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An Isolated Identical Bipolar Buck-Boost AC-AC
Converter With Step-Changed Frequency Operation
and Reduced Active and Passive Components

Alireza Lahooti Eshkevari

Abstract—This article introduces a novel buck-boost ac-ac con-
verter with identical bipolar operation and high-frequency volt-
age isolation. The proposed converter offers several distinguishing
features compared to existing isolated converters: First, it pro-
vides a significant reduction in the number of active and pas-
sive components. Second, it supplies continuous input and output
currents with low harmonic contents. Third, it provides bipolar
output with a two-winding transformer (instead of a three-winding
transformer) with enhanced magnetic utilization and reduced cost
and footprint. Finally, it can operate with different winding coeffi-
cients without compromising buck-boost functionality or limiting
its magnitude coverage. Additionally, the converter facilitates buck-
boost operation for all transformer winding ratio values, making
it suitable for shallow and deep voltage sag/swell mitigation. The
integration of a high-frequency transformer eliminates the need
for a low-frequency coupling transformer. The proposed converter
can provide a step control of output voltage frequency and per-
forms normally under inductive and nonlinear loads. This article
provides a detailed description of the proposed topology operation
and its analysis, succeeded by experimental validations conducted
on a laboratory-built converter, showcasing a peak efficiency of
93.3%. Extensive comparisons affirm that the proposed converter
exhibits reduced input/output total harmonic distortion, broader
voltage gain coverage, and superior efficiency compared to recently
developed converters.

Index Terms—AC-AC converter, bipolar output, buck-boost,
variable frequency.

1. INTRODUCTION

IRECT ac—ac converters offer significant advantages over
D conventional back-to-back dc-link converters, including
single-stage power conversion with a simpler structure, fewer
components, easier modulation, and reduced cost and volume
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[1]. These converters are used in applications, such as dynamic
voltage restorers [2], voltage sag/swell compensators [3], con-
stant voltage and current regulators [4], induction heaters [5],
[6], and wireless power transmitters [7]. Recent studies show
that buck-boost-type direct ac—ac converters are more popular
than buck- or boost-type converters due to their ability to perform
both step-down and step-up operations. Key features of ac—ac
converters include high power conversion efficiency, lower cost,
low voltage/current stress, a suitable buck-boost factor, no com-
mutation problems, and the ability to generate both inverting and
noninverting outputs. However, using a common-ground con-
verter without a low-frequency coupling transformer is imprac-
tical with the terra-neutral-combined (TNC) earthing method.
Electrical isolation is also necessary in grid-interface applica-
tions to prevent fault propagation. Therefore, high-frequency
isolated ac—ac converters are preferable to nonisolated ones with
an additional low-frequency transformer.

Z-source (ZS), quasi-Z source (qZS), and trans-Z source
(TZS) topologies are well-known in dc—dc and dc—ac power
conversions [8], [9], [10]. These impedance-network concepts
have also been applied to various nonisolated bipolar ac—ac
converters [11], [12], [13], later equipped with high-frequency
transformer isolation. Ahmed et al. [14] proposed a family of
isolated impedance-source-based ac—ac converters, including
7S, qZS, TZS, trans-quasi-Z source, improved trans-Z source
(iTZS), and I"-Z source. Except for ¢ZS and iTZS, other topolo-
gies lack input current continuity and operate only in in-phase
boost or antiphase buck-boost mode. The transformer’s turn
ratio affects the buck-boost factor coverage. An isolated bipolar
buck converter based on the “switching cell” concept [15] has
been presented in [16], eliminating the commutation issue by
discarding bidirectional switches but requiring low-pass filters
on the input and output sides for harmonic mitigation. Khan et al.
[17] improved this topology by inserting two switching cells
into the output side for in-phase/antiphase buck-boost modes,
increasing the component count and reducing efficiency. An
isolated A-source ac—ac converter has also been introduced in
[18], achieving high voltage gain through two coupled inductors.
However, like isolated and nonisolated impedance-source-based
topologies [19], [20], [21], its buck operating area is restricted
when the winding coefficients of coupled inductors exceed one.
A new class of isolated qZS ac—ac structures has been suggested
[22], eliminating two series coupling capacitors on the primary
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and secondary sides of the high-frequency transformer in the
isolated qZS converter [14], significantly reducing the passive
component count but resulting in poor output power quality
and limited bipolar voltage transfer ratios similar to previous
Z-source ac—ac converters. Dual-active-bridge (DAB) is another
well-known isolated structure in dc—dc power conversion. Filho
et al. [23] proposed a class of ac—ac converters based on DABs
without bidirectional switches. This topology benefits from soft-
switching operations. However, all converters from this class
require several magnetic components, increasing the magnetic
requirement, size, and cost. Gupta and Mazumder [24] have
developed an isolated differential-mode direct ac—ac converter
for power electronics transformer (PET) application. It consists
of two identical ac—ac power modules, each equipped with an
high-frequency transforme (HFT). The output ac waveform is
produced by the difference between the outputs of those two
power modules. However, this differential mode structure re-
quires two unipolar ac—ac converter modules with significantly
enhanced passive component count. Moreover, only one ac
module is active in each half-cycle, reducing the component
utilization, while there is additional conduction loss from the
inactive module. Recently, an isolated quasi-Z-source networks-
based buck-boost ac—ac converter with no commutation problem
has been proposed in [25]. It uses only four active switches with
bipolar buck-boost outputs and step-changed frequency oper-
ation. However, it requires two unidirectional quasi-Z-source
networks on the primary side, a tapped-winding (three-winding)
transformer, and two voltage polarity shaping active rectifiers
connected to center-tapped secondary winding. Therefore, this
converter requires a very large passive component count, includ-
ing four inductors and seven capacitors, while its output current
remains discontinuous. Furthermore, it requires ten diodes, sig-
nificantly increasing its semiconductor device requirement and
cost. Like other Z-source-derived topologies, this converter also
lacks the noninverting buck operation for the unity turns ratio
(n = 1) of HFT. Also, for n< 1, the achievable noninverting
buck is very narrow, making it unsuitable for shallow voltage
sag compensation.

