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ABSTRACT Usage of ozone is an effective way of treating wastewater, and the silent discharge
technique is one of the most efficient and reliable methods for ozone production. Ozone is generated
in a Dielectric Barrier Discharge (DBD) chamber through the silent discharge technique and is
powered by a high voltage (in the range of —2.5kV to —5kV) pulse generator. The pulse generator
has two conversion stages, i.e., a high-frequency pre-processing stage and a pulse-frequency post-
processing stage. In a high voltage pulse generator, a significant amount of energy from the input is
utilised by the converter’s parasitic capacitance and leakage inductance, which reduces the energy
delivered to the load for each pulse cycle. This paper proposes an energy-based analysis exploring
the potential usage of the flyback converter-based high voltage pulse generator for an application
with power requirements under 150W, and water treatment is such an application. An energy-based
approach is appropriate to describe the behaviour of the pulse generator in terms of circulating
energy and energy exchanges in each stage and energy exchanges between the two stages (i.e. pre
and post-processing stages). The proposed analysis is used to derive the essential parameters of
the pulse generator and thereby arrive at an appropriate control scheme for the pre and post-
processing stages. The proposed energy-based analysis and the derived analytical expressions of
the high voltage pulse generator are verified experimentally for a pulsed output voltage of —5kV
having a Pulse Repetitive Rate (PRR) of 1000 Hz and pulse width of 15 s fed from a 12V battery
source.

INDEX TERMS energy-based analysis, flyback converter, capacitive load, programmable pulsed
high voltage, pulse power, resonant converter

NOMENCLATURE Viink, ilink  Voltage and current through the DC link
capacitance
€ Permittivity of the dielectric medium Lot Peak current through Ly
A Area of the DBD Chamber ) vs1 Drain to source voltage across switch Sy
Co, Ro Output load capacitance and resistance Ceft Equivalent parasitic capacitance of HV
Ve Input voltage of HV pulse generator flyback converter
Lk, L Leakage and magnetising inductance of Vel Maximum DC link capacitor voltage
transformer T, referred to primary Tehrg, ¢ Charging time of the DC link capacitor
vy, 1 Voltage and current through Ls of Ty to charge from Vy toVe
. C
referred to primary Lo, C; Series resonant inductance and capaci-
ng Turns ratio of HV flyback transformer T tance of post-PS
Csw SWitCh Sy and diode Dl node capacitance Lur, Cwa  Magnetising inductance and winding ca-
Cq D19dg D4 node c.apac1tance pacitance of T referred to primary
Cw Winding capacitance of HV  flyback Likr Leakage inductance of resonant trans-
transformer T'; referred to secondary former Ty referred to primary
Clink DC link capacitance
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n, Turns ratio of resonant transformer T
v, Voltage across the resonant capacitor Cy
Vi max Maximum voltage across C;

i, Current through the resonant inductor
Vo, 1o Pulsed output voltage and current

through the load

Vo, max Peak voltage across the pulsed output

Er_, Energy stored by the magnetising induc-
tance of T; during switch S; turn-on

Ec.q Energy utilised by the parasitic capaci-
tance of pre-PS

Pox Peak power rating of the pre-PS

I. INTRODUCTION

ATER is one of the basic resources of all living

organisms on this planet. According to the UN,
2.2 billion people lack safely managed drinking water in
2022, and 2.4 billion people live in water-stressed coun-
tries in 2020 [1]. Water treatment (includes chemical,
physical, biological, and electrical treatment [2]-[4]) is
the process of improving water quality by removing the
microbial pathogens present in the wastewater. Treating
water for end-use purposes like drinking, industrial ap-
plications, medical applications, etc., is essential due to
drinking water shortages (0.4 % of water on this planet)
and the increasing needs of the growing population. In
the electrical treatment of water, ozonization is preferred
over other water treatment technologies due to its ef-
fectiveness and speed in treating water. Ozone water
treatment does not add chemicals to water; hence, it
is free of chemicals and pollutants [5]. A comparative
study of the techniques available for removing contami-
nants from water shows that the ozonization technique
removes 95 % of toxic and harmful elements from the
wastewater [6]. The quantity of ozone required to remove
waste effectively depends on the type of contaminated
waste.

In the literature, various ozonization techniques, in-
cluding silent discharge, corona discharge, and pulse
streamer discharge, are explored in this paper [7]-[10].
All three methods utilize a DBD chamber for ozone pro-
duction. Notably, the silent discharge technique stands
out by incorporating a dielectric layer in its setup. This
dielectric layer enhances the charge storage capacity of
the DBD chamber, allowing it to withstand a higher
maximum voltage for a chamber of the same size,
ultimately leading to increased ozone production and
efficiency compared to the other techniques. Conversely,
in the silent discharge technique, the inception volt-
age required for a given ozone concentration is lower.
This characteristic results in reduced power and voltage
demands from the pulse generator [11]. In terms of
efficiency, for a constant applied voltage and DBD cham-
ber size, silent discharge achieves close to 95% ozone
production efficiency, a notable contrast to the 40%
efficiency observed in the corona and pulse streamer
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discharge. Another advantage of the silent discharge
technique lies in the wider reaction chamber, facilitating
a discharge that occurs over a broader area. This design
eliminates the need for an additional cooling system
[6]. In summary, the silent discharge contributes to its
superior performance in terms of ozone production effi-
ciency, stronger ionisation, reduced power consumption
and no cooling system requirement compared to other
ozonization techniques.

The silent discharge technique for ozonization requires
a Dielectric Barrier Discharge (DBD) chamber, consti-
tuting two metal electrodes separated by air and a di-
electric layer. When oxygen is passed into the chamber,
and High Voltage (HV) is applied across the two ends
of the metal electrodes, it leads to the breaking down of
oxygen atoms, and ozone is generated at the output [12].
The high voltage applied across the two electrodes can
either be pulsed with a defined Pulse Repetitive Rate
(PRR) and pulse width or sinusoidally non-pulsed with
a defined frequency. In literature, a comparative analysis
has been done between the above two techniques, and
the use of short (pulse width less than 15ns) HV pulses
features a higher amount of ozone concentration and
increased ozone production efficiency [13]. Both the
metal plates in the DBD chamber resemble a capacitive
load and demand a programmable pulsed HV (in the
range of —2.5kV to —5kV) for ozone production. So, a
suitable HV pulse power converter topology needs to be
identified for the silent discharge-based ozone generator,
which features lightweight, compact, programmable, and
controllable, and the motivation for the same is given
in the next section. In this work, the input to the HV
pulse power converter is fed from a battery with an
input voltage of 12 V, which gives an added advantage
of portability.

Il. MOTIVATION AND OBJECTIVE

HV pulse power for various applications is still evolv-
ing in literature. It finds application in water and air
treatment, plasma generators, radar power supplies,
and microwave tubes. Table 1 shows several HV pulse
power applications, which vary in peak voltage and
power requirement. One such application is the water
treatment (by the usage of ozone) where typically the
power is of the order of 10 watts and peak output
voltage varies from —2.5kV to —5kV. An energy-based
analysis is presented in this paper exploring the potential
usage of the flyback converter-based pulse generator for
an application with power requirements under 150 W.
Notably, water treatment is one such pulse power appli-
cation that falls within this power range. Hence, in this
paper, the analysis is being taken for a water treatment
application. The process of water treatment using pulsed
power technology has the advantage of fast-rising power
at the load end, making the treatment faster and more
efficient.
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TABLE 1. High voltage pulsed load applications

L Power  Peak Output
Application
Voltage
Water Treatment [14] 10W 10kV
Plasma Generator [15] 600 W 8kV
Radar Power Supply [16] 6 kW 1kV
Microwave Tube Applications [17] 25kW —2.5kV

A typical HV pulse generator block diagram is pro-
posed in Fig. 1. The power processing unit consists
of two stages; the first stage is a high-frequency pre-
processing stage (pre-PS), where the DC input voltage
from the battery is stepped up to a voltage required by
the second stage. The second stage is a pulse frequency
post-processing stage (post-PS), where the output of
the post-PS is converted into pulsed HV with a specific
PRR, pulse width and pulse rise time [13].

Power Processing Unit

nC Inpulr PRE-PROCESSING _
Voltage _[ | STAGE =
L

FIGURE 1. A block diagram of a typical high voltage pulse generator

Converter topologies for pre-PS and post-PS are
discussed in the literature [17]-[24]. A few prominent
converter topologies for the pre-PS are the interleaved
boost with voltage multiplier topology, the boost flyback
converter topology, high gain DC-DC step-up topology,
boost chopper fed DC-DC topology and boost full bridge
type topology; and the Marx generator circuit, pulse
frequency modulated full bridge and the usage of an HV
switch for obtaining a pulsed high voltage are used for
the post-PS.

