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ABSTRACT

This research presents a step-forward improvement on author’s previous
ultrasonic piezoelectric transducer (UPZT) driving circuit for therapeutic applications.
Two major drawbacks are found after couple years of commercially launched. Firstly,
it is troublesome and time-consumed to determine and set the optimal resonance
frequency for maximizing each individual UPZT output. Secondly, the deteriorating
problem of ultrasound output due to human-skin impedance fluctuations in real
operations. This article proposes ideas, implementations and experimental results of
how to improve the aforementioned UPZT driving circuit by applying the novel
automatic resonance frequency tracking method consisting of a high-speed dsPIC
microcontroller, a phase locked loop (PLL) technique and a voltage control oscillator
(VCO). Different from the previous work, a so-called low-speed microcontroller is
now replaced by the high-speed dsPIC microcontroller. The newly designed PLL
feedback control block with VCO integrated circuit is also added to control the
desired frequency and compared phase difference of the driving voltage and current
by internal phase comparators. The principle idea of how the proposed method
works are that at any UPZT optimal resonating frequency of interest, the impedance
magnitude will be minimal and the impedance phase will be close to zero. The key
idea of a proposed tracking algorithm is based on detecting the phase shift between
voltage and current through the UPZT of interest via a phase comparator. The phase
shift signal will then be fed into dsPIC ADC module. The optimum frequency setting
will then be recomputed and sent out as the new control signal to adjust the
operating frequency of the class-F power amplifier. After intensive experiments with
several tests, it is clear that the proposed technique works flawlessly and reliably.
The experimental results confirmed that the proposed methodology guarantees
convergence for using with any of UPZTs (around 1MHz resonance frequency). The
speed of convergence is between 9-12 milli-second on average.
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G o a val | d 1w '3 a
2 ueud uazussiuduwnvensasgnesnuuuliiidafiviiu 15 Tad meilanisaiuay
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uiwurenrneliansuneiinesuandgui 2.13 nsmuauduwuutleundu viawmiilles
l3lulrspoulvsaiaes PIC18F252 diumsiaduuseduduiesing (Voltage Sensor) sonuuy
Tngld9asuvussduiuudafiuniu ﬁmmwmusaﬁuﬁgnamzﬁuaquﬁnzgﬂsia'l.ﬂé’ﬂuﬂa
uwlasdygyrueundonduiinea (Analog to digital converter; ACD) antuazynis
Uszanana  wariliguifisuAiuseduiednalivinfuAusadusneds (V,) fvueen
pmamaedouveInsmualiiu +50 fadlad aunsauiudnsauauihidndusa

A3IALARILE 0-15 Tn wazauazidualunisususide 0.5 Sna

o | a e o 3 4
ANTNN 2.1 AMNNAVDININTUARDUNIBDIADT

Voltage
Il sensor

W13m$ ARNA
1. Input Voltage MVY.
2. Switching Frequency 50 kHz.
3. Duty Cycle Range 19=59%
3. Maximum Output-Power 30 W.
4. Voltage-Output Range ol Vi
5. Maximum Output-Current 2 A
220 uH 1 WF IN5822 iVR'S'"‘”'i Varic
A . I H' AN S
! R-Shunt 1 O
. = IRF540N > Class-F
15Vpe ==  220uF= ‘e hlc 220 uH F2200pF | power
T 2800 Amplifier
==
By N Ultrasound ;
; Power Control g3 PWM 2
E &7 Condition ; Filter
: ' AD

MCU#2 : PIC18F252

_________________________________
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2.2.3 MMNUTRNITIEIEMaRaEen

WITVewMaPaaen (Class-F power amplifier; Class-F PA) 1Uu299598181184
wuuands (Switched Mode Power) finudnunzisufio annsoiiudsydvsameensasli
gulagBilidudou Bnsfeldusslenivmenslowuudfimudeniueiind (Harmonic
Resonator) Na12f8 a':ruﬁ‘[‘uuuw&ﬁmmﬁm%uaﬁﬂéaz‘zhaﬂ%’uﬂiqeﬁ’nwmzé’mmmm
ussuuaznszuaiivineaianmed (Collector) 3w nTu (Drain) vesgUnniainds vhld
Anszuaiiinwuziuguadendule (Half-sinusoidal wave) uay Aussduiidnwaziu
JUAduAWmABY (Square Wave) uansdsguil 2.16 [16-19] Fasdnwmedananvilidygyinns
asslaiiinmamdeniuvnrainds mndnwazvesdygunsuauazusadudlndluidgauni
wnwile fhﬂ‘izaﬂ%mwﬁwgw‘fumu [16, 20-22] 2asyufdmanaienisinisvie iy
gauaf svdeslsuneulumediuslowuudiiniuiarfueiinsuisdwuetudiasd
UszdvBamniaviugedail 100% (16, 18] wamsdaguit 2,14 Tasdesialumeufifsa

Tufsuyplunisatne wsesveneddsnamaenludnuaeiddigniominnldiuaie

Vy
I l—g| AT AR % %,
Lps+i Ls I3
CB o, — id

_—-”-_- C‘Jrrll e C5 C‘j If =
% | L ;

e
22pF [ ]
. | I Jo Jo
I
Rs @3 200 pF ¥
Gate
Driver [ YV IRF540N 47 pH 52 oF Comm Vo

it

] Y 2 as
Uit 2.15 2esvneidsnanaeitladu UpZT



=l I aw o w
AT 2.2 ATNNATEINITVRIEM IR ELEN

widines AN
1. Input DC voltage range 0-325 V.
2. Fundamental frequency 1 MHz
3. Frequency range 09-11 MHz.
4. Output AC voltage (rms) 0-45 V.
5. Output Power 0-20 W.
VGs 4
= G-V, kx4 o
2 2 2
LAY l I
| Tom | |
I I |
l | l
t | /
oYy O 3 o
2 2 2
l vm“ l '__‘Yd'” I
| B | '[ 'S
e — 2V,
v : |
N .“-‘ g NI 3 Vs

A e - L.
JUf 2.16 dnwurdynrauminilugausfvesisssveneidnaiaen
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Fofu Tunideddlfeanuuuinglineseneidemaevuuuesueiindsdud
AuuARIFIgUT 2.15 FeflusAnBammsvinanugedia 90.67% [16] Tnevuinvesasidnnin
wn wasidunuvestangnsaildesnuuutiosnin Afanmhaureasesuanifanised 2.2
AuautEiugIurensIsunsidaaaeiidetunlddu Uzt wanafiagui 2.17
UszneumeAmnimesdfydmiunisesnuuy 2 1 Ae Awd uazsuIALTIRULE AN

HannuauifanzvemisaawiuUsiaiuanfmolul

= ' = v v s ' "W =
1) A3 (f) - AMANUDLTIAUAULBIANATDINAT AsdiAnvinfuauivesdyyiu
a o a . v O o v - [T al
WadTUAING (fuee) FINUNITAUANAILDA D WINAL2995 Teamsal§3Tnrsmunud
‘v a « ; v add w
dyyrunadduaing (Pulse signal) wnuldl ins 33 dazannsnoanuuul9asn1snsiady

d v 1 [ 2 L3
AU (Frequency Counter) bmarmn’m‘imﬁmumqmmmmm

2) ¥u1m (Amplitude) - Y ARSIFUIAN N WINATE92995 JvuUsAuAUTEAULSIAY
a -l o o PR -] @ a &
NITUARTIDUND (Virric) WIBMIIMUBUNAQNUTUINGITY Yuinveusaiue1dnnfaziing sty
3 =

e ﬂyJ U o s sl 1 g v iyt v J
aa Fadurr sl iilvantfsuiesfimgatunuluse wesamantiludeignldlunis

1 d e’ &/ L 2 as
DENUUUAIUAIUANNBUIUTEAUN Y (Power; W) #lddu upzT

Srom SEPIC Converter

Vsepier
t__L

-

FFTINIE AR IR e L
——> Time(s.) :

i

Voltage (V.)

- fodrive UPZT
j", Vepic

e

from MC Uiz |

Time(s.)

)

Time(s.)

Voltage (V.)
o

Voltage (V

Class-F Power
Amplifier

d a o o
JUN 2,17 AUENBLIanIE189995veemaeRaaen
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2.3 msvfuarudisTeuvuduuuimuadnasii (FRF-Technique)

wadausumuislowuuduuuimunaiaad (Fixed-Resonance-Frequency; FRF)
Wuisnsiignlilusiddonisesnuuuisseisidraaendudmiviu UPZT windied
gnesnuuLiuLiemUANAI MY UPZT Wi lndgaslauuudiignies Tng3snisdanan
Houitymiliiannnszuiunisnda UPZT Salianunsarmuasanuiisleuuudlvneile
(1.000 MHz) Ineguansinuenidutiweuiwamiusaisadousnli [3] sndegraitu 1.0
MHz £1% uaz 1.0 MHz +5% 1Jusu

winila FRF findnnisfid gy Ao musuanudnisihiurensesseeidaaaen
Widdwvindumaeaan Tasfmunianudddaindy miudisleuuudoynsy (Series
resonace frequency; £) §eianmefiaeyinlyl UPZT imusvdvsnmgean 2anuuusrassves
Butterworth-Van Dyke (BVD-model) (3) fagUii 2.18 wamdliviutn lugadananiegaiiend
uoALAUY (Reactance; X) VIR wazAAmwileni L, wnaredu lureessiuey
WRDIWESAIATIAUNIY R, WAZAIAIINY Cp ABRUUTUIUAY uamﬁagﬂﬁ 2.18(v) [9, 23]
FuileTiaTeinuanauauevepIg (Frequency response) 483 UPZT ﬁ’agﬂﬁ' 2.19 4
danadeyey 2 90 fie 1) vwiavesdufiuaud (mpedance: |2)) fifdn GEREURIELLE
Sunuaud (impedance phase; 6) fiflnaides 0° ua::a'ja;uﬁﬂamﬁaqmnﬁm‘ﬁ'waﬂmﬁﬁ'uaﬂ
uAugIIN ¢ nnIMnIsReUAUBIMIMIMARITUT 2.19 Tudunait UPZT d8uiiuaudsn
TndAsafuiunwiisTowuud £ uigswawiiy o° fereudisleuuud /; (Resonance
frequency; £) [24] ¥4 UPZT E'Q'lumwﬁﬁ‘ﬁ UPZT xilusz@nsnmillndiduatuiu
Auiisleuuud £ [25-26]

¢

— C{) L1 =Cg R]
R,
S J
(n)

(V)

| -

Ul 2.18 wuudraes UPZT wea Butterworth-Van Dyke (BVD-model)
(n) wwusaesatnade  (v) wuusiaes w mudisTsuuudoynsy ()
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""" = Impeaance
I~ Phase ? i

08 SUN: O e .| SRR SO N N O T .- =
o 1 &
2 o
- N e S i o S 0 o
8 | |
E e ST P L2 H ; i - : : et g

“(0,%0° & “lagging”) |, i wa du e dase R S =

Frequency (Hz)

<
JUAl 2.19 nsmiranavauBIMIAAYEY UPZT

231 2w3nuguALYBINATIA FRF

msvhruveawated duszuumuasuuutioundy (Feedback control) LARIRIFUR
2.20 denl¥dyyntaunduan MCU#1 Wieegaiiios vsigasasnisasiedulimududou
teonhdlewivufiugaednagaing Sanadadldvhmssyinuiediilddu upzT () e
fimwiuaudvesdyyaiadienn MCU# (ruse) IeBnpuatRnISYINITT “A 2008
99929939781 189A8 1WA U UM IWAYSIAY QY IUNATIUNISTUTINT (fy — fruise =
fruase)” VINEBNTAAIUANA QIR MCUHL Wivifumandsnedsls waduniudves
2esvwMdnmaeniszdawiiuanuis B aguiiu

Disturbance
(load eondition of UPZT)

Setpoint is fo, ref = Js Svstem

Controller D ; IMIz-UPZT

Output
Ona= O

Reference :
Sorer + Af | Frequency |p,.i| Square Wave Fouoe| ClassF
Controller |—p| Generator

MCU#2: PIC18F252 | mMcu#: PIC18F252

d -
JUN 2.20 szuumuAuveunailn FRF

a Y o '3 o o v °
szuumuAuiililumeadin FRF uanafaguil 2.20 asduseneuiitsadestunisieniy

1 1 v 1 | a 1] 4’
seuu wiseenilu 5 diu Useneumediunne fneluil
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1) &ynudada (Reference) Ao ArmuiisTaunudves UPZT Idannisiaandae
\3DIATIEBLLALS (mpedance Analyzer)

2) fmuAu (Controller) ﬁmu’iué’nwmzﬂwﬂummﬁ (Frequency controller)
sanuuulngldlulasreulvsaiaes PIC18F252 #afl 2 (MCU#2)

3) ﬁaﬁﬁaqmsmuau (System) Usznaumiy 2 d1u Ao druusneenuuulaely
lulnsmeulnsaiaes PICI8F252 @l 1 (MCU#1) vimthildusasedygiu
sURAuAWALN (Square wave generator) wazduiiapsfe 1aTveEfdRma
NV vy uPZT

4) &ynusuniu Disturbance) Ap NissunIwiasninanizinanniousaned
widuiaves UPZT

5) Ay ueEnATiFeInIs Output) Ae vilveasyeeidraaendu UPZT
FoAUBVINRUAIEB (£ ) (b7 PR R L LGRS R T O

BUAUAUGUDY UPZT (0, = 0,)

n13EBNLUUNSAIURNLANITIUR 2.21 THlslrspeulnsaians PIC18F252 S1uu 2
M Taw Mcut1 vimthivdnlunisadsdygraiadduaing mwunievadai 50% way
Joundudiygailuds mMcu#2  daunihiives MCUs2 As Uszuiananiwi uazaIuAu
pmdves Mcuit Tiindlndmudiuudaunniign wadianiseonuuuioonuuulag
MU Hunasedyainunininnmeusnefine §d (External-RC Oscillator) Audvas
wrdstesanamaunsaliuasuldnuseiuusafuiinnasen (V) , 1A ufuniy uay
FufuUsegidentd [3] vheuduit 2.20 Sduneufio MCUt2 assudanuanud () 7
149U UPZT wasiihussinanalagleaeasiu (Timer counter) $1uu 2 @7 e Time 0 uag
Timer 2 Weldtarnmiiiazinieudisuiuauidseds sndursyinisaiedygn

s

4 o (o) fala = 3 as
WadA1ud 50 kHz ua 5 1ad uardinIu99397133Buitngmes (RC Integrator) Aty

¢

L 1 a s L ﬂ‘j ‘i o L3 v L «
adaandazgnulatuludygiuussiunseuanse fajudievinisuiumiuniawad

ee =

Aaud 0-100% wlarusanunsenansaglugae 0-5 Laad PniudygruusunsTwans
Ihazgnunsliifidnanas 6 wh fMeae9sutaussiu (Voltage Divider) Aussiuilfvzanasuay
Uiuszdulalugas 0-0.833 Taad uasgaviessgnirlusiuiudygruusiiunsease 3.85
Tad Me299sTmdgynind (Summing Amplifier) ¥inliseduusesuaiunsouiuUasuails
Tuthatszann 3.85-4.68 Thad Fevzvilvimnddyeauuiiing (f.) ves MCU#1 USulaou
17lute 3.2 - 4.8 MHz iflesaun15v197uw8s MCU#1 (Device Cycle ; 1) fAiesenin
AMUBRYYINUIRNT & W (5 — £ = fourd) ﬁaﬁuﬁmmwmﬁaéﬁuaﬁmiﬂanwwmaﬁwé’q
panaevfazanunsauiuAsulalugiasening 0.80-1.20 MHz
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100 uH

g
Gate ke £
Driver VVV ~
Y 20Q

: PWM »o
Jo - calculating o RC-Oillator >

t I ¥
nInlmpt‘_Coammr —

I
1
|
| (Timer 0) (Timer 1) A |
i )
every 20 ms. : ! Operation Mode
I
|
i
[

\ 385V
1

ﬁ).ref = :

A—b?—» v : , -
' : )

\ External ,f(m: J ey P“"":{T
:
i
]
]

MCU#2 - PICI8F252

T - — i ——————— - - - 4

= ' < a
3UN 221 nssBnuuu@IUAIURLAND TR uNALA FRF

14 Y = ) ' =
2.3.2  YumsunisuiuautslawuuduuuiTURAIRi
nmsuiummdislowuuduaameaiin FRF Usznausag 3 dunau seguil 2.22 dumey
- 0w W A a fa & T | ] P ¢
WSNAB WM UPZT 1aTI9iamelasavinseiduiuaud ifemaaiuiisleuuudaynsy
n‘j nv.a n] -] d L 4 ¢‘ a - ! '
(%) nniulutuneuiaes dianudililadummisdenies ) lopisUouAinu
a € g o ' 7 o ° w v dy a
MaEIAdmUAN FN8NFUFANITAMUART TIMIINATNLIIMITU UPZT Merinufdneds
4 o & (| < q' ar u 1 v = @ [ o © =y
ngnimuald leeludnsifsusas Sadnwauedinanadisadatunisyiausesdinuie
ar - a . 1 - d 1 <5 1 cJ
dyaunyundnea (Digital function generator) namAstlisisnsanAmIstdanAinud
| a o v ¢ al a 0w 4 - v
HIUAINY mnﬂslmazyfy'mal.amvgmwummmmnumwmLaanh
Junauiay lWuTunauveINIsnsvdeuAmugnaalaglyinTaliadn WARIAIFUY
o o o o o w a [ °
222 afgzymwmﬂﬁmmmﬂaammmmmumsﬂszuaﬁlwamq UPZT ¥1nN15%1914%849
2995gndie Ammsamavasdygrunszuaszdmiuseiy Fadulunmpudnuuzues
< < 3 a = §  ca a ' a v & A
UPZT #innudisleuuudaynsy BUNLAUYILUTVENAVDIAIAINUYAANINIY UBNIINTLID
o 1 - . lev a1 oA :J -] al J ] nb[ll L4
MIININAIANA (fp) WANLARDIUAWVNINUAIND f) r dIVTURTDILDNITILUTENOUMEY
gUItinTIvTauTIRuuAznIzud, Insuinusedu (Voltage probe), Tnsuianszua (Current

probe), Mueedysynd (Current probe amplifier) uazosadalaalay (Oscilloscope)
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[ Stepl: Measurement f, of UPZT ]
Hupsaane aiyacs IMHz-Ulirasonic
— > @ Transducer (UPZT)
H t
} IEES| €= =
cooo
e - ==l — N — ]
0000
( Step2: fixed fo, s = f, J
Switching Ada SEPIC Class-I' Power | MHz-Ultrasonic
100-240 Vac " ‘I:)Cn’is v pter Converter Amplificr Transducer (UPZT)

50-60 Hez.

