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ABSTRACT
A Study on Piezoelectric Energy Harvesting using

Micro-vibration of Spaceborne Cryocooler

by Jeong, Hyeon-Mo
Advisor : Prof. Oh, Hyun-Ung, Ph. D.
Department of Aerospace Engineering

Graduate School of Chosun University

Pulse tube-type spaceborne cooler, used to cool down the infrared imaging
sensor, produces undesirable micro-vibration during its on-orbit operations and
its micro-vibration seriously affects the image quality of the observation
satellite. To assure the high-quality image, the cooler-induced vibration has
always been subjected to an isolation objective. However, in this study, we
focused on the feasibility of positively utilizing the cooler-induced vibration as
a renewable power as well as simultaneously assuring vibration isolation
capability. To implement this strategy, we proposed a complex system
composed of energy recycling system combined with passive vibration isolator.
The basic characteristics of the complex system were demonstrated by dual
functions of the energy generation and the vibration isolation was then
evaluated through performing the function test at assembly level of the

complex system.

Key Word : Spaceborne Cryocooler, Micro-vibration, Piezoelectric, Energy

Harvesting System, Vibration Isolator
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[Spaceborne Cryocooler] h-qﬁah mage without Micro-jitter Affection]

Fig. 2 Image Quality Degradation due to Micro-vibration Disturbance Sources
[23]
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Fig. 3 Energy Sources of Surrounding Environment [24]
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Table 1 Comparison of Typical Piezoelectric Coefficients of the Representative

Materials [24]

Zno AIN PVDF PZT | PMN-PT
23 ~ A71 ~ | 777~

d31 (pC/N) 47 2 8 340 977

d33 (pC/N) 0.19 ; 0.12 022 - 0.52

k31 (CV/Nm) 75 ~124 | 34 ~ 51 30 ~ 33 90 ~ 223 > 2200

k33 (CV/Nm) 0.21 0.16 0.93
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CHOSUN UNIVERSITY

(b)
Fig. 8 (a) Perovskite Structur and (b) Crystal Structure of Pb(Zr, Ti)Os
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Fig. 9 Complex System for Dual Functions of Micro-vibration Isolation and

Energy Harvesting
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Fig. 10 Passive Launch and On-orbit Vibration Isolator Employing SMA Mesh

Washer [23]
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Fig. 11 Vibration Isolator Assembly Combined with Cryocooler [23]
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I Piezoelectric Material

Substrate Material

(a)
(_I_ Piezoelectric Material
Substrate Material
(_l— Piezoelectric Material
(b)

Fig. 12 (a) Unimorph Structure and (b) Bimorph Structure Cantilever
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Substrate Material

Piezoelectric Material

Substrate Material

Piezoelectric Material

©
Fig. 13 Mode Analysis (a) Model, (b) Result and (c) Cantilever model of the
Proposed Piezoelectric Energy Harvesting Module
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Table 2 Measurement of Piezoelectric

Ceramic Parameters

Property Symbol Values Unit
Density p 7.60 g/cm3
Curie temperature Tc 260 oC
Dielectric Constants 833T/ €0 2,300 -
Dissipation Factor tgd 1.5 %
Ky 71.0
Coupling Coefficients K 51.0 %
Ks1 38.0
Np 2,080
Frequency constants N 2,040 m-Hz
NL 1,545
Mechanical Quality Factor Om 80 -
ds3 450 o
Piezoelectric Charge Constants x107°M/V
ds - 200
g33 221 3
Piezoelectric Voltage Constants x10"Vm/N
g1 - 111
S 13.8 b
Elastic Constants 5 x10""m"/N
S 11.8
— 26 —
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Fig. 14 Piezoelectric Energy Harvesting System
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Fig. 15 Vibration Isolator Assembly Static Load Test Configuration
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Fig. 16 Displacement-Load Relation of Vibration Isolator Assembly in y-axis
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Fig. 17 Vibration Isolator Assembly Free Vibration Test Configuration

_34_

{“/Collection @ chosun



?(1.457, 6.0529)
—> (1.521, 0.4) _
- (—1--7—05----0--156) ------------- 4
(1 83 ,0.025)]

