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An Improved Bipolar-Type AC-AC Converter
Topology Based on Non-Differential Dual-Buck
PWM AC Choppers

Yibo Wang, Student Member, IEEE, Peng Wang, Guowei Cai, Chuang Liu, Member, IEEE, Dongbo
Guo, Hanwen Zhang, Bingda Zhu, and Gen Li, Member, IEEE

Abstract—A novel single-phase pulse width modulation (PWM)
direct ac-ac converter based on two-level non-differential
dual-buck ac chopper legs with inverting and non-inverting
operations is first proposed in this paper. It has the ability to
resolve both voltage sag and swell problems at the same time when
used as distributed flexible voltage conditioner (DFVC).
Compared to the traditional ac-ac converter, it has much
enhanced system reliability thanks to no shoot-through problems
even when all switches of each ac chopper legs are turned on, and
therefore, the PWM dead-time is not needed leading to improving
the utilization of the duty cycles. Only half of the switches in the
proposed converter are switched at high frequency during a
switching period at most, which significantly reduces the total
switching loss. In particularly, the converter has two greatest
advantages that it retains the common sharing ground of the input
and output and has the same buck/boost operation process for
non-inverting and inverting modes. In order to fully testify the
performance of the proposed converter, a 500W experimental
prototype is built and tested at different conditions.

Index Terms—AC-AC converter, bipolar voltage gain,
non-differential AC chopper, voltage sag and swell, buck/boost
operation process.

I. INTRODUCTION

HE parameters of electrical energy, such as supply voltage

amplitude, has a great influence on both the operation of
the power grid and the use of the load side [1]. With the
continuous access of distributed generation, the voltage quality
becomes worse. Among the many power quality problems, the
sag and swell in supply voltage are the main problems. Voltage
sag and swell will do a great deal of harm to the end-user,
especially from the viewpoint of the sensitive loads such as
hospitals, data centers, etc. In the case of big plants and
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factories, voltage sags and swells may cause financial losses
(2].

In order to fully mitigate unwanted effects of supply voltage,
mainly voltage sags and swells, various types of devices have
been developed in recent literature. These devices are primarily
referred to as voltage sag/sell compensators [3]-[4], ac voltage
regulators [5], ac stabilizers [6], ac voltage sag supporters [7],
voltage conditioners [8], dynamic voltage restorers (DVR)
[9]-[12], distributed flexible voltage conditioner (DFVC) [13],
etc. Either of these devices can be designed with a voltage
source inverter (VSI) or a direct PWM ac-ac converter. AC
voltage compensator based on VSI can be divided into two
main types. One of the types is adopting dc-ac converters,
which requires independent external energy storage systems
such as batteries, capacitors, super magnetic energy storage,
and so on. This feature determines that it is not capable of
compensating deep and long-duration voltage sags or swells,
and its magnitude and ride-through capability depend on the
size and capacity of the storage systems [14]. Therefore, ac
voltage compensator adopted dc-ac converters is not suitable
for high power applications. The other ac voltage compensator
based on ac-dc-ac converters does not need to use external
energy storage systems, but it adds one ac-dc power processing
stage with bulky DC link. These facts will reduce the efficiency
of the whole systems and add to the maintenance burden. If the
ac voltage compensator implements the direct ac-ac converters,
the DC-link will be saved, the whole systems will be improved,
and no external energy storage systems will be required, the
devices volume and cost also will be reduced. Specially, the
direct ac-ac converters are more attractive in applications
where only need to maintain the grid voltage amplitude without
changing phase shift and frequency at the same time. Under this
motivation, the direct ac-ac converter is to be studied
continuously [15]-[16].

The simplest and most basic ac-ac converters including buck,
boost, buck-boost topologies, etc. These converters inherit the
merits of simple structure, uncomplicated control, and high
conversion efficiency, but they have common commutation
problems due to using ac switches [17]-[18]. To overcome
commutation problems, RC buffer circuit and the soft
commutation strategies are the two commonly used methods.
However, these two methods have some shortcomings, such as
the commutation strategy cannot guarantee the zero-crossing
reliable commutation, and the output voltage waveforms are
distorted because energy is dissipated in the RC snubber
circuits. Recently, a novel single-phase PWM ac-ac converters
solving commutation problem without using RC snubber
circuits or soft commutation strategies is presented in [19]-[21].
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These converters, while effectively solving the commutation
problems, all suffer from a unipolar voltage gain range, which,
in use of the grid-voltage compensation, restricts them to
mitigate either voltage sag or swell but not both [22].

To overcome this constraint of ac-ac converter applications,
a cost-effective ac voltage stabilizer based on ac-ac converters
is proposed in [23], as shown in Fig. 1 (a). It can output bipolar
voltage by adding a mechanical switch, but there are some
shortcomings in mechanical switches such as slow response
speed, voltage step change, etc. In [24], a Z-source PWM ac-ac
converter is presented to achieve the bipolar voltage gain
through an additional impedance network. However, the sharp
rise and fall in its gain during the non-inverting buck operation
are quite challenging for the controller. Another Z-source ac-ac
converter is analyzed in [25], it is able to output bipolar voltage,
but it requires a new commutation strategy to achieve safe
commutation. The topology shown in Fig. 1(b) is a unified
non-inverting and inverting PWM ac-ac converter capable of
obtaining bipolar voltage gains [26]. But the converter may
have commutation problems due to employing bidirectional
switches, which decreases the reliability of the systems. Hence,
it also needs to adopt a safe commutation strategy to address
commutation problems [27]. Recently, a novel bipolar-type

direct ac-ac converter is presented in [13], as shown in Fig. 2(c).