O~ L

Js —ee Controller Unit Jpube
i i

&1 -MCU#1: PICI8F252

& @- - ~MCUH2: PICISE252

[ Step3: Verify 8,.,=0; )
. SEPIC Class-I' Power IMHz-Ultrasonic
100240 vac " "%“?f:ﬁ”‘“ Converter Amplifier Transducer (UPZT)
50-60 1z, &

=2

probe probe

Controller Ut * Oscilloscope
s s SN o e |
-MCU#L: PICISE2S52 Avaflitie v e bl o0
- MCUH2: PICIS8I252 : y gg
: o :
i) o0

= u’j' s o & o ' P =
JUN 2.22 Fumpunisuiumnuiisleuunduuuimuadriveaailn FRF

L] d )
233 wamamieudialdmaia FRF
v o ‘vl el a s ‘J
nseenuwuulagléivaila FRF - du gneenuuudmiuldiv UPZT aud 1 MHz
1 at A
Tngiawiz msvadeulutveulnm 0.9 - 1.1 MHz lananisvaaeudegud 2.23 Juwarmiu
a ! o v o s ool o v a o a
ARNALATBUTENINAUND DA (f; ) FuANDNTALAAS1vRTVENEATaranaen ()
a v ' = PR v ¢ I )
NNNTAATIBEUNTIMNUT Msmuauaudiismadaildnadwsanunainndoust
lugas £100 Bsad wieRndu £0.1% Felviviuinvedadfiniseuauaruildegsuiug
a Q‘; ) - | s 1 v 1 o A‘ al
aunIUiuRsuaIng [3] winaneasudinalilawnsauiunaiiatdansedu uPZT
v ' =l a o & & " as ' a v a s 3 a v a & o
Ioegefivszdninmgagn MadartusgivAanuddrduluddydn arudsredaiuiu

I = e v o v o a =1
ATV UPZT viawlsatnaiivssansnmmunntisuiiesla
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0.5
04
03
02
01

00 WWW-

0.1

%Error

02
0.3
0.4

0.5
09 092 094 096 098 100 102 104 106 108 110

Frequency (MHz)

d d 4 ‘li v -
JUN 2.23 mwpaaedeuvasnidleldinailn FRF

wamwmaauﬁagﬂﬁ 2.24 uam?ﬁym'lmn'i:uauasuiqﬁuﬁtﬁng UPZT dsldivmiln FRF
Tnenansnaasuiildifunantsdu UPZT WiRndidrdusaniiond 5 3nd uav10 Tod
uanIagUT 2.24 uay 2.25 muddy Anuintstuildnnnisaseiaeaesnsdfidwinty
103528 MHz ZalndiAssduranufisTauuusves UPZT Aldwnadau (1.03525 MHz) [4] wda
Answinanismaasuwui walle FRF annsavihaldnuinguszasdaideants danals
vniaveanszuahviuseiu Sauanedinisihanluanmsisluuudoynsies UPZT T

& . o w = ol v = R
annrilziiniiaslnisueaiiv (Reactive Power; 0) TulSuiafivinzay vl upzT

maulsageiiuszdninm

CH120V/div , CHZ 0.5A/div , 0.5us/div

= o s °o_ & & o v £ 1w o d
JUN 2.24 Ayt UPZT (Maspdudanigmainiu 5 Tne)

CH120V/div , CHZ 0.5A/div , 0.5 us/div

o a at o w o a v € 1 a LY 2
3Un 2.25 dggrudu UPZT (Masrdudanitgmaminhu 10 ine)
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2.4 msuFuguarudisTeuuuduuusaluia

ssuumuRNdmIUIesiu UPZT ldlutlaqiiy dnlvgjaeildnuaruansdaguil 2.26
mnﬁﬂi‘fﬂianauﬁwmmmmmﬁy’qmsﬂ%’ugu uaznsAnm A leuuug il uSalus
wuumuaulidyg s (0.9 feyuawintu 0° fuduyumaveseadislawuud £
[24-26, 27] Tuszuuuszneudie daumunIuay (Processor unit), dauai1edyeyral (Signal
generator unit), @uveBdYYIU (Amplifier circuit) waz dutloundudyyin (Sensor)
fofvasszuviide dnstloundudiygranssuauasussfuiitoud UPZT Tasase vl
i WwAreIszUVIrliAeuwas Sawfazgnsumunnaniynisiiiven wieliflivanves
UPZT [30] dudeidevesssuufe dutloundudynyn uardiuyssinana axiinududou
Tunseenuuuiliuegnann nanfedunsiadudygiu foudugunsaiivhauluguaanud
gal# ansemsanduldvuauasasiravesdyana Tudilssinanafivuiu gunsally
fovUsznaumsdiusuAdygyinteundy, ﬁ’mai"'mﬁ’:yty*lml.ﬁamuqu sauludiall
muansalunsARAIMmMIndamansidudeu s

syuumUANdMIvINIdu UPZT lagndnwiidefuatiaunsvane Faldluaunanse
fu Velusugaamnssuwualng gRamnITuuuIAEn sauluBsnusiunisunnd Tay
Tmquszavimanvasnnandfeldulludnensdeatufo il UPZT Rauszansam
M3na (Machanical)  gagn dvmiuimegnvesuidoaglauanssivavidealunisnuniu

155unssuiiontes lushded 2.41

Disturbance
(Load condition of UPZT)

Setpoint is O,or = (° {
System

Controller SN s ) e SO UPZT
Reference D, : ; Output
Oy + b Processor i Si s O cna
» gnal > Amplifier
- Unit ! |Generator Unit Circuit >
Sensor
v(1), i(t), 8,, 6,
Feedback

= < I's a Qi
JUN 2.26 sruumuAuAuBElELLLELUUSHTLTR
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241 MMUNIUIITTUNTTURABIYRY (Literature Review)

muﬁ'ﬂﬁﬁ"z’mqﬂismﬁwé’nL'ﬁ'aa"s'wehummuﬁw%’u*msﬁu UPZT fatfu ifovves
nATeiildhnsAnu dulvgFaieadesiunisuiugu uardanueanudisTouuuduuy
dnludRdmiuaeasdu UPZT 9 nnisAnsaniddediierdesnudn Snseviumsided
adundatu deusznaude 2 Juneuitddy fumeuusnie nsieseinuautivnilwih
93 UPZT egmmdiniusvesiusineqiiisadesivannaslowund snduludunoud
a9 9zvin1seenuuuesiu UPZT Tasldnisfimesilalutunounsn warléiusn
AMYUANITVINNIUTD IS

nsfinwpmuandinalniues UPZT samfuniseenuuuisastumiuige d3ud
Naqmma’imn‘ﬁUsmgaanmﬁ%uﬁii’J A.7. 1994 [9, 10] ’J’mqﬂizaaﬁﬂmmﬁﬁaﬁaLﬁ‘aﬁmm
Tusunisadendudans1enas wu udde 19,101 1933 ATIERNaR o UALD IR LEY8 .
UPZT iitevnuuudiaesnlvi (Equivalent Circuit) gy lnsawideluafinaudelogiu
dlvgrsniiouifesiigninnlduiniigaie 2s9sfiouidbsves Butterworth-van Dyke
(BVD-model) [11-13] Wa¥INN1ANYDINGANTINTBY UPZT Mae2995ifisufiesanani
wui1 UPZT fienufisTounud 2 /1 fo 4 wae £ dauaudiivanzaud miviu UPZT fe
Al £ (3, 9, 11] nseduiuaudiiranii

Tuszey 5 Vs Tansideanniznslewuusves UPZT lagldaunslulmuuves
A AN AT IEMRZREludN vz BILEUAMIINaN (Locus diagram) [24, 25] &4
wanTIedandnamnselinsetanzslauuudléte 6 Aranud (26, 271 8o £, £ 1 £, A
uaz £, nan1siasimudt lumaufoRnud £, £ uae £ vild UPZT iiauseaviznmnng

|- = e

° v ) [ 'Y o < ° |
alnafissiu aunsoldununuld Taefidaaud £, A duwdsdl UPZT Siedufiuaud
s ad o o - - v ° d | oa ° o
AR, AINUD £ A AIWNUIY UPZT UAIANATUNIUATER LAY AIND £ AD AIWLULN
| v OI o 1 A ;U - A
UPZT  difanusinunusiage o dumisiiguadiugud uenanddsilnuidedidne
GJ al < -ln s s ' H - e
Wenfunansenureslaaviausinanfaduiavas UPZT endagrawu luauise (28] uas
i d o & o o 8 v < - P Y I a
[29] wudnusanaviistiu Suavinldruiislowuudgiirnimudy Fanswasunlasdananiing
foUsedvinmuas UPZT wazdwmansevulufemnuusiugivasszuunsiata Suanisfinwnil
' da o v R o - v v v e
wuhusInanRissdndesasavivaunsleuuusiudsuntasls wunisiivinduida
3 = < w ] & a ¢
¥94 UPZT fuin wiseansazats [30] Faniswasuudassananiinavaseninuislouuus
VNAYBITUNUAUY Uazyuwa [28-30]
.l - o - as 1 ] U 4
dwmiunisAnwuvaiianistu UPZT  finasuidoweunsosnuiognnailos Tne

o (3

- v - =t s - J
MQUIEaAY9In15398 auldludiemadedu Ao nsRamuanudislewuudyss UPZT

bl

W wa o aw o a v a v < aa aa = ° a
wuudnluli Fluauideiiiedesdinadadléinniign 2 3Bms FBnsusniigmiauedie
weilansfusuudiudgedsenauid (PFC correction) [3-4, 31-32] nsvhauresiing
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v

i1 Ap newwMIUANKATBIATTUBAUALY (Reactance) THTlAIMMINEEY wasyiIAiinw
Fumushan difoanizauiisTeuuud £ widlashomedail fowihnsasedumanu
namaRvngay Lﬁamaﬁuﬁ’mfgﬂfuﬁﬁmmﬁqwsﬁmmﬁ’u%’au’[unﬁaanu.u'umn Farfu
Flidundeuldon (91 Basdaunbumedaignldunniian Wunisdu upzT luanms
dufiuaudnn wazyuawindu 0° (25, 27, 33] naaesanMERINE1? NsATIIT UL
wirfugud Wuisnisiiawisasenuuuldiieiian [24-26, 30 Tasnadianislled
(Integrated circuit; 1C) Lﬂaﬁaﬂqﬂ (Phase locked loop; PLL) ‘lﬁgnﬁuﬁuﬁmw’lﬁmmﬂu
A8n15usn [9-10] WnsReaTIIMUIaInTUALE uidIBvaulAn1TYuvesled
(Frequency range) #ind1e virl¥mavngauslouuudiiniuazidons wazilontaiinnanu
Fuausewinimnuisleuuud £ ez £ Fadugaiiyumawiiiy 0° wileuiy sndulaiiss
nmsiimundulagldmalianisnsanduma (Phase detertor) Fuiiudumiisvoanaiinmad
angu livhawimiudmudszananadng vibiawnsadmuaniseavaulddassuaziinig
¥eudusiugdy Wy vasaUssalanadyy uidnea (DSP  board) [33], vesin
lulaspeuiiames (Microcomputer board) [25-26] uazuasaeniie (FPGA board) [30] 84
ghumdisTouuudiimsaadulangdinia 1 MHz Taseglutissewing 3060 kHz wawdl
miAdefiannsamuatnsdu UPZT Tumwiiigetiuauis sMHz[27] windiailléAents
As9vuyuINaeIduiLaud I duReiy wildeidurasosldgunsaifudygyu (Data
acquisition; DAQ) muiIge uazdedldlusunsuuupeuiamaitaslunisysznana
mnw‘gug’mmu‘iﬁ'mﬁwaaﬁﬁu (3-41 Wunrseenuuuinstu UPZT auil 1 MHz
Mesvgsidinaaien Junaiianisavauiuuuy FRE lifinsuuguuazinniy
mmduuudaluila dlelvanves UPZT finisivdsuutas Arduiupudazifauuiatu [29,
34] danaliiinmnuigeyde (Loss) [27, 30] wagUseAvEnmmaihnuanas faiuluanudided
JelsinauemniianisuiuguuarAsmunnudislauuuduuusalu@ weldtunuideduds
aglugummdlundnuineidsng (MHz) wadiamsmuauiidentdie nsatugaisTowuud £
Fadugaihgunavindy 0° Wessnameduiendiauiisleuuud £ udlivseansamnis
vhawlndifsetu indedlefiliusznauslulasreulnsamesives dsPIC30F2010 uay
ledinadenguiues 74HCA046 vurmvaINasTvUIABNUATF U HadniAmanTaaIn
wadlaihiausuieeniu 2 4o A 1) ViuguanudisTauuudligiadlndgusinnitgs
FaazvildiiuUsEavBnIwniaviniaues UPZT wazasasvesrdsataion 2) aansa
Anmumuiislauuudle dle UPZT gnivdsuudasaniuzivan yinlianmugadeiiiniu

4’ a oo at ° krd s s v a d | S ar
wazusnnmadamitaues Saunsodiludssyndldnuiuszuudaniledaduelaiduny
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o o o s, =i
2.5 msuiuguanuiisleuuuduuudaluinmitaue
A o o el : a a L%
sruumuaniiiauelumddeididussuumuauuuuloundu Teedygrutlounduun
a 1 L3 U L4 - A o v L2

N nszuakazusrulud L WNRYe2993 ( ABwd UPZT ) wadamitausldwdnnisly
w a v v w v o o v a v o o g w °
dnwuziReiutuiten 2.4 Tedygiuddsildfermauma 0° Favinld UPZT vihau w

= L. o o) 5 v al
Audsleuuud £ lussuvaggnivdsuudasiuannnadia FRE viamue  adlimdeiiies

o W [ o a [ o a o & o v
25V MRIAAALN UaAIIgUR 2.27 wanimaniiinnisldsruuidnaue  Aevinlvi
s v d v s asen <

svwAaenasaUTuuiiImanulslswuuglauuudalul@ atunsafaniy

= [V da o w < v
A lguuudle WeanmzlvanifiiduNaves UPZT  wWasuuwlas wazldnanlunis

o e v A -l ar - <l <l 1 1 - a
UftRnutissandieWisuiumeaia FRE n1sisuiisumiuuwansinssenitameada FRF Ay
a o0 v v = ' = ) aa & v
wetafunauslauanslidewnnsied 2.3 dusvasiBvanisesnvemannis nguijiiieides
1 L-d d d o h o
WATNNTOBNLUL LNEDIlUUVR 3 Wazunil 4 Auasu
Disturbance

(Load condiionef UPZT)

Setpoint is Oyqp ~ U

. Svstem
Controller B e Y IMHz-UPZ1
Reference f Output
O+, 40|  Phase | fopid PWMIo Soutse| - Class-E W .
Controller —» Analog DC-{ VCO|—» Power |- —
i | Converter Amplifier |+
el )/ A | A vy O~ 0,-0,
Loop Phase Sensor
Filter Comparator 0, 6;
A VI RieddddiliT s T\ [ |
P> | = ¢ @ waa o
EUM 2.27 izwmw}ummmﬂmuuu%uuvamiumww,aua
= = ' - o a o o
AT 2.3 MaTsufiusEniamalla FRF Auwmalianunaus
N3 wniin FRF madafhinaue
1. Reference signal ' Jo rer (fixed -~ /) Oyer (fixed — )
2. Feedback signal Fputse 0, and 0,
3. Desired output signal P Opur = O° (at )
4. Feedback loop From input of Class-F PA From output of Class-F PA
5. Controller PIC18F252 (2 units) dsPIC30F2010 (1 unit)
6. Tuning capability Manual Auto
7. Tracking capability - Auto
8. Instrument 1) Impedance analyzer
2) Voltage probe
3) Current probe -
4) Amplifier
5) Oscilloscope
9. Tuning Time > 10 min. <1 sec.
10. Uncertianly Human error Range limited with controller
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RANNIS LaSVNOENNNLYDY

3.1 wuudaam innivesdani letansuanigas

3.1.1 2nsWisuiRsminivewdanleliansuaiowes

Waflsuidsamalwiives UPZT uanafagud 3.1 Usznaudie 2 dndadovuiuiu
Ao aaAUsEnaUNNIAAN (Electrical Arm) wazesAUsznoUNNG (Mechanical Arm) [24,
26, 27] Tudnuusnasrvsznaunslwiusznaudie AraugUseaurs (Static capacitance;
Co) wazArmAUINIINANaYdsladidnain (Dielectric loss resistance; R,)
sAvsznavluduiians Ao ssdusyneumienaUsznaudie ArwImgnIena (Dynamic
Capacitance; C)) ,m'mmﬁa’sﬁ'wmna (Dynamic inductance; Z,) 82 A IUATUMIUNNNG
(Dynamic inductance; R)) 1agasAusenauninaszannsaiaiasundasldnulvan
vieusaneviufinseyhuumhdudaues UPZT sandniialuudamanudunu R, RERGRGR
niesdUsEnaudunIIN BNnsTeTdeuseuwuuIuY Keu ARy R, Taiina
sopsAUszneulas oo kAL s Ay ald fiuenfivuifssdiausoanguls

@ P
WaAIagUN 3.1(v)

Flectrical arm Mechanical arm Electrical arm  Mechanical arm

r !

o : f : . : : i
e e A e
Swgon gL ST O

R, | R,

e g 2 AT e et SRR, : c (R —

(n) (%)

31Jﬁ 3.1 99sivusRsamelnWes UPZT

- v ' a o [
(n) wasifisuiAsswvulildanguen R, (¥) 29asivinisangua Ry
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3.1.2 annesleuuudvesdaniledaninaiiges

