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Abstract—This paper proposes a new type of cascaded ac-ac con-
verter with phase-shift control and reduced number of inductors. It
can attain high voltage levels by using standard low-voltage rating
semiconductor devices. The proposed converter is resistant to cur-
rent shoot-through and does not require pulse-width modulation
(PWM) dead-time; these lead to greatly enhanced system reliabil-
ity and effective utilization of PWM voltages. Moreover, it does not
require current/voltage polarity sensors, lossy snubbers, or ded-
icated PWM strategies for commutation. These features make it
possible to design the converter with reduced control complexity,
and obtain output voltage with less distortion. The cascaded units
in the proposed converter share the inductors; therefore, number
of inductors, inductors footprints, and magnetic volume can be re-
duced. The phase-shift PWM control is also presented. It increases
the effective frequency of the converter by the number of cascaded
units, which decreases the size of the passive components and/or
the current and voltage ripples. In order to demonstrate the advan-
tages of the proposed converter, detailed comparative simulations
and experimental results of the proposed 2-unit, 3-unit, and 4-unit
cascaded converters are provided.

Index Terms—AC-AC converter, cascade, dual-buck, high volt-
age level, multilevel, phase-shift, reliability.

1. INTRODUCTION

OR voltage regulation only, direct pulse-width modula-
F tion (PWM) ac—ac converters are widely used. The re-
search on the direct PWM ac—ac converters mainly focuses on
single-phase [1]-[4], [28], [31] and three-phase low-voltage ap-
plications [5]-[7]. The traditional two-level buck-type ac—ac
converter is depicted in Fig. 1(a). It has a simple structure and
produces an output voltage lower than the input voltage. How-
ever, it has commutation problem due to the delayed response
of electronic circuits and semiconductor switching devices
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Fig. 1.  Single-phase buck-type ac—ac converters. (a) Traditional. (b) Buck-
type in [2].

[2], [7], [28]. It is also susceptible to electromagnetic interfer-
ence noise’s misgating-ON or -OFF. The commutation problem
arises when an instant of dead or overlap time occurs in the
gate signals. The unwanted overlap or dead time in the gate sig-
nals causes high current and voltage spikes, respectively, which
are major failure of traditional ac—ac converters. In addition,
when implemented with MOSFET, this converter has reverse re-
covery issues of MOSFET body diode especially at high voltage.
As an alternative to the converter in Fig. 1(a), a new type of
two-level buck-type converter without the commutation prob-
lem is proposed in [2] [see Fig. 1(b)]. The inductors L; — L4
in this converter split the phase legs; therefore, the converter
has no overlap time problem, which is observed in the tradi-
tional converters. In this converter, the body diodes of MOSFETS
do not conduct, thus, eliminates their reverse recovery issues.
The leg capacitors C; and C', while serving as lossless snub-
bers, provide safe path for the inductor currents during the dead
time.

Similar to dc—ac inverters, ac—ac converters are also widely
used in high-voltage and high-power applications, but the two-
level converters in Fig. 1 can hardly be used for such ap-
plications. For this reason, multilevel converters have been
considered as a viable solution for high-voltage applications.
For the dc—ac power conversion, neutral-point-clamped in-
verter [8], flying-capacitor (FC) inverter [9], and cascaded
H-bridge inverter [10] are the prominent multilevel topolo-
gies. The attractive features of multilevel converters are as
follows:

1) they can produce output voltages with low distortion;

2) they can generate high output voltages using standard

low-voltage rating semiconductor devices;

3) they can operate at low switching frequencies.

See http://www.1ieee.org/publications_standards/publications/rights/index.html tor more intormation.



7510

t . v
1% unit . [S\'I\ )
J 7 k
DI* smi| L, b 8318 Ly .
\M.ll ALk Ly
i Ly .
L +
%— Cf=_ Yo

Szjﬁ

n' unit

T~
J & Jg
D3y Sun-3 |1 Ly Pin-1s San-1| 19
0 L4n
Lyy3 gg 3

Sin- Dy,. S|4 D Ly
4n zjj m 22‘5 T Cors 4nJ{1 4n215 =|= ot

Fig.2. Proposed type-I cascaded dual-buck ac—ac converter with n-unit cells.

Multilevel direct PWM ac—ac converters (MPACs) using the
concept of the FC-type multilevel topologies in [11]-[14] can
obtain high output voltages using low voltage rating devices.
They have the voltage balancing issues of the FCs, and require
control techniques for voltage balancing of FCs. The control
techniques become more challenging as the number of levels of
the output voltage increases. In addition, the MPACs using FCs
have short-circuit risk.

