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A Single-Phase Single-Stage High Step-Up AC-DC
Matrix Converter Based on Cockcroft—Walton
Voltage Multiplier With PFC

Chung-Ming Young, Member, IEEE, Ming-Hui Chen, Member, IEEE, Shou-Heng Yeh, and Kuo-Hwei Yuo

Abstract—This paper proposes a high-performance trans-
formerless single-stage high step-up ac—dc matrix converter based
on Cockcroft-Walton (CW) voltage multiplier. Deploying a four-
bidirectional-switch matrix converter between the ac source and
CW circuit, the proposed converter provides high quality of line
conditions, adjustable output voltage, and low output ripple. The
matrix converter is operated with two independent frequencies.
One of which is associated with power factor correction (PFC)
control, and the other is used to set the output frequency of the
matrix converter. Moreover, the relationship among the latter fre-
quency, line frequency, and output ripple will be discussed. This
paper adopts one-cycle control method to achieve PFC, and a com-
mercial control IC associating with a preprogrammed complex
programmable logic device is built as the system controller. The
operation principle, control strategy, and design considerations of
the proposed converter are all detailed in this paper. A 1.2-kV/500-
W laboratory prototype of the proposed converter is built for test,
measurement, and evaluation. At full-load condition, the measured
power factor, the system efficiency, and the output ripple factor are
99.9%, 90.3%, and 0.3%, respectively. The experimental results
demonstrate the high performance of the proposed converter and
the validity for high step-up ac—dc applications.

Index Terms—Cockcroft—Walton (CW) voltage multiplier, high
step-up ac—dc converter, one-cycle control, power factor correction
(PFC).

I. INTRODUCTION

IGH-VOLTAGE dc power supplies have widely applied to
H industries, science, medicine, military, such as test equip-
ment, X-ray systems, dust-filtering, insulating test, and electro-
static coating [1]-[3]. Providing the advantages of high voltage
ratio, low voltage stress on the diodes and capacitors, compact-
ness, and cost efficiency, the conventional Cockcroft—Walton
(CW) voltage multiplier is a popular option among high-voltage
dc applications. As shown in Fig. 1, the well-known CW volt-
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Fig. 1. Conventional n-stage CW voltage multiplier.

age multiplier is constructed by cascading a number of diode—
capacitor stages with each stage containing two capacitors and
two diodes. Theoretically, an n-stage CW voltage multiplier pro-
vides 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 [1], [3], [4].
Under heavy-load condition, the CW multiplier intrinsically
presents not only poor output voltage regulation but also high
output ripple with line frequency. 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 [5].

TAKING the advantages of the high-frequency switching
technologies, many modified CW circuits have been devel-
oped for saving the volume of the transformers, smoothing
the output ripple, and regulating the output voltage. In [6]-[8],
some voltage-fed modified CW topologies, which provide not
only high voltage gain but also simplicity of implementation,
were proposed. Nevertheless, among these topologies, the high-
frequency transformer with high turns ratios causes large wind-
ing capacitance and leakage inductance, which leads to high
voltage and current stresses and higher switching losses on
the switches. Moreover, operating in discontinuous conduc-
tion mode (DCM), these topologies incur more stress, losses,
and electromagnetic interference (EMI) problems. In [9], se-
ries, parallel, and hybrid resonant converters incorporated with
high-frequency and high step-up transformer were proposed
to energize a CW circuit, in which the nonideal components
of the transformer were under consideration. However, these
converters were supplied only by dc sources. In [10]-[12], soft-
switching techniques were applied to resonant-type CW circuits
to reduce switching losses on power switches for enhancing the
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system efficiency. In addition to these modified CW circuits, up
to now, some cascaded single-switch step-up dc—dc converters
without step-up transformer were also proposed in [13]-[15],
which provided high voltage gain with advantages of simplicity
and cost efficiency. However, capacitors of these topologies with
higher voltage rating are needed when higher number of stages
are deployed. In [15], amodified topology, with integrated multi-
phase boost converter and voltage multiplier, was proposed for
high step-up conversion and high-power applications as well.
In this topology, all capacitors in the voltage multiplier had
identical voltage rating. Moreover, some nonisolated high step-
up dc—dc converters with low-voltage dc input were proposed
for renewable energy applications [16]-[19]. However, except
sourced by dc power, such as photovoltaic generators, fuel cells,
or batteries, these converters required a front stage for linking to
the ac line. Some power factor correction (PFC) techniques have
to apply to the front stage; otherwise, the converter will incur
poor line quality. Some standards have been already available to
improve this situation, such as IEC519, IEC555, and IEC1000-
3-2 [20]-[22]. A lot of ac—dc converters with PFC techniques
have been developed and applied into various types of electrical
equipment [23]-[29]. In [23], the ac—dc topologies with high
line quality were reviewed and classified, and most of them
used hard-switching techniques. In [24] and [25], some mod-
ified boost PFC circuits with soft-switching techniques were
proposed for enhancing the utilization of energy. However, only
few of them were applied to high-voltage applications.

