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Abstract—The growing demand for compact, reliable, and
high-efficiency power conversion systems has spurred the need for
the development of power-dense magnetic solutions. This paper
introduces a design algorithm utilizing an improved magnetic
equivalent circuit (MEC) model for an integrated magnetic
structure, which provides a more accurate and computationally
efficient approach to capturing complex magnetic interactions.
The proposed MEC-based design algorithm shows promising
results in predicting the different reluctances, resulting in optimal
magnetic design parameters. The effectiveness of the methodol-
ogy is demonstrated through the design of an integrated structure
for a 12.5 kW, 50 kHz dual-active bridge converter, wherein the
energy-transfer series inductor and high-frequency transformer
are seamlessly integrated into a single magnetic structure -
hereafter referred to as the Integrated Magnetic Transformer
(IMTx).

Index Terms—Dual active bridge converter, Integrated mag-
netics structure, Magnetic equivalent circuit, Soft-ferrites.

I. INTRODUCTION

The optimal design of magnetic components in a power
electronics converter can be challenging but necessary, as they
are responsible for approximately 40-50% of the converter
weight and volume. Many power electronics converters rely on
multiple magnetic components to function. Examples include
dual-active bridge (DAB) converters [1] and LLC resonant
converters [2] which typically comprise a series inductor and
a high-frequency transformer. DC-DC converters that employ
multiple inductors such as Cuk [3], SEPIC [4], or interleaved
buck/boost topologies are also popular. In applications where
space and volume are critical, integrated magnetics design
concepts offer an alternative approach for converters with mul-
tiple magnetic components. While the concept of integrated
magnetics is well-established [3], its applications are diverse
and widespread. The well-established integration techniques
involve the sharing of core or windings. In the former, multiple
magnetic components share the same core while maintaining
separate windings, reducing the core material usage and im-
proving the power density requirements [5]. In contrast, in
the latter, a single winding contributes to the magnetization
of multiple magnetic components, reducing copper losses and
improving efficiency [4].

Recent literature highlights several innovative integrated
magnetic structures to enhance the performance of the DAB
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Fig. 1: Integrated designs of high-frequency transformer and
energy-transfer series inductor of a dual-active bridge con-
verter (a) IMTx 1 (b) IMTx 2. The IMTx 2 structure is a
variation of the IMTx 1 architecture.

converter [6]-[10]. Integrating different magnetic components
into a single core fosters improved efficiency and compactness
and presents challenges, such as complicated and non-trivial
design. Given that every power electronics converter has
distinct operating waveforms and requirements, no integrated
magnetic design can be considered universal. Reluctance
modeling offers a rapid and direct approach to designing
magnetic structures, but its complexity increases when dealing
with integrated magnetic designs. To address this, accurately
modeling the reluctance of air gaps, the window regions, and
air reluctance inside and outside the core is crucial. This
approach can enable the design of compact structures by
developing a magnetic equivalent circuit (MEC). This paper
presents a MEC-based design methodology for developing an
integrated magnetic structure using ferrites for a 12.5 kW,
50 kHz dual-active bridge (DAB) converter. The integrated
magnetic structure uses the transformer’s leakage inductance
as the energy transfer inductor, achieved through an external
dedicated leakage path as shown in Fig. 1 [8], [11]. The paper
discusses an improved MEC model and provides insights into
the design of the integrated magnetic transformer (IMTx).

