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Abstract—The four-switch buck—boost (FSBB) topology is often
used in combination with other isolated converters to extend the
voltage range capability of the overall structure. In such applica-
tions, the duty-cycles of the two legs of the FSBB are independently
controlled, and a phase shift is typically used to shape the inductor
current ripple and, thus, achieve zero voltage switching. This article
proposes a nonlinear average model, and the corresponding lin-
earized small-signal model for the FSBB operating in the described
way. Notably, the proposed approach is based on the modeling of
the inductor energy, which allows the correct description of the
dynamics related to the phase shift, in addition to those related
to the duty-cycles. The derived models are shown to be in excel-
lent agreement with simulation results and are also validated by
measurements on an experimental prototype.

Index Terms—Average model, four-switch buck-boost (FSBB),
small-signal model.

1. INTRODUCTION

HE four-switch buck-boost (FSBB) topology, shown in

Fig. 1, is a well-known noninverting step-up/down topol-
ogy, which is used in combination with other isolated converters
for higher input/output voltage ranges. In [1], an integrated
buck-boost LLC converter is proposed, cascading an FSBB stage
and an LLC stage with passive rectification sharing a switching
leg to widen the input voltage range. The LLC stage works in
zero-current switching operation throughout the full-operating
range. Here, the two stages are driven independently with differ-
ent switching frequencies for the two legs. The same converter is
used in [2] as intermediate bus converter in distributed telecom
power systems. The legs of the FSBB work at the same switching
frequency and the shared leg operates at 50% duty-cycle. The
output voltage is regulated by the input-leg duty-cycle. The
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Fig. 1. FSBB converter.

phase shift is modulated to reduce the current ripple in the
buck-boost inductor. Similarly, in [3] and [4], the converter is
used with push—pull rectifier and full-bridge rectifier, respec-
tively, with the bipolar symmetric phase-shift modulation. In
these applications, the shared leg duty-cycle is fixed at 50%
and the duty-cycle of the other leg and the phase shift are
modulated to regulate the output voltage and modify the inductor
current. In [5], a parallel structure using two interleaved FSBB
stages working in counter-phase is also proposed. The FSBB
is used with a dual-active-bridge (DAB) converter to match the
high- and low-voltage side reducing, in this way, the current
stress and increasing the soft-switching range [6]. Other articles
emphasize the fundamental role of the FSBB as front-end stage
in unidirectional dc—dc converters [7], [8], [9], [10], [11] or as
an additional stage in power factor correction or in bidirectional
converters, widening the converter voltage range and eventually
improving the efficiency of the other stage in a wide range of
operation [12], [13].

Despite the simple structure of the FSBB, models covering the
dynamics of the converter during the variation of both the two
duty-cycles and the phase shift are not presented. Typical FSBB
average models account for buck or boost operating modes,
where only one of the legs is modulated to reach the desired
output voltage, or operating in buck—boost mode where S; and
S5 of Fig. 1 are turned-ON and -OFF simultaneously. When these
operating modes are considered, as shown in [14], [15], and
[16], the canonical method in [17] is generally used neglecting
the dynamics of the converter in the transition between the buck
and boost mode of operation in the so called dead zone. In [18],
a quadrangle current control for the FSBB is presented and,
in [19], a model of the converter under that control is developed,
considering the variation of the duty-cycles and the phase shift.
With such a control, since the minimum current to reach zero
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voltage switching (ZVS) operation is fixed, one of the three
variables (i.e., the two duty-cycles or the phase shift) becomes
dependent to the others, limiting the validity of the model.

The transition between the buck and boost modes is con-
sidered in several papers. In [20], control strategies utilizing
buck—boost operation are employed for a smooth transition
between the modes. The strategy proposed in [20] is used also
in [21] and [22], changing the overlap between the carrier of the
switches 57 and S5 to gently reduce one duty-cycle and increase
the other, effectively changing the phase shift. However, a single
small-signal model for the FSBB in all the three operation modes
(i.e., buck, boost, and buck—boost modes) is derived and the
effect of the phase shift, present in the buck—boost mode, is
neglected. On the other hand, in the literature, the phase-shift
dynamic is considered in other converter topologies, such as the
dual half-bridge or DAB [23], [24], [25], [26] in which, however,
the phase shift is used to change the power transferred at the
output.

The aim of this article is to develop a nonlinear average model
for the converter in Fig. 1 in the most general case where both
input and output legs operate with independent duty-cycles, and
considering the effect of the phase shift between the two legs.

From the nonlinear average model, a simple linearization
technique is used to derive the desired small-signal linear model.

This article develops on the preliminary results reported
in [27]. Herein, the theoretical treatment is enhanced by per-
forming the analysis based on a general energy modeling of the
converter. Moreover, additional results are reported, including
phase-shift perturbations, comparisons with average state-space
models, and validations comprising all the switching patterns.

The proposed modeling approach, besides encompassing ef-
fects of variables like the input and output duty-cycles, akin
to other average modeling approaches in the literature, it also
allows the modeling of the converter behavior in response to
phase-shift variations, which is typically not included in com-
mon models, as also elaborated in other research papers (see,
e.g., [19]). The rest of this article is organized as follows. Sec-
tion II, the converter modes of operation are reviewed. Section III
presents the energy-based approach and shows the derivation
of the average and small-signal models of the converter. In
Section IV, the modeling approach is verified by simulations
in MATLAB/Simulink also providing a control application ex-
ample. Section V reports the experimental validation. Finally,
Section VI concludes this article.

