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Abstract: Recently, shockwave food processing is drawing much attention as a low-cost non-thermal
food process technique. In shockwave non-thermal food processing, underwater shockwaves are
generated by a high voltage generator. Therefore, high inrush currents and high voltage stress on
circuit components significantly reduce the reliability and life expectancy of the circuit. However,
to the best of our knowledge, stress reduction techniques and their experimental verification have not
been studied yet in the shockwave non-thermal food processing system. In this paper, we propose a
stress reduction technique for the shockwave non-thermal food processing system and investigate the
effectiveness of the proposed technique experimentally. To achieve high reliability and life expectancy,
a new high voltage multiplier with an exponential clock pulse generator is proposed for the shockwave
non-thermal food processing system. By slowing down the rate at which the capacitors charge in the
high voltage multiplier, the exponential clock pulse generator significantly reduces the inrush current.
Furthermore, to perform shockwave non-thermal food processing continuously at a lower voltage
level, we present a new electrode with a reset mechanism for wire electric discharge (WED), where a
square-shaped metal wire swings on a hinge in the proposed electrode. The proposed electrode
enables not only shockwave generation at a lower voltage level but also continuous non-thermal food
processing, because the square-shaped metal wire is not melted in the WED process. To confirm
the validity of the proposed techniques, some experiments are performed regarding the laboratory
prototype of the shockwave non-thermal food processing system. In the performed experiments,
reduction of inrush currents and effective food processing are confirmed.

Keywords: non-thermal food processing; underwater shockwaves; high voltage multipliers;
pulsed wire discharge; clock generators; small inrush currents

1. Introduction

The declining birthrate and aging population have become a social problem in many developed
countries, such as Japan, Germany, Portugal, and Italy. For a healthy life of elderly persons, it is
necessary to develop nutritious and soft processed foods. However, many nutrients are destroyed
by heat processing [1–3]. For this reason, non-thermal food processing technology [4], which can
provide nutritious soft processed foods, is drawing attention. In past studies, some non-thermal food
processing techniques have been proposed. For example, Wang et al. introduced the non-thermal food
processing using high hydrostatic pressure technology [5–8]. The high hydrostatic pressure technology
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has several advantages in that vegetative microorganisms are killed, and foods are not polluted with
harmful substances, with or without packaging. However, as reported in [9,10], this technology
fails to destroy spores at a pressure of 1200 MPa. Distinguished from the high hydrostatic pressure
technology, the non-thermal food processing using high voltage arc discharge technology [11–13]
has been extensively researched in past studies. In this technology, foods are destroyed by a strong
shockwave generated by the arc discharge, where the processed food is crushed without retaining its
original shape. The high voltage arc discharge technology can realize non-thermal food processing at
high speed. However, this method impairs the flavor of foods and may form chemical substances that
are harmful to the human body [14]. For liquid or semi-solid foods, the non-thermal food processing
using pulsed electric field technology [15,16] is one of the most effective technologies. By using short
electric pulses, the pulsed electric field technology can offer not only microbial inactivation but also
the reduction of detrimental changes in food quality and nutrition [17]. However, an apparatus for
generating short electric pulses is expensive [18]. Following this study, the non-thermal food processing
using cold plasma technology [19] has been proposed to improve food safety, where cold plasma
inactivates contaminating microbes on foods. The cold plasma technology can be used for a wide range
of foods [20], such as apples, lettuce, eggs, and processed meats and cheeses. However, as with pulsed
electric field technology, expensive devices are required to achieve the non-thermal food processing
using cold plasma technology [21].

