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Abstract

This study investigates the design and optimization of a 3D periodic structure to minimize vibrations in
helicopter rotor blade systems. The research focuses on nonlinear models for rotating beams using a
hybrid formulation of finite element methods and variational asymptotic beam sectional analysis. The
periodic structure attenuates vibration transmitted from the blades to the rotor shaft. Dimension
optimization was performed using particle swarm and gradient search algorithms, showing a minimal
average difference of 2.37 %. Performance simulations at 190 rpm revealed that a 5.4 % reduction in
reaction forces in the X and Y directions and a 3.2 % reduction in Z direction forces of main rotor shaft
occur in comparison with conventional damper system. As a result of the study, it was concluded that
3D periodic structures can form a suitable passive damping system and mass reduction solution for
helicopter blades.
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1. INTRODUCTION

Rotor blade models are utilized in the design and analysis of engineering systems such as
helicopters, turbines, and other airfoil structures [1, 2]. Accurate modelling and analysis of these
systems are crucial for effectively ensuring aerodynamic performance, structural integrity, and
vibration control [3]. Main problem of the rotary wing system is vibration. In a helicopter, there
are three main sources of vibration: the rotor blade system, the engine, and the fuselage [3, 4].
Especially, a significant portion of vibration in the rotor blade system and fuselage is
aerodynamically induced [5]. Various approaches exist to minimize vibration in rotor blade
systems, categorized as active, semi-active, and passive vibration control systems [6-8]. Active
systems can provide precise control by responding to varying disturbing vibration sources
[9-11]. Similar performance can be achieved from semi-active systems [12]. However, the
significant drawback of such systems lies in the challenge of positioning them on rotating
structures [13, 14]. The primary advantage of passive vibration attenuating systems is their
independence from external power sources, making them simpler in structure. Consequently,
they are easier to implement, especially in rotor blade systems [15, 16]. The literature presents
various passive vibration attenuation structures, one of which is structures with a periodic
arrangement [17-19]. Periodic structures transmit vibrations by attenuating from one end of the
structure to the other, based on their specific arrangement, geometry, and material properties
within certain frequency ranges [19, 20]. The primary disadvantage of passive vibration
attenuating systems is their limited response to varying vibration sources [20]. Hence, during
the design phase, they should be tailored to achieve optimum performance under specified
constraints using optimization methods. Zhang et al. [21], introduces a novel variable cross-
section periodic structure support made of acrylonitrile-butadiene-styrene and investigates its
band gap characteristics experimentally. The findings demonstrate that the variable cross-
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section periodic structure effectively attenuates vibrations within the band gap frequency range
compared to non-periodic structures. Arretche and Matlack [22], explores the impact of
rotational speed on torsional band gaps in a rotating shaft with local resonances, considering
stress stiffening effects. The findings indicate that the resonant frequency of beam-tip-mass
resonators and the band gaps of acoustic metamaterials depend linearly on rotational speed,
leading to effective vibration attenuation over a broad frequency range.

Mathematical models specific to the system are employed in the design of passive
structures, necessitating a mathematical model simulating the rotor blade system. The Euler-
Bernoulli beam theory is widely used in this models [23, 24]. It assumes that the cross-section
of the beam remains perpendicular to the beam axis and has no warping. Furthermore, this
theory allows considers the beam to be homogeneous and allows one to model deformation
modes such as extension, torsion, and bending in two different directions. On the other hand,
Timoshenko beam theory is used for beams where shear effects are taken into account [25].
The Timoshenko model is significant for composite beams, encompassing all deformation
modes. For nonlinear problems, a modelling and analysis tool was developed named
Variational Asymptotic Beam Sectional Analysis, VABS [26-29]. The VABS calculates
structural and inertial properties of cross-sections through the finite element mesh of the
geometry. The overall behaviour of one-dimensional beam analysis is achieved by investigating
the three-dimensional point displacement and stress distribution within the structure.

