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ABSTRACT. This paper proposes a high-speed bipolar Cockcroft-Walton voltage multiplier
(CWVM) using underwater shockwaves suitable for low output voltage conditions. Unlike
conventional high-voltage multipliers, the proposed multiplier is not only bipolar topology,
but also has a high-speed driver. The theoretical analysis reveals that the voltage gain
and internal resistance of the proposed multiplier are 6 and 8Ryq + 18R, respectively.
Moreover, experimental results using a prototype of the proposed multiplier demonstrate
that the output voltage of the proposed multiplier can be obtained more than 859 V within
26.7 seconds during the voltage gain of 6 and an input voltage of 100 V at 60 Hz.

Keywords: High voltage multipliers, Shockwave non-thermal food processing, Cock-
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1. Imtroduction. Food processing in general has the problem that food nutrients are
destroyed during processing. To solve this problem, several non-thermal food processing
methods have been devised [1-8]. Among them, the method using underwater shockwaves
generated by high voltage [7,8] has the advantage of low processing cost. However, this
method has the weakness that it takes a long time for food processing because it is nec-
essary to charge high voltage to output capacitors. To improve the efficiency of food
processing, many voltage multipliers are studied by many researchers. Among them, one
of the most popular high voltage multipliers is the Cockcroft-Walton voltage multipli-
er (CWVM) [9], for example, symmetrical CWVM [10], series-connected CWVM [11],
hybrid CWDM [12], stacked DM [13], and stacked HCWDM [14]. However, it is nec-
essary to generate high voltages, such as more than 3 kV for food processing. For this
reason, custom-made capacitors with high withstand voltage and large capacitance must
be used as output capacitors. Thereby, it increases the manufacturing cost of the pro-
cessing system. In the method using underwater shockwaves generated by high voltage,
the output voltage can be reduced by keeping the output energy constant [15]. Therefore,
the manufacturing cost of the processing system can be reduced under low output volt-
age conditions because general capacitors can be used as output capacitors. However, the
lower output voltage is, the larger capacity of output capacitors must be, resulting in a
longer processing time.

In this paper, we present a high-speed bipolar CWVM using underwater shockwaves
suitable for low output voltage conditions. This multiplier has the advantage of having
fewer circuit stages than the conventional CWVM [9] because of its bipolar topology.
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Moreover, the proposed multiplier is equipped with a high speed driver. This paper is or-
ganized by the following sections. In Section 2, the features of the proposed multiplier are
presented and its circuit operation is explained. Section 3 presents the results of theoreti-
cal analysis of the proposed multiplier. Section 4 demonstrates the results of experiments
conducted on a prototype of the proposed multiplier. Finally, Section 5 summarizes this

paper.

2. Circuit Configuration. Figure 1 shows the circuit configuration of a conventional
CWVM [9]. This multiplier has the advantage of a simple structure because it consists
of only diodes and capacitors. However, the response speed of the conventional CWVM
becomes slower as the number of multiplier stages increases. In addition, the conventional
CWVM is directly driven by a commercial power supply. Therefore, we devised a multipli-
er that employs a bipolar Cockecroft-Walton topology, as shown in Figure 2. This topology
can reduce the number of multiplier stages. In addition, this multiplier is equipped with
the high-speed driver, which enables fast circuit drive. As shown in Figure 2, this mul-
tiplier is organized by an isolation transformer, two full-waveform rectifiers (FWRs), a
high-speed pulse generator, and a bipolar CWVM. First, two full-wave rectifiers (FWRs)
generate DC voltages |Vinax| and —|Viax| from the AC input by the commercial power
supply, where V., is the amplitude of V,.. Next, the pulse generator consisting of IGBT's
driven by the clock pulses ®; and ®, provides high-speed 2-phase rectangle pulses with
the amplitude 2|Vj,.x| to the bipolar CWVM. Finally, 4|V;,ax| and —2|Vi,.x| are generated
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F1GURE 1. Conventional CWVM [9]
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FIGURE 2. Proposed high voltage multiplier
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as Vp, and V,,,, respectively, where V,, and V,,, are DC output voltages of the positive and

negative modules. The difference between V,,, and V,,,, approximately 848 V (: 100v/2 x 6)
is supplied to the output capacitor Cl,;.