For the above-mentioned reason, to realize the non-thermal food processing at a low cost,
the shockwave non-thermal processing and its applications have received much attention in recent
years. For example, Shimojima et al. provided rice flour by crushing rice [22–24] with an underwater
shock wave, and Udagawa et al. proposed a microorganism treatment technology using underwater
shockwaves [25]. Furthermore, the mechanism of the shockwave generation by underwater discharge
is investigated by Higa et al. [26], and the characteristics of the shockwave propagation are clarified
through computer simulations [27,28]. The shockwave non-thermal food processing system mainly
consists of a high voltage generator, a high voltage switch, metal electrodes, and a pressure vessel. In the
shockwave non-thermal processing, first, the high voltage multiplier generates a high voltage [29],
where the high voltage is stored in a large capacitor. Next, through high voltage switches, the electrical
energy stored in the capacitor is discharged in a water-filled pressure vessel. In this timing, the electrical
energy turns into shockwaves. Finally, the shockwave destroys only the internal tissue of a target food.
Therefore, improvements in high voltage multipliers, pressure vessels, voltage switches, and metal
electrodes are required to achieve effective shockwave non-thermal processing. In past studies,
several attempts have been made to improve the components of the shockwave non-thermal food
processing system. For example, regarding the design of the pressure vessel, Miyafuji et al. designed
the pressure vessel for manufacturing rice powder in [30–33]. Concerning the design of the metal
electrode, Higa et al. performed shockwave non-thermal food processing using a wire electric discharge
(WED) [34–37]. Furthermore, several types of high voltage multipliers have been proposed in the field
of electrical engineering. Among others, the Cockcroft–Walton voltage multiplier (CWVM) [38] is one
of the most promising multipliers for shockwave non-thermal food processing systems, because a
high turns ratio transformer is not required. The transformer-less structure of the CWVM can provide
low cost and light weight. For this reason, many types of CWVMs and their families have been
developed in past studies. For example, Wang et al. proposed a cascade CWVM with a symmetrical
structure [39]. Young et al. suggested a transformer-less voltage multiplier by combining a boost
converter with a CWVM [40]. Unlike these CWVMs, Iqbal et al. developed a bipolar CWVM [41,42] by
combining a positive CWVM and a negative CWVM. Furthermore, Iqbal designed a hybrid CWVM
with a symmetrical bipolar topology [43]. However, the response speed of these bipolar CWVMs
is slow, because diode switches are driven by a commercial power source. To solve this problem,
Abe et al. suggested a high-speed CWVM [44,45] by using a full waveform rectifier and high/low side
drivers. However, these CWVMs have difficulty achieving high voltage gain. To realize a high voltage
gain, Gosset et al. proposed a cascade-connected voltage doubler [46], and Ding et al. developed
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a series-connected voltage multiplier by combining two types of inductor-less converters [47,48].
Although these topologies have improved the voltage gain, the response speed is still slow. To realize
fast response as well as high voltage gain, Jaiwanglok et al. designed a switched capacitor-based voltage
multiplier by combining two bipolar voltage multipliers via a level shift driver [49,50]. However,
a switched capacitor-based voltage multiplier suffers from high inrush currents and high voltage
stress on circuit components, though it enables fast response and high voltage gain. These stresses
significantly reduce the reliability and life expectancy of the circuit. However, to the best of our
knowledge, stress reduction techniques and their experimental verification have not been studied yet
in the non-thermal food processing system utilizing underwater shockwaves.

To improve the reliability and life expectancy, we propose a stress reduction technique for the
shockwave non-thermal food processing system and investigate the effectiveness of the proposed
technique experimentally in this paper. The key idea of the proposed technique is the restraint of
the speed in capacitor charging at start-up. In the proposed voltage multiplier for generating a high
voltage such as 3.5 kV, transistor switches are controlled by the proposed exponential clock pulse
generator. In addition, low voltage stress on circuit components is achieved by the modified bipolar
topology of the Cockcroft–Walton voltage multiplier. The novel point of the proposed technique is that
the inrush current of the proposed voltage multiplier is suppressed by increasing the charging speed of
capacitors exponentially. This technique will enable the reduction of stress on the circuit components
of shockwave non-thermal food processing systems. Furthermore, a wire electric discharge (WED)
using an electrode with a reset mechanism is employed to generate shockwaves at a lower voltage
level. In the proposed electrode with a reset mechanism, a square-shaped metal wire swings on a
hinge. Therefore, the proposed electrode enables not only shockwave generation at a lower voltage
level but also continuous non-thermal food processing, because the square-shaped metal wire is not
melted in the WED process. The combination of these two techniques, viz., an exponential clock pulse
generator and an electrode with a reset mechanism, will improve the reliability and life expectancy
of shockwave non-thermal food processing systems. To confirm the effectiveness of the proposed
technique, some experiments were performed concerning the laboratory prototype of the non-thermal
food processing system utilizing underwater shockwaves.

The rest of this paper is organized as follows. First, the configuration of the proposed non-thermal
food processing system is described in Section 2, where the details of the high voltage multiplier,
the exponential clock pulse generator, and the electrode are explained. Next, to clarify the effectiveness
of the proposed technique, some experiments are conducted in Section 3, where the shockwave
non-thermal food processing is performed concerning a laboratory prototype. Finally, the results of
this work are briefly summarized in Section 4.

