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Abstract—Impedance-source converters, an emerging technol-
ogy in electric energy conversion, overcome limitations of conven-
tional solutions by the use of specific impedance-source networks.
Focus of this paper is on the topologies of galvanically isolated
impedance-source dec—dc converters. These converters are partic-
ularly appropriate for distributed generation systems with renew-
able or alternative energy sources, which require input voltage and
load regulation in a wide range. We review here the basic topolo-
gies for researchers and engineers, and classify all the topologies
of the impedance-source galvanically isolated dc—dc converters ac-
cording to the element that transfers energy from the input to the
output: a transformer, a coupled inductor, or their combination.
This classification reveals advantages and disadvantages, as well
as a wide space for further research. This paper also outlines the
most promising research directions in this field.

Index Terms—DC-DC power converters, galvanic isolation,
impedance-source (IS) converters, renewable energy sources.

I. INTRODUCTION

ESEARCH in the field of impedance-source converters

(ISCs) was initiated by the invention of the Z-source (ZS)
inverter based on the ZS network [1]. ZS inverters (ZSIs) are
able to provide buck—boost functionality by the single switching
stage and improved reliability due to the inherent short-circuit
immunity. These advantages urge active research in the field of
impedance-source inverters. Recent ten years have seen a grow-
ing number of studies published in this area. The impedance-
source (IS) technology was applied to all four basic converter
types: de—dc, ac—ac, dc—ac, and ac—dc. IS converters are applied
in a very broad area from modern energy generation systems
(renewable and alternative) to dc circuit breakers and electronic
loads [2]. Impedance-source network (ISN) is the key element
of any converter in this group. It consists of inductors, capac-
itors, and diodes (or switches). Any basic ISN can be repre-
sented as a two-port network that allows improved reliability,
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dc voltage (or current) gain, and provides immunity to shoot-
through and open states. A number of novel ISNs have been
proposed to improve the performance, cost, and reliability of IS
converters [2].

A wide penetration of energy sources with low output voltage,
like PV panels or fuel cells, has stimulated research into isolated
step-up dc—dc converters with a wide input voltage variation
range. They are intended to integrate low-voltage energy sources
to the common dc link with much higher operating voltage. In
this case, a magnetic element is used not only for galvanic
isolation but also to define the dc gain range. Input voltage
variations can be compensated at the controlled step-up stage
inside the converter. The dc gain of this step-up stage is usually
within the range from one to three. This range is selected to
keep the efficiency of the controlled step-up stage within an
acceptable range, while a major voltage step-up may occur at
the isolation magnetic element with high efficiency.

The IS galvanically isolated dc—dc converters were reported
as a suitable solution to interface low-voltage renewable or al-
ternative energy sources [2], [3]. They have a wide input voltage
and load regulation range that allows a better use of the energy
source. Other advantages of the IS galvanically isolated dc—dc
converters include the possibility of converterless integration of
the short-term energy-storages (batteries) [4], bidirectional op-
eration capability [5]-[7], and the inherent short-circuit protec-
tion. Converterless energy storage integration could be provided
through direct connection of a battery in parallel with an ISN
capacitor [8]. However, an additional bidirectional converter [9]
can be used to enhance the operation range of the converter.

The aim of this paper is to review and systematize the state-of-
the-art IS galvanically isolated dc—dc converters to fill the gap in
the classification proposed in [2]. Section II presents a general-
ized comparison of the ISC technology with the voltage-source
convertors (VSC) and current-source converters (CSC). Next,
developments in the research of the IS galvanically isolated dc—
dc converters are outlined. Then, the emerged IS galvanically
isolated dc—dc converters, which have several hierarchical lev-
els, are classified and their possible future research directions
are indicated.

II. GENERAL COMPARISON WITH VOLTAGE-SOURCE AND
CURRENT-SOURCE DC-DC CONVERTERS

In contrast to the classical voltage-source and current-source
converters (VSC and CSC, correspondingly), the ISC features
an alternative power conversion approach, which combines both
the advantages of the VSC and CSC and offers some extra
benefits. This section explains the essence of the IS galvanically



CHUB et al.: REVIEW OF GALVANICALLY ISOLATED IMPEDANCE-SOURCE DC-DC CONVERTERS

Voltage

Switching

Isolation

Rectification

Output

Source (VS) stage transformer stage filter
] )
@ + VDCJ/ _< VT.pri?'E —B— ""“'l Vour
T
PWM
(@
Current Switching Isolation Rectification Output
Source (CS) stage transformer stage Sfilter
- VDC\L VT,pr\L | —B— Vour
T e
PWM
(®)
Impedance Switching Isolation Rectification Output
source (IS) stage transformer stage filter
e AN
@ J— VDCJ/ —L)1 VT,prl/;'g —Bi— J— Vour
T | T s
PWM
(©)

Fig. 1. Generalized block diagrams of (a) voltage-source, (b) CS, and (c) IS
galvanically isolated dc—dc converters.

isolated dc—dc converters in brief and compares them in general
terms with the VSC and the CSC.

The generalized block diagrams of the three approaches are
shown in Fig. 1. To simplify the discussion, the switching stage
is represented by the single-phase full-bridge inverter followed
by the isolation transformer and the diode rectifier with an output
filter. Thereby, the inverter is controlled by a symmetrical pulse
width modulation (PWM) [10].

The traditional VSC [see Fig. 1(a)] performs only the buck
function of the input voltage by the variation of the duty cycle of
the primary inverter switches. The VSCs are typically equipped
with the output LC filter, which has an averaging effect on the
applied pulsating voltage. In the traditional (square wave) PWM
control, the duty cycle of the switches in the inverter bridge could
vary between 0 and 0.5, thus providing minimum and maximum
output voltage of the converter, correspondingly. Therefore, the
switching period of the VSC typically consists of the combina-
tion of the active states [see Fig. 2(a) and (b)] and zero states
[see Fig. 2(g) and (h)]. Since the VSC has the capacitive energy-
storage element, it is very sensitive to the cross conduction of
the switches in the inverter legs. Such short-circuit can easily
destroy the converter; therefore, a dead time is typically intro-
duced to eliminate the possibility of cross conduction at the
duty cycles close to their maximum. Resulting from its simple
realization and control, in the galvanically isolated dc—dc power
conversion, the VSC is the most popular recent approach.

The CSC [see Fig. 1(b)] is characterized by the presence of the
inductive storage element, which forms a current source (CS)
on the dc side. In contrast to the VSC, the primary side of the
CS galvanically isolated dc—dc converters performs the boost
function only, i.e., the amplitude value of V7 ,, [see Fig. 1(b)]
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Fig. 2. Typical switching states of the single-phase inverter: (a) and (b) two

active states, (c) one unstable state V. < Vpc, (d)—(f) three shoot-through
states, and (g) and (h) two zero states.

will always be higher than the input voltage. Therefore, shoot-
through [see Fig. 2(d)—(f)] and active states [see Fig. 2(a) and
(b)] are combined in the control of the primary inverter, and the
duty cycle of inverter switches is typically higher than 0.5. The
CS inverters have no open-circuit immunity, which means that
at every time instant at least one loop with two devices conduct-
ing has to be ensured. Similarly to the VSC, the CS galvanically
isolated dc—dc converters can be used in the bidirectional appli-
cations without significant hardware modifications. In the bidi-
rectional power flow, the input inductor behaves as a first-order
low-pass filter, thus suppressing the high-frequency ripple.

Since the VSC and CSC can realize either a buck or a boost
function, an additional switching stage is necessary to widen the
input voltage regulation range of these converters. For example,
in renewable energy applications with widely changing input
voltage, the VS galvanically isolated dc—dc converter is typically
equipped with a boost converter (BC).

Traditionally, the BC is implemented before the main VSC
[11]. In some cases, the BC is integrated in the secondary stage
of the main VSC [12]. A similar approach can be adopted for
the CSC, where the buck functionality is realized by the help of
the additional step-down converter.

The ISC combines the main properties of the VSC and CSC,
allowing both the buck and boost functions within the single
switching stage. The ISN can be short- or open-circuited with-
out any damages of the dc—dc converter. Therefore, all switch-
ing states illustrated in Fig. 2 can be realized with the ISC.
Depending on the application, the ISC can be built either with
a capacitive or an LC output filter [13]. As with the VSC and
the CSC, the IS isolated dc—dc converter assures a bidirectional
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Fig. 3. Half-cycle average voltage of the primary winding of the isolation
transformer as a function of the inverter switch duty cycle for the qZS-based
ISC and the VSC.

power flow if the diode of the ISN is replaced by a bidirection-
ally conducting unidirectionally blocking switch. During the
reversed power flow, the ISN operates as a low-pass filter and
suppresses the high-frequency ripple without any reconfigura-
tions [5]. Therefore, it justifies the ISC regarded as a versatile
topology for applications in which a wide range of input voltage
and load regulation is essential.

