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ABSTRACT

At present, piezoelectric ceramics are widely used in several industrial equipment such as
ultrasonic cleaner and ultrasonic welder. To obtain the optimal efficiency, their equivalent
electrical circuit should be well analyzed. This project has been focused on the method of
evaluation of Butterworth Van Dyke model (BVD), which is representative for describing the
impedance around resonance. Lead zirconate titanate (PZT) samples in thickness mode of
vibration were formed with diameter of 40 mm and thickness of 3 mm. The calculation of the
BVD's parameters of the prepared samples can be obtained from impedance data measuring by
impedance analyzers model HP4192 and HP4194. For the BVD parameters computation, the
following three methods were used : the impedance method, the method described in IEEE 176-
1987, and the equivalent circuit evaluation of HP4194 method. The impedance method is BVD
parameters calculation based on approximation of reactance at frequency lower than resonance
frequency. In order to verify this assumption, the BVD parameters from this method have been
compared with other two methods. The BVD parameters obtained from the impedance method
differ from those of the IEEE 176-1987 about 4%, while the difference of BVD parameters
between the impedance method and the HP4194 method is approximately 2.37%. The results
show that the value R, and C, increase, whereas the value L, and C, decrease with increasing
weight on the top of PZT specimens. Moreover, with increasing PZT's temperature, all values

increase except C,.
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n’.«l = 4 ' o' a aaa @ =
duduseunlasusstdszneumauniiveswauiegluzieenlealiifal jaseiuna
Wuasisznouaaly lama lnnuua viesunde q 91 PZT aremsiveanay 1 ladludqe

pzgiumdni s lwan I igungiiszuna 850° @, i 4 ¥ Tue dwaaslugiin 2.5

i L] n’a‘ 4 o
71l 2.5 naasmahesasduduan Iihwerwnuna land



2.3.4 M3UABAYHIA (Grinding)

msszney PZT A ldndsnnmsmunaland sxfummuiiudounds Ssdeaimsuali
WunsaziBoadouiinlusasugal 14 Tavhmstszney pzT TouadaoTnsaliuaniuns
YoV 9 MIMATIRG PZT Tumsawdumsezd Taunazgnuawes Tails Tuvianaradn uds

° A 4 d J - o
il nswumamyuveuniealsiaed a1 200 seuseutil uszozinai 24 %2 Tug

2.3.5 MIBUUS (Dry)

welemseglugunatadenimsn1d mevdrum Iihiigeamgi 80 *x. w2 971ua

2.3.6 msé’nﬁugﬂ (Shaping)

sihwa PZT A8 IdasluisiAus (mould) ifuginsanszuen dwanaluglii 2.6
udni lnasadoinieasnlenso3n (hydraulic press) #2011398U 250 kg 1M lSag
INFDIBANTITUUDLYATAN1INTD cold isostatic press AIVITIFY 2000 kgfle UM 5 UIT B

b [
18%uau pzT AlgUsHaduuiunauawdoams

31N 2.6 uaraun3038n 18A5030 (hydraulic press)

2.3.7 MIENFUIND34 (Sintering)
v b4 i '
msrdumesuduvunsuiiilfeyninvesms PZT fignsasaudaduRanisnaew
o o 3y @ =] 2 o 2 {1 [y J '
swmnuihuileferfuuasiinomudanniu Tanh¥uam Pzt fdumssaiugl T 1d1y
Y a Y o Y Y - a ° 'ﬁ < a
davezgiu udanillwndreanudeuganguvagii 1250 “x. Wuszezinal 2 42 Tualaoiims

AIANYUHYTAIZUN 2.7

W u
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Temperature (o)
A <
1250 C, 2 hrs

300°C/hr

()

800°C, 1 hr.

v

Time (hr)

31N 2.7 uanans MUl veINI INFUIADS 39

2.3.8 MIANUAITUIY (Finishing)
o n’ Ay ¥ o 9 A w Y A I ¥ P
Wrunun ldninmswindadisnseatadionszaruniie weld ldaumuna i

y & e’: o @ A wa =S a o a a
ADINTT “HQﬂ'E]L‘ﬂ‘H‘HNﬂﬂuﬁ"ﬂiy_ Lu'i]ﬂil'!ﬂﬂllﬂﬂﬂ'lﬂllﬂﬁﬂjﬂﬁﬁﬁkWUT‘HﬂLﬁﬂTIiﬂL“ﬂS']ilﬂilx

v "
yudvgUsvesms uazanuGvuminaueuazanuiluszurusuuiuvedmives
k4

¥
FUNUNI 2 AU

4 v
5UN 2.8 uaraInIsUAANUAITUIU PZT
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2.3.9 MInvIlang (Electrode)

¥ ¥ "
11U PZT i MmAImimisaeadudae silver paste ud i llimngungii 700 °x.

w1 $2Tue Awanaalugyl 2.9

" ¥
3N 2.9 namamsia Iiihdemsnidae sitver paste

2.3.10 M3 1vlvh (Poling)

v
Sr-

o Qy :; 9 1) J : o oa a o o A:l
1¥ua PZT 118 Iuglusrainiugd Tnunifigungi 120 "y, uazsholWaninies
L d v
1o Iussiugendedimeds Tangdmuunazdruaavoaduaiu uda lius i Trld 1y
@ v - o a a & ° § -
oA3189U 20 A lalIaAABAMUMIVEITUI L vuAmas Fevzi1n Tamunioluiioansi
o o - =) ar o : b J -l ' n'/
nmsisesda 1) luiamudeadudoaui i iiadu Gondins Tnan lsiadu
. . a/ P ' o a J
(polarization) Aauaaluguhn 2.10 Tawgnas luuaazinsumuisdananisves Tamu luile
= a d = = ' o n’: ° .
Maie laBannInas i uag () amwnewiiva AN NYULRING poling  A2E
au IihssAugs waz (o) anmmdsnmbaunIfhussdugeesn uansiamalamy

¥
mMoluiio s nINNISIAT oA FUREINUNT poling

/ 7 /7777/)727) TSI TITIETTS T ITTITITTITITS
/ P A FRyES \ { \\’
! ) AN
Electrodes |- = 2N X
\ ‘ = LD/
(777777777777 FTT T T T LLS 777777777777
1 [} u’: o o
a) ATNTNNDUNIVI b) ANINUYMENING poling o) anmmasnniia il
UIAUGIDDNI

< H g )
310 2.10 uaraavuaoumsh Inar lsivau



31 2.11 namamsmileniha o Tadidnnsaesiin

2.3.11 NAadVANUAVBIXS PZT
A £ ¥ ‘:’ a a Yt -1 a wa 1
welda1s PZT unazsuinaa ldlguamimilounu msnadouauiian1e 9 ¥oaa1s PZT

Aowi 1 Suiludsdiny Taouiailu

2.3.11.1 MINATeUENTAMIMUMENN
v '
MINATBVFUNU PZT Madumuon i 1aua msiamnnumuuuunnaumsi 2.5 ns
wianuue Inseadunanuazasdsznouniunilivesa15A2035 X-ray Diffraction Pattern LA

M3 INI03199aN1AAIVING D Scanning Electron Microscope (SEM)

m
=— (2.5)

