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An Efficient Dual-Output Bipolar Buck-Boost
AC-AC Converter With Flexible Operation Range

Hafiz Furqgan Ahmed

Abstract—Three-phase flexible ac-link (FACL) converter con-
figuration enables the production of three-phase ac voltages with
decoupled magnitude and phase using single-phase ac-ac convert-
ers. However, traditional FACL converter require six discrete ac-ac
converters. Building upon the recently introduced FACL configu-
ration that utilizes only three dual-output converters, this article
proposes a new and efficient single-input, dual-output bipolar ac-ac
converter for applications in the new FACL topology. It can provide
independent control of buck and boost voltage transfer ratios, and
both outputs are completely independent of each other, capable
of producing the same or opposite phase outputs with independent
control of their magnitudes. Moreover, all devices experience signif-
icantly smaller (and identical) voltage stresses and current stresses.
The proposed converter avoids the use of bidirectional ac switches,
thus simplifying the commutation process of traditional ac-ac
converters. The input and output currents are continuous, avoiding
harmonic pollution in the input supply and saving additional fil-
ters. Furthermore, the proposed converter has reversible operation
and can provide bidirectional power flow. An in-depth analysis of
the proposed converter is provided based on the proposed switch
modulation strategies for various operation scenarios. Detailed
comparisons with existing counterpart converters prove its better
circuit performance with smaller component stresses and ripples
and improved input/output power quality. Finally, experimental
results prove the feasibility of the proposed converter.

Index Terms—AC-AC power conversion, bipolar operation,
dual-output, flexible ac link (FACL) converter, voltage
compensation.

1. INTRODUCTION

HE integration of intermittent renewable energy sources,
T coupled with diverse grid disturbances, dynamic states, and
varying loads, has significantly increased uncertainties in grid
operations. ac—ac power converters can improve grid voltage
flexibility and control [1], [2]. Traditional ac—ac power con-
version is typically achieved through back-to-back connected
indirect ac—dc—ac converters with a dc-link [3], [4]. However,
using de-link capacitors adds weight, cost, and failure rates while
reducing system lifespan [4], [5].
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Recently, there has been increased interest in direct
pulsewidth modulation ac—ac converters [6], [7] due to their
single-stage power conversion, elimination of dc-link elec-
trolytic capacitors, simple operation, and smaller footprint. Tra-
ditional ac—ac converters [8] are adapted from dc—dc converters
by replacing unidirectional voltage-blocking devices with bidi-
rectional ac switches. However, these converters are unipolar,
providing either same-phase or antiphase output voltages, which
limits their applications primarily to full load rating direct ac
voltage regulation [9]. While simple to implement, they require
a three-winding transformer with opposite polarity taps to gen-
erate a bipolar output [10].

Bipolar output ac—ac converters [7], [10] are primarily being
developed to provide both negative and positive series voltage,
addressing grid voltage sags and swells in dynamic voltage
restorer applications [2], [7], [10]. The basic bipolar ac—ac
converter [11] is derived from a Z-source network, utilizing a
unique combination of inductors and capacitors for inverting and
noninverting operations. However, it lacks noninverting buck
operation, and the presence of numerous passive components
increases its footprint. The unified bipolar ac—ac converter [12]
reduces the number of passive components but still lacks nonin-
verting boost operation and features discontinuous input/output
currents.

Various classes of bipolar ac—ac converters have been de-
veloped to address commutation problems associated with
standard bidirectional ac device-based converters [11], [12].
These include continuous input/output current converters [13],
switching-cell-based converters [2], [7], [14], [15], and nondif-
ferential ac chopper-based converters [16], [17], [18]. However,
a fundamental limitation of these ac—ac converters is their in-
ability to produce a finite output voltage when the input voltage
crosses zero, restricting the synthesized output voltage phase
to be either in-phase or antiphase with the input voltage. The
dual-virtual quadrature source control method [19] can adjust
the output voltage phase within a limited range but requires an
auxiliary transformer to filter out the third harmonic component.
Additionally, there is a trade-off between the achievable phase
shift and the amplitude of the output voltage.

In a three-phase ac system, a novel method for synthesizing
a single-phase output voltage with adjustable amplitude and
phase has been developed using two ac—ac converters fed from
two phase lines [20], [21], [22], [23], [24]. Conventional flex-
ible ac-link (FACL) converters [20], [21], [22] utilize unipolar
ac choppers, restricting output phase-shift control to a single
quadrant. A recent proposal [23] replaces unipolar converters
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Fig.1. Three-phase FACL topologies. (a) Developed in [23] implemented with

single output converters of [16] and its voltage synthesis process. (b) Developed
in [24].