In order to overcome the limitations of these existing con-
verters, this article proposes an improved single-phase high-
frequency transformer isolated ac—ac converter. The proposed
converter has the following key features.

1) It provides an identical bipolar buck-boost operation and

can adjust the frequency of output voltage in fixed steps.

2) It ensures a continuous supply of load current in addition
to maintaining continuity of input current.

3) It requires only five active switches. It utilizes an ad-
ditional active switch compared to [25], which notably
reduces the number of diodes to four (instead of ten in
[25]), inductors to two (instead of four), and capacitors
to two (instead of five). Consequently, this leads to a
significant reduction in both the price and size of the
converter.

4) It requires a two-winding high-frequency transformer in-
stead of a three-winding transformer, improving trans-
former utilization and reducing its requirement and
cost.
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Fig. 1. Schematic diagram of the proposed topology.

5) Unlike existing Z-source-based ac—ac converters [14],
[18], [22], [25], the proposed converter can provide a
wide range of buck and boost operations even with a
unity turns ratio of the transformer (n = 1). Therefore,
it can mitigate both shallow and deep voltage sags. The
turn-ratio n can be increased beyond unity for deep voltage
sag compensation.
Also, thanks to integrating HFT into the proposed topology,
a line-frequency transformer is no longer required for coupling
in the TNC earthing system, application as a dynamic voltage
restorer, and other grid-interfacing and traction applications.

II. PROPOSED CONVERTER

Fig. 1 illustrates the schematic diagram of the proposed con-
verter. It consists of five power switches (S;-S5), four diodes
(D;-Dy), two inductors (L;,, and L), an HFT with magnetizing
inductance L,, and leakage inductance Ly, and three capacitors
(Cy,Cy,Cp). The acinput voltage vy, is rectified through D ;-D
and a high-frequency link v4 is created using the switch S;. This
high-frequency link is fed to the primary side of HFT via a series
capacitor (Cy) to cancel its dc component. The high-frequency
component of the primary link voltage is reflected to the sec-
ondary side and fed to an active bridge through a series capacitor
(C32). The active bridge includes four power switches (S2-S5).
It converts the reflected high-frequency link to pulsating ac
voltage, the fundamental component of which is extracted by L,
and Co. The switching action on the secondary side shapes the
inverting or noninverting polarity of output voltage and provides
the step-changed frequency function. Fig. 2 depicts the critical
waveforms of the converter. Accordingly, four switching states
are defined for both half cycles, as shown in Fig. 3(a)—(c). Also,
Fig. 2 displays the output step-changed frequency operation. As
the switching states are common for both input half-cycles, only
the states of the input positive half-cycles are described in the
following.

A. Nonlnverting Buck-Boost Operation (v, > 0)

According to Fig. 2, a carrier signal vy; (with a specific
switching frequency) is generated. Switch S; is triggered by
a high-frequency pulse as generated by comparing the modu-
lation wave (v,) with the carrier signal. For each input voltage
half-cycle, one secondary side switch pair (Sg, S5) or (S3, ) is
operated complementary to switch S, and the other pair is fully
turned ON. Diodes D; and D keep conducting for the positive
input half-cycle, so voltage Vi, across switch S; is positive.
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Fig.3. Equivalent circuits for the noninverting buck-boost operation. (a) State
1. (b) States II and IV. (c) State III.
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State I — [ty ~ t;]: The equivalent circuit of this mode is
depicted in Fig. 3(a). S; is turned ON. L;;, is charged through
Dy, Dy, and S;. The energy of capacitor C; (as transferred
to the secondary side of HFT) and capacitor Cp provide the
energy to the output inductor (Lo), capacitor (Cp), and load
(Z). Output inductor current is passed through capacitor C» and
the secondary winding by switches S5 and S. It is also reflected
on the primary side and is passed through capacitor C; and
primary winding. By assuming that the DT's = (¢;-ty), where D
and T'g are the duty cycle and switching period, respectively, the
instantaneous current of the capacitors iy, ic2, and ico, and
the instantaneous voltage of magnetic elements vy, Vi, and
v, o are calculated from

vr,, = Vin, VL, = —VcC1, VL, = Nc1 +ve2 — Vo

o1 = —MNiLy, 102 = Lo, iCo = iLy — 10

in

D

vy and v g represent the instantaneous voltages of capacitors
C; and Cy. In addition, n denotes the turn ratio of HFT and is
equal to Ng/Np. Np and Ng are the number of windings in the
primary and secondary sides of HFT, respectively.

State Il - [t; ~ t2]: The equivalent circuit is shown in Fig. 3(b).
This time interval relates to dead time in which S; is switched
OFF, and there is a small delay before turning on S» and S5. Input
source and inductor L;,, charge the capacitor C;. Their energy is
partially reflected on the secondary side charging capacitor C»
as well. Output inductor current freewheels through two parallel
paths: S5 and body diode of S, and S, and body diode of Ss.
The reflected current of Lj, on the secondary (ice = irin/n)
passes through the body diodes of S and S5. It is worth noting
that only two secondary-side power switches operate with high-
frequency pulsewidth modulation (PWM). Thus, the presence of
aparallel switch path significantly relieves the current stresses of
switching devices without increasing their switching loss. This
would remarkably reduce the conduction losses of switching
devices. state IV ([t ~ t;]) is the same as state II.

State IIl — [to ~ t3]: The dead time interval ends. Switch
S, is turned OFF, and switches S, and S5 are switched ON.
The operation remains similar to that explained in state II. The
equivalent circuit has been depicted in Fig. 3(c). It is assumed
that (1-D)T's = (t3-t;). The instantaneous voltages and currents
for inductors and capacitors are given as

v v
VL = ‘/in —vc1 — 527 vL,, = g27 VLo = 7VO
lc1 = —NiLs, 102 = ZLi"/nv 1Co = Lo —tO-

@)

B. Inverting Buck-Boost Operation (v ;,>0)

Fig. 2(a) also indicates the switching signals for inverting
buck-boost operation. For the positive half-cycle, switches S,
and S5 are kept on for the entire duration to ensure safe commu-
tation. Similarly, switches S and S, are completely on in the
negative half-cycle. Diodes D; and D, are conducting for the
input positive half-cycle, while Dy and D3 are forward-biased
for the negative half-cycle. Thus, the rectified voltage across
switch §; remains positive. Similar to the noninverting mode,
four switching states are defined.
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Fig. 4. Equivalent circuits for the inverting buck-boost operation. (a) State I.
(b) States IT and IV. (c) State III.

