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ABSTRACT This paper proposes a current-fed dual active bridge (DAB) converter, connected in parallel on
the secondary-side AC-link, as a DC-DC converter with a high boost ratio and high input current capacity.
Compared to conventional converters, the proposed converter can reduce the number of components without
complicating power control and increase input current capacity. However, the parallel connection on the
secondary-side AC-link could cause a circulating current. Therefore, this paper develops an equivalent circuit
model of the proposed converter and theoretically analyzes the characteristics of the circulating current.
The analysis reveals the influences caused by the circulating current on the proposed converter and shows a
guideline for reducing the circulating current. Furthermore, using a prototype rated at 2 kW, the validity of the
theoretical analysis is demonstrated through experiments. In the experiments, the validity of the theoretical
analysis was confirmed, and it was verified that the proportion of the circulating current relative to the
secondary-side converter’s current was less than 8% at maximum. In addition, introducing a phase-shift
control on the primary-side converters reduced the input current ripple by 38.6%. Furthermore, even under
conditions where the circulating current is relatively large, the efficiency drop of the proposed converter was
minimal. This indicates that the influence of the circulating current on the proposed converter is sufficiently
small.

INDEX TERMS Circulating current, dual active bridge, fuel cell, high efficiency, high voltage ratio, input
current ripple.

I. INTRODUCTION

Fuel cell-based power systems are increasingly used as power
supplies for applications such as smart homes. As a result
of easy manufacturing and cost considerations, fuel cells
are often designed to operate at low voltages and high
current outputs. Therefore, a DC-DC converter is typically
connected to the output of the fuel cell to boost the voltage
and regulate it to meet 100 V or 200 V load requirements,
depending on the country. Additionally, an inverter is
connected in the subsequent stage of the DC-DC converter to
generate AC voltage. When the output voltage of fuel cells is
assumed to be around 20 V, DC-DC converters are desired to
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have a high boost ratio and high input current capacity [1], [2],
[3], [4]. Additionally, electrical isolation between the con-
verter input and output is recommended for safety reasons.
Furthermore, since ripples in the output current can accelerate
the degradation of fuel cells, converters should also maintain
their input current ripple below a specified value [3], [5].
One such DC-DC converter that satisfies these require-
ments is a current-fed dual active bridge (DAB) converter
[51, 161, [7], [8], [9], [10], [11]. Current-fed DAB converters
have been reported to effectively reduce the transformer’s
current and the input current ripple [5], [7], [10]. Moreover,
the current-fed DAB converter presented in reference [11]
successfully achieves a high boost ratio and high efficiency.
On the other hand, various methods can be considered to
increase the input current capacity, as shown in Table 1.
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TABLE 1. Comparison of methods to increase the input current capacity of the DAB converters.

Simply paralleling ~ Transformer integration =~ AC-link connection
Reference(s) [12]-[15] [16]-[18] This paper
The number of power devices* 16 12 12 .
The number of transformers* 2 1 2 *In case of two phases
The number of additional inductors* 2 2-3 2
Control complexity Simple Complex Simple
Circulating current Small Large Small

Parallel configurations are commonly adopted when trying
to increase the current capacity of the converter [12],
[13], [14]. However, simply paralleling them leads to
doubling the number of circuit components, such as power
devices [15]. Especially in converters with a high boost ratio,
as mentioned earlier, it is difficult to benefit from paralleling
due to the low current on the high-voltage side. This reduces
the advantages of paralleling and increases costs.

To enhance the input current capacity without substantially
increasing the number of power devices, configurations such
as the triple active bridge converter can be contemplated.
These configurations share transformers in the converters,
as shown in references [16], [17], [18]. This design parallels
the low-voltage side sharing a transformer and keeps the
high-voltage side single-phase. However, when magnetic
components such as transformers are shared, in principle,
a significant circulating current flows between the shared
converters (phases). Controlling this circulating current,
especially during power regulation, makes the control scheme
highly complex [19], [20].

This paper proposes a two-parallel current-fed DAB con-
verter, as shown in Fig. 1, where the secondary-side AC-DC
converters (active bridges) are shared in the secondary
AC-link connection. High-input currents can be handled
effectively by paralleling the current-fed active bridges,
transformers, and additional inductors. Furthermore, sharing
the secondary-side active bridge allows for a reduction of up
to four power devices. In the AC-link section of the proposed
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FIGURE 1. Parallel AC-link connection of the current-fed dual active
bridge converters.
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converter, ideally, no circulating current is generated because
the two ports with high output impedance are connected
to the one port with low input impedance. Therefore, even
when the output current ripple of the fuel cell is reduced
by providing a phase shift for each phase, the circulating
current is not generated between parallels. However, actual
circuits are influenced by parasitic inductances, capacitances,
and finite switching speeds of power devices. Due to
these factors, some circulating currents could be generated.
Therefore, this paper investigates these characteristics of
the circulating current through theoretical analysis and
experiments. Then, by demonstrating the minimal influ-
ence of circulating currents in the proposed converter,
the effectiveness of the proposed converter is also shown.
In addition, this paper shows a guideline for reducing the
circulating current based on the theoretical and experimental
results.

In this paper, Section II explains the configuration and
operational principles of the proposed converter. Section III
details the analytical methodology for the circulating currents
in the proposed converter, derived from the analysis models.
Section IV delves into discussions on the analytical results
of circulating-current dynamics. Lastly, Section V validates
the analytical results through experiments, emphasizing the
effectiveness of the proposed converter.

