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This thesis presents a set of mathematical model of piezoelectric transformer
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to simulate the distribution of voltage, mechanical displacement and analyze of
the electric filed affects the temperature in radial vibration mode type of multilayer
piezoelectric transformer. The computer simulation is applied using 3-D finite
element method that is developed by MATLAB program with the graphical
performance of the distribution voltage, mechanical displacement and temperature
in multilayer piezoelectric transformer. And discusses about the simulation results

show good agreement with the temperature measurement results.
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ANYAULNITNILIBVDINAANT Aot szunar o dunuala o VUBAAINUA u (x,y,2) 1T UV

a Yy @ d"
IBIUTU AU

Ue(X,Y,2)e=+ fx+yy + Az (3.1)

Y
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v < ' ] [ f 1] Y
Taof «, B, y, 2 Wumaed Faaunsan lanngadeniaail

Ue(X, Y1, 2y EtUBE +yy H4z
Ue(X21y2’22 yﬂ-l,@x:-i-yy Az, 2
Ue(X3, Y3, 23 P D=+yy Hlz 3
Ue(X4,y4aZ4 yz'_lﬁx:_"yy Az, 4
W a, By, A Algannmsudaumsniatiady unumnguas I luaunsi G.1)

Y o o 1 a a J 3
1w Idanvazmsniznevesnaman laolszana o dunsla q vusaamudilu
Ue(X,y,2)=u,N, +u,N, +u;N, +u,N, (3.2)
& A Jd o a a 4
FIN,n=1,2, 3,480 Mandumsdsznumeludadmua
_ 1
Np _W(a” +b,x+c,y+d, z) (3.3)

Iﬂﬁl‘ﬁ a1:X4(y223 - y322)+X3(Y422 - y224)+x2(y324 - y423)
a,= X4(y321 - ylz3)+ Xg(ylz4 - y421)+ Xl(y423 - y324)
A, =X, (V125 = ¥220) + X, (Y4 2y - ¥12,) + X (Y224 - YaZ,)

a,= X3(y221 - y122)+ X2(y123 - y321)+ Xl(y322 - yzzs)

b, =Y,(23-2,)+Y,(2, - 2,) +Y,(2, - Z,)
b, =Y,(2,-23)+Y,(Z3-2,) + ¥,(2, - 2,)
b,=V,(2,-2,)+Y,(2,-2,)*+Y,(2, - Z,)
b,=V;(2,-2,)+¥,(Z, - 2,) + ¥, (25 - 2,)
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C1:X4(22 - 23)+X2(23 'Z4)+X3(Z4 'Zz)
C,=X,(2,-2,)+X,(z,-2,)+x(z,-2,)

C,=X,(z,-2,)+x(z,-2,)+%,(z, - 2,)

C,=X(Z, - 2,)+X%,(Z, - 25) + %, (25 - Z,)

d, =X, (Y3 - Y2) + %, (Y, - Ya) + X, (Y, - Ys)
d, =%, (Y, - Y3) +X (V5 - V) + % (Y, - V,)
dy =%, (Y, - Y) + XY, - V) + X (Y, - Y,)
d, =X (Y, - Yo) + X (Yo - Ya) X, (Y3 - Vy)
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6V = det 2 72 (3.4)
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(3.11)

a 4 U o =
11!ﬂ”li?]!ﬂi"l%?iﬂ”liﬂ"lfliﬂuﬂ?]"lll%jﬂu ﬁ)ﬂﬂﬂ”lﬁuﬂﬂSNW]ﬁﬂ’J‘Uﬂil (control volume)

A 9y a = [ Y ] Y o =
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! dz
l Ox+d
Eg )_ L X+dx

Ox

d’ a U 9 an
g’lh’] 3.22 ﬂ?llWl‘iﬂ’J‘iJﬂﬁJLLﬁz‘ﬂﬁﬂNﬂ']‘iﬂWElIfJuﬂ’NiJi@u!L‘U‘U 3Ua

o =3 an % d’ Y 1 9
%1ﬂﬂﬁﬂ1ﬁuﬂﬂih1ﬁiﬂ’)ﬂﬂh1u§ﬂlmﬂ 3ua wawmmmqiwmz'lﬂ

Eip=9x Tdy Taz

[

N

&
U

(3.12)
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H Y
Wa9IuANNTouMIFIzuY g q uae ¢ YNBYAVAIANNTUYIQUN YT
Y

4 @
(temperature gradient) ATUNHUD ‘Nﬁ 185 (Fourier’s law) 4 1l

ax =Ky dydz or (3.13)
Ox
oT

=K, dxdz (3.14)
qy y xaz ay

qz = —Kdxdy or (3.15)
Oz

] g
o Ky k, uag k, Ao duisz@nsn13111a21u50u (thermal conductivity) 11t

UAU Xy BT z AUAIAY ATHU UNUFUNITN (3.13), (3.14) uaz (3.15) adludunisn (3.12)

wld
oT oT oT
E. =—K dydz— =K, dxdz——K._dxdy — (3.16)
m X o Y o Y Oz
AIUNAINUNDDNNNTZUY 92 IaAIaunsi (3.17)
E,, - (qx+dx)+(qy+dy)+(qz+dz) (3.17)

naanuaNuiouiesnnIzuy q q wazq e q
z+dz

uay q lvia
x+dx yt+dy qy qz

X

[

' o @ @ £
FIUTS8E dx dy 1ag dz TﬂEJ@"IﬁEJﬂTiﬂiginﬂsU@Qﬂ‘l;lﬂilll'ﬂﬂlaﬂﬁﬁ]%llﬁl ﬂ\?ﬁ

oo+ 9x g (3.18)

(3.19)

a4,
Ayigy, =4zt 4 dz (3.20)
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AU UNUANMIN (3.18), (3.19) uag (3.20) adluaumsi (3.17) vz la

0 y
Eout:(qx+aq dxj* dy * . dy +(qz+%d2) (3.21)
Ox Oy 0z

1 [ 1 o a a g d‘ =\ 1 1 [ 9 9 1
muwaNmﬂammmzmﬂmumeumimmawawmmllﬂslmsz uadantaoe
1% 1% @ 1% 4 ] [ 1% a 4
wasnulugvosndsannll wasau Wi nasaunaumiman Wil nag wasauiiandes

v Y
fludu aunsonaadluglaumsmeldfFuasaruguitdnelugiuon 3 43 T8dadil

Eq = Qdxdydz (3.22)

