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Abstract—The volume of magnetic components (transformer
and inductor) in a dual active bridge (DAB) converter is a crucial
factor determining its power density. This article proposes an
orthogonal decoupling magnetic integrated structure (ODMIS) for
DAB converter, which aims to reduce the volume of the transformer
and inductor. The integrated series inductor and magnetizing in-
ductor do not affect each other in the ODMIS, so the design process
of the transformer and inductor can be separated. The condition
to realize magnetic circuits decoupling of the transformer and
inductor is derived. The loss characteristics of the magnetic core
are analyzed, and the optimal decoupling condition to minimize
the core loss is also derived. A 400 V/6 kW/20 kHz DAB converter
prototype is built to validate the effectiveness of the ODMIS. The
measured full-load overall efficiency of the DAB test platform is
97.55%, and the power density of the magnetic integrated compo-
nents is 10.08 kW/L. Finally, the prototype comparisons between
the proposed ODMIS and two existing magnetic integrated struc-
tures and discrete magnetic component method are conducted, and
the advanced feature of the ODMIS is illustrated.

Index Terms—High-frequency magnetic components, loss
characteristic analysis, magnetic circuit orthogonal decoupling,
magnetic integrated structure, optimal decoupling condition.

1. INTRODUCTION

UAL active bridge (DAB) converters are widely used in
D energy routers [ 1], uninterruptible power supplies [2], and
bidirectional energy storage system [3] due to their features of
bidirectional energy flow [4], soft switching [5], and simple
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structure. DAB converters use high-frequency transformer
(HFT) and inductor for the galvanic isolation, voltage conver-
sion, and power transmission [6], [7].

The loss of HFT increases with the frequency due to the eddy
current effect of magnetic core, the skin effect, and the proximity
effect of winding [8]-[11], [33]. So, the precise modeling of the
loss and parasitic are essential for the design and optimization
of HFT [34]. The design and optimization of HFT is currently
a hot topic. An optimization routine to design a 166 kW/20
kHz HFT prototype by traversing three geometric proportions is
presented in [12], and a compact cooling structure including
core cooler, winding cooler, and a water-cooled heat sink is
designed to realize maximum power density and effective heat
dissipation. A 200 kW/15 kHz HFT is designed in [13], and a
novel cooling structure that utilizes two layers three-dimensional
printed bobbins is adopted to guarantee insulation capability.
The design process of a 15 kW/500 kHz HFT is presented in
[14], and a new type of composite insulation structure with
insulation frame, insulation tape, and epoxy resin potting is
proposed to guarantee insulation capability. However, the design
process of the above HFT prototypes is only the optimization of a
single HFT, and the leakage inductance of the prototypes cannot
replace the role of series inductor in actual applications. While,
in a DAB converter, the volume and weight of the series inductor
cannot be ignored [16]. The magnetic integration combines the
HFT and inductor in one structure, which is applied to decrease
the passive volume and increase the overall power density.

So far, the magnetic integration can be mainly divided into
two categories: using the leakage inductance characteristics of
HFT [17]-[20], [24], and restructuring the magnetic core or
winding [21]-[23], [25]. For the former one, a magnetic shunt
with high permeability is inserted between two halves of an
EE core, and the leakage inductance integration is realized
by adjusting the width of the air gaps [17], [18]. However,
the magnetizing inductance of the integrated structure will be
reduced for an air gap introduced into the main magnetic flux
path of HFT. In [19], a leakage layer spanning the whole width
of the winding window is inserted into the main insulation of the
HFT to obtain a larger leakage inductance, while the winding
loss is increased 21.7% after integration. Also, this structure is
vulnerable to partial discharge due to the incomplete filling of
the leakage layer in the main insulation, and the construction
of this structure is very complicated for the specific molded
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TABLE I
EXISTING MAGNETIC INTEGRATED STRUCTURE SUMMARY

Leakage layer Magnetizing inductance Heat dissipation Size Loss compared with the  Integrated structure
position value dropping capacity reduction discrete version realization
DTU 2019 [18] lie()‘rvge}i‘i‘lv‘js" Yes Good 20% N/A Easy
TU Delft 2006 [19] I;‘ng:;art‘zgll“ No Good N/A Larger Difficult
]iitlzf;\:;o Yes Good N/A N/A Easy
ETH 2012 [20] On both sides of
the core No Good N/A N/A Easy
XJTU 2019 [21] N/A Yes Good 8.2% Larger Easy
BITU 2020 [22]
(Schemel) N/A Yes Good N/A Larger Easy
BJTU 2020 [22]
(Scheme2) N/A Yes Good N/A N/A Easy
GU 2011 [23]
(Vertical integrated N/A N/A Good N/A Larger Easy
structure)
GU 2011 [23]
horizontal integrated N/A N/A Poor N/A N/A Difficult
gral
structure)
SEU [This article ] o
(ODMIS) N/A No Good 12.1% Almost the same Easy

leakage layer adopting Vitroperm powder. Cougo and Kolar
proposed two magnetic integration schemes to increase leakage
inductance, namely inserting high permeability leakage layers
into cut nanocrystalline core, and sticking high permeability
leakage layers on both sides of cut nanocrystalline core [20].
The excessive core loss caused by the leakage flux orthogonal
to the nanocrystalline lamination is replaced by the core loss
caused by the leakage flux in the I-type cores.

For the second type magnetic integration, a reliable inte-
gration is realized by wounding the windings of HFT and
inductor on the two side columns of EI core, respectively,
[21]. However, the magnetizing inductance value reduces 82%
due to the introduced air gaps after integration, and the power
efficiency drops 3.1% due to the high primary-side current
caused by low magnetizing inductance after integration. In [22],
two magnetic integration schemes including side columns de-
coupling integration scheme and multicores integration scheme
are introduced. Compared with the former scheme, multicores
integration scheme avoids the large core loss and large number of
windings. However, the magnetizing inductance is much lower
than the discrete scheme due to the air gaps introduced in main
and secondary cores. Also, the extra secondary core increases
transformer’s volume, and based on the core selection in [22], the
power density of the integrated prototype reduces 58 % compared
with side columns decoupling integration scheme. In [23], a hor-
izontal integrated structure is proposed, where both transformer
and inductor windings are placed on the same plane by adopting
a special constructed core. Compared with the conventional
vertical integrated transformers, the magnetic flux of HFT and
the inductor does not affect each other, and avoids the decrease
of efficiency and excessive temperature rise. However, the heat
dissipation of the horizontal integrated structure is difficult due
to the smaller contact surface between the winding parts and the
air compared with the discrete scheme, and it is difficult to wind
the winding on this closed core structure.

According to the above-mentioned analysis, all magnetic
integration schemes can replace the discrete magnetic parts.
However, magnetizing inductances of most integration schemes
are reduced due to the introduced air gaps in the main flux
path of the HFT. Also, the heat dissipation capacity and power
density of the integrated structure and overall efficiency of
the magnetic integrated prototype should be focused. The ex-
isting magnetic integrated structure summary is presented in
Table I.

