


IEEE TRANSACTIONS ON POWER ELECTRONICS

2000
S
> 1500
=]
>
1000 - *
34 35 36 37 38
Time (ms)
30 T
< b |
€ 20
10 L I . |
34 35 36 37 38
Time (ms)
7000
e
> 6000
s
>
5000 - *
34 35 36 37 38
Time (ms)
8
<
>7r
6 . L .
34 35 36 37 38
Time (ms)

Fig. 7. Simulation waveforms of the proposed CS DC SST for DC-DC
conversion under voltage step change from buck mode to boost mode.

designed in Section III is simulated. As mentioned earlier,
modularity can be leveraged to scale up the voltage and the
power further. The simulation results are illustrated in Fig. 5.
The LVDC side of the CS DCT is connected to a 1.5 kV DC
source, which is why the LVDC voltage shows a very small
ripple. The MVDC side of the CS DCT is coupled to a resistive
load bank. In Fig. 5, a load-current step change occurs from
100% to 50% at 15 ms and back to 100% at 25 ms by switching
the load resistance from 100% to 200% and back to 100%,
where the 100% load resistance corresponds to the case of 50
kVA at 6.5 kV in Fig. 7. It can be observed in Fig. 5 that the
MVDC voltage is tightly regulated with transient voltage
undershoot or overshoot smaller than 2%. The transient on the
current of the reduced DC link is also well controlled.
Furthermore, the settling time is only around two switching
cycles under the load step change from 50% to 100% in Fig. 6.

To further verify the performance of the proposed CS DCT
under dynamics, a voltage-step-change case from 5.5 kV to 6.5
kV at 35 ms is simulated in Fig. 7 under 100% load, where the
DCT gradually switches from buck mode to boost mode with
the 4:1 transformer turns ratio. It can be observed that the
transition from buck mode to boost mode is seamless with
almost no transients. The reason is that this DCT has a current
DC link, and the transition from buck to boost mode only means
voltage change on the same MV space vector applied. The
settling time is around 2 ms, which is mainly limited by the
finite power rating of the DCT and physical parameters like
capacitance of the MV filter capacitor and the heavy 100% load
current.

Fig. 8. Simulation waveforms of the proposed CS DC SST for MVDC to
three-phase LVAC conversion under load step changes from 100% to
50%.

To summarize, the simulation results verify the dynamic
performance of the proposed CS DCT for DC-DC conversion
under load and buck-boost voltage step changes.

B. MVDC-LVAC CS DC SST

To verify the operation and control of the proposed CS DCT
in Fig. 2 (c¢), a 16 kHz 50 kVA 6 kV DC to 1 kV three-phase
AC DCT module is simulated as shown in Fig. 8. The 1 kV
voltage level is selected according to [20]. The DCT parameters
are the same as the previous DC-DC simulation, except that
three 5 pF capacitors are connected in delta as Chuv.
Furthermore, the LVAC-side filter inductors are 5.2 mH per
phase between the DCT and the grid. The MVDC-side filter
inductor is 3.6 mH between the DCT and the grid.

In Fig. 8, at 100 ms, the load-current step change occurs
from 100% to 50%. It can be observed that under steady state,
both the LVAC voltages and currents before and after the step
change are sinusoidal with very small distortions. Moreover,
the DC-link current i, is well regulated with minor transients
during the step change. The settling time is around several
milliseconds as shown in Figs. 8-9. The DC-link current is
under valley-current control mode in this case, similar to [54],
which is why the valley of the DC-link current i, remains nearly
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Fig. 9. Zoomed simulation waveforms of the proposed CS DC SST for
MVDC to three-phase LVAC conversion under load step changes from
100% to 50%.

unchanged before and after the load step change. The dynamic
and steady-state performance of the proposed CS DCT in Fig.
2 (c) for single-stage isolated DC-AC conversion is verified
through this simulation.

VI. COMPARISONS AND DISCUSSIONS OF THE DCTS

The proposed CS DCT for DC-DC conversion in Fig. 2 (b)
is compared against other DCTs as shown in Table III. There
are several two-stage DCTs [32]-[34], while [32] is chosen as a
representative of a two-stage DAB DCT in this comparison.
From component count point of view, the proposed CS DCT
significantly reduces the number of devices, and the number of
the device drops on the current path as shown in Table I,
compared to the prior CS DCT in Fig. 2 (a) [2]. Note that
different from conventional DAB DCTs, CS DCTs need series
diodes instead of antiparallel freewheeling diodes. The
proposed CS DCT also features fewer number of conversion
stages and the absence of a DC-link capacitor compared to the
two-stage DAB DCT [32]. However, the proposed CS DCT
needs auxiliary branches, which operate once per switching
cycle and has partial rms current rating as illustrated in Fig. 3,
to realize the ZVS for the main switches.

Table III. Comparison between the proposed CS DCT and other DCTs.