with bipolar ac—ac converters [16], enabling operation across all
four quadrants. This three-phase FACL converter configuration,
depicted in Fig. 1(a), features two bipolar ac—ac converters, each
supplied from separate phase lines, with their outputs connected
in series to generate a single-phase output with controllable
amplitude (only step-down) and phase (fully adjustable). For
example, the phase-A output voltage v 4 can be synthesized by
integrating the outputs of two converters fed from phase-B and
phase-C supply lines (v 4 and vg). The generated phase voltages
(vFA,vrB,and vpe) can independently feed loads and manage
full-load power processing or be injected in series with input line
voltages (v4, vp and v¢), providing controllable voltage across
the load bus line to mitigate voltage sags and swells, including
phase jumps, for passive loads. Additionally, the phase-shifted
voltage across the load bus can regulate power flow when an
active load is connected. However, this FACL configuration has
several limitations: it requires six ac—ac converters to provide
three-phase output voltages, increasing component count, im-
plementation cost, and complexity; it uses buck-type ac choppers
[16], limiting the achievable voltage amplitude; and it draws dis-
continuous current from ac mains, increasing input current total
harmonic distortion (THD) and necessitating sizeable LC filters.

Introducing a significant step-forward in FACL converter
development, the research in [24] proposed an improved three-
phase FACL converter [24], consisting of four-leg dual-output
converters, as illustrated in Fig. 1(b). This configuration neces-
sitates only three converters, thereby reducing the FACL design
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and implementation complexity with reduced component count
and cost. However, the dual-output converter in [24] imposes
certain constraints on the buck and boost duty ratios and voltage
gains. Specifically, the boost module operates with half the duty
cycle range of a traditional boost converter, with a minimum
voltage gain of 2, while the buck module is limited to a duty
ratio of [0, 0.5] and a voltage gain below 0.5. These constraints
increase the voltage stress on switches, the current and voltage
ripples in passive components, and require the large and costly
components.

Inspired from the work in [24], this research proposes

a new dual-output bipolar buck-boost ac—ac converter and
its modulation strategies for application in FACL con-
verter. The proposed converter has the following salient
characteristics and improvements over the previous work
in [24].

1) Buck and boost stages are fully decoupled and inde-
pendent. Boost voltage gain can be adjusted from 1 to
beyond, and buck voltage gain can be varied from 0 to
1, independent of each other. This solves the duty ratio
and gain constraints of the previous work, improving the
operation range of the converter.

2) The proposed operations are very efficient with much
smaller component voltage and current stresses.

3) Both outputs can be modulated independently of each
other in terms of both their amplitude and voltage polarity.

4) Tt draws continuous current from ac mains and provides
continuous output currents. Moreover, its inductor de-
mand is significantly reduced.

5) Only three proposed converters are required to implement
three-phase FACL.

6) Proposed converter does not have commutation issues of
traditional ac—ac converters with bidirectional ac switches.

The rest of this article is organized as follows. Section II

introduces proposed topology and its operation. Section III ana-
lyzes voltage/current stress and ripple in the proposed converter.
Section IV compares it with conventional FACL converters,
while Section V presents simulation and experimental results.
Finally, Section VI concludes the article.

II. PROPOSED AC—AC CONVERTER AND ITS OPERATION

Fig. 2 illustrates the proposed dual-output bipolar buck-boost
ac—ac converter, for application in improved three-phase FACL
converter, as illustrated in Fig. 1(b). It comprises a boost in-
put module, which includes an input LC filter L;,Cj, along
with switches S; — S4. This module provides a step-up and
rectified voltage across capacitor C; with a voltage gain of
1 and beyond. Two output buck modules are fed from ca-
pacitor C;: Buck module-1 consists of switches S5 — Sg and
output LC filter L,1C,; and generates output voltage of v,1;
Buck module-2 comprises of switches Sg — S12 and output
LC filter L,2C\yo and produces voltage of vye. The gains of
the buck modules] and 2 can be adjusted within a complete
range of [0, 1] independent of each other and that of input boost
module.
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Fig. 2. Proposed dual-output bipolar buck-boost AC-AC converter.
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Fig. 3. Switch control signals for noninverting outputs with different ampli-
tudes.

In order to meet the requirements of FACL converter, the
proposed topology is required to generate two output voltages
with independent magnitudes and provide four polarity
combinations: both outputs are noninverting, both outputs are
inverting, output-1 is noninverting while output-2 is inverting,
and output-1 is inverting while output-2 is noninverting.

