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ABSTRACT In recent years, the use of electroporation process has attracted much attention, due to its
application in various industrial and medical fields. Electroporation is a microbiology technique which creates
tiny holes in the cell membrane by the applied electric field. The electroporation process needs high-voltage
pulses to provide the required electric field. To generate high-voltage pulses, a pulse generator device must
be used. High-voltage pulse generators can be mainly divided into two major groups: Classical pulse
generators and power electronics-based pulse generators. As their name suggests, the first group is associated
with the primary and elementary pulse generators like Marx generators, and the second group is associated
with the pulse generators that have been updated with the advancement of power electronics like Modular
Multilevel Converters. These two major groups are also divided into several subgroups which are reviewed
in detail in this paper. This study reviews the literature presented in the field of pulse power and pulse
generators proper for the electroporation process and addresses their strengths and weaknesses. Several tables
are provided to highlight and discuss the characteristics of each subgroup. Finally, a comparative study among
different groups of pulse generators is performed which is followed by a classification performance analysis.

INDEX TERMS Electroporation, irreversible electroporation, Marx generator, modular multilevel
converter, power electronics, pulsed electric field

I. INTRODUCTION leads to cell death, a process called Irreversible

Electroporation (IRE), as shown in Fig. 1. Conversely, if the

In 1754, by observing the effect of electric sparks on human
and animal skin by J.A. Nollet, the phenomenon of
electroporation was discovered and described [1].
Electroporation is a proceeding which creates holes in the
cell membrane using intense and short electric field pulses,
which can have different effects according to the parameters
of the applied electric field [2]. The Pulsed Electric Field
(PEF) causes tiny pores in the cell membrane [3]. If the
applied electric field £ is so strong that it is greater than the

critical electric field ( E,,;,.,;) and the relation £ >E_ .,
[4] or E, .. > E>E,, [5] (E,,is the electric field that is
necessary to start the electroporation process and £,

re
hermal 18

the electric field that leads to the thermal effects) holds, this
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applied electric field does not reach the IRE threshold value,
the cell will be able to recover the pores created and return
to its previous state, in which case this process is called
Reversible Electroporation (RE), as illustrated in Fig. 1. The
IRE method is commonly used to kill cells, while the RE
method is used to create pores in the tissue and facilitate the
exchange process [1]. If electrical field strength FE,
satisfies the range of 2.5 KV/cm for mammalian cells, 12
KV/em for plant cells, and 24 KV/cm for bacteria, then the
IRE process will be achieved. Also, for the treatment of IRE
in mammalian cells, the pulse width should be in the range
of 1445 to several hundreds of /S and the number of pulses

is changeable from 1 to 100 [5].
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In general, the applications of electroporation can be divided
into two categories [6]: industrial [3], [7]-[17] and medical
[3], [18]-[20] applications.

In recent years, various applications have been introduced,
developed, or commercialized with the help of pulsed power
technology.  Fusion systems, food pasteurization
(sterilization), water treatment, ozone generation,
biofouling prevention, air pollution control, wastewater
processing, etc., can be considered as industrial applications
of pulsed power [3], [7]-[17]. The biomedical applications of
pulsed power are cancer treatment, wound healing, gene
transfection, etc. [3], [18]-[20]. Electroporation, gene gun,
and microinjection are physical methods of intracellular gene
transfer in vitro and in vivo. Low gene delivery and limitation
of the transfected cells to the needle injection site are
disadvantages of the needle injection method. High
efficiency of transduction, precision of delivery dosage and
timing are the advantages of this method. Gene gun is a fast
and efficient method of transferring exogenous materials into
living tissue. The electroporation method works on a wide
range of cell types. This method is safe and does not use
biochemical agents but it leads to intensive cell damage and
induces immunogenic reactions [21].
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FIGURE 1. Electroporation process: reversible (left) and irreversible
(right) [5].

\'1 \Y
Rectangular Exponential
' >
(a) (b)

v ;
Yt

&y, Ramp 7 Mukipel
Thil
(©) (d)

FIGURE 2. Common pulse waveforms in electroporation. (a)
Rectangular. (b) Exponential. (c) Ramp. (d) Multipulse [3].
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To generate such an electric field, a device called a Pulse
Generator (PG) must be used [4]. The electroporation
process requires High-Voltage (HV) generators to provide
the electric field to generate RE and IRE [22].

In order to cover most applications, a PG should be
controllable and flexible, as particular HV pulse
requirements are needed depending on the type of
application [23]. There is a wide range of HV pulse
waveforms that can be used in electroporation. Rectangular,
exponential, multi-pulse (combined narrow and wide pulse
duration), and ramp pulses are prevalent waveforms as
shown in Fig. 2. Among these, the rectangular pulse
waveform, shown in Fig. 2(a), is the most prevalent
waveform because of its effective pulse area compared to the
exponential pulse waveform [3]. Due to the nature of
classical PGs, which consist of an RC network, they generate
an exponential voltage waveform across the load, as shown
in Fig. 2(b). In novel PGs, the specifications of exponential
voltage waveforms such as plateau, rise and tail times can be
mimicked by ramp waveforms [3], [23], according to Fig.
2(c), therefore they can be used in insulation testing of power
system components [23]. By combining wide pulses with a
train of narrow pulses, a multipulse waveform is created, as
shown in Fig. 2(d), which is used in food sterilization
applications, because the amount of heat produced is
minimized without altering the food nutrition value [3], [23].

The HV pulses applied in electroporation treatment can be
either unipolar or bipolar. In addition to electrical stresses,
bipolar pulses cause reversing mechanical stresses in the
under-treatment microorganisms, that precipitates the
electroporation proceeding [3].

In some publications, PGs are classified based on their

operation methodology [24]. With the advent of novel PGs
due to progresses in power electronics devices and
converters, an updated classification of PGs has been made
based on their topological variations [23]. PGs can be
divided into two main groups called Classical PGs and power
electronics-based PGs. The operation principle of the
classical PGs is as follows. Energy is stored in capacitors or
inductors, then, this energy is abruptly discharged into the
load [24]. Due to the steady development of HV
semiconductor switches such as silicon and silicon carbide
with high voltage rating and higher switching frequency
ability, HV pulses can be generated with the help of power
electronics-based converters [3].
Our major contribution in this review is collecting,
structuring and discussing a wide range of pulsed power
generators classification techniques presented in recent
years. In each structure, several different articles have been
reviewed to create a better understanding of the different
topologies of each group, as well as comparison tables in
terms of the number of elements used, the voltage gain and
the output waveforms for each structure are collected to give
a better view to researchers and readers. In the following
subsections, each of the known PGs are described.

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



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.2022.3184015

IEEE Access

Multidisciplinary : Rapid Review : Open Access Journal

Il. CLASSICAL HIGH-VOLTAGE PULSE GENERATORS

In essense, charging a group of capacitors in parallel and then
discharging the capacitors in series leads to generation of the
required HV pulse in classical PGs. Marx generators, Pulse
Forming Networks (PFNs), and Blumlein Lines are
examples of such classical PGs [3].