In [26], a two-stage structure cooperated with conventional
CW circuit was proposed for high-voltage dc applications. Al-
though providing good line condition and fast response, this
topology demonstrated complexity and cost inefficiency. In [27],
a single-stage transformerless topology integrated with a single-
phase ac—ac converter and Dickson charge pump circuit was
proposed for achieving high voltage gain and improving line
conditions. Nevertheless, the voltage gain of this converter de-
pended on duty cycles of switch current, capacitor current, the
switching frequency, and switching load resistance. This led to
complicated design considerations. Another topology with soft-
switching technique, which consisted of a conventional single-
phase boost ac—dc circuit, a four-switch full-bridge converter, a
high step-up transformer, and a high-voltage rectifier, was pro-
posed for high-voltage dc applications [28]. Applying PFC, this
topology achieved high line quality, but efficiency and cost had
to be considered for practical applications. In [29], a single-stage
single-phase ac to high-voltage dc converter based on the CW
voltage multiplier without step-up transformer was presented.
Adding one boost inductor and one bidirectional switch to a con-
ventional CW circuit, this converter provided simplicity, high
efficiency, good line condition, and regulated dc output. More-
over, the control strategy for conventional single-switch boost
ac—dc converter with PFC can be easily adopted for this con-
verter. However, low ripple output still could not achieve by this
structure.

A previous work on the proposed converter was conducted
and presented in [30], in which a high step-up dc—dc converter
based on CW voltage multiplier was discussed, i.e., the con-
verter was energized by a dc source. In [30], four unidirec-
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Fig. 2. Circuit configuration of the proposed converter.

tional switches formed the main converter and two independent
switching frequencies were used to operate these switches. Suc-
cessively, the unidirectional switches are replaced by bidirec-
tional 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. 2. The arrangement of the four
bidirectional switches can be seen as a single-phase matrix con-
verter 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 regu-
lation. In this paper, only continuous conduction mode (CCM)
is discussed for its promising less stress, loss, and EMI prob-
lems. 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 con-
verter. 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 con-
ventional 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 auxil-
iary circuit which modifies the original switching signal to trig
the four bidirectional switches properly.

In Section II, the circuit operation principle will be dis-
cussed and the steady-state voltage gain will be derived as well.
Section III presents control and safe-commutation strategies of
the proposed converter, and Section IV introduces the design
considerations, in which output ripple will be discussed in de-
tail. In Section V, a 1.2-kV/500-W prototype is built and the
experimental results are displayed to verify the operation of
the proposed converter. Finally, some conclusions are given in
Section VI.

II. STEADY-STATE ANALYSIS

The proposed configuration is mainly composed of a single-
phase matrix converter cascaded with a traditional n-stage CW
voltage multiplier, as shown in Fig. 2. The single-phase matrix
converter forms with four bidirectional switches that are divided
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Fig. 3. Proposed converter with a three-stage CW voltage multiplier.

into two sets denoted as (S.1,S.2) and (S, 1, S, 2). The proposed
converter is energized by a line-frequency ac source with a series
inductor for boost operation. Till now, commercial products of
bidirectional switches are not available [31]; thus, two antiseries
insulated gate bipolar transistors with freewheel diode are used
as a bidirectional switch in this paper.

A. Circuit Operation Principle

In order to simplify the analysis of circuit operation, a three-
stage CW voltage multiplier is used in the proposed converter,
as shown in Fig. 3. Before analyzing, some assumptions are
made as follows:

1) All of circuit elements are ideal and there is no power loss

in the system.

2) All of the capacitors in the CW voltage multiplier are suf-
ficiently large, and the voltage drop and ripple of each
capacitor can be ignored under a reasonable load condi-
tion. 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. This phe-
nomenon was discussed in [29].

5) To avoid the open-circuit of the inductor, a safe-
commutation technique is practically used in the control
strategy, which provides some overlap of the trig signals
between S.; and S.o. Although this issue will be discussed
Section III, analysis of circuit operation will ignore the
safe-commutation states for simplicity.

According to the second assumption, each capacitor voltage

in the CW voltage multiplier can be defined as

V(}, fork =1
vek = (D
2Ve, fork=2,3,...,N

where v, is the voltage of the kth capacitor, V¢ 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
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Fig. 4. Circuit states and conducting paths of the proposed converter at mode
1. (a) State 1. (b) State 2.

expressed as
Vo = NVe ()

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

{VO/N7 fork=1 3)
v, fr—
71 2v,/N, fork=2,3,...,N.

According to the polarity of the ac source and the switching
state of S.;, 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. 4 shows
the two circuit states of mode I, which provides positive i,
during positive-half cycle of the ac source, and Fig. 5 shows the
two circuit states of mode II, which provides negative i, during
negative-half cycle of the ac source. For simplicity, the circuit
states of modes III and IV are not presented, and they can be
obtained by changing the directions of i, and i;, from Figs. 4
and 5, respectively.

Obviously, S,,1 and S,,2 work as boost switches while
Sc1 and S.o control the direction of i,, i.e., the output
frequency of the matrix converter. Basically, S.; (S,,1) and
Sca (Sp2) should be operated in complimentary mode and the
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Fig. 5. Circuit states and conducting paths of the proposed converter at mode
IL. (a) State 1. (b) State 2.

operating frequencies of S.; and S, 1 are defined as f,. and f,,,,
respectively, where f, is called alternating frequency and f,,, is
called modulation frequency.

