IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 34, NO. 9, SEPTEMBER 2019

8435

A Highly Reliable and Efficient Class of Single-Stage
High-Frequency AC-Link Converters

Khalegh Mozaffari

Abstract— This paper proposes a new class of topologies of
single-stage high-frequency ac-link power converters, which is ca-
pable of providing both voltage step up/down within a wide fre-
quency and voltage ranges. The proposed family, which supports
bidirectional power flow, can interface various single/multi-port dc
and/or single/multi-phase ac systems to provide dc-dc, dc-ac, ac—
dc, or ac-ac power conversion. In this family of converter, which
offers a very modular structure, a small inductor that forms the
link exchanges power entirely or partially between the source and
load. The proposed family can function in buck, boost, and/or
buck-boost modes of operation, and a combination of these modes
of operation is also feasible. In comparison to the parallel induc-
tive four-quadrant link converters, the proposed family features
a significantly reduced link peak current, reduced switch ratings,
and reduced total number of power switches. These features en-
hance the efficiency, reduce the total cost, and increase the power
density of the system. In order to further improve the overall ef-
ficiency of the system, minimize the current/voltage stress over all
utilized semiconductor devices, and lower electromagnetic inter-
ference (EMI), a small capacitor is placed in parallel with the link
inductor to realize soft-switching operation for the proposed config-
urations. Moreover, the proposed converters have the potential to
incorporate a lightweight single-phase high-frequency transformer
for electrical isolation. The proposed circuit topologies prevent re-
verse recovery issues and eliminate losses corresponding to body
diodes of power switching devices via utilizing power switches in
conjunction with external fast recovery diodes. The proposed fam-
ily offers a very high level of reliability owing to its immunity from
short circuit of input and output terminals and open circuit of the
link inductor, which may occur in other power converters due to
commutation problem resulting from a short deadtime or an over-
lap time between switches, unwanted control command, delay in
electronic circuits, or EMI noise’s misgating ON or OFF, in addi-
tion to the absence of electrolytic capacitors in the power circuit.
A control approach is also developed to regulate input and output
currents in one stage of power conversion. A detailed theoretical
analysis, operation, design methodology, and control strategy of the
proposed family are provided in this paper, and the effectiveness
and performance of the proposed converter family are verified via
simulation results and experimentally.

Index Terms—AC-AC converter, ac—dc converter, dc-ac
converter, efficiency, high-frequency ac-link converter, reliability,
soft switching, three-phase converter, universal converter, zero-
voltage switching (ZVS).
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1. INTRODUCTION

C-AC power converters play an indispensable role in
A industry as a key component in regulating voltage and
frequency, and power conditioning. AC-AC converters are
broadly used in a wide range of industrial applications including
variable-speed electric drive systems, distributed energy sys-
tems, power regulators, dynamic voltage restorers, and wind
power generation systems. Due to increased attention toward
these applications, it is desirable to improve the attributes of
ac—ac power converters while maintaining high performance.

A number of ac—ac power conversion topologies are intro-
duced in the literature for different applications with the aim of
improving the efficiency, reliability, and/or power density. These
configurations are broadly categorized as either direct or indirect
converters, depending on the type of the conversion. Two-level
indirect dc-link converter, which is formed by a pulsewidth
modulation (PWM) voltage-source inverter and a diode recti-
fier, is considered the most traditional ac—ac power converter
topology [1]. In this converter, the source current contains high
amounts of low-order harmonics, which highly degrades the
quality of power. Two level dc-link back-to-back converters [2]
and [3], which are formed by PWM voltage-source inverters
and PWM rectifiers, and dc-link multi-level converters [4] are
considered the most widely used ac—ac converters in industry
for low-voltage and medium-voltage applications, which mit-
igate this drawback. In these conventional indirect two-stage
converters, which utilize input ac filter components, a diode
[1] or a PWM rectifier [2] followed by a dc link, and a PWM
voltage-source inverter, the input inductors can be very bulky
and heavy and present low efficiency at high frequency [5]. On
the other hand, these types of converters require dc energy stor-
age elements in the form of electrolytic capacitors, which are the
prominent factor affecting reliability of the power converters in
addition to slowing response speed of the system. The presence
of an electrolytic capacitor is a limiting factor for using dc-link
converters in specific applications, such as in marine [6] and
space [7] systems and high-temperature environment applica-
tions. Furthermore, in these converters, galvanic isolation can
be provided at the cost of utilizing bulky, heavy, and high-cost
three-phase low-frequency transformers (LFTs), which lowers
the power density of the system. Impedance of LFTs can also
contribute to voltage drop of the load and increased load volt-
age harmonics in the presence of nonlinear loads [8], which
consequently affects efficiency of the system negatively.

Direct PWM ac—ac converters [9]-[15], which are generally
derived from their dc—dc counterparts, are another category of
ac—ac power converters. In [12], a family of simple topologies
of three-phase PWM ac—ac converters including buck, boost,
buck—boost, Cuk, and flyback are proposed. A three-phase Z-
source ac—ac converter using bidirectional switches with buck—
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boost capability is proposed in [14]. This configuration needs
a lossy snubber circuit for each switch to provide commuta-
tion paths and suppress voltage spikes. It also experiences high
current flowing through active switches during shoot-through,
which can decrease the efficiency of the converter. In [15], a
three-phase switched capacitor configuration with limited volt-
age gain and buck—boost functionality is introduced. The ob-
vious advantage of this topology is exclusion of any magnetic
devices, which results in size reduction. However, this con-
verter requires 12 bidirectional switches and suffers from a
commutation problem, which decreases reliability of the con-
verter. Although these single-stage converters have a higher
efficiency, lower harmonic line current, and smaller size com-
pared to two-stage indirect ac—ac converters, they are applicable
where only voltage regulation is demanded. Likewise, most of
the aforementioned direct converters are non-isolated and suf-
fer from a common commutation problem [10] resulting from
inherent overlap or deadtime in the gate signals. Therefore, on
one hand, an external bulky line frequency transformer is re-
quired to provide electrical isolation between input and output
sides, which leads to the decreased power density. On the other
hand, the commutation problem lowers reliability of the system.
Moreover, these direct PWM ac—ac converters are expected to
face high-switching losses, high-switching stresses, and electro-
magnetic interference (EMI) as a result of their hard-switching
operation.

Matrix converters [16]-[22] are another single-stage alterna-
tive of ac—ac conversion which connect ac loads with ac sources
without using any dc energy storage component. These topolo-
gies are capable of providing simultaneous voltage amplitude
and frequency control. Despite their remarkable advantages,
such as adjustable input power factor, bidirectional power flow,
compact size, and sinusoidal input/output currents, they have
only achieved low market penetration [22] due to suffering
from the limited voltage transfer ratio, hard-switching opera-
tion, complex modulation, galvanic isolation, and commutation
and protection issues [23] and [24].

