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ABSTRACT With the advancements in power semiconductors and converters, power electronics based
high-voltage pulse generators (HVPG) have emerged due to their advantages of high repetition rate, flexible
control, long lifetime, and compact size. However, there is a lack of comprehensive literature review on recent
advances in power electronics intensive HVPG technologies. To fill this gap, we present a systematic review
on HVPGs. First, HVPGs are classified into different types based on their mechanisms. Each type along with
its basic circuits and modifications are introduced. Then, the characteristics, advantages, and disadvantages
of these topologies are summarized. Furthermore, the potential applications of HVPGs are explored. The
performance of pulse generators mentioned in the literature and commercial products is listed. Finally, future
trends and technical challenges in HVPG design and development are discussed. This paper provides a clear
understanding of HVPGs and the inspiration of topologies developments to meet the specific requirements.
Current state and potential future directions are discussed and summarized to facilitate evolvements in HVPG
technology.

INDEX TERMS High voltage, power electronics, pulse generator, pulsed power supply.

I. INTRODUCTION
Pulsed power technology involves the accumulation of energy
over an extended duration, followed by its rapid discharge
within a significantly shorter time frame. This results in
a pulse capable of delivering substantial power to a des-
ignated target. High-voltage pulse generators (HVPG) find
extensive applications in emerging applications, such as ultra-
wideband radiation, material modification, cancer treatment,
sterilization, and fusion systems. These applications continue
to stimulate active research and development [1], [2], [3], [4],
[5].

Compared with DC and AC power sources, pulsed power
sources offer numerous advantages. For instance, they fa-
cilitate the formation of a more uniform and stable dis-
charge in dielectric barrier discharge [6]. They can also

improve the efficiency and quality of some processes that
involves material modification [7]. Moreover, pulsed power
sources enable precise control over the output pulses, which
is beneficial in medical therapies such as electroporation,
where a specific electric field is required [8]. Therefore,
the versatility and superior performance of pulsed power
sources make them an optimal choice for a wide range of
applications.

There are primarily two fundamental approaches to gen-
erate high-voltage (HV) pulses, differing in their methods
of energy storage [9]. One approach involves storing elec-
tric field energy in capacitors, which is followed by energy
transfer to the load. The other approach relies on the accu-
mulation of magnetic field energy in inductors, which is then
transferred to the load, as illustrated in Fig. 1.
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FIGURE 1. Basic approach to generate pulses. (a) capacitive energy
storage; (b) inductive energy storage [9].

In Fig. 1(a), capacitor C is initially precharged to a spe-
cific voltage and discharged through stray inductance L
when switch S1 is closed. On the other hand, circuit in
Fig. 1(b) operates based on a different principle. Initially,
switch S2 is closed, allowing the energy stored in capac-
itor C to be transferred to inductor L. Once the current
reaches its maximum value, switch S2 is opened, causing
the energy to be transferred from the inductor L to the
load R.

Based on their operation principle and the devices used,
pulse generators can be broadly categorized into two types:
classical pulse generators and power electronics based pulse
generators. In classical pulse generators, the most commonly
employed switches are spark gap switches and mechanical
switches. Although these switches can handle high levels
of voltage and current, they lack sufficient power density
and compactness, and their pulse repetition frequency is
limited [10]. Such pulse generators are typically utilized in
large-scale facilities that require particularly high levels of
voltage and current with utmost reliability.

A feasible approach to enhance performance is through the
utilization of power electronics. Power semiconductors can
operate at much higher repetition rates with low jitter and
fast rise time [11], [12]. Additionally, high power density is
desirable to meet space constraints. The use of power semi-
conductors, particularly wide bandgap semiconductors, such
as silicon carbide (SiC) and gallium nitride (GaN) MOSFETs,
holds promise for increasing power density [13]. However, the
output performance is limited by heat transfer, and reliability
is closely tied to the characteristics of the semiconductor ma-
terial, which are temperature-dependent. Therefore, effective
thermal management is essential [14], [15], [16]. Moreover,
for safety purposes, galvanic isolation is required.

To cater to a wide range of applications, a pulse generator
should possess flexibility and controllability, enabling it to
generate pulses with arbitrary waveforms [17], [18]. In certain
specific applications like cancer treatment, the capability for
bipolar operation is also crucial [19], [20]. Traditionally, gen-
erating bipolar pulses involves utilizing an H-bridge module,
which requires high-voltage switches. However, if it is pos-
sible to achieve bipolar pulse generation through topological
modifications without compromising the performance of the
output pulse, this can lead to cost reduction and improved
compactness.

In summary, depending on the specific applications, a
pulse generator requires some or all of the following design
requirements [10], [11], [12], [13], [14], [15], [16], [17], [18],
[19], [20]:

1) High voltage and current rating.
2) High pulse repetition frequency.
3) Fast rise time.
4) High power density.
5) High reliability.
6) Galvanic isolation.
7) High flexibility and controllability.
8) Bipolar operation.
Significant efforts have been dedicated to the evolution of

HVPG topologies in the past decade. In [21], a historical
account of the development of Marx circuit and synchronous
isolated driving techniques for switches is provided, it solely
focuses on Marx type generators. In [9], a review of re-
search on solid-state generators based on inductive energy
storage and semiconductor opening switches (SOS) is pre-
sented, while in [22], pulse generators for water treatment
applications are reviewed. However, there is still a lack of
a comprehensive overview encompassing the various power
electronics intensive HVPG topologies for various applica-
tions. Therefore, the objective of this study is to bridge this
gap by presenting an updated review of recent advancements
in HVPG topologies. Additionally, we explore applications,
technical challenges, and future trends, which can inspire
the development of new HVPG topologies to meet diverse
requirements.