State 1 — [ty ~ t;]: The equivalent circuit is depicted in
Fig. 4(a). S; is switched on. Vj, charges L;,. The energy stored
in capacitor C; is reflected on the secondary side of HFT, and
together with Cp, it delivers its energy to the output inductor,
capacitor, and load. Output inductor current flows in reverse
direction compared to the in-phase condition. The current is also
reflected on the primary side and is passed through capacitor C;
and primary winding. The instantaneous voltages and currents
of passive components are derived from

vr, = Vin, Ur,, = —VC1, VL, = nvc1 +vo2 + Vo
c1 = nZL()7 102 = _ZL()7 ZCO = ZLO —10-

3

State Il — [t; ~ t2]: Sy is switched OFF. There is a short delay
before turning ON S and S, as shown in Fig. 4(b). Input source
and inductor L;, charge C;. Their energy is partially reflected
on the secondary side, and the capacitor Cy is charged. Output
inductor current freewheels through two parallel paths: S, and
body diode of S3 and S5 and body diode of S,. The reflected
current of L;;, on the secondary (ice = irin/n) passes through
the body diodes of §; and Ss. States II and IV are the same.

State IIl — [ty ~ t3]: S switch is kept OFF, and S, and Sg are
switched ON. The operation remains similar to that explained in
state II. The equivalent circuit has been illustrated in Fig. 4(c).
The instantaneous voltages and currents of passive components
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are deduced from

Yc2 __ Vc2
n UL,, =

iCl = _niLo7 iCQ = iLi"/n, Z'C()

VL = Vin — Vo1 — , VLo = —Vo.

Z'L() - ZO
C. Steady-State Analysis

The average voltages and currents for passive elements are
determined using voltage-second and ampere-second principles,
as given in

Ver =V 5
nD nD
Ves = T DVCl =1 DVin (6)
1-D
Iy, = ) I, @)

The output voltage is determined by applying the voltage-
second principle to the output inductor L. The output voltage
in the inverting operation has a negative sign. This is because
the output inductor current has a negative (reverse) polarity
compared to the noninverting mode. So, the output voltage gain
is obtained from

M- Vo _ I _ nD '
Vi Io 1-D

Fig. 5 plots the voltage gain versus duty cycle and shows
the effect of transformer turn ratio n on the gain. Hereupon,
it is justified that the topology provides bipolar buck-boost
operation. The proposed topology can perform buck and boost
operations for n = 1. Also, the n can be increased for deep
voltage sag/swell compensation. Moreover, the buck operating
region can be increased by reducing the transformer turn ratio. In
practice, the employed HFT includes leakage inductance, which
may degrade the voltage gain. The coupling coefficient k is equal
to Lp/(Lys+ L) and can be varied between zero and one based
on the quality of HFT.

®)

III. COMPONENTS VOLTAGE AND CURRENT STRESSES/RIPPLES
THEIR DESIGN GUIDELINES

A. Components Voltage and Current Stresses

Equations (9) and (10) indicate peak voltage and current
stresses across semiconductor devices located at the primary
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side of HFT for both inverting and noninverting buck-boost
operations

{VDl - VD2 - VDB = VD4 - \/i‘/;nrms - (\/iVOrms)/M
ip1 =ip2 =1ip3 = ip4 = V2inms = V2Mioms

)
_ V2V — V2Vom
Vs1 =g = M(l(—)D) ) (10)
iSl - \@(n + M) iOrms

Moreover, the following peak voltage and current stresses are
determined for the semiconductor devices on the secondary side
of HFT

Voo = Vgg = Vgy = Vgs = nVor1 + Voo = ﬁln—‘%m
igy =ilg3 = lgy = lgs = V2i0ms
(11
If n = 1, the voltage stress across primary and secondary
switches are identical. According to Fig. 3(b) and (c), body
diodes of Sz and S5 conduct half of the output current. Equation
(11) is valid for both inverting and noninverting modes. How-
ever, for anti-phase output voltage generation, body diodes of
Sgand S, conduct half of the output current.

B. Design Criteria for Passive Components

Regarding basic voltage and current relations for inductances
and capacitances, the (12) and (13) are deduced, determining the
voltage ripple of capacitors and the current ripple of inductances

— ZomsD — tomsD — tomsD
AUCI - ‘7/}01%3" AUCQ - VCZ}%7 AUC’3 - C"/g,fs (12)
o — Vs ; — Vims i nVium
Aig, = Linfs’ Aipm = Lonfs Aipo = Lofs
Ai - Vinems D Ai - Vinems D Air — 1 Vinrms
T Tafs T Lafs T T Tofs
m m
(13)

According to the power P o transferred from the input source
to the output terminal, the minimum required inductances and
capacitances to ensure proper buck-boost operation are obtained,
as given in

D Po

Ci > _ 14
1-D P, 1-D P,

Cy > (5) , Cy > (S) (15)
a2nf5 MVinrms agnfs MVinrms
DV?2 nMDV?2 nMV?

