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Due to the significant translational heave motion at the pilbstation associated with changes in aircraft pitch
attitude, the motion cueing for aircraft pitch maneuvering typically requires significant heave washout filtering.
Previous studies that attempted to motivate choices in the otion cueing strategy for pitch maneuvering based
on measurements of pilot behavior. For the small conventical aircraft considered in these studies, the results
indicated that, despite the fact that pilots were found to a@pt their control strategy to changes in heave cueing,
the pitch rotation had a dominant influence on pilot behavior during pitch tracking. For large commercial
airliners, a relevant application of this research as a lot 6commercial pilot training occurs on moving-base
simulators, the location of the pilot station is significanty further from the center of aircraft pitch rotation,
yielding more pronounced heave motion cues during changes pitch attitude. This difference, in addition to
typically slower pitch dynamics that require more lead equdization, implies the best choice in motion cueing
for large aircraft may be significantly different from what w ould be optimal for smaller aircraft. In this
paper, an experiment is described in which pilot behavior isneasured in a pitch attitude disturbance-rejection
task with a controlled element and motion cueing conditionghat are representative for a Boeing 747 aircraft.
Different third-order heave washout filter settings were casidered, in addition to a variation in the presence of
1-to-1 rotational pitch motion. Significant effects of the gplied variation in pitch and heave motion cueing are
observed, even though the effect of heave motion feedbackiigleed found to be comparatively more important
for larger aircraft. Furthermore, a heave motion filter that combined a low gain with low filter phase distortion
was found to yield the least effect on pilot behavior, whiledr heave motion filters with a relatively high gain and
high break frequency significantly larger contributions of motion feedback to pilot behavior were observed.

Nomenclature

A Sinusoid amplitude, deg H,. . AircraftlICR heave dynamics

a, Heave acceleration, n¥/s HazS;az Simulator heave cueing dynamics
s, C.g. heave acceleration, /s H,_ s  Aircraft pitch heave dynamics
a,., ICR heave acceleration, /s H,. . AircraftICR pitch heave dynamics
a, Simulator heave acceleration, rh/s H, o Controlled element dynamics

Az Pitch heave acceleration, i/s Hiy Heave washout filter dynamics
Az, Pitch heave acceleration w.r.t. ICR, /s Hym Neuromuscular actuation dynamics
e Tracking error signal, rad H,. Pilot visual response

fa Disturbance forcing function, rad H,, Pilot pitch motion response

fe Target forcing function, rad H,, Pilot heave motion response
H(jw)  Frequency response function Hys  Aircraft pitch dynamics

H(s) Transfer function J Cost function

H,. s, A?rcraft heave dynamics _ j Imaginary unit

Ha.,, 6. Aircraftc.g. heave dynamics Khyp Heave washout filter gain
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K, Pilot motion gain 0 Pitch angle, rad
K,, Pilot visual gain 0 Pitch rate, rad/s
Ky Optimal control attitude gain 6 Pitch acceleration, rad/s
K, Optimal control rate gain o? Variance
K; Optimal control acceleration gain T Pilot motion time delay, s
l Distance between c.g. and pilot station,m 7, Pilot visual time delay, s
Laier Distance between i.c.r. and c.g., m Chp Heave washout filter damping ratio
lapi Distance between i.c.r. and pilot station,m ¢, Neuromuscular actuation damping ratio
N Number of sinusoids o) Sinusoid phase shift, rad
n Remnant signal, rad Om Open-loop phase margin, deg
Q Optimal control performance weighing gain , Frequency, rad/s
R Optimal control effort weighing gain wp Second washout filter break frequency, rad/s
Tm Measurement interval, s We Open-loop crossover frequency, rad/s
t Time, s Whp Heave washout filter break frequency, rad/s
s Laplace variable Win Measurement base frequency, rad/s
1y, Pilot motion lead time constant, s Wnm Neuromuscular actuation frequency, rad/s
1y, Pilot visual lead time constant, s Wp Short period mode natural frequency, rad/s
u Pilot control signal, rad
U, Motion contribution to control signal, rad Subscripts and Superscripts
Uy Visual contribution to control signal, rad
z Optimal control problem state vector B747 Boeing 747
CIT Cessna Citation |
Symbols d disturbance forcing function
Oc Control column deflection, rad t target forcing function

[. Introduction

Moving-base flight simulators are heavily used for airlinletatraining due to their low cost, flexibility, and the
fact that they provide a safe training environment. To emshbe best possible training of low-level flying skills in
a simulator, it is important that there is a thorough undeding of important aspects of flight simulation that are
relevant for simulating large commercial aircraft. Onelod tnost challenging areas in simulating large commercial
aircraft is the motion cueing of the simulafof. Motion cues increase the realism of the simulation and sduties
report reduced differences in pilot behavior during marageitrol tasks compared to in-flight behavioral measure-
ments? Due to the physical limitations of a simulator’s motion yat the aircraft motion, and thus the motion cues
presented to the pilot, must be filtered using a washout &hertherefore only provide the pilot with an approximation
of the true aircraft motion cues.

This study focuses on this issue for pitch attitude contfch darge commercial airliner. During conventional
aircraft pitch maneuvering pilots are subjected to a comtimn of (coupled) rotational and translational motionsue
Dominant motion cues are the rotational pitch motion, thevkenotion that results directly from the pitch rotation and
the fact that the pilots are seated well in front of the ceot@itch rotation, and heave motion resulting from variatio
in the altitude of the aircraft c.g. Using the definitionsrfr&Ref. 5, these latter two heave motion components are
referred to as “pitch heave” (PH) and “center-of-gravitahe’ (CH).

Recent studies performed in the SIMONA Research Simul&BiS) of the Faculty of Aerospace Engineering at
Delft University of Technology (TU Delfff” focused on the effects of these different motion cues dypitog attitude
control tasks and the optimal strategy for cueing this combiaircraft pitch and heave motion in a flight simulator.
These previous experiments considered this problem foradl gghaircraft, a Cessna Citation I, as the results of these
studies were to be linked to in-flight measurements takeiiDElft's laboratory aircraft, a Cessna Citatior! With
respect to training pilots in flight simulators, it is of muictierest to also consider this problem for large transport
aircraft. However, it is unknown (even unlikely) that thesutis obtained from investigations that consider motion
cueing for a small jet aircraft transfer directly to the ca$a large transport aircraft, due to considerable diffeesn
in aircraft dynamics and geometry.

This paper therefore considers the problem of the motiomguir pitch maneuvering, and its effect on pilot
behavior and performance, for a typical large transpoctait. The focus of the current research is on how difference
in controlled pitch dynamics and the relative magnitudehef different available motion cues may affect utilization
of motion information compared to the earlier Cessna Qitatiexperiments. Especially the much larger distance
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Figure 1. Aircraft motion at the center of gravity and pilot station during a pitch maneuver.

between the center of pitch rotation and the pilot statioridage transport aircraft, which results in PH acceleraio
of much higher magnitude, could be an important factor faidiag on the best cueing strategy for pitch maneuvering.
The problem of cueing rotational pitch and translationadv@emotion is evaluated for a simulator with a typical
hexapod motion system, such as the SRS at TU Delft. Due toatttetat a high fidelity mathematical model of a
Boeing 747 was available from an earlier study (Ref. 8), gaper will consider this problem for this aircraft. To
evaluate extent the results of the experiments of Refs. S56areh be straightforwardly applied to larger aircraft, a
dedicated experiment is performed to obtain measuremépt®otracking behavior under conditions representative
for a large transport aircraft, for a variation in pitch arehfzae motion cueing settings.

This paper is structured as follows. First Section Il pregdome background information concerning aircraft
pitch control and the motion cues that are perceivable dysitth maneuvering. In addition, an overview of some of
the previous studies that used behavioral measurememedtuating the simulator motion cueing for pitch maneuvers
is given. Section Il provides an overview of some of the impnt differences with the small jet aircraft considered in
previous studies that need to be considered for large toahajpcraft, both in controlled dynamics and in the relativ
magnitudes of the different motion cues at the pilot stati®ection 1V describes all the details of the experiment that
was performed to evaluate the effect of variations in piteth heave motion cueing on pilot behavior in the SRS. The
results of this experiment are analyzed in Section V and@udison follows in Section VI. This paper ends with the
main conclusions in Section VII.

II. Background

IILA. Motion Cues During Pitch Maneuvering

In conventional fixed-wing aircraft, the pilot station ismgeally located in front of the aircraft center of gravityh&
motion pilots are subjected to during flight are a superfsiof movement of the aircraft center of gravity, rigid
body rotation around the aircraft center of gravity and fidesaeroelastic effec&This is especially true for aircraft
pitch maneuvering, for which a schematic representatidgh@tilominant motion cues that are perceivable at the pilot
station is depicted in Fig. 1.

Fig. 1 illustrates that during changes in pitch attitégeertical motion will also be present at the pilot statian, i
addition to the obvious pitch rotation. For instance, a deain pitch attitude will cause a change in aircraft altitude
yielding relatively low-frequency vertical (heave) matiof the aircraft center of gravity. This component of the
symmetrical aircraft motion is referred to as CH in this studdicated with the symbai._ in Fig. 1. In addition,
the pitch rotation around the aircraft c.g. directly indsiegtra heave motion at the pilot station, due to the position
of the pilot station with respect to the aircraft c.g. Thisgdaheave component will be referred to as PH in this study,
and denoted with the symbal,. Using the definitions and conventions shown in Fig. 1, andttorg any heave
accelerations resulting from aeroelastic modes, the het@le acceleration at the pilot station during pitch maagiv
(in aircraft body axes) can be denoted as:

a; =0z, + 0z =0y, — 16 (1)

In Eq. (1),! is the distance in longitudinal direction between the aiftocenter of gravity and the pilot statio;
denotes the pitch acceleration. Note that, despite thaéHfatthere may be an additional small vertical offset betwee
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aircraft c.g. and pilot station, only the effects of the ldndinal offset! are considered here, as these are typically
highly dominant.

