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Abstract

One of the potential methods to alleviate helicopter vibration is use of on-blade active control trailing edge
flaps (TEFs). The state-of-the-art smart actuators such as piezoelectric stack actuators are well suited for
actuating full scale trailing edge flaps. Piezoelectric stack actuator (APA-500L) is used in this investigation as
a prime mover. APA-500L can generate large forces in static and dynamic condition but is limited by small
displacements. A linear amplification mechanism (LX-4) is devised to amplify the linear motion of the APA-
500L actuator. A novel pinned-pinned post-buckled beam is used as a linear to rotary motion amplification
mechanism (AM-2) to actuate the smart trailing edge flaps. The linear motion amplification mechanism (LX-4)
is coupled with AM-2 to achieve the enhanced angular flap deflections. It is found that AM-2 can generate
large angular TEF deflections of the order of 12 degrees in static test case. Aeroelastic analysis is also
performed with AM-2 amplification mechanism and it leads to 91% vibration reduction from the baseline
case. AM-2 has enormous potential for the rotorcraft community for actuating trailing edge flaps to realize
various active control techniques such as helicopter vibration reduction and flaps for primary control. The
paper also shows how both upwards and downwards motion of the flap can be obtained.

1. INTRODUCTION

Helicopter vibration alleviation is one of the most
challenging problems faced by the rotorcraft
community. Helicopters are subject to severe
vibration levels because of the unstead
aerodynamic environment around the rotorZ.
During the last two decades, researchers have
developed various active techniques to suppress
vibrations, such as, Higher Harmonic Control
(HHC)®!, Active twist rotor (ATR)* ), Individual blade
control (|Bcg[6], on blade partial span active trailing
edge flaps”®. Smart materials such as piezoelectric
stack actuators are ideally suited for actuating full
scale trailing edge flaps (TEFs)®Y. Piezoelectric
stack actuators are light in weight, possess high
energy density and contain less moving parts.
Inherently, piezoelectric actuators have large force
but generate small displacements. To actuate TEFs
with suitably large angular deflections, a linear to
rotary motion amplification mechanism is required. In
the recent past, considerable effort has been
devoted towards this endeavor. Lee and Chopra had
developed an L-L lever fulcrum type amplification
mechanism™™?. They tested the L-L mechanism
under centrifugal loading and an amplification factor
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of around 21 was obtained. Hall and Prechtl devised
an X-frame actuator driven by a piezoelectric
material and tested it on a Mach scaled rotor system
for various load cases™®. Most of the amplification
designs available in literature are based on lever
arm mechanisms. There is a scope for design and
development of novel designs for amplification
mechanisms, which are more efficient than the
existing designs.

In this paper, we study the use of elastic buckling
and dynamic instabilites for an amplification
mechanism. Flexible rods can be used to deploy
space antennas and control robotic motions. Some
researchers have studied the post-buckling of an
elastica rod with various end conditions. For
example, beams with clamped-pinned boundar
conditions™™** and pinned-pinned end conditions™
" have been considered. Holmes et al. investigated
elastic buckling of an inextensible beam with hinged
ends and fixed end displacements. They considered
constrained Euler buckling and bifurcation
analysis''®. Researchers have also studied buckling
dynamics for development of novel mechanisms in
several  applications, such as, compliant
mechanisms, UAV, morphing wings, MAV, etc.™.



In this investigation, we evaluate and provide details
of a novel linear-to-rotary motion amplification
mechanism with pinned-pinned post-buckled beam
(AM-2) to actuate trailing edge flaps. This paper
builds on our previous paper™” and gives details of
design and fabrication of the mechanism.
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Figure 1. Schematic of the pinned-pinned buckled
beam motion amplification mechanism

Figure 1 shows the schematic diagram of the
pinned-pinned post-buckled beam with a piezostack
actuator. APA-500L piezoelectric stack actuator
(from CEDRAT Technologies, France) is used to
actuate the mechanism.