II. REVIEW OF THE FSBB OPERATING MODES

The main waveforms of the FSBB converter are displayed
in Fig. 2. D, and D, are defined as the duty-cycles of the top
switch of the input and output legs, respectively, denoted as S;
and Ss in Fig. 1. The phase shift 3 is defined as the relative time
between the center instants of the voltage pulses of v; and vo
and it is positive when v, leads v .

From the volt-second balance of the inductor, the voltage
gain is derived as a function of the two duty-cycles. Thus, the
phase shift 5 can be used to shape the piece-wise linear current
waveform iy, to achieve ZVS for the four switches as well as
to minimize its rms value. Depending on the phase shift 3, four
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Fig. 2. Example of converter waveforms for different phase-shift values.
(a) Region R 2 in step-up case (i.e., D, < Dy). (b) Region R 8 in step-down
case (i.e., Dy > Dy).

different modes are possible for each of the step-up or step-down
cases. In these operating regions, the switching period can be
divided into four different subperiods At bounded by the leg
commutation instants tx, as shown in Fig. 2. In (1), the subpe-
riods At and their normalized duration 0y are described as a
function of the two duty-cycles, D, and D,,, and the phase shift 3

Aty

SW

Aty =t —tp 1 = O =

:f(ngDoa/B)~ (D

The boundaries of the operating modes are dependent on the
defined quantities D, D,, and 3. Each boundary satisfies the
particular condition ¢;, = 0 definingahyperplaneinthe (Dgy, D,,
2/3)-space. The resulting space-partition defines the different
converter modes. The expressions of the intervals 0y, are shown
in Table I for the regions R 4-8 (i.e., R 4 and R 8).

A graphical representation of the operating regions is reported
in Fig. 3, where they are evaluated for D, equal to 0.4 and 0.6.
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Fig. 3.

TABLE 1
NORMALIZED TIME INTERVAL EQUATIONS FOR THE REGION R 4-8

Interval Expression Interval Expression
D D
SR BT bt S
D D
S HEHDe4p| & - -+

This allows us to project the space-partition on the (D,, 23)-
plane.

Given the intervals definition in (1), the corresponding induc-
tor current at the instant ¢y, [i.e., I, = i, (¢;)] can be described
by

At
I :Ik,wT’“va, k=1,2,34 )

where V7 is the voltage across the inductor L during the k-th
subperiod. Iterating (2) for all the intervals Aty all the switching
current values [ are found with respect to .

In this article, the analysis is focused on regions R 4-8 and
R 2-6 since they allow ZVS turn-ON transitions for all four
switches by modulating the phase shift. Operation in regions
R 1-5 precludes complete ZVS and is, thus, typically avoided.

In the following, the use of the overlap interval d as a control
variable is preferred over 5.

III. ENERGY-BASED MODELING
A. Limitation of Average Quantities on a Switching Period

Let us first consider an example to highlight a limitation of
considering a model based on the average quantities computed
over a generic switching period. To this end, the modeling of the
effect of a phase-shift variation is analyzed in the following.

Fig. 4 displays the main waveforms of an FSBB converter
when a phase-shift variation is applied while keeping constant
the duty-cycles D, and D,. The change of the v; —v2 overlap

00

Mode boundaries for different input duty-cycles. (a) Dy = 0.4. (b) Dy = 0.6. The different switching patterns are reported above.
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Fig. 4. Instantaneous and moving average waveforms in R 4-8. A variation
in the overlap d2 generates a step response on the voltage (vrz,) that causes a
variation on the inductor current i 7, and, thus, in its moving average (i, ). Circles
o mark the values of the average quantities computed on a switching period.

(i.e., 02) causes a variation in the average inductor current (i),
where the function () is the moving average of the signal x
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The variation observedin (i, ) is expected and should correspond
to an associated variation in the modeled average inductor
voltage. However, commonly used average models of FSBBs
approximate (v, ) with the average value of the inductor voltage
computed on a switching period, which does not allow us to
catch such a variation due to the phase-shift perturbation. This
is illustrated in Fig. 4 by reporting with circles the values of the
average quantities computed on a switching period; remarkably,
the average inductor voltage computed on a switching period
does not capture the variations observed in the moving average
(vr) (e.g., the negative values of (v )), which actually have an
effect on the inductor current as shown in the figure.

To overcome this limitation, a model based on the energy
balance is investigated herein.