Eqg. (1) shows that the greater the distahdeetween pilot station and center of gravity, that is, thgdarthe
aircraft under consideration, the more dominant the pitedve component,, will be. Some argue that for certain
types of aircraft the linear motion cues that result fromngdes in aircraft attitude even dominate pilots’ perception
of rotational motiont® As will be shown in more detail in Section 111.C, this is onetbé key factors that need to be
accounted for when interpreting the results of previouserpents performed for small jet aircra&ft.

II.B. Pitch Attitude Control Task and Pilot Behavior

In this paper, a compensatory pitch tracking task is usedumysthe effects of the different motion cues that are
present during pitch maneuvering on pilot control behaviss explained in more detail in Ref. 11, compensatory
tracking tasks have been used in many investigations irt@tfects of motion feedback on pilot behavidh2-15

A compensatory tracking task is chosen here for evaluatiagffects of the different motion cues that occur during
pitch maneuvering as such a control task allows for follapéncybernetic approach as defined by Multfe8uch a
cybernetic approach revolves arourstiidying the fundamental properties of pilot-vehiclelatdion centered around
information, in particular the information used for conktd® Previous research has shown that for compensatory
tracking tasks, pilots’ responses to visual and motionrimition can be separated using mathematical models of pilot
behavior and corresponding identification technigtiedthereby allowing for quantitative evaluation and comparis

of how pilots make use of these different cues during manuoratrol tasks.

A schematic representation of the pitch control task carsid in this paper is depicted in Fig. 2. Fig. 2 shows
the pilot controlling the aircraft pitch dynamics in a feedk configuration. Pilot control action is induced using two
forcing functions: a target forcing functiofy, defining the reference pitch that is to be followed, and &udisnce
forcing functionf,, which acts as a disturbance on the controlled elementidrsthdy, these forcing function signals
are independent quasi-random sum-of-sine signals, whiet@own to allow for separating two pilot's responses
using frequency domain identification techniqd@s.

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

1Simulator : ' Pilot 1 Controlled element 3

3 visual response n pitch dynamics

It + e | e ! ]
—Q : s M), (s) Hys.(8) -
| 3 ! pitch response heave dynamics !
0 0 La
Hy(s) Ho5.(8) ——
! ! 3 heaveresponse | |  TTTTTTTTTTTTTTTTOTT
a; | Dy
I Ha,;q‘,a (5) — ; Hpaz(s)

Figure 2. Schematic overview of the closed-loop compensagocontrol task and model.

Fig. 2 shows that the controlled element for a pitch conttgktconsists of two parts: the column-to-pitch dynamics
Hy 5.(s) whose output is the controlled pitch attitudeand the column-to-heave-acceleration dynantics ;. (s),
which define the dynamics of the heave motion that is perdeilging the pitch maneuver. Note thét,_ 5.(s) in
this case includes both PH and CH components (see Eq. (1§ dyfiramics of the heave motion filter, which affect
the output of the aircraft heave respor$g, s.(s) before it is perceived by the pilot, are depicted in Fig. 2niite
symbolH,_ .. (s). Note that no filtering is considered in this study for theatimnal pitch motion cues.

Finally, Fig. 2 shows that the pilot’s control behavior ipresented as a combination of three separate responses
to visually presented tracking errafs,, (s), rotational pitch motiort,, (s), and translational heave motidf,, (s),
supplemented with a remnant sigmathat accounts for all nonlinearities in the pilot’s contoehavior. Note that the
contributions of the pilot visualf{,, (s)) and motion responsesi(, (s) and H,,, (s)) to the pilot control signal
are indicated in Fig. 2 with the symbals andu.,,. The variances of these two signals will be used in SectioorV f
evaluating the magnitude of the effect of motion feedbackdentified multimodal pilot dynamics.
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II.C. Previous Work

One of the first studies into the effects of motion cueing fidlchpmaneuvers on pilot performance and behavior
was performed by Van Gool and ModijThey performed on-ground and in-air pitch tracking taska Beechcraft
Queen Air with a body length of 10.8 m. For their pitch conttagk, Van Gool and Mooij showed that transla-
tional motion during pitch tracking tasks lowered the valoéthe crossover frequency and degraded the pilot-aircraf
performance compared to conditions where no translatiomdion was present. This effect was found to be highly
subject-dependent. Van Gool and Mooij stated that profatiomal acceleration simulation is of higher importarxe t
the pilot than linear acceleration. However, in this stuty magnitudes of the linear acceleration cues were relative
low (RMS value of 0.05 mA compared to the pitch acceleration cues (RMS value of Qyistle

While not strictly a pure pitch maneuver, Gouverneur éf gherformed a study into the effect of heave cueing
settings on pilot performance in a lateral offset approauhlanding task, using a simulation model of the Boeing
Generic Large Transport aircraft. While motion cueingisgt in all other degrees of freedom were kept fixed, heave
motion cueing was varied over seven different washoutggtt{including one with a negative gain, yielding inverted
heave motion cues). Despite considering a wide range ofeh@aghout settings, Gouverneur et al did not find a
statistically significant effect on pilot landing perfornwe. They did, however, find consistently reduced control
activity for higher fidelity heave cueing settings.

Steurs et al? performed compensatory and pursuit target-followingsaskhe TU Delft Cessna Citation labora-
tory aircraft and in the SRS at TU Delft for different pitchdaneave motion cueing settings. In this study, the choice
was made to use second order heave motion filters, whichresbeomparatively low gains and high break frequencies
to transform the aircraft heave motion to motion profiled thauld fit in the SRS workspace. This yielded a set of
heave motion filters that would qualify as very low fidelitycaeding to criteria defined by Sinacétiand Schroedet?

A clear effect of increased rotational pitch motion gain askt performance and perceived motion fidelity was ob-
served. However, no consistent differences between tferelift heave cueing settings were found. Unfortunatedy, th
measurements in the SRS were also only performed for ongditailot.

Finally, Refs. 5 and 6 describe two recent experiments tivastigated the effects of pitch and heave motion cueing
on pilot tracking performance and control behavior for agbesCitation I, both performed at TU Delft. Zaal efal.
showed that for this small jet aircraft the effects of thatiminal pitch motion were the most significant. However, the
third-order heave motion filter used for that experiment wad to keep the much more high-amplitude CH motion
within the simulator limits and had a filter gain of 0.6 and amiteant second-order break frequency of 1.25 rad/s.
While attenuating the CH motion to remain just within the siator workspace, this filter reduced the PH motion in
this experiment to a maximum vertical displacement of 5 cimis as, in hindsight, believed to be the cause of the
limited effect of this PH motion as found by Zaal et al. An adudhial conclusion drawn from this work was that the
CH motion is not used as feedback by pilots during pitchuwatgtcontrol, but that this motion component does affect
pilot behavior, as the addition of CH motion showed a modestehse in task performance and a highly significant
increase in visual lead, which is opposite of what is to beseigd when additional motion feedback is made available.

Due to the fact that the heave motion filter was in fact not ireglin the experiment of Zaal et alfor attenuating
the PH motion, a second experiment is described by PooPanakhich the effect of the heave washout filter used by
Zaal et al. on the measured effect of the PH motion in thatystvas verified. To achieve this, Pool etfatonsidered
the same pitch tracking task, but the CH heave motion wasteditThis experiment showed increased tracking
performance when the simulator heave motion fidelity wasaanéd by increasing the heave washout filter gain and
by removing the filter dynamics. Furthermore, Pool et al.veobthat the increase in performance was caused by
an increase in the gain of pilots’ responses to visual andgiphlymotion stimuli and a decrease in the amount of
visual lead by the pilots, allowed for due to the fact that B¢ motion provided them with a better source of lead.
A marked decrease in performance was already visible whe®kh motion gain was scaled with a gain of 0.6 (no
further washout), which is generally stated to be a quitepiable motion filter gain settirfy.

I1l. Effects of Aircraft Size

Most previous studies into the effects of motion cueing filchpmaneuvers, at least those that used multimodal
pilot models for evaluating measured changes in pilot bieakiat result from changes in cueing settifdshave
focused on small jet aircraft. A overall size comparisonh&f €Cessna Citation | considered in Refs. 5 and 6 and the
Boeing 747 considered in the current study is shown in Fig. 3.

In this paper, the extent to which the results of the studerfopmed with a Cessna Citation | model are also
applicable to larger aircraft, such as the Boeing 747, igestdd. Two issues are likely to complicate such direct
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Figure 3. Schematic comparison of Cessna Citation | and Boeg 747 aircraft sizes.

application of these previously obtained results, bothlteg from the adaptability of the human pilot to the comtro
task he is to perform® The first is that larger aircraft typically have slower dyriesnthan smaller ones, likely
resulting in different adaptation of pilot control behavémd, as a result, possibly different effects of motion fesexk

in generaf? The second is that due to the difference in aircraft geom@hgst notably a different), the relative
contributions of PH and CH to the total heave motion that ic@gable at the pilot station change. The extent to
which these two factors may affect measured pilot behaaiat,hence the applicability of the results of previous work
to larger aircraft, is discussed in this section.

lIILA. Controlled Dynamics

To evaluate the difference in controlled element dynamidsich will likely lead to a difference in pilot control
behaviof! during pitch control of a Cessna Citation | and a Boeing 74femonlinear models of both aircraft are
linearized at the same trim condition to allow for somewlaat éomparison. The chosen trim condition is the flight
condition both aircraft would be in at an ILS interceptionmi@t 5,000 ft and 160 kts. For the Citation | a flap setting
of 15 deg was used, whereas for the Boeing 747 flaps were sétde@ For the Boeing 747 this resulted in a trim
condition with a trim pitch attitude of 3.43 deg. The line&xd control-column-to-pitch responsHEs 5, (see Fig. 2)

of both aircraft, denoted with superscript CIT and B747pestively, are then obtained as:

~ 3.11(s+1.13)
 s(s2 +3.08s + 7.60)

0.77(s + 0.67)
gB747 _ 3
0.5. (%) 5(s2 + 1.265 4 1.07) 3

HgJ (s) @)

Note that the transfer functions given by Egs. (2) and (3)asgnt a typical fixed-airspeed (short-period) approxi-
mation of conventional aircraft pitch dynamics. Here thegeations are defined such that a positive control input
will cause a downward (negative) elevator deflection, whircturn yields a positive pitch-up motion of the aircraft.
For comparison of both controlled elements, the frequeasgonses of Egs. (2) and (3) are depicted in Fig. 4.