This converter not only resolves the commutation problem, but
also retains the common sharing ground of the input and output.
Especially, the main advantage is that the converter has the
same buck/boost operation process for non-inverting and
inverting modes. However, it is necessary for this converter to
set a dead-time to solve the shoot-through problems due to the
two active switches in each legs of the converter, which reduces
utilization of the duty cycles. A buck-boost ac-ac converters
adopting switching cell structured and coupled inductor is
proposed in [28], as shown in Fig. 1(d). This converter
effectively solves the commutation problem and does not need
to set dead-time. But it needs more numbers of passive
components, which increases the volume of the devices in
high-power applications. Moreover, similar to the converter
proposed in [29]-[32], the converter has not the same
buck/boost operation process for non-inverting and inverting
modes and have not the common ground on input and output. In
addition, a high-frequency isolated AC-AC converter with
bipolar voltage gain is proposed in [33]-[34]. However, this
converter has some drawbacks, such as a converter proposed in
[34] needs to a safe-commutation strategy, which reduces its
reliability.

To overcome above constraints, this paper investigates a
novel single-phase ac-ac converter based on two-level
non-differential dual-buck ac chopper legs with bipolar voltage
gains. The DB-AC has the following advantages:

1) It can achieve continuous and bipolar voltage transfer
without drastic changes and the combination of multiple PWM
modulation modes increases the degree of freedom of control.
It employs less passive devices, thus reducing footprint of the
converter.

2) By adopting dual-buck ac chopper legs, it does not need to
set dead-time, which increases the utilization of the equivalent
pulse width-modulated voltage, and leads to output waveform
distortions and less energy transfer. Partial free-wheeling

diodes can be chosen independently with fast reverse recovery
features to minimize switching loss.

3) The limiting inductors of each ac choppers are replaced by
separated inductors instead of coupled inductors, which
effectively decreases the magnetic volume and improves the
ability to deal with power density. The limiting inductors also
contributes to the inductance of the output filter inductor, which
is conducive to reducing volume of the output filters.

4) The common ground between the input and output ports is
retained, the feature that output can reverse or maintain phase
angle with input is supported well. Additionally, it has the same
buck/boost operation process for non-inverting and inverting
modes, which ensures the continuously average current supply
to the output side without a high-value capacitor to supply
power.
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Fig. 1 Four types of bipolar AC-AC converters.

The paper is arranged as follows. The description of the
proposed topology and PWM modulation principles are
described in section II. Section III investigates the operation
states of the ac-ac converter. Section IV discusses the design of
the converter parameters. Experimental results illustrating the
performance of the converter are presented in Section V.
Finally, the conclusions are highlighted in Section VI.

II. DESCRIPTION OF THE PROPOSED TOPOLOGY AND PMW
MODULATION PRINCIPLES

A. Topology of the Proposed Converter

The novel bipolar-type dual-buck PWM AC-AC converter
(DB-AC) proposed is expressed in Fig. 2. As shown in Fig. 2,
the topology structure of the DB-AC is consisted of two
dual-buck ac chopper legs with two separation inductors that
are defined as IP-Leg (in-phase leg) and OP-Leg (out-of-phase
leg) respectively, both of which are two-level non-differential
ac choppers. Hence, the polarity of the output port voltage vas
is determined by the voltage difference between the two legs,
that is vag=va-ve, where va and vp are IP-Leg and OP-leg
voltage respectively. Four insulated gate bipolar transistor
(IGBT) that two of the IGBT contain antiparallel body diodes,
and the other two do not contain, two fast recovery diodes, two
inductors and one capacitor are contained in each leg, and the
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connected relation of the components and parts is shown in Fig.
2. The diodes Dy, D¢ and D1p, D1 in each leg are fast recovery
diode, which validly relieves the problems of high loss and
slow turn-off of bulk diode. On the other hand, in order to
reduce the influence of the source voltage, an input capacitor is
added at input side. Additionally, the two legs retain a common
ground connection with the input side.

The proposed DB-AC can effectively deal with the
commutation  problem  without bulky and lossy
resistor-capacitor (RC) snubbers circuits or soft commutation
strategies, which obviously improves the reliability of the
systems. The bipolar output voltage can be ensured by IP-Leg
and OP-leg voltage, and it is precisely because of the two
controllable objects of the topology that the flexibility and
diversity of the proposed DB-AC can be improved
commendably. With the common sharing ground of the input
and output, the feature that output can reverse or maintain phase
angle with input is supported well. Meanwhile, no dead time is
required, which increases the utilization of the equivalent pulse
width-modulated voltage, and leads to output waveform
distortions and less energy transfer. The particularly
outstanding superiority is that the proposed DB-AC has the
same buck or boost running process for non-inverting and
inverting modes, so there is no need to design high-value
capacitors to ensure that the average current of the outside
continuously.

|

|

|
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Fig. 2. Schematic of the proposed DB-AC.
B. PWM Modulation Principles

(@) (b)
Fig. 3. PWM modulation principles.

