FF4eAE2es ] A6 & 13, pp. 11~19, 1996.
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g 4 qlev, ol FE AolE: % HEr)e o stoh wbe) Aepel e At Fobr] s RA
& el ol AA7IEAY A¥E s ¢ Abgo] frefstAIRt ZjA 7] ks el lew o]
9l “self-sensing actuator”Z o]&3 % g}, 7 o} 2o ozl s Hed g 2dle el gl =
271 o& EFAR FHE FAE A FH= Well A= obA7bA] ZH A d-7F AyHI 3
A o171 o AA Bl o] &gk AP AFHpE o] EH

Ag7)e] Ale] gjHeg AbgsiA 2 Ag,

AAA] mH A g T Fugo TR REES
YAl FAAIFIEE, At R=BR Qs H 3]
2 Alx"lo] HokaAls) x| spillover A4S s}
ololx x]i=v], self-sensing actuatori= o]z{3g}
AL 7HRA " A A EE AETIE
Abg-stedd 4 A8 7FA = (stiffness) o} 7}&
ool Mgt A, A A g aEste]
g AolH-g ¥ = de AL Addstoof )
2| F7HA] AL A8 Foll A polymere vi-§- F
olo.

Z
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FIBER SENSOR
ARRAY FOR
PRESSURE

MEASUREMENTS

ADAPTIVE
VARIABLE-CAMBER
WING USING SMAPZT
ACTUATORS

EMBEDDED FIBER-QPTIC
PRESSURE SENSORS

DEFLECTION USING
PIEZOELECTRIC
ACTUATORS

: (b)
=

12/3=2232EB83 X A46d, A1z, 1996

WING TWIST USING
SMA TORQUE TUBES

d A7t Wel A gich.
2 oA P e PUAES S8
flutter 4] Alzwlo] -8347) 218 s} 7]
AGA ATl Bate] AFAXY g FE A
8, A4 o tfetel Adstut gl

fl

2. AW Z 2| &FT[olel &3 of

2.1 X5 Y74 (Smart Wing) 7{dt
Northrop Grummana}e] &= A4S 27 A

FLUTTER
SUPPRESSION USING
HYBRID CONTROL
SURFACES

SURFACE
CONTOURED USING

(@) A& 27 7id, (b) =& 27h A9 5A
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Al HEsled 7)ol Aes FAAIZ) A
“smart materials and structures-smart wing”o| &}
o 3+ 7} ARPA(Advanced Research Project
Agency) o] Aoz x3 Folo}?, shHAEe =
A& AH8- A-$ 7l (adaptive wing) & 73zt
e 7o) A7 Hxold, o]F s 1dA=RE F/
A-18 7] e 1/10 B ARS-s AA Ad
2 & AFolx, ] o}zl 2xdA A= full-scale
modelol] $4& A&z glck AZ PN 7EH
d Mde mAdFe] AFE7Hl H437] H 3
sensing/actuation system% 7}l AS F X%
2 3tz 9lew, o|F fste] 1™l 1(a), (bt 3
& e FRES A Aot 1/10 2l A
SA) 722} sk RS ZIES (1) 2 vl 274
g5 Ao ¥z FHd of&n|(lift drag ratio) &

7] Sla SHaAESE AA, (2) dHEe ZrH7)
71 $lsl EA) Aol wrgko o] wIEY (twist) & A
o] 3} 7] ¢ 3 SMA (shape memory alloy) torque
tube &=, (3) AA]7ZF A &g} fiber sensor
o] 8 Fot 34, (4 A zHEoIe A& 2
He FAl A% 554 E2E oA (active
flutter suppression) Aj2~e] A & wa3sz 9]
28 1(a), (b) =],

o]¢} 7+ ASW (adaptive smart wing) = 7]
A o @ MAW (mission adaptive wing), AFW
(active flexible wing) o] 3 3B ol= B} =y
A J1ee H4eE UM AT ¥ 5 gled
Table 1o] 2oFel AAY AL3E s oy
Aol & B FA o] Arh.