For convenience, a simple case is used to explain the operation
principle of the proposed converter. In this simple case, f. is
twice as large as line frequency and f,, = 60kHz. Fig. 6(a)
shows some selected waveforms including the trig signals for
the four bidirectional switches. According to the trig signals of
Sc1 and S.2, which are complementary with 50% duty, the four
modes spread over a line cycle equally. 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 v, and S.;, the
pulse-shape current i, has discontinuous sinusoidal envelops.
The behavior between i, and CW circuit will be explained later
in this section. Fig. 6(b) and (c) shows the zoom-in waveforms
of iy, for modes I and II, respectively. The two states in modes
I and II are related to the pulsewidth modulated (PWM) signals
of S;,1 and S, 9, and in state 2, i, = &£ ir, where “+” is for
mode I and “—* is for mode II. The circuit behavior in modes I
and II will be given in the following:

1) State 1 in mode I [see Fig. 4(a)]: During DT,, interval,
S:n1 and S are turned ON, the boost inductor is charged
by the input source, i, is zero due to no current path,
the even-group capacitors Cg, Cy, and Co supply to the
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load R, and the odd-group capacitors Cs, C3, and C; are
floating.

2) State 2 in mode I [see Fig. 4(b)]: During (1 — D)T,,
interval, S,,2 and S.; are turned ON, the boost inductor
and input source transfer energy to the CW circuit by
positive i, flowing through one of the even diodes [29].
The ON/OFF states of the diodes and charging behavior
of the capacitors can be found in [29] as well.

3) State I in mode Il [see Fig. 5(a)]: During DT,, interval,
Sino and S.o are turned ON, the boost inductor is charged
by the input source, i, is zero due to no current path,
the even-group capacitors Cs, C4, and Co supply to the
load R, and the odd-group capacitors Cs, Cs3, and C; are
floating.

4) State 2 in mode Il [see Fig. 5(b)]: During (1 — D)T,,
interval, S,,; and S.» are turned ON, the boost inductor
and input source transfer energy to the CW circuit by
negative i, flowing through one of the odd diodes [29].
The ON/OFF states of the diodes and charging behavior
of the capacitors can be found in [29] as well.

The circuit behaviors of modes III and IV can be obtained by

similar processes but with opposite directions of both i, and if .

B. Derivation of the Ideal Static Voltage Gain

In this paper, the proposed converter is sourced by a sinusoidal
voltage source, which can be expressed as

vy = V2V, sinw,t )

where v, is the line source, and V and w, are the rms value and
angular frequency of v, respectively.

During state 1 in each mode, from Figs. 4(a) and 5(a), it can
be seen that the voltage across nodes A and B is zero; thus, the
current variation of i;, can be represented as

Vs
L

where L, is the boost inductor, D is the duty cycle of S,,; in
modes I and III or the duty cycle of S, » in modes I and IV, and
T,, = 1/ f,, is the modulation period.

From Figs. 4(b) and 5(b) and (3), it can be seen that during
state 2, the voltage across nodes A and B is equal to V,, /N both
in modes I and II. Similarly, the terminal voltage Vap is equal
to —V, /N both in modes III and IV. Thus, the polarities of the
terminal voltage Vs p in positive- and negative-half cycles have
opposite sign. Consequently, the current variation of iy, can be
represented as

AZ.L(on) = DT, (5)

vg — sign(vy) - V, /N
L
where sign(v,) denotes the sign of v.

From (5) and (6), the average inductor voltage over one mod-
ulation period T, can be expressed as

A7:L(off) = (1 - D),‘Tm (6)

I - I AZL (on) + AiL(off)
S Tm S Tm
where Ai} is the variation of line current over one modulation
period T, .

(N
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Some selected waveforms of the proposed converter for illustrating operation modes. (a) Waveforms of vg, ir , v,

Y

, I, and trig signals for Sy, 1, i 2,

Sc1,and S. 2. (b) Zoom-in waveforms of i;, and S,,, ; at mode I. (¢) Zoom-in waveforms of i;, and S,,, » at mode II.

If Ly is small enough, its influence on the low-frequency
components of the converter waveforms is negligible [32], and
the ideal static voltage gain of the proposed converter can be
derived from (4)—(7)

_ o

My =
|vs |

®)

where My is the ideal static voltage gain and |v;| is the absolute
value of line source vy.

Under suitable PFC control, the output voltage can be regu-
lated as a constant dc value by adjusting D. According to (4)
and (8), Fig. 7 shows the duty cycle varying within positive- or
negative-half cycles of the line source vs with different number
of stages of CW circuit. For comparison, the corresponding duty
cycle of a classic ac—dc boost converter with Vo/\/iVS =8is
presented as well. It can be seen that with such high-gain re-
quirement, the classic ac—dc boost converter almost operates
with duty cycle higher than 0.875, which is not reasonable for
practical application [33], while for the proposed converter, the
duty cycles are in more reasonable regions.

Classic boost
. _ac-dc converter |
_— = -
0.8

0.6

0.4

02F v . .
V27,
0 1 1 1 1 1 1 wst
0° 20" 40° 60" 80" 100° 120° 140° 160° 180"

Fig. 7. Duty cycle varying within positive- or negative-half cycles of the line
source vy for the proposed converter with n = 1-4 and classic boost ac—dc
converter.

