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A Reduced-Switch-Count Family of Soft-Switched
High-Frequency Inductive AC-Link Converters

Khalegh Mozaftari

Abstract—This article introduces a new family of partial-
resonance high-frequency ac-link converters with a reduced num-
ber of switches, which contributes to enhanced reliability and
reduced size. The proposed family of converters can be configured
to interface various number of single-/multiport dc and/or single-
/multiphase ac systems of sources and loads through a partial-
resonance parallel LC link. The LC link is composed of a small
inductor and a very small ac capacitor without the use of bulky
and short life-cycle electrolytic capacitors. The high-frequency ac
link is responsible for transferring power between different ports
of the system entirely or partially as well as realizing zero voltage
switching for all the power switches/diodes over the full load range,
which results in minimized stress over the switches as well as low
electromagnetic interference (EMI). This class of converters, which
only employs two-quadrant switches, is inherently bidirectional
with voltage step-up/step-down capability. It allows variable fre-
quencies and power factors between the input and output terminals
in one stage of power conversion. The proposed converters can
function in buck-boost, buck, and/or boost modes of operation to
step up and/or step down the input voltage. Functioning in buck
or boost modes of operation can significantly reduce the link peak
current and voltage, contributing to reduced power loss, size of
components, voltage/current stress of power switches/diodes, and
EMI. Furthermore, the proposed converters are robust against
the open-circuit/short-circuit problems of input, output, and link
inductors/capacitors, which place emphasis on improved reliability
of the system. They are also capable of minimizing poor recovery
issues and related losses of the body diodes of switches by using
external fast recovery diodes in series with the main switching
devices. In view of these features, this class of converters is expected
to exhibit improved reliability, efficiency, power density, function-
ality, and flexibility compared to most existing power converters.
A current modulation approach is also developed for each function
to regulate the input and output currents on a switching cycle-
by-cycle basis. A detailed performance analysis to investigate the
challenges of each function in terms of frequency, power factor,
and voltage amplitude is presented. The effectiveness of the pro-
posed configurations along with the modulation schemes is verified
theoretically using simulation software and experimentally via a
low-power laboratory prototype at different operating conditions.
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I. INTRODUCTION

C-AC power converters are the major parts of many
A industrial applications, such as variable-speed ac drives,
solid-state transformers, direct conversion systems in wind gen-
erators, power regulators, and dynamic voltage restorers to
perform voltage/power regulating, isolating, conditioning, and
filtering under fixed/variable frequency condition. Double-stage
dc-link back-to-back active front-end converters [1] and [2],
which include an active front-end rectifier, dc-link capacitors,
along with a pulsewidth modulation (PWM) inverter, are the
most industrially established topology to supply a load with
an arbitrary voltage and frequency. This is mainly because the
converter stages are to a large extent decoupled for the control
process, which gives rise to control structure simplicity and
flexibility. However, the energy storage element in the form of
bulky and short life-cycle electrolytic capacitors implemented
in these converters degrades the reliability of the system. Em-
ploying external three-phase low-frequency transformer, which
is very bulky and heavy with the high loss [3], for galvanic
isolation and a massive low-pass filter [4] at the front end are
other drawbacks of the converters. To maximize the functionality
of these converters, another stage, which is composed of a dc—dc
converter with high-frequency isolation, as a middle power stage
is added to the converter. The isolated stage can be a parallel
resonant [5], series resonant [6], series/parallel resonant [7],
LLC resonant [8], CLLC resonant [9], or dual-active bridge
[10]. However, these multistage converters suffer from complex
circuit configuration with a large number of passive components
in addition to reduced system efficiency and reliability.

Direct PWM ac—ac converters, which are originally derived
from their dc—dc counterparts, are other candidates for ac—ac
power conversion. These types of converters include buck-type
[11], boost-type [12], buck—boost type [13], Cuk-type [14],
Z-source [15]-[17], switched-capacitor [18], [19], and switching
cell [20]-[23] ac—ac converters to perform voltage regulation.
The proposed switched-capacitor power converters in [18] and
[19], which are composed only of capacitors and switches with-
out using any magnetic components, can achieve a significant
size reduction. However, the voltage gain in these converters is
not flexible. Although direct PWM ac—ac converters offer single-
stage power conversion, simple circuit configuration, and ease of


https://orcid.org/0000-0003-4998-6109
https://orcid.org/0000-0001-5972-8221
mailto:kmozaffari@enphaseenergy.com
mailto:m.amirabadi@northeastern.edu
https://ieeexplore.ieee.org

MOZAFFARI AND AMIRABADI: REDUCED-SWITCH-COUNT FAMILY OF SOFT-SWITCHED HIGH-FREQUENCY INDUCTIVE

control, they are applicable where only voltage regulation with
the fixed frequency operation is required. Alternatively, matrix
converters, which allow the conversion of a fixed three-phase
ac source to an alternative flexible three-phase ac load with
variable amplitude and frequency without intermediate dc-link
capacitors, are advanced. Due to their remarkable features of
single-stage power conversion, bidirectional power transfer, and
controllable input power factor, effort devoted to the studies of
matrix converters focusing on their modeling and control [3],
[24]-[26], topological development [27]-[29], and applications
[30], [31]. However, they have achieved low market penetration
due to their inherent shortcomings, including low/limited volt-
age transfer ratio, commutation problem, protection challenge,
isolation issue, and complex modulation [32].

Nonetheless, all of these existing ac—ac converters are hard-
switched, which leads to high switching losses, high stress over
the power semiconductors devices, significant electromagnetic
interference (EMI), and consequently a lower efficiency and reli-
ability. Soft-switched high-frequency partial-resonance ac-link
converters have attracted an increasing interest as an outstanding
solution for ac—ac power conversion due to many practical
advantages, such as fast dynamic response, step-up/step-down
capability, high efficiency, low EMI, compact size, absence of
electrolytic capacitors, small link components, and high reli-
ability. The topologies proposed in [33]-[37], which employ
two-quadrant switches, experience a long resonating interval
during which no power is transferred, and this can negatively
affect the performance of the converter. The link inductor cur-
rent in these configurations has a dc component as a result of
charging and discharging the link inductor in only one direction.
A modified configuration to allow the link inductor to be charged
and discharged in both positive and negative directions at the cost
of utilizing four-quadrant switches is proposed in [38] and [39].
Asaresult, the link inductor can optimally be utilized and a lower
total harmonic distortion (THD) can be ensured. However, this
topology requires a large number of switches, 24 unidirectional
switches. Several reduced-switch versions of this configuration
called sparse [40], ultra sparse [41], and extremely sparse [42],
[43] parallel ac-link converters are reported in the literature.
However, these parallel ac-link configurations [38]-[43] may
face challenges for medium-power and high-power applications
due to discontinuous switch currents with considerable peak
values, which result in high power loss and stress over the main
switching devices. To solve this drawback, a multifunction class
of series ac-link converters is recently introduced in [44], which
can significantly reduce the peak of the link current. However,
this family of converters requires 24 unidirectional switches
and introduces a complex control structure. Moreover, they are
vulnerable to short-circuit of input, output, and link capacitors,
which can cause large current spikes over the switches and
consequently degrade the reliability.

