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Abstract—This paper presents the design of a three-phase
three-limb high-efficiency medium-voltage medium-frequency
transformer with an integrated leakage layer using ribbon-based
nanocrystalline cores for three-phase grid-connected applications.
The design methodology is based on a custom-core approach
developed by a series of design equations that allow the user to
select a design that best fits the transformer specifications. A 150-
kVA 10-kHz 5-kV-t0-400-V three-phase three-limb transformer
is designed to validate the proposed design method. In addition,
a series of experimental characterisation tests are conducted
to measure the performance of the design according do the
theoretical performance.

Index Terms—Three-phase dual active bridge (TPDAB),
nanocrystalline transformer, medium-frequency transformer
(MFT), High voltage transformer, solid-state transformer (SST).

I. INTRODUCTION

Nowadays, the power grid faces the challenge of meeting
the new efficiency and flexibility requirements for the future
power system of smart-grid technologies. In this challenge,
dual active bridge (DAB) is one of the most promising isolated
bidirectional DC/DC converters for applications where high ef-
ficiency and high-power density are required [1], [2], [3]. Grid
connection interface with energy storage [4], grid connection
of renewable energy sources [5], and fast charges in automo-
tive [6], are examples of such applications. Furthermore, With
the new high voltage fast switching semiconductor devices like
SiC and high performance soft-magnetic material, solid-state
transformer (SST) exhibits the potential to improve further
the power density and efficiency of DC/DC converters and
potentially replace the traditional transformers in the power
system [7], [8].

The dual-active-bridge converter requires a series induc-
tance with the medium-frequency transformer (MFT) to estab-
lish maximum power transfer and shape the current waveform
[9]. However, the leakage inductance of a transformer is

of microhenries, which imposes to add an external inductor to
meet the required inductance.

Another option consists of adding an extra core into the
transformer to meet the power transfer requirements, leading
to low losses and a reduced volume design [1], [10]. Three
single-phase transformers are typically implemented to obtain
a three-phase version since their construction is more straight-
forward [5], [6]. However, a three-phase three-limb magnetic
core exhibiting higher power densities than its single-phase
counterpart is now feasible due to customized ribbon-based
nanocrystalline cores.

The main contribution of this paper is a high-efficiency
three-phase medium-voltage MFT design with high leakage
inductance requirements within a single structure for a three-
phase DAB converter (TPDAB) used for grid-connected ap-
plications. A series of experimental tests will be presented to
validate the feasibility of the proposal.

II. THREE-PHASE DUAL ACTIVE BRIDGE DC-DC
CONVERTER

The three-phase DAB converter is a well-known topology
with the advantages of high-power density and reduced current
stresses on the semiconductor devices compared to the single-
phase version [11], [12], [13]. In this paper, the converter con-
sists of two three-phase active bridges connected by a three-
phase MFT with integrated leakage inductances as shown in
Fig. 1.

The primary bridge comprises 10-kV SiC MOSFETs and
the secondary of 1.2-kV SiC MOSFETs. As presented in
[14], the connections of the three-phase transformer windings
modify the converter efficiency and soft-switching range.
According to [14], [15], [16], a three-phase transformer for the
TPDAB can be designed in a wye-delta (Y - A) configuration
to yield higher converter efficiency and lower transformer
volume. The power transfer of the convert can be determined

typically not quite enough for maximum power transfer and as follows:

controlling its value is challenging. For this reason, MFTs are nViVs )

designed with a reduced leakage inductance, typically a couple Pratea = 27 fow L ¢ <3 - 27r> M
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Fig. 1. Three-phase DAB DC/DC converter topology with a wye-delta medium frequency transformer.

Fig. 2. (a) Three-phase three-limb transformer geometry; (b) Design 3D
Model; (c¢) Winding configuration; (d) Leakage layer configuration.

where ¢ us the phase-shift, V7 is the input voltage, V5 is the
output voltage, n is the transformer turn ratio, L is the series
inductance or leakage inductance, and f,,, is the switching
frequency.