Proposed Prior CS DAB DAB +
CS DCT DCT [2] [26] Regulation
Stage [32]
Main 6 8 8 10
Switches
Main Diodes 6 8 8 10
Conversion 1 1 1 2
Stages
Extra Aux. Y Y N N
Branches
DC-Link N N N Y
Capacitor
Soft Full-range  Full-range DAB: DAB: ZVS.
Switching ZVS + ZVS + Limited- Regulation
resonant resonant range stage: Hard
switch switch ZVS. switching.
ZCS. ZCS.
Dv/dt Low, ~1 Low, ~1 DAB: DAB: Low.
kV/us, kV/us, Low, if Regulation
controlled  controlled within stage: High,
by Cr. by Cr. the ZVS ~50 kV/us,
range. uncontrolled.
Bidirectional Y Y Y Y
Power Flow
HFL N/A N/A Large Small
Circulating
Current
Short-Circuit N N Large N for
Diode MVDC.
Current Large for
Stress LVDC.
Modularity Y Y Y Y

From soft-switching capability point of view, the proposed
CS DCT can achieve full-range ZVS for main devices and thus
controlled dv/dt under voltage-buck-boost operation, while the
DAB typically has limited range ZVS and controlled dv/dt [26].
In the two-stage DAB DCT [32], the DAB is claimed to achieve
the ZVS and controlled dv/dt, working at a fixed voltage
conversion ratio. However, the regulation converter in the two-
stage DAB DCT is hard switched and can have dv/dt as high as
50 kV/us [44]. Controlled low dv/dt can help decrease the EMI
[31].

All four DCTs can achieve bidirectional power flow.
However, the single-stage DAB DCT with an AC HFL can have
large AC HFL circulating current and reactive power loss under
large voltage buck-boost or light load [26], which can be
mitigated by shifting the voltage regulation burden to the
regulation converter in the two-stage DAB DCT [32]. The
proposed CS DCT does not have this issue, because the
transformer winding currents are not AC, i.e., either positive or
zero in Fig. 3 with the current DC-link operation.
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From short-circuit grid-fault handling perspective, the
single-stage DAB DCT can have a large surge current flowing
through and causing damage to the freewheeling diodes [55].
Moreover, this current mainly depends on filter and line
impedance, etc., and cannot be controlled by the switches in the
single-stage DAB DCT [55]. The two-stage DAB DCT can
address this issue by adding the regulation stage on the MVDC
side [32]. However, this issue on the LVDC side in the two-
stage DAB DCT remains unsolved. On the other hand, the
proposed CS DCTs do not have antiparallel freewheeling
diodes and do not have this issue. One advantage of the two-
stage DAB DCT over the others is the ability to disconnect the
DC-link capacitor from the MVDC grid during a fault,
potentially speeding up the MVDC fault recovery process [32]-
[34].

Finally, all the DCTs in this comparison can achieve
modularity for increased reliability and scalability for higher
voltage and power ratings. Each DCT has its pros and cons. The
overall performance of each DCT in terms of efficiency, power
density, etc., highly depends on the specific use cases like
voltage operation range [32], [S6]. No general conclusion can
be drawn.

A quantitative comparison under the following scenario is
given under voltage fluctuation, i.e., voltage buck-boost. The
conversion voltage is from 6 kV with = 10% fluctuation to 1.5
kV with + 20% fluctuation, and the power rating is 50 kVA.
Under buck-boost voltage range, the ZVS of the DAB can be
lost, and several works, including [32]-[33], [56] have shown
the potential benefits of two-stage conversion, e.g., the DAB
plus a regulation stage [32]. Therefore, the quantitative
comparison is between the proposed CS DCT, the prior CS
DCT, and the DAB plus a regulation stage. For a fair
comparison, the switching frequency of all three solutions is set
to be the same at 16 kHz. Moreover, the same device models
are used in the three DCTs. On the 6 kV side, single 10 kV 15
A SiC MOSFET die and single 10 kV 15 A SiC diode die from
Cree are applied [57]. On the 1.5 kV side, two 3.3 kV 24 A SiC
MOSFETs G2R120MT33J are connected in parallel for each
switch position, and eight 3.3 kV 5 A SiC diodes GBOSMPS33-
263 are connected in parallel for each diode position. The
parameters of the CS DCTs have been discussed in Section III.
The leakage inductance in the DAB is designed according to
[25]-[26], [30], i.e., 3.34 mH in total when referred to the 6 kV
side of the transformer and is split to both sides of the
transformer.

The comparison results under nominal conversion ratio and
voltage buck-boost conversion are shown in Tables IV and V,
respectively. The SiC MOSFET has negligible switching loss
under the ZVS [58] in the DAB and the CS DCTs. However,
the regulation stage is hard switched, and the corresponding
switching loss data of the 10 kV device is taken from [57]. Note
that under this comparison with the same switching frequency
and the same device model, the proposed CS DCT achieves
about 26% device loss reduction compared to the prior CS
DCT. Significantly, the proposed switch reduction scheme only
depends on the current-source nature and is also applicable to
other CS DCTs. Furthermore, in this scenario, compared to the

Table IV. Comparison under nominal conversion ratio: 6 kV to 1.5 kV 50
kW conversion.

Proposed Prior CS DAB +
CS DCT DCT [2]  Regulation Stage
[32]
MYV Isolation Stage 142.6 188.0 50.0
Cond. Loss (W)
LV Isolation Stage 359.5 492.8 166.1
Cond. Loss (W)
Regulation Stage N/A N/A 24.3
Cond. Loss (W)
Regulation Stage N/A N/A 212.6
Switching Loss (W)
Total (W) 502.1 680.8 453.0

Note that the same device model are used and the proposed CS DCT achieves similar loss with
fewer devices compared to the two-stage solution.

Table V. Comparison under voltage buck-boost: 5.4 kV to 1.8 kV 50 kW
conversion.

