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ABSTRACT: The basic concepts and some innovative ideas associated with the analysis, design,
and experimentation of induced-strain actuators for rotor blade aeroelastic vibration control are pre-
sented and discussed. A trailing-edge servo-flap actuated by a hydraulically-amplified large-
displacement induced-strain actuator is considered. Design requirements based on extensive litera-
ture review are proposed and utilized. The principle of high-power induced-strain actuation, and the
energy and energy-density of several commercially-available induced-strain actuators are presented.
A full-scale proof-of-concept demonstrator, designation HAHDIS Mk. 1, was designed, built, and
tested. Results from static and dynamic tests are presented and discussed. Good frequency response
of the full-scale proof-of-concept demonstrator was proven in the range of I to 30 Hz in spite of the
power and current limitations of the available electronic equipment.

DESIGN REQUIREMENTS FOR INDUCED-STRAIN
ACTUATED ROTOR BLADE ACTIVE CONTROL

OTOR blade vibration reduction based on higher har-

monic control —individual blade control (HHC-IBC)
principles is a very attractive arca of application for
induced-strain actuators (ISA). Giurgiutiu et al. (1995a),
recently reviewed the theoretical and experimental state of
the art in achieving HHC-IBC through conventional and
ISA methods. Several concepts were investigated (Millott
and Friedmann, 1992; Librescu, Rogers and Song, 1992;
Song and Librescu, 1993; Ben-Zeev and Chopra, 1995; Hall
and Prechtl, 1995; Straub and Merkley, 1995). The servo-
flap principle appeared to offer the most promising avenue
for short-term implementation (Figure 1). It was found that
the specialized literature proposed several servo-flap pro-
posals, with different geometric configurations and aerody-
namic characteristics, resulting in different ratios between
flap and blade areas, chords. and spans. Although the force-
displacement and moment-angle estimates for these varied
flap .geometries were found to differ significantly, a
common-base could be identified in the peak energy re-
quirements. Hence, a benchmark specification for a tenta-
tive HHC-IBC device based on the aecrodynamic servo-flap
principle using ISA could be developed.

The resulting benchmark values for peak energy, force-
displacement product, and power are given in Table | along
with other relevant parameters. For practical applications, it
was found that an induced-strain actuator system capable of
delivering a £ 1 mm stroke simultaneously witha +2.5 kN

This paper was originally presented at ICAST "95, November 13-15. 1995, Key West.,
Florida.

force would provide the energy required of 1.25 J per blade
necessary to implement the servo-flap principle. For in-
creased reliability, a multi-segment servo-flap would be pre-
ferred, while the actuator requirement for each segment
would be proportionately reduced. For example, a 2-segment
flap would require 2 separate actuators of + 1 mm stroke
and = 1.25 kN force.

Another important aspect that had to be addressed is that
of the ceramic nature of most ISA stacks that makes them
inherently weak in tension. Hence, the technical solution of
having two directly-opposed stacks without tension connec-
tion was adopted. A schematic drawing of such an arrange-
ment for producing the dynamic motion of an active servo-
flap for rotor blade aeroelastic vibration control is shown in
Figure 2. Analysis of the related implementation issues
(Giurgiutiu et al., 1995a) produced useful results. First
design iteration showed that direct actuation via long ISA
stacks, though apparently simple, would not offer a feasible
solution for actual implementation. The very large length
required to produce the required + 1 mm stroke would lead
to excessive compressibility effects resulting in large dis-
placement loss and parasitic internal strain energy. The sec-
ond design iteratiqn indicated that indirect actuation. using
a generic displacement amplifier, would be much more
feasible and even desirable since, in this way, the internal
and external stiffness values could be efficiently matched.
The optimal amplification gain was calculated using a
closed-form formulation that relates the closed-loop ampli-
fication ratio to the stiffness ratio. These preliminary design
studies shows that commercially available ISA stacks, cou-
pled with an optimally-constructed displacement amplifier,
are able to meet the benchmark force, stroke, and energy re-
quirements.
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partad span flap

Figure 1. Rotor blade servo-flap principle for aeroelastic vibration
control (Millot and Friedmann, 1992).