To enhance reliability, decrease volume, and improve power
density of partial-resonance ac-link converters while maintain-
ing high performance, an innovative class of high-frequency
inductive ac-link converters with a reduced number of switches
is proposed in this article. This single-stage family of con-
verters, which only employs two-quadrant switches, integrates
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functionalities of buck, boost, and buck—boost modes of op-
eration. These functionalities enable the converter to partially
or entirely transfer the power from the input side toward the
output side through a small link inductor. It features step-up/step-
down capability, bidirectional power transfer, modular structure,
controllable input and output power factors with arbitrary fre-
quencies. The proposed converters, which can be configured to
interface various single- and/or multiport dc and/or single- or
multiphase ac sources and loads simultaneously, have the ad-
vantages of providing sinusoidal output voltage with extremely
low THD and achieving zero voltage switching (ZVS) of all
the power switches over the full load range regardless of the
line and load conditions via using a very small ac film capacitor
connected in parallel with the link inductor. The total number of
active switches in the proposed three-phase ac—ac configuration
is 16, thus leading to a reduction in the number of switches
by 33% when compared to its counterpart converter proposed in
[44]. The potential advantage of the proposed converters in terms
of reducing the number of active switches and consequently gate
drives and cooling system can be fully realized when a multiport
operation is demanded. They are immune from short-circuit
and open-circuit problems of input, output, and link capacitors
and inductors in addition to eliminating the problems associated
with reverse recovery of body diodes of switches including their
corresponding losses. As a result, further improvement on the
reliability of the system can be achieved. Furthermore, a new
modulation scheme, which offers a simpler control algorithm,
for each function of the converter is developed. A detailed
analysis is also performed to investigate the performance and
challenges of each function under different operating conditions.
Detailed operating principles and modulation approaches of the
proposed converters along with the simulation and experimental
validations are presented in this article.

II. PROPOSED FAMILY OF CONVERTERS

Fig. 1 demonstrates three typical circuit configurations of the
proposed family. Fig. 1(a)—(c) illustrates a three-phase ac—ac
configuration, a generic multiphase configuration transferring
power from an m-phase source to an n-phase load, and a typical
multiport configuration of the proposed family interfacing a dc
source, a three-phase ac source, a dc load, and a three-phase ac
load. While only three configurations of the proposed family are
presented in this article, it can be configured to interface various
single-/multiport dc and/or single-/multiphase ac sources and/or
loads for other applications as well. For instance, by adding
one switch and removing one phase leg from the input and
output switch bridges, the topology presented in Fig. 1(a) can be
reconfigured to interface a photovoltaic (PV) array, battery bank,
and single-phase ac load for a stand-alone PV system. Similarly,
by adding additional bidirectional/unidirectional dc and/or ac
bridges a multiport configuration for microgrid applications can
be realized. This family of converter has a modular structure,
which can empower multilevel configurations for high-voltage
high-power applications. Moreover, the modular nature of the
proposed family of converter in terms of reducing the number
of active switches results in a total cost reduction and a more
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Fig. 1. Proposed partial-resonance inductive ac-link converter topologies. (a) Proposed bidirectional three-phase ac—ac configuration. (b) Proposed bidirectional

generic multiphase m x n configuration. (¢) Multiport configuration of the proposed family.

compact design, which can be fully realized when multiple
sources and/or loads are required. For instance, with the
proposed family of converter when a multiport configuration,
as presented in Fig. 1(c), is demanded, the number of switches
reduces from 33 to 21 compared to its counterpart [44].

In these families of 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
converter with the soft-switching operation.

The proposed converters consist of an input switch bridge, an
output switch bridge, an ac-link switch bridge, an LC resonance
tank, and two low-pass filters. The input, output, and ac-link
switch bridges comprise switches that have bidirectional volt-
age blocking capability but conduct current in one direction.
Each switch can be implemented with a series combination
of an insulated-gate bipolar transistor (IGBT)/MOSFET with a
diode or a reverse blocking IGBT (RB-IGBT). RB-IGBTs are
currently available in the market. In this converter, RB-IGBTs
are preferable due to offering a lower total ON-state voltage and
consequently lower conduction losses, and providing a more
compact converter design without any module customization.
The resonance tank comprises a parallel connection of a small
ac capacitor and an inductor. Power transfer between different
ports of the system partially or entirely is carried out by the link
inductor. The link capacitor facilitates soft-switching operation
for all power switches/diodes. The ac-link bridge is responsible
to facilitate charging and discharging the link inductor in both
positive and negative directions. The small low-pass filters are
embedded at the front and load ends of the converter to mitigate
high-frequency harmonics. In this family of configurations, in
order to achieve a higher level of efficiency, two additional

semiconductor devices, S16/D*16 and S17/S*17, as shown in
Fig. 1, can be placed across the ac-link switch bridge. For
the applications where bidirectional power flow is demanded,
two bidirectional voltage blocking switches, Si6 and S;7, are
employed, whereas they can be replaced with a diode D*14 and
a unidirectional-blocking forward-conducting switch S*;7 for
unidirectional power flow applications.

III. OPERATING PRINCIPLES OF THE PROPOSED
FAMILY OF CONVERTERS

A. Overall Description of the Proposed Family

In this family of converters, the charging and discharging
occur within the same switching period to regulate the input
and output currents. The operation of the converter is composed
of several active and resonating modes depending on the config-
uration. Depending on the direction of the power flow, the link
inductor is partially or fully charged through the input phases,
which serve as a source, and then the link inductor is discharged
into the output phases, which serve as a load. By exchanging
the input and output modes, the reverse power flow from the
output to the input can be realized although the converter utilizes
unidirectional current conducting switches. In this converter,
charging and discharging of the link inductor in both positive and
negative directions are carried out, leading to an alternating link
current. The alternating link current results in better utilization
of the link inductor and a lower level of THD.

In this converter, there is a partial-resonance mode, which
is caused by a resonance of inductance and the capacitance of
the link, between each active mode to facilitate a zero-voltage
turn-ON and a soft turn-OFF for all the power switches/diodes.
The frequency of charge and discharge of the link inductor in a
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complete inductor current cycle is called the link frequency fr,
and is typically much higher than the input/output line frequen-
cies. The proposed family of converters can function in buck,
boost, or buck—boost modes of operation, and a combination
of these modes of operation is also feasible. Higher efficiency
can be obtained when the converter is operated under buck
or boost function; however, they impose some limitations in
terms of frequency, voltage, and power factors, depending on
the configuration and the modulation technique. On the other
hand, arbitrary power factors and frequencies at the input and
output sides along with voltage step-up/step-down capability
can be achieved in buck—boost function, but a lower conversion
efficiency is expected with this function.

Since all the topologies derived from this family follow the
same operation, this article only focuses on the three-phase ac—ac
configuration, as shown in Fig. 1(a). In the proposed three-
phase ac—ac converter, each charging mode and discharging
mode is split into two separate modes. This means that during
one-half cycle, all three input and output phases are involved,
which allows to have more control on the input and output
currents, achieve higher performance, and minimize the input
and output filter requirements. In this way, the converter has
16 modes of operation including eight active and eight short
partial-resonance modes to create a soft transition between active
modes. Fig. 2 illustrates a typical full cycle of the link current
i1, link voltage vy, and unfiltered input 4;,, %;p, ;. and output
Toas Tobs 1oe currents in buck—boost, boost, and buck functions
of this configuration on an interval over a line cycle.

