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Abstract—An active-clamped three-level rectifier (AC-TLR) is
derived from the diode-clamped three-level inverter, by replac-
ing the active switches and the diodes in the three-level inverter
with the diodes and active switches, respectively. Novel isolated
buck-boost converters, featuring single-stage conversion and soft-
switching within wide operation range, are developed based on the
proposed AC-TLR. By utilizing the AC-TLR, the voltage stress on
the power devices and passive components, including the rectify-
ing diodes, the active-clamping switches, the flying capacitor, and
output filter capacitors, is reduced to the half of the output voltage.
Low-voltage rating switching devices with better switching and
conduction performances and a transformer with reduced turns
ratio and parasitic parameters are used to enhance the efficiency.
The full-bridge isolated buck-boost converter with the proposed
AC-TLR is analyzed in detail as an example. An optimized phase-
shift control strategy is employed to realize isolated buck and boost
conversion. Soft switching of all of the switching devices in both the
primary- and secondary-side circuits is achieved within the whole
operation range by using the proposed AC-TLR and the phase-
shift control strategy. Experimental results on a prototype with
380-V output verify the effectiveness of the proposed AC-TLR and
its derived isolated buck-boost converters.

Index Terms—DC-DC converter, isolated buck-boost (IBB) con-
verter, phase-shift control, soft-switching, three-level rectifier.

I. INTRODUCTION

SOLATED dc—dc converters have been widely used for the
I applications in which the input voltage is much lower or
much higher than the output voltage, or in which galvanic iso-
lation is required, for example, the battery-sourced front-end
converters for uninterruptible power supplies and stand-alone re-
newable power systems [1], battery chargers for electric vehicles
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[2], [3], and the maximum power point tracking converter for
renewable power generation systems [4]. The isolated convert-
ers can be classified into three categories: buck converters [3],
boost converters [4], and buck-boost converters [5], [6]. Gen-
erally, the conversion efficiency of buck converters decreases
as the voltage conversion ratio decreases, and the efficiency of
boost converters is found to decrease as the voltage conversion
ratio increases. It is very important to achieve high-efficiency
power conversion within a wide voltage range, especially for
the power systems fed by renewable energy and batteries [7],
[8]. An isolated buck-boost (IBB) converter can operate either
as a buck converter or as a boost converter; it is more flexible in
terms of conversion efficiency and voltage range.

For the isolated step-down and step-up applications, many
isolated buck and boost topologies have been proposed. How-
ever, few works on IBB dc—dc converter topologies have been
reported in the literature. Most of the IBB converters root in
the nonisolated converters. For example, the flyback converter
is the isolated version of nonisolated buck/boost converter [9].
Likewise, isolated Cuk [10], Sepic [11], and Zeta [12] convert-
ers can be derived by inserting a transformer into the origi-
nal nonisolated Cuk, Sepic, and Zeta converters, respectively.
However, the efficiencies of these single-switch IBB convert-
ers are still low because of the high voltage/current stress on
the components and the hard-switching of active switches and
rectifying diodes. In addition to the low conversion efficiency
and high stress, these single-switch IBB converters can only be
used for low-power applications. A family of IBB converters is
proposed in [5] based on the nonisolated two-switch buck-boost
converter [13], [14]. These IBB converters are built with cas-
cading connection of isolated buck converters and nonisolated
boost converters. They have the advantages of isolated buck and
boost conversion, wide voltage gain range, and flexible control.
However, the power has to be processed through the cascaded
two-stage architecture, which lowers the conversion efficiency.
On the other hand, the voltage stress of the devices on the
secondary side is much higher than the output voltage. The ef-
ficiency is further reduced due to the hard-switching operation
of the rectifying diodes and active switches. The semi-dual-
active-bridge (SDAB) converters presented in [15]-[18], which
are the simplified versions of dual-active-bridge (DAB) convert-
ers [19]-[21], can be good options for IBB power conversion.
In comparison with the DAB converter, topology and control
of the SDAB converters are simpler and soft-switching oper-
ation range is extended. However, some drawbacks for these
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SDAB converters are presented in [15]-[18]: 1) Soft-switching
performance will be lost for the active switches and diodes in
the semi-active-bridge if the normalized voltage gain is less
than 1.0 and the converters work in the continuous conduction
mode (CCM) II; 2) the voltage stress on the MOSFETS in the
semi-active-bridge is up to the output voltage, which makes
them unsuitable for high output voltage applications; and (3)
the current flows through the body diodes of the MOSFETSs in
the semi-active-bridge, which leads to severe reverse-recovery
problem when the MOSFETS are hard-switching due to the poor
characteristics of body diodes. This problem becomes worse as
the output voltage increases. It should be noticed that the output
voltages of all SDAB converters in [15]-[18] are lower than
300 V.

For high output voltage applications, the reduction of the volt-
age stress on rectifying devices, especially on the active switch-
ing devices such as MOSFETs, is very important for efficiency
improvement, because both the conduction losses and switch-
ing losses increase significantly as the voltage-rating increases.
Low-voltage stress on the rectifying devices can be achieved by
employing a capacitive output filter, because the voltage of the
rectifying devices can be clamped directly by the filter capacitor.
There are many kinds of rectification circuits with capacitive fil-
ters, such as the center-tapped rectifier, the full-bridge rectifier,
and the voltage-doubler rectifier [22], [23]. The voltage-doubler
rectifier is suitable for high-voltage applications, because its
output voltage is twice that of the transformer secondary wind-
ing, and hence, the turns ratio of the transformer can be re-
duced. However, the voltage stress of the rectifying diodes in
the voltage-doubler rectifier is still as high as the output voltage.
There is a straightforward relation between an inverter circuit
and a rectification circuit, which means a rectification circuit
can be derived directly by replacing the active switches in the
corresponding inverter circuit with diodes, and vice versa. It
would be possible to derive novel rectification circuits for high
output voltage applications by referring to the inverter circuits
which are suitable for high-input-voltage applications, such as
the multilevel inverter circuits [24], [25].

The major contribution of this paper is to propose a novel
active-clamped three-level rectifier (AC-TLR) based on the
diode-clamped three-level inverter topology. Novel IBB con-
verters are harvested based on the proposed AC-TLR as well.
Single-stage power conversion, low-voltage stress, and soft-
switching operation over the whole operation range can be
achieved in the proposed converters by adopting the optimized
phase-shift control strategy. This paper is organized as follows.
In Section II, the AC-TLR and its derived IBB converters are pre-
sented. In Section III, the operational principles of a full-bridge
IBB (FB-IBB) converter are analyzed in detail. The performance
of this converter is analyzed in Section IV, and experimental re-
sults are presented in Section V. Finally, Section VI concludes
the paper.