PINNIWGUALIYRI UPZT ﬁqgﬂﬁ 3.1(n) Ysznoumeesnusenaunainii (Ry,C,)
WALeIAUTENEUNANG (C, L, R) Wi8991nmAIanudumiu R, awnsnasials sauly
2sagdiAmalnihfideusetulae ¢, L, uay R, sefuwuuIuiy wasveaiusiasdouse
Wi ¢ Duwuurunuuansdisgudt 3.1(0) deliiugiuninideurersasdinga dan
Ansgimaueniinmud (Admittance; 1) lulawmvesrud sxannsodounudunusle

faaunsii 3.1 uay 3.2 [4, 24]

Y =G+Bj (3.1)

4% : 1-a*LC)aC, |
Y :[(l_mz Ing ]Rz 2 2:|+|:(,0&)+ _( = ww "12 1) . 12 = (3.2)
LC) +R'&°C; (1—&’LC, ) + R’

dle w ﬁammﬁt‘ﬁmu (Angular frequency) WBisRBUAD I (rad’s) ¥aun i
3.2 wneamduauaiieanu agladramialnma (Conductance: 6) @uduluaiu
A mdFIRUSHIANNTTT 3.3 wardiuvessuddeu wrldmuduiudifuidaeuunud
(Susceptance, B) uamaunsi 3.4 daumsmnaiNavsseainuuETALFITUSuan

v P
MIFUNTIIN 3.5

Ra'C}
G= it 33
(1-’LC)Y + RIaC? (3:3)
B=Cw+ (zo'LG)aC, (3.4)
(1-&’LC,) + Ra’C?
0 = tan-t | Bh4G + LG ~EGR)o _ LG\ € 7 (3.5)
GR R CGiRo '

P ° ) | oMo [V Y]
MNauNsh 3.3 way 3.4 ansadnndnjuuuvaunisival Saldduauduiusly
a @ < v v fw | a4 o o &, v v oa €
dneurgRnaNitaunIi 3.6 mudunusdinanidioduwdemdudunsmanuduiug
lngliAinand1 (G) egluunuueu wavdauuaud (8) ogluunusazldeanyuiu

. v =
WHUNWNINAY (Locus diagram) Laminaguy 3.2

2 2
G-t +(B-aC,)’ = 2 (3.6)
2R, 2R,
uwunueniinuaudras UPZT uansdzuil 3.2 awnsneduisfisanneislowuudls
viavue 6 mnwdl Walfie (24, 27]
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1) £, fe ﬂ'mmﬁﬁv‘i"l'lﬁﬁhuamﬁmmuivqum

2) £, A FAwdisTauuuguuy (Paralell resonance)

3) fo o dewdivildrmsniiliiidige (Wermdaeuuaudidugud, o - o)
4) f. fio mewdmildueaiinunudgn

5) £ fe mmudivihlimenmanilnihgege

6) f, fo mmudimibimmmiinihgan (Werdaeuuaudidueud; 0 - o)

Susceptance: B
\
B

£ / 21f.C,
7 BRI~
f\\’/ IRy, (Gray)

Conductance: G

V1> 3 e

a o €
UM 3.2 urunMuenlaLaugues UPZT

a @ - | = <
INUNUNINUBANARAUTAITUN 3.2 ArpwdisTawuud £, £, uas £ Aoan1igis
deoia = L3 d‘ =l & as s
Towuudniidumuaudgunn dedisunudn 3 anneslauuudee £, , £ uay £ dmiundnnis
- oases v L L4 © An LA 6 =5 o vV a -
TumaufiReedeanseduly UPZT vheouluannaziduiuaudidasiiifAauseansam
< o < - ! o
nenag (25, 33] lasgetimnzaniaaife aAnuiislouud £ iosmniidaiunhlvihgs
a v o & cad a 1 pe) o « .
hige ( Anueuviusinge ) Fadiveliondnedrmisde arwdislewuudaynsy (Series
1 e a‘ 1 ] o ase v
resonance frequency) uanen MmN 3.8 udegslsinulunauun nsnszdu
v o 1Y) v o ) v & O < e
UPZT $hemaid £, , £, 3o £ alvnadnsalndifuetunin faduse 3 mrudisTouuudids
& w P v al | W oMv
Wusununannsaldvisuwviniuls
' [ = & dda o [y
agnalsimunisldeu UPZT anudisleuwuud 7 Wumuandsuihunldesnuuuiens
d - - s v L] 1 ar ¥
WNTGR [24-26, 30) W31 aunIndATITRkaresnkuumaiiannaiuldegelidudou
o cda & o a o ¢« & a ) v P < 0 o
Wuanmeislewuudiinduilieduiiunudimdamownmudunu wasiiyuwadu 0° 4
- '3 a 1 1 [ ¥ tJ 4 =
MylasdanmzdnanamTauuAyEmariiy 0° asduaunish 3.5 afideaunisyy
a 4 [ v W o
vasuaniinunud uazazlamuduiusineglugvaunisi 3.7

LCXC,0* - 0*C(2LC, + LC, -C,C,R) +Cy +C, =0 (3.7)
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J 1 4 L v d i < 2V oar ﬂ‘
Wioldaunisveawawiny 0’ unaganIauUasgUie A £ was £, lafsaunisi

3.9 uay 3.10 MUANIY

1

1= 20 diC, (3.8)
5oL QLG +LG -CCRY - JCA L, ~C,R}Y ~4LCCIR? (3.9)
" 2CLC,
f = L (2L1C0 + Llcl T C0C|R12) +\/ 112 (Ll = CoRlz )2 B 4"L'|C‘1C02R12 (3.10)
% 505 01

I < - -
LAMIMIFUN 3.3 AanTMNanauaueInIeAIun (Frequency response) 83 UPZT
< aa ) < <
[24,25] Tnggun 3.3(n) \Wuanzun@niogluaine daugui 3.3(v) \Juanziilivan 97n
| a o« ¢ v $ a ) < A Y
JUnswrBniuaudiduduGuasiiuladn anuisTouwuud £, uas £ eglugaiilndiuunn
a1 o da 1 < 1 v

wardngnilalugafiduiiuaudgenife arudislewund 7, uas £, foglugaiilndiuun
¢ oA W 4 a ¢ v ' v o v < a o €l
WiueNy tazdindnszsiduns maAnpwadudun e mulain g iyuwave s uiunudd

i ) o = ol & o ey o <
Al 0° axdivianua 2 yafe yadfiaudisTauuudvinty £ uardqendaffeganiaud £

= i e‘ w - A = ) 4 1
VIENIANUD Anti-Resonance ‘NL‘?JN?]QV!NW\GUWWM‘UQQH'N [25]

Joodn
forJn

Impedance (Q2)
Impedance (£2)

S 1

Phase (%)
Phase (%)

Frequency (MHz) Frequency (MHz)

(n) (V)

o o ) a a I
JU 3.3 nsmnanevausmmmivesdaniledevsiafiges
(n) vouzeglueinia (2) annziiivan



51

o &
3.2 wanmslasduvauadangy

2vsadonguiliusruumuauad Mldndnnisiisuiisunanes 2 dygide
?'ftgfg']fummﬁtmﬁvm (Output frequency; fou) UazdyIUAINATIES198 (Reference
frequency; fup 8IAUTENAUNENTBI299T UARIRIGUR 3.4 Ysznaudie 3 dau Ae M
wW3ivuiisuina (Phase  comparator), Na'sn'iaamm'ﬁ'gﬂ (Loop filter) uay 1993
poadalaIneiAIUANMBLIIAY (Voltage controlled oscillator; VCO) aefUsznauluusiay
ddiviniisid e

1) FavSeuliiguing - ImhilunsiTeuiisun s naves Sy fu., was fy
NAEWSAI NN (Orer ~O) PFMADWINA 922G TUFUVBINTITY (V)

2) eesnsaspdmagy - Wudvihwihiinseseuiiusvuanfudya i Vo, W
wigly dauiivausadunsyuanse (V) IS UGEEURILEENINM NS WG

3) 2993 VCO - fmhiiainmindnoen (f.) Seezdsuwdaslunuussuiisuth

Qll ol as U d
1 (V) Inenluvenasiadongy vuinveusesiu ¥ svudsidunsefurinud £,

Output Frequency

Veom v, Jouts Gou
Phase _p.. Loop _f_.. vVCO M.,.l

Comparator Filter
% MiL A

frefs Orer
ref+ Ureg

W A
Uil 3.4 ufenlaszunsuvenasinadenguiiowiu

nMsvuYenRTNadengUazuUteaniiu 3 dnne Ae 1) annevhauludase

(Free-running): A3DY84 VCO (f,) 3QnAmuamuaImIsfiwasniseanuuy 2) anne

0
o @ o

a o w v v 2y a
wAUwes (Capture): Ml £, MdwSudiadnlndrianuiensds £, 3) annewaden

v
s

4 c:' A’ - 1 e a
(Phase locked): AR fu, WaE fror Falugmiivivansdygraasiimnusiianadugud dwsu
] =l -3 @ ! & ny i =)
miaanu,uumummmanwsLwaaaﬂgﬂ g1Uaan (Lock range)” ABYIUNTEUVAINIGTH
- A=l ni s L - v “o! & ” = ]
AnmunsiasuiUasauddygindadals uwaz “gruuatines (Capture range)” Aegu

o = & v oo i o
mﬁﬂﬁaﬁuﬁﬁﬂtﬁﬁﬂﬂﬁﬂﬁ'ﬁzlﬂﬂﬂaﬂlﬂ YIYTUAUNTILTUIDN
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3.3 mvinuvadladinadanguiuas 74HCA041

198 (Integrated Circuit; IC) Luas 74HC4046 vosuUIHM Philips Semiconductors [36]
Wuledadenguitligasiulusunislindeuios ansaainanudlégeants 17 MHz
uarANELe1ees VCO fmnududadugs moluledusgneuse 2 duddgie vco
uazAUFeuiisuisna (Phase Comparator) $1uau 3 fauansdazuil 3.5 uasnnsnedl 3.1

=t d 1 ] s
LARIDITINSBURBIIVLAYBIR Lo d

¢

1] | i Vo o —i
= gl e
Gl e 1] 14 ——| $1Giy PCPogy b 1
-
6 8 @
C o = T
- - LS Vco, e
7 Ay ben DN
12— R,
7] [19] 9 ——11co, W [— 10
E E § =t INH

JU 3.5 vinadensslivuledmadenguives 7aHcaoan

o [J a = 1 = L2
A15197 3.1 MeSuisninisiisudovesledinaionguiues 74HCA046

CRLAT dgydnwal LYCEATT

L
NU
S
=
3

fadewinruesiisuiivuma PC2

2 P8I oo dygrudnavesiisuidisuna PCI
3 COMP,y ﬂ1L§auﬁaﬁmm1mﬁaLxﬁUULﬁﬂu

4 VCOpirt dugrussadaawmeioiwaues VCO

5 INH nRUANNTS USRI

6 C vidoudeduiulsey €1 1 4

7 Cip vidousefuivlsey €211 B

8 GND vidousoussiu 0 \aad (Ground: GND)
9 VCOp, VIFULTIAUTD9N9S VCO

10 DEMpr uﬂﬁumﬁ'ummnﬁﬁuagmmai (Demodulator)
11 R, vudousofsuv RI

12 R; vudousofd v R/

13 PC2our dyghaiedmeussiSouiivua PC2
14 SIG viieusiodtyy

15 PC3our dyqrauednevasiilsuidfisua PC3
16 Vee vudousioussiulvides (Supply voltage)
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INFUA 3.6 uanslaezunsumsdensevirnequesled 74HCa046 ludrunsnite VCO
fvunlifesiimsideusdegunsainisuandwau 3 & Ae 1) Fufuvseq (€1) Jouse
FENINU CLouay Cly  2) fadnuniudfinis (R1) Weurasenine R, wagnsius
(Ground; GND) 3) fhfuynusfiass (R2) Weusasewinew R, wasnsnug lneauives
VCO azgnamuAulasAvasiiiiulsey C1 uazmudiuniu R @aumiaudiuniu R2 9y
Wudivianihilunisuiuainuioavida (Offset) YYD WNAVD2993 (VCOou7)
aunsaeuRafiumBunadTsufisunua (CoMP,) I 2 33Re daidlasnse wiean
LIIFUAIYIITUUINTIAUADY a"aummﬁ-uaaé’tgnuJm.u.aﬁwmﬁlﬁtﬂuﬁmmmﬁﬁmmnﬁw
Nad (Duty factor) Winiu 50%

'luﬁauﬁaawaagﬂﬁ 3.6 And1uvedUSouliBung (Phase Comparator; PC)
Usenaume 3 diuges fie PCI, PC2 way PC3 Bwsasdlidnwusnsynanuiluandisiy
FuSeuisuana 3 ﬁa%’uﬁmmméuvgmmmnmL%iam'mﬁenﬁ‘u Ao ¥1 COMP)y way
SIG,y wadwdusn s awadieoriueesnsesssutosuda ngﬂﬂauné’u‘[ﬂaﬁamiatﬁﬁﬁ'v
YIFUFYYINVI1DT Y391 VCO

C1

—
6 7 4 3 14
Clp C18|Vco ouT|COMP | SIG |y
T ‘7 ‘ 4046A
12|R2 Y L
PHASE PClouTt |2
COMPARATOR \
R2 1 '
vCOo {
R PC2oyut 13 N
Ll —  pHase N\ JRs
coupznmoa PCPouUT |1 .33
R1 v &
y R4
1 ’
N, [N 4 “—  PHASE PCloyrfis c2
COMPARATOR / ;
. .
INH DEMoyr |VCO Ny
5 10 9

ERS

;;Uﬁ 3.6 laozunsumisreldaulediadenguives 74HC4046
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331 dwnnTeaadaameiniuauileuTdiy

HITRRAdALMETAIUANMBLIWIY wie VCO luled 74HCA046 dzad1adygyu
ANMUARIUNIYY VO Toafifnudsunvaslumuussfudunanisn oy 8
pwdusiananzduluaunsmdguit 3.7 maudfildesuusiuluaurduysnieg
fie Ausafulidss (Supply Voltage; Vec), AAIwfumu R, ,A1minuviu R, uazen
MY C; 2esavannsosgluanmuzmusuamideliiuusaiu veo, Tuts 0.9 Taad fs
Vee 0.9 Taadt msrmunmdioenidniuagfusmusumu R, wazeaug ¢, duns
n"mum'ua'um‘ummmﬁ%'ﬁuagjﬁ'urﬁi'ummﬁwmu R; wazA1mmg C

wednwativsnmlunisviu guanledinadongu 74HCa046 Idrvunduugi 4
dedwiun1seanuuu fie 1) AIMEIUMIU R, AISEIATREIENINN 3-300 Alaleviu 2) A
AU R, msiieegsening 3-300 Alaleviy 3) wasiualwduniy R, way R, A2silm

unnn 2.7 Alalevin 4) duiudsry C; Mslimgandi 40 Alavin (pF)
o ar o 1 d 1 v 5 a1 A‘
dwiumsimusmsBdeguensUszneumstunsudselul

' <
. anAiAmina1e (Centre frequency; /)
° <
. NMRUATBULTATEIMINA (Frequency lock range; 2f;)

. AN MAMAEMEAIFUN 3.8 [36] INeMNaRYel R, xC,

1
2
3
o U - <] .
4. AMMNUMAANUDOWIN (Frequency offset; £,5) NNANATS f5= £, - 1.6f;
5. MuAAI C; LLaaLﬂﬂnsﬁwqmﬁumzﬁqﬁﬁ 3.9 [36] iilowen R>

6

' [ & = 4 o '
.yl ¢, ﬂQ1Uﬂ7NﬂﬂmﬂaQ R; xC; 3MNUURDUN 3 IWDATUIUNA R,

VCOgur %
(Hz.)
fmax . T
fb : due to
fmin E E Rp.C
i 1
f;}ﬁ- + +
' : i 1
I 1 1 due to
1 1 i
1 i i R;.C
0.9V s Vee Vee-0.9 V'cc VCOw

V)

4 o o 4 ' a L3
JUN 3.7 anudimiussenindyaudung (VCOpw) Waiedmm (VCOopy) 9943995 VCO
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3.3.2 dwnaslSeuiisuma

ﬂl 1 v v ul.:
wenfSuiisumaiagnngluledinaiongy 74HCA046 Tlidenldvianun 3 jUuuy
Ao ddTeuisua PC1 sadssuiisuna PC2  waz duSsuiisuina PC3 Tnadn
a & as & | e Y i W
Wisuisuwaniausudyginsnanuidonsewdeniu Ao 91 COMPy wae SIG anvue
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uazHadnSvRILSITURARIIIUR 3.12(n) andhlunuaunisd 3.13

V

Vorign = 5\Os16, = Ocom (3.13)
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3.4 299USBUMBULTIAY

1ATWIBUTIBULTIIY (Voltage comparator) daulngigneenuuulagliiegsesy
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uw1dunauin (Non-inverting input) wardyn1me1sdadeidniuvdunaau (nverting
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i i f a J =l o VoW L oy
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V(‘(‘V\ /\
oV &

- " B .
l : ' ™ Time (s.)
Vour g i : (+) Saturation
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ledyaaimeuuaandu (Pulse width modulation; PWM) gansessiensasaiian
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A ] 1] 1 =i L3 el A 1 5
nizimauliaunionunInTodUls wdsusiiedygrnussiunsuansaiFsuminiy

A Pass Band Corne Stop Band
frequenc
S _
2 ;
:
= . 7] PREERUNRROS. S T
Cutoft f: Jewae  2ewnr 3fewns Fr >
frequency equency

a o (] s ot =l as a =3 o, o
gu'ﬁ 3.22 19INTBIANUNAWIUAINIUNTUUAIFYYIURAUUE WU UL TIAUNTLLARN T



43

N1598NKUVIIINTBIALAR UM UM TR dy g Rduua S uus ey
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v0129951idsaunsl 3.17 38

Ay = 20xlog(Vﬂ£] (3.17)

P

a o < 4 a | ) v
INNTMNARBUAUDINAMUDAIFUN 3.15 WeRarsaunludruidumudureudunsw
(Slope; dB/decade) @UITOUTEUIUAMIANUFUNUSIZNIN §RTIN1TAANDUSYYI

oo Y a Y @ -
(), PIUDFYYIURAVUENDN () WazAILAnoeaN () TARsaun1s 3.18 wagvn
o v < - w a & & o v < o v
Amualdauadyyramdvudnsmduiudsiy aramisavdsugvauniieldm

