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ABSTRACT

A full scale Smart Material Actuated Rotor Techngyo(SMART) system with piezoelectric actuated bldidgs
was developed and whirl tower tested. The develepneffort included design, fabrication, and comenntesting
of rotor blades, trailing edge flaps, piezoelecaatuators, switching power amplifiers, and theadadwer system.
Simulations and model scale wind tunnel tests hehvawn that this system can provide 80% vibratiotuetion,
10dB noise reduction for a helicopter passing oeaih and substantial aerodynamic performance gaftsrl
tower testing of the 34-foot diameter rotor demaoatd the functionality, robustness, and requiretharity of the
active flap system.

The program involved extensive development work eskl reduction tests which resulted in a robusghh
performance actuator and a tightly integrated actydlap, and blade system. The actuator demaustt excellent
performance during bench testing and has accunuitater 60 million cycles under a spectrum of loaglin
conditions. The flight worthy active flap rotorddies were based on a modified design of the FAAifoedt MD900
Explorer production rotor blade. Whirl tower tesgiwas conducted with full rotor instrumentationdeaan 5-
component balance. The rotor was tested for 13$ander a range of conditions, including 7 houtrflap
operation. Flap inputs included open loop statid @ynamic commands. The flaps showed excelletiiarity

with oscillatory thrust greater than 10% of thealg baseline thrust. Various flap actuation freggyesweeps were
run to investigate the dynamics of the rotor ane tlap system. Limited closed loop tests used habelerations
and hub loads for feedback.

Proving the integration, robust operation, and atitly of the flap system were the key objectivestrg the whirl
tower test. This success depended on tailoringpibeoelectric materials and actuator to the aggian and
meeting actuator/blade integration requirementsstTesults demonstrate the feasibility and praditic of applying
smart materials for limited authority, active casiton a helicopter rotor. Follow-on forward flighemonstrations
are needed to quantify the expected significantrompments in vibrations, noise, and aerodynamiéquarance.
Extensions of this technology are a prime candidaten-blade flight control, i.e. elimination ohe swashplate.

This program was performed as part of DARPA’s Sniaterials and Structures Demonstrations. Fundvag
provided by DARPA, The Boeing Company, NASA, ane t1.S. Army. Additional cost share funds were pded
by the University of Maryland, MIT, and UCLA.
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1. INTRODUCTION

Vibration, noise, and aerodynamic design compromismtinue as barriers to further improvementsffeaiveness
and public acceptance of the helicopter. Bladditrgedge flaps actuated by in-blade smart matextauators have
emerged as primary candidate to dynamically alierlilade structure and apply limited authority @etcontrol to
achieve significant improvements in rotorcraft mgrhance and mission capability [1-5]. Simulatiarsd model
scale wind tunnel tests have shown that this systamprovide more than 80% vibration reduction, BGwbise
reduction for a helicopter passing overhead, arfzb&ntial aerodynamic performance gains. Resuligngefits
include a jet smooth ride, improved community adegge, as well as significantly improved life cydest,
productivity, and fleet readiness.
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The overall program objective was to develop theht®logy and demonstrate that smart material aetuéiaps are
feasible and practical for high bandwidth, limitadthority active control of a helicopter main rotdFhe MD900
Explorer twin engine, light utility helicopter waselected as demonstration vehicle. Its state-efett 5-bladed
composite, bearingless main rotor system was meditd include in-blade piezoelectric actuators &adling edge
flaps, Figure 1.

Concept development and design support tests warducted during Phase | of this program [6]. Therent
Phase Il effort included design, fabrication, amponent testing of flight worthy hardware and widawer testing
of the integrated system. Primary components efdiistem include the blades, flaps, piezoelectecks and
actuators, switching power amplifiers, and data/posystem. Their development and results of thé@Mbwer test
are presented here. Additional details of the wpekformed under Phase Il can be found in Referencé?.