II. DERIVATION OF THE AC-TLR AND IBB CONVERTERS

A. Derivation of the AC-TLR

There is a straightforward relationship between an inverter
circuit and a rectification circuit. A rectification circuit can be
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Fig.1. (a)Full-bridge inverter and full-bridge rectifier. (b) Half-bridge inverter
and voltage-doubler rectifier.
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Fig.2. Derivation of the AC-TLR from the diode-clamped three-level inverter.
(a) Three-level inverter. (b) Three-level rectifier.

derived by replacing the active switches in an inverter circuit
with diodes, and vice versa. Two examples are shown in Fig. 1. It
can be seen that the rectification circuit corresponding to the full-
bridge inverter is the full-bridge rectifier, as shown in Fig. 1(a),
and the corresponding rectification circuit of the half-bridge
inverter is the voltage-doubler rectifier as given in Fig. 1(b).
The above suggests that the other types of rectification circuits
for high output voltage applications could be derived from the
corresponding inverter circuit suitable for high-input-voltage
applications. For example, the diode-clamped three-level in-
verter circuit shown in Fig. 2(a) is one of the major multilevel
topologies known to be suitable for the high-voltage and high-
power applications [24]. Another attractive feature of this circuit
is that the voltages of the dividing capacitor C},1 and C},,5 can be
balanced automatically by using a small flying capacitor C,, in
parallel with the clamping diodes [24]. Based on the rectification
circuit derivation principle mentioned above, a novel AC-TLR
can be derived by replacing the active switches and diodes in
the diode-clamped three-level inverter circuit with diodes and
active switches, respectively, as illustrated in Fig. 2(b). The volt-
age stress of all rectification diodes and clamping switches in the
AC-TLR is only half of the output voltage, which is beneficial
for high output voltage applications. Meanwhile, the voltage
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Fig.3. AC-TLR-based isolated converters with (a) full-bridge input stage and
(b) three-level input stage.

balance of the output dividing capacitors, C,; and C,9, can be
realized due to the built-in flying capacitor C, in the AC-TLR.

B. AC-TLR-Based IBB Converters

Novel isolated converters can be constructed based on the
proposed AC-TLR. For the primary side of the derived AC-
TLR-based isolated converters, the voltage-fed push—pull, half-
bridge, full-bridge, three-level input stages, and other advanced
input stages can be used. Since the AC-TLR has a capacitive
output filter, a high-frequency current source should be used as
the input of the AC-TLR. In practice, the high-frequency cur-
rent source can be realized by a high-frequency voltage source
in series with an inductor. In order to construct an isolated con-
verter, the AC-TLR and the input stage should be linked by a
high-frequency inductor and a high-frequency transformer. Two
examples of the constructed topologies are shown in Fig. 3. The
converter of Fig. 3(b) can be a preferred topology for high-input-
voltage applications due to its three-level input stage.

From another point of view, the output stage of the derived
converters in Fig. 3 is composed of an inductor and the AC-TLR,
which looks like a three-level boost converter. The primary-side
circuit of the converter is a voltage-fed buck-type input stage,
which shows that the proposed converters are inherently IBB
converters. These IBB converters have several attractive fea-
tures such as low-voltage stress and single-stage power conver-
sion. More importantly, the high-frequency inductor L in the
IBB converters can be partly or fully implemented by using the
leakage inductance of the transformer, which results in effective
utilization of parasitic parameters and high power density. From
topological point of view, the proposed converter can be seen
as a SDAB converter because the AC-TLR is composed of an
active bridge and a diode bridge. However, the analysis given
in the following sections indicates that the disadvantages of the
SDAB converters in [15]-[18] are overcome and soft switching
over the whole operation range can be achieved by adopting an
optimized phase-shift control strategy.
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Fig. 4. Topology of the proposed FB-IBB converter.

III. OPERATIONAL PRINCIPLES OF THE PROPOSED
FB-IBB CONVERTER

The main focus of this paper is the AC-TLR. The input stage
can be selected according to different applications. The AC-
TLR-based FB-IBB converter shown in Fig. 3(a) is taken as an
example for analysis. The topology of the FB-IBB converter is
illustrated in Fig. 4, and N is the secondary-to-primary turns
ratio of the transformer. The square-wave voltage produced by
the primary-side full-bridge inverter is indicated as vp in Fig. 4,
while the square voltage waveform produced by the AC-TLR is
indicated as vg.

For simplicity, the normalized voltage gain G is defined as
follows:

_ W
C2NVi

G ey

The converter operates in the boost mode when G > 1 and
operates in the buck mode when G < 1. All of the six active
switches, S1 — Sg, on the primary and secondary sides have a
constant duty cycle of 0.5. The switch pairs S7 and S5, S3 and
Sy, and S5 and S are driven complementary, respectively. The
primary-side phase-shift angle ¢p is defined to be the phase
difference between the gating signals of S; and S3, and the
secondary-side phase-shift angle (g is defined to be the phase
difference between the gating signals of S; and Si. Because the
primary- and secondary-side phase-shift angles serve the same
function as the duty cycles of the buck and boost converters,
respectively, the equivalent primary- and secondary-side duty
cycles are defined to simplify the analysis

Dp = ¥£r
7T
(2)
Dg =75,
i

To achieve soft switching and improve the conversion effi-
ciency, an optimized phase-shift control strategy is developed
for the FB-IBB converter. To simplify the analysis, the para-
sitic capacitance of MOSFET is ignored and the transformer is
assumed to be ideal.

A. Boost Mode Operating

In the boost mode, the primary-side duty cycle Dp should
be maximized with Dp = 1, and the secondary-side duty cycle
Dyg is used to regulate the output voltage and power, which is
similar to the nonisolated two-switch buck-boost converter [13],
[14]. According to the waveforms of the inductor current iy f,
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Fig. 5.
mode.

Switching waveforms of the FB-IBB converter in the Boost-CCM

there are two possible operating modes: CCM and discontinuous
conduction mode (DCM).

1) Boost-CCM Mode: Fig. 5 shows the waveforms of the
FB-IBB converter in the boost-CCM mode, where T is the
switching period. From the waveform of vg in Fig. 5, it is
obviously that three voltage levels, positive level, zero level,
and negative level, have been produced by the AC-TLR. There
are ten switching stages in one switching period. Due to the
symmetry of the circuit, only five stages are analyzed here and
corresponding equivalent circuits for each stage are shown in
Fig. 6.

Stage 1 [ty,t1] [see Fig. 6(a)]: Before t, the switches Sy, S5,
and S5, and diodes D3 and D, are ON. The inductor current
i1, s is negative 47,y < 0. The input source V}, and the energy
stored in the inductor L are delivered to the output capacitor
C,ye. Capacitor C,9 is charged, whereas C, is discharged. At
to, Sy and S3 are turned OFF. The body diodes of the switches
S1 and S, begin to conduct due to the energy stored in L. In
this stage, the inductor current ¢z, ; can be calculated as follows:

NV, + % .
Li?(t—to)ﬂw (to) . (3)
f

Stage 2 [t,t5] [see Fig. 6(b)]: At t1, the switches S and 5}
are turned ON with zero-voltage switching (ZVS). This stage
ends when ir; returns to zero. Because the current slope is
limited by the inductor Ly, the diodes D3 and D, are OFF
naturally with zero current and without reverse-recovery loss.