1o Q Ao USumaudeuinanied (internal heat generation)
@ A I (% 1 (L I (%
pagwasnuidzanluszun Wumsazaundsauluglaiy Tuteziundiau
9 o Y 9 o A 1 o 4 [ o d =
anuFouduad anudounds wasaulugdou q wu wasauaal wavudnd sau'lls

o = Y o @ I Y Y v 2
NWANTUNNLAY Ulﬂllﬂ WAIUNUT 11 uan Ltﬁﬂﬁﬁlugﬂﬁumﬂﬂ JU

oT
Eg, = p c adxdydz (3.23)

e p A AMUNUWUUNIA (mass density)
m

= Y o 3 .
c AB ANUINNNIOUINNIE (specific heat capacity)

t A9 1981 (time)

9
[ Y

AU UNUANMITN (3.12), 3.21), (3.22) uaz (3.23) adluaumsn G.11) ald

an ﬁqy 94, or
— dx — dy — dz = ——dxdydz — Qdxdyd 3.24
axx ayy aZZ pmcatxyz Qdxdydz (3.24)

vag1 T Taeunuaumsh (3.13) (3.14) uaz (3.15) asluaumsi (3.24) az'la
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0 oT 0 oT 0 oT
K, dydz———dx+K,dxdz——dy+ K, dxdy ———dz
x x Ox Y yy Oy z Oz Oz
(3.25)
oT
= p ¢ dxdydz — Qdxdydz
m Ot
valdoglugdaumsanudon Idaal
0 oT 0 OT 0 oT oT
kx77+ky77+k277+Q:p c— (3.26)
Ox Ox Oy Oy 0z Oz m Ot
352  nalamsmeleuanudeu (a@utv snsin uaz vinda 19Ha, 2545)
na lnnisaneTeuanudeuwdlumsimesnianudidyea

WADNITAIUIUAN

3 a

a U U d'c! d' % o QI 49! 3
qﬂmgm !‘]JuﬂTﬁﬂ"lfJIi’]l!WaﬂﬁTu%TﬂﬁgﬂﬂﬂﬂJﬂ15!%ﬂﬂJﬂu ”lﬂﬂﬂqmwnvumﬂ 9 ﬂu'lﬂ"uuﬂ‘u
Y a g kA o A a o Iy Y 1
ANITLUINADY i’]"Ii]!ﬂﬂslluWSi’)ilﬂL!Vﬁﬂlﬂﬂ!ﬂW'lgﬂﬂ]lﬂslﬂﬂavlﬂﬁuﬁﬂ]lﬂ ﬂﬁllﬂﬂ15ﬂ181'f)u
9 A A o 9 . Y .
ATUFOUNU ZUUY AD NITUIAITUITIOU (conduction) NITWIAITUT DU (convection)

1A MIUH3ITA1N50U (radiation) AduaAIR0317 3.23

ALY
mhnmieu

< -u!‘,"ﬂ— 5% nlﬁ ITEET |

517 3.23 nalnmsnreTounnuiou
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353 MsnnNseu

o Y} g 1 ¥ A A N v a
ﬂ”li‘L!”Iﬂ’J”m56uLﬂUﬂ”lia”|EJT’e)1m’Jmi’e)uﬁ]”lﬂ‘]JiL’Jm‘Vlquwguqﬂﬂmun’am

] v
a v = 1

nguugidineludinaiufernunioseninanaansianogaanu an1saielou

U U
]

anufeunaannavesnsinaeuuedluananieludinats aumsnlgdlunismiuimm
a ° 9 2 A v a S (W A A J
Ysnansiinnuieugmausvull a.a. 1822 TastinImemanidsuaade Taww 1583

(Joseph Fourier) Taggilaunisaail

: OT
Qcond = —KA—— (3.27)
ox
. - . . )
RS Q Ao 9ATIMIUINNNTOU
A A A . v
A fAo  Nudlumsarelouanusou

354  MIMaNNsou
] < ' 9 1 A 3 o ~
msmanusoutlumsaigleunnudeuszrninanlrvedveadanuved lvan

=\ A A A 1 FZA I 4 A ~ Y] [ a
UNILAADUN Wiﬂﬂﬁnllﬂ]”l Lﬂuﬂimgmimmimaaummwawm mmmmqmwmqﬂﬂ

U

3

Q{: d' (% =\ 4' d' Y [ 1 [ d' d' d' 1
g Tash Tuanadinarslimsmaoui ldie Areg1usu msmaounvesauiinu
] 9 o ' ] = A Y] & o -
wihvaaltannwdou auasnannizlguugigeniy lddre Fanswianudoudl 2 uuw
A 9 I 1a . a é’ A~ v o Y
Ao NMIMANToued131ud AT (forced convection) 1NAVUILOTLTIAEUDANITIAL THUD4
A A Aa o d’ﬂ/ 1 = < 1 1 Y o 1 Y a A ~
Tnamdeuiriuringhiounimiodunit wu mslsiaauhomaldnanismmaoud
"y ¥ g v ¥ " a . a XA A
sudremudon Hudu taznsnianudeued199ase (free convection) INAVUILDYDI 1A
NANIAADUNITIINUTIa0862 11 1HINAAINNLANAINVDIAMUR LU UYDIUD I lu
a Y v < v 3 1 a H 9
vinalndnuvewds swiurannanuuanavesgurgi lusuvesveslna Tasanuiou
v Y
Y

Y o Y ~ ] o 2 a A A R
inﬂmslml,w\li]z‘wﬂwmmﬁummwumuumm (1) UNANITLAADUNUVYUATUUU

a ) A a 1A ' ' A A A
VMUSIAYINUDINIANLYUNIN 3Jﬂ’J13JWu1LLuuQ’Qﬂ’JWZLﬂaE]‘L!‘I/Ilmmu‘l/]
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@ ] < @
aunslumimsasinsnianuiouszlsingedlugl ngmsdudlves

UIAU (Newton's cooling law) AIENNT (3.28)

Qconv = hA(Ty —Ty) (3.28)

€

r'd
o duilszans ﬂ”IS‘W”Iﬂ’NlI%j ®U (convection heat transfer coefficient)

b
)
=
)Y

[ Y

AdurdszIeves Ivanydng

=h.

