KEE T RFREAIRI

W =

EREERCPTRAMAEREEERMN TENE=REES, SEAXBHRE
RALAEREER. THEE. A28, ARASRA, EEXEEZOEA/ET
FERNA. EREERTSAFERMEER, XPAEPT CAFA KRS,
HRESTFREE. EBEANSRM, BEPT ALI/NIR ACDC . ERTERMN
WERBERZHE. BESERENER, FHEFEAHENIR)EHERA EEBaE
T 4E.

AR T FHEMBEEMNZE PT MIRSHIEHI B, 45 A4 BIRE TR AC-DC ##
BHEANA, Wit T AN % .

FEMTFAE PT MR ERE E, B HETES PFM. PWM HyIEHIHKIE. #
F PFM {§ PT M TSR SHIERME—B, FHIERRETRE, RENHPWM
Y PT #r i s /E . LA XC2S100E & FPGA #5128 |l MOSFET A &l 2 s Bk,
FETFHAFR RS, it T ARSI ARENTE PT BahEH R, HwElTH
R HIEENET . 2GR, KRR PR E T M S8R B30T PT &9
THEFRMMEAE, LT PT BHER. BaHBENRTBIF.

KR AMEE PT SEH) AC-DC ##, WHATBR. B, ~PTREERBE; &%
HiBEZ2 U REY PTRESERENBALS: PTHBESEBRBREE, A
BRMERBE. U PIC24F £ AN AEHIR, KA PWM #=H|%E, LLIEE MOSFET
BT S AT, Wit T CAE E A BB R PT 3hisHimek. wit, FA
AN A PSR R MR, RFMERTEHERRE. XXHRTHET
B/E PT 8 AC-DC ¥#:88, fepfa g i IREE M AE, WibzhEE sw Lk, I
AFVERENBFEERSE, TRTATRIEEERBRERLRYBIF.

KpiR. ERRESR: BIHEHIRE, $REH: PWM: AC-DC



AR R R it SN

The Design and Application of Piezoelectric Transformer’s Driver and
Control Circuit

Abstract

Piezoelectric transformer (PT) is the third-generation transformer which makes use of
piezoelectric and inverse piezoelectric effect. Compared with the electromagnetic transformer,
piezoelectric transformer was applied in more and more fields based on the advantages of
small size, no electromagnetic interference, high efficiency and some other merits.
Piezoelectric transformer can be classified as step-up PTs and step-down PTs. The former PTs
are fit for the device with high voltage and low current; the latter PTs can be used in AC-DC
converters. The gain and efficiency of piezoelectric transformer are influenced by load,
temperature and some other factors, so it is necessary to configure corresponding driver
circuit.

The driver circuits of step-up PTs and step-down PTs are researched in this paper, and
are applied in CCFL and AC-DC converters respectively.

The control strategy that combined PFM and PWM is introduced based the characters of
step-up PT. The efficiency can reached max when the working frequency is consistent with
resonant frequency by PFM control, and then the output voltage of piezoelectric transformer
can be adjusted by PWM control. The driving control circuit based on closed loop feedback
control with CCFL is designed.This circuit adopts the type of XC2S100E FPGA as
controller and make use of full-bridge inverter circuit composed of MOSFET. The arithmetic
is also compiled according to PFM and PWM control. It is tested that the driver circuit can
adjust the working frequency and the output voltage of piezoelectric transformer
automatically, so the goal of high efficiency and high output voltage can be achieved.

To apply AC-DC converters to PTs, municipal electric power is converted to direct
current (DC) voltage after rectifying and filtering, and this DC voltage supplies the PTs for
input signal with suitable frequency through inverter circuit. The output signal of PTs
becomes low direct current voltage after rectifying and filtering. This paper introduced the
driver circuit of step-down PTs with fixed load that adopts PIC24F as controller, PWM
control strategy and make use of half-bridge inverter circuit composed of MOSFET which
bears high voltage. It is designed that capacitor is adopted to achieve step-down voltage, and
this low voltage work as the power supply of PIC MCU. This solved the problem of the
supply of controller. In this paper, the output power of designed AC-DC converters could
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reach above SW. It is validated that the designed AC-DC converters can be used as adapter
for mobile phones and can realize the goal of converting municipal electric power to low
direct current voltage.