Proposed Prior CS DAB +
CS DCT DCT [2]  Regulation Stage
[32]
MV Isolation Stage 154.3 203.6 343
Cond. Loss (W)
LV Isolation Stage 292.5 400.6 113.8
Cond. Loss (W)
Regulation Stage N/A N/A 30.0
Cond. Loss (W)
Regulation Stage N/A N/A 235.7
Switching Loss (W)
Total (W) 446.8 604.2 413.8

Note that the same device model are used and the proposed CS DCT achieves similar loss with
fewer devices compared to the two-stage solution.

two-stage DAB solution, the proposed CS DCT achieves
similar loss with fewer devices and controlled dv/dt which
means potentially better EMI [31]. If the comparison is
performed with the same total device VA rating rather than the
current case with the same device model but higher device
count for the two-stage DCT, the proposed CS DCT can achieve
a lower loss than the two-stage solution.

Magnetics design is highly customized. A fair quantitative
comparison with the same core is not trivial, especially
considering that the DAB needs a transformer design and a
usually separated leakage-inductor design [27]. For the
proposed CS DCT, the flyback-type operation leads to a DC
current plus switching ripple flowing through the magnetizing
inductance, which seemingly results in a larger core size than
the DAB. Furthermore, the flyback operation means that ~50%
duty cycle of ~2 pu current flows through the transformer
primary and secondary windings, which has a higher rms value
than 1 pu current with 100% duty cycle. However, the
following three important factors need to be considered, which
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Fig. 10. (a) A scaled-down prototype of the proposed current-source DC
SST. (b) Customized coaxial cable for 16 kHz transformer winding. (¢) A
self-assembled SiC reverse-blocking module based on 1.7 kV discrete SiC
MOSFETs and diodes. (d) Experimental setup for the proposed current-
source DC SST.

significantly influence the overall magnetic comparison. First,
the DAB medium-frequency transformer (MFT) requires
precise and non-negligible leakage inductance for operation and
normally separate leakage inductors [27], [59]-[60], different
from the CS DCT case where the additional leakage inductor is
not needed. Note that the additional leakage inductors can
significantly increase the total size and resistance of the
magnetic components. For example, the two leakage inductors
are 40 mOhm, while the MFT winding resistance is 17 mOhm
[59]. In another example, the MFT volume is 60.7 cm?®, while
the two leakage inductors occupy 74.4 cm? [60]. Second, the
permanent-magnet-based bias scheme can be applied to
significantly reduce both the core and the copper volume by
50% and mitigate the effect of the DC current through the
transformer magnetizing inductance [61]. Third, the regulation
stage needs an additional boost inductor in the two-stage DAB
DCT.

VII. EXPERIMENTAL RESULTS

A scaled-down experimental setup has been built to verify
the proposed CS DCT for DC-DC conversion, as shown in Fig.
10 with the parameters in Table VI. The switching frequency is
16 kHz, which is just above audible noise frequency, and
Nanocrystalline core is the appropriate material at 16 kHz. The
reason is that Ferrite core at 100 kHz can only have less than
0.1 T flux density, which is not as compact as 16 kHz
Nanocrystalline core with 0.8 T flux density [27]. Amorphous

Table VI. Parameters of the scaled-down CS DC SST prototype.

Parameter Symbol Value
Switching frequency fow 16 kHz
Rated Power P 1.5kVA
MVDC voltage My 600V
LVDC voltage Viv 150 V
Magnetizing inductance Lomv 4.3 mH
Leakage inductance Liggmv 5.5 uH
MV-side resonant inductance Loy 80 uH
MV-side resonant capacitance Cowv 6.25 nF
LV-side resonant inductance Lav 5 uH
LV-side resonant capacitance Cuv 100 nF
MV-side filter capacitance Cpvv 4.9 uF
LV-side filter capacitance Cy 60.0 uF
o
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Fig. 11. Operation waveforms of the proposed current-source DC SST for
120 V to 800 V boost conversion.
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Fig. 12. Zoomed operation waveforms of the proposed current-source DC
SST for 120 V to 800 V boost conversion.

core is not applied because the core loss can be high at 16 kHz.
A SC2065 Nanocrystalline core is selected to fulfill the
requirement with the following winding configuration. The
transformer turns ratio is selected to be 4:1, which is the same
as the 4:1 nominal-voltage-conversion ratio of the converter in
Table VI. The leakage inductance of this MFT is a parasitic to
the CS DCTs, which should be minimized [48]. Hence, a
customized coaxial-cable-based winding in Fig. 10 (b) is
applied to achieve simultaneously low leakage inductance and
15 kV insulation capability. The inner Litz wire serves as the
MV winding, while the outer braid shield serves as the LV
winding. The outer braid shield can be connected in parallel to
achieve the 4:1 turns ratio without influencing the 15 kV
insulation material between the inner MV winding and the outer
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F1g 15. Device voltage waveforms to verify the ZVS of the proposed

current-source DC SST for 120 V to 800 V boost conversion.
LV winding. Finally, 48 turns on the LV side and 12 turns on
the MV side are achieved. This coaxial-cable-based winding
can be used in MV DCT, which has been experimentally
verified at MV without any issues in [35]. In the test setup, the
LV side of the DCT is connected to a rectifier, while the MV
side of the DCT is coupled to a resistive load bank. On the MV
side, because with the switch reduction scheme some devices
need to be shorted out or eliminated, a self-assembled SiC
reverse-blocking module is used. Because of the lack of
commercially available MV device modules for the circuit in
Fig. 2 (b), 1.7 kV SiC discrete devices are used, while the
readers interested in 10 kV SiC devices and associated gate
drivers, protections, and power supplies are referred to [49]-
[52]. Each reverse-blocking switch consists of two paralleled
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ig. 16. Operation waveforms of the proposed current-source DC SST for
150 V to 400 V buck conversion.
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Fig. 17. Zoomed operation wavefrms of the proposed current-source DC

SST for 150 V to 400 V buck conversion.
1.7 kV 5A discrete SiC MOSFETs C2M1000170D in anti-
series with two paralleled 1.7 kV discrete SiC diodes
GB10MPS17. The SiC diode in the AP switch position of the
self-assembled reverse-blocking module is shorted out using
power cables and the SiC MOSFET in the AN switch position
is always gated on throughout the test. The same switch
reduction scheme in Fig. 2 (b) is applied to the LV-side discrete
devices including Si IGBTs IGW60T120 and SiC diodes
GP2D050A120B.