2. Non-Thermal Food Processing System Utilizing Underwater Shockwaves

2.1. System Configuration

The system configuration of the shockwave non-thermal food processing system is illustrated
in Figure 1. As it can be seen from Figure 1, the shockwave non-thermal food processing system
mainly consists of a high voltage generator, a high voltage relay, metal electrodes, and a pressure vessel.
Unlike existing non-thermal food processing systems, the shockwave non-thermal food processing
system does not require expensive devices. Furthermore, these components can be designed on a large
scale. For this reason, it is not difficult to design the proposed apparatus on a large scale.

The operation principle of the shockwave non-thermal food processing system is as follows: First,
a high voltage, such as 3.5 kV, is generated by the high voltage generator by converting a 100 V ac input
at 60 Hz. Next, the output voltage of the high voltage generator is stored in a large capacitor. Then,
the electric charge stored in the large capacitor is discharged using the high voltage relay, where large
current flows between the electrodes. After that, the large current causes underwater shockwaves.
Finally, the shockwave destroys only the internal tissue of the target food without heating. As it can be
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seen from Figure 1, the key components for achieving efficient food processing are the pressure vessel,
the high voltage generator, and the electrodes.

In the following subsections, a new high voltage multiplier and its control circuit are presented to
reduce the stress on circuit components in the shockwave non-thermal food processing system.

Sustainability 2020, 12, x FOR PEER REVIEW 4 of 20 

In the following subsections, a new high voltage multiplier and its control circuit are presented 
to reduce the stress on circuit components in the shockwave non-thermal food processing system. 

High
Voltage

Generator

Relay2Relay1

Capacitor
Electrodes

Pressure Vessel
filled with Water

Target 
Food

AC Input

 
Figure 1. System configuration of the shockwave non-thermal food processing system. 

2.2. High Voltage Generator 

Figure 2 illustrates the circuit configuration of the proposed voltage multiplier. The output 
voltage and energy stored in the output capacitor depend on the target food. In past studies, rice 
powder was produced using 4.9 kJ at a voltage of 3.7 kV and apple juice was made using 1.23 kJ at a 
voltage of 3.5 kV. Based on these previous studies, we designed the high voltage multiplier with an 
output voltage 3.5 kV, where the output capacitor was set to 200 μF. As it can be seen from Figure 2, 
the proposed voltage multiplier consists of three blocks: the isolation transformer, the full waveform 
rectifier, and the bipolar Cockcroft–Walton circuit. First, the ac input Vac (= 100 V at 60 Hz) is doubled 
by the isolation transformer. Next, the output of the isolation transformer is converted to the dc 
voltage 2 Vmax (= Vi) by the full waveform rectifier, where Vmax denotes the amplitude of Vac. Then, 
high-speed rectangular pulses with the amplitude 2Vmax (= Vi) are generated by controlling the power 
switches S1 and S2, where S1 and S2 are driven by an exponential clock pulse generator. After that, the 
high-speed rectangular pulses are converted by the bipolar Cockcroft–Walton circuit. Finally, the 
output capacitor is charged by the voltage Vout. Therefore, the stress on S1 and S2 is 2 Vmax and the 
stress on the capacitors is 4 Vmax. 

Bipolar Cockcroft-Walton Circuit

Vac

1  :  2
S1

S2

S2

S1

Cp2

Cp1 Cp3 Cp5

Cp4 Cp6

Cm2

Cm1 Cm3 Cm5

Cm4 Cm6
Full Waveform Rectifier

Isolation Transformer

S1 Φ1 Φ1

Φ2 Φ2S2

T1 T2 T

2Vmax
(=Vi) Cin

Vout

 
Figure 2. Proposed high voltage multiplier. 

In the following, we analyze the characteristics of the proposed voltage multiplier theoretically. 
In the theoretical analysis, the physical model of the proposed voltage multiplier is derived by 
utilizing the four-terminal equivalent model shown in Figure 3. In this figure, the four-terminal 
equivalent model consists of an ideal transformer and a linear resistor, where m is the conversion 
ratio of the ideal transformer and RSC is the internal resistance of the circuit. The theoretical analysis 
is performed under the following assumptions: (i) on-resistances of all transistor switches Sj (j = 1,2) 

Figure 1. System configuration of the shockwave non-thermal food processing system.

