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Abstract—Recently, non-thermal food processing utilizing an 

underwater shockwave has been receiving much attention to 

provide nutritious and fresh foods at low cost. To generate the 

underwater shockwave, we propose a series-connected high 

voltage multiplier with bipolar structure. Unlike conventional 

Cockcroft-Walton voltage multipliers (CWVMs), the proposed 

multiplier amplifies the input voltage twice by connecting 

positive/negative multiplier blocks in series. Furthermore, these 

multiplier blocks are driven by high speed rectangular pulses. 

Owing to the series-connected bipolar topology, the proposed 

multiplier can achieve not only high conversion ratio but also 

high response speed. The operation principle and characteristic 

evaluation are described concerning the proposed multiplier. 

Simulation program with integrated circuit emphasis (SPICE) 

simulations demonstrate the feasibility and effectiveness of the 

proposed multiplier. 

Keywords— bipolar topology, Cockcroft-Walton multipliers, 

high speed multipliers, non-thermal food processing, series-

connected multipliers. 

I.  Introduction 
In recent years, non-thermal food processing utilizing an 

underwater shockwave [1]-[4] is one of the most promising 
techniques to provide nutritious and fresh foods at low cost. In 
the non-thermal food processing, the cell wall and 
organization of foods are destroyed by the high-speed 
destruction phenomenon that is called spalling destruction [1]-
[4]. To generate the underwater shockwave, the high voltage 
multiplier, such as the Cockcroft-Walton voltage multiplier 
(CWVM) [5], is commonly used to cause the spalling 
destruction. The benefits of the CWVM are as follows: 1. by 
increasing the number of stages, a high stepped-up voltage can 
be generated easily; and 2. unlike a high voltage transformer 
with high turn ratio, the CWVM can achieve light weight and 
small size, because the CWVM requires no magnetic 
components. 
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In past studies, several attempts have been made to 
develop the efficient CWVM. For example, Wang et al. 
exhibited a cascade CWVM and its model of parasitic 
capacitances [6] in 2013. However, it requires a transformer 
with center-tapped secondary to perform its push-pull kind of 
operation. Iqbal and Besar proposed a bipolar CWVM [7] in 
2007. Unlike a voltage multiplier using center-tapped 
transformers, the bipolar CWVM reported in [7] requires only 
one ac power source. Following this study, a hybrid 
symmetrical CWVM [8] was suggested by Iqbal in 2014. 
Owing to the hybrid symmetrical topology, the hybrid 
symmetrical CWVM reported in [8] can improve the voltage 
drop and transient response from the conventional converter 
reported in [7]. However, the response speed of these 
conventional CWVMs is still slow, because the diode switch is 
driven by a commercial ac power source. To improve the 
response speed of CWVMs, we proposed a parallel-connected 
high-speed voltage multiplier [9] in 2014. Using high/low side 
drivers, the diode switch of the CWVM reported in [9] is 
driven by high speed rectangular pulses. Therefore, the 
CWVM reported in [9] can achieve not only high step-up 
conversion ratio but also high response speed. However, the 
number of stages is still large. 

In this paper, a novel CWVM with series-connected 
bipolar topology is proposed for non-thermal food processing. 
By connecting two positive/negative multiplier blocks in 
series, the proposed CWVM amplifies the input voltage twice. 
Owing to the series-connected bipolar topology, the proposed 
CWVM can achieve high conversion ratio with a small 
number of stages. In other words, the proposed CWVM can 
generate a high output voltage with small number of circuit 
components. To clarify circuit characteristics, simulation 
program with integrated circuit emphasis (SPICE) simulations 
and theoretical analysis are performed concerning the 
proposed CWVM. 