Fig. 4 shows that the Boeing 747 has a lower high-frequengy, géhich results in slower response to control
inputs. The frequency where both controlled element magdritesponses show a peak, and where they transition
from approximatelyK /s dynamics at low frequencies t&/s? dynamics at higher frequencies, correspond to the
natural frequency of the short-period mode. As can be vdrifiem Fig. 4, this short-period mode natural frequency
is markedly lower, ab, = +/1.07 = 1.03 rad/s, for the Boeing 747 than for the Citation I, for whicl), = /7.60 =
2.76 rad/s. Note that both of these short-period frequenciest like lower range of the 2-5 rad/s expected crossover
region for tracking tasks according to McRuer etaDue to the lowet,,, and the requirement for equalizing the
controlled pitch dynamics to a single integrator arounddtessover frequends? it can be anticipated that pilots will
perform lead equalization starting from lower frequeneigbat is, more required lead equalization — for a system
with Boeing 747 pitch dynamics than required for the Citati@lynamics given by Eq. (2).

[I1.B. Optimal Control Analysis

The comparison of column-to-pitch dynamics frequencyeoesps shown in Fig. 4 suggests pilots would need to per-
form more lead equalization for the slower Boeing 747 dymantihan would be required for control of the Citation
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Figure 4. Column-to-pitch dynamics frequency responses fdCessna Citation | and Boeing 747 aircraft.

| dynamics. As effects of motion feedback are typically &sgfor controlled elements that require more lead equal-
ization?? this could imply motion feedback is more beneficial for theeaf Boeing 747 pitch control. Here this
observation is quantitatively evaluated by performing ptiroal control analysis for the considered pitch contrekta
similar to the one performed in Ref. 5. A schematic represt@nt of the control structure utilized for this analysis is
depicted in Fig. 5.

Figure 5. Optimal control analysis pitch control task feedkack configuration.

Note that Fig. 5 depicts the same compensatory trackingasi$iig. 2, where the target signal is now set to zero.
This implies that pure disturbance-rejection is analyzexdhwhich is thought to be permissible due to the dominant
disturbance signal used in Ref. 5. In addition, the piloyeamics have been replaced by the more generic feedback
gain structure shown in Fig. 5, which includes separatetfaeekl gains for the pitch attitude, pitch rate, and pitch
acceleration. The pitch attitude and its derivatives fohm state of the optimal control problem, here defined as
£ =10 0 6)7. From the work of Levisoff it is known that a well-trained human controller in optimahditions
can be represented by a controller that tries to find an optiramhing between performance and effort. In this case
a Linear Quadratic Regulator (LQR) was assumed to apprdgithe pilot where the optimal state feedback gains
shown in Fig. 5 are calculated by minimizing the cost funttio

J(Kg, Ky, Kj) = / { #7Q% + u"Ru }dt (4)
0 N—— N——"
performance effort
In EqQ. (4) the®) and R matrices are weighting matrices an equal tou = — [K@ K, Ké] Z, as can be deduced
from Fig. 5. By increasing the value fd@t, the weighing of the input, the resulting feedbacks will result in pilot
behavior that lays more emphasis on reduction of effort. ifietthe LQR problem solution, the method of Bryson

and Ha® is used, where the values @fand R are set to the inverse of the squared maximum allowable saifig
andu, respectively. The maximum pitch attitude was sef i, = 5 deg= 0.0873 rad, as this is approximately
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the maximum value of that is reached due to the disturbarfge For the maximum pitch rate and pitch acceleration
the limits for motion cues generated by the SRS motion base taéen from Ref. 260,10, = 10 deg/s= 0.1745
rad/s and),,u. = 50 deg/g = 0.8727 rad/$. Q then becomes a 3x3 diagonal matrix with the square of themmaxi
allowable state values as the diagonal elements:

1
—_— 0
0.08732 1
— 5
@ 0 0.17452 (1) ®)
0 -
0.87272

Similarly R, a scalar, is varied from,,;,, = 1 deg= 0.0175 rad andu.,,,,, = 15 deg= 0.2617 rad, which are
typical values taken from the experiment of Ref. 5. This ltsdn values forR of:

1 1

— — 6

0.01752 0.26172 ©6)
By solving the Riccati equation for the optimal feedbackngdpr both the Boeing 747 and Citation | controlled

element dynamicély s, (s), values forkKy, K; and K ; are obtained as a function &. These results are depicted in

Fig. 6.

Roin = and R,a: =

(a) Attitude feedback gain (b) Rate feedback gain (c) Acceleration feedback gain

10! 10! 10t

10° 10° 10°
| I |
:Q x‘ﬁb D
107! 107! 107!
Boeing 747
= = = Citation
1072 . 102 10-2
102 10° 102 108 102 10®
R, - R, — R, —

Figure 6. Optimal feedback gains as a function of effort weiging factor R for Cessna Citation and Boeing 747 disturbance-rejection.

First of all note from Fig. 6 that the optimal pitch attitudtiback gairy is of similar magnitude for both aircraft
of the whole range of values fdt. This implies that the feedback of attitude informationfgqual importance for
control of both aircraft. For the pitch rate feedback gainand the pitch acceleration feedback géaip, however,
clear differences are observed between the data for thereiift aircraft dynamics. Both derivative gains are around
a factor 2 higher for all values at for the Boeing 747 controlled element, indicating a stranmgéance on rate and
acceleration feedback for optimal control. This confirms increased requirement for lead equalization for these
dynamics due to the lower short-period mode natural frequen, observed in Fig. 4. As described in more detail
in Ref. 5, rotational pitch motion as perceived with the sgrilar canals provides pilots with information ér*
which they can use to perform feedback control. In additpilets may be able to achieve acceleration feedback from
supplied PH motion, as the acceleration perception prigsat the otolithy* give them a percept af,, = —16. This
analysis therefore suggests that the Boeing 747 contrellEdent might yield more effect of both pitch and heave
motion feedback than observed for the Citation | controfikninent.

llI.C. Heave Response

Fig. 1 depicts the separation of two different componenttheftotal heave motion that is perceivable at the pilot
station as proposed and applied in Refs. 5 and 6. A distinéianade between the heave motion of the aircraft
center of gravity (CH) and heave motion of the pilot statiathwespect to the c.g. (PH). As explained in detail by
Field et al.2” for a conventional aircraft the pitch rotation that occypsmia longitudinal column input does not occur
around the aircraft center of gravity, but rather aroundcation commonly referred to as the instantaneous center
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of rotation (ICR), which is typically located closer to thiop station than the aircraft c.g. By definition, the ICR is
the longitudinal along the aircraft longitudinal axis tliaes not initially move in vertical direction upon a stepchit
control input. Especially for large aircraft, the distahetween the c.g. and the ICR can be significant. As the transfe
function for the CH heave motion shown in Ref. 5 shows, theraft c.g. tends to move down slightly upon a positive
column inputd,, yielding non minimum-phase CH dynamics. The position eflBR with respect to the longitudinal
location of the c.g. is calculated according to:

. Hazcg e (3)
= Sy . (9) %
wherel,, . is defined positive forward of the c.g. As indicated by Eq, {f¥ ICR is the location along the aircraft
longitudinal axis where there is no direct influencefobn the perceived heave acceleration. As the distinction
between heave motion that is directly related tnd motion that is not directly related das thought to be important
for assessing the effect of motion feedback on pilot behalioing pitch control, a different subdivision between the
two heave motion components could also be made, spliitinig vertical motion of the ICR (ICH motion) and vertical
motion with respect to the ICR (IPH motion). This is gives folbowing relations for the total heave response at the
pilot station to a column input:

l

Ticr

CH PH
—_——N— ———

Hg, s, (5) = Hazcg-,éc (5)+Ha29,56 (5)
(8)
= HaziCT76c (S) +Haze’i760 (S)

ICH IPH

It should be noted from Eg. (8) that both conventions stgutein the same total heave motion at the pilot station.
Evaluating Eqg. (7) for both the Cessna Citation | and Boeig Gontrolled elements results in g, of 0.92 m and
5.88 m, respectively. The arm of the IPH acceleratigns, as used for calculating., , = —lmmlé, is then given by:

leil =1- lzicr (9)

In Eq. (9),! indicates the longitudinal distance between the aircrgftand the pilot station, as depicted in Fig. 1.
From Eq. (9)/.,,, can be found to be equal to 2.28 m and 20.33 m for the CitatiorIthe Boeing 747 controlled
elements, respectively. Using this information and thediized and trimmed models of both aircraft, the ICH and
IPH heave responses of both aircraft are obtained:

—42.63
B747 _ 10
azm,éc(s) (52 +1.265 4 1.07) (10)
—291.09
HCIT _ 11
“Zicr’5c(8> (s% 4 3.08s + 7.60) -
—15.61s(s+ 0.67)
B747
12
azg.; 0 () (2 +1.265 + 1.07) 42
-7.11 1.1
CIT  (5) = T11s(s +1.13) (13)

Azg 4 e

(s% 4 3.08s + 7.595)

The frequency responses of the transfer functions defin&ajby(10) to (13) are shown in Fig. 7. These frequency
responses show a dominant low-frequency contributionef@ motion. Important to note here is that the lowey
for the Boeing 747 yields a reduced magnitude of the ICH nmatiear the expected crossover region such that the IPH
motion, which provides more valuable feedback during péohtrol, is more prominent. The frequency responses
also clearly show the marked gain difference in the IPH rasps for the two aircraft: as a result of the much larger
l+,., the IPH motion is nearly an order of magnitude larger for toeiBg 747.

