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Abstract: For dual active bridge (DAB) converters, integrating the phase-shifting inductance (PSI)
in the medium-frequency transformer (MFT) is an effective way to improve the overall power
density. Different from the existing leakage-inductance-integrated (LII) structure, a concentric-
winding (CW) enhanced leakage-inductance-integrated (ELII) structure, which includes an additional
core, is proposed in this paper. In order to explain the operating mode of CW ELII MFT, a magnetic
circuit model is established, and the analysis is carried out under the typical DAB excitation. The
total leakage inductance of CW ELII MFT is divided into the winding leakage inductance and the
additional leakage inductance for calculation. The integrated structure makes the heat dissipation of
the MFT challenging. Therefore, the air–water combined cooling method is adopted in the design. A
thermal resistance model is built for the winding air channel under forced convection. On this basis,
MFT designs with different integration structures for different leakage inductance requirements are
compared. Finally, a 200 kW/4 kHz/200 µH MFT prototype was designed and manufactured, which
achieved the power density of 5.16 kW/dm3 and the efficiency of 99.30%. The prototype was tested
in a DAB converter, which is a module of a 2 MW modular multilevel converter-bidirectional DC–DC
converter (MMC-BDC).

Keywords: medium-frequency transformer; inductor integration; DAB converter; optimal design

1. Introduction

In recent years, benefiting from advances in switching devices, magnetic materials,
and control methods, power conversion systems based on MFTs have gradually increased.
With the increase of operating frequency, the volume and weight of the transformer can be
reduced, thus improving the power density of the converter. Therefore, the MFT has broad
application prospects in many fields—such as flexible DC transmission, renewable energy
grid connection, and electrified transportation [1–3]. A typical application occasion is
vessel integrated power system (IPS) [4], and a modular multi-level converter-bidirectional
DC/DC converter (MMC-BDC) for IPS is shown in Figure 1 [5]. The converter adopts
multiple DAB converters to realize DC/DC energy conversion and bidirectional flow,
which can serve DC loads or energy storage elements.

In the topology of DAB, MFT provides voltage matching and galvanic isolation. The
phase-shifting inductance (PSI) is determined by the power capacity of the DAB converter
and provides the instantaneous energy storage in the conversion process [6]. In the reported
high-power DAB prototypes, an auxiliary inductor and an MFT is usually used. The
volume and weight of the auxiliary inductor may even be close to the MFT [3]. In [7], the
integrated/non-integrated MFT designs are compared. Although the integrated design
has obvious advantages in power density, the non-integrated design is finally chosen for
the sake of heat dissipation and installation flexibility. In [8–10], the design method for
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leakage-inductance-integrated (LII) MFT has been investigated. However, in order to
achieve a larger leakage inductance, the LII MFT requires more winding turns or a greater
primary-secondary distance, and the unconstrained leakage flux will cause additional
losses in tape wound cores. Therefore, it is hard for the LII MFT to meet the requirements
of the high inductance and the high power.
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Figure 1. The modular multilevel converter–bidirectional DC–DC converter.

Thermal performance is one of the decisive factors for the success of MFT design.
Natural air cooling is the most common heat dissipation method for MFTs. In [11] and [12],
the thermal network modeling method for natural air-cooled MFT is comprehensively
described. In order to increase power density, water cooling is adopted in [13] and [14],
and forced air cooling is adopted in [3,15]. In [3], the forced convection formula for circular
tubes is adopted for thermal modeling without considering the structural characteristics of
the winding air channel.

Many achievements have emerged in the optimal design of MFT in recent years, which
further pushes the MFT to large-scale industrial applications. In [16,17], the brute force
grid search method is adopted to optimize the design of a 100 kW/10 kHz shell-type
MFT. The sensitivity analysis of design parameters is carried out based on the large-scaled
calculation data. In [18], the researchers attempt to establish a unified mathematical model
for transformer/inductor optimal design based on existing classical parameter models
and carried out the optimal design with the goal of minimum core and minimum loss. A
200 kVA/10 kHz shell-type MFT is designed based on the genetic algorithm in [10], and
the optimal design of the heat sink is embedded in the design process. The above work is
carried out for typical core-type or shell-type MFT. The design of inductor-integrated MFT
is more challenging due to the parameter coupling and the integration structure.

Compared with the previous work, the main contributions of the work in this paper
include the following: (1) Different from the conventional leakage-inductance-integrated
(LII) MFT, a concentric-winding enhanced leakage-inductance-integrated (CW ELII) MFT,
which includes an additional core, is proposed in this paper. Moreover, a developed
example of 200 kW, 4 kHz, 200 µH MFT with CW ELII structure is presented specifically.
(2) The air channel in the forced air-cooled winding is simplified to the parallel-plate
structure, and the thermal resistance model is established based on classic models. (3) For
different leakage inductance requirements, the power density of the CW LII and CW ELII
solutions are quantitatively compared.

This paper is organized as follows. Section 2 discusses different integration structures
and focuses on the magnetic circuit analysis of the CW ELII MFT in DAB. Section 3 intro-
duces the calculation method of the loss and the leakage inductance. Section 4 presents
the thermal modeling method of air–water combined cooled MFT. In Section 5, the design
method and quantitative comparison of the CW LII and CW ELII MFT are presented. The
developed 200 kW, 4 kHz, 200 µH MFT prototype, and experimental results are also pre-
sented in Section 5. Finally, Section 6 lays out the conclusions and future work possibilities.
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2. Integration Structures and Operating Mode
2.1. Integration Structures

The inductor-integrated MFT can be divided into three categories: detached-inductor
integrated (DII), leakage-inductance-integrated (LII), and enhanced leakage-inductance-
integrated (ELII) MFT. The characteristic of DII MFT is that it has independent inductor
windings. The inductor core and the transformer core are integrated or just packaged
together. The DII MFT will not be focused on in this paper.

