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ABSTRACT This article investigates the peak-to-peak output voltage ripple for the four-switch buck+boost
(FSBB) converter under four-segment inductor current mode zero-voltage switching (ZVS) modulation
strategies in a comprehensive way. Based on the operating mode of the FSBB converter and the relative
magnitudes of the output current and inductor current at the switching instants, four distinct cases were
analyzed, with corresponding voltage ripple expressions derived for each. The analysis presented in this
article provides theoretical guidance for the selection of output capacitor size of the FSBB converter under
ZVS modulation strategies. In addition, the introduced analytical method was also used to evaluate and
compare the output voltage ripple under three state-of-the-art ZVS modulation schemes. To validate the
theoretical analysis, two sets of simulations were conducted. Finally, a laboratory FSBB converter prototype
was also built and tested for the validation purpose with an input voltage of 150 V, output voltage of 200 V,
and operating power of 1.2 kW.

INDEX TERMS Four-switch buck+boost (FSBB) converter, modulation, output voltage ripple, zero-voltage

switching (ZVS), capacitor sizing.

I. INTRODUCTION

The four-switch buck+boost (FSBB) converter has recently
attracted significant attention with its circuit topology shown
in Fig. 1. Due to its bidirectional power flow capability and
voltage step-up (boost) and step-down (buck) functions, this
converter has proven to be well suited for many applications
requiring wide voltage range, such as electric vehicle (EV)
charging [1], two-stage inductive power transfer systems [2],
battery energy storage systems [3], envelope tracking ap-
plication in linear power amplifiers [4], photovoltaic dc-dc
power applications [5], common mode noise mitigation ap-
plications [6].

Due to the multiple degrees of freedom inherent in the
FSBB converter, different modulation strategies can be im-
plemented, which is well summarized in [7]. Meanwhile, the
continuous pursuit of higher power density has led to an
increase in the switching frequency of power electronic con-
verters over the past several decades [8]. To reduce switching

losses in high-frequency operation, soft-switching modulation
strategies including zero-voltage switching (ZVS) and zero-
current switching (ZCS) are necessary [9]. According to [9],
ZVS turn-on and ZCS turn-off can almost completely elimi-
nate switching losses. Meanwhile, turn-on losses of MOSFET
switches are typically larger than its turn-off losses due to the
existence of the parasitic capacitance Cyss [10], and therefore,
ZVS turn-on is preferred, which is also the soft-switching
modulation studied in this article.

The basic principle of the ZVS modulation method in an
FSBB converter is to utilize the inductor current at switch-
ing instants to charge and discharge the parasitic capacitance
Coss of the MOSFETsSs such that when the drain-source volt-
age reduces to zero, the MOSFET can be turned on with
zero voltage. To achieve this goal, the inductor current is
required to be negative during the turn-on instant for S and
S4, and to be positive during the turn-on instant for S, and
S3. Fig. 2 shows the four-segment inductor current mode ZVS
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FIGURE 1. Circuit topology of the FSBB converter.
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FIGURE 2. Key waveforms of four-segment inductor current mode ZVS
modulation, ly, /; and I, are inductor current values at switching instants.
(a) Vin > Vout- (b) Vin < Vout-

modulation method proposed and presented in [10] and [11].
Iy, I and I, are the inductor current values at switching in-
stants. As stated previously, to ensure ZVS turn-on of S| and
S4, Ip should be negative. Meanwhile, /; and 1> should be
positive to achieve ZVS turn-on of S3 and S», respectively.
Through this modulation method, the ZVS turn-on of all
switches can be achieved.

In recent years, significant efforts have been made to
optimize the modulation efficiency for the FSBB converter in-
cluding constant-frequency [10], [12], [13], [14] and variable-
frequency ZVS modulation schemes [7], [15], [16], [17], [18].
For example, Zhou et al. optimized the four control time in-
tervals of the modulation method shown in Fig. 2 to minimize
the root-mean-square (rms) value of the inductor current and
its associated conduction losses [12].

Although modulation strategies of the FSBB converter have
received considerable attention recently, the research on its
output voltage ripple and the selection of its capacitor capac-
itance under ZVS modulation strategies remains insufficient.
On the other hand, the selection of capacitors will affect the
performance indicators of power electronic converters, such
as voltage ripple and power density. Previous studies have
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conducted detailed analysis of output voltage ripple for con-
ventional buck, boost, and buck-boost converters in [19], [20]
and [21], respectively. In [22], analysis of the input and out-
put voltage ripple was performed for the synchronous buck,
boost, and buck-boost converters under triangular current
mode (TCM) ZVS modulation strategy. However, such re-
search on FSBB converters is still lacking. Therefore, to fill
this research gap, a comprehensive and detailed analysis of
the output voltage ripple in an FSBB converter under ZVS
modulation strategies is necessary and meaningful.

Herein, the main contributions of this article are summa-
rized as follows: A comprehensive and detailed analysis of
the output voltage ripple of the FSBB converter, along with
the expressions for the capacitance selection under the four-
segment inductor current mode ZVS modulation strategy, is
presented. Additionally, cases under three-segment inductor
current mode ZVS modulation strategy in the condition of
Ty = 0 are also discussed, and the previously derived voltage
ripple formulas remain applicable to these cases. Besides, the
relation between TCM-ZVS modulation and three-segment
inductor current mode ZVS modulation strategies in terms of
voltage ripple is also presented.

