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Abstract— This project propounds a ac–dc matrix converter based on voltage multiplier (Cockcroft–Walton (CW)).
Using a four bidirectional-switch matrix converter between the ac source and CW circuit, the proposed converter provides
of very good quality of line conditions, adjustable output voltage, and low output ripple. Matrix converter is employed with
two independent frequencies. One for power factor correction (PFC) control and the other is used to put the output
frequency of the matrix converter. Besides, the connection among the latter frequency, line frequency, and output ripple
will be discussed. This project adopts one-cycle control method to achieve PFC, and a PIC controller for as the system
controller.
Index Terms— Cockcroft–Walton (CW) voltage multiplier, matrix converter, one-cycle control, power factor
correction (PFC).

I. INTRODUCTION
The extensive use of electrical equipment has imposed severe demands for electrical energy and this trend is
constantly growing. HIGH-VOLTAGE dc power supplies have widely applied to industries, science, medicine,
military, such as test equipment, X-ray systems, dust-filtering, insulating test, and electrostatic coating [1]–[3].The
conventional Cockcroft-Walton voltage multiplier is very popular among high voltage DC applications. Replacing
the step-up transformer with the boost type structure, the proposed converter provides higher voltage ratio than that
of the conventional CW voltage multiplier. Providing the advantages of high voltage ratio, low voltage stress on the
diodes and capacitors, compactness, and cost efficiency, the conventional Cockcroft-Walton (CW) voltage
multiplier is very popular among high-voltage dc applications. However, the major drawback is that a high ripple
voltage appears at the output when a low-frequency (50 or 60 Hz) utility source is used. Fig. 1 shows a
Cockcroft-Walton(CW) voltage multiplier which is constructed by cascading number of diode-capacitor stages
with each stage containing two capacitors and two diodes. Theoretically, an n-stage CW voltage multiplier
provides dc voltage with the value of 2n times of the magnitude of the ac voltage source under no-load condition.
However, the dc output voltage is practically less than the theoretic value due to no-ideal characteristics of the
circuit components [4], [5], [6]. Under heavy-load condition, the CW multiplier intrinsically presents not only poor
output voltage regulation but also high output ripple with line frequency.

Fig. 1 Conventional n-stage CW voltage multiplier

In some applications, line frequency transformers with high step-up ratio were generally used to cooperate with the
CW voltage multiplier for higher voltage gain. However, sourced by the utility ac source, the transformers lead to
inefficiency of bulk and cost, and the ripple problem still unsolved [7]. In addition to CW circuits, up to now, some
cascaded single-switch step-up dc–dc converters without step-up transformer were also proposed in [8]–[10],
which provided high voltage gain with advantages of simplicity and cost efficiency. However, capacitors of these
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topologies with higher voltage rating are needed when higher numbers of stages are deployed. Moreover, some
non isolated high step up dc–dc converters with low-voltage dc input were proposed for renewable energy
applications [11]–[14]. Some power factor correction (PFC) techniques have to apply to the front stage; otherwise,
the converter will incur poor line quality. A lot of ac–dc converters with PFC techniques have been developed and
applied into various types of electrical equipment [15]–[21] ―Matrix Converters‖ were first mentioned in the early
1980's by Alesina and Venturini [22]. They proposed a general model and a relative mathematical theory for
high-frequency synthesis converters. They stated that the maximum input-output transformation ratio possible for
the new AC-AC converter is √3/2 and also, they suggested a specific modulation and a feed-back-based control
implementation of the proposed converter. The matrix converter has several advantages over traditional
rectifier-inverter type power frequency converters. It provides sinusoidal input and output waveforms, with
minimal higher order harmonics and no sub harmonics; it has inherent bi-directional energy flow capability; the
input power factor can be fully controlled. Last but not least, it has minimal energy storage requirements, which
allows to get rid of bulky and lifetime- limited energy-storing capacitors.

Fig. 2 Proposed converters with three-stage CW voltage multiplier.