A. Both Noninverting Outputs With Different Amplitudes

Fig. 3 shows the proposed switch modulation strategy to
produce two noninverting buck-boost outputs with different
amplitudes. Input side switches S and S are line-frequency
modulated, and switches S5 and S35 are modulated at switching
frequency by comparing reference signal V; with triangular
carrier signal vg;. For positive input half-cycle v, > 0, switch
S1 is completely ON and S5 is completely OFF. On-time of switch
Sy represents the interval D, T, and on-time of its complemen-
tary switch S, makes up interval (1 — D;)Ts. Switches S5, S7
(of module-1) and Sg, S11 (of module-2) are line-frequency
modulated. Switches Sg, Sg (of module-1) and Sig, S12 (of
module-2) are high-frequency modulated by comparing refer-
ence signals V,,; and V,5 with vy;. For vy, > 0, switches S5, S11
are completely ON and S7, Sy are OFF. On-time of switches
Sg and Sio represent the time intervals D,17Ts and D75,
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respectively. Switches S¢ and Si; are switched complemen-
tary to switches Sg and Sio, respectively. Notably, references
Vi, Vo1, and V5 can be independently adjusted from O to 1,
offering greater operational flexibility in the proposed converter
compared to [24]. For vy, > 0, four equivalent circuits exist
as shown in Fig. 4. Circuit operation for vi, > 0 is explained
later.

1) Interval-1[0~ DlTS] Switches 57, S3, S5, Sy, S10 and
S11 are ON [see Fig. 4(a)]. The other switches are OFF. The
input inductor Lj,, stores energy from the input source through
switches S and S3. Capacitor C; provides energy to inductor
L,y and load-1 through switches S5 and Ss. It also supplies
energy to output inductor L,» and load-2 through switches S
and S1. Positive capacitor C; voltages appear across both output
LC filters. Applying KVL, we get the following circuit voltage
relations:

{vLin— vin = 0;VL01— Vi =—Vo1; V02— VCi = —Vo2 -
ey
2) Interval-2 [D;Ts ~ D, Ts): All switching states remain
same except input side switch Ss is turned-OFF and Sy is turned-
ON [see Fig. 4(b)]. Input source v;, and inductor L;, together
provide energy to charge capacitor C; through switches S; and
Sy. Capacitor C; keeps providing energy to inductors Ly1, Ly
and both loads as in previous interval. Applying KVL, we get
the following circuit voltage relations:

{VLin— Vin = —VCi5 VLol — Vi =—Vol ; VLoz— VCi =—Vo2 -
2
3) Interval-3 [D,1Ts ~ DyoTs]: Switching signals and
states of input boosting stage and buck module-2 remain same
as in interval-2. For buck module-1, switch Sy is turned-OFF and
Se is turned-ON [see Fig. 1(c)[. Load-1 is disconnected from the
main circuit and it is feed by energy from inductor L,;. Inductor
L,y current freewheels through switches S5 and Sg. Applying
KVL, we get
{ULin - —Vo2 .
3)
4) Interval-4[ D,oTs ~ Ts]: The buck module-2 undergoes
switching transition. Switch S1g is turned-OFF and S is turned-
ON. Now load-2 is also disconnected from input circuit and
inductor L2 supports the load. Inductor L,o current freewheels
through switches S1; and S7o. Switching states and operations
of input boosting stage and load-1 remain the same as in previous
interval. Applying KVL, we get

Vin = —UCi; VLol = —Vol ;VLo2 — VCi =

{vLin — vin = —V@i; VLol = —Vo1 5 VLo2 = —Vo2 . (4)
By making average inductors voltages zero for a switching-
cycle, capacitor C; voltage and output voltages v,1 and v,2 can

be determined as
1 . _ . _
{vci = =57 Vin; Vo1 = Do1 vei; o2 = Doz vei . (5)

In (5), assume G; = =<, Gy = % and G s = % . Then
input to output voltage transfer ratios G;1 = 221 and G0 =
222 of both outputs are given by

_ Vo1 _ Doi . _ V2 __ D,
{Gon =2 = L G =22 = L ©)
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Fig. 6. Switch control signals for one noninverting output and one inverting

output with different amplitudes.

All three duty ratios D;, D, and D,y can be adjusted in
the full range [0,1] and completely independent of each other.
Fig. 5 shows a three-dimensional plot of gain G; (or Goio)
with variations in duty ratios D; and D, (or D,2). As observed,
they are numerous combinations of D; and D, (or D,2) which
provide the same gain G,;1 (or G,;2). The bold lines “a” and “b”
on the curve are special cases when D; = 0 and D,; = 1 (or
D2 = 1), respectively. For operation along curve ‘a’, switches
Ss and Sy are power-frequency modulated, G; = 1 and Gy;1 =
Go1 . Thus, this is an efficient buck operation scenario where
only the duty ratios D, and D2 are modulated (and hence only
buck modules are activated). Similarly, the operation along curve
‘b’ is efficient boost operation scenario in which switches Sg,
Ss, S10, and Syo are power-frequency modulated with G, =
G2 = 1, and only the boost duty ratio D; is modulated.

(C)

Equivalent circuits for both noninverting buck-boost outputs with different amplitudes. (a) Interval-1. (b) Interval-2. (c) Interval-3. (d) Interval-4.
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Fig. 7. Equivalent circuits for noninverting output-1 and inverting output-2.
(a) Interval-a. (b) Interval-b.

