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Cascade Cockcroft—Walton Voltage Multiplier

Applied to Transformerless High
Step-Up DC-DC Converter

Chung-Ming Young, Member, IEEE, Ming-Hui Chen, Student Member, IEEE,
Tsun-An Chang, Chun-Cho Ko, and Kuo-Kuang Jen

Abstract—This paper proposes a high step-up dc-dc converter
based on the Cockcroft-Walton (CW) voltage multiplier without a
step-up transformer. Providing continuous input current with low
ripple, high voltage ratio, and low voltage stress on the switches,
diodes, and capacitors, the proposed converter is quite suitable
for applying to low-input-level dc generation systems. More-
over, based on the n-stage CW voltage multiplier, the proposed
converter can provide a suitable dc source for an n + 1-level
multilevel inverter. In this paper, the proposed control strategy
employs two independent frequencies, one of which operates at
high frequency to minimize the size of the inductor while the other
one operates at relatively low frequency according to the desired
output voltage ripple. A 200-W laboratory prototype is built for
test, and both simulation and experimental results demonstrate
the validity of the proposed converter.

Index Terms—Cockcroft—Walton (CW) voltage multiplier, high
voltage ratio, multilevel inverter, step-up dc—dc converter.

I. INTRODUCTION

N RECENT YEARS, extensive use of electrical equipment

has imposed severe demands for electrical energy, and this
trend is constantly growing. Consequently, researchers and
governments worldwide have made efforts on renewable energy
applications for mitigating natural energy consumption and
environmental concerns [1], [2]. Among various renewable
energy sources, the photovoltaic (PV) cell and fuel cell have
been considered attractive choices [3]-[5]. However, without
extra arrangements, the output voltages generated from both
of them are with rather low level [6], [7]. Thus, a high step-
up dc-de converter is desired in the power conversion systems
corresponding to these two energy sources. In addition to the
mentioned applications, a high step-up dc-dc converter is also
required by many industrial applications, such as high-intensity
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discharge lamp ballasts for automobile headlamps and battery
backup systems for uninterruptible power supplies [8].

Theoretically, the conventional boost dc-dc converter can
provide a very high voltage gain by using an extremely high
duty cycle. However, practically, parasitic elements associated
with the inductor, capacitor, switch, and diode cannot be ig-
nored, and their effects reduce the theoretical voltage gain [9].
Up to now, many step-up dc-dc converters have been proposed
to obtain high voltage ratios without extremely high duty cycle
by using isolated transformers or coupled inductors. Among
these high step-up dc-dc converters, voltage-fed type sustains
high input current ripple. Thus, providing low input current rip-
ple and high voltage ratio, current-fed converters are generally
superior to their counterparts. In [10], a traditional current-fed
push—pull converter was presented to provide the aforemen-
tioned merit. However, in order to achieve high voltage gain,
the leakage inductance of the transformer is relatively increased
due to the high number of winding turns. Consequently, the
switch is burdened with high voltage spikes across the switch
at the turn-off instant. Thus, higher voltage-rating switches
are required.

Some modified current-fed converters integrated step-up
transformers [11]-[14] or coupled inductors [15]-[18], which
focused on improving efficiency and reducing voltage stress,
were presented to achieve high voltage gain without extremely
high duty cycle. Most of them are associated with soft-
switching or energy-regeneration techniques. However, the de-
sign of the high-frequency transformers, coupled inductors, or
resonant components for these converters is relatively complex
compared with the conventional boost dc-dc converter.

Some other alternative step-up dc-dc converters without
step-up transformers and coupled inductors were presented in
[19]-[24]. By cascading diode—capacitor or diode-inductor
modules, these kinds of dc-dc converters provide not only high
voltage gain but also simple and robust structures. Moreover,
the control methods for conventional dc-dc converters can
easily adapt to them. However, for most of these cascaded struc-
tures, the voltage stress on each individual switch and passive
element depends on the number of stages. Fig. 1(a) shows an
n-stage cascade boost converter proposed in [21] for obtaining
a high voltage gain. However, the passive elements and switch
sustained high voltage stress in this cascaded converter. Some
other structures with switched-capacitor or switched-inductor
circuits combined with basic transformerless topologies were
proposed in [22]. Fig. 1(b) shows one of these topologies in
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Fig. 1. Some cascaded dc-dc converters. (a) n cascade boost converter [21].
(b) Diode-capacitor n-stage step-up multiplier converter [23]. (c) Boost con-
verter with cascade voltage multiplier cells [24].

[22], which consists of a conventional boost converter and an
n-stage diode—capacitor multiplier detailed in [23]. The main
advantage of this topology is that higher voltage gain can
easily be obtained by adding the stages of the diode-capacitor
multipliers without modifying the main switch circuit. Nev-
ertheless, the voltage across each capacitor in each switched-
capacitor stage goes higher when a higher stage converter is
used. Fig. 1(c) shows another similar topology proposed by
Prudente et al. [24] which has advantages similar to that of the
topology in [23]. However, the voltage stress on the capacitors
of higher stage is still rather high. Moreover, in [24], a modified
topology, with integrated interleaved multiphase boost con-
verter and voltage multiplier, was proposed for high-power ap-
plications as well. In this topology, all capacitors in the voltage
multiplier have identical voltage which is equal to V,,/(n + 1).

In the past few decades, high-voltage dc power supplies have
been widely applied to industries, science, medicine, military,
and, particularly, in test equipment, such as X-ray systems, dust
filtering, insulating test, and electrostatic coating [25]-[27].
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.