Stage 3 [to,t3] [see Fig. 6(c)]: At ty,ir returns to zero.
Because both the S; and Sy are ON, the primary-side circuit
produces a positive voltage vp and applies on the transformer

iry (t) =
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Fig. 6. Equivalent circuits for each switching stage in the Boost-CCM mode:
(a) Stage 1 [tg,t1]. (b) Stage 2 [t1,t2]. (c) Stage 3 [t2,t3]. (d) Stage 4 [t3,t4].
(e) Stage 5 [t4,t5].

winding. The diode D5 begins to conduct due to the on-state of
the switch S5, which results in a zero-voltage level vg. So the
inductor L is charged by the input voltage, which is similar
to the operation of a conventional boost converter. During this
stage, the inductor current ¢y, ; is given as follows:

NVin
Ly
Stage 4 [t3,t4] [see Fig. 6(d)]: At t3, the switch S5 turns
OFF. Since the current iz s is positive, the diode D; begins to
conduct. Hence, the input source and the energy stored in the

inductor L are delivered to the load. In this stage, the capacitor
C,1 is charged, while C,, is discharged. The inductor current

iy (1) = =2 (t— ). @)
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Fig. 7. Switching waveforms of the FB-IBB converter in the Boost-DCM
mode.

i1,y is calculated as follows:

V,
N‘/iH_T

iry () = (t—t3) +iry (t3). Q)

It should be noted that, once D and D, are ON, the drain—
source voltage of the switch S is clamped to zero, because the
voltage of the flying capacitor is equal to the voltage of output
dividing capacitor Cj; .

Stage 5 [ty,t5] [see Fig. 6(e)]: Atty, the switch Sg turns ON
with zero voltage and zero current.

Similar operation is conducted in the remaining stages of the
switching period. It can be seen that ZVS can be achieved for all
the active switches, while zero-current switching (ZCS) can be
achieved for all the rectifying diodes in the boost-CCM mode.

2) Boost-DCM Mode: If the inductor current ¢7,; has de-
creased to zero before the primary-side switches commutate,
the converter enters the boost-DCM mode. Fig. 7 shows the
waveforms of the FB-IBB converter in the boost-DCM mode.
There are five switching stages in half of the switching cycles
as well.

Stage 1 [to,t1] [see Fig. 8(a)]: Before ty,ir; decreases to
zero. So, even though the switches S5, S5, and S5 are ON, there
is no power transferred between the primary and secondary
sides. At tg, Sp and S5 are turned OFF.

Stage 2 [ti,ts], Stage 3 [to,t3], and Stage 4 [ts,t,]: At
t9,S1 and Sy are turned ON with ZCS. The operating principle
of this state is the same as that of State 3 in the boost-CCM
mode, whereas the operating principles of Stages 3 and 4 of the
boost-DCM mode are the same as that of the States 4 and 5,
respectively, in the boost-CCM mode.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 3, MARCH 2016

D,
M '\Assj*é i L, A

18 C Cﬂl
i il DK Sk Gl T L+
vs 4 []Vu

— +
.‘ D3A Sé < A Vose Cuz

DA

.

(b)

Fig. 8. Equivalent circuits of the Boost-DCM mode: (a) Stage 1 [tg,t1].
(b) Stage 5 [t4,t5].

Stage 5 [ty,t5] [see Fig. 8(b)]: Atty, iy reaches zero and
is kept at zero in this stage. Thus, there is no energy transferred
between the input and output.

Similar operation is conducted in the rest stages of the switch-
ing period. It can be seen that ZCS can be achieved for the
primary-side switches and the rectifying diodes, while ZVS can
be achieved for the switches in the AC-TLR.

B. Buck Mode Operation

Once the normalized voltage gain is less than one, G < 1, the
converter works in the buck mode. According to the waveform
of the inductor current iy, , the converter can work in either the
CCM mode or the DCM mode.

1) Buck-CCM Mode: In the buck-CCM mode, to overcome
the disadvantage of hard switching of previous SDAB converters
with only secondary-side phase-shift control, an optimized duty
cycle equal to the normalized voltage gain G is applied on the
primary-side switches to achieve soft switching for all of the
switching devices and diodes

Vo

D = =
PN, ¢

(6)

The power flow is controlled by regulating the secondary-
side duty cycle Dg. Fig. 9 shows the waveforms of the FB-IBB
converter in the buck-CCM mode. There are seven switching
stages in half of a switching cycle, and corresponding equivalent
circuits for each stage are shown in Fig. 10.

Stage 1 [ty,t1] [see Fig. 10(a)]: Before t, the switches
Sy, 53,55 and diodes D3, D, are ON, and the inductor cur-
rent i,y < 0. The input source and the energy stored in the
inductor L are delivered to the load. The output capacitor C»
is charged, whereas C,; is discharged. At ¢y, the switch S is
turned OFF, and hence, the body diode of S; begins to conduct
due to the energy stored in the L. In this stage, the inductor
current 47y can be calculated by

Vo .
ir(t) = E(t—to)JrZLf(to)« (7
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Switching waveforms of the FB-IBB converter in the Buck-CCM

Stage 2 [t1,t2] [see Fig. 10(b)]: Att,, S is turned ON with
ZVS. This stage ends when the switch Sj is turned OFF at 5.

Stage 3 [ts,t3] [see Fig. 10(c)]: At ts, Ss is turned OFF, and
then, the body diode of .Sy begins to conduct due to the energy
stored in the L. In this stage, the inductor current 77,y can be
calculated by

NVi, + %

I (t—t2) +irs(t2). (8)

ing(t) =

Stage 4 [t3,t4] [see Fig. 10(d)]: Atts, the switch Sy is turned
ON with ZVS. This stage ends when ¢y, ; returns to zero, and
the diodes D3 and D, are OFF naturally with zero current and
without reverse-recovery loss.

Stage 5 [ty,t5] [see Fig. 10(e)]: At ty, i returns to zero.
The diode D5 is ON, which results in a zero-voltage level of vg.
Therefore, the inductor Ly is charged by the input source, and
the current iz, ; can be calculated as

NViy
Ly

irg(t) = (t —ta). 9)

Stage 6 [t5,1s] [see Fig. 10(f)]: At ts5, the switch S5 turns
OFF. Since the current iz is positive, the diode D; begins to
conduct. Hence, the input source and the energy stored in the
inductor L are delivered to the load. In this stage, the capacitor
C,1 is charged, while C,, is discharged. The inductor current
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Fig. 10.  Equivalent circuits of each stage in the Buck-CCM mode: (a) Stage
1 [to, t1]. (b) Stage 2 [t1, 22 ]. (c) Stage 3 [t2, £3]. (d) Stage 4 3, £4]. (e) Stage
5[ta,t5]. (f) Stage 6 [t5, t6]. (2) Stage 7 [tg, t7].

iz s is calculated as

Ve
N‘/in - 9

Lf (t—t5) +iLf (t5). (10)

iry () =



2378

Fig. 11.
mode.

