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ABSTRACT This article provides a systematic survey on the topology morphing control techniques used
in the galvanically isolated dc-dc converters. Existing techniques are broadly categorized based on the part
where a converter changes its topology: at the input side, at the output side, and the advanced techniques that
cannot be categorized in the first two groups. The techniques span from the simple reconfiguration between
the full- and half-bridge switching cells similar to the conventional power supplies with universal ac input
to the advanced multitrack topology and reconfigurable resonant tanks. In addition, the described variety
of application examples proves the wide application range and versatility of the topology morphing control.
These include fault tolerance, efficiency curve flattening, input voltage range extension, and other advantages.
Hence, this article provides a single comprehensive source for researchers and engineers willing to enter the
topic of topology morphing control.

INDEX TERMS Galvanically isolated dc-dc power converter, series resonant converters, topology morphing

control.

I. INTRODUCTION

In recent years, widespread electrification has been consid-
ered the primary tool for more efficient energy generation
and end-use due to the increase in renewable electric energy
generation [1], [2]. DC distribution enables cost-efficient in-
tegration of renewable energy sources in comparison with the
conventional ac systems [3], [4], [5], [6], [7]. The benefits
of dc distribution are already justified in electric ships and
vehicles, as well as electric aircrafts [6], [8], [9], [10]. The
need for dc-dc converters combined with safety precautions
led to intensive studies of galvanically isolated dc-dc topolo-
gies [11], [12].

The galvanically isolated dc-dc converters could be broadly
categorized into three main classes: voltage—source, current—
source, and impedance-source [12]. The voltage—source
topologies are widely accepted by industry due to their
simplicity, but they cannot withstand short-circuiting of the

input capacitors and may require protection from misgatings.
Contrary to that, the current—source topologies must avoid
switching states that could interrupt the input inductor current.
The impedance—source converters allow for any switching
state, which increases their voltage regulation flexibility.

All these converters could be designed to be step-up when
the output voltage is always higher than the input volt-
age, step-down when the output voltage is always lower
than the input voltage, or step-up/down. From the voltage
regulation point of view, the voltage—source topologies are
essentially buck converters that have normalized dc voltage
gain below one. The current—source topologies are boost con-
verters that have normalized dc voltage gain above one. The
impedance—source topologies could be either boost or buck-
boost converters. Each converter type has performance limits,
like limited input voltage regulation range, poor light load
efficiency, power density, etc.
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FIGURE 1. Generalized galvanically isolated dc-dc converter.

Optimization of converter hardware design is one possi-
bility to improve converter performance by applying wide
bandgap semiconductors or new magnetic materials [13],
[14], [15]. Also, topologies could be hybridized to at-
tain the benefits of several converter classes. For example,
the buck-boost galvanically isolated dc-dc converter [16]
is implemented by combining galvanically isolated boost
impedance—source and buck series-resonant voltage—source
dc-dc converter topologies.

Other possibilities of hardware design optimization include
the following:

1) interleaved implementation of dc-dc converters, which
allows for phase shedding at light loads for better effi-
ciency;

2) integration of magnetic elements into a single planar
component embedded in a PCB for higher power den-
sity;

3) switching frequency increased to MHz level along with
soft-switching for high power density.

Converter performance optimization using advanced con-
trol is a new trend that provides cost-efficient results [17].
Typically, those are advanced nonlinear techniques, like
model predictive control or sliding mode control. However,
many converters can have several modes of operation. There-
fore, control techniques that take advantage of the best
characteristics of each mode are possible. Also, in conven-
tional ac—dc power supplies, a full-bridge rectifier operating
in 230 V ac grids can be reconfigured to a half-bridge (the
voltage doubler) circuit that can operate in 120 V ac grids.
This kind of control could be referred to as the topology
morphing control (TMC).

The term “topology morphing control” first appeared in
2015 [18], while some of the concepts covered in this review
date back to 2005. The topology morphing control is realized
by the online reconfiguration of a converter topology to extend
voltage or power ranges or to provide fault tolerance without
changing the hardware. The switching between discontinuous
and continuous conduction modes is not TMC. Hence, it is
essential to provide a systematic survey on this topic to cover
different existing converters that can be categorized as those
employing the TMC. This survey systematizes and organizes
this topic for the first time to provide a single point of refer-
ence for engineers and researchers.

Furthermore, the article compares all existing TMC tech-
niques and provides recommendations for applying TMC in
different application cases. The article is organized as follows.
Section II explains the essence of the TMC. Section III covers
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the known TMC applications at the input side of galvani-
cally isolated dc-dc converters. Section IV describes different
reconfigurable rectifiers that could be utilized on the output
side. Other advanced techniques that cannot be categorized
in the first two groups are covered in Section V. Section VI
illustrates how TMC can be used in the galvanically isolated
dc-dc converters and which performance indicators could be
improved. Finally, Section VIII concludes this article.

Il. MAIN PRINCIPLE OF TMC

Typically, galvanically isolated dc-dc converters consist of a
high-frequency front-end inverter, an isolation transformer,
and a back-end rectifier (see Fig. 1). Hence, the converter dc
voltage gain could be defined as follows:

Vout
Vi
where Grp is the voltage gain of the front-end inverter defined

as the ratio between the peak-to-peak voltage applied to the
transformer and the double of the input voltage

G =

= GrEg - Grx - Gpe (D

VFE (pk—pk)
Grg = ——— 2
FE W (2)
Grx = n is the turns ratio of the isolating transformer; Gpg
is the voltage gain of the back-end rectifier defined as the ratio
between the double of the output voltage and the peak-to-peak

voltage fed by the isolation transformer
2V0ut
VBE (pk—pk)

3)

Gpr =

Typically, these gain values are constant. However, apply-
ing TMC in any stage allows for regulating these values,
typically in integer steps. This article outlines reconfiguration
in different stages that can bring different benefits.

Based on these definitions, a classification of TMC tech-
niques could be derived, as shown in Fig. 2. Among the known
techniques, the application of two- and three-level full-bridge
inverters (FBIs) was found in the literature. The two-level
FBIs typically employ reconfiguration from the full-bridge
to another mode with less active switches, like half-bridge,
flyback, or forward. On the other hand, the three-level FBIs
could feature at least three different operation modes. Simi-
larly, multimode rectifiers could be active two- and three-level
circuits or passive voltage multipliers with static switches
reconfiguring their gain/mode. Some of them can reach up
to sixfold gain, but only up to four different modes were
observed for some of them in the literature.

Static reconfiguration of the input or output stages is a
typical TMC approach. However, more advanced techniques
are available too. First, some rectifiers could contain switches
controlled at the switching frequency while still providing
static dc gain control by changing switching patterns, achiev-
ing up to two TMC modes. A wide range of techniques also
manipulate the transformer turns ratio Grx. These techniques
are referred to as advanced TMC techniques as they typically
involve two transformation stages and changing front-end
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inverter stage switching patterns. Some of them could be com-
plicated due to the implementation of six possible operating
modes.

The last group of the assorted advanced TMC techniques is
not categorized based on their unique implementation. They
include the reconfiguration of the resonant tank using a bidi-
rectional switch, the use of auxiliary inductor winding to
establish an additional power transfer link between the input
and output sides, and cascaded integration of several typical
switching cells to create a versatile multitrack dc-dc architec-
ture.

As shown in Fig. 2, all the techniques included in this
survey can be broadly categorized into two main groups. First,
most TMC techniques target the dc voltage regulation range
extension. However, they could also be used for achieving
fault-tolerance when a converter needs to recover its operation
by modifying gains of the dc-dc converter parts to compensate
for damaged components. On the other hand, some TMC
techniques target switching power loss reduction at light load
to flatten the converter efficiency curve across its input power
range.

The following sections follow the generalized classification
of the TMC techniques. Therefore, the next section covers dif-
ferent reconfiguration types of the high-frequency front-end
inverter.

A. FULL-BRIDGE INVERTER TO HALF-BRIDGE INVERTER

The most widespread example of the TMC at the input side of
galvanically isolated dc-dc converters is the reconfiguration
from a FBI to a half-bridge inverter (HBI). It can be realized
using a capacitor leg (Ciy1 and Cipz) and an additional switch
S5 (see Fig. 3), or by a blocking capacitor Cp (see Fig. 4).