A cascaded multilevel ac—ac converter can be obtained
through the series connection of a number of single-phase con-
verters with separate ac sources. It is necessary to connect many
single-phase converters in series to attain high voltage levels.
Cascaded converters are highly modular because all the single-
phase units have similar structures, controls, and operations.
Therefore, maintenance is easy and the faulty unit can be easily
replaced and corrected. The faulty unit can also be bypassed
without disturbing the circuit operations of the healthy units.
The cascaded converter based on the converter in Fig. 1(a)
has the commutation problem for each unit. For this reason,
in the literature, the traditional cascaded ac—ac converters have
not been well supported with phase-shift PWM control. Phase-
shift PWM control is widely used for the cascaded converters,
where the gate signals of the cascaded units are phase shifted.
The phase-shift control can increase the effective frequency of
the passive components by the number of cascaded units. Be-
cause of this, the volume of the passive components and/or the
current and voltage ripples can be reduced greatly.

A reliable cascaded multilevel ac—ac converter was proposed
in [27] and it requires extra coupled inductors for each unit. The
coupled inductors in this converter are used to limit the circulat-
ing currents only and do not serve as filter inductors. In addition,
the phase-shift control in [27] can reduce the sizes of the input
and output filters, but the magnetic volume of the coupled in-
ductors cannot be reduced with the phase-shift PWM control
as the effective switching frequency of the coupled inductors
remain the same as the converter switching frequency.

Cascaded dc—ac and ac—ac converters can be used for reactive
power compensation in high-voltage applications [15]. In such
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Fig. 4. Gate signals of the 2-unit cascaded converter without phase-shift
control.

applications, the ac—ac converter is a viable solution to replace
the sizeable dc—ac inverter solution by both reducing the power
loss and saving bulky dc-link capacitors [16]. Dynamic voltage
restorers (DVRs) based on ac—ac converters [17]-[24] can com-
pensate voltage sags and swells. DVRs based on the cascaded
converters [25], [26] are more practical for applications where
both voltage and power are high.

This paper proposes a cascaded dual-buck ac—ac converter
with reduced number of inductors. It can attain high volt-
age levels by using low voltage rating switching devices. In
the proposed converter, the cascaded units share the induc-
tors; thus, the number of inductors, inductors footprints, cir-
cuit layout complexity, and magnetic volume can all be re-
duced. The proposed converter has no misgating-ON or -OFF
related problem in any unit. It does not sense the polarity of
current or voltage for the commutation of the switches, there-
fore, control complexity can be reduced. Phase-shift PWM con-
trol is presented for the proposed converter and it increases
the equivalent switching frequency of passive components.
The topology derivation, operation, detailed circuit analysis,
phase-shift control, and inductor current ripple analysis are pre-
sented. Finally, detailed simulation and experimental results of
the proposed 2-unit, 3-unit, and 4-unit cascaded converters are
presented.

II. PROPOSED CASCADED DUAL-BUCK AC-AC CONVERTERS

In this paper, two types of converters are proposed as follows.
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A. Type-1 turned OFF simultaneously. They also serve as both snubber and

Fig. 2 shows the proposed type-I converter, where ¢; and 29
represent inductor currents of L; and Lo, respectively. The in-
ductors L — Ly, limit the shoot-through current when the upper
and lower switches in each unit are turned ON simultaneously.
They also serve as filter inductors as will be explained later. The
proposed converter, similar to the dual-buck inverters [29]-[31],
needs a compromise between magnetic volume and converter
reliability as follows:

1) by increasing the inductances of L; — Ly, , reliability of
the converter can be improved greatly, however, the mag-
netic volume will be increased;

2) by decreasing the inductances of L; — Ly,,, magnetic vol-
ume can be reduced, but the converter reliability will be
decreased.

The leg capacitors (C} — Cs,,) provide safe paths for inductor

currents when the upper and lower switches in each unit are

input filter capacitors.

B. Type-1I

Fig. 3 shows the proposed type-II converter. In the
type-I n-unit converter, the inductors Ly, 3 and Ly,
flow the output current for 7, > 0, and the inductors L, _ » and
Ly, — 1 flow the output current for 7, < 0, where x (=1, ..., n)
represents the number of unit in the n-unit cascaded converter.
Therefore, the inductors L3 and Ly, — o in the type-I converter
can be integrated into one inductor L3 4,2 as depicted in the
type-II converter. Similarly, the inductors L, and Ly, _ 3 in the
type-I converter can be integrated into one inductor Ly 4,3 in
the type-II converter.