2. ROTOR BLADE AND FLAP DEVELOPMENT

The basic characteristics of the SMART rotor arewh in Table 1. Primary design objectives for tinedified
blade and the flap were to minimize actuation regmients, match the baseline blade dynamics, andwiza
weight. A key constraint was to use the productidade tooling with only minor modifications. Sewgary design
objectives were simplicity, modularity, and thexXikility of the blade to serve as a test bed faleahate actuators.

The blade design was modified to carry the actuatside the spar cavity and to add provisions fayunting the
flap. A short link connects the actuator and fldpetails of the blade, flap, and actuator integratare shown in
Figures 2-4. The overall layout of the hardwarenpmnents is shown in Figure 5. Several changegwaade to
the blade construction, including replacement oééhglass plys with two graphite plys in the spelimination of
the outer veil ply, and use of light weight honeyal core in the mid-section of the blade. Reinfaremnts were
added to provide attachments for the actuator gaadtess cover, Figure 6, the actuator mounts,thedlap
supports, Figure 7. Leading edge weight was addedaintain chordwise balance, Figure 8. Bladeiinal wiring
was provided for actuator data and power.

The flap parameters, Table 2, were chosen to mirénaictuation requirements. Because of the flaptlertgree
intermediate flap supports are required to cargyfthp loads. The flap is aerodynamically balanaedrder to
lower the aerodynamic hinge moment and thus theatot force required. The flap is also mass batahcFor
maximum torsional stiffness the flap is constructesihg +45deg graphite plys. The radial locatioasrchosen to
provide both vibration and noise reduction. Cefiyal loads are transmitted to the blade usingresiten-torsion
rod. A flexible link and a rod end bearing transgnfie actuator output to the flap horn. A seridgests were
conducted on the flap, flap link, and tension-torsrod to confirm properties and to provide qualiiion data.

A prototype blade, flap, and actuator were fabreghand used to confirm fit and function. Integitesting of the
assembly together with a switching amplifier proqme established the validity of the design. Actué#lap
performance under a range of blade deformationsveldono degradation. Blade stiffness and free-frequency
tests confirmed that the complete blade assembbjuding flap and actuator, closely matched thectias blade.

3. PIEZOELECTRIC ACTUATOR AND AMPLIFIER DEVELOPMEN T

Actuator design considerations include a high epetgnsity, high bandwidth smart material to meedtation
requirements, an efficient mechanism to providelstramplification and minimize losses, and low vokel In
particular the actuator height must be small tarfgide the blade spar. Furthermore, the actuatost be robust and
withstand the blade elastic deformations and dyrdoading of 6509 steady and +30g cyclic. Modehlscrotor
tests were conducted and established the feagihilitl benefits of using piezoelectric actuated blédps [7,8].
Aeroelastic simulations showed that +2deg flap @etibn are sufficient for vibration reduction aghi speed and for
noise reduction [6,9,10]. This corresponds to atuator output of +43Ib and +0.032in, including semllowance
for losses. For design purposes a nominal flapea¢ibn of +4deg with an actuator output of +63lbda+0.062in



were used. Maximum operating frequency was chasetine rotor (N+1)/rev, i.e. 6/rev or 40Hz for tthisbladed
rotor, as required for vibration reduction.

Piezoelectric stack actuators were selected adriligrg element. Several low and high voltage &mwere tested
[11-15]. The latter provided better performancel amore flexibility with respect to fabrication ofifferent
geometries. A custom made, high voltage stack sedscted. A number of these stacks were extengiesited
under a range of electrical, mechanical, and théaoaditions. Both performance and fatigue tegisa 150
million cycles were conducted. Fatigue tests weneat elevated field levels (2.9kV/mm) and meclahpreloads
(6ksi) with outputs 75% larger than commerciallyaélable. These tests demonstrated that domain mallement
within the piezoelectric ceramics can be used witheny significant degradation over 150 million &y of
operation.

