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Abstract—Renewable energy generations have been attract-
ing sustained attentions in academic and industry. Current-fed-
isolated-bidirectional dc/dc converters (CF-IBDCs) are widely
adopted in low-voltage high-current applications such as solar
photovoltaic fuel cell with energy storage. This paper gives an
overview and a comprehensive comparative evaluation of CF-
IBDCs. The active clamped, dual half-bridge, L-L type dual active
bridge, resonant-type, naturally clamped, and other type topologies
of CF-IBDCs are investigated, analyzed, and compared regard-
ing their circuit topological structures, operation characteristics,
modulation methods, and soft-switching technologies. In addition,
component cost models and loss models of converters are deduced
and presented. On this basis, quantitative and comprehensive per-
formance comparison of seven typical CF-IBDC topologies selected
from each type is conducted in terms of costs, losses, weight, volume,
and power density for the given system specifications and design
constraints. Finally, the application range of different CF-IBDCs
and future trend are presented to encourage further development.

Index Terms—Active clamped, cost models, current-fed-
isolated-bidirectional dc/dc converter (CF-IBDC), dual half-
bridge, L-L type, loss models, naturally clamped, power density,
resonant, volume, weight.

I. INTRODUCTION

THE development of renewable energy sources and dis-
tributed generations requires new strategies for the op-

eration of a grid-connected generation system. The power
electronic technology plays an important role in the integration
of renewable energy generation into the power grid and is
widely used and rapidly expanded [1]–[3]. In order to realize
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the connection of low-voltage generating sides and high-voltage
bus and meanwhile maintain or improve the power-supply
quality and reliability, it is necessary to implement a power
electronic converter with high voltage gain as a mediation
module.

Current-fed power electronic converters are boost-derived
topologies and have been justified to be suitable for low-voltage
high-current applications. Renewable energy sources such as
solar photovoltaic and fuel cell generate low-voltage and high-
current output; thus, current-fed converters are good candidates
to interface them with high-voltage dc bus. In the distributed
generation system, the energy storage devices such as battery
and supercapacitor are key elements which are able to absorb the
reverse power flow and also output power as auxiliary sources.
Therefore, current-fed converters with bidirectional power trans-
fer capability are required [4]–[8].

Compared to conventional voltage-fed-isolated-bidirectional
dc/dc converters (VF-IBDCs), current-fed-isolated-bidirecti
onal dc/dc converter (CF-IBDCs) are meritorious owing to lower
input current ripples, inherent short circuit protection, lower
high-frequency (HF) transformer turns ratio, high step-up ratio,
no duty cycle loss, and easier current controllability [9]–[11].
Current limiting through the components and short-circuit pro-
tection becomes significant for high-current applications. In
addition, the inductor at input side of CF-IBDC is more reliable
and has longer lifetime compared with the electrolytic capacitor
employed in VF-IBDC. However, CF-IBDCs have inherent de-
fects as well. The main drawbacks of CF-IBDCs are charging the
inductor at start-up and the voltage spike across the turning OFF

switches caused by current mismatch between the input boost
inductor and the leakage inductance of an HF transformer. Lots
of literatures have been focusing on overcoming these problems
by the innovation and modification of topologies with new
modulation and control methods and soft-switching techniques.
Novel modulation and auxiliary components or circuits are often
investigated to solve the intrinsical problems associated with the
topologies and enhance the converter performance for specific
applications.

In view of the state-of-the-art research, this paper will present
the classification of various CF-IBDCs as shown in Fig. 1. Active
clamped, dual half-bridge, L-L type dual active bridge, resonant-
type, naturally clamped, and other type topologies of CF-IBDCs
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Fig. 1. Classification of CF-IBDCs.

Fig. 2. Snubbers for suppressing the voltage spike [12]–[15]. (a) Dissipative
RC snubber [13]. (b)–(d) Dissipative RCD snubber [13], [14]. (e) Nondissipative
energy recovery LC snubber [15].

are reviewed and studied. Cost models for MOSFET, transformer,
inductor, capacitor, heatsink, and gate-driver integrated circuits
(ICs) will be derived. Loss models for switching and conduction
losses of MOSFET, core loss and winding loss of inductor and
transformer will be presented as well. Based on the quantitative
data from the simulation for the same specification, a virtual
prototype of each topology has been designed for several typical
topologies of CF-IBDCs. A systematic performance comparison
is presented for these selected topologies from the aspects of
power density, costs, weight, volume, and efficiency.

This paper is organized as follows. Section II gives the six
types of CF-IBDCs and discusses their characteristics in detail.
Component cost models and loss models are derived and pre-
sented in Section III. Section IV compares and evaluates various
CF-IBDCs qualitatively in different aspects. Section V discusses
the application range of different types of CF-IBDCs. Finally,
Section VI discusses the future trends.

II. TRADITIONAL AND ADVANCED CF-IBDC TOPOLOGIES

In current-fed circuits, hard commutation is the major issue
as it results into device voltage overshoot, which is caused
by current mismatch between the input boost inductor and the
leakage inductance of HF transformer. Snubbers are generally
required to limit the voltage spike to prevent the switching
device from a permanent breakdown. Different snubber circuits
such as dissipative snubbers and regenerative snubbers have
been utilized as shown in Fig. 2 [12]–[15]. These snubbers are
employed to accommodate the whole boost inductor current
until the HF transformer current is fully built up to the level
of the boost inductor current.

Dissipative snubbers lead to low efficiency owing to the
energy dissipated in snubber resistor. To improve the efficiency,
energy recovery LC snubbers have been proposed as shown in
Fig. 2(e). The LC snubber stores the surge energy in the snubber
capacitor during device turn-OFF. During the interval before the

switch turns OFF, the capacitor is charged to the reverse input
voltage due to the resonance between the snubber inductor and
capacitor. During switch turn-OFF, the boost inductor current is
commuted through the snubber capacitor and the commutation
diode; thus, the switch is turned OFF in a zero-voltage switching
(ZVS). Once the switch is turned ON, the capacitor is reset and
energy stored in the inductor is fed back to the input instead of
being dissipated [15]. However, the conventional LC snubber
has several problems like complex structure, difficult optimal
design, and do not assist in soft switching.

Recently, a lot of new studies of CF-IBDCs are emerged in
the aspect of innovation of topologies and modulations. The
classification of various CF-IBDC topologies is shown in Fig. 1
and more details about each topology will be given next.

A. Active Clamped CF-IBDC

A simple way to suppress the voltage spike inherited in the
current-fed converter is to utilize power semiconductor devices
and a large HF film capacitor to provide an additional commu-
tation path. It allows the current flowing through the leakage
inductance to rise to the input inductor current in a controllable
manner. The voltage spike can be considered to be clamped
by the HF film capacitor. Thus, this is called an active clamp
technique.

Active clamp has been implemented in many fundamental
topologies [16]–[19], such as full-bridge current-fed topology as
shown in Fig. 3(a). A path consisting of a capacitorCa and switch
Sa in series is used to clamp the voltage spike when the main
switches turn OFF and store the energy in auxiliary clamp capac-
itorCa through the antiparallel body diodesDax of the auxiliary
switch Sa. The corresponding operating waveforms are shown
in Fig. 3(b). In boost mode, the duty cycle of the main switches is
larger than 0.5 and the gating signals of switches in the same leg
are phase shifted by 180° with an overlap. The auxiliary switch
Sa is in ON state during the nonconduction interval of the main
switches.Sa will achieve ZVS if it is turned ON before the clamp
capacitor current iCa decreases to zero. When the current iCa is
reversed, the energy stored in the capacitor will be released back
to the main circuit. Similarly, the main switches can also be gated
for ZVS turn ON. Thus, ZVS soft-switching operation is achieved
for all switches and high efficiency can be achieved. In buck
mode, synchronous rectification is implemented in current-fed
side to reduce the conduction loss, while the phase-shift control
strategy is applied in voltage-fed side. The freewheeling current
is reset by activating the auxiliary switch Sa and at the same
time, zero-current switching (ZCS) of S7 and S8 is realized. But
current-fed side switches are turned ON twice in one switching
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Fig. 3. (a) Topology with the simplest active clamp [18]. (b) Key operating
waveforms.

Fig. 4. Topology proposed in [20].

cycle along with different duty ratios, increasing the control
complexity. The problem of this fundamental active clamped
topology is that the soft switching cannot be maintained for
light-load condition.

Rathore et al. [20] propose a L-L type active-clamped current-
fed converter shown in Fig. 4 with wide/extended ZVS range
design. As shown in Fig. 4, the active clamp circuit is composed
of two switches and a capacitor, and the switches provide access
for the clamping capacitor Ca to absorb and release the energy
from the current mismatch during commutation. Similar oper-
ating process to aforementioned topology in Fig. 3 is appeared
in this converter. The difference is that two auxiliary switches
are gated ON once in turns during one switching cycle while the
auxiliary switch in Fig. 3 is gated ON twice one cycle. Compared
with active clamped full-bridge topology, L-L type half-bridge
has less number of active switches and potential lower input
current ripple with interleaving effect. The clamping capacitor
Ca can also be connected to the ground of primary side [21]. It
is intensively researched in the literature and will be discussed
separately in Section II-C.

The L-L type active-clamped converter can achieve higher
boost ratio on account of equivalent dual boost converters on
primary side. Moreover, magnetizing inductance of the HF

Fig. 5. Topology proposed in [22].

Fig. 6. Topology proposed in [23].

transformer has been used to extend the soft-switching range.
It maintains soft switching over a wide voltage range and wide
load range. All the switches realize soft switching even under
light-load conditions. It is worthy of mentioning that a tradeoff
should be considered between the conduction loss and range of
soft switching for the primary switches.

