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ABSTRACT. In recent years, the non-thermal food processing is receiving much attention,
because the non-thermal food processing can offer nutritious and fresh processed foods
at low cost. In the non-thermal food processing, an underwater shockwave is utilized
by discharging a high voltage in water. To generate the underwater shockwave, this
paper proposes a novel high voltage multiplier designed by connecting a bipolar Cockcroft-
Walton voltage multiplier (CWVM) with a switched-capacitor (SC) direct ac-ac converter
in series. In the proposed multiplier, first, an ac input is amplified to double by the
inductor-less ac-ac converter. Then, the output of the ac-ac converter is stepped-up again
by the bipolar CWVM. Therefore, owing to the inductor-less series-connected bipolar
topology, the proposed multiplier can achieve smaller size and higher gain than existing
multipliers. Concerning the proposed multiplier with 26X step-up gain, the operation
principle and theoretical analysis are discussed in detail. Furthermore, the feasibility
and effectiveness of the proposed multiplier are demonstrated by simulation program with
integrated circuit emphasis (SPICE) simulations.

Keywords: Series-connected bipolar topology, Cockcroft-Walton multipliers, Inductor-
less ac-ac converter, Non-thermal food processing, Switched-capacitor circuits

1. Introduction. For the healthy life of people, effective food processing is a vital issue.
In recent years, a food processing technology without heating [1] has been studied to
offer nutritious and fresh foods to consumers. In the non-thermal food processing, the
destruction of nutrients is not caused with an increase in temperature. Concerning the
non-thermal food processing, there are many kinds of technologies [1], such as High Hy-
drostatic Pressure (HHP), High Voltage Arc Discharge (HVAD), and Cold Plasma (CP).
Among others, non-thermal food processing utilizing an underwater shockwave is one of
the most promising methods to provide nutritious and fresh foods at low cost. In the non-
thermal food processing utilizing an underwater shockwave, the cell wall and organization
of foods are destroyed by the high-speed destruction phenomenon that is called spalling
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destruction [2-5]. To generate the underwater shockwave, a high voltage multiplier, such
as the Cockcroft-Walton voltage multiplier (CWVM) [6], is used to cause the spalling
destruction. The CWVM has light and simple circuit configuration, because a magnetic
transformer with high turn ratio is not required to design CWVM.

In past studies, various types of CWVMs have been developed. For example, Wang
and Luerkens proposed a cascade CWVM and its model of parasitic capacitances in
2013 [7] and Patel and Dave implemented a negative high voltage multiplier in 2013
[8]. Owing to the symmetrical structure, the cascade CWVM [7] can reduce the voltage
ripple magnitude. Furthermore, the complete model of the parasitic capacitances was
given in [7]. However, Wang and Luerkens’s voltage multiplier requires a transformer
with center-tapped secondary to perform its push-pull kind of operation. On the other
hand, Patel and Dave’s voltage multiplier can generate a negative stepped-up voltage
[8]. However, a transformer with high turn ratio is necessary for the Patel and Dave’s
multiplier. Therefore, these voltage multipliers are heavy and bulky. Without using
transformers, Young et al. suggested a boost type voltage multiplier based on the CWVM
in 2009 [9] and 2011 [10]. By combining a boost converter and a CWVM, the voltage
multipliers in [9,10] generate a high voltage with a small number of stages. Furthermore,
unlike the conventional multipliers in [7,8], a transformer with high turn ratio is not
necessary to design the boost type voltage multiplier based on the CWVM [9,10]. However,
the voltage multipliers in [9,10] require a large inductor.

To reduce the voltage drop caused by the increase of the number of stages, Igbal and
Besar and Eguchi et al. suggested a bipolar CWVM in 2007 [11] and 2011 [12], because the
output voltage of CWVM is lowered according to the increase of the number of stages.
Unlike the above-mentioned voltage multipliers [6-10], the bipolar CWVM can offer a
high stepped-up voltage by combining the outputs of positive and negative multipliers.
Following this study, Iqbal developed a hybrid symmetrical CWVM in 2014 [13]. Owing to
the hybrid symmetrical bipolar topology, Igbal’s high voltage multiplier can alleviate the
voltage drop and can improve transient response from the conventional voltage multipliers
[6-12]. However, due to the switching control using ac inputs, response speed is slow.

