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A Current-Fed Dual-Active-Bridge DC-DC
Converter Using Extended Duty Cycle Control and
Magnetic-Integrated Inductors With Optimized
Voltage Mismatching Control

Deshang Sha

Abstract—For a current-fed dual-active-bridge bidirectional
dc—dc converter, an extended duty cycle control is proposed. The
low-voltage-side (LVS) bottom switch duty cycle can operate lower
than 50%. The conduction loss of switches can be reduced by
using low-voltage-rating MOSFETs for the LVS. Meanwhile, a volt-
age mismatching control with adaptive clamp voltage regulation is
proposed to achieve zero-voltage switching for all switches through-
out full load range. Besides, for LVS dc inductors, a magnetic-
integrated technique is used to reduce core loss, and power density
can be improved by the use of only one core. The effectiveness of
the proposed control is verified by the experimental results of a
1-kW laboratory prototype.

Index Terms—Current fed, dual active bridge, magnetic
integration, zero-voltage switching (ZVS).

I. INTRODUCTION

IDIRECTIONAL dc—dc converters are widely used in en-
B ergy storage systems, electric vehicles, and solid-state
transformers. Among them, a voltage-fed dual active bridge
(VF-DAB) has been a preferred topology. Single-phase-shift
modulation is very simple, but the circulating current is high.
Meanwhile, when the voltages of the two ports are not matched,
the peak current will be high and the zero-voltage switch-
ing (ZVS) range will be limited. To reduce the circulation
loss, many modulation strategies have been proposed, including
the extended-phase-shift [1], [2], dual-phase-shift [3], [4], and
triple-phase-shift [5]-[7] modulations. The circulation loss can
be reduced because of the greater degree of control freedom.

Manuscript received November 25, 2017; accepted April 3, 2018. Date of
publication April 11, 2018; date of current version November 19, 2018. This
work was supported in part by the National Natural Science Foundation of China
under Grant 51577012, in part by the State Key Laboratory of Alternate Electri-
cal Power System with Renewable Energy Sources under Grant LATS17019, in
part by the Key Laboratory of Solar Thermal Energy and Photovoltaic System
of Chinese Academy of Sciences, and in part by the 2016 Fundamental Re-
search Fund of Beijing Institute of Technology. Recommended for publication
by Associate Editor J. Biela. (Corresponding author: Deshang Sha.)

The authors are with the Advanced Power Conversion Center, School of
Automation, Beijing Institute of Technology, Beijing 100081, China (e-mail:
shadeshang @bit.edu.cn; i_virtualsky@126.com; 2120160869 @bit.edu.cn;
18669696985@163.com).

Color versions of one or more of the figures in this paper are available online
at http://ieeexplore.ieee.org.

Digital Object Identifier 10.1109/TPEL.2018.2825991

, Senior Member, IEEE, Xiao Wang, Ke Liu

, and Chao Chen

Howeyver, it is still difficult to achieve ZVS for all switches at
light load [8], and the voltage gain is also limited [9], [10]. In
[8], ZVS is achieved at the no-load condition by utilizing fixed-
duty-cycle compensation and transformer magnetizing current.
In [9] and [10], hybrid bridge and dual-transformer topologies
are proposed to extend the voltage gain. For the VF-DAB, there
is relatively high current ripple for input/output ports. This large
current ripple may shorten the battery lifetime [11], [12]. To re-
duce current ripple, a naturally clamped current-fed dual active
bridge (CF-DAB) can be used [17]-[19], and the converter can
achieve zero-current switching (ZCS) for primary-side switches
and ZVS for secondary-side switches. A boost half-bridge CF-
DAB is proposed in [20]. The low-voltage side (LVS) of the
converter can be equivalent to a boost circuit, which makes the
converter have the advantages of high voltage gain. By adopting
pulsewidth modulation (PWM) plus hybrid phase-shift control
scheme [21], the clamp voltage can match the output voltage.

An interleaved buck/boost circuit can be used as the LVS
for the CF-DAB [11], [22]. The current ripple can be reduced
further by the interleaving. Since the clamp voltage is regulated
by PWM, voltage matching control can be realized in a wide
voltage range [23]. By using PWM plus phase-shift control, all
of the switches can work under ZVS, but the current spike and
circulating current are high. Hence, an optimized PWM plus
dual phase shift (PDPS) can be employed to reduce the cir-
culation loss. In [24], a CF-DAB for multiport applications is
proposed. The circulating current is reduced due to the PWM
modulation for both sides. A control strategy with minimum
root-mean-square (RMS) current for unidirectional application
is proposed in [25], but ZVS cannot be achieved throughout the
full-load range. A symmetric PDPS control in [26] and [27] can
minimize the circulating current, but high-voltage-side (HVS)
switches achieve ZCS instead of ZVS. Fixed-duty-cycle com-
pensation is proposed in [28] to achieve ZVS for all switches
throughout the full operation range with low circulating current.
In [29], a multimode modified PWM plus phase-shift modula-
tion is proposed to reduce the RMS and peak current of the
transformer.

