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for CF DAB Converter Based on Single EE Core
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Abstract—A magnetic integrated structure based on single EE
core (SEEC) is proposed to integrate all magnetic elements in
current-fed dual active bridge (CF DAB) converter to improve
power density. Different from previous works, all magnetic com-
ponents of CF DAB, including two dc inductors, a transformer
and a leakage inductance, are integrated in a SEEC. Moreover,
the parameters of inductances and turns ratio can be accurately
controlled by designing the number of winding turns and the
air gap length. Furthermore, the unbalanced current suppression
performance of the two interleaved dc inductors for CF DAB is
improved due to the natural negative coupling between the two
outer leg windings of the SEEC. In addition, based on the SEEC
structure, an SEEC DAB converter is derived. Finally, the validity
of the proposed solutions is verified by simulated results from
Maxwell finite-element analysis and experimental results from a
1-kW laboratory prototype. Compared with CF DAB, the power
density and efficiency are improved by 71% and 2.14%, respec-
tively.

Index Terms—Current-fed dual active bridge (CF DAB),
controllable leakage inductance integration, single EE core
(SEEC), unbalanced current suppression.

I. INTRODUCTION

CURRENT-FED dual active bridge (CF DAB) converter
has been a popular topology due to low input current

ripple, wide voltage gain range and high efficiency [1], [2]. The
topology of the CF DAB converter with paralleled branch is
depicted in Fig. 1. Paralleled branch, consisting two dc induc-
tors, are suitable for wide input voltage and high input current
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Fig. 1. Circuit diagram of CF-DAB converter.

applications, such as energy storage systems, sustainable energy
power system, electric vehicles, etc. [3], [4].

In view of magnetic components, generally, four magnetics
including two dc inductors, one leakage inductance and one
transformer are needed, which somehow results in relatively
low power density. To achieve high power density and high
efficiency, magnetic integration, to sharing magnetic path and
decrease the number of magnetic components, has been an
attractive solution [5], [6], [7], [8], [9]. From the perspective
of magnetic integration, the integration of multiple magnetic
components can be viewed as the design of multiwinding cou-
pled inductors, which is mainly divided into two categories:
improvement of single magnetic structure [5], [6], [7], [8], [9],
[10], [11] and combination of multiple magnetic structure [12],
[13], [14], [15]. Improvement of single magnetic structure in-
volves optimizing the design of multi-winding coupled inductors
using a single magnetic core. For example, in [5] and [6], the
two dc inductors on the low voltage side (LVS) are decoupled
integrated. The number of magnetic components is reduced
by the use of a coupled inductor instead of two discrete dc
inductors. Han et al. [11] proposes a three-winding-coupled-
inductor-based DAB (TWCI DAB) converter, which integrates
two equivalent dc inductors and a high-frequency transformer
into a three-winding-coupled-inductor (TWCI). Their advan-
tages include minimizing the number of magnetic cores and
maximizing window utilization, while the disadvantage is that
the complexity of integrated structure design and production
significantly increases as the number of windings increases. In
addition, the combination of multiple magnetic structures, based
on the combination of multiple two-phase coupled inductors, is a
typical approach to realize the structure design of multi-winding
coupled inductors. For example, Wang et al. [13] and Hu et al.
[14] propose an interleaved coupled inductor DAB converter to
integrate two dc inductors and a high-frequency transformer by
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combining two coupled inductors. To further improve the power
density, leakage inductance is integrated into the dual coupled
inductor in [15]. The design of the magnetic components is
simplified due to the unit transformer power capacity is reduced.
However, the potential increase in the number of magnetic cores,
and as each unit transformer depends on the winding series,
resulting in increased leakage flux. It should be noted that large
leakage inductance will impact the power transmission and the
soft switching performance of the CF DAB converter [4]. In
fact, in addition to [15], the work in [5], [6], [7], [8], [9],
[10], [11], [12], [13], and [14] need addition inductor to get
the required leakage inductance to achieve power transmission
and soft switching requirements.

