International Journal of Innovative
Computing, Information and Control ICIC International (©)2021 ISSN 1349-4198
Volume 17, Number 5, October 2021 pp. 1801-1808

DESIGN AND EXPERIMENTAL EVALUATION OF A STACKED
DICKSON MULTIPLIER FOR SHOCKWAVE NON-THERMAL
FOOD PROCESSING

KEelI EcucHI'*, DAIGO NAKASHIMA!, TAKAAKI ISHIBASHI? AND ICHIROU OOTA?

!Department of Information Electronics
Fukuoka Institute of Technology
3-30-1 Wajiro-higashi, Higashi-ku, Fukuoka 811-0295, Japan
*Corresponding author: eguti@fit.ac.jp; mam21105@bene.fit.ac.jp

2Department of Information, Communication and Electronic Engineering
National Institute of Technology, Kumamoto College
2659-2 Suya, Koshi, Kumamoto 861-1102, Japan
{ ishibashi; oota-i }@kumamoto-nct.ac.jp

Received March 2021; revised June 2021

ABSTRACT. This paper proposes a stacked Dickson multiplier (SDM) for non-thermal
food processing utilizing underwater shockwaves. Unlike conventional high voltage mul-
tipliers, the proposed multiplier has SDM topology with a driver circuit generating high
speed rectangular pulses. The SDM topology enables the proposed multiplier to achieve
high woltage gains, low capacitor voltage stress, and high-speed operation by reducing
the number of multiplier stages. The effectiveness of the proposed multiplier is clarified
by theoretical analysis and experiments. The theoretical analysis reveals the maximum
output voltage of the proposed multiplier by assuming a four-terminal equivalent model.
Furthermore, the experimental results demonstrate that the proposed multiplier can pro-
vide about 3.95 kV output within 107 s when the voltage gain is 24 and the input voltage
is 100 V at 60 Hz.

Keywords: Shockwave non-thermal food processing, Dickson multipliers, High voltage
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1. Introduction. Non-thermal food processing utilizing underwater shockwaves [1-4] is
one of the most promising technologies for providing nutritious softened foods, where a
high voltage multiplier generating about 3-4 kV output [5-8] is used to perform underwa-
ter shockwave treatment. For this reason, several types of high voltage multipliers have
been proposed in past studies. Among others, the Cockcroft-Walton voltage multiplier
(CWVM) [5-12] and the Dickson charge pump (DCP) [13-15] are well-known high-voltage
generators. However, the output voltage of the CWVM decreases as the number of mul-
tiplier stages increases, though the CWVMs can achieve low capacitor voltage stress. On
the other hand, the DCP suffers from high capacitor voltage stress, though the DCP can
reduce output voltage drops. Following these studies, as a compromise of the CWVM and
the DCP, the hybrid Cockeroft-Walton/Dickson (HCWD) multiplier [16] was proposed in
2020. Owing to the hybrid topology, the HCWD multiplier can achieve not only low
output voltage drop but also low capacitor voltage stress. However, it is not suitable
for the shockwave non-thermal food processing, because the response time of the HCWD
multiplier is slow.
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In this paper, a stacked Dickson multiplier (SDM) is presented for non-thermal food
processing utilizing underwater shockwaves. Unlike conventional high voltage multipliers,
the proposed multiplier has stack topology employing the Dickson multipliers with a
driver circuit generating high speed rectangular pulses. Since the proposed multiplier
driven by the high-speed clock pulses can reduce the number of multiplier stages by
the stack topology, not only high voltage gains but also high-speed operation and low
capacitor voltage stress can be achieved. The characteristics of the proposed multiplier
are investigated by theoretical analysis and experiments.

The organization of this paper is as follows. First, we perform the research survey
and clarify the problem definition of this research in this section. Next, regarding the
proposed multiplier, the details of the circuit configuration and its operation principle
are described in Section 2. Then, the characteristic of the proposed multiplier is clarified
mathematically by theoretical analysis in Section 3. After that, the feasibility of the
proposed multiplier is confirmed experimentally in Section 4. Finally, the results of this
work are summarized briefly in Section 5.