Another novel active clamp circuit as given in Fig. 5 can
achieve ZVS both at turn-ON and turn-OFF, but the voltages
across the auxiliary switches are twice as those of the main
switches [22]. The active clamp circuits need floating active
device(s) and high value of HF clamp capacitor for accurate and
effective clamping.

In addition to the above converters, clamp circuit has also
been introduced in other current-fed topologies [23]–[25]. A
new topology with active clamped push–pull current-fed circuit
at low-voltage side and LC resonant hybrid full-bridge circuit at
high-voltage side is proposed in [23], as shown in Fig. 6. Two
novel control methods are presented to achieve the ZVS soft
switching and higher power handling capacity in both power
transferring directions. In buck mode, commutation overlap
period is reduced to expand the max duty cycle. In boost mode,
active commutation is accelerated through utilizing the reflected
voltage from high-voltage side. The power transferring capacity
is increased 1.5 times in buck mode operation and 3.6 times in
boost mode operation. In [24], similar control method has been
studied for active-clamped current-fed full-bridge topology at
low-voltage side. At high-voltage side, a fast recovery dc-link
diode with a parallel switch is introduced to allow the use of
high-voltage MOSFETs and achieve low switching loss. In boost
mode, the added parallel switch is in OFF state and the dc-link
diode reduces large reverse current from high voltage terminal.
In buck mode, the parallel switch is turned ON and high-voltage
side full bridge works as an inverter.

In summary, the active clamp technique can be applied to three
basic double-ended topologies push–pull, L-L type half-bridge
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TABLE I
COMPARISON OF THREE ACTIVE CLAMPED TOPOLOGIES

and full bridge. All of them can achieve ZVS soft switching
in bidirectional energy transferring and have higher efficiency
compared to dissipative/passive snubbers. They all suffer from
the demerits of additional floating devices, driver, and large HF
capacitor adding to volume. The main features of these three
topologies are compared in Table I, and they all have advantages
and disadvantages.

Similar techniques have been reported for three-phase
current-fed active clamped topologies [26]–[33]. It should be
noted that although some of studied converters are unidirec-
tional, it is feasible to replace the diodes on high-voltage side
with active switches allowing bidirectional power transferring
capability. Three-phase converter not only inherits the advan-
tages of aforementioned single-phase current-fed converters but
also increases the power transfer capability for switches with the
same voltage and current rating compared to single-phase one.
In addition, reduced rms current per phase and low conduction
loss and smaller size of passive components are achieved for
the same power compared to the single-phase converter. A
three-phase full-bridge current-fed converter with active clamp
and delta–delta connected transformer is shown in Fig. 7(a)
[26]. The ideal waveforms of the pulsewidth modulation (PWM)
control strategy applied to this converter are shown in Fig. 7(b).
As shown, the duty ratio of switches’ gating signal is varying
so that it increases the complexity of control. Three-phase
half-bridge active-clamped topology with three input inductors
and Y–Y connected transformers is shown in Fig. 8 [27], [28].
Due to the three-phase interleave operation, the frequency of
input current is triple of switching frequency and its current
ripple is minimized. The current ripple is much smaller than
the converter in Fig. 7(a) and single-phase topologies with the
same inductor design. In addition, the adopted PWM control
with fixed duty ratio under steady state is easier compared to the
former three-phase converter. If the duty cycle D is less than 0.66,
then the auxiliary clamp capacitor current Ic is continuous. The
counterpart topology with delta–delta connected transformer is
studied in [29].

The active clamp technique is also applied to basic three-phase
current-fed push-pull converter [30] as well. The three-phase
push–pull topology has benefits of simplest structure in its
power and gate driver circuits, leading to high system relia-
bility. Three-phase push–pull converter with active clamp is

Fig. 7. (a) Topology proposed in [26]. (b) Key operating waveforms.

shown in Fig. 9 [31], [32]. A full three-phase bridge is used
at low-voltage side like Figs. 7 and 8, which is meritorious for
modular design. Similar PWM control method in [27] is adopted,
of which the major advantage is that the switching frequency of
clamp switches and main switches is identical. Three different
operating regions depending on the duty cycle D (D > 0.66,
0.33 < D < 0.66, and D < 0.33) are studied. For D > 0.66, the
RMS current through the leakage inductances is larger compared
to that in [26] and [27]. For D < 0.33, ZVZCS soft switching of
clamp switches is achieved.

A new three-phase push–pull converter employing a simple
active clamp circuit with rearrangement of three main switches is
presented in [33] as shown in Figs. 10. The topology inherits the
similar characteristics in [26], [31], and [32] with simplest struc-
ture. In this topology, PWM control with D > 0.66 is employed
to ensure enough voltage step-up ratio. The disadvantage of this
topology is that the voltage stress of main switches is higher
than that of topologies studied in [26], [31], and [32].

In buck operating mode for three-phase active clamped con-
verters, the operating process is similar to that of single-phase
active clamped topology. The auxiliary switch is only activated
briefly after the execution of high voltage switch to reset the
leakage inductor current which otherwise circulates in voltage-
fed side.

B. Dual Half-Bridge CF-IBDC

Peng et al. proposed a novel type of CF-IBDC with boost
half-bridge as shown in Fig. 11(a) [34], [35]. The converter
is configured with dual half-bridge structure placed at both
sides of the HF transformer and an inductor at the input of
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Fig. 8. (a) Topology proposed in [27]. (b) Key operating waveforms.

Fig. 9. Topology proposed in [31] and [32].

Fig. 10. Topology proposed in [33].

the low-voltage side. This topology is a boost-type circuit and
minimizes the devices count for the same power rating compared
to full-bridge topology, which allows a compact packaging. Each
switch and corresponding capacitor will serve as the active clamp
for the complementary one. In addition, the start-up problem of
the voltage-fed converter is inexistent, which eliminates the need
for additional devices and reduces the complexity of converter.

Fig. 11(b) shows the idealized operating waveforms of the
converter under different cases according to the phase shift Φ1

and voltage relationships of V1 and V3 and V2 and V4. The
optimum case happens when the duty cycle D= 0.5, V1 =V3 and

Fig. 11. (a) Conventional current-fed dual half-bridge topology [34], [35].
(b) Key operating waveforms.

Fig. 12. Current stresses of switches versus output power [34].

V2 = V4, which minimizes the peak value of leakage inductor
current. S1 and S3 are controlled with the same duty cycle, which
is named as symmetrical duty cycle (SDC) control. The duty
cycle D can be regulated to match the voltages across the both
sides of the transformer. The power transferring and its direction
are decided by the phase shiftΦ1 between two voltages across the
transformer primary and secondary. WhenVr1 is leadingVr2, the
converter is working at boost mode. Otherwise, the converter is
working at buck mode. The current stresses of switches are also
related withΦ1. Decreased value ofΦ1 brings less current stress.
ZVS of all switches is achieved in either direction of power flow.
However, the current stresses of low-voltage side switches are
asymmetric (shown in Fig. 12) and it is difficult to accommodate
a wide range of voltage boost ratio as well. Practically, the ZVS
soft switching cannot be maintained through full range of load.
Another drawback of half-bridge topology is the requirement of
split capacitors which have to deal with the full load current.
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Fig. 13. (a) Topology proposed in [36]. (b) and (c) equivalent circuits.

The secondary side of the above topology in Fig. 11 has
been modified in [36] as given in Fig. 13(a). The converter is
bilaterally symmetrical and is also a variant of the boost circuit.
In boost mode, the low-voltage side can be considered as a
combination of a boost converter and a half-bridge converter as
shown in Fig. 13(b). And for the high voltage side, the working
principle of the converter can be regarded as a hybrid of a buck
converter and a half-bridge converter as shown in Fig. 13(c).

Similarly, S4 is the key switch. In order to avoid the unbalance
voltage of C1 and C2 and the unsymmetrical voltage of the
primary winding, the duty cycle of all switches is fixed at 50%.
Similar to [34] and [35], this topology is operating at phase-shift
control mode. Power flow, the output voltage and current, and
soft switching are all controlled by the phase-shift angle between
the transformer primary and secondary voltages with fixed 50%
duty cycle. Compared to the half-bridge topology in Fig. 11,
this modified topology achieves ZVS for all switches and zero
current commutation for the rectifier diode over a wide load
range. The control method, i.e., using a fixed duty cycle (FDC)
with phase shift to control power flow, is simple and easy to
implement. But the FDC control method is not suitable for
wide input application. The current stress of switches stays
asymmetric like topology in [34] and [35].

Based on the conventional dual half-bridge CF-IBDC [34],
[35], Sun et al. [37] add one more identical secondary-side
configuration and combines the two capacitor legs into one as
shown in Fig. 14(a). The immediate effect of this change is that
the secondary-side output voltage becomes three levels from
two levels, and thus the converter can be optimized for low con-
duction loss design. PWM plus hybrid phase-shift modulation

Fig. 14. (a) Topology proposed in [37]. (b) Three operating modes.

(PSM) are applied to this converter. As shown in Fig. 14(b),
there are three control variables, namely the duty cycle D of S1,
S3, and S5, the phase-shift angle ϕps between the primary and
secondary switching units, and the secondary-side internal phase
shift angle ϕs. Three different operating modes of converter are
identified depending on the control of these variables. Boost
operation occurs in Mode I and II, and buck operation exists in
Mode II and III. The direction of power flow is controlled by
ϕps instead of ϕs.

In order to minimize the rms current, the duty cycles of
the three half bridges are the same (SDC control). The duty
cycle D can be regulated to match the voltages across the both
sides of the transformer. In addition, the current stresses, rms
current, and conduction losses of the converter are reduced with
PWM control. Single phase-shift (SPS) modulation (modulation
of ϕps) and dual phase-shift (DPS) modulation (modulation
of ϕs and ϕps) are combined to form a hybrid PSM. The
adoption of hybrid PSM can achieve practical ZVS operation
of high-voltage side switches within wide input voltage and
full power range, resulting in lower switching losses and higher
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Fig. 15. (a) Topology proposed in [38]. (b) Four practical operating areas.

efficiency. Compared with the topologies and control scheme in
[34]–[36], the proposed control strategy performs better under
all modalities than SPS control and can better match the output
voltage. However, this converter is more complex in terms of
structure and control.