On the other hand, the mismatching between the two dc induc-
tor values, caused by manufacturing tolerance and termination
configuration, etc., could lead to unbalanced current for the two
dc inductors (L1 and L2 shown in Fig. 1) [16]. Recent studies
have proved that coupled inductor (with a coupling coefficient
not equal to zero) is an effective solution to unbalanced cur-
rent suppression problem for pulsewidth modulation converters
[17]. However, coupled inductors and transformers are usually
designed separately, the leakage inductance is obtained through
adding additional inductor [17], [18], [19]. Consequently, the
component number for the solution with unbalanced current
suppression is still large. In addition, from the perspective of the
coupled mode of the magnetic integration, the aforementioned
works are based on the decoupled integration design of two dc
inductors [5], [6], [7], [8], [9], [10], [11], [12], [13], [14], [15].
Although the magnetic number is reduced by integrating multi-
ple magnetic components in [5], [6], [7], [8], [9], [10], [11], [12],
[13], [14], and [15], in fact, the two dc inductors are completely
decoupled, making it difficult to guarantee unbalanced current
suppression performance when the inductance parameters are
different.

As mentioned above, the two goals of magnetic component
integration and dc inductor unbalanced current suppression are
independent and difficult to be compatible for the previous re-
search. To solve this issue, a novel magnetic integrated structure
based on single EE core (SEEC) is proposed in this article,
that not only integrates all magnetic components in CF DAB
converter with an SEEC, but also naturally has the function of
dc inductor unbalanced current suppression. Some of the key
advantages of the proposed solution are as follows:

1) Compared with the discrete magnetic components in CF
DAB converter in [4], the SEEC integrates the two dc
inductors, high frequency transformer and leakage induc-
tance into a single standard EE core. In addition, unlike
the TWCI DAB converter in [11], the leakage inductance
and transformer turn ratio can be flexibly controlled by the
designing the number of windings and the air gap length.

2) Due to the air gap in the center leg of the SEEC structure,
a natural coupling relationship exists between the two
windings on the outer legs. Therefore, compared with the
unbalanced current of CF DAB converter in [4] caused by
mismatched dc inductor values, the unbalanced current
can be naturally suppressed by the two side windings of
SEEC.

Fig. 2. CF-DAB converter with coupled inductor. (a) Coupled inductor.
(b) High frequency transformer. (c) External series leakage inductance. (d)
Circuit diagram.

3) Based on the SEEC structure, an SEEC DAB converter is
derived. The SEEC DAB converter offers similar perfor-
mance to the CF DAB converter, with small input current
ripple and a wide voltage gain range, but uses only one
magnetic component.

The rest of this article is organized as follows. The derived
process of SEEC structure and SEEC DAB converter topology
are descripted in Section II. In Section III, the analysis and
design consideration of SEEC structure are discussed in detail.
Section IV illustrates the simulation and experimental results
to verify the effectiveness of the proposed solution. Finally,
Section V concludes this article.

II. SEEC STRUCTURE AND CONVERTER TOPOLOGY

A. Derivation Process of the Proposed SEEC Structure

The derivation process of the proposed SEEC as follows: to
reduce the number of magnetic components, first, the coupled
inductor (the coupling coefficient is equal to zero) can be applied
to two dc inductors. Therefore, three EE cores are adopted for
the coupled inductor, transformer and leakage inductance, as
shown in Fig. 2. NL1 andNL2 represent the number of winding
turns for two discrete dc inductors, andNL1 = NL2. As Fig. 2(a)
shown, the air gap is configured on the two outer legs and no air
gap in center leg. In Fig. 2(b), Np andNs represent the number
of primary and secondary winding turns of the transformer,
respectively. NLr represents the number of winding turns for
leakage inductance in Fig. 2(c). The circuit connection of the
magnetic elements in Fig. 2(a), (b), and (c) is shown in Fig. 2(d).

Second, for further magnetic integration, one method is to
integrate the transformer in Fig. 2(b) into the coupled inductor
in Fig. 2(a), which is shown in Fig. 3(a). As shown in Fig. 3(a),
the two windings on the outer legs function as the dc inductors
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Fig. 3. Proposed magnetic integration structure based on single EE core
(SEEC). (a) Magnetic core structure with no integrated leakage inductance.
(b) Magnetic core structure with air gap of center leg to integrate leakage
inductance. (c) The Circuit of the SEEC.

Fig. 4. Proposed SEEC DAB converter.

as well as the transformer primary windings. That is NL1 =
Np1 and NL2 = Np2. Np1 andNp2 are the number of primary
winding turns, and Np1 = Np2. Additionally, Ns1 andNs2 are
the number of secondary winding turns, and Ns = Ns1 +Ns2.
Compared with coupled inductor in Fig. 2(a), the integrated
magnetic structure in Fig. 3(a) initially successfully integrates
the coupled inductor and one transformer.

