9432

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 33, NO. 11, NOVEMBER 2018

Dual-Buck AC-AC Converter With Inverting and
Non-Inverting Operations

Usman Ali Khan, Ashraf Ali Khan, Student Member, IEEE, Honnyong Cha

, Member, IEEE,

Heung-Geun Kim, Senior Member, IEEE, Juyong Kim, and Ju-Won Baek, Member, IEEE

Abstract—In this paper, a novel buck—boost ac-ac converter is
proposed. The basic switching unit of the proposed converter is a
unidirectional buck circuit; therefore, it has no shoot-through wor-
ries. It can achieve safe commutation without using RC snubbers
or soft commutation strategies. It can be implemented with power
MOSFETs without their body diodes conducting and, for current
freewheeling external diodes, can be used to minimize the reverse
recovery issues and related loss. It has a bipolar voltage gain with
both inverting and non-inverting operations. The non-inverting
operation can be used to compensate voltage sag, and inverting
operation can be used to compensate voltage swell. Therefore, the
proposed converter as a dynamic voltage restorer is capable of
compensating for both voltage sag and swell in a wide range. The
detailed theoretical analysis followed by detailed experimental re-
sults of a 300-W prototype converter is provided.

Index Terms—AC-AC converter, bipolar voltage gain, commu-
tation, dual-buck, dynamic voltage restorer (DVR), MOSFET, re-
liability.

NOMENCLATURE
DVR  Dynamic voltage restorer.
VSI Voltage-source inverter.
PWM  Pulse width modulation.
RMS  Root mean square.
NIB Non-inverting buck.
IBB Inverting buck—boost.
INIBB Inverting and non-inverting buck—boost.
IBu Inverting buck.
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1Bo Inverting boost.
PI Proportional-integral.

I. INTRODUCTION

UE to variation in load condition and supply-side distur-

bance, the voltage available to consumers is exposed to
problems of power quality. The sag and swell in the supply volt-
age are the main power quality problems. They can damage or
shut down the sensitive equipment. Voltage sag happens when
the supply voltage dropped between 10% and 90% of the RMS
voltage [1], [2], and voltage swell happens when the supply
voltage suddenly increased up 110-180% of the RMS voltage
[3]. The static synchronous series compensator (SSSC) and the
DVR are commonly employed to mitigate the power quality
problems. The SSSC is used at the higher voltage level [4] and
the DVR is preferred at the lower voltage level [5].

A DVR can be designed with a VSI [6] or a direct PWM
ac—ac converter [7]. A DVR based on the VSI is shown in
Fig. 1. It compensates both voltage sag and swell and also
stores energy in batteries for voltage compensation. However,
it requires an additional ac—dc power processing stage with
bulky dc-link capacitors and batteries, which makes this solution
cumbersome. Fig. 2 shows the DVRs implemented with an ac—ac
converter [7]. The DVR based on a direct ac—ac converter saves
the bulky dc-link capacitors and the additional ac—dc power-
processing stage.

Among the direct PWM ac—ac converters, the traditional
buck, IBB, non-inverting buck—boost, and Cuk converters [8]-
[12] are the common topologies. However, they have unipolar
voltage gains and can compensate either voltage sag or swell.
The ac—ac converters with a bipolar voltage gain can compen-
sate both voltage sag and swell. The Z-source ac—ac converters
[13]-[16] have bipolar voltage gains; however, the sharp rise
and fall in its gain during the NIB operation are quite challeng-
ing for the controller. In addition, the high voltage and current
stresses of the switches degrade its efficiency. The ac—ac con-
verters in [17] and [18] have bipolar voltage gains; however,
they have complex operational modes. The aforementioned ac—
ac converters [13]-[18] have shoot-through and/or dead-time
problems, which are major reliability issues. To avoid shoot-
through and dead-time problems, they use either RC snubbers
or soft commutation strategies [19], [20]; however, these tech-
niques have some serious drawbacks [21], [22].

See http://www.ieee.org/publications_standards/publications/rights/index.html for more intormation.
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Fig. 3. Dual-buck structure [35].