Il. OVERVIEW OF PROPOSED CONVERTER
This section describes the configuration and operational
principles of the proposed converter in Fig. 1.

A. CONFIGURATION OF PROPOSED CONVERTER

The proposed converter is paralleled from the primary power
terminals to the secondary AC-link, and in this paper, each
paralleled phase is called a Cell. One Cell comprises a DC
inductor, two active half-bridges, a transformer, its leakage
inductor /, [H], and an additional inductor L, [H], where
x = a, b. Furthermore, the two Cells connect in parallel at
the AC-link of the secondary-side active bridge.

The secondary-side active bridge can be considered an AC
voltage source; therefore, the input impedance seen from the
AC-link is sufficiently small. On the other hand, the output
impedance of each Cell is high due to inductors (I, + L,) and
(Ib + Ly). Therefore, ideally, the two Cells are decoupled, and
no circulating current is generated. In other words, the two
Cells can be controlled independently.
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B. OUTPUT VOLTAGE OF ACTIVE BRIDGES
This section explains the operational principles of the
proposed converter by focusing on both the primary-side
and secondary-side active bridges. For simplicity in this
section, every component within the circuit is assumed to
be ideal. The equivalent series impedances included in the
wiring, etc., are ignored. In addition, the transient responses
accompanying dead-time periods and switchings are also
ignored.

The primary-side legs of Cells A and B also work as boost
converters. The voltages E, and Ey, across capacitors Cy1, Ca2,
Cyp1 and Cyy [F] can be represented as:

Ep

Ey=Ey= 7=

ey

where d symbolizes the duty cycle of the lower switch in each
leg. In this paper, the duty cycle is set to a constant value
of d = 0.5. The amplitude of square-wave voltages v,, and
vbp [V] applied to the primary winding of the transformer is
expressed by:

|Vap| = |pr| = 2Ep‘ ()

Conversely, the amplitude of the square-wave voltage v, [V]
outputted by the secondary-side active bridge is given
by:

[vs| = E. 3

C. OUTPUT POWER OF PROPOSED CONVERTER

The phase-shift angles between v,p and vs and between vy,
and vy are represented as J,5 and Jpg [rad], respectively.
Here, Fig. 2 shows the typical operating voltage and current
waveforms. In Fig. 2, 8, [rad] represents the phase-shift
angle between v,y and vpp, Where §ap = Sas — Sps always
holds.

The currents flowing through Cells A and B denoted
as ir,(0) and irp(0) [A], are the same as the inductor
currents of general single-phase DAB converters. There is
the relationship is(6) = ira(0) + irp(0). Consequently, the
output power Poy; [W] can be derived referred to that of the
single-phase DAB converter [21], as follows:

P out

1 2
—/ vs (0) is (6) dO
2 0

2N, EpEq Bas
= TP (1—ﬁ)+

2NpEpE;s Sbs
as —Sbs 1-— s
w(ly+ Ly) T

w (Iy + Ly) T
4)
where N, and Ny, represent the turns ratios of the transformers

for Cells A and B, respectively. Additionally, w [rad/s]
represents the switching angular frequency.
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FIGURE 2. Typical operating waveforms of the proposed converter.

Here, the secondary-side current i (6) is given by:

6 +is (0),

when 0 < 0 < 8p.
(9 — 8ab) + is ((Sab) s
when 8z < 0 < 8.
(9 - 833) + is (aas) El
when 8,5 < 60 < 7,

(ia1 — irp2)

i (9) — (i}Jal + i},bl) (5)

(i + i112)

where i (0), is (8ap), and is (8as) [A] represent the initial
values for their respective periods. The slopes of i;, and
irp within these periods, denoted by i} ,,, i}, i}, and
i1, [A/rad], are expressed in the subsequent equations:

./ 2NaEp + E; ./ 2NaEp — E
Ual = 7~ b= 7

 (la + L) (I + Ly) 6)
./ 2NbEp + E; y 2NbEp + E;

LT e+ Ly) | 2T o (ly + Ly)

This section discussed the fundamental operation of the
proposed converter under ideal conditions. However, in actual
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systems, circulating currents are generated between the cells
due to parasitic impedances and nonideal switching behavior.
The following section delves into the characteristics of these
circulating currents through a theoretical analysis.

Ill. ANALYTICAL MODELS FOR CIRCULATING-CURRENT
EVALUATION

This paper analyzes the circulating current using the equiv-
alent circuit model of the proposed converter, as shown in
Fig. 3. This section delves into the specifics of the model.

Secondary side

FIGURE 3. Equivalent circuit model of the proposed converter, focusing
on Node X.

A. EVALUATION STRATEGY

The model shown in Fig. 3 focuses on Node X, which
is the crucial connection point between each Cell and the
secondary-side active bridge. The circulating current can be
modeled by observing the current behavior around Node X.
The variables Vas and Vbs [V] represent the phasors of the
transformers’ secondary-side voltages vas and vpg [V] in
Cells A and B, respectively. In contrast, Vs [V] represents
the phasor of the output (input) AC voltage vy of the
secondary-side active bridge. Furthermore, Z, and Zj, [€2] are
the equivalent series impedances (ESIs) when considering
Cells A and B as AC voltage sources. In addition, Zg [€2] is
an ESI model of the behavior of the secondary-side active
bridge. From the configuration of Fig. 3, it is found that the
amplitude of the circulating current |1C| [A] decreases as Zg
becomes smaller in relation to Z, and Z,.

