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A Theoretical Analysis of Boost Ratio based on Harmonics of Cockcroft-Walton Circuit

with an Inductor

Takumi Yasuda*, Student Member, Masataka Minami*®, Member, Shin-ichi Motegi*, Member,
Masakazu Michihira*, Non-member
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The Cockcroft-Walton (CW) circuit is used in the many high-step-up isolated DC-DC converters. The input volt-

age in CW circuit includes some harmonic components. This paper models the frequency characteristics of a novel

CW circuit, which is proposed in the past, by equivalent circuit and Fourier series expansion. It is clarified that the

equivalent circuit accurately assesses the experimental frequency characteristics of the proposed CW circuit.
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Fig.1. 5-stage Cockcroft-Walton circuit.
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Fig.2. Equivalent circuit of 5-stage Cockcroft-Walton
circuit when all diodes are off.
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Table 1. Simulation and experimental conditions.
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Fig.4. Numerical and experimental frequency charac-
teristics of boost ratio with square input voltage.
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Fig.5. Frequency characteristics and equivalent circuit
of the load.
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Fig.7. Input voltage and current waveforms at 550 kHz

in experiment.

HEE Vo OFEIE T ¥ 7 2 FEIE Vs O 5 & 7%
LeEZoNDLH, N1 kb,

1/2

=)

Z 8 sin nrd
(nn)? {(na)Canr)2 +(1- nzszCan)z}

n=1

Vout = 5Vin

ZHZ Lo T, Fig.3 D% 5 B CW HEOFAEL a 253K
LHENL,

) 12
8 sin’ nnd

=5
¢ [Z (nm)* {(newCanr)? + (1 = ?w?LCu)’)

n=1

- >
— -

K (8) % CW BRI DA T o DEFHMHETH 5o
T, Tablel LW A %2 % L=121uH, =% —F XD
Cai = 750pF # X AT %o KIS, IILr ZIET Do FPE
DO CW HETIEZT A+ — Nt VP HEET L7720, 1
I CHRET 1 BENICEBT 5 L E X ONDD, K
XTIEIhxr—ELRET %o Fig. 712, AJIEE vy, B3R
W f = 550kHz DIERZPE TH 5 & & DIR-ZFE CW [IFED A
DEEBEBREEERT. S0k &, EMEKOERE Fig. 7
I2& 5 KVLIZLLTO X912k %,
. t
Vi = Tl + Ld(;it“ + é Im G AT e )

ANWREERENE L2 enb, RO F7 2 —Fki
Lo CEMEDTREIC R D, AJEL v B L OB iy DE
B Vin.rmss finrms 2 TP r 255HETE %0

Vinrms | 1y’

— in,rms _ I _
" (Iin,rms) (‘U wCall)
Fig.7 £ 0, KE@HTIZBIT % EAMAEE Fig.6 O r &
973Q &35, EEn k)i, WP r 0EHIIZIATE

JEREROBEN 1 BT EE R D,
4-3) IEHREERR  Fig. s 1 ®) ICLB|ECW

IEEJ Trans. EIS, Vol.139, No.1, 2019



L &4 A L7z CW [Hli% o BLER AT

(ZHIE, )

2 L L L L L L
b 1—50% I
1—30% I
20 1
1—70% r
] 1 /\ r
= 15 ’
g ] / i
*g ] L
3 107 / \ i
VA g \ ’
51 X i
] \:
100 200 300 400 500 600 700 800
Frequency [kHz|
Fig.8. Theoretical frequency characteristics of boost

ratio with square input voltage.

I DA o OB HAE %2 77§ Fig. 8 @ LB Duty
HAEIRL T, Fig. 8 ORI & % 5HHAR Tid Duty
W70%E 30 DiFERMPEEII—FH L T5, $7- Fig.8
&, Fig.d lCBIFAH Y I 2l —¥ 3 VIR IGEENFET
2H00, EERERELIZIZIF-HLTWD, L r 0EH
WZEBREIEE 2720, IR DA Y =5 Y ADFE
BRI r ICEINLZEDPEREEZ ON D, I
530kHz fiHEDHRFELL @ DE—712BWT, EEBERED
EERFPTIaL—Tarihbhdvn, ToZE,n,
il B D Z B DR ENTEE X 5o