In the first case, the additional switch S5 is bidirectional and
VOLUME 3, 2022

Full-bridge inverter

Half-bridge inverter

Reconfiguration of the front-end inverter with an additional
switch from the full-bridge to the symmetrical half-bridge.

Full-bridge inverter Half-bridge inverter

Reconfiguration of the front-end inverter with the blocking
capacitor from the full-bridge to the asymmetrical half-bridge.

can be an electromechanical relay or two series MOSFETS [19],
[20], [21], [22]. In the FBI mode, the switch S5 is turned OFF;
in the HBI mode, the switch S5 is turned ON, and one transistor
leg (S7 and S>) is turned OFF (see Fig. 5).

Usually, the series blocking capacitor is utilized in resonant
topologies, such as the LLC, the CLLC, or the series reso-
nant converters (SRC) [19], [23], [24], [25], [26], [27], [28],

[62]. In the HBI, one switch in one leg could be turned ON
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FIGURE 5. Operation of the front-end inverter with an additional switch as
(a) FBI and (b) HBI.
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FIGURE 6. Operation of the front-end inverter with the blocking capacitor
as (a) FBI and (b) HBLI.

continuously, while the other one is turned OFF. As a result,
the average voltage of the blocking capacitor Cp equals half
the input voltage. The amplitude of the inverter output voltage
equals Vg = £0.5Vj, (see Fig. 6). In both cases, the recon-
figuration of the inverter from the FBI to the HBI changes
the voltage gain Grg from 1 to 0.5. Therefore, the HBI mode
can double the input or output voltage range. However, RMS
currents in the blocking capacitor, the primary winding of a
transformer, and the switch Sy are increased \/2 times at the
same operating point. It should be considered in the thermal
design of the converter.

Frequency modulation (FM) or symmetrical or asymmet-
rical pulse-width modulations (PWM or APWM) with fixed
switching frequency could be applied to regulate the voltage
gain in the HBI mode, depending on the converter topology.
At the same time, FM and different types of PWM or phase-
shift modulations can be applied in the FBI mode [30].

B. FULL-BRIDGE INVERTER TO THE FLYBACK OR
FORWARD MODE

In the next example, the TMC is reconfigured from the FBI
into the two-transistor forward or the two-transistor flyback
converter (see Fig. 7). The type of a reconfigurable converter
depends on the type of an isolation transformer. The reconfig-
uration into the two-transistor forward and flyback converters
is exemplified in [31] and [32], respectively. Reconfiguration
to the forward or the flyback mode in the light load conditions
provides lower switching and gate-driver losses (two switch-
ing devices versus four devices). According to the study, these
reconfigurations improve the light-load efficiency of a con-
verter by up to 40%. Fig. 8 shows control signals of switches
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FIGURE 7. Reconfiguration of the front-end inverter from the full-bridge to
the two-transistor forward or flyback inverter.
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FIGURE 8. Operation of the (a) FBI and (b) two-transistor forward or
flyback inverter.
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FIGURE 9. Reconfiguration of the front-end inverter from the full-bridge to
the single-switch inverter.

in the FBI mode and the two-transistor forward or flyback
mode. In the two-transistor forward and flyback modes, body
diodes of switches S3 and S, conduct the transformer current
when the active switches S; and S4 have been turned OFF
and the magnetizing current decreases to zero. It is the main
drawback of the two-transistor forward and flyback modes
because the forward voltage and reverse recovery losses could
be relatively high in the body diodes.

C. FULL-BRIDGE INVERTER TO SINGLE-SWITCH INVERTER

The following example of the TMC is the reconfiguration of
the FBI to the single-switch inverter (SSI), as shown in Fig. 9.
This TMC is possible only in the current- and impedance-
source topologies with an inductor or an impedance-source
network at the input, such as quasi-Z-source networks de-
scribed in [33]. In the SSI mode, diagonal switches (for
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FIGURE 10. Operation of the FBI (a) before and (b) after its
reconfiguration into SSI.

example, S; and S4) are turned ON continuously, and the in-
verter operates as the buck-boost converter with the nominal
gain that equals Gpg = 1 at the duty cycle D = 0.25.

The other diagonal switches (S, and S3) are operating dur-
ing the duty cycle, thus shorting the inverter (see Fig. 10).
The blocking capacitor Cp balances the voltage applied to a
transformer as in the HBI mode. According to the study [33],
the SSI has higher performance at a light load and higher input
voltage than the FBI. The main disadvantage of this TMC is
high current stress in the diagonal switches S; and S4.

D. HYBRID THREE-LEVEL FULL-BRIDGE INVERTER TO
HALF-VOLTAGE FULL-BRIDGE INVERTER AND
QUARTER-BRIDGE INVERTER

In high-voltage applications, three-level inverters (TLIs) are
a solution to the voltage stress reduction of the switching
devices. Though the three-level inverters are complex, low
voltage rating power MOSFETS feature low cost, low drain—
source ON-state resistance, and low output capacitance. As
a result, conduction and switching losses can be reduced
compared to a full-bridge converter with high voltage rating
power switches. In addition, a complex circuit of the TLI
facilitates flexible control and the TMC. The first example
of the TMC in three-level inverters is the reconfiguration of
a hybrid three-level inverter (H-TLI) from the FBI mode to
the half-voltage FBI (HV FBI) mode [34], [35], [36], [37].
Besides, the blocking capacitor Cj, allows for operating in the
quarter bridge inverter (QBI) mode.

One leg of the H-TLI consists of two transistors like the
conventional FBI, and the other leg consists of four switches,
two diodes, and two capacitors, as shown in Fig. 11. The
operation principle of the H-TLI in four modes is shown in
Fig. 12. In the HV FBI mode, half of the input voltage on
capacitors Ciy; and Cip is applied between points A and B
through a diode D; or D;. In the HV FBI mode, the nominal
voltage gain equals Grg = 0.5. Also, the H-TLI can operate in
the hybrid three-level mode, where the gain is regulated in the
range Grg = 0.5...1 by the variation of a duty cycle D [see
Fig. 12(c)]. In the QBI mode, the gain equals Grpg = 0.25.
The H-TLI can operate in three nominal points: Gpg = 1,
0.5, and 0.25. The main disadvantages of TLIs are challenging
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(b)

FIGURE 11. Reconfiguration of the hybrid three-level inverter from (a) FBI
to HV FBI mode and (b) QBI mode.

converter optimization and the high complexity of the circuits
related to the control and driving of switches.

TLIs require many isolated auxiliary supplies for each tran-
sistor. Another disadvantage of the H-TLI is that it has two
different types of transistors because the voltage stress equals
half the input voltage in the first leg and the full input voltage
in the other leg.

E. THREE-LEVEL FULL-BRIDGE INVERTER TO
THREE-QUARTERS BRIDGE INVERTER, TO HALF-VOLTAGE
FULL-BRIDGE INVERTER, AND QUARTER-BRIDGE INVERTER
The latest example of the TMC in three-level inverters is
the reconfiguration of the three-level full-bridge inverter (TL
FBI), which can operate in four modes: the FBI, the three-
quarter bridge inverter (TQBI), the HV FBI, and the QBI
mode, as described in [38], [39], [40]. Terms like TQBI
reflect the main characteristic of the front-end inverter—its
dc-ac voltage gain. TL FBI consists of two four-transistor legs
(87 ...8s), flying capacitors (Cy; and Cp2), two input capacitors
(Cins and Cjy2), and four diodes (D; ...Dy).