Fig. 3 shows a possibility of extending the regulation range
for the traditional VSC by the use of the quasi-Z-source (qZS)
network and a modified control algorithm [10]. Since it was
assumed that the VSC has an output LC filter, the half-cycle
average voltage values of the primary winding of the isolation
transformer referred to the input voltage are compared for both
approaches. For the qZS-based ISC, the operation duty cycle of
the inverter switches can be theoretically extended from 0.5 to
0.75. However, in practical applications, the duty cycle values
higher than 0.65 are not commonly recommended since they
will lead to high conduction losses and a drastic decrease in the
efficiency of the converter [14]. Hence, the ISC has nearly twice
wider input voltage regulation range than that of the VSC.

With regard to its operation principle, the ISC is quite similar
to the CSC, since both of them use the shoot-through switching
states to step up the input voltage. In both approaches, the ampli-
tude voltage of the primary winding of the isolation transformer
(VT pr(peak)) depends on the shoot-through duty cycle Dgr

lsT
Dsr = — ey
where tgr is the cross conduction time of the switches in the
inverter bridge and T is the switching period. The idealized
voltage boost across the inverter bridge in the qZS-based ISC
is [15]

Vr r(peak) 1
B B — ,Pr{p — ) 2
4ZS-18C Vin 1-9 Dsr (2)
In the case of the CSC, the idealized voltage boost is [16]
VT pr(peak) 1
B _ ,Pr{p _ .
csc Vin 1 Dsr 3
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Fig. 4. Idealized voltage boost factor B as a function of the shoot-through
duty cycle Dgt for the qZS-based ISC and the CSC.

Results from the comparison of idealized voltage boost prop-
erties show that the voltage step-up capability of the ISC for
the same shoot-through duty cycle Dgr is higher than that of
the CSC (see Fig. 4). The twofold input voltage gain typical
of the power conditioners for renewable energy sources is ob-
tained with Dgt equal to 0.25 and 0.5 for the qZS-based ISC
and the CSC, respectively. Since the duty cycles of the shoot-
through and active states are interdependent in both topologies
(D4 =1 — Dgr), this will result in higher RMS current in the
isolation transformer of the CSC for the same operating con-
ditions due to a shorter active state duty cycle Dy, which is
used for transfer of the same amount of energy as in the ISC.
Moreover, the ISCs have a narrower regulation range of the
shoot-through duty cycle. The energy transfer in the boost mode
during the active state is never less than half of the switching
period. It leads to a better transformer utilization and absence of
short current pulses with high amplitude, which is quite com-
mon for the CSCs regulated in a wide range. The input voltage
gain of the ISC can be further improved by the cascading of the
ISNs [17].

Since the operating principles are similar, the CSC faces a dis-
advantage of inductive overvoltages across the inverter bridge,
which may lead to additional clamping circuits to be applied
[18], [19]. Another issue of the CSC, the inrush current during
the start-up at low output voltage, requires auxiliary start-up
circuits to be implemented [20]. As a result, the introduction
of these necessary auxiliary circuits significantly increases the
complexity of the CSC, which finally makes it less attractive
than the ISC.

Resulting from the discussion above, the main properties of
the VSC, CSC, and ISC are compared in Table I. If properly
implemented, the ISC may provide significant benefits over the
two traditional isolated dc—dc power conversion approaches be-
cause of its regulation flexibility, power circuit versatility, and
inherent reliability. On the other hand, in contrast to the popular
VSC approach, the ISN will lead to higher complexity and to
challenges related to efficiency, which is crucial for commercial
success of the ISC technology.
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TABLE I
COMPARISON OF MAIN PROPERTIES OF THE VSC, CSC, AND ISC

Property VSC CSC ISC
Voltage boost No Yes Yes
Voltage buck Yes No Yes
Short-circuit immunity No Yes Yes
Open-circuit immunity Yes No Yes

At least one
capacitor and
one inductor
Cascading of No No Yes
energy-storage elements
Realization and control
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Fig. 5. State-of-the-art (a) ZSI-based single-phase and (b) three-phase gal-
vanically isolated dc—dc converters [13], [21].

III. DEVELOPMENT OF THE IS GALVANICALLY ISOLATED
DC-DC CONVERTERS

A. First Topologies

Originally, the ISC topologies can be broadly categorized as
voltage fed or current fed. In terms of their simple practical real-
ization and control, in a majority of applications, the voltage-fed
approach is most popular today. The first voltage-fed IS-based
galvanically isolated dc—dc converter [see Fig. 5(a)] reported in
2009 was derived from the classical voltage-source full-bridge
isolated dc—dc converter by adding a ZS network to its input ter-
minals [13]. Further improvement of the topology [see Fig. 5(b)]
was connected with the modification in the intermediate high-
frequency ac link, where the single-phase transformer was re-
placed by a three-phase one to achieve a higher power density
[21]. These topologies were intended for the grid integration
of low-voltage high-current fuel cells with rated power up to
10 kW.

The first IS galvanically isolated dc—dc converters presented
in Fig. 5 were based on the voltage-fed ZSI; therefore, they
suffered from the discontinuous input current during the shoot-
through operation mode. Further progress on the IS galvanically
isolated dc—dc converters was achieved by the introduction of
the qZS network, which ensured a continuous input current [22].
Special shoot-through control methods used with the parasitic
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elements of the power circuit have led to the soft-switching qZS
dc—dc converter [23].

B. Recent Development Trends

Focus today is on the efficiency and power density optimiza-
tion of the IS dc—dc converters. A shift to resonant bridge with
series resonant (SR) circuit, which utilizes the leakage induc-
tance of the transformer, was proposed in [24]. This allows
a considerable reduction of losses leading to a switching fre-
quency rise and power density improvement.

Another possibility is synchronous rectification in the ISN.
Preliminary results reported in [25] show the reduction of the
losses in the qZS network by replacing the qZS diode with the
MOSFET. It allows an efficiency rise by 2% within the qZS net-
work. Active rectification is also possible at the voltage doubler
rectifier (VDR) side. If all semiconductor components within the
converter are active (e.g., MOSFETSs), higher efficiency both in
the VDR and IS stages as well as the controllable bidirectional
operation can be achieved [26]. However, synchronous rectifi-
cation requires more switches and driving circuits, as well as a
complex control system with dead time implementation to avoid
short-circuits [27].

New materials use is a popular trend in the modern power
electronics industry. New magnetic materials can reduce the
size of the ISN. Also, the new widebandgap semiconductors,
like SiC and GaN, allow further loss reduction along with the
switching frequency rise. GaN MOSFETs have shown good
performance at the low voltage side in the PV microconverters
[28]-[32]. Their utilization allows higher switching frequencys;
however, attention should be paid to the gate driver design and
minimization of parasitic elements of the power circuit [33]-
[35]. As modern SiC MOSFETSs have proved their performance
in high-voltage applications [36]-[40], they can be used in the
synchronized VDR on the high voltage side. An appropriate
selection of new widebandgap semiconductors and analysis of
the benefits achieved along with economic concerns require
additional research and development of new design guidelines.

C. Status of Progress

Since 2009, a number of new topologies of the IS galvanically
isolated dc—dc converters have appeared, which can broadly be
classified into three main groups according to the component
which transfers energy from the input to the output side:

1) transformer based;

2) coupled inductor based;

3) with combined energy transfer.

The classification (see Fig. 6) is based on the operation mode
of the component (components) that transfers energy from the
input to the output side. In this paper, the transformer is any
magnetic element that has two or more windings and operates
with zero average core flux. Typical wave shapes of voltage
across the winding and the core flux are shown in Fig. 7(a).
During the energy transfer, the constant voltage is applied to
a winding and the flux is changing with a slope that depends
on the winding voltage amplitude and magnetizing inductance
reflected to the same winding. Fig. 7(a) shows symmetrical
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voltage pulses, even though they can also be asymmetrical. In
this case, the volt—second balance as well as the zero average
flux in the core must be maintained.

The term “coupled inductor” refers to a magnetic compo-
nent with several windings and nonzero average core flux. The
main difference of the coupled inductor and the transformer is
in its functionality—a coupled inductor permanently stores a
substantial amount of energy in the core. Fig. 7(b) shows an
example of the voltage across the winding and the core flux of
the coupled inductor. In a steady state, the volt—second balance
must be maintained, while the voltage can either be symmetrical
or asymmetrical.

The distinctive features of magnetically coupled elements
are well known [41]. Despite superficial similarities between
transformers and coupled inductors, these elements operate in
different modes. Their construction is also different. The trans-
formers are usually compact since the air gap in the core is
small, or they are produced without it, to withstand the small

Classification of the state-of-the-art IS galvanically isolated dc—dc converters.

unbalance of the core during regulation. Coupled inductors have
to be designed with an air gap to ensure high average rated flux.
Also, they are bulky and have higher leakage inductances than
the transformers.