II. STEADY-STATE OPERATION AND SPECIFICATIONS OF A
DUAL-ACTIVE BRIDGE CONVERTER

This section briefly covers the steady-state operation of the
DAB converter which will be utilized during the integrated
magnetics design. The system specifications are 12.5 kW,
50 kHz, with input V;,, and output V,, voltage levels of 750 V
and 500 V, respectively. Analytically, the required leakage
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Fig. 2: Dual-active bridge converter with leakage inductances, L, and Ly on both sides of the high-frequency (HF)transformer

with finite magnetizing inductance L,,.

inductance L., = 100 yH. The DAB converter consists of two
H-bridges, each connected on either side of the transformer,
and the leakage inductances L, and L, of the transformer
realize the series inductance and act as the energy transfer
component, as shown in Fig. 2. Each H-bridge’s switching
devices are driven such that they produce complementary
square pulses. For RMS current minimization under single-
phase shift modulation strategy [12], the expression for opti-

2 4p,
mum equivalent duty D(= —5) is1—4/1— i, where p,
T mm

is per-unit power transfer, m is the voltage conversion ratio
and 3 is the phase shift between the ac voltages (v, and v,)
across the bridge terminal of the two H-bridges. For 8 = 5
the expression of maximum power transfer is given by
nVinVoITsD(1 — D)L,

P, =
2(n?LyLu + LyLy, + LyLy)

(D

in which n is the transformer turns ratio from secondary
to primary side, V;, is the input voltage, V, is the output
voltage, T is the switching period, L, and L, are the leakage
inductances on the primary and secondary sides of the high-
frequency transformer, respectively, and L, is the magnetizing
inductance. The output current I, can be regulated by control-
ling the phase shift 8. The currents at the switching instants
t = t; and t = {5 can be derived and are given by and are
indicated in Fig. 3

 ViaTo((2D — 1)(Ly + n*Ly,) + n°MLy,)

Iy = 2
pt 4(n?LyLyy + LoLy + LyLy) @
VinTo(n2(2D = 1)(M Ly,) + (Ls 4+ n2Ly,))

Iy = 3)

A(n?LyLy + LoLy + LyLy)

1 VinTo(2D = D)Ly + M(L + Ly) @
L 4(m2LyLy + LsLm + LyLy)

nVinTs(M (2D — 1)(Ly, + Lyp) + L)

Lo =
°2 4(n2LyLyy, + LyLy + LyLy) )

III. INTEGRATED MAGNETICS DESIGN PROTOTYPES
A. Construction of Magnetic Equivalent Circuit (MEC)

The integrated design prototypes investigated in this work
are depicted in Fig. 1. To increase the leakage inductance of
a transformer, the primary and secondary windings, such as
the side legs of the core, can be wound as far as possible.

UA

T,=1°
[

Fig. 3: Steady-state DAB converter waveforms under single-
phase shift modulation strategy.

Another approach involves providing a leakage path at a
suitable position; a regulated leakage inductance on either of
the high-frequency transformer windings can be achieved [13].
Two possible strategies to incorporate the leakages are shown
in Fig. 1. Both sides of the transformer will have equal leakage
inductance due to the indicated leakage path’s positioning.
All the prototype designs are constructed using two U-cores
and an I-core with d. as the depth of the core. The orange
equivalent foil conductor indicates the primary winding, and
the secondary winding is indicated by the green conductor.
Fig. 4 depicts the development of a magnetic equivalent circuit
for designing prototype IMTx 1. The following steps are
involved:

Case 1: NI, = NI

First, the distribution of flux paths is considered under
an equal MMF condition, wherein it is observed that the
summation of ¢'P and (j):g flux flows through the external
leakage path; (b; = ¢/P + (b,s as indicated in Fig. 4(a).

Case 2: NpI,, > NI, or N,I,, < NI,

Second, the distribution of flux paths is considered under
unequal MMF conditions, wherein it is observed that a part
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Fig. 4: Development of magnetic equivalent circuit (MEC) based on magnetizing flux paths (a) Equal MMFs N,I, = N I
(b) Unequal MMFs NI, > NI, (c) MEC of IMTx 1 design incorporating the leakage (window, air-gap) reluctance paths as
well (d) MEC of UU-core transformer without external leakage path.

of qﬁlllg flows through the leakage path and the remaining flux
through the other limb; gb;; = gb;' + ¢; for the example shown
in Fig. 4(b).