In Figs. 11 and 12, the proposed DCT is tested under boost
mode for 120 V to 800 V conversion. The LV source and the
MYV load voltages are smooth and steady. The zero-vector
duration is nearly zero in this experiment to fully utilize the
effective duty cycle. The basic operation principles of this CS
DCT are verified as follows. The transformer winding current
on the LV side ix v increases, and the current on the MV side
ixmv 18 zero during the LV vector when the LV source energizes
the DC link. The transformer winding current on the MV side
ixmv decreases, and the current on the LV side ix v is zero during
the LV vector when the energy is delivered to the load from the
DC link. As shown in Fig. 12, under this boost operation, no
additional discharge state is needed before the resonance,
because vimv and vy v there are already big enough for the ZVS
relative to the positive LV vector’s voltage after the resonance.

In Figs. 13-14, the device voltages on the MV side are
measured under boost operation. It can be observed that AP as
a MOSFET only blocks negative voltage and AN as a diode
only blocks positive voltage, which verifies that the switch
reduction scheme works for this boost mode operation.
Furthermore, it can be observed that when the transformer
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Fig. 19. Zoomed device voltage waveforms of the proposed current-source
DC SST for 150 V to 400 V buck conversion.

voltage vymv is negative and corresponds to the MV load
voltage vmy, AN and BP conduct, which further verifies the
basic operation principles. Finally, the dv/dt across the
transformer and the devices is controlled by the resonant
capacitors and is verified to be less than 500 V/us.

Fig. 15 verifies the ZVS of the proposed CS DCT under
boost operation. The device bridge current iqey labeled in Fig. 2
(b) is measured through a Rogowski coil. AN and BP are the
two devices conducting during the MV vector. There is no
overlap between the device voltage traces and the device
current trace at turn-on. Hence, the ZVS turn-on is achieved.
Moreover, the controlled dv/dt can be observed during the
device turn-off, and there is no overlap between the device
voltages and the current during the ZVS off.

In Figs. 16 and 17, the proposed CS DCT is tested under
buck mode for 150 V to 400 V conversion with the 4:1
transformer turns ratio. The LV source voltage, the MV load
voltage, and the DC-link current, which can be synthesized
from transformer winding currents ixmv and ixLv are smooth and
steady. The basic operation principles of this CS DCT can also
be verified as ixmv decreases during the MV vector when the
DC link is de-energized and iyv increases during the L'V vector
when the DC link is energized. As shown in Fig. 17, under this
buck operation, vimy and vy are discharged to sufficiently
negative voltages before the resonance to ensure the voltages
are flipped to a positive enough level which is higher than the
incoming LV vector’s voltage for the ZVS. Therefore, the
adaptive resonant-capacitor-replenishing scheme for the ZVS
under voltage buck or boost has been verified.
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Flg 20. DeV1ce voltage Waveforms to verify the ZVS of the proposed
current-source DC SST for 150 V to 400 V buck conversion.

In Figs. 18-19, the device voltages on the MV side are
measured under buck operation. Note that AP as a MOSFET
only blocks negative voltage and AN as a diode only blocks
positive voltage. Moreover, BP and BN as full reverse-blocking
switches can and should block both positive and negative
voltages under the buck operation here, as shown in Figs. 18-
19. The above verify the concept of the switch reduction
scheme. Furthermore, when the transformer voltage viuv is
negative and at the voltage level vy of the MV load, AN and
BP conduct, which further verifies the basic operation
principles. Lastly, the dv/dt across the transformer and the
devices is controlled by the resonant capacitors and is verified
to be less than 500 V/ps.

Fig. 20 verifies the ZVS of the proposed CS DCT under
buck operation. Because there is almost no overlap between the
device voltages and the device current during both device turn-
on and turn-off processes, the ZVS is verified to be achieved.
Moreover, the controlled dv/dt is observed and further verified.

VIII. CONCLUSION

This paper proposes two current-source (CS) DC solid-state
transformers (SST) and a novel switch reduction scheme on
reverse-blocking bridges to reduce device count and the number
of device drops on the DC-link current path, compared to
conventional CS DC SSTs. The proposed switch reduction
scheme is generic and can be applied to the DC ports of hard-
switching or soft-switching DC-DC, DC-AC, or AC-DC CS
SSTs. This switch reduction scheme has been verified by being
applied to derive one DC-DC CS SST and one DC-AC CS SST.
Importantly, the derived CS DC SSTs with the switch reduction
scheme do not have any disadvantages or penalties compared
to the prior CS DC SSTs without the scheme, to the authors’
best knowledge. The two CS DC SSTs can achieve full-voltage-
range ZVS, controlled dv/dt for reduced EMI, and single-stage
bidirectional DC-DC or DC-AC conversion, which are verified
along with the predictive control method through simulations
and experiments on a scaled-down SiC prototype. In the future,
if the MV SiC reduced-switch reverse-blocking modules are
available, full-scale experiments can further demonstrate the
advantages of the proposed topologies. The applications of the
proposed CS DC SST include interconnection between MVDC
grid and LVDC microgrid and MVDC collector in the wind,
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photovoltaic, and energy storage farms for renewable energy
integration.