The duty cycle for LVS bottom switches is larger than 50%
in most of the previous works in order to ensure ZVS for
LVS switches by using voltage matching control [22]-[24],
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Power circuit of the CF-DAB with magnetic-integrated inductors.
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[26]-[29]. However, when the LVS voltage varying range is
too wide, the maximum value for its bottom switch duty cycle
is relatively high, causing too much circulation loss and high
current ripple. Besides, the clamp voltage value is relatively
high, meaning high-voltage-rating MOSFETs have to be used
for the LVS. It is well known that high-voltage-rating MOSFETS
have relatively higher ON-state resistance, and this causes higher
conduction loss. Besides, the power density of the CF-DAB is
relatively low compared with the VF-DAB due to the use of
separated dc inductors for the LVS. The volume of the induc-
tors can be reduced by using a smaller inductance value and
magnetic-integration technology [30].

In this paper, an extended duty cycle control is proposed for
the CF-DAB and the duty cycle for the LVS bottom switch can
operate lower than 50%. The conduction loss of LVS MOSFETS
can be reduced by using lower voltage rating ones, and the LVS
current ripple can be minimized as well, since the duty cycle
varies around 50%. ZVS for LVS switches can be achieved with
lower dc inductance values when the duty cycle is less than 50%.
Besides, since the voltage matching control cannot be used when
the duty cycle is about 50% in view of ZVS achievement, a volt-
age mismatching control is proposed to generate the bias current
to achieve ZVS for HVS switches. With the proposed adaptive
clamp voltage regulation, the bias current can be controlled as
small as possible as long as ZVS can be achieved. In addition,
magnetic-integrated inductors are used to reduce core loss for
dc inductors, and the power density can be improved. The con-
verter can be used in bidirectional power applications such as
battery energy storage [20]-[22], motor drive with braking ab-
sorption powered by a low-voltage battery [26], and solid-state
transformers [31].

The rest of this paper is organized as follows. The opera-
tion principle of the proposed control is given in Section II. In
Section III, the proposed extended duty cycle control, soft-
switching condition, magnetic-integrated inductors, and adap-
tive clamp voltage control are discussed in detail. In Section IV,
experiments are performed to verify the effectiveness of the
proposed control. Section V provides the conclusions.

II. OPERATION MODES WITH THE PROPOSED CONTROL

A. Operation Principle of the CF-DAB With the Proposed
Control

Fig. 1 illustrates the power circuit of the CF-DAB with
magnetic-integrated inductors. In the LVS, two separated dc
inductors are replaced by magnetic-integrated inductors just us-
ing one core. The clamp voltage V. can be regulated by the
duty cycle D for bottom switches Q1 and Q5. The ac inductor
L, represents the sum of the external inductor and the high-
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Fig. 2.  Steady-state waveforms of the converter (a) of [28] when D > 0.5 and
(b) with the proposed control when D < 0.5.
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Operation modes of the converter in the boost mode with D < 0.5.

frequency transformer leakage inductor. In the HVS, MOSFETS
S1—S4 constitute the full bridge. Cy; is the HVS capacitive filter.
The converter works in the boost mode as the power flows from
the LVS to the HVS; otherwise, it works in the buck mode.
The time diagram and steady-state waveforms of [28] when
D > 0.5 and with the proposed control when D < 0.5 are
shown in Fig. 2. v,; and v.4 represent the high-frequency volt-
ages across the transformer primary winding and secondary
wingding, respectively. The phase-shift angle ¢ and duty cycle
D are two control variables. The freewheeling interval ¢ is de-
fined as the stage when v,;, is zero. The power transfer stage is
defined as the stage when v, is not zero, and the other stages
are circulation stages. In Fig. 2(a), the effective duty cycles of
the two sides D, and D, are unequal, and a bias current Iy
is generated to help achieve ZVS for HVS switches. However,
this control method cannot be used when D = 0.5, so the duty
cycle range is limited. In this paper, it is proposed that the duty
cycle for the LVS bottom switch can operate lower than 50%,
and ZVS can be achieved by using voltage mismatching con-
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trol. As shown in Fig. 2(b), by employing proper phase shift
between HVS two legs, the equivalent duty cycle of v,; and v.4
can be same. With the proposed mismatching control strategy,
the clamp voltage V.. is controlled to be a little bit lower than the
primary-side-referred voltage Vi (V; =nVy). As a result,
the slew rate of ¢y, during the main power transfer stage is
negative, and a positive bias current Ipj,s is generated to help
achieve ZVS for HVS switches. Fig. 3 illustrates the opera-
tion modes of the converter, and the detailed mode analysis is
described as follows.