In the transformer-based IS dc—dc converters, the transformer
transfers energy and ensures isolation, while inductors of the
ISN only store the energy. In the coupled-inductor-based IS dc—
dc converters, the coupled inductor(s) is usually a part of the
ISN, and it serves not only for the energy transfer but also for
the energy storage. The IS isolated dc—dc converters with com-
bined energy transfer use both types of magnetically coupled
components for energy transfer from the input to the output
side.

IV. TRANSFORMER-BASED IS GALVANICALLY ISOLATED
DC-DC CONVERTERS

This class of the ISC contains topologies that use a trans-
former for galvanic isolation and energy transfer. They can be
divided into five basic groups:

1) with single-phase full-bridge switching stage;

2) with three-phase full-bridge switching stage;

3) with half-bridge switching stage;

4) with push—pull switching stage; and

5) with a single switch.

The first two categories can be merged into one with the
full-bridge switching stage.

A. Converters With Full-Bridge Switching Stage

A generalized functional scheme for this group is shown in
Fig. 8. The input part of the converter between the input termi-
nals and the transformer is the basic structure of the IS inverter,



CHUB et al.: REVIEW OF GALVANICALLY ISOLATED IMPEDANCE-SOURCE DC-DC CONVERTERS

3-Phase Full-Bridge
1-Phase Inverter
SH\SB Ss:
Is Transformer [_| Rectifier [—©
Network [ | (1 0r 3 phase) [ and filter |_o°""
Vin Sz] 54] Ss)

Fig. 8. Generalized functional scheme of the transformer-based IS galvani-
cally isolated dc—dc converters with the full-bridge switching stage.

SR circuit
__(I:SR Lk fi 5p. %D, .
%"; Cr= Vour
1: —°
n 2EDrZZ :Dr4
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which can have either one or three phases. These dc—dc con-
verters consist of an IS inverter, a transformer, a rectifier, and a
filter. The turns ratio n of the isolation transformer defines the
range of the dc voltage gain. In this case, the ISN serves for
adjusting the voltage across the transformer windings when the
input voltage varies.

1) Z-Source: ZS-based converters utilize the ZS network that
consists of two capacitors C;, Cs, two inductors L;, Lo, and a
diode D; as shown in Fig. 5(a). The converter shown in the figure
is historically the first in this group. It is based on the single-
phase ZSI [13]. This converter has inherited advantages like
buck-boost regulation and improved reliability and drawbacks
like high component stress and discontinuous input current from
the ZSI. The discontinuous input current substantially limits
the application possibilities and performance of this converter.
For example, it can be used with renewable energy sources,
but it requires an additional filter at the input, which increases
the system cost, volume, and failure rates. Also, bidirectional
operation is possible in a symmetrical configuration [42], but it
still has all the drawbacks of the ZSI, and the application range
of such solutions is uncertain. The three-phase implementation
of this converter is analyzed in [21]. In addition, an application
with a distributed ZS network is discussed in [43].

The ZS-based converter with a single-phase full-bridge
switching stage can easily use SR circuit in series with a trans-
former as shown in Fig. 9 [24]. The leakage inductance of the
transformer could serve as a part of the resonance circuit, thus
improving power density. In this case, the SR converter has a
narrow regulation range in the frequency domain and improved
buck-boost features. With the voltage buck—boost capability,
the switching frequency range of ZS-based converter can be
minimized to achieve higher efficiency over the entire input
voltage and load variation. The converter still has a drawback
of the circulating energy, while it is considerably minimized as
compared to the conventional SR full-bridge converter. The rea-
son is a narrower switching frequency regulation range. Another
drawback lies in the discontinuous input current.
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and (e) with synchronous rectification [27].

2) Quasi-Z-Source: The quasi-Z-source inverter (qZSI) fam-
ily was proposed in [15]. The qZSI has inherited all the ad-
vantages of the ZSI, but it has lower component stress and
continuous input current. The single-phase and the three-phase
qZS-based galvanically isolated dc—dc converters are proposed
in [44]. Two implementations of the single-phase qZS-based
ISC are shown in Fig. 10(a) and (b). In the first case, the qZS
network contains the inductors L; and Ly and capacitors C;
and Cj. It is advisable to implement the gZS network with the
single-coupled inductor T}, [see Fig. 10(b)] in order to im-
prove power density [45]. Advantages inherited from the qZSI
make this converter a superior solution for modern distributed
energy generation systems. Additional benefits are gained with
the use of the VDR based on diodes D, , D, and capacitors
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Cr1,Cra. It is recommended to use the VDR for any step-up
converter in the transformer-based group. It enables the use of
the transformer with a reduced turns ratio n, which leads to
lower transformer parasitic elements. The topology has demon-
strated its good performance in the fuel cell applications and
permanent magnet synchronous generator (PMSG)-based wind
turbines [46], [47]. It is recommended to implement the topol-
ogy with the three-phase intermediate high-frequency ac link
[see Fig. 10(c)] for high-power applications [44].

The qZS-based galvanically isolated dc—dc converter has at-
tracted attention of researcher because of the numerous advan-
tages of the qZS network in power conversion. Several topologi-
cal variations have been derived to further improve this topology.
SR bridge to be used within this converter [see Fig. 10(d)] is pro-
posed in [24] and discussed in [48]. Advantages of this converter
are similar to those of the SR ZS converter (see Fig. 9), while it
features continuous input current. When operating in the buck
mode, the circulating energy could be an issue. Therefore, addi-
tional research and elaboration of detailed design guidelines are
required. Also, the light-load operation may limit controllability
as an inherent drawback of SR converters. Furthermore, the pos-
sible range of soft switching must be analyzed. Another possible
improvement of the reference qZS-based full-bridge topology
is the use of synchronous rectification. The improved topology
with solely fully controlled switches shown in Fig. 10(e) al-
lows more than 2% higher efficiency [27] because of minimized
conduction losses in the qZS semiconductor element that is the
major contributor of its losses [25], [49]. It can also provide the
bidirectional operation without additional circuits. Moreover,
the use of active VDR may result in a soft-switching opera-
tion, like in the dc—dc converters presented in [50]-[52]. Thus,
additional research is required.

Another alternative to improve the qZS-based topology is to
employ a cascaded gZS network. An inverter with the cascaded
qZS network is proposed in [53] to further improve the step-up
performance. Diode assisted and capacitor assisted families of
cascaded gZS topologies have been analyzed.

Capacitor-assisted topologies have better voltage step-up per-
formance and fewer semiconductor elements than those of the
diode assisted. Therefore, the capacitor-assisted extended boost
(CAEB) topologies were applied to the qZS-based galvanically
isolated dc—dc converter in [17]. This topology with two qZS
stages is shown in Fig. 11. Cascaded two-stage implementation
of the qZS network contains two times more components and
can provide a higher step-up than the ordinary qZS-based con-
verter with the same shoot-through duty cycle. The purpose of
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the solution was to improve transformer utilization by narrowing
the shoot-through duty cycle regulation range. In practice, ad-
ditional components bring in losses and additional volume that
cannot be compensated by the improvements in the transformer
operation mode. The cascaded converter cannot overcome the
simple qZS-based approach by its overall performance mostly
due to the increased losses.

The review of the ISNs in [2] shows that only some ISNs
can provide continuous input current, which is needed in most
of the modern power electronics applications for distributed
generation. The qZS network has a superior region of continuous
input current. There are several ZS-based ISNs that have coupled
inductors (with nonunity turns ratio), which influence the dc gain
factor by their turns ratio m, for example: I'-Z-source [54], trans-
Z-source (TZS) [55], and Y-source (YS) [56]. They usually have
discontinuous input current. Such converters have better step-
up performance than the conventional ZS or qZS. In the case of
the transformer-based IS galvanically isolated dc—dc converters,
these networks allow dc voltage gain to be distributed between
the transformer (defined by n) and the coupled inductor (defined
by m). This leads to distributed parasitic elements and better
switching performance.

3) Trans-Z-Source: TZS-based galvanically isolated dc—dc
converter family was proposed in [57]. It consists of the
TZS-based single-phase dc—dc converter and the trans-quasi-
Z-source (TqZS)-based single-phase dc—dc converter shown in
Fig. 12. Three-phase implementation can be easily derived from
a single-phase design. In these converters, the dc voltage gain of
TZS or TqZS networks depends not only on the shoot-through
duty cycle but also on the turns ratio m of the coupled inductor
T, . The IS network contains fewer passive elements: one ca-
pacitor Cy, coupled-inductor 77, and diode D;. Both converters
have discontinuous input current. Experimental verification has
shown that the TqZS-based galvanically isolated dc—dc con-
verter has lower start-up current than that of the TZS inverter
based. In the future, it is required to establish the application
range and detailed design guidelines of those converters.