P V

Tavh

v
£ ABMANUMUMLUYBITUNIY
- :’ ar qy
m ADIMINYBIFUIY
-~ _ ay
v fAelsuasvesruau
2.3.11.2 msnaasuanvamamuinyh
a qy g " = a d = Y v a A
m3iannie IihwesFuaiu Pzt Usenoudlo maanladiannsn msiamnaiiiie Ta -

ad a ' . . y . -
91aNNIN A1 electromechanical coupling coefficient (k) 11AEA1 mechanical quality factor (Q,)

4 a a oA
FANTWATIDIAAIU
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2.3.11.2.1 MIIAMAN IABIAANIN

1 4 a d < ' o
f1nah BIaANSN (K) n30f1 relative permittivity (£) annsom ldvinmssnaulugnas

26

K=g = (26)

Taun
¢, Aomauy Iiwesasian 1 kHz
- - ad a & o a v 4 & i+
t Ao AnunUIveImsive TadiannsndeinvindmTinii Taneia 2 dw

VYOI

¥ ¥
= -

¥
A o WuNveaws Tane
A o S = a a d a
&, fedannnunszua I (vacuum permittivity) n3oanai ladiannsnvea
qYYINIA BAUNINY 8.85 x 10" Whsawns
1 d [ [T a0 ' @ v o -
manumsamsnulszgvesmsannnia lananudag q ualaoia Tl danaaud 1
' P a d a A ' a0 ' o d‘? (Y - n:
kHz finsh ladianninnienm K sxiim lineil Sufugungil (1) voailems mwaumsves

Curie-Weiss Law 710
K-1=(C/T-T) 2.7)

Taeh
T 70 QuUUNUDaMs
= a = - - aa =t a d a a
T. A0 QUUYUAFS (curie temperature) NTOYUUYUNITINY TUBDIANNT NI 13N
] Iyll i Q') 1 A ' d;g a o=
liida i mTeam Ina lawduiinnidugud  Fauilumasidudusia
V0IA1s

A aA A . a 1 ' 3 5
C 9 A1NINAJT (curie constant) UMBYITHIN 10°-10

23.11.22 msiamasnmisladidaninaniio (d,,)
1 a4 a a d a = 3 < v A
mnaidio Tedianniniasin dumwenfannuannsavesmsideolszq Iuuiie
b d ¥
¥ PZT gnnssindaousena Tasiaurios 33 winodsismiaveans Idusenadusuay
PZT luiiama 3 uaziimsdaanszy Iwihludienia 3 Tuszuvfideninlugili 22 v,

o wmsniﬂﬁ’aum?m Piezo d-meter Model CADT (Channel Products Inc.)
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2.3.11.2.3 M37AM electromechanical coupling coefTicient (k)

Ak Wlumiuaasdalsz@ninmvesnmisnlaouzdndaau dduiluwdsauna Tag
aunson ldsnaums 3]

k} = Ei‘—tan(i -éq (2.8)
2/, 2 /,

Tauh
£ Ao A Tauuud
- = - o
£ Ao AnudueuAs Tauuny

1 v " 4 o 4
Ar fio MAnuasEranues lsuuuduazuoums Tauuus

2.3.11.2.4 M3IAA1 mechanical quality factor (Q,)

1 0. N30 MAUNAUYDIAINITYYIFY (dissipation factor)  1UMIAIWAMITOMIAY

mana lagegalusienudis Tauuud () Annaldninauns

f2
On = graspemcissy (2.9)
27, RC, (£} - 17)
Taon

- — P
£ Ao A Tsuuusy

A o -t P
£ Ao AnuDueudLs Tauuud

- ¥ 9 =1 P a a 7t -
R, A9 MANUMUNIUNTOMBNALAUGNAINA £
c, fomnnuyluiialan 1 kHz



o w v o
MUNNOTUANAN NITTOUINIIAIANTTUY

UNN 3
T a a d = a o = =
meuwuﬂummmmimﬂhamﬂmmmmﬂ

!Sﬂ%ﬂT‘S‘Iﬂﬂ']ﬂﬁ'lﬁ!ﬂE)‘g"ll’éN’N‘ili BVD

ad ' o a [y = ad a aa - o
I5HIN09 BVD ﬂmuu'lﬁ'numsmuhmanmn n::ti'lmﬁm‘swmmwmnanymwm

[ ¥
= 1 o ar

v k2 v
MduRLAUTNIMIABUAUBIADANAA 9 ATy Tuunilsznands HowRuifuadun-
ad as 1 a a o o as " Y
HAUS, 35N IAMBURLANY  09AUTLNOVVDIII9T BVD 1azITMsmIAImIs1Hinesves

N7 BVD

3.1 APNLAUY (2)
1nnguealensd (Ohm Law) Tuszuyfhnszuanss (D) Anawdumiu Aednsiau
vosmmsadndlrifhiianasensznineda il 2 ya fusnszuai Inakw ®R=r2) dmsy
sz dhnszuaadu (AC) dandiudnansaduminnudadou Sa5ond mouRuausy
o .

] a P a a o 1 § 1 a v
(2) T3 ona LT IVDIAIDUNUANY I AITFAUAUY (resistance) HAZITUNAIUIUANINIIAG

o
HONUAUY (reactance)
Z=R+jX (3.1

v ¥
ualupiensafennuazanlumsdiuan  wlddiunduvesmduRuaugusoisonil g

- o 2 o v o dw d’
HoANLAUY (admittance, ¥) laodinnudunusaall

y-G+jp- Lo e (3.2)

Z R+jX R+X TR +x

" U ar « 1 . o 1 a a
MG ﬁemﬂauﬂmmum (conductance) LLazA1 B ﬁammmmﬂsmwﬁ (susceptance) Tﬂﬂﬂ'lﬂll‘w-

o a U '
uauss awsolouoglugl ns (polar form) fio

Z=R+ jX =|Z|e’* =|Z|(con(6) + jsin(8)) (3.3)

61615
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Taon

o a0 oW

2] fievuIaveImIBuRuANS ANy VR? + X2

- 1A a o - _ Zj X
0 fAeoyuveanduRuAuT w30 9= tan (Ae)
" o o = " "
uazAmuealuausdouayluglInsne
Y =G+ jB =|Y]e’”* =|Y|(con($) + jsin(#)) (3.4)

Taon
1

|21

¥ - 4 U
7] ADVHIAYDIAMDATILAUSY LA I=vG*+B* =

- 1 = L _ _ 5 B
¢ Aeyuvestueniluaud M ¢ = -0 =tan" (B/)
uazMUD Q (quality factor) LA D (dissipation factor) annsom lann

R
=—=—= 3.5
0 % (3.5)

Qlw

Ll
D

*A1 D 1199 electric flux density Tuaumsh 2.3 wazilnda b szidluunauedinsy
¥
qUnsalszamwIad (passive) uAnanTam 0 viinutfuaudmivgunsal capacitive
. ' o I'd "o 2,12
resistor AUWIIDIUNNIADT (power factor) 1MAY D(1+D°)"= cos
o as s ¥ oo [ o = -
dmsvgunsainuguldun @adwmiu dudvlsey uazadai i lugaund vzl
P a a o A
AMOUNUAUY 7D
I a a o Y '
- MBURUAUFYBIRIA NN Z, = R
I A o w o [
- MDURUAUTYRIRUAVY 5] (C) NNV Z, = X, = - j/2 7T

- uazMBuALAUFYeIAIANMINIL) WA Z, =X, = 2771

P e a o g o w o o as
nNANITUMIMBNRLAUFvegUnsaiiiugm dnhdaufulsey aanniuazdidiuniy