The PWM modulation principle with zero vector coupling of
the proposed DB-AC is shown in Fig. 3. A square wave signal
is generated by a comparison of v;, and zero potential. Besides,
the converter flexibility is improved with two duty cycles,
where d; and d; are the duty cycles of IP-Leg and OP-Leg,
respectively, and u. is a triangular carrier with a scope value of
0 to 1. Compared with the interleaved PWM strategy used in
[19], the proposed PWM strategies reduce partial circulation
due to the absence of the mode in which all switches are turned

on simultaneously. Additionally, the proposed converter has
the least number of switches to do high-frequency switching in
a switching period through using the proposed PWM strategies,
which further reduces the total switching loss and improves the
efficiency of the converters. In order to further understand the
DB-AC, the comparative analysis between it and previously
published bipolar voltage gain ac-ac converters is shown in
TABLE L.

III. OPERATION OF THE PROPOSED CONVERTER

According to the analysis of the PWM strategies mentioned
above, the input voltage in the positive and negative half-wave
has a direct effect on the working process of the converters.
Considering the proposed topology is a novel bidirectional
AC-AC converter and in order to analysis the working process
of it in detail, the buck operation mode is clearly divided into
in-phase and out-of-phase in TABLE II with the interrelation
between input and output voltage.

According to the work pattern shown in TABLE II, the
proposed DB-AC has a variety of operation modes. Regardless
of the operating mode, the relationship between input voltage
vin and output voltage v, is as follows.

Vo =V, — Vg =(d1 —dz)v,.n (1)
Where v4 and vg are the output voltages of ports A and B,
respectively, va=divi, and ve=dovin.

Further, the formula (1) can be rewritten

MC=:—°=(d,—d2) @)
Where Mc is defined as voltage gains of the DB-AC, it reflects
the input-output relationship of the converter and it is
determined by the duty cycles of the two legs.

The interrelation between Mc¢ and (di, d») are presented in
Fig. 4 and it is clear observed that the range of Mc is from -1 to
1. That is to say, the proposed DB-AC has the capability of
bipolar voltage gains. Similar to the TABLE II above, the
DB-AC is divided into in-phase operation state and
out-of-phase operation state based on the voltage polarity
between input and output. It should be pointed out that the
converter has three modulation modes (Modes I, II, II),
regardless of the output voltage and the input voltage in the
same phase or the inverse phase, but modulation modes I and
IIT are the special cases of modulation mode II. To avoid
repeating description, the modulation mode II is taken as an
example to analyze in detail in the operation process A and B of
the proposed converter. Additionally, it is stipulated that the
load current i, flows from output ports A to output ports B in
the positive direction, that is, i,>0, and vice versa, the load
current i, in a negative direction. Because the operation process
of the converter is different when the input voltage is different
at different half-waves, in order to fully analyze the operation
process of the converter, the positive half-wave of the input
voltage is analyzed in detail in process A (A. OPERATION
PROCESS IN IN-PHASE), and the negative half-wave of the
input voltage is analyzed in detail in process B (B.
OPERATION PROCESS IN OUT-OF-PHASE).
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TABLEI

COMPARISON BETWEEN THE PROPOSED DB-AC AND PREVIOUSLY PUBLISHED BIPOLAR VOLTAGE GAIN AC-AC CONVERTERS

Proposed in [26] (Fig. Proposed in [13] Proposed in [28] .
DB-AC . . Proposed in [24
1) (Fig. 1(c)) (Fig. 1(d)) posed in [24]
Voltage gain dy-ds 2-l/d, d(ds-1), dy-d, d, di(di-1), 2-1ds  (1-d)/(1-2d).(1-2d)/(1-d)
(di-d5)/(1-ds)
Switches numbers 8 8 8 8 2
Passive devices 4 1nducF0rs, 3 1 inductor, 1 capacitor 1 1nduc.t0r, 3 4 mducFors, 3 3 inductors, 3 capacitors
capacitors capacitors capacitors
Ground sharing Yes Yes Yes No No
Dead time No Yes Yes No No
. . No commutation Need soft commutation No commutation No commutation An external snubber
Reliable commutation X L
problem strategies problem problem circuit is needed
San.le 1nv$:rt1ng and Yes No Yes Possible No
non-inverting process
Adopt bidirectional switches No Yes No No Yes
Controllable degrees of Two One (d) or Two (djand
freedom (d, and db) 4y) Two (d, and d,) One (d or dyor dy) One (d)
TABLEII [ N\vu>0
PARTITIONING TABLE OF WORK MODE iri
- dy
Modulation
Yo modes a & d
s in oh Mode 1 0<d,,<1 0 N
Vo 1S 1 phase Mode II 0<d; <1 0<ds<dy, ? t
with v;, 4T
Mode 11T 1 0<dx,<1 T — t
. Mode I 0 0<d>,<1 3
voisoutofphase - yoge 11 0<dy <, 0<du<l] ' ‘
W vin Mode III 0<dy<1 1 T .
Tz
1 t
AT
0.8 n — t
0.6 Tiq
t
04 T
t
0.2
Tae;
o fo h 1 Iy a———
02 Fig. 5 Gate signal generation of switches when 1>d,>d,>0.
A2 00
0.4 N
0.6 AT AT
1] [y iy LR LN
‘ 0.8 \ i'”j/_:/’ \Tti iny/
o ¥ d; ! vl ol of YL F j
Fig. 4 The relationship between Mc and (di, d). @ T