III. THREE-PHASE THREE-LIMB TRANSFORMER DESIGN

Ribbon-based nanocrystalline cores are selected for the
transformer. It has been shown in [17], [18] that they ex-
hibit better performance for medium frequencies than soft-
magnetic materials like Ferrite and Amorphous. Furthermore,
the feasibility of manufacturing ribbon-based cores allows
a custom single-core design for three-phase transformers to
be implemented with optimal efficiency, volume, and cost,
according to previous work presented in [19]. The custom-
core design methodology uses the relationship between design

TABLE I
THREE-PHASE DAB DC/DC CONVERTER SPECIFICATIONS

Parameter Value  Unit
Rated power 150 kVA

Input voltage 150 kV

Output voltage 400 \%
Switching frequency 10 kHz

Series inductances 920 pH

Design Variables
D, N,

Core Data

Prepare Data ]
K, @, B, Buat, kess, tr p

Calculate d;5,
Calculate A B,E,F,G

Electrical Inputs
Vos Iny 1y fsw, VBrIL, Likr

Calculate Leakage Core Geometry
Calculate [, to match Lijnq

{ Calculate le and Ling

— )

Calculate Wmdmg Losses

—

[ Calculate Core Losses

Calculate Volume and Tempenture]

[ Custom Core Optimization ]—

|
Design Specifications Filtering
7> Mmin, lg < lgma_.r,v Teore < Trmax

[ Save Design ]

Fig. 3. Custom-Core design methodology flow chart.

specifications and geometrical parameters of the core, so
magnetic and copper losses, temperature rise and peak flux
density, can be expressed as functions of the core geometry
and the number of turns. Fig. 2 (a) shows the proposed three-
phase E-type core with geometry dimensions (A, B, F, G, D,
E).

The proposed MFT is designed with increased leakage
inductance throughout a leakage layer core, as shown in Fig.
2 (b). The leakage inductance referred to the primary side of
the transformer using the geometry shown in Fig. 2 (a) can be
calculated using (2) and the leakage layer inductance per (3),
as presented in [1], [20].
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Fig. 4. Three-phase three-limb optimization design results; where XMFR and IND represent the main core and leakage cores parameters, respectively.
) ) where M LT is the mean length turn of the winding, NV, is
102 High Voltage Size Impedance Re'Sponse the number of primary turns, uo is the air permeability, h
= Phasey is the height of the core window, c; is the distance between
=, Phasep windings, b; and b are the copper width of the primary and
N Phasec - secondary windings, [, is the airgap and the A ;nq is the
g QO ===== Phasey,,, -3 : cross-sectional area of the cores used for the leakage layers.
g Phasep,, From previous, the total leakage inductance results equal to
E ==m== Phasec,, L =Ly +2 Lint.
g > 4 The core losses can be estimated using the improved gen-
102 : : eralized Steinmetz equation (iIGSE) (4) [21] which is well
accepted and used to design MFTs [19], [20], [22]:
Low Voltage Size Impedance Response 1 [T dB (t) a
_10° ' ' Pyicse = + k; |AB|P dt, )
= T /o dt
-~ where
N k )
< i = a—1 27 @ _
% (2m) fo |cos (6)]* 28—«
.S The total core losses consist of the losses of the three-limb
g core plus the losses of the leakage-layer cores. The peak flux
= | | density and the core losses on both cores can be calculated as
100 1k 10k follows:

Frequency [Hz|

Vi
Bz XMFR = m (6)
Fig. 5. Open response of primary and secondary side windings over the swaipe
frequency with and without the external leakage later cores o Np
Bmaz,ind = Imazli (7)
g
2
Ik = 7/JIO MiT Np |:C1 + <b1 + b2 >:| (2) Pc|iGSE = (VXMFRBrﬂnlLE,XMFR + ‘/;ndB'rﬁnax,ind) |:k1 saw ’
3
o A V2 301 (g0 4 gi+e=h) |
Lint = I, 3 (8)
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where A, is the cross-sectional area of the three-limb core,

Vxmer is the three-limb core volume, V;,q4 is the leakage

inductor volume and 1, is the peak current of the inductors.
The copper losses can be estimated with

dpeuN,
P = <’1’4l“tp> [MLT,/S,I2 pars + MLT,/SoI2 pass)
©))
where S), S5 and Ay, are Litz wire specifications parameters;
MLT, and M LT, are the mean length per turns and ¢ is
a factor to consider the increase on copper losses due to
the ac resistance. The temperature rise on the core can be
approximated using AT = 450 (P.ore/Asur f)0‘826; presented
in [20].