High-frequency ac-link power converters are another strong
candidate for an efficient ac—ac power conversion due to their
remarkable merits, including fast dynamic response, single-
stage conversion, exclusion of electrolytic capacitor, compact
size, controllable input/output frequency and power factor, and
capability of utilizing high-frequency transformers (HFTs) for
galvanic isolation. Special attention is paid to soft-switched
high-frequency ac-link converters, which not only possess
all the benefits of their counterparts, but also have additional
features, such as high efficiency, minimized stress, and low
EMI. In [25]-[27], a number of resonant power converter
topologies with a continuous resonating link are introduced.
The continuous resonance of the link in these converters
results in high reactive rating of the link components, increased
power loss, and limited application in addition to increased
voltage stress and current stress. In these converters, power
is transferred around the link. A partial-resonant parallel LC
link buck—boost converter with two quadrant link in which the
power is transferred through a parallel link inductor is proposed
in [28]. A similar structure with a very long resonating mode
during which no active power is transferred is proposed in [29].
This very long resonating mode can degrade the performance
of the converter. In [30] and [31], a modified control approach
and configuration to offer better utilization of the link inductor
and shorter resonating time as a result of a four-quadrant link
are introduced. These advantages are realized at the cost of
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doubling the number of power switches and consequently more
complex control strategy. A number of ac—ac power converter
topologies, namely sparse [32], ultra sparse [33], and extremely
sparse [34] and [35] parallel ac-link converters, are recently pro-
posed to reduce the number of switches, while maintaining all
the advantages of the original parallel ac-link universal power
converter. Although these converters require a lower number
of switches, the conduction loss is higher compared to that of
the original configuration. In [36], a family of series inductive
ac-link universal power converter using bidirectional switches,
which can function in buck, boost, and buck—boost modes of
operation, is presented. However, this converter requires a com-
plex control strategy and high number of switches. Series and
parallel capacitive-link power converters in which the power
is transferred through a small link capacitor with buck—boost
capability are proposed, analyzed, and evaluated in [37]-[41].
To address aforementioned drawbacks associated with ac-link
converters, a new family of soft-switched ac-link converter with
two quadrant link, which integrates the functionality of buck,
boost, and buck—boost converters, is proposed in this paper. In
addition, various combinations of these operating modes can be
considered to realize both step-up/down operations. The pro-
posed family is categorized as a hybrid-w-based family and a
m-based family. The hybrid-m-based family offers increased ef-
ficiency but it requires more switches compared to the 7m-based
family. The proposed topologies feature a modular structure.
In the proposed family of converter, the link inductor, which
is placed in series with the input and output switch bridges, is
responsible for transferring the power fully or partially from
the input toward the output. The level of link peak current,
which contributes to power loss, component size of the con-
verter, and switch ratings, is dramatically decreased compared
to other inductive ac-link buck—boost ac—ac converters intro-
duced in [25]-[35]. This results in improved efficiency and
power density. A very small ac capacitor is placed in par-
allel with the link inductor to realize zero-voltage switching
(ZVS) for all the semiconductor devices of the converter. In the
proposed family of converters, bidirectional blocking forward-
conducting switches, which can be realized by series connec-
tion of diodes and MOSFETs/insulated-gate bipolar transistors
(IGBTs) or reverse-blocking insulated-gate bipolar transistor
(RB-IGBT), are utilized. The problem associated with reverse
recovery of the body diodes of power switching devices and their
corresponding losses is eliminated. Furthermore, the proposed
family is very robust against open-circuit of link inductor and
short-circuit of input/output terminals. Therefore, EMI noise’s
misgating ON or OFF, commutation problem, unwanted control
command, delay in electronic circuits, etc., have no effect on cre-
ating a failure in the proposed converter, making the converter
even more reliable. These distinctive features make the proposed
converter even more attractive for high-voltage, high-power, and
high-frequency applications. In this way, the proposed family
compared to parallel- and series-inductive four-quadrant link
converters proposed in [30]-[36] is superior in terms of utilized
number of power switches, control complexity, and reliability.
In this family, galvanic isolation can be provided via utilizing
a HFT added to the link, which leads to improved power den-
sity. Additionally, a control strategy is developed with different
modulation schemes to regulate input and output currents of the
converter in each function. The authors studied the principles of
the operation and analysis of hybrid-m-based family of converter
and evaluated its performance through simulation and prelimi-
nary experimental results in [42]. Detailed operating principles,
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TABLE I
COMPARISON OF THREE-PHASE AC-AC TOPOLOGIES
. de-link back-to-
This work Ref. [31] Ref. [34] Ref. [29] Ref. [39] Ref. [17] Ref. [15] back converter
Power rating 10 kW 450 W 1.5 kW 750 W 1 kW 6.8 kW 6 kW -
Number of active 12'/0 . |
switches/diodes 1311 24 16'/0 12'/0 12/0 15/18 24/0 12
Numbe'r of energy I I I 1 I 0 9 1
transferring elements
Functionalities BB, BU, BO BB BB BB BB BU, Limited |~ BU, fixed Limited
voltage gain voltage gain
Frequency gontrol Yes Yes Yes Yes Yes Yes No Yes
capability
Number of dc caps 0 0 0 0 0 0 0 1
HF traqsfqrmer Yes Yes No Yes Yes No No No
possibility
Soft-switching Full range Full range Full range Full range No No No No
feature
. BB: 92.98% o o 0 0
Efficiency BU-94.47%% 90% - 93.4% 90.5% - 96.3% -

112, 16, and 12 extra diodes in this work, [34], and [29] need to be used if RB-IGBTs are not utilized, respectively. 2BB: Buck-Boost. BU: Buck. “BO: Boost.

analysis and design methodology, control strategy, simulation
and experimental results of the proposed hybrid-7-based family
and 7-based family are presented herein. Since the proof-of-
concept prototype is not optimized, in order to have a fair and
conclusive comparison, the simulated system of the proposed
three-phase ac—ac configurations is compared with the existing
three-phase ac—ac topologies in Table 1.

II. PROPOSED CONVERTER TOPOLOGIES

In this section, the circuit topologies of the proposed family
are introduced. The proposed family is divided into two cate-
gories: a hybrid-m-based family and a 7-based family. Figs. 1
and 2 illustrate different topologies of the proposed converter
that can be configured as dc-to-three-phase ac, three-phase ac—
ac, and generic m-phase to n-phase converter. The topologies of
various configurations are shown with an optional small-sized
HFT for galvanic isolation. Although three configurations of
the proposed family are presented in this paper, it can be con-
figured for other applications with different configurations such
as multi-port topologies in multiple-input multiple-output dc—
dc converters and microgrid/nanogrid systems. The proposed
topologies consist of a partial-resonance series LC' link, formed
by a small inductor L and a very small capacitor C', two identical
switch bridges: the input switch bridge and the output switch
bridge composed of bidirectional-blocking switches, e.g., RB-
IGBTs, and two low-pass filters at the input and output sides to
suppress HF harmonics. RB-IGBTs, which offer lower on-state
voltage compared to a combination of an IGBT/MOSFET in series
conjunction with a diode, are currently available in the market.
It should be noted that using a combination of an IGBT/MOSFET
in series conjunction with a diode can significantly increase con-
duction loss and device count in this converter. In the m-based
family of configurations, each switch bridge includes a shared
leg, which is shared in specific modes of the converter for both
charging and discharging of the link inductor. The shared leg lo-
cated at the input switch bridge is termed as input shared leg, and
assist output switches to discharge the link inductor. Similarly,
the shared leg located at the output switch bridge is termed as
output shared leg, and assists the input-side switches to charge
the link inductor. In the hybrid-m-based configurations, the input

and output phases are connected to the link through the input
and output switch bridges, while two additional semiconduc-
tor devices, S1o and Sy3 in Fig. 1(b), help accomplishing the
charging and discharging process in certain active modes. These
two semiconductor devices can be two switches or a switch and
a diode, depending on power-flow direction. In applications
with bidirectional power flow, two reverse blocking switches,
as demonstrated in Fig. 1(b) and (c) for three-phase ac—ac and
generic multi-phase m x n configurations, are used. For the ap-
plications where unidirectional power flow is required, these
reverse blocking switches can be substituted by a switch and a
diode, as shown in Fig. 1(a).