B. One Noninverting Output and One Inverting Output With
Different Amplitudes

Fig. 6 illustrates the proposed switch modulation to generate
noninverting output-1 and inverting output-2. The reference
signals V;, V1 and switch control signals (57 — Sg) of the input
boost stage and buck module-1 remain the same. The only
difference lies in modulation signals of switches Sy — S15 of
module-2. Switches Sy and S7; operate complementary at the
power frequency again, but switch Sg is now fully turned-ON for
vin > 0. Switches S7¢ and Sy operate at switching frequency
by comparing V5 with vy;. However, the on-time of switch S12
now constitutes the time interval DT, while that of switch
S0 constitutes the time interval (1 — D,2)T. There are four
operation intervals again, but the operation of the boosting stage
and output-1 remains the same as in the previous operation.
Therefore, only two intervals are explained corresponding to
the operation of output module-2.

1) Interval-a [0~ D,oT]: During this interval, switches Sq
and S19 are turned on (Fig. 7(a)). Capacitor C; provides energy
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Fig. 8. Switch voltage stresses as function of voltage gains G; and Go,.
(a) Buck operation. (b) Boost operation.

to output inductor L, and load-2. The polarity of capacitor
C; voltage as applied across the output LC filter of load-2 is re-
versed. This inverts the load-2 voltage v,2 in comparison with the
input voltagev;,. This interval combines intervals-1 [0 ~ D;T§],
interval-2 [D; Ty ~ D, Ts],andinterval-3[D,1Ts ~ D,2T,] of
the previous operation, and current loops of the input boosting
stage and output module-1 are illustrated by solid and dotted
lines. The voltage across inductor L, is given by as a function
of capacitor C; voltage and load-2 voltage v,

{vre2 = —vo2 +vei - (7

2) Interval-b [D 5T~ Tg]: The output module-2 undergoes
switching transition (Fig. 7(b)). Switch Sy9 is turned-OFF, and
S1o is turned-ON. Now, the output module-2 is disconnected
from the input, and inductor L, supports the load-2. Inductor
Lo current freewheels through switches Sg and S¢. Switching
states and operations of the input boosting stage and output
module-1 remain the same as in the previous interval. The
voltage across inductor L, is given by

{ULDZ = —Vo2 . (®)

Input to output voltage gains Gy;1, G2 for both outputs are
given by

_ V2 — Do . _ Vo2 _ Doo
{Goil—m— 75 Goz =32 = —7%-. )

@ 99

Negative sign “-” in expression of G ;5 represents the reversal
of its output voltage polarity.
III. COMPONENT STRESSES AND DESIGN DISCUSSION

A. Switch Voltage and Current Stresses

The blocking voltages of switches vs are same as capacitor
C; voltage vc;. They are given by

{os =gy =, Sz (10)

From (10), normalized switch voltage stresses (vs/v,) are
plotted against variations in boosting gain GG; and overall (in-
put to output) gain G,;12 for buck and boost operations in
Fig. 8(a) and (b), respectively. From the graphs, for the same gain
Goi12, there are different voltage stresses for different values
of GG; (and G,12). However, for buck operation, the minimum
vs /v, occurs along the points in graphs where G; is 1 (i.e.,
Goi12 = Go12 ), as highlighted by the black line in Fig. 8(a).
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This voltage stress vs will be maximum for minimum G;12,
i.e., when the input voltage vy, is highest. Similarly, for boost
operation, the minimum voltage stress vs /v, is equal to 1 (when
vs = v, ) for boost operation when G ;12 = G; (or buck module
gain G,;12 = 1) as shown by the red line in Fig. 8(b).

The current stresses ¢4 of switching devices are given by

(1)

lsl—s4 = Lin = lo1 Goil + i02G02
155-58 = ol ; 1s9—s12

As observed, current stresses of switches S; — Sg and
Sg — S12 are same as the load-1 and load-2 currents, respec-
tively, which only depends on load power. Switches S; — Sy
experience maximum current stresses for maximum gain (or
minimum input voltage) during boost operation.

B. Passive Components

The current ripples Aip;, of inductors Li,, L, and Lo can
be find as

L Wel2 Gy-1
Airin = fs%in G2 (12)
Airora = fozi (1—-Goi2)

Inductor L;,, L, and Lo values can be decided to contain
their current ripples to a% of their peak current stresses/y,
A L = OZ%I L-

The voltage ripple of capacitor C; is given by

{A voi = e G (13)
The maximum capacitor voltage stress V; can be determined

by (21). Capacitor value C; can be decided to limit its voltage

ripple to 3% of its voltage stress Vi, A ve; = B%Ves.

