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Abstract—This paper presents a high-frequency voltage source- This considered model uses two capacitances in se€gs.

fed series resonant inverter with capacitive load for highvoltage s constant and represents the capacitance due to the glass
application. The circuit takes profit of the transformer par asitic insulation between the electrodes, is the capacitance due
components to operate above the resonance, ensuring high . ) - ” .

efficiency. A supervisory strategy verifies if the converteioperates to the alr. gap,. in which the applle.d hlgh-voltage produces
in the inductive region. If not, a control procedure increases the the electrical discharge. When the silent discharge octies
frequency to get again soft-commutation and signalizes thfault. terminal voltage of this capacitance is maintained constan
The converter was implemented to feed a silent-discharge ome-  yoltage. This effect is represented by the voltage soufce

generator tube. This application needs high voltage sourc¢o : . . ;
produce ozone. Results of a 6 kV, 300 VA single-phase inverte 'é'hklf/voltage depends on the air gap and, in our case, is about

and 800 VA three-phase inverter are presented. ) ) )
Index Terms—Soft-commutation, resonant converter, ozonizer.  1he effective capacitances depend on the device geometry.
For our applications, typical values are in the range on tens

to hundreds of picofarads, depending on the expected ozone

. INTRODUCTION production.
Ozone gas is a powerful oxidizing substance, which leaves .
no residues harmful to the global environment. This charact
istic allows using ozone for treatment of water, deodoiirat %

disinfection, etc. In the case of water treatment, espgdial
swimming pools, chlorine — the traditional way — can be prob-
lematic in some circumstances. The reactions that nagurall c, —— V.
occur with chlorine in water can produce some dangerous or-
ganic compounds known as disinfection byproducts. The most
common are trihalomethanes and haloacetic acids [1]. Due
to the carcinogenic potential of these compounds, alteesat f
ways for water treatment are of interest. Cy——

A variety of applications of ozone are hindered primarily
because of its low total efficient ozone gas generation and it
relatively high cost. It is very important to improve the oaié

o— |
efficiency of the ozonizer and reduce the cost of the device. _ o _ ] _

An efficient way to produce ozone is the silent-discharge Fig. 1. Circuito equivalente da célula ozonizadora.
tube [2], [3]. Electrically this device behaves as a two eeri _ _ '
connected capacitors, as shown in Fig. 1. To achieve the necessary high voltage, a transformer is used

This paper describes a resonant type inverter designedTﬂﬁ equivalent |Umped parameters circuit of the transforme
feed the ozonizer using a high-voltage transformer. Soff shown in Fig. 2, including a series resistantg a series
commutation ensures high-efficiency, while some protectidhductancel;..,, — leakage inductance —, a parallel resistance
strategies guarantee the inverter operation in the cofrect X, @ parallel inductancd.,.,, — magnetizing inductance —,

guency range even in case of load parameters changes. and capacitance€’, (,inqing) — Windings capacitance.
As typical of high-voltage transformers, the HV side has

Il. SILENT-DISCHARGE OZONIZER a large winding capacitance. Reflecting the secondary eéapac
A silent-discharge ozone-generation has a capacitivevsehtance to the primary side, the value becomédarger, where
ior. The Fig. 1 shows an electrical model of the device. Far>> 1 is the turns ratio. The result is a very large equivalent
simulation purposes, simpler electrical models can be erhosapacitance, as will be shown in the next sections.
according the necessity. For example, a fixed capacitancélso the leakage inductance is large due to the necessary
could be used to study the inverter commutation processolation between the windings.
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The impedance module of the transformer, neglecting the Fig. 4. Three-phase power circuit.
resistances, can be evaluated by this equation:

Fig. 2. Lumped parameters high-voltage transformer model.

W(Lieak + Lmag) = w* Licak Lmag Cp _ 1) 1. HIGH-VOLTAGE PARAMETERS EVALUATION

1 =02 Linag Cp The Fig. 5 shows the transformer 1 impedance, as seen from

The Eqg. 1 was used to calculate the parameters of tﬂ’@ primary side. This response includes the load. The load
transformer as discussed later. The voltage gain module iseffect is, essentially, to increase the parallel capacéaifhis

experiment was done with a low-voltage input signal, so no
1 n @) discharge occurs on the ozonizer.
+ fl—’; — w2 Liear Cp ’ The input voltage and input current were measured to obtain
the module of the input impedance. To calculate the parasete
wheren is the turn ratio. value it was used the model of Fig. 2.

