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Square wave pulses have been identified as more lethal compared to exponential decay pulses in PEF applications. This is because
of the on-time which is longer causes a formidable impact on the microorganisms in the food media. To have a reliable high-
voltage pulse generator, a technique of capacitor discharge was employed. Four units of capacitor rated 100 4F 1.2kV were
connected in series to produce 25 uF 4.8 kV which were used to store the energy of approximately 200 J. The energy stored was
discharged via HTS 181-01-C to the load in the range of nano to microseconds of pulse duration. The maximum voltage applied
was limited to 4kV because it is a lab-scale project. The electrical circuit diagram and the development procedure, as well as

experimental results, are presented.

1. Introduction

Cell electroporation therapy (EPT), genetic therapy, ultra-
sonic cleaning, chemical-free bacterial decontamination,
and medical imaging are the examples of vast applications
that require a high-voltage pulse generator which can
provide pulse width in a scale of a nanosecond, microsecond,
and millisecond [1-11]. However, the efficacy of these ap-
plications is highly dependent on the pulse shape, the in-
tensity of the electric field, the number of pulses, and the
electrode geometry [12, 13].

The effects during electroporation could be reversible or
irreversible depending on the treatment intensity that causes
damage to the membrane of a living cell [14-18]. In the
irreversible electroporation, the cell loses its homeostasis
and eventually dies if and only if the strength of the electric
field applied is sufficiently intense [19]. Based on the find-
ings, this method was used as a tool for microbial inacti-
vation [20, 21]. The impact of the pulsed electric field (PEF)
on microbial viability has been widely studied in various
types of bacteria including Gram-positive and -negative
bacteria, yeast, protozoan parasites, and spores [22-29].

Because the inactivation of microbes under controlled
laboratory conditions showed positive effects that can be

achieved through the application of PEF, it is also used to
eradicate pathogenic microbial agents from various sources
of water and liquid foods with minimal effect on vitamins,
taste, and food textures [23, 30-40]. Besides, the electro-
poration process is also employed to extract molecules from
cells such as proteins from microorganisms, plasmid DNA,
sugar from sugar beet cells, and oil for biodiesel [41-44].

The way to implement PEF on a substantial scale that will
attract the industry is that it must be made in a continuous
system. Therefore, the development of the flow process has
been introduced. A continuous-type chamber with the
parallel electrodes and a set of fluid handling systems have
been included together in the PEF treatment system other
than a pulse generator and high-voltage power supply. In
PEF flow applications, electroporators must meet specific
requirements and they must be designed so that the system
can provide high-voltage and high-current pulses. Although
a commercial electroporator is capable of providing high
electric field intensity in the order of 10kV/cm-100kV/cm
with continuous operation and high repetition rate, it does
not fit in the studies on bacterial inactivation or various
substances extraction from cells [45].

For this reason, the aim of this study was therefore to
develop a square-wave high-voltage pulse generator that
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was particularly built for the laboratory scale. It has been
equipped with features that enable it to operate over a
wide range of pulse parameters (ns-us) which is not
available in the commercial electroporators where it has
been optimized for specific parameters [46]. For the
current status, many commercial devices limit their
output pulse voltage amplitude up to 3kV [47] and refer
to the fact that the electroporation process demands
certain threshold behavior and higher voltage application
is desirable to be met.

To fulfill the purpose, the capacitor-discharge tech-
nique was employed. This method has been proven to
increase the control of electrical field parameters [48].
Apart from that, the applied voltage has been increased up
to 4kV (max). For the high-voltage pulse generation, a
compact power MOSFET (metal-oxide-semiconductor
field-effect transistor) was introduced to connect and
disconnect the power lines from the load while delivering
the intended pulse width which is within nano-micro-
second range. All the components used were small in size
to yield compact high-voltage pulse generation units, yet
they are reliable and robust for PEF applications. Compact
features were integrated to make the end product lighter
and portable.

2. Working Principle

The working principle of the proposed circuit (Figure 1) is
quite straightforward. Vi, aims to provide high voltage to
the system. Once the voltage is applied, then the capacitor
arrangement will be charged to full scale. It reacts as a buffer
by storing energy and will always be in the standby mode
before being discharged. Vi, is used to trigger Q; where
the snubber circuit is connected parallel to it (limiting dI/d¢
and dV/dt as well as reducing voltage and current spikes).
The moment QI is triggered, there will be a connection
between the power line and the load; thus, energy stored in
the capacitor array is discharged via Q1 to the load.