B. Behavior of the Proposed Three-Phase
AC-AC Configuration

In this section, the behavior of the proposed soft-switched
bidirectional ac-link three-phase ac—ac configuration in the
forward power flow in buck, boost, and buck—boost functions
using the developed switching algorithms is discussed. In a
three-phase balanced system, since the arrangement of phase and
line-to-line voltages and currents in terms of the highest, second
highest, and lowest values changes every 30° periodically, a
specific interval needs to be considered to investigate the be-
havior of the converter accurately. Here, the third course of 30°
is assumed. This interval happens when the reference current
of phase a 7}, at the input side and phase b i}, at the output
side have the highest amplitudes with a positive polarity, the
reference current of phase b i}, and phase c ¢}, at the input side,
and the reference current of phase c 7). and phase a i}, at the
output side have the second highest and lowest amplitudes with
anegative polarity, respectively. In order to charge and discharge
the link inductor via all the input phases and output phases in
half of the link cycle, one of the phases at the input side and
output side, which are the phases carrying the highest amplitude
of current, is maintained common during the whole link cycle. In
a balanced three-phase system, in order to satisfy input—output
power balance of the converter, only two of the phase pairs at
the input side and output side require to stay connected to the
link in each link cycle. After determining the common mode
at the input and output sides, the order in which the other two

7975
oo Link
Charging Link/ \ Curent
i/ N
(a) ) Discharging Link
i 4 Charging Link Discharging Link
Time .t.n t 2 ta 63 t (3
Mﬂdeiﬁ 1 28 3 4 5 e 7
i é
H N oo
o Nw N7
13
A% Vi
8 9 11
0-g 0 Link
-V; i i
] WV Voltage
- Vi
-Vi
/ Vi \
Buck-Boost / ioa
Function lia
0 cbecood AN R § A
c i
ORE ST | N .S . .
1ob
loc
N
iia \
300§t \ ioa
Function
0 P TP i Mg S 3 XN dqe
@ N A .
. 1ob
i . loc
< ?
Buck / ioa
Function O
lia
0 PR N R NN § R -
ORI | N B )
. iob
.. loc
{
Fig.2. Typical waveforms of the proposed three-phase ac—ac converter on the

interval that ‘“Im‘ > [vg,,. | > |v;.,| and [vdan| > [v_pnl > |[voen| during

modes 1-16. (a) Link voltage. (b) Link current. (c¢) Unfiltered input and output
phase currents in buck—boost function. (d) Unfiltered input and output phase
currents in boost function. (e) Unfiltered input and output phase currents in buck
function.

phases are naturally selected depends on the amplitude of the
voltages across the possible phase pairs. Consequently, it is
assumed that at the input side |Vj,|, the voltage across the
input phase pair ab, is higher than |V;,.|, the voltage across
the input phase pair ac, and at the output side |V,;.|, the voltage
across the output phase pair be, is higher than |V, |, the voltage
across the output phase pair ba. The polarities of Vip, Viaes
Viobes and Vi, are all considered to be positive. The positive
direction of current in the link and the input and output phases are
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Fig. 3. Behavior of buck-boost and boost functions in modes 9 and 11.
(a) Mode 9: when link inductor is being charged from phase pair ¢ab. (b) Mode
11: when link inductor is being charged from phase pair iac.

defined from top to bottom and left to right, respectively. Due to
behavioral similarities of the converter between operating modes
1-8 and operating modes 9-16, the behavior of the converter
when the link current is negative, which means that the converter
is operating in modes 9-16, is only detailed.

1) Modes 8—12. Buck—Boost and Boost Functions: In buck—
boost and boost functions, the power is fully transferred from the
input phases to the link inductor during modes 1, 3 with a positive
link current and modes 9, 11 with a negative link current. Before
starting mode 9, the appropriate switches at the input switch
bridge, the link switch bridge, and the output switch bridge are
gated-ON during mode 8. According to the assumption, switches
So, S4, S5, S12, S15, Sg, and Sy; are selected to be gated-ON.
When the link voltage is equal to the highest line-to-line input
voltage |Viqp|, all the switches except for switch S5 become
forward biased and start conducting with zero switching loss.
Mode 9, as shown in Fig. 3(a), continues to charge the link
inductor until the absolute average current delivered to phase b
over half of the link cycle equals to its reference current. Once
this happens, switch Sy is turned OFF and mode 9 ends. Afterward
mode 10, which is a resonating mode, begins, as illustrated in
Fig. 4. The link voltage drops slowly with a slope that depends
on the link capacitance. This means that voltage across switch
S, increases slowly. Consequently, switch S, experiences a soft
turn-OFF. In general, the soft turn-OFF occurs for all the switches
in different modes in this converter. Mode 10 is over when the
link voltage drops to a value, which is equal to |V;4.|. Mode
11, as demonstrated in Fig. 3(b), ends when the average condi-
tion for phase a is satisfied, which coincides with turning OFF
switches Sg, S5. After that, resonating mode 12 initiates and the
converter is prepared for discharging modes.
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(a) Mode 13: when link is being discharged into phase pair oba. (b) Mode 15:
when link is being discharged into phase pair obc.

2) Modes 12—-16. Buck—Boost and Buck Functions: Simi-
larly, in buck—boost and buck functions during modes 5,7 and 13,
15, the power is entirely transferred through the link inductor,
which is discharged into the output phases. During mode 12,
the link voltage drops and its polarity is reversed. Once this
happens, the proper switches S7, Sg, and S1; from the output
switch bridge, S12 and S15 from the link switch bridge, and So
and Sj from the input switch bridge are gated-ON to discharge
the link inductor in modes 13 and 15. The proper switches in
mode 13, as shown in Fig. 5(a), start to conduct under ZVS
conditions as soon as the link voltage is equal to the second
highest output line-to-line voltage |Vypa|. When the current
of phase a meets its reference, this active mode ends and its
corresponding switch Sg is turned OFF. The link components
resonate, and the link voltage starts to fall until the link voltage
becomes equal to the highest output line-to-line voltage |Vop.|.
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At this moment, switch S starts to conduct and the link inductor
is discharged into the load further, as shown in Fig. 5(b).

The link inductor in mode 15 continues to be discharged until
the remaining energy in the link is only sufficient to peak the link
voltage at | Vinax| » which is higher than the highest line-to-line
voltage at the input side in buck—boost function or the highest
line-to-line voltage difference at the input side and the output
side in buck function. Subsequently, another resonating mode,
which is mode 16, initiates after the termination of this active
mode. Under step-up operation in which the amplitude of the
output voltage is higher than the input voltage, the link can
be fully discharged since the link voltage can always reach a
value higher than the highest input voltage after the resonating
mode of 16. In this way, ZVS at turn-ON can be always guar-
anteed as long as the proper incoming switches are turned ON
before the start of mode 1. The gate driver signal of the switches
in buck—boost function is shown in Fig. 6.