B. Converters With Half-Bridge Switching Stage

In contrast to the full-bridge counterparts, the half-bridge IS
galvanically isolated dc—dc converters feature a reduced number
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cally isolated dc—dc converters with half-bridge switching stage: (a) symmetrical
and (b) asymmetrical.

of switching elements. The IS galvanically isolated dc—dc con-
verters with a half-bridge switching stage can be broadly classi-
fied into symmetrical and asymmetrical topologies. Symmetri-
cal topologies [see Fig. 13(a)] require a symmetrical ISN struc-
ture, which must have a middle point. The half-bridge switch-
ing stage supplies a transformer with bipolar pulses of the same
magnitude, and the dc blocking capacitor is generally avoided.
Symmetrical converters can operate either with a single or two
input voltage sources connected to the middle point of the ISN.
The output voltage of the converter is controlled by the variation
of the shoot-through duty cycle of the inverter similarly to the
IS dc—dc converters with the full-bridge switching stage.

Asymmetrical converters can have the half-bridge switching
stage of two types: with single or two capacitors [see Fig. 13(b)].
The high-side and the low-side transistors of the half-bridge in-
verter are driven complementary, and the dc blocking capacitor
is typically required to prevent the possible saturation of the iso-
lation transformer. The difference between the switching stages
lies within the dc-link implementation and connection of the
transformer to the dc link. The configuration with a single ca-
pacitor can be obtained from that with two capacitors if the top
capacitor in the dc link is short circuited. The low-side transistor
So performs shoot-through states for dc voltage gain regulation
on both types of the asymmetrical half-bridge IS galvanically
isolated dc—dc converters.

1) Quasi-Z-Source: All the existing half-bridge IS galvani-
cally isolated dc—dc converters are based on the qZS network.
The symmetrical gZS half-bridge dc—dc converter (see Fig. 14)
has two identical qZS networks with a neutral node n between
the capacitors C; and C3 [58]. Mirror connection of two qZSNs
enables the symmetrical structure of the ISN. Each qZS network
needs to handle half of the converter rated power. The voltage
stress of the half-bridge switches equals the sum of the capacitor
voltages on both qZS networks.
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verters: (a) with two capacitors and (b) with a single capacitor in the switching
stage [59].

The half-bridge ISC can be simplified considerably by the
implementation of the asymmetrical half-bridge concept (see
Fig. 15) [59]. In that case, the high-side and the low-side
switches of the half-bridge inverter are driven complimentary,
and the energy is transferred through the isolation transformer
TX by the asymmetrical pulses. It leads to unequal voltages
across the VDR capacitors Cy; and Co [see Fig. 15(a)] and
also requires the dc blocking capacitor Cj, in series with the pri-
mary winding of the isolation transformer to prevent its possible
saturation. If properly realized, the SR circuit formed by the dc
blocking capacitor and primary winding leakage inductance of
the isolation transformer could result in the soft switching of the
half-bridge inverter switches.

The asymmetrical half-bridge topology can be simplified fur-
ther by the reconfiguration of the switching stage as shown in
Fig. 15(b). In general, the operating principle of the modified
topology remains the same. Minimized component count will
lead to higher voltage stress of the primary side capacitors Cs
and CY. Therefore, the capacitor C3 must be specified for the
operating voltage equal to the amplitude value of the interme-
diate dc-link voltage. The blocking capacitor C, needs to with-
stand higher dc voltage because the half-bridge switching stage
supplies the transformer with unipolar voltage pulses in contrast
to bipolar in the topology shown in Fig. 15(a).



2816

] I~ Rectifier [~©,
IS Transformer and ﬁj;ter Vour
Network [~ |
v (single or | I
IN
coupled) 51| 52| Push-pull
Fig. 16.  Generalized functional scheme of the transformer-based IS galvani-

cally isolated dc—dc converters with the push—pull switching stage.

In several cases, the qZS-based galvanically isolated asym-
metrical half-bridge dc—dc converters can be considered as a
cheaper alternative to the transformer-based ISC with a full-
bridge switching stage. However, as compared to the full-bridge-
based converter, the asymmetrical half-bridge topologies have
only one shoot-through state per switching period. Therefore,
the gZS network operates with the frequency equal to the switch-
ing frequency, and its passive components have double values
as compared to those of the full-bridge counterpart.

C. Converters With Push—Pull Switching Stage

A generalized functional scheme of this group is shown in
Fig. 16. This group has several advantages over the full-bridge-
based converters, such as lower number of switches, simpler
control, and lower conduction losses in low input voltage ap-
plications. However, the full-bridge counterparts can provide
higher output power levels due to the higher number of switches.
Usually, the switches work interleaved to improve the input cur-
rent ripple.

1) Quasi-Z-Source: The qZS-fed push—pull converter (qZSF-
PPC) family has been proposed recently [60]. It is derived from
the current-fed push—pull converter family by replacing the in-
put inductor with the gZS network. Such family could be derived
for almost any ISN, but almost none of them have continuous
input current. This family includes the qZSFPPC and the inter-
leaved qZS-fed push—pull converter (IGZSFPPC) that both are
shown in Fig. 17. They have fewer switches than the full-bridge
IS-based converters, while they provide similar performance.

The qZSFPPC [see Fig. 17(a)] employs a qZS network with
a coupled inductor. It has the operation principle quite similar
to that of the qZS-based full-bridge converter. The qZS-based
galvanically isolated push—pull dc—dc converter with a sepa-
rated inductor (see Fig. 18) is described in [61]. Its differences
from the qZSFPPC lie in simpler implementation of the qZS
network and worse utilization of the VDR. The IqZSFPPC [see
Fig. 17(b)] contains a magnetically coupled qZS network, which
can be represented as two qZS networks with full magnetic cou-
pling within the coupled inductor T} 7. In the IgZSFPPC, the
leakage inductances of the coupled inductor define the input cur-
rent ripple, while the magnetizing inductance defines the current
ripple in the windings. This dependence implies a complicated
design of the magnetic component for the IqgZSFPPC.

The control principle of these converters is quite similar to the
reference current-fed push—pull converter family except for the
duty cycle regulation range, because of the improved voltage
step-up performance. The leakage inductances are not taken
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into account in [60] and [61]. This means that, in practice,
these converters will utilize active or passive clamping at the
input side. Nevertheless, these converters are recommended for
low input voltage and high input current applications because
the input current loop contains only one power switch, which
may assure lower conduction losses. The IqZSFPPC has more
passive elements, but they are rated for lower current or voltage
stress. Therefore, the final power densities of the noninterleaved
and the interleaved converters can be close to each other.

2) Y-Source: Recent designs of IS converters are using
the novel YS network [2]. A YS converter in the group of
transformer-based IS galvanically isolated dc—dc converters
with the push—pull switching stage is shown in Fig. 19 [62].
The YS network consists of the capacitor C;, the coupled
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inductor 7y, and the diode D;. That network is regarded under
the group of IS networks with coupled inductors. In this case,
the coupled inductor 7y has three windings, which give some
level of freedom during the design of this converter because the
characteristic value m depends nonlinearly on the turns number
of each winding. This value defines the step-up characteristic
of the YS network. Also, the converter utilizes the Greinacher
VDR, while the bridge VDR is commonly used and has slightly
better performance [3].

According to the reports, the performance of the YS network
converter is close to that of the TZS network. In addition, it suf-
fers from voltage overshoots caused by the leakage inductances
of the coupled inductor due to discontinuous input current [63]
like other ISNs with a coupled inductor. Moreover, the three-
winding coupled inductor is more complicated to design and
more expensive than the two-winding inductor used in the TZS
network. The closed-loop control of the YS-based converters
and their application possibilities need comprehensive cover-
age. To compare the YS network with other ISNs with coupled
inductors (TqZS, I'-Z-source, etc.), analysis and experiments
are required to evaluate practical application possibilities and
overall performance of the YS network-based converters. From
the sources available, it seems to have a good performance and
versatility for inverters, while in dc—dc applications its advan-
tages may be less apparent.

D. Converters With a Single Switch

A generalized functional scheme of this group is shown in
Fig. 20. Simplest in the class of transformer-based converters,
it has only one switch, and, thus, is intended for the low-power
and low-voltage applications. Due to its simplicity, the ISN
operates at the switching frequency of the switch. This group of
converters has been proposed recently as a concept, and it needs
further study to identify application possibilities and limitations
imposed by the simplified switching stage.