The proposed converters are similar in the structure to the
conventional cascaded H-bridge inverter. Thus, the input volt-
ages in each unit cell are supplied by separate ac sources, which
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Fig. 8. Gate signals and inductor current ripple of the 2-unit cascaded con-
verter with phase-shift control for 0.5 < D < 1.

are provided by a multiwinding transformer. The transformer
also provides galvanic isolation. Ideally, each voltage source has
the same phase and magnitude, but practically small mismatch
can occur. The proposed converters have equivalently parallel-
input—series-output structure. Thus, no voltage-balancing prob-
lem exists for small mismatches among the unit cells, and does
not require dynamic balancing control strategies [14]. The dy-
namic balancing control strategy is used for multilevel dc—ac or
ac—ac converters having voltage-balancing problems [11]-[13].

MOSFETs have fast switching, low switching loss, and nearly
resistive conduction voltage drop; thus, MOSFETs allow higher
switching frequency than the insulated-gate bipolar transistor.
However, the reverse recovery of the MOSFET body diode is
poor. Therefore, MOSFETs are normally not suggested for the
traditional hard-switching converters, especially at high volt-
ages. In the proposed converters, the body diodes of MOSFETs
do not conduct; therefore, the aforementioned benefits of MOS-
FETs can be obtained without the reverse recovery issues of
body diode. For the freewheeling of inductor current, externally
selected diodes having good reverse-recovery features and low
forward-voltage drops can be used. Thus, the proposed convert-
ers can improve the efficiency by using MOSFETs and external
diodes. In addition, higher switching frequency can be used to
reduce the volume of passive components. Due to the absence of
current shoot-through related problems in the proposed convert-
ers, the PWM dead times can be removed or minimized as well.
For this reason, lossy snubbers are not required and the duty
ratio can be pushed to the theoretical limit, and the output volt-
age and current waveforms can be obtained with less distortion.
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Furthermore, the current/voltage sensors for mode detection are
not required; thus, control complexity can be reduced.

III. OPERATION OF THE PROPOSED DUAL-BUCK
AC—AC CONVERTERS

The gate signals of the 2-unit cascaded converter without
phase-shift control are shown in Fig. 4. Sy and S represent
the upper (S, — 3 and Sy, — 1) and lower switches (Sy, — 2 and
S4,) in each unit and they are complementary. The ON time of
Sy is defined as the duty ratio (D) of the converter. Ideally, the
proposed converters have two continuous conduction modes as
discussed below.

A. Mode 1[0 — DT;]

In mode 1, as shown in Fig. 5, Siy are ON and S}, are OFF. In
this mode, the inductors store energy from the source.

B. Mode 2 [DT — T]

In mode 2, Sy are OFF and S;, are ON. The inductor current
freewheels through external diodes during this mode.

Using the flux (volt-sec) balance condition on inductors, volt-
age gain of the proposed n-unit cascaded converter can be cal-
culated as [27]

% _ D, (1)
Vs

Equation (1) shows that by increasing the number of cascaded
units n, the output voltage v, can be increased while switch
voltage stresses remain at the input voltage v;.

Fig. 5 shows the operation of the 2-unit cascaded converters in
mode 1 fori, > 0. As shown in Fig. 5(a), L4 and L5 conduct the
same current for 7, > 0 and are observed to be in series during
the conduction; therefore, they are integrated into one inductor
Ly 5 in the type-II converter shown in Fig. 5(b). Similarly, L
and L of the type-I converter are integrated into L3 ¢ in the
type-1I converter.

IV. RELIABILITY AND MAGNETIC VOLUME COMPARISON OF
TYPE-I AND TYPE-II CONVERTERS

A. Reliability Comparison

Ideally, dead and overlap times do not occur in gate signals,
but they could occur in practice. Fig. 6 shows the operation in
mode 1 when an overlap between S3 and S, occurs. When an
overlap occurs in the type-I converter [see Fig. 6(a)], L3 and
L4 limit the shoot-through current. In addition to the inductors,
the voltage drops of the semiconductor devices also oppose the
shoot-through current. By defining L = L3 = L, the rise in the
shoot-through current Aic, flowing through S; and Sy can be
expressed as

vc, — 2Vvdsx)n ¢
2L °
where v¢, is the voltage of capacitor Cy, Vi on 1s the conduction

voltage drop of MOSFET, and ¢, is the overlap interval between
Ss and Sy. Fig. 6(b) shows the opposition to the shoot-through

Aic, = 6
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TABLE II
ELECTRICAL SPECIFICATIONS

Output voltage ~ 2-unit 352 Vrms/60 Hz
3-unit 528 Vrms/60 Hz
4-unit 704 Vrms/60 Hz

Input voltage 220 Vrms/60 Hz

Output power 2-unit 0.75 kW
3-unit 1.7kW
4-unit 3 kW

Switching frequency 50 kHz
MOSFET 47N60CFD
Diode RHRG3060

Inductor 100 pH

Leg capacitor 1.5 uF

Output capacitor 0.47 uF

current in the type-1I converter. As explained, the inductors L3 ¢
and L, 5 are the combination of inductors L3 and Lg, and L4 and
Ls, respectively. Therefore, the inductance of each integrated
inductor L3 ¢ and L4 5 is 2L. From Fig. 6(b), the rise in the
current can be expressed as

Vo, — 3Vds.0n - th
N 4L ’
where V; is the voltage drop of diode.