Topologies investigated for pre-PS features largely
valued capacitors for reducing ripple, which result in a
higher amount of current drawn from the source and
are capable of reasonably low current production in the
output. Control becomes complex due to the converter
configuration [25]-[28]. The topologies investigated for
post-PS feature a lower PRR (less than 500Hz) due
to higher charging time constraints. The achievable
efficiency may be affected due to the higher resistance
(typically in hundreds of ohms), inbuilt high-valued
snubbers and minimum pulse width constraint [29]. In
addition, increased overshoots and undershoots during
transients [30] may result in a miscalculated amount of
ozone production in the output. Most of the topologies
in literature for the HV pulse generator are suited for
high pulse power applications in the range of 1kW to
5kW. However, converter topologies for low-pulse power
applications like water treatment (power in the order of
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tens of watts) are still evolving in the literature [31].

HV flyback converter for the pre-PS and series LLC
resonant-based post-PS is an attractive solution for HV
low pulse power applications. The flyback converter
features a compact structure with a lesser component
count, galvanic isolation and is efficient for low-power
applications (less than 150 W) [32]. The series LLC
resonant-based post-PS features high efficiency, high
PRR and pulse width as required by the pulse power
application. No overshoots/undershoots are observed,
making the pre-PS free from the usage of lossy snubbers.
Table 2 and Table 3 give a comparison between the
topologies present in literature for pre-PS and post-PS,
respectively, with that of the proposed pulse generator
for a low-power application.

Due to larger secondary turns and winding arrange-
ment in the HV flyback transformer, the turn-turn wind-
ing capacitance and the leakage inductance increase. The
parasitic capacitance (winding capacitance of the HV
flyback transformer and the switch node capacitances)
affects the converter performance for a capacitive load.
In HV low-power applications, neglecting the parasitic
capacitances in the initial design stage will either lead to
not attaining the desired output voltage in desired charg-
ing cycles or not attaining the output voltage (parasitic
capacitance limits the output voltage) with continuous
charging cycles. This is due to a significant amount
of energy being drawn by the parasitic capacitance
from magnetising inductance, which reduces the energy
delivered to the load per cycle. To address the above, an
energy-based analysis for an HV pulse generator with
an appropriate control is proposed in this work. The
parasitic capacitance in the HV flyback converter results
in additional resonant intervals with respect to the
ideal flyback converter intervals, where energy exchange
between the parasitic capacitance and the magnetising
inductance occurs. In the series LLC resonant converter,
the energy flow from the DC link capacitor to the
output load and the change in energy discharged by
the resonating capacitor during pulsing is essential for
designing the parameters of the post-PS and arriving at
a proper control strategy. The circuit-based analysis of
both flyback-based pre-PS and resonant-based post-PS
is accurate, but it neither gives straightforward solutions
to the control parameter nor defines the operating point
of the HV pulse generator. The circuit-based approach
doesn’t give insight into the energy exchanges that take
place in the HV pulse generator.

Hence, an energy-based analysis governing the energy
exchanges in the HV pulse generator with parasitic
capacitance effect is proposed in this paper. A control
strategy for both pre-PS and post-PS, controlling the
energy flow from input to the pulsed output, is proposed.
The proposed energy-based analysis is simple and aids
in arriving at straightforward expressions for the control
implementation and judicious choice of flyback converter
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TABLE 2. Pre-Processing stage topologies for HV pulse power generator

Voltage Gain Semiconductor Component  High Frequency
Topology
Capability Switches Count Isolation
Interleaved Boost with IM|| < 5 2 Active 6 Passive 20 No
Voltage Multiplier [18]
Boost Flyback Converter [19] [IM]| < 10 2 Active 1 Passive 7 No
HV Flyback based Pre-PS 10 < |[M]] < 100 1 Active 1 Passive 5 Yes
TABLE 3. Post-Processing stage topologies for HV pulse power generator
Smooth Pulse Repetitive  Snubbers  Power Rating
Topology
Transition Rate
Marx Generator [23] High Overshoots* < 500 Hz Yes > 20kW
High Voltage Switch [29] Minimal with > 1000 Hz Yes > 10kW
snubber circuits
Proposed Resonant based Minimal > 1000 Hz No < 100 W

Post-PS

*Higher overshoots are observed due to the presence of a spark gap

for the pre-PS and series LLC-based resonant converter
for the post-PS. The proposed analysis aids in arriving
at essential parameters of the HV pulse generator, like
the minimum number of charging cycles, minimum input
energy required to charge the DC link capacitor in the
pre-PS, and the change in energy discharged by the
resonating capacitor during pulsing.

The analysis summarised above confirms a study for
an efficient pre-PS and post-PS, which defines the pri-
mary objectives of the work. The energy-based analysis
with a hybrid control scheme for the high voltage pulse
generator is shown in Fig. 2, with the research contribu-
tion highlighted in blue colour. The contributions of the
work are summarised as follows:

! I DC Link I
Capacitor |

1

nC x.,,m._l__':_ FLYBACK BASED | RESONANT BASED | ! |Ppused

Voltage 1| PRE-PROCESSING S POST-PROCESSING | 1| |
' STAGE STAGE |

|
| | Peak Current Mode Control

: Minimum Voltage Point Control
|

|

Duty Control

FIGURE 2. Block diagram of a typical high voltage pulse generator and
the proposed research work

1) A combined energy-based approach is proposed to
define the pre and post-PS converter behaviour.
The proposed energy-based analysis enables real-
time implementation of the control scheme.

2) The proposed analysis analyses the effect of para-
sitic capacitance on the HV pulsed loads feeding low
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pulse power applications.

3) The proposed analysis is used to derive analytical
closed-form expressions of the essential parameters,
peak power ratings and hence the efficiency of the
power processing unit.

4) The proposed analysis is used to analyse the poten-
tial usage of the HV flyback converter for the pre-PS
and series LLC resonant converter for post-PS.

5) The proposed analysis, the control scheme and com-
putation of essential parameters are validated on
HV pulses of —2.5kV to —5kV (Peak-Peak), with
PRR of 1kHz and pulse width or Full Width at Half
Maximum (FWHM) of 15ps, through simulation
and hardware results.

Ill. CIRCUIT BASED ANALYSIS OF HIGH VOLTAGE PULSE
GENERATOR

The HV pulse generator consists of input voltage, power
processing unit and load. The power processing unit
consists of 2 stages, i.e. pre-PS and post-PS. In this
section, the focus is on the circuit-based analysis of the
power processing unit. However, it is essential to under-
stand the load parameters presented in the preceding
subsection.

A. OZONE CHAMBER PARAMETERS
The silent discharge of oxygen is made to happen in
a chamber called Dielectric Barrier Discharge (DBD)
chamber or ozone chamber, which requires a pulsed HV
applied to the ozone chamber. The analysis of the DBD
chamber is essential for designing the power processing
unit and is presented in this section.

Fig. 3 shows a DBD chamber connected to the power
processing unit. The chamber consists of (1) an active
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FIGURE 3. DBD chamber connected to power processing unit

e
N

I:-

e,

electrode, (2) a dielectric layer, (3) a discharge gap
and (4) a ground electrode [33], which is electrically
represented as a capacitance (C,), given in (1) [34].

Co = €c0A/(d + €h) (1)

There will be dielectric losses associated with the DBD
chamber; this loss component is presented as a high-
valued parallel resistance across the capacitor. Hence,
the electrical equivalent circuit of a DBD or ozone
chamber is represented as an R-C circuit, which forms

the load for the power processing unit, as shown in Fig.
4.

| — 1™ T Ozone

| Chamber

|

POWER |
[ PROCESSING | T H”|

|

UNIT

| !

FIGURE 4. Electrical equivalent circuit of DBD chamber

In the literature, ozone concentrations ranging from
1 to 5 mg/L have demonstrated significant efficacy in
reducing pollutants in drinking water [35]. For swimming
pool water, applying ozone at concentrations of 0.5
to 1 mg/L has proven effective [36]. In sewage water
treatment, ozone concentrations ranging from 5 to 10
mg/L are commonly applied, while for industrial waste
treatment, concentrations of 10 to 15 mg/L have shown
notable pollutant reduction [37]. Ozone has been found
to extend the life cycle of granulated activated carbon
by over 21 months, with recommended dosages falling
between 6 and 8 mg/L [38]. For the aforementioned
applications, an appropriate DBD chamber is selected
to accommodate the specified ozone concentrations.

In Fig. 5, a single dielectric barrier discharge (DBD)
chamber is depicted, featuring electrodes with a diam-
eter of 30 cm. The chamber incorporates a 1 mm thick
glass dielectric layer, with a 2 mm gap separating the
two layers. From the above specifications, the chamber
is electrically presented as a capacitance, estimated at
approximately 300 pF (from 1). Oxygen is introduced
through the inlet at a consistent flow rate of 2 L/min,
while a pulsed high voltage (in the range of —2.5kV
to —5kV) is applied across the two electrodes [39]-[41].
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FIGURE 5. DBD chamber with single dielectric [39]

Ozone is collected at the chamber outlet, and Fig. 6
illustrates a graph correlating ozone concentration with
the applied pulsed voltage.