Riine and Ly, are included to mimic the inherent par-
asitic components in the actual circuit. It is crucial to
consider these as they can trigger instability such as the
ringing effect on the output pulse voltage. Besides, their
presence also affects the rise and fall time of the output pulse.
Therefore, a proper adaptation of the snubber circuit can
help reduce their impact as they cannot be eliminated
practically. In practice, parasitic components can be reduced
by making the copper trace on PCB (printed circuit board)
wide and short.

R; and Ry, are connected in parallel to the load intended
to limit the current flow. It divides the current so that the
load will only receive a certain amount. This is due to the
limitations of the Q1 specification which does not allow
excessive current flow. Besides, it suppresses the overshoot
of the output pulse voltage across the load during turn-on
time while escalating the minimum load that can be handled
by the generator. The treatment chamber is made equivalent
to the RC circuit connected in parallel which represents
charge carrying conduction and dielectric polarization,
respectively.
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3. Simulation Setup

For the simulation study, Multisim 14.0 software by NI
(National Instrument) was employed to design and test the
proposed circuit (Figure 1). To get satisfactory results, the
SPICE (Simulation Program with Integrated Circuit Em-
phasis) model for Q1 has been modified to suit the required
specifications. Level 1 model was applied to signify Q1, and
the summary of the SPICE model parameters used is shown
in Table 1.

4. Hardware Development

The objective of this research was to design and build a
0-4kV square-wave pulse generator which is compact and
equipped with variable pulse durations of ns to ys. Regarding
the frequency of the pulse, it was also made variable where it
can be set as low as 125 Hz to as high as 1 MHz. The practical
development process of the pulse generator can be break-
down into four major parts: (1) variable high-voltage source
which converts the utility of AC voltage to a DC high voltage,
(2) energy storage system to store the energy by charging the
capacitor, (3) switching block to generate high-voltage
pulses, and (4) parallel-plate treatment chamber (continuous
mode) that not only merely houses the electrode but also
houses the treated media (liquid food).

4.1. High-Voltage Source. To achieve the pulse generator that
has portable features, it must be designed in a compact size.
Since the pulse generator needs a high voltage to operate, it
must be equipped with a high-voltage source where a
transformer is commonly employed. This, however, will
cause the pulse generator to be heavy, bulky, and consume
space. To solve this issue, there are two techniques available:
(1) by using a DC-DC converter which can convert a lower
DC voltage to a higher DC voltage, and this method,
however, is commonly costly, and (2) by employing a flyback
transformer to obtain high voltage as per the demand due to
its specification which is smaller and lighter compared to the
laminated core transformer. Figure 2 shows the high-voltage
source used in this study.

4.2. Energy Storage. Typically, high-voltage sources will have
low current ratings (<50 mA) because it is impossible to have
high voltage and high current at the same time continuously.
Applying it directly to the load will result in a voltage drop as
the load requires more power and usually low resistance.
Thus, more intake of current from the source is needed to
offset the load. To overcome this, a capacitor-discharge
technique was introduced in this study (Figure 3). The
purpose is to store energy during charging, and while op-
eration, it provides an adequate amount of energy to the
load. Besides, it causes voltage and current to be more stable
throughout the entire process.

Chank 18 the capacitor bank that contains several units of a
capacitor that is connected in series. The employment of the
resistors in parallel to each capacitor used is to balance the
voltage. This will avoid the condition of undercharging and
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FiGure 1: The proposed circuit implementing the capacitor-discharge technique to generate square-wave pulse.

TaBLE 1: Summary of the SPICE model parameters.

Spice parameter Value Denotation
Drain-source voltage 7kV Vbs
On resistance 0.06 ) Rps
Drain current (continuous) 6A Ip
Drain current (pulse) 12A Ipp
Zero bias gate threshold 3.65V Vro
Channel length modulation 0.003 V! lambda
G-D capacitance 0.37 uF Cpg
G-§ capacitance 5.59 uF Cas
Junction oxide capacitance 0.43nF Co
Junction grading coefficient 0.45 M
Junction voltage drop 0.5V \%}
Leakage current 3.41nA Is
Transconductance 18.8 Kp

overcharging experienced by each capacitor. The following
equation can be used to estimate the resistor value:

_ (NV Vapp )

~ 0.0015CV,,

where N is the number of the capacitor in series, Vi, is the
maximum allowable voltage on each capacitor, V,p, is the
applied voltage across the entire Cpanx, and C is the indi-
vidual capacitance in yF. Typically, the resistor value will be
in the range of MQ. This resistor implementation prevents
the self-charging phenomenon in each capacitor due to the
dielectric memory effect.

max

) 1

- 2
Elyback transformer @,
‘ ol p

s

F1GURE 2: Model CX-300 of high-voltage source employed in this
study. Two units of a flyback transformer were used to obtain 30kV
(max), but still it is small in size. The dimension is
240 mm X 145 mm x 108 mm (L x W x H).

