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Abstract—This paper presents the state-of-the-art review of
high-conversion high-voltage (HCHV) DC-DC converters for
a modern aerial vehicle’s power distribution system. Higher
DC bus voltages have become a trend in recent aerial vehicle
development because of the potential reduction in size and
weight of the rest of the power system and an increase in power
density. Some front-end DC energy sources, such as fuel cells,
batteries, and supercapacitors, may level at a low-voltage and
require HCHV DC-DC converters to integrate with the high-
voltage DC bus. On the other hand, high-conversion step-down
converters are required between the DC bus and various low-
voltage electronic loads. A detailed review of HCHV DC-DC
converters for an aviation power distribution system is limited
in the literature. This paper presents two main architectures
of such converters. Architecture-I employs individual two-port
DC-DC converters to link each source to the DC bus, and
Architecture-II uses a single multiport converter to connect
all the sources to the DC bus. Architecture-I categorizes
the two-port DC-DC converter topologies into unidirectional
and bidirectional converters, followed by further classifica-
tions based on isolation and control schemes. Multiport DC-
DC converters for Architecture-II are categorized based on
port numbers and then source connection methods. This
review investigates multiple topologies within each category
or classification, highlighting selected circuit diagrams and
their features and shortcomings. The paper presents several
insightful comparisons, among various bidirectional converters
for Architecture-I, and multiport converters for Architecture-
II, for a designer to choose a proper converter. In terms of
converter characteristics, this paper focuses on DC voltage
gain, power density, efficiency, and reliability, as these qualities
are of utmost importance in an aviation application.

Index Terms—DC-DC converters, high-conversion high-
voltage, unidirectional, bidirectional, multiport converters,
more electric aircraft (MEA), unmanned aerial vehicles (UAV)

I. INTRODUCTION

In recent years, the aviation industry is experiencing
tremendous growth in air traffic, including passenger or
cargo flights and unmanned aerial vehicles (UAVs). Envi-
ronmental concerns and fossil fuel depletion, among other
factors, drive the development of more electric power dis-
tribution systems (EPDS) in aircraft [1]–[3]. More electric
aircraft (MEA) have replaced hydraulic and pneumatic
systems with electric counterparts, resulting in increased
efficiency and reduced fuel burn rate, maintenance cost, and
system weight [3], [4]. Boeing 787 is one notable MEA [5]–
[7]. The future trend is all-electric aircraft, where all the air-
craft loads (e.g., propulsion, avionics, cabin environmental
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control system, in-flight entertainments, lights, deicing, etc.)
are powered entirely from the electrical system [5], [8]. The
all-electric drivetrain technology is already in the market for
road transportation. MEA and all-electric aircraft designs
have led to innovation in transportation markets such as
flying taxis and air package delivery [9]. Some of these
are expected to enter the market in the US by 2023 [10],
[11]. The emerging research in electrified aerial vehicles is
the EPDS as the present electrical system has a limitation
in achieving the required specific power density for large
passenger aircraft [5], [12].

Fig. 1 shows one sample EPDS of MEA, which consists
of a possible hybrid source of generators, fuel cells, batter-
ies, and supercapacitors [1], [6], [7], [13], [14]. On the other
hand, all-electric UAVs beyond hobbyist drones, becoming
heavy-duty such as those for package delivery [9], possess a
less complicated power system and may include a fuel cell
and/or a battery pack. Different electrical sources perform
unique functions in an EPDS. Some sources provide inrush
currents during transients, while some provide the required
base power. The purposes of each source are as follows [4]:

• AC generators provide most of the power required by
the load.

• Supercapacitors supply short-term peak power to the
load transients.

• Fuel cells, as secondary power sources, supply power
to the load.

• Batteries supply or sink excess power in the system.
Batteries also store regenerative power.

Fig. 1: Sample electrical power distribution architecture in
MEA

Note in Fig. 1 and remaining discussions that 270 V
and 28 V are selected as high-voltage (HV) and low-
voltage representatives. However, throughout this paper, the
reviewed converters are abstractable to a variety of voltage
levels for future electrical architecture development.
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Current MEAs prefer a 270 V or higher DC bus to reduce
the conductor/machine size, weight, and cost [3], [4], [7],
[13], [15], [16]. Joint Strike Fighter is one example that
uses a 270 V DC electrical power system [12]. In addition
to the 270 V DC bus, other DC buses such as 28 V, 12 V,
and 5 V exist in the modern aerial vehicles, which generally
feed the low power loads and control system [13], [16].

The above-discussed energy sources are of different
voltage levels and require an electronic power conditioner
(EPC) to link to the HV DC bus, as shown in Fig. 1. In
existing MEAs, batteries and fuel cells are rated at 28 V to
48 V but require high-conversion high-voltage (HCHV) DC-
DC converters to transfer power to or from the HV DC bus
[1], [4], [15], [16]. In existing UAVs, batteries and fuel cells
are rated between 24 V and 48 V DC that directly powers
low-voltage motor systems, but a future HV (>200 V)
motor is possible and desirable [9], [17]. Such future UAVs
require similar HCHV DC-DC converters. Recent research
activities target these converters for efficient, lightweight,
reliable, and low-cost concerns [13]. Desirable requirements
of these DC-DC converters, when used in modern aerial
vehicles, include:

• High-conversion ratio of 10 or more to step-up differ-
ent energy source voltages;

• Bidirectional power flow – depending on the type of
source;

• High power density concerning volume and weight,
and often associated with high switching frequency to
reduce the filter and magnetics sizing;

• High conversion efficiency thereby reduced cooling
system;

• Reduced Electromagnetic Interference (EMI);
• Reliability – redundancy to ensure safe operation even

during failures;
• MIL-STD-704F compliant for specified voltage regu-

lation on 270 V DC bus.
For aircraft electrification, EMI, especially common-

mode (CM) noise will be an important concern as input
and output terminals of HCHV converters are placed on
the same chassis [18]. CM noise is caused by a high dv/dt
due to switching of devices. Using a CM choke at the
input side, providing an inductor (with a low Q value) at
the ground path, or directly shorting the input and output
grounds possibly reduces the CM noise [19]–[21]. These
two grounding-related methods are to be reconsidered when
isolated converters are employed. The CM noise can also
be minimized with the choice of topology. For example, if
the topology operates with soft-switching, particularly zero-
voltage switching (ZVS), dv/dt is drastically reduced [22].

HCHV DC-DC converters for aircraft electrification is an
emerging research direction, but a detailed study of these
converters is limited in the literature. There are existing
reviews of other electrical aspects of MEA reported, such
as [4], [6], [23]. Ref [6] presents the high-level review of
major subsystems of the aircraft power system, such as
the main engine start, auxiliary power units, environmental
control system, on-board inert gas generation system, and
future propulsion system. In [4], the overview of individual
subsystems of on-board microgrids in MEA is the focus. A
brief discussion on power electronic converter topologies is
presented, including AC-AC, DC-AC, AC-DC, and DC-DC

converters. Ref [23] summarizes MEA electrical machines
and power electronics development on the aspects of their
materials, architecture, control, power quality, reliability,
and thermal management. Also, the overall system stability
and reliability are discussed. A more DC-DC conversion
oriented review from [17] presents isolated bidirectional
converters for an avionic onboard DC microgrid, with a
focus on system efficiency improvement.

This paper presents a state-of-the-art review of exist-
ing HCHV DC-DC converters suitable for modern aerial
vehicles, aiming to help designers choose the converter
among many possibilities. Insights of HCHV converters
from the telecommunication, electric vehicles, and solar
PV applications are also obtained, as HCHV converters for
MEA are still emerging. Nevertheless, key features such as
reliability, safety, and power density preferred for MEA are
taken into account.

This work discusses two main architectures of HCHV
DC-DC converters for aircraft electrification – two-port
converters and multiport converters (MPCs). Within each ar-
chitecture, there are several classification approaches, such
as unidirectional or bidirectional, non-isolated and isolated,
control mechanisms, and physical constructions. As the
discussion proceeds, the paper provides circuit diagrams of
the selected topology in each converter category, along with
their merits and limitations. Potential converter topologies
for MEA and UAV systems are compared based on figures
of merit such as DC voltage gain, efficiency, isolation,
number of components, filter requirements, and control
complexity.

Although this paper focuses mainly on the HCHV con-
version on the energy source to DC bus side, most of the
topologies discussed here have equal potentials for the high
conversion from the DC bus to low voltage loads, such as
the 28 V supply in MEA and UAVs. Feasibility for such
topologies is also included in this paper.

The organization of the rest of the paper is as follows:
Section II explains the architectures of the HCHV DC
electrical power conversion system. Section III discusses
two-port converters for MEA and UAV systems, followed
by families of three-port and MPC topologies in Section IV.
Section V concludes the review.

II. HCHV DC ELECTRICAL POWER CONVERSION
SYSTEM ARCHITECTURES

This section describes two architectures of the DC-DC
converter implementation in an EPDS with an HV DC
bus, as shown in Fig. 2. In Architecture-I, individual two-
port converters link each energy source to the HV bus;
and in Architecture-II, a single MPC links all DC sources
[24]–[27]. As shown in Fig. 2, some DC-DC converters
require bidirectional conduction while others suffice from
unidirectional. Among these converters, there are isolated
or non-isolated. Non-isolated converters have high power
density due to the absence of the transformer. However, the
achievable gain is limited. In contrast, isolated topologies
have the advantage of a higher conversion ratio in addition
to the safety of humans and equipment. However, the ef-
fects of leakage inductance, parasitic capacitance, additional
conduction, and transformer core losses must be considered
during the design stage.
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Fig. 2: Architectures of HCHV DC electrical power conversion system for modern aerial vehicles

For aviation applications, the power converters in EPDS
must be reliable and resilient [4], [28]. The general method
of improving the reliability is to have redundant power
converters [4], [28]. However, this introduces additional
weight and reduces the overall power density. Work is
reported in the literature to achieve reliability with increased
power density. One such work is the fault-tolerant circuit
presented in [28], which uses a few extra diodes to re-
duce the number of redundant converters. Another way
of achieving reliability is through different power system
architectures. In Architecture-I, each source uses separate
power converters so that failure of one does not affect
the other, thereby having a more reliable system operation.
However, it requires intricate coordination among various
sources. MPCs in Architecture-II, in general, have fewer
components and higher efficiency than two-port converters.
However, the reliability is lower as one failure point of MPC
tends to collapse the whole power system.