Using these equations as a function of the core thickness
D and the primary number of turns NV,, the optimization
algorithm presented in Fig. 3 can be implemented to select an
optimal design for the TPDAB. This algorithm aims to find
the core thickness and the number of turns that better fit the
design specifications within operational boundaries (volume,
losses, and temperature). Fig. 4 illustrates the design results
of the optimization algorithm and Table II shows the selected
prototype for the TPDAB.

IV. THREE-PHASE THREE-LIMB TRANSFORMER
CHARACTERIZATION

A. Impedance Response Analysis

The transformer impedance is measured using the Omicron
Bode 100 a Vector Network Analyzer. The open response
of the impedance for the high voltage side and low voltage
side are illustrated in Fig. 5. The integration of the leakage
cores into the primary winding produces few changes in the
total impedance of the transformer. However, the resonance
point due to the intra-winding and inter-winding parasitic
capacitances is shifted to lower frequencies and it slightly
dampens the resonance. This response is observed for either
primary or secondary windings. On the other hand, Fig. 6
shows the leakage inductance from the primary side winding
for each phase. The integration of the two leakage cores to
the side of the primary winding perpendicular to the main
core increased the leakage inductance per phase from 246
to about 960 ;1 H; leakage required for power transfer of the
TPDAB. Table IV states the impedance at switching frequency
for each of the phases.

TABLE II
THREE-PHASE THREE-LIMB TRANSFORMER DESIGN RESULTS
Parameter  Value  Unit
Peore 210 w
Pina 115 w
Py 225 w
n 99.63 %

ATXMFR 46 °C

1200 T T T

1100 F Phasey 3

1000 § Phasep bas, :

900F Phasec i ]

g00f =====Phasey,, ]
Phasep,,

700 mumum Phasec,, ]

600 1

500+ 1

400 8

Leakage Inductance, L [uH]

_

100k

—

200 . L
100 1k 10k

Frequency [Hz]

Fig. 6. Leakage impedance response of primary winding with and without
the external leakage layer cores

Phase A =
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£=0.953 RT=24.3%

Fig. 8. Thermal response of the transformer under open-circuit at nominal

ATiND 28 °C voltage
Volume 20 L
Lkt 942 uH
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Fig. 9. Short-circuit test of the three-phase ¥ — A transformer at nominal
operating current

B. Core Loss Characterization

The characterization of the core losses of the transformer
was divided into two sections. First, the transformer core losses
without the leakage cores are measured to account for the extra
losses when those cores are integrated to the design. Then, a
test to measured the core losses with the additional cores can
be performed. The open-circuit test is then performed from the
low-voltage side. Fig. 7 shows the results of the core-loss with
the integrated leakage core, taken with the Tektronix MSOS8
Oscilloscope. The open-circuit test showed that the core loss
of the three-limb core is about 500 W, which is 25% more
than the losses without the extra cores 400 W. From the open
circuit test, it can be seen that the parasitic capacitance for a
tree-phase transformer at high voltage becomes a critical point
for further design optimization. The parasitic capacitance of
windings leads to a resonance of 1.66 MHz on each phase.
This frequency decreases to 680 kHz when the extra core are
used. The designed winding was tested on a single-winding
configuration and showed a resonance frequency of 6.8 MHz
and 6.32 MHz with and without the extra cores. A thermal
image of the core under nominal core losses is shown in Fig.
8, showing a temperature rise of about 41°C'.

C. Copper Loss Characterization

The copper loss due to the primary and secondary windings
can be measured by performing a short-circuit test (SC) at
nominal current. Fig. 9 displays the experimental results of
the SC test at Isc ~ 23.75 Agrpys for a three-phase Wye-
Delta winding. The copper loss per phase was P, 4 ~ 90 W
which resulted in 270 W total loss due to the resistance of the
windings.

