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Power Electronic Pulse Generators for Water
Treatment Application: A Review

Xiaoqiang Guo, Senior Member, IEEE, Dongpo Zheng, and Frede Blaabjerg, Fellow, IEEE

Abstract- Water treatment is one of the most important
issues for all walks of life around the world. Different from the
conventional water treatment technology, the advanced power
electronic pulse technology has unique features and
advantages for the modern water treatment. Unfortunately,
there is no literature reported to describe them in a
comprehensive and systematic way. To fill this gap, an
overview of modern power electronic pulse generators (PPGs)
for water treatment is presented. This paper, for the first time,
classifies the different types of PPGs from the viewpoint of
pulse formation. Each of them is discussed, and the advantages
and disadvantages are compared and summarized. Aside from
that, this paper presents the development and trend of the
pulse generators suitable for the specified water treatment
processes such as electrolysis, sterilization, and discharge
degradation. Finally, a list of more than 100 relevant technical
papers is also appended for a quick reference.

Index terms: power electronic pulse generator (PPG),

electrolysis, sterilization, water treatment, discharge
degradation
Nomenclature

BL- Blumlein Line

CDVM - Capacitor-Diode Voltage Multipliers
CES — Capacitive Energy Storage

EC - Electro- Coagulation

EF — Electro-Flotation

HV — High Voltage

IES — Inductive Energy Storage

MBL — Multilevel Blumlein-Line

MMC — Modular Multilevel Converter
MPC —Magnetic Pulse Compressor

MS — Magnetic Switch

PEF —Pulse Electric Field

PFL — Pulse Forming Line

PFN — Pulse Forming Network

PPG — Power Pulse Generators

PPVM - Parallel-Parallel Voltage Multiplier
PT — Pulse Transformer

SOS — Semiconductor Open Switch

SSVM - Series-Series Voltage Multiplier
SPVM - Series-Parallel Voltage Multiplier

I. INTRODUCTION
Water treatment has become an urgent and significant
environmental protection project around the world. The
traditional water treatment methods mainly use a chemical
therapy to sterilize or degrade insoluble substances, but often
produce by-products which are harmful to humans, animals
and plants during the treatment. Also, chemotherapy is not
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able to degrade certain organic matters. The recent research
reveals that power electronic pulses can achieve the
sterilization and organic degradation, meanwhile not
produce the harmful substances [1-5]. The unique
advantages of the power electronic pulses in water treatment
make it attractive and promising in practical applications.
Therefore, the PPG for water treatment engineering receives
more and more attentions in both academic and industrial
fields. In this paper, the PPGs applied in different water
treatment technologies (electrolytic treatment, pulse electric
field (PEF) treatment and pulse discharge treatment) are
discussed and summarized. Before discussing PPGs, it is
necessary to introduce their application background.

The earliest application of power electronic pulses in
wastewater treatment is electrolysis, electrolysis, which is a
low-voltage high-current process technique. It has many
advantages, especially the simple implementation of
electrolytic equipment. It can be divided into electro-
coagulation (EC) and electro-flotation (EF), and their
operating parameters (reactor design, current density, time
and electrode type and arrangement) have impacts on these
processes [6]. Among the electrochemical processes, the EC
process is the best choice. It can achieve a satisfactory
removal, and its process is cost-effective. Typically, the EC
uses the iron as the anode. Under the action of direct current,
the anode of iron is continuously dissolved, and the ferrous
ions produce the precipitation of ferrous hydroxide and ferric
hydroxide in a weakly alkaline and neutral medium. Both of
these deposits act as flocculants to remove the inorganic and
organic contaminants. Because the electrical conductivity of
waste water has an impact on the treatment process of
electrolysis, it is generally applicable to saline wastewater.
Nowadays, as a relatively mature technique for water
treatment, electrolysis is common used to deal with the
wastewater containing cyanide and chromium. The typical
application is the treatment of printing and dyeing
wastewater, tannery wastewater, papermaking wastewater
and so on [7, 8].

The PEF is a relatively new water treatment technology.
The PEF across the water to be purified can cause
irreversible electroporation of cells to achieve water
sterilization. It is superior to the heat or radiation treatment.
And it prevents the electrodes from being electrolyzed due to
the use of a PEF instead of a continuous electric field [9, 10].
The PEF sterilization has been developed for a long time and
has been mostly used in the disinfection of liquid food (such
as juice, milk, etc.) since the 1960s. In the 1980s, Hflsheger
and Zimmermann developed an experimental equipment to
investigate the mechanism of sterilization [11, 12]. And they
attempt to use the PEF sterilization technology for industrial
production. In the 90's, with the development of power
electronics, a new type of pulse electric field sterilization
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equipment is developed. The researchers start to investigate
the bactericidal effect of a variety of pulses (exponential
decay pulse, square pulse wave, oscillation pulse, etc.) and
put forward more sterilization mechanism. By the end of
2000, PEF technology is used for commercial applications.
In 2001, the Diversified Technologies, Inc in the United
States developed the first industrial PEF sterilizing
equipment [13]. After that, the PEF technology is
commercialized in food sterilization and water treatment.
But the high cost of the high-voltage pulse equipment limits
the practical application of PEF technology in water
treatment at that time [14]. So the research of PEF pulse
power generator is important.

Basically, the PEF can only kill microorganisms in the
water. However, the organic matter is difficult to degrade in
the waste water in practice. The strong pulse discharge in
water can degrade these insoluble organic matters. The pulse
discharge in water generates many active species which are
the Ozone and OH radical, ultraviolet rays and shock
wave[15, 16]. All of them can rapidly and non-selectively
degrades the organic compounds in wastewaters into the
smaller and less toxic organic compounds, even inorganic
compounds. Simultaneously these active radicals are able to
destroy the harmful wastewater ingredient [17-20]. The main
forms of discharge for wastewater treatment are the gas
discharge, underwater discharge and water-gas mixed
discharge [21, 22]. The gas discharge mainly occurs on the
surface of the liquid. It is easy to form the plasma in the gas

discharge device, and there is no electrode corrosion problem.

But the plasma region and the active radicals are far away
from the target and the treatment is uneven. The water-gas
mixed discharge requires a very complicated reactor, which
can generate non-equilibrium plasma in the gas on the water
surface and corona discharge in water [21]. In [23], it is
concluded that the water-gas discharge is better than the gas
discharge, while the voltage of the water-gas discharge is
lower than the voltage of underwater discharge. There are
two main forms of underwater discharge, namely pulse
streamer and pulse arc discharge. The characteristics of these
two different forms are listed in Table I [24]. In the streamer
discharge process, the decomposition of water is impossible.
And the streamer does not propagate to another electrode
due to the large resistance of water. The water resistance can
be considered constant and the value of water conductivity
depends on the amount of dissolved salt. Table II shows the
conductivity of different types of water [25]. However, The
arc discharge creates a conductive channel between two
electrodes, which generates a high current (higher than 1 kA)
to make water broken down [26]. The arc discharge requires
a lot of energy, but its sterilization and degradation of organic
matter is the best. Although the instantaneous pulse energy of
the streamer discharge is less than the arc discharge, it is able
to kill the bacteria and other microorganisms, and degrade
organic matter [27].

Based on the abovementioned techniques, the topologies
of PPGs used in water treatment will be summarized and
discussed. First of all, the features of PPGs in water
treatment are briefly introduced in section II. In order to help
the readers clearly understand the PPGs for water treatment,
the categorization and analysis of PPGs are presented in
section III. To obtain the most suitable PPGs solution for the
specified water treatment, the PPGs applied in three kinds of

water treatment (electrolysis, sterilization, and discharge
degradation) are discussed in section IV. Finally, the
conclusions are drawn in section V.