LII MFT features no additional winding or core. The target leakage inductance is
achieved only through the design of the winding structure. Figure 2a, b show typical
separate-winding (SW) and concentric-winding (CW) structures. It is usually easier to
achieve a greater leakage inductance by the SW structure [3]. However, since the magnetic
motive force (MMF) on the core limb of the SW MFT is unbalanced, the leakage flux is
widely distributed in the external space, which may lead to eddy losses in the adjacent metal
structure. Therefore, the SW MFT should be used in compact high-power converters with
caution. No matter the SW or the CW structure, part of the leakage flux will pass through
the core tape vertically and cause apparent eddy current loss of the wound core [19].
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The characteristic of ELII MFT is that the additional core is used instead of the air
in the leakage flux path of the LII MFT. Due to the higher equivalent permeability of the
additional core, it is possible to achieve a higher power density. Figure 2c shows the SW
ELII structure, which will cause the external leakage flux like the SW LII structure. The flux
from the main core to the additional core limb will pass through the core tape vertically,
which will cause local additional core loss [19]. Figure 2d shows the CW ELII structure, in
which the additional independent core restricts the flow path of the leakage flux. Therefore,
the CW ELII structure may be more suitable for the requirements of the high power and
high inductance.

2.2. CW ELII MFT Operating Mode in DAB

The circuit topology of DAB is shown in Figure 3. The MFT is excited by H-bridges
on both sides simultaneously, and the operating condition is determined by the duty cycle
and the phase-shifting duty of the two bridges. In order to analyze the operating mode of
the CW ELII MFT under typical DAB excitation, the magnetic circuit model is established.
As shown in Figure 4, the voltage excitations up and us at the primary and the secondary
sides work as flux sources Φp and Φs in the same direction in the magnetic circuit.{

NpΦp(t) =
∫

up(t)dt
NsΦs(t) =

∫
us(t)dt

(1)

where Np and Ns are the number of turns of the primary and secondary windings.



Energies 2022, 15, 1361 4 of 23

Energies 2022, 15, x FOR PEER REVIEW 4 of 24 
 

 

( ) ( )

( ) ( )
p p p

s s s

d

d

N Φ t u t t

N Φ t u t t

 =


=


  

(1) 

where Np and Ns are the number of turns of the primary and secondary windings. 

MFT

up

U
d1 U

d2

HB1 HB2

us
eceσa

Lσa  Lσp  Lσs   

 
Figure 3. DAB circuit topology. 

R m
-σ

p
R m

-σ
s

Φp 

Φs 

Φp 

R m
-σ

p
R m

-σ
s

R m
-c

l

R m
-c

lRm-σa

Φs 

Φσp 

Φc 

Φσs 
Rm-cy

Φc 

Φc

Φσa 
Φσa 

Rm-cy

Φc 

Φσp 

Φσs 

 
Figure 4. Magnetic circuit model of CW ELII MFT. 

In Figure 4, Rm-cl and Rm-cy are respectively the reluctance of the core limb and core 
yoke; Rm-σp and Rm-σs are respectively the air leakage reluctance of the primary winding 
and the secondary winding; Rm-σa is the reluctance of the additional core. The magnetic 
circuit equation is given as 

σa m-σa σp m-σp c m-cy

σa m-σa c m-cl σs m-σs c m-cy

σa σp c p

σs c s

2 0
2 2 0

Φ R Φ R Φ R
Φ R Φ R Φ R Φ R
Φ Φ Φ Φ
Φ Φ Φ

− + =
 − + − =
 + + =
 + =  

(2) 

According to the reluctances, the additional leakage inductance Lσa, primary leakage 
inductance Lσp, and secondary leakage inductance L’σs (in primary) can be defined as 

2
σa p m-σa

2
σp p m-σp
' 2
σs p m-σs

/
/ 2
/ 2

L N R

L N R

L N R

 =
 =
 =  

(3) 

Since the main core is without air gaps, the reluctances Rm-cl and Rm-cy are much 
smaller than those of the air or the additional core and can be assumed to be zero. Thus, 
according to (1) and (2), the magnetic fluxes can be obtained. 
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In Figure 4, Rm-cl and Rm-cy are respectively the reluctance of the core limb and core
yoke; Rm-σp and Rm-σs are respectively the air leakage reluctance of the primary winding
and the secondary winding; Rm-σa is the reluctance of the additional core. The magnetic
circuit equation is given as

ΦσaRm−σa − 2ΦσpRm−σp + ΦcRm−cy = 0
ΦσaRm−σa − 2ΦcRm−cl + 2ΦσsRm−σs −ΦcRm−cy = 0
Φσa + Φσp + Φc = Φp

Φσs + Φc = Φs

(2)

According to the reluctances, the additional leakage inductance Lσa, primary leakage
inductance Lσp, and secondary leakage inductance L’σs (in primary) can be defined as

Lσa = N2
p/Rm−σa

Lσp = N2
p/2Rm−σp

L′σs = N2
p/2Rm−σs

(3)

Since the main core is without air gaps, the reluctances Rm-cl and Rm-cy are much
smaller than those of the air or the additional core and can be assumed to be zero. Thus,
according to (1) and (2), the magnetic fluxes can be obtained.

Φc =
L′σsΦp+(Lσp+Lσa)Φs

L′σs+Lσp+Lσa

Φσa =
Lσa(Φp−Φs)

L′σs+Lσp+Lσa

Φσp =
Lσp(Φp−Φs)
L′σs+Lσp+Lσa

Φσs =
−L′σs(Φp−Φs)
L′σs+Lσp+Lσa

(4)
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Take typical DAB excitation as an example: the duty of two H-bridges Dh = 0.5; phase-
shifting duty 0 < Ds < 0.5. Then the voltage excitations of MFT, up and us, are given as

up(t) =

{
Ud1, [0, 0.5T]

−Ud1, [0.5T, T]

us(t) =
Ud2
Ud1

up(t− DsT)

(5)

where Ud1 is the DC bus voltage of the primary side, and Ud2 is the DC bus voltage of the
secondary side.

The induced electromotive force ec(t) of the main core and eσa(t) of the additional core
can be calculated according to Equations (1), (4), and (5).

− ec(t) =



L′σs−Lσp−Lσa
L′σs+Lσp+Lσa

Ud1, [0, DsT]

Ud1, [DsT, 0.5T]
−L′σs+Lσp+Lσa
L′σs+Lσp+Lσa

Ud1, [0.5T, (0.5 + Ds)T]

−Ud1, [(0.5 + Ds)T, T]

(6)

− eσa(t) =



2Lσa
L′σs+Lσp+Lσa

Ud1, [0, DsT]

0, [DsT, 0.5T]

− 2Lσa
L′σs+Lσp+Lσa

Ud1, [0.5T, (0.5 + Ds)T]

0, [(0.5 + Ds)T, T]

(7)

For example, the turns ratio of the MFT satisfies Np:Ns = Ud1:Ud2, and the leakage
inductances satisfies Lσa + Lσp + L’σs = 5Lσp = 5L’σs. Then the voltage and flux waveforms
with the phase-shifting duty of 0 and 0.25 are shown in Figure 5.
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DAB excitation. (a) Dh = 0.5, Ds = 0; (b) Dh = 0.5, Ds = 0.25. 