A. Marx Generator

The basic Marx generator was built by Erwin Marx in 1923.
This generator, as shown in Fig. 3, consists of a group of N
capacitors C that are charged in parallel through the charging
resistor r,from the input source V. Switching operations

are performed by spark gaps that have a breakdown voltage
slightly higher than V. If a cascade breakdown voltage is

generated in the spark gaps, the desired HV pulse is
generated due to the connection of a series of charged
capacitors [25]-[27]. The first spark gap is deliberately
activated and applies a voltage of 2V, at both ends of the
second spark gap, leading to its conduction. This action keep
till all the spark gaps are shorted, and a voltage pulse of the
NV, appears at the load [3]. The main advantage of the

Marx generator is that the spark gaps are synchronized
automatically. The value of the total capacitance against the
load willbe C/ N ; hence the pulse width is obtained via the
mathematical relation t,=0.7RC/N [6].

The basic Marx generator produces unipolar pulses that, if
bipolar pulses are needed, can use another same stack fed from
-V, voltage and place the load differentially between the
outputs of the two stacks [24],[28].

Conventional Marx generators cannot be used in portable
sources because they are too bulky and heavy. Hence,
Compact Marx Generators (CMGs) are used to generate fast-
rising, high-power and high-voltage pulses. CMGs can
generate various range of voltages with a low rise-time of
nanosecond order. The structure of CMGs consists of
charging capacitors, metal body, spark gaps, resistors, and
connections [29].

B. Pulse Forming Networks

Due to the nature of the RC network, the generated pulse by
the Marx generator is exponential. Therefore, if a pulse
waveform close to a rectangular is required, PFN can be used.
According to Fig. 4, the PFN consists of N cascaded LC
section, which is fed through a voltage source V; . By storing
energy in the LC branches, the power supply switch is
disconnected, and the HV switch is connected on the load side
and delivers the required pulse [30]-[33]. The duration of the
generated pulse is calculated through the mathematical

relation £, =2N«LC [3].

C. Blumlein Lines
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FIGURE 4. Structure of PFN PG [3].

Similar to PFNs, Transmission Lines (TLs) can be used to
generate HV pulses [34]-[36]. Requiring load impedance
matching to produce near-rectangular pulses, reduces the
output pulse voltage peak to half the input voltage. In 1937
Alan Blumlein proposed a solution to make an output pulse
voltage peak equal to the input voltage. In this way, the load
is placed in series between two identical TLs, and the load
impedance must be twice the characteristic impedance of one
line (R = 2Z,)) [37]-[39].

One of the ways to increase the voltage is to use an
induction adder known as Multistage Blumlein Lines
(MBLs) [40], [41]. As shown in Fig. 5, this structure uses
several pulse transformers whose secondary are series. One
of the advantages of this structure is that transformer
increases the voltage. Another advantage is that the current
is naturally divided between the switches because the
transformer cores are independent of each other. This leads
to the use of switches with low power ratings. By adding the
voltages on the initial side and multiplying it by the
transformer turns ratio, the output voltage is obtained [6].
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FIGURE 5. Structure of MBL [41].
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D. Magnetic Pulse Compressor

The Magnetic Pulse Compressor (MPC) is behaviorally
similar to the PFN because both operate on a resonant
converter, except that MPC is used to compress the generated
pulse with fast rise and fall times. Due to this feature, it can
be used in the last stage of the pulse generator unit. In this
structure, instead of using gas-state switches, Magnetic
Switches (MS) are used. The MPC circuit is shown in Fig. 6
[42]. Assuming the switch is closed under conditions where
=G =C;=Cand MS, << L; <<MS, (MS, and MS,
are saturated inductance and unsaturated inductance of
magnetic switches, respectively), the energy of the capacitor
C, that was charged to the voltage V/, is transferred to the

capacitor C, under resonance C-L-C. Energy transfer
from the capacitor C, to C; occurs when the C, potential

reaches a point that leads to MS saturation. In the second
loop (the right loop in Fig. 6(a)), the switch and L, are

replaced by the MS. As shown in Fig. 6(b), with the
performance of MS during energy transfer, the voltage 1]

(and current [;) is converted to J, (and 7,) and

compressed [6].

Magnetic or gas-state switches (non-solid-state) are widely
used in pulse power technology, especially in the structures
as mentioned earlier, because they have very high electrical
strength and fast rise-time. Gas-state switches require
vacuum equipment, gas sources, and special operating

conditions such as high pressure (21). These switches are
bulky and unreliable, have a short lifespan and low repetition
rates. Even though magnetic switches have a higher
repetition rate, they still struggle with disadvantages. These
disadvantages limit the dynamics and efficiency of structures
and lead to increased cost and size of the pulsed power
system [10], [43], and [44].

Classical PGs have disadvantages such as low repetition
rate, bulkiness, high expense and size, inflexibility, low
longevity, and inefficiency [3], [45]. Also, the principal
pulse waveform produced in classical PGs is either
exponential or rectangular and unipolar [3].

lll. HIGH VOLTAGE PULSE GENERATORS BASED ON
POWER ELECTRONICS

The commercialization of Gate Turn-Off (GTO) thyristors in
the mid-1980s marked the beginning of the development of
high-power solid-state converters. GTO was the standard for
medium voltage drive before the advent of high-power
Insulated-Gate Bipolar Transistors (IGBTs) and Gate-
Commutated Thyristors (GCTs) in the late 1990s [46]. The
advantages of these switching devices are excellent
switching characteristics, ease of gate control, snubberless
operation, and reduction of power losses [6].

Solid-state switches have features such as reliability,
smaller footprint, high repetition rate, long lifetime, and cost-
effectiveness. The use of solid-state switches makes the
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pulsed power supply smaller and more efficient because it
benefits from power electronics controlling techniques [10],
[24], [43], [44], and [47].

With the evolvement of power electronics switches in high
voltage tolerate and quick on/off switching performance that
provides narrow HV pulse generation, several solid-state HV
pulse generators have been introduced. Some power
electronics-based PGs mimic classical generators, including
the Marx generator. Emerging structures and newly
developed HV PGs are modular that provide redundancy,
scalability, and robust pulse generation operation [3].

Power electronics-based PGs can be divided into three
main groups based on the type of structure, namely: Modular
Multilevel Converter (MMC) based, Non-MMC-based, and
hybrid topologies [3].

A. Non-MMC-Based PG Topologies

Non-MMC-based PGs use power electronic devices to
increase the voltage, then a high voltage rated switch
connected in series to the load is employed to chop the
generated HVDC. Generally, this switch is off, but it is
turned on during pulse generation. Hence, the series
connection of semiconductor devices is necessary, which is
known as the main limitation of this structure [3]. This group
of PGs can be divided into three subgroups, namely: Solid-
state Marx Pulse Generator (SMPG), Switched-Mode Power
Supply (SMPS), and Capacitor-Diode Voltage Multiplier
(CDVM) [23]. The conceptual structure of the Non-MMC-
based PG is illustrated in Fig. 7.

1. Solid-state Marx Pulse Generator

By imitating the classical Marx generator, studies in solid-
state Marx PG have been performed [48]-[53]. The basic
idea is that spark gaps in Fig. 3 are replaced by power
electronics switches, as shown in Fig. 8 [3].

i 1 Ms

(b)
FIGURE 6. Basic structure of MPC. (a) Circuit. (b) Voltage waveforms
[42].
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FIGURE 9. Proposed topology in [54] with n energy storage capacitors.