B. Energy-Based Average Model

The proposed model exploits the fact that the difference
between the energy at the FSBB input and output ports must
equal the variation in the inductor energy, which is related to the
average inductor current on a switching period. Beginning with
the input port, the energy w,, entering the port during a switching
period is

T\\w D!J TSW
%:A %%@ﬁ:%A ip(t)dt  (4)

with integration limited over the interval where the switch S;
is conducting. In general, the current integral can be split into
a contribution related to the initial current [y plus a remaining
piecewise linear contribution

IyD DyTow
’LUg:Vg |: Of g +/O iL(t)—Iodt]
Vy VoD V,83
= 29 |1,D 9 _ . 5
J R Y Ry 5 ©)

Considering the output port, the energy w, leaving the port
during a switching period is
Tow Do Ty
W, = ; Vo dou(t) dt = VO/O in(t—t1)dt (6)
with integration limited over the interval where the switch S
is conducting. In this case, the current integral is split into a
contribution related to the final value I, plus a piecewise linear

contribution

,D, DT
’on:Vo |: j} +/ ZL(t+t1)I4dt:|
SW 0
=Y 1D+V"D§—V9(Sg @)
B fSW 4 ¢ 2fSWL 2fSWL '

The use of the initial and final current values Iy and I, allows
tracking the variation of the average inductor current (i) across
a switching period, as shown hereafter. From (5) and (7), it
emerges that the average input and output currents are functions
of the ports voltages V, and V,, the duty-cycles D, and D, the
voltage-overlap interval d5 and the considered current values I
and 1.
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The difference between the energy entering at the input port
wy and the energy leaving the output port w, corresponds to
a variation of the energy stored in the inductor Awy, in the
switching cycle. From (5) and (7), such variation results

Awyp, = wg — W,
_ V,IyD, - V,I,D, V;D;—V}D;
a fow 2/2°L

Using (2), the final value I, can be expressed in terms of the
initial value I as

®)

VgDg — VoDo

I, = I 9
4=1Ip+ fswL ©)
Substituting (9) in (8), it yields
D,V,—D,V, D,V, — D,V,
Awp = =22 ° 2] 99 °° 10
v T ( ST ) (1o

Equation (10) shows two key components: the average voltage
across the inductor in a switching period and the mean between
the initial and the final inductor currents of the switching period,
respectively:

v, = D,V, — D,V,

DV, —D,V, Iy+1
2fwl 2

i =1Io+ 1D
It is worth noting that, in (11), 7. is not equal to the average
current iz, and does not take into account the phase shift 3. The
current i, may be associated with the lower or higher envelope
(in the sense of lower or higher bounding function) of 7r,. In the
proposed modeling, i, is considered as a new state variable for
the inductor.

C. Input and Output Currents

The average input and output currents in a switching period
can be derived from the energy exchanged at the respective ports.
The input current ¢, is given using (5) as

- wy Vng —V,62

= =1,D = J ° 12

T T, T T T T (12
while the output current iout is derived from (7) as
- w V,D? — V, 62

jout = 7o = 14Dy + 22— 2 13

o =gy, TPt T )

From (9) and (11), the terms Iy and I, can be expressed as a
function of the new variable 7., which relates these variables to
the energy variation Awyp,

DV, —D,V,
2fswlL
Substituting (14) in (12) and (13), the input and output current

equations for region R 4-8 can be derived

Ios=1icF (14)

< _ip . VeDiDs  Vel}
lg = le —
R 4-8 g . 2fswL 2fswL (15)
A VR V,D,D, V02
tou = teDo + =% T = 55 I
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TABLE II
SMALL-SIGNAL PARAMETERS OF THE INPUT AND THE OUTPUT CURRENTS IN THE CONSIDERED REGIONS

Region ag by 9y €g Qo bo 9o €o
R 4.8 VoDy ~ Voo _6% - DyD, it VoD, Lt VeDg V402 62 — D,D, D,V
2fSWL .fSWL 2.fSWL 2fSWL 2.][:SWL fSWL 2.fSWL 2fSWL
R 2.6 VoDy Voda 63 — DyD, i VoD, i VyDy Vy62 _55 —DgD, DoV,
2fSWL fSWL 2fSWL 2fSWL QfSWL fSWL 2fSWL 2.][:SWL
= . TABLE III

Lout

c:|' Ry

Fig. 5.

Nonlinear average model of the FSBB.

The same procedure can be used for the other operating region
‘R 2-6 to find the input and output average currents considering
the initial current in the period Iy as in Fig. 2(a), yielding

<o VaDiDy | VoS3
)T T oL 2fwL
R2:6:9 AN (16)
Tout = teDo — 2f 7 2f I
SW Sw

As expected, the input and output currents are functions of the
overlap 6§, and the current ..

The input and the output currents can be represented as the
sum of the current ¢, multiplied by D, and D, respectively, and
the additional currents 7, and 7, as follows:

i, =Dy + i
gout = %eDo + gy (17)

where these additional terms depend on the operating region

= _ VoDgDo  Voi3
T 2fwL 2 fow L
R 4-8: sw sw

i = VngDO _ ngg

YT 2fwL 2fwL

. VoDyD,  V,63

gy = —

e 2fwl  2fwlL

R 2-6: E:_Vgﬁ‘;Do V;v(;%
Y 2.](.SW-L 2fSWL

The resulting equivalent nonlinear average model of the con-
verter is shown in Fig. 5. Based on the relationships existing
between U, ic, ig, and oy, an ideal transformer is used to couple
the input and output ports and the inductor L, as often done in
the literature.