III. CONTROL STRATEGY

According to the circuit states shown in the previous section,
the front stage of the proposed converter performs like a boost
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Fig. 9. Control scheme of the proposed converter.

converter, even deploying bidirectional switches. Thus, the pro-
posed 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 cir-
cuit that modifies the original switching signal to trig the four
bidirectional switches properly.

Taking a close look at the circuit states in Figs. 4 and 5, it can
be found that S.; and S.o (S,,1 and S, 2) swap the conduction
states at the changing instant between state 1 and state 2. If the
commutation fails, the discontinuous inductor current will cause
voltage spike and damage the switching elements. Therefore, the
switching mechanism has to include some self-commutation
strategies to deal with this concern. As shown in Fig. 8, the
switching patterns of S.; and S¢2 (S,,1 and S,, ) place a short
overlap period to guarantee the self-commutation.

For facilitating design, this paper deploys ICE1PCSO01 as the
main controller for the PWM modulator, which adopts quasi-
steady-state approach by using one-cycle control technique on
leading-edge modulation, as shown in the left part of Fig. 9, 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 i, to be
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proportional to the input line voltage v,. Define the emulated
resistance R, as
Vs

R = ———
<y >

)
where (iz) is the average value of the input current over one
modulation period T, .

Substituting (8) into (9), the emulated resistance can be rewrit-
ten as

Vo-(1-D)
N - [{ir)]

In general, R, can be regulated by the following control law
[35]:

R, = (10)

Um_
My
where Rj is the equivalent current-sensing resistance and v,,, is
the modulation voltage determined by the error command and
the compensator, as shown in Fig. 9. Substituting (8) into (11),
we have

Ry - [(ir)| = an

. (P 1-— D
Ry i) = 2 G20 (12)
Then, according to (10) and (12), R, can be represented as
Rs : V:)
R. = Y (13)

It can be seen from (13) that if the modulation voltage v,, is
controlled to be a constant, the emulated resistance R, will be
a constant resistance as well. Consequently, the input current
will be proportional to the input line voltage as shown in (9).
This control goal is implemented by adjusting the duty cycle to
satisfy (12). For practical applications, the average inductor cur-
rent can be approximately equal to the instant inductor current
when the current ripple in the inductor is negligible during one
modulation period [35]. Therefore in this paper, the functions
vi =Ry-|ir | and vy = ft (U (T)/N) dr are set to implement
the control law, as shown in Fig. 9. Moreover, the PWM signal
from ICEIPCSO01 is fed into a complex programmable logic
device (CPLD) LC4256V, as shown in the right part of Fig. 9. A
timer established in the CPLD is used to set the period of T, i.e.,
the alternating frequency f,. Also, a logical circuit programmed
in the same CPLD modifies the PWM signal from ICE1PCS01
and then sends the modified signals to trig the four bidirectional
switches. An overlap with interval #; for self-commutation is
implemented in the CPLD as well.

IV. DESIGN CONSIDERATIONS

In this section, the current ripple in the line current is used
to design the value of the boost inductor, and the output ripple
voltage caused by both line frequency and alternating frequency
is discussed, in which the relation between the size of the ca-
pacitors and the value of the ripple is derived and will be used
to determine the value of the capacitance. Moreover, the voltage
and current stresses on capacitors, switches, and diodes will be
considered as well. Before designing, the system specifications
of the prototype used in experiment is summarized in Table I.
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TABLE I
SYSTEM SPECIFICATIONS OF THE PROTOTYPE

Output power, P, 500W

Output voltage, V, 1.2kV

Input line voltage, v, 110Vrms

Line frequency, f; 60Hz
Modulation frequency, f;,,  60kHz
Alternating frequency, f.  60Hz~1920Hz
Resistive load, R, 2.88kQ

Stage number, 7 3

A. Boost Inductor Design

Generally, the maximum peak-to-peak ripple of the line cur-
rent is used to design the value of the boost inductor, where the
maximum peak current of the line current I, ,,,x occurs when
vs = v/2V,, and can be derived as

\/i'Po '(1+Kover)
n-Vs

where P, is the rated output power, 7 is the efficiency at rated
power, and K., is the proportion factor of the overload. Under
P, =500W and Vi, = 110 V5, if n = 0.9 and Kyye; = 0.1,
then I, 1. = 7.86 A.

Similarly, the minimum duty cycle D,,;,, occurs when v, =
V2V, and the corresponding duty cycle Dy, i, can be calculated
from (8)

IL,max = (14)

V,/N -v2-V,
Dyin = ——————— =~ 0.222. 15
VN )
Then, the minimum turn-on time can be estimated by
Dmin
ton min = 7 = 3.7 pus. (16)

If the expecting percentage of the maximum peak-to-peak ripple
of the line current K; is set below 5%, then from (14) to (16),
the value of the inductance must be fit the following:

5= K]’IL,max

This result can be used to determine the value of the boost
inductor, and L; = 1.5 mH is used in the experiment.