BASIC ASPECTS OF INDUCED-STRAIN
ACTUATORS BASED ON ELECTROACTIVE
AND MAGNETOACTIVE MATERIALS .

Active materials exhibit induced-strain actuation (ISA)*
under the action of an electric or magnetic field. Several ac-
tive materials formulations have been developed in recent
years. They are primarily of three types:

® PZT-Lead Zirconate Titanate—A ferroelectric ceramic
material with piezoelectric properties and reciprocal be- .
havior that converts electrical energy into mechanical en-
ergy and vice-versa. It accepts some amount of reversed
poling thus achieving maximum contraction strokes of up
0 25%-30% of the maximum expansion stroke. A vari-
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Figure 2. Schematic drawing showing the use of strain actuators to
produce dynamic motion of an active servo-flap.

ety of PZT formulations have been developed to suit a
wide range of frequency and amplitude requirements.
PZT-5 is one of the most widely used formulations for
actuator applications.

PMN—Lead Magnesium Niobate—An electrostrictive
ceramic material which, when suitably poled, displays
piezoelectric-like properties and reciprocal behavior that
converts electrical energy into mechanical energy and
vice-versa. However, it does not display contraction
under reversed poling. Numerous PMN formulations
have been developed to suit a wide range of frequency
and amplitude requirements.

TERFENOL—-TER (Terbium) FE (Iron) NOL (Naval
Ordinance Laboratory)—A magnetostrictive alloy con-
sisting primarily of terbium, dysprosium, and iron.
Various TERFENOL formulations have been developed,
as, for example, TERFENOL-D.

Table 1. General design requirements for an active servo-flap to produce
aeroelastic vibration control of a typical helicopter rotor blade.

Parameter Value and Units Notes
Flap deflection +1/30 rad (= £2°)
Hinge moment +75 Nm Simultaneous with flap defiection
Frequency 25-30 Hz
Maximum instantaneous en- 1.25 J/blade (Zero steady force is assumed)
ergy transmitted to the
airstream
Maximum instantaneous 0.5 kW
power transmitted to the
airstream
ISA actuator weight budget 10 kg/blade =10% of typical blade weight
ISA system weight budget 80 kg/4-blade = 1% of typical helicopter weight
(including power supply, helicopter
lead wires, controls, etc.)
Overall power consumption 10-12 kW/4-bhade =1% of typical rotor power
budget helicopter
Specific transmitted energy 0.125 J/kg
Specific transmitted power 25 Wikg
Specific power consumption =140 Wikg Including all losses

*Here. the acronym ISA is used to signify either an induced-strain actuator or the
induced-strain actuation principle.
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Construction of a PZT or PMN Stack Actuator

An electroactive solid-state stack actuator consists of
many layers of electroactive material (PZT or PMN) alter-
natively connected to the positive and negative terminals of
a high-voltage source (Figure 3). Such a PZT or PMN stack
behaves like an electrical capacitor. When activated, the
electroactive material expands and produces output
displacement. Typical strains for electroactive materials are
in the range of 750-1200 um/m. The PZT or PMN stacks
are manufactured by two methods. In the first method, the
layers of active material and the electrodes are mechanically
assembled and glued together using a structural adhesive.
The adhesive layer stiffness is at least an order of magnitude
lower than the stiffness of the ceramic. Special attention is
given to maintaining very thin adhesive layers and thus min-
imize the loss in overall effective stiffness of the resulting
stack. In the second method, the ceramic layers and the
electrodes are assembled in the “green” state, then fired
together (co-fired) and, possibly, subjected to a high
isostatic pressure (HIP process) to increase density and
eliminate voids. This process ensures a much stiffer final

product and, hence, a better actuator performance. How-

ever, processing limitations, such as oven and press size,
etc., limit the applicability of this process to other than
small stacks.

The PZT and PMN stacks are surrounded by a protective
polymeric or elastomeric wrapping. Lead wires protrude
from the wrapping for electrical connection. Steel washers,
one at each end, are also provided for distributing the load
into the brittle ceramic material. When mounted in the
application structure, these stacks must be handled with
specialized knowledge. Protection from accidental impact
damage must be provided. Adequate structural support and
alignment are needed. Mechanical connection to the ap-
plication structure must be such that tension stresses are not
induced in the stack since the active ceramic material has
very low tension strength. Hence, the load applied to the
stack must always be compressive and perfectly centered. If
tension loading is also expected, adequate pre-stressing
must be provided through springs or other means.