@ o Pu]
AuiAneenlAFIaun1si 3.19

Ay, = Slopex log(%} (3.18)

o

{ 1 e 1 d
dia Slope fin ArAMTuluMING dB/decade YBINTMNANBUALBINIAINATB12993NTBY
Feazuaniviu Yuogiurilnrea9ninias i 2993n3848uAUNEY WU -20dB/Decade ,
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dl P ' e o ' a a 4 uw o
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2
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M3fl 4.1 Fiinvesmilouasnszuanmiiigs HM31-10050LF

Parameter Value
1. Turn Ratio 1:50
2. Primary Current Rated 5A
3. Frequency Range 20kHz and above
4. Secondary Inductance @10kHz (min) 5 mH.
5. Secondary DC Resistance (max) 0.7 Q.
6. Secondary V-uS max 300

7. Dimensions Wx L x H

15 x 20 x 20 mm.
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Agp = -66.943 dB
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NILUAATY LaTMUIaespeasdyInugUaaudvaey (Square Wave) dmiulgduuing

o w é & o - < < ﬁ <
(Gate) YBINAITVLWNRNAAABONW FINUFIUNTINNNIUTEINTIABD ANUDYRIFUARUAMERY
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o
M7 4.2

< i
ANV 4.2 AINTBRNLULANNT VCO

Descriptions Setting values
1. Supply voltage: V¢ 50V
2. Voltage range of VCO 09-41V
3. VCOquyr center frequency: f, 1.03 MHz
4. VCOpyr maximum frequency: fmax 1.08 MHz
5. VCOpur minimum frequency: fiin 0.98 MHz
6. VCOy / VCOqur Ratio 32 mV/kHz
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= W ad o
JUT 4.24 1395usumIUANAIINDIYLEYD

NIt mMUAYIaUIIRAINRANTRENnkUUlAeNA R, Ry wag C; @3snsiile
nanliluiade 3.2.1) [36] faguit 4.23 wansrinsBNUUUWINY 65 £Q, 10 AQ uay 1 nF
auddy uiTedliussulndeaiiu 5 Taad (Ve — 1) daduveueauadlatian
Na19AD 1.03 MHz (f, = 1.030 MHz) LLamzﬁqulﬁﬁﬁummﬁﬁ'nqmwi'rﬁu 0.980 MHz (fys
~ 0.980 MHz) Uz WRgeaawinty 1.080 MHz (e — 1.080 MHz) fatiupneniudniug
TEWINUTINUNTEWARTY (VCOW) uazﬁhm'mﬁmﬁv!m (VCObu7) wr’f]u‘lﬂmuﬂﬁwguﬁ 4.24
Fauamatantsuiuwdeuussiulugag 0.9 - 4.1 Tadilduun asyilldmammniierdinad
Viuwaouldlutaesewing 0.980 - 1.080 MHz warAmdusasidmsewinsusswuildTunas
AT (VO / MCO0ur) W 32 Tiadladrowdsnd uazatnaruanidungean
TuMsUTUNI99s PWM 16 Analog DC Converter Ao 1.6954 mV/step Satim wiag By

s d = o A’ el = 1 s
NMSUTUANNDTBINUIBLITTANaLDBAWINAY 52.98 Hz/step

V(—"()OUT A

(MHz.)
JO80 |m==-==== T o
1030 } - mme e = =

0.980 | -==
0.960

: > VCO,y
0.9 2.5 41 50 (V.)

= v W € ' v < 13
JUN 4.25 NIMANUANAUSTEWINUTIOU (VCOW) UazAMUDEIANA (VCOour)
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mMineaeuatiaimitaue gnuuesnitu 4 nsveaougey Weusnliasizviaussous
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AR U892993 Tasduduwsnluiiten 5.1 levinsTnnadnuaemslwiwes UPZT 4

@ ° & v v o & v Y
dmiummegeud 5 3u dewnluded 5.2 Wunsvegeunugndiosenisuiugu

d o @ w O | a a d & & o aw a ao
ALl Srdutiauiden 5.3 lWunvaseumussdniamiiutuidleldimadaiivnaue
: Y 0w o W v R |
IWNURITWMARAeN wazdugaelwiided 5.4 Junmsveaeuauansoves

< a a & A4

2vsmvuanluannzilvenudousenail UPZT gnasuuwda n1sinsuaIesilian1svegey

5 a d Lo A < ' a Y
VIVUALEAIAIFUN 5.1 Usenaumeiaindiion1a9ael

1) undsdsuseiulwiinszianss 3u M10-TP3005H

2) Mgy rlisinszud (Current Prabe Amplifiers) Ju Tektronix AM5038
3) Insuianszua (Current Probe) §u Tektronix A6302

4) eeadalaalay (oscilloscope) Ju RIGAL DSA014

5) Insudnussiuiuuniad (Passive Probe) $u Rigol RP2200

6) \wiosriuindtynyias (Function Generator) U Rigol DG1022

7) \wineTnrdemausaninenan (Ultrasound Power Meter) U UPM-DT-1

) B T e

Power Supply

Ulrrasound
Power Meter

= a & d a v a o aov &
E‘UVI 5.1 ﬂ'1'59'!51GNtﬁi@-ﬂuaﬂ'li'l/lﬂﬁﬂ\l'l\l‘\'l'imutLUU‘VIU'itﬂUE].LUG'I'Ll']QEJ'U
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5.1 msdeseiaudnvuzneinivasdanirleliansuanges
nsensinuaudivliives UPZT WunsmeasuusnitemyaisTauuudues

#1073 UPZT 5 Bu #al#luendsei] nisvaaeuidentd Data Acquisition (DAQ) U SF880

Wuduiudeya lasaudnvarvesdigunialudunisiinssinans uauesamiaaud

(Frequency Response Analyzer) i)

AT IATILRARDUAUDIALRLAILYIS 1 Hz 89 150 MHz

= a L4 a0 W
ﬂ’nllﬂzl.ﬂUﬂﬁﬁ?jﬂlﬂﬂ’ﬁ’]Lﬂi’]:ﬁﬂﬂﬁﬂ’ﬂuﬂm’lﬂtj 1 Hz

A1 Dynamic performance winifu 95 dB

ANUUIUGIVRINANTIAAN Gain iU +0.20 dB, Assiwa winiiu +0.05°

o = a -
5.1.1 WaNISINANMUNLTIYLUUY LasduNuauY

v o w 1

@ = 4 a = v H
wansinanadislawuud wazduiunudves UPZT yurillvan (mihdudaguegluii)

4
v
P~ = a

s SJ U ) lil & s 1 L] I 1 a
WanRan15199 5.1 aiuliiAmnuiislouuud () vesiogaudasiuss s iuanaiaiu

3 i

Tosnanisinaglutag 1.015 - 1,034 MHz dusunauasdufiuaud (1)) Anuduansiatunn
Bu uavlawanisineglutiesening 24.6-32.3 laviu

UPZT Resonance Anti-resonance With Load
Snfpies frequency: f; frequency: f; Impedances: |Z,|

(MHz) (MHz) (97
#1 1.0300 1.0750 30.5
#2 1.0290 1.0770 323
#3 1.0340 1.0710 27.4
#4 1.0220 1.0670 24.6
#5 1.0150 1.0660 29.5

5.1.2 wadwszvanizisleuuudvaiiivan uaslifilvan

NANIMABUAIIUT 5.2 uae 5.3 Ao wamaudusvianmiivesiiessduil 1 (UPZT
#1) vauzagluannzlifiivan (No load) uazan1zillvan (With load) Tunisneaeuliiinis
Twmevirnaudlutasdaus 0.9 - 1.2 MHz ldauazdoalunisdumsiivingu 0.05% wie
Anlumasanisiasigvinayintu 2000 90 9nwanisvadeuluanzhiflinandaguil 5.2
wuinAmudisTouuudiaindy 1.028 MHz uazvundufiuaudiiuvinfiu 11.7 Tesiy
waznansmaaeuluviivandaguil 5.3 ssnuintirmaruiislswuuduazaunaduiiunug
fifnfigeduidnios TasnrufisTouuudviniu 1.030 MHz warsumduuaudiiniu 30.5
Tovi
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5.2 mMvadaunsuiuguAud
s & 1 : d a s v - 4
mguszasAvasmsvaasuludiut waumsianaaussouslu 2 druvesnaiiaf
o = =1 s 1 ol 1 a J (73 -l -1 d
Uaue Ysziaudsnidunisineaainuraamaouin eatuninussmedls wazluyssidun
aeadumlnnevikanauaussmanaritiudiuls dwsutunauniimadavaziiiisania
a [ ) - [ 1 P [ | - i A 2/ .
lotindia81919 5 wmmmnﬁwan&awﬁﬁﬂm 2 A1 A ANUAAIALARDUGANIY (Final
“ a v XY ! .
phase difference) Wiaiganiivagi (Steady-state) wag ¥311a1N13MBUAUD (Tuning
i s n‘:r v ] - [3 ] o @ WV 4
tiMe; (rigming) AU nansedeuldazuenyiinmsliasizieanidy 2 du lnouanisaisen
5.2.1 way 5.2.3 auaall

» a s d
52.1 NavmﬁaumwLmum'lumsﬂmgum'mn

i dv a ! a v o a c‘; a Lol
wan1snadeuludiuil Wunislinaeidimuaaandaugavieiifietudlaiting
anmzagiiivuiooud dunaunavadeuldldfaetts UPZT viavue 5 3u lnevaaeuiuay
o v Y a i a oo ° v v
3 ASY lananisvaaeuuanian1sned 5.1 wuimadaiitauesunsainuldediagnées

1 o i -A J nv.l a1 1 a
BHUEN Iﬂﬂﬁ’]ﬂ')'luﬂﬂ’]ﬂtﬂﬂi]u'll@dﬂ’ﬂuﬂﬂﬂ‘lﬂuﬂﬂﬁﬂﬂﬂ?iﬂﬂﬂﬂl}ﬁﬂ'ﬂi&ﬂu +0.2%

< s < Y € o Qi
A19740 5.1 Na‘ﬂﬂﬂE}UﬂWiUiU@Uﬂ')'lllﬂﬁiﬁllﬂﬂ‘lfi]ﬂiﬂﬁﬂ

- Proposed auto-tuning method
UPZT Desired resonance .
sanphe frequency: f; Auto-tuning Steady-state
(MHz) Test No. frequency error
(MHz) (%)
1 1.0295 -0.05
#1 1.0300 2 1.0279 -0.20
I . o | 3 |+ 10301 0.01
1 1.0281 -0.09
#2 1.0290 2 1.0311 0.20
3 | w026 | 006
1 1.0336 -0.04
#3 1.0340 2 1.0341 0.01
3 1038 | o007
1 1.0217 -0.03
#4 1.0220 2 1.0225 0.05
3 1o ] -0.20
1 1.0162 0.12
#5 1.0150 2 1.0153 0.03
3 1.0148 -0.02




67

522 walwmzvianssourvansUiuguaui

MNNANTNAABUAINISIT 5.2 dxiiulfinhanmnismevavesveamadiafiinaue
inaaglutag 9-12 fadiundl (ms). wazAmuAmAAAeUYEBEANaTianIzag TiFn
L +10° daunlugud 5.4 Aesatansmaanisveasues UPZTH wanslidiudnuas
msmuAuueamaiiaiinaueiwhanldegugnaes Tneidunsmeniusiaa (phase; 9) 1

" v a v v < g ) ¢ o
geivmg 0° warluvausideafiudunsmenud (Frequency; MHz) Agiingqaislouuud dol
AU 1.0300 MHz

< @ <
A919N 5.2 HANITVA ﬁﬁUﬂui'ﬁﬂugﬂ’liﬂiUQUﬂ’J e

. The proposed tuning method
UPZT Desired resonance N -
frequency: f; inal phase uning time
Ssimples (MHz) T‘“‘“’g o= MY | difference T
(Degree °) (ms)
#1 1.0300 1.0295 -1.04 10.8
#2 1.0290 1.0281 -1.93 1y
#3 1.0340 1.0336 -2.46 11.9
#4 1.0220 1.0217 -3.87 10.5
#5 1.0150 1.0162 -1.22 9.2
1.04
103 + f e .'r.' '?‘j{f;“i’i{‘—';_.‘_,::_g_.,__, SR SR Py RS gy By S e gy R —p—_—
& 102 } P
g 101 i
S 100 i
g‘ 099 | :‘
S, 098 |
096 |
095 H_‘_H-_‘_i ' 1 1 1 1 L 1 1
100
80 [—
60 |
g
£
~ 20
O [hhasear, <7
-20 1 1 L 1 1 1 1 I 1

0 10 20 30 40 50 60 70 80 90 100
Time (ms.)

P a o a e
Eﬂ“ 5.4 Naﬂ']'iﬂiUQUﬂ'J']llﬂ'ﬂﬂQL'ﬂﬂUﬂﬂquﬂua
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53 m3iaUszansvanisasvenemasraiaieviiloldsauiumaiiaiinaue

msvaaeuluhideiignimuniuinlnefiinqusrasdifedosnismsiuin “srnamumne
iavasu LA nITuaTAnIY Tuareussaninmyanasiiivegielstne” fahilunns
viadeuissldonieinstu UPZT “wuuidenaiumana” Taefvuaaiuinisdunsd
wirfu 1.000 MHz wazriwasnwWIouiieuiv “wedeiviave” Fimumaassdilng o°
Tumsveseuiildmunuanmslivfiousunnusznts MHaeasveeidiranaen, fegiam
UPZT uazip3esdlodn Lﬁan‘l'u"‘qml,ﬁa’aﬁuv‘?wm

wanafazUT 5.5 Aoranisnaaeuves  UPZT#1 Wednsizinanistuiinauiined
1.000 MHz faguit 5.5(n) wuindygunssuaiuraimiussiutszana 70° ddliiia
annzislouuud dunanegsuinunlususadgui 5.50) Wukanaasulaeldinadad
Ay szuldinAuAanaveInseuanasustuiiadilng 0° wavvuinvosnseuaiian

- ‘;’ o v oa o o 4’ - =i a as - <
Wty Faturaliifaddiniuingaudiofisuiunsdunuuldmnuia 1.000 MHz

Chi

LS dy  Chdadddn, Time: Q.5p5 Chl | SV dneioCh2: 054/ Time: 0.5 us

(n) ()

o - o a a Vs
JUN 5.5 msisuiivudygamusidunagnssuaningliiu UPZT

(n) NITUULUULARAIINAINME (1) nsTumemeatiaitiaus

dmiummaasuiitew3suifisuyssans nn IsvinslagaruauiidalniSuns
(Input Power) TgiAwiiu wagvinisiasigvimusedninmeeeaseensidenataon
war UPZT 91nWanIvadeudsn1snedt 5.3 sziulesn mstulaeldineiinfiiiaussdiua
T aasvenemdmanaen uas UPZT ﬁﬂizaw‘ﬁmwﬁqan’iﬁmiﬁuﬁwmwﬁmﬁ 1.000
MHz nanafe Masveeianatdeniiusednnmvinnu 86.4% way UPZT fiuszansnin
Wity 41.3% wazidleldinaiafiiauevzdmalifasveneaaaenissanzamnisyiney
gatla 92.8% warUszdvnmlunisaitenduves UPZT getuninduuniu 63.1% sufuds
anIndeseinaeanunliin “n159U UPZT wuuiinniusiunaseaealinesveenias
pa1aenuay UPZT fseaninimnisyieiuiionas”
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= a a a a e < a s a |
A9 5.3 Nﬁﬂ'ﬁ'm‘u‘iSa’flﬁ.ﬂﬁ'ﬂ'llﬁﬂWIﬂuﬂﬂ‘u%ﬁuﬂL'VlEl'Uﬂ‘Uf'l']'i'UULLUULﬂﬂﬂ’J'IJJW'NLﬂﬂ

MITuLUUIRRAUNANINE mailaihinaue
(driving UPZT at fixed (driving UPZT with Auto-tuning
ll’l(‘:v::' frequency around 1.000 MHz) frequency capability)

(W) Clgsli: u}: A mg;,:‘;:nd 1 Efficiency Clzis;: u:) A mg:::;"d Efficiency

A AR
1.0 0.830 0.372 830 | 4438 0.930 0.590 93.0 | 634
2.0 1.839 0.746 92.0 | 406 1.876 1.186 93.8 | 63.2
3.0 2.5 1.106 924 | 399 2.821 1.784 94.0 | 63.2
4.0 3.364 1.354 84.1 40.2 3.714 2.328 92.9 | 62.T
5.0 4.023 1.642 80.5 | 40.8 4.516 2.840 90.3 | 62.9

Avg. 864 | 413 Avg. 928 | 63.1

= = 3 o
5.4 msvadaumsinmuaunslgwuuduaziuasunUasivan
& - a ¢ a d ¢ A o
lumsneaeutuneuaaieil \Wunisimsginanisinanuiislauyudiiiefinng
A=‘ J [] d v o w 1 %’ =l 1
Wasuwlaslvan Gaulsmsmaseuiimsfvusanmzdemizdudaves UPZT fuinfisuii
! - ' ' o4 O
anmeiilvan (With-load) uazidiesgluanimssiisuwinanizliiiiivas (No-load) devia 2
a 1 o o A’ v v 1 ey = ! s o
anmegiinanlaviimsiieneiunlewiuudain auaudives UPZT finnmuansnafuds
L ; v o - g % ] sl & Lo
Wide 5.1.2 mamedeuiliinisiianginavdinininsivyumudanyssiuas lay
o v < =l 1 - d o
UPZT vihwegluanneislouund nansvaassldivSouiisuseniameaiafiviaue uaz
a W < v o [ o a -
wiAlla FRF (Avhien 2.3) wasldidanld UPZT#H1 dwmsuinsnsvinalufitodl
a 4 L4 - s o s A
WaN1IMAABUAIFUR 5.6 Dumslgmada FRE fulsastenemidiraiaen Tngaud
- 1 1 a L o d ] 1
refaitldtimnintiu 1.0300 MHz wdssnvhnswdsuaanuzain liiwan-ivan-lxillvas
] da d 0w & | d a <
NUINFUNTINANLDTAIAIRIITUNISUTURIMAD AT N I VAdEU wastiiaiasIeiain
wunswisgianuirluannziiivan iliAsmuehanavaauioonaindt 0° Taefifagegn
Uszanm 30° Faniunisaidinaniinasenisinaueneasveiemdmaiaien uag UPZT
\ a = ' o o w = a
lnemaendaenismagauluia 10 Jurdl nuirauranndeuiididesade (RMSE) fiAn
" e o ar ar ar < = 2 = e 4
Wiy 9.822° dwiuranisveassdaunsisguil 5.7 Wunsldwmedaiinauawuitanin
Y a o el v v ' v
Uiundsumudaunsiisunladvanlaeiagnias annnsaniuauausaalaniy

< o a1 - o ar < " e (]
VIULVAVBINTODNUUUAD 10 LATUAIAINUARIALARDUNENADURAUNINY 3.842
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2) dunrsfaniuaarud (T racking) - walafiiausainsofamueudislowuud
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Abstract: Driving ultrasonic piezoelectric transducer (UPZT) at maximum performance all the time in real operations
is a very challenging task due to the deterioration problem of ultrasound output causing by human-skin impedance
fluctuations. This article proposes ideas, implementations and experimental results of how to maximize efficiency of a
conventional UPZT driving circuit by applying a novel automatic resonance-frequency tuning and tracking
methodologies consisting of a high-speed dsPIC microcontroller, a phase locked loop (PLL) technique and a voltage
control oscillator (VCQ) all combined. A newly-designed feedback control block has been added to the conventional
UPZT driving circuit to ensure the tuning and tracking capabilities. After extensive experiments, it is clear that the
proposed -technique works flawlessly and much more efficient compared to the conventional technique. The
experimental results also confirm that the percentage of tuning-frequency error is less than +0.2% and the speed of
convergence is between 9-12 milliseconds on average.

