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Abstract— The advancement of high blocking capacity silicon 
carbide (SiC) power modules enables the development of next 
generation highly efficient and highly power dense conversion 
units for medium voltage applications without implementing 
complex multilevel topologies. This paper presents the design and 
testing of a 150-kW medium-voltage (MV) three-phase dual active 
bridge (DAB) using 10-kV Wolfspeed SiC MOSFETs for MV AC 
and DC grid applications. The DAB is designed for a MV of 5 kVdc 
and a low voltage of 400 Vdc. A high efficiency, low parasitic 
capacitance 10-kHz three-limb three phase transformer with 
integrated leakage inductance for rated power transfer is used to 
provide galvanic isolation. The proposed prototype was 
experimentally validated up to 45 kW with an input voltage up to 
4 kV. Experimental voltage and current waveforms are provided 
for each operating condition. 
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I. INTRODUCTION 

 Wide bandgap silicon carbide (SiC) semiconductors have 
propelled the evolution of power electronics conversion units 
characterized by high efficiency, high power density, and faster 
switching frequencies [1], [2]. SiC power modules have 
disrupted the electric vehicle industry with highly efficient 
traction inverters and onboard charges [3]-[5] while entering 
other markets [6]-[8] at an accelerated pace. These industries 
exploit the well refined SiC MOSFETs ranging from a few 
couple of volts to 1700 V. Nonetheless, the medium voltage grid 
connected market is hindered by the need to employ highly 
complex multilevel structures with these well-developed SiC 
power modules to achieve a power conversion unit capable of 

interfacing medium or high voltages [9], [10]. As a result, 
attention has been paid to the development of high voltage SiC 
power modules [11], [12]. 

 High blocking voltage wide bandgap SiC MOSFET devices 
have allowed designers to reach MV levels while reducing the 
complexity seen on modular multilevel converter (MMC) 
topologies [13], [14] and reducing the number of cells needed 
for cascaded H-bridge (CHB) topologies [15]. The proposed 
4.16 kVac solid state transformer presented in [16] and the 
7kV/400V DC transformer in [17] demonstrate the feasibility of 
MV power modules for simple single level power conversion 
units while the work presented in [18] and [19] validate MV 
power modules application in multilevel converters. 
Furthermore, these next generation SiC-based devices have the 
advantages of lower on-state resistance and faster switching 
frequencies resulting in reduced weight and size of the magnetic 
components, thus enabling different MV applications such as 
medium voltage EV charging stations, energy storage, and 
medium voltage multimegawatt dc and ac grid [20]-[21].  

 The work in [22] compared a modular multilevel dc 
converter (M2DC) and the DAB used for power conversion 
from an HVDC grid to an MVDC grid in terms of efficiency, 
amount of semiconductor devices, and cost of capacitive storage 
and magnetic components. This study concluded that the DAB 
system features an efficiency between 98.9 % and 99.2 %. 
However, the M2DC requires many semiconductors, resulting 
in investment costs for an M2DC at least a factor of three higher. 
Besides, they need a similar number of magnetic components 
compared to the soft-switching DAB system. Moreover, the 
work in [23] evaluates isolated DC/DC converter topologies. It 
concludes that the DABs, particularly the three-phase option, 
present lower switching losses than other possibilities due to 



their natural capability of achieving ZVS at the turn-on. 
Furthermore, this characteristic is obtained over a wide 
operating range without drastically increasing the control system 
complexity [24]. The advantage of the DAB poses itself as one 
of the most promising isolated bidirectional DC/DC converters 
to meet the challenge of the future power system of smart-grid 
technologies at the medium voltage level as presented and 
validated in [16], [17]. Subsequently, this paper presents a high 
power DC transformer using 3rd generation 10 kV SiC as an 
isolated DC building block for medium voltage power 
conversion applications.  The work presented utilizes a three-
phase DAB with a medium frequency (MF) three-limb three 
phase transformer with integrated series leakage inductance to 
meet maximum power transfer requirements at a lower volume 
and weight. The proposed converter is designed with an input 
voltage of 5 kVdc and an output voltage of 400 Vdc, resulting 
in a power rating of 150 kW. Table I summarized the converter 
specifications. 

II. THREE PHASE DUAL ACTIVE BRIDGE WITH INTEGRATED 

MAGNETICS 

The three-phase DAB (TPDAB) is a well-known topology 
with the benefits of high-power density and reduced current 

 
Fig. 1. Medium voltage DC transformer schematic using a three-phase dual-active-bridge topology. 

