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Abstract

The struts that connect the main rotor and gearbox assembly to the fuselage carry the weight of airframe and payload
during flight, and guarantee smooth operation to the drive system. While performing the functions they are designed for,
these struts transmit the vibratory loads originating from the main rotor periodic aerodynamic loading to the airframe with
essentially negligible alleviation. One technique to cure this problem is to implement strut-mounted vibration alleviation
devices, to improve ride comfort by isolating the airframe from the main rotor excitation. This work presents a novel strut-
mounted vibration attenuation device and demonstrates the concept through experiments and numerical analysis. The
design is based on a roller screw inerter, which is mounted in parallel to the strut, sharing its attachment points. The inerter
transforms the relative displacement between the two ends of the strut into a corresponding rotation of a body about an
axis parallel to that of the strut. As a result, the inerter applies to its two terminals a counter-force proportional to their

relative acceleration. In the ideal, frictionless case, a global isolation of the fuselage can be achieved.

INTRODUCTION

Vibrations in rotorcraft are defined as the oscillatory re-
sponse of the airframe to time dependent loads. The pre-
dominant sources of vibration are the forces and moments
originating from the rotors, fuselage aerodynamics, engine
and transmission. The resulting time dependent loads are
transmitted to the airframe, which excites the cockpit and
the cabin. In helicopters, vibrations can be the source of
serious problems, from reduced performance to increased
maintenance costs [1},[2]. Severe vibratory levels can even
cause structural failures and loss of control. Additionally,
vibrations also cause physiological and psychological reac-
tions in the human body [3 4], which are felt by pilots, cabin
crew and passengers [5 6} [7] of the helicopter.

In a typical helicopter, the predominant vibratory loads
originate from the main rotor. Although well-balanced rotors
efficiently filter vibrations at several multiples of the rotor
fundamental frequency, the loads at frequencies which are
integer multiples of the rotor fundamental frequency, namely
its angular velocity Q times the number of blades N;, (N,<2,
or Np/rev in non-dimensional form), are transmitted to the
fuselage [8]. These iNp/rev loads, with i > 1, and specifi-
cally those for i = 1, are considered as the main driver for
vibration reduction, as they dominate over other sources of
vibration.

Despite the improvements in technologies for reduced
vibration design, such as optimization using advanced sim-
ulation tools, the implementation of vibration attenuation de-
vices is still standard practice in the rotorcraft industry [1]
,and can result in substantial vibration reduction [9]. Among

many attenuation solutions (see Ref.[10lfor a broad range of
solutions), one preferred type is represented by active and
passive vibration attenuation devices mounted in parallel to
or at one terminal of the struts that support the main gear-
box, as shown in Fig. |1} which provide global isolation of the
latter from the main rotor excitation.

Figure 1: Main rotor gearbox struts and their typical connection
points.

Passive devices are commonly used to isolate the cabin
from the rotor. One of the first applications is the DAVI
(Dynamic Anti-resonant Vibration Isolator), which can be
mounted in parallel to the gearbox suspension [11,[12]. A
similar device is the ARIS (Anti-Resonance Isolation Sys-
tem), with mechanical and hydraulic versions [13]. An alter-
native device, whose tuning mass is located in series with
the gearbox suspension, is the SARIB (Suspension Anti-
Résonante Intégrée a Barres, or anti-resonance suspen-
sion integrated with the struts) [14]. A different technique
consists in accelerating a low viscosity fluid between two
chambers and letting the pressure differential caused by the
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relative motion counteract the vibratory load [15, (16| [17].
The LIVE, or Fluidlasticﬂ is an example of this concept [18].
A new type of mechanical device used in vibration atten-
uation is the inerter [19]. An inerter generates an internal
force in response to a relative acceleration of its terminals,
therefore it may be considered analogous to a capacitor in
an electric circuit. Since the late 2000s, some types of in-
erters have been designed based on rack-pinion and screw
mechanisms. Both of these types rely on amplification of lin-
ear motion by converting it into rotational motion by means
of gears of threads. As demonstrated in Fig.[2} the resulting
forcing response is proportional to an inertial constant:

(1) Af = bAx

where the inertance (b, an equivalent mass) is based on the
type of inerter.