Third, an air gap can be added in the center leg of the magnetic
core in Fig. 3(a), which provides a flow path for the leakage
flux, making the integration of leakage inductance possible,
as shown in Fig. 3(b). It is worth noting there is a natural
coupling relationship between the two windings on the outer
legs due to the air gap of the center leg. From the winding
current relationship, the integrated structure in Fig. 3(b) forms a
three-winding coupled inductor model, whose circuit is drawn
in Fig. 3(c).

B. Derived SEEC DAB Converter

According to the derivation process of the SEEC structure in
Section II-A, one standard EE cores in Fig. 3(b) can function
as the discrete magnetic elements in Fig. 1, that is the electrical
circuit in Fig. 3(c) can equivalent to the circuit in Fig. 2(d).
Therefore, the proposed SEEC DAB converter can be obtained,
which is shown in Fig. 4.

Fig. 5. Current waveforms of windings. (a) Current waveforms of decoupled
integrated structure. (b) Current waveforms of the proposed SEEC.

The SEEC DAB converter can be equivalent to the CF DAB
converter, then, it has small input ripple and wide voltage gain
range. In addition, the traditional sense of leakage inductance
and dc inductances can be controllable integrated into trans-
former, therefore, the number of magnetic elements is even least,
the efficiency and power density can be improved. Meanwhile,
the operation principle of SEEC DAB converter is similar as the
CF DAB converter, under the pulsewidth modulation (PWM)
plus phase shift (PPS) modulation, reference can be made to the
working modes, power transmission and zero-voltage switching
(ZVS) analysis in [4].

III. ANALYSIS AND DESIGN CONSIDERATIONS

A. Analysis for Proposed SEEC Structure

As shown in Fig. 3(b), the proposed magnetic integrated
structure SEEC is composed of an SEEC. Compare with the
previous works, the number of magnetic components can be
reduced to one for the proposed integrated solution.

In addition, when the two windings on the outer legs are
designed to be negatively coupled, it is beneficial to improve the
unbalanced current suppression performance [17], [18], [19].
As shown in Fig. 5, the top three waveforms are the switches
gate control timing waveforms, including the driving pulses of
Q1a&Q1, Q2a&Q2 and S1–S4. Due to the negative coupled
coefficient, the current iL1 and iL2 flowing through the two dc
inductors change from a two-stage triangular waveform to a
four-stage waveform in one switching cycle, and the currents
ia and ib flowing through both outer leg windings change from
zero slope to negative slope at the t1–t2 stage. ia and ib are the
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Fig. 6. Reluctance model of SEEC.

superposition of the dc inductor current iL1, iL2 and the primary
winding current ip of the transformer, respectively. That are ia =
iL1 − ip, ib = iL2 + ip. Therefore, both magnetic component
integration and unbalanced current suppression performance of
the CF DAB converter can be improved at the same time under
SEEC.

According to the SEEC structure in Fig. 3(b), the reluctance
model is represented in Fig. 6. The core reluctance is ignored
since it is rather small compared with the air gap. Therefore, the
magnetic fluxes can be calculated as (1).

Then, based on Faraday’s law and (1), the inductance matrix
of SEEC can be obtained as (2).

The transformer parameters of extended cantilever model can
be derived according to [20] and expressed as (3)

⎧⎪⎨
⎪⎩

φ1 =
Np1ia(R2+Rc)−Np2ibRc+Ns1ib(R2+Rc)+Ns2isRc

R1R2+R1Rc+R2Rc

φc =
Np1iaR2+Np2ibR1+Ns1isR2−Ns2isR1

R1R2+R1Rc+R2Rc

φ2 =
Np1iaRc−Np2ib(R1+Rc)+Ns1isRc+Ns2is(R1+Rc)

R1R2+R1Rc+R2Rc

(1)

⎧⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

La=
Np1

2(R2+Rc)
R1R2+R1Rc+R2Rc

Lb=
Np2

2(R1+Rc)
R1R2+R1Rc+R2Rc

Lc=
Ns1

2R2+Ns2
2R1+(Ns1+Ns2)

2Rc

R1R2+R1Rc+R2Rc

Mab=
−Np1Np2Rc

R1R2+R1Rc+R2Rc

Mac =
Np1[Ns1(R2+Rc)+Ns2Rc]

