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ABTRACT

The piezoelectric transformer is an electro-mechanical device that transfers the
electrical energy through mechanical vibration and then transfers the vibration to the voltage
output. It is a combination of actuator part for the primary side and sensor part for the secondary
side. The objective of this research is to study the effects of electrode area, electrode pattern and
dimensions on the voltage ratio (output area/input area) by using finite element method (FEM).
The FEM results are verified by experimented result to evaluate the accuracy. A ring shape
piezoelectric transformer made of lead zirconate titanate (PZT) was selected for this study. The
results show that the voltage ratio increases as area ratio decreases and the output voltage
regarding the radius direction. The knowledge of the electrode pattern can be used for designing

step-up piezoelectric transformer, step-down piezoelectric transformer or both in one.
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Ao ANWAUNING (Mechanical Stress) N/m’

fo AnsfiveudioTadiannsn (piezoelectric constant) C/ N

Ao i (electric field) N/C

Ao ANUIATEANIING (mechanical strain)

fio A1nuBangu (electric  compliance) melderunlulfhasi
nieily m/ N?

Ao anmnmseausuldnialwihvesdinars (permittivity) n1eld
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{ a [ ad a 1
M7 2.1 ndaaginsaazianamstaravesdaaiie Tuoiannsn (Mu1:Laoratanakul et al.,

2002)
Electromechanical Frequency (Hz)
iErE VAT T coupling factor ik 10k 100k 1M 10M  100M
T | ’
| ; T Radial mode:d>20 ko
= |
wi
L _L{
w2 T |Thickness mode for plate: Kzz -
/ wl and w2 >10t
f"#"*_l_" Thickness shear mode
Wz T for plate : kiz _
wl and w2 >10t
£
l-—"-il! Length or transverse
/) |
w/,{ /j’/ T mode for plate : 'S _
/4 / | >10t, w=>3t and | >3w
g ——T
wi
L A, Length extensional:
1 ) t > wl and w2 ks -
note: 1 Js poling direction and | is displacement {direction)
= a
ANUDTITUYIA (Natural frequency, Hz)
A a 9 lrl 171 = a g a d? Y
ﬂ’NiJﬂ‘ﬁiiiJ‘Iﬂ@IGU@\‘lﬁiJfJu‘ﬂaﬁ °V\| HWEII%@L@ﬂﬂﬁﬂﬂJH@QﬂUE‘IJﬂiQ VUIA

v W

A [ £ = ady ¥ 1 QsJ‘ dyc:v’d? ) o ]
uamwu"lsumﬁc] G]Nmmnﬁiiu%muulﬂwa1ﬁlm°wQuﬂﬂluﬂuaﬂymmaﬂﬁuﬂmiﬁu "Iy

Aaov dy 9 = 1 d’d c:/ a
114ﬂ151fwuﬁu'e)mJaQ"lmlﬂm;;‘ﬂ“niqmeuNumuuaxg‘ﬂ“wtNmemawumﬁammmﬁix

Y]

ganaadlumisnan 22 uaza1519N 2.3 AINa1A D 1aL luMITHIAIANDFITNF AV
Qy ] ac a { 1 [V o
Fudruie Ts2annINaINIT K M1NaUNITN (2.3) AIUANHULVDI THUANTTUVDI
] 9 A ~
5UNTIY nazgUnswHunanaToW Idanaun1si (23) uag dun1sh (24)

ANAIN

(2.3)

- 27a’

f,

ks [ Eh?

1/2
127/(1—1/2)} i = 012,...) = O12,...
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d’ A (= A =
V3] a Ao IAUNIYUDN (m), b AD ﬁﬁiJﬂ'IEJGlu (m)
h B ANUHUT (m), ¥ A ANMHUIUY (kg/m’)
- ) .
Vv f1® Poisson’s ratio
E 79 Modulus of elasticity (N/mz)

g‘ﬂuuuiwmﬂﬁﬁummammu (Mode shape of annular plate) (Blevins, 1979)

~ At s s AT .
Zij (r,9)= aijA ? +bij Bi ? +CijCi ? +dij Di ? Ccos 0, (24)

i=0,1,2,.... j=0,1,2,.......

a15197 2.2 naasdon lv nazardanls 1554 22 veegisreraunau Mun: Blevins,

1979)
Description:Free-Free kzij
' b/a

1]

0.1 0.3 0.5 0.7
210 53 491 428 3.57
011 8.77 8.36 9.32 13.2
310 12.4 12.26 114 9.86
11 20.5 18.3 17.2 22
201 34.9 33 31.1 37.8
v=0.3

sUun THuaMIduUR N IINAN (Mode shape of circular plate) (Blevins, 1979)

~ AT Ay :
Z,(r.0)=|a;A Tll +b,B, Tll cos 6; 2.5)

i=0,1,2,.... j=0,1,2,.......
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d' A’ T @ Jan 2 1 a 4 d' .
137190 2.3 Llﬁﬂ\il\i@ullell uazmmuﬂi“lsm AT GIJ’EN?J‘]JS"Nﬂﬁﬂ (MW: Blevins, 1979)

A2ij

Description:Free-Free . )

J 1

0 1 2 3

0 * * 5.253 12.23

1 9.084 20.52 35.25 52.91

2 38.55 59.86 83.9 111.3

3 87.8 119 154 192.1

v=0.3

1o A = f(boundary condition, geometry, Poisson’s ratio)
A, = Bessel functions of first kind
B, = Bessel functions of second kind
C, = Modified Bessel functions of first kind
D, = Modified Bessel functions of second kind

v o~ 4
r=3ANINYAFUINAN (m)

a

2.2 mymindsTaqiteladidnnin

v
% = o IS

° Aa Y = a g a I c?/‘ A o Y o
ﬂTD”V]WIWa\‘lllﬂ'lﬁﬂlwﬂicﬁﬂlaﬂﬂﬁﬂlﬂuﬂlu@lﬂuﬂﬁ1ﬂﬂlﬂ 31’1111{?3@1’@%

q 9 q

Y
%

v < ~ adg a o a 1 [~ 3 v A
ﬂmﬁuﬂﬂﬂ’ﬂhLﬂulWﬂI%fJLﬁﬂ‘ﬂiﬂ TumsmInassesndu 2 TupdUnan AoTUABUVDY