In this paper, a high step-up converter based on the CW volt-
age multiplier is proposed. Replacing the step-up transformer
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Fig. 2. Proposed converter with n-stage CW voltage multiplier.

with the boost-type structure, the proposed converter provides
higher voltage ratio than that of the conventional CW voltage
multiplier. Thus, the proposed converter is suitable for power
conversion applications where high voltage gains are desired.
Moreover, the proposed converter operates in continuous con-
duction mode (CCM), so the switch stresses, the switching
losses, and EMI noise can be reduced as well. The proposed
converter deploys four switches, in which S.; and S5 are used
to generate an alternating source to feed into the CW voltage
multiplier and S,,,; and S,,2 are used to control the inductor
energy to obtain a boost performance. This will increase the
complexity and cost of the proposed converter because an
isolated circuit is necessary to drive the power semiconductor
switches. Nevertheless, the proposed converter still demon-
strates some special features: 1) The four switches operate
at two independent frequencies, which provide coordination
between the output ripple and system efficiency; 2) with same
voltage level, the number of semiconductors in the proposed
converter is competing with some cascaded dc-dc converters
[21], [23], [24]; 3) the dc output formed by series capacitors is
suitable for powering multilevel inverters; and 4) the proposed
converter can adapt to an ac—dc converter with the same topol-
ogy, and that will be a future work of this paper.

In Section II, the mathematical model, circuit operation
principle, and the ideal static gain will be derived and discussed.
The design considerations will be introduced in Section III,
and some comparisons between the proposed converter and
the other topologies will be made in this section as well. In
Section IV, the control strategy of the proposed converter will
be described. In Section V, a prototype with 200-W rating is
built, and both simulation and experimental results are dis-
played for verification. Finally, some conclusions are given in
Section VI.

II. STEADY-STATE ANALYSIS OF PROPOSED CONVERTER

Fig. 2 shows the proposed converter, which is supplied by
a low-level dc source, such as battery, PV module, or fuel
cell sources. The proposed converter consists of one boost
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Fig. 3. Equivalent circuit of the proposed converter. (a) Source-side part.
(b) Load-side part.

inductor L, four switches (S,,1, Sm2, Se1, and S.o), and
one n-stage CW voltage multiplier. S,,1(S¢1) and Sy,2(Se2)
operate in complementary mode, and the operating frequencies
of S;,1 and S, are defined as fy, and fy., respectively. For
convenience, fg, is denoted as modulation frequency, and f.
is denoted as alternating frequency. Theoretically, these two fre-
quencies should be as high as possible so that smaller inductor
and capacitors can be used in this circuit. In this paper, fq, is
set much higher than f,., and the output voltage is regulated
by controlling the duty cycle of S,,; and S,2, while the output
voltage ripple can be adjusted by fs.. As shown in Fig. 2, 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 to
their suffixes, as denoted in Fig. 2.

A. Mathematical Model

As shown in Fig. 2, the proposed converter is an integration
of a boost converter with a CW voltage multiplier. For analysis,
the equivalent circuit of the proposed converter can be divided
into source-side and load-side parts as shown in Fig. 3(a) and
(b), respectively. For the source-side part, the conducting states
ds. and dg,, are defined in Table I, where strategy I does
not include safe commutation and strategy II includes safe
commutation.

According to the conducting states dy. and dg,,, the differen-
tial equation of the inductor current is given by

dig, 1

E fs [V;n - (dSC - dsm) ’ U'Y] (1)

TABLE 1
CONDUCTING STATES OF FOUR SWITCHES

Conducting states Strategy 1 Strategy 11
dsc | dsm Set, Se2, Smi, Sm2
0 0 0101 0111
0 1 0110 0110
1 1 1010 1011
1 0 1001 1001
1 1
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Fig. 4. Current-fed three-stage CW voltage multiplier circuit.

where Vi, is the input voltage, iz, is the input current, and v
is the terminal voltage of the CW voltage multiplier. Assuming
that the converter operates in CCM, the current 4., flowing into
the CW voltage multiplier depends on dg,, and dg. and can be
expressed as

i’y = (dsc - dsm) : Z‘L (2)
where the current i, can be deemed a pulse-form current
source.

In [28], the mathematical model of an n-stage CW voltage
multiplier was discussed and simplified the equivalent circuit,
which was convenient for simulation work. Thus, according to
the analysis in [28], the circuit behavior of the load-side part
(CW voltage multiplier) will be detailed in the following.

For convenience, a current-fed three-stage CW voltage multi-
plier energized by a sinusoidal ac source with line frequency, as
shown in Fig. 4, is used to analyze the steady-state behavior of
the CW circuit through simulation. Obviously, one inductor is
connected between the ac source and the CW voltage multiplier
for smoothing the current .. Fig. 5 shows the waveforms of
capacitor voltages v.1 —v.g, line voltage v, terminal voltage v,
and current ., and diode currents ¢ p1 —7 pg over one line cycle,
where time interval to—t5 (t,—t5) is the positive (negative) half
cycle. It can be seen from Fig. 5, during positive half cycle,
that only one of the even diodes is conducted with the sequence
Dg, Dy, and D5 and that the even (odd) capacitors are charged
(discharged) through the conducting diodes. Similar behavior
occurs during the negative half cycle, while the odd diodes are
conducted with the sequence Ds5, D3, and D;, and the odd
(even) capacitors are charged (discharged).
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Fig. 5. Simulated waveforms of capacitor voltages vc1—vce, input line
voltage vs, input terminal voltage v, and current i-, and diode currents
ip1—ipe for a current-fed three-stage CW circuit over one line cycle.