This article proposes a low loss orthogonal decoupling mag-
netic integrated structure (ODMIS) for DAB converter to im-
prove the power density of magnetic components and keep
the independence of magnetizing inductance. A rectangular
core is used for the HFT, and two spliced I-type cores and
part of the rectangular core are adopted for the inductor with
distributed air gaps. Compared with [25], the ODMIS is an
improvement of the magnetic integrated structure in [25] by
conducting two decoupling of the magnetic circuit, which can
avoid excessive loss. The novelty of this article can be pre-
sented by a thorough comparison between the proposed struc-
ture and that shown in [20, Fig. 7(d)], which is shown in
Table II.

The rest of this article is organized as follows. Section II
introduces the operating principle of DAB converter and two
classical magnetic integrated structures. In Section III, the
ODMIS is introduced, and the actual inductance matrix along
with the decoupling conditions are given through the magnetic
circuit model. In Section IV, different decoupling conditions are
compared according to the magnetic flux overlap principle, and
the optimal decoupling condition is determined to minimize the
core loss of integrated magnetic parts. The design process of the
ODMIS is presented in Section V. The effectiveness of ODMIS
is verified by simulation results in Section VI. In Section VII,
experimental results of four prototypes are presented. Finally,
Section VIII concludes this article.
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TABLE II
COMPARISON BETWEEN THE PROPOSED STRUCTURE AND THE STRUCTURE SHOWN IN [20, FIG. 7(D)]

Purpose of adding spliced I-type

Two orthogonal magnetic fluxes

Structure of winding Number of the required

core arrangement I-type cores
The structure shown in Obtain larger leakage 1) Magnetizing flux of the HFT
Fig. 7(d) of [20] inductance 2) Leakage flux of the HFT Separate structure [13] 4
The ODMIS Form an independent inductor 1) Magnetizing flux of the HFT Parallel-concentric 5

2) Integrated inductor flux

structure [13]

Fig. 1. Topology of the DAB converter.
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Fig. 2. Typical waveforms of the DAB converter.

II. OPERATING PRINCIPLE OF DAB CONVERTER AND TWO
CLASSICAL MAGNETIC INTEGRATED STRUCTURES

A. Operating Principle of DAB Converter

The topology of DAB converter is shown in Fig. 1, which
is composed of two full bridges, a series inductor Ls and an
HFT T,. The conventional single-phase-shift control is adopted,
and its typical waveforms are shown in Fig. 2, where B 7, is the
magnetizing flux density of HFT, #; = (1/4—@/2m)Ts, to = T4/4,
t3 = (3/4—pl2m)Ts, ty = 3Ts/4, and ¢ is the phase-shifted angle
and T is the switching cycle.

The transmitted power of a DAB converter Py, ,,, is as follows:

nvinvout
272 fsLs

where n is the turns ratio of primary winding to secondary
winding of the HFT, V;, and V,, are the input voltage and
output voltage of the DAB converter, respectively, fs = 1/Ts.
According to (1), when Vi, Vout, and fs are given, Pipan 1S
determined by the inductance value of the series inductor and .

Ptran = QO(TF - 90) (1)

B. Two Classical Magnetic Integrated Structures

In [24], the increased leakage inductance of HFT is employed
as the series inductor in the DAB converter. This integrated

Primary Winding m Secondary Winding
B

Fig. 3. Large leakage inductance integrated structure.
Primary Winding m Secondary Winding
Inductor Winding
Magnetic core
. v e I
. ¥ L
Fig. 4. Decoupling integrated structure in [25].

structure can be applied where a large series inductor is required,
as shown in Fig. 3. The primary and secondary windings are
wound on the both sides of C-type core separately. The leakage
inductance represents the magnetic field energy which is stored
in the core window and external space. The magnetic field en-
ergy and leakage inductance increase with the distance between
windings. However, the magnetic field energy in this structure is
distributed not only in the core window area but also in the outer
space of the magnetic core. It brings challenge to the theoreti-
cal design and accurate calculation of the leakage inductance,
and also the electromagnetic interference to other components
around it. Moreover, most of the leakage flux generated by the
HFT windings passes through the ribbon orthogonally, which
remarkably increases the core loss if nanocrystalline-based core
is used due to the eddy current effect [20].

In [25], a magnetic decoupling integrated structure is pro-
posed, in which the HFT and inductor winding are wound on
the same pair of EE cores, as shown in Fig. 4. d,, is the air gap
between two halves of the EE core, which is mainly used to adjust
the integrated inductance value. In this structure, the inductor
winding directions on both sides are opposite. According to [25],
the decoupling between the HFT and inductor can be realized
by setting the equal numbers of turns of the inductor windings
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Fig.5. Core structure and magnetic circuit model of ODMIS. (a) 3-D structure.
(b) Right side view. (c) Magnetic circuit model.

on both sides. The air gap inserted into the main magnetic flux
path of HFT causes the mutual restriction between the design
processes of series inductor and magnetizing inductance, and
increases the complexity of the design. In addition, the magnetic
flux generated by the HFT and inductor is superimposed on both
sides of the EE core, which results in excessive core loss.

III. ORTHOGONAL DECOUPLING MAGNETIC INTEGRATED
STRUCTURE (ODMIS)

A. ODMIS

In order to avoid the shortcomings of above two magnetic
integrated structures, this article proposes an ODMIS to separate
the magnetic flux paths of the HFT and inductor. The magnetic
integrated structure and magnetic circuit diagram of ODMIS
are shown in Fig. 5. The main core structure is composed of
a rectangular core and two I-type cores. Both the primary and
secondary windings of the HFT are divided into two parts with
the same proportion, wounded on both the sides of rectangular
core with opposite winding directions and then connected in
series. The integrated inductor winding is also divided into two
parts, which are wound on the two I-type cores with opposite
winding directions and then connected in series. Two air gaps
with widths of d4; and d 2 are inserted between the two I-type
cores and rectangular core, respectively, as shown in Fig. 5(b).
The width and thickness of rectangular core column are L4 and
L,, respectively, the width and height of core window are H,

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 6, JUNE 2022
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Simplified magnetic circuit model of the ODMIS.
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Fig. 6.

and H,, respectively, the height, width, and thickness of I-type
cores are Hy, Ly, and T, respectively.

B. Derivation of the Inductance Matrix of the ODMIS

InFig. 5(a), the numbers of turns of the primary and secondary
windings on the left side column of the rectangular core are
Np1 and Ny, respectively, and that on the right side column
are Np2 and Ngo, respectively. The number of turns of the
inductor winding on the front I-type core is N1, and that on
the back I-type core is Ny 5. The currents through the primary
winding, secondary winding, and inductor winding are i, is,
and i, respectively. The magnetic circuit modeling of ODMIS
is established in Fig. 5(c).

In Fig. 5(c), the blue and red parts represent the inductor
magnetic circuit and the HFT magnetic circuit, respectively, and
the two magnetic circuits are orthogonal to each other. R711
and Rp9o represent the reluctances of left and right parts of
the rectangular core, respectively, Ry 33 and Ry 44 represent the
reluctances of front and back I-type cores, respectively, Ryqp1
and R ;o represent the reluctances of air gaps distributed among
the front and back I-type cores and the rectangular core, respec-
tively, R.1—R .4 represent the reluctances of the core contacting
part of the upper and lower iron yokes. For the convenience of
analysis, we define Ry = Rp11+2R.1, R7o = R7oo+2R o,
Rp3 = Rp33+2R:3+2R gap1, and Rpy = Rp4a+2R 4 +2R yapo,
where R 71 and R - represent the total equivalent reluctances of
the left and right parts of the rectangular core, respectively, R3
and Ry 4 represent the total equivalent reluctances of the front
and back parts of the closed loop path through the I-type cores,
respectively. The simplified magnetic circuit model is shown in
Fig. 6, where ®; and ®, represent the magnetic flux in the left
and right columns of the rectangular core, respectively, $3 and
®, represent the magnetic flux in the front and back I-type cores,
respectively.