II. Circuit Configuration 
Fig.1 illustrates the block diagram of the CWVMs. 

Unlike conventional CWVMs, the proposed CWVM consists 

of a full-waveform rectifier and three voltage multiplier blocks 

(VMBs). Fig.2 shows an example of the circuit configuration 

of the proposed CWVM. As Figs.1 and 2 show, the proposed 

CWVM amplifies the input voltage twice. 
 The operation principle of the proposed CWVM is as 

follows: First, the AC input VAC is full-wave rectified by the 
full-wave rectifier (FWR). Next, the non-overlapped two-
phase rectangular pulses Ф1 and Ф2 are provided by the clock 
pulse generator (CPG), where the full-wave rectified voltage 
Vcc is used to generate Ф1 and Ф2. Then, the voltage Vcc 
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doubles by the first VMB, where the output voltages of the 1st 
VMB are denoted by Vo1 and Vo2. Finally, by amplifying the 
voltage Vcc again in the 2nd VMBs, the proposed CWVM 
generates a high stepped-up voltage about 3.5kV. To reduce 
the ripple output voltage, the 2nd VMBs are connected in 
parallel. 

 
  

(a) Conventional CWVM [5], [8] 

  

(b) Conventional CWVM [7] 

 

(c) Conventional CWVM [9] 

 

(d) Proposed CWVM 

Figure 1.  Block diagram of the CWVMs 

 

Table 1 shows the comparison of output voltages between 
the proposed CWVM and conventional CWVMs. In Table 1, 
N (=1, 2, …) is the number of stages of the VMB and Vth 
denotes the threshold voltage of the diode switch. As Table 1 
shows, the step-up gain of the proposed CWVM is higher than 
that of the conventional CWVMs. Concretely, the gain of the 
proposed CWVM is about double of that of the conventional 
multipliers reported in [7] and [9]. In other words, the number 
of stages of the proposed CWVM is about a half of that of the 
conventional CWVMs if the step-up gain is same. Therefore, 
the proposed CWVM can reduce the number of circuit 
components and circuit volume. 

 

 

Figure 2. Circuit configuration of the proposed CWVM 

 

TABLE I.  COMPARISON OF OUTPUT VOLTAGES 

 Output Voltage 

Proposed CWVM 

(N=3) 

  thccout VVNV  122  

   ththcc VVVN  22  

Conventional 

CWVM [5], [8] 
 thccout VVNV  2  

Conventional 

CWVM [7], [9] 

    thccout VNVNV 1212   

    thcc VNVN 122   

 

 

Figure 3.  Four-terminal equivalent circuit 
 

III. Theoretical Analysis 
To analyze the characteristics of the proposed CWVM, 

theoretical analysis is performed, where the equivalent circuit 
is assumed as a four-terminal equivalent circuit reported in  
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(a) State-T1 
 

(b) State-T2 
 

(c) State-T3 

 

(d) State-T4 
Figure  4. Instantaneous equivalent circuits 

[10]. Fig.3 shows the four-terminal equivalent circuit, where 

m1 denotes the ratio of an ideal transformer and RSC is called 

the SC (switched capacitor) resistance. 

In steady state, the instantaneous equivalent circuits 

of the proposed CWVM can be expressed by Fig.4, where Ron 

denotes the on-resistance of the transistor switch, Rd denotes 

the on-resistance of the diode, and Vth is the threshold voltage 

of the diode. In Fig.4, the differential value of the electric 

charge in Ck
pj

 and Ck
mj

 ((k=0, 1, …, 6) and (j=1, 2)) satisfies 

0
4

1

, 
i

pj

Tk i
q     and    0

4

1

, 
i

mj

Tk i
q , (1) 

where Δqk,Ti
mj

 and Δqk,Ti
pj

 denote the electric charges of the k-th 

capacitor in State-Ti. The interval of State-Ti satisfies the 

following conditions: 





4

1i

iTT , sTTT  31 , and TTT  42 , (2) 

where T is the period of clock pulses, Ti (i=1, …, 4) is the 

pulse width of Φi, and δ is the parameter to determine the 

interval of State-T2 and State-T4. In State-T1, the differential 

values of electric charges in the input and output terminals, 

ΔqT1,Vcc, ΔqT1,Vpo, and ΔqT1,Vmo, are expressed as 
2
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1

,0, 111
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p

TVT qqq
cc
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m

TVT qq
mo

 .  

In (3), the smoothing capacitors Cs1 and Cs2 are omitted to 

simplify the theoretical analysis. 