IV. CoMPARISON WITH EXISTING CONVERTERS FOR FACL
CONVERTER APPLICATIONS

Table I gives a comparison of the salient features of the pro-
posed dual-output bipolar ac—ac converter and existing unipolar
[22] and bipolar ac—ac converters [15], [23], [24] for FACL
converter applications. The unipolar converter in [22] limits
the phase control range to a single quadrant and requires a
safe-commutation strategy due to the use of bidirectional ac
switching devices. The bipolar converter in [15] adopts a dual-
buck structure to eliminate the commutation issue; however,
it requires too many semiconductor devices (16) for a single
converter and suffers from lower magnetic utilization. Moreover,
its noninverting and inverting outputs are asymmetric, compli-
cating circuit design, control, and optimization. The converter
in [23] provides a symmetric bipolar output, but has a limited
voltage transfer ratio due to its only step-down operation, and it
produces discontinuous input current. All these topologies [15],
[22], [23] provide a single output, necessitating the use of six
discrete converters for FACL converter implementation. On the
other hand, the converter in [24] reduces the number of discrete
converters to three and maintains continuous input current. Nev-
ertheless, its restricted duty ratio range and limitations on buck
and boost voltage gains result in significantly higher component
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TABLE I
COMPARISONS WITH EXISTING CONVERTER TOPOLOGIES FOR FACL APPLICATIONS
. Single output unipolar Single output Single output Dual-output bipolar .
Parameters [22] bipolar [15] bipolar [23] [24] Proposed converter
Noninverting buck Bipolar buck
Operations Noninverting buck Inverting buck- Bipolar buck Bipolar buck-boost Bipolar boost
boost Bipolar buck-boost
. 0.5—-D, 1 D,
Voltage gain G (22 D __Z +D —- o1z +D,10, + 4012
2e g (Vm) D, 1-D + * 050, o1, LI L,
LTt outp:;nvg(;ltage Ly Restricted Restricted Restricted Restricted Flexible
Number of discrete converters 6 6 6 3 3
needed for three-phase FACL
No. of switches for
implementation three-phase 24(S; — Sy4) 48(S; — Ssg) 48(S1 — Sig) 24(Sy — S34) 36(S; — S36)
FACL
No. of inductors 12 12 6 9 9
No. of capacitors 6 12 12 6 6
. > 2v;, (Buck), Vi, (Buck),
Switch voltage stresses Vi, (Buck) Vintv, Vi, (Buck) > 2v, (Boost) v, (Boost)
. . . Restricted. Flexible
. . Flexible Flexible Flexible ’ ’
Available duty ratio range ’ g ? 0<D;<05 0<D; =<1
0<bh<1 0<h<1 0<D<1 0<D,, <05 0< Dy, <1
Continuity of input current Discontinuous Discontinuous Discontinuous Contmlu ous (High Contlnuqus
ripple) (Very low ripple)
Input filter inductor requirement Very high Very high Very high High low
Compensation magnitude and
phase in series voltage injection Very Narrow Very Narrow Narrow Narrow Wide
applications
e slscymmeticalSas Below 50% Below 50% Below 50% Below 50% Below and above 50%
compensation
The phase-shift f:ompensation o omow Py rmow oo ow
range for series voltage —[=,=] —[=,7] —[=,7] el | 2m [-m, ]
application 3 3°3 3 3 3 3°3 3 3°3
15
1) [24] 2) Buck-boost o 1) Lin [24] 2) Lo [24] £ 1) [24] 2) Prop.
R
4 3) Proposed ‘§ £ 3) Lin, Prop 3) Lo, Prop £ S
- X
g L R '
= 1 = = = &
%2 g = g
> 2 = 2o S oy
1 g2 s ¥ 2
3 EE £
S 3 s 2
0 z Zz "o
04 06 08 1 12 14 16 18 2 0 0.5 1 15 2 25 3 0 05 1 15 2 25
Voltage transfer ratio, M Voltage transfer ratio, M Voltage transfer ratio, M
(2 (®) ()

Fig. 9.

voltage stresses and ripples, increasing component demand and
cost while compromising input/output power quality.

The proposed converter stands out as the only reported so-
lution employing three discrete modules for FACL topology
implementation while achieving complete decoupling between
the input boost and output buck modules. This enables flexible
and efficient operation with reduced component stresses, lower
ripples, and enhanced power quality. A detailed comparison of
the proposed converter with [24] is provided below.

A. Switching Devices Stress Comparisons

The switch voltage stresses v of the proposed and the latest
developed dual-output bipolar ac—ac converter [24] are given by

Vg = Uy % Basic buck — boost
= & v, (Buck), 2v, (Boost) [24]
> (Buck), v, (Boost) Proposed

(14)

Theoretical comparison plots. (a) Switch voltages. (b) Inductor current ripples. (c) Capacitor voltage ripples.