The capacitors are charged when switches S are turned on,
and the HV pulse is generated when switches T are turned
on, as shown in Fig. 8, which provides a controllable
charging and discharging mechanism. The main structure of
SMPG is such that it generates rectangular unipolar pulses.
To generate bipolar pulses in [50] an H-Bridge is used across
each capacitor, and in [51], two groups of capacitors are used
that are charged from sources with the same voltage level but
with reverse polarity.

SMPG has a simple structure [3], and its capacitors are not
necessarily fully discharged [23]. This structure suffers from
severe voltage drop, which requires control actions or the use
of additional passive components [55].

Increasing the output voltage requires more number of
capacitors. On the other hand, the weight and size of the all-
solid-state Marx generator are mainly determined by
capacitors. To achieve a lightweight and compact pulse
generator, the number of capacitors needs to be reduced.
Therefore, in [54], a modular pulse generator is proposed in
which a set of capacitors are charged cyclically, step-by-step,
and discharged in series. As shown in Fig. 9, this topology
has n capacitors, n fast recovery diodes, and 2xn+1 all-solid-
state switches that can achieve a voltage gain of 2" That
is, the V/C ratio reaches 2"~' /n. The first unit contains
only capacitor C; . Other units are modules with a capacitor,
a fast recovery diode and two all-solid-state switches. The
second unit is connected to the third unit in parallel via a
solid-state switch. The rest of the units are connected directly

in parallel. This structure is a modified Marx circuit. The
main difference between this topology and conventional
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Marx is in the proceeding of charging capacitors because the
voltage double charging procedure has been used to increase
the voltage of capacitors step-by-step. Charging and
discharging stages work independently. The voltage gain is
also independent of the input DC source voltage, and the
capacitors voltage reaches their maximum before the
discharging process begins. As the number of stages
increases, the voltage gain increases exponentially, which

due to 2" charging modes. The number of modes also
increases. These lead to the modification of the control
strategy and more complexity. This is known as the
disadvantage of this topology.

One of the limiting factors of all-solid-state pulse
generators application is the rated current of the switches. In
order to have a pulse generator with maximum output
current, it is necessary to connect several semiconductor
switches or pulse generators in parallel to share the current.
Current sharing of the paralleled switches is challenging and
the surge current due to asynchronous operation may damage
the switches. Usually, two groups of switches are adopted to
control the discharge of capacitors and form the output
pulses, but the topology in [56] is a high-current pulse
generator based on Marx generators in parallel that use one
group of switches to control the charging of the multiple
Marx generators, as shown in Fig. 10. In [56], two schemes
are used, namely: scheme (1) and scheme (2). The topology
in scheme (1) uses mn-stage traditional pulsed Marx
generators (which m is the number of the Marx generators)
in parallel, as shown in Fig. 10(a). Capacitor C,; of each

Marx generator is charged only through diode D, and switch
S, while capacitors C; are charged via diodes D;, D,
and D, and switches S; and S,;. The diode D; is

responsible for cutting off the circulating current between the
Marx generators. As shown in Fig. 10(b), in scheme (2), the
diodes D, are replaced by switches S,; in the last stage, and

the series §,; switches are placed parallel to the load. The

output currents of each Marx generator are different in
scheme (1), and the peak output current of scheme (1) is
higher than scheme (2). The difference in the output currents
of each Marx generator in scheme (2) compared to scheme
(1) is relatively small. In order to control the charging
proceeding in scheme (2), a set of additional switches have
been adopted. System losses in scheme (2) have increased
compared to scheme (1). Increasing Marx generators’ stages
leads to a more balanced output current, which makes the
system more stable. In scheme (1), five-sixths of the
charging current passes through the measuring branch
(branch of cathode side of diode D,) during the charge
cycle. So, the two discharge and charging currents pass
through this branch. In scheme (2), all charging currents and
discharge currents pass through the measuring branch. S,
switches are responsible for controlling the charge of
capacitors and forming output pulses. In the discharge
process, the S, switches are turned off and the S, switches
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are turned on to discharge the capacitors in series to the load.
Transistor—Transistor Logic (TTL) signal is used in closed-
loop control of the DC power supply to ensure system
stability. This structure has the ability to prevent short circuit
of the half-bridge circuit to Marx circuit.
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FIGURE 10. Structure of mn-stage Marx generators in parallel. (a)
Scheme (1). (b) Scheme (2) [56].
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2. Switched-Mode Power Supply

Studies have been performed on using SMPS to generate HV
pulse [57]-[61]. According to Fig. 11, SMPS circuits of the
type Boost, Buck-Boost, and Flyback (isolated Buck-Boost)
have attracted much attention due to their ability to increase
voltage [3].

As shown in Fig. 12(a), in [57], the Boost converter in
Discontinuous Conduction Mode (DCM) is used to generate
a pulse where the load is placed differentially between the
input and output of the converter. This structure generates
unipolar pulses and does not require HV switches to generate
HV pulses.

According to Fig. 12(b), in [58], the load is located
differentially between the outputs of two Boost converters
which are so-called front-to-front. This structure has the
ability to generate bipolar pulses, but its operation depends
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on the use of passive elements [47] and requires proper
parameter selection [3].

As shown in Fig. 13, in [59] and [60], a Buck-Boost
converter is connected to the input source and supplies
several Low Voltage (LV) switch—capacitor units at its
output side. With proper control of switches Q, it is possible
to generate HV pulses with controllable dv/dt. This structure
generates unipolar pulses and requires a complex control
algorithm.

In [61], the Flyback structure shown in Fig. 11(c) has been
modified to remove the output filter capacitor and place an
RCD circuit on the primary side of the transformer, as shown
in Fig. 14. The RCD circuit, the transformer inductance, and
the switch Q form a Buck-Boost converter. When the switch
Q is turned on, the primary side of the transformer is
connected to the ¥ source, and the capacitor of the RCD

circuit is charged to the following voltage:

o

-,

1-6
where, 0 is duty ratio of the switch Q. When the switch Q is
turned off, the primary side of the transformer is subjected to
the negative voltage of the RCD capacitor, and by increasing
the voltage due to the transformer turns ratio, it produces a
negative unipolar HV pulse across load R, which is equal to:

n, o
Ve=—"2—2V, 2
K m1-6" @

where, 7, and 7; are secondary and primary turns ratio of

Ve (1)

the transformer, respectively.

> i) 1

L D ) 0 D
L e f L e
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Q

(©
FIGURE 11. SMPS circuits for generating HV pulse. (a) Boost. (b)
Buck-Boost. (c) Fly-back [3].
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FIGURE 13. PG based on Buck-Boost converter in [59], [60].

3. Capacitor-Diode Voltage Multiplier

The basic CDVM module shown in Fig. 15 is incorporated
in the PGs to generate HV pulses [9], [62]-[68]. Typically,
CDVM modules use LVDC input to generate HVDC output.
An HV switch that is series with load is responsible for
chopping the output HVDC [3], which determines the
repetition rate and the width of the output pulse [62].

In [62], to achieve higher voltage gain, the Boost converter
is used along with the CDVM circuit, which is fed from the
AC input of the utility, as shown in Fig. 16. This structure
generates unipolar HV pulses using relatively LV elements
but requires an HV switch series with load at the output side.
Applying closed-loop control in this structure keeps the
output voltage constant in different loading conditions and
limits the no-load output voltage.

