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A Current-Fed Dual-Active-Bridge Integrated
LC-Resonant Converter With Dynamic Power
Allocating for Wide Input and Output
Voltage Range Operation
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and Hengkai Dang

Abstract—Current-fed isolated bidirectional dc—dc converters
(CFIBDCs) are suitable solutions for feeding batteries. However,
maintaining high efficiency over wide input and output voltage
(I0V) range remains a challenge for them. This article proposes
a hybrid CFIBDC intended for wide IOV range operation, which is
constructed by integrating a current-fed dual-active-bridge and an
LC-resonant converter (LCRC). It has two power channels, i.e.,
a DAB-based channel and an LCRC-based channel. The DAB-
based channel can achieve zero-voltage-switching (ZVS) regard-
less of the IOV condition. And the LCRC-based channel, which
features zero-current-switching (ZCS), can share the power for the
DAB-based channel, thus reducing conduction losses. By properly
allocating the power between two channels, low conduction losses,
full-voltage-range ZVS or ZCS, as well as low turn-OFF losses can
be simultaneously attained over wide IOV range, thus maintaining
high efficiency for the proposed converter. Meanwhile, the total
device capacity is not increased compared to the state of the art.
Moreover, since LCRC provides a unity voltage gain, the proposed
converter is naturally voltage-matched, leading to a simplified
control scheme. The effectiveness of the converter is verified by
a 1.5 kW experimental setup.

Index Terms—Bidirectional dc—dc convert, current-fed conver-
ter, dual active bridge, resonant converter, wide voltage range.

1. INTRODUCTION

NERGY storage systems (ESSs) develop rapidly due to the
high penetration of electrical vehicles (EVs) and renewable
energy systems. Numerous ESSs contain battery packs with
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different voltage levels, which need to be bridged via power
converters. For instance, traction batteries and low-voltage bat-
teries in EVs are practically linked by auxiliary power modules.
Such a scenario imposes requirements on power converters, e.g.,
high efficiency over wide input and output voltage (IOV) range,
high security, high current quality, and bidirectional operation
capability [1].

Current-fed isolated bidirectional dc—dc converters (CFIB-
DCs) are intrinsically adapted to these requirements owing to
their inherent short-circuit protection, low current ripple on the
low-voltage port, and direct current control capability [2]. CFIB-
DCs can be categorized into single-stage and two-stage types.
The single-stage CFIBDCs are superior in terms of efficiency
and cost, whereas the two-stage CFIBDCs offer higher reliabil-
ity and control flexibility. Among various single-stage CFIB-
DCs [3], [4], [5], [6], [7], [8], current-fed dual-active-bridge
(CFDAB) [5]is the best candidate to feed batteries due to its high
reliability and outstanding overall performance [2]. As for the
two-stage CFIBDCs [9],[10], [11], [12], the boost cascaded LLC
(Boost+LLC) structure in [9] is the most popular choice owing
to its low turn-OFF losses. Although CFDAB and Boost+LLC
are the most attractive CFIBDCs for battery bridging, they still
struggle to maintain high efficiency over wide IOV range.

CFDAB is constructed by sharing the switches of an in-
terleaved boost converter and a DAB converter. By adjusting
the duty cycles of the shared switches, CFDAB can maintain
voltage matching on its DAB stage despite port voltage vari-
ations. Matched voltages give CFDAB low backflow power
and excellent ZVS performance over wide IOV range [13],
[14], [15], [16]. However, since voltage matching is realized
via the shared switches, wide IOV range inevitably causes low
duty cycles on them. This leads to a narrow high-frequency-ac
(HFAC) power transfer window of the DAB stage, and ulti-
mately a high transformer current. To suppress this current
at a narrow power transfer window, dual-transformer-CFDAB
(DT-CFDAB) in [17] enhances the modulation flexibility via
an auxiliary transformer. Flexible modulation reduces the peak
transformer current but has limited influence on the rms value.
To fundamentally avoid a narrow power transfer window,
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H5-CFDAB [18] provides topological decoupling between
boost and DAB stages through an H5-bridge. The DAB stage,
which operates independently, eliminates high transformer cur-
rent in principle. Nevertheless, decoupling operation limits the
IOV range, and its ZVS restrictions as well as single boost
inductor render it preferable for dc transformer rather than
wide IOV high current application. CFDAB in paper [19] is
able to avoid narrow power transfer window while guaranteeing
wide IOV range via reconfigurable topology. But the unsmooth
transition limits its practical application. The discussion above
reveals that, for wide IOV range operation, the high transformer
current caused by the narrow power transfer window is still
not properly addressed for CFDAB. High transformer current
induces high conduction and turn-OFF losses, which reduces
efficiency.

Two-stage CFIBDCs are immune from the drawback of
CFDAB due to the absence of shared switches. A detailed
comparison between them was performed in paper [20], which
indicated that Boost+LLC has more potential to realize high
efficiency compared to single-stage CFIBDCs for wide IOV
applications. Furthermore, in this scenario, Boost+LLC features
lower total switch capacity despite employing more switches.
However, Boost+LLC suffers from the inherent boost stage ZVS
problem. If the boost stage operates with continuous conduction
mode [20], ZVS cannot be achieved. And, if bidirectional con-
duction mode is adopted [21], high circulating currents and peak
currents will occur on the boost inductors. Zhu et al. [22] employ
variable-frequency modulation on the boost stage to maintain
critical conduction mode, which is able to ensure ZVS while
eliminating the circulating currents. But the widely varying
frequency leads to severe hardware design issues, especially in
wide IOV operations. In summary, the efficiency of Boost+LLC
is degraded by the boost stage ZVS problem.

Additionally, single-stage and two-stage CFIBDCs also share
some common issues, i.e., excessive number of voltage sensors
and complex control loops. For a CFDAB performing voltage
matching control, at least three voltage sensors are required to
sample port voltages and low-voltage-side (LVS) dc-bus voltage.
Two control loops are also necessary for voltage matching
and power flow control. Similarly, two-stage CFIBDCs usually
require attention to the intermediate dc-bus voltage in addition
to the port voltages, which also introduces numerous voltage
sensors and control loops.

This article constructs a dual-power-channel CFIBDC by
integrating a CFDAB and an LC-resonant converter (LCRC).
The principal part of the proposal is based on a CFDAB, thus
providing a DAB-based power channel. While the integrated
LCRC offers an additional paralleled power channel. These
two channels feature different power transfer characteristics.
Hence, the advantages of CFDAB and Boost+LLC can be
combined, and their three above-mentioned defects can be
overcome.

1) The DAB channel enables single-stage power transfer,
but its transformer current is sensitive to the IOV ra-
tio. Whereas, the LCRC channel is independent of IOV.
Hence, the power of these two channels can be dynami-
cally allocated according to IOV, and the impact of IOV on
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Fig. 1. Proposed current-fed DAB and LC-resonant hybrid converter.

DAB transformer current can be mitigated by the LCRC
channel.

2) Since the proposal integrates a CFDAB, the boost cir-
cuit shares switches with the DAB circuit, and the boost
ZVS can be facilitated by the DAB transformer current.
All switches enable full-voltage-range soft-switching.
Besides, since the LCRC channel shares current for
the DAB channel with zero-current-switching (ZCS),
the DAB turn-OFF currents as well as turn-OFF losses can
be suppressed.

3) Benefiting from the unity voltage gain of the LCRC at
the resonant frequency, the converter is naturally voltage-
matched without closed-loop control. A voltage sensor
and control loop can be economized.

In addition, under the wide IOV condition, the proposal fea-
tures a lower total device capacity compared to CFDAB, despite
adding a half-bridge and auxiliary transformer. This is because
the current stresses on the devices are reduced.