Ozone Concentration (in mg/L per min)
T T T T T

0 ! L L L L L
25 3 35 4 4.5 5
Applied Voltage (in kV)

FIGURE 6. Pulse voltage (in negative kV) vs Ozone Concentration [40]

From Fig. 6, it is evident that an applied pulse
voltage ranging from —2.5kV to —5kV yields ozone
concentrations ranging from 0.48 to 16.1 mg/L. These
concentrations are deemed adequate for treating water
in the above-mentioned applications.

B. ANALYSIS OF POWER PROCESSING UNIT

The power processing unit consists of two stages, i.e.
pre-PS, which charges the DC link capacitor and post-
PS, in which the DC link capacitor is discharged and
converted into pulsed output voltage with the desired
gain. The following section describes the circuit-based
analysis of the pre-PS and post-PS.

1) Analysis of pre-processing stage

An HV flyback converter considering the transformer’s
parasitic capacitance and leakage inductance is shown in
Fig. 7. In a switching cycle of the HV flyback converter,
the magnetizing inductance (L) stores energy (Er, ;)
during the turn-on time of switch S; and this energy
in the magnetizing inductance charges the DC link
capacitor (Cjnk) during the turn-off time of switch
S1. Apart from the switching intervals, the magnetis-
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ing inductance undergoes resonance with the parasitic
capacitance. During this interval, a notable amount
of energy interchange happens between L., and the
parasitic capacitance. This reduces the energy delivered
per cycle to Ciink. Selecting a lower value of Eg, , might
result in not attaining the desired DC link voltage in
a specified charging time, which results in uneven peak
pulse amplitude in the pulsed output. To ensure soft
switching and efficient charging of the DC link capacitor,
a Minimum Voltage Point (MVP) switching technique
with Peak Current Mode Control (PCMC) technique is
preferred due to the presence of parasitic capacitance
and leakage inductance [42].

Dy

)
L
L{ }—[ Uik 1+

=—=C, Cq4 Clink =Vtink

FIGURE 7. A non-ideal HV flyback based pre-PS with parasitic capacitance
& leakage Inductance of the HV pulse generator

The following assumptions are considered while deriv-
ing the analytical equations:

a) The dominant non-idealities such as the parasitic ca-
pacitance (includes switch capacitance (Cgy), diode
capacitance (Cq) and transformer winding capaci-
tance (Cy)) and the leakage inductance of the trans-
former (Ljkf) is considered in the analysis.

b) The input capacitance (C;,) and the DC link capaci-
tance (Cyink) are considered large such that the ripple
on the input and output voltage is negligible.

The operating principle of the HV flyback converter
features switch S; and diode D; conduction along with
two resonant conduction intervals. The analytical equa-
tions of each interval are derived using circuit analysis
and is given in Table 4.

Time Interval 1 (tof — t1,¢): Switch Sy is turned on
at t = tor with Zero Voltage Switching (ZVS) (shown
in fig 9(a)). The magnetising inductance (Lp¢) starts
storing the energy, and current through the magnetising
inductance linearly increases (as shown in Fig. 8). When
current through the magnetising inductance (ij) reaches
Iok s, the switch (S1) is turned off. This is done by using
a high-speed comparator which compares ij with the set
reference current Ix f and generates a trigger pulse when
ij > Ipk.¢. This trigger pulse is used to turn-off the switch
S1. This switching technique is called PCMC switching.

Time Interval 2 (t1r — tor): When the switch S,
turns off, some portion of the energy stored in the
magnetising inductance during interval 1 is used to
charge the parasitic capacitance (Ceg) from —ngVg. to
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FIGURE 8. Analytical waveforms of the HV flyback-based pre-PS of the HV
pulse generator

Viink (as shown in Fig. 9(b)). This reduces the energy
available in the magnetising inductance; the current
through the magnetising inductance reduces from Ipy ¢
to I;; (as shown in Fig. 8). The simplified equivalent
circuit of interval 2 is shown in Fig. 9(e) and the
parasitic capacitance (referred to secondary) is given by
Cet = (i?“” +Cyw +Cq.

Time Interval 3 (tof—ts ): At t = to ¢, diode Dy starts
conducting as the voltage across the equivalent parasitic
capacitance gets clamped to vy (as shown in Fig. 9(c)).
A simplified equivalent circuit of interval 3 is shown in
Fig. 9(f). In this interval, the remaining energy from the
magnetizing inductance charges the DC link capacitor
(Clink)-

Time Interval 4 (tz¢ — tar): When diode D; stops
conducting, the energy stored in the parasitic capaci-
tance (during interval 2) discharges to the magnetising
inductance (as shown in Fig. 9(b)). At the end of this
interval, as vijnk > n¢Vgae, the body diode of the switch
S; starts conducting.

Time Interval 5 (taf — t5¢): When the body diode
conducts, it transfers the energy stored in the magnetiz-
ing inductance (during interval 4) back to the source (as
shown in 9(d)). The gating pulses are given to switch
S1 during this interval, ensuring ZVS turn-on (shown in
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FIGURE 9. Equivalent circuit of HV flyback based pre-PS for various time intervals of the HV pulse generator (a) Interval 1, (b) Interval 2 & 4, (c) Interval 3,
(d) Interval 5, (e) More simplified equivalent circuit during interval 2 & 4, (f) More simplified equivalent circuit during interval 3

TABLE 4. Analytical Equations of HV Flyback based pre-PS of the HV pulse generator

Time Interval of Flyback Converter (vi)

Voltage across magnetising inductance

Current through magnetising inductance
of Flyback Converter (i)

Vg
L., . —E— (t —tof) , Viink < ngVge
to.f — b1 Vi(t) = Ve (ﬁ) i(t) = Tt +Lokt
v,
lo+ t—Fng (t—to,f) Viink > nfVae
vi(t) = Vi1 cos (w1 (t — t1,r) + 61) i1(t) = Imasin (w1 (t — t1,¢) + 1)
2
_ %
fuf bt Vit = WiLintlms 1 = 4B + (i)
_ 1 _ —1 (Lpk.f
Wi = _ ¢1 = tan (—W1 (Lt + lef))
V07 L +Lie) Cogr Vae "
Cest = C““’ + Cw + Ca
vi(t) = —Vm2 Sln (W2 (t — tg f) + (252) i(t) = Ima2 cos (Wg (t - t27f) + (Z)Q)
tof —tar 12 Vi
, , Voo = woloeI Lo — /51 link,N—1
m2 W2me m2 m2 n? + n?(me_‘_lef)zwg
— tan—1! ( link,N—1 ) Wo = 1
¢2 0 (Lmg+ L) L1 wa ? /12 (Ling+Like) Clink
ta g —tug Vl(t) = V3an sin (W1 (t — t37f)) il(t) = I3y sin (Wl (t — t3’f))
’ ’ Vam = wiLlmslsgm I3m = walma cos (waTq1 + ¢2)
N.A. Viink < ngVqe ) N.A. Viink < nfVqc
ta s — ts¢ vi(t) = i(t) =
L Vg
Ve (ﬁ) Viink > nfVdc Le+ v~ (t —taf)  Vink > nfVae

Fig. 8). This is done by using a high-speed comparator
which compares vg; and V4., generating a trigger pulse
when vg; < Vg.. This trigger pulse is delayed by Wll
and given to switch S; ensuring ZVS turn-on of S;. This
switching technique is called the MVP switching scheme.

Time interval to ¢ to ts ¢ is repeated in the subsequent
cycles till the output voltage across the DC link capaci-
tor gets charged to the voltage required by the post-PS
unit. The time required to charge the DC link capacitor
is given by Tenrg,r = N(t5.¢—t0,¢), where N is the number
of switching cycles of the HV flyback converter. When
the controller detects that vy has reached Vge (input
voltage required by the post-PS), it disables the HV
flyback converter and Vg is maintained at the output.
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2) Analysis of post-processing stage

Ry Cy
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Vtink == Clink; SJE} s T -
A
1(’,TC

FIGURE 10. Structure of resonant-based pulsed switching module for the
post-PS of the HV pulse generator

A series resonant-based post-PS is proposed in Fig.
10. The pre-PS charges the DC link capacitor to the
Ve, following which the switch S, is turned on, and
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the energy in the DC link capacitor charges the resonant
capacitor (C1). When switch S3 is turned on, a resonant
loop is formed, and the energy in C; gets discharged,
and a pulsed HV is observed at the output (v,).

The following assumptions are considered while deriv-
ing the analytical equations:

a) The dominant non-idealities, such as parasitic capac-
itance and the leakage inductance of the transformer
that affects the converter performance, are consid-
ered in the analysis.

b) The magnetising inductance of the transformer Ty
(Limy) is very large and is neglected in the circuit
analysis.

¢) The DC link voltage (viink) is always charged to Vga
by the pre-PS.