In this analysis, the circulating-current ratio (CCR) [%]
is introduced to evaluate the influence of the circulating
current during power transfer. It is defined as the ratio of the
circulating current |i.| to the current || flowing through the
secondary-side active bridge, as follows:
ccr = [l
= — x 100. @)

L]

To derive || and |I.|, itis essential to model voltage
sources and impedances. Firstly, Vas, Vbs, and VS are repre-
sented as a superposition of sinusoidal voltage sources using
the Fourier series. The phasors for the n-th order harmonic
components, denoted by Vas(n), Vbs(,,), and VS(,,) [V], are
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modeled as follows:

) 23/2kyN,E

Vasiy = {1 = (=1)"} %

) 23/ 2ky NpE, ,

Vosay = {1 — (=1)"} ———"Lexp [—jnda] , ®)
nimw

V2E;

nmw

Vi = {1 — (=1)"}

exp [—jndas]

where k, and k, represent the coupling coefficients of the
transformers in Cells A and B, respectively.

Subsequently, Z, and Z, represent the composite
impedances derived from the inductances of the additional
inductors L, and Ly, in addition to the leakage inductances [,
and l. These are also combined with their equivalent series
resistances (ESRs) r, and ry, [€2]. They can be simply modeled
as shown in (9). Although strictly speaking, the impedances
Z, and Zy, might be influenced by the switching transient of
the primary-side active bridges; they are disregarded since the
values of [, + L, and [, 4+ Ly, are considerably large.

Zatn) = Ta +jnw (ly + La) , ©)
Zby = rp +jnw (Ip + Lp) .

However, the wiring impedance between Node X and the
secondary-side active bridge is minimal. Thus, the influence
of the switching transient in the secondary-side active bridge
cannot be neglected when focusing on Node X. This means
that the secondary-side active bridge cannot be modeled as an
ideal AC voltage source with an internal impedance of zero.
Therefore, Z; needs to be modeled, considering the transient
response during the switching of the secondary-side active
bridge. Details of the modeling method are discussed in the
next section.

B. MODELING OF BEHAVIOR OF SECONDARY-SIDE
ACTIVE BRIDGE
In this section, the detailed model of Zg shown in Fig. 3. The
impedance Zg is not constant within one switching cycle; it
varies depending on the operating mode of the secondary-side
active bridge. Fig. 4 shows the models for each operating
mode of the secondary-side active bridge during a switching
half-cycle. These modes in Fig. 4 are modeled by focusing
on the conducting path of is. In Fig. 4, zpcpus [€2] denotes
the ESI of both the DC-link capacitor and PCB. Modes 1
to 3 correspond to the operations during the dead-time
period, whereas Modes 4 and 5 represent the operations
when the ON signals are applied to Sg; and Sg4. Specifically,
Mode 4 represents the transient state upon turn-on switching.
Basically, the operating modes progress sequentially from
Mode 1 to Mode 5, with some modes potentially skipped.
Here, the impedance Zg in Mode m (m = 1,2,3,4,5)
is denoted as Zs, [R2], and its period is defined as
O (= 0y —6,—1) [rad]. This paper derives is and ic
considering all operating modes using is.m and ic_m [A]
specific to Mode m. For Mode m, the n-th order harmonic
component, denoted as I's(n).m and ic(n).m [A], is represented

VOLUME 12, 2024



K. Naruse et al.: Parallel AC-Link Connection of Current-Fed Dual Active Bridge Converters

IEEE Access

0,<6<6,
Mode 1

0,<60<0,
Mode 2

ZDCbus

0,<0< 0,
Mode 3

(Body diodes in S, and S; are on-state.)  (C,, in S and S, are discharging, while C,in S, and Sg; are charging.) ~ (Body diodes in S; and Sy, are on-state.)

ZDCbus

0,<0<0,
Mode 4 Mode

(S, and S are turning on.)

6,<6<6; (<01 —>
5

(S,; and S, are on-state.)

— The model of power devices —

B-1E

— Definition of the direction of i; —

i20:

FIGURE 4. Models for the operating modes of the secondary-side active bridge.

by the following:

' o = Zoy (Vastw = Vs
ZamyZom) + ZomyZsny.m + Zsny.mZamn)
Zain) (Vosiw = Vsny)
ZatnyZony + ZomyZstmy.m + Zstny.mZany
Zsw.m (Vasony = Vst
ZayZon) + Zom) Zsny.m + Zstny.mZan)

ic(n).m =
(10)

Based on (10), the n-th order harmonic components of
the instantaneous currents i), (0) and icp).m (0) [A] in
Mode m are modeled as follows:

Is(n).m (0) = \/5 |is(n).n1| sin {9 + arg (js(n).zn)}7

. . 11
ic(n).m (6) = \/E |Ic(n).m| sin {9 + arg (Ic(n).m)}- ( )

The RMS values for the currents, |/s| and |I.|, are given by:

. 1 Om
2
EREDIY /9 i )6,
. 1 Om 5
el = | — ZZ/ 2ym (6) 6.
\ n om Y Om-

However, in the operating modes shown in Fig. 4, the
current path is determined by both the states of gate signals of
the power devices and the current direction of is. Therefore,
not all operating modes are executed within one switching
cycle, and there exist modes that are skipped. To clarify these
mode transitions, the flowchart is shown in Fig. 5. In Fig. 5,
fq [rad] is the dead-time period, represented in the phase
domain and converted by 83 = wTy4, where Ty [s] denotes
the dead-time period in the time domain.
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FIGURE 5. Flowchart for the transition of operating modes during a
switching half-cycle.