5. VI

KT, 4575 &AL CW RIS %
AN L7 EOAEROEEREELY Y I 2L -2 ars
FUFEBRIZL > TUEL 2L T, ANWBL v, ®7—1
TARASRER & i 5 7 S 1 & F VTR ZE CW RIS O AL E
LWoREEEEEZFEL, Y320 —va VERBIUE
BRFERICIZIE T B L RR L7,

L4, $EF CW RIS O SR EE % %5 5711 i#% DC-DC
TN OFGEIRHEICEA L, ZORLEEBEET S
FETH D T2, RECW RIEEOAMFEIIH L TL %
fffi [ % D 4 P OB 2 4778 9 o

X #

(1) H.Ohashi, I. Omura, S. Matsumoto, Y. Sato, H. Tadano, and I. Ishii: “Power
Electronics Innovation with Next Generation Advanced Power Devices”, IE-
ICE Transactions on Communications, Vol.87, No.12, pp.3422-3429 (2004)

(2) I Biela, M. Schweizer, S. Waffler, and J.W. Kolar: “SiC versus Si—
Evaluation of Potentials for Performance Improvement of Inverter and DC-
DC Converter Systems by SiC Power Semiconductors”, IEEE Transactions
on Industrial Electronics, Vol.58, No.7, pp.2872-2882 (2011)

(3) J.Millan, P. Godignon, X. Perpina, A. Pérez-Tomds, and J. Rebollo: “A Sur-
vey of Wide Bandgap Power Semiconductor Devices”, IEEE Transactions
on Power Electronics, Vol.29, No.5, pp.2155-2163 (2014)

(4) 1. Biela, U. Badstuebner, and J.W. Kolar: “Impact of Power Density Max-
imization on Efficiency of DC-DC Converter Systems”, I[EEE Transactions
on Power Electronics, Vol.24, No.1, pp.288-300 (2009)

96

(5)

(6)

(7)

(8)

(9)

(10)
(11)

(12)

(13)

(14)

(15)

(16)

(17)

(18)

(19)

(20)

(21)

(22)

(23)

(24)

(25)

(26)

(27)

(28)

H. Fujita, S. Ogasawara, and H. Akagi: “Control and Performance of a Zero-
Current-Switched Three-Phase PWM Inverter Equipped with Resonant Cir-
cuits on the AC-Side”, IEEJ Trans IA, Vol.118, No.6, pp.748-756 (1998) (in
Japanese)

Z. Ariga and K. Wada: “Analysis of Near Field Noise Voltage Caused by
Pulse Current on Power Electronics Circuits”, IEEJ Trans A, Vol.129, No.9,
pp-859-865 (2009) (in Japanese)

T. Ibuchi and T. Funaki: “Influence Evaluation of ESR Characteristics for
Off-state SiC Schottky Barrier Diode on Conducted EMI Noise in a DC-
DC Converter”, IEICE Transactions on Communications, Vol.100, No.3,
pp.-149-157 (2017) (in Japanese)

K. Takao, T. Yatsuo, and K. Arai: “High di/dt Switching Characteristics of
a SiC Schottky Barrier Diode”, IEEJ Trans A, Vol.124, pp.917-923 (2004)
(in Japanese)

1.D. Cockcroft and E. T.S. Walton: “Experiments with High Velocity Posi-
tive Ions”, Proceedings of the Royal Society of London. Series A, Vol.129,
No.811, pp.477-489 (1930)

E. Everhart and P. Lorrain: “The Cockcroft-Walton Voltage Multiplying Cir-
cuit”, Review of Scientific Instruments, Vol.24, No.3, pp.221-226 (1953)
M. Minami, T. Ito, S. Motegi, and M. Michihira: “Theoretical Analysis of
Decreased Boost Ratio in Unloaded Cockcroft-Walton Circuit”, IEEJ Trans
1A, Vol.136, No.3, pp.246-247 (2016) (in Japanese)

PRGN - NI 3 - FRk T - T 2 - VB - fRHTs =
[T |, 47 2004-318330, 455 2006-129674 (2004)

A. Tijima, T. Hakamada, S. Matsui, and K. Kanaya: “DC High-Voltage
Power Supply Molded by Epoxy Resin for Electron Beam Equipment”,
Bulletin of the Electrotechnical Laboratory, Vol.33, No.11, pp.1351-1365
(1969)