The rest of this article is organized as follows: The basic op-
erating principle of the FSBB converter is briefly described in
Section II. Section III presents a comprehensive and detailed
analysis of the output voltage ripple in the FSBB converter
under ZVS modulation strategies. A comparison of voltage
ripple under three different ZVS modulation strategies is pro-
vided in Section IV, and it is also validated by simulation. In
Section V, the presented analysis is experimentally validated
using a laboratory prototype. Finally, Section VI concludes
this article.

1. OPERATING PRINCIPLE OF FSBB CONVERTER

In this section, the operating principle of the FSBB converter
will be briefly described. Some assumptions are made for the
following analysis:

1) The inductance is a constant.

2) The gating signals for each half bridge are complemen-

tary and their dead time is small enough to be ignored.

3) The input and output voltages are assumed to be con-

stant when the voltage ripple is sufficiently small.

The FSBB converter consists of two half bridges as shown
in Fig. 1. S| and S form the buck bridge while S3 and S4 form
the boost bridge. Defining d; and d> as the duty cycles of S
and Sy, respectively, the average voltages of points A and B
relative to the bottom bus rail are

Vg = dlvin (1)
vp = (1 = d2)Vou, 2

where Vi, and V. are the input and output voltages. Based on
the volt-second balance law of the inductor under steady state
operation, the voltage gain can be derived as (3)

. Vout dl

= 3)

G, = = .
P S
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Equation (3) always holds regardless of the modulation strate-
gies and power values.

Given the modulation strategy shown in Fig. 2, the inductor
current expression for both step-up and step-down cases can
be expressed as follows with 7y = 0:

forO <t <t

in(t) + Yo — ), forr <t <t
i (t2) — Yt — 1), forty <t <13
Io, fortz <t < Ts.

Io-i-%t,

ir(t) = 4

In (4), L is the inductance, T is the switching period with its
value being Ty =Ty + 1> + T3 + Ts. T; to Ty are the control
time intervals.

According to (4), the inductor current values /1 and I, at the
switching instants #; and #, can be expressed as follows:

Vin — Vout

helo+ g, g 4 Lo Youy (5)
r=h+ - =i i3 2.
Besides, d| and d; can also be expressed as follows:
h+1h n+T14
dy = ——, dy=——. (6)
T T

According to [12], the ZVS conditions are expressed as fol-
lows:

Iy > ostou, for ZVS of 83
L > % for ZVS of S, @)
o] > HosmXUinVou) = for 7V of §; and Sy.

Idead

In (7), Coss is the MOSFET parasitic capacitance, fgead 1S

the dead time. For simplicity, the ZVS conditions can be
expressed in (8), as presented in [12].
Hol > Ipvs, It = Lys, Do > Ipys. ®)
2Coss max(Vip, Vi
In (8), Lys = oss Max(Vip out).
Tdead

IIl. OUTPUT VOLTAGE RIPPLE ANALYSIS

In this section, the output voltage ripple analysis will be car-
ried out based on the four-segment inductor current mode
modulation strategy. To calculate the output voltage ripple,
herein, it is assumed that the output current is constant and
that the capacitor equivalent series resistance (ESR) is ne-
glected [23], [24].

A. VOLTAGE RIPPLE ANALYSIS UNDER FOUR-SEGMENT
INDUCTOR CURRENT MODE MODULATION
Based on the operation of the FSBB converter in either step-up
or step-down mode, as well as the magnitudes of the output
current and inductor current at switching instants, four cases
need to be considered when analyzing the voltage ripple of
the output capacitor, and they are shown in Fig. 3 for the
case when Vi, < Vi and Fig. 4 for the case when Vi, > Vo,
respectively.

During steady state operation, within a single switching
period, there is no net change in the charge accumulated on
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FIGURE 3. Waveforms of gating signals, inductor current, current flowing
through S;, and capacitor current in step-up mode operation when

Vin < Vout- The reference directions of voltage and current are shown in
Fig. 1. (a) Case when I, > Iy (b) Case when I, < Ioyt.
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FIGURE 4. Waveforms of gating signals, inductor current, current flowing
through S;, and capacitor current in step-down mode operation when
Vin > Vout- (@) Case when I; > Iy (b) Case when I} < Ioyt-

the capacitor. Therefore, the voltage ripple can be calculated
based on either the charge accumulated or released by the
capacitor, yielding the same result in both cases. Meanwhile,
one can also find that for all the cases shown in both Figs. 3
and 4, within a single switching period, the capacitor voltage
will only continuously rise from its minimum to its maximum
value, and then continuously fall from its maximum to its
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minimum value, without exhibiting intermediate behaviors
such as rising, falling, and rising again. This characteristic
facilitates the calculation of the peak-to-peak voltage ripple
of the capacitor.

For the rest of the article, the peak-to-peak voltage ripple
will be calculated based on the accumulated charge during
the period when the capacitor current is positive within a
switching cycle. During this phase, the capacitor voltage will
increase from its minimum value to its maximum value.

