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Abstract

This paper analyzes the design and construction of a SiC-based Dual Active Bridge (DAB) converter
for its use in a three-stage Power Electronic Transformer (PET) based on a Modular Multilevel
Converter (MMC). The galvanic isolation between primary and secondary of the PET provided by the
DAB High Frequency Transformer (HFT) is 24 kV. Challenges for the HFT design are discussed. A 5
kW DAB prototype using commercial 1.2-kV SiC MOSFETSs is built to confirm the correctness of the
design process. Parallelization of the DAB HFT to increase the power being transferred is also discussed.

Introduction

Line-Frequency Transformers (LFTs) are a mature technology. They are relatively cheap and robust,
but fail to cope up with the modern grid demands. Solid State Transformers (SST), also called Power
Electronic Transformers (PETs), were introduced in 1970 [1], and are considered an alternative to LFT
to interface different voltage levels in the grid [2]. PET is an energy conversion system based on
controllable fast-switching semiconductor devices which enables a significant reduction in volume and
weight as well as fulfilling the controllability and power quality needs of emerging distributed
generation grids [2], [3].

PET can be classified according to the number of stages, designs of one, two, or three stages have been
proposed [4]-[7], the three-stage approach (AC/DC, DC/DC and DC/AC) appears to be the most popular
choice [2], [8]-{10]. The use of Modular Multilevel Converters (MMC) at the front end (i.e. first stage
AC/DC converter) is possible in this approach providing multiport capability [10]-[13].

In many applications, PET can require high isolation between its primary and secondary sides. This
isolation is provided by the intermediate DC/DC stage. A Dual Active Bridge (DAB) DC/DC converter
is commonly used for this role as proposed by many recent works [14]—[16]. However, in most of the
works, the required isolation is not a major issue in the design mainly due to the application of interest.
In this work, the selected PET topology is a modular three-stage topology based on an MMC. The HV-
AC grid has a phase-to-phase voltage of 24 kV, which is the isolation required for the HFT.



A DAB converter designed to act as the intermediate DC/DC stage of a PET, and providing 24 kV of
isolation through its High frequency transformer (HFT), is presented in this paper. The input and output
voltages of the DAB are 800 V. SiC MOSFETs are used to comply with the high voltage and high
switching frequency requirements.

The paper is organized as follows. Section II describes the selected PET topology. The SiC-based DAB
converter for PET is discussed in Section III. The HFT design is presented in Section IV. Section V
discuss the selection of the 1.2 kV SiC power devices. Experimental results are provided in Section VI.

PET topology description

The selected PET topology is a three-stage multiport configuration based on an MMC [12], [13], [17]-
[19]. Fig. I-a shows a schematic of the PET topology. The MMC acts as the front end AC/DC converter
providing a high-voltage AC (HVAC) and a high-voltage DC (HV-DC) links. Each MMC cell (blue)
integrates a bidirectional DAB DC/DC converter (orange) to inject or drag power from the MMC cell
and to provide the isolation between the primary and the secondary (see Fig. /-b). The outputs of all
DABsS are connected in parallel to provide a low-voltage (LV), high-current DC link, which is connected
to the controlled rectifier (green) providing the LV-AC link.

Consequently, the considered MMC-based PET configuration provides three ports: LV-AC, HV-AC
and HV-DC. The additional HV-DC port introduced by the MMC-based topology enables new
functionalities compared to topologies providing only LV-AC and HV-AC ports [13].

It should be noted that the required galvanic isolation between both AC grids is provided by each DAB
transformer and is not alleviated by modular design, i.e. each transformer must withstand the total peak
voltage between primary and secondary. Therefore, in this specific PET topology, modularity is not an
advantage from the point of view of the HFT isolation requirements as discussed previously in [18].
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Fig. 1: (a) Three-stage MMC-based PET topology. (b) Structure of one cell composed of the MMC half
bridge (blue) and the DAB (orange).

Dual Active Bridge (DAB)

The DAB (see Fig. 2) is a symmetric, bidirectional DC/DC converter based on two active full bridges
interfaced through an HFT. This makes it a suitable candidate for the intermediate stage of the PET, as
it provides galvanic isolation through its HFT as well as realizing a bidirectional power transmission
between the MMC cells and the LV side of the PET [13], [20], [21].