1 A @ 7leA o)y B A

Technologies

Payoffs

Risks/Issues

1. Twist adaptive wing design

- Provides high lift

— Short takeoff and landing
— Short runways

— Short decks

— Increased payloads

(Passengers/Weapons)

- Limited torque actuation by SMA
- Fatigue life not well established
- Low cost material processing yet

to be proven

2. Adaptive LE & TE control sur-
faces

- Provides optimal L/D
Ratio at multiple
Flight conditions
— Enhanced maneuver
capabilities
+ Provides minimum drag for multi-
ple cruise conditions
— Increased renge
— Decreased operating cost

+ All of the above
- Required actuation rates for

maneuver (up to~10 Hz) may be
difficult to achieve

« Thermal management needs to be

addressed

3. Distributed fiberoptic sensors for
pressure measurements

« Improved flight contral system
stability margins
+ Redundancy for operation of
damaged aircraft

- Multiplexing, fabrication and data

processing of large array of sen-
sors are yet to be demonstrated

4. Active flutter suppression and
load alleviation

- Enlarged flight envelope
- Improved ride quality
- Improved maneuverability
— Roll rate, pitch-rate, sustained
g levels

- Hybrid SAM/piezoelectric

actuators with high actuation
retes (50~100 Hz) and higher
power need to be developed

“Smart wing” desing incorporating
1 thru 4

- All of the above

+ Reduced structural weight

« May reduce need for wvariable
sweep wing

- Severe A/C operating environ-

ment

« Optimal integration of above tech-

nologies

5 =3
St=agz

SSEIX A 64, A1z, 1996313
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2.2 Flutter SuppressionS &t otd ZZ57(9 ol

Heege $HHAEE 2572 o]43te EolE] o
AE HE A2"E Al ol FEAEE 53
74 wA Aok, gt By Jdy) mdg
AAstRa F2E JAE A3 e AA A
g 5 U=E 2dE T8 24¥ Azteedd, 1¥
3ol ¥ 7R3 2 AJARlE oF 580 in/sec(F3p
9.4Hz)o| A Felej7} s, AE7E °)
43te] EejE $5E5 697 in/sec(F3t4 9.7Hz) 2
ok 20% =72, ¥ 4= £ 5 575 in/secefl A
Mez g Hs)ze] wWel(strain) FHE ep
sloh, ¥ Sl 1o] o] W AHEA A Ast
siedl 7 At vlg- A dAsa leE B &
o AA SN A
AL ol &g 7}

S ®Wsste] FEEE AT
U‘l— 3g

A Hellxs AV YR

Adjusts up and iezoclectric
down to change actuator
cffective length of <.
plunge spring Q
) H Plunge sprin
g spring
b tines
\
. K Clamping
Wind 1IN block
tunnel §
ceiling Pitch
spring
N | N .
Bz G : AP LA NI I SIS, L i
. AR R RN .
Wing Q\}\\\\\\:}\\\\& , Velocity

output,

Si :’Zinn. 0 MY&&:WNL?{}WWM(@MWWW#W#%

<
o

4 6 8
Time, sec

a3 3 JH3= SeE A A (EeEH £ = 580 in/sec)

143 m ST SSEE X A 6 F, Al 1%, 1996

stiem stdAse] H4 rMsAS Ao A
ol A FHI ubslr}, o] AAE EdE Sz Al
o BelS o) & o U2 & (aileron) 7 gbA =}