9
ad [ a
AVDLAN INTA LAZTUADUNTZUIUNT INAS
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2.2.1 ASLVIUMIINGS (Poling process)

mssa Taena liudwanveamsazisznou lUdre Tamulunatenania
Y a % [ =1 @ 1 [l 9 =1 09.: I~ 4
HazNANIYD TAUAINA1IUMINTL AWV V AN dzaana lHan s NIl ugud
A [ o a 1w s Y d A Aad a [ 4
wioa Inan lsdugniunugududn Usingmssiiie Tedanninansainmssm Tamuz
v Y Y] o Y [} A = adgd a a =1 A =1 Aad
naniunuai i lunaasauianiaie Tesddnnsn arsssiunaziauiianiane Tsdan-

a

a 9 A Yo A 9 A 9 [ A A o
“Vlﬁﬂulﬂmﬂllﬂﬁﬂﬁu1ﬂul“l’\lﬁ1ﬂ33Llﬁﬂi\ﬂ’]iJﬂ?WﬂJLﬂINQQLLﬁgﬂQﬂlWﬂNQQWﬁﬂiJﬂu IWDIUUHYIUN

U

Aema Inan lsssuananaas Tamunamsseaa lnuaunanisvesauy Wi nszuiums

faNa1ITINI NTLUIUNT INAS

JUN 2.4, buaz c saasfienaTnar lsesdunouns Inas varz Inas uazrdans In

a9 MUAIAY (ﬁm: http://www.physikinstrumente.com)

a @ t g ] @ a
ﬂﬁg‘U'JufniIWaﬂﬁﬁﬂﬁlﬂuﬁﬁWUﬂi%Lﬂﬂ“?\?ﬂllﬂ\‘lﬂﬁJﬂ'ﬂiJlﬁiﬂ%ﬁﬂJﬂ‘UGIﬂn!ﬂGllfJ\‘lﬁ1i

1 A o o a 1 Y v A
pazvwaglinvesmsiihuiing nas Taeansonda 1@y 3 Uszinnndn Ao
2.2.1.1 p3zUIUMS NGV U (Hot poling)

dyd ) o ' P4 9 9
ﬂizuaumimﬂumimmima&m‘lamsﬂmum"lWWmaﬂmmwuqq Uas

a

1] Y d! 1 a " Y ana d’d a 1 A
Lw"lﬂummmammwﬂuﬁwqmuu1ﬂ%wuauu%‘lﬂu%Tﬂummmamwﬂummmia

q U

Q

MUK NAT(Curie temperature) ailitenan@uamsifaszme onaunlilihany

9 o a a axAa A o 1 a aaAd
LﬂJNQQﬂngﬂWﬂﬁIWﬁQ fﬂiIWﬁ\‘l’]‘ﬁual“b'ﬁuHJul“l/‘l“NWHJﬂ’JHJ&GUNGI1ﬂ’31ﬂ§$‘U’Juﬂ1iIWﬁ\1’J‘ﬁ@u

a

d‘ a c?/‘ (% Y d'
LH’E]\‘I‘Mﬂ‘V]ﬁ‘V]Nﬂl@\ﬂﬂmuuufﬂuﬁﬂ“lJi‘UulﬂﬂEm’qmﬁﬂqu\‘l
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HIGH VOLTAGE

PLANAR SILICONE GEL

ELECTRODE

SAMPLE

HEATER

U7 2.5 uaaenszuIums Indauusou
2.2.1.2 Talsu Tnas (Corona poling)

4
nszvaumsiidlumsdaun lvihanudugalasiumadnTanzdare

]
9 =

uvawlifaTaq Tasfitaedivazegrianniagiiims Indsdszina 1 wudwes auw i

q

1a g

D) a R o A ¥y AA v v
ﬂ’NiJL“UiJEI\?{ﬂ$'J\‘lﬂWﬂ'IJﬁWEILGUiJWWH'Jﬁﬂthﬁ@LaﬂIﬂiﬂfJﬂﬂWH‘ﬂNﬂ1ﬁﬁl‘ﬂﬂ'ﬂﬂJﬁﬂu WaUBDINIT

U
= 2

~ o o Y a a @ A Yo dy
L“ri'uEI’J‘LH“VI1ﬁlﬁﬂﬁﬂ1ﬂﬂlﬂﬂiﬂmumﬂﬂ1ﬁLﬁﬂﬂﬂﬂﬂu%1ﬂﬁu1u17\|ﬂ1ﬂqﬂiﬂ NITUIUNITU

'
9 =

E4 2 1
mmzaunuiagray taznszuaumsiannsalsnuiaghivuianeudelveg vazsuauindl

1 o' 9}
ﬂ')uJWu’ll!uu?nllﬂ
WIRE ELECTRODE
- (~ 10 pm &)
'|' w||||®||||®|||®||||
@ ®
~lcm @ @
l + + + JLE $+ + HIGH VOLTAGE
g - (~ 10 kV)
PLANAR
ELECTRODE HEATER

31U 2.6 uaasnszuIuMs IalsunTnas (MU: optoweb. fis.uniroma2.it/.../coronapoling.html)

2.2.1.3 AOUNUT UMD 1NA9 (Conventional poling)

E4
ad A

a | 1 o ! v
nszuauns Inasidunmsidauin Idihanudugeiuiagiiumu

'
A

ad ' asj a v v a Y

sianInsalsznuegniaesdanuive Innansves Tamuissdaiu l lunamadedduTasez
0o A a 9 a 9 am dyq/ Y o o o

nszifiguugiies my Indsdredsunuidnlddmsvasaamos Tamwalnniua (Lead

4
zirconate  titanate) @3un15 Indwunieu ldmuzduarsimsznmsldanudougeni

gangigsihldanudumulihvesmsanasdanalfnruduauiuliidiag
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HIGH VOLTAGE