2.2. High Voltage Generator

Figure 2 illustrates the circuit configuration of the proposed voltage multiplier. The output voltage
and energy stored in the output capacitor depend on the target food. In past studies, rice powder was
produced using 4.9 kJ at a voltage of 3.7 kV and apple juice was made using 1.23 kJ at a voltage of
3.5 kV. Based on these previous studies, we designed the high voltage multiplier with an output voltage
3.5 kV, where the output capacitor was set to 200 µF. As it can be seen from Figure 2, the proposed
voltage multiplier consists of three blocks: the isolation transformer, the full waveform rectifier, and the
bipolar Cockcroft–Walton circuit. First, the ac input Vac (= 100 V at 60 Hz) is doubled by the isolation
transformer. Next, the output of the isolation transformer is converted to the dc voltage 2 Vmax

(= Vi) by the full waveform rectifier, where Vmax denotes the amplitude of Vac. Then, high-speed
rectangular pulses with the amplitude 2Vmax (= Vi) are generated by controlling the power switches S1

and S2, where S1 and S2 are driven by an exponential clock pulse generator. After that, the high-speed
rectangular pulses are converted by the bipolar Cockcroft–Walton circuit. Finally, the output capacitor
is charged by the voltage Vout. Therefore, the stress on S1 and S2 is 2 Vmax and the stress on the
capacitors is 4 Vmax.
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In the following, we analyze the characteristics of the proposed voltage multiplier theoretically.
In the theoretical analysis, the physical model of the proposed voltage multiplier is derived by utilizing
the four-terminal equivalent model shown in Figure 3. In this figure, the four-terminal equivalent
model consists of an ideal transformer and a linear resistor, where m is the conversion ratio of the
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ideal transformer and RSC is the internal resistance of the circuit. The theoretical analysis is performed
under the following assumptions: (i) on-resistances of all transistor switches Sj (j = 1, 2) is Ron,
(ii) on-resistances of all diode switches is Rd, and (iii) the time constant is much bigger than the period
of clock pulses, T.
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In a steady state condition, the instantaneous equivalent circuits of the bipolar Cockcroft–Walton
circuit shown in Figure 2 are expressed by Figure 4, where the threshold voltage of diode switches
is neglected. In this figure, Vmax is the amplitude of Vin, Ron is the on-resistance of Sj, Rd is the
on-resistance of the diode switches, ∆qT j,vi is the variation of the electric charge in the input terminal,
and ∆qT j,vout(= ∆qT j,vop = −∆qT j,vom) is the variation of electric charge in the output terminal. Since the

sum of the variations in the electric charge of capacitors, ∆qpk
T j

and ∆qmk
T j

(For (j = 1, 2) and (k = 1, . . . , 6)),

is zero in the cycle, the variation of the electric charge, ∆qpk
T j

and ∆qmk
T j

, satisfies

∆qpk
T1

+ ∆qpk
T2

= 0 (1)

and
∆qmk

T1
+ ∆qmk

T2
= 0 (2)

where
T = T1 + T2 and T1 = T2 = T/2 (3)

Applying Kirchhoff’s current law for Figure 4, the relationship between ∆qT j,vi , ∆qT j,vop , and ∆qT j,vom

is expressed as follows:
State-T1:

∆qT1,vi = ∆qp1
T1
− ∆qp2

T1
− ∆qp3

T1
+ ∆qm1

T1
(4)

∆qT1,vop = ∆qp6
T1

(5)

and
∆qT1,vom = −∆qm6

T1
(6)

State-T2:
∆qT2,vi = −∆qp1

T2
+ ∆qm2

T2
(7)

∆qT2,vop = 0 (8)

and
∆qT2,vom = 0 (9)

It is noteworthy that the bipolar Cockcroft–Walton circuit has a symmetric relationship between
Figure 4a,b. Hence, ∆qpk

T j
and ∆qmk

T j
satisfies the following condition:

∆qpk
T j

= ∆qmk
T j

(10)
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Furthermore, from Equations (1)–(9), we have

∆qp1
T1

= ∆qm1
T1

= −3∆qp6
T1

(11)

∆qp2
T1

= ∆qm2
T1

= 3∆qp6
T1

(12)

∆qp3
T1

= ∆qm3
T1

= −2∆qp6
T1

(13)

∆qp4
T1

= ∆qm4
T1

= 2∆qp6
T1

(14)

∆qp5
T1

= ∆qm5
T1

= −∆qp6
T1

(15)