To improve the response speed, a high-speed voltage multiplier [14-16] is proposed by
Eguchi et al. and Abe et al. in 2014 and 2015. By driving diode-switches of CWVM
by using high speed rectangular pulses, these voltage multipliers can provide an output
voltage at high speed, where the rectangular pulses are generated by employing high /low
side drivers. However, the number of stages of the CWVM is still large, though these
CWVMs [14-16] can achieve high response speed.

To achieve high gain with small number of stages, a high voltage multiplier with series-
connected bipolar topology is proposed by Eguchi et al. in 2015 [17]. By connecting
positive/negative multiplier blocks in series, the CWVM reported in [17] amplifies the
input voltage twice. Therefore, the voltage multiplier reported in [17] can achieve high
gain with small number of stages. Following this study, Abe et al. suggested a high
voltage multiplier using level shift drivers [18,19] to simplify the circuit configuration. By
connecting CWVMs via level shift drivers, Abe et al.’s multiplier can generate a high
stepped-up voltage without a full-bridge circuit. However, the circuit configuration of
the series-connected voltage multiplier is complex, though the number of stages can be
reduced. Furthermore, the voltage multiplier using level shift drivers suffers from high
voltage stress. For above-mentioned drawbacks of the conventional multipliers [6-19], an
inductor-less high voltage multiplier realizing high gain and small circuit size is required
to develop an efficient non-thermal food processing system at low cost.

In this paper, a novel high voltage multiplier is proposed for non-thermal food pro-
cessing utilizing an underwater shockwave. Unlike the conventional voltage multipliers,
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the proposed multiplier is designed by connecting a bipolar CWVM with a switched-
capacitor (SC) direct ac-ac converter in series. First, an ac input is amplified to double
by the inductor-less ac-ac converter. Then, the output of the ac-ac converter is stepped-
up again by the bipolar CWVM. By converting the ac input twice, high step-up gain
is realized with a small number of stages. In other words, the proposed multiplier can
alleviate the threshold voltage drop caused by diode switches. Furthermore, the pro-
posed multiplier can achieve smaller size than existing multipliers, because the proposed
multiplier requires no magnetic components. To clarify circuit characteristics, simulation
program with integrated circuit emphasis (SPICE) simulations and theoretical analysis
are performed concerning the proposed CWVM.

The remainder of this paper is organized as follows. Section 2 gives the circuit con-
figuration of the proposed high voltage multiplier to expose the difference between the
proposed circuit topology and conventional topologies. Section 3 clarifies the characteris-
tics of the proposed multiplier by theoretical analysis. Section 4 demonstrates the results
of SPICE simulation to confirm validity of circuit design. Finally, Section 5 discusses
conclusion and future work of this study.

2. Circuit Configuration.

2.1. Block diagram. Figure 1 illustrates the comparison of the block diagrams between
the proposed multiplier and conventional multipliers. As Figure 1 shows, the proposed
multiplier is composed of a switched-capacitor (SC) ac-ac converter and a bipolar mul-
tiplier. The features of the proposed multiplier are as follows. 1) By employing bipolar
topology, the proposed multiplier can alleviate the voltage drop caused by the increase of
the number of stages. The number of stages for the proposed multiplier is about a half of
the conventional multiplier [5,9]. 2) Unlike conventional multipliers [10,12], the proposed
multiplier requires no full waveform rectifier (FWR). Therefore, the proposed multiplier
using an ac-ac converter can achieve small and simple circuit configuration. 3) By com-
bining the bipolar CWVM and an ac-ac converter, the input voltage V¢ is converted
twice. Owing to the series-connected structure, the proposed multiplier can achieve high
step-up gain.