PLANAR __ SAMPLE
ELECTRODE

57 2.7 udaanszuIums IndauuunaounuULen
2.2.2 MINUDKANINIA (Electroding)

a I o ya [ = v @ a = [
nszuums Inautumsi Innalawuvesiaqiseesdrnulunanauneaiu

Y < Hq ¥ 1w £ o aa @ 1 v 9
A ldihanudugenldun Jagdanszitineluga Tnumaldeananunluiade 2.2.1

a
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Y A Y 9y ' 4 Lﬂ" a = 9 =
ﬂ\iuuLW’E']Gl'ﬁﬁu'liJulV\IﬁWﬂ'ﬂmelljJ@'\?ﬁ'lu'ﬁﬂul‘ﬁaWWua'liulﬂ NUAIUDITITIIADIUNITIRIY
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q
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P Y 1 d" " o Aaan dy & o 1 Y a a o o QSJ‘
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A o ad 1 3 A
w3e10ian Insaausoutiseenuassdsznm fe
2.2.2.1 MSMUBLENINIAAIBNISM (Electrode painting)

am ad 9 aq dyd an A A o o
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2.2.2.2 msmudianInsamenszuiumsatmness (Sputtering process)
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@ o

ax a ° Y Y o A = 9
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2.3.1 mastiiiglsd@annsn (Piezoelectric constant)
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2.3.1.1 35 Static #az 35 Quasi-static

an . dyd A A < o A 9 o 1 =
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force Force Gauge
Lﬁ‘harge
1
Capacitor Sample
-
Vibrator

‘]Jﬁ 2.10 Llﬁﬂ\ﬂfﬂ‘ﬂﬂﬁﬂﬁﬂ1ﬂQTILWEJTGB®LaﬂTI§ﬂﬂ’JEJ’J‘H Quasi-static

(‘V]lﬂ:Taunaumang, 1994)
ad J
2.3.1.2 35 Mgl sunus (Resonance method)
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J A ] A 1 a T A A @
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Wi@tLUUL!ﬂQﬁWHWiﬂﬂ’luﬂm1ﬂﬂ1ﬂﬁuﬂ1ﬁﬂ (2.7) uag guNIN (2.8)

2-51(fa_fr) fa_fr 2
k2 = — ( ) 2.7
p fa fa @7
=@
ki (2) (fa cot | (3 2 (2.8)
dz
ki = % (2.9)
e k, Aemmlawnmed s uurunSouruI AN du HL A

" W a d o o o
ke  Aemaldausinmesdmiumsdunuinumin

2.3.2 maafnladdnnsn (Dielectric constant)

1 Ay ad a . . A @ Yo o Ja
AneNn 1ABIanN3A (Dielectric constant) W3oA1EAINEBNTY IATUWNT HA
mnudasiduszninamanmeeun1e il (Permittivity, €) vesiaqiuaanineonsvla
1 { ad a I
maIfhvesgyanmea (€, mnsilasiannInuaasnnuawnsalumsnuilszy i wie
1 I 1 A ag a A A a o
Ay Ifhwesas ed1elsnawaini ladianninizldsuauanudnazgungivae i
o Y] 4 a 4 a
mMsda Tasamsodald laens491nnT093AT12HANUAUMUIBIFOU (Impedance analyzer)
) o { 1 1 o 1 Y4 v a A S A o
Tae lilazimsileuanudlugieaie wazdaanuaadnd Wi luseduiaa Thanieda
! . o o 1 1 ad A
a1nuy Wil (Capacitance) tdvimssuramainai ladanninlaoldauns (2.10)

& = g (2.10)

£ A 1 A ad a
HIE, AD ﬂ1ﬂ\11/lvlﬂﬂlﬁﬂ‘ﬂiﬂ
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2.4 viztou)ad I uialsdiannsn
2.4.1 YszTauazanuiluanvesnseuad W usialsdidnnsn

k4
witeulas Il Tadianninldgniinaneaseusnlag Tidu (C.A. Rosen)
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Tudl agt. 1954 uazldvadansialudl as. 1958 nazgnienit uleulasIrduiisTadiannsn
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Uszneudedosdiu Avdrundudai1au (actuator) tazdauiiiudr5u$ (sensor) andag
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[ <3| Y Y o A 1 @ Q" @ 1 A A 1 @
‘Wa\‘]\‘]TL!Ul'V‘hﬂWHJHWa\NTL!ﬂﬁl!a’)ﬂWﬁﬁuﬁmﬂ@uﬁ]zﬂWﬂl‘ﬂthﬂﬂ“ﬁuaﬁﬂiuﬁﬂuﬂﬁ@ﬂﬂ@ﬁﬂuﬂﬁ

o Yk

o Y A ) A [~ [ o Jd A a
TUﬁG])'\W]1ﬁu1ﬂllﬂaQﬁ]WﬂﬂWiﬁuﬁ&ﬂ@ulﬂuWﬁﬂﬂ’luulV‘IﬁW@@ﬂiJ’lIﬂEl@’lﬁUﬂﬁWﬂ;]ﬂ13ﬂllWElI“])’@

u

< a
{NNINUVUAIN



Input Voltage =—s/  Field ;

NPUT TN M

Magnetic Care
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" Magnetie \\

Output Ut"l‘égi

Inpoiit vt age
(Actuatar)

| lﬂ# Rﬂ.mulullu;r

% #
" ~
S

Comverse effect

Mechanical ‘%
vibration
resmlance;

loulp'm mhgel

i (Sensor)

