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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. 

 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 µF capacitors are connected in delta as CfMV. 
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 im 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 im remains nearly 

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

 
 

 
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%. 
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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. 

 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/µs [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. 

 
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%. 

 

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

 
Proposed 
CS DCT 

Prior CS 
DCT [2] 

DAB 
[26] 

DAB + 
Regulation 
Stage [32] 

Main 
Switches 

6 8 8 10 

Main Diodes 6 8 8 10 

Conversion 
Stages 

1 1 1 2 

Extra Aux. 
Branches 

Y Y N N 

DC-Link 
Capacitor 

N N N Y 

Soft 
Switching 

Full-range 
ZVS + 

resonant 
switch 
ZCS. 

Full-range 
ZVS + 

resonant 
switch 
ZCS. 

DAB: 
Limited-

range 
ZVS. 

DAB: ZVS. 
Regulation 
stage: Hard 
switching. 

Dv/dt Low, ~1 
kV/µs, 

controlled 
by Cr. 

Low, ~1 
kV/µs, 

controlled 
by Cr. 

DAB: 
Low, if 
within 

the ZVS 
range. 

DAB: Low. 
Regulation 
stage: High, 
~50 kV/µs, 

uncontrolled. 

Bidirectional 
Power Flow 

Y Y Y Y 

HFL 
Circulating 

Current 

N/A N/A Large Small 

Short-Circuit 
Diode 

Current 
Stress 

N N Large N for 
MVDC. 
Large for 
LVDC. 

Modularity Y Y Y Y 
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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], [56]. 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 GB05MPS33-
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 

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 

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

 
Proposed 
CS DCT 

Prior CS 
DCT [2] 

DAB + 
Regulation Stage 

[32] 

MV Isolation Stage 
Cond. Loss (W) 

142.6 188.0 50.0 

LV Isolation Stage 
Cond. Loss (W) 

359.5 492.8 166.1 

Regulation Stage 
Cond. Loss (W) 

N/A N/A 24.3 

Regulation Stage 
Switching Loss (W) 

N/A N/A 212.6 

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 
CS DCT 

Prior CS 
DCT [2] 

DAB + 
Regulation Stage 

[32] 

MV Isolation Stage 
Cond. Loss (W) 

154.3 203.6 34.3 

LV Isolation Stage 
Cond. Loss (W) 

292.5 400.6 113.8 

Regulation Stage 
Cond. Loss (W) 

N/A N/A 30.0 

Regulation Stage 
Switching Loss (W) 

N/A N/A 235.7 

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. 
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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 cm3, while 
the two leakage inductors occupy 74.4 cm3 [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 

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 

 
Fig. 10. (a) A scaled-down prototype of the proposed current-source DC 
SST. (b) Customized coaxial cable for 16 kHz transformer winding. (c) 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. 

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

Parameter Symbol Value 
Switching frequency fsw 16 kHz 

Rated Power P 1.5 kVA 
MVDC voltage vMV 600 V 
LVDC voltage vLV 150 V 

Magnetizing inductance LmMV 4.3 mH 
Leakage inductance LlkgMV 5.5 μH 

MV-side resonant inductance LrMV 80 μH 
MV-side resonant capacitance CrMV 6.25 nF 
LV-side resonant inductance LrLV 5 μH 
LV-side resonant capacitance CrLV 100 nF 

MV-side filter capacitance CfMV 4.9 μF 
LV-side filter capacitance CfLV 60.0 μF 

 

 
Fig. 11. Operation waveforms of the proposed current-source DC SST for 
120 V to 800 V boost conversion. 

 
Fig. 12. Zoomed operation waveforms of the proposed current-source DC 
SST for 120 V to 800 V boost conversion. 
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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 

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 
MV 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 ixLV increases, and the current on the MV side 
ixMV is 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 ixLV 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 vxMV and vxLV 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 

Fig. 13. Device voltage waveforms of the proposed current-source DC SST 
for 120 V to 800 V boost conversion. 

 
Fig. 14. Zoomed device voltage waveforms of the proposed current-source 
DC SST for 120 V to 800 V boost conversion. 

 
Fig. 15. Device voltage waveforms to verify the ZVS of the proposed 
current-source DC SST for 120 V to 800 V boost conversion. 

 

 
Fig. 16. Operation waveforms of the proposed current-source DC SST for 
150 V to 400 V buck conversion. 

 
Fig. 17. Zoomed operation waveforms of the proposed current-source DC 
SST for 150 V to 400 V buck conversion. 
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voltage vxMV is negative and corresponds to the MV load 
voltage vMV, 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/μs. 
 Fig. 15 verifies the ZVS of the proposed CS DCT under 
boost operation. The device bridge current idev 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 ixLV increases during the LV vector 
when the DC link is energized. As shown in Fig. 17, under this 
buck operation, vxMV and vxLV 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. 

 
 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 vxMV is 
negative and at the voltage level vMV 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/μs. 
 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, 

Fig. 18. Device voltage waveforms of the proposed current-source DC SST 
for 150 V to 400 V buck conversion. 

 
Fig. 19. Zoomed device voltage waveforms of the proposed current-source 
DC SST for 150 V to 400 V buck conversion. 

 
Fig. 20. Device voltage waveforms to verify the ZVS of the proposed 
current-source DC SST for 150 V to 400 V buck conversion. 
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photovoltaic, and energy storage farms for renewable energy 
integration. 
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