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Composite Sandwich

Research Issues:

1. Characterization of appropriate ambient energy

2. Characterization of sensing, harvesting, actuation, associated
electronics

3. Validation of reduced energy control laws with limited energy

4. Validation of autonomous gust alleviation system
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Experimental
Characterization of
Transduction Abilities
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Experimental Setup for Transduction Characterization of QP and MFC
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Simulations of Normal Vibration and Wind Gust
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Validation of QP 10N Two Mode Harvesting
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Validation of MFC Two Mode Harvesting
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Experimental Results of Transduction
Characterization

Hamilton Principle Governing
Equations

[(81,-8U +6E, +5E, )it =0. m)
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Cl’th+ih+9”17h:O
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Optimal length for Harvesting Effectiveness
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Design Consideration on Harvesting Effectiveness

Length [cm] 10
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Simulations to compare
power with active sensing
length, load resistance for
an MFC Sensor
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Design Consideration on Harvesting Effectiveness
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Experimental Validation of
Reduced Energy Control
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Experimental Setup for Reduced Energy Control via MFC
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Reduced Energy Control

Laws

beam w/ MFC Case I: u(t) > 0
r(l‘):- u(t) I X0 If u(t) <V,,, , connect to P1, then u=u(t) ;
4 Vet if u(t) =V, , connect to P2, then u=V,, ;

4| o P2 Case II: u(t) <0
@ TPl pung-bang if u(t) <V, , connect to P2, then u=V,,, ;

conventional .

controller if u(t) >V, , connect to P1, then u= u(t).

Design Methodology:
Cut off higher levels of actuation voltage by saturating control
sources;
Reduce the average actuation power input flowing into
piezoceramic actuator until control performance is reached
AEROSPACE ENGINEERING et Sosoetson oo o Sy ot S

22(8) pp.795-809 14/36
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Experimental Characterization of Control Performance
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Experimental Characterization of Control Performance
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Shows that velocity gain in controller does not effect performance
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Experimental Comparison of Control Performance
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Experimental Comparison: Reduced Energy Control vs.

PSF o
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current from REC
has sharp change
while the saturation
occurs, due to the
sharp switching in
voltage, and it drops
down rapidly after

saturation finishes
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Schematic Autonomous Gust Alleviation System

> X = Ax+Bu

s+Gwn

den(s)
Wind Gust Time Derivative

—» — du/dt

y = Cx+Du

State Space Model
Open Loop

X = Ax+Bu

Transfer Function :’dﬁ

Vector
i Concatenate
Actuator Voltage
0]
Sensor Voltage

Mij+Ci+Kn=1+6'7"+6'"
CV*+ 461 =0
CV' +i'+6'" =0
AEROSPACE ENGINEERING
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P y = Cx+Du

State Space Model
Closed Loop

—p{l Y

Modal Coordinates
Time Derivative

Assumed Mode Shapes

b Y

Modal Coordinates  Assumed Mode Shapest

>

Electromagnetical
Coupling - Actuator

o>

Electromagnetical
Coupling - Sensor

tip_disp_open
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Open Loop
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Closed Loop

(4]

Induced Current
Actuator
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Induced Current
Senzor

Ref: Wang, Y., Inman, D. J. (2012) Journal of
Composite Materials
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Experimental Comparison of Actuation Power to
reach 9% settling time

-
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Instantaneous Power [ mW |
(@)
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- s T ™
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— PSF Control Law
--=Reduced Engergy Control Law

0.7 0.8 0.9 1 1.1 1.2 1.3 1.4 1.5
Time [t]

__PSF__| __REC___|Ratio of Reduction_

Voltage RMS (V 100 82.3 18 %
Current RMS (mA 0.065 0.053 18 %
Required Energy E,, (mJ 6.6 1.6 76 %

Average Power P_, (mW 1.2 1.0 17 %
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Experimental Validation on
Multifunctional Composite
Wing Spar

AEROSPACE ENGINEERING

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII



Experimental Setup for Autonomous Gust Alleviation

AL

- BK9130
Li=34.5 mm L=94.1 mm L=561.5 mm__L+=393.7 mm TREK2220 Siglab 20-42]
I\\\ ANNANNN\Y J !\ e ‘\% e ,,‘7 =
X f;‘ —
Ls=119.5 mm