Lin Z mrms , Lm Z mrms , L Z mrms . (16)
B1fsPo B2fsPo © = BsfsPo

In (14)—(16), (a1, s, ) and (5 1, B2, 3 3) denote the desired
percentage of ripple values for capacitor voltages and inductors
current, respectively. Magnetic elements must be designed to
operate at high frequency. Hence, ferrite cores must be utilized.
McLyman [26] presented the best guide for designing and fabri-
cating magnetic components. This article uses the same method
for determining the best core size, core type, and the number of
required windings.
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C. Peak Switching Device Power (SDP) and Volume Metrics

The SDP is an index demonstrating the total power range of
semiconductor devices. It directly relates to the converter cost,
as defined in (17) for the proposed converter

e 10n +2M
SDPpeak = JZI ngdkig?;k = (M) PO- (17)

Fig. 6 illustrates the SDP curve versus the duty cycle. Results
show that increasing or decreasing the n does not affect the
SDP value in the proposed converter. Accordingly, the suitable
duty cycle range for obtaining an appropriate switch utilization
factor is between 0.3 and 0.9. The volume metric of capacitors
and inductors is the second index, which directly corresponds
to the amount of energy stored in capacitors E¢ and inductors
E 1. The overall stored energy in capacitors Cy, Cg, and Co and
inductances are calculated by (18) considering o = a; = ap
=agand 8 = 3; = B2 = (4. Fig. 7 shows the normalized
value of Ex and Ej, versus duty cycle variations for some
winding coefficients. E¢ and Ej, are decreased by increasing

the switching frequency fs because smaller capacitances and
inductances are used

1+n2—D)\ DP,
EC: )
nM(1— D)) 2afs
_(n+nD+ MDY\ PFo
L= ( M ) 2575 (19

IV. EFFICIENCY ANALYSIS

There are two sources of power losses: conduction and switch-
ing losses. The series resistance of magnetic components (7 iy,
rLms ¥ Lo), the equivalent series resistance of capacitors (7 ¢), the
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ON-resistance of the power switch (r pg), and the forward voltage
of diodes (V) and body diodes (Vpp) have been accounted for
in calculating the conduction losses of the converter. Two recti-
fier diodes are forward-biased in each input voltage half-cycle.
Equation (19) expresses the conduction losses of rectifier diodes
for each half-cycle. Equations (20)—(23) deduces the conduction
losses of magnetic parts and the switch S; for a complete output
cycle

P = 2Viipae = 2V2VrDMio (19)
PEY = 1 pini% i = TLinM %5 0 (20)
PE™ = rpmi% = TLmnidms Q1)
PR =714i% ) = TLoi0ms (22)
PS5l = rpsiD(n+ M)%2, .. (23)

According to Figs. 2, 3, and 4, two out of four secondary side
power switches are operated with high-frequency PWM for each
half-cycle. Based on Fig. 3(a), the current is passed through the
body diodes of S and S5 when they are ON. The amplitude of the
currents passed through Sz and S5 are identical to zero for the
DTy interval. It also equals (i3, +i0)/2 for the (1-D)Tg interval.
Hence, the RMS current passed through the body diodes of Sz
and S5 is calculated as

. . Z ms
1BD2rms = !BD5rms — \/(1 - D) (1 + (1 + TLM)Q) OT
(24)
The main switch of S5 and S, conduct (i;, +1i0)/2 for the DT'g
interval. Thus, the (25) is obtained. Their body diodes’ currents

are ip/2

iSBrms = Z‘5’4rms = D

N

1+ (1+nM)>lO>. 03)

07

1BD3rms = $BDdrms = LOrms

According to (24) and (25), the overall conduction losses of
S-S5 are determined as

=Pon= \/(1 - D) (1 +(1+ nM)2) Vapiom:

D(1+(1+nM)? ) + A~D
4 Orms

PSZ

cond —

PS3 Pond_TDS

cond — ¥ ¢ VBDZOrmq

(26)
Switching losses comprise turn-ON/turn-OFF losses, Coss,
and reverse-recovery losses. Primary switch §; operates with
high-frequency PWM. Accordingly, its switching and Cogsg
losses have been given in (27) and (28), where Coss, ., and
1 represent the effective output capacitance, rise time, and fall
time found in the MOSFET datasheet. Switches S, 3, S/, and S5
have a half-cycle high-frequency operation, and their switching
losses are calculated as

1 .
Piy = §VD81ZD81 (tr+ty) fs

(77, + M) VOrmsiOrms

- M (1-D) (tr+tr) fs 27
1 C V2
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NV0rmstOrms

P& = Pgy = Péw = Psw = m(tr+tf)fs
(29)
Cossn®*Vimef's
PCoss - g(?ss = g(;lss = g(?ss = M2(1 _O;)n;Q (30)

Eachrectifier diode conducts for a certain half-cycle. Equation
(31) presents the reverse recovery loss of each diode (PP zy).
Likewise, (32) derives the reverse recovery loss of the S-S5
body diodes

V2
7 er ‘/inrmsfS

Van
2(1-D)

Steinmetz equality determines core losses, as shown in (33).
A, 9, and ( are fitting parameters from the core datasheet. A ¢y,

ek, ABy, and fi, show the core area, flux path length, magnetic
flux density, and operating frequency of the kth inductances

1
§QTTVOFFfS = (31)

D _
PRR_

S2 _ pS3 _ pS4 _ pS5 __
PRR_PRR_PRR_PRR

er 1nrmsfS (32)

3
Pcore = Z ()\ABIgf]S) AClek~
k=1

(33)

The RMS of passing currents through capacitors C; and Cp
are determined as

Z.C‘2rms o Z.Orms
n 2v/2n
The current ripple of output inductor Lo is passed through

the output capacitor C . The output inductor is big enough to

have a small current ripple. So, this value is neglected, and the

RMS value of capacitor C current is assumed to be negligible

and zero. Capacitor conduction losses are obtained using

_ PL@ _ L%rms
n2  8n?

By gathering all the mentioned losses, the total power losses
of the proposed converter are calculated, which can be used to
specify its efficiency (1) and nonideal voltage conversion ratio
(M ny), as presented in

n = Po/(Pross + Po), Mn1 = nM.