The actuator mechanism was based on the x-frameagirj7] with two actuators working in parallel,u the 2x-
frame actuator. The two x-frames are actuated £80ulit-of-phase in a push-pull mode. The actuatarcture
provides stroke amplification, a means for preloagthe piezo-ceramic stacks, and provisions for nmimg in the
blade. Three prototypes were fabricated and testexqbtimize performance and durability. The fibtotype used
low voltage stacks and validated the concept [1Thad marginal performance but showed excell@fiustness
during spin testing. The second prototype wasestalp by 15% and used custom high voltage stacksirg 9.
Several features were added to facilitate assenglgance wear characteristics, and improve mouritirtige blade.
A third prototype with improved structural charadstics was developed, Figure 10. It demonstragecellent
performance during bench testing, Table 3, and aedated 66 million cycles under representative &leal and
mechanical load conditions. This corresponds td Béurs of operation at 5/rev. The actuator anddbetest rig are
shown in Figure 11.

A switching power amplifier was developed to drithe piezoelectric actuator. IGBT (Insulated-Gatpdar
Transistor) switching at 20kHz and capacitive eryestprage [18] provided the efficiency requiredneet the
volume and weight constraints for flight testintn terms of power density it represents a four-foldrease
compared to previous models. The amplifier maximomput was -300/+1200V and 3A for capacitive loadis
47F. A prototype amplifier was developed and usedtive the flap system. Based on test results,désign was
enhanced by adding noise suppression filters, plingi better thermal protection for flight testing ot days, and
improving modularity.

4. FLIGHT HARDWARE FABRICATION AND TESTING

A complete set of 5 flight worthy blades, flapstaators, and amplifiers was fabricated for whidtieg. In addition
a spare actuator and a spare blade for future presastrumentation were fabricated. Five actusiwere tested on
the bench to establish performance, stiffness,ratdral frequencies. In addition they were rundoe hour to seat
the components, let the preload settle, and bredke flap link rod end bearing. After installation the blade, the
actuator/flap system was run to establish basgigrformance, natural frequencies, and to breakénflap bearing
surfaces. The blade installed actuator/flap systataral frequency was 98Hz. The pitch inertiasbflaps and

the free-free frequencies and pitch inertias oftieess balanced blade assemblies were also detetmiriee overall
blade weight increased by 5Ib, an increase of 9%éight and 15% in spanwise moment compared tdoteeline
blade. The chordwise CG remained unchanged at27 Bihe completed blade assembly is shown in Fidize

5. WHIRL TOWER TEST
Whirl tests were conducted at Mesa in a whirl caging the Large Rotor Test Stand (LRTS). The LRm8udes a
1500HP motor, transmission, strut assembly, a Sgament rotor balance, and the rotor flight contrélgyure 13.

This test stand has been used in a number of vidnver and wind tunnel tests of several differertors.

Test setup started with installation of the testrst, motor, rotor balance, and rotor hub in thenmtédge. For the
SMART rotor test a hub mounted data acquisition andtiplexing system, Figure 14, and a slip ring fotor data



and actuator power transfer were developed. Farlwdwer testing the slip ring was mounted belouet
transmission. A total of 45 rotating system paraeng were monitored, including 23 blade bending tordion
loads, pitch link loads, flap loads, flap actuathsplacements and loads, and piezo stack tempesatBixty fixed
system parameters included 5 balance loads, maslithg, control system loads and displacements stestd
accelerometers, and flap actuator electrical d&taaddition, the test stand health monitoring systtracked 25
parameters. A total of 130 parameters were reabrdgetup and calibration of the instrumentatiosteyns and
programming of the data acquisition and displayteyss represented a significant effort.

All flap inputs were made as direct voltage commsinding a dSpace controller card in a ruggedized B@ftware
for processing of feedback signals, limit monitayjrautomated shutoff, and the various open andetidsop
control modes was programmed in Simulink. Amplifisterface electronics were custom designed aritf tou
distribute and filter input commands, filter theghivoltage actuator command outputs, and providerod, sensor,
and shutdown circuits for the 28V power supplies.