In these families of the converter, transferring power entirely
or partially is accomplished via the link inductor L. The link
capacitor C' is connected in parallel across the link inductor to
provide partial resonance and consequently reinforce the con-
verter with soft-switching operation.

III. PRINCIPLES OF OPERATION

A. Overall Description of Proposed Family

In this family of the converter, the link inductor L is charged
from input phases and then discharged into the output phases
entirely or partially, depending on the functionality. The link ca-
pacitor C' is responsible for providing partial-resonance modes
to realize soft-switching operation. The proposed family, de-
pending on the configuration, includes different active and res-
onating modes, which occur alternatively. During the resonat-
ing modes, no active power is transferred, and therefore retain-
ing these non-active modes as short as possible is preferable.
The frequency of charging and discharging the link inductor
is termed as link frequency fr. This frequency, in general, is
much higher than the source and load frequencies. Due to the
similarity of the operation between the proposed topologies,
this part is only devoted to the principles of operation of the
three-phase ac—ac configurations, as illustrated in Figs. 1(b) and
2(b). A typical cycle of the link current and link voltage in the
three-phase ac—ac topologies is represented in Fig. 3. Each link
cycle is divided into eight modes including four active modes
and four partial-resonance modes, as depicted in Fig. 3. Fig. 4
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Fig. 1. Proposed topologies in hybrid-m-based family. (a) DC-to-three-phase
ac configuration. (b) Three-phase ac—ac configuration. (c) Generic multi-phase
m X n configuration.

demonstrates a I-V characteristic graph of the link inductor. As
shown in this figure, each charging and discharging cycle is di-
vided into separate active modes. Moreover, resonance intervals
in Modes 2 and 6 are very short compared to short resonance
interval in Mode 4 and resonance interval in Mode 8.

The proposed converters are an extension of a non-inverting
dc—dc buck—boost converter. To explain the principles of the
operation of the proposed ac—ac converter, first the behavior of
the non-inverting dc—dc buck—boost converter in buck, boost,
and buck—boost functions is reviewed.

B. Behavior of Non-Inverting DC-DC Buck-Boost Converter

Non-inverting dc-dc buck-boost converter is a cascaded com-
bination of a buck converter followed by a boost converter. This
converter, which is composed of two active switches and two
diodes, can operate in either buck or boost mode in addition to
buck—boost mode. This converter compared to inverting buck—
boost converter has an additional active switch and a diode.
By turning ON and OFF switches Sy and S; simultaneously,
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Proposed topologies in 7-based family. (a) DC-to-three-phase ac con-
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Fig. 3. One typical cycle of link current and voltage in the proposed three-
phase ac—ac converters.
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Fig. 4. Typical I-V characteristic graph of the link inductor in the proposed
three-phase ac—ac converters.
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Fig.5. Behavior of non-inverting dc—dc buck—boost converter in buck, boost,

and buck—boost functions. (a) Charging mode in buck—boost and boost functions.
(b) Discharging mode in buck—boost and buck function. (c) Charging mode in
buck function and discharging mode in boost function.

buck—boost function can be realized. Behavior of the converter
in buck, boost, and buck-boost functions is shown in Fig. 5.
When switches .Sy and .S are turned ON, the inductor is charged
from the input dc source, and by turning OFF these switches
the inductor is discharged into the dc load. The charging and
discharging modes in buck—boost function are demonstrated in
Fig. 5(a) and (b), respectively. When operating in buck—boost
function, the entire power is transferred through the link induc-
tor L. This converter can be operated in buck function when
dc input voltage V; is higher than the output voltage V,, and in
boost function when V; is lower than V,,. In boost function, by
keeping switch S always ON, the output voltage can be regu-
lated by controlling switch S7, as shown in Fig. 5(a) and (c).
In buck function, the output voltage is regulated by controlling
switch Sy, while switch Sy is always kept OFF, as represented
in Fig. 5(b) and (c). Operating the converter in buck or boost
functions allows a portion of the power to be directly transferred
from input to output. In this way, higher efficiency and lower
component ratings are expected in buck and boost functions
compared to buck—boost function due to seeing a lower level of
current stress by components for step-up/down operation.
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Fig. 6. Behavior of buck-boost and boost functions in Modes 1 and 3 in
hybrid-7-based family. (a) Mode 1: when link is being charged from phase pair
ibe. (b) Mode 3: when link is being charged from phase pair iba.
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Fig. 7. Behavior of buck—boost and boost functions in Modes 1 and 3 in
m-based family. (a) Mode 1: when link is being charged from phase pair ibc.
(b) Mode 3: when link is being charged from phase pair iba.

C. Behavior of Proposed Three-Phase AC-AC Topologies

The following parts describe the behavior of the proposed
three-phase ac—ac configurations in buck, boost, and buck—boost
functions. In this part, switching approaches of buck, boost, and
buck-boost functions are detailed. Behavior of the proposed
configurations during each mode of operation in forward power
flow is depicted in Figs. 6-10. In these figures, it is assumed
that the reference current of phase b at the input side (i};) is
positive and has the highest absolute value of current among the
input reference currents (i},, %, 4.), and that |Vj;.|, the volt-
age across input phase pair bc, is higher than |Vj;,|, the voltage
across input phase pair ba. Moreover, it is assumed that the ref-
erence current of phase c at the output side (z.) is positive and
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Fig. 9. Behavior of buck—boost and buck functions in Modes 5 and 7 in -
based family. (a) Mode 5: when link is being discharged into phase pair ocb.
(b) Mode 7: when link is being discharged into phase pair oca.

has the highest absolute value of current among the references
of output currents (z},, i*,, i’.), and that |V,,|, the voltage
across output phase pair ca, is higher than |V;|, the voltage
across output phase pair cb. In addition, the polarities of Vj;..,
Vivas Voca, and V., are all considered to be positive. It should
be noted that the phase carrying the maximum reference value
of current at the input and output sides changes continuously.
1) Modes 1-4: Buck—Boost and Boost Functions: Accord-
ing to the assumptions, phase pairs bc and ba at the input
side are selected to charge the link inductor from the source.
Accordingly, proper switches, which are supposed to conduct
during Modes 1 and 3, are selected. In this way, switches .S, S5,
and Sj at the input switch bridge, along with S;» in hybrid-7-
based family and Sg and S;; from output shared leg in 7-based
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Fig.10.  Behavior of the proposed family in resonating modes. (a) Even modes:
Modes 2, 4, 6, and 8. (b) Even modes: Modes 2, 4, 6, and 8.

family are turned ON at the beginning of the link cycle (be-
fore Mode 1). However, they cannot immediately conduct be-
cause the LC link is resonating and the link voltage is higher
than on-coming line-line voltage |V;;.|. When the link voltage
becomes equal to |Vj,.|, which implies the voltage across
switches S7,S5, and Sijs in hybrid-w-based family and
S1,S55, 5, and Sy in w-based family is zero, they start con-
ducting and charging the link from the phase pair bc of the input
source, as illustrated in Figs. 6(a) and 7(a).

Once the average of unfiltered current of phase c (1, ;.) meets
itsreference (I, ,,.), the switch corresponding to that phase, i.e.,
S5, is turned OFF. Under this condition, even though switches
S1,S3, and Sio in hybrid-7-based family and .S, S5, Ss, and
S in w-based family are already turned ON, they cannot con-
duct because they are reverse biased. The second mode, which is
a resonating mode, is initiated to facilitate zero voltage turn-ON
for the switches. During this mode, the link voltage decreases
until its value reaches |V, |. Once this happens, switches Sy, Ss,
and Si, in hybrid-7-based family and S, S5, Ss, and S1; in 7-
based family conduct and charge the link further, as shown in
Figs. 6(b) and 7(b), until the average of i;, meets I, ;. After-
ward, both S7 and S3 along with Sy, in hybrid-7-based family
and Sg and S1; in m-based family are turned OFF, which causes
the link to resonate. This leads to starting Mode 4.