1+ (M+1)>% (34

1C1rms =

PSt (1 + (nM + 1)2) . (35)

(36)

Fig. 8 depicts the overall conduction and switching losses for
constant output power (300 W). Different output voltages can
be generated by varying the duty cycle, which consequently
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TABLE I
COMPARISON OF THE PRESENTED TOPOLOGY WITH OTHER ISOLATED COUNTERPARTS

Ref. [27] [22] 28] [29] [25] Proposed
L/CL/C/S/D! 0/1/0/2/4 3/1/5/6/0 0/1/2/6/0 2/1/4/8/0 4/1/7/4/10 3/1/3/5/4
Total components 7 15 9 15 26 16

n(1-D) nD n(l-D) nD
1 i + —_— +nD + = +
Voltage gain n 1—2D n _D 1_2D 1_D
Buck-boost operation Buck or Boost Buck-boost Buck Buck-boost Buck-boost Buck-boost
Buck-boost operation for n>1 N/A Boost Buck Buck-boost Boost Buck-boost
Transformer type LF HF HF HF HF HF
Step-changed frequency operation Yes No Yes Yes Yes Yes
Number of high-frequency switches 2 6 6 8 2 3
1. Inductor, coupled inductor, capacitor, switch, diode
produces different output powers. For n = 1 and D = 0.6, Simulations have been done for the same converter specifications

the output power is 300W, and the theoretical efficiency is
93.3%. It means that 21.45W is dissipated. Practical efficiency
is compared with the theoretical loss in later sections.

V. COMPARATIVE EVALUATION

Table I compares the proposed topology with isolated coun-
terparts. Although [27] requires fewer components than the
proposed converter, it does not provide buck-boost operation.
There is no degree of freedom for adjusting its output voltage
amplitude, and the topology works with a certain winding ratio
n. Moreover, its built-in low-frequency transformer makes the
topology massive and expensive. The employed qZS impedance
source in [22] improves its voltage gain. However, the con-
verter is unipolar and cannot cover buck-boost operation for
n>1, which is essential for voltage sag/swell compensation.
Furthermore, it has a constant output frequency. Ahmed et al.
[28] lack buck-boost operation and has six high-frequency
switches, degrading its efficiency. Similarly, in [29], the number
of high-frequency switches is high. The topology in [25] benefits
from the provision of symmetric bipolar buck-boost operation
and step-changed frequency output operation, reduced number
of active switches (to four), and no commutation issue (as it
does not use bidirectional switches). Nevertheless, its diode
and passive component count is significantly greater than the
proposed converter. Although the proposed converter has one
more high-frequency switch than [25], it can save six diodes, four
capacitors, and two inductors. It requires a two-winding trans-
former instead of a three-winding transformer in [25], increasing
transformer utilization and reducing its requirement and cost. It
provides continuous output current. Moreover, Fathi et al. [25]
cannot provide buck operation for n = 1 or n > 1. Decreasing
n < 1 can provide buck operation but with limited amplitude cov-
erage. i.e., the converter of [25] cannot achieve zero output volt-
age. Hence, itis not suitable as DVR since it cannot mitigate shal-
low voltage sags. In contrast, the presented structure can provide
buck and boost operations for n = 1 and n> 1. The HFT’s turn
ratio n can also be increased to mitigate deep voltage sag. Fathi
et al. [25] has provided excellent simulation results for variable
frequency ac—ac converters regarding output voltage THD and
input current THD for different output frequencies. We have also
added simulation results of our proposed converter to those data.

and output power. Table II gives the results. As the proposed
topology benefits from input and output sinusoidal current with
continuity and low current ripple, its output voltage THD and
input current THD are better. It is worth noting that [28], [30],
and [31] have discontinuous or pulsating output currents.

The maximum switch voltage stresses of the proposed and
counterpart converters (see Table I) are compared in Fig. 9(a).
As observed, the proposed converter has smaller switch voltage
stresses. Fig. 9(b) and (c) compare the peak and average switch-
ing device power (SDPs) of the proposed and counterpart con-
verters. SDPppak is directly related to required semiconductor
power ratings and cost. SDP Ay is directly related to semicon-
ductor device losses and their thermal management requirement
[32], [33]. The proposed converter has smaller SDPpgax and
SDP sy values, proving its better semiconductor device power
utilization with smaller costs and losses. The passive component
contributes greatly to the volume of a converter. The sizes
of the passive components are approximated by their volume
metrics, which are equal to the ratio of peak stored energy of
inductors/capacitors and their volume metric energy densities
[33]. Fig. 9(d) and (e) compare the inductor and capacitor
volume metrics of the proposed and counterpart converters.
As observed, the proposed converter has smaller inductor and
capacitor volumes.

VI. EXPERIMENTAL RESULTS AND ANALYSIS

An experimental prototype has been designed and fabricated
to examine the performance of the proposed converter. Fig. 10
represents the image of the fabricated prototype, and Table III
indicates its specifications. First, it is tested by resistive,
inductive, and nonlinear loads to confirm its operation. Then, its
laboratory tests are carried out as a DVR. Besides the prototype,
the control unit consists of a digital signal processor (DSP,
TMS320F28335), and its control diagram is the same as in
[29, Figs. 24 and 25]. However, to synchronize the controller
with the grid, a DFT-based PLL is used, as demonstrated by
[34]. The generated signals are fed to power switches through
gate drivers (HCPL3120) with isolated voltage sources. In this
design example, the leakage inductance of the coupled inductor
is small. So, a small RC snubber circuit is used over the S; to
restrain the voltage spike.
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TABLE II
COMPARISON OF THE PRESENTED CONVERTER THD VALUES WITH REPORTED CONVERTER IN [25] BASED ON SIMULATION
Qutput voltage Vo THD (%) Input current ii: THD (%)
Ref. Type 25Hz 50Hz 100Hz 25Hz 50Hz 100Hz
Buck | Boost | Buck | Boost | Buck | Boost Buck | Boost | Buck | Boost | Buck | Boost
Proposed 62.50 | 62.50 0.47 0.58 62.23 61.6 3.01 1.99 2.20 1.99 7.85 5.59
[25] Isolated 62.99 | 62.94 2.17 2.15 62.71 62.6 3.39 3.18 3.35 3.16 7.04 5.85
[28] 63.05 - 1.82 - 65.47 - 14.1 - 3.58 - 18.11 -
[29] 62.54 62.5 0.52 0.61 60.84 | 59.71 4.32 4.72 3.93 3.70 5.76 6.49
[32] 58.61 59.71 5.28 4.41 60.73 | 62.92 10.41 12.34 10.38 12.21 22.04 | 30.12
[33] Non-isolated 61.02 | 59.70 1.79 3.40 63.51 64.55 2.36 3.5 2.35 4.23 3455 | 54.89
[31] 62.43 65.45 1.04 1.46 63.66 | 64.02 5.04 2.52 5.05 2.12 4.96 14.94
Z@m 50 1257 10
3¢ N v T ERE £ [25]
E N S 3
E 61 [25] V22 \\é 30 29] ?S\ % 6
g 7 s N Ty 25 129]
% 5 %) " \g § [ ] \
S [T Proposed [29] roposed | S 8 2
0 " d 7
0 02 04 06 08 I 0 Proposed
Duty Cycle (D) ’ 4(}0:116 e : ! (,-a,,,6 5o 00 1 2 3 4 5
Gain Gain
@ ®) © @ ©
Fig. 9. Comparison of (a) maximum switch voltage, (b) SDPpraK, (¢) SDPav G, and (d) magnetics volume metric, and (e) capacitors volume metric.