In [63], the Boost converter centrally feeds two groups of
CDVM stages symmetrically located on either side of the
load terminals. This improves the heat dissipation
distribution because it reduces the current change between
the CDVM stages.
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In [64], the two groups of CDVM stages are symmetrically
on either side of the load terminals, one fed by the Boost
converter and the other by the Buck-Boost converter. The
Buck-Boost converter produces a reverse output relative to
the input voltage, which provides series connection of the
Boost and Buck-Boost converters outputs without the need
for an isolated transformer at the input stage to maximize the
output voltage.

Each module of [65], shown in Fig. 17 is the same structure
presented in [62]. The output voltage pulses from each
module are connected in series and form the total output
voltage pulse. This structure has the advantages of
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modularity, scalability, and redundancy. For this reason, a
diode is placed at the output of each module to prevent any
possible interference -between the switches, and in case of
failure or deactivation of the modules, it can bypass that
module from the circuit.

TABLE I
A COMPARATIVE STUDY BETWEEN CDVM STRUCTURES BASED ON THE
NUMBER OF ELEMENTS ( 7 : NUMBER OF BOOST-CDVM MODULES)

Topology [62] [63] [64] [65] [9]
No. of m m m m m
stages
No. of 2 2 3 2n 4m

switches
No. of 1 1 2 n 0

inductors
No. of 2m+1 4m+1 4m+2 2n(m+1) 4m
diodes
No. of 2m+1 4m+1 4m+2 n(2m+1) 2m
capacitors

TABLE II
A COMPARATIVE STUDY BETWEEN CDVM STRUCTURES BASED ON
VOLTAGE GAIN AND OUTPUT PULSE POLARITY (m : NUMBER OF CDVM

STAGES, n : NUMBER OF BOOST-CDVM MODULES AND Db :BoosT

CONVERTER DUTY CYCLE)
Topology Input voltage Output voltage Pulse polarity
[62] v; m+l Unipolar
Vin
1-Dy,
[63] Vin 2m+1 Unipolar
— 1V
1_ Db mn
[64] Vin 2Am+1) Unipolar
1
1-Dy
[65] Vin mal Unipolar
n Vin
1-Dy,
[9] Vin (2m-1)¥;, Bipolar

The generated HV pulse in CDVM structures is usually
unipolar [62]-[68]. To generate bipolar pulses, the H-bridge
can be used in the output stage, where these four switches
must be able to withstand the total output pulse voltage level
(31, [9].

In [9], a bipolar HV PG, which is a combination of voltage
multiplier converter and solid-state LV switches, is
presented with a look at the concept of Half-Bridge (HB)
inverter as shown in Fig. 18. When the switch Tc" is turned
on (the other switches are off), the capacitor C,; is charged

through the input source. When the switch Tr is turned on,
the capacitor C; is discharged across the load and generates

a positive pulse. When the switch Tc™ is turned on, the
capacitor C, is charged. When the switch Tr" is turned on,

the capacitor C, is discharged across the load and generates

a negative pulse. This structure is modular and flexible.
CDVM structures enjoy advantages such as small size and
weight, high efficiency, and reliability [9], [62]-[65]. To
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perform a comparative study between CDVM structures,
Tables I and II have been collected.

According to Table I, the structure of CDVM in [62] has
fewer elements, while the structure [65] has more elements.
The structure [9] does not require an inductor, which is one
of its advantages. As can be seen in Table II, all of the
CDVM structures expressed generate unipolar output, while
the structure presented in [9] can generate bipolar output.
According to Table I, assuming the input voltage source and
the number of stages is the same (and » = m: ), the structures
[64] and [65] have the highest voltage gain, and the structure
[9] have the lowest voltage gain, respectively, while the
structures [62], [63] offer the same voltage gain. D, values

are selected based on the table “Relation between number of
stages and duty cycle” in each paper.

B. MMC-Based PG Topologies

The two-level Voltage Source Converter (VSC) suffers
from disadvantages such as bulky input DC capacitor, bulky
output ac filter, and high dv/dt [3]. Adding additional levels
reduces the capacitance of the input capacitor, the size of the
harmonic filter, and the dv/dt problem [69].

1. MMC Performance Context

MMC is a multilevel VSC structure invented in 2001 by
Rainer Marquardt. The MMC structure in terms of hardware
is divided into two groups, namely: Half-Bridge Sub-Module
(HB-SM) and Full-Bridge Sub-Module (FB-SM) [3]. The
structure and switching states of these two types of SM are
shown in Fig. 19.

The HB-SM has three switching states, namely: bypass,
insertion, and idle, as shown in Fig. 19(a). In the bypass
mode, where the switches T are on, and switches Tx are off,
the SM is short-circuited, and the AB terminal voltage is near
zero. In the insertion mode, where the switches Tm are off,
and switches Tx are on, the SM capacitor is connected to
terminal AB, in which case V,; =Vj,, . In idle mode, when
both switches Tm and Tx are off, the SM terminal is open-
circuit and prevents current flow through the SM terminals
[3].

The FB-SM has only two switching states, bypass, and
insertion, as shown in Fig. 19(b). When the switches T1 and
Ts are on, and T2 and T4 are off, or vice versa, a short circuit
occurs, and the SM capacitor is bypassed (V5 =0). Now,
if the switches T1 and T4 are on, and T2 and T3 are off, the
positive voltage of the capacitor appears in terminal AB (
Vg =+Vs,)- If the switches Ti and Ta are off, and T2 and
Ts are on, the capacitor voltage with reverse polarity appears
in terminal AB (V; =-V§,,) [3].

HB-SM has half of the FB-SM semiconductor switches,

but FB-SM can generate reverse polarity voltage at SM
terminals, which can block DC fault current in HVDC [3].
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2. Phase-leg MMC-Based PGs

Even though MMC structures suffer from disadvantages
such as essential SM capacitor voltage balancing, the need
for an HVDC input, and large footprint, the main features of
MMC such as modularity, redundancy, scalability of input
and output voltage levels, an inherent capacitor in each
MMC-SM, etc. has promoted this structure in pulsed power
applications [3].

An example of a phase-leg MMC-based PG is shown in
Fig. 20(a), fed from the HVDC input. This structure has
disadvantages and limitations, which we will address below.
The pulses generated by this structure are bipolar by default.
If unipolar pulses are needed, the reference point must be
transmitted to the ground, i.e., it requires a physical change
in the power hardware. Also, the amplitude of generated
pulse peak voltage is half of the input HVDC. In this

structure, we need two bulky capacitors to create i%VS

with a mid-point connection [3].

Sensor-based voltage balancing techniques require many
measurements, which increases the complexity of the
system. Also, high dv/dt during switching can cause
Electromagnetic Interference (EMI), which may reduce the
accuracy of the measured signals [70].

In [71] and [72], by adding a diode between adjacent HB-
SM, the voltage of the capacitors is balanced when using a
specific switching sequence.

In[71], the capacitors are charged in series from the HVDC
power supply to a fraction of the input voltage, and their
voltage is balanced in parallel. There is no need to measure
the voltage of each capacitor using the Vector Decision
Diode (VDD) algorithm.