2) Modes 4-8: Buck—Boost and Buck Functions: Proper
switches, Ss, Sg, S1¢ from the output switch bridge, along with
Si3 in hybrid-m-based family and S5 and S5 from input shared
leg in 7-based family, need to be turned ON in Mode 4 to dis-
charge the link during Modes 5 and 7. During this mode, the
link voltage decreases and its polarity changes. Once the link
voltage becomes equal to |V, |, the link inductor starts being
discharged, as depicted in Figs. 8(a) and 9(a), until the average
condition for phase ob, i.e., (Iay.o1, > I}, ), is satisfied. Once
this condition is made, switch Sj, is turned OFF, and Mode 6
starts. Mode 7, as represented in Figs. 8(b) and 9(b), begins
once Sg, Sy and Si3 in hybrid-m-based family and Sg, Sy, So,
and Sy in m-based family are forward biased. This implies that
the partial-resonance has guaranteed ZVS condition for the




MOZAFFARI AND AMIRABADI: HIGHLY RELIABLE AND EFFICIENT CLASS OF SINGLE-STAGE HIGH-FREQUENCY AC-LINK CONVERTERS

Fig. 11. Behavior of buck and boost functions of hybrid-7-based family in
Modes 1, 3 and 5, 7, respectively. (a) Mode 1 in buck function: link is being
charged from V. — V,cq in buck function. (b) Mode 3 in buck function link is
being charged from V;;, — V. in buck function. (¢) Mode 5 in boost function:
link is being discharged into V;;. — V. in boost function. (d) Mode 7 in boost
function: link is being discharged into V3, — Vj¢q in boost function.

semiconductor devices. During this mode, the stored energy
in the link is discharged to the load until the remaining energy
stored in the link is sufficient to drive the link voltage to a prede-
termined value (—V/, .« ), Which is higher than the input line—line
voltages. Under this condition, all the switches are turned OFF,
and this causes the link to resonate and Mode 8 begins, as il-
lustrated in Fig. 10. During Mode 8, the link resonates and the
link voltage swings to Vj,.x. At this moment, the next proper
on-coming switches are turned ON.

3) Modes 1-4: Buck Function: Relevant switches, which
are supposed to conduct during Mode 1, are selected before
this mode starts. The input phase pairs formed by the phase
carrying the maximum input current along with output phase
pairs formed by the phase carrying the maximum output cur-
rent charge the link during Modes 1 and 3. In each mode, the
difference between one input line—line voltage and one output
line-line voltage, which is positive in buck operation, is seen
across the link. Following the assumptions, the switches corre-
sponding to the higher input line-line voltage, i.e., S7 and Sj,
and switches corresponding to the higher output line—line volt-
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(d)

Fig. 12.  Behavior of buck and boost functions of 7-based family in Modes
1, 3 and 5, 7, respectively. (a) Mode 1 in buck function: link is being charged
from Vjp. — Voo in buck function. (b) Mode 3 in buck function: link is being
charged from V;;,, — V,.; in buck function. (c) Mode 5 in boost function: link
is being discharged into Vj;. — V. in boost function. (d) Mode 7 in boost
function: link is being discharged into Vo — Viea -

age, i.e., Sg and Sy, are turned ON before Mode 1 starts. When
the link voltage becomes equal to |Vip. — V,eq|, Mode 1, as
shown in Figs. 11(a) and 12(a), starts to charge the link inductor
through positive voltage across it, i.e., |Vipe — Viea|- Once the
average of 7;. meets its reference, switches S5 and Sy are turned
OFF to initiate Mode 2. During Mode 2, switches S1, S5, Ss, and
S1o are selected to be turned ON, and the link voltage decreases
until its value reaches |Vjp, — Viep|- At this point, Mode 3, as
illustrated in Figs. 11(b) and 12(b), starts, and the link inductor
continues being charged through positive voltage |Vipo — Voo |
seen across the link until the average of i;; meets I, ;. Af-
terward, switches S, S5, Sg, and S are turned OFF to force
initiating Mode 4.

4) Modes 4-8: Boost Function: In Mode 4, the proper
switches from the input switch bridge and the output switch
bridge that need to get involved in the discharging the link are
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selected to be turned ON. According to the assumptions, switches
S, 53, and S5 from the input switch bridge and Sg, Sy, and .Sy,
from the output switch bridge are selected to be turned ON in
Mode 4. Four combinations of the input and output phase pairs
are possible. Among these combinations, the one with higher
input phase pair voltage and lower output phase pair voltage
are automatically chosen to discharge the link in Mode 5. In
this way, when the link voltage reaches (Vip. — V,ep ), switches
S1,S5,Ss, and Sy get forward biased, and Mode 5 starts, as
shown in Figs. 11(c) and 12(c). Once the average of the i,
meets its reference, switches Sy and S;g are turned off, and
Mode 6 initiates. Mode 7, as shown in Figs. 11(d) and 12(d),
starts when the link voltage becomes equal to (Vip, — Voeq) to
discharge the link inductor through switches S1, S3, Ss, and Sy.
Mode 8 begins when the link voltage reaches V..

In this converter, even modes are resonating modes, as shown
in Fig. 10, regardless of the operating function of the converter.
As discussed earlier, the proposed configurations are capable
of transferring power in both forward and reverse directions.
The principles of operation of the converters in the reverse
power direction are similar to that of the forward direction.
The only difference is that the input and output modes need to
be exchanged. To be more specific, the link inductor is charged
fully/partially from the output phases during Modes 1 and 3
and then discharged fully/partially into the input phases during
Modes 5 and 7 when the reverse power flow is required.

The presented sequences are selected to minimize the partial-
resonance intervals and link peak current while guaranteeing
zero voltage turn-ON of the power switches. The switching
approach in buck function is more complicated than that of boost
function, but it results in lower link peak current. Feasibility of
using the switching approaches in buck and boost modes of
operation, depends on input and output voltage amplitudes, fre-
quencies, and power factors. The presented switching patterns
in buck function and boost function can be applied, provided
that the peak of input voltage is higher in buck function and
lower in boost function than that of the output voltage. How-
ever, the converter can function in buck—boost mode without
any limitation on voltage, frequency, and power factor. Oper-
ating the converter in buck—boost function leads to higher link
peak current, but it requires a simpler control algorithm to ap-

Control block diagram of the proposed three-phase ac—ac configuration of hybrid-m-based family for boost and buck—boost functions.

ply. To minimize the link peak current, the converter can be
operated in buck function or boost function. In this way, various
combinations of these operation modes can be utilized to make
a tradeoff between efficiency and control complexity.

