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ABSTRACT

Simultaneously imposed challenges of high-voltage insulation, high dv/dt, high-switching frequency, fast protection, and thermal
management associated with the adoption of 10 kV SiC MOSFET, often pose nearly insurmountable barriers to potential users,
undoubtedly hindering their penetration in medium-voltage (MV) power conversion. Key novel technologies such as enhanced gate-
driver, auxiliary power supply network, PCB planar dc-bus, and high-density inductor are presented, enabling the SiC-based
designs in modular MV converters, overcoming aforementioned challenges. However, purely substituting SiC design instead of Si-
based ones in modular MV converters, would expectedly yield only limited gains. Therefore, to further elevate SiC-based designs,
novel high-bandwidth control strategies such as switching-cycle control (SCC) and integrated capacitor-blocked transistor (ICBT),
as well as high-performance/high-bandwidth communication network are developed. All these technologies combined, overcome
barriers posed by state-of-the-art Si designs and unlock system level benefits such as very high power density, high-efficiency, fast

dynamic response, unrestricted line frequency operation, and improved power quality, all demonstrated throughout this paper.
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been extensively researched and utilized in a wide variety of

applications such as: electric grid interface applications in
highly populated urban areas™”, electric ship dc system", propul-
sion motor drive', railway traction”, and renewable energy ap-
plications®”. Due to often limited and expensive land and space,
high-density and high-efficiency converters are required. Com-
pared to the other topologies, modular multilevel converter
(MMC) approach is increasingly considered due to features of
modularity, scalability, resilience, transformless operation, and
high power quality. For MV converters, 10 kV SiC MOSFETs are
substituting their 6.5 kV Si IGBT counterparts due to inherent su-
periority", meanwhile offering system benefits of higher efficiency,
higher switching frequency, high-density, topology simplification,
and high control bandwidth. Consequently, if the power cell’s
(submodule’s) kernel piece is SiC MOSFET, design will be able to
meet high-density and efficiency, as shown in the lastest SiC
MOSFET-based MMC converters®"".

To further improve power density and efficiency, drawbacks of
MMC conventional control have to be overcome by reducing
large capacitor voltage ripple at low-line-frequencies, caused by
the capacitive energy oscillation. Recently, novel control named
switching-cycle control (SCC)"*, leverages all switching states of
the MMC converter enabling balance of the capacitor voltage
within switching cycle. This causes a shocking 20-100 times re-
duction in the capacitor and inductor energy storage’. Addition-

P ower electronic converters for medium-voltage (MV) have

ally, topology called integrated capacitor-blocked transistor
(ICBT)"" provides an alternative solution to transfer power. It
allows direct power flow between the input and output terminals
of the converter, without having to transiently store energy in the
cell capacitors. As a result, high cell capacitances are not required
and arm inductors can be eliminated altogether, elevating power
density compared to even SCC MMC.

Potential of these control methodologies combined with SiC
MOSFET devices is enormous. First, these converters fully exploit
the advantage of the fast commutation speed and high switching
frequency offered by SiC, increasing power density and efficiency.
Additionally, higher voltage rating and operating temperature of
these devices, reduce the power-cell number and relax the cooling
system requirements. Second, the converters can operate in both
acand dc conversion modes, a highly sought attribute for modu-
lar converters, greatly desired in the MVDC microgrids, as well as
for shipboard MVDC distribution. Low frequency operation
down to zero hertz also becomes an inherent hallmark of these
converters, which is desirable for MV motor drive applications.
Third, the proposed control methodologies feature unrestricted
voltage and current scaling capability. Forth, and lastly, all these
features can be attained using close to commercialization 10 kV
SiC MOSFET modules, broadening the market size of these
devices in pursue of lower costs and economies of scale.

Being expected to achieve strikingly elevated power density and
efficiency, in reality, the power-cell and thus converter design
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based on 10 kV SiC MOSFET are facing simultaneously imposed
challenges of high-voltage insulation, high dv/dt and electromag-
netic interference (EMI), component and system protections, as
well as thermal management. This paper presents an overview of
the development, associated challenges, and demonstration of
power-cell’s key components. Apart from hardware, to achieve
desired goals for modular MV converter, high-speed, high-per-
formance communication and control network is as important
and crucial. An overview of communication and control network
recent developments are reported in this paper. Finally, modular
and scalable two-cell-per-arm 12 kV converter prototype is built
and experimental validations for SCC and ICBT are presented.

1 SiC-based power-cell architecture

To demonstrate benefits of SiC-based converter switching at me-
dium-voltage, high-current, and high-frequency, power-cell (vital
constitutive piece of the modular converter) will be built, requir-
ing numerous new technologies to be developed and evaluated.
The half-bridge power-cell (HB-PEBB) topology is selected, due
smaller number of active devices, passive components, lower cost,
and lower losses'”. The HB-PEBB architecture, adopted in this
paper, is shown in Figure 1. Kernel piece of the HB-PEBB is 10 kV
SiC MOSFET. To fulfil the requirements for novel controls and to
switch SiC MOSFET fast and reliably, new gate-driver (GD) is re-
quired. It needs to enable switching speeds > 100 V/ns meanwhile
minimizing gate-loop inductance and having powerful current
booster stage, fast short-circuit protection due to SiC MOSFET’s
narrow short-circuit withstand time, fast digital communication,
and reduced common-mode (CM) current by minimizing input-
output capacitance of isolated GD power supply. To not impede
on the SiC benefits, busbar with minimized loop inductance, re-
duced weight, and effectively controlled E-field in and around it,
printed circuit board (PCB) planar bus design will be explored.
Other major power stage components include embedded dc-bus
capacitorsand AC inductor enabling high-frequency commuta-
tion without necessity for outside passives. Critical variables such
as dc-link voltage and heatsink temperature are measured every
switching cycle by fast digital sensors and sent to the controller
through the fiber optic network. To prevent the propagation of
aggressive noises inside the HB-PEBB caused by very fast com-
mutation on high currents and voltages, and to minimize the
number of power supplies, it is essential to develop the low input-
output capacitance resonant current source power-supply to
power the digital sensors and gate-drivers. For the developed HB-
PEBB, the energy for auxiliary power system is provided from
outside, by wireless power transfer auxiliary power supply (WPT-
APS). Other components of the intricate power supply system are
mini uninterruptible power supply (mini UPS), pre-charge, and
discharge circuit for safe start-up and shut-down operations. Re-
garding communication and control, powerful computing facilit-
ies are distributed between the digital sensors, GD, and HB-PEBB
controller which has powerful field programmable gate array (FP-
GA) and multi-core arm processor. These are connected over a
custom optical fiber Mbps network inside the HB-PEBB and
Gbps communication network with other HB-PEBBs. The HB-
PEBB designed in this way exhibits complete modularity, excel-
lent noise immunity, and a high degree of intelligence, making it
capable for more advanced functionalities™.

