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Abstract—The current-fed dual active bridge (CF-DAB)
dc–dc converter gains growing applications in photovoltaic
(PV) and energy storage systems due to its advantages,
e.g., a wide input voltage range, a high step-up ratio, a
low input current ripple, and a multiport interface capabil-
ity. In addition, the direct input current controllability and
extra control freedom of the CF-DAB converter make it
possible to buffer the double-line-frequency energy in grid-
interactive PV systems without using electrolytic capaci-
tors in the dc link. Therefore, a PV system achieves high
reliability and highly efficient maximum power point track-
ing. This paper studies the optimized operation of a CF-DAB
converter for a PV application in order to improve the sys-
tem efficiency. The operating principle and soft-switching
conditions over the wide operating range are thoroughly
analyzed with phase-shift control and duty-cycle control,
and an optimized operating mode is proposed to achieve
the minimum root-mean-square transformer current. The
proposed operating mode can extend the soft-switching re-
gion and reduce the power loss, particularly under a heavy
load and a high input voltage. Moreover, the efficiency
can be further improved with a higher dc-link voltage. A
5-kW hardware prototype was built in the laboratory, and
experimental results are provided for verification. This pa-
per provides a design guideline for the CF-DAB converter
applied to PV systems, as well as other applications with a
wide input voltage variation.

Index Terms—Current-fed dual active bridge (CF-DAB),
optimized operation, photovoltaic (PV), root-mean-square
(RMS) current, soft switching.

I. INTRODUCTION

DUAL active bridge (DAB) dc–dc converters have been
popular for various applications over the past two decades

due to the advantages of high-frequency galvanic isolation,
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soft-switching characteristic, and bidirectional power flow
[1]–[10]. Moreover, it can be easily extended to multiter-
minal topologies to integrate dc sources, energy storage de-
vices, or loads [11]–[13]. However, to achieve high efficiency,
a wide zero-voltage switching (ZVS) range and low circu-
lating energy are both desired for the converter, which are
in conflict with each other. Therefore, many efforts have
been devoted to improve the performance of DAB converters
[14]–[23].

For a traditional DAB converter with phase-shift modulation
[1], the ZVS range is limited by the voltage conversion ratio
and load conditions [14]. Reference [15] introduced duty-cycle
modulation in one side of a DAB converter to extend the
ZVS range and reduce the transformer RMS current. Dual
phase shift (DPS) control methods were proposed to reduce the
reactive current using additional phase-shift control inside H
bridges [16]–[18]. Optimal phase-shift pairs with extended DPS
control were further proposed to minimize nonactive power
loss [19]. In [2] and [20], advanced modulation methods such
as trapezoidal modulation (TZM) and triangular modulation
(TRM) have been presented, where the transformer current is
modulated in triangular or trapezoidal waveforms to reduce
the conduction and the switching loss. A hybrid modulation
strategy combining different existing modulation schemes in
[21] and [22], and hybrid modulations with a variable switching
frequency in [23] were reported, which further improve the
efficiency over a wide operating range. With these modulation
methods, the performance and efficiency of a DAB converter
can be greatly improved. However, all these methods are spe-
cific for a voltage-fed DAB (VF-DAB) converter and are not
applicable for current-fed DAB (CF-DAB) converters due to
the more complicated operating principle and ZVS conditions
of the latter [24], [25].

CF-DAB converters gain growing recognition in photovoltaic
(PV) and energy storage applications [26]–[30]. Compared
with a VF-DAB converter, a CF-DAB converter has unique
advantages, e.g., a wide input voltage range, a high step-up
ratio, a low input current ripple, and a multiport interface, which
make the topology suitable for PV applications [29]. With
direct input current controllability and extra control freedom,
a CF-DAB converter allows using a small dc-link capacitor
instead of a large electrolytic capacitor, without affecting the
input PV side, in grid-interactive PV systems, where double-
line-frequency energy oscillation exists [29], [30]. Therefore,
a PV system can achieve high reliability and highly efficient
maximum power point tracking.
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Fig. 1. CF-DAB dc–dc converter for a PV application.