FB-SM Switch States

I I I; T Vie State

SM Switch States

T I Vip State OH | [GRE ON? ] OHE 2 Bypassed
on | oes| 8 (ot off | on Jorr[ on| o |
OFF | ON |+ Vi | Inserted ON | OFF | OFF | ON [+ V& Iisectad
OFF OFF Idled OFF ON ON OFF Vou

a) (b)
FIGURE 19. Structure of MMC-SMs (a) HB-SM. (b) FB-SM [3].
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FIGURE 20. MMC structures. (a) Phase-leg MMC based PG [3], [71]. (b)
MMC based PG presented in [2].

In [72], the voltage balance of capacitors is provided
without complex algorithms and parameter measurements.
An inverter with a control current drives the switches to
ensure galvanic isolation between the control and power
circuits. This structure offers seven levels of unipolar and
bipolar output.

In some literature, stacked cells with additional diodes are
used to balance the capacitor voltages, which increases the
cost of the system. However, in [70], the Phase Disposition
Pulse Width Modulation (PDPWM) technique is used, which
reduces the cost, complexity, and sensitivity of the system.
Due to the high dv/dt, the effect of the generated EMI on the
system performance is reduced because it does not use
voltage and current measurement boards.

In [2], the series connection of MMC-HBs in four arms is
used, which together form an H-Bridge, as shown in Fig.
20(b). Each arm contains an inductor L, to suppress the

inrush current between the cell capacitors during their
insertion. Arm 3 and Arm 4 are responsible for generating a
positive pulse, and Arm 1 and Arm 2 are responsible for
generating a negative pulse. Due to the small capacitance of
the cells, the dimensions of this structure have been
significantly reduced compared to the MMC converter in
HVDC transmission applications. The charge and discharge
pattern of cell capacitors is such that there is no need for
voltage measurement or intricate control to ensure the
voltage balance of the capacitors. This structure can produce
unipolar and bipolar HV pulses with high-frequency speed.

The topology proposed in [73] is the same structure [2] in
terms of hardware, but with the difference that the controller
software allows two types of operations, namely: Sensorless
mode and sensor-based mode (multilevel mode). In this way,
the sensorless mode generates rectangular pulses, while the
sensor-based mode can generate different pulses, such as
ramp and multipulse. In fact, in this topology, a specific
polarity duration can be changed. The default pulses are
bipolar, while unipolar pulses can be generated by removing
each polarity during pulse generation.

The topology presented in [74] consists of two transition
arms with two bi-state arms that form an H-bridge, as shown
in Fig. 21. Transition arms, i.e., Arm 1 and Arm 2 (upper
arms), are composed of the series connections of MMC-HB
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cells that are responsible for generating negative and positive
pulses, respectively. Bi-state arms, i.e., Arm 3 and Arm 4
(lower arms), are composed of the series connection of IGBT
switches that allow the cells capacitor to be charged. These
switches only turn on/off when the arm voltage is zero or
near zero, i.e., Zero Voltage Switching (ZVS). This topology
can reduce the EMI produced by the converter due to its
controllable dv/dt. The output waveform of this topology can
be rectangular, ramp, and multipulse, in the form of unipolar
or bipolar.

As shown in Fig. 22, the topology presented in [75], has
two parts called charging system and discharging system.
The charging system includes DC power supply, the current
limiting resistance R, , the semiconductor switch T7,,_,,

capacitors C, —C,,, , voltage equalizing resistances R, —R,,

The discharging system includes the semiconductor
switches 7, —T,,, the diodes D, —D,,, and the load. The

discharging system has two parts, the positive arm (red
frame) and the negative arm (blue frame). The resistors
R, —R,,, are very large, but not with large energy losses due

to relatively short charging time. This structure can produce
a maximum output voltage of £500V with 1KV DC voltage
source (The wvoltage amplitude of output pulse is
approximately half of the input DC charging voltage.). In
addition to the rectangular waveform, exponential and
multipulse pulses can be generated by changing the switch’s
timing.

For a comparative study between the expressed MMC
structures, Tables III and IV have been collected. MMC
structures require HVDC input, and the output pulse peak is
equal to input HVDC, as shown in Table III. All three
topologies generate two types of polarity at their output. The
topology in [2] generates only rectangular outputs, while the
topologies in [73] and [74] also generate different multilevel
outputs.

Table IV compares these topologies based on the number
of elements. According to Table IV, the number of elements
in [2] and [73] is the same because they are the same in terms
of hardware, but the topology [74] requires fewer capacitors
and inductors. The topology in [74] requires two arms with
a series connection of switches, which is one of its
disadvantages.

Cell switching table

I Ty State
ON | OFF | Bypassed
OFF ON Inserted
OFF OFF Idled

FIGURE 21. MMC-based PG presented in [74].
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FIGURE 22. Topology presented in [75].

TABLE III
COMPARATIVE STUDY BETWEEN MMC-BASED STRUCTURES CONCERNING
OUTPUT PULSE CHARACTERISTICS

Topology Input Output Pulse polarity Pulse shape
voltage voltage
[2] V; V, =V, | Unipolar/Bipolar | Rectangular
(HVDC)
[73] V; V, =V, | Unipolar/Bipolar | Rectangular
Ramp
(HVDC) Multipulse
Multilevel
[74] v; ¥, =V, | Unipolar/Bipolar | Rectangular
Ramp
(HVDC) Multipulse
Multilevel
TABLEIV

COMPARATIVE STUDY BETWEEN MMC-BASED STRUCTURES BASED ON
THE NUMBER OF ELEMENTS ( X : SERIES CONNECTION OF SWITCHES)

Topology [2] [73] [74]
No. of arms 4 4 4
No. of cells N N N
per arm
SM type HB HB HB
No. of 4N 4N 2N
capacitors
No. of 8N 8N AN+2X
switches
No. of 5 5 2
inductors
Other features Modular Modular Modular
Redundancy Redundancy Redundancy
Scalability Scalability Scalability

C. Hybrid PG Topologies

Non-MMC-based PGs require an HV switch to chop the
voltage and are facing the potential challenges of series
connections of switches. MMC-based PGs have reduced the
need for HV switches and their series connection but suffer
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from limitations such as HVDC input. Also, phase-leg
MMC-based PGs can only generate bipolar pulses with a
voltage amplitude of half the input HVDC. To overcome
these limitations, hybrid PGs were introduced, which are fed
from the LVDC input and use a voltage boosting mechanism.
MMC-SM can be used in the HV pulse generation stage or
the voltage boosting stage, or in both stages. Hence, this
structure takes advantage of MMC characteristics including
modularity, redundancy, and scalability [3].

Hybrid PGs can be divided into two main groups, namely:
Non-transformer isolated and transformer isolated.

1. Non-Transformer Isolated Hybrid PGs

In some structures, converters such as Boost, Buck-Boost,
and Switched-Capacitive (SC) converter are used to boost
the voltage. The Buck-Boost converter is used for smooth
start-up from an uncontrolled or fixed DC source. The Boost
converter has a wider control range than the Buck-Boost
converter and fewer stress on the input switches [51].

In [76], two arms with a series connection of MMC-HB-
SMs are used. The capacitors of the SM are charged
sequentially via a resistive-inductive (rL) branch and
reverse blocking switch (S1 or S2) from an LVDC source,
which causes the current to flow under controlled damping,
and the capacitors charge rapidly. Hence it can produce
pulses with high repetition rates. Arm 1 (upper) is
responsible for generating a positive pulse, and Arm 2
(lower) is responsible for generating a negative pulse. The
reverse blocking switches turn on by ZVS and turned off by
Zero Current Switching (ZCS). The duration and amplitude
of the pulse peak are controllable and do not require a voltage
sensor. The structure of this PG is shown in Fig. 23.