S. Suganomata: “Cascade-type d-c Generator Circuits: Effects of Multi-
ple Loading Coils”, Oyo Butsuri, Vol.34, No.10, pp.733-739 (1965) (in
Japanese)

M. Minami, T. Ito, S. Motegi, and M. Michihira: “Boost Ratio and Power
Factor Improvement in Cockcroft-Walton Circuit with Diode Junction Ca-
pacitor”, IEEJ Trans IA, Vol.136, No.12, pp.991-996 (2016) (in Japanese)
M. Minami, T. Yasuda, S. Motegi, and M. Michihira: “Improvements in
Boost Ratio, Power Factor, and Efficiency for Cockcroft-Walton Circuit with
SiC Diode”, IEEJ Trans A, Vol.137, No.2, pp.183—187 (2017) (in Japanese)
J.F. Lazar and R. Martinelli: “Steady-State Analysis of the LLC Series Res-
onant Converter”, Applied Power Electronics Conference and Exposition,
pp.728-735 (2001)

W.C. Hsu, J.E. Chen, Y.P. Hsieh, and Y. M. Wu: “Design and Steady-State
Analysis of Parallel Resonant DC-DC Converter for High-Voltage Power
Generator”, IEEE Transactions on Power Electronics, Vol.32, No.2, pp.957—
966 (2017)

R.L. Steigerwald: “A Comparison of Half-Bridge Resonant Converter
Topologies”, IEEE Transactions on Power Electronics, Vol.3, No.2, pp.174—
182 (1988)

H. Haga and T. Shimizu: “Compact and High-Efficiency Converter Using
a Novel LLC-Type Series Resonant Converter Topology”, IEEJ Trans IA,
Vol.133, No.6, pp.652-658 (2013) (in Japanese)

E. Morita and T. Mishima: “Practical Evaluation of GaN Heterojunction-
Field-Effect-Transistor (HFET)-applied Zero Voltage Soft-Switching Res-
onant Converter for Inductive Power Transfer”, IEEJ Trans EIS, Vol.136,
pp.1511-1518 (2016) (in Japanese)

X. Fang, H. Hu, Z. J. Shen, and I. Batarseh: “Operation Mode Analysis and
Peak Gain Approximation of the LLC Resonant Converter”, IEEE Transac-
tions on Power Electronics, Vol.27, No.4, pp.1985-1995 (2012)

K. Ando and T. Okamura: “Control Characteristics of a DC-DC Converter
with Direct Power Transmission Type Inverter and Cockcroft-Walton Cir-
cuit”, IEEJ Trans PE, Vol.101, No.8, pp.459-466 (1981) (in Japanese)
B B R [EFSRSER R ERRE ],
2000-171120, 455 2001-351799 (2000)

C.M. Young, M.H. Chen, T.A. Chang, C.C. Ko, and K.K. Jen: “Cas-
cade Cockcroft-Walton Voltage Multiplier Applied to Transformerless High
Step-Up DC-DC Converter”, IEEE Transactions on Industrial Electronics,
Vol.60, No.2, pp.523-537 (2013)

M. Uno and A. Kukita: “Single-Switch Single-Transformer Cell Voltage
Equalizer Based on Forward-Flyback Resonant Inverter and Voltage Mul-
tiplier for Series-Connected Energy Storage Cells”, IEEE Transactions on
Vehicular Technology, Vol.63, No.9, pp.4232-4247 (2014)

Y. Takamura: “A Cockcroft-Walton Circuit Analysis by Newly Developed
Graphical Methods”, IEEJ Trans EIS, Vol.106, No.7, pp.119-126 (1986) (in
Japanese)

Y. Takamura: “Cockcroft-Walton Circuit Analysis Effected by Input Volt-
age Waveforms”, IEEJ Trans EIS, Vol.108, No.4, pp.252-259 (1988) (in
Japanese)

IEEJ Trans. EIS, Vol.139, No.1, 2019



L Zif A L7z CW M OBGMT (HIE, 1)

(29)

(30)

(31)

(32)

(33)

(34)

(35)

(36)

(37)

(38)

ZH IE - B FE - A - BEPHE—: [5 B Cockeroft-Walton
[E13E & V72 A DC-DC 3 >N — % ORI, B¥RE
RAEWFE, 2017, Vol.15, pp.17-22 (2017)

