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Highly Efficient Three-Level AC-AC Converter
With Identical In-Phase and Antiphase
Buck—Boost Operations

Hafiz Furqan Ahmed ", Ashraf Ali Khan
Seyyed Mohammad Javad Mousavi

Abstract—TIn this article, a new coupled-inductors based three-
level bipolar buck-boost ac-ac converter is proposed. The proposed
converter can produce highly efficient and symmetric in-phase and
antiphase buck and boost modes of operation with much lower
component voltage and current stresses. This reduces the operation
and design complexity, and helps to achieve a high-efficiency op-
eration. The high-frequency modulating switches of the proposed
converter are implemented with coupled-inductor-based dual-buck
phase leg, producing three-level input and output voltages, and pro-
viding inherent protection from voltage-source short-circuit issue
during switch transitions. The other salient features of the proposed
converter are no-commutation issue, no need for RC snubbers or
dedicated safe-commutation algorithms, provision of high-quality
and continuous input/output currents, and support for nonresistive
loads. An in-depth circuit analysis of the proposed converter is
provided based on the proposed switch modulation strategies. The
guidelines for component design/selection are discussed, followed
by the comparisons with state-of-the-art three-level ac-ac con-
verters. Finally, practical circuit verifications are performed on a
laboratory-assembled prototype.

Index Terms—AC-AC conversion, buck-boost voltage, coupled
magnetics, in-phase/antiphase output, three-level voltages.

1. INTRODUCTION

HE ac—ac power converters are crucial for industrial appli-
I cations and addressing grid power quality issues. They fall
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into three main categories: indirect ac—dc—ac converters with
a dc link [1], [2], matrix converters [3], [4], [S], and direct
pulsewidth modulation (PWM) ac—ac converters [6], [7]. While
indirect converters offer flexible control over all output voltage
attributes (magnitude, phase, and frequency), they require a
two-step conversion with large and costly dc-link capacitors
[8]. Matrix and direct ac—ac converters provide single-stage
conversion, eliminating the need for large dc-link capacitors.

Single-phase matrix converters [3], [4], [5] and direct ac—ac
converters [6], [7] lack the ability to synthesize a finite output
voltage at zero crossings of input voltage. As a result, they
can only produce in-phase or antiphase output voltage (unipolar
topologies [5], [9]), nonidentical in-phase and antiphase output
voltages (bipolar topologies [7], [10]), or identical in-phase
and antiphase output voltages (identical-bipolar topologies [3],
[4], [5], [11]). Bipolar-type ac—ac converters are increasingly
used for series voltage compensation applications, such as dy-
namic voltage restorers [10], to mitigate voltage dips and over-
voltages. Identical-bipolar ac—ac converters [3], [4], [5], [11]
can produce step-variable frequency output, useful in traction
applications [4] and high-gain ac—dc rectifiers [5]. Emerging
applications include using identical-bipolar ac—ac converters as
flexible transformers [ 12], enabling series compensation voltage
with controllable phase-shift ranging from 0 to 27. However,
conventional direct ac—ac converters [6] only provide in-phase
or antiphase output voltage. Thus, research focus has shifted
toward developing new ac—ac converters with bipolar output
voltage.

Impedance-network-based Z-source ac—ac converters [7] are
well-known nonidentical-bipolar ac—ac converters. Their var-
ious in-circuit improvements are proposed [13] to enhance
their circuit performance and improve voltage/current profiles.
Nevertheless, their practical use is hindered due to requir-
ing a large passive element count, sharp variations in gain
curve, and absence of in-phase buck operation. Current-source-
type bipolar [14] and unified bipolar [10] buck—boost ac—
ac converters are proposed with less passive elements. How-
ever, the former has large devices in power loop with only
resistive load support. However, the latter has discontinu-
ous input/output currents with the absence of in-phase boost
operation. Dual-buck structured bipolar ac—ac converter [15] is
proposed to eliminate the commutation issue of ac—ac convert-
ers. However, it requires a large number of circuit elements, the


https://orcid.org/0000-0003-3762-2359
https://orcid.org/0000-0002-5601-0887
https://orcid.org/0000-0002-6115-4332
https://orcid.org/0000-0001-8198-6294
https://orcid.org/0000-0003-1460-5177
mailto:hfahmed@mail.ee.nsysu.edu.tw
mailto:hfahmed@mail.ee.nsysu.edu.tw
mailto:ashrafak@mun.ca
mailto:omar.alzaabi@ku.ac.ae
mailto:smj_mousavi@tabrizu.ac.ir
mailto:e-babaei@tabrizu.ac.ir
https://doi.org/10.1109/TPEL.2024.3398039

9930

absence of in-phase boost operation, and an inefficient antiphase
buck—boost operation. The identical-bipolar buck—boost ac—ac
converters (or single-phase matrix converters) are developed
in [3], [4], [5], and [11]. However, buck-type [3], [4] and
boost-type [5] matrix converters have limited voltage transfer
ratios. Z-source buck—boost matrix converter is developed [16].
However, it needs too many active switches and passive ele-
ments. Nondifferential ac choppers and dual-buck structured
identical-bipolar buck [11] and buck—boost [17] type ac—ac
converters are proposed. However, the former has a limited
voltage transfer ratio, and the latter suffers from large component
voltage/current stresses and ripples.

The above-described converters generate two-level voltages.
The three-level ac—ac converters are gaining attention to reduce
switching harmonics, offer more inductor voltage levels with
smaller steps, and produce high-quality input/output voltages
with reduced filtering demands. Traditional three-level ac—ac
converters [18], [19] are typically constructed by cascading
two-level converter units, offering modular structures, simple
fabrication, and easy maintenance. However, they require twice
the components of two-unit converters and can have discontinu-
ous input currents. Flying-capacitor three-level ac—ac converters
[20], [21] have been proposed but face challenges, such as
capacitor voltage imbalance and complex voltage balancing
techniques, resulting in some duty cycle loss. An innovative
approach utilizing an auxiliary transformer for capacitor volt-
age balancing is presented in [22]; however, this converter
still requires eight switches and allows only buck operation.
Importantly, these three-level converters provide only in-phase
or antiphase output voltage and encounter commutation issues
[18], [19], [20], [21], [22].