The rest of the article is organized as follows. First, the
proposed topology and its operation principle are analyzed in
Section II. This is followed by a description of the power
allocation strategy in Section III. Thereafter, the performances
of the proposal, including conduction losses, soft-switching
analysis, total device capacity, and power efficiency, are gauged
and compared in Section I'V. The experimental results are given
in Section V. Section VI concludes this article.

II. TOPOLOGY AND OPERATION PRINCIPLE

A. Circuit Configuration

Fig. 1 illustrates the schematic diagram of the proposed
CFIBDC. The LVS switches S-S together with boost induc-
tors Ly, Lo form a bidirectional interleaved boost topology.
The inductive terminal of this boost stage interfaces with the
low-voltage battery, while the other terminal feeds the LVS
dc-bus which is supported by C'; and C'5. The boost stage offers
wide-range voltage regulation and current-fed feature for the
converter.

Then, the boost stage switches S-S, are shared to form a
DAB topology with high-voltage-side (HVS) switches Q1—Q4.
The LVS and HVS of this DAB topology are linked by a
transformer and leakage inductor Ly, which provide an isolated
power channel to the proposed converter. This power channel is
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set as the major power channel, because its single-stage power
transfer feature guarantees efficiency in most cases.

Thereafter, DAB stage switches (1, (Q2 are shared to form
a bidirectional LCRC with LVS switches S5, Sg. Its LVS and
HVS are linked by an auxiliary transformer and a resonant tank
composed of L, and C,.. The resonant frequency of this tank
is designed to coincide with the switching frequency, which
ensures ZCS and unity gain of the LC stage. Since the LC stage
is independent of the boost stage, it can be used as an auxiliary
power channel to mitigate the impact of the boost stage on the
DAB stage power transfer.

B. Operation Principle

The proposed CFIBDC can be regarded as a combination
of interleaved boost, DAB, and LCRC. Therefore, the corre-
sponding operation principles can be illustrated separately. The
following illustration is based on a power flow from LVS to HVS.
Fig. 2 shows the operational waveforms. Note that the symbol
() in Fig. 2 specifies the value reflected to the LVS.

1) Boost Stage:: In this topology, the boost stage is mainly
employed to regulate the output voltage (or current). Its oper-
ation principle is consistent with that of a typical interleaved
boost converter, i.e., S7 and S5 share a common duty cycle Dy,
which determines the boost stage voltage gain. Thus, the boost
stage voltage characteristic is described as follows:

UB
v, = —

D. (D

where vy, is the LVS dc-bus voltage, and v is the LVS battery
voltage. It is noted that D, is preferred to be less than 0.5 to
ensure full-voltage-range ZVS, like conventional CFDAB.

The current characteristic of the boost stage also needs to
be modeled to prepare for the ZVS analysis in the following
section. As can be seen from Fig. 2, for iy, we have iy (t) =
I aw + Aip(t), where I 4 is the dc-bias current on Ly,
and Air1(t) is the ripple current on L1. I 11 ayr can be calculated
from the load power Pio, as 111 ayr = Piot /2vp. And Aip(t)
can be derived from the differential equation of the inductor
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Fig. 3. DAB stage detailed waveforms under (a) mode I and (b) mode II.

current [23]. Finally, the expression of ¢ 1 ; is obtained as follows:

2vB s

g+ Ut OEDID ¢ ¢ [ty + DTy, to + T3]
2

where t( denotes the turn-ON moment of S; (see Fig. 2), and T’

signifies half a switching cycle Ty /2. The expression of iy is

similar to ¢7,1, except that it lags i11 by 7.

2) DAB Stage: The DAB stage of the proposed topology is
used for single-stage power transfer between LVS and HVS.
Its operation principle is analogous to that of a typical DAB
converter, that is, the HFAC voltages on the LVS and HVS
of the transformer dictate the transformer current 7, and thus
determine the transferred power.

Following this principle, the generation of two HFAC voltages
is analyzed first. For the LVS HFAC voltage vag, it is entirely
dependent on the boost stage due to the shared LVS switches.
As can be observed from Fig. 2, the pulsewidth of vap equals
DT, while the amplitude of vap equals vy,. For the HVS HFAC
voltage vgF, its amplitude equals vz . And its pulsewidth depends
on both the phase-shift time between 1 and ()3 as well as the
duty cycles of )1 and (3. Since the duty cycles of ()1 and )3 are
fixed at 50% for proper operation of the LC stage, the pulsewidth
of vgr is only governed by the phase-shift time between ()1 and
Qs (see Fig. 2). This phase-shift time is designed to be DT
to keep the pulsewidth of vgr consistent with that of vag, which
leads to an optimized operation pattern [24]. After reflecting vgp
to LVS, v and vap have the same pulsewidth and amplitude.

Thereafter, these two HFAC voltages (i.e., vap and v]/;F)
generate current ¢; on the inductor Lj. Given that vag and
vgg share the same pulsewidth and amplitude, iy, is generated
only if there is a phase-shift between them. This phase-shift time
is determined by the time that (); lags behind S, denoted as T’
(see Fig. 2). When T is shorter (¢ < 1 — 2Dy), iy behaves
as a discontinuous trapezoidal wave, as depicted in Fig. 3(a).
Otherwise, i1 is a continuous pentagonal wave, as shown in
Fig. 3(b). These two i, waveforms correspond to two DAB
stage operation modes, which are defined as mode I and mode II,
respectively. Based on the differential equation and volt-second
balance of Ly, the expression of i1 for both modes can be
derived [25], as follows:

Z_ {P + eD)Delblo D) 4 ¢ [ty ty + D, T;]
L1 =

ULt =t1,ts
Model :iLk(Ds,(p,t) = O,t:to,tg,t4,t7
_ v, T

¢t =ts,t6



13416

TABLE I
DEFINITION OF THE SWITCHING MOMENTS

Mode | t, t; t, ts
1 0 oT 2D, T (2Ds + )T
11 0 | (p—14+2DJT oT 2D,T
Mode | t, ts te t,
I T 1+ )T (14 2Dy)T (1+2Dg + )T
11 T (p +2D)T 1+ T (1+2DJ)T

—4L(p+1-2D,),t = to, 15
Ui‘kT(go—i— 1—2Dy),t =ty,t4
ULt =t t3

_ULT

Tt =te,tr

Modell :izy(Ds, p,t) =

3

i1k between two adjacent ¢, varies linearly with ¢, and ¢, can

be identified by defining ¢( as the zero moment, as shown in
Table I. Then, according to (3) and Table I, the rms value of 71,
is deduced as follows:

Z-Lk.,rms(-DSv()O)
ULy /2D, - %,0 <p < 1-2D;

3
= V4L -263 + o — p(1 2D, + 122 @)
p>1—2D;

Finally, by performing the average time integral over vap -
i1k, the power characteristic of DAB stage can be identified, as
follows:

Poas(Ds, )
- UIQL/];T <2<,0Ds _ %2> ,0 <p < 1-— 2D6(m0deI)
YT <¢ 2 %) ,¢ > 1 — 2D, (modell)

(&)

As can be seen from (5), the DAB stage power Ppag is related
to Dy and . But Dy is utilized to regulate voltage, which is
dictated by the boost stage. As a result, the DAB stage power is
only regulated by .

3) LC Stage: In the proposed converter, the LC stage is used
to share the power for the DAB stage, as well as to achieve
voltage matching between LVS and HVS dc-buses.