The HB-PEBB design objectives are V,. = 6 kV, I = 84 A, op-
erating at f,, > 5 kHz, meanwhile keeping device junction tem-
perature T; <150 °C. The insulation system design objectives are
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Fig.1 Developed medium-voltage half-bridge power-cell system archite-
cture diagram.

to maintain partial-discharge (PD) free operation under 6 kV dif-
ferential-mode and 30kV common-mode voltage. Additionally,
HB-PEBB is expected to achieve strikingly elevated power density
of > 10 kW/L, with efficiency 7 > 99%. In following, each of HB-
PEBB technologies will be described in more details.

2 Semiconductor and gate-driver

2.1 SiC MOSFET power module

Extensive research to improve packaging techniques reducing
parasitics influence, mitigating strong electric fields, and reducing
EMI has been performed on MV (>3.3kV) all-SiC MOSFET
devices in the recent years in both academia”*' and industry*".
To fully explore the benefits of SiC MOSFET devices for MV high-
power applications switching on high frequencies (> 5 kHz), the
latest 10 kV, 240 A (maximum current available) Gen-3 SiC
MOSFET XHV-6 from CREE/Wolfspeed is selected™. It com-
prises of 3 modules in parallel, a total of 18 dies per switch posi-
tion. This module has the highest reported switching speeds and
voltage slew rates of refs. [28, 29].

To demonstrate the benefits of XHV-6 device, it is compared
with state-of-the-art commercial Si IGBT power module for MV
applications from Infineon (FD250R65KE3-K)™.. Figure 2 shows
16 times smaller SiC MOSFET switching losses than Si IGBT
switching at rated current. Regarding conduction losses, SiC
MOSEET has lower conduction losses at lower currents contrib-
uting to higher efficiency at low loading conditions. Additional
comparison parameters are summarized in the Table 1.
As seen, manifest benefits of selected 10 kV SiC MOSFET has a
potential to substantially change the MV applications in
the future.

2.2 Enhanced gate-driver
High-performance enhanced gate-driver (eGD) units are needed
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Fig.2 Loss comparison between the Si IGBT*' and SiC MOSFET"** power
modules. (a) switching losses, (b) output characteristics or conduction losses.
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Table1 Comparison between Si IGBT and SiC MOSFET for MV applica-
tions

Parameter SiIGBT SiC MOSEET
Rated current (A) 250 240
Max. blocking voltage (kV) 6.5 10
Power density (kW/L) 1656 4210
Max. temperature (°C) 125 175
Switching speed (us) >1 <0.2
Switching frequency <500 Hz >5kHz

to maximally utilize 10 kV SiC MOSFET characteristics. Recently,
there were a lot of efforts in the gate-driver development for MV
SiC devices" . Even though they have relatively high breakdown
voltage and small input-output capacitance, they exhibit relatively
large size and limited intelligence for necessary control schemes.
Therefore, novel gate-driver having high driving current capabil-
ities, fast short-circuit detection, fast digital communica-
tion, and superb common-mode transient immunity (CMTI) is
developed.

To enable extremely fast commutations of MV SiC MOSFET
modules, current booster stage should feature: (1) high driving
current; (2) low gate-loop inductance; (3) low losses; (4) compat-
ible with soft turn-off upon short-circuit fault; (5) scalability to fit
various current ratings. BJT totem-pole (TP) multi-cell configur-
ation structure is proposed, able to supply very high currents with
excellent current-balancing feature, able to achieve very low driv-
ing loop-inductance, keeping low losses, small profile, and is low
cost™. For the developed eGD, maximum driving current is 90 A
(which will allow reaching target switching speeds of 100 V/ns ac-
cording to initial research on XHV-6 SiC MOSFET presented in
ref. [28]), driving loop inductance is less than 5 nH, and near-ideal
gate current sharing between paralleled devices is achieved, avoid-
ing thermal issues due to current imbalance.

To achieve fast short-circuit detection, high-bandwidth-and-ac-
curacy Rogowski switch-current sensor (RSCS) for protection of
the SiC MOSFET device is developed™*!. The PCB with embed-
ded Rogowski coils is placed between the module and PCB planar
busbar so that the current going through the spacer connecting
the two is measured. Special attention in coil design is dedicated to
satisfying the PD-free requirement under high-voltage operation,
meanwhile preserving high power density". Fast short-circuit
protection is achieved with detection in under 80 ns, while safely
protecting the device in less than 1.5 ps with two-level soft turn-
off. Apart for protection, RSCS serves as a peak-current-mode
control sensor in SCC, and as a phase-current sensor in ICBT,
sampling the switch current with an analog-to-digital converter
and sending it to the local FPGA, and later the controller, through
a communication protocol. More information about current
sensing system, it’s performance, accuracy, and self-calibration are
in refs. [35, 40].

As one of the main challenges, superb CMTI due to extremely
fast commutations (> 100 V/ns) is required. This is further pro-
nounced by requirement of fast digital communication and signal
processing that can easily be disrupted. To overcome this issue
and provide clean and stable voltages for signal processing and
driving, avoiding false triggering/signal malfunction/communica-
tion loss, novel gate-driver architecture is proposed™’. Impedance
control technique is applied to create a mismatch between power
and signal propagation paths of CM current (noise) created with
fast commutation of device. Power path has higher admittance
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than signal path on higher frequencies (for over 80 dBS) for CM
current. This redirects CM current to power path, bypassing the
driving and processing signal path, thus protecting eGD from
malfunction of logic. Additionally, active Miller clamping cir-
cuitry is employed to increase the cross-talk immunity designed
according to ref. [41].