Dual-buck phase leg and coupled-inductor [23] based ac—ac
converters [24], [25], [26] offer three-level voltages and resolve
commutation issues without requiring cascaded connections or
capacitor voltage balancing. While basic topologies are pro-
vided in [24] and [25], limitations include restricted voltage
transfer ranges for buck and boost topologies, higher stresses
and poorer power quality for buck—boost topology, and unipolar
operation with only in-phase or antiphase capability. A recent
proposal introduces a dual-buck and coupled-inductor-based
three-level bipolar ac—ac converter [26] capable of in-phase
and antiphase buck—boost operations. However, it requires three
high-frequency-modulated dual-buck phase legs with three-
coupled inductors. The converter’s in-phase and antiphase op-
erations are nonidentical, posing challenges for circuit opti-
mization. Antiphase operation results in higher voltage stress
(= vin + v,, Where vy, is the input supply voltage and v, is the
output voltage) and current stress [(> 4, + 4,), Where i, is the
input supply current and ¢, is the output current] of switching
devices, necessitating high-rating components and leading to
increased implementation costs and reduced efficiency [26].

This article proposes a new highly efficient dual-buck
and coupled-inductor-based three-level identical-bipolar buck—
boost ac—ac converter. The proposed converter uses only two
high-frequency-modulated dual-buck phase legs with coupled
inductors, in combination with two line-frequency-modulated
conventional phase legs. Its in-phase and antiphase buck and
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Proposed identical-bipolar three-level buck—boost AC—AC converter.

Fig. 1.

boost operations are identical with the same component volt-
age/current stresses and ripples. This simplifies the switch mod-
ulation, circuit operation, design, and optimization. Moreover,
its bipolar buck—boost operations are highly efficient with low
component voltage/current stresses and ripples. It can provide
both three-level inputs and outputs. Additionally, a dedicated
phase-shift control ensures that the input and output filter volt-
ages and currents experience twice the switching frequency,
thereby further reducing their values and requirements. The
proposed converter has inherent protection from commutation
issue without requiring extra circuitry or dedicated control.
Moreover, it provides good quality and continuous input/output
currents, and works normally with nonresistive loads.

II. PROPOSED AC—AC CONVERTERS

Fig. 1 illustrates the proposed converter. The positive (ref-
erence) input terminal vj,; is connected through input induc-
tor Li, to a coupled-inductor C'L;-based dual-buck phase leg
(consisting of switches S; and So, and diodes D, and Dy), and
negative (reference) input terminal vj,_is connected to midpoint
of a conventional phase leg (consisting of switches S3 and S4). In
an identical manner, the positive (reference) load terminal v,
is attached to a coupled-inductor C Lo-based dual-buck phase
leg (consisting of switches S5 and Sg, and diodes D, and D)
through an output filter inductor L,. The negative output termi-
nal v,_ is connected to a conventional phase leg (of switches
S7 and Sg). A small filtering and lossless snubber capacitor C
is added across the phase legs.

A. Identical In-Phase and Antiphase Buck Voltage Operations

Fig. 2 shows the phase-shifted PWM modulation of in-phase
and antiphase buck operations when v;, > 0. For v;, < 0, gating
signals of two switches of the same phase leg are interchanged.
Fig. 2(a) and (b) are for in-phase operation. Fig. 2(c) and (d)
are for antiphase operation. Switches Sy and .S, are completely
on and S5 and S5 are completely off for both operations. Input
inductor L, and capacitor C create an input LC filter, providing
a high-quality input current, and vo = vjy.

A reference signal V, is compared with two antiphase (180°
phase-shifted) triangular waveforms wvyi; and vgio to generate
high-frequency gating signals for switches S5 and Sg. The duty
ratio in buck mode is Dy, . Switches S; and Sg are operated
at line frequency. For in-phase and antiphase outputs, gating
signals of switches S5—Sg are inverted.

1) Circuit Operation for 0 < Dy, < 0.5: Switching signals
for in-phase and antiphase operations are shown in Fig. 2(a) and
(c), respectively.
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Fig.2.  Switching signals and significant waveforms for bipolar buck operation
when vi, > 0. (a) and (b) are for in-phase operation. (a) Dy, < 0.5.(b) Dy, >
0.5. (¢) and (d) are for antiphase operation. (¢) Dy, < 0.5. (d) Dp,, > 0.5.

1) Interval-1 [0~ Dy, T'|: Fig. 3(a) shows the equivalent circuit
for in-phase operation. Capacitor C provides energy to output
inductor and load through switches S5 and Ss. Common-mode
current i.y2 of coupled inductor C'Ly flows through capacitor
C and switches S5 and Sg. For a unity turns ratio of coupled
inductor, capacitor C voltage vc (= vi,) is equally divided
between two windings. The voltage level vy ¢, of output LC
filter is, therefore, equal to vy, /2

Vo = 0.5vi — v,
vo(=v) . dipe _ 05vg-v, 10— Phase (1)
dt 4L, = dt L,

dicmZ —

Where L,, is the magnetizing inductance of a coupled inductor.
For antiphase operation, as shown in Fig. 4(a), circuit operation
is similar as explained for in-phase operation. However, switch
S7isnow turned on instead of Sg and a negative capacitor voltage
—u¢ is available across output LC filter. Therefore, we get

{vLo = —0.5vi, — v, Antiphase. )

1) Interval-2 [Dy, T~0.5T]: For in-phase operation [see
Fig. 3(b)], capacitor C is disconnected from the output circuit
and gets charged by vj,. Output inductor L, provides energy to
load through switch Sg and diode Dy. Common-mode current
ieme freewheels through switch Sg and diode D,. The voltage
level vy, of output LC filter is equal to zero

VLo = —Vo
diws _ (); dize _ —v, In — phase. 3)
dt — 9 dt L,

For antiphase operation [see Fig. 4(b)], inductor provides
energy to load through switch S7 and diode D.. Common-mode
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Fig. 3. Equivalent circuits for in-phase buck operation. (a) Interval-1.
(b) Interval-2 and Interval-4. (c) Interval-3. (d) Interval-5.

current i.2 freewheels through switch S5 and diode D... Circuit
equations remain the same as for in-phase operation.

) Interval-3 [0.5T~(0.5 + Dy, )T ]: For in-phase operation
[see Fig. 3(c)], output inductor L, keeps providing energy to
load through switch Sg and diode Dy. Common-mode current
ieme flows from capacitor C through diodes D. and D,. Circuit
equations remain same as in mode-1

dich o
{ dt

For antiphase operation [see Fig. 4(c)], the operation is same.
The only difference is that the output inductor L, current iy,
flows through switch S7 and diode D...

IV) Interval-4 [(0.5 + Dy, )T~T']: Operation in Interval-4 is
exactly same as in Interval-2, corresponding to equivalent cir-
cuits of Figs. 3(b) and 4(b) for in-phase and antiphase operations,
respectively.

The above discussion shows that for 0 < Dy, < 0.5, the output
LC filter voltage vrc, varies between two levels: 0 and vy, /2.

_UC (: Vin )
4L,,

In — phase. 4)



9932

+e

B

(d)

Fig. 4. Equivalent circuits for anti-phase buck operation. (a) Interval-1.
(b) Interval-2 and Interval-4. (c) Interval-3. (d) Interval-5.