The LC stage HVS switches J1, ()2 are switched with a 50%
duty cycle (see Fig. 2), as mentioned above. The LVS switches
S5, Sg share the gate pulses of )1, (2, respectively. Hence, the
LC stage can be equated to two in-phase square-wave voltage
sources linked via an LC resonant tank, as exhibited in Fig. 4(a).
Here,R,, represents the parasitic resistance in the circuit. The
square-wave sources in Fig. 4(a) can be further simplified as
sine-wave sources in Fig. 4(b). This is because the bandpass
filtering characteristic of the resonant tank renders the power
transfer dominated by the fundamental component of the voltage
sources. Furthermore, since the resonant tank has no impedance
at its resonant frequency, vcp and vfg are equivalent to being
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directly paralleled via I, [see Fig. 4(c)]. This gives the LC
stage a natural voltage matching feature. Meanwhile, the self-
matching voltages drive the LC stage to automatically share the
total power for the DAB stage. The voltage characteristic of the
LC stage can be described as follows:

Vg = g, (6)

where n denotes the turns ratio of the DAB and LC stage
transformers. According to (1) and (6), the overall voltage
characteristic of the proposed CFIBDC is obtained as follows:

n
vg = EUB. (7)

The current of the LC stage can also be characterized through
the equivalent circuit in Fig. 4(c). Since the equivalent cir-
cuit is resistive, the current on it is purely sinusoidal and in
phase with vcp and vgg. This guarantees the ZCS feature of
the LC stage. The amplitude of this current (i.e., i1,-) can be
calculated from the fundamental component of vcp [26], as
iLrpeak = TPLC /vr,. Then, the expression of i .. can be derived
from 4z, peak and the moment definitions in Table I, as follows:

TP G <27rt - w) . (8)
vL Ts

4) Overall Operation: The overall operation principle of the
converter can be summarized based on the description above.
When power flows from LVS to HVS, the boost stage is respon-
sible for the output voltage (or current) regulation via Dg; the
DAB stage is responsible for the power transfer via ¢; and the
LC stage is responsible for the voltage matching and the power
sharing with the DAB stage. When the power flow is reversed,
the basic operation principle remains unchanged, except that the
boost stage operates in buck mode.

As can be seen, the proposed converter has only two control
variables, i.e., Dy and ¢, which makes it control-friendly. Dy
is directly dependent on the target output voltage (or current),
whereas ¢ depends on the target DAB stage power. In the next
section, we will find this target DAB stage power that enables
high-efficiency operation of the converter over wide IOV range,
and finally derive the control law for ¢.

ine(t) =

III. POWER ALLOCATION STRATEGY

The proposed CFIBDC has two power channels, i.e., the
DAB-based major power channel, and the LCRC-based aux-
iliary power channel. The DAB-based power channel is affected
by the boost stage duty ratio D, whereas the LCRC-based power
channel is able to operate independently of the boost stage. To
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prevent too low D from causing excessively high DAB stage
current, the DAB stage power Ppap and the LC stage power P c
need to be allocated properly according to Dy.

In Section III-A, a power allocation strategy aimed at current
balancing between two stages is provided, which mitigates the
effect of D, on the DAB stage via the LC stage. Moreover,
since the boost stage cannot achieve ZVS individually, the power
allocation strategy is also required to ensure that the DAB
stage current i, is sufficient to facilitate the boost ZVS. The
ZVS constraint for the power allocation strategy is discussed in
Section III-B. Finally, by combining the current balancing and
ZVS constraint, the comprehensive power allocation strategy
is provided in Section III-C. It is worth noting that this power
allocation strategy does not necessarily guarantee the most effi-
cient operation of the proposed converter. More optimized power
allocation strategies may exist based on the proposed topology.

A. Power Allocation Strategy Aimed at Current Balancing

This strategy aims to compute a Ppap that keeps ¢74 rms as
close as possible to iy, ms. As D, decreases, the DAB stage
power transfer window shrinks, and iy ms tends to increase
at constant power. In contrast, the LC stage power transfer
window is unaffected, and iy, ;ms tends to remain constant. To
maintain 47,4, yms lose to i1, rms, this strategy will automatically
reduce Ppag. And the LC stage will automatically share more
power. Although ¢ 7 xms and 71, rms still rise after D decreases,
the increments of both currents are not excessive. In this way,
the effect of Dy on the DAB stage is mitigated by the LC
stage. The evenly distributed currents will significantly reduce
the conduction and switching losses on the switches.

Assume that the relationship between the DAB stage power
and current iS 77 ms = Kpap - Ppag, and the relationship for
the LC stage 1S i1, ms = Krc - Prc. The total load power is
shared by the DAB and LC stages, i.e., Pot = Ppag + Prc-
Based on these three relationships, the target DAB stage power
for current balancing can be obtained, as follows:

Kic

— P 9
Kpag + Ko™ ™ ®

PpaB,cy =

Then, the challenge is to find the analytical solution of
Poag,cv- In(9), K1, can be easily deduced from (8) and is equal
ton/ V/2v;, whereas Kpag is difficult to obtain directly. Kpas
represents the relationship between i 1,4, ims and Ppap. According
to (4) and (5), irkms and Ppap are all related to D, and ¢.
Therefore, we can first compute 475 ms and Ppap at different
D, and ¢, then plot i1 ms versus Ppap curves to induce the
regularity of Kpag. The i1 ms versus Ppap curves at different
D, and ¢ are shown in Fig. 5.

As can be seen, when ¢ is relatively small, i1 ms and Ppap
are approximately linear, and the slope (i.e., Kpap) depends
almost exclusively on Dg. As ¢ increases beyond a certain
value, the increment of 47,4, rms grows rapidly. For a conventional
CFDAB with a single power channel, atlow Dy, ¢ will inevitably
be excessive in order to transfer sufficient power, resulting in
excessively high i 1;. In contrast, for the proposed topology, the
DAB power channel will not carry high power at low D, due
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Fig.5. Relationship between iy x s and Ppap at (a) vy = 200V, (b) vy =

400 V. (hardware parameters: Ly = 8 uH, fs = 48.9 kHz, n = 2).

to the existence of the LC stage, which avoids excessive . As
a result, it can be assumed that there is a linear relationship
between 4,5 ms and Ppag of the proposed topology, and Kpap
depends only on Dy but not on . Hence, we can select ¢ as
a specific value, and then divide the corresponding ¢,k rms and
Ppag to fit Kpag. Here, ¢ is selected to be 0.2. This is because,
under the hardware and power conditions of this article, ¢ will
not exceed 0.2, which will be verified in Section C. Following
this, Kpag is fitted as follows:

7;L}’c,rms(gp - O2a Db)
PDAB(SD = 02, DS)
Li\/ﬂ)fﬁ D, <04
vy 2Ds—15

= 13 (1-2Dg)2 | (1-2D5)3
L\/**f+f

Kpag(Ds) ~

375

,D, > 0.4

vL (1-2Ds)?
2

4
25

(10)

Substituting Kpap and K¢ into (9) yields the analytical so-
lution of Ppap cb. It is observed that the 1 /vy, in Kpap and K1,
is canceled, and only two variables, P and Dy, are involved
in Ppag,cy. This reveals that the power allocation strategy is
independent of the hardware parameters and operational states.

Finally, based on Ppag,c; in (9) and the DAB stage power
expression in (5), ¢ can be calculated. The DAB stage is open-
loop regulated by this ¢ to achieve current balancing. This ¢ is
denoted as pp.

B. ZVS Constraint

The current balancing strategy avoids high i7; of the DAB
stage. However, 77, also contributes to the boost stage ZVS
because the boost stage shares switches with the DAB stage.
111 yielded by the current balancing strategy may not satisfy the
ZVS constraint. Therefore, the ZVS constraint on 4 ,;. should be
derived to refine the power allocation strategy.