The first dual-buck converter was proposed in [35]. Its basic
switching unit consists of two buck cells connected in parallel,
as shown in Fig. 3. In each buck cell, an external diode is
connected in series witha MOSFET; therefore, no shoot-through
is possible. In Fig. 3, instead of body diodes, external diodes of
good reverse recovery features freewheel the current; therefore,
the reverse recovery issues can be decreased.

Recently, new type single-phase [21] and three-phase [22]
ac—ac converters using the dual-buck structure [35] are pro-
posed. They do not have short-circuit and open-circuit issues,
and they do not require RC snubbers and soft commutation
strategies. Furthermore, they can use MOSFETSs without their
body diodes conducting. However, they generate circulating cur-
rents, and to limit their circulating currents, they require coupled
inductors. To decrease the magnetic volume of the coupled in-
ductors in [21], the separate coupled inductors are integrated
into one core in [12]. To further decrease the magnetic volume,
the filter inductor in [12] is eliminated by utilizing the leakage
inductance of the integrated coupled inductor in [23]. In [25],
a cascaded multilevel converter based on the single-phase con-
verter [21] is proposed. The converters in [12], [21]-[23], and
[25] generate circulating currents, and to eliminate their circu-
lating currents, modified ac—ac converters using separate filter
inductors are proposed in [11], [24], and [36]. However, all of
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Fig. 4. Proposed ac—ac converter.

these converters have unipolar voltage gains and can compensate
either voltage sag or swell in a DVR. In [26], a high-frequency
isolated double step-down ac—ac converter is proposed. It has
a buck function with a bipolar voltage gain. However, its out-
put peak voltage cannot exceed half of the input peak voltage;
therefore, its range to compensate voltage sag or swell is lim-
ited. Furthermore, it is associated with the circulating current of
[21], which decreases the efficiency.

Similar to the aforementioned dual-buck-type ac—ac convert-
ers, single-stage buck—boost inverters [27], [28], buck inverters
[29]-[32], and multilevel converters [33], [34] are proposed with
the dual-buck structure to avoid shoot-through and to improve
efficiency by utilizing MOSFETSs without the reverse recovery
issues of their body diodes.

In this paper, a dual-buck-type buck—boost ac—ac converter
with a bipolar voltage gain is proposed. It compensates both
voltage sag and swell in a wide range when used as a DVR. The
proposed converter can operate as a conventional NIB converter
and an IBB converter with voltage gains D and —-D/(1 — D),
respectively, where D is the duty cycle of the converter [39]. In
addition, it can be operated with the voltage gain (2D — 1)/D,
with the NIB operation for 0.5 < D < 1, the IBu operation
for 0.33 < D < 0.5, and the IBo operation for 0 < D < 0.33.
The proposed converter has no short-circuit and open-circuit
issues, and it can achieve safe commutation without requiring
RC snubbers and soft commutation techniques.

II. PROPOSED CONVERTER

Fig. 4 shows the schematic diagram of the proposed converter.
Its basic switching unit is a buck cell. In each buck cell and
inversed buck cell, a MOSFET is connected in series with an
external diode, and each cell is connected to a separate inductor.
Therefore, the proposed converter has no shoot-through issues.

Inductors (L;—L,) store energy, oppose shoot-through,
and avoid current flow through the body diodes of MOS-
FETs (S51—Ss). The current freewheeling external diodes
(D1-Dg) of good reverse recovery features can be used, ow-
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Fig. 6. Operational modes in NIB operation. (a) Mode 1. (b) Mode 2.

ing to which the reverse recovery loss and issues can be
minimized.

As aforementioned, the proposed ac—ac converter has no
shoot-through concerns; therefore, large dead-time in the gating
signals and RC snubbers are not required. C,—C'; are attached
to avoid voltage spikes in unwanted dead-times between the
switches. They also serve as filtering capacitors. In this paper,
L1—L, are assumed to have the identical inductance L, and the
operating modes are shown only for v, > 0.

III. NIB OPERATION

As shown in Fig. 5(a), in NIB operation, S and .S; are always
ON, and S5 and Sy are always OFF. The equivalent circuit in the
NIB operation is shown in Fig. 5(b). In this operation, v, < vy,
and v, is in phase with v,.