The following sections will present various HCHV DC-
DC converter topologies under each main architecture. The
discussion will particularly consider the DC voltage gain,
power density, efficiency, and reliability aspects.

III. TWO-PORT DC-DC CONVERTERS FOR
ARCHITECTURE-I

In this architecture, two-port DC-DC converters are clas-
sified in several layers, as given in Fig. 3.

A. Unidirectional two-port converters

Unidirectional converters, in general, have fewer active
devices and therefore, are economical with simple control.
However, these converters cannot handle any regeneration
from the DC bus due to bidirectional power flow incapabil-
ity [17]. This subsection discusses unidirectional converters,
such as those link fuel cells to the HV DC bus, and can be
either non-isolated or isolated.

1) Non-isolated unidirectional two-port converters: The
basic Boost converter is a well-known high DC voltage gain
non-isolated converter, but the DC voltage gain drops with
a duty ratio above 0.6 at high power [29]. The drop in
the DC voltage gain is due to the voltage drop across the
winding resistance of the boost inductor [29]. This leads
to predominant conduction loss in the inductor, reducing
the overall efficiency of the converter [29], [30]. Therefore,
Boost converters are used mostly as front-end converters to

improve, usually double, the achievable DC voltage gain
[2], and hence hardly qualify as high-conversion step-down
converters. For an indirect usage, on the other hand, these
converters can perform a front-end power factor correction
with a suitable control when fed from a diode bridge recti-
fied DC source, as part of the overall DC-DC conversion.

There are other non-isolated two-port converters such as
Buck-Boost, Buck, and Cuk converters [29] that are of less
interest for aerial vehicles due to limited achievable DC
voltage gain and low power handling capabilities.

2) Isolated unidirectional two-port converters: In con-
trast to non-isolated converters, isolated converters provide
high DC voltage gain and prevent electric shocks or equip-
ment damages [31]. Isolated converters are further classified
as duty-controlled and phase-shift controlled converters
based on their control technique, as given in Fig. 3.

a) Duty-controlled isolated unidirectional converters:
The duty-controlled converters regulate the output voltage
by controlling the duty ratio of the active switches while
keeping the switching frequency constant. Flyback, single-
switch forward, two-switch forward, push-pull, half-bridge,
and full-bridge (FB) converters are commonly known duty-
controlled unidirectional isolated converters [29]. Among
these, flyback, forward, and push-pull converters have a low
transformer utilization factor and require a large transformer
turns ratio to achieve a high DC voltage gain. The high leak-
age inductance of such a transformer results in a reduced
efficiency [30]. Therefore, these converters are not suitable
for high power applications.

Among other duty-controlled converters, FB converters
are popular because of better transformer core utilization,
simple circuitry for flux resetting, low-voltage stress on
devices, and high power capability [2], [29], [31]–[38].
Traditional FB [29] and Boost FB [39]–[44] are well-known
families of FB duty-controlled converters. The traditional
FB converter, as shown in Fig. 4, consists of an active-
bridge at the primary side and a diode bridge at the
secondary side. In this topology, the diagonal switches are
switched simultaneously using a symmetrical duty control
technique (i.e., all devices have the same duty ratio) with
the duty ratio restricted to 0.5 (theoretically), as shown in
Fig. 5. The working principle of this converter is similar to
the basic Buck converter. The advantage of this converter is
that the voltage and current stresses of the active switches
are the same as the input voltage and reflected load current,
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Fig. 3: Broad classification of HCHV DC-DC converters for electrified aviation power supply

respectively. As this topology being buck in nature, it is
suitable for a HC step-down converter.

Fig. 4: Traditional full bridge converter [29]
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Fig. 5: Characteristic waveforms of FB converter [29]

Boost FB converter circuit, as shown in Fig. 6, is similar
to the traditional FB converter, except that the inductor is
tied to the source rather than the load. Therefore, it is a
current-controlled converter [40], [44], [45]. The Boost FB
converter uses a similar control pattern as the traditional
FB converter, but with the minimum duty ratio limit of 0.5
(theoretically) to ensure uninterrupted inductor current. This
converter works with the principle similar to the basic non-
isolated Boost converter. Therefore, it has a high DC voltage
gain of n

(1−D) than a traditional FB converter’s nD, where
n is the transformer turns ratio, and D is the duty ratio of
the transformer primary voltage. Furthermore, the Boost FB

converter, shown in Fig. 6, has continuous input current as
the inductor (Lb) is tied to the source, which reduces the
input filter requirement. Additionally, since this converter
has an output capacitive filter (Co), the voltage stress on the
HV side diodes is just the output voltage (Vout), unlike nVin
(always > Vout) as in the case of traditional FB converter
[39], [40]. However, the output capacitor (Co) must supply
a large load current at high power. This filter increases the
size and weight of the Boost FB converter. Both traditional
FB and Boost FB converters require an auxiliary circuit to
achieve soft-switching to reduce the switching loss and CM
noise while operating at a high switching frequency for high
power density [2], [42], [44], [46].