A number of new topologies based on the conventional dual
half-bridge CF-IBDC have been proposed to fulfill different
specific targets. In order to improve the converter power rating
with reduced weight and size of passive components which are
limitations in single-phase counterpart, a three-phase current-
fed converter with Y-Y connected transformers as shown in
Fig. 15(a) is proposed [38]. With the interleaving structure, dc-
link capacitor can be reduced as well compared to single-phase
topology. Simultaneously, the Y-Y connection of transformers
has better current sharing capability compared with other types
of connection. Similar to the control in single-phase topology,
duty cycle plus phase-shift control is implemented, in which
the varied SDC D accommodates the changes of input voltage.
The phase angle ϕ between the switches on low-voltage and
high-voltage sides controls the bidirectional power flow. The
upper and bottom switches on each phase are conducted com-
plementarily, with the phase angle 120° between phase legs on
the same side. The varied duty cycle modulation (D is limited in
1/3–2/3) results in four practical operating areas in boost mode
for the converter, which are shown in Fig. 15(b). The maximum
power is located at D = 1/2 and ϕ = π/2. In buck mode, ϕ is
less than zero and the operating waveforms are symmetrical.
Soft switching and low rms current are maintained over a wide
load range and wide input voltage range. Increased power rating
and reduced size of passive components are the major merits of
the three-phase design.

Three-port triple half-bridge CF-IBDCs have also been pro-
posed to interface multiple dc sources [39], [40]. Unlike most

Fig. 16. Topology proposed in [41].

Fig. 17. Topology proposed in [21] and [42].

of control methods, Wang et al. [39] propose a novel asymmet-
rical duty cycle (ADC) control method for a three-port triple
half-bridge dc–dc converter. Generally, with SDC and FDC
control methods, two current-fed ports cannot maintain ZVS
and the dc-bus voltage varies under wide input voltage variation.
For ADC control, the duty cycles of two current-fed ports are
adjusted according to the variation of respective input voltages
and the duty cycle of voltage-fed port is fixed at 50%. With the
ADC control method, constant dc-bus voltage and ZVS for all
the ports within full input voltage range are maintained. The
power flow between three ports is controlled by the phase-shift
angles. Furthermore, the proposed ADC control reduces the
converter peak current and rms current. Cao et al. [40] propose a
similar three-port dc–dc converter while using two transformers.
Focusing on the closed-loop feedback control of the converter,
the virtual-output-impedance shaping technique and double PI
feedback method are presented and designed to minimize the
second-harmonic distortion on dc-bus voltage.

C. L-L Type Dual Active Bridge CF-IBDC

A novel type CF-IBDC has been introduced in [41] based
on Peng’s single half-bridge topology, as shown in Fig. 16. It
can also be considered as one special type of active clamped
L-L type current-fed converter. This L-L type dual active bridge
CF-IBDC has drawn a lot of research efforts and is analyzed
separately here.

In [41], the converter is controlled by phase-shift plus low-
voltage-side PWM scheme and the high-voltage-side pulsewidth
is fixed at 0.5. ZVS soft-switching over wide range of load
under wide input voltage variation condition is achieved. The
circulating current is also reduced considerably. However, the
circulating energy is still relatively large with fixed high volt-
age side pulsewidth in boost mode and the realization of wide
range of output voltage changing in buck mode is difficult. Hui
et al. [21] modify Fig. 16 into three-level topology (full-bridge at
high voltage side), as shown in Fig. 17. Therefore, the pulsewidth
of high-voltage side can be modulated to obtain more operation
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Fig. 18. Operating patterns for the topology in Fig. 17 [42].

modes. PWM plus SPS is adopted, and the duty cycle of low-
voltage side and high-voltage side are kept to be the same (SDC).
Voltage mismatching control is employed, where voltage across
clamp capacitor is not controlled to be equal to reflected high
voltage (VCc �= Vo/n). The studied converter minimizes the
rms value of transformer current. But soft switching through
full range of loads cannot be achieved, and the current stress is
still relatively high.

Sha et al. [42] studied the control of this converter further.
Unlike Hui’s work, voltage matching control is implemented
to avoid the high current stress caused by unmatched voltage
control. All the possible and practical switching patterns on
the premise of wide ZVS range, power controllability, and
voltage matching control have been analyzed and compared with
respect to three degrees of control freedom, i.e., the low-voltage
side duty cycle Dp, the high-voltage side duty cycle Ds, and
the phase-shift angle ϕE . The practical operating patterns are
depicted in Fig. 18. To achieve ZVS for a wide load range,
Dp > Ds should be maintained. A new control strategy is
proposed that Dp is always larger than Ds by a fixed value and
the bidirectional power is monotonously controlled by ϕE in the
range of −π/2 ∼ π/2. The fixed value is designed as small as
possible on the premise of ZVS achievement in order to reduce
the circulation loss. Therefore, the independent control variables
have been reduced from 3 to 2. The converter is optimally
operating at different modes according to the load conditions and
low voltage variations. The closed-loop control is simple while
maintaining the advantages of minimized circulating current.

Fig. 19. Modified operating modes for the topology in Fig. 17 [43].

The proposed control strategy allows the converter to achieve
soft switching over the full load range including no load condi-
tion.

In [43], based on the operating modes shown by Fig. 18,
corresponding modified modes are presented shown in Fig. 19
with the same three control freedoms Dp, Ds, and ϕE . It is
clearly demonstrated that the modified modes in Fig. 19 are
the boundary modes of that in Fig. 18, which reduces the peak
current and rms current in the transformer. Compared to the
previous control methods, lower conduction loss and core loss
occur with this modified modulation strategy. However, the
requirement of control precision is greatly increased.

Sha et al. [44] replace the two input inductors in Fig. 17 with
magnetic-integrated inductors, thus improving the power density
and the power conversion efficiency at light-load conditions. The
duty cycle of low-voltage side bottom switches is controlled to
be lower than 50% to reduce the conduction loss. Meanwhile,
the voltage mismatching control with adaptive clamp voltage
regulation helps achieve ZVS for all switches throughout full
load range. However, proper dead time to achieve ZVS has to
be designed precisely which brings difficulty of control.

To obtain both low conduction losses and circulating current,
Zhang and Sha [45] proposed a new control method with double
PWM plus double phase-shift (DPDPS). Gating signal of both
side of HF transformer is controlled with DPS to achieve ZVS
of low-voltage side switches and ZVS/ZCS of high-voltage
side switches. Unlike Hui’s work, voltage matching control is
also implemented. The advantages of this control method are
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Fig. 20. Topology proposed in [46].

Fig. 21. (a) Topology proposed in [47]. (b) Key operating waveforms.

that the soft switching is maintained for wide variation of low
input voltage. Thus, the conversion efficiency is higher than the
PWM plus SPS control. Similar DPDPS technique has been
implemented for the topology with a three-level neutral point
clamped circuit at high voltage side [46], as shown in Fig. 20.

A novel L-L type hybrid dual active bridge converter is
proposed in [47], as shown in Fig. 21(a). The high voltage
side is a full bridge with an auxiliary half-bridge circuit, which
allows five-level high-voltage operation at most. The theoretical
operating waveforms are shown in Fig. 21(b). The low-voltage
switches are conducted complementarily with 50% FDCs re-
gardless of the input voltage and load variation. Therefore, the
current ripples of L1 and L2 offset each other and the input cur-
rent ripple can be reduced to zero theoretically. For high-voltage
switches, the duty cycle of S7 and S8 is D and complementary
to that of the auxiliary switches. The selection of D is related
to the ZVS range for all switches, which is determined by the
voltage conversion ratio and the phase shift angle ϕ. To achieve
zero current ripple, this converter suffers from the issue of high
number of active switches and high current stress with voltage
mismatching control.

Fig. 22. (a) Topology proposed in [48]. (b) Key operating waveforms.

A multiport topology suitable for hybrid battery and super-
capacitor applications is presented in [48]. The converter is
symmetrical on both sides of transformer, shown in Fig. 22(a).
As indicated in Fig. 22(b), the duty cycle D1 controls the voltage
across the clamp capacitor Cc and D2 adjusts the voltage of dc
bus. Similarly, the phase angle ϕ controls the power flow be-
tween the battery and dc bus. For ZVS achievement of switches
on the battery side in full load range, D1 is set less than 0.5, while
for switches on the dc-bus side, the inductors L3 and L4 should
be designed properly to achieve whole range’s ZVS operation.
Compared to the topologies without multiport, lower reactive
power and circulating current are realized in this topology and
it is potential to attain the port extension.

The operating patterns of above research work in boost mode
and buck mode are symmetrical and the power transferring
magnitude and direction can be generally controlled by the phase
shift angle since they are piecewise related.

In [49], one active switch at low-voltage side is replaced with
a diode, which leads to low size and cost of the converter. How-
ever, only two switches operate under ZVS within wide power
range and the efficiency is low at light-load conditions. Dual
transformers structure-based L-L type CF-IBDCs are introduced
in [50] and [51]. With respective advanced modulations, input
current ripple free is achieved in [50] and switching harmonics
elimination and power sharing without transformer dc bias are
realized in [51]. In [52] and [53], parallel connected L-L type
dual active bridge CF-IBDCs are investigated with correspond-
ing control strategies. Excellent power sharing can be achieved
among the individual constituent converters not only in steady
state but also in the dynamic process.
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Fig. 23. Topology proposed in [62].