TABLE I 
THREE-PHASE DAB DC/DC CONVERTER SPECIFICACTIONS 

   
 Parameter Value Unit  
 Rated Power 150 𝑘𝑉𝐴  
 Input Voltage 5 𝑘𝑉  
 Output Voltage 400 𝑉  
 Switching Frequency 10 𝑘𝐻𝑧  
 Series Inductance 920 𝜇𝐻  

 

 
(a) 
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Fig 2. (a) 10 kV SiC power module three-phase PCB MV bridge and (b) 
XM3 SiC power module three-phase heavy copper PCB LV bridge. 



stresses on the semiconductor devices compared to the single-
phase version [24], [25], demonstrating the potential of the 
TPDAB to be employed in high power medium voltage level 
applications where utilization have been already reported in 
[16]. As a result, the three-phase DAB was chosen for the 
medium voltage medium frequency DC transformer presented 
in this work.  

A. MV and LV Power Stages 

Fig. 1 shows the TPDAB topology for the proposed DC 
transformer. The MV side three-phase bridge is composed of 3rd 
generation 10 kV XHV-9 SiC MOSFETs from Wolfspeed. The 
MV power stage was designed using PCB bus bar with increase 

FR4 core thickness to ensure electric isolation between the DC+ 
plane and the DC- plane. Additionally, reinforced solder mask 
coating was applied to the PCB bus board. The gates of the 10 
kV SiC MOSFETs are driven by a single switch position MV 
gate driver connected using short high-frequency mini coaxial 
cables. Off-the-shelf isolated power supplies with a coupling 
capacitance < 5pF and isolation up to 15 kV are used to power 
each individual gate driver. Moreover, control signals for each 
of the gate drivers are fed through fiber optic to avoid any EMI 
interference. Fig. 2a shows the built MV side power stage.  

 
Fig. 5. High voltage, high power experimental test setup at NCREPT facilities. 

 
Fig. 3. Impedance response as seen from the primary high voltage side. 
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Fig. 4. Integrated series inductance MF transformer 



The low voltage (LV) power stage is built with 1.2-kV, 450A 
XM3 SiC MOSFET from Wolfspeed. Like the MV power stage, 
the LV side three-phase bridge was designed using heavy cooper 
PCB with specifications to meet minimum creepage and 
clearance requirements. Each LV power module is controlled by 
commercial Wolfspeed gate drivers with a custom-made optical 
transceiver to feed control signals using fiber optic cables. LV 
power stage is illustrated in Fig. 2b. The control of both bridges 
is done using a custom-made optical transceiver board for an 
F28379D DSP control card.  

B. Medium Frequency Three-Phase Transformer 

Ribbon-based soft-magnetic materials like amorphous and 
nanocrystalline have been demonstrated to yield better 
efficiency and power densities than materials like ferrite [26], 
[27]. Moreover, these materials provide easy manufacturing 
process for custom cores which allows for a single-core design 
for the three-phase transformer to be implemented with optimal 
efficiency, volume, and cost. Thus, the work presented in this 
paper employs a three-limb single core transformer for galvanic 
isolation whose design and testing were reported in [28]. 
Improvement in the power density of the transformer and DAB 
was achieved by integrating the series leakage inductance 
required for maximum power transfer by including an auxiliary 

leakage core on the MV winding. The impedance response 
presented in Fig. 3 validated the increase of leakage inductance 
seen from the primary side due to the integrated cores. 
Moreover, parasitic capacitance due to the high number of turns 
on the medium voltage windings needed to be addressed to 
avoid unwanted resonances on the phase voltages and currents. 
Winding arrangements procedures to mitigate these parasitic 
capacitances are outside the scope of this paper and stated in 
[29], where the reduction on current resonance for different 
winding arrangements were presented. Fig. 4 shows the 
designed single-core three-phase integrated leakage inductance 
MF transformer with low winding capacitance for the TPDAB. 

 [30] demonstrated that converter efficiency and soft-
switching range is affected by the configuration of the MF 
transformer terminals. It has been shown in [31] and [32] that 
for the three-phase DAB, the wye-delta (𝑌−Δ) configuration of 
the three-phase MF transformer yield higher efficiency and 
lower transformer volume when compared to Y-Y and Δ- Δ 
configurations. For these reasons, the built MF transformer was 
connected in 𝑌−Δ for the TPDAB. 