Based on the magnetic circuit model in Fig. 6, the inductance
matrix of ODMIS is derived. The magnetic flux generated by
the transformer windings on the left and right sides of the
ODMIS (@ 71, ® 2) and magnetic flux generated by the inductor
windings on the front and back sides of the ODMIS (@1, ®12)

is derived as follows:
i — (Np1ip—Ns1is)(RroRr3+RroRra+RrsRra)
™ — ] ] A
o = (Np2ip—Ng2is)(RriRrp3+RriRpa+Rr3Rr4)
2 A
b = Npiip, (RriRre+RriRpa+RraRL4) (2)

A
Dro— Npsir, (RriRra+RriRps+RraRis)
L2 — A
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where A = RriR1oRrs + RriRroRrs + RriRpsRpa +
R1oRp3RL4.

In addition, Z1, Zs, Z3, and Z, is defined as Z; = RoR3 +
RroRpy +Rp3Rps, Zo =R71Rp3 +R71Rpa + Rp3Rp4, Z3 =
RT1R1o+R11Rp4 +R72Rps,and Zy = RT1R7T2 + RT1R3 +
RroRp3.

1) The expressions of magnetic flux corresponding to the four

magnetic circuits in Fig. 6 is represented as follows:

RisR
Py = Oy + Py L —
RpoRps
+‘I)L Za

RroR
o T%3L4

Oy = Oy RL%R“ + ®ro + Pr1 TER“
—®Bq RTIRLS
Zy
RpoR RpriR
(1)3 — _(I)Tl Tél L4 + (I)TQ T%2 L4 + (I)Ll

Ry Ry
+@po TR
RroR
Py = Opy
+&ro.

RriR RriR
,q)TQ T%zLS +(I)L1 T123T2

3)

According to Faraday electromagnetic induction principle,
the transformer and inductor winding voltages is as follows:

V Npl dt1 +Np2d§::2
Vi=—-Ng% — N,

sl S27 ¢ (4)
VLS = N1 3 + Npo é% .

The self-inductance and mutual-inductance can be repre-
sented as follows:

Vi, Ly My, My, dig,, /dt
Vi = | Mpr, Lpri —Mps dip/dt | . ()
V; MSLS _Mps Lsec dzs/dt
Then, the integrated inductance L can be solved as follows:
Zs Zy RriRrs
Ls:N21K+N32K+2NL1NL2T~ (6)

And the analytical formula of the magnetizing inductance in
the ODMIS can be solved as follows:

A Zy RrsRra
N N,?QK + 2NP1NPQT. (7)

The expressions of mutual-inductance between transformer
winding and inductor winding are as follows:

Ly =N}

MpLS _ (Np1Rr2—NpoRr1)(Np2Rps—Npi1Rpy)

M, = (N52RT1*N51RT2)§NL23L3*NL1RL4) (®)
where M1 represents the mutual-inductance between the
primary winding and inductor winding, Mg, represents the
mutual-inductance between the secondary winding and inductor
winding. It can be seen from (8) that in order to realize the
electrical decoupling between the transformer and inductor, at
least one of the following two decoupling conditions needs to
be satisfied:

Np1Rro = NpoRmiANDN Rro
NioRps = NpiRpa.

= Ny R1i )
(10

If the turns ratio of N,y to Npo AND the turns ratio of Ny
to Nso are equal to the ratio of R to Rpo, or the turns ratio
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of N1 to Ny is equal to the ratio of Ry3 to Ry 4, the electrical
parameters decoupling of the HFT and the integrated inductor
in the ODMIS can be realized. Compared with the decoupling
integrated structure in Fig. 4, the air gap is arranged out of the
rectangular core in the ODMIS, so limitation of the magnetizing
inductance by the air gap is eliminated.

IV. LosS CHARACTERISTICS ANALYSIS OF ODMIS

The decoupling conditions of ODMIS ensure the electrical
parameters independence of the HFT and inductor. Moreover,
it is important to assess the loss of magnetic components after
the integration. The winding loss of ODMIS is related to the
current, frequency, number of turns, and the cross-sectional
area dimensions of the rectangular core and I-type cores. In
a specific design process where the rectangular core and I-type
cores have been determined, we consider that the magnetic flux
generated by inductor winding is constant. Then, the total turns
number of the inductor winding is fixed. Therefore, winding loss
of the ODMIS approximately remains constant as the design
parameters change, and the core loss is a more powerful factor
in terms of total loss. Next, the influence of design parameters
on the core loss adopting the ODMIS is analyzed in this section.

A. High-Frequency Core Loss Algorithm

For a DAB converter, the voltages across the inductor and
the HFT are nonsinusoidal waves. Therefore, the improved
generalized Steinmetz equation (IGSE) is used for the core loss
calculation [26]. The expression of IGSE algorithm is shown in
the following equations:

et [

ki = K(25+17ra1 (0.2761 +

\AB|5 “dt (11

-1
1.7061 )) (12)

o+ 1.354

where P, represents the core loss per unit volume, dB(f)/d¢

represents the magnetic flux density change rate, AB represents

the peak-to-peak value of magnetic flux density in an operating

period, and K, «, (3 represent the three coefficients of the Stein-

metz equation, respectively, which are obtained by fitting the
measured core loss data under sinusoidal excitation.

B. Analysis of Magnetic Flux Overlap Phenomenon Under
Different Decoupling Conditions

1) Only the first decoupling condition in (9) is satisfied.
In this case, the flux offset A®; between ®; and P, in the
main magnetic circuit of HFT can be expressed as follows (13):

A®, = LsBrithrs) (NpoRp3 — NpiRpa) +HrstBea.
[ip (Np1Rro — NpaRy1) — is (Ns1 Rra — NeoR1)] -
(13)

According to (9), the second term of A®; is zero.
In this case, the flux offset Ad®, between ®3 and P4 in the
main magnetic circuit of the integrated inductor can be expressed
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as follows:

Ady = M (NpiRps — NpoRps) — featfivs,
[ip (Np1Rro — Npa Ry ) — is (Ns1 Rpa — NS2RT12]14)

From (13) and (14), the magnetic flux offset of the main
magnetic circuit of HFT and integrated inductor is not zero,
that is, magnetic flux overlap occurs in the core.

2) Only the second decoupling condition in (10) is satisfied.

In this case, since the HFT windings are divided into two
parts with equal proportion and distributed on both sides of the
rectangular core, it can be deduced from (13) and (14) that both
Ad; and AP, are zero. Therefore, there is no magnetic flux
overlap in the core, and the magnetic flux paths of HFT and
inductor are separated from each other.

3) Both the decoupling conditions in (9) and (10) are satis-

fied.

In this case, it can be deduced from (13) and (14) that both
A®; and AP, are zero. The magnetic flux paths of HFT and
inductor are separated from each other, and there is no magnetic
flux overlap phenomenon.

In general, when the decoupling condition in (10) is satisfied,
the magnetic parts after integration can be equivalent to discrete
magnetic parts for loss analysis.