The rotor was tested for 13 hours, including 7 hoaf flap operation, under a range of conditiofdgures 15 and
16 show the rotor installed on the test standtidhruns were made for rotor tracking and balagcirBaseline rotor
data was acquired for collective control sweepsap degrees, cyclic control sweeps up to +2 degraed rotor
speed sweeps up to 107% overspeed. The flaps egeated open loop with static and dynamic commanm®
+500V and 6/rev (6P). The flap phasing was alsde@ The flaps showed excellent authority witlcitigtory
rotor thrust greater than 10% of the steady basdiimust. Various flap actuation frequency sweegse run to
investigate the dynamics of the rotor (up to 80ldmyl the flap system (up to 400Hz). Static operatidall flaps or
one flap only were run to investigate the possigibf using the flaps for blade tracking. Testshvstatic
commands to one flap and dynamic commands to therdbur flaps were run to simulate the case whare flap
actuator was inoperative or experienced a hard-oveiew cases were run to explore closed loop caanas, using
either hub accelerations or balance loads for feelb Last but not least, the active flap systenswan
continuously for over two hours without any perfante or thermal issues.

Figure 17 shows the change in flap deflection witkor speed and collective when no voltage is agpto the
actuators. At zero speed and collective the fleflettion is zero; small differences due to flagging are not
shown. Itis seen that the aerodynamic loadindhenflap due to increasing rotor speed and du@todasing
collective compensate such that the flap deflecisorero at 100% Rpm and 8deg collective. Takedividually,
changing rotor speed from 0 to 100% displaces thps0.75deg trailing edge down. Changing colkezfrom 0 to
8deg displaces the flaps about 0.75deg up.

Static flap inputs were made at 0, 4, and 8 degosdiective. Figure 18 shows the flap deflectioarsus applied
static voltage at O and 8 degrees. Applying 400t¥deflects the flaps about 3 degrees. The dita show a
certain amount of hysteresis in the flap deflectidrhe effect of static flap deflections was mosbminent in the
pitch link and blade torsion loads. It was als@gent in the blade flap bending loads, whereastiwed bending
loads were largely unaffected. The change in bladsion loads at four radial stations (51 to 185iRigure 19,
shows significant flap authority even for the statase and indicates the possibility of using tlap$ for in-flight
blade tracking.

Dynamic flap inputs were made at rotor speed midtipequencies of 1/rev through 6/rev at a rangealfective
settings. Initial runs were made in the ‘sine’awllective mode with all flaps receiving the san@numand at a
given time. The majority of runs were made in tharmonic’ mode with flap inputs phased azimuthadlych that
each flap receives the same command at a givenwhinfigures 20-22 show the cyclic flap deflectiand
harmonic component of blade torsion moment atgtatlin and balance normal force at the excitafi@guency
for 8deg collective and three voltage levels. Figllection amplitudes at +450V are about 3deg apdroach
3.5deg at 5P as a result of flap/torsion couplifigure 20. The flap inputs result in significarialde torsion cyclic
loads, Figure 21. With loads at 5P about twice libeds at 1P and 2P, the effect of the fundametmadion mode is
evident.

The best indicator of flap authority in hover afdeanges in rotor thrust. Oscillatory thrust prowsdedirect
assessment of changes in the blade aerodynamimipdde to blade geometry changes from flap inpialance



normal force results, Figure 22, show that withranic flap inputs the rotor acts as a filter andyoB/rev balance
loads are seen. Applying £450V at 5P results BRanormal force of 5501Ib, or about 10% of the noalisteady
thrust. This level of authority at a medium valogdriving voltage exceeds requirements and indisdahat the flap
system should be able to provide the expected tinmanoise, and aerodynamic improvements in fohiéight.

One advantage of the flap system is that it is ctetgly independent of the primary control systend énot flight
safety critical. Various tests were run to investie the system behavior with one flap inoperativat full static
deflection (hard over) with the other flaps opengtnormally. No problems were observed, but airfeavibration
levels would certainly increase should such an ¢eeaur on an aircraft. To further demonstrateustness, the
flap system was run continuously for over two howsithout any issues and no degradation in perforoganAfter
completion of the whirl test the flap system wasbk tested, disassembled, and inspected. Perfaenaatched
data taken before the whirl test and no signs of imterference or undue wear were found.