The linear small-signal model is derived by perturbing and
linearizing the average quantities in (11), (15), and (16). As
commonly done (see, e.g., [17]), each variable is decomposed
as ¢ = X + 2, where X represents the steady-state component

LIST OF PARAMETERS USED IN THE SIMULATION

Simulation Parameters

V, 200V C, 100uF

foo  100kHz D, 04

R, 200 D, 06
L  6uH B 03

while Z represents small-signal variations. Retaining only the
first-order terms, the model reported in Fig. 6 yields. All the
coefficients are a function of the considered operating point.
The average and small-signal models, reported in Figs. 5 and
6, have the same structure in the other operating regions. Table
II reports the small-signal coefficients related to Fig. 6 for the
considered region.

IV. SIMULATION RESULTS

The proposed large-signal and small-signal models are ver-
ified with simulations in MATLAB/Simulink using ideal com-
ponents (i.e., ideal inductors, capacitors, and switches). The
parameters used for the average and small-signal models are
listed in Table III. If needed, parasitic elements can be included
in simulations, as done, for example, considering the results
reported in the next Section V. State-of-the-art symmetric-on-
time single-update digital pulsewidth modulators (DPWM) with
triangular carriers are used. With such a modulation, the input
control variables are Dy, D,, and /3. The derivations described in
the previous Section II can be applied based on (1), considering
the following equivalence:

Dy + D, +28

02 >

(18)

A. Large-Signal Model Validation

To verify the average model in (17), a circuit simulation
using MATLAB/Simulink is built comparing the responses of
the proposed large-signal model in Fig. 5 and an instantaneous
switching model developed in simulation. In the first simulation,
a step excitation of Ad = 5% is applied to the control variable
D,, and the response of the output voltage V,, and the input and
output currents Zg and 7.y are compared. To excite the derived
large-signal model, it is necessary to simultaneously impose also
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Fig. 6. Linear small-signal model of the FSBB.
Model Current i,
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=
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Fig. 7. Response of the switching and the proposed model to a step increment

of output duty-cycle D,, of 5%. In blue the currents and voltage of the simulation,
in dashed orange lines the model quantities.

a step change of o, with an amplitude of Ad/2, according to
(18). In the second simulation, a step variation of Ad = 0.2 is
applied to d5 to show the accuracy of the model in describing
the dynamics of the input and output quantities after a change
in the phase shift. The initial circuit parameters are shown in
Table III. Figs. 7 and 8 illustrate the low-frequency dynamics of
the input and output currents and the output voltage responding
to the D, and §5 step, respectively, compared with the switching
model.

The presented results show that the predicted low-frequency
response of the proposed model agrees with the results provided
by the instantaneous switching model.

B. Small-Signal Model Validation

This section aims to verify the proposed small-signal model
of the FSBB, comparing the transfer functions predicted by
the model with those obtained from the frequency response
measurements performed in the simulation. In particular, the
analyzed transfer functions are i) the output duty-cycle d, to
output-voltage v, and ii) the phase shift B to output-voltage 0.

(Al
(=}

Inductor Current iy,

Model Current .

Current (A)
(=}

-50¢L
9 9.5 10 10.5 11 11.5 12
136
E, 134 | v, Simulation
o 132
< 130
% 128 v, Model
= 126
9 9.5 10 10.5 11 11.5 12
2 10| 7, Simulation
= 5
E o
= iy, Model
© s
9 9.5 10 10.5 11 11.5 12
= 15]
\<_:/ o Tout Simulation
=10
g 5
; 0 out Model
o5
9 9.5 10 10.5 11 11.5 12
Time (ms)

Fig. 8. Response of the switching and the proposed model to a step increment
of phase shift 5 of 0.2. In blue the currents and voltage of the simulation, in
dashed orange lines the model quantities.

The transfer function Go(s) = 0(s)/d,(s) is obtained set-
ting dy = vy = 0 and 02 = d,/2, which stems from (18) and

B = 0; the resulting expression is

ao + bo
°T 2
1—sL
— VO DOVO
GdO(S) = *D— i3 LCO . (19)
°l1+s + 52
D2R;, D?

Simulation and experimental measurements also include the de-
lays associated with the DPWM, which should be integrated with
the theoretical G,(s). Let us call Gpoq(s) the transfer function
between the output voltage and the perturbed modulation signal.
The final overall transfer function including DPWM delays [28]
i8 Go(8) + Gmoa(s), with

s(1-Do) s(1+Do)

1
Gmoda(s) = 5 (e* e 4 e Zfw ) )

(20)

In simulations, the perturbation of the duty-cycle is done by
superimposing a sine wave to the steady-state value of D, at
different frequencies between 1 and 50 kHz.
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Fig.9. Simulation validation of the output duty-cycle to output voltage transfer
function. Comparison between frequency response obtained from simulations
and the model Go(s) - Gmod(s) in region R 4. The results are given for the
following operating point: D, = 0.4, D, = 0.6, 62 = 0.2.