Stage 1 (Before ,): During this stage, @1, Q2,, S2, and S
conduct. v, is equal to -V, and v.4 is equal to -V .
iz, increases slowly because of the mismatching
control. Power flows from the LVS to the HVS.
(6o—01): Q1 turns OFF at . During the dead time,
the sum of 47,1 and —i 1, charges the junction capaci-
tance of () and discharges the junction capacitance
of @1, until the body diode of ()1, conducts.
(01-02): Q1, turns ON with ZVS at 6. v,y, is 0, and
i1, increases linearly until S5 turns OFF.

(02—-05): Before S, turns OFF and stage 4 begins, i,
has increased to be positive. S turns OFF at 0y; i,
charges and discharges the junction capacitance of
Sy and Sy, respectively. After that, the body diode
of S, begins to conduct.

(03-0,): At 63, Sy turns ON under ZVS. Both v,
and v.q are equal to O during this stage, and ir,
remains at a small positive value Ipiy.

(04—05): Q2, turns OFF at 0. —iz» should be larger
than iy, at this moment, and the difference between
them charges and discharges junction capacitance
of 2, and @)-, respectively, until the body diode of
(2 begins to conduct.

(05—05): At 05, Q2 turns ON under ZVS. During this
stage, i1, increases linearly to its peak value. And
111 begins to decrease linearly.

(06—07): S5 turns OFF at §g when iy, reaches its peak
value. This current charges and discharges the junc-
tion capacitance of S5 and S, respectively. After
that, the body diode of .S; begins to conduct.
(07-05): At 07, S; turns ON under ZVS. Power flows
from the LVS to the HVS.

(03—09): Atbs, Q5 turns OFF, and the sum of 71,5 and
i1, charges and discharges the junction capacitance
of Q2 and @Q)s,, respectively. The operation modes
in the second half period are similar to those of the
first half period.

Stage 2

Stage 3

Stage 4

Stage 5

Stage 6

Stage 7

Stage 8

Stage 9

Stage 10

B. Switching Patterns and Power Expression

With the proposed control, the converter works in different
switching patterns according to the transferred power value. All
the possible switching patterns when the phase-shift angle ¢
is in the range of [—n/2, m/2] are listed in Fig. 4. Taking the
boost mode for example, when ¢ is less than the freewheeling
interval &, the converter works in the switching patterns “light
load,” as shown in Fig. 4(a) and (b). When ¢ is larger, it operates
at “heavy load,” as shown in Fig. 4(c) and (d). The switching
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Fig. 4. Switching patterns with the proposed control. (a) Boost mode at light
load D > 0.5. (b) Boost mode at light load D < 0.5. (c) Boost mode at heavy
load D > 0.5. (d) Boost mode at heavy load D < 0.5. (e) Buck mode at light
load D > 0.5. (f) Buck mode at light load D < 0.5. (g) Buck mode at heavy
load D > 0.5. (h) Buck mode at heavy load D < 0.5.

patterns in the buck mode are similar to those in the boost
mode and illustrated in Fig. 4(e)-(h). Based on Fig. 4, power
expressions can be derived by

P==

T ey

T
/0 v (B)ins ()t

And the normalized power expressions can be obtained by
normalizing the power expressions to the power base Py =
V.V,T/L,. Power expressions of each switching patterns are
listed in Table I (In Table I, ® = ¢/27 is the phase-shift ratio,
Ve = min{V},, V.-V } is the smaller one of V;, and V.-V},).

The three-dimensional power curve has been plotted accord-
ing to the normalized power expressions in Table I and has
been illustrated in Fig. 5. The dashed lines are the boundaries
between different switching patterns. As seen, the converter al-
ways works in these four switching patterns when 0.4 < D < 0.6
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TABLE I
POWER EXPRESSIONS IN EACH MODE

Mode Power expression and normalized power expression
2
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Fig. 5. Normalized power P* curve versus D and .

and —0.25 < & < 0.25, and the working mode can be switched
between different switching patterns automatically. The trans-
ferred power P increases with the increase of the phase-shift
ratio ®. The transferred power with D < 0.5 is symmetric with
that of D > 0.5.

III. CONVERTER PERFORMANCE ANALYSIS
A. Proposed Extended Duty Cycle Control

For the converter, the relationship between the clamp voltages
V. and V7, is given by

1-D

Generally, V, cannot vary too much. If there is a significant
mismatch between V. and the HVS voltage Vy;, the slew rate of
i1, during the power transfer stage will be steep, causing high
current spike and large circulation loss. Meanwhile, ZVS might
be lost especially at light load.

Fig. 6 illustrates steady-state waveforms with different duty
cycles in the boost mode. It can be seen that the circulation
stage is minimum with 50% duty cycle. The lengths of circu-
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Fig. 6. Steady-state waveforms with different duty cycles in the boost mode.

