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ABSTRACT
Rotorcraft pilot couplings, particularly pilot-assisted oscillations, result from interactions between pilot biomechan-
ics and vehicle dynamics, potentially causing instabilities. Traditional stability analysis uses simplified biodynamic
feedthrough models, focusing on inter-pilot variability under standard conditions. However, biodynamic feedthrough
varies with muscle activation, which changes based on task demands. This study employs a purposely-developed
testbed to evaluate the biodynamic feedthrough in pilot-in-the-loop tests. Two scenarios were tested: maintaining lev-
eled flight amid turbulence in degraded visual conditions and an ADS-33 vertical repositioning maneuver. Preliminary
results indicate significant differences between closed-loop flight behavior and open-loop biodynamic feedthrough
estimates, confirming task-dependent changes in pilot impedance. This work advances rotorcraft-pilot coupling risk
assessment by capturing real-world pilot-vehicle coupling, moving beyond static biomechanical models.

Keywords: Rotorcraft Pilot Couplings, BioDynamic FeedThrough, Pilot-Assisted Oscillations, Flight Simulation.

INTRODUCTION

The study of Rotorcraft Pilot Couplings (RPC) involves un-
derstanding the complex interactions between pilots and their
aircraft, particularly in adverse conditions that, if not prop-
erly accounted for, can lead to instabilities. Relatively high-
frequency couplings, typically referred to as Pilot-Assisted
Oscillations (PAO), involve the interplay between aeroelas-
tic behavior of the vehicle and the pilot’s body biomechanical
response (Ref. 1). Predicting whether and how a rotorcraft de-
sign is prone to developing PAO phenomena is crucial to take
action as early as possible, when the cost of interventions on
the design is still manageable (Ref. 2).

A typical approach to this problem is to evaluate the sta-
bility of a feedback system constituted by a model of the
relevant vehicle dynamics — generally including the rigid
body motion and some low-frequency aeroelastic modes in
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the frequency range of typical biomechanical modes — with
a simplified representation of the participating biomechanics
of the pilot’s body. The latter is typically represented by the
input-output relationship between the vehicle accelerations
and the control inceptors’ motion they induce, i.e., the Bio-
Dynamic FeedThrough (BDFT). The method, while of unde-
niable value, can be considered skewed toward the verification
of the design concerning the inter-subject variability of the
BDFT, i.e., focused on ensuring adequate stability for differ-
ent pilots placed in the same psycho-physical state, which is
typically representative of standard operations by well-trained
pilots.

However, the BDFT depends on the pilot’s body biomechani-
cal impedance in relation to control inceptors’ motion, which
in turn depends on the muscle activation levels, especially in
the limbs. The muscle activation levels are modified by the pi-
lot, sometimes consciously but most of the time in an uncon-
scious manner, in response to different stimuli during the ex-
ecution of a flight task. As a reference example, one can con-
sider the case of routine operations performed in clear Visual
Meteorological Conditions (VMC), as opposed to the case of
an emergency operation conducted in the Degraded Visual
Environment (DVE). The impedance of the pilot’s body in the
second case will likely be significantly higher than in the first
one (Refs. 3–5).

An experimental setup has been developed to enable such
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evaluation of BDFT variability and its effects on the stability
of the Pilot-Vehicle System (PVS) in pilot-in-the-loop tests.
Unlike previous attempts (Ref. 6), the implementation of the
flight mission scenarios was not performed on a conventional
flight simulator, but rather on a dedicated experimental hard-
ware, the RPC testbed (Ref. 7). This choice made it possible
to focus more easily on the scenarios developed for RPC eval-
uation and to eventually perform online identification of the
BDFT during the tests, as the RPC testbed motion platform
can introduce the high-frequency excitations required as ex-
ternal disturbances.

PRELIMINARY INVESTIGATION

The pilot-inceptor system dynamics were identified ahead
of the closed-loop tests with open-loop BioDynamic
Feedthrough (BDFT) (Refs. 7, 8) identification tests. The
identified transfer functions were put in a feedback loop with
the Flight Dynamics Models (FDM)s to assess the stability of
the PVS in reference conditions.

Experimental Setup

Figure 1. The RPC testbed.