Moreover, the effective frequency of v, ¢, is two times the actual
operating frequency of switches S5 and Sg.

2) Circuit Operation for 0.5 < Dy, < 1

Switching signals for in-phase and antiphase operations are
shown in Fig. 2(b) and (d), respectively. For this duty ratio
range, only one operation in Interval-5 occurs in conjunction
with earlier explained operations in Interval-1 and Interval-3.

V) Interval-5 [(1 — Dy, )T ~ 0.5T and (1.5 — Dy,)T ~
T'J: For in-phase operation [see Fig. 3(d)], common-mode cur-
rent i.yo freewheels through switch S5 and diode D,. Voltage
drop across coupled inductor is zero. This allows the complete
capacitor C voltage v¢ to apply across output LC filter, and vz ¢,
=1vc = vip . Capacitor C provides energy to output inductor L,
and load

VLo = Uin — Vo
digs _ (). dizo _ In — phase. )
dt — % 4t

Vin —Vo

L,
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Fig.5. Switching signals and significant waveforms for in-phase bipolar boost

operation when vi, > 0. (a) Dy, < 0.5. (b) Dy, > 0.5. (c) Logic diagram for
switching signals generation.

For antiphase operation, as shown in Fig. 4(d), circuit oper-
ation is similar as explained for in-phase operation. However,
switches Sg and S; are now turned on instead of switches
S5 and Sg, and reverse capacitor C voltage —v¢ is available
across output LC filter. Therefore, the output inductor voltage
becomes

{vLo = —vin — v, Antiphase. (6)

The output LC filter voltage vy, varies between two levels:
vin/2 (Interval-1 and Interval-3) and vy, (Interval-5). Therefore,
the output LC filter voltage has total three levels: 0, v;,/2, and
vin- The voltage across the output LC filter experiences double
the switching frequency.

The voltage transfer ratio Mjy,, is given by

My, =+ Dy, (N

where plus “4” sign is for in-phase operation and minus sign
“—*“is for antiphase operation.

B. Identical In-Phase and Antiphase Boost Voltage Operations

Fig. 5 shows the switching signals, key waveforms, and switch
signal implementation for phase-shifted modulation for in-phase
boost operation during the positive half-cycle of the input
voltage v;, > 0. Fig. 5(a) and (b) shows the switching signals for
boost duty ratios Dy, of Dy, > 0.5 and Dy, < 0, respectively.
A reference signal V}, is compared with triangular carrier signal
vyi1 to generate the PWM control signal of switch S5. Same
reference signal V}, is also compared with 180° phase-shifted
triangular carrier signal vyjo to generate the switching signal
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for switch S;. Switches Sy, S5, and Sg are completely turned
on for v, > 0, and switches S5, Sg, and S7 are fully turned
off. For vj, < 0, the control signals of each switch are inverted.
Fig. 5(c) shows the logic block diagram for the implementation
of a phase-shifted PWM modulation strategy for in-phase boost
operation. Fig. 6 shows the switching signals for antiphase boost
operation.

For in-phase output, switches S5 and Sg are completely on
and Sg and S; are off. This creates an output LC filter (consisting
of L, and C,) across capacitor C, and v¢c = v, . For antiphase
operation, switches S5 and Sg are completely off and Sg and.S7
are on. Thus, an output LC filter (L,C),) is again formed across
capacitor C but with reversed voltage polarity vc = —v,. This
produces high-quality output voltage with continuous output
current.

1) Circuit Operation for 0 < Dy, < 0.5: Switching signals
for in-phase and antiphase operations are shown in Figs. 5 and
6, respectively.

1) Interval-1 [0~ Dy, T |: Fig. 7(a) shows the equivalent circuit
for in-phase operation. Input source vy, provides energy to input
inductor L, through switches S5 andSg. Common-mode current
iem1 flows through capacitor C and switches S; andSg.

Positive capacitor C voltage is applied across output LC filter

Vin—0.5v
ULin = == I h g
dign _ vo(=vo) . dige _ wn-05v, 10— Phase.  (8)
dt — —aL,, 0’ dt —  ILm

For antiphase output, circuit operations are exactly the same.
The only difference is that the reverse capacitor voltage is applied
across the output LC filter, as shown in Fig. 8, and vo = —v,.

1) Interval-2 [ Dy, T'~0.5T']: Input source vy, and inductor
L, provide energy to charging of capacitor C through switch
S and diode D,,, as shown in Fig. 7(b). Common-mode current
iem1 flows through switch S and diode D,

Vlin = Vin —Vo
in = -
mn
diem1 0: diro _ Vin—Vo In — phase' ©)
dt — 0 dt T L,

M) Interval-3 [0.5T~(0.5 4+ Dy,)T]: Input source v;, and
inductor L, keep charging the capacitor C through switch Sg
and diode D,[see Fig. 7(c)]. Common-mode current i.,; flows
through capacitor C and diodes D, andD,. Circuit equations
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Fig. 7. Equivalent circuits for in-phase boost operation. (a) Interval-1.
(b) Interval-2 and Interval-4. (c) Interval-3. (d) Interval-5.

"t R v

Equivalent circuits for antiphase boost operation.

Fig. 8.

remain same as in Interval-2. Only this time, voltage of capacitor
C is reversed across the coupled-inductor C'L;

In — phase.

{dicml _ _'UC (: 'Uo) (10)

dt 4L,

IV) Interval-4 [(0.5 + Dy, )T~T]: The operation is exactly
the same as in Interval-2. Input LC filter voltage vy i, has two
levels: v,/2 and v,. Moreover, this filter voltage varies with
twice the switching frequency.
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operations. (b) In-phase and antiphase boost operations.

2) Circuit Operation for 0.5 < Dy, < 1: A new operation
in Interval-5 exists in combination with operations in Interval-1
and Interval-3.

V) Intervale-5 [(1 — Dyo)T ~ 0.5T and (1.5 — Dyo)T~T]:
Input inductor L;, stores energy from input source vj, through
switches S5 and Sg[see Fig. 7(d)]. Common-mode current i¢mp
freewheels through switch S5 and diode D,

Vin

ULin = T
dig _ () dizo _ v In — phase (11)
dt - ! dt - Lin

The input LC filter voltage vpci, has now two levels: 0
(Interval-5) and v, /2 (Interval-1 and Interval-3). Therefore, the
input LC filter voltage vy,ci, has a total of three levels: 0, v, /2,
and v,. This voltage varies with twice the switching frequency.

The voltage transfer ratio My, for boost operation is given
by

1

My = £———
bo 1_ Dbo

(12)
where plus “4” sign is for in-phase operation and minus sign
“—"1s for antiphase operation. Fig. 9(a) and (b) shows the volt-
age gain plots for in-phase/antiphase buck and boost operations,
respectively.