To further bolster CMTI, novel current transformer-based
power supply (CT-based PS) is developed. More on the CT-based
PS in Section 3. Developed eGD with RSCS, powered by novel CT-
based PS mounted on an XHV-6 SiC MOSFET module is shown
on Figure 3. Enhanced GD operation verification can be found in
refs. [35, 40, 42].
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Fig.3 Two eGD boards with CT-based PS assembled with a Rogowski coil
board on an XHV-6 SiC MOSFET.

3 Auxiliary electronics

3.1 Auxiliary network architecture

The design of auxiliary power supply (APS) for gate-drivers, con-
trollers, and sensors is critical, due to influence of high dv/dt
which bringing challenges in insulation design and EMI mitiga-
tion. APS needs to ensure high-reliability, high-efficiency and
power density, high-insulation capability, and low EMI susceptib-
ility. For internally powered APS solutions**), APS is fed from
internal dc-caps of power-cell. Even though this type of solution
provides scalability, drawbacks are high-step down ration con-
verter design, and dependency of power with power-cell which
can potentially present issue during start-up or power-cell failure.
For externally powered methods, APS is powered from outside
the main power system, from low-voltage earthed source. These
usually utilize transformers with high-voltage isolation
capabilities™, or wireless power transfer™. Benefits are reflected in
power independence (attaining higher reliability by making sure
the gate-driver and controller are powered and not related to state
of power-cell), high-insulation capabilities, and flexible mechanic-
al structure. Consequently, it may not be practical to have an
earthed APS network in HVDC applications, but this approach is
still manageable and beneficial for MV applications.

As proposed in ref. [47], Figure 1 show the two-stage auxiliary
power network architecture for a SiC MOSFET-based HB-PEBB.
The black components in Figure 1 show the main power com-
ponents of the HB-PEBB. The green part shows all the possible
loads including controller, eGDs, voltage senor, and temperature
sensor that require power from the auxiliary system. The blue part
shows the auxiliary network components of the two-stage solu-
tion. Architecture of the auxiliary power supply network is quite
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intricate. The first-stage is the wireless power transfer converter
(WPT), getting power from a 48 V dc power supply with refer-
ence point connected to the earth. The second-stage is the current-
transformer based power supply (CT-based PS) fed from the
WPT. The reference point of the auxiliary power supply (APS)
bus, which is the output of WPT and input of CT-based PS, is
connected to the mid-point of the dc-link capacitors. Each HB-
PEBB has 6 kV dc-link voltage and the mid-point of the dc-link is
connected to APS bus as shown in Figure 1, the second-stage CT-
based PS only needs to hold half of the bus voltage which is a bi-
polar 3 kV square wave voltage excitation. In this case, the first-
stage needs to hold 3 + 6(N —1) kV, where N is the number of HB-
PEBBs. With this two-stage solution, the first-stage can focus on
high insulation design and the second-stage can focus more on
voltage regulation. Also, the constant voltage bus of the first-stage
makes it easier to add a UPS backup system. With the constant
current bus on the second-stage, short-circuit failure on certain
loads will not interfere with other loads’ operation. Hardware
prototypes of the CT-based PS and WPT are shown in Figure 3
and Figure 4(a), respectively. Performance for both WPT and CT-
based PS are listed in Table 2. Power ratings for the CT-based PS
and WPT are defined according to the requirement of load con-
sumption when they are utilized in full-bridge power-cell which
contains four gate-drivers, three sensors, while rest of auxiliary
components are same as in half-bridge power-cell in Figure 1.
Other components of the system include pre-charge, discharge,
and mini-UPS circuits with design and test results shown in ref.
[48]. Hardware prototypes of the pre-charge, discharge, and mini-
UPS circuits are presented in Figure 4.

3.2 Wireless power transfer converter

For the WPT designed specifically as an medium-voltage APS,
three design requirements should be met simultaneously. First, the
efficiency 5 of the converter should be high. Compared to losses
of the megawatt power rating medium voltage converter, losses
from APS contributed to the total system are negligible. However,
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Fig.4 (a) Hardware prototypes of the WPT. (b) Multiobjective optimization
result of coils for WPT. The optimum design for 27 kV is marked with red star.
(c) Hardware prototype of pre-charge. (d) Hardware prototype of discharge.
(e) Hardware prototype of mini-UPS circuits.
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Table2 Performance of WPT and CT-based PS

WPT CT-based PS
Efficiency (%) 93 85
Isolation capacitance (pF) 2.78 1.86
Insulation rating (kV) 30 5
Power rating (W) 160 120
Closed-loop control No Yes

the space of the HB-PEBB is very limited due to the highly com-
pact design requirements. Therefore, the high efficiency can help
APS shrink the size without having thermal dissipation issues.
Second, the coil pair should have low isolation capacitance C,
between transmitter and receiver. For SiC-based HB-PEBB, the
switching node of the half-bridge can have dv/dt as high as 100
V/ns. The coupling capacitance should be minimized to reduce
the induced common-mode current since this EMI problem can
ruin the performance of controllers and sensors. Third, the coil
should have adequate insulation capability considering medium
voltage converter applications. Therefore, a multi-objective op-
timization process taking all the requirements into consideration
is necessary. In order to meet these requirements, a GaN-device-
based resonant converter using Litz wire as coil winding is imple-
mented. The result of multiobjective optimization is in Figure
4(b), with indicated optimum design for 27 kV. More detailed
design, optimization, and testing results can be found in the fol-
lowing papers including the series-series-CL resonant circuit to-
pology™, multi-objective optimization™, and insulation design®".

