., ”Pilot BehavioralObservations in Motion Flight Simulation,” AIAA 2010-
8353,  Presented  at the AIAA  Modeling and Simulation  Technologies Conference, Toronto, Ontario Canada, August 2–5, 2010 