III. FLEXIBLE IN-PHASE AND ANTIPHASE BUCK-BOOST
VOLTAGE OPERATIONS

Fig. 10 shows the switch modulation for flexible in-phase
[see Fig. 10(a) and (b)] and antiphase [see Fig. 10(c) and (d)]
buck—boost voltage operations. Both dual-buck phase legs are
modulated simultaneously and independently. There are eight
operation scenarios based on the placement of buck and boost
reference signals V,, and V;,. However, only two scenarios pro-
vide efficient buck—boost operation, i.e., when {(V, > V}) <
0.5)} and {(V, > V) > 0.5)}. This operation produces simul-
taneous three-level input and output voltages. The circuit op-
eration is the combination of in-phase and antiphase buck and
boost operations as explained earlier. Therefore, only in-phase
operation is briefly described for (V, > V}) < 0.5.

A. Circuit Operation for 0 < Dy, < 0.5 and 0 < Dy, < 0.5

The equivalent circuits are shown in Fig. 11, corresponding
to the switching signals of Fig. 10(a) and (b).
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Fig. 10. Switching signals and significant waveforms for flexible bipolar
buck—boost operation when vi, > 0. (a) and (b) are for in-phase operation.
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1) Interval-1[0 ~ Dy, T and( ~ Dy, T ]: Inputinductor Li,
stores energy, and capacitor C provides energy to L, and
load [see Fig. 11(a)]. vioin = vo /2 and vico = vo /2.

2) Interval-2 [0 ~ Dy, T and Dy, T ~ 0.5T]: vy, and Lj,
provide energy to charge capacitor C [see Fig. 11(b)].
Capacitor C keeps providing energy to L, and load.
Vrcin = Vo, and oo = vo /2.

3) Interval-3 [ Dy, T ~ 0.5T and Dy, T ~ 0.5T']: Capacitor
C keep charging from v;, and L;, [see Fig. 11(c)]. L, starts
providing energy to load. vrcin = vo, and v, = 0.

4) Interval-4 [0.5Dy, T ~ (0.5+ Dy, )T and Dy,T ~
0.5T]: L, gets charged from coupled-inductor C'Ly [see
Fig. 11(d)]. Capacitor C keeps charging as previously.
vLcin = v, and vpco = vo /2.

5) Interval-5 [0.5Dp, T ~ (0.5 4 Dy, )T and 0.5Dp,T ~
(0.54 Dpo)T']: Liy stores energy [see Fig. 11(e)]. L,
keeps charging. vrcin = ve /2, and vpc, = vo /2.

6) Interval-6 [0.5Dy,, T ~ (0.5 + Dy,,)T and
(0.5 + Dy, )T ~ T']: The operation is exactly the same
as in Interval-4.
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Fig. 11. Equivalent circuits for flexible in-phase operation. (a) Interval-1.
(b) Interval-2 and Interval-8. (c¢) Interval-3 and Interval-7. (d) Interval-4 and
Interval-6. (e) Interval-5.

7) Interval-7 [(0.5 + Dy, )T ~ T and (0.5 + Dp,)T ~ T1:
It is the same as Interval-3.
8) Interval-8 [T ~ 2Dy, T and (0.5 + Dy,)T ~ T]:Itis the
same as Interval-2.
The voltage transfer ratio My, for flexible buck—boost opera-
tion is given by

Dbu

My, = £——F7—.
bb 1- Dy

13)

A 3-D plot of voltage gain My, variations with Dy,, and Dy,
is shown in Fig. 12 for in-phase operation. Various combinations
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=

Voltage gain, Mbb
—O N A O ® O

0, Dpg~=_ 0 o__ 92

Duty Ratio, Dbu

Fig. 12. Three-dimensional plot of voltage gain variations against converter
duty ratios Dy,, and Dy,.

TABLE I
CURRENT AND VOLTAGE RIPPLES/STRESSES OF COMPONENTS

Parameter NIBu NIBo
Switching Vg Vin Vo
devices is io iin
C it V¢ Vin Vo
apacitor i,DpT
P Ave 0 olb
c
Coupled Iom i,/2 iin/2
: . Vin Vo
inductors Qg AL AL
i iin = lin, iin = lin»
Lo =1l Yo =l
Inductors Aiy, = (O-S—D)VoT' Qiyy = (O.S—D)DVDT’
P o Lin
Aiy, (1-D)(D-0.5)v,T (1-D)(D-0.5)v,T
Ly Lin

of buck and boost duty ratios (Dy,, and Dy,) exist to achieve
the same voltage gain. However, for optimal performance during
buck operation, the boost duty ratio Dy, can be set to 0 (switches
S1 andSs are modulated at line frequency). The resultant buck
gain curve My, is highlighted by the bold black line in Fig. 12.
Similarly, for optimal boost operation, the buck duty ratio is set
to 1 (switches S5 andSg are modulated at line frequency), and
the resultant boost gain curve My, is highlighted by the bold red
line on the graph in Fig. 12.

IV. COMPONENT STRESSES/RIPPLES AND DESIGN DISCUSSION

Table I provides component voltage/current stresses and rip-
ples of the proposed converter.

A. Switching Devices Voltage/Currents Stresses

Switch voltage/current stresses vg /ig are given by

Boost

Buck _ v,
v M s

s M
;Buck __ NIBo __ ;
1o =g, Uy =1, M.

v =,

(14)

Maximum switch voltage stresses are experienced in buck
operation when the input voltage is at its highest level. Switch
current stresses are maximum when the input voltage is mini-
mum.

B. Capacitor Design
Capacitor C voltage stress V. is the same as switch voltage

stress in (13). Capacitor voltage ripples are given by

(M — 1) io
M fC

{AVB N ~ 0, Aol = (15)
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The maximum capacitor voltage ripple Awv. occurs for min-
imum input voltage. By limiting this voltage ripple Av, to x%
of V., the required capacitor value C can be determined.

C. Inductor Design

The common-mode dc-offset current /., and common-mode
current ripples Aicy, of coupled inductors are given by

Iem2 = %7 I = %G
T e U6
Ao = 4fSnLS G, Adem1 = 4fSOLS a2

Coupled-inductor C'L; has maximum offset current when the
gain is maximum. The dc-offset current of C'Ls is independent
of voltage gain. Self-inductances Lg of C'L; and C'Ls can be
selected to restrict their maximum current ripple to y% of offset
currents I.p,.

Input and output inductors Lj, and L, have current stresses
Iy, of i,G and 1i,, respectively. Current ripples Aiy, of these
inductors are given by

v I

{AiLO =(05-G) L,

Nip — (156-0.56221) a7

G? JsLo *

By limiting the inductor current ripples to y% of their current
stresses I, inductor values L can be selected.