2. EXPERIMENTAL SETUP

Physical and 3D computer-aided design models of
the test setup are developed. CAD models are
developed using CATIA-V5 for 660 mm and 150 mm
long trailing edge flaps for push-pull lever arm
mechanism (AM-1) and post-buckled mechanism
(AM-2), respectively. These two mechanisms are
discussed next.

A lever arm motion amplification mechanism (AM-1)
developed here is shown in Figure 2. A T-shaped
clevis is designed which is attached to the flap body
through the flange of the clevis. A hinge is made at
15 mm from the base of the flap; effectively hinge is
at 4mm from the axis of rotation (at the quarter
chord). A separate hatch is cut out to allow easy
access to the mechanism in the wing section as
illustrated in Figure 2b.
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Figure 2. a) Drawing of rotor blade test section with
AM-1 mechanism (Side view) b) Top view of the
physical model of rotor blade test section with
piezostack actuator and AM-1 inside the wing
section, with hatch lifted.

Since 500um linear displacement can be obtained
from the piezostack actuator, AM-1 can generate
maximum of +4 degree flap deflections. In the
dynamic conditions, tip of TEF moves vertically by
10.5mm and hence the mechanical gain of AM-1 is
21. With this mechanical leverage, flap deflections
are good enough in static case (non-rotating blade).
As reported in literature, angular deflections
decrease at least one order of magnitude for
dynamic cases”®?. Hence, to further amplify the
flap deflections, a pinned-pinned post-buckled
motion amplification mechanism called AM-2 is
developed.

Here, AM-2 is shown in Figure 3. The NACA-0012
airfoil is selected for TEF cross-section profile. The
flap has 150mm span and 100mm chord length. The
beam dimensions are 80mm X 16mm X 0.5 mm and
the beam is made of spring steel material. As shown
in Figure 3, block-A is axially compressed by about
0.25mm, which is the available displacement of the
piezostack actuator (APA-500L) for input voltage of
80 Vp-p. In this case, we observe that the flap
deflects by 2.5 degrees. To further amplify the flap
angles, we need larger axial displacements.
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Figure 3. Fabricated prototype of the 150mm flap
with pinned-pinned post-buckled beam (AM-2) a)
Baseline case b) Post-buckled beam with deflected
flap.

To obtain this goal, a linear amplification mechanism
called LX-4 is designed and developed, which
amplifies the axial motion from the piezostack by a
factor of 4. The maximum available axial
displacement from APA-500L is 500um for peak-to-
peak voltage input of 170V. Thus, with LX-4 we are
able to amplify axial motion to 2000um or 2mm.
Here the LX-4 mechanism arms are made of
spherical joints with a rolling point contact. This is
essential for the desired amplification; otherwise the
net force will be transferred to the rigid arms. There
is a trade-off between force and displacement for
amplification mechanism. As the displacement is
increased by 4 times, the force decreases by a
factor of 4. Piezostack actuator can generate
maximum of 250N in dynamic condition. When LX-4
is used in conjunction with APA-500L actuator, the
input axial compressive force available at input end-
A, reduces to around 62N.

To ensure smooth buckling of the beam, beam
dimensions are modified to reduce the Euler
buckling load. Hence, the new beam dimensions are
97mm X 12mm X 0.5mm. Figure 3b shows the
buckled beam mechanism with LX-4. In static
condition, pinned-pinned post-buckled amplification
mechanism coupled with LX-4 leads to enhanced
flap deflections of the order of 12 degrees for 2mm
linear motion of block-A as shown in Figure 10b.

To simulate the realistic case, both AM-1 and AM-2
mechanisms should deflect a full scale TEF by
suitable angles. The mechanisms are tested with full
scale TEF model. Design and fabrication of the wing
section and TEF is discussed in the following
section.