From (2) and (3), it is evident that the type-II converter can
provide more opposition to the shoot-through current than the
type-I converter.

Aic, (3)

B. Magnetic Volume Comparison

The type-1I converter requires (2n—2) less inductors than
the type-I converter. As given by (2), in the type-I converter,
2L inductance opposes the rise in the shoot-through current,
while in the type-II converter, 4L inductance opposes the rise
in the shoot-through current. Therefore, for the same oppo-
sition to the shoot-through current, the inductance of each
integrated inductor in the type-II converter can be reduced
to the same inductance of separate inductor (shoot-through

limiting inductors) in the type-I converter. Thus, the over-
all magnetic volume can be reduced significantly with the
type-1II converter.

In this paper, the type-II cascaded converter is considered
because of its obvious advantages over the type-I converter, and
all the shoot-through-limiting inductors are assumed to have the
same inductance value of L.

V. PHASE-SHIFT CONTROL AND CURRENT RIPPLE ANALYSIS
A. Inductor Current Ripple Without Phase-Shift Control

Fig. 4 shows the gate signals of the 2-unit converter and
Fig. 5(b) shows the operation during the DT} interval. Fig. 7
shows the inductor current ripple Air,. As shown in Fig. 5(b),
the inductors Ly, Ly 5, Lg, and Ly are in series for i, > 0,
and the inductors Lo, L3 ¢, L7, and Ly are in series for i, < 0.
Therefore, Aiy, without phase-shift control can be expressed
as

_ (1-D)

(205 — v,)
s — IUO S
3L + Lf

A' =
Iy 7y

“)

Similarly, the inductor current ripple A7y, ~of the n-unit cas-
caded converter can be expressed as

(1-D)

— T
(n + l)L + Lf

Aip, = 5)

From (5), it is found that all the shoot-through-limiting in-
ductors serve as filter inductor. Thus, the output filter inductor
Ly can be removed if n or L is large enough, and (5) can be

rewritten as
(1-D)
(n+1)L

= 0, T (6)

Aip,,

B. Inductor Current Ripple With Phase-Shift Control

With the phase-shift control, the gate signals in the n-unit
cascaded converter are phase-shifted by 360°/n. Fig. 8 shows
the gate signals and the inductor current ripple (Air, ,) of the
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2-unit cascaded converter. The gate signals are phase-shifted by
180°. The shaded portion of Fig. 8 corresponds to the rise of 7;
shown in Fig. 5(b). The inductor current ripple is significantly
reduced with the phase-shift control as observed from Figs. 7
and 8. From Figs. 5(b) and 8, Aiy, , can be derived as

1 _ 1
(D 1) (D 2)U0Ts~ (7) [5msec/ div]

Air, , =
2 3L+Lf (C)

7515

The n-unit cascaded converter has n different inductor current ~ Fig. 14.  Input and output voltages and currents waveforms. (a) 2-unit (Po =

ripples and each inductor current ripple is represented by N 73 kW) (&) 3-unit (Po = 1.7kW). (¢) 4-unit (Po = 3 kW).
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Fig. 15.  Inductor currents and drain—source voltage waveforms of the proposed converter. (a) 2-unit (Po = 0.75 kW). (b) Expanded waveforms of (a). (c) 3-unit
(Po = 1.7 kW). (d) Expanded waveforms of (c). (e) 4-unit (Po = 3 kW). (f) Expanded waveforms of (e).

in this paper as given in Table I. The first inductor current
ripple is defined within the interval 0 < D < 1/n. The second
one is defined within the interval 1/n < D < 2/n, and so on.
The generalized inductor current ripple Aéy , of the n-unit

cascaded converter can be obtained as

N _N-1
AiL — (nD 1) (D n )voTs-

" (n+ 1)L+ Ly

For example, the 4-unit cascaded converter has four different
inductor current ripples as given in Table I. The first inductor
current ripple Aiy,, , is obtained by substitutingn =4 and N =
1 in (8), the second one Aiy, , is obtained by substituting n =
4 and N = 2, and so on.