I1. FEATURES OF WATER TREATMENT PPGS

The PPGs in water treatment is similar to the general pulse
power generators. It consists of a DC voltage source, an
energy storage unit, a pulse forming unit and a load, as
shown in Fig. 1. The parameters to evaluate the PPGs
performance generally include the output voltage, rising time,
pulse width, fall time, repetition rate, peak power and
average power. In water treatment applications, the PPGs
with long life, high reliability and repeatability are needed. In
this section, several important features of PPGs in water
treatment will be discussed.

TABLE I
CHARACTERISTICS OF PULSE STREAMER AND ARC DISCHARGE.
Parameter pulse streamer Pulse arc
Pulse frequency 10> -10° Hz 107 -10° Hz
Pulse voltage 4 106 3 104
magnitude 10" -10° V 10°-10" vV
Load current ) 3 4
magnitude 10-10" A 10°-10" A
Rise time 107-10% s 10°-10°s
Pressure wave Weak to moderate Strong
generator
Pulse energy ~1] ~1 kJ
TABLE II
CONDUCTIVITY OF DIFFERENT TYPE OF WATER
Water type Conductively
Distilled water lus/cm

Tap water 100-500us/cm
Sea water >10000us/cm
(DPrimary energy| N | ®Pulse forming
|| sty [ @Enerey stomge =y =L

| Pulse power generator |

Fig. 1. The PPGs system diagram in water treatment

A. Storage unit

The energy storage unit is generally divided into two
forms, one is the inductive energy storage (IES), and the
other is the capacitive energy storage (CES). In general, the
energy storage density of an inductor is several tens of times
that of a capacitor [28]. Although the capacitor's energy
storage density is not as high as the inductor, the
high-voltage capacitor is still the main energy storage device
of most PPG systems. This is because many of the switches
used in the capacitor store PPGs are relatively stable,
repeatable, and fast. While there are few switches that can be
used in the inductance store PPGs. In addition, the IES
circuit could output higher voltage than that of the CES
circuit, but its energy efficiency was lower than that of the
CES circuit. However, the IES circuit realized the higher
output voltage and the high energy transfer efficiency by the
adjustment of the load impedance [29].
B. Switch
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The switch is a vital device for PPGs in water treatment,
and its performance directly affects the reliability of the
PPG and its pulse output characteristics. The switches of the
PPG in water treatment often have gas switches,
semiconductor switches, and magnetic switches. The gas
switch is usually spark gap switch that is not only suitable
for high power pulses, but also triggered more accurately
[30-32]. However, it has the disadvantages of complicated
design, high cost and short service life. The magnetic switch
is often used in MPC PPGs [33-35]. It utilizes the
inductance saturation characteristics to achieve switching
state changes, so they have certain advantages in high
power, high repetition rate and long life. However, it has the
disadvantage that the core must be reset and the loss of
magnetic material is large. Semiconductor switches used in
water treatment PPG typically have thyristors, IGBTs, and
semiconductor open-circuit switches. Thyristors and IGBTs
are controllable devices with high reliability, long life and
simple control, which greatly improve the performance of
PPGs [36, 37]. The semiconductor open-circuit switch (SOS)
is a diode with a very short reverse recovery time. It is
generally used in the IES circuit, and acts as an open switch
that cuts off currents of tens of kA [38]. Fortunately, with
the advent of wide-band semiconductor devices, the
performance of solid-state PPGs using them has been
further improved, and it has become a trend in the
development of water treatment PPGs [39-41].

C. Load

The water to be treated is the load of the PPGs. Its circuit
model can be represented as a resistive load in parallel with
the capacitor[4]. The value of this resistance depends on the
conductivity of the water, i.e., on the amount of salt
dissolved in the water, and the capacitance depends on the
relative dielectric constant of water, which is about 81. In
water treatment, the electrical equivalent circuit depends on
the conductivity of the water. And when the capacitance is
very small, it can be ignored. Their load model is shown in
Fig. 2. Among the three types of water treatment, the load
of arc discharge type water treatment is special. It needs to
simulate the breakdown process by adding a parallel branch
that consists of an arc resistor in series with the switch.
When the switch is closed, the total resistance seen by the
load is approximately equal to the arc resistance.

D. Reactor

Electrolytic water treatment and PEF water treatment
require only two plates (anode plate and cathode plate,
respectively) without a reactor. Pulse discharge water
treatment requires a more complicated reactor. Further, the
structure of the reactor module was investigated. The main
reactors are 3 types, i.e., discharge on the water surface,
discharge in bubbles in water, and water droplets spray into
discharge space in gas. The water droplets spray type is the
highest energy efficiency [29], but itis extremely
complicated, and its structure is shown in Fig. 3.

III. CATEGORIES OF WATER TREATMENT PPGS

The pulse forming unit is the core of the PPG, which
directly determines the output characteristics of the PPG.
The water treatment environment is more complicated, so it
is necessary to study the PPG for water treatment from the
pulse formation, and explore the PPGs of different water

treatments. In this section, the PPGs for water treatment will
be divided into two types according to the pulse formation
method for the first time, which are called classical PPGs
and solid-state PPGs, as shown in Fig. 4. In following
subsections, the details of each class of PPGs for water
treatment will be discussed and compared.

A. Classical Generator
1. Chopper circuit

The chopper circuit that is a PPG for capacitor storage, is
the simplest way to achieve high-voltage pulses [42, 43]. The
basic chopper circuit is shown in Fig. 5. It boosts the
alternating current through a transformer, then obtains the
high-voltage DC through a rectifier and then charges a
large-capacity capacitor. Finally, a high-voltage switch is
used to generate a high-voltage pulse. When a PPG requires a
High voltage
Pulse generator

Non-arc
discharge

[ Water uSjem =

water

Fig. 2. Electrical equivalent circuit of the water sample in different
treatment methods

]

Npzzle

Wire electrode
Mesh electrode

Discharge

reactor  Cyrrent probe

N

Voltage
divider

Hose

| E——

Pump Pulse
Treatment Power
water Oscilloscope Generator

Fig. 3 Reactor for the water treatment using pulsed discharge generated in
air by spraying water droplets

relatively large energy pulse, such as from several hundred
joules to several tens of thousands of joules, it generally uses
multiple capacitors in parallel operation. The gas switches
are commonly used in switching devices for chopper
circuits[44]. It is suitable for conducting high-current,
large-charge pulses and can also accurately trigger. However,
it has poor reliability and short life. It directly affects the life
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and reliability of PPGs. In addition, the circuit is bulky
because it contains transformers. Although this type of PPG
has become unsuitable because of too many shortcomings,
its mechanism still permeates other PPGs.

2. Marx generator

The Marx generator, invented by Erwin Marx in 1924 [45],

is a capacitive storage PPG. Fig. 6 shows the circuit diagram
of a simple Marx generator. The basic principle of the Marx
generator is that: at the beginning, the switch is not triggered,
the capacitors are charged in parallel, then they are connected
in series to discharging across the load, creating the required
high-voltage (HV) pulse. As a result, the amplitude of the

Pulse generator

Y
L A
Classical generator Solid-state generator
A 4 b
Chopper| | [Classical Marx| MPC Resonance Based on D( Based Based on Based
circuit generator LULAHL LE18: circuit converter on Marx CDVMS on SOS

Fig. 4. Categorization of pulse power generator

Q

AC

Fig. 5. The PPG based chopped circuit

l\sl\ ﬁ
T\T &

Fig. 6. The circuit dlagram ofa 51mp1e Marx generator.

output voltage is the product of the capacitor voltage and the
number of capacitors. The spark gap switch is often used in
this circuit. But because the spark gap switch is easily
damaged, the reliability of the traditional Marx generator is
poor. In addition, traditional Marx circuits are bulky.
However, semiconductor switching devices have the
advantages of flexible and convenient control, reliability, and
small size, many researchers have applied them to Marx
circuits, greatly improving the performance of Marx
generators [1, 2, 45]. After that, the idea of charging the
capacitors in parallel mode and discharging in series mode
has been widely used.