= 1.46 mH. A7)

B. Determination of the Capacitance

The dc output ripple of the proposed converter is used as a
criterion to design the value of the capacitance in the CW voltage
multiplier. Corresponding to the output and input frequencies of
the matrix converter, i.e., f. and f;, the dc output ripple consists
of two main components: one is caused by f. and the other one is
caused by f;. The former ripple component can be analyzed by
current-fed mode analytical principle [36]. From [36], the ripple
corresponding to the alternating frequency can be derived as

2n

1, 2n—1+4+1
e $ ()

i=24,...

(18)

where I, is the average load current, C is the value of the capac-
itance, and all capacitors are identical. Because PFC is a control
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f. = 960Hz and P, = 500W.

Simulated waveforms of vy, i,

V> Vou Vo, 0Vo 275, and dv, ¢ with

goal of the proposed converter, it is assumed that unity power
factor is achieved at the ac side. Consequently, for a single-phase
system, the instantaneous power with 2f; pulsating frequency
will reflect to the dc output side and cause ripple component
with same frequency. Ignoring the energy stored in the induc-
tor, the latter ripple component caused by f; can be obtained
approximately as

n-I,

Worr® g,

19)
where w, = 27f; and f; is the line frequency.

It has to mention that (19) demonstrates the worst scenario of
the ripple caused by f;, which occurs when the rightmost diode is
conducting in the whole positive-half cycle of input line voltage.
For verification, a simulation is conducted with V, =110V, V,,
= 1200V, P, = 500W, f; = 60Hz, and f. = 960 Hz. Fig. 10
shows the simulation results including the total ripple, the ripple
component caused by f;, and the ripple component caused by
fe. It can be seen that the waveform of v, 2y, is similar to
the traditional diode bridge rectifier, while ¢v, ;. is strongly
dependent on i, which is clearly with alternating frequency f...
Thus, the behaviors of the two ripple components agree with the
previous analysis.

For distinguishing these two ripple components further, the
values of these two ripples versus the values of the alternating
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Fig. 11.  Normalized output voltage ripple versus alternating frequency with

different stages of CW circuit.

frequency are shown in Fig. 11. For convenience, the data pre-
sented in Fig. 11 are obtained by normalizing /,(mA)/C(uF) =
1, and three different stages of CW circuit are considered. Ob-
viously, both 6V, 25 and 6V, ;. are proportional to the number
of the stages, while 0V, ;. is antiproportional to f.. From the
intersections of two corresponding ripple curves marked with
the circles in Fig. 11, it is easy to distinguish which component
dominate the ripple behavior and what alternating frequency
should be chosen to meet the desired ripple voltage.

The peak-to-peak output ripple of the proposed converter is
difficult to derive a complete equation, because the ripple volt-
age is the interaction of two components with two independent
frequencies. However, the worst case of peak-to-peak ripple can
be obtained by directly summing the two individual peak-to-
peak ripple components, which can be represented as

6‘/0 = 5‘/0,2]’5 + 6‘/:),]”(:- (20)

Consequently, according to (18)—(20), the value of the capac-
itance can be derived as

o> n-1, (n-ws—i—fc,)
~ Krrp Vo \ 2fc - ws
where Krp = 0V, /V, is the desired ripple factor. If Kgp is set
below 10% and the proposed converter is operated at f, = 60—
1960 Hz, then according to (21), the value of the capacitance
must be higher than 274 pF. In this paper, the capacitors with C
= 470 uF are used in the experiment.

2n

C. Capacitor Voltage Stress

To simplify the determination of capacitor voltage stress, the
voltage drop on each capacitor is ignored. Then, according to
(3), the maximum voltage stress on each capacitor can be ap-
proximated to

Vomax/N, fork=1
2‘/;7,max/N, fork = 2,...,N

where V, ax 1s the maximum value of output voltage, and
Vok max 18 the maximum value of the voltage across the kth

VCk,max = { (22)
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TABLE II
COMPONENTS LIST FOR THE PROTOTYPE

Components Description Symbol Value/Part no.
Control IC - ICEIPCSO1
CPLD - LC4256V

Boost inductor L 1.5mH

Power switches Sty Sma, Se1, Sz IXGH30N60C3D1
Capacitors Ci~Cs 470uF/500V
Diodes D)~ Dg SF20L60U

Gate driver - HCPL-3120

capacitor. From (8) and (22), it can be seen that the capacitor
voltage of the proposed converter is not dependent on the number
of the cascade stages. According to (22), if Krr = 10%, i.e.,
0V, =120V, then V, pax = 1260V and 2V, 1. /N = 420 V.
In the experiment, the same voltage ratings with 500V for all
capacitors are chosen.

D. Switch Voltage and Current Stress

According to the circuit operation principle detailed in Sec-
tion II, the maximum current and voltage stresses of each switch
in the proposed converter are V, ax/N =210V and I, 1ax ~
7.86 A, respectively.

E. Diode Voltage and Current Stress

Similarly, according to Section II, the maximum voltage
and current stress on the diodes in the proposed converter are
2V, max/N =420V and/}, .« = 7.86 A,respectively. Although
the voltage stresses of the diodes are twice as large as of the
switches, they are not dependent on the number of the cascade
stages.