Direct effect

~ @ o 9 =~ <} a
Eﬂﬂ 2.12 LL?K"Nﬂ']'iﬁﬁﬂﬂ']'iﬂ’l\ﬂuell’ﬂ\‘]ﬂﬂﬂl!ﬂﬁﬂlWﬂIcﬁlaﬂﬂﬁﬂ

(ﬁm: http://kirkof.psu.edu/Banff/202004/Uchino/20PiezoTransformer.pdf)
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A = I~ Y ' 9 1 <
ATNN 2.4 meﬂm'ﬂﬁaumaUﬂmaﬂymzixmnmauﬂaﬂwﬁmmmmmmmaﬂ

Tihdundoulad IwihuuudieTae@nn3n (Mu:Laoratanakul, 2002)

Electromagnetic Piezoelectric
Transformers Transformers
Magnetic &
Material Piezoelectric ceramics
conductors
Structure
Volume Big Small
Weight Heavy Light
Step-up ratio Several ten times Several hundred times
Output current High Low
Driving Frequency Wide Low
Insulation Good Superior
Performance
Efficiency 80% or more Above 90%
Load dependence Low High
Magnetic noise High No
Combustibility Flammable Nonflammable

2.4.3 ¥ilanazilsznnveanauad i uialadannsn
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Tepranninizilsznoualsaeddiu AedIvvesnulgugll uazdruaundegl Tagiiaaed
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drtlszneudreFuaqiie Taviannin uazdiuvedaanInsa ae3iln 2.13 nilsuilas
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puudie Te@nnInasoiau ldnamsdunuunsudasa Tnua tagmsdunyuisiAoa
5 o o sad g a o v
Tnua dmsumsaunuuniudasa Ivuatiu Manevesnsduazimouszauiuniuny
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namavedTnat lsdu degilil 214 drumsauuuuveusfoa Tnuaiuian19veIns

v E4 Y

o A A a = o v a v o ~
ﬁuﬁglﬂ/]ﬂu‘ﬂlﬂﬂmuﬁ]gﬁﬂﬂ1ﬂﬂﬂﬂﬂﬂ1\‘]€u@ﬂI‘Wﬂflil"ﬁ“]fu @NETJ‘V] 2.15

/v ~ Electrode plate

1ezoelectric ceramics

= ~ a g a aa J . . Y 1
519 2.13 e TyBanNINOANUN (Piezoelectric Element) 1JsgnoualeaIu

U

1 ad @ ~ ad a A .
VOUNUDLAN TNTA LLﬁ%’JﬁﬂLWﬂI%@mﬂ‘ﬂﬁﬂ (MW1:Lee Lin, 2001)

A dad ~ adg a aa 4
5UN 2.14 N uansea lvivaiie lydannsnoamun

G

(Transverse Mode Piezoelectric Element) (ﬁm:Lee Lin, 2001)

Vip T

A = ~ ad a aa 4
21]1/] 2.15 151a0a Inuatie Tgiannsnoauun

(Radial Mode Piezoelectric Element) (ﬁll”l:Lee Lin, 2001)
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ﬁhﬂllﬂﬁ\ithﬁHWElicﬁﬂlaﬂﬂiﬂ AIUITOHUUIAIUANHUSUDINIG

o A o AN Y 1 Y c?/‘ < v A
qUasInay ﬂ\‘l‘ﬂhlﬂﬂﬁTJL!ﬁ'Juuﬂﬂﬂlﬂu 3 Ysznnnan Ao

233.1 nieudadldfnuieTsd@nnsnuuulstdu (Rosen

piezoelectric transformer) Aauaaalugli 2.16 Ysznoudredulgugind Tnuans

a

o a o ad
dunuusiAea uazaunaeniil Inuemsdulunnunsuisa

AYS —+
o EEF N -

(P: Polarization. T: Stress)

5109 2.16 vidoutas ity Isdwie Tas@nnsn

u

(Rosen Piezoelectric Transformer) (‘ﬁm:Lee Lin, 2001)

a g a a M
2332 wudeswladlfvieTedidansanuuanua lyusdulnua
(Thickness vibration mode piezoelectric transformer) (Zaitsu et al., 1994) AaLLe ﬂﬂu;; 5l
AN

A v Y AAa o acs v a
n 2.17 ﬂigﬂ@’ﬂﬂ’)ﬁlﬂWuﬂﬁiqu]ll“VliJI‘ﬂiJﬂﬂWiﬁuLL‘U‘U‘V]'B'WUL’Jiﬁ 3Y3 b+ ﬂTL!“V!@IEIJ;] u
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TruaMsFUUUUNI WIS

V

f ouf t P T
v, ip T
R

(P: Polarization, T: Stress)

5109 2.17 videudas Wi uudnua i sdu Tnuadie Tadidnnsn

Rl

(Thickness Mode Piezoelectric Transformer) (‘ﬁm:Lee Lin, 2001)

a g a u‘a
2333 wdeutadlWduiie Teddnnsnuusidea lyussuInua
(Radial vibration mode piezoelectric transformer) ﬁmﬁﬂﬂugﬂﬁ 2.18 15znouAe
Usznouduilgugiind Tnuamsduuuuisifea tag AunAsil Tuuamsduuyy

=
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(P: Polarization. T: Stress)

51l 2.18 wiewlas Iihunusidoa Tnuardio Tudiann3n

(Radial Mode Piezoelectric Transformer) (ﬁll”l:Lee Lin, 2001)

2.5 mseanuuundeuladlvfuielsdidnnsn
Y
[ 1 a 4 a
it tiaznandamsans AAT1eH tazeonuuurvouilas I uie Tao-
a3 a ] IS aa A a Y ~ an J a J ..
@ANTA AuToLNeenily 2 3% Ao MIATIzaeszDeuds I lune Uy (Finite

a 4
element analysis) HAZN1TAATIEHIINIVTAVYA (Equivalent circuit)

v o v =~ as Jd a d
2.5.1 ﬂ]ii’)i’)ﬂ!!‘ﬂ‘ﬂﬂ?ﬂfﬂ5%1&6&9]'3ﬂi%!ﬂﬂﬂ?ﬁ‘l’lﬁllwnlu‘mﬂﬁmu‘ﬂ