ACKNOWLEDGMENT

The authors are grateful for the help from Brandon Royal
and Xiwei Zheng of Center for Distributed Energy at Georgia
Institute of Technology in building the prototype.

REFERENCES

[1] H. Krishnamoorthy, M. Daniel, J. Ramos-Ruiz, P. Enjeti, L. Liu, and E.
Acloiza, “Isolated AC-DC Converter Using Medium Frequency
Transformer for Off-Shore Wind Turbine DC Collection Grid,” IEEE
Trans. Ind. Electron., vol. 64, no. 11, pp. 8939-8947, Nov. 2017.

[2] L. Zheng et al., “Modular Universal Converter for MVDC Applications,”
in Proc. IEEE ECCE, 2018, pp. 5544-5551.

[3] Y.Li, X. Lyu, and D. Cao, “A Zero-Current-Switching High Conversion
Ratio Modular Multilevel DC-DC Converter,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 5, no. 1, pp. 151-161, Mar. 2017.

[4] I Alhurayyis, A. Elkhateb, and D. John Morrow, “Isolated and Non-
Isolated DC-to-DC Converters for Medium Voltage DC Networks: A
Review,” IEEE J. Emerg. Sel. Topics Power Electron., in press.

[5] Y. Chen,S. Zhao, Z. Li, X. Wei, and Y. Kang, “Modeling and Control of
the Isolated DC-DC Modular Multilevel Converter for Electric Ship
Medium Voltage Direct Current Power System,” IEEE J. Emerg. Sel.
Topics Power Electron., vol. 5, no. 1, pp. 124-139, Mar. 2017.

[6] S. Cui, J. Hu, and R. De Doncker, “Fault-Tolerant Operation of a TLC-
MMC Hybrid DC-DC Converter for Interconnection of MVDC and HVdc
Grids,” IEEE Trans. Power Electron., vol. 35, no. 1, pp. 83-93, Jan. 2020.

[7] M. Liserre, G. Buticchi, M. Andresen, G. De Carne, L. F. Costa, and Z.
Zou, “The Smart Transformer: Impact on the Electric Grid and
Technology Challenges,” IEEE Ind. Electron. Mag., vol. 10, no. 2, pp. 46-
58, Jun. 2016.

[8] T.Liu, X. Yang, W. Chen, Y. Xuan, Y. Li, L. Huang, and X. Hao, “High-
Efficiency Control Strategy for 10-kV/1-MW Solid-State Transformer in
PV Application,” IEEE Trans. Power Electron., vol. 35, no. 11, pp.
11770-11782, Nov. 2020.

[9] S. Ouyang, J. Liu, Y. Yang, X. Chen, S. Song and H. Wu, “DC Voltage
Control Strategy of Three-Terminal Medium-Voltage Power Electronic
Transformer-Based Soft Normally Open Points,” [EEE Trans. Ind.
Electron., vol. 67, no. 5, pp. 3684-3695, May 2020.

[10] R. Baranwal, G. F. Castelino, K. Iyer, K. Basu, and N. Mohan, “A Dual-
Active-Bridge-Based Single-Phase AC to DC Power Electronic
Transformer With Advanced Features,” IEEE Trans. Power Electron.,
vol. 33, no. 1, pp. 313-331, Jan. 2018.

[11] C. Liu et al, “An Isolated Modular Multilevel Converter (I-M2C)
Topology Based on High-Frequency Link (HFL) Concept,” IEEE Trans.
Power Electron., vol. 35, no. 2, pp. 1576-1588, Feb. 2020.

[12] P. Garcia-Trivifio, J. P. Torreglosa, L. M. Fernandez-Ramirez, and F.
Jurado, “Decentralized Fuzzy Logic Control of Microgrid for Electric
Vehicle Charging Station,” I[EEE J. Emerg. Sel. Topics Power Electron.,
vol. 6, no. 2, pp. 726-737, Jun. 2018.

[13] J.Nie, L. Yuan, W. Wen, R. Duan, B. Shi, and Z. Zhao, “Communication-
Independent Power Balance Control for Solid State Transformer
Interfaced Multiple Power Conversion Systems,” IEEE Trans. Power
Electron., vol. 35, no. 4, pp. 4256-4271, Apr. 2020.

[14] X. Wang, Y. Peng, J. Chai, Y. Xia, W. Wei, and M. Yu, “An Ideal DC
Transformer for Active DC Distribution Networks Based on Constant-
Transformation-Ratio DABC,” IEEE Trans. Power Electron., vol. 35, no.
2, pp. 2170-2183, Feb. 2020.

[15] J. Huang, X. Zhang, A. Zhang, and P. Wang, “Comprehensive
Coordinated Frequency Control of Symmetrical CLLC-DC Transformer
in Hybrid AC/DC Microgrids,” IEEE Trans. Power Electron., vol. 35, no.
10, pp. 10374-10384, Oct. 2020.