R1R2+R1Rc+R2Rc

Mbc =
−Np2[Ns2(R1+Rc)+Ns1Rc]

R1R2+R1Rc+R2Rc

(2)

⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

Lm1 = L1 = La = Np1
2 (R2 +Rc) /ΔR

Lm2 = L2 = Lb = Np2
2 (R1 +Rc) /ΔR

nE1 = Ns : Np = Mac

La
= Ns1(R2+Rc)+Ns2Rc

Np1(R2+Rc)

nE2 = Ns : Np = Mbc

Lb
= Ns1Rc+Ns2(R1+Rc)

Np2(R1+Rc)

Lr_ab = Lr =
(
Lc − M2

ac

La

)
||
(
Lc − M2

bc

Lb

)
(3)

where Lm1 andLm2 are the equivalent magnetizing inductance
of winding Np1 andNp2, respectively. Np : Ns is the equivalent
turns ratio of the transformer. Lr_ab is the equivalent leakage
inductance. It should be noted that the equivalent magnetizing
inductance is used as the dc inductance. According to (2) and
(3), dc inductors, leakage inductance and the transformer turns
ratio are related to the number of winding turns and reluctances.
Therefore, the inductances and turns ratio can be flexibly con-
trolled with the winding turns and air gap length of SEEC. It
is worth noting that the proposed integrated solution can be
extended to other topologies with inductances and transformer
connection similar to CF DAB, such as current-fed resonant
converters and current double rectifier converters.

Fig. 7. Physical topology of SEEC using EE cores.

Fig. 8. Magnetic flux waveforms of SEEC.

B. SEEC Design Considerations

The physical topology of SEEC is shown in Fig. 7. The stan-
dard EE cores and the Litz wire windings constitute the SEEC
structure. According to Fig. 3(b), the two windingsNp1 andNp2

on the outer legs function as the dc inductors as well as the
transformer primary windings. It can not only reduce the volume
of the magnetic element, but also reduce the input current ripple.
In addition, the air gap of center leg is used to integrate leakage
inductor as well as naturally improve the performance of unbal-
anced current suppression. The two windingsNs1 andNs2 of the
outer legs can be used as the transformer secondary winding.

For the proposed SEEC, parameters including the turn num-
bers of the windings Np1, Np2, Ns1, Ns2 and the core reluc-
tance Rp (R1 = R2 = Rp), Rc need to be determined. The
detailed design process of SEEC is as follows.

Step 1: Before calculating the core reluctance Rp, Rc and the
numbers of the windings Np1, Np2, Ns1, Ns2, the trans-
former parameters, including Lm1, Lm2, Lr_ab, nE1, nE2

and the coupled coefficient k of the two outer legs
windings should be given. Then, according to (3), the
core reluctance Rp, Rc and the numbers of the windings
Np1, Np2, Ns1, Ns2 can be calculated.

Step 2: To determineAe of EE core, the max magnetic fluxφmax

should be calculated. The magnetic flux can be calculated ac-
cording to (1). The magnetic flux waveforms can be obtained,
as shown in Fig. 8. As shown in Fig. 8, φ1, φ2, andφc are flux
generated by the windings of two outer legs and center leg,
respectively. It should be noted that the φ2 − φ1 is ac flux
with no dc bias which flowing in two outer legs.

Step 3: To select the type of standard EE core, the Ae should be
determined. Ae can be calculated as

Ae =
φmax

Brecommend
. (4)
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TABLE I
COMPARISON OF DIFFERENT MAGNETIC PARTS DESIGNS

Brecommed can be recommended according to the operating
frequency of the converter.

Step 4: After selecting the type of standard EE core, the air gap
length lgp and lgc of the magnetic core can be calculated as

lgp = Rpμ0Ae1, lgc = Rcμ0Aec (5)

where μ0 is space permeability.

C. Design and Loss Breakdown Comparison Between SEEC
DAB and CF DAB

The design parameters for comparison of proposed SEEC,
TWCI in [11], and discrete magnetics of CF DAB in [4] are
given in Table I. To ensure a fair comparison, all devices and
PCBs remain consistent, with the exception of the magnetic
components. Moreover, core types are selected to maintain
alike changes in magnetic flux density. As given in Table I,
the proposed SEEC structure, employing an SEEC manages to
reduce the number and occupied volume of the magnetic core
while achieving higher power density. In comparison to TWCI
in [11] and the discrete magnetic of CF DAB in [4], the power
density has been increased by 36.8% and 71%, respectively.
Moreover, the number of magnetic components can be reduced
to 1 with the proposed SEEC.