The operating principle of the resonant-based post-PS
is given below. The analytical equation of each interval
are derived using circuit analysis and is given in Table
5.

Time Interval 1 (to, to t1,): The voltage across
the resonant capacitor C; is charged to V¢, .. be-
fore the turn-on of the switch S3. At the turn-on of
switch S3, diode Dy is forward biased, and resonance
occurs with the resonant frequency defined by w,; =
1/&3{% (as shown in Fig. 12(a)). The voltage
across the resonant capacitor gets discharged, and the
voltage across the output capacitance rises to Vg max
(as shown in Fig. 11).

Time Interval 2 (t1, to te,): The voltage across the
resonant capacitor C; discharges to V¢, ;. at t =t ;.
At t = t1,, the body diode of the switch is turned
on due to the reversal of ir, current, diode D4 gets
reversed biased, and the voltage across the output starts
discharging (as shown in fig 11). The resonant capacitor
charges to V¢, .., by DC link capacitor (as shown in Fig.
12(b)). The switch Ss is turned off during this interval
to ensure Zero Current Switching (ZCS).

Time Interval 3 (to, to tsy): At t = ts,, the body
diode of switch S3 stops conducting and the resonant
capacitor charges to V¢, ... by the DC link capacitor
(as shown in Fig. 12(c)). The output voltage discharges
with a time constant defined by Ro and Co. (as shown
in fig 11).

Time Interval 4 (ts, to t4,): The resonant capacitor
gets clamped to Vg, .., as the diodes Dy and D3 gets
reversed biased at t = t3, (as shown in Fig. 12(d)). At
the end of this interval, the output voltage is discharged
to zero.

Time Interval 5 (t4, to ts,): In this interval, none
of the semiconductor switches conducts and the voltage
across the resonant capacitor stays at V¢, . till the
next switching cycle of the switch S3. This process
is repeated through the subsequent cycles, and high
voltage pulses are observed across the output.
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FIGURE 11. Analytical waveforms of the resonant-based pulse switching
module for the post-PS of the HV pulse generator

C. LIMITATIONS OF CIRCUIT-BASED ANALYSIS

1) Analysing the circuit-based approach, results in
solving transcendental equations (as observed from
Table 1 and Table 2), which does not give a straight-
forward solution to the control parameters of the
power processing unit.

2) The circuit-based analysis fails to provide the para-
sitic capacitance’s effect in the pre and post-PS and
the energy exchanges in the HV pulse generator.

3) In the pre-PS, the computation of parameters like
charging time, the final output voltage, and change
in the output voltage in each cycle requires infor-
mation on the previous cycles, which the analysis
fails to provide.

4) The analysis fails to provide a combined pre and
post-PS approach, which helps in computing essen-
tial parameters of the HV pulse generator.

An energy-based analysis is proposed and presented
in the next section to address the above limitations in
the circuit-based analysis.

IV. ENERGY BASED ANALYSIS AND DESIGN

Analysing the HV flyback converter along with the
resonant-based post-PS in an energy-based approach
gives more insight into whether the pre-PS will be capa-
ble of charging the DC link capacitor voltage within the
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FIGURE 12. Equivalent circuit of resonant-based pulse switching module for the post-PS for various time intervals of the HV pulse generator (a) Interval 1,

(b) Interval 2, (c) Interval 3, (d) Interval 4 & Interval 5

TABLE 5. Analytical equations of resonant-based pulse switching module for the post-PS of the HV pulse generator

Time Interval Output Voltage across Ozone Load (vo)

Resonant Inductor Current (if,,)

nyCq

) \/nﬁcscl(L2+L1kr>(01+n?cs)

to,r —t1,r ol = ngCs+Cy Vclvm"‘x [COS (er (t - ta'r)) B 1} Ly ¢ Ll(C1+n?Cs) Vcl,max sin (er (t - tO,r))
n2Cs+Cq
Wrl =\ o0l n2cCo Cs=C C
rl (L2 +Lyj )nZCs Cy s o+ Cwa
2050y (L +Lik) (C1402Cp)
__ n;Cy ) B B . _ \/“x p &1 b2 Thikr 1ty Sp _
ti,r —tor vo (V= nZCp+Cy VOl min [eos (wrz (= va0)) = 1] iy 0 = L1 (C1+n2Cp) C1,min *" (we2 (v = t1,0))
) ,
2C,+C
_ n;Cp+Cy _ GCoCo
Wi2 =\ oLy, )n2CpCy Cp = CofCs T Cuwa
Vo=V
_ Vo,max |KiR2Ch—1 —Kj(t—tg, . _ YAl T VCy itm .
vom_m[ﬁe (-e20)] g () = —ao O i (i (¢ = ta,1)) +Tg con (wia (¢ — t2.0)
Vo, max l—ch'sze—KQ(t—tz,r)
to,r —ta,r Ry Ch Ki—-Ka ~
1 — C2Cwd _ Vaa _
Co = oorcag lo = <t (t2,r —to,r)
—b++/b2—4a
Ki,Ko = b++y/b ac Wig = 1
2a vV (L1+L2)Cy
a=1b= RoCo+R2CH+RoCH 1
o RoR2CoC) »® 7 RoR2CCh
_ Vo,max |KjRaChH—1 —K1(t—t2,r)
ta3,r — tar vo(t) = R Ch [ K]-Kz © + 0
Vo,max [1=RaChKy —Ko(t—ta 1)
R20'2 K;—Kg =~
t4,1“ — tS,r 0 0

next switching cycle of the post-PS. So, an energy-based
analysis of the power processing unit, which describes
the energy exchanges and circulating energy in the pre-
PS and post-PS, is proposed in this section. An energy-
based approach describes the energy discharging phase
in the post-PS and the energy charging phase of the pre-
PS; which enables computing of essential parameters of
the HV pulse power converter associated with the load.

A. ENERGY EXCHANGES IN POST-PROCESSING STAGE
1) Interval 1: (Energy discharging interval)
At the turn-on of switch Sz, the resonant capaci-
tor discharges from V¢, ... to V¢, ... and pulsed
voltage is obtained across the output voltage with
a peak amplitude of V, max. The energy required to

VOLUME 10, 2022
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charge the load capacitor to the maximum output
voltage (Vo max) is given by (2) [34].

Eco = %Covg,max (2)
During this interval, the resonant capacitor (Cj)
supplies energy to charge the load capacitor and
some fraction of energy is used by the leakage
inductor (Ljg) and the magnetising inductance
(L) of resonant-based post-PS. So the net energy
discharged by C; is obtained in (3).

EC1 = = (3)
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where ¢ is the energy efficiency factor for C;, and
the value of ¢ can be between 0.8 to 0.9.

2) Interval 2: (Energy charging interval) At the turn-
off of switch S3, the resonant capacitor charges to
V@i ey tO ensure that constant peak pulse ampli-
tude is maintained at the output throughout the
cycles. The DC link capacitor charges inductor L
to Iy and the resonant capacitor to Vg, ,...; this
discharges the voltage across the DC link capacitor
from Ve to V), during the period to, to ts, (as
shown in Fig. 13). The net energy the DC link
capacitor discharges is given by (4) [34].

1 2 1
Ecyu = 5Cink (V?m —Via ) =Ec, + ngﬁ (4)

where I is the peak current of inductor L; which
occurs at t = tg ;.

Vlink
‘/dcl

'
‘/(l(‘/

I
I
I
I
|
I
I
]
I
I
I
I

r t

to,r tir tor tsr  tar 5,

FIGURE 13. Analytical waveforms DC link capacitor and resonant
capacitor voltage of resonant based post-PS of the HV pulse generator

From the above energy charging and discharging in-
tervals, analytical close-form equations of some of the
post-PS’s essential parameters are derived and is given
below.

1) Predicting the change in energy discharged by the
resonant capacitor for small changes in the peak output
voltage
This parameter is essential as a small change in the peak
output voltage demands more energy from the resonant
capacitor (Cy). Hence, the DC link capacitor should be
able to charge the resonant capacitor in a pre-defined
time, determined by the charging time of the pre-PS
(Tchrg,f)'

Putting Vo max = Vo,max + AV, in (2), where Av, is
a small increment in the peak output voltage.

1
EG, = 5Co(Vomax + Avo)® (5)

AECO = E/CD — ECD = AVoVo,maXCo (6)

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4

Hence, the change in energy discharged by the reso-
nant capacitor is given in (7).
AEC o AVo\fo,maxco

AE¢, = ° = (7)
¥ ¥

2) Predicting the voltage attained by the DC link capacitor at
t =t;, due to small change in the peak output voltage

The voltage across the DC link capacitor reduces every
time it charges the resonant capacitor. The DC link ca-
pacitor should be charged to the required voltage before
the desired charging time (T¢hyg ). Hence, predicting the
voltage attained by the DC link capacitor due to a small
change in the peak output voltage is vital. From (6),

E/CO = ECO + AVOVO,maXCO (8)
Putting (7) in (3) and (4),

2 <ECl)nk + Avovc;n]a)(co) (9)
Clink

where Vi ., is the voltage attained by the DC link
capacitor at t = t3 ;.