In the positive (negative) half cycle, there are four circuit
modes, denoted as mode 1 (mode 1’) to mode 4 (mode 4), and
Fig. 6(a)—(d) [Fig. 6(e)—(h)] shows the corresponding conduct-
ing paths, where an equivalent alternating current source i is
fed into the CW voltage multiplier. According to these modes,
the capacitor voltages and conducting condition of diodes will

be discussed. The characteristic behavior of each mode in the
positive half cycle is presented as follows.

Mode I: During time intervals to—t; and t4—%5, i, is zero,
and all diodes are not conducted. As shown in Fig. 6(a),
even capacitors C, Cy, and C5 supply the load, while odd
capacitors C5, C3, and Cy are floating.

Mode 2: During time interval ¢ —t2, i, is positive, and only Dg
is conducting. From Fig. 6(b), all even capacitors Cg, Cy,
and Cy are charged, while all odd capacitors C5, C3, and
C are discharged by 7. Moreover, from Fig. 5, it can be
found that the conducting condition of Dg is (i, > 0) and
(UC5 > UcG) and (’ch > UC4).

Mode 3: During time interval 5—t3, i, is positive, and only
D, is conducting. From Fig. 6(c), Cy and C» are charged,
while C3 and C} are discharged by i~. Simultaneously, Cg
supplies load current, and C’ is floating. From Fig. 5, it can
be found that the conducting condition of Dy is (i, > 0)
and (Uc5 § 'Ucﬁ) and (ch > Uc4)-

Mode 4: During time interval t3—%4, i is positive, and only D>
is conducting. From Fig. 6(d), C is charged, while C} is
discharged by . Simultaneously, Cs and C'y supply load
current, while C5 and Cj3 are floating. From Fig. 5, it can
be found that the conducting condition of Dy is (i, > 0)
and (”Uc5 § ”UC@) and (1)03 § ’Uc4).

The behavior of the CW circuit during the negative half cycle
can be obtained through a similar process.

From the circuit behavior, three diode conducting phenom-
ena are found as follow: 1) Only one of the diodes in the
CW circuit will conduct when i, # 0; 2) the sequence of
conducting diode is from right side to left side with even diodes
conducting in positive half cycle and odd diodes conducting in
negative half cycle; and 3) the conduction condition of each
diode is determined by the terminal current ., and capacitor
voltages v.; —v.¢. Consequently, a variable Sp for an n-stage
CW voltage multiplier is used to indicate the diode conduction
state and is given by

1, =0,k=0
Sp =max{x,} forq i, >0,k=2,4,...,2n 3)
i< 0k=1,3,...2n—1

where Sp is an integer with values from 0 to 2n and denoted as
diode-conducting index, for example, when Sp = 0 represents
that all diodes are not conducted and when Sp = 6 repre-
sents that the diode Dy is conducted; {xy} is a set of diode-
conducting indices used to determine Sp; and k is an integer
determined by 4. When i, = 0, either in positive or negative
half cycles, we have k =0, zg =0, and {zy} = {0}. Thus,
Sp = 0 represents that all diodes are not conducted. When
i, > 0 in positive half cycle, we have k = 2,4, ...,2n, and z},
can be determined by

k, for k <2
T =1 k, for k > 2 and ve(p—1) > Ver) 4)
0, for £ > 2 and Ve(k—1) < Ve(k)

where vy is the voltage of the kth capacitor and will be
given later. Because only one of the even diodes is able to
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Fig. 6. Circuit conducting paths of three-stage CW voltage multiplier over one line cycle. (a) Mode 1. (b) Mode 2. (¢) Mode 3. (d) Mode 4. (e) Mode 1’.

(f) Mode 2’. (g) Mode 3’. (h) Mode 4.

conduct during the positive half cycle, there are n possibilities
of conducting states. Consequently, the elements of {x} can
be determined by (4), and the element with maximum value
will be chosen for Sp. This maximum value represents the
number of the diode that is conducting. Similarly, the con-
ducting states for 7, < 0 during the negative half cycle can be
obtained.

According to the operation modes shown in Fig. 6, the
configurations of capacitors are dependent on diode-conducting
states. Consequently, two variables corresponding to the charg-
ing behavior of even and odd capacitors are introduced and
given by

o 0, Sp<i .

EC; = {1’ Sp > fori=2,4,...,2n ®))
_ 01 SD<j s

OCJ{17 Sp > forj=1,3,....2n—1 (6)

where EC; and OC; are the charging indices for the
ith even capacitor and jth odd capacitor, respectively.
EC; =1 (OCj =1) represents that the ith even capacitor
(the jth odd capacitor) is located in the left side of the
conducting diode, while EC; =0 (OC; = 0) represents that
the ¢th even capacitor (the jth odd capacitor) is located in
the right side of the conducting diode. For example, for a
three-stage CW voltage multiplier, Sp = 4 represents that the
diode Dy is conducting and ECy and OC'; are equal to zero
while the others are equal to one. Therefore, the capacitors
Cs and Cj are located in the right side of conducting diode
Dy, and the others are located in the left side, as shown in
Fig. 6(c). However, when Sp =0 (i, =0), all EC; and
OC} are equal to zero, the even-group capacitors supply the
load, and the odd-group capacitors are floating, as shown in
Fig. 6(a) and (e).

