
 

  

 

Aalborg Universitet

Three Winding Coupled Inductor-Based Dual Active Bridge DC-DC Converter With Full
Load Range ZVS Under Wide Voltage Range

Han, Hua; Guo, Jing; Xu, Guo; Xu, Jingtao; Liu, Dong; Su, Mei

Published in:
IEEE Transactions on Industrial Electronics

DOI (link to publication from Publisher):
10.1109/TIE.2021.3097612

Publication date:
2022

Document Version
Accepted author manuscript, peer reviewed version

Link to publication from Aalborg University

Citation for published version (APA):
Han, H., Guo, J., Xu, G., Xu, J., Liu, D., & Su, M. (2022). Three Winding Coupled Inductor-Based Dual Active
Bridge DC-DC Converter With Full Load Range ZVS Under Wide Voltage Range. IEEE Transactions on
Industrial Electronics, 69(7), 6935-6947. Article 9492852. https://doi.org/10.1109/TIE.2021.3097612

General rights
Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or other copyright owners
and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with these rights.

            - Users may download and print one copy of any publication from the public portal for the purpose of private study or research.
            - You may not further distribute the material or use it for any profit-making activity or commercial gain
            - You may freely distribute the URL identifying the publication in the public portal -
Take down policy
If you believe that this document breaches copyright please contact us at vbn@aub.aau.dk providing details, and we will remove access to
the work immediately and investigate your claim.

https://doi.org/10.1109/TIE.2021.3097612
https://vbn.aau.dk/en/publications/fbcb6a7f-83cd-44f8-a0d3-2cd0bfb2c5bd
https://doi.org/10.1109/TIE.2021.3097612


0278-0046 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2021.3097612, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 

  
Abstract—In this paper, a three-winding-coupled 

-inductor-based dual active bridge (TWCI DAB) DC-DC 
converter is proposed. Similar to the current-fed DAB 
converter, the proposed TWCI DAB has small input current 
ripple and wide input voltage range. In addition, the 
zero-voltage-switching (ZVS) of all switches in the full load 
range under wide input voltage variation can be realized. 
With the magnetic integration structure, the size of the total 
magnetics can be reduced, and the efficiency is also 
increased compared with the discrete magnetic case. To 
better analyze the working principle of the three-winding 
-coupled-inductor, a general analysis method based on 
magnetic reluctance model is firstly introduced to obtain 
the expressions of high frequency current. Furthermore, 
ZVS analysis and inductor design to obtain low inductor 
root mean square (RMS) current and full load range ZVS 
based on the ZVS conditions, maximum power transfer and 
RMS current are presented. Finally, the validity of the 
proposed topology and design are verified by experimental 
results from a 1-kW laboratory prototype.  
 

Index Terms—Dual active bridge, three-winding-coupled 
-inductor, wide voltage gain range, zero voltage switching. 

I. INTRODUCTION 
idirectional DC-DC converters are widely used in energy 
storage systems, electric vehicles and distributed 

renewable energy power generation systems as a power link 
between batteries and high voltage bus [1], [2]. Although the 
non-isolated buck/boost converter is simple in structure [3], it is 
unsuitable for high voltage gain applications due to limited 
voltage conversion gain. Isolated bidirectional DC-DC 
converter with high frequency has been widely used due to its 
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flexible voltage gain. Among them, dual active bridge (DAB) is 
a typical solution for bidirectional DC-DC converter [4] [5]. 
The topology of DAB converter mainly includes voltage-fed 
(VF) DAB and current-fed (CF) DAB. 

For VF-DAB, in order to reduce the circulation loss, increase 
the voltage gain and extend the zero-voltage-switching (ZVS) 
range, various improvements of modulation strategies [6], [7] 
and topologies [8]-[10] have been proposed. However, for 
VF-DAB, it is difficult to achieve full load range soft-switching 
under wide voltage range application. Moreover, in battery 
charging application, during charging and discharging, voltage 
fluctuates in a very wide range, and the current ripple of 
VF-DAB port is relatively large, which may have impact on 
battery life [11]. For the purpose of facing with wide voltage 
range and reducing current fluctuations, the current-fed 
bidirectional DC-DC converter is an appropriate choice 
[12]-[18]. 

A current-fed bidirectional DC-DC topology with 
two-half-bridge using single phase shift (SPS) modulation was 
proposed in [13]. The low voltage side of the converter can be 
equivalent to the boost circuit, so it has the advantages of high 
voltage gain and small current ripple. However, due to the half 
bridge structure, the current stresses of the low voltage side 
switches are relatively large. The buck/boost converter and 
DAB converter are combined to form a staggered structure by 
sharing some switches to handle high current [14]. At the same 
time, the staggered structure of the current-fed dual active 
bridge (CF-DAB) DC-DC converter can significantly reduce 
the current ripple [15]. However, when the voltage conversion 
ratio changes, the circulation loss is relatively high. In order to 
reduce the circulation loss, a natural clamp current-fed 
converter is proposed to improve the topology [16]. But for low 
voltage side switches, ZVS may be lost. Another idea is to 
improve the modulation strategy, using pulse width modulation 
(PWM) plus phase shift control (PPS) [17], gaining low root 
mean square (RMS) current and wide ZVS range. In order to 
further reduce the circulation current, PWM plus dual phase 
shift (PDPS) control [18], [19] and dual PWM plus phase shift 
(DPPS) control [12] were proposed. Basically, these controls 
utilize more control degrees of freedom to obtain better 
performance, which makes the modulation more complex. 