From Fig. 1, one can observe that the boost stage ZVS
conditions are described as follows:

Si:ipx — i1 < 0 before S; turned ON
So:iirp g — i1 > 0 before Sy turned ON
Ss:ipx +ir2 > 0 before S turned ON
Siatink + i < 0 before Sy turned ON

(11)
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Then, referring to the waveform in Fig. 2, (11) is transformed
into the following:

SlliLK(tO
SQZiLK(tQ
SgtiLK(t4
S4tiLK(t6

< iLl(tO)
> iLl(tQ)
> —ipa(ts)
< —ira(te)

12)

— — — —

Since iy is close to zero at tg and ¢, while i1 and 775
reach their peak values at these two moments, the ZVS con-
ditions for S and S3 can be easily achieved. For Sy and Sy,
since 7r, (tz) = _iLk(tG) and ir, (tz) =192 (tG), their ZVS
conditions are identical. Then, based on (2), (3) and Table I, the
ZVS condition for S, and S, can be expanded as follows:

UETQO §Ot B UB(l DS)T. (13)
k U Ly

Equation (13) indicates that ¢ must be higher than a certain

lower limit value to guarantee the boost stage ZVS, as follows:

DsPloth Ds(l - Ds)Lk:
U2BT9 Ll ’

@ > 14
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This lower limit value of ¢ to achieve ZVS is labeled as ¢zys.
Besides, if the junction capacitor on Sy (or Sy) is required
to be fully discharged, 71, needs to be slightly higher than 7,
by a certain value at its turn-ON moment (i.e., t2). According to
paper [13], this value is expressed as follows:
VH

tq + 20055,32_
ntq

VH
2nLk

ink(t2) —ini(ta) > (15)

where tg is the LVS deadtime, and Cog g2 is the junction
capacitance on S,. Accordingly, pzys needs to be compensated
by one term Agyzys to ensure that (15) holds, as follows:

t 4C, L
ASOZVS:_d+ 088,52 k.

16
T Tstq (16)

This compensation term Apzys will drive i 1,5 (¢2) higher than
ir1(t2), thus resulting in a current sufficient to discharge the
junction capacitor on Sy (or Sy).
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Fig. 11.  Switching currents on S, S2 under (a) mode I and (b) mode II.

C. Comprehensive Power Allocation Strategy

The above-mentioned analysis shows that the power allo-
cation strategies aimed at current balancing and ZVS impose
different requirements on ¢, respectively. To verify the compat-
ibility of these two strategies, we will compute and compare
pep and @zys under a specified operation scenario. Given that
the proposal is intended for high voltage ratio and wide IOV
operation, v and vy are specified at 24-48 V and 200-400 V,
respectively, with a maximum power of 1500 W.

Thereafter, the comparison results of ¢, and ¢zys at vy =
200 V and v = 400 V are exhibited in Fig. 6(a) and (b),
respectively. As can be seen, in most cases, current balancing
and ZVS can be simultaneously achieved. However, if vp is
low while P,y is high, ., cannot ensure ZVS. In this case, the
designer should evaluate the priority of current balancing and
ZVS, and then select a more suitable value for (. Here, to achieve
the full-voltage-range soft-switching, ZVS is prioritized. That s,
if e < zvs, pzvs 1s selected, otherwise, ¢,y is selected. The
p-surface yielded by this comprehensive strategy is outlined by
the red dashed line in Fig. 6. In addition, Fig. 6 also indicates
that neither ¢, nor zys exceeds 0.2 for the given scenario,
which validates the pre-assumption on ¢ in Section III-A.

Fig. 7 exhibits the distribution of current balancing strategy
and ZVS strategy over the entire operating region. P, in Fig. 7
is the normalized total power, P, = P,y / Poases Where Poyge =
vi2 T/(n?Ly). The boundary line equation in Fig. 7 is deduced
by combining (14), (5), and (9), since at the boundary of two
strategies we have ¢zyvs = ¢, . The deduced boundary line
equation is only determined by P,, and D, where P,, depends
on P and vy, and Dy depends on vp and vy . Fig. 7 shows
that the operating region of the converter is separated into two
parts by the boundary line. When P, is high and Dy is low, ZVS
strategy is encountered, otherwise, current balancing strategy is
implemented.

To visualize the power distribution among two power channels
under the proposed strategy, the percentage of Ppap at different
operating conditions is depicted in Fig. 8. Ppap in Fig. 8 is
calculated based on the ¢ in Fig. 6 and the DAB stage power
expression in (5). As can be seen, the power distribution exhibits
two different characteristics depending on the operating condi-
tions. In most cases, the converter operates under the current
balancing strategy. As vp decreases, D decreases, the DAB
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power transfer window shrinks, and Ppap/P, decreases to
maintain current balancing. On the other hand, when P is high
and vp is low, the large 77,1 » will drive the converter to operate
under the ZVS strategy. In this case, the DAB stage current ¢,
is required to facilitate the boost stage ZVS, and Ppap /Pt Will
increase as P /vp increases.

The overall control framework is shown in Fig. 9, with vy
as the controlled variable. If the converter is feeding a voltage
source load and needs to regulate the power, an outer power
loop can be first built outside the “Boost Stage Closed-Loop
Control” in Fig. 9. Based on the difference between the target
power and sampled power, this power loop yields the reference
value for ip (i.e., ip rer). Then, ip ror and ip can be fed back
into Fig. 9 instead of vp ror and vy, and the framework will
not change. The controller consists of three parts, i.e., boost
stage closed-loop control, DAB stage open-loop control, and
gate pulse generation logic. For the boost stage, closed-loop
control of vy generates D,. D is compared with the carrier to
yield boost stage gate pulses. For the DAB stage, the power
allocation aimed at current balancing is first performed, and
Ppag,cp 1s obtained. Then, ¢ can be calculated. Meanwhile,
(pzys 1s obtained from (14). ¢ and @zys yields DAB stage
direct control variable ¢. ¢ is utilized to phase shift the original
carrier, and generates the DAB and LC stage gate pulses. As can
be seen, the controller only needs to sample the port voltages
and currents without concern for vy,. Furthermore, the DAB
stage operates in open loop without complex control. And the
equations used in the controller have simple analytical solutions,
which are friendly to industrial applications. These advantages
benefit from the combination of CFDAB and LCRC.

IV. PERFORMANCE ANALYSIS AND COMPARISON
A. Conduction Losses Analysis

The conduction losses of the converter can be evaluated via
the mean-square current on all the switches. We define the
conduction losses on all the switches as FPqy cond, then we have
the following:

6 4
P. =R 2 +R ;2
sw,cond — 4lds,L ZSz,rms ds,H Zerms

x=1

(17)
x=1

where Ry, 1, and Ry, p are the ON-resistances of the LVS and
HVS switches, respectively. And g, rms Q, ms are the rms
currents on S71—S¢ and Q1—Qy4, respectively. Then, based on
Fig. 2 and (11), i3, ., and i3, . can be expressed as follows:

. to /. R 2
{Zgl,rms = %3 t02 (ZLk(t) - ZLl(t)) dt

. to+Ts /- . 2
%g,rms = TLq t20 (ZLk(t) - ZLl(t)) dt

Summing up i§ . and i, .., we obtain the following:

1

to+7T%s )
igl,rms + igg,rms = ?/; (ZLk(t) - ZLl(t)) dt. (19)
s Jio

.2 .2 .
As can be seen, ig, . 1 135, ms 1S €quals to the mean-square
. . .2 .2 .
value of irk —ir1. 95, ms + U5, ms NAs @ same expression.
. . . 2 2 .
Following a similar procedure, ig,_ ..c + 93, ms 1S calculated as
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TABLE IT
HARDWARE PARAMETERS
Description Variable Value
HVS voltage vy 200~400 V
LVS battery voltage Vg 24~48 V
Maximum load power Piotmax 1500 W
Switching frequency 1 48.9 kHz
DAB and LC stage transformer turns ratio I:n 1:2
DAB stage leakage inductance Ly 8 uH
LC stage resonant inductance L, 2.1 uH
LC stage resonant capacitance C, 5 uF
Boost inductances® L, L, 40 uH
LVS split capacitances Cy, Cy 68 uF
HVS split capacitances C;, Cy 12 uF
LVS switches S;=Se IRF300P226
HVS switches Q,—Q, | C3M0025065D

Note: “Detailed parameters of magnetic components are provided in Appendix B.