TABLE 2. Relationship of conditions and operating modes for each
transition pattern.

Pattern ConditionI  Condition II ~ Condition III Modes
A Yes - Yes 2,3,5
B No Yes Yes 1,2,3,5
C No Yes No 1,2,4,5
D No No - 1,4,5

As illustrated in Fig. 5, the transition pattern of the
operating modes is contingent on whether Conditions I-III
are satisfied with four possible transition patterns, from
A to D, existing. Table 2 shows the relationship between
Conditions I-III and the operating modes for each transition
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FIGURE 6. Typical voltage and current waveforms of the secondary active bridge for each transition pattern during a switching half-cycle: (a) Pattern A,

(b) Pattern B, (c) Pattern C, and (d) Pattern D.

pattern. Furthermore, Fig. 6 shows typical waveforms of
the gate signals, voltage vs (6), and current i (6) for the
secondary-side active bridge in each transition pattern during
a switching half-cycle.

In Fig. 6(a), Pattern A represents the transition pattern in
which S¢; and Sg4 turn on with soft switching. At 0 = 6,
Condition I, which determines the direction (polarity) of i,
is satisfied. Then, OFF signals are applied to Sy and Sg3,
initiating the charging and discharging of the output capaci-
tances Coss [F]. Itis noted that Cys is the parasitic capacitance
of the power device, referred to as the output capacitance.
In other words, Mode 1 is skipped, and the operating mode
starts from Mode 2. Therefore, the initial phase is defined
as §p = 0. Furthermore, Condition III, which determines
that the charging and discharging of Cys are completed
within the dead-time period, is satisfied. Thus, the operating
mode transitions to Mode 3, representing the free-wheeling
operation. After Mode 3, the operating mode transitions to
Mode 5, where Sg1 and Sg4 turn on. Since Mode 4 is skipped
during this transition pattern, it is set as 63 = 64. Pattern B in
Fig. 6(b) similarly represents the transition pattern where S
and Sg4 turn on with soft switching, as in Pattern A. However,
in Pattern B, the polarity of is inverts during the dead-
time period, leading to a commutation phenomenon. Thus,
Condition I is not satisfied and the operating mode starts from
Mode 1. Additionally, Condition II, which determines the
presence of the commutation phenomenon during the dead-
time period, is satisfied. Then, the operating mode transitions
to Mode 2. The subsequent mode transitions match those of
Pattern A.

Pattern C in Fig. 6(c) represents the transition pattern
where Sg; and Sg4 turn on with incomplete soft switching.
This transition pattern occurs when the charging and
discharging of Cygs do not finish during the dead-time period
due to the commutation phenomenon of i;. As a result,
Condition III is not satisfied. Thus, the operating mode in
Pattern C starts from Mode 1 and transitions to Mode 2. Then,
Mode 2 transitions to Mode 4, which represents the transient
state (saturation region) of the power devices.

Pattern D in Fig. 6(d) represents the transition pattern
where Sg; and Sg4 turn on with hard switching. During the
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dead-time period, the charging and discharging operations of
Coss for S¢1 and Sg4 do not occur. Consequently, the operating
modes transition in the sequence of Mode 1, Mode 4, and
Mode 5.

Apart from the transition above patterns, there is a case
where Sg1 and Sg4 do not turn on with complete soft switching
even if ig (6g) > 0. However, because this paper assumes
that a sufficient dead-time period is set for the charging and
discharging of C,g, modeling of such operational modes is
omitted.

The subsequent sections explain the details of the
impedance Zg ;,, and the period @,, in Mode m.

1) MODE 1

Mode 1 is the operating model representing the conduction
behavior of the body diodes in S¢; and S¢3. Mode 1 activates
when Condition I is not satisfied, as observed in Patterns
B to D. In this mode, the current ig flows through the two
body diodes and the DC-bus capacitor. Therefore, in the
current path, there are the equivalent on-resistances rp [€2]
of the diodes, and the ESI zpcpys of the DC-bus capacitor and
the PCB. This results in the equivalent impedance Z,).1 of
the n-th harmonic component in Mode 1, expressed as:

Zs(n).l = 2rp + ZDChus- (13)
Additionally, the period ®; of Mode 1 is given by:

s (6
% for Patterns B and C,
ral T b1 (14)
64 for Pattern D.

O =

Mode 1 operates during the dead-time period with is < 0 and
continues until i reaches 0. In other words, the length of @
depends on whether or not there is a commutation point where
is = 0 during the dead-time period. Condition II represents
this condition.

For Patterns B and C, where Condition II is satisfied,
a commutation point where i; = 0 exists during the dead-time
period. After this commutation phenomenon, the operating
mode transitions to Mode 2. In this context, ®; can be derived
from the initial current value i (6p) and its slope, as shown
in (14).
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In contrast, Pattern D does not satisfy Condition II,
indicating that there is a point where is = O that is satisfied
after finishing the dead-time period. When ON signals are
applied to Sg; and Sg4, the dead-time period is finished at
0 = 6y + 64, leading to the transition from Mode 1 to
Mode 4. In this case, Mode 1 continues throughout the dead-
time period, where ®1 = 64.