Figure 2: The inerter produces an internal force proportional to the
relative acceleration.

To exploit the inerter concept in helicopter vibration alle-
viation, a roller-screw type inerter is designed, aimed to be
mounted in parallel to the strut. Roller screws are suitable
for this purpose for several reasons:

* High load capacity: The vibratory loads transferred
through the struts are high enough to cause signifi-
cant vibrations in the cabin.

* Low friction: Among screw mechanisms, a roller
screw is a low-friction type, which increases vibration
attenuation performance.

* Low screw lead: Screw lead directly affects the am-
plification of rotation speed, which increases the am-
plitude of the force generated by the inerter. Roller
screws can reach much lower screw leads compared
to ball screws.

* Symmetric and compact structure: The volume is al-
most always limited near the gearbox area. There-
fore, a successful design needs to be compact and
possibly enclose the strut to save space, rather than
being mounted to its side.

This work presents a novel device for helicopter vibra-
tion isolation at N,/rev rotor passage frequency and demon-
strates its benefits through experiments and numerical anal-
ysis. The next Section explains the concept and how a
compact roller-screw inerter is designed to be mounted in
parallel to a gearbox strut. The design was followed by ex-
perimental activity aimed at demonstrating the concept and

"Fluidlastic™ is a trademark of Lord Corporation, Inc.

identifying the friction characteristics of the device at typi-
cal Np/rev frequencies. Subsequently, using the identified
friction of the device, its application to a quarter helicopter
model (a simplified and idealized model consisting of a sin-
gle strut connecting a quarter of the airframe and gearbox
equivalent masses) shows the potential benefits of an ideal
and a realistic implementation of the inerter. The last Sec-
tion reports the key findings of this study and discusses the
additional work required to implement the concept on real
helicopters.

CONCEPT & DESIGN

Based on the mentioned considerations, a strut mounted vi-
bration attenuation device was designed, based on a roller
screw inerter, which was recently patented [20].

O

+—Clevis (fixed)

Hole for strut—L. Nut Connection (fixed)

clearance for screw

Nut (fixed)
Roller

Screw (rotates and translates)
Tuning inertia (fixed to screw)

Bearing
Clevis(fixed)

Figure 3: Strut mounted roller screw inerter.

Figure[B]presents the roller screw inerter concept, which
is explained as follows:

* the screw end is designed such that a bearing can be
mounted at the end;

* the bearing is located between the screw end and a
convenient support, which allows relative rotation of
the screw about its longitudinal axis;

* on the other side, the nut has an extension that is
clamped to the other support, therefore holds the nut
fixed;
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* the inerter supports enclose the strut through a hole;

* the strut and the inerter supports are mounted to the
gearbox and airframe using common pins;

* when a relative motion is imposed at the two ends,
the stationary nut guides the rollers;

the rollers, which are synchronized using gears, ro-
tate the screw and the attached flywheel, therefore
converting the motion from linear to rotational;

an inertia disc is fixed on the screw shaft, which is
tuned for a specific frequency to generate a counter-
acting force proportional to the square of the fre-
quency.

Since the inertance (b) is the critical parameter for tun-
ing, it is worth mentioning how it is obtained for this partic-
ular design. In case of the roller-screw inerter, the value
of b depends on the total inertia of the rotating mass (/ =
Lgisc + Iscrew), Which evaluates to:

@) b=

where P is the pitch of the screw, namely the axial displace-
ment following a 27 rad rotation.

EXPERIMENTAL IDENTIFICATION

Specimen

The testing specimen was purchased from Rollvis [2] with
the bespoke features, fully assembled by the manufacturer,
as presented in Fig.[4] The test specimen is composed of:

* a screw that rotates with respect to the nut;

* a circular screw end that is pinned to the screw and
provides a set of holes for mounting tuning masses

* a flanged nut which includes rollers inside and holes
for assembly;

* a bearing attached to the screw shaft, to apply axial
force to the screw without transferring any torque.

To change the equivalent mass, a series of large 10 mm
thick discs are used. Finer tuning is possible by further vary-
ing the amount of rotating mass.