2 2 2 : 2 2 2
% s> 10g.ms T 10, ms 18 deduced as sz,rmS/n cand i@y, s +
i(2g2 ms 18 determined by the mean-square value of (ix + iLe) /0.
Accordingly, Pyy cond in (17) can be expanded as follows:

2Rds H
> -2
Pswq:ond = (2Rds,L + n2 ZLk:mms

Rasi \ o
ZLr,rms

(s P
n

-2
+ 2Rdvale,rms

to+Ts
_ 4Rds,L/ ink(t)ipy (t)dt

to

to+Ts
2Rasp / in(®ic (Ddt.  Q0)

n2 t

Equation (20) can be solved based on (2), (4), (8), and Table I.
The explicit solution for (20) is omitted here for the sake of
brevity. The final calculated Py cond is related to the hardware
parameters, vp, v, and Py.

To visualize the conduction loss performance of the proposal,
Fig. 10 depicts Py, cona Versus P curves at different vp and vy,
which are marked with green solid lines. The corresponding
hardware parameters are presented in Table II. The design
considerations for the hardware parameters are illustrated in
Appendix A. Fig. 10 also exhibits the conduction loss perfor-
mances of three existing state-of-the-art CFIBDCs for compar-
ison. Among them, the P cong 0of CFDAB and Boost+-LLC
are obtained through mathematical calculation. Whereas the
Py cona of DT-CFDAB are obtained from the simulation, since
its power expression is implicit. To align the hardware conditions
as closely as possible, different topologies are based on similar
hardware parameters (see Table II). However, it is worth noting
that CFDAB has no resonant tank, Boost+LLC has no L, and
different topologies have different transformer turns ratios.

From Fig. 10, one can observe that different topologies fea-
ture different conduction loss performances, despite employing
similar hardware. In addition, the same topology performs quite
distinctly at different IOV. When both vp and vy are low (see
Fig. 10(a)), the relatively large difference between vp and vy
results in a low Dy, thus limiting the power transfer windows of
CFDAB and DT-CFDAB. As aresult, their conduction losses are
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high. In contrast, the two-stage Boost+LLC features lower con-
duction losses because its power transfer window is unaffected
by Dy. Similarly, the proposal utilizes an LC stage, which is
independent of Dy, to share the power for the DAB stage, which
also offers low conduction losses. As v increases, the situation
changes [see Fig. 10(b)]. The relatively small gap between vp
and vy yields a D, close to 0.5, which enables CFDAB and DT-
CFDARB to transfer power over the entire switching cycle. Bene-
fiting from single-stage power transfer, CFDAB and DT-CFDAB
have lower conduction losses compared to Boost+LLC. Even
so, the proposal can further reduce the conduction losses via two
current-balanced power channels. Fig. 10(c) and (d) demonstrate
the conduction loss performances at higher vy (v = 400 V).
Higher vy leads to lower Dg, which in turn imposes large
current stresses on CFDAB and DT-CFDAB. Moreover, high
vy causes high backflow power on the auxiliary transformer
of DT-CFDAB, which further aggravates the conduction losses.
In contrast, the two-stage topology and the proposal are more
adaptable to higher vy. It can be concluded that the proposal
combines the merits of CFDAB and Boost+LLC, and therefore
adapts well to the wide IOV and power variations.

B. Switching Performance Analysis

Different switches of the proposed converter have different
switching performances. For S; and S5, the currents on them
(i.e., ig1 and ig2) can be expressed as +(ipx — ir,1), where i1y
has two different waveforms (see Fig. 3). Hence, ig; and ig2
have two different modes, as depicted in Fig. 11. In mode I, at
S1 turn-ON and S5 turn-OFF moment [t in Fig. 11(a)], 751 and
igo are equal to —ip (to) and i1 (to), respectively. This reveals
that Sp can easily achieve ZVS turn-ON, while the S5 turn-OFF
loss will not exceed that of a typical boost converter. On the other
hand, at S7 turn-OFF and Ss turn-ON moment [¢, in Fig. 11(a)],
i1 and i g are equal to positive and negative ir (t2) — i1 (t2),
respectively. According to the power allocation strategy, the
DAB phase-shift ratio ¢ is able to render i, (t2) higher than,
but not excessively higher than, i (¢2). This is because, if
© = pzvs , ik (t2) will be modulated to be only slightly higher
thanir (t2); whereas,if o = @, , the current balancing strategy
will suppress the value of ipj(t2). As a result, So can achieve
ZVS turn-ON, while S has low turn-OFF loss. For mode II, the
situations are similar, except for a slightly increased turn-OFF
loss on S5. The switching performances of S3, S are consistent
with those of Sy, S. It is worth noting that the soft-switching
of S1-5; can be realized independently of the load power as
long as the boost stage inductors L; o are not overly large, as
demonstrated in [13].

For S5 and Sg, which are only involved in the LC stage,
their switching currents are close to zero. Therefore, ZCS can
be realized. Besides, ZVS of S5 ¢ can also be achieved via the
magnetic current as long as the magnetic inductance of LC stage
transformer is properly designed [27]. For Q3 and ()4, they
are only involved in the DAB stage. And their switching currents
are also close to zero, as shown in Fig. 2. Thus, Q3 and Q4 can
also realize ZCS. If ZVS is required for ()3 4, the optimized
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switching patterns in [16] can be employed on DAB stage to
replace the basic trapezoidal modulation in this article.

For Q1 and ()2, which are shared by the DAB and LC stages,
their switching performances depend on both iy, and ip,.
Furthermore, since ¢, is close to zero at the switching moments,
i1, dominates the switching performances. At heavy loads, ZVS
can be easily achieved on () 2 due to the negative peak value of
i1k, as shown in Fig. 2. However, if the load is too light, the peak
value of i1, will be insufficient to fully discharge the junction
capacitors on 1,2, and Q1,2 will operate at incomplete ZVS.
The load range that enables complete ZVS of @ 2 is determined
by the value of L. A larger Ly results in a higher power on Ly,
thus guaranteeing the full discharge of ()1 2 junction capacitors
even if i1 peak (Or load power) is relatively low. In this article,
Ly, is designed to guarantee the complete ZVS of Q1 2 for a
load power higher than 1/3 of the rated power in the worst case,
as detailed in Appendix A. Therefore, when P,y > 500 W, ()1 2
can achieve complete ZVS in arbitrary conditions. Furthermore,
since the proposal avoids high iy, Q1 and @2 will not suffer
from high turn-OFF currents, thus avoiding high turn-off losses
as well.