= R B e G o s
S o
2
=
I . 7 1 N SR 1 O S, S
[y
3.5 al
'? l I | i
1.2 14 16 18 5

Time (Sec)

Fig. 18 Time Profiles of Excitation Force in Free Vibration Test in y-axis

_35_

Collection @ chosun



:Nahﬂal 131'?.(111?.1'1(::;r for
0.001 RMliero=vibration Isolation- -1~

Acceleration (g)

0.0001 foseeiosossosossmnssososies e :

1 10 100 1000

Frequency (Hz)

Fig. 19 Frequency Responses in Free Vibration in y-axis

_36_

Collection @ chosun



10 T

5 -0.05 Expected
3 ¥ Transmissibility of
2 0.5 Vibration Isolator

r
1
1.0 : : Assembly
I
1
1

=
[
1/

ABSOLUTE
TRANSMISSIBILITY 0.3 4
y 0.2 o : E=1.0

01— —— W

0.07
S R W02

0.03 :

0.02 3
*ﬁ\—aas

0.01
01 02 05 10 23 5710

FORCING FREQUENCY )

RATIO e
UNDAMPED NATURAL FREQUENCY w,,

Fig. 20 Basic Vibration Transmissibility Curve [27]

_37_

{=/Collection @ chosun



uir

g8 Xl =

L.

LIEHH O, Fig. 22

TSEAPNISIIDN;

ol ot
= g

Aict

51

Figure 212 &

ol

o0

22 (Logarithmic Decrement) 2 £ &

ChE2 = &

=S
[a—

OII0IA Z2lHl

Al ¢ 2

LIEHLHY, z(t)= t=0AML

un

Kk

(H0
KJ

JUJ
[

LIEFLH S,

Z&dot= A0, Fig. 222 212

il

2 JeoEhh

I7s}
Jlo

i
<

—_

I+

I, 24dl= 0.00312

=
=

i0J

4
<l
ol

Ju
OF

!

iy
11

FRA2M, 0leldt X0l

Mo

Aol REEHU= R & (Power Line)Oll et

XHOI Dt

o
=]

SRS

51

AMAEN HE Al &3 HIXIOE S

E‘I-

%10 =

9]

_38_

Collection @ chosun



Eddy Current
Sensor

Piezoelectric Data Acquisition, DAQ
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Fig. 21 (a) Schematic and (b) Experimental Set-up for Measuring Resonant
Frequency and Damping
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Fig. 23 Single Degree of Freedom System with a Piezoelectric Transduce
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(a) (b)
Fig. 27 An Array of Cantilever with (a) Six Fingers Having Different Length

and (b) an Array of Cantilever with Five Fingers Having Different
Width [21]
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Fig. 28 Image Quality Degradation by Micro-vibration [(a):Blurred Image by
Micro-vibration,  (b):High-Quality = Image without Micro-vibration
Affection] [32]
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Fig. 30 Dummy Cryocooler Internal Configuration
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Yoice Coil
Motor

Fig. 31 Linear Motor for Micro-vibration of the Spaceborne Cryocooler
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Table 3 Voice Coil Motor Specifications

Items Values Unit
Model No. NCMO08-17-050-2LB -
Stroke 19.1 mm
Bearing Type Linear Bushings -
Moving Mass 166 grams
Total Mass 700 grams
Resistance @ 20C 6.4 ohme
Inductance @ 20C 29 mH
Electrical Time Constant 0.46 msec
Motor Constant 493 N/SQRT(Watt)
Force Constant 12.4 N/Amp
Back EMF 124 V/m/sec
Continuous Force 22.3 N
Max Power @ 100% Duty 20 Watts
Peak Force 66.8 N
Max Power @ 10% Duty 183 Watts
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Fig. 32 Entire Test Set-up for the Micro-vibration and Recycled Energy

Measurement Test
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AC Power

Fig. 33 Close-up Test Set-up for the Micro-vibration and Recycled Energy

Measurement Test

_57_

{“/Collection @ chosun



b0
KI0

J0
X0

pum

Ol Xl XH 28 &

_I

<J
ol

1Ho
KJ
4

|.