It should be noted for the experiment considered in this pajweays the total pilot station heave motion was
cued for conditions where heave motion was present. Defipitdact that in the analysis of pilot behavior (see
Section V.C.1) the separation in ICH and IPH heave motiongamants was considered, the remainder of this paper
will still use the acronyms “CH” and “PH” to refer to these riwot components for consistency with respect to the
discussion of the results of previous experimérfts.
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Figure 7. Comparison of ICH and IPH frequency responses of th Cessna Citation | and Boeing 747 models.

IV. Experiment

To investigate the effects of pitch and heave motion cueb@sdccur in large transport aircraft on pilot control
behavior and performance, a human-in-the-loop experimastperformed in the SRS at TU Delft. The details of this
experiment are provided in this section.

IV.A. Apparatus

The experiment was performed in the SRS at the Faculty of #gerce Engineering at TU Delft (see Fig. 8a). This
simulator has a six-degree-of-freedom hexapod motiomsysiriven by six hydraulic actuators. The time delay of the
motion system has been determined to be around 3% rsiring the experiment the pilots were seated in the right
pilot seat and were operating an active electrical sidestithout breakout force to control the Boeing 747 model
dynamics defined by Eg. (3). The sidestick was configured aoathly pitch commands could be given. Pitch stick
deflections in rad were used as column inpyt® the aircraft model without any further scaling.

(a) Simona Research Simulator. (b) Compensatory display.

4 )

I

For presenting the instantaneous value of the tracking arrine format depicted in Fig. 8b, use was made of a
primary flight display (PFD) located directly in front of tipdot in the SRS cockpit. The update rate of the PFD was
60 Hz. From previous experiments it is known that the latesfape SRS PFD is no more than 25 AisThe outside
visual system was not used during this experiment and wasftire switched off.

To mask the noise generated by the actuators of the motitemnsysubjects wore a noise-canceling headset during
the experiment. In addition to the noise-cancellation, akimey sound, which consisted of recorded aircraft engine
noise, was played over the headphones to conceal any remaimiinds.
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IV.B. Forcing Functions

In the experiment pilot control behavior was evaluated mptfich attitude control task defined in Fig. 2. The target
and disturbance forcing function signals used in this pitmhtrol task were highly similar to those of the experiments
of Refs. 5 and 6. Both signals were defined as quasi-randorro$tgine signals according to:

Na,t

far(t) =" Aq(k)sin(wa(k)t + ¢a.(k)) (14)
k=1

In Eq. (14) Ag+(k), wa (k) andgg.(k) represent the amplitude, frequency, and phase of theite of f, ;(¢)
respectively.N, ; is the number of individual sine signals in the forcing fuaetsignals. Both forcing functions con-
sisted ofN,; ; = 10 individual sines. An individual measurementin the expeitwas defined to have a measurement
time of 7, = 81.92 s. To allow for estimating pilot describing functions in hequency domair? sinusoid frequen-
cies were all defined to be an integer multiple of the measen¢time base frequency,,, = 2x/T,, = 0.0767
rad/s.

The forcing function frequencies were chosen slightlyatitly than those used in the forcing function signals
from Refs. 5 and 6, as the sinusoids with the highest freqasntthose signals (around 17 rad/s) were found to require
extremely high control inputs to follow or attenuate for B@eing 747 controlled element of Eq. (3). Therefore, these
sinusoids were removed from the forcing function signals maplaced with an additional low-frequency sinusoid in
both f, and f;, below the lowest frequency of the original signals. Fordhaplitude distribution, the same second
order low-pass distribution as used in Refs. 5 and 6 wastsele€his amplitude filter is defined as:

1+ O.ljwdﬂg(k))2
Ade(k) = (14 0.8jwa (k)2 (15)

The phase distribution was chosen by generating a largeatioh of random phase sets for each forcing function
and by selecting the phase set that yields a signal in timehis an approximately Gaussian distribution and no
excessive cresting or lack therefAs the disturbance signal was added to the control inputsngiy the pilot —
that is, it was inserted before the controlled element dyiosim the disturbance signal amplitudes and phases were
preshaped with the inverse of the controlled pitch dynantics (3). The amplitudes of; and f; as calculated from
Eq. (15) were scaled to yield time-domain variances fioand the effective pitch disturbance causedfpyf 0.4
ded. The full numerical details of the target and disturbanceifa functions are given in Table 1.

Table 1. Experiment forcing functions.

Disturbance fy Target, f;

ng wgqlradls] Agl[deg] ¢4 [rad] ny  wyradls]  A:[deg]  ¢: [rad]
2 0.1534 0.3479 5.0150 3 0.2301 0.5818 3.4793
5 0.3835 0.7046 6.0870 6 0.4602 0.5306 1.2876
11 0.8437 0.9063 5.9342 13 0.9971 0.3711 6.0892
23 1.7641 1.4486 1.4813 27 2.0709 0.1674 5.5074
37 2.8379 1.9948 1.5538 41 3.1447 0.0901 1.7336
51 3.9117 2.3588 2.1357 53 4.0650 0.0605 2.0192
71 5.4456 2.8159 5.3017 73 5.5990 0.0375 0.4411
101 7.7466 3.5939 4.6993 103 7.9000 0.0238 5.1749
137 10.5078 4.7990 6.0574 139 10.6612 0.0174 3.4146

171 13.1155 6.2450 0.2418 194 14.8796 0.0135 1.0656

IV.C. Heave Motion Filter Settings

In combination with the design of the forcing function sifgyahe different heave motion filter settings that would
be evaluated in the experiment were determined, as the tapland frequency distribution of the forcing function
signals to a large extent defines the magnitude of the aiteeaf/e motion that is perceivable during the pitch tracking
task of the experiment. As found by Zaal ePal.third-order high-pass motion filter was required for malksare the
mainly low-frequency CH motion (see Fig. 7) was attenuatesligh to allow for performing the tracking task in the
SRS without having to resort to extremely low filter gains erywhigh filter break frequencies. This third-order heave
motion filter was of the form:
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82 S

(16)

Hpp(s) = Knp 52 + 2(ppnps + w2, 5 + wp
The values fow, and(y,, were fixed to 0.3 rad/s and 0.7, respectively. The filter d&ip and second-order break
frequencywy,, considered variable over the different heave filter sedtithagt were to be evaluated.
To determine the settings &f;,, andwy,, that would give the highest motion fidelity for the given amhtask, a
set of reference pitch acceleration and heave acceletadijgetories were taken from preliminary human-in-thego
data collected with subject 1 during the preparation forgkperiment. Using this set of reference time traces, an
analysis as described by Gouverneur éfalas performed, where a large number of combination& gf andwp,,
were tried to verify if any of the SRS motion base limitatiomsuld be reached for a given motion filter setting. The
break frequencyy,, was varied from 0.1 to 4.0 rad/s with steps of 0.1 rad/s, walees ofK,, were tried ranging
from 0.1 to 1.0 with steps of 0.05. This gave a total of 760ad#ht motion filters to be tested. The SRS limits that
were considered in this analysis, which were also used inBegfare given in Table 2.

Table 2. SRS motion system limitations. Table 3. Selected motion filter settings.
Actuator state Limit Unit Filter  Gain, Ky, Break freq. wnp
Extension + 0.575 m HB 0.7 1.25rad/s
Velocity 1 m/s LG 0.3 0.50 rad/s
Acceleration 10 mA HF 0.6 0.85 rad/s

Using the same format as adopted in Ref. 18, Fig. 8 presemteshlts of this analysis of the 760 possible motion
filter settings. Each data point in this graph, which plots thotion filter gain and phase distortion at 1 rad/s as
proposed by Sinacoff, corresponds to a certain combinationfof,, andwy,. The solid black lines in Fig. 8 depict
the fidelity boundaries defined by Schroédéor translational motion cueing. Motion filter settings f@nich actuator
extension limits were reached are indicated with crosségdeuilters for which velocity limitations were breached
are indicated with square markers. No acceleration limitatwere reached for the motion profile considered for this
control task. Filter settings that do not interfere with arfythe motion base limitations listed in Table 2, and are
therefore options to evaluate in this experiment, are degiwith black dots.

o) 180 10t
() L
© « No limits
% 150+ X Stroke limits
e O Velocity limits 100
f. s @ SelectedH,,(s)
© 120} °° . 1 .
o S IR B 19 1w Mttt B 1 ey
> 3
e 90| S 10t
o <
s =
5 60 |
= 2 = = Wsp
c c e e 10° -G
S 0b XX X X ]
° LA X X XK —HB
= low medium high —HF
fidelity fidelity fidelity
0 + - 1073
0 0.2 0.4 0.6 0.8 1 10t 10° 10*
Motion filter gain at 1 rad/s, - w, rad/s
Figure 8. Results of simulator workspace analysis and seltstl Figure 9. Heave washout filter frequency responses compared
motion filter conditions. to short-period mode natural frequency.