This example is suitable for high voltage applications
with a wide voltage gain range. Flying capacitors help with
the voltage balancing across the switches. The voltage of
the flying capacitors equals 0.5Vj,. Flying capacitors do not
conduct current only in the FBI mode. In the other modes, it
is necessary to control the voltage of the flying capacitors by
alternating the active transistors. An implementation example
of this TMC technique is shown in Fig. 13. The dc-ac voltage
gains in the FBI, the TQBI, the HV FBI, and the QBI mode
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TABLE 1 Comparison of TMC at the Input Side
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FIGURE 12. Operation of the hybrid three-level inverter as (a) FBI, (b) HV
FBI, (c) hybrid three-level inverter, and (d) QBI.

equal 1, 0.75, 0.5, and 0.25 (see Fig. 14), respectively. This TL
inverter type features the largest number of nominal voltage
gains. However, three-level resonant converters working
with a wide input/output voltage range still encounter many
difficulties, including high conducting losses, challenging
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converter optimization, and high circuit complexity related to
the control and power stage.

F. SUMMARY

The TMC techniques in the front-end inverters are compared
in Table 1. Nominal voltage gain values are reference values
that do not consider modulation necessary to achieve gain
values between them. The input-side TMC techniques, such
as reconfigurations of the FBI to the two-switch flyback or
forward mode or the SSI, enhance efficiency at a light load.
Other examples extend the voltage gain range and improve
performance in a wide range of voltage gain.

The voltage gain extension could be easily achieved in the
given techniques as the front-end inverter defines the voltage
swing applied to the isolation transformer. However, in some
cases, reducing the number of active switches could reduce
switching losses at a light load, resulting in efficiency en-
hancement. The literature shows that two-mode techniques,
like reconfiguring the FBI into HBI, could yield sufficient
performance for most applications. Multimode topologies de-
rived from TL FBI could be used in niche applications where
the dc voltage gain is wide and the maximum operating
voltage is high. Considering asymmetrical maximum voltage
and current stress of semiconductor devices, future research
should target new design approaches tailored to applications
by proper dimensioning of the semiconductors and corre-
sponding cooling system.

IV. OUTPUT SIDE TMC TECHNIQUES
TMC can also be applied at the output of galvanically isolated
dc-dc converters. Besides, inverters with TMC can operate
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Half-voltage full-bridge inverter
O—4
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FIGURE 13. Reconfiguration of the three-level full-bridge inverter from
(a) FBI to (b) TQBI, to (c) HV FBI, and to (d) QBI mode.

as a rectifier in the backward power flow direction. In this
case, presumably, all examples of the TMC in inverters can
be considered for rectifiers.

A. FULL-BRIDGE RECTIFIER TO VOLTAGE-DOUBLER
RECTIFIER

The first example of TMC at the output side is a transition
from the full-bridge rectifier (FBR) to the half-bridge rectifier

VOLUME 3, 2022
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FIGURE 14. Operation of the three-level full-bridge inverter as FBI
(a), half-voltage FBI (b), hybrid three-level inverter (c), and QBI (d).

Full-bridge rectifier

Voltage-doubler rectifier

FIGURE 15. Reconfiguration of the back-end rectifier with the blocking
capacitor from the full-bridge to the half-bridge.

(HBR), also known as the voltage-doubler rectifier (VDR).
This TMC can be realized by the capacitor leg and an addi-
tional switch [41], [42], [43], [44] or the blocking capacitor
[21], [27], [45], [46], [48], similar to the FBI-HBI reconfig-
uration described in the previous section. Fig. 15 shows the
reconfiguration from the FBR to the VDR with the blocking
capacitor. The rectifier operation after the reconfiguration is
the same as the operation of the half-bridge inverter (see
Fig. 16). In the FBR mode, all transistors operate as a syn-
chronous rectifier; in the VDR mode, two switches, Q; and
0>, operate as a rectifier. The voltage gain of the rectifier in
the FBR mode equals Gpg = 1, and the gain in the VDR mode
equals Gpg = 2. In the VDR mode, the current stress of the
blocking capacitor and the switch Q4 are two times higher
than that in the FBR mode.
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FIGURE 16. Operation of the back-end rectifier with the blocking
capacitor as (a) FBR and (b) VDR.
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FIGURE 17. Reconfiguration of the back-end rectifier with a bidirectional
switch from the full-bridge to the single-switch rectifier.
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FIGURE 18. Operation of the back-end rectifier with a bidirectional switch
as (a) FBR and (b) SSR.

B. FULL-BRIDGE RECTIFIER TO SINGLE-SWITCH RECTIFIER
This TMC technique is based on the rectifier reconfiguration
from the FBR to a single-switch rectifier (SSR), also called
a half-wave rectifier. Terminology-wise, the SSR shows the
duality between TMC application at the input and output
sides. This type of TMC requires a bidirectional switch Q>
in one rectifier leg for blocking this conduction path (see
Fig. 17). A switch Qy in another leg is turned ON continuously,
and the switches Q; and Q3 are turned OFF. Thus, only the
body diode of switch Q; operates in the SSR mode, or switch
Q) operates as a synchronous rectifier (see Fig. 18). SSR is
suitable for operation as a rectifier of the flyback converter.
For example, in [32], the inverter is reconfigured from the
FBI to the two-switch flyback converter. At the same time,
the rectifier is reconfigured from the FBR to the SSR. This
TMC allows for improving performance at a light load. The
voltage gain in both modes is the same. However, using the
bidirectional switch is a drawback of this TMC technique.
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FIGURE 19. Reconfiguration of the back-end rectifier with an NPC switch
from VDR to VQR.
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FIGURE 20. Operation of the back-end rectifier with an NPC switch as (a)
VDR and (b) VQR.

C. VOLTAGE-DOUBLER RECTIFIER TO
VOLTAGE-QUADRUPLER RECTIFIER

The third example of TMC at the output side is the VDR
reconfiguration into the voltage-quadrupler rectifier (VQR)
[28], [48], [49], as shown in Fig. 19. In this circuit, the NPC
switch Q; operates in ON/OFF mode and selects the mode of
the rectifier. The diodes D3 and Dy are required in the VQR
mode for blocking the reverse current. The capacitors C3 and
C4 perform second voltage doubling in the VQR mode and
operate as the output filter in the VDR mode. The operation
principle of the diodes and the switch under both modes is
shown in Fig. 20. In this figure and further in the article, active
levels for diodes show when they are expected to conduct
current under ideal conditions.

The voltage gain of the rectifier equals Gpg = 4 in the VQR
mode. In the VQR mode, the current stress of the blocking
capacitor and the switch Qg is two times higher than that in
the VDR mode, which is the drawback of this TMC.

D. FULL-BRIDGE RECTIFIER TO VOLTAGE-DOUBLER

RECTIFIER AND VOLTAGE-QUADRUPLER RECTIFIER

The combination of the first and the third case of the TMC
at the output side is described in [50]. This example shows
reconfiguration between the FBR, the VDR, and the VQR
(see Fig. 21). The circuit of the rectifier consists of six diodes,
four capacitors, two of which are blocking, and two transistors
operate in the ON/OFF mode. TMC is implemented by switch-
ing the transistors: both transistors are turned off in the FBR
mode (but the body diode of the O, conducts current), the
transistor Q; is turned ON in the VDR mode, and both transis-
tors are turned ON in the VQR mode, as shown in Fig. 22.
In some modes, only part of the circuit is operational. For
example, diodes D3 and Dy, the blocking capacitor Cpy, and
the capacitor C, operate only in the VQR mode. At the same
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FIGURE 21. Reconfiguration of the three-mode back-end rectifier from the
FBR to the VDR and the VQR.
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FIGURE 22. Operation of the three-mode back-end rectifier as (a) FBR,
(b) VDR, and (c) VQR.

time, the diode D5 operates only in the FBR mode. The main
advantage of this example is the wide voltage gain range of
the rectifier, considering that the voltage gain equals Gpp=1,
2, and 4. Drawbacks of this approach are a large number

VOLUME 3, 2022

Voltage-doubler rectifier Voltage-tripler rectifier

D¢

D, @ D;

FIGURE 23. Reconfiguration of the three-mode back-end rectifier from
VDR to VTR and VFR.

of semiconductor devices, unequal current stress of diodes,
and high current stress of components in the VQR mode. In
each mode, two diodes and one transistor conduct the cur-
rent, increasing the parasitic series equivalent resistance of
the rectifier. These drawbacks can be neutralized by selecting
suitable semiconductor devices and the thermal design of the
rectifier.