1) Quasi-Z-Source: This group contains only one conver-
ter—the qZS-based single-switch IS converter shown in Fig. 21.
Derived from a single-switch nonisolated gZS dc—dc converter
[64], it comprises the qZS network, power switch Sy, isolation
transformer 7, dc blocking capacitor Cj, and VDR. Blocking
capacitor is required to avoid saturation since the transformer
is fed with unipolar voltage pulses. The power switch S; per-
forms shoot-through states for the qZS network. The qZS net-
work feeds the transformer 77 with unipolar voltage pulses with
varying magnitude and duty cycle. It results in unequal voltage
over VDR capacitors C'y; and Cy». Average value of the trans-
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former input voltage is equal to the voltage across capacitor Co,
while the magnitude of the imaginary dc link is equal to the
sum of qZS capacitors voltages. It means that VDR capacitors
are charged to the values of the qZS capacitors voltages re-
flected to the output. Resonant soft switching could be achieved
if the blocking capacitor is properly adjusted to form a SR cir-
cuit with the leakage inductance of the isolation transformer 77 .
Advantages of that converter lie in low-power and low-voltage
applications since it contains only one power switch. The switch
can suffer from high current stress at a wide voltage regulation
due to the short conduction state at the low dc voltage gain,
since the topology requires nonzero switch duty cycle for nor-
mal operation. Additional research is required here.

V. COUPLED-INDUCTOR-BASED IS GALVANICALLY ISOLATED
DC-DC CONVERTERS

This class of the ISC contains topologies that use a coupled
inductor as a part of the ISN, as well as for the galvanic isolation
and energy transfer from the input side to the output side. Those
converters are not as numerous as the previous one. The first
topology appeared in the literature at the beginning of 2012
[65]. During the last three years, several new converters from
this class have been proposed. They can be divided into two
main groups:

1) with push—pull switching stage;

2) with a single switch.

A. Converters With Push—Pull Switching Stage

This group consists of two push—pull-based converters that
could be organized into one family based on the commonly used
qZS network. A generalized functional scheme for this group is
shown in Fig. 22.
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1) Quasi-Z-Source: The qZS derived push—pull dc—dc con-
verter with two coupled inductors is reported in [65] and ana-
lyzed in [66]. It consists of two qZS networks: Cy, Co, T1, D;
and Cs, Cy, Ty, Do as shown in Fig. 23(a). Three-winding cou-
pled inductors 77 and 7, provide galvanic isolation and store
energy in the form of equivalent magnetizing current (i.e., flux
through the core of the coupled inductors). The turn-on state
of the transistors corresponds to the shoot-through behavior
of the IS inverter. This converter shows good performance in
wind power applications due to its wide feasible input voltage
regulation range, especially for PMSG-based wind turbines. It
can be also envisioned as two single-switch converters con-
nected in parallel at the input and in series at the output, where
they are sharing a common output rectifier and a filter. At low
step-up, this converter transfers energy in the narrow pulses
with high current amplitude, which is the main drawback that
limits the practical regulation range. Flat efficiency curve at
high switching frequency can be achieved in the “full-SiC”
implementations [40].

Further improvement in the group of push—pull-based con-
verters is possible through magnetic coupling of qZS networks
[65]. Full coupling between 77 and T should be avoided be-
cause it leads to self-compensation of windings, and such con-
verter is infeasible. Partial coupling is a good option that leads
to a single-coupled inductor implementation of the push—pull-
based topology. The qZS derived push—pull dc—dc converter
with a single-coupled inductor is shown in Fig. 23(b). This
topology reported in [65] looks promising, but neither studies
of the design of the coupled inductor 7X nor full design guide-
lines have been provided.

Both converters use a diode bridge rectifier with an out-
put LC filter. These topologies require careful design to avoid
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high-voltage oscillation over the rectifier diodes and tertiary
windings of the coupled inductors. They may appear in the
topology with two-coupled inductors during the freewheeling
state, when voltages across L; and Lg compensate each other.

B. Converters With a Single Switch

This group contains three recently proposed converters based
on the typical qZS and ZS networks. A generalized functional
scheme for this group is shown in Fig. 24.

1) Quasi-Z-Source: qZS-based single-switch converter with
two inductors within the ISN has been reported in [67]. In the
qZS network, the second inductor is replaced with a coupled
inductor 7 as shown in Fig. 25(a). The magnetizing inductance
reflected to the primary winding serves as the part of the qZS
network along with Ly to store the energy. Inductor 77 also
provides galvanic isolation and energy transfer to the output. The
output part contains the switched capacitor cell Dgc1, Dgca,
Csc1, Csco for additional voltage step-up and the rectifier D,
with the filter capacitor C'y. The output side utilizes leakage
inductance of the coupled inductor as a part of the rectifier
that limits the current ripple. The main advantage is that the
output current ripple is reflected to the inductance L; in the gZS
network, but does not influence the input current with low ripple.
On the other hand, such implementations require two magnetic
components.
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Another single-switch qZS-based dc—dc converter shown in
Fig. 25(b) has been derived from the qZS push—pull dc—dc con-
verter with two coupled inductors [see Fig. 23(a)] [3], [68]. It
contains only one magnetic component. In contrast to the previ-
ous qZS converter, this converter has continuous input current
with higher ripple, because the reflected output current ripple is
shared between the primary windings of the coupled inductor
T . It also utilizes the bridge VDR, which provides continuous
output capacitor current (only one of them charges simultane-
ously) and low component count. Here, the slight drawback with
higher input current ripple can be neglected when the converter
operates in a high step-up mode and couples the low and high
voltage sides. This converter shows good performance in a wide
input voltage range [68].

2) Z-Source: Another converter in this group was derived
in the same manner as the qZS-based single-switch converter
with two inductors [69]. Both inductors of the single-switch ZS
isolated dc—dc converter are coupled to maintain a symmetrical
structure of the ZS network as shown in Fig. 26. In contrast to
the conventional ZS network, the current in the ZS inductors has
higher ripple due to the reflection of the output current to the
input side. The leakage inductance of secondary windings serves
as a filter in the output side. The input current is discontinuous.
As compared to single-switch qZS converters, this converter has
higher stress of the elements. This topology can be improved by
magnetic coupling of coupled inductors 7' and 5. Full coupling
seems to be the best choice. In this case, the ZS network would
be based on the three-winding coupled inductor that carries two
times higher flux. The feasibility of such systems needs to be
investigated with the VDR, which also seems to be a superior
solution for the IS isolated dc—dc converters.

Coupled-inductor-based converters are more complicated to
design than transformer-based converters. They have shown
good performance in wind energy applications, where the in-
put voltage varies most of all. This class of converters contains
several topologies. Many novel topologies can be derived with
other ISNs that have not been applied yet.

VI. IS GALVANICALLY ISOLATED DC-DC CONVERTERS WITH
COMBINED ENERGY TRANSFER

The latest trend of the ISCs is to use the combined energy
transfer principle. Converters of this class contain coupled in-
ductors and transformers, which allows magnetically coupled
components to be used for energy transfer, and, thus, a bet-
ter dc voltage gain is the result. Coupled inductors of the ISN
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contain additional winding(s) for energy transfer to the output
side. Several secondary windings are connected to the recti-
fier and filter at the output side. They provide additional out-
put voltage, and, thus, improve the voltage step-up operation
of the ISC. First topologies were proposed in [70]. This class
presents the same categories at the second level of classification
as the transformer-based converters because of similar switch-
ing stages. All the converters reported in [64] and [70] are based
on the qZS network and represent three basic groups:

1) with single-phase full-bridge switching stage;

2) with push—pull switching stage;

3) with a single switch.

This solution is versatile because the dc voltage gain and en-
ergy transfer distribution between the magnetic elements could
be defined by two turns ratios.

A. Converters With Full-Bridge Switching Stage

This group of converters can be described by the generalized
functional scheme shown in Fig. 27. The concept is based on the
combination of the transformer-based converters with the full-
bridge switching stage and a coupled-inductor-based converter
with a single switch. Switching stage could be implemented
using a single-phase and a three-phase configuration. The single-
phase configuration seems to be simpler and more attractive in
practice.

1) Quasi-Z-Source: The qZS ISC shown in Fig. 28 was pro-
posed in [70]. The coupled-inductor 77 in the qZS network
contains two additional windings connected in series with the
output winding of the isolation transformer 75. Each secondary
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winding feeds the VDR together with the secondary winding of
the transformer 75 during active state in the inverter bridge. The
proposed connection of the output windings allows the use of
a single VDR. Filter capacitors are charged symmetrically. The
voltage of the capacitors C'yy and C'y is equal to the sum of the
capacitors C; and Cy voltage reflected through the transformer
T, and the voltage of the capacitor Co reflected through the
coupled inductor 77. This topology has two variations: when
input inductor is part of 7', and when it is discrete. In the first
case, the input inductor is implemented as the fourth winding
of the 71 with N,z turns number. Another option is to use a
discrete inductor L; at the input along with a three-winding
coupled inductor in the qZS network. The first topology with a
single magnetic component in the IS network is simpler, but has
higher input current ripple. The other one with two magnetic
components in the qZS network is more complicated, but the
input current has lower ripple.