Fig. 10.

Experimental prototype image.

TABLE III
CRITICAL SPECIFICATIONS OF THE PROPOSED CONVERTER

Parameters Values Parameters Values
Nominal input
Voltage 100V Co, C1, C; 2x2.2uF
Nominal output Buck mode: 60V
voltage Boost mode: 125V, Lin L Lo S00uH
Maximum output Boost mode: 250W | Measured 3uH
power Buck mode: 120W inductance leakage *
Power switches and IXFH26N65,
Output frequency 25Hz/50Hz/100Hz diodes MUR1560
Switching Material 25 and
frequency 40kHz Cores EER 42/20
. . . Open-loop duty Dbuck=0.37,
Winding ratio it ratios Dboost=0.55

Fig. 11(a), (b), and (c) show the input and output voltages (Vi,
and V) and currents (/;, and /), respectively, for resistive, in-
ductive, and nonlinear loads. In this case, step-up and step-down

TABLE IV
MEASURED INPUT CURRENT AND OUTPUT VOLTAGE THDS FOR 50 Hz
OUTPUT FREQUENCY

Resistive | Inductive Nonlinear
(%) (%) (%)
Input current 2.5 4.7 62
Buck Output voltage 1.12 2.4 2.8
Boost Input current 22 4.7 63
Output voltage 1.23 2.3 3

operations, as well as inverting and noninverting operations, are
confirmed for 50 Hz output frequency. For D =0.37 and n = 1,
the resulting voltage gain is 0.6. So, the input voltage (100V,x)
isreduced to 60 V. In contrast, for D = 0.55, the resulting gain
is equal to 1.25, and the output voltage is increased to 125 V.
The converter performs regularly with an inductive load with PF
= 0.8 [(12+4,30) ©], as shown in Fig. 11(b). In addition, to test
a nonlinear load, a single-phase diode bridge rectifier has been
connected to the converter output. Its rectified voltage supplies
a 250W load through a (100 pH, 470 pF) smoothing filter.

As shown in Fig. 11(c), only the input current THD is af-
fected, which is similar to other ac—ac converters because no
compensation loop is designed to mitigate the harmonic effects
of nonlinear loads. The output voltage and input current THD
values are measured and organized in Table IV for the nominal
output load. The voltages and currents of components have been
presented in Fig. 12(a)—(e). The measured amplitudes are in
accordance with (5), (6), (9), (10), and (11). Due to choosing
n = 1, all power switches and diodes meet the same voltage
stress. Voltage and current stresses of rectifier diodes and power
switches are free of voltage spikes and current overshoots, as
depicted in Fig. 12(f), so snubber circuits are no longer required.
As mentioned earlier, the converter features step-changed fre-
quency operation. Fig. 13(a) and (b) display input/output
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voltages and input/output currents for 25 Hz and 100 Hz output
frequencies, respectively. In order to evaluate the operation of
the converter as a DVR, it is inserted in series with the load. In
this case, a single-phase inverter with output sinusoidal voltage
waveform is connected to the proposed converter instead of an
autotransformer to provide a programmed step change in voltage
amplitude. To evaluate the performance of the converter under

a power sag condition, a 50% voltage sag has been applied to
the input voltage. As shown in Fig. 13(c), when the controller
detects voltage sag, it increases the duty cycle to mitigate this
issue. For instance, in this case, the duty cycle has reached 0.5
and enters noninverting mode to eliminate the applied voltage
sag. To test the performance of the converter for power swell,
as shown in Fig. 13(d), a 25% voltage swell has been applied
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Fig. 14.  Efficiency analysis. (a) Efficiency versus duty cycle for n = 1. (b) Division of power losses for buck and boost. (c) Efficiency comparison at the nominal

load.

to the input voltage. Here, the controller increases the duty
ratio to 0.16 from zero and enters inverting mode to reduce
the load voltage. The efficiency versus the duty cycle change
has been plotted, as shown in Fig. 14(a). The experimental
efficiency is close to the theoretical one. The peak theoretical
efficiency is 93.5%, while its practical value equals 93.3%.
Thus, the theoretical loss and efficiency analysis are verified.
Also, the best utilization area shown in Fig. 6 is validated
where the achieved efficiency is placed over 90%, and the losses
are significantly reduced. The practical efficiency is slightly
different from the theoretical value due to the RC snubber circuit.
Now, since the theoretical loss model has been verified, it is
possible to deduce the division of power losses using (19)-(36),
as depicted in Fig. 14(b). For buck operation, the duty cycle
is assumed to be 0.37, and for boost operation, it is assumed
to be 0.55. Fig. 14(c) compares the efficiency of the topology
with its competitors for the same voltage, current and power. As
shown, the proposed converter provides better power conversion
efficiency.