3) Modes 8—12. Buck Function: In buck function during
modes 1, 3 and 9, 11, the input power is partially transferred
to the link inductor, which is charged by involving both input
and output phases. The rest of the input power is directly
transferred to the load. Proper switches at the input and output
switch bridges corresponding to the highest input and output
line-to-line voltages along with switches S12 and S15 at the link
switch bridge are gated-ON during mode 8. According to the
assumption, the input phase pair ab and output phase pair bc are
connected to the link to charge the link inductor during mode 9
through switches Sg, S4, S7, and Si1, as shown in Fig. 7(a).
The link continues to be charged until the average condition for
phase b is met. Subsequently, switches Sy, S1; and switches S,
Sg are turned OFF and turned ON instead, respectively. This partial
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Fig. 7. Behavior of the converter in buck and boost functions. (a) Mode 9 in
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boost function: link is being discharged in boost function through phase pairs
iac and obc.

resonance continues until the link voltage becomes equal to the
Viab — Vobes Which is negative. At this point, mode 11 begins
to charge the link further, as demonstrated in Fig. 7(b). The
termination of this mode coincides with satisfying the average
condition for phase a. At this moment, all the switches are turned
OFF and another resonating mode, which is mode 12, begins.
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TABLE I

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

Input Currents”

lizgl > izl > liz|

lifgl > il > il

lifpl > 1l > il

lizpl > il > lijgl

lizel > izl > lijl

lizel > lijgl > lijpl

0 . Skt k— k— fk— okt xt Skt k— H— ck— okt okt Skt k— x— ck— okt okt

i; Polarity Lig bp o lic g Yp »lic Lip s Lic »lig Lp s lc »lig Lic o big »lip Lic s bg »lip

Switch Selection | Sy, Sy, Sg 53,51, 5, 51,55, 53 54,55, S 52,83, 5, S5, 50,8
TABLE II

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

Output Currents”

ligal > ligpl > ligcl

lisgl > ligpl > ligcl

liopl > ligel > ligal

lignl > ligel > ligal

ligel > ligal > ligy|

ligel > ligal > ligyl

- - PP —— PP P — pP—— PP ——— p——
iy Polarity ioas bon o loc loas bop o Log ions boc 1 Log lons bog o Log locslog » bop loc, boa  bop
Switch Selection | Sg, S14, S1q S9, 57, S $7, 511, 59 S10: 58, S Sg. S0, S10 S11. 56, 57

4) Modes 12—16. Boost Function: In boost function during
modes 5, 7 and 13, 15, similarly the load power is partially
provided through the link inductor, which is discharged into
the output phases by aiding the input phases. The rest of the
load power is provided directly from the input phases during
modes 5, 7, 13, and 15. During mode 8, switches S, S4, and S5
from the input switch bridge, S7, Sg, and S;; from the output
switch bridge, and S12 and S;5 from the link switch bridge are
gated-ON. As a result, there are four combinations that lead to
zero volt-second balance across the link inductor. Consequently,
the voltage across the link during modes 5 and 7 can take four
cases: ‘/iac - Voba» ‘/iac - Vobc» ‘/iab - Voba» and ‘/iab - Vobca
which are all positive. Among them, the switches corresponding
to the highest line-to-line voltage at the input side and switches
corresponding with the second highest line-to-line voltage at
the output side are automatically selected to discharge the link
inductor. In this way, switches Sg, S4, S12, S15, S7, and Sg are ac-
tivated as soon as the link voltage becomes equal to V5 — Vope
to initiate mode 13, as demonstrated in Fig. 7(c). This active
mode is terminated when the average current condition is met
for phase a, which coincides with turning OFF switches Sy
and Sg. Subsequently, the link components resonate during mode
14. This partial resonance continues until the link voltage is
equal to Vi, — Voue, which has a positive value. As a result,
the link inductor is discharged into the output phase pair be,
whereas the input phase pair ac aids transferring the power to
the load, as shown in Fig. 7(d). This discharging mode, mode 15,
is maintained until the remaining energy left in the link reaches
a certain amount to peak the link voltage at —Vi,.«. Afterward,
all the switches are turned OFF and subsequently resonating
mode 16 begins.

In this converter, during the entire switching cycle regard-
less of the functionality of the converter, ZVS transition for
turning ON the incoming switches and soft turn-OFF transition
for the outgoing switches are provided without using lossy
snubbers. Furthermore, intentionally introduced deadtime and
overlap states, which are typically required for transitions of
switches in voltage-source and current-source converters, are
not needed to be considered in this converter. As a result, the
distortion problem at terminals of the converter resulting from
the introduced deadtime and overlap times can be avoided. The
remaining modes, modes 1-8, are similar to modes 9-16 except
that switches S35, S14 atthe link switch bridge have to be selected
during modes 9-16 to charge and discharge the link inductor in
a positive direction.

The input and output switch selections based on the input
and output reference currents in buck, boost, and buck—boost
functions are tabulated in Tables I and II, respectively.

IV. PERFORMANCE ANALYSIS

In this section, the performance of the proposed three-phase
ac—ac converter in different functions with different modulation
techniques under different operating conditions is analyzed.
Limitations of the converter in each function in terms of the
input and output power factors, the input and output voltage
amplitudes, and input and output frequencies are investigated.
For simplicity in the analysis, the following assumptions are
made.

1) The link frequency is much higher than the frequency of
the ac line voltages such that the ac line voltages can be
treated as a constant value in each link period.

2) Resonating modes, which are much shorter than active
modes, are neglected.

3) The input and output filter capacitors are large enough so
that the ripple of the ac line voltages can be neglected.

The same design procedure presented in [44] can be followed
to design the link components for the desirable performance
of the proposed converter. The following analysis is made for
modes 1-8 and the same analysis can be followed for modes
9-16 with the only difference that the link is charged and
discharged in the reverse direction.

A. Buck—Boost Function

The proposed converter in buck—boost function can convert
ac electrical power of one frequency into ac electrical power of
another frequency with the capability of providing the arbitrary
input and output voltage amplitudes, input and output power
factors, and bidirectional power flow. For the case that power
requires to be transferred from the output terminals to the input
terminals, the proposed converter converts the output currents
of frequency f, into input currents of frequency f;. As there
is no direct power transfer from the input side to the output
side in buck-boost function and the phase currents are directly
controlled, the converter benefit from the indirectly decoupled
operation. Thus, the converter can operate at arbitrary input and
output power factors and frequencies in addition to providing
voltage step-up/step-down capability. In buck—boost function,
the charging modes are not affected by a change in the output
conditions including the output power factor, output frequency,
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Fig.8. Inputand output phase-pair voltages and phase currents with the highest

amplitude in a course of ac input and output cycles.

and output voltage amplitude as long as the output power keeps
constant. A similar scenario is valid for the discharging modes
when the input conditions change.

The link peak current and link frequency in this function can
be formulated by [44]

ip =2 X /DL
(A P )

Vi1 Vi2 Vo2 Vo1

_ (pL =i = Do)
fo="———m—
L x1 P

2

where py, is the total link inductor power. In buck—boost func-
tion, pr, is equal to input power p; and output power p, in a
lossless system. v;1, V2, Vo1, and vy are the amplitudes of
the highest input line-to-line voltage, the second highest input
line-to-line voltage, the highest output line-to-line voltage, and
the second highest output line-to-line voltage, respectively. For
a given output power, according to (1) and (2), the maximum
link peak current and voltage and the link frequency vary with
a change in voltage transfer ratio of the converter. The link
peak current contributes to the power losses and determines
the maximum current stress of the switches, and on the other
hand the maximum link voltage specifies the maximum voltage
stress of switches. It can be shown that the converter experiences
minimum values of I),, maximum link peak current, and V;;,ax
when voltage transfer ratio is one, and these values increase by
pushing the voltage transfer ratio to a higher or a lower value.
In this way, although the voltage transfer ratio is not limited
theoretically in buck—boost function, in practice the effects of
changing voltage transfer ratio on maximum allowable power
loss and rating of switches and components in the converter
have to be considered for the final design.