The structure presented in [77] is the same in [76], except
that instead of the rL branch, only L is used, and a series
connection of diodes in reverse blocking switches is used
because these two switches are exposed to reverse HV during
pulse generation. There is no need for a voltage sensor to
generate rectangular pulses. Still, due to different
capacitance, voltage sensors must be used to generate
multilevel waveforms to prevent the capacitor voltage drift.
A new voltage balancing technique to overcome capacitor
voltage drift uses only one voltage sensor in each MMC-HB
arm. This structure requires a fast controller.

The proposed topology in [23] has three main parts: Boost
converter, upper arm, and lower arm, as shown in Fig. 24.
The Boost converter is powered by the LV input. Two
identical switches are used in the Boost converter to reduce
the current rating of the switches and charge faster. The
upper and lower arms are composed of a series connection
of MMC-HB-SMs, the upper arm is responsible for
generating positive pulses, and the lower arm is responsible
for generating negative pulses. In this topology, capacitors
are charged sequentially. Directing/Blocking diodes conduct
current from the Boost converter to the capacitors during
charging and prevent current flow from the capacitors to the
Boost converter. Only one voltage sensor is used to measure
the capacitor voltage of the first SM to control the duty ratio

VOLUME XX, 2017

of the Boost converter; thus the capacitor voltage of all SMs
is controlled.

In [78], the CDVM centrally supplied by a Boost
converter, is used to increase the voltage of the LVDC input
source, as shown in Fig. 25. Also, the CDVM provides two
DC link voltages for the MMC without the need for
additional DC link capacitors. Then, the MMC converter
generates bipolar and unipolar output voltages when the
selector switch is in position (A) or (B), respectively. This
structure achieves HV gain with the help of relatively LV
devices without the need for a series connection of switches.

In [79], the SC converter is used in the input source to
increase the LVDC source voltage. Also, cascaded H-bridges
have been used to generate bipolar pulses. A unidirectional
switch Sp with a diode Dp is used between the SC converter
and the H-Bridges to isolate the load from the input source
during pulse generation. This topology can generate
nanosecond unipolar and bipolar pulses with ultra-fast dv/dt,
as it uses silicon carbide Metal-Oxide Semiconductor Field
Effect Transistor (MOSFET) switches. The structure of this
PG is shown in Fig. 26. According to the structure of SC,
each H-Bridge capacitor can be charged up to 2V, .

Input Boost Converter
Controller

Arml

Input Boost
Converter Module

Arm2

Directing/Blocking
Diodes

FIGURE 24. Hybrid PG using Boost converter and MMC-SM presented in
[23].
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(m-1) stages
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Lower CDVMs &
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FIGURE 25. Hybrid PG using Boost converter and CDVM to feed phase-
leg MMC [78].

In [80], the Boost converter is used to charge the capacitors
of the solid-state Marx PG so that the capacitors can be
charged to a higher voltage from the input source. The
capacitors are charged in parallel, then discharged in series
across the load to transfer a large amount of instantaneous
power to the load. This modular structure generates unipolar
and bipolar pulses with a flexible pattern. It is possible to
adjust the pulse width for each positive and negative pulses
or both with a change in pulse amplitude. In [81], bipolar
pulses can be generated on resistive and resistive-capacitive
(R-C) loads. The hardware structure of these two
topologies is shown in Fig. 27.

In [82], two types of structures are presented, as shown in
Fig. 28. In the first structure (Fig. 28(a)), the load resistance
acts as the charging resistance of the capacitors, and due to
its large size, it is suitable for low repetitive pulse rate
applications. In the second structure (Fig. 28(b)), the load
resistance is bypassed during charging by a bypass switch,
which is a diode. It uses an external limiting resistor, making
this structure suitable for high repetitive pulse rate
applications. In both structures, there is an arm of a series
connection of MMC-HB-SMs. By turning on the switch Sy
and the SM switching sequence, the capacitors are charged
sequentially. After charging the capacitors, the switch Sy
turns off, and the switches Sx and Scai turn on to discharge
the capacitors. In the first structure, a constant voltage DC
source can be easily used because the high resistance of the
load during charging causes the current spikes to be damped.
Still, in the second structure, the power supply voltage must
be increased gradually from zero volts during startup, to
avoid current surges on switches, because the charging
resistance is small. The output of both structures is unipolar.

n [83], [84] solutions for generating bipolar pulses are
proposed. In [83], FB-SM has replaced HB-SM to generate
bipolar pulses. Also, a thyristor is used instead of a diode to
bypass the load during sequential charging of capacitors, as
they are available at higher voltage rating and lower
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conductivity losses compared with self-commutated devices.
In addition, thyristors have natural commutation and an
inherent reverse voltage blocking capability. In [84], two
series arms are used, each arm including a series connection
of HB-SMs, one arm generates positive pulses, and the other
arm generates negative pulses, as shown in Fig. 29. The H-
bridge is used at the input source side to obtain a positive or
negative charge voltage, and the capacitors are charged
sequentially by this positive or negative voltage. A
bidirectional switch such as back-to-back thyristors is used
to bypass the load during sequential charging of capacitors.

To compare the Non-transformer isolated Hybrid PGs
presented in this paper, Tables V and VI have been collected.
Table V is a comparative study of the number of elements
used in each relevant structure. According to this table, most
structures use MMC-HB-SMs. The topology in [82] requires
the least number of capacitors and switches, and the topology
in [78] has the highest number of capacitors because it uses
a CDVM converter for voltage boosting. Topologies in [79],
[82], [83], and [84] do not require an inductor to increase the
voltage, while topology in [78] uses the most significant
number of inductors. Topologies in [83], [84], in addition to
charging resistance, require a thyristor with a voltage rating
at the output pulse level.

N
H-bridge N

FIGURE 26. Hybrid PG using SC converter and cascaded H-Bridges [79].

Sni

]

,
~

‘ Ts.
LOAD

FIGURE 27. Hybrid PG using SMPG concept and Boost converter [80],
[81].
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FIGURE 28. Hybrid PG with sequential charging of M
capacitors. (a) Low repetitive rate. (b) High repetitive rate [82].
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TABLE V

FIGURE 29. Hybrid PG using two MMC-HB-SM series arms to generate
positive and negative pulses with H-Bridge at the input power supply

COMPARATIVE STUDY BETWEEN NON-TRANSFORMER ISOLATED HYBRID PGS BASED ON THE NUMBER OF ELEMENTS ( X : SERIES CONNECTION OF DIODES,
Rjimit : CHARGING RESISTANCE, LRR: LOW REPETITIVE RATE, HRR: HIGH REPETITIVE RATE AND m : NUMBER OF CDVM STAGES)