C. Optimal Decoupling Condition of the ODMIS

In the DAB converter application, the expressions of the
magnetic flux density of each magnetic circuit are provided
in (15) to analyze the influence of design parameters on the
core loss of integrated magnetic parts, where B; and Bo are
the magnetic flux densities in the left and right columns of the
rectangular core, respectively, Bs and B, are the magnetic flux
densities in the front and back I-type cores, respectively, B,
is the magnetizing flux density of HFT in the ODMIS, A, is
the area of the rectangular core column, and Ay, is the area of
I-type core column. The expressions of magnetizing flux density
and inductor current are shown in (16) and (17), where Ny =
Ng1+Ngo represents the total number of secondary winding turns
in the ODMIS

i, R Nio2Rp3—Np1 R
By = T2(Np2Rr3—Nry L4)+BT7’

A-Acr
ir.Rri(NLiRra—NioR
By = tzafinl Jiy wr— L) 4 By,
Ba — (Np1+Np2)ip, RriRrs + Npiip, Rpa(Rri+Rra2)
3= AA.L AAer
By — (Npi+Nr2)ir, RriRre + Nipsip, Ris(RritRr2)
4= A-Aer A-Acr ’

as)
In order to find the decoupling condition that minimizes the
overall core loss, core loss analysis of the rectangular core and
the two I-type cores are carried out, respectively. In this section,
the core loss is analyzed with a piecewise linear model [27].
1) Core loss analysis of rectangular core
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Bl A

(b)

©

Fig.7. Magnetic flux density waveforms in the rectangular core. (a) Waveform
of the magnetic flux density in the left column of the rectangular core when
Vout/Ns>2x1(Vin/Ls). (b) Waveform of the magnetic flux density in the left
column of the rectangular core when Vi ,t/Ns<2x1(Vin/Ls). (c) Waveform of
the magnetic flux density in the right column of the rectangular core.

According to (15)—(17), the waveforms of the magnetic flux
densities B; and Bs can be obtained in Fig. 7

Vout

NoALb t € [0,t2)
Brr = { wm (570 =) L € [ta,ta) (16)
Fom— (t—=Ty), tE€[ts,Ti]
V;nT:OI:Z;S ’ te [Ovtl)
Vi 1
2 [(3—55) T —2t] L € [ta,t2)
; VinTs
ZL‘S = - orL, ’ te [t2>t3) (17)
Vin R
(5 = 3) To+ 2] t € [ta, ta)
VineTs
27:0LS ’ te [t4aTs}

Two variables are defined as x; = R7o(N1oR13—Nr1Rp4)/A
and xo = Rp1(NpoRp3—NpiRp4)/A. A hypothesis that
NioRp3s>Nr1Ryp4 is made during analysis. In the case of
Fig. 7(a), the maximum and minimum values of By appear at to
and 74, respectively. And in the case of Fig. 7(b), the maximum
and minimum values of By appear at #; and 3, respectively. The
maximum and minimum values of B, always appear at fo and
t4, respectively. Next, the rectangular core loss corresponding to
the two cases will be analyzed.

Define that the core volumes of the left and right parts of the
rectangular core are V; and Vy respectively.

In the case of Vo, t/Ns>2x1(Vin/Ls), the core loss expression
of the rectangular core is shown in (18) at the bottom of the
next page, where k;1, a1, 31 are obtained from the rectangular
core loss data. It can be deduced from (18), Pcoreloss 77 INCreases
with x;. Therefore, only when x; = 0, that is, when NysR3 =
Nr11R14, the rectangular core has the smallest core loss.

In the case of V,t/Ns<2x1(Vin/Ly), the core loss expression
of the rectangular core is shown in (19) at the bottom of this

page.
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It can be deduced from (19), Pcoreloss 7 increases with xj.
Therefore, when x; = L./2nN,, the rectangular core has the
smallest core loss. Moreover, because Poreloss 71 1S @ piecewise
continuous function with x; = L,/2nN; as the separation point,
to minimize the core loss of the rectangular core, NysR3 =
Nr1R,4 should be satisfied.

2) Core loss analysis of I-type core

Considering that the reluctance of the air gaps inserted be-
tween the two I-type cores and the rectangular core is much
greater than that of the cores, that is Ry3, Rp4>>R71, Rro,
dividing the numerator and denominator of (15) by Ry3R 14, B3
and B4 can be transformed into the following:

Ba — (Np1+Np2)Rr1Rro + Npi | ‘rs
3 (Rr1i+Rr2)RrsRra Rrs | Aer (20)
By = (Np1+Np2)Rri1Rro + Nio | irng
(Rr1+Rr2)RL3RLa Rra| Aer”

The first part of B3 and B, is negligible because it is tiny
compared to the second part. Therefore, (20) can be further
simplified as follows:

{

It can be seen that the magnetic flux density waveforms in
the two I-type cores are proportional to the inductor current.
Assuming that the volumes of the front and back I-type cores
are V3 and Vy, respectively, and V3 = V4, the core loss expression
of the I-type cores is shown in the following:

) B2

B2—az+1
PcorelossL - f:??_az (7‘(‘)

(Re) ()

Ry
where k;o, a2, and (5 are obtained from the I-type core loss
data.
Derived from the aforementioned inductance matrix, (23) can
be obtained, where the numerator and denominator of (6) are
divided by RLBRL4

B3z = Npiir,/RrsAer

. 21
By = Npsir, /RraAer. @h

kig 202 ‘/in

LsAeL

¥

N

ol V.
R ’

(22)

1 1
L,=N?— + N} —
L2 + Npp Rra

RriRra
(Rr1+ Rro) RrsRia

+ 2N N2 (23)
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Since Ry3, Rr4>>R 71, Rps, the third term of (23) can be
ignored, and (23) can be expressed as follows:

Niy | N

Rrs  Ris

Define that ag = 1/R,3, ay = 1/Rp4, then P o eloss, 10 (22)
is taken a derivative concerning as to obtain the following:

= L,. 24)

Ba—aa - B2
s o) )
Ba—1
Ba—1 _ Ny, [ Ls—Ni as
(Npiag)™ ~ — Nf;(NLL;
(25)

In order to find the point corresponding to the least loss, the
zero point of (25) should be determined to obtain the minimum
point of Pcreloss .- In this case, ag and ay4 are expressed in the
following equation:

ﬂ L’zl 13721
o= LN (VTN

2-f2 B2 _Ba_ (26)
o= LG (NET NG

In the design procedure, the turns of the front and back
inductor windings are the same, that is N3 = Nps. In or-
der to minimize the core loss of the I-type cores, NpoRp3 =
Np11R 14 should be satisfied, which can be seen from (24) and
(26). Therefore, N;oR3 = Nr1R14 is the optimal decoupling
condition of the ODMIS. That is, the I-type cores are arranged
symmetrically, and the inductor windings are evenly distributed.
That is to say, the total loss of integrated magnetic parts is
minimized when there is no magnetic flux overlap. Under the
optimal decoupling condition, magnetic flux paths of the HFT
and the inductor are orthogonal to each other and separated
from each other. Therefore, both the HFT and inductor can be
designed separately.

V. DESIGN PROCESS OF THE ODMIS

The design process of the ODMIS will be illustrated in this
section and the parameters of DAB converter are shown in
Table III.