Key Words: PT:Driver and control;inverter circuit;PWM;AC-DC
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W) |L|W| H| @) | @) | @H) | @) | @
PT3906BR 39| 6 1.1 1.86 13 45 62.78
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Fig.3.1 Rosen type piezoelectric transformer
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Fig.3.23 Sketch map of output signal
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WEIhE, B, A microchip 2 7K 16 SL8 4 HL PIC24FJA64GA R 3% H AP,
%R HRA RISC 41, B84 AM, R APLAT4ME SMHz &%, 2W# DLL
UG, BAVMIESRE N 32MHz, RAAZE BN TERRE 15mA BUA,
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E#& R PWM #413% . ADC ##:38, MFHRHE T AXBRITHER, BAHLEIH
B0 & 4.4 FiR.

 voo

OSCOICLKOICN2YPMANRAS
SOSCIRP4/PMBE/CN 1/RB4
SOSCOMICK/ICNG/PMA 1/RAG

)
PGDYEMUDRPS/SDA1DICN2TIVRBS

197 DISVREG

18[7] TDO/RPY/SDA1CN21/PMDIRBY

12 17[] TCK/RPE/SCLIICN22PMD4/RES

) RP7ANTO/CN23PMDS/RBY

] PGCIEMUCYRPE/SCLIZYCN24/PMDE/REE

WIR O 28
ANONVREFHCN2RAD [ 2 2717 vss
ANINVREFJICNIRAT (13 o 26[] ANSRPISICNIIPMCSIRB1S
PGDVEMUDVAN/C2IN/RPICNARBO []4 S 25[] ANIBCVREFRTCOURPA4ICNIZPMAVRRE14
PGCIEMUC1/ANJC2IN-/RPIICNS/RBY [ 5 5 247 ANTI/RPAJ/CN13/PMRO/RB13
ANA/C1IN-/RP2/SDA2ICNERB2 [16 237 ANT2RP12ICN14IPMDO/RB12
ANS/CIN+RPUSCL2CNTRE3 []7 3 22[] PGC2EMUC2/TMSRP1/ICN1S/PMD1/RB1
vss (48 ¥ 2 ] PGD2/EMUD2TOVRPAVCN16/PMD/RB10
OSCUCLKICNIORA2 [{9  § 200 Veanvooccre
0
a

Bl 4.4 PIC24F A% % 115K
Fig4.4 Pins of PIC24F

HBIRENIT/ERE, $/H LM1117-3.3 &EHRERZNRAHLEHR. BTZRT
BEPXHEZ R, BETREFOFREE.
423 HTHEE

28 F K 0 3 A P O PR TR B ok AT U LR 3 LB T AR 2 AR AR B
HENYE, EHURRHBEERERSFEREBR—K, FTLREE PT BWa) BN
RN RS, MFEEETESNEAREEE 250V L E, @38 f A 450
BN EBP EHERANEE, TR URNRREELWEN RO E, Y
ARHEEEF, AP IETFREMNRN 8, BHMATER . 50X KN AR 84
S ERB UL E UL R FF R RE o

AT X BGHEREEEWE T EBNER. Bid L, FFRXMAN, HAHRN
AEFK, FFxR*mn, HS@BBHANANE, BRHFXAEBERNAE/LE kHz. LFF
EXBMFFRRAFEN, ShBEiRtP, ¥4/ R ED%E MOSFET /AT X,
% Th% MOSFET f TfE R ETTA 1000V, S8 FE A4 10mQ, X KT AE KT 10°Q,
FRMMET A JL MHz, RIEH BT R84,

FESLRRSERF, AICKHA IRF840 HFFkmft, HEBERFHEWTHR:

OQFEHME: 0.14Q;

O#EAME: 10°Q;
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@HRHRWE: S00V;

@R KHEE: 4V;

OWRBBEKHEA: 15A.