V. EXPERIMENTAL RESULTS

For demonstrating the correction and the validity of the pro-
posed converter, a 1.2-kV/500-W prototype was built for test and
measurement. A commercial IC (ICE1PCS01) was deployed as
the PFC controller which generated the original PWM signal.
A CPLD (LC4256V) modified the PWM signal and then sent
to the matrix converter which was formed by four bidirectional
switches. A timer established in the CPLD was used to set the
period of T,.. Finally, a three-stage CW voltage multiplier was
connected to the output of the matrix converter. According to
design considerations, the system specifications and the compo-
nents used in the experiment are summarized in Tables I and II,
respectively.

For comparison, a conventional three-stage voltage source
CW multiplier with the identical output voltage and power was
built, tested, and measured. An ac source with 183 Vs was
supplied to the conventional CW circuit, i.e., the voltage conver-
sion ratio is V,/ V/2V, = 4.64. The voltage gain of the proposed
converter is V, //2V, = 7.71, which is higher than the con-
ventional one under the same output voltage. Fig. 12 shows the
experimental waveforms of the conventional CW circuit and the
proposed converter with /. = 60, 960, and 1920 Hz, respectively.
From Fig. 12, the conventional CW circuit incurs high distorted
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Fig. 12.  Experimental waveforms of vy, iy, and v, at full-load condition. (a) Conventional CW circuit. (b)—(d) Proposed converter with f, = 60, 960, and
1920 Hz, respectively.

line current, poor power factor (68%), and high output ripple, TABLE III
while the proposed converter provides significantly good line MEASURED LINE CURRENT HARMONICS FOR EXPERIMENTAL RESULTS
conditions and rather low output ripple except in the case of f, CW cirouit Proposed converter
= 60 Hz. The reason of the distorted line current in Fig. 12(b) THD; (%) 481 fo=60Hz | f.=960Hz | f.=1920Hz
is that alternating frequency dominates the output ripple when ’ i 14.14 3.73 2.60
low f. is set for operation. Consequently, the high-ripple output Ii';‘:;;"(‘}‘:)c An/ A1 (%)
affects Fhe control low used in the one-cycle PFC controller, as 2 1288 13 054 080
shown in (13). 3 57.93 1161 131 1.50
For further comparison, Table III summarizes the charac- 4 10.16 0.44 0.18 0.10
teristic of the line currents for the experimental cases. From 5 7.28 6.51 0.90 0.90
Table III, the line current of the conventional case contains both 6 6.69 0.28 0.14 0.32
significantly odd harmonics and even harmonics. Thus, the line ; i;ii (3)2(7) ggg gg?
current is not only highly distorted but also half-wave asymmet- 9 11.93 230 050 0.44
ric. However, the line currents are significantly improved for the 10 8.05 0.46 0.18 0.30
proposed converter with f. = 960 and 1920 Hz, respectively. 11 3.77 0.88 0.44 0.45
For evaluating the dc-side performance, Fig. 13 shows the 12 13.79 033 0.05 0.13
waveforms of i, and ripple 'voltage. associated with v, fpr t'he }i 291"3588 gﬂ 8?471 g:‘;g
proposed converter. From Fig. 13, it can be seen that with in- 15 3.03 022 0.38 0.29
creasing alternating frequency, the output ripple decreases from 16 13.76 0.24 0.20 0.23
79.2V for f. = 60Hz to 10.8V and 8.4V for f, = 960Hz 17 0.78 0.16 0.76 0.49
and 1920 Hz, respectively. According to the experimental wave- 18 5.74 0.07 0.59 0.18
forms in Figs. 12 and 13, the function of the proposed converter b L8 oL 29 ol
20 6.59 0.15 0.17 0.16

agrees well with the theoretical analysis.
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Figs. 14 and 15 show the measured efficiency, power factor, = :
and total harmonic distortion (THD;) both for the conventional E;’ o RN, oS0 SURETPP T
CW and the proposed circuits over the full power range. As : ki © S
shown in Fig. 14, although the conventional circuit provides 0 : : r " "
. . 100 200 300 400 500 600
very high efficiency, the poor power factor and THD; lead to Output power (W)
heavy burden on the main source. Although the efficiency of the ©

proposed converter, as shown in Fig. 15(a), cannot compete with

its counterpart due to the extra losses in the matrix converter, it ~ Fig. 15. Experimental results of the proposed converter with different f. and
still can be accepted by most applications. Moreover, as shown different load conditions. (a) Efficiency. (b) Power factor. (¢) THD.
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Fig. 16. (a) Experimental waveforms of v,, vs, Sc1-vas, and Sy, 1 -vgs when
P, =400W, Vs = 110 Vs, V, = 1.2kV, and f, = 960 Hz during positive-
half cycle of input line source. (b) Zoom-in waveforms of area b (v = 155V).
(¢) Zoom-in waveforms of area ¢ (vs = 80V).

in Fig. 15(b) and (c), the proposed converter provides well per-
formances of power factor and THD which are now required by
more and more standards.