MARBYNTY VA MITONAAINS AT LB NUAUTYRIIAarnsel 1dTuz1R 3.1
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[l
I
O

f; Frequency

<4

317 3.1 namansvesA s uenuaudueynsuvesgUnsaiiug AR IIEA

nnidunslves x, Wuaumsveaduass Taom x, deuldfudunls y, f 21z Woudy

AMUFUVDIAUMSIFUATI m waza f1ieu dfumans x [8)

X =2TILf+ 0
b
y =mXx+ ¢

dunsmives x, WudunsveudulenlesTush (Hyperbola) Tavd1 X, oy 1&fuFws 5,

1 1/27TC MounumInan k uazm Aoy lddumidanls x

/X, =127C

bl

[ ] { 0 @ a 3 [ w
11INAIBYNVBINITABYAUBIVBINTTNNAIQUAT AN U MM IdDOYNTUAY TIN5
i hsnSsuieudunmsaevausanaIiivesrsesdidnnsedindais 9 14 ed1asy
= a d a a da 1 a a o T d 9 s a 9
Mo l¥Banns nsdnn A uRuaus luasus Tsuuuaadiosuiesidsznoude
iag 1 d.yé 1 v 9 =1 a g a
gUnsginugumaril Feeznardlurade 3.4 2993 Ihauyavesmsifio Tadidnns nuu
Butterworth Van Dyke
[¥] 1T a o d
3.2 MSIAMONNUAUY

midamduiuaugmnsadald2 wuvuie 35msianinszua Wi finldountasde
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anviveadygyuiandou'ly '[aumuqu'lﬁﬁfinmﬁ'umﬁ waz 33013 T s adui
wanunasdenuddygyiaiaitndonly Tasmsaugulknszuavariugunsained &
msiana 2 STidesrdnne unastiiadiiadya udeiimens Tuind uazqUnsaiasiia
ussfunionszuadesiisnsvnonsfinasasisnuindeamsia deilegiu1&Hnswan,
inpaiiaiamsuiiuaudnamisonuqudesiiaganan iude infesiambuiuaud ju
HP4192, HP4194, HP4294 404 Tavldudnmsiamduiiuauduuues Idamguiag (auto-
balance bridge) ﬁagﬂﬁ 3.2 2993M3IAlsEnoUdIu unasduHAdYY IUNATBY (test signal
source)  99IATIVIANTLUA (null detector) UAEINVTUTVAATYYINU (modulator) iiie
unasiiindygramanoutloudyguaaid fjﬁﬁn‘?‘s’unumﬂﬂu (OUT) M lntinszua
il'lﬂmhw?;uuu unznszud i naludaiadmiugreds () vazi@erdussiinszud i, na
s ldnansasaeianszud danszud i, iAnIndesuiad hisuga waziilomnszue i, i

Hugud 293 Tanszuaspimihiidadygialddnslivaadyana oaiadyy

vindadoanudiandudyganacoumelisinszua i= 0 Wenszue i, whiugud

ANTOR UM I IDURUAUT IAA AU

=i, + i (3.6)
7 =R & (3.7)

X r

e

r

I a =a - o " d " H
mduiuaugnialdvzeglugilveannned niemiiventavma (2) uazla (6)  ves

mouinauTuazinugndesgelusanuddoudnnu 13 MHz [9)

X ' r
e HIGH LOW ' e
O- DUT £
Z i
5 null —i[ modulator
b
P detector f
5
test I.—
signal

source

g‘ﬂﬁ 3.2 79997 auto-balance bridge
=‘l =) = : = | o =) o
a3 PZT wdaldnnnszuaumimassiiinuuuduansinuniings szgminninsizy

A A 4 [ N 4 y 1 a a L4
ﬂ’lﬂTﬂﬁJWHﬂu“}}’ﬁ’ﬂﬂlﬂ%‘Bﬂ HP4192 r.l'Lvl"Ii".liﬂ‘YJ'lllﬂ?l']ﬂ ‘9 maﬁﬂ'mmmmﬂﬁﬂummmaummwﬁ



uazauds lauuuaniald Sadetszumnidlr03in19ada inoniniesanouii 1y

AMUIUMININIT RO VD995 BVD favznan luriatoens 11

3.3 msdszanamimaana

. v ¥ "
TunisnaasalanveadaveasIvalunsnn laven imifu WUIREIAUNITIARIDUN-

o o .’.' ' o 1 a a (Vl o 2 9 ot ]
HANEYDINTS PZT ANUADUINMOUNLAUY 1UA1WINNM12995 BVD Nﬂaﬂmﬁﬂi:mﬂlm
v

neada Taouiamsinszdiu msmainarlsvesmduinaugnnqudoyain indg uaz

MIANTITHANULLNUGUBUNT 09l BTZUUMIIA lavefuaundsuazmAdY

3.3.1 MISHIANAIIUBIADUTNAUS

o 9y

vo9 " Ao 9y " o 9 nqgr
i)?ﬂﬂflﬂilf)gﬁ‘l]ﬂﬂﬂ'm’lﬂ'lﬂ ﬂ1$ﬂ5$ﬂ1ﬂlﬂ1ﬂﬁ1\1?Hlﬂ‘iil"flﬂﬂﬂﬁ'lU‘)ﬁ‘Uuﬂ'l_lﬂﬂ‘}Jﬂ.I:‘llﬂuﬂ

¥

ad ° o a | SO
AIEMIMUIUNUY Ull‘lﬂlkﬂ

3.3.1.1 ANAY (mean)

mldnnaums waswveangudoyamsaiss wauvesdoya

X=-Yrx (3.8)

] n
nr:l

" :1.' a Y 1 ' d'd s o' - 9 = -]
aundvtionl¥dunquieyaninisnsznedtaduaue uazmsnasuulasdoyaiioinuae?

.

Tunqudeyasziinasenundy

3.3.1.2 ﬁ1ﬁﬁﬂ§1u (median)

- U ) ¥ o 9 - 3 19 b '
ADATATINAWUDINYUUDYD ﬂ11ﬂﬂ1ﬂﬂﬁu1ﬂlﬂgﬁn1liUQGIQEIGI'llE)U11|H11|1ﬂ R HININ]

kY

Ed
Foyaiilu 2 ngu udmaAnisogiu1ddail
0o w 9 o ﬂ 4 1w A 1A 1o w o lql: '
— dwfudeyaiiswudlued auisogufeainegdduninatavesania 2 nqu
-
W39 Mdn = x,,,,

— dmsudeyaiisuauihuavg Anisogium 1890 Mdn = (x,, - x,.,,,)/2

]
4 - 1 =

Anisegiuez l¥nunqudeyaniiainvis lumidu nislimnganiedindisiounislu

NQUIIN 9

3.3.1.3 MGMUEN (mode)

A 1 Aa a - vy A 1 dae & = a Y o " a
ﬂ@ﬂ’n’luﬂ'nilﬂlnﬂﬂ'ﬁ.ﬂnluﬂqu‘ﬂﬂuaﬂﬁﬂﬂ‘]mnﬂ’]u’]u“ﬂ’IN’]ﬂﬂq@l UUiJi'fﬂUﬂﬁn‘Uﬂllﬁ'ﬂ

q “
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AnyufuINUAITINAN 9 [2]