In the same way, the transfer function Gs,(s) = 9(s)/d2(s)
can be calculated considering d, = 9, = d, = 0, yielding

_ Do(8) by sL
G&o(s) - 5 - ﬁ L COL . (21)
2(s) °1+s—5—— +52
D2R;, D2

Again, to compare the model with the simulation, the con-
sidered transfer function is Gs,(s) - Gmoa(s). The perturbation
of the overlap J, is obtained by adding a sine wave to the
steady-state reference of do in the same frequency range of
the first simulation (i.e., 1 and 50kHz). From (18), &5 is a
function of D,, Dy and (3, then the phase shift needs to be
perturbed during the subinterval d4. Then, the perturbation of
09 corresponds only to the perturbation of the phase shift /3,
avoiding unintended variation of the duty-cycles. Consequently,
the update of - reference is provided by sampling the phase
shift at the end of the switching period (i.e., end of ). Due to
this forced sampling at the switching frequency fy, the sinu-
soidal characteristic of the perturbation is lost approaching the
Nyquist frequency, leading to a consequent error in the frequency
response.

Comparisons between simulation results and analytical pre-
dictions are shown in Figs. 9 and 10. The model accurately
predicts the response across the whole considered frequency
range.

The gain error between the analytical and simulated Gy, (s)
transfer function is reported in Fig. 11, for all the regions. The
considered frequency range is f,./5 to 5f, where f,. is the
resonant frequency of the FSBB (i.e., D, /2m/LC,). Electrical
quantities (i.e., Vy, fow, Rr, L, C,) are given by Table III.
Since 2 does not represent the overlap between the two voltage
pulses in every region, the operating point is given in terms of
Dy, D,, and 3. The models accurately predict the small-signal
gain in the considered frequency range for all the regions.
The maximum gain error is lower than 0.6 dB, thus validating
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Fig. 10.  Simulation validation of the phase shift to output voltage transfer
function. Comparison between frequency response obtained from simulations
and the model G5, (s) - Gmod(s) in region R 4. The results are given for the
following operating point: D, = 0.4, D, = 0.6, 62 = 0.2.

*
A
0.4 * o
A A
0.2
M AL |
= & Lo A 2 "
g 0'5’ QAT & x B AV o
E opimas8ig80 8 o ©
= X
: ¢ % *
S 0.2
O Region1 ¢ Region 4-8
-0.4 % Region 2-6 A Region 5
Region 3 Region 7
-0.6
1 2 3 4 5
f1f
Fig. 11. Error between the analytical and simulated output duty-cycle to

output voltage transfer function gain for all the regions. The results are reported
for Dy = 0.5 and the following D, and 3: R 1: D, = 0.5, 8 = —0.05;
R 2-6:D, =0.6, 3 =0.3; R 3:D, =0.3, 8 =-0.45; R 4-8:D, = 0.6,
B=-0.3;R 5D,=09,8=-0.15R 7:D, = 0.9, 5 = —0.4;.

the proposed modeling approach. Additionally, a comparison
of the Ggo(s) transfer function between the proposed model
and the standard model of the FSBB from [17] are reported
in Fig. 12. The electrical parameters are the same as be-
fore, with D, = 0.5, D, = 0.9, and 0o = 0.45. The proposed
model can follow the phase response, unlike the standard model
in [17].

C. Control Application Example

A cascade control of FSBB, composed of an outer voltage
control loop with an inner current control loop, is designed
in this section using the proposed energy model. The plant
transfer functions, namely Gy;(s) = ic(s)/do(s) and Gy, (s) =
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Fig. 14.  Voltage reference step response of the controlled FSBB as shown in
Fig. 13.

o(5) /1e(s), are derived from Fig. 6 and reported in (22)

D
v 1—<ao+bo> R ° _sR;C,

2) V.
Gdi(s) = o
D3Ry, L LG (22)
1+ SDQRL +s D?
o L
Giols) = Do ey

This control is tested by imposing a step voltage variation of 5%
of the output voltage reference. The current 7, is sampled at the
beginning of each switching cycle, in order to acquire the desired
current value i.. Remarkably, the approach does not require the
information on the true average current. Parameters are listed
in Table III. A lower value of the output capacitor C, = 15 uF
is used to consider a more critical control problem. The target
phase margin is ®,; = 70°, while crossover frequencies are
f& =15kHz and f% = f./6 (ie., f2 = 2.5k Hz) for current
and voltage loops, respectively. The voltage reference step re-
sponse is reported in Fig. 14. The figure highlights an accurate
matching between the expected response of the controller de-
signed using the proposed models and the actual response when
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TABLE IV
PARAMETER VALUES OF THE CIRCUIT

V, 50V C,  25uF
few 100kHz Ria  120mQ
Ry, 45.6 Q) R¢ 20 mf?
L 6.4 uH tq 120 ns

vy (10 V/div) .

ir, (5 A/div)

v9 (20 V/div)

I 4 CERGEE
500 Aldv 100 Vidi 20,0 Vidiv
g -19.90 V ofst] -40.00V ofst

Fig. 15. Input and output switching node voltage v1 and v2, and inductor
current 47, of two operating points: (a) Dy = 0.5, D, = 0.4, 62 = 0.23.

the same designed controller is interfaced with the instantaneous
simulation model of the converter.