D. Resonant-Type CF-IBDC

Resonant-type current-fed converters make use of the trans-
former parasites (leakage inductor, parasitic capacitor) as reso-
nant circuit elements and solve the problem of voltage/current
spikes and high switching losses. Resonant converters are the
earliest soft-switched converters. According to different types
of resonances, resonant converters can be divided into series
resonant, parallel resonant, and series–parallel resonant convert-
ers. Dozens of research work have applied these resonant tech-
niques over current-fed converters. Many types of the resonating
current-fed converter such as LC-type [54]–[57], CLC-type [58],
LLC-type [59], LCC-type [60], CLLC-type [61], etc., have been
reported, which were distinguished based on the components of
the resonant circuit. Normally, the output voltage is regulated
through varying frequency control and switches can be soft
switched.

Samanta et al. [62] present a new current-fed resonant topol-
ogy for the bidirectional wireless power transmission power
electronics system. A series–parallel CLC resonant tank is
formed through connecting a designed capacitor in series with
the transmitter coil. The topology is shown in Fig. 23. Compared
to the conventional current-fed topology with LC resonant tank,
the voltage stress on the converter is much smaller. Variable fre-
quency modulation is used to control the power flow. Regardless
of the load current, the devices can obtain soft switching. The
receiver-side voltage doubler acts as an uncontrolled rectifier in
forward direction. To compensate the reactive power consumed
by the receiver coil, a capacitor is connected with it in series.
In backward direction, the voltage doubler circuit operates as
voltage-fed inverter with a FDC 0.5. Varying frequency control
brings difficulty to the optimized control and design of the
converter [63].

To solve the issue of varying frequency control of resonating
converter, some scholars focus on the study of fixed frequency
or limited range frequency control. Fig. 24 shows a novel
fixed-frequency PWM-controlled LC series-resonant tank-based
CF-IBDC [63]. The primary side is an L-L type active bridge
topology, while the secondary side is an active full-bridge circuit.
The resonant tank, which is composed of a series inductor Lr, a
capacitor Cr, and an HF transformer, is used to produce a nearly
sinusoidal current at both sides of the transformer. This results
in a lower switching loss of the switching devices. The auxiliary
inductors La and magnetizing inductance Lm are employed to

Fig. 24. (a) Topology proposed in [63]. (b) Key operating waveforms.

achieve ZVS for all the switches. Fig. 24(b) shows the operating
waveforms in boost and buck modes. It can be seen that the gating
signals of switches in boost and buck modes are exactly the same,
as well as the inductor currents iLa and iLm. The only difference
is the direction of iLr and vCr. The most attractive feature of
this proposed series-resonant converter is that the voltage gain
characteristic is very similar to the well-known PWM converters,
whose voltage gain is only determined by the duty cycle D of
switches S1 and S3. D is the only control variable and varying
around 0.5 to accommodate the wide voltage applications. The
amplitude and direction of the transferred power are regulated
easily and smoothly through simple PWM control.

Fig. 25 shows a traditional LLC resonant converter with an
optimal modulation strategy analyzed in [64]. Compared to the
conventional pulse-frequency modulation (PFM) which is not
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Fig. 25. (a) Topology proposed in [64]. (b) Key operating waveforms.

suitable for bidirectional operation within wide voltage range
due to the requirement of wide frequency regulation range,
this new control method employs narrow operation frequency
range which is beneficial for the design of magnetic components
and achieves high efficiency. In boost mode, PWM control is
employed. The duty cycle D of S1 and S3 is changed to regulate
the voltage of capacitorCa and the high voltage side switches are
synchronous rectified. The dc-bus voltage is controlled by PFM.
While in buck mode, PWM plus PSM is adopted. The phase-shift
angleϕ1 between S5 and S1 and duty cycle D regulate Vb andVa,
respectively. And the constant phase shift ϕ2 between S5 and S8
helps to realize ZVS of all the switches. It should be noted that
the converter parameters and control strategy need to be well
designed and tradeoff must be made to ensure ZVS over a full
operating range and better efficiency performance.

The disadvantages of the resonant-type CF-IBDCs are that the
resonant tanks need extra inductors and capacitors, and the res-
onating voltage and current stress of these passive components
are relatively large.

In addition to aforementioned converters with resonance in
the whole cycle, there exist other types of resonant converters
of which the resonance happens only for a part of the switching
period. Instead of full resonance, partial resonance may obtain
the advantages of soft commutation, limited device voltage,
and current stress. Some of them are named as quasi-resonant
converter [65]–[67]. The resonant components are the leakage
inductor of HF transformer and the parasitic capacitor of the
switches. The topology is shown in Fig. 26 and its corresponding
boost mode operating waveforms are shown in Fig. 28. The reso-
nance frequency should be selected several times the maximum
switching frequency. The voltage gain is mainly affected by the
resonant components and switching frequency, instead of high

Fig. 26. Topology proposed in [65].

Fig. 27. Topology proposed in [68].

voltage side duty cycle. In buck mode operation, low-voltage
side switches are operated same as that in boost mode. Although
the proposed converter is operated under ZVS at both power
directions, the voltage stress of low-voltage side switches is still
too high.

Similar techniques called impulse commutated converters
have been reported recently [68]–[70]. Impulse commutation
utilizes transformer leakage inductance and interturn winding
capacitance as the resonance tank, which allows the device
voltage to rise gradually and therefore solve the issue of de-
vice turn-OFF voltage spike without increasing complexity and
degrading performance of converters. The resonance happens
only for a short period of time depending upon the overlap
time and produces a resonance impulse. ZCS turn OFF operation
of low-voltage switches and reduced peak current compared
to full resonant converters are achieved and the voltage gain
is immune to load variation. However, frequency modulation
is still required to regulate the load voltage. Impulse commu-
tation technique can be applied to three basic double-ended
topologies push–pull, L-L type half-bridge, and full bridge [70].
Fig. 27 shows an impulse commutated push–pull topology (the
operating waveforms are shown in Fig. 28). Reduced peak and
circulating currents compared to resonant converters with iden-
tical LC tank are achieved for impulse commutated current-fed
converter.

Fig. 29 shows an impulse commutated three-phase topology,
which can implement two types of modulation schemes, i.e.,
120° modulation and 180° modulation and offer high potential
for low-voltage and high-current applications like fuel cell appli-
cation. More details about comparison and evaluation of various
three-phase current-fed impulse commutated converters such as
three-phase half-bridge, three-phase full-bridge, and three-phase
push–pull topologies, are presented in [70]. Although the studied
topologies in [70] are unidirectional, it is feasible to replace
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Fig. 28. Waveforms of quasi-resonant converter [65] and impulse commutated
converter [68].

Fig. 29. Topology proposed in [69].

the diodes on high voltage side with active switches allowing
bidirectional power transferring capability. In buck operation,
similar modulation schemes applied in conventional three-phase
voltage-fed LC resonant dc/dc converters could be implemented
for these current-fed impulse commutated converters.

E. Naturally Clamped CF-IBDC

For current-fed bidirectional converter, the voltage-fed (high
voltage) side switches provide the flexibility to preset the current
flowing through leakage inductance to the boost inductor cur-
rent before the commutation of current-fed side switches thus
reducing or eliminating the need of snubber circuits. This is
referred as active commutation technique or natural clamping
technique [71], [72]. For the soft-commutation method proposed
by Zhu [71], the energy consumption of the passive snubber can
be reduced but cannot be completely eliminated. In [72], the
commutation time has to be precisely controlled which limits
the practical applications.

Rathore et al. has contributed a lot in the development of
new family of current-fed converters—active commutated or
naturally clamped current-fed converters [73]–[78]. The main
principle of a secondary-modulation-based naturally clamping
technique is to utilize the reflected output voltage across the
primary winding of the HF transformer. The reflected output
voltage diverts the input boost inductor current from one switch
(or switch pair) to the other switch (or switch pair) through the
HF transformer. A minor circulating current allows body diode
conduction to ensure ZCS and natural turn-OFF. Low-voltage
side switches are naturally voltage clamped by reflected output
voltage and achieve ZCS turn-OFF and nearly ZVS turn-ON,

Fig. 30. Topology presented in [73].

Fig. 31. Topology presented in [75] and [76].

while the high-voltage-side switches realize ZVS turn-ON. Soft
switching and voltage clamping are inherent and maintained
independent of the load and voltage variations. Owing to the low
clamped voltage of low-voltage-side devices, low-voltage-rating
devices with low ON-state resistance can be used, resulting in low
conduction losses and higher efficiency.

Two types of secondary modulation have been implemented
over current-fed L-L type half bridge topology and full-bridge
topology as shown in Fig. 30 [73] and Fig. 31 [75]. The
key operating waveforms of these two secondary-modulation
techniques have been displayed in Fig. 33(a) and (b). Low-
voltage-side switches are controlled by identical gating signals
(greater than 0.5) phase shifted by 180° with an overlap. Both
of them can achieve natural voltage clamping while for [73]
the current flowing through HF transformer is discontinuous
unlike [75]. The continuity of leakage inductance current is
determined by the gating signal of high-voltage-side switches.
The turn-OFF moment of high-voltage switches is synchronous
with the turn-OFF of corresponding low-voltage switches. While
for [73], the duty cycle is necessarily less than ϕ/2 at full load
and for [75], the duty cycle should be large enough even up to
0.5. Thus, the control method proposed in [73] suffers from the
oscillation due to the resonance between the leakage inductance
of HF transformer and device capacitances when current in the
transformer reaches zero.

For both of these two techniques [73], [75], under light-loads
conditions, the peak current through the leakage inductance
of HF transformer and the low-voltage-side switches is much
higher than the input current, i.e., the excess current or cir-
culating current is relatively larger, compared to that at rated
load. The value of this peak current is constant and fixed for a
given operating condition, irrespective of any power level or load
change. Such peculiarity leads to higher current available for soft
switching than that required, high circulating current and high
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Fig. 32. Topology proposed in [77].

conduction and reverse recovery losses of primary switches’
body diode at light loads. As a result, the performance of the
converter is reduced at light loads.