Each inductor current ripple becomes maximum when v, is
the maximum and D is mean value during the corresponding
interval. For the n-unit cascaded converter, the inductor current



KHAN et al.: CASCADED DUAL-BUCK AC-AC CONVERTER WITH REDUCED NUMBER OF INDUCTORS

Q[104/div]  ip[104/ div]
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Fig. 16.
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Inductor currents and drain—source voltage waveforms of the 4-unit

cascaded converter at 3 kW when D = 0.75.

Fig. 17.

v, [3507 / div]
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i, [104/ div] i, [104/ div]

vps, [200¥ / div]
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Experimental waveforms of the 4-unit cascaded converter using a

partially inductive load (R;, = 165, L = 10 mH) at 3 kW when D = 0.8.

ripple becomes zero at n different values of D for 0 < D < 1,

whichare D =1/n, D =2/n, ...

,D=(n-1)/n,D =1.

C. Inductor Current Ripple Analysis of the 4-Unit
Cascaded Converter

The key waveforms for different values of D are shown
in Fig. 9, and the equivalent circuit diagrams during the rise
time of inductor current are shown in Fig. 10. The four dif-
ferent inductor current ripples (Aiz, ,, Aig,,, Air, ,, and
Air, ,) shown in Fig. 9 can be derived as given in Table I
The maximum inductor current ripples occur when D is equal
to mean values of the corresponding interval, i.e.,(0 4 0.25)/2,
(0.25+40.5)/2, (0.5 + 0.75) /2, and (0.75 + 1) /2. On the other
hand, the inductor current ripples become zero when D is
equal to 0.25, 0.5, 0.75, and 1. Considering Ly = 0, during
the DT} interval in 0 < D < (.25, the inductor voltage vy, is
(vs — v,)/5 instead of (vs — v, )[see Fig. 9(a)]. This is because
the five inductors are always in series and they share the volt-
age as shown in Fig. 10. Similarly, as shown in Fig. 10, for
025 <D <05, 05<D<0.75,and 0.75 < D <1, vy, is
(2vs — v,)/5, (Bus — v,)/5, and (4vs — v, )/5, respectively.
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Experimental results of the 2-unit cascaded converter with incon-

sistent input voltages. (a) Input and output voltages, and inductor current.
(b) Expanded waveforms of (a).

Fig. 19.
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Measured efficiency of the proposed 4-unit cascaded converter.

VI. COMPARATIVE SIMULATION RESULTS

The electrical specifications of the proposed type-1I con-
verter are given in Table II. The input ac voltages in cas-
caded units are supplied by a multiwinding transformer. The
shoot-through-limiting inductors serve as filter inductors; there-
fore, L; is not used. The load resistance in each case is
165 Q. Fig. 11(a) shows waveforms of the inductor currents
11 and 19, input voltage v, output voltage v,, and drain—source
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Oscilloscope
v

Fig. 20. Experimental setup.

voltage vpg, of switch S7 in the 2-unit cascaded converter
when D = 0.8.

Fig. 11(b) and (c) shows the same waveforms for 3-unit
and 4-unit cascaded converters, respectively. The output power
and v, increase with the number of cascaded units, but the
switch voltage stresses are always equal to the input voltage
for all three cases. It is evident from Fig. 11 that the induc-
tor current ripples of the 4-unit cascaded converter are signif-
icantly smaller than those of the 2-unit and 3-unit cascaded
converters.

Fig. 12 shows the maximum and minimum inductor voltages
and they are close to the theoretical values in Fig. 9(d).

As expected, the effective switching frequency of the 4-unit
cascaded converter is increased to 200 kHz, which is four times
of the actual switching frequency of the converter.

Fig. 13 shows the simulation results of the 4-unit cas-
caded converter with partially inductive load (R = 1652,
L; = 10mH) and D = 0.75. Both the inductor and output cur-
rent ripples are zero due to the interleaving (or phase-shifting)
effect explained in Section IV.

VII. COMPARATIVE EXPERIMENTAL RESULTS

To prove the validity and advantages of the proposed type-II
converter with phase-shift control, detailed experimental results
of the 2-unit, 3-unit, and 4-unit cascaded converters are pre-
sented and compared in this section. Similar to the simulations
results, ac voltages are supplied from a multiwinding trans-
former and Ly is not used. The PWM signals are generated
using a DSP TMS320F28335.

Fig. 14 shows waveforms of i,, v,, vs, and input current of
ac source %;, when D = 0.8. For each additional unit, converter
output voltage increases by 176 Vrms. Therefore, v, of the
2-unit, 3-unit, and 4-unit cascaded converters are 352, 528, and
704 Vrms, respectively.

The output waveforms have low distortion because of the
absence of lossy snubber circuits and dedicated PWM strategies.