The loss breakdown comparisons between the discrete mag-
netics case of CF DAB and the proposed SEEC DAB at different
VL (VL = 18V, 27V and 36V) and different loads (P = 100
and 1000 W) are shown in Fig. 9. PSEEC_DAB andPCF_DAB

are total losses of SEEC DAB converter and CF DAB
converter, respectively. PSEEC_copper andPSEEC_core are cop-
per loss and core loss of the SEEC DAB converter, re-
spectively. PLdc_copper andPLdc_core are copper loss and core
loss of the two dc inductors in CF DAB converter, re-
spectively. PT _copper andPT _core are copper loss and core
loss of the transformer in CF-DAB converter, respectively.

PLr_copper andPLr_core are copper loss and core loss of
the leakage inductor in CF-DAB converter, respectively.
Pturn-on andPturn-off are turn-ON loss and turn-OFF loss of all the
switches, respectively. Pcon is conduction loss for switches. Pdri

is driving loss.
Under the PWM modulation strategy, the driving signals

for the two switches in any bridge are complementary. The
conduction of the antiparallel diode only exists in the dead time,
and it lasts for a very short time. Thus, the conduction loss of an-
tiparallel diode is ignored in this article to simplify the analysis.
Except for the difference of two dc inductors, transformer and
leakage inductor, other experimental parameters are the same,
such as MOSFETs, PCB circuit boards, etc. In SEEC DAB, all the
MOSFETs are turned on with ZVS. Hence, the turn-ON losses are
zero. The total losses consist of three parts, namely driving loss,
switches loss, and SEEC loss. As shown in Fig. 9(a), when the
converter works at VL = 18V and light load (100 W), the total
loss of CF DAB is higher than that of the proposed SEEC DAB
about 5.5 W, which is mainly caused by hard turning off loss,
leading to low efficiency at light load. When VL = 36V, the
difference is reduced to 3.6 W. As the input voltage increases,
the current decreases, then the turn-OFF loss and the copper loss
of the magnetic elements decrease. As shown in Fig. 9(b), when
the converter works at VL = 18V and heavy load condition
(1000 W), the power loss with the proposed CF DAB is higher
than that of SEEC DAB about 16.8 W, which is mainly caused
by the increased core and copper losses. It should be noted that
the winding loss and core loss are based on the results calculated
by the Dowell one-dimensional ac resistance model [21] and the
theory of Steinmetz Equation [22]. In addition, due to the smaller
air gap length, the impact of the air gap edge diffusion flux for the
winding eddy current loss in SEEC can be ignored. However, the
impact of the longer air gap length cannot be ignored. Consider
the difficult of the realize of magnetic components, especially
the integrated structure, when the winding position is moved, the
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Fig. 9. Loss breakdown at different VL and different loads. (a) At light load
(P = 100 W). (b) At full load (P = 1000 W).

limited window size is a challenge. Therefore, the optimization
design of the air gap location is an issue worthy of further study
in the future.

At low input voltages condition, the conduction time and input
current increases as the input voltage decreases. The correspond-
ing switching loss and magnetic element loss increase. Magnetic
element loss and hard turn OFF loss dominate at light loads,
leading to low efficiency at light load. As can be seen, the total
loss of the integrated magnetic SEEC is reduced according to
Fig. 9. Therefore, SEEC DAB efficiency is higher than CF DAB.

In addition to the benefits of unbalanced current suppression
improvement, the inductances and turns ratio can be flexibly
controlled with the winding turns and air gap length of single
standard EE core under the proposed SEEC. In addition, ac-
cording to Table I, when transmitting the same power, the power
density of SEEC DAB can also be increased due to the reduction
of core number and volume. Furthermore, loss of SEEC DAB is
less than CF DAB with discrete magnetics according to the loss
breakdown.

IV. SIMULATION AND EXPERIMENTAL VERIFICATION

In order to verify the proposed SEEC structure and SEEC
DAB converter, the Maxwell 2D finite-element analysis (FEA)

Fig. 10. Experimental prototype. (a) Experimental prototype of proposed
SEEC DAB converter. (b) The experimental prototype of CF DAB converter.