∆q T1,
vi

= −7∆qp6
T1

(16)

and
∆qT2,vi = −6∆qp6

T1
(17)

Since the input current and output currents, Ii, Iop (= Iout) and Iom (= −Iout), can be obtained by
diving the sum of the variation of the electric charges by T, the relationship between these currents are
expressed as

Ii =
∆qvi

T
=

∆qT1,vi + ∆qT2,vi

T
(18)

Iop =
∆qvop

T
=

∆qT1,vop + ∆qT2,vop

T
(19)

and

Iom =
∆qvom

T
=

∆qT1,vom + ∆qT2,vom

T
(20)

Insert Equations (1)–(17) into Equations (18)–(20), we have the relationship between Ii and Iout as

Ii = −13Iout and ∆qvi = −13∆qvout (21)

where Iout = Iop = −Iom and ∆qvout = ∆qvop = −∆qvom . From Equation (21), we get the parameter
m = 13.

Next, we ague the consumed energy of Figure 4 to derive the parameter RSC. In Figure 4, the total
consumed energy WT can be expressed as

WT = WT1 + WT2 (22)

where WT j is the consumed energy of the circuit shown in Figure 4 in State-Tj. From Figure 4a,b, WT j is
calculated as

WT1 =
Rd
T1

(
∆qp3

T1
− ∆qp1

T1

)2
+

Rd
T1

(
∆qp5

T1
− ∆qp3

T1

)2
+

Rd
T1

(
∆qp5

T1

)2
+

Rd
T1

(
∆qp6

T1

)2

+
Rd
T1

(
∆qm1

T1
− ∆qm3

T1

)2
+

Rd
T1

(
∆qm3

T1
− ∆qm5

T1

)2
+

Rd
T1

(
∆qm5

T1

)2
+

Rd
T1

(
∆qm6

T1

)2
+ 2Ron

T1

(
∆qT1,vi

)2 (23)

and
WT2 =

Rd
T2

(
∆qp3

T2
− ∆qp1

T2

)2
+

Rd
T2

(
∆qp5

T2
− ∆qp3

T2

)2
+

Rd
T2

(
∆qp5

T2

)2

+
Rd
T2

(
∆qm1

T2
− ∆qm3

T2

)2
+

Rd
T2

(
∆qm3

T2
− ∆qm5

T2

)2
+

Rd
T2

(
∆qm5

T2

)2
+ 2Ron

T2

(
∆qT2,vi

)2
.

(24)
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Substituting Equations (11)–(17) into Equations (22)–(24), the total consumed energy is rewritten as

WT = (28Rd + 340Ron)
(∆qVout)

2

T
(25)

On the other hand, the four-terminal equivalent model shown in Figure 3 has the following total
consumed energy:

WT = RSC
(∆qVout)

2

T
(26)

Therefore, from Equations (25) and (26), we can easily determine RSC as 28 Rd + 340 Ron. By combing
m = 13 and RSC = 28Rd + 340Ron, the equivalent model of the bipolar Cockcroft–Walton circuit can be
obtained as [

Vi
Ii

]
=

[
1/13 0

0 13

][
1 28Rd + 340Ron

0 1

][
Vout

−Iout

]
(27)

because the equivalent circuit can be expressed by Figure 3. Hence, the equivalent circuit of the
proposed voltage multiplier shown in Figure 2 can be expressed by[

Vmax

Iin

]
=

[
1/26 0

0 26

][
1 28Rd + 340Ron

0 1

][
Vout

−Iout

]
(28)
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As it can be seen from Equation (28), the parameter RSC has a strong influence on the power loss
of the proposed voltage multiplier. That is to say, RSC is one of the most important factors in designing
an efficient high voltage multiplier. If Rd and Ron are negligibly small, we have the ideal output voltage
26× 100

√
2 V (� 3.67 kV) by the proposed voltage multiplier.

Table 1 summarizes the comparison between the proposed voltage multiplier and conventional
voltage multipliers, where N (= 1,2, . . . ) is the number of stages of the voltage multiplier and
M (= 1, 2, . . . ) is the number of converter blocks. In Table 1, we omit the Cockcroft–Walton voltage
multiplier utilizing inductors, because it has high voltage stress on circuit components. As it can be
seen from Table 1, the conventional voltage multiplier reported in [46] has the highest voltage stress on
circuit components, although it can achieve the highest voltage gain. Therefore, a special capacitor with
high breakdown voltage is necessary to design the conventional voltage multiplier reported in [46].
On the other hand, the conventional voltage multipliers reported in [38,41,43,46–48] are driven directly
by an ac input, resulting in a slow response. Needless to say, the speed of the voltage multiplier has a
strong relationship with the processing speed of the shockwave non-thermal food processing system.
Therefore, a high-speed voltage multiplier is desirable to offer high speed food processing. As it can
be seen from Table 1, in a balance of voltage gain, response speed, and stress on circuit components,
the proposed voltage multiplier is suitable for the shockwave non-thermal food processing system.