D. Switch Device Selection and Passive Component Design

The operating conditions of the experimental prototype are
given by vy, = 70 ~ 282 Vi, Vo = 110 Vi, Py = 400 W, and
fs = 50 kHz.

1) Maximum switch voltage stress Vs p max 18 equal to the

peak value of the maximum input voltage \/ﬁvin,max =
400 V.

2) The maximum device current Ig/p max (considering in-

ductor current ripple) is given by

3\/5 iin,max Vo D
IS/D,max = 2

bo

TR 13.54 A.
In practice, MOSFETs model number 47N60CFD (600 V/46 A)

and diodes RHRG3060 (600 V/30 A), as already available in the

laboratory, were selected for the experiments.

3) Input inductor L, directly affects the input current ripple
and power quality. The value of the input inductor Lj, is
calculated to limit its current ripple Aipy, to within 10%
of the input current ¢;,, as given by

\@Vo,rms (05 - Dbo) Dbo
AZ.Lin fs

In practice, an input inductor of 200 pH is used.

4) The capacitor C value can be calculated to maintain its
voltage ripple Ave to 10% of its voltage stress v¢, as
given by

(18)

Lin = = 191 pH. (19)

\/§Io,rmsDbo

“= "R T,

— 2.4 uF. (20)
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In practice, a 2.2 pF capacitor is used and the voltage ripple is
allowed to be a little larger than 10% since this is again filtered
by the output LC filter.

5) The value of output inductor L;, can be selected to main-

tain its current ripple Air, to 30% of output current 7,
as

\/§Io,rms (05 - Dbo)
AZbLo fs

In practice, an output inductor of 200 pH is used.

Output capacitor voltage ripple Ave, directly affects the load

power quality. Its value is calculated to maintain its voltage ripple
to 2% of the output voltage as

Ly = =216 pH. 1)

(22)

A 2.2 uF film capacitor is used to implement the output filter
capacitor.

V. COMPARISON WITH STATE-OF-THE-ART COUPLED-
INDUCTOR-BASED THREE-LEVEL AC—AC CONVERTERS

The cascaded-type [18], [19] and flying-capacitor [20], [21],
[22] three-level ac—ac converters have commutation issues.
Moreover, the former requires a greater number of components
and the latter requires voltage balancing of flying capacitors.
A comparison of the proposed and existing state-of-the-art
dual-buck and coupled-inductor ac—ac converters [24], [26] is
provided in Table II. The inverting buck—boost-type three-level
converter [24] requires only two dual-buck phase legs with two
coupled inductors. However, it provides only inverting buck—
boost operation with higher component stresses/ripples and
poor efficiency. The following research [26] proposed a bipolar
three-level ac—ac converter. However, it requires three dual-buck
phase legs with three coupled inductors. Also, it has nonidentical
buck-boost voltage outputs and inefficient inverting buck—boost
operation (with higher component stresses, ripples, and losses).
The proposed converter requires only two dual-buck phase legs
with two coupled inductors compared with [26]. Moreover, it
can produce identical-bipolar buck and boost voltage processes,
which are highly efficient with much lower voltage current
stresses and ripples of components.

The switch voltage/current stresses v, /i of the conventional
converters [24], [26] are given by

(M +1)v, 3(M+1)
{US_M’

is = — g o (23)

The normalized switch voltage and current stresses (vs /v, and
is/1,) of the proposed and conventional converters are plotted
in Fig. 13(a) as a function of voltage gain. As observed, the
proposed converter can significantly reduce switching devices’
voltage/current stresses. Therefore, it would require less costly
switching devices with better performance. The normalized
common-mode dc-offset current I, and current ripple Aép, of
coupled inductor of the proposed and counterpart converters are
plotted in Fig. 13(b). As observed, the proposed converter has
a smaller current handling requirement and inductance value,
indicating that it can reduce magnetic requirements. Table II
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TABLE II TABLE III
COMPARISON OF THE PROPOSED AND EXISTING THREE-LEVEL AC-AC CONDUCTION CURRENTS AND BLOCKING VOLTAGES OF COMPONENTS WITH
CONVERTERS RESPECTIVE TIME INTERVALS
Unipolar Unipolar Bipolar })ropgsed In-phase Buck Operation In-phase Boost Operation
Parameters ﬂymg dual buck dual buck vldentlcal- Current/ Interval Current/ Interval
capacitor [24] [26] bipolar dual- voltage voltage
L 1 buck i ioM, (1 = Dyo)T.
Voltage ;gain, d d dpy, o d+ S1, i | igMy, T, s s oMpo bo)ls
M(= ﬁ) 1—d 1—d _dbp =Thw =7 dypo Sa Vs Vo DyoTs
- A=bh 3i 3i,M,
( (2 0
Bipolar buck— Ug ipolar Unipolar Bipolar Bipolar buck— ls -5 Dy Ts Ls — DyoTs
. uck— 2 2
boost operation boost buck—boost buck—boost boost Ss v, S,
Identical-bipolar Vs My, (1= Dp)Ts Vs Yo (1 = Dyo)Ts
buck—boost N/A N/A No Yes i i 3i,M,,
process ls 2_0 (1 = Dp)Ts Ls % (1 = Dpo)Ts
No. of switches | 8(S; —Sg) | 4(S; — S 6(S —Se) 8 (S, — Sg) Se v, Dq
No. of diodes 0 4Dy —Dy) | 6(D;—Dg) | 4(Dy—Dy) vs| Dpu Ty g Vo DpoTs
No. of dual- 2 .
i iM
buck phase legs NA 2 3 2 is 2—0 Dy, T is Dz—bo DyoTs
No. of coupled 3(CLy — D D,
X 0 2(CL4,CL 2(CL4,CL ¢ v b
inductors @l | i) (ChCha) vl e | =D o A
No of inductors 1(L) 1(L) 2(Liy, Ly) 2(Liy, Lo) 3{’“
Switch volt i Lo _
W;;eszovsage Vin + Vo Vin + Vo Vin + Vo Vip OI' v, ls o (1 = Dy )T S, ) ; r
Dy Vo Se | " o s
Switch current P 3(iin + io) 3(iin + i) ELTIL7) Vs Mpy DouT.
i i mn ° 2 2 . . ; .
stressts 2 2 SS Ls Lo Ts Sﬁ Ls loMbu s
DC-off set . . . . iL ioMbu Ts iL io Mbu s
currents NA lin + 0o lin + & Gin o fo Lin Lin 05
I of coupled 2 2 2 2 0 T . DT
inductors v s v — Dpo)vy bo’s
Current ripple of Vo
coupled N/A Vin + Vo D Vin + Vo D 4fs1ﬁs Dy or C i 0 Tg C; i lo Do T
inductor 4fiLy PP 4fiLg PP 2 Dpo lin (1 = Dyo)Ts
Ay 4 fiLs
i i i T, i I, T,
Commutallon Yes No No No L L 0 s L L o s
issue o o
Input current Discont. Discont. Continuous Continuous VL Vo (0.5 = Dp)Ts VL 0 Ts
Output current Discont. Discont. Continuous. Continuous
"“‘3242 V=150V | =150V Vi =150 V . .
B L v,=110 V v,=110 V A. Semiconductor Device Losses
Measured v": o 7=92.8% 7=933% 7=952%
efficiency (7) (L2210 The resisti duction loss Py, of be d
y (7 V=198 V V=10V V=10V Tm=10 V e resistive conduction 10SS s, of MOSFETS can be deter-
,=220 V' v,=110 V v,=110 V v,=110 V mined as
7=85% 7=90.6 % 7=90.9 % 7=93.9%
2
Psc == (Is,rms) DS, on (24)
where 7ps on 1s the drain—source on-resistance of MOSFET and
s - — — . P
. o P e oumi I rms s its rms current.
3 RN - £z Switching loss of line-frequency MOSFETs is negligible. On
£ s oo .
e EH 5 the other hand, switching losses Py, of high-frequency MOS-
R 2 . .. . I .
[ e g @ FETS are mainly originated from the discharge of their junction