4.3. Switching Block. To have a pulse amplitude in a few kV,
switching devices should be able to operate under high-
voltage conditions. The current technology allows this to
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FiGure 3: The implementation of the capacitor-discharge method to generate a square-wave pulse.

happen by the means of implementing several available
techniques: single-unit device or stacked devices. In a
stacked device, several MOSFETs are connected in series to
accommodate the high voltage applied to it [49-52].
However, this technique has drawbacks that lie in its
complexity of controlling and voltage sharing for each de-
vice. If one of the MOSFETs is damaged due to overvoltage,
then the whole system will be shut down [53].

The way to solve this problem is by implementing a
single unit device; in this case, the HTS 181-01-C MOSFET
manufactured by Behlke Power Electronic (Germany) is
implemented. This switch has features that can withstand
high voltage up to 18 kV with pulsed currents up to 12 A.
However, special efforts need to be made to fix the problems
of pulse distortion, ringing effects, and overvoltage and
overcurrent transient processes due to nonmatch loads and
inherent parasitic components in the actual circuit to
achieve a reliable generation of output pulse with flexible
pulse parameters. Figure 4 shows the compact fast high-
voltage transistor switch using MOSFET technology.

It was manufactured in a compact design, that is, small,
light, and robust. Moreover, it can be easily controlled by
feeding an auxiliary +5 Vdc to wake it up and can accept a
TTL-compatible signal. The control signal of at least 25ns
duration must be supplied to the control terminal of the
switch, and it can be any positive going pulse with 2-10V
amplitude. This means that this device is capable of deliv-
ering a nanosecond pulse width with a recovery time of
150 ns after each switching cycle.

4.4. Treatment Chamber. The treatment chamber is not
merely used to store the liquid food but also functioned to

FIGURE 4: The compact series of the fast high-voltage transistor
switch using MOSFET technology by Behlke power electronic.

house the electrode which was separated by the insulator.
The electrode arrangement plays an important role to de-
termine the uniformity of the electric field formation.
Fundamentally, there are three configurations of an elec-
trode: parallel, coaxial, and colinear. Parallel electrode ar-
rangement yields the most uniform electric field formation,
while coaxial arrangement yields the most nonuniform
electric field development due to its dependency on the
radius. Figure 5 shows the treatment chamber used in this
study.

According to Figure 5, the treatment chamber has been
designed in a continuous mode, and the electrode has been
arranged in parallel. This can enhance the rate of micro-
organism inactivation compared to the static mode [54], and
uniform electric field distribution can be attained between
electrodes. The treatment gap was set at 2mm, while the
effective area of electrodes was determined at 9 mm?® (3 mm
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FIGURE 5: Parallel electrode treatment chamber in continuous type.
The flow begins from bottom to top and is influenced by gravity
acceleration.

each side); thus, a treatment volume of approximately
18 mm?® is yielded for each processing. With the max output
voltage applied (4kV), the field strength is expected to be
20kV/cm across the treatment area and it is sufficient to
cause disasters for foodborne pathogens and spoilage
microorganisms.

5. Compact High-Voltage Pulse Generator

By assembling all the relevant components, a compact high-
voltage pulse generator was successfully constructed as
shown in Figure 6(a). The dimensions of the pulse generator
are also compacted to 280mm x200mm x 170 mm
(LxW x H) for easy carrying. Figure 6(b) shows the prep-
aration for the practical test. Regarding testing, it was
performed in the laboratory at ambient temperature, and the
travel of liquids in silicon tubes was driven by the use of
peristaltic pumps. The pump speed can be adjusted to
change the flow rate of the liquid which subsequently in-
tervenes in temperature distribution across the treatment
area.

The current transducer as shown in Figure 6(b) was
implemented to obtain current across the treatment area.
This technique of sensing is commonly known as indirect
current sensing. It uses the concepts of Ampere’s and
Faraday’s laws to get an induced voltage over the loop
placed around the wire. The amplitude of the induced
voltage is proportional to the current flow with minor
losses, and by applying proper amplification signal, it is
then converted into a standard electrical signal which is
useful. In this study, 1V produced by the current
transducer is equivalent to 1A, thus, making the mea-
surement process more convenient.