Switching waveforms of the FB-IBB converter in the Buck-DCM

Since the voltage of the flying capacitor C, is equal to the
voltage of the C,1, the drain—source voltage of the switch Sg is
clamped to zero.

Stage 7 [ts,t7] [see Fig. 10(g)]: At tg, the switch Sg turns
ON with zero voltage and zero current. The power is transferred
to the load from the source continuously in this stage. Simi-
lar operation is conducted in the rest stages of the switching
period.

2) Buck-DCM Mode: 1f the equivalent secondary duty cycle,
Dg, decreases to zero, the converter operates at the boundary be-
tween buck-CCM mode and buck-DCM mode. In this scenario,
if the output power or the normalized voltage gain decreases
further, the converter will enter the buck-DCM mode. In the
buck-DCM mode, the switches S5 and Sg in the AC-TLR can
be kept in the off-state because the secondary duty cycle Dg
is zero. On the other hand, the switches S5 and Sg can also be
turned ON/OFF synchronously with the switches S5 and .Sy, re-
spectively, to keep the secondary duty cycle Dg at zero. During
the buck-DCM operation, the output power/voltage is regulated
by the primary-side duty cycle Dp.

Fig. 11 shows the waveforms of the FB-IBB converter in
the buck-DCM mode. Suppose that the switches S5 and Sy are
always in the off-state. There are five switching stages in half of
the switching cycle, and the corresponding equivalent circuits
are shown in Fig. 12.

Stage 1 [ty,t1] and Stage 2 [t,,12]: The operating principles
of the Stages 1 and 2 in the buck-DCM mode are similar as
that of Stages 1 and 2, respectively, in the buck-CCM mode. In
these two stages, the switch S is turned ON with ZVS at ¢, the
energy stored in the inductor Ly is transferred to the load, and
finally, the inductor current iz, ; decreases to zero at .

Stage 3 [to,13] [see Fig. 12(a)]: At ts, i ; decreases to zero,
and the diodes D3 and D, are OFF with ZCS. Since ip; = 0,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 3, MARCH 2016

Fig. 12.  Equivalent circuits of each stage in the Buck-DCM mode: (a) Stage
3 [ta,t3]. (b) Stage 4 [t3,t4]. (c) Stage 5 [t4,15].

all the rectifying diodes are kept in the off-state in this stage.
There is no power transferred between the input and output.

Stage 4 [t3,t,] [see Fig. 12(b)]: At ts, the switch S; is turned
OFF with zero current.

Stage 5 [ty,l5] [see Fig. 12(c)]: At t,, the switch Sy is
turned ON with zero current. The diodes D; and Ds begin
to conduct due to the positive voltage of vp. Hence, the input
source transfers power to the load, and the inductor current iy, y
increases linearly

Vo
N‘/;n - 2

iry (t) = I (t—1t4). (11)

This stage ends when the switch .S is turned OFF at ¢5, and
the second half of the switching cycle begins.

IV. PERFORMANCE ANALYSIS AND DISCUSSION
A. Output Power and Voltage Gain Analysis

1) Boost Mode: According to the operational principle of
the boost-CCM mode and waveforms shown in Fig. 5, we have
irf(to) =iry(ts),andir ¢ (t2) = 0. Then, based on (1)—(5), the
values of iy, 1 (t), iz 7 (t3), and ATh can be derived as

o () = Vo, (14 G)(G—-DsG-1)
A Yy G(G+2)
. Rz 2Ds +G -1

B 1 1-G(1-Dy)
Ah=boh =G
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Fig. 13.  Output characteristics of the Boost mode. (a) Output power versus
Dg. (b) Voltage gain versus Dg.

where fg is the switching frequency. Then, the average output
power P, can be calculated as

V2
Po oost—CCM — =
_Boost—CCM 16fSLf
(G+1)(1+4Ds —4D}) — G*(2 - 4Ds +2DF) |
G(G +2)2 '

On the other hand, based on (12) and iy, 7 (ty) = 0, the bound-
ary condition of boost-CCM mode can be derived as

1
Dgsg =1 ek
which means that the converter operates in the boost-CCM mode
if Dg > Dgp, and in the boost-DCM mode if Dg < Dgp.
The same analysis can be performed for the boost-DCM
mode. When the converter operates in the boost-DCM mode,
the current value 77 at t5 can be given as follows:

V, D

(14)

irf(ta) = 4fSLfE (15)
and the output power is
V2 D2
Po,BoosthCM = = (16)

16fsL; G(G—1)

According to (13) and (16), the curves of the output power,
which is normalized by power base P, = (V?)/(16 fs L), ver-
sus the secondary-side equivalent duty cycle Dg are plotted in
Fig. 13(a).
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On the other hand, the output power can also be expressed as
follows:

V2
P, = 2
R,

where R, is the load resistance of the converter. Substituting
(17) into (13) and (16), the normalized voltage gain G versus
the equivalent secondary-side duty cycle Dg can be obtained.
The curves of the voltage gain G are shown in Fig. 13(b), where
Q is the characteristic factor and defined as follows:

_16L;fs
Q=7
2) Buck Mode: According to the operational principles of
the converter in the buck-CCM, the waveforms shown in Fig. 9,
and (6)—(10), the current values iz, s (to), 417 (t2), 17 (t5), and
the time interval AT can be derived as follows:

V, —-Ds(G+1)+G*+G -2

a7

(18)

irs (to) =

s, iz

. Vo =Dg(G+1)

) = T G2 (19)
v, 2D

irg (ts) = ifsL; GG+ 2)

1 GDs+2-G -G
2fs G+2 '

Then, the output power can be calculated and given as (20),
shown at the bottom of the next page.

On the other hand, according to the waveforms shown in
Fig. 9, the condition that allows the converter work in the buck-
CCM mode is iLf(tQ) < 0, which yields Dg > 0. It means, if
the primary-side duty cycle Dp = G, the converter will work
in the buck-CCM mode if and only if Dg > 0.

Asillustrated in Fig. 11, the operation of the buck-DCM mode
is very simple, and the output power can be given as follows:
V: Di(1-QG)

o

16fsL; G*

AT4:t4*t0:

0<Dp <(.

2D

Substituting (17) and (18) into (20) and (21), the normalized
voltage gain versus the equivalent duty cycle can be derived.
Meanwhile, for a given Q, the voltage gain GG at the boundary
of buck-DCM and buck-CCM modes can be derived as follows:

Gp=1-0Q. (22)

The curves of the output power with different voltage gains
and the curves of the voltage gain with different characteristic
factors are shown in Fig. 14(a) and (b), respectively.