3.3 Multi-channel current-transformer based power supply

Ideally, ultra-high isolation capability, with negligible coupling ca-
pacitance can be achieved with power over fiber™. However, it ex-
hibits low efficiency, limited power, and impractical bulky laser
transmitter. Other recent solutions are offered in refs. [32, 53], but
offer only single load solution, with relatively bulky transformer
designs. This paper expands solution originally proposed in ref.
[54] by optimizing size, insulation capabilities, efficiency, and
coupling capacitance.

As shown in Figure 1, the CT-based PS serves as the main
power supply for gate drivers and sensors in PEBBs. To supply
distributed loads simultaneously, a load-independent current bus
achieved by resonant topology is designed for the CT-based PS. In
this case, all loads are linked in series and are thus immune to
short-load conditions. However, to regulate the output voltages
for different load conditions and prevent open-circuit failure, an
additional feedback loop is necessary. Thus, on each secondary
side of the CT-based PS, a current-fed switching network is de-
signed with a hysteresis controller. Besides multi-load driving and
regulation capability, a medium insulation level with a compact
form factor is another design consideration for CT-based PS to
realize integration with gate drivers and sensors. To achieve so, a
single-turn transformer using insulating wire with an operating
frequency of 1 MHz is developed as shown in Figure 3. Air is used
as medium between insulated wire and transformer core. Finally,
minimization of the common-mode coupling capacitance (C,,)
between the input and output of the transformer is required be-
cause the CT-based PS will experience high dv/dt during convert-
er operation, which potentially induces EMI problems. Figure 5(a)
shows experimental results of CT-based PS regarding coupling ca-
pacitance and insulation capabilities. Impedance analyzer Agilent
4294A is used to measure the coupling capacitance. Coupling ca-
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pacitance of complete receiving side together with transformer is
measured to be 1.86 pF. For the insulation test, the secondary side
of CT-based PS integrated on GD is excited by a 60 Hz high-
voltage ac source, and the current bus wire is referenced to earth
ground, as shown in Figure 5(b). Both high-frequency current
transformer (HFCT) and Omicron MPD-600 PD detector are
used to measure the PD signals. Phase resolved partial discharge
(PRPD) pattern (Figure 5(c)) shows voltage excitation represen-
ted with green sinusoidal waveform while each individual dis-
charge event is plotted against the phase in which it occurred.
PRPD pattern represents collections of these discharge events over
time (in our case close to 5 minutes). Blue color indicates less
events occurring, and red indicates higher repetition rate at par-
ticular magnitude and phase. Device under test is considered PD-
free until magnitude of discharge is bellow of threshold 10 pC, ac-
cording to IEC 60664-1 standard. In the experimental insulation
test for air-insulated CT-based PS design, CT-based PS achieves
PD-free operation until 5.8 kV, after which starts having dis-
charges in the air-gap between primary side current bus wire and
secondary side transformer core. The specific design process of the
CT-based PS are discussed in refs. [55—-57].
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Fig.5 (a) Coupling capacitance measurement results. (b) Setup for insulation
test. () PD test result for design CT-based PS.

4 PCB-based dc-bus design

A dc-bus serves as an interconnect between components in the
power loop such as SiC MOSFET power modules and bulk capa-
citors. To fully utilize the benefits offered by the fast switching
nature of SiC MOSFET, a low inductance power loop is imperat-
ive. The planar laminated bus is a common solution that reduces
the effective inductance, compared to the coplanar variant,
through the cancellation of mutual inductance™. As mutual in-
ductance is directly proportional to the distance between the lay-
ers, it is desired to make the layer thickness as small as possible"™.
However, the thickness must be carefully controlled for MV
busses, as the average electric field (E-field) intensity is inversely
proportional to the spacing between two layers.

A traditional planar laminated bus was previously constructed
in ref. [20], with an overall thickness of 17.5 mm. GPO3 insula-
tion plates are implemented between positive (+dc) and negative (-
dc) layers with thickness of 5 mm, while a 2.5 mm insulation lay-
er is between positive or negative and adjacent middle (mid) lay-
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ers. Adhesive and encapsulating material are applied to attach lay-
ers together, as well as sealing the bus edges. Layer to layer insula-
tion quality was tested via PD measurement and observing the
phase resolved partial discharge (PRPD) pattern. According to ref.
[60], this design failed initial PD testing. It exhibits around 1 nF
discharges at only 4 kV rms between the positive and negative
layers, where the general requirement allows less than 10 pC dis-
charge at designed operation voltage. After further analysis, this is
likely due to defects in the thick insulation layers, adhesive layers,
or even at conductor edges near terminals or the edge of the bus
where E-field intensities are high. As a result, both fabrication and
design must be improved™’.

PCB-based planar laminated bus is proposed to improve the
fabrication and design since PCB manufacturing technologies are
mature and readily available. A detailed method for controlling
the peak E-field intensity was implemented’ for each of the vari-
ous terminals, cutouts, and the board edge. Here, as an example,
the 2D section view of the PCB based bus along one of its inter-
connection regions is shown in Figure 6(a). With adjusting insu-
lation thickness between different layers and offsets, the E-field in-
tensities in and out of the board can precisely be controlled. Via
FEA simulation it is confirmed that the maximum E-field intens-
ity inside the PCB is lower than 20 kV/mm with no more than 2
kV/mm in air around it. After fabrication, the new PCB based
laminated bus (shown in Figure 6(b)) is only about 5 mm thick.
The multi-layer PCB planar bus has only 12.1 nH power-loop in-
ductance. Insulation tests were performed with same equipment
as described before on Figure 5. When measuring between +dc
and -dc layers, the PD inception voltage (PDIV) was increased to
11.36 kV, as seen in Figure 6(c). The dc-link capacitors are moun-
ted directly on the bus which, in combination with the low in-
ductance bus, eliminated the need for decoupling capacitors.