The RPC testbed is an experimental facility that holds some
similarities with a training flight simulator: it is composed of
a 6 degrees of freedom motion platform and a simplified rotor-
craft cockpit mockup. Conventional helicopter flight controls
are employed, together with a glass cockpit setup. However,
the pivot points of the control levers are easily reconfigurable

Table 1. Geometric and inertial properties of the collective
inceptor used for the BDFT identification tests.

Parameter Symbol Value Units
Length ℓ 350 mm
Mass mℓ 2.2 kg
CG position xCG 330 mm
Moment of inertia JCG 0.3 kgm2

Table 2. Characteristics of the pilots participating in the
tests. Only rotary-wing aircraft flight hours are indicated.

Parameter NP-01 PP-02 Units
Sex M M -
Age 25 59 y
Height 194 180 cm
Weight 89 69 kg
Flight experience 60 600 h

and can be adapted to different flight control layouts. The mo-
tion base is capable of producing motion cueing feedback and
higher-frequency signals.

The test setup is completed by rotary Hall effect sensors (Ac-
tive Sensors mod. MHR5542 CV-60) mounted on the col-
lective and cyclic assemblies, a linear potentiometer mea-
suring the travel of the left pedal (GEFRAN mod. PZ34-
FF004391), and three MEMS accelerometers (Kistler mod.
8316A010A0AC03) located underneath the seat on its struc-
ture. Sensor signals are routed to a Siemens SCADAS acqui-
sition system, which samples them at 1024 Hz.

The main properties of the collective inceptor installed during
the identification tests are collected in Table 1.

Provisions have been taken to reduce as much as possible the
friction acting on the collective control rotation. This choice
allows nonlinearities in the pilot-control inceptor dynamics to
be reduced, simplifying the BDFT identification.

The tests were conducted with two pilots: the first one, in-
dicated as NP-01, is a non-professional pilot type-rated for
the Robinson R44, with approximately 60 h of flight experi-
ence. The second one, indicated as PP-02, is a professional
fixed-wing pilot, with approximately 18000 h of flight expe-
rience on short, medium, and long-range airliners, and 600 h
on rotary-wing aircraft. Their physical properties and flight
experience are summarized in Table 2.

In this context, we will refer to closed-loop testing when
the pilot is actively controlling the Flight Dynamics Model
(FDM), and in turn receiving feedback signals, with visual
and motion cueing. In contrast, open-loop testing will refer
to cases in which the pilot is only subjected to a predefined
motion excitation not modified in real-time by the vehicle dy-
namics.
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BioDynamic FeedThrough Identification

Open-loop tests were conducted following established exper-
imental procedures outlined in detail in previous publications
(Ref. 7). The pilot is required to maintain a desired target col-
lective input, within a tolerance of ±3%, while subjected to a
white noise vertical (Z-axis direction) acceleration input. The
frequency range of the input is 0.5 Hz–7.5 Hz. The duration of
each test run is 60s and each testing point is repeated 3 times.
The target Frequency Response Function (FRF) to estimate
the BDFT is the one relating the collective rotation δ0( jω)
(output) with the vertical acceleration Z̈( jω) (input).
The acquired time series are split in 10 s records, with 50 %
overlapping. On each record, the auto-spectrum Sδ0,δ0( jω) of
the output signal and the cross-spectrum between the output
and the input signal Sδ0,Z̈( jω) are computed, using the Welch
method (Ref. 9). The Frequency Response Function estimate
is then obtained via the H1 estimator:

Hδ0,Z̈( jω) =
Sδ0,δ0( jω)

Sδ0,Z̈( jω)
(1)

The experimental FRFs were then fitted to a simple model of
the BDFT:

Hδ0,Z̈( jω) =
µ

ω2
0

1+Tzs
s(s2 +2ξ ω0s+ω2

0 )
(2)

The two complex-conjugated poles s1,2 = −ξ ω0 ±
j
√

1−ξ 2ω0 represent the dominant dynamics of the
left arm and the collective lever for the rotation of the
collective lever. The pole in s = 0 and the zero in s = −1/Tz
are tuned to enhance the asymptotic behavior of the transfer
function at frequencies lower and higher than ω0, and the
gain µ/ω2