Fig. 15 shows the comparative experimental results of the
inductor currents and the drain-source voltages vps, and vpg.
of switches S5 and S7 when D = 0.8. The expanded waveforms
of Fig. 15(a), (c), and (e) are shown in Fig. 15(b), (d), and
(f), respectively. The effective switching frequencies of the 2-
unit, 3-unit and 4-unit cascaded converters are 100, 150, and
200 kHz, respectively. The inductor current ripple comparison
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in Fig. 15 shows that the current ripples of the 4-unit converter
are significantly smaller than those of the 2-unit and 3-unit
converters.

Fig. 16 shows the experimental results when D = 0.75 and
they are experimental verification of the simulation results in
Fig. 13. Due to the phase-shifting (or interleaving) effect, in-
ductor current ripples are almost zero. Fig. 17 shows the exper-
imental results of the proposed 4-unit cascaded converter with
a partially inductive load when R; = 165Q and L; = 10 mH.
All the experimental waveforms are clean and there is no appar-
ent current or voltage spike.

Fig. 18 shows the experimental results of the 2-unit cas-
caded converter for the inconsistent sources. For the inconsis-
tent sources, the inductor current ripple has changed slightly.
However, the phase-shift control is still valid, and the converter
has no balancing problem because of input-parallel and series-
output connection.

The measured efficiency of the proposed 4-unit cascaded con-
verter for D = 0.8 is shown in Fig. 19. Fig. 20 shows the exper-
imental setup of the proposed converter.

VIII. CONCLUSION

This paper presented a new series of highly reliable cascaded
ac—ac converters that produce high output voltages using stan-
dard low-voltage rating semiconductor devices. The risks of
failure due to high dv/dt and di/dt can be solved with the pro-
posed converter. Furthermore, MOSFETS can be used as switching
devices without the risk of device failure, and the use of cur-
rent/voltage polarity sensors and lossy snubbers can be avoided.

The cascaded units in the proposed converter shared induc-
tors, which decreased the total number of inductors. To further
decrease magnetic volume of the proposed converter, phase-shift
control was presented. It increased the equivalent switching fre-
quency of the converter by the number of cascaded units. The
topology derivation, detailed circuit analysis, phase-shift con-
trol, and inductor current ripple analysis was presented. To prove
the advantages of the proposed topology, hardware prototypes
of 2-unit, 3-unit, and 4-unit cascaded converters were fabricated
and tested at different powers. By comparing the simulation
and experimental results of the 2-unit, 3-unit, and 4-unit cas-
caded converters, the advantages and benefits of the proposed
cascaded converter were validated.

REFERENCES

[1] E Z. Peng, L. Chen, and F. Zhang, “Simple topologies of PWM ac—
ac converters,” IEEE Power Electron. Lett., vol. 1, no. 1, pp. 10-13,
Mar. 2003.

[2] A.A.Khan, H. Cha, and H. F. Ahmed, “High efficiency single-phase ac—ac
converters without commutation problem,” IEEE Trans. Power Electron.,
vol. 31, no. 8, pp. 5655-5665, Aug. 2016.

[3] F. L. Luo and H. Ye, “Research on dc-modulated power factor cor-
rection ac/ac converters,” in Proc. IEEE Ind. Electron. Conf., 2007,
pp. 1478-1483.

[4] A.A.Khan, H. Cha, and H. Kim, “Magnetic integration of discrete coupled
inductors in single-phase direct PWM ac-ac converters,” IEEE Trans.
Power Electron., vol. 31, no. 3, pp. 2129-2138, Mar. 2016.

[5] J. Kolar, T. Friedli, J. Rodriguez, and P. Wheeler, “Review of three-phase
PWM ac-ac converter topologies,” IEEE Trans. Ind. Electron., vol. 58,
no. 11, pp. 4988-5006, Nov. 2011.



KHAN et al.: CASCADED DUAL-BUCK AC-AC CONVERTER WITH REDUCED NUMBER OF INDUCTORS 7519

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

(17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

S. Srinivasan and G. Venkataramanan, “Design of a versatile three-phase
ac line conditioner,” in Proc. IEEE Ind. Appl. Soc., vol. 3, Oct. 1995,
pp. 2492-2499.

A. A. Khan, H. Cha, and H.-G. Kim, “Three-phase three-limb coupled
inductor for three-phase direct PWM ac—ac converters solving commuta-
tion problem,” IEEE Trans. Ind. Electron., vol. 63, no. 1, pp. 189-201,
Jan. 2016.

A. Nabae, I. Takahashi, and H. Akagi, “A new neutral-point-clamped
PWM inverter,” IEEE Trans. Ind. Appl., vol. IA-17, no. 5, pp. 518-523,
Sep./Oct. 1981.