Observations reveal that the flux paths in the top and bottom
limbs and the flux distribution vary depending on the primary
and secondary magnetomotive forces (MMFs). To address this,
this work develops a reluctance model for the top and bottom
limbs, based on the assumption that, under unequal MMF
conditions (Fig. 4(b)), the flux is evenly divided, occupying
50% of the cross-sectional area. Also, the reluctance of the
inner flux path is assumed to be distributed in the ratio of

dpri deri
1:2 and ——

. Considering the IMTx 1 design, the
different core reluctances can be found using classical methods

as follows:

Core reluctances of the U-core:

The reluctance associated with the U-core can be calculated
directly based on the dimensions. The reluctances R;, Ry and
R3 as indicated in Fig. 4(c) are given by:

Ws
Ry =——-
poprWed,:
_ 0.25mw,
 HoptrWede
3 _0.5,u0,urwcdC

2

Core reluctances of the I-core:

The reluctance associated with the introduction of the
external leakage path, namely Ry, Rs, and Rg, are given by:

Path 3

(c)

Fig. 5: Fringing and leakage flux paths (a) Fringing flux paths
across an air-gap, 2, (b) Front view: vertical (Path 1 and 2)
reluctance (c) Side view: vertical path (Path 3) [14]. R,; and
R,2 are calculated using Path 1,3 and Path 2,3 respectively.

w
Rj=—9
* T 05p0pw.d,
R — 0.5m (0.25w, + 0.5w,)
poprde  (wg + 0.5w,)
W — g
6 =———— -
NOMngdc

To have a minimum reluctance path for Rj, the radius is
considered to be a mean of 0.5w, and 0.25w, (during case 1),
resulting in a minimum mean magnetic path length. Similarly,
the cross-sectional area is considered a mean of 0.5w.d.
and wgyd,. (during case 2), resulting in the maximum mean
magnetic cross-sectional area. For all this core reluctance, the
core material is assumed to operate in the linear range where
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Fig. 6: (a) Face leakage paths through the winding and the
air; (b) through the winding; (c) through the air [14]. Ry is
calculated using Path 4, 5.

the relative permeability p, is constant.

Leakage reluctance:

Deriving the analytical expressions for each leakage reluc-
tance path is difficult because of the curvature of the path
that the leakage flux follows while exiting and entering the
core. While the architecture of the magnetics greatly influences
these leakages, the leakage reluctances shown in red can
be approximated with some degree of accuracy using a few
basic assumptions. There are two forms of leakage reluctance:
window reluctance, as seen in Fig. 5(b)-(c), Fig. 6(a)-(c), and
fringing reluctance, as seen in Fig. 5(a) due to an air gap.
Window reluctances can be estimated by using the idea of

1
E=—-u fv H?dV, which represents the energy stored in

a magnetically linear component and shows the relationship
between the fields and the geometry [14].

B. MEC-based Design Algorithm for Leakage Integration

The energy stored in the leakage inductance of the trans-
former’s windings directly relates to the field space between
the primary and secondary windings. Higher energy relates
to higher leakage inductance [7]. Thus, windings on separate
limbs can, therefore, provide increased leakage. Additionally,
by incorporating an external leakage path along an appropriate
leakage path composed of the same or different grade of high-
permeability ferrite material with an air gap, controlled leakage
inductance can be achieved by modulating the air gap length
l, and width of the leakage path wy. An integrated design
prototype can be designed per the flowchart shown in Fig. 7.