With the help of these two variables, for an n-stage CW
voltage multiplier, the capacitors can be divided into four parts,
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and the equivalent series voltages of them are given by

2n

Y ECi- v )

i=2.4,...

Vcel =

2n—1

Z OC] * Uej (8)

§=1,3,...

Vcol =

2n

> (1-EC) - v ©)

Veer =

(]. - OC]) . ch
7j=1,3,...

(10)

Vcor =

where veel (Ucol) represents the series voltage of even (odd)
capacitors that are on the left side of the conducting diode,
Veer (Veor) TEpresents the series voltage of even (odd) capacitors
that are on the right side of the conducting diode, and v.;(v.;)
is the voltage of the ith even capacitor (the jth odd capacitor).
Fig. 3(b) shows the capacitor configuration corresponding to
the conducting diode (Sp). From Fig. 3(b), v., and v, can be
expressed, respectively as

(1)
12)

Vy = Ucel — Ucol
Vo = Vcel + Vcer-

Finally, according to (2), (5), (6), and (12), the current
equations of each even and each odd capacitor are given by

dvci 1 . Vo .

e <EC’Z--MRL> fori=2,4,...,2n (13)
dv.; —1 . .

dtj - Cj (OCJ 'Z’y) fOI'j = 1537""27171 (14)

where C} is the capacitance of the ith even capacitor and C} is
the capacitance of the jth odd capacitor. As shown in (13) and
(14), the states of EC; (OC}) determine the charge—discharge
behavior of the ith even capacitor (the jth odd capacitor).

From above, one conclusion can be made that, during
one line cycle, each diode conducts equal average current
due to equality of energy transferring with the sequence
Dg—Dy—Ds—Ds—Ds—Dq, as shown in Fig. 5. Although the
proposed converter and the conventional CW voltage multi-
plier have different equivalent current ., this conclusion is
still available. Finally, the mathematical model of the pro-
posed converter described in this section can be used for
simulation.

B. Circuit Operation Principle

In order to simplify the analysis of circuit operation, the
proposed converter with a three-stage CW voltage multiplier, as
shown in Fig. 7, is used. Before analyzing, some assumptions
are made as follows.

1) All of the circuit elements are ideal, and there is no power
loss in the system.

g
Sml +
ISCI{jF
L
Biib—w44 v, DEDY DXDY DEDY
5, saK¥
A R I A I A
S A I I | B

Fig. 7. Proposed converter with three-stage CW voltage multiplier.

2) When a high-frequency periodic alternating current is fed
into the CW circuit and all of the capacitors in the CW
voltage multiplier are sufficiently large, the voltage drop
and ripple of each capacitor voltage can be ignored under
a reasonable load condition. Thus, the voltages across
all capacitors are equal, except the first capacitor whose
voltage is one half of the others.

3) The proposed converter is operating in CCM and in the
steady-state condition.

4) When the inductor transfers the storage energy to the CW
circuit, only one of the diodes in the CW circuit will be
conducted.

5) Some safe commutation states are ignored.

According to the second assumption, each capacitor voltage
in the CW voltage multiplier can be defined as

Uck:{vcm fork =1 (15)

V. fork=23,...,N

where v, is the voltage of the kth capacitor and V. is the
steady-state voltage of ve.o—v N -

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

V, =nV,. (16)

Substituting (16) into (15), each capacitor voltage in an
n-stage CW voltage multiplier can also be expressed as
[ Vo/2n fork =1

”“’“_{vo/n fork=2,3,...,N an

where V, is the steady-state voltage of the output load side.
Fig. 8 shows the theoretical waveforms of the proposed
converter, including switching signals, inductor current, v, i,
and diode currents. According to the polarity of i., the oper-
ation of the proposed converter can be divided into two parts:
positive conducting interval [to, t1] for i, = 0 and negative con-
ducting interval [t1, t5] for i, < 0. During positive conducting
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Fig. 8. Ideal waveforms of the proposed converter in CCM.

interval, only one of the even diodes can conduct with the
sequence Dg—D4— D5, while during negative conducting inter-
val, only one of the odd diodes can conduct with the sequence
Ds—D3—D;. Moreover, during positive conducting interval,
there are four circuit states, as shown in Fig. 9(a)—(d), denoted
as states I, II-A, II-B, and II-C. In state I, S,,; turns on;
thus, the energy stored in the inductor increases. In states II-A,
II-B, and II-C, S,,2 turns on, and the inductor transfers energy
to the CW circuit through Dg, D4, and Do, respectively.
Similarly, there are four circuit states in the negative conducting
interval, as shown in Fig. 9(e)—(h), denoted as states III, IV-A,
IV-B, and IV-C. According to Fig. 9, the circuit operation

principle of the proposed converter is illustrated in detail
as follows.

1) State I: S,,; and S.; are turned on, and S,,2, S.2, and
all CW diodes are turned off, as shown in Fig. 9(a). The
boost inductor is charged by the input dc source, the even-
group capacitors C, Cy, and C5 supply the load, and the
odd-group capacitors C'5, C'3, and C} are floating.