3. DESIGN OF WING SECTION AND TEF

A 3D CAD model of the wing section is developed
using a 3D modeling package (Pro-E) with a trailing

edge flap. This exercise ensures that the final
assembly of the flap and various components
comprising a wing section along with a piezostack
actuator works well in the physical model. Figure 4
shows the virtual model of the wing section with a
trailing edge flap.

Figure 4. CAD model of wing section.

The wing section model used in this study is 660mm
long and has 500mm chord length with a NACA
0012 (symmetric) airfoil cross-section made of
aluminium. Ribs are made from balsa wood and 3
aluminium longerons are used to ensure the profile
and strength of the wing section.

Figure 5. Side view of physical model of the wing
section

A trailing edge flap with 20% chord length, is chosen
as a representative of a TEF that could be analyzed
as an oscillating control surface on rotor blade test
section. The span of the flap is 660mm. Figure 5
shows fabricated wing section model with TEF. The
motivation to choose this span length for TEF is from
the observation that TEFs spanning 10%R when
placed between 65%R to 85%R from the root for a
full scale rotor blade leads to maximum vibration
reduction®?.
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Figure 6. a) Dual AM-2 mechanism with TEF b) TEF
with AM-2 inside the wing section.

Figure 6a shows TEF with dual AM-2 mechanisms.
Here the block-B is attached to the spar-1 through 4
arched aluminum rods and block-A is placed in
between the webs of spar-1 and spar-2 I-section. A
slot is cut in the web of spar-1 to attach the buckled
beam with block-B. Figure 6b shows the TEF
inserted in the full scale wing section with AM-2
amplification mechanism assembly. Buckling of
beam is essentially a bi-stable phenomenon. When
block-A is compressed axially, beam buckles in a
particular direction. Most of the test runs lead to
beam hogging, which leads to downwards motion of
the flap. Two new concepts are proposed to ensure
both upward and downward motion of the TEF as
required to suppress the helicopter vibrations or for
primary control.

4. CONCEPTUAL DESIGN FOR ACTIVE
BIASING FOR FLAP ROTATIONS

Figure 7 shows the conceptual design for active
biasing using a disc cam mechanism. Figure 7a and
7c illustrate the undeflected flap configuration,
denoted as R configuration. To ensure the
downward motion of the flap, a soft spring is
mounted on the base plate near the center of the
beam. Spring top face touches the beam and
creates an initial imperfection which results in
positive rotation of the flap (+R configuration) as
shown in Figure 7b. For upward motion of the flap, a
disc cam is used which pushes the beam center
downward. A stepper motor is used to drive the disc
cam. When input block-A is compressed, then the
imperfection in beam created by the disc cam results
in a negative rotation of flap (-R configuration), as
illustrated in Figure 7d. The active biasing can be
achieved by adjusting the stepper motor frequency
to be equal to the desired flap frequency. Note that
the input frequency of the piezostack actuator is
double the targeted flap frequency as shown in
Figure 8.

Disc cam

Stepper
motor

Cam pushes the
buckled beam

Spring under
compression

Figure 7. Concept:1, a) R configuration b) +R
configuration c) R configuration d) —R configuration
with cam design.
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Figure 8. Piezostack actuator, flap and stepper
motor signals for active biasing.

The description of the active biasing technique is
summarized in Table 1.

Table 1. Summary of the operation of various
devices for active biasing

P!ezo Zone-1 Zone-2 Zone-3 Zone-4
Signal
Pulls Pushes Pulls Pushes
Piezo
LX-4 LX-4 LX-4 LX-4
X4 apun | 2% | Dea pul
LX-4 pushes block-A pushes block-A
block-A block-A
Slowly
Creates Creates Under coming
Spring | positive positive | Compres | back to
curvature | curvature -sion original
shape
Beam Generate | Coming | Generate | Coming
+R back to R -R back to R
Out of Starts In Slowly
- contact, Starts
Cam contact grazing )
pushes leaving
of beam | the beam
beam contact

Similarly in concept 2, shown in Figure 9, a solenoid
switch is proposed replacing the stepper motor and
cam. The conceptual design for R to +R
configuration and R to —R configuration is illustrated
in Figure 9.

d)

Figure 9. Concept:2, a) R configuration b) +R
configuration c) R configuration d) —R configuration
with solenoid design.

