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ABSTRACT Distributed energy resources (DERs) and microgrids have seen tremendous growth and
research activities in recent years. Flexible DERs and asynchronous microgrids (ASMG) can have many
system-level benefits over fixed DERs and conventional microgrids. The key enabler for flexible DERs
and ASMG is a power converter based power conditioning system (PCS) as the interface between
DERs/microgrids and the medium voltage (MV) distribution grid. High voltage (HV, >3.3 kV) silicon
carbide (SiC) basedMV converter is now a promising solution for the PCS. This article presents development
and testing of a 10 kV SiC MOSFET based MV PCS for 13.8 kV ASMG. MV PCS converter design
addressing high dv/dt issue generated by fast switching of the 10 kV SiC MOSFET is presented. The
developed PCS is successfully tested at 25 kV dc 13.8 kV ac voltages and 100 kVA power. Grid support
functions are also demonstrated with the developed PCS prototype and hardware tests beds, validating HV
SiC converter benefits for ASMG.

INDEX TERMS 10 kV SiC MOSFET, power conditioning system (PCS), medium voltage power converter,
asynchronous microgrid (ASMG).

I. INTRODUCTION
A microgrid is a relatively small-scale local grid, with its
own distributed generation sources, loads, and sometimes
energy storage systems. As seen from the main utility grid,
a microgrid can be regarded as a ‘‘single controllable entity’’.

The associate editor coordinating the review of this manuscript and

approving it for publication was Yuh-Shyan Hwang .

A microgrid can connect to the main distribution grid to
work in ‘‘grid-connected mode,’’ serving the power and
energy needs of both local loads and the main grid simul-
taneously, and even providing ancillary grid support func-
tions. A microgrid can also be totally separated from the
main grid to work in ‘‘islanded mode,’’ when the main
grid becomes unavailable, or the grid power quality is not
satisfactory [1]–[3]. Microgrids can increase reliability and
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resiliency, which is important for many critical infrastruc-
tures including manufacturing facilities [4]–[6]. Some dis-
tributed generation sources are provided by renewable energy
resources (RES), especially solar PV, enabling microgrids
to reduce their environmental impact for the electricity they
provide.

Typical microgrids are ac synchronous microgrids, which
are directly interfaced to and operate synchronously with
main distribution grids in grid-connected mode. As a result
of their direct coupling to the main grid, the design and
operation of these microgrids are relatively complex. The
challenges include voltage and frequency control, especially
with integrated RES [7], [8], poor dynamic performances of
mode transitions [9], [10], complex stability consideration
and protection strategies [11], [12]. To mitigate these issues,
a different microgrid concept was proposed, which is named
asynchronous microgrid (ASMG) [13]. An ASMG connects
to an ac distribution grid through a microgrid power con-
ditioning system (PCS). As shown in Figure 1, the ASMG
PCS can be made up with two back-to-back ac/dc converters,
similar to back-to-back high voltage dc (HVDC) converters in
connecting two asynchronous ac transmission grids. Different
from back-to-back converters in HVDC and wind power
applications, the PCS in ASMG needs to support microgrid
unbalanced loads, multiple operation modes and mode tran-
sitions.

Compared with typical ac synchronous microgrid, the
ASMG has decoupled dynamics with the distribution grid.
Consequently, it provides several system-level benefits: 1)
easier integration of RES into microgrids without the need to
consider interaction between RES and the distribution grid;
2) better under voltage and under frequency ride-through
capability; 3) easier transition between grid-connected and
islanded modes, and elimination of the need for resynchro-
nization control; and 4) isolation of unbalance and faults, for
easier microgrid protection coordination and control. Further-
more, PCS converters can provide independent var support
to microgrids and main grids, and even allow integration of
energy storage and other distributed resources through its dc
link.

Previous publications on ASMG mainly focus on the
demonstration of system-level benefits provided by system
architecture. The ASMG network and potential application
cases are discussed in [13]. In [14], an ASMG is proposed
for New York City, and ASMG benefits are demonstrated
through simulation, including disturbance decoupling, fault
isolation, etc. A novel load balancing strategy is proposed
to show the unbalanced load support benefit provided by
the ASMG PCS in [15]. Although the PCS is the key to
ASMG, very limited research has focused on actual hardware
implementation of the PCS and rare full scale PCS has been
reported. It is challenging to have a suitable PCS, because it
can add cost, size, and power loss of the system, especially
given that today’s PCS is based on lossy and relatively slow
switching Si technology. As a result, there are almost no real
applications for asynchronous ac microgrids.