° os

°

' 15 2 1 15
Voltage gain, M Voltage gain, M

(a) ()

Fig. 13. Comparison plots of the proposed and conventional converters.
(a) Switch voltage and current stresses of the proposed and conventional con-
verters. (b) Common-mode current and current ripples of coupled inductor.

also provides a comparison of the experimental reported effi-
ciencies of the proposed converter and counterpart converters
[21], [24], [26] alongside the respective operating conditions. As
anticipated, the proposed converter demonstrates notably higher
power conversion efficiency.

VI. LOSS ANALYSIS OF THE PROPOSED CONVERTER

Table III provides a detailed information of component volt-
age/current stresses and respective time intervals for the deter-
mination of their various losses.

capacitors C,4s during turn-on [27], as given by
-Psw = fs . Eoss (‘/s)

where f is the switching frequency and F,; is the capacitive
turn-on energy, which can be determined from MOSFET data sheet
as a function of its blocking voltage V.

The conduction losses Pp. of external diodes can be deter-
mined as

(25)

Pp.=Up, ID,avg + (ID,rms)QrD (26)

where Up, is the fixed voltage drop of diode and rp is the
forward resistance of the diode.

The diode switching loss Pp,.» mainly comes from its reverse
recovery as given by

1
Pppr = Zfs~Irr~VD~tb (27)

where Vpis the diode blocking voltage, I, is the diode reverse
recovery current, and ¢, is the time duration of reverse recovery.
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Total power loss=17.02 W

 Diode conduction loss # Diode conduction loss

= MOSFET conduction loss # MOSFET conduction loss
* Diode switching loss = Diode switching loss
MOSFET switching loss MOSFET switching loss
B inductor winding loss  Inductor winding loss

 Inductor core loss # Inductor core loss

 Cap. ESR loss

(@ (b)

= Cap. Loss

Fig. 14. Loss breakdown of switching devices of the proposed converter.
(a) NIBu operation. (b) NIBo operation.

MOSFET switching loss

u Diode conduction loss & MOSFET d loss u Diode hing loss
20 7

18
16|~
1 Pbss W]
12|~
10
8 -
6
4
2 7
o ’F;roposed [24] [26] Proposed [24]
L Buck ! L Boost !
Fig. 15. Comparison of semiconductor device losses of the proposed and

coupled-inductor-based three-level counterpart converters.

B. Passive Component Losses

Winding conduction losses Py, of inductors can be found by
Puc = (Lums)* 71 (28)

where 7, is the inductor copper resistance and Iy, s is the rms
current flowing through inductor winding.

The core loss P, of inductor can be found through the
following formula:

Peore = K e Al (AB)". (29)

In (28), the coefficient K, is associated with the frequency
of operation. A,,, and [,,, represent the magnetic cross-sectional
area and its mean magnetic path length, respectively. AB de-
notes the fluctuation in flux density, while “a” is a parameter
obtained from the technical specifications provided by the core
manufacturer.

The equivalent series resistance (ESR) conduction loss Pgsre

of capacitor C is given by

Pasre = (Iems)” 7o (30)

where 7 is the ESR of the capacitor and I, i, is the rms current
flowing through the capacitor.

Fig. 14 provides a component loss breakdown of the proposed
converter for the operating conditions of v, = 110 Vs, P, =
400 W, and f, = 50 kHz. Fig. 14(a) shows the loss breakdown
for buck operation when vj, = 150 V. Fig. 14(b) shows the
loss breakdown for boost operation when vy, = 70 Viys. As
observed, total power loss is higher in boost operation due
to significantly higher conduction loss of components with an
increase in input current. Fig. 15 shows the comparison of MOS-
FET and diode conduction and switching losses of the proposed
and counterpart converter for buck operation (vi; = 150 V)
and boost operation (vi, = 70 Vi) when P, =400 W and
fs = 50 kHz. As observed, the proposed converter has much

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024

TABLE IV
COMPONENT VALUES AND ELECTRICAL CONDITIONS

Input ac supply voltage (v, ) (70~282) Vs
Output voltage (v, ) 110 Vs
Load power rating ( P, ) 400 W
Switching frequency ( f; ) 50 kHz
External diodes (D, — D,) RHRG3060
MOSFETs devices (S; — Sg) 47N60CFD
Capacitor C 2.2 uF
Coupled-inductors (CL,, CL,) L, =150 uH
Input— L, Ly 200 pH, 200 pH
output filters G 1 uF, 1 puF

v,y [200V / div] v 5007/ div]
W\

v, 11007 /div] i, [104/div]

v [200V / div]

T poman T omsram
(a) ®)

Fig. 16. Experimental waveforms for buck operation with RL load (R =
31 Q and L = 5 mH). (a) In-phase output when vj, = 150 Vs and Dy, < 0.5.
(b) Antiphase output when vi, = 280 Vnys and Dy,, > 0.5.

R, [2007 / div]
21 [100V /div] v,

—Yin -

0.5v,,

; AW

i

L vss[2007/ div]
o, -

1[5 ps / div]

(®)

Fig. 17. In-phase buck operation when vi, = 150 Vs and Dy, < 0.5 for
RL load (R =31 Q and L = 5 mH). (a) vLco, Lo, and vgs. (b) Zoom-in
waveforms of (a).

smaller conduction and switching losses and overall semicon-
ductor device losses.