The innovation introduced by this study encompasses the design of a periodic passive
vibration attenuation structure for helicopter blades. The 2D composite cross-section of the
helicopter blade has been discretized using finite element modelling. After, a 3D nonlinear
dynamic model of the helicopter's rotor blade system was developed. Using the developed
model, the dimension optimization of the periodic structure was conducted. Optimization was
accomplished utilizing particle swarm and gradient approaches. The performance of the
developed periodic structure was compared with that of a passive damper system. The
characteristics of the damper system were calculated using the same optimization methods.

2. MATERIALS AND METHODS

In this section, the focus will be on modelling a rotor blade system that includes a periodic
structure. Initially, the 2D composite blade section will be defined using the VABS analysis.
This method will be applied to establish the composite material definitions for the skin, spar,
and honeycomb regions of the blade section. Specifically, the skin and spar will be modelled
as a composite laminate and the honeycomb as an orthotropic material. These definitions are
essential for capturing the anisotropic behaviour of composite materials. Using the VABS
algorithm, key structural properties such as the stiffness matrix, which characterizes the
relationship between forces and deformations; the mass matrix, which describes the distribution
of mass; the centre of mass; the shear centre, which is the point where shear forces do not cause
twisting; and the neutral axis, which is the axis of zero bending stress, will be calculated.
Subsequently, the analysis will be extended to three dimensions by constructing a 3D model of
the blade. This will be done in the SIMSCAPE environment within the MATLAB/SIMULINK
program, a platform that allows for the modelling and simulation of physical systems. The 3D
model will incorporate the detailed 2D cross-sectional properties obtained from the VABS
analysis. Hinged boundary conditions will be considered. Finally, a finite element method FEM
will be performed using ANSYS, a widely used engineering simulation software. FEM will
allow for the comparison of the results of the VABS and multibody analyses by providing a
detailed stress and deformation distribution under various loading conditions. This
comprehensive approach ensures that the results are robust and reliable, providing a thorough
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understanding of the rotor blade system's behaviour. The schematic of the algorithm is shared

in Fig. 1.
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Figure 1: Algorithm of the mathematical modelling.

The 2D blade section defined within the VABS algorithm is shown in Fig. 2. The outermost
region of the blade section, known as the skin, will be made of carbon fibre composite material,
while the spar will be manufactured from glass fibre materials. The part extending towards the
trailing edge contains honeycomb and glass fibre materials. The PreVABS algorithm, found
within the VABS solver, has been utilized for this model.

Leading Edge

Shear Center

Center of mass

Pitch/Reference Axis

b)

Blade Section

Figure 2: Composite blade; a) VABS model and b) blade section.

The parameters calculated in the VABS algorithm have been transferred to the
MATLAB/SIMULINK software considering the FEM of the geometry. The FEM of the blade
describes a flexible body as a superposition of a rigid-body model and a deformation model.
The rigid-body model includes rotation and translation movements of the body without any
deformation. The model calculates shape changes at specific points on the body. These shape
changes are obtained using the rigid-body model incorporating the FEM. Obtaining accurate
results from this method depends on the spatial distribution of the mass, inertia, stiffness, and
damping properties of the geometry.
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The FEM divides the body into a mesh with numerous corner points or nodes, each having
six degrees of freedom. The mesh is determined by the motion equation shared in Eq. (1) respect
to undamped situation.

2 —
(-0 M +K)u = £ @
Here, w frequency, M mass matrix, X stiffness matrix, the vector w, represents the nodal

movements of the nodes within the mesh structure. The matrix F represents the external loads.
Eqgs. (2) and (3) are used for the state-space solution of the system.

YL=dx+By 2)

Y5 = C% + 81 (3)

where, x,, ug and y, respectively denote the state, input, and output vectors. A, B, C, and D
— - -

represent the state, input, output, and state matrices. These matrices are computed from the
mass and stiffness matrices obtained from a reduced FEM. For a rapid solution of the multi-
degree-of-freedom model, the model needs to be reduced. Generally, nodes corresponding to
high-frequency and low-deformation are eliminated in the model reduction process. Therefore,
the obtained model generally conforms to the boundary conditions of the body. These nodes
are called boundary nodes and they are connected to the axes of the final model accordingly. It
is recommended that there be at least three axes for proper simulation of deformation. This
study focuses on a model reduction method presented by Craig and Bampton [30]. This method
is commonly used in the analysis of multiple body problems. A model reduction method
reduces the complexity and the size of a model. The Craig-Bampton method achieves this
reduction by neglecting all fixed-boundary vibration modes with frequencies above a certain
threshold frequency. Ultimately, a simplified model with fewer variables is obtained depicted
in Eq. (4).