Finally, Fig. 16(a) shows the experimental waveforms of v,,
Vs, Se1-vas and S, 1-vges when P, = 400W, V, = 110 Vs,
Vo = 1.2 kV, and f. = 960 Hz during positive-half cycle of
line source. Obviously, the output voltage is regulated at 1.2 kV

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 27, NO. 12, DECEMBER 2012

with rather small ripple. Moreover, Fig. 16(b) and (c) shows
corresponding zoom-in waveforms of the two marked areas in
Fig. 16(a), respectively. As shown in Fig. 16(b) and (c), the duty
cycles are equal to 0.287 and 0.609 corresponding tov, = 155V
[area (b)] and v; = 80V [area (c)]. On the other hand, by (8),
the theoretical duty cycles can be calculated, i.e., D = 0.225 and
D = 0.6 corresponding to the same instantaneous values of v;.
Compared with experimental and theoretical results, it can be
found that the duty cycles have a little difference due to some
nonideal characteristics of components. However, these results
still can prove the correctness of the ideal voltage gain as given
in (8).

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 f,,, and f,.. The former frequency is
associated with PFC control, while the latter frequency can
be used to smooth the output ripple. The operation principle,
control strategy, and design considerations of the proposed con-
verter were analyzed and discussed in this paper. Moreover, how
line frequency and alternating frequency influenced the ampli-
tude of the output ripple was discussed and some design criteria
were given as well. For convenience, the PFC was achieved by
adopting a commercial control IC associating with a CPLD. A
1.2-kV/500-W laboratory prototype of the proposed converter
was built for test, measurement, and evaluation. The experi-
mental results demonstrated the high performance of the pro-
posed converter and the validity for high step-up ac—dc applica-
tions. The strategy of various alternating frequencies which can
smooth the ripple further will be conducted in the near future.
Finally, the precise derivation of voltage drop of the proposed
converter will also be conducted for completing the steady-state
analysis.

REFERENCES

[1] M. D. Bellar, E. H. Watanabe, and A. C. Mesquita, “Analysis of the
dynamic and steady-state performance of Cockcroft—Walton cascade rec-
tifiers,” [EEE 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] 1. 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. 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.

[5] J. Tanaka and I. Yuzurihara, “The high frequency drive of a new multi-
stage rectifier circuit,” in Proc. IEEE Power Electron. Spec. Conf., Apr.
1988, pp. 1031-1037.

[6] S. M. Sbenaty and C. A. Ventrice, “High voltage DC shifted RF switch-
mode power supply system design for gas lasers excitation,” in Proc. Appl.
Power Electron. Conf. Expo., Mar. 1991, pp. 173-177.

[7] P. G. Maranesi, F. Raina, M. Riva, and G. Volpi, “Accurate and nimble
forecast of the HV source dynamics,” in Proc. IEEE Power Electron. Spec.
Conf., Jun. 2000, pp. 539-543.

[8] F. Belloni, P. Maranesi, and M. Riva, “Parameters optimization for im-
proved dynamics of voltage multipliers for space,” in Proc. IEEE Power
Electron. Spec. Conf., Jun., 2004, pp. 493—443.



YOUNG et al.: SINGLE-PHASE SINGLE-STAGE HIGH STEP-UP AC-DC MATRIX CONVERTER BASED ON COCKCROFT-WALTON VOLTAGE

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

S. D. Johnson, A. F. Witulski, and R. W. Erickson, “Comparison of res-
onant topologies in high-voltage DC applications,” IEEE Trans. Aerosp.
Electron. Syst., vol. 24, no. 3, pp. 263-274, May 1988.

E. Chu, L. Gamage, M. Ishitobi, E. Hiraki, and M. Nakaoka, “Improved
transient and steady-state performance of series resonant ZCS high-
frequency inverter-coupled voltage multiplier converter with dual mode
PFM control scheme,” J. Electr. Eng. Jpn., vol. 149, no. 4, pp. 60-72,
Dec. 2004.

H.J. Chung, “A CW CO2 laser using a high-voltage dc-dc converter with
resonant inverter and Cockroft-Walton multiplier,” Opt. Laser Technol.,
vol. 38, no. 8, pp. 577-584, Nov. 2006.

Z. Cao, M. Hu, N. Frohleke, and J. Bocker, “Modeling and control design
for a very low-frequency high-voltage test system,” [EEE Trans. Power
Electron., vol. 25, no. 4, pp. 1068-1077, Apr. 2010.

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.

B. Axelrod, Y. Berkovich, and A. loinovici, “Switched-
capacitor/switched-inductor ~ structures for getting transformerless
hybrid DC-DC PWM converters,” [EEE Trans. Circuits Syst. I, Reg.
Papers, vol. 55, no. 2, pp. 687-696, Mar. 2008.

M. Prudente, L. L. Pfitscher, G. Emmendoerfer, E. F. Romaneli, and
R. Gules, “Voltage multiplier cells applied to non-isolated DC-DC con-
verters,” [EEE Trans. Power Electron., vol. 23, no. 2, pp. 871-887, Mar.
2008.

W. Li, Y. Zhao, Y. Deng, and X. He, “Interleaved converter with voltage
multiplier cell for high step-up and high-efficiency conversion,” [EEE
Trans. Power Electron., vol. 25, no. 9, pp. 2397-2408, Sep. 2010.

K. B. Park, G. W. Moon, and M. J. Youn, “Nonisolated high step-up
stacked converter based on boost-integrated isolated converter,” [IEEE
Trans. Power Electron., vol. 26, no. 2, pp. 577-587, Feb. 2011.

