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Thesis Title . Modeling, Analysis, and Parameter Determination of a Phase-

Shifted PWM Full-Bridge Inverter Fed Ozone Generator with
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Degree Doctor of Engineering

Program " Electrical Engineering
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Thesis Advisor | | Assoc. Prof. Dr. Vijit Kinnares
ABSTRACT

This thesis proposes a system model, analysis, and parameter determination of a high
voltage high frequency type ozone generator using a phase-shifted pulse width modulation
(PWM) full bridge inverter connected to two electrodes with different gap volume via a step-up
high frequency transformer acting ag a power supply set. The circuit analysis taking into account a
dead time effect of the inverter is fully described. Model parameter values are obtained from-
electrical characteristic measurement and calculation based on 'voltage-charge and véltage-current
lissajous characteristics. In addition the design and calculation of a compensated indilctor
connected in series with the primary side of the high frequency transformer in order to obtain an
appropriate resonant frequency to ensure that the zero voltage soft switching (ZVS) mode always
operates over a certain range of a frequency variation and to overcome a thermal component
problem. The proposed ozone system offers an advantage in terms of a capability of keeping
electrode voltage constant as varying the frequency in order to overcome a high frequency effect
on the transformer voltage regulation. As a consequence, the proof of a frequency effect as a
significant factor on the absolute ozone production can be achieved. The simulation and
experimental results of the system arle in good agreement. They confirm the correct circuit
operation of the implemented hardware, correct inverter operation analysis, effective

measurement, and modeling validity.
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Bdnnsnansauaa laasaunisi 2.7 [1-3, 77, 78]

2
Yield = 2 ¢)

do £ deanud i

v Ao usaduldh

(2.7)
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q e High-Voltage  Air [nlet Air Outlet

$ ig 5 EE Saﬁ D, ; High-Frequency lr; 7" 4“ :
' T\

in Transformer

1:12

+ A
v, Vdc =‘: Cdc Ls 3 g Cylindrical
- Electrode

B
' TAJL ¥,
5| | AT

115,15, Ts.

[solated Gate
Driver Circuit

Switching frequency

and Phase Shifted —3 dsPIC30f4010
Command
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2.3.1 ’Ni)i‘vjimjt%ﬂii!%ﬂaulﬂid (Full bridge rectifier)
'msﬁ’mf:r‘ﬂud'mﬁ%’mma'qsiw"lﬂﬁmszuamﬂﬁufha%s%una{ma{ﬂau%5
fFvuuBuLAoUAa (Phase-shifted PWM Full-bridge Inverter) Tng 1a3uusesiu'Ivih
220 Vac, 50 Hz nunassied 1-ma s1nms fudandunessasisna Insale
lalons @1 wdefudnvasyausad FeuimdhiulasWfhnssuaadudu i
ASIAASIUIA 310 Vde Tnefifaufiuyszquina 3300 uF seviufiuasesusadlalea il

Mmsnsessdidavesuseau IWinszuanss

a d d a daw a o A
2.3.2 1950 UD M0 YfavIadNATUR S NN IR HE
(Phase-shifted PWM Full-bridge Inverter)
i ::? by o w J £ a
wnosduiivzlsznoudie vemuNAIGa (Power MOSFET) 1183 IRFP460 49l
Wi%ndslalon (Free wheeling diode) agmsludimammintineuds iuau 4 & imihn

a o

S a d 1w ar 1 y o P
dlugilnselaindudeduludrvausvssisesfauiad wesdaufiezdmifiudasludh

Y3 3

[ o da P
aszugasulu'lfhnszuaaduiiianudge Tavdgygranivaunisiinuveaveamn
4 as [ a 4 4 P g 4
andelFdyarafiduuiduuuuaeudd1d Fgaaieiudielulasaoulnsames
J { 1 4 u o a d
3200 dsPIC D3 dsPIC30F4010 laghamuoumlauesdyais  AAVuAvudNaINIIe
o A 913 3 3 a '3 J:w o kY
Usudeumialddaud 0 - 180 pasn wonvINUINIBUNIBS MBS HELIUMeldanizns
a oA o 4 AYA ¥ Ao ' a
amsnuseau IWfigud (Zero Voltage Switching : ZVS) #au iaillunisaasin Nugayide

- a d a ¢ w 9K ;é = o a L4 o
NNMTAINFYsaInTnani 191u19934 Felswazideansaizimstiauveelens tu

Ed
1 =2

4 ) 4
Ao niaeuaaaluuni 5

H
=y

2.3.3 nifeuadlWihusadilrl¥hgaanuigs

(High voltage high frequency transformer)
nifeutlas Ifus s lfhgearudgelfunundondas Ifuduunumes 154
wed EE-80 ifisniniFanifinnuige Ao Tudag 40 kiz-57.5 kiz wazsiourlas i
ehfiduus s Wi 3.00 Kvpeak waz 3.44 kv Taeldasrdiuvesandoudas Wi
(Tumn ratio) M1 1:12 FelinwasiBuamsoonuuuuazmamamnaiinesmathves

t4 v
wesauyanis fhusandeulasIwihiilisneazBoadwans1dluuni 4

% A ° é
2.3.4 A nHEI U 1BUUUN (Resonant Inductor)
ar a ) ' o Y A o 1 - dq ¥ 1 [} Pt
Fandioning lsnuusigminnlfiveinmsaasianudis lsuuuilvog luyiei

munza laslisvasiduanieg dutaasldluumi s

1135367
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235% aoaninsanFlumsnaamalelyy (Ozone generating electrode tube)

ad o) ' A a a S A Y Y 4 o =
"]‘Zﬂﬂmﬂi‘l’lﬁﬂ Lﬂuﬁﬁum&ﬂﬂﬂ'ﬁﬂﬁ“lf'li‘t]LWﬂiﬁLﬂﬂﬂ'ﬁLmﬂﬁ'.l‘llf]\?ﬂ'l‘]f'ﬂ@ﬂ“]ﬂ‘ﬂu
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[ & 1 a 4 a 1 °
naoiiua e Tau Feduilszgnosnuvuie Ry I Iuadinanegs (ighty
. a 5’ = Y o ad Yt @ <
non-uniform field) Aa¥y 39 1A% mssenuunyadian Insaldlidnyuzidunsenszuen
14 14
v o Y Y < a an
FOULAUT W (Cylindrical) $1174 2 Fulnensenszuonduluiiuvasaudisialulsdaan
E 14
(Borosilicate) drunsenszuensuuenidunemauan (Stainless Tube) lABYUIAVDING

nasaufLazNemaaaIziININnsadonlFuanunTmsnas $1ue uazlded

é o ’ = o
Tunugaannssy FaliswaziBean1ssoniuy LUVSIADY LALAITHIAINITILABINA
ad yu 4
IhvesgadinnInsafidwansldluunmi 3
A o a o A ¥o y 4 o A g Hdava a a o4
et uilana Is Tyun ldnmsasduimasoduuuun 1 luinesinussl @9

~ = Ao 1 A o a o [ 3w Py
UTNYDSIDIALUAS WA N ﬁJ’ENLﬂii’)\iﬂ'll‘uﬂﬂ'l‘]fTE)T“Imﬂ\‘iLlﬂﬂ\‘lu’,ﬂﬂ\‘iﬂ'ﬁwﬂ 2.1

d' S b A o a o A o
13190 2.2 ‘Wﬂﬂﬂ'l\‘l"‘]“U?Nlﬂi’O\?ﬂ'lluﬂﬂ'lclfiiﬂ“ﬁuﬂu'llﬁu@

AC input source 1-phase, 50 Hz, 220 V
Output Power Range 8.6-40.4 W
- Inverter Frequency Range 45-60 kHz

Constant 3.44 kVpeak for Electrode set I
Output Peak Voltage range

and 3.00 kVpeak for Electrode set I

Output Peak Current Range 32 mA - 190 mA
Series Compensated Inductance (Ls) 0.45 mH
Snubber Capacitance 4.7 nF
Transformer Ratio 1:12
2.4 ag

E4

Y] P o J [ aray <y @
Tuadeiilddinmsnantegudnsuzuazaaauiavesiie Te Tow Taona
3 o a 2 o a o J =) act @ A
seinIsesudenszuIumstutdana e laulugluvudaies e 35nsateid
LY - = 1 4 v
ﬂﬁﬂiﬂ’ﬂﬂmﬂ(Ultraviolet Irradiation : UV) 1 51al5WAa%159(Corona discharge method)
a [ 1 adda o b aw
wag 33n5n1eA059@Wa1e31(Clod plasma method) Tae3TnimsHonlduasiianido
] o A a N ] s & g a { o awu d” a by
unsnateiuwInfiga fie 35 Ia Innadaense Fathisminausluauited Taol lnseadne
awv o ’ L] ~ 1 1 aa 9 o
39991139889 1dna1 ludeaduuds drusieazidoa luudazdinvesnuisves 1dvins

as11eluunduqanlyl
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3.1 Unin
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a
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LY a o & a g t:? TR o A a L4 .5' 9
T5lumanaamale oy FegadinnInsaflvzduduiifansfansatumeluudnga
I 24 d?’ d'dy o ad A o kY ]
dludarTeloutiuin Tasluiissimsosnuuugadifininsa 2 ga Feilvuradusim
o 1 o :1' o [ o o =)
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3.2 MILONIVYABIANI NIANVUNIINSTUBATDHIAUT INMI T

ad [~ 1 a4 o Y a o ag
gawan InsatuduinimihilumsndamaTe Tou Tnonelugadidninsaszgn
senuuudmTuldiRaaun Iy ldasinavoga@ighly non-uniform field) iiesinle
a a 4 (4 24 a a dy Y o w o [~ 4 & o
NANSATIITIVBIMYDBNFIUINATULAITUAIUNMIoTum s Te Teuosnu Fednuue
adg v i @ ad
Tassadrsvesgadian Insaaunsouaadldfeqif 3.1 woz 3.2 TasdnuuzvesgadiinInia

E4 v
NN TOONUVVASH [6, 76-78]
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3.2.1 mseammnuaza%’mgﬂauﬁnimﬂﬁ 116, 76,77, 78]

gadidnInsayaii 1 Hdnuuzlaseadreivsznoudae A Tnseadremoluiy
navaud¥ia 1y 133iAn (Borosilicate glass) WinAdumugUIna 19y 2.25 cm., A1
MUY 0.1 em. 1AZANNOIWNND 30 cm. Taonaeaudvzdowd 1) luneaunuaa
VAFUAUFUINAIWNIAY 2.45 cm. AMUNUUINITY 0.1 cm. 1AZAINEIIMIRY 30 em.
daudnhdmluvesyadianTnsaldiffurevaauaa (Thin Staintess Spiral) 1dogniuly
naoaudd Fadianweraiiiu 22 cm, anvuzgUnsvesyadian Insasziidnumzdly
nsanszuendeunnusmiiivinaduinguinaislivhiu Tasnnimsenszuennuau

A4 a Y da d "y ) ) ) V@ o =
luitil fio nasaudniivinadnnhdewdludralu Tasldununarsswfunaasdsg i
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MATHANIY ———

oMATHaHI ———

ani

/4

A
4

v

@ a LY ad ~ ~ av
(M anpaziuAmhaavesgasian Insad 1 uaz 1 19wty

Air + O3 Ailr
t Borosilicate Glass ‘
L 1|

Connection

Wires J 1
\ Stainless Steel

Thin Stainless Spiral
Y ad | | aw
(v) anvaz Inseadrveayadian Insad Luaz 11 #1Fluamise

a o ) ad ] ' o dq 9
gﬂ‘n 3.2 aﬂymziﬂjqﬂS’Nm@ﬂ%ﬂﬂlaﬂiﬂiﬂ'ﬂ3Qﬂignaﬂ°ﬁﬂullﬂu5'}n11u3u 2 YU Wi‘ﬂu

U



21

. Borosilicate
Air+O3 Stainless Sieel Glgss and Tpm Air
Stainless Spiral

y @ ad { { av
51 3.3 dnvazlassadevesyadanInsan 1 n1¥luanide

4 o ad ~ [ n’: o 1 w
dioimseonuuugasian Insagen 1 ldudmasnniuezihamdu)smenionwn
ad § 4 o a ] ' a
Uﬂﬂiﬂi\?ﬁ%ﬁﬂ‘ljﬂﬂmﬂiﬂiﬂﬁ I NW'I‘I,S‘LﬁfJﬂ'IU'JmH'lﬂiu'lﬂi‘llf)\l‘]fﬂﬁ'nx]ﬂ'lﬂ'lﬂ (Volume) U

' J 3 ad ~ A ' FY P
nmm‘ﬂuqﬂmﬁﬂmm (m’) ‘Uﬂ\i‘ljﬂﬂmﬂiﬂiﬂﬂ I mmmmmm"lmmﬁumsw 3.1

Volume=7zx(r3—r2)2xl (3.1)

Volume = 7x(0.0245-0.0225)" x0.22=2.55x10° -’ (3.2)

Taoh
a d ]
[ = AIMIEveADn Insanu i (m)

v Ay ¥ M
r,= AUATUUDNUDINABALINT "ujﬂlﬂu (m)

@

' o
= segluvesdiguad vido (m)

Tumsnaalolsuioumasmnaseld fo 558 kW' = 7.073kW.vm’ ua
ilosninlumimadioondiounglanilszinm 21% sufuRafoundamdauisuiudedd
Ao 1.172kW.l/m’ - 1.62kW.h/m’ c?azfluzimwﬁwmﬁ'lﬁmﬂﬂﬂwgﬂﬁ 34 [1, 2, 77, 78] ¥4
Hugnmuiifioaneremsfamalolou mseasiummsofaminmwa

() W lugadianInsad 1 1@daeunisi 3.3
W, = Energy x Volume (3.3)

"V w ° oy Y o
ﬂTWﬁ\N'IUW'I'CIﬂYlﬂﬂ\ﬂ‘lfllﬂ'llﬂ'lﬂU

W, =1.172x10°x2.55x107° =3.0 mWh (3.4)
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wisgegandealdiiawiiiy
W, =1.620x10°x2.55x107 = 4.1 mWh (3.5)

amsaurmmanvaseaauin Wi (E) swsadiuinldanaunisves

waanuluauy ihvestevivoimeaauaunish 3.2 lunsdinauin IWiulsarunan
2 a ¢ a o 4 ! o

Fu annsedmsiewlugamauiy i atad 1diosnnluvaz fvuaveausadu il
a S a g d' A cg d = 1 ) 1 p=: 1

meusnfifleuldfugadianinsad LinvdunIngudaudemIqnilsnaudAIgega

2w =] o q Ya d& o 9
| au e liiindanunanefasi IRsidnaseungasenuain luanavesia lduas

] ' < ad a 4 { o [} T
Tannsasnnuswesdidnasoudaszlfindeuiiuazyuiu Tuanafmslugesivens

]
a1

Y oY v o o P o Y a o ¥R a4
Gh’ﬂlﬁﬂﬂ'ﬁllﬂ ﬂ\‘iuuwa\‘i\i']u‘ﬂ’ﬂ%’;ﬂ']ﬂlﬂlﬂﬂﬂiguquﬂ'ﬁ‘l@'ﬂﬂﬂlulm‘ﬁu (W/I) ‘lﬂi]\‘llﬂﬂ‘llu 1

] £ " v 4
usadu fhgageriues mszaziueusoduninsadnaunmsi 3.6 14l

W, = %x .[80 x £ xE* x d(Volume) (3.6)

W= %x g,x&,x E*x Jd(Volume) 3.7

V (Energy Level)
4 J eV kJ/mol
7083  682.8
N\ \z 6.175 5954
5116 4932
4475 4314
)
S
s
Elo
£l 8 1636  157.7
o 0982 946
| y

Source: Masschelein (1977).

