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Design of a High Voltage Multiplier with Series-
Connected Bipolar Topology
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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.

.  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. Igbal 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 Igbal 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.

n. 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 Vuc is full-wave rectified by the
full-wave rectifier (FWR). Next, the non-overlapped two-
phase rectangular pulses ®@; and @, are provided by the clock
pulse generator (CPG), where the full-wave rectified voltage
V¢ is used to generate ®; and ®,. Then, the voltage V.
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doubles by the first VMB, where the output voltages of the 1st
VMB are denoted by Vo and V. Finally, by amplifying the
voltage V.. 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.
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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.
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Figure 2. Circuit configuration of the proposed CWVM

TABLE 1. COMPARISON OF OUTPUT VOLTAGES
Output Voltage
Proposed CWVM Vo =2(2N +1)V,,. -V,,)
(N=3) + 22NV, V)V,
Conventional
CWVM [5]’ [8] VOUt = 2N (VCC _Vth)
Conventional Vo = (ZN +1V,, —(ZN +1)\/th
CWVM [7], [9] +(2N M, —(2N +2),,
E Iout
21 rom — —
° Rsc
Vin m1 Vin Vour

Figure 3. Four-terminal equivalent circuit

m. 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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[10]. Fig.3 shows the four-terminal equivalent circuit, where
m; denotes the ratio of an ideal transformer and Rgc is called

4 & & the SC (switched capacitor) resistance.
V‘t’ I "1 Vth‘ﬁ - In steady state, the instantaneous equivalent circuits
Rd %Rd Rd of the proposed CWVM can be expressed by Fig.4, where Ry,
M denotes the on-resistance of the transistor switch, Ry denotes
A szCg sz o Ra ATV the on-resistance of the diode, and Vy, is the threshold voltage
LS {5 m—Ar—=Vpo of the diode. In Fig.4, the differential value of the electric
Rd%yh VR: Rd% s Vi charge in Ckp’ and C,™ ((k=0, 1, ..., 6) and (j=1, 2)) satisfies
th V't Vih
.—A—{CPZ 2 C}';; Vout ZAC{ L and ZAqu =V, (1)
lcm2 2Cm2 3Cm Vih Rd ) i
i1 __4H __SH LG{H'HW—x; Vmo where Agy ™ and Agyri” denote the electric charges of the k-th
I;s’;; I;g;; %, AGTVmo capacitor in State-T;. The interval of State-T; satisfies the
1 | He—iH i, following conditions:
- C1 1C2 1 C3 1 4
G5 Cs T=>T,T,=T,=T,,and T,=T,=6T, (2
Rd Ri  =Rd =L
VinT [Vih T Vih where T is the period of c_Iock pulses, T; (i=1, ..., 4)_ is the
A0 pulse width of ®;, and ¢ is the parameter to determine the
G & o interval of State-T, and State-T,. In State-T,, the differential
(a) State-Ty values of electric charges in the input and output terminals,
Ag%Vpc Aqr1veer 4911.vp0r ANA AGT1vme, are expressed as
po
AQyy, = AqOT +A%T (3)
A 1 1 1
‘IEZ‘Vcc o
Vee Vout Aqu,v _AQG T and AqH‘vrnrJ :_Aqe,Tl .
o Vimo In (3), the smoothing capacitors Cs; and Cg, are omitted to
AZ T2, vme simplify the theoretical analysis.
(b) State-T, On the other hand, in State-T,, the differential values of
& 1 & R AGTs, Vo electric charges in the input and output terminals, Agty vce,
de g} Rdgu H—W\;h 5 Vpo Aqr2.vpor AN Aqr2.ymo, are expressed as
Rd Rd ( _ _ _
CPl Vih Vi Aqu Voo = Aqu Voo AqT2 Vo — 0. (4)
SN CO S Al d S
2 & & A In the same way, the differential values of electric charges in
ons | Gl & ET R State-T; and State-T, are expressed as
= 11 11 1
Ro,,{ I;édL for ) ?;’;h }—J'}&h Ay, = AQO T +AqgT T (5)
AqTS Ve 02 o 2 t 2 t 2 qT3V _AqGT , and AqT3,Vmo =_Aqg?‘}'3.
Veer- Hm (’Jl) m2 Cng (’g m2 Vous "
Ro;{ Cs2] %“ - Ca  Cs Cé and  Agy,, =Ad,y, =Ad,, =0. (6)
Rd Rd Rd Furthermore, using the Kirchhoff's current laws, the followin
Vi Vih Vih ; g
i 2' Ty > 1 Ht > T equations are satisfied in the positive converter blocks:
m. m. m. .
S A e AGgy, = A0fy A%, ™
mi
Vihk Ve Vit Vih R Agt Al = Aqfh +Aql — AP
Rz Raz R§ Ts, Vo S THaR T T
Iy Iy | i
a & & AQZY, = A4y, = Adgy, +AQf, —Adgy,,
(© STy N and Aqll, = Aqf, +Aqf), - Aqfh, .
T4,V;
._‘TVPOPC Therefore, we have
AqT4,7,
i et Vout AQN1 _[ ] qlT1 _SAqa T (8)
Vee
i 3 !
gl --oat, =3 o, =
(d) State-T, On the other hand, the following equations are satisfied in the

Figure 4. Instantaneous equivalent circuits .
g g negative converter blocks:
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Aqgh, = Aqgh +Aqgh )
Aqt = AR +Aqh —Agh
Aqgh, =—Aqgh, = Aggh, +Aq —Aggh
and Aqs’T —Aq;”‘T +Aq1T3 AqZT3

Therefore, we have

mj 3 mj
Aql,'JI'l _( qulTl 3‘Aqs,JT1 (10)

i 3
= _Aqrol = _( qus i SAqG T

Using (3) — (6), the average input current and the average
output currents can be obtained as

Aq\/m

=_z Or, v, - (11)

qvpo

:_Z qT, Vpo !

Ag, 1
o =T=?§AqT“Vm° ,

and Aq, =Aq,  =-Aq, .

In (11), Aqvee, AGvpo, and Agyme are electric charges in Ve, Vo,
and Vo, respectively. Substituting (3) — (10) into (11), we
have the relation between the input current and the output
currents as follows:

lee =141, +121 (12)

where
Aq, = —14Aquo +12Aq,,

= -26Aq, .

Next, let us consider the consumed energy Wr in one
period. Using (1) — (10), the consumed energy Wy can be
expressed as

Wy ZW (13)
521(Aq,,, )2 1183(AqV
where W = el R
-2 ¢ 2a-20T "

In (13), Wy; denotes the consumed energy in State-T;. Here, the
consumed energy W; of the four-terminal equivalent circuit is

defined as
2
W, = [%J ‘Ree - T (14)
Therefore, from (13) and (14), we have the SC resistance as
follows:
(22

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:

_ar 1 1 Re | Vi
B

From (16), the output voltage and power efficiency of the
proposed CWVM are obtained as

— RL _
Vout - ( RL + Rsc J(ZGVCC 27Vth) (17)
and (R )[26v -2V, |
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Figure 5. Equivalent circuit of the proposed CWVM
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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= 10us, T~ 4.5us, 0= 0.05,
CM= = ™= CM™=10pF, and C,=100pF. As Fig.7
shows, the input voltage V. is converted twice by the VMBs
(see Fig.2).

Fig.8 shows the simulated output V,, 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.
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(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
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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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