Apart from planar PCB-bus for HB-PEBB, developed design
procedure can be utilized to develop the converter-level dc-bus,
still ensuring low parasitic inductance and high PDIV. However,
approach will slightly be changed compared to HB-PEBB dc-bus.
Example dc-bus will be constructed based on the 24 kV PCB-
based motherboard, where eight 3 kV PCB daughtercards carry-
ing dc-bus capacitance will be inserted in series to achieve desired
capacitance and to reach desired voltage'™. The full bus voltage is
split between 9 potentials (including earth GND - 0 V) so that the
maximum differential between any two adjacent layers is still 3
kV. To increase flexibility with the converter assembly, the 0 V
layers were placed as the outer most planes with the 24 kV layer in
the middle. In total, the final board is 22 layers and 10.8 mm thick.
Regarding the 3 kV capacitor daughtercards, two 6 pF, 1.5 kV Ke-
met capacitors were placed in series and three sets in parallel for
total of 9 pF. Additionally, surface mount resistors were integ-
rated in each capacitor daughtercard for voltage balancing. Same
approach for insulation testing was performed for converter dc-
bus assembly (shown in Figure 6(d)), and final PDIV is 27.3 kV.
Additionally, a dc hipot test was performed for 1 h at 26.4 kV
without any flashovers or breakdown issues.

5 Power-cell integrated magnetics

This section aims to develop a high-power high-density inductor
integrated in the HB-PEBB. The specifications were derived from
the SCC principle (inductance, rated current, and maximum cur-
rent).

Generally, the passive components in MV applications have
bulky and over-designed insulation®*! resulting in large overall
size; however, the space for passive components in the HB-PEBB
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Fig.6 (a) 2D section view of multi-layer PCB bus for MV converters. (b) De-
veloped 6 kV PCB-based bus. (c) PDIV assessment of PCB-based dc-bus pro-
totype. (d) Converter-level PCB-based dc-bus assembly.

is extremely limited due to its high power density requirement.
The proposed SCC approach for MMC enables a significant size
reduction for passive component"*”, but a compact and reliable
physical design is still in need. The magnetic design for MV ap-
plications regarding insulation designs of inductors, transformers,
electric machines, and cables has been widely studied over years,
proposing many solutions . However, combining the magnetic
design with insulation design is a comprehensive task for such
high density requirement™ .,

The inductor design starts with a comparative study among air-
core, single-turn magnetic core and multi-turn magnetic core
solutions in terms of volume and power loss, and result shows
that the single-turn magnetic core structure is the most suitable
solution™. After comparing different insulation strategies, the sol-
id insulation with locally grounded shielding layer (HB-PEBB ca-
pacitor midpoint) is selected due to its compactness and reliability.
Once the general structure was selected, multi-objective optimiza-
tion (cf. Figure 7(a)) was done to find out the best trade-off in
terms of power loss, volume and parasitic capacitance (between
the conductor and shield). Figure 7(b) shows the selected struc-
ture with optimized dimensions.

The shielding layer facilitates the insulation design, but it brings
side-effects (cf. Figure 7(c)), one of which is the loss on the shield
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due to the leakage magnetic field near the air gap. This loss is a
function of frequency, distance to the air gap, shield thickness, and
permeability and conductivity of the shield. A conductive shield
forms an equipotential surface but has relatively higher loss than a
highly resistive shield. A conductive coating material
(0 =4.6 x10° S/m) was used and the thickness must be small
enough to ensure the loss is acceptable. In addition, the sharp
shield fringes would cause equipotential lines to concentrate and
result in high electric field in air. The high permittivity material
was utilized to cover the shield edges to smooth out the equipo-
tential lines. To further minimize the electric field in air, the
double layer termination structure was proposed and studied
quantitatively. Finally, a layer with & ~ 3.6 and thickness 1 to 1.5
mm was selected. Another issue is the parasitic capacitance
between the conductor and the shield. Displacement current can
be induced due to the high dv/df rate and contributes to the over-
all CM noise. After evaluating the grounding performance of sev-
eral configurations (damping resistor with series capacitor), a 50
Q grounding resistor and a 5 pF capacitor were inserted between
shield and local ground (HB-PEBB capacitor midpoint).

Inductor prototypes (Figure 8(a)) were fabricated in lab using
resin rich or epoxy encapsulation process. The PDIV is above
7 kV which meets the insulation requirement. To confirm effect-
iveness of ground network, the prototype was tested with dv/dt up
to 98 V/ns. The current through the grounding network and the
loss on the damping resistor all increase with dv/dt, and the worst
case gives 3 A peak current and less than 0.2 W loss on the damp-
ing resistor, as observable from Figure 8.

6 High-speed, High-performance communica-
tion network

The high switching frequency and modularity jointly result in a
significant challenge to the communication and control systems
implemented in modular converters. For these converters, dis-
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tributed control with high scalability is preferred”’. Emerging large-
scale modular converters are pursuing high-performance distrib-
uted control systems (DCSs) that feature minimal synchroniza-
tion accuracy (SA), high data rate, and advanced control
schemes . State-of-the-art communication networks with high
SA are: (1) £5 ns SA field bus protocol™, (2) +4 ns SA Synchron-
ous-Converter-Control-Bus (SyCCo-Bus) based on 1 GBit Ether-
net standard”, (3) £1.5 ns SA fully customized protocol with
RealSync technology™. Notwithstanding remarkable SA  per-
formance, these communication networks cannot suffice in ICBT
converter due to strict requirement for synchronous operation of
cells, where several nanosecond mismatch in synchronization can
lead to enormous arm current peaks, especially at high voltage.
The following discussion presents the effective synchronization
techniques that tackle this challenge, particularly the CPES PES-
Net, which has evolved from its first generation in 1999 to PES-
Net 3.0 today. PESNet 3.0 achieves a £0.5 ns SA, 300 ns node-to-
node latency, and reinforced resilience with a novel network to-
pology. More details about distribution, control layer partition and
its mapping with physical control hardware, synchronization and
temporal sequencing can be found in ref. [77].