Both bridges are controlled with a constant duty cycle to produce a high frequency square-wave voltage
at the HFT terminals. By controlling the phase shift between these square-wave voltages, a voltage
difference is applied on the HFT series leakage inductance, and power is transferred from the leading
bridge to the lagging one [22].

The output power delivered by the DAB Po can be expressed by (1), where T is half of the switching
period, d is the phase shift as a ratio of half a period, Ly is the leakage inductance, vo is the output
voltage, v; is the input voltage, io is the output current and # is the HFT turns ratio.
PP () Vi (1)
nlL,
This converter can have a relatively high efficiency as zero-voltage switching (ZVS) of all the devices
at nominal conditions can be achieved [23].

The specifications for the DAB converter are shown in Table I. A switching frequency of 30 kHz is
selected based on the tradeoff between leakage inductance value and power transfer (see (1)).

Table I: Specifications for the DAB

Parameter Value oofullBridgel o Full Bridge 1

Rated power 5kW EqJ} Aé} " In E’}
Isolation 24 kV vin| L N IE v 1 |vo
Switching frequency 30 kHz 1:1 ] i

RMS current 84 A F} _E N} _l":

Input voltage 800V Fig. 2: Dual—Actlve—Brldge (DAB)converter
Transformer turns ratio 1:1

Series leakage inductance | 485 uH

Transformer maximum 60 °C

temperature rise

High Frequency Transformer (HFT)

Targets and constraints

The HFT is one of the key components in a PET. First, it enables scaling the MMC cells voltages and
the DC/AC power converter in the LV side of the PET by adequate selection of its turns ratio. It also
provides galvanic isolation between the HV and LV ports of the PET, in this case 24 kV, which is
considered the main challenge of this HFT design [24], [25] compared to other designs considered in
the literature [26]—[28]. This high isolation implicates fixing certain design parameters related with the
geometry of the transformer and consequently constraining the value of the leakage inductance as well
as the temperature rise as explained in the next section.

The targets of the HFT design are shown in Table 1. From (1) and the specifications shown in Table I,
the required value of leakage inductance is 485 puH.

In a DAB, the leakage inductance determines the power transfer for a given switching frequency and
phase shift (see (1)). Therefore, it is important to achieve an accurate value for the leakage inductance
to enable working at nominal power with the nominal phase shift, thus ensuring ZVS [21]-[23]. In order
to increase the power density and to reduce cost, it is advisable to magnetically integrate this series
inductance as the leakage inductance of the HFT. Making use of the HFT leakage flux also makes the
DAB series inductance value independent of the core and therefore independent of the core temperature



variation. However, this imposes a constraint on the design as the value of the DAB inductance will be
completely dependent on the other design parameters [25].

A tradeoff must be therefore achieved between the optimization of size and losses (i.e. temperature rise)
while achieving the required leakage inductance and isolation.

Design and construction

The whole HFT design is an iterative process in which isolation, temperature rise and leakage inductance
requirements have to be simultaneously achieved. The process combines the use of analytical models
intended to evaluate losses with Finite Element Analysis (FEA), which are used to estimate the resulting
leakage inductance, temperature rise and the required isolation distances in a single magnetic
component.

1.  Geometry comparative analysis:
Three different winding structures for the HFT have been analyzed (Fig. 3): concentric, split and
separate winding.

Concentric winding (see (a) in Fig. 3) can provide very low leakage inductances [26], but it is not always
advantageous in a DAB application where the leakage value must be accurately selected for a certain
operating point. An excessively low leakage inductance might require the use of an external inductor
whose size may be comparable to the HFT, with the subsequent increase in the cost, weight and volume
of the system [26]-[29]. Moreover, concentric windings configuration may compromise the maximum
achievable galvanic isolation, due to the proximity of both windings. Although the required isolation
may be reached, the resulting transformer design is difficult to build and not desirable therefore for
industrial applications [29]. Due to this, concentric windings are disregarded.