2) State II: S,,» and S.; are turned on, S,,; and S.o are
turned off, and the current i, is positive. The boost
inductor and input dc source transfer energy to the
CW voltage multiplier through different even diodes, as
shown in Fig. 9(b)—(d). In Fig. 9(b), state II-A, Dg is
conducting; thus, the even-group capacitors C, Cy, and
Cy are charged, and the odd-group capacitors Cs, Cs,
and C; are discharged by .. In Fig. 9(c), state II-B, Dy
is conducting. Thus, Cy and C5 are charged, C'3 and C
are discharged by i, Cs supplies load current, and Cj is
floating. In Fig. 9(d), state II-C, D5 is conducting. Thus,
(5 is charged, (' is discharged by i., Cs and C supply
load current, and C5 and C' are floating.

3) State III: S,,,2 and S.o are turned on, and S,,1, S.1, and
all CW diodes are turned off, as shown in Fig. 9(e). The
boost inductor is charged by the input dc source, the even-
group capacitors Cg, Cy, and C supply the load, and the
odd-group capacitors C5, C's, and C are floating.

4) State IV: S,,1 and S.o are turned on, S,,2 and S.; are
turned off, and the current i, is negative. The boost
inductor and input dc source transfer energy to the CW
voltage multiplier through different odd diodes, as shown
in Fig. 9(f)—(h). In Fig. 9(f), state IV-A, D5 is conduct-
ing. Thus, the even-group capacitors, except Cs which
supplies load current, are discharged, and the odd-group
capacitors C's, C3, and C' are charged by 7. In Fig. 9(g),
state IV-B, D3 is conducting. Thus, C5 is discharged,
C3 and C are charged by i, Cs and Cy4 supply load
current, and C' is floating. In Fig. 9(h), state IV-C, Dy is
conducting. Thus, C} is charged by i.,, all even capacitors
supply load current, and C'5 and C’ are floating.

C. Derivation of the Ideal Static Gain

From Fig. 9 and (17), it can be seen that the terminal voltage
of the CW circuit Vag = 0 in states I and III, while in states
M and IV, Vap = V,/2n. The inductor current variation, during
interval 0 < t < DTy, can be represented as

Vi

Aigp, = I.

where Vi, is the input voltage, L is the boost inductor, and
D is the duty cycle of the switch S,,1(Sy,2) in the positive
(negative) conducting interval over one modulation switching
period Ty, = 1/ fsm. Then, during interval DTy, <t < (1 —
D) Ty, the inductor current variation can be represented as

‘/in - ‘/0/277

Aip = I

(1 _D)Tsm- (19)

Under the steady-state condition, by the volt—second balance
principle, the voltage gain of the proposed converter can be
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derived from (18) and (19) as

(20)

where My, represents the static voltage gain of the proposed
converter. Moreover, the relationship between 7., and 77, can be
obtained by |iy|/i, =1 — D.

The relationship between voltage gain and duty cycle for
the proposed converter under n = 1—8 and the classic boost

dc-dc converter is shown in Fig. 10. Obviously, the proposed
converter provides high voltage gain without extremely high
duty cycle, while the classic boost dc-dc converter is operating
at extremely high duty cycle.

III. DESIGN CONSIDERATIONS OF PROPOSED CONVERTER

In this section, the voltage and current stresses on each
capacitor, switch, and diode will be considered. Moreover, the
values of inductor and capacitors will be discussed as well.
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Fig. 10. Voltage gain versus duty cycle for the proposed converter under n =
1—8 and the classic boost dc-dc converter.

A. Capacitor Voltage Stress

In the steady-state condition, assuming that all capacitors
are large enough, then, each capacitor in an n-stage CW
voltage multiplier, theoretically, has the same voltage except
the first one, which has one half of the others. As a result,
the maximum voltage stress on each capacitor, as shown in
(17), is V, pi/n, except that the first one is V,, i /2n, where
Vo,pk 18 the maximum peak value of the output voltage. For
comparison, the voltage stress on each capacitor corresponding
to the high step-up converters shown in Fig. 1 is summarized in
the secondary row of Table II. It can be seen that the capacitor
voltage of the proposed converter only depends on the input
voltage and duty cycle while the capacitor voltages of the others
are dependent on the number of the cascade stages. Thus, the
determination of the capacitor rating is easier for the proposed
converter.

B. Switch Voltage and Current Stresses

From Fig. 9, the maximum current and voltage stresses on
the switches are I, and V, i /2n, respectively, where I is
the maximum peak value of input current. For comparison, the
voltage stress of the switches in the proposed converter and
other topologies is listed in the fourth row of Table II. Except
the switch in the converter shown in Fig. 1(a), which burdens
the overall output voltage, the voltage stress of the switches
in the rest of the converters is similar to that of the conventional
boost converters.

C. Diode Voltage and Current Stresses

Similarly, the maximum current and voltage stresses on the
diodes in the proposed converter are I, and Vj i /n, respec-
tively. The voltage stress of the diodes is twice as large as
that of the switches. The fifth row in Table II demonstrates the
voltage stress on the diodes in the proposed converter and other
topologies.

D. Input Inductance

The value of the boost inductor can be calculated by

DTy,
Ls - Vvini
Kl

2D
where K7 is the expecting percentage of the maximum peak-
to-peak current ripple in the inductor.