3) Discussion: From the curves of Figs. 13 and 14, it can
be seen that the converter works as a buck converter with the
voltage gain 0 < GG < 1, or as a boost converter with the volt-
age gain G > 1 by employing the phase-shift control strategy,
which proves that the proposed converter is an IBB converter.
No matter the converter works in boost mode or buck mode, the
CCM operation range increases with a larger characteristics fac-
tor O, which means the CCM operation range is proportional to
the value of high-frequency-link inductor L and output power.

P, Buck-DeM =
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Fig. 14.  Output characteristics of the Buck mode. (a) Output power versus

Dg. (b) Voltage gain versus Dg.

For a given duty cycle and output voltage, the output power
decreases as the voltage gain increases. Therefore, the max-
imum voltage gain and the maximum output power must be
taken into account for the parameter design, i.e., the value of
the inductor L; and the switching frequency, of the converter.
From the point of view of output ripples, the characteristic of
the proposed AC-TLR is very similar to a conventional boost
converter. For a given output current, DCM operation will lead
to higher current ripples and voltage ripples on the output side
due to high peak value of iy, ;. Therefore, CCM operation is
better for heavy-load output, while DCM operation only occurs
in light-load conditions.

B. Soft-Switching Performance

According to the operating principles of different modes, it
has been shown that ZCS soft switching of all the rectifying
diodes in the AC-TLR is achieved within the whole operation
range. For the active switches, S5 and S, in the AC-TLR, the
operating principles and waveforms (in Figs. 5, 7, 9, and 11)
show that the drain—source voltage of Si will decrease to zero if
and only if the current iz flows through D; and D,, while the
drain—source voltage of S5 will decrease to zero if and only if
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Fig. 15. Equivalent circuit during the dead time: (a) S; or S3 is discharged.
(b) Sy or Sy is discharged.

TABLE I
ZN'S CONDITIONS OF PRIMARY-SIDE SWITCHES

Sl &Sg SJ &54
Boost-CCM inf(to) <—Ipf rdmin
Boost-DCM N/A
Buck-CCM  ips(to) < —Ipframin iy (t2) < —Inj 7dmin
Buck-DCM irf(ts) > I f 7domin N/A

iz ¢ flows through D3 and D,. It means that ZVS soft switching
of S5 and S can be achieved if and only if the converter supplies
power to the load. Therefore, ZVS of the active switches S5 and
S in the AC-TLR is independent of the operating conditions
of the converter and the output capacitance of S5 and S, and it
can be achieved within the whole operation range.

If the output capacitances of the primary-side MOSFETsS are
taken into account, the ZVS of the primary-side switches will
be affected by the values of output capacitance, dead time,
and high-frequency-link inductors when switches are turned
ON/OFF. For simplicity, the output capacitances of the primary-
side switches are assumed to be linear and equal to Cjs. If
Coss can be discharged to be zero during the dead time, T},
by the high-frequency-link inductor current iz, s, the ZVS of
corresponding MOSFET can be realized. Because the value of
high-frequency-link inductor L is much higher (more than one
thousand times) than Ci, i1,y can be seen as constant and L
can be seen as a current source during the dead time. Assuming
the value of iy ; during the dead time is I7 . 4, the equivalent
circuits of the primary-side upper switch, S; or S3, and lower
switch, Sy or Sy, are discharged by L during the dead time as
shown in Fig. 15.

As shown in Fig. 15, the following condition must be satisfied
to discharge Cl to zero during the dead time

2‘/111 COSS

NT, (23

ILf,Td > = ILf,Td,min-

Basing on Fig. 15 and (23), the ZVS conditions for the
primary-side switches in different operation modes are listed
in Table I.

V2

o

G*[Ds(2+2G) —2D% — (G* +1)] — (G + 1)[4D% — 4GDg + (3G? — 4Q)]

(20)

P _ T =
0o_Buck—CCM 16fSLf

G(G +2)?
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TABLE II
ZVS CONDITIONS OF BUCK MODE

S1&S, S3& Sy
-2+ G+G?* (G+2)4fsL;Coss (G +2)4fsLyCoss
Bude €M Ds > —a= 7 TGy v @ D Mt
1 4fsL;Cogs
Buck-DCM Dp > a—o Vlde N/A
60 T r -
. Analytical model in Matlab
+ I s e 0 St L ELT LR Simulation model in PSIM -
L®cT &[] 3
_ E 201
E
- B £
Fig. 16. Low-frequency small-signal model of the proposed converter. —2(% 0 . ‘{60 !}‘ : '1'(; X
—45 T T T
Substituting (12) and (23) into the equations in Table I, the ck
ZVS condition for the boost-CCM mode can be obtained as § | 1 biiinn o opiinm porinmn
w
1 G+2)4fsLsC
Dy >1- L4t ) 4fs L _oss (24) i Ll
G (G+1) N2y 10 100 1k 10k
Frequency( Hz)

By following the same analysis procedures, the ZVS condi-
tions of buck-CCM and buck-DCM can be obtained as well and
listed in Table II.

From (14), (24), and equations in Table II, it can be seen that
ZVS of all of the primary-side switches can always be achieved
in the boost-CCM and buck-CCM modes if C,q is zero, and
ZVS of S; and S, can be always achieved as well in the buck-
DCM mode if C,g is zero. But the ZVS range will be reduced
if Cygs 1s not zero. It should be noted that discussion on ZCS is
of no sense for MOSFETs if ZVS is not achieved, because there
must be switching loss due to the discharging of C,,ss when the
switch is getting ON.

C. Small-Signal Model

Because the topology and operation principles of the pro-
posed converter are similar to the DAB and SDAB converters, a
current-source-based model (as shown in Fig. 16) is developed
for the proposed converter for small-signal analysis by modi-
fying the current-source model of the DAB converter, which is
presented in [26] and [27]. The detailed modeling process has
been presented in [18] and [27]. Since the modeling method is
not the focus of this paper and limited by the page number, only
the boost-CCM is analyzed here to show the effective of the
current-source-based model.

The output current [, in steady state can be obtained from
(1)—(5) for an arbitrary secondary-side duty cycle D, as

2NViy
I, Boost— 1(Ds) =
Boost—ceM (Ds) 65,1,
(G+1)(1+4Dg —4D%) — G* (2 — 4Dg + 2D3%)
(G +2)? '

(25)

Fig. 17.  Bode plots of control-to-output voltage transfer function.

The control-to-output transfer function can be derived by
keeping the input voltage Vj, and applying a small disturbance
ADg to the Dg, which causes a small disturbance AI, and
produces a disturbance AV, around V,,. Then, the small-signal
model for a resistive load shown in Fig. 16 can be obtained as

AV, (s)  NVy,

- ADg(s)  2fLy

(G+1)(1—-2Dg)+ G* (1 — Dg)
(G +2)*

where Fig. 17 shows the comparison of the analytical result
of (26) with the simulation result by using PSIM. The com-
parison is carried out under the following conditions: V;,, = 48
V,V, =380V, F, =500 W, f, =100 kHz, L; = 41.8 ;H,
Cy1 = Coa =330 uF, N = 23/6, and Dg = 0.228. It can be
seen that the analytical result agrees with the simulation result
very well, which verifies the effective of the current-source-
based model. Based on this model, the controller has been de-
signed.