E. VOLTAGE-DOUBLER RECTIFIER TO VOLTAGE-TRIPLER
RECTIFIER AND TO VOLTAGE-FIVEFOLDER RECTIFIER

An alternative implementation of a three-mode rectifier was
proposed in [51]. It can operate in the VDR, the voltage-tripler
rectifier (VTR), and the voltage-fivefolder rectifier (VFR)
modes (see Fig. 23). The proposed rectifier consists of seven
diodes, five capacitors, and two transistors. As in previous
examples, the transistors operate in the ON/OFF mode and
control the rectifier mode. In the VDR mode, both transistors
are turned OFF; in the VTR mode, the Q; is turned ON; in
the VFR mode, both transistors are turned on. Depending
on the operation mode, the voltage gain of the rectifier can
equal Gpg = 2, 3, and 5. Though the voltage gain in the
VFR mode is high, the voltage gain range of this reconfig-
urable rectifier is not as wide as in the previous example. The
high number of utilized components is the main drawback of
this reconfigurable rectifier. Also, three diodes simultaneously
conduct current in the VTR and VFR modes (see Fig. 24).
This feature increases conduction losses and requires using
Schottky diodes with low forward voltage.
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FIGURE. 24. Operation of the three-mode back-end rectifier as (a) VDR,
(b) VTR, and (c) VFR.
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FIGURE 25. Reconfiguration of the three-mode back-end rectifier from
VQR to VFR and VSR.

F. VOLTAGE-QUADRUPLER RECTIFIER TO
VOLTAGE-FIVEFOLDER RECTIFIER AND
VOLTAGE-SIXFOLDER RECTIFIER

The study in [52] presents a rectifier operating in the VQR,
the VFR, and the voltage-sixfolder rectifier (VSR) modes
(see Fig. 25). Mode is selected by turning ON/OFF the static
transistors like in the previous case. Fig. 26 explains the oper-
ation of switches and diodes in different modes. In the listed
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FIGURE 26. Operation of the three-mode back-end rectifier as (a) VQR,
(b) VFR, and (c) VSR.

modes, the voltage gain of the rectifier Gpg equals 4, 5, and
6. Although the voltage gain has high values, the voltage gain
range is not as wide as in the previous three-mode rectifiers. At
the same time, compared with the previous examples, compo-
nent count is the largest: eight diodes, six capacitors, and two
transistors, which is a serious drawback of this approach.

G. THREE-LEVEL FULL-BRIDGE RECTIFIER TO 1.5-TIMES
VOLTAGE MULTIPLIER, TO VOLTAGE-DOUBLER RECTIFIER,
AND VOLTAGE-QUADRUPLER RECTIFIER

In high-voltage applications, three-level rectifiers can be ap-
plied to decrease the voltage stress of the components and,
as a result, reduce component costs. The three-level inverters,
such as the TL HBI and the TL FBI, can be used as rectifiers.
An example of using the three-level full-bridge rectifier (TL
FBR) is described in [40]. The operation principle is similar
to that of the TL FBI. Depending on the modulation, the rec-
tifier can operate as the FBR, the 1.5-times voltage multiplier
(1.5xVM), the VDR, or the VQR, as shown in Fig. 27. The
voltage gain Gpg equals 1, 1.5, 2, and 4 in the mentioned
modes. At the same time, the average voltage of the blocking
capacitor V¢ equals zero in the FBR and the VDR modes and
0.25Voy in the 1.5xVM and the VQR modes, respectively
(see Fig. 28). The voltage stress of the components is equal to
half the output voltage. The drawback of this approach is the
highest component count and the most complex circuit of the
rectifiers described above.

H. SUMMARY

The topology morphing control in the back-end rectifiers is
compared in Table 2. The nominal voltage gain values are
defined by the converter operating points when no boost or
buck voltage regulation is performed, which is similar to the
converter operation as a dc transformer. The dc gain values
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FIGURE 27. Reconfiguration of the three-level half-bridge rectifier from (a) the FBR to (b) the 1.5xVM, (c) the VDR, and (d) the VQR.
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FIGURE 28. Operation of the three-level half-bridge rectifier as the (a) FBI,
(b) the VDR, (c) the 1.5xVM, and (d) the VQR.
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between them could be achieved only by implementing boost
or buck voltage regulation using a pulsewidth or frequency
modulation.

Most of the case studies in the techniques surveyed were
dedicated to extending the converter gain range, with the
fourfold extension being the best-reported result. Only one
technique that applies SSR as one of the modes was used
to enhance the efficiency, but it was combined with the cor-
responding input-side reconfiguration. Hence, the resulting
efficiency improvement cannot be associated with the recti-
fier reconfiguration alone. Most of the techniques implement
integer steps in the rectifier ac—dc gain Gpg, which makes
them useful for the extension of the regulation range. The gain
steps allow for keeping the control variable of the front-end
inverter in the range of favorable efficiency, as it does not need
to regulate the input voltage more than twofold before the
rectifier changes its mode again. However, the mode changes
could result from the considerable input and output voltage or
current transients.

These techniques typically yield no significant efficiency
improvement. Instead, they allow keeping its values in a wider
input voltage range where a converter would not be able
to operate due to limits of its input voltage regulation and
power loss dissipation. In particular, full-bridge step-up dc-dc
converters typically feature efficiency rising with the input
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TABLE 2 Comparison of TMC at the Output Side

. Number of 5 . Lo
T™C Nominal components! Cost Advantage Disadvantage Application examples
voltage Input dc Output dc
gainGge | S| D | C voltage, V voltage, V Power, W
30-60 200/400 V 500 [21]
390 250—450 900
Voltage gain range High current stress 17-43 340-430 250
FB(II:{itO 1\/5]))R 1;2 410 2 $ extension up to two in one switch and 400 100—-420 1500
& times blocking capacitor 36-60 340-380 800
18-36 12 120
800 200-950 3300 [46]
. High conduction and
Light-load
FBR to SSR 1 alol 1] s efficiency reverse recovery 20-30 170/ 10-100 [32]
(Fig. 17) o losses in body 200-270
enhancement (+8%) .
diodes
wrovor |20 || [ | s | smesmme it 00 160 2S00
(Fig. 19) n up . . 300-700 6600 2500 [49]
times blocking capacitor
FBR to VDR, 1;2:4 extension by 4 uneaual curren t,
to VQR 2 16| 4 $$ times, reduced qua’ 5-110 400 360 [50]
. stress of diodes, and
(Fig. 21) voltage stress by .
. high current stress
two times
of components
Voltage gain range High number of
VDR to VTR, to Ca. extension by 2.5 utilized components, B
VER (Fig. 23) %35 2173 3% times, voltage stress | high current stress in 25-100 300 250[31]
by 2 times diodes.
Voltage gain range
V\?S‘;“(’FYF‘;;_;O 456 | 2|8 6| ss extension by 1.5 25-50 760 300 [52]
& times High number of
TL FBR to Voltage gain range switches,
1.5xVM. to - 15 extension up to four unequal current
: y 2 8 | 4| 4 $$$ times, reduced stress in switches 200 200-700 3500 [40]
VDR, to VQR 2; 4
; voltage stress by 2
(Fig. 27) .
times

Note: 'S=switch; D=diode; C=capacitor; L=inductor.

“Estimated cost: $ is a low cost; $$ is a medium cost; $$$ is a high cost.

voltage, which could result in significant efficiency ripple at
the rectifier mode transitions [53]. Such a step in the converter
losses at the mode change could compromise the converter re-
liability due to the thermal cycling of components. Therefore,
the reconfigurable rectifiers are much more suitable for appli-
cation with front-end inverters featuring a reduced number of
components, like HBI or SSI, as those feature symmetrical
efficiency curves regarding the middle of their duty cycle
regulation range. Contrary to this, the resonant converters
with dc voltage gain close to one show much lower efficiency
variation in their typical regulation range. The application of
reconfigurable rectifiers could extend their voltage gain range
while keeping a relatively flat efficiency curve.

