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Abstract. In non-thermal food processing by utilizing an underwater shockwave, high voltage multiplier is 

required to generate an underwater shockwave. The conventional high voltage multipliers can generate a high 

voltage in a simple circuit configuration. However, the operation speeds of the conventional voltage 

multipliers are slow. Therefore, a novel high voltage multiplier for non-thermal food processing is proposed 

in this paper. Unlike the conventional multipliers, the proposed voltage multiplier is controlled by high speed 

four phase pulses generated by a level shift drivers which have bipolar input terminals. Therefore, the 

proposed voltage multiplier can generate a high voltage at high speed. Furthermore, the proposed voltage 

multiplier can achieve the smaller number of the circuit components than that of the conventional voltage 

multiplier. To confirm the validity of the proposed multiplier, experiments are performed concerning the 

proposed multiplier assembled with commercially available components. 

Keywords: cockcroft-walton multipliers, high voltage multipliers, high speed multipliers, non-thermal 

food processing, step-up voltage multipliers. 

1. Introduction 

The cooking process, which is generally used for processing foods, has a problem that nutrients of foods 

are destroyed by heating. Therefore, a non-thermal food processing attracts much researchers’ attention [1], 

because it does not destroy the nutrients of foods. Among them, we focus on the non-thermal food 

processing by utilizing an underwater shockwave [2], because it can be realized at relatively low cost and 

safety. This non-thermal food processing system mainly consists of a pressure vessel and a high voltage 

multiplier which can generate more than 3.5kV. In this non-thermal food processing, the high voltage 

multiplier has to discharge a high voltage repeatedly so that the underwater shockwave is generated in the 

pressure vessel. A Cockcroft-Walton voltage multiplier (CWVM) [3] is famous as a traditional voltage 

multiplier. However, according to the increase of the number of stages, the output voltage of the CWVM 

begins to sag. Furthermore, the response speed of the CWVM is slow, because the diode switch of the 

CWVM is controlled by a sinusoidal waveform supplied by an electric outlet. In past studies, Iqbal [4] 

proposed a hybrid symmetrical CWVM. In the hybrid symmetrical CWVM, both the voltage efficiency and 

the transient response speed are improved from the CWVM owing to a transformer and a symmetrical 

structure. However, the hybrid symmetrical CWVM is heavy and expensive due to the transformer. To 

realize a low-cost voltage multiplier, Eguchi et al. [5-6] suggested a parallel-connected high voltage 

multiplier (PCVM). Owing to the parallel-connected structure, the PCVM can generate a high voltage at high 

speed without a transformer. However, there is still room for improvement in this multiplier. 

In this paper, a high step-up bipolar voltage multiplier using level shift drivers is proposed for non-

thermal food processing by utilizing an underwater shockwave. The proposed multiplier consists of three 

positive multiplier blocks and three negative multiplier blocks. In the proposed multiplier, one positive 
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multiplier and one negative multiplier also work as AC-DC rectifiers. The other multipliers are connected via 

the driver circuit in parallel. To generate a high voltage at high speed, the parallel-connected multipliers are 

controlled by high speed four phase pulses. The amplitude of the four phase pulses is higher than the input 

voltage owing to the AC-DC rectifier. Owing to these features, the proposed voltage multiplier can achieve 

not only high voltage efficiency but also high speed operation. Furthermore, the number of the circuit 

components of the proposed voltage multiplier is smaller than that of the conventional voltage multiplier. To 

confirm the validity of the proposed multiplier, experiments are performed concerning the proposed 

multiplier assembled with commercially available components. 

2. Circuit configuration 

2.1. Conventional voltage multiplier 

Figure 1 shows the Cockcroft-Walton voltage multiplier (CWVM) with N stages (N=1, 2, …). To 

generate a high voltage, the CWVM is controlled by a sinusoidal waveform supplied by a commercial power 

source. 

The output voltage of the CWVM is expressed as 

 

)(2 thinout VVNV  . (N=1, 2, …)        (1) 

 

In (1), Vin means an input AC voltage and Vth means the threshold voltage of the diode switch. 

As Figure 1 shows, the CWVM can generate a high voltage in a simple circuit configuration. However, 

since CWVM is controlled by a sinusoidal waveform supplied by an electric outlet, its response speed is 

slow. Furthermore, the impedance of each capacitor is high due to the low frequency of the input voltage, so 

the voltage efficiency of the CWVM is low. 

As Figure 1 shows, one stage of the CWVM has four components: two capacitors and two diode 

switches. According to (1), the CWVM must be more than 13 stages for generating more than 3.5kV. 

Therefore, to generate an underwater shockwave in the non-thermal food processing, the CWVM with 13 

stages requires 52 (=4×13) components: 26 capacitors and 26 diode switches. 

2.2. Proposed voltage multiplier 

Figure 2 shows the proposed high step-up bipolar voltage multiplier using level shift drivers. As Figure 2 

shows, the proposed voltage multiplier consists of three blocks: an AC-DC rectifier block, a driver circuit 

block and a parallel-connected bipolar voltage multiplier (PCBVM) block. The new features of the proposed 

voltage multiplier are as follows: (1) to generate high voltage pulses, the AC-DC rectifier block has two 

voltage multipliers, which are a positive and a negative CWVM with symmetrical structure. (2) The driver 

circuit has four switches. Figure 2 also shows setting of clock pulses for these switches. By controlling these 

switches at high speed, high speed four phase pulses are generated. (3) The PCBVM block has four voltage 

multipliers. By operating PCBVM blocks by the four phase pulses generated by the driver circuit, the 

proposed voltage multiplier can generate an output voltage at high speed and (4) to offer high voltage 

efficiency, a max operation circuit and a min operation circuit are connected to output terminals. Owing to 

these new features, the proposed voltage multiplier realizes high voltage efficiency and high speed operation. 
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Fig. 1: Cockcroft-Walton voltage multiplier. 
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Fig. 2: Proposed voltage multiplier. 