G?)dBoosthCM (8)

R,

2
1+sR,C, (26)

D. Design Considerations

The soft-switching performance is achieved by using the
phase-shift modulation. To achieve high conversion efficiency,
the focus should be on the conduction losses. As analyzed above,
the performance of the AC-TLR-based FB-IBB converter is
mainly affected by the characteristic factor Q. A 500-W pro-
totype operating at 100 kHz with 40-56 V input voltage and
380-V output voltage for battery discharging is implemented to
test the main design considerations of Q.
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Fig. 18. Normalized inductor RMS currents versus normalized voltage gain

under different characteristic factors.

TABLE IIT
SPECIFICATIONS OF THE PROTOTYPE

Components Parameters
Input voltage (Vi) 40-56 V
Output voltage (V) 380V
Rated output power (P, ) 500 W
Switching frequency 100 kHz
Turns ratio of transformer (N) N =Ng:Np =23:6
Inductor L f 42 nH
Primary-side MOSFETSs (S| ~ Sy) IPPO37NO8N
Secondary-side MOSFETs (S5, S¢) IRF4229
Secondary-side diodes (D — D) DPG20C300PB
Flying Capacitor (C', ) 6.8 uF
Output Capacitors (Cp1,Cy2) 330 uF

The root-mean-square (RMS) currents of the high-frequency
inductor L; normalized with load current are calculated by
using MathCAD to indicate the conduction losses, which are
shown in Fig. 18. It can be seen that when G is close to 1.0, a
smaller Q value means less conduction losses and is beneficial
for efficiency enhancement. However, smaller Q will lead to high
conduction loss if G is far away from 1.0. If G < 1, a larger Q
value results in a higher efficiency. However, if G > 1,Q = 0.3
will make the conduction loss get worse in the range of G' >
0.9. Taking these factors into consideration and to achieve high
conversion efficiency within a wide operation range, () = 0.2
is a recommended choice. For the design example with f; =
100 kHz, P, = 500 W, and V, = 380 V, Q = 0.2 means the
value of L is about 40 pH.

Once Q is determined, the turns ratio of transformer can be
selected according to the range of G and the maximum efficiency
point. In this design, the maximum efficiency point is located at
the 52-V input voltage where the minimum conduction loss is
achieved with normalized voltage gain G = 0.95 and ) = 0.2,
as shown in Fig. 18. Substituting G = 0.95, V;;, = 52,and V,, =
380 into (1), the turns ratio N is 3.84.

V. EXPERIMENTAL VERIFICATION AND ANALYSIS

A 500-W prototype of the proposed FB-IBB converter shown
in Fig. 4 is built to verify the feasibility and effectiveness of the
proposed AC-TLR and its derived IBB converters. The specifi-
cations of this prototype are listed in Table III.
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Fig. 19. Operation range and soft-switching range of the prototype.

The operation range and soft-switching range of the primary-
side switches are calculated and shown in Fig. 19 based on the
parameters listed in Table III. The dead time is set at 100 ns.
It can be seen that the operation ranges of boost-DCM and
buck-DCM modes increase when the normalized voltage gain
far away from 1.0. The ZVS of the S; and S, is easier to realize
than Ss3 and S;. Therefore, the ZVS region of S; and 55 is
wider than S3 and S;. Meanwhile, it can be seen that CCM
operation is better than DCM operation for the soft switching
of primary-side switches.

Fig. 20 shows the experimental waveforms of the converter in
the boost-CCM mode, which are tested under 40-V input voltage
with normalized voltage gain G > 1. Three voltage levels can be
seen from the voltage waveform of vg in Fig. 20(a). The current
waveform of iy, in Fig. 20(a) coincides with the theoretical
waveform in Fig. 5 pretty well, which verifies the effectiveness
of the analysis. Meanwhile, ZVS of the primary-side switches
S1 and S, has been achieved as shown in Fig. 20(b). Since all the
primary-side switches work in the same pattern symmetrically,
ZVS is accomplished for all of them. Moreover, ZVS is also
achieved for the secondary-side switches S5 and Sg as shown
in Fig. 20(c).

The experimental waveforms in the boost-DCM mode with
90-W output power are shown in Fig. 21. Three voltage levels,
including the zero-voltage level, can be seen from the waveform
of vg in Fig. 21(a). From Fig. 21(b) and (c), it can be seen that
ZVS/ZCS turn OFF is achieved for the primary-side switches,
but ZVS turn ON is lost due to the lack of energy to discharge
output capacitances of MOSFETs. Meanwhile, ZVS can also be
achieved for the secondary-side switches S5 and S, as shown in
Fig. 21(d). It should be noted that, when the converter works in
the boost-DCM mode and the inductor current i, ; reaches zero,
the oscillation of the vg is caused by the resonance between the
inductor L and the parasitic capacitances of these switches.

Fig. 22 shows the experimental waveforms in the buck-CCM
mode. The primary-side and secondary-side voltages vp, vg and
the driving voltages of the switches S, S, and S5 are shown
in Fig. 22(a) and (b). It can be seen that both the primary-side
full-bridge inverter and the secondary-side AC-TLR generate
three voltage levels due to the dual phase-shift control in the
buck-CCM mode. The waveforms coincide with the analysis of
Fig. 9 pretty well. Meanwhile, ZVS have been achieved for all
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Fig.20. Experimental waveforms in Boost-CCM mode with G' > 1. (a) Volt-
age produced by the primary-side full-bridge inverter (vp ), voltage produced
by the AC-TLR (vs ), and current through the inductor (if, r). (b) Driving volt-
ages (vg 51,V s2) and drain—source voltages (vpg1,vpg2) of S1 and Ss.
(c) Driving voltages (vg g5, vG s¢) and drain—source voltages (vp s5,vpsg)
of S5 and Sg.

the primary-side switches and the secondary-side switches, as
shown in Fig. 22(c) and (d).

The experimental waveforms in the buck-DCM mode with
90-W output power are shown in Fig. 23. In this case, the
switches in the AC-TLR are kept in the off-state. Hence, only the
primary-side full-bridge inverter generates a three-level voltage
waveform vp as shown in Fig. 23(a). When the inductor cur-
rent iy y decreases to zero, the inductor L; resonates with the
parasitic capacitance and results in the oscillation of vg. As
shown in Fig. 23(b) and (c), ZVS is achieved for the switch 5,
and ZVS/ZCS turn OFF is achieved for the switch Sy, but ZVS
cannot be achieved for Sy.