In recent years, with the development of high voltage (HV)
SiC MOSFETs, medium voltage (MV) converters based on
these devices have become a promising solution for ASMG
PCS. HV SiC MOSFETs can realize high switching fre-
quency with low switching loss, which can reduce the size
of passive components and achieve high control bandwidth.
HV SiC devices can simplify converter topology to reduce
the control complexity [16], [17]. Furthermore, the high
control bandwidth enabled by HV SiC devices can lead to
more system-level benefits such as improved system stability
and power quality [18], [19]. 10 kV SiC MOSFET based
ASMG PCS has been studied recently. A back-to-back con-
nected PCS converter employing 10 kV SiC MOSFET-based
three-level neutral power clamped converters (3L-NPCs) is
demonstrated for a 13.8 kV grid in [20]. However, device
series connection is required in this case. Compared with the
3L-NPC converters, modular multi-level converters (MMCs)
can achieve better modularity and scalability, which are
desired features for grid applications.

This article presents a 10 kV SiC MOSFET and MMC
topology based PCS for a 13.8 kV microgrid. 10 kV SiC
basedMVPCS subsystem design addressing high dv/dt issue
is presented. Full voltage and power back-to-back PCS testing
and system-level benefits demonstration with the developed
MV PCS are presented.

The organization of this article is as follows. Section II
overviews benefits of HV SiC based PCS for an ASMG.
Section III presents the 10 kV SiC MOSFET based MV PCS
design. Section IV provides the PCS testing and system-level
benefit demonstration. Section V concludes this article.

II. BENEFITS OF HV SiC MOSFET BASED PCS FOR ASMG
There are in general three ways that HV SiC MOSFET
can benefit microgrid applications including direct device
substitution, topology simplification, and new or enhanced
functionality or even new application.

Due to lower power loss of SiC devices over Si devices,
a direct substitution using SiC device can lead to gains in
efficiency and corresponding reduced need for cooling.

HV SiC devices have higher breakdown voltage than Si
and LV SiC devices. In addition, SiC device can switch
much faster than Si device. As a result, converter design can
be simplified, especially, those topologies requiring many
series/paralleled Si devices or many levels to achieve needed
voltage level or needed equivalent switching frequency. Most
converters for medium voltage applications exceed the volt-
age capabilities of the available Si devices (e.g. the highest
Si IGBT voltage is 6.5 kV). In addition, the HV Si devices
have limited switching capabilities (e.g. the 6.5 kV Si IGBT
normally switches at around 1 kHz), resulting large pulsat-
ing ripple or energy. Thus, multi-level converters, paralleled
converters, and/or large passive components for filtering and
energy storage will be needed. With higher voltage and faster
switching SiC devices, the need for complex topology and
large filter can be alleviated. The topology simplification
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FIGURE 1. Configuration of a MV ASMG.

could lead to lower cost, higher power density and higher
reliability.

With high switching speed and switching frequency,
HV SiC devices can also enable power converters with high
control bandwidth and faster dynamic response. These fea-
tures can lead to enhanced or new functionality for microgrid.
For example, the active power filtering (APF) function can
be integrated into the PCS, given the switching frequency is
much higher than the harmonic frequencies. The integration
can reduce the need for dedicated APF, leading to lower
overall converter rating and cost. For interruption equipment
like solid-state circuit breaker (SSCB) and solid-state fault
current limiter (SSFCL), HVSiC device can potentially speed
up the response time and improve system reliability. The high
control bandwidth of PCS enabled by HV SiC can also be
used in stabilizing the system.

A case study in [21] shows that, at converter level, for
a 1 MW MV PCS, the SiC based PCS solution can achieve
>80% weight and size reduction and >10X control band-
width compared with Si based PCS solution. At system
level, simulation studies demonstrate that the higher control
bandwidth offered by the HV SiC MOSFET enables more
grid support functions of the PCS including power quality
improvement, system stability enhancement, and dynamic
performance improvement in fault ride-through, mode tran-
sition, and black start. The potential system-level benefits of
ASMG with PCS as well as SiC based PCS are summarized
in Table 1.

III. 10 kV SiC MOSFET BASED MV PCS DESIGN
This section presents the 10 kV SiCMOSFET basedMVPCS
overall design considering grid requirements and subsystem
components design addressing high dv/dt issue.

A. OVERALL PCS DESIGN CONSERDING GRID
REQUIREMENTS
1) PCS TOPOLOGY SELECTION
The PCS is interfacing 13.8 kV ac rms voltage distribution
grid and asynchronous microgrid. A 25 kV dc bus volt-
age is selected which requires a modulation index of 0.9.

With the high blocking voltage of the 10 kV SiC MOSFET,
a five-level converter topology can be adopted to achieve
the desired 25 kV dc bus voltage and 13.8 kV ac voltage.
Three mainstream five-level topologies, including five-level
neutral point clamped (5L-NPC) converter, five-level flying
capacitor (5L-FC) converter, and five level modular multi-
level converter (MMC) with four submodules in one arm, are
considered as candidates.