1) CASES IN STEP-UP MODE

For Fig. 3(a) when Iy < I», the peak-to-peak voltage ripple
based on the charge accumulated during time interval from #
to 13 is

1 |:(11 + 1 — 2lou)(t2 — 11)
Cout 2

(L — Lou)(t3 — 12)
+ ) } .

current,

A Vpp_boost_l =

(€))

In (9), Iy 1is trh —t; =1, and

12 - Iout

the output

BR—th = 7. Substituting these two expressions into

2 — 1o
(9) then yields (10)
(h+ 15— 2Ty | (b — Lu)*Ts
2Cout 2(l — Ip)Cout
For Fig. 3(b) when I, > I, the peak-to-peak voltage ripple
based on the charge accumulated during time interval from #;
to 1 is

(10)

AVppfboostfl =

(It = Ioue)(t2 — 11)

AVppfboostj = 2C (11)
out
Il - Iout e . .
In (11), b — 1) = 7 T>. Substituting this expression
1 — 12

into (11) then yields (12)

(11 — lout )2 T2

T 12
2(11 - IZ)Cout ( )

AVpp_boost_Z -
2) CASES IN STEP-DOWN MODE
For Fig. 4(a) when I,y < I;, the peak-to-peak voltage ripple

based on the charge accumulated during time interval from #
to 13 is

1 (I + I — 2l )12 — 1)
AV, = .
pp_buck_1 Cout |: )
L — 1 13—t
+(2 out) (13 2)]. (13)
2
L

—1
In(13),tr —t1 =T, 13 — 1r = ]—‘;“‘Tg. Substituting these

0
two expressions into (13) then yields (14)
(h+h =2l | (= lou)*T3
2Cout 2(L — Ip)Cout’

For Fig. 4(b) when I, > I, the peak-to-peak voltage ripple
based on the charge accumulated during time interval from #,

AVppfbuckfl = (14)
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TABLE 1. Summary of Peak-to-Peak Voltage Ripple Expressions

Cases Voltage Ripple Expression

Case in Fig. 3(a) when
Vin < Vout and Iz > Iout
Case in Fig. 3(b) when
Vin < Vout and I3 < lout
Case in Fig. 4(a) when
Vin = Vout and 11 > Iout
Case in Fig. 4(b) when
Vin > Vout and I < Iout

1412 —210ut)To + (Io—Iout)3Ts
2Cout 2(I2—19)Cout

U1 —Iout)? T
2(I1 —12)Cout

(141 =2Iou)Ty Uz—Iout)?Ts
2cout: 2(12_10)001111

Iy —Tout) Ty + (I —TIout)3Ts
2(I2—11)Cout 2(I2—10)Cout

to t4 1S

(L — Lou)(t4 — 1)
2C0ut '

h—1 bh—1
In (15), tg — t = ———°ut 2 ol Substituting this
L —1; L — 1

2
expression into (15) then yields (16)
(12 - Iout)2T2
2(12 =1 )Cout

A Vpp_buck_Z = ( 15 )

(12 - Iout )2T3

. 16
2(12 - IO)Cout ( )

AVpp_buck_Z -

3) BOUNDARY CONDITION ANALYSIS

First, when Vi, = Vo, in this case, I} = I, so the output
current I, will only be smaller than /; or I>. Therefore, in
this case, the voltage ripple can be calculated using the corre-
sponding expression presented in either (10) for Fig. 3(a) or
(14) for Fig. 4(a). By further setting I = I, the voltage ripple

expression when Vi, = Vq; can be derived from both (10) and
(14) as
I — Iy T- I — Iow)*T:
AVpp _ ( 1 out) 2 ( 1 out) 3 ) (17)
Cout 2(h — Ip)Cout

Second, the cases when the output current I, equals the
inductor current of /1 or I, at switching instant need to be
analyzed. For both Fig. 3(a) and (b), when I = Iy, the time
interval from #, to #3 is zero, and by setting I» = Iy, both
equations of (10) and (12) for Fig. 3 yield the same result,
which is
(1 1— Iout)TZ

AVy, = (18)

. 2Cout
Similarly, for Fig. 4(b) when I} = Iy, the time interval
from #1 to t, becomes zero, by setting I} = Iy, both equations

of (14) and (16) for Fig. 4 yield the same result, which is

(12 - out)T2 (12 - 0ut)2T3
2Cout 2( — I0)Cout

AV = (19)

4) SUMMARY OF EQUATIONS
A summary of the previously derived equations of the peak-
to-peak voltage ripple is given in Table 1. As can be seen
from Table 1, the voltage ripple expressions of the cases in
Figs. 3(a) and 4(a) are the same.

According to the previous theoretical analysis, it can be
concluded that once the control time intervals are determined,
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TABLE 2. Summary of Expressions for Capacitor Sizing

Minimum Capacitance Needed
For Voltage Ripple AV},

Cases

Case in Fig. 3(a) when
Vin < Vout and Iz > Iout
Case in Fig. 3(b) when
Vin < Vous and I3 < Iout
Case in Fig. 4(a) when
Vin = Vout and 11 > Iout
Case in Fig. 4(b) when
Vin > Vout and Iy < Iout

(I —TIout)?Ts
2([27[0)Avpp

(I1413—21Iout) T2 +
3AVpp

(Il_Iollt)2T2
2([1712)AVpp

2 —Iout)?T3

(U1 +12—2I0ut) T2 +
2(I2—1I9)AVpp

2AVpp

(I2—Tout)?Ts
2(I2—10)AVpp

(I —TIout)2Ts
2(12711)Avpp

the inductor current at each switching instant can be obtained
accordingly, and thus the output voltage ripple can also be
calculated.