The three final heave motion filter settings that were sedeftie evaluation in this experiment are depicted in
Fig. 8 with gray-filled circular markers. The numerical vedwf K, andwy,, that correspond to these different filter
settings are listed in Table 3. The three selected filteingstirepresent the inevitable trade-off that needs to beemad
for high-pass motion filters between gain and filter brealjdiency. The first filter condition has a relatively high
filter break frequency of 1.25 rad/s and is therefore retetwavith the acronym HB. As can be verified from Table 3,
this high value forvy,, also allows for the adoption of a relatively high filter gaiin0o7. The second filter condition,
referred to as LG (for low gain) represents the oppositeaghtiat can be made for the filter parameters. This filter has
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a very low gain, which also allows for limiting the phase ditbn of the supplied heave motion cues by allowing for
a comparatively low value of the filter break frequency of @8/s. The third filter is thought to represent the nearly
optimal result of trading-off gain and break frequency anthierefore referred to as the high-fidelity filter condition
(HF). As can be verified from Table 3 this filter combines atreddy high gain of 0.6 with a reasonably low value
for wy,, of 0.85 rad/s. Fig. 9 presents the frequency responses sélaltted heave motion filters and compares their
magnitude response to the short-period mode natural freyusf the Boeing 747 dynamics,, = 1.03 rad/s. Note
from Fig. 9 that the break frequency of the HF filter is abayg, which implies significant gain and phase attenuation
(not shown) is already present at this frequency for thisrfilt

IV.D. Independent Variables

The experiment was designed to investigate the effects afiation in the cueing of the perceivable aircraft motion
on the pilots’ pitch attitude control behavior. Both pitchdaheave cueing were varied in the experiment based on
experience from and for comparison with results of earligregiments’ ® The three heave motion filter settings listed
in Table 3 were supplemented with a condition with no heaegm(referred to as NH). Furthermore, the pitch control
task was performed with and without additional rotatioritdtpmotion for all heave cueing settings, yielding a total
of eight experimental conditions. It should be noted thatalditional rotational pitch cues were always presented
1-to-1, so no washout was present in the pitch degree ofdraed

IV.E. Subjects and Instructions

Eight subjects were invited to perform in this experimenil. sibjects were affiliated with TU Delft and the Faculty
of Aerospace Engineering. All subjects had experience wiittilar manual control tasks where physical motion
feedback was present from earlier experiments. Four sishjeel additional experience as aircraft pilots. Two pilots
were experienced Cessna Citation pilots. Only one of thgestdwas an experienced Boeing 747 pilot. The subjects’
ages ranged from 25 to 72 years old.

Prior to the experiment all subjects received a briefing enetkperiment and its objectives. The main instruction
they received was that it was their task to attempt to minéntiiee tracking error they perceived on the display.

IV.F. Experimental Procedure

Each subject started with a set of training runs to famimthemselves with the dynamics to be controlled and the
different heave and pitch motion settings. This training &miliarization period typically consisted of a total of
sixteen tracking runs. During the experiment, including tiaining, the different cueing conditions were presented
in random order according to a balanced Latin square desidter each completed set of sixteen tracking runs,
corresponding to two completed repetitions of the eigheexpental conditions, a forced short break of 15-30 minutes
was taken to avoid fatigue of the participants as much asigess

Tracking performance was monitored by the experimentenduhe experiment. The tracking performance was
defined as the RMS of the error sigralAlso the RMS of the control signal was calculated after each run. When
the subjects’ levels of performance and control activitgt babilized, which indicates that participants had adbpte
stationary control strategy, and five repetitions of eaad@gon at a stable performance level had been collected the
experiment was terminated. Subjects typically performaéatal of 8 or 9 runs for each condition, corresponding to
64—72 tracking runs total, to have a consistent set of fivesoreanent runs.

Each experiment run lasted 100 s, of which the final 81.92 & wsed as measurement data. In the first 3 seconds
of each tracking run the simulator was tilted to the trim Ipiattitude of the aircraft of 3.43 deg pitch up. In addition,
the same 3 seconds were used to fade in the disturbancedaiginal. The tilting of the aircraft to the trim angle
was done for every condition, including the conditions withrotational pitch cueing and even for the single-loop
condition without any pitch or heave cueing.

IV.G. Dependent Measures

A number of different dependent measures are consideredifoexperiment for evaluating the effects of the applied
variation in motion cueing. Time traces of the pitch attédd pitch rated, and pitch acceleratiofiwere recorded for
each run, together with the error sigmalcontrol signak, and different heave acceleration componentsanda..., .
Using this data various dependent measures were calculetedsariances of the tracking error and the control signal
are considered as measures of pilot performance and cawtioity, respectively. Furthermore, pilot-vehicle st
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target and disturbance open-loop crossover frequenciéplasmse margins are calculated from estimated frequency
domain describing functioA$as measures of pilot-vehicle system performance and isyabil

Further quantitative measurements of changes in pilotrobstrategy are obtained by fitting a multimodal pilot
model to the measured experiment time histories. The datéithis identification procedure and the adopted pilot
model will be given in Section V.C.1. The accuracy of the iiféed pilot models, and how this varies over the different
experimental conditions, is evaluated by considering tbdehvariance accounted for (VAF). The VAF expresses the
amount of variance in the measured model output signal {&cise the pilot control signal) that is explained by
the model in a percentage. Finally, the identified pilot nie@ge used to evaluate the relative contributions of the
pilot visual and motion responses to the control inputsmgive the pilots, as a measure of pilots’ reliance on motion
feedback. For this evaluation, the fraction of the variarafethe signals:, andu,, (see Fig. 2) is taken as a metric.

IV.H. Hypotheses

From the analysis of the available motion cues during piteln@uvering in Section Il and the optimal control analysis
in Section III.B it is anticipated that due to the slower &ift dynamics, pilot will rely more on feedback of pitch
rate and also pitch acceleration during the pitch trackass than found in the earlier experiments of Refs. 5 and 6.
Especially the hypothesized increased reliance on pitchlaation information, which can only be obtained from
perceived PH accelerations, suggests heave motion wilhli@portant cue in this experiment.

Due to the significant offset from the center of rotation fog targe aircraft considered in this study, the PH heave
motion component will likely be the dominant motion cue tigperceivable at the pilot station. As opposed to
findings from Refs. 5 and 6 for a smaller aircraft, this imglthat the cueing of rotational pitch information might
have a much smaller effect on pilot behavior in the currepeexment than found in these previous studies.

With respect to the different heave motion cueing settimmgsiered in this experiment, the following hypotheses
are made. Based on the above, especially the PH motion ictexp® show a large effect on pilot behavior and
performance. The low gain filter condition (LG) is theref@meticipated to show only moderate changes in pilot
behavior from the NH condition, as this filter setting attetas the PH motion the most. The high break frequency
filter (HB) will cause a significant phase shift in the supglieave acceleration cues, especially singg > ws), for
this filter (see Section IV.C), but still provides PH motidritee highest frequencies in the measurement range with the
highest gain of all three filter settings. The high fidelityRHilter, however, is hypothesized to show the most marked
effect of the supplied heave motion on pilot behavior, as liélieved to represent the most optimal trade-off between
low phase shift and high gain possible for this pitch contask.

V. Results

This section presents the results from the eight subjeatp#rticipated in the experiment. Data from all dependent
measures is presented for each condition as a mean ovebgttiand the corresponding 95% confidence interval of
the mean indicated with variance bars. As the experimenalvaithin-subjects design, all between-subject variapilit
was removed before calculating the confidence intervattldived for by the data, all presented dependent measures
were analyzed using a two-way repeated measures analysigarice (ANOVA) to evaluate the statistical significance
of the effects of the applied variation in pitch and heaveiamtueing.

V.A. Tracking Performance and Control Activity

Fig. 10 presents the average measured tracking performaadagontrol activity. These are expressed in the variances
of the error signat and the control signal, respectively. Data for the conditions without rotatiopith cueing are
depicted with white filled markers, while data for the cop@sding conditions with pitch cueing are presented with
black filled markers. Table 4 lists the corresponding regateasures ANOVA results.

Fig. 10a shows that the tracking error variance was affdaydabth the variation in heave motion cueing and the
presence of rotational pitch motion. The addition of ratatil pitch motion is found to result in a reductiorvif of a
consistent 0.02 dédor all heave cueing settings. As can be verified from Tabtdid,is a highly significant effect.

Better tracking performance is also observed with the amddf heave motion in any form, as the tracking error
variance is below the values measured for the NH conditioralloother heave cueing settings. Of the three heave
cueing settings, the HB filter, which has the highest filtengad break frequency, is seen to result in the worst
performance. Especially when pitch motion is present, tRefilter setting is found to result in the lowest of all
heave cueing settings. The variation in tracking perforceanith heave cueing setting is also a highly significant
effect, as can be verified from Table 4. As the effect of theatimn in heave filter settings is highly similar both
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(a) Error variance (b) Control variance
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Figure 10. Average error and control signal variances.

Table 4. Within-subject ANOVA results for measured tracking performance.

Independent Dependent measures
variables o2

e
Factor df F Sig.
heave 1.34,9.38 10.55 ki
pitch 1,7 25.85 *x
heavex pitch 3,21 222 —

*k

highly significant (p < 0.05)

marginally significant Q.05 < p < 0.1)

not significantp > 0.1)

Greenhouse-Geisser sphericity correction applied

with and without rotational pitch motion, no interactiontveen both cues appears to be present in the measured
performance, which is also confirmed by the ANOVA results.

Measured control activity, which is depicted in Fig. 10bpwhk only very slightly increased values for the HB
and HF filter settings compared to the NH and LG conditionsaddition, also not too much of an effect of the
addition of pitch cueing is visible. Furthermore, due tagldifferences in the baseline level of control activity
between the different participants, a Kolmogorov-Smirtest on the measured control activity samples showed that
the distributions ot were significantly different from a Gaussian distributiam &Il experimental conditions. For
this reason, no ANOVA could be performed on the control dtgtivata presented in Fig. 10b.

V.B. Pilot-Vehicle System Open-Loop Characteristics

For a combined target-following and disturbance-rejectask as considered in this study (see Fig. 2), the pilotdas t
consider the stability and performance of the combined-iéhicle system for both target-following and disturbanc
rejection. To investigate these properties, the crossimgquencies and phase margins of both the target-following
and disturbance-rejection open-loop systems can be amesitf For the mathematical derivation of the equations for
these open-loop dynamics, please refer to, for instande 5REig. 11 shows the average target and disturbance-loop
crossover frequencies and phase margins calculated fouthent experiment.