The modulation methods implemented in [73]–[75] can be
seen a SPS modulation as discussed in [76]. The control variable
ϕ is the phase shift between the gating signals of the low-voltage
switches and the corresponding high-voltage switches as shown
in Fig. 33(b) and (c). The deficiency of the single variable control
is the unregulated peak current especially under light-load condi-
tion as discussed above. Bal et al. [76] propose DPS modulation
implemented over the same topology in Fig. 31. In addition to
ϕ, the phase difference αs between the diagonal switches on
high voltage side is also controlled as shown in Fig. 33(c). With
this modified modulation strategy, the value of aforementioned
peak current is greatly reduced and thus the performance of
the converter is improved at light-load conditions. For DPS
modulation, the voltage across the secondary winding of the
transformer is three level which is beneficial to reduce the
circulating current and the power transfer is controlled by ϕ
and αs simultaneously.

In [77] and [78], naturally clamped bidirectional current-fed
dual six-pack and three-phase push–pull topologies have been
studied for high-power applications, which allows the reduction
in the passive components and the enhancement of the power
density. The dual six-pack topology is shown in Fig. 32. Similar
to the single-phase topology, the duty ratios of low-voltage-side
switches in one leg are more than 0.5 and 180° phase shifted
with an overlap. Phase difference of 120° is maintained between
three legs. The voltage across OFF-state switches in primary is
naturally clamped at Vo/n. It should be noted that the peak
value of currents through the leakage inductance and low voltage
switches is 2× input current.

In buck mode, the conventional PSM in high voltage side
with synchronous rectification in low voltage side is imple-
mented under high-load conditions. In order to maintain ZVS
soft switching at lower loads, active controlled rectification is
applied, where the duty cycle of low-voltage-side switches is
greater than 0.5 to utilize the active devices for synchronous
rectification for maximum conduction period. Hence, the overall
performance of converter is improved. Note that some issues
along with the bidirectional operation also exist, such as the
seamlessly transition between two control schemes between
boost mode and buck mode operation, which are associated with
some resonant-type CF-IBDCs as well.

In summary, the merits of naturally clamping are no need of
auxiliary circuits, ZVZCS for low-voltage-side devices and ZVS

for high-voltage devices for wide operating range, inherent nat-
ural voltage clamping and higher efficiency and power density
of the converter.

F. Other Type CF-IBDC

In addition to the topologies mentioned above, there are
many other distinct types of current-fed converters which are
out of common features [79]–[91]. These topologies realize
their functions in specific applications but compromise on the
complexity of the circuit. Some of them are introduced here.

Some authors utilize the auxiliary circuits to clamp the voltage
spike during switching transition [79]–[84]. The flyback snub-
ber was used to recycle the absorbed energy in the clamping
capacitor [79]–[81]. The topology of CF-IBDC with a flyback
snubber is shown in Fig. 34 [79]. Since the flyback snubber can
be operated independently, it can be freely controlled according
to the requirements of the converter. Therefore, it can clamp the
voltage of low-voltage switches to a level slightly higher than
the voltage across primary side of the transformer. Due to the
existence of clamping branch (Dau1 and Cau) and the flyback
circuit, the circulating current does not flow through the main
switches and the voltage spike is avoided during switching com-
mutation, consequently improving the reliability of converter.
The clamping branch and the flyback snubber are activated in
start-up process and regular boost mode operation. The circuit
can be feasible by precharging the high voltage side capacitor
through the flyback snubber at start-up thus realizing soft start
and suppressing inrush current. In boost mode, low-voltage-side
switches are controlled and high-voltage side is synchronous
rectifying. While in buck mode, low-voltage side is operated
as a rectifier and the topology is a phase-shift full-bridge con-
verter without the participation of the flyback snubber. Sharon
and Sathiyan [81] add two passive capacitor–diode snubbers at
high-voltage side and the energy stored in flyback snubber is
transferred to the buffer capacitors of added passive snubbers.
As a result, the voltage and current spike as well as the voltage
stress of the switches are reduced. In [82], external auxiliary buck
circuits are utilized to achieve ZCS and reduce the circulating
current for current-fed full-bridge topology as illustrated in
Fig. 35.

In [86], a new switching control strategy taking advantage of
the separated commutation is presented for the converter whose
low-voltage side consists of four-quadrant switches comprising
two MOSFETs each in backward connection, as shown in Fig. 36.
It features natural clamping and ZCS soft switching at current-
fed side with ZVS at voltage-fed side. A three-phase topology
based on this structure is proposed in [87], which allows the
converter to operate for higher power levels while maintains
high efficiency.

In [88], an extended secondary universal current-fed converter
is proposed based on Fig. 4 by modifying its secondary circuit.
Hybrid modulation is proposed for this converter, where PWM
in primary side with fixed secondary-side duty cycle under
input voltage below 42 V and secondary side PWM for input
voltage above 42 V are employed. With hybrid modulation, this
converter accommodates load voltage regulation with wide input
voltage variation (1:3) and load variation. In addition, ZVS for
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Fig. 33. Key operating waveforms of three types of secondary-modulation-based naturally clamping techniques [73], [75], [76].

Fig. 34. (a) Topology proposed in [79]. (b) Key operating waveforms.

primary switches and ZCS for secondary switches are achieved
under all operating conditions. Therefore, it can be universally
adopted for interfacing different sources with different voltage
ranges such as fuel cells, batteries, and solar panels.

Jwa et al. [89] integrate the conventional active clamped
full-bridge with a half-bridge LLC converter and consequently
further improve the converter performance. Low switch voltage
stress at low voltage side owing to small duty ratio D and
reduced peak currents through main switches and transformer
primary due to two transformers structure are achieved com-
pared to active clamped full-bridge converter. Fig. 37 shows
an asymmetrical half-bridge bidirectional dc/dc converter [90].
Two inductors are used at the low voltage side and a series

Fig. 35. Topology proposed in [82].

Fig. 36. Topology proposed in [86].

Fig. 37. Topology proposed in [90].

blocking capacitor is placed to prevent transformer saturation,
which may limit the power transferring capacity of the circuit.

For a hybrid system consisting of renewable energy source
and energy storage, it is very important to efficiently draw
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Fig. 38. Topology proposed in [91].

the energy form these two different power sources over wide
range of input voltage and load variations. Zhang et al. [91]
propose a fuel cell-based hybrid topology, shown in Fig. 38.
By using two HF transformers, the topology combines a boost
half-bridge circuit connecting fuel cell and a full-bridge circuit
for supercapacitor which acts as an auxiliary power source on
low-voltage side. Due to bidirectional power transfer capability,
the proposed topology has three operating modes, i.e., boost
mode, supercapacitor power mode, and supercapacitor recharge
mode. A PWM plus PSM scheme is utilized to flexibly regulate
the bidirectional power flow and achieve a quasi-optimal design
that can minimize the RMS value of ac through inductance L2

and extend the ZVS range.

III. DERIVATION OF COMPONENT COST MODELS

AND LOSS MODELS

For the performance evaluation of power electronic converter,
five significant aspects about converters are considered: cost,
volume, weight, losses, and power density. The trends of de-
velopment include the increase of the efficiency (reducing the
losses) and power density while lowering the cost, weight, and
volume. In this section, the component cost models for MOSFET,
transformer, inductor, capacitor, heatsink, and gate-driver ICs
of the converters are derived. Different loss models, including
switching and conduction losses of MOSFET, inductor losses and
transformer losses, are presented.

A. Cost Models

1) Power Semiconductors: Generally, the cost of a power
semiconductor largely depends on its chip area and package
which determine its electrical and thermal properties [92], [93].
The following cost model is established in [92]:

∑

SC

= σchip,xAchip +
∑

pack,x

(1)

where ΣSC is the total cost, σchip,x is the price per chip area
Achip, and Σpack,x is the package price. The parameters σchip,x

andΣpack,x vary with different chip and packaging technologies.
σchip,x represents the sum of all processing and R&D costs for
a specific chip technology. σchip,x and Σpack,x of specific chip
technology can be obtained through investigating the prices of
semiconductor products from its major manufacturer.

CF-IBDC is normally adopted for low-voltage high-current
application, where MOSFETs are generally preferred in the engi-
neering design. OptiMOS power MOSFET of Infineon Company

TABLE II
NUMERICAL VALUES FOR THE COST MODEL OF MOSFET

are quite mature for the semiconductor devices within 200 V
while its CoolMOS power MOSFET is advantageous for the
semiconductor devices around 600–650 V. In this paper, Op-
tiMOS and CoolMOS MOSFET of Infineon Company is selected
to design the virtual prototype. The specific numerical values of
σchip,x and Σpack,x can be obtained by multiparametric least
square fitting based on the database samples [94]. Table II
presents some numerical values of σchip,x and Σpack,x for dif-
ferent chip technologies and packaging types (ordering quantity
is 5000+).

2) Transformers and Inductors: Transformers and inductors
are both magnetic components, which consist of magnetic core
and winding. Therefore, the cost models of transformer and
inductor can be divided into two parts, i.e., core cost and winding
cost.

For the HF transformers, in order to have a compact design,
planar ER cores are used and copper foil or copper sheet is
employed as the winding type for the virtual prototype in this
study. Therefore, the following transformer cost model for the
CF-IBDC is proposed:

∑

T

=
∑

core,T

+
∑

wdg,T

= amW 2
core,T + bmWcore,T + cm + σwdg,TWwdg,T (2)

where Wcore,T is the core weight and am, bm, and cm are
constant coefficients depending on the core material. σwdg,T is
the cost per winding weight and Wwdg,T is the whole winding
weight. The given model is applied to the core less than 1 kg.
Winding cost should cover the copper cost and corresponding
labor cost.