0 sets its overall magnitude. This model has
been presented in previous publications (Refs. 10, 11), in
some cases with an added pure time delay term, enhancing
the fitting of the phase. However, in this work, the pure
delay term was discarded, since the phase fit was already
satisfactory. Moreover, a pure delay term in a purely rational
polynomial transfer function would require special treatment,
e.g., via Padé approximations.
Two example results of the identified BDFTs for the pilots in-
volved in the closed-loop tests are reported in Figures 2 and 3.
It can be noted that overall, the fitting is satisfactory, as the
global behavior due to the main pole associated with pilot
biomechanics and inceptor dynamics is well-captured. How-
ever, especially with pilot NP-01, it can also be noted how
some information is lost at higher frequencies, with the rela-
tive amplification peaking at about 6 Hz completely missed by
the simplified model of Eq. (2). This is a known problem that
is currently under investigation (Refs. 12, 13), and a revision
of the modelization of the pilot biomechanics is probably nec-
essary, since the behavior of the BDFT in the frequency range
5–7 Hz is likely to be significantly influenced by the first axial
vibration mode of the pilot’s spine (Ref. 14).
Table 3 shows the values of the BDFT model parameters re-
sulting from the identification in every run that was performed
with 80 % collective, the target position.
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Figure 2. Experimental and identified BDFT transfer
function for pilot NP-01. Experimental FRF: black line;
identified BDFT transfer function: blue line.
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Figure 3. Experimental and identified BDFT transfer
function for pilot PP-02. Experimental FRF: black line;
identified BDFT transfer function: blue line.
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Table 3. BDFT model parameters in Eq. (2) from identifi-
cation on results of the three experiments with each pilot
at 80 % collective (target position).

Parameter NP-01 PP-02 Units
µ (run 1) −10.95 −11.44 deg/g
µ (run 2) −24.41 −2.18 deg/g
µ (run 3) −21.70 −15.76 deg/g
Tz (run 1) 0.34 0.54 s
Tz (run 2) 0.17 2.59 s
Tz (run 3) 0.15 0.29 s
ξ (run 1) 0.29 0.47 −
ξ (run 2) 0.28 0.40 −
ξ (run 3) 0.34 0.32 −
ω0 (run 1) 2.42 2.32 Hz
ω0 (run 2) 2.65 2.44 Hz
ω0 (run 3) 2.56 2.72 Hz

Preliminary Stability Assessment

The identified BDFTs were put in closed-loop with a simpli-
fied, linear time-invariant model of the helicopter vertical dy-
namics presented in previous publications (Refs. 11, 15). The
simple, two-degrees-of-freedom model accounts for the air-
frame heave motion, z, and the main rotor collective flapping
(coming) motion β0. Both are intended as variations with re-
spect to hover trim conditions. The forcing term is represented
by the variation of the blade’s collective pitch angle θ0 with
respect to trim conditions. The axial inflow dynamics have
been neglected, as they do not significantly affect the heli-
copter’s vertical response in the frequency range of interest.
The equations of motion, in matrix form, are the following:

M∆ẍ+C∆ẋ+K∆x = F∆θ0 (3)

where

M =

[
mh NbSb

NbSb NbIb

]
(4)

C =
1

24R2 NbγΩIb

[
6 4R

4R 3R2

]
(5)

K = NbΩ
2Ib

[
0 0
0 ν̂2

β

]
(6)

F =
1

24R
NbΩ

2
γIb

[
4

3R

]
(7)

and xT =
{

∆z ∆β0
}

.
The corresponding state-space representation is derived, with
the vertical acceleration, ∆z̈, as output, and the collective
blade pitch, θ0, as the input. Table 4 lists the param-
eters utilized in the stability analysis, representative of a
medium/light-weight, five-bladed main rotor configuration.