Researchers have used dual piezostack
configurations to create active moments by switching
the signals®™. The advantage of using above
designs for active biasing of flap is that we can use
only one piezostack actuator, which is the most



expensive component. The achieved flap rotations
are adequate for TEF deflections to alleviate the
helicopter vibrations. The AM-2 mechanism is
cascaded with the aeroelastic analysis and hub
loads are analyzed. Helicopter model used in the
aeroelastic analysis is described in the following
section.

5. AEROELASTIC ANLAYSIS

In the aeroelastic analysis, the helicopter is
represented by a nonlinear model of several elastic
rotor blades, dynamically coupled to a six-degree-of-
freedom rigid fuselage. Each blade undergoes flap
bending, lag bending, elastic twist and axial
displacement. Formulation is based on the
generalized Hamilton’s principle applicable to non-
conservative systems.

V2
M [(U-oT-oW)dy =0

[41
HereoU , 6T and OW are the virtual strain energy,
kinetic energy and work, respectively. Finite element
methodology is used to discretize the governing
equations of motion. Unsteady aerodynamic models
are used to predict the air loads due to blade and
trailing edge flap motion®. The resulting nonlinear
ODEs in time are transformed into the normal mode
space and solved for the steady-state blade
response using the finite element in time procedure.
The key finite element equation after normal mode
transformation is:

(2) Mp(y)+Cp(y)+Kp(y)-F(p, pw)=0

Here M , C and K are the normal mode mass matrix,
damping matrix and stiffness matrix, respectively.
Also, Fis the force vector and P represents the
modal displacement vector. y is the blade azimuth
angle. Once the steady state blade response is
determined, the loads acting at the rotor hub are
calculated by summing the contributions of individual
blades at the root. Thereafter, the helicopter is
trimmed through a coupled trim procedure to find the
blade response, pilot input control angles® and
orientation of the vehicle, simultaneously. The
coupled trim equation is:

@) F(®)=0

For a N, bladed helicopter rotor with identical blades,
the dominant component of hub vibratory loads is
the N,Q harmonic, which is transmitted to the

airframe. The details of the aeroelastic model are
given in reference®. This aeroelastic model has

been validated with wind tunnel data*®
data’®",

and flight test

6. CONTROL ALGORITHM

The trailing-edge flap is deflected at higher
harmonics of the rotor rotational speed. Typically, for
a four-bladed rotor, the flaps are deflected at 3, 4
and 5/rev harmonics of the rotor rotational speed.
The control law for the TEF can be written as:

S(w) =% cos(3y) + 5> sin(3y) +
4 5% cos(dy) + 5% sin(4y) +

5% cos(5y) + 5°° sin(5y)
The six unknown flap harmonics in the above
equation are determined based on an optimal control
algorithm which minimizes a scalar objective
function that is a quadratic function of the 4/rev hub
vibratory loads (Z ) and flap control harmonics (U ).

(5) J,=Z"W,Z +u'W,u

The first term in the above equation is a scalar
quantity relating purely to the hub vibration levels.
The second term in equation (5) is introduced to
keep the required control input (flap control angles)
within practically achievable limits. In this study, the

weighting matrix W, is adjusted to limit the peak

deflections of the flap which can be achieved using
the current state-of-the-art smart materials. Z is the

hub vibratory load vector containing the N, /rev

sine and cosine harmonics (three hub forces and
three hub moments).

©zZ=[F% F¥ FF ME ME MY
(7) u= [53(: 535 54(: 545 55(: 555]T

The weighting matrix W, is usually a diagonal matrix

which can be suitably modified to make the
controller reduce either the hub shears or moments.
In the current study, all hub shears and moments are
weighted equally. A global controller is used to
determine the optimal control input®®®.