6.1 Inter-PEBB layer

Power electronics system network (PESNet) 3.0 is a next-genera-
tion communication network designed and optimized for DCSs".
Accompanied by the growing availability of MV wide-bandgap
devices, fast-switching-enabled novel control schemes raise a high
SA requirement for PESNet 3.0">". PESNet 3.0 contains an inter-
PEBB layer and an inner-PEBB layer. Custom-made controller
supporting PESNet 3.0 is shown in Figure 9(a). The White Rabbit
technology, originally developed for the Large Hadron Collider
accelerator chain at the European Organization for Nuclear Re-
search™*), has been embedded in PESNet 3.0 inter-PEBB layer to
achieve a sub-nanosecond (sub-ns) SA for distributed power con-
version systems for the first time. PESNet 3.0 inter-PEBB layer
contains the main controller and HB-PEBB controllers. They
share the same hardware using the high-end Xilinx 7000 as the
control device, and are communicated in a tree topology with 5
Gbps data rate. Sub-ns SA is achieved by utilizing a PLL on the
controllers to lock both the frequency and phase of the local time
with each other.
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PEBB controllers. (¢) Synchronization test waveform for the main and 7 HB-
PEBB controllers. This test is repeated with the other 9 HB-PEBB controllers.
(d) Synchronization accuracy distribution referred to the benchmark main
controller for all the 16 HB-PEBB controllers.

To evaluate the PESNet 3.0 inter-PEBB layer synchronization
performance, a communication network shown in Figure 9(b) is
built. A local time counter is generated based on each controller’s
own clock. A square wave based on the local time counter is util-
ized to measure the SA, as shown in Figure 9(c). The channel-to-
channel delay measurement data is further extracted from the os-
cilloscope as shown in Figure 9(d). Setting the main controller as
the benchmark, all the measurement data for the 16 HB-PEBB
controllers are within +0.5 ns, which verifies the sub-ns SA.

6.2 Inside-PEBB layer

Apart from communicating with other controllers in inter-PEBB
layer, HP-PEBB controller is simultaneously communicating with
digital voltage and temperature sensor and two eGDs forming an
Inside-PEBB layer, as shown in Figure 10(a). Clock for synchron-
ization purposes is physically distributed between the controller
and eGDs using an additional fiber optic transceiver, achieving
excellent synchronization using relatively inexpensive communic-
ation hardware. Regarding communication protocol, it is heavily
influenced by 10BASE-T Ethernet and EtherCAT"-*. By redu-
cing minimum payload size (12 octets) and doubling the speed
(25 Mbps), the communication is improved in order for required
data to be exchanged within one control cycle (switching cycle).
Research™*! heavily influenced communication and synchroniz-
ation development as well. Developed communication protocol is
utilized for both sending (duty cycle, current reference, dynamic
dead-time, phase shift, etc.) and receiving information (current,
voltage, temperature, short-circuit faults, communication errors,
etc.). To bolster the data transmission between local controller and
GD, and prevent data corruption during power-cell switching in-
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stances due to high conductive and radiated EMI noise caused by
high dv/dt and di/dt, data packets transmission pauses during the
switching transitions (implemented pauses are ~ 2 ls).

D D
Power cell R i ey <G
o 1-1 ol 1-2
Digital GD1 | 2
Contiolce = - + %cﬁiﬂfl&? 1
} Ve i
(eCLI — T
GDZJ'_ - = % Main
X R IGUI| = ..
......... e
% : | m""'lmms; 51 Controller
— .
] A E H Vs , HB-PEBB
p— 531 ensor Ve -1 Controller 2
— g3 3
=
........ H = T Sensor T

Fig.10 (a) Inside-PEBB communication layer. (b) Testbed for synchroniza-
tion verification. () Synchronization test waveform for four eGDs.

To verify communication and synchronization, a testbed,
shown in Figure 10(b), is built consisting of main controller com-
municating with two HB-PEBB controllers, and each is commu-
nicating with two eGDs. The eGD’s task is to generate synchron-
ization pulse at a defining moment if communication and syn-
chronization is successful. Figure 10(c) shows that synchroniza-
tion pulses are within +1 ns, which further verifies the sub-ns SA.
Consequently, all actions at any moment will happen synchron-
ously across all communication network.

7 High-bandwidth control

7.1 Switching-cycle control (SCC)

To possibly overcome MMC conventional control drawbacks of
large capacitor voltage ripple, existing attenuation approaches
such as the second order or high-frequency harmonic injections
are designed based on average models limiting the achievable per-
formance™*!. The proposed switching-cycle control (SCC)"” aims
to greatly increase the control time resolution and form the con-
trol in the timescale of a switching-cycle. This critical alternation
equips the MMC with the capability to achieve voltage balancing
in a single switching-cycle, shifting the MMC from a long-deemed
‘line-cycle balancing’ converter to a ‘ switching-cycle balancing’
converter.

The key reason for the large capacitor voltage deviation in the
conventional control is that the arm currents have the same value
in one switching period, accumulating voltage deviations in the
same direction. To prevent this, it is necessary to meaningfully re-
assign arm currents within one switching period instead of keep-
ing the same value. With that, the capacitor voltages can be bal-
anced in a single switching period with the derived arm current
patterns, preventing capacitor voltage deviations, as shown in Fig-
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ure 11 for two-cell-per-arm converter. To achieve this arm cur-
rent pattern, the switching actions between the upper and lower
arm cells are not complimentary as in the conventional control.
Instead, a delay is applied on cell output voltages to create ‘shoot-
through’ periods inducing high di/dt, instantly shaping the arm
current. By adjusting the duration of the ‘shoot-through’ periods,
arm currents can be arbitrarily shaped. Current boundaries can be
derived from closed loop control based on phase current and ca-
pacitor voltage disbalance. Peak current mode (PCM) modula-
tion is used to determine the duration of the shoot-through peri-
ods. It is worth mentioning that due to the inserted $hoot-through’
periods, an additional voltage level is observed on the output
voltage. In contrast to the conventional control, since there is no
capacitor voltage deviation by the end of the switching period, this
makes the dc-dc operation of the MMC possible. Furthermore,
due to the zero-voltage switching the turn-on loss is nearly elim-
inated, reducing the total losses compared to the classic control
methodologies. More details about the control can be found in
ref. [15].
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Fig. 11 (a) Two-cell-per-arm SCC configuration. (b) Representative wave-
forms for duty cycle of D = 0.25.