In CF-DAB, although the improved modulation strategies 
and topologies can improve the performance. However, the 
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dual boost topology in the above-mentioned CF-DAB has two 
DC inductors, one leakage inductor and a transformer, which 
would increase the number of magnetic elements, thus 
increasing the occupying volume and related loss. In [20] and 
[21], the two DC inductors on the LVS are coupled and 
integrated. The power density has been improved to a certain 
extent. However, the design of coupled inductors is not 
discussed. The high voltage gain ratio can be obtained with 
series connection of the outputs of an interleaved bidirectional 
buck-boost converter and a dual-active half-bridge converter, 
using the windings of a coupled inductor [22]-[24]. However, 
the advantages of using a coupled inductor in such topologies 
are not clearly articulated. Adding another transformer can 
extend the conversion gain as well [19] by using fewer switches. 
In addition, coupled inductors are used in some VF-DAB 
literatures to reduce the number of magnetic elements and 
increase the power density [25]-[27]. For input-parallel-output 
-parallel connected DAB in [25], [26], the high-frequency link 
of paralleled converters is connected by a coupled inductor, 
which helps suppress the unbalanced current. A coupled 
inductor is integrated into two LVS full bridges for ZVS 
operation throughout full-load range [27]. However, the 
coupled inductors are only used to integrate the DC inductors 
[20], [21] or worked as transformer [19], [22]-[24] of CF-DAB 
or used to integrate the leakage inductors [25]-[27] of parallel 
VF-DAB converters. This means that magnetic integration is 
only applied to part of the magnetic elements in the converter. 
Though, the power density is improved, the overall integration 
of converter is still low. In order to further reduce the number of 
magnetic elements and improve the power density, reference 
can be made to other magnetic integration design methods that 
has been adopted to other types of converters [28]-[33].  

For interleaved buck/boost converter [29] and single-phase 
high step-up/step-down buck/boost converter [30], coupled 
inductor was adopted to effectively reduce the loss of magnetic 
core and improve the efficiency and power density. In addition 
to the use of standard E magnetic cores for inductor coupling in 
some converters, a new structure of coupled inductor magnetic 
cores was studied [31], which is more uniform in magnetic flux 
and heat distribution as well as can improve the efficiency. For 
current-doubler rectifier circuit, the magnetic integration 
structure proposed in [32] is the earliest inductor and 
transformer integration. However, due to the existence of the 
windings of transformer secondary side, the copper loss of 
integrated magnetic is relatively large. On this basis, the source 
shifting equivalent method is used to split the secondary side 
windings of the transformer into two outer legs, and the shared 
windings with the two inductors can effectively reduce copper 
loss and achieve a more compact and efficient design [33].  

In this paper, a new three-winding-coupled-inductor-based 
dual active bridge (TWCI DAB) DC-DC converter is proposed. 
The proposed solution has the following advantages. 

a) The proposed TWCI DAB has similar performance to the 
CF-DAB with small input current ripple and wide voltage range. 
In addition, the integrated magnetic structure can significantly 
improve the power density and efficiency.  

b) The proposed TWCI DAB can realize ZVS of all switches 
in the full load range under the condition of wide input voltage 
variation with the adopted PWM modulation. In addition, all 
the working modes are analyzed based on the integrated 
magnetic reluctance model, and a general analysis method of 
TWCI is provided. 

c) Based on the analysis of working modes of the proposed 
TWCI DAB, mathematical expressions of the ZVS conditions 
for all switches are derived, and parameters optimization design 
for achieving full load range ZVS are discussed. It should be 
noted that, unlike the previous studies, the RMS current, ZVS 
ranges and maximum power transfer capability are all 
considered for the inductors design.  

The rest of this article is organized as follows. The working 
principle and working modes analysis are descripted in Section 
Ⅱ. In Section Ⅲ, power characteristic and soft-switching 
conditions are discussed in detail. The parameters optimization 
design of the inductors, magnetic flux and comparative analysis 
of magnetics design are shown in Section Ⅳ. Section Ⅴ 
presents the system parameters design. Section Ⅵ illustrates 
the experimental results to verify the effectiveness of the 
proposed solution. Section Ⅶ provides the conclusions. 