The pre-PS should charge the DC link capacitor
voltage from V/,; to V4o within the time Tehrg, £ given by
ts,r — t3,r. The charging time Ty, ¢ varies for a variable
pulsed output voltage. Hence, the computation of energy
exchanges in the pre-PS is essential in order to meet the
charging time and load requirements in every cycle.

2
Vdcl -

/ —
Vdcl,new -

B. ENERGY EXCHANGES IN PRE-PROCESSING STAGE

The value of the peak current through the magnetising
inductance (Ipk ) of the HV flyback converter depends
on the peak pulse output voltage (Vo max), pulse width
(Tpw) and the PRR (Tpuise) of the HV pulse generator.
For a variable peak pulse output voltage (i.e. from
—2.5kV to —5kV), Ik¢ needs to be varied by the
controller such that the charging time does not exceed
(t5,r —ts,r) (as shown in Fig. 14) and the power does not
exceed 150W. In an HV flyback converter, additional
energy exchange intervals, apart from the energy storage
and release interval, are observed due to the parasitic
capacitance. The computation of these energy exchanges
that occur in the HV flyback converter within a single
charging cycle is essential to compute the essential
parameters of the pre-PS.

1) Interval 1 (Energy storage interval): The voltage
across the parasitic capacitance (Ceg) is clamped
to —n¢Vy4e. During the turn-on of switch Sp, the
magnetising inductance of the HV flyback converter
stores energy Ep, ., given by (10) with the set peak
current (Ipkf) reference through the magnetising
inductance regulated by the PCMC.

1 2
Ep,, = §me1pk’f (10)
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FIGURE 14. Analytical waveforms of output voltage and DC link capacitor
voltage of the HV pulse generator

2) Interval 2 (First resonant energy interval): During
this interval, some fraction of energy stored in
the magnetising inductance is used to charge the
equivalent parasitic capacitance (Ceg) from —ng Ve
to viipnk. This fraction of energy utilised by the
parasitic capacitance (called the circulating energy)
is given by (11).

1
ECCH = *Ceﬂf (V12ink - ngvgic) (11)

2

3) Interval 3 (Energy release interval): The remaining
energy from the magnetising inductance is delivered
to the DC link capacitor through diode D; conduc-
tion. The energy delivered to the DC link capacitor
in a single HV flyback converter switching cycle is
given by (12).

EClink,CydC = Eme - Eceﬂ'
1 2

1
_ 2
= *meka’f 7Ceff (Vlink

9 2 - n?v(zic)

(12)

4) Interval 4 (Second resonant energy interval): Post
the diode D; conduction interval, the energy stored
in the parasitic capacitance during interval 2 i.e.
1Ceft (Vi — n?V3,) discharges to the magnetising
inductance. The equivalent parasitic capacitance
discharges from vy, to —n¢Vg4e. The energy circu-
lation stops with the conduction of the body diode
of switch S; when vy > neVge.

5) Interval 5 (Circulating energy interval): When
Viink > Dt Ve, the body diode of switch Sy conducts
to deliver the energy available in the magnetising
inductance (during interval 4) back to the source.

Fig. 15(a) shows that the fraction of energy stored in
the magnetising inductance (Er,_,) is utilised to charge
the parasitic capacitance and is given by Ec,,. This
energy is delivered back to the magnetising inductance
in interval 4, and the remaining energy is delivered
to the DC link capacitor. In each switching cycle, the
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FIGURE 15. Energy exchanges in the pre-PS of the HV pulse generator

voltage across the DC link capacitor (vijk) increases,
which results in increasing of the circulating energy
Ec,, (obtained in (11)). Hence energy delivered to the
load (Ec,,,, ) decreases (obtained in (12)). As the output
voltage builds up, at a certain time instant, the energy
delivered to the load decreases to zero, and circulating
energy becomes equal to the magnetising inductance
energy (as shown in Fig. 15(b)). At this instant, the
voltage across the load will be constant. So the minimum
peak current through the magnetising inductance of
the flyback converter required to charge the DC link
capacitor from V/; to Vg4u is obtained by (13) and is
given in (15).

Eme = Eceff Viink=Vdel (13)
il = =0 (Via —nfVi,) (14)
o bmfipkf = 5 Leff (Vdel g Ve

Ceff V2C B n2V2c
Lok f(min) —\/ ( dLl 5 Vac) (15)

The time required to charge the DC link capacitor
from VJ to Vqq is obtained from Fig. 14 and is given
in (16).

(tS,r - tO,r) (16)

From Fig. 11 and 14, t3, — tor > Tpw; hence (16) is
rewritten as (17).

Tchrg,f = Tpulse -

= Tchrg,f(max) < Tpulse - pr (17)

The HV flyback converter charges the DC link capaci-
tor from V), to Ve if it is operated at the peak current
obtained in (15), but it takes longer time to charge
i.e. greater than (Tpuse — Tpw), as obtained in (17).
So, an optimal peak current through the magnetising
inductance needs to be designed such that the charging
time is within limits (as obtained in (17)) and the power
does not exceed 150 W.

The HV flyback converter charges the DC link capac-
itor within the charging time Tchyg ¢ and the peak power
required to charge is given (18) [42]. The total energy is
delivered in a sequence of cycles given by (19) [42].
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Ec,
Py = —otink 1
Pl Tchrg,f ( 8)
P Ec,
Ec}’cle = —pk = Crink (19)

f81 Tchrg,ffsl

The HV flyback converter delivers some fraction of
energy (i.e. Ec_,) to charge the parasitic capacitance.
Hence, the maximum energy delivered by the magnetis-
ing inductance of the HV flyback converter (Er,_,) is
derived analytically and is given by (20).

o 1 |: Eclink
Lme — Ti

1
1 + *Ccﬁ' (V(Qicl - nfzvczic):| (20)

chrg £fs, 2

1 1[ Ec,
= LIl = - {
phof Tchrg,ffsl

1
2 n + iceff (V(2icl - H?V(Qic)
(21)
Hence, the peak current through the magnetising
inductance of the HV flyback converter is derived from

(21) and is given in (22).

2 Eq, 1
Lok,s = \/77me [Tchfgltz& + iceff (Via — n?Vchc):|
(22)
where fg, is the switching frequency of switch S;. With
the set peak current, the pre-PS is operated, ensuring
the charging of the DC link capacitor within allowable
charging time Tepye,r. The peak current in (22) must
be greater than the minimum peak current obtained in
(15).

Let vy be the initial voltage of capacitor Cjyk at t =
ts, (as shown in Fig. 13) which is equal to V), and vyyq
is the voltage attained by capacitor Cy,y at the end of a
first switching cycle of the flyback converter. The energy
balance equation of the flyback converter from the above
5 energy intervals is given by (23).

Eclink(x+1) = Ecnnk(x) + Eme - ECeH(X+1) (23)

where, Ecy,  (x+1) is the energy attained by the ca-
pacitor Cpyk after the first switching/charging cycle
of the HV flyback converter, Ec, , (x) is the initial
energy of capacitor Cjin, and Ec_; (x41) is the fraction of
energy utilised by the parasitic capacitance in the first
switching/charging cycle of flyback converter.

1

Eclink(x+1) = §Clinkv>2(+1 (24)
1 1
Ecim ) = §Clink">2c = §Clinkvéc12 (25)
1
ey = SCar (20 —tV2) 20

Putting (24) to (26) in (23),
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1 1
Eciux) + Ein = §CcffV,2{+1 + éclinkvi.}.l

27)
1 9 Cos (
= 5 Vlin 1
201 KVy41 < + Clink>
where,
1
Ein == 5 (L!nf:[?)k,f + Ceﬁn?\/ﬁc) (28)

Putting q = (1 + %) in (27),

EClink(X) + Ein — qEClink(X-i-l) =0 (29)

From the above energy equations (10) - (29), analyti-
cal close-form equations of some of the pre-PS’s essential
parameters are derived and are given below.