A. Operation Process in In-phase

In this operation process Mc>0, and the output voltage v,
maintains the same phase as the input voltage vi,, and the two £ (@)
duty cycles of d; and d» range from O to 1 respectively, but
di>d>. At this modulation modes, the proposed converter has
the maximum controllable degree of freedom. Further, in order
to analyze in detail, the working process is discussed when the
>0, i,<0, and the input voltage is positive half-wave. At this
point, the switches T2, Tac, T2p and Taep are always ON, Ty, Ty,
Tip and Tiep are modulated in a PWM manner. The gate signal
and operation with current flowing of the proposed DB-AC is
shown in Fig. 5 and Fig. 6, respectively. Fig. 6 (a), (b), and (c)
are employed to illustrate the working process of the proposed
converter when i,>0, and Fig. 6 (d), (e), and (f) are used to
describe the working process of the converter when #,<0.
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Fig. 6 The effective switching states of DB-AC under operation process A
(] >d|>d2>0) and v,v”>0.

State I [to~t1]

As shown in Fig. 6(a), in this state, the switches T2, Tac, Tap,
Tacp, T1 and T¢p are all turned on and the Ty, T are turned off.
At this time, the converter is in active state, and the voltage and
current relationships are as follows:

vL.Yum = vin - vo (3)

gy 8y B
“dr dt

Where vium is the sum of voltages across all inductors, and it

contains three parts: vr1, vi4, L represent the inductance values

of the separation inductors Li~La.

When the inductor current i,<0, the switches operate in the
same order as when the inductor current i,>0, but the diodes D»
and Dy, become reverse biased, and the diodes Di, Digp
become forward biased. Therefore, a current path shown in Fig.
6 (b) is formed. Since the inductance values of the four separate
inductors are the same, the voltage and current relationships in
the circuit at this time are the same as formulas (3) and (4).
Consequently, the above relationship formulas are not repeated
here.

State II [£1~12]

—==(1-d, +d,)v, ‘)

Fig. 6 (c) is adopted to describing state II of the converter,
this moment, switches T, T2, Tac, T1p, T2p and Taep are ON, and
other switches Tic and Ty, are OFF. Additionally, the body
diodes D, and the fast recovery diodes Dy, are forward biased.
The current loop is shown in Fig. 6 (b), and the relationship of
the voltage and current can be expressed as follows.

v, ==V, ®))

diy _ o diy dzL4

“dt dt

Similarly, if the inductor current zo<0 at this state, the diodes
D; and D», become forward biased, and the diodes D3, Dip
become reverse biased. Thus, the current flow loop is shown in
Fig. 6 (d), and the relationship between voltage and current is
similar to formulas (5) and (6).

State III [£2~13]

State III is similar to state I, therefore, Fig. 6 (a) can also be
used to describe state III. The variation of output filter inductor
current is the same as that of state I, so it is not repeated.
Similarly, when the inductor current i,<0, the working process
of the converter is the same as that of Fig. 6 (b).

State IV [t3~t4]

The converter is in state IV, when the switches Tic, T2, Tz,
Ticp, T2p and Taep are ON, and at the same time the switches T}
and T, is OFF. State IV is described in Fig. 6 (e), the converter
is in continuous flow state right now. The relationship between
the voltage and current can be expressed as follows.

. diy _ppdin_y d’“ =d ~ly, ()
dt dt

Fig. 6 (f) can be employed to describe the working process of
the proposed converter with inductor current i,<0 in state II. At
this point, the diodes Dicp and D become forward biased, and
the diodes D¢, Dap become reverse biased, and the inductor
current also decreases linearly. The relationship between
voltage and current is also similar to formulas (7).

Combined with the analysis of the working process of the
proposed converters and the PWM modulation strategies
mentioned above, it can be seen that each legs of the converters
has no state in which all switches are turned-on simultaneously,
hence the circulating currents are also eliminated. Additionally,
through the above analysis, we can see that the current flow
direction on the four separated inductors is fixed regardless of
the direction of the load current. Fig. 6 also shows that only two
separated inductors (L; and Ls) or (L, and L3) conduct the
current (i4 and ip) at a time. At the same time, it can be seen that
no matter in which state the converter works, the current always
has a current loop, which effectively ensures the safe
commutation of the proposed converter. The current
relationship is as follows:

by =y =iy =l =i, —lpy ®)

When the input voltage is in negative half-waves, the
modulation principles and working process of the proposed
converter are similar to the above analysis. Hence, in order to
avoid repetition, this paper will not describe it again.

=(d,—d,v,  (6)

B. Operation Process in Out-of-phase

Similar to the above, when the output voltage v, is out of
phase with the input voltage v;,, the operation and analysis
process is the same as that of the in-phase above. And limited to
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length, the detailed analysis is not carried out in this paper and O0ytio0
only shown the relevant information in Fig. 7 and Fig. 8. In
order to increase the diversity of analysis, the working process
diagram of the proposed converter is given when the input
voltage is negative half-wave.