II. OPERATION PRINCIPLE 
The topology of TWCI DAB converter is depicted in Fig.1. 

In the low voltage side (LVS), VL represents the wide range 
voltage. Cc is the clamping capacitor. N1 and N2 are turns 
number of the two LVS windings of coupled inductors, 
respectively. And Ns is the turns number of high voltage side 
(HVS) winding. The inductor Lrs denotes the leakage inductor 
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Fig.1. The topology of proposed TWCI DAB. 
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Fig.2. Steady-state waveforms for proposed TWCI DAB in boost 
mode. (Interval A: φ ∈ [(2d-1) π, π]). 
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on the secondary side of the TWCI. C is the HVS filter 
capacitor. The converter works in the boost mode as the power 
flows from the LVS to the HVS; otherwise, it works in the buck 
mode. 

Fig.2 shows PWM modulation signals and the steady-state 
waveforms of the converter operating in boost mode. The boost 
mode is mainly analyzed since the working principles of the 
two modes are symmetrical. The duty ratio d of the switches Q1 
and Q2 makes the voltage clamp of clamping capacitor Cc to be 
VCc. vabs is an induced electromotive force generated by vab. 
S1-S4 are driven by pulse signals with 50% duty cycles. And the 
phase-shift control is applied between the LVS and the HVS.  

To analyze the TWCI magnetic technique, the magnetic 
reluctance model of TWCI is shown in the Fig.3.  

The core reluctance is ignored since it is rather small 
compared with the air gap, R1 and R2 are the air gap reluctances 
of two outer legs respectively. In this paper, it is designed that 
N1 = N2 = Np and R1 = R2 = Rp in order to simplify the working 
modes and analysis. Np is the turns of the LVS winding, and Rp 
is the reluctance. According to the superposition theorem, the 
magnetic flux in each core leg is derived as 

 
( )
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p a s Lrs
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p a b s Lrs
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s Lrs p b
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According to Faraday's law of electromagnetic induction, the 
voltages of the three windings can be written as 

 1 2
1 2, , c

ae be abs s
d d dv N v N v N
dt dt dt
φ φ φ= − = − =  (2) 

At the same time, according to the relationship between the 
slope of the leakage inductor current and the voltage across the 
leakage inductor, vabs can be written as 

 Lrs
abs rs cd

div L v
dt

= +  (3) 

The circuit working modes are shown in Fig.4, and the 
detailed circuit analysis is as follows.  

Stage 1 (before t0): During this stage, Q1, Q2a, S2 and S3 are 
turned on as shown in Fig.4 (a). The N1, N2, Ns windings are all 
conducted. Consequently, vae and vbe, which are the voltages 
across N1 and N2 respectively, and the mid-point voltage vcd of 
the two arms of the HVS are expressed as 
 , ,ae L be Cc L cd Hv V v V V v V= − = − = −  (4) 

Then, according to Faraday's Law, the relation between the 
voltages and the magnetic flux of the TWCI can be obtained as 
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According to (1) and (5), the current slope of three windings 
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Fig.3. Magnetic reluctance model of TWCI. 
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Fig.4. Operation modes of the converter in the boost mode. (a) Before 
t0. (b) t0-t1. (c) t1-t2. (d) t2-t3. (e) t3-t4. (f) t4-t5. (g) t5-t6. 
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and vabs can respectively be derived as 

 
( )

2

2

2

2

Cc s p s H rs p La

rs p

p H s CcLrs

rs p

Cc s p s H rs p L p Ccb
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s
abs Cc

p
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dt L N
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=


 − =
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
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


= −
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 (6) 

Stage 2 (t0- t1): At t0, Q2a is turned off. At this time, ib charges 
C2a and discharges C2 until the body diode of Q2 is conducted. It 
can be deduced that the condition for Q2 to achieve ZVS 
conduction is ib (t0) < 0. 

Stage 3 (t1-t2): At t1, Q2 is turned on under ZVS. Therefore, 
vae, vbe and vcd are expressed as 
 , ,ae L be L cd Hv V v V v V= − = − = −  (7) 

Similarly, the current slope and vabs can be written as 

 

2

2

0

p s H rs p La

rs p

Lrs H
abs
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p s H rs p Lb
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dt L N

 − +
=


 = =

 +
 =


，  (8) 

Stage 4 (t2-t3): Q1 is turned off at t2. ia charges C1 and 
discharges C1a until the body diode of Q1a is conducted. It can 
be deduced that the condition for Q1a to achieve ZVS 
conduction is ia (t2) > 0. 

Stage 5 (t3-t4): At t3, Q1a is turned on under ZVS. At this stage, 
vae, vbe and vcd are expressed as 
 , ,ae Cc L be L cd Hv V V v V v V= − = − = −  (9) 

Likewise, the current slope and vabs can be calculated as  

 

( )2

2

2

2

,

s Cc p s H rs p L p Cca

rs p

p H s CcLrs s
abs Cc

rs p p

s Cc p s H rs p Lb

rs p

N V N N V L R V R Vdi
dt L N

N V N Vdi Nv V
dt L N N

N V N N V L R Vdi
dt L N

 − − + −
 =

 + = =

 + + =


 

  (10) 
Stage 6 (t4-t5): At time t4, S2 and S3 are turned off. The 

leakage inductor current charges Cs2 and Cs3 and discharges Cs1 
and Cs4 until the body diodes of S1 and S4 are conducted. The 
condition for S1 and S4 to achieve ZVS is iLrs (t4) > 0. 