(@)D =04.(b)D=05.(c) D =06.(d) D =0.7.

TABLE II
SYSTEM SPECIFICATIONS OF THE PROPOSED D RANGE
AND THE CONVENTIONAL D RANGE

_ MOSFETs
D range Ve  Npi:N, Vns) Rps (o)
0.435~0.56 IPTOO7NO6N
Proposed 5 46V 0.128 (60V) 0.75mQ
Conventional ~ 05~0.615 52V 0.144 1 TO(E%TI?SNS 1.2mQ

lation stages with 40% and 60% duty cycle are same. From
Fig. 6(b)-(d), it can be seen that for the same output power,
larger duty cycle results in longer circulation stage and high
peak current. Hence, from the view of circulation loss and peak
current reduction, it is better for the converter to operate with
the duty cycle around 50% instead of the conventional control
with duty cycle above 50% (e.g., 53-70% in [28] and 55-70%
in [29]). In addition, for the same LVS voltage, lower duty cycle
means a lower clamp voltage V.. As a result, MOSFETs with low
drain—source breakdown voltage can be chosen. The ON-state
resistance values can be reduced, and the conduction loss can
be reduced as well.

A comparison has been made between the proposed control
and the conventional control according to the system specifi-
cations in Table IV. In Table II, V. is designed according to
the duty cycle operating range. MOSFETs with different rated
voltage are used as LVS power switches. The clamp voltage is
46 V with the proposed extended duty cycle, and Infineon Op-
tiMOS IPTOO7NO6N can be used since its rated voltage is 60 V.
Since the clamp voltage is 52 V with the conventional control,
IPTO12NO8NS whose voltage rating is 80 V is chosen as the
LVS MOSFETs for reliability.

The conduction loss comparison of LVS power switches is
shown in Fig. 7. Although V, is lower with the proposed duty
cycle range, the RMS of LVS switch currents is almost the same
as that with the conventional duty cycle range because of the
shorter circulation stage. With the selected LVS MOSFETs shown
in Table II, the drain—source ON-state resistance can be reduced
significantly with the proposed control, so the conduction loss
can be reduced in a wide range, as shown in Fig. 7.
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Fig. 7. Conduction loss comparison for LVS power switches. (a) (1 when
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Vi =26V.

B. Soft-Switching Conditions

If the junction capacitance of the switches is neglected, power
switches can turn ON under ZVS when there is a current flow-
ing from source to drain before the switch turns ON. From the
mode analysis given in Section II, the secondary-side-referred
i helps to achieve ZVS of HVS power switches, while the
junction capacitance of LVS switches is charged and discharged
by the difference between ¢y, and i1 (or ¢z2). Taking the oper-
ation in the boost mode at light load with D < 0.5 for example,
from Fig. 4(b), the secondary-side-referred bias current I, flows
from source to drain before Sy turns ON, while the secondary-
side-referred peak current /. flows from source to drain before
S1 turns ON. Then, the ZVS condition for S, and S; can be
obtained as [, > 0 and I, > 0, respectively. For LVS switches,
the current I;7, — I, charges and discharges the junction ca-
pacitance before ()1, turns ON. And the current —1Iy; 7, — I
helps to achieve ZVS before ()1 turns ON. Since the ZVS con-
ditions for S, S35, Q2,, and () are same as Sy, S1, Q1,, and
(21 respectively, the ZVS conditions for all switches in this
switching pattern have been obtained. The ZVS conditions in
other switching patterns can be obtained similarly and have been
summarized in Table III.

Some of ZVS conditions in Table IIT can be met easily. For
example, when the converter works in the boost mode at light
load with D < 0.5, the peak current /. is always larger than
the bias current I;. So once the ZVS conditions of S5 and .Sy
can be met, the ZVS of S} and S5 can be achieved surely. In
the LVS, it can be seen from Fig. 4 that all power switches can
achieve ZVS easily when D > 0.5. However, when D < 0.5, half
of the switches cannot achieve ZVS easily, and the magnetic-
integrated inductance should be properly designed to meet the
ZVS condition. The ZVS conditions that are difficult to be met
are highlighted with asterisk in Table III.