Fig. 11a shows the measured disturbance crossover freigsdocall experimental conditions. Typically, better
tracking performance (lower?) is associated with a higher crossover frequeticis can be verified from comparison
with Fig. 10aw, 4 is indeed found to show nearly perfectly inverse effectdefgitch and heave cueing variation as
observed for the tracking error variance. Both the additibpitch and heave motion is found to yield an increase in
disturbance crossover frequency of around 0.3 rad/s. Alsiné with the results found far?, the highest crossover
frequencies are found for the LG and HF heave cueing settidgscan be verified from Table 5, which lists the
repeated measures ANOVA results for all variables presdntEig. 11, both the effects of pitch and heave cueing on
we,q are found to be highly significant.
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(a) Disturbance crossover frequency (b) Target crossover frequency
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Figure 11. Average pilot-vehicle system crossover frequeres and phase margins.
Table 5. Within-subject ANOVA results for measured crossoer frequencies and phase margins.
Independent Dependent measures
variables We.d Wet Pm,d Pm.t
Factor df F Sig. df F Sig. df F Sig. df F Sig.
heave 1.58,11.04 16.42 321 249 * 118825 094 — 1.32,9.22 213 —
pitch 1,7 57.35 *x 1,7 0.76 — 1,7 0.35 — 1,7 5.68 *x
heavex pitch 3,21 0.10 — 3,21 033 — 3,21 024 — 3,21 033 —
** = highly significant (p < 0.05)
* = marginally significant (.05 < p < 0.1)
— = notsignificantp > 0.1)
a =  Greenhouse-Geisser sphericity correction applied
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The measured disturbance-loop phase margins presentegl. ihlfe show values op,, 4 of around 50 deg for
all conditions of the experiment. Except perhaps for sligbtevated values (around 2 deg higher) for the HB heave
motion filter setting, no consistent effects of the variatio pitch and heave cueing are observedgn,. This is also
confirmed from the ANOVA results shown in Table 5.

The crossover frequencies of the target-following looprshdrend over the different heave cueing conditions that
follows the trend observed . 4, but markedly less pronounced. In addition, no consistéeteof the addition of
rotational pitch cueing is present for. .. As can be verified from Table 5, the observed variation iggacrossover
frequency due to heave cueing variations is statisticadigicant, while the ANOVA also confirms the absence of an
effect of rotational pitch cueing.

The corresponding target-loop phase margin results piegénFig. 11d do show a clear effect of the presence of
rotational pitch cueing, as the addition of pitch cueinggiersto result in a consistent increasejpn ; of around 5 deg
for all heave cueing settings. This increase in target phesgin is highly significant, as can be verified from Table 5.
A slight decrease i, + is visible for the HB heave cueing setting, but overall nosistent effects of the variation
in heave cueing on the target-loop phase margin are observed

V.C. Pilot Modeling Results
V.C.1. Pilot Model Structure Selection

As depicted in Fig. 2, for the considered pitch attitude omintask pilots may utilize a feedback control strategy
based on information taken from visual tracking error angsital pitch and heave motion cues. For modeling pilots’
responses to visually presented tracking ereoithie pilot visual response to perceived tracking eridys(jw) was
modeled as:

Hy (jw) = K, (T, jw + 1)e_ijUHnm(jw) (17)

The model given by Eq. (17) is based on McRuer et al.'s Pratisiodel for single-loop compensatory trackifig.
Note that the visual equalization term of the Precision M@a&leeduced to a pure lead, as for the controlled element
dynamics given by Eq. (3) it is likely that pilots will gen¢ealead to compensate for the second-order dynamics
at frequencies above,,. The main parameters of the model tHi, (jw) are the pilot visual gaiti,, , the pilot
visual lead time constarif;,,, and the pilot visual delay,. The high-frequency neuromuscular actuation dynamics
H,m(jw) are modeled using the same second-order mass-spring-darogel used in Refs. 5 and 6:

e v

w2

. nm
Ham (5) (jw)? + 2Cnmwpmiw + Wi, (18)

The neuromuscular actuation dynamics natural frequengyand damping factag,,,,, are also considered as free
parameters of the considered pilot model.

For modeling pilots’ responses to perceived rotationathpdnd translational heave accelerations an approach
similar to the one described in Ref. 6 is followed. As for arste proposed by Hosmdrand Van der Vaart? pilots’
responses to rotational pitch motion can be modeled as amssyto the output of the semicircular canals (SCC). The
dynamics of the SCC are approximately those of an integfataa rotational acceleration input over the frequency
range approximately 0.1-9 radfsafter which they level of to a pure gain. Similarly, the otie$i, which are sensitive
to specific force and are hence the vestibular sensor sengitithe heave accelerations applied in the experiment,
are approximately a gain over the frequency range of intésemanual control. However, it has been argdednd
shown using experimental data in Ref. 6, that in some ins@pidots may internally integrate perceived translationa
accelerations to rates, to end up with an alternative faraliead equalization.

For modeling pilots’ responses to heave acceleration euasimber of different strategies were evaluated. First of
all, by evaluating pilot describing function estimatestadbed with a method similar to the one described in Ref. 13,
it was found that pilot responses to heave motion only shaweedistency at frequencies well aboyg = 1.03 rad/s
(this will be addressed in more detail below). As can be \atifrom Fig. 7, the PH acceleration cues are dominant
at these higher frequencies, whereas the CH accelerat@mnmédte belowv,,. Ref. 5 showed that CH cues hold
no information that would be useful to pilots during pitchitatle control, which is confirmed by the purely high-
frequency response to heave motion found in the currentrempet. Based on this analysis it was found valid to
model pilots’ responses to heave acceleratilps (jw) using only the IPH acceleratioms, ;, rather than the total
aircraft heave at the pilot statian, as given by Eq. (1).

The resulting models for the pilot pitch and heave respoasessed in this paper are similar to those derived and
applied in Ref. 6 and are given by:
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Hp,(jw) = Ky, jw(TL, jw+ 1)e 7™ Hyp (jw) (19)
(20)

-K, T, j 1 _.
Pm Lm]"*”'i_ eI Hy (jw) (21)

Hpaz (]CU) = l

Tpil Jw

In addition to the pilot motion gaik, , and the pilot motion delay,,, these models for the pilot pitch and heave
responses include an additional parameter, the motiontiesconstant’,, . This lead term is included in both
models to allow for capturing of possible pilot responsegitch and heave accelerations, instead of purely modeling
the response to integrated heave acceleration, as fongestaund appropriate for the experiment of Ref. 6.

As the pitch heave accelerations that are used as the inpthéilot heave response given b, (jw) are

related to the pitch attitude through, ; = —lzp“é, this implies that the pilot model responses to rotatioitahpcues
and heave acceleration cues should yield equivalent madef ioth motion cues are utilized by pilots to the same
extent. This, as also argued in Ref. 6, allows for direct carspn of values of,, , andr,, across the different model
forms given by Egs. (19) and (21).

Fig. 12 depicts pilot model identification results for ondjsat for one of the experimental conditions with only
heave motion cueing (subject 1, condition HF). For refeeeR@g. 12 also shows an estimated frequency-domain pilot
describing function for this data set, which can be estichatehe forcing function frequencies independent from the
chosen pilot model structure. A fit of the model of Eq. (21)tadted using the time-domain identification technique
detailed in Ref. 17, is also depicted (solid black lines).té\that the fitted model, which incorporates both the pilot
visual and heave responses (Eqgs. (17) and (21), respggtidekcribes 86% of the variance in the measured control
signalu, as indicated by the pilot model VAF.

In addition to the fitted pilot model, also the pilot heavep@sse is depicted where the lead time consfant
is set to zero. Comparison with the independently measugedribing function suggests pilots were responding to
acceleration information at the highest measurement &ecjas, and therefore confirms the importance of including
this extra lead term in the model féf,, (jw).

The use of two forcing functions in a compensatory trackaskthas been shown to allow for reliable separation
of pilots’ responses to two different modaliti€s Therefore, for this experiment is was not possible to estrbath
the pilot responses to rotational pitch and translatioealie motion/7,,, (jw) andH,,,_(jw), respectively. Due to the
equivalence of the models given by Eqgs. (19) and (eq:Hphi®)was not a problem for evaluating the contributions
of the visual and vestibular modalities, however, it doeglymno explicit distinction can be made between behavior
driven by rotational pitch motion and translational heaw&ion cues. Furthermore, it should be noted that for the
condition without pitch and heave motion cueing, only theuai pilot response as given by Eq. (17) was fitted to
measurements efandu.

V.C.2. Pilot Model Parameter Estimates

Fig. 13 presents the average identified parameters of thelnfimdthe pilot visual respons#,, (jw), as given by

Eq. (17). Table 6 shows the corresponding ANOVA results.tRepilot visual gairf,, , Fig. 13a shows an increasing
trend with increasing heave motion, which is especiallacker the conditions without additional rotational pitch
cueing (white markers). Furthermore, a slight drop in Vigizén appears to be present for the HB and HF conditions
if rotational pitch motion is made available. However, as ba judged from Table 6, none of these observations are
statistically significant.