Fig. 6: Boost full-bridge topology with active-clamp [44]

Another variant of the FB converter is presented in [30]
that has the potential for aerial vehicles. In this converter,
two of the output diodes are replaced by active switches to
improve efficiency. Additionally, the output filter inductor
from the traditional Boost is eliminated in this topology,
improving the power density and reducing the voltage stress
on the HV diodes. Soft-switching of the devices is achieved,
which further enhances the efficiency at the high switching
frequency and reduces the EMI.

b) Phase-shift controlled isolated unidirectional con-
verters: This family of converters uses a phase-shift mod-
ulation technique, where the duty ratio of all the switching
devices is fixed at 0.5, but the phase difference among
the switch PWMs is varied to control the output. Family
of phase-shift converters, specifically FB Resonant Tran-
sition converter [33], [35], [36], [46] and Buck-Boost FB
converter, [2], [47], [48] have gained attention over duty-
controlled FB converters due to the advantages: (i) inherent
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soft-switching by utilizing the leakage inductance of the
transformer and parasitic capacitance of the semiconductor
devices without additional circuitry; (ii) constant switching
frequency despite being a resonant converter; (iii) low-
voltage stress on the input devices; (iv) simple to control,
as the phase-shift and output voltage have almost linear
relationship at the operating zone; and (v) high power
capability [2], [33], [46], [49].

FB Resonant Transition converter is a load resonant
converter, and the circuit is the same as the traditional FB
converter, as shown in Fig. 4, but with the characteristic
waveforms given in Fig. 7, as this converter uses the phase-
shift modulation technique. In this converter, phase-shift
between the PWM of switches S1 and S2 is varied to
adjust the duty ratio D of the transformer voltage vpri
(see Fig. 7), thereby controlling the output voltage Vout.
The DC voltage gain of this converter is a function of load
Ro, switching frequency fs, and turns ratio n as given in
eq. (1) [33]. This converter has high power capability and
has been widely used in telecommunications for 400 V to
48 V conversion [50]. As this converter operates with ZVS,
the CM noise is relatively reduced. However, when used in
modern aerial vehicles, this converter exhibits a high duty
loss (i.e., reduction in the DC voltage gain) due to a larger
turns ratio n (from high conversion ratio requirement), as
observed from eq. (1). As a result, to achieve the required
DC voltage gain, switching frequency is limited (in the
range of a few tens of kilohertz) when used for aerial vehicle
applications [2], [50].

Vo
Vin

=
nD

1 + 4n2fsLlk

Ro

(1)

where,
fs - Switching frequency, Hz
Llk - Leakage inductance of the transformer, H
n - Turns ratio of the transformer
D - Duty ratio of the transformer primary voltage
Ro - Load resistance, Ω
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Fig. 7: Characteristic waveforms of FB resonant transition
converter [33]

Current-controlled Buck-Boost FB converter families
have improved on the switching frequency limit issue and
provide twice the DC voltage gain at a given switching

frequency compared to the FB Resonant Transition con-
verter [2], [47], [48]. The primary side of the Buck-Boost
FB converter performs the basic Boost operation at a 0.5
duty ratio, and the rest behaves similar to the FB Resonant
Transition converter, which is the reason for twice the
DC voltage gain. This converter inherits the advantages of
FB Resonant Transition converter along with the reduced
filter requirements, continuous input, and output currents.
Nevertheless, the Buck-Boost FB converter exhibits a DC-
current in the transformer and requires a unique control
scheme to mitigate, as presented in the literature [2], [51].

Both FB Resonant Transition and Buck-Boost FB con-
verters use an LC filter at the output, and thus require
HV rated output diodes (due to high-voltage stress nVin
as compared to Vo with just capacitor output filter). Be-
sides, the ZVS range in these converters is limited. Also,
the circulating current caused by the free-wheeling output
inductor current in the interval (1−D)Ts

2 (see Fig. 7) adds
to the conduction loss [37], [52]–[54].

Modified FB topologies [37], [52]–[56] report extended
ZVS ranges with reduced leakage/circulating current, con-
duction loss, and EMI. Some circuits [52], [56] use coupled
inductors in the FB converter to minimize leakage current,
while [37], [53]–[55] use an auxiliary circuit as indicated
in blue in Fig. 8. An adaptive control method is used in
topologies shown in Fig. 8(a) and Fig. 8(b) to achieve an
extended ZVS range in both legs. However, the auxiliary
circuit in Fig. 8(b) features a narrower operating frequency
range than the circuit in Fig. 8(a). A phase-shift modulation
scheme is used for the topology in Fig. 8(c). These modified
FB topologies are popular for electric vehicles in the
literature; nevertheless, they also have potentials for MEA.

B. Bidirectional two-port converters

This subsection discusses bidirectional converters that
are possibly used for battery charging or discharging [58],
[59]. The control of these converters is reported to be
more complicated than unidirectional converters due to
bidirectional energy flow, more active switches, and separate
source or load requirements [60]. Bidirectional converters
have the capability of handling DC bus regeneration. Similar
to unidirectional converters, bidirectional converters are
classified into non-isolated and isolated, as shown in Fig. 3.
Topologies discussed in this section can also be used as HC
DC bus to load step-down converters due to the bidirectional
nature.