E. Capacitance of CW Voltage Multiplier

A major advantage of the conventional CW voltage mul-
tiplier is that the voltage gain is theoretically proportional
to the number of cascaded stages. In the previous section,
the ideal voltage gain (unloaded) is assumed to simplify the
circuit analysis. Unfortunately, when a load is connected to
the load side of the system, the voltage drop and ripple across
each capacitor cannot be ignored. Voltage-fed mode, in which
the input terminal of the CW voltage multiplier was fed by
a sinusoidal voltage source, was used for analyzing voltage
drop and ripple for CW multipliers in most literatures [25]—
[27], [29]-[31], while only few literatures discussed current-
fed mode [32], [33]. In this paper, for analyzing the voltage
drop and ripple, an equivalent discontinuous-pulse-type current
source is fed into the CW voltage multiplier. According to
the current-fed mode analytical principle presented in [32], the
voltage drop and ripple associated with each capacitor can be
found by the charge—discharge behavior of capacitors under the
steady-state condition, as shown in Fig. 5.

Based on the current-fed analysis method, the voltage ripple
of each capacitor of the proposed converter can be derived as

O0Vei=

I, y 2n—i+1
fsc'c 2

) fori=1,2,....2n  (22)

where [, is the average load current, fy. is the alternating
frequency, C' is the capacitance values of all capacitors (all
capacitors are identical), and n is the number of stages.

As shown in Fig. 2, it can be known that the output voltage
ripple of the proposed converter is equal to the sum of all even
capacitor voltage ripples; thus, by (22), the output voltage ripple
can be expressed as

I, -n?

C'C.

2n
6V0 = Z 6‘/@ =

i=2.4,...

(23)

M| —
o

Furthermore, the maximum voltage of each capacitor, except
the first and second capacitors, can also be derived as

‘/ci(max)

c(i—1)(max)

I (ﬁﬁj%?ﬁﬂj fori=3,5,...,2n—1

fee - C (an—(i—2)~n)

(24)

5 fort=4,6,...,2n.
n
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TABLE 1I
COMPARISON OF TOPOLOGIES

Proposed converter

Converter shown in Fig. 1(a)

Converter shown in Fig. 1(b) Converter shown in Fig. 1(c)

n+D
n ,n=odd
Voltage Mo 2n Mo — 1 ] 1-D Mo n+l
: V=TT vl T y= _ =T
gain 1-D 1-D n+l1-D 1-D
,n=even
1-D
V; f
Cavaci —_fork=1 | k pae Verr = in
apacttor - _J1-D Ver =Vin| —— | fork=Loun  Veu =Vep =T fork =1,....n D fork=1....n
voltage Wi 1-D 1-D Vin
— 1 fork=2,...2n Ve =——=
1-D 1-D
Elements Niotal = 5+4n Niotal = 41 Niotal = 4+4n Ntotal = 4+4n
number o © ° ¢
Switch Vin v, 1 ! Vin Vin
voltage 1-D "1-D 1-D 1-D
Diode 2V Vo =Ver fork=1..n Vin Vin
voltage 1-D Voo =Ven —Vey fork =1,..,n—1 -D )

From (24), it can be found that the maximum voltage of
the ith capacitor (i = 3,...,2n) is dependent on the maximum
voltage of the second capacitor with a voltage drop; thus, (24)
can be represented as

‘/ci(max)
= Ve2(max)
1 Wz”:m 22— (2k—1)-n—1
fsc -C =1 2n
L2/ 2n2—(2h)-n
+ 2
h=1 "

fort=3,4,...,2n (25)

where | X | is the largest integer and not greater than X.
Before applying (25), the maximum voltage of the second
capacitor has to be obtained first. For a CW voltage multiplier,
the average output voltage is equal to the sum of average
voltages of all even capacitors and can be expressed as

2n 2n

S (Veitmax) — 6Vei/2)

i=2.4,...

(26)

Assuming that the average output voltage V,, is regulated
through a closed-loop controller and substituting (22) and (25)
into (26), the maximum voltage of the second capacitor can be
estimated as

ch?(max)
1 1,
——{V+
{ fsc'c
2n .
2n—i+1
<| 2 T3
1=2,4,...
on  (1—2)/2 2
in®—(4k—1)-n—1
n n—(k—1)n 7)
2n
i=4,6 k=1

To simplify the calculation of Vi p(max), (27) can be ex-
pressed as

S

I, 2 11 1
‘/z:Z(max) = + X (n2 —zn — 6 + 47’l> . (28)

n o fe-C 3 2

From (22) and (25), it can be seen that the higher number
capacitor has smaller voltage ripple and larger voltage drop.
Consequently, the second capacitor has both the highest voltage
and ripple, which are dependent on I, fs., C, and n. Among
them, the number of stages is most influential. For the proposed
converter, the voltage drop affected by the number of stages is
more obvious than the voltage ripple; the result is similar to
that of the conventional CW voltage multiplier investigated in
[25]-[27] and [29]-[31].

Theoretically, each capacitor voltage has identical voltage
except the first one. However, the voltages of capacitors are not
equal to the theoretical value (V,/n) in practical applications.
For design consideration, the voltage difference among all
capacitors should be as small as possible. Thus, higher fs.
and C are selected to achieve this, unless they are beyond
practical limitations or other considerations. With a specified
Vea(max)» (28) can be used to determine the capacitance value
of capacitors in the CW voltage multiplier.