A high step-up dc-dc converter based on the CW voltage multiplier without a line- or high-frequency step up
transformer has been presented to obtain a high voltage gain [23]. In conventional, as shown in Fig. 2 four
unidirectional switches formed the main converter and two independent switching frequencies were used to operate
these switches. In proposed system, the unidirectional switches are replaced by bidirectional switches and the dc
source is replaced by an ac source. By these replacements, the high step-up ac–dc converter proposed in this paper
is shown in Fig. 3. The arrangement of the four bidirectional switches can be seen as a single-phase matrix
converter deployed between the ac source and the CW circuit. With the help of the boost structure, in the proposed
converter, not only the voltage gain can be higher than that of the conventional one but also the PFC technique can
apply to the matrix converter to achieve high quality of line conditions and dc output regulation. Here in this paper,
only continuous conduction mode (CCM) is discussed for its less stress, loss, and EMI problems. Moreover, the
proposed converter deploys a single-phase matrix converter, which employs two independent frequencies. One of
the frequencies applies to two of the four switches to perform PFC function, and the other applies to the rest of the
two switches to determine the output frequency of the matrix converter. The latter frequency determines the output
frequency of the matrix converter and, then, can be used to smooth the ripple voltage in the dc output. Even
deploying bidirectional switches, the proposed converter can adopt PFC control methods of conventional ac–dc
boost converters just with some modifications. Therefore, some commercial control ICs with PFC function can be
easily applied to the proposed converter with an extra auxiliary circuit which modifies the original switching signal
to trig the four bidirectional switches properly.
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Fig. 3. Circuit configuration of the proposed converter

II. STEADY STATE ANALYSIS OF PROPOSED CONVERTER
Fig. 4 shows the proposed converter. The proposed configuration is mainly composed of a single phase matrix
converter cascaded with a traditional n-stage CW voltage multiplier. The proposed converter consists of one boost
inductor Ls, four switches (Sm1, Sm2, Sc1, and Sc2), and one n-stage CW voltage multiplier. Sm1 (Sc1) and Sm2
(Sc2) operate in complementary mode, and the operating frequencies of Sm1 and Sc1 are defined as fsm and fsc,
respectively. For convenience, fsm is denoted as modulation frequency and fsc is denoted as alternating frequency.
Theoretically, these two frequencies should be as high as possible, so that smaller inductor and capacitors can be
used in this circuit. In this paper, fsm is set much higher than fsc.

Fig. 4 Proposed converter with a three-stage CW voltage multiplier

The well-known CW voltage multiplier is constructed by a cascade of stages with each stage containing two
capacitors and two diodes. In an n-stage CW voltage multiplier, there are N (=2n) capacitors and N diodes. For
convenience, both capacitors and diodes are divided into odd group and even group according their suffixes, as
denoted in Fig.1. The proposed converter is energized by a line-frequency ac source with a series inductor for
boost operation. For matrix converter, two antiseries insulated gate bipolar transistors with freewheel diode are
used as a bidirectional switch in this paper.
CIRCUIT OPERATING PRINCIPLE
For the analysis of circuit operation, the proposed converter with a three-stage CW voltage multiplier, as shown in
Fig. 4, is used. Before analyzing, some assumptions are made as follows in the system.
1) All of circuit elements are ideal and there is no power loss
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2) All of the capacitors in the CW voltage multiplier are sufficiently large, and the voltage drop and ripple of
each capacitor can be ignored under a reasonable load condition. Thus, the voltages across all capacitors
are equal, except the first capacitor which voltage is one half of the others.
3) The proposed converter operates in CCM and under steady-state condition.
4) During demagnetizing period of the boost inductor, only one of the diodes in CW circuit will conduct.
According to the second assumption, each capacitor voltage in the CW voltage multiplier can be defined as

where vCk is the voltage of the kth capacitor, VC is the maximum peak value of terminal voltage of the CW voltage
multiplier under steady-state condition, and N = 2n.
For an n-stage CW voltage multiplier, the output voltage is equal to the total voltage of all even capacitors,
which can be expressed as

where Vo is the steady-state dc output voltage. Substituting (2) into (1), each capacitor voltage can be rewritten as

According to the polarity of the ac source and the switching
state of Sc 1, there are four operation modes of the proposed
Converter, denoted as modes I–IV. Moreover, combining with boost operation, each mode has two circuit states.
Fig. 5 shows the two circuit states of mode I, which provides positive iγ during positive-half cycle of the ac source,
and Fig.6 shows the two circuit states of mode II, which provides negative iγ during negative-half cycle of the ac