[16] X.Li, M. Zhu, M. Su, J. Ma, Y. Li, and X. Cai, “Input-Independent and
Output-Series Connected Modular DC-DC Converter With Intermodule

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

Power Balancing Units for MVdc Integration of Distributed PV,” JEEE
Trans. Power Electron., vol. 35, no. 2, pp. 1622-1636, Feb. 2020.

Y. Shi and H. Li, “Isolated Modular Multilevel DC-DC Converter With
DC Fault Current Control Capability Based on Current-Fed Dual Active
Bridge for MVDC Application,” IEEE J. Emerg. Sel. Topics Power
Electron., vol. 33, no. 3, pp. 2145-2161, Mar. 2018.

R. Mo and H. Li, “Hybrid Energy Storage System With Active Filter
Function for Shipboard MVDC System Applications Based on Isolated
Modular Multilevel DC/DC Converter,” IEEE J. Emerg. Sel. Topics
Power Electron., vol. 5, no. 1, pp. 79-87, Mar. 2017.

W. Chen, A. Q. Huang, C. Li, G. Wang, and W. Gu, “Analysis and
Comparison of Medium Voltage High Power DC/DC Converters for
Offshore Wind Energy Systems,” IEEE Trans. Power Electron., vol. 28,
no. 4, pp. 2014-2023, Apr. 2013.

J. Robinson, D. Jovcic, and G. Joos, “Analysis and design of an offshore
wind farm using a MV DC grid,” IEEE Trans. Power Del., vol. 25, no. 4,
pp- 2164-2173, Oct. 2010.

M. Abbasi and J. Lam, “A ~99% n Hybrid Resonant/Coupled ZCS-
Voltage-Quadruplers MV SiC Converter Module for DC Grid in Wind
Systems,” IEEE Trans. Ind. Electron., vol. 68, no. 2, pp. 1231-1240, Feb.
2021.

C. G. Dincan, P. Kjaer, Y.-H. Chen , E. Sarra-Macia, S. Munk-Nielsen,
C. L. Bak, and S. Vaisambhayana, “Design of a High-Power Resonant
Converter for DC Wind Turbines,” IEEE Trans. Power Electron., vol. 34,
no. 7, pp. 6136-6154, Jul. 2019.

J. Kucka and D. Dujic, “Smooth Power Direction Transition of a
Bidirectional LLC Resonant Converter for DC Transformer
Applications,” I[EEE Trans. Power Electron., vol. 36, no. 6, pp. 6265-
6275, Jun. 2021.

X. Xiang, Y. Gu, Y. Qiao, X. Zhang, W. Li, X. He, and T. C. Green,
“Resonant Modular Multilevel DC-DC Converters for both High and Low
Step-Ratio Connections in MVDC Distribution Systems,” IEEE Trans.
Power Electron., vol. 36, no. 7, pp. 7625-7640, Jul. 2021.

R. W. A. A. De Doncker, D. M. Divan, and M. H. Kheraluwala, “A three-
phase soft-switched high-power-density DC/DC converter for high-power
applications,” IEEE Trans. Ind. Appl., vol. 27, no. 1, pp. 63-73, Jan.-Feb.
1991.

M. N. Kheraluwala, R. W. Gascoigne, D. M. Divan, and E. D. Baumann,
“Performance characterization of a high-power dual active bridge DC-to-
DC converter,” [EEE Trans. Ind. Appl., vol. 28, no. 6, pp. 1294-1301,
Nov.-Dec. 1992.

R. Haneda and H. Akagi, “Design and performance of the 850-V 100-kW
16-kHz  bidirectional isolated DC-DC converter using SiC-
MOSFET/SBD h-bridge modules,” IEEE Trans. Power Electron.,vol. 35,
no. 10, pp. 10013-10025, Oct. 2020.

Q. Sun, Y. Li, G. Liu, Y. Wang, J. Meng, and Q. Mu, “Multiple Modular
High-frequency DC Transformer with Parallel Clamping Switched
Capacitor for Flexible MVDC and HVDC System Applications,” IEEE J.
Emerg. Sel. Topics Power Electron., vol. 8, no. 4, pp. 4130-4143, Dec.
2020.

Y. Wang et al., “A Multiple Modular Isolated DC/DC Converter with
Bidirectional Fault Handling and Efficient Energy Conversion for DC
Distribution Network,” IEEE Trans. Power Electron., vol. 35, no. 11, pp.
11502-11517, Nov. 2020.

L. Shu, W. Chen, R. Li, K. Zhang, F. Deng, Y. Yuan, and T. Wang, “A
Three-Phase Triple-Voltage Dual-Active-Bridge Converter for Medium
Voltage DC Transformer to Reduce the Number of Submodules,” IEEE
Trans. Power Electron., vol. 35, no. 11, pp. 11574-11588, Nov. 2020.

H. Chung, S. Y. R. Hui, and K. K. Tse, “Reduction of power converter
EMI emission using soft-switching technique,” I[EEE Trans.
Electromagn. Compat., vol. 40, no. 3, pp. 282287, Aug. 1998.

B. Zhao, Q. Song, J. Li, W. Liu, G. Liu, and Y. Zhao, “High-Frequency-
Link DC Transformer Based on Switched Capacitor for Medium-Voltage
DC Power Distribution Application,” IEEE Trans. Power Electron., vol.
31, no. 7, pp. 4766-4777, Jul. 2016.

X. Zhao, B. Li, Q. Fu, S. Mao, D. Xu, J. I. Leon, and L. G. Franquelo,
“DC Solid State Transformer Based on Three-Level Power Module for
Interconnecting MV and LV DC Distribution Systems,” I[EEE Trans.
Power Electron., vol. 36, no. 2, pp. 1563-1577, Feb. 2021.