E. Number of Major Components

Referring back to Figs. 1 and 2, it can be seen that the
numbers of diodes and capacitors increase when the number
of the stages goes higher. These two devices, the input inductor
and the controllable switch, are the major components of these
kinds of cascaded converters. From this point of view, the
number of major components is another merit of the proposed
converter. For convenience, the duty cycle is all set to 0.8 for
all competitors. Fig. 11 shows the number of major compo-
nents versus voltage gain for the proposed converter and the
topologies of Fig. 1(b) and (c). Obviously, the number of major
components of converters shown in Fig. 1(b) and (c) is lesser
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Fig. 11.  Element number versus voltage gain at duty cycle D = 0.8 for the

proposed converter and other converters.

than that of the proposed converter when the voltage gain is
equal to ten. However, when a higher voltage gain is desired,
e.g., M, = 20, the proposed converter only needs n = 2, and
the total number of major components is 13. With the same
voltage gain, the converter in Fig. 1(c) needs 16 components.
Then, for a 19 voltage gain, the converter in Fig. 1(b) needs 16
components as well. Moreover, from Fig. 11, it can be seen that
the difference of the number of major components between the
proposed converter and the other converters increases when a
higher voltage gain is desired.

IV. CONTROL STRATEGY OF PROPOSED CONVERTER

Due to the circuit operation, the proposed converter is sim-
ilar to the conventional boost dc-dc converter, except that the
proposed converter provides alternating current i, to the CW
voltage multiplier. Thus, some commercial control ICs for con-
ventional boost converters can adopt to the proposed converter
with an extra auxiliary circuit which modifies the original PWM
signal to signals with suitable timing and frequency for the four
switches.

Taking a close look at the circuit states in Fig. 9, it can be
found that S, and S.o (S;,1 and S;,2) swap the conduction
states at the changing instant between each state. If the com-
mutation fails, the discontinuous inductor current will cause
voltage spike and damage the switching elements. However,
the switching strategy, as shown in Fig. 8, for the four switches
of the proposed converter is not including safe commutation
technique. Therefore, another switching strategy including safe
commutation technique under the same output function, as
shown in Fig. 12, is used in the control strategy of the proposed
converter to avoid open circuit of the inductor. The switching
patterns of S.; and S.o place a short overlap time, while
Sm2(Sm1) maintains a trigger high level when S.1(S2) is
turned on; in this way, it provides a safe commutation to the
operation of the proposed converter.

In this paper, an average-current mode control will be used
to design the PWM modulator in order to achieve the proposed
converter in CCM. For facilitating design, this paper deploys
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A
SmZ
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! t
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e o
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0 tl\ i /[2 13 b Iy
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Fig. 12. Timing diagram of switching patterns for the proposed converter
including safe commutation states.

: .
: S,
+ \Comparator .
| >—” s ol mwMilon =
H - = )
: CLK 5 ’
H M Cleok @ R D o, g iz
: generator = %
: i oy =, St
H Reset| Flip Flop Sz
E Ramp § g .
H waveform 2 '
o 2hl 5
E generator 1 Voltage
: N compensator Ny
Evz = J:y(V,,,(T)/N)dT
T S i

&

Fig. 13.
technique.

Control strategy of proposed converter including safe commutation

ICE1PCSO01 as the main controller for the PWM modulator,
which adopts the quasi-steady-state approach by using one-
cycle control technique on leading-edge modulation, as shown
in Fig. 13, in which the protective control devices are left out
[34]. For the quasi-steady-state approach [35], the control aim
is to provide a resistor emulator, making the input current 7y,
to be proportional to the input voltage V;,,. Define the emulated
resistance R, as

(29)

where (i1,) is the average of the input current over one modula-
tion period Ty,

Substituting (20) into (29), the emulated resistance can be
rewritten as

Vo'(l_D>

fe = "N

(30)

where N = 2n.
In general, R. can be regulated by the following control
law [35]:
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TABLE III
SYSTEM SPECIFICATIONS OF THE PROTOTYPE

Output power, P, 200W
Output voltage, V, 450V
Input dc voltage, Vin 42-54V
Modulation frequency, fsm 60kHz
Alternating frequency, fsc 1kHz
Resistive load, Ry, 1kQ
Stage number, 1 3

where R is the equivalent current-sensing resistance and v,
is the modulation voltage, which is determined by the error
command between the reference value V.. and actual value
Vo, as shown in Fig. 13. As shown in Fig. 13, the voltage
compensator is used to regulate the output voltage v, through
v, to deliver suitable power to the load. Substituting (20)
into (31)

U - (1 = D)

Ry - (ip) = N (32)

Then, according to (30) and (32), R, can be represented as

S'Vo
Re:R .

Um

(33)

It can be seen from (33) that if the modulation voltage v,,, is
controlled to be a constant, the emulated resistance R, will be a
constant. Consequently, the input current will be proportional
to the input voltage as shown in (29). In other words, the
proposed converter operating in CCM can be achieved. The
implementation of this performance has to regulate the duty
cycle D of the PWM modulator to satisfy the control law as
shown in (32). Using one-cycle control technology on leading-
edge modulation, the PWM modulator, as shown in Fig. 13,
is constructed by a constant time clock generator, a voltage
comparator, an SR flip-flop, and a ramp waveform generator
with reset. For practical applications, the average inductor
current can be approximately equal to the instant inductor
when the current ripple in the inductor is negligible during one
modulation period [35]. Therefore, in this paper, the functions
v1 and vo, as shown in Fig. 13, are set to implement the control
law (32).

The PWM signal including boost function in CCM is ob-
tained from the operation of PWM modulator. The PWM
signal is fed into a preprogrammed complex programmable
logic device, CPLD LC4256V, as shown in Fig. 13. A timer
established in the CPLD is used to set the alternating period
T, or alternating frequency fs.. In addition, a logical circuit
programmed in the same CPLD modifies the PWM signal from
ICE1PCSO01 and then sends the modified signals to trig the four
switches. An overlap with interval ¢4 for safe commutation is
implemented in the CPLD as well.