On the other hand, in State-T2, the differential values of 

electric charges in the input and output terminals, ΔqT2,Vcc, 

ΔqT2,Vpo, and ΔqT2,Vmo, are expressed as 

0,,, 222


mopocc VTVTVT qqq . (4) 

In the same way, the differential values of electric charges in 

State-T3 and State-T4 are expressed as 
1

,0

2

,0, 333

p

T

p

TVT qqq
cc

 , (5) 

1

,6, 33

p

TVT qq
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 ,  and  
1
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m

TVT qq
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 ,  

and    0,,, 444
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mopocc VTVTVT qqq . (6) 

Furthermore, using the Kirchhoff's current laws, the following 

equations are satisfied in the positive converter blocks: 
pj

T
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T
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T qqq
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On the other hand, the following equations are satisfied in the 

negative converter blocks: 
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Using (3) – (6), the average input current and the average 

output currents can be obtained as 
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mopoo VVV qqq    

In (11), ΔqVcc, ΔqVpo, and ΔqVmo are electric charges in Vcc, Vpo, 

and Vmo, respectively. Substituting (3) – (10) into (11), we 

have the relation between the input current and the output 

currents as follows: 

mopocc III 1214  , (12) 

where 

mopocc VVV qqq  1214  

oVq 26 . 

 

Next, let us consider the consumed energy WT in one 

period. Using (1) – (10), the consumed energy WT can be 

expressed as 

1
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In (13), WTi denotes the consumed energy in State-Ti. Here, the 

consumed energy WT of the four-terminal equivalent circuit is 

defined as 
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Therefore, from (13) and (14), we have the SC resistance as 

follows: 
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By combining (12) and (15), the equivalent circuit of the 

proposed CWVM can be obtained as Fig.5. The equivalent 

circuit of Fig.5 is expressed by the following K-matrix: 
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(16) 

From (16), the output voltage and power efficiency of the 

proposed CWVM are obtained as 
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Figure 5.  Equivalent circuit of the proposed CWVM 

 

Figure 6.  Traditional CWVM 
 

 

Figure 7.  Simulated voltage of VMBs 

IV. Simulation 
To clarify circuit characteristics, SPICE simulations are 

performed concerning the proposed CWVM of Fig.2 and the 
traditional CWVM shown in Fig.6. Fig.7 shows the simulated 
output voltages of the VMBs in the proposed CWVM. In 
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Fig.7, the SPICE simulation was performed under conditions 
that N=3, VAC= 100V@60Hz, T= 10μs, Ts= 4.5μs, δ= 0.05, 
Ck

p1
= Ck

p2
= Ck

m1
= Ck

m2
=10μF, and Cout=100μF. As Fig.7 

shows, the input voltage Vcc is converted twice by the VMBs 
(see Fig.2). 

Fig.8 shows the simulated output Vout of the CWVM. In 
Fig.8 (a), the output voltage of the proposed CWVM is 
3.39kV. The settling time of the proposed CWVM is less than 
80ms. On the other hand, the output voltage of the traditional 
CWVM is 3.38kV, where the parameter N was set to 12. The 
settling time of the traditional CWVM is less than 90s. 
Obviously, the settling time of the proposed CWVM is much 
shorter than that of the traditional CWVM. 

 

 

(a) Proposed CWVM 

 

(b) Traditional CWVM 

Figure 8.  Simulated output voltage 

IV. Conclusion 
For non-thermal food processing, a novel CWVM with 

series-connected bipolar topology has been proposed in this 
paper. Owing to the series-connected bipolar topology, the 
proposed CWVM can achieve higher step-up gain than 
conventional CWVMs. 

The validity of circuit design was confirmed by SPICE 
simulations. By converting the input voltage 100V@60Hz, 
about 3.5kV was generated by the proposed CWVM. The 

proposed CWVM can offer about 3.5kV output with a smaller 
number of stages than the traditional CWVM. Furthermore, 
the proposed CWVM can achieve high response speed. The 
settling time of the proposed CWVM is less than 80ms. 
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