3. MPC converter

The MPC converter was invented in 1951 and applied to a
13kV pulse width of 250ns radar power supply [46]. Due to
its advantages such as high repetition rate, high power and
long lifetime, the MPC system has been extensively

researched and developed in the last decades [47-51]. The
magnetic switch (MS) is a key component of the pulse
formation in the MPC system. The switch performance
directly affects the characteristics of the pulse. The magnetic
switch with a high repetition rate, high power, and high
reliability has been developed in the 20th century. And its
high-speed switching features enable it to enhance the
performance and development of the MPC system [52].

Fig. 7(a) is a circuit diagram of an n-stage MPC, where
each stage consists of a storage capacitor and a magnetic
switch. When the capacitor starts to be charged, the magnetic
core coil has a large inductance, and the magnetic switch is
open. When the core saturates due to the leakage current
flowing through the coil, its inductance drops to the initial
value 1/u , where u is the relative permeability of the

core material. This change makes the magnetic switch closed.
At this moment, a large current flows through the magnetic
switch and the current is amplified. This process is shown in
Fig. 7(b). Obviously, the saturated and unsaturated states of
the MS act as the on and off states of the switch. In order to
efficiently transmit energy, the energy transfer time of the
(n-1)th stage should be equal to the saturation time of the
magnetic switch core of the (n)th stage. The following
equation is the energy transfer time of each stage.

t=mL, *xC, (1)
:2><ABV><A><N )

4
where L, is the saturation inductance of the (n)th MS ,
and C, is the capacitance of the (n)th stage. AB is the

difference between the saturation magnetic flux and the
remnant flux, A4 is the cross-sectional area of the magnetic
material, N is the number of turns of the MS, and ¥, is
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the maximum input voltage to the magnetic switch.
Although it has many advantages, high repeatability, high
reliability and high power, it has its own limitations. Due to
the loss of the magnetic switch, the loss of the MPC system
increases as the number of cascades of circuit increases,
thereby reducing overall efficiency. In addition, because the
output pulse width is related to the capacitance and magnetic
switching parameters of the circuit, the generated pulse
width is fixed. In order to improve the performance, the new
MPC system is developed by removing the external

L M, M, Ms,
I/JL o min __ AQV\T
VSTCS C == C == c== C_|,
[nmax
3]
-
=
&)
AT
»
(0] time
4 MS On time
Viax
o
)
]
cC
>
»
o time
Energy transfer time of (n-1)th stage (7,;)
= Saturation time of MS core of (n)th stage (75)
(b

Fig. 7. Schematic of MPC. (a) The basic circuit of n-stage MPC. (b) Ideal
concept design.

degaussing circuits [53]. Also, the adjustable magnetic
switch in [54] is developed to further enhance the
performance of the MPC system.

4. Pulse forming line (PFL) and Blumlein line (BL)

The PFL is an important method to generate the short
pulses. It is widely used to generate high power pulses of
1-10% ns pulse width [55]. It is based on two characteristics
for generating high voltage nanosecond pulses. Firstly, under
certain conditions, the pulses can be easily transmitted along
the transmission line. Secondly, the impedance of a
transmission line is often Ohm level within the appropriate
load or transmission time, resulting in the loss of the
transmission line with smaller. In practical applications, the
PFL generators often use the coaxial or ribbon transmission
lines, where the coaxial line is usually water and oil as an
insulation medium.

The basic parameters of the transmission line are
inductance of per unit length L, and capacitance of per unit

length C,, characteristic impedance Z , and wave velocity v.

Fig. 8(a) is the schematic diagram of PFL with a single
transmission line. S 1is the main switch, and R is the load.

When the characteristic impedance and the load impedance
match perfectly, i.e. R = Z , the pulse width of 7 =2//v can

be obtained at load, where [ is the length of the transmission
line, and v = 1/ L,C, . If the loss on the transmission line is

not taken into account, the pulse amplitude is only half of the
charge voltageU, /2. In practice, the impedance should be

/ U,
RO Z [ ~\-mmmmmmmmmmm - s S
A "'\ [
[ S ————. | \:hl
~|: U, A B R
()
/ !
U, R=2Z
S A B
(b)

Fig. 8. Schematics of PFL and BL. (a) PFL (b) BL.

matched perfectly for operation with high performance.

In order to solve the technical limitation of the PFL,
which only generates a pulse whose amplitude is only half of
the charge voltage, the BL was proposed in 1948. It is a
series connection of two same single transmission lines,
which can produce pulses with an amplitude equal to the
input voltage value. The schematic is shown in Fig. 8(b). Its
impedance exactly matches, e.g. R=27, and the generated
pulse width is 7 =2//v [56, 57].

The shape of the output pulse of the Blumlein
transmission line is closely related to the quality of the
switch S. Therefore, in order to obtain a rectangular pulse,
the limitation of the switch should be taken into account. In
practical applications, the high voltage laser switches with
short rise time, low resistance, and low inductance are used.
In practical applications, the impedance is difficult to match
completely because the load impedance may vary, especially
the impedance of the sewage. In addition, the pulse width is
related to the circuit parameters, so the pulse width is not
able to be flexibly adjusted. In order to solve the technical
issue, the PPGs based on the multilevel Blumlein-line (MBL)
is proposed to reduce the size and increases the power
density, as well as the flexibility [56, 58].

5. Pulse forming network (PFN)

As for generating rectangular pulses with the pulse width
greater than 500 ns, the above-mentioned PFL is not suitable
anymore. In this case, the PFN is a choice. It is essentially
an open-ended PFL consisting of discrete capacitance and
inductance. Fig. 9 shows a simple PFN circuit, where the
values of each capacitor and each inductor are equal, i.e.
¢=¢=C=-=C,, L=L=L=--=L For an

n-stage PFN, its pulse width is 7=2nvLC , and the
characteristic impedance is Z, =/L/C [59-61]. L and

C denote the inductance and capacitance of each cell. The
rising time and falling time of the matched load pulse can be
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estimated as [62].

z..=08JLC 3)
74 =0.8/nLC )

The advantages of the PFN are the limited stored energy
and simple structure. A typical application is the PFN-Marx

FNMMJM___%J S
c, C == - - c =

. T R

Fig. 9. Schematic of the PFN

generator [63]. However, their drawbacks, such as the poor
pulse quality, fixed pulse width and narrow range of the load
impedance, limit their applications [64]. Similar to BPFL, in
order to overcome the shortcomings of PFN, which is the
output voltage pulse amplitude is only half of the input
voltage, BPFN was also found.
6. Dual resonant circuit

Basically, the dual resonant circuit is equivalent to a dual
resonant transformer[65]. It does not use magnetic cores and
is also named as the Tesla transformer [66]. Fig. 10 shows
the Tesla transformer circuit. It has two coils. The outer coil
is the primary coil L, , and the inner coil is the secondary coil

L,. The coupling coefficient is k . The primary coil is
connected to a capacitor C;, and the secondary coil is

connected to a capacitor C, . When the loop parameter

satisfies the double-resonance condition 1/ JLC = 1/ VLG, ,

a dual resonance occurs in the circuit, and the secondary can
output a high-frequency voltage with high amplitude.
Because it uses the circuit resonance to generate the required
microsecond pulses, it can operate at different voltages as
long as it is properly tuned. In addition, compared with the
Marx generator, its structure is compact and the operation
stability is relatively good because there is only one switch
connected to the primary of the Tesla transformer. It is
suitable for small and medium power PPG with a frequency
of no more than 1000Hz. In addition, due to energy loss and
inaccurate tuning, the output voltage is actually less than the
design value. It also has some problems. The circuit is

difficult to achieve. The pulse width is also related to the
circuit parameters and is difficult to adjust.
n

n

/. ! M

Fig. 10. Dual resonant circuit

B. Solid-state PPG

The solid-state PPG is using solid-state switches to
generate specified pulses. It has features such as small size,
high repeatability, long lifetime and high reliability.
Therefore, it has been widely used in pulse circuits. The
solid-state switches include transistor, diode, MOSFET,
IGBT, semiconductor open switch (SOS), and so on.
Compared with the classical PPG, the solid-state PPG design
and control are flexible and convenient. The following will
present the general structure and feature of these kinds of
PPGs.