More complicated circuits based on the three-level FBR
could be useful in applications where the output voltage must
vary in a wide range, reaching values above the blocking
capacity of a single device. An example of such an application
could be the electric vehicle charging standard CHAdeMO,
which requires the charging voltage range from 50 to 1000 V
[54].

The most critical points to be addressed are achieving a
smooth transition between the modes and assessment of the
associated damage accumulation in the converter components.
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V. ADVANCED TMC TECHNIQUES
This section describes advanced TMC techniques not covered
in the previous two sections.

A. SEMI-ACTIVE RECTIFIER WITH VARIABLE STRUCTURE

In Sections II and III, examples of static TMC were described.
In those cases, some transistors operate in ON/OFF mode
and switch an inverter or a rectifier circuit between different
modes/topologies. However, there is also an active TMC when
all transistors operate in the PWM mode, and the voltage gain
of the converter is dependent on the PWM method. In the first
example of the active TMC [55], a semi-active rectifier was
demonstrated (see Fig. 29), which can operate as the VDR
or the VQR depending on the switching patterns shown in
Fig. 30. The circuit of the reconfigurable rectifier consists of
two transistors, two diodes, and three capacitors. To balance
voltage between the capacitors C; and C> in the VQR mode,
the transistors operate sequentially one after the other: Q; is
turned ON during one period, Q> is turned ON during the other
period. The advantage of the rectifier with the active TMC is
a lower component count than in the similar rectifier with the
passive TMC from Section III-C.
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FIGURE 31. Active three-level half-bridge (a) inverter and (b) rectifier.

B. ACTIVE THREE-LEVEL HALF-BRIDGE INVERTER AND
RECTIFIER WITH VARIABLE STRUCTURE

Another example of an active TMC is utilized for the three-
level half-bridge inverter and rectifier, as shown in [56], [57],
[58], [59]. Fig. 31 shows the topologies of the active TL
HBI and the active TL HBR. The inverter and rectifier can
operate in the HBI or the QBI mode, i.e., the VDR or the
VQR mode, respectively. The circuits and operation principles
of the inverter and the rectifier are similar. Therefore, only
the operation of the inverter is described below. Half of the
input voltage is applied to a transformer by turning ON the
transistors S; and S; simultaneously (see Fig. 32(a)). The zero
states in the switching cell are realized by turning ON switches
S and S3. The QBI mode is realized by turning ON transistor
pairs S; and S3 or S» and Sy (see Fig. 32(b)). To balance the
voltage of the input capacitors Ciy; and Cjyp in the QBI mode,
two pairs of transistors should be turned ON during equal time
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FIGURE 32. Operation of the active TL HBI inverter as (a) HBI and (b) QBI.
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FIGURE 33. Operation of the active three-level half-bridge rectifier as the
(a) VDR and the (b) VQR.

intervals. All inverter transistors are switched in this case, but
the switching frequency is twice lower than that in the HBI
mode. The voltage gain of the TL inverter Grg equals 0.5 and
0.25 in the HBI mode and the QBI mode, respectively. The
voltage gain of the TL rectifier Gpg equals 2 and 4 in the VDR
and the VQR mode, respectively (see Fig. 33). The voltage
stresses of the components in the inverter and rectifier equal
half the voltage. The main disadvantage of the three-level
half-bridge inverter and rectifier is the uneven current stress
of the switches in the QBI and the VQR modes.

C. ADJUSTING THE TRANSFORMER TURNS RATIO

Another approach for extending the voltage gain of a con-
verter is adjusting the turns ratio of a transformer by switching
transformer tap windings. This simple approach has been
applied in power engineering for a long time. The idea is
to divide the output-side transformer windings into tapped
sections and switch between them. Thus, the turns ratio of
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FIGURE 34. Reconfiguration of the transformer with two secondary
windings.

the transformer can be adjusted. As described in [60] and
[61], this approach can also be applied to galvanically isolated
dc-dc converters. Bidirectional switches enable or disable sec-
ondary windings and connect them to the three-leg full-bridge
rectifier. Depending on the states of the switches, the turns
ratio of the transformer Gry takes three values, as shown in
Fig. 34. Using bidirectional switches is the main disadvantage
of this approach since each switch consists of two MOSFETS
connected in the back-to-back configuration. In the described
circuit, two MOSFETS and two diodes conduct current in two
configurations, and four MOSFETS and two diodes conduct cur-
rent in the third configuration. As a result, the series resistance
of the rectifier is higher than that of the conventional FBR.
Also, these MOSFETS require isolated drivers, which compli-
cates the control system.

D. BYPASSING A SERIES TRANSFORMER

Besides switching windings of a transformer, switching be-
tween parallel transformers or enabling series transformers
can be used to extend the range of the dc voltage gain of a con-
verter. Fig. 35 shows a converter with two series transformers
and two parallel FBRs proposed in [62]. The bidirectional
switch §; enables or bypasses the second transformer 7X»,
depending on the state of the switch. When the §; is turned
OFF, the primary windings of the transformers are connected
in series. Thus, the total turns ratio of the two transformers
equals

Gry = —= )

where n; and n, are the turns ratio of transformers 7X; and
TX,, respectively. Thus, enabling the second transformer de-
creases the total turns ratio and redistributes voltage between
two series primary windings. It reduces the flux density in the
first transformer when the front-end inverter provides voltage
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FIGURE 35. Reconfigurable topology with an enabled series transformer.

above a certain threshold. This approach was applied to the
LLC converter, where enabling the second transformer also
increases the equivalent magnetizing inductance of the reso-
nant tank and minimizes the magnetizing current. As a result,
the dc voltage gain of the given LLC converter is extended
more than two times. However, an obvious disadvantage of
the proposed approach is the doubled number of transform-
ers and rectifier diodes compared with the conventional LL.C
converter.

E. DOUBLE FULL-BRIDGE LLC CONVERTER BASED ON
RECONFIGURABLE THREE-LEG INVERTER

Another TMC technique of switching parallel-series trans-
formers is described in [63], [64], and [65]. The proposed
converter consists of a three-leg FBI and FBR, and two
parallel transformers and series capacitors, which form two
resonant tanks (see Fig. 36). The three-leg inverter can operate
as the double full-bridge (DFBI) and supply two transform-
ers or operate as the FBI or the HBI while supplying only
one of the transformers. In the FBI and the HBI modes,
the converter operates like the conventional LLC converter
based on one transformer. In the DFBI mode, both resonant
tanks operate in parallel, and the total turns ratio of trans-
formers is Ggx = nj+n; because the secondary windings of
the transformers are connected in series. Thus, the proposed
converter operates under three modes, which cover a wide
range of voltage gain.

A similar approach is proposed in [66], [67], and [68].
These studies demonstrate the LLC converter based on the
dual HBI (DHBI), which operates under two similar modes:
the DHBI mode and the conventional HBI mode. The differ-
ence between the DFBI and the DHBI is that a capacitor leg
replaces a switch leg.

The main drawback of the dual-bridge approach is the
double number of components, which is the same as in the
previous examples.
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F. FIVE-SWITCH RECONFIGURABLE INVERTER

Another TMC technique employing two transformers is pre-
sented in [69], [70], and [71]. Instead of the three-leg inverter,
the five-switch bridge inverter (SH-inverter) is utilized along
with two transformers. Both transformers are parts of parallel
resonant converters, as shown in Fig. 37. The six operation
modes of the SH-inverter are shown in Fig. 38. Depending
on the switching sequence, the first or/and second resonant
converters operate with the HBI or the FBI. Theoretically, the
same number of modes, i.e., equivalent topologies, is possible
for the previous example. The main difference between the
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DHBI and the 5H-inverter is in the number of switches: six
against five.

G. LLC WITH AUXILIARY COUPLED INDUCTOR

In the TMC examples with two transformers described above,
the rated power of the transformers in each converter is the
same. However, converters with an auxiliary coupled inductor
have been proposed in [72] and [73] to extend the voltage
gain range of the resonant converters. The auxiliary coupled
inductor is connected to a half-wave rectifier (HWR), which
consists of diodes D3 and Dy, and capacitor C;z (see Fig. 39).
When the bidirectional switch S; is disabled, the topology
operates like the conventional LLC converter with the VDR.
The magnetizing inductance of the coupled inductor 7X; is
part of the resonant tank. When the switch §; is enabled,
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the output voltage will be equal to the summed outputs of
the HWR and VDR. The drawback of this approach is the
power loss in the auxiliary coupled inductor even when the
HWR is disabled because the resonant current flows through
the primary winding of the inductor 7X;.