7.2 Integrated capacitor-blocked transistor (ICBT)

ICBT converter’ provides another solution to achieve modular
MV converters with high power density. An ICBT-based con-
verter arm consists of multiple series-connected ICBT cells, also
similar as a converter arm in MMCs, except that the arm induct-
or is eliminated. ICBT-based converters have the modularity and
scalability features like MMCs. Configuration of an ICBT cell is
same as the HB-PEBB of MMCs proposed in Figure 1, except the
inductor will be bypassed.

Unlike the control for MMCs, the ICBT-based converters have
simple control principle. The HB-PEBBs in the same arm operate
synchronously and the HB-PEBBs in the opposite arms operate
complementary. As shown in Figure 12(a) for two-cell-per-arm
configuration, when the bottom switch is on, the HB-PEBB is in
the on-state, and can conduct a bidirectional current. When the
top switch is on, the HB-PEBB capacitor is connected in series
with the other HB-PEBB capacitors in the same arm, and togeth-
er to the converter dc bus. Due to only parasitic inductance in the
arm, the arm current reduces rapidly to zero and the cells block
the converter dc-bus voltage, as shown in Figure 12(b). This is the
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off-state of the HB-PEBB and consecutively converter arm. As a
result of low HB-PEBB capacitor currents, HB-PEBB capacitor
voltages have low ripples, largely reducing the requirement of ca-
pacitances, in both dc and ac applications.
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Fig. 12 (a) Two-cell-per-arm ICBT configuration. (b) Representative wave-

forms.

The capacitor voltage balance is critical, ensuring the safe oper-
ation of all switching devices and HB-PEBB capacitors. Existence
of parasitic capacitance between device terminals and the corres-
ponding heatsinks can compromise the HB-PEBB voltage
balance"’. During the fast switching transients, the parasitic capa-
citors are subjected to fast voltage change, resulting in charging or
discharging currents through them. Although the magnitudes of
those currents are small, they cause the HB-PEBBs with syn-
chronous control signals to operate with different switching
speeds, leading to capacitor voltage difference. The voltage differ-
ence develops slowly but will accumulate over time and thus have
to be controlled. The HB-PEBB capacitor voltage control"” can be
achieved by applying delays to gate signals to some of the series-
connected ICBT cells, forcing different cell capacitor currents for
short periods of time during switching transitions. The closed-
loop control requires sensing of cell capacitors and phase leg out-
put current.

8 Converter-level verification

After validation of the constitutive parts, HB-PEBB is assembled
and the prototype is shown in Figure 13.Based on the dimen-
sions and the maximum input values, power density is 11.9 kKW/L
(195 W/in3). Systematic assessment methodology of the de-
veloped HB-PEBB is presented in refs. [42, 87]. The PD-free op-
eration for both internal and external insulation systems of the HB-
PEBB are confirmed at 6 kV differential-mode voltage, and main-
tains PD-free condition until 33.2 kV common-mode voltage.
Given that, 4 of these HB-PEBB units can safely be put in series
without PD or insulation breakdowns between earth potential
cabinet and HB-PEBB on high voltage. Additional research about
utilization of heatsink guard rings to maintain PD-free operation
meanwhile increasing power density is described in ref. [88]. The
HB-PEBB achieved measured peak efficiency of 1 =99.6% @ 5
kHz and # = 99.3% @ 10 kHz. The power cell successfully oper-
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atedat V,, = 6kV,I1=84 A, f,, > 5kHz, T, <150 °C, in both dc-
dc and dc-ac mode, and had high switching speeds up to 100
V/ns, exhibiting excellent CMTI.
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Fig.13 10 kV SiC MOSFET-based power-cell with indicated constitutive
parts outside enclosure.

Two-cell-per-arm, modular, scalable converter prototype is
custom-built to validate proposed control methodologies at MV.
Schematic of the setup and prototype is shown on Figure 14. De-
scribed distributed control system is adopted. Each HB-PEBB
contains a designated controller, which are connected in a tree to-
pology with one primary main controller and 8 secondary con-
trollers. Experimental setup is capable of operating at maximum
12 kV dc-bus. Two phase legs will be operated in a pumpback
configuration to relax the required active power drawn from the
dc source™. The arm inductance is designed as 160 uH. Unlike for
the SCC, arm inductor components are not required in ICBT
based converters, and will be bypassed. In that case remaining arm
inductance will be parasitic from HB-PEBBs and dc-bus inter-
connections, which is estimated to be around L, =2 uH per
converter arm. Through aid of simulation, cell capacitance is se-
lected to be 32.5 uF. Even with capacitance this small, the SCC
balancing only exhibits a 1% voltage ripple, and the ripple is com-
pletely independent of the output frequency. If the same capacit-
ance were to be used for conventional MMC control, the capacit-
or voltage ripple would be 26.5% at 50 Hz and 66% at 20 Hz,
which is clearly too large for a safe operation. Key specifications
are summarized in Table 3. Due to load and arminductance limit-
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Fig.14 (a) The modular converter pump-back test configuration schematic
diagram. (b) Prototype of 10 kV SiC MOSFET-based two-cell-per-arm con-
verter in pump-back test configuration.
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Table3 Parameters of the MV converter in pumpback