TABLE II
SYSTEM SPECIFICATIONS

is investigated to obtained the inductance matrix and the flux
distribution of SEEC. In addition, the experimental results of
SEEC DAB converter are shown, including the performance of
unbalanced current suppression, dynamic response, the com-
parison of operation efficiency between CF DAB converter and
SEEC DAB converter. The SEEC DAB converter experimental
prototype and the discrete magnetic components are built, as
shown in Fig. 10.

The system parameters are given in Table II. As shown, input
voltage is 18–36 V and output voltage is 240 V, rated power is
1 kW, switching frequency is 150 kHz, turns ratio of transformer
Np:Ns = 3/10, clamping capacitor Cc = 60μF. Taking the ZVS
design, current ripple, and RMS current into consideration, the
dc inductors L1 and L2 are designed to be 9 μH. Based on
considering the ZVS range, maximum power transfers capability
and the RMS current, the leakage inductance Lr = 15μH is
finally selected. According to the voltage, current stresses and
margin should be considered, device type IPP023N10N5 from
Infineon company is selected for the LVS switches, and device
type UJ3C065030K3S from United-SiC company is selected for
the high voltage side (HVS) switches.

In this article, the magnetic core of EE42 DMR95 is se-
lected. The coupled coefficient of the two outer legs wind-
ings is −0.7 to make a tradeoff between the unbalanced cur-
rent suppression performance of the paralleled branch and the
leakage inductance integration effect. According to (2) and
(3) in the revised manuscript, the related parameters of the
core are as follow, Np1 = 5, Np2 = 5, Ns1 = 22, Ns2 = 10,
lgp = 0.289mm, lgc = 0.45mm. The parameters of SEEC are
given in Table III.

A. Simulation Results

The flux distribution in Maxwell FEA of SEEC is shown
in Fig. 11. As seen, the max flux density Bmax is less than
0.15T. In addition, the number of winding turns on both sides is
unevenly distributed to produce controllable leakage inductance,
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TABLE III
PARAMETERS OF SEEC

Fig. 11. Flux distribution of SEEC in Maxwell FEA.

TABLE IV
COMPARISONS OF THE INDUCTANCE MATRIX

Fig. 12. Steady-state waveforms under light load. (a) Under the input voltage
VL = 18 V. (b) Under the input voltage VL =36 V.

although the distribution of flux is not uniform, conform to safety
specifications. The comparisons among the theoretical results,
simulated results, and measured results of inductance matrix are
given in Table IV. As seen, the simulated results and measured
results are very closed to the theoretical results.

B. Experimental Results

In order to verify the proposed SEEC magnetic integrated
structure and SEEC DAB converter, the steady-state operation
and soft-switching of switches under different input voltages
and different loads are shown.

Figs. 12 and 13 show the steady-state waveforms of the
proposed SEEC DAB in boost mode under different voltages and
loads. Fig. 12(a) and (b) describes the steady-state waveforms
at light load with VL = 18 and VL = 36 V, respectively. It is
seen that the pulsewidth of the midpoint voltage vcd between

Fig. 13. Steady-state waveforms under full load. (a) Under the input voltage
VL = 18 V. (b) Under the input voltage VL =36 V.

Fig. 14. Soft-switching waveforms of switches with light load. (a) Q2 when
VL = 18 V. (b) S1 when VL = 18 V. (c) Q2 when VL = 36 V. (d) S1 when VL

= 36 V.

the HVS bridges is always fixed at 0.5 in these figures, which
means the duty cycle of HVS switches is always equal to 0.5.
The waveforms of the LVS voltage vab are similar when d> 0.5.
When d = 0.5, the operation waveforms of the PPS control is
exactly the same as an SPS controlled converter. In addition,
vcd lags behind vab in phase to adjust the power among all
waveforms. Similarly, Fig. 13(a) and (b) depicts steady-state
waveforms at full load. These demonstrate the working principle
of the proposed SEEC DAB. It is clear that the experimental
waveforms coincide with the theoretical analysis pretty well.

The ZVS experimental waveforms of switches are shown in
Figs. 14 and 15. Compared to heavy load, it is most difficult to
achieve ZVS under light load. Meanwhile, compared with the
top switch Q1a of LVS and the bottom switch Q2 of LVS, S1 of
HVS are more difficult to realize ZVS. Consequently, Fig. 14 il-
lustrates the ZVS experimental waveforms of the bottom switch
Q2 of LVS and switch S1 of HVS under different voltages at
light load. The results show that ZVS can be achieved despite
the voltage fluctuations at light load. Fig. 15 illustrates the ZVS
experimental waveforms of the bottom switch Q2 of LVS and
S1 of HVS at different voltages at full load. It can be seen that
ZVS can be achieved when input voltage changes.