IV. CONTROL STRATEGY OF PROPOSED FAMILY

In this section, the control scheme of the proposed three-phase
ac—ac configuration of hybrid-m-based family, as illustrated in
Fig. 1(b), using the switching approaches in boost and buck—
boost functions is presented. The developed control approach of
the proposed converter is shown in Fig. 13. In this converter, the
control approach is based on regulation of the input and output
currents and is considered a closed-loop average current control.
To control the converter effectively, the unfiltered input and out-
put currents need to be measured. The controller also requires
the references of the input and output currents. To achieve unity
input power factor, the input reference currents are considered
in phase with the corresponding input phase voltages, which are
measured through voltage sensors. The input reference currents
i;,,1, %, can be specified according to the converter power,
estimated power loss, and frequency of the source. The out-
put reference currents 7,4, , %, can be determined based on
the converter power, demanded load frequency, and load power
factor. Then, based on the reference currents, the averages of
reference currents I;‘a.,av’ Ii*b,av’ I'L?k(‘,,av’ I:;a,av’ I:b‘av’ I:a.av in
each switching cycle, which are almost equal to the instanta-
neous values of reference currents, are calculated. Furthermore,
unfiltered input ¢;,, %4, %;. and output ¢,4, top, i Currents along
with the link current 7; are measured via current sensors. Ac-
cordingly, averages of the measured unfiltered currents I, v,
Livavs Lic.avs> Loa,avs Lob,av»> Loc,av are determined and compared
with the corresponding references to determine starting points
and ending points of each active mode and consequently the
duration of each active mode.

Before Mode 1, according to the input reference currents
in buck—boost and boost functions, the proper phase pairs and
consequently switches are selected as tabulated in Table II and
explained in the previous section. In this control method, the
second highest measured input current ¢5; and the highest mea-
sured input current ¢;,; are current control targets to be regulated
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TABLE II
INPUT-SIDE SWITCH SELECTION BASED ON INPUT REFERENCE CURRENTS IN THREE-PHASE AC—AC CONFIGURATIONS
Input Currents” lizg] > iyl > izl liig] > ligpl > izl lipl > lizel > izl ligpl > lije| > lijgl ligel > lijl > lijl ligel > lijal > lijl
% . sk sk— ck— sk— ok x4 skt sk—  ck— sk— ok x4 sk ek— k— sk— ek ket
i; Polarity Ligbp »lic Lig s lip L Lip o lic »lig Lin o lic »lig Lic o lig »lip Lic o lig »lp
Switch Selection | Sy, S,, Sc 53,51, S, S1, 55, S5 S4, 52,8y S, 83, S, Ss, So, S1
TABLE III

OUTPUT-SIDE SWITCH SELECTION BASED ON OUTPUT REFERENCE CURRENTS IN THREE-PHASE AC—AC CONFIGURATIONS

Output Currents”

lisal > ligpl > ligel

lisgl > ligpl > ligc|

lignl > ligel > lial

lionl > ligel > ligal

ligel > ligal > lignl

ligel > ligal > ligpl

- - Sk ak— h— ikt At R ix—  rA— h— ikt 1At P I —— h— ikt xt
iy Polarity Loas Lob » Loc Loas Lob » Loc Lobs loc s loa Lobs Loc s loa Locsloa » lob Locsloa s Lob
Switch Selection S6 S10: 511 S0, 57, Sg 57,511, 59 S10: 58, S6 Sg, o, S10 $11: 56, 57

during Modes 1 and 3, respectively. In a three-phase balanced
system, the lowest measured current ¢3; is consequently regu-
lated. As shown in the block diagram in Fig. 13, termination of
Mode 1 coincides with satisfying the average condition for the
phase with the second highest current, i.e., [Io; av| > |I5; o0 |-
Once this happens, the proper switches are turned OFF, and
|I5i av| and |I3; | are both set to zero. The same scenario can
be followed in Mode 3 with the difference that when |I; oy | is
higher than |I7; .. |, Mode 3 is over. When this mode terminates
the proper switches, depending on the converter functionality,
are turned OFF and |11 oy |, [13; oy |s [13i.0v |, |13, ., | are all reset.

In Mode 4, based on the output reference currents in buck—
boost function, and according to input and output reference
currents in boost function, the proper switches as tabulated in
Tables II and III and shown in the control block diagram, the
proper phase pairs are selected to discharge the inductor in
Modes 5 and 7. During Mode 5, the controller regulates the
lowest output current 73,. As soon as the absolute average of
output phase with lowest current | I3, » | becomes higher than its
reference |13, .. |- |130.av| and |15, .., | both are set to zero, and
also the proper switches, as shown in Fig. 13, are turned OFF.
Finally, in Mode 7, based on the measured link current ¢, the
remaining stored energy in the link inductor can be estimated.
Moreover, a threshold link current I7, which represents the
required energy for the link voltage to swing to —V/,.«, need to
be calculated to guarantee soft-switching operation for the on-
coming switches in Mode 1. As soon as 7, becomes lower than
Ir, Mode 7 is terminated. Afterward, |11, av|, |15, avls [T20.av]s
and |I;, .| are all reset, and all the switches are turned OFF.
It should be noted that Modes 2 and 6, which are resonating
modes, are not presented in this control algorithm. The devel-
oped control approach can be extended to other configurations
of hybrid-m-based and 7-based families using the buck, boost,
and buck—boost switching approaches due to their topological
and functional similarities.

V. ANALYSIS AND DESIGN METHODOLOGY

In this section, a detailed analysis along with design procedure
of the proposed three-phase ac—ac topology shown in Figs. 1(b)
and 2(b) is explained. In order to simplify the analysis, Modes 2
and 6, which are very small fractions of the link cycle, as shown
in Figs. 3 and 4, are neglected. In this analysis, other resonating
modes, i.e., Modes 4 and 8, which contribute to longer resonat-
ing intervals compared to Modes 2 and 6, are taken into account.
In general, in this converter, the link frequency is much higher
than input and output frequencies, and the following analysis
is carried out for a link cycle. In this way, although the instan-
taneous values of the voltages and currents of the three-phase

ac source and load are varying over the source and load cycles,
they can be considered to be constant over a link cycle. In the
following analysis, the instantaneous values of the voltages and
currents of the three-phase ac source and load with different in-
put and output power factors can be considered. The following
analysis can be extended to other proposed topologies.

According to Fig. 3, the ruling equations describing the be-
havior of the proposed three-phase ac-to-ac configurations dur-
ing the active intervals can be expressed as

vpst| = LM7 (k=0,1)
tk:+l

L|7’]€+2 71]{74—1‘7(1{3 — 2’3) (1)
2281

[V 41
. 1 ) .
U+ lde = 5 X ter1 X (ir + k1) X fr, (k= 0,1)

. 1 . .
U+1,de = 5 X tpy1 X (lk+1 +Zk+2) X [, (k = 273) 2)

Pk+1 = Uk4+1 X ik’+1,dC7 (k = 07 17273) (3)

1 , .
Pk+1:§><L><fL X ’22k+1—l2k|7(k:071)

Dit1 = % X Lx fp % [i®hi2 —ria|,(k=2,3) @)
where vi 41,541, and i1 qc are the link voltage in (k + 1)th
active mode, instantaneous link inductor current in (k + 1)th
active mode, and current of the link inductor in (k + 1)th ac-
tive mode averaged over a link cycle. py. 1, L, and f are the
averaged link power during the (k + 1)th active mode, link in-
ductance, and link frequency. Since no power can be transferred
during the resonating times, it can be shown that

pL =p1+p2=p3+ps (5)

where py, is total link power. The total link power is equal to
power injected into or extracted from the link inductor dur-
ing Modes 1 and 3, or Modes 5 and 7 averaged over a cycle,
respectively.

A. Buck Function

Link voltage levels v1, vo, v3, and vy, as illustrated in Fig. 3,
during Modes 1, 3, 5, and 7 in buck function can be determined
by (6), respectively

VI =Vl — Vo2 V2 = Vo — Upl U3 =Upl Vg = Vg2 (6)

where v;1, vi2, Vo1, and v,o are instantaneous input line-to-line
voltage with the highest value, input line-to-line voltage with
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the second-highest value, output line-to-line voltage with the
second highest value, and output line-to-line voltage with the
highest value, respectively.