B. CAPACITOR SIZING

Based on the derived formulas summarized in Table 1, the ca-
pacitor size can also be determined according to the specified
peak-to-peak voltage ripple or ripple factor requirement. For
example, if the maximum allowed voltage ripple is AVpp_max»
then the minimum required output capacitance should be de-
termined based on (20) for the case in Fig. 3(a):

oo b =22 (b —lw)’Ts
T 2AVp max 2(1 — 1) AV max’

Similarly, the corresponding formulas for the remaining three
cases can also be derived, and they are summarized in Table 2.

(20)

C. CASE UNDER THREE-SEGMENT INDUCTOR CURRENT
MODE MODULATION WHEN T, IS ZERO

When the time interval 7; is zero, the modulation strategy
shown in Fig. 2 transitions into a three-segment inductor
current mode modulation presented in Figs. 5 and 6, which
occurs in many cases [7], [11], [13], [18], [25]. The previously
derived equations of (9), (11), (13), (15) or (10), (12), (14),
(16) remain applicable to the cases presented in Figs. 5 and
6. Specifically, in this case, the control time intervals can be
expressed as follows:

N =dI;, Th=(d —d), T=0-d)I. (2l)
D. RELATION WITH TCM-ZVS MODULATION STRATEGY

TCM-ZVS modulation strategies can also be applied to the
FSBB converter [7], [15]. In [22], the output voltage ripple
was analyzed under TCM-ZVS operations, and its voltage
ripple expressions were also derived. In fact, these expressions
can also be derived from the three-segment inductor current

mode modulation strategy, and they are discussed as follows.

1) TCM-ZVS BOOST MODE MODULATION

When switch S; is always on, namely, its duty cycle be-
comes one, then the modulation strategy in Fig. 5(b) turns
into TCM-ZVS boost mode modulation. In this case, the time
interval 73 in Fig. 5(b) becomes zero, and I, coincides with Ij.
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FIGURE 5. Waveforms of gating signals, inductor current, current flowing
through S;, and capacitor current in step-up mode operation when
Vin < Vout and T; = 0. (a) Case when £, > I,y (b) Case when I, < loyt-
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FIGURE 6. Waveforms of gating signals, inductor current, current flowing
through S3, and capacitor current in step-down mode operation when
Vin > Vout and T; = 0. (a) Case when I; > I,y (b) Case when I} < Ioyt.

Fig. 7(a) redraws the corresponding waveforms under TCM-

ZV'S boost mode modulation. In this case, (11) still holds with
11 - Iout
h—tHH =——1I>.
L —1I
2) TCM-ZVS BUCK MODE MODULATION
When switch §3 is always on, then the modulation strategy
in Fig. 6(b) turns into TCM-ZVS buck mode modulation.
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FIGURE 7. Waveforms of gating signals, current flowing through S5, and
capacitor current in TCM-ZVS modulation. (a) Boost mode. (b) Buck mode.
(c) Buck-boost mode.

In this case, the time interval 7] in Fig. 6(b) becomes zero,
and /; coincides with Ip. Fig. 7(b) redraws the corresponding
waveforms under TCM-ZVS buck mode modulation. By us-
ing the same approach as in Fig. 4(b) [also in Fig. 6(b)], the
expression for the voltage ripple can be derived as follows:

(Il - out)(t3 _tl)

AVpprCbeuck = 20C (22)
out
I -1 I — 1,
In(22), 15 =1y = (T +T2) = T— T,

3) TCM-ZVS BUCK-BOOST MODE MODULATION

When switches S and S4 turn on/off simultaneously, then
the modulation strategies in Figs. 5(a) and 6(a) turn into
TCM-ZVS buck-boost mode modulation. In this case, the
time interval 7> in both figures becomes zero, and /; coincides
with I. Fig. 7(c) redraws the corresponding waveforms under
TCM-ZVS buck-boost mode modulation. In this case, the
voltage ripple is described by the same expression as in the
TCM-ZVS boost mode modulation.

From the above analysis, it can be seen that the volt-
age ripple under TCM-ZVS modulation can be derived from
the three-segment inductor current mode modulation. Further
simplifications of the expressions can be found in [22].
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IV. VOLTAGE RIPPLE COMPARISON UNDER DIFFERENT
ZVS MODULATION STRATEGIES AND SIMULATION
VALIDATION

In this section, the previously derived formulas will be applied
to compare the output voltage ripple under three different
state-of-the-art ZVS modulation strategies, which were intro-
duced in [12], [13] and [18]. The simulation results will also
be presented, which shows a close match with the theoretical
calculations.

A. COMPARISON OF VOLTAGE RIPPLE AND CAPACITOR
SIZING
A case study with parameters close to experiments was carried
out for comparison, herein, the input voltage Vi, ranges from
150 V to 250 V, output voltage V¢ is 200 V, power is 1.2 kW,
inductance L is 100 ©H, and Iy = —I,ys = —3 A. The switch-
ing frequency is selected to be 25 kHz for the methods based
on [12] and [13] since they are constant-frequency modulation
strategies, whereas in [18], it is varied.