A. Core Material Selection

Nanocrystalline alloys are widely used in the frequency range
of 1 to 25 kHz due to its better loss characteristics and higher
saturation flux density [8]. Therefore, nanocrystalline is chosen
as the rectangular core material.

Vi Br—on
PeorelossTr = (2N J?Sl" AT — I I, 1fr;$0 CT) kir |:(
(2N Foly T %2 wL:/ifI;fxeT )ﬂlialku {(
PcorclossTr (2 u]\t[ ;q 2¢) + T ﬂLz/}‘;ieL )51_0‘1 kil |:
(2N foag T2 wL:/;;iCL)ﬁlialkn [

« «
Vout * 271-7290 _|_ out _ -Tl 2‘/111 ! lﬂ Vl
Ns'AeT 27l'fS N CA eT L AcT 27‘!'f‘S
v, M or—2 2V, \ ' 2 (18)
out TP out in P
N5<A6T) 27 fs +(N SAor tE2rals ) 27Tf5:|V2
Vo \M2r20 4 (00 2V Vew ™ 20 ]y,
NoAer 27 f 1T, A, ~ N, A orfs | 1 (19)
Vout o 27‘—72@ + out + T 2‘/11) o 290 V
N,-Acr 2 fs N.-AcrL 2T AL onfs | V2
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TABLE III
PARAMETER OF DAB CONVERTER

Parameter Value
Rated power P, 6kW
Input voltage Vi, 400V
Output voltage V, 400V
Series inductor L; 105uH
Operating frequency f; 20kHz

In actual production, nanocrystalline can be made into I-type
core by cutting a raw rectangular nanocrystalline ribbon. How-
ever, the cutting will cause a larger loss due to more surface short
circuits, and wasting of the material will occur because the rest
of the raw rectangular nanocrystalline ribbon is difficult to reuse
[28]. Therefore, the more accessible ferrite is used as a spliced
I-type core material.

B. Winding Selection

In order to reduce winding loss of the ODMIS in high-
frequency applications, Litz wire is adopted as the winding
material.

As shown in Table III, the operation frequency of the DAB
converter is 20 kHz. The corresponding skin effect depth is as

follows:
1
do=4/ ——— = 0.467mm
/’LOTFfsU

where 1o represents the permeability of air and o represents
the conductivity of copper. In order to reduce the influence of
the skin effect and proximity effect on the ac winding loss, the
Litz wire with a diameter of 0.1 mm is selected. Considering the
maximum current density of 6 A/mm?, the strand number of litz
wire is selected as 350.

27)

C. Specification of the HFT

In order to obtain a larger magnetizing inductance, the AM-
120 105 x40 cut nanocrystalline core from AMMET is adopted
for the rectangular core [29], and the number of transformer
winding turns is set as 24. In this occasion, the peak magnetizing
flux density of transformer is 0.22 T, which is less than the
saturation flux density of nanocrystalline. The material speci-
fications of this cut nanocrystalline core is shown in Table IV.
The parallel-concentric winding structure is selected as the HFT
winding structure due to the least leakage inductance [13].

D. Specification of the Integrated Inductor

The cross-sectional area dimensions of the spliced I-type
core is selected as 20 mmx 15 mm that represents L;x T for
minimizing the dimension of I-type core. It can be seen from
the specification of transformer, the heigh of the I-type core
should be 105 mm. The T15x20x 105 ferrite core from DMC
is used for the two I-type cores [30], and DMRYS5 is chosen as

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 37, NO. 6, JUNE 2022

TABLE IV
MATERIAL SPECIFICATIONS

Value
Parameter
nanocrystalline ~ DMR95
Steinmetz parameter K 1.848 0.0386
Steinmetz parameter o 1.39 1.781
Steinmetz parameter /5 2.094 2419
Saturation flux density B, 12T 0.53T
Relative permeability 10000 3300

Fig.8. Simulation model of the magnetic integrated transformer and inductor.

the core material. The material specifications of this I-type core
is shown in Table IV.

In the ODMIS, the expressions of peak flux density in I-type
core is shown in (28) when the optimal decoupling condition is
satisfied

Vvin N SD
2N LiT1 fs
where N;, = Np1+Nyo, and By should be smaller than
saturation flux density of the I-type core material. Therefore,
The peak flux density in I-type core is set as 0.36 T, and Ny, is
selected as 18.

BL max — (28)

E. Air Gap Width Selection

After determining the dimensions of the I-type cores and
the turns number of inductor winding, d,; and dyo should be
determined to obtain a target inductance value. According to
(6), the width of air gaps is adjusted to 0.65 mm, that is, dj; =
dgo = 0.65 mm.

VI. FINITE-ELEMENT SIMULATION VERIFICATION

The designed parameters of the magnetic integrated trans-
former and inductor with ODMIS are shown in Table V, and
its simulation model is shown in Fig. 8. The finite-element
simulation is conducted in ANSYS software.

A. Simulation of Integrated Transformer Decoupling Situation

Current excitation is applied to the HFT winding and the
inductor winding in the Maxwell eddy current field based on
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Fig. 9. Magnetic density distribution in the magnetic core under different

conditions. (a) Current excitation is only applied to the HFT winding. (b) Current
excitation is only applied to the inductor winding. (c¢) Current excitation is
applied to HFT winding and inductor winding simultaneously.

ANSYS software, and Fig. 9 shows the obtained magnetic flux
density distribution diagram. It can be seen in Fig. 9(a) that when
the current excitation is only applied to the HFT winding, the
flux density is distributed in the rectangular core, and there is no
flux density distributed in the I-type cores. In Fig. 9(b), when the
current excitation is only applied to the inductor winding, there is
no flux density distributed in the two columns of the rectangular
core. The flux density is distributed in the core contacting part
of upper and lower iron yokes of the rectangular core and I-type
cores. In the two cases, it is well verified that the decoupling
between the magnetic flux paths of HFT and the inductor is
realized. In Fig. 9(c), when the current excitation is applied
to HFT winding and inductor winding simultaneously, the flux
density in the iron yoke of the rectangular core is higher than
that in other parts of the core. It is because of the orthogonal
superposition of the inductor flux and the transformer flux in
this part.

Moreover, the mutual inductance between the HFT windings
and the inductor winding is obtained. The mutual inductances
between the primary/secondary windings and the inductor wind-
ing are 0.224 and 0.225 pH, respectively, which are negligible
compared with the integrated inductance 105.85 /H. Therefore,
this magnetic integrated transformer can realize electrical de-
coupling between the HFT and inductor.

B. Simulation of Operating Performance of the ODMIS

The simulation of the operating performance of the ODMIS
is carried out in the Maxwell transient field based on ANSYS
software, and an external circuit is built to apply excitation to
the windings of the integrated magnetic parts. In this case, the
waveforms of current flowing through the integrated inductor
and voltage across it are shown in Fig. 10.

The simulated waveforms in Fig. 10 are consistent with the
theoretical waveforms shown in Fig. 2, which indicates that the
proposed ODMIS has the same function as the discrete magnetic
parts in a DAB converter. The simulated flux density waveform
in the left column of the rectangular core is shown in Fig. 11(a).
It can be seen that the flux density waveform in the left column
of the rectangular core is the same as the flux density of the HFT
in Fig. 2.