[

9 UNYUVDINIINY

D) D
Fe)

o gunglvesved Inanegresn laniiiag

T A Y
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T A& 9y 3 1 9 a 1Y
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Y
ANNIOMUIUMIUHSITANVS ou'ld Aail
- 4 4
Qrad =€.04(Ty —Top) (3.29)

A =\ 1 1 v A . ..
1o Ee Ao mMan1nilassea (emissivity)

]
= ! =

d o 4
Oy Ao Ananamyu- Tuandaiug (Stefan-Boltzmann constant)

TAUMINY 5.67 x 10 W/(m K )

3.6 ag
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a Ia a 14 . I a {
s21deu3T 1 luvioaatuue (finite element method : FEM) 11 13571 14 1un15m1

[ ]

a v d
W'ﬁ!ﬂﬁEl!L‘U‘U‘l]‘i%iﬂmeUfNﬁiJﬂTiL“]N’EIH!WM‘ﬁEJ’EJEI (partial differential equation : PDE) @3t

a d

9 g Y R axAn Yo
ﬁiJﬂTi’L‘TuTlJll“V\lV‘h TUINLNLNAN Lm$ﬁllﬂ1‘iﬂﬁﬂ’i$mﬂ"llﬁ)\iqm1’iﬂn ulumu «mﬂmw"lmu

U

Aa 1 [ ] A 3 axa a d A U v 9
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Y a2 g‘J Aa A ~ d%' a 14
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]
! A v

vsogUsrnlanyme Taawul
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AA A Ay a o’dg A <3 A = @ A J
szuunlusneidesmsinneiinuivadnuniedisudulymisivvesszuniily

L 4 ' ~ an Ja A I3 ' a < A A A
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]
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anuduiuives 2 tSnanlivinauanannuldedsnseunquuaz daszod sy 1TUITEUN
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nnsanadnd Wi wazminsgiadenanisingiuseudanifeutlasIndg ladanninuuy

H = dy A a o 1 A o As Y 1 = ax Ia A I3
NaeYU FaNnunUSnussnalansasn Inauunaszmouls W lunoadmudnaiuige
a2 A A Y o [ ) Y =\ ax Ia A o aAag YA I
ansagUnseanihdmsumssiaswanleszidonds W lunsadmudauny 3 HaldNvuneaan

A a 4 a @ U I Y1 Aa ] ) yé =
Muzauinens uazineluusnusinanld ldmuamasiianuuiud 1§ ¥asziieu
Aaxy Ja A I3 a A Yy A = a A ~ 1o &
T W lusigaduuanausodnsa lilvuialvaimeaatSmavesniavesusnud liduiu
M0 UTz oz lUMITHINAINABLASITINITO T NHIAMNUN UG IVDINAINAY LA UN U
=< o a 491 U Y a o a A P 9 AR A o 1
Famsandumsuuuiazne linasiuiudadmudn s luszuunanuiisiuau luunuay

o a 4 1 I~ gl.: % o
AINTDMUIUKINAINAY U UTNUNA0I75 130819599157 TIUNITIT1TDI1aDIHATE UL
A Vo Yy o v o ¥ S g o o a @
Aanuuanannunediuiag 18 auinluoniitldinausnuudassnndiamanives

9 a a d a z;y.l o 9 = ax Ja a s 9 g‘./

nioudadlwd ledanninuazduasunitiasinanlesiieuds W lunoadmudnd ouna

4 a Ja a 4 an 4 o 1 [ o
Uszgnaldsziouds I lundadwuduuy 3 ame 19 lunisdiurmmiardng Tndh

v A A o 9 a adg a 1
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o a d (v dlll Y v A LY
4.2 HUUIIADIMIAUAA I A IVUDIFNE ‘V\I‘V\h!!ﬁ%ﬂ]ﬁﬂ‘i&"ﬂﬂ!Tﬁﬂamﬂﬁﬁﬂﬂllﬂﬁﬁ
=) A g )
Iwdlayddnnsn
o Y a a a = I o [
Asn1nuveanendadIndTsdannsn dudunisiiauludnyazved
a ad a P 4 [ 3 o .
Twa Twdiannsnueawiawmas nimslasuannasnu luiluilundaauna (inverse effect)
=\ o o a ad a a A = o 3
uazinsiauludnvazvedlnd Tedannianiuadnaesninlasuanndanunaily
Y
197 (direct effect) NS 1ZREWULVUTIADINANAATAS VoIrTou)aa Ind Tadidnn3n
wzlsinglusduvuvesaunisanuduuisznitanidIdflwazniena Tavay
dsznoulddremisitmesnialwfnaznianaldun a21utA Y (stress tensor : T)
ANMUIATEA (strain tensor : S) A1 TWHN (electric field : E) tazanunuinduans Wil

£
Q/ [

[ 4
(electric displacement : D)mmsauﬁmé’haaumsmmau‘wuﬁmﬁ (Joo, Lee, and Jung, 2001)
T=cfS—e'E 4.1)
D=eS+&°E (4.2)
A a g A = ~
Lo & e Lllﬁﬁﬂclfﬁfl'lWEJE)?JV]'NhlV\lV\hLﬁJf)ﬂ'ﬂiJlﬂﬁﬂﬂﬂ\?ﬂ
(dielectric permittivity tensor at constant strain) AN EE,

g o anmeouna lWihuesganie (permittivity of free space)

UAUNIND 8.854x10 F/m

v o J . e 2 v W o
&, A aameeuma Iiihduing (relative permeability) Tﬂﬁl%i‘l&ﬂ‘ﬂ?ﬁﬂﬁ?ﬂmﬁ
a g HI {
cf Ao wesngamainoaun dihaem
(elastic stiffness tensor at constant electric)
= a S ~ 9 a ad a . .
e o Lll@]iﬂclfﬂ”lﬂﬂ‘i/]ﬂ’;!”lllLﬂum’ﬂﬂWﬂI%@mﬂ‘niﬂ (plezoelectrlc stress tensor)

A a 1 ~ 9 a adg a
€ 19 mmfﬂwmjmmmﬂcﬁmmwmmmumm'lwai%maﬂmﬂ

Tumsanamamaun i E aunsaduiiums laTaedes ldduamdnd 1l
Aau Tagiaaun 1nih E ansamuia 18deinsidend (gradient) And i Hanaaald

[

1
JU

E=-VO (4.3)
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MIMUIUNIANWATIA S T1N150NTL1 1A TAgHIUNITNTZIATING U LaAd I

‘”q‘fj
S=Bu (4.4)
i 0 O
OX
9 9
oy
, 0 0 aﬁ
A _ z
Tagh B= . o 3
oL oy
9 4 9
0z OX
9 9 |
oy ox |

11NNgT0 2 YoaIAYU (Newton’s law) 92 1471

o%u
V-T=p—— 4.5)
P ot

2

1o p A0 ANUNUIUULIAVYDIIHY (mass density) LAZVINNITANBINUANIA
7 o ' A 4
NHVOUN (Gauss’s law) lugtoyriusanuruuniuvesland Wil Taeinsnszaedszy