Stage 7 (t5-t6): At time t5, S1 and S4 are turned on under ZVS. 
Accordingly, vae, vbe and vcd are expressed as 
 , ,ae Cc L be L cd Hv V V v V v V= − = − =  (11) 

Correspondingly, the current slope and vabs can be written as 
(12). 

The previous analysis provides a general analysis method of 
TWCI based on magnetic reluctance model. The current slope 
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 (12) 

in each mode can be obtained, which is an important basis for 
analysis of power characteristics and ZVS. 

III. POWER CHARACTERISTICS AND ZVS ANALYSIS 

A、 Transmission Power with PPS Control 
As Fig.2 shown, the phase shift angle between the rising 

edge of vabs and vcd is defined as φ. The total volt-seconds 
applied to the N1 or N2 winding of LVS over one switching 
period are  
 ( )( )1 0L L CcV d V V d− + − + − =  (13) 

Consequently, the duty cycle of Q1 and Q2 is given by  

 1 L

Cc

Vd
V

= −  (14) 

where VCc is the voltage across the clamping capacitor Cc and is 
a fixed value. 

VCc is controlled to match the output voltage, and current 
slope of leakage inductor is zero during the power transmission 
stage 1 and 7. The turns number relationship of the TWCI can 
be obtained as 

 p Cc

s H

N V
N V

=  (15) 

Through integration of the transformer voltage and current 
under PPS control, the power can be calculated as  

( ) ( ) ( )
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  (16)  
Fig.5 illustrates the relationship between transmission power 
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and phase shift angle under PPS control. Under different 
voltages VL, when the voltage matches and the phase shift angle 
φ range is [0, 0.5π], the transmission power increases 
monotonically as the phase shift angle increases.  

B、 ZVS Range Analysis 
Based on mode analysis and calculation of instantaneous 

current, the current limit for charging/discharging the junction 
capacitor C2a/C2 to achieve ZVS of Q1 and Q2 is written as 
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  (17) 
The current limit for charging/discharging the junction 

capacitor C1a/C1 to achieve ZVS of Q1a and Q2a can be obtained 
in the same way, which is written as 
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  (18) 
And the ZVS current limit for charging/discharging the 

junction capacitor of all the HVS switches is written as  
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  (19) 
From (17) - (19) of the ZVS analysis above, it can be seen 

that after the specification parameters are determined, such as 
transmission power and winding turns ratio, etc., the ZVS of the 
converter switches are only related to Np

2/Rp and leakage 
inductor Lrs. To make the expression simple, it is defined that 
Leq = Np

2/Rp. 

IV. DESIGN CONSIDERATIONS 

A、 ZVS Design Related to Leq and Leakage Inductor 
In this section, the parameter considerations for Leq and 

leakage inductor Lrs are discussed with the goal of achieving 
full load range ZVS. The related parameters are: VL = 18~36V, 
VH = 360V, PN = 1kW. According to (14), the duty cycle range 
is 0.5~0.75.  

According to the ZVS current limit formula of each switch, 

Fig.6 (a) and (b) show ZVS of the LVS switches Q1 and Q2 at 
different d. When d is equal to 0.5, from no load to the rated 
power point PN, the current is less than zero; when d is equal to 
0.75, the current is less than zero from no load to PN. 
Consequently, despite the change in d and leakage inductor 
value Lrs, within the range of [2µH, 10µH] for the equivalent 
inductors Leq of outer legs, the current value IZVS_Q1&Q2 is always 
less than zero. It means that the ZVS of the LVS switches Q1 
and Q2 can be achieved in the full load range with different Leq. 
Similarly, Fig.6 (c), (d), (e) and (f) show that ZVS of other 
switches can also be realized within the full load range. 
Therefore, the appropriate value range of Leq and leakage 
inductor Lrs can be preliminarily selected by ZVS design. 
However, the inductor RMS current should also be considered 
to achieve a smaller inductor loss.  

B、 Inductor RMS Current Design Considerations 
In this section, the design considerations for leakage inductor 

Lrs and Leq are discussed with the goal of obtaining low RMS 
current. 

For the leakage inductor design, from the relationship 
between the transmission power and the phase shift angle φ in 
Fig.4, when the phase shift angle φ = 0.5π, the relationship 
between the transmission power versus the leakage inductor Lrs 
and the duty cycle is written as (20). 

Fig.7 shows that the corresponding leakage inductor is 
different under different d when the rated power is transmitted. 
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Fig.6. ZVS of switches. (a): Q1&Q2 when VL = 36V. (b): Q1&Q2 when VL 
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18~36V, VH = 360V, PN = 1kW).
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Consequently, taking Fig.7 as an example, Lrs ≤ 54μH should be 
satisfied to achieve maximum power transfer at the extremely 
case.  