The efficiency curves versus output power under different in-
put voltages are shown in Fig. 24. When the input voltage is
40V, the maximum efficiency is 96.6% and the efficiency at full
load is 95.6%; when the input voltage is 50 V, the maximum
efficiency is 97.3% and the efficiency at full load is 96.7%; when

2383

I'Iﬂrd—w-'itchingiy“"

(1 s/ div)

(d)

Fig.21. Experimental waveforms in Boost-DCM mode with G > 1. (a) Volt-
age produced by the primary-side full-bridge inverter (vp ), voltage produced
by the AC-TLR (vg ), and current through the inductor (i, ¢). (b) and (c) Driv-
ing voltage (vg 1), drain-source voltage (vp 1) of S1 and iy, ;. (d) Driving
voltages (vg g5, vGs6) and drain-source voltages (vpg5,vpsg) of S5 and
S -

the input voltage is 56 V, the maximum efficiency is 96.8% and
efficiency at full load is 96.6%. To evaluate the performance
of the proposed topology, the isolated-boost topology presented
in [23] is selected as the reference for some quantitative com-
parisons. In the topology in [23], a full-bridge circuit and four
rectifying diodes are used, and the voltage stress of rectifying
diodes is half of the output voltage as well. The input and output
voltages of experimental prototype in [23] are the same as the
proposed converter. The experimental results in [23] indicate
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Fig.22.  Experimental waveforms in Buck-CCM mode with G < 1. (a) Volt-

age produced by the primary-side full-bridge inverter (vp ), voltage produced
by the AC-TLR (v ), and current through the inductor (i, 7). (b) Driving volt-
ages of S1 (Vg 51), S1 (vgs4) and S5 (ves5), and 4y, ;. (c) Driving voltages
(vGs1. vas4) and drain—source voltages (vp g1, vpgs) of S1 and Sy. (d)
Driving voltages (vg s5,vG s¢) and drain—source voltages (vp g5, vp g6) of
S5 and Sg.

that the conversion efficiency of the isolated boost converter
decreases as the input voltage decreases. As a result, tradeoffs
among the efficiencies under maximum, normal, and minimum
input voltages are very difficult to make. The highest efficiency
of the isolated boost converter occurs when the input voltage is
56 V. When the input voltage is 56 V, the maximum efficiency
of the isolated-boost converter is only 96.3% and the efficiency
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Fig. 24.  Efficiency curves of the FB-IBB converter with different input volt-
ages and output load.

at full-load is only 95.6%, which are lower than the proposed
topology. It is because the voltage stress on the primary-side
switches in the isolated-boost converter is much higher than
the input voltage. 200-V rated MOSFETs have to be used for a
40-56-V input voltage application. In comparison, 80-V rated
MOSFETS can be employed in the proposed converter.
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VI. CONCLUSION

An AC-TLR, which roots in the diode-clamped three-level in-
verter, is proposed to fulfill the requirements of high output volt-
age and IBB conversion. The voltage stress on the components
in the AC-TLR is reduced to half of the output voltage, which en-
hances the voltage transfer ratio. Meanwhile, low-voltage rated
devices with lower conduction and switching losses are used
to improve efficiency. IBB converters based on the proposed
AC-TLR are developed. An FB-IBB converter is taken as an
example for the detailed analysis of the proposed AC-TLR. An
optimized phase-shift control strategy is proposed for the FB-
IBB converter. The operating principles, output characteristics,
and soft switching performances are discussed. The theoretical
analysis and experimental results indicate that soft-switching
within wide operation range has been achieved in the proposed
converter. Hence, high efficiency has been achieved within a
wide operation range. As a novel solution for IBB converters,
the proposed AC-TLR and its derived IBB converter are good
candidates for high-efficiency IBB conversion systems with high
output voltage.

REFERENCES

[11 A. Lahyani, P. Venet, A. Guermazi, and A. Troudi, “Battery/
supercapacitors combination in uninterruptible power supply (UPS),”
IEEE Trans. Power Electron., vol. 28, no. 4, pp. 1509-1522, Apr. 2013.

[2] G. Yang, P. Dubus, and D. Sadarnac, “Double-phase high-efficiency, wide
load range high- voltage/ low-voltage LLC DC/DC converter for electric
hybrid vehicles,” IEEE Trans. Power Electron., vol. 30, no. 4, pp. 1876—
1886, Apr. 2015.

[3] M. Pahlevaninezhad, P. Das, J. Drobnik, P. K. Jain, and A. Bakhshai, “A
novel ZVZCS full-bridge DC/DC converter used for electric vehicles,”
IEEE Trans. Power Electron., vol. 27, no. 6, pp. 2752-2769, Jun. 2012.

[4] F. Evran and M. T. Aydemir, “Isolated high step-up DC-DC converter
with low voltage stress,” IEEE Trans. Power Electron., vol. 29, no. 7,
pp- 3591-3603, Jul. 2014.

[5] C. Yao, X. Ruan, X. Wang, and C. K. Tse, “Isolated buck-boost DC/DC
converters suitable for wide input-voltage range,” IEEE Trans. Power
Electron., vol. 26, no. 9, pp. 2599-2613, Sep. 2011.

[6] C.Yao, X.Ruan, and X. Wang, “Automatic mode-shifting control strategy
with input voltage feed-forward for full-bridge-boost DC-DC converter
suitable for wide input voltage range,” IEEE Trans. Power Electron.,
vol. 30, no. 3, pp. 1668-1682, Mar. 2015.

[7] C. Konstantopoulos and E. Koutroulis, “Global maximum power point
tracking of flexible photovoltaic modules,” IEEE Trans. Power Electron.,
vol. 29, no. 6, pp. 28172828, Jun. 2014.

[8] F.Musavi, M. Craciun, D. S. Gautam, W. Eberle, and W. G. Dunford, “An
LLC resonant DC-DC converter for wide output voltage range battery
charging applications,” IEEE Trans. Power Electron., vol. 28, no. 12,
pp. 5437-5445, Dec. 2013.

[9] J.-W. Shin, S.-J. Choi, and B.-H. Cho, “High-efficiency bridgeless flyback

rectifier with bidirectional switch and dual output windings,” IEEE Trans.

Power Electron., vol. 29, no. 9, pp. 4752-4762, Sep. 2014.

G. Tibola and I. Barbi, “Isolated three-phase high power factor recti-

fier based on the SEPIC converter operating in discontinuous conduction

mode,” IEEE Trans. Power Electron., vol. 28, no. 11, pp. 4962—4969, Nov.

2013.

V. Chunkag, Y. Kanthaphayao, and U. Kamnarn, “Distributed control

[10]

(11]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

2385

J.-J. Chen, P.-N. Shen, and Y.-S. Hwang, “A high-efficiency positive Buck-
Boost converter with mode-select circuit and feed-forward techniques,”
IEEE Trans. Power Electron., vol. 28, no. 9, pp. 42404247, Sep. 2013.
J. Zhang, F. Zhang, X. Xie, D. Jiao, and Z. Qian, “A novel ZVS DC/DC
converter for high power applications,” IEEE Trans. Power Electron.,
vol. 19, no. 2, pp. 420429, Mar. 2004.

B. Lu, M. Xu, C. Wang, F. C. Lee, N. Lee, and Y. Yu, “A high frequency
ZVS isolated dual boost converter with holdup time extension capability,”
in Proc. 37th IEEE Power Electron. Spec. Conf., pp. 1-6.