T. A. Meynard, H. Foch, P. Thomas, J. Courault, R. Jakob, and M.
Nahrstaedt, “Multicell converters: Basic concepts and industry appli-
cations,” IEEE Trans. Ind. Electron., vol. 49, no. 5, pp. 955-964,
Oct. 2002.

P. W. Hammond, “A new approach to enhance power quality for medium
voltage ac drives,” IEEE Trans. Ind. Appl., vol. 33, no. 1, pp. 202-208,
Jan./Feb. 1997.

L. Li, J. Yang, and Q. Zhong, “Novel family of single-stage three-level
ac choppers,” IEEE Trans. Power Electron., vol. 26, no. 2, pp. 504-511,
Feb. 2011.

L. Li and D. Tang, “Cascade three-level ac/ac direct converter,” I[EEE
Trans. Ind. Appl., vol. 59, no. 1, pp. 27-34, Jan. 2012.

D. Divan and J. Sastry, “Control of multilevel direct ac converters,” in
Proc. IEEE Energy Convers. Congr. Expo., 2009, pp. 3077-3084.

R. Giri, V. Choudhary, R. Ayyanar, and N. Mohan, “Common-duty-ratio
control of input-series connected modular de—dc converters with active
input voltage and load-current sharing,” IEEE Trans. Ind. Appl., vol. 42,
no. 4, pp. 1101-1111, Jul./Aug. 2006.

G. Raimondo, P. Ladoux, A. Lowinsky, H. Caron, and P. Marino, “Reactive
power compensation in railways based on ac boost choppers,” IET J. Electr.
Syst. Transp., vol. 2, no. 4, pp. 169-177, Dec. 2012.

P. Ladoux, G. Raimondo, H. Caron, and P. Marino, “Chopper controlled
steinmetz circuit for voltage balancing in railway substations,” /EEE
Trans. Power Electron., vol. 28, no. 12, pp. 5813-5822, Dec. 2013.

E. C. Aeoliza, N. P. Enjeti, L. A. Moran, O. C. Montero-Hernandez, and S.
Kim, “Analysis and design of a novel voltage sag compensator for critical
loads in electrical power distribution systems,” IEEE Trans. Ind. Appl.,
vol. 39, no. 4, pp. 1143-1150, Jul./Aug. 2003.

W. E. Brumsickle, R. S. Schneider, G. A. Luckjiff, D. M. Divan, and M. F.
McGranaghan, “Dynamic sag correctors: Cost-effective industrial power
line conditioning,” IEEE Trans. Ind. Appl., vol. 37, no. 1, pp. 212-217,
Jan./Feb. 2001.

S. Subramanian and M. K. Mishra, “Interphase ac—ac topology for sag
supporter,” IEEE Trans. Power Electron., vol. 25, no. 2, pp. 514-518,
Feb. 2010.

S. Jothibasu and M. K. Mishra, “An improved direct ac-ac converter
for voltage sag mitigation,” IEEE Trans. Ind. Electron., vol. 62, no. 1,
pp- 21-29, Jan. 2015.

S. Jothibasu and M. K. Mishra, “A control scheme for storageless DVR
based on characterization of voltage sags,” IEEE Trans. Power Del.,
vol. 29, no. 5, pp. 2261-2269, Oct. 2014.

T.B. Soeiro, C. A. Petry, J. C. Dos, S. Fagundes, and I. Barbi, “Direct ac—ac
converters using commercial power modules applied to voltage restorers,”
IEEE Trans. Ind. Electron., vol. 58, no. 1, pp. 278-288, Jan. 2011.

C.-Y. Park, J.-M. Kwon, and B.-H. Kwon, “Automatic voltage regula-
tor based on series voltage compensation with ac chopper,” IET Power
Electron., vol. 5, no. 6, pp. 719-725, Jul. 2012.

J. Kaniewski, P. Szczesniak, M. Jarnut, and G. Benysek, “Hybrid voltage
sag/swell compensators: a review of hybrid ac/ac converters,” IEEE Ind.
Electron. Mag., vol. 9, no. 4, pp. 37-48, Dec. 2015.

J. Barros and J. Silva, “Multilevel optimal predictive dynamic voltage
restorer,” IEEE Trans. Ind. Electron., vol. 57, no. 8, pp. 2747-2760,
Aug. 2010.

B. Wang, G. Venkataramanan, and M. Illindala, “Operation and control of a
dynamic voltage restorer using transformer coupled H-bridge converters,”
IEEE Trans. Power Electron., vol. 21, no. 4, pp. 1053-1061, Jul. 2006.
S. Kim, H.-G. Kim, and H. Cha, “A novel single-phase cascaded multilevel
ac—ac converter without commutation problem,” in Proc. IEEE Energy
Convers. Congr. Expo., 2014, pp. 556-562.