MRS B N 2 MOSFET 4R, A l—4> N Rf1—4 P & MOSFET
B, TREAFANERERERRNARSR, H5 MOSFET B3 KA, AXKA
PN N & MOSFET 4 ¥ i 2R B %

57 R 5 A R A8 AT s B AR, AR s P AR P 283 2% v BR IR HE 7 B MOSFET 3
ZhE . MIRE MOSFET MIFF R, H AR EERIT, ASCKRAXEEFRRSR
AT AR)HIEHFE AW BN A IR2302 6% MOSFET W38 . IR2302 Af W3 EiX
600V HIEFFmEE, AT RINEE. K4 MOSFET, A RNAREHEEE. KEMR
BIKEHEEN, BRLS5EELESESEE 540ns KX, APl R iR
K FHE.

1R2302 f TAERLE N 10~20V, BIA{E 5 H TTL 5 MOS H.F, IR2302 #1571 RK st
RN 4.5 FiaPY. B, 1R2302 § 82N A B S5 AR R R g2 AR,
U ST 3338 FL R0 43 LB B SR I A 4.5 BBk, L IN bl A\, SD A{ERE
¥, HO NREEUIRS)H, LO MREDESN, Vs hERBERER. HRIERED
MOSFET i, T H ASETHEMRES HO SMAR, # HOWBERT Vs, ZHRIE
T E% MOSFET AXER FEBEASR Vs BIEZ W,

Vee o
> Eﬁ;l
- Voc VB d
IN T IN HO T
SD o 50 Vg -
COM  LO ED
IR2302 -

-

B 45 IR2302 HENAE
Fig.4.5 Typical application of IR2302
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424 EREKERIREHE

PT I N PR E, 202 MEN S BIEREE Vour, A fFEEH
REEH PTHEAE, PT MAHEELARGAIEEZS, AL PT A SHRAEE
B, FAXEREEESTNLI T, ERAXERAABREERR, WA 4.6 ik,

ik 23
. ’L
§ T
?- ----- > PTI <—>><rj_70 Vour
: k—l T
l = vce
5 R
B @ |
i X
i
E .

Bl 4.6 BERIBI KR BHER

Fig.4.6 Rectifier and filter and reactive Circuit

T IEHRE _ARE W IN4007, FCIE (o) FERE—MRAE 0.7V LA b, 2B RN SIHFE 14V
RIBE, FRRBERMNE, HRERENRBERDNT 0.2V, FHEREZHRERE
BR/NBTUERE, RERFERE. STRENER SERAETH R EEERERN, 6
F PN 4HANFE, ZREATTREMBR. MERKN, KFEEFKZET 2R
v, B R A RS E R, TLME SRR, f#H PN AR /D
BB T AR B R AR AR T BRI R [ FE R W . e PR TR SR BRI L 15 S AR
—fAEJL+ KHz, FTUABR_REFEEERKE RERHFEZRY, KPmER
ZHRER KB BT BT LUNEJLNED, IE M EMERT AR 0.2V, BT ALE B AR ALK A
A ERE RS REENER.
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A M AR INSS19 MR AR RE, 1A RHIEMER 0.5V, 0.5A B
EH 04V, REAKEREDNT 10nS. LLRIEH, FHEKFE INSSI9 i BREE
REE,

425 METESH[ENIEH EHEE

B% R FE AT R SR IR B | e B AL 4% PWM 8488 . AT BR . RIBAEE X RC /K
meanos, W 4.7 Fim. HTFREEEACHERE, PT WM ETRETRRER,
WET AR REH.

,!_

W

220V~ Dhode INOI «
- . §
L_

Y TTTY
EETT

A ® a2k

’ 2oa
[V R TR
Ll 2l ad Mt |

*re-
gad
g
£

ggé?%smamaa :

i
|

B 4.7 %M FE e 3R e B8 R a4 o L B
Fig.4.7 The circuit diagram of step down PT driver

43 MEEFEIT

BAEMAZNERESE — M EENEE, E—ENART, PTKIEFRHZER
e, PT BT RN BN REM THERELM R, FAAS{ER PWM
% PT R HUE.