In order to achieve ZVS for all the switches throughout
the full-load range in spite of the LVS voltage, all the high-
lighted ZVS conditions in different switching patterns should
be considered. According to the highlighted ZVS conditions in
Table I11, the ZVS current (the current that helps to achieve ZVS)
for the HVS switches, which are difficult to achieve ZVS, is
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TABLE III
ZVS CONDITIONS FOR ALL SWITCHING PATTERNS

Sl&S3 Sz&S4 Ql&Qz Qla&QZa
Boost Light
¢ 20 150 Iy 150 Tt 150
load D>0.5 -
Boost Light
0% 8 50 0 Ly B0 Ly ,d0
load D<0.5 -
Boost H
COSTTEAW s 120 Iy 150 Lt 150
load D>0.5 -
Boost Hea
v 1>0 “I~0 *Iyp v-1>0 Iy 10
load D<0.5 b -
BuckLightload g stp0 duelp0 Lupd0
D>0.5 -
R R S R R T
D<0.5 -
Buck Hea:
GRTEY 0 w0 g 10 It 150
load D>0.5 ° -
Buck Heavy
*[>0 1>0 -Lyi 170 *Inr p-1>0
load D<0.5 s ¢ M MLy
TABLE IV
SYSTEM SPECIFICATIONS
P 1kW f 50kHz
Vi 20~26V Vi 400V
L 43uH L, 3.62uH
Ni:N, 6:47 ke 1.2V/kW
ta-1 333ns tazH 467ns
defined as
nly, light load
I sc.cH — (3)
nly, heavy load

where n = Nj /Ny is the turn ratio of the transformer.
The ZVS current for LVS switches, which are difficult to
achieve ZVS, is defined with D < 0.5 as

—Iviy — Iy, boost light load
—Iyviy — I, boost heavy load
Isc,L = . (4)
vy — Iy, buck light load
Iviy — I, buck heavy load.

The ZVS currents I,. iy and I. ; include all of the ZVS
conditions with asterisk in Table III. Fig. 8 illustrates the ZVS
current curves versus D and ¢ based on the parameters shown in
Table IV, and these curves show that in which case it is the most
difficult to achieve ZVS. The switches can turn ON under ZVS
if there is a current large enough to charge and discharge the
junction capacitors. As can be seen in Fig. 8(a), the ZVS current
I;._g becomes minimum and varies very slightly at light load,
and ZVS can be achieved easier for HVS switches at heavy
load. Fig. 8(b) indicates that it is the most difficult for LVS
switches to achieve ZVS at the critical load when the duty cycle
is minimum. At the critical load, the converter works in the
boundary conduction mode between light load and heavy load,
as shown in Fig. 4. It must be pointed out that at the critical
load, the leakage inductance current 77, becomes continuous
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and the slew rate does not change in the circulating stage. In
other words, once the ZVS condition can be met in these cases,
ZVS can be achieved for all switches throughout the full-load
range in spite of V. As illustrated in Fig. 8, the parameters
shown in Table IV are suitable for the ZVS achievement.

In order to design a proper dead time to achieve ZVS, the
resonant process within the dead time period should be discussed
in detail. Fig. 9(a) shows the ZVS process of S; in the boost
mode at light load. The complementary switch S5 turns OFF
at t = 0; then, the junction capacitor of the switches resonates
with the leakage inductor until the body diode of S; begins to
conduct. The resonance ends at time ¢,, and S; can turn ON
under ZVS after ¢, as shown in the shadowed area. However,
in Fig. 9(b), when the converter works in the buck mode, a
negative secondary-side-referred 77, will charge and discharge
the junction capacitance reversely after time ¢. if S, does not
turn ON immediately. That means the HVS dead time ¢4, y
not only has to be larger than ¢,, but also smaller than .. In
Fig. 9(c) and (d), the LVS junction capacitors resonate with
both the leakage inductor and the magnetic-integrated inductors

Positively coupled
in r-)Wl '/’2(\ i, (M>0)
- ° l — -

12

Ye
G, Giq Negatively coupled
I I (M<0)

Fig.10.  Physical structure of the magnetic-integrated inductors using El cores.
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Fig. 11.  Flux linkage waveforms of magnetic-integrated inductors with D <

0.5 in the boost mode. (a) Positively coupled. (b) Negatively coupled.

within the dead time. The inductance of magnetic-integrated
inductors and the LVS dead time ¢, 1, also have to be designed
properly.

According to (3) and Fig. 8(a), the ZVS range of the HVS
switches can be wider by increasing the bias current Ip;,g, which
can be implemented by decreasing the clamp voltage V.. From
(4) and Fig. 8(b), once Iy, is determined, a large current ripple
on magnetic-integrated inductors Ay, is helpful for the ZVS
achievement of LVS switches. A large A, can be obtained by
a small inductance of magnetic-integrated inductors. The dead
time range can be widened using large ZVS currents. However,
a large Al);; causes additional power loss on the magnetic-
integrated inductors. As a result, the ZVS current should be
designed as small as possible as long as ZVS can be obtained.
It is better to achieve ZVS precisely during the dead time.

C. Analysis of the Magnetic-Integrated Inductors

In order to design optimized magnetic-integrated inductors
L and Lo, the flux linkage ripple and current ripple with differ-
ent coupling coefficients with EI cores are discussed. The core
physical structure is illustrated in Fig. 10.