17 3.4 nsliduTRaeasszdunianuveseandioy [1]
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AlSuinsvearosinematumainez 1@

2XW; E? x Volume (3.8)
80 X gf

Q 3 ' ) IS 5 o
AUU ﬂ']ﬂ’J'lllLﬂiUﬂﬁU']iJvMﬁ'lMﬂ'IM'lﬂ‘]J

2xW,
E= ’ (3.9)
g, %€, x Volume
g xg, XV
E = L n (3.10)
) r &)
g, xr, x| g xIn—=+¢&, xIn—=
1 2
r h
A
e
E = anunseaguin Wfingalag kviem)
@ $ ag
V= usswumouenideuldgadiininsa (kv)
r,= seingalas (cm)
1 I Qnd’ld' :1’
£.= mtﬂasmmmmmu%uim (F/m)
T Ia aady 1} o
£, = Aulesiadiavesnasaund niiuniy (F/m)
8 =

3 I Aady ] I
r, = fuleiiindinvessauod vy (F/m)

4
£, = awlesinAdnvoanails

4

—
Il
o

~ 1 [~
ﬂllé’])'mclu"llﬂﬂﬂﬁ@ﬂ“f?{? nuwtly (m)

€

N
1l
an

Y 9 T I~
ALAIUUBNUDINADALND WU (m)

Y ' &
r,= JAUATUUBNYBITANAY nieu (m)

ommndanumgalia iy

min

-3
=\/ 2%3.0x10 G.11)
8.854x1072 x1x 2.55

E_, =16,300 V/cm (3.12)

Reummwasnugegaliawmniy
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max

\/ 2x4.1x107
8.854x10™? x1x2.55

E_. =19,000 V/em (3.14)

(3.13)

d' Y = A ] Y] o' - o Yy a o
we'lddnnunisaduin ldihiduamdsnudigauas gegansi 1dinafes
T lauudRedmanmawsiniihnouenideuldyadidnInsai 1 1dnnaumsi

3.15 A8

: r; r;
3 2
E,ngxrxx[g,l xIn=+e, xln—)

- 5 i (3.15)
8,[ X €r2
Fathu vz 18 us s lufhd qaniy
’16,300x1x2.25x(8x1n§'—;2+1x1n§—'§) .
Vi = ' : (3.16)
8x1 ‘ .
V. =333KkV 3.17)
uazez lanms sy Iihgegamn
19,000 x1x 2.25x(8x ln%+lxlﬂ%)
& a= ' ' (3.18)
8x1

V. . =3.88kV (3.19)

Ed

. awv o/ i1 T W ¥ [~ 2 .
Tuadeiifenus sdu IWihnalszananiiiy 344 kv ilosnindugananas
vt o & ¥ Y a - s ad v a
sgnInmmIganazgege Feennsoldouldlasiinnutangugelunsdinusduiing

1 1] d'
unauag luaan

3.2.2 MyvonuUKAza31aYABIanINsaN 11 [6, 76, 77, 78]
ad a Y { [~/
gavianInsagai I Udnvuzlassadefilsznoudas A Taseadranmeluily
=y oaa [} o [ Y]
naeaudriaTulsdaen (Borosilicate glass) ﬂlmmﬁ'umuquﬂﬂmqmmu 4.11 cm., A4

1 ] [-7) \ 1] s
NUUMIDD 0.425 cm. HAZANNANINY 30 cm. lasnasaudiszdoud 1 lunoauau

PavAEUAUEUENAIWMIAY 4.45 cm. AMMUUMIAY 0.24 cm. UAZANNEIAMIAY 30

T

em. daudnhdmluvesgadidnInsaldiiludesaiauiod (Thin Stainless Spiral) 1dog

Ll
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Yy & a Y o ad = =
moluvaoaudl HilinNueMAY 25 om dnymzginsavesyadianTnsai m ozl
@ ' o ' o Y W °
dnvuziiunsanszuendeuunusuiivinaduiiugudnarahividu Taonisi

o < ' v v Y
nssnszvonauanluiti Ae nasaudifvnadnnidoud ludaly Taolununas
3awfudagilii 3.5

A o a d A Yy 9 @ q’/‘ o ' w
WwoimsesnuuuyadianInsagan 1 ldudmdaniniuihaidan)sves
ad = y o ' @ ~ @ ad
Tasaadragadian nsail 1 ainlditednnamisus siu Iihiidostlouldfuyasidn Insa
= A qya o 4 & a o ' A o
i e linamaTe Taudiu deiinszuiumsuaz funoumeqmieuiumsesnuunveya

ad ~ & A ° a ad ' 9 ~
ﬂlﬁﬂiﬂﬁﬂﬂ I “HQlﬁiJi)'lﬂﬂ'liﬂ'lu'Ji\lﬁ11]51]']{515ﬂlﬂﬂ‘ljﬂﬁ)mﬂi‘l’liﬂﬁ']lﬂii]ﬂ’]ﬂflﬂﬂTﬂﬁllfﬂiVl

3.170
Volume =7 x(r, —1,) x1 (3.20)
Volume = 7x(0.042=0.0411)’ x0.25 = 0.6362x10° m’ (3.21)
Borosilicate
Air+ O3 Stainless ~ Glass and Thin  Air
Steel Stainless Spiral

ﬂﬁ 3.5 aﬂymwTﬂsqﬁﬂwawﬂmanimw II w"lﬂuam’mu

o (] [ 4 1 e 4 [ q’: 13
msmumm1mmuwmamﬁtﬁmwamamsmﬂmcﬂaimu PNUUTINITOMUIUN

duwdsau () A9 lugadidn nsadi 1 Idnnaumsi 3.2 fio
W. = Energy x Volume (3.22)
Amdsumgaiidesliiauim
W, . =1.172x10°x0.6362x10™° = 0.74563 mWh (3.23)

' [ d. ) Y " W
ﬂTWﬁ\NTLli;(ﬂﬁﬂ?’lﬂ@ﬂﬁl‘jﬁlﬂ”llﬂ']ﬂﬁ

L)
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W =1.620x10°x0.6362x10™ =1.03064 mWh (3.24)

o i =) & o {
mimmmmmmmmiﬂﬂﬁum"lﬂ% (E) "]Nﬁ'lN'liﬂﬂ'lu'Jm‘lg{%']ﬂﬁllﬂ'ﬁﬁ 3.7

14
ﬁ\'iu‘l.lﬂ1ﬂ’ﬂlllﬂiUﬂﬁu?u‘lﬂﬁ'lﬂﬂ'lm'lﬁﬂ

E= 2, (3.25)
g, x €, x Volume '

Taemanuas s Idfhidamasnumgalisuiny

"n=3
mm:\[ 2x074563x10 (3.26)
8.854x107" x1x0.6362
E_. =16,270.845 V/cm (3.27)
Taosanussoamy Mihiidmsmasnugagaiiawiiy
3
mz\/ 2x1,03064x10 528
8.854x107" x1x0.6362
E_. =19,129.4245 V/em (3.29)

At Y1 = A v @ 3 A o Y a o
dolgaranumaseaaulnfhid s mdsnudiganasgegaiildimeny
o 1 @ § adg - P
Tolwuudriednnamauswy ithmeuenaflonliyadidnTnsai 11 dvinaunisi

3.15 Tasunuaieg 1dausedu dhdrgaidu

16,270.845x1x0.6362x(8x1n%12—1+1x1nﬂ)

v - 3.71 (3.30)
8x1
Vi =2.853kV (3.31)

uazaz laaussau Ifhqegamidu

19,129.4245x1x0.6362x 8><1n4—'2—+1><1n4'—11
4.11 3.71

v (3.32)

max 8x1
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Voo =3.354 kV (3.33)

aw Y [ {3 [ Y Y o &
Tuaieilidenuseau dhindszinaniidy 3.0 kv ifleannilugananans
vt e 4 o o = A v et o
sErinmmIganazgega seunse 1o ldTeelinnudangugalunsainus duiims

1 T d’
un2auas lineh

3.3 nuudrasamaliihnsetsesauyamalwihuesyadidninaa
[2-5, 13, 15-16, 17-32, 45-48, 52]
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aa 3 Y o d"d ad A kY
gagian Insansdesgai Idinmsesnuuuiifiugadian Insauuunsanssuenden

r :Il as :;’ A2 A w " @ ;’,' A’( a 2 o ad
HAUTINAUIU 2 YU ASUU ﬂﬂuﬁﬂmwﬁu“ﬂTﬂuﬂﬁﬂﬂﬂﬁwuﬂ'} %Qﬂﬂymzﬂm\?‘]ﬁﬂ@mﬂi‘ﬂﬁﬂ

»
a 1

dyd Aad o a 1 a nn.;' [ )
spuiiiuuuunsdiniiggauiudsiatazaudesiadin (Pemittivity : & limidu

as [ o ad a = = @
Faufudenartun1siiais ladiann3n(Dielectric) 2 ¥iAN11G vad 1 luauy Wi
[ :: 1 a d o
AU ansanszunugadian Insadssuuuiiaeaie Idfhmsotsesauyanie lui Tae
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v (1) ,

ioz (£) = Cp ” R
P

Voz (1) (3.34)

{ . o) . @ ad o
Tavi i, uaz v, iunszuauazussduvesyasian Insanua 1Ay
1 ) { o v Y ad 4 Y [~ 4
ansadu Ifhfivhmseldfugeadian Insalinnudgauaslidnyaziugiaau
Jda 1 a aa A
Imidtiauoutdgaidhy ¥, uesfinnudiBup(Angular Frequency) 1t o awaumsh

3.35
Vor (8) =V, sin wt (3.35)

ar 3 F o 1 ad A o
ANUU ilg,"lﬂﬂ’lﬂi$Ll’d‘ﬂvlﬂﬁW'lu‘]gﬂﬂmﬂi‘niﬂﬂﬂ'lﬁ'll!ﬁllﬂﬁ'ﬂ 3.36

V V vV
iy (1) = Xg cos ot + R—gsin ot = —Zg—sin( ot + @p) (3.36)
P P P

X, = ! ) ZP=\/R§+X2, qo,,ztan"ﬁ

oC, R,

wldmnuanyazveussdu nfh-nssua Iwdhiimauaunsh 3.37

1 1
i, (1) = — Yoz GF: X—,/Vg2 —vZ, (1) (3.37)

P P

defmuald Voz = 0 szldmnszualifhiamisasiuammumunish 3.38

I,=%t— (3.38)
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1
Goz (1) = Cpvy, (£) + E _[Voz (¢)dt (3.41)

t4 ) '
Tunsdiflundeniofisuseau fhmwaumsh 335 ez lf @anlszyidiha

nsafuan 1dan

Goz (1) = CpV, sin ot — Cp¥V cos ot = C ¥V, sin( ot — ¢,) (3.42)
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dimualia vy, =0 sgldanlszy vihveagadidnInsaliauiny



31

Qo =GV, (3.44)
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904 Bl Electrode set # 2

Resistance (kOhm)
AN
g

0 L] L} J ) ] L >
45 47.5 50 52.5 55 57.5

Frequency (kHz)

y 1 ad 3 {
31 3.16 MAnudumuauyavensauyana Ifhwesgadian Insarisresgain ldan

M3iauaziUInNAINIINDANA

0.2-
E 0.18'
g 0.164 /—/"—""
3 0.14 1
E 012 @ Electrode set# 1
’g 0.1+
2 0.08- = Ele;trode set# 2
O 0.064
0.04- %
0.02 -
0 | § | | | | ] ] |
45 47.5 50 52.5 55 57.5
Frequency (kHz)

a 1 o g ad 3 Py
1 3.17 mdufuszqauyavesdesauyami ihvesyadion Insaisaesgain ldnn

mydauazAnaiannunnieg

3.5 aq1l

nnmssnaLazimImadeuietamamndmesmalwfimssuvniiaes
mq"l%lﬁm%"mwiﬁmg,amﬂﬂﬁwawmﬁtﬁﬂimﬂﬁa 2 ga flFlunadoananfmasTe oy
Tavsianissrousei Tfhgafien 3.44 kvpeak FmSuyadidnnsadi 1 uagfin 3.00 kvpeak
dmivgadianInsadi 1 wozarmdgeildanludmas kiz - 575 Kbz dwmSuga

) d’ i H ) o ar o d \
SinTnsai 1 uazanudgeildanlugim 4s kiz - 52.5 kiz dmiugadianInsad 1 uda



42

0 o Vv o . Y &2 g a ¢

wmsnageunazinnumavualszy Cpuazamanudumu R, duilusmmisiiines
o ad 3 3 ' 1 =Y 4

mafhvewuuinesgadidnInsana 2 ga du wud Awsilimesmelifimie

H E4 '
uudiasama lfmsessssauyans fhinhimsTavesnageumar ldtu snwudd

=

° 1 a 4 '3
navhldamsiimeima il auvuinomsoasssauyena Ivihulfeundas Taeidl
a A 4? v 1 9 a0 v v o a 4?' 2 g
anuaiuy wuh manudunuesidanawazmdunvysegueliageliu dailuwa
1 [ { ad = a -4 ] 1 | L a [+4
T¥awdeau Iihagasidn Insanlfounlauiuiudzdiva lagassaeanlsinums
A a d?’ 3 1 a 4 ad P ' EY 3 @ o @ o W
Tolsufifaiy vennniummfinesvesyadian Insanman unfuduuilsday

FPumsesnuvuumassielifhuasyadidn Insaio19funTemaafe Tolyuldde 4



o
NN 4
a d
ﬂ'lﬁ’llﬂﬁ']gﬂ!!agﬂ1§9@ﬂ!!ﬂﬂﬁﬁ@!lﬂaﬂqﬂﬁ1

nseouIndhgennudge

4.1 YN

[
=

14 [ ]
Tupnilvznandsmseenuuundeulaslufwssdulwdhganldnunanudge
b4 1 * ¥ ]
Taonsloudas ithil sgimihinlumsiiuus edu Tih IdTimgeiuieriimsniiuye

q

ad r @ ~ 3 o & Y a a 4 [ [+ ~a
adnInsamuansseu lWin ldvinmseonuuume 1AM ansAgwIAUBIN YO DNTLIUIU

o o

a o 3y q’;’ ° a 4 1 a 4
Lﬂﬂﬂﬂ)’TE}I“}f‘H%u iaum'lﬁ’mmiamﬂxmmzmmimuammmsmmawmawsfmy,a

& v

malifhvesndeudas ludhuseduliihginuage wieuihnmsnadeumsldaunie

wad v Tnemssranenmsiianuae 11sunsy MATLAB/Simulink LaZMINITNATOUT

v
=

4.2 msvenunuwsemladivivhusedulvihgeanudga

aw dy 9. 0 £
Glu@’]u’J%Uuulﬂvnﬂ'ﬁﬂﬂﬂ!ﬂl‘l]‘”ll

sutlas rfhusadu Idhgenamdge Taold
@ v o 4 Y o o a o o w
w&nms luniseenuuuaNona1s8138e [67) Felamimsiinuaditaveesidenu nih
LY { 4 [ 3 Jd 4
vomsoudad i adu ifhgsanudge 1 1.5 kw dufusudenldunumles lsvives
4 o et 1al 9/ 1o w3y
EE-80 Fuiluunuuuy EE hitlvwalugiigalutesnmanazsehidelaqega 2 kw lag
Y g A ° o I'd y A o @ 1Y
Snuazveelaseadie Ae mathunues lsfigdsranilendl E aeedinlseaunu
w 4 ¢ 2 ar o saod
Fnvazveaunuuanslugli 4.1 Tasunumles sviues EE-80 fismwaiiines Asil
¥ ]
- fludivihdaunuy 4 =3.92x 10"
-1 B_ =03T
a ' I
- ANUITIMUAULIMANYBILNY (1) =0.192m
- afSumsunu ¥, =69.8 x 10’ mm’
v
- MANNENTOURIM(L, ) N9 4 BN = 0.08 m
k4 [ 3