Using (1)—(3), the powers extracted from the source during

Modes 1 and 3 can be given as
Di1 = Vi1 X i1de  Pi2 = Uiz X 92 dc- (7

The total link power can be expressed in terms of voltage
levels and link powers during active modes by

v v
p1+p2 = pil (1— 02)+Pi2 (1— 01)
N—— Vi1 Vi2

rL

P 2
=pin (1 — p1) +piz(1 — p2) . (8)

p1 P2

The average output powers p, 1, po2 resulted from each output
phase pairs during Modes 1, 3, 5, and 7 can be calculated by

Po1 = DP3 + Vol X i2dc Doy = P4+ Vo2 X 11,dc- (9)

The relationship between total input power, output power, and
link power can be described by

Po = Po1 + Poy = Pi = pi1 + Pia # PL- (10)

B. Boost Function

Link voltage levels vy, v9, vs, and v, during active Modes 1,
3,5, and 7 in boost function can be expressed by

V] =01 V2 =Vin U3 = Ul — Uil U4 = V2 — Vin. (11)

The instantaneous output powers injected into the source dur-
ing Modes 5 and 7 using (1)—(3) can be obtained as follows:
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The average input powers p;;, p;o resulted from each output
phase pairs during Modes 1, 3, 5, and 7 can be given by
Di1t = D1+ V1 X 93,dc Piz = P2 + Uiz X i4dc- (14)
The relationship between total input power, output power, and
link power can be expressed as follows:

Po = Po1 + Doy = Pi = pi1 + Pia # PL- (15)

C. Buck—Boost Function

The levels of link voltage v, v9, v3, and vy in Modes 1, 3, 5,
and 7 in buck—boost function can be determined as follows:

VI =01 Vg =Uip U3 = Upl U4 = Vg2 (16)

The instantaneous input power and output power extracted

from the source in Modes 1 and 3 and injected into the load in

Modes 5 and 7 using (1)—(3) can be expressed as

Po1 = Vo1 X Z.S.,dc

A7)

Dip = Vi1 X i1,dc  Piz = Vi2 X 12 dc¢

Po2 = Vg2 X 14 dc-

The relation between the link powers, input power, and output
power can be derived as in (18) by using (5) and (17)

PL+ D2 = Dit +Diz = Di = P3 + D4 = Po1 +Po2 = Po- (18)
S—— P1 D2 S—— P1 D2
PL PL

Equations (10), (15), and (18) support this point that in buck
and boost functions the total power of the converter is partially
transferred through the link inductor, while the total power is

Dol = Vo1 X i3 dc  Po2 = Vo2 X G4 dc- (12) entirely transferred via the link inductor in buck—boost function.
. ' The following equations describe the behavior of the three-phase
The total link power can be formulated by converters analytically in a general form regardless of function-
Vi1 Vo ality of the converters. During Modes 4 and 8, the instantaneous
D3 + D14 = Do1 (1 L ) + Do2 (1 ey ) value of link current and voltage can be determined as (19)-
o ol 02 (20) shown at the bottom of the page, where Z;, is characteristic
s P4 impedance of the resonant tank, which can be defined by
=po1(1 = 01) +po2(1 —02). (13) 7
P3 2! Zy = 6 (21)
i(t) = iy % cosw, (t — (£ + 1)) + ;i X sinw, (t — (t +12))
L
Mode4
4 v 4
. . 4 .
i(t) =i5 X cosw, (t — (tm + zlztk>> ~Z X sin w, (t — <tr2 + letk>> (19)
Mode8
v(t) =g X cosw, (t — (t1 +t2)) — Zp, X ig X sinw, (t — (t1 + t2))
Mode4
4 4
v(t) = —vg X cOsSw, (t — (trg + Zt’“>> — 75 X i5 X sinw, <t — <tr2 + Ztk>> (20)
1 1

Mode8
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The link current at the beginning of Mode 1, and end of Mode
7 can be calculated by

. Vmax ’ U1 ’
() - @
. V;nax ’ V4 ’
—\/ (%) -(3) )

Maximum link voltage V;,.x is a design factor, which is con-
sidered to be approximately 10% higher than the maximum
voltage seen across the link voltage. Therefore, since this value
depends on the functionality and switching approach, it can be
selected differently. In buck—boost function, V.« is selected to
be 10% higher than the maximum input and output line-to-line
voltages. The link current reaches its negative peak value, ¢,in,
during Mode 8, as shown in Fig. 3. This minimum link current
can be yielded as

‘/HIHX
Zr
According to (24), imin depends on the input and output
voltage levels of the converter and link components, and it does

not depend on the output power. The maximum link voltage
Umax can be obtained by

Vinax = 02 + (Z1 x i5)°.

Using (19) and (20), duration of resonating times in Mode 4,
to,, and Mode 8, T},., can be obtained as follows:

(24)

lmin = —

(25)

1 1 U3 B tan‘l(ZL Xig)
’U;-ﬁ-(ZL Xi2)2 v2

(26)

T 1 1 v

(t4r + tor) - T47‘ - ;
\/UIQDax + (21 x o)’

1 7, % i 1 7, %
+ —tan! (m>—tan1 (LX“)) @7

Wr V4 Wr Umax

In (19), (20), (26), and (27), w, is the resonant angular fre-

quency, which can be defined as
1

Wy = —.

VL xC

The summation of the active and resonating time intervals is

equal to the link period 7', from which the link frequency can

be formulated as follows:

fu

(28)

1
Ctittytto ity +ta+ Ty

In order to determine the link frequency, first ¢, ¢5, and T,
can be calculated based on the selected V., from (22), (23),
and (27). Afterward, eight equations in terms of i; — ¢4 and
t; — t4 using (1) and (2) can be obtained. These equations along
with (25) and (26) need to be solved simultaneously. From (23),
threshold link current I; can be found when v, is considered
to be equal to the maximum output line-to-line voltage for the

(29)
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Fig. 14. Maximum link peak current versus link capacitance for various values
of link inductance in buck—boost function and buck function when output power
and input and output voltages are 10 kW, 480 V, and 208 V, respectively.
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Fig. 15.  Average link frequency versus link capacitance for various values of
link inductance in buck—boost function and buck function when output power
and input and output voltages are 10 kW, 480 V, and 208 V, respectively.

specified V},.x. Then, according to the conservation of energy
in a LC circuit, the link peak current can be obtained as follows:

2
. . (Y
=y (7)

In this way, the link peak current can be calculated based on
the determined 5. The link capacitance C' of the LC resonant
tank can be chosen such that the resonating periods are retained
as short as possible, which means that

1

et
T X f, x L
It can be inferred from (24), (25), and (30) that increasing
the link inductance and decreasing the link capacitance lead to
decreased link peak current and minimum link current as well
as increased maximum link voltage. Moreover, (1), (2), (26),
and (27) imply that as the link inductor and/or capacitor de-
creases, the link frequency increases. Equations (26) and (27)
prove that the resonating time in Mode 8 is longer than that of
Mode 6. These resonating intervals extend when the link induc-
tance and/or capacitance increase. Figs. 14 and 15 demonstrate
maximum of the link peak current I;,,,,« and the average link
frequency F,, versus the link capacitance for various values
of the link inductor in buck—boost function and buck function.
According to these figures, I,max and Fi, vary by a change of
the link inductance and/or the link capacitance. As expected,
I max and F,, both increase as a result of a reduction in the link
inductance and capacitance. The maximum link peak current
and average link frequency versus the output power is shown
in Fig. 16. As this figure clearly shows, I},,,,,« and I}, are de-
pending variables of the output power such that as the input
power rises, the link frequency reduces, but the maximum link