H. TRANSFORMERS WITH A FRACTIONAL TURNS RATIO
Another approach of TMC in the transformer stage is pro-
posed in [74], [75], [76], and [77]. In their approach, a
transformer with fractional turns ratio is utilized as an iso-
lation transformer in the LLC converter. Dividing flux from
the transformer turns allows for achieving a fractional turns
ratio. It can be used in step-up/down applications with a high
turns ratio for decreasing the number of turns. The proposed
transformer has Np total turns wound on the primary side
and two secondary turns implemented from half turns (see
Fig. 40). Each secondary half-turn is connected to an FBR
through a blocking capacitor, as shown in Fig. 41.

Each rectifier can operate in the FBR, the HBR, or the zero
mode. When both rectifiers operate in the FBR mode, the
effective turns ratio of the converter equals Np:0.5. The com-
bination of operation modes in the rectifier gives four different
effective turns ratios: Np:0.5, Np:2/3, Np:1, Np:2, achieved by
combining FBR and FBR, FBR and HBR, HBR and HBR,
and HBR and the zero modes, respectively. Implementation
of the transformer with fractional turns requires a specific
design. The examples described in the literature are based on
planar cores with the printed circuit board (PCB) turns to op-
timize the size of converters. The PCB-based implementation
could reduce the production cost of such converters. However,
this TMC technique requires high semiconductor component
count and associated circuitry.

On the other hand, an advanced planar transformer design
along with an active TL HBI at the input and two active
FBR cells at the output side resulted in the variable—inverter—
rectifier—transformer concept [74]. It is the ultimate example
of the TMC in the galvanically isolated dc-dc converters,
providing numerous operating modes and, consequently, sig-
nificantly extending the range of voltage gain regulation.

I. RECONFIGURABLE RESONANT TANK

Apart from controlling the resonant inductance and the equiv-
alent turns ratio of transformers in the LLC converters, the
TMC can be applied to the resonant tank. Studies in [78] and
[79] describe modified resonant converters, where the LLC
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resonant tank could be reconfigured to the LLCC resonant
tank. As can be seen from Fig. 42, a bidirectional switch con-
trols the type of the resonant tank. When the switch is turned
ON, the converter operates as the LLCC topology. When the
switch is turned OFF, it operates like the conventional LLC
topology. It allows for extending the voltage gain range while
operating within a narrow switching frequency range. The
described approach is one of the simple methods for extending
the voltage gain range in the LLC converters.

J. MULTITRACK CONVERTER ARCHITECTURE

Another scalable and reconfigurable architecture of galvan-
ically isolated dc-dc converters employing the TMC is pre-
sented in [80], [81]. Its simplest embodiment, the two-track
converter, consists of the switched inductor (boost) circuit,
hybrid double inverter, and isolation stage (with two trans-
formers). The switched inductor circuit operates as the boost
converter when the input voltage is less than Vy, where
Vx and 2Vy are two related intermediate bus voltages, as
shown in Fig. 43. When the input voltage is between Vy
and 2V, the switch S3 is turned ON continuously and Sy
is turned OFF, while the switches S; and S, balance volt-
ages of capacitors C; and C». The hybrid inverter consists
of switches S5 g, capacitors C; 3, and blocking capacitors
Cp; and Cpy. The inverter structure implies operation with a
dual-primary-winding transformer or two parallel transform-
ers. The proposed TMC technique is based on merging several
typical converter stages. It allows for operating in a wide volt-
age gain range and optimizing current and voltage stress in the
components. The simplest implementation of the multitrack
architecture requires at least eight transistors, each with the
galvanically isolated auxiliary supply for the driving circuit,
which limits its use in practice.

K. SUMMARY

Table 3 compares advanced TMC techniques and demon-
strates advantages, disadvantages, typical voltage and power
for each technique. The nominal voltage gain value in the
table takes into account the voltage gain of a converter at a
nominal voltage. As can be observed, the given techniques
all target the voltage gain range extension. There is a distinct
group based on using multiple transformers and reconfiguring
their connections. The flexibility of these techniques depends
on the combination of their turns ratios, which are restricted
by the regulation range of the original topology. Also, some of
the advanced TMC techniques use very complex topologies
that could be justified only for niche applications where the
achieved flexibility could rationalize the cost of implementa-
tion.

VI. TMC IMPLEMENTATION EXAMPLES
This section focuses on the implementation of the TMC in
practical applications.

VOLUME 3, 2022



IEEE Open Journal of the

Industrial Electronics Society

Full-bridge rectifier / Full-bridge rectifier

Va ut

o)
X L
D T [Vou
Np/2:1/2 v
L)
Np/2:1/2

©

mode.

oN/
CZ OFF 51

Ly

Cy
I
i

Reconfiguration from LLC to LLCC resonant tank.

A. FAULT-TOLERANT PV MICROCONVERTER

The TMC could be implemented for fault tolerance in a
galvanically isolated high step-up photovoltaic (PV) micro-
converter. The study in [47] proposed a galvanically isolated
dc-dc converter consisting of the quasi-Z-source network at
the input, the FBI, an isolation transformer, and the reconfig-
urable rectifier with one active switch (see Fig. 44). To extend
the input voltage range, the proposed microconverter can op-
erate in the boost and buck modes. The PV microconverter
can tolerate transistor faults in the FBI as the most stressed
part of the microconverter. When a short-circuit failure (SCF)
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happens in one of the inverter switches, the inverter is recon-
figured from the FBI to the SSI or the HBI in the boost mode
or the buck mode, respectively, as shown in Fig. 45. At the
same time, the rectifier is reconfigured from the FBR to the
VDR in both modes. After the reconfiguration, the inverter
changes the voltage gain from Grg = 1 to G = 0.5, and the
rectifier changes the voltage gain from Gpg = 1 to Gpg = 2.
Thus, the total dc voltage gain remains the same after the SCF
and the microconverter can continue normal operation in the
same voltage range.

B. SHADE-TOLERANT PV MICROCONVERTER

In the second example from paper [82], the TMC was utilized
for extending an input voltage range of a PV microconverter to
minimize power losses under the partial shading condition of
a PV module. The proposed PV microconverter consists of the
front-end quasi-Z-source SSI, an isolation transformer, and a
reconfigurable rectifier, as shown in Fig. 46. Below a certain
input voltage, the rectifier operates as the VQR. It is recon-
figured into the VDR when the input voltage is above that
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TABLE 3 Comparison of Advanced TMC Techniques
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to four times transistors
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Note: 'S=switch; D=diode; C=capacitor; L=inductor, TX=transformer;
2A transformer with two primary or secondary windings.
3Estimated cost: $ is a low cost; $$ is a medium cost; $$$ is a high cost.

threshold value. The rectifier operation modes are selected by
switching a mode-changing switch Q;, which operates in the
ON/OFF mode. Thus, high performance was achieved in the
input voltage range from 8 up to 50 V, despite the simplified
front-end inverter utilizing fewer switches. This range enables
the maximum power point tracking under different partial
shading conditions of the widespread 60-cell Si-based PV
modules.

C. PV MICROCONVERTER WITH FLAT EFFICIENCY CURVE

TMC is also applied in PV microconverters for efficiency
flattening across a power range [32]. The given PV micro-
converter consists of the FBI and the active FBR, as shown
in Fig. 47; the aim is to achieve bidirectional power flow
for possible battery integration. The idea presented in the
article is based on the reconfiguration of the FBI to the fly-
back converter and the FBR to the SSR at a light load (see
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Fig. 48). According to the study, applying this reconfiguration
at loads below 40% allows for improving the efficiency by up
to 8%. The main drawback of the proposed approach is the
requirement for using one bidirectional switch in the rectifier
for blocking one leg in the SSR mode. It increases the cost of
the rectifier and conducting losses in the FBR mode compared
to the conventional FBR. Moreover, this approach is useful
in low-power applications as the transformer air gap shall be
large enough to handle power transfer in the flyback mode,
which increases the conduction losses from the magnetizing
current in the FBI mode.