1.C. Kobougias and E.C. Tatakis: “Optimal Design of a Half-Wave
Cockcroft-Walton Voltage Multiplier with Minimum Total Capacitance”,
IEEE Transactions on Power Electronics, Vol.25, No.9, pp.2460-2468
(2010)

T. Fukuyama and K. Sugihara: “Study on Operating Principle of Cockcroft-
Walton Circuit to Produce Plasmas Using High-Voltage Discharge”, Plasma
and Fusion Research, Vol.11, pp.2401008-2401008 (2016)

G. Ivensky, A. Arkadiy, and S. Ben-Yaakov: “An RC Load Model of Paral-
lel and Series-Parallel Resonant DC-DC Converters with Capacitive Output
Filter”, IEEE Transactions on Power Electronics, Vol.14, No.3, pp.515-521
(1999)

T. Yasuda, M. Minami, S. Motegi, and M. Michihira: “Resonance Point
Tracking Control in High Step-Up Isolated DC-DC Converter with 5-Stage
Cockcroft-Walton Circuit”, IEEJ Trans IA, Vol.138, No.4, pp.306-312
(2018) (in Japanese)

R.-Y. Chen, T.-J. Liang, J.-F. Chen, R.-L. Lin, and K.-C. Tseng: “Study
and Implementation of a Current-Fed Full-Bridge Boost DC-DC Converter
with Zero-Current Switching for High-Voltage Applications”, IEEE Trans
IA, Vol.44, No.4, pp.1218-1226 (2008)

T. Hosotani, K. Harada, Y. Ishihara, and T. Todaka: “A Novel-Voltage-
Switching Current Resonant Converter with Rectifiers’ Deadtime Technique
Operated in 10MHz Range, IEEJ Trans FM, Vol.117, No.2, pp.140-147
(1997)

J.Y. Lee, Y.S. Jeong, and B.M. Han: “An Isolated DC/DC Converter Us-
ing High-Frequency Unregulated LLC Resonant Converter for Fuel Cell
Applications”, IEEE Transactions on Industrial Electronics, Vol.58, No.7,
pp.2926-2934 (2011)

WEERE R - BRAREY] TR - 58 &ORBEREA ), A — 24
1t (2010)

V. Vorperian and S. Cuk: “A Complete DC Analysis of the Series Resonant
Converter”, Power Electronics Specialists Conference, pp.85-100 (1982)

(FEH) 2017 4F 3 AT or T3 s SR s p 4
WRA LR, F4E 4 ARKERE T L5H
BUIAFEL, BEICES,

H E

] B % (EH) 2010 4F 3 AFECKRFERFERE T 7ER
R LEHBUSERRIE T, 2013 4F 3 HRIAFEKR
b LA e R R LA i L AR T,
it (L&), 2013 4 4 AT 7 T3 SR
FRBIE 2014 4F 4 HEERG, 2017 4F 4 B HEH
1%, BUIEIZE %, 2018 4F 4 1 ~2019 £ 3 J A A
ZHF TR = /Ny —x Ly b=
L 7 AWFREI TR B T 20 FEER MRS
LBV AR EIEE, 2017 EBRFSEEICH HPIEFH
REEEZE, N7 —T L7 o=y AT A8E - RIS,
BFEHBEEYS, VAT AHEEREEOREE,

VA

(IEE) 1996 R B AERF B LA
FHCHET LHEIUE T . 1999 4R AF BT
FWSERNEH A 7 o TR YRS, 4R
KEF T E TR LFERYTF, 2003 Fv ~
~— (bk) A*L, 2012 FHILERAZ TFHMEL
B THERZER #&C, 2013 FEME 1 T3
B PSR R LR M, 2016 4 4 H#K
%, BAEICES, it (T4), Ny —x1L 2 o
=7 AT 2HE - RIS, ULy bu= s AFE, B

RS, BARNFROERH,

B OF M — GERB) 1995 4 3 BMERSR R T AR
RHER TGRS T, 1998 4 3 A KK
REFERZERE T FER B R LBl - 4 AR
57T it (T5), F4E 4 AfEy T¥mER
Pl A TR T, 1999 4 4 H afil, 2002
4 4 BBi%AE, 2011 4F 4 A#d%E, BEICES, /8
J—T L b=y AEEENX, AT AH#EIC
B9 W9t - #0F129€F. IBEE, 87— 1L 7 |

97

IEEJ Trans. EIS, Vol.139, No.1, 2019