- HufteIevesiouiiu = 800 mm’
Aravendeoutas Infhussdulvihgennutndesmsesnuuy fie

- usanu Idhmednlgugli 7,=310v

- usesu I medunAegd ¥, =3.5kv

- A 19911 20 kHz - 100 kHz

- nszuaIfhmed i gunfierimary Side) voansoutas iy s A



- pazua IfhimedunAsgii(Secondary Side) vaansiauas Wiy 1 A

8
nieutas Iifhlszneudie 3 daudinyaell vaaladgugll, vaalanasnd, was

a @

o I's [ ar o a v
unueslsy luniseanuuundendasduauusn deadinuadisanszud e
[ q’/l 9 ~a a A [ ;’;' Q2 A o o
usasu idhiamedwilguglinaznAsgineu uderniuudenvuraunuives lsin
i A o o o
My ez annsafuinuesvnalauaz i uIusouvesunaln ld luniseenuyy

$1mausouvesIAaIAdLlguAl (Primary Side) 92 1daumshi 4.1 Hawmiiy

B |14
4x fxB, x4,

4.1)

o

N = NUIUITDVUDIUANIA

¥ = usesuihiidou o)

£=amud i deu @)

T =] 4
B,= anumuduus aaimanveaunumes 15y (1)

=

4
@ d
A = iuinihdaveaunumes 151 (m’)

mImusmImILIoud Y uni(Primary Side) MNAWMTH 4.1 TABUNUA1A19Y

adluauman 4.1 2218

310
N, = = 4.2)
4x20,000x0.1x3.92x10
[ 3 Y1 o 9/ P=3 1T
farlu azldasuiusouvesuaaInaulgual (Primary Side) 11N
N, =99 501 (4.3)
[ :zl o o o Y o = .
ANNAUUNIN I UIVKIIUIUTOVVDIVANIAAIUNAUYU (Secondary Side) TNIID
] ¥
AUIUNNTUNITN 4.4 Aall
14
N, =N x—= 4.4)



45

N, = mimuseuveatantediulgugd
N = idmausenvaaianedunivgl
v, = usaru Tfhmeddgugl (vy

7=y

V. = ussduIthmedundogl (v)

5 U

MR IUIUTOUVBIUAIAGIUALY T (Secondary Side) MNAUNITA 4.4

Tasunumanee asluaumsi 4.4 1218

No=99x 20 .5)
310
Y1 o 9 a ad an 1
ﬂzqﬂﬂT%TN?uiﬂﬂﬂﬂﬁﬂﬂﬂﬁﬂﬂ1unﬁﬂgil%QNﬂHﬂTﬂU
N, =1130 30U (4.6)

Ly
,’-—""‘\\‘/
{ 1}

1 Al
74 pans
X ;
Tt oy 1 PP
1 1
. a i
] ]
\- & ke \ by .

$/2 r 572

B A s

3Ui 4.1 Snuaz Tassadovewnundeomas lfhuuued lsviiwes EE-80 ildluanuivy

’ 3 TR} E
dosnnndeuashiifianudfildaudisige dehiRudendinssudaldihde

4 v
9 a

¥ ] s/ b4
Aufnthgaunann I3 sa/mm’ nszua Ifhmedwdgugiiviiy s A dafudiuiivide
5A = 4 o °
YBIUADIAAD v —1.25mm? Damsufisuwesainld #AWG 16 (1.3 mm’) Haniims

finae) Litz Wire) $1u9u 518U



46

-

@ 3 o o o a [ -4
waanntihimsmunauesvamamemuniogil 1ddel Ao

VP
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1 - kY
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99
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melifheadoutadlrfhwiatfteiidufuyszqus (Parasitic Capacitance) ﬂﬁﬂg‘ldi’uﬁ
i'?wmﬁﬁauﬂm"Mﬁumﬁu'lwﬁ1qqmm?§qqﬁqmaﬁ'mﬂ§ugﬁ(C uaziuyasgii(C,)

annsouans 1anagli 4.2 [63, 64, 66]

Lp Rp Ls Rs
[ [ ]
Primaryl I Secondary
C R N N C
Side 'l' P Lm S ® Side
O—e g —0

51 4.2 2vsauyaveandemlas lufhusedu Iihgennudgs

N, =$auseuvesuaaraniidiuilgugil

N, = uiuseuvesaaianisinasgi
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R, =snudmumuveanuniioutasinih
£4 9 a
R, = Anuiumuvesvamianidulgugl
R, = anuduniuveavanIaniesiuyigi
L =manumienhuunu e
L, =sarumilenhnszudiihirnamsdlgugl
L. =manumiisnhaszuaiiihi lnamedunsogi

C, =mnamuyldfhawluvesaaameiulgugd
c, =manuy lihmeluvesvamanadumdegi
A1
AUIUTVIVARIA
d NS
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0000000000

w

5o-
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= v g A A a dg, 1 3
3‘1]71 4.3 G\'JLﬂU'l]'igﬁlﬁllﬂu‘ﬂlﬂﬂﬁluizﬂﬁ'm"ﬁu"Uﬂ\'i‘llﬂﬁ'lﬂ

1 ¥ 3
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v v & a a @ A o ar
ﬂWl’JLﬂ‘lJﬂ‘i:‘,"gLLFJ\‘l (Parasitic Capacitance) NINAUVHHUNAIINMTUIITARUIUNITON

1 3 & (Y Y 1 o (l,l ~ [ Y v 3 o Y a
i%ﬂ’J'N‘Ifuﬁli)ﬁ‘llﬂﬁ'f]ﬂLWﬂﬁﬂx‘lﬂuﬂ'ﬁ'ﬂﬂ’N‘i}i FIIANY Wﬁm"lummuizwnwuwﬂﬂmﬂ
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g iy dediaanuiunnanuluaioulidnnuysy1aensouegssnINTULaAL
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AdAdo @ A
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C=¢ x¢ xK
d (4.10)

v g =
iilo C = dufulszaudsvsandeutfaIiihanudgs F/m)
v da nady
g, = MulesiinAdn (Permittivity) YOI YINIA
1 ) at:dyu v o A s &9 9 o . Y
£,= AleslinAIndunniniovesTagn14inuiu(Relative Permittivity)

¥V
w= mwm%’wmaq‘ﬁuwmwmum (m)
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[ [
d = anunivestaaliuauiu (m)

o . 3 ' ] =1 0w 3
ununes15y (Ferrite Core) tindiaianudusiuiduussaiman Wi 1dd1 daiuda
a ] o [] { ] 1 1 1 1 ¥ ]
Aardunsamimaniihuresduin 18 lnaruuny usag lvadiugesineeima Gonan
v I~ o & g o 1 4 o
dunsaaimanTif$21na (Leakage Inductance : Ly, ) Tutluwaldifindiniuumilsnih

4 g o 1 o @ oy
yulesiufife ML, uaz L annsamumlddaqumsi 4.11 fe

2
puox . xN-xd
Lleakage == . (411)
w
4 v { o ] =3 [
{0 L = nnmumisniudunsasiman Inihsana (Hm)
' 4 aa Y
g,  =auosiivaziiaf (Permeability) voigayaniet
E4
N = 3§1uusouiienuaueyaadn
I, = ANUIAURAYTOULNU (m)
I al
b, = ANNTNUVOUUU (m)
AR
h,, = ANUYIVDIUBVUU (m)
s = Sugesmswuadussniwaalas il suginosyaogil
E4
W =ANuAINYIITUIARIAVIDUIAN (m)
o 4 3|
d = anwnunvesTaah iunuau (m)

dunssmn ihdmlngf masmunundeudas i udasinnszue I

atraduusanimanifih (Magnetizing Current) it vanad1ugugiivesmdeouras
F v

I gatusufaaiaumioninduusasmdn i luunundeutlasvia

. . dy A o Y P
(Magnetizing Inductance : L) %1 Faeusaiiuim lannaunisn 4.12

Il'loxﬂTXAC

L,=N>x (4.12)

c

- aanumieninduaswiman i luunundeudas v (Henry)

=

L

N, = $UIUTDVUBIVARIANBLAIA UL U
A4 =iufnrhgaunumedlsiduusaaimin v lnadn m?
I = maduduususmin i luenumed1sv m)

u, =fuwles Lﬁﬂﬁﬁéﬂl@ﬁﬁﬂgﬂpmﬁ (Permeability of vacuum)

¥ A aa yw o o R e
p =nawleslozianduing (Relative Permeability)
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ol dunsas o ldnnaunsi 4.13
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R= . 4.13
Pou (4.13)

cu

4
)
J 9
R =manudiumuvesuaaianeauad (€Q)

p,, = mdulszAntanudumunssud Iihvesiagildivaataneuns ((-m)

[, =aNUIMVDIUARIANDILIAL (m)

b4 1
A, = Nuiinthaauesunaanowad (m')

LY

MATNUATIMUYBIUARIANEILA LN R, AN

R, =Py pri g (4.14)
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AMANUAUNILVBIUARANBWAIIUTAQN R, DAY

U

lN2

R pcu ,Sec A (415)

€u,sec

R,,R = manudmuussvananeniswlguglivazauyegil ()

t @ a o o o
Poupris Ponsec = arduilszansanudumunszuda ihuestaghldiwaada

noauasalgugiinazdundogi ((Q-m)
[, = ANUEIVBIVADIANDIULAY (m)

4" d' Y Y a 9 = =Y 2
Ay pris Auee = AunnthaayesaalenulgugiitazauyAsgu (m)

=Y

Np = mmuiamawwmﬂ‘wmummuﬂfﬁuﬂu

L'

N = 'lu'luimﬁl@Qﬂlﬂﬁ?ﬂﬂ1\‘lﬂ1u‘ﬂﬂﬂﬂﬁ

2evsaruyame IWfhveendoutasIfhus s IWdhgennudgen1dimsde
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° ] P=N &Y ad o 9 v 9 a o
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N 2 V 2

L' = V" xL, = —VL xL, (4.16)
NS ’ VS ’

R, :[Fp] xRS=[?"-] xR, 4.17)
N, V i

C.= s] xC, = =| xC, (4.18)
N, 2

L R L R!

T T
= =

11l 4.4 2vsmuyavesntauacinifhussiuwihgennbgeiivhmstenmiinoing

=

T hwemdondadIfhanmedunaogimedntlgugd

nnduNsf 4.1 - 4.11 usatiundaanamsieesnieifhwemieudas
Iishus s IWfhgennuiiqeld Taglufinazdmualiiussiugmdgugivihi 310 Vpeak
wazus IR LA NRENTINAY 3.5 kVpeak THunundouas vfhuuumes lsvives EE-80
Feifnunedagui 4.1 2esauyavemiautod s Infhgennuige Uszaeudae
mdamionindunsaniminialva L, wez L srnnudwmumeidihluveadn
NeWAY R, uaz R sanumisaiuduiswdimdnilnaluunumlesls L, uazaén
wudszawh C,uaz C, Taslimaulidng #unsdnnusdelui

- menuduanudunsasimanugarrma(u,) = 47x107

- mnnudumnuiduusasimanlueinis (p,)=1

- fuseuvamalgugil (N,) =99 so1

- fwusevvaalanaegil (N, )= 1130 58U

- $mausouvesvamadedumedulgugd - 33 s0U

a

4
- SwnuseuveuamIAdRTUNIN YA = 66 SOV

U

3
a

- $wnduvesuamameddgungi - 3 Fu
- $nnuduvesuaniameduiegd = 17 $u

- awemdsseunnundeudasiiih (7,)=0.18 m
- anunhaueuiu (5,)=002m

t 4
- ANNgIDIUBLDLY (A,) =0.055m
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futesmsiuadusznvanalyugiinasyienii(s) =2 909
E4
ANUNUIUBIRUIUTOIVADIANDILAWATSHY (d ) = 0.35 mm(RUIY Normex)
E4
ANV UVBIVARIANDIAS (W) = 40 mm
] 1 [~ L4 [ Y
Aanudusuduusaniminuunumes 159 () whiy 2400
nﬂy ~ Y w -4 3
AUNMIDAALAUVUIA 3.92 X 10°m
a 9 ' =3 9/ v
anuemaRudususimanvesnunieudas iy 0192 m
1 -8 & g 1 @ 0
M p,,=20x 10" Fudusuawizludnimoans
@ o vy o
ANNIMANIIMBAAININAUYFUYT = 7.9 m
ANMUEIRNIMo A A TUYAEYT = 90 m
A 4 v o Y} P T2
Hunnihaaaansaanedulgugil = 1.3 mm
dy o) 9y w kY a o 2
AUNNTIAADIANBIUAIMN NN UNATYN = 0.128 mm
1 da Qﬁd’l -12
AloslinAInvegey NI = 8.854x10

1 Isa an ¥
AMesuRAIAUDINUILU Normex 111 Polyester = 3

A o 1t - Y1 [ dy
HONINTITUNUATINEG asluaunisn 4.1-4.11 fﬂzllﬂﬂ’lﬂ']\‘l‘] AU

' N ) ol e o] " A\ e
- ﬂ']ﬂ'nlllﬁuEl')u’ll'ﬁu“j\1LUJWIaﬂi')llﬂﬂﬂ\‘lﬂ'l\?ﬂ']uﬂiuﬂ“u“agnﬂﬂgn 1213

_ Axx107 x 997 x 2400x 0.35

I =0.2586 mH (4.19

P 40 !
-7 2

2 47 %10 x113400 x2400% 0.35 —33.6966 mE (4.20)

] 4 o 1 =]
- ahanumiieindunswdmanluunundowlasvih fe

-7 —4
L =99 4x7x10 on‘:ggx”zxm —26.55 mH 4.21)

E4
- sanudumuluvamaneswasiameduilgugiiuasyAegil fe

R =2.0x10_8—7'9—_6=0.12154 Q (4.22)
P 1.3x10

R =2.0x10"° —90__5 =14.0625 Q (4.23)
0.128x10
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Cp =1.52nF

= +
C, 3.035x10”

ﬂ =3.035 nF (4.24)
1 (4.25)
3.035x107° '
(4.26)

¥ F4
a = o ar LY 1 \ L A
- m\w’ﬁunmﬂﬂuﬁammmﬁma’m 16 ¥U AMNUU AN C flﬂ']iﬂi]f]‘lgﬂiuﬂu PIWNIT0
14

Auna Al
1 16
757\ Sae - 4.27)
C, 3.035x107°
C, = 0.189nF 4.28)
dohmsmeTeusmnfmesveandoudas Tfhnnmedumdogd higimgu
ailavldnsgualednsdmvemdendasiihondidades azlidumdy
BT ) 5
.= 00 %x33.6966x107° =0.26435 mH (4.29)
o (310
R'. = 300 x14.0625=0.11032 Q (4.30)
2
C', =(%J x0.189x107° =24.1nF (4.31)
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" v q
C!=mdunulszgudanediug

' 3 P o ¥ ' g o Y
L! = awndlenindunsanimani mameduy
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Renuy
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iites 1 TouaA a7 (Henry)

=
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Circuit Analysis and Modeling of a Phase-Shifted

Abstract—This paper proposes a circuit analysis and system
«qodeling of an ozone generator using a phase-shifted pulsewidth
-nodulation full-bridge inverter connected to two electrodes via a
«tep-up transformer. The circuit operation of the inverter is fully

WNescribed. Approximate models of the high-frequency transformer
ind the oqune-generating tube are given. Model parameter values
ire obtained from electrical characteristic measurement in con-

siunction with physical dimension calculation. In order to ensure

whata zero-lvoltage soft-switching mode always operates over a cer-
“tain range of a frequency variation, a series compensated resonant

<nductor is' included. The advantage of the proposed system is a

=capability Iof varying ozone gas production quantity by varying

=he frequency of the inverter while the applied electrode voltage
is kept constant, in order to overcome a high-frequency effect on

Khe transformer voltage regulation. As a consequence, the absolute

«ozone production affected by the frequency is possibly achieved.
The correctness and validity of the proposed system are verified by

®ooth simulation and experimental results.