.08

Open gt
loop
04

Strain .Ozl

gauge
output,
Voo_02}

0 1 2 3 4 5
Time, sec

Strain .02
gauge

Vo_m

-4

0 1 2 3 4 5
Time, sec

Y 4 EE 575 in/secolAo] s 3t A2
3z Wel e

— Open loop analysis
* Closed loop analysis
O Open loop experiment
0O Closed loop experiment

e e e S O LI e e e e e
13r . .
Natural |y Pitch 4
frequency, 5 t\o o

Hz

T+ Plunge e

3 SO0 T O W

0 100 200 300 400 500 600 700
Velocity, in/sec
AT T T T T

Damping - ** b
ratio Ml
* -

*

[ S S B | ok

0 100 200 300 400 SO0 600 700
Velocity, in/fsec

a8 5 ol2d R 4¥A EeiH £ a4 A%
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1% G AgR BeE d¥e ANHE 9

2 4

2% 6a)e AA @ ZReld 3 2HE7| e
= zabslr] sl A zbsl PARTI(piezoelectric
aeroelastic response tailoring investigation) % 4l-&
HoyF5 qlep®™®, PARTI w2 1 ZHel7} 5 feet,
1/4 A9l Ale] FE|zte] 302 AA47]¥ 7R e
olty, F FEEL «Fu|E honeycomb Aol =
2AF A8 [20/20/0]s HFHE HEAAIFHS
o, f2 AFE AR dHE F 68 R3] @
N A¥s At 2" 6(b) Fx] FHA A
1% f8 & 72709 HHARE QA ol 7

AAeA, 2] 13% A 66%7FA] F-2hsl o,

)
flo ol

¥ EAES AdHez Agsich AA 2
wAe 63%F HAER 3, AdE & ¢

DETAILED SKETCH OF THE PARTI
WIND TUNNEL MODEL

FLUTTER STOPPER
MECHANISM

DEPLOYABLE
TIP MASS

TRAILING EDGE
CONTROL SURFACE

MOUNTING SYSTEM WITH
CONTROL SURFACE MOTOR

Fiberglass Aerodynamic Shells

N -
X/ Flap

a8 6 (a) PARTI ¥% @ 4 () #24+% 59
3]

A sel b= 2 Ak 200 voltsgich, E#
BE oAsk7] Sl SPaEE9 Wtk 25w
% Abgelgiisnl 29 (el Hal FEEe] gle
o, 1 37 Alfek Aol 7t 20%elth AY &
F ZEH o3 mde] I wx|str] $s}ed,
flutter stopperd 1% 6(a)xg Is) Lo A3},
S E7E A tip massE dHe] FA A 9
22 Hy o] FAA oF 30% HE EHEH £EF F
7HA A mdo] kAl EE AdA st
Z 7208 sbA #ErlE EA R 2HEA]7)7)
dle A7) AA, Ay z7] T FAAH] ]
A AA 15709 1F 8 B-FEgal, )& o] A
FTEREE 7o 5709] supergroupl g HEa&] =
712 ARkt A7) 2E a2y 7el 241" R
A e &R FAolsh 1070e] AEd Aol
Ag wastel Agsalth A4 AEAY Avhs
23 8o A JEd, A 4l AFFas
o ol&A ) A7t 3% W Ao Axsty g
& HoF3 on,

chekg Alo71He Abe-ste] Al AYEE el
2 glew AF7kA e AR F ulxA ’
&5} Zrt,

(2
>
o
b
.

CONTROL LAW
* Single Input, Single Output
%6 State LQG Design
* Low Pass Filter at 50 Hz
* High Pass Filter at 0.01 Hz
* Sensor : Strain Gage 8
* Actuators: All 15 Piezos

Aok e Alojol 2% AHgsin RE W 257

APPROXIMATE LOCATION OF ACTUATORS AND
SENSORS ON THE PARTI MODEL

Piezoelectric
Actuator (with
group number)