In order to verify the three situations in Fig. 7 when the
optimal decoupling condition is not satisfied, two sets of air
gap size are selected. The two sets of air gaps are d,; = 0.8 mm,

7021
[— TInductor voltage ---- Inductor current |
800 20
600} \ b 15
— ! ! ! ! —
2>, 400 ! \ ! 10 <,
g | i | | £
% 200p '. ! 'n ; 5 €
= |
: o | '. iL o §
5 ‘. | *. ! 5
5 200 ! ' A
] ]
& -400H-|t ! ! ! 108
\ I
-600f ," ' ] -15
-800! -20
50 70 90 110 130 150
Time [us]
Fig. 10.  Simulation results of the integrated inductor.
E 02 Left column E o2 Leftcolmn | —B 7
EREIVA \ 2 01/ \ \
So0sl/ / £ 0.05
2,0 \ Eol N/ o\ /
£.0.05 5-0.05 \ \
201 / /I £
2015 \ \ 2015 % Vi
By =
s -0.2 g -0.2
> 50 70 90 110 130 150 50 70 90 110 130 150
Time [ps] Time [ps]
(a) (®)
E o2 Right column E0.15 Leftcoumn [—B z
2015 A A z 0.1/\\ /\\
Z 0.1
2 00 \ \ 5 oos / /
E| ERT FA
200N \ g0 | \
N 3 0.1
BN HAVARRRY. E 0 J /
§ -0.2, §—0.15
50 70 90 110 130 150 50 70 90 110 130 150
Time [us] Time [ps]
(©) (d)
E 025 Right column |:B_Z
= 02 A A
g ol / /
0.1
S 0.05 \ \
o] 0 / /
2005\ /N -/
2 ;0 / \ /
VAR
g_ ' 550 70 90 110 130 150
Time [ps]
(©)

Fig. 11.  Magnetic flux density waveform of each part of the rectangular core
under different situations. (a) Left column when dg1 = 0.65 mm and dgjo =
0.65 mm. (b) Left column when dy; = 0.8 mm and dy2 = 0.5 mm. (c) Right
column when dy1 = 0.8 mm and d;2 = 0.5 mm. (d) Left column when dy; =
1.5 mm and dy2 = 0.4 mm. (e) Right column when dy1 = 1.5 mm and dy2 =
0.4 mm.

dgo = 0.5 mm, and dy; = 1.5 mm, dyo = 0.4 mm, which
are corresponding to the two cases of Vi, /Ng>2x1(Vin/Ls)
and V,,t/Ns<2x1(Vin/Ls), respectively. Fig. 11(b)—(e) shows the
flux density waveforms of the two cases. When d;; = 0.8 mm
and dgo = 0.5 mm, the waveform in Fig. 11(b) is consistent
with the theoretical waveform shown in Fig. 7(a). When d 4
= 1.5 mm and d,o = 0.4 mm, the waveform in Fig. 11(d) is
consistent with the theoretical waveform shown in Fig. 7(b).
Also, the waveforms in Fig. 11(c) and (e) are consistent with
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Fig. 12. Vector diagram of magnetic flux density in the ODMIS when dj1 =
0.65 mm and dg2 = 0.65 mm viewed from different directions. (a) Full view.
(b) Front view. (c) Right view.
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Fig. 13.  Vector diagram of magnetic flux density in the ODMIS when dy1 =
0.8 mm and dy2 = 0.5 mm viewed from different directions. (a) Full view. (b)
Front view. (c) Right view.
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Fig. 14.  Vector diagram of magnetic flux density in the ODMIS when dy1 =
1.5 mm and dg2 = 0.4 mm viewed from different directions. (a) Full view. (b)
Front view. (c) Right view.

the theoretical waveform shown in Fig. 7(c). The simulated
waveforms in Fig. 11 verify the rationality of the derivation
process of optimal decoupling condition in Section I'V.

The vector diagrams of flux density in the ODMIS when d; =
0.65 mm and d g9 = 0.65 mm, d,; = 0.8 mm and d 5 = 0.5 mm,
dg1 = 1.5 mm, and dyo = 0.4 mm are simulated in the transient
field, and the results are shown in Figs. 12 —14, respectively.

From Figs. 12-14, it can be seen that magnetic flux overlap
phenomenon will occur when the optimal decoupling condition
is not satisfied.

From Section IV-C, it can be seen that (9) is not necessarily
to be satisfied on the basis of satisfying the optimal decoupling
conditions, that is there are no restrictions on the design and
optimization of the HFT when ODMIS is actually adopted. In
order to verify the above conclusion, two change schemes are
designed on the basis of the prototype shown in Fig. 8. In scheme
1, the change is to set N1 = Ny = 8 and Npo = Ny = 16. In
scheme 2, the change is that move the pair of I-type cores 5 mm
to the left along the nanocrystalline core. The vector diagrams
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Fig. 15.  Vector diagram of magnetic flux density of scheme 1, where N1 =
Ns1 =8 and Npa = Nso = 16 viewed from different directions. (a) Full view.
(b) Front view. (c) Right view.
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Fig. 16.  Vector diagram of magnetic flux density of scheme 2 where I-type
cores are moved 5 mm left along the rectangular core viewed from different
directions. (a) Full view. (b) Front view. (c) Right view.

TABLE V
PARAMETERS OF THE ODMIS PROTOTYPE

Rectangular core I-Type core

material Nanocrystalline material Ferrite

Ny 12 Ny 12

Ny 12 No 12

]\IL] f) ]\[LZ E)

Lox<L, 30mmx*40mm H/><H, 60mmx45mm

LxT; 20mmx15mm H; 105mm
Winding current 0.65mm,
defsity 546A/mm* g1, d 0.65mm

of flux density of the two schemes are shown in Figs. 15 and 16,
respectively.

From Figs. 15 and 16, it can be seen that there is no magnetic
flux overlap phenomenon even when (9) is not satisfied.

The transient field simulation results of the ODMIS such as
core loss of the structure and magnetic flux distribution in the
core are listed in Table VI.

According to Table VI, the magnetic flux overlap phe-
nomenon will become more serious with a larger deviation be-
tween d 1 and d g2, which will bring about a substantial increase
in core loss. Thus, the optimal decoupling condition in Section
IV-Cis vital for uniform flux density distribution and minimizing
core losses. However, when (9) is not satisfied, the simulated
flux density distributions in Figs. 15 and 16 are almost the same
as that in Fig. 12, which confirms that whether the decoupling
condition (9) is satisfied does not affect the performance of the
ODMIIS. Also, the three cases have the similar core loss, which
confirms that whether (9) is satisfied does not affect the core loss
of the structure.