2.2. Circuit configuration. The circuit configuration of the proposed multiplier is
drawn in Figure 2. As Figures 1 and 2 show, the proposed multiplier amplifies the input
voltage twice. The operation principle of the proposed multiplier is as follows. First, in
the SC ac-ac converter, the input voltage Vic (= 100V@Q50Hz) is charged to C; and Cy
by controlling transistor switches, where high-speed two-phase clock pulses, ®1 and P2,
are used to drive transistor switches. Since C and Cy are connected in series, the output
voltage of SC ac-ac converter, namely, the input voltage of the bipolar CWVM becomes
2V 4c. Then, the ac input voltage is converted again in the bipolar CWVM. The bipolar
CWVM offers a positive output V), and a negative output V,,. Concretely, in Figure 2,
the outputs V,, and V,,, are about 14V,,,« and —12V,,,, respectively, where V. denotes
the maximum value of V4¢. By combining V,, and V,,,, the output voltage stored in the
output capacitor C,,; becomes as follows:

V;;ut = 26Vmax - 15%]17 (1)

where Vj;, denotes the threshold voltage of the diode switch. To destroy fruits and veg-
etables, the step-up gain is set to 26 in the proposed multiplier, because more than 3.5kV
must be generated from 100V@50Hz to destroy target foods.

The comparison of output voltages between the proposed multiplier and conventional
CWVNMs is shown in Table 1, where N (= 1,2,...) denotes the number of stages of the
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FIGURE 2. Circuit configuration of the proposed multiplier

TABLE 1. Comparison of output voltages

Output Voltage
Conventional _ B
CWVMI1 [6,13] V;;ut =2N (Vmax - V;ﬁh) — 2Nvmax - 2NWh
Conventional Vout = 2N (Vinax — Vin) + (2N) Vinax — 2N + 1) Vi,
CWVM2 [11,12,14-16] = 4NViax — (AN + 1) Vi,
Conventional Vour = 22N + 1) (Vinax — Vin) + 2(2N) (Vinax — Vin) — Vin
CWVM3 [17] = (8N + 2) Vinax — (8N + 3)Vjy,
. V;;ut — 2(4N + 1) (Vmax - Wh) - (2N + I)Wh
ch?\?ﬁitﬁ??lg] +2(2N + 1) (Vias = Vin) — (N + 1)V,
’ = (12N + 4)Vinax — (16N 4+ 6) Vi,
SRT V;;ut = (2N + 1) (2Vmax - Wh) + 2N (2Vmax - Wh) - 2%]1
Proposed multiplier — (8N + 2) Ve — (4N +3)Vis

VMB. As Table 1 shows, the step-up gain of the proposed multiplier is higher than that
of the conventional CWVMI, 2, and 3. Concretely, the proposed multiplier can generate
more than 3.5kV when V- = 100V@50Hz and N = 3. Of course, the gain of the
conventional CWVM4 is higher than that of the proposed multiplier. However, as we
described in Section 1, the conventional CWVM4 [18,19] suffers from high voltage stress.
Furthermore, the threshold voltage drop caused by diode switches is very large.

3. Theoretical Analysis. In the case of the 26x step-up gain, the equivalent model of
the proposed multiplier is derived theoretically in order to clarify circuit characteristics.
In the theoretical analysis, the four-terminal equivalent circuit reported in [20,21] is used
as the equivalent model, where the following conditions are assumed: 1) AC input is a
staircase ac waveform, 2) parasitic elements are negligibly small, and 3) time constant
is much larger than the period of clock pulses. Figure 3 illustrates the four-terminal
equivalent circuit of the proposed multiplier, where m,, ms and ms; denote the ratio of
ideal transformers and Rgc-; and Rgcoo are internal resistances called the SC resistance.
By using instantaneous equivalent circuits, the parameters of the four-terminal equivalent
circuit [20,21], mq, ma, m3, Rsc1 and Rgee, are derived.
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FIGURE 3. Four-terminal equivalent model for the proposed multiplier