Fa lihilugud wuh
V-D=0 (4.6)

ud1aunsn (4.5) unuadluaunisn 4.1 udnhaunsn 4.6) unuadluaunis

42 s
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2
pgt—l::V-(CES—eTE) 4.7)
0=V-(eS+¢°E) (4.8)

MaumMIN (4.3) uag 4.4) unuadluaumsn 4.7) vag 4.8) az'ld

o°u

pat—Z:V-(cEBu—i—eTVCD) (4.9)

0=V-(eBu-&°VOd) (4.10)

s
v o

a 4 9 a ad a =< [
ﬂ\‘]U‘L!LLTJ‘]J%”IEH’N‘VI"I\‘]ﬂﬂl@]ﬂ"lﬁ@]iﬂlﬂﬂﬁﬂﬂllﬂaﬂllWi’)T‘ﬂf@mﬂﬂiﬂ GBQ%%ﬂiWﬂ{‘]ﬂgiugﬂ
Y Jd 1 [ v
AUNITOUNUTYOY (partial differential equation : PDE) DUAU T D arusanandlanie

aumsi 4.11) uag (4.12) Al

E o’u . ¢
c (V-Bu)—p?+e (V-V®)=0 (4.11)
e(V-Bu)-&*(V-V®) =0 (4.12)

TunsaidaymiinnsanmaulasmTamunaniluTamunnud (time harmonic) Tag

) v
aunsaunu U oglugivessinudidon u=ue' duiu

2
gt_‘; - _olu (4.13)

= A A a A 1 A =3 9 I
I @ ﬂaﬂ’Jmawmmmgmumaﬂuaumﬁn (4.13) i]ﬂulﬂﬁllﬂ”lilﬂu
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c5(V-Bu)+ po’u+e' (V-VO)=0 (4.14)
e(V-Bu)-&*(V-VD) =0 (4.15)

1 o d o v ! {
NITUINAURAYLLUUAN T (exact solution) VNFTUNITOYNUDYDY @uﬂﬂﬁﬁ@ﬂﬁﬂiTﬂg
A =2 A Y} 1 v v 2 aw
11!ﬁ3Jﬂ151/] (4.14) uag (4.15) °]5\‘13Jﬂ311]ﬂ1ﬂ!La3°]5°]J“]5'ﬂuﬂEJ”N?J1ﬂ‘11!ﬂ"I§LLﬂﬁQJJW”I ANUUITUIYY
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A A a @ EaRl A 9 o [ 4 9|
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Y Y
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dwmsumsuddaymlunyy 3 Sy duaeuusnezisuinmsianasves
nifoudadindTadidnnineoniiudadmudyinssdmi1d9aao (tetrahedral elements)
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TwaTadidnnimfugddadmudars 9 1819 TUsunsud 3oz s Solidworks
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d a a d
4.3.2 Wandumsilszanamealudaamua
Aa a 4 ?1}1 k)
mMseanuuudaduuaiuainIsoeenuuyldavategluuy Tasgduuy
Aa a A [ ) dy o & A 9 d o Aa a s [
Y99 aaUaNUanANUHuIFINITaen leenrunsdszuanieludaduuanuanaia
[ [ g}./ v ¥ o a J o Aa a L
nuldasiuluiadeiildiimsiasadeandunisdszuaneludadwud lugduuy
A 9y A 1 Y3 = o A A 9 s o
nsaanmiagadotazuaalirudInszu umsaniualunmaden lsansumsissna
a a oA 9 1 Aa a s A 9
meludaamuangnasdnuglisvessaamuaniaenly
H 22 A ¢ v a a %
vuaeuiiunisaenguvuveaandunisdszuiuaielusaauue
A a Y o a a 3 a 9 d'dy
TaglioauuA Ina N UZNITNTLIGVOINAIRAsVUDAIN UMD UYL UdY Tuntazvo

an@0819v09Ang I azmsnszsamanannuioutlas lnd laddnninag 18
A(x,y,z)= AN, + AN, + AN, + AN, (4.16)

{ d v U { { 1
aumsi (4.16) AoWanu3a1 (shape function) vee3iuuunssanihagaae
{ d v a a 4
Taefi N, n =1 2, 3 480 MnFumsdszmnuneludadwuduaz 4, n =1, 2, 3, 470

HaaNSusazIAfe (7, 2, 3, 4 Tuunazdaamud Iaoh
1 A
Nn=6—v(an+an+Cny+an) Wwon =1,234 (4.17)

Iﬂﬁ]‘ﬁ a1:X4(y223 - y3zz)+X3(y422 I y224)+xz(y3z4 - y423)
a,= X4(y3zl - Y1zs)+ X3(y124 - y4zl)+ Xl(y423 - y3z4)
a3:)(4(3/122 - y221)+X2(y421 - ylz4)+x1(y224 - y422)

&, =X, (Y22, - ¥12,) + X, (V12 - ¥32,) + X, (Y32, - ¥, Z5)

b,=Y,(25-2,)+Y,(2,-2,)+Y,(2, - Z5)
b,=y,(2,-25)+Y,(25-2,)+Y,(2, - 2,)
b, =V,(2,-2,)+Y,(2,-2,) +Y,(2, - 2,)
b, =VY,(2,-2,) +y,(2, - 25) + ¥,(25 - 2,)
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C=X,(Z, — 25) + X, (2, — 2,) + X,(2, — 2,)
C, =X, (Z,— 7))+ X,(z,—2,) + X (2, - Z,)
Cy=X%,(2, = 2,) +%(Z,—2,) + %,(2, — 2,)
C,=X%(Z,—2))+X,(Z, = 23) + X (2, — Z,)

d, =X, (Y5 = Y2) + X (Yo = ¥a) + X, (Y4 — Y5)
d, =X, (Y, = Ya) + X (Y5 = Vo) + %5 (Y, — Vi)
ds =X, (Y, = V) + % (Y = V) + X (Vs — Y2)
d, =X (Y, = ¥2) + X (Yo = Ya) + %, (Ys — V)

A a A Y 1 a a ¢ = o Y
iag V ﬂ@ﬂ51”@]551]@\13‘”7]3\1@'1414!151]9\1!&151agﬂaa!ﬂu@] mmmim"lﬂmﬂ