1) Non-isolated bidirectional two-port converters: Bidi-
rectional DC-DC converters [58], [61], [62] have poten-
tials for high-conversion ratio, high efficiency, and soft-
switching, as desired for EPDS in aerial vehicles. The
power density of non-isolated bidirectional converters is
usually high due to the absence of a power transformer,
similar to other non-isolated converters. One such non-
isolated current-controlled bidirectional converter [61] is
shown in Fig. 9. This converter features two auxiliary reso-
nant networks (as highlighted in blue), each consisting of an
active switch (Srx, x=1 or 2), an inductor (Lrx, x=1 or 2),
and a capacitor (Crx, x=1 or 2) to achieve soft-switching
[61]. Additionally, the active switches of auxiliary networks
(Sr1 and Sr2) are also soft-switched to minimize the overall
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Fig. 8: FB converters showing the primary side with an auxiliary circuit indicated in blue: (a) as presented in [37], (b) as
presented in [57], and (c) as presented in [55]

switching loss in this converter. This converter operates with
the DC voltage gains of 1−D

3

(1−D)2 and 1.5D2 in boost and
buck modes, and experimentally achieved gains of 17.8 and
6.67, respectively. The limitation of this converter is the use
of more components, as given in Table I.

Fig. 9: High gain bidirectional converter with two auxiliary
circuits [61]

Ref [58] presents another non-isolated bidirectional con-
verter with the conversion gain of 2

(1−Deff )
, which is

approximately twice that of a basic Boost converter. This
converter uses an optimized PWM control to ensure a
smooth transition between the boost and buck modes [58].
This topology [58] in a 5 kW experimental prototype
achieves maximum efficiency of about 98% at 30 kHz.
However, this converter consists of a bulky series capacitor,
as highlighted in the Table I.

In general, the use of non-isolated converters in the
aircraft application would benefit in terms of power density,
weight, and efficiency. Still, the reliability will be affected
as the fault in the system impairs the rest of the system.
In contrast, isolated converters provide high reliability, and
several isolated bidirectional converters are discussed next.

2) Isolated bidirectional two-port converters: Re-
configuring isolated unidirectional converters such as fly-
back, forward, and full-bridge converters by replacing
diodes with active switches enables bidirectional operations
[1], [63]–[66]. Bidirectional flyback converters [63] have
fewer switches but are only suitable for low power applica-
tions because of the low transformer core utilization. The
family of half-bridge bidirectional converters presented in
[64], [65] claims to be ideal for medium-high power (a few
kilowatts) applications. However, high output capacitance
requirements result in low power density for aerial vehicle
applications. Ref [67] presents a bidirectional converter
based on the combination of half-bridge and current-fed

push-pull converter specially constructed for battery charg-
ing/discharging. However, it is not suitable for modern
aerial vehicles due to low power capability.

The well-known isolated bidirectional converter in air-
craft applications is the dual active bridge (DAB) due
to its simple structure, high transformer utilization factor,
and good power handling capability [1], [68]–[71]. These
converters are most commonly investigated for aircraft
applications [4]. The DAB converter consists of active-
bridges in the primary and secondary sides, as shown in
Fig. 10, and uses a phase-shift modulation technique to
control the power flow between input and output ports. In
the DAB phase-shift modulation, the duty ratio of all the
active devices is fixed at 0.5; also, diagonal switches are
switched simultaneously unlike the FB Resonant Transition
converter, but the phase-shift φ between the primary and
secondary side devices is varied, as shown in Fig. 11. The
modeling and control of DABs are well established in the
literature for electric vehicle application, which provide a
valuable insight for MEA applications.

Fig. 10: Dual active bridge converter [68]

iLi (t)iLi (t)

tt

tt
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TsTs

ϕ ϕ 
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GS7, GS8

GS5,GS6,

GS7, GS8

GS5,GS6,
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Fig. 11: Characteristic waveforms of DAB with phase-
modulation scheme [68]

Apart from the phase-modulation scheme, several other
schemes are available in the literature with improved
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Fig. 12: Characteristic waveforms of DAB with dual phase-
shift scheme [72], [73]

performance. Ref [72], [73] present a dual phase-shift
(DPS) control scheme for the DAB shown in Fig. 10.
The characteristic waveforms of the DAB with DPS are
given in Fig. 12. With DPS control, the input device’s
voltage stress and peak-peak current magnitude are reduced,
thereby increasing the overall efficiency [72], [73]. The
additional phase control in DPS regulates the inductor peak
current to reduce the conduction loss and devices’ current
stress [74]. Furthermore, a triple phase-shift control having
three degrees of freedom is presented in [75]. This scheme
prevents the DC current from flowing back to the source at
both DAB ports, resulting in reduced conduction loss and
improved efficiency.

Variants of the DAB topology are reported in the lit-
erature for aircraft applications to achieve high efficiency
[74], [76]–[79]. A series resonant tank is used in DAB
to improve the efficiency, yet retaining the advantages of
DAB in [17], [76]. This topology is inspired from the
unidirectional series resonant FB converter. Reliability study
on the series resonant DAB is presented in [76]. This
converter also features soft-switching for both input and
output devices with reduced EMI emissions [17]. However,
the input current peak is higher than that of a regular
DAB’s. Ref [74], [79] present a current-controlled Boost
DAB converter. An active clamp circuit is used to achieve
soft-commutation [79]. This is a bidirectional version of the
Boost FB converter shown in Fig. 6. In [79], the primary
and secondary side bridges are switched with a symmetrical
duty control, and the converter achieves a DC voltage gain
of 29 with 88% peak efficiency. The Boost DAB, on the
other hand, requires an active/passive snubber circuit at the
input side to reduce the input devices’ voltage stress, EMI
and to achieve soft-switching. In general, despite several
advantages, DAB variants have a limitation in achievable
power density due to a high number of active switches, large
input/output capacitance, and considerable input/output cur-
rent ripples [4].