III. THREE PHASE DUAL ACTIVE BRIDGE EXPERIMENTAL RESULTS 

AND DISCUSSION 

The three-phase DAB prototype was initially tested to verify 
proper operation at high voltages and low-power levels using a 
6-kV Magna DC power supply and a Simplex Electra resistive 
load bank. The TPDAB was tested up to 4 kV at 10 kW output 
power in an open loop configuration. To validate the prototype 
at higher power levels, the TPDAB converter was tested at the 
National Center for Reliable Electric Power Transmission 
(NCREPT) at the University of Arkansas. For this experimental 
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Fig 6. (a) Line voltages waveforms and (b) line currents for each phase 
at 2 kV input voltage. 
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Fig 7. (a) Line voltages waveforms and (b) line currents for each phase 
at 2 kV input voltage. 

 



validation, a three-phase ac-dc passive rectifier was built using 
high voltage 2.2 kV SEMIKRON single diode modules 
connected in series for passive rectification up to 7.5kVdc and 
500 kVA. Then, the passive front end rectifier is connected to 
the NCREPT medium voltage bus which is driven by a three-
phase variable-frequency, variable-voltage inverter (3VF), 
allowing for soft-start of the dc/dc converter. Experimental setup 
at NCREPT facilities is shown in Fig. 6. The data acquisition 
equipment consists of a Tektronix MSO58 and a MSO56 
oscilloscope with THDP0200 and THDP0100 high voltage 
differential probes and PEM CWT MiniHF Rogowski Coils. A 
HIOKI PW6001 power analyzer monitors input and output dc 
currents and input and output dc voltages. To avoid damage to 
the power analyzer, a precision voltage divider was used to 
monitor the high input voltage. 

The initial testing of the TPDAB was conducted at an input 
voltage of 2 kV with a load resistance of 1.28 Ω connected to 
the LV side. These operating conditions should output about 20 
kW. Results waveforms of this experiment are shown in Fig. 6 
where all line currents and line voltages waveforms are 
presented. Power analyzer measurements showed the converter 
yield an efficiency of about 99% with an output power of 20.2 
kW. MV line voltages do not show any low or high frequency 
resonance due to any parasitic capacitance of the module or the 
transformer windings. Nonetheless, the line voltages made 
noticeable the low dv/dt of the 10 kV SiC when compared with 
the dv/dt of lower voltage MOSFETs. LV lines voltages showed 
a high frequency resonance that follows the turn-on transient of 
each module since each MOSFETs will form a resonance circuit 
between its output capacitance and the stray inductance causing 
an overshoot. All the line currents during the 2 kV did not 
exhibit any overshoot or resonance during turn-on or turn-off of 
the power modules. Further tests were conducted at an input 
voltage of 3 kV while keeping the load resistance constant at 
1.28 Ω. The 3 kV experiment data is presented in Fig. 7 where 
the lines voltage and currents are presented yielding an 
efficiency of 98.9% at an output power of about 45 kW. All lines 
voltages for this operating condition showed similar behavior as 
previous experimental test. However, the MV line currents were 
displaying a small spike which may be attributed to the 60-
degree phase shift used for the open loop experimental test since 
the leakage inductor would see a high voltage in a brief instant 
causing the spikes. Power analyzer measurements are presented 
in Fig. 8 for the 20 kW and 45 kW. Although LV line voltages 
for both experiments showed high frequency oscillations during 
the switching transients due to the MOSFETs output 
capacitance, MV line voltages and MV and LV line currents do 
not present oscillation of low frequency ringing during the step 
of the secondary voltage which it has been an issue for medium 
voltage transformer as reported in [16].  

IV. CONCLUSION 

This work illustrated the feasibility of MV SiC MOSFETs in 
MV applications to reduce the complexity of cascaded 
topologies aimed at MV distribution systems and even sub-
transmission systems (e.g., 69 kV). It provides testing results of 
a 150-kW 10-kHz DC transformer realized using a three-phase 
dual-active-bridge topology. The presented prototype was tested 
under 20 kW and 45 kW load yielding an efficiency of about 

98.8%. Furthermore, experimental line voltages and currents 
waveforms did not present any unwanted low frequency ringing 
because of high parasitic capacitance on the medium voltage 
windings, demonstrating the benefits of the measures taken to 
mitigate these capacitances. The designed DAB incorporated the 
concept of integrated magnetics to improve power density by 
eliminating the need for external series inductors which tend to 
increase the overall volume of the converter without 
compromising the transformer efficiency. Future work includes 
continuous testing of the dc/dc converter at higher power level 
>100 kW while opting to increase the switching frequency and 
input voltage level to evaluate possible drawbacks and 
improvements for a next generation of the presented medium 
voltage dc/dc converter. 
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Fig 8. Power analyzer measurements at (a) 20 kW for the 2 kV input 
voltage experiment and (b) 45 kW for the 3 kV experimental test. 
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