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1 Introduction

Demands to the design process of aircraft, particularly of rotorcraft, has been ever-increasing in the
last few years. One important aspect that has to be considered carefully in the early design process
is the pilot-vehicle interactional dynamics, generally referred to under the name of Rotorcraft-Pilot-
Couplings (RPC), that can be at the root of different kind of unwanted feedback loops:

• PIO (Pilot-Induced Oscillations);

• PAO (Pilot-Assisted Oscillations).

While the first attracted the vast majority of the research focus in the last six decades, starting from
the seminal work of Ashkenas et al [1] in 1964, through the profound refactoring introduced by McRuer
in the 1990s [2,3] through modern-day activities [4–10]; the second kind, involving vibration feedback
loops between the rotorcraft structural and aeroelastic behavior and the pilot biomechanics, can be
just as important and have recently received increasing research attention [4].

The major difference between the two kind of pilot-vehicle interaction resides in the participation
of the pilot voluntary action. In the case of PIO, the deliberate action of the pilot on the aircraft
controls is the principal source of the instability. In the case of PAO, it is instead the involuntary
action of the pilot to be the major source of dynamic interaction. Thus, in the latter case, it is the
biomechanical characteristics of the pilot body that play a major role in defining the boundaries and
properties of the unwanted feedback loop [11,12].

Correlated to the aforementioned difference in the pilot participation is the fact that the two
classes of phenomena live in different frequency domains: PIO events occur in the frequency band
associated with flight mechanics i.e. (0, 1] Hz, while PAOs typical frequencies are associated with the
aeroelastic behavior of the aircraft and the biomechanical behavior of the human body, i.e. typically
in the frequency range (1, 8] Hz.

Effort is needed in developing a comprehensive approach to rotorcraft design for RPC avoidance.
The numerical modeling, particularly following the multibody approach, of the aircraft vibratory dy-
namics and the pilot upper body has been the focus of this research group in the past several years,
with the goal of enabling a-priori evaluation of RPC proneness of rotorcraft during the design process.
The focus on numerical modeling has been flanked, in the past two years and with the support of
Leonardo Helicopter Division, by the development of a dedicated test-bed, able to support the vali-
dation of numerical models, to identify the BDFT of the pilot-rotorcraft system and the NMA of the
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pilot and to eventually enable the investigation of nonlinear effects, especially regarding the triggering
of potential PAO interactions.

The approach to the experimental identification of the BDFT of the pilot-rotorcraft system will
be presented, together with the first results of the preliminary test campaign involving a professional
test pilot.

2 Experimental approach

The pilot-rotorcraft interaction, when the analysis is restricted to the linear domain, is represented by
the Biodynamic Feedthrough (BDFT), defined as the transfer function between the control rotation
θ(s) and the acceleration input A(s) evaluated at the MPS or directly at the pilot seat:

HBDFT(s) =
θ(s)

A(s)
(1)

The dedicated test-bed (Cf. Figure 1) has been realized at the Department of Aerospace Science
and Technology of Politecnico di Milano. It is composed of the following subsystems:

1. a 6-DOF motion platform system (MPS);

2. a reconfigurable cockpit mock-up;

3. a customized measurement system.

The MPS is able to carry a maximum payload of 1500 kg and provide acceleration inputs of adequate
intensity in the frequency band of interest [1, 8 Hz]. The cockpit mock-up is composed of the pilot
seat, collective and cyclic inceptors, pedals, and a glass cockpit made of two touchscreen monitors.
The cockpit structures are supported by a frame made of stainless steel tubes. The data acquisi-
tion system is able to manage up to 40 channels. Currently, 9 accelerometers are fixed to MPS,
3 to the seat and 3 to the collective and cyclic grips. The rotation of the inceptors is measured by
3 absolute encoders. Furthermore, in the collective and cyclic grip, an optical force sensor is embedded.

During BDFT identification tests, the human-machine system has been forced by prescribing the
MPS Motion Reference Point (MRP) translational acceleration in the three directions X, Y , Z. Tests
were performed with single-axis input and simultaneous multi-axis input. The pilot was asked to
perform simple tracking tasks, keeping as much as possible the command input into an optimal ±3 %
range with respect to reference values. An error of ±5 % was considered acceptable.

The time series for the input signals were generated summing individual harmonic components in
the frequency band [0.5, 7.5] Hz. The amplitude of the input spectrum was modulated to produce an
input acceleration with the desired RMS value. In all the tests considered in the present discussion,
the RMS value was either 0.5 m s−2 or 1.0 m s−2. The duration of each single-axis test was set at
90 s, while multi-axis tests run were 120 s long. The experimental approach followed best-practices
identified in previous efforts [13,14].

Acquired waveforms of the inceptors rotation and of the base and seat accelerations were first
bandpass filtered using a double-pass filtering algorithm, to avoid phase distortion, in the same fre-
quency band of the input. The BDFT transfer function has been then estimated using the H1(jω)
estimator:

HBDFT(jω) =
SθA(jω)

SAA(jω)
(2)
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Figure 1: The RPC testbed.
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where SθA(jω) is the cross-spectrum of the output inceptor rotation with respect to the input acceler-
ation, and SAA(jω) is the auto-spectrum of the input MPS acceleration. Both spectra were calculated
using the Welch method on 30 s windows, overlapping by half of the window width.
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