A. Mode 10 — DTy]

D is defined in Fig. 5(a). As shown in Fig. 6(a), S; and Sy
are ON, and S, and S5 are OFF

dZLQ o Vin — Vo

dt 2L M
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Fig. 8. Operational modes in IBB operation. (a) Mode 1. (b) Mode 2.

B. Mode 2 [DTs — T]

As shown in Fig. 6(b), S; and Sy are OFF, and S5 and S3
are ON

diLQ Vo

— = - 2

dt 2L )

Using (1) and (2), and the volt—second balance condition on

Ls and Lg, the voltage gain (M) in NIB is obtained as

Vo

My =—=0D.
Vin

3

IV. IBB OPERATION

As shown in Fig. 7, in an IBB operation, S; and S3 are always
ON, and S, and S, are always OFF. In this operation, v, can be
obtained both greater and lower than vy, .

A. Mode 10— DTy

D is defined in Fig. 7(a). As shown in Fig. 8(a). S5 and Sg
are ON, while Sg and S7 are OFF
diLQ _ Uin d’Uco - io
d 2L° dt O’

“)
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B. Mode 2 [D\T, — Ty]

As shown in Fig. 8(b), S5 and Sg are OFF, while Sg and S7
are ON

diLQ - Vo dvcu o _iLl —iO (5)
dt 2L’ dt c
The voltage gain (Mp) in an IBB operation is obtained as
Vo D1
Mp=—=——""—. 6
B= 1D, (6)

The negative sign in (6) shows that v;, and v, are out of
phase by 180°. Using the ampere—second balance condition on
the output capacitor C,, we obtain

lo
1-D’

)

iy = —

V. INIBB OPERATION

The gate-signal generation in an INIBB operation is shown
in Fig. 9, where D, Ty is the ON time of S, Sy, Sg, and S7
in one switching cycle. All the switches are switched at a high
frequency. In this operation, an output voltage greater or lower
than the input voltage and in phase or out of phase to the input
voltage can be obtained. In this operation, the converter has two
operating modes in a switching cycle.

A. Mode 1[0 — DyTy]

As shown in Fig. 10(a), S1, Sy, Sg, S are ON, and Sy, Ss,
S5, Sg are OFF
Vin — Vo de N Z‘L2 - io

diLz_ 0
dt 2L °  dt c ®)

B. Mode 2 [DyTs — Ts]

As shown in Fig. 10(b), Sy, Sy, S, S7 are OFF, and S, S3,
S5, Sg are ON

digs Un o dvo, G ©)

dat 2L’ di c

The voltage gain (M) in an INIBB operation can be
obtained as

&_2D2—1

M =
C D,

(10)

Vin
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Using (8) and (9), and the ampere—second balance condition
on C,, we obtain

Lo
Dy’
The voltage gains in (3), (7), and (10) are plotted in Fig. 11.

(1)

ig =

VI. SWITCH VOLTAGE AND CURRENT STRESSES

In this section, the voltage and current stresses of the switches
are normalized to V,, and I,, respectively, and the results are
expressed in terms of voltage gain (G).

A. NIB Operation
1) Voltage stress

nib ynib
stress (S5 g)

stress(S1_y4) _ L7
g nib ¢ " (12)
— é _ 17 sr,rns.‘;fsej) _ O
2) Current stress
Gntir};%@(S ) qntilbc%(S )
stress 1-4,6,7 stress(os,8
{ L, =b =7 =% M
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B. IBB Operation

1) Voltage stress

2) Current stress

Vibb Vibb
stress(Sp 4) 1 stress(Sy 3) 0
Vo -G Vo -
ibb ( )
stress(S5_g) _ 1
V. =—-z+1
Iihh Iibh
btrcs>(52v3_5,8> _ o blrcib(slv,l> _ .
) = - @, Lmela) g

C. INIBB Operation
1) Voltage stress: The INIBB has NIB and IBB operations.

inibb(nib) inibb(nib)
stress(S1_4) _ l stress(S5_s) _ i ]
Vo G’ Vo G

-1 0.5

Normalized switch voltage stresses. (a) NIB operation. (b) IBB op-

s)

In the NIB operation, the normalized voltage stresses are
obtained as

. (16)

In an IBB operation, G is negative. Thus, by inputting negative

G in (16), the normalized voltage stresses are obtained as

inibb(ibb)
stress(S1_4) 1
Vo e
inibb(ibb)
stress (S5 _g)

_ 1
=L+

o

a7

The normalized voltage stresses in (12) and (14) are plotted
in Fig. 12(a) and (b), respectively, and the normalized voltage
stresses in (16) and (17) are plotted in Fig. 12(c).

1) Current stress
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Fig. 13. Normalized switch current stresses.

The normalized switch current stresses in (13), (15), and (18)
are plotted in Fig. 13.
Table I compares the NIB, IBB, and INIBB operations.

VII. PARAMETER DESIGN

In this section, the guidelines for the parameter selection are

given.

1) As given in Table II, the peak input voltage Vi, =
[110-200] V, the peak output voltage V, = 155.5 V,
and the switching frequency f, = 50 kHz. In the buck
operation, Vi, max = 200 V, and in the boost operation,
Vinmin = 110 V.

2) The maximum voltage stress of S7—S4 is Viy max, and
that of S5 —955 is Vip.max + Vo = 355.5V.

3) To obtain the same V,, = 155.5 V in various operations,
the duty ratios can be obtained as

_ V., _
Dlllin - Vin,max - 0'78
D1 win = + =0.44
b g
Dy maxy = ——~——— = 0.58
l.ma 1+("in‘}:uin)
nib 1 (19)
D2 = W = 0.82
"\ Vin max
Dinll = ﬁ = 036
"\ Vinmax
l)gx>::_____i7f-— =0.29.
27(7‘/'“1.101“11 )
4) The peak output current is obtained as
2P,
IU = 9 == 3.86A (20)

o

5) Using (19) and (20), the inductor currents in various op-
erations can be obtained as

Iip, =1, =3.86 A, IR)% = # —69 A
o — L ni _ I, _
Ii%b T 1-Dimax 9.2 A, Iinikfgb - W =47TA
ibu L, _ ibo _ I, __
Lt = Dyv T 107A, IR, = pe = 133 A
(21

Thus, the maximum current stress is 13.3 A in the IBo mode
of an INIBB operation.

6) By considering inductor current ripple k; = 25% of the

currents in (21), and using (2), (5), (9), (19), and (21), the
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TABLE I
COMPARISON OF OPERATION MODES
on-invertin, uc nvertin; uck-boost nverting and non-invertin uck-boost
Non-inverting buck (NIB) | Inverting buck-boost (IBB) Inverting and non-inverting buck-boost (INIBB
Voltage gain M, =D M. = — D _2D-1
7 1-D )
NIB IBB
Voltage stress | S, — S, Vin S5, Sa Vin S, —S, Vin S —S, Vin
Ss' Ss Vin = Vo S5, 83 0
S5 — Sg Vin =V S5 — Sg Vin + Vo
Se) S, 0 S —Sg Vin + V,
Current stress S — S, I, S,, 83 I, S; — Sg 1,(3D, — 1) S —Sg I,(1—-Dy)
S6,S7 S5 —Sg 1-D, D, D,
Ss, Sg 0 S1, S, 0
Inductor design | | _ Vo (1= Dpin) o Ve (1= Dymin) o Vinmax X (1 — DJP) wu_ Vinmax X (1= DIPY)
M2 fow ki P2 f ki I T2 foy X ey X IRy T2 fy X by X IR
e~ T X 0= Dined Voo x (1 D)
D2 X f X kg x 189, D0 X fo X kg X 1120
((;apacitor chu — Io X Din chu — lo X Dymin np _ Jox (1= D3) oy _ o x (1-DP)
esign fsw X ky XV Jow X ky XV, mibb = £ X ky XV, inibb = £ X ky XV,
C%% — Ia X Dl.max Cibu _ 10 X (1 - Dzibo)
! fszkvXVo inibb_fskavXVa
TABLE I obtained as
ELECTRICAL SPECIFICATIONS b D
u — 1o /1 . min —
ibb ™ fov ke Ve T 3.65 pF
Output voltage 155 Vpear/ 60 Hz i}fﬁ) — ?i“DI;,m‘Z =481 uF
Input voltage 110-200 Vpeax/ 60 Hz . 1,-(1—Dpuib
Output power 300 W ilhlit‘;)b = % =149 /‘F (23)
Switching frequency 50 kHz b
MOSFET S-S5 47N60CFD cibn L (DY) s gy JF
Diode D;-Dg RHRG3060 inibb fow ko Vo
Inductor L —L4 0.5 mH . I,-(1=Dipo
Capacitors C -Cy 2.2 uF Cf}fﬂjb = #iﬂ)) = 5.89 uF.
Output capacitor C,, 6.8 uF . . T ) )
Controller TMS320F28335 The maximum required capacitance is 5.89 pF in the boost

inductances can be obtained as

Lnib

bo
nib
ibu

ibo

L?}Pb =
ibb ™
inibb T
inibb T

inibb T

2 fsw ki Inin
Pise) = 0,503 mH
= L UDises) — 0283 mH
Vin.max-(1-D3™ (22)
= ”f—,§l> = 0.306 mH
Vin.max-(1=Dibt
= ”,E—I]H) = 0.478 mH
Vin.min-(1-Di°
= Qf,gipb) = 0.235 mH.

mode of an IBB operation. Therefore, the inductance of each

inductor is chosen as 0.5 mH, and the capacitance of the output
capacitor is chosen as 6.8 pF.

Vo-1=Duin) _ () 353 mH

VIII. DVR

Fig. 14(a) shows the proposed DVR, and Fig. 14(b) shows
the vectors associated with the voltages. In Fig. 14(a), vy, is the
load voltage, vj, is the input voltage, v, is the output voltage
of the converter, and V7, Vi,, and V, are their peak values. As
shown, when V;;, < V, the converter generates a positive V. =

Vi — Vin, which is then added to Vj;, to compensate voltage sag.

Similarly, when Vi, > V7, the converter generates a negative V.,

which is then added to V;, to compensate voltage swell. From

The maximum required inductance is 0.503 mH in the buck
mode of an IBB operation.

7) The capacitance of C, to maintain an output voltage rip-
ple k, = 6% of v, in various operating modes can be

Fig. 14(a), we obtain

V[, = Vin + UC -

(24)

The output voltages of the converters (v, = v.) in the NIB,
IBB, and INIBB operations are given in (3), (6), and (10), re-
spectively. By using v, = v, from these equations in (24), the
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load voltage can be obtained as
v = (1 +D) - Vin
Vi = (1 - lf’;)l) v, (IBB)

Vs = (1 + “}D—*l) v (INIBB).

(NIB)

(25)

The load voltage gain (v, /v;, ) from (25) is plotted in Fig. 15.
In the NIB operation, only the voltage sag can be compensated,
and a maximum of 50% voltage sag can be compensated. In an
IBB operation, only the voltage swell can be compensated, and
ideally, 100% voltage swell can be compensated. In an INIBB
operation, the voltage sag can be compensated for Dy > 0.5, and
the voltage swell can be compensated for D, < 0.5. Ideally, in
an INIBB operation, 50% voltage sag and 100% voltage swell
can be compensated.

Thus, to compensate both the input voltage sag and swell, two
operations can be used: 1) INIBB operation with one control
variable Dy, and 2) combined NIB and IBB operation, with two
control variables D and D; .

A. Bypass Mode

In practice, when Vi, = 0.9 Vi — 1.1 V¢, the input voltage
is considered in the nominal range, and the bypass mode is
activated. In the bypass mode, switch S;, in Fig. 14(a) is turned
ON and the switches of the converter do not need to be actively
controlled. Thus, the gate lock operation is implemented and all
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the converter switches are turned OFF. When Vi, is not in the
range (0.9 Vier — 1.1 Viet), Sy is turned OFF and the converter
is activated and controlled by a closed-loop controller. In closed-
loop control, V;, is compared with V..¢. To obtain V;, from vy,
the widely used peak voltage detector [37] shown in Fig. 16 is
used. As shown in Fig. 17, V7 is then compared with V. to
obtain an error signal e(t), which is given into a PI controller.
The PI controller compensates e(t) and a control signal u(t) is
generated. K, and K; are the proportional and integral gains of
the PI controller, respectively.

B. INIBB Operation

The control block diagram in an INIBB operation is shown
in Fig. 18. V}, is compared with Vs and an error signal e(t) is
obtained, which is given into the PI controller. The PI controller
compensates the e(t) as shown in Fig. 17, and the control signal
D, (t) is generated. Do (t) is compared with a carrier signal (see
Fig. 9) to obtain the switching signals.

C. NIB and IBB Operations

The control block diagram of NIB and IBB operations is
shown in Fig. 19.

1) Voltage sag compensation: When Vi, < 0.9 V¢, the in-
put voltage has a sag. To compensate voltage sag, the
controller activates the converter in the NIB operation. In
the NIB mode, D; (t) = 0 and D(t) are determined by the
PI controller.

2) Voltage swell compensation: When Vi, > 1.1 V¢, the in-
put voltage has a swell. To compensate voltage swell, the
controller activates the converter in the IBB mode. In the
IBB mode, D(t) = 1 and D; (t) is determined by the PI
controller.
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Fig. 19.  Block diagram of the closed-loop control in NIB and IBB operations
for the DVR.
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Fig. 20.  Simulation results of the DVR.
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Fig. 21. Simulation results of the proposed converter. (a) Dead-time.
(b) Overlap time.

D. Simulation Results of the DVR

Fig. 20 shows the simulation results of the DVR in the INIBB
operation. Vit is 155.5 V. In ¢,, the input voltage is the
nominal value; therefore, the bypass mode is activated and v, =
0.1Int, a voltage sag of 77 V occurs. To compensate the voltage
sag, the converter generates v. = 77 V. In t., a voltage swell of
77 V occurs. To compensate the voltage swell, the converter
generates v, = —77 V.

The load voltage (vr,) is regulated at 155.5 V. The simu-
lation results of the proposed converter with dead and overlap
times are shown in Fig. 21. As discussed in Section II, the pro-
posed converter has no problem with dead and overlap times in
gate signals and, therefore, has no commutation problem.

Table III compares the bipolar voltage gain ac—ac converters.
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v;, [100V/ div] i;5[10A4/div]
¥ v, [100V / div] 14
/A /¥ Al
%[IOA/diV] ir4[10A4/div]
P e j-'/"\"l :
— S| ] \ VDS3 [200V / le]
vps1 (2007 /div] Jpsi[20077/div]
[5 ms/ div] [5 ms/ div]
(@) (b)
Fig. 22.  NIB operation. (a) Input and output voltages, output current and

switch voltage. (b) Inductor currents and switch voltages.

Vi, [1007 / div] ir3[20 4/ div]
v, [1007 / div]
/N #0A/divT|

i11[204/ div]

' A AL A
\/W Vs (200K / div]
W, I'-,I | \ % 1 l." K/ "'
o T g

vpsi [2007 / div]

(a) (b)

Fig. 23.  IBB operation (IBu). (a) Input and output voltages, output current
and switch voltage. (b) Inductor currents and switch voltages.

\lf i [ZWV] W W

31007 / div]
A Mip 104/ div] ir1[204/ div]
7 ¥

My, 100V / div] Y
/div]

vps7[20

vps1[2007 / div]

[5 ms/ div]|
(@) (b)

[5 ms/ div]

Fig. 24.  IBB operation (IBo). (a) Input and output voltages, output current
and switch voltage. (b) Inductor currents and switch voltages.

IX. EXPERIMENTAL RESULTS

A 300-W laboratory prototype is fabricated and tested suc-
cessfully. The design specifications are given in Table 1. During
the experiments, safe commutation is achieved without using
soft commutation techniques and lossy snubbers. The experi-
mental results in Figs. 22-27 are obtained with resistive loads.
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TABLE III
COMPARISON BETWEEN THE PROPOSED AND CONVENTIONAL BIPOLAR VOLTAGE GAIN AC—AC CONVERTERS
Proposed converter [17] IBB operation [18] [26] [14], [15], [38]
(INIBB operation)
Operation Buck—boost Buck-boost Buck—boost Buck Buck-boost
Number of switches 8 6 8 6 4
. 2D, —1 D Dy -D: 1 1-D
Voltage gain # =0 1177[)35 +5nD 190
Switch voltage stress Vsi-s4 = Vin, Vsi,52 = Vin, Vs1-54 = Vin, Vs1-54 = Vin, Voi_s4 = T2
Ves—gs = Vss 54 = Ves—gs = Vss—s6 = Vo,
‘/in - VO (NIB) Vi“ + VO Vm X 1= g;
Vss.56 = Vi

Vin +Vn (IBB) 55,56 o

Io(3Dy—1) (NIB)
Switch current stress D2 Ij I, x ]:D“ Is1-54 = Iem +nl,, f“

L(1-D>) (BB 1-D 1-D3 1-2D

D, ( ) ISS—SG =I;+ 1,

Reverse recovery issues of no no yes no yes
body diode?
Dead or overlap time problem? no yes yes no yes
Commutation problem? no no yes no yes
Recommended device for MOSFET MOSFET with IGBT MOSFET IGBT

switching

series diode

Power

Suitable for both low

and high powers owing

to inductive power
transfer

Suitable for both
low and high powers
owing to inductive
power transfer

Suitable for both low and
high powers owing to
inductive power transfer

Suitable for low

power owing to

capacitive power
transfer

Suitable for low power
owing to capacitive
power transfer

Iy, is the circulating current and / is the current through the capacitor C's defined in [26].

v;, [100V / div] i11[20 4/ div]
vy [100¥ / Alv A
[\ Q&
Q[04/div] | 112[204/ div]
\+ /\ ) N[ O, SR I o, N
o = Pl vps3[200 / div]
™/ v/ v/
/ \/ \/ i
vps1[2007 / div] vps1[2007 / div]
[5 ms/ div] [5 ms/ div]
(@) (b)

Fig. 25.

A. NIB Operation

INIBB operation (NIB). (a) Input and output voltages, output current
and switch voltage. (b) Inductor currents and switch voltages.

Fig. 22 shows the waveforms in the NIB operation, when
Vin =198 Vi, V, = 155.5 V,x, and D = 0.785. Fig. 22(a)
shows the waveforms of the input voltage v;,, output voltage
v,, output current %,, and drain—source voltage vpg; of switch
S1. Fig. 22(b) shows the currents 775 and 74 of inductors Lo
and Ly, respectively, and the drain—source voltages vpg; and

UDS3-

B. IBB Operation

1) Inverting-buck mode: Fig. 23 shows the results in the buck
mode when Vi, = 198 Vi, V,, = 155.5 Vi, and D; =

0.44.

v;, [100V / div i 1 [20.40 di
;\”[ ] 0[100/\/div] q’il[ IV]M
- A a AN a [204/div]
i [10 /le] iz v
f /-\\_/ /\ " \..—-/ N Nl
K . yps3[100¥/ div]
\os \/.‘ \/ ' A
vps1 [200V7/div] vpsi [1007 / div]
[5 ms/ div] [5 ms/ div]
(@) (b)

Fig. 26.

INIBB operation (IBu). (a) Input and output voltages, output current

and switch voltage. (b) Inductor currents and switch voltages.

2) Inverting-boost mode: Fig. 24 shows the results in the
boost mode when V;,, = 113 Vi, V, = 155.5 V], and

D; = 0.58.

C. INIBB Operation

1) NIB mode: Fig. 25 shows the results in the NIB mode
when V;, = 198 Vi, V, = 155.5 V},x, and Dy = 0.825.

2) IBumode: Fig. 26 shows the results in the IBu mode when
Vin = 198 Vi, V, = 155.5 Vi, and Dy = 0.3589.

3) IBo mode: Fig. 27 shows the results in the [Bo mode when
Vin = 113 V., V, = 155.5 Vi, and Dy = 0.296.



KHAN et al.: DUAL-BUCK AC-AC CONVERTER WITH INVERTING AND NON-INVERTING OPERATIONS

=

n[l

\_—*

/\ \/’/\\._//\\ ——'/\\-—-//\\-—-/ "\\-

(1007 / d1v]

0V/dw]/§
T RVATRVRTA

171120 4/ div]

j12[204/div]

VA WA LY

Fig. 27.
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INIBB operation (IBo). (a) Input and output voltages, output current

and switch voltage. (b) Inductor currents and switch voltages.
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(@ (b)

Experimental results with partially inductive load. (a) NIB operation.

(b) IBB operation.

/'/F_m'\“"\\_ "/FFFH‘\\_\_ _./".M \
= 1 oov a7 .
[200V / div] [104/ div] A
V__— ] \J— \/ 1 [5 ms_/al:/j
Fig. 29. Experimental results with nonlinear load in NIB operation.

Fig. 28(a) and (b) shows the experimental results with par-

tially

inductive load (R =40, L; = 50 mH) in NIB and

IBB operations, respectively. Fig. 29 shows the experimental
results with the nonlinear load in the NIB operation. The non-
linear load consists of a full-wave diode rectifier followed by a
dc-link capacitor of 470 uF.

To

verify the operation of the proposed DVR, the experi-

mental results under the input voltage swell, voltage sag, and
nominal voltage are provided in Fig. 30. The load voltage vy, is
regulated at 155 V.

1y

Voltage swell: In Fig. 30(a), (Vi, =233 Vi) >
(Vi = 155 Vi), and V4, has a voltage swell of 78 V,x. To
compensate voltage swell, the converter is activated in the
inverting operation and switch (.S;) in Fig. 14(a) is turned

9441
- [20012/ di ez ; e
m v,y [200V / div]
| &
b‘,r[20[) iv] ;0[200 VI div]
v, [2007 / div] v [200V / div]
Voltage Swell [5ms/ div]| Voltage Sag [5 ms/ div]
(a) (b)
Vi [2000 7 div] e
&V [200F / div]
vy [2000 / div]
Nominal Voltage [5 ms/ div]
(c)
Fig. 30. Experimental results of the proposed DVR.
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Fig. 31. Measured efficiencies. (a) Positive G. (b) Negative G.
0.7 T — T 40
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Fig. 32.  Measured THD of the output voltage. (a) Positive G. (b) Negative G.

2)

3)

As

OFF. The converter produces the inverted V, = 78 V},
which is then added to Vi, = 233 Vi, and Vg = 155 Vi
is obtained.

Voltage sag: In Fig. 30(b), (Vi, =77 Vi) <
(Vi = 155 V), and Vj, has a voltage sag of 78 V.
To compensate the voltage sag, the converter produces
a non-inverted V, = 77 Vi, which is then added to
Vin = 77 Vpx, and V7, is regulated at 155 V.

Nominal voltage: As shown in Fig. 30(c), when Vi, =
155 V,x (nominal value), switches (S57—Ss) are turned
OFF, and \9;, is turned ON to bypass vy, to vy,.

shown in Fig. 30, for all the three cases, V7, is regulated

at 155 Vi, which verifies the operation of the proposed DVR.
Fig. 31 shows the measured efficiencies, and Fig. 32 shows the
measured total harmonic distortion (THD) of the output voltage.



9442

Fig. 33.

Prototype photo.

The photo of the hardware prototype is shown in Fig. 33. In all
the experimental results, the inductor currents are unidirectional,
which confirmed that the body diodes are disabled to conduct.

X. CONCLUSION

In this paper, a novel buck—boost ac—ac converter is proposed.
It combined the operations of NIB and IBB converters in one
structure. Similar to the buck converter, it has a NIB operation,
and similar to an IBB converter, it has an IBB operation. In
addition, it has an extra operation, in which the output voltage
higher or lower than the input voltage that is in phase or out of
phase with the input voltage can be obtained. Thus, the proposed
converter can compensate both voltage sag and swell when used
in a DVR.

The basic unit of the proposed converter is a unidirectional
buck circuit; therefore, it has no short-circuit and open-circuit
problems. It has no commutation problems and does not require
lossy snubbers and/or soft commutation strategies for opera-
tion. Furthermore, it can utilize MOSFETSs without their body
diodes conducting and without reverse recovery issues and rel-
evant losses. A detailed analysis of the proposed converter and
the DVR has been presented and validated by experimental
results.
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