Keywords: Ultrasonic piezoelectric transducer, Resonance frequency, Automatic-tuning resonance frequency,
Class-F power amplifier, Phase-locked-loop technique, PLL, Tracking capability

1. Introduction with tolerances e.g., 1| MHz+5.0% or | MHz+10%.
A little deviation in driving frequencies from
recommended specifications definitely results in
some deterioration of ultrasound power outputs.

The first and main challenge is to generate the
ultrasound power from any UPZT in the desired
resonant mode with high electrical efficiency. There
currently are various methods to drive the UPZT in
resonant mode. As of today, the most popular UPZT

Ultrasound or ultrasonic wave has long been
used in many industrial businesses [1-7] including
the medical applications [8-9]. The key device to
generate the ultrasound wave is called ultrasonic
piezoelectric transducer (UPZT). Hypothetically, the
UPZT converts electrical real power into mechanical
motion or ultrasound wave/power; however, some

energy could c;:asily be dissipated or dctcrioralefi due driving circuits/techniques could be categorized into
to the reactive elements of the UPZT itself. cither power factor correction (PFC) based [8,10-
Therefore, f_or a high-efﬁcicncy system, the UPZT 11,15] or the phase-locked loop (PLL) based
must be driven in the correct resonant mode to  golytions [1-2,4]. It is PFC-based driving circuits
minimized its reactive power and realize maximum a0 usually require additional reactive components
power transfer (MPT) [, 2]. In practice, it is often with some kinds of complicated compensation to
found that the resonance frequency of cach UPZT  pinimise the reactive part of the UPZT impedance

will be different. It is common to see from a ;4 thyg put the UPZT into resonance. On the other
manufacturing specifications that the recommended hand, the PLL-based driving circuit usually feed

resonance frequency for cach UPZT would come  cyrrent into UPZT of interest through a closed-loop
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system. However, most of the PLL-based driving
circuits shared the similar drawback i.e. a limited
locked-in range and also this type of circuits still
requires a complex compensation to ensure the
stability and reliability of the UPZT driving systems
under variations on large loading conditions [3].

The second challenge is that any UPZT has
multiple resonant modes, which could be shifted
anytime when the connected load varies. For this
challenge, a good driving circuit should be able to
always tune-in or track the desired UPZT resonant
mode and not fall into other undesired resonant
frequencies. Therefore, having any kind of complex
frequency or phase discriminator for driving circuits
is crucial [10].

The third challenge is to precisely control the
amplitude of the UPZT displacement and ensure
proper mechanical or ultrasound output functions.
The clectrical power directly delivered to the UPZT
must be precisely regulated and controlled. Various
solutions for this challenge have been proposed with
different ideas c.g., a burst-mode control [12], a
zero-voltage-switching operation [8], a dual current-
mode control [20] and also a sepic-based converter
with pulse width modulation (PWM) technique [8*].

This research proposes a novel technique to
cover up all of the three aforementioned challenges.
This work utilizes a PLL-based solution with a
newly-designed feedback control system in order
that the limited locked-in range problem could
casily be expanded on any changing load conditions
for the first challenge. The phase comparators, a
high-speed microcontroller and other components of
this proposed feedback control system have been
integrated and implemented to ensure the reliability
and stability in enhancing the second challenge
performance. For the third challenge, an alrcady-
proven sepic-based PWM converter with class-F
amplifier driving circuit from authors’ previous
work mentioned in [8] has been utilized here. Both
sepic-converter and class-F amplifier control signals
will be precisely gathered and recomputed by the
newly-proposed feedback control technique. The
experimental results and discussions from this paper
clearly confirm the improvements in overall UPZT
driving system performances and efficiencies.

The organizations of this paper are as follows:
the first section is an introduction explaining the
background problems and significance of this work,
the second section presents the related theories i.e.,
UPZT equivalent circuits, equations and a brief of
UPZT frequency response in different situations, the
third section illustrates the ideas, conceptual design
and a system overview of the proposed UPZT
driving circuit with automatic-tuning resonance
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frequency technique, the fourth section thoroughly
explains the in-depth details on how to design and
implement each of the key components in the
proposed feedback control system and also how
each of them works, the fifth section presents the
experimental results to validate many aspects of the
newly-designed technique and discussions, and in
the last section, the conclusion will be made.

2. Related theories

The equivalent circuit of any UPZT at resonance
frequencies is illustrated in Fig. 1. It consists of an
clectrical arm and a mechanical arm [1, 5-10]. The
clectrical arm has only two components: a static
capacitance C, and a static dielectric loss R,. The
mechanical arm is a series of RLC circuit that
composes by a dynamic capacitance C;, a dynamic
inductance L; and a dynamic resistance R;. In
general, both arms are connected in parallel and R,
has bigger value than other parallel components so it
is assumed to be neglected [5-6, 10].

From the equivalent cireuit shown in Fig. 1, the
admittance ¥ of any UPZT can be written as in Eq.
(1) and Eq. (2), [5-7, 10], where e is the angular
frequency (rad/sec)

Y=G+Bj n

Y = Re’C}
(-0’ L) + R ’C

+[(.°w+ (1- @’ L))o, ]

(1-&’LC)Y + R a'C}
The conductance G and the susceptance B can be
written as in Eq. (3) and Eq. (4), respectively.

@

b O R’ C} 3)
(I-@’LC) + Rl C?

(1-&’L,C))aC,

B=Co+ e
(l-w’LC\)) +R o’ C/

4)

<

Figure.1 UPZT equivalent circuit
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The result computed from Eq. (3) and Eq. (4) is
given by Eq. (5). From Eq. (5), the locus of the
UPZT admittance near resonance frequency can be
plotted as shown in Fig. 2. Where f; is the series
resonance frequency, which corresponds to the
maximum conductance, f, is the parallel resonance
frequency, f. is the resonance frequency
corresponding to the larger conductance when the
susceptance is zero, f, Is the anti-resonance
frequency corresponding to the smaller conductance
when the susceptance is zero, f,, is the frequency of
maximum admittance (minimum impedance) and f,
is the minimum admittance frequency.

1

fi= m (6)

From the UPZT equivalent circuit in Fig. |, the
impedance phase ( # ) can be calculated as in Eq. (7).

Smisi] [(zf..f'., B "'((-",q ~CGRDw licl;.,w’ = &;GJ PN
iy | | [

When the impedance phase of UPZT is zero, the
following Eq. (8) is computed.

LCCo' - or CRLC, + LO, ~COR)+C,+C =0 (8)

I _ @G LG 4‘,,(1;(5)—,3/(‘5@, - R Y —4LCCIR 9
" 2x 2L

1% o

s LJ‘HM LG~ CERY+ JOUL ~CRY -ALCCR: (10)

2 IRG.C,

x 4 .
:'2' 2 //'
8 /’ I
- /S
o
\G /2%,
A /i _
fo TR,
- Conduclance: (7

Figure.2 The UPZT admittance circle
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Figure.3 The frequency response of UPZT

By solving Eq. (8) the resonance frequency f;
and the anti-resonance frequency f; can be written as
in Eq. (9) and Eq. (10), respectively.

The comparison of the frequency responses of
UPZT between (a) no load and (b) with load are
shown in Fig. 3 [8-10]. There are two characteristic
frequencies that are classified by a zero impedance
phase f; and f,. The anti-resonance frequency f; has
higher impedance than the resonance frequency f;
and it is not at the optimum operating point of the
UPZT 5, 10].

When the UPZT is excited by the resonance
frequencies f;, fi, or f;, the electrical power fed to the
UPZT is maximized. In this research, the f, of the
UPZT is used for designing instead of the f; for the
proposed - automatic-tuning technique because of
measuring the phase is relatively easier.

3. Proposed UPZT driving circuit design

The proposed automatic-tuning frequency UPZT
driving circuit diagram is shown here in Fig. 4. It is
similar to the conventional driving circuit without
tuning capability from [8]. The proposed driving
circuits utilize the same class-F power amplifier
(PA) to supply the electrical power to the UPZT.
This class-F PA is a switched-mode type with high
efficiency of up to 95% according to [8]. The output
power of this PA is controlled by a SEPIC converter
in order that the ultrasound output power (Watt;; or
Wy) from the UPZT can be adjusted. The
conventional driving circuit has a drawback that the
driving frequency must be manually set from
datasheet and cannot be changed during operating
period. In real operations, the phase differences
between voltage and current of the driving signal
could be fluctuated all the time due to impedance
changing of UPZT caused by the different pressure
and touching surface with human skin. It is, of
course, reflecting in deterioration in system
efficiency and performance.
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Figure.4 System diagram of the proposed UPZT driving
circuit with automatic-tuning frequency capability

The main idea to resolve the aforementioned
problem of the conventional driving techniquc is
trying to real-time track the UPZT impedance and
phase during operation, then recomputed the PA
controlling signals uvsing a newly-proposed high-
speed dsPIC microcontroller. The main goal is to
instantancously tune the UPZT driving frequency to
be as close to the changing resonance frequency (/i)
as possible and also keep the phase difference to be
near zero.

In order to do that, a newly-designed feedback
control circuit consisting of six sub blocks as shown
in Fig. 4 has been added to the conventional driving
circuit to make it capable of tuning to any desire
frequency and also tracking the UPZT changing
impedance and phase all the time during operations.

Fig. 4 mainly indicates the key components and
system overview of the newly-proposed automatic-
tuning frequency driving circuit. Six sub feedback-
control units have been added from the conventional
driving circuit as follows: (1) veltage and current
sensing unit, (2) phase comparator, (3) loop filter,
(4) dsPIC microcontroller, (5) PWM to analog DC
converter and (6) voliage control oscillator (VCO).
Fig. 5 mainly presents how each of six units works
in sequences.

() 7T4mMcves &
) asPiC Mcrocontroier

W : A
Analog
e

Converter

Tigh-spesd
Voltage
| Comparator |

"High-speed
\gull.-.;u =
Comparator

Viewd and Vi,

Figure.5 Another view of the newly-design feedback-
control block of the proposed UPZT driving circuit
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4. Proposed feedback control design

The operational flow of the newly proposed
feedback control starts from sensing the voltage and
current signals and passes them through the high-
speed voltage comparator to transform into voltage
and current pulse trains. Those pulse trains will then
be fed through phase comparator units. Comparing
results will be passed through the internal ADC
module of the dsPIC30F2010 via loop filters. The
computational process will then be done by dsPIC
microcontroller before sending the desirable control
signals to VCO units via the PWM to analog DC
converters. The VCO units will then send out the
controlling signals to tune the final frequency of the
class-F power amplifier. The target when applying
this technique with any UPZT in real-time operation
is that the steady-state error from ideal resonance
frequency fr must be lower than +1.0% at any time
and the phase difference between UPZT driving
voltage and current must be lower than +10°,

4.1 Getting voltage and current pulse trains

This first step of the newly-proposed feedback
control unit is shown by block number 1 in Fig. 4.
This unit generates voltage and current pulse trains
to be inputs of each phase comparator unit using a
data-discrimination high-speed voltage comparators.
An in-house-design voltage divider and a high-
precision current sensor were used to gather voltage
and current signals in real time. Fig. 6 illustrates the
example of measuring input and pulse-train output
signals for this procedure. Fig. 6 also confirms that
this unit is working properly and accurately.

4.2 Phase comparator design

This research applies the phase comparator |
(PC1) and the phase comparator 3 (PC3) from the
74HC4046 integrated circuit to be functioned as
main phase comparator units. In this design, the
higher resolution PC1 will be used as a phase-
difference detector (0-180 degree) and the lower
resolution PC3 will be used as a lead-lag detector
(plus/minus sign).

- —d — e e et fpd —d

Lime 0 Spus
Chl: UPZT vohage, Ch3: 'oltage pulse irains to phase comparator.
Ch2: UPZT current, Chi: Current pulse trains 1o phase comparator

Figure.6 Examples of voltage and current pulse trains
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Fig. 7 and Fig. 8 represent typical waveforms
and how both PC1 and PC3 work. Two identical sets
of voltage and current pulse-train signals from 4.1
will be fed into both PCl and PC3 as S/G,y and
COMP;y. The phase differences between the two
can now be compared in terms of new pulse-train
signals, namely PC/r and PC307, respectively.

At PCl, the rising edge and falling edge of both
input signals S/Gp and COMP,y will be compared.
The comparison results will then be computed and
translated into a phase difference value in the range
of 0-180 degree with 2 MHz resolutions, PClor. In
this design, the relationship between the average
phase difference output voltage and phase difference
in degrees is set as a linear relationship shown in the
right-hand side of Fig. 7 The proposed design sets
the operating supply voltage Ve at 5V; therefore,
the average output voltage between OV to SV is
corresponding to phase difference between 0 to 180
degrees. In other words, the linear ratio of average
output voltage to phase difference in this case equals
28 mV/1°.

At PC3, only rising edges of both input signals
81Gy and COMP,x will be compared with the same
strategies as in PCI1, but, the average output voltage
between OV to 5V in this PC3 is corresponding to
phase difference between 0 to 360 degrees instead.
The translation here is a bit different from PC1. The
current signal status will be read in the forms of
either lagging (- sign) or leading (+ sign) with the
voltage signal. The current status is lagging when
the average comparison output is in the range of 0-
2.5V and the current status is leading when the
average comparison output is in the range of 2.5-5.0
V. This procedure is illustrated in Fig. 8.

The phase difference results from PC/ 7 and
PC3 o7 will be fed into a 10-bit ADC module of the
dsPIC30F2010 microcontroller via loop filters. The
uncertainty and tolerances for processing the phase
difference in this procedure is set to be at £1°.

\
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Figure.7 Phase comparator | (PC1) design
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Figure.8 Phase comparator 3 (PC3) design
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Figure.9 A simple equivalent circuit for a loop filter

4.3 Loop filter configurations

In this work, a passive-type second-order RC
low-pass filter [13] will be used as a loop filter due
to its simplicity. The main task for loop-filter units
in this work is to receive the PWM-like pulse trains
from the phase comparator units which carry the
voltage and current phase-differences information.
The loop filters then convert such signals into
analog direct current (DC) signal and send to the
ADC module of the dsPIC microcontroller for
further processing. A simple equivalent circuit with
two resistors and two capacitors for a loop-filter
design in this research is shown in Fig. 9.

A loop-filter design starts from knowing the
maximum Fgpprr and Fpyy allowed from the phase
comparator in 4.2. The attenuation factor in dB (A4,5)
can now be computed using Eq. (11).

Ay =20xtog(V‘§'¢“] (1
PWAS
Once the attenuation factor is known, we can
apply the knowledge that the slope of a second order
low-pass filter equals -40 dB/decade to determine a
required 3-dB cut-off frequency (fis) for a loop
filter using either Eq. (12) or Eq. (13).

A= Sn’opex]og(%] (12)
3dB
L,S:I'-L

Jrap = Sowas x10 ¢ (13)

Another interesting view is to set Eq. (11) equals
to Eq. (12) and solve for Vippre. This will result in
Eq. (14) that expresses voltage ripple as a function
of fiag. While this equation looks more complicated
than Eq. (11), Eq. (12) and Eq. (13), it has very
simple mathematics, especially, if we want to
graphically plot ripple voltage versus fi for
determining slope, Vpyys and fpuyy.

Stoperlog] L0t |
fran

- 0
Vepere = Viuny x10

(14)

Based on the circuit previously shown in Fig. 9,
the components in the circuit can be calculated by

1
= — 15
fa 2 f—H-—Rl RO (15)
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Given R=R =R, andC=C, =C,, Eq. (15) then
becomes Eq. (16)

Lds=2—Mj(: (16)

From Eq. (16), by choosing the proper capacitor
C values, the resistor R values for this loop filter can
be computed. Therefore, from Eq. (11), the
computed A equals -66.375 dB and the fi.5 equals
43.818 kHz. We then get the desire values of
capacitors C;= ;= 15 nF and the resistors R, = R,=
242 Q for this design.

4.4 dsPIC Microcontroller

For the proposed control technique shown in Fig,
4, the output frequency of VCO is controlled by the
pulse width modulation (PWM) module of the
dsPIC30F2010 microcontroller. The frequency of a
PWM signal here will be constant and the duty cycle
can be adjusted depending on the signals from the
phase comparators via loop filters. In this work, the
dsPIC30F2010 is running at 29.4912 MHz (f.,) to
compute the PWM signal frequency for VCO unit at
10 kHz. The PWM bits resolution can be determined
using Eq. (17) and equals to 11.526 bits which
results in 2,949 steps of PWM pulse adjustability.

og| -
PWM Bits Resolution = _ \Sowi) bits
log(2)

(17)

Since we know that PWM amplitude is ranging
from 0-5V, the PWM voltage resolution can now be
computed and equals to 1.6954 mV/step. This PWM
voltage resolution will then be used by dsPIC
microcontroller to calculate the final desirable PWM
duty cycle.