The switch voltage stresses vy of the proposed, four-leg con-
verter [24], and basic (inverting) buck-boost ac—ac converters
are plotted in Fig. 9(a). It is observed that the switches of the
proposed converter have the least voltage stresses. The switch
voltage stresses of the four-leg converter are even higher than
those of a basic (inverting) buck-boost converter. The switch
current stresses of the proposed and converter in [24] are same,
and therefore, proposed converter require switching devices with
smaller voltage and power ratings.

B. Passive Component Comparisons

The inductor current ripples Ay, of the counterpart four-leg
converter [24] are given by

1,2 Vol,2
A ZLm —f L, G A ZLo Tl s (1 — O.5Gm‘12) Buck
0.5v, K Vo1, Goi1o—0.5 .
Aviin =77, L1 2 Mg, - Folors Gona?  BOOS

5)

The normalized inductor current ripples Aiy, /k (k :}“% )

s

of the proposed converter [from (12)] and four-leg converter
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Fig. 10.

Time (s)

(© (d)

(a) and (b) Simulation waveforms for step-down operation with two noninverting outputs: (a) Converter in [24]. (b) Proposed converter. (c) and (d)

Simulation waveforms for boost operation with noninverting output-1 and inverting output-2. (c) Converter in [24]. (d) Proposed converter.

[24] are plotted in Fig. 9(b). It is observed that the input and
output inductor current ripples of the proposed converter are
much lower than those of the four-leg converter for both buck
and boost operations. Moreover, the input and output inductor
current ripples of the proposed converter are negligible for buck
and boost operations, respectively, due to the absence of high-
frequency switching; while the same inductors of the four-leg
converter have much higher ripples. Therefore, the proposed
converter can reduce its inductance requirement. Additionally,
the volume of the inductors is directly proportional to their stored
energy W (= % LI%), where L is the inductance, and [, is
the peak inductor current. The peak currents are the same for
both converters. However, the proposed converter uses much
smaller inductance values [see Fig. 9(b)], leading to a significant
reduction in inductor requirement and volume.

The capacitor C; voltage ripples Avc; of the proposed and
counterpart converter are provided as follows:

{A vei = 7

Gair2™ [24] . (16)

The capacitor C; voltage ripples Ave; /k (k = f’OC ) of the
proposed converter [from (13)] and counterpart converter [24]
are plotted in Fig. 9(c). It is observed that the proposed converter
has much lower capacitor voltage ripple, and therefore, much
lower capacitor C; requirement. Moreover, it would have much
lower stored energy due to the smaller capacitor value and its
voltage stress, thus reducing the capacitor requirement, volume,
and cost.

C. Simulation Results and Comparisons

Fig. 10(a) and (b) depict the simulated waveforms of the
input voltage vj,, output voltages v,1, V2, capacitor C; voltage
vy, input inductor current ¢7;, and output inductor currents
iLol,%Lo2 Of the conventional converter [24] and proposed
converter, respectively. Two noninverting decoupled outputs of
Vo1 = 150 Vieak and vo2 = 100 Vieax are produced for buck
operation when input line voltage vi, is 200 Vjea. Notably,
the capacitor voltage vc; of topology in [24] is raised to a
much higher value of 400 Vjea, which represents the min-
imum achievable voltage across capacitor C;. Consequently,
the switching devices in [24] would also experience the same
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Fig. 11.
converter.

Block diagram of the close loop control of the proposed dual-output

voltage stress of 400 Veqx, significantly increasing their voltage
rating. In the proposed converter, the capacitor C; voltage is
only 200 Vpeax, which is half of the voltage stress than [24].
Therefore, the switches in the proposed converter also expe-
rience only half of the voltage stresses compared to those in
[24]. Moreover, the input and output inductor current ripples
(Aipin, Airo1, and Aig,o) of the proposed converter are much
smaller.

Fig. 10(c) and (d) illustrates the same simulated waveforms of
Vin, Vo1, Vo2, UCi, L Lin, LLo1, and i 1 oo for the converter in [24] and
the proposed converter, respectively, to generate noninverting
output-1 and inverting output-2. Output-1 and output-2 have
peak values of v,1 = 150 Vieax and vo1 = 100 Vieax, TESPEC-
tively, achieved by boosting an input voltage viy, of 75 Vjeax.
Notably, the capacitor C; voltage of the proposed converter
is only 150 Viexx compared to 300 Vieufor [24]. Once again,
the capacitor C; and switch voltage stresses are reduced for
the proposed converter. Furthermore, the input inductor and
output inductor current ripples of the proposed converter are
also significantly lower compared to those in [24].