0l

LA

H 2 & A

I.

ME

o SA0 &Il X =& &

Ct. G42IAM Ol

npy;

2 HF0A A
(y-axis) = S

<+

oll
Bl

ol

10llM=E AE0I0 S

2
[=

b

k=1
—

I, A= og

INiKe)

=
—

8Hz CHS Ol

)

OF
=

=B8]

AL

=
=

A
T

SESINVIIEPN

A =L
(y-axis) 22 ME Y IAXIH IS

)

dXXNREE S

A
S

b

wl

X0
n0

A

INEE

pe(ps]

]
KA

Al

p=

—_

=

ot d2J12

I & O X

otLESl FHIH A

HZ oo

o

Rl

9]

o)
pd

Uk

KM

1o

Ho
11

oy
E
K0
ol
ol
<]

0l

===
="

=

=

i Fig. 329 O
2 2%o og

0l

b

o
[l

Huelet B9

04, 0g =219 HS Fig. 359 20| AE 240/0f

=

b1 <l

=

=
-

Inks
PEUN

(]

=

S
=

12 AJ19 Al

2
[=]

b

[l

=
EM 80| JtsotCh

EZM FEts
Al HE 0g

AN

| St

b

X219 Z= Fig. 3410t 20|l € X2 Blocking Bracket

= AF0A K
ALOL Ol

Hr
0
]
K
oll
9]

o
%0

<0
K

oF

=
<I

RO
KIr

(HO

<

5%

H
il

([

H0

]I
R

KO

S, 0

Kl
o
0H
b
ol
il

o0

2204
=

—/

Figures 36, 37=

LEEHH ACH

-

Al
Al

ol
i

KA

0{0
Rr

&)
R
(H0

KJ
)
iJ
Ki
4

=
n0
0=
TS

Ok
i

30HZz0l

ol
<+
=
K-

(HO

}

Kk

ol

A
pum uf

J

Ju

)

J
'}
ol

Ok
11

s}
=
Rl
Ho
<0
30

ol
0

Ok
Kir

nl
[

Hate

0|
AN KIQHet

I ML= 2.665N0| QIIEI0, 1

s

A 2

=2
o

}

o

b

o
[l

|C—

-
=
S

o

H ot

M
=

HE Al

Aol Mzd gd XX It

oD

S
=

4

X =
()

_58_

=
[—

F

. ohXlgt

Collection @ chosun



JIMEeze ME5H0| 0.66N2

41842 O0I28ES EAHO| IJise

2 M2E

UM, M A=52249 x0 8= il
AN

Y SotALCt E£8, 419 MTHI= Fig. 202 Jl=2

d20100 BHXIE & UK =28 AIARAS UK ddds5S 2dHEY, 2%
A 2 M, d2012 RS0l JIMdEez M0 Mt &8 UK =2 AlA
0l o Xl= JIAMEO0l %0k 0.005Ve £ Mgz %2 U MddssS 2011
Aol s ZBHJ|9 =2 EHdssS 20l= 0g 832 R JIMEeZ HEH
O ZAL0 H2D19 2350 2™ HUHX == ANABLZ M= &S0l St
S0l et 06vel =38 Moz 2 #5242 WX MY 8= Ol 12084 5O
O Xl THAHO| Jts& S LSotALE HIIM &D19 &8s 23 2 &I X M
MES AE 2= &M e S AMAEY JI2EH ZUZ2RH TE5E =XIoiA
Z 2t tefS =HeIoHRUCH

Collection @ chosun

48 AIAEIO] OIHA MMSSS S350 Fig 3801

(=)
o £TE FIIH UK HED HENQ HE
=

OIS M, %

—/

_59_



w e W=
Displacement
Limiter

Shaft Cover

L2
;
L -

Blocking
Bracket

Fig. 34 Rigid Condition by Inserting Blocking Bracket between Displacement
Limiter and Shaft Cover
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Fig. 35 Nominal Position of the Vibration Isolator Assembly
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Fig. 36 Comparison of Measured Force w/o & with Isolation
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Fig. 37 Comparison of Measured Voltage w/o & with Isolation
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