4.5 PWM to analog DC converter

The PWM signal from the dsPIC30F2010 will be
converted into direct current (DC) signal by another
second-order RC low-pass filter. This technique is
similar to the converter mentioned in [13-14]. It is
called PWM to analog DC converter in this paper
and is shown in Fig. 10. The DC signals getting from
this process will be fed as inputs of the VCO unit in
the next step.

In order to maximize the performance of this
PWM 1o analog DC converter, the allowed ripple
voltage must be set to less than the PWM voltage
resolution computed from 4.4. In this research, the
ripple voltage of DC signal from this converter must
be less than 1.6954 mV. We then again apply Eq.
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Figure.10 The PWM to analog DC converter in this work

(I1) and Eq. (13) to determine A4, and fip,
respectively. The final value in computing f;4s for
this converter equals to 184.14 Hz. Again, by using
Eq. (15) and Eq. (16), the design values for
capacitors will then be C; = C> = 0.33 nF and the
design values for resistors will then be R; = R, = 2.7
k€2 in this certain step.

4.6 VCO configurations

We choose to use the voltage control oscillator
(VCO) module from the PLL IC (74HC4046) in this
research. This 74HC4046 IC has an internal and
high-linearity VCO module. The center frequency of
this module can be set upto 17 MHz at the operating
supply voltage (Vec=5V).

The frequency range of VCO is set by the
selecting value of R;, R> and C; shown in Fig. 11.
The value of R}, R; and C; are selected to be 65 kQ,
10 k€ and | oF, respectively. In this research, the
74HC4046 IC is operated at 5.0 Volt. Therefore, the
center frequency of VCO (f;) equals 1.03 MHz and
the VCO,y range becomes 0.94.1V that yiclds the
VCOgy.1 frequency [foin t0 fu] of 0.98-1.08 MHz. The
VCOw / VCOopr ratio (between input voltage and
output frequency) is now equal to 32 mV/kHz. All
VCO configurations are set as shown in Table [.

— Class-F Power
Ik == 5 | £ . . Amplifier
PWA ter Analog I: K VCOo Il
DC Converter : K 1
o niv
- Voo,
oL —i\u
65kils TI0KQ 100 k12

Figure.11 The VCO module used in this work

Table 1. VCO configurations

Descriptions Setting values
Supply voltage: V¢ sov
Voltage range of VCOpy 0.9-41V
VCOgyr center frequency: f; 1.03 MHz
VCOgyr maximum frequency: f,. 1.08 MH:z
VCOpyr minimum frequency: f,,, 0.98 MHz
VCOp / VCOgyy Ratio 32 mV/kHz
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5. Experimental results and discussions

5.1 Test setup and experimental configurations

The experimental system configuration has been
identically setup to the block diagram previously
shown in Fig. 4 to verify accuracies and overall
performances of the proposed auto-tuning technique.
By using pure water as a UPZT load simulating the
actual human skin to make it possible to measure
and analyze the driving circuit manners and UPZTs
characteristics. The calibrated ultrasound power
meter model: UPM-DT-1 (£2mW resolution) is also
connected at the end of UPZT under the test to
record the ultrasound power output (Watt;; or W)
from each test. The actual experimental setup can be
seen in Fig. 12. We then separated the test into five
main parts from 5.2 to 5.6. Each section has its own
purposes or targets as will be described here.

5.2 UPZTs frequency and impedance analysis

5.2.1. UPZTs frequency and impedance analysis

The main purpose of this test is to determine
impedances and resonance frequencies (f+ and fa) of
five UPZT samples to be references. The
experiment was done using a high-speed data
acquisition device. The frequency response can be
analyzed in the range of 1 Hz to 150 MHz, the
swept-frequency resolution is at 1 Hz, the dynamic
performance is 95 dB, the accuracy of a measuring
gain is £0.20 dB and the accuracy of a measuring
phase is +0.05°.

Table 2. The resonance frequencies and impedances
analysis of five UPZT samples

Measuring Measu‘nng Measuring

UPZT resonance antr- impedances:
Samples | frequency:f, | PR | 12
(MHz) (MHz) (€)
#1 1.0300 1.0750 305
#2 1.0290 1.0770 323
#3 1.0340 1.0710 27.4
#4 1.0220 1.0670 246
#5 1.0150 1.0660 29.5
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Figure.13 Impedance analysis with and without load

Table 2 presents the impedance test results of
five samples. The experimental results show that the
resonance frequencies of all UPZTs are in between
1.015-1.034 MHz, while the UPZT impedances at
resonance frequencies are in between 24.6-32.3 Q.

§.2.2. Impedance analysis with and without load

Fig. 13 plots the impedance analysis results of a
UPZT sample in two cases: no load and with load.
The test results in both cases were analyzed in the
frequency range of 0.9-1.2 MHz. The increment of
frequency-swept step is 0.05% or 2,000 steps along
the test range.

From the experimental results in case of no load
shown in Fig. 13(a), the resonance frequency (f#) is
measured at 1.028 MHz and the impedance at
resonance frequency equals 11.7 Q. From the results
in case of having load shown in Fig. 13(b), both of
the resonance frequency (fi) and the impedance at
resonance frequency are a bit larger than the no-load
case. The resonance frequency (fF) is then measured
at 1.030 MHz and the impedance at resonance
equals 30.5 Q.

5.3 Automatic frequency (fr) tuning capability

The purpose of this test is to verify the tuning
capability of the proposed technique to see how
accurate it is and to compute the percentage of
steady-state errors.

The same five UPZT samples from 5.2 were
selected to be used in this experiment. Each of them
was tested three times to settle around the desirable
resonnace frequency (f7) mentioned in Table 2. The
steady-state errors and final tuning frequencies from
every single test were recorded. The test results are
presented in Table 3. It is clear from this experiment
that the newly-proposed and auto-tuning technique
works efficiently. The steady-state errors comparing
to the desired frequencies are less than +1.0%.
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Table 3. Automatic-tuning capability test results

86

Desired Proposed auto-tuning method
UPZT | resonance Auto-tuning |Steady-state
samples | frequency: f, | Test frequency error
(MH7) | Ne- | ~ovig) (%)
1 1.0295 -0.03
#1 1.0300 2 1.0279 -0.20
3 1.0301 0.0]
1 1.0281 -0.09
#2 1.0290 2 10311 0.20
3 1.0296 0.06
1 1.0336 -0.04
#3 1.0340 2 1.0341 0.01
3 1.0348 0.07
1 10217 -0.03
#4 1.0220 2 10225 0.05
3 1.0199 -0.20
1 1.0162 042
#5 1.0150 2 1.0153 0.03
3 1.0148 -0.02

5.4 Automatic frequency (fr) tuning performance

The main goal for this test is to see how good
the proposed technique in automatically tuning
UPZT driving circuit to the desirable resonance
frequencies around 1 MHz by two indicators: (1)
final phase differences (should be minimal and less
than £10 degree) and (2) the tuning time (the shorter
the better). Table 4 presents in-depth details for the
tuning performance tests.

Fig. 14 illustrates the performance test result for
the UPZT sample #1 in Table 2 using the proposed
automatic-tuning technique by setting the initial
frequency of the driving circuit at 0.95 MHz,
regardless of the initial phase differences. It can be
clearly seen from the plot that it took around 10 ms
(10.8 ms to be exact in this case) for the proposed
technique in order to tune to the desirable resonance
frequency (fi-) at 1.030 MHz and also to the minimal
phase difference at -1.04 degree. The roots mean
squared error (RMSE) of a phase difference from
zero in this case is equal to 1.046°.

104
ki = 1,030 MHz
102
101+
160
0e
(111
"L
094
098
100

Frequency (MHz)

RMST I 1M

Phase ()
%
E-

[] ey b
Phase =0"(at / )
° ] @8 L 1w 0 0 k1 o .o (L]

Time (ms )

Figure.14 Example of performance test results
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Table 4. Automatic tuning performance test results
Desired The proposed tuning method
UPZT | resonance | Tuned |Final phase| Tuning
samples | frequency: | frequency | difference | time f7,,me
fr(MH2Z) | (MHz)" | (Degree®) |  (ms)
#1 1.0300 1.0295 -1.04 10.8
#2 1.0290 1.0281 -1.93 11.1
#3 1.0340 1.0336 -2.46 11.9
#4 1.0220 1.0217 -3.87 105
#5 1.0150 1.0162 -1.22 92

5.5 Efficiency comparisons
(conventional vs proposed techniques)

The efficiency comparisons have been done
between two different methods: (1) the conventional
fixed-frequency-and-non-tuned technique versus (2)
the proposed auto-tuning technique.

The main input power is equally fed into each
driving circuit and the measurements were done at
the PA driving-circuit outputs and at the UPZT
ultrasound output. The efficiencies were computed
and analyzed. It is confirmed from the experimental
results in Table 5 that the proposed technique results
in higher efficiencies in every ways.

Fig. 15 illustrates the examples of measuring
voltage and current signals from UPZT driving
circuits. Fig. 15(a) illustrates driving voltage and
current signals from the conventional technique (set
fixed resonance frequency (fr) at 1.000 MHz). The
phase differences between voltage and current
signals could be varied from 10°-80° depending on
the UPZT itself or the load characteristics resulting
in deterioration of power transfer and inefficiency.

Table 5. Efficiency comparisons test results
(conventional non-tuned vs proposed techniques)

Conventional technique | The proposed technique
(driving UPZT at fixed (driving UPZT with
Jfrequency Auto-tuning frequency
Input around | MHz) capability)
P""

(W) | pa | Pa |upzT|UPZT| PA | PA |UPZT|UPZT
Output| Eff. |Output| Eff. |Output| Eff [Output| Eff.

W) | %) [(Wo) | (%) | (W) [ (%) | (W) | (%)

1.0 |0.830| 83.0 [0.372| 44.8 |0.930| 93.0 |0.590| 63.4
2.0 |1.839)| 92.0 (0.746 | 40.6 | /.876)| 93.8 |1./86]| 63.2
3.0 |2.773| 92.4 |1.106| 39.9 |2.821| 94.0 | 1.784| 63.2
4.0 13.364| 84.1 |1.354( 402 (3.714] 92.9 |2.328| 62.7
5.0 |4.023(80.5 |1.642)| 40.8 (4.5/6| 90.3 |2.840] 62.9
92.8%

Avg. | 86.4% 41.3% 63.1%
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Figure.15 Voltage and current signals at UPZTs

Fig. 15(b), on the other hand, illustrates the
UPZT driving signals from the proposed driving
circuit with automatic-tuning technique. The phase
differences between the voltage and current signals
has significantly drop-down close to zero which
results in more efficient power transfer.

5.6 Tracking capability when load is changing

Not only we want to see the proposed technique

has efficient tuning capability but also the properly
tracking capability when the load is changing. The
need for tracking capability is mandatory when the
physiotherapist uses the ultrasound device with real
patients in the actual operations. The impedance of
any UPZT will be changed all the time due to the
human-skin touching area. The last experiment is
setup to simulated such circumstance and to verify
the tracking capability of the proposed technique
when the load is changing from “No load - Load -
No load” conditions.
Fig. 16 presents the plots of operating frequency
(fixed at fi) and the phase difference between
voltage and current when using the conventional
driving circuit mentioned in [8]. It is clear that the
driving circuit frequency is solid as constant all the
time. Unfortunately, during the loaded condition
(the 3 to 7" second), the phase difference will be
changing so much resulting in deterioration of
ultrasound power output. The phase difference here
could be varied from 10° to 80° depending on load
characteristics which could lead to 5 to 40 percents
of ultrasound power dropped.
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Figure.17 The proposed automatic tracking capability
when load is changing

Fig. 17 shows the plots of operating frequency
and phase difference when using the proposed
automatic tuning technique. It is confirmed that the
proposed technique is able to properly track the
frequency when the load is changing and also
maintain the phase difference to be minimal (less
than +10°) over the test period.

6. Conclusions

This research proposed the novel methodology
of using the PLL technique incorporates with dsPIC
microcontroller (dsPIC30F2010) for enhancing and
maximizing the performance of a | MHz UPZT
driving circuit class-F type from the conventional
research. This research applied the newly-proposed
phase angle comparator circuit to track the phase
differences between the voltage and current in the
feedback control part of the UPZT driving circuit.
The acquired phase differences will then be passed
to analyze in a dsPIC microprocessor and then
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recalculate the optimum parameters in main control
circuit to assure the minimal phase angle differences
(closet to zero and must be less than £10°).

It is clear to be seen from the experimental
results that all UPZTs under the test have different
impedances and resonance frequencies. The results
also confirm that the newly proposed technique is
capable of automatically tuning to the optimum
resonance frequency regardless of any preset value
for maximizing the overall ultrasonic performance,
accurately and reliably. The average percentage of
automatic tuning frequency errors is less than
+0.2%. The speed of convergence is around 9-12
millisecond. The stability and reliability of the
proposed method has been insured. In addition to
that, the proposed methodology also shows the
promising results of tracking the desired resonance
frequency even in the case of a real-time load
changing.
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Abstract

This research article presents a step-forward improvement on a previous year model of the ultrasonic piezoelectric transducer
(UPZT) driving circuit which comprised of a SEPIC converter, a Class-F power amplifier and controlled by a low-speed
microcontroller. All of the above mention will be called as a traditional model in this paper. Two major problems had been found
with the traditional model i.e, (1) it is troublesome in order to preset the optimal resonance frequency for maximizing the
ultrasonic output power: it now has to be done manually by measuring the UPZT impedance and phase via the impedance analyzer,
then set the optimal value for driving circuit one by one for each of the UPZT and (2) in the real operation, when the UPZT make
the contact with human skins, the UPZT impedance will be subtle changed which affects the resonating frequency of such UPZT
causing that the maximum ultrasonic output power deteriorate due 1o the fixed optimal value of resonance frequency setting as
mentioned above. This article proposes the idea and concept of how to resolve those drawbacks called a novel automatic resonance
frequency tracking method using a combination of a high-speed dsPIC microcontroller, Phase Locked Loop (PLL) technique and a
voltage control oscillator (VCO) circuit. The same SEPIC converter and class-F amplifier as in the traditional model will still be
applied here. One block of the new PLL technique will be added to the feedback route from the output of a traditional model. By
adding a new PLL technique, a low-speed microcontroller is now be replaced by the high-speed dsPIC microcontroller in a control
circuit of the traditional model. The VCO circuit will also be added to play an important role to control the tracked frequency of the
class-F power amplifier through the dsPIC microcontroller. The principle idea of how the automatic resonance frequency tracking
works is that at the UPZT resonating frequency, the UPZT impedance magnitude will be minimal and the UPZT impedance phase
is close to zero. This proposed tracking algorithm is based on detecting the phase shift between voltage and current over the UPZT
via the phase comparator. The acquiring phase shifi signal will then be fed into analog-to-digital (ADC) module of the dsPIC
microcontroller. The same microcontroller will then recalculate the optimum resonance frequency setting and send out the new
control signal to readjust operating frequency of the class-F power amplifier. respectively. By using this new proposed method of
tracking resonance frequency, the UPZT protection algorithm not to let it runs in no-load mode could easily be done using the
same concept. Consequently, this protection algorithm helps prolonging the UPZT life cycle. After intensive experiments with
many of the different UPZTs, the proposed method works flawlessly and reliably. The conclusion can be made from
satisfactorily-experimental results that the proposed automatic resonance frequency tracking range is somewhere between
0.98-1.08 MHz. The further research will try to apply the proposed method for more beneficial functions/features in other UPZT
applications.

Keywords: Ultrasonic Piezoelectric Transducer, UPZT, Class-F Power Amplifier,
Automatic resonance frequency tracking, Phase-Looked-Loop, 1'CO

1 INTRODUCTION

Ultrasound or ultrasonic wave has long been used in many
industrial businesses including the medical purposes [1-5]. The
key device to generate the ultrasound wave is called ultrasonic
piezoelectric transducer, UPZT. The principle of how UPZT
works is that when supplying some electricity energy from any
high frequency driving circuit to UPZT, the ultrasound wave
will be generated from the UPZT. In general, the maximum
power transfer when transforming the electricity energy into

ultrasound wave energy occurs at the UPZT resonance
frequency [1-7]. In practice, it is often found that the
resonance frequency of each UPZT will be different even
when they manufactured from the same lot and same factory
[5]. It is normal to see that the UPZT's nameplate would
suggest the optimal operating frequency with some tolerances
e.g.. the operating frequency is at | MHz + 5%. This results in
deteriorating the UPZT performance.

Many researchers have tried to resolve this type of problems
based on the same concept to be able to fine tune the driving



frequency of the certain UPZT. In [1-4], phase lock loop (PLL)
integrating circuit was designed to work with high frequency
driving circuit to automatically determine the optimal
resonance frequency. Some research proposed the use of
digital signal processing technique to solve the aforementioned
problem.

This research proposed the use of a combination between PLL
technique and a microcontroller. The key advantage of using
PLL technique with microcontroller is that there will be much
higher flexibility in controlling the desired variables. The
proposed technique will be mainly applied to enhance the
overall system performance of the conventional Class-F power
amplifier mentioned in [5] which did not have the frequency
tracking feature.

2 ELECTRICAL MODELING OF UPZT

The simple equivalent circuit model characterizing a UPZT
near the resonance frequency as illustrated in Fig. 1. It consists
of electric arm and mechanical arm [7-10]. The electric arm is
composed of two components. They are the static capacitance
), and dielectric loss resistance Ry. The mechanical consist of
a dynamic capacitance C;, a dynamic inductance I, and
dynamic inductance R;. The mechanical arm is a series RLC
circuit. The electric arm and mechanical arm are connected in
parallel. As R, generally has much bigger value than the other
parallel components, it is neglected in this research.