2) MODE 2

Mode 2 models the charging and discharging behavior of
the output capacitances Coss in the power devices. Mode 2
activates when either Condition I or I is satisfied, as observed
in Patterns A to C. In Mode 2, bacause i flows only through
Coss, the equivalent impedance Zg(,) > for the n-th harmonic
component of is can be expressed as:

1
Z = . 15
s(n).2 janOSS (15)
Additionally, the period &, of Mode 2 is represented as:
i (1) + 2 1) + 4 (i) + i11) CossEs
@) = Ia1 F i1p1
for Patterns A and B,
64 — ®; for Pattern C.
(16)

Because Mode 2 represents the charging and discharging
operation of Cgg, the length of @, is determined based
on whether this operation completes within the dead-time
period. This is represented by Condition III, which is satisfied
in Patterns A and B. Concurrently, vy transitions from —FEg
to Es, culminating in vs (62) = E. After the transition
completes, Mode 3 starts in Patterns A and B. Assuming that
the charging and discharging of Cys in Patterns A and B
are entirely conducted by is, ®; is expressed as (16). In this
analysis, Cys is considered constant.

Conversely, Pattern C does not satisfy Condition III,
implying that the charging and discharging of Cyss are not
finished during the dead-time period. This operation halts at
6 = 6o + 63 when the ON signals are applied to Sg; and
Ss4, and then Mode 2 transitions to Mode 4. In this case, the
duration of Mode 2 is from the end of Mode 1 to the end of
the dead-time period, which is 6, = 6 + 64.

3) MODE 3

Mode 3 models the period during which the body diodes of
Ss1 and Sg4 conduct. Mode 3 activates when Condition III is
satisfied, as observed in Patterns A and B.

In Mode 3, as in Mode 1, i flows through the two body
diodes, the DC-bus capacitor, and the PCB. Therefore, the
ESI Zy () 3 for the n-th harmonic component of is in Mode 3
is given by:

Zsn).3 = 2rp + ZDCbus- (17)

Mode 3 is an operation that exists exclusively in Patterns
A and B and initiates after passing through Modes 1 and 2.
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The duration continues until the end of the dead-time period
when the ON signals are applied to Sg; and Sg4. Here, 63 is
represented as 03 = 6y + 64, and O3 is expressed as:

O3 =04 — @ — O. (18)

Note that because Mode 1 does not exist in Pattern A, ®1 = 0.
When the ON signals are applied to Sg; and Sg4, Sg1 and Sgq
turn on with soft switching since the charging and discharging
of Cyss are already completed in Mode 2. Mode 4 is skipped
in this case, and Mode 3 directly transitions to Mode 5.

4) MODE 4

Mode 4 models the transient response period (saturation
region) during the turn-on switching of the power devices.
This mode is initiated in cases where neither Condition II
nor Condition III is satisfied (Patterns C and D), and the
power devices turn on with either incomplete soft or hard
switching. In Mode 4, is flows through the power devices and
ZDCbus, Which is in the turn-on transient state. The equivalent
resistances of the power devices in the turn-on transient
state are represented as ron.sat [€2]. Therefore, the equivalent
impedance Z ;) 4 for the n-th harmonic component of is can
be represented as:

Zs(n).4 = 2ron.sat + ZDCbus- (19)

The power devices operate in the saturation region in
the turn-on transition state. Consequently, the equivalent
resistance rongar varies with the D-S voltage and the drain
current and cannot be expressed as a constant resistance
value. The relationship between the D-S voltage vgs (6) [V]
and the current is flowing in the drain is averaged by ®4 and
modeled. From the above, 7o, 52t can be modeled as follows:

1 Oa vds (63)
_— vags (0)dO ~ ———,
is (63) Oy /9 ds € 2is (63)

. ,
where vas (603) = Es — = (i, +i14) O3 (20)
2'C'()SS

Ton.sat =

For the period @4, vg4s (0) is modeled to vary linearly from
vgs (63) to 0. In addition, strictly speaking, is varies with 6.
However, for simplification, is is modeled as a constant whose
initial value i (63) in the period ®4. Additionally, v4s (63) is
derived from the charge quantity charged and discharged in
Mode 2. However, because Mode 2 is skipped in Pattern D,
vds (03) = E.

Mode 4 starts when the ON signals are applied to Sg; and
Ss4. Then, Mode 4 finishes at 84 = 0|, g, and transitions to
Mode 5. ®4 is proportional to v4s (03) and is modeled as:

— vds (03)

Oy
Vbbp

Ty, 2n

where Vpp [V] and T; [s] represent the power supply voltage
during switching tests and the rise time of the power device,
respectively, as referred to in its datasheet.
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5) MODE 5

Mode 5 models the operation during the on-period (linear
region) of Sg; and Sg4. In Mode 5, as shown in Fig. 4,
is flows through the on-resistors ronjin [€2] in the power
devices and zpcpus- The equivalent impedance Zg,) 5 for the
n-th harmonic component of is in Mode 5 can be represented
as:

Zs(n).5 = 2ron.lin + ZDCbus- (22)
The period @5 of Mode 5 is expressed as follows:

@5 = mw — 64 for Patterns A and B, (23)
w — 64 — ®4 for Patterns C and D.

For Patterns A and B, as Condition III is satisfied, Sq; and Sg4
turn on with soft switching. Therefore, Mode 5 starts when
the ON signals are applied to Sg; and Sgq at 0 = 6y + 63 and
finishes upon receiving OFF signals at 6 = 6y + .

In contrast, for Patterns C and D, Sg; and Sy either turn
on with incomplete soft or hard switching. Consequently,
Mode 5 starts after Mode 4 and ends when S¢; and S¢4 receive
the OFF signals.