3. Theoretical Analysis. To clarify theoretically the output voltage gain m and the
internal resistance of the proposed multiplier Rgc, a theoretical analysis is performed.
Figure 3 illustrates the instantaneous equivalent circuit of the proposed multiplier. In
this section, theoretical analysis is performed under the following conditions: 1) the time
constant of the circuit is much larger than the clock pulse period T, 2) the equivalent
resistance of diodes is Ry, and 3) the on resistance of IGBTs is Ry,.
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F1GUuRrE 3. Instantaneous equivalent circuits of the proposed multiplier:
(a) State-T7 (P is high and @, is low) and (b) State-T5 (P, is low and
®, is high)

In Figure 3, the variation of electric charge in C); (i = 1,2,3,4) and C,; (j = 1,2)
satisfies Equations (1) and (2):

Aqgil = —Aq% (1)
Agpl = —Aqy, (2)

First, applying Kirchhoff’s current law to the instantaneous equivalent circuit in Figure
3(a), we obtain Equations (3) to (6):
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—Aqr, v, = —Adhy + Agy (3)
Aqu,Vpo = qu%? (4)
Adyy = Adpy + Adp; (5)
Agy = —Agf? (6)

On the other hand, applying Kirchhoff’s current law to Figure 3(b), we obtain Equations
(7) to (9):

Aqr, v, = —Adh, + Mg (7)
Adt, = Mgy, + Adpy — Adpy = —Ad, (8)
Aqr, v, = —Adg; (9)
The input variation of electric charge, Ag;,, is expressed as Equation (10):
Agin = Aqry, v, + Aqny v, = 2 (AQ% A (10)
By rearranging Equations (1) to (10), we obtain Equations (11) to (15):
Ady, = —Aqy, (11)
1
Aqy, = QACI% (12)
1
Agyy = —§quﬁ (13)
Agil = —fag 14
dr, = 5 qr, (14)
n 1
Aqu2 = §ACI§% (15)
From Equations (1) and (15), we get Equation (16),
Agin = 2 (28q1,v,, — A1y 1) (16)

Thereby, we obtained Ag;, = —6Aqr, v,,, because of Agr, v, = —Agqnp,y,,. From these
equations, the output voltage of the proposed multiplier can be obtained as V,,; = 6|Vijax/|-
Therefore, the voltage gain m is 6.

Next, we calculate the power loss of the proposed multiplier in order to obtain the
internal resistance Rgc. In Figure 3, the power loss of the proposed multiplier, Wy, is
obtained as Equation (17):

Wr = Wp, + Wy, (17)

where 7" expresses the time of the clock pluses, Wy, and Wy, are the power loss of State-T
and State-T5. W, and Wi, are expressed as Equations (18) and (19):

Rd 3 1\ 2 Rd 3\ 2 Rd 2 Rd nl)2

Wr = 7 (Adgy — M)+ 7 (Aar)” + 7 (Barv,,)” + 757 (Adky)
ROTZ
1

Ry 3 12 , Ra 32 Ry a2 - Ra 2

Wr, = i (AQ% - AC.I?FZ) + T, (Aqu) + T, (Aqu) + T, (Agr,v,,0)
Ron

+ (AqT27‘/in)2 (19)
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From Equations (17) to (19), Wr is obtained as Equation (20).

) (AQVPO)

Wy = (8Ry + 18R, (20)

where T" = T} + T5. From Equation (20), the internal resistance Rgc is calculated as
8R4 + 18R,,. The equivalent model of the proposed multiplier shown in Figure 4 can be
expressed by Equation (21) [16,17].

WViax| = Vin 1 [1/6 01[ 1 8R4+ 18Rsn Vout 1)
I, “1 0 6|0 1 Lot

Finally, the maximum output voltage of the proposed multiplier, V,,;, is obtained as
Equation (22).