In this paper, we focus on discussing and summarizing
recent literature that report the developments of high-voltage
pulse generators over the past decade. The structure of this
paper is as follows: Firstly, the classical HVPGs and their
recent advancements are reviewed. Next, Section III focuses
on solid-state HVPGs based on power electronics. It is im-
portant to note that the topologies presented in Section II and
Section III can be combined. Section IV showcases typical
applications that utilize HVPGs. The performance of some
pulse generators mentioned in the literature and commercial
products is also listed. Section V presents the future research
challenges and directions of HVPGs. Finally, we draw our
conclusion in Section VI.

II. CLASSIC HIGH VOLTAGE PULSE GENERATOR
The fundamental operation of pulse generators involves stor-
ing energy in capacitors or inductors, and subsequently dis-
charging them in series to generate the desired high-voltage
pulse. High-voltage pulse generators can be classified into
two main categories: classical pulse generators, and power
electronics based pulse generators, as illustrated in Fig. 2.

The classical pulse generator can be further divided into
several subcategories, namely: Marx generators, Pulse Form-
ing Networks (PFN), Pulse Forming Lines (PFL) and Blum-
lein Lines (BL), Tesla Transformer, and Magnetic Pulse
Compression (MPC).
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FIGURE 2. Classification of high-voltage pulse generators.

FIGURE 3. Circuit diagram of classical Marx generator.

A. MARX GENERATOR
Marx generator, first invented by Erwin Marx in 1925, has
been extensively investigated to generate high-voltage pulses.
Since its inception, the Marx generator has remained a popular
topology for pulse generation. The basic circuit diagram of a
Marx generator is shown in Fig. 3.

The operational principle is as follows: initially, the spark
gap switches are not triggered, and N energy-storing capac-
itors C are charged in parallel from a relatively low voltage
power supply through the charging resistors R. Subsequently,
all spark gap switches are sequentially conducted. As a re-
sult, all the capacitors are connected in series, generating a
high-voltage pulse across the load. In ideal conditions with no
losses, the amplitude of pulse is the product of the number of
capacitors N and the input voltage Vs.

Spark gap switches are commonly utilized as switches in
Marx generator due to their high-power capacity and high
di/dt [23]. However, spark gap switches possess certain
drawbacks. Firstly, they tend to be bulky, vulnerable and not
suitable for high repetition frequency applications. Moreover,
adjusting pulse width of the pulse can be challenging with
spark gap switches.

Marx generators with spark gap switches are generally
utilized in high-power applications, whose recent researches
focus on miniaturization, compactness and pulse shaping.
In [24], based on the Fourier theory, capacitors with different
capacity are used to generate near-square pulses. In [25], a
coaxial integrated structure is employed to enhance compact-
ness. In [26], the research on key technologies and essential
components contributes to the development and application
of compact and repetitive Marx generators, promising their
miniaturization.

B. PULSE FORMING NETWORKS
Marx generators are commonly used for generating high-
voltage pulses, but their output pulses exhibit an exponential

FIGURE 4. Circuit diagram of pulse forming networks (a) Type-A PFN;
(b) Type-B PFN; (c) Type-C PFN [27].

shape due to the nature of the RC network. However, in certain
applications, a rectangular pulse shape is required. To achieve
this, PFNs consisting of inductors and capacitors are typically
employed.

As shown in Fig. 4, PFNs can be classified into three basic
topologies: Type A, Type B, and Type C, as described in [27].
The capacitors and inductors in Type A or Type B PFN have
equal Li and Ci,

For a typical Guillemin Type C network depicted in
Fig. 4(c), the current flow over the load R0 is the sum of
each LC section [28]. The relationships between each cell to
generate a square current waveform can be derived based on
the Fourier series expression:

Cn = 1

(2n − 1)2
C1 (1)

Ln = L1. (2)

PFN topologies are preferred due to their advantages of lim-
ited stored energy and a relatively simple structure. However,
they also have notable drawbacks. Firstly, the output voltage
of a PFN is half of the DC charging voltage when connect-
ing to a matched load. Additionally, these topologies tend to
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FIGURE 5. PFN-Boost circuit [31].

FIGURE 6. Circuit diagram of transmission line.

FIGURE 7. Circuit diagram of Blumlein Lines.

exhibit poor pulse quality, a constant pulse width, and a lim-
ited range of load variation.

Efforts have been made to address the aforementioned chal-
lenges. One straightforward approach to increase the output
voltage is using transformer [29]. However, transformers are
usually bulky and costly. This inspires the idea of making a
composition of PFN and other voltage multiplier topologies,
such as Marx circuit [30], and boost converter [31], as illus-
trated in Fig. 5.

C. PULSE FORMING LINES AND BLUMLEIN LINES
Similar to PFNs, pulse forming lines are also extensively
employed for generating 1 to 100 ns rectangular pulses [32].
The schematic of a transmission line (TL) is illustrated in
Fig. 6. The load impedance (R) is equal to the characteristic
impedance (Z0) of the PFL, and the output voltage is half of
the input voltage.

Blumlein Lines are designed to achieve output voltage
equal to the input voltage, as depicted in Fig. 7. In this
configuration, the load is connected in series between the
paired transmission lines, which the impedance of the load is
twice the characteristic impedance of each transmission line
(R = 2Z0).

To achieve higher voltage levels, module stacking is a
commonly employed method. In this regard, a multistage
Blumlein lines and Transmission Line Transformer (TLT)
stacking technique is proposed, as illustrated in Fig. 8. This
approach enables the generation of pulses with high voltage,
adjustable polarity, fast rise and fall time, and narrow pulse
width. Additionally, the output parameters can be easily ad-
justed by manipulating the control signal of the switches [33],
[34].

FIGURE 8. Nanosecond pulse generator based on Blumlein and TLT [34].

FIGURE 9. Double resonance circuit of Tesla transformer [37].

Blumlein lines are capable of generating nanosecond rect-
angular pulses in a simple and efficient manner. However,
traditional Blumlein Lines that utilize coaxial cable transmis-
sion lines face challenges in adjusting the pulse polarity and
duration flexibly. They also have the disadvantage of occupy-
ing a large space. Many improvements are proposed to address
these drawbacks. In [35], a multilayered PCB-based Blumlein
strip transmission line is utilized to reduce space occupancy,
while adjustable pulse width and output impedance can be
implemented through multistage series-parallel structure.