Index Terms—Circuit analysis, ozone generator, phase-shifted
lpulsewidth| modulation (PWM) full-bridge inverter,. resonant in-
verter, system modeling, zero-voltage switching (ZVS).

I. INTRODUCTION

N RECENT years, ozone has become important agent as the
I oxidant element for bleaching, disinfecting, and chemistry
in many applications, such as deodorization, drinking water pu-
rification, color removal, etc., since it has an extremely strong
oxidizing property, and leaves no residues harmful to the global
environment [1]-[3]. As an alternative method to others, such
as radiativla irradiation, electrolytic, optochemical reaction, etc.,
silent electric discharge or corona effect operation by applying
the high v‘)ltage 1o electrode tubes is widely used in generating
ozone for [industrial applications due to effectiveness. The use
of high-frequency. power supplies for ozone generation offers
various advantages, such as an increase in the power density
applied to| the electrode surface and an increase in ozone pro-

Manuscript received September 27, 2009; revised January 26, 2010. Rec-
ommended for publication by Associate Editor J. Biela.

The authdrs are .with the Faculty of Engineering, King Mongkut’s Insti-
tute of Techhology Ladkrabang, Bangkok 10520, Thailand (e-mail: kkwijit@
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Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.iece.org.

Digital Oll)jecl Identifier 10.1109/TPEL.2010.2042075

Pulsewidth modulation Full-Bridge-Inverter-Fed
Ozone Generator With Constant Applied
Electrode Voltage

Vijit Kinnares, Member, IEEE, and Prasopchok Hothongkham, Student Member, IEEE

duction for a given surface area while decreasing the neces-
sary peak voltage [4], [6], [7], [11], [12], [21], [23]. The in-
crease in the frequencies up to several kilohertz is possible with
power-electronic switching devices, for instance, MOSFETs
and insulated-gate bipolar transistors (IGBTs). Consequently,
the increase in the efficiency of the ozonizer, the decrease in the
equipment volume, and easily controlled ozone production can
be achieved [4], [6], [14], [15], [20]. Low-power ozone gener-
ation can be found in [7} and [8}. Many converter topologies
have been proposed in order to improve efficiency and reduce
size [7], {81, [13], [20], [26], [28]. One of these is based on the
voltage-source-type IGBT resonant inverter [4], [6], [14]. This
technique offers soft switching, reduced losses, and electroin-
terference (EMI)/RF interference (RFI). Various power con-
trol schemes such as pulse density modulation (PDM) were
proposed for improving the ozone-gas-generating characteris-
tics [6], [14], [15]. Although, a converter with a single switch
offers advantages in terms of low cost and simple control, a
transformer saturation is prone to occur. Therefore, a full-bridge
inverter is used in order to overcome this problem. Moreover, a
closed-loop technique with this type of the converter is easily
controlled for obtaining good stability, high efficiency, small
size, low noise, etc. [16), [17], [26]. Although the develop-
ment of a converter topology and a power-control technique
has been attractive, analysis and modeling of ozone genera-
tion are still required [6], [7], [10], [13], [18], [20]. The ben-
efits of knowing the modeling of the ozone generator are a
design of suitable power supply and electrode tube, and a better
understanding of ozone generator characteristic. The simpli-
fied modeling and parameter testing for high frequency up to
15 kHz were proposed [9]-[12], [18]-[20]. However, a model
for higher frequency than this value has not been investigated
yet. In addition, there are a few publications concerning with
frequency-dependent power absorbed by the ozone generator.
This paper focuses on the analysis and simplified circuit-
based model of an ozone-generation system. First, description
of the overall system designed is given. Then, the modeling and
parameter value determination with simple methods of electri-
cal characteristic measurement and calculation are explained.
The explanation of the circuit operation under zero-voltage-
switching (ZVS) operation is fully given. Mathematical equa-
tions are derived in a reduced form for approaching to an ap-
proximate circuit model. Simulation and experimental results
are illustrated to confirm the validity of the proposed model.

0885-8993/$26.00 © 2010 IEEE
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Fig. 1. Proposed system of an ozone generation.

The proposed system is able to vary ozone gas production quan-
tity by v:arying the frequency of the converter while the voltage
applied to the electrodes is kept constant, in order to obtain the
absolute ozone production affected by the inverter frequency.

II. OVERALL SYSTEM DESCRIPTION

The proposed system is shown in Fig. 1. The.description of
components is as follows.

A. Full:Bridge Rectifier

This part provides dc power supply of the phase-shifted
inverter, It converts one-phase 220 V,.voltage to about
310 Vy¢ voltage-using diodes formed in a full bridge. The dc
voltage has fairly free ripple with the help of the dc capacitor
filter with a reasonable value of 3300 uF.

B. Phase-Shifted PWM Full-Bridge Inverter

|
In this unit, IRFP460 MOSFET package equipped with a

freewheeling diode in the body as a switching device is used. It
converts dc into high-frequency ac voltages. Phase-shifted sig-
nals are controlled by a dsPIC microcontroller. The feedback
voltagelis achieved from a voltage divider together with signal
conditioners, namely, rectifier, filter, and amplifier isolator cir-
cuits. Then, the obtained appropriate feedback signal is applied
to the dsPIC microcontroller for automatically phase-shifted
adjustment. The phase-shifted angle ¢ is adjustable from 0° to
180°. These signals from the dsPIC microcontroller are trans-
ferred to the driver circuits for controlling the power MOSFETs
in the inverter circuit. The applied voltage can be regulated to
be constant by the automatically phase-shifted signals. The fre-
quency, of the ac output voltage is varied in a certain range to
ensure that the ZVS condition can occur for reducing switching
loss of the main switches.

High-Volage  Ajrinlet Air Outlet
High-Frequency v ‘
Transformer
1:12
< »Rr3
< %> R'i»—
< rFR3
Rectifier & Filter
and Amplifier
Isolator Circuits
&4
s, Isolated
i
= Gate [e—dspicsomoto
] Driver
s,| Circuit T
Switching frequency
and Voltage Command

C. High-Voltage High-Frequency Transformer

The EE-80 ferrite core is used. The output voltage is stepped
up to 3.44kV ..\ and applied to the two electrodes for jionizating
gas.

D. Resonant Inductor (L)

This component is used for reducing the tuned resonant fre-
quency in a suitable range. The range is considered on the basis
of minimized device losses and ozone production. The designed
inductor value is considered, following the procedure proposed
in [15], [20], [26)-[301], and [32]-[37]. The series inductor value
is determined as follows. The existing resonant frequency f; is
defined by the following;:

1

ca 2701/LeqCeq

By using the data of the proposed circuit, the resonant
frequency f; is 85 kHz. This value is considerably high. As a
consequence, it can affect the device losses, the transformer volt-
age regulation, the ozone production, and the cooling system.
Then, the resonant frequency should be reduced in a suitable
range by adding a compensating inductor in series. The reduced
resonant frequency can be derived from (1) and expressed as
follows:

i M

1

f = T T L

)

where
fr  resonant frequency before the resonant inductor added;

7 resonant frequency after the resonant inductor added;
L, series resonant inductance;
L., leakage inductance of transformer;

equivalent capacitance of transformer and electrode.
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Fig. 2.  Electrode tube configuration.
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»
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Fig. 3. Cooling system configuration.

The selected compensating inductor is about 0.45 mH. Then,
the decreased resonant frequency f; is about 40 kHz. Note
that the operating frequency must be higher than the decreased
resonant frequency (i.c., higher than 40 kHz), so that the ZVS
operation always occurs.

E. Ozone-Generating Tube

The tube is designed for highly nonuniform electric-field gen-
eration. The structure drawing of front and side views and the
photograph are shown in Fig. 2. The components and the di-
mension description of the tube are as follows. The inner hol-
low cylindrical tube is made of a thin dielectric glass that has
the inner radius r; of 2.1 ¢cm and outer radius 79 of 2.25 cm.
The inside of this tube consists of thin stainless spirals acting
as an electrode. The outer hollow cylindrical tube is a stainless
conductor having the radius 73 of 2.45 cm acting as the another
electrode. The clectrode length (1) is equal to 25 cm. The gap

AC High-Voltage

Ozone

Cooling Water

between the inner and outer cylindrical tubes allows air flow
with a rate of 20 L/min in which the oxygen in the dry air is
partly converted into ozone by the silent discharge. With this
configuration, the dielectric barrier prevents from sparking be-
tween the two electrodes. The range of approximate permittivity
value of the used dielectric glass (¢, ) is between 5 and 10 and
the approximate permittivity value of the air (¢,,) is 1. These
parameter values will be used for the simulation in the next
section.

F. Cooling System

A stainless tube is used in this part, as shown in Fig. 3. It
covers the electrode tube and allow the circulating water easily
flow by a water pump. As a consequence, the heat dissipated
from the electrode tube due to high-frequency operation can be
transferred, resulting in reasonable level of the electrode tube
temperature. Without the cooling system, flash over could occur.
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Fig. 5. Measurement setup for parameter determination.

III. SYSTEM MODELING AND PARAMETER DETERMINATION

In order to simplify the analysis, the modeling of the high-
frequency transformer and electrode tube is treated in a reduced
form. Note that the necessity for accurate results is not the vital
scope of this paper.

A. Parameters of the Proposed Ozone-Generating Tube

The proposed ozone tube can be represented by a simple
equivalent circuit, as shown in Fig. 4 [2], [15]-[17]. This circuit
takes into account the high-frequency operation.

The ozone parameters can be found by a simple method of
measuring the electrical characteristic of the proposed ozone
tube. This method is performed in the same manner, as the
method proposed in [18]-[20]. The ozone measurement setup
is shown in Fig. 5. The two electrodes are supplied with a high-
frequency voltage source in conjunction with a high-frequency
high-voltage transformer. The known value capacitor of 1 pF for
measuring charge waveform is used. This ac supply is generated
by a high-frequency PWM inverter with an output filter. Voltage,
charge, and current waveforms in the ozone generator are mea-
sured by using a DL1540 C YOKOGAWA four-channel digital
oscilloscope equipped with a high-frequency current probe and
a high-voltage probe having bandwidth of 100 kHz and 10 MHz,
respectively. A method for determining R, and C,is performed
by following the method proposed in [18]-[20]. More details
of the testing method can be found in [18]-[20]. The Lissajous
diagrams of charge—voltage characteristics at different frequen-
cies are shown in Fig. 6. From these Lissajous diagrams, the
value of the charge in the ozone generator, while as the instan-
taneous electrode voltage is zero, () is obtained. Equivalent
resistance R, can be calculated by (3), where V;, is the ampli-
tude of the supply voltage. When increasing the frequency, the
value of the charge is increased. Note that the scale of Y-axis of
Fig. 6(b) is twice that of Fig. 6(a). Q@ for the frequency of 45 and
55 kHz is 146 and 208.8 nC, respectively. Therefore, at higher
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(b)

Fig. 6. Charges—voltage Lissajous characteristics of the electrode tube at var-
ious frequencies. (a) Frequency of (a) 45 kHz and (b) 55 kHz.

frequency, higher value of charges can be obtained, thus re-
sulting in a decrease in R,. While the applied voltage is kept
constant, the decreased resistance results from an increase in
power. The internal area of the Lissajous corresponds to power
absorbed by the ozone generator.

The Lissajous diagrams of current—voltage characteristics at
different frequencies are shown in Fig. 7. From these Lissajous
diagrams, the value of the current in the ozone generator at zero
value of the instantaneous applied voltage, [ is obtained. [ for
the frequency of 45 and 55 kHz is 0.14 and 0.2 A, respectively.
Equivalent capacitance C, can be calculated by (4), where V,,
is the amplitude of the supply voltage. When increasing the
frequency, the value of the current is increased, resulting from an
increase in absorbed power. Figs. 8 and 9 demonstrate variations
of equivalent resistance and capacitance with supply frequency,
respectively. When increasing the supply frequency between 45
and 57.5 kHz, the equivalent resistance is decreased, while the
equivalent capacitance is increased. These results imply that
with constant applied voltage the power of the ozone generator

is increased with frequency
Vin Vin
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Fig.7. Voltage—current Lissajous characteristics of the electrode tube at vari-
ous frequencies. (a) Frequency of (a) 45 kHz and (b) 55 kHz
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Fig. 8. Variation of equivalent resistance with frequency obtained from the
_measurement.

B. Modeling éf High-Frequéncy Transformer

The high-frequency transformer is designed in accordance
with an area product approach. The complete model of the high-
frequencx transformer can be shown in Fig. 10[38], [39], includ-
ing parasitic capacitances. Procedure of calculating parameters
is the same manner, as [38)] and [39). Then, the approximate
equivalent circuit combined between the high-frequency trans-
former and electrode tube can be illustrated as Fig. 11 lumping
G, C., and C; into Cr. C., is C,referred to the primary side of
the transformer. R, is R, of the electrode tube referred to the

2
1.8
1.6
1.4
1.21
1-
0.8
0.61
0.4
0.2-
0 T — 7 Y >

45 475 50 525 55 515
Frequency (kHz)

Fig.9. Variation of equivalent capacitance with frequency obtained from the
measurement.

e

Capacitance C, x107°F)

HQ
Il
"

Fig. 10. Equivalent circuit of a high-frequency transformer.

Fig. 11.  Approximate equivalent circuit of the high-frequency transformer
and electrode tube.

primary side of the transformer. Parameters obtained from the
calculation and measurement of the transformer and electrode
tube are illustrated in Table I.

IV. CIrRcurT OPERATION

The switching patterns taking into account the dead-time ef-
fect, output voltage, and current waveforms of the phase-shifted
PWM full-bridge inverter are shown in Fig. 12 for aZVS condi-
tion. Signals for switches S3 and S;of the second leg are shifted
away from switches Sjand Syof the first leg with the phase-
shifted angle ¢. The dead time tpr is used to prevent upper
and lower switches of the same leg (i.e., S} — S3 and S3 — S,)
from a short-circuit failure. The output voltage can be varied by
changing a value of the phase-shifted angle. In order to achieve
ZVS operation, the controlled frequency must be greater than
the resonant frequency. As shown in Fig. 12, the circuit opera-
tion corresponding to the switching patterns and the operation
in Fig. 13 can be divided into ten modes as follows.
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TABLE I
CALCULATED RESULTS OF THE TRANSFORMER PARAMETERS
CP,C,(nF) 1.52,0.189
L,.L,.L,, L (mH) 0.067 , 8.75, 26.55 , 0.1355
R,,R,, Ry (kQ) 0.1, 12.12, 0.195
C; (oF) for £ =45-60kHz | 43-49
o 239 - 685

for = 45— 60kHz

7, /
> ol
) 0
~V, -+
Modes | 1 2 3{4i5(6 7 81910

Tume 1, 1, Loy It 1, 1.5ty

Fig. 12.  Switching patterns, output voltage, and current waveforms of the
proposed inverter.