(30)

€1y
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put power in buck—boost function and buck function for link inductance, link
capacitance, input voltage, output voltage of 150 pH, 20 nF, 480 V, and 208 V,
respectively.

peak current increases. Operating the converter in buck function
helps to decrease the maximum link peak current and increase
the average link frequency compared to buck—boost function for
the same designed converter, as shown in Figs. 14-16.
In this converter, the current stress of each switch/diode is
equal to the maximum link peak current I}y, Which deter-
mines the power losses of the converter. The voltage stress of
the switches depends on the maximum value of the link voltage
Vinax. Therefore, in this converter, it is desirable to decrease the
maximum link peak current and maximum link voltage. V. is
considered to be slightly higher than the maximum line-to-line
voltage seen by the link inductor to realize soft-switching oper-
ation. The maximum link peak current can be adjusted by the
link inductance and capacitance. Increasing the link inductance
or decreasing the link capacitance leads to decreased maxi-
mum link peak current but increased maximum link voltage.
In this way, the link components can be designed optimally
to achieve the required performance. The voltage stress of the
switches/diodes located at the input switch bridge, output switch
bridge, and link switch bridge in buck—boost Vg g, buck Vzy,
and boost Vo functions in both of the proposed configurations
is as follows:

VB0 ,s0-56,513 = VBB,50-56,513
1
= max{\/g X Vtiv 1(‘/111‘&)( +4 X ‘/L)}

Vau.so-s6.513 = V3 X Vi

VBu,s0-s6,512 = VBB,50-56,512

(32)

1
max{x/g X ‘/071(‘/111&)( +3\/§ X ‘/0)}

VBo.50-56.512 = V3 x V. (33)

VI. SIMULATION AND EXPERIMENTAL RESULTS

A. Simulation Results

In order to evaluate the performance of the proposed convert-
ers under different operating conditions, a 10-kW three-phase
ac—ac system with input/output frequency of 60 Hz is designed
and simulated using PSIM software. In this simulation, a three-
phase resistive load is considered at the output side, and the
link inductance and capacitance are 150 ¢H and 20 nF, respec-
tively. In this part, two sets of simulations are carried out. In
the first sets of the simulation, the performance of three-phase
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ac—ac converter, which belongs to m-based family, is evaluated
in buck and buck-boost functions. In the second sets of sim-
ulation, the performance of the three-phase ac—ac converter of
the hybrid-m-based family in boost and buck—boost functions is
taken into account.

Figs. 17-21 show the first sets of simulation where a step-
down operation is considered. The input voltage/frequency, load
voltage/frequency, and capacitance and inductance of LC input
and output filters are considered to be 480 V/60 Hz, 208 V/60 Hz,
3 uF, 33 uF, 20 pH and 25 pH, respectively. According to
the converter specification, resonating times can be neglected
for analyzing the behavior of the converter. In this way, the
resonating intervals are neglected in Figs. 17 and 18. Figs. 17
and 18 illustrate the link peak current and the total link power
in buck-boost function and buck function. The level of link
current is shown in Fig. 19. The maximum link peak current in
buck—boost function, which is about 112 A, is about 45% higher
than that of buck function, as illustrated in this figure. This value



MOZAFFARI AND AMIRABADI: HIGHLY RELIABLE AND EFFICIENT CLASS OF SINGLE-STAGE HIGH-FREQUENCY AC-LINK CONVERTERS

Link Voltage
———— Link Current*4

Link Voltgae [V] and Current [A]

8.46 8.49
Time [msec]
(@

Link Voltage
Link Current*4

Link Voltage [V] and Link Current [A]

8.4 8.42 8.44 8.46 8.48 8.5 8.52 8.54 8.56 8.58
Time [msec]

(b)

Fig. 20. Link voltage and link current. (a) Buck function. (b) Buck—boost
function.

= Phase

= Phane b

) Phine ¢

2

3

-240
0.006 0.008 0.01 0.012 0.014 0.016 0.018 0.02 0.022
Time [sec|

Fig. 21.  Output load voltages in buck function.

s
5o
= 8
2
S 82
= ; —— Buck-Boost:Hybrid-n-based Family
= 80g = —-H-— Buck-Boost:n-based family

78 Pl —=fe— Buck:Hybrid-n-based Family

s = =Mg== Buck:n-based family

1 2 3 4 5 6 7 8 9 10
Output Power [kW]

Fig. 22.  Efficiency of the proposed converters versus output power in step-
down operation.

is in good match with the presented result in Figs. 16 and 17.
The maximum link frequency in buck function is 16.9 kHz.
The link current and voltage when the maximum link voltage
has its maximum value are depicted in Fig. 20. As seen in this
figure, the maximum value of the link voltage when the system
is operating in buck mode is about 415 V, while this maximum
value in buck—boost mode of operation reaches 805 V. Fig. 21
illustrates load phase voltages with the peak value of 170 V
and frequency of 60 Hz. Total harmonic distortion (THD) of
the output current is 1.84%, which is in compliance with IEEE
standards.

Fig. 22 demonstrates the conversion efficiency of the de-
signed converters versus output power in buck and buck—boost
functions for the step-down operation. This figure compares
the conversion efficiency of three-phase ac—ac configurations in
hybrid-m-based and m-based families. For estimating the effi-
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Fig. 24.  Link peak current in buck—boost and boost functions.

ciency, accurate models of the components are considered. In
this simulation, power IGBTs (IKQ75N120CT2 1200 V, 75 A)
and power diodes (VS-80APS 1200 V, 80 A) in series conjunc-
tion are utilized to realize a switch with reverse-blocking ca-
pability. The estimated efficiencies at full power in buck—boost
and buck functions of m-based family and of hybrid-7-based
family are 92.12%, 93.91%, 92.98%, and 94.47%, respectively.
As expected, these values prove that higher efficiency can be
expected in hybrid-7-based family compared to 7-based family
at the cost of adding two power switches in bidirectional power
flow and one power switch and a diode in unidirectional power
flow, respectively.

To validate the performance and robustness of the converter
under the presence of disturbances of a step change in input
and output voltages, the converter is run under two different
conditions. Fig. 23 depicts input and output phase voltages when
the input phase voltages are increased by 30% at t = 40 ms while
the power is kept constant at 10 kW. As shown in this figure, the
input phase voltages are quickly converged to their new nominal
values while there is no distortion occurred in the output voltage.
The output phase voltages are demonstrated when the output
phase voltages and the output power are decreased by 30% and
69% at t = 40 ms. As obvious from this figure, the converter is
smoothly adjusted to its new nominal situation less than 0.84 ms.
The observed fast dynamic of the converter is due to first small
passive components of the link and second the proposed direct
current control approach.
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Figs. 24-27 illustrate simulation results for the second set
of simulation where the input voltage/frequency, load volt-
age/frequency, the capacitance and inductance of LC input and
output filters are considered to be 208 V/60 Hz, 520 V/60 Hz,
10 uF, 15 pF, 25 pH, and 20 pH, respectively. In the simulation,
step-up operation of the converter is investigated. The link peak
current and link frequency in buck—boost and boost functions
are represented in Figs. 24 and 25. The maximum link frequency
in boost function is 19.3 kHz. These figures clearly prove that
operating the converter in boost function results in lower value
of link peak current and higher value of link frequency. The
unfiltered input and output phase currents in boost function are
shown in Figs. 26 and 27, respectively. The input phase pairs are
involved in charging and discharging modes, while the output
phase pairs are only responsible for discharging modes, as seen
in Figs. 26 and 27.