In the following subsection, the control method to reduce inrush currents of the high voltage
multiplier is discussed.

Table 1. Characteristic comparison of voltage multipliers.

Topology Gain Response
Speed

Voltage Stress
on Circuit

Components

Conventional
Cockcroft–Walton circuit 2N Slow 2Vmax[38] (1990)

Conventional Bipolar Cockcroft–Walton voltage
multiplier 4N Slow 2Vmax[41] (2007)

Conventional Cascade-connected voltage doubler 2N Slow (2Vmax)N
[46] (2009)

Conventional Hybrid symmetrical voltage multiplier 2N Slow 2Vmax[43] (2014)
Conventional Bipolar Cockcroft–Walton voltage

multiplier + AC/AC 8N + 2 Slow 4Vmax[48] (2017)
Conventional Series-connected bipolar voltage

multiplier 8N + 4 1 Fast 8Vmax
1

[49] (2020)
Conventional Hybrid Cockcroft–Walton/Dickson

multiplier 4 ×M 2 Slow 4Vmax[47] (2020)

Proposed Modified bipolar Cockcroft–Walton
voltage multiplier 8N + 2 Fast 4Vmax

Note: 1 When the gain of the first converter block is 2. 2 When the number of stages is 4 in each block.

2.3. Clock Pulse Generator

Due to high current stress on circuit components, high inrush currents significantly reduce the
reliability and life expectancy of circuits. Therefore, to reduce inrush currents of the high voltage
generator, we employ the exponential clock pulse generator reported in our previous work [51],
where the transistor switches S1 and S2 shown in Figure 2 are driven by the exponential clock pulse
generator. By slowing down the rate at which the capacitors charge in the high voltage multiplier,
the exponential clock pulse generator reduces the inrush current.

Figure 5 illustrates the circuit configuration of the exponential clock pulse generator reported in [51].
The clock pulse generator shown in Figure 5 can be divided into two blocks: the switched-capacitor
(SC) integrator and the voltage-controlled oscillator (VCO). By switching transistor switches S0, S1,
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and S2, the instantaneous equivalent circuits of the exponential clock pulse generator are expressed as
Figure 6. The operation principle of the clock pulse generator is as follows: In an initial condition,
the initial voltage of C2 becomes V2min when Φ0 is “High”. Next, the capacitor C2 is charged up to
−∆V when S1 is turned on. Then, the electric charge of C1 is transferred to C2 when S2 is turned on.
By repeating these processes, the voltage V2 becomes

V2(t = nT) = V2min + n
C1

C2
∆V (29)

at the n-th cycle. Furthermore, the clock frequency of VCO becomes

fn =
1

Tn
=

1
4C3R3Er

V2(t = nT) (30)

at the n-th cycle. From (29) and (30), the time t is obtained as

t =
n∑

k=0

Tk �
4C2C3R3Er

C1∆V
ln

{
1

V2min
V2(t)

}
(31)

if n is large enough. Therefore, from Equations (30) and (31), the clock frequency f is derived as

f = 1
4C3R3Er

V2minε
C1∆V

4C2C3R3Er
t

=
(

1
4C3R3Er

)
ε

t
τ

(32)

where
τ =

4C2C3R3Er

C1∆V
(33)

As it can be seen from Equations (32) and (33), the frequency of the clock pulses Φ1 and Φ2 speeds
up exponentially. In the proposed voltage multiplier shown in Figure 2, the switches S1 and S2 are
driven by Φ1 and Φ2. Therefore, the inrush currents of the high voltage multiplier are reduced by the
exponential clock pulse generator shown in Figure 5.
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S2 = “On”.