IV. ANALYTICAL RESULTS OF CIRCULATING-CURRENT
CHARACTERISTICS

This section clarifies the circulating-current characteristics
regarding the phase-shift angle 3, between Cells A and B.
In the analysis, CCR, as shown in (7), is evaluated under
the condition that only power transfer from Cell A to the
secondary side is considered. From the analytical models
in the previous section, it can be said that the circulating
current also has frequency characteristics. Therefore, this
section reveals the characteristics of the circulating current
in relation to both the phase-shift angle §,, and the operating
frequency f [Hz] of the proposed converter.

A. ANALYTICAL CONDITION
Table 3 shows the circuit parameters used in the analysis.
Characteristics for rop, 1D, Coss and T refer to the datasheet of
the power devices (TOSHIBA TWO027N65C) [22]. However,
for simplicity in this analysis, Cogs is considered constant
under vgs = Eg. Other parameters are measured using the
LCR meter (HIOKI IM3536), and the representative values
at 50 kHz are shown in Table 3. Furthermore, Table 4 shows
the frequency characteristic models of the circuit parameters.
Here, the analysis focuses on the circulating current
originating from Cell A. For this purpose, it is assumed that
8as = 8ap and 8ps = 0 deg. Under these conditions, ideally,
only Cell A transmits power to the secondary side while
ensuring P, = 0 W. Furthermore, the series inductances
(la + L) and (I, + Lyp) are intentionally changed according to
the following formulas so that the rated output power P [W]
maintains constant even when the switching frequency f is
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TABLE 3. Circuit parameters used for the analysis.

Rated output power Py 2 kW
Input voltage Ep, 17,20,23 V
Output voltage Eg (constant) 150V
Duty ratio in the lower arm switches d 0.5
Dead-time period Ty 200 ns
Turns ratios of the transformers in Cells A and B Na, N}, 4
Coupling coefficients ka, ky, 0.98
Power devices in Cells A and B IXYS$
IXTK400N15X4
. . . TOSHIBA
Power devices in the secondary side TW027N65C
On-resistance of TW027N65C ron, @25°C 27.0 mQ2
Equivalent resistance of body diodes in TW027N65C rp 64.3 m§2
Output capacitances of TW027N65C Coss @vgs = Es 300 pF

Turn-on time of TW027N65C 7, @Vpp = 400 V 50 ns

(la + La)asoxmz (b + Lb) asokmy, 33.5,32.8 uH
ESRs of lp + La. I, + Ly, ra, 1, @50 kHz 181.6, 178.5 m§
Re[zpCbus] @50 kHz 57.0 m§2
Im[zpCbus] @50 kHz —33.6 mQ

TABLE 4. Frequency characteristic models of the circuit parameters.

2.16 x 10718f3 + 1.66 x 10713f2 + 1.15 x 1076f + 1.24 x 10—+
1.99 x 10718f3 4+ 1.46 x 10713f2 + 1.21 x 107%f 4 1.22 x 10~}
3.09 x 10720f3 — 7.14 x 107 14f2 4+ 6.39 x 10~8f 4+ 5.63 x 10~2
1.72 x 10719f3 — 3.99 x 107132 4 7.20 x 10~ 7f + 6.36 x 102

ra

"
Re[zpcbus]
Im[zpcbus]

o

changed.

50 x 103

I+ L, = (la + La) @50kHz »

50 x 103
b

where (I3 + La) @sokaz; and (b + Lv) @sokm, [H] are the
representative values for (I, +L,) and (Ip + Lp) at f =
50 kHz, respectively, as shown in Table 3.

Iy + Ly = (Ib + Lb) @50kHz » 24)

B. ANALYTICAL RESULTS

Fig. 7 shows CCR characteristics as the switching frequency f
and the phase-shift angle 8, vary. Fig. 7 indicates that CCR
decrease around the switching frequency of f = 30 kHz.
Fig. 8 shows the influences of each operating mode on CCR.
CCR caused by Mode m is evaluated using CCR ,, [%],
defined in the following:

\/% Zn fé,:,n_] ig(n).m (9) do
I
Fig. 8 shows that Modes 2 and 4 significantly influence CCR
across the whole, whereas the influence of Mode 5 increases
as the switching frequency decreases. In contrast, Modes 1
and 3 do not have a significant influence. Particularly at
f = 50 and 100 kHz, Modes 2 and 4 have a significant
influence. Modes 2 and 4 correspond to either the charging
or discharging mode of Cyg or the transient response during
turn-on switching. In these modes, vy transitions from +Eg to
—E (or vice versa). The periods of transitions of vg, denoted
as ®, and Oy, are shorter than the period ®s of Mode 5.
However, the impedances Zs,).2 and Zs(,) 4 in Modes 2 and
4 are significantly high, implying a dominant influence on
CCR. From (16) and (21), it is found that the proportion of