The flapping frequency is ωβ = 5.83Hz. In the Laplace do-
main, the helicopter dynamics are given by:

∆z̈ = Hz̈θ0(s)∆θ0 (8)

Table 4. Helicopter model data. Lift-slope coefficient a =
2π and air density ρ = 1.255kgm−3 are used through-
out. The blade static moment and moment of inertia
are estimated considering uniform mass distribution Sβ =

1/2MbR, Iβ = 1/3MbR2.
Parameter Symbol Value Units
Mass mh 4000 kg
Number of Blades Nb 5 −
Rotor Radius R 6.0 m
Rotor Speed Ω 330.0 rpm
Blade Mass Mb 40.0 kg
Blade Chord c 0.4 m
Lock Number γ 8.3 −
Flap Static Moment Sβ 120.0 kgm
Flap Inertia Moment Iβ 480.0 kgm2

Flap Frequency (adim.) νβ 1.040 −
Pitch-Flap Coupling δ3 15.0 ◦

Landing Gear Stiffness Kt 6.47×105 Nm−1

Landing Gear Damping Ct 6.18×103 Nsm−1

Neglecting the control chain dynamics completely, the collec-
tive blade pitch variation ∆θ0 can be related to the collective
inceptor rotation δ0 by a simple gain G, i.e., the gear ratio
representing the static kinematic relationship between the two
angles:

∆z̈ = Hz̈θ0(s)G∆δ0 (9)

The total control deflection δ0 can be split into a control-
motivated contribution δ0,cm and a control-unrelated δ0,cu
contribution (Ref. 16). The former is the contribution the pilot
utilizes for guidance and mission-related tasks, while the lat-
ter is mainly due to the biomechanical response of the pilot’s
body, and can thus be seen as related, through the BDFT, to
acceleration in the heave direction:

δ0(s) = δ0,cm(s)+δ0,cu(s) = δ0,cm(s)+HBDFTz̈ (10)

Substituting in Eq. (8):

(1−Hz̈,θ0(s)GHBDFT)z̈(s) = Hz̈θ0(s)Gδ0,cm(s) (11)

Therefore, the closed-loop transfer function HCL(s) and the
open-loop transfer function HOL(s) are:

HCL(s) =
z̈(s)

δ0,cm(s)
=

Hz̈,θ0(s)G
1−Hz̈,θ0(s)GHBDFT

(12)

HOL(s) =−Hz̈,θ0(s)GHBDFT (13)

The Gain Margin (GM) and Phase Margin (PM) of the loop
transfer function HOL were adopted as indicators of the PVS
stability. The former is defined as the inverse of the magnitude
of the LTF at the crossover frequency ω180, i.e., the frequency
at which the Nyquist plot crosses the negative real axis be-
tween −1 and 0. The Phase Margin can instead be defined
as the amount of negative phase that can be added to the loop
transfer function at the crossover frequency before the phase
at ω180 becomes −180◦, which corresponds to the closed-loop
stability limit (Ref. 17).
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Figure 4. Nyquist plot of the loop transfer function for the
pilot-vehicle with NP-01’s BDFT, with varying gear ratio
G between the collective lever rotation δ0 and the blade’s
collective pitch θ0.
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Figure 5. Nyquist plot of the loop transfer function for the
pilot-vehicle with PP-02’s BDFT. From blue to red, the
gear ratio G increases from the nominal value, 0.5, to 1.1.

Table 5. Results of the closed-loop stability analysis of the
PVS, for the pilots participating in the trials.

Pilot G GM1 GM2 GM3 PM1 PM2 PM3
NP-01 0.5 5.9 4.1 5.8 46.4 41.7 123.0
NP-01 0.7 3.0 1.2 2.9 18.6 8.1 21.4
NP-01 0.9 0.8 -1.0 0.7 4.6 -6.2 4.6
NP-01 1.1 -0.9 -2.8 -1.0 -5.3 -15.8 -6.4
PP-02 0.5 6.0 5.5 4.5 51.5 45.1 39.9
PP-02 0.7 3.0 2.6 1.5 23.1 19.4 11.0
PP-02 0.9 0.9 0.4 -0.7 6.4 3.1 -4.4
PP-02 1.1 -0.9 -1.3 -2.4 -6.6 -9.7 -15.8

The results of the stability analyses are summarized in Table 5
and the Nyquist diagrams in Figures 4 and 5.

Small but significant differences are visible in the stability
margins progression from more stable conditions, at lower
gear ratio factors, to less stable and unstable conditions at
higher values of G. On average, though, the two pilots ex-
hibit similar behavior, with the predicted critical value of G,
separating stable and unstable conditions, found near G = 1.0
for both pilots.