V. EXPERIMENTAL VALIDATION

To corroborate the validation performed by means of nu-
merical simulations, additional results from experimental mea-
surements are reported in the following. To this end, an FSBB
prototype using SiC devices UJ4SC075009K4S for the input
leg and UF3SC065007K4S devices for the output leg has been
implemented. The inductor is based on a PQ32-N97 core with
9 turns, using 800 x 71 pm litz wire, and an air-gap of 1.7 mm.
Circuit parameters are listed in Table IV. A Texas Instruments
microcontroller TMS320F28379D is used to implement the
DPWM.

Fig. 15 displays the experimentally obtained time-domain
waveforms of the input and output switching node voltage v; and
v9, and inductor current 77, of the tested FSBB in the region R 8;
the considered operating point is V; = 50 V, fg, = 100kHz,
Dy =0.5, D, = 0.6, 2 = 0.3. Frequency response measure-
ments were performed to experimentally validate the transfer
function from the output duty-cycle to the output voltage. To this
end, the Bode functionality of the Rohde&Schwartz RTA4004
oscilloscope was used, which computes the Bode plot consider-
ing the signals applied at two input channels of the oscilloscope
as input and output variables. The waveform generator signal
of the RTA4004 is used to stimulate the system to be char-
acterized by a series of tones at specified frequencies. In this
case, the stimulus signal is given as input to the microcontroller
TMS320F28379D and, after proper filtering and scaling, used to
impress the sinusoidal perturbations on the modulation variables
(e.g., the duty-cycle of the output leg). This signal is considered
as input for the generation of the Bode plot, while the output
voltage V, of the FSBB is considered as output. The Bode



GALLO et al.: ENERGY-BASED MODEL OF FOUR-SWITCH BUCK-BOOST CONVERTERS

plot measurement procedure is performed through the following
steps.

1) Calibration: By connecting the two probes together, the
measurement offset, which will later be subtracted from
the main results, is measured.

2) Measurement: Using the Bode application, the frequency
response of the target transfer function is measured.

3) Postprocessing: The results from the previous step are
postprocessed, taking into consideration the microcon-
troller operation and subtracting the offset calculated from
the calibration step.

These steps are applied for the experimental measurement of
the transfer function among the perturbed modulation signal and
the output voltage.

The experimental measurements are compared in the fol-
lowing with results obtained analytically and in simulation.
Parasitic elements present in the experimental setup are taken
into account in the models used in this section, which include
inductor resistance R;,q, MOSFETS on-resistance Rgson, capacitor
ESR R¢, and deadtimes t,4. In the simulation model, parasitic
resistances are added in series with the corresponding elements
(e.g., inductors, switches, etc), while the deadtime effect is
included by delaying the rising edges of all of the MOSFETS’
gate signals. The proposed analytical model is also enhanced
to include the aforementioned nonidealities. For example, the
circuit model in Fig. 6 is modified by adding the resistances
related to the inductor, the MOSFETS, and the capacitor losses
in series with the respective circuit elements. On this basis,
the impedances of inductance and capacitance become Zj =
SL + Ring + Rason1 + Rason2 and Zoy = 1/500 + Rc, respec-
tively, where Rgson1 and Rgsone are the on-resistances of the first
and second leg. This yields the following output duty-cycle to
output voltage transfer function:

b DV
. ap + — —
sy =2l g T2 2 (g
)= 26 C L D
L

The deadtime is taken into account as a reduction of the effective
duty-cycles Dy and D,,.

Comparison results between the proposed small-signal model
taking into account converter nonidealities and the previously
explained experimental and simulated frequency response mea-
surements, are provided in Fig. 16 for the step-up and step-down
case. Simulation results match the analytical predictions in
the whole considered frequency range. Around the resonant
frequency, a small mismatch is observed in the experimental
results. This is assumed to be related to the nonlinear effect of
the deadtimes, as reported in [29], of the core [30], and of the
switching losses [31].

VI. CONCLUSION

This article has presented a nonlinear average model and
the corresponding small-signal model of the FSBB converter
under both duty-cycle and phase-shift modulation. This article
focused on two specific regions of operation that allow zero
voltage switching of all four switches, the same model procedure
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Fig. 16. Verification of the output duty-cycle to output voltage transfer
function. Comparison between frequency response obtained from simulations,
experimental results, and model GH' (s) - Gmoa(s). The results are given for
the operating point: Dy = 0.5, D, = 0.4, 62 = 0.23.

can be used for the other operating region. In the presented
modeling approach, the average inductor current is not one of
the state variables, and instead, a new state variable based on
the inductor energy variations is introduced. The model allows
the implementation of current control based on the sampling
of the initial current at the beginning of the switching period.
This avoids postprocessing computation or low-pass filters to
sense the average current. The simulation and experimental
results have verified the nonlinear large-signal and linearized
small-signal models of the FSBB converter for both duty-cycle
and phase-shift variations.

ACKNOWLEDGMENT

This study was carried out within the MOST — Sustainable
Mobility Center. This manuscript reflects only the authors views
and opinions, neither the European Union nor the European
Commission can be considered responsible for them.

REFERENCES

[17 X. Sun, J. Qiu, X. Li, B. Wang, L. Wang, and X. Li, “An improved wide
input voltage buck-boost LLC cascaded converter,” in Proc. IEEE Energy
Convers. Congr. Expo., 2015, pp. 1473-1478.