]
A A o w

% a 4 I 4 aw
Tuilagtiuneunuaes laduniwaseclondranlunisdnuiiteuas
1 = Y 9 a 4 a J
ponuunluauaieg saudluduvi-na Taeldneuiunesesniuunazinsiey
' o o 4 <3| o @ o
aug lnumsimsnaasuiedunuanislumsesnuuy dmiumsAnyinssiass
a a g a 3 A
wganssundoudadlifuiieTediannIniuluneusuduldlinsanudienis1eees
. . L2 g a o £ aa . ' o
au3a (Equivalent circuit) FUTUNTIUATIZH I UNTINA (Jin et al., 1999) ua IUN15H19U
a d a o { 1 Aaa o 3
yoerdoutas I e Tadianninvzlinmsdunaznlasuglsrluamdadaiuns
4 a s a J o [ a 4 '
Uszgnaldszifoudd I luiedwud Tunuigdmsunisimsigiuinnit Taglu
=2 49’ Jq ¢ 4 I 7Y =~ am d A 4 & =
msaneil 1@ 1dwenansinszvaleszdeouds W luiedmun MSC.MARC Felingu]
zg’ Jd A adg a @ A
nuguvealsngmasiie Tspiannin Mnaumsduganenaanaad luannIin 2.11)

(MSC.Marc : theory and user information)
J, 0:8edV = [ t-SudA+ [, f-SudV (2.11)

a @ = adg a @ A 1 A
Lm%fﬁJﬂ”liﬁllﬂﬂ‘l/]”l\i"lwﬁWﬁﬂﬁﬂlﬂ\nﬁﬂ&wﬂigﬁﬂlﬂﬂﬂiﬂllﬁﬂﬂﬂﬂﬁmﬂ”ﬁﬂ (2.12) NAIAND

J,D+8EdAV = [ 8¢D -ndA+ [, pySpdV (2.12)
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A A 4 v 2
140 o AD NULEDITANUAU(N/m)
A 4 =
£ A0 INULEDIANUIATYA
A ) A di‘ a 2
t A9 ANUAUNIAVUNUNI (N/m)
A [}
u A9 N15NIZAA (M)
A d’ a d? 1 d! 1 a 3
f A9 UTINNAVUADH LI UIBUTUINT(N/m’)
D Ao mynszdama il (c/m)

E fo aww i (ve)
p A ANUNUIUY (kg/m))

™ v v JIda @ ag a { a
Tag lanudusiusiraduvesiaqiie Tesianniniofute
4 ad a 4 a a Y] {
Usingmsaiiie lydilannsnneasaz 9o o NliwNo oS UIONYANTTUNNAAITUNTA

(2.13)
o=1F:c—e-E 2.13)
a a FIxY A
sagnganssune dhadaaunsanaadlddeaumsi 2.14)
D=el:c+é&E.E (2.14)
o L Ap duisz@nianudangu (N/m’)
e Ao masndialeidansa (C/m)

1 { ad a
& flo maen ladiann3n (F/m)

s Y
~

Tagndien E nag € nurgnaarduilszansiuianauininiinsiuasg
= A o w ~ 1 A A ad a =\ 1
ANVIATIAAINAINAIAY TUNTAUVDIAIRINHE I5DIaANTH € F1NTNVIUANMTUNUNUETA
= [ @ 4 1 wAa Y] wAa 9 d‘ =y
fannuduiussznavianenasuamiama i Idaunsn 2.9) uag (2.10) 1nszEeu

Y
v A

35 I luieamunanniotismaivesmansziauazaidneona i 1d aeil

u=N,U (2.15)
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uay @ = Nyp®
(2.16)

e u A9 MINTLIANIING

n
Z ul vl Wl

i=1

EEﬁa fnenimnia lalih

@ = Zn:[@]t

i=1

N fio Wqﬁ%’ugﬂmq

= A Y o do o A & % @
ﬂ?]”llllﬂiEJﬂﬁ”I?J”IiﬂHEJ”I?Jﬂ'JEJ@HWU‘ﬁ TAUNUUIUDIINADINITINTSIA (u)

Taeldmasnd lolosines [L,,] drwawinlwihiewdrednd il (o) Taeldinsifou

Tmﬂmsmaiﬁ

(E = —Vo) aatiuanunion () nag auw i (£) awnsodouladeaunsi 2.17)

1ae (2.18)
e=B,U 2.17)

uay E = B¢CD (2.18)



[ONi/0x 0
0 dNi/dy
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CAIAEDY -,
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lONi/dy ONi/ox

ONi/ox|

n
[Bs] = V[Ny] Z ONi/dy
i=1 |ONi/0z|

rd/ox 0 0
0 da/0y 0
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u 0 d0/0z 0/dy
d/0z 0 d/0x
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0
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Mauns (2.13) vag 2.17) unuadluaumsn @.11) wazly SU uay 8@

[ A o J A 9
UNU NITNTTIATUDU l!agﬁﬂﬂhlw:ﬁ'llﬁuau ﬁ]gulﬂ

f, 6eTodV = SUTBIodV = [. tsUdA+ [, fSUAV

J, SUTBILB,AV + [, SUTBleB,®dV = [. tsUdA+ [, fSUdV

Tuihueudetuunuaumsi (2.14) uag (2.18) adluaumsn 2.12) az'ld

f, 8ETDAV = [ -

SUTK,, U + 8UTK,,® = SU"E,

SPTBIDAV = [, §®DndA + [, pySPdV

(2.19)

— [, 6®TBleB,UAV + [, §OTBI{B,®AV = [, sODndV + [, p,sbdV

~8DTK U + SDTK,,® = 50T,

(2.20)
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£ 09; = Y a N Yo A
Fanarnaamsndeonliodluglvosnasng laasi

Kuu Kwp ujy _ Fu
[_K(pu K(p(p] [(D]_ [p(p] @.21)