There are few studies on optimizing the operation of a
CF-DAB converter with soft-switching conditions, whereas
some methods have been reported to optimize the operation of
current-fed-type isolated dc–dc converters. A phase shift with
duty-cycle modulation was proposed for a current–voltage-
fed bidirectional dc–dc converter in [31]. A voltage balancing
strategy adjusting the duty cycle that minimizes the transformer
peak current is implemented to reduce the circulating energy.
Nonetheless, the circulating energy is still relatively large. In
[32], an RMS-current-optimized operation mode was proposed
for a current-fed dual half-bridge (CF-DHB) dc–dc converter
in energy storage applications. However, a CF-DHB converter
is not suitable for high-power applications, and a CF-DAB
converter is quite different from a CF-DHB converter due to
extra operating modes and a different ZVS operating range.

This paper proposes an optimized operating mode for a
CF-DAB converter in a PV application, which minimizes the
transformer RMS current and extends the soft-switching operat-
ing range. The analysis and experimental results show that this
operating mode extends the ZVS range and gives less power
loss, particularly under a heavy load and a high input voltage.
In addition, the efficiency and the performance can be further
improved if a higher dc-link voltage can be applied. The rest
of this paper is organized as follows. In Section II, the oper-
ating principle of a CF-DAB converter with duty-cycle control
plus phase-shift control is presented over the whole operating
range, as well as the analysis of soft-switching conditions. The
proposed optimized operating mode is described in detail and
compared with the minimum-peak-current mode, i.e., the “d =
1” mode, in Section III. The influence of the dc-link voltage on
the converter performance is also addressed. A 5-kW hardware
prototype was built in the laboratory, and experimental results
are provided for verification in Section IV. Finally, conclusions
are drawn in Section V.

II. OPERATION PRINCIPLE ANALYSIS OF

CF-DAB PV CONVERTER

Fig. 1 shows a simplified converter module of the CF-DAB
dc–dc-converter-based grid-connected cascaded multilevel PV
system in [30]. The front-end CF-DAB dc–dc converter pro-
vides galvanic isolation and boosts the PV voltage to a suitable
level so that both the dc–dc converter and the inverter can
operate efficiently. Since the potential of efficiency improve-
ment is limited for a traditional H-bridge inverter, the total

Fig. 2. Operating areas of the CF-DAB converter.

efficiency of the PV converter largely depends on the optimized
operation of the dc–dc stage. The analysis of the CF-DAB
converter covering all the operating range has not been reported
before. Although the operating principle of the “3+1”-port
bidirectional isolated dc–dc converter had been analyzed in
[28], the topology is different. Two operation modes of the
CF-DAB converter had been introduced in [29]; nonetheless,
other operation modes and the soft-switching condition analysis
have not been included. Therefore, the operating principle and
the soft-switching condition are thoroughly analyzed in this
section in order to derive the optimized operation in Section III.
Considering a wide input voltage operating range of PV appli-
cations, 50%–100% variation of the PV voltage is taken into
account in this paper.

A. Operation Principle of CF-DAB DC–DC Converter

The operating range of the CF-DAB converter with a positive
power flow is illustrated in Fig. 2, where duty cycle D varies
from [0, 1], and phase-shift angle φ varies from [0, π]. There
are seven subareas that can be combined into four operating
modes symmetrically, and each one has two conditions, i.e.,
D < 0.5 and D > 0.5. The key waveforms of the CF-DAB
dc–dc converter in each mode are depicted in Fig. 3. For a
negative power flow, the operating principle can be derived
symmetrically. Although the transformer voltage and the cur-
rent patterns are similar to those of a VF-DAB converter, the
operating principle for the CF-DAB converter is different due to
the additional dc inductor current flow through the low-voltage
side (LVS) bridges, resulting in different ZVS conditions.
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Fig. 3. Key waveforms of the CF-DAB converter. (a) Mode I: 0 < φ < min{2DT π, π − 2DTπ}. (b) Mode II: 0.25 ≤ DT ≤ 0.5, 2DT π ≤ φ ≤ π −
2DT π. (c) Mode III: max{2DT π, π − 2DTπ} < φ < π. (d) Mode IV: 0 < DT < 0.25, 2DT π ≤ φ ≤ π − 2DT π. DT = min{D, 1−D}.