3. Loss and Leakage Inductance Calculation 
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3. Loss and Leakage Inductance Calculation

Loss and inductance are important electrical parameters of MFT. In view of the struc-
ture particularity of the CW ELII MFT, this section discusses the calculation methods of the
loss and the leakage inductance based on the magnetic circuit analysis above.

3.1. Core Loss of CW ELII MFT

The core loss of CW ELII MFT contains the main core loss and the additional core loss.
Core loss under non-sinusoidal excitation can be calculated by the improved generalized
Steinmetz equation (iGSE) [20], in which the peak value and the differential of the flux density
are needed. Based on the magnetic circuit analysis and the assumption that Lσp = L’σs, the
peak value and the differential of the flux densities can be derived from (6) and (7) as

Bm =
Ud1

2Np f Acv

[
1
2
− Lσw

Lint
Ds

]
(8)

Bma =
Ud1

Np f Aacv

Lσa

Lint
Ds (9)

∣∣∣∣dBm

dt

∣∣∣∣ =


Lσa
Lint

Ud1
Np Acv

, [0, DsT]
Ud1

Np Acv
, [DsT, 0.5T]

Lσa
Lint

Ud1
Np Acv

, [0.5T, (0.5 + Ds)T]
Ud1

Np Acv
, [(0.5 + Ds)T, T]

(10)

∣∣∣∣dBma

dt

∣∣∣∣ =


2Lσa
Lint

Ud1
Np Aacv

, [0, DsT]

0, [DsT, 0.5T]
2Lσa
Lint

Ud1
Np Aacv

, [0.5T, (0.5 + Ds)T]

0, [(0.5 + Ds)T, T]

(11)

Based on the iGSE model [20], the engineering calculation model for the core losses
under DAB excitation (Dh =0.5) is given as

Pc = Mcki f α−β

(
Ud1

Np Acv

)β(1
2
− LσwDs

Lint

)β−α[
1 + 2Ds

(
Lα
σa

Lα
int
− 1
)]

(12)

Pca = Macki2β+1 f α−β

(
Ud1

Np Aacv

Lσa

Lint

)β

D1−α+β
s (13)

ki =
k

(2π)α−1 ∫ 2π
0 |cos θ|α2β−αdθ

(14)

where Pc is the loss of the main core; Pca is the loss of the additional core; Mc is the effective
weight of the main core; Mac is the effective weight of the additional core; f is frequency,
ki is the iGSE coefficient. k, α, and β are Steinmetz coefficients, which are extracted from
sinusoidal measurement data of a gapped nanocrystalline core sample, which is shown in
Figure 6.

The experiment is carried out with the core sample, and the calculated value and the
measured value are compared in Figure 6, verifying the effectiveness of the model.
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3.2. Winding Loss

In order to calculate the winding losses under non-sinusoidal excitation, the current is
usually decomposed by Fourier transform, and the winding loss is given as

PCu =
∞

∑
i=1

I2
RMS−iRAC−i =

∞

∑
i=1

I2
RMS−iFR−iRDC (15)

where IRMS-i is the ith harmonic components of the load current; the ac resistance coefficient
FR can be obtained by the Dowell model [21] as

FR = ∆

[
sin h2∆ + sin 2∆
cos h2∆− cos 2∆

+
2
(
m2 − 1

)
3

sin h∆− sin ∆
cos h∆ + cos ∆

]
(16)

∆ = dc

√
π f σµ0

nhc

hwd
(17)

where, m is the number of winding layers, dc is the thickness of conductor, hc is the height of
single conductor, ∆ is the ratio of conductor thickness to penetrated depth; σ is conductivity,
f is frequency, µ0 is the vacuum permeability, n is the number of conductors per layer, and
hwd is the window height.

3.3. Leakage Inductance of CW ELII MFT

Figure 7 shows the simplified magnetic field distribution of CW ELII MFT. The inte-
grated leakage inductance of CW ELII MFT consists of additional leakage inductance Lσa,
primary leakage inductance Lσp, and secondary leakage inductance Lσs. Since the leakage
inductance of the primary winding and secondary winding are difficult to be separated
physically, the two are usually combined as the winding leakage inductance Lσw, so the
total leakage inductance of the transformer is given as

Lσ = Lσa + Lσp + L′σs = Lσa + Lσw (18)

The Rogowski model and Dowell model are classical calculation methods for trans-
former leakage inductance. The Rogowski model is a 2D static model in which the internal
characteristics of the winding (for example, conductor thickness and inter-turn distance)
and the effect of eddy current in the conductor are ignored. The Dowell model is a 1D
dynamic model, and describes the influence of the eddy current on the leakage inductance
based on the assumption of parallel flux and uniform arrangement of conductors [21]. The
Dowell model is suitable for cases with eddy current effects but has an obvious error in
cases with low utilization of the core window height [22]. Researchers introduced Rogowski
coefficient into the Dowell model, making up for the deficiency of Dowell model [22,23].
The hybrid model is given as [22]
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Lσw−H =
N2µ0lw

heq

[
dcsms

3
Fsw +

dcpmp

3
Fpw + dd +

dis(ms − 1)(2ms − 1)
6ms

+
dip
(
mp − 1

)(
2mp − 1

)
6mp

]
(19)

Fw =

[
(4m2 − 1) sin h2∆−sin 2∆

cosh 2∆−cos 2∆ −2(m2 − 1) sinh∆−sin ∆
cosh ∆−cos ∆

]
2m2∆

(20)

∆ = dc

√
µ0π f σ

nhc

hwd
(21)

heq =
hw

KR
(22)