Ref [80], [81] presents active-bridge active-clamp
(ABAC) bidirectional converters specifically constructed

for aircraft applications. The operating behavior of the
converter in [80] is similar to that of DAB. The difference
is the continuous output current due to the presence of
output inductor, reducing the burden on the output ca-
pacitor. As a result, ABAC converter weight and volume
are reduced compared to DAB, as mentioned in Table I.
Ref [81] presents another ABAC converter with a dual
secondary structure. This converter also uses a phase-shift
modulation scheme to control the power and features high
power capability and reduced current ripple on the low-
voltage side. However, this converter has many controllable
switches, as given in Table I, that reduce power density and
increase the control complexity.

Families of the bidirectional converter with fewer
switches than DAB and ABACs exist [60], [82]. The
bidirectional converter in [82] features high efficiency and
simple circuit due to a lower number of active and passive
components, as provided in Table I. This converter employs
a series capacitor to prevent DC-current in the transformer,
but this capacitor must be large enough to provide the
sufficient RMS current demanded by the load. As a result,
this converter becomes bulky and expensive for high power
applications. Another converter with fewer active switches
is presented in [60]. This converter consists of a basic Boost
converter and a half-bridge circuit on both the primary
and secondary sides. The primary and secondary structure
of this converter is identical, making it more flexible and
easy to implement. Additionally, when employed in aerial
vehicles, this converter reduces the requirement of some re-
dundant converters for achieving reliability due to identical
input/output structures. This topology [60] is experimentally
evaluated for the DC voltage gain of only 2.4 at 1 kW,
on the other hand. Thus the feasibility of this converter
for DC voltage gain over ten and at high power levels is
questionable.

Ref [83] presents a two-stage isolated bidirectional con-
verter demonstrated at a 10 kW power level. This topology
employs both IGBTs and MOSFETs to exploit their advan-
tages, thereby reducing the switching loss and achieving
high efficiency to fit in the aerial vehicle applications.
However, the rise-time and fall-time of the MOSFETs and
IGBTs must be considered to avoid shoot-through or open-
circuit at the low-voltage side.

Similar to unidirectional converters, bidirectional con-
verters also use duty-controlled and phase-shift modulation
techniques to control the output voltage, and several topolo-
gies use both these techniques to benefit their advantages.
Table I provides the comparison of selected unidirectional
and bidirectional converters with potentials for modern
aerial vehicles.

As a summary, Section III has investigated unidirectional
and bidirectional two-port HCHV DC-DC converters. The
converters are possibly non-isolated or isolated, and isolated
converters are further categorized as duty-controlled or
phase-shift controlled to understand the nature and fea-
tures of the converters. Several non-isolated and isolated
bidirectional are discussed above, and a comparison table
is provided highlighting the device count, achievable DC
voltage gain, efficiency, and features.
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TABLE I: Comparison of HCHV DC-DC converters for Architecture-I
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IV. MULTIPORT DC-DC CONVERTERS FOR
ARCHITECTURE-II

DC-DC converters for Architecture-II shown in Fig. 2
have multiple input/output terminals and are capable of
bidirectional power flow as they need to integrate different
sources. MPCs are gaining popularity in more electric
aerial vehicles as they combine multiple sources and en-
ergy storage elements within one frame [1], [24], [85]–
[87]. MPCs use a combination of various basic converter
circuits, often active-bridge circuits, with common active
switches (i.e., different converter circuits share some active
switches). This results in a lower number of components
leading to improved efficiency, power density, and reduced
size, weight, and cost of EPDS [1], [24]. Besides, MPCs
alleviate complex communication or coordination among

various sources. However, challenges in MPCs are the
control of multiple source connections and to minimize or
nullify their circulating currents [24]. Reliability is another
major drawback in these converters, particularly when used
in aerial vehicles, as a fault in the MPC tends to down
the complete power system. Research on the fault-tolerant
circuits in aircraft application is emerging to eliminate the
use of redundant power converters to improve the power
density of EPDS [23], [28], [88].

In general, sources in MPCs can be integrated either at
the DC bus or through a high-frequency transformer, or
a combination of both. Based on the source integration
mechanism and the number of available ports, MPCs are
classified as shown in Fig. 3. Table II presents the compar-
ison of different multiport converters based on the number
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of ports, circuity principles, number of components, source
voltage levels, and filter requirement. The red-colored text
in the table indicates the limitations of the circuit. Note
that although experimentally achieved DC voltage gains
in [1], [89] are 1, a much higher gain can be achieved
by adjusting the transformer turns ratio. Similarly, voltage
gains in [25], [90] can be increased by cascading more
stages. More details are covered in the subsections below.

A. Three-port converters with DC bus integration

In this three-port converter family, integration of the
sources occurs at the DC bus without any magnetic cou-
pling. The sources are of similar DC voltage levels [24],
[25] and are mostly non-isolated [24], [25], [92]–[94].
Fig. 13 shows a simple three-port converter constructed
using two synchronous Boost converters at a common
output DC bus similar to the interleaved Boost converter
[24].