The design algorithm requires system specifications such
as kVA ratings (rms primary and secondary currents and
voltage levels Vi, Irms and V,, Ig.ms respectively) and
required leakage inductance L,.,. An initial value of the
Ip1, Ipo, Is1 and Igo for limiting the observed peak flux
density across the core below the maximum design peak
flux density B,,. The design algorithm consists of two parts:
(1) the design of a transformer without an external leakage
path to set the magnetizing inductance, L,,_s, and (ii) the
design of an external leakage path based on L,.,. U-core
geometry is selected to establish higher leakage inductance
by placing the windings on different limbs. The core cross-
sectional area A. and window area A,, are selected using
the area-product approach. nqy and no collectively refer to

instant peak values of

System Specifications: V;,, V -
Initial values: rms and swmhmo
Initial assumptions: B, , J, k“ 11,—1

Selection of core using

<= 3 y PN ‘\‘
= '
-7 A, method - (U core) '
'8 o :
TE 2 A, Aw, ;
O H
{2 g :
= Selection ()f number of '
' E s Increase ||
= primary and secondary turns '
i number | |
H & :
‘B % Ny, Nall—N/Np of sets :
[~ '
H g = ny = ny+1 ||

=

=

Estimation of L, Lz“\ -t Lsetx !
and L, using MEC shown in Fig. !

m-tx

i Y i
: [ Estimation of peak flux density across the side j

limbs B, and B, using toolbox!’- refer Fig.

Check if
pix + Log/1° <Ly
and
0.5(B,+B,)<B,

Vary w, (1xn) and 1,(1xm) and
develop matrix Ly (nxm)
17
: Determine possible solutions of
w, and 1, for 0.9L,. <Ly (n,m)<1.1L,,
: ¥
For each possible solutions,

yred a3eyed] [BuINXd JO USISA( |

: find Ly e Logimees Dpimeor Locimixe a0 Liyues
: using MEC shown in Fig. '
: ¥ ;
1 Lin—te— Lin—imtz !
: For : —0.2 :
: Lipte <

E Select feasible values of w, and 1,

[ Recalculate Ty, Lo, Ly, Loy Tes Lo j
and P, D - using equations - (1)-(5)

: ¥ :
: [ Estimation of peak flux density across the side J :

Select next
feasible

option

limbs B, and B, using toolbox’- refer Fig.

Check if
0.5(B,+B,)<B,,

No

Calculate wire cross-section for primary and
secondary windings: a,, a

Final Design Parameters of IMTx: U-core dimensions,
ny, Ny, Ny, Ny, Ly, Log, Ly, Ly, L, agg, ags

Fig. 7: Flowchart for MEC-based design algorithm for inte-
grated magnetic transformer design.

the number of core sets. The primary and secondary leakage
inductance L,_¢, and L,_;,, respectively, in the first design
step, are designed so that L,_;; + Ls_¢, /n? < Lyeq. This
constraint is applied because when the external leakage path
is included, this value will be the minimum attainable leakage
inductance from the obtained magnetic structure. Once the
core dimension and number of primary N, and secondary
N, turns are set, the possible solution sets of width w,
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Fig. 8: 3D FEA magnetostatic results showcasing magnetic flux density distribution design IMTx 1; for switching instant
where i, (t) = I1 and is(t) = I5 (refer to column 9, row 5 of Table I) (a) Front cross-sectional view (plane y=0) (b) Top
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Fig. 9: 3D FEA magnetostatic results showcasing magnetic flux density distribution design IMTx 2; for switching instant
where i) (t) = Ip2 and i4(t) = Lo (refer to column 10, row 6 of Table I) (a) Front cross-sectional view (plane y=0) (b) Top

cross-sectional view (plane z=0).

and air-gap length [, that provide L,., are estimated. The
magnetizing inductance L,,,_;m¢, 1S constrained to be at least
80% of L,,_+,. With the inclusion of an external leakage path
in IMTx 1, the magnetizing inductance will be lowered as
opposed to IMTx 2, where it will remain unchanged. At each
design stage, the observed peak flux density B, and B, as
shown in Fig. 8(b) and 9(b) are estimated using [15] so that
average flux density across the core cross-section is <= B,,.
After design completion, the rms primary I, and secondary
Isrms currents are estimated to select the proper wire cross-
section a,,;, and a,,s respectively.