When L, is connected with the dotted terminal, two inductors
Ly and L, are positively coupled, and the mutual inductance M
is defined positive in this case. Otherwise, the inductors are
negatively coupled and M is negative. ¥); and v are the flux
linkages in the two outer legs, respectively, and v, is the flux
linkage in the center leg. The current and flux waveforms with
positively and negatively coupled inductors are illustrated in
Fig. 11.

Negatively coupled inductors are widely used because of the
reduction of core loss. As shown in Fig. 11, the magnitude
of peak-to-peak flux linkage ripple in the center leg A, can
be reduced by the negatively coupled inductors. According to
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Fig. 11, Aty and A, in these two cases can be expressed by

Ay = Atpy =V DT @)

2 |D— 05T, M <0

At =
v Ve, M > 0.

(©)

The performance with different coupled coefficients of the
coupled inductors is studied to choose the optimum value of the
coupling coefficient. Since the ZVS condition of LVS switches
is related to the current ripple on inductors Al 7, L and M of
the magnetic-integrated inductors should be designed to make
Al large enough in view of ZVS achievement. Fig. 12(a)
shows the self-inductance L to make Aly;; = 44 A with dif-
ferent M. AI;; is constant when L and M follow this curve,
meaning that ZVS conditions are same when L and M fol-
low this curve. Based on this curve, the flux linkage ripple
and LVS current ripple Al curve versus M are illustrated in
Fig. 12(b)—(d). As can be seen in Fig. 12(b), A, has nothing to
do with the coupled coefficient, and A1), is also constant when
M < 0, as shown in Fig. 12(c), meaning that the core loss does
not change with the coupled coefficient when the inductors are
negatively coupled. As shown in Fig. 12(d), the LVS current
ripple Al decreases with the increase of M, and Al is min-
imum when M is close to 0 when the inductors are negatively
coupled. As a result, the magnetic-integrated inductors should
be negatively coupled, M should be close to 0, and L should
be designed to make AT, large enough in view of the ZVS
achievement. Thus, for the EI as shown in Fig. 10, the air gap
distance of the two outer legs is larger than that of the center leg.
The coupled coefficient is close to 0, and the current waveforms
are similar to two separated inductors, but the core loss in the
center leg is minimized due to the magnetic integration.

D. Analysis of the Adaptive Clamp Voltage

All the circuit elements are considered to be ideal in previous
analysis. But, for an actual circuit, the parasitic resistance of
components causes voltage drop. In this paper, ZVS is achieved
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(b)

Fig. 13.  Working modes of the main power transfer stage with different power
flow directions when D < 0.5. (a) In the boost mode. (b) In the buck mode.
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Fig. 14.  Currents of power switches with different power flow directions when

D < 0.5. (a) In the boost mode. (b) In the buck mode.

by the voltage mismatching control. The voltage drops will
affect ZVS conditions especially under heavy-load conditions,
and ZVS may be lost for LVS switches in the boost mode and
for HVS switches in the buck mode. To deal with this issue,
an adaptive clamp voltage is proposed, with which the clamp
voltage can adapt to the transferred power value automatically.
The ZVS conditions can be kept almost the same regardless of
transferred power values.

Fig. 13 illustrates working modes of the main power trans-
fer stage with different power flow directions. R, Rg, and
Rr represent the parasitic resistance of the LVS switches, HVS
switches, and the transformer primary winding, respectively. In
order to describe the voltage drops, Vp, Vg, and Vp represent
the amplitude of vy, ve, and v.4, respectively. If the parasitic
resistors are neglected, it is easy to conclude that Vp = V, and
Vs =nVp = nVg. As can be seen in Fig. 13, the current di-
rections in these components are different in boost and buck
modes. From Fig. 13(a), it can be obtained that Vp < V. and
Vs > nVp > nVy. Since the difference between Vp and Vy is
increased due to the voltage drops, it is easier to achieve ZVS
for HVS switches but more difficult for LVS switches. However,
opposite conclusion can be got once it works in the buck mode,
as shown in Fig. 13(b). As a result, it is difficult to achieve
ZVS throughout the full-load range with fixed-clamp-voltage
regulation.