Fig. 13: Three-port converter with DC bus integration [24]

Ref [25] presents two non-isolated three-port converters
constructed using basic circuitries such as Boost and phase-
shift switched-capacitor circuits for one converter, and
Boost and non-isolated DAB for the other converter. These
topologies have common active switches shared by both the
basic circuitries, reducing the overall device count. These
converters exploit both phase-shifted and duty-controlled
techniques to control the output voltage and power flow. The
phase-shift switched-capacitor based three-port converter
provides DC voltage gain of 2, while the non-isolated
DAB based three-port converter offers the DC voltage gain
of 1, theoretically. Additionally, these converters require
significant input and output filters due to pulsed currents, as
given in Table II. Since there is a limitation in the achievable
DC voltage gain in the above-discussed converters, they are
not suitable for the high-conversion needs. Nevertheless, the
DC voltage gain can be increased by adding LC circuits
and switches [25], but this reduces the power density. For
example, a high DC voltage gain is achieved in a non-
isolated three-port converter using switched capacitor and
voltage lift circuits [94].

A boost converter based three-port converter is presented
in [92], which employs two boost converters and four
voltage multipliers to provide a high DC voltage gain. This
converter provides a DC voltage gain of n+1

(1−D) and is
regulated using a duty-controlled scheme. The authors have
experimentally achieved a DC voltage gain of 20. Even at
a high DC voltage gain, this converter employs only two
active switches, which simplify the control. However, this
converter consists of more diodes and capacitors, which
reduce the power density of the EPDS.

A standard limitation with the three-port converters with
DC bus integration is that the fault in any of the sources
propagates to the other sources causing a shutdown of the
system. Other three-port converters with magnetic coupling,
which improves reliability, are discussed next.

B. Three-port converters with high-frequency transformer
integration

This subsection discusses three-port converters in which
sources are coupled together magnetically. For the dis-
cussion, the inputs are low-voltage sources, and output is
the HV DC bus. Sources of different voltage levels can
be integrated by adjusting the number of turns of the
transformer winding.

Triple Active Bridge (TAB) based three-port converters
are available, which consist of three active-bridges con-
nected through a high-frequency transformer [15], [24],
[86], [95]–[99]. The TAB is an extension of DAB. Fig. 14
shows the TAB converter, where one of the three ports is
taken as an output port (HV DC bus), while the other two
ports are inputs. The number of turns of the transformer
windings is designed based on the source voltages. TABs
have the advantage of integrating multiple sources with
different voltage levels allowing flexibility. Additionally,
TABs have relatively high reliability due to the transformer
coupling, as each source can be isolated individually during
a fault. Ref [86] presents an equivalent circuit model and
control analysis of the converter shown in Fig. 14. The TAB
topology exhibits inherent soft-switching, although the soft-
switching operating range is limited, as given in Table II.
However, with the use of an asymmetrical duty control,
this range can be extended [24]. Ref [86], [96] proposes the
energy management method and validates various scenarios
of power-sharing between multiple sources. Overall, TAB
three-port converters can be employed in modern aerial
vehicles to integrate battery and fuel cells to the HV DC
bus.

Fig. 14: Three-port converter with magnetic coupling [86]

There are other variants of three-port converters presented
in the literature apart from the TAB. Ref [24] presents a
family of transformer-coupled converters. These converters
have half-bridge and full-bridge on the primary side and
boost-half-bridge switching circuit on the secondary side.
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TABLE II: Comparison of HCHV DC-DC converters for Architecture-II
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the converter; Red-colored text indicates disadvantages

These converters use the duty ratio of the switches to control
the DC bus voltage, and the phase-shift of the transformer
voltage to control the power flow. Either a simple PI
controller [86] or a PID controller [24] is used to implement
the feedback control. The transformer equivalent circuit
and power loss model are derived in [96]. The observed
limitation in these topologies [24], [86] is the presence of
circulating current, which adds to the conduction loss, as

mentioned in the Table II.

C. Three-port converters with the combination of DC bus
integration and magnetic coupling

Three-port converters with multiple sources integrated
both at a common DC bus and through magnetic coupling
are presented in [24], [26], [91], [100]–[105]. In these
converters, some sources are interconnected at the DC bus,
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while the transformer couples the rest. The source voltages
are required to be similar when integrated at the DC bus
or can be different when coupled through the transformer.
As some sources are integrated at the DC bus, the number
of transformer windings is reduced, at the same time, some
sources are magnetically coupled, improving reliability than
three-port converters with DC bus integration. Thus, this
category inherits the advantages of both the other categories
discussed earlier.

Fig. 15 shows one such three-port converter, where source
V1 is magnetically coupled with V2, V3, while V2 and
V3 are integrated at the DC bus indirectly. This converter
has isolation due to magnetic coupling, overcoming the
downside of the solely DC bus integrated approach [24],
[26], [91], [100]–[103]. At the same time, this converter
requires less magnetics overall so that the power density is
higher than the solely magnetic coupled approach.