Under rated power PN, the RMS current of the leakage 
inductor can be calculated as (21).  

Leq is the equivalent inductor, but its physical meaning is 
uncertain. To deal with this, the study finds that when the 
TWCI meets certain conditions, it can be completely equivalent 
to the discrete structure of two DC inductors plus a transformer. 
The detailed analysis is as follows: it is assumed that the 
leakage flux through the air is negligible, through the dual 
transformation method [34], that is, according to the reluctance 
model of the TWCI shown in Fig.3, the dual transformation is 
performed to derive the equivalent circuit of the magnet circuit 
model as shown in Fig.8. And the inductor parameters of the 
equivalent circuit can be written as 
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Fig.9 illustrates the curves for the inductor RMS current. Fig. 
9(a) illustrates the relationship between the leakage inductor 
RMS current and the voltage for different leakage inductances. 
When the leakage inductance Lrs is equal to 18μH, the RMS 
current increases significantly if the voltage is low; when Lrs is 

larger than 50μH, the leakage currents change slightly. As can 
be seen, the RMS current decreases with the value of leakage 
inductance increases near VL = 18 to 33V. However, the trend 
of leakage inductor RMS current is opposite near VL = 33 to 
36V. That is the RMS current increases with the leakage 
inductance increases. Considering that more windings will be 
needed to increase the inductance, the leakage inductance is 
designed to be 36μH to make a tradeoff between RMS current 
and copper loss.  

Based the transferred power, the Leq (DC inductor) value is 
around 10μH when the current ripple is set as 15% of rated 
average current according to the general engineering design. 
And when the ripple is 100%, the Leq value is around 2μH. 
Consequently, Fig.9 (b) illustrates the RMS current curves of 
the outer-leg windings when Leq changes from 2μH to 10μH. 
Similar to leakage inductor, considering the magnetic loss of 
the outer legs and the RMS current, Leq = 6μH is finally selected 
for the equivalent inductor of the two outer legs.  
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C、 TWCI Design Considerations 
The physical topology of TWCI is shown in Fig.10. The 

standard EE cores and the Litz wire windings constitute the 
TWCI structure. According to Fig.8, the two windings on the 
outer legs function as the equivalent inductors as well as the 
transformer primary. It can not only reduce the volume of the 
magnetic element, but also reduce the input current ripple. The 
winding of the center leg can be used as the transformer 
secondary winding.  

Different TWCI structures will produce different inherent 
leakage inductance. The structure A of TWCI is shown in 
Fig.11(a). Since the windings are all separated, it will produce a 
large leakage inductance, and reduce the maximum 
transmission power of the converter. In order to reduce the 
leakage inductance, according to source transfer equivalent 
transformation method, the center leg winding can be split into 
two outer leg windings, forming the structure B of TWCI, as 
Fig.11(b) shown.  

By the measurement of impedance analyzer, the leakage 
inductance parameters of structure A and structure B of TWCI 
are shown in Table Ⅰ.  

It can be seen that the leakage inductance of the TWCI with 
winding interleaving structure can be effectively reduced. In 
order to decrease the leakage inductance, the structure B is 

finally selected for the prototype in this manuscript.  
Then, the required leakage inductance is obtained by series 

connection of an external inductor, that is the leakage 
inductance Lrs_TWCI of the TWCI is compensated by an external 
series inductance Lrs_series to realize the required leakage 
inductance Lrs, as Fig.12 shows.  

It should be noted that the TWCI central leg does not need 
the air gap to achieve decoupled-integration of the two outer leg 
windings. Meanwhile, dc component of the flux is eliminated in 
the center leg, and the magnetic loss can be eliminated. For the 
proposed TWCI, parameters including the core reluctance Rp 
and the numbers of turns of the windings Np, Ns need to be 
determined. The detailed design process of TWCI is as follows. 

In order to limit the core loss of a specified material, the 
maximum flux density change of the core is set as 150mT. And 
then the turns number Np (N1 = N2 = Np) of the two LVS 
windings of TWCI can be calculated as  
 L s

P
e

dV TN
BA

=
Δ

 (23) 

where ∆B is the change of the magnetic flux density, Ae is the 
cross-sectional area of the two outer legs of EE42 cores, and d 
is the duty cycle. And according to (15), the turns number Ns of 
the HVS winding of TWCI can be obtained. 

The self-inductances of two outer legs of TWCI are DC 
equivalent inductances Leq, and Leq = 6µH has been designed to 
obtain low RMS current. According to the (22), the air gap 
reluctances of two outer legs can be derived, and the air gap 
length of two outer legs can be written as  
 0gp p el R Aμ=  (24) 
where μ0 is space permeability. 

According to the magnetic flux expression (1), the magnetic 
flux waveforms can be obtained, as shown in Fig.13.  