[ 1 A.QPI6N (Harvester, Sensor)
[ 1 B. Honeycomb Core Fiberglass
I C. MFC(Actuator)

[ D.Printable Circuit Board (PCB)
A\ E. Epoxy DP 460, Kapton

45mm 85mm 559.2mm
20mm 28mm 38mm
0.38mm 0.18mm 3.175
“ 2.30gram 4.06gram 13.97gram
51GPa 42GPa 10.29GPa
117nF 7.9nF N/A
-190e-12 400e-9 N/A
38.4mm 30.5mm N/A
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Equnvalent Circuit of a Reduced Energy Controller

S mbol Values Purpose

150pF C1_1%t Mode
5600pF C2_1%t Mode
Cc3 150pF  C1_2"9Mode

c4 500pF C2_2"9 Mode

R 7.5MQ  R1_1%tMode
7.5MQ  R2_1st Mode
10MQ R3 15t Mode
7.5MQ R4 _1st Mode
22.5MQ R5_1%t Mode
7.5MQ R1_2" Mode
7.5MQ R2_2" Mode
7.5MQ R3 2" Mode
7.5MQ R4 2" Mode
15MQ  R5_2" Mode
7.5MQ Summing R1
7.5MQ Summing R2
7.5MQ Summing R3

Inputs
Outputs
LT1179SW
LT1782IS5

SWEO51350000) |- - [T |
1 SR P P
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Experimental Characterization of Component Properties

BK9130

TREK2220 Siglab 20-42

Length 40 mm
10 mm
1.016 mm
114 mm
. Mass | 2.625gram
30 GPa

m AEROSPACE ENGINEERING
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Experimental Measurement of Gust Alleviation

— 15

0.45 mm (RMS)
to 0.09 mm (RMYS)

AEROSPACE ENGINEERING

UNIVERSITY of MICHIGAN B COLLEGE of ENGINEERING

Disp / Base Accel FRF [ dB ]

-30

-40

-50

-60

-70

== = Experiment - Open Loop
=== Modeling - Open Loop
== = Experiment - REC

=== Modeling - REC

10 12
Frequency [ Hz ]

14

£ E?SE”CCJ?%T
E Reduced Energy Control _30 _ - ‘ . ‘ ‘ ‘
: 1 —_ L i N --- Experiment - Open Loop
c @ -40 \ |—Modeling - Open Loop
QE" s A oAt = ko A |-~ Experiment - REC
o M y {\ m /N“Lw‘ o 0 | |—Modeling - REC
3 . .
© 0 | /
r LY 6% K ...... S 7o\ .
2 bb' W < 1N
a Q 80 . . N A
e UU"V\I"“UV & g0 | | \ _/’/\
h a . . W'M \
o 2 -100- || W
g - &) . . N
° I— | [ -
g e 10 20 30 40 50 60 70 80 90
E -132 225 23 235 24 245 25 \ M M Frequency [ HZ ]
o ' Time [ s ] ’ \’ ) /
N7

i 14 dB reduction
' @ 1°* Mode
12 dB reduction
@ 2" Mode

25/36



Does it work?

* Forany wind gust duration t,> settling time t.>0.8s, the total control energy
satisfy:

Eot = Etr +th >k(l‘g _tS)'

t

* Then the total control energy required by PSF and REC becomes:

E" =66+12%( —08),

E™ =1.6+1.0%(t—-0.8).

tot

* For average harvested power P | the required harvesting time ¢, to control a
wind gust of duration t, yields:

Etot
[ = :

Pharv

AEROSPACE ENGINEERING
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Concluding Remarks

AEROSPACE ENGINEERING
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Summary Comments

1) Established ambient vibration levels in time histories
2) Fabricated a multifunctional wing spar

3) Derived a predictive model for energy conversion
from embedded PZT and MFC including associated
electronics

4) Experimentally characterized reduced energy control
law based on limited energy constraints

4) Experimentally validated simultaneous energy

harvesting and vibration control
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UNIVERSITY of MICHIGAN B COLLEGE of ENGINEERING



Acknowledgements

Supported by:
U.S. Air Force Oftfice of Scientific Research

#E9550-09-1-0625
Monitored by Dr. Les Lee

m AEROSPACE ENGINEERING

IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII



