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Switching-Cell Buck—Boost AC-AC
Converter With Common-Ground and
Noninverting/Inverting Operations

Hafiz Furqan Ahmed
Bashar Zahawi

Abstract—This article proposes a switching-cell-based bipolar
buck-boost ac-ac converter that can provide multiple modes of
operation, including noninverting buck operation, noninverting
boost operation, inverting buck-boost operation, and adjustable
noninverting buck-boost operation with two control duty ratios.
Each fundamental switching-cell in the proposed converter is
composed of a unidirectional buck circuit with no short-circuit
or open-circuit problems, increasing its robustness. Hence, safe
commutation is naturally realized without the use of RC snubbers
or soft-commutation strategies, removing the need for pulsewidth
modulation deadtimes. External fast recovery diodes are utilized,
avoiding the high-frequency conduction of MOSFET’s body diodes
and eliminating their slow reverse recovery problem and corre-
sponding power loss. The proposed converter shares a common
ground between input and output ports, offers support for reactive
loads, draws continuous sinusoidal current from ac mains, and
delivers a continuous output current. The converter is suitable for
ac voltage regulation applications, notably as a dynamic voltage
restorer, compensating extensive magnitudes of both grid voltage
sags and swells. Circuit operation and analysis are provided for all
the proposed modes of operation. Experimental results obtained
using a 400-W laboratory-scale hardware verify the theoretical
analysis.

Index Terms—AC-AC converter, buck-boost operation,
commutation issue, dynamic voltage restorer (DVR), inverting and
noninverting operation, switching-cell (SC).
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I. INTRODUCTION

UE to the integration of renewable energy, growing load

diversity, and the presence of a plethora of disturbance
sources, the power grid is vulnerable to various voltage volatility
issues such as voltage sag/swell, voltage flicker, and three-phase
voltage unbalance [1]. AC-AC converter-based series voltage
compensators [2]-[5] are a promising solution to provide a
stable ac voltage to sensitive electronic equipment and industrial
loads, operating under grid voltage disruptions. Fig. 1(a) shows
afield-upgradable transformer (FUT) based ac voltage regulator
[3], [4], consisting of a modified medium-voltage (MV) distribu-
tion transformer with additional low voltage taps (with +5-10%
voltage settings) and a partially rated direct ac—ac converter with
a shared terminal between input and output ports. Relays R;
and Ry connect the converter inputs to the positive and nega-
tive taps (+vxn), respectively, injecting positive and negative
output voltages (Fvcony) in series with the line voltage vy v,
and provide secondary-side voltage (vsgc) regulation within a
typical range of +£5-10%. Fig. 1(b) shows the configuration of a
dynamic voltage restorer (DVR) [5] based on a direct ac—ac
converter. The converter injects positive and negative series
voltages (£vcony) through tapped-winding (voltage injection)
transformer and connection switches S7, So, providing regula-
tion for both grid voltage sags and swells.

Direct pulsewidth modulation (PWM) ac—ac converters
[6]-[10] are a preferred choice for grid voltage regulation
due to their simple topology/control, smaller size, and single
power conversion process without requiring sizeable dc-link
capacitors. However, typical buck, boost, and buck—boost ac—ac
converters [6]-[10] can produce only noninverting or inverting
outputs. Therefore, they require additional negative tapped-
windings and connection relays/switches (see Fig. 1) for nega-
tive voltage injection. This makes the total size and cost of the
system uneconomical [11].

To resolve this, numerous efforts have been devoted to
the development of bipolar output ac—ac converters [12]-[18].
Impedance-source (ZS) network-based ac—ac converters [10],
[12]-[14] have been proposed with noninverting boost (NIBo)
and inverting buck-boost (IBB) voltage capability. However,
besides requiring a large number of inductors and capacitors,
they are unable to mitigate shallow voltage sags (below 50%) due
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Fig. 1.  Series voltage compensators. (a) FUT [3], [4]. (b) DVR [5].

Da

s
J = o
D, @Sﬁ Splim Db

Buck cell Inversed buck cell Dual-buck switching cell

Fig. 2. SC structure [21].

to the unavailability of a noninverting buck (NIBu) operation. A
nondifferential ac chopper-based bipolar ac—ac converter has
also been proposed [15]. However, this requires eight active
switches and provides only voltage buck operation. AC-AC
converters with bipolar buck—boost voltage operation have been
proposed in [16] and [17]. Nevertheless, the modulation signals
and operation of these circuits are somewhat complex. Also,
the lack of common-ground sharing between input and output
ports makes them unsuitable for application as a FUT [see
Fig. 1(a)] while increasing the insulation requirement of the
voltage injection transformer for application as a DVR [see
Fig. 1(b)] [18]. A unified PWM ac—ac converter was proposed
[18] with bipolar voltage operation and a shared common ground
between input and output. However, this has discontinuous input
and output currents and cannot produce a NIBo output. All of the
aforementioned bipolar ac—ac converters [12]-[18] are suscep-
tible to a voltage source short-circuit and/or interruption of in-
ductor current due to switch overlap and deadtimes, respectively,
resulting in commutation issues. This decreases their reliability
and requires RC snubbers or soft-commutation strategies along
with PWM switching deadtimes for safe operation, each with its
own disadvantages [19], [20].

A switching-cell (SC) structure was proposed in [21] con-
sisting of buck and inversed buck cells connected in parallel,
as shown in Fig. 2, which can naturally overcome the voltage
source short-circuit problem. SC-based ac—ac converters have
been developed [8], [19], [20], [24]-[28] with the following
salient features; high robustness with no short-circuit or open-
circuit issues, no need of RC snubbers or soft-commutation
strategies, removal of PWM deadtimes (and related duty ra-
tio loss), and high-quality output voltage/current waveforms.
In addition, external fast recovery diodes are used to avoid
high-frequency conduction of MOSFET’s body diodes and the
associated problems of significant reverse recovery loss, EMI
noises, and MOSFET damage risk [22], [23]. However, SC-based
buck, boost, and IBB ac—ac convertersin [8], [19], [20], [24], and
[25] have a unipolar output and, therefore, can only compensate a
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Fig. 3.

Proposed SC bipolar buck—boost ac—ac converter.

voltage sag or swell. A high-frequency isolated bipolar SC ac—ac
converter was proposed in [26]. However, this can provide only
a double-buck operation in which the output voltage is limited to
half of the input voltage. A hybrid SC version of a nondifferential
ac chopper-based bipolar ac—ac converter [15] was proposed in
[27]. But, this provides only voltage buck operation and can,
thus, compensate only shallow voltage sags. It also requires
twice the inductance of the original circuitin [15], while the input
current remains discontinuous. An SC noninverting/inverting
ac—ac converter has been proposed [28] with buck—boost voltage
capability for application as a DVR. However, this circuit is de-
void of NIBo operation, limiting the voltage sag mitigation range
to below 50%. It also needs a large number of switching devices
and its magnetic utilization is low (only 50%). Moreover, the
input current is always discontinuous, while the output current
is discontinuous for all modes of operation except the NIBu
mode. All of these SC ac—ac converters have floating input and
output ports, and thus cannot be used in FUT applications. They
also increase the insulation requirement of the voltage injection
transformer when employed in DVR applications.

In this article, an SC ac-ac converter is proposed with bipolar
buck—boost voltage operations. It combines the functionality of
basic NIBu, NIBo, and IBB converters, producing voltage gains
of dg, 1/(1-dp), and —d./(1-d.), respectively. In addition, it can
provide adjustable noninverting buck—boost (ANIBB) operation
with a voltage gain of d,/(1-dy), with independent control of
buck (d,) and boost (d,) duty ratios. The proposed converter is
secured against shoot-through and open-circuit risks, and thus,
naturally realizes safe commutation without requiring RC snub-
bers or soft-commutation switching techniques. It also utilizes
external fast recovery diodes to stop high-frequency conduction
of MOSFET’s body diodes and avoid related issues. The proposed
converter provides the following advantages over existing bipo-
lar SC ac—ac converter topologies: fewer active switches, higher
magnetic utilization, continuous input and output currents, pro-
vision of NIBo operation to compensate voltage sags of above
50%, and common-ground sharing between input and output.

II. PROPOSED SC BUCK-B0OOST AC—-AC CONVERTER

The circuit diagram of the proposed converter is shown
in Fig. 3. It is comprised of second-order input/output filters
(LinCin/ L, C,), a small value film capacitor C, and three pairs of
buck and inversed buck (dual-buck) SCs (see Fig. 2) with small
value shoot-through preventing inductors (Lg1, Ls2, and Lgs)
connected at the midpoints of each pair. A MOSFET is connected
in series with an external fast recovery diode to realize each
buck-cell (S1D2, S3D,, S5Dg¢) and inversed buck-cell (Sy D1,
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TABLE I
COMPARISON WITH SC AC-AC CONVERTERS
SC IBB Bipolar SC SC Proposed
Parameters converter converter inv./non-inv. bipolar SC
[8] [27] converter [28] converter
. dy, dg, 1/(1-dp),
Vol win G L d—dy | a0 dy), | de(-d,
bl 1-d Qdg-1yds | dg/(1~dy)
g NIBu: No NIBu: Yes NIBu: Yes NIBu: Yes
Ag;;'ﬁ"}‘g‘j;’,fﬂf;" NIBo:No | NIBo:No NIBo: No NIBo: Yes
Oiaerations IBu: Yes IBu: Yes IBu: Yes IBu: Yes
IBo: Yes IBo: No IBo: Yes IBo: Yes
No. of switches 4(51 —S4) 8(S; —Sg) 8(S; —Sg) 6(S;—Se)
No. of diodes 4(D, —Dy) 4(Dy —Dy) 8 (D; — Dg) 6 (D — Dg)
No of Energy
storing/ bypass 2(Cy,Cyp) 2(Cy,Cp) 4(C;—Cy) 1(C)
capacitors
2 (Lins Lo),
No. of inductors and 2(Lq, Ly), 2(Ly, Ly), 4(Ly — Ly), Large;
their values Large Large Large 3 (Lsy — Lg3),
Very small
Magnetic utilization Low (50%) Low (50%) Low (50%) High (~100%)
Commutation issue No No No No
Continuity of input Quasi- . . .
. Discont. Discont. Continuous
current Continuous
(Clemtiiinitsy of @i Ql{aSF Continuous Discont. Continuous
current Continuous
Requ%re input filter Yes Yes Yes No
inductor
Common-grounding No No No Yes
o of S;gi)zljo(;\/]e Sag: Eielow Sag: Boelow Sag: above0 &
voltage sag/swell 50% 30% 0% below 30%
Swell: Full Swell: Full Swell: Full
Swell: No
Isolation transformer
is required for series Yes Yes Yes No
voltage injection
Insulation
requirements of High High High Relatively low
isolation transformer

*NIBu (noninverting buck), NIBo (noninverting boost), IBu (inverting buck), IBo (invert-
ing boost).

S4Ds3, Se¢Ds5). Table 1 provides a comparison with existing
SC ac—ac converters [8], [27], [28]. The proposed converter
can provide both voltage buck and boost operations for non-
inverting and inverting outputs; a feature not possessed by the
counterpart SC converters. Also, unlike the counterpart SC
converters in which half of the large inductors are inactive for
each input/output half-cycle, the main inductors L;,, and L, in
the proposed converter are fully utilized with one or two small
value inductors Lgi, Lgo, Lgs also providing filtering in each
half-cycle, improving its magnetic utilization.

Fig. 4(a) shows the equivalent circuit of the proposed con-
verter during overlap time when all switches are turned ON.
The short-circuit of the input voltage source v;, and output
capacitor C,, is avoided by inductors L;, and L,, respectively.
The shoot-through of capacitor C is also protected by inductors
Lg1, Lgo, and Lgs. Fig. 4(b) shows the equivalent circuit dur-
ing deadtime when the switches are turned OFF. As observed,
the inductor currents flow through capacitor C (which acts as a
natural snubber) and external freewheeling diodes without any
interruptions, avoiding switch voltage overshoots. Moreover, the
voltages of all MOSFETs and diodes are clamped by capacitor C.

III. NIBU OPERATION

Fig. 5 shows the switch modulation strategy for NIBu op-
eration. Switches S1—S, are line frequency switches that are
modulated according to the polarity of the input voltage vjy,.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 36, NO. 12, DECEMBER 2021

(b)

Fig. 4.

Voslo

VinsV

)
C.

Viri-Va
N
S2,S3

Ss
Se

Fig. 6.
operation.

Block diagram of switch modulation signals generation for NIBu

For vy, > 0, switches S7, .S are fully turned ON and S, S5 are
fully turned OFF, and vice versa. Switches S5, Sg are modulated
at high frequency in a complementary manner by comparing a
reference signal V,, with high-frequency saw-tooth carrier signal
Viri. FOr vy, > 0, switch S5 is turned ON for an interval d,Ts
(when V, > wvyq), and its complementary switch Sg conducts
for an interval (1 — d,)7Ts (when V, < vy). For vy, < 0, the
ON-times (and functions) of switches S5 and S¢ are interchanged
(S5 now conducts for duration of (1 — d,)T5s), as obtained by
comparing the modified reference signal V(=1 — V) with
Vgri. Fig. 6 shows the block diagram of switch modulation signals
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Fig. 7. Equivalent circuits in Sector-I (v, > 0,4, > 0) for NIBu operation.
(a) Interval-1. (b) Interval-2.

generation for NIBu operation (see Fig. 5). A sinusoidal input
voltage v;,, is compared with 0 to generate a line-frequency con-
trol signal to modulate switches S, Sy, while its inverted signal
modulates switches S5, S3. A reference signal V,is compared
with carrier signal vy, to generate the PWM signal with ON-time
of d,T;. The reference signal V, is subtracted from 1 and the
modified reference signal V is compared with v,; to generate
a complementary PWM signal with an ON-time of (1 — d,)7%.
These signals are fed to a combination of AND and OR logic gates
along with line-frequency logic signals (obtained by comparing
vin, With 0) to generate a PWM signal with ON-times of d, T and
(1 = d,)Ts for vy, > 0 and v, < 0, respectively, to modulate
switch S5, while its inverted PWM signal modulates switch Sg.

For nonunity power factor (reactive load) operation,
Sector-1 (v, > 0,4, > 0) and Sector-II (v, > 0,7, < 0) exist
for v, > 0, while Sector-IIl (v, < 0,7, < 0) and Sector-IV
(16(0,,)0) exist for v, < 0. Circuit operation is discussed
for vy, > 0:

The equivalent circuits for Sector-I are shown in Fig. 7. Sy
and Sy are fully ON, and v;, is applied across the input filter
Lincins Ve = Vin-

A. Interval-1 [0-d T ]

S5 is ON and Sg is OFF [see Fig. 7(a)]. Input source vy,
provides energy to L, and the load. Lg» is in series with L,.
i1, increases linearly with a slope as given by
di in —

Lo _ v Vo ) (1)
dt Lgo+ L,

B. Interval-2 [d,T s—Ts]

S5 is OFF and Sg is ON [see Fig. 7(b)]. v;y, is disconnected from
the main circuit but provides power to the input filter L;,Ciy,
and the input current remains continuous. The energy stored in
Lgo and L, is released to the load. i1, decreases with the slope
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Fig. 8. Switch modulation strategy for NIBo operation.
Fig. 9. Equivalent circuits in Sector-I (v, > 0,7, > 0) for NIBo operation.

(a) Interval-1. (b) Interval-2.

as given by

—U,

diLo
= . 2
At Lsa+ Ly )

Operation in Sector-II occurs for nonunity power factor load
when the output current is reversed (i, < 0). The bidirectional
switching devices (MOSFETs with external free-wheeling diodes)
provide current paths to reversed currents —iri, and —ir,,
making the proposed converter compatible with reactive loads.

The voltage gain M, (= v,/vi,) for NIBu operation is ob-
tained from (1) and (2) as

M, = -2 =d,. A3)

Vin
IV. NONINVERTING BOOST OPERATION

Fig. 8 shows the switch modulation strategy, and Fig. 9 shows
the equivalent circuits for Sector-I. S; and S are now high-
frequency complementary switches that conduct for the duration
of dyT, for vy, < 0 and vy, > 0, respectively. S3—Sg become
line frequency switches.

For vy, > 0, Sy and S5 are completely ON. A CLC filter
(CL,C,) is created at the output by capacitors C, C, and
inductor L,, v. = v,. Lgo is in series with L, and contributes
to its inductance.
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Fig. 10.  Switch modulation strategy for IBB operation.

A. Interval-1 [0—dpT 5]

S is ON and Sp is OFF [see Fig. 9(a)]. Input source v;,
provides energy to L, and the load. Lgq is in series with Lj,
and participates in the filtering of input current

diLin _ Vin dUC _ _io
dt Lg + Lin7 dt c -

“

B. Interval-2 [dyT T 5]

S is OFF and .S is ON [see Fig. 9(b)]. Input source vy, and
Ly, provide energy to capacitor C and the load. Circuit equations
are given by

diLin ~ Uin — Vo dUC o iLin — %o (5)
dt  Lsi+Lyn dt  C
The voltage gain M, for NIBo operation is obtained as
Vo 1
My =— = . 6
e (6)

V. IBB OPERATION

The switch modulation strategy for IBB operation is shown
in Fig. 10. S3 and S; become high-frequency complementary
switches. S1, S9,S5, and Sy are line-frequency switches. S
and Sg are completely turned ON for v;, > 0. The equivalent
circuits for operation in Sector-III (v, > 0,v, < 0,7, < 0) are
shown in Fig. 11.

A. Interval-1 [0-d.T]

S31is ON and Sy is OFF [see Fig. 11(a)]. Ly, stores energy from
the input source v;,. Capacitor C provides energy to L, and the
load. Lgs is in series with L, and adds to its inductance
dvc 71'0
= ;. —= = . (D
dt Lss+ L, dt C

diLo

diLin _ Vin .

dt Ly’

Vo — Vo

B. Interval-2 [d.T T ]

S3 is OFF and Sy is ON [see Fig. 11(b)]. Input source v;,, and
L;,, provide energy to capacitor C. L, provides energy to the
load

diLin o Vin — V¢ . diLo o —Vo . dfo o 7:Lin
dt  Lss+L, dt  C°
(3)

dt Lin
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The voltage gain M for IBB operation is given by

Vo d,
G.= =2 =— . 9
= o . ©)

From (11), buck operation occurs for d. < 0.5 and boost
operation is obtained for d. > 0.5.

VI. ANIBB OPERATION

Fig. 12 shows the switch modulation strategy for ANIBB
operation. .Sy is completely turned ON for v;, > 0 and its com-
plementary switch S5 conducts for v;, < 0. Switches S5, Sg
are modulated as in NIBu operation (see Fig. 5) by comparing
references V,, and V* with v,. Switches S1, S2 are modulated
asin NIBo operation (see Fig. 8) by comparing references 1}, and
V,© with v,4. The buck duty ratio d, (ON-time of S5) and boost
duty ratio d; (ON-time of S3) can be adjusted independently,
providing an extra control degree of freedom when regulating
the output voltage.

The equivalent circuits for operation in Sector-1 are shown in
Fig. 13 for d, > dp.
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Fig. 13.  Equivalent circuits in Sector-I (v, > 0,4, > 0) for ANIBB opera-
tion. (a) Interval-1. (b) Interval-2. (¢) Interval-3.

A. Interval-1 [0—dpT 5]

S, S5 are ON and S;, S¢ are OFF [see Fig. 13(a)]. Input
source vj, provides energy to Lj,. Capacitor C provides energy
to L, and the load

digim ~ vin  die  voc—V,  dvc  —i,
dt 7L51—|-Lin7 dt 7L52+LO’ a  C°
(10)

B. Interval-2 [dyT,—d,Ts]

S5 is OFF and S is ON [see Fig. 13(b)]. S5 remains ON (and
S¢ remains OFF) as in the previous interval. Input source iy
and L;, charge capacitor C. Meanwhile, capacitor C also keeps
providing energy to L, and the load

dirin _ Vin —vC
dt LSl + Lin7

diLo_ Ve — Vo | dviC_iLin_io
dt Lss+L, dt  C
(11)

C. Interval-3 [d,T T ]

S5 is OFF and Sg is ON [see Fig. 13(c)]. So remains OFF and
S1 remains ON. Input source v;, and L;, keep charging C. L,
provides energy to the load

diLin o Vin — UC . diLo o Vo . dfo _ Z'Lin
dt  Lsi+ Ly dt Lso+L, dt  C
(12)

13949

5
4/=—NIBu(M,)=—NIBB(M ;p+) 5
3 =—NIBo(M)=—IBB(M,) .

s 2| Mp Mpx =

<1 l M, < 3

£ | ®

S0 o2

[ M, &1

& .¢>{04. g

=21 °

R 1Bu 1Bo S0

8 i 1

4 \ 8o, 6 —— os 08
s St dugy, 04 .2 "y (04

0 01 02 03 04 05 06 07 08 09 1 fatio, gy 0 0
Duty Ratio, d

(a) (b)

Buck duty ratio, da

Fig. 14.  Voltage gain versus duty ratio plots. (a) NIBu, NIBo, IBB, and NIBB
operations. (a) ANIBB operation with two duty ratio controls.

The voltage gain M,;, in ANIBB operation is given by

Vo dq
Mab B Vin - 1—db.

From (13), the voltage gain M,; in ANIBB operation is the
product of voltage gains for NIBu operation (M, = d,) and
NIBo operation (M, = 1/(1 — dp), i.e., Mup = M, - M.

Fig. 14(a) shows the voltage gain (M) versus duty ratio (d)
plots for NIBu, NIBo, IBB, and NIBB (same as ANIBB op-
eration for d, = d;) operations. The voltage gain for ANIBB
is plotted in Fig. 14(b) against variations in d, and dj. The
resultant graph is a 3-D surface, providing numerous different
combinations of d, and d; to achieve a certain voltage gain.
The gain lines M,, M} and M. are special cases for ANIBB
operation when d, = 0, d, = 1, and d, = d, respectively.

13)

VII. COMPONENT DESIGN/SELECTION GUIDELINES AND
COMPARATIVE EVALUATION

Table II provides the component voltage/current stresses and
ripples for the proposed converter. Component design/selection
criteria for the proposed converter are discussed in this section,
together with comparisons with counterpart SC buck—boost ac—
ac converters [8], [28].

A. Switching Devices Voltage Stresses
Voltage stresses vgp of switches and diodes are given by

USD-NIBu = 37 Proposed, [28]
USD-NIBo = VUo} Proposed

vsp-1eB = (1 + 5 ) v, Proposed, [8], [28]
Proposed.

(14)
M, .
USD-ANIBB = 37,2 Vo;

Fig. 15(a) shows the normalized switching device voltage
stresses vsp /v, versus voltage gain M for the proposed con-
verter (in NIBu, NIBo, and IBB operations) and the counterpart
converters [8], [28]. As observed, the proposed converter has the
lowest device voltage stresses for the complete buck—boost gain
range for combined NIBu-NIBo operations. vgp is maximum
for minimum M. Fig. 15(b) shows vgp /v, of the proposed con-
verter for ANIBB operation plotted against variations in boost
gain My, and converter gain M ;. For the same M, (= M,.Mp),
vgp /v, increases when M, increases. This is because a decrease
in M, means that a higher capacitor C voltage vc (=vgp) is
required to produce the same output voltage v, (=vc. M, ).
Also, a smaller vgp /v, can be achieved than in IBB operation
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TABLE II
COMPONENT VOLTAGE/CURRENT STRESSES AND RIPPLES FOR THE PROPOSED CONVERTER

Switch/Diode

Parameters | G=f(d) Switch/Diode Inductor Inductor current Voltage across Capacitor voltage
voltages, vgp Currents, igp current, i ripples, 4i; capacitor, v, ripples, Av,
NIBu d, Vsp1-spe isp1-spa = lin bintst =lin | 40 _ (Vin — vo)daT Vcine = Vin Qv ~ 0
. _ . — . . Lo — — c~
Operanon = Vin lsps,spe = lo lrinLs23 = lo 0 La Veo =V,
NIBo 1 Vsp1-sp6 lspi-spa = lin lints1 = lin i = VindyT Vein = Vin Ao = lodyT
. S > . . v Li _ —obh
Operation | 1—d, =7 Isps,spe = lo lpints23 = o " L, Veoco = Vo ¢ C
. . 2i Vind T
i =1. . _ Iy = Vpin = Vs .
IBB dc Vsp1—spe ; $b1,5bz ; ljll-'i lintst = lin Lin Lin Ifm vm 2 i,d.T
i - =i, . - = v. =
Operation 1—d| =vp+v, $b3,sba = Hn TR0 dpmisas = o . V(1 —d))T o ° ¢ c
lsps,spe = Lo Ay, = I Ve =Vin T
0
v, isp1,spz = L : ; Al = Vindy T Vein = Vin
AL da SD'}O_SI36 i ' i ’i i Lints1 = lin L Lin Veo = Vo A iodyT
. —c _ =i . - v =
Operation | 1—d, =T $p3sba —Hn TR0 | dpmisas = Lo o 1,(1—d))T V. = Yo ¢ C
a lsps,spe = lo Aipy =——F—— ¢ 7 4a
L, a
4 8 6 @y 1 —'Ai, NIBu (Prop.) ‘
@ = iLin - ? o
3 a5 -NIBu (Prop.,[28]) 51 £5 —i,, (Prop.) Sos/ —A?lflgél?:r(:pm&; o5l
8, v -NIBo (Prop.) G g4 o6 A, INIBB(128]) %
3 —v5p-IBB (Prop..[81.[28)) | & 33 5 ' w
o - =
2 S £ Z_i,-BB(8L[28]) | 504
=22 > S —i; -INIBB([28]) 2
> kS 21 g02
o 2 = S
-3 T
21 < 0 2 o
2 2 0 1 2 3 4 55 0 05 1 15 2 25 3
é u;; Voltage gain, G Voltage gain, G
H (a) ®)
0 2 3 4 5
Voltage gain, M . . .
(a) (b) Fig. 17. Inductor stresses and ripples. (a) Current stresses. (b) Current ripples.
Fig. 15. Normalized switch/diode voltage stresses. (a) Proposed and counter-

part converters in [8] and [28]. ANIBB operation of the proposed converter.

e iy -NIBuU (Prop.,[28])
== is/-NIBo (Prop.)

= igp-IBB(Prop.,[8],[28])
——igp-INIBB([28])

o =2 N W sk oo

Switch/diode current
stresses

o
o

2 3
Voltage gain, M

Fig. 16. Normalized switch/diode current stresses.

[see Fig. 15(a)] when d,, > d, (M,, > 1 — 1/M). The blue line
shows the vsp /v, for M, = My, (i.e., M, = 1), which is the
same as in the NIBo operation [see Fig. 15(a)].

B. Switching Devices Current Stresses

Current stresses ¢gp of switches and diodes are given by

1SD-NIBu = %o; Proposed, [28]
iSD-NIBo = o M; Proposed
isp—(an)BB = (1 + M)i,; Proposed, [8], [28]
isp-inBB = (2+ M)i,; [28].

as)

Normalized device current stresses igp /i, for the proposed
converter, [8], and [28] are plotted in Fig. 16. The devices expe-
rience maximum current stresses for maximum gain M. Again,
the proposed converter provides the lowest current stresses for
combined NIBu—NIBo operations, whereas [28] has the highest
current stresses for its INIBB operation. Unlike the counterpart

SC converters, the presence of efficient combined NIBu—NIBo
operations in the proposed converter (with the least device
voltage and current stresses) makes it a more suitable candidate
for application as a direct ac—ac voltage regulator.

C. Inductors

For all operating modes, the main inductors L;, and L, of
the proposed converter carry currents %, and i,, respectively.
Inductors Ly, Loin [8] are required to carry %;, + ¢,. Inductors
Ly — L, in [28] have to handle currents of 4;,, + 7, and 7;,, + 27,
for IBB and INIBB operations, respectively. From the iy, /i,
plots in Fig. 17(a), the inductors in the proposed converter have
smaller current handling requirements.

Inductor current ripples Ay, can be expressed as

M-1 wv,
Aip NIBo = sz ; Proposed
Aig Ny = (1 — M) 7 ULO ; Proposed, [28]
1 S/U m
Aip BB = ———~ p d 2
!L-1BB A+ M) foLm roposed, (8], [28]
. 1+ M Vo
Aidp_NiBB = ]\2(2 m Z\)l) L ; [28]

16)

where, fs = 1/T is the switching frequency. Fig. 17(b) shows
the normalized inductor current ripples Aiy, /k (k= v,/ fsL)
versus voltage gain M. The inductors in the proposed converter
have least Aiy, /k for combined NIBu-NIBo operations. Max-
imum Aiy, occurs at the minimum value of M (maximum vy, ),
and the inductor values can be selected to contain A7, within
the allowable limit.
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Fig. 18.  Capacitor voltage ripples.

D. Capacitors

Apart from the input and output filter capacitors (Ciy, Cy),
the proposed converter requires one small value capacitor C,
[8] requires two capacitors. and [28] requires four capacitors. In
addition to providing filtering and energy transfer, the capacitor
C in the proposed converter acts as a natural snubber, offering a
path for inductor current during dead time [see Fig. 4(b)]. It also
clamps the voltages of the switching devices, protecting them
against voltage overshoots. Capacitor voltage stresses v¢ are the
same as switch voltage stresses, plotted in Fig. 15.

Capacitor voltage ripples Avg are given by

Avo NiBu = 05 Proposed

Avc NIBo = % fgo; Proposed

Avc_1p = MLH \f/fgo; Proposed, [8], [28] a7
Avc_iNiBB = J]\éi; fgo; [28].

Fig. 18 shows the plots of normalized capacitor voltage ripples
Aic /K (k' = \/2P,/ f, C) against the voltage gain M. The pro-
posed converter has the lowest Ai¢ (and minimum capacitance
requirement) for NIBu and NIBo operations, while [28] has
the highest Aic in INIBB operation. Maximum Aié¢c occurs
at maximum M (minimum v;,, ), which determines the capacitor
values.

VIII. APPLICATION AS DVR AND FUT

The proposed converter combines the functionality of the
basic noninverting buck converter (NIBu operation), noninvert-
ing boost converter (NIBo operation), inverting buck—boost/Cuk
converter (IBB operation), and noninverting buck—boost con-
verter (ANIBB operation with d, = dy). This makes the pro-
posed converter a potential candidate for numerous applications.

1) It can be employed as a fully-rated direct ac—ac voltage
regulator in which the input and output are connected in shunt
with the ac mains and load, respectively. The proposed NIBu and
NIBo operations can regulate the ac output voltage for a wide
range of high and low inputs, respectively, with lower component
stresses and higher efficiency than a typical IBB (or Cuk) ac—ac
converter.
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2) IBB and NIBB (ANIBB operation with d, = d;) op-
erations of the proposed converter can together provide step-
changed frequency output (similar to a single-phase MC [29]).
This step-variable frequency operation makes the proposed con-
verter suitable for application as a traction converter [30], high
step-up ac—dc converter [31], etc.

3) Bipolar buck—boost operations make the proposed con-
verter suitable for application as a partially rated series volt-
age compensator such as DVR and FUT, as discussed in the
following.

A. Application as DVR

The conventional DVR, based on the basic buck ac—ac con-
verter as shown in Fig. 1(b), has the following limitations.

1) A line-frequency tapped winding transformer is required
together with connection switches S; and Ss to inject
negative series voltages, which makes the cost and volume
of the system uneconomical [11].

2) The step-down voltage operation of the buck ac—ac con-
verter limits the voltage sag compensation range, i.e.,
voltage sags of only up to 50% can be mitigated.

3) PWM dead times based soft-commutations strategies or
RC snubbers are required to overcome the commutation
problem of the buck ac—ac converter.

Existing SC ac—ac converters [8], [19], [20], [24]-[28] have
floating input and output ports, and therefore, they inevitably
require an external line-frequency transformer for series volt-
age injection. The floating input and output also increase the
insulation requirements of the injection transformer [18].

The configuration of a DVR based on the proposed converter
is shown in Fig. 19(a). The input of the converter is directly fed
from the ac line vj,, and its output v,y iS connected in series
with the ac line and the load. Due to the common-ground sharing
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Fig. 21.  Simulation results of the proposed DVR. (a) Voltage sag compensa-
tion. (b) Voltage swell compensation.

feature of the proposed converter, an external line frequency
transformer is not required for series voltage injection. Also, if an
external transformer was to be added for the purpose of electrical
isolation and protection, its insulation requirement would be
relatively lower [18].

The load voltage gains G 1, of the DVRs are given by

GL NIBu = > = 1+4d; Proposed, [28]
Gr-NiBo = w2 = 1+ t; Proposed

Grip = = =1— 1% Proposed, [8], [28]
Granmp = —= =1+ 45

G INIBB = ;‘};’ =1+ 2%7_1; Proposed [28] .

(18)
The load voltage gain G, is plotted in Fig. 20(a). The pro-
posed converter can compensate voltage sags of below and above
50% through combined NIBu-NIBo or ANIBB operation, and a
complete range of voltage swell is mitigated through IBB oper-
ation. In contrast, the converter presented in [8] can compensate
only voltage sag or swell, and that in [28] can compensate only
shallow voltage sags (below 50%). Fig. 21 shows the simulation
results of the proposed DVR. Fig. 21(a) shows the waveforms of
the line voltage v;,, load voltage v;, and converter output injected
voltage v.ony for a voltage sag condition when v, decreases
from 110 Vs to 70 Vys. The converter feeds a positive series
voltage through ANIBB operation, and v; is maintained at 110
Vims. Fig. 21(b) shows the same waveforms in the event of a
voltage swell when vy, increases to 150 V5. The converter
feeds a negative series voltage (—vcony) through IBB operation,
and the load voltage is again regulated.
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B. Application as FUT

Existing FUTs [3], [4], based on a buck ac—ac converter [see
Fig. 1(a)], have the following shortcomings.

1) Negative (low frequency) tap windings (—vx ) are re-

quired together with switching relays R; and Ry to inject
a negative voltage for high input ac line voltages. This
increases the cost of the system and the switching of the
relays adds control complexity and operational delays [4].

2) The maximum voltage compensation range is limited to
the available tapped-winding voltage (+vx ). For in-
stance, with a tapped-winding voltage setting of +5%,
the compensation range is limited to 5%.

3) Due to the commutation issues of the employed ac—ac
converter, current-based soft-commutation switching is
used for safe commutation [4]. Moreover, the FUT utilizes
lossy snubber circuits to provide a path for the line current
during false commutation, along with input fuses and
varistors for protection against current shoot-through and
voltage spikes, respectively.

The counterpart SC ac—ac converters [8], [19], [20], [24]-[28]
with their floating inputs and outputs would require an additional
transformer for series voltage injection, which is not a feasible
approach as the MV distribution transformer of the FUT already
provides electrical isolation.

Fig. 18(b) shows the configuration of a FUT [2], [3] based on
the proposed converter. The input of the converter is fed from the
positive low voltage tapped-winding with an x% voltage setting
(vxn = 2%.v;p), and its output (veony) is connected in series
with the distribution line (v;,) and primary winding (vpry) of
the MV distribution transformer. Due to the bipolar voltage in-
jection capability of the proposed converter, the negative tapped
winding and connection relays R, Ro [see Fig. 1(a)] are not
required.

By assuming a tap settings of 10% (vxn = 2% - vin), the
voltage gain Gr (vsgc/vin) of the proposed FUT is plotted
against the converter duty ratio in Fig. 19(b). The combined
NIBu-NIBo or NIBB operations can regulate vggc when vy,
is lower than the nominal value, whereas IBB operation can
provide regulation for overvoltages. In addition, buck—boost op-
erations can compensate for higher voltage magnitudes (below
0.9 and above 1.1) than the actual tap settings (of 10%).

The above features of the proposed DVR and FUT and the fact
that the proposed topology is the only reported SC-based direct
ac—ac converter with common grounding between the input and
output ports make it an attractive choice for applications as a
FUT or DVR.

IX. EXPERIMENTAL RESULTS

A 400-VA hardware prototype was built and tested. The
design parameters and operating conditions of the experimental
test circuit are provided in Table III. Experiments were per-
formed without using RC snubbers or soft-commutation switch-
ing techniques, validating the natural safe-commutation feature
of the proposed converter.

Figs. 22 and 23 show the experimental waveforms during
NIBu operation for an RL load, with vy, = 150 Vg, v, =
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TABLE III il
EXPERIMENTAL SPECIFICATIONS /\ M \/\//\/ vcl[200V / div]
A mmmeVVWAﬁmf
Output voltage (v, ) 155 Vyear/ 60 Hz S N AN lLSlﬁA/
Input ac voltage (v, ) 70~150V, .o i OA/dtv] 2 =
Output load power ( P, ) 400 VA N\ /\\/’\‘ y /\ A s ?\ /'\ /
Switching frequency ( f;) 50 kHz HiLo [1 04/ le] g 2() T
MOSFETs (S; — Sg) 47N60CFD :
External Diodes (D; — Dy) RHRG3060 | -
Capacitors ( Ci,, C, C,) (1.5 uF, 3 uF, 1.5 uF) (a) (b)
Inductors ( Ly, Ly, Lg; — Lg3) (400 uH, 300 uH, 30 uH)
Load (RL) 300+ 30 mH Fig. 25. Measured waveforms during IBB (boost) operating mode vi, =
70 Vims. (a) Input/output voltages and inductor currents. (b) Component
stresses.
Vin [2007 7 div]
™ . i . y 0V /
4 a A\ /D N\ in in 1 OV/dlv]
| v, 11007 /iv] /\J/\f\/zg \/\ \/\ M
\ p) Vo [2QOV/dLv A ‘
AV A v/ N@n[/{ diy] /\ /\ » | ’, y /] v, [200V/dzv
W U Mo 5ot !
N g, [ div] :\ ’_/“ \ /,"“\?fl" [“ ”i N N\ / .\ v /\ /\MMMM /\
LA VAN N J V \/ \/
% iy, [104/ div] ‘ Rip, 1104/ div]
Fig. 22.  Measured waveforms of input/output voltages and inductor currents (a) (b) ' T '

during NIBu operating mode vi, = 150 Vyps.

. /\/<C [200V / div]

/ : wve[200V / div)
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3 2007/ di
si[2007 /div] 7 ,V51‘[ iv]

vgs[2007 /div] || V's5[2007/div]
| V5612001 div] T Tel200v/div) ]
(@ ®)

Fig.23. Measured waveforms during NIBu operating mode vip, = 150 Vyms.
(a) Component voltage stresses. (b) Enlarged waveforms of (a).

i (1007 / dzv] ve[100V / div]
-\/\/f “v/AAAAKﬂAAAAﬂﬁ”
100V/dtv] / JLSI[IOA/dlv]
[ iynfl04d/d ANIVANIYA
103 NG A | AW A 8 W AR S e A e A <A e A
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Fig. 24. Measured waveforms during NIBo operating mode vi, = 70 Vyms.
(a) Input/output voltages and inductor currents. (b) Component stresses.

110 Vs, and d,= 0.73. Fig. 22 shows the waveforms of input
and output voltages ( vi, and v,) and input and output inductor
currents ( ¢r;, and i7,). Continuous sinusoidal input current
(%rin) is obtained due to the input LC filter formed by L;,, and C.
Fig. 23(a) shows the voltage stresses of capacitor C and switches
S1, S5, and Sg. The enlarged waveforms of component voltage
stresses [see Fig. 23(a)] are shown in Fig. 23(b). The peak ca-
pacitor C voltage is around 212 V, equal to the peak value of viy,
clamping the switch voltage stresses. Fig. 24 shows the experi-
mental waveforms for NIBo operation with v;, = 70 V,,s and

Fig.26. Measured waveforms of input/output voltages and inductor currents.
(a) IBB (buck) operation. (b) NIBB (boost) operation.

Vin [200V / div. ve[500V / div]

/\/‘( \/‘\ /\/\/\/V\ Ya¥aVa
‘ A YA 200V dw] A DAl
A /\\ y’ofg}”dﬂ’ i sl /dn)
"\ ,v / 7 y A ILs3 .

‘ \/ VARV \/ \J.

| v leg[l ot | vsa[S00V /div]
»f . \ / | v |

(a) (b)

Fig. 27. Measured waveforms during ANIBB (buck) operating mode vj, =
150 Vims. (a) Input/output voltages and currents. (b) Component stresses.

dp=0.36. Fig. 24(a) shows the viy,, v,, i i, and ir,waveforms.
As observed, i1, has a negligible ripple component due to the
presence of the output CLC filter created by C, L,, and C,.
Fig. 24(b) shows the voltage stresses of capacitor C and switch
S1, as well as the inductor Lgq, Lgs currents. The peak voltage
stresses of the capacitor and switches are about 155 V, equal to
the peak value of v,. Fig. 25 shows the experimental waveforms
for the IBB (boost) operation with vy, = 70 Vs and d.= 0.61.
Fig. 25(a) shows the experimental waveforms of viy, Vo, @ Lin,
and i7,. Fig. 25(b) shows the voltage stresses of capacitor C
and switch 7, together with inductor Lgq, Lg3 currents. The
observed voltage stresses of the capacitor and switches become
larger in IBB operation compared to NIBu and NIBo operations
as the components have to sustain the sum of the input and output
voltages. Fig. 26(a) and (b) shows the waveforms of vy, v,,
i (Or i,), and iy, for IBB operation (v, = 150 Vi, de=
0.43) and ANIBB operation (vi, = 70 Vs, dg = dp= 0.61),
respectively. Fig. 27 shows the experimental waveforms for
ANIBB (buck) operation with v;, = 150 Vs, dy = dp, =0.43.
Fig. 27(a) shows the waveforms of vy, v,, 1,0, and i,. Fig. 27(b)
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Fig. 28. Measured waveforms during NIBu operating mode with nonlinear

load vin = 150 Vims. (a) Input/output voltages and inductor currents. (b)
Component stresses.
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Fig. 29. Measured waveforms of input/output voltages and inductor currents
during NIBo operating mode with nonlinear load, vi, = 70 Vyms.
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Fig. 30. Measured waveforms during NIBu operating mode with nonlinear
load vin, = 70 Vyms. (a) Component voltage/current stresses. (b) Enlarged
waveforms of (a).

shows the voltage stresses of capacitor C and switch S5, and the
inductor currents i7,51, ¢7,53-

Figs. 28-30 show the experimental results for a nonlinear
load composed of a full-wave diode rectifier followed by an
output capacitor Cy = 1.5 uF and resistor & = 30 (2. Fig. 28
shows the experimental waveforms during NIBu operation for a
nonlinear load, with vy, = 150 Vs and d,= 0.73. Fig. 28(a)
shows the waveforms of viy, vy, 11in, and ¢,. Fig. 28(b) shows
the voltage stresses of capacitor C and switches S5, S and
inductor Lgs current. Figs. 29 and 30 show the experimen-
tal waveforms during NIBo operation for the nonlinear load
with vy, = 70 Vs and d,= 0.36. Fig. 29 shows the waveforms
of Vin, Vo, 1 1in, and i1,,. Fig. 30(a) shows the voltage stresses of
capacitor C and switches 51, S2 and the current through the in-
ductor Lgo. Fig. 30(b) shows the enlarged switching-frequency
waveforms of Fig. 30(a).

The closed-loop experimental results of the proposed ac—ac
converter-based DVR are shown in Figs. 31-33. Fig. 31(a) and
(b) shows the experimental results for a voltage sag of 36% when
the line voltage is decreased from its optimal value of 110 to
70 Vyms. Fig. 31(a) shows the ac line voltage vi,,, load voltage vy,
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Fig. 31.  Close-loop control results for compensation of the low magnitude of
a voltage sag. (a) AC line voltage, load voltage, converter output voltage, and
control duty ratio. (b) Component voltage stresses.
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Fig.32. Close-loop control results of ac line voltage, load voltage/current, and
converter output voltage for compensation of a deep voltage sag.
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Fig.33.  Close-loop control results of ac line voltage, load voltage/current, and
converter output voltage for compensation of a grid voltage swell.

the injected voltage of converter v¢oyy, and the control reference
signal V,, (see Fig. 5). As observed, once a voltage sag occurs,
the converter operates in NIBu mode and the control reference
V, is dynamically adjusted through feedback control to inject
the positive series voltage veony, Stabilizing the load voltage v;.
Fig. 31(b) shows the waveforms of the unfiltered output voltage
of the converter vy, ¢, and the voltage stresses of capacitor C and
switch Ss. Fig. 32 shows the experimental waveforms of vy, vy,
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Fig. 34. Experimental results as FUT. (a) Low-line voltage condition.
(b) High-line voltage condition.
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Fig. 35. Experimental efficiency of the proposed converter.

Veonv, and load current ¢; for a deep voltage sag of 64% when the
line voltage v; is reduced to 40 V5. The converter operates
in NIBo mode to inject the required positive series voltage to
compensate for the load voltage. Fig. 33 shows the waveforms
of vin, vy, 97, and veeny for a voltage swell of 36% when the line
voltage is increased to 150 V,.,,5s. The converter operates in IBB
mode, injecting the required negative series voltage, and hence,
provides compensation for the voltage swell without needing a
tapped-winding transformer.

Fig. 34 shows the experimental results of the proposed con-
verter when applied as a FUT. This is realized by connecting the
converter input to the tapped primary winding of a three-winding
transformer, and connecting its output in series with the ac line
voltage and the primary winding [the same configuration as
that shown in Fig. 19(b)]. Fig. 34(a) shows the input ac line
voltage v;,, unfiltered and filtered converter output voltages
VLCos Veonv, and secondary-side (load) voltage v; for a low-line
voltage condition when v, is decreased to 80 V5. The con-
verter contributes a positive voltage (NIBu operation) in series
with vy, and v is regulated to 110 V5. Fig. 34(b) shows the
same waveforms for a high-line voltage condition when vy, is
increased to 150 V ;.. The converter produces a negative output
voltage (IBB operation) in series with v;,,, and v; is regulated.

The measured efficiency of the proposed converter is plot-
ted in Fig. 35 for different perturbations in input voltage for
various operating modes for v, = 110 V ;5 and P, = 400 W.
The highest efficiency occurs during NIBu—-NIBo operations for
vin = 110 Vs (unity gain operation) as the input source is
directly connected to the load with no high-frequency switching,
eliminating the corresponding MOSFET/diode switching loss and
inductor core loss. An efficiency comparison with existing SC
ac—ac converters [8], [27], [28] is given in Table IV. Clearly,
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TABLE IV
EFFICIENCY COMPARISON
Circuit Orl)g:ité“g Operating Conditions -
topology Vin Vo M= Py fs %
Vo) | Vo) o0
rms rms Vo /Vin W) (KHZ)

8] 1Bu 170 120 0.71 460 50 93.8
1Bo 70 120 1.71 460 50 91.6

[27] NIBu 141 98 0.7 400 18 95
1Bu 141 98 0.7 400 18 95

NIBu 141 110 0.775 300 50 97

[28] 1Bu 141 110 0.775 300 50 94
1Bo 78 110 1.4 300 50 91.6

NIBu 150 110 0.73 400 50 97.1

Proposed NIBo 70 110 1.57 400 50 96
1Bu 150 110 0.73 400 50 94.2

1Bo 70 110 1.57 400 50 93.1

Fig. 36.  Photograph of the converter hardware.

the proposed converter can provide improved efficiencies, espe-
cially for NIBu and NIBo operations. A photo of the hardware
prototype of the proposed converter is shown in Fig. 36. These
experimental results confirm the merits of the proposed circuit.

X. CONCLUSION

A novel SC, buck—boost, ac—ac converter is proposed with
noninverting and inverting operations. Due to its versatile modes
of operation, the circuit can operate as a NIBu, NIBo, IBB, and
noninverting buck—boost ac—ac converter. The first three provide
very simple operation with single duty ratio control, while the
latter ANIBB operation provides more flexibility for adjusting
the output voltage with two duty ratio controls. The proposed
converter provides continuous input and output currents and
supports reactive loads. In addition, the input and output ports
share a common ground.

The proposed converter is very robust with natural protection
from short-circuit and open-circuit problems, solving any po-
tential commutation problems without requiring extra circuitry
or complex control. It also stops the high-frequency conduction
of MOSFET’s body diodes and avoids the corresponding reverse
recovery issues and losses. The converter is a suitable candidate
for application as a direct ac—ac voltage regulator and series
voltage compensator. The operating principles of the circuit are
presented together with a full analysis of each operating mode.
The operating characteristics and effectiveness of the proposed
converter are verified experimentally using a 400-VA laboratory
test circuit.
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