In summary, the proposed converter can realize ZVS or ZCS
turn-ON for all the switches. Moreover, ZCS turn-OFF or low-
loss turn-OFF can also be realized. In contrast, Boost+LLC is
subject to the boost stage hard-switching, while CFDAB and
DT-CFDAB cannot guarantee low turn-OFF losses.

C. Switching Device and Transformer Capacity Analysis

Compared to single-stage CFIBDCs, the proposed topology
requires an additional half-bridge and transformer. However, the
proposal is more cost-effective for wide IOV operation thanks
to the lower transformer current. To prove this, we will calculate
the total capacity of the switching devices and transformers at
different given powers over wide IOV range. The IOV range and
hardware parameters are shown in Table II.

The total switching device capacity of the proposal is ex-
pressed as follows:

6 4
UH, . .
Uly = Tmax Z |7/SI |max + VH,max Z ‘ZQI |max 2n

rx=1 r=1

where U I, denotes the total switching device capacity, vx, max
represents the maximum value of vy, and |ig, |, and |ig, | .
are the absolute maximum currents on the switches over the
entire IOV range.

Obviously, |ig, | .. and |is, |,,..appear at the lowest v and
vgr. Therefore, |ig, |, and |ig, |, are actually the peak values
of ig, and ig, at vg = 24 V, vy = 200 V. The peak value
moments can be obtained from Fig. 11. Thereafter, based on (2),
(3) and Table I, |ig, |, and |ig, |,,.. at different given powers
can be computed. |ig,| . and |ig,| .. have same values as
|95, | max AN |95, |0y Following a similar principle, i, |,
and |ig,|,,.. are the peak value of iz at vg = 24V, vy =
200 V, which can be calculated from (3) and Table I.

The situations are different for the remaining four switches.
For |is; | yax A0 |25 |10 they are determined by the maximum
value of ir, peak Over the entire IOV range. i1, peax is higher
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Fig. 14.  Total capacity of (a) switching devices and (b) transformers.

when vy is lower, but its relationship with vp is not evident.
Thus, we can first fix vy at 200 V, then compute iz, peax at
different vp and load powers through (8), and finally extract
the maximum value of 41, peax at different given powers by
traversing the surface of iz, peax, as demonstrated in Fig. 12.
Following a similar procedure, |ig, | .. and |ig,],,,, at different
given powers can also be extracted (see Fig. 13).

Finally, by substituting the obtained |is, |, .. and |ig, | ..
into (21), U I, at different given powers can be calculated. U Iy,
of three other CFIBDCs are also computed for comparison.
The comparison results are shown in Fig. 14(a). As can be
seen, the proposal features a lower total switching device ca-
pacity compared to the conventional single-stage CFIBDC (i.e.,
CFDAB), despite employing an additional half-bridge. Note that
this conclusion is only for the wide IOV range scenario.

Following a similar procedure, the total transformer capacity
(labeled as U Iy;) can be calculated. For the proposed converter,
U I is expressed as follows:

VH, . VH, .
UItr = ﬂ|2Lk|max + #|7’Lr|max' (22)
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The detailed calculations for |ir|,,,, and |ir,|,,, have been
provided in the above-mentioned discussion, and the final ob-
tained U I, is depicted in Fig. 14(b). As can be observed, com-
pared to CFDAB, the proposal offers a lower total transformer
capacity in spite of using an auxiliary transformer. This is
because neither transformer in the proposal will carry excessive
current.

However, it is worth noting that excessively large boost in-
ductors L o will eliminate the device capacity advantage of the
proposal compared to CFDAB. If L - are excessively large, the
current ripples on ¢y, and i79 will be oversuppressed, which
will excessively increase the valley values of i71 and ¢1,5. Based
on (12), the peak value of DAB stage current i1 depends on
the valley values of 771 and i70 at ZVS strategy. Hence, overly
high valley values of 71,1 and 75 will force DAB stage to carry
excessive power and idle the LC stage, which will ultimately
increase the converter device capacity. As a result, it is not
recommended to use excessively large L; ». Even for conduction
loss reduction, smaller boost inductors are adequate at the target
operating conditions, as discussed in paper [14].

D. Efficiency Analysis and Comparison

Fig. 15 exhibits the efficiency comparison between the pro-
posal and the other two state-of-the-art CFIBDCs. All the effi-
ciency curves are obtained based on the methodology provided
in [2] and the hardware parameters in Table II. As can be seen, the
proposal presents the highest efficiency over wide IOV range and
load range. The full-load efficiency of the proposal can reach up
t097.3% atvg = 48 V,vg = 200 V. Even in the worst case, the
full-load efficiency can be maintained at over 94.2%. In contrast,
the efficiency of DT-CFDAB is quite sensitive to the IOV ratio,
since a large IOV difference yields high conduction losses on it.
Whereas, the efficiency of Boost+LLC is quite sensitive to v,
because its hard-switching losses are dependent on the dc-bus
voltage.

Fig. 16 demonstrates the power loss breakdown of the pro-
posal. It is observed that, at heavy-load condition, conduction
loss and copper loss dominate the total power losses. Whereas,
for light-load condition, the switching loss and core loss are the
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dominant losses. Moreover, the variation of vy significantly af-
fects the conduction loss and inductor copper loss; the variation
of vy significantly impacts the switching loss, transformer core
loss and copper loss.

Table III compares the proposal with several recently pre-
sented CFIBDCs. It can be observed that the proposal maintains
relatively high efficiency over twice the input and twice the
output voltage ranges without employing a complex control
scheme.

V. EXPERIMENTAL RESULTS

To further verify the performance of the proposed converter
with its power allocation strategy, an experimental setup rated
at 1500 W is constructed (see Fig. 17). As discussed above, the
operation principle of the converter remains consistent regard-
less of the power flow direction. Consequently, the experimental
waveforms only demonstrate the power flows from LVS to HVS.
The HVS port of the converter is connected to an adjustable
resistive load, and the output voltage vy is controlled by the
converter in this scenario. Based on the target P and vy,
the adjustable load resistance can be determined. The hardware
parameters are summarized in Table II.

A. Steady-State Operation

The steady-state operating waveforms of the converter at dif-
ferent IOV and load conditions are shown in Figs. 18 -21. Here,
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TABLE III
COMPREHENSIVE COMPARISON BETWEEN DIFFERENT CFIBDCs
Rated-Load Efficiency over LVS Batte
Ref. LVS Port HVS Port 10V the Entire IOV Range Curren try Control_ Switches Voltage
Voltage Voltage Range Highest Lowest Ripple Complexity Sensors
18-28 V 300V . 97.1% @ 1000 W, 95.8% @ 1000 W, .
CFDABIIO] | (1 55 times) | (1 times) | MeUU™ | 4 128V, 1,:300V | vy: 18V, my: 300 V. Low Medium 8 3
18-36 V 250—-400 V . 95.7% @ 1000 W, 90.8% @ 1000 W, .
DT-CEDABITH 5 times) | (L6times) | V19 | 5 27V, 1,:250 V | wy: 18V, v,: 400 V Low Medium 8 3
99-121V 110V 96.9% @ 1100 W, 96.1% @ 1100 W, . .
H3-CEDAB 18] || 53 times) | (1times) | A |y 121V, v,: 110V | vy 99 V, vy 110V High High o 3
Reconfigurable 6—-16 'V 180-900 V Ultra- 96.1% @ 2750 W, 84.1% @ 1100 W, Low Hich 10 4
CFDAB [19] (2.66 times) (5 times) Wide Vip: 500 V, v,: 14V Vip: 900 V, v,: 6 V g
90-170 V 375V . 95.4% @ 4800 W, 93.9% (@ 4800 W, o
BoostHLLC [20] | 1 88 times) | (1 times) | MUU™ | 4 2170 V, v,: 375V | vy 90 V, vy: 375 V Low Low 10 3
24-48 V 200-400 V . 97.3% @ 1500 W, 94.2% @ 1500 W,
Proposal (2 times) (2 times) Wide Vin: 48V, 1,: 200V | v;,:24 V, 1,: 200 V Low Low 10 2
Note: “Number of switches in case of bidirectional operation.
(] _Vap (200V/div) _VaB (200V/div) (] _Vap (200V/div) _VaB (200V/div)
Boost Boost
Dﬁi ___Ver (400V/div) ‘_ __VEr(400V/div) _ D‘jl;  VEF (400V/div) . _VEE (400V/diy) —
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Steady-state operating waveforms of the proposal at v =24V,

vy = 400 V with (a) Po = 1500 W; (b) Pior = 750 W.

the voltage and current waveforms are displayed separately in

the upper and lower scope windows in one figure.