B. Converters With Push—Pull Switching Stage

This group is also based on the combined features of the
coupled-inductor topologies with a single switch with those of
the transformer-based topologies with a push—pull switching
stage (see Fig. 29). Converters within this group operate simi-
larly to those from the previous group.

1) Quasi-Z-Source: Only two topologies based on the qZS
network exists in this group (see Fig. 30) [70]. Voltages of the
output windings are similar to the previous case. Topological

variations are revealed in the implementation of the input in-
ductor. It can be used as a fourth winding of 7} with a N,z
number of turns, or as a discrete inductor L;. The input current
ripple is higher in the first case, while the second case requires
more passive elements.

C. Converters With a Single Switch

Further simplification of the switching stages has led to IS
galvanically isolated single-switch dc—dc converters with com-
bined energy transfer. The generalized functional scheme is
shown in Fig. 31. It is derived by combining a transformer-based
and a coupled-inductor-based single-switch converter. Overall
performance of these converters is limited by the power pro-
cessing capabilities of a single switch.

1) Quasi-Z-Source: The qZS-based converter from this group
is an improved transformer-based single-switch topology pre-
sented in [64]. The qZS network allows a simple integration
of the output windings as shown in Fig. 32. It is achieved due
to equal voltages across the input windings of the coupled in-
ductor 75 and isolation transformer 7. Here, coupling of the
input inductor is also optional. In the simplest case, when a
coupled inductor is placed instead of the right gZS inductor,
the current ripple of the output windings will be reflected to
the qZS network through 7. It means that the relation between
the turns ratios ny and n» requires additional research to avoid
possible discontinuous conduction mode in the input winding of
the inductor 75. The main drawback of this topology is the lim-
ited power rating of a single switch, especially when it suffers
from high current pulses at the low dc voltage gain. It requires
nonzero switch duty cycle to provide voltage at the output.
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ISCs topologies with combined energy transfer are brand new
and have not been verified experimentally. Furthermore, only
qZS-based converters have been proposed in this group. Further
research could focus on the application of different ISNs to this
concept, as well as on the analysis of the influence of the parasitic
components and experimental verification for certain case study
systems. It will help to define their overall performance and
application range.

VII. CLASSIFICATION AND COMPARISON OF IS GALVANICALLY
ISOLATED DC-DC CONVERTERS

All the reviewed topologies can be considered as basic topolo-
gies. Many other converters could be derived from them by par-
allel connection of basic topologies without magnetic coupling
[71], or with magnetic coupling between ISNs [71], [72]. These
basic topologies could be used in different parallel—series energy
conversion systems [68], [73]. The implementation of the sec-
ondary side with active switches allows bidirectional operation
of basic topologies [26], [42].

A. Classification of IS Galvanically Isolated
DC-DC Converters

To clarify the derivation process and show the potential gray
areas, the existing converters were classified. The reason is that
in the classification of ISNs in [2], the essence of the IS dc—dc
electric energy conversion remains uncovered and some topolo-
gies are neglected. Use of ISNs as the main factor of classifi-
cation is not a benefit due to their spreading high variety. For
example, two novel passive ISNs have been proposed recently:
L-Z-source [74] and sigma-Z-source [75]. Also, active ISNs
are becoming popular [76], [77]. Moreover, most of the ISNs
can be further modified using switched-inductor and switched-
capacitor cells [78] or voltage-lift technique [79] to improve the
voltage step-up characteristic, or using passive LC- [80], [81]
or C-filers [82] to achieve continuous input current. Hence, ISN
could not be used as a major factor for classification.

The first level in the classification is based on the energy
transfer principle: energy could be transferred from the input
to the output side through a transformer, coupled inductor, or
based on the combined energy transfer principle. This factor has
advantages over the switching stage type since it contains fewer
groups, and, thus, results in a better hierarchical structure. Also,
the single-switch switching stage is applicable for any type of
energy conversion within the IS converters reviewed, while it is
impossible to apply each energy conversion type to any type of
switching stage.

The second level of classification is based on the implemen-
tation of the switching stage. The third level of classification
shows the ISNs applied to the basic structures shown in Figs.
8, 13, 16, 20, 22, 24, 27, 29, and 31. The fourth level is used to
indicate topological variations of the basic principle defined by
the previous three levels. The classification of the state-of-the-
art IS galvanically isolated dc—dc converters is shown in Fig. 6.
The first two levels define only ten basic principles. Only one
or two ISN types were applied to nine of them. This provides
further research space for applications of other ISNs.
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The converters based on the single-phase qZSI have been
studied most extensively. This group has the widest topolog-
ical variations. The single-phase IS inverter-based group con-
tains more topologies than other groups. The reason is that this
derivation principle is natural and the simplest. Numerous IS in-
verters have been comprehensively investigated. Many of these
results could be reused in the dc—dc converter design. The clas-
sification proposed shows wide prospects for research of new
IS galvanically isolated dc—dc converter topologies on the third
and fourth level of the classification. Focus should be on the uti-
lization of ISNs and their topological variations. Furthermore,
an extension of the classification at the second level is possible.
The application of different switching stages in the class of ISC
with combined energy transfer is the most obvious.

Therefore, it is concluded that the proposed classification
is versatile, and could be used as a basis for future deriva-
tion and systematization of novel IS galvanically isolated dc—dc
converters.

B. Control, Application Possibilities, and General
Comparison of the IS Galvanically Isolated
DC-DC Converters

Table II summarizes all the reviewed basic topologies from
the family of IS galvanically isolated dc—dc converters. Thirty
topologies are compared according to the number of passive and
semiconductor components, and maximum switch duty cycle.
In addition, advantages and drawbacks are pointed out. Special
attention has been paid to dc voltage gain in the boost mode,
since this mode is most common in the reported case study
systems. All the expressions are provided for lossless idealized
converters. Basic strategies of switching control for the topolo-
gies reviewed are shown in Fig. 33 and referenced in Table II
to explain the dc voltage gain expressions. In the topologies
with symmetrical PWM control, like full-bridge or push—pull,
maximum duty cycle of a switch could be related to any switch
in the switching stage. Otherwise, it is related to a switch that
generates the shoot-through states at the output terminals of an
ISN—switch S; in the case of the asymmetrical half-bridge IS
galvanically isolated dc—dc converters. Maximum duty cycle of
a switch depends also on the type of the ISN, especially in the
case of the magnetically coupled ISN, where the turns ratio m
defines the operation range of the duty cycle referred to the
switching period T.