Fig. 8 depicts the input and output phase-pair voltages along
with phase currents with the highest amplitude at the input side
and the output side. As shown in Fig. 8, v;1, v;2, Vo1, and v,2 vary
between v/3V;,,, and 1.5V, 1.5V}, and v/3/2Vipn, V/3V,,,, and
1.5V,,,, and 1.5V, and V3 /2Vm, respectively. From this and
according to (1) and (2), it can be expected that in this function
the link frequency slightly changes over the input and output
ac cycles due to a resultant slight change in the duration of
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the active modes 1, 3, 5, and 7. As discussed in the previous
section, two phase pairs at the input side and the output side
based on the amplitude of input and output phase currents and
line-to-line voltages are selected by the control algorithm to
charge and discharge the link inductor during modes 1, 3 and
5,7, respectively.

Zero-voltage turn-ON of the switches is realized when the
activation of the switches coincides with the equality of the link
voltage with v;; in mode 1, v;5 in mode 3, v,5 in mode 5, and v,1
in mode 7. Furthermore, the soft turn-OFF operation is granted
to all power switches due to the existence of the link capacitor,
which results in a slow change in voltages of the switches. The
natural extension of the soft transition between active modes
is realized because v;; is higher than or equal to v;o and v,
is lower than or equal to v,s. Likewise, the natural transition
between modes 3 and 5 happens because the voltage seen across
the link inductor during mode 5 in essence is negative or lower
than v;5. However, for a case where nonunity output power
factor and step-up operation are demanded, the natural range
of v,1 and v,o depending on the output power factor changes.
Consequently, if the load power factor, lagging or leading, drops
lower than a certain value, the link voltage during mode 5
becomes positive with an absolute value higher than the link
voltage during mode 3. This is where the proper operation of the
converter with the introduced modulation technique is disturbed
and some of the switches experience hard-switching operation,
which is not desirable in this converter. To find this condition
in the step-up operation, the arrangement of phase currents and
line voltages in the second and third 30° intervals, as shown
in Fig. 8, is considered here. It is also assumed that the input
power factor is unity. The instantaneous input and output phase
voltages and currents in a balanced three-phase ac system can be
considered as

2
iia = lim sin(wit)7 iib = Iim sin (wit — ;)

. . 47
lic = Ljm S <wit - 3> 3)

2
toa = Lom sin(wot 4 0,), iop = Lom sin <w0t + 0, — ;)

ioc = Lom Sin (wot + 6, — 4;) “4)
Viag = Vim sin(w;t), v = Vi sin (wit - 2;)
Vie = Vi sin (wit - 4;) )
Voo = Vom sin(wot), Vop = Vo sin (wot — 2;)
Voe = Vom Sin (wot — 4;) (6)

where i, Tom, Vim, Vom, and 6, are, respectively, the peak
values of the input phase currents, output phase currents, input
phase voltages, output phase voltages, and the phase angle of the
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Fig. 9. Link peak current and link frequency when f, is four times as large
as f; with 0.9 leading input and 0.9 lagging output power factors in buck—boost
function.

output phase currents with respect to their corresponding output
phase voltages, which is called output phase shift 6,. To avoid
the situation in which the hard-switching operation occurs, when
fi is equal to f,, the following inequality should be satisfied:

i (o ) < B )

2
g—@o<wt<?7r—907 Wi = Wy = Ww. 7

By solving this inequality, a critical output phase shift 6,.,
which describes the load power limitation of the converter in
terms of input and output voltage amplitudes, can be obtained
as follows:

1 \/g X ‘/z'm 7T

900 = tan —2 X Vom T ‘/;m 67

0<bpc<7. 8

wl 3

For the case where f; < f,, a set of nonlinear inequalities
should be solved to find 0, as

. 0 s T
Vom sin(8,) < Vi, cos <k72+6>’ 006:64—0,,
7T Jo
0<h, <G m="7. k=l...m2 keN. ©)

Similarly, a set of nonlinear inequalities should also be solved
for finding 6, where f, < f;

Vom sin(0p) < Vi, cos (kmﬁp + z) ;e = — +0,
6 6
™ fi
0<0,<~, m===, k=1,....,m/2 k€ N. (10)
6 fo

Although this is not within the scope of the article, an im-
proved control approach can be developed to extend the output
power factor range when a low output power factor for the
step-up operation is demanded.

In order to investigate the performance and load power factor
limitation of the converter in the step-up operation, a three-phase
ac system with an input voltage/frequency of 208 V/60 Hz,
output voltage/frequency of 380 V/60 Hz, and output power
of 8 kW is considered. The link inductance is 100 pH. Fig. 9
depicts the link peak current and scaled link frequency when
fo = 4fi; =240Hz with 0.9 leading input and 0.9 lagging output
power factors. Fig. 10 shows the link peak current and scaled
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Fig. 10. Link peak current and link frequency when f; is three times as large as
fo with unity input and 0.9 lagging output power factors in buck—boost function.
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Fig. 11. Scaled maximum input current, scaled maximum output current,
scaled link peak current, voltage levels during modes 1, 3, 5, and 7 when f, is
equal to f; with unity input and 0.75 lagging output power factors in buck—boost
function.

10000 -
9500 -
9000 -
8500 -

) 7N

8000 b\ T/

\./ -

7500 -

7000

Total Link Power [W]

6500

L

6000 - - !
0.0125  0.015 0.0175  0.02

. . . .
0 0.0025  0.005  0.0075  0.01
Time [sec]

Fig. 12.  Total power transferred through the link inductor when f,, is equal
to f; with unity input and 0.75 lagging output power factors in buck—boost
function.

link frequency when f; = 3f, = 180 Hz with unity input and
0.9 lagging output power factors. As seen from these two figures,
the converter experiences a lower level of link peak current and
consequently a higher level of link frequency when the input
frequency is higher than the output frequency.

Fig. 11 illustrates the voltage levels during modes 1, 3, 5,
and 7, scaled maximum input current, maximum output current,
and link peak current, when the load power factor is decreased
to 0.75 lagging and the input and output frequencies are both
60 Hz. According to Fig. 12, which illustrates the total power
transferred through the link inductor for this case, there is an in-
terval in mode 5 during which the link voltage becomes positive
instead of being negative to discharge the link inductor. Under
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Fig. 13. Scaled maximum input current, scaled maximum output current,
voltage levels during modes 1, 3, 5, and 7 when f, is equal to f; with unity
input and 0.63 lagging output power factors in buck—boost function.
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Fig. 14.  v;q41, viq2, output phase-pair voltages, and phase currents with the
highest amplitude in a course of ac input and output cycles.

this condition, the link inductor is charged during mode 5 rather
than being discharged, which results in increasing the power
transferred through the link inductor, as shown in Fig. 12. To
show the condition where the critical load power factor happens,
the load power factor is further decreased to 0.63 lagging for
the given characteristics. Fig. 13 demonstrates a case where the
converter faces a critical load power factor. This figure clearly
conceptualized the point where v;2 and v,2 become equal at
6, = 50.44 . The same critical output phase shift is obtained by
(8), which verifies the accuracy of the analysis.

B. Buck Function

In buck function, since there is a partial direct power transfer
from the input side to the output side, the input and output sides
are not completely decoupled. Unlike the buck—boost function,
the charging modes are affected by a change in the output con-
ditions including the output power factor, output frequency, and
output voltage amplitude in buck function. Therefore, depending
on the modulation technique, this imposes a limitation on the
converter. Fig. 14 illustrates the link voltage levels in modes
1, 3, 5, and 7 and phase currents with the highest amplitude
in a course of ac input and output cycles in buck function. As
can be realized from Fig. 14, the shortest duration of resonating
modes 2 and 6 happens when the link voltage in mode 1, v;41 , be-
comes equal to the link voltage in mode 3, v;42, and v,; becomes
equal to v,2, respectively. Under this situation, the converter
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directly goes to mode 3 from mode 1, and to mode 7 from mode 5
without experiencing any resonating modes, respectively.