In Fig. 18, the converter is operating at vg = 24 V, vy =
200 V. The corresponding boost stage duty ratio Dy is close to
0.24, and the DAB stage is operating under mode I. According
to the power allocation strategy in Section III, ZVS is required
to be prioritized. Hence, the peak value of iy in Fig. 18 is

vy = 200V with (a) Pot = 1500 W; (b) Pior = 750 W.
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Steady-state operating waveforms of the proposal at vgp =48V,

vy = 400 V with (a) Po = 1500 W; (b) Pior = 750 W.

modulated slightly higher than the valley value of i1 (or i12),

which satisfies the ZVS constraint for S in (11). Meanwhile,

the ZVS of S; can be achieved by the positive i7,1 in Fig. 18. The

ZVS situations of S3 and S, are consistent with those of S and
Ss. For the LC stage switches S5 ¢ and @)1, 2, soft-switching
can be achieved via iy, and iy, respectively, because iy, is
close to zero while 71, reaches its peak value at their switching
moments. For Q3 and ()4, soft-switching can also be achieved
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because iy is close to zero at their switching moments. As can
be seen, under the operating condition in Fig. 18, soft-switching
of all the switches are guaranteed. It is worth noting that, since
vp islowin Fig. 18, i11 and i1+ are relatively high. To facilitate
the boost stage ZVS, irx is also relatively high. In such a
case, the rms value of iy is higher than the rms value of iy,.,
and the current balancing aim of the power allocation strategy
cannot be accommodated.

Fig. 19 shows the operating waveforms of the converter at
vp = 24 V, vy = 400 V. The corresponding Dy is close to
0.12, the DAB stage is operating under mode 1. Similar to the
waveforms in Fig. 18, the peak value of ¢, is modulated higher
than the valley value of 71,1, thus ensuring boost stage ZVS. And
the remaining switches can also be soft-switched, as discussed
above. In addition, since vp is low and i1, o are high, iz that
satisfies the ZVS constraint has a higher rms value compared to
1. The power allocation strategy prioritizes ZVS over current
balancing.

Fig. 20 exhibits the operating waveforms atvp = 48 V,vy =
200 V. The corresponding D is close to 0.48, and the DAB stage
is operating under mode II. In this case, a relatively high vp
results inrelatively low 71,1 2. And the relatively low 7,1 o render
the boost stage ZVS easy to be implemented, as illustrated in
(11). As aresult, current balancing as well as soft-switching can
be achieved simultaneously via the power allocation strategy. It
can be observed from Fig. 20 that i 7, and ¢,,- have approximate
rms values, which indicates that the current balancing aim is
attained. Furthermore, soft-switching is implemented for all the
switches.

Fig. 21 shows the operating waveforms of the converter at
vp = 48 V, vy = 400 V. The corresponding D is close to
0.24, and the DAB stage is operating under mode I. Similar to
the operating condition in Fig. 20, i1,; » is relatively low, which
makes the ZVS constraint of the power allocation strategy easy
to be satisfied. Therefore, current balancing and soft-switching
can be ensured simultaneously.

From Figs. 18-21, one can conclude that the experimental
results of the converter agree well with the theoretical waveforms
(see Fig. 2), which validates the theoretical analysis in Section II.
In addition, the soft-switching performance of the converter as
well as the measured rms values of iy, and iy, at different
operating conditions verify the effectiveness of the proposed
power allocation strategy.

B. ZVS Verification At Maximum Voltage and Light Load

To validate the worst-case ZVS performance of the proposal,
experiments at the maximum voltage and light loads are per-
formed. The HVS output voltage vy is set at its maximum
value, i.e., 400 V (also resulting in the maximum vy). The
maximum vy and vy, make it most difficult to discharge the
junction capacitors on the switches. And the load power is set
at 25% rated power (i.e., 375 W) in Fig. 22(a) and (b), and
10% rated power (i.e., 150 W) in Fig. 22(c) and (d). As for the
LVS input voltage vp, since it has no explicit contribution to
the worst case, experiments based on different vp (i.e., vg =24
and 48 V) are performed. As shown in Fig. 22, even if vy is
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Fig.22. Operating waveforms of the proposal at maximum vy and light loads
when (a) Pot = 375 W, vp = 24 V; (b) Pt = 375 W,vp = 48 V; (c) Pt =
150 W, v = 24 V;(d) Pot = 150 W, vp = 48 V.

at its maximum, S; and S5 can achieve ZVS independent of
the load power and vp. The same holds for S3 and Sy. As for
@1 (or Q)2), when vg = 24 V and Poc = 375 W, ZVS can be
completely realized due to the relatively high peak value of i1
[see Fig. 22(a)]. However, when vp = 48 Vand Py = 375 W,
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the peak value of 7y is insufficient to enable complete ZVS
for @4 [see Fig. 22(b)]. The same holds for situations with very
light loads [see Fig. 22(c) and (d)]. The experimental results are
consistent with the ZVS analysis in Section IV-B.
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C. Dynamical Operation

Fig. 23(a) shows the dynamic waveforms of the converter
operating at vg = 48 V, vy = 400 V with a load step from
800 to 1500 W. As can be seen, a step increase in load leads
to step rises in iz, and iro. Meanwhile, under the regulation
of the power allocation strategy, ¢y, and iy, rise in appro-
priate proportions. From the zoomed-in waveforms, it can be
observed that soft-switching as well as current balancing are
maintained despite the load step-changing. Moreover, as can
be observed from the zoomed-in waveforms of vy and vy, the
load step-changing does not significantly affect the output volt-
age vy due to the closed-loop control, and vy, is well-matched
with vy due to the LC stage. The settling time for the output
voltage vy is measured to be 3.1 ms.

Fig. 23(b) shows the dynamic waveforms of the converter
operating at vp = 48 V with the output voltage vy ramping
up from 200 to 400 V. During this process, the resistive load
is fixed at 106 €. Accordingly, the load power increases from
377 to 1500 W. As can be seen, as vy rises, the boost stage
duty ratio Dy decreases from 0.48 to 0.24, and the DAB stage
operation mode is switched from mode II to mode 1. Although
the voltage and current states vary considerably during this
process, the converter is still able to maintain proper operation
while ensuring soft-switching and current balancing.

Fig. 23(c) shows the power regulation process of the proposal
when connected to a 400 V voltage source load. In this case,
vp =48 V, vy = 400 V, and P,y is regulated from 800 to
1500 W. As can be seen in Fig. 23(c), vy is sustained by the
voltage source load, and thus remains constant at 400 V. The
average value of ip is step-increased from about 17 to 32 A
with a step increase in reference power. And i ;, and i 7, increase
synchronously. The proposal is able to operate properly when
connected to a voltage source load.