2.4. Electrodes for Pulsed Wire Discharge

By utilizing the WED technique [34–47,50], shockwaves can be generated at a lower voltage
level. However, thin metal wires between electrodes are melted by the WED process. Hence, by the
replacement of the thin metal wire, it is impossible to continuously perform shockwave non-thermal
food processing. To overcome this problem, we propose a new electrode with a reset mechanism.
Of course, the discharging characteristic depends on diameter of electrodes, materials, spark gap, etc.
However, the discussion on these factors is omitted to argue the design of electrodes in this paper.
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Figure 7 depicts the proposed electrode. As it can be seen from Figure 7, a square-shaped copper
wire is connected to the copper electrode, where the 25 × 15 mm square-shaped wire swings on a hinge.
Since the electrodes with the square-shaped metal wire reduces the resistance between the electrodes,
large current flows between the electrodes instantaneously. Figure 8 illustrates the operation principle
of the proposed electrode in a discharging process. First, large current flows between electrodes through
the square-shaped metal wire. By the large current, air bubbles are generated with the shockwaves.
Next, as shown in Figure 8a, the square-shaped wire jumps up due to the air bubbles caused by
underwater explosion. Then, the square-shaped wire bounces off the insulating rubber cap connected
to the electrode, because it has a hinge mechanism. Finally, as shown in Figure 8b, the square-shaped
wire returns to its original position. Since the square-shaped metal wire is not melted by the WED
process, the shockwave non-thermal food processing can be performed continuously. Of course,
the copper oxidation of electrodes affects the discharging characteristics. However, the reduction in
energy stored in the output capacitor is only 2.3% if the oxidation of copper creates an oxide barrier
that requires 40 V conduction. The detailed analysis about the effects of electrode impurities will be
conducted in a future study.
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3. Experimental Study

3.1. Experimental Setup of the Non-Thermal Food Processing System

To confirm the validity of the proposed non-thermal food processing system, some experiments
were performed concerning the laboratory prototype shown in Figure 9. As this figure shows,
the experimental system consists of a high voltage multiplier, a high voltage relay, an exponential
clock pulse generator, and a discharging circuit, where the high voltage multiplier was built with the
circuit components shown in Table 2. In the voltage multiplier, a high voltage, such as more than
3.5 kV, was generated by converting the ac input voltage 100 V at 60 Hz, where the diode 1N4007



Sustainability 2020, 12, 6095 12 of 20

was used to reduce the fabrication cost of the proposed system. The output voltage of the voltage
multiplier was provided to an output capacitor produced by TOEI corporation, where the capacitance
was 200 µF and the rated voltage was 4000 V DC. The terminals of the output capacitor were connected
to the proposed electrodes with a reset mechanism in the chamber as shown in Figure 10, and the
chamber was filled with tap water. Since the proposed system does not require the maintenance of
water insulation, the non-thermal food processing can be achieved at low cost. As it can be seen from
Figure 10, two pairs of electrodes were connected to the output capacitor in order to process both sides
of the target food by only one electric discharge, where the gap between electrodes was set to 10 mm.
In this experiment, in order to investigate the effect of underwater shockwaves, an apple was used as
the target food, because the effect of underwater shockwaves can be confirmed by the discoloration of
the apple flesh. The output capacitor was discharged by the high voltage relay EA12-NC-20-1-100-BD,
which is produced by Ross Engineering, as shown in Figure 9, where the HV contacts were 12 kV and
the insulation to ground was 20 kV.
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Table 2. Circuit components for the high voltage multiplier.

Block Name Circuit Component Value

Full Waveform Rectifier
Capacitor 33 µF

Diode 1N4007

Bipolar Cockcroft–Walton Circuit

Power MOSFET 2SK447
Driver IC IR2110PBF
Capacitor 1 µF

Diode 1N4007
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Figure 10. Setting of the proposed electrodes with reset mechanisms.

3.2. Reduction of Inrush Currents by the Exponential Clock Pulse Generator

In this subsection, the validity of the exponential clock pulse generator is confirmed experimentally.
Figure 11 demonstrates the measured clock pulses obtained by the exponential clock pulse generator,
where the exponential clock pulse generator was built with the circuit components shown in Table 3.
In the performed experiment, the circuit parameters were set as shown in Table 4. In the parameter
setting shown in Table 4, the voltage V2 increases from 0.4 V (= V2min) to 7.9 V (= V2max), where the
frequency varies from 1 kHz (= fmin) to 20 kHz (= fmax). As it can be seen from Figure 11, the exponential
clock pulse generator can generate the exponential clock pulse from 1 kHz to 20 kHz.
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Table 3. Circuit components for the clock pulse generator.