Flg 3 shows the basic electrical schematics of the power|n the |0W_frequency range — around 100 Hz — the Capacitor
circuit. For low power applications — up to few hundreds Obp can be neg]ected due to its h|gh impedance_ So, the
Watts — it consists of a Single-phase full-bridge diodeifiect equiva|ent impedance at this range is equdh@k p|usLmaq.
with Capacitive filter. A NTC limits the inrush current while Using similar ana'ysisy at the high_frequency range — adoun
a resistor discharges the capacitor when the convertef.is ofig kHz —, as the capacitor presents very low impedance, que

The full-bridge inverter produces a squared-wave highesulting equivalent impedance only depends on the leakage
frequency output to feed the HV transformer primary. Typicanductance.
frequency is the range of thousands of Hertz. The first resonance, around 0.9 kHz, is determined’hy

The high-frequency operation helps to increase the 0zoggd r,,,, and gives the maximum input impedance. Up to
production. The selected frequency depends on the load B#s frequency the impedance presents an inductive behavio
rameters and the desired output power. In spite of the ieverpbove this frequency the circuit has a capacitive behavior,
output be a square wave, due to the transformer behavior, {tigh the current leading the voltage. The second resonance —
output voltage at the secondary is, in practice, sinusp@@l around 2 kHz — is betweeh;.., and C, and determines the
will be shown [4], [5], [6]. minimum input impedance. Above such frequency the circuit
reassumes the inductive behavior.

The Table | shows the estimated parameters of three tested
transformers. The magnetizing inductance of the transfotin
is significantly different, probably because the device theen
overloaded during some tests and the overheating has @dduc
some damage on the epoxy insulati@h, ;.. indicates the
capacitance including the capacitance of the ozonizeeatefd
to the primary sideC),,inding) indicates only the capacitance
of the secondary windings, reflected to the primary side.

Fig. 3. Power circuit. The Fig. 6 shows the transformer 1 voltage gain curve. For
low frequency the ratio is given by the turns-ratio — about

A higher power version of this circuit could be develope@0. Next to the frequency of the series resonance, there is
connecting several silent-discharge ozone-generat@stitn a sudden voltage gain increase. This effect happens because
parallel. This method has the disadvantage of changing ttie minimum impedance corresponds to the maximum current
resonance frequency every modification of the load. A thretitat gives the maximum voltage on the equivalent capaatanc
phase version was developed in order to use all three branched, as a consequence, on the magnetizing inductance, which
of the device. Fig. 4 shows the topology used in the threes@haeflects such high voltage to the secondary side.
version. As the same capacitor was used in both versions, &ince these measurements were made with low-voltage
three-phase rectifier was necessary in order to diminish tsieusoidal wave generator, one can expect some deviation
voltage ripple in the DC link as the output power becomeshen applying the nominal voltage.
about three times higer. Before the voltage orC,, reachesV, the equivalent load

|Zin| =

|Gain| =
1
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TABLE |
TRANSFORMERS PARAMETERS

Lieqr [MH] Lmag [mH] Cp(total) [nF] Op(windmg) [nF]
Transformer 1 28.22 62.84 142.51 22
Transformer 2 25.64 285 129.55 16
Transformer 3 26.55 328 125.36 16

according to the previous description. Such results determ
the frequency range operation.

B. Power converters

The power topology is shown in Fig. 3. For 220 V/60 Hz
mains voltage, the average DC inverter voltage is about 300 V
The H-bridge produces a square-wave voltage to be applied to
the transformer primary side. To avoid unbalanced operatio
of the transformer, a series capacitor is connected betiieen
SRR SRR S inverter output and the transformer, in order to block any DC

10' 10° 10° 1t voltage produced by the inverter.
Frequency [Hz] N 3 ) ) .
This capacitance selection must consider the following as-
Fig. 5. Module of the transformer 1 input impedance, witrdieannected. PeCts: low impedance compared to the transformer impedance
at the operation frequency range; low series resistandmib |
power loss; low voltage drop to not excessively increase the
voltage applied to the transformer.