In [12], the modulation strategy, shown in Fig. 2, with min-
imum inductor rms current was proposed. According to [12],
the relationship between 77 and 7> can be expressed as

—Llo — VT + VA
T = .
Vin
In (23), A = L?I5 + 2LTyVoulout + VinVouT5 -
For 7>, an enumeration approach can be adopted, since once

T is known, T} can be determined. Based on (3) and (6), T3
can also be calculated, which is

(23)

Vin
(h + 1) — T
VOU[
Since all the control time intervals are known with 7} = T; —
(Th + T> + T3), the corresponding currents, including the rms
value of the inductor current, can be calculated accordingly. It
should be pointed out that the selection of 7> must ensure that
the ZVS operating condition of the FSBB converter meets the
requirement of (8), and all calculated control time intervals
are greater or equal to zero. The searching time step of 75 is
100 ns in this article.

In [13], a constant frequency ZVS modulation strategy
featuring two operating modes, namely, pseudocritical contin-
uous current mode (PCRM) and pseudodiscontinuous current
mode (PDCM), was proposed. Under PCRM, 7 is zero, the
duty cycle d, can be expressed as (25) based on [13].

VB

Tz = 24)

Vou 2 4 Lbs
SR

dy = (25)
)2+ % +1
In (25), B is expressed as
5 (V + Vour le>2

Vi VinTy
vom>2 Vout <2L10m )

- + +1 +1). (26)

[( Vi Vin Vin Ty
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Once d» is known, d; can be calculated based on (3). Combing
(5), (21), and formulas in Table 1, the voltage ripple can
be subsequently calculated. It should be noted that when the
input voltage is 230 V, 240 V or 250 V, in order to meet the
ZVS condition given by (8), the four control time intervals
are calculated using (27), which follows the same approach
proposed in [26], where I} = I,y in step-down mode.

7. — 2Lins
= Vi

T — —b++/b*—4ac

2= — 5

T3 = %(Tl + 1) -1,

Li=T,— (1 + 1 +T13).

27)

In (27), a=(Vin—Vout)Vin, b=2LVinLpys, ¢ = —2LTVoutlout-

In [18], a variable-frequency three-segment inductor cur-
rent mode ZVS modulation strategy was proposed, and its
operating waveforms are shown in Figs. 5 and 6. For this mod-
ulation, when the FSBB converter is in step-up mode, the duty
cycle d; is fixed at a constant value, denoted as dpy,x. When
the converter is in step-down mode, the duty cycle d» is fixed
at a constant value, denoted as dp,;,. Besides, diax + dmin = 1
for the purpose of achieving a seamless step-up and step-down
mode transition. The switching frequency of this modulation
for both step-up and step-down operating modes can be ex-
pressed as follows according to [18]:

_ Vinldi(1 — dy) + d2(dy — d2)]
2L[10ut - 10(1 - dZ)]

Combing (3), (5), (21), (28), and formulas in Table 1, the
voltage ripple can be subsequently calculated.

Fig. 8(a) shows the optimal values of 7> and duty cycles
based on the method in [12] while Fig. 8(b) shows the values
of Ty and duty cycles based on the method in [13]. Fig. 9
shows the switching frequency value based on the method
in [18].

Fig. 10 shows the peak-to-peak output voltage ripple under
the previously mentioned ZVS modulation strategies based
on the derived formulas in Table 1. Since the modulation
strategies presented in [12] and [13] yield same control time
intervals, the output voltage ripple values are also the same.
Based on the expressions for capacitor sizing summarized
in Table 2, Fig. 11 shows the minimum output capacitance
required to achieve a maximum peak-to-peak voltage ripple
factor of 1% (AVpp_max =2 V) under the previously men-
tioned ZVS modulation strategies. So, based on this example,
if the maximum allowed output voltage ripple is 2 V, then a
capacitor with value larger than 50 uF is required.

fs (28)

B. SIMULATION VALIDATION

To validate the previous theoretical calculations, two sets
of simulations were conducted based on method from [13]
and [18], respectively. The circuit simulation parameters are
consistent with those described in Section IV-A. The circuit
was simulated using MATLAB Simulink with variable-step
ODEA45 solver. The maximum step size was 2e-7 s, and the
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FIGURE 9. Switching frequency based on the method in [18], dnax = 0.9.

relative tolerance was le-6. The simulation results are shown
in Fig. 12.

As can be seen from Fig. 12, the simulated AV}, closely
matches the calculated AV}, which effectively validates the
correctness of the previous theoretical derivations.

V. EXPERIMENTAL VALIDATION

In addition to simulation validation, a laboratory prototype
of FSBB converter was also built for the experiment, which
consists of two half-bridge boards. The converter prototype
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FIGURE 11. Minimum output capacitance required to achieve a maximum
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FIGURE 12. Simulated and calculated peak-to-peak output voltage ripple
based on the ZVS modulation strategies from [13] and [18]. The circuit
operating parameters are described in Section IV-A.

and its laboratory test setup is shown in Fig. 13. The key pa-
rameters of the FSBB converter prototype is given in Table 3.