1. Based on DC converter

A DC converter is required during the pulse generation
process. There are two forms of converting direct current
into pulses. One is to apply a single switch or multiple
switches in series to generate a pulse by chopping, as shown
in Fig. 11(a), but it can only produce unipolar pulses. The
other is the H-bridge circuit, which can produce both
unipolar and bipolar pulses as shown in Fig. 11(b). In water
treatment applications such as electrolysis, it requires
low-voltage  high-current pulses. However, some
applications require high voltage pulses. The high voltage
PPG has a boosting section. So high-voltage PPGs have two
types of transformer and transformerless.

1) With transformer. The high voltage transformer plays
an important role in the field of power pulse technology. The
transformer is used to amplify low-voltage pulses. Therefore,
it is called as the pulse transformer (PT) [67]. Fig. 11(c) is
the PPG with a PT. Since the voltage rating of the
semiconductor switch is small relative to the pulse amplitude,

ST
DC DC
Converter I ﬂ-ﬂ- Converter
(a) (b)
Pulse
transformer
Chamber
AC 220V
Storage —*
Step-up capacitor —J
transformer r _, 1GBT
(0)

Fig. 11. PPGs based on DC converter. (a) The unipolar PPG. (b) The bipolar PPG. (¢) The unipolar PPG with a PT.
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the switch is generally placed in the low-voltage side of the
transformer. However, in practice, the leakage inductance
and distributed capacitance of the PT affect the pulse
waveform [68, 69]. Also, the PT increases the size and
weight of the PPG system. Therefore, there is a tradeoff
among the cost, weight, pulse waveform, and so on.

2). Without transformer. The step-up converter is needed
to generate the high voltage pulse without transformers. The
boost and buck-boost converter presented in [55-57] is used
to generate the high voltage pulse, as shown in Fig 12. In Fig.
12(a), the circuit is composed of n-stage boost cells
connected in series [70]. The input voltage is amplified every
time it passes through a boost cell. Finally, the high voltage
DC is converted to the required pulse by a high voltage
switch. Since the entire circuit does not require a transformer,
its size and weight are small. However, the stress of the
switch at the latter stage is greater than that of the previous
one, and the stress of the last switch is close to the required
pulse amplitude. So the voltage rating of the switch will limit
the pulse voltage amplitude. If the switches are applied in
series in this circuit, it will require a large number of
switches, and has to deal with the voltage balance problem,
resulting in a complicated control. The circuit in Fig. 12(b) is
evolved from a buck-boost converter [71, 72]. Its operation
is similar to the buck-boost circuit. First, S; is turned on, the
low voltage power supply charges the inductor, and then S;
turns off and S; turns on. The inductor charges the capacitor
C,. Then S; turns on and the capacitor discharges the load.
The advantage of this circuit is that both S, and S; are
low-voltage switches. The capacitors and diodes ensure the
voltage balance of the switch S; and it can be modularized.
But it needs a high voltage switch to generate pulses.

The PPG based boost converter with capacitor-diode
voltage multipliers (CDVMs) is shown in Fig. 12(c-d). it has
two types of circuit topologies based on boost-CDVMs [73].
One of them is that the CDVM fed from the DC-DC boost
converter from one end while the load is connected to the
other end as shown in Fig. 12(c), and it is used in [74].
Another is that the CDVM centrally fed from the DC-DC
boost converter while the load is connected across the
CDVM ends as shown in Fig. 12(d), and it provides lower
stresses on the CDVM components. The latter is used in [67]
for water treatment sterilization. The DC-DC booster
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converter is in the middle of CDVMs to supply the power. It
improves the heat loss distribution by reducing the current
variation in each stage of the CDVM. And the proportional
integral (PI) controller is used to control the duty cycle to
track a certain reference voltage. The output voltage can be
expressed as

2m+1
Vo =QCm+1)lV, = ﬁVda Q)

)
where V, , is the output voltage, V, is the output voltage of

the boost circuit, m is the number of the CDVMs, D, is the
duty cycle of the boost circuit, ¥, is the input voltage. The
advantages of this circuit are lightweight, efficient, reliable
and modular. But it also has drawbacks. It requires a high
voltage switch. And the pulse repetition rate is limited by the

charging time of the capacitor. In summary, Table III lists the
features of PPGs based on DC converters.

TABLE 111
FEATURES OF PPGS BASED ON DC CONVERTERS

Category Topology Features

[} With transformer and a DC
With . power.
transformer 1 1) (] High power
[} Bulky
o Need a high-voltage switch
and a DC power.
Small and medium power
Voltage rating of switches
and capacitors increase step
by step
[ Need a high-voltage switch
and a DC power.
Small and medium power
Voltage rating of switches
and capacitors is the same
[} But the ratio of step-up is

not high

] Need a high-voltage switch
and a DC power.
Light
Small and medium power
Voltage rating of switches
and capacitors is the same
[ High ratio of step-up

Boost array
Fig. 12(a)

Buck-boost array
Fig. 12(b)

Without
transformer

Boost-CDVMs
Fig. 12(c-d)

g =
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|_
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(d
Fig. 12. PPGs based DC converter without transformer. (a) Multilevel boost converter.(b) Multilevel buck-boost converter (c) The first PPG based boost
converter with capacitor-diode voltage multipliers (d)The second PPG based boost converter with capacitor-diode voltage multipliers
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2. Based on capacitor-diode voltage multipliers (CDVM)

The typical capacitor-diode voltage multipliers are shown
in Fig. 13. As shown in Fig. 13(a), it can be used to generate
the high voltage, while in Fig. 13(b), it can generate a high
current [75]. Many PPGs can be obtained by slightly
changing circuit topologies in Fig. 13(a) and Fig. 13(b),
which are shown below.

Fig. 13(c) shows the PPG as an n-stage topology of
series-parallel voltage multiplier (SPVM) [75]. In this circuit,
when T;, is turned on and T, is turned off, the ac power

supply charges all the capacitors. In positive (negative) half a
cycle, odd (even) diodes are in forward bias and lower (upper)

capacitors will be charged. When T, is turned on and T,

is turned off, the odd capacitors are connected to each other
through 7, and discharge to the load. Therefore, output

voltage can be solved as follows.

Vv, =V

in

2
A o E A0
where 7 is odd. In this circuit, the voltage of the switch is
equal to the corresponding capacitor voltage and increases
step by step. Therefore, this circuit has a disadvantage that
each odd capacitor and each switch have different voltage
stresses, making it difficult to be modularized. And as the
stage of the capacitor-diode increases, the stresses of the
capacitors and switches will increase.

Fig. 13(d) shows the PPG as an n-stage topology of
parallel-parallel voltage multiplier (PPVM) [76]. In the
circuit, all capacitors discharge the load. The output voltage
is expressed as follows.