Q> Strain Gage

Accelerometer

0% 7 PZT 2%, ~E#al Aolx], 7HEx e 9%

FRLBTSSHEAX A 649, Als, 1996315
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g shte] z2HEr)g, a8]a §H AEHQ Ae)AE
(29 7 #x) AAZIE AHEE o] e A
2o A9 Fels} oF T6psfollA s},
Y 9% 60psfe] Fxollx] AEH<Ql Ao]x]2 ukg9
PSD(power spectral density) & 7§32, #H3z2 =zt
Aol Wate] EAlsta olvh. A zel Aol HiA
7} RE R wlsle] <ok 75%, RMS(root mean
square) Zfo] 7R3 2ol v3ted <k 70% RE=Z viel
v ek 28 100 = wHste] wE wkg-o
PSDE #Aleta sl=dl, &%7b F7hstedl w2} A
S 20 AFREs N2 ATea 9lov ey
W GE R2e)A) skt mow FeAn U8
y.hoJ_ vk 23 118 AFES F8 A2 s
A3 2ol 49 o] mHE AFFTGe] W3
Foutetdi s oledl, 2d 103 Wlawd o 3
Fo& BojFa Qv H IR FE EA
E= oF gepsf2 NI E Zely HEXHTh oF 12
F7hekdch. Ag7bAe] AdE S HARE E
HE AAE 93 =AHErE 24 5 ke ks
A RHo] F3 glx|ul, AA A-L4¥ powers FA
b gAleh mgHom Aojals] fi@ e
AAE AARste FAS G2 Ao & A=
otz Hwow, #FF AR NEE A7y
neural network 7|¥& A}£3F AL Astz 9)
tHay 12 =),

ol J?‘.l )('
N

o0
2 JH flo i f e

2.3 F/A-18 &&7|2 Gust Load Alleviation
ddle] zA% AF7E v Z gzl F
4 9 YL T e, o]E s Fd

16 /8t 2ZESSEEXL A 64, Al1E, 1996

CONTROL LAW A
Strain response at 60 psf

- Open Loop

— Closed Loop
PSD

(e 2z 107 E

10

100

-1
109 5 10 15 20 25

Frequency (Hz)

Peak Response Reduced by 75%
Compared to Open Loop Value

RMS Response Reduced by 70%

2 9 &% 80 psfoll4] sRFZ W HE oA &g}
=1l

Dynamic pressure
60 pst
75 pst
- 83 psi

Frequency Hz

28 10 SEHse] e 5z Aame s se=

CEE]
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FLUTTER RESULTS: OPEN LOOP AND CLOSED LOOP

15.0 CONTROL LAW A
Moge 11 Mode 2
] Open Loop - e
Naturai Closed Loop| - -+
Frequency
(Hz) X
5.0 i .l
I
, L ' 5% 8%
0.0+ + t + al Increase Increase
50. 60. 70. 80. 90.
Dynamic Pressure (psf)
Normatiized
Flutter
Dynamic
Pressure
Open Controt  Control
Loop Law Law
A B
|
a7l 11 AR Y A 2] AE Fug W)
PLAN FOR AEROELASTIC RESEARCH USING
SMART STRUCTURES CONCEPTS
Aeroelastic Response Tailoring with
Distributed Piezoelectric Actuators
Buffet Load Alleviation
Wing Shaping
« Transonic Drag Reduction - Purdue University
= Aeroelastic Wing Shaping - ARPA
TEST DEMONSTRATIONS
1994 1995 1996 1997
A AT A W A W A ® | A
PARTI PARTI Gain F-18 ~ On-Line  F.18  pigyributed  ARPA Wing .
i Distributed
Open-Loop ~ Closed-Loop Updating Buffet Learning Buffet  piezos/N-  Shaping Test Prezos! N.
Test Test N-NetFS3 Open- N-NetFSS Closed-  Net Controt C i
Test Loop Test Test [oop Test Test Ne(T or:tro
es

8 12 PARTI 2219 &% A3

o) & n|AAZ 7Y, = buffet loads7} WAFste] 4= z2HZ7]2] power -fA]/Hp ML 9 AHojA]xEle)
=) me] ) (vertical tail) =27} o akg Wil ¥ AT 58 APl A7) A= ik oA
A F/A-18 &-37]2] A-¢ olhz2 dA} ofFoll 2 A AjzEle] @A e ol FAIH whe} o]
gzl &4 AV 1 el dEE 5 gle FeFol 20 Ibs, & A Edha A Lgle] 7|Ee] nE