PIC24F RFIB KA EH PWM I Kk ADC EEH SR, RN FHFERE
B, STEERI ADC ¥4 RARE PWM IR R 2, KKEATEAIEFE
ZefE. mFRRIFR, AXERPIUKA PWM BHIFR, KEEFIISAHRLER

1 PWM B{HER.
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43.1 WMBRWLEF

VLR X ERERANVIBRE. PWM IHEFR. ADC THEHF K. BFPF
BB ML DLL, WERAPTHESRARZE BRER, FAKTESRDIMNIE 128
S5, PWM $5E1 2848 F P 38 s B SR ME D 4R, 5 ADC M TR K b B i K A%,
B RAE 100 K, BFRERME 4.8 Fir.

Fh
!
WERIME R TR
v
WE PWM FZEHLAME
!
B E PWM HiR
v
W€ ADC AR

B 48 WHUREE
Fig.4.8 Program flow chart of initialization

432 PWM iBYiERF

B HUEE R EEEE PT BIAREE, SR PTRMARSH ST, AT PT H
HEEFSHIEEREE—EHUEZN. BFEP, AR NE PTHREESKT—
ERER, EHXPTRANESHETI, FUEEPT MAGSHAT, BFRE
Bk 4.9 Fiw.

44 BB

(1) ZEFIEE PT Wi E, XAEBETREEELR. AR A 500Q #/K 7R = FEE
AERIER B AR Ry PTG EER PT WA B EIE(E.,

@ TR R

LI hEH —AZHRE IN4007, —A 470uF/400V ROFEH B2 AT Fr I3,
BEFREL KR 180V, GUKELN 20V FERAE, BIE 4.5 9# Vpp=180V,
& 4.10 Fi7R.
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Fig4.9 Program flow chart of PWM
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Fig.4.10 The voltage waveform of half-wave rectification
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£41 ACDCHEHBRNEBLER
Tab.4.1 Test result of AC-DC converter

FREZREZBA  ERRERRERE

10 180 6.68 6.2 3.844
20 184 11.05 10.5 5.512
50 184 127 12.1 2.928
100 185 16.2 16.4 2.689

R4 irSHRY, BEPTKMHEEARKEATIMA, 58 2.7 Frristis
Y&
LAf# R 20Q A6, PT MIARERABREERENE 4.11 Fir.
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Fig4.11 The waveform of input sign and load sign
(CH1-input waveform, CH2-load sign)

MR 2RI RBP4, PTG SHISMEHEELA N 180V, HEZTHA 50%H
PT I ABEIR BB K, AEBIMEMAEER 10V, PTHAELN 0.13, HHIhE 5.5W,
EE| TSR, ¥IPEIT AC-DC ##.
@ HHBESMARESTHRRIR

B PTHMINGSAEH, ABRMBEDRSHEZEL, NENABRBERSHA
ABE 5 F MBS EME 4.12 F CH2 fir. $R+F, aBRFPRERAES
7 15%3 85%2 [ 254k, RIS ERE 4.12 BT, HEFLTE 50%8, H
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Fig.4.12 The waveform of the load voltage

(CHI- Input of PT,CH2-Output of PT)

@ B BN PT B WA

AR PT 4y tH R B MBS B BT PT Stk R RO W,  LASRBON 20Q A, Bk
T TR IR B R B A B LIRS R BT PT St e I, X U AR R DL B 4.13 BT
REEWL, BRBKGRKRET PT A aE, ERARUTRIEZRE.