2. Circuit Configuration. Figure 1 illustrates the circuit configuration of the proposed
multiplier. As it can be seen from Figure 1, the proposed multiplier is composed of an
isolation transformer, two full waveform rectifiers (FWRs), a pulse generator, and an
SDM. First, the DC voltages Vijax and —Vj., are obtained by the FWRs, where |V
denotes the amplitude of the AC input V,.. Next, by controlling IGBT switches Q1 and
Q2 by the two-phase clock pulses ®; and ®,, the pulse generator provides high speed
clock pulses to the SDM. Finally, the SDM with the voltage gain of 24 generates the
output voltage 3.4 kV (= 100 V x/2 x 24), where the SDM consists of 6 modules with
2 multiplier stages.

In the following section, the output voltage of the proposed multiplier will be derived
theoretically by using a four-terminal equivalent model [17-19].
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FIGURE 1. Proposed high voltage multiplier
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3. Theoretical Analysis. In this section, the output voltage of the proposed multiplier
is analyzed theoretically by assuming the four-terminal equivalent model, where the theo-
retical analysis is performed under the conditions that the time constant of the proposed
multiplier is much larger than the period of ®; and ®,, T

Figure 2 describes the instantaneous equivalent circuits of the proposed multiplier,
where we model the diode switch by using an ideal switch, the resistance R;, and the
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FIGURE 2. Instantaneous equivalent circuits of the proposed multiplier: (a)
State-Ty (®; is high and @, is low) and (b) State-T5 (®; is low and P, is

high)
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threshold voltage Vj,. Applying Kirchhoff’s current law for Figure 2, the variation of

the electric charge in the input and output terminals of the i-th (i = 1,...,6) module,
Aqr, v, ; and Agr, v,.,; (K =1,2), can be obtained as
AGry s = D7y + AGE, A1y g, = Adyys and Agyy = —Agy. (1)
i1 i\3 i\3 i i1 02
AqT27vin.i = _AqTQ - AqTQ’ AqT27Uout.i = AqTQ _I_ AQTQ’ and AqTQ = _AqTQ' (2)

In (1) and (2), Aqf;,lg (j = 1,2,3,4) is the variation of electric charge in the j-th capacitor,
where the sum of the variations in Aq}’i is zero at a steady state condition. Substituting
(1) and (2) for

lini = (Athvm.i + AqTQu'Uin.i) /T and Louti = (AQThUoum + AqT27'Uout.i) /Tv (3)
we have
['ml =—4 [out.i- (4)

In (3), I;n; and I,,,; are the average input and output currents of the i-th module,

respectively. From (4), the voltage gain of the i-th module, m;, is obtained as 4.

Next, the power loss of the i-th module is discussed to calculate the internal resistance
Rgse,. From Figure 2, the power loss of the i-th module, Wr,, is expressed as

WTi = WTl.i + WTZH (5)
where Wrp, , = @(A “)2 + @(A 1’3)2
T — T1 qu 1‘71 qu
R » R ;
and W, , = ?d(Aq%j)Q + %(Aq%f’)2- (6)
2 2

In (5) and (6), Wy, . is the power loss in State-Tj. Rearranging (5) and (6), the power
loss is obtained as

Wi, = 8Ra(Louti)*T, (7)

because 17 = Ty = T'/2. Therefore, we have the internal resistance Rgc, as 8R;. Using

m; and Rgc;, the equivalent model of the i-th module can be expressed by the following
K-matrix [18,19]:

|‘/;nax’ - ‘/th

‘/out.i
, (8)

_[out.i

0 4 0 1

where R; denotes the internal resistance of the transformer. From (8), the equivalent
model of the proposed multiplier can be expressed as Figure 3. In other words, the
equivalent model of the proposed multiplier is given as

[1 0”1 16R, + 8Ry
=1

Vanaxl = Vir | i 0 ] [1 96R +48Ry | [ Vou o)
Ii 0 24 0 1 _Iout

Finally, from (9), we can obtain the maximum output voltage of the proposed multiplier
as