= da o % a Jd @ dy
AnesLUUAve TN ST aNTAIH

1 Xl yl Zl
X z
V=2 2 Yo (4.18)
X3 y3 Z3
X4 y4 24

14 a a d
4.3.3 MIAINNANUNIDAAUNUA
3’; dyd [ 3’; Ao o A Aas Jda a SR d 9
TunoutnoIutuneung tgwqﬂmmaﬁ"lwllumaamm i UnNISEI19

o J

a a o [ a ' ) [
ﬁﬂJﬂ”ﬁm@\iﬂaamu@iﬁ)ﬁ@ﬂﬂgﬂﬂﬂ‘]JfT?JﬂTiL%QﬂHWH‘ﬁﬂI@QﬂiQW1@HQ il ﬁ"lﬁiﬂﬂﬂ]uﬁ"lﬁll’ﬂﬂ
an = as Ia A 14 Y @ a 4 Y '
JEUU 3 UA ‘VI”I\‘HSL‘]JEJTJTJ"D']IV‘I[I‘L!VIi’)ﬁﬁLllu@]ﬁ]g@]’f)\ﬁ]ﬂﬁllﬂ?il%ﬁﬂﬁWMﬁ%@ﬂﬂ@ﬂTiﬁﬂgju
< @ A 1 ~ Y 9 Aa A 4
E‘IJLHJTJ‘VI’J"I,‘]J aaaasluaunsi (4.14) uag (4.15) NOUNILVIFNITATNANNITUDIDAAUNUA

Sate 11l (Yong and Cho, 1994)
K+M K+M U F
st s U1 7] .
(K+M)y (K+M)y, @ Q
Taeii [U] uaz [@] fie mmsnszsadenavazardng ludhdasiudi lins

1 1 1 = A dy =) da! 9 a o 4
m“lmmazimma FIFUNITN (4.19) U ﬁ”lll”liﬂLﬂlﬂumuhlﬂiﬂﬂﬁiﬁl”lﬂﬁuﬂ”liLGIN’E)Iél‘W‘L!TJ

A 1 ¥ o . . : [ I
Taon15152gn@I5n0150291 W NIABANAY (method of weighted residuals) ¥9gnda 1#1Tu
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Y] [

an A A A ’q Y o [ ) Qddy 1
Tontsungalumsdszgnalsnuilyniaie o Tudegiu uagdsudiaunsoduuntengoy

YA 3

1 Ia X a s a a g a
ponl1) 1o nwu 1933 veenaniAu (Galerkin) Fauuasngninaliuainis i Undudraziinam
' a d a s A o
aumnasvne iinalse Texiedrauinlumsdiou Tlsunsuneunuaesine 15nudymvuia
] ] 1 a o da}
Tvgjegnuruilyriiluanuisel
9 Aa a Y 1 %’ o 9 = 1Y [ dyd
MIATNAUNTUDIDAANUAAIIMIDINNHITIAHANA T HANNTAIUADNIN
{ 1 1 1" W 4 1 J
unuramasTagdszumasluaunish (4.14) uaz (4.15) 92 la'ldauninugud uaszdin

N R AIUAAIA8TUNITN (4.20) Lag (4.21)

c5(V-Bu)+ po’u+e’ (V-V®)=R (4.20)

e(V-Bu)-¢&°(V-VD) =R (4.21)

y
A a X

= = ] 9 . I 1A Y
3 RITINIUAYANA (residual) WUAAANAIANNATUIINNT IFRNAINAY

Y
a K =) :)

Tagszuada lilsnamasuiuassveaulym inpanaig R Mtnaduaisliamnga tiowa

a Aad ! %

d' a da! IS d‘ d' v dy v
mﬁEIIG]EHJ‘i$1I1T;Ll‘I/]Lﬂ@"lluﬂzhﬂﬂﬂflﬁﬂi\‘]iﬂﬂﬂq@] uaﬂmmaﬁmu ATNITDINUINUNIAY

9 9q Yax Ia A
amaldlesueanansay (Preston, Reece, and Sangha, 1988); (Kim, Kwon, and Park, 1999)

b3l

a - o J o %’ v . . .
FHasansziila lagnisgauabanaie R @2eansuiiimiin (weighting function : W)

S O

Y a a ° AW Yq Y 1 o A
umaumﬂimauﬂ‘%mmuazmwuﬂwaw"lemmug{ua HUND

JW.Rdv=0.n=123 4 (4.22)

a v

dy = a d' Y d‘ 1 o v (91’/ d' 1 1
NTHIYUIADNNTA ﬂﬂiﬂﬁﬁuWﬁﬂﬂ@ﬂiuﬂiiﬂiu%m ﬂ\TLlLli]‘ﬂ‘V]lliJcﬂiﬁJﬂ”l
Y

p]
U
Y w?x’dd
?

= é 9 1 1 v A
WU 4 ﬁ;ﬂ“])’\illﬂuﬂi]‘ﬂ@]ﬂ%\‘]ﬁ ANUU

[ Y
1045 4 aumslumsudmya linswa dunineds
Tuaun1sn (4.22) azdealiain = 1,2 3, 4uazlagilnfaziaon (Lerch, 1990) #3381
Y] A [ g’/ 4 1
U Tun-nuaesAn (Bubnov-Galerkin) #411iB1MUAT R A28aUT (4.20) uaz (4.21) adlu

quMIN (4.22) 3214

jv- Nn(cEBu)dv+INn(pwzu)dv+IV- N, (e"V®)dv =0 (4.23)



jv- Nn(eBu)dv—J.V' N, (£°V®)dv =0

uaznnaumsh 4.3) WoulugilIndaz I8 (Safari, and Akdogan, 2008)

E=-V®=-[VN,VN,..VN,|®

A A ) VoA [ Aa A 4 ~ = I
D n Ao mu’mﬂﬂmwagiuﬂaamumuazmﬂﬁumiw (4.25) GRTTRERICTIANISIAN]

E=-[B,]P
_GNn_
OX
A ON
Tasn [B, |= n
CHNES
oN,
L 0z |
uay
OoN, b,
oxXx 6V
oN, _Cy
oy 6V
ON,, _d_n
oz oV

[

d‘ 1Y g‘, = d‘ 9 dy
Won=12 3 4 NUUTINITOVIUANNITN (4.31) Ulﬂ JU
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(4.24)

(4.25)

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)
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1 bl b2 b3 b4
[B,]= m C, C C C, (4.31)
d1 d2 d3 d4 3X 4

v

1 Y
uaznnaumsh (4.4) oo luglIninaesldasi

S=[BJu=[B,U (4.32)
ON, 0 0
OX
0 OoN, 0
oy
| o o N
Taon [B,]= N 8?\12 (4.33)
0 n n
0z oy
N, o N,
0z OX
N, N,
Loy X |