And the flux densities in each core leg are estimated as 

 
( )

1
1

2
2

2

p a s Lrs

P e

p a b s Lrs
c

P ec

s Lrs p b

P e

N i N i
B

R A
N i i N i

B
R A

N i N i
B

R A

+
=


 − − − =

 − +
 =


 (25) 

where Ae1, Ae2 and Aec are cross-sectional areas of the two outer 
legs and the center post respectively.  
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Fig.10. Physical topology of TWCI using EE cores. 
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Fig.11. Different structures of TWCI. (a) Structure A of TWCI. (b) 
Structure B of TWCI.  

TABLE Ⅰ. 
MEASURED LEAKAGE INDUCTANCE OF DIFFERENT STRUCTURES OF 

TWCI 
Item leakage inductance 

Structure A (μH) 41.6 
Structure B (μH) 11.2 

=

Lrs_TWCI Lrs_series

Lrs  
Fig.12. The diagram of external series leakage inductor. 
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D、 Design and Loss Breakdown Comparison Between 
TWCI DAB and CF-DAB 

Fig.8 (b) describes the structure of discrete magnetic parts 
with two inductors and a transformer. The parameters for 
comparisons of TWCI and discrete magnetics are shown in 
Table Ⅱ. As previously discussed, N1 = N2, and R1 = R2 are 
adopted for the TWCI. The core type is selected to ensure that 
the change of magnetic flux density to be the same. The 
proposed TWCI using a single EE42 can reduce the magnetic 
core occupied volume and achieve a higher power density 
compared with the two UF25 boost DC inductors and one EE42 
transformer in the CF-DAB.  

The loss breakdown comparisons between the discrete 
magnetics case of CF-DAB and the proposed TWCI DAB at 
different VL (VL = 18V, 27V and 36V) and different loads (P = 
100W and 1000W) are shown in Fig.14. PTWCI_DAB and PCF-DAB 
are total losses of TWCI DAB converter and CF-DAB 
converter, respectively. PTWCI_copper and PTWCI_core are copper 
loss and core loss of the TWCI DAB converter, respectively. 

And PTWCI_Lrs_copper and PTWCI_Lrs_core are copper loss and core 
loss of the leakage inductor in TWCI DAB converter, 
respectively. PLdc_copper and PLdc_core are copper loss and core 
loss of the two DC inductors in CF-DAB converter, 
respectively. PT_copper and PT_core are copper loss and core loss of 
the transformer in CF-DAB converter, respectively. And 
PLrs_copper and PLrs_core are copper loss and core loss of the 
leakage inductor in CF-DAB converter, respectively. Pturn-on 
and Pturn-off are turn-on loss and turn-off loss of all the switches, 
respectively. And 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 antiparallel diode is ignored in this paper to simplify the 
analysis. Except for the difference of two DC inductors and 
transformers, other experimental parameters are the same, such 
as MOSFETs, PCB circuit boards, etc. In TWCI DAB, all the 
MOSFETs are turned on with ZVS. Hence, the turn-on losses 
are zero. The total losses consist of four parts, namely driving 
loss, switches loss, external inductor loss, and TWCI loss. As 
Fig.14(a) shown, when the converter works at VL = 18V and 
light load (100W), the total loss of CF-DAB is higher than that 
of the proposed TWCI DAB about 6W, which is mainly caused 
by hard turning off loss, leading to low efficiency at light load. 
When VL = 36V, the difference is reduced to 3W. As the input 
voltage increases, the current decreases, then the turn-off loss 
and the copper loss of the magnetic elements decrease. As 
Fig.14(b) shown, when the converter works at VL = 18V and 
heavy load condition (1000W), the power loss with the 
proposed CF-DAB is higher than that of TWCI DAB about 
6.6W, which is mainly caused by the increased core and copper 
losses. Based on the theory of Steinmetz Equation [35], the 
product of the magnetic loss density of each leg and the 
effective volume is used to obtain the magnetic core loss of 
TWCI.  

At low input voltages condition, the conduction time and 
input current increases as the input voltage decreases. The 
corresponding switching loss and magnetic element loss 
increase. Magnetic element loss and hard turn off loss dominate 
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Fig.13. The magnetic flux waveforms of the TWCI. 

TABLE Ⅱ.  
COMPARISON OF DIFFERENT MAGNETIC PARTS DESIGNS 

Magnetic category 
discrete magnetics 

TWCI DAB transformer 
design 

2×inductor 
design 

Core material Mn-Zn power ferrite DMR40 
Core model EE42 UF25 EE42 

Length (mm) 42 2×25 42 
Width (mm) 20 2×13 20 
Height (mm) 42 2×40 42 

Magnetic flux density 
change (T) ΔB=0.15 Bmax=0.39 

(ΔB=0.158) ΔB=0.15 

Effective Ve (mm^3) 22601 2×9264.4 22601 
Effective Ae (mm^2) 233 106 233 

Turns N1:N2=5:25 2×5 Np:Ns=5:25 
Wire diameter (mm) d = 0.1 

Window factor 0.197 0.15 0.246 
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Fig.14. Loss breakdown at different VL and different loads. (a) at light load (P = 100W). (b) at full load. (P = 1000W). 