Impedance Module [Q]

C. Soft-commutation

To obtain soft-commutation it is necessary that the circuit
operates above the series resonance frequency. The soft-
commutation occurs during the turning-on period. The para-
sitic capacitance and some additional external capacéitpsh
to decrease turn-off switching losses because the voltage
: S : increases slowly, allowing a pseudo-zZVS turn-off. In this
A w o w  range the current is lagging the voltage. Due to the indactiv

Frequency [Hz] characteristic, when the transistors are turned-off, teetbe
other transistor pair effectively conducts, the currenwflo
through the anti-parallel diodes, discharging the trdosis
capacitance and zeroing the switching losses. Fig. 7 shows
capacitance i€, - C, /(C,+C,). As the voltage increases, andhe simulated waveforms for three operation modes.
the discharge occurs, the voltage on the capacitobecomes It would be possible to get the same voltage gain bellow
limited at V. Then the equivalent capacitance increaseSto the resonance, where the converter operates in the capaciti
This higher capacitance reduces the resonance frequenciegegion. In this case, the transistor turns-off under zeroeru,

This load variation occurs along each switching cycle — #ince the current leads the voltage waveform. On the other
the discharge takes place — and the analysis of the cirdoétnd, the turning-on process is dissipative and, difféyenft
operation must be done considering linear circuits who#e inductive region, there is no a simple solution for redgc
parameters changes with the variables — the voltag€gon these losses.

From the operation point of view, the important result is If the converter operates bellow the parallel resonance,
that the frequency of the maximum voltage gain is lower thaagain the load response is inductive. However, in this range
the one shown in Fig. 6, and that the inverter load presentstae transformer core should be bigger to support the higher
inductive behavior above this frequency. magnetic flux. Additionally, the low-frequency square-wav
would produce harmonic components that would excite the
IV. IMPLEMENTATION OF THE POWER SUPPLY . . ; o

) o resonances, distorting the current and making difficult to
A. Frequency range identification control the output power. The low-frequency oscillatiomlise

The first step for designing the electronic circuitry is t@ resonance between the decoupling capacitor and the total

obtain the transformer and load parameters, what is damansformer inductance.

Gain [VIV]

Fig. 6. \oltage gain x frequency.
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400 \ \ \ : : To avoid such undesirable operation mode, the microcon-
s 200 troller verifies the state of the power transistor colledtor
5 o emitter voltage before turn it on. In the inductive regidmst
S 200 voltage must be low due to the diode conduction. If the cdntro
-a00 s - i - . detects a high voltage — what means the converter is in the
0,0005 0,001 0,0015 0,002 0,0025 0,003 .. . .. . .
Time [s] capacitive region — it increases the switching frequenay an
2 ! ! ; ; T signalizes this fact. Probably it will be necessary to repla

the ozonizer.
Fig. 8 shows the circuit connected between the collector and
the emitter of the transista$, (see Fig. 3) used to detect the

~o 50005 5001 00015 0002 00025 0,003 voltage.
Time [s]
() N O
S Switch S2 Microcontroller
=z
g
o
= o o
400 o,oloos o,olm 0.0I015 0,(;02 o.olczs 0,0Io3 0,0I035 o,olo4 o,o;)45 0,005 . . i i i
Time [s] Fig. 8. Sensor circuit to identify soft-commutation.
0.5F
< The software was changed to use the same microcontroler
g 0 PIC 16F872 to control the three-phase version. The dewiatio
© o , / , , , , , of the power among the transformers should be small, and if
0 00005 0001 000I5 0062 00025 0063 00035 0004 00085 0005 possible null in order to keep the power distribution eqaeadi
Time fs] Any small deviation in the transformer parameter can make a
(b) deviation in power.
400
. E. Three-phase converter
N, I 6 O Y I 1
S oof |l A bbb ] The three-phase version should have a different strategy
S oop || 0O O OO OO OO OO OO IOV O B OO I N to control the output power. The power should be aproxi-
-400 ' NN NN NN mately the same in the three transformers. The exact power
0,001 0,002 0,003 0004 0005 0006 0007 0,008 0,009 0,01 .
Time [s] measurement requires a current measurement. The current

measurement analysis can show if the current is lagging or
leading the voltage and the sensor circuit to identify soft-
commutation is not needed. This current phase detection
allows setting the switching frequency. If a small deviatio

o 000l 00m 0003 0004 0005 0006 0007 0008 0009 ool occurs in the transformers parameters, there would berelifte
Time (s powers in each one transformer. The frequency would be set
©) in order to get one transformer with power above the nominal

power, one transformer with nominal power and the last one

Fig. 7. Simulated inverter waveforms: (a) above seriesmassce frequency; with under the nominal power. The voltage could be adjusted
(b) capacitive region — between parallel and series resanaft) bellow

parallel resonance. in order to redu_ce the power in the transformer _with power
- above the nominal power and raise the power in the other
D. Digital controller transformer. Within certain limits, the three transformeould

A microcontroller PIC 16F872 controls of the system. Thwork in the same power. _ .
microcontroller commands the switches in order to set the 1N Primary winding is connected in delta in order to

working frequency and also performs external interfaces afl€t @ higher rms voltage in each winding. The secondary
protection actions. is connected in wye in order to get a common point to be

To get the maximum power, the converter operates closedPunded as shown in Fig. 9.

the series resonance frequency. The allowed frequencyerang
is previously set in the microcontroller program. In case of
load parameters variations — including the transformerthed A 200 W prototype was constructed. The single-phase
ozonizer —, it may occur the resonance frequency increasemverter uses two branches of a three-phase inverter power
due to capacitance reduction — and the circuit enters in thmodule. The other branch can be used to realize an input
capacitive region. rectifier with power factor correction if necessary.