Figure 4 illustrates the instantaneous equivalent circuits of the proposed multiplier in
steady state. In Figure 4, R,, denotes the on-resistance of the transistor switch, R,
denotes the on-resistance of the diode, and V};, is the threshold voltage of the diode. In
the steady state, the differential value of the electric charge in C;, Cp and Cyy, ((j = 1,2)
and (k =1,...,6)) satisfies

Aq%{ + A(Jﬁ =0, Ag + Adhy =0 and AgF + Agif =0, 2)

2

Aq’}f and Aqgf denote the electric charges of the k-th capacitor in State-T;. In (2), the
interval of clock pulses satisfies the following conditions:

where Aqu_, (i = 1,2) denotes the electric charges of the j-th capacitor in State-T}, and

!/

T 4T, TI’:TZ’:TE,T:TNLTQ, andT1:T2:g, 3)
where T and T are the period of clock pulses for the ac-ac converter block and the bipolar
CWVM block, respectively, and 7] and 7T; are the pulse width of ®, and ®;, respectively.

First, the circuit parameters m; and Rgcp of the ac-ac converter block are derived.
While the state is 7] and the ac input is positive, we have the differential values of
electric charges in the input and output terminal, Agyr ., and Agrr ,,, as follows:

A1y, = Agry — Aggy and Agryu, = Aggy — Agry ;- (4)

sVin

While the state is T3 and the ac input is positive, the differential values of electric charges
in the input and output terminal, Agry ,,, and Agry,,, are given as

»Vin

Agry,, = Adgy — Agpy and Aqgry,,, = Aqyy. (5)

sVin

On the other hand, while the state is 7] and the ac input is negative, we have the
differential values of electric charges, Agrr ,,, and Aqry ,,, as follows:

Aqr v, = Aq%{ - Aq}p{ and Agrr,, = —Aq}i — AGTY - (6)

sUin
While the state is 75 and the ac input is negative, Agry ., and Agry,, are given as

Aqr 0, = Aq},,é — Aq%é and Aqgy ., = —Aq},,é. (7)

sVin
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FIGURE 4. Instantaneous equivalent circuits of the proposed multiplier:
(a) ac-ac converter block during State-T7, (b) ac-ac converter block during
State-Ty, (c¢) bipolar CWVM block during State-T7, and (d) bipolar CWVM
block during State-T5

Here, using the Kirchhoff’s current laws, the input and output currents are expressed as

A s A I v; + A ! v; A v A " v —|— A !
Z,in _ q in _ qu in qTQa in and 7;0 — q o _ qu, o qTQ’ 0, (8)
T T T T

because the overall change of the input and output currents is zero in the steady state.
In (8), Ag,,, and Ag,, are electric charges in v;, and v,, respectively. Substituting (2)-(7)
into (8), we have the relation between the input current and the output current as follows:

Pa— (9)

Therefore, the conversion ratio in Figure 3 can be obtained as m; = 2.

Next, in order to derive the SC resistance Rgc; of the ac-ac converter block, the con-
sumed energy in one period is discussed. In spite of the polarity of an ac input, the
consumed energy Wi of the ac-ac converter block can be expressed as

W = Wy + Wy, (10)
where
1 (AQT’ v; )2 1 (AQT’ v; )2
WT{ = # x 2R, and WTé = # X 2R,,. (11)
1 2
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In (10), dielectric loss is not considered to simplify the theoretical analysis. Using (2)-(7),
the consumed energy (10) can be rewritten as

8Ron (Aq’UO)2
Wi = — (12)
Here, the consumed energy Wr of the SC ac-ac converter in Figure 3 is defined as
Agy, )’
Wy = Rsm( ;,0) ; (13)

because energy is consumed by Rgci. Therefore, from (12) and (13), the SC resistance
Rgscr in the SC ac-ac converter can be obtained as Rgc1 = 8R,,.

Next, the circuit parameters of the bipolar CWVM block are analyzed. During State-
Ty, the differential values of electric charges in the input and output terminals, Agr, ,,,
Aqr, p,, and Agr, ,,,, are given as

Aquy'Ui = Aqg} - Aqg? - Aqé)::’ + Aqg—&l’ AqT’l,'Upo = Aqg? and Aqjjly'uno = A - qg—’f’ (14)
where the following conditions are satisfied:

6 4 5 4 2 3 5

Adry = Adpy + Aqr), Mgy = Az, + Agry — Mgy, (15)

Aqgif = Aqgif + Aq%f’ and Aq"i1 = Aq%f + Aq%f — Aq%f’.