Construction of a TERFENOL Actuator

A magnetoactive solid-state actuator consists of a TER-
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Figure 3. Induced strain actuator using a PZT or PMN electroactive
stack.
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Figure 4. Induced-strain actuator using a TERFENOL magnetoactive
rod.

FENOL bar inside an electric coil and enclosed in an
annular magnetic armature (Figure 4). When the coil is acti-
vated, the TERFENOL expands and produces output dis-
placement. The TERFENOL material has been shown to be
capable of strains up to 2000 um/m, but with high nonlinear
and hysteresis penalties. Practical strains employed by the
manufacturers of TERFENOL actuators are in the range of
750-1000 pm/m. The TERFENOL-D bar, the coil, and the
magnetic armature are assembled between two steel-
washers and put inside a protective wrapping to form the
basic magnetoactive induced-strain actuator.

Performance of Solid-State Induced-Strain Actuator

Solid-state induced-strain actuators of various material
types and different operation principles can be compared us-
ing two overall performance parameters:

¢ induced-strain actuation displacement, u,,, measured in
mm
® internal stiffness, £, measured in kN/mm or N/mm

The induced-strain actuator displacement, us, , is the result
of the induced-strain effect, which is the basic property of
the active material. Figure 5 shows a schematic drawing of
an induced-strain actuator under two loading conditions: (a)
a generic external force, F = F(u.), F(0) = 0, and (b) an
external spring k..

The external load, F(u.), produces a backwards elastic
displacement, F(u.)/k,, due to the compressibility of the ac-
tuator. Hence, the actuator output displacement, ., under
load, F(u.), is given by:

(1

If the external reaction load, F(u.), varies linearly with
the output displacement, u,., one can assume an external
spring, k., as shown in Figure 5(b). Thus:

Flu.) = k.- u. (2)

After substitution and simplification, one gets an expression
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Figure 5. Schematic design of an induced-strain actuator: (a) under
an external load F(ue), F(0) = 0; (b) under an external spring ke.

for the output displacement, u,, in terms of the stiffness
ratio, r = k./k;, l.e.,

|

B )

U,

Output Energy of an Induced-Strain Actuator

Under quasi-static conditions, the output energy is:
E = 1k 2 4
e = ke ul “)

Substitution of Equation (3) into (4) yields the expression of
output energy in terms of stiffness ratio, r:

r |
E.(r)y = m(g k,-um) (5)

A plot of the output energy coefficient E, (r), which sig-
nifies the variable part of Equation (5), is given in Figure 6.
The function E.(r) is zero for r = 0 (“free” condition)
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Figure 6. Stiffness match principle for peak energy delivery from an
induced-strain actuator.

and r — oo (“blocked” condition), and it has a maximum at
r =1 The r = 1 condition, with k., = k,, is called
“stiffness match”, (Giurgiutiu, Chaudhry and Rogers,
1995b), and identifies the maximum value of the output en-
ergy that can be delivered by an induced-strain actuator:

11
Eepor = Z(Ekiu%s,q) 6)

Output Energy and Energy Density Comparison
of Induced-Strain Actuators

Figure 7(a) shows a plot of output energy capabilities of
various commercially-available induced-strain actuators of
different sizes and operating principles. In order to attain a
meaningful performance comparison, allowance for differ-
ences in volume and mass must be made. Dividing the actu-
ator output energy by the actuator volume, one gets the
volume-based output energy density [Figure 7(b)]. Similar
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Figure 7. Performance comparison for fifteen commercially-
available induced-strain actuators: (a) output energy; (b) volume-
based output energy density.
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calculations made in terms of mass and cost give a complete
perspective of the induced-strain actuators’ performance for
application in rotor blade solid actuation design (Giurgiutiu,
Ghaudhry and Rogers, 1996a).

HAHDIS SERIES ACTUATORS FOR ROTOR
BLADE ACTIVE SERVO-FLAP CONTROL

The output displacement of present-day solid-state
induced-strain actuators does not exceed the order of 0.1
mm. To use such a small output in actual rotor blade servo-
flap actuation, some means of displacement amplification is
necessary. After considering several options, we found that
the hydraulic amplification principle offers attractive oppor-
tunities.