The link peak current and link frequency in buck function can
be given by [44]

ip =2 X /pL
(A T TR T

Vid1 Vid2 Vo2 Vo1
(11)
PL
= = 12
fr x4, (12)

In this function, py, is lower than input power and output
power. This part focuses on the limitations of the converter in
buck function when amplitudes of the voltage difference of the
highest line-to-line voltages at the input side and output side
during mode 1, v;41, and the voltage difference of the second
highest line-to-line voltages at the input side and output side
during mode 3, v;42, are positive. To realize this, the following
inequality should be satisfied:

s

|Uiac - anc| > 0= \/g‘/zm sin ((A}lt — E)

— V3V, sin (wot — % + 90) >0

P
Vi, > f; g790<wit<§—90

Viac — anc| >0= \/ngTL sin (wlt - %)

—V/3V,,, sin (wot — % + 90) >0

P
v > g—90<wot<§700. (13)

By solving (13), when f; is equal to f,, a simplified inequal-
ity, which describes the relation between input voltage, output
voltage, and load power factor, can be obtained as

V; sin (00 + %)
Vom ~ cos (6o + )

0<46, <30. (14)

Equation (14) implies that the peak amplitude of the input
phase voltage requires to be slightly higher than the peak am-
plitude of output phase voltage when the output power factor
is unity. If the input voltage is higher than twice the output
voltage, there is no limitation in voltage ratio of the converter
in buck function imposed by the load power factor, but the
same limitation considered in buck—boost function needs to
be investigated to avoid hard-switching operation when v,2
becomes positive and higher than v;42. As it can be realized from
the nonlinear inequality of (13), depending on the frequency
ratio (f;/ f,), different relation between input and output voltage
amplitudes and power factor can be obtained. It can be shown
that a general solution to satisfy (13) for different input and
output frequencies and power factor is to have V;,, > 2V,,,.
Under this condition, still there can be an interval where v; g5 is
higher than v;4;, which can cause hard-switching operation. To
avoid this scenario, the input voltages can be estimated to select
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Fig. 15.  Voltage levels during modes 1, 3, 5, and 7, the scaled link frequency,
total link power, and link peak current with unity input and output power factors
in buck function.
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Fig. 16. Voltage level during mode 3, scaled maximum input current, max-
imum output current, the link peak current with unity input power factor and
0.86 lagging load power factor in buck function.

proper switches to guarantee that v;4; is always higher than v; 49,
or switches corresponding to the highest line-to-line voltage, and
the second highest line-to-line voltages at the input side and the
output side need to be simultaneously gated-ON before mode 1
to charge the link inductor during modes 1 and 3.

A three-phase ac—ac converter with the input volt-
age/frequency of 380 V/60 Hz, output voltage/frequency of
208 V/60 Hz, output power of 8 kW, and the link inductance
of 75 pH is considered. The voltage levels during modes 1, 3,
5, and 7, the scaled link frequency, link peak current, and total
link power when the input and output power factors are unity are
demonstrated in Fig. 15. As shown in this figure, only a portion
of power (3.62 kW) is transferred by the link inductor.

Fig. 16 depicts the scaled maximum input current, maximum
output current, link peak current, voltage levels during mode 1
when the output voltage is decreased to 190 V and the load and
input power factors are 0.86 lagging and unity, respectively. As
this figure clearly shows, a load phase shift limitation of 30° is
resulted with the given input and output voltages, which is in
exact match with (14).

Vid1, Vid2, Uol, Vo2, and the scaled link peak current when the
output voltage is decreased to 152 V and f, = 2f; = 120 Hz
are shown in Fig. 17. Fig. 18 demonstrates v;q41, Vid2, Vo1, Vo2,
and the scaled link peak current when f; = 3f, = 180 Hz.
As obvious from Figs. 17 and 18, there are intervals during
which v;42 is higher than v;4;, which can cause hard-switching
operation with the proposed modulation technique.

C. Boost Function

Similar to buck function, a portion of power is directly trans-
ferred from input side toward output side in boost function.
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Fig. 17. Voltage levels during modes 1, 3, 5, and 7, and the scaled link peak

current when Vi, = 2.5V, = 380 V and f, = 2f; = 120 Hz with unity
input power factor and 0.86 lagging load power factor in buck function.
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Fig. 18.  Voltage levels during modes 1, 3, 5, and 7, and the scaled link peak
current when Vj,,, = 2.5V, = 380 V and f; = 3f, = 180 Hz with unity
input power factor and 0.86 lagging load power factor in buck function.
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Fig. 19.  v,41,Vod2, input phase-pair voltages, and phase currents with highest
amplitude in a course of ac input and output cycles.

To be more precise, in boost function discharging the inductor
is realized by involving both input and output phases, which
makes the output side and input side affected by each other.
Therefore, it can be expected that this lack of decoupling be-
tween the input side and output side imposes a limitation on
the converter, which is investigated in this part for the proposed
modulation technique. Fig. 19 demonstrates amplitudes of the
voltage difference of the highest line-to-line voltages at the input
side and the second highest line-to-line voltages at the output
side during mode 7, v,41, the voltage difference of the second
highest line-to-line voltages at the input side and the highest
line-to-line voltages at the output side during mode 5, v,42, and
highest phase currents in course of ac input and output cycles.
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The link peak current and link frequency in boost function
can be obtained as [44]

ip =2X /DL
X(\/E+\/29_L_\/ﬁ1+\/l’_fl_\/f—34+\/17_4>

(%31 Vi2 Vod2 Vod1
(15)

_ b
o=t (16)

In boost function, py, is lower than p; and p,. The limitation
of the converter in boost function in terms of frequency and
load power factor under the condition that the link voltage
during mode 5 v,42 and mode 7 v,41 is negative is investigated.
According to Fig. 19, the limitation can be described by

Voac — Viab| > 0= \/gvom sin wot — E + 90
| | -
— V3V, sin (wit + %) >0

2
zfﬂo<wit<§700

vfo>fi 3

Voae — Viab| > 0 = \/gvom sin (wet — ™ +40,
| | ;

— 3V, sin (wit n %) >0

P
Y > g700<w0t<§—00. (17)

Equation (17) can be expressed as follows:

Vo cos(6,)
Vi cos (5 +6,)

, 0<46, < 30. (18)

Equation (18) implies that in order to operate the converter
properly in this function with the proposed modulation technique
under the unity load power factor, the output voltage needs to be
higher than twice the input voltage. To mitigate this problem, in
mode 5, the proper switches corresponding to the second highest
line-to-line voltages at the input side and output side can be
turned ON. It can be shown that if (18) is met, the converter
can operate properly with arbitrary input and output frequen-
cies. Furthermore, using the proposed switching algorithm, the
converter does not face the situation in which v,4; is lower than
Vod2, causing an unwanted hard-switching operation.