The key waveforms of operating mode I are shown in
Fig. 3(a), where 0 < φ < min{2DTπ, π − 2DTπ}, and DT

is the minimum value of D and 1−D. vpri and v′sec are
the transformer primary-side voltage and the primary referred
secondary-side voltage, respectively. iLdc1 is the dc inductor
current, and iLs is the transformer primary current. It can be
observed that the transformer current is periodic and symmet-
rical over a switching cycle; hence, the waveforms in a half
switching cycle are used for analysis. The instantaneous current
iLs(ωt) over a half switching cycle is represented as

iLs(ωt)

=

⎧⎪⎪⎪⎨
⎪⎪⎪⎩

Vd

ωLs

(
ωt−(1−d)DTπ

)
, 0<ωt≤φ

Vd

ωLs

(
dφ+(1−d)(ωt−DTπ)

)
, φ< ωt≤ 2DTπ

Vd

ωLs

(
d(φ−ωt)+(1+d)DTπ

)
, 2DTπ<ωt≤2DTπ+φ

Vd

ωLs
(1−d)DTπ, 2DTπ+φ<ωt≤π

(1)

where ω is the angular switching frequency, Ls is the leakage
inductance, and d is the primary referred voltage ratio of the
high-voltage side (HVS) dc link to the LVS dc link, i.e.,
d=Vo/nVd, with Vo and Vd being the HVS and LVS dc-link
voltages, respectively, and n being the transformer turns ratio.

Therefore, the transformer primary RMS current and peak
current can be derived in the following:

Irms1 =

√√√√√ 1

π

π∫
0

iLs(ωt)2dωt

=
Vd

ωLs

√(
1− 4

3
DT

)
[(1−d)DTπ]2+

d(6DTπ − φ)φ2

3π

(2)

Ipk1 =

{
iLs(2D

Tπ) = Vd

ωLs

[
dφ+ (1− d)DTπ

]
, d ≤ 1

iLs(φ) =
Vd

ωLs

[
φ− (1− d)DTπ

]
, d > 1.

(3)

The power flow equation is calculated by integrating the
instant power over a half switching cycle as follows:

P1 =
1

π

π∫
0

vpri(ωt)iLs(ωt)dωt =
V 2
d

ωLs
dφ

(
2DT − φ

2π

)

(4)

where vpri(ωt) is the primary-side voltage of the transformer,
and iLs(ωt) is the primary-side transformer current. Similarly,
the transformer RMS and peak currents, and the power flow
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TABLE I
POWER AND TRANSFORMER CURRENT OF THE CF-DAB DC–DC CONVERTER

Fig. 4. Power flow when Vd = 1 and d = 1. (a) Surface plot. (b) Contour plot.

equations for other operating modes can be derived, which are
summarized in Table I.

As the converter mainly operates in modes I and II, the
minimized transformer peak current in (3) for a fixed dc-link
voltage is achieved when the voltages on the LVS and the HVS
are matched, i.e., d = 1. However, d = 1 will not minimize
the RMS current in (2). Since the ZVS technique is applied to
the CF-DAB converter, the switching loss is greatly reduced,
whereas the conduction loss becomes dominating in the device
loss. Therefore, the RMS current is more critical than the peak
current from the perspective of reducing power loss. To achieve
a low power loss, the operating mode with a minimized RMS
current is highly desired and will be discussed in Section III.
From the power equations derived in Table I, the relationship of
the power flow with (D,φ) is depicted in Fig. 4, with Vd=1 p.u.
and d=1. The power flow plots when Vd �=1 p.u. and d �=1 have
the same shape but different values. By analyzing the contour
plot in Fig. 4(b), the maximal deliverable power is at the central
point in area II in Fig. 2, where (D,φ) = (0.5, 0.5π), and it can
be written as

Pmax =
dπV 2

d

4ωLs
=

πV 2
o

4dn2ωLs
. (5)

Fig. 5. ZVS boundaries of the secondary switches under different d.

B. Soft-Switching Condition Analysis

It can be seen in Fig. 3 that the ZVS condition for the
secondary-side switches can be expressed as⎧⎪⎪⎪⎨

⎪⎪⎪⎩
−iLs(φ)0, for Ss1 Ss3, D < 0.5

−iLs(φ+π+2DTπ) < 0, for Ss1 Ss3, D > 0.5

iLs(φ+2DTπ) < 0, for Ss2 Ss4, D < 0.5

iLs(φ+π) < 0, for Ss2 Ss4, D > 0.5.