Authorized licensed use limited to: Aalborg Universitetsbibliotek. Downloaded on July 27,2021 at 05:50:49 UTC from IEEE Xplore.  Restrictions apply. 



0278-0046 (c) 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TIE.2021.3097612, IEEE
Transactions on Industrial Electronics

IEEE TRANSACTIONS ON INDUSTRIAL ELECTRONICS 

 
at light loads, leading to low efficiency at light load. As can be 
seen, the total loss of the integrated magnetic TWCI is reduced 
according to Fig.14. Therefore, TWCI DAB efficiency is 
higher than CF-DAB.  

In addition to the benefits of easy to manufacture and leakage 
inductance reduction, the proposed TWCI can be modeled and 
analyzed directly with combination of the magnetic circuit and 
the electrical circuit, which can simplify the analysis process 
compared with analyzing them separately. On this basis, a 
general analysis method of TWCI is provided. In addition, 
according to Table Ⅱ, when transmitting the same power, the 
power density of TWCI DAB can also be increased due to the 
reduction of core number and volume. Furthermore, efficiency 
of TWCI DAB is higher than CF-DAB with discrete magnetics 
according to the loss breakdown.  

V. SUBMISSION OF FINAL MANUSCRIPT 
In order to verify the effectiveness of the design method, a 

1kW experimental prototype is built. And the experimental 
prototype is shown in Fig.15. The system specifications are 
illustrated in TABLE Ⅲ. All the design parameters are 
designed taking into consideration the safe operation of 
converter for highest LVS current, i.e.,18V LVS voltage and 
1kW output power.  

A、 Equivalent Inductance Leq Design  
In practice, the first consideration of the equivalent 

inductance Leq is the ZVS performance of the LVS switches. 
According to Fig.6 (a), (b), (c) and (d), the appropriate value 
range [2μH, 10μH] of Leq can be preliminarily selected. On the 
other hand, the RMS current should be discussed based on the 
allowed current ripple to obtain the optimized inductance Leq. 
Taking the ZVS design of the LVS switches, current ripple and 
RMS current into consideration, Leq is designed to be 6μH.  

B、 Turns Ratio of TWCI Design 

The turns ratio of TWCI should be designed to ensure the 
voltage matching control, that is the voltage of clamping 
capacitor VCc matches the output voltage VH. The clamping 
voltage VCc = 72V and the output voltage VH = 360V. 
According to (15), the turns ratio of TWCI is n = Ns/Np = VH 
/VCc = 5. 

C、 Leakage Inductance Lrs Design 
The ZVS performance of the HVS switches is affected by the 

value of the leakage inductance Lrs. According to Fig.6 (e) and 
(f), the appropriate value range [18μH, 54μH] of Lrs can be 
preliminarily selected. In addition, the leakage inductor is 
closely related to the output power. Thus, Lrs ≤ 54μH should be 
satisfied to achieve maximum power transfer form Fig.7. Besides, 
the optimized leakage inductor is designed by the tradeoff between 
RMS current and copper loss based on the analysis of RMS current 
from Fig.9 (a). Based on considering the ZVS range, maximum 
power transfer capability and the RMS current, the leakage 
inductance Lrs = 36μH is finally selected. 

D、 Clamping Capacitor Selection 
The selection of the clamping capacitor Cc should ensure that 

the voltage ripple across Cc is confined within an allowed range. 
Due to the complementary of the LVS modulation, only half a 
switching cycle [t0, t6) is analyzed. The clamping voltage vCc(t) 
can be calculated by  

 ( ) ( ) ( )
3

3
1 t

Cc a Cct
c

v t i t dt v t
C

= +  (26) 

The current ia will charge/discharge Cc. During [t3, t4), ia is 
larger than zero, so Cc will be charged and vCc will rise; while 
during (t4, t6), ia is smaller than zero, so Cc is discharged and vCc 
will fall. So, the maximum of vCc is at t4, and minimum one is 
either at t3 or t6. So the voltage ripple ∆VCc across Cc can be 
illustrated as  
 ( ) ( ) ( ){ }4 3 6min ,Cc Cc Cc CcV v t v t v tΔ = −  (27) 

∆VCc is designed to satisfy the following criteria: 
 / 1%Cc CcV VΔ ≤  (28) 

Calculation for the case of 18V input and 1kW load, the 
critical value for Cc can be obtained 
 42.3cC ≥ μF (29) 

A near 40% margin is designed. Thus, the clamping 
capacitor is selected to be 60μF. 

E、 Switches Selection 
Considering the maximum voltage across the LVS switches 

VQ1_Q1a_Q2_Q2a is the clamping voltage VCc, that is VQ1_Q1a_Q2_Q2a 
= 72V. And the maximum voltage across the HVS switches 
VS1_S2_S3_S4 is the output voltage VH, that is VS1_S2_S3_S4 = 360V. 
The current stresses of LVS switches IQ1 = ia(t1) = 60.67A. And 
the current stresses of HVS switches IS1 = iLrs(t5) = 10.71A. 
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 
HVS switches. 