[

W0 n =1, 2 3 4 UATUNUAUMNIN (4.28) (4.29) 1az (4.30) luaumsn 4.33) laaail

bb 0 0 bb 0 0 bb 0 0 b 0 0

0¢c 00¢c 0 0¢ 0 O0T@¢c O
B ]:io 0d 0 04d 0 04d 0 0 d 434
“ev|0 d c 0d, c, 0doc, 0d, c

d 0 b d, 0 b d 0 b d, 0 b

¢ b 0¢ b 0 ¢ b 0 b Of,

unuamanuaaluaunian (4.23) uay (4.24) 1216
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[ pe’ INT [NJUd

V ' (4.35)
. JPdv =0

j sy B B oV [ (B, T [1[B, Jodv =0 @36

4 o Aa a a 4 [ R] a :
Taailaduiiumsduninsaduyssindvg Idwaans duaumasudu Fauaag

Y
oglugivaauaindg 1aaail (Yong, 1993)

[Ku]-@?[M] [Kuq)]} H zm s
[Kud)]T [KCDq)] 16X16 o 16 X1 0 16X1
Tauf
[Kudioxz = 36V2 [B [C 1[B, ]J.dV——[B] [C 1[B,] (4.38)
(Ko Joes =27 [B,] [T [B, ][ v === [B, T [e]'[8, ] (439
ud J12X 4 36V2 u ) ] 36V u D .
[KonJoxs =5z [Ba] [2°1IE, | v =[BT [-+°][B,] (440)
[M ]12x12 :I(_P)[N]T[N ]dV (4.41)

A Y o Y 3 J A 1 a a J
NNFUNIIN (4.41) ﬂ1ﬂ1°ﬁuﬂ1ﬁ Yo Lﬂuﬂmmmﬂmmmaaamumazim

s a Yo A
W%uﬂl@ﬂ!ﬂ@liﬂ“ﬁﬂgqﬂﬂiﬁuﬂWi‘ﬂ (4.42)
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| N12 NN, NNy . N1N12_
N,N, N22 N,N, . . N,Np,
N.N N.N N2 . . N.N
[M ]12)(12 = (_P)J- o 3 : e dv (4.42)
_N12N1 NN, NNy o N122 Ji2x12

1dgas159@21/52n0U (factorial formula) Tun15Uszu1mn158UAINT T
aaealiuasasaunisi (4.43) msizitiesain Ny=L, N,=L,, N;=L,,..,N, =L,

2 1d

alblet,...,I!
" (@a+b+ct,..H +3)!

(4.43)

[LLL,.., Ldv

1 a I
VINAUMIN (4.42) dunsansamenilu 2 nsdiAe L, =L, waz L, =L,
Tunsal L, =L, 9vzv0endr0619n15W015n19aae 1vesgnseaniiegld a=2

g’u = B~ J o g}z ~ 9
uazuaﬂumzmuﬂug{ua ANUUIINTAUNITN (4.43) Eﬂgllﬂ

1010! I
21010¢,...,0! 6V =12V A%

= ___ (4.44)
(2+0+0+,...,+0+3)! 51 20

ijdv

[} a

Tunsain L, # L, 92v08n029819015W915019A007 1 11ag 2 ¥9331N53

Y
9 v v

~ Y 3’; = O ] 4 A Y
ﬁ‘}’il!"ﬁ]z“lﬂ a=b=1 meaﬂumwmzﬂug{uﬂ ANUUINAUNITN (4.43) ilzhlﬂ

11101 I
_ 11110¢,...,0! 6V :ﬂ:i (4.45)
(1+1+0+,...,+0+3)! 5! 20

'[Liledv

=
N

'
=

. a3 a [ l @ o &
ANDBOU Gumgﬂmﬁﬁﬁ’m%wawmﬂuaﬂymzwmaﬂmu ANUHUIN

!
quUMIN (4.42) 9216
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2 1 1 1
1 21 1 1
(—pV |1 1 11 1
M = (4.46)
M ko 20 |1 1 1 1 1
111121
_1 1 1 1 1 2_12X12

=
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[KUQ]T [chcp] 4nX 4n O 4nX1 0 4nX1 |
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o d
5.2 !!‘]J‘]Jﬁ]”lﬂ@ﬁ‘i’nﬂﬂi‘fmﬂ1ﬁﬂ‘iﬂli’)x‘l@ﬂ!ﬁ{}ﬁ
A aA A Y Y 1= = Y ! Y
A1NUNN 3 mygmﬂmmaﬂﬂﬂanmmymmmmsau Tﬂamimammmiamz
LLﬁ@Ni’JEﬂugﬂeﬂﬂﬂlm'ﬂﬁﬁﬂﬂﬂ‘V]Nﬂiﬁ@]?ﬂﬁﬁ%ﬂl’ﬂﬂﬂ"liﬂi%i]"l&lﬁl?sll@\‘iqmﬂfq]ﬁ ﬁ?ﬁ%ﬂl!ﬂﬂﬁ?ﬂﬂﬂ

[ Y
youlaymlu 3 Hdvzuaaslddeaumsi (5.1) ail

0 oT 0 oT 0 8T+ oT

k Sk Sk S g pc 2t 5.1)
xox - yoy o < o
Tagh T o ’qmwgﬁ (temperature)
Ao MduYsza@nsmsrhnnuiou (thermal conductivity)

ﬁﬂ mmwmuﬂuma (mass density)

A}

A9 ANNTPUTUNE (specific heat)

(o]

A @ 9 A a Y . .
Ao 9asfsuannuiounnaalama (internal heat generation)

O
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Tagaumszlsingedlugiauniseuiuidessudvaes Fedamnsaremany
YouihfunuuFuduluaniuz$ang (linear transicnt heat transfer problem) 111 Tayn18n
sUuvunilaTasgarigifigadevzidsuudas ldamunaids gunginn/deuudasllend
aungnanden lvvoua suTnandTumanudewiuinsndeunlasly duswes

1 dy Y A A 1 = v J
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weraurulymmeldaoiuzegan
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53 anwduiusvessndlwih avnalwih nazqamai
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Study of Characteristics of Multi-Layer
Piezoelectric Transformers by using 3-D Finite
Element Method

C. Panya-Isara, T. Kulworawanichpong, and P. Pao-La-Or

Abstract—Piezoelectric transformers are electronie devices made
from piezoelectric materials. The piezoelectric transformers as the
name implied are nsed for changing voltage signals from one level to
another. Electrical energy carried with signals iz transferred by means
of mechanical vibration, Characterizing in both electrical and
mechanical properties leads to extensively unse and efficiency
enhancement of piezoelectric transformers in various applications. In
this paper, study and analysis of electrical and mechanical properties
of multi-layer piezoelectric transformers in forms of potential and
displacement distribution throughout the volume, respectively. This
paper proposes a set of quasi-static mathematical model of electro-
mechanical lectric transft by using a get of

pling for pi tric
partial differential equations. Computer-based simulation utilizing
the three-di 1 finite ¢l method (3-D FEM) 18 exploited
as a tool for visualizing p and displ distribution
within the multi-layer piezoelectric transformer. This simulation was
conducted by varying a number of layers. In this paper 3, 5 and 7 of
the circnlar ring type were used. The computer simulation based on
the use of the FEM has been developed in MATLARB programming
environment.