The output voltage of the proposed voltage multiplier is expressed as the following equation: 
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Where 
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In (2), Vin is the an input AC voltage, Vth is the threshold voltage of the diode switch, N (=1,2,…) is the 

number of stages of the AC-DC rectifier block, M (=1,2,…) is the number of stages of the PCBVM block, 

Vpo is the positive output voltage of the PCBVM block, Vmo is the negative output voltage of the PCBVM 

block and Vcw is the output voltage of the AC-DC rectifier block. As Figure 1 shows, 1 stage of the AC-DC 

rectifier has 14 components; 6 capacitors and 8 diodes switches. Then, one stage of the PCBVM has 16 

components; 8 capacitors and 8 diodes switches. Furthermore, the driver circuit consists of only four 

switches, and max/min operation blocks consist of only four diode switches. By adjusting the number of 

stages of the AC-DC rectifier to 1 stage and the PCBVM to the following stages: Mp=2 and Mm=1, the 

proposed voltage multiplier can generate more than 3.5kV. Therefore, to generate an underwater shockwave 

in the non-thermal food processing, the proposed voltage multiplier requires 46 components: the AC-DC 

rectifier (N=1) requires 14 components, the driver circuit requires 4 switches, the PCBVM block (Mp=2 and 

Mm=1) requires 24 components, max operation block requires 2 components and min operation block 

requires 2 components. Table 1 shows the comparison of the number of circuit components between the 

conventional CWVM and the proposed voltage multiplier. As table 1 shows, the proposed multiplier can 

offer not only high voltage efficiency and high speed operation but also the small number of circuit 

components. 

3. Experiments 

To clarify the validity of the proposed multiplier, experiments are performed. The number of stages of 

the conventional CWVM was set to thirteen, and that of the proposed voltage multiplier was set to Mp=2 and 

Mm=1. Table 2 shows the circuit components of the experimental voltage multipliers. As table 2 shows, the 

circuit components of the proposed voltage multiplier were set to the same components of the conventional 

CWVM. The experimental conditions of the conventional CWVM and the proposed voltage multiplier are as 
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follows: Vin=100V@60Hz, T=66.7μs and output capacitor Cout=2.2μF (=33μF/16). The output capacitors was 

connected in series to increase its withstand voltage. In the experiments, to isolate the input source from the 

output load, a small transformer was connected with the experimental circuits. The inductance ratio of the 

primary and secondary of the transformer was set to 1:1. However, the turn ratio of the experimental 

transformer was 1:1.1 due to the fluctuation practically, so the experimental input voltage was about 128V (= 

141V/1.1). In the proposed voltage multiplier, photo MOS relays were used as switches. To drive the photo 

MOS relays securely, Darlington transistor arrays were used between the photo MOS relays and the 

microcontroller. 

Figure 3 shows the measured output voltages. As Figure 3 (a) shows, the output voltage of the 

conventional CWVM is 2.65kV. On the other hand, as Figure 3 (b) shows, the output voltage of the proposed 

voltage multiplier is 3.56kV. From these results, the output voltage of the proposed voltage multiplier is 

0.91kV higher than that of the conventional CWVM. 

Figure 4 shows the transient response of the measured output voltages. As Figure 4 (a) shows, the rise 

time of the conventional CWVM is about 69.87sec. On the other hand, as Figure 4 (b) shows, the rise time 

of the proposed voltage multiplier is about 4.823sec. From these results, the rise time of the proposed voltage 

multiplier is more than 14 times faster than that of the conventional CWVM. 

As these results show, the proposed voltage multiplier can offer not only high voltage efficiency but also 

high speed operation. 

Table 1: Comparison of the number of circuit components between the CWVM and the proposed multiplier. 

Components Conventional CWVM (N=13) Proposed voltage multiplier (N=1, Mp=2, Mm=1) 

Capacitor 26 18 

Switch 0 4 

Diode 26 24 

Total 52 46 

Table 2: Circuit components of the experimental voltage multipliers. 

Multiplier Component Model 

Conventional CWVM 
Capacitor 1μF 

Diode switch 1N4007 

Proposed voltage multiplier 

Capacitor of the AC-DC rectifier 10μF 

Capacitor of the PCBVM 1μF 

Diode switch 1N4007 

Switch AQW216 

Driver IC TD62004APG 

4-Phase clock generator PIC12F1822 

 

Fig. 3: Measured output voltages in a steady state; (a) conventional CWVM and (b) proposed voltage multiplier. 

(a)                (b) 
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     (a) 

Fig. 4: Measured transient responses of output voltages; (a) conventional CWVM and (b) proposed voltage multiplier. 

4. Conclusion 

For non-thermal food processing by utilizing an underwater shockwave, a high step-up bipolar voltage 

multiplier using level shift drivers has been proposed in this paper. The validity of the proposed voltage 

multiplier were confirmed by the experiments. The experimental results showed the following results: (1) the 

output voltage of the proposed voltage multiplier is 910V higher than that of the conventional CWVM and (2) 

the proposed voltage multiplier is more than 14 times faster than that of the conventional CWVM. 

Furthermore, the number of the circuit components of the proposed voltage multiplier is smaller than that of 

the conventional CWVM when more than 3.5kV is generated. From these results, the proposed voltage 

multiplier can achieve high voltage efficiency, high speed operation and small circuit components. Therefore, 

by using the proposed multiplier, underwater shockwave can be offer firster than the conventional method. 

The detailed simulation and theoretical analysis of the proposed multiplier are left to a future study. 
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