 
Fig.15. The experimental prototype.  

TABLE Ⅲ. 
 SYSTEM SPECIFICATIONS 

P 1kW Lrs 36μH 
f 150kHz Leq 6μH 

VL 18~36V n 5 
VH 360V Cc 60μF 

Q1,Q2,Q1a,Q2a IPP023N10N5 S1-S4 UJ3C065030K3S 
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VI. EXPERIMENTAL RESULTS 

Fig.16 shows the steady-state waveforms of the proposed 
TWCI DAB in boost mode under different voltages and loads. 
As shown, vab, vcd, VH, iLrs are the voltages and current of the 
proposed TWCI DAB, as described in Fig.1. Fig.16 (a) - (c) 
describe the steady-state waveforms at light load with VL = 18, 
27, 36V, respectively. The corresponding duty cycle of Fig.16 
(a) - (c) is d = 0.75, = 0.625, and = 0.5, respectively. It is seen 
that the pulse width of the midpoint voltage vcd between 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 a SPS controlled converter. In addition, vcd 
lags behind vab in phase to adjust the power among all 
waveforms. Meanwhile, the current slope is zero when both vab 

and vcd have been regulated to be stabilized values with the 
same polarity. Similarly, Fig.16 (d) - (f) and (g) - (i) depict 
steady-state waveforms at half load and full load, respectively. 
These demonstrate the working principle of the proposed 
TWCI DAB. And it is clear that the experimental waveforms 
coincide with the theoretical analysis pretty well.  

The ZVS experimental waveforms of switches are shown in 
Fig.17 and Fig.18. 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 

vab(100V/div)

vcd(500V/div)iLrs(20A/div)

VH(500V/div)
Time:2µs/div  

vab(100V/div)

vcd(500V/div)iLrs(5A/div)

VH(500V/div)
Time:2µs/div

(a) (b) 

vab(100V/div)

vcd(500V/div)iLrs(2A/div)

VH(500V/div)
Time:2µs/div  

vab(100V/div)

vcd(500V/div)iLrs(20A/div)

VH(500V/div)
Time:2µs/div

(c) (d) 

vab(100V/div)

vcd(500V/div)iLrs(5A/div)

VH(500V/div)
Time:2µs/div  

vab(100V/div)

vcd(500V/div)iLrs(5A/div)

VH(500V/div)
Time:2µs/div

(e) (f) 

vab(100V/div)

vcd(500V/div)iLrs(20A/div)

VH(500V/div)
Time:2µs/div  

vab(100V/div)

vcd(500V/div)iLrs(10A/div)

VH(500V/div)
Time:2µs/div

(g) (h) 

vab(100V/div)

vcd(500V/div)iLrs(10A/div)

VH(500V/div)
Time:2µs/div  

(i) 
Fig.16. Steady-state waveforms with the proposed TWCI DAB. (a) at 
light load when VL =18V. (b) at light load when VL =27V. (c) at light load
when VL =36V. (d) at half load when VL =18V. (e) at half load when VL 

=27V. (f) at half load when VL =36V. (g) at full load when VL =18V. (h) at 
full load when VL =27V. (i) at full load when VL =36V. 
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Fig.17. ZVS experimental waveforms of switches with light load. (a) Q2

when VL =18V. (b) S1 when VL =18V. (c) Q2 when VL =36V. (d) S1 when VL 

=36V. 
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Fig.18. ZVS experimental waveforms of switches with full load. (a) Q2

when VL =18V. (b) S1 when VL =18V. (c) Q2 when VL =36V. (d) S1 when 
VL =36V.
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Fig.19. Load-step experimental result from half load to full load with VL 

=27V.
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of HVS are more difficult to realize ZVS. Consequently, Fig.17 
illustrates 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.18 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.  

Fig.19 illustrates the load-step experimental result from half 
load to full load with VL =27V. VH can keep stable and can 
return to the steady state value within 20ms.  

Fig.20 shows the measured efficiency at different loads and 
different voltages. In order to verify the effectiveness of the 
TWCI DAB, the discrete magnetic case of CF-DAB is also 
measured. The overall conversion efficiency is high, and the 
highest efficiency of the TWCI DAB reaches 95.7%. The 
proposed TWCI DAB achieves 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 TWCI 
DAB, because the core loss makes up the majority of the total 
loss when converter operates at light load condition.  

VII. CONCLUSIONS 
In this paper, a TWCI DAB converter is proposed. Similar to 

the CF-DAB, the proposed TWCI DAB can achieve small input 
current ripple and wide input voltage range. In addition, the 
integrated magnetic structure can make the converter more 
efficient and improve the power density significantly. With the 
adopted PWM modulation, the proposed TWCI DAB can 
achieve ZVS of the primary and secondary side switches within 
the full load range under wide voltage range. In addition, the 
design of equivalent inductor Leq and leakage inductor are 
introduced considering the maximum power transmission, soft 
switching conditions and RMS current. The experimental 
results of the proposed prototype verified the effectiveness of 
the proposed solution. 
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