This result seems to contradict, at least in part, past experi-
ences, considering that the two pilots taking part in the exper-
imental trials exhibit significantly different body types (Cf.
Table 2). Past results (Refs. 6, 18, 19) suggested the presence
of correlation between the pilots’ anthropometrics and their
contribution to the stability of the PVS. While noting that past
studies either identified the pilot BDFT from a single exper-
imental trial or via numerical simulation, preventing the as-
sessment of the statistical scattering of pilot response, this is
a topic surely worth further investigation.

CLOSED-LOOP EXPERIMENTS

Having conducted the preliminary stability analysis, an ex-
perimental campaign has been conducted on the RPC testbed,
featuring simulated flight experiments. Two virtual scenarios
have been developed:

1. an Instrument Meteorological Conditions (IMC) flight,
requiring the pilots to maintain leveled flight conditions
only relying on flight instruments readings, while sub-
jected to external disturbances;

2. an ADS-33 vertical repositioning maneuver (VRM), re-
quiring the pilots to acquire and maintain a target alti-
tude, aided by specific visual elements.

Real-Time Flight Simulation Setup

The pilot-in-the-loop simulation was performed using the
MARSH framework (Ref. 20), a system for connecting
loosely coupled software modules into a research flight simu-
lator. The system is based on the MAVLink protocol (Ref. 21),
developed for unmanned vehicles, and is published as open-
source software.
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Flight Dynamics Model

The same model of the helicopter’s heave and collective flap
dynamics presented in Section Preliminary Stability Assess-
ment was implemented in MATLAB Simulink, representing
the Flight Dynamics Module (FDM). The only input to the
model is the collective blade pitch angle θ0, controlled lin-
early through the collective lever position. In order to ensure
that the pilot is in the correct body pose, the collective in-
put is measured relative to a desired trim position. Based on
the typical hover operation of helicopters in this class, that
value was set to 70 % of total lever travel from the bottom end
stop, and displayed to the pilot alongside current collective
position. The pilot has been asked to manually track the trim
collective input at the beginning of each simulated flight. No
ground effect has been considered in the FDM affecting ro-
tor lift, but a simple ground contact model was implemented.
This was done by including the terms for landing gear stiff-
ness Kt and viscous damping Ct from the original formulation
for a landed helicopter, but only when the height z was lower
than 0. This can be interpreted as settling into the landing
gear and has the desired effect of only ever providing upward
force.

Virtual Visual Cueing

Figure 6. The VR visualisation depicting the pilot’s view
in front of the vertical position reference.

The visualization module was developed by the authors us-
ing the open-source video game engine Godot (Ref. 22). The
complete source code and assets are available under the MIT
license (Ref. 23). The pilot view can be displayed on a regular
computer screen and/or using an OpenXR-compatible head-
set. Specifically, the Varjo XR-3 was used for the experi-
ments. To correctly position the viewpoint inside the cockpit,
the motion platform movement is also tracked by the VR hard-
ware (using Vive Tracker 3.0), and its relative transform is
subtracted from the headset position in a stationary reference
frame. The environment contains all the ground features sug-
gested in ADS-33 (Ref. 24). Considering that only the heave
movement can be performed, Section 3.11.6 Vertical Maneu-
ver is most relevant. As suggested by the standard, the vertical

position has a visual ”hover board” reference at each target al-
titude (15 ft and 40 ft), which consists of a red sphere in front
of a board with a green line, as seen in figure 6. The parallax
effect causes the center of the sphere to leave the board at an
error of ± 1.5 ft, which was adjusted from the standard’s de-
sired ± 3.3 ft in the course of experiments, to compensate for
the absence of additional tasks.

Performed Tests

Two scenarios were developed for the initial phase of closed-
loop testing:

1. an Instrument Meteorological Conditions flight;

2. an ADS-33 vertical repositioning maneuver.

During stationary flight phases, band-limited (0.5 Hz–
7.5 Hz1) white noise acceleration signals are injected into the
cockpit via the motion platform to enable the estimation of
the frequency response function connecting the rotation of the
control inceptors to the input acceleration, and thus the subse-
quent identification for the BDFT.

IMC Tests

At the time of writing, only preliminary results are avail-
able for the first scenario, which was developed mainly to al-
low closed-loop identification of the pilot BDFT, to validate
the experimental procedures usually followed in open-loop
tests (Refs. 7, 11). Specifically, the research questions these
tests are aimed at answering are:

i is the biomechanical response of the pilots’ bodies al-
tered significantly by the change of task, from piloting to
simply tracking a desired command position?

ii if the response to i is yes, how, and how much?

iii if the response to i is yes, can the results of open-loop
identification still be useful (e.g., because they lead to
conservative choices) in the design of RPC-free rotor-
craft?