1) Predicting number of charging cycles required to charge

the DC link capacitor voltage from V, to Vyq

Let N be the number of charging cycles required to

charge the DC link capacitor voltage from V/ to Vgq.
From (29), similary writing the equations for NM

switching cycle,

Ecincx) + Ein (1 +q+®+...+ qN—l)
o

ECunk(X-i-N) =

(30)

Solving for N in (30), the number of charging cycles
is given by,

log ( E:]li%nliEClink(x) )
N = q—1 _Eclink(x+N) (31)
log (q)
where,
1
By x+N) = §Clinkvc21c1 (32)

2) Predicting the increment in voltage per switching
/charging cycle in pre-PS

Putting vyi1 = vx + Avjink in (27), where Avjiny is the
increment in voltage per switching or charging cycle in
the HV flyback converter,

1 1
iclinkv,z( +Epn = §qclink(vx + Aviink)® (33)

1 2
Ein -3 Ceffo

= Aviink =
qClinkVx

(34)
The features of the proposed energy-based analysis
can be summarised as given below,
1) The proposed energy-based analysis gives an insight
into the energy exchanges and circulating energy in
pre and post-PS.
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2) The proposed combined energy-based analysis is Hence, the turn-on time for the switch S3 is given
used to achieve programmability of pulse voltage in (38).
profiles by maintaining an optimal charging time of
the pre-PS. Tonss = 208 (pr _ 7T> (38)
3) The energy-based analysis provides a simplified 3Wr2
expression than the circuit-based analysis, which where f is the delay in the switch Sz turn-off,
helps determine several essential parameters of the ensuring ZCS turn-off.
HYV pulse generator.
4) The energy-based analysis is derived by taking Gss
care of the dominant parasitics in the HV pulse '
generator. Ton,s3
>1

C. DESIGN METHODOLOGY OF HV PULSE GENERATOR

TABLE 6. Specification for water treatment application b Tow
Load equivalent resistance (Ro) 190 k2 —Vo.maxy A
Load equivalent capacitance (Co) 300 pF ‘ -/ ‘
Maximum output voltage (Vo,max) | -2.5 to -5 kV ~Vo,max ,,,,% 777777 ”73””%7””,”%,”1 ,,,,,,,,,
Pulse width or FWHM (Tpw) 15 ps t; o t; N t;s.,r t, T 25
Pulse repetitive rate (Fpulse) 1000 Hz FIGURE 16. Analytical waveform of output voltage and S5 gate pulse of

the post-PS of the HV pulse generator
The design parameters of the pre-PS and the post-PS

are derived based on the specification of a typical water » Condition for ZCS for switch Sy and the value of j:
treatment application shown in Table 6. During the interval t ; to t2r, the body diode of the
switch S3 conducts when current through switch S3
1) Design of resonant-based pulse switching module goes negative and this happens only when i, +ir, =
o Design of resonant capacitor (Cy): 0, where ir,, is the current through inductor L;. This
The voltage across the resonant capacitor C; defines is the condition for ZCS; hence, the value of 3 is
the pulse voltage profile (as shown in Fig. 11); hence derived from Fig. 16 and is given in (39).
the value of the resonant capacitor is chosen such
that n?éo > 2. 5= tg —tor (tg —t1r) + (1,0 — tor)
The maximum value of the resonant capacitor is ot —tor t1r — tor
derived from output voltage expression for the time tg — t1r Wy1 (39)
interval tg, to t1, and is given by (35). =1+ te —tor =1+ - (tg — tir)

Vo max ;2 The value of (tg —t1 ) is obtained by putting ir,, +
VOimax = 2n,Cy (nr Cot Cl) (35) i,=0att :(tﬁg durir)lg the interval t1; to to,. '
« Turn-on time for the switch S3 (Ton.s3): o Value of resonant inductor .(L2): . ‘
The pulse width (Tpy) is the difference between the The ’Value of the resonant inductor is obtained by
time interval between the rising and falling instant putting,
of a pulse at which the voltage reaches 50 % of the
value at its peak (as shown in Fig. 16). It is defined Wiy (t1r —tox) =7 (40)

as the Full Width at Half Maximum (FWHM) of a
pulse. The pulse width (Tpw) is derived from Fig.
17 and is given by, _ _ Ton (41)

where,

Tow = tp2 — tp1 = (t1,0 — tp1) + (tp2 —tr1) (36) - n2C, + Cy 42
The time interval (t1, — tp1) ans (tp2 — t1,) are Wrl = (Lo + L) n2C,Cy (42)

obtained by equating v,(t) = ——2 at t = t; _ _ _ o
and t = tpy during the interval to, to t;, and t;, Hence inductor Ly is derived from (40) and is given

to to respectively. in (43).
2 2
Ton,s3 U Ton,s3 n;Cs + Gy

Tow = —2— Ly = : — Ly 43
T8 T B 37) ’ B n2C.C e (43)
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o Design of inductor L:

The inductor L; is calculated from the turn-off
period of switch S3 and is obtained by putting,

T
Wrg (tB,r - t2,r) = 5 (44)
where,
1
N A — (45)
(L1 + Ly)Cy

Hence inductor L; is derived from (44) and is given
by (46).

2 % (Tpulse - TO?;’Ss)
TN/ Cl

Maximum value of DC link voltage (V4):

The value of the maximum DC link voltage (Vqq) is
obtained from the voltage equation of the resonant
capacitor voltage during the turn-off period and is
given by (47).

Ll —+ LQ < (46)

Vcl ,max

Vaa =
Tonss
1 + \/QQCiLf (Ll + L2)

(47)

2) Design of flyback converter

o Selection of magnetising inductance (Ly,, ) and peak

current through the magnetising inductance (Ipk,)
of flyback converter:

Fig. 17 shows the design flow chart of the HV
pulse generator. The magnetising inductance, peak
current and the charging time (Tehyg ) are derived
iteratively in the design stage of the flow chart.
The maximum peak power (Ppkmax) for an HV
flyback converter is always kept less than 150 W.
The derived peak current (Ipk,) from the design
stage is used as a control parameter for the HV
pulse generator.

Selection of turns ratio of the flyback transformer
(Hf):

The turns ratio ns is selected based on the voltage
stress on the switch S; and diode D;. The voltage
across the switch S; and diode D; during the
turn-off condition is given by (48) and (49) [43],
respectively.

Vlinlqmax

VSl,max = Vdc +
nf

Vi (48)

VDl,max = Vlink,max + (nfvdc) (49)

where Vy, is the voltage spike caused due to
leakage inductance and parasitic capacitance of the
flyback converter during the charging process [43].
The maximum voltage stress across switch S; and
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FIGURE 17. Design flowchart of HV pulse generator

diode D should be greater than the voltage across
them respectively. So the equations for maximum
and minimum turns ratio is given by (50) and (51),

respectively.
e = (0p1-VBD,D1) — Viink,max (50)
Vdc
Vs
ng. = link,max (51)

(031.-VeD,s1) — Vaec — Vikp

where Viink max is the maximum voltage the DC link
capacitor has to charge, equal to Vqc. Vep,p2 and
Vgp,s1 is the breakdown voltage of diode D; and
switch S; respectively. o0s; and op; is the margin
factor which is less than 1 has been considered for
maintaining Vs max less than Vpp s1 and Vp, max
less than Vpp p2 respectively.

3) Parametric values of HV pulse generator
The specification of a typical water treatment appli-
cation is shown in Table 6. Table 7 gives the design
guideline of the pre-PS and the post-PS parameters.
Referring to the equations in Table 7, the post-PS
parameters are designed and are shown in Table 8.
The maximum voltage stress across the switches Sy and
S3 is the maximum DC link voltage (Vc, ,...): hence
switches with breakdown voltage greater than 189.16 V
is selected. The core of the inductors (Li,Ls) and the
transformer core are selected based on the area product.
The capacitors (C; and Cji,k) are selected based on the
voltage stress seen across them. Table 9 shows the details
of the component used in the post-PS.

Similarly, referring to the equations in Table 7, the
pre-PS parameters are designed and are shown in Table
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TABLE 7. Design guidelines using the energy-based Analysis

Rating Parameter | Ref. Eqn. Description
Ec, Eqn. (2) Load capacitor energy
Post-PS Change in energy
AE Eqn. (7
€1 an. (7) discharged by C;
Change in V],
Vel new Eqn. (9) | due change in peak
output voltage
Minimum peak current
ka,f(min) Eqn. (15) of Lyns
Pre-PS Tehrg, Eqn. (16) ghaurginf1 timiof Clinl;
perated peak curren
I Eqn. (22
p.f an. (22) of Lt
N { chargi
N Eqn. (31) umber of charging
cycles to charge Cyjpi
Increment in voltage
Aviink Eqn. (34) o g
per switching cycle

TABLE 8. Designed values of the post-PS

Resonant inductance (L1) 35 uH
Resonant capacitance (C1) 0.3 uF
Inductance (Lp) 1 mH
Maximum resonant capacitor voltage (V¢ ,...) | 189.16 V
Turns ratio (nr) 20
Switch Sz turn-on time (Ton,3) 12.5 us
Switching frequency of switch S3 1000 Hz
Maximum DC link voltage (V4e1) 120 V
Leakage inductance of transformer (Liy,) 70 uH
Winding capacitance of transformer (Cyq) 85 pF
TABLE 9. Details of component used in post-PS
Description Component
AIMWI120R080M1XKSA1

MOSFETs So and Sg
(SiC, 1200 V)

Inductor Ly ETD 49/25/16 (TDK)

Xmer core with sectioned bobbin URR 59/36/17 (TDK)

DC link capacitor Cypk 4 x R76QR3220SE30K

Resonant inductor Lo PQ 32/30 (TDK)

Resonant capacitance Cy 3 x R413N310050T0K

10. The maximum voltage stress across switch S; is
Vae + Vrff“; hence switch Sy is selected with the break-
down voltage greater than 36 V. The maximum voltage
stress across the diode Dy is ngVge + Vge; hence diode
D, is selected with the breakdown voltage greater than
180 V. The transformer core for the flyback converter is
selected based on the area product of the core. Table 11

shows the details of the component used in the pre-PS.
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TABLE 10. Designed values of the pre-PS

Magnetizing inductance (L) 102 pH
Peak current (I ¢) 2 A
Turns ratio (ng) 5
Input voltage (Vac) 12V
Leakage inductance of transformer (Ljyf) 747 nH
Winding capacitance of Transformer (Cw) 19 pF

TABLE 11. Details of component used in pre-processing stage

Description Component
MOSFETs Sy FDS2672
Diode D1 GAP3SLT33-214
Transformer core E 30/15/7

V. CONTROL METHODOLOGY AND IMPLEMENTATION
The control parameters I ¢ and T,y g3 obtained in Fig.
17 are utilized for control implementation, detailed in
this section.