D. TESLA TRANSFORMER-BASED CIRCUIT
Pulse Transformer is another method to achieve high-voltage
pulses. There are commonly two groups: air-core Tesla
transformer and magnetic-core transformer [36]. The typical
air-core Tesla transformer consists of two coupled resonant
loops with the identical intrinsic resonant frequencies or only
minor difference, as shown in Fig. 9.

Since the air-core Tesla transformer eliminate the magnetic
core and transfer energy through the magnetic coupling of the
air, its overall weight and volume can be greatly reduced, and
it avoids magnetic saturation and frequency limitation, which
enables long lifetime and high repetition rate. However, the
main issue is that the coupling coefficient is generally less than
0.8, which limits the efficiency and transformation ratio [37].

To improve the coupling efficient and transmission ef-
ficiency, open-magnetic-core Tesla transformer was firstly
constructed in Russia. Two windings are mounted in the
PFL, and the inner and outer cylinders of PFL are replaced
by open-magnetic core. The representative generators are
Sinus-series [38] and RADAN [39]. Recent development
about open-magnetic-core Tesla transformer-based genera-
tors include: multi-wire-layered secondary winding [40], [41],
copper-titanium-composite primary wingding [42], magnet-
ically insulation [43], low-impedance PFL [44], film-rolled
coaxial PFL [45], PFN [46], [47], bipolar modulation [48].

4 VOLUME 5, 2024



FIGURE 10. Circuit diagram of magnetic pulse compression.

E. MAGNETIC PULSE COMPRESSION
Magnetic Pulse Compression systems are also widely used in
many systems due to their numerous advantages, including
high repetition rate, high reliability, long service life and high
power capability [49], [50], [51]. The n-stage MPC circuit is
depicted in Fig. 10, where each stage consists of a capacitor
and a magnetic switch.

In the MPC circuit, when the capacitor starts to be charged,
the magnetic switch has a large inductance. Energy transfer
between two adjacent capacitors occurs when the potential
of the former one reaches V that leads to magnetic switch
saturation. The switch with a large inductance saturates due
to the leakage current flowing through the coil.

When the first magnetic switch reaches saturation, the core
inductance decreases to its initial value of 1/µ. This change
causes the switch MS1 to close, allowing energy transfer
from C1 to C2. Similarly, magnetic switches in the subsequent
stages of the MPC circuit further compress the pulse rise time
and amplify the current [52].

Despite their numerous advantages, magnetic switches still
face certain limitations, such as core losses, challenges in
instantaneous control, and the presence of arcs caused by
residual energy. Core losses are directly related to the volumes
of the cores. Minimizing the core volumes can effectively
reduce overall costs, size, and weight of the generator. In [53],
theoretical analyses are presented, along with the design
and performance optimization methods. By regulating the
reversed currents in the windings, the saturation inductance
can be reduced to a level below its structural inductance,
resulting in a magnetic switch with ultra-low saturation in-
ductance [54]. The reset current control method is introduced
to enhance efficiency under variable load and pulse frequency
conditions [55], [56].

In addition to improving the performance of magnetic
switches, MPC can be combined with other topologies to en-
hance pulse performance. For instance, in [57], a single-stage
MPC is used in conjunction with a Marx circuit to further
reduce the rise time. Additionally, the peaking capacitor in
the MPC can be replaced with a PFL or BL, which offers
alternative means to improve the pulse characteristics.

III. POWER ELECTRONICS BASED HIGH VOLTAGE PULSE
GENERATOR
With the advancements in power semiconductors and convert-
ers, high-voltage pulse generators based on power electronics
are emerging. These solid-state pulse generators offer ad-
vantages such as high reliability, high repetition rate, long

FIGURE 11. Typical solid-state Marx generator [61].

lifetime, and compact size. As a result, they have garnered
increasing research attention [58], [59], [60].

The existing power electronics based pulse generators
can be categorized into seven main groups: Marx gen-
erators, switched-mode power supplies (SMPS), capacitor-
diode voltage multipliers (CDVM), semiconductor opening
switches (SOS)-based pulse generators, linear transformer
driver (LTD), modular multilevel converters (MMC), and hy-
brid generators.

A. MARX GENERATOR
Solid-state Marx generators have been investigated by em-
ulating the classical Marx generators. The advancement of
semiconductor devices has propelled the development of
solid-state Marx generators. The key concept is to replace
spark gap switch with power electronic switch, such as IG-
BTs, MOSFETs, and avalanche transistors (ATs). An example
of a solid-state Marx generator utilizing MOSFETs is illus-
trated in Fig. 11 [61].

For solid-state Marx generators, a key challenge is the
requirement for high voltage isolation in the driving circuit
of the switches, given the varying potentials at which these
switches operate during the discharge phase. Commonly em-
ployed isolation methods include: 1) use an isolated power
supply for each driving circuit; 2) leverage a transformer
for driving signal provision. However, each method comes
with its drawbacks. Using isolated power supply can lead
to issues of miniaturization and increased cost, whereas im-
plementing a driving transformer can compromise the rising
edge characteristics of the driving signal, thereby affecting the
synchronization between stages.

Research has been undertaken to address these problems in
the driving circuit of solid-state Marx generators. One intu-
itive solution is to connect several switches in series to form a
single switch, which directly reduces the required number of
driving transformers. As depicted in Fig. 12, multiple MOS-
FETs are employed to create a self-triggering high-voltage
switch in series directly. Moreover, these modules are har-
nessed to create a Marx circuit, enabling the attainment of a
higher voltage pulse [13].