V1

S3

S4 S2

Lr

1:n

S1 S7

S8 S6

S5

V3C1

L1

L2

L3

L4

V2

Fig. 15: Three-port converter with the combination of DC
bus integration and magnetic coupling [100]

The power flow control in most of these converters
utilizes a phase-shift technique [24], [100], [101], although
some topologies [26] use a duty-controlled technique. The
converter in [91] uses phase-shift control for power flow
and duty ratio control for voltage regulation. In general,
converters with active-bridge circuits mostly use the phase-
shift technique to benefit from soft-switching. In some of
these converters [91], the operation can cause a DC-offset
in the transformer current leading to saturation as given in
Table II. The transformer must be rated sufficiently to avoid
saturation but at the cost of extra weight and size.

D. Other multiport converters (four ports or more)

This subsection is mainly an extension of the three-
port converters. Family of Quadruple Active Bridge (QAB)
converters and Multiple Active Bridge (MAB) converters
consist of four or more ports [1], [85], [89], [106]–[108].
Some of the three-port converters such as TAB can be
extended to four- or more-port by adding the appropriate
active-bridges [24], [86]. A QAB converter shown in Fig. 16
consists of four active-bridges connected through a coupled
transformer [1], [89], [108]. QABs are suitable four-port
converters interfacing fuel cells, batteries, supercapacitors,
and high-voltage bus for modern aerial vehicles [1], [85],
[89], [106], [107]. QABs use a phase-shift technique for
power flow control. Similar to TABs, QABs also have high
reliability as the fault in one source does not propagate to
the other sources due to transformer isolation, as mentioned
in Table II.

QABs have the modularity feature so that MABs of an
increasing number of ports can be formed by adding active
bridges [89], [109]. More ports integrate more sources into

Fig. 16: Quadruple active bridge converter [1]

one frame in MABs; however, control of all the sources
becomes challenging. Ref [1] presents the equivalent model
of the feedback control loop with a PI controller. This model
is used for controlling the power flow in MABs.

On a side literature search, a non-isolated switched-
capacitor based MPC is presented in [27], [90]. The work
in [27] presents operating modes and power flow among
multiple sources. However, this topology involves excessive
switches, diodes, and capacitors. Additionally, for applica-
tions where isolation is required, these non-isolated MPCs
cannot be employed, as discussed earlier.

As a summary, multiport DC-DC converters such as
three-port converters with the DC Bus link, magnetic cou-
pling, and a combination of both, and other multiport
converters are investigated in this section. The features and
limitations of each category of converters are analyzed. A
table is provided comparing several MPCs based on the
component count, basic circuitry used, source voltage levels,
filter requirement, and features and limitations.

V. CONCLUSION AND OUTLOOK

This paper reviews the state-of-the-art of HCHV DC-
DC converters suitable for modern aerial vehicles, includ-
ing MEAs and UAVs. Such DC-DC converters serve to
connect multiple low-voltage sources to the HV DC bus
within an electrical power distribution system. This work
provides an insight into various classifications of HCHV
DC-DC converters and their representative literature. In
Architecture-I, individual converters link each source to the
DC bus using two-port converters; and in Architecture-II, a
centralized converter links all the sources together to the DC
bus, also known as a multiport converter. Architecture-I en-
dures system-level reliability because of separate converters
but involves more circuits and components. Architecture-
II improves the power density but encounters reliability
concerns as one failure point is prone to shut down the
entire DC-DC system. Architecture-I is first categorized by
unidirectional and bidirectional conversions, under which
isolation and control classifications are further developed.
Architecture-II is all bidirectional so that it is categorized
by circuit construction types, i.e., DC bus integration and
magnetic coupling, although similar to non-isolated and
isolated classifications. A multiple-port (more than three)
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converter is viewed as an extension of a three-port con-
verter, which is discussed in detail. For each well-known
topology, circuit topologies and characteristic waveforms
are explicitly presented. In particular, this paper compares
various two-port converters and multiport converters, in
two separate tables, highlighting the achievable DC voltage
gains, power levels, switching frequencies, number of com-
ponents, device stress, isolation, efficiency, and advantages
and disadvantages.

Presently the 270 V DC bus is common, and related
industry standards have been developed, while research on
the 540 V DC bus is ongoing. Due to numerous benefits
of a HV bus and development in the power semiconductor
device technology, future aircraft electrification will con-
sider a DC bus voltage above 1000 V [110]. For such an
electrical system, power electronic converters, specifically
HCHV DC-DC converters will be key. Consequently, safety
and reliability become a primary concern in such a power
system. Therefore, a proper converter topology choice is
critical. For safety, HCHV DC-DC converters prefer to have
an electrical isolation such that a fault does not propagate
through the system. For reliability, modularity in converters
improves the redundancy. Considering these features, and
the desires for high power density, high efficiency, high
power capability, and low EMI, selected topologies from
both Architectures I and II are listed and compared in
Table III. Note that although the DC voltage gains for DAB
and QAB topologies in Table III are <2.5 in the respective
literature, a high conversion is possible by adjusting the
transformer turns ratio. Other isolated topologies discussed
in this review have potentials for feeding secondary loads,
such as avionics, cabin electronics, etc., and non-isolated
topologies can be used for low power loads or as front-end
converters. Overall, authors deem Architecture-II a higher
potential for adoption for its high efficiency and high power
density, even though Architecture-I has better reliability
in nature. Features such as modularity, individual port
isolation, and port number flexibility in MPCs may address
the reliability concern. In case of any source failure in the
aircraft power supply, MPCs can still maintain stability and
performance by disconnecting the respective port.
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