(6)
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Fig. 6. ZVS boundaries of Sp2 and Sp4 under different m. (a) d = 0.8. (b) d = 1. (c) d = 1.2.

By substituting the instant current, the ZVS boundary for
the secondary switches can be obtained, as shown in Fig. 5.
The ZVS boundaries of the upper and lower switches are
symmetrical with D = 0.5, and the ZVS area is extended with
a larger d. When d > 1, the ZVS can be always achieved for the
secondary switches.

As to the primary side, the current flow through the switches
is not only affected by the transformer current but also by the
dc inductor current. As shown in Fig. 3, the dc inductor current
waveforms for D > 0.5 and D < 0.5 are different, and the soft
switching conditions are different. The ZVS condition on the
primary switches can be written as⎧⎪⎪⎪⎨
⎪⎪⎪⎩
iLs(0) − iLdc1(0) < 0, for Sp1 Sp3, D < 0.5

iLs(π+2DTπ) − iLdc1(π+2DTπ) < 0, for Sp1 Sp3, D > 0.5

iLdc1(2DTπ) − iLs(2DTπ) < 0, for Sp2 Sp4, D < 0.5

iLdc1(π) − iLs(π) < 0, for Sp2 Sp4, D > 0.5.
(7)

For Sp1 and Sp3, the ZVS can be easily satisfied, and they
are always soft switched if Sp2 and Sp4 are soft switched.
However, the ZVS condition for the lower switches depends on
many factors and becomes more difficult to maintain. For the
specific operating mode II with D > 0.5, (7) can be further ex-
pressed as{

P2

2Vin
+ Vin(1−D)π

mωLs
+ Vd[dφ+(1−d)(1−D)π]

ωLs
>0, for Sp1, Sp3

P2

2Vin
− Vin(1−D)π

mωLs
− Vd[d(φ−π)+(1+d)(1−D)π]

ωLs
<0, for Sp2, Sp4

(8)

where Vin is the input voltage, and m = Ldc1/Ls.
Similarly, the ZVS condition for Sp2 and Sp4 in other areas

can be also derived. As it is difficult to get a closed-form
solution, Fig. 6 plots the ZVS boundaries for Sp2 and Sp4 under
different m, where soft switching is achieved for the outside. It
is clear that the ZVS range will be extended with a smaller d.
When d < 1, soft switching can be always maintained in the
left-half region, where D < 0.5. However, d < 1 will result in
hard switching in the secondary switches. The soft-switching
region will also increase when m decreases, i.e., with a small
dc inductor. Nevertheless, the small dc inductor will result in a
large inductor current ripple. Fortunately, the total input current
ripple will not increase much due to the cancelation effect of
the interleaved input structure.

III. OPTIMIZED OPERATING MODE WITH

MINIMIZED RMS CURRENT

As there are multiple operating points (D,φ) delivering the
same output power but with a different power loss, an optimized
operating point can be selected to achieve high efficiency. Since
hard switching is one of the main reasons causing a high
power loss in high-frequency converters, the ZVS condition is
essential to reduce the power loss. Another important aspect
is the transformer peak and RMS currents that are related to
nonconducting and conducting losses, respectively, and they are
considered here to represent the power loss of the transformer
and the switches.

Fig. 7 depicts the peak and RMS currents of the transformer
primary side at different operating points for a certain condition
(Vin, Vo, P ). It can be seen that (D,φ) for the minimum Ipk
and Irms varies with the operating condition (Vin, Vo, P ), and
they are inconsistent with each other. In the d = 1 mode, the
minimized peak current operation can be easily obtained in
most operating conditions. However, the RMS current is usually
more critical for loss reduction and is desired to be minimized,
particularly when the ZVS is employed.