_ n(n+1)

V, =V, + 20, +3V, +etnl, v,

where 7 is the odd index of last stage capacitor. The number
of switches increases as the output voltage rises. Similar to
the SPVM PPG, the rated voltage and rated current of the
switches in each stage of the circuit are different. And it is
also not suitable for the modular design. In order to solve
the technical issue, the modular solution is presented in [63],

as shown in Fig. 13(e). The amplitude of the output pulse is
the sum of voltages of the odd capacitors.

V, =1, +3V, +4x2n=3)V, =8(n-DV,  (8)
Compared with the solutions in Fig. 13(c) and Fig. 13(d), the
topology in Fig. 13(e) reduces the stress of capacitors and
switches at the cost of additional switches.

Fig. 13(f) shows the PPG as an n-stage circuit topology of
series-series voltage multiplier (SSVM) [76]. It needn’t a
high voltage switch. In this circuit, each odd capacitor is
parallel to one controllable switch, and they are connected by
two diodes which solves the problem of switches voltage
balance. When the switch S; turns off, the capacitor is
charged, and when S§; turn on, the odd capacitors discharge in
series to the load. The repetition rate of the pulse is the
switching frequency. For most switches and capacitors, their
voltages are equal. Therefore, it is easy to achieve modularity.
However, the number of switches and cost will increase as
the output voltage rises.

An interesting solution is presented in [64], as shown in
Fig. 13(g). It is an improved version of the circuit in Fig.
13(f). The output voltage is:

V, =V, 420, +20, + 42V, =@u-1V, (]
where 7 is the odd index of last stage capacitor.

It can be easily found that the voltage of capacitors C, and
switch S is V;,, while the other capacitors and switches
voltage are 2V;,. So it is easy to achieve modularity. Through
careful observation of the circuit in Fig. 13(g), it can be seen
that the subunit circuit can be simplified and the diode
removed, as shown in Fig. 13(h). Its operating rules are the
same as those in Fig. 13(g). However, the number of
switches and cost will increase as the output voltage rises.
The pulse repetition rate is limited by the charging time of
the capacitor, the number of cascades, and the turn-on and
turn-off time of the switching device. Therefore, it is not
suitable for pulses of ns and ps levels. It should be noted that
an appropriate high frequency ac power supply is needed to
reduce the charging time of the capacitor. Table IV presents a
comparison of PPGs based on CDVM.

TABLE IV
COMPARISON OF PPGS BASED ON CAPACITOR-DIODE VOLTAGE MULTIPLIERS
Voltage Gain No. of . No of . Minimum
Ratio(V,,, /V,, ) Switches Switch voltage diode Diode voltage charging time
+1Y
Converter in (n ] s
Fig.13(c) D) 2n (1,3,5,7--n) Vi n 1V;, and 2 V;, (NO.n-1) n half cycle
(n is odd)
n(n+1)
l(si.onifgr;er in 2 > n (1,3,5,7+++1n) Vi n (2,2,3,45---n) V;, n half cycle
ig.13(d) (n is a natural
number)
. 8(n-1), -1
Converter in 8(n =D @D L (1=3) 1Vir 2 Vinr 3 Virr and4 Vi, N 2 Vi (No.n-1) and A half evele
Fig.13(e) (n is a natural 2 (No. n-3) 4 V;, (the last one) 4
number)
. 2n—1
’ 1
g;)n;/;?f;r m (n is a natural nl 1 Vi, and 2 V;, (No. n-1) n 2 Viy (NO. n) n half cycle
B number) 2
Comiznizrin 2n -1 2n 1 Vipand 2 Vi, (No. n-1) n 2 Vin (NO. 1) n half cycle
Fig.13(g) (n is odd) in i (LR in . Y
Converter in 2” -1
Fig.13(h) (n is natural 2n 1 Vi and 2 Vi, (No. n-1) n 2 Viy(NO. n) n half cycle
& number)
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Fig.13. PPGs based on CDVM. (a) The first CDVM topology. (b) The second CDVM topology. (c) The PPG of series-parallel voltage multiplier. (d) The PPG
of Parallel-Parallel voltage multiplier (PPVM). (e) The n-stage modulation SPVM circuit topology. (f) The PPG of series-series voltage multiplier (SSVM). (g)
The improved topology of the circuit in (f). (h) The simplified topology of the circuit in (g).

3. Based on Marx generator

The solid-state Marx generators with controllable
semiconductor switches have the advantages of small size,
light weight, high reliability, simple control, and
modularization, which overcome the technical limitation of
conventional Marx generators [77]. Therefore, it is attractive

for the PPG. Its principle is that the capacitors are charged in
parallel, and then connected in series to produce high voltage
pulses [78-82]. In practice, the solid-state Marx generators is
a modular multilevel converter (MMC) which is composed
of a large number of submodules which is composed of
switches and capacitors. The sub-modules (SM) have two
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types. One is the full-bridge structure, as shown in Fig. 14(a).

The other is the half-bridge structure, as shown in Fig. 14(b).

Fig. 15(a) shows a high voltage PPG [83] based on MMC
with full-bridge SM is proposed, which can generate
unipolar or bipolar high-voltage pulses with different shapes.
Each full-bridge SM consists of four low-voltage switches
and a capacitor. The generator is supplied with a low voltage
DC through a series limiting resistor. The input voltage can
be connected or disconnected to the circuit by the switch.
Each module has four states, and they are charging,
bypassing, discharging in the positive direction and
discharging in the negative direction, as shown in Fig. 15(b)
to (e). During the charging process, the capacitors are
charged sequentially from the input DC supply through an
external limiting resistor which is used to limit the inrush
current. In general, the iy, capacitor is charged when the iy,
sub-module (SM) operates in charging mode, as shown in
Fig. 15(b) and (d), while the other sub-modules are switched
to the bypass mode in Fig. 15(c) and (d). During the charging
process, the load resistance is bypassed by the thyristor.
When all the capacitors have been charged, the rectangular
pulse can be generated by switches.

Basically, the MMC PPGs can be divided into two
categories. One is the PPG with high-voltage DC input, and
the other is the PPG with low-voltage DC input. For the
former, the voltage stress on the circuit is high, and it needs
to balance the capacitor voltage in each modular by many
sensors. The improved solution to balancing without sensors
can be found in Fig. 16. The circuit in Fig. 16(a) has two
MMC bridge arms, one is a series arm, and the other is a
parallel arm[84]. In addition, a diode is connected in series
between adjacent SMs in each bridge arm to balance the
capacitor voltage in each module. Fig. 16(b) also shows a
MMC PPG without sensors [85]. The circuit has two MMC
bridge arms. Each bridge arm consists of n SMs and a
charging inductor. The circuit is simple in structure and can
realize unipolar and bipolar pulses of different shapes. The
circuit mainly uses phase disposition (PD) modulation to
achieve the voltage balance. The idea of phase disposition
modulation is to determine whether the SM in the bridge arm
is inserted or idled by comparing the output reference pulse
and carrier.

SM switching table
A4
SM S, S, S5 S, State
\ 4 \ £ ON | OFF | OFF | ON Charging
ON | OFF | ON | OFF | Bypassed
e OFF | ON | OFF | ON | Bypassed
s1 | s ON | OFF | oFr | on | JFositive
2 discharging
OFF | ON | ON | oOFF | Neeatve
discharging
(@
SM switching table
— T
= T, T, T, State
+
V.— _"#} T ON | OFF Bypassed
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® B OFF | OFF Idle
(b)

Fig. 14. Sub-modules structure (a) Full-bridge. (b) Half-bridge.
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Fig.15. High voltage PPG based on full-bridge module (a) Schematic. (b)
Positive Charging mode (red line) or positive discharging mode (green line).
(c) Positive bypass mode during charging process (red line) or positive
bypass mode during discharging process (green line). (¢) Negative Charging
mode (red line) or negative discharging mode (green line). (d) Negative
bypass mode during charging process (red line) or Negative bypass mode
during discharging process (green line).