H. Shin, H. Cha, H. Kim, and D. Yoo, “Novel single-phase PWM ac—
ac converters solving commutation problem using switching cell struc-
ture and coupled inductor,” IEEE Trans. Power Electron., vol. 30, no. 4,
pp. 21372147, Apr. 2015.

D. Garabandic, “Method and apparatus for reducing switching losses in a
switching circuit,” U.S. Patent 6 847 196, August 28, 2002.

[30] Z.Yao,L.Xiao,and Y. Yan, “Dual-buck full-bridge inverter with hysteresis
current control,” IEEE Trans. Ind. Electron., vol. 56, no. 8, pp. 3153-3160,
Aug. 2009.

[31] P. W. Sun, C. Liu, J.-S. Lai, and C.-L. Chen, “Cascade dual buck inverter
with phase-shift control,” IEEE Trans. Power Electron., vol. 27, no. 4,
pp- 2067-2077, Apr. 2012.

[32] A. A.Khan, H. Cha, and H. F. Ahmed, “An improved single-phase direct
PWM inverting buck-boost ac-ac converter,” IEEE Trans. Ind. Electron.,
vol. 63, no. 9, pp. 5384-5393, Sep. 2016.

Ashraf Ali Khan (S’15) received the B.E. degree
in electronics engineering from the National Univer-
sity of Sciences and Technology (NUST), Islamabad,
Pakistan, in 2012. He is currently working toward the
M.S. combined Ph.D. degree in the School of En-
ergy Engineering, Kyungpook National University,
Daegu, South Korea.
His current research interests include high-
efficiency and high-reliability power converters, mag-
- N netics, grid-connected inverters, and multilevel con-
verter systems.

Mr. Khan received the third best paper award in ECCE-Asia 2015, and schol-
arships from the National ICT R&D Fund Pakistan, the Board of Intermediate
and Secondary Education Saidu Sharif, Swat, the NUST, and the Kyungpook
National University.

Honnyong Cha (S’08-M’10) received the B.S.
and M.S. degrees in electronics engineering from
the Kyungpook National University, Daegu, South
Korea, in 1999 and 2001, respectively, and the Ph.D.
degree in electrical engineering from the Michigan
State University, East Lansing, MI, USA, in 2009.

From 2001 to 2003, he was a Research Engineer
with the Power System Technology Company, An-
san, South Korea. From 2010 to 2011, he worked as
a Senior Researcher in the Korea Electrotechnology
Research Institute, Changwon, South Korea. In 2011,
he joined the School of Energy Engineering, Kyungpook National University.
His current research interests include high-power dc—dc converters, dc—ac in-
verters, z-source inverters, and power conversion for electric vehicles and wind
power generation.

Ju-Won Baek (M’99) received the M.S. and Ph.D.
degrees from the Kyungpook National University,
Daegu, South Korea, in 1993 and 2002, respectively.

Since 1993, he has been working as a Princi-
ple Researcher in the Power Conversion and Con-
trol Research Center, HVDC Research Division,
Korean Electrotechnology Research Institute, Chang-
won, South Korea. In 2004, he was in the Future
Energy Challenge Center, Virginia Polytechnic Insti-
tute and State University, Blacksburg, VA, USA, as
a Visiting Scholar. His primary research interests in-
clude soft-switching converters, power quality, high-voltage power supplies, and
power converter for renewable energy, and his recent research interest focuses
on dc distribution systems for a data center and a building to improve energy
efficiency.

Dr. Baek is a member of the Korean Institute of Power Electronics and the
IEEE Power Electronics Society.



Juyong Kim received the M.S. and Ph.D. degrees
from the Kyungpook National University, Daegu,
South Korea, in 1994 and 2007, respectively.

In 1994, he as a Researcher joined the Korea Elec-
tric Power Research Institute, Daejeon, South Korea,
where he is currently a Principal Researcher at the
Smart Power Distribution Laboratory. His main re-
search interests include dc distribution system and dc
microgrid.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 32, NO. 10, OCTOBER 2017

Jintae Cho received the B.S. and M.S. degrees in
electrical engineering, in 2006 and 2008, respectively,
from Korea University, Seoul, South Korea, where he
is currently working toward the Ph.D. degree in dc
distribution.

He is currently a Senior Researcher in the Smart
Power Distribution Laboratory, Korea Electric Power
Research Institute, Daejeon, South Korea. His re-
search interests include protection, monitoring, and
control of a low-voltage dc distribution system.




<<
  /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