The 5L-NPC converter and 5L-FC converter can achieve
smaller size and weight compared to MMC because MMC
topology requires bulky capacitors to filter the low frequency
harmonics. However, the NPC and FC based converter are not
modular and scalable. The 5L-NPC and 5L-FC based convert-
ers also have complicated switching commutation loops and
capacitor voltage balancing control. This poses overvoltage
risk for 10 kV SiC MOSFET based PCS which has much
faster switching transients than Si IGBTs. On the other hand,
MMC topology has inherent modular structure. Thus, MMC
has excellent scalability for higher voltage and power and
the inherent redundancy to tolerate component failure in
the submodule [22], [23]. The MMC submodule has simple
switching communication loop like the two-level converter.
The modular structure also makes it easier to design and test
the converter based on the emerging 10 kV SiC MOSFETs.
For grid applications, modularity, scalability, and reliability
are more desired features than size and weight. Therefore,
MMC topology is selected for PCS.

For grid application, the PCS should be able to provide
unbalanced load support on the microgrid side. As a result,
the modulation strategies with 3rd order harmonic injection
cannot be used, although they have better voltage utilization
and require lower dc bus voltage. The selected modulation
scheme is hence the pure sinusoidal pulse width modula-
tion (SPWM) without any 3rd order harmonic injection. The
split dc-link capacitor structure is adopted to support unbal-
anced load in the microgrid [24]. The split dc-link capacitor
method is a cost-effective and straightforward scheme to real-
ize the neutral line for the unbalanced load on the microgrid
side, compared to other solutions, such as the topology with
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TABLE 1. Potential system-level benefits of the SiC based ASMG PCS.

FIGURE 2. Overall structure of the MMC-based PCS.

a neutral leg and adding a neutral forming transformer [25].
Figure 2 shows the overall structure of the MMC-based PCS.

2) DC-LINK CAPACITOR, ARM INDUCTOR, AND
SUBMODULE CAPACITOR DESIGN
The dc-link capacitance of MMC is determined by the unbal-
anced load. Under the unbalanced load condition, the zero
sequence current flows into the dc-link midpoint causing
voltage ripple. Considering two phases full load and the other
phase no load condition which is the worst load unbalance

case, a 6.25 uF capacitance is required and selected to limit
the voltage ripple within 10%.

The arm inductor of MMC is used to suppress the circu-
lating current as well as served as the filter inductor between
the inverter and power grid. It is cost-effective to eliminate
dedicated ac side filter. The arm inductance is selected based
on two considerations: circulating current suppression with
circulating current control considered and THD requirement
of the current in ac side [26]. The arm inductance is deter-
mined as 90 mH which can ensure < 5% THD of the current
on ac side and < 10% arm current ripple.
With 25 kV dc-link voltage, the nominal submodule capac-

itor voltage is 6.25 kV. The designed submodule capaci-
tance is 6 µF to meet the 20% peak-to-peak voltage ripple
target [27]. Four 1900V/35µF film capacitors from AVX
Corporation are connected in series to serve as the submodule
capacitor, leading to a submodule capacitance of 8.75 µF.
Such implementation ensures that the submodule capacitor
voltage is lower than 7 kV, which is also the blocking voltage
of 10 kV SiC MOSFETs in the submodule.

3) PCS CONTROLLER DESIGN
The PCS architecture follows the IEEE guide 1676-2010
[28], which is for MV power converters. The PCS controller
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FIGURE 3. ASMG PCS control architecture.

architecture is shown in Figure 3, which contains the human-
machine interface, central controllers, and phase controllers.
To achieve modular setup and operation, the grid side and
microgrid PCS converters have their own central controllers.
Each ac/dc PCS converter is composed of three phase-leg cab-
inets and each phase-leg cabinet has its own phase controller
so that the phase-leg can also be debugged independently. The
modular design approach simplifies the PCS debugging and
improves the implementation efficiency.

The grid side and microgrid side PCS converters have
different system level functions. The grid side converter
mainly operates in the grid-connected mode, and the central
controller needs to regulate the dc-link voltage and provide
reactive power to the grid. The grid side PCS also has the
local islanding detection function to detect the abnormal grid
condition and enable the islanding transition locally.

With the transformer-less PCS converter topology, the dc-
link midpoint is grounded to provide microgrid side ground-
ing. As a result, the grid side PCS converter will provide a
path for zero-sequence current from the grid side, which is
undesirable. A zero-sequence current control is implemented
in the grid side PCS converter to regulate the low-frequency
zero-sequence current within the control bandwidth. The high
frequency zero-sequence current due to switching is limited
by the arm inductors.

The microgrid side PCS converter operates both in grid-
connected and islanded mode. In the grid connected mode,
the microgrid side PCS regulates the microgrid ac voltage
magnitude and frequency. In the islandedmode, it controls the
dc-link voltage and provides microgrid with reactive power.
Moreover, the PCS converter can work as an active power
filter (APF) to improve the microgrid power quality. In both
operation modes, the microgrid side PCS converter also sup-
ports the unbalanced load of the microgrid.

The phase controller is responsible for converting the duty
cycles calculated by the central controller to PWM signals
and realizing converter protections. Each phase controller

FIGURE 4. PCS converter single phase controller function block diagram.

controls one phase leg, and the phase controller functions
for grid side and microgrid side PCS converter are the same.
As shown in Figure 4, the phase controller functions include
modulation, MMC submodule voltage balancing control and
converter protections.