In order to give a more explicit illustration of the effect of
superimposed magnetic flux on the core loss, the top views of
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TABLE VI
TRANSIENT FIELD SIMULATION RESULTS

Air gaps Magnetic flux
Corresponding case Core loss
arrangement distribution
dg1=0.65mm, x1=0, shown in No magnetic flux
34W
dp=0.65mm Fig. 12 overlapping
Vou/ N2x1(Vinl L),
dg1=0.8mm, Slight magnetic
and x,#0, shown in 35.65W
dp=0.5mm flux overlapping
Fig. 13
dg=1.5mm, Voud/ Ny<2x:1(Vin/ Ly), Serious magnetic
41.36W
dyp=0.4mm shown in Fig. 14 flux overlapping
x1=0, ]vpl: Na=8,
dg1=0.65mm, No magnetic flux
Nyjp=Ny=16, shown 34.12W
dp=0.65mm overlapping
in Fig. 15
x1=0, Smm moving
dg1=0.65mm, No magnetic flux
left of T core, shown 34.09W
d=0.65mm overlapping
in Fig. 16
B [teslal
-
papeeed | B
HG‘ 3200| T
(@ (b)
Fig. 17. Top view of the vector diagram of magnetic flux density before

and after integration when dy1 = 0.65 mm and dy2 = 0.65 mm. (a) Before
integration. (b) After integration.

the vector diagram of magnetic flux density before and after
integration are shown in Fig. 17(a)and (b), respectively. And the
core loss of the nanocrystalline core before and after integration
are simulated as 12.83 and 14.85 W, respectively.

It can be seen from Fig. 17 that the amplitude of the flux
density in the iron yoke of the nanocrystalline core after in-
tegration is almost the same as that of the flux density before
integration. And, the increasement of core loss after integration
is much smaller than the core loss before integration. During
the actual design, the flux density in the nanocrystalline core
can be set larger than that in the I-type ferrite core due to its
higher saturation flux density. In this case, the effect of the
superimposed magnetic flux on the core loss of the original
discrete solution can be further ignored.

VII. EXPERIMENTAL VERIFICATION
A. Prototype Adopting the ODMIS

A DAB converter prototype with the parameters in Table V
was built, and the MOSFET of IPW60R070CFD7 from Infineon
Technology [31] is selected as the switches O1—Qs. The proto-
type adopting the ODMIS is designed according to the design
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Fig. 18.  DAB converter test platform and magnetic integrated prototype.

HFT
windings

_+ Inductor
~ winding

(@)

Transformer
windings

Inductor
winding

Fig. 19.  Test prototypes adopting the four structures. (a) ODMIS. (b) Discrete
magnetic parts. (c) Large leakage inductance integrated structure in Fig. 3. (d)
Decoupling integrated structure in Fig. 4.

process in Section V. In the prototype, and the isolation between
the I-type ferrite cores and the nanocrystalline core adopts 13
layers of 0.05 mm polyimide film. Litz wire of 0.1 mmx350
strands is used for both the HFT winding and inductor winding,
and the HFT secondary winding is close to the core, while the
primary winding is wound on the secondary one. The insulation
between the secondary winding and the nanocrystalline core
uses two layers of 0.05 mm polyimide film.

The main insulation between the primary and secondary wind-
ings and the insulation between the inductor winding and ferrite
core use 4 layers of 0.05 mm polyimide film. The test platform
is shown in Fig. 18, and the magnetic integrated prototype is
shown in Fig. 19(a).

The LCR bridge tester YB2811 is used to measure the induc-
tance parameters of the prototype, and the results are shown in
Table VII. Ly is the leakage inductance, L,, is the magnetizing
inductance, and L; is the integrated inductor. According to the
test results in Table VII, the decoupling between the HFT and the
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TABLE VII
MEASURED INDUCTANCES OF THE FOUR PROTOTYPES SHOWN IN FIG. 19
ODMIS Discrete magnetic parts Large leakage Decoupling
inductance integrated
rectangular core  I-type core HFT core Inductor core integrated structure structure
Core material  nanocrystalline DMR95 nanocrystalline DMR95 nanocrystalline DMR95
e “ TABLE VIII
o ¥ T KR s m— K CORE MATERIALS OF THE FOUR PROTOTYPES
Ko Wl KVCD
AL A N M kVis | it M Inductance values
- [ . H
o iLg o W s AT . Large leakage .
. - = . = N Parameters Dlscret.e inductance l?ecouphng
ODMIS magnetic . integrated
arts integrated structure
P structure
Ly 52uH 52uH 102pH 29.24uH
L 103.750H  100.74pH / 75uH
M5 1.5uH OuH / 4uH
My 0.75uH OuH / 4.25uH
L, 17.5mH 16.157mH 5.876mH 2.706 mH
99.0
Fig. 20.  Experimental results with the four prototypes. (a) ODMIS. (b) Dis- 98.5 /’(‘7 ¥ e O
crete magnetic parts. (c) Large leakage inductance integrated structure in Fig. 3. 98.0 //,/—A
(d) Decoupling integrated structure in Fig. 4. X 975 > 3
=
5 965
. . . . = 96.0 —— ODMIS
inductor of the pfototype is achieved, and the mutual inductance B ges S Discrete magnetic parts
almost does not influence the converter operation. ool 4 _, Large leakage inductance
The key waveforms of the magnetic integrated DAB con- %5 gtegme.d structure
o ‘ . Y ecoupling integrated
verter under full-load conditions are shown in Fig. 20(a). The 94.0 structure
experimental waveforms are similar to the theoretical wave- %3 ‘50 12 24 36 a3 P
forms in Fig. 2, which indicates that the electrical parameters Power [kW]
of this magnetic integrated transformer prototype are reliable. o .
g g p yP Fig. 21.  Overall efficiency curves of four prototypes.

The conversion efficiency of the magnetic integrated.
DAB converter under full load condition is measured as
97.55% by adopting power analyzers YOKOGAWA WT1800E.

B. Prototypes Adopting Other Structures

In order to illustrate the advantages of the proposed ODMIS,
three prototypes with the discrete magnetic parts, the large
leakage inductance integrated structure in Fig. 3 and the de-
coupling integrated structure in Fig. 4 are designed and com-
pared. Considering that the integration idea of ODMIS is to
replace the discrete inductor core by splicing two I-type cores
while keeping the original discrete HFT unchanged. Then, an
E70/33/32 ferrite core is adopted for the discrete inductor, the
winding is 10 turns, and an air gap of 0.45 mm is cushioned
between two halves of the EE core. The measured inductance
value is 100.74 pH, and the prototype is shown in Fig. 19(b).
For the large leakage inductance integrated prototype, the main
core still adopts AM-120x105x40 cut nanocrystalline core,
the number of HFT winding turns is 15. The primary winding
is wound on the left column, while the secondary winding is
wound on the right column, the measured leakage inductance is
102 pH, and the prototype is shown in Fig. 19(c). In the third
prototype, an EE110/56/36 ferrite core is selected as the main
core, and an air gap of 0.45mm separates two halves of the
EE core. In this structure, the transformer windings are wound
with 40 turns which are divided into two successive layers on

the central column of the EE core, and the inductor winding is
wound with 8 turns, which are arranged equally on both columns
and connected in series, and the third prototype is shown in
Fig. 19(d). The measured inductances of the four prototypes are
shown in Table VII, and the core materials adopted by the four
prototypes are shown in Table VIII.

The experimental results are shown in Fig. 20. It can be seen
that all three prototypes can guarantee the normal operation
of DAB converter. Moreover, the measured full-load overall
conversion efficiencies of the three DAB converter prototypes
are 97.37%, 96.32%, and 96.47%, respectively.

C. Efficiency Comparison

The overall efficiency curves of the DAB converter with four
different magnetic components are provided in Fig. 21, where
the load changes from 10% to 100% rated power. It can be seen
that the overall efficiency of the prototype which adopts the
ODMIS is closest to that of the discrete magnetic parts, which
indicates that the ODMIS does not increase loss after integration.