Table 4 shows the measured inductance with B&K Pre-
cision 880 LCR meter. For experiment, the three-segment
inductor current mode modulation method based on [18] was
chosen. Keysight N2782B current probe with 50 MHz band-
width was used to measure both the inductor and output
current while Keysight N2791A differential voltage probe
with 25 MHz bandwidth was used to measure both the gating
signal and drain-source voltages. The oscilloscope used was a
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FIGURE 13. FSBB converter prototype and experimental setup. (a)
Converter prototype. (b) Laboratory experimental setup.

TABLE 3. Key Parameters of the FSBB Prototype

MOSFET Switch C3M0032120J1
KEMET, C4AU Film, 35 uF x 3
Knowles, MLCC, 100 nF x 8
KEMET, C4AU Film, 35 uF x 3
Knowles, MLCC, 100 nF x 8
PM 74/59, N87, 100 uH

Broadcom, ACPL-W349

Input Capacitor Cjy,

Output Capacitor Cout

Inductor
Gate Driver IC

TABLE 4. Measured Inductance

fs (kHz) | 0.1 1 10 100
L (pH) 101 | 100.9 | 100.58 | 100.63

Yokogawa DLM3034. The negative ZVS current Iy was cho-
sen to be —3 A, and the dead time was 320 ns. The converter
was tested with Vi, = 150V, Voue = 200 V and P, = 1200 W.
For both ZVS operation and voltage ripple measurement, two
sets of operating cases were adopted: the first with d; = 0.8,
dr = 0.4, and f; = 30769 Hz; and the second with d; = 0.9,
dr = 0.325, and f; = 25876 Hz. For the first case, I, is larger
than I,y while for the second case, I is smaller than Iy.
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TABLE 5. FSBB Converter Operating Parameters, V;, = 150 V, Vout = 200V,
P, =1200 W, L = 100 uH, Cout = 105 uF, and Ip = =3 A

dy = 0.8, dy = 0.9,
Operating Cases da = 0.4, do = 0.325,
s = 30769 Hz s = 25876 Hz

Input Current I;, (A) 8 8
Output Current Iout (A) 6 6
Inductor Current 17 (A) 16.5 15.8
Inductor Current I (A) 10.0 4.7

Calculated AV, (V) 0.94 0.92

Table 5 summarizes the operating parameters of the FSBB
converter under these two operating cases.

A. ZVS OPERATING WAVEFORM

Fig. 14 shows the ZVS operating waveforms of the FSBB con-
verter, indicating that ZVS turn-on was achieved for switches
S1, Sz, and S4. Since the current value /; is larger than |lp],
it can be inferred that ZVS turn-on of S3 was also achieved.
Yokogawa WT500 power analyzer was used to measure the
efficiency.

B. VOLTAGE RIPPLE

The voltage ripple across the output capacitors was measured
and analyzed to validate the proposed analysis. To measure
the voltage ripple, the oscilloscope was AC-coupled. Addi-
tionally, a 2 MHz low-pass filter was employed to suppress
high-frequency noise caused by switching transients. Fig. 15
shows the operating waveforms of the voltage ripple across
the output capacitor. As can be seen from Fig. 15, the output
current was nearly DC. The output voltage ripple was mea-
sured to be approximately 1 V under both operating cases.
Based on the theoretical calculations shown in Table 5, the
expected output voltage ripple are 0.94 V and 0.92 V for the
operating cases shown in Fig. 15(a) and (b), respectively.

1) FURTHER DISCUSSION ON VOLTAGE RIPPLE

By further checking the output voltage ripple waveform
shown in Fig. 15, it can be observed that the positive peak
voltage is not equal to the absolute value of the negative peak
voltage. For example, Fig. 16 shows the simulation result
under steady state from MATLAB Simulink based on the
operating parameters in Fig. 15(b). As one can observe, the
simulation results of the voltage ripple clearly confirm the
previous statement. Furthermore, the simulated peak-to-peak
voltage ripple was 0.92 V, which precisely matches the calcu-
lated result. In summary, both the experimental and simulation
results proved the validity of the proposed analysis.

C. DISCUSSION ON ASSUMPTIONS

First, during analysis, the dead time was ignored. This is
because, on the one hand, the dead time is typically very small
relative to the switching period, for example, the ratios of the
dead time to one switching cycle are only 0.83% and 0.98%
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FIGURE 14. ZVS operating waveforms, Vi, = 150V, Vo, =200V, Ip = -3 A
and P, = 1.2 kW. S;, S, and S, are the gate-source voltage signals for
switch Sy, S; and S,, respectively. i, is the inductor current, v4 and vg are
the voltages of points A and B relative to the bottom bus rail shown in

Fig. 1. (a) ZVS turn-on of S;, d; = 0.8 and f; = 30769 Hz. The efficiency was
98.7%. (b) ZVS turn-on of S,, d; = 0.9 and f; = 25876 Hz. The efficiency
was 99.0%. (c) ZVS turn-on of Sy, d; = 0.9 and f; = 25876 Hz.

Froa(Ch) 25871352

in the experiments presented in this article. On the other hand,
the analysis of voltage ripple is based on the variation of
capacitor charge, which is the integral of current with respect
to time. Therefore, it is reasonable to ignore the impact of
circuit resonance during the dead time on the voltage ripple.
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and f; = 30769 Hz. (b) Case when d; = 0.9, d, = 0.325, and f; = 25876 Hz.