TABLE III
THREE-PHASE THREE-LIMB TRANSFORMER COPPER LOSS
CHARACTERIZATION
Parameter ~ Theoretical Impedance  Single-Phase  Three-Phase
Analyzer Test Test
Peu,¢ 5 W 935 W 91 W 90 W
Peu,tot 225 W 280.5 W 273 W 270 W

2500 T .

2000

1500 T

1000

Resistance [mf2]

500 T

0 1 1
100 1k 10k
Frequency [Hz]

100k

Fig. 10. Per-phase short-circuit resistance seem from the high voltage side

H

Fig. 12. Thermal response of the transformer winding under nominal current

This experimental result can be further validated by us-
ing the series resistance of the primary winding while the
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TABLE IV
THREE-PHASE THREE-LIMB TRANSFORMER IMPEDANCE CHARACTERIZATION

Phase L., w/o extra cores  L,, w/ extra cores  Lj; w/o extra cores  Lj; W/ extra cores
A 29.902 mH 28.095 mH 237 uH 948 pH
B 29.983 mH 28.028 mH 236 uH 949 puH
C 29.862 mH 28.113 mH 235 uH 946 pH

L] Primary Side Voltages

Primary Side Currents

Fig. 13. Short-circuit test on the wye side of the transformer with leakage
cores

secondary is short-circuited. The frequency response of this
resistance is shown in Fig. 10. The total per-phase winding
resistance is Rsc,¢ ~ 165.82 m{) which at nominal current
(Usc =~ 23.75 Agpms) results in a loss of Py 4 =~ 93.56 W.
In addition, a single-phase short-circuit test shown in Fig. 11
resulted in a copper loss of P, 4 ~ 91 W. Finally, a thermal
image of the winding under nominal current is displayed
in Fig. 12. Table III summarized the experimental results
of the copper loss measurements. While the experimental
measurements are consistent, the theoretical model slightly
underestimates the ac copper losses and does not account for
the added resistance of the winding terminals and connections.

D. Leakage Inductance Characterization

The leakage impedance of each phase can be obtained
using the vector network analyzer as shown in section A;
nevertheless, the leakage inductance can be obtained from
the short-circuit test. The slope of the short-circuit current
in Fig. 9 corresponds to a per winding leakage impedance
of L, ~ 236 uH for phase B. The added magnetic cores
increased the leakage inductance to the required value to
achieve maximum power transfer at nominal voltage and
current. A low current short-circuit test with the extra leakage
cores is illustrated in Fig. 13. The current slope corresponds
to a per winding leakage impedance of L;;, ~ 965 pH{ which
satisfies the leakage requirements. Refer to Table IV for a
comparison of the impedance with and without the extra cores.
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Fig. 14. Three-phase three-limb transformer

V. CONCLUSION

A custom-core medium-frequency transformer design
methodology was presented and experimentally validated for
a 150-kVA 10-kHz three-phase three-limb transformer shown
in Fig. 14 for a three-phase high-voltage to low-voltage dual
active bridge. The open-circuit test characterization at nominal
voltage resulted in a core loss of about 500 W while the
short-circuited test showed a total loss of about 280 W. The
characterization of the transformer yield a high efficiency of
99.48 % operating at nominal conditions. Furthermore, the
impedance characterization of the transformer showed that
with the addition of the extra layer of core, the transformer
could meet the leakage inductance requirements for power
transfer without the need for a complex winding structure.
On the other hand, the impedance characterization raised the
issue of the parasitic capacitances of high voltage windings.
As illustrated in Fig. 7, these inter-winding and intra-winding
parasitic capacitances cause medium-frequency resonances on
the current. Compare to the single-phase winding arrangement,
a three-phase transformer presents 4 times lower frequency
resonances. Future work includes a more comprehensive ex-
perimental characterization of the transformer with the added
leakage core working within the three-phase converter. In
addition, further work on the diminishment of the parasitic
capacitance will be conducted to mitigate the resonance seen
on the transformer current.
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