Fig. 13b shows the variation in the pilot visual lead timestant7’;,, over the different conditions of the exper-
iment. For this experiment, the addition of heave cueingniy farm is seen to yield increased lead time constants
compared to the NH conditions where no heave cueing was mire3gpically, the availability of physical motion
feedback is seen to yield a decrease in the amount of visadldgualization performed by pilots during manual
tracking® 6 12:14.15|n Ref. 5, however, where a variation in the presence of CHRifdnotion cues was considered
for a pitch control task, a similar relative increasein, was observed when CH motion was made available. In this
experiment, always the full aircraft heave motion was pngsa so including the CH motion component. Therefore,
the increase iz, shown in Fig. 13b is consistent with the data from Ref. 5. Tineant of visual lead generation is
seen to increase even further when rotational pitch moiondade available. These effects of heave and pitch cueing
variations on the pilot visual lead time constant are foumtde highly significant and marginally significant, respec-
tively (see Table 6). Furthermore, the increasé&ip for conditions HB and HF compared to NH and LG is found
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Figure 12. Example of pilot visual and heave responses acabng to Egs. (17) and (21) fit to measured data (subject 1, coiitibn HF).
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(a) Visual gain (b) Visual lead constant (c) Visual delay
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Figure 13. Average pilot model visual response parameters.
Table 6. Within-subject ANOVA results for visual channel model parameters.
Independent Dependent measures
variables K,, T, Ty
Factor df F Sig. df F Sig. df F Sig.
heave 1.11,7.77 1.93 - 1.26,8.83 5.87 xx 3,21 8.11 *x
pitch 1,7 037 — 1,7 4.51 * 1,7 1420 =

heavex pitch 121 — 3,21 4.76 ** 3,21 0.04 —

*k

highly significant (p < 0.05)

marginally significant (.05 < p < 0.1)

not significantp > 0.1)

Greenhouse-Geisser sphericity correction applied

w
N
(TR TR UL | s

to be larger in the presence of pitch motion than for the paavh cueing conditions, yielding a highly significant
interaction between pitch and heave motion variation, asegudged from Table 6.

The pilot visual delayr, is seen to show a consistent increase of around 0.01 sec wtaional pitch motion
cues are made available, independent of differences inehea®ing (see Fig. 13c). This increaserinwith the
presence of pitch cueing is found to a highly significant @ffas can be verified from the right-most columns in
Table 6. In addition, identified values of the visual delaygpaeter also show considerable variation with the applied
differences in heave cueing. Compared to the NH condititbar, yisual delays are found to be around 0.02 sec higher
for heave cueing filter settings LG and HF. For the HB filteg iticrease irr, compared to NH is markedly less. This
effect of heave motion cueing af is also found to be statistically significant (see Table @ev®us studies have
shown increased visual delays with increasing levels ofendidelity® ® *?and the identified values from the current
experiment are consistent with these previous findings.

Fig. 14 presents the identified values of the pilot motiopoese dynamics as given by Eqgs. (19) or (21). Due to
the absence of values for these three parameters for théioongith no heave and no pitch cueing (NH) an ANOVA
as performed on all other dependent measures could not feped on this data. Therefore, only the variations in
Ky, Tt,,, andr, over the other three heave conditions (LG, HB, and HF) weadyard using an ANOVA with one
less level of the “heave” independent variable. The regiltsis ANOVA are shown in Table 7.

Identified values of the pilot motion gain are presented @ E#a. Note that higher values &%, do not directly
correspond to increased reliance on motion feedback duééossht magnitude and phase distortion of the signal that
drives the pilot motion response for the different heavergysettings ¢.., see Fig. 2). The relative contributions of
the visual and vestibular modalities to the pilot controdtgy selected for the different conditions of the experiin
are analyzed explicitly in Section V.C.3. Fig. 14a showd the lowest values of(,,  are found for the condition
with only rotational pitch cueing (NH), for which the 95% datence bars even include zero, suggesting only a minor
effect of rotational pitch motion feedback on pilot contoehavior for this condition.

Fig. 14a further shows a trend i, that is consistent with the variation in motion filter gaireothe different
conditions. The highest pilot motion gains are observedtferLG filter, which has the lowest,, of 0.3, while the
lowestK,,  are found for the HB filter for whicli;,,, = 0.7. Note, however, that especially for the conditions wiith
pitch motion the changes iff,,,, are not of the same magnitude as thos&jjj,, suggesting varying usage of motion
information over the different experimental conditions VAsible from the large 95% confidence interval for the data
obtained for the LG filter with pitch motion, for one subjectautlier, that is, a comparatively large valuefof,, of

20 of 26

American Institute of Aeronautics and Astronautics



Downloaded by TECHNISCHE UNIVERSITEIT DELFT on February 28, 2013 | http://arc.aiaa.org | DOI: 10.2514/6.2011-6323

(a) Motion gain (b) Motion lead constant (c) Motion delay
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Figure 14. Average pilot model motion response parameters.

Table 7. Within-subject ANOVA results for motion channel model parameters.

Independent Dependent measures

variables Ky, Ty, T,

Factor df F Sig. df F Sig. df F Sig.
heave 1.04,7.27 13.34 ** 2,14 058 — 1.13,7.88  1.50 -
pitch 1,7 8.26 xx 1,7 7.61 ol 1,7 1.46 —
heavex pitch 1.04,7.30 2.71 = 2,14 080 — 2,14 012 —

*k

= highly significant (p < 0.05)
= marginally significant (.05 < p < 0.1)

— = notsignificantp > 0.1)
=  Greenhouse-Geisser sphericity correction applied

*

a

4.50, was found for this condition. Without the data for thige subject the averadg,,, for this condition would be
1.17, so still the highest measured value of all conditiomstead of the presented 1.59 average. Finally, note from
Fig. 14a that motion gains are found to be consistently hifrethose conditions for which both pitch and heave
cueing were available than for those with pure heave cuéiagan be verified from Table 7, both the effects of pitch
and heave cueing ol are found to be highly significant.

The identified values of the motion lead time constént are shown in Fig. 14b. Again, the large spread observed
for the estimates of;,,, for the NH condition are the result of a single outlier in tderitified parameters. For one
subject a value for the motion lead time constant of 2.64 sfanaisd for this condition, whereas for the other seven
subjectsl,, was found to be 0.34 0.082 s (mears:- 95% confidence interval). When considering the heave cueing
conditions LG, HB, and HF, only an effect of the presence tdtional pitch cueing on the motion lead time constant
is observed, as can be verified from Table 7. For conditiortls dth pitch and heave cueirfg,,, is found to be
around 0.64 sec, while time constants of on average 0.88edgund for the conditions with only heave cueing. This
decrease iff',,, with the addition of pitch motion, which indicates a redoatin the usage of acceleration feedback
and a pilot response based on rate feedback over a widerineguange, is a highly significant effect. &, was
also generally found to be markedly lower for the NH condifisrhere only rotational pitch motion was present,
this reduction ini’;,,, suggests a control strategy in which feedback from rotatioformation perceived with the
semicircular canals is used in addition to perceived heags.cThis, however, is not proven by the presented data due
to the fact that only the combined response to pitch and haati®n cues is modeled here (see Section V.C.1).

Fig. 14c shows the measured values of the pilot motion dejayAs can be verified from Fig. 14c and Table 7,
7. IS found to be largely invariant with the applied variatiorpitch and heave cueing settings. Slightly higher values
of the pilot motion delay are found for the LG heave cueingdititon compared to HB and HF, but this is not a
significant effect. A markedly higher averagg (around 0.05 sec higher) is, however, found for the conalitiith
only pitch cueing (NH). This indicates that for the NH coinalit, for which the identified motion gains depicted in
Fig. 14aindicate only a very limited effect on pilot behayalso the latency in the pilot motion response channel was
markedly higher. A similar difference in pilot motion delbgtween conditions with only pitch cueing and those with
additional heave cueing was reported in Ref. 6.

Fig. 15 shows the identified parameters of the neuromusegtaation model as defined by Eq. (18). For the
neuromuscular actuation natural frequeagy, (see Fig. 15a), a clear variation over the different heaetngLsettings
is observed. For the heave motion filters with the highestgyaialues of the neuromuscular frequency are found to be
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(a) Neuromuscular frequency (b) Neuromuscular damping

11.0 0.8
10.5 0.7
10.0 + ++ 0.6

3 05

e} .

8 95 ' ¥
< + £ o4 14 2 ¢+ +
s 90 3
3 0.3

8.5 0.2
o No pitch
8.0
® Pitch 01
7.5 0.0
NH LG HB HF NH LG HB HF
Heave cueing setting Heave cueing setting

Figure 15. Average pilot neuromuscular actuation model paameters.

Table 8. Within-subject ANOVA results for neuromuscular model parameters.

Independent Dependent measures

variables O Crm

Factor df F Sig. df F Sig.
heave 1.65,11.57 14.89 ** 321 588 ki
pitch 1,7 244  — 1,7 3.94 *
heavex pitch 3,21 0.69 — 321 096 —

*k

highly significant (p < 0.05)

marginally significant (.05 < p < 0.1)

not significantp > 0.1)

Greenhouse-Geisser sphericity correction applied

*

a

around 1 rad/s lower than those observed for NH and LG. Natethie decrease is largest for the HB condition, which
has the highest high-frequency gain. No clear effect of tkegnce of rotational pitch motion is found foy,,,. Both
these observations from Fig. 15a are confirmed by the ANOWAIts presented at left in Table 8, which show a only
a highly significant effect of the variation in heave cueing.

For the neuromuscular actuation damping ratig, Fig. 15b shows trends with the applied variation in pitct an
heave motion cueing that are comparable to those shown, for Fig. 13c. The same increase for conditions with
heave motion as also found for the pilot visual delay is alsseoved for¢,,,, including the reduced increase for
the HB conditions. Though less consistent than found-fothe identified values af,,,,, are also found to increase
slightly when pitch motion is available. As listed in TablgetiBe effects of the variations in heave and pitch cueing on
(nm are found to be highly and marginally significant, respeyiv

V.C.3. Quality of Fit and Motion Feedback Contribution

Fig. 16a shows the average model VAF for the fitted pilot med@l all experimental conditions. The corresponding
ANOVA results are presented in Table 9. On average, the VA&egaare found to be between 87 and 92% for all
conditions, indicating that the fitted pilot models are ablelescribe the measured data with high accuracy. As can
be verified from Fig. 16a, pilot model VAFs are found to be lstvfor the HB and HF filter settings, both for the
conditions with and without additional rotational pitchednig. Though this decrease in model VAF is modest, not
even 5% compared to the NH conditions, it is found to be asiedilly significant effect (see Table 9). This slight
decrease in VAF could either result from the fact that theselnomodel is less appropriate for the data from these
conditions, or could be caused by reduced linearity of gilhavior under these cueing conditions. The ANOVA
further revealed a marginally significant interaction begw the effects of pitch and heave cueing, which post-hoc
analysis revealed to be caused by the differences in therpddel VAF between the NH and LG conditions: without
pitch motion the VAFs for both heave cueing settings are dtorbe approximately equal, while with pitch cueing the
LG filter is found to yield a clearly lower VAF than observed féH.