= d s ol ar 1 - -
3.3.2 m‘nm1wm::u'unn'anmﬁomnmmnuunsm'mm
- o [ ad o - 1 a w 4’ a a ' o
fl'ﬁ'llﬂi'l:ﬂi:'u‘uﬂ'li'JﬂTﬂU’Jﬁﬂ1ﬁﬂﬂ1lﬂﬁﬂllﬂ:ﬂ1ﬂ'ﬂ'uu l'cl‘]'l..l ANTAUATIEUANTUUUUYUIVD
v oA i o 15 o 1” =4 - [ A a a J’
AMITVUUIA LA NTIUNTTIVOIANUATINITOVDITSVUNITIA UASAIIUAAIAUAIDUNINAYU

o St o . ' o ﬁ!'
TaoliasMsnuIuMA 9 U

3.3.2.1 ANDBIVUNINTGIU (standard deviation)

»
-

aanuulslsmmnaigi (o) Wuadanyelinswdnnuuanaeseninainiald

v ¥
Tudlshfne vesmndnlunquirtinaniedes e o win uaasheundnlunguiu

[
1~

[ as d' ] [ 1 v 9 1 o ' = ' :
andaludunlsidnumanaamann uazdm o Sauthlndeud uaashmndnlunguniu

o =

fauanaanudos mannsanamiatiaudounu linnainaraunnuietose19nsuinn

Msenuanuulna Usznoumsns sy

v

Vv
— dmndaldegszninmnan £ 10 uaaei aniulieglunguussmndn 68%

YDINQUAUIYN

3
9!:‘ @ o

— e ldegszninainan + 20 uaasi antuileglunquussaudn 96%

YDINQUANIFN

| | | | |
il I I | I | I

30 20 -10 } 10 20 30

31N 3.3 uamansmlvesnmisuanuvannnlnd

v

MIma o muln lannaums

(3.9)

Taoih

O unu ANDBAVUNIATTIY
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X unu sundovesdoyn
X unu Avesdeya

¥
N unu Swaudeyananua

3.3.2.2 manudumlsveuniesiieia (equipment variation :EV)
' o Lo Y oa V1 aa aad - o =<
maNuALIYsveegUnsaiia TuuansusunAsANGaR (repeatability) iHusrivenaa
» v
anuduulsvesmiiiannmsiagidu ludediuderdu naudvanu uazdiimsianu

= a o
ey msmuum ldon

EV =5.150,, (3.10)
Tauii
R(X
g = % (3.11)

oz R(X) demidumdy Tasmsmaunivvesmanumavesnnnniigauaziosiaaly

v '
uADAI0I1NNINITIAT naza d, m11AnIna1s1ai 3.1 [9]

GI' ar " l& 4' AW
310 3.4 namsnnuiulsvesnuiipsnnnIesiioda
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4 o | ¥ [ =t "
131N 3.1* ulnmesUsusuuy lueudsalumsdsaunam o

YUIA d, c, c, VYU d, c, c,
NQuUBY NquUBY

2 1.128 05642 7979 21 3.778 0.9638 9876
3 1.693 0.7236 .8862 22 3.819 0.9655 9882
4 2.059 0.7979 9213 23 3.858 0.9670 9887
5 2326 0.8407 9400 24 3.895 0.9684 9892
6 2.534 0.8686 9515 25 3.931 0.9695 .9896
7 2.704 0.8882 9594 30 4.086 0.9748 9915
8 2.847 0.9027 .9650 35 4.213 0.9784 9927
9 2.970 0.9139 9693 40 4322 0.9811 9936
10 3.078  0.9227 9727 45 4.415 0.9832 9943
11 3.173 0.9300 9754 50 4.498 0.9849 .9949
12 3.258 0.9359 9776 60 4.639 0.9874 .9957
13 3.336 0.9410 9794 70 4.755 0.9874 9963
14 3.407 0.9453 9810 80 4.854 0.9892 9968
15 3.472 0.9490 9823 90 4.415 0.9916 9972
16 3.532 0.9523 9835 100 5.015 0.9925 9975
17 3.588 0.9551 9845

18 3.640 0.9576 9854

19 3.689 0.9599 9862

20 3.735 0.9619 9869

*AR91N Wheeler (1988)
o | 1 ;] .: 9 o ) [ " A q Y a =) ° Y
ulnpesdiua d, c,, c, 919uuil IFdmivlsuauie liliifannueudssdmsums
sz o lavlddradands sinnassvesauiisavusidsasslaomay (RMS) uaz

ANUIbBALULATTIU IRedaL

=

3.4 2995 Ilvhauyavesmamalwdiann3nuuy Butterworth Van Dyke

Ta a o ~ ad a o a 9 9 ot wa

namBuRLAuTvesmsiie Tadaaninslin aanseesiunelddivases Idihatiauiia
Indifvaiuetnuruaees BVD aagii 3.3 (n) szneudiod 1ueynsuussaadiuniu®,), #a
= [} = 1 dwl . v o d =)
u1lsey (C) waz a9Ai (Z,) 5undIui Motional ¥yuanudunUlszy (C) Taunoy
9 s wa - o A TR Y LV~ = [T Y] =y

Tatummnianienade asannuninion ldduuavesgndu dunulszydion Tdnumlsa (k)

=Y s Yo o Y aq Yo =Y o
wazusaudoanu (7)) doy ldduddumu uazauyd 1A msiimesveeiees BVD (i
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dMTUMTIAMBNRUAUTUBITUIIU PZT 8g5znINA1MD 1 kHz U 80 kHz vniiuih
1 a a o 4? { o J { 1w [
ADUNUAUGYDIFUIIU NO1, NO2, NO3, No4 uaz 001 1139 14 umAundouazanisogiu fa
nﬂ. o w Aé 1 1 4 L s '
uaaalugdil 5.3 - 5.7 awddy Famunmsldrundouazanisognuiludiumuvesaivinail
¥ ¥ '
Alndifsaduna s Fuaw uadmdoauwlasundoss imunzaw dadeirudunimues
A & Ad 1 A oa a 1 &
ANRAUINY (average phase) YB9FUIIU NO2 Lo N03 RilaundsAalndluuiarie iieann
¥y 9 F
J a o o ar ' = = é 1 ") 1
doyavrear lumsnaaesiadina s asa funargannialnd danisldaaisegniuna
=S ) é 9/ dy o 9 =1 = [
naAAMIIEaNINANT FaveyalunmianisnaasatiazgmitllldlunisnlSouReudy

1 a A o o o
ADUNLAULEUDINIT BVD ‘nmmm'lé’f ‘11114'1{?) 5.4
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171 5.4 nsluaasABuRuAusIazMaNAL 100 Hz-80 kHz Y9AFUIU NO2
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' H ' ¥
511 5.6 nsmluamasBuiuAUFIAZIN AU 100 Hz-80 kHz ¥99¥1U11 NO4
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U0 5.7 nsmluaasmduiuauguaziainimd 100 Hz-80 kHz ¥99¥191U 001