Ry
Vour = 24 (V| — Vi , 10
t (Vina| = Vin) x (RL+96Rt+48Rd) (10)

where R, denotes an output load. As it can be seen from (10), the output voltage becomes
24(|Vinax| — Vi) if the internal resistance 96 R; + 48 R, is much smaller than R;. Hence,
the output voltage of the proposed multiplier is about 3.4 kV for the 100 V AC input.
The feature comparisons between the proposed multiplier and the conventional state-
of-the-art multipliers proposed in [5-7,16] are demonstrated in Table 1. In this compari-
son, the proposed multiplier was compared with the conventional Cockcroft-Walton Type
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FiGURE 3. Equivalent circuit of the proposed voltage multiplier

:

TABLE 1. Feature comparisons of high voltage multipliers

. Voltage
Topology Gain Speed stress

Conventional Bipolar Cockcroft-Walton multiplier % 9l v

[5] (2017)  using switched-capacitor AC-AC converter oW max
Conventional Series-connected bipolar

[6] (2018) Cockeroft-Walton multiplier 28 Fast 8Vin
Conventional Modified series-connected bipolar

7] (2020) voltage multiplier (HVM-B) 28 Fast 8Vin
Conventional Hybrid Cockeroft-Walton/Dickson

[16] (2020) multiplier (2 stages x 6 cells) 24 Slow  4Viax

Proposed Stacked Dickson multiplier 24 Fast  4Viax

multipliers, because the traditional Dickson charge pump has a serious drawback in the
voltage stress of circuit components. In high voltage applications, the traditional Dick-
son charge pump requires circuit components with a high withstand voltage. As Table
1 shows, both high speed operation and low voltage stress are achieved by the proposed
multiplier. Furthermore, without increasing the number of multiplier stages, the proposed
multiplier can provide higher voltage gains by increasing the number of modules.

4. Experiment. In this section, the feasibility of the proposed multiplier is confirmed
experimentally. In this experiment, the laboratory prototype shown in Figure 4 was
assembled by the diode 1N4007, the driver IC IR2110PBF, the IGBT GT50JR22, and
the film capacitor 1 uF, where the frequency of ®; and ®5 was set to 10 kHz.

Figure 5 demonstrates the measured output voltage of the experimental circuit for the
input voltage 100 V at 60 Hz, where the proposed multiplier was compared with the
conventional multiplier [6] under the input voltage 100 V at 60 Hz. In this figure, the
output terminal of the proposed multiplier was connected to the big capacitor produced
by TOEI corporation, where the capacitance is 200 uF and the rated voltage is 4000 V
DC. As Figure 5 shows, the proposed multiplier provides about 3.95 kV within 107 s.
On the other hand, the conventional multiplier [6] generates about 3.93 kV within 281 s.
Therefore, the proposed multiplier is faster than conventional multiplier. Figure 6 shows
the measured output current of the proposed multiplier. As this figure shows, the maxi-
mum current between the electrodes during the discharging process is 23 kA.



1806 K. EGUCHI, D. NAKASHIMA, T. ISHIBASHI AND 1. OOTA

F1GURE 4. Shockwave non-thermal food processing system using the pro-
posed multiplier with a 200 uF output capacitor
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FIGURE 5. Measured output voltage: (a) Proposed multiplier and (b) con-
ventional CWVM proposed in [6]
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FIGURE 6. Measured output current of the proposed multiplier

5. Conclusions. For non-thermal food processing systems utilizing underwater shock-
waves, an SDM has been proposed in this paper. Unlike conventional high voltage multi-
pliers, the proposed multiplier has stack topology employing the Dickson multipliers with
a driver circuit generating high speed rectangular pulses.
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By assuming a four-terminal equivalent model, theoretical analysis clarified the maxi-
mum output voltage of the proposed multiplier mathematically. Furthermore, the feasibil-
ity of the proposed multiplier was confirmed by laboratory experiments. In the performed
experiments, the output voltage of the proposed multiplier reached about 3.95 kV within
107 s by converting a 100 V at 60 Hz input. From these obtained results, the proposed
multiplier can achieve a voltage gain of 24 at high speed.

In future research, we are going to assemble the shockwave non-thermal food process-
ing system by using the proposed multiplier and perform shockwave non-thermal food
processing.
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