6. SUMMARY

A full scale rotor system with piezoelectric actedtblade flaps was developed and whirl tower testEkde
development effort included design, fabricationd @omponent testing of rotor blades, trailing edigps,
piezoelectric actuators, switching power amplifiexad the data/power system. Whirl tower testifighe 34-foot
diameter rotor demonstrated the functionality, reimess, and required authority of the flap system.

Proving the integration, robust operation, and atitly of the flap system were the key objectivestrog the whirl
tower test. This success depended on tailoringpteeoelectric materials and actuator to the agian and
meeting actuator/blade integration requirementsstTesults demonstrate the feasibility and praditic of applying
smart materials for limited authority, active casiton a helicopter rotor. Follow-on forward flighiemonstrations
are needed to quantify the expected significantrompments in vibrations, noise, and aerodynamidquarance.
Extensions of this technology are a prime candidaten-blade flight control, i.e. elimination ohé swashplate.

Specific conclusions are:

1. Model scale rotor tests demonstrated the feasjtalitd benefits of piezoelectric actuated trailirdge flaps.

2. High voltage custom piezo stacks can be drivenigi field levels and mechanical preload with outpidb%
larger than commercially available without affegfidurability.

3. Ahigh energy, compact piezoelectric actuator fpemtion in the rugged rotor blade environment was
developed. Performance and durability were dentatestl in extensive bench tests.

4. A high efficiency switching power amplifier was deloped. Power density was increased four-fold carad
to previous models.

5. Aeroelastic simulation models for the flap systermrevdeveloped. Results showed that 2 degreesipf fl
deflection are sulfficient for vibration reductiohldigh speed.

6. The actuator/flap integration into the blade wasimjzed for performance, weight, matching baseliede
dynamics, and using production blade tooling. kedition methods were developed to embed actuatdiflap
supporting structures as well as data/power wiimthe blade.

7. The robustness and control authority of the flapteyn was demonstrated in whirl tower tests. Therwas
fully instrumented and an extensive data set ofiatir performance and rotor loads was obtained.

8. Actuator authority exceeded requirements. Flapasdtl oscillatory rotor thrust was greater than 1606
baseline thrust.

9. The SMART rotor system is ready for forward fligémonstrations.
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Table 1: Rotor characteristics

Rotor blade modified MD900
Hub type bearingless

No. of blades 5

Radius 203.1in

Rotor Speed 392 rpm

Chord 101in

Airfoil HH-10, HH-06
Twist 10 deg

Torsion frequency 5.7/rev

Table 2: Flap data

Radial station 150 -186 in
Length 36in

Chord 3.5in

Hinge location 75% of chord
Horn length 0.75in

Max. flap angle +6deg

Table 3: 2x-Frame actuator characteristics

Blocked force 113 1b
Free stroke 0.081in
Maximum work 2.28 in-Ib
Voltage 475 £ 725V
Weight 2.161b
Specific work 1.1 in-lb/lb

Actuator

Figure 1: MD900 blade with embedded piezoelectric

actuator and trailing edge flap
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Flextural Rod End Linkage w/ Flap Stop
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SMART Actuators

Tension/Torsion Rod

Flap Rention Strap

Inb'd Flap Support
w/ Integrated Link Egress Tunnel

Actuator Mounts

Figure 2: Blade, flap, actuator design integration
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Figure 3: Actuator, flap link, tension-torsion rod



Flextural Linkage -
Rod End Bearing
X-Frames Blade Spar
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Figure 4: Blade, flap, actuator cross-section (A-A
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Figure 8: Leading edge wrap closure and balance
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Figure 6: Blade spar fabrication Figure 9: 2x-frame actuator



Moving Frame

Figure 12: Smart rotor blade assembly

Figure 13: Large rotor test stand (LRTS)
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Figure 14: Rotor hub with data/power transfer unit
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Figure 15: Smart rotor blade on whirl tower
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Figure 21: Blade torsion moment harmonics at
station 71in at the excitation frequency for three
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