Mode I (ty ~ t,): This mode allows the energy feedback to
the dc supply from the RLC load, which is equivalent to the high-
frequency transformer and electrode tube. During this interval,
both switches S and Ssturn ON. The current flows back to the
dc supply via D3 and D;. The output voltage Vg is +Vj,
which is the dc supply voltage. The voltages across Sy, Cs, and
D, are +Vj;, and voltages across Sy, Cy, and D, are zero. The
assumption is that the voltage across switches during turn ON
is negligible. The voltages across Sy, Cy, and Dy are +Vj, and
voltages across Sy, C3, and Dj are zero. This mode is so-called
an inverting mode.

Mode 2 (t, ~ t9): This mode is a rectifying mode that the dc
power supply provides the energy to the load. S; and Ss still
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turn ON. The current direction is opposite to that of mode 1. The
current flows from the dc supply to the load via both S; and
S3. The resultant output voltage Vg is still +V;. The voltages
across Sy, Ca, Do, Sy, Cy, and Dy are +Vj;, and voltages across
Sy, Cy, Dy, S3, C3, and D3 are zero.

Mode 3 (ty ~ t3): During this interval, S; turns OFF, while
as Sj turns ON. Since S| is turned OFF by the signal, the current
flows throughC. C; is charged from zero to +V;/2. At the
same time, the voltage across C, is discharged from +Vj, to
+V;/2 via the load and Ss, since Cy is connected in parallel
with the load.

Mode 4 (t3 ~ t4): This mode is in a freewheeling time inter-
val. Both Sjand Syturn ON. The output voltage is zero. Then,
the current flows through Dy, S3, and the load.

Mode 5 (ty ~ t5): During this mode, Sy, S3, and Sy turn OFF,
while as Sy still turns ON. Since Sy is turned OFF by the signal,
the current flows through Dy, C3, and the load. Cj is charged
from zero to +V; /2.

Mode 6 (ts5 ~ tg): This mode is also an inverting mode similar
tomode 1. Sy still turns ON, while S; is turned ON by the signal.
The current flows back to the dc power supply via D,, Dy, and
the load. The resultant output voltage is — V.

Mode 7 (tg ~ t7): In this mode, Soand Sy still turn ON. The
current flows from the dc supply through S; and S5 to the load
(i.e., the load current is negative). The load voltage Vg is— V.
This mode is also called a rectifying mode.

Mode 8 (t; ~ tg): S» turns OFF, while as .Sy still turns ON.
The current flows from the dc power supply to the load and
capacitors through Sy, Cy, Cs, and the load to the dc supply. Cy
connected in parallel with S, is charged from zero to +V,/2
via the load and C. C is discharged from +Vj to +V; /2.

Mode 9 (tg ~ tg): This mode is a freewheeling mode. Since
Ss turns OFF, S, stills turns ON and S} is turned ON by the signal,
the path of current to the dc supply is cut off. Then, the current
flows through load, D, and S;. The load voltage is zero.

Mode 10 (tg ~t1p): In this mode, S; still turns ON and S,
turns OFF. The current flows through D;, Cy, and the load. Cj is
charged from zero to +V;; /2. After mode 10 is complete, which
is a final stage of the operation period, the cycle of the operation
is repeated.

V. CIRCUIT ANALYSIS

In order to understand the preliminary characteristics of volt-
ages and currents of the main and load circuits, a mathematical
approach is required. This analysis is based on reduced second-
order differential equations for ease of solving instantaneous
voltage and current equations under the following assumptions
similar to [7].

1) All the components of the circuit are ideal.

2) Dead time tpt is negligible.

3) The parameters are referred to the primary side of the

transformer.

4) The effect of inductance L,, can be neglected.

The applied voltage to the transformer and electrode tube is
shown in Fig. 14. The equivalent circuit for each state can be
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Fig. 13.
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A dv v,
1% hW=Cr—2+ = 0
1 =Lvr
+7, B i "R
. Vo
> 12 = ﬁ @
to t t: ts ts ¢
di )
vo = Vg — Lr— — Rris ©)
-V, dt
n— Yo% g (10)
Fig. 14. lldeal output voltage of the inverter applied to the transformer and the gt R’e 1 dt
electrode tube. :

Let inijtial conditions be t = 0,v,(0) = V,;, and 4; (0) = ;. 340

Rearranging the aforementioned equations into a second- 341
 + L, Ry ‘L , T order differential equation form, the output voltage is expressed 342
ViT- i TCT L 3R, i’[ as follows: 343
: i @ d%u, + 1 - 1 dv, 4 1 g 2V
P —_— —_— W Vo = .
@ dt? TrRe TRL) dt TRiTRG | 1) 0 T
.o : an
‘ <i i» By solving the aforementioned equation, the output voltage 344
L, R, | *iz L . T can be obtained as follows: 345
. Cr Z2R'v 172 v
<4t Yo 47 e d d — t)
= Vi = (et 't
T J_ R Ti+1+(m Ti+1)e cos(wyt)
® -
XN (N Y hi Ve
Fig. 15. |Equivalent circuits for the second-order derivatives in the analysis. Wy ™ 7+ 1 Cr Tre
(a) State 1: g — ¢;. (b) State 2: ¢) — ¢5.
x el=or) sin{wyt). 12)
shown in Fig. 15. The parameters for the equivalent circuit are ~ Consequently, the second-order differential equation of the 346
as follows. ’ . transformer input current ; is 347

|
Va dc voltage supply; 2. :
Vg :Lransfonner output voltage referred to the primary side; ﬂ+< 1 A 1 ) diy 5~ ( ! N w%) i = w? Va

MLt £/ (_amt\}| £27 22
iy transformer input current; dt? TRC TRL/ di TRLTRC Rl'e?)
Ly transformer parasitic inductance; { . : ( . )
Ry {transformer resistance; By solving the aforementioned equation, the transformer in- 348
Cr |lumped capacitance (electrode tube and transformer ca- put current can be obtained as follows: 349
pacitances); Vi Vi -
R, |equivalent load resistance. i = v B + (Ili N m) el=97) cos(wyt)
+  The procedure for the circuit analysis is as follows. T . 4 ¢
For simplification, time constants and angular frequencies k4 +L ). | 1.2 Vu Vi — Vi — R-TIli)
. can be defined as follows: wy \ LA™ (Rr+R.) Ly
* x e~ sin(wy t). (14)
— R =
¢ = ReCr, 7L =1Lr/Rr, State 2: Interval t, — t3 350
wr = 1/4 /LyCr, 7 =Rgr/ R; , From Fig. 15(b), using Nodal analysis at node, v, can arrange 351
the equations as follows: 352
ar =1/2((1/rrc) + (1/7rL)),
i1 +ig i3 =0 (15)
wy = \/W% +(1/mre7RE), wN = yJwh; — Ak d :
. . Vo Vo
3! =_CTE_—R_’ (16)
7 State 1: Interval ty — t, €
8 From Fig. 15(a), by using KVL and KCL, the circuit equations di .
9 areas ollogws: YR LTd_; + Rriy = v,. an
diy . s Initial conditions are t = £; = 0,v,(t1) = Vi, and 43 (1)) = 353
Lp E + Rpiy +v, =V ) Is. . 354
dv, Rearranging the aforementioned equations into a second- 355

ih—ip =Cr dt (6)  order differential equation form, the output voltage is expressed 356
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Fig. 16. Calculated input voltage (vi, ), input current (i1 ), output voltage (v, )
of the high-yoltage high-frequency transformer referred to the primary side.

dvo
dt

+

as follows:
d2v, 1 1 1 9
dt? (% * E) + (TRLTRC * wT) %oyl
(18)

By solving the aforementioned equation, the output voltage
can be obtained as follows:

v, = V,;elmert) cos(wnt)

+

1 Iy; Voi
J "/01' —yy_ v
o (("7 Yo TR,

Consequently, the second-order differential equation of the
transformer input current 7; is .
2} 3N
+ wT) i1 = 0.

d%i; 1 1Y di 1
._2_. L —_— + —_— = + —a
dt TRe  TrL/ dt TRLTRC
(20)
By solying the aforementioned equation, the transformer in-
put current can be obtained as follows:

) =T sin(wpt). (19)

—+

iy = I;et=ert) cos(wpt)

Ryl +
arl;; - Iy

Using |aforementioned equations and obtained parameters
from the| measurement and calculation mentioned earlier, the
waveforms of the voltage and current of the transformer can
be plotted, as shown in Fig. 16. These waveforms are merely
results of a first stage for analyzing the simplified modeling of
the proposed system. The results seem to be reasonable in views
of the component characteristic, such as the ZVS condition and
phase-difference angle between the current and voltage. It is
implied that the obtained parameters values could be valid. In
order to confirm the correctness of these parameter values, the
simulati(!m results of the whole system will be illustrated in the

I
next section.

) et gin(wyt). (21)
wN

VI. SIMULATION AND EXPERIMENTAL RESULTS

The prototype has been implemented and tested. The res-
onant frequency is about 45 kHz. The inverter frequency is
varied between 45 and 57.5 kHz. The reason for selecting such

certain range of the inverter frequency is the limitation of the
transformer current. The output voltage of the high-frequency
transformer is kept at 3.44 kVye, by adjusting the phase-
shifted angle ¢. The compensated voltage is introduced since
when working at high frequency, the characteristic of the high-
frequency transformer is likely to act as a low-pass filter, hence
reducing the output voltage. The ozonizer is fed by a pump with
220 L/min dry air-flow rate.

In order to prove the ZVS operation, the switch voltage and
current waveforms are shown in Fig. 17. It can be obviously
seen that when the S; turns ON, the voltage across the switch
falls to zero with a certain falling time. This event occurs before
the switch current rises from a negative value through zero to
a positive value. Therefore, in practice, this negative current
will flow through the freewheeling diode built in the body of
the power MOSFET, thus reducing switching loss during tum-
ON time of the MOSFET. The experimental result is in good
agreement with the simulation one.

Fig. 18 illustrates the voltages and currents of the primary side
of the high-frequency transformer (i.e., output of the inverter) at
a variation of the inverter frequency with the constant electrode
voltage (i.e., transformer output voltage). Clearly, the currents
lag the voltages for all frequencies. When increasing the inverter
frequency, the pulse width of the voltage waveforms is increased
in order to keep the output voltage of the transformer to be con-
stant at 3.44 kV ... In addition, the phase of the current is
shifted from that of the voltage when increasing the inverter
frequency. Also, the amplitude of the current is increased. This
implies that the power increases. The simulation and experimen-
tal results are in good agreement. The figures of peak voltage
and current values of both results (i.e., indicated at the top of
waveforms) are very close. These confirm that the values of the
model parameters of the proposed method are acceptable. As a
consequence, the proposed modeling is valid.

Fig. 19 shows the voltage and current waveforms of the sec-
ondary side of the transformer. Obviously, the voltage and cur-
rent waveforms are nearly sinusoidal. The currents lead voltages
for all frequencies, since the electrode tube acts as a highly ca-
pacitive load. Obviously, constant 3.44-kV .y voltage value is
obtained for all frequencies. The current amplitude increases
when increasing the inverter frequency. This implies that the
power supplied to the electrode tube increases. The simulation
and experimental results are in good agreement not only the
voltage and current waveforms, but also the figures of the peak
voltage and current. Again, these results confirm the validity of
the proposed model and obtained parameters.

A variation of the absolute ozone production with the fre-
quency effect can be illustrated in Fig. 20. As can be seen,
when increasing inverter frequency, the ozone production in-
creases almost linearly. This shows that the inverter frequency
is one of the most important factors for ionizing, apart from the
voltage value. This is in accordance with the theory of ioniza-
tion {2}, [3], [5], [21]-[24], [31].

Fig. 21 illustrates a variation of the ozone production with
the output power of the inverter. The somewhat linearity is also
achieved. It is found that the ozone production depends on the
output power of the inverter. The increase in power can be
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Fig. 17. Current (i451) and voltage across MOSFET M (w4, ) at switching frequency of 57.5 kHz. (a) Simulation. (b) Experimental.
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obtained by increasing the frequency instead of the increase in  proposed system can provide the output power by adjusting the 442
the appligd voltage. ' phase-shifted angle ¢. The variation comparison of supply volt- 443

Fig. 22 shows that the output power depends on the phase- ages of the ozone generator with frequency is shown in Fig. 24. 444
shifted angle ¢. With the higher the values of the phase-shifted Obviously, without control, the applied voltage to the electrode 445
angle ¢,|the lower power can be achieved. It shows that the tube is decreased as the supply frequency is increased. This 446
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Fig. 22. | Variation of the inverter power output with phase-shifted angle ¢.
is because of the fact that high frequency has affected voltage
regulation of the high-frequency transformer. With the phase-

shifted-angle control, the constant applied voltage is achieved,
which is the merit of the proposed system.

In order to confirm that the absolute ozone production affected
by the frequency is possibly achieved, the comparison of ozone
quantity generated by with and without voltage control has been
made. As can be seen in Fig. 25, obviously, the constant applied
voltag |contro] provides an almost linear increase of the ozone
amount when increasing the supply frequency, while without
voltage control, the amount of the ozone is decreased due to the
decreased voltage applied to the electrode tube corresponding to
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Fig. 25. Comparison of ozone quantity between with and without constant
applied voltages under frequency variation.

Fig. 24. Therefore, the main advantage of the constant voltage
control is that it can compensate the decreased voltage of the
high-frequency transformer output due to the high-frequency
effect.

Fig. 26 shows the efficacy of the proposed system. The ef-
ficacy is considerably linear with the inverter frequency. Note
that with regards to the obtained power consumption and the
ozone production, the efficacy is considerably low when com-
pared with other works [4], [6], [7], [13], [14], [23], [24]). The
reason is that the electrode tube was not well designed for high-
frequency operation. Moreover, the dry air fed into the elec-
trode tube has approximately 21% oxygen, which is not pure
oxygen.

The efficiency of the converter against the output power is
illustrated in Fig. 27. When the output power is increased, the
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Fig. 26. Efficacy versus frequency characteristic of the ozone generator.
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Fig. 27. Efficiency versus output power characteristic of the inverter.

efficiency is linearly increased. To ensure the high accuracy
of the measurement of high-switching-frequency operation, the
high-accuracy high-bandwidth power analyzer is used for the
measurement of the efficiency of the converter: The maximum
converter efficiency is about 87% at 40.4 W output power.