L

L
3; R F G L
<

R

Figure 1. UPZT equivalent circuit

From the equivalent circuit in Fig. |, the admittance Y of the
UPZT can be written as Egs. (1) and (2) [7-8]

Y=G+5 n
.{ Rw’C}

B (1—(0“.[,(1):+R,"trf(f

2)

.4 - -
Jomr g ]

(I-er LCY + Rar'C)

where @ is the angular frequency (rad/s.). The conductance G
and susceptance B respectively are

Rew'C}
G - ﬁ%ﬁ
(- LC) +R o' C) L
FsCis (1- @ [,C)HwC, )

(I-w’LC)Y +R @’ C}
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From Equations. (3) and (4) can be obtain:

[G-L].+|a—:xn)’=[L]- )
R 2R,

Based on Eq. (5). the locus of the UPZT admittance near
resonance can be represented as a circle as shown in Fig. 2,
where f; is the series resonance frequency, it corresponds to the
maximum conductance, f, is the parallel resonance frequency,

fr is the resonance frequency corresponding to the lager

conductance when susceptance is zero, f; is the anti-resonance
frequency corresponding to the smaller conductance when
susceptance is  zero, f, is the frequency of maximum

admittance  (minimum impedance). f, is the minimum
admittance frequency.
il
)72 \ o
; L 3
\ ):T
! mpcn
J3 r < |
Jul 2wl B
- B Conductance: G
Figure 2. The UPZT admittance circle
1
[ (6)
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From the equivalent circuit of UPZT in Fig. 1, the impedance
phase @ can be calculate as

04 1ai| G + LG CGRYw | BCar G, +G,
| CR, R CRw

(7)

When the impedance phase of UPZT is zero, the following
equation can be obtained
LCCw = ’C2LC, + L, ~C,OR )+ C, +C, =0 (8)

By solving Eq. (8) the resonance frequency f; and the
anti-resonance frequency f; can be achieved as

1 [eLe + L6 -G R)-JCL-CRY —ALCGR:

f = (9)

27y 2LC,C
| QLG+ LG -COR )+ JC (L ~CR Y ~ALCCR,
f=— Y (10)
2ry 2LC,C,



The general of the UPZT frequency response are shown in Fig.
3 [5-7). There are two features frequencies characterized by
zero impedance phase, and they are the resonance frequency /;
and the anti-resonance frequency f,. The anti-resonance
frequency f, has bigger impedance than the resonance
frequency /. it not optimum operating point of UPZT [5].

.‘
N\

Frequency (He)

Figure 3. The frequency response of UPZT

When the UPZT excited by the resonance frequency f, f,, or
Jr the electrical power can be fed to UPZT maximizing
identically. In this research, . of UPZT is designed instead of
Jfi for tracking point of the proposed technique because
measuring  the impedance phase is relatively easy to
implement.

3 THE PROPOSED UPZT DRIVING CIRCUIT

The circuit diagram in this work as shown in Fig. 4. The
driving circuit is the class-F PA, it connected UPZT and fed
the electrical power to UPZT directly. The class-F PA is
switching-mode power amplifier type, which is high efficiency
up to 90% [5]. The output power of class-F PA is controlled
by SEPIC converter such that the ultrasound output from
UPZT can adjusted. The circuit in this work can apply to use
in medical and other applications.

The overall control techniques are proposed as shown in Fig.
5. At the input of UPZT has installed the high-speed current
sensor and voltage sensor. The voltage and current signal has
send through high-speed voltage comparator and converted to
pulse signal. After that, the voltage and current in pulse wave
was compared phase difference by phase comparator, the
result is feedback to dsPIC30F2010 microcontroller via
intenal ADC module. The dsPIC30F2010 will process and
control the frequency output of voltage controlled oscillator
(VCO). which the signal from VCO is controlling the
frequency of class-F PA. The optimal setting point for control
strategy, the phase difference of current and voltage that fed to
UPZT is current not lagging voltage over than 10°.
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Figure 4. The proposed UPZT driving circuit
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Figure 5. The Control scheme of resonance frequency tracking
4 PHASE COMPARATOR CALCULATION

The Phase-locked-loop with VCO 74HC4046 is employed to
comparing phase difference and generate pulse by VCO
section. The 74HC4046 is PLL circuits that comprise a linear
VCO and three difference phase comparator, the centre
frequency of upto 17 MHz at I'c(c = 4.5V,

In this research, the phase comparator was chosen is phase
comparator | (PC1) in 74HC4046, the typical waveform of
PC1 as shown in Fig. 6. The voltage and current signal was
connected to SIG;x and COMPy respectively. The PClwill
compare both falling edge and rising edge of input signal such
that the output of PC1 can be represent as the 2 MHz pulse
signal as shown in Fig. 6. The average output voltage of phase
difference from PCloyr as shown in Fig. 7. it is a linear
relationship with phase difference value in degree. In the
proposed cireuit set Ve = 5V, such that the average output
voltage between 0 V to 5 V is corresponding to phase
difference between 0° t0180". Therefore, the ratio of average
output voltage and phase difference is 28mV/1°

SIGn,
COMPy, ? l }
PClL g l
€ Ouitput )

Figure 6. Waveform of Phase comparator
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Figure 7. Average output voltage of phase difference

The result of phase difference from PCloyy is fed in to the 2™
order passive RC low-pass filter as shown in Fig. 8 This
consists of two resistors and two capacitors, the phase
difference signal will change into dc signal for feedback to
dsPIC30F2010. The uncertainly for processing the frequency
is setting at £1", such that the ripple voltage of the phase
difference in de signal when through RC low-pass filter must
not exceed 28 mV,

R, R

I ci I G
Figure 8. Passive RC Low-Pass Filter (2™ order)
Voltage ripple (Fpppie) of 2 order passive RC low-pass filter

[11] can be compute from attenuation factor (A44z) as shown in
Eqgs. (14) and (15).

_-!,,,,IZOxlog(r;"”“[J (14)
-4,n=570w><log[];f'—"] (15)

Where I'gppyp is the voltage ripple. fpyy is the frequency of
PWM signal and [ is the cutoff frequency of low-pass filter
as shown in Eq. (16).

Aa
S = Sy 10 i He)

Slope for calculate is -40 dB/decade because in this work use
second order low-pass filter. From Eqs. (14) and (15) gppre
can be obtained as

w2

fa
=" p-1]
. rpm.' x10

(17)
Vecpres
In order to processing phase difference, this work have I'pgy =
5V and fpuas = 2 MHz, the targeting LSB/2 of voltage ripple
for 10-bit ADC converter, For this case, LSB/2 corresponds to
about 2.4 mV of voltage ripple. From Eq. (14) can be obtained
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attenuation factor (A4,s) is -66.375 dB. From Eq. (16) and 4, =
-66.375 dB, can be computed the cutoff frequency (fiis) is
43.818 kHz.

Based on the 2™ order passive RC low-pass filter circuit in
Fig. 8, the components in circuit can be calculate by

1
Sfa S [RRCC, (18)

When we selected R=R =R, and C=C, =C,, the fis can
be calculated by

1
= 19
S 22RC (19)

The capacitance of Cyand C; are 15 nF, so that the resistance
of R; and R, are 242 Q.

5 YCO CONFIGURATIONS

The internal VCO of 74HC4046 used in this work, the
featured is high linearity. Based on the proposed control
technique in Fig.5, the output frequency of VCO was
controlled by dsPIC30F2010 using internal pulse width
modulation (PWM) module. The 10 kHz PWM signal from
dsPIC30F2010 will then be passed to the 2™ order passive RC
low-pass filter for converting to dc signal (same the phase
comparator) and fed to VCO. This technique is also called
PWM to DAC converter [ 11] as shown in Fig. 9.

e N A Dt

7 e S

2.Order Passive RC
Low-Pass Filter

Figure 9. The PWM to DAC used in this work

The dsPIC30F2010 microcontroller is run at 29.4912 MHz and
the PWM signal frequency for controlled VCO is 10 kHz.
From Eq. (20). can be calculate the PWM resolution is 11.526
bits. In table 1, the operating frequency of VCO was designed
in range between 0.98-1.08 MHz, such that the maximum
resolution for adjust the VCO frequency is about 50 Hz. The
VCO input voltage (VCO;x) range is 0.9-4.1 V, therefore the
ratio of voltage input and frequency output is 32 mV/kHz.

lug[ iz ]

PWM Resolution = ———=—"—=1%
log(2)
When the maximum resolution for adjust the VCO frequency
is about 50 Hz, can be calculate in term of input voltage
(VCOyw) is 1.6 mV. Therefore, ripple voltage of dc signal from

PWA, DAC,.,



the RC low-pass filter must not over than 1.6 mV. From Egs.
(14) and (16) can be obtained the cutoff frequency (fi4s) is
178.9 kHz. The components of RC low-pass filter can be
calculated from Eqs. (18) and (19), when selected C, and C,
are (.33 nF, the resistance of R and R, are 2.7 kQ.

Table 1 VCO configurations

Centre frequency: /o 1.03 MHz
Maximum output frequency: fo., 1.08 MHz
Minimum output frequency: f... 0.98 MHz
Output frequency resolution 50 Hz
Supply volage: Ve 5V

VCO input range: VCOp 0941 V
Resistor connection: R, 65 k0
Resistor connection: R, 10 k2
Capacilor connection: (' 1000 pF

6 EXPERIMENTAL RESULTS

6.1 Terificarion of voltage, current sensors and high-speed
voltage comparators

This test objective is to verify that those devices in Figure 4
work properly. This test was done by measuring the phase
angle of the voltage and current from UPZT driving circuit and
comparing to the phase angle of the voltage and current output
pulses from the high-speed voltage comparator units before
feeding these two signals into phase comparator and dsPIC
microcontroller for further analysis. Figure 10 illustrates the
results from this certain procedure. It can be concluded here
that the voltage sensor, current sensor and the high-speed
voltage comparators are working properly and accurately.

VAV R =

O i, ORBS il Ve 0.4 ps

Chi: voltage across the UPZT. Ch2: voltage signal 1o phase comparator,
Ch3: current across the UPZT. Chd: curreat signal 1o phase comparator

Figure 10. Voltage and current signal to phase comparator

6.2 Comparing to conventional non-tracking driving circuit
and accuracy verification

Figure 11 below shows the example of voltage and current
signals of the UPZT driving circuits. Figure 11a illustrates the
UPZT driving signal from the conventional last year driving
circuit without the resonance frequency tracking feature. It is
easy to see that there are some phase differences of around 70
degree between current and voltage signals. It can be implied
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that the impedance of this particular UPZT has some
capacitance components resulting in deteriorating overall
power transfer performance. Figure 11b, on the other hand,
illustrates the UPZT driving signal from the same driving
circuit with the proposed technique. The phase difference
between the voltage and current signals has significantly
decreased down to around less than 10 degree which results in
higher power transfer to UPZT by the maximum of 400 %
compared to the use of the conventional one.

[

Fime 08 s

(a) Non-tracking output from driving circuit (1.000 MHz)
) =

Cap ey Timc A% s

(b) Resonance wracking technique driving signal (1.014 MHz)
Figure 11. Driving signal of UPZT no.l (£, = 1.014 MHz)

In this research paper, five samples of UPZTs from the same
manufactory were chosen. Each sample has different manners
and characteristics as can be seen from Table 2.

Table 2 The resonance tracking test results
Resonance Resonance The Proposed
UPZT | Frequeney: Frequency: Urpaging: Mathod
glengy TRQuUEnCY |Zr| 1 F
£, (MH:) - (MHz) : Na, | F1EdueRcy
(MHz)
j 1 10129
No.l 1014 1.044 14.02 |2 1.0135
E 3 [ ronan
L1 loois
No2 1.002 1.037 1.3 2 | 1o’
3 1.0029
| 1.0225
No.3 1.023 1.067 RT2 [ 2 | 1o
- 3 | 1mex
1 L0117
Nod 1012 1.067 6.71 1 10125
3 10127
1 1.0106
No.§ 1010 1.066 7.59 2 | Lones
3 1.009%

The experimental results from resonance frequency tracking of
five UPZTs are illustrates in Table 2. Each sample was taken
under the experiment for three times. It is clear to be seen that
the proposed technique is able to track the desirable resonance
frequency accurately with the percentage of error on average
less than 0.2%.



6.3 Tracking capability when changing load

The main goal of this experiment is to see whether or not the
proposed technique is working when the load change which
also resulting in changing UPZT impedance. This test was
done by changing the load of the UPZT under normal
operation into two cases: no load (operate in open air) and
with load (operate in water). Figure 12 illustrates the
experimental results in both cases. Figure 12a is the case of no
load with resonance frequency of 1.014 MHz and Figure 12b
is the case of having load with resonance frequency of 1.016
MHz (a bit higher than the case of no load). The results clearly
show that the UPZT driving circuit with the proposed
technique is able to track the resonance frequency for
maximum performance accurately. This experimental result
will be beneficial in the near future to apply this scenario to
develop the UPZT protection scheme when having no load to
protect the UPZT from working in a high current environment,
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(b) With load (in water)
Figure 12. Test results in unloaded and loaded condition

7 CONCLUSIONS

This research paper proposed the novel methodology of using
the PLL technique incorporates with dsPIC microcontroller
(dsPIC30F2010) for enhancing and maximizing the overall
performance of the conventional | MHz piezoelectric driving
circuit class-F type from the previous year research paper. The
key idea is that at the resonance frequency, UPZT impedance
phase angle shall be zero. This research applied the phase
angle comparator circuit to track the phase angle differences
between the voltage and current in the control part of the
UPZT driving circuit. The acquired phase angle differences
will then be passed to analyze in such a microprocessor and
then recalculate the optimum parameters in control circuit to
assure the minimal phase angle differences (closet to zero).

It is clear to be seen from the experimental results in section 6
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that all five UPZTs under the test, even manufactured from the
same factory. have different impedances and also different
resonance frequencies. The experimental results also present
that the proposed technique is capable of tracking the preset
resonance frequency for maximizing the overall driving circuit
performance, accurately and reliably. The average percentage
of errors is less than 0.2%. In addition, from the last
experimental results, the proposed methodology also shows
the promising results of tracking the desired resonance
frequency even in the case of changing load impedance.
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Novel Design of Class-F Power Amplifier for a 1MHz-Therapeutic
-Ultrasonic-Piezoelectric-Transducer (UPZT) Driving Circuit

Using Multi-Microprocessor-Controlled Techniques

Suttipong Boontaklang”, Jet Mungkomassawakul”,
Monthon Leelajindakrairerk ,Chow Chompoo-inwai**

Abstract - This research proposes a combination of two-novel techniques and designs in
implementing a IMHz driving eircuit for a therapeutic ultrasonic piezoelectric transducer (UPZT).
The first design is a class-F power amplifier of UPZT driving circuit. The latter is a parallel
microprocessor-based control scheme. This paper intensively illustrates the conceptual design, the
detailed schematic. the simulation results and the implementation results of the proposed amplifier.
The proposed class-F power amplifier design applies a single-switch technique composing of a
single power MOSFET: IRF540N. The key advantage of such a design is that it is a simple and
cost-effective circuit and yet it yields a very high efficiency. The output power of the proposed
amplifier is controlled by a well-known Single-Ended-Primary-Inductor-Converter (SEPIC)
circuit. It exploits a general harmonics resonance frequency to help increasing the performance. In
addition, two microprocessors (PIC18F252) have been utilized here in the newly-designed control
scheme. The first one is used for (1) controlling the multi-level-and-adjustable output power of the
proposed Class-F amplifier and (2) generating the clock signal for the second microprocessor. The
key function of the second microprocessor is to control the output frequency of the proposed
UPZT driving circuit. It is also used in the closed-loop feedback control in order to increase the
reliability of the UPZT driving frequency output. The experimental results from this design after
implementation are highly satisfied. The output waveforms captured by a high-speed-digital-
recording oscilloscope are very similar to those captured from the virtual oscilloscope in the
simulation processes. The operating output frequency has such a tiny error, says less than 0.1% on
average from the setting value at | MHz. The output power of the proposed design has been
verified using the standard ultrasound calibration power meter: UPM-DT1 across the range of 0-30
Watt. The realized system tested in the laboratory presents very highly-satisfactory results. The
proposed Class-F amplifier circuit is capable of driving the UPZT load at most around 40W. The
efficiency of a system performance for the proposed Class-F amplifier is about 93.68% on average
and can go as high as 97.43% in some circumstances. It is very highly possible that, from the
experimental results, the proposed design should also be good to use with the UPZT load in
various applications.

Keywords: Class-F power amplifier, Piezoelectric transducer, Therapeutic ultrasound
Resonance frequency. PIC Microcontroller

I. INTRODUCTION
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Ultrasonic generators are widely employed for industrial
applications including the medical applications. A general
ultrasonic generator consists of the power amplifier circuit
usually called driving circuit because it is used to directly
drive ultrasonic transducer. Conventionally, many types of
power amplifiers have been used to drive such a transducer
i.e,, Class D, Class E power amplifier. Most of the two
power amplifiers used to drive the ultrasonic transducer are
made for the ultrasonic cleaning applications. The typical
operating frequency of which is in the range of kilo Hertz.

** EE. Dept., Faculty of Eng ng, King Mongkut's I af
Technology Ladkrabang (KMITL), Thailand
(chompoocia gmail com

* Ph.D. candidate, EE. Dept., Faculy of Engineering, King
Mongkut's Institute of  Technology Ladkrabang (KMITL),
Thailand  (suiripony

eeta hotmatl com)

This research is focusing on higher operating frequency
which most of them are applied in medical applications
e.g., the therapeutic ultrasound. This paper presents a novel
design of Class-F power amplifier to be used with a | MHz
therapeutic ultrasonic piezoelectric transducer (UPZT). The
idea of this novel design is to combine a single switching
device (MOSFET) to simplify a driver circuit with a dual-
microprocessor-controlled technique to increase such a
circuit capability. This idea results in making such a driving
circuit cost effective, highly efficient and reliable.

This paper thoroughly elaborates with related theories
following by gives more details of each device used in this
work. An intensive conceptual and detailed design is also
presented later in this paper. The implementation and
calibration process are shown. And finally, a variety of the
experimental results are meticulously explained.
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II. RELATED THEORIES
2.1 Ultrasonic Generator for Physiotherapy

Typically, therapeutic ultrasound equipments was
designed base on conceptual in Fig.1 [1-2]. The main
circuit consists of driving circuit and UPZT. The driver
circuit’s goal is to generate a high-frequency sinusoidal
current to drive UPZT. When UPZT activated by a current
source of which the frequency equal to resonance
frequency, it creates an ultrasonic waves. The resonance
frequencies of UPZT employed in therapeutic ultrasound
usually are 0.75, 1 and 3 MHz. In addition, for used in
physiotherapy the therapeutic ultrasound equipment should
be amplitude adjustable type for ultrasound wave output.