Ferrite core is suitable for the design of transformer operated
under 100 kHz or higher frequency. According to the data from
a leading supplier of ferrite components (Ferroxcube) for mini-
mum ordering quantity larger than 5000, the numerical values of
am, bm, and cm are 2.484× 10−4 $/g2, 2.621× 10−3 $/g and
0.4696 $, respectively, for 3C95 material [95]. With regard to
σwdg,T , it is around 0.06 $/g for copper foil (0.4 mm thickness).

For inductors, to minimize the core losses and reduce the HF
skin effect, sendust toroid cores and litz wires are employed.
The following cost model of inductor is supposed:

∑

L

=
∑

core,L

+
∑

wdg,L

= σcore,LWcore,L +
∑

fix,L

+ σwdg,LWwdg,L (3)
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TABLE III
NUMERICAL VALUES FOR THE COST MODEL OF CAPACITOR

where σcore,L and σwdg,L are specific costs per weight Wcore,L

and Wwdg,L.Σfix,L can be considered as the fixed core manu-
facturing cost. By means of a multiparametric least square fitting
of the data supplied by an inductor manufacturer (Micrometals),
the parameters σcore,L and Σfix,L are 9.429× 10−3 $/g and
0.1956 $/unit [96]. If the winding type is AWG 26 litz wire,
σwdg,L is approximately 0.05 $/g.

3) Capacitors: For the HF-operated CF-IBDC of several kW
power level, thin film capacitors are sufficient for the power
decoupling. The cost of metallized polyester or metallized
polypropylene thin film capacitors is modeled in this section.
Based on the study of the capacitor prices of different voltage
ratings and capacitances, it can be observed that the unit cost of
film capacitors scales linearly with its capacitance value (C) for
a specific voltage rating. The capacitor model for each specific
voltage rating can be expressed in the following:

∑

C

= afC + bf . (4)

Table III shows values of af and bf for several typical voltage
ratings. These fitted parameters are obtained based on the data
from a major capacitor manufacturer (Kemet) [97].

4) Heatsinks: Generally, the cost of heatsinks largely de-
pends on the material, volume/weight, and manufacturing cost.
Aluminium (Al) is widely used as heatsink material. And dif-
ferent manufacturing processes result in various heatsink types,
e.g., extruded and hollow-fin. The heatsink cost model can be
supposed as follows:

∑

hs

= σhsVhs +
∑

fix,hs

(5)

whereσhs denotes the cost per volumeVhs for a specific heatsink
type and Σfix,hx is the fixed cost independent from the volume.
For the extruded Al heatsink, σhs is 0.009 $/cm3 and Σfix,hx is
0.27 $/unit.

5) Gate-Driver ICs: The normal operation of power elec-
tronic converters depends on a variety of ICs such as gate-driver
ICs. It is difficult to develop a relatively accurate cost model for
such ICs due to the dispersion. Consequently, unit costs of gate
driver ICs are fixed separately and total costs are determined
based on the driving requirement and quantity.

B. Loss Models

1) MOSFET Switching Losses: Due to the equivalent MOS-
FET input capacitance and Miller effect, switching transients
consist of rise time tr and fall time tf . The drain–source voltage
VDS and the drain current ID change with a certain slope during
these time periods, and the overlap of voltage and current results
in power loss. The charge stored in the MOSFET parasitic output

capacitor Coss during the switch-off process causes another
power loss. In addition, the product of the total gate charge Qg

and gate voltage Vg can be seen as a part of switching losses.
The occurrence of reverse recovery of the body diode during the
switch-on period generates another loss. Therefore, the MOSFET

switching losses consist of four major elements: power loss due
to the overlap of current and voltage, parasitic output capacitance
loss, gate charge loss, and reverse recovery loss of the body diode
[98], [99]. The following loss model is given:

PS = fs × (σ1 × 0.5× VDS × IDon × tr + σ2 × 0.5× VDS

× IDoff × tf + 0.5× Coss × V 2
DS

+QgVg + σ3 ×QrrVrr)

σ1 =

{
1, hard− switching

0, ZVS turn− on
σ2 =

{
1, hard− switching

0, ZCS turn− off

σ3 =

{
1, hard− switching

0, soft− switching

(6)

where fs is the switching frequency, Qrr is the reverse recovery
charge, and Vrr is the reverse recovery voltage. The rise time tr
and fall time tf of switching transient and output capacitance
Coss can be read from the diagrams or tables in the MOSFET

datasheet. VDS, IDon, IDoff can be obtained from characteristic
equations related to the converter’s operation or from simulation
results. Since the soft-switching operation is achieved in most of
aforementioned CF-IBDCs, the switching losses can be reduced
compared to those undergoing hard switching. If soft-switching
is realized, the current through MOSFET body diode can decrease
gradually and commutate with zero current; thus, the reverse
recovery effect can be lessened. The variables σ1, σ2, and σ3 are
equal to 0 or 1 according to the specific soft-switching conditions
(ZVS turn-ON or ZCS turn-OFF).

2) MOSFET Conduction Losses: The instantaneous conduc-
tion losses of MOSFET are

pc(t) = VDS(t) · ID(t) = RDSon · I2D(t) (7)

RDSon is the on-state resistance of MOSFET. By integrating the
instantaneous value of pc(t) over a switching cycle, the average
MOSFET conduction losses are expressed as follows:

PC =
1

TS

∫ TS

0

pc(t)dt =
1

TS

∫ TS

0

(RDSon · I2D(t))dt

= RDSon · I2Drms (8)

where IDrms is the rms value of the drain current. RDSon can be
read from the MOSFET datasheet as well.

3) Inductor Losses: The inductor losses are split into the
winding losses (copper losses) and core losses

PL = Pwdg,L + Pcore,L. (9)

The copper losses can be calculated as

Pwdg,L = RDC · I2L,avg +RAC ·
[
I2L,avg +

1

12
(ΔI)2

]
(10)
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where RDC and RAC are the dc resistance and ac resistance of the
winding, respectively. IL,avg is the average current through the
inductor and ΔI is the current ripple associated with operating
condition of converter. RDC can be calculated based on the
winding geometry as shown in (11). The existence of RAC is
due to the frequency dependent skin effect and proximity effect
in the winding, which is much complicated to calculate for litz
wires. The analytical model of the round litz wire winding can
be found in [100]

RDC =
4 · ρ · lwdg,L

ns · π · d2s
(11)

where ρ is the resistivity of litz wire (expressed in Ω·m), lwdg,L

denotes the length of winding, ns is the number of strands, and
ds is the diameter of the strand. If the ac component of inductor
current is negligible, winding loss is mainly determined by RDC.

The core losses are computed based on the calculated ac
flux density B (expressed in G) and frequency fs (expressed
in Hz). The ac flux density B is related with the inductance L,
the inductor current ripple ΔI, the winding turns N, and the core
cross-sectional area Ac as (12). ΔI is different among different
CF-IBDCs within the same operating condition, which depends
upon the numbers of input boost inductors and corresponding
modulation schemes

B =
L ·ΔI

N ·Ac
× 104. (12)

Since the input boost inductors are relatively large with lim-
ited small current ripple in most of current-fed dc–dc converters,
the core loss of inductor is low compared to the winding loss. The
empirical formula of inductor core losses given by Micrometals
Company is shown as follows [101]:

Pcore,L =

(
fs

a
B3 + b

B2.3 + c
B1.65

+ d · f2
s ·B2

)
· Vcore,L

(13)
where Vcore,L is the core volume (cm3). The loss coefficients a,
b, c, and d are listed in manufacturer’s catalog. For sendust core
with 60 permeability, a, b, c, and d are 7.89× 109, 7.11× 108,
8.98× 106, and 2.85× 10−14, respectively.

4) Transformer Losses: The estimation of transformer losses
is similar to that of inductor, i.e., the total losses are equal to the
winding losses plus the core losses

PT = Pwdg,T + Pcore,T . (14)

The winding losses include the losses in the primary
(Pwdg,Tp) and the secondary windings (Pwdg,Ts). Copper foils
or copper sheets are utilized in virtual prototype design in
Section IV and their thickness (δ) design is optimized according
to the skin depth at operating switching frequency. Then, the
winding losses can be calculated using winding resistance

Pwdg,T = Pwdg,Tp + Pwdg,Ts

=
ρCu · lwdg,Tp

wTp · δ · I2Tp,rms +
ρCu · lwdg,Ts

wTs · δ · I2Ts,rms

(15)

where ρCu is the copper resistivity constant, wTp and wTs

are primary and secondary winding widths, δ is the winding
thickness, and ITp,rms and ITs,rms are the rms values of currents
through the transformer primary and secondary, respectively.

The core losses are generated by the changing magnetic flux
field within the core, which can be approximately calculated
by means of the Steinmetz equation. The generalized Steinmetz
equation [102]–[104] is very straightforward to use but its cor-
responding parameters are only valid for sinusoidal excitation,
which is not suitable for power electronic applications. For CF-
IBDCs analyzed in this paper, the improved Steinmetz equation
can be applied, which is efficient to any piecewise linear model
with arbitrary nonsinusoidal excitation [105]. The equation is

Pcore,T = Vcore,T · 4α · k · fα
s ·Bβ

pk (16)

where Vcore,T is the core volume (cm3), Bpk is defined as half
of the peak ac flux density (T), and fs the switching frequency
(kHz). The parameters k, α, and β are constants obtained from
curve fitting for a given material with relative permeability. Bpk

is calculated as

Bpk =
Bac,max −Bac,min

2
. (17)

Bpk can be determined by first calculating H (A·T/cm) at each
ac extreme

Hac,max =
N · Iac,max

lm
Hac,min =

N · Iac,min

lm
(18)

where N is the number of winding turns and lm is the magnetic
path length. From Hac,max, Hac,min and the B–H curve, Bac,max

and Bac,min can be derived and therefore Bpk is determined. For
example, k,α, andβ are 6.14×10–4, 1.95, and 3.11, respectively,
for 3C95 material given by Ferroxcube Company [95].