VII. CONCLUSION

The paper has dealt with a circuit analysis and system model-
ing of an ozone generator using a phase-shifted PWM full-bridge
inverter as a power supply. The model parameters are obtained

by e]ectl‘ical measurement together with physical dimension
calculati?n. The proposed technique offering high voltage and
high frequency is capable of generating ozone. The simulation

and cxpe'rimental results show good agreement and the validity
of the pr:oposed model. This technique allows constant applied
electrode voltage, while the frequency is varied. The proposed
techniqu:e is able to compensate the decreased voltage due to a
high-frequency effect on a step-up transformer. This technique

has prov'ed that the frequency significantly affects the ozone
productivity.
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4bstract- This paper proposes the high-voltage high-frequency
«er supply‘for an ozone generator using a phase-shifted pulse
<h modulation (PWM) full bridge inverter. The circuit
ation is flll“y described. The high-frequency transformer and
-ig genera‘tor ‘mathematical models are also included for
wmiminarily calculating of instantaneous voltages and currents.
proposed system simulation using the MATLAB /SIMULINK
wvare package is given. In order to ensure that zero voltage
«ching (ZVS) mode always operates over a certain range of a
<uency val"iation, a series-compensated resonant inductor is
1ded. Tht? advantage of the proposed system is a capability of
ing ozone gas production quantity by varying the frequency
phase shift angle of the converter whilst the applied voltage to
electrodes is kept constant. The correctness of the proposed

«nique is verified by both simulation and experimental results,
I.  INTRODUCTION

In recent years, ozone has become important agent as the
Mant element for bleaching and disinfecting in many
Mications, | particularly for air and water such as

dorization, drinking water purification, color removal etc.

> it has an extremely strong oxidizing power, and leaves
residues harmful to the global environment [1,2]. Asan
=mative method, silent electric discharge or corona effect
wcation by |applying the high voltage to electrode tubes is
<ely used |in generating ozone for industrial applications.

use of high frequency power supplies for ozone generation
rs advantages such as an increase in the power density
Mied to the| ozonizer electrode surface and increase in ozone
duction f(|>r a given surface area, whilst decreasing the
sessary peak voltage [4]. The increase in the frequencies up
<everal kilohertz is possible with power electronic switching
sices for| instance Power MOSFETs and IGBTs.
susequently, the increase in the efficiency of the ozionizer,
decrease in the equipment volume and easily controlled
ne production can be achieved [2]. Low power ozone
eration can be found in [2, 3]. Many converter topologies
e been pr%)posed in order to improve efficiency and reduce
: [1, 6]. One of those is based on the voltage source type
3T resonant inverter [1, 4-7). This technique offers soft
itching, reduced losses, and electro interference (EMI) /
io frequency interference (RFI). Various power control
emes such as pulse density modulation (PDM) were
iposed for improving the ozone gas generating
wacteristics [1, 4]. However there are a few works for
lysis of the ozone generation.

Therefore this paper focuses on the analysis of the high-

tage high-frequency power supply for an ozone generation

78-1-4244-4349-9/09/$25.00 ©2009 IEEE

system. A phase-shifted PWM full bridge inverter is used for a
power supply. The proposed system is able to vary ozone gas
production quantity by varying the frequency and phase shift
angle of the converter whilst the applied voltage to the
electrodes is kept constant. The simulation and experimental
results are illustrated to confirm the correctness the circuit
operation and validity of the proposed method.
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Fig.1 The proposed system of a high-voltage high-frequency power supply.
II. CONFIGULATION OF THE PROPOSED OZONE GENERATION

The proposed ozone generating system is shown in Fig.1.
It consists of a single-phase full bridge diode rectifier with a
DC smoothing capacitor, a high-frequency phase-shifted PWM
inverter using power MOSFETs, a high-frequency transformer
and an electrode tube. The detail of these components are as
follows. ‘
A. Full bridge diode rectifier: This part provides DC power
supply of the phase shift inverter. It converts. single-phase
220V AC voltage to about 310V DC voltage using diodes
formed in a full bridge. The DC voltage has fairly free ripple
with the help of the dc capacitor filter with a reasonable value
0f3300.F .
B. Phase shift PWM full bridge inverter: In this unit, IRFP460
MOSFET package equipped with a free wheeling diode in the
body as a switching device is used. It converts DC into high
frequency AC voltages. Phase-shifted signals are controlled by
a dsPIC microcontroller. The frequency of the AC output
voltage is varied in a certain range to ensure that the zero-
voltage switching (ZVS) condition can occur for reducing
switching loss of the main switches.
C. High frequency transformer: The EE-80 ferrite core is used.
The output voltage is stepped up to 3.44kVpeak and fed to
electrode for jonizating gas.

D. Resonant inductor (L ): This component is used for

reducing the tuned resonant frequency in a suitable range. The
range is considered on the basis of minimized device losses and
ozone production.
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sone generating tube: The tube is designed for highly non-
orm electric field generation. The structure drawing of
and side views and the photograph are shown in Fig.2.
[sscomponents and the dimension description of the tube are
llows. The inner hollow cylindrical tube is made of a thin
sctric glass which has the inner radius r; of 2.1cm and outer
ims 1, of 2.25cm. The inside of this tube consists of thin
less spirals acting as an electrode. The outer hollow
mdrical tube is a stainless conductor having the radius r; of
cm acting as the another electrode. The electrode length

is equal to 22cm. The gap between the inner and outer
ndrical tube allows air flow which the oxygen in the air is
My converted into ozone by the silent discharge. With this
Miguration, the dielectric barrier prevents from sparking
ween the two electrodes. The range of approximate
fnittivity value of the used dielectric glass (sn) is between 5

10 and the approximate permittivity value of the air (g, )

. These parameter values will be used for the simulation in
section VI.
The objective of this work is to design the system able to
w frequency in a certain range while as the electrode voltage
itill constant. Table 1 illustrates parameter descriptions and
icifications of the proposed system.

Air+3 Air -
N\
| (RARAARA]”
Thin Stainless Spiral . - — ot
Bocosilicate

Airt+Q3 Glassand Thin  Alr

Stainless Spaal L

Stamless Steel

Fig. 2. Ozone generating tube configuration.

TABLE 1
ILLUSTRATES PARAMETER DESCRIPTION AND SPECIFICATION

OF THE PROPOSED SYSTEM.
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can be varied by changing a value of @. In order to achieve

ZVS operation, the controlled frequency must be greater than
the resonant frequency. As shown in Fig.4, the circuit operation
corresponding to the switching patterns and the operation in
Fig. 3 can be divided into 10 modes as follows.
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S —
—
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Fig 3. Switching patterns, output voltage and current waveforms of the

proposed inverter.
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AC input source 1 ¢ , S0Hz, 220V
Output Power Range 9.2-404 W
Inverter Frequency Range 45-60 kHz
Output Peak Voltage Range Constant 3.44kVpeak

Output Peak Current Range 116-190mA
Series Compensating Inductance (Ls) 0.5mH
Snubber Capacitance 4.nF

Transformer Ratio 112

I1I. CIRCUIT OPERATION

The switching patterns taking into account the dead time
ffect, output voltage and current waveforms of the phase shift
WM full bridge inverter are shown in Fig.3 for a ZVS

ondition. Signals for switches S,and S, of the second leg are
nifted away from switches S and S, of the first leg with the
hase shifted angle 4. The dead time t_  is used to prevent
pper and lower switches of the same leg (ie. S, -S,

ndS, —S,) from a short circuit failure. The output voltage

Moded tite

Mode 10 tte

Fig.4. Overall operating modes under ZVS operation.

Mode 1(¢, ~,): This mode allows the energy fed back to the

dc supply from the RLC load which is equivalent to the high
frequency transformer and electrode tube. During this interval,

both switches S, and S, turn on. The current flows back to the
dc supply via D, and D,. The output voltage V,; is +V,
which is the dc supply voltage. The voltages across S,, C,and
D, are + V,and voltages across S,, C,and D, are zero. The
assumption is that the voltage across switches during turn-on is
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mmgible. lele voltages across S,, C,and D, are +V, and
-ages across S;, C,and D, are zero. This mode is so-
«d an invelrting mode.
‘€ 2(t, ~ ,): This mode is a rectifying mode which the DC
o supply provides the energy to the load. S, and S, still

-on. The current direction is opposite to that of mode 1. The
:nt flows| from the dc supply to the load via both S, and
The resul|tant output voltage V,;is still+ V,. The voltages
ss S,, C,,D,, S,, C,, and D, are +V, and voltages
ss §,, C|, D,, S;, C;, and D, are zero.
e 3(¢, ~¢,): During this interval, S, turns off while as S,
s on. Since S, is turned off by the signal, the current flows
mugh C,. C, is charged from zero to +V,[2. At the same
, the voltage across C, is discharged from +V, to
/2 via the load and S, since C, is connected in parallel
w the load. v
«de 4(¢, ~,): This mode is in a free wheeling time interval.

Bq S, and S,turn on. The output voltage is zero. Then, the
ent flows through D,, S, and the load .

=de 5(;, - 1, ): During this mode,S,, S,and S, turn off while
5, still turns on. Since S, is turned off by the signal, the
ent flows|through D,, C; and the load. ¢; is charged from
vto +V, /2.

<de 6(;, -
le 1. S, still turns on whilst S, is turned on by the signal.

.): This mode is also an inverting mode similar to

: current flows back to the DC power supply via D,, D,
+the load. The resultant output voltage is -V, I

<de 7(¢, ~t,): In this mode, S,and S, still turn on. The

scent ﬂows| from the dc supply through S, and S, to the load
- the load current is negative). The load voltage V,, is—V,.

«s mode isjalso called a rectifying mode.

wde 8(r, ~i1,): S, tuns off while as S, still turns on. The

rent ﬂows from the DC power supply to the load and

racitors th|rough S,> C,, C, and the load to the dc supply.

connecteid in parallel with S,
7,/2 via the load and C,. C,is discharged from +V, to
72
ode 9(s, ~|r,): This mode is a free wheeling mode. Since S,
ns off, S, stills turns on and §, is turned on by the signal, the

th of current to the dc supply is cut off. Then the current
'ws through load, D, and S, . The load voltage is zero.

ode 10(, ~1,.): In this mode, S, still turns on and S, turns
f. The current flows through D,, C, and the load. C, is

is charged from zero to
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charged from zero to +V,/2 . After Mode 10 is complete

which is a final stage of the operation period, the cycle of the
operation is repeated.

IV. ANALYSIS OF THE MAIN AND LOAD CIRCUIT

In order to understand the preliminary characteristic of
voltage and current of the main and load circuits, a
mathematical approach is required. This analysis is based on
reduced second order differential equations for ease of solving
instantaneous voltage and current equations under the below
assumptions.

1) All the components of the circuit are ideal.

2) Dead time ¢, is negligible.

3) The parameters are referred to the primary side of
the transformer.

4) The effect of inductance L , can be neglected.

The applied voltage to the transformer and electrode tube
is shown in Figure 5. The equivalent circuit for each state can
be shown in Figure 6. The parameters for the equivalent circuit
are as follows.
¥, = the DC voltage supply

v, = the transformer output voltage

i, = the transformer input current

L, = the transformer parasitic inductance

R, = the transformer resistance

C, = the lump capacitance (load and transformer capacitance)

= the equivalent load resistance

A
v Vs

¥ _I__l

Fig. 5. Ideal output voltage of the inverter applied to the transformer and
electrode tube.

. i,
[ RTTRL T o

,., + . ::R: . o T
(b) state 2 : t, -ty

(A)state 1 : to—t,
Fig. 6 Equivalent circuits for the second order derivatives in the analysis.
The procedure for the circuit analysis is as follows.
For simplification, time constants, angular frequencies can
be defined as follows:

S

o 3R v,

L

T =R,Cp? RL=i, _ 1 ’ o ==|—
R % JLG R, 2

2
o, = oy +

T Fnc

- State 1: interval ¢ —¢,

From Fig.6(a), by using KVL and KCL, the circuit
equations are as follows.

L. ‘:‘ + R +v, =V,
Vi i (0)=1, -

Rearranging the above equations into a second order
differential equation form, the output voltage is expressed as

M

Let initial conditions be t=0,, (0) =
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d‘;"+ LU NN /3 B LS N2 @
dt Tae Tr) At \TpTpe
<olving the above equation, the output voltage can be
mined as follows.
v, v, (-ar.1)
+| ¥, ~—4 o) cos(ay, £
7:,+1 [n 7:,-+1)e COS( N )
3)

s My, —Fa |y Do Ya | fearn sin, 1)
)y T,+1) Cp Txe

sequently, the second order differential equation of the

sformer input current 1, is
2, .
WA SN (0 NP PR /72
dt Tae Tw) A \Twiac R,
solving th!e above equation, the transformer input current
be obtained as follows.
Vd

- Vd (-ar.1)
R +R) + [ll,. & +R, )).e .cos(ay,.t)

1) Y Vi=Vi=Redy | (carn)
+ Py [a’,{l" R R, )]+ L ).e .sin(@y )

<ate 2: intlerval t,~t,
From Fig.6(b), using Nodal analysis at node v_ can

winige the equations as follows.

L,..%+R,..i,=v°

<tial conditions are t=t,=0, v, =V, i(0)=1;-

)

dil =

©)

©)

Rearranging the above equations into a second order
sferential equation form, the output voltage is expressed as

r
d 1 1 \ay 1 7
u (——]7[—“"} o Y
RC RL RL**RC
solving the above equation, the output voltage can be
I,

mained as follows.
v, = V‘,,.fz(""").cos(a),\,l)+L oV, +——”——L- et ) sin(w, 1) )
° oy C, C.R,

<nsequently, the second order differential equation of the

nsformer input current 1, is
%

L-ACTON R O O (LN B +a,? i =0
art \tee Tw)dt \TuTie B
« solving [the above equation, the transformer input current
=0 be obtained as follows.

®

. 10
0= l|,-~e(-a' ').COS((DN!) + wL(aT'lli - &-—fz‘z"}e(wﬂ)-sm(wni) a9
N

Using above equations and obtained parameters from the
easurement and calculation mentioned before, the waveforms
f the volta'ge and current of the transformer can be plotted as
wown in Fig.7. Waveforms from Fig.7 are merely results of a
wst stage | for -analyzing the simplified modeling of the
woposed system. The results seem to be reasonable in views of
«e component characteristic such as the zero voltage switching
ondition and phase difference angle between the current and
oltage. It is implied that the obtained parameters values could
¢ valid. In order to confirm the correctness of these parameter
alues, the! simulation results of the whole system will be
[lustrated in the section VI.
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L/ TN
74 N <

Fig.7. Calculated input voltage (V,;, ), input current ( il ), output voltage (V, )
of the high frequency high voltage transformer referred to the primary side.

V. SYSTEM MODELING AND DETERMINATION

In order to simplify the analysis, the modeling of the high
frequency transformer and electrode tube is treated in a
reduced form. Note that the necessity for accurate results is not
the vital scope of this work.

A. Parameters of the proposed Ozone generating tube

The proposed ozone tube can be represented by a simple
equivalent circuit as shown in Fig. 8 [2]. This circuit takes into
account the high frequency operation.

The ozone parameters can be found by a simple method of
measuring the electrical characteristic of the proposed ozone
tube. This method is performed in the same manner as. the
method proposed in [2]. The ozone measurement set-up is
shown in Fig.9. The two electrodes are supplied with a high
frequency voltage source. This AC supply is generated by a
high frequency PWM inverter with an output filter. The
waveform measured from the digital oscilloscope of the
applied electrode voltage is shown in Fig.10 and it is purely
sinusoidal. This confirms the quality of the high frequency AC
supply. Also, as can be seen in Fig.10, the current flowing
through the ozone tube leads the applied electrode voltage and
its waveform is nearly sinusoidal. Therefore, these waveforms
confirm that the ozonizer can be modeled as a resistance R, in

parallel with a capacitance C,, as shown in Fig.8. This model

is valid for the high frequency operation [2]. The phase
difference angle @ as shown in Fig. 10 was measured in order

to easily determine the model parameters Re and Ce . By
using this method, the used ozone tube has values of R, and

C, of 285.6k2 and 0.146nF , respectively.

e

Canntetion;
Wites.