VII. CONCLUSION

A new isolated buck-boost ac—ac converter was proposed. It
produced inverting and noninverting modes of operation with
identical characteristics and controlled the output voltage fre-
quency in fixed steps. The converter requires a smaller count of
active and passive components and generates continuous input
and output currents. Using a high-frequency transformer instead
of a line-frequency transformer reduced its size and cost, while
the turns ratio of a high-frequency transformer provided an
additional control variable for adjusting the voltage gain. The
performance of the proposed topology was examined by using
laboratory tests. Results indicate that the maximum efficiency of
the converter is 93.3%, and its achieved efficiency is better than
its counterparts. In addition, it was shown that the converter has
a smaller input current and output voltage THDs than its com-
petitors. Laboratory tests on the prototype as a DVR confirmed
that it is suitable for both deep or shallow power sag and swell.

REFERENCES

[1] X. P. Fang, Z. M. Qian, and F. Z. Peng, “Single-phase Z-source PWM
AC-AC converters,” IEEE Power Electron. Lett.,vol. 3,no.4,pp. 121-124,
Dec. 2005.

(2]

(3]

(4]

(5]

[6

[t}

[7

—

[8

—

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

I. Abdoli, H. F. Ahmed, and A. Mosallanejad, “A high-frequency
transformer-based buck-boost AC-AC converter with high efficiency and
wide range conversion ratio for DVR application,” Int. Eng. Technol. Power
Electron., vol. 17, pp. 1-14, 2023.

S. M. Mortazavi and R. Beiranvand, “A direct AC-AC switched-capacitor
converter with input-series output-parallel and in-phase/out-of-phase ca-
pabilities,” IEEE Trans. Power Electron.,vol. 38, no. 10, pp. 12221-12235,
Oct. 2023.

S. M. Mortazavi and R. Beiranvand, “A bidirectional direct AC-AC res-
onant SCC,” IEEE Trans. Ind. Electron., vol. 71, no. 2, pp. 1296-1307,
Feb. 2024.

T. Mishima, Y. Nakagawa, and M. Nakaoka, “A bridgeless BHB
ZVS-PWM AC-AC converter for high-frequency induction heating ap-
plications,” IEEE Trans. Ind. Appl., vol. 51, no. 4, pp.3304-3315,
Jul./Aug. 2015.

1. Abdoli, M. K. Hajiabadi, A. Mosallanejad, and A. L. Eshkevari, “A
single-phase P-type AC—AC converter with reduced components count and
high boost factor,” Int. J. Circuit Theory Appl., vol. 51, no. 1, pp. 360-378,
2023.

S. Samanta and A. K. Rathore, “A new inductive power transfer topology
using direct AC—AC converter with active source current waveshaping,”
IEEE Trans. Power Electron., vol. 33, no. 7, pp. 5565-5577, Jul. 2018.
S. Ghasimi, A. L. Eshkevari, and A. Mosallanejad, “A high-gain II'-source
hybrid single-phase multilevel inverter for photovoltaic application,” Int.
Eng. Technol. Power Electron., vol. 14, no. 1, pp. 106-119, Jan. 2021.
M. B. Vandishi, A. L. Eshkevari, A. Salemnia, and A. Mosallanejad, “A
new quasi-Z-source switched-boost four-switch three-phase inverter with
independent shoot-through and non-shoot-through modulation indexes,”
Int. Eng. Technol. Power Electron., vol. 14, no. 3, pp. 548-561, 2021.

A. L. Eshkevari, A. Mosallanejad, and M. Sepasian, “Improving step-up
gain and efficiency in non-inverting buck-boost DC-DC converter using
quasi-Z impedance network,” Int. Eng. Technol. Power Electron., vol. 15,
no. 2, pp. 109-122, 2022.

M. R. Banaei, R. R. Ahrabi, and M. Elmi, “Single-phase safe commutation
trans-Z-source AC-AC converter,” Int. Eng. Technol. Power Electron.,
vol. 8, no. 2, pp. 190-201, 2015.

M.-K. Nguyen, Y.-G. Jung, and Y.-C. Lim, “Single-phase AC-AC con-
verter based on quasi-Z-source topology,” IEEE Trans. Power Electron.,
vol. 25, no. 8, pp. 2200-2210, Aug. 2010.

Y. Tang, S. Xie, and C. Zhang, ‘“Z-source AC-AC converters solving
commutation problem,” IEEE Trans. Power Electron., vol. 22, no. 6,
pp. 2146-2154, Nov. 2007.

H. F. Ahmed, H. Cha, A. A. Khan, and H.-G. Kim, “A family of
high-frequency isolated single-phase Z-source AC-AC converters with
safe-commutation strategy,” IEEE Trans. Power Electron., vol. 31, no. 11,
pp. 7522-7533, Nov. 2016.

H.-H. Shin, H. Cha, H.-G. Kim, and D.-W. Yoo, “Novel single-phase PWM
AC-AC converters solving commutation problem using switching cell
structure and coupled inductor,” IEEE Trans. Power Electron., vol. 30,
no. 4, pp. 2137-2147, Apr. 2015.

H. F. Ahmed, H. Cha, A. A. Khan, and H.-G. Kim, “A highly reliable
single-phase high-frequency isolated double step-down AC—AC converter
with both noninverting and inverting operations,” /[EEE Trans. Ind. Appl.,
vol. 52, no. 6, pp. 4878—-4887, Nov./Dec. 2016.

U. A.Khan, A. A. Khan, H. Cha, H.-G. Kim, J. Kim, and J.-W. Baek, “Dual-
buck AC-AC converter with inverting and non-inverting operations,” I[EEE
Trans. Power Electron., vol. 33, no. 11, pp. 9432-9443, Nov. 2018.



LAHOOTI ESHKEVARI et al.: ISOLATED IDENTICAL BIPOLAR BUCK-BOOST AC-AC CONVERTER WITH STEP-CHANGED FREQUENCY OPERATION 14837

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30

[31]

[32]

H.F. Ahmed, M. S. El Moursi, T. Irshad, E. El-Saadany, and K. Al Hosani,
“Family of single-phase isolated high-frequency transformer integrated
improved magnetically coupled Z-source AC-AC converters,” Int. Eng.
Technol. Power Electron., vol. 13, no. 9, pp. 1901-1910, 2020.