CCR,, =

x 100. (25)
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FIGURE 7. CCR (circulating-current ratio) characteristic regarding the switching frequency f and phase-shift angle 5,5, when &}, is controlled so as
to satisfy sas = 8,p and Pp, = 0 W. (a)Ep = 17 V. (b)Ep =20 V. (c)Ep =23 V.
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FIGURE 8. Influences of each operating mode on CCR. (a) Ep = 17V, f = 100 kHz. (b) Ep =20V, f = 100 kHz. (c) Ep =23 V, f = 100 kHz.
(d) Ep =17V, f = 50 kHz. () Ep = 20V, f = 50 kHz. (f) Ep = 23 V, f = 50 kHz. (g) Ep = 17V, f = 20 kHz. (h) Ep =20V, f =20 kHz. (i) Ep =23 V,

f =20 kHz.
Modes 2 and 4 in one switching cycle increases as f increases; the influences of Modes 2, 4, and 5 on CCR are balanced,
that is, both &, and @, increase with f. This is corroborated resulting in a local minimum of CCR with respect to f.
by Fig. 8(a)-(f), which shows that CCR >, CCR 4, and CCR From Fig. 7(b) and (c), it can be seen that CCR indicates
at f = 100 kHz are higher than at f = 50 kHz. a pronounced peak at E, = 20,23 V with respect to §,p.
In Fig. 7, although CCR increases in the area where This pronounced behavior is directly associated with the soft

f < 30 kHz, the underlying cause differs. This is because, switching operating area. As indicated in Fig. 8(b) and (c),
as shown in Fig. 7, as (f) decreases, the influence of Mode there is a soft-switching boundary at the marked position.
5 increases and becomes dominant. Around f = 30 kHz, At the boundary, the dominant operating mode influences
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CCR transitions from Mode 4 to Mode 2. In proximity to
this boundary, the current is during the dead-time period is
nearly zero, leading to extended charging and discharging
periods for Cyg. As a result, it can be said that the value of
®; increases, and CCR becomes maximum.

On the other hand, a similar trend cannot be observed for
E, = 17V, as shown in Fig. 7. This is because, as shown
in Fig. 8(a), all power devices operate with soft switching
under E, = 17 V. Consequently, although the maximum
values reach approximately 6% for E, = 20, 23 V as shown
in Fig. 8(d)-(f), they are significantly lower for E, = 17V,
remaining below 2%.

From the above analysis, it can be concluded that when
the proposed converter operates in the tens of kHz range,
CCR is sufficiently low. In particular, at f = 50 kHz,
it can be observed that CCR is below 6%. Furthermore,
by designing circuit parameters to operate farther from the
soft-switching boundary, CCR can be reduced. Additionally,
the use of power devices with a smaller Cygs can contribute to
areduction in CCR.

V. EXPERIMENT

This section demonstrates the validity of the theoretical
analysis and the effectiveness of the proposed converter
using a 2 kW-rated prototype. The prototype used in the
experiments is shown in Fig. 9. This prototype is developed
with the circuit parameters shown in Table 3. For the
experiments, the Myway pCUBE (MWBFP3-1008-J02) is
used as the input DC power supply, and the Myway APL-II
(MWBFP2-1040) is used as the output load with the constant
voltage.

N &
- £

Power analyzer

supply [
. ey

FIGURE 9. Appearance of the prototype of the proposed converter.

A. OPERATING WAVEFORMS

Fig. 10 shows the voltage and current waveforms where the
phase-shift angle is set as §op = 20 deg and 8,5 = 30
deg. In Fig. 10, the primary-side active bridges are operated
with a constant duty ratio d = 0.5, and it can be observed
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FIGURE 10. Voltage and current waveforms in the prototype
(3ab = 20 deg, das = 30 deg). (a)Ep = 17 V, Poye = 1.2 KW. (b)Ep =20V,
Pout = 1.3 kw. (C)Ep =23V, Pout = 1.5 kW.

that the amplitudes of voltages v,y and vy are twice that
of the input voltage Ej. Additionally, the voltage vs has an
amplitude equal to the output voltage Es. The apparent current
distortion, caused by the circulating current, is not observed
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from the waveforms of i;, and iz}, even when the phase-shift
angle §,p, is set between Cells A and B.

B. VERIFICATION OF CIRCULATING CURRENT
Because i, also contains i, it is difficult to directly measure
the circulating current i directly. i is derived from the
difference in the current iy , of Cell A at two operating points,
which are measured by an oscilloscope (Tektronix MSO58),
and then i, is estimated. CCR can subsequently be determined
using the RMS value of the estimated current 20 [A] as |ic |
At any operating point, where dap = Xap [deg] and 855 = Xas
[deg], the relationship of each current is represented as:

iLa = ic + ias- (26)

At 8,y = 0 deg and 8§33 = xu5, where Cells A and B
are operated in-phase, the circulating current is negligible,
approximating i ~ 0. Thus, it can be considered that (26)
becomes iLalgizj)“ = . In other words, through this
operation for the equations, it is possible to extract only i
for any phase-shift angle of 8,5. Thus, the estimated value of
the circulating current ?C at §up = Xap can be derived by:

A Sas=Xas

: as=Xas : Sas=xXas
le = iralg 2 — iLalse " - 27
Sab=xXab Sab=xXab 3ab=0

However, consistent with the analytical conditions, 8,5 must
T Y R -

be set to x,p When measuring ipa|s™ "% and ip,| 5";_’6‘”‘3. The
b=

waveforms i in Fig. 10 are calcui;tgfij in the time domain
using (27). Similarly to the theoretical results, i; increases
during the transient response of the switching.

Fig. 11 shows the experimental results of CCR character-
istics between Cells A and B, with the switching frequency
held constant at f = 50 kHz. To calculate CCR, the
RMS of is is derived from its waveform measured by
the oscilloscope, while the RMS of i. is derived from fc
using (27). As shown in Fig. 11, the experimental results
indicate trends similar to the analytical results in most areas
of 8,b, and then, the validity of the theoretical analysis can be
confirmed. This indicates that, in the prototype, the transient
responses related to the charging and discharging of the
power devices’ Cogs significantly influence CCR. The turn-
on switching operation in the secondary-side active bridge
also significantly influences. Furthermore, CCR is confirmed
to be small, less than 8%. This clarifies that the proposed
converter does not generate a substantial circulating current
even when a phase-shift angle J,p is set between Cells A
and B.