KR = 1− 1− e−πhw/dw

πhw/dw
(23)

where N is the turns of the winding; lw is the average length of turns; mp and ms are
respectively the numbers of primary and secondary winding layers; ∆ is the ratio of
conductor thickness to skin depth; σ is conductivity; f is frequency; µ0 is the vacuum
permeability; n is the number of conductors per layer; KR is Rogowski coefficient; and heq
is the corrected magnetic circuit length. As shown in Figure 8, dd is the main insulation
distance; dwp, dws, and dw, are respectively the width of the primary, secondary, and the
entire winding; hw is the height of winding; hwd is the window height; dip and dis are
inter-layer distances; dcp and dcs are the widths of single conductors; hcp or hcs are the
heights of conductors.
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According to the assumption of the Dowell model, the main insulation layer has the same
width dd in the perimeter direction; conductor layers are arranged uniformly with the same
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inter-layer distance, i.e., dis and dip. As shown in Figure 7, the width of the main insulation in
the CW ELII MFT is not equal in the circumference direction. In addition, when there is an
internal air channel in the winding, the inter-layer distance will not be equal. Therefore, the
original model needs to be improved to enable it to be used in the CW ELII MFT.

Assuming that the cross-sectional area of the main insulation layer is Sd, the inductance
of the main insulation layer can be obtained based on the magnetic field energy

Ld =
N2Sdµ0

heq
(24)

Assuming that conductor layers are arranged non-uniformly with the inter-layer
distances di-1, di-2, . . . , di-q, . . . , di-(m−1), then the inter-layer inductance is given as

Li =
µ0N2lw
heqm2

p

q=m−1

∑
q=1

q2di−q (25)

Replace the static terms in (19) by (24) and (25), and the mean length of turns of the
primary and secondary windings, lwp and lws, are used to calculate the leakage inductance.
The improved hybrid model is given as

Lσw−HI =
N2µ0

heq

[
lwpdcpmp

3
Fwp +

lwsdcsms

3
Fws + Sd +

lwp

m2
p

q=mp−1

∑
q=1

q2dip−q +
lws

m2
s

r=ms−1

∑
r=1

r2dis−r

]
(26)

where, dip-q and dis-r refer to the width of the qth and rth inter-layer distance of the primary
and secondary winding from the outside to the inside.

A winding model with a non-uniform arrangement of conductors is shown in Figure 9.
The model parameters are: 18 turns of the primary winding, 11 turns of the secondary,
the width of the main insulating layer is 8 mm, the thickness of the copper foil is 1 mm,
the height is 220 mm, the height of the window is 245 mm. An 8 mm-wide air channel is
located between the q layer and the q + 1 layer in the primary, and the other turns of the
insulating layer have a width of 0.2 mm.
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As shown in Figure 10, different models and FEM are used to calculate the leakage 
inductance of the example winding with different air channel locations. In the original 
and hybrid models, the average inter-layer width is used for the calculation. Both the FEM 
results and the calculation results of the proposed model increase as the position of the 
channel gradually approaches the main insulating layer, while the original model and the 
hybrid model cannot reflect the influence of the air channel on the leakage inductance. 
Based on the FEM results, the average error of the proposed model is 1.9%, and the max-
imum error is 2.4%, both smaller than the other two models; when q = 10–12, the errors of 
the three models are relatively close, all less than 5%. 
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As shown in Figure 10, different models and FEM are used to calculate the leakage
inductance of the example winding with different air channel locations. In the original and
hybrid models, the average inter-layer width is used for the calculation. Both the FEM
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results and the calculation results of the proposed model increase as the position of the
channel gradually approaches the main insulating layer, while the original model and the
hybrid model cannot reflect the influence of the air channel on the leakage inductance.
Based on the FEM results, the average error of the proposed model is 1.9%, and the
maximum error is 2.4%, both smaller than the other two models; when q = 10–12, the errors
of the three models are relatively close, all less than 5%.
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The additional leakage inductance is composed of multiple air-gap inductances. In [24],
an empirical formula is provided for calculating the inductance of the lumped air-gap
inductor. In [25], the 2D expressions of air-gap reluctance are derived based on the Schwarz–
Christoffel transformation.

A simplified air gap is shown in Figure 11, and its reluctance is composed of the internal
reluctance Rin and the fringing reluctance Rfr in parallel. The expressions are given as [26]

Rin =
dg

µ0 Aac
(27)

Rfr =
π

µ0C ln
(

2h+dg
dg

) (28)

Rg−i = Rfr
∣∣∣∣Rin (29)

where di is the height of the air gap, Aac is the cross-sectional area of the core, µ0 is air
permeability, and C is the perimeter of the cross-section.
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Thus, the additional leakage inductance is given as

Lσa =
N2

∑ Rg−i
(30)

where N is the number of turns of the winding.
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The FEM simulation is carried out to verify the calculation method for the additional
leakage inductance, and the model and parameters are shown in Figure 12a. As shown
in Figure 12b, as the air gap height increases, the inductance value is greatly reduced.
Therefore, in the MFT design process, the height and number of the air gap are used to
adjust the inductance value.
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4. Thermal Modeling and Analysis

For the design of the air–water combined cooling MFT, a thermal model is necessary.
The steady-state thermal model mainly includes the heat source, thermal resistance, and
network topology. The heat source, namely the core and winding losses, has been discussed
above. Therefore, this section mainly discusses the modeling of thermal resistance and
network topology.

4.1. Convective Thermal Resistance of the Air Channel

The air channel is an important heat dissipation structure of transformer windings.
The air channel can be simplified as a parallel-plate channel for thermal modeling. As
shown in Figure 13, the length of the air channel is L, the cross-section is W×S, and W >> S.
The hydraulic diameter is given as [27]

dh =
4A
P

=
4WS

2(W + S)
≈ 2S (31)

where A is the cross-section area and P is the inner perimeter.
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Since the convection model of the parallel-plate channel in literature is not complete, a
combination of the laminar-flow model [28] for the parallel-plate channel and a turbulent-
flow model [28] for the non-circular tube is adopted in this paper. At the same time, linear
interpolation is used in the transition period between laminar flow and turbulent flow. The
Nusselt number calculation formula of the parallel-plate air channel is given as

Nu =



[
N3

1 + N2
3 + N3

3
]1/3, (Re ≤ 2300)(

fr
8

)
RePr

[
1+
(

dh
L

)2/3
](

Tf
Tw

)0.45

1+12.7
√

fr
8 (P2/3

r −1)
,
(

Re ≥ 104)
(1− r)Nu2300 + rNu10000,

(
2300 < Re < 104)