6. Results and Discussion
6.1. Simulation Results

6.1.1. Without Snubber Circuit. Before assessing the pro-
posed circuit, a set of testing parameters should be deter-
mined as shown in Table 2. This was done to ensure that the
simulation study is done correctly and thoroughly to ensure
that the problems caused by the parasitic components can be
solved well. Besides, the properties of the generated pulse
can also be assessed from the perspective of the pulse am-
plitude, pulse width, and rise and fall time. This is crucial to
be accomplished because, subsequently, it will be a
benchmark for practical testing.

Figure 7 shows the simulation results with the influence
of Ly as a stray inductance that is expected to exist in the
circuit, while Ry, was made permanent due to its insig-
nificant effect. Regarding the voltage applied, pulse width,
and load, they were set to 4kV, 500ns, and 680, re-
spectively. Note that the snubber circuit was removed during
the testing to observe the impact of stray inductance on the
outcomes.

The output pulses of 500 ns and 5.48 A were successfully
simulated according to the parameters scheduled in Tables 1
and 2, respectively. It can be seen that the pulse shape was
influenced dramatically by the presence of Lj;,.. When the
stray inductance is set high at 50 4H, the oscillation during
the transient process has a high amplitude up to 20% of the
pulse due to high dI/dt. This amplitude is expected to be
higher when higher stray inductance value is set. Due to the
transient time relative to the pulse width, its presence is
unacceptable in PEF applications.

Stray inductance was also found to affect the switching
dynamics of MOSFET, especially during turn-off transient.
Figure 8 shows the measured voltage of the drain-to-source
of the MOSFET. The results obtained indicate that Ly,
causes a dangerous flyback voltage when the high current is
turned off fast. Due to the capability of the MOSFET that can
switch off high current within a nanosecond, the presence of
stray inductance must be treated as a substantial source of
danger.

As can be seen, the height of the flyback voltage induced
during turn-off is approximately 50% of the pulse at the time
the stray inductance was set to 50 yH due to high dI/dt. It can
be estimated by multiplying the value of inductance (L) with
the instantaneous rate of current change (dI/dt). Depending
on L and dI/dt, sometimes the voltage produced can reach
up to thousands of volts. For instance, given a copper trace
with an inductance of 200 nH at a turn-off current of 100 A
and a turn-oft time of 10 ns, the resulting flyback voltage is as
high as 2 kV. Therefore, this large amount of voltage must be
suppressed properly; otherwise, it should be considered and
added to the operating voltage and if it exceeds the set limit,
then the risk of MOSFET damage is high.

6.1.2. With Snubber Circuit. The problems encountered
during the MOSFET switching as mentioned in Section 6.1.1
can be reduced by utilizing the classic clamp circuit that is
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FIGURE 6: The complete unit of the compact high-voltage pulse generator developed in this study: (a) the dimension of the pulse generator

and (b) practical test setup.

TABLE 2: A set of testing parameters for the simulation study.

Amplitude (kV) Pulse width (ns) Frequency (Hz) Load (Q)
0-4 125-2000 125 250-10k

RC-snubber. It was seen as suitable for high-voltage circuitry
as it is easy to build and uses only passive components. To
apply, the RC-snubber must be connected in series and
placed directly over the switch terminals as depicted by Rp
ad Cp in Figure 1. Regarding the optimum values, it should
be determined empirically via a simulation study.
Figures 9(a) and 9(b) show the results obtained after the RC-
snubber circuit was implemented.

The impact of the presence of the RC-snubber circuit was
obvious in preserving the pulse shape of the output pulse
from oscillation during the transient process. The oscillation
at the time of turn-oftf was successfully suppressed for the
output pulse as shown in Figure 9(a), and flyback voltage was
greatly reduced while turning off the MOSFET as depicted in
Figure 9(b). Rp was set to 10 Q) to set the current limit, while
Cp was tested with a different capacitance to find the op-
timum value. Other parameters such as voltage amplitude,
pulse width, load impedance, and frequency remained
unchanged.

According to Figures 9(a) and 9(b), the optimum values
for Rp and Cp were 10 Q and 200 pF, respectively, but since
220 pF is more readily available in the local market, the value
is selected. These values were chosen because of their

influence in maintaining the output pulse shape and
switching dynamics of the MOSFET without critically af-
fecting the switching speed. The upper left corner of the
output pulse was also preserved without curving as shown in
Figure 7. This indicates that the implementation of the RC-
snubber circuit only affects turn-off time without affecting
turn-on time. Table 3 shows a summary of the parameters
used in the simulation study.