Keywords—MNulti-layer Piezoelectric Transformer, 3-D Finite
Element Method (3-D FEM), Electro-mechanical Coupling,
Mechanical Vibration

1. INTRODUCTION

[EZOELECTRIC transformers are electronic devices made

from piezoelectric material such as BaTiO3, PZT,
PEN206, PT, PLZT and PMN. Piezoelectric transformer 1s
typically to convert electrical input voltage from one level to
one another by using mechanical vibration of medium
material. At resonance frequency, voltage input transfers its
energy through piezoelectric material to generate vibration.
This process is similar to that of actuators, This vibration can
be recovered and be converted to electrical energy at the
output layer with a specific voltage gain acting as transducers.
In this paper, radial mode vibration [1] of a circular ring or
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shortly called the ring-dot type where its applications in ballast
electronic has been increasingly found is selected for study.
Finite Element Method (FEM) is one of the most popular
numerical methods used for computer simulation. The key
advantage of the FEM over other numerical methods in
engineering applications is the ability to handle nonlinear,
time-dependent and complex geometry problems. Therefore,
this method is suitable for solving the problem of potentials
and  displacements  distribution of the piezoelectric
transformers. To utilize the advantages of the 3-D Finite
Element Method (3-D FEM) for handling the electro-
mechanical coupling problems, 3-D FEM model development
and problem formulation need to be defined in electro-
mechanical coupling problems of piezoelectric transformer.

In this paper. a set of quasi-static mathematical model of
electro-mechanical coupling for piezoelectric transformer is
briefed in Section II. Section IIT is to illustrate the utilization
of the 3-D FEM by using Galerkin approach for the electro-
mechanical modeling deseribed in Section II. The domain of
study with the 3-D FEM can be discretized by using linear
tetrahedron elements. Section IV gives simulation results when
consider multi-laver piezoelectric transformers of which 3, 5,
and 7 layers of the circular ring type are used. This section
also gives some discussion and points out the mfluence of
different layers. Study and analysis of electrical and
mechanical properties in forms of potential and displacement
distribution are determined throughout the veolume, The
simulation conducted herein is based on the 3-D FEM method
given in Section III. All the programming instructions are
coded m MATLAB program enviromment with graphical
representation  for potentials and displacements. The last
section gives conclusion.

II. MODELING OF ELECTRO-MECHANICAL COUPLING FOR A
PIEZOELECTRIC TRANSFORMER
Piezoelectric transformer can be described by using
mathematical models to exhibit electro-mechanical coupling
among stress tensor (T), strain tensor (8), electric field (E).
and electric displacement (D) as in (1) and (2) [2], [3].

T=c¢"S-¢"E (1)

D=¢S+¢"E 2)
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where ¢” is the elastic stiffness tensor at constant electric

field, £¥ is the dielectric permittivity tensor at constant strain,
and e ispiezoelectric stress tensor.

V-T = pii with S= Bu (3)

V-D=0 with E=-V® “4)
And (3) and (4) are momentum balance and electric balance

equations, respectively, in which p, B, i, and @ are mass

density, first spatial derivatives of the interpolation,
mechamcal displacement, and electric potential, respectively.
9 0o 0
ox 5
0o — 0
&y
o 0 %
B=
o 2 9@
dz dy
a a
Z 0 =
az ax
b8 8
Loy & |

This paper has considered the time-harmonic system [4],
therefore,

i =—&’u

..., where @ is the angular frequency.

As described, a set of quasi-static mathematical model of
electro-mechanical coupling for piezoelectric transformer by
using a set of partial differential equations is collected as in (5)
and (6).

cB(V-Bu)+ po'u+e" (V-VD)=0 (5)

e(V-Bu)—&*(V-V&)=0 (6)

Analytically, there is no simple exact solution of the above
equation. Therefore, in this paper the 3-D FEM is chosen to be
a potential tool for finding approximate potential and
displacement solutions for the quasi-static partial differential
equation described as in (5) and (6) [5], [6].

78

III. 3-D FEM FoR THE PIEZOELECTRIC TRANSFORMER

A Discretization

This paper uses PZT powder to form circular ring multi-
layer piezoelectric transformers of 3, 3, and 7 layers for test as
described in Fig. 1. The test specimens have 30 mm of
diameter (D) and 3 mm of the total thickness (t). The domain
of study with the 3-D FEM can be discretized by using linear
tetrahedron elements. This can be accomplished by using
Solidworks for 3-D grid generation, Fig. 2 displays grid
representation of the test system. The region domain consists
of 13,530 nodes and 68,122 elements.

D |

Vout

b) 5 layers
| ° |
-y +*
. 4__--/22
vin . Vout
- - -
” =il
¢) 7 layers

Fig 1 Detail of the multi-layer piezoelectric transformers

Fig. 2 Discretization of the piezoelectric transformer
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B. 3-D FEM Formulation

An equation governing each element is derived from the
electro-mechanical equations directly by using Galerkin
approach, which 1s the particular weighted residual method for
which the weighting functions are the same as the shape
functions. The shape funetion for 3-D FEM used in this
research is the application of 4-node tetrahedron element
(three-dimensional linear element) [7]-[9]. According to the
method, the result 1s expressed as follows

A(x,y.2)= AN, + AN, + AN, + AN, (7

..., where N, i = 1,2, 3, 4is the element shape function and
the 4,, i =1, 2. 3. 4 is the approximation of the result at each
node (1, 2, 3, 4) of the elements, which is

N, =L'(a. +bx+cy+dz)
[T :

..., where I is the volume of the tetrahedron element, which is
expressed as
] Il }rl Zl
I 1 xz J,Z 53
6 1 x.'! y'.\ ‘T'_\