D. Measured Efficiency

To confirm the validity of the efficiency comparison in Fig. 15,
the experimental efficiencies of the proposed converter are
measured and exhibited in Fig. 24. The calculated efficiencies
in Fig. 15 are also depicted in Fig. 24 for comparison. It is
admitted that there are some deviations between calculated and
measured efficiencies, especially at light loads. This is mainly
caused by the stray losses in the experimental setup, the nonideal
characteristics of the components, and the estimation errors of
the magnetic losses. Nevertheless, the trends of the calculated
and measured efficiency curves are consistent. Besides, effi-
ciency estimation errors could also exist in the topologies used
for comparison in Fig. 15. It can be asserted that under the
same experimental condition, the efficiency superiority of the
proposed topology is verified.

VI. CONCLUSION

In this article, a high-efficiency CFIBDC for wide IOV range
operation is proposed and studied. By sharing switches, the
proposed topology integrates a CFDAB and an LCRC, and thus
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has two power channels with different characteristics. These two
channels are able to leverage their own benefits to maintain high
efficiency for the converter over wide IOV range via dynamic
power allocating. First, the DAB channel enables single-stage
power transfer, which guarantees its efficiency when the IOV
difference is relatively small. However, when IOV differ sig-
nificantly, this channel suffers from large conduction losses.
Fortunately, since the LCRC channel is independent of 10V,
it can share more power for the DAB channel when the IOV
difference is large, thus suppressing the conduction losses. Sec-
ond, the DAB channel can ensure ZVS over wide IOV range,
but is subject to large turn-OFF currents. The LCRC channel, on
the other hand, can share the current for the DAB channel while
enabling ZCS, thus reducing the DAB turn-OFF currents and
turn-OFF losses. In addition to the efficiency improvement, the
LCRC channel can also simplify the control loop due to its unity
voltage gain. Detailed conduction losses analysis, switching
performance analysis and efficiency comparisons were carried
out to prove the superiority of the proposal. Total device capacity
was calculated to demonstrate that the superiority of the proposal
does not require excessive costs. Experimental results validate
the effectiveness of the proposed converter and the power allo-
cation strategy.

APPENDIX A
DESIGN CONSIDERATIONS FOR HARDWARE PARAMETERS

This Appendix illustrates the design considerations for critical
hardware parameters in Table II. The critical hardware parame-
ters include: LC stage resonant inductance L, and capacitance
C'r; DAB stage leakage inductance Ly; boost stage inductances
L1 and Ls. As for the dc-bus capacitances C';—CY}, they only need
to be sufficient to suppress excessive dc-bus voltage fluctuations.
Since the parameter design is not the major concern of this paper,
this design guideline only guarantees the proper operation of the
proposal instead of optimizing the performance.

A. Design Consideration of L, and C.

Since the LC stage of the proposal simply operates at series
resonant state, the resonant tank parameters L,. and C'. only need
to satisfy

1
27/ L, C,.
In low voltage scenarios, C'. can be designed larger in order

to make L,. smaller. A smaller L,. is easier to be integrated into
the transformer as leakage inductance.

= fs- (23)

B. Design Consideration of Ly,

In this article, Ly, is designed with three considerations:

First, to guarantee that i 1, is sufficient to facilitate boost stage
ZVS atthe worst operating conditions, L cannot be overly large.
As shown in (13), if Ly is overly large, the left-hand-side of (13)
will be overly small, and the inequality may not be realizable
at the worst operating conditions. The restriction for Lj, can be
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derived from (13), as follows:

v T

Po _ v5(1-D)T"
2up Ly

L < 24

As can be seen, the not-yet-designed parameter L is involved
in the restriction for Lj. To decouple the parameter design,
we assume that L is at its worst value for boost stage ZVS
realization, that is, L is infinity. Accordingly, the maximum
value of Lj, has to satisfy the following:

vpvr T (Pupper}

25
P 23)

L max < min {
where @ypper 18 the upper limit of . When D, > 0.25, the upper
limit of ¢ is 0.5, otherwise, @ypper = 2 Dy = 2vp /vy, Finally,
to guarantee the realizability of the boost stage ZVS at the worst
operating conditions, Ly has to satisfy

2
2'UB,min Ts

Lk,max < (26)

P, tot,max
Second, to guarantee the ZVS range of HVS switches at light
loads, Lj, cannot be overly small. According to Section IV-B,
i1k determines the ZVS performances of HVS switches Q)1 5.
If Ly is overly small, the energy on Lj, will be too low to fully
discharge the junction capacitor on )1 (or (Q2) at light loads. If
the junction capacitor on ()1 (or (Q2) can be fully discharged by
11k, the following constraint [28] must be satisfied:
S Luins(t1)? > Courun® @7)
where i1,; (1) is the peak value of i1, (see Fig. 2), and Cogs,Q1
is the junction capacitor on Q1. At light loads, iy, can be
approximated as a three-level square wave due to the low DAB
stage phase-shift ratio ¢. Then, the peak value of 7y can be
approximately calculated from the power, as follows:

Poag
QDSUL '

iLk,peak ~ (28)

Thereafter, by combining (27), (28), and (9), the L, restriction
that enables full discharge of ()1 junction capacitor is derived,
as follows:

2 2
Svp vy Coss,Ql

L >
g K2P

(29)
where K is the DAB stage power proportion under current bal-
ancing strategy, and K = K¢ /(Kpap + Krc¢). As indicated
in (29), the lighter the load, the larger L is required to fully
discharge the junction capacitor. It is impossible to ensure full
discharge of junction capacitor over the entire load range. In this
article, we guarantee the full ZVS of (); 2 under at least the load
conditions of Py > Piormax/3 in the worst case (vg = 48V,
vg = 400 V).

Third, to reduce the DAB stage current iy, a smaller Ly,
is preferable. For DAB-based converter, large leakage inductor
leads to high circulating power. Therefore, L should be de-
signed smaller within the acceptable range.
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TABLE IV
CRITICAL PARAMETERS OF MAGNETIC COMPONENTS
Descrintion Core Core LVS HVS
Pl Material | Winding | Winding
DAB Stage | FERROXCUBE #32AWG | #32 AWG
Transformer E55/28/25 3C90 X 204 x 102
11 turns 22 turns
LC Stage FERROXCUBE #32AWG | #32 AWG
3C90 X 142 X 71
Transformer E42/21/20
10 turns 20 turns
Boost Stage MAGNETICS Kool M #11 AWG X 3
Inductors 77074A7 K 27 turns

C. Design Consideration of Ly and Lo

Since Ly and Lo share the same value, only the parameter
design of L is illustrated here. In this paper, L; is designed
based on general engineering experience. To avoid excessive
boost stage current ripple as well as excessive inductor value,
the maximum boost stage input current ripple is set to 20% at
full load. Then, we have

]- - 2D9 Ts Po max
va( )T, < 2t * 20%.
2L1 vB

Since Dy = nwg /vy, the restriction for L, can be deduced
as follows:

(30)

Ll,min 2> max

{’UBQ(’UHQH”UB)TS}. 31)

2UHPtommax * 20%

The right-hand-side of (31) reaches its maximum at vg = 48
V, vy = 400 V. And L, is finally designed at its lower limit
shown in (31).

APPENDIX B
DESIGN OVERVIEW OF MAGNETIC COMPONENTS

This Appendix provides the critical parameters of magnetic
components for power loss investigation. The parameters are
designed based on the methodology presented in [29] and [30],
and the power losses are estimated via the approaches provided
in [2] and [30]. The design results are shown in Table IV.
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