During State-T5, the differential values of electric charges in the input and output termi-
nals, Aqr, ., Agry,0,, and Aqr, ,,,, are given as

Aqry 0 = Aq’}g — Aq’ﬁl, Aqry p,, = 0 and Agpy ,, =0, (16)

Uno

where the following conditions are satisfied:

6 3 4 5 4 1 2 3
Ay = Ay, + Agy, — Ay, Agyy = Agyy + Adfy — Agly,

(17)
Ady; = Ay + Adyy — Ay and Agyy = Adyy + Agyy — Adly.
As in the case of (8), the input and output currents are defined as
i = AQUi _ AQTl,vi + AQTz,vi P Aq'l}po _ Aqu,vpo + AqT2,Upo
’ T T rope T T (18)
and 7/ — Aqvno — AqT’l,'Uno + AqTQaUnO
no T T )

where Agq,;, Ag,,, and Ag,,, are electric charges in vy, vy, and vy,,, respectively. Sub-
stituting (2), (14)-(17) into (18), we have the relation between the input current and the
output currents as follows:

i = —Tipo + Oipe. (19)
Therefore, the conversion ratios in Figure 3 can be obtained as my = 7 and m3 = 6.
Next, we discuss the consumed energy W2 in one period to derive the SC resistance

Rsco of the bipolar CWVM block. As is the case in (10), the consumed energy W2 of the
bipolar CWVM block can be expressed as

Wi = W¢ + Wz, (20)
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where
qul—qu32 qu3—qu52 qu52
WZIZH — ( Ty Tl Tl) X Ty + ( Ty Tl Tl) X Tq + ( T:fl) X T4
p62 Anl_An?)Q An3_An52
o ;T) N G/ = @), (DG - @),
A n5)2 A n6) 2
+%er+%x7@ (21)
Apl_Ap32 AP3_A:D52 AP52
(Agz) — Agg)” (Agi — Agg)” (Agz)”
+ T X Trq+ T X rqg+ T X Tq.
Using (2), (14)-(17), the consumed energy (20) can be rewritten as
1rg (Agy,)”  14rq (Agn.)® 2874 (Agu,.,)?
Wj% — d ( q PO) + Td ( q no) — 8,rd ( q out) , (22)
T T T
where
AQ'Upo = _Aq'Uno - Aq'Uout' (23)
Therefore, from (13) and (22), the SC resistance Rgco in Figure 3 can be obtained as
Rsco = 28ry;. By combining my, ms, ms, Rsc1 and Rgeo, the equivalent circuit is
obtained as
15
Umax — (32) Vn | _ [ 1/26 0 1 1352R,y + 2874 Vout | (24)
Lin 0 26 0 1 —Tout

because the four-terminal equivalent circuit of Figure 3 can be expressed by the K-matrix.
From (24), the output voltage of the proposed multiplier is derived as

Ry,
out = 260max — 15Vin) . 25
Vout { (1352Ron + 2874) + Ry, } (26v ) (25)

4. Simulation. The characteristics of the proposed multiplier are demonstrated by SP-
ICE simulations. In SPICE simulations, the target output voltage was set to 3.5kV,
because the 3.5kV output has been used to generate an underwater shockwave in previous
studies. Figure 5 demonstrates the simulated output voltages of the proposed multiplier,
where the SPICE simulation was performed under conditions that V,., = 100V@50Hz,
T_]_OOMS T,_TI_E)O/,LS Cl CQ—].O/,LF andel—...: pG_Cnl_---_
Cue = Cour = 33uF. In other words, the transistor switches of the SC ac-ac converter
were driven by the clock pulses at 10kHz. Therefore, a general discrete component can
be available as the transistor switch in the proposed multiplier. As Figure 5 shows, the
proposed multiplier can generate more than 3.5kV within 2.65 seconds. On the other
hand, Figure 6 demonstrates the output voltage of the traditional CWVM reported in
[6], where the SPICE simulation was performed under conditions that the step-up gain
is 26, the input voltage is 100V@Q50Hz, and all the capacitances are 33uF. As Figure 6
shows, the traditional CWVM takes about 79.5 seconds to generate 3.5kV. From these
results, the proposed multiplier is much faster than the traditional CWVM reported in
[6]. Concretely, the startup time of the proposed multiplier is less than 1/30 of that of
the traditional CWVM reported in [6].