1 x, v 2z,

and
ay =%, (¥,23 — ¥32,) + 53 (¥y2; = 1,2, )+ X,(0324 — 1423)
@y =X(¥35 - nE) s nzy - Yad )+ 603 - ¥az)

ay =X, (112, =3 7) + %042 - 1 2)+ 5 (012, — 345)

a,=x,(0,5 —n5)+ 5002 - 05 50052, -0, 5)

b =wlzy—z,)+ yylz, —2,)+ wylz, — 23)
by =y(g—2)+ 05 —2)+ »(2,—5)
by =y, (2, =z)+ v (2 =z + vz, = 2,)
by =y(z,—z,)+ ylz, —z3)+ y,(z, — 2)

¢ =Xz, —23)+ 5,05 — )+ a0z, — 5;)
6 =%, (5 - 7))+ x(5 - 2) X (2, - 5)
o =X (5 =)+ Xz = )+ x(2, - )

oy =Xz — 5 )+ x,(2 - )+ x(25 - 2,)

do=x,(y, — )+ x (v, —y ) H (v, —»y)
d,=x, (¥, = y)+x (v, - v)+x00, - ¥)
d;=x, (v, — v+ (v -y x (v, - v.)
dy=x,(y, = y)+ x5, (0, v+ x50 - )

The method of the weighted residue with Galerkin approach
is then applied to the differential equation, refer to (5) and (6).
where the integrations are performed over the element domain
Q.

IV-Ni (c-‘-'Bu)aQJrj N (por*u)dQ

] ]

+ I\ N ("VDMQ =0
0

[V N, (eBuwydQ- [ V- N, (£ VDMHQ =0
0 (¥}

Finally, a set of linear equations in the compact matrix form

is obtained
K u 0
I-KMJ 16:16 @ 1651 0 1621

..., where the matrices [AM], [K, ], [K 4] and [K gq] are
the mass, stiffness, piezoelectric coupling, and dielectric
matrices, respectively.

[K.]-o*[M]

IK’J:Q IT

2111
—pVf1 - 11
M =
Mhaw =701 10
111 2
. 1 T, F
(K dizaz = 361 B, (e")B,
- 1 T, T
[Kigliza = VBH (e )B,
- 1 porg_ s
Kooliw =378 (76780
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..., where
CaN _
ax
an,
0o — 0
ay
an,
0 0 8zr
B, = . N,
8z oy
oy
& ax
aN, o, 0
L&y & i
én,
&
5 = |V
oy
an,
&z

For one element containing 4 nodes, the expression of the
FEM approximation is a 16x16 matrix. With the account of all
clements in the system of # nodes, the system equation is
sizable as the 4n<4n matrix.

IV, SpULATION RESULTS
The boundary conditions applied here are that to set zero
potential at the ground electrode and 50 V at the input
electrode. This simulation uses the system frequency of 50 Hz.
The piezoelectric material properties shown by [2]:

0 0 0 0 117 0
e=| 0 0 0 117 0 0[(C/m*)
-54 -54 135 0 0 0
[149 101 98 0 0 0O
0 14% 98 0 0 0
0 0 143 0 0 0
E i) 2
= % 10" (N/ 121
o 0 0 22 0 0 (/)
0O 0 0 0 22 0
Lo 0 o0 0 0 34
[0 0o o
=0 80 0 [x107(F/m")
Lo o0 72

£ =7600kg/m’
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The FEM-based simulation conducted in this paper is coded
with MATLAB programming for calculation of electric
potentials and mechanical displacements of multi-layer
piezoelectric transformer when considering 3, 5, and 7 layers.
Each of which was tested with a range of 90-125 kHz of input
sources. Fig. 3 displayed electric potentials in forms of voltage
gain in association with its operating frequency for all different
three numbers of layers. As a result, 3-layer case gave the
highest voltage gain at 35.12, 116 kHz (natural frequency). For
S-layer case, the highest voltage gain was 168.15 at 119 kHz.
The final case, 7-layer, the highest voltage gain was 211.16 at
92 kHz. This revealed that when the number of layers is
increased, the voltage gain is also increased.

280 T T T T T T
1£211‘1E7"'Hayer&':
UL 1
|
H (168.15, 5 layers)s
150 = =
g =
o \
a \
Lol
£ mor ]
]
]
3
a0+ :
n (35.12, 3 layers)
I
i JL
! 5
o=t

105 10 115 120
Freguency (kHz)

90 95 100

Fig. 3 Frequency responses for three different numbers of layers

For which 3-D FEM result, it can be graphically presented
in the filled polygon of potentials and displacements dispersed
thoroughly the wvolume of multi-layer piezoelectric
transformer. Fig. 4-6 illustrate the result of potential
distribution in form of voltage gain of 3-D FEM at natural
frequency where the wvoltage gain of the piezoelectric
transformer is high when considering 3, 5, and 7 layers,
respectively. When the number of layers increases, the voltage
gain is also increased. Also, at the natural frequency excitation
of the 3, 5, and 7 layers, the displacement distribution of those
were shown in Fig. 7-9, respectively. The 3-layer case gave the
highest displacement at 1.18x10° m. The 5-layer case gave the
highest displacement. at 6.68x10° m. Whereas the 7-layer case
gave the highest displacement at 16.46x10 m. As can be seen,
when the number of layers increases, the highest displacement
is also increased in such a way that the voltage gain increases.
This characteristic is vital and can be described by the
mathematical model of electro-mechanical coupling.
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Fig. 4 Voltage gain at natural frequency for 3-layer piezoelectric
transformer

Fig. 5 Voltage gain at natural frequency for 5-layer piezoelectric
transformer

Fig. 6 Voltage gain at natural frequency for 7-layer piezoelectric
transformer
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Fig. 7 Displacements distribution (m) at natural frequency for
3-layer piezoeleciric transformer
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Fig. 8 Displacements distribution {m) at natural frequency for
S-layer piczoelectric transformer
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Fig. 9 Displacements distribution (m) at natural frequency for

7-layer piezoelectric transformer
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V. CONCLUSION

This paper presents FEM based simulation for visualization
of potential and displacement distribution when considering
the multi-layer piezoelectric transformer of 3, 5, and 7 layers.
The test multi-layer piezoelectric transformers are circular ring
type made form PZT. The computer simulation is performed
by using 3-D finite element method (3-D FEM) instructed in
MATLAE programming codes. As a result,when the number
of layers increases, the electric potential and the mechanical
displacement of multi-layer piezoelectric transformers are also
mereased due to the appearance of electro-mechanical
coupling in piezoelectric transformers,
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