However, discrepancies in the trends between the analyti-
cal and experimental results are confirmed near 8,5, = 0 deg,
particularly at E, = 17 V. In this area, the primary-side
converters operate with hard switching. Therefore, the
noise caused by hard switching can be considered to be
mixing with the measured currents. As a result, the correct
current waveforms cannot be measured, which can lead
to discrepancies between the experimental and analytical
results.
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FIGURE 11. Characteristics of the circulating-current ratio of the
prototype (f = 50 kHz). (a) Ep = 17 V. (b) Ep =20 V. (c) Ep =23 V.

C. INPUT CURRENT RIPPLE RATIO

Fig. 12 shows the characteristics of the input current ripple
ratio o [%] with respect to the output power Py, under
various input-voltage conditions of Ej. The input current
ripple ratio « is defined as:

o= Tprip 100. (28)
Ipfdc
Here, Ip_rip [A] is the RMS value of the ripple component in
the input current, and /,,_gc [A] represents the DC component
of the input current.
From Fig. 12, it can be confirmed that introducing a
phase-shift angle §, between Cells A and B reduces the input
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FIGURE 12. Characteristics of the input current ripple ratio in the
prototype. (a) Ep = 17 V. (b) Ep =20 V. (c) Ep =23 V.

current ripple ratio compared to the state at §,, = O deg.
The effect is more pronounced with smaller values of Ep.
Especially at E, = 17 V and Poyy = 0.8 kW, the current ripple
is reduced by up to 38.6%. Setting S, # O causes a phase
shift in the current ripples originating from the DC inductors
and switching in Cells A and B. This leads to a reduction in
the RMS value of the ripple components.

D. EFFICIENCY CHARACTERISTICS

Fig. 13 shows the efficiency characteristics for values of §gap.
At E, = 20V, the efficiency reaches 97.8% at maximum.
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FIGURE 13. Efficiency characteristics of the prototype. (a) Ep = 17 V.
(b) Ep =20 V. (c) Ep =23 V.

Furthermore, as evident from Fig. 13(a)-(c), the efficiency

characteristics at 85 = 0, 5, and 10 deg are similar in
each E,. However, the efficiency with 8, > 15 indicates
a trend to decrease compared to that with § = 0 deg.

When §,, is increased while Py is held constant, the power
load on Cell A also increases, leading to an increase in the
conduction loss in Cell A. Therefore, for 8, > 15 deg,
it is considered that the increased conduction loss in Cell A
significantly influences the efficiency, leading to a reduction
compared to the case of §ap = 0 deg. On the other hand, the
efficiencies at 8y, = 5, 10 deg barely drop with respect to
the characteristic at §;, = 0 deg, indicating that the power
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deviation does not significantly influence it. In addition, there
is almost no drop in efficiency due to circulating currents.
Therefore, it is found that the proposed converter offers a
degree of operational flexibility concerning the phase-shift
angle &y, between Cells A and B. Thus, even if there is a
variation in the components used in each cell, it can be said
that compensating the transmission power from each Cell
with 5 poses no issue.

This paper evaluated the proposed converter as a two-port
system using a single-input power supply. However, the
efficiency characteristics shown in Fig. 13 suggest that the
proposed converter could also serve as a three-port system
with different power supplies for each Cell.

VI. CONCLUSION

This paper proposed a current-fed dual active bridge (DAB)
converter, connected in parallel on the secondary-side
AC-link, as a DC-DC converter with a high boost ratio
and high input current capacity. Compared to conventional
converters, the proposed converter can reduce the number of
components without complicating power control and increase
the input current capacity.

In addition, an equivalent circuit model was devel-
oped focusing on the AC-link connection point for the
theoretical analysis, and the circulating current analysis
method was shown. Furthermore, the operating modes of
the secondary-side active bridge and the modeling based on
their transition patterns were detailed. From the results of the
theoretical analysis, it was found that CCR tended to increase
around the operating points for the soft-switching boundary
of the secondary-side active bridge, CCR (circulating-current
ratio) tended to increase. Furthermore, it was revealed that
the circulating current is significantly influenced by the
charging and discharging operation of Cy in the power
devices. Consequently, in the case of increasing the switching
frequency of the converter, it was implied that the time
proportion of the charging and discharging operation for Cygg
increased, leading to an increase in the circulating current.
However, it was found that CCR in the proposed converter
is relatively minimal, peaking at approximately 6% at a
switching frequency of 50 kHz. Furthermore, it was revealed
that CCR could be reduced by operating the converter away
from the soft-switching boundary and using power devices
with a smaller Cygg.

In the experiments with a 2 kW prototype, CCR showed
a trend similar to the theoretical analysis, confirming the
validity of the analytical results. However, comparison with
existing modeling methods will be a future issue. Further-
more, it was confirmed that introducing the phase-shift
angle §,, between Cells A and B reduced the input current
ripple without a large efficiency drop. This suggests that
an operation with a certain degree of phase-shift angle is
feasible. From the above, it was clarified that the influence
of the circulating current due to paralleling in the AC-link is
small. The proposed converter not only has proven effective
but also shows potential as a three-port DC-DC converter.
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