Fig. 8 shows the operating loci of the minimum-RMS-current
mode and the d=1mode for varied output power under different
(Vin, Vo). The corresponding ZVS operating ranges for the pri-
mary and secondary switches are also presented in this figure.
There are several observations. First, for a fixed Vo, the ZVS op-
erating ranges for Sp2 and Sp4 are decreased with a higher input
voltage, whereas they increase the ZVS area for the secondary
switches. With a higher Vo, the optimized operating points
(D,φ) are pushed toward the origin, and this enhances the
ZVS condition for the primary switches. Second, for the d = 1
mode, the ZVS condition for the secondary switches is always
satisfied. However, if D �= 0.5, either the upper switches or the
lower switches will be at the boundary condition depending on
(Vin, P ). In addition, Sp2 and Sp4 will lose the ZVS condition
at a high input voltage under the d = 1 mode. Third, the
minimum-RMS-current mode will not bring the converter to
enter hard switching from the ZVS; on the contrary, it enhances
the ZVS condition and allows Sp2 and Sp4 to be soft switched at
a high input voltage and high power. Finally, when Vo ≥ Vin,
the converter will operate under D ≤ 0.5, and the ZVS condi-
tions of all switches for both modes are satisfied, except for the
boundary conditions of Ss2 and Ss4 with the d = 1 mode.
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Fig. 7. Transformer primary peak current and RMS current under different conditions when Vo = 1 p.u. (a) Vin = 2/3 p.u. (b) Vin = 1 p.u.
(c) Vin = 4/3 p.u.

Fig. 8. Operating loci and ZVS conditions under different Vin with P = 0 ∼ 1 p.u. (a) Vo = 1 p.u. (b) Vo = 1.25 p.u.

Fig. 9. RMS current comparison of the “d = 1” mode and the minimum-RMS-current mode when Vo = 1 p.u. (a) Vin = 2/3 p.u. (b) Vin = 1 p.u.
(c) Vin = 4/3 p.u.

Fig. 9 compares the RMS current of the two different operat-
ing modes. For a low power flow, the two loci generate a similar
RMS current. However, the RMS current in the d = 1 mode

increases faster when the output power increases, particularly
with high Vin, resulting in lower efficiency at a high output
power.
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Fig. 10. Minimized RMS current versus Vo under different (Vin, P ).

Fig. 11. Prototype of the 5-kW CF-DAB converter module.

Fig. 10 illustrates the minimized RMS current loci with
respect to Vo under different conditions of (Vin, P ). It is clearly
showed that the RMS current is significantly reduced with a
higher output voltage. As a result, to reduce the RMS current,
a high HVS dc-link voltage should be selected. However, the
dc-link voltage is subjected to applications.

As presented earlier, the minimum-RMS-current mode will
not only benefit the CF-DAB converter with a lower conducting
loss but also enhance the ZVS condition of the converter. Nev-
ertheless, the optimized operating points vary from application
to application, which makes it more complicated. The d = 1
mode is very simple compared with the minimum-RMS-current
mode, and the soft-switching condition is guaranteed with D =
0.5. To achieve high efficiency over a wide input voltage range
with the d = 1 mode, Vo could be coordinated with Vin in a
certain range to let D = 0.5, if allowed.

IV. EXPERIMENTAL RESULTS

A 5-kW prototype of the CF-DAB converter was built in the
laboratory, as shown in Fig. 11. The converter is intended to be
implemented as a dc–dc converter module in the 12-kV 3-MW
grid-connected cascaded multilevel PV system proposed in
[30]. Hence, the HVS dc-link voltage is set relatively high at
600–750 V. The circuit parameters are listed in Table II. The
leakage inductance was designed based on the assumption that

TABLE II
CIRCUIT PARAMETERS OF THE CONVERTER

the base power for the per-unit system defined in the Appendix
is equal to the converter’s rated power. As a result, the phase-
shift angle at the rated power is around 0.2π [see Fig. 4(b)],
which ensures both small circulating energy and high control
accuracy. The dc inductance was selected to be five times the
leakage inductance, considering the ZVS operating range and
the inductor’s current ripple. To reduce the switching loss,
an FCN76N60NF SupreMOS and a CMF20120D SiC MOS
field-effect transistor were used as the primary and secondary
switches, respectively. Experimental results with a high input
voltage (Vin = 4/3 p.u.) are given to verify the theoretical
analysis.