Fig. 5. Circuit states and conducting paths of the proposed converter at mode I. (a) State 1. (b) State 2.
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source. For simplicity, the circuit states of modes III and IV are not presented, and they can be obtained by
changing the directions of iγ and iL from Figs. 5 and 6, respectively. Obviously, Sm1 and Sm2 work as boost
switches while Sc 1 and Sc 2 control the direction of iγ , i.e., the output frequency of the matrix converter. Basically,
Sc 1 (Sm1 ) and Sc 2 (Sm2 ) should be operated in complimentary mode and the operating frequencies of Sc 1 and
Sm1 are defined as fc and fm, respectively, where fc is called alternating frequency and fm is called modulation
frequency. For convenience, a simple case is used to explain the operation principle of the proposed converter. In
this simple case, fc is twice as large as line frequency and fm = 60 kHz. Fig. 7(a) hows some selected waveforms
including the trig signals for the four bidirectional switches. According to the trig signals of Sc 1 and Sc 2, which
are complementary with 50% duty, the four modes spread over a line cycle equally.

Fig. 6. Circuit states and conducting paths of the proposed converter at mode II. (a) State 1. (b) State 2.

A PFC control method is applied to the matrix converter, which will be detailed later; thus, the line current is nearly
sinusoidal and in phase with the line source. In accordance with the timing of vs and Sc 1, the pulse-shape current
iγ has discontinuous sinusoidal envelops. Fig. 7(b) and (c) shows the zoom-in waveforms of iL for modes I and II,
respectively. The two states in modes I and II are related to the pulse width modulated (PWM) signals of Sm1 and
Sm2, and in state 2, iγ =+ iL, where ―+‖ is for mode I and ―–― is for mode II. The circuit behavior in modes I and II
will be given in the following:
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1) State 1 in mode I [see Fig. 5(a)]: During DTm interval, Sm1 and Sc 1 are turned ON, the boost inductor is
charged by the input source, iγ is zero due to no current path, the even-group capacitors C6 , C4 , and C2 supply to
the load RL , and the odd-group capacitors C5 , C3 , and C1 are floating.
2) State 2 in mode I [see Fig. 5(b)]: During (1 – D) Tm interval, Sm2 and Sc 1 are turned ON, the boost inductor
and input source transfer energy to the CW circuit by positive iγ flowing through one of the even diodes [24].The
ON/OFF states of the diodes and charging behavior of the capacitors can be found in [24] as well.
3) State 1 in mode II [see Fig. 6(a)]: During DTm interval, Sm2 and Sc 2 are turned ON, the boost inductor is
charged by the input source, iγ is zero due to no current path, the even-group capacitors C6 , C4 , and C2 supply to
the load RL , and the odd-group capacitors C5 , C3 , and C1 are floating.
4) State 2 in mode II [see Fig. 6(b)]: During (1 – D)Tm interval, Sm1 and Sc 2 are turned ON, the boost inductor
and input source transfer energy to the CW circuit by negative iγ flowing through one of the odd diodes [24] . The
ON/OFF states of the diodes and charging behavior of the capacitors can be found in [24] as well.
The circuit behaviors of modes III and IV can be obtained by similar processes but with opposite directions of both
iγ and iL.

Fig. 7. Some selected waveforms of the proposed converter for illustrating operation modes. (a) Waveforms of vs , iL , vγ
, iγ , and trig signals for Sm 1, Sm 2 ,Sc 1, and Sc 2 . (b) Zoom-in waveforms of iL and Sm 1 at mode I. (c) Zoom-in
waveforms of iL and Sm 2 at mode II.

III. CONTROL STRATEGY
According to the circuit states shown in the previous section, the front stage of the proposed converter performs
like a boost converter, even deploying bidirectional switches. Thus, the proposed converter can adopt PFC control
methods of conventional ac–dc boost converter with proper modifications. Consequently, some commercial
control ICs with PFC function can be easily applied to the proposed converter with an extra auxiliary circuit that
modifies the original switching signal to trig the four bidirectional switches properly.
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IV. DESIGN CONSIDERATIONS
In this section, the parameters used in simulation are summarized in Table I.
PARAMETERS

TABLE I. SYSTEM SPECIFICATIONS OF THE PROTOTYPE
PROPOSED CIRCUIT

INPUT LINE VOLTAGE, Vs

110 V

OUTPUT VOLTAGE , Vo

450 V

OUTPUT POWER

600 W

LINE FREQUENCY, fs

60Hz

ALTERNATING FREQUENCY, fc

960Hz

MODULATION FREQUENCY, fm

60KHz

CAPACITOR

470µF

INDUCTOR

1.5mH

STAGE NUMBER, n

3

RESISTIVE LOAD,RL

2.88kΩ

V. SIMULATION RESULTS
A three-stage CW voltage multiplier was connected to the output of the matrix converter for the simulation as
shown in Fig.8.MATLAB/SIMULINK is used for simulation. The system is designed based on the the system
specifications and the components as mentioned in the Table I .Output of 450V is obtained with PFC of 0.995.