B. SUBSYTEM DESIGN CONSIDERING HIGH DV/DT
The switching action generated dv/dt of the 10 kV SiC
MOSFET can be as high as 100V/ns, which is nearly 30 times
higher than conventional HV Si IGBTs. High dv/dt poses
great challenges for the noise immunity and insulation design.
MMC submodule, which is the basic unit for MMC, includes
10 kV SiC MOSFETS based half bridge, gate driver, isolated
power supply, and voltage sensors as shown in Figure 5.
The MMC submodule components design to address high
dv/dt and high voltage insulation are presented. Modulation
strategy for dv/dt reduction of MMC is also briefly discussed.

In the submodule PCB design, the clearance distance
requirements in IPC-2221B standard [34] and the creepage
requirements in UL 60950-1 standard [35] are followed to
ensure adequate insulation.

1) 10 kV SiC MOSFET CHARACTERISTICS
TheWolfspeed 3rd generation 10 kV /20A discrete SiCMOS-
FET (XPM3-10000-0350B) is used [29]. With a non-isolated
package, the 10 kV SiC MOSFET has the die soldered on
a copper plate which serves as the drain terminal and heat
dissipation plate simultaneously, as shown in Figure 5.

The measured forward conduction characteristic of the
10 kV SiC MOSFET at 25◦C is shown in Figure 6. Once
the gate-source voltage Vgs exceeds 13 V, the on-resistance
is almost constant when device current is lower than 20 A,
because the on-resistance is dominated by the resistance in
the drift region instead of the channel resistance. The on-state
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FIGURE 5. 10 kV SiC MOSFET based MMC submodule: (a) schematic; (b)
3D design of the submodule.

FIGURE 6. Forward I-V characteristic of the 10 kV SiC MOSFET at 25 ◦C.

Vgs is selected to be 15V which is a tradeoff between on-state
conduction loss and short-circuit withstand time.

One feature of the 10 kV SiC MOSFET is its much larger
input capacitance, compared to 1.2 kV and 1.7 kV SiC
MOSFETs with similar current rating from Wolfspeed. For
example, the 1200V/20 A SiC MOSFET from Wolfspeed
has an input capacitance Ciss of 350 pF, about 6% of the
input capacitance of this 10 kV SiC MOSFET as shown in
Figure 7. Meanwhile, Miller capacitance Crss of the 1.2 kV
and 1.7 kV SiC MOSFET is close to that of 10 kV SiC
MOSFETs. Therefore, the cross-talk issue caused by Miller
current is greatly alleviated in the 10 kV SiC MOSFET by its
large ratio between input capacitance and Miller capacitance
Ciss/Crss.
Figure 8(a) and (b) show the measured turn-on and turn-off

switching transient waveforms. Figure 8(c) and (d) shows the
measured turn-on and turn-off average dv/dt with different
gate resistances. With 15 � turn-on gate resistance and 3 �

FIGURE 7. Parasitic capacitances Ciss and Crss of 10 kV/20 A SiC MOSFET.

FIGURE 8. Switching characteristics of 10 kV SiC MOSFET at 6.25 kV and
125◦C. (a) turn-on transient, (b) turn-off transient, (c) turn-on dv/dt and
(d) turn-off dv/dt.

turn-off gate resistance, the dv/dt is limited to be within
100 V/ns. For this 10 kV SiC MOSFET, the turn-off transient
is dominated by capacitive charging process and hence not a
strong function of gate resistance, especially at low current.

2) GATE DRIVING AND PROTECTION
Gate driver for the 10 kVSiCMOSFET is designed to support
robust continuous operation and fast switching speed. The
main challenges are high voltage insulation and high dv/dt
(up to 100 V/ns).

The on-state and off-state driving voltage are selected
as 15 V and −5 V, respectively. 15 V is chosen in order to
balance the need of reduced short circuit current and low on-
state loss, and −5 V for off-state can ensure reliable turn-off
under high dv/dt . The turn-on and turn-off gate resistance are
15� and 3�, respectively, which provide both low switching
loss and acceptable dv/dt , based on switching characteriza-
tion results. Anti-cross-talk circuitry is not needed for this
10 kV SiC MOSFET due to the large ratio between input
capacitance and Miller capacitance.

The designed gate driver diagram is shown in Figure 9.
Functions including status feedback function, dead time
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FIGURE 9. Function diagram of the designed 10 kV SiC MOSFET gate
driver.

FIGURE 10. Desat protection circuit of the 10 kV SiC MOSFET.

insertion, undervoltage lockout, and short-circuit protection
are implemented to support robust operation of the MMC
submodule. Status feedback signal in every switching cycle is
generated based on the measured gate-source voltage, which
is necessary for the controller to monitor the status of the gate
driver and the MOSFET during the continuous operation. If a
short circuit or overcurrent fault is detected, a fault signal is
sent back to the controller via the feedback signal. Isolation
between gate driver and microcontroller is achieved through
fiber optic.