[2] Y.Liand X.Ruan, “An optimized inductor current control for intermediate
bus converter with hybrid-switching structure,” in Proc. IEEE Energy
Convers. Congr. Expo., 2018, pp. 3818-3824.

[3] Z. Wang, Z. Wu, T. Liu, C. Chen, and Y. Kang, “A high efficiency and
high power density integrated two-stage DC-DC converter based on bipolar
symmetric phase shift modulation strategy,” IEEE Trans. Power Electron.,
vol. 37, no. 4, pp. 4358-4373, Apr. 2022.

[4] N.Zanatta, T. Caldognetto, D. Biadene, G. Spiazzi, and P. Mattavelli, “De-
sign and implementation of a two-stage resonant converter for wide output
range operation,” IEEE Trans. Ind. Appl., vol. 58, no. 6, pp. 7457-7468,
Nov./Dec. 2022.

[5] Z. Wang, Z. Wu, T. Liu, C. Chen, and Y. Kang, “A high-efficiency and
high-power-density interleaved integrated buck-boost-LLC converter and
its comprehensive optimal design method,” IEEE Trans. Power Electron.,
vol. 37, no. 9, pp. 10849-10863, Sep. 2022.

[6] C.Xuetal., “A novel converter integrating buck-boost and DAB converter
for wide input voltage,” in Proc. 46th Annu. Conf. IEEE Ind. Electron. Soc.,
2020, pp. 2877-2882.

[71 M. Fu et al., “A two-stage rail grade DC/DC converter based on GaN
device,” in Proc. IEEE Appl. Power Electron. Conf. Expo.,2019, pp. 2110—
2114.



4148

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

Z. Wang, Z. Wu, C. Chen, Y. Kang, Z. Yuan, and F. Luo, “GaN devices
based integrated two-stage DC-DC converter with voltage regulation,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., 2020, pp. 2219-2224.

S. Mukherjee, V. Yousefzadeh, A. Sepahvand, M. Doshi, and D. Maksi-
movié, “A two-stage automotive LED driver with multiple outputs,” /[EEE
Trans. Power Electron., vol. 36, no. 12, pp. 14175-14186, Dec. 2021.
Z.Ye, P. K. Jain, and P. C. Sen, “A two-stage resonant inverter with control
of the phase angle and magnitude of the output voltage,” IEEE Trans. Ind.
Electron., vol. 54, no. 5, pp. 2797-2812, Oct. 2007.

W. Lujun et al., “Efficient and fast active equalization method for retired
battery pack using wide voltage range bidirectional converter and DB-
SCAN clustering algorithm,” IEEE Trans. Power Electron., vol. 37,no. 11,
pp. 13824-13833, Nov. 2022.

A.J. Hanson and D. J. Perreault, “A high-frequency power factor correc-
tion stage with low output voltage,” IEEE Trans. Emerg. Sel. Topics Power
Electron., vol. 8, no. 3, pp. 2143-2155, Sep. 2020.

Q. Tian, G. Zhou, L. Wang, Q. Bi, and M. Leng, “Symmetric bipolar
output full-bridge four-port converter with phase-shift modulated buck—
boost voltage balancer,” IEEE Trans. Ind. Electron., vol. 69, no. 8,
pp. 8040-8054, Aug. 2022.

L. L. O. Carralero, G. S. Barbara da S. e Silva, F. F. Costa, and A.
P. N. Tahim, “PV emulator based on a four-switch buck-boost DC-DC
converter,” in Proc. IEEE 15th Braz. Power Electron. Conf. 5th IEEE
Southern Power Electron. Conf., 2019, pp. 1-5.

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

J.-K. Shiau, C. J. Cheng, and C. E. Tseng, “Stability analysis of a
non-inverting synchronous buck-boost power converter for a solar power
management system,” in Proc. IEEE Int. Conf. Sustain. Energy Technol.,
2008, pp. 263-268.

R. W. Erickson and D. Maksimovic, Fundamentals of Power Electronics,
2nd ed. New York, NY, USA: Springer, 2020.

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.

Y. Bai, Y. Cao, V. Mitrovic, B. Fan, R. Burgos, and D. Boroyevich, “A
simplified quadrangle current modulation for four-switched buck-boost
converter (FSBB) with a novel small signal model,” in Proc. IEEE Appl.
Power Electron. Conf. Expo., 2023, pp. 736-743.

X. Ren, X. Ruan, H. Qian, M. Li, and Q. Chen, “Three-mode dual-
frequency two-edge modulation scheme for four-switch buck—boost con-
verter,” IEEE Trans. Power Electron., vol. 24, no. 2, pp.499-509,
Feb. 2009.

H. Xu, F. Wang, and H. Guo, “Short-time scale mode transition control
of the four-switch buck-boost converter,” in Proc. 11th Int. Conf. Power
Energy Syst., 2021, pp. 62-67.

C.-W. Chen, K H. Chen, and Y. M. Chen, “Modeling and controller design
for a four-switch buck-boost converter in distributed maximum power
point tracking PV system applications,” in Proc. IEEE Energy Convers.
Congr. Expo., 2012, pp. 1663—1668.

S. Chakraborty, M. Palmal, and S. Chattopadhyay, “Approaches for
continuous-time dynamic modeling of the asymmetric dual-active half-
bridge converter,” in Proc. IEEE Appl. Power Electron. Conf. Expo., 2018,
pp. 952-958.