Split windings (see (b) in Fig. 3) can achieve the required value of the leakage inductance. However,
similar to the concentric design, this winding configuration compromises the maximum isolation.

Separate windings provide the required isolation but its main problem is the minimum achievable
leakage inductance, as the leakage flux increases with the increase of the volume between windings.
However, in this particular case, separate winding allows to integrate the required series inductance into
the HFT [29]. Due to this, a configuration with separate windings was chosen finally.

Core-type Shell-type
4
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(a) Primary on one leg and (b) Primary and Secondary are (¢) Primary and Secondary on
Secondary on the other leg split on both legs the same leg

Fig. 3: The studied HFT winding structures.

2. Core structure:
A frequently used structure in literature is the UU core [25], [30]. The HFT is developed using two
stacked UU-cores (UU100/57/25). The primary and the secondary windings are placed on separate legs
of the UU-core. Ferrite material is used for the core based on the selected switching frequency (30 kHz)
[26].

Both isolation between windings and between core and windings is considered. A minimum clearance
distance is required between primary and secondary windings as well as between each winding and the
core. These distances can be significantly decreased by encapsulating the HFT using a resin material of
high dielectric strength. They are calculated based on the dielectric properties (kV/mm) of the bobbins



material (GPO3) and the encapsulation material with a safety factor of 70%. Although encapsulation is
advantageous to decrease the HFT size while complying with the required isolation, it compromises the
HFT core and copper temperature rise. ROYAPOX 912 THC/2 epoxy resin material was selected as it
provides sufficient isolation (15 kV/mm) and good thermal conductivity (3 W/mK).

Fig. 4 shows a schematic representation of the HFT design from ANSYS PEmag®. Fig. 5-a shows the
non-encapsulated laboratory developed HFT for test purposes. Fig. 5-b shows the final encapsulated
HFT prototype. Isolation tests are performed using a 30 kV high potential (hipot) tester between both
windings. Fig. 6 shows the experimentally measured leakage current flowing between primary and
secondary windings through the air/resin versus the voltage difference between them during the isolation
test for encapsulated and non-encapsulated transformers (see Fig. 5-(a) and (b)). Obviously, the
encapsulated prototype shows lower leakage current between both windings, which is advantageous for
high dv/dt to avoid very large instantaneous leakage currents leading to partial discharge and eventual
isolation breakdown.

Primary winding Secondary winding
35 turns-3 parallel wires 35 turns-3 parallel wires

. Bobbin (coil former)
GPO 3 material
NKN isolation

NOMEX isolation

Epoxy Resin

Ferrite core

/B

'./ ~ Three parallel Litz wires of
' composition 28 x 0.3 mm

®  NTCsensor

Fig. 5: (a) Non-encapsulated HFT laboratory prototype using two 3-D printed bobbins with 35 turns on
each (b) Factory encapsulated HFT. Both designed for a rated power of 5 kW @ 30 kHz with separate
windings.
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Fig. 6: Experimental results. Isolation test showing lower leakage current for the encapsulated HFT.

3. Temperature rise
Losses in core and copper are translated into heat, raising the temperature of the transformer, and
therefore it is important to maintain this rise within acceptable limits.



Temperature rise is roughly estimated using (2) [31], where P is the sum of the winding losses and the
core losses, # is the coefficient of heat transfer, 4, is the surface area and AT is the temperature rise. The
estimated temperature rise is 40 °C.

P = hA AT 2)
Core losses and consequently the core temperature rise strongly depends on the core material used.
Three ferrite materials were tested, CF138, 3C94 and 3C90. Lab prototype is shown in Fig. 5-a. Forced
air cooling is used and the temperature is measured using an NTC attached to the bare core at the hottest
point, being previously identified (NTC (1) in Fig. 4). Fig. 7-a shows the temperature rise for the three
materials during 3 hours of the converter operation at rated power (5 kW), 3C94 material providing the
best results due to its lowest specific power loss (kW/m?).
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Fig. 7: Experimental results. Hottest point temperature rise vs. time for (a) non-encapsulated HFT using
three different ferrite materials and (b) encapsulated HFT using 3C90, both transferring 5 kW.