U ' a a v a
5.2.2 wamsnaaeaiamouniuauslugniugugungil
¥ *
naapRh1 U PZT wes No1 i ldlunsesniunugaeme uazsiinsiaaidui-
ot - o 1 a a o = - o o
HAUTNQUNAN 25, 30 , 50, 70,..., 230 "¥. WuNAMBUAUAUEN IATIa IndiRvaRuMIia
[ ' ] ¥
mduRnAuENguuines ualimsidoudmmisvesyanudis lauuud  uaz uoufdis-
4 i o { VA J =
Tauuud Taoh gungil 230 "o, arwdis Tanilauiunniunn@aul sy 1.6 kHz uag
- d’.' LS o A ' ' - o
anudueus lynuiliaanasszna 1 kHz dufenuaszninamiis Tsuuuduas
3 d et 0 LY i 4 o J
anudnouAls Tenuugliaianalszana 2.6 kiz Awanaluzdin 5.8 uaziileguugigaiiu
A A ol = ¢  a & = a o 1 a A < a
ADUARUAUFNANDIT TBUUUTILAAWINYY WDIQUNYH 190 *w. MBuAUAUTFISUAAA

| - 4 o o
u‘}'aqmﬁQumnwmnmm‘lu;ﬂw 5.9
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v 1 a a ded et W H o
523 mmnnnnonﬂnloummuqnummnﬂnﬁwumunmmgm

=

@ 1 a a ¢ A 3 : : e A
mnms'mmauwuﬂumﬁ'au1mmmﬁnﬂmmuq¥ mmmmuﬁtshuumf HAZAIDUN-

o 4 o : - - § :‘ W o
uAUENYAN NS Truuugvoaiuauia s Fuauluannziihiminmnaiv 0.5, 1 uaz

¥
et o

¢ W P ° U ' i a o
1.5 doua Awaaslumsiei 52 udniwmisinnudennaniagi liihiminung #
» [ L 0 ¥ v
MINN 5.3 uazna LN 5.10 wuhFununiihminnaiv 1.5 Yeud sziinmds Touuud
a .3’ v = q’ des 1 A n; P a A et 1 A
(WUAIY 0.24 kHz HazMANNTUBUAMS [HuuFlin uNUAY 2 kHz LagmMBURUAUSIA RN

£ A T w E 4 - w. o
VUL IMUNNANVNINYY UsEuim 6.5 Q Huud Tuuisuan

d' I a e o P o - Cd - a’
A1TNN 5.2 ll'dﬂ\‘lﬂ’lﬂﬂﬂllﬂﬂ“ﬂﬂﬂ'ﬂﬂﬂﬁT‘lﬂlﬂﬂ‘l’ (Zr), ﬂ’J"I!JﬂI'iT‘]ﬂINu‘B (f;) HagnNuUILoUA-

v
13 T () veaFununiwldannziiusanaiy

» . YiminAaWy (pound)
FUNUY WIiiAe3
0 0.5 1 1.5
NO1 z, 4.147 6.468 11.326 10.693
£ 61.700 61.850 62.000 62.000
s 70.100 70.400 70.700 70.700
NO2 z, 3.601 8.770 7.536 10.553
f, 61.550 | 61.850 | 61.700 61.850
f, 69.800 | 69.950 | 69.950 79.099
NO3 z, 3.964 5.575 10.587 5.506
£ 61250 | 61.400 | 61.400 61.400
A 69.350 69.500 69.350 69.350
NO4 Z 6.239 9.649 9.244 8.404
4 61.100 61.250 61.250 61.400
A 69.200 | 69.350 | 69.350 69.350
001 z, 5.215 5.712 11.373 20.804
f 61.700 | 61.849 | 61.849 61.849
A 69.500 69.800 70.099 70.099
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M3 5.3 uaAIRIRDoVOIMBURUANG AL Toiuud (2), Anmdis Tsuuud (f) uas

: Y o a’ i 3 red o
AudueuAS lanuud () veaduauinldsunasldenannz hifiusananiu

¥

WIMINNANY (pound)

miines
0.5 1 1.5
Az 2.602 5.380 6.560
Af 0.180 0.180 0.240
Af, 0.210 0.300 2.130

jUn 510 uaAIA R ALYBIMBRIAUG NS Tauud (Z), Anmdis Tsuuud () uaz

] ¥ L ] ]
AnudueuAs Tsuuud () vesduauin/asuuasllsinaniaz hifiusanasiv

5.2.4 wamsnaaesIamaNRIAUTVBITHIIM PZT Aseynsufuiuiviszginsum

naminaaoni@unusEyriiaesiiniilin 4.48nF, 33.016nF, 1.460nF, 1.097nF,

1.92nF, 5.92nF 1122 8.97nF MIADNUFUIIUNG 5 A20819A18 NO1, N02, NO3, NO4 11 001 1dd

[V a = 1 a a ot a o 1
Jamnnud £, AW £ uaz MmounuauENAINNE Tsuuus (Z) nagniuaas £ /

] b4 ]
Qf., ) Aananasgili 5.11 - 520 TasluduapuNI5112995 BVD @135 2 494 IEEE 1u

¥ 14 ¥
Wade 3.5.1.2 wazldaanuduveaduns iy 1/C, ¥9ana 5 FUNUAINTIN 5.4
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M319N 5.4 uanamnnusuuduns £ / (., ) Aemvesduiulszyfinaseynsuiy

147U NO1, N02, N03, N04 1iag 001

> ANUFUVDINTIN=1/C, o]
FUNY
(10) (nF)
NO1 1.040 0.961
NO2 1.237 0.808
NO3 1.235 0.810
NO4 1.281 0.781
001 0.809 1.235

orramaz].

[ ¥
Ui 5.11 wans 7, £ iz Z, vee¥uam No1 eynsufuduiuilszyaiae g



4 ’ Ay o o o o
3N 5.13 uaasnn £, £ uaz Z, veaFuau No2 eynsunuaumnlszynInie 9
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51 5.15 uaas £, 7 uaz Z veaFuIIU NO3 oynsuiuAIRUYsEYAIA1e 9
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U7 5.17 uanam £, £ uaz z, veaFuam No4 eynsufuAuRlszymIae
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311 5.19 uaaam £, £ uaz Z ¥9a¥uIU 001 eynsuAUANNYSZIMA 9
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v v
3UN 5.20 uaaAn £/ (L, ) ¥0aFuUNU ) 001 eynsuAUA A sEYAIEI 9

5.3 MIUNSIHANDIAVINATFIUVRINANINARDY

5.3.1 wamsImzianumunlsveunsesilenasinga (EV)

msfinyidennudunlsveuniosonasiidam £, £ uaz Z sriinrsminin
AU IR ANNT0 SRS ) FU (repeatability) AI0n13 AN £ £ uaz z
@At msmluiade 4.2.1) ¥0e¥uu PZT §19u 5 #0619 $1maunsa 30 ade Asdioya
waaalumsneii 5.5 - 5.7 udnhdoyavess £, 7 uar Z #18Awanmauado (), M
iido (R), AmidoveasunAy (R(X )uazAundonds R(X )) voangudoya Fuaasluaisa
5.8 pmahmlumanandwusaisveundedoa (EV) AIR2061313U 910
nquvesdeyavean f AannFuauimy s suam wio n =5 uazdnnundeitiad, @)
WA 30 91nA15197 3.1 921861 &, Ay 4.086 ierir Tf oA BV dadl

msszanuauiisauy o, naums

R(X
Oy = ‘(_12 )
o4 =9-M=0.00129

4.086



uazihm o, Tma Ev uaums

EV =5.150,,

EV =5.15¢0.00129 = 0.0066

52

uanshnnuiuulsveunsesiielumsiam £ innuaaiamdeuminu £ 0.0033 kHz 501

Awsawes £ dmSum EV veanf, £ uos Z, idnnuldszuaaslumsien 5.9

[] ] ¥ " v
3199 5.5 LA AL Tauuus (f) ¥BITFUIU NO1, N02, NO3, N04 itaz 001 Nindn

30 159
AN NO1 N02 NO3 N04 001

1 61.14333 61.58026 61.25449 61.04959 61.14002
2 61.14396 61.58028 61.25517 61.05009 61.13997
3 61.14456 61.58033 61.25571 61.05057 61.14025
4 61.14505 61.58042 61.25614 61.051 61.14062
5 61.14552 61.57876 61.25654 61.05133 61.14062
6 61.14592 61.57897 61.25703 61.05164 61.14083
7 61.14606 61.57912 61.25741 61.05195 61.14082
8 61.14638 61.57918 61.25776 61.05215 61.14158
9 61.14664 61.57932 61.25821 61.0524 61.141