Parameter Symbol Value
Cell capacitance Ceell 32.5uF
DC-link capacitance Cuc 2.2yF
DC-link voltage Ve 2kV
Arm inductance Larm,sces Lpara,icbt 160 uH; 2 yH
Load inductance Lioad 3mH
Switching frequency Fow 10 kHz
Ambient temperature Ta 23°C

ations, for now setup can only be tested up to 28 Arms. Converter
continuous operation will be demonstrated in the ICBT dc-ac
conversion mode, and in the SCC dc-dc conversion mode.
Inherent attribute of novel converter to operate at zero Hz line
output frequency can potentially be highly desired operation
mode in applications such as MVDC shipboard distribution and
dc microgrids which previously was unattainable with conven-
tional MMC. Dc-dc SCC operation mode is shown in Figure
15(a), at 12 kV dc-link voltage with V,, =6kV(D=0.5) and
i, =24 A verifying the converter operation at rated voltage for
two-cell-per-arm. According to theoretical analysis presented in
ref. [15], for duty cycles between 0.375 and 0.625, 90° carrier phase-
shift is used (alternating every 10 switching cycles between 90° and
270°) to prevent cell voltage diverging, and the test results also
corroborate with the theoretical waveform. Additionally, Figure
15(b) shows very well balanced HB-PEBBs of the phase legs A,
with differences of around 200 V, which is superb considering that
each HB-PEBB has only 32.5 uF capacitance. Voltage balancing
data is collected through the developed digital sensors which send
the data to GUI through communication network. Since pump-
back testing approach is utilized, efficiency can be measured with
high accuracy. Even though it is zero voltage switching topology,
efficiency is not as high as expected and it is measured to be
7 = 98.65%, due to excessive losses in arm inductors. Inductor
losses being higher than originally estimated is due to increased
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Fig.15 SCC dc-dc operation mode at V.= 12 kV and iy =24 A at D= 0.5,
phase shift (PH) = 90° and PH = 270°: (a) waveforms, (b) power-cell voltages
collected through communication network.
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core losses, since inductor value had to be increased from original
design values of only L, =4 HH t0 Ly =160 pH. Reason
for this increase is due to existence of delays in GD integrated
RSCS and driving network (T, =~ 250 ns) combined with the
high di/d¢, which hindered peak-current-mode control accuracy.
In the next iterations of converter and GD design, sensing and
driving delays should be reduced as much as possible, and these
delays should as well be taken into account when designing a
power-cell inductor. Due to multilevel output voltage, total har-
monic distortion (THD) is favorable compared to ICBT and dv/d¢
will be smaller. Maximum output voltage dv/dt in SCCis 40 V/ns.
ICBT testing results at 60 Hz line frequency under 12 kV dc-
link with output current reference of i, = 26 A are shown in Fig-
ure 16(a), demonstrating successful operation at rated voltage for
two-cell-per-arm. Regarding voltage balancing in this case, shown
in Figure 16(b), HB-PEBBs are extremely well balanced exhibiting
only minor ripple of < 40 V. All tests results in ICBT have a good
agreement with the theoretical waveforms. Additionally, during
zero-crossing of the current, minimal spikes in phase leg A arm
currents are observed showing that sub-ns SA between the cells is
achieved. The distributed communication network PESNet 3.0
with sub-ns SA is thus successfully demonstrated on the modular
converter. Efficiency in ICBT configuration at shown conditions is
measured to be 1 = 99.2%, surpassing SCC. Major concern for
ICBT is regarding the extremely high output voltage dv/dt that
can impact adversely insulation of inverter-driven ac machines
and accelerate its degradation. Since ICBT is basically 2 level con-
verter, output HB-PEBB voltages are added together, resulting in
maximum dv/d¢ to reach almost 200 V/ns (4-5 times higher than
in SCC), which will continue to increase with adding more cells. If
for ICBT converter high output voltage dv/dt is potentially detri-
mental in certain applications, it is of utmost importance to main-
tain the dv/dt below recommended values. One way to reduce the
converter output voltage is by reducing the device dv/d¢ through
increase of the resistance of the gate loop. However, a higher value
of resistance increases switching losses of the semiconductor, thus
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Fig.16 (a) ICBT dc-ac operation mode having 12 kV dc-link with variable
duty cycle, i; =26 A. (b) Power-cell voltages collected through communication
network and displayed on GUL
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sacrificing the efficiency™. Different passive and active methods of
increasing the Miller capacitor value or injecting additional cur-
rent through it can be used as well™”, however they share a sim-
ilar problem in reducing the efficiency. Another dv/dt control
method adds RC snubbers in parallel to the switches for both high
side and low side™, with penalty of increased losses in snubber
and device. Additionally, controlling the dv/dt could potentially be
solved with using different converter-level dv/dt filtering tech-
niques. Even though filtering techniques do not have an impact
on the switching losses on the device, they will introduce addi-
tional loss in the filters, increase the cost of the system, and re-

duce power-density™”.

9 Conclusions

Medium-voltage (MV) applications such as grid-tied inverters, dc-
dc converters for MVDC microgrids, and motor drives would im-
mensely benefit from high-efficiency, high-density, and high-fre-
quency converter. This paper presents summary of unique key
technological solutions to enable 10 kV SiC MOSFET-based
modular MV power conversion. Novel technologies such as high-
performance enhanced gate-driver maximizing the utilization of
SiC MOSFET characteristics, auxiliary power supply network
having wireless power transfer as a centerpiece minimizing com-
mon-mode current propagation, high-voltage printed circuit
board (PCB) planar dc-bus with minimized loop inductances and
weight, and high-density integrated power-cell magnetics are
presented. At the core of the proposed approach and innovation,
are the switching-cycle control (SCC), integrated capacitor-
blocked transistor (ICBT) converter control, and required high-
performance/high-bandwidth communication network with syn-
chronization accuracy of < 1 ns enabling proposed controls. All
technologies are combined in 6 kV SiC-based power-cell with
power-density of 11.9 kW/L and # = 99.3% (@ 10 kHz, 6 kV, 84
A) which is finally embedded in the 12 kV modular MV convert-
er prototype. Converter operates successfully in both SCC and
ICBT in dc-dc and dc-ac mode without necessity for outside pass-
ives, having switching speeds (up to 100 V/ns per power-cell) and
high-switching frequency (10 kHz), meanwhile exhibiting high
common-mode transient immunity and high-efficiency
(cpr = 99-2% and 7. = 98.65%). Converter designed in this
way successfully overcomes challenges of high-voltage insulation,
high dv/dt and electromagnetic interference (EMI), and high-
switching frequency, providing the system with benefits of high
power density, high-efficiency, fast dynamic response, unrestric-
ted line frequency operation, and improved power quality. De-
veloped hardware and software technologies are not strictly lim-
ited to modular converters and can be broadly utilized for MV
converters.
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