3C90 ferrite from Ferroxcube® was used to produce an encapsulated prototype. To confirm the
correctness of the design, five NTC sensors are placed at different locations of the encapsulated HFT
prototype to monitor its temperature (see Fig. 4). Fig. 7-b shows the temperature rise vs. time of the
HFT hottest point during 4 hours of continuous operation of the DAB at 5 kW. The temperature rise is
approximately 40 °C with an ambient temperature of 20 °C. This meets the target temperature (see Table
II). This gives a margin of approximately 20 °C to allow for additional temperature rise due to the closed
cabinet structure.

In order to maintain the copper temperature rise within reasonable limits, the windings cable diameter
and composition were calculated based on copper losses, skin effect and available window area [25].
The windings are build using three parallel litz wire of composition (28/0.5 mm) as illustrated in Fig. 4.

4. Leakage inductance
The leakage flux is mainly governed by two parameters: the volume between the windings and the
number of turns. Both, higher volume and higher number of turns lead to larger leakage flux.

On one hand, the volume between both windings is constrained by the minimum isolation distances. In
a separate winding transformer, this volume is difficult to calculate as it is not confined to the window
volume like in the case of concentric windings and therefore it is difficult to analytically obtain a precise
value for the leakage inductance.

On the other hand, the number of turns is fixed by the core and copper losses. For a fixed core structure,
a theoretical optimum number of turns can be obtained which results in a minimum core and copper
losses and therefore a minimum temperature rise [32].

Therefore, in this HFT design, a tradeoff is achieved between the number of turns (i.e. losses) and the
value of the leakage inductance while fixing the isolation distances to the minimum required value. It is
obtained using ANSYS PEmag® FEA simulations then validated by experimental measurements. The



required value of leakage inductance of 485 uH is achieved using 35 turns. The measured value from
the final prototype is 435 pH.

SiC devices for the DAB

Effect of using SiC devices on the DAB

To comply with the target voltage and switching frequency (i.e. 800 V and 30 kHz), SiC MOSFETs are
selected [33], [34]. Use of larger cell voltages is advantageous for the HFT design. Increasing the cell
voltage for a given rated power, the required leakage inductance increases (see (1)), alleviating the
problems due to long isolation distances and separate windings. It must be noted however that larger
cell voltage might imply practical problems on the Auxiliary Power Supply (APS) providing the low-
voltage (i.e. 24/15/12V) needed to feed the control circuitry of each cell [35].

Selection of SiC MOSFETSs

Based on the DC-link voltage value (see Table I) and switching frequency, 1.2 kV SiC MOSFETs are
selected. Several commercially available MOSFETSs were tested in a 2-kW 400-800 V boost converter,
for switching frequencies of 30, 50 and 100 kHz. The efficiency of the whole boost converter (consisting
of two SiC MOSFETSs) using these devices is compared.

Table II shows the results for five different options; one SiC power module as well as four different
discrete N-channel SiC power MOSFET devices. It is observed from Table II that all the devices show
a high efficiency. The largest dispersion occurs at 50 kHz, but is as small as 0.6 %.

Table II: SiC MOSFET Comparative Analysis

Rated Rds C Measured efficiency (%)
. out
Device current (A) | (mQ) (pF)
@100 °C | @100°C p 30kHz | 50kHz | 100 kHz
ST (SCT30N120) 34 80 130 97.77 98.16 97.81
ROHM (SCH2080KE + SBD) 28 80 175 97.71 98.02 97.69
ROHM (SCT2080KE) 28 80 77 97.82 98.17 97.93
CREE (C2M0040120D) 40 40 150 97.76 98.10 97.84
CREE module
(CCS050M12CM2+ SBD) 59 25 400 97.49 97.54 97.50

Experimental results

Two devices were selected for the construction of the DAB: CREE (CCS050M12CM2) power module
and ROHM (SCH2080KE) discrete power MOSFET. Two 5 kW DAB prototypes were constructed
using these devices (Fig. 8-a) and efficiency is compared at rated power of the converter (i.e. 5 kW).