The current waveforms of power switches with different
power flow directions are shown in Fig. 14. In Fig. 14,0, — 0. is
defined as the stage when v, is positive, and 8, — 6, is the stage
when v, is positive. In order to calculate the voltage drops, the
average currents in power switches during specific stages need
to be known. For example, when the parasitic resistance is taken
into account, vy, is not constant during the stage 6, — 6. Thus,
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Vp can be considered as the average value of v, during 6, — ...
So, the average currents of i1, and ig» need to be known.
According to the waveforms shown in Fig. 4, the average
value of iy, during the stage 6, — 6. can be expressed by (7)
shown at the bottom of this page.
The average value of iy, and ¢z during the stage 6, — 6.
can be obtained as

P
2V
And the average currents of i1, and igo during the stage
0, — 0. can be obtained as

()

iLlanJlC = Z.L2avg,ac =

Z'Qlaavg,ac = Z'Lravg,ac — 1 lavg-ac )

iQQavg,ac = iLravg,ac + 7:LQav,(:{,ac-

The average currents of ig; and ig4 during the stage 6, — 6,
can be expressed by

. . . B P !
1S1avg.bd = vS4avg.bd = —NlLravgbd = _nV@Lravg,ac- (10)
S

Then, the voltage drops on the LVS switches, transformer,
and HVS switches can be written, respectively, by

AV = Ve =V = (iQ1aaveac + 1Q2avgac) R
= 2ipravgacllQ

AVr =V, —nVp = 2ip,aveba Ry

AVs =Vp — Vg = — (is1avebd + iS1avebd) Rs

= 2N rave pa s

(1)

And the total voltage drop is defined as

AV = AVy + AVr +nAVg. (12)

Fig. 15 shows the total voltage drop AV curve versus D and
¢ when Rg = 0.75m(2, Rg = 80mS), and Ry = 5mQ. Ac-
cording to Fig. 15, the difference between Vp and Vg becomes
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load condition when V;, = 26 V. (a) Steady-state waveforms in the buck mode.
(b) Steady-state waveforms in the boost mode. (c) ZVS loss of S in the buck
mode. (d) ZVS loss of @1 in the boost mode.

maximum at heavy load in the boost mode, but is minimum at
heavy load in the buck mode. The voltage drop is determined by
the transferred power value, and the LVS voltage value has less
effect on it. The voltage drop is nearly 0.3 V with 1-kW output
power according to the given parameters.

An adaptive clamp voltage control is proposed, as shown in
Fig. 16. The clamp voltage reference varies in a narrow range
according to the transferred power. k,. is the adapt clamp volt-
age coefficient. Since ¢y V7 represents the transferred power
value, the clamp voltage V. increases as the transferred power
increases. When the parasitic resistance is large, a large k. is
necessary to keep the bias current under different load condi-
tions; otherwise, a small k. is enough. So, k,. should be set
according to the specific prototype and the experimental test.
The effectiveness of the proposed adaptive clamp voltage will
be verified by the experimental results in the next section.

IV. EXPERIMENTAL RESULTS

A 1-kW experimental prototype has been built in order to
verify the effectiveness of the current-fed bidirectional dc—dc

ﬁ (_W?VPVS + 47 || ngg) ;

iL’!‘anJlC = TV,
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__ TVs
87T2L7- V(; Vp
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(_2|<‘0|2VP2 + 27 || Vp? — w2 Vp? + 47 Ve Ve — 471'2VGQ) )

boost light load

buck light load

(7N
boost heavy load

(—2|<p|2vp2 4 2m || Vo2 — m2Vp? + 4m2 Ve Vp — 47r2VGQ) . buck heavy load.
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Fig. 18.  Steady-state operating waveforms with the proposed control. (a) In

Buck Mode

boost mode when P = 400 W and V;, = 20 V. (b) In the boost mode when P = I I‘/C @; ;

400 W and V; = 26 V. (¢) In the boost mode when P = 1 kW and V;, = 20 V.
(d) In the boost mode when P = 1kW and V;, = 26 V. (e) In the buck mode
when P = 400 W and V;, = 20 V. (f) In the buck mode when P = 400 W and
V= 26V. (g) In the buck mode when P = 1 kW and V;, = 20 V. (h) In the
buck mode when P = 1kW and V, = 26 V.

Fig. 21.  Mode transition waveforms from =500 to 500 W and vice versa.
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Fig. 19. ZVS waveforms of the converter with the proposed control with In t - papet, adaptlve c.lamp voltage control is used, to keep
no load. (a) Q; when Vj, = 20V. (b) S; when V; — 20V. (c) Q; when the bias current fixed at different loads. As aforementioned, if
Vi =26V.(d) S whenV;, =26V. the clamp voltage is fixed, the bias current may vary at different
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TABLE V

DETAILED INFORMATION OF THE MAGNETIC-INTE!