H. Daneshpajooh, S. A. Khajehoddin, P. Jain, and A. Bakhshai, “Modeling
of the phase shift plus duty cycle controlled half bridge DC to DC
converter,” in Proc. Intelec 35th Int. Telecommun. Energy Conf. Smart
Power Efficiency, 2013, pp. 1-6.

F. Gao, N. Mugwisi, and D. J. Rogers, “Average modeling of a dual-half-
bridge converter modulated with three degrees of freedom,” IEEE Trans.
Transport. Electrific., vol. 7, no. 3, pp. 1016-1030, Sep. 2021.

J. Kim, H. S. Song, and K. Nam, “Asymmetric duty control of a dual-half-
bridge DC/DC converter for single-phase distributed generators,” IEEE
Trans. Power Electron., vol. 26, no. 3, pp. 973-982, Mar. 2011.

E. Gallo et al., “Average and small-signal model of the four-switch buck-
boost converter under both duty-cycle and phase-shift modulation,” in
Proc. IEEE Appl. Power Electron. Conf. Expo., 2023, pp. 1299-1306.

D. Vande Sype et al., “Small-signal laplace-domain analysis of uniformly-
sampled pulse-width modulators,” in Proc. IEEE 35th Annu. Power Elec-
tron. Specialists Conf., 2004, vol. 6, pp. 4292-4298.

M. Berg et al., “Deadtime impact on the small-signal output impedance of
single-phase power electronic converters,” in Proc. 20th Workshop Control
Model. Power Electron., 2019, pp. 1-8.

P. Wilson, J. N. Ross, and A. D. Brown, “Modeling frequency-dependent
losses in ferrite cores,” IEEE Trans. Magn., vol. 40, no. 3, pp. 1537-1541,
May 2004.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 4, APRIL 2024

[31] A. Ayachit and M. K. Kazimierczuk, “Averaged small-signal model of

PWM DC-DC converters in CCM including switching power loss,” IEEE
Trans. Circuits Syst. I1: Exp. Briefs, vol. 66, no. 2, pp. 262-266, Feb. 2019.

Ezio Gallo (Student Member, IEEE) received the
M.S. degree in electronics engineering from the Uni-
versity of Padova, Padova, Italy, in 2020. He is cur-
rently working toward the Ph.D. degree in mecha-
tronics and product innovation engineering with the
Department of Management and Engineering, Uni-
versity of Padova, Vicenza, Italy.

His research interests are oriented to the analysis,
design and optimization of dc—dc power electronic
converter.

Davide Biadene (Member, IEEE) received the M.S.
degree in electronic engineering and the Ph.D. degree
in information engineering from the University of
Padova, Padova, Italy, in 2014 and 2017, respectively.

He is currently a Research Fellow with the Depart-
ment of Management and Engineering, University of
Padova, Vicenza, Italy. He was a visiting Ph.D. stu-
dent with the Power Electronic Systems Laboratory,
Department of Information Technology and Electri-
cal Engineering, ETH Zurich, Zurich, Switzerland,
in 2016. From 2017 to 2021, he was with Infineon

Technologies Italia, Padova, Italy, as R&D Test Engineer in the automotive
business line team. His current research interests include de—dc converters for
renewables and energy storage devices.

Filip Cveji¢ (Student Member, IEEE) was born in
Belgrade, Serbia, in 1996. He received the B.S. and
M.S. degrees in electrical engineering from the Uni-
versity of Belgrade, Belgrade, Serbia, in 2019 and
2021, respectively.

He has worked in research and development of
various companies, as well as a Researcher with the
Department of Information Engineering, University
of Padova. He is currently with Invenda Solutions,
Novi Sad, Serbia.

Mr. Cveji¢ was the recipient the IEEE 2019 Inter-

national Future Energy Challenge Grand Award as part of the H-Bridges team.

Giorgio Spiazzi (Member, IEEE) received the Grad-
uate degree (cum laude) in electronic engineering
and the Ph.D. degree in industrial electronics and
informatics from the University of Padova, Padova,
Italy, in 1988 and 1993, respectively.

He is currently a Full Professor with the Depart-
ment of Information Engineering (DEI), University
of Padova. His main research interests include dc—dc
converters for renewable energy sources, high-power-
factor rectifiers, soft-switching techniques, solid-state
lamp ballasts, and electromagnetic compatibility in
power electronics.

Tommaso Caldognetto (Senior Member, IEEE) re-
ceived the M.S. (Hons.) degree in electronic engineer-
ing and the Ph.D. degree in information engineering
from the University of Padova, Padova, Italy, in 2012
and 2016, respectively.

He is currently an Assistant Professor with the
University of Padova,. His research activities are in
the area of electronics engineering, specifically in
power electronics. He has authored or coauthored
several journal and conference papers on the topic
of grid-tied converters control and management of

distributed energy resources in intelligent power systems (e.g., microgrids).
Dr. Caldognetto is currently a member of the IEEE Power Electronics Society
and an Associate Editor for the IEEE OPEN JOURNAL OF POWER ELECTRONICS.




<<
  /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