Desat protection technique is widely adopted forMOSFET
short circuit protection. Fast response time while maintain-
ing strong noise immunity under dv/dt is required for this
10 kV SiC MOSFET. Fig. 10 shows the desat protection
circuit design for this 10 kV SiC MOSFET. Three 3.3 kV
SiC Schottky diodes are connected in series as the desat
diode to achieve the required blocking voltage as well as
low parasitic capacitance. The protection threshold voltage is
selected based on the I-V characteristics of the MOSFET and
the desired protection threshold current. An improved desat
protection scheme is designed which realize 600 ns blanking
time by digital ICs so that the blanking time is independent of
the blanking capacitor. Then a much smaller blanking capac-
itance can be used which significantly accelerates protection
response. Hard switching fault (HSF) short-circuit test shown
in Figure 11 demonstrates the fault can be cleared with a
response time of 340 ns with the designed improved desat
protection.

The desat protection can be falsely triggered by both high
positive dv/dt during turn-off and negative dv/dt during turn-

FIGURE 11. HSF short circuit test of the lower MOSFET in MMC
submodule at 6.5 kV dc bus voltage.

on. Themain concernwith high negative dv/dt is the resulting
negative voltage spike which can falsely trigger the desat
comparator with the phase reversal issue. The noise immunity
under negative dv/dt is improved by selecting comparators
without phase reversal issue and adding clamping diodes.
High positive dv/dt can falsely trigger desat protection by
generating a positive voltage spike in Vdesat (shown in Fig-
ure 10). In addition to reducing the desat diode parasitic
capacitance as discussed in literature, minimizing the capac-
itive coupling between the protection circuitry and the drain
terminal with high dv/dt is more critical for this 10 kV SiC
MOSFET. Because of the long duration time of the high dv/dt
generated by the 10 kV SiC MOSFET (much longer than
the 1.2 kV and 1.7 kV SiC MOSFETs), very small parasitic
capacitance coupled (<0.1 pF) from the device drain termi-
nal to the voltage divider and comparator input could have
large influence on the noise induced into the desat protection
circuitry. Attention should be paid to the layout design of the
protection circuitry to reduce this capacitive coupling. A cop-
per shielding layer beneath the desat protection circuitry can
be considered to reduce this capacitive coupling. Reducing
the voltage divider impedance (Rd1 and Rd2 shown in Figure
10) will also help to reduce the coupled noise.

3) ISOLATED POWER SUPPLY
The isolated power supply, with an insulation voltage of
20 kV or higher, is expected to supply the gate driver for
10 kV SiCMOSFET, to provide a safe and reliable insulation
barrier between the MV power stage and the control circuit.
Due to the high dv/dt up to 100 V/ns generated by the 10 kV
SiC MOSFET, the isolated power supply should also have
low interwinding capacitance, typically below 5 pF, between
the input and output, to limit the common-mode current
which may cause control system malfunction.

The flyback converter topology is selected for this isolated
power supply as it has simple structure and low component
count. The input and output voltage are 12 V and 24 V,
respectively. The output power is 2.5 W. The output volt-
age is regulated by closed-loop control. The printed circuit
board (PCB) winding based transformer is adopted. Fig-
ure 12 shows the developed isolated power supply. Measured
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FIGURE 12. The isolated power supply schematic and prototype.

FIGURE 13. Block diagram of the designed submodule voltage sensor.

efficiency is between 66% and 80% from very light load to
full load.

To achieve above 20 kV insulation capability, silicone gel is
utilized for the flyback transformer potting. The air between
transformer core and winding is fully removed with vacuum
potting technique. Insulation capability of the transformer is
tested and verified with hi-pot and partial discharge (PD) test.

Finite element simulations are conducted to investigate
the impact factors on transformer interwinding capacitance.
To reduce the interwinding capacitance, the PCB trace’s
width-to-thickness ratio should be reduced, the winding-to-
core distance needs be swept to find the optimal point achiev-
ing minimumwinding-to-core capacitance, the winding turns
should be reduced, and low dielectric constant insulation
material should be adopted. With these guidelines, the trans-
former is carefully designed and implemented and achieved
1.85 pF interwinding capacitance.

4) VOLTAGE SENSOR
Voltage sensor is used to measure voltage of the MMC
submodule for realizing submodule voltage balance control
of the MMC. It can also be used to detect the submodule
overvoltage fault. The voltage sensor is connecting the MV
power stage and the control circuit and thus should provide
sufficient insulation barrier between the two parts for safe and
reliable operation. The voltage sensor should also have good
noise immunity capability and not be interfered by the high
dv/dt generated by the 10 kV SiC MOSFET.