Ky = f BILB,dV
14

Kup = f BleB,dV
14

Ky = f BleB,dV
14

Kpp = f BL¢B,dV
14

2.5.2 mseenuuuMEsesaNyavesrieuladliuielvdidonsn

a A @ B2 o
fnﬁﬁﬂ‘kﬂ']&ﬂiWﬁﬁ&ﬁﬁl?ﬂﬂﬂﬂ‘lﬁuﬂﬁ mi‘mﬂmuazmmammmmw%uﬂm

ad a o a d . . .
Tfvietianninannsat1dTasnisAinzidiersasauya (Equivalent circuit) ¥041iio

= a

1 4
utlad lrlihndendad Ifluiie Teddansnniingdnssuitanienanaznialiilinisdians

Y 3

a ad a % ) [
wpanssuvosndeulas IiihiiieTavidanninldidud e sauyammsoinausla dadaq

Tugin 2.19
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() Motional branch
F .r'_R AL C_‘\
J - ”m ll w n
1+O s L H_W\' S N
‘E"M
(b +0 R i» T C
o AN ||

A Qy 1 ~ ag a A
Eﬂﬂ 2.19 LLﬁﬂ\‘]ﬁiﬂﬁﬁuyﬁﬂlﬂﬂ‘ﬁuﬁﬁuLWﬂI%@Laﬂ“lfliﬂ (NMW1: Chang Lagaale, 2007)

nimsauyanaaaslugli dsenoudre r , L wazc, nseulanuains
=S o A a dgl A [ ] = adg a o o 1
qIAENNNTTUNNNANNATY WIauazANNIangUYRITaqiNe TyiannInaIua1dy A1
a A < o ¥ A 9 =t ad a
yoamsgadeoiiosninanudunvauivawisoaz ldilendowlad Iduiie Tadannsn
o A ~ J ) o ) Y
Maunanuds Tauuud  dsudaiih dihnszuaadvaunsonminnaums (2.22)

(Chang ttaznme, 2007)

1

Yin = JosCs + im0

= |Yin|£0in (2.22)

1o |Y;,| A vinavesaawiih wihnseuaady

i, o yulavesan i lWihnszuaadu

A 4 A a 4 t:y 1 ~ a
ﬂ'J”I?JﬂLiIGHLL‘LlWB (Fr) uazmmmmumﬂﬁmuum (Fa) GIJ@Q%H?(’JHLWEJTGD’@
< a
Laﬂﬂiﬂﬁ”lul??{ﬁ]”lﬂﬁllﬂ1§ (2.23) (Chang tlagaaue, 2007) LAz aNNT (2.24) (Chang LazAMe,

2007)910A19 U

1

F;- = m (2.23)

1

Fo = 27, /LCCs/(C+Cs)

(2.24)
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51/ 2.20 uarasesauyavesnioulas Ifluiio TvdiannTn (Aun: Chang taznaaiz, 2007)

witeuas lufuiie TadiannInilszneudie 2 drudedrulgugiuaznadn

a 2 o Y [ A @ Y
au “]NﬁnﬂﬁﬂﬂTﬁ’E'J\‘ILW]H@YJﬂﬂﬂ%iﬁuyaﬂﬂl!ﬁﬂﬂﬁluzﬂﬂ 2.20 ?5]ﬁllﬂﬁﬁluﬁﬂﬂiﬁWNWﬁﬂﬁWllﬂ%Wﬂ

qunNs (2.25) aaumMs (2.30) (Chang tagaade, 2007)
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A .
n, n, Y Turn ratio

1o C,C, Ao Damped capacitance mméfmﬂﬁuaﬁ menmﬁa;}mﬁ (Farads)

(2.25)

(2.26)

(2.27)

(2.28)

(2.29)

(2.30)

R, Ao manudumu (0hm) dien Idnuanugadevesrsioudasluih
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Wie Tso1ann3n



41

L @9 mAanuiedni (Heny) thovlatuuiaveansiontlas i uie Tas-

m

< a
N3N
1 <3 o 1
C_ o mmanulszy (Farads) ey lanuanuanguvesniioutlas i
~ ad a
iy TaoiannIn

o % 1w [ [ YR 4 9 a a1l 9y a 9
mmiuﬂmmmauma”lﬂﬁwmmunmﬂgmemuﬂgugummmm%mn

UM (2.31) (Chang HazAme, 2007)

v, Vo Vi nq |Z,]
G,==2=—L2="t20 (2.31)
Vs Vo Vs Ny |Zy|

&4 L 1 Rl . )
e  Z, =R +joL +jm7+TL+]wRLCO

_ Ry,
© 7 (1+jwRLChH)

o a a a o w
v, v, fe dnd lihaunlgugi nezdumedsgiiaudiay
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NnsERUazAUDLT Truumn 1!1!ﬂfJ“IJﬁ3T;T“VIﬁﬂTWGIIfN“Vfllf]LlflJathv‘IﬁW‘ﬂ%ﬁQﬁﬂmﬂﬂWﬁ%Tﬂﬁﬂ

U Q

A1 A o 1T a A < Y a A & A A dy Y A
(RL) AU UISTUNUAIDUNHUAUFATUNAYYY G]N“lflmigIWﬁﬂﬂlﬁNWzﬁNuﬂ’NNﬁ@u‘ﬂ
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ELECTRONICS (Sec.5 Chung Hsiao E. Rd.,Taipei, Taiwan) Ao

-1aa Lcﬁeﬁmu@ Tnnuua-4 (Lead zirconate tatanate -4,PZT-4)

a9 503 Iaa 1NN1uA-48 (Lead zirconate titanate-4D,PZT-4D)

M3 3.1 naasnuauiidvesiaauiio Tsdidnn3n (SPK ELECTRONICS CO.,LTD.)