A device based on the hydraulic amplification principle
can achieve large output displacements, while satisfying the
stiffness and irreversibility requirements for aeroelastic con-
trol. A device based on the hydraulic amplification principle
also offers versatility for rotor blade installation, since the
induced-strain hydraulic drive and the hydraulic output actu-
ator can be connected through conventional hydraulic lines,
and can be placed in different locations inside the blade sec-
tion to accommodate the geometric constraints. In our vi-
sion, such an induced-strain actuation system. based on
hydrostatic principles, would be a self-contained sealed
module, independent from the main aircraft hydraulic
system.

To test the viability of our analysis. a full-scale proof-
of-concept demonstrator, called a “Hydraulically Amplified
High Displacement Induced-Strain™ (HAHDIS) actuator,
was designed and built in the Center for Intelligent Material
Systems and Structures {CIMSS) at Virginia Tech (Figure 8).
The HAHDIS proolloti-conéépt demonstrator was configured
around a pair of high-power ISA devices with large free

Large Small output

Back Plate Tie-Rods input piston
pistons

Dummy P247.70
ISA drivers block block

Large-piston  Small-piston

Dummy P247.70
ISA drivers

strain displacement, u,5, = 0.120 mm, and internal stiffness
ki = 370 kN/mm, capable of delivering a maximum output
energy, £, = 0.666 J. To produce an output resistance to the
actuator and to simulate real-life external stiffness, a load
simulator was also designed and built. The load simulator
consisted of a double-leaf spring connected to a movable air-
foil. The linear displacement of the HAHDIS actuator was
transformed in angular displacement through 2 hinge arm of
28 mm. This arrangement was designed to produce an an-
gular motion of around +2°, satisfying the initial require-
ments for an aeroelastic vibration control application.

TESTING OF THE HAHDIS ACTUATOR

Testing of the improved HAHDIS actuator is currently
underway in CIMSS laboratory. The HAHDIS actuator was
fully instrumented with force, displacement, and pressure
transducers, and was subjected to static and dynamic tests. In
the static tests, ISA input to the actuator was simulated by the
turning of screws placed on dummy ISA devices. The pre-
dicted behavior was observed. Angle output measurements of
+2° were obtained with = 1/4 turn of a 3/8-24 UNF screw.
These results confirmed the soundness of our design, and its
capability for full scale applications. However, these initial
tests showed some displacement losses even under no-load
condition. Giurgiutiu et al. (1995a) discussed these displace-
ment losses and identified the cause of their under the no-
load conditions. It was found that high Coulomb friction be-
tween the piston seals and the cylinder bore was extremely
detrimental to the proper operation of the device, and could
produce up to 12.5% loss in the amplification ratio under the
no-load test condition. The frictional losses were found to be
especially important in the output cylinder, due to the
inverse-lever-arm effect of the amplification device.

In the improved HAHDIS design, the frictional losses in

Hydraulic
Amplifier

Leaf-Spring
Load Simulator

I:1 Scale
servo-tab

Connecting Rod

Figure 8. Layout and internal construction of the hydraulically-amplifed high-displacement induced-strain (HAHDIS) actuator.
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Figure 9. Input and output displacement data captured over a two-second duration at 1 Hz.

the output cylinder were reduced to very low values. These
improvements were achieved through the use of a “labyrinth”
type output piston instead of the conventional rubber-seal
piston. This design eliminated friction between the piston
seals and the cylinder bore, while preserving the fluid
pressure under dynamic condition through the dynamic seal-
ing effect of the labyrinth construction. The amplification
ratio of the improved HAHDIS actuator under no-load condi-
tion and quasi-static operation was found to be very close to
the design value of 16:1. To eliminate the residual air bubbles,
introduced during the charging of the HAHDIS actuator with
hydraulic, were eliminated through a specially designed bleed
valve system. The loading and repressurization of the system
was easily achieved with readily available hydraulic equip-
ment, such as a hand pump.