The designed voltage sensor for the MMC submodule is
shown in Fig. 13, which can measure submodule voltage up
to 8 kV. The voltage sensor first measures the differential
voltage between the submodule positive and negative dc ter-
minals through a voltage divider. The voltage divider steps

down the submodule voltage with a ratio of 935:1, which
is designed based on requirements in UL-347A [33]. The
measured analog voltage signal is converter to a digital PWM
signal through a voltage-to-frequency converter (VFC). This
signal is then sent to the controller through fiber optic, which
provide a reliable insulation barrier between MV power stage
and the controller. The frequency of the generated output
signal of the voltage sensor is proportional to the submodule
capacitor voltage with a resolution of 2.02 V/kHz.

The noise is mainly caused by the displacement current in
the parasitic capacitances between the switch node of the half
bridge and the PCB trace of the voltage divider. In a compact
SMdesign, the voltage sensor is very close to the power stage,
resulting in a 0.1∼1 pF parasitic capacitance which cannot
be neglected, especially for the 10 kV SiC MOSFET with
high dv/dt . To achieve strong noise immunity, the voltage
sensor layout is optimized to minimize the capacitive cou-
pling between switch node and the voltage divider, voltage
divider impedance is reduced, and a RC filter is implemented.
The developed voltage sensor has good noise immunity and
successfully supported the submodule voltage balancing and
full power testing of the MMC.

5) MODULATION FOR DV/DT REDUCTION
The nearest-level pulse width modulation (NLM-PWM) is
very attractive for MMC with a small number of submod-
ules and thus is preferred for MV applications with HV
SiC devices. There is one submodule that operates in PWM
mode while others are in inserted mode or bypass mode.
The conventional voltage balancing control (VBC) with
NLM-PWM has been provided in [30]. In the conventional
VBC with NL-PWM, several submodules may switch their
modes simultaneously when the voltage sorting changes,
resulting in a higher dv/dt , which could be multiple times
of the dv/dt of a single 10 kV SiC device. For N submodules,
the highest dv/dt will be N/2 times of the dv/dt of a single
10 kV SiC device.

The dv/dt can be limited if only two submodules switch
their modes in a control cycle when the voltage sorting
changes. With this principle, an improved VBC method with
dv/dt reduction is proposed in [31]. With this modulation
method implemented for the developed MMC converter, the
maximum dv/dt in the MMC can be limited to be the dv/dt
of a single 10 kV SiC device, while the submodule voltage
balance can be maintained.

IV. 10 kV SiC MOSFET BASED MV PCS TESTING AND
GRID SUPPORT FUNCTION DEMONSTRATION
This section presents the 10 kV SiCMOSFET based 100 kVA
MVPCS hardware, testing, and grid support function demon-
stration.

A. PCS HARDWARE AND TEST SETUP
Figure 14(a) shows one phase-leg hardware of the PCS con-
verter including eight submodules, two arm inductors, and
a phase controller. The back-to-back PCS contains six such

VOLUME 10, 2022 73301



R. Chen et al.: 10 kV SiC MOSFET Based MV PCS for ASMG

FIGURE 14. (a) One phase-leg hardware, (b) test setup of the
back-to-back PCS.

FIGURE 15. Back-to-back structured test circuit of the PCS converters.

phase-legs, and Figure 14(b) shows the back-to-back PCS test
setup placed in a high voltage test lab.

Figure 15 shows the testing circuit scheme. Two ac/dc PCS
converters form a back-to-back structure. One three-phase
variac and three single-phase medium voltage transformers
compose a medium voltage grid emulator to provide medium
voltage ac power. A three-phase RC load (R= 250� and C=
1.25uF) is used to simulate the load on the microgrid side.

The control is implemented in the dq0 coordinate system
as shown in Figure 16. The grid side PCS controls the dc-link
voltage and the microgrid side PCS regulates microgrid side
ac voltage. Vabc and uabc denote the microgrid side and the

FIGURE 16. Control diagram of the back-to-back PCS converter system,
(a) grid side converter and (b) microgrid side converter.

FIGURE 17. Submodule voltage balance control test results.

grid side three-phase voltages, respectively. Vd ,Vq, Id , and
Iq are the voltages and currents in the dq0 coordinate system.
Dd and Dq are duty cycles. θ is the phase angle for abc to
dq0 coordinate transformation.

B. BACK-TO-BACK PCS TESTING
The developed back-to-back PCS is successfully tested at
25 kV dc-link voltage andmicrogrid side 13.8 kV ac rms line-
to-line voltage and 100 kVA power rating.

Figure 17 shows the submodules voltage balancing con-
trol experimental results. The nominal submodule voltage is
6.25 kV. The maximum voltage difference between submod-
ules is less than 250 V; and for each submodule, the voltage
variation is within a range of 15% (below the 20% target).

Figure 18 shows the experimental waveforms of the back-
to-back PCS at rated voltage and power.

Due to the high voltage low current operation condition
of the PCS converter, the current waveforms look not very
sinusoidal, especially the rectifier side ac current. The PCS
and arm inductor are designed to limit the harmonics to be
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FIGURE 18. Test results of the back-to-back PCS at rated voltage and
power.