The overall efficiency of the prototype adopting the large
leakage inductance integrated structure is the lowest, which is
because the leakage flux generated by the HFT is orthogonal
to the nanocrystalline ribbon, which causes the core loss to
increase significantly. The efficiency of the prototype using the
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(c) (d)

Fig. 22. Thermal imaging pictures of different prototypes in the steady state.
(a) ODMIS. (b) Large leakage inductance integrated structure. (¢) Decoupling
integrated structure. (d) Discrete magnetic parts.

decoupling integrated structure is also lower than that adopting
the ODMIS and discrete magnetics parts in most load condi-
tions, which is due to the increase of core loss caused by the
superposition of magnetic fluxes, and the considerable winding
loss caused by the successive winding in two layers of the HFT
windings [32].

D. Thermal Verification

A FOTRIC infrared thermal imaging camera is used to com-
pare the temperature rise of the prototypes at half-load adopting
the ODMIS, the large leakage inductance integrated structure,
the decoupling integrated structure, and the discrete magnetic
parts. The thermal imaging pictures are shown in Fig. 22, where
Sp1 and S),o represent the highest temperature rise of core and
winding, respectively. From Fig. 22(a), the highest temperature
rise of the prototype adopting the ODMIS in steady state is 22.2
K, which appears in the winding part, and the temperature rise
of the core part is lower than 20 K. In addition, the temperature
rise in Fig. 22(a) is evenly distributed. On the contrary, from
Fig. 22(b), the highest temperature rise of the prototype using
the large leakage inductance integrated structure is 59.6 K, which
appears in the outer laminated part of the nanocrystalline core.
This phenomenon confirms that the orthogonal magnetic flux
can increase core loss. From Fig. 22(c), the highest temperature
rise of the prototype using the decoupling integrated structure is
45.7 K, which appears in the left column of the EE core, and the
temperature rise in the winding part is also high, which reaches
42.1 K. So, the superposition of magnetic flux in the left column
will increase the core loss, and the winding loss caused by the
proximity effect is also significant.

From Fig. 22(d), the highest temperature rise of the discrete
prototype in steady state is 21.3 K. From the comparison, the
prototypes using the ODMIS and the discrete magnetic parts
have the lowest temperature rise.
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E. Power Density Comparison

The power density of the prototypes with ODMIS and discrete
magnetic parts is measured and compared. As for the ODMIS,
the volume and weight are measured as 0.595 L and 3 kg,
respectively. Therefore, the power density can be calculated
as 10.08 kW/L. As for the discrete prototype, the volume and
weight are measured as 0.677 L and 3.2 kg, respectively. Then,
the power density is calculated as 8.862 kW/L. The volume and
weight of the magnetic parts with the application of ODMIS
reduce 12.1% and 6.3%, respectively, and the power density
is increased by 13.8%. When calculating the volume and the
power density of the magnetic parts, the core, winding, and
core window area are taken into consideration at the same time.
The weight measurement of the magnetic parts before and after
integration takes the cores and windings into consideration at
the same time.

A thorough power density comparison is shown in Table IX.
It can be seen from Table IX that power densities of the large
leakage inductance integrated structure and the decoupling inte-
grated structure are higher than that of the ODMIS. However, the
losses of the large leakage inductance integrated structure and
the decoupling integrated structure are much larger than that of
the ODMIS.

Considering of reasonable cooling measures, some additional
devices for heat dissipation will reduce the actual power density
of the large leakage inductance integrated structure and the
decoupling integrated structure, and result in greater loss of
the magnetic parts [12]. Therefore, the advantages of the two
magnetic integrated structures in power density will be further
weakened, and the disadvantages in efficiency will be further
amplified after considering actual cooling measures. On the
contrary, the ODMIS increases the power density further on
the premise of keeping the loss of the magnetic parts at the
same level as that of the discrete solution. After comprehensive
consideration, ODMIS proposed in this article is superior to the
other two magnetic integrated structures.

F. Loss Breakdown of the Four Prototypes

Based on the parameter in Table III, the loss breakdown of
the DAB converter adopting the four structures is simulated.
PLECS is employed to simulate the power loss of the switches
and the dc-link capacitors, and ANSYS is employed to simulated
the power loss of the four prototypes including winding loss
and core loss. The switches adopted in the DAB converter is
IPW60R070CFD7 from Infineon Technology [31].

The summarized values for simulated losses in the DAB
converter adopting the four structures including the ODMIS, the
discrete magnetic parts, the large leakage inductance integrated
structure, and the decoupling integrated structure are shown in
Fig. 23. It can be seen that the losses on the circuit including
conduction loss, switching loss, and capacitors loss of the four
schemes are similar, the major difference of the four schemes is
the loss of the magnetic parts including winding loss and core
loss. From Fig. 23, it can be seen that the loss distribution of two
schemes adopting the ODMIS and the discrete magnetic parts
are almost the same. In terms of the large leakage inductance
integrated structure, even though its winding loss is slightly less
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TABLE IX
THOROUGH POWER DENSITY COMPARISON AMONG FOUR PROTOTYPES

Full load overall efficiency  Volume/L  Weight/kg  Power density/kW/L
This work (ODMIS) 97.55% 0.595 3 10.081
Discrete magnetic parts 97.37% 0.677 32 8.862
Large leakage inductance integrated structure. 96.32% 0.524 245 11.46
Decoupling integrated structure 96.47% 0.335 2.15 17.889

200
180
3 69.6
160 923
g 140 34.6 402
— 120
2 13.8 132 A
g 0.4 03 L &
i 100 17.7 175 03 ?762
z 80 \\*\ R .
o \ NS R,
60 \,Q\\\ \\\:\_\Q \j\\:\\i\\
- \ R DR
40 N 88.1 N -, 889 ™ o 82.8
Ny RN
20 SN R SN
0 Y AN RN
ODMIS Discrete  Large leakage Decoupling
solution inductance integrated
integrated structure structure
[~/ Conduction loss Switching loss & Capacitors loss

Winding loss Core loss

Fig. 23.  Loss comparison of the four schemes which adopt the ODMIS, the
discrete magnetic parts, the large leakage inductance integrated structure and
the decoupling integrated structure.

than that of the ODMIS, its core loss is much larger than that
of the ODMIS. In terms of the decoupling integrated structure,
both the winding loss and the core loss of it are much larger than
that of the ODMIS.

Therefore, the ODMIS is suitable for the DAB converter due
to the loss consistency before and after integration, while the
large leakage inductance integrated structure and the decoupling
integrated structure are not suitable for the integrated DAB
converter for the large increase of magnetic parts loss.

VIII. CONCLUSION

This article proposes a low loss ODMIS for the DAB con-
verter. It improves the power density while maintains the mag-
netizing inductance compared with the discrete magnetic solu-
tions. The decoupling conditions and loss characteristics of the
ODMIS are analyzed in detail. Then, the optimal decoupling
condition is obtained, where the I-type cores are arranged sym-
metrically, and the integrated inductor windings are distributed
evenly. Moreover, the magnetic flux paths of HFT and the
integrated inductor in the ODMIS are separated, the core loss
after integration is optimized, and the overall efficiency of the
DAB converter adopting the ODMIS is kept at the same level
as the discrete magnetic solutions. Finally, the effectiveness of
the ODMIS is verified through finite-element simulation and
experimental results.
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