VII. EXPERIMENTAL RESULTS

A laboratory circuit of the proposed converter is assembled
based on the operating conditions in Table IV. A DSP-kit number
TMS320F28335 is used to generate eight switch control pulses
for both buck and boost operations. Input voltage sensing and
zero-crossing detection were performed using a voltage trans-
ducer LV-25P, enabling correct switching sequences for each
half-cycle. The switches were then driven by eight switch control
pulses from the DSP kit through gate drivers. Figs. 16-19
show the experimental tests for in-phase and antiphase buck
operations. Fig. 16(a) shows the practical waveforms of the
supply voltage vy, input inductor current ¢r;,, output voltage
v,, and output current ¢, for in-phase buck operation to produce
Vo = 110 Vips from v, = 150 Vips. The switch duty ratio is
Dy, = 0.73. Figs. 17 and 18 show the corresponding circuit
waveforms for in-phase buck operation. Fig. 17(a) shows the
waveforms of voltage across output LC filter vyc,, output
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;iu[iom;ﬁv}h ‘
i[5 ALdiv]
i Lipa[547div]
Vs [1007/ div] :
4 - = w100V fdiv)
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([10ms / div]| | OverlapDead® . t[10us/div]
time time
(a) (b)

Fig. 18.
(@) o, iLo, and vg5. (b) Zoom-in waveforms of (a).

In-phase buck operation when vj; = 150 Vs and Dy, < 0.5.

Vin [500V / div]
Wi, [200V /div] v, /2 | Wi [200V [div] Vi /2

N e . -

0 ! 0—

iiVSi [2! /div.

t[10ms / div] |

g5 [2007 / div]
ik i

U,

t[Sus/ divT
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v, (100 / div] i [54/1 div v, [100V / div] i, [54/ div]

APAAANAAAAY

v v iy 10 4/ divY

/V\AN\/ v Nata¥a¥s
t[10ms / div]| | ([10ms / div]

(a) (b)

Fig. 20.  Experimental waveforms for boost operation for resistive load when
Vin = 70 Vims and Dy, < 0.5. (a) In-phase output voltage. (b) Antiphase output
voltage.

— p— f— —

—— ——— e e
| 0 3u e, 1007 div]

(2) (b)

Fig. 19. Antiphase buck operation when vi, = 282 Vi and Dy, < 0.5.
(@) VL Cos T Lo, and vg5. (b) Zoom-in waveforms of (a).

inductor current iy,, and switch Sy voltage stress. Fig. 17(b)
shows the enlarged waveforms of Fig. 17(a). As observed, the
voltage vy, across output LC filter has two levels of vy, /2
and v, (for Dy, < 0.5) with twice the switching frequency.
Fig. 18(a) shows the winding currents iz and iz of coupled
inductors C'1; and C'p2, and switch voltage stresses for in-phase
buck operation. Fig. 18(b) shows the enlarged waveforms of
Fig. 18(a). As observed, during PWM deadtime and overlap
time in switching signals of S5 and Sg, the winding currents
ir1 and iro (which are the same as the current passing through
switches S7 and S3) show no overshoot, proving that capacitor
C has no shoot-through issue. Moreover, during the deadtime
interval, switches S; and S voltages show no overshoots,
proving the inherent protection of the converter. Fig. 16(b) shows
the practical waveforms of supply voltage vj,, output voltage
v, Output current i,, and capacitor C voltage for antiphase
buck operation to produce v, = 110 Vs from vj, = 282 V.
Switch duty ratio is now reduced to Dy, = 0.392. Fig. 19(a)
shows the waveforms of voltage across the output LC filter
VLo, Output inductor current ¢y, and switch S5 voltage stress
for antiphase buck operation. Fig. 19(b) shows the enlarged
waveforms of Fig. 19(a). As observed, the voltage vr,c, across
output LC filter has two levels of 0 and v;,/2, for Dy, > 0.5.
vrco and iz, again experience twice the ripple frequency than
high-frequency switch Sg.

Figs. 20-22 show the experimental results for in-phase and
antiphase boost operations. Fig. 20(a) shows the measured wave-
forms of the supply voltage vy,, output voltage v,, output current
10, and input inductor current i i, for in-phase boost operation to
produce v, = 110 Vs from low input voltage of viy, = 70 V.
The switch duty is adjusted to Dy, = 0.36. Fig. 20(b) shows the
measured waveforms of input supply voltage vj,, output voltage
v,, OUtput current ¢,,, and capacitor C voltage for antiphase boost

) v [2007 1 div. Ei 1 [2007 /div]
IAVAVAVAVHY YA VA VAN w‘% i, 541 div]
Vves 100V /v _vs2 (1007 /div]
| |
([10ms / div]" m— T ([Sps/div]
(@) (b)

Fig. 21.  In-phase boost operation for resistive load when vi, = 70 Vs and
Dpyo < 0.5. (2) v,cins VO tLo, and vga. (b) Zoom-in waveforms of (a).

o nodasdvi i[04/ dbT

—_—

wip[5ALdiv]
wipy [5A/div]

v, [100¥/ div]

a5y 100V [div]

| J—

e e e — popmp—

T ([10ps / div]]

(b)
Fig. 22.  In-phase boost operation for resistive load when vi, = 70 Vs and
Dy, <0.5.(a)ir1,712,v51, and vga. (b) Zoom-in waveforms of (a).

operation when v;, = 70 Vs and v, = 110 V5. The same
switch duty ratio of Dy, = 0.36 is required. Fig. 21(a) shows
the waveforms of voltage vy i, across input LC filter, capacitor
C voltage, output inductor current iy, and switch Sy voltage.
Fig. 21(b) shows the high-frequency waveforms of Fig. 21(a).
The input LC filter voltage vici, has two voltage levels of
vo/2 and v, for Dy, < 0.5. The effective frequency of these
voltage levels of input LC filter is twice the switching frequency.
Fig. 22(a) shows the waveforms of coupled-inductor currents
ip1 and i1 and switches S7 and S5 voltage stresses. Fig. 22(b)
shows the enlarged waveforms of Fig. 22(a). Figs. 23 and 24
show the measured results for two duty ratio-controlled flexible
antiphase boost operation to produce v, = 110 Vpsfrom v;, =
70 Vims. The duty ratio combination selected as Dy, = 0.42 and
Dy, = 0.9. Fig. 23(a) shows the input voltage v;,, output volt-
age/current v, /i,, and capacitor C voltage v¢. Fig. 23(b) shows
the input/output LC filter voltages vrcin/vrco and inductor
currents i, /71,. As observed, both filter voltages v cin/vrco
have two levels between v /2 andve . Fig. 24 shows the switches
S1,53,55, and Sgvoltage stresses.