H=[Tc Ts] 4)

—

Here, H is the Craig-Bampton transformation matrix, 7. represents a set of constraints, and
7, represents a set of fixed boundary mode shapes. Modes containing low deformation below
the specified threshold frequency are reduced using H. The terms M, include the reduced mass

matrix IE and the terms K, include the reduced stiffness matrix ’3 .

e
M =H M4 (5)
-

=0 Kl (6)

Unit cells are defined as the smallest repeating unit within a periodic structure that can
replicate in one, two, or three dimensions. The behaviour of an infinitely periodic structure can
be anticipated by applying Floguet Bloch theory [31] to a single unit cell. This approach allows
for the determination of the periodic structure, which describes the relationship between the
wave vector and its frequency. Bloch’s theorem characterizes waves in periodic materials.
According to Bloch's theorem, the wave function of a particle in a periodically repeating
structure can be represented in terms of the displacements of neighbouring unit cells as shown
in Eq. (7).

um+i) = pivdjymn (7)

Here, u” and u®™* 9 represent the displacements of the n™ and (n + j)™ masses, respectively,
d is the distance between two adjacent particles, i is the imaginary unit and y is the wave number.
An infinite 1D periodic series are shown in Fig. 3a. In 3D dimension, implementing Bloch's
theorem can be challenging because degrees of freedom DOFs are present not only at the
boundaries and corners but also on the surfaces, all of which must be taken into account.
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The corresponding DOFs, marked with the same colours, are shown in Fig. 3b [31]. These
DOFs with the same colours are interconnected using Bloch boundary conditions. In helicopter
blades, there are three significant motions that influence forced vibrations: torsion, lead-lag,
and flap motions. The extension motion can be neglected because its effect is minimal when
considering centrifugal stiffness. The most suitable periodic structure geometry is of the circular
type under the influence of these motions as seen in Fig. 3 c. To correspond with the three
motions occurring in three different axes, a unit cell composed of circles drawn on these three
axes is used. This three-dimensional unit cell includes periodic connections with other cells as
shown in Fig. 3b. The boundary condition connections of each unit cell are also correlated with
the VABS section model. The 3D Bloch periodicity matrix is depicted in Eq. (8).

gzlzg +13§/1x+%1y+%az+@1x1y+1&axaz+1iy5/1y/12+%g/1x/1y/12 (8)

Here, p is periodicity matrix and details are presented in [31]. A,, = e?Ym%n and a,), is the

translation vector component. The simplified model of the 3D Bloch periodicity matrix can be
obtained using Eq. (4) likewise Egs. (5) and (6).
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Figure 3: Periodic structure schematics; a) 1D periodic structure, b) 3D periodic unit cell [31],
¢) developed 3D unit cell geometry, d) periodic structure for helicopter blade.

This defined periodic geometry is positioned in the middle region of the spar/wall and
honeycomb sections in the blade cross-section as shown in Fig. 4. In the spar/wall section, it is
placed in a rectangular profile, and in the honeycomb section, it is positioned linearly along the
blade direction. A FEM of the same structure will be performed using the ANSYS software to
compare the MATLAB/SIMULINK results. The optimized geometry will first be defined as a
composite structure. A modal analysis of the structure will be conducted under the same
boundary conditions following the calculation of preload under working conditions. The
harmonic behaviour of the structure will be examined using the mode superposition method.
This will allow for the analysis of the band gap behaviour of the structure using the finite
element method.
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Figure 4: FEM model of the composite blade.

Dimension of the periodic structure is optimized using gradient search and particle swarm
optimization. Cost function CF for the vibration attenuation is defined at below.