FIGURE 19. Efficiency curve of the PCS converter.

less than 5% (THD<5%) at rated current. Following IEEE std
1159-2019, the harmonics components are considered only
up to 50th order (3000Hz) as the higher order components
are easy to be damped in the lines. The main harmonics in
the current include both the low frequency components (i.e.
the 3rd, 5th, 7th and 9th order components) and the switching
frequency components (i.e. the 10 kHz and 20 kHz compo-
nents). In the test, the inverter side ac current can meet the
<5% THD requirement when calculated up to 50th order.
If the switching frequency component related harmonics are
included, the inverter side ac current THD is 10.7%. The
rectifier side ac current looks less sinusoidal than the inverter
side ac current because the rectifier side current is smaller
than the inverter side current while the harmonics are similar.
In the lab test, due to the power limit from the lab panel,
RC load is connected to the inverter side to support the rated
voltage and current operation of the inverter and the load
mainly consumes reactive power. The rectifier only provides
the active power of the RC load and also PCS loss. Thus, the
rectifier current is smaller. As a result, the rectifier current
harmonics percentage is higher and the waveforms look less
sinusoidal.

The efficiency of the PCS converter is tested. Fig-
ure 19 shows the tested efficiency curve of one PCS converter
at 25 kV dc bus voltage and various loads. The tested effi-
ciency is 97.7% at full load condition.

At full load condition, the power loss breakdown is esti-
mated and shown in Figure 20. In addition to the power

FIGURE 20. Loss breakdown of the PCS converter at rated voltage and full
load.

devices loss, arm inductors loss, and fans and auxiliary power
supplies loss, the voltage sensors and voltage balancing resis-
tors loss and parasitic capacitance loss are also included.
These two parts of loss are usually small and not considered
in low voltage converters. However, for medium voltage con-
verters, they actually occupy a large portion of the total power
loss and cannot be neglected, especially for this PCS which
has high voltage and low current.

The voltage sensors and voltage balancing resistors loss
refer to the loss consumed by the resistors used in the voltage
dividers of voltage sensors (PCS ac and dc sides voltage
sensors, submodule voltage sensors) and resistors used for
voltage balancing of series-connected capacitors (submodule
capacitors and dc-link capacitors) and series-connected desat
diodes (diodes in desat protection circuits). Although these
resistors are in the megaohm range, the consumed loss is still
high considering the high voltage.

The parasitic capacitance loss includes the arm inductor
parasitic capacitances (turn to turn and turn to core parasitic
capacitances) and other voltage pulsating (dv/dt) terminals
to ground parasitic capacitances introduced loss. As PWM
voltages are applied to these parasitic capacitances, they are
charged/discharged during the switching transients, and the
stored energies are consumed in the power devices, inductor
windings, wires, and PCB traces in the charging/discharging
loops.

The voltage sensors and voltage balancing resistors loss
and parasitic capacitances loss are determined by the voltage
level rather than the power level of the PCS converter. Thus,
these two parts of loss almost keep unchanged, resulting in
lower efficiency at light load conditions.

To further improve the efficiency of medium voltage PCS
converters, it is critical to reduce the parasitic capacitances in
the PCS setup, especially for dv/dt terminals. Increasing the
resistances of voltage sensors and voltage balancing resistors
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FIGURE 21. Microgrid side unbalanced load support operation test
results: Ch1, grid voltage (10 kV/div); Ch2/3/4, microgrid voltage
(5 kV/div); Ch5, dc link positive voltage (5 kV/div); Ch6, grid current
(2 A/div); Ch7/8, microgrid current (5 A/div). (a) without zero-sequence
and negative-sequence control; (b) with zero-sequence and
negative-sequence control.

can also be considered, but the voltage sensor noise immunity
capability and voltage balancing performance of the voltage
balancing resistors could be compromised. Note that the arm
inductors loss is more than 30% of the PCS converter total
loss at full load. The arm inductors are based on low cost but
high loss silicon steel from commercial vendor, which can be
further optimized for loss reduction.

C. PCS GRID SUPPORT FUNCTION TESTING
1) UNBALANCED LOAD SUPPORT FUNCTION TEST
Unbalanced load support is one of the essential features of
the ASMG PCS. As mentioned, a three-phase RC load (R =
250� and C= 1.25uF) is used in the experiments to simulate
the load on the microgrid side. To test the unbalanced load
operation, the microgrid side phase C load capacitance is
modified to be 2.5 uF while Phase A and Phase B keeps
1.25 µF.
The zero-sequence and negative-sequence voltage control

are added to guarantee the output voltage balance during the
unbalanced load condition.

Figure 21 shows the test results of the unbalanced load
operation at 10 kV dc-link voltage. Ch5 shows that the dc-link
positive voltage contains significant voltage ripples caused
by the unbalanced loads. Compared with the experimental
results of the microgrid side voltage of channel 2/3/4, the

FIGURE 22. Reactive power compensation test circuit.