R; +8Ry+ 18R,
where Rj is an output load. From this theoretical analysis, we were able to get that
the voltage gain m and the internal resistance Rgc are 6 and 8R; + 18R, respectively.

Therefore, V,,; is about 848 V when input voltage of the proposed multiplier is 100 V
AC.

Vot = 00Vos] = V) % (s 15 ) (2

1 6 8Rd+ 18R0n IOuI

|Vmax| - Vth % ‘ ‘ g Vout

FIGURE 4. Equivalent circuit of the proposed voltage multiplier

4. Experimental Results. In this section, we experimentally confirm the feasibility
of the proposed multiplier. Figure 5 shows the experimental prototype. The prototype
circuit components consist of the diode 1N5408G-T, the capacitor 10 pF, the isolation
transformer TZ-100A, and the IGBT FGA60N65SMD. Figure 6 and Figure 7 show the
measured output voltage and the output current during food processing using the pro-
posed multiplier. From Figure 6(a), we confirm that the output voltage reaches 859 V
with a rise time of 26.7 seconds, where the input voltage was 100 V at 60 Hz and the
clock pulse frequency was 10 kHz. The output voltage was supplied to KEMET corpora-
tion capacitors with capacitances of 3300 puF (1100 uF x 3) and rated voltages of 1100
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FIGURE 5. Prototype of the proposed multiplier
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FIGURE 6. Measured output voltage of multipliers: (a) Proposed and (b)
conventional [11]
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FIGURE 7. Measured output current of multipliers: (a) Proposed and (b)
conventional [13]

TABLE 1. Feature comparison of high voltage multipliers

Topology Gain  Speed  Voltage stress

Conventional Series-connected Cockeroft-Walton 08 Fast SV

[11] (2018) voltage multiplier as max
Conventional Hybrid Cockeroft-Walton/Dickson

[12] (2020) multiplier (2 stages x 6 cells) 24 Slow AV inax
Conventional . -

13] (2021) Stacked Dickson multiplier 24 Fast 4V nax

Proposed Bipolar Cockeroft-Walton 6  Very Fast oV

voltage multiplier

V DC. In contrast, in Figure 6(a), the conventional multiplier can be reached 3.93 kV
within a rise time of which is 281 seconds. Therefore, we confirmed that it can reduce the
rise time by using the proposed multiplier.

Next, in Figure 7(a), the maximum output current during the discharge process is 22.6
kA. On the other hand, in Figure 7(b) the maximum output current of the conventional
multiplier is 23 kA. It is noteworthy that the output current of the proposed multiplier is
the same as that of the conventional multipliers. In other words, the proposed multiplier
can achieve non-thermal food processing similar to the conventional multipliers. Table 1
compares the output voltage gain, speed, and maximum voltage stress of the conventional
and proposed multiplier, respectively. Table 1 indicates that speed of circuit drive of
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the proposed multiplier is much faster and lower voltage stress of output capacitor than
conventional multipliers. Thereby, we can confirm the feasibility of the proposed multiplier
by these results.

5. Conclusions. A high-speed bipolar CWVM has been devised in order to develop
a non-thermal food processing system utilizing underwater shockwaves suitable for low
output voltage conditions. The proposed multiplier can reduce the number of circuit
stages compared to conventional CWVM. Moreover, unlike conventional CWVMs, the
proposed multiplier is equipped with a high-speed driver. The output gain of the proposed
multiplier was clarified by theoretical analysis and experimental results. In the theoretical
analysis, we were able to obtain the voltage gain m is 6 and the internal resistance Rgc
is 8R; + 18R, respectively. In the experiment, the output voltage was more than 859
V with the voltage gain of 6 and the rise time of 26.7 seconds. In addition, the output
current was 22.6 kA. These experimental results confirmed the feasibility of the proposed
multiplier.

In future research, we are planning to design a voltage multiplier that can process more
quickly under low output voltage conditions.
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