Tek Ju ® Stop M Pos: 0.000s SAVE_REC Tek JL @ Stop M Pos: 0.0005 SAVE_REC
FHI T I

« B 8

i} 1]

5 £F £F
FEIE FHEI&

e 4 I
e T4 S

&% &7
TEXOT34BMP TEKI 2060

CH2 500V MSD0ws CH2 7 198V CH2 500V M 250us CH1 / ~250mV

HEEFEM LHIEREM
(a) TEEUM AL (b) i ¥EHALHLER

K413 PTHilIESH
Fig.4.13 The output signal of PT
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Fig.4.14 The emulate circuit of PT output
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Fig.4.15 Oscillogram of emulate circuit
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MEEBEHIHE, SR THERMSEEBEEEREHEE, A EEERE
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MiRA HEEBLTERFPGARERF

module pt(ADC_DATA,ADC_CLK,clk,CS,RES,PWM_1,PWM_2),

input ADC_DATA; //ad BIA
output ADC_CLK; //AD R4
output CS; //AD Hi%
inputclk; / RERFRA
output PWM_1,PWM 2; //pwm i
input RES; //RESET
reg CS;
reg ADC_CLK; //AD B
reg [8:0] count; /43 3Tt %K
reg CLOCK; 115385 )G Bt
reg [4:0] state; //ARAHL
reg [9:0] DATA; //ADMNEFR
reg [9:0] LIST [7:0; /K5
reg [9:0] DATA _LAST; // WG RHLER
reg [4:0];  /RAEFFFIH MR '
reg [2:0] t;//i TEFREIIREL
reg [4:0]j.k; IR a8
reg [9:0] DATA ; /Wi R
always@ (posedge clk) /B4 4
begin
if('RES) //8AL

begin

count=0;

CLOCK=0;

end
else

begin
count=count+1; //5000 2.5KHZ
/I 500 25K
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/I 50 250K
/s 2500K
if(count==0) CLOCK=~CLOCK;
end
end
always@(posedge CLOCK or negedge RES) // KX
begin
if('RES)
begin
i=0;
i=0;
k=0;
ADC_CLK=0;
state=0;
DATA=0;
t=0;
CS=l;
DATA_=0;
end
else
begin
casex(state)
0:
begin
ADC_CLK=0;
CS=1;
state=1;
end

begin
ADC_CLK=0;
CS=0;
state=2;

end

begin
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ADC_CLK=0;
state=3;
end

begin

state=4;

ADC_CLK=1;

DATA[9]=ADC_DATA; //CLK=1; UP
end

begin
state=3;
ADC CLK=0; //CLK=0; DOWN
end
5:

begin

state=6; //CLK=1; UP
ADC_CLK=1;
DATA[8]=ADC_DATA;

end

6: //CLK=0 DOWN
begin

state=7;

ADC_CLK=0;

end

begin

state=8;

ADC_CLK=1; /[UP
DATA[7]=ADC_DATA;
end

begin

state=9;
ADC_CLK=0; //DOWN
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10:

11:

12:

13:

14:

15:

end

begin

state=10; A
ADC_CLK=1; /[UP
DATA[6]=ADC_DATA,;
end

begin

state=11;

ADC_CLK=0; //DOWN
end

begin

state=12;

ADC_CLK=1;
DATA[5]=ADC_DATA; /[JP
end

begin

state=13;

ADC_CLK=0, //DOWN
end

begin

state=14;

ADC_CLK=1;

DATA[4]=ADC _DATA; /[UP
end

begin
state=15;
ADC_CLK=0; //DOWN

end

begin
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16:

17:

18:

19:

20:

21:

state=16;

ADC_CLK=1;
DATA[3]=ADC_DATA; //UP
end

begin

state=17,;

ADC_CLK=0; //DOWN
end

begin

state=18;

ADC CLK=1; //UP
DATA[2]=ADC_DATA;
end

begin

state=19;

ADC _CLK=0; /DOWN
end

begin

state=20;

ADC_CLK=1; /UP
DATA[1]=ADC_DATA,
end

begin

state=21;
ADC_CLK=0;
end //DOWN

begin

state=22;
ADC_CLK=1; //UP
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DATA[0]=ADC DATA;
LIST[i]=DATA;
i=i+l;