Figure 7 shows the result of the Monte Carlo analysis for the proposed multiplier, where
capacitors have 20% tolerance with Gaussian distribution. In Figure 7, the mean value
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is 3.67kV and the standard deviation is 0.18V. On the other hand, Figure 8 shows the
result of the Monte Carlo analysis for the traditional CWVM reported in [6]. In Figure
8, the mean value is 3.63kV and the standard deviation is 1.01V. As the results Figures
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TABLE 2. Comparison of the number of circuit components

Number of | Number of | Number of
diodes capacitors switches
Conventional CWVM [6] 26 26 0
Conventional CWVM [14] 62 43 4
Conventional CWVM [17] 34 29 8
Conventional CWVM [18,19] 24 18 4
Proposed multiplier 14 14 4

TABLE 3. Summary of simulation results

1017

Value

Number of circuit components | 14 diodes, 14 capacitors, and 4 transistor switches

Output voltage

3.67kV (V,. = 100VQ@501z)

Standard deviation of V,;

0.18V (20% capacitor tolerance)

Rise time

2.65 seconds (Gain 26x)

7 and 8 show, the proposed multiplier as well as the traditional CWVM is robust to the

fluctuation of capacitors.

Table 2 shows the comparison of the number of circuit components between the pro-
posed CWVM and conventional CWVMs reported in [6,14,17-19]. In Table 2, the conven-
tional CWVMs using transformers are omitted. As Table 2 shows, the proposed multiplier
can be fabricated by 14 diodes, 14 capacitors, and 4 transistor switches. The number of
circuit components for the proposed multiplier is smaller than that for the conventional
CWVMs [6,14,17-19] though the conventional CWVMs reported in [14,17-19] are faster
than the proposed CWVM. Concretely, the proposed multiplier can reduce more than
38% of circuit components from the traditional CWVM reported in [6]. The result of
SPICE simulations is summarized in Table 3.
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5. Conclusions. For non-thermal food processing utilizing an underwater shockwave, a
novel high voltage multiplier has been proposed in this paper. By connecting an SC ac-ac
converter and a bipolar CWVM in series, the proposed multiplier amplifies the input volt-
age twice with small number of circuit components. Furthermore, the proposed multiplier
can be realized without a full waveform rectifier as well as a magnetic component.

Concerning the proposed multiplier with 14 diodes, 14 capacitors, and 4 transistor
switches, the characteristic evaluation was performed through theoretical analysis and
SPICE simulations. By converting the input voltage 100V@50Hz, more than 3.5kV output
was generated by the proposed voltage multiplier. The proposed multiplier was robust to
the fluctuation of capacitors. Concretely, the standard deviation of the output voltage was
less than 0.18V when capacitors have 20% tolerance with Gaussian distribution. When
the gain is 26, the number of circuit components for the proposed voltage multiplier was
smaller than that for the inductor-less conventional CWVMs. Concretely, the proposed
multiplier reduced more than 38% of circuit components from the traditional CWVM.
Therefore, simple circuit configuration can be provided by the proposed voltage multiplier.
Furthermore, the proposed voltage multiplier showed higher response speed than the
traditional CWVM. Concretely, the startup time of the proposed multiplier was less than
2.65 seconds. As a result of comparison, the startup time of the proposed multiplier was
1/30 of that of the traditional CWVM.

Future work is focused towards the characteristic evaluation of the proposed multiplier
through experiments.
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