Fig. 25 depicts the measured waveforms of the output voltage
v,, Output current i, capacitor C voltage vc, and voltage vrc,



9940

Vicm [2007 7 div]

N5,
‘v“[l(](]xd,'v] /\ia[SA/d[v} O.S:ZKvL(wo[ Vi div
NV V \\/\/\W
i, (1097 div)

\/’\\/\/\f{\ﬁﬁjﬂ?\/\/\/\ \/\/Wt\[%ms /div)

_ H10ms [ div]

(a) (b)

B

Fig. 23. Experimental waveforms for two duty ratio-controlled boost op-
eration with the resistive load when Dy, = 0.4 and Dy,, = 0.9. (a) Input
voltage, output voltage, output current, and capacitor voltage. (b) Voltages across
input/output LC filters and input/output inductor currents.

51 [200V / div] Y5 [200V / div |
4 - f—— -"* il iy ! [ -
V52 [200V/ div] 1l 52 [2007 / div] |
|} - - el ; -
J | I Ll [ - {
ves [200V / div] I ves [200V / div] |
| y'4 —
Voo [20077/ div] - veo[20077 / div] -

| a i " .

’ ([10ms/ div]]’ M0 s/ div]
(a) (b)

Fig.24. Two duty ratio-controlled boost operation with the resistive load when
Dy, = 0.4 and Dy, = 0.9. (a) Switch voltage stresses. (b) Enlarged waveforms
of (a).

e Rload—* >« Rllbad— 3|
0, 1100V / div), e [S4/div] . .
moN N YR IA A A
;o\ / \ /o ) | \ / \

/ \ o/ \

\ v, \\/
\V/ \J

‘ vac [2“@;“1/ / d}‘g’q’

AV,

1co [2007 / div]

t[10ms / div]

Fig. 25. Experimental waveforms for the change in load from resistive (R) to
partial inductive (RL).

N pr (1007 / div] |
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A A A A A A
[Nt BA ot AR Na | '
\'ﬁ\-l W "‘}V"J {
v,4[200V / div]
A ROUA

v, [100V / div]

T, [1047div] |

1[10ms / div]|

Fig. 26.  Experimental results with closed-loop control for a step change in
input voltage.

across the output LC filter for a change in load from a resistive
load (R = 32 () to a partial inductive load (RL = 32  +
30 mH) for in-phase buck operation when vy, = 150 Vs and
Vo = 110 Viys. As observed, output current lags the output
voltage with an angle ¢ when the load is changed to RL, and there
is decrease in load current due to the increase in load impedance.
However, the output voltage remains regulated. Fig. 26 depicts
the experimental waveforms of the input voltage vy,, output
voltage v,, output current i,, and voltage stress of switch Sy in
closed-loop voltage control for a step change in input voltage.

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 39, NO. 8, AUGUST 2024

25 23
5 187
o 18 174 -
9
0_.1.5
143
Q
N e 133
A1 113 12 119
E Pratea =400W
0.5

=0=Buck == Boost

37.50% 50% 62.50% 75% 87.50% 100%

(load)
Percentageloading [P, / P04 ]

Fig. 27. Measured THD values of the output voltage.
036032 023 014 005 1 096 088 081 076073
100 e Db > Dbu >
Prop.
98 Prop. (calculated)y =" .
(measured) I g n P s S
96
94 [20] ————
e —_—
e
92
g /,_—
. [21]
90
88 |«———Boost (V>1) ——pl«——Buck (M<1)—————»|
65 75 85 95 105 115 125 135 145 155
Fig. 28.  Power conversion efficiency of the proposed and conventional con-

verters with variations in input voltage and duty ratios.

Specifically, the input voltage has a step drop from 150 Vs in
buck operation to 70 Vs in boost operation. As observed, the
closed-loop control effectively regulates the output voltage to
110 Vips. The measured THD of the output voltage THD,,, is
plotted in Fig. 27 for variations in percentage loading (P, / Pryted)
conditions for a rated full-load power of Peq =400 W. The
THD,,, for buck operation is provided for v;, = 150 Vi, and
for boost operation at vy, = 150 V.. The output voltage is
Vo = 110 V. Interestingly, THD of output voltage for boost
operation is much lower. This can be explained by the capacitor
C and output inductor L, forming an additional LC filter across
output capacitor C, significantly suppressing high-frequency
ripple contents. Overall, THD remains below 2.5%.

Fig. 28 shows the measured efficiency of the proposed and
coupled-inductor-based three-level ac—ac converters [24], [26]
for variations in input voltage v, = (70 ~ 150)V,ns and duty
ratio for buck and boost operations for a constant output volt-
age of v, = 110 Vs and output power of P, =400 W. As
observed, the efficiency of the proposed converter is maximum
for buck operation when wvj, = v, = 110 V. This is due to
the absence of high-frequency switching of devices, resulting
in negligible semiconductor switching losses and magnetic core
loss. Moreover, the proposed converter reports the highest mea-
sured efficiency for the entire comparison range. In addition,
Fig. 29 provides a comparison of the measured efficiency for the
proposed buck operation (v, = 150 V) and boost operation
(vin =70 Vi) to generate a fixed output voltage (v, = 110 Vi)
for different load power levels. As observed, efficiency tends
to be higher for buck operation at higher power levels, mainly
attributed to its smaller conduction losses. However, at lower
power levels, the efficiency of buck operation decreases more
significantly, primarily due to the dominant switching losses of
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Fig. 30. Laboratory prototype of the proposed converter.

semiconductor devices and core losses of magnetic components.
Fig. 30 shows the laboratory hardware prototype. The experi-
mental results affirm the benefits of the proposed converter.

VIII. CONCLUSION

This article presented a novel three-level bipolar buck—boost
ac—ac converter. By integrating second-order input and output
LC filters with coupled-inductor-based dual-buck phase legs and
conventional phase legs, along with a small film capacitor acting
as an energy store and snubber, the proposed converter achieved
identical in-phase and antiphase buck and boost operations with
three-level input and output voltages. This design significantly
reduced component stresses, ripples, and power loss, resulting
in highly efficient operation. Moreover, the converter’s bipo-
lar operations simplified the PWM, circuit operation, control,
design, and optimization. By modulating only two dual-buck
phase legs at high frequency and providing inductor current flow
paths during switch deadtimes, the converter eliminated the need
for burdensome control or dedicated circuitry to address com-
mutation issues. The detailed descriptions of circuit operation,
voltage/current stress analysis, and design considerations were
provided, along with comparisons with state-of-the-art convert-
ers. Finally, the experimental evaluations were performed which
backed up the theoretical claims and benefits of the proposed
converter.
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