The simple switching control strategies shown in Fig. 33
describe the basic operation of the topologies reviewed. The
single-phase full-bridge topologies can be controlled with the
symmetrical overlap strategy [see Fig. 33(a)]. It fits also the
majority of push—pull converters and symmetrical half-bridge
converters since they require only control of two switches S; and
So with the same sequence. Apparently, the operating frequency
of the ISN as well as the frequency of the input current ripple is
twice the transistor switching frequency. It could be extended to
a three phase as shown in Fig. 33(b), the three-phase bridge op-
erates without zero states, while additional shoot-through states
are added at the switching transitions of each leg. It results in
sixfold operation frequency of the ISN and high utilization of
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TABLE I
COMPARISON OF BASIC TOPOLOGIES OF THE IS GALVANICALLY ISOLATED DC-DC CONVERTERS
DC VOLTAGE . .
MAXIMUM GAININ :(S)C' No. oFr MC No.
TOPOLOGY DUTY CYCLE | o MODE o OF é* PROS (+) AND CONS (-)
OF A SWITCH (CONTROL) D* S’ L CL" | TR"
TRANSFORMER BASED
+ double input possibility
. . n + low number of switches
qZ8 symmetrical half-bridge 0.75 (1-2-Dy) 4 2 4 0 1 6 | + continuous input current
converter [58] (Fig. 14) . .
(Fig. 33a) - high number of passive components
- high voltage stress of switches
qZS asymmetrical half-
bridge converter with 1 3 2 2 0 1 6 + low number of components
capacitors [59] (Fig. 15b6) 05 n + continuous input current
(S on l':i 15) (1-2-D) - DC blocking capacitor is needed
qZS asymmetrical half- 2 & (Fig. 33¢) - uneven loading of switches
bridge converter with 2 3 2 2 0 1 7 - high voltage stress of switches
capacitors [59] (Fig. 15a)
n + low number of components
qZS single-switch T + continuous input current
converter [64] (Fig. 21) 05 a ) 2-D) 3 1 2 0 1 3 - DC blocking capacitor is needed
(Fig. 33¢) - high stress of a switch
+ better power density
ZS three-phase full-bridge 7 6 3 0 1 3 - limited performance due to LC filter
converter [21] (Fig. 5b) 2-n - discontinuous input current
0.75 (1-2-Dy) - high number of SCs
~ b (Fig. 33b) + better power density
qfsnt‘l/ler:;rp[l‘l&s]e (f;ill I:)lr(;gfe 5 6 2 0 1 4 + continuous input current
g - high number of SCs
TZS single-phase full-bridge . .
convefter 1[)57] (Fig. 12a)g 2on 3 4 0 1 1 3 + high voltage step-ug at the input stage
1 Y + low number of passive components
0.5+———| (1-(1+m)-Dy) . .
TaZS sinele-phase full-brid 2-(1+m) (Fig. 33a) - high voltage stress of switches
qZS single-phase full-bridge ig. 33a -di ti input t
converter [57] (Fig. 12b) 3 4 0 1 1 3 iscontinuous input curren
Z8 single-phase full-bridge n-(1-Dy) - discontinuous input current
converter with separated 0.75 (1-2-Dy) 5 4 3 0 1 3 . uous 1npu
. - - limited performance due to LC filter
inductors [13] (Fig. 5a) (Fig. 33a)
. . + resonant soft switching
ZS single-phase series n . .
resonant full-bridge 0.75 (-2.Dy) s | 4| 3| o |1 | 4 |Fhiehpowerdensiy
converter [24] (Fig. 9) ; - complicated contro
: (Fig. 33a) - discontinuous input current
qZS single-phase full-bridge . .
converter with separated 0.75 3 4 2 0 1 4 j-r(;(l);til‘r’l;ouhsi u}llp::i;l:’r:rgf PCs"
inductors [44] (Fig. 10a) y g
qZS single-phase full-bridge + continuous input current
converter with coupled 0.75 3 4 0 1 1 4 + magnetically integrated ISN
inductor [45] (Fig. 10b) 2-n - relatively high number of PCs’
qZS single-phase series (1-2-Dy) + continuous input current
resonant full-bridge converter 0.75 (Fig. 33a) 3 4 3 0 1 5 + resonant soft switching
[48] (Fig. 10d) - variable frequency control
qZS single-phase full-bridge | 0.75 (S,...S) + low losses and high power density
. continuous input current
converter with synchronous 1.0 (Sp) 0 7 2 0 1 4 .
rectification [27] (Fig. 10¢) | 0.5 (Sy...S,) - high mumber of SCs
’ o rlor - lower reliability
Cascaded CAEB qZS 2-n + continuous input current
single-phase full-bridge 2/3 (1-3-Dy) 4 4 3 0 1 6 + high voltage step-up at the input stage
converter [17] (Fig. 11) (Fig. 33a) - high number of passive components
+ high voltage step-up at the input stage
+ low number of components
2-n + magnetically integrated ISN
YSp 1[1;}21?)(1;‘111 C(;r;\)/erter @Lem) (1-m-Dyg) 3 2 0 1 1 3 - complicated design of ISN
& 2:m (Fig. 33a) - discontinuous input current
- high voltage stress of switches
- three-winding transformer
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DC VOLTAGE .
MAXIUM CGA(I)N ING 011:I (s)é* No. oF MC No.
TOPOLOGY DUTY CYCLE BOOST MODE OF (':. PROS (+) AND CONS (-)
OF A SWITCH (CONTROL) D' s L' CL’ | TR"
qZS push-pull converter with : ow pumbelt GESCs
. continuous input current
separated inductors [61] 0.75 3 2 2 0 1 4 . .
(Fig. 18) - high voltage stress of switches
& 2-n - three-winding transformer
(1-2-Dy) + low number of SCs
qZS push-pull converter with (Fig. 33a) + continuous input current
coupled inductor 0.75 3 2 0 1 1 4 + magnetically integrated ISN
[60] (Fig. 17a) - high voltage stress of switches
- three-winding transformer
+ low number of SCs
Coupled qZS interleaved 2-n + continuous input current
push-pull converter 0.5 (1-2-D) 4 2 1] 1 1 6 - complicated design of ISN
[60] (Fig. 17b) (Fig. 33d) - high voltage stress of switches
- high number of passive components
COUPLED INDUCTOR BASED
2-n-(1+ D) + single switch
ZS single-switch converter 05 m 4 1 0 2 0 6 - discontinuous input current
[69] (Fig. 26) ’ . - high number of semiconductor
(Fig. 33¢) components
qZS single-switch converter n + single switch
with a single inductor 0.5 (1-2-D) 3 1 0 1 0 4 + high magnetic integration
[68] (Fig. 25b) (Fig. 33¢) + continuous input current
qZS single-switch converter 2-n-(1+D) + single switch
with two inductors 0.5 (1-2-D) 4 1 1 1 0 6 + continuous input current
[67] (Fig. 25a) (Fig. 33¢) - high number of components
. + continuous input current
qaz8 push—pull N onverter with + high magnetic integration of ISN
a single inductor 0.5 6 2 1 1 0 5 .o
- 2-n-D - limited performance due to LC filter
[66] (Fig. 23b) —_— .
(1-2-D) - high number of components
qZS push-pull converter with (Fig. 33d) + continuous input current
two inductors 0.5 6 2 1 2 0 5 - limited performance due to LC filter
[65] (Fig. 23a) - high number of components
WITH COMBINED ENERGY TRANSFER
+ high magnetic integration of ISN
qZS single-phase full-bridge + additional voltage step-up
converter with a single 3 4 0 1 1 4 + continuous input current
inductor [70] (Fig. 28) - complicated design of CL
- high input current ripple
qZS single-phase full-bridge + additional voltage step-up
converter with two inductors D 3 4 1 1 1 4 + continuous input current
[70] (Fig. 28) 075 .”i'z—s;;”z - complicated design of CL
' }(: 3 s) + high magnetic integration of ISN
qZS push-pull converter with (Fig. 33a) + additional voltage step-up
a single inductor 3 2 0 1 1 4 + continuous input current
[70] (Fig. 30) - complicated design of CL
- high input current ripple
qZS push-pull converter with + additional voltage step-up
two inductors 3 2 1 1 1 4 + continuous input current
[70] (Fig. 30) - complicated design of CL
+ high magnetic integration of ISN
qZS single-switch converter + additional voltage step-up
with a single inductor 0.5 (n, +m) 3 1 0 1 1 5 + continuous input current
[64] (Fig. 32) —1l 2 - high stress of a switch
a - 2-Dy) - high input current ripple
qZS single-switch converter (Fig. 33¢) + additional voltage step-up
with two inductors 0.5 3 1 1 1 1 5 + continuous input current
[64] (Fig. 32) - high stress of a switch

*SC — semiconductor component; MC — magnetic component; D — diode; S — switch; L — inductor; CL — coupled inductor; TR — transformer; C — capacitor;

PC — passive component.
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Fig. 33. Simplified switching control strategies for: (a) single-phase full-
bridge, symmetrical half-bridge, and majority of push—pull topologies, (b)
three-phase full-bridge topologies, (c) asymmetrical half-bridge topologies, (d)
interleaved push—pull topologies, and (e) single-switch topologies.

the isolation transformer in high-power applications. Overlap of
switches control signals is not required in interleaved topologies,
transformer-based interleaved push—pull and coupled-inductor-
based push—pull, since switches perform short-circuiting of the
ISN output terminals directly. In this case, interleaved control
[see Fig. 33(d)] with 180° phase shift results in lower input
current ripple and ISN operating frequency doubling. Asym-
metrical half-bridge topologies require asymmetrical control
[see Fig. 33(c)], while single-switch topologies utilize simple
control [see Fig. 33(e)] where the duty cycle of the switch is
limited (see Table II). These topologies with reduced number of
switches have reduced operating frequency of the ISN, which is
equal to the transistor(s) switching frequency.

The converters reviewed reveal their advantages in applica-
tions where a wide input voltage regulation range is required.
Recent areas mostly include renewable and alternative energy
applications. Usually it means low-voltage input and handling
relatively high current. Most of the ISNs have a diode that results
in relatively high losses at the input side. Maximum reported
peak efficiency is in the range of 96%-97% [24], [61], [62]. It
is mostly measured without voltage step-up at the input side,
i.e. at maximum rated input voltage. Regulation range is usually
limited with an efficiency drop and is often within the range
1:3 for simpler ISNs and a slightly wider range for those mag-
netically coupled. At maximum voltage step-up, i.e., minimum
rated input voltage, the efficiency could drop to 85%, depending
on the application and the hardware used. This trend is the same
for transformer-based and coupled-inductor-based converters,
and, thus, the efficiency of converters with combined energy
transfer is in the same range too. Recently several approaches,
like series resonance and synchronous rectification, have been
proposed to reduce power loss. Synchronous rectification in the
ISN is most advantageous among the results reported. Further
efficiency improvement could be achieved with soft switching
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in power switches. Efficiency optimization is a crucial issue for
power electronics systems and further studies of IS converters
are required. Apparently, there is still a room for improvement
in the new field of IS dc—dc converter technology.