Vin < Viri

aTs

diTs

t

h bt b t Fig. 8 The effective switching states of DB-AC under operation process B
Fig. 7 Gate signal generation of switches when 0<d1<d2<1 and v;,<0. (1>d>>d>0) and v;,<0.

in<0,ip<0
/ 'H t\\ /u. s
\lu m,’

C. Dead Time and Overlap Time

Due to the delayed response of electronic circuits and
semiconductor switching devices, the two switches with
complementary signals may have the problem of dead-time and
overlap-time in the operation of the converter. Taking the
output voltage v, is in phase with v;, and the converter adopts
the modulation modes I as an example, the analysis will be
carried out. In addition, this paper only takes the positive
half-wave of input voltage as an example to carry on the
analysis. At present, the switches T2, Tac, Ticp, T2p and Toep are
always ON, and T, is always OFF.

Ideally, the switches T and T\, are modulated in a PWM
manner, and the switches use complementary signals. However,
due to the existence of dead time in the actual work of the
converter, the switches T; and Ti. are turned off in the
dead-time, shown in Fig. 9. At present, the capacitor C; or C,
bypass the separated inductors currents, shown in Fig. 9 (a) and
(b). Similarly, there will also be overlap time in the actual work
of the converter. The overlap time in which the switches T; and
Tic are turned ON, shown in Fig. 10. The separated inductors
limit the shoot-through current by providing a high impedance
path at this time [35].

T
[ |
T - i
e i i
| |
| |
RS i

Dead time

== (b)
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Fig. 9 Operation of the DB-AC during dead time. (a) i,>0. (b) i,<0.

1

= (b)
Fig. 10 Operation of the DB-AC during dead time. (a) i,>0. (b) ,<0.

Through the detailed analysis of the different working
processes mentioned above, it can be seen that the converters
mentioned in this paper can operate reliably under different
working conditions and the proposed converter can guarantee
the safe commutation without any other measures.

IV. DESIGN CONSIDERATION

Based on the above analysis, in this section, the guidelines of
the parameter selection for the DB-AC are given. The known
parameters: input voltage v;,=160-200V (50Hz) ac, range of
voltage gain Mc is [-1, 1], output voltage v,=80-120V (50Hz)
ac, the rated power of the converter is P,=500W, allowable
current and voltage ripples k£/<<20% of iz and k,<20% of v, (or
vin), and assuming that the minimum conversion efficiency of
the proposed converter is 0.8.

A. Selecting of Switches

The two important bases for selecting the switches are the
maximum current through the switches and the maximum
voltage across the switch when it is open. In this topology, the
maximum voltage across each switch is equal to the input peak
voltage, that is vi,;x=282.84V. The maximum current through
the switches is given by the following equation:

W B _SOOW o549
vin.minn vin.mjnn 80V

Therefore, the switches used in proposed converter is
initially selected as an IKW75T60 (600V/75A) and IGW50T60
(600V/50A) IGBT. As is well known, the higher the switching
frequency is, the less the filters will be at a cost of more
switching losses. But, considering the selected switches type,
the switching frequency f; is chosen as 18 kHz as a tradeoff.

Additionally, diodes D1, D, Dip and D¢, choose fast recovery
diodes, the type of which is RHRG6080.

I =

S.max

B. Selecting of Separated Inductors

According to the above analysis, when the two duty cycles d;
and d, of the converter are between 0 and 1, the converter has
four working states in a switching period, of which two are
active modes and two are continuous modes. Additionally,
according to the different relationship of the two duty cycles,
the relationship between the duration of the continuous current
in two continuous current modes of the converter is obtained as
follows.

If di+d>>1,

then (1-d))Ts>d>Ts.

Similarly, if di+d>=1, then (1-d\)Ts=d>Ts; If d\+d><1, then
(1-d\)Ts>dTs. Therefore, in order to ensure
continuous-conduction mode (CCM) operation of the converter,
the designed inductor must satisfy the continuity of the CCM
under the different operation modes of the converter.
Additionally, the maximum and minimum voltage gains of the
converter can be determined according to the input and output
voltages of the converter.

v, 120

Mo =(d,—d,,) = v‘)ﬂ =1 0.75 (10)
Y min 80

M i =(dlx_ 2x)mm =v0'_=ﬁ=0.4 (11)

It can be seen from the above formula that different
combinations can be realized through two duty cycles when the
voltage gain Mc is guaranteed, which effectively improves the
controllable freedom of the converter. It should be pointed out
that during the design of the converter in this paper, we assume
that the duty cycles domin=0.1. Therefore, the maximum and
minimum values of duty cycles di can be determined,
d1.max=0.85, dimin=0.5. The following is a discussion of
inductor design under different operation conditions.

1) When d+d»<1

During one switching period Ty, there is

L, . L =V,
(1-d,)T;
In the formula above, Ai;=2kil; and I, represent current

ripple and average value of iz, respectively. For the converter,
we can get formulas (13) and (14).

12)
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Vili 1 = Vol (13)
i, =M., =(d —d,)I, (14)

Combining (2), (13) and (14), we can get the formula (15).
=" (15)

From (10), (12) and (15), equivalent inductor L., must be
satisfied such that

> VOAmax (1 - dLmax )nmin
“ 2kl fS iO.min

120 x (1 - 0.85) x0.8
= =0.48mH
2x0.2x18x10% x(500/120)

Therefore, the separated inductors used in paper is selected
as L 1 =L2=L3=L4=Leq/ 2=0.24mH.

2) When di+d>>1

The design principle of the inductor is similar to the above,
so it is not discussed here. We can get the following formula for
calculating separated inductors L.