IEEE TRANSACTIONS ON POWER ELECTRONICS

[34] J. Zhang, J. Liu, J. Yang, N. Zhao, Y. Wang, and T. Q. Zheng, “A
Modified DC Power Electronic Transformer Based on Series Connection
of Full-Bridge Converters,” IEEE Trans. Power Electron., vol. 34, no. 3,
pp- 2119-2133, Mar. 2019.

[35] L. Zheng, R. P. Kandula, and D. Divan, “Soft-Switching Solid-State
Transformer with Reduced Conduction Loss,” [EEE Trans. Power
Electron., vol. 36, no. 5, pp. 5236-5249, May 2021.

[36] L. Zheng et al., “SiC-Based 5-kV Universal Modular Soft-Switching
Solid-State Transformer (M-S4T) for Medium-Voltage DC Microgrids
and Distribution Grids,” IEEE Trans. Power Electron., vol. 36, no. 10, pp.
11326-11343, Oct. 2021.

[37] L. Zheng, R. P. Kandula, and D. Divan, “New single-stage soft-switching
solid-state transformer with reduced conduction loss and minimal
auxiliary switch,” in Proc. [EEE APEC, 2020, pp. 560-567.

[38] L. Zheng, X. Han, R. P. Kandula, K. Kandasamy, M. Saeedifard, and D.
Divan, “7.2 kV three-port single-phase single-stage modular soft-
switching solid-state transformer with active power decoupling and
reduced dc-link,” in Proc. IEEE APEC, 2020, pp. 1575-1581.

[39] I. Kim and G. Cho, “New bilateral zero voltage switching AC/AC
converter using high frequency partial-resonant link,” in Proc. IEEE
IECON, 1990, pp. 857-862.

[40] M. Amirabadi, A. Balakrishnan, H. A. Toliyat, and W. C. Alexander,
“High-Frequency AC-Link PV Inverter,” [EEE Trans. Ind. Electron., vol.
61, no. 1, pp. 281-291, Jan. 2014.

[41] M. Moosavi, F. Naghavi, and H. A. Toliyat, “A Scalable Soft-Switching
Photovoltaic Inverter With Full-Range ZVS and Galvanic Isolation,”
IEEE Trans. Ind. Appl., vol. 56, no. 4, pp. 3919-3931, Jul.-Aug. 2020.

[42] H. Keyhani and H. A. Toliyat, “Partial-Resonant Buck-Boost and
Flyback DC-DC Converters,” IEEE Trans. Power Electron., vol. 29, no.
8, pp. 4357-4365, Aug. 2014.

[43] K. Mozaffari and M. Amirabadi, “A Highly Reliable and Efficient Class
of Single-Stage High-Frequency AC-Link Converters,” /[EEE Trans.
Power Electron., vol. 34, no. 9, pp. 8435-8452, Sept. 2019.

[44] A.K. Tripathi et al., “Design Considerations of a 15-kV SiC IGBT-Based
Medium-Voltage High-Frequency Isolated DC-DC Converter,” IEEE
Trans. Ind. Appl., vol. 51, no. 4, pp. 3284-3294, Jul.-Aug. 2015.

[45] L. Wang, Q. Zhu, W. Yu, and A. Q. Huang, “A Medium-Voltage
Medium-Frequency Isolated DC-DC Converter Based on 15-kV SiC
MOSFETS,” IEEE J. Emerg. Sel. Topics Power Electron., vol. 5, no. 1,
pp. 100-109, Mar. 2017.

[46] D. Rothmund, T. Guillod, D. Bortis, and J. W. Kolar, “99% efficient 10
kV SiC-based 7 kV/400 V DC-transformer for future data centers,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 7, no. 2, pp. 753-767, Jun.
2019.

[47] M. S. Agamy, D. Dong, L. J. Garcés, Y. Zhang, M. E. Dame, X. Wu, and
Y. Pan, “A high power medium voltage resonant dual active bridge for
MVDC ship power networks,” [EEE J. Emerg. Sel. Topics Power
Electron., vol. 5, no. 1, pp. 88-99, Jan. 2017.

[48] L. Zheng, K. Kandasamy, R. P. Kandula, and D. Divan, “Impact of
Transformer Leakage Inductance on the Soft-Switching Solid-State
Transformer,” in Proc. IEEE ECCE, 2018, pp. 1125-1132.

[49] S. Mocevic et al., “Power-Cell Design and Assessment Methodology
based on a High-Current 10 kV SiC MOSFET Half-Bridge Module,”
IEEE J. Emerg. Sel. Topics Power Electron., in press.

[50] X. Huang ef al., “Design and Testing of a Modular Multilevel Converter
Submodule Based on 10 kV SiC MOSFETS,” in Proc. IEEE ECCE, 2019,
pp. 1926-1933.

[51] S.Jietal., “Medium Voltage (13.8 kV) Transformer-less Grid-Connected
DC/AC Converter Design and Demonstration Using 10 kV SiC
MOSFETs,” in Proc. [EEE ECCE, 2019, pp. 1953-1959.

[52] C. DiMarino, I. Cvetkovic, Z. Shen, R. Burgos, and D. Boroyevich, “10
kV, 120 a SiC MOSFET modules for a power electronics building block
(PEBB),” in Proc. IEEE WiPDA, 2014, pp. 55-58.