The circuit in Fig 16(c) is an H-bridge MMC (HB-MMC)
[86]. When positive pulses is generated, the bridge arm 1 and
the bridge arm 2 are bypassed, and the bridge arm 3 and the
bridge arm 4 are inserted. When negative pulses is generated,
the bridge arm 1 and the bridge arm 3 are bypassed, and the
bridge arm 2 and the bridge arm 4 are inserted. The SM in
each MMC bridge arm is simultaneously turned on/off.
Therefore, all switches in the MMC bridge arm share the
input voltage. The cell capacitor clamps the switch voltage
and enforces a symmetrical series voltage distribution.
Although this circuit utilizes the full voltage of the input and
can operate when an SM is damaged, it requires a large
number of switching devices.

Fig.17 shows the low-voltage DC PPGs. Their structures
are similar, and there is no voltage balance problem for these
circuits. Its operation principle is that the capacitors are
charged sequentially, and then discharges in series to
generate a pulse. The charging voltage of every capacitor is
the supply voltage. The circuit in Fig.17 (a) can only
produce the unipolar pulses [3]. The circuit in Fig. 17 (b)
require two high voltage switches to connect the power
supply and the upper or lower legs, charging the positive
MMC arm or the negative MMC arm [2]. The circuit in Fig.
17(c) requires four low-voltage switches to switch the
charging and discharging processes [87]. But it also requires
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two high voltage thyristors to bypass the load when the
power supply charges the capacitor. All of them have a
common drawback, that is, due to the low input voltage, the
charging time becomes longer when the charging resistance
is larger so that the pulse repetition rate will be reduced. The
capacitor charging time limits the pulse repetition rate and
the number of cascades. However, charging time can be
reduced to a certain extent by adding an inductance in the
charging circuit and making the charging process
underdamped. Table V presents the differences of the PPGs
based on Marx circuit described in this subsection.

4. Based on semiconductor open switch (SOS)

The semiconductor open switch is also called SOS diode
[88]. It has a high current capacity and high voltage rating,
and cuts off the current in nanoseconds [89]. It can be scaled
up or down to cover a wide range of operating voltages. It is
generally used in the PPGs based on IES to cut off the large
currents generated by energy storage inductors. The PPGs
based on SOS can repeatedly generate 50 kV, tens of kA,
nanoseconds pulses. It includes a primary capacitive store
with a thyristor switch, a magnetic compressor and an SOS
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Fig. 16. Solid Marx PPGs with sensorless voltage balancing technique. (a) n-stage MMC-based PPG with diodes (b) n-stage MMC-based PPG with PD control.
(c) improved topology[86].
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Fig. 17. Solid Marx PPGs based on the low-voltage DC
TABLE V
THE DIFFERENCES OF THE PPGS BASED ON MMC
Feature High voltage PPG based on MMC
LVDC HVDC
Fig. 17(a) Fig. 17(c) Fig. 17(b) Fig. 15 Fig. 16(a) Fig. 16(c) Fig. 16(b)
Structure HB-SM HB-SM HB-SM FB-SM HB-SM HB-SM HB-SM
Polarit; unipolar bipolar bipolar bipolar Unipolar bipolar bipolar
ity p p p p Ibipolar p p
Forming Capacitors is charged and

Capacitors is charged in sequence and then discharge in series PD algorithm

pulse discharge in series
Capacitor
voltage . . . .
. Not required and Attained automatically Required and sensorless
balancing
control
- Two HV .Four LV .TWO HV Voltage balancing
Aucxiliary . switches and Two HV switches and .
3 switches and q diodes are needed between Needless Needless
switch . two HV switches one HV .
one HV diode . . adjacent SMs
thyristors thyristors
Repetition Limited by ac input Controlled Limited by
rate Limited by SMs charging time frequency and number of by switch number of
flexibility converter stages. frequency converter stages.
Possible without affecting is operation
Operation Possible, but the output pulse-peak is reduced by the number of failed SMs. the output pulse peak, but s op
q deteriorates when one
under failure No extra voltage stress are expected voltage stresses of other SM .
. SM is damaged.
increases
diode. The magnetic compressor is required to compress the loss of the circuit is the magnetic compressor. For this reason,
energy in time since the characteristic time of transmitting the overall efficiency of the SOS generator is generally

the energy through the thyristor is 10-100 us, while the around 40% [89]. It has been shown that a microsecond
forward pumping time should be no longer than 30-400 ns at regime of the SOS pumping can be implemented and the
the units current density of kA/cm?. But the largest energy number of the magnetic compressor sections can be reduced
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by decreasing the current density[90]. And its efficiency can
reaches 70%.

The PPG with SOS is shown in Fig. 18 [91]. When the
initial switch is turned on, the capacitor C,, , which is initially
charged to ¥V, by the high-voltage DC power supply,
discharges through the loop of C,-L,-PT-C, , resulting in C,

charging at a voltage boosted by the PT. The magnetic switch
MS, saturates at C;, maximum voltage, then C, discharges

water treatment are few, and a large number of reports are
only present in academic research. Water discharges are also
in the research stage of major companies and academic
institutions. But their recent research results are worthy of
our research and study. It can be obtained from the results
that have been studied that the pulse width, amplitude, and
repetition rate of the PPGs in the water treatment are
different due to different water treatment environments.
From the current research results, the PPG in water

treatment is only used in a certain application as shown in
Fig. 19. In general, the voltage power levels discussed will
be used to demonstrate the characteristics of different PPGs
in related applications of water treatment.

through the C,-MS1-L,-C,-SOS loop, resulting in C,

charging and SOS forward current. Magnetic switch MS2
saturates at the time of maximum C, voltage, allowing C,

to discharge through loop C,-MS2-L,-SOS, resulting in SOS

reverse current. At the reverse current peak, the SOS diode
suddenly recovers, and the inductive stored energy at L,

and MS?2 is released into the load.

In summary, it can be concluded that traditional PPGs
such as Marx generators, MPC, PFL, PFN, and Dual
resonant circuit are relatively bulky, inflexible, inefficient,
and have poor reliability. While the solid-state PPGs are
lightweight, flexible, reliable, and efficient. Some of them
can be modularized and attractive for high repetition rate,
flexibility, and intelligence. For the long pulses or low power
aspects, the solid-state generator has its unique advantages.
In practice, a suitable PPG should be selected and designed
according to the specific requirement in Table.VI.

A.  Electrolysis for wastewater treatment application

The electrolysis wastewater treatment is based on the
electrochemical reaction. It generally requires large currents
to provide the free electrons to undergo redox reactions.
Therefore, the PPG used in electrolysis is required to be able
to generate high current and high power. Meanwhile, its
pulse width and the frequency are adjustable. Fig. 20 shows
the basic principle of PPG for the electrolytic water. Fig. 21
shows the circuit for the PPG of electrolysis [92]. The
electrical indicators of the electrolytic PPGs for water
treatment on the market are currently almost the same, their
output voltages are adjustable from a few volts to several
hundred volts, and the current is adjustable from a few amps
to several hundred thousand amps, and pulse frequency is
tens Hz to 100kHz, and the pulse width is adjustable, and

IV. PPGS FOR WATER TREATMENT APPLICATION .
they can work at around 90% efficiency.

The prospect of PPG application in water treatment is
very good, but from the current market research and
academic research, it is still in an immature stage. Among R sk p L
the three water treatment applications, the pulsed
electrolysis water treatment technology is relatively mature.
And there are different voltage, current and power level +
pulse generator products on the market for electrolytic V;r

—=

water treatment. The PEF water treatment and pulse
discharge water treatment has a complicated mechanism
and a relatively high voltage and power level. At present,
PEF is mostly used in liquid foods, and its products used in

Fig. 18 The PPG based on SOS.