A three-phase ac—ac converter with input voltage/frequency
of 208 V/60 Hz, output voltage/frequency of 420 V/60 Hz, and
the link inductance of 75 pH operating at 8 kW is considered.
The voltage levels during modes 1, 3, 5, and 7, the scaled link
frequency, link peak current when the input and output power
factors are unity and output frequency is three times as large
as the input frequency are shown in Fig. 20. Fig. 21 shows v;1,
2, Vodls Vod2, Scaled maximum input current, and maximum
output current when the input frequency is four times as large as
the output frequency and the input and output power factors are
0.95 leading and unity, respectively. As evident from these two
figures and expected from the analysis, the modulation technique
enables the converter to operate with arbitrary input and output
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frequencies without experiencing any hard-switching intervals
as long as (18) is valid. Fig. 22 demonstrates v;1, Vj2, Uod1» Vod2s
scaled link peak current, and total link power when the input and
output frequencies are the same (60 Hz) and the input and output
power factors are 0.95 leading and 0.95 lagging, respectively. As
shown in Fig. 22, only a portion of power, varying between 6.1
and 6.6 kW, is transferred by the link inductor.

The idea behind the proposed switching algorithm for select-
ing proper phase pairs in buck—boost function is to minimize
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partial-resonance intervals while maximizing the performance
of the converter via natural extension of the modulation. This is
why the switches corresponding to the highest input line-to-line
voltages and then the second highest input line-to-line voltages
are allowed automatically to conduct in modes 1, 9 and 3, 11
to charge the link inductor while keeping the input phase with
the maximum current as the common input phase. Similarly,
the switches corresponding to phase pairs forming the second
highest output line-to-line voltages and then the highest output
line-to-line voltages are allowed to conduct in modes 5, 13 and
7, 15 to discharge the link inductor while keeping the output
phase with the maximum current as the common output phase.
The proposed switching algorithms in buck and boost functions
are targeted to minimize the link peak current while meeting
the desired performance. Since, depending on the configuration
and demanded application, the possible combinations of input
and/or output phase pairs, which results in zero volt-second
balance over the link inductor, in buck and boost functions are
not unique, various modulation patterns with different levels
of complexity and limitations can be applied. Therefore, the
proposed modulation techniques in buck and boost functions
are not unique and not necessarily optimized. In this way,
improved modulation patterns for buck and boost functions can
be introduced to remove or mitigate the limitations imposed on
the converter.

V. SIMULATION AND EXPERIMENTAL RESULTS
A. Simulation Results

In order to validate the performance of the proposed converter
in different functions under different operating conditions, an
8-kW three-phase ac—ac converter is designed and simulated
using PSIM software. The link inductance and capacitance are
selected as 65 ©H and 75 nF, respectively. Two sets of simula-
tions for step-up and step-down operations are carried out.

Figs. 23-26 depict simulation results for the step-up operation
in which the capacitance and inductance of the input and output
filters are 20 uF, 7 uF, 50 H, and 25 pH, respectively. In this
operation, the input and output voltages are considered as 208
and 540 V, respectively. The simulation results of the converter
with the input and output frequencies of 60 and 120 Hz when
the output is connected to a resistive load are demonstrated in
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Fig. 24.  Input and output phase voltages in boost function.
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Fig. 25.  Filtered input and output currents in buck—boost function.
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Fig. 26.  Filtered output currents and voltages in buck—boost function.

Figs. 23 and 24. Fig. 23 displays the unfiltered input and output
currents in boost function. As expected, in boost function the in-
put phases are involved in both charging and discharging modes.
The input and output load phase voltages in boost function are
represented in Fig. 24. As this figure clearly shows and (17) and
(18) verify, the converter is operating properly even though the
output frequency is twice the input frequency. The maximum
link frequency in this function is 28.3 kHz, which is in good
agreement with (16). Figs. 25 and 26 show the simulation results
in buck-boost function under a test condition in which the input
frequency is changed to 180 Hz while the converter is supplying
a 10.66-kVA inductive load at 0.75 lagging power factor. The
filtered input and output currents, which are well-regulated, are
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Fig. 29. Voltage profile across switch Sg in buck function.

shown in Fig. 25. Fig. 26 depicts the output phase currents and
voltages while the converter is properly functioning to provide
the demanded reactive power. These two figures verify that
although the load power factor is not unity (0.75 lagging) and the
input and output frequencies are different, the input power factor
of the proposed converter remains at unity. This is in agreement
with (8)—(10) and supports the fact that there is no direct power
transfer from the input to the output in buck—boost function.
The step-down operation of the proposed converter is val-
idated under a case where the input voltage, output voltage,
capacitance, and inductance of input and output filters are 480 V,
380V, 12 uF, 12 pF, 90 4H, and 25 p4H, respectively. Figs. 27-30
show the simulation results corresponding to the buck function
in which the input and output frequencies are both set at 60 Hz
while a three-phase resistive load is connected to the output
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side. The link voltage with the maximum value of 610 V and the
link current with the maximum value of 38.2 A, which exactly
matches (11), are represented in Fig. 27. Smooth sinusoidal
currents are injected to the load with the THD of 0.9%. The
output phase voltages are illustrated in Fig. 28. This figure
supports the analysis presented in (12). The profile of voltage
across switch Sg and current passing through this switch are
demonstrated in Figs. 29 and 30, respectively. The peak values
of voltage and current of switch Sg in this case reach 537 V
and 38.2 A, respectively. Figs. 31-34 depict the simulation
results in buck—boost function when the converter is supplying
an inductive load with power factor of 0.75. In this test condition,
the input and output frequencies are 60 and 180 Hz, respectively.
The link voltage and link current are shown in Fig. 31. In
this function, the maximum link current is 69.7 A, which is
approximately 1.82 times that of buck function.
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Fig. 32 illustrates the input and output phase voltages and
currents. As clearly shown in this figure, although the required
input and output frequencies are different, the converter ex-
hibits the complete capability of injecting reactive power with
the demanded load power factor, whereas the unfiltered input
phase currents are controlled effectively to achieve an almost
unity power factor at the input side. The profile of voltage
across switch Sg and the current passing through this switch are
demonstrated in Figs. 33 and 34, respectively. As these figures
show, the peak values of voltage and current of the switch in
buck—boost function are 782 V and 69.7 A, respectively. By
comparing Figs. 29, 30 and Figs. 33, 34, it can be deduced that
the switches in buck—boost function experience a higher level
of current stress and voltage stress compared to that of buck
function. The maximum link frequency in buck and buck—boost
functions reaches 31.9 and 30.8 kHz, which are in compliance
with (3) and (8), respectively.

ZVS at turn-ON of switch S; in buck function is demon-
strated in Fig. 35. Fig. 36 manifests the conversion efficiency
of the converter versus the output power in buck and buck—
boost functions where the converter is designed to be operated
with the input voltage/frequency of 480 V/60 Hz to supply an
8-kW three-phase resistive load with the voltage/frequency of
380 V/60 Hz. The estimated efficiency of the converter at the
nominal operating condition in buck and buck—boost functions is
97.12% and 94.17%, respectively. For estimating the efficiency,
accurate models of the components to accommodate the real
condition as close as possible in the simulation are consid-
ered. In this simulation, a series combination of a power IGBT
(IKQ75N120CT2 1200 V, 75 A) and a power diode (VSS8OAPS
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Fig. 37.
prototype.

Annotated photograph of the proposed proof-of-concept converter

1200V, 80 A) is employed to realize a switch with bidirectional
voltage blocking capability.