10 61.14689 61.57908 61.25854 61.05257 61.14108
11 61.14717 61.57948 61.25883 61.05277 61.14108
12 61.14741 61.57935 61.2591 61.05294 61.14158
13 61.14754 61.57944 61.25943 61.05314 61.14131
14 61.14775 61.57952 61.25968 61.05331 61.14131
15 61.14795 61.57959 61.25991 61.05352 61.14131
16 61.14821 61.57963 61.2601 61.05365 61.14108
17 61.1484 61.57967 61.26031 61.05379 61.14158
18 61.14851 61.57971 61.26049 61.05383 61.14158
19 61.14864 61.57974 61.26073 61.05383 61.14156
20 61.14884 61.57974 61.26093 61.05395 61.14158
21 61.14904 61.57979 61.26114 61.05409 61.14181
22 61.14914 61.57987 61.26134 61.0542 61.14181
23 61.14933 61.57984 61.26148 61.05432 61.14452
24 61.14949 61.57987 61.26166 61.0544 61.14186
25 61.14961 61.57984 61.26181 61.05457 61.14452
26 61.14974 61.57991 61.26204 61.05464 61.14193
37 61.14993 61.57995 61.26216 61.05469 61.14193
28 61.15015 61.57997 61.26229 61.05472 61.14193
29 61.15021 61.58002 61.26244 61.05039 61.14206
30 61.15027 61.58004 61.2626 61.05082 61.14206




53

v ¥ v ¥ "
MaN 5.6 LAAIAININAUBUALS TBluud (£) ¥93FUIU NOT, NO2, NO3, N04 Liaz 001 1n

S >
%1 30 A

€
R.

ATIN NO1 NO02 NO3 NO04 001

1 68.21405 69.75729 69.35688 69.16261 68.19147
2 68.2143 69.7578 69.35725 69.16302 68.19209
3 68.21462 69.75836 69.35739 69.16302 68.19259
4 68.2148 69.75875 69.35767 69.16277 68.20312
5 68.21505 69.75891 69.3579 69.16302 68.19271
6 68.21522 69.75911 69.3581 69.16289 68.19307
7 68.2154 69.75924 69.35836 69.15624 68.19319
8 68.21562 69.75942 69.35855 69.15624 68.19332
9 68.21573 69.75952 69.35869 69.16283 68.19334
10 68.21582 69.75958 69.35885 69.16303 68.19361
11 68.21602 69.75959 69.35896 69.16303 68.19373
12 68.21608 69.75972 69.359 69.16303 68.19381
13 68.21608 69.75974 69.3591 69.16301 68.19391
14 68.21621 69.75983 69.35921 69.16307 68.19403
15 68.21628 69.75995 69.35937 69.16306 68.19431
16 68.21638 69.75996 69.35936 69.16302 68.19416
17 68.21646 69.76004 69.35937 69.1629 68.19431
18 68.21651 69.76008 69.35959 69.16278 68.19429
19 68.21668 69.76024 69.3597 69.16277 68.19441
20 68.21675 69.76031 69.3598 69.16405 68.19453
21 68.21678 69.76039 69.35983 69.16256 68.19459
22 68.21678 69.7605 69.35986 69.16265 68.19466
23 68.217 69.76049 69.36004 69.16271 68.19466
24 68.21713 69.76061 69.36018 69.16303 68.19482
25 68.21717 69.76066 69.36023 69.16303 68.19489
26 68.21725 69.76064 69.36028 69.16298 68.195
27 68.21735 69.7607 69.36033 69.16302 68.19502
28 68.21747 69.76074 69.36036 69.16299 68.19479
29 68.21749 69.76081 69.36051 69.16301 68.19479
30 68.21753 69.76086 69.36048 69.16329 68.19479




" v " ¥
M3 5.7 naamBuRuAUF A Tauuud (Z) ¥99¥uU NO1, NO2, NO3, NO4 1oz

001 N9 30 AT

54

nai NO1 NO2 NO3 N04 001
1 3.347 4.027 3.642 3.852 3,838
2 3344 4.025 3.631 3.836 3,832
3 334 4.025 3,626 3.808 3.828
4 3338 4.024 3.619 3.794 3.826
5 3334 4.064 3.614 38 3.824
6 3333 4.053 3611 3.794 3823
7 3.339 4,046 3.607 3.789 3.821
8 3334 4,045 3.603 3.787 3.822
9 3.333 4.042 36 3.785 3.821
10 3331 4.038 3,504 3.786 3822
¥ 333 4.042 3.591 3.785 3.821
12 3.329 4.044 3,589 3.783 382
13 3328 4.038 3,588 3.784 3818
14 3.328 4.037 3585 3.792 3818
15 3328 4.035 3.581 3.789 3.818
16 3328 4.034 358 3787 3815
17 3.328 4.034 3581 3.788 3814
18 3328 4.033 358 3787 3815
19 3.329 4.032 3,577 3792 3.814
20 3.329 4.03 3,576 3787 3.812
21 3328 4.03 3573 3785 3814
2 3327 4.029 3.574 3787 3812
23 3,327 4.03 3575 3787 3.821
2% 3326 4.03 3573 3.788 3812
25 3.326 4.029 357 3.792 3.819
26 3326 4.029 3571 3791 3.814
27 3326 4.03 357 3.792 3812
28 3324 4.03 3.568 3.793 3811
29 3324 4.03 3,569 4.325 3812
30 3.324 4.028 3.57 4.293 3.81
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" . v
M13199 5.8 HAAIAURDLUATAINAYYBIA S, £, 1AL Z, YOITUIIU NO1, NO2, NO3, NO4 1oy

001
e AuRdY
¥ ANTY ,
Fuam NOl | N02 | No3 | No4 | o001 3 YDA
YoanaY e
nau
Aundvveaf (kHz) | 61.148 | 61.580 | 61.260 | 61.053 | 61.142 | 0.527 -
AUNAUYDa £ (kHz) | 68.216 | 69.760 | 69.359 | 69.163 | 68.194 | 1.566 -
ANALNea Z (Q) 3331 | 4035 | 359 | 3.828 | 3.819 0.704 -
AN ToUD1 £ (kHz) 0.007 | 0.002 | 0.008 | 0.005 | 0.005 - 0.005
A doYea £, (kHz) 0.003 | 0.004 | 0.004 | 0.009 | 0012 - © 0.006
MNTOY0 Z (Q) 0.023 | 0.040 | 0.074 | 0542 | 0.028 : 0.141

n'l U s A A A a J - o
A13139N 5.9 LAAINIANUAULISYUATEINB IR (EV) mawmsmmmmmmmﬂmmum(ﬁ),

v ¥ v ]
AnuduoUALE Tsuuud () uazmduRuausinuE Tsuuud (2)

wsilinesiia mwiulsvouneaiie (1) | Aifaseudinda
MRS s (£:kHz) 0.0066 +0.0033
shuineuaLs T (f:kHz) 0.0076 +0.0038
mpuRnauFAnImES T (Z: Q) 0.178 +0.0890