The numerical values of capacitor C; voltage, inductor current
ripples, and THDs of input and outputs for simulation results of
Fig. 11(a), (b), (¢), and (d) are compared in Table II, for both buck
and boost operations. All numerical values show the superiority
of the proposed converter in terms of its lower component
voltage stresses, current ripples, less THD and improved power
quality of its input and outputs.
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TABLE II
COMPARISON OF VOLTAGE STRESSES, CURRENT RIPPLES AND THDS OF TWO
CONVERTERS
Buck operation [see Fig. 10(a) and (b)]
Parameter Vei Aipn Aipyg Ai;,, | THDi;y,| THDv,,| THDv,,
Zhuetal. [24]] 400V | 2.44A [ 223A | 175A [ 125% | 1.65% | 2.47%
Proposed 200 V 0A 093A | 1254 | 1.1% | 057% | 1.01%
Boost operation [see Fig. 10(c) and (d)]
Zhuetal. [24]] 300 V | 2.63A [ 361A | 32A [ 929% | 28% [ 3.56%
Proposed | 150V | 1.83A [ 0A | 1.65A | 445% | 2.15% | 2.49%

TABLE III
COMPONENT SPECIFICATIONS AND EXPERIMENTAL CONDITIONS

Input supply voltage Buck 200 Vpear
(Vin) Boost 75 Vpeak
Output ac voltages (Vy1, V) 100 Vpeqr Or 150 Vpear
Switch operating frequency ( fs ) 25 kHz
Switching devices (S; — S;5) 47N60CFD
Inductors (Lin, Lo1, Lop) 500 puH, 600 pH, 600 uH
Capacitors ( C;, Cp1,Cpz ) (2.2 uF, 2.2 uF, 2.2 uF)

D. Close-Loop Control of the Proposed Converter

The control block diagram is shown in Fig. 11. The input
voltage vj, and output voltages (v, and v,3) are sensed, and
their peak values (Vin, V,1, and V,2) are detected using a peak
voltage detector [25], through the following relation:

\/ 2, Sin? (wt) + V2/ Cos? (wt) = Vin/o- 17

The converter operates in two modes depending on the value
of the input voltage compared to the output voltages.

Mode-1 [Viy > (Vo1 and V,2)]: When the peak input voltage
Vin 1s higher than both peak output voltages V,jand V9, the
buck mode is activated. In this mode, the duty ratio (D;) of the
input stage is set to 0, and the input switches are modulated at line
frequency, providing veo; = vy, . The peak detected values of the
output voltages (V,1and V) are compared with their respective
reference values (Vier1and Viees), and the error signals are fed
to two PI controllers, generating the dynamic control duty ratios
(Dp1(t) and Doz (t)).

Mode-2 [Vi, < (V1 or/and V,2)]: In this case, the peak input
voltage V4, is lower than at least one of the output voltages (V1 or
V,2) or both. The duty ratio of the one of the output modules
is set to 1. For instance, when V,; > V9, the duty ratio D, is
set to 1, and ve; = v,1 . The peak output voltage V,; is then
compared with Vi1, and the error signal is fed to a PI controller
to adjust the duty ratio D; (instead of D,) and regulate V,; to
the desired value. Additionally, the duty ratio D,; for output
module-2 is generated by comparing Vo with V. and feeding
the error signal to the PI controller. This way, the voltage v¢; is
only raised to the maximum required output voltage (V/,; in this
case), keeping the voltage stresses on the switching devices to a
minimum.

V. EXPERIMENTAL RESULTS

To validate the theoretical analysis, we constructed a hardware
prototype with specifications outlined in Table III. Figs. 12
and 13 exhibit the experimental outcomes for buck operation,
aiming to produce v,1 = 150 Vjea and vz = 100 Vpeqx from
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Fig.12.  Experimental results for buck operation with two different output volt-

age magnitudes. (a) Both outputs are noninverting. (b) Output-1 is noninverting
and output-2 is inverting.
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Fig. 13.  (a) Experimental results of input and output-1 inductor currents and
switch voltage stresses. (b) Zoom-in waveforms of Fig. 12(a).
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Fig. 14. Experimental results for boost operation with two different output
voltage magnitudes. (a) Both outputs are inverting. (b) Output-1 is noninverting
and output-2 is inverting.
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Fig. 15. (a) Experimental results of input and output-1 inductor currents and
switch voltage stresses. (b) Zoom-in waveforms of Fig. 14(a).

a high input voltage vj, of 200 Vjeq. In this operation, both
outputs are noninverting. The boost duty ratio D; is set to 0,
and buck module duty ratios D,1, D, are fixed at 0.75 and 0.5,
respectively. Fig. 12(a) illustrates the waveforms of input voltage
vin, capacitor C; voltage, output-1 voltage v,1, and output-2
voltage v,2 when both outs are noninverting. Fig. 12(b) shows
the same waveforms when output-1 is noninverting but output-2
is inverting. As observed, the voltage across capacitor C; is
clamped to vj, with a peak value of 200 Vi Fig. 13 displays the
waveforms of input (inductor) current, output-1 inductor current
and voltage stresses of switches S7 and S1;.
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Fig. 16.  (a) Experimental results of input and output-1 inductor currents and

switch voltage stresses. (b) Zoom-in waveforms of Fig. 14(a).