Fig. 16b depicts the fraction between the variances of tinérabsignal contributions of the pilot visual.() and
the pilot motion {.,,) responses, see Fig. 2. The corresponding ANOVA resultpragented in Table 9 at right.
Fig. 16b shows an increasing trenddﬁ;m /aﬁv over the different heave motion settings, reaching its ésglvalues
for the HB filter. Furthermore, the presented data show aistam increase of around 0.05 due to the addition of
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Figure 16. Mean pilot model variance accounted for for all caditions.

Table 9. Within-subject ANOVA results for variance accounted for and control signal variances.

Independent Dependent measures

variables VAF 02, /o2

Factor df F Sig. df F Sig.
heave 1.30,9.14  13.22 ki 1.30,9.09 71.33 **
pitch 1,7 0.05 — 1,7 11.27 *k
heavex pitch 3,21 2.88 * 3,21 2.46 *

*k

highly significant (p < 0.05)

marginally significant (.05 < p < 0.1)

not significantp > 0.1)

Greenhouse-Geisser sphericity correction applied

*

a

rotational pitch motion. As can be verified from Table 9, btitbse effects are found to be statistically significant.
The marginally significant interaction between the vaoiatin pitch and heave cueing listed in Table 9 was found to
result mainly from the smaller difference between the p#nt no-pitch conditions for the NH filter compared to the
other heave motion filter settings. Overall, Fig. 16b derrass marked differences in the contribution of motion
feedback to pilot control inputs as a result of the appliediti@n in pitch and heave cueing. Especially the relagivel
low 02 /o2 for the LG conditions and the fact that the highest valuesfaued for the HB filter conditions are
notable, and are consistent with the pilot model paramsténates shown in Fig. 13 to Fig. 15.

VI. Discussion

This paper describes an effort to evaluate the effect ofingrgitch and heave motion cueing on pilot tracking
performance and control behavior in a pitch attitude disnce-rejection task for a large commercial airliner. An
extensive analysis of aircraft geometry and dynamics wa®peed to evaluate to what extent earlier findings from
studies that considered much smaller airéréinight be directly applicable. The most important factort timaght
prevent his was thought to be the much larger heave acdelesatt the pilot station due to aircraft pitch acceleragion
(PH), as the distance between the center of pitch rotatidrtla pilot station is markedly larger for large transport
aircraft. An experiment is described in which eight sulggoerformed the pitch tracking task for varying motion
cueing settings. In the experiment, three different heaashout filters were evaluated in addition to a reference
condition without any heave motion cueing. The resulting feeave cueing conditions were also performed with and
without pitch rotation, resulting in a total of eight expagntal conditions.

The performed experiment showed significantly better fragkerformance for the heave motion filter settings
with higher motion filter gains. In addition, despite thegerted dominance of the heave motion cues at the pilot
station, a further significant increase in tracking perfance was still observed with the addition of rotational Ipitc
motion cues. The effect of rotational pitch motion cues datgracking performance was, however, found to be less
pronounced than reported for smaller aircraft in Refs. 5&rideasured disturbance-loop crossover frequencies were
found to reflect the same trend with the applied variationiichpand heave cueing as observed in the tracking error
variance. Disturbance crossover frequencies were fouirtttease around 0.2 rad/s with the addition of rotational
pitch motion, and with 0.3 rad/s for the highest fidelity noatfilter (HF) compared to the no heave cueing condition
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(NH). As also reported by Pool et &lthe addition of rotational pitch motion was further foundesult in a significant
increase in target-loop phase margin, independent of theshmotion cueing setting.

The dominant effects on pilot behavior of the applied vawiatn pitch and heave motion cueing that were deter-
mined using fitted multimodal pilot models include a sigrfitincrease in the pilot visual lead time constant and the
pilot visual time delay for the two heave filter settings witle highest motion filter gains (HF and HB) and with the
addition of rotational pitch motion cues. The pitch cuesals® found to result in significantly higher pilot motion
gains for all heave cueing settings. Especially the ine@é@ashe visual lead time constant seems surprising, as it is
commonly found that the availability of motion feedbaclomls pilots to reduce the amount of visual lead equaliza-
tion.®1214.15The same opposite effect was also observed by Zaal®etalthose conditions of their experiment in
which the heave motion resulting from changes in verticalraft c.g. position (CH) was present. The experiment
of Ref. 6 confirmed that this increase in visual lead equatinandeed resulted from the presence of the CH cues.
The portion of the pilot control signal explained by the pitaotion response, however, was found to be highest for
those conditions that also showed the highest values farisinal lead time constant, implying still increased use was
made of the available motion feedback, as expected. Funthrer, the LG heave cueing setting, which used a com-
paratively low-gain low-break frequency high-pass filteas found to yield pilot tracking behavior that was closest
to that observed without heave cueing, as for instancelgifibm a relatively modest increase in the visual lead time
constant.

Pilot describing function and pilot model analysis show#dtg were responding to perceived PH heave acceler-
ations directly at frequencies above 1-2 rad/s — that isyalive motion filter break frequencies that were evaluated
in this experiment — rather than integrating them to rateallgviate the required visual lead equalization as found
in previous studie&.3! An optimal control analysis performed to assess the diffezén the importance of attitude,
rate, and acceleration feedback for accurate tracking tivéltonsidered Boeing 747 pitch dynamics and the Cessna
Citation | dynamics considered in earlier experimefitisad predicted increased benefit of acceleration feedback fo
the comparatively slow Boeing 747 dynamics.

The heave motion filter settings that were evaluated in tipegment were chosen to reflect different choices in
the inevitable trade-off between low motion filter phaseatison and high motion filter gain. It must be noted that all
selected filters would still be considered low fidelity aating to the fidelity criterion proposed by Schroed®this is
a result of the large-amplitude low-frequency heave matibat inevitably result from aircraft pitch maneuveringga
which are almost impossible to replicate with high motiorefity on a typical flight simulatof:* '8 2°As also stated
by Schroeder and Graht,the value of having reference measurements of pilot behémia condition where heave
motion is presented 1-to-1 (no washout), which would allowdvaluation of the severity of this problem in flight
simulator heave motion cueing, cannot be overstated. Tdtethat this study, however, already shows significant
adaptation of pilot behavior even for a variation in low-fileheave motion suggests behavioral differences with
measurements taken under real-flight heave cueing conglitiay be appreciable.

Furthermore, one importantissue that is not explicitiMested in this paper is the coordination between the cueing
of the different degrees of freedom that are importancendysitch maneuvering. Due to the fact that typically a lot
less attenuation is required for cueing rotational degoé&eedom than for translational motion cueing, discrejes
may result between these cues in flight simulators. The safmegurse, holds for filtered motion cues that are
presented in simulators in parallel to unfiltered visualscueor the experiment considered in this paper, where pitch
motion cues (and visual cues) were always presented 1-ioellargest discrepancies between the different cues
occurred with the HB and HF motion filters, which had the highweak frequencies of all considered heave motion
cueing settings, 1.25 and 0.85 rad/s, respectively. Despitording the largest contributions of the pilot motion
response to the given control inputs, measured data foe tmwditions do show values for some dependent measures
that are consistent with degraded motion fidelity. Notakbmeples are a (non-significant) decrease in pilot visual,gai
the highest recorded values for the pilot visual lead timestant, and a slight reduction in the pilot visual delay.cAls
the observed reduction in pilot model VAF for the conditiamsvhich these two heave filter settings were used may
be indicative of this reduced consistency in the perceived cExplicit evaluation of the effects of such a discreganc
between different related motion cues in flight simulatargpdots’ use of these cues for manual control is therefore
thought to be an important topic for future research.

Finally, the experiment described in this paper considérezk different settings of a third-order high-pass heave
motion filter, all with distinct values of the motion filter igaand break frequency. As identified by Sinac8rthe
attenuation performed by such a high-pass filter consistsation scaling and phase distortion. It would be highly
valuable to assess the effects of both these distinct apesain the supplied simulator motion by evaluating a faator
variation in motion filter gain and break frequency, with gnumber of evaluated values for both, in an experiment
similar to the one described in this paper.
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VIl. Conclusions

An experiment was performed to evaluate how pilot pitchude tracking behavior and performance are affected
by a variation in rotational pitch and translational heawion fidelity. The focus of the current paper was on manual
control of a large commercial airliner (Boeing 747), for wiiboth the controlled pitch dynamics and the relative
magnitude of the perceivable pitch and heave motion cuediatiactly different from the smaller jet aircraft con-
sidered in previous studies into this problem. Analyticallaation of differences in aircraft dynamics and geometry
suggested increased requirement for rate and accelefaéidhack, suggesting increased importance of motion feed-
back. Furthermore, comparatively larger effects of heawtian were expected than found in previous work, due to
the increased magnitude of the heave cues perceivable pildhstation, which result from the much larger aircraft
body length. Pilot describing functions and multimodabpinodel analysis revealed pilots indeed used the cued heave
accelerations for feedback at frequencies above 1-2 rmdtead of internally integrating perceived acceleratitm
allow for a rate feedback control strategy, as suggestedewiqus research. In addition, the contribution of motion
feedback to the adopted pilot control strategy was foune@toighest for the heave motion filter settings with the high-
est filter gains, which supplied the least attenuated hightfency heave motion cues. The addition of rotationahpitc
motion was found to result in a further, though less pronedreompared to findings for smaller aircraft, increase in
pilots’ reliance on motion as opposed to visual feedback.
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