Loss calculations of different reviewed topologies have been
done assisted by the simulation results and the designed vir-
tual prototypes. The virtual prototypes are designed under the
same defined design principles, which provides us the selec-
tion of the MOSFETs, inductor/transformer cores, and windings
as illustrated in Table V. Components-related parameters like
MOSFET’s Coss, Qg , Qrr, tr, tf , RDSon and empirical formula
of inductor/transformer core loss calculation parameters can
be obtained from corresponding technical datasheet. Converter
operation-related parameters like device voltage/current during
switching VDS, IDon, IDoff , input current ripple, rms current
and peak current flowing through inductor/transformer/switches
can be obtained from characteristic equations or from simulation
results. Then, the loss of the different reviewed topologies can
be calculated based on the presented loss models.

IV. COMPARISON AND ANALYSIS

In this section, a quantitative and comprehensive perfor-
mance comparison is conducted for the seven typical converters
(Figs. 3, 8, 14, 20, 25, 30, and 31), which are selected from each
type of all reviewed CF-IBDC topologies. In order to have a
fair comparison of these topologies, a virtual prototype of each
topology has been designed for the same specification: 20–40 V
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TABLE IV
COMPARISON OF COMPONENTS’ COUNT AND RATINGS OF DIFFERENT CF-IBDC TOPOLOGIES

low-voltage input, 400-V high-voltage output, 2-kW power rat-
ing, 100-kHz switching frequency, 10-A input current ripple,
and 4-V output voltage ripple. To verify the design parameters
of each virtual prototype and assure them coincide closely with
the original papers, simulations have been performed on PSIM
9.1 as well.

Table IV shows the components count and ratings of different
topologies of CF-IBDCs in boost mode operation (20-V input
voltage, 400-V output voltage, 2-kW power transferring). Soft-
switching characteristics have also been listed. From Table IV, it
can be seen that active clamped (single-phase and three-phase),
L-L type dual active bridge and resonant-type CF-IBDCs re-
quire additional switches or passive components to achieve soft
switching and suppress voltage spikes. The current stresses of
low-voltage-side switches of CF-IBDCs with single half-bridge
(see Fig. 14) or two parallel half-bridges configuration (Figs. 20
and 25) are considerably different. The rms current flowing
through primary low-side switches is much higher than pri-
mary high-side switches since the primary low-side switches
are main switches while the high-side switches play the role of

auxiliary clamp switches. Such situation brings difficulty to the
thermal design of the system. For the three-phase active clamped
CF-IBDC, the rms current of switches at both sides are sig-
nificantly reduced. Nevertheless, higher quantities of switches
are required. L-L type converters (Figs. 20 and 30) have higher
boost capacity than the full-bridge converters (Figs. 3 and 31)
and single half-bridge converter (see Fig. 14), while the voltage
stress of primary side switches in L-L type topologies is higher
than that of full-bridge and single half-bridge topologies. This
feature is lost for the resonant-type converter (Fig. 25). Due to
the voltage doubling effect of the neutral point clamped circuit
on high voltage side, the transformer turns ratio of L-L type dual
active bridge is the lowest. For passive components, the sizes of
input inductors and output capacitor of the three-phase topology
are significantly reduced compared with single-phase topologies
due to the interleaving structure. The resonant-type converter
needs additional inductors and capacitors to form a resonant
tank. With regard to soft-switching characteristics, naturally
clamped CF-IBDCs can realize ZVZCS of low-voltage-side
switches featuring low switching loss which will be analyzed
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TABLE V
COMPARISON OF THE DESIGN SPECIFICATIONS AND COMPONENT COSTS OF DIFFERENT CF-IBDC TOPOLOGIES

next, while other type topologies can only achieve ZVS. And the
employed modulation methods in active clamped and resonant-
type converters are PWM, and PWM plus PSM is adopted in the
rest. This has been studied in detail in Section II.

To have a quantitative comparison in terms of multiple per-
formance indices like cost, volume, weight, losses, and power
density, a virtual hardware for each selected topology needs to
be designed under the same design principle. The following
selection and design principles of converter components are
adopted. As for the selection of MOSFET, voltage rating is 1.5×
voltage stress and current rating is 2× current stress, with low
ON-state resistance. As regard to the design of HF transformer,
the principle is to obtain the minimum overall transformer
loss. The window fill factor of inductor is set to 0.4. For the
capacitor selection, voltage rating is 1.5× its voltage stress. The
heatsink volume is calculated for the case that the device junction

temperature is maximum and the ambient temperature is 40 °C
with natural convection.

The details of designed virtual hardware prototypes and cor-
responding costs have been listed in Table V. Fig. 39 depicts
costs distribution and comparison of different type CF-IBDCs
based on the aforementioned cost models. The cost of active
components for active clamped topologies (see Figs. 3 and 8)
is much higher than the rest due to the fact that they have the
highest number of switches with high current rating, which is
relevant to the chip area. Comparing the single-phase active
clamped topology with the three-phase one, the latter costs more
in the transformer design due to the three-phase transformer that
is assembled using three single-phase transformers. Although
the three-phase CF-IBDC contains three input boost inductors
more than other compared converters, its cost of inductors is
close to that of others owing to the reduced size of this passive
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Fig. 39. Costs distribution and comparison of different type CF-IBDCs.

TABLE VI
PERFORMANCE COMPARISON OF DIFFERENT CF-IBDC TOPOLOGIES

component. Considering the overall cost, dual half-bridge (see
Fig. 14) and resonant-type (see Fig. 25) converters are much
higher than the rest topologies. For the dual half-bridge topology,
two capacitors with much larger capacitance are employed.
Moreover, the three-winding transformer design with high cur-
rent flowing through and the largest core size results in a higher
cost. For the resonant-type topology, resonating components
cause the raises of the overall cost since ac flows through the
resonating inductor and capacitor. External inductor generally
needs to be added in parallel connection with HF transformer,
which causes extra costs. The costs of the rest single-phase
CF-IBDC converters (see Figs. 20, 30, and 31) are competitive
with each other and L-L type naturally clamped topology has the
potential lowest cost.

Table VI lists the numerical values of other performance
indices (losses, volume, weight, and power density) of designed
virtual prototypes. Fig. 40 depicts the losses distribution and
comparison based on the aforementioned loss models. The
MOSFET switching losses and conduction losses dominate the
total losses of the converters. The MOSFET switching loss of
the active clamped topologies is top two among these seven
converters owing to having the larger number of switches and
higher voltage and current values of low-voltage-side switches
at the turn-OFF transient. For the dual half-bridge topology,
the turning-OFF current value of low-voltage-side switches is
considerably high as well so that its switching loss is large.
Note that the switching loss of three-phase active clamped
topology with the highest number of MOSFETs is lower than the
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Fig. 40. Losses distribution and comparison of different type CF-IBDCs.

single-phase active clamped type because of lower turn-ON and
turn-OFF currents through the switches. Due to ZCS turn-OFF

for low-voltage-side switches which handles large current in
naturally clamped topologies, the switching losses of these type
CF-IBDCs are greatly reduced.

MOSFET conduction losses are mainly decided by the rms cur-
rent, number of switches, and ON-state resistance, while ON-state
resistances are highly influenced by device rating. RMS current
and ON-state resistance are decided by the converter’s operation,
as clearly illustrated by Table IV. Single-phase active clamped,
L-L type dual active bridge and naturally clamped full-bridge
converters are higher than the rest because they have large
amounts of MOSFETs with high rms current values. Generally, the
MOSFET with lower current rating has higher ON-state resistance
than that with higher current rating for the same voltage rating,
which directly affects the conduction loss. As for the three-phase
converter, although the applied MOSFET products in virtual proto-
type have the same ON-state resistances as the single-phase active
clamped topology and the quantity used is large, its conduction
loss is the lowest among these compared topologies owing to
reduced rms current of switches. With both higher switching loss
and conduction loss, the single-phase active clamped topology
has the highest losses.

The total losses of active components of resonant-type topol-
ogy are the lowest which is a remarkable merit. However, the
inductor loss of resonant-type topology is much higher than the
rest due to the large ac flowing through the resonating inductor,
which causes large core loss and winding loss. The resonant-type
topology may have better performance for low-current applica-
tion. Except for resonant-type CF-IBDC, other topologies only
have the inductors at input side. The inductor loss of L-L type
topologies is higher than that of topologies assembling single
input boost inductor. This is because applying the same design
principle of 10-A input current ripple and each input inductor
of L-L type topologies can deal with larger ripple due to the
interleave structure, which in turn increases the loss. According
to the overall losses, the efficiency of seven comparative topolo-
gies is all higher than 95%, and even reaches 97.5%. Naturally
clamped CF-IBDCs achieve the highest efficiency due to both
low switching loss and low passive component loss. Half-bridge

type seems to have higher efficiency than its corresponding
full-bridge type due to smaller amount of switches.

In addition to costs and losses, volume and weight of convert-
ers are also compared, as shown in Figs. 41 and 42. The numeri-
cal calculation of components’ volume and weight are on the ba-
sis of the selection and design principles. The volume of heatsink
is determined by the total losses of power semiconductors and it
takes a main proportion of overall converter volume except for
the resonant-type topology. Therefore, the single-phase active
clamped converter requires the largest heatsink volume owing
to its highest MOSFET losses while the resonant-type converter
needs the smallest heatsink volume for its lowest MOSFET losses.
Due to the usage of planar ER core and thin copper foil in the
design of HF transformer, the transformer volume accounts for
a small proportion of the overall converter volume. And the
three-phase transformer and three-winding transformer design
in three-phase active clamped and dual half-bridge CF-IBDCs,
respectively, cause higher volume and weight of transformer
than others. But the total volume and weight of three-phase active
clamped topology is relatively small among these topologies
compared, since it has advantages of smaller size of reactive
components and higher power density. For the dual half-bridge
and resonant-type converters, high passive components’ counts
and ratings result in larger volume and weight of passive com-
ponents.