Material types PZT-4 PZT-4D
Properties
Kp 0.58 0.62
Coupling Coefficients K, 0.68 0.71
K, 0.33 0.33
d,, 310 360
Piezoelectric Charge Constants (PC/N)
d,, -125 -145
Piezoelectric voltage constants 253 23.5 31.7
(x10°Vm/N) g, -114 -12.8
Dielectric constants E33T/EO 1150 1280
. o o 7.9 7.5
Elastic constants (x10 N/m") .
3 6.6 6.2
Mechanical Quality factor Qm 750 1200
Poison's ratio qE 0.33 0.35
Curie temp. (°C) Tc 308 310
Density (g/cmz) p 7.7 7.7
Dimension(mm) ODxXIDxT 20x9x0.8 20x9x0.8
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The permittivity matrix:
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o O O

The piezoelectric constant matrix:

(12621 6681 6369 O 0 0
6.681 12621 6369 O 0 0
The stiffness matrix:6 369 6.369 10804 O 0 0 K 10°N/m’
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| O 0 0 0 0 297]
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Electrode# 1 Electrodes s

0.5 mm.
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Dimension of electrode
PT Na: D1(mm) D2(mm) D3(mm) Dd(mm)
PT1 9 18 19 20
PTZ 9 17 18 20
PT3 9 16 17 20
PT4 9 15 i3] 20
PT= 9 14 15 20
PTo 9 13 14 20
PT7 9 12 13 20
PTE 9 11 12 20
PTO 9 10 11 20
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Inpit afoctrode Output electrode
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Input : Elctrode®1, Output : Electrodes2
PT No. Output area (mm?) | Input area (mm?)|  Area ratio

PTI 190 85 36.63 fi.23
PTZ 163.36 59.69 2.73
PT3 13744 8717 1.57
PT4 113,08 113.09 i

PTs 90,32 137.44 065
PT6 g9.11 160,22 0.43
PT7 49 43 151.42 0.27
PTS 3141 201.06 0.15
PT9 14 92 21912 006
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PT No. 5 Resonance freq. (Hz)
(mm") Outputl Output2 Output3
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Voltage ratio
PT No. Outputl Output2 Output3
FEM Experiment FEM Experiment FEM Experiment
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M0 5.1 waasmsilFeuieuwamsanyigiuuusianInsavesndeuas lniluiie

TN ULVAIN
Fr. (Hz) Area ratia “oltage ratio Type of PT

Casel

PT1 16500 6.23 19 Stepup
PTZ 16500 293 313 Step up
PTZ TE000 1.57 4,98 Step up
PT4 15500 1 f.56 Stepup
PTa 75000 0.65 8.23 Step up
PTé 714500 0.43 10,21 Btepup
PT 74000 0.27 11.91 Stepup
PTE 73500 0.15 13,14 Step up
PTO 12500 0.06 13,29 Btepup
Cased

PT1 72000 0.14 6.53 Step up
PTZ 12500 0.26 6.33 Btepup
PT3 73000 0.63 6.03 Step up
PT4 73000 1 538 Step up
PTs 713500 1.52 513 Btepup
PTé 74000 231 4,43 Step up
PTI 75000 3.87 3.38 Step up
PTE 15500 6.4 265 Btepup
PT? Ta000 14,68 1.91 Step up
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Outputl Output? Output3
Input area
PT No. | Fr. (Hz) Voltage Voltage Voltage
(mm) : Type : Type : Type
ratio ratio ratio

PT1 77050 548977 3.89 Step up 2.13 Step up 1.62 Step up
PT2 77000 4,7123 3.55 Step up 1.96 Step up 1.55 Step up
PT3 77100 3.9269 3.04 Step up 1.7 Step up 1.44 Step up
PT4 77150 3.1415% 2.44 Step up 1.38 Step up 1.12 Step up
PT: 77250 2.3561 1.88 Step up 1.09 Step up 0.88 Step down
PT§ 77300 1.5707 1.27 Step up 0.74 Step down| 0.6 Step down
PT7 77300 0.7833 0.73 Step down | 0.43 Step down| 0.33 Step down
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- 11 - 0.
Outer diameter Fr.(Hz) Step-up area (%) | Step-down area (%)
PT No. (mmm)

: cazel cazel cazel cazel cazel cazel

FT1 20 76150 TT0O00 100 100 0 0

FTZ 23 71000 71500 33.33 a4 16.87 16
FT3 26 66500 G000 71.43 77.42 28.57 22.58
FT4 30 61000 62000 63.16 42,11 316.84 57.89
PFT3 34 57000 375000 47.83 17.5 52,17 62.5
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Abstract

This paper presents an investigation of natural
freguencies and vibration mode shapes of piezoelectric
elements in the radia vibration mode piezoelectric
transformer by using finite element method. In the case
study, a ring-shape and disk-shape piezoelectric
elements were studied.
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1. Introduction

Miniaturizing the switching power supply system
has been an important issue in recent years. Since the
electromagnetic transformer is one of the largest
components in the power supply system, its volume
should be reduced to achieve a compact size for the
whole system. A piezoelectric transformer (PT) is one
of the components to fulfill this requirement. Instead of
coupling the magnetic field that occurs between the
primary and secondary windings in a conventional
magnetic core transformer, the piezoelectric element
couples the electro-mechanical effect to transform the
input voltage to the output voltage. Usualy, there are
two type of piezoelectric transformer base on the
vibration mode. One is the transverse mode
piezoelectric element (the direction of the vibration is
parallel to the polarization direction) and another one is
the radial mode piezoelectric element (the direction of
vibration is perpendicular to the polarization direction).

The objective of this research is to investigate
natural frequencies and mode shapes for radia mode
piezoelectric transformer. The anaysis of natural
frequency is based on the three-dimensional (3D) finite
element model [1-5].

2. Piezoelectric Transfor mer

The concept of piezoelectric transformer was first
proposed by Rosen in 1957. There have been many
piezoelectric investigations. Most of them are used for
the high voltage transformer [6-7]. A few works have
been done on the switch power supply application [8-9].

The piezoelectric transformer is the coupling of
structural and electrical fields, which is a natura
property of materials such as quartz and ceramics.
Applying a voltage to a piezoelectric material creates a
displacement, and vibrating a piezoelectric material
generates a voltage. It has many advantages over the
conventional electromagnetic transformer such as
compact size, simple structure, no windings, and no
electromagnetic noise.