Mande . 5 <,
Pl
Fare Pl - _,

Fig. 1. A general ultrasonic generator for physiotherapy
2.2 UPZT Equivalent Circuit

The most popular equivalent circuit model characterizing
a UPZT near the resonant frequency is the Butterworth-Van
Dyke (BVD model) [3-6] as shown in Fig.2, which often
adapted to electromechanical resonance characteristics
model of a crystal oscillator. The BVD model is a parallel
connection of basic mechanical parts ( R, .L, .C, )and the
electrical part C, of the UPZT, where R, is an acoustic
resistance, [, is a mechanical inductance, C, is a

" [

mechanical capacity and €, is a static capacity.

Fig. 2. Butterworth-Van Dyke (BVD) equivalent circuit

The BVD model describes the resonance frequency of
any UPZT in 2 states [7-8]. They are the series resonance
frequency and the parallel resonance frequency. The series
resonance frequency £ is given by equation (1), the
imaginary part of L and C_is zero and such equivalent
circuit is simplified to parallel connection of R, and €
Therefore, f, is where the minimum impedance Z,_
located on the frequency response curve in Fig.3.

1
T o M

At parallel resonance, the parallel resonance frequency f,
is given by equation (2). Therefore, f, is where the
maximum impedance Z__located shown in Fig.3.
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Fig. 3. The frequency response of UPZT
2.3 Class-F Power Amplifier [9-12]

Class-F Power Amplifier (Class-F PA) defines as highly
efficient switching power amplifier. The high efficiency can
be obtained by applying multiple-harmonic resonators in
the output network to shape the drain-to-source voltage
such that the switching loss is reduced and efficiency is
increased. In Class-F PA with odd-harmonics, the drain-to-
source voltage contains only odd harmonics and the drain
current contains only even harmonics [9-11]. Therefore, the
drain-to-source voltage waveform is a square wave and the
drain current is a half-sine wave shown in Fig.5. The drain
current flows when the drain-to-source voltage is flat and
low, and the drain-to-source is high when the drain current
equals to zero. Therefore, the drain current and the drain-to-
source voltage will be very low, reducing the power
dissipation in the active switch.

3me difs i 4y

(h) Equivalent circuit

Fig. 4. Fundamental circuit of class-F PA

The drain-to-source voltage v,, of Class-F PA with odd
harmonics is given by

v =15 =T, cosa,t + Z I, cosne,t (3)
n=357,
and the drain current ¢, is
x
iy =1,+1 coswr+ E 1, cosnat (4)
r=2.4.6..

Figure 5 illustrates the voltage and current waveforms of
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the Class-F PA with odd harmonics. The drain-to-source
voltage waveform is a square wave given by

0 Jor - £<wﬂ: <X
< s )
e
1 T Epes™®
or — -
Dy 2 o 2

and the drain current is a half-sine wave given by

£ T b4

I, coswys for ——<wit<=—

; 2 2
In = (6)

. F 4 3n
0 for =gl S —
: 2 4

where I7,, is the maximum drain-to-source voltage and
I, is the peak value of drain current, which occurs at
wt =0. The output resonant circuit tuned to fundamental
frequency f, acts like a band-pass filter and filters out all

the harmonics of the drain current. Therefore, the output
voltage waveform will be sinusoidal of a function

v, =-=I" cosay. (7)

The fundamental component of the drain-to-source voltage
is
Vi =V, =T, cosat. (8)

The dc input voltage is
;8 g f
# =EI;J.'Q rm((uor)a‘(mor)=%. 9)
The amplitude of load voltage is
1dp%
r= MJI; vl ) diaw,r)
‘T o
¥ ar
=iI 21, cos(a,r + ) d(aw, 1) =—~ (10)
At r

The fundamental component of the load current is equal to
the drain current.

i, =i, =1, cosa (1)
where
1 ¢4
Lo —I i, cosmyl d(aw, )
mo-i
;ir I cos:wrd((ur):!”-—"’ (12)
PR o o 2
or
I
L= (13)

The dc input current is equal to the component of the drain
current

e
[., =§I_?_ i, d{w,r)

g e 2 »
_EI_%‘I,,_.,cosa)ar d(rudr)__,r-_;l (14)

m

The dc input power is giving by

99

5=, (15)

The output power (Po) contains only the fundamental
component

po:lr_]m =lxﬂxﬂ
2 2 2

The drain efficiency of class-F PA is then be
"D=£’2:]00u/" (17)

1

=1, (16)

The dc resistance presented by the amplifier to the dc
source is

i, I 1.117 i
R_2=Le = || [_p527] =
b [2.122)( I, ] (1 J e

where R =17, /1. the dc resistance will then be

R, =0.527R (19)

Fig. 5. Idcal waveform of class-F PA output

IIl. SCOPE OF WORK

An overall scope of the proposed Class-F PA UPZT
driving circuit in this work consists of three main parts
which are: (1) UPZT equivalent circuit, (2) Class-F PA and
(3) the dual-microprocessor control circuit. All these are
illustrated in Fig.6.

OB 2 OU 3
nams: o
Display & Switch
Wit -Microprocesser

Fig. 6. Proposed UPZT driving circuit
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IV. UPZT USED IN THIS WORK

In this research, ceramic-dish type UPZT was chosen as
shown in Fig.7. The resonance frequency of which is 1
MHz. The cross-sectional area of the chosen UPZT is 5
cm’, while the overall arca of the housing is 6.2 cm®. The
rated power of the chosen UPZT is 20 watt.

Fig. 7. The proposed IMHz-UPZT used in this work

4.1 Impedance and Resonance Frequency Measurement

In order to get the maximum performance from the
chosen UPZT, the actual resonance frequency of the UPZT
needs to be measured to use as the initial condition to set
the operating frequency of the proposed Class-F PA. The
measuring UPZT impedance with the impedance analyzer:
HP-4194 is shown in Fig.8 below. The initial conditions to
set in proposed Class-F PA of the f, and [ are 1.03575
MHz and 1.08 MHz, respectively. From these parameters,
we could also construct the BVD model as in Table 1. It
should be noted here that this rescarch choose to design the
Class-F PA to drive UPZT at the serics resonance frequency
/. throughout this work [5]-[6]. The impedance at that
point is equal to 25.65£-24.26' Q) , sec also Fig.9.

ifud L8 WRCL

iug Ll i mEST

Fig. 8. A proposed IMHz-UPZT Frequency respond

Table 1. Measuring Parameters of the selected UPZT to be used

in BVD model.

Parameter Value
Acoustic Resistance (R,) 79,9004 Q
Mechanical capacity (C) 137.088 pF

Mechanical Inductance (L) 171.772 uH
Static capacitor /() 1.74022 nF

4.2 Frequency Bandwidth Calculation

The UPZT Bandwidth (BW) is vital for setting the
proper resonance frequency in UPZT driving circuit. This
research applies the BVD model from Table | and analyzes
with NI Multisim version 13.0. The analyzing results shows
in Fig.9. The BW of the chosen UPZT is 0.027 MHz with
the upper boundary () at 1.051 MHz and lower boundary
(/) at 1.024 MHz.

Fig. 9. Frequency bandwidth of the proposed IMHz-UPZT
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V. PROPOSED CLASS-F POWER AMPLIFIER
5.1 Class-F Power Amplifier Configurations

Class-F PA as previously shown in Fig.4a is the ideal
Class-F circuit which cannot be implemented in reality. If
such a circuit is designed as in ideal case, there would be
too many devices in the harmonic resonator and the PCB
size will be too large. This research, on the alternative way,
chooses to use only 3 order of the harmonic resonator
circuit. By doing this, the total circuit efficiency still be
very acceptably high (90.67%) [9]. [11].

This work designs the Class-F PA based on the idea of
using the fundamental frequency f, = | MHz. Therefore,
the parallel resonator circuit tuned to fundamental part
which are L and €, will be calculated from equation (10),
and yields the design values as L =4.7 pH and €, = 5.2 nF.
With the same methodology, the design values of Liand C,
of the Paralle! resonator circuit tuned to 3™ harmonic part
will be 13.6 uH and 200 pF, respectively. The active switch
in this work chooses to use MOSFET IRF540N. The main
reason to choose such MOSFET is that it has very low
drain-source impedance ( Ry, = 44 mQ) which results in
very low operating temperature. Figure 10 below shows the
design parameters of the proposed Class-F PA,

m.na 15 ek
§ X

Fig. 10. The proposed class-F PA

5.2 The relationship between the dc supply voltage and
the ac output voltage of proposed class-F PA

Switching time period of the IRF540N is a key factor
that affects the relationship between the dc supply input
voltage and the output voltage of the proposed Class-F PA.
In this design, the R, = 20 Q is used which is different
from the datasheet. The computer simulation is needed here
using the NI Multisim version 13.0 to do the simulation on
the testing circuit shown in Fig.11a. The simulation results
clearly state that the switching time period of the MOSFET
IRF540N will not be working at 50% duty cycle as
mentioned in the datasheet due to the gate charge [11].
Instead, it is working at 70% duty cycle. Therefore, the
parameters and characteristics of the proposed Class-F PA
need to be modified as follows:

(a) Testing circuit (b) Simulation results

Fig. 11.IRF540N Switching-time simulation
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1) From equation (9) and (10) the new relationship for
1”5, and I, will then be
V, =03V, or V., =3.333F, (18)

2

When rated drain to source breakdown voltage
( Fgripss ) of the chosen IRF540N = 100 V., the

maximum values of I, shall be less than 30 V.

3) From equation (10). we get 17 =~2.122¥, and the
output voltage of the class-F PA can be computed as

. ~150 (19)

s

4) When R =299 Q, the output power of the Class-F
PA can be calculated as

i
P, = E (20
P, =0.03341" (21)
P, =0.075317 (22)

For other parameters of the proposed Class-F PA from
the design point of view can be seen in Table 2,

Table 2. Class-F PA specifications

1. Fundamental Frequency I MHz
2. DC Supply range 0-30 V.
3. Max. Output Power’ 40 W,
4. Vims/ Ve appn 1.50

5, L e sgph 0.79

6. DC resistant (Rp¢) 1352 Q2.

* base on R, of UPLT maximum abow 50 £2

5.3 Acoustic Power calibration

This calibration was strictly done to determine the
range of I, such that the ultrasound power output from the
proposed Class-F PA and UPZT will be in the range of 0-15
walt as per requested in the therapeutic ultrasound industry
[2]. The test was done by equally adjusting I, step by step
in the same time as measuring the ultrasound power using
the standard UPM-DTI as shown in Fig.12a. The
calibration results are shown in Fig.12b. The range of
desired I is between 3-21 volts. This range will then be
used for designing the multi-processing control system in
the next section.

Fig. 12. Acoustic power calibration results by UPM-DT1
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V1. MULTI-MICROPROCESSOR-CONTROLLED
TECHNIQUE

The multi-microprocessor controller in this work is
designed for 2 main purposes which are (1) controlling the
UPZT driving frequency and (2) controlling the output
power of the proposed Class-F PA. In the design phase, two
PIC18F2520 microcontrollers will be used. The system
overview for this design is illustrates in Fig.13.

Fig. 13.The overall schematic for proposed control technique

6.1 The Adjustable Output Power Control

The output power of the propesed Class-F PA is
controlled by varying the output voltage of SEPIC
converter shown in Fig.6 using reference voltage Iy from
the calibration process in section 5.3. This control circuit is
designed such that it has a feedback control block to
compare the SEPIC converter output voltage with I’ . The
comparison results shall then be passed to process with the
2™ microcontrotler (MCU2) in Fig.13 in order to control
the variation of I', using pulse width modulation (PWM)
technique. Finally, I +50mV. is the optimal setting point
for this control strategy.

6.2 The Operating Frequency Control

The frequency control of this research exploits the use
of dual microcontroller in the control circuit shown in
Fig.13. The MCU1 is the one who creates PWM signal at
equal frequency as the resonance frequency of UPZT by
fixing the pulse width at 50%. The PWM signal from
MCUT will then be passed to MCU2 via counter circuit to
compute the PWM frequency. When there is a frequency
variation from the reference sctting frequency f, —_—
MCU2 will process with another integrated PWM control
signal to feed into the external RC-Oscillator circuit of
MCUT. In this research, we set f, +0.05% MHz.

VII. EXPERIMENTAL RESULTS
7.1 Class-F PA Efficiency Experiment

After putting together with all the design concepts and
parameters in the previous sections, the prototype of the
proposed Class-F PA UPZT driving circuit is implemented
as can be seen in Fig.14. The performance test
configurations were set up as illustrated in Fig.15. The main
goal for this test is to ensure the reliability of the proposed
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driving circuit and also to measure the system performance
in the same time. Figure 16a presents the output voltage and
current waveforms of the proposed Class-F PA. Figure 16b
presents the voltage and current waveforms while driving
the UPZT load. The frequencies of both voltage and current
waveforms of the Class-F PA outputs are equally at 1.03528
MHz (while setting frequency is at 1.03525 MHz). The
real-time measuring current waveform is 25 degree leading
the voltage waveform which is the normal effect from
clamping capacitor of the resonance UPZT. The
experimental results shown here are very similar to those
from the simulation.

Fig. 15.The class-F PA efficiency measuring setup

oo 26V 1 080 Tume. O usiin Your 20 7 b 0.5 Wiy Tuiae 0.5 il

(a) UPZT voltage and current

Vo 28 Vidn

e 0540 Tame 0%upi Vo, S Wity 83 s Teme 05 wrr

() Vg and i, of IRFS4ON
Fig. 16. Waveforms of proposed class-F PAat 1, =17 V,

Figure 17 shows the experimental results of the
relationship between the ultrasound output power and the
SEPIC converter output voltage. Figure 17 also shows the
overall efficiency of the proposed Class-F PA related to the
SEPIC output voltage.

£

Fig. 17.The efficiency of the proposed class-F PA
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7.2 Ultrasound Output Power Verification

The last experiment is to verify the ultrasound output
power from the UPZT driven by the proposed Class-F PA
using the standard ultrasound power meter, model UPM-
DTI. The maximum percentage of error when setting the
ultrasound output power from 0-15 watt equals to 14.9%
which satisfied the maximum allowed for ultrasound
therapeutic industrial standard. It should also be noted here
that the ultrasound output power driven from the proposed
Class-F PA is very linear as set.

Fig. 18.The ultrasound output verification results

VIII. CONCLUSION

This work proposes the 1 MHz UPZT driving circuits
using the multi-microprocessor-controlled technique. The
conceptual design, the detail design, the implementation
and the experimental results have been intensively
presented in this paper. The big advantage of this design is
that to use only one switching device which results in small
in size of driving circuit. The multi-microcontroller
technique also helps in adjusting and controlling the
frequency and output power accurately.

The experimental results clearly state that the efficiency
of a system performance for the proposed Class-F PA is
about 93.68% on average and can go as high as 97.43% in
some circumstances. The proposed driving circuit is able to
reliably operate. The range of operation from the calibration
process also shows that the proposed Class-F PA has a
capability of adjusting the output power from 0-15W as set.

ACKNOWLEDGEMENTS

This work was financially supported by KMITL's Rescarch Funding Department
for the last three years. The progress report has so far been highly satisfied. The
authors also would like to thank all the ESIRC members for their tireless
contributions and supports in this work

REFERENCES

1] B. Suttipong. “Novel design of a 1 MHz-Ultrasonic-Picauelectric- Transducer Driving Circun
using 4 microprocessor hased controlied Class-F Power Amplifier. "Master thesis. King
Moagkut’s Institute of Technology Ladkrabang (KMITL). Bangkok, Thailand. 2013

[2] Low ). Recd A "Somc cnergy. sound and ultrasound.”™ i Phsical peinciples explained. Low
J, Reed A, editors. Lomdon: Bunerworth-Heinemann, 1994, pp. 132-147

[3] Jwma etat. “Electrical Modeling of Piczockctric Coramics for Analysis and Evalustion of
Sensory Systems”, IEEE Sensurs Applications Sympuosium Atlanta, GA, February 12-14, 2008

(4] Miodrag Prokx, Pierocketric transducers modeling and chamcterization, Le Locle : MP
Interconsulting. 2004

[$] L Svilamis, V. Dumbrava and G. Moticjunas, “Optimization of the Ulmsonic Excitation
Stage™. IT1 3th Intermational Conl on | Technology Interfaces, Caviat,
Uroat, Junce 2008

[6] Suzuki T. Mizutam. Y. lkeda. H. and Yoshda, H.. “Impodance Characterisie of Ultrasome
Transducer Operated as Loadof MOS-FET DC-To-RF Power Invenier”. Industnial Electronics,
Control and Instrumentation.Proceedmgs of the 1996 IEEE [ECON 22nd International
Conference on (Vohime:2 ). P. 987 — 990, Aug 1996

[7] IEEEITT-1966 standard. 1EFE Standard Definmions and Methods of Measarement for
Prezockectng Vibrators, 1966

[¥] IEEE176-19%7 standard - IEEE Standard on Prezockctrcny, 1987

9] Grebennikoy A.. Nathan O. and Sokal Switchmode RF Power Amplificrs. Newnes UK. P95-
178, 2007

(10] Albulct M., RF Power Amplifiers Noble Publishing € orporation LS, P.303-3 1%, 2001

(V1] Maran K Kazimicrczuk. RF Power Amplifier, A John Wiley and Sons LUK, P267-320,
2008

[12] Raab and FH.. “Class-E. Class-C. and Class-F power amplitiers based upon a finite number of
harmonics”, Microwave Theory and Techniques, IEEE Transactions on (Volume: 49 . Issue:
K. P 1462 - 1468, Aug 2001

1455



103

e ¥V ol

Useangiuay

Po-unwsna WEgVSMIA  ygynnang
W du Uiin 4 fiunau 2531
iiduun 123/4 wyj 19 dwanzifeud dunadles Yanindmu 51000
UszdinsAnen 2553 dminssumanstudio avdvimnssulai (ResAteusudu 2)
W IngaewAlulags suIAadIue g naniandn ol
2556 AmnssuemansuvUndie arviignimnssuliw
antuwalulagwszaounandinammsainnszds
AnuataLaTAUPEITIY 1) MIBankuUsini
2) mMyawasidgymieiulni
3) muszgnaltlilasasulnsameslunuli
4) ushulnididnvselnd