Toa

hgh Fraquensy
AC Power Supply

i
Q)
i

Digitt Oseillencops
CYOQROGAWA: DLIA2DA )

VAALALS

Fig. 9. Measurement set—u;i for parameter determination.
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Fig.10. Ozone tube current and voltage waveforms.

alculation of high frequency transformer parameters

The high| frequency transformer is designed in accordance
an area product approach. The complete model of the high

diency transformer can be shown in Fig.11 [5] including
sitic capacitances. Procedure of calculating parameters is
same manner as [5]. Then, the approximate equivalent

it combined between the high frequency transformer and

wirode tub(:a can be illustrated as Fig.12 lumping C,:C, and

«ato C, . By using the equations in [5], the overall calculated

ilts C,=1.52nF > C,=0.189nF , L,=0.06TmH
-8.75mH | L, =26.55mH , R, =0.1Q, and R, =12.12Q.

are

Fig.11. Equivalent circuit of a high-frequency transformer.

~ AAA
W X
. <
Vo 1, Gz R

2. Approximate equivalent circuit of the high-frequency transformer and
strode tube.
VI. SIMULATION AND EXPERIMENTAL RESULTS
The prototype has been implemented and tested. The
Jnant freq‘uency is about 45kHz. The inverter frequency is
ied between 45kHz and 60kHz. The reason for selecting
h certain Irange: of the inverter frequency is the limitation of
transformer current. The output voltage of the high

juency t'rz:msfonner is kept at 3.44kVpeak by adjusting the
ise-shifted angle @ . The compensated voltage is introduced

«ce when working at high frequency, the characteristic of the
h frequency transformer is likely to act as a low pass filter
ace reducing the output voltage.

In order to prove the ZVS operation, the switch volitage
d current are shown in Fig. 13. It can be obviously seen that

uen the SL turns on, the voltage across the switch falls to

X0 immedfately. This event occurs before the switch current
s from a negative value through zero to a positive value.
werefore, in practice this negative current will flow slowly
cough the :free wheeling diode built in the body of the power
OSFET, tlgus reducing switching loss during turn-on time of
e MOSFET. The experimental result is in good agreement
ith the simulation one. :

Fig. 14 [illustrates the voltages and currents of the primary
de of the high frequency transformer (i.e. output of the
verter) at| a variation of the inverter frequency with the
mstant electrode voltage (i.e. transformer output voltage).
learly, the(currents lag the voltages for all frequencies. When
creasing the inverter frequency the pulse width of the voltage
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waveforms is increased in order to keep the output voltage of
the transformer to be constant at 3.44kVpeak. In addition, the
phase of the current is shifted from that of the voltage when
increasing the inverter frequency. Also, the amplitude of the
current is increased. This implies that the power increases. The
simulation and experimental results are in good agreement. The
figures of peak voltage and current values of both results are
close to. These confirm that the values of the model parameters
of the proposed method are acceptable. As a consequence, the
proposed modeling is valid

\

(v Simulation ‘ —('3) Experimental
Fig.13. Current ( idsl ) and voltage across MOSFET M 1 (Vg5 )at switching
frequency of 57.5kHz.
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-(¢) At inverter frequency of 57.5kHz.
Fig. 14. Current(} p ) and voltage (V p ) of the primary side of the

transformer at various inverter frequencies.

Fig. 15 shows the voltage and current waveforms of the
secondary side of the transformer. Obviously, the voltage and
current waveforms are nearly sinusoidal. The currents lead
voltages for all frequencies since the electrode tube acts as a
highly capacitive load. Obviously, constant 3.44kVpeak
voltage value is obtained for all frequencies. The current

“amplitude increases when increasing the inverter frequency.

This implies that the power supplied to the electrode tube
increases. The simulation and experimental results are in good
agreement not only the voltage and current waveforms but also
the figures of the peak voltage and current. Again, these results
confirm the validity of the proposed model and obtained
parameters.

Fig.16 shows a variation of the absolute ozone
concentration with the frequency effect. When increasing
inverter frequency, the ozone concentration increases almost
linearly. This shows that the inverter frequency is one of the
most important factors for ionizing, apart from the voltage
value. This is in accordance with the theory of ionization [10].
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ig. 17 illustrates a variation of the ozone concentration

the outpht power of the inverter. The fairly linearity is
-tchieved.. It is found that the ozone concentration depends
«¢ output power of the inverter. The increase in power can
«tained by increasing the frequency.

“ig. 18 shows that the output power depends on the phase-

«d angle. The more values of the phase-shifted angle the
= power (can be achieved. It shows that the proposed

m can adjust the output power by adjusting the phase-
«<d angle 2
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(c) At inverter frequency of 57.5kHz.

15. Waveforms of the electrode tube voltage and current at several inverter

«iencies.
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Fig.16. Variation of the ozone production quantity with frequency.
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Fig.19 shows a variation of ozone level with phase-shifted
gle. When increasing phase-shifted angle, the ozone level
creases almost linearly. This shows that the phase-shifted
gle is one| of the most important factors for ionizing, apart
im applied voltage level. This is in accordance with the
sory of ionization.
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VII. CONCLUSIONS

The paper has dealt with the analysis and modeling of an
ozone generator using a phase-shifted pulse width modulation
full bridge inverter as a power supply. The proposed technique
offering high-voltage and high-frequency is capable of
generating ozone. The simulation and experimental results
show good agreement and the validity of the proposed model.
This technique allows constant applied electrode voltage whilst
the frequency is varied. Without the adjust of a phase-shifted
angle, the applied electrode can be decreased with a frequency
increase due to a high frequency effect on a step-up
transformer. As a consequence, the absolute ozone productivity
is not achieved with the increase in the frequency. In order to
overcome this problem, the phase shit PWM inverter is
introduced. Apart from the voltage value, this technique has
proved that the inverter frequency significantly affects the
ozone productivity.
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Abstract— This paper proposes the high frequency high voltage
power supply for an ozone generator using a phase-shift pulse
width modulation (PWM) full bridge inverter. The circuit

operatilon is fully described. The high frequency transformer

and ozone generator mathematical models are also included for
prelimi}narily calculating of instantaneous voltages and currents.
The proposed system simulation using the MATLAB
/SIMU},INK software package is given. In order to ensure that
zero voltage switching (ZVS) mode always operates over a
certain range of a frequency variation, a series-compensated
resonant inductor is included. The advantage of the propoesed
system|is a capability of varying ozone gas production quantity
by varying the frequency and phase shift angle of the converter
whilst the applied voltage to the electrodes is kept constant. The
correctness of the proposed technique is verified by both

. " h
simulation and experimental results.

1. INTRODUCTION

Injrecent years, ozone has become important agent as the
oxidant element for bleaching and disinfecting in many
applications, particularly for air and water such as
deodorization, drinking water purification, color removal etc.
since it has an extremely strong oxidizing power, and leaves
no residues harmful to the global environment [1,2]. As an
altern%ltive method, silent electric discharge or corona effect
operation by applying the high voltage to electrode tubes is
widel)" used in generating ozone for industrial applications.
The use of high frequency power supplies for ozone
generation offers advantages such as an increase in the power
densitly applied to the ozonizer electrode surface and increase
in ozane production for a given surface area, whilst decreasing
the necessary peak voltage [4]. The increase in the frequencies
up to several kilohertz is possible with power electronic
switching devices for instance MOSFETs and IGBTs.

Cons%quently, the increase in the efficiency of the ozionizer,
the chrease in the equipment volume and easily controlled

ozone production can be achieved [2]. Low power ozone
generation can be found in [2, 3]. Many converter topologies
have been proposed in order to improve efficiency and reduce
size [1, 6]..One of those is based on the voltage source type

978-1-4244-3828-0/09/$25.00 ©2009 IEEE

IGBT resonant inverter [1, 4-7]. This technique offers soft
switching, reduced losses, and electro interference (EMI) /
radio frequency interference (RFI). Various power control
schemes such as pulse density modulation (PDM) were
proposed for improving the ozone gas generating
characteristics [1, 4}. However there are a few works for
analysis of the ozone generation.

Therefore this paper focuses on the analysis of the high
frequency high voltage power supply for an ozone generation
system. A phase-shift PWM full bridge inverter is used for a
power supply. The proposed system is able to vary ozone gas
production quantity by varying the frequency and phase shift
angle of the converter whilst the applied voltage to the
electrodes is kept constant. The simulation and experimental
results are illustrated to confirm the correctness the circuit
operation and validity of the proposed method.

I1. CONFIGULATION OF THE PROPOSED OZONE GENERATION

The proposed ozone generating system is shown in Fig. 1.
It consists of a 1-phase full bridge diode rectifier with a DC
smoothing capacitor, a high frequency phase shift PWM
inverter using Power MOSFETs, a high frequency transformer
and an electrode set. Detail of these components™ are as
follows.

w & &

. A
v == 3300,F

I Ca
DZL E:n S Dﬂ_ 4.

Fig.1 The proposed system of an Ozone generation.
1). Full bridge diode rectifier: This part converts a 220V AC
mains supply to an approximately 310V DC voltage

associated with the dc capacitor filter with value of 3300 4F .
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2). Phase shift PWM full bridge inverter: This part uses
IRFP460 MOSFET package equipped with a free wheeling
diode in the body as the switching devices. It converts DC
into AC voltages. Phase-shift signals are controlled by a
dsPIC microcontroller. The frequency of the AC output
voltage is varied in a certain range to ensure that the zero
voltage switching (ZVS) condition can occur for a decrease in
switching loss. Switching pattern and states can be shown in
Figures 2-3. As shown in Figure 3, the circuit operation can
be divided into 8 modes as follows.

Mode 1:S,and S, turn on. The current flows from the dc
supply through S, to the RLC load which is equivalent to the
high frequency transformer and electrode. The current flows
back to the dc supply via S,. The resultant voltage Vo
is+V, which is the dc supply voltage.

Mode 2: S, turns off while S, turns on and current flows
through C,. C, is charged from zero to + V, /2 . The current
flows through C, to the load and S, and then returns to the
dc supply. At the same time, the voltage across . e
discharged from v, to + V,/2via the load since C, is
connected in parallel with the load.

Mode 3: This mode is in free wheeling time interval. S,
S,and S, open. The output voltage is zero. Then, the current
still flows through D,. S, and the load .

Mode 4: During this mode, the current flows through p,, ¢,
and the load. S,, S,, S;and S, turns off.

Mode 5: In this mode, S,and S, turn on. The current flows
from the dc supply through S, and S, to the load. The load
voltage V,, is -V, .
Mode 6: S, turns off while S, still turns on. Due to the stored
energy load, then the decreased current flows through S LG5
and the load to the dc supply. C, which is connected in
parallel with S, is charged from zero to ¥,/2via the load.
C, is discharged from v, to V, /2.

Mode 7: This mode is a free wheeling mode. Since S, open,
the path of current to the dc supply is cut off. Then the
current flows through load (RLC), D, and S,. The load
voltage is zero.

Mode 8: In this mode, S, turns on and S, turns off. The

current flows through D,. C,and the load. Then, the cycle of

the operation is repeated.

3). High frequency transformer: The EE-80 ferrite core is
used. The output voltage is stepped up to 3.44kVpeak and fed
to electrodes for ionizating gas.

4). Resonant inductor (Ls): This component is used for
reducing resonant frequency in a suitable range. The range is
considered on the basis of minimized device losses.
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5). Electrode set: The electrode set is designed for highly
non-uniform electric field generation. The drawing is shown
in Figure 4 for the front and side views. The dimensions of
the electrode set are ,,=245cm, r,=225cm and ry;=2.45cm.

The approximate permittivity value of the used dielectric
glass () is between 5 and 10, the approximate permittivity
value of the air ( ¢, ) is equal to 1, and the electrode length is

equal to 22cm. These dimension and specific permittivity
values will be used for calculating the parameter values of the
electrode equivalent circuit.

Fig. 2. Switching pattern of the proposed phase shift inverter.
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Fig. 3. Overall switching stz;!es of the phase shift furlrl bridge inverter.
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Fig. 4. Ozonizer configuration.
1. ANALYSIS OF THE MAIN AND LOAD CIRCUIT

In order to understand the preliminary characteristic of
voltage and current of the main and load circuits, a
mathematical approach is required. This analysis is based on
reduced second order differential equations for ease of
solving instantaneous voltage and current equations under the
below assumptions.

1) All the components of the circuit are ideal.

2) Dead time ¢, is negligible.

3) The parameters are referred to the primary side
of the transformer.

The applied voltage to the transformer and electrode tube
is shown in Figure 5. The equivalent circuit for each state can
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be shown in Figure 6. The parameters for the equivalent
circuit are as follows.

¥,=DC voltage supply

v, = transformer output voltage

i, = transformer input current

L, = transformer parasitic inductance

R, = transformer resistance

_C, = lump capacitance (load and transformer capacitance)

R’=equivalent load resistance
A

s s I

b t t t te

-V,

Fig. 5. Ideal output voltage of the inverter applied to the transformer and

electrode tube

(@)state 1 : t,—t

VA~

(b) state 22 ¢, —¢,
Fig. 6. Equivalent circuits for the second order derivative in the analysis.

The procedure for the circuit analysis is as follows.
For simplification, time constants, angular frequencies
can be defined as follows: -

TRC:R".CT"Z'RL:!E;:_’@: Llc b Rr’ar=l(i+_l_)’
T~T

w~=\/@4’-af”%=\/m;+

Tre-Tre

- Stat‘e 1:interval ¢, —r,
From Figure 6(a), using Mesh analysis gives

L,.%+R,j, +v, =V,

) o, @
1 2 T'.dl b
o Ve 3)
i =C;. @t +-E
L% @
v,=V,,—L,.%—R,.j, (5)
.V, dv, (6)
JI—R—"—C,. 7 =0

Let initial conditions be t=0, v,(0)=V,, i(0)=1I, .Then the
solution is - :

y = ——Vd + V‘,,- _-VL .e(-ﬂ'r")‘cos((oN 't)
r+1 7 +1
L [a, {Vu - J* o Q}E(_"’").sin(ww ) @
@y, 541) G e -

Consequently, the transformer input current #; is

®+R.) " (R-+R))

].e('"’").cos(a)NJ)
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1 Vo VoV Redy) fan . 8)
*a;,(“'(’“ CEYS] A— }“‘”’ sink

- State 2: interval ¢, —,
From Figure 6(b), using Nodal analysis atnode v, can
arrange the equations as follows.

L4i+iy=0 ®
5 dvo o
h=Cr = ~}‘;” | (10)
L,%+R,j,=v,, 1mn

Initial conditions are t=t,=0,v (0)=V,, , i(0)=1,.Then the
solution is

12
v, =V, cos(w, 1) + a:—N(aT.V_ + é—:‘_ - E‘T—V-";’T—'}e"""’).sin( Wy 1) (12)
Consequently, the transformer input current is
(13)

iy = 1,65 cos( wy, 1) + L(a,..l,, Ry vV
@ L

J.e("’"'). sin( @)
T
Using above equations, waveforms of the voltage and current

of the transformer can be plotted as shown in Figures 9-10.
VI. SIMULATION AND EXPERIMENTAL RESULTS

The prototype has been implemented and tested. The
resonant frequency is about 45kHz. The inverter frequency is
varied between 45kHz and 60kHz. The reason for selecting
such certain range of the inverter frequency is the limitation
of the transformer current. The output voltage of the high
frequency transformer is kept at 3.44kVpeak by adjusting the

phase shifted angle @ . The compensated voltage is introduced

since when working at high frequency, the characteristic of
the high frequency transformer is likely to act as a low-pass
filter hence reducing the output voltage.