(32)
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Re =
ρvindh

η
(33)

N1 = 7.541 (34)

N2 = 1.841(RePrdh/L)1/3 (35)

N3 =

(
2

1 + 22Pr

)1/6

(RePrdh/L)1/2 (36)

fr =
(
1.8 log10 Re − 1.5

)−2 (37)

Pr =
cpη

λf
(38)

Tf =
Ti + To

2
(39)

r =
Re − 2300
104 − 2300

(40)

where Re is the Reynolds number; N1, N2, and N3 are the laminar flow model coefficients;
Pr is the Prandtl number; Tf is the average fluid temperature; Ti is the inlet temperature,
which is equal to the ambient environment temperature Tam; To is the outlet temperature;
Tw is the wall temperature; f r is the friction coefficient; r is the interpolation coefficient in
the transition period; ρ is the fluid density; η is dynamic viscosity; cp is fluid specific heat
capacity; and λf is fluid thermal conductivity.

After the Nusselt number is obtained, the surface heat transfer coefficient is given as

h =
λfNu

dh
(41)

The FEM simulation is carried out to verify the accuracy of the above calculation meth-
ods. Figure 14 shows the temperature distribution inside the air channel under different wind
velocities. The simulated and calculated results are compared in Figure 15. As shown in
Figure 15a, the average heat transfer coefficient increases with the higher wind velocity. The
reason is that the higher wind velocity reduces the thickness of the boundary layer. As shown
in Figure 15b, the shorter channel can achieve higher average heat transfer coefficients. The
reason is that the thickness of the boundary layer increases with the channel length. The error
between the calculated and simulated result is less than 10%.
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In (42), the temperature difference is between the surface temperature Tw and the 
fluid temperature Tf. As the fluid temperature Tf is related to the internal convection pro-
cess, the thermal resistance R’inconv defined by (42) cannot be directly connected to the ex-
ternal environment nodes in the thermal network. Therefore, transform (42) as 
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The thermal resistance Rinconv defined by (43) can be directly connected to the external 
environment nodes for the temperature difference is between surface temperature Tw and 
inlet temperature Ti. The proposed thermal resistance definition for the internal convec-
tion is more convenient for thermal network modeling. 
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After obtaining the heat transfer coefficient, the convective thermal resistance can be
obtained according to the Newton cooling formula of the internal convection.

Q = hA
(

Tw −
Ti + To

2

)
=

(Tw − Tf)

R′inconv
(42)

In (42), the temperature difference is between the surface temperature Tw and the fluid
temperature Tf. As the fluid temperature Tf is related to the internal convection process,
the thermal resistance R’inconv defined by (42) cannot be directly connected to the external
environment nodes in the thermal network. Therefore, transform (42) as

Q =
hA
(

Tw − Ti+To
2

)
(Tw − Ti)

(Tw − Ti) =
(Tw − Ti)

Rinconv
(43)

The thermal resistance Rinconv defined by (43) can be directly connected to the external
environment nodes for the temperature difference is between surface temperature Tw and
inlet temperature Ti. The proposed thermal resistance definition for the internal convection
is more convenient for thermal network modeling.

4.2. Conduction and Radiation Thermal Resistance

Conduction: for a uniform cuboid with length l, thermal conductivity λ, and cross-
sectional area A, the thermal resistance is given as [27]

Rcond =
l

λA
(44)

Radiation: for a surface with the area Asur, the surface temperature Tsur, and the
ambient temperature Tam, the thermal radiation resistance is given as [27]

Rrad =
Tsur − Tam

εiσAsur(T4
sur − T4

am)
(45)

where σ is Boltzmann constant and εi is emissivity factor.

4.3. Thermal Network Topology

The structure of the air–water cooled CW ELII MFT is shown in Figure 16. As shown
in Figure 16b, to reduce the eddy current loss caused by the fringing flux, the tooth-slot
structure is adopted in water-cooling plates adjacent to the additional core.
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the limb, and the lower yoke of the additional core. N9 represents the external air. N10 
represents the water-cooling plate. The additional nodes n1~n8 represent the convection 
and radiation surfaces of nodes N1~N8 and are used to provide the wall temperature for 
convection and radiant thermal resistance calculations. Q1–Q8 represent the losses of each 
node, respectively; Tam and Tco represent the temperature of the environment and the wa-
ter-cooling plate. In the above model, the internal forced convection process of the water-
cooling plate is ignored. The implication of Rxy-Cond/Conv/Rad is conduction/convection/radia-
tion thermal resistance from node x to node y. In a steady-state, the governing equation is 
given as [12] 

0 = AT + BU  (46) 
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packaging and fans.

As shown in Figure 17, the thermal network model has ten nodes. N1~N3 denote
the upper yoke, the limb, and the lower yoke of the main core, respectively. N4 repre-
sents the secondary winding. N5 represents the primary winding. N6~N8 represent the
upper yoke, the limb, and the lower yoke of the additional core. N9 represents the ex-
ternal air. N10 represents the water-cooling plate. The additional nodes n1~n8 represent
the convection and radiation surfaces of nodes N1~N8 and are used to provide the wall
temperature for convection and radiant thermal resistance calculations. Q1–Q8 represent
the losses of each node, respectively; Tam and Tco represent the temperature of the envi-
ronment and the water-cooling plate. In the above model, the internal forced convection
process of the water-cooling plate is ignored. The implication of Rxy-Cond/Conv/Rad is con-
duction/convection/radiation thermal resistance from node x to node y. In a steady-state,
the governing equation is given as [12]

0 = AT + BU (46)

where A describes the thermal resistance network of internal nodes; B describes the thermal
resistance network between the internal nodes and the external nodes (air and water-cooling
plates); T is the node temperature vector; U is the external excitation vector.
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5. Optimal Design, Analysis, and Example

The MFT design is a non-linear, non-convex, and non-continuous problem. The
optimization design and the comparative evaluation of the inductor-integrated MFT is
presented in this section.