Name Circuit Component

Comparator Comp LM311N
Operational amplifiers Op2, Op2 LM318

CMOS switches S0, S0, S1, S2 TC4066
Flip-flop TC4013
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Table 4. Circuit parameters in the clock pulse generator.

Name Value

Capacitor C1 0.1 nF
Capacitor C2 4.7 nF
Capacitor C3 47.8 nF
Resistor R1 0.95 kΩ

Step voltage ∆V 0.4 V
Reference voltage Er 3.0 V

To confirm the validity of the exponential clock pulse generator, the proposed voltage multiplier
shown in Figure 2 was driven by the exponential clock pulse generator shown in Figure 5. Figure 12
demonstrates the measured inrush currents of the voltage multiplier. As it can be seen from Figure 12,
the exponential clock pulse generator can reduce the inrush current from 1.1 A to 0.4 A. In other words,
the proposed exponential clock pulse can reduce about 63.6% inrush current from the traditional fixed
clock pulse.
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3.3. Non-Thermal Food Processing Utilizing Underwater Shockwaves

In this subsection, the effectiveness of the proposed non-thermal food processing system is clarified
by some laboratory experiments. Figure 13 demonstrates the non-thermal food processing captured by
the high-speed camera EX-100PRO. As it can be seen from Figure 13, the electric discharge occurred
from both electrodes at the same time. Figure 13a is the initial state, Figure 13b is the light emitting
state during electric discharge, Figure 13c is the state of electric bubble formation, and Figure 13d
is the state of the electric bubble disappearance. As shown in Figure 13, the discharge occurred
simultaneously at both pairs of electrodes. It is noteworthy that the square-shaped metal wires return
to their original position after the electric discharge. Therefore, the proposed system can process the
target food continuously without changing metal wires between electrodes. Figure 14 demonstrates the
cross section of the apple processed by the proposed non-thermal food processing system, where the
hardness of the apple is shown in Table 5. As it can be seen from Table 5, the hardness of the apple
flesh on the left and right sides was reduced by about 49% (138.5 to 70.6 N/cm2) and 53% (136.7 to
64.2 N/cm2), respectively. On the other hand, the hardness of the apple flesh was reduced by about 50%
(147.8 to 73.5 N/cm2) in the traditional technique reported in [52]. From these results, the proposed
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system can achieve effective non-thermal food processing as with the traditional non-thermal food
processing system. Economically, the electricity cost of the shockwave non-thermal food processing
system is about JPY 0.010, if the electricity price per kWh is JPY 25. On the other hand, the electricity
cost of a 240 W conventional juicer is about JPY 0.033. Hence, the operating cost of the shockwave
non-thermal food processing system is smaller than that of conventional juicers.

In the proposed non-thermal food processing system, it is noteworthy that (i) small inrush current
was realized by the exponential clock pulse generator, (ii) low stress of circuit components was achieved
by the proposed voltage multiplier, and (iii) continuous WED was offered by the proposed electrode
with a reset mechanism.Sustainability 2020, 12, x FOR PEER REVIEW 16 of 20 
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4. Conclusions

For shockwave non-thermal food processing systems, a stress reduction technique has been
proposed in this paper. Concerning the laboratory prototype of the proposed non-thermal food
processing system, the evaluation of the proposed technique was performed by experiments. In the
performed experiments, the following results were obtained:

(i) The proposed technique reduced the inrush current of the proposed voltage multiplier from
1.1 to 0.4 A. Concretely, about 63.6% inrush current was suppressed by the proposed technique.
The proposed voltage multiplier with an exponential clock pulse generator can provide not only the
reduction of inrush current but also low voltage stress.

(ii) In the laboratory prototype of the proposed non-thermal food processing system, the hardness
of the apple flesh on the left and right sides was reduced by about 49% (138.5 to 70.6 N/cm2) and 53%
(136.7 to 64.2 N/cm2), respectively. Distinguished from traditional non-thermal food processing systems,
the proposed system can achieve continuous WED by a reset mechanism of the proposed electrode.

From the obtained experimental results, the reliability and life expectancy of shockwave
non-thermal food processing systems can be achieved by the proposed techniques. However,
the following issues are left for future studies: (i) detailed investigation on the dynamic currents of the
proposed shockwave non-thermal food processing system, (ii) in-depth research on various processed
foods, such as cellular damage, uneven processing, flavor, and taste, (iii) durability testing to reveal a
financial picture, and (iv) food safety investigations on microbe viability.
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