Fig.8. Simulation of proposed converter

The timing pattern of the converter is shown below in Fig.9
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Fig. 9.Timing pattern

The power factor correction (PFC) is shown below in Fig.10.

Fig.10.Power Factor Correction
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The output voltage is of 450V is show in Fig.11

Fig.11.Output Voltage of 450V

VI. CONCLUSION
In this paper, a single-phase single-stage high step-up ac–dc matrix converter based on CW voltage multiplier is
proposed. The four-bidirectional-switch matrix converter operated at two independent frequencies fm and fc. The
former frequency is associated with PFC control, while the latter frequency can be used to smooth the output ripple.
The operation principle, design considerations of the proposed converter were analyzed and discussed in this
paper. The PFC was achieved by adopting a commercial control IC associating with a CPLD. The simulation
results demonstrated the high performance of the proposed converter and the validity for high step-up ac–dc
applications.
REFERENCES
[1] M. D. Bellar, E. H. Watanabe, and A. C. Mesquita, ―Analysis of the dynamic and steady-state performance of
Cockcroft–Walton cascade rectifiers,‖ IEEE Trans. Power Electron., vol. 7, no. 3, pp. 526–534, Jul.1992.
[2] F. Hwang, Y. Shen, and S. H. Jayaram, ―Low-ripple compact high-voltage DC power supply,‖ IEEE Trans. Ind. Appl.,
vol. 42, no. 5, pp. 1139–1145, Sep./Oct. 2006.
[3]

I. C. Kobougias and E. C. Tatakis, ―Optimal design of a half-wave Cockcroft–Walton voltage multiplier with minimum
total capacitance,‖IEEE Trans. Power Electron., vol. 25, no. 9, pp. 2460–2468, Sep. 2010.

[4] M. D. Bellar, E. H. Watanabe, and A. C. Mesquita, ―Analysis of the dynamic and steady-state performance of
Cockcroft–Walton cascade rectifiers,‖ IEEE Trans. Power Electron., vol. 7, no. 3, pp. 526–534, Jul.1992.
[5] I. C. Kobougias and E. C. Tatakis, ―Optimal design of a half-wave Cockcroft–Walton voltage multiplier with minimum
total capacitance,‖ IEEE Trans. Power Electron., vol. 25, no. 9, pp. 2460–2468, Sep. 2010.
[6] M.M.Weiner, ―Analysis of Cockcroft–Walton voltage multipliers with an arbitrary number of stages,‖ Rev. Sci. Instrum.,
vol. 40, no. 2, pp. 330–333, Feb. 1969.
[7] J. Tanaka and I. Yuzurihara, ―The high frequency drive of a new multistage rectifier circuit,‖ in Proc. IEEE Power
Electron. Spec. Conf., Apr. 1988, pp. 1031–1037.
[8]

F. L. Luo and H. Ye, ―Positive output cascade boost converters,‖ Proc. IEE Electric Power Appl., vol. 151, no. 5, pp.
590–606, Sep. 2004.