D. UNIVERSAL HIGH STEP-UP INTERFACE CONVERTER FOR
DC MICROGRIDS

Another example of TMC application that allows for a wide
input voltage range and flattened efficiency curve is presented
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in [83]. In that study, the bidirectional isolated hexa-mode dc-
dc converter (IHMC) based on the SRC topology is presented.
The converter has a symmetrical structure that utilizes hybrid
FBI cells both at the input and output sides. Each hybrid
switching cell can operate as the FBI or the HBI. Thus, the
IHMC operates under three topology configurations in each
power flow direction: the FBI-FBR, the HBI-FBR, and the
FBI-VDR (see Fig. 49).

In each mode, the converter operates as a buck-boost
converter with the synchronous rectification. A special modu-
lation is applied at the input side to step down the input voltage
by reducing the active state duration at the isolation trans-
former, thus lowering the power throughput of the resonant
tank. Similarly, using a special modulation at the output side
allows for the input voltage boosting by short-circuiting the
secondary winding with the resonant inductor, using the latter
as an ac boost inductor. The TMC in this example provides for
achieving a wide input voltage range from 10 to 60 V with an
efficiency higher than 92% and the peak efficiency of 98%.
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E. MICROCONVERTER WITH DUAL-STANDARD OUTPUT
VOLTAGE FOR PV APPLICATIONS

TMC was also used in a PV microconverter for operation
with two different voltage levels of a dc link, such as 200
and 400 V. This makes the microconverter compatible with
inverters operating at different ac voltage levels: 110/120 V
and 220/230/240 V, extending their applicability in different
geographic locations. As a solution, a universal PV micro-
converter is proposed in [21], in which the FBI can be
reconfigured in the HBI, and the FBR can operate as the VDR
(see Fig. 50).

The converter has three topology configurations: HBI-FBR,
FBI-FBR, and FBI-VDR. The maximum normalized voltage
gain of the converter in these modes equals G = 0.5, 1,
and 2, respectively. Reconfiguration of the rectifier is applied
for operation at different output voltage levels. At the same
time, the inverter can operate in the FBI or the HBI mode.
In the study, a hybrid mode for controlling the inverter was
applied. During the active states, the inverter operates as the
FBI. During the zero states, the inverter is reconfigured to the
HBI to levelize the peak transformer magnetizing current and
avoid incomplete zero-voltage switchings. Thus, the proposed
converter operates with efficiency of up to 96% at the input
voltage range from 30 to 60 V, and two output voltage levels
of 200 and 400 V.
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F. TELECOM BACKUP POWER SUPPLY WITH
DUAL-STANDARD OUTPUT VOLTAGE

One more example of TMC application in this section ex-
hibits an LL.C converter for supplying telecom systems from
a battery with a wide voltage range [19]. The proposed con-
verter is designed for a 100-400 V input voltage, a 48/24 V
output voltage, and a maximum power of 800 W. The wide
input voltage range was achieved by applying the TMC in the
front-end inverter, as shown in Fig. 51. In the input voltage
range of 100-240 V, the front-end inverter operates in the FBI
mode. In the input voltage range of 240—400 V, it switches to
operation in the HBI mode. Thus, the TMC allows for achiev-
ing efficiency above 90% in the wide input voltage range.
The study describes also a method for soft transition between
modes and stabilization of the output voltage. However, the
mode reconfiguration transitions limit the converter feasibility
in applications with tight voltage regulation.

G. ELECTRIC VEHICLE CHARGER WITH A WIDE OUTPUT
VOLTAGE RANGE

A good example of advanced TMC techniques is the electric
vehicle charger presented in [69]. It utilizes a five-switch re-
configurable bridge with two transformers shown in Fig. 37.
The authors demonstrate how this topology can interchange
its normalized dc voltage gain between 1, 2, 3, and 4. It
was verified using a 1.1 kW protype fed with 390 V input
voltage. Using TMC, it achieves a fourfold output voltage
range from 100 to 420 V. This converter not only outperforms
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the reference LLC converter-based chargers, but also features
a narrow frequency regulation range. Owing to the use of
TMC, it maintains its efficiency over 96% across the output
voltage range and achieves the peak efficiency of 97.6%.
Its obvious disadvantages are uneven thermal loading of the
switches throughout the output voltage regulation range and
overall complexity, which, however, could be acceptable for
the applications where different standards require a very wide
output voltage range from the chargers.

H. FAULT-TOLERANT CONVERTER FOR MORE ELECTRIC
AIRCRAFTS

In more electric aircrafts, dc distribution is based on the use
of two dc buses: 28 and 270 V. A converter interlinking them
is required, where the dual active bridge is a common choice.
In such a mission-critical system, a switch fault can occur, but
it must not result in converter failure. For example, at an SCF
in the switch Sy, the dual active bridge converter can continue
operation as a dual half-bridge converter, as shown in Fig. 52.
It is essential to mention that this converter could provide
fault tolerance with zero redundancy, i.e., no redundant com-
ponents. There are following two possible implementations of
the converter:
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1) conventional with a large inductor Lj and phase shift

modulation;

2) series-resonant implementation with a small Ly that is

likely to be embedded into the transformer 7X.

It could be shown that zero-redundancy post-fault operation
of the conventional implementation is not feasible due to the
low power throughput of the post-fault dual half-bridge con-
verter, which is four times lower than that before a fault.

On the other hand, the resonant implementation can handle
post-fault operation at the same switching frequency. It can
match the low-voltage port range from 18 to 50 V and the
high-voltage port range from 200 to 330 V [84]. Pre-fault
efficiency of a 300 W prototype ranges from 91% to 97.8%.
The post-fault efficiency values ranging from 86% to 96%
result from much increased current stress of the remaining
healthy components.

VIl. DISCUSSION

A. GENERALIZATION

Most of the TMC techniques could be summarized in the
following basic principles: reducing voltage or current stress
of semiconductors in a wide voltage range operation by re-
configuring the topology; reducing the number of switching
components to improve light-load efficiency; recovering con-
verter gain after a semiconductor fault; increasing converter
dc gain at the output side to enable input side operation in a
wider voltage range, while keeping the input-side duty cycle
in an optimal range. It is worth mentioning that TMC has not
shown power density improvement of the baseline converters.
In some cases, power density could even be reduced due to
specific thermal design requirements or the complicated de-
sign of magnetic components. On the other hand, the TMC
enables single-stage high-performance dc-dc converters that
could be smaller than the typical two-stage converter with the
same functionality.

Several generalizations could be drawn from the literature
surveyed in this article. Galvanically isolated dc-dc converters
with low dc gain changing in a relatively wide range are typ-
ically designed for applications from several kW and higher,
like on-board EV charging. Their implementation with LLC
or series resonant switching with TMC on the input side could
be recommended in the case of the wide input voltage range,
or TMC on the output side in the case of the wide output
voltage range to keep the stress of semiconductor components
constrained. Most of these applications would not require
more than two-mode TMC techniques. TMC techniques based
on three-level topologies would be helpful when the voltage
range spans to voltages above the voltage blocking capability
of generic semiconductor switches.

Applications with high dc gain typically deal with low
power, often below a kilowatt. As a result, the front-end
inverter is often rated for high current stress, leading to
considerable input voltage and power efficiency variations.
These efficiency variations could result in significant effi-
ciency steps, i.e., thermal cycling, when a converter changes
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FIGURE 53. Example of TMC control integrated into a close-loop control
system.

its operation mode based on TMC. However, the best-in-class
dc gain range with no efficiency steps at the mode changes was
observed in the converter combining boost half-bridge with
reconfigurable rectifier [50]. Research efforts are required to
determine whether this issue could be resolved for the full-
bridge circuits.