(16)

> VO,made.minnmin
“ 2kl fS iO.min
_ 120x0.1x0.8
2x0.2x18x10* x(500/120)
Therefore, the separated inductors used in paper is selected
as Li=Lo=L3=L4=L.,/2=0.16mH.
In order to ensure the CCM of the converter under different

conditions, the inductance value of the separated inductor is
0.3mH.

A7)

=0.32mH

C. Selecting of Output Filter Capacitor Cy

During one Ty, the following equation is gained such that

o (dl ;dijs
Avy=t2t_ N 2 T

0
Cf Cf
To limit the output voltage ripple, output filter capacitor Cy
must satisfy the following:

(18)

C.> l‘OAmax (dl - dz )max — i04maxMC.max
! kqu.min fS kqu.min fS (1 9)
(500/80)x0.75
= = 16.28uF
0.2x80x18x10

The maximum voltage across Cy is
Cris chosen as 20uF/850V.

TABLE III
SPECIFICATION OF THE DB-AC EXPERIMENT

2V) e =170 , therefore,

V. EXPERIMENTAL RESULTS OF THE DB-AC

A. Experimental Results of DB-AC

In order to verify the rationality and feasibility of the
proposed AC-AC converter, a 500-W laboratory prototype of
the DB-AC is fabricated and tested successfully. The
photograph of the experimental setup is shown in Fig. 11, and
the design specifications of the converter are offered in Table
IV. For fully proving the performance and advantage of the
proposed AC-AC converter, several different experiments were
conducted specifically under the working scenarios shown in
TABLE IV.

Input +
Fig. 11 Photograph of the experimental prototype.

Input +

TABLE IV
EXPERIMENTAL SCENARIOS OF THE DB-AC
Scenario number di d> Load Operation process
Scenario I 0.85 0.25 R=20Q In-phase
Scenario 11 0.4 1 R=20Q, X;=12.1Q Out-of-phase
Scenario IIT 0.6 0 non-linear load In-phase

Parameters Values

Peak Input voltage v;,
Voltage gains M.

[160-200]/50Hz
[-11]

Output power P, 500W

Switching frequency f. 18kHz

Separated inductors L;~L, 0.3mH

Capacitors C, C;, Cs, Cr 20uF
IGBTs Ty, Tic, Tip, Ticp IGWS50T60
IGBTS T, Tac,T2p, Tacp IKW75T60
Diodes RHRG6080

Scenario I

Fig. 12-15 show the results of Scenario I. Fig. 12 shows the
four switches (Ti, Tic, T2, Tac) signals of DB-AC. It can be
seen from the diagram that there are only two switches
operating at high frequency on one leg in each half-wave period,
and the other two switches are in the low-frequency and
normally open state. On the other hand, the two complementary
signals do not have any delay during the switching process, that
is to say, the proposed AC-AC converter does not need to set
dead-time during its operation, which is completely consistent
with theoretical analysis. Fig.13 (a) shows the waveforms of the
input voltage vi,, output voltage v,, and output current i,. And
Fig. 13 (b) shows the voltage waveforms of the capacitors Ci,
(> and the voltage waveforms of the switches T2, Top. It can be
seen that the voltage at both ends of switches and capacitors are
half-wave voltage, and the maximum value is the peak value of
input voltage vi,. The high frequency voltages va, v, vap and
unfiltered current iy waveforms are shown in Fig. 14(a). Fig.
14(b) also shows the zoomed waveforms of v4, vg, vap and ip.
As can be seen, unfiltered current iy has four change process
within one cycle. Fig. 15 shows the voltage waveforms of
switches Ti, Tip and current waveforms of separated inductors
L, Ls. Similarly, Fig. 15 (b) shows the zoomed waveforms. The
results waveforms prove that there is no excessive voltage and
current surges in the converter during the Scenario I and the
experimental results are in good agreement with the theoretical
analysis results above.
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Fig. 12 Switching signals of Ty, Tic, Tz, Tac. (Time: 20ms/div and 40us/div).
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Fig. 13 Experimental waveforms of the DB-AC under Scenario I with a pure
resistive load (a) Waveforms of input voltage v;,, output voltage v,, and output
current i, with 20ms/div. (b) Voltage waveforms of capacitors (C;, C>), and
switches (T, Top) with 20ms/div.
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form of power frequency (50Hz). Besides, as compared to
Scenario I, as shown in Fig. 18, the voltage of switch T, equals
0, and the separated inductors current iri, iz3 only have two
processes. In summary, the converter works well under
Scenario II.
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Fig. 16 Experimental waveforms of the DB-AC under Scenario II with RL load.
(a) Waveforms of input voltage, output voltage, and output current with
50ms/div. (b) Voltage waveforms of capacitors (Cj, C>), and switches (T2, Top)

with 20ms/div.
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Fig. 17 High frequency voltages (v4, va, vag) and filter inductor current
waveforms (a) Time at 20ms. (b) Time at 200us.
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Fig. 14 High frequency voltages v4, vs, vas and unfiltered current iy waveforms
(a) Time at 20ms. (b) Time at 200us.
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Fig. 15 Voltage waveforms of switches T, T)p, current waveforms of limiting
inductors L, Ls. (a) Time at 20ms/div (b) Time at 200us/div.