Blade Root Acceleration (ay, Ay, Ay, Ay, Ay, ay) )

"~ Blade Tip Acceleration (a,, Ay, Az, Ay, Ay, A7)

Here, a,, a,, a, is linear accelerations and a,, a,, a, angular accelerations for X, Y and Z
direction respectively. The purpose of the cost function is to minimize the vibration
transmissibility. The cost function is minimized with aid of a gradient descent algorithm. The
gradient descent algorithm was selected because of its quick calculation time. The algorithm
for n iterations for variable step size u.

Vf
Cge—n Lk =01,2,.m (10)
Qr+1 qx .u“vfll

Vf = JTf(CF) (11)

where, Vf is error direction and J is Jacobian of the objective function. Also, the particle swarm
optimization PSO method is used for comparing the results. Well-known PSO algorithm is
depicted in [32]. The multibody model of the system has been created in the SIMSCAPE
environment considering the VABS model and the periodic structure model, as shown in
Fig. 5a. In this setup, the vibrations occurring at the blade root and the main rotor shaft bearing
will be analysed in a vacuum environment taking into account the control inputs from the
swashplate mechanism. In the two-blade rotor system, swashplate movements will provide
inputs to examine scenarios such as hovering and forward cruising. The rotor blade model that
includes lead-lag, torsion, and flap dampers has also been created for comparing the results of
the periodic structure, as shown in Fig. 5 b. The optimization algorithm introduced in Eq. (9)
will also optimize these three damping parameters.

In the two-blade rotor system, dimensions of periodic structure including radius values of
circles ry, r2, r3 and thickness t are optimized. Also, damper coefficients (Diead, bfiap, btors) are
optimized for comparing the performance of the periodic structure. The design parameters are
presented in Table I.
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Figure 5: Multibody model of rotor blade system; a) damper system, b) periodic structure.

Table I: Design parameters.

Parameter | Lower bound | Upper Bound

r 10 mm 80 mm

r 10 m 80 mm

rs 10m 80m

t 1 mm 15 mm
Diead 0.5x10° N's/m 5x10° N's/m
Driap 0.5x10° N's/m | 5x10° N's/m
Drors 0.5x10° N's/m | 5x10° N-s/m

The composite rotor blade system is developed based on the parameters depicted in Table
I1. The cross-section of the blade primarily comprises carbon fibre, glass fibre, honeycomb,
film adhesives, and steel. The 0° lay-up angle aligns with the blade span axis. Carbon fibre lay-
ups, configured as [+45/0/+45], are used for the skin. The spar/wall lay-up configurations are
[+45/0/+45] using glass fibre. To prevent crushing in the trailing edge zone, honeycomb is
utilized. Film adhesives including epoxy are applied between the lay-ups. A steel erosion shield
is incorporated into the cross-section to protect against sand and dust abrasion. The nose block
1s made of 0° glass fibre material. The material properties are detailed in [33].

Table I1: Properties of rotor blade system.

Parameter Value Unit
Number of blades 2 -
Rotor speed 190 rpm
Rotor radius/chord length 4/0.3 m
Airfoil profile NACAO0012 -
Main rotor shaft radius 0.075 m
Main rotor shaft young 70 GPa

3. RESULTS

In this section, size optimization for the periodic structure and damping coefficient optimization
for the system were carried out using Gradient Search and PSO algorithms. According to the
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results presented in Table 111, there is an average difference of 2.37 % between the values. The
value of radius r> directly affects the flap movement along with thickness. Radius r1 plays a
role in torsion, while radius rz is involved in the attenuation of lead-lag vibrations.

Table I11: Optimization results.

Parameter | Gradient Search PSO

r 15.7 mm 16.07 m

r2 24.7m 24.1m

I 15.4 mm 149 m

t 5.4 mm 5.3 mm
Diead 4.02x10° N's/m | 3.95x10° N's/m
Diap 4.53x10° N's/m | 4.64x10°N's/m
Drors 3.85x10° N's/m 3.78x10° N's/m