53.2 Ham3IATIEHANNEMIY sveamBuRANA11Y 29 100 Hz - 10 kHz
AI o Y a a o' [] d'.; o ada o o't
o doyaduRuaud lugennudag Tfmaun1i99s BVD awissunuaudlu
¥
Wadie 3.5.2 39'1A111F1911 NO1, N02, N03, N04 1ag 001 W IMAanIIAMDduRIAUS 1u%29
] ¥ L ] v
A0 100Hz - 10kHz Taoiinsdadn 9 Ausuam 30 a5 udammaunas asuaaslumsai
5.10 uag n3 M lugdn 521 wagmmudisawumnasgumuaumsn 3.9 dwaasluaisan
4 da 430 4 o 4
511 waz 3l lugdd 5.22 Falugranuddausauuniasguezge uaziidanauie
a a J .’f dy 4 4 @ 1 v a a P=1
AMUAIMLLINAYY NITIHDIINANUAILITVBUATDI HP4192 Tunisiasiadufiuaus szl
manuAanaaulesiFudvssmduiuaud 3aildmanuRananvesnsiandun-

Fedat 1 9

uaugmgen sxliimnnihmauiuaugnianioond
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5.4 HAMIATUIUNIINGT BVD

5.4.1 MIAIUINUNII03 BVD IasITves IEEE
A - " - o J’ o't - 1 =
WNITUININAINWNLT Tsuuusuazuouds lauuualua13199 5.8 waza QN
unuA2oA1 @, Tum1319M 5.1 awseinnfuIunIa effective coupling factor (k) HAZA1
figure of merit (M) MUAUMIN 3.18 uaz 3.19 awddy Taoauyalda £~ £ uazi £, ~ £ A
L H J T Ll Ll 1 o e
uaraam lua1s19h 5.12 Fawuna M 181031 50 MR ININNIINNT BVD a3
=, H A ' L ' d'
IEEE 1359 2 4 ¢, Tdornwanisnanssluiade 5.2.4 uaza ¢, £, m18Tav1Faunish

3.15 une 3.16

1 ¥
M3 5.12 AN effective coupling factor (k) U0E AN figure of merit (M) ¥BIFUIIU NO1, NO2,

NO03, NO4 1iaz 001

Foda0019 Ak, MM
NO1 0.443284 206.8945
NO2 0.469864 232.8899
NO3 0.468956 259.0836
NO4 0.469853 239.1097
001 0.442885 147.6253

" ¥
M1319M 5.13 HAMIMUIUMWIIITNNDI VD995 BVD Y0951 NO1, NO2, NO3, NO4 11az

001 Ta7% IEEE

i, W151ne5vee BVD
Yoot
C,(nF) C,(nF) L (mH) R(Q)
NOI 3.929 0.9611 7.043 333
NO2 2.852 0.8082 8.258 4.03
NO3 2872 0.8098 8.328 3.59
NO4 2756 0.7809 8.695 3.83
001 5.061 1.235 5.482 3.82
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5.4.2 MIMUIUNIII03 BVD TasIsounuaus

P a A o

" v »
1NAURALYBIAIN1WEIS Tosuuud, Aroudis Tsuuud uazAmduRuauFn
- o - [ a4 a a o e =

ANt Tauuug lun1s1ah 5.8 uazAuRduduRuaugNANEA1 Tua1519h 5.10 @150
o o l’. J Al Al : ﬂ’l L]
1A MIUN129935 BVD uaadlumisiai 514 Fawunlunisienainiiudaaud 0.1 kHz
i 10 kHz 18A M5 15ne3¥ea BVD Hillnnmuuanaaiune L, 1U5zu1e 0.16 - 0.2 mH, i
¢, Uszana 0.018-0.040 nF, M1 C, HAnszunat 0.06 - 0.18 nF uaz A1 R, HAwmduiiiesninly

' a a o a o A [
ATDUNLUAUFNIANITUNLT Tcmluwvmuﬂuﬂu
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Analysis of Appropriate Parameters for Piezoelectric Ceramic Utilization by
Using BVD Model

Chalermchai Jeerapan, Witsarut Sriratana, Prasit Julsereewong, Sart Kummool

Faculty of Engineering, King Mongkut’s Institute of Technology Ladkrabang,
Ladkrabang, Bangkok 10520, Thailand
(Tel: +66-2-739-2407; Fax: +66-2-739-2406 ; E-mail: kswitsar@kmitl.ac.th)

Abstract: Thispaper presents an approach to evaluate the appropriate parameters for Piezoelectric ceramic utilization by adopting
Impedance Method. Butterworth Van Dyke model (BVD) is considered to use as an equivalent circuit of Piezoelectric ceramic in
case of no load. The experimental results from this model will be compared with the results from a circular Piezoelectric ceramic with
4.8 cm. diameter and 3 mm. thickness. The Thickness Mode vibration measured by Impedance Analyzer model 4192A can be
analyzed from 1Hz to 13MHz for calculating and analyzing parameters at resonance frequency and anti-resonance frequency. These

parameters are evaluated to design the efficient circuit for Piezoelectric ceramic utilization to obtain the optimal efficiency.

Keywords: Piezoelectric ceramic, Equivalent circuit, Electrical equivalent circuit, BVD

1. INTRODUCTION

At present, Piezoelectric ceramic is used in several machines
such as ultrasonic cleaner and ultrasonic welder. To obtain the
optimal efficiency, the equivalent circuit of Piezoelectric

2. THEORY

Fig. 1 is illustrated the equivalent circuit of no-load
Piezoelectric ceramic BVD in thickness mode. R, C, L and C,
are considered as constant parameters and independent to the

ceramic should be well analyzed. In this paper, the Butterworth
Van Dyke model is considered. This model has 2 parallel

frequency and impedance as shown in Eq. (1).

branches as shown in Fig. 1. The First one consists of series of -

motional resistance (R) which represents the mechanical Z= //( R+ jol - _)

dissipation , inductor (L) which is related to the Piezoelectric JjoC, wC

motional , and capacitor (C). Another one consists of the )

capacitor corresponds to the electrostatic capacitance (C,). The R+ joL- /

R, C, L and C, parameters are calculated by adopting various Z= wC (n

methods such as IEEE Standard [2], [3], Smits [7], Sherrit [8]
and Xu [10]. Smits's and Sherrit's consider those parameters as
complex numbers whilst Xu's is similar to Smits's. The

1 -mZCOL + C% + jwRC,

impedance of Piezoelectric ceramic is measured under the Log|Z] Phase
frequency that covers the resonance frequency (f), A Phase i
anti-resonance frequency (f;) and mechanical parameters T‘?O

(elastic, piezoelectric constant and coupling coefficient).
However, it is complicated to calculate due to many parameters
required. As a result, this paper presents the calculation of BVD
parameters by considering the frequency response of R, C, L
and C, in BVD circuit and then the Piezoelectric ceramic
applied in this research will be utilized in an ultrasonic cleaner.