The path envisioned to answer these questions is to perform
closed-loop identification of the pilot BDFT during simulated
flight experiments. The trials should contain significant por-
tions of steady-state conditions to facilitate the identification
process, and the test platform must be able to provide motion
cueing and a controllable external excitation source. The RPC
platform is capable of providing the required inputs.

At the time of writing, only the results of preliminary tests,
performed with only one pilot, PP-02, and without motion
cueing, are available and will be presented here.

The tests were conducted closing the piloting loop with only
visual cueing provided by a virtual Primary Flight Display,

1Signal generator implementation: https://github.com/
marsh-sim/sim-nodes/blob/main/extra_waveform.py
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Figure 7. Virtual Primary Flight Display (PFD) available
to pilots during IMC tests.

shown in Fig. 7. Each trial lasted 120 s. The pilot was in-
structed to maintain the initial flight conditions, i.e., leveled
flight at 1000 ft altitude and 60 kn IAS. No motion cueing
was introduced by the motion platform, which only provided
a white noise input in the band 0.5–7.5 Hz2), with 1.0 ms−2

RMS amplitude, identical to the one utilized for open-loop
BDFT identification. In the initial 60 s of simulation, no ex-
ternal disturbances acted on the aircraft. In the last 60 s of the
trial, a moderate turbulence, following Dryden’s model, was
introduced, providing an increase in the task difficulty. The in-
tensity of the gust was set to produce maximum wind speeds
not exceeding 15 kn. Figure 8 shows the identified BDFTs in
two subsequent runs, in the green and purple lines, compared
to transfer functions identified with standard procedures, i.e.,
with collective position tracking tasks and white noise verti-
cal acceleration input, in the blue and orange lines. During
open-loop identification, the pilots were instructed to utilize
either a standard gripping on the collective lever, holding it
as tight as comfortable, or asking them to hold the inceptor as
tight as possible. In principle, this should provide the iden-
tification of the full range of possible pilots’ body responses.
However, it can be seen that the transfer functions identified
during the simulator trials differ from the ones identified dur-
ing the open-loop tests.

Specifically, it can be seen that the transfer functions identi-
fied during the IMC runs — both the ones identified in the first
60 s, shown in black with crosses, and the ones identified in
the last 60 s, shown in black with circular markers — are char-
acterized by a marked reduction in the damping of the main
biomechanical pole, with respect to the open-loop identifica-
tions. The frequency of the pole lies, instead, between those

2Signal generator implementation: https://github.com/
marsh-sim/sim-nodes/blob/main/extra_waveform.py
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Figure 8. BDFTs identified in IMC scenario (black lines),
with pilot-in-the-loop and without motion cueing, com-
pared to BDFTs identified in standard open-loop tests,
with tight (blue lines) and free (red lines) gripping. Results
from two simulator runs: RUN 1 (top), RUN 2 (bottom).

of the free and tight gripping open-loop identification.

From these very preliminary tests, it would seem that the re-
sponse to research question i is “yes,” as a further confirma-
tion of previous results (Refs. 3, 5). The initial answers to
questions ii and iii would seem to be “significantly” and “no,”
but they can only be answered after a more extensive analysis.
They have been purposely given in a very qualitative flavor to
underline that no hard conclusions can be drawn at this time.
In fact, a different trend regarding question iii has been found
in the tests described in the next Section, VERTICAL REPO-
SITIONING MANEUVER.

More tests, both with the same pilot and with different pilots,
are needed to confirm the observed behavior and assess the
impact of the discrepancies on the stability of the PVS. At the
present time, this finding represents, more than anything else,
an interesting hint for a line of research to be pursued further.
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Figure 9. Time history of the helicopter altitude during
one of the simulator trials. The shaded sections cor-
respond to “HOLD” MTEs, while the “TRANSITION”
MTEs are in between them.