if(i=28)
begin
i=0;
=0;
k=0,
t=t+1;
for(k=0;k<7;k=k+1)
begin  /HEF
for(7=03j<(7-k)j=j+1)
begin
if(LIST[j]<LIST[j+1])
begin
DATA_=LIST[j];
LIST[j}J=LIST[j+1];
LIST[j+1]=DATA_;
end
end
end
end
end
22:
begin
state=0; //DOWN
ADC_CLK=0;
DATA_LAST=LIST[4];/>1)HLIST[3]>1);
end
default:
begin
state=0;
ADC_CLK=0;
end
endcase
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end
end
reg [4:0] DELAY;
reg [9:0] FO;
reg [4:0]statel;
reg [6:01 P PWMy/ diZtt M 50%%) 20% 0 4%%F% 31 K&K 19%
reg [9:0] DATA_WANT;
reg [8:01PWM_REG; //pfm HZEFHF#E  BXE S
always@ ( negedge t[2] or negedge RES)

if('RES)

begin
PWM_REG=270; /270 90K

FO=11; // 25000/PWM_REG=PFM #i#% (H#4L KHz)
/1292 85.6k

state1=0;
P_PWM=10; /52 (145-1.5%P_PWM)/292
DELAY=0; /I P_PWM=10 44.5%

I BK1E 50% B/ME 17%
DATA_WANT=10'b10_0000_0000; /#HEBEE, MERHEEEMN
end
else
begin
casex(statel)
0: begin
PWM_REG=PWM_REGH+I;
if(PWM_REG>310) begin P_PWM=10;PWM_REG=270;F0=0;state1=0;end
else begin statel=1; end

end
1: begin
if(DATA_LAST>DATA_WANT) state1=5;
else if(DATA_LAST>F0) begin state1=2;end

else if(DATA_LAST<=F0-10) begin state1=3;end
else state1=4;
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end
2: begin
if(DATA_LAST>=F0) begin FO=DATA_LAST; state1=0; end
else statel=l;
end
3: begin
if(DATA_LAST<=F0-10)
begin
PWM_REG=PWM_REG-1; statel=1;
if(PWM_REG<270) begin P_PWM=10;F0=0;state1=0;end
end
else state1=1;
end
4:begin
if((DATA_LAST<F0) & DATA_LAST>F0-10)) state1=7;
else statel=1;
end
5:begin
P PWM=P_PWMH+I;
state1=6;
FO=11;
end
6: begin
if(DELAY<2)begin state1=6; DELAY=DELAY+1;end
else begin statel=1; DELAY=0;end
end
7:begin
if(DATA_LAST>DATA_WANT+1) begin P PWM=P_PWM+1; end
else if(DATA_LAST<DATA_WANT-10) begin P PWM=P_PWM-1; end
state1=8;
end
8: begin
if(DELAY<20)begin state1=7, DELAY=DELAY+1;end
else begin state1=9; DELAY=0;end
end
9:begin
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if(P_ PWM==0) begin P_PWM=10; F0=0;,PWM_REG=270;state1=0; end
else if(P_PWM>80) begin P_PWM=10; FO=0;PWM_REG=270;state1=0; end
else state1=7;
end
endcase
end
reg{8:0] pwm_count;
reg PWM_1,PWM 2;
reg P1,P2,P3,P4,P5,P6;
reg [8:0] PWM_REG_NEW;
always@ (posedge count[0] or negedge RES)
if('RES)
begin
pwm_count<=0;
PWM_REG_NEW<=0;
end
else begin
if(pwm_count<(PWM_REG_NEW+1))
begin
Pl<=|(pwm_count-PWM_REG _NEW);
P2<=|(pwm_count-(PWM_REG_NEW+(3*P_PWM)>>1));
P3<=|(pwm_count-(PWM_REG>>1));
P4<=|(pwm_count-((3*P_PWM)>>1));
P5<=P1&P2;
P6<=P3&P4;
pwm_count<=pwm_count-1;
end
else
begin
PWM_REG_NEW<=PWM_REG;
pwm_count<=PWM_REG;
end
end
always@(negedge P2 or negedge P1 or negedge RES)
begin
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if('RES) PWM_1<=1;

else if(!P1) PWM_1<=];
else PWM_1<=0;

end

always@X negedge P3 or negedge P4 or negedge RES)

begin

if('RES) PWM_2<=0;

else if(!P3) PWM_2<=1;
else PWM_2<=0;

end

endmodule
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