W. Li, S. Zong, F. Liu, H. Yang, X. He, and B. Wu, “Secondary-side
phase-shift-controlled ZVS DC/DC converter with wide voltage gain for
high input voltage applications,” IEEE Trans. Power Electron., vol. 28,
no. 11, pp. 5128-5139, Nov. 2013.

S. Kulasekaran and R. Ayyanar, “Analysis, design, and experimental re-
sults of the semidual-active-bridge converter,” IEEE Trans. Power Elec-
tron., vol. 29, no. 10, pp. 5136-5147, Oct. 2014.

B. Zhao, Q. Song, W. Liu, and Y. Sun, “Overview of dual-active-
bridge isolated bidirectional DC-DC converter for high-frequency-link
power-conversion system,” IEEE Trans. Power Electron., vol. 29, no. 8§,
pp. 4091-4106, Aug. 2014.

H. Bai and C. Mi, “Eliminate reactive power and increase system efficiency
of isolated bidirectional dual-active-bridge DC-DC converter using novel
dual-phase-shift control,” IEEE Trans. Power Electron., vol. 23, no. 6,
pp- 2905-2914, Nov. 2008.

G. G. Oggier, G. O. Garc'1a, and A. R. Oliva, “Switching control strat-
egy to minimize dual active bridge converter losses,” IEEE Trans. Power
Electron., vol. 24, no. 7, pp. 1826-1838, Jul. 2009.

C. Zhao, M. Chen, G. Zhang, X. Wu, and Z. Qian, “A novel symmetrical
rectifier configuration with low voltage stress and ultralow output-current
ripple,” IEEE Trans. Power Electron., vol. 25, no. 7, pp. 1820-1831, Jul.
2010.

W. Li, D. Xu, B. Wu, Y. Zhao, H. Yang, and X. He, ‘“Zero-voltage-
switching dual-boost converter with multi-functional inductors and im-
proved symmetrical rectifier for distributed generation systems,” [ET
Power Electron., vol. 5, no. 7, pp. 969-977, Jul. 2012.

F. Canales, P. Barbosa, and F. C. Lee, “Z zero-voltage and zero-current
switching three-level DC/DC converter,” IEEE Trans. Power Electron.,
vol. 17, no. 6, pp. 898-904, Nov. 2002.

P. Das, M. Pahlevaninezhad, and A. K. Singh, “A novel load adaptive ZVS
auxiliary circuit for PWM three-level DC-DC converters,” IEEE Trans.
Power Electron., vol. 30, no. 4, pp. 2108-2126, Apr. 2015.

R. De Doncker, D. Divan, and M. Kheraluwala, “A three-phase soft-
switched high-power-density DC/DC converter for high-power applica-
tions,” IEEE Trans. Ind. Appl., vol. 27, no. 1, pp. 63-73, Jan./Feb. 1991.
H. K. Krishnamurthy and R. Ayyanar, “Building block converter module
for universal (ac-dc, dc-ac, dc-dc) fully modular power conversion archi-
tecture,” in Proc. IEEE Power Electron. Spec. Conf., 2007, pp. 483—489.

Hongfei Wu (S’11-M’13) was born in Hebei
Province, China, in 1985. He received the B.S. and
Ph.D. degrees in electrical engineering and power
electronics and power drives from the Nanjing Uni-
versity of Aeronautics and Astronautics (NUAA),
Nanjing, China, in 2008 and 2013, respectively. From
June 2012 to July 2012, he was a guest Ph.D. student
at the Institute of Energy Technology, Aalborg Uni-
versity, Aalborg, Denmark.

Since 2013, he has been with the Faculty of Elec-
trical Engineering, NUAA, where he is currently a

(12]

[13]

system for a parallel-connected AC/DC converters,” IET Power Electron.,
vol. 6, no. 3, pp. 446456, Mar. 2013.

D. Murthy-Bellur and M. K. Kazimierczuk, “Isolated two-transistor Zeta
converter with reduced transistor voltage stress,” IEEE Trans. Circuits
Syst. II, Exp. Briefs, vol. 58, no. 1, pp. 4145, Jan. 2011.

J. Chen, D. Maksimovic, and R. Erickson, “Buck-boost PWM converters
having two independently controlled switches,” in Proc. IEEE 32nd Power
Electron. Spec. Conf., 2001, pp. 736-741.

Associate Professor with the College of Automation Engineering. He has au-
thored and co-authored more than 80 peer-reviewed papers published in journals
and conference proceedings. He is the holder of more than ten patents. His re-
search interests include power converters, distributed power generation, and
spacecraft power system.

Dr. Wu was the recipient of the Presentation Award at IEEE Energy Con-
version Conference and Exposition 2011, and also the Outstanding Reviewer of
IEEE Transactions on Power Electronics (2013).



2386

Yangjun Lu was born in Jiangsu Province, China, in
1991. He received the B.S. degree in electrical engi-
neering from the Nanjing University of Aeronautics
and Astronautics, Nanjing, China, in 2013, where he
is currently working toward the Ph.D. degree in elec-
trical engineering.

His research interests include dc—dc converter and
dc—ac converter.

Kai Sun (M’12) received the B.E., M.E., and Ph.D.
degrees in electrical engineering from Tsinghua Uni-
versity, Beijing, China, in 2000, 2002, and 2006, re-
spectively.

In 2006, he joined the Faculty of Electrical Engi-
neering, Tsinghua University, where he is currently
an Associate Professor. He was a Visiting Scholar
at the Department of Energy Technology, Aalborg
University, Aalborg, Denmark, during the periods
of September 2009—August 2010, June/July 2012,
and July/August 2015. His research interests include

power electronics for renewable generation systems and microgrids.

Dr. Sun is a Member of IEEE IES Renewable Energy Systems Technical
Committee and a Member of IEEE PELS Technical Committee of Sustainable
Energy Systems. He received the Delta Young Scholar Award in 2013.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 31, NO. 3, MARCH 2016

Yan Xing (M’03) was born in Shandong Province,
China, in 1964. She received the B.S. and M.S. de-
grees in automation and electrical engineering from
Tsinghua University, Beijing, China, in 1985 and
1988, respectively, and the Ph.D. degree in electrical
engineering from the Nanjing University of Aero-
nautics and Astronautics (NUAA), Nanjing, China,
in 2000.

Since 1988, she has been with the Faculty of Elec-
trical Engineering, NUAA, where she is currently a
Professor with the College of Automation Engineer-
ing. She has authored more than 100 technical papers published in journals
and conference proceedings and has also published three books. Her research
interests include topology and control for dc—dc and dc—ac converters.

Dr. Xing is an Associate Editor of the [IEEE TRANSACTIONS ON POWER ELEC-
TRONICS. She is a Member of the Committee on Renewable Energy Systems
within the IEEE Industrial Electronics Society.




<<
  /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 false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /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