V. SIMULATION AND EXPERIMENTAL RESULTS

A prototype with 200-W rating was built to verify the validity
of the proposed converter. The system specifications and com-
ponents of the prototype are summarized in Tables III and IV,
respectively. Moreover, Matlab/Simulink is applied to simulate

TABLE 1V
COMPONENT LIST FOR THE PROTOTYPE

Components Description Symbol Value/Part no.
Control IC - ICE1PCSO01
CPLD - LC4256V
Boost inductor Ly 1.5mH
Power switches Sm1> Sm2, Se1, Se2 1IRF640
Capacitors C1~Cs 470uF/400V
Diodes D1~ D¢ SF20L60U
Gate driver - HCPL-3120

SA i
1.001s 1.0015s 1.002s 1.0025s

Fig. 14.  Some selected waveforms for simulation using the proposed mathe-
matical model at full-load P, = 200 W and Vj,, = 48 V.

the mathematic model and control strategy of the proposed
converter.

Some selected waveforms of the proposed converter at P, =
200 W, Vi, =48 V, and V,, = 450 V for both simulation and
experiment are shown in Figs. 14 and 15, respectively. The
upper part of Fig. 14 shows the switching signals of simulation
for the four switches, in which S.; and S.o are operated at
fsc and S,,; and S,,5 are operated at fy,. Moreover, the
simulation results of the output voltage v,, the input current
iz, the terminal voltage v, and current i, of the CW voltage
multiplier are shown in the lower part of Fig. 14. Fig. 15
shows the experimental waveforms of the switching signals,
Vo, i1, U, and i~. Obviously, the simulation results well agree
with the experimental results. In theoretical analysis, the input
current ripple frequency (fs.) is ignored due to the fact that the
capacitors are assumed large enough to obtain stable capacitor
voltages with no voltage ripple in the CW voltage multiplier.
However, the voltage ripple exists practically in all capacitors.
In other words, the input current and the output voltage have
the same ripple frequency (fsc). The results also influence
the terminal voltage v, and current i, of the CW voltage
multiplier.
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Sm1—vaGs, VAB, and i at full-load P, = 200 W and Vj, = 48 V.

The efficiency of the proposed converter with different input
voltages (42, 48, and 54 V) is shown in Fig. 16. The output
voltage of the proposed converter is regulated at 450 V; thus,
the voltage gains corresponding to these three input voltages
are 10.7, 9.4, and 8.3, respectively. The results represent that the
proposed converter has lower efficiency at lower input because
of higher conducting loss accompanied by higher input current.
On the other hand, for higher load condition, the efficiency

100
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e Vm: 48V
9 EEERER e e D
: : : : : | —t—T, =54V

Efficiency (%)

gafe ......... ......... ........ ........ ......... .........
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Output power (W)
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Fig. 16. Measured efficiency of proposed converter.
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Fig. 17. Measured efficiency and voltage ripple of proposed converter at full-
load P, = 200 W and V;,, = 54 V.

decreases due to the conducting loss of the diodes and the
resistance loss of the capacitors. The highest system efficiency
for these three input voltages appears at P, = 100 W load. A
maximum 93.15% efficiency is achieved at 54-V input voltage.
Fig. 17 shows the efficiency and voltage ripple of the proposed
converter at Vi, = 54 V and P, = 200 W when f;. varies from
1 to 8 kHz. It can be seen that, when f. increases, the voltage
ripple reduces to a minimum value when fs. > 4 kHz, while
the efficiency decreases only a slight value over the whole fre-
quency range. Finally, Fig. 18 shows the theoretical, simulated,
and experimental voltage gains under V;,, = 24 V, R, = 2 k{2,
fse = 1kHz, and fy,, = 60 kHz. Three different stages (n = 2,
3, and 4) of CW circuit were used, while the experimental
results demonstrate only for n = 2 and n = 3 with D = 0—0.7.
As shown in Fig. 18, when M, < 15, both simulation and
experimental results well agree with the theoretical analysis.
However, the difference increases when M, > 15. The reason
is that the effect of the parasitic elements increases when the
proposed converter operates under high duty cycle, and the
voltage gain will be deteriorated. Nevertheless, the proposed
converter still can provide high voltage gain without extremely
high duty cycle.
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Fig. 18. Theoretical, simulated, and experimental voltage gains of the pro-
posed converter under Vi, = 24 V and Ry, = 2 k).

VI. CONCLUSION

In this paper, 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.
Since the voltage stress on the active switches, diodes, and ca-
pacitors is not affected by the number of cascaded stages, power
components with the same voltage ratings can be selected.
The mathematical modeling, circuit operation, design consider-
ations, and control strategy were discussed. The control strategy
of the proposed converter can be easily implemented with a
commercial average-current-control CCM IC with adding a
programmed CPLD. The proposed control strategy employs
two independent frequencies, one of which operates at high fre-
quency to minimize the size of the inductor while the other one
operates at relatively low frequency according to the desired
output voltage ripple. Finally, the simulation and experimental
results proved the validity of theoretical analysis and the feasi-
bility of the proposed converter. In future work, the influence of
loading on the output voltage of the proposed converter will be
derived for completing the steady-state analysis.
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