TABLE VI
SUMMARY OF MAIN CHARACTERISTICS OF CLASSICAL PPGS
Structure Polarity Switch Repetition Pl.llse Reliable Power  Lifetime
rate width
Chopp_er Sample But bulky Un.1polar/ S 8aps J Small us Poor High Short
circuit bipolar gap switch
Marx circuit Complexity Un.1polar/ Gap switch Small us Poor High Short
bulky bipolar
Classical MPC Cogllﬁi:/(lty Unipolar S?ﬁ;l;isgtff/ Small ps/ns Good High Long
generator PFL/ Complexity . Spark gaps/ .
BL bulky Unipolar thyristor Small ns Poor High Short
PFN/ Complexity . Spark gaps/ .
BPEN bulky Unipolar S Small ns/ps Poor High Short
The dual Complexity . . .
resonant bulky Bipolar Thyristor Larger ps/us Good High Short
. . Thyristor/
Based on DC Cqmplexlty Umpolar/ MOSFET/ e us Very Low Lyt
converter lightness bipolar IGBT good
Solid CDVM Sample Umpolar/ MOSFET/ Largest us Very Low Longer
/lightness bipolar IGBT good
generator Solid Marx Sple Urnifpmlere! IGBT Larger us Ve Low Longer
/lightness bipolar g good g
Complex . SOS
SOS Ibulky Unipolar JIGBT Larger ns Good Low Long
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Fig. 19. Tllustration of PPGs in a variety of water treatment applications

B.  PEF for wastewater treatment application

Pulsed electric fields are mainly used in the sterilization
of drinking water. It requires a high-voltage PPG. In PEF
sterilization technology, a suitable electric field is
10-40kV/cm. And high voltage PPG used in PEF technology
is required to be able to generate a pulse that lasts for
duration of tens of nanoseconds to dozens of microseconds
[74, 93]. In addition to the Diversified Technologies Inc,
(DTI) the product of PPGs for PEF water treatment is
difficult to find in the market. DTT's sterilizing equipment
used in PEF water treatment can generate pulses of
35kV/350A, and process 10,000 liters / hour of wastewater.
Its circuit is shown in Fig. 22. The circuit directly transforms
high-voltage DC into bipolar high-voltage pulses by
35KV/350A solid-state switch modules. The average power
is 150 kW. DTI claims they have already solved the
switching synchronization and voltage balance problems
when the IGBTs are in series in solid-state switch modules
[94-96]. However, the technology is not publicly shared.
Fortunately, in the literature of Mr. Chen, the solution of
IGBT switch module was found to be applied in PEF
applications [97].1t should be noted the fiber-optic driver is
used to deal with the switch synchronization and the snubber
circuit is utilized to solve the voltage imbalance of series
IGBT modules. And a PPG using the series of IGBT
modules (composed of 64 isolated IGBTSs) is designed to
produce pulses of 35.8kV, 44A and pulse width greater than
2.5us.
The PPGs for PEF Water treatment have been heavily
studied in the academic field, mostly focusing on DC
converters, PFN, CDVMs, and MMC PPGs. The DC
converters with PTs do not require high voltage switches and
a large number of solid switches [98, 99]. Therefore, they are

‘Water Treatment
Application of
Pulse Generators

S

drinking water

Rivers and
lakes

the good candidates for commercial applications. Their basic
circuit structure is shown in Fig. 23. The DC/AC part may
generate a unipolar pulse through one switch or a bipolar
pulse through an H-bridge structure of four switches. But its
output pulse is limited by PT parameters. And the PT will
make the whole PPG look cumbersome. There are also
some commercial patent that use PFN to generate high
voltage pulses in PEF water treatment [100, 101]. In
addition, some studies used PFN and PTs to generate
high-voltage pulses for PEF water treatment [102], and
show that the pulse amplitude can reach several hundred KV,
and pulse width is 5-20us. The experimental circuit diagram
is shown in Fig. 24. But the output pulse of the PPG with
PFN and PT is limited by the circuit parameters.

To overcome the limitation of the PT and PFN, the PPGs
based on solid-state Marx and CDVMs can be used in water
treatment due to no need of transformers. They have
advantages of high power density, high efficiency, light

Power | Input » Invertor— Output »| Capacitor] Pulse Pulse
input  |rectification rectification storage adjustment|  output

Fig. 20. The Basic principle of PPG for water treatment.

Ao S;_, S, |
i<
B o—— —_
S. S,
Co _, A_,
Switch S Uncontrolled

rectifier

Fig. 21. The Circuit for the PPG of electrolysis.
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Fig. 24. The bipolar high voltage PPG with PFF

weight, high reliability, flexible pulse regulation, and
modularity. That’s why they are popular in water treatment
applications [86]. Aside from that, another point is the effect
of pulse width on sterilization [10, 104]. In [105], the effect
of pulse width and pulse repetition rate is also discussed.
Therefore, a flexible high voltage PPG with a wide range of
adjustment is favorable in practice.

C. Pulse discharging power for wastewater treatment
According to the current survey results, pulse discharge
water treatment is required in the fields of domestic sewage,
industrial sewage, pharmaceutical and hospital sewage, and
ecological environment treatment. The discharge water
treatment includes water-gas discharge and underwater
discharge. The water-gas discharge has a lower voltage level
than the underwater discharge, but its reactor is complicated.
At the same time, experimental data shows that the water-gas
discharge is more efficient than the underwater discharge,
because some of the energy in the water discharge is lost in
the form of heat. The PPG topology types that match these
two types of discharge are approximately the same. The only

difference is that the PPGs used in underwater discharges
(such as the Marx, PFN, MPC PPGs) have a higher number
of sub-circuits because the underwater discharge requires a
higher voltage level and higher power level.

The water treatment of domestic and industrial sewage
mainly includes sewage purification, surfactant sewage
treatment, sterilization and the like. They all require a
nanosecond pulse of at least a few tens of kilovolts for
corona discharge. Generally, MPC, PFN, PFL, resonant
transformer PPGs are used more. And PPGs used in actual
water treatment applications has achieved good results. For
examples, in the literature [106-108], a Living or industrial
wastewater containing surfactants uses water-gas discharge
technology. These document applies a nanosecond high
voltage PPG with a circuit diagram as shown in Fig. 25. Its
working principle is that the voltage is amplified by a Tesla
transformer, and the pulse is formed by a short PFL and a
highly pressurized air gap switch. The water-gas discharge
technology has been applied to remove high-phenol and
biodegradation in the literature [109]. In this paper, a
high-power solid-state compact nanoseconds generator
based on MPC is applied. The circuit diagram is shown in
the Fig. 26. The output of the PPG is 60kV, 3J pulses. Its
pulse repetition rate is up to S00Hz, the rise time is 15ns,
and the pulse width is 100ns. Its efficiency is 82% at the
impedance load and 62% at the plasma load. In the
literature [110], the dual resonmance PPG is used for sewage
sterilization and has been successfully applied in industrial
water treatment. Its circuit diagram is shown in the Fig. 27.
The generator can generate high voltage pulses up to 80kV
(theoretical 120kV) with an oscillation frequency of up to
2MHZ, a pulse repetition rate of more than 20kHZ, and an
average power of 800w. And it can process 10~100L of
sewage in one hour.