An alternative method involves designing a self-triggering
topology. As Fig. 13 indicates, the primary circuit follows the
classical Marx configuration. However, it requires only a sin-
gle gate drive signal for the lowest stage, eliminating the need
for high voltage isolation. The remaining stages employ a high
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FIGURE 12. Marx generator employing the SiC MOSFETs module.
(a)Marx-type pulse generator employing this module as the main switch.
(b)series-connected MOSFETs module [13].

FIGURE 13. Self-triggering Marx generator [62].

FIGURE 14. Bipolar Marx generator with H-bridge [63].

potential-energy-gaining technology, utilizing the interstage
capacitors to trigger the other MOSFETs sequentially [62].

While these topologies can generate unipolar pulses, there
are certain applications that necessitates bipolar pulses. A fun-
damental method to achieve this is to incorporate an H-bridge
on the load side, as illustrated in Fig. 14. The Marx generator
is in series with an H-bridge to output pulses of varying po-
larities [63]. Furthermore, various configurations of the Marx
generator can be utilized to generate bipolar high-voltage
pulses without the need for an H-bridge. These configurations
include the double power charging Marx generator [64], cas-
cade of positive and negative Marx generator [65], and dual
Marx generator [66].

Apart from the commonly utilized IGBTs and MOSFETs,
avalanche transistors have found extensive use in generat-
ing nanosecond and sub-nanosecond pulses due to their fast
switching speed [67]. However, in typical AT-based Marx
circuit, transistors in the first several stages are prone to failure
due to an insufficient overvoltage ramp and a deficiency in
transient current. Further, the initial charge carriers generated

FIGURE 15. Modified AT-based Marx generator with auxiliary triggering
topology [69].

FIGURE 16. Modified high-voltage pulse generator based on
switched-capacitor units. (a) N-stage prototype. (b) One stage. (c) Two
submodules and their connections [70].

by a low overvoltage ramp are inadequate to reliably drive the
barrier region into the avalanche state, thereby significantly
limiting the adjustable range of the output voltage [68].

To address these issues, a modified circuit that utilizes
base-triggering method is proposed, as shown in Fig. 15. A
shunting resistor is introduced to create an inner triggering
loop with a trigger capacitor for each transistor in the first
several stages. The induced additional base current alters the
switched-on modes, and promotes reliable conduction even in
the presence of an insufficient overvoltage ramp. This modifi-
cation significantly extends the operational voltage range [69].

The voltage gain of a classical Marx generator is propor-
tional to the number of capacitors, resulting in a V/C ratio
close to 1. To attain a higher output voltage, more capacitors
are required, which largely influences the size and energy
density. Consequently, it is essential to reduce the number of
capacitors, thus increasing the V/C ratio.

As depicted in Fig. 16, a switched-capacitor converter is
developed in [70]. The V/C ratio is elevated to 2 with a slight
modification to the Marx circuit. Each capacitor is charged in
series by the capacitors in previous stages in series to reach
a higher voltage. Therefore, the higher output voltage can be
obtained. However, there is still remaining potential during the
discharging process.

In summary, Table 1 provides a straightforward compar-
ison among various solid-state Marx generators, all sharing
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TABLE 1. Comparison of Solid-State Marx Generators

FIGURE 17. Schematic of SMPS. (a) Flyback-type topology;
(b) Forward-type topology [71].

identical input and output voltages. The table lists the number
of components (switches, diodes, capacitors, and drivers) and
compares the voltage stresses of switches across different
topologies. Compared with classical Marx generator, these
work have achieved lower voltage stresses of switches, lower
components count, and improved V/C ratio.

B. SWITCHED-MODE POWER SUPPLY
Switched-mode power supplies are often employed to gen-
erate high voltage pulses, with a particular focus on DC/DC
converters due to their step-up capabilities. This presents
an alternative to the use of high-voltage modulators with
series-connected semiconductor switches. The fundamental
topology involves connecting a high-voltage switch to the
converters to generate a pulse through chopping. The most
commonly used topologies include Flyback, Buck-Boost, and
Boost converters.

In [71], two topologies are discussed: flyback and isolated
forward converters with a step-up transformer to further in-
crease the output voltage, as depicted in Fig. 17. Compared
with classical flyback and forward converters, the output filter
is omitted. The RCD voltage clamp circuit, connected to the
transformer’s primary winding, is used to demagnetize the
transformer and to reduce voltage spike.

The boost-derived ringing circuit is proposed in [72]. This
configuration allows for enhanced efficiency and high voltage
gain. However, the associated semiconductor devices need to

FIGURE 18. Buck-boost-converter-based pulse generator with multi
switch-diode-capacitor units [74].

FIGURE 19. Boost-inverter-based pulse generator [75].

be rated at the high-voltage level, and the pulse periodic time
is constrained. To mitigate these limitations, several multi-
module topologies — specifically, interleaved, stacked, and
stacked-interleaved — have been suggested [73].

In [74], a pulse generator based on the buck-boost converter
is proposed for plasma applications. Additionally, a series of
switch-capacitor units is used to provide high voltage gain
with a high voltage stress dv/dt . As a result, the sum of these
voltages appears at the output terminal.

The topologies mentioned earlier can only generate unipo-
lar pulses unless an additional H-stage is employed. In [75],
a boost-inverter-derived bipolar high-voltage pulse generator
is proposed. This system, illustrated in Fig. 19, comprises two
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FIGURE 20. Pulse generator based on CDVM. (a) Traditional CDVM topology. (b) Positive series-parallel voltage multiplier (SPVM) topology [76].
(c) Negative SPVM topology [76]. (d) Parallel-parallel voltage multiplier (PPVM) topology [77]. (e) Modified topology of the circuit in (a) [17].
(f) Series-series voltage multiplier (SSVM) topology [77]. (g) Modified topology of the circuit in (f) [78]. (h) Combination of SSVM and SPVM topology [79].

bidirectional boost converters with the load differentially con-
nected between the output terminals. Compared with H-bridge
methods, this system only requires two high-voltage switches,
which favorably impacts system cost and complexity.