FIGURE 23. Reactive power compensation test results.

FIGURE 24. Active power filter test circuit.

zero-sequence and negative-sequence control can suppress
the output voltage unbalance from 5% to 2%.

2) REACTIVE POWER COMPENSATION FUNCTION TEST
Reactive power support is one of the advantages of PCS.
Figure 22 shows the test circuit diagram of reactive power
compensation. After compensation, the power factor at the
grid interface is close to unity, as shown in Figure 23.

3) ACTIVE POWER FILTER FUNCTION TEST
Excessive current harmonics is onemajor power quality prob-
lem in the grid. The high control bandwidth of the SiC based
PCS enables active power filtering (APF) and can be used to
suppress grid harmonics.

Figure 24 shows the test circuit diagram of the active power
filter. Converter 2 emulates a nonlinear load with its output
current including both fundamental and harmonic currents.
Converter 1 represents the microgrid side PCS converter.
In addition to support the system fundamental voltage, the
APF function of Converter 1 is realized by controlling the har-
monic voltage. In this case, the harmonic currents to the load
will be suppressed.
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FIGURE 25. Active power filter experimental results: Ch1/2/3, rectifier
mode converter output current (5 A/div); Ch4/5, RC load current (5 A/div);
Ch6, rectifier mode converter dc link voltage (10 kV/div); Ch7/8, inverter
mode converter output current (5 A/div); Ch9/10, grid voltage (10 kV/div).
(a) without harmonic filter; (b) with harmonic filter.

FIGURE 26. ASMG HTB testing setup.

In the test, the harmonic source injects 19th order (1140Hz)
harmonic current to the grid. Figure 25(a) and 25(b) show the
experimental results for Converter 1 without harmonic com-
pensation andwith harmonic compensation, respectively. The
harmonics are effectively suppressed. FFT analysis results
show that the grid harmonic voltage reduced from 15% to 1%
after harmonic filtering.

4) FAULT RIDE THROUGH FUNCTION TEST AND GRID
STABILITY FUNCTION TEST
It is difficult to demonstrate some system-level benefits of
ASMG PCS with MV PCS prototype in the lab due to
the complexity of the setup. In this case, the lower voltage
converter-based hardware testbed (HTB) is applied to demon-
strate the system-level benefits of the PCS in an ASMG [32].

TABLE 2. Electrical parameters of the HTB.

FIGURE 27. Testing results of PCS fault ride through in the grid-connected
mode.

As shown in Figure 26, four low-voltage two-level voltage-
source inverters are utilized to emulate an ASMG with PCS,
where the PCS is emulated by two back-to-back connected
inverters and the grid and microgrid are emulated by other
two inverters, respectively.

Two testing cases are demonstrated on the HTB: fault ride
through and grid stability improvement. The testing parame-
ters are summarized in Table 2. In the fault ride through test-
ing, an inductive distribution line is assumed. In the stability
testing, a line with a shunt capacitor connection is emulated
to evaluate the stability in a weak grid condition.

Two cases are applied to demonstrate the ASMG fault
ride through. The first case is the fault ride through in the
grid-connected mode as shown in Figure 27. When the fault
occurs on the microgrid side, the microgrid side converter
will detect the fault and ride through to limit the output
current at t1. Due to the decoupling of the PCS, the fault
does not impact the grid voltage, indicating that the microgrid
side fault is isolated by the PCS. The second case is in the
islanded mode as shown in Figure 28. When the fault occurs
on microgrid side, the microgrid emulator limits its current
and the microgrid side converter can provide reactive power
to support the microgrid.
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FIGURE 28. Testing results of PCS fault ride through in islanded mode.

FIGURE 29. PCS grid stability enhancement testing: (b) 4 kHz control
frequency; (b) 10 kHz control frequency.

The SiC-based PCS can further benefit grid stability with
its high control frequency. The test results are shown in
Figure 29. When the control frequency of the grid side PCS
converter is 4 kHz, the grid current becomes unstable; when
the control frequency is 10 kHz, no instability occurs.

V. CONCLUSION
This article presents a 10 kV SiC MOSFET five-level MMC
based PCS for the 13.8 kV ASMG. The fast switching of the
10 kV SiC MOSFET results in high dv/dt and poses great

challenges for noise immunity and insulation design of the
MV PCS. The subsystem gate driving and protection, iso-
lated power supply, voltage sensors, and modulation design
addressing the high dv/dt issue are presented. The developed
PCS is successfully tested at 25 kV dc 13.8 kV ac voltages
and 100 kVA power, verifying the presented design. The
higher control bandwidth offered by the 10 kV SiC MOS-
FET enables more grid support functions of the developed
MV PCS. Grid support functions including unbalanced load
support, var compensation, active harmonic filtering, fault
ride through, and enhanced stability are also successfully
demonstrated, validating the SiC based PCS system-level
benefits for ASMG.
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