Figs. 14 and 15 depict the experimental outcomes for boost
operation to generate Vo1 = 100 Vpeak and v = 150 vpeqx from
a low input voltage vj, of 75 vpeak. The boost duty ratio D; is
set to 0.5 to elevate ve; t0 150 Viear, while the buck module
duty ratios D,; and D.are set at 0.67 and 1, respectively. In
Fig. 14(a), the measured waveforms include the input voltage
Ui, OUtput-1 voltage v,1, output-2 voltage v,2, and capacitor C;
voltage when both outputs are inverting. Fig. 14(b) illustrates
the same waveforms when output-1 become noninverting and
output-2 is inverting. Fig. 15 displays the waveforms of input
(inductor) current ¢ z,, output-1 inductor current ¢ 1, and voltage
stresses of switches S3 and Sg.

To demonstrate the effectiveness of the developed control (see
Fig. 10), transient experimental results of the input voltage vjy,
capacitor C; voltage vc;, and output voltages (v,1, Vo2) are
shown in Fig. 16. Fig. 16(a) presents the waveforms of vy,
Vi, Uol, and vee wWhen vy, drops from 150 Vi to 110 V.
Whereas, output voltages v,; and v,2 are regulated at 70 Viy,
and 110 Vi, respectively. In this case, the input boost stage
duty ratio Dy, is set to 0, and the rectified input voltage appear
across C;, vo; = |vin| . Meanwhile, v,; and v,2 are maintained
at their desired values of 70 Vi and 110 Vi, respectively,
by dynamically adjusting the duty ratios D, (t) and Dz (¢).
Fig. 16(b) illustrates the waveforms of v;,,, Vi, Vo1, and veo
when v,1 = 110 Vs and vy = 70 Vi, as the input voltage
vin 18 stepped up from 70 Vi to 100 Vips. In this scenario, duty
ratio D, issetat 1, and v, is realized by simply unfolding of the
capacitor C; voltage, ve; = | v51] - The boost duty ratio Dy (¢)
is dynamically controlled to regulate v,1 = vo; = 110 Vi,
while buck duty ratio D,o(¢) is also dynamically adjusted to
maintain vyo at 70 V.

Fig. 17 shows the measured THDs of the input current
(THDiy,) and output voltage (THDw, ) for a wide input voltage
range, Viy = 75 ~ 200 Vjear, With a fixed output voltage of

8403

3.5 V _ISOVpLak THDVo
3 —e—THDy;,
25
S
[=]
g 1.5
Fa
0.5
ot Boost Buck
70 920 110 130 150 170 190 210

Input (peak) voltage, Vin

Fig. 17. Measured total harmonic distortion (THD) of the proposed converter.
100
98
9
< 96
g
c
g o
g
w
92
Buck (Goi<1) 1 Boost (Goi>1)
20
04 06 08 1 12 14 16 18 2
Voltage gain, G
Fig. 18.  Variations of power conversion efficiency versus voltage gain.
Fig. 19.  Photo of the hardware prototype.

Vo = 150 Vpeax . The THD is minimized at Vi, = 150 Vieax
(when Vi, =V, ), as there is no high-frequency switching, re-
sulting in negligible current ripple. THD increases as Vj, deviates
from V,, in both buck and boost operation. Overall, the output
voltage THD remains below 2.5%, and the input current THD
is limited to within 3.5%.

Fig. 18 shows the measured power conversion efficiency
of the proposed converter for both buck and boost opera-
tions with different voltage gains (and input voltages) when
Vo = 100 Vpeak. As observed, efficiency is maximum at unity
gain ( Vip = v, = 100 Vjea) due to the absence of high-
frequency switching and related loss. Efficiency decreases as
voltage gain deviates from unity (with increase in different
between input and output voltages). Fig. 19 shows the hardware
prototype of the proposed converter. The experimental results
confirm the advantages of the proposed converter.

VI. CONCLUSION

This article presents a single-input and dual-output bipolar
buck-boost ac—ac converter along with its modulation strategies.
The two outputs of the proposed converter are fully decoupled,
allowing for independent adjustment of magnitudes and polari-
ties relative to each other and the input voltage. Key advantages



8404

of the proposed converter include the use of unidirectional
switching devices, eliminating commutation issues, as well as
continuous input and output currents, bidirectional operation,
and support for nonunity power factor loads. Comprehensive
comparisons with recently developed solutions demonstrate that
the proposed converter offers more flexible operation across
wider ranges, with lower component voltage stresses, reduced
current and voltage ripples, and improved input and output
power quality. Theoretical claims are supported by detailed
simulation and experimental results. The proposed converter is
well-suited for implementing flexible ac-link converters with
decoupled control of three-phase amplitudes and phases in dis-
tributed networks, without relying on conventional back-to-back
ac—dc—ac converters with enormous and less reliable dc-link
capacitors.
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