C. CAPACITOR-DIODE VOLTAGE MULTIPLIER
Capacitor-diode voltage multipliers are widely used in many
circuit designs and industrial applications, due to their sim-
plicity, high reliability, and high efficiency. Generally, CDVM
topologies operate by charging a set of capacitors with a low-
voltage AC source, incrementally boosting the input voltage,
and producing high voltage across the load via a high-voltage

chopping switch, which governs the repetition rate and pulse
width. Fig. 20 depicts a typical voltage multiplier converter
and its enhanced topologies.

The basic CDVM topology is shown in Fig. 20(a). Dur-
ing pulse generation, only the last capacitor discharges. An
attractive idea is that if each bottom capacitor is connected
in series, the resulting voltage would be the sum of each
capacitor voltage. Therefore, numerous modified topologies
have been derived from the typical CDVM.

Fig. 20(b) illustrates a series-parallel voltage multiplier
(SPVM) proposed in [76]. During the charging mode,
switches Tci are turned on, and switches Tpi are turned off.

8 VOLUME 5, 2024



TABLE 2. Comparison Between Different CDVM Topologies Based on the Elements and Performance

In the positive half cycle, odd diodes are in forward bias and
bottom capacitors charged; In the negative half cycle, the even
diodes are forward-biased and the top capacitors are charged.
During the discharging mode, switches Tci are turned off and
switches Tpi are turned on, causing the odd capacitors to be
discharged in series. If the polarities of all semiconductors
are reversed, as shown in Fig. 20(c), the generator delivers
negative pulses.

However, this circuit design causes each bottom capacitor
to be charged with the input voltage multiplied by an increas-
ingly odd factor, leading to successively increasing voltage
ratings for Tci and Tpi at each stage. In addition, each switch
conducts different currents for charging and pulse generation.
Consequently, standardization is compromised. Furthermore,
switch triggering poses a significant challenge due to the var-
ious potentials of each switch.

An alternative topology can be achieved by adding the volt-
ages of each top capacitor (with an even index) to the output
to yield a higher voltage, named the parallel-parallel voltage
multiplier (PPVM), as shown in Fig. 20(d). Compared with
SPVM, the output voltage increases significantly, along with
the increases in the number of switches [77].

In [17], combination of CDVM with resonant converter is
presented to generate high-voltage wide pulses combined with
narrow pulses, as shown in Fig. 20(e). Inductors are connected
to the capacitors through switches to form the resonant circuits
to change the polarities of capacitor voltages.

As illustrated in Fig. 20(f), in [77], another approach is
proposed to improve the modularity. The blocking voltages

of the switches in each stage are constant and equal to 2Vin

except S1.
In [78], a modified topology is proposed to utilize even

capacitors during the discharge mode, as illustrated in
Fig. 20(g). The circuit employs a modular configuration and
the voltage across all components is equal to 2Vin, except
for Tcn and Tpn. During the discharge mode, switches Tci

are turned off and switches Tpi are turned on, connecting all
capacitors in series and enabling them to be discharged.

As previously discussed, the combination of SPVM and
PPVM appears to be a promising solution to their stated
problems and combines their respective benefits, as described
in [79]. This structure is modular and can be expanded to more
stages without increasing the voltage rating of the devices, as
depicted in Fig. 20(h).

It is important to note that achieving the maximum voltage
in CDVM-based generators requires multiple cycles to charge
each capacitor. Therefore, these generators may not be suit-
able for nanosecond or subnanosecond applications. Table 2
presents a simple comparison of the mentioned topologies
based on the number of elements and their performance.

D. SEMICONDUCTOR OPENING SWITCH-BASED CIRCUIT
Traditional semiconductor switches like IGBTs and
MOSFETs face challenges in meeting the fundamental re-
quirements of high current decreasing rate (di/dt) and
withstand voltage. These limitations have driven the
development of semiconductor opening switches, such as
drift step recovery diodes (DSRD) or the other devices with
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FIGURE 21. Typical p+-p-n-n+ structure of an SOS diode.

FIGURE 22. DOS-based high voltage pulse generator [87].

similar characteristics. These devices exhibit high current
density, high operating voltage, and short current cutoff
time [80], [81], [82], [83], [84]. The primary mechanism
behind their operation involves carrier accumulation through
forward current and extraction through reverse current.

In 1983, Grekhov proposed and implemented a high-
current operating mode for a p+-n-n+ silicon diode structure
known as the DSRD. These diodes showcase a cutoff current
density of 200 A/cm2, a current cutoff time of 2 ns, and an
operating voltage of 1 kV [85]. The principle of operation
for DSRDs is detailed in [86]. In 1990 s, the Semiconductor
Opening Switch (SOS) effect was discovered, which involves
nanosecond cutoffs of superdense currents in semiconductors.
This effect occurs in p+-p-n-n+ silicon diode structures with
pumping times in the range of hundreds of nanoseconds and
reverse current densities ranging from a few to tens of kiloam-
peres per square centimeter. Further research on this effect has
laid the foundation for the development of superpower SOS
devices, which employ a p+-p-n-n+ silicon diode structure
(shown in Fig. 21). These devices achieve current density
several orders of magnitude higher than DSRDs.

In [87], Diode Opening Switch (DOS) is developed, which
operates based on similar principle as SOS and DSRD. DOS
has a basic structure as a PIN diode. As depicted in Fig. 22, the
generator utilizing DOS is composed of three units: charging
unit, magnetic compression unit, and DOS unit. The MPC
unit serves to increase the voltage amplitude, compress the

FIGURE 23. DSRD-based saturable pulse transformer type pulse
generator [88].

pulse width and the rise time, and provide the forward and
reverse pumping currents for the DOS. During operation,
the forward pumping circuit (C3 − C2 − MS1 − DOS − C4)
is turned on, supplying the DOS unit with a forward pumping
current, resulting in the accumulation of a large number of car-
riers. Subsequently, the reverse pumping circuit (C4 − DOS −
MS2) is activated, causing the reverse current and accumu-
lated carriers extracted. Once the carriers are depleted, the
current is cut off, and the current through the loop inductance
is rapidly transferred to the load, generating a high-amplitude
pulse with fast rise time.