Scenario 11

Fig. 16-18 show the results of Scenario II. Unlike Scenario I,
in this case, the output voltage v, is out of phase with the input
voltage vi,. Besides, in order to distinguish the performance of
the converter, the load type is selected for RL load and set the
duty cycle d> to 1. The specific analysis are as follows.

Fig. 16 (a) shows the input voltage vi,, the output voltage v,
and the output current i,. As can be seen from the graph, the
difference of phase angle between v, and v, is about 180°.
Similar to Fig. 13 (b), the voltage waveforms of capacitors Ci,
(> and switches T», Top in this scenario is shown in Fig. 16 (b),
and the vy, remains at zero level with the duty ratio d» equals 1
It can be also seen in Fig. 17, the voltage vp is presented in the
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'l Zoom
i
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i
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Fig. 18 Voltage waveforms of switches (T, Typ), current waveforms of limiting
inductors (L;, Ls). (a) Time at 20ms/div (b) Time at 200us/div.

Scenario 111

Fig. 19 and Fig. 20 show the experimental waveforms of the
DB-AC under Scenario III with non-liner load. In this scenario,
a single-phase uncontrollable rectifier bridge with capacitor
filter and a pure resistive load is chosen as the non-linear load,
which results in a large distortion of the voltage and current on
the input AC side, as shown in Fig. 19(a). In addition, because
the duty ratio d» is equal to 0, the v, is half of the input voltage
waveform shown in Fig. 19(b). And the converter high
frequency output voltage (v4p), the unfiltered current (iy) and
two separated inductors currents (iri, iz3) are shown in Fig. 20.

Fig. 21 and 22 are the experimental results of DB-AC with
2.5ps dead-time and overlap time respectively. From the
experimental waveforms, it can be seen that the DB-AC
proposed in this paper does not have the problem of
commutation and shoot-through, and can run stably and
reliably in dead-time and overlap time.

Fig. 23(a) shows the efficiency curves under a fixed pure
resistive load (R=20Q) with different duty ratio d; and da,
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however, the voltage gain (Mc¢) of the converter is all set as 0.7
under the three different scenarios. Fig. 23(b) shows the
comparison between the measured value and the theoretical
value with d;1=0.7, d,=0. The theoretical value can be obtained
by equation (20) and in order to simplify the calculation, we
only analyze the power loss of the switches (T1, Tic, Tip, Ticps
T2, Tac, Tap, Tacp), body diodes (D2, Dac, D2y, Dacp), independent
diodes (D1, Dic, Dip, Di¢p) and inductors (L, Lo, L3, Ls). The
analysis process is obtained as follows:

P
T =P%‘“ x100%=

in out + loss

x100% (20)

Where 7 is theoretical value of efficiency; Pin, Pou and Pioss
are the input power, output power and power loss of the
converter within one power frequency cycle respectively.
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Fig. 19 Voltage waveforms of switches (T, T p), current waveforms of limiting
inductors (L, Ls). (a) Time at 20ms/div (b) Time at 200us/div.
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Fig. 20 Voltage waveforms of switches (T}, Tip), current waveforms of limiting
inductors (L, Ls). (a) Time at 20ms/div (b) Time at 200us/div.
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Fig. 21 The experimental results with 2.5 ps dead times: (a) the switch signals
of Ty and T, the output voltage vy and the output current iy; (b) the switch
signals of Ty and T}, the voltage of inductor L;v;;and the current of inductor L;

iLi

EEEwr _—
T [SVldn] o, (5Vidiv] =
= [ | '\ e 1
1 o et e
T, [SV/dlv] LT. Vi
vy [S0V/div] }Lvn [50V/div]
NN NS T
i (1Adiv] io [1A/div]
(a)
= ez

!’h [5V/div]
!T, [5V/div]

L1, sviaivy 1

[iu [1A/div] |
2.5us [
s L EL, [50V/div] | |

Tt 15V7div

N
r v v [,A,dw]v o v
(b)
Fig. 22 The experimental results with 2.5 ps dead times: (a) the switch signals
of T and T}, the output voltage vy and the output current ip; (b) the switch

signals of T, and T}, the voltage of inductor L,v,,;and the current of inductor L,

iLl
Then, the power loss can be calculated by (21):
B, = Fopr.s + Popr-con + Foon @1
+ PDfoll + PD turn-on + PD turn-off + Pmdut,lor

Where Piger.s and Piger.con are the IGBT turn-on, turn-off and
conduction loss respectively; Pp-on, Pp-otf, Pb.wurn-on, PD,wrn-oft and
Pindguctor are diode on state loss, diode off state loss, diode
turn-on loss, diode turn-off loss and inductor loss, respectively.

fs Uin
Pogr_s =0'02? (E,, + Ey ) 1. U N (22)
1 2d cos
Ppr.con=0.01 |:(Z d cos OVepganlint P rCEI‘2 j
(23)

220050 o H N
3z

Where Eon is the turn-on loss; Eof is the turn-off loss; f; is the
switching frequency; Vcegsay is saturation voltage drop; Ii is the
current (A) when the IGBT is in the on state; d is duty cycle; N
is the number of IGBT.