GRATED INDUCTORS AND SEPARATED INDUCTORS

Core Lo Ae Ve N AB, AB. Iy
Separated inductors UF31D 78.9mm 133mm? 10493.7mm® 8 212mT 212mT 1.27mm
Magnetic-integrated inductors El42 67.5mm 119.5mm? 16132.5mm’ 8 236mT 27mT 2.29mm

loads. Fig. 17(a) and (b) shows the experimental results with
the voltage mismatching control and fixed clamp voltage under
the critical-load condition when V;, = 26V in buck and boost
modes, respectively. Although the LVS voltage V;, the HVS
voltage V., and the clamp voltage V, are same in these two
cases, the bias currents are different due to the voltage drops on
the components. As can be seen, the bias current in Fig. 17(a)
is about 4 A, which is not large enough for HVS switches to
achieve ZVS. Meanwhile, the bias current in Fig. 17(b) is about
8 A. Although ZVS can be achieved easily for HVS switches,
the difference between i, and 7;; when ()1 turns ON is not
large enough to achieve ZVS for LVS switches. Fig. 17(c) and
(d) shows that ZVS is lost for .S; in the buck mode and @)y in
the boost mode. The benefits of the adaptive clamp voltage can
be more useful in higher power applications.

Fig. 18 gives the steady-state waveforms of the converter
with the proposed control working in different operating pat-
terns. The experimental waveforms agree well with the theo-
retical waveforms shown in Fig. 4. Since the adaptive clamp
voltage control is employed, the clamp voltage varies in a nar-
row range according to the transferred power and power flow
direction. Fig. 18(a)—(d) shows the operating waveforms when
the converter works in the boost mode. In Fig. 18(e)—(h), vy
lags v.4 in phase implying that the power flow is reversed. The
bias current is about 6 A under light-load conditions in spite of
the power flow direction.

ZVS waveforms of the converter under no load are shown in
Fig. 19. In this case, ZVS can be achieved for all switches by
employing the proposed control. Fig. 20 illustrates the steady-
state and ZVS waveforms at the critical load with the proposed
adaptive clamp voltage control. Compared with ZVS loss by us-
ing fixed clamp control shown in Fig. 17, ZVS can be ensured,
thanks to the adaptive clamp voltage control. The experimental
results shown in Figs. 18— 20 indicate that ZVS can be achieved

for all switches throughout full range of load by using the pro-
posed control.

A mode transition experiment is conducted in order to show
the dynamic response of the converter. In the experiment, a
25.5-V battery is connected with the converter in the LVS, while
the HVS is connected with a three-phase inverter. Fig. 21 illus-
trates the mode transition waveforms from —500 to 500 W and
vice versa, and the zoomed waveforms are shown on the right
side. The battery voltage is about 25 V in the boost mode but
26 V in the buck mode because of the internal resistance. The ex-
perimental result shows that the working mode can be switched
between boost and buck modes automatically.

The conversion efficiency including driving loss for the con-
verter with the proposed control with different battery voltages
is shown in Fig. 22. The overall conversion efficiency is high,
and the highest efficiency of the converter reaches 96% under the
600-W-load condition. With the conventional duty cycle range
control, the efficiency with low battery voltage is low especially
under the heavy-load condition because of the large duty cycle
[28]. However, the maximum duty cycle is reduced by the pro-
posed extended duty cycle range, and the conversion efficiency
is almost the same with different battery voltages.

In order to verify the effectiveness of the magnetic-integrated
inductors, the efficiency with separated inductors is also mea-
sured. The detailed information of the magnetic-integrated in-
ductors and separated inductors is given in Table V. Both the
magnetic-integrated inductors and separated inductors are de-
signed with self-inductance L = 4.2 p/H. The cores are UF31D
and EI42 from DMEGC, respectively. From Table V, it can
be seen that the effective areas A, of the two cores are al-
most same, and the volume of the magnetic-integrated induc-
tors (16 132.5 mm?) is reduced compared with the conventional
two separated inductors (2 x 10493.7 mm?). Both of the two
designs are eight turns. As can be seen, the flux density in the
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center leg AB, can be reduced significantly by the magnetic
integration. [, is the theoretical air gap of the inductors to make
L = 4.2 pH. In the experiment, the air gap is slightly different
with the theoretical value.

As shown in Fig. 22, magnetic-integrated inductors achieve
higher efficiency than the separated inductors with the same
magnetic material. Since the core loss makes up the majority
of the total loss under the light-load condition, the power loss
at light load can be reduced significantly by using magnetic-
integrated inductors.

V. CONCLUSION

In this paper, an extended duty cycle range and optimized volt-
age mismatching control are proposed for the CF-DAB. With
the extended duty cycle control, the LVS bottom switch duty cy-
cle can operate lower than 50%. This makes low-voltage-rating
MOSFETSs be used for LVS, and the conduction loss can be re-
duced. The LVS current ripple can be reduced in many cases.
The circulating duration length can be shortened when the LVS
voltage is relatively high. The proposed voltage mismatching
control with adaptive clamp voltage is very effective in obtain-
ing ZVS for all of the switches throughout the full-load range
in spite of the transferred power and power flow directions.
Magnetic-integrated dc inductors help to improve the power
conversion efficiency especially at light-load conditions. The
design considerations have been demonstrated. Experimental
results from a 1-kW prototype have verified the effectiveness of
the theoretical analysis.
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