5.1. Design Method

The critical factors of optimal design include: design inputs, constraints, and optimiza-
tion objectives.
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5.1.1. Design Inputs

As shown in Figure 18, there are many variables in the optimal design of MFT, and
it is unrealistic to optimize all variables. Therefore, seven free variables are selected in
this paper, including the flux density of main core Bm, the flux density of additional core
Bma, turns of the primary winding Np, the height of foils hc, the thickness of primary foils
dcp, the thickness of secondary foils dcs, and the width of core tape Dcs. The free variables
constitute the input vector of the optimization design as

x = [Bm, Bma, Np, hc, dcp, dcs, Dcs] (47)
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In addition, inputs design includes many fixed parameters about operating conditions
and material properties, such as the DC voltage Udc1 and Udc2, the turns ratio of the
transformer kPS, frequency f, and electrical and thermal properties of materials.

5.1.2. Constraints

The design constraints include temperature rise ∆Tmax, leakage inductance error eLmax,
and the spatial size Hmax, Wmax, Dmax.

s.t.



∆T < ∆Tmax
H < Hmax
W < Wmax
D < Dmax∣∣∣ Lσ−Lσt

Lσt

∣∣∣ < eLmax

(48)

where ∆T is the temperature increase; H, W, and D are spatial sizes; and Lσt is the target
leakage inductance.

5.1.3. Objectives

In general, efficiency and power density are the main parameters for evaluating the
design results.

f1(x) = max η(x) = max
(

Pout
Pout+PFe+PCu

)
f2(x) = max Pd(x) = max

(
Pout
V

) (49)

where η is efficiency, Pout is the output power, PFe is the core loss, PCu is the winding loss,
V is the volume of MFT (ignoring structural components and terminals).



Energies 2022, 15, 1361 16 of 23

The design procedures of inductor-integrated MFT are shown in Figure 19. The brute
force grid search method, which is extremely robust, is adopted on the premise that the
calculation time is acceptable. According to the free parameters of the design input, a
design space is constructed, which contains all possible designs. Designs in the space are
calculated, and the results are saved. According to the constraints, the qualified designs
are obtained. The Pareto front is solved according to the optimization objectives, and the
designer can determine the final design according to the front.
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5.2. Design Results and Comparative Analysis

The 4 kHz, 200 kW, 200 µH inductor-integrated MFT for a DAB converter is taken as an
example of optimal design, and the main parameters and constraints are shown in Table 1.

Table 1. Parameters and constraints.

Parameters Description Value

P rated power 200 kW
Ud1/Ud2 MV/LV DC voltage 1.6 kV/1 kV

kPS turns ratio 1.6
Dh H-bridge duty 0.5
Ds phase-shifting duty 0.0875
f fundamental frequency 4 kHz

Lσt target leakage inductance 200 µH
eLmax max leakage error 5%

Hmax ×Wmax × Dmax space limit 0.4 × 0.4 × 0.4 m

The optimal designs of the CW LII MFT and the CW ELII MFT are carried out,
respectively. The CW LII MFT is also combined air–water cooling, the difference is that
the CW LII structure has no additional core, and the target leakage inductance is achieved
by adjusting the width of the main insulation layer. The SW LII structure and the SW ELII
structure are not discussed in this paper due to the inevitable external leakage flux.

Figure 20 shows the comparison of qualified designs of the two integration structures.
The designs with the maximum power density in the CW LII and the CW ELII qualified
solutions are shown in Table 2, and only the transformer body and internal cooling plates
are considered in the power density specification. The CW ELII design has a lower core
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loss, but the eddy current of the water-cooling plate makes the efficiency of the CW ELII
solution 0.09% lower than that of the CW LII solution. The volume power density of the
CW LII solution is 2.24 kW/dm3, and that of the CW ELII solution is 5.16 kW/dm3, which
is about 130% higher. Meanwhile, the weight power density of the CW ELII solution is only
9.9% higher than that of the CW LII solution, indicating that the main advantage of the
CW ELII structure is the more compact structure. Considering the core material and wire
material, the unit cost of the CW ELII design is 7.7% lower than that of the CW LII design.

Energies 2022, 15, x FOR PEER REVIEW 18 of 24 
 

 

5.2. Design Results and Comparative Analysis 

The 4 kHz, 200 kW, 200 μH inductor-integrated MFT for a DAB converter is taken as 

an example of optimal design, and the main parameters and constraints are shown in Ta-

ble 1.  

Table 1. Parameters and constraints 

Parameters Description Value 

P rated power 200 kW 

Ud1/Ud2 MV/LV DC voltage 1.6 kV/1 kV 

kPS turns ratio 1.6 

Dh H-bridge duty 0.5 

Ds phase-shifting duty 0.0875 

f fundamental frequency 4 kHz 

Lσt target leakage inductance 200 μH 

eLmax max leakage error 5% 

Hmax × Wmax × Dmax space limit 0.4 × 0.4 × 0.4 m 

The optimal designs of the CW LII MFT and the CW ELII MFT are carried out, re-

spectively. The CW LII MFT is also combined air–water cooling, the difference is that the 

CW LII structure has no additional core, and the target leakage inductance is achieved by 

adjusting the width of the main insulation layer. The SW LII structure and the SW ELII 

structure are not discussed in this paper due to the inevitable external leakage flux. 

Figure 20 shows the comparison of qualified designs of the two integration struc-

tures. The designs with the maximum power density in the CW LII and the CW ELII qual-

ified solutions are shown in Table 2, and only the transformer body and internal cooling 

plates are considered in the power density specification. The CW ELII design has a lower 

core loss, but the eddy current of the water-cooling plate makes the efficiency of the CW 

ELII solution 0.09% lower than that of the CW LII solution. The volume power density of 

the CW LII solution is 2.24 kW/dm3, and that of the CW ELII solution is 5.16 kW/dm3, 

which is about 130% higher. Meanwhile, the weight power density of the CW ELII solu-

tion is only 9.9% higher than that of the CW LII solution, indicating that the main ad-

vantage of the CW ELII structure is the more compact structure. Considering the core 

material and wire material, the unit cost of the CW ELII design is 7.7% lower than that of 

the CW LII design. 

E
ff

ic
ie

n
c
y

 (
%

)

Power density (kW/dm
3
)

Temperature rise(K)

 

E
ff

ic
ie

n
c
y

 (
%

)

Power density (kW/dm
3
)

Final design

Temperature rise(K)

 

(a) (b) 

Figure 20. Comparison of CW LII and CW ELII qualified designs. (a) CW LII qualified designs; (b) 

CW ELII qualified designs. 