A. CONTROL STAGE DESIGN OF THE POWER PROCESSING
UNIT

Vae Vlink Vo,maz
l PRE-PROCESSING | J_ POST-PROCESSING |
STAGE -|— STAGE
} T T [ T
| U | | -
| | | | | |
I [ C
| I v i 1_ | |
[ S T - | I
| | | | l |
I | | I ' |
I - e == |
Gate Pulse 5]| | Ca_ | I | I
I - I |
I
o oes b : |
Gate Pulse Sy | CONTROLLER ! I I |
| | Vi L > Cs_ 1 | |
]
| I _
A AL A P ' |
l P! | b — — — — — — o by I |
|
| | I |
I I

FIGURE 18. Control scheme of the of the HV pulse generator

The control scheme for the power processing unit is
shown in Fig. 18 and is detailed as follows:

1) The maximum output voltage (Vo max) is sensed
and taken to the controller. For the sensed Vg max;
the controller then generates the maximum DC
link capacitor voltage reference (Vq4c1) and a peak
current reference (Ipk) for the switch S;, such that
the charging time does not exceed Tpyise — Tpw and
the power of the pre-PS doesn’t exceed 150 W.

2) The controller generates the gating pulse for switch
S3 (refer to Fig. 19) according to the desired pulse
width and ensures ZCS turn-off of switch Ss.
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3) Three high speed comparators are used where com-
parator C; compares the switch S; drain to source
voltage (vg1) with the input voltage Vg4. and a
trigger pulse is generated when vg; goes less than
V4c. This trigger pulse is delayed by the controller
and given to switch S;, ensuring MVP and ZVS
turn-on of S.

4) Comparator Cy compares the current through the
magnetising inductance (i) with the reference peak
current (Ipx) set by the controller and a trigger pulse
is generated when ij is greater than the set Ii. This
trigger pulse is taken into the controller and given
to switch Sy, ensuring PCMC turn-off of switch S;.

5) Comparator Cz compares the DC link voltage
(Viink) with the reference maximum DC link voltage
(Vael) set by the controller and a trigger pulse is
generated when vy, goes higher than set Vgc;. This
trigger pulse is used to disable the DC link capacitor
voltage charging, ensuring a constant voltage seen
at the input of the post-PS.

The ZCS turn-off of switch Sz, and the ZVS turn-on
of switch S; make the HV pulse generator more efficient.

B. CONTROL ALGORITHM

The MVP with constant PCMC of an HV flyback
converter is a variable frequency switching scheme [44].
Fig. 19 shows the control algorithm of the of HV pulse
generator. In the control stage, the peak current (I ),
drain to source voltage of switch S; and vj;, is compared
with the set reference values, and given to modulator
which generates the gating pulses for switch S;. The
gating pulse for switch Sg is derived by determining
Ton,s3 during the design stage and along with Fpyse,
is then forwarded to the modulator.

Ton,s3

\
Ipk, s Ton,s3
T;wv Vd*c
ok, — Vi
Lf)@rators de
PCMC __Imvp | Evaluate Vi, from (47)

Modulator

Modulator,

Gg,
Gating Pulse to switch S Gs,

Gating Pulse
to switch S3

( Stop )

FIGURE 19. Control algorithm of the HV pulse generator
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VI. ENERGY-BASED ANALYSIS VALIDATION

The essential parameters of the HV pulse generator are
designed in the above section, and the analysis is verified
through simulation results.

A. CONSTRAINT ON CHARGING AND MINIMUM PEAK
CURRENT THROUGH THE MAGNETISING INDUCTANCE IN
PRE-PS

Switch S , 8ate pulse (GS I)

DC link output voltage (v,. )
96 T T T T T — Lk

95.16

92

88

| | L | | . 1
0.15 0.2 0.25 0.3 0.35 0.4 0.45 0.5
time (in sec)

(a)

Switch S , gate pulse (G S, /

i L
0 0.05 0.

L L

DC link output voltage (v,, I.)
T ~r

120
108

96

84

time (in sec)

(b)

Switc‘h N 1 gatle pulse '( G S, ,) '

T T T

or

L L L L L L L L L

120

108

96

0 0.1 0.2 0.3 0.4 0.5

0.6 0.6670.7 0.8 0.9 1
time (in msec)

()

FIGURE 20. Simulation results of pre-PS (a) Ipx s < Ik ¢(min) (b)

lpk,f = Ipk ,f(min) (C) lpk,f > 'pk,f(min)
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TABLE 12. Comparative analysis for different peak current levels in the pre-PS

Figure Lok s Peak Current Vel Tenrg, ¢

Constraint

Charging Time Peak Power | Observations

Constraint (Ppk)

Fig. 20(a) | 30mA | Lykf < Lk f(min) | 95.16V | 0.36s

Tchrg,f > Tchrg,f(max)

20.36 mW | The pre-PS neither able to
charge Vg4 to the desired
voltage (i.e. 120 V) nor meet

the charging time constraint

Fig. 20(b) | 44.85 mA 120V | 0.132s

Ipk.f = Ipk f(min)

Tchrg,f > Tchrg,f(max)

88.63mW | The pre-PS is able to charge
Vel to the desired voltage
but not able to meet the

charging time constraint

Fig. 20(c) 2A Ipiot > Lplfminy | 120V | 0.667ms

Tchrg,f < Tchrg,f(max)

20.54 W The pre-PS is able to charge
Vel to the desired voltage
and also able to meet the
charging time constraint. Py
is less than Ppy max (150 W).

Ik ¢ is obtained from (22)

The maximum achievable DC link capacitor voltage
(Vge1) in the pre-PS is limited by the parasitic capaci-
tance (refer Fig. 15); hence the minimum peak current
through the magnetising inductance required to achieve
the desired DC link voltage is obtained in (15).

From the designed values in Table 10 and the desired
Ve, the minimum peak current through the magnetis-
ing inductance to charge the DC link capacitor from V),
to Vye1 is obtained as 44.85 mA. The maximum allowable
charging time (Tgnrg f(max)) is obtained from (17) and
is less than 0.985ms. Table 12 shows the comparative
analysis of choosing Ik ¢ < Ink f(min)> Ipkt = Ipk,f(min)
and ka,f > ka,f(min)-

B. PREDICTING THE NUMBER OF CHARGING CYCLES TO
CHARGE THE DC LINK CAPACITOR IN PRE-PS

The HV flyback converter is subjected to a peak current
of I,k = 2A, which corresponds to Er,, of 204pnJ
per cycle. The DC link capacitor demands an energy of
4.81mJ to charge from V/ to Vqqa. The energy deliv-
ered to the load decreases due to the energy demanded
by the parasitic capacitance increases in every cycle. The
number of charging cycles required to reach the desired
DC link capacitor voltage is given in (31). Hence,

log E%_Eclink(x)
qinl 7ECIink(x+N)
N= o2 0 =24 (52)

Fig. 21 shows the simulation result of the DC link
capacitor voltage charged to 120V, and a counter is
implemented to count the number of charging cycles.
The counter is incremented with every rising edge of
the gate pulses to switch S;, and each counter step
corresponds to 1 charging cycle. As vy, reaches 120V,
the counter indicates 24 charging cycles, thus matching
the analytical results obtained in (52).
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DC link output voltage (vh." l‘)
T

120 F T T T T T

108 b
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FIGURE 21. Simulation results DC link capacitor voltage charged to 120 V
and number of charging cycles with I s =2 A

C. PEAK POWER CONSTRAINT IN THE PRE-PS DUE TO
CHANGE IN PEAK PULSE VOLTAGE

From the flow chart (shown in Fig. 17), during the design
stage, if Ppk > Ppkmax the Tenrg r is increased till the
peak power (Ppx) becomes less than Ppy max. But when
Ppk > Ppkmax and Tenrg s > Tenrg(max), the desired
Vo max can’t be achieved as the maximum power the
pre-PS is limited to Ppk max (in this case, it is 150 W).
If an application demands power more than Pk max,
the flyback converter is not a preferred choice, but high
power converters topologies like bridge converters could
be used as a pre-PS [45].