IV. SIMULATION RESULTS

To evaluate the magnetic performance and validate the
accuracy of the proposed MEC model for designs indicated
in Fig. 1, a 3D Finite Element Analysis (FEA) magnetostatic
simulation was conducted using COMSOL Multiphysics. The
study focused on two variations of IMTx design, utilizing
a U-core geometry (U/100/57/25) and I-core (I/100/25/25)

geometry modeled as the external leakage path. The I-cores
were appropriately cut to include the air gap in the leakage
path. The final design details are as follows (i) Prototype IMTx
I:ny+ny=6N,=8 N,=5,l, =76 mm and wy, = 25.4
mm, and (ii) Prototype IMTx 2: n1 +np =4, N, = 12, Ny =
8,1y = 9.6 mm and wy, = 25.4 mm. To verify the proposed
MEC model’s efficacy, the 3D FEA simulation results were
compared with the analytical MEC model results indicated in
Table I. Fig. 8 and 9 shows the magnetic flux density distri-
bution across the limb’s cross-section under different MMF
conditions. The Fig. 8(b) and 9(b) indicates the region where
the average flux density observed across the cross-section of
the core is estimated and denoted by B),1, B;1, and B)y during
the MMF condition of N,I;1, Nels and Npl,o, Nolg as
indicated switching instants in Fig. 3. The average flux density,
Bavl Bpl L) and Bav2 M

to be below design value, B,,. The two results are in good
agreement with around 10% deviation for prototype IMTx 1.

are observed
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TABLE I: Comparison of MEC-based analytical and 3D FEA magnetostatic simulation results

Desien Parameter Peak flux density observed
Results esign tarameters at switching instants (Fig. 3)
IpL Isy Ip27 Iso
Designs L11—imtx Loo_imtax Loy —imtx Lp —imtx Ls —imtx LicakT Bpl’ Bgs1 Bp27 Bso
Bavl Bav2
25.13 A, 4358 A | 24.19 A, 3544 A
IMTx 1 1.96 mH 0.77 mH 1.20 mH 54.29 uH 21.21 pH 108.58 pH | 0.079 T, 0.186 T 0.175 T, 0.081 T
MEC model 0.132 T 0.128 T
25.84 A, 4032 A | 26.88 A, 38.75 A
IMTx 2 3.42 mH 1.52 mH 2.25 mH 52.13 pH 23.17 pH 10425 pH | 0.057 T, 0.172 T 0.172 T, 0.058 T
0.115T 0.115T
25.13 A, 4358 A | 24.19 A, 3544 A
3D FEA IMTx 1 2.11 mH 0.83 mH 1.28 mH 53.61 uH 20.49 pH 107.1 pH Bouy = 0142 T Bowy = 0137 T
25.84 A, 40.32 A | 26.88 A, 38.75 A
IMTx 2 3.73 mH 1.66 mH 2.44 mH 73.29 uH 3248 pH 146.36 uH Buyi = 0.125 T Buys = 0.125 T

For the IMTx 2 design, the interaction of fringing reluctance
and leakage reluctance paths (R,2) is significant and not
accounted for in this work; thus, the results show a significant
difference. N87 material with a relative permeability of 2200
is assumed. The initial assumptions during the A, method
are peak flux density (B,,) of 0.14 T, current density (J) of
SA/me, and window utilization factor (k,,) of 0.4.

V. CONCLUSION

Compact, reliable, and efficient converter operation calls for
innovative magnetic design approaches, and one solution is to
go for integrated magnetic designs when multiple magnetic
components are involved which could be coupled. Two inte-
grated magnetic structures for a dual-active bridge converter
that uses an improved magnetic equivalent circuit are presented
in this work. An efficient design methodology that uses an
iterative approach is proposed. The design iterations are mini-
mized by utilizing and continuously improving the reluctance
modeling. Maintaining the observed peak flux density below
a threshold B,, is made possible by an improved analytical
MEC model for the examined integrated magnetic structures,
confirming the uneven flux distribution over the core structure
under various MMF conditions.
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