Commercial CREE drivers (CGD15FB45P1) were used with CREE modules CCS050M12CM2. The
control signals are generated using a FPGA. Due to the high isolation requirements, the control board is
divided into two sections with enough clearance to provide the 24 kV isolation. Fig. 8-b shows the
measured waveforms when the DAB transfers 5 kW (see Fig. 2). The calculated efficiency of the
converter from the input and output average voltages and currents is 98.5 %.

A second prototype was developed using the ROHM (SCH2080KE) discrete power MOSFET. In this
case, CREE 2-channel drivers (CGD15HB62P1) are used. The efficiency of the converter is 98.1 %.
The slight decrease in efficiency is attributed to the higher on-resistance of the ROHM discrete device
as its rated current is relatively lower compared to the CREE module (see Table II).
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Fig. 8: (a) 5 kW DAB prototype using CCS050M12CM2 modules. (b) Experimental results. 5 kW DAB
prototype waveforms. Voltage on both sides of the HFT (V, and V>) and leakage inductance current

(irk).

A mean to increase the power transfer while maintaining the isolation is parallelization of HFTs. To
analyze this issue a DAB prototype was built with two identical HFTs connected in parallel. CREE
modules CCS050M12CM2 were used. The resulting leakage inductance is 221 uH, the maximum power
transferred being doubled. Fig. 9 shows the measured efficiencies for both cases: a DAB using a single
HFT with a maximum power 5.7 kW and a DAB using two parallel HFTs with a maximum power of 11
kW. For both cases, the switching frequency is kept constant (30 kHz). The minimum power is limited
by the DAB ZVS range while the maximum power is limited by the leakage inductance of the HFT [23].
It is observed, from Fig. 9 that increasing the power has a modest effect on the converter efficiency.
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Fig. 9: Experimental results. Efficiency of the SiC DAB converter vs. transferred power at 30 kHz for

two cases; (a) one HFT per DAB and (b) two HFTs in parallel per DAB.

Efficiency versus switching frequency

DAB efficiency vs. switching frequency was analyzed both analytically and experimentally. Two cases
are considered: a DAB with a single HFT and with two parallel HFTs, however results are shown only
for the case of two HFTs because conclusions were the same in both cases. In the case of two parallel
HFTs the maximum transferable power at 80 kHz is 4 kW. It is observed from Table III that the
efficiency decrease is < 0.5 % when the switching frequency increases by a factor of approximately 2.6.

Table III: SiC-based DAB converter efficiency with different switching frequencies

DAB efficiency (two HFT transferring 4 kW) (%)

Switching frequency . i
Analytical Experimental

30 kHz 99.00 98.60

50 kHz 98.82 98.62

70 kHz 98.64 98.41

80 kHz 98.54 98.19




An estimation of the losses breakdown in the DAB between conduction, switching and HFT losses
estimated analytically is shown in Fig. 10. From Table III and Fig. 10, it is observed that increasing the
switching frequency by a factor of approximately 2.6 produces an increase of the switching losses of
less than 15 W for a rated power of 4 kW (< 0.5%).

Losses at 30 kHz Losses at 80 kHz

21%
38%

0
10% 51%

69%
11%

Switching losses conduction losses HFT losses

Fig. 10: Analytically estimated switching, conduction and HFT losses in the DAB at 30 and 80 kHz.

Conclusion

Design of a SiC-based DAB for a PET application has been addressed in this work. The required
isolation is 24 kV which is provided by the HFT. Challenges imposed by the application on the HFT
design have been discussed. These concern mainly leakage inductance, temperature rise and isolation.
A 5 kW HFT, intended for a switching frequency of 30 kHz, has been built. Experimental results are
shown for a DAB prototype using two different 1.2 kV SiC power devices, efficiencies as high as 98%
are achieved. The measured temperature rise at the hottest point of the HFT is 40 °C.

Parallelization of HFT's has been proposed as a mean to increase the cell power transfer capability while
complying with the high isolation requirements. This case has also been confirmed experimentally with
a flat converter efficiency curve showing a slight decrease of less than 1 %. The effect of varying the
switching frequency on the efficiency of the converter is analyzed. Both analytical and experimental
results show a reduction of less than 0.5 % when almost tripling the switching frequency.
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