Y. P. Hsieh, J. F. Chen, T. J. Liang, and L. S. Yang, “A novel high step-up
DC-DC converter for a microgrid system,” [EEE Trans. Power Electron.,
vol. 26, no. 4, pp. 1127-1136, Apr. 2011.

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 microsource applications,”
IEEE Trans. Power Electron., vol. 26, no. 4, pp. 1146-1153, Apr. 2011.
IEEE Recommended Practices and Requirements for Harmonics Control
in Electric Power Systems, IEEE Std. 519, 1992.

Electromagnetic Compatibility (EMC)-Part 3: Limits-Section 2: Limits
for Harmonic Current Emissions (Equipment Input Current <16A Per
Phase), IEC1000-3-2 Doc, 1995.

Draft-Revision of Publication IEC 555-2: Harmonics, Equipment for Con-
nection to the Public Low Voltage Supply System, IEC SC 77A, 1990.

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.

B. Akin and H. Bodur, “A new single-phase soft-switching power fac-
tor correction converter,” IEEE Trans. Power Electron., vol. 26, no. 2,
pp. 436443, Feb. 2011.

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,” [EEE Trans. Power Electron., vol. 26, no. 2,
pp. 427435, Feb. 2011.

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.

A. Shenkman, Y. Berkovich, and B. Axelrod, “Novel AC-DC and DCDC
converters with a diode-capacitor multiplier,” /EEE Trans. Aerosp. Elec-
tron. Syst., vol. 40, no. 4, pp. 1286-1293, Oct. 2004.

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.

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.

C. M. Young, M. H. Chen, T. A. Chang, and C. C. Ko, “Transfomerless
high step-up dc-dc converter with Cockcroft—Walton voltage multiplier,”
in Proc. IEEE Conf. Ind. Electron. Appl., Jun. 2011, pp. 1599-1604.

P. W. Wheeler, J. Rodriguez, J. C. Clare, L. Empringham, and A. We-
instein, “Matrix converters: A technology review,” IEEE Trans. Ind.
Electron., vol. 49, no. 2, pp. 276-288, Apr. 2002.

[32]
[33]

[34]

[35]

[36]

A

4905

R. W. Erickson and D. Maksimovic, Fundamentals of Power Electronics,
2nd ed. Norwell, MA: Kluwer, 2001.

N. Mohan, T. M. Undeland, and W. P. Robbins, Power Electronics, 2nd
ed. New York: Wiley, 1995.

Infineon Technologies, “ICE1PCS01-standalone power factor correction
controller in continuous conduction mode,” Preliminary datasheet, V1.1,
May 2003.

Z. Lai and K. M. Smedley, “A family of continuous-conduction-mode
power-factor-correction controllers based on the general pulse-width mod-
ulator,” IEEE Trans. Power Electron., vol. 13, no. 3, pp. 501-510, May
1998.

L. Malesani and R. Piovan, “Theoretical performance of the capacitor-
diode voltage multiplier fed by a current source,” [EEE Trans. Power
Electron., vol. 8, no. 2, pp. 147-155, Apr. 1993.

Chung-Ming Young (M’09) received the B.S. and
M.S. degrees in electrical engineering from the Na-
tional Taiwan Institute of Technology, Taipei, Taiwan,
in 1983 and 1987, respectively, and the Ph.D. degree
from National Taiwan University, Taipei, in 1996.

He is currently an Associate Professor in the De-
partment of Electrical Engineering, National Taiwan
University of Science and Technology, Taipei. His re-
search interests include power electronic converters,
analog circuit design, and digital signal processing
applications.

Ming-Hui Chen (S’09-M’12) received the B.S. de-
gree in electrical engineering from the Minghsin Uni-
versity of Science and Technology, Hsinchu, Taiwan,
in 2003, and the M.S. and Ph.D. degrees in electri-
cal engineering from National Taiwan University of
Science and Technology, Taipei, Taiwan, in 2006 and
2012, respectively.

His research interests include power electronic
converters, high step-up converters, power factor cor-
rection techniques, motor control, and digital signal
processing applications.

Shou-Heng Yeh was born in Tainan, Taiwan, in 1988.
He received the B.S. degree in electrical engineering
from the National Taiwan Ocean University of Elec-
trical Engineering and Computer Science, Keelung,
Taiwan, in 2010. Since 2010, he has been working
toward the M.S. degree in electrical engineering at
the National Taiwan University of Science and Tech-
nology, Taipei, Taiwan.

His research interests include power elec-
tronic converters, harmonics elimination, cascaded
multilevel inverters, and digital signal processing

y

applications.

e

Kuo-Hwei Yuo received the B.S. degree in electronic
engineering from Chung Yuan Christian University,
Chung-Li, Taiwan, in 1983, and the M.S. and Ph.D.
degrees in electrical engineering from National Tsing
Hua University, Hsinchu, Taiwan, in 1988 and 2000,
respectively.

He has been with the Chung-Shan Institute of Sci-
ence and Technology, Taoyuan, Taiwan, since 1983,
and is involved in the projects of switching power
- supply, automatic test system, system on chip, and
rapid thermal control system. His current interests

include robust speech/speaker recognition, digital signal processing, and statis-
tical signal processing.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