  

Figure 20. Comparison of CW LII and CW ELII qualified designs. (a) CW LII qualified designs;
(b) CW ELII qualified designs.

Table 2. Comparison of CW LII and CW ELII solutions.

Parameters CW LII CW ELII

Power (kW) 200 200
Leakage inductance (µH) 200 200

Winding

Turns 32/20 36/22
Foil size (mm) 0.4 × 200 0.4 × 200

Air channel width (mm) 86.3 12
Winding loss (W) 913.7 916.8

Main core
Flux density (T) 0.65 0.65

No-load core loss (W) 305.4 200.9

Additional core
Flux density (T) / 0.4

Load core loss (W) / 56.8
Cooling plate loss (W) / 244

Temperature rise (K) 66 64.1
Efficiency (%) 99.39 99.30

Unit cost (RMB/kW) 78 72
Power density (kW/kg) 2.63 2.88

Power density (kW/dm3) 2.24 5.16

In order to make a more comprehensive comparison of the two structures, the optimal
designs for different leakage inductance values are carried out. It should be noted that
other design inputs remain unchanged among the designs. The comparison of the Pareto
fronts is shown in Figure 21. As shown in Figure 21a, when the leakage inductance is 10%
p.u. (40 µH), the Pareto fronts of the CW LII solutions and the CW ELII solutions are very
close. However, with the increase of leakage inductance, the power density of CW LII
decreases continuously, while the CW ELII has not changed significantly.
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Based on Figure 21, the CW LII and CW ELII solutions with the highest power density
in each group are selected for comparison, as shown in Figure 22. As shown in Figure 22a,
the power density of the CW LII solution decreases with larger leakage inductance, and
the maximum power density is 6.2 kW/dm3 at 10% p.u. (40 µH). The CW ELII solution
achieves the maximum power density of 5.8 kW/dm3 at 20% p.u. (80 µH). When the
leakage inductance per unit value exceeds 20% (p.u.), the CW ELII solution can achieve a
higher power density than the CW LII solution. It becomes more evident as the leakage
inductance increases. As shown in Figure 22b, as the leakage inductance increases, the
efficiency of the two solutions is gradually reduced. When the leakage inductance per unit
value is greater than 40% (p.u.), the CW ELII solution has advantages.

While keeping other parameters unchanged, the rated current in the design input is
changed to analyze the influence of the power on the design result. In all groups, the leakage
inductance in per-unit is 50%. Figure 23 shows the comparison of the Pareto fronts of CW
ELII MFT designs with different power requirements. As the power increases, it is easier to
achieve higher power densities. A possible reason is that the insulation distance in the MFT
is a fixed parameter under the same insulation requirement. A possible reason is that the
insulation distance in the MFT is a fixed parameter under the same insulation requirement.
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With the increase of rated current (80 kW to 280 kW), the proportion of windings in the core
window increases and the proportion of insulating space decreases, which makes the MFT
power density increase. When the rated current is large enough (280 kW and 320 kW), the
proportion of insulating space is small, and this effect is no longer obvious.

Energies 2022, 15, x FOR PEER REVIEW 20 of 24 
 

 

(e) (f) 

0 1 2 3 4 5 6 7
99.2

99.4

99.6
Lσ=280μH

(70% p.u.)
CW LII

CW ELII

Power density(kW/dm
3
)

E
ff

ic
ie

n
c

y
(%

)

 
0 1 2 3 4 5 6 7

99.2

99.4

99.6
Lσ=320μH

(80% p.u.)

CW LII

CW ELII

Power density(kW/dm3)

E
ff

ic
ie

n
c

y
(%

)

 
(g) (h) 

Figure 21. Pareto fronts of CW LII and CW ELII solutions with different leakage inductances. (a–h) 

leakage inductance: 10% p.u. to 80% p.u. (40 μH to 320 μH). 

Based on Figure 21, the CW LII and CW ELII solutions with the highest power den-

sity in each group are selected for comparison, as shown in Figure 22. As shown in Figure 

22a, the power density of the CW LII solution decreases with larger leakage inductance, 

and the maximum power density is 6.2 kW/dm3 at 10% p.u. (40 μH). The CW ELII solution 

achieves the maximum power density of 5.8 kW/dm3 at 20% p.u. (80 μH). When the leak-

age inductance per unit value exceeds 20% (p.u.), the CW ELII solution can achieve a 

higher power density than the CW LII solution. It becomes more evident as the leakage 

inductance increases. As shown in Figure 22b, as the leakage inductance increases, the 

efficiency of the two solutions is gradually reduced. When the leakage inductance per unit 

value is greater than 40% (p.u.), the CW ELII solution has advantages. 

0 20 40 60 80
0

2

4

6

8
CW ELII

CW LII
M

a
x
 p

o
w

e
r 

d
e
n

si
ty

(k
W

/d
m

3
)

Leakage inductance p.u. (%)  
0 20 40 60 80

99.3

99.4

99.5

99.6
CW ELII

CW LII

E
ff

ic
ie

n
c
y

(k
W

/d
m

3
)

Leakage inductance p.u. (%)  

(a) (b) 

Figure 22. Comparison of solutions for different inductance requirements. (a) Max power density; 

(b) efficiencies. 

While keeping other parameters unchanged, the rated current in the design input is 

changed to analyze the influence of the power on the design result. In all groups, the leak-

age inductance in per-unit is 50%. Figure 23 shows the comparison of the Pareto fronts of 

CW ELII MFT designs with different power requirements. As the power increases, it is 

easier to achieve higher power densities. A possible reason is that the insulation distance 

in the MFT is a fixed parameter under the same insulation requirement. A possible reason 

is that the insulation distance in the MFT is a fixed parameter under the same insulation 

requirement. With the increase of rated current (80 kW to 280 kW), the proportion of wind-

ings in the core window increases and the proportion of insulating space decreases, which 

makes the MFT power density increase. When the rated current is large enough (280 kW 

and 320 kW), the proportion of insulating space is small, and this effect is no longer obvi-

ous. 

Figure 22. Comparison of solutions for different inductance requirements. (a) Max power density;
(b) efficiencies.

Energies 2022, 15, x FOR PEER REVIEW 21 of 24 
 

 

 Power Density(kW/dm
3
)

E
ff

ic
ie

n
c
y

(%
)

 

Figure 23. Comparison of Pareto fronts of CW ELII MFT designs under different power require-

ments (different current amplitudes; same leakage inductance in per unit, 50%). 