Fig. 12 shows the experimental waveforms when the con-
verter operated under different modes when Vin = 200 V
(4/3 p.u.), Vo = 600 V (1 p.u.), and input power P = 4 kW
(0.8 p.u.). As can be seen, the d = 1 mode in Fig. 12(a) has the
minimum peak current, whereas its RMS current is much larger
than that of the minimum-RMS-current mode (d = 0.875) in
Fig. 12(b). Moreover, the lower switches in the primary side,
i.e., Sp2 and Sp4, suffers from hard switching in the d = 1
mode, whereas soft switching is realized in the minimum-RMS-
current mode. This is consistent with the analysis in Section II
that the minimum-RMS-current mode can extend the soft-
switching range at a high input voltage. It should be noted that,
different from the analysis in Section III, the ZVS is not fully
achieved for Sp2 in Fig. 12(b). This is because the analysis
is based on an ideal model, without considering the parasitic
capacitance and the power loss in the circuit. In a real case, to
achieve the ZVS, the energy in the circuit must be sufficient
to charge or discharge the output capacitance of the switches
(Coss) during the dead time. In Fig. 12(c), the ZVS of Sp2 is
achieved when Vd is further increased to 355 V, i.e., d = 0.845.
Due to the ZVS turn on, the converter achieves the highest
efficiency despite the increased peak and RMS currents over
the minimum-RMS-current mode. Fig. 13 gives the operating
waveforms when the converter operated at different power un-
der the d = 1 mode at Vin = 200 V (4/3 p.u.) and Vo = 750 V
(1.25 p.u.). With the higher dc-link voltage Vo, both the peak
and RMS currents are much lower compared with the current
at Vo = 600 V. As shown in Fig. 13(a), where P = 4 kW, the
converter achieves the ZVS for Sp2 under the d = 1 mode.
These benefits greatly reduce the power loss of the converter
and boost the system efficiency. However, when P = 1 kW
in Fig. 13(b), Sp2 loses the ZVS condition due to insufficient
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Fig. 12. Experimental waveforms at Vin = 200 V, Vo = 600 V, and P =
4 kW. (a) d = 1 mode at Vd = 307 V. (b) Minimum-RMS-current mode
at Vd = 343 V. (c) Best efficiency operating at Vd = 355 V (time base:
5 μs/div).

energy to charge or discharge the Coss of the switches during
the dead time.

The measured peak and RMS current curves under different
operating modes and the HVS dc-link voltage when Vin =
200 V (4/3 p.u.) are depicted in Fig. 14(a) and (b), and the
corresponding efficiency curves are shown in Fig. 14(c). The
minimum-RMS-current mode presents a lower RMS current
but a higher peak current than the d = 1 mode, resulting in

Fig. 13. Experimental waveforms under the d = 1 mode at Vin =
200 V, Vd = 376 V, and Vo = 750 V. (a) P = 4 kW. (b) P = 1 kW
(time base: 5 μs/div).

higher efficiency over a wide input power range, particularly
at high power. Moreover, the RMS current curve of the best
efficiency operation is very close to that in the minimum-
RMS-current mode, whereas the peak current is even larger,
benefiting the converter with the ZVS operation. As seen from
the two efficiency curves under the d = 1 mode in Fig. 14, the
higher dc-link voltage can achieve much higher efficiency at
high power because of the reduced current and the extended
ZVS condition, although it results in lower efficiency at low
power due to partial hard switching. Therefore, to achieve high
efficiency over a full-load range, a variable dc-link voltage
corresponding to the input voltage and power could be applied.

V. CONCLUSION

In this paper, a CF-DAB converter for a PV application has
been proposed. A thorough study for CF-DAB converters over
a whole operating range employing duty-cycle control plus
phase-shift control is presented. To achieve high efficiency
over a wide input voltage range, an optimized operating mode
generating a low power loss is developed with selected (D,φ).
The operating loci with the minimum RMS current of the trans-
former for different operating conditions are derived, as well as
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Fig. 14. Experimental curves when Vin = 200 V with different Vo and
operating modes. (a) Peak current. (b) RMS current. (c) Efficiency.

soft-switching conditions. The analysis and experimental re-
sults verify that this operating mode can extend the ZVS range and
achieve a lower conducting loss compared with the d=1 mode,
particularly for a high input voltage, and the efficiency can be
further improved by choosing a higher variable dc-link voltage
corresponding to the input voltage. Since CF-DAB converters

can be extended to multiterminal applications, this paper has
provided a foundation to study the optimized operation for
those topologies.

APPENDIX

The per-unit system in this paper is defined as follows
(Vin_base is the medium value of the input voltage, and PN is
the converter’s power rating):

Vd_base =2Vin_base Vo_base = 2nVin_base

Ibase =2Vin_base/ωLs Pbase = Vin_baseIbase = PN .
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