As illustrated in Fig. 23, the generator is composed of a
charging unit, a primary pulse forming unit, a magnetic pulse
compression unit, and a DSRD unit. The operational mode is
similar to the circuit discussed earlier. It has the capability
to operate steadily at a frequency of 100 kHz with a peak
voltage of nearly 30 kV, or at a frequency of 25 kHz with a
peak voltage of 140 kV [88].

These new type of semiconductor pulsed power switches,
such as DSRD and SOS, can achieve unique advantages.
These include ns-level jitter and delay, high response speed,
high power capacity, large dynamic range, and simple struc-
ture. However, the high cost and the relative immaturity of
the technology present significant challenges, which currently
limit their widespread application.

E. LINEAR TRANSFORMER DRIVER
Linear Transformer Driver is an approach to enhance the
pulse amplitude. The basic structure of LTD is a pulse trans-
former, where the turn ratio is 1. The typical LTD consists of
several low-power pulses connected in parallel to form a high-
power pulse. All modules are grounded, thereby reducing the
complexity of the power supply and significantly enhancing
modularity. Additionally, for an LTD system, different mod-
ules can be switched at different timings, which means pulse
shape flexibility [89].

The pulsed-power generators based on LTD started with
large devices where gas switches are used, aiming at poten-
tial applications to inertial fusion drivers [90]. On the other
hand, the solid-state LTD based on semiconductor switches
has received much attention in industrial applications due to
high repetition rate and turning-off ability [91], [92]. In [89],
the LTD system consists of 30 modules each containing 24
unit circuits, which can generate a pulse, with a voltage
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FIGURE 24. Basic submodules of MMC. (a) Symmetrical half-bridge (HB);
(b) Asymmetrical half-bridge; (c) H-bridge [93].

amplitude of 30 kV, a peak current of 250 A, and pulse width
adjustable in the range of 50-170 ns. Moreover, by control-
ling the switching signals, precise waveform control can be
realized.

The conventional unipolar LTD often uses a multi-branch
parallel discharge structure, but it requires an active reset
circuit due to the saturation of magnetic core. This increases
complexity and limits the operation frequency. Moreover, in
bipolar LTD, electromagnetic interference can be significant.

F. MODULAR MULTILEVEL CONVERTER
Modular Multilevel Converter (MMC) is a widely adopted
solution in pulsed power applications due to its inherent ad-
vantages of a modular structure, high reliability, fault-tolerant
capability, and high efficiency. There are three commonly
used submodule [93]. These include symmetrical half-bridge
(HB) topology, asymmetrical half-bridge topology, and H-
bridge topology, as depicted in Fig. 24.

As shown in Fig. 25, an HB-MMC topology is proposed
to generate high-voltage pulses with adjustable rise/fall times
in [94]. The topology comprises two arms, with the capacitors
charged in parallel. By controlling the discharge sequence,
it is possible to generate either unipolar or bipolar pulses.
Furthermore, by configuring the switching sequence for each
arm, pulses with different parameters can be generated.

MMC can reduce the voltage ratings of switches and
provide flexible output waveforms. However, maintaining
a balanced voltage across submodule capacitors presents a
significant challenge, and the control strategies tend to be
complex.

G. HYBRID PULSE GENERATOR
Each individual topology has its strengths and weaknesses.
Therefore, combining two or even three topologies can be an
appealing approach.

Marx generator is a promising choice for achieving high-
voltage levels, but it cannot generate square pluses. By
replacing the capacitors with PFNs, the generator can generate

FIGURE 25. Half-bridge MMC-based pulse generator [94].

FIGURE 26. Boost converter-PFN-Marx pulse generator [95].

FIGURE 27. Boost and Buck-Boost Converter in conjunction with
CDVMs [96].

square pulses with high step-up capability. Fig. 5 illustrates
the combination of a boost converter with a PFN. In [95], this
system is further improved by integrating it with the Marx
circuit, as shown in Fig. 26. The circuit comprises multiple
Marx floors and boost-PFN stages to increase the output volt-
age levels.

DC converters can also be combined with CDVM to
achieve higher voltage levels. In [96], the CDVM stages are
divided into two groups, one is fed from a boost converter,
and the other is fed from a buck-boost converter, as depicted in
Fig. 27. Due to the inverted output capability of Buck-Boost
converter, which enables series-connection of the boost and
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FIGURE 28. Boost Converter in conjunction with CDVMs and MMC [97].

FIGURE 29. Pulse generator based on voltage-boosting modules and
MMC-SMs [98].

buck-boost converters with no need for isolated inputs, this
structure can reach a higher voltage level.

The aforementioned topology can only generate unipolar
pulses. However, in certain applications, bipolar pulses are
more suitable. Moreover, these topologies require a high-
voltage switch at the output stage to chop the elevated DC
voltage into pulses. A similar concept can be applied for
bipolar pulse generation, but facilitated by an H-bridge instead
of a high-voltage chopping switch. In [97], a central-feeding
boost-CDVM is utilized to generate a high-voltage supply,
which is then fed to MMC-based pulse generator, as shown
in Fig. 28. This generator consists of two identical arms
composed of multiple HB SMs. By switching the selector
to position (A) or (B), this structure can generate bipolar or
unipolar output voltage, respectively.

In [98], a step-up pulse generator fed from a LVDC sup-
ply is proposed, utilizing isolated input-parallel/output-series
(IPOS) voltage-boosting modules (VBM) and MMC-SMs, as
shown in Fig. 29. The capacitors in each VBM are charged
simultaneously, allowing for efficient charging. The high

FIGURE 30. LTD topology with self-triggering H-bridge circuit [102].

voltage generated by connecting the outputs of individual
VBMs in series is chopped by employing two arms of series-
connected MMC-SMs. This approach eliminates the need for
high voltage switches and enables the generation of unipolar
or bipolar pulses with flexible amplitude, repetition rate, and
pulse duration. This structure exhibits good modularity, scal-
ability, and redundancy.