Trigger [riggered Spark Pulse

unit Gap Switch forming line

F

Fig. 25 The schematic diagram of nanosecond pulsed power generator

Transmission line

R, Gas

Gap Switch
P Load

Tesla Transformer
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Fig. 26. The circuit of the PPG with magnetic compression
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Fig. 27. The Fullj);dge dual LC resonant circuit

The application of water treatment in ecological
environment treatment is mainly to control the reproduction
of algae in rivers and lakes. This is mainly relying on
ultra-high voltage short pulses generated by MPC, PFN,
PFL, SOS PPG to produce corona discharge and streamer
discharge in water. For examples, in [111], the underwater
streamer discharge is used to treat blooms (large-scale
blooms may lead to eutrophication of water bodies, damage
to water environments, and threats to human safety). It
proposes a PPG based on MPC, and the circuit diagram is
shown in Fig. 28. The generator can be repeatedly
discharged underwater in a pulse mode of 30kV with a
pulse width of 4us. Moreover, in [112], the circuit with a
BPFN and a PT in the Fig. 29 are added to the circuit in Fig.
28 to boost the pulse voltage to 108 kV and the pulse rise
time is 200 ns. The pulse width is lus and the maximum
discharge peak current can reach 5.4kA.

Sewage produced by the pharmaceutical industry or
hospital often contains a variety of residual drugs and high
molecular organic substances, which generally require
high-voltage microseconds pulses to degrade them. It does
require a particularly high voltage to allow the water to
generate plasma without corona. Generally, DC converter,
CDVM, and Marx PPGs can be used to achieve
high-voltage pulses of about 10kV. For example, in the
literature [113], it uses an all-solid-state Marx generator that
produces 7kV pulses with a minimum pulse width of 100ns
and rise and fall times of approximately 20ns, depending on
magnetic isolation and synchronous drive technology.

At present, there are some application cases of
underwater pulse discharge in the experimental stage, which
is of great research significance. Rather than putting their
PPGs into actual water treatment applications, they used
artificially prepared sewage samples as research objects for
water treatment. The PPG schemes they use are SOS PPGs

Photo-voltaic cells

i

v ——{ Gnd

DC 12V
i
+ Motor power: 200W

| Charger |<—|- Controller |
l I.2kV

IGBT switches and MPC

AC 100V

St siosn e
12KV vy e
30kV
PT

c

0 -

=

<

— L
1y -
Fig. 28. The pulse power modulator used to treat blooms
B-PFN >100kV
A R P
>100kV]
-20kV| LPFN A 4
S’I;_ CP/W v
O T T T =
— PT L Discharge
- - electrodes

Fig. 29 the circuit Block diagram of with a B_PFN network and a PT for
water treatment

[114-116], MPC and BPFN [117], CDVM [4, 118-120]
PPGs. Among them, the experimental output pulse voltage
of the SOS PPG is 50 kV to several hundred kV, and the
current is several hundred amperes to several thousand
amperes. The pulse width is in the order of nanoseconds to
microseconds. The PPGs consisting of MPC and BPFN has
an output voltage of more than one hundred kV. Due to the
application of PFN and PFL technology, the pulse width can
reach nanoseconds, but their output pulses are fixed because
the circuit parameters are fixed. The all-solid-state CDVM
and Marx PPGs appears only in conceptual form, and no
experiment is seen. But they do not require a transformer,
the output pulse is flexible and adjustable without voltage
parameters limitation, and are easy to modularize and has
high reliability. So they are worth studying and advancing.
If solid-state Marx and CDVM PPGs are connected in series
and in parallel, they have high voltage and high power
output characteristics, and can be applied to high voltage
and high power pulse discharge water treatment as shown in
the Fig. 30. They will make future water treatment PPG
easy to control, and have the advantages of high reliability,
high repetition rate, small size, and modularity.

From the whole survey results, the application
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HV-IGBT the attractive choice for water treatment PPGs.
(rated at V)
R S, ' v FU'TURE RESEARCH
\/ + A summary is shown in Tab. VII that uses the PPG on

Ly ;Ow V‘,,,/T::lD Vi, Vou IHI[I industrial applications. With the development of wideband
C ! ' semiconductor devices such as SiC and GaN [122-124], the
power, efficiency, peak voltage and flexibility of
| high-voltage PPGs will be significantly enhanced. And it
would be open a new direction for the super high-frequency
PPGs for the water treatment. Compared with traditional
PPGs, the solid-state PPGs have advantages in terms of
volume, weight, flexibility, repetition rate and reliability.
However, the wideband gap semiconductors will be
embedded into traditional PPGs for better performance. The
application of PPGs in water treatment will also move
towards the direction in Fig. 31(b).
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Fig. 30. The circuit Scheme of [121]. (a) The proposed multi-module
high-voltage PPG, (b) the construction of each module in the proposed high
voltage generator, assuming two-stages CDVM(m=2)

Basing on
PFN/PF

researches of PPGs in water treatment are not enough. The
lack of theoretical analysis of the water treatment process
and the data research of the actual processing of water
treatment make the PPGs unable to optimize and upgrade,
improve the processing efficiency, and thus reduce the use
of electric energy. The work that needs to be done in the
future is to theoretically analyze the water treatment process
from the perspective of biochemical physics, and
continuously combine the experimental feedback data to
obtain the most suitable pulse parameters and pulse working
curves for a certain water treatment application. Based on
these researches, a powerful and effective PPG can be
designed. But the only certainty now is that due to the
superior performance of the all-solid-state PPG, it will be

Basing o
resonant

Pulse discharging water treatment

(®)
Fig. 31 Applications of PPGs in water treatment.

TABLE VII
SUMMARY OF WATER TREATMENT APPLICATION OF PPGS

Applications Types of PPG Pulse parameters Company
_ T, Tirtting, 10-1000V, 0-1KA., Changtal Ele_ctrlcal C_o. Ltd in Chlnq, And
Electrolysis . . DC converter PPG College of information & Communication
dyeing, and Papermaking 10-100kHz . . L
Engineering, SungKyunKwan University
Chemical industry MC or PFL PPG 20kV, 210A, 10Hz Propulsion Physics Laboratory, Soreq NRC
Sewage Purification resonant circuit PPG ~ 80kV, 20kHz Ele.c mc?l Loty RIS (ot El e
University of Technology
Sewage containing PT and PFL PPG 3kV, 50Hz University of Tokushima
surfactant
Sewage in the School of optical electrical and computer
ha rn%a tical ind Marx PPG 7kV, 30kHz engineering, university of shanghai for science
Pulse P ceutic ustry and technology in China
Discharge 60kV,300A ,1-300Hz, . . .
Water treatment of the DC converter PPG with 2us-50us pulse University of Science & Technology, KERI
leachate . Campus
width
PT and PFN PPG SQkV with 4us pulse _
. width School of Science and Technology, Kumamoto
River and Lakes 30KV with 4 1 Universit
PT and PFN PPG kV with 4us pulse niversity
width
PEF Drinking water Solid-state PPG 35kV,with 350A peak Diversified Technologies, Inc.

current
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V  CONCLUSION

A comprehensive review of the PPGs for water treatment
has been presented in this paper. It provides a summary of
applications of PPGs in water treatment. The advantages and
disadvantages of different PPG topologies have been
analyzed. Each topology has its own characteristics and
applications. Many readers might have a question which is
the best method. In fact, it is difficult to answer this question,
since there is a tradeoff between the efficiency, cost, power
density, and pulse peak and repetition rate for most of these
methods. Finally, it is expected that this review will serve as
a useful reference guide to the researchers working in the
area of PPGs for the water treatment.
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