S. Esmaeili, E. Azimi, H. Hafezi, A. Mahmoudi, M. Jamil, and A. A.
Khan, “Magnetically coupled single-phase AC-AC converter with reduced
number of passive components,” IEEE Access, vol. 10, pp. 79628-79643,
2022.

S. M. J. Mousavi, E. Babaei, and M. Sabahi, “Modified single-phase Z-
source converter based on gamma structure,” in Proc. 11th Power Electron.,
Drive Syst., Technol. Conf., 2020, pp. 1-6.

M. R. Banaei, R. Alizadeh, N. Jahanyari, and E. S. Najmi, “An AC Z-source
converter based on gamma structure with safe-commutation strategy,”
IEEE Trans. Power Electron., vol. 31, no. 2, pp. 1255-1262, Feb. 2016.
H. F. Ahmed and H. Cha, “A new class of single-phase high-frequency
isolated Z-source AC—AC converters with reduced passive components,”
IEEE Trans. Power Electron., vol. 33, no. 2, pp. 1410-1419, Feb. 2018.
O. C.D. S. Filho, E. L. Tofoli, D. D. A. Honério, L. H. S. C. Barreto, and
D. D. S. Oliveira, “Single-phase isolated AC-AC converters based on the
dual active bridge converter,” I[EEE Trans. Ind. Electron., vol. 69, no. 6,
pp. 5680-5689, Jun. 2022.

S. Gupta and S. K. Mazumder, “A differential-mode isolated AC/AC
converter,” I[EEE Trans. Power Electron., vol. 38, no. 10, pp. 12846-12858,
Oct. 2023.

S. Fathi, S. M. J. Mousavi, and E. Babaei, “A high-frequency isolated
four-switch single-phase quasi-Z-source AC—AC converter with inherent
commutation and step-changed frequency operation,” IEEE Trans. Power
Electron., vol. 38, no. 4, pp. 4937-4944, Apr. 2023.

C. W. T. McLyman, Transformer and Inductor Design Handbook, 3rd ed.
Boca Raton, FL, USA: CRC Press, 2004.

M. H. Mondol, M. S. Uddin, E. Hossain, and S. P. Biswas, “A compact and
cost efficient multiconverter for multipurpose applications,” IEEE Access,
vol. 8, pp. 86810-86823, 2020.

H. F. Ahmed, H. Cha, and A. A. Khan, “A single-phase buck ma-
trix converter with high-frequency transformer isolation and reduced
switch count,” IEEE Trans. Ind. Electron., vol. 64, no. 9, pp. 6979-6988,
Sep. 2017.

H. F. Ahmed, M. S. E. Moursi, B. Zahawi, K. A. Hosani, and A.
A. Khan, “Single-phase symmetric-bipolar-type high-frequency isolated
buck-boost AC-AC converter with continuous input and output currents,”
IEEE Trans. Power Electron., vol.36,no. 10, pp. 1157911592, Oct. 2021.
S. Sharifi, M. Monfared, and A. Nikbahar, “Highly efficient single-phase
direct AC-to-AC converter with reduced semiconductor count,” IEEE
Trans. Ind. Electron., vol. 68, no. 2, pp. 1130-1138, Feb. 2021.

K. Rahman, M. Meraj, M. S. Bhaskar, and A. Igbal, “Single-phase ZAC-
source AC—AC converter with high buck and boost voltage conversion
capability,” IEEE Trans. Ind. Electron., vol. 67, no. 11, pp. 9251-9259,
Nov. 2020.

S. Sharifi, M. Monfared, M. Babaei, and A. Pourfaraj, “Highly efficient
single-phase buck—boost variable-frequency AC—AC converter with inher-
ent commutation capability,” IEEE Trans. Ind. Electron., vol. 67, no. 5,
pp. 3640-3649, May 2020.

[33] L. He and X. Xu, “Novel high-efficiency frequency-variable buck—boost
AC-AC converter with safe-commutation and continuous current,” [EEE
Trans. Power Electron., vol. 35, no. 12, pp. 13225-13238, Dec. 2020.

[34] A. Keshavarzian, A. L. Eshkevari, I. Abdoli, M. K. Hajiabadi, M. Farzi,
and M. Arefian, “A novel bidirectional synchronized transfer method for
multilevel electric drive systems based on discrete Fourier transformation,”
Int. Eng. Technol. Power Electron, vol. 15, no. 11, pp. 1034-1046, 2022.

Alireza Lahooti Eshkevari received the B.Sc. and
M.Sc. degrees in electrical engineering from the Uni-
versity of Science and Culture, Tehran, Iran, in 2014
and 2016, respectively, and the Ph.D. degree in elec-
trical engineering from Shahid Beheshti University
(SBU), Tehran, Iran, in 2022.

He is currently a Senior Researcher with the Iranian
Research Institute for Electrical Engineering, Tehran,
Iran. Since 2014, he has been a University Lecturer.
His research interests include analyzing, modeling,
designing, and controlling power electronics convert-
ers and their applications.

Dr. Lahooti Eshkevari was the recipient of the “Selected Researcher Award”
from SBU in 2023.

Hafiz Furqan Ahmed (Member, IEEE) received the
B.E. degree (Hons.) in electronics engineering from
the National University of Sciences and Technology,
Islamabad, Pakistan, in 2012, and the combined M.S.
and Ph.D. degree in energy engineering (specializa-

s
A tion in power electronics) from Kyungpook National
\ University, Daegu, South Korea, in 2017.
\ ’ He is currently an Assistant Professor with Na-
— /

tional Sun Yat-sen University, Kaohsiung, Taiwan.
His current research interests include grid-connected
inverters and ac—ac converters for grid voltage
compensation.

Iman Abdoli received the B.Sc. and M.Sc. degrees in
electrical engineering from the University of Science
and Culture, Tehran, Iran, in 2016 and 2018, respec-
tively, and the Ph.D. degree in power electronics en-
gineering from Shahid Beheshti University, Tehran,
Iran, in 2023.

His current research interests include dc—dc con-
verters, renewable energy systems, power quality,
variable frequency drives, and ac—ac converters.




<<
  /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