L Fig.2 The frequency response characteristic of piezoelectric
ceramic
Cﬂ__ 3 - - . - 3 .
R T From Fig. 2, the characteristics of Piezoelectric ceramic in

various frequencies are as follow:

= 2.1) At Resonance Frequency, the reactance of R-L-C branch
is zero, thus:
1
w,.L =
Fig.1 The Butterworth Van Dyke (BVD) model w,C
1
[0)
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Where a, = 217, is the angle velocity at resonance frequency.

2.2) At Anti-resonance Frequency:

C+C
mgcoL=|+C/,wa - 0
¢ C,CL

cL=" €

o

2 3
Wg

Where @, is the angle velocity at anti-resonance frequency
(= 2. Divide Eq. (3) by Eq. (2):

2
Co @y
— "2 12 @
C w,;-w,
From Eq. (2), (3) and (4):
1
Colb=——5 ©)
Wg - W)y
. Gy
Calculate Eq. (1) by using — and LC,, from Eq. (4) and
(5):
R+ joL-7,
Z2=7T7 373 2mC ©)
(“’a -w /wa -y )+jruRCa
Phase of impedance is:
Z
7(0) - mn'l( Im ] !
Real

Where  Zgeq is the real number of impedance

Zim is the imaginary number of impedance

From Z(#) graph in Fig. (2), if the frequency is greatly lower
than resonance frequency, Z (6) ~ -90°, then:

z,,,~%jc or wL<<}{uC and RC, ~0 (8)
If  is greatly lower than resonance, then:
g 2
w8 J
z~mg_w2 [R— mC) )

At resonance frequency (@ =, ), the reactance is zero

Jjel - J =0) - Thus the impedance at resonance point is
wC

the resistance or R only as proven in Eq. (10) where LC
L/a?,:

~mm

—r__

Z~R (10)

From Eq. (8), if jw, RC, =~ 0, then:
=0,

(i

From Eq. (10), it is found that when the impedance measured
at the low frequency is calculated in Eq. (8) and @ is the angle
velocity at the considered frequency of ‘Z| and R is |Z| at

resonance frequency, C can be calculated by using Eq. (12):

1

5 (12)
wz-mz 2 2
of| 57 | I -

Cr)a -,

Finally, C,, and L can be calculated by applying C into Eq.
(4) and (5)

3. EXPERIMENT

The Piezoelectric ceramic with 4.8 cm. diameter and 3 mm.
thickness is electroded by silver paste at the top and the bottom
and then connected to the system as shown in Fig. 4. The HP
Vee program is applied to control the Impedance Analyzer
Model HP4192A via HP-IB interface and collect the
impedance at 100 Hz - 1.3 MHz. Then, the resonance frequency
and the impedance at resonance frequency and lower resonance
frequency will be applied to calculate R, L and C, using Eq. (10),
(4) and (5). The calculated value will be evaluated and
compared with the value calculated by using Eq. (1). In this
paper, only the fundamental resonance is considered regardless
the resonance frequency at harmonic period.

Silver electrode

_f W Silver electrode
| 4.8 cm |

Fig.3 Physical of Piezoelectric ceramic sample

Impedance Analyzer Personal computer
Model : HP4192A
HP-IB ,
00¢Q = =

Fig.4 Impedance of Piezoelectric ceramic measurement
diagram
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4. EXPERIMENTAL RESULTS

From experiment and measurement of Piezoelectric ceramic
impedance, the calculated parameters from BVD model are as
shown in Table 1. Fig. 5 and 6 are illustrated the comparison of

size (|Z|m ) and phase (PhaseMeas) of the impedance at 100
Hz - 100 kHz measured by Impedance Analyzer Model
HP4192A and the calculated impedance (| Z|cal and PhaseCal).

The impedance at 1 kHz is selected to calculated in Eq. (12). To
obtain the appropriate value of C, the impedance at lower
resonance frequency is suggested such as 100 Hz, 1 kHz, 2 kHz,
3 kHz, 6 kHz and 14 kHz. The BDV parameters are as shown in
Table 2 and the percentage of error (%error) is shown in Fig. 7.

Table 1 The Piezoelectric ceramic properties

Piezoelectric ceramic properties

June 2-5, KINTEX, Gyeonggi-Do, Korea

e — 5

Fig.6 Phase impedance of Piezoelectric ceramic at various
frequency

1. 00E+05

1.00E+04

1.00E+03

1.00E+02

| 00E+01

1.00E+00

0 20 40 60 80 100
FREQUENCY

Fig.5 Gain impedance of Piezoelectric ceramic measurement
at various frequency

Fundamental resonance frequency (fr) 60.329 kHz Table 2 Calculated parameters of Butterworth Van Dyke circuit
; t1 1 kH
Fundamental anti-resonance frequency (fa) | 68.971 kHz A 00 B2, 7,2z, 3 Kilz 0z 14 kilz
Impedance at fr 2.847Q 100 1 2 3 6 14
Impedance at 1kHz 41,040 kO (H2) | (kHp) | (kHp) | (H) | (kHo) | (ki)
2.84 ; . : ; ;
Impedance at 2 kHz 20540 kQ R(QY) 847 2.847 2.847 2.847 | 2.847 2.847
C (pF) 9123 911.6 911.7 9253 | 9325 973.9
Impedance at 3 kHz 11.245 kQ Co(nF) | 29715 | 20693 | 2.9697 | 3014 | 3.037 | 3172
Impedance at 6 kHz 6.526 kQ2 L(mH) | 7.63 7.64 7.64 7.53 7.47 715
Impedance at 14 kHz 2.863 kQ

YecTTON g

lbeooo0000s6000
o Peee00005535338333 ook
200 2K KA K B S00,,
B g EEXKE XH KKK ®953%0,
X e Seey
x,!xxx d
5 Ty
5 25 45 65 85

Frequency

—»— 100 Hz a lkHz X 2kHz o 3kHz o 6kHz a ]4kHJ

Fig.7 Error percentage of calculated impedance at various
frequency (100 Hz, 1 kHz, 2 kHz, 3 kHz, 6 kHz and
14 kHz)

5. CONCLUSION

In conclusion, from the calculation of size (|Zi) and phase

(Z(@) ), it is found that the impedance in the greatly low

frequency or in the range (f; - f, ) is close to the impedance
measured by HP4192A. If the low frequency such as 100 Hz,
1 kHz and 2 kHz, is used to calculate C, then the error

percentage of |Z| is about -1% as well as the use of impedance

and frequency at 3 kHz that has the error percentage lower than
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1%. However, if the impedance at 14 kHz is calculated, then the
error percentage is about 5% because the impedance is not as
estimated as in Eq. (8). @L has more influence upon the

impedance than }/ oC does. Therefore, the impedance chosen

to calculate should be less than f << (f;} - £%). From the
consideration of error percentage, it is found that the selected
impedance at 100 Hz, 1 kHz and 2 kHz provide the similar
results. Normally, the Dielectric Constant measurement is
operated at | kHz [1] with 20-25% error at anti-resonance
frequency. In determining the frequency as the resonance and
anti-resonance frequency with minimum and maximum
impedance respectively, the error in calculation will be
occurred because those frequencies are not in the same point
based on IEEE standard [2]. In this paper, the Piezoelectric
ceramic applied to the ultrasonic cleaner is used the frequency
within the resonance frequency range only. Hence, the
impedance error is acceptable to apply in electronic design.
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