Second, the inductance was assumed to be a constant. As
observed from the experimental inductor current waveforms,
within one switching period, each segment of the inductor
current was approximately linear, which indicates that this
assumption is reasonable. For the built inductor, a PM 74/59
ferrite core made of N87 material was employed. The peak
magnetic flux density during converter operation can also be

. LI
calculated according to B = NA substituting correspond-

e
ing parameters with L = 100 uH, [=165 A, N =18, and
A, = 790 mm? [27], the peak flux density is calculated to be
0.116 T, which is less than the saturation flux density of N87
material [28].
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FIGURE 16. Voltage ripple simulation result under steady state based on
the operating parameters in Fig. 15(b), namely, Vi, = 150 V, R, ~ 33.33 ,
d, = 0.9, d, = 0.325, f; = 25876 Hz, and Cout = 105 yF.

Third, for the purpose of simplifying the voltage ripple
analysis, the ESR of the capacitor is neglected in this article.
Incorporating the effects of ESR could be a future research
direction.

VI. CONCLUSION

In this article, the peak-to-peak output voltage ripple was
comprehensively analyzed in a four-switch buck+boost con-
verter under ZVS modulation strategies. The operating mode
of the FSBB converter, along with the relative magnitudes of
the output current and inductor current at switching instants,
was considered. Four distinct cases were analyzed, and cor-
responding voltage ripple expressions were derived for each,
along with a summary of the capacitor sizing. The analysis
was validated by both simulations and experiments. Incor-
porating the effects of ESR can be a future study to further
improve the accuracy of the voltage ripple modeling.

REFERENCES

[1] R. Nibaruta, S. Qazi, A. K. Iyer, P. Venugopal, V. Havryliuk, and T.
B. Soeiro, “Electric vehicle charging system utilizing a transformerless
common mode voltage suppression technique,” IEEE Trans. Ind. Appl.,
pp. 1-13, Jul. 18, 2025, doi: 10.1109/TIA.2025.3590674. [Online].
Available: https://ieeexplore.ieee.org/document/1 1085097

[2] K. He, F. Gao, X. Liu, Y. Jiang, X. Yang, and D. J. Rogers, “Unified
two-time-scale modeling and hybrid ZVS modulation of LCC-LCC
compensated IPT system with wide input voltage range,” IEEE Trans.
Power Electron., vol. 40, no. 11, pp. 17529-17548, Nov. 2025.

[3] X. Chen, A. A. Pise, J. Elmes, and 1. Batarseh, “Ultra-highly efficient
low-power bidirectional cascaded buck-boost converter for portable
PV-battery-devices applications,” IEEE Trans. Ind. Appl., vol. 55, no. 4,
pp. 39894000, Jul./Aug. 2019.

[4] J. R. Garcia-Mere, J. Rodriguez, and J. Sebastian, “ZVS modulation
strategy for constant high frequency four-switch buck-boost converters
used in envelope tracking power supplies,” in Proc. 2024 IEEE Appl.
Power Electron. Conf. Expo., 2024, pp. 1675-1681.

[5] M. Orellana, S. Petibon, B. Estibals, and C. Alonso, “Four switch buck-
boost converter for photovoltaic DC-DC power applications,” in Proc.
36th Annu. Conf. IEEE Ind. Electron. Soc., 2010, pp. 469-474.

[6] Y.Bai, S. Hu, Z. Yang, M. Tahir, and Y. Zhi, “A selective common mode
noise mitigation method using phase-shifted modulation for four-switch
buck—boost DC/DC converter,” IEEE Trans. Power Electron., vol. 38,
no. 6, pp. 71837196, Jun. 2023.

VOLUME 6, 2025


https://dx.doi.org/10.1109/TIA.2025.3590674
https://ieeexplore.ieee.org/document/11085097

IEEE Open Journal of

pels .
Power Electronics

A

(71

(8]
[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

G. Yu, J. Dong, T. B. Soeiro, G. Zhu, Y. Yao, and P. Bauer, “Three-mode
variable-frequency ZVS modulation for four-switch buck boost convert-
ers with ultra-high efficiency,” IEEE Trans. Power Electron., vol. 38,
no. 4, pp. 48054819, Apr. 2023.

J. W. Kolar et al., “PWM converter power density barriers,” in Proc.
2007 Power Convers. Conf. - Nagoya, 2007, pp. P:9-P:29.

X.-F. Cheng, C. Liu, D. Wang, and Y. Zhang, “State-of-the-art review on
soft-switching technologies for non-isolated DC-DC converters,” I[EEE
Access, vol. 9, pp. 119235-119249, 2021.

S. Waffler and J. W. Kolar, “A novel low-loss modulation strategy for
high-power bidirectional buck boost converters,” IEEE Trans. Power
Electron., vol. 24, no. 6, pp. 1589-1599, Jun. 2009.

P. Vinciarelli, “Buck-boost DC-DC switching power conversion,”
US Patent 6,788,033, Sep. 07, 2004.

Z.Zhou, H. Li, and X. Wu, “A constant frequency ZVS control system
for the four-switch buck—boost DC-DC converter with reduced inductor
current,” [EEE Trans. Power Electron., vol. 34, no. 7, pp. 5996-6003,
Jul. 2019.