The performance of the periodic structure in the frequency domain is presented in Fig. 6.
The results of the optimal parameters obtained using gradient search and PSO algorithms in
SIMULINK are shared. The calculation formula is: Transmittance = 10 x logio CF.
Additionally, analysis results from ANSY'S are provided to validate the findings. Based on the
harmonic response, the blade tip is considered as the input and the blade root as the output. The
logarithmic result of the output-to-input ratio indicates the vibration attenuation performance.
It is observed that there is an average difference of 2.45 % between the gradient search and PSO
algorithm results. Meanwhile, an average error of 8.27 % is found between the ANSYS and
SIMULINK results. According to the results, the designed system exhibits a stop band at an
angular speed of 190 rpm. The band gap region ranges between 175 rpm and 205 rpm
approximately for Gradient Search results. It is observed that the optimization results generate
a band gap within the operating speed range.
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Figure 6: Band gap results respect to frequency.
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Comparison of the periodic structure with the damper system will be made based on the
reaction forces occurring at the bearing of the main rotor shaft. It is observed that the periodic
structure reduces reaction forces by 5.4 % in the X and Y directions compared to the damper
system at a constant angular speed of 190 rpm (linearly increased from O rpm to 190 rpm until
3 seconds) and 0° tilt angle. Additionally, the periodic structure demonstrates similar behaviour
to the damper system by damping oscillatory forces to a certain extent in shown in Fig. 7.
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Figure 7: Bearing reaction forces comparison for periodic structure and damper system (Tilt angle 0°).

The effect of the reaction force in the Z direction with a tilt angle of 0 degrees is also shown
in Fig. 8a. It is observed that the periodic structure reduces this force, which is mainly caused
by flap movement, by 3.2%. A similar improvement is seen in the resultant accelerations at the
centre of gravity of the main rotor shaft, where the periodic structure improves the acceleration
values by 2.5 %.
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Figure 8: Bearing; a) reaction force at z direction, b) acceleration (Tilt angle 0°).
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When the tilt angle is 10 degrees, the bearing forces and vibration values at the centre of
gravity of the main rotor shaft increase due to the angular change. The periodic structure has
shown an improvement of 1.5 % in reaction forces and 1.2 % in acceleration values in response
to the changing tilt angle as shown in Fig. 9.
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Figure 9: Bearing; a) reaction force (resultant), b) acceleration (Tilt angle 10°).

4. CONCLUSION

In this study, the design and optimization of a periodic structure are investigated for minimizing
vibrations in the rotor blade system of helicopters. The equations of motion were derived using
hybrid formulations combining the partial finite element approach and VABS, with a focus on
nonlinear models for rotating beams. The model demonstrated that the periodic structure
effectively minimizes the transmission of vibration from the helicopter blades to the main rotor
shaft. This novel approach involves the design of a passive vibration attenuation system
specifically for helicopter blades, showcasing the potential for significant improvements in
vibration control. The dimension optimization of the periodic structure was conducted using
PSO and gradient search algorithms, providing a robust framework for enhancing vibration
performance. The optimization results, presented in Table Ill, indicated a minimal average
difference of 2.37 % between the gradient search and PSO algorithm outcomes. The harmonic
response analysis further validated the effectiveness of the periodic structure, as shown in
Fig. 6, with an average error of 8.27 % between the ANSYS and SIMULINK results,
confirming accuracy of the model. Performance analysis at a constant angular speed of 190 rpm
with a 0° tilt angle demonstrated a 5.4 % reduction in reaction forces in the X and Y directions
when using the periodic structure compared to a damper system. Additionally, the periodic
structure exhibited similar damping behaviour to the damper system, effectively mitigating
oscillatory forces. Further analysis during forward directional movement led to increased
bearing forces and vibration values. Despite these increases, the periodic structure demonstrated
an improvement of 1.5 % in reaction forces and 1.2 % in acceleration values under these
conditions, indicating its robustness in various operational scenarios. Overall, the findings of
this study underscore the effectiveness of the periodic structure in minimizing vibrations in
helicopter rotor blade systems. The optimized design not only enhances vibration attenuation
but also maintains performance across different operating conditions, providing a promising
solution for improving the dynamic behaviour and basic system for helicopters. Within the
scope of this study, it is clearly demonstrated that using passive periodic structure enables the
production of a rotor system that is simpler and has fewer parts compared to traditional damper
systems. The periodic structure possesses a geometry suitable for mass production thanks to
appropriate mod shapes. In future work, the aim is to manufacture the periodic structure and
validate it experimentally.
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