Bearing = = = =

Figure 4: Rollvis roller screw converted to inerter using tuning
discs.

Actuator
head

Figure 5: Test set-up

Set-Up

The test set-up involves a MTS 858 Bionix actuator, the in-
erter, a load-cell and an interface to connect the inerter to
the actuator and the load-cell, as shown in Fig. 5} Every-
thing was assembled using a custom rigid support frame,
designed to provide completely separate load paths for axial
force and torque, thus allowing the independent measure-
ment of the axial force and residual torque resulting from
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any friction in the bearings. The dynamic characterization
of the roller screw was performed by measuring the stroke-
load relation. Due to load-cell and actuator limits, reliable
data was obtained up to slightly above 20 Hz. Consid-
ering typical blade passing frequencies of medium weight
helicopters [22], 20 Hz can be considered a representative
value.

Measurements

First, the friction characteristics were identified from a low
inertia configuration, to minimize the contribution of inertial
loads. For this purpose, the tuning discs and the support
disc were removed. The friction characteristics as a func-
tion of the excitation frequency were identified for two mo-
tion amplitudes, 0.1 mm and 0.2 mm. The results show
that friction does not significantly depend on the amplitude
of the excitation, but it appears to linearly depend on fre-
quency. The identification of the friction characteristics is
necessary to compare the measurements with the analyti-
cal model and obtain a realistic quarter helicopter model to
demonstrate the idea. Additionally, friction is crucial to ad-
dress existing nonlinearities, which have significant impact
on the dynamic response of the coupled device-rotorcraft
system [23] 24].
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Figure 6: Friction identification obtained using very low rotating
inertia.

After the friction was identified, the inerter was tested
with tuning masses for two configurations using two and
four discs. The amplitude was kept at 0.1 mm, owing to
load cell and actuator limits. The measurements were com-
pared with analytical results which included inertia and fric-
tion (Fig.[6). Since the screw shaft and circular extension
also contribute to the inertia, they were also included in the
estimated inertance, which leads to the force relation:

(3) f = (bdiscs + bscrew)).é + ff(max)'

The results are presented in Figs. [7]and [8] They show
good correlation with the analytical model, which indicates

that the roller-screw inerter concept is worth demonstrating
as a strut-mounted vibration absorber.
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Figure 7: Force Measurement of 2 disc configuration and compar-
ison with theory (linear inerter+friction)
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Figure 8: Force Measurement of 4 disc configuration and compar-
ison with theory (linear inerter-+friction)

NUMERICAL ANALYSIS

Consider the simplified quarter helicopter model sketched
in Figure [9]

Figure 9: Quarter H/C model
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The airframe and the gearbox are represented by
lumped masses m, and my, with m, > mg, which are con-
nected by a spring of stiffness k representing a strut. The
friction identified in Fig. [f] was added as a friction element
with amplitude f, which is the nonlinear element of the sys-
tem. The rotor excitation is idealized by a force at Nj/rev
blade passing frequency acting on the gearbox, f,. The

equations of motion are:

(4)

mg+b —b Xq n k  —k| |xg| _|fe
—b  my+b| |x, —k  k|l|xs] |0

where fr = f(m)sign(x, — Xr) represents the frequency-
dependent friction contribution, whereas x, and x, are the
airframe and gearbox displacements, respectively. Data
typical of medium weight helicopters [25] are used in the

analysis. They are reported in Table[T]

Table 1: Quarter helicopter model data.

Symbol  Definition

mg gearbox mass (kg)

My airframe mass (kg)

NpQ main rotor excitation freq. (Hz)

k strut stiffness (Nm™1) 100 x 106

For the ideal attenuated case, b = k/oa2 is the tuning
value of the absorber. When tuned at the rotor excitation
frequency Nj/rev, the amplitude of the airframe vibratory
level vanishes for an inerter with zero friction. However, the
friction reduces the effectiveness of the absorber and in re-
ality some vibratory response is transferred. Since energy
loss through friction is a nonlinear phenomenon, the over-
all response depends on that of the vibration attenuation
system, which is a function of forcing. For this reason, the

model was analyzed for different forcing levels.