B. Experimental Results

To experimentally verify the performance of the proposed
three-phase ac—ac converter in different functions, a low-power
proof-of-concept prototype, the size of which is not optimized,
is designed, fabricated, and tested under different operating
conditions. Fig. 37 illustrates an annotated photograph of the
prototype. Each leg of the input switch bridge, link switch
bridge, and output switch bridge is composed of four IGBTs
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(IRG7PH42UDPbF 1200 V, 45 A), two of which are inten-
tionally always kept OFF to serve as two power diodes for
realizing unidirectional current conducting bidirectional voltage
blocking switches. In order to control the converter effectively,
a TMS320F28335 digital signal processor (DSP) with a sam-
pling time of 4.8 us, which includes the required processing
time and analog-to-digital conversion time, is employed. In
order to be able to control the converter properly with the
soft-switching operation, the link frequency requires to be much
smaller than the sampling frequency of DSP. To realize this,
the link inductance and capacitance are selected to be 785 uH
and 0.7 uF, respectively. This keeps the link frequency low
enough to achieve enough number of samples for the closed-loop
controller in each switching cycle. As a result, the inductance of
input and output filters is considered as 470 pH. This practical
limiting factor of the maximum allowable link frequency, which
is imposed by the digital controller, can be removed by using
a faster digital controller, field-programmable gate array, or an
integrated analog design.

To show the performance of the converter in both step-up
and step-down modes of operation, two sets of experiment,
while the converter is connected to a three-phase resistive load
at the output side, are considered. In the first set of experiment,
the converter is tested in boost function when the input source
with input voltage/frequency of 52 V/60 Hz supplies a restive
load with the output voltage/frequency of 172 V/90 Hz at
225 W. The input and output filter capacitors are 45 and 10 uF,
respectively. The filtered current and voltage of input phase ¢
are demonstrated in Fig. 38. As shown in this figure, the input
power factor of the proposed converter remains at almost unity,
whereas the input phase current is well-regulated. The unfiltered
input phase currents are displayed in Fig. 39. As expected, the
input phases become involved in both charging and discharging
modes in boost function.

Fig. 40 depicts the link voltage and current; the maximum val-
ues of link voltage and current are 220 V and 11 A, respectively.
Fig. 41 illustrates the load phase voltages with the peak voltage of
140 V while the output phase current THD is 4.1%. Although the
frequency of the output current is 1.5 times as large as the input
frequency, the load phase voltages are not affected. Figs. 38—41
verify the capability of the proposed converter in controlling the
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frequency of the input and output phase currents and the analysis
made for the detailed performance behavior of the converter.
The conversion efficiency of the converter in boost function is
around 85.9%. The efficiency of the converter is expected to
be significantly improved at higher power and voltage levels,
especially when using RB-IGBTS or silicon-carbide devices.
In order to verify the performance of the converter in a
step-down operation, the converter is run with the input volt-
age/frequency of 208 V/60 Hz to supply a 450-W resistive
load with the output voltage/ frequency of 74 V/90 Hz. The
capacitance of the input and output filters in this case is selected
to be 20 and 45 uF, respectively. The experimental results for this
operation in buck—boost function are represented in Figs. 42—47.
Fig. 42 shows the filtered current and voltage of input phase a.
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Although the input power factor of the unfiltered input currents
is set to unity, it can be observed that the input power factor is
drifted from unity. This is because the input-side filter causes
the filtered input currents to get slightly shifted from their corre-
sponding unfiltered currents. The measured input power factor
in this case is 0.955 leading. In this converter, as the input filter
capacitance increases, the input power factor drops more from
unity. However, the unfiltered input current can be controlled
such that a unity power factor is yielded regardless of the size
of input filter components, as shown in the simulation part. The
unfiltered input and output phase currents are demonstrated in
Figs. 43 and 44, respectively. The oscillations observed in the
unfiltered phase currents are due to parasitic components of
the switches and stray inductance of the printed circuit board.
Fig. 45 illustrates the load voltage of phases a and b, and the link
voltage and current with the maximum link frequency of 3.3 kHz.
The load phase voltages the frequency and peak of which are
90 Hz and 60 V are demonstrated in Fig. 46. The voltage and
current of switch Sg are depicted in Fig. 47, which verify the
soft-switching feature of the converter. As demonstrated in this
figure, the switch voltage at the turn-ON and turn-OFF instants is
zero and almost zero, respectively.

The proposed configuration is compared with the existing
three-phase ac—ac topologies in Table III. It should be mentioned
that in case an RB-IGBT is not utilized in the proposed converter,
a series combination of a MOSFET/IGBT and a diode should be
used to realize a bidirectional blocking switch.
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TABLE III
COMPARISON OF THREE-PHASE AC-AC TOPOLOGIES

This work Ref. [44] Ref. [39] Ref. [37] Ref. [36] Ref. [42] Ref. [24] Ref. [18]
Power rating 8 kW 10 kW 450 W 10 kW 50 kW 1.5 kW 6.8 kW 3.5kW
Number of active . 12'0 . .
switches/diodes 16'/0 24/0 24 13171 14'/0 16'/0 15/18 12/0
Number of
enery 1 1 1 1 1 1 0 9
transferring
elements
Functionalities | °BB,’BU,°BO | BB,BU,BO BB BB, BU, BO BB BB BU, Limited | BU, fixed
voltage gain voltage gain
Frequency .- Yes Yes Yes Yes Yes Yes No No
control capability
lS{egonance Short Short Short Long Long Short - -
wing
Link quadrant 4 4 4 2 2 4 2 2
Number of dc 0 0 0 0 0 0 0 0
caps
HF t‘ralngformer No Yes Yes Yes Yes No No No
possibility
?ec;fttl;:vnchmg Full range Full range Full range Full range Full range | Full range No No
BB: 93.15% BB: 92.98%
. 0,
Efficiency ];%99;‘1]27(;] B0:97.38% 90% BU:94.47% 97.4% - - 95.1%
e BU:95.83% %

116, 12, 12, 16 extra diodes in [36], [37], and [42] need to be used if RB-IGBTs are not utilized, respectively. 2BB: Buck-boost. *BU: Buck. *BO: Boost.

VI. CONCLUSION

A new class of soft-switched high-frequency ac-link power
converters, which can be configured in various structures to
provide dc—dc, dc—ac, ac—dc, and/or ac—ac in single stage of
power conversion, is introduced in this article. The proposed
family, which can function in buck, boost, or buck—boost modes
of operation, is capable of performing step-up and step-down
operations in both forward and reverse directions with the
input and output operating at arbitrary voltages, frequencies,
and power factors. In this converter, voltage step-up/step-down
capability can also be achieved through various combinations of
buck, boost, and buck—boost operation modes. For each function,
a developed modulation approach is presented. By operating the
converter in either buck mode or boost mode, the switch current
stress and the link peak current are dramatically reduced and
consequently the efficiency is improved. However, depending
on the modulation technique, these two modes of operation may
face limitations in terms of load power factor, frequency, and
voltage ratio. On the other hand, although a lower efficiency
and higher level of voltage and current stress are expected in
buck—boost function compared to buck and boost functions,
the converter can operate without sacrificing its performance
under different input and output conditions. In this converter, all
the power switches benefit from a full range of soft-switching
operation, which leads to an improved efficiency, reduced EMI,
and minimized stress over the power switches. The proposed
family also enjoys enhanced reliability as it is immune from the
short-circuit problem of the input, output, and link capacitors,
and the open-circuit problem of input, output, and link inductors
in addition to the elimination of large electrolytic capacitors. It
can also eliminate reverse-recovery issues of the body diodes
and the corresponding losses to further improve the efficiency.

The effectiveness of the proposed converter is validated via
simulation and low-power experimental results, and the detailed
performance analysis supports the behavior of the proposed

topology.
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