The electro-mechanical constitutive equations for
linear material behavior are[2],

{T}=[clis}-[el{E} D
{D}=[el"{S}+[I{E} 2
where

{

3

} = stress vector

(D} = electric flux density vector
{s} = strain vector

{E} = electric field vector

[c] = elasticity matrix (evaluated at constant
electrical field)

[e] = piezoelectric stress matrix

[&] = dielectric matrix (evaluated at constant
mechanical strain)

The piezoelectric transformer is an electro-
mechanical device that transfers the electrical energy
through the mechanical vibration by means of the
special properties of piezoelectric materials. Applying
an electric input near the natural frequency causes
mechanical vibration due to the converse piezoelectric
effect, and then the vibration is transmitted to be the
electrical output which produced due to the direct
piezoelectric effect.

The natural frequencies of circular and annular
plates[10] are given in equation (3):

A% Eh® M2 ©)
T 27a? {12]/(1—02)}
;i=012..;j=012..



where ais the radius of circular plate or outside radius
of annular plate; b is the inside radius of annular plate;
h is the thickness of plate; E is the modulus of
elagticity; y is the mass per unit area of plate; v is
Poisson’s ratio; A is the dimensionless parameter.

The dimensionless parameter A is generadly a
function of the boundary condition on the plate, the
plate geometry and Poisson’ s ratio as:

A =f (boundary condition, geometry, Poisson’s
ratio)

The dimensionless parameter A is determined
by setting the determinant of the characteristic matrix to
zero to impose the desired boundary condition on
genera solution.

3. Simulation of Piezoelectric Transformer

The analytical methods were introduced mostly
based on equivalent circuits [11-12]. The equivaent
circuits are derived from one-dimensional (1D) models.
However, for piezoelectric transformer used in
switching power supply, the piezoelectric deformation
in three dimensions (3D). Therefore, the other two
dimensions should not be neglected.

A radial vibration mode piezoelectric element is
chosen as the case study. In this research, the Lead
Zirconate Titanate Type-4 (PZT-4) is selected as the
element material; the properties are shown in Table 1.
There are two shapes of piezoelectric element, i.e., a
disk shape [6] and ring shape [5,13]. The dimensions of
each of piezoelectric element areillustrated below,
Thedisk shape: a=25mm, h=25mm

Ea a i

Figure 1. The disk-shape piezoel ectric element.

The ring shape piezoelectric element dimension; a = 25
mm, b =15mm, h=2.5 mm.
a

b

3h

Figure 2. The ring-shape piezoelectric element.

In the simulation, the modal analysis was used for
investigating the natural frequencies and vibration mode
shapes at operating frequency range of 10,000-100,000
Hz and expanded up to 20 modes.

Table 1 The PZT-4 material properties[14].
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Dielectric constant , € x10”° (F/m)
&y =€y =64 = 1.124
Piezoelectric constant , e (C/n)
€3=63= _4-]-'933 =141, € =6 = 105
Stiffness constant , ¢ x10™° N/m?
Cy=Cp, =132, =71C3=C,=73
C, =115,¢c,, =3.0,c; =C;, = 2.6

3. Finite Element Results

Based on the finite element results of the
piezoelectric ring element, there are two type of
vibration modes, i.e., transverse modes and radia
modes. Each one has its own natural frequency. Figure
3 shows the first to the fifth radia vibration modes.
Figure 4 shows the first to the sixth transverse vibration
modes

The maximum deformation in the radial directionis
the 3" radial vibration mode shape (mode number 16)
as shown in Figure 5. The natura frequency is 73959
Hz (Figure 6).

& n
e

<

17t mode (namberl) 2M mode (mumher )

gl
-

o

3™ mode (number 12)

&

St mode (romber 19)

Figure 3. Theradial vibration modes of the
piezoelectric ring element.

4t mode (mamber 15




1%t mode (tamberS)

3™ mode (number T)
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4™ mode (mamber 10

Stomode (amber 13 6™ mode (number 17)

Figure 4. The transverse vibration modes of the
piezoelectric ring element.
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Figure 5. The maximum magnitude of deformation in
the radial direction of the piezoelectric ring element.
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Figure 6. The mode number and natural frequency of
the piezoelectric ring element.

For the disk shape piezoelectric element within the
same frequency range, there are three mode shapes of
radial vibration mode are show in figure 7 and eight
mode shapes of transverse vibration are show in figure
8.
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As shown in Figure 9, the 2™ radia mode has
maximum deformation shape in the radia direction
(mode number 13). The natural frequency of the 2™
radial mode is 72520 Hz asillustrated in Figure 10.

>

2"mnde (ramber 13)
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1t mode (number 107

31 wmade (number 207

Figure 7. Theradial vibration modes of the
piezoelectric disk element.
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Figure 8 The transverse vibration modes of the
piezoelectric disk element.
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Figure 9. The maximum magnitude of deformation in
theradia displacement of the piezoelectric disk
element.
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Figure 10. The mode number and natural frequency of
the piezoelectric disk element.

4. Conclusion

For the radial mode piezoelectric element, its
vibration mode shape should have the most deformation
displacement in the radial direction.

The radial vibration mode number 16 of the ring
element at the natural frequency of 73959 Hz has the
maximum radial deformation displacement. For the disk
element, the radial vibration mode number 13 at the
natural frequency of 72520 Hz has the maximum radial
deformation displacement.

The piezoelectric transformer is an electro-
mechanical device that transfers the electrical energy
through mechanical vibration and then transfers the
vibration to the voltage output. Therefore, the output
voltage is changed through the magnitude of vibration.
The high vibration amplitude offers high output
voltage. Hence, the frequency of the input voltage
should be applied near the natural frequency. The
coupling of the deformation displacement and the
electrical field when applying the input voltage closed
to the natural frequency of each mode shape has an
effect on the vibration amplitude and output voltage.
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