J. Fang, X. Ruan, X. Huang, R. Dong, X. Wu, and J. Lan, “A PWM
plus phase-shift control for four-switch buck-boost converter to achieve
ZVS in full input voltage and load range,” IEEE Trans. Ind. Electron.,
vol. 69, no. 12, pp. 12698-12709, Dec. 2022.

R. Dong, X. Ruan, and L. Xiao, “A simplified implementation with
improved dynamic performance of PWM plus phase-shift control
for four-switch buck—boost converter,” IEEE Trans. Power Electron.,
vol. 39, no. 3, pp. 3014-3023, Mar. 2024.

Z. Yu, H. Kapels, and K. F. Hoffmann, “High efficiency bidirectional
DC-DC converter with wide input and output voltage ranges for battery
systems,” in Proc. 2015 Int. Exhib. Conf. Power Electron. Intell. Motion
Renewable Energy Energy Manage., 2015, pp. 1-8.

W. Vermeer, M. Wolleswinkel, J. Schijffelen, G. R. Chandra Mouli,
and P. Bauer, “Three-mode variable-frequency modulation for the four-
switch buck-boost converter: A QR-BCM versus TCM case study
and implementation,” [EEE Trans. Ind. Electron., vol. 72, no. 2,
pp. 1512-1523, Feb. 2025.

K. Kruse, M. Elbo, and Z. Zhang, “GaN-based high efficiency bidirec-
tional DC-DC converter with 10 MHz switching frequency,” in Proc.
2017 IEEE Appl. Power Electron. Conf. Expo., 2017, pp. 273-278.

VOLUME 6, 2025

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

G. Yu, J. Dong, T. B. Soeiro, and P. Bauer, “A variable-frequency
ZVS modulation for four-switch buck boost converters with seamless
step-up/down mode transition,” in Proc. 11th Int. Conf. Power Electron.
ECCE Asia, 2023, pp. 2808-2813.

L. Shulin, L. Yan, and L. Li, “Analysis of output voltage ripple of
buck DC-DC converter and its design,” in Proc. 2nd Int. Conf. Power
Electron. Intell. Transp. Syst., 2009, pp. 112-115.

S.-L. Liu, J. Liu, H. Mao, and Y.-Q. Zhang, “Analysis of operating
modes and output voltageripple of boost DC-DC convertersand its
design considerations,” IEEE Trans. Power Electron., vol. 23, no. 4,
pp. 1813-1821, Jul. 2008.

E. Babaei, M. E. Seyed Mahmoodieh, and H. Mashinchi Mahery,
“Operational modes and output-voltage-ripple analysis and design
considerations of buck—boost DC-DC converters,” IEEE Trans. Ind.
Electron., vol. 59, no. 1, pp. 381-391, Jan. 2012.

G. Yu, S. Yadav, J. Dong, and P. Bauer, “Revisiting the reverse switched
current of buck, boost, and buck—boost converters in voltage-mode
TCM-ZVS control considering parasitic resistances,” [EEE Trans.
Power Electron., vol. 39, no. 7, pp. 8254-8268, Jul. 2024.

N. Mohan, T. M. Undeland, and W. P. Robbins, Power Electronics:
Converters, Applications, and Design. Hoboken, NJ, USA: Wiley, 2003.
J. G. Kassakian, D. J. Perreault, G. C. Verghese, and M. F. Schlecht,
Principles of Power Electronics. Cambridge, U.K.: Cambridge Univer-
sity Press, 2023.

A.J. Hanson, R. S. Yang, S. Lim, and D. J. Perreault, “A soft-switched
high frequency converter for wide voltage and power ranges,” in Proc.
2016 IEEE Int. Telecommun. Energy Conf., 2016, pp. 1-8.

L. Tian, X. Wu, C. Jiang, and J. Yang, “A simplified real-time digital
control scheme for ZVS four-switch buck—boost with low inductor
current,” IEEE Trans. Ind. Electron., vol. 69, no. 8, pp. 7920-7929,
Aug. 2022.

TDK Corporation, “Ferrites and accessories- PM 74/59 core and acces-
sories,” Data Sheet, Oct. 2022. [Online]. Available: https://www.tdk-
electronics.tdk.com/inf/80/db/fer/pm_74_59.pdf

TDK  Corporation,  “Ferrites and  accessories-  SIFERRIT
material N87,)” Data Sheet, Jun. 2025. [Online]. Avail-
able: https://www.tdk-electronics.tdk.com/download/528882/
d6940b239127a8bab71b22168746021b/pdf-n87.pdf

2063


https://www.tdk-electronics.tdk.com/inf/80/db/fer/pm_74_59.pdf
https://www.tdk-electronics.tdk.com/inf/80/db/fer/pm_74_59.pdf
https://www.tdk-electronics.tdk.com/download/528882/d6940b239127a8bab71b22168746021b/pdf-n87.pdf
https://www.tdk-electronics.tdk.com/download/528882/d6940b239127a8bab71b22168746021b/pdf-n87.pdf


<<
  /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
  /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 true
  /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 false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /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 false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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

  /CreateJDFFile 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