Figure 7 illustrates the MOSFET gate signals for each
switch obtained from both simulation and experimental
results. The experimental result is in good agreement with the
simulation one. In order to prove ZVS operation, the switch
voltage and current are shown in Figure 8. It can be obviously
seen that when the S, turns on, the voltage across the switch

falls to zero immediately. This event occurs before the switch
current rises from a negative value through zero to a positive
value. Therefore, in practical this negative current will flow
slowly through the free wheeling diode built in the body of
the MOSFET. Note that ZVS operation can reduce switching
loss during turn-on of the. switch. Again, the experimental
result is in good agreement with the simulation one.

Figures 9-10 illustrate the voltages and currents of the
primary side of the high frequency transformer (i.e. output of
the inverter) at a variation of the inverter frequency with the
constant output voltage of the transformer obtained from the
simulation and the experiment. These results are in good
agreement between the theory and practice. Clearly, the
currents lag the voltages for all frequencies. When increasing
the inverter frequency the pulse width of the voltage
waveforms is increased in order to keep the output voltage of
the transformer to be constant at 3.44kVpeak. These results
have proved the correctness of the proposed system.
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(a) Simulation . (b) Experimental
Fig. 7. Power MOSFET pgate signals of M;, M; and M;jrespectively ata
switching frequency of 45kHz.

R I

——c
et

. (a) Simulation

(b) Experimental
Fig. 8. Current (i) and voltage across MOSFET M, (va) at switching

frequentfy of 57.5kHz.

N

e
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(a) Simulation (b) Experimental

Fig. 9. Cumrent (i,) and voltage (v,) of the primary side of the transformer at
switching frequency of 45 kHz (nearly resonant operation).

o E C : -

B s —

T 2

(a) Simulation (b) Experimental
Fig. 10! Primary winding current(i,) and voltage (v, ) at switching frequency
of 57.5kHz. :

Figures 11-13 show a variation of ozone level with
frequency and phase shift angle. When increasing inverter
frequency, the ozone level increases almost linearly. This
shows that the inverter frequency is one of the most important
factors for ionizing, apart from applied voltage level. This is
in alccordance with the theory of ionization. As a
consequence, when increasing phase shift angle, the ozone
level| decrease almost linearly. The inverter output power
decreases since phase shift angle increase almost linearly.

V. CONCLUSIONS

The paper has dealt with the high frequency high voltage
power supply of an ozone generator using a phase-shift pulse
width modulation (PWM) full bridge inverter. The proposed
technique offering high voltage and high frequency is capable
of generating ozone. The simulation and experimental results
show good agreement and the validity. This technique allows
constant output voltage whilst the inverter frequency and
phase shift angle varies. This technique has proved that the
inverter frequency significantly affects the ozone level.
However, the certain range of the controlled frequency of this
work is narrow. The special electrode and transformer design
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is needed. The further investigation under other conditions
will be performed.
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Fig.11. Variation of ozone production quantity with frequency.
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Abs{ract -This paper proposes the analysis and modelling of
an ozone generator using a phase-shift pulse width modulation
(PWM) full bridge inverter as a power supply. The circuit
operation is fully described. The high frequency transformer and
| . .
ozone generator mathematical models are also included for
preliminarily calculating of instantaneous voltages and currents.
The proposed system simulation using the MATLAB/SIMULINK
software: package is given. In order to ensure that zero voltage
switch (ZVS) is always operated over a certain range of a
frequem::y variation, a series-compensated resonant inductor is
included. The advantage of the proposed system is a capability
of varyling ozone gas production quantity by varying the
frequency of the converter whilst the applied voltageto the
electrod;es is kept constant. The correctness of the proposed
technique is verified by both simulation and experimental results.

Index Terms - Phase-shift PWM full bridge inverter, ozone
generator, zero voltage switch

1. INTRODUCTION

In recent years, ozone has become important agent as the
oxidant element for bleaching and disinfecting in many
applications, particularly for air and water such as
deodorization, drinking water purification, color removal etc.
since it has an extremely strong oxidizing power, and leaves
no residues harmful to the global environment [1, 2]. As an
alternative method, silent electric discharge or corona effect
operation by applying the high voltage to electrode tubes is
widely|used in generating ozone for industrial applications.
The use of high frequency power supplies for ozone
generaélion offers advantages such as an increase in the power
density applied to the ozonizer electrode surface and increase
in ozone production for a given surface area, whilst
decreasing the necessary peak voltage [4]. The increase in the
frequencies up to several kilohertz is possible with power
electronic switching devices for instance MOSFETs and
IGBTS! Consequently, the increase in the efficiency of the
ozionizer, the decrease in the equipment volume and easily
controlled ozone production can be achieved [2]. Low power
ozone |generation can be found in [2, 3]. Many converter
topologies have been proposed in order to improve efficiency
and reduce size [1, 6]. One of those is based on the voltage
source type IGBT resonant inverter [1, 4-7]. This technique
offers [soft switching, reduced losses, and electro interference
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(EMI)/radio frequency interference (RFI). Various power

-control schemes such as pulse density modulation (PDM)

were proposed for improving the ozone gas generating
characteristics [1, 4]. However there are a few works for
analysis and modelling of the ozone generation.

Therefore this paper focuses on the analysis and
modelling of an ozone generation system. A phase-shift PWM
full bridge inverter is used for a power supply. The proposed
system is able to vary ozone gas production quantity by
varying the frequency of the converter whilst the applied
voltage to the electrodes is kept constant. The simulation and
.experimental results are illustrated to confirm the correctness
the circuit operation and validity of the proposed method.

I1. CONFIGULATION OF THE PROPOSED
OZONE GENERATOR

The proposed ozone generating system is shown in Fig. 1.
It consists of a 1-phase full bridge diode rectifier with a DC
smoothing capacitor, a high frequency phase shift PWM
inverter using Power MOSFETs, a high frequency transformer

~and an electrode set. Detail of these components are as

follows.

Fig.1. The proposed system of Ozone generation.

1) Full bridge diode rectifier: This part converts a 220V
AC mains supply to an approximately 310V DC voltage
associated with the dc capacitor filter with value of 3300 uF .

2) Phase shift PWM full bridge inverter: This part uses
IRFP460 MOSFET package equipped with a free wheeling
diode in the body as the switching devices. It converts DC
into AC voltages. Phase-shift signals are controlled by a
dsPIC microcontroller. The frequency of the AC output
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voltage Is varied in a certain range to ensure that the zero
voltage switching (ZVS) condition can occur for a decrease in
switching loss.

Air Flow ———————p=

conductor

glass

Alr Flow ————— air

conductor

Fig. 2. Ozonizer configuration.

3) High frequency transformer: The EE-80 ferrite core is
used. The output voltage is stepped up to 3.44kVpeak and fed

to electdodes for ionizating gas.

4) Resonant inductor (Ls): This component is used for
reducing resonant frequency in a suitable range. The range is
conside:red on the basis of minimized device losses.

. 3) Electrode set: The electrode set is designed for highly
non-uniform electric field generation. The drawing is shown
in Fig.2 for the front and side views. The dimensions of the
electrode set are r,=2.45cm , 1, =2.25cm and
r; =245cm . The approximate permittivity value of the
used dielectric glass (&, ) is between 5 and 10, the
approximate permittivity value of the air (Sr,) is equal to 1,

and the electrode length is equal to 22 cm. These parameter
values| will be used for simulation in the next section.

A tpr

¢=

1 2:i3:4 5 6:7:8

1.‘

r 3

Fig.3. Switching pattern of the proposed phase shift inverter.
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Fig. 4. Overall switching states of the phase shift full bridge inverter.

III. CONVERTER CIRCUIT OPERATION

The switching pattern and output voltage of the phase
shift PWM full bridge inverter is shown in Fig.3 for a certain

condition. Signals for switches S, and S, of the second leg are
shifted away from for switches S and S, of the first leg with
the phase shifted angle@. The dead time t;; is used to
prevent upper and lower switches for each leg (i.e. S, —S,
andS; —S,) from short circuit. The output voltage can be

varied by changing @ . In order to achieve ZVS operation, the

controlled frequency must be greater than the resonant
frequency. As shown in Fig.4, the circuit operation can be
divided into 8 modes as follows.

Mode 1: S, and S,tumn on. The current flows from the dc
supply through S, to the RLC load which is equivalent to the

high frequency transformer and electrode. The current flows
back to the dc supply via S,. The resultant voltage V,j is

+V, which is the dc supply voltage. The voltage across S,,
C,and D,is + V,and voltage across S,, C, and D, is zero.

The assumption is that the voltage across switches during
turn-on is negligible. The voltage acrossS,, C,and D,is

+V,and voltage across S,, C,and D, is zero.
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Mode 2; S, turns off while S, turns on and current flows
through| C,. C, is charged from zero to V,/2.The current
flows through C, to the load and S, and then returns to the
dc supply. At the same time, the voltage across C, is

discharged from Vv, to V,/2via the load since C, is

connecth in parallel with the load.

Mode 3i: This mode is in free wheeling time interval. S,,
S,and S, open. The output voltage is zero. Then, the current
still flows through D,, S, and the load .

Mode 4; During this mode, the current flows through D,, C;
and the Joad. S,, S,, S,and S, turns off.

Mode 5 In this mode, S, and S,, turn on. The current flows
from the de supply through S, and S, to the load. The load
voltage|V,, is —V,.

Mode 6; S, tams off while S, still turns on. Due to the stored
energy load, then the decreased current flows through S,, C,
and the load to the dc supply. C, which is connected in
parallelwith S, is charged from zero to ¥,;/2via the load. C,
is dischlargcdifrom V,to V, /2.

Mode 7: This mode is a free wheeling mode. Since S, open,
the path of current to the dc supply is cut off. Then the current
flows through load (RLC), D, and S,. The load voltage is
Zero. »

Mode 8: In this mode, S, turns on and S, turns off. The
current|flows through D,, C,and the load. Then, the cycle of
the operation is repeated.

IV. ANALYSIS OF THE MA]N AND LOAD CIRCUIT

In|order to understand the preliminary characteristic of

voltage and cwrent of the main and load circuits, a

mathematical approach is required. This analysis is based on

reduced second order differential equations for ease of solving

instantaneous voltage and current equations under the below

assumptions.

1)  All the components of the circuit are ideal.

2) Dead time t,; is negligible.

3) The parameters are referred to the primary side
of the transformer.

4) The effect of inductance Lm can be neglected
during the interval o—¢__ .

The applied voltage to the transformer and electrode tube

is shown in Fig.5. The equivalent circuit for each state can be

shown|in Fig.6. The parameters for the equivalent circuit are

as follows. '

. V,= DC voltage supply.

V= Transformer output voltage.
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i,= Transformer input current
L, = Transformer parasitic inductance
R ;= Transformer resistance
C,= Lump capacitance (load and transformer

capacitances)
R’ = Equivalent load resistance

a
Vas

Fig. 5 Ideal output voltage of the inverter applied to the transformer and
electrode tube.
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(a) state 1 :_t0 -t

il
ANV G Y ¥ ANV<_-_>

L, Ry | *’2
'
T Cr R,
(b) state 2: t, —t,
Fig. 6 Equivalent circuits for the second order derivative in the analysis.

The procedure for the circuit analysis is as follows.
For simplification, time constants, angular frequencies can
be defined as follows:

—R' 1 R
TRC_R 'CT’ Tp = T, W = —F/—" T, =—2L>

_J 2 2
s Wy =4[y —0p

1 1 1 2 1
== —+— oy = [0 +
2 Tee Tre-Tre

- State ] :interval ¢ —t,

FY Y YA M, *

L R |
DD
1

&

Fig.7 Equivalent circuit for state 1.
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From Fig. 7, using Mesh analysis gives

LT.%+RT.i, +V, =V, 0Y)

. v,

i, —i, =C;. m @)

i =cp ey Yo 3)

it R,

s . @
R. .

Vv, =V, LT.%—RTJ, )

- v, _CT_dvo o _ ©)
R' dt

Let initial conditions be t=0,V_(0)=V,;,i,(0)=i,;-

Then the solution is

I BN
Vv, =—4 +(Vo;— 4 ].e('“"‘).cos(wN.t)
T +1 T +1
. V. i, Vo
L 5 LV /I VL R i )
©y T+l Cp otpe

Consequently, the transformer input current 1, is

vd s Vd (~ag.t)
(E‘T’:) + (1 1 m}e .COS((ON t)

Ao fi o Ve ) Y= VoReis | garn ®
+ ] [q(xu (R1A+R',) ) £ }c( .sinfo.t)

- State 2: interval t, —¢,

L, =

Fig. 8 Equivalent circuit for state 2.

From Fig. 8, using Nodal analysis at node V_ can arrange the

equations as follows.

i) +i, +i, =0 ®
dv, Vv

l‘ = — T_o_ :’ (10)
dt R,

LT.—(:I—t'+RT.i, =V, (1n

Initial conditions are t=t;=0, V_(0)=V,, , i,(0)=i,. Then the

solution is

143

L

\'A
V, =V, coso, .t)+—l-[u1..Vni +————ﬂ—'—Jc("'"').sin(nN )
_ o

C; GR,
(12)
Consequently, the transformer input current is
i = i“.r:(""").cos(mN.t)+L(u.r.ili —m}e(““"‘).sin(%.t)
Oy Ly
(13)

Using above equations, waveforms of the voltage and
current of the transformer can be plotted as shown in Fig.9.

ot

7,

Anpibaty

B

wnes 0
Brosay eme QuRY

Fig. 9 Calculated input voltage (Vin), input current (i;), output voltage (Vo)
of the high frequency high voltage transformer using MATLAB/SIMULINK.

Waveforms from Fig.9 are merely results of a first stage
for analyzing the simplified modelling of the proposed system.
However, the complete modelling of the proposed system can
be shown in Fig.10 for the simulation using MATLAB
/SIMULINK.

Sued fom 0
.

S —

M

Fig. 10 The proposed system modelling using MATLAB/ SIMULINK.

V. SIMULATION AND EXPERIMENTAL RESULTS

The prototype has been implemented and tested. The
resonant frequency is about 45kHz. The inverter frequency is
varied between 45kHz and 60kHz. The reason for selecting
such certain range of the inverter frequency is the limitation of
the transformer current. The output voltage of the high
frequency transformer is kept at 3.44kVpeak by adjusting the
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V1. CONCLUSIONS

The| paper has dealt with the analysis and modelling of
an ozone generator using a phase-shift pulse width modulation
(PWM) full bridge inverter as a power supply. The proposed
techniqu'e offering high voltage and high frequency is capable
of generlating ozone. The simulation and experimental results
show good agreement and the validity. This technique allows
constant| output voltage whilst the inverter frequency varies.
This technique has proved that the inverter frequency
significantly affects the ozone level. However, the certain
range of the controlled frequency of this work is narrow. The
special |electrode and transformer design is needed. The
further investigation under other conditions is undertaking for

this work.
|
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