VII. SIMULATION AND EXPERIMENTAL RESULTS

The HV pulse generator for water treatment applica-
tions is simulated for the specification shown in Table 6.
The HV pulse generator is simulated using SIMULINK
software, and the results are discussed in the below
subsections.
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A. SIMULATION RESULTS

Gale‘ pulse to sn:itch s 3 ( s: 3)

Fig. 24 shows the output voltage waveform and the
enlarged view of a certain portion of it. It can be
observed that the FWHM or the pulse width is 15 us.

The time the output voltage takes to reach the peak of

Resonant inductor L 2 current (i ) 2)

|

the pulse is 11 us, which is the rising time of the pulse.

T I . n
Drain to source voltage of switch S s o,
T T

A
's? i |

Pulsed output voltage (v /

200 7 T T

-1000 [

I/

Resonant capacitor C ) voltage (v c ’)

200 ] !
100 -

Pulsed output voltage (v 0)

-2500 i

-5000 £ L L i i s | i
0.506 0.5062 0.5064 0.5066 0.5068 0.507 0.5072 * 0.507 0.50704

time (in sec)

FIGURE 22. Simulation results for the HV pulse generator

Fig. 22 shows the HV pulse generator simulation
results. During the turn-on of switch Ss, the output
voltage reaches —5kV, and the voltage across the reso-
nant capacitor (vg,) falls from 189.16 V to 69.31 V. The
switch S3 turns off at ZCS, which is an added advantage
in the resonant circuit. After switch Ss turns off, the
voltage across the resonant capacitor charges again to
Ve -

The DC link capacitor discharges its energy to induc-
tor L; and resonant capacitor C; during the interval
tor to tzr. The HV flyback converter is operated con-
tinuously till the voltage across the DC link capacitor
charges back to Vg, as per the design. Fig. 23 shows the
waveforms of the magnetising inductance of the flyback
converter and the charging of the DC link capacitor. A
peak current of 2 A through the magnetising inductance
of the HV flyback converter is maintained constant
throughout the charging process in order to charge
the DC link capacitor well within the charging time

(Tehrg,f)-

Peak current through Lm

(1 /ﬁ/

)
T
1

DC link output voltage (vh," i

108

96

84 L L L L L L
0 0.1 0.2 0.3 0.4 0.5 0.6
time (in msec)

FIGURE 23. Simulation results for charging of the DC link capacitor
voltage by the flyback converter

18

2000
3000F

-4000 -

soop, Pt i i i

0.225 0.2251 0.2252

0 :
-1000 1

-2000 FWHM =15 ps

-3000
-4000 -

-5000
0.225 0.225012
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FIGURE 24. Output voltage waveform

Fig. 25 shows the programmable capability of the HV
pulse generator. The output voltage changes from —5kV
to —4kV with a step change in vy, from 120V to 96 V.
Similarly, programmability in the output voltage profile
from —5kV to —2.5kV is achieved by changing vyjk.
When vy, changes from 120V to 60 V, v, takes a single
cycle of PRR to achieve the desired pulsed voltage. But
when vk changes from 60V to 120V, v, takes 3 to 4
cycles of the PRR to achieve the desired pulsed voltage.
This is due to when v, changes from —5kV to —2.5kV,
the DC link capacitor is charged to sufficient voltage (i.e.
120 V) such that it can discharge and take care of these
transients, but when v, changes from —2.5kV to —5kV,
the DC link capacitor requires some cycles to charge to
the required voltage.

DC link capacitor voltage (v”" ,)
T T T

120

100

80

60

40

0.1 0.15 0.2 0.25 0.3 0.35
Pulsed output voltage (v )

0.1 0.15 0.2 0.25 03 0.35
time (in sec)

FIGURE 25. Simulation results of programmable pulsed output voltage
from —5kV to —2.5kV

VOLUME 10, 2022

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License. For more information, see https://creativecommons.org/licenses/by-nc-nd/4



This article has been accepted for publication in IEEE Access. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/ACCESS.2024.3384574

IEEE Access

C. Kuldip et al.: High Voltage Resonant-based Pulsed Power Converter for Water Treatment Application

B. EXPERIMENTAL RESULTS

The HV pulse generator prototype is built and is shown
in Fig. 26. The gating signals for switches and MVP
switching scheme with constant PCMC are implemented
using the Altera MAX V CPLD board. The pre-PS and
post-PS blocks in Fig. 2, are distinguished by blue and
pink boxes, respectively in the experimental prototype
shown in Fig. 26.

HV 'Dio’de‘s =

P L R S S

FIGURE 26. Experimental prototype of HV pulse generator

1) Results of the post-PS

T

v

v,: 1 kV/div

X scale: 300 jus/div

: 15 V/div

=3

vo: 1 kV/div

]

X scale: 35 ps/div

(b)

FIGURE 27. Experimental results of HV pulse generator (a) S5 gate pulse
and output voltage (b) enlarged experimental results of the same
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Fig. 27(a) shows the pulsed output of —5kV with
PRR of 1000 Hz and the gate pulse Ss. Fig. 27(b) shows
the enlarged view, and it is seen that the turn-on time of
switch S3 is 12.5 ps and the FWHM of the output voltage
is 15 pns. In the post-PS, as depicted in Fig. 27(b), with
the turn-off of switch S3 gate pulse, the time constant
of the decaying pulse output voltage changes evidenced
by the analytical results present in Fig. 11.

Fig. 28(a) shows the drain to source voltage for switch
Ss and the resonant current, and Fig. 28(b) shows the
enlarged view of it. ZCS turn-off of switch Ss is observed,
which is advantageous in the HV pulse generator. In Fig
28(b), the switch S3 is turned off during the negative
switch current, indicating ZCS turn off of switch S3
observed in the analytical results present in Fig. 11.

ir,: 2 A/div J\

™~

Vass,: 200 V/div

N
4 4 -

f X scale: 240 ps/div

W

(o

ir,s 2 A/div

~

Vdsg, 200 V/div

~
n

X scale: 25 ps/div

7ZCS S3 OFF

[

(b)

FIGURE 28. Experimental results of HV pulse generator (a) drain to source
voltage of S5 and resonant current (b) enlarged experimental results of
the same

Fig. 29 shows the voltage across the resonant capaci-
tor. It is seen that the voltage across C; reduces when
the pulsed output voltage is obtained and it is charged
again to 189.16 V by the DC link capacitor within the
turn-off period of switch S3. The voltage across the
resonant capacitor falls with the rise in output pulse
voltage. Subsequently, the resonant capacitor is charged
by the DC link capacitor, as seen in the analytical results
presented in Fig. 13 and Fig. 14.
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FIGURE 29. Experimental results of HV pulse generator resonant
capacitor voltage and output voltage

2) Results of the pre-PS

Fig. 30 shows the HV flyback converter’s experimental
results for charging the DC link capacitor. The charging
of the DC link capacitor to 120V is ensured by MVP
switching scheme with PCMC of pre-PS. In Fig. 30, each
gate pulse of switch S1, causes the output capacitor to
increase until it reaches the desired value, as depicted
from Fig. 8.

T
M

ﬂ X scale: 5.3 pus/div

FIGURE 30. Experimental results of S, gate pulse and the charging of DC
link capacitor

The hardware results match the simulation results
for the desired specifications of the water treatment
application, ensuring the charging of pre-PS within the
desired charging time and not exceeding the pre-PS peak
power rating.

VIIl. CONCLUSION

An energy-based analysis of a flyback converter in the
pre-PS and a resonant converter in the post-PS for an
HV pulse generator in ozonization-based water treat-
ment applications is presented in this paper. Drawing
insights from the pulse load profile, an energy-based
analysis and control scheme for the pre-PS and the post-
PS is proposed in this paper, exploring the potential
usage of the flyback converter-based pulse generator for
water treatment applications. The energy-based analysis
aids in deriving the essential parameters and reference
peak current in the design stage, ensuring the desired
pulsed voltage profile adhering to specified charging
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time and pulse width, steady-state gain and limited
voltage overshoots/undershoots. The MVP switching
scheme with PCMC and ZCS turn-off of the resonant
switch ensures higher efficiency and improved charging
time of the converter. The proposed analysis and the
control scheme are verified experimentally for a pulse
load of —5kV with a pulse repetitive rate of 1000 Hz and
pulse width of 15ps fed from an input voltage of 12V
DC. The energy-based analysis is valid for a flyback-
based pulse power converter, which can cater to a load
requirement of less than 150 W. For power exceeding
150 W, exploring energy-based analyses for high-power
converter topologies could be a promising avenue for
future investigation.
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