V. EXPERIMENTAL RESULTS
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Voltage [V]

Fig. 9. Transformer connection — primary side connected eitadand
secondary side connected in grounded wye.

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
Time [s] x107°

The Fig. 10 shows the voltage, current and instantaneous
power in the primary side of the transformer. The voltage Fig. 11. Load voltage.
applied to the transformer is approximately 350 V. This
higher value is due to the effect of the decoupling serie

capacitor (2uF) that adds an additional voltage to the DC side 160 ; ; ; ;
inverter voltage. The average power is 168 W and the workin 140k N

frequency is 2.73 kHz. The load has an inductive behavic : : : :
characterized by the lagging current, that is the conditan 20 oo N e

obtaining soft-switching. 100l

o % “r : : : :
%200 - O ok N

3 0 N Y N N
S 200 A0 N B

—400 H L h H x A L L L : : : :
0 0.2 0.4 0.6 0.8 1 12 14 16 18 2 20F I R L

Time [s] x107°
2%00 3000 40.00 50.00 60.00 7000
Frequency [Hz]
Fig. 12. Output power x frequency.

0 072 074 0?6 078 i 1?2 114 116 118 2
Time [s] x107°

in the same frequency and the same rms voltage. The pa-
rameters deviations explains the different power. This grow
The Fig. 11 shows the output voltage — the voltage appli%&v'litgnnc?geb?r;] V\fl(ljt?rl:elrlr?_ltio_ Ejorggﬁgszf:d Tgr? dvgltt'i%i
to the silent-discharge ozone-generator. The peak volisige pplied 1 . s u W o

8.5 kV. The waveform distortion indicates the region in whic>ame t!me, raised the transformer 3 volfcage adjusting the
the discharges occur, beginning when the voltage reacﬁ%pecwe voltag.e, What. means “”b‘?"‘?‘”c'”g the threesphas

voltage of the primary side but equalizing the output power.

about 4 kV. is imol tation | der devel t
Fig. 12 shows the ratio between the switching frequengyp's Implementation 1s under development.

and the output power. The linear variation is very useful for
controlling the ozone production with different loads.

The equipment can receive a remote reference (input 4-This paper has presented an H-bridge inverter feeding high-
20 mA) or operate in the local mode, adjusting the powepltage loads. The converter operates as a series resonant
by changing the frequency. inverter above the resonant frequency, what ensures soft-

A soft-start procedure is implemented. All the times theommutation for all switches. The parasitic parametersef t
converter is turned-on, the microcontroller starts at ttexim high-voltage transformer, the leakage inductance andingnd
mum frequency, decreasing up to the last value used befatapacitance, together with the load, determine the mamres
or stopping this variation if a new reference is detected. nance frequencies.

The Fig. 13 shows the output power vesus the voltage inAs the load parameters can vary along the time, a su-
the DC link. Also in this case there is a linear variation, whapervisory circuit, implemented with the microcontrolleiCP
is convenient for controlling the output power. 16F872, verifies the soft-commutation by measuring the

The Fig. 14 shows the voltage, current and instantaneadlector-to-emitter voltage before turning-on the tiates. If
power in the three-phase version. The transformers opertite voltage is low, it means the anti-parallel diode consluct

Fig. 10. Transformer input waveforms — voltage and current.

VI. CONCLUSIONS
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Fig. 13. Output power x voltage at 2.729 kHz.

2 ; ; ; i i

Time [s] ’ X107

before the transistor, resulting soft-commutation. If Ybhéage (a) Transformer 1.
is high, the control circuit increases the switching frage
and signalizes the occurrence. 400 —

The converter presents a linear ratio between the frequen SO P U OO T IO AR O A
and the output power, what makes easy to adjust the operati
point.

This paper has presented a three-phase version inver
for feeding three high-voltage loads. The operation mode |
similar to the single-phase version however the output powt
of each load can be adjusted unbalancing the output volta
since the switching frequency is the same.

Voltage [V]
[=]

| !
NN
S 9
S o

Current [A]
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