The components’ weight distribution shows that the weight of
magnetic components is the major part in the total weight of the
virtual hardware as shown in Fig. 42. The volume and weight of
naturally clamped topologies are lower in comparison with other
type topologies because of no requirements of extra components.
Since two input inductors are necessary in L-L type naturally
clamped topology, the volume and weight of inductors of it are
slightly larger than full-bridge type. However, owing to lower
losses of switches which necessitate smaller size of heatsink,
the overall volume and weight of L-L type naturally clamped
topology are lower than naturally clamped full-bridge topology.
The power density of a converter is defined as the total power
divided by its volume. Fig. 43 shows the comparison of power
densities with respect to selected CF-IBDCs. The comparison
result of power density coincides closely with the comparison
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Fig. 41. Volume distribution and comparison of different type CF-IBDCs.

Fig. 42. Weight distribution and comparison of different type CF-IBDCs.

Fig. 43. Power density of different type CF-IBDCs.

of volume. Fig. 44 illustrates the comprehensive comparison
of seven topologies regarding aforementioned five performance
indices. Although the single-phase active clamped CF-IBDC
features the highest overall losses compared with others, its
total costs and power density are moderate. Half-bridge derived
topology are meritorious than full-bridge derived topology, like
L-L type dual active bridge versus full-bridge active clamped and
L-L type naturally clamped versus full bridge naturally clamped.
This is due to the reason that the performance is constrained by

the low-voltage-side switches for low-voltage high-current ap-
plication. With smaller amounts of active switches, half-bridge
switches are advantageous to some extent. The performance of
resonant-type topology is at the most disadvantageous place
due to the limitation of passive components for low-voltage
high-current application. For other application specification, its
performance could be better with the lowest active components
losses. Although the three-phase type costs more, it performs
well in other aspects.

V. APPLICATIONS

CF-IBDCs would be a smart choice for application with
low voltage high current. Typical applications include auxil-
iary dc/dc converter to interface low-voltage energy storage
(12/24/48 V) and high voltage dc bus in the range of 200–900 V
for transportation electrification, renewable energy generation
such as solar photovoltaic and fuel cell with low voltage energy
storage, and hybrid dc microgrid with multiple voltage level.
Different application scenario has different electrical specifica-
tions and performance requirements in terms of cost, efficiency,
weight, volume, and reliability, which results in different selec-
tions of reviewed CF-IBDCs.

As illustrated by Fig. 39, naturally clamped and L-L type
dual active bridge CF-IBDCs provide low-cost solutions.
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Fig. 44. Comparison of different type CF-IBDCs regarding costs, losses, volume, weight, and power density.

However, if efficiency and lifetime can be compromised, dual
half-bridge CF-IBDC has the potential lowest cost. For the
selected dual half-bridge CF-IBDC, capacitor, inductor, and
transformer contribute to a large proportion of total cost. If
electrolytic capacitor is allowed to be employed to mitigate input
current ripple and achieve voltage clamping, the cost of capacitor
and inductor can be reduced enormously. The topology of Fig. 11
can be chosen to achieve minimized devices count, although
the wide range efficiency is scarified to some extent. Compared
with dual half-bridge CF-IBDC in Fig. 14, the cost of devices
and transformer can be much reduced. With the considerable
reduction of capacitor, inductor, transformer, and devices, the
dual half-bridge CF-IBDC is capable of achieving the lowest
cost. Dual half-bridge CF-IBDC is suitable for the application
like small urban city driving or residential driving (driving range
of 100 km) where cost is valued more than the efficiency and
lifetime.

The naturally clamped CF-IBDCs represent the optimal
topologies among the selected options and for the given system
specifications and design constraints as shown by Fig. 44. They
can achieve high efficiency and high power density while saving
a large part of costs without the need of external snubbers. Since
the voltage clamping is achieved through completely software
control, its reliability under different operating scenarios like
extreme load, wide transient, and failure conditions needs to be
researched and evaluated further. Another issue is that control
schemes are different for bidirectional power transferring, and
the seamlessly transfer between boost mode and buck mode
has not yet been reported. Before these issues are solved, it is
recommended to apply CF-IBDCs to the application like hybrid
dc microgrid, where cost and efficiency are weighted more than
reliability.

As the energy demand from low-voltage dc source on electri-
cal vehicles (EVs)/more electric aircraft/all electric aircraft, etc.,
keeps increasing, the needs for bidirectional dc/dc converters
capable of handling large current with high reliability, high effi-
ciency, high power density, and low cost are growing. Compared
with naturally clamped CF-IBDCs, the control of bidirectional
power transferring of L-L type dual active bridge is symmetrical
and easy to be implemented. L-L type dual active bridge can
achieve high efficiency over wide range of input voltage/output

voltage/loads variations, and hardware voltage clamping is more
reliable. This is quite critical for a lot of applications. For ex-
ample, voltage across the energy storages varies under different
operating conditions, and in many cases the high-voltage dc bus
is not fixed. In EVs, high-voltage dc bus varies in wide range to
achieve the highest “fuel economy.” For the renewable energy
generation system, if the high voltage bus is directly connected
with solar photovoltaic and fuel cell, its output voltage varies.
Therefore, L-L type dual active bridge is quite advantageous
for these applications. With the exception of naturally clamped
topology, L-L type dual active bridge CF-IBDCs provide the
optimized overall performances as shown by Fig. 44, which
makes it the best candidate for the transportation electrification
application and renewable energy generation system.

L-L type dual active bridge is quite flexible and can be easily
modified into multiport structure as well [48]. This feature makes
it suitable for the applications like the hybrid energy storage
system or the hybrid renewable energy generation system.

For the resonant-type CF-IBDC, owing to circulating current,
peak (above 2×) and rms current through the devices and
components is high. This makes the ratings of the components
high and their selection difficult for low-voltage high-current
applications. In addition, its power density is limited by the
passive elements of resonating bank especially for low-voltage
high-current condition. This can be alleviated for high-voltage
application. Therefore, the resonant-type CF-IBDC can be ap-
plied to interface high-voltage power battery in transportation
electrification application. Or like wireless charging application
in [62], the heavy and bulky devices are placed off the board.

For low-voltage high-current application, the voltage stress
of primary switches is quite critical to achieve high efficiency.
As given by the table, the voltage stress of half-bridge derived
topology doubles the full-bridge derived topology and push–
pull topology. Thus, for the low-voltage application less than
30 V (like 12/24 V storage), half-bridge-derived topology is
competitive. Once the voltage specification goes higher than
30 V, the choice between half-bridge derived topology and full-
bridge-derived topology needs to be evaluated comprehensively.
Generally, L-L type dual active bridge is one special type of
active clamped topologies. Other type active clamped CF-
IBDCs have the potential to be applied to transportation
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electrification application and renewable energy generation sys-
tem as well with different design specification.

As discussed above, three-phase topology is promising for
high-power applications with advantages of reduced current
rating in active components, smaller size of reactive com-
ponents compared with corresponding single-phase converter.
Three-phase converter is capable of working with partial power
even one of the phases fails, thus providing higher reliability.
Three-phase CF-IBDCs play an important role in the high-power
application that values more about reliability, efficiency, power
density than the cost. Three-phase converters can be applied
to transportation electrification application with need of heavy
power and high reliability.

In practical design, it depends on the engineering design and
markets constraints whether particular topogloies are favorable
for the specific design specifications.

VI. FUTURE TREND

In view of the discussion and evaluation about state-of-the-art
CF-IBDCs in previous sections, many researches have focused
on the topology, modulation strategy, soft-switching solution,
and hardware design optimization. In future, the improvement
of the converter efficiency and power density while lowering
the costs and weight is the trend. In addition, the reliability
and modularity are another two significant indicators, which
are concerned with the development of smart grid and energy
internet [106]. Furthermore, as the mediation module, converter
should achieve wide input voltage variation and output voltage
variation range on the premise of high efficiency. New topologies
and corresponding modulation and soft-switching techniques
are expected to be further researched for wide input voltage wide
output voltage applications. The utilization of SiC/GaN power
devices will allow the design of higher switching frequency
and lower switching loss of converters, thus contributing to
higher power density [107]. But it is worth noting that presently
SiC/GaN-based power semiconductors cannot compete with
Si devices in terms of the current rating, while the conduc-
tion loss plays a dominant role in low-voltage high-current
applications instead of the switching loss. Therefore, a trade-
off about the device selection and usage should be made in
practice.

VII. CONCLUSION

CF-IBDCs have been widely used in low-voltage, high-
current, and high-voltage gain applications. This paper has pro-
vided an overview of state-of-the-art researches of CF-IBDCs.
The studied CF-IBDCs were divided into six types, including
active clamped, dual half-bridge, L-L type dual active bridge,
resonant-type, naturally clamped, and others. Different topolo-
gies with their circuit structures, modulation strategies, basic
operation, soft-switching characteristics, and advantages and
disadvantages have been reviewed and discussed in detail.
In addition, the costs model and losses model of converter
components have been presented in this paper. On this basis,
comprehensive study and comparison of several typical types
of CF-IBDCs with regard to quantized costs, volume, weight,

losses, and power densities have been conducted for the given
specification. At the end of this paper, several prospective and
specific applications of different type CF-IBDCs have been pre-
sented as well. There exists a huge scope of further development
of these topologies and this paper helps advanced and ongoing
research.
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