VERTICAL REPOSITIONING MANEUVER

In the following sections, the focus is placed on the second
developed scenario, representing an ADS-33 Vertical Reposi-
tioning Maneuver. The virtual environment for this task has
been presented in Section Virtual Visual Cueing: the pilots
are immersed in a virtual environment containing two hover
boards, one placed at 15 ft and the other at 40 ft, and were
asked to perform the following Mission Task Elements:

1. maintain the 15 ft altitude, for 30 s;

2. transition to the 40 ft target, in approximately 5 s;

3. maintain the 40 ft altitude, for 30 s;

4. transition to the 15 ft target, in approximately 5 s;

5. maintain the 15 ft altitude, for 30 s;

6. transition to the 40 ft target, in approximately 5 s;

7. maintain the 40 ft altitude, for 30 s.

In total, 4 stationary sections (“HOLD” MTEs) are inter-
leaved with 3 repositioning (”TRANSITION” MTEs) maneu-
vers. The latter were initiated by communicating to the pilot
via intercom: a countdown of 3 seconds preceded the signal
to initiate the maneuver, followed by a countdown of 5 sec-
onds to indicate the target time for the maneuver completion.
Figure 9 shows an example time history of the altitude during
one of the trials.

During the simulated flights, motion cueing was provided by
the testbed platform. Each test point was repeated twice; then
the value of the gear ratio G was updated. The same values
utilized in open-loop stability analysis were also set for the
simulated flight tests: 0.5, 0.7, 0.9, 1.1. For pilot PP-02, also
G = 1.3 was tested, as discussed in the next Section.

The research questions that the experimental trials were de-
signed to address are the following:

I are the stability boundaries predicted by the offline simu-
lations, like the one outlined in Section Preliminary Sta-
bility Assessment, confirmed in (simulated) flight?

II if the answer to I is “no,” is the offline stability assess-
ment conservative?

Note that several other questions could be added to these core
ones. Some examples will be given in Section CONCLU-
SIONS. Question I is tightly connected to question 1: if the
dynamic response of the pilot body during simulated flight
test is consistent with the one it exhibits during open-loop test-
ing, the identifications performed during the open-loop testing
are representative and can be safely employed in the stability
analysis for design purposes. Another possible scenario is that
they represent a conservative measure of the pilot’s partici-
pation in the closed-loop dynamics, meaning that a stability
analysis employing them is bound to give consistently worse
stability margins with respect to the flight conditions. It is a
possibility that has surfaced in past studies (Ref. 2), but has
not been further investigated in recent studies.

Results

During the simulated trials, no severe instabilities occurred
in the form of exponentially growing oscillations or limit cy-
cles with large amplitudes. This is in contrast with the pre-
dictions of the offline stability analysis, which indicated for
both pilots negative, in some cases significantly negative, sta-
bility margins for G > 1.0. Pilot NP-01 experienced some
small amplitude sustained vibrations at gear ratio G = 0.9,
and some small to moderate amplitude oscillations with gear
ratio G = 1.1. Pilot PP-02 experienced some oscillations at
G = 1.1 and G = 1.3, in both cases of amplitudes smaller than
those of NP-01.

The collective rotation signals were analyzed in the time and
frequency domain, applying a Continuous Wavelet Transform
(CWT) based on the Bump wavelet. The resulting scalograms
are shown in Figures 10, 11, 12, 13. Vertical white lines in-
dicate the beginning (dashed) and end (dotted) of “HOLD”
MTEs.

The corresponding scalograms for pilot PP-02 are shown in
Figures 14, 15, 16, 17 and 18. It can be clearly seen that
the energy content of the collective rotation is increasing in
the frequency band associated with the dominant BDFT pole,
i.e., 2 Hz–3 Hz. This suggests that the stability of the PVS is
decreasing, and the appearance of light to moderate — the lat-
ter especially in the case of NP-01 — oscillations was noted
during the experimental trials. Pilot NP-01 also noted that the
oscillations increased when he tried to relax the left arm, sug-
gesting perhaps that the muscular tension building in the limb
muscles, due to the more representative piloting task and the
necessity to increase the control inceptor movement precision,
has a positive effect on the PVS stability.

More data analysis, and more tests, are needed to confirm the
results and to form a complete picture able to fully justify the
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Figure 10. Scalogram of the collective inceptor rotation
during the simulated vertical repositioning maneuvers of
pilot NP-01. The gear ratio for the trial was set at G = 0.5.