In order to verify the unbalance current suppression perfor-
mance of SEEC structure, Fig. 16 shows unbalanced current
suppression waveforms under different input voltages and dif-
ferent loads of SEEC in the SEEC DAB converter. It should
be noted that a 15% difference between the two inductor values
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Fig. 15. Soft-switching waveforms of switches with full load. (a) Q2 when
VL = 18 V. (b) S1 when VL = 18 V. (c) Q2 when VL = 36 V. (d) S1 when VL

= 36 V.

Fig. 16. Unbalanced current suppression performance with SEEC. (a) Light
load when VL = 18 V. (b) Light load when VL = 36 V. (c) Full load when VL

= 18 V. (d) Full load when VL = 36 V.

TABLE V
CURRENT RIPPLE OF SEEC DAB CONVERTER

(La andLb). For instance, in operation mode 1 under a light load
with VL = 18V, as shown in Fig. 16(a), the difference between
two current ripples Δi1 and Δi2 of the two outer leg windings is
only 1.3 A with the SEEC structure. Therefore, the suppression
rate of the unbalance current is effectively improved with the
SEEC structure. All current ripple values for different operation
modes are given in Table V. The suppression rates of other modes
of unbalance current are similar to that of mode 1, as shown in
Fig. 16(b), (c), and (d). It can be seen that, regardless of the
load, the SEEC structure provides excellent unbalanced current
suppression performance between the two outer legs windings.

Fig. 17. Load-step experiment result. (a) Full load to half load when VL =
27 V. (b) Half load to full load when VL = 27 V.

Fig. 18. Efficiency comparisons between the proposed SEEC DAB and CF
DAB at different voltages and different loads.

Fig. 19. Thermal distribution of the SEEC structure.

Fig. 17 illustrates the load-step experimental results of the
proposed SEEC DAB converter with VL = 27V. Fig. 17(a)
shows the load-step from full load to half load, and Fig. 17(b)
shows the load-step from half load to full load, VH can both
keep stable and can both return to the steady-state value within
20 ms.

Fig. 18 shows the measured efficiency at different loads and
different voltages. In order to verify the effectiveness of the
SEEC DAB, the discrete magnetic case of CF-DAB is also
measured. The overall conversion efficiency is high, and the
highest efficiency of the SEEC DAB reaches 95.9%. The pro-
posed SEEC DAB achieves 2.14% higher efficiency than the
discrete magnetic elements of CF DAB with the same magnetic
material. The power loss at light load can be reduced for SEEC
DAB, because the core loss makes up the majority of the total
loss when converter operates at light load condition.

Fig. 19 shows the thermal distribution of the SEEC structure.
The prototype is operated at an ambient temperature of about
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24 °C with a fan (speed 2500 r/min, air flow 25 CFM) for 1 hour
until the temperature stabilizes. As seen, the temperature of the
EE core is about 42 °C. And the highest temperature of core is
49.1 °C, which conforms to the design specifications.

V. CONCLUSION

In this article, a SEEC magnetic integrated structure is pro-
posed. Compared with discrete magnetic components of CF
DAB converter, two dc inductors, one leakage inductance and
one high frequency transformer are integrated into a single stan-
dard EE core. The equivalent relationship between the proposed
SEEC model and the extended cantilever model of three-ports
transformer is analyzed in detail, the parameters of inductances
and turns ratio can be controlled flexibly by adjusting wind-
ing turns and air gap length of the SEEC. Meanwhile, the
unbalanced current suppression performance of the paralleled
branch is improved due to the natural negative coupling between
the two outer leg windings of the SEEC. Furthermore, based
on the SEEC structure, a SEEC DAB converter is derived.
The proposed SEEC DAB converter can realize ZVS for all
switches in the full load range under the condition of wide input
voltage variation with the adopted PWM modulation, similar
to the TWCI DAB converter. In addition, a comparison of the
design parameters and loss breakdown between the CF DAB
converter and the SEEC DAB converter shows that the SEEC
DAB achieves higher power density and significantly reduced
losses. Finally, an FEA simulation model and an 18–36 V/240 V
1 kW SEEC DAB prototype are built, and experimental results
confirm the effectiveness of the proposed solution.
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