[53] L. Zheng, R. P. Kandula, K. Kandasamy, and D. Divan, “Stacked Low-
Inertia Converter or Solid-State Transformer: Modeling and Model
Predictive Priority-Shifting Control for Voltage Balance,” IEEE Trans.
Power Electron., vol. 36, no. 8, pp. 8934-8952, Aug. 2021.

[54] J. Chen, A. Prodic, R. W. Erickson, and D. Maksimovic, “Predictive
digital current programmed control,” IEEE Trans. Power Electron., vol.
18, no. 1, pp. 411-419, Jan. 2003.

[55] T. Wang, A. Monti, J. Hu, and R. W. De Doncker, “Protection of Dual-
Active-Bridge Converters Against Underdamped Surge Current by
Current Limiting Reactor,” in Proc. IEEE PEDG, 2018, pp. 1-6.

[56] F. Krismer, J. Biela, and J. W. Kolar, “A comparative evaluation of
isolated bi-directional DC/DC converters with wide input and output
voltage range," in Proc. IAS AM, 2005, pp. 599-606.

[57] J. B. Casady, T. McNutt, D. Girder, and J. Palmour, “Medium Voltage
SiC R&D update,” Wolfspeed-Cree SiC Power NIST Workshop [Online].
Available:
https://www.nist.gov/system/files/documents/pml/high_megawatt/Wolfs
peed-Cree-SiC-Pwr-NIST-wkshp-Apr2016_ SHORT.pdf

[58] X.Lietal., “Achieving zero switching loss in silicon carbide MOSFET,”
IEEE Trans. Power Electron., vol. 34, no. 12, pp. 12193-12199, Dec.
2019.

[59] S.Inoue and H. Akagi, “A Bidirectional DC-DC Converter for an Energy
Storage System With Galvanic Isolation,” JEEE Trans. Power Electron.,
vol. 22, no. 6, pp. 2299-2306, Nov. 2007.

[60] S. Inoue and H. Akagi, “A Bidirectional Isolated DC-DC Converter as a
Core Circuit of the Next-Generation Medium-Voltage Power Conversion
System,” IEEE Trans. Power Electron., vol. 22, no. 2, pp. 535-542, Mar.
2007.

[61] A.R. Aguilar and S. Munk-Nielsen, “Half Size Reduction of DC Output
Filter Inductors With the Saturation-Gap Magnetic Bias Topology,” IEEE
J. Emerg. Sel. Topics Power Electron., vol. 4, no. 2, pp. 382-392, Jun.

2016.
Liran Zheng (S’17) received the B.S. degree in
control engineering from Tsinghua University,
B Beijing, China, in 2016, and the M.S. degree in

) electrical and computer engineering from Georgia

Institute of Technology, Atlanta, GA, USA, in 2018,

_-_— where he is currently working towards the Ph.D.
degree with the Center for Distributed Energy.

He was a Visiting Student with the Center for

Power Electronics Systems, Virginia Polytechnic

Institute and State University, Blacksburg, VA, USA,

and The University of Texas at Austin, Austin, TX, USA, in summer 2015 and

fall 2014, respectively. His research interests include power electronics and

distributed energy resources.

| Rajendra Prasad Kandula (S’10-M’14) received
the B.E degree in electrical engineering from NIT,
Nagpur, India in 2002, the M.E degree from IISC,
Bangalore, India in 2004, and the Ph.D. degree in
electrical engineering from Georgia Institute of
Technology, Atlanta, GA, USA in 2014.

He worked for three years in, Bharat Heavy
Electricals Limited (BHEL) R&D, Hyderabad, as
Design Engineer in the area of industrial drives and
PV applications. He worked at Varentec, Santa Clara,
asa Pr1n01pa1 Engmeer mainly working in the area of development of power
flow controllers and hybrid transformers for meshed transmission systems. He
is currently working as a Chief Engineer with Center for Distributed Energy,
Georgia Tech, Atlanta, USA. His main research interests include applications
of power electronics for utility applications such as hybrid transformers, solid
state transformers, hybrid filters, grid-forming converters, etc.




IEEE TRANSACTIONS ON POWER ELECTRONICS

Deepak Divan (S’78-M’78-SM’91-F’98-LF’20)
received the B.Tech. degree from the Indian Institute
of Technology, Kanpur, India, in 1975, and the M.Sc.
and Ph.D. degrees from the University of Calgary,
Calgary, AB, Canada, in 1979 and 1983, respectively,
all in electrical engineering.

He is currently the John E. Pippin Chair Professor
and the Director of the Center for Distributed Energy,
Georgia Institute of Technology, Atlanta, GA, USA.

) From 2011 to 2015, he was the President and CTO of
Varentec Santa Clara, CA, USA, a company focused on grid edge control that
is funded by clean-tech venture capital firm Khosla Ventures and investor Bill
Gates. He currently serves as the Chief Scientist and Founder of Varentec. He
is also the Scientific Founder of two additional companies—Innovolt, based in
Atlanta, which makes next-generation power protection and asset management
devices and where he serves on the Board, and Soft Switching Technologies
Corporation, where he served as the CEO and developed a range of devices to
help manufacturing facilities ride-through power disturbances. He has also been
a Professor in electric engineering at the University of Wisconsin-Madison,
Madison, WI, USA. He has more than 250 papers and holds 50 issued and
pending patents.

Dr. Divan is a member of the U.S. National Academy of Engineering. He is
the first recipient of the IEEE William E. Newell Power Electronics Award, and
a past President of the IEEE Power Electronics Society.