Topology No. of No. of cells SM type No. of No. of No. of No. of Other elements
arms per arm capacitors | diodes | switches | inductors
[76] 2 N HB 2N 2 4N+2 1 Riimit
[77] 2 N HB 2N 2X 4N+2 1 B
[23] 2 N HB 2N 2N+2 4N+2 1 -
[82] LRR 1 N HB N 0 2N+2 0 Rioad s Riimit
[82] HRR 1 N HB N 1 2N+2 0 Riimit
[78] 2 N HB 2N+4m-1 4m-1 4N+1 3 Selector switch
[79] 1 N FB N+1 2 4N+3 0 -
[80], [81] - N - N 1 4N+1 1 -
[83] 1 N FB N 0 AN+2 0 Rjimjt and thyristor
[84] 2 N HB 2N 0 4AN+4 0 Rjimit and 2*thyristor
TABLE VI

COMPARISON OF NON-TRANSFORMER ISOLATED HYBRID STRUCTURES CONCERNING OUTPUT PULSE CHARACTERISTICS ( 4 : VOLTAGE BOOSTING FACTOR,
m : NUMBER OF CDVM STAGES, Dp, : BOOST CONVERTER DUTY CYCLE, dl : CHARGING TIME OF BOOST INDUCTOR, R : RESISTIVE LOAD, T : OUTPUT

Table VI compares the Non-transformer isolated Hybrid PGs
in terms of voltage gain and the shape and polarity of the
output pulses. All topologies require LVDC inputs, which
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PULSE PERIOD, L : BOOST CONVERTER INDUCTANCE AND d4 : TOTAL PULSE-WIDTH OF THE BIPOLAR PULSE)

Topology Input voltage Output voltage Pulse polarity Pulse shape
[76] ¥, (LVDC) NV; Unipolar/ Bipolar Rectangular
(771 Vin (LVDC) ANV}, Unipolar/ Bipolar Rectangular

Multilevel (sensor)

(23] Vin LVDC) ANV, Unipolar/ Bipolar Rectangular

Ramp
Multipulse

[82] Vi, (LVDQ) NV; Unipolar Rectangular

78 g . Unipolar/ Bipolar Rectangular

[78] Vin (LVDC) Unipolar: 2Vin p p g

-D,
Bipolar: Vin
1-Dy,

[79] Vin (LVDC) 2NV, Unipolar/ Bipolar Rectangular
80], [81 V.. (LVD Unipolar/ Bipolar Rectangular
[80], [81] in (LVDC) v, ) 2d7RT p D g

—| N+ [N +———
2 Ldy
(83] Vin LVDC) NV Unipolar/ Bipolar Rectangular
Multilevel
[84] V;, (LVDC) NV; Unipolar/ Bipolar Rectangular

refers to the nature of their Hybrid, and generate both
unipolar and bipolar outputs, except topology in [82], which
can only generate unipolar output. Most topologies have
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NV, voltage gain, but in the meantime, voltage gain of [79]
is 2NV, (due to the use of an SC converter), and the voltage
gain of [23] and [77] is equal to ANV, (due to the use of a

Boost converter). Voltage gain in [78]-[81] has other
parameters that must be considered in the calculations. In
terms of the output waveform, [23] has shown the best
performance to generate three types of waveforms.

2. Transformer Isolated Hybrid PGs

In transformer Isolated Hybrid PGs, transformers are used to
increase the voltage, which is generally nanocrystalline
cores.

a. Nanocrystalline Transformer Hybrid PGs

Nanocrystalline materials are superior to ferrite due to their
high core permeability and have properties such as high
magnetizing inductance, near square hysteresis loop, high
flux density, etc. [85].

In [86], four stages are used to generate pulses. In the first
stage, an H-bridge converts the LVDC source voltage to a
high-frequency square ac voltage, as shown in Fig. 30. In the
second stage, several nanocrystalline core-based high-
frequency step-up transformers with the same turns ratio
(1:n) are used to increase the ac voltage level of the first
stage. In the third stage, a diode FB rectifier converts the
transformer secondary ac square voltage to DC voltage. In
the fourth stage, series connections of FB-SMs are used to
generate positive or negative output pulses. Each FB-SM
capacitor has a dedicated self-regulating charging circuit and
does not require sensor-based or sensorless voltage
balancing techniques.

In [87], several Voltage Boosting Modules (VBMs) are
used at the input power supply side and two series
connections of MMC-SM arms at the load side. VBMs use
Input-Parallel/  Output-Series and are isolated by
nanocrystalline core-based transformers. Arm 1 is an HB-
SM, and Arm 2 combines a switch, a capacitor, and two
diodes. Depending on the number of utilized VBMs, the
turns ratios of the step-up isolation transformers, and the
voltage conversion ratio of the individual VBM, the HV
pulse can be achieved. This structure does not require a
voltage sensor and produces unipolar pulses. If bipolar
pulses are needed, two additional MMC arms can be used in
the output load. This topology is shown in Fig. 31.

To understand the difference between the two transformer
isolated-based structures presented, refer to Table VIIL
According to Table VII, we find that the topology in [86] has
a much better performance in terms of polarity and output
waveform than the topology in [87]; in addition, it has fewer
capacitors and inductors. But the topology in [87] achieves a
higher voltage gain.
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TABLE VII
COMPARISON OF HYBRID PGS WITH NANOCRYSTALLINE TRANSFORMERS (
n : NUMBER OF SECONDARY TURNS AND D : VBM DUTY RATIO)

Topology [86] [87]
No. of modules N N : Number of VBM modules
p : Number of modules in
Arm 1
¢ : Number of modules in
Arm 2
No. of capacitors N 2N+ptq
No. of diodes 4N N+g
No. of switches 4N+4 N+2pt+q
No. of inductors 1 N
No. of transformers N N
Input voltage Vin Vin
Output voltage nV, nN
e
Pulse polarity Bipolar Unipolar
Pulse shape Rectangular Rectangular
Ramp
Multilevel

FIGURE 30. Hybrid PG with nanocrystalline core-based transformer and
FB-SM [86].

Module 1

Lin

Iin

Module 2

n

|S+

Module N

FIGURE 31. Hybrid PG with nanocrystalline core-based transformer and
VBMs [87].
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b. Resonant Charging Method Transformer Hybrid PGs
Because the number of switches is a significant index of the
overall structure, an increase in switches means an increase
in driving circuits, protection circuits, and control signals,
that leading to a larger and more complex whole structure.
The topology presented in [88] is consisting of a special FB
module and several HB modules, as shown in Fig. 32. The
FB pulse adder can generate the arbitrary waveform output
by controlling the timing, while the HB pulse adder has less
numbers of switches than the latter. For this reason, in this
paper, the HB module is used as the main body of the
structure and a specially changed FB module is used to
achieve the arbitrary waveform. A capacitor has been added
to the conventional FB module to make the same number of
charging capacitors as the HB module. Two capacitors have
been added to the HB module circuit, which by combining
with the special FB module can increase the number of
output levels without increasing the number of switches.
Multiple HB modules in series can produce an output voltage
of 0 or bipolar even-level voltage. By adding the special FB
module to multiple HB modules in series, output odd-level
voltage can be produced, it means that all levels voltage
could be got. The high-frequency resonant charging is
selected. Due to the resonant charging method, the charging
proceeding is always running, therefore, even with different
discharge times of capacitors in a cycle, the output levels will
not be inhomogeneity. This structure is simple and compact,
and the control technique is flexible. With the same number
of output levels, the number of semiconductor switches is
significantly reduced. Regardless of the number of HB
modules used, this structure can produce 2n+1 output levels
with n+3 switches. The voltage amplitude, frequency,
polarity, duration of single pulse, and shape are adjustable.
This topology can generate bipolar rectangular, multipulse,
step, and multilevel waveforms.