Application possibilities for IS dc—dc converters need further
examination, since reports on case study systems are scarce.
In most of the examples available, emerging applications of
the single-phase full-bridge qZS converter are numerous. How-
ever, it is not an appropriate conclusion that ISCs can be used
only with low-voltage input. Application examples that con-
tain experimental verification are described below for all the
applications reported.

The area of wind energy has benefited from two different
types of IS converters. It is one of the most demanding renew-
able energy applications due to a wide range of output voltage
variations of the wind turbine, especially for those based on
PMSG. The transformer-based qZS full-bridge dc—dc converter
has been used together with an active rectifier in the interface
converter for residential PMSG-based wind turbines with a rated
power of 1.3 kW [47]. The total voltage gain of the interface
converter was distributed between the input side active rectifier
and the qZS converter. The active rectifier was used to stabilize
the first de-link voltage at low wind speeds at the level of 150V,
while uncontrolled rectification was performed at higher wind
speeds when the generator is able to provide dc-link voltage
higher than 150 V. The qZS converter was used to stabilize the
second dc-link voltage, which feeds the grid-side inverter at the
level of 250 V. It means that the transformer-based qZS full-
bridge converter was operating at a voltage boost lower than
twofold, which is within the recommended range of 1:3. Appli-
cation of the coupled-inductor-based qZS push—pull converter
together with the uncontrolled six-pulse three-phase diode rec-
tifier to exactly the same wind turbine was described in [83].
The qZS converter there covers the whole operating voltage
range of the wind turbine from 65 to 259 V in the boost mode
only. Hence, the coupled-inductor qZS push—pull converter has
shown an ability to operate in the range of 1:4. Its operation in
the range from 40 to 400 V is described in [3], where efficiency
higher than 90% was achieved for the 1:4 input voltage range
from 100 to 400 V at the maximum input current. High efficiency
at the switching frequency of 100 kHz was assured by the SiC
devices, which are essential to realize the high-frequency high-
voltage IS converters [40]. The coupled-inductor topology has
used nearly the same inductance in the qZS network (1 mH)
as the transformer-based counterpart, while the input current
ripple was higher due to the different operating principle, but
this is not a weighty disadvantage since the dc-link capacitor on
the generator side decouples current ripple from the generator.
However, the design and operation principle of the coupled-
inductor-based qZS topology is more complicated, and, thus,
more efforts may be required to build such systems.

Photovoltaic power generation systems are also an attractive
area of application for the IS dc—dc converters. For example, a
microconverter realized with the transformer-based qZS sym-
metrical half-bridge topology was proposed in [58] for integra-
tion of single or two PV panels into the common dc bus. The
concept was verified for operation at constant input current 5 A
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and input voltage range from 30 to 58 V, i.e., the rated power
is 300 W. Such operating conditions with constant input current
are common for PV maximum power point trackers when the
input voltage of the converter changes with the PV panel tem-
perature, while the input current remains nearly constant at the
same irradiation. The obtained efficiency was around 92% at the
switching frequency 100 kHz, since no optimization of losses
was involved.

Fuel cells are more demanding than photovoltaic and wind
turbine applications. They provide maximum output power at
the minimum output voltage, while renewable applications usu-
ally provide maximum output power at the maximum output
voltage. An industrial converter based on the galvanically iso-
lated qZS full-bridge dc—dc converter is proposed for proton
exchange membrane fuel cells with power up to 8 kW in [84].
It was created in cooperation between the Tallinn University of
Technology and industrial partners. The grid-connected inter-
face performs energy conversion in two stages. The first stage
contains two qZS full-bridge converters that operate in parallel
with interleaved control and stabilize dc-link voltage at the level
of 600 V. Stable voltage is used to supply the grid-side three-
phase inverter at the second stage. The input voltage range is
from 35 to 64 V, while the input current can reach up to 230 A.
The peak efficiency achieved was around 96%.

Power factor corrector (PFC) based on the galvanically iso-
lated qZS full-bridge topology with rated power of 1 kW was
proposed in [85]. It supplies load with 380 V dc voltage from
230 V/60 Hz grid voltage, which is rectified by a single-phase
bridge diode rectifier. The PFC was designed to operate with
20% input current ripple at the switching frequency of 50 kHz,
which results in the 1 mH value of qZS network inductors. This
allowed 4.4% of grid current THD to be achieved at full power
with an efficiency of 93%.

All the examples for application described above prove high
versatility of the IS dc—dc electric energy conversion technol-
ogy. It can handle different levels of power and input voltage.
However, not all of the topologies reviewed in this paper were
verified experimentally. Only a few of them were used in practi-
cal applications reviewed above. It means that more application
oriented research is required to find out applications advanta-
geous for each class of the converters reviewed and define their
limitations. As for now, the qZS full-bridge topology was ap-
plied to most of the emerging applications and can be selected
by engineers to minimize risks regarding the implementation of
new topologies in the industrial products.

The main tendency for topology selection at the required
power level is the same as for conventional VSCs and CSCs;
more complicated topologies with higher number of switches,
like full-bridge, fit better for high power applications. For ex-
ample, push—pull topologies could be used up to medium power
levels or for high-current applications, where the number of
switches increases the conduction losses. Low power appli-
cations benefit from simple topologies, like that with a sin-
gle switch. Among the three proposed classes of converters,
the transformer-based converters cover the whole power range,
while they have a simple design procedure. As for now, the
coupled-inductor-based converters have been tested only for low
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power applications (up to 1.5 kW), and, thus, cannot be recom-
mended for higher power levels. The converters with combined
energy transfer have not been reported for any applications.
They seem to be useful for different power ranges due to the
possibility to utilize various switching stage types, but this is not
proven yet. Also, they could be applied where a wide input volt-
age regulation range is necessary if experimental verification
proves theoretical predictions. According to design complex-
ity, the transformer-based converters are the simplest, while the
coupled inductor based could take more efforts. In terms of
design, the converters with combined energy transfer could be
most complicated, since it is required to design both an iso-
lation transformer and a coupled inductor and select the right
proportion between their turns ratios, while better dc voltage
gain could be achieved.

The application of magnetically coupled ISNs, like qTZS or
I"-source, in de—dc converters needs a separate coverage. They
have high performance in inverter use due to high dc voltage
gain that leads to smaller loss of the modulation factor con-
trol range. This feature is not essential for dc—dc converters
in most of the cases, since the main voltage step-up is usu-
ally obtained with a transformer and an output rectifier. The
ISN is mostly used to adjust the transformer voltage when the
input voltage varies. However, the magnetically coupled ISNs
could be advantageous in specific applications. For example,
the YS push—pull converter could be beneficial in applications
with very low input voltage and relatively high input current. In
this case, the transformer design could be complicated if a sim-
pler ISN is used. The input voltage could be preadjusted with
the YS network up to an acceptable level, while the push—pull
switching stage provides low conduction losses with high input
current.

In Table II, the converters reviewed are compared on the basis
of the qZS full-bridge topology with separated inductors mostly
due to their continuous input current, which is highly demanded
for emerging applications. They have no obvious disadvantages
revealed from the comparison with other converters. Their dis-
advantages, like relatively low efficiency and higher number of
components as compared to VSCs and CSCs, are common for
all converters from this review and balanced with improved reg-
ulation range and reliability. Data in Table II prove that the basic
topology selected could be a preferable solution for emerging
applications.

VIII. CONCLUSION

The modern renewable energy market requires versatile
power electronics solutions. The review in this paper reveals
that the qZS-based galvanically isolated dc—dc converters can
be further developed as the basic power electronics building
blocks for dispersed generation systems.

The proposed classification of the isolated IS dc—dc convert-
ers shows numerous gaps in this field mostly related to the
application of certain ISN to the generalized topology struc-
ture or application of another switching stage to a certain en-
ergy transfer principle. It could be concluded that converters
from the transformer-based class are simpler to design, more
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flexible, and have a wider application range. Coupled-inductor-
based topologies are more complicated to design and control
and less effective, but they show better performance where a
wide voltage regulation range is needed. They are required only
in some applications with wide input voltage variations, for
instance, in PMSG-based wind turbines. The converters with
combined energy transfer proposed recently require extensive
research.

Numerous further research areas are indicated in this paper.
Ten generalized functional schemes proposed can be used to
understand the derivation process of the IS galvanically isolated
dc—dc converter topologies or as a derivation tool.

Finally, it is concluded that broadly, the qZS-based convert-
ers have advantages over other IS topologies for emerging ap-
plications. Further directions to improve those converters were
discussed. Main directions for future research are the resonant
implementations, active rectification in the input and the output
sides, bidirectional operation, and also the use of new materi-
als and semiconductors, which might give a new paradigm of
converter design.
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