Figure 11. Scalogram of the collective inceptor rotation
during the simulated vertical repositioning maneuvers of
pilot NP-01. The gear ratio for the trial was set at G = 0.7.

Figure 12. Scalogram of the collective inceptor rotation
during the simulated vertical repositioning maneuvers of
pilot NP-01. The gear ratio for the trial was set at G = 0.9.

Figure 13. Scalogram of the collective inceptor rotation
during the simulated vertical repositioning maneuvers of
pilot NP-01. The gear ratio for the trial was set at G = 1.1.

Figure 14. Scalogram of the collective inceptor rotation
during the simulated vertical repositioning maneuvers of
pilot PP-02. The gear ratio for the trial was set at G = 0.5.

Figure 15. Scalogram of the collective inceptor rotation
during the simulated vertical repositioning maneuvers of
pilot PP-02. The gear ratio for the trial was set at G = 0.7.
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Figure 16. Scalogram of the collective inceptor rotation
during the simulated vertical repositioning maneuvers.
The gear ratio for the trial was set at G = 0.9.

Figure 17. Scalogram of the collective inceptor rotation
during the simulated vertical repositioning maneuvers.
The gear ratio for the trial was set at G = 1.1.

Figure 18. Scalogram of the collective inceptor rotation
during the simulated vertical repositioning maneuvers.
The gear ratio for the trial was set at G = 1.3.

observed trends, but from the preliminary analysis here pre-
sented the answer to question I would seem to be “no” or at
least “not fully,” but in this case the answer to the subsequent
question II would seem to be “yes,” as already found also in
previous experiences (Ref. 10).

CONCLUSIONS

The presented experimental setup has allowed the initiation
of a systematic study on the effect on Rotorcraft-Pilot Cou-
plings of the piloting tasks and on the quantification of the ro-
bustness of the traditional approach of relying on open-loop
BDFT identifications to introduce the pilot biomechanical re-
sponse in the PVS closed-loop stability analysis. The RPC
testbed is now actively being exploited for simulated flight
tests in scenarios that can potentially trigger RPC events, and
will be utilized for the same purpose with increasing effort
moving forward.

The initial results of the first two experiments, featuring In-
strument Meteorological Conditions flight and an ADS33 Ver-
tical Repositioning Maneuver scenario, indicated that the task
has a significant influence on the pilot’s BDFT. Furthermore,
no conclusive evidence was found concerning the direction of
the change, from tracking tasks employed in open-loop test-
ing to full piloting tasks employed in closed-loop simulator
trials. From the more comprehensive set of tests, i.e., the
ADS33 VRM trials, some confirmation that relying on open-
loop testing represents a conservative path towards RPC-free
design has been found, but the same cannot be said for the
IMC test trials. More investigation is thus necessary, start-
ing from completing and extending the comparison between
the offline stability analysis on the PVS model and the exper-
imental findings on the simulator trials.

Future Developments

Aside from the generic considerations made in the previous
Section on the importance of extending the experimental cam-
paign, both in terms of trials per pilot and in the number
of tested (professional and non-professionally trained) pilots,
some improvements to the current setup and methodologies
are envisioned:

1. perform BDFT identifications tests based on the devel-
oped ADS33 vertical repositioning task, without includ-
ing motion cueing: this will allow to isolate the effect of
the task on the BDFT;

2. improve the experimental setup to include also means to
collect data on the pilot body pose, allowing to confirm
that it is not varied significantly from open-loop tests to
closed-loop tests;

3. better understand the role of the first axial mode of the
spine, responsible for the relative amplification of the
BDFT at 4–6 Hz, more evident for NP-01 (Cf. Figure 3),
on the stability of the PVS;

10



4. perform simulator trials and open-loop identification
tests with Electromyography (EMG) sensors applied to
the pilot’s left arm muscles, to compare their activity in
the two contexts and allow for a quantitative evaluation
of the differences in the biomechanical response.

Addressing these issues is expected to provide a more com-
prehensive understanding of the physical phenomena related
to RPC and eventually lead to the development of guidelines
for the robust design of rotorcraft human-machine interfaces
and for pilot training for avoidance and management of RPC
events.

Author contact: Andrea Zanoni andrea.zanoni@polimi.it
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