W, 32 GAASE ol 4T FHY AIE YO @A el A S glefof qhrhi 2ol Stk
# buffete] sl WARE AF A4S A7) 9l a3 Ahgs sl AT AR 200 Volts, A48
@ AT7E A Folth © Alzw] Auabgel A % sl M3 powert Al powere] 1%Z A%}

£ 27) e dF AR Tz glow, 2 gk
I2ASHSZ2EEX A 649, AlE, 19963717
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Functional Requirement

Performance
Bandwidth
Disturbance Rejection
Damping
Robustness
Load Level
Max. Strain
Max. Load
Operating Specs.
Max. Voltage
Max. Power
Processor Req.
Operating Temperature Range
Physical Specs.
Max. Added Weight
Geometric Constraints

1 to 100 Hz

509 RMS reduction in strain
Mode 1~609, Mode 2~20%
TBD (5% freq., 2% damp)

TBD(1%)
TBD(0.078 PSI RMS pressure)

<200 Volts

TBD(< 1% of engine power)
Commercially available card or chip
-67 F to 185 F(-55 C to 85 C)

<25 lbs.
Must fit within tail skin aerodynamic
surface and internal structure.

‘mlﬁi QutDist OL and CL SG TFs: OL RMS = 21114005 CL AMS = 1.475e-00S

10 T T Y

I3
.
e
>

Meag. PSD

a3 13 (a) ¥8 #H49 2€e=dy

a¥ 138 AljAx®le] A ARE He] F3
ek 2™ 13(a), (b)o) 7isl=, w326y H
9 (strain) ] PSDe} 7 Eazle|xe wale PSD
£ A7 ZA1E 3 glok FAAE AR Al
WS At oF 30%=] W4 RMS zhaxs} oF 58%
9] mole RMS9] 74 &xr} gle 2oz ey
I, Power 2! Aglel tidt 87 Alge 2o
o, A&Ele] Aoz o FFe o 8% e
Ao d&F3a gy, H4 ZdE Ahgste] AlA

18822 STESEIX /A6, 13, 19964

4

10 T T

ase1c51 QuiDist O and CL RM TFs: OL RMS = 1.905+004 CL RMS = 8.03364003

Mag. PSD

(b) &7 #eoljxje] welEe sty AdEF

AYE AT ALolAT P B A A 7}
SHE HoFE = shhe oo,

3.3 3 &

AEAA Y 27 Wl FH wyetd Alolg
A GAAEE 45712 AHgete ATE obfe
S EsA A3 heAe 2487 99
AF4 FA7L AAAT Aok & Feld dg®
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o o= HAE o] & Il J¥ L FFAHo
zAFo N AFEHdA ML Fo|7] $1F o
7 (transonic drag reduction with piezos), }Az]&
ZHgdte Alojds Fasle] deFE ZEol=9
AEE Astr] 3 A A, Fgr) 98 2
gl ofs] A== ERHAL Adshr] 9
A2+571E AH&-§ pylon decoupler 4A 5 chokgh
Eobell A AT} Ha Qdch

A RE o} A7t Alojo] Heg FEI Ao
T fv A, F F2EY AR FAE x
o], 7H&-& Al M43, T TA T T
718} &8-S AR M2 AR o] 2FHT
ek 2Eja ARgel He3d d¥He F i
v A A AFEs 2w gy gl A
= dAsol F & FAFHW, ol i d7r}
STHI glen, A4 vhEAe]l B A$ A8
W74, Aol A5, WA 5 APl g &4 49
T A A7t olejd ez A& 3n
T8 (e AAbe PAAEe FFrlede Hew}
HE A diste] gy 22 dFe sk
“If we do our research properly and eliminate the

b

o
7

theoretically impossible, then what remains is oppor-
tunity.”
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