To verify the capability of converter to support and control the
arbitrary input and output frequencies and output power factor, a
three-phase 13.33 kVA/120 Hz inductive load at 0.75 PF lagging
is considered at the output side. Fig. 28 shows the output phase
voltage and filtered output phase currents. As shown in this
figure, although the input power factor of the proposed topology
remains at unity, the load has a 0.75 lagging power factor with
the frequency (120 Hz) of twice the input source (60 Hz). This
again confirms the effectiveness of the proposed configuration
and control approach. The output THD current in this case is
0.57%.
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(a) m-based family. (b) Hybrid-7-based family.

B. Experimental Results

A low power proof-of-concept prototype is designed and fab-
ricated to experimentally evaluate the performance of the pro-
posed ac—ac converters shown in Figs. 1(b) and 2(b). Fig. 29
shows an annotated photograph of the proposed converter proto-
type of m-based and hybrid-7-based families. The RB-IGBTs are
realized by using two IGBTs (IRG7PH42UDPbF 1200V, 45 A)
in series, one of which are disabled to serve as power diodes. A
TMS320F28335 Delfino digital signal processor (DSP) with a
sampling time of 4.8 ps, which includes analog-to-digital con-
version time and required processing time of DSP, is used to
control the converter. In this prototype, a three-phase resistive
load is considered at the output side to be supplied by the input
ac source. The link inductance and capacitance are selected to
be 785 1H and 700 nF, respectively, to keep the link frequency
much lower than the required sampling frequency of DSP. The
inductances of input and output filters are 980 pH.

In this part, two sets of experiment are investigated to show
step-up and -down capabilities of the converters in different
functions. In the first set of the experiment, the converter is run
with the input voltage of 77 V/60 Hz to supply a 251 V/60 Hz
three-phase load at 450 W. The capacitances of input and output
filters are considered to be 45 and 10 pF, respectively. Since
the input voltage is lower than the load voltage, the converter
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can be operated in buck—boost and boost functions. Figs. 30-35
demonstrate the experimental results corresponding to the step-
up operation in 7-based family. The filtered input current and the
input voltage across the filter capacitor of phase a in buck—boost
and boost functions are depicted in Fig. 30. As seen in this figure,
the input current in each function follows its reference, the peak
of which is set at 5.6 A in buck-boost function. Fig. 31 shows
the link voltage and current. As illustrated in this figure, the
maximum link peak current and the maximum voltage of the
link in boost function are lower in comparison with that of
buck—boost function. The maximum link frequency in buck—
boost function is 4.05 kHz. Fig. 32 demonstrates the unfiltered
input phase currents. As seen in this figure, the input phases in
boost function are involved in both charging and discharging
modes. The phase load voltages, peak of which is 205 V, are
shown in Fig. 33. The THD of the input currents and output
currents in buck—boost function are 3.37% and 4.84%, respec-
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tively. The current passing through and voltage across switch S
are shown in Fig. 34. As this figure shows, the switch voltage at
turn-ON is zero. Furthermore, the switches can also benefit from
a soft turn-OFF, depending on the value of the link capacitance.
Since the proof-of-concept prototype is designed for low power
and to show that further improvement on the efficiency at higher
power levels can be expected with the designed prototype, the
measured efficiency and estimated efficiency of the converter
through simulation with the same parameters of the prototype
are demonstrated in Fig. 35. As demonstrated in the efficiency
curve, the estimated efficiency of the converter in boost func-
tion at 1.5 kW is 91.83%. Furthermore, using RB-IGBT and
silicon-carbide (SiC) semiconductor devices can have a signifi-
cant impact on improving the efficiency.

Another set of experiment is carried out to investigate the per-
formance of the converter in step-down operation. Figs. 3641
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illustrate the experimental results corresponding to the step-
down operation of the proposed converter of hybrid-7-based
family in buck—boost function and buck function. In this exper-
iment, the converter is run with input voltage of 192 V/60 Hz
and load voltage of 98 V/60 Hz at 450 W. Furthermore, the
capacitances of input and output filters are considered to be 20
and 45 pF, respectively. Fig. 36 depicts filtered input current and
the input voltage across the filter capacitor of phase a in buck—
boost and buck functions. The observed deviation from unity in
the input power factor is due to the presence of the input L filter.
The converter can be controlled such that the unity input power
factor is achieved. Fig. 37, which demonstrates the filtered input
current and the input voltage across the filter capacitor of phase
a in buck—boost function, proves the capability of the system to
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adjust the input power factor. The measured input power factor
in this case is 0.997 leading. Fig. 38 shows the link voltage and
link current. As seen in this figure, operating the converter in
buck function results in lower link peak current and link voltage
in comparison with that of buck—boost function. As shown in
this figure, the maximum link peak current and the maximum
voltage of the link are 19 A, 280 V, 13 A, and 224 V in buck-
boost function and buck function, respectively. The maximum
link frequency in buck function is 5 kHz. The unfiltered out-
put currents are shown in Fig. 39. The ringings observed in this
figure are due to the resonance of the link components with para-
sitic elements of the power switches and stray inductances of the
printed circuit board traces. The three-phase load voltages, the
peak of which is around 80 V, are represented in Fig. 40.
The THD of output currents in buck function is 3.93%. The
measured and estimated efficiencies of the converter are illus-
trated in Fig. 41. The estimated efficiency of the converter at
1.5 kW in buck function is 92.23%.

VII. CONCLUSION

A highly reliable and efficient family of soft-switching high-
frequency ac-link converters, which can function in buck, boost,
and buck-boost modes of operation in a vast range of input
and output voltages, is proposed. Both step-up and step-down
operations can be realized via various combinations of the
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operating modes. This family of converters is capable of provid-
ing bidirectional power flow and offers a very modular structure.
The unique configurations of the proposed family eliminate the
need of external bulky line frequency transformer and make
adding a lightweight HFT into the link possible in applications
for which galvanic isolation is required. In the proposed con-
verters a small link inductor transfers power entirely or partially
from input phases to output phases. To realize negligible switch-
ing loss and low stress over the semiconductor devices, a small
capacitor is placed in parallel with the link inductor. This al-
lows all the switches to benefit from zero-voltage turn-on and
soft turn-off. When operating in buck function or boost func-
tion, the proposed family can significantly decrease power-loss,
link peak current, and component ratings, contributing to en-
hanced efficiency and power density. Moreover, the proposed
converter disables reverse recovery issues and eliminates corre-
sponding reverse recovery losses due to the deactivation of the
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body diodes of the power switching devices. Another appealing
merit of the proposed family is that the circuit topologies are
robust against the possibility of short-circuit of input and output
terminals and open circuit of the link inductor, which can be
caused by EMI noise’s misgating-on or -off, especially at high-
frequency. In view of this, a higher level of reliability is ex-
pected to be offered with the proposed family. In this way, these
unique features enable the proposed family of converter to be a
strong candidate in various applications such as utility systems,
smart distribution systems, electrified transportation systems,
renewable energy systems, electric drive systems, power supply
systems, aerospace systems, and many other residential and in-
dustrial emerging applications. Effectiveness and performance
of the proposed topologies and the validity of the theoretical
analysis are verified via experimental and simulation results.
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