As mentioned earlier, LTD is a commonly used method to
increase the pulse amplitude, making it suitable for combining
with other topologies such as Marx circuit, SOS circuit, and
MMC [99], [100], [101].

A self-triggering H-bridge circuit is introduced into the
conventional LTD topology in [102], as shown in Fig. 30. The
introduction of a self-triggering H-bridge, not only reduces the
control complexity but also allows for higher operation fre-
quency without the need for active demagnetization circuits.
The bipolar operation mode ensures that the magnetic core
operates in high magnetic permeability region and prevents
saturation of the core.

Hybrid generators combine two or more common topolo-
gies, incorporating the characteristics of each subcircuit,
thereby capable of outputting more flexible and variable
pulses. These methods can avoid some limitations of common
single topologies, and improve characteristics such as pulse
amplitude, pulse polarity, and pulse shape. For example, com-
bining Marx with PFN can output square waves that Marx
circuit cannot output, and also improve the pulse amplitude
of PFN circuit; combining converter circuit with CDVM can
further improve pulse amplitude; combining single pulse gen-
erator with MMC or LTD can make the output waveform more
flexible and diverse. However, along with these improve-
ments, compared to single pulse generators, the topological
complexity of hybrid pulse generators inevitably increases.

So far, we have discussed various pulse generator topolo-
gies and summarized their features and limitations in Table 3.
Classical generators like Marx generators, PFN, PFL and
MPC, tend to be bulky, inefficient and inflexible. On the other
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TABLE 3. Summary of Main Groups of Pulse Generator

hand, power electronics based generators have advantages of
high reliability, flexibility, efficiency, and simplicity in struc-
ture. Moreover, certain topologies exhibit high modularity,
which makes them suitable for a wide range of industrial
applications. By adjusting the control algorithms, some power
electronics based generators, such as MMC and LTD, can
even generate pulses of multiple shapes with variable param-
eters [103], [104], [105].

IV. PULSE GENERATORS FOR DIFFERENT APPLICATIONS
In the field of pulsed power technology, there are two main
directions of development, each with its own set of challenges
and requirements for high-voltage pulse generators. The first

direction focuses on increasing the voltage and current levels,
aiming to achieve record-high pulsed power. This is primarily
utilized in fundamental research fields such as nuclear fu-
sion, X-ray generation, and high-power lasers. One prominent
example is the Z machine at Sandia National Laboratories,
known for its large-scale pulsed power experiments [106]. In
these applications, the key performance indicators are high
peak power, while high average power, pulse repetition fre-
quency, and compactness are of lesser important.

The second direction involves the utilization of high-
voltage pulses in various applications. These applications
span a wide range of fields, including water treatment [107],
biomedical applications [108], air treatment [109], food
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TABLE 4. List of High-Voltage Pulse Generators with Their Pulse Performance

processing [110], and others [111], [112], [113]. In these
cases, the pulses are characterized by high repetition fre-
quency, compactness, and reliability. These applications often
require high-voltage pulse generators that can operate at high
frequency while maintaining a small footprint and ensuring
reliable performance. The precise control over the output
pulses may also be needed to meet specific requirements.

Both directions rely on the use of high-voltage pulse gener-
ators, but their specific requirements and priorities may vary. It
is important to consider the unique challenges and character-
istics of each application when designing and selecting pulse
generator topologies.

Furthermore, high-voltage pulse generators for different
applications are analyzed and classified. Several generators
and commercialized products are listed in Table 4, with the
following parameters reported: topology, switch type, charg-
ing voltage, pulse voltage amplitude, pulse current amplitude,
pulse width, rise time, repetition rate, pulse waveforms, and
load type, as well as the potential applications for each gen-
erator. For commercialized products, the rise time represents
fastest rising edge, but it will also be affected by the actual
load characteristics. The applications enumerated in the table
are not exclusive, any applications exhibiting similar load
characteristics can be feasibly extrapolated.

All topologies demonstrate the capability to produce high-
voltage pulses. However, classical topologies employing gas
switches excel in producing pulses with extremely high ampli-
tude, exceeding 100 kV. The performance and characteristics
of switches are instrumental in determining the attributes
of the pulses. Gas switches, although capable of tolerating
high voltages and currents, encounter challenges such as
electrode erosion, limited control over pulse duration, and
a comparatively shorter lifetime. They are more suitable for

ultra-high-voltage scenarios, such as the triggering of mega-
volt switches.

Conversely, semiconductor switches offer enhanced flex-
ibility in pulse shaping and the ability to operate at high
repetition rates. Despite these advantages, they are con-
strained by limitations when subjected to high voltages and
currents. Employing series-connected switches can mitigate
high voltage constraints, but this approach introduces its own
set of complications. Specifically, the added stray inductance
that can degrade the overall performance.

V. CHALLENGES AND TRENDS
A. DEVICE DEVELOPMENT
All the mentioned topologies demonstrate the ability to gen-
erate high-voltage pulses. The classical Marx circuit and
transmission line topologies, which use spark gap switches,
can generate pulses with very high amplitudes, often ex-
ceeding 100 kV. However, these designs come with a level
of complexity. With the recent development of solid-state
topologies, there is a growing availability of off-the-shelf
semiconductors that meet the high-voltage requirements. The
research priority for future development is to achieve high
power density. The utilization of semiconductor switches
makes high-voltage generators smaller and lighter.