-

Ajddng 19m04 Jueuosay Aduanbaay ysSiyg

N =

FIGURE 32. Bipolar HB and Special FB resonant charging topology in
[88].
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Pulse Transformer model Bidirectional Switch
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|
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FIGURE 33. Resonance charging technique topology in [45].

Topology presented in [45] has two parts of charging and
discharging circuit, as shown in Fig. 33. The LVDC power
supply feeds the charging circuit. The charging part has a
push-pull converter and the push-pull transformer is
responsible for providing isolation between the power supply
and the load. The transformer turn ratio is selected 1/1/ N |
which increases the voltage gain by N. Hence, the capacitor
is charged more than NV . The lower part of the charging

in’
circuit includes the DC voltage source and a transformer
winding, the lower part and the upper part are responsible for
generating positive and negative pulses, respectively. C

and C,, are snubber capacitors that are responsible to reset

the transformer core to provide the proper condition for next
cycles. These capacitors figure a resonant circuit with L,

and V, . On the secondary side are only resonance charging

elements such as leakage inductance of transformer (as a
virtual inductor) and one capacitor. This causes the capacitor
to be charged with higher gain. The capacitor C, and the

inductance L, together figure a resonant circuit. Hence, the

capacitor C, is charged twice of the voltage of V.

sec *
Switches S3 and S4 (bidirectional switch) are responsible for
generating positive and negative pulses, respectively. This
bidirectional switch can produce a regulated bipolar voltage
with a very simple fixed frequency control. The presence of
a transformer as well as the resonance between the leakage
inductance of the transformer and the capacitor leads to an
increase in voltage gain, which will reduce the required
charging elements. Using two windings on the primary side
causes bias voltage for the bipolar pulses. To generate
unipolar pulses, one of the primary side switches must be
turned off. This structure has the advantages of ease of
switching controlling design, increase the gain, sensor-less
configuration and with low elements to produce bipolar
pulses, which leads to a cost and size effective structure.
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FIGURE 34. Multistage resonant charging bipolar Marx generator
presented in [89].

One way to increase the output voltage pulse is to increase
the number of stages of the Marx generator, but this will
cause energy loss and stability problems. To solve these
problems, as shown in Fig. 34, in [89] the full bridge resonant
charging method is adopted in combination with the
topology presented in [90]. This Marx generator uses high
frequency resonant charging. This structure includes a dc
power supply, a full-bridge series resonant circuit, six eight-
stage Marx generators, and a driving circuit. Marx generator
capacitors are charged in parallel simultaneously via the
Pulse Transformers (PTs) by the resonant power supply and
discharged in series on the load. PTs transmit controlling
signal and power simultaneously and prevent short-circuit
fault (magnetic insulation). The elements L, and C, are

resonant inductance (leakage inductance) and resonant
capacitor, respectively. A and B are positive-pulse Marx
generators, and C and D are negative-pulse Marx generators.
The last capacitor of Marx generator A (C) is connected to
the first capacitor of Marx generator B (D). To solve the
problem of charging voltage imbalance between each Marx
generator, which is due to the parameter difference between
the PT magnetic cores, equalizing winding has been used,
which can reduce the surge current between each stage. By
setting the switching frequency to half the resonant
frequency, the soft-switching state will be achieved. As the
switching frequency increases, the volume of the magnetic
cores decreases, leading to a more compact structure. The
saturation of the magnetic core limits the pulse width, hence,
the half-bridge driving circuit is used. The charging source
and discharge circuit are electrically insulated and relatively
independent. By comparing the multistage resonant charging
method with the dc constant voltage charging method (used
in solid-state Marx generators), the delivery of the former is
higher than the latter. This structure has advantages such as
better performance than traditional solid-state generator (by
increasing the number of stages), easiness of integration,
reliable and stable operation and higher power density. This
structure untangled the problem of surge current and voltage
drop of the article presented in [90].
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IV. COMPARISON STUDY BETWEEN POWER
ELECTRONICS-BASED PULSE GENERATORS
SUBGROUPS

As mentioned before, to create IRE, HV pulses with
particular specifications in terms of the waveform, voltage
amplitude, pulse width, etc., are needed. To generate these
pulses, we must use a pulse generator device. By studying
this paper, we figured out that PGs can be divided into two
main groups, namely: classical PGs and power electronics-
based PGs. Power electronics-based PGs are also divided
into three subgroups, namely: Non-MMC based, MMC-
based, and Hybrid. These three subgroups of power
electronics-based PGs are compared in Table VIII, and some
of their main features and limitations are described.

TABLE VIII
COMPARISON BETWEEN THREE MAIN GROUPS OF POWER ELECTRONICS-
BASED PGs [3]

Non-MMC MMC Hybrid
o | [BSH5IL57) [711-[72] [781, [821-[84]
S | [61].[64]. [67].
[68]
*Simple control *Modular *No HV switches
*LVDC supply *Scalable for HVDC
fed *Redundant chopping
*No voltage *Generate *LVDC supply fed
8 | sensors different pulse *In order to form
% *Small footprint waveforms pulses, MMC
© *Reduced modules are
semiconductor connected across
ratings the load
*Moderate
footprint
*Requires HV *Indispensable *To avoid
switches SM capacitor capacitor voltage
*Lacks modularity | voltage balancing drift, sensors are
" *Inflexible pulse *HVDC supply needed
§ | characterizations fed *If SM capacitors
g *Parameter change | *Complex control | are charged
g sensitivity with the sensorless | separately, various
5 *Generated pulses, | performance pulse waveforms
mainly rectangular | (feasibly) reached, else drift
*Large footprint in HV levels

V. CONCLUSIONS AND FUTURE DIRECTIONS

The electroporation process, its types, and applications were
explained in this article. A general classification of pulse
generators was introduced, namely: classical pulse
generators and power electronics-based pulse generators.
Classical pulse generators use spark gaps and gas switches,
while power electronics-based pulse generators use power
electronics switches due to high voltage tolerate and quick
on/off switching performance. Several topologies from
different works of literature have been presented from each
group and subgroup. In addition, a comparative study
between these groups, as well as the topologies of each
subgroup, has been provided. Designing and developing HV
pulse generators suitable for electroporation is a challenging
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task due to the tight requirements of isolation, controllability,
reliability, voltage amplitude and output impedance.
According to what we learned in this review article, some
recommendations and suggestions for future research and
further research work can be made: 1) replacing the Si IGBTs
used in MMC-SM with wide band gap semiconductor
devices such as silicon-carbide and gallium nitride (higher
voltage, sub-microsecond pulse durations, and fast repetition
rates), 2) the need for re-modelling the electroporation load
when using wide band gap devices (for pulses with sub-
microsecond duration, ignoring the load capacitance will not
be valid), 3) investigating the effects of electrode geometry
and shape on electric field distribution and pulsed power
performance using Finite Element simulations, and 4)
evaluation of efficiency and productivity of applications. At
this point in time, gallium nitride-based technology is cost-
effective that challenges silicon, and gallium nitride could
have the most potential in taking down silicon.

The brilliant future of electroporation technology requires
the development of versatile generators that overcome all
current limitations and provide a useful device for research
and applications.
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