530

ISSN: 2319-5967
ISO 9001:2008 Certified
International Journal of Engineering Science and Innovative Technology (IJESIT)
Volume 3, Issue 2, March 2014
[9] B. Axelrod, Y. Berkovich, and A. Ioinovici, ―Switched capacitor switched-inductor structures for getting transformer less
hybrid DC-DC PWM converters,‖ IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 55, no. 2, pp. 687–696, Mar. 2008.
[10] M. Prudente, L. L. Pfitscher, G. Emmendoerfer, E. F. Romaneli, and R. Gules, ―Voltage multiplier cells applied to
non-isolated DC-DC converters,‖ IEEE Trans. Power Electron., vol. 23, no. 2, pp. 871–887, Mar. 2008.
[11] W. Li, Y. Zhao, Y. Deng, and X. He, ―Interleaved converter with voltage multiplier cell for high step-up and
high-efficiency conversion,‖ IEEE Trans. Power Electron., vol. 25, no. 9, pp. 2397–2408, Sep. 2010.
[12] K. B. Park, G. W. Moon, and M. J. Youn, ―No isolated high step-up stacked converter based on boost-integrated isolated
converter,‖ IEEE Trans. Power Electron., vol. 26, no. 2, pp. 577–587, Feb. 2011.
[13] Y. P. Hsieh, J. F. Chen, T. J. Liang, and L. S. Yang, ―A novel high step-up DC-DC converter for a micro grid system,‖
IEEE Trans. Power Electron., vol. 26, no. 4, pp. 1127–1136, Apr. 2011.
[14] S. M. Chen, T. J. Liang, L. S. Yang, and J. F. Chen, ―A cascaded high step-up DC-DC converter with single switch for
micro source applications,‖ IEEE Trans. Power Electron., vol. 26, no. 4, pp. 1146–1153, Apr. 2011.
[15] B. Singh, B. N. Singh, A. Chandra, K. Al-Haddad, A. Pandey, and D.P. Kothari, ―A review of single-phase improved
power quality AC-DC converters,‖ IEEE Trans. Ind. Electron., vol. 50, no. 5, pp. 962–981, Oct. 2003.
[16] B. Akin and H. Bodur, ―A new single-phase soft-switching power factor correction converter,‖ IEEE Trans. Power
Electron., vol. 26, no. 2, pp. 436–443, Feb. 2011.
[17] B. Su, J. Zhang, and Z. Lu, ―Totem-pole boost bridgeless PFC rectifier with simple zero-current detection and full-range
ZVS operating at the boundary of DCM/CCM,‖ IEEE Trans. Power Electron., vol. 26, no. 2,pp. 427–435, Feb. 2011.
[18] J. Sun, X. Ding, M. Nakaoka, and H. Takano, ―Series resonant ZCS-PFM DC-DC converter with multistage rectified
voltage multiplier and dual mode PFM control scheme for medical-use high-voltage X-ray power generator,‖ IEE
Proc.—Electr. Power Appl., vol. 147, no. 6, pp. 527–534, Nov. 2000.
[19] A. Shenkman, Y. Berkovich, and B. Axelrod, ―Novel AC-DC and DCDC converters with a diode-capacitor multiplier,‖
IEEE Trans. Aerosp. Electron.Syst. vol. 40, no. 4, pp. 1286–1293, Oct. 2004.
[20] J. F. Chen, R. Y. Chen, and T. J. Liang, ―Study and Implementation of a single-stage current-fed boost PFC converter
with ZCS for high voltage applications,‖ IEEE Trans. Power Electron., vol. 23, no. 1, pp. 379–386, Jan. 2008.
[21] C. M. Young and M. H. Chen, ―A novel single-phase ac to high voltage dc converter based on Cockcroft–Walton cascade
rectifier,‖ in Proc. Int. Conf. Power Electron. Drive Syst., Nov. 2009, pp. 822–826.
[22] Alberto Alesina and Marco G. B. Venturini, \Solid-state conversion: A Fourier analysis approach to generalized
transformer synthesis," IEEE Transactions on Circuits and Systems, vol. CAS-28, No. 4, pp. 319, April 1981.
[23] Chung-Ming Young, Ming-Hui Chen,Tsun-An Chang, Chun-Cho Ko, and Kuo-Kuang Jen ― Cascade Cockcroft–Walton
Voltage Multiplier Applied to Transformer less High Step-Up DC–DC Converter―.IEEE transactions on industrial
electronics, vol. 60, no. 2, February 2013
[24] C. M. Young and M. H. Chen, ―A novel single-phase ac to high voltage dc converter based on Cockcroft–Walton cascade
rectifier,‖ in Proc. Int.Conf. Power Electron. Drive Syst., Nov. 2009, pp. 822–826.
AUTHOR BIOGRAPHY
KAVITHA.R Final year-ME-Power Electronics & Drives, Sri Lakshmi Ammal Engineering College/Anna University, India.
J.JEYASUDHA Assistant Professor, Dept of EEE, Sri Lakshmi Ammal Engineering College/Anna University, India

531