The power loss of the body diodes (D2, Dac, Dap, Dacp) are
included. And the power loss of the independent diodes (D,
Dic, Dip, Dicp) are calculated as follows:

1
+ (Z COS @VCE(gal) Il"

. =0.01dV, I.n (24)

Dot ~001[(1—d)VI +Vplpn (25)
PD.turnﬂm ~0.01x0. S‘Gplﬂ,tﬁ,ﬂ,n (26)
By o =0.01x0.5V I 1, fn 27)

Where f;, and #, are the turn-on and turn-off time of the
independent diode respectively; n is the number of the
independent diode; V and I are the corresponding voltage and
current.
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Fig. 23 Efficiency performance of DB-AC. (a) three scenarios. (b) comparison
between the measured value and the theoretical value with d,=0.7, d>=0.
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As can be seen from the figure, when the output power
reaches 500W, the efficiency of the converter is over 95%. And
the DB-AC will obtain higher efficiency in some cases with one
duty cycle equals to 1 or 0. Because in the above two working
conditions, the switching loss of the switches is smaller than
other scenarios.

B. Application of Converter as DFVC
| |
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VST[ISOUI‘C6| [I System e [I Load |TVL.0ad
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Fig. 24 The proposed DFVC.

From the above analysis, it can be seen that the DB-AC has
the performance of output bipolar voltage. Therefore, as shown
in Fig. 24, the DB-AC can be fully used as DFVC to address
voltage swell and sag problems appeared in the power grid.
And as the swell or sag of the power grid voltage appear, the
bypass switch is turned off, the DB-AC operates in DFVC
mode and provides compensation voltage for the system.
Conversely, when the grid voltage is nominal voltage, the
bypass switch is connected and the DFVC is in the bypass
mode. As can be seen from Fig. 24, the relationship between the
supply voltage vy, load voltage vi.s and the compensation
voltage Av provided by DFVC is as follows.

Ve =Vs = Vac

(28)

In order to verify the application of the proposed DB-AC as
DFVC, two experiments were successfully implemented in the
conditions of grid voltage swell and sag respectively, and the

waveforms of experimental results are shown in Fig. 25 and Fig.

26. Due to the limitation of laboratory conditions, the standard
voltage is set to 110Vrms. And that is to say, the load voltage
Vieada Should be maintained at 110Vrms by DFVC.

Voltage sag: Fig. 25 shows the experimental waveforms of
the DFVC under voltage sag condition, vs=60Vrms<vy;=110
Vrms, and the grid voltage experiences approximately 45.45%
voltage sag. At this point, the DFVC should be provided a 50V
compensation voltage to maintain the load voltage vie. at
110Vrms, and the proposed DB-AC works in non-inverting
operation with the vac and vs are in-phase.

Voltage swell: Fig. 26 shows the experimental waveforms of
the DFVC under voltage swell condition, vs=160Vrms>vgy
=110Vrms, and the grid voltage experiences approximately
45.45% voltage swell. In order to adjust the load voltage vioqa to
the nominal voltage 110V, the DFVC should be provided a
inverted 50V compensation voltage. As can be seen from the
Fig .26, the supply voltage v, and compensation voltage Av are
out-of-phase.

In order to prove more fully that the proposed converter can
solve both voltage sag and swell problems. The waveforms of
two dynamic experimental results are shown in Figs. 27 and 28.
The experimental results show that the proposed converter can
solve the voltage fluctuation problem well when it is used as
DFVC. In addition, in order to prove the ability of the DB-AC
to output bipolar voltage, the experimental results of DB-AC
with transition from inverting to non-inverting operation shown
in Fig. 29 is given.

In summary, when voltage swell or sag occur in the grid, the
DFVC based on the proposed DB-AC works well, and it can
provide a bipolar voltage.
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Fig. 25 Experimental waveforms of the DB-AC used as DFVC (vy is grid
voltage, Uy represents load voltage, vac is the output voltage of the DB-AC).
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Fig. 26 Experimental waveforms of the DB-AC used as DFVC (vs is grid
voltage, vg represents load voltage, vac is the output voltage of the DB-AC).
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Fig. 27 Dynamic results for voltage sag mitigation (vs is grid voltage, vg
represents load voltage, vac is the output voltage of the DB-AC).
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Fig. 28 Dynamic results for voltage swell mitigation (vs is grid voltage, vg
represents load voltage, vac is the output voltage of the DB-AC).
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Fig. 29 The experimental results of DB-AC with transition from inverting to
non-inverting operation.
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VI. CONCLUSION

In this paper, a novel bipolar-type ac-ac converter topology
based on dual-buck PWM ac choppers is proposed. It can
obtain bipolar output voltage gain, that is, an in-phase or
out-of-phase output voltage with the input voltage can be
obtained. Therefore, it has capability to compensate both
voltage sag and swell when used in a DFVC. Especially, an
advantage is that the proposed ac-ac converter has the same
buck/boost operation process for non-inverting and inverting
modes, which ensures the continuously average current supply
to the low-voltage output side without a high-value capacitor to
support power. Additionally, due to the common sharing
ground of the input and output, the feature that output can
reverse or maintain phase angle with input is supported well.
By adopting two-level non-differential dual-buck ac chopper
legs with two separation inductors, the proposed converter
overcomes the commutation problem and improves the
utilization of the duty cycles due to there is no dead-time.
Partial free-wheeling diodes can be chosen independently with
fast reverse recovery features to minimize switching loss.
Finally, a detailed analysis of the proposed converter and
DFVC has been presented and validated by experiment.
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