In some solid-state topologies, series-connected semicon-
ductors are used instead of high-voltage switches. The emer-
gence of wide bandgap (WBG) semiconductor switches, such
as SiC and GaN switches, has further improved performance.
These WBG devices offer advantages like high bandgap,
high saturation drift velocity, high breakdown electric field,
and low on-state resistance. Replacing traditional Si switches
by WBG switches allows for higher power and repetition
rate [122], [123], [124]. This, in turn, enables a significant
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reduction in the size of magnetic components due to the higher
repetition rate.

However, there are some challenges to address. In contrast
to Si devices, the current and voltage ratings of commer-
cial WBG devices are relatively low. To date, high-voltage
high-current commercial products are still unavailable [125].
Specifically, the voltage ratings of SiC and GaN devices are
limited to 3.3 kV and 900 V, respectively, while those of Si
devices can exceed 4.7 kV. Additionally, WBG devices tend
to be more expensive and raise concerns about reliability. For
instance, studies indicate that in high-current applications, the
cost of SiC MOSFETs is approximately eight times that of Si
IGBTs [126].

Furthermore, the switching characteristics of these devices
are strongly dependent on the gate drive circuit. The gate
drive circuit requires careful consideration of various external
switching factors, including parasitic elements, circuit com-
ponents, and PCB layout [127]. Traditional commercial gate
drivers, often using push-pull or totem-pole driving topolo-
gies, are not suitable for high-current switching with rise times
on the order of 10-20 ns [128]. Moreover, when multiple
switches are connected in series or parallel, the switching syn-
chronization is also important. Therefore, when using wide
bandgap switches, special attention must also be paid to the
gate driving circuitry.

B. THERMAL MANAGEMENT
As we mentioned before, with the increasing application of
semiconductor switches, reliability becomes the crucial issue.
Temperature is the main cause of malfunction and eventual
failure in electronics, and therefore, reliability is strongly
dependent on it: the higher the temperature, the worse the re-
liability and durability [129]. Therefore, thermal management
is a key design aspect of pulse generators as it determines their
reliability as well as pulse performance and power density.

Firstly, thermal management requires accurate loss calcula-
tion and temperature measurement technology [130]. In [131],
the power losses and current distribution in soft- and hard-
switched IGBTs under resonant load are studied. Among the
existing techniques for noninvasive thermal measurements,
infrared thermography (IR) combined with a lock-in detection
strategy has been widely used [132], [133]. In [134], accurate
transient calorimetric measurement of soft-switching losses of
10-kV SiC MOSFETs and diodes is presented, which provides
a solid basis for accurate modeling of systems.

In addition to establishing more accurate loss models and
thermal models, cooling technologies are also a research
hotspot [135], [136], [137]. In [138], different cooling tech-
nologies are introduced, and the conventional single-phase
water/glycol liquid cooling and innovative two-phase cooling
technology for thermal management are compared. It shows
that two-phase cooling, using the same cold plate as in single-
phase cooling, can substantially improve performance and
reliability. In [139], the two-phase immersion cooling tech-
nique is used to improve the performance of a high-voltage

pulse generator based on avalanche transistors. With this cool-
ing method, the surface temperature of the transistor can be
effectively controlled below 62◦C when it is working at a
frequency of 200 kHz.

Active thermal control is another strategy to reduce the
junction temperature of the most stressed devices, which can
minimize design margins [140], [141], [142]. A comprehen-
sive review of active thermal control is presented in [143],
where the implementation of active thermal control is inves-
tigated at the device and converter levels. Furthermore, the
challenges in different applications of active thermal control
are discussed.

C. MINIATURIZATION
In many applications, such as electromagnetic gun, electro-
poration, and high power microwaves, an appropriate size
and weight of pulsed power systems are prerequisites for
their widespread use, which require high power density and
miniaturization. Therefore, the development of miniaturized,
highly reliable, and low-cost systems is essential for long-term
growth. It is also a necessary step towards the industrializa-
tion and practical application of pulsed power technologies.
The miniaturization of high-voltage pulse generators is one
of the research directions in the future [144]. In addition,
miniaturization often accompanies a compact structure, which
reduces the connection inductance between the capacitor and
the switch, thereby improving the output pulse performance.
Many studies have demonstrated the efforts of researchers in
the miniaturization of pulsed power systems [145], [146].

D. THEORETICAL ANALYSIS AND MODELING
For various applications, the load characteristics exhibit sig-
nificant diversity. HVPGs rely on the performance and char-
acteristics of semiconductors, which may differ from the
load characteristics. Therefore, it is necessary to analyze the
load characteristics of various applications when using wide
bandgap semiconductors. This is particularly important as
the load characteristics can vary significantly under high-
frequency operation.

Furthermore, conducting research on actual processing and
experiments is crucial. The practical load characteristics pro-
vide guidance to the optimization of pulse generators, leading
to higher efficiency and improved pulse performance. It is a
cyclical process, where the most suitable circuit parameters
and pulse performance for a specific application are deter-
mined through experiment and analysis.

VI. CONCLUSION
This paper provides a comprehensive review of various
HVPG topologies for different applications. The topologies
are broadly classified into classical HVPGs, and power elec-
tronics based HVPGs. Each method is further categorized
based on topology characteristics and operation modes, with
a discussion of their features and limitations.

The paper begins by outlining the common structure of each
topology and any modifications that have been made. It then
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introduces typical applications of HVPGs. Finally, the future
trends in HVPG design are analyzed based on recent topology
evolvements, including reducing volume and weight through
the use of WBG devices, improving reliability through proper
thermal management, and theoretical analysis and modeling
for more accurate design.

The advancements of power semiconductors and converters
promote the developments of HVPG topologies, which also
benefit the applications utilizing HVPGs. Designing and de-
veloping high-voltage pulse generators that are suitable for
specific applications is a challenging task due to varying
requirements such as isolation, controllability, voltage ampli-
tude, and pulse width. Choosing the best solution involves a
tradeoff among cost, size, efficiency, and pulse characteristics.
The aim of this paper is to provide a clear overview of high-
voltage pulse generators and inspire the development of new
topologies to meet specific requirements.
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