For dynamic testing, four E300-P4 PMN stacks acquired
from EDO Corp. were used. These actuators were stacked
into pairs and installed at the reciprocal-acting input
cylinders of the HAHDIS device. The PMN stacks were en-
ergized with a pair of high-voltage sinusoidal signals (400 =+
400 V) produced by a dual-channel model 50/750 TREK
high-voltage amplifier. The two signals are in opposite phase,
though maintaining the same bias off-set. This arrangement
permits one stack to expand, while the other retreats. The
hydraulic fluid is sent back-and-forth to the “in” and “out”
chambers of the output cylinder, thus producing an alter-
nating motion. During dynamic tests, a range of discrete fre-
quencies between 1 Hz and 30 Hz, was sampled. The series
of discrete frequencies started at | Hz and went up to 30 Hz,
through inorements of 1 Hz. At each frequency, data collec-

tion was done with the VTDEE software using a sampling
rate of 100 Hz. The data was stored in the computer memory
into an MS-EXCEL 50 file. For quick reference, captures
and print-outs of the data screen were also performed. The
sampled data consisted of the input and output displacements,
u;, , s, and u,, and of the pressures in the two chambers, p,
and p, . Figure 9 presents an example of the displacement and
pressure data captured at 1 Hz over the two-second time
period. The resulting high displacement amplification effect
is clearly illustrated: the small input displacement signals
shown at the bottom of the graph are amplified into the very
large output signal shown in the upper portion of the graph.

It should be noted that the same displacement calibration
factor of 1.3089 mm/V applies for all the displacement
traces. The pressure data in the two chambers is shown in the
left portion of Figure 9. The anti-phase characteristics of the
pressure waves are apparent. The pressure calibration factor
was 200 psi/V. The pressure in the hydraulic chambers #1
and #2 has static-bias components of 292 psi and 331 psi, and
dynamic components of 78 psi and 95 psi, respectively. The
fact that the dynamic components of the hydraulic pressures
are similar in magnitude and of opposite phase illustrates the
satisfactory operation of the device. Figure 10 presents an ex-
ample of the displacement and pressure data captured at 10
Hz over a two-second time period and shows the result of the
high displacement amplification, as well as the clear reduc-
tion in input displacement due to limitations of the power
supply. It is noted that the input displacements have
decreased considerably due to the 50 mA current limitations
of the model 50/750 TREK high-voltage power amplifier.




198 VICTOR GIURGIUTIU, CRAIG A. ROGERS AND RAZVAN RUSOVICI

However, the effect of the displacement amplification is
clearly illustrated: the very small input displacement signals
shown at the bottom of the graph are amplified into the very
large output signal shown in the upper portion of the graph.
At 10 Hz frequency, the displacement amplification ratio was
found to be approximately 15.3 times, which is very close to
the design value of sixteen times.

It is believed that this good response is partly due to the
beneficial effect from a possible external system resonance,
which clearly reduces the effective output load. However, the
stable and controllable behavior of the device under
resonance conditions is an added merit of the HAHDIS con-
cept. Figure 11 presents an example of the displacement and
pressure data captured at 30 Hz over a two-second time
period shows that the high displacement amplification can
produce sizable output waveform from almost imperceptible
input displacement. It is noted that, due to the 50 mA current
limitations of the model 50/750 TREK high-voltage power
amplifier, the input displacements have decreased very much,
as shown at the bottom of the graph. However, due to the
powerful displacement amplification, a sizable output dis-
placement is still observed. This illustrates once again the
benefits of the HAHDIS design concept. Figure 12(a) shows
the frequency response curve for the no-load tests in the in-
terval 1 to 30 Hz.

The output displacement response amplitude, u., has a
moderate increase up to 10 Hz, and a decrease afterwards.
Examination of the average input displacement curve,
Uiaverage » ShOws that it is also decreasing. Additional examina-
tion of the oscilloscope data during the experiment showed

HAHODIS Data Acqulsition - -

that the high-voltage signal provided by the model 50/750
TREK amplifier started to become angular below 10 Hz, in-
dicating that the upper limit of the amplifier performance has
been reached. Above 10 Hz, the amplifier signal deteriorated
much faster, and its amplitude rapidly decreased. Thus, the
decreased input voltage resulted in decreased input displace-
ment to the device, and explains the observed decrease in
output displacement amplitude. When we compensated for
the loss of input displacement, the output displacement curve
became almost flat [curve u¥ in Figure 12(a)]. This proves
the effectiveness of the HAHDIS principle, showing its good
performance over the frequency range 1-30 Hz in spite of the
input displacement decrease due to limitations in the high-
voltage power supply. (The fact that the input displacements
were not equal to the free stroke is attributed to the internal
friction between the input pistons and the cylinder bores.)