5.3. Prototype and Experimental Verification 

According to the final design of the CW ELII MFT, a prototype was manufactured 

and tested in a 200 kW DAB converter, which is a module of a 2 MW MMC-BDC. The 

MFT prototype and the experimental platform are shown in Figure 24. 

 

Figure 24. Experimental platform and the MFT prototype. 

Figure 25 shows the waveforms of the no-load voltage and current under LV side 

excitation. The voltage was measured by Tek P5210A voltage probe (bandwidth 50 MHz), 

and the current was measured by Tek TCP303 + TCPA300 current probe (bandwidth 15 

MHz). The no-load loss can be calculated by the no-load voltage and current. 

 

0 0.2 0.4 0.6 0.8 1

Time(ms)

 1.0

 0.5

0

0.5

1.0

 10

 5

0

5

10

C
u

rr
e
n

t(
A

)

V
o
lt

a
g
e
(k

V
)

 

Figure 25. Voltage and current waveforms of the no-load condition. 

Figure 26 shows the voltage and current waveforms under the load condition with 

an output power of 200 kW, in which the DC voltages is 1.6 kV/1 kV and the phase-shifting 

duty is 0.0875. The temperature rise experiment was carried out under this condition, 

where the inlet water temperature was 35.5 °C, the ambient temperature was 39 °C, and 

the average inlet wind speed was 1.0 m/s (measured by KIMO VT110). Figure 27 shows 

the MFT surface temperature distribution in thermal steady state. Contact sensors were 
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5.3. Prototype and Experimental Verification

According to the final design of the CW ELII MFT, a prototype was manufactured and
tested in a 200 kW DAB converter, which is a module of a 2 MW MMC-BDC. The MFT
prototype and the experimental platform are shown in Figure 24.
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Figure 25 shows the waveforms of the no-load voltage and current under LV side
excitation. The voltage was measured by Tek P5210A voltage probe (bandwidth 50 MHz),
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and the current was measured by Tek TCP303 + TCPA300 current probe (bandwidth
15 MHz). The no-load loss can be calculated by the no-load voltage and current.
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Figure 25. Voltage and current waveforms of the no-load condition.

Figure 26 shows the voltage and current waveforms under the load condition with an
output power of 200 kW, in which the DC voltages is 1.6 kV/1 kV and the phase-shifting
duty is 0.0875. The temperature rise experiment was carried out under this condition,
where the inlet water temperature was 35.5 ◦C, the ambient temperature was 39 ◦C, and
the average inlet wind speed was 1.0 m/s (measured by KIMO VT110). Figure 27 shows
the MFT surface temperature distribution in thermal steady state. Contact sensors were
placed on the core surface to monitor the core temperature. At the same time, to avoid the
influence of internal wind on winding temperature measurement, the resistance method
was used to measure the average winding temperature.
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The experimental results are summarized as in Table 3. The experimental results of the
inductance, no-load loss, and temperature increase are basically consistent with the calculated
values, verifying the validity of the parameter models and the optimization design method.
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Table 3. Experimental results.

Parameters Calculated Measured Error

Leakage inductance@4 kHz (µH) 200 209 4.5%
No-load loss (W) 200.9 208.1 3.5%

Temperature
(oC)

Primary winding 93.7 92 1.8%
Secondary winding 103.1 108.5 5.0%

Main core 81.3 78.2 4.0%
Additional core 95.9 96.8 0.9%

6. Conclusions

The design and analysis of the inductor-integrated MFT is a challenging multi-physical
problem. Facing the application requirements of the DAB converter, the research on the
inductor-integrated MFT is carried out. The main conclusions are drawn as follows:

(1) By comparing different integration structures, the CW ELII structure is adopted.
The operating mode of CW ELII MFT under typical DAB excitation is analyzed based
on the magnetic circuit model, then obtaining the magnetic flux expressions at different
phase-shifting duties. Aiming at the characteristics of the irregular cross-section of the
main insulation layer and the non-uniform arrangement of conductor layers, the leakage
inductance model is improved. The results show that the maximum error of the proposed
model is 2.4%, and that of the classical model is 15.0% for the cases with the non-uniform
arrangement of conductor layers.

(2) The thermal network model of air–water combined cooled CW ELII MFT is estab-
lished. Based on the combination of classical models, the thermal resistance model for the
winding air channel under forced convection is proposed, and the relative error with FEM
results is less than 10%. The analysis shows that a higher average heat transfer coefficient
can be obtained using a higher wind speed or a shorter channel.

(3) The 200 kW, 4 kHz, 200 µH MFT for DAB converter is chosen as an example,
and the optimal design is carried out using two structures of CW LII and CW ELII. The
volume power density of the CW ELII solution is about 130% higher than that of the CW
LII solution with the similar efficiency and cost. The weight power density is 9.9% higher.
A CW ELII MFT prototype was manufactured with the power density of 5.16 kW/dm3 and
the efficiency of 99.30%. The prototype was tested in a 2 MW DC MMC-BDC prototype
verifying the electrical and thermal performance.

(4) According to a more extensive comparison and analysis, the power density of the
CW LII solution decreases with the increase of the leakage inductance. In contrast, the
CW ELII solution achieves a max power density of 5.8 kW/dm3 when leakage inductance
is 20% (p.u.). The CW ELII solution can achieve a higher power density when the per
unit value of leakage inductance exceeds 20% (p.u.). Both structures achieve the highest
efficiency when the leakage inductance is the smallest. The CW ELII solution has an
efficiency advantage when the leakage inductance exceeds 40% (p.u.).

There are still some limitations in this work, which is also the direction of the future
research. In this work, the operating frequency of the research object is relatively low.
With the popularization of SiC devices, the operating frequency of MFT is also gradually
increasing. Therefore, it is necessary to further develop research of the inductor-integrated
MFT with higher operating frequency, focusing on the high-frequency winding loss and
the fringing flux loss of the additional core. In this work, only the optimization design of
the MFT body is carried out; however, parameters of the converter will significantly affect
the MFT design. Therefore, it is necessary to further carry out the system-level optimal
design of the converter. The modeling and design method of the CW ELII MFT presented
in this paper lays a foundation for further research.
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