Only a handful of techniques target efficiency improvement
at light loads. These techniques have been used for low-power
applications where reducing the number of active semicon-
ductor devices at a light load could be very effective. At the
same time, asymmetrical requirements for heat dissipation of
devices are easy to manage in these applications. Neverthe-
less, some TMC techniques, such as reconfiguring FBI into
HBI for better efficiency at a light load, could be useful in
medium and high-power applications [85].

In addition, many advanced techniques resulting in high
complexity of the converter design have been demonstrated
for applications with high dc gain changing in a wide range.
Their use can be recommended in niche applications, where
strict performance requirements could justify associated extra
costs.

B. CHALLENGES

Application of TMC techniques is challenging. First, the inte-
gration of TMC into a control system of a converter requires
an additional control loop for reconfiguring a topology de-
pending on the input and output voltage or power. In addition,
the parameters of a regulator in the control system should be
changed with topology reconfiguration due to changes in the
small-signal converter model for each topology configuration.
An example of a control system is shown in Fig. 53. The mode
selector block changes topology configuration when voltage
gain changes and crosses a threshold. With changing topology
configuration, the mode selector also changes the parameters
of the regulator.

The second challenge in control is the implementation of
transitions between topology configurations with stabilized
input and output voltage and current. Hard transitions between
configurations cause high current stress in components that
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can damage a converter. Few studies have presented soft-
transition algorithms [19], [86]. During the soft transition, the
control system disables a regulator and sets a precalculated
value for control variable D. Subsequently, the control system
switches back to normal operation.

An efficiency step change that happens after a transition be-
tween topology configurations can be highlighted as the third
challenge. The efficiency step change results in a consider-
able difference in power losses after the transition. Therefore,
when the converter crosses the transition point, the temper-
ature of the converter components changes. It would result
in accelerated degradation of the converter components. To
minimize the thermal stress of the components, the converter
should be designed to map the mode transition points away
from the most probable operation voltages or currents, if pos-
sible. Moreover, the thermal design of the converter should be
based on the worst-case analysis of losses in each component
for different modes.

C. PROMISING APPLICATIONS

As our review of the literature shows, the TMC is becoming
more popular in applications with a wide input or output
voltage range, such as chargers or battery interfaces. This
trend suggests that TMC will gain even more attention in
connection with the development of new portable electronic
devices, electric scooters and bicycles [87]. In addition, the
accelerating adoption of battery energy storage systems could
benefit from the use of more flexible power electronic inter-
face converters [88], [89].

The second expected trend is power electronics for sup-
plying new USB Power Delivery (PD) specification (revision
3.1) that allows for delivery of up to 240 W over the USB
type-C interface. USB fast chargers are expected to become a
ubiquitous solution for portable electronics. The TMC could
be a solution for the realization of efficient chargers capable
of providing all output voltages requested by the USB PD
specification (5, 9, 12, 20, 28, 36, and 48 V) [90].

The other promising application field for the TMC is fast
chargers and on-board chargers for electrical vehicles (EV)
and hybrid plug-in vehicles due to a wide voltage range of
on-board batteries. The battery voltage standard has increased
from 400 to 800 V [91]. Predictably, higher battery voltages
allow for decreasing conduction losses in EVs. The TMC
enables new chargers with a wide output voltage range.

Besides EVs, more electrical aircrafts could become a pri-
ority application area for the TMC [92], [93]. TMC increases
the efficiency of converters operating in a wide range of on-
board dc bus voltages and enables low-cost implementation of
fault tolerance [84].

DC-microgrids for residential and small commercial build-
ings are becoming more popular due to their high efficiency
compared to the ac grid [94], [95]. A variety of residential so-
lar photovoltaic modules and battery types for energy storage
requires numerous application-specific interface converters.
The TMC can also enable a new class of universal interface
converters to integrate renewable energy sources into the dc
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microgrids with a minimum number of stock keeping unit
types [50].

Residential PV systems suffering from partial shading of
PV modules need interface converters capable of global max-
imum power point tracking [96]. This feature requires those
converters to ensure a wide input voltage range that could be
achieved at a low cost using TMC [82].

Fuel cells have been under the spotlight due to recent gov-
ernmental support to cleantech. Their application requires the
development of dc-dc converters capable of wide input volt-
age range regulation and delivering the maximum power at
the maximum dc gain [97], [98]. TMC could help to optimize
current stress in components for this challenging application,
but more studies focusing on application of TMC are needed
to show all possible benefits [34].

D. PROTECTED INTELLECTUAL PROPERTY

It is important to mention that a number of TMC techniques
identified are protected by patents by companies and inventors
from academia.

Several designs were patented by ShanghaiTech University:
TMC with two secondary windings (see Fig. 34) [99], SH-
inverter (see Fig. 38) [100], and reconfigurable rectifier from
Fig. 25 [101].

Delta Electronics holds several patents for TMC techniques
applied on the converter input side: TMC based on TL HBI
(see Fig. 31) [102], [103], and FBI/HBI reconfiguration in the
front-end inverter (see Fig. 5) [29].

Murata Manufacturing Co. holds a patent describing the
flying capacitor TL FBI capable of operating in the FBI mode
with full voltage swing on the transformer and HBI mode with
twice reduced voltage swing applied to the transformer [104].
This TMC technique could be considered a reduced subset of
the technique shown in Fig. 13.

Huawei Digital Power Technologies also holds a patent
that covers reconfiguration of both stages of a galvanically
isolated dc-dc converter, where they demonstrate embodi-
ments similar to TMC implementing FBR/VDR (see Fig. 15)
and three-level half-bridge rectifier (see Fig. 31) [105],
[106].

Shanghai Fengtian Electronics Co. holds a pending patent
application describing two techniques for LLC resonant con-
verter: FBI/HBI reconfiguration of the front-end inverter and
hybrid modulation when one of the legs operating at three
times reduced frequency [107].

The list of the TMC techniques protected by patents will
get more comprehensive with time. Hence, it could be recom-
mended to look out for possible patent infringements or limit
the use of TMC techniques in commercial products to those
published in the public domain.

VIIl. CONCLUSION

This article has reviewed the present state-of-the-art in the
topology morphing control for galvanically isolated dc-dc
converters, covering the most recent contributions, imple-
mentation techniques, and application examples. It can be
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concluded that the topology morphing control is increasingly
applied for extending the dc voltage gain range or flattening
the efficiency of galvanically isolated dc-dc converters. The
main principle of the TMC is in the reconfiguration of a con-
verter topology depending on voltage or power conditions for
operating with higher efficiency. The article provides a “one-
stop” information source with comprehensive categorization
of topology morphing control techniques for galvanically
isolated dc-dc converters. Furthermore, the term “topology
morphing control” has been established and justified for use
in future publications.

This review divides the TMC into categories based on the
converter side where the TMC is applied, such as the input
and the output sides, an isolation transformer, or a resonant
tank. In addition, advanced TMC techniques are described in
a separate section. The described TMC application example
shows that the prevalent dc-dc converter topologies utilizing
the TMC are the resonant LLC or SRC. Both typically contain
a series dc blocking capacitor allowing the use of the hybrid
full-bridge switching cell that can easily be reconfigured from
the full-bridge to the half-bridge. Most of the TMC tech-
niques are based on static control of switches or the use of
static switching patterns defining the operating mode. Hence,
a simple control with smooth transitions between the modes is
typically feasible. On the other hand, switching between TMC
modes could result in a sizable efficiency step, which could
have negative influence on the converter lifetime. This re-
quires additional analysis with the focus on the minimization
of mode transition instants, how to reduce efficiency steps at
the mode transitions, and how these efficiency steps and their
frequency influences the accumulated damage of components.

In conclusion, the application of the TMC gives a low-cost
opportunity to improve converter performance, like increasing
efficiency in a wide voltage gain range or a power range
in galvanically isolated dc-dc converters. Publications on the
subject have doubled in the past few years, revealing that there
is still plenty of room for further development. Obviously, the
proliferation of the dc nano- and microgrids, battery energy
storage systems, and residential PV generation will create
demand for high-performance low-cost converters and, con-
sequently, will facilitate industrialization of the TMC.
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