7. RESULTS AND DISCUSSION

In this section, experimental and numerical results
are discussed for AM-1 and AM-2 mechanisms. The
linear motion amplification mechanism (LX-4)
generates around 2mm of linear stroke. LX-4 is
cascaded with linear-to-rotary motion amplification
mechanism (AM-2) and is tested under static
conditions for various axial displacements. Figure



10a shows the undeflected flap position and Figure
10b illustrates the post-buckled beam induced flap
deflections. The maximum flap angle observed in
static case with LX-4 is 12 degrees for 2mm axial
displacement of block-A as shown in Figure 10b.

b)
Figure 10. Trailing edge flap deflections with AM-2
for static case a) straight beam b) Post-buckled
beam.

The different amplification mechanisms developed
for actuating TEFs are compared in static or in
guasi-static case for flap angles and axial stroke
lengths as shown in Figure 11. It can be observed
that AM-2 post-buckled mechanism coupled with LX-
4 comes out as the best candidate. The static flap
deflections are recorded using a high-performance
Inertial Measurement Unit (IMU) and Attitude
Heading Reference System (AHRS), VN-100
Rugged (from VectorNav Technologies, USA) as
shown in Figure 12. The detailed comparison of
various other parameters is shown in Table 2. The
AM-2 with LX-4 approach is well suited for primary
control applications, in addition to vibration and
noise control.
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Figure 11. Flap angle and axial stroke comparison
of various mechanisms to actuate TEF.

~15 )
0 [2.0mm] iz
g :
OEJ-) 10 1.0 mmJ
)
o 5
2
a 0
o
L g
0 20 40 60 80 100 120 140

Time(Seconds)
Figure 12. Flap angles for AM-2 with LX-4.

A computational study was also performed for
vibration reduction in helicopter using on-board
partial span trailing edge flaps at high speed forward
flight p = 0.3. Using multi-harmonic inputs with AM-2
mechanism along with constant control weighting
parameter, a reduction of 91% in hub load vibrations
is observed, while 71% vibration reduction is
observed with AM-1 mechanism. Thus, the post-
buckling based mechanism is very promising.

Table 2. Comparison of various parameters among
TEF actuation mechanisms

X-

Mechanism AM-2 | AM-2
frame L-L
[12] AM-1 w/o w/
Parameters (13] Lx-4 Lx-4
Amplification 6.6
factor 15.2 21 21 (13.1) 31
Smar_t Piezo | Piezo | Piezo | Piezo | Piezo
material
2.5
Flap 8 5 4 12
angle(deg.) ©)
. 0.25
e (ﬁ(’gg:]m) 038 | 18 | 05 2
(0.5)
Peak-to- 80
peak 400 144 170 170
voltage (V) (170)
No. of Piezo
stacks used 2 5 1 1 1

8. CONCLUSIONS

A pinned-pinned post-buckled beam motion
amplification mechanism is designed and fabricated
to actuate the trailing edge flap for helicopter
vibration alleviation. Piezostack actuator (APA-500L)
is used as the prime mover. It is found that the AM-1
lever fulcrum mechanism can generate maximum of




+4 degrees of TEF deflections with 500um of
piezostack displacement. The AM-2 mechanism
shows maximum flap deflection of 12 degrees for
2mm of axial motion of block-A at the input end of
the buckled beam. A new design for linear motion
amplification mechanism (LX-4) is developed and
fabricated, which amplifies the linear stroke of
piezostack actuator by factor of 4. The AM-2
mechanism, when coupled with LX-4, comes out as
a potential solution for linear-to-rotary motion
amplification mechanism for actuating trailing edge
flap to suppress the helicopter vibrations up to 90%.
Higher flap deflections from AM-2 mechanism shows
its potential to be used for TEF actuation for
helicopter rotor primary control which can lead to a
swashplateless rotor?*2.
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