The numerical results of the baseline (without inerter,
b = 0) and the attenuated (with inerter, b = k/®?) configu-
rations can be calculated by solving a linear equation, which
can also be scaled with the force amplitude. The system
becomes nonlinear when the friction is introduced, there-
fore requiring time integration or harmonic balance to ob-
tain a steady state solution. In this work, time integration
was used to obtain the nonlinear result at different Np/rev

forcing levels.

Fig. [10| presents the time response for three periods of
excitation at five equally spaced forcing amplitudes, ranging
from 2000 N to 10000 N. The plots include: a) the base-
line configuration without inerter, b) the linear model with
a frictionless inerter, and c) the nonlinear model including
the inerter with experimentally identified friction. The results
show that the benefits of the inerter increase as the forcing

amplitude increases. This is due to the friction model iden-
tified from the tests, which showed that the friction is not a
function of the amplitude (Fig.[6). This aspect could be bet-
ter observed by extracting the ratio of the fuselage response
amplitude to that of baseline, which is reported in Table [2]
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Figure 10: Fuselage response of the quarter helicopter model to

harmonic excitation on gearbox mass at different forcing ampli-
tudes.

Table 2: Nj/rev acceleration of the attenuated configuration (b =
k/a)z) relative to the gearbox acceleration of the baseline (b = 0)

Force Level Baseline Attenuated
(N) (b=0) (b=k/0’)
2000 1.00 0.97
4000 1.00 0.73
6000 1.00 0.56
8000 1.00 0.43

10000 1.00 0.36
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The table clearly shows that the inerter is more effec-
tive at increasing vibratory force amplitude, while at lower
forcing levels the added complexity is not justified.

CONCLUSIONS

This work presented a novel strut-mounted device to isolate
the fuselage of a helicopter from the excitation originating at
the main rotor. The concept was presented and explained.
To demonstrate it, an off-the-shelf roller screw was turned
into an inerter with a bearing and flywheel that could hold a
variable number of tuning discs. The specimen was tested
to show that this kind of device can produce the expected
behaviour and identify the amount of friction that occurs in
operation. Using the identified friction model, the potential
advantages of the inerter were demonstrated over a quarter
helicopter model. The numerical and experimental results
showed that:

* The inerter behaves as expected and creates a force
proportional to its inertance plus the friction in the
system.

* The friction seems to be independent of the motion
amplitude. For this reason, the effectiveness of the
inerter reduces at small forcing amplitude. At greater
amplitudes, the static friction force can be overcome
and vibrations could be attenuated more efficiently.

* At the measured friction levels, the linear inerter as-
sumption would lead to erroneous results, with an un-
derestimation of the fuselage vibration response.

* The device is not affected by the need to accom-
modate different values of static load/stroke, as the
inerter does not react to a constant or quasi-static
stroke. This is a clear advantage of this type of solu-
tion.

To better understand the feasibility of using a roller
screw inerter in real world conditions, the following aspects
should be addressed in future research:

* Friction: While at high force levels the device showed
benefits, the friction limited its effectiveness at low
forcing amplitude. However, there is reason to be op-
timistic with regard to friction, since the roller-screw
and the bearing used in this work were not specif-
ically designed for vibration attenuation purposes.
Therefore, research on low friction roller screw inert-
ers and dedicated designs could lead to more effec-
tive vibration attenuation devices.

* Durability: This work did not focus on the durability of
the inerter, which remains an open issue. Since de-
termining the airworthiness of the concept requires
a better understanding of the durability of its com-
ponents, this aspect should be addressed in future
research.

» Stroke and Frequency Limits: Current experiments
provided enough knowledge on the proof of concept,
but the test machine and controller limits did not al-
low to test higher amplitudes and frequencies. High
load amplification of the roller screw requires a more
powerful test equipment system.

* Absorption Demonstration: This study did not include
a strut in parallel to the inerter during the experi-
ments. A dedicated set-up, using a real helicopter
strut attached in parallel to the inerter device, is
needed to demonstrate the feasibility of the arrange-
ment.
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