The no-load results presented in Figure 12(a) constitute a
considerable improvement from the results previously re-
ported by Giurgiutiu et al. (1995a). The improvement is
observed in the frequency range (50% increase from 20 to 30
Hz) and in the maximum peak-to-peak amplitude (50% in-
crease from 0.8 to 1.2 mm). These improvements are mainly
attributable to the reduction in the internal friction of the
HAHDIS MK. 1 actuator through improvement of the output
piston.

In order to measure the performance of the improved
HAHDIS Mk. la induced-strain actuator under actual load,
a light realistic flap was connected at the actuator output.
This flap was made from the rudder tab of a CESSNA light
aircraft. The flap had a quadrilateral plan form of approx-

Ui

Ue (10)

Figure 10. Input and output displacement data captured over a two-second duration at 10 Hz.
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Figure 11. Input and output displacement data captured over a two-seconds at 30 Hz duration.

imately 480 mm X 140 mm (19 in X 5.5 in), and a weight
of 0.420 kg (0.84 lb). The flap was operated over the same
1-30 Hz frequency range, and very good frequency response
was noted throughout. The frequency response curve for the
improved HAHDIS Mk. 1 induced-strain actuator under the
inertial load provided by the realistic flap is shown in Figure
12(b).
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Comparison of the HAHDIS MK. 1
Dynamic Test Results

Table 2 presents an overview of the three HAHDIS Mk. 1
experiments indicating the maximum amplitude, the maxi-
mum frequency, and the limiting frequency due to the inade-
quacy of the electronic power amplifier resulting in a limited
electrical supply to the ISA stacks. Comparative examination
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Figure 12. Frequency response curves of the improved HAHDIS Mk. 1a demonstrator in the range 1-30 Hz: (a) no external load, (b) low inertial

from light realistic flap.
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Table 2. Overview of the test results with the improved HAHDIS Mk. 1 actuator.

Maximum Maximum Limiting Frequency
Amplitude Frequency Due to the Electrical
mm, p-p Hz Supply, Hz
Case 1: No-load 1.2 mm >30 Hz 10 Hz
Case 2: Realistic inertial load 1.25 mm >30 Hz 10 Hz
Case 3: Previous results (internal friction and heavy inertial load,
Giurgiutiu et al., 1995a) 0.85 mm 20 Hz 5 Hz

of these results allows us to draw the following conclusions
about the behavior of the induced-strain solid-state actuator
under various load conditions when energized by a power
supply with limited current delivery capabilities:

1. Under heavy inertial load and high internal friction (Case
3 in Table 2), the original HAHDIS Mk. | actuator
showed an inadequate performance that was limited in
both amplitude and maximum frequency. The amplitude
limitation can be attributed to the internal compressibility
and counter electro-motive force in the active-material
stacks. The maximum frequency limitation is due to the
limited capability of the power supply, since the current
requirements are directly proportional with the stack
capacitance and inversely proportional with frequency. In
this heavy-load high-friction case, the current limitation
was reached around 5 Hz.

2. Under no load (Case 2 in Table 1), the improved
HAHDIS Mk. la actuator could easily achieve 30 Hz re-
sponse with 1.2 mm p-p amplitude, which represent a
41% amplitude increase and a 50% frequency increase
from Case 3. The increase in amplitude is attributed to
the reduced compressibility loss and reduced counter
electro-motive force in the stacks. The increase in range
is explained by the decrease in stack admittance following
the decrease in the inertial loads (phase angle
¢ = 180°). The electric current limitation of the power
supply were reached around 10 Hz.