6.2. Practical Results

6.2.1. Output Waveform of the Compact High-Voltage Pulse
Generator. For practical testing, a salt solution with a
conductivity of 1.95mS/cm was used in this study, thus,
producing a load impedance of approximately 1.14 kQ when
enclosed in the treatment area at ambient temperature.
However, during processing, this value decreases because of
Joule heating as conductivity is a temperature-dependent
parameter. The properties of the pulses tested are shown in
Table 4. Note that only the pulse widths were made to vary,
while the other parameters remain the same.

As expected, the pulse amplitude for all the pulse
properties tested was 4kV, and the current through the salt
solution was approximately 5.48 A. The pulse width was
obtained according to Table 4. Figures 10(a) and 10(b) show
the results attained during the practical test and have been
compared with the simulation results for validation
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TABLE 3: Summary of the parameters used in the simulation study.

Parameters Value
C1-C4 100 uf
R1-R4 1.2MQ
Rp 100

Cp 220 pF
Riine 247 uQ)
Line 20 uH
Ry, Ry, 1kQ

R, 680 Q)

C 0.01 pF

TaBLE 4: The properties of the pulse used in practical testing.

Pulse amplitude (kV) Pulse width (ns)

Frequency (Hz) Pump speed (rpm)

500
1000

4

125 20

“rpm: revolution per minute.

purposes. As can be seen, both results are in good agreement
with insignificant differences.

According to Figures 10(a) and 10(b), the slight dif-
ference is due to the influence of parasitic components
inherent in the actual PCB. As for the copper trace, it was
made wide and short as suggested to minimize the existence
of stray inductance. Since the discrepancy between both
results is slim (for all three regions: turn-on, plateau, and
turn-off), i.e, <10%, the effect of stray inductance was
significantly reduced mainly by the implementation of the
RC-snubber circuit as well as the wide and short copper
trace.

From the two results that have been described, it can be
concluded that the proposed circuit has successfully passed
the prove-of-concept stage because it can produce the

intended pulse, while the RC-snubber network has suc-
cessfully proven its function to limit switching voltage and
reduce oscillations. This is further strengthened by the
finding that the two results are comparable although there
are slight differences. Thus, the simulation model for the
compact high-voltage pulse generator is in acceptable
compliance with the practical findings data and is a strong
argument to the validity of this study.

6.2.2. Electric Field Distribution. As expected, the electric
field distribution in the middle of the treatment zone is
uniform. It has been proved via numerical simulation (using
COMSOL Multiphysics®) by solving the law of charge
conservation. The treated media were represented by the salt
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solution with a conductivity of 1.95 mS/cm, and the applied
voltage was 4 kV. The details on the electric field distribution
are depicted in Figures 11(a) and 11(b).

Refer to Figure 11(a), there was local electric field
strength enhancement of approximately >50kV/cm being
spotted mainly at each edge of the electrode. This phe-
nomenon is due to the sharp corner at the edge of the
electrode which results in a high accumulation of charges.
On the contrary, the view that was taken on the transverse
plane as shown in Figure 11(b) illustrates the uniformity of
electric field distribution across the treatment zone. The
strength of the field has been recorded high, i.e., approxi-
mately 20 kV/cm which is enough to be implemented in the
PEF application.

7. Conclusions

The proposed circuit (Figure 1) has managed to generate the
intended pulses as planned—capable of producing nano-
second and microsecond pulse width which is represented
by 500ns and 1000ns pulse, respectively, as depicted in
Figures 10(a) and 10(b). This statement is further
strengthened when the results obtained from simulations
and practical studies show minimal discrepancies. This in-
dicates that the concept that is trying to be proven has been
successfully achieved. Therefore, the compact high-voltage
pulse generator that has been developed in this study is ready
to perform as an electroporator for PEF applications.

Regarding the final cost, it was roughly estimated as less
than USD2500, which when compared to the price of the
commercial electroporators (usually several thousand USD)
is still quite inexpensive with such high-end specifications.
Interestingly, all the components used are upgradable in-
cluding its firmware just to cope with the emerging demand
in the future if needed. For fully functioning, the voltage and
the pulse width can be altered from 0 to 4kV and 125 ns to
5 us, respectively. Also, it supports a wide range of load
impedance starting from 250 Q) to 10kQ and above.

The treatment chamber design used in this study as
depicted in Figure 5 seems to provide uniform dissemination
of an electric field across the treatment zone as illustrated in
Figures 11(a) and 11(b). With the help of the finite element
method (FEM), the formation of electric field strength
enhancement at the electrode edges can be predicted. Be-
sides, the treatment chamber has been designed in a con-
tinuous mode that intended to increase the inactivation rate
of the microorganism and distribute the temperature evenly
to each point of the liquid food. Technically, a complete PEF
treatment system has been successfully developed and is
ready to be tested using the actual microorganism.
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