3. Under light inertial load (Case | in Table 1), the improved
HAHDIS Mk. la actuator proved itself able to deliver at
the required displacement over the required frequency
range of 1 to 30 Hz. This infers that the HAHDIS Mk. la
proéf-of—concept demonstrator has fulfilled its purpose
successfully, and has proven the feasibility of using
induced-strain actuators to achieve realistic amplitudes
over the frequency range required for active and adaptive
control.

ROTOR BLADE IMPLEMENTATION
OF THE HAHDIS CONCEPT

Figure 13 shows a proposal for the implementation of the
HAHDIS Mk. 2 concept into an actual helicopter rotor
blade. The sealed hydrostatic principle of modular design is
adopted. The HAHDIS system consists of two main units

connected through short hydraulic pipes. The first unit is the
solid-state hydraulic drive [Figure 13(a)]. It consists of two
counter-acting active material stacks: each stack operates a
separate hydraulic chamber. In order to minimize frictional
losses, the hydraulic chambers contain deformable dia-
phragms instead of conventional pistons. The second unit
consists of a rotary actuator mounted on the servo-flap
[Figure 13(b)]. The two chambers of the rotary actuators are
connected to the chambers of the hydraulic drive. Thus, the
complete system is sealed and self contained. When stack #1
of the hydraulic drive is activated to expand, hydraulic fluid
is sent forward to chamber #1 of the rotary actuator and pro-
duced an upward deflection of the flap. Simultaneously, stack
#2 is activated to retreat, and thus accepts the excess fluid
from chamber #2 of the rotary actuator into chamber #2 of
the hydraulic drive. To produce the opposite effect, i.c., a
downward motion of the flap, stack #2 is activated to expand,
while stack #1 is activated to retreat. Through alternating ex-
pansion and retreat of the two stacks, an up-and-down motion
of the flap is achieved.

The HAHDIS Mk. 2 concept is not fundamentally
different form the HAHDIS Mk. 1 concept, only that its im-
plementation solution has been adapted to fit inside the re-
stricted space of a rotor blade or a wing. Additionally, by
placing the main weight of the system, i.c., the hydraulic
drive, in the leading edge of the aerodynamic section, the
HAHDIS Mk. 2 concept ensures adequate mass balance as a
prerequisite for flutter prevention. Remarkable about the
HAHDIS Mk. 2 concept is its ability to attain high frequency
response, since, unlike the conventional servo-valve-based
systems, it is not based on hydraulic switching. Additionally,
since the active material behavior is directly coupled with the
airstream response, opportunities for reactive power recir-
culation can be explored.

CONCLUSION

The feasibility of solid-state actuation of helicopter servo-
flap for rotor blade active control was studied theoretically
and experimentally. The design requirements (force, dis-
placement, and energy) for this application were identified.
The capabilities of commercially available induced-strain ac-
tuators were reviewed and the energy feasibility of the
induced-strain actuation was established. To achieve imple-
mentation of a large-displacement induced-strain actuator,
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Figure 13. The proposed HAHDIS Mk. 2 solid-state actuator proposed for implementation in an actual helicopter rotor blade application: (a)

the solid-state hydraulic drive; (b) the modular rotor blade implementation.
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the hydrostatic amplification principles were adopted for ex-
perimental confirmation a full-size hydraulically-amplified
high-displacement induced-strain (HAHDIS Mk. 1) proof-of-
concept demonstrator was redesigned and built. The
HAHDIS Mk. | demonstrator was subjected to static and
dynamic testing in CIMSS laboratory. After initial testing,
improvements of the HAHDIS Mk. 1 device were im-
plemented to reduce the internal frictional losses. The im-
proved HAHDIS Mk. la actuator was subjected to extensive
dynamic testing in the 1 to 30 Hz frequency range. The no-
load frequency response curve showed excellent behavior
over the full frequency range, in spite of the power and cur-
rent limitations of the electronic equipment. Further tests us-
ing a realistic inertial load were also performed, and fully
proved the capability of the HAHDIS Mk. la actuator to
achieve full flap actuation over the required frequency range.
For in-flight implementation of the HAHDIS principle, a
modular HAHDIS Mk. 2 conceptual design capable of in-
stallation within the restricted space and geometry of an ac-
tual helicopter blade has been proposed and discussed, and
its potential benefits in terms of high frequency response and
reactive power recirculation have been highlighted.
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