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Abstract—This article presents the design and development of
a 7-kV dc bus, 1-MVA, 0-1000 Hz modular multilevel converter
(MMC) prototype for high speed medium-voltage variable fre-
quency drives. The system is designed based on 1.7-KkV silicon car-
bide (SiC) MOSFETSs. First, the full in-depth design of the prototype
is provided, including the submodules, arm inductors, and sys-
tem integration. Then, the unique control scheme and the control
hardware design are presented to achieve the full-frequency range
operation. The power loss based on Si and SiC devices is analyzed.
Finally, experimental results are presented to demonstrate the
performance of both the SiC-based submodule and the full-scale
MMC system. Compared with the traditional Si-based solution, the
established SiC MMC can reduce the drive system volume by 75 %
and achieve 325% power density, and the peak energy efficiency
reaches around 99.35%.

Index Terms—Medium-voltage (MV) motor drive, modular
multilevel converter (MMC), silicon carbide (SiC) device,
submodule (SM) design.

I. INTRODUCTION

DVANCES in converter topologies and power electron-
A ics enable the next generation of high efficiency, high
power density, and high-speed medium-voltage (MV) variable
frequency drives (VFDs) [1]-[3]. The deployment of these MV
VEDs to electric machines >500 HP high-power applications
presents an energy savings opportunity of up to 3.2% of the
total U.S. electricity consumption, leading to over $2 billion
USD in annual energy saving [4], [5]. Among various multilevel
converter topologies, the modular multilevel converter (MMC)
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for MV VEDs offers several advantages, such as scalability,
modularity, high efficiency, superior output current quality, and
can be designed without a heavy interface transformer [6]—[8].
Notably, compared with the neutral point clamped converter, the
MMC can easily extend output voltage levels. When compared
with the cascaded H-bridge topology, the MMC does not require
a large number of isolated dc sources [9], [10]. Thus, MMC is a
very promising topology as the next-generation high-power MV
VEDs.

MMCs were introduced in 2002 [11], and the related control
for the electric drive applications was presented in [12]-[16].
The major challenge occurs at low output frequencies (including
zero) due to excessive voltage and energy pulsation in the sub-
module (SM) capacitors. Injecting a high-frequency common-
mode voltage with the corresponding circulating current was
proposed to mitigate the issue. Existing studies of MMC-based
VEDs have a focus on the control schemes, such as capacitor
voltage fluctuation reduction [12]-[15], circulating current regu-
lation [17], [18], and modulation strategy [6], [19]. In [12]-[20],
the power rating of the MMC-based VFD prototypes using the
Si devices is less than 100 kVA, and the dc bus voltage is less
than 1 kV. In HVdc transmission applications, a high-voltage
MMC prototype with 2 MW power rating and 17 output voltage
levels is presented in [21]. New MMC prototypes using silicon
carbide (SiC) power semiconductors are also designed in [22]
and [23], which present high-efficiency performance. However,
their maximum power rating is 45 kW and 3 kVA, respectively,
and the dc bus voltage is limited to 1 kV. Little work can be
found on the design and development of MV megawatt-class
MMCs for MV VFDs with the variable-frequency operation,
not even mention the application of the wide bandgap devices
(WBGs). Among the existing commercial MV VFDs listed in
Fig. 1 illustrated that none of the industry companies, such as
Siemens, ABB, and Alstom, have applied SiC devices to MV
VEDs [1].

Using the MMC and SiC devices, the component and sys-
tem design and implementation are entirely different from the
traditional Si-based MV VFDs. Two critical aspects need to be
considered. First, the SiC devices have much higher switch-
ing frequency than the traditional Si switches, and SM ca-
pacitor sizing reduction is the major issue in the MMC-based
drives [4], [6], [8]. However, few articles have presented how
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Fig. 1. Overview of existing MV VFDs in the market. The number respresents

the accumulated count for the same topology flying capacitor (FC) converter.

to take advantage of the SiC devices to shrink the capacitor
size, not to mention the MV experimental investigation. Sec-
ond, much faster dv/dt caused by the SiC devices switching
introduces greater challenges to the SM and system integra-
tion in the MV and high-power condition [1], [5]. Without
proper design, the driving circuits of SM may easily trigger
malfunctions, and the overall system becomes bulky due to a
large number of components. It is difficult to minimize SM
and overall system dimension while satisfying isolation, elec-
tromagnetic interference (EMI), and reliability requirements
simultaneously.

This article is a major revision of the conference paper [22]. It
presents the design and development of a 7-kV 1 -MVA MMC
prototype using the 1.7-kV SiC MOSFETs, the first MV VFD
system using WBG devices drive systems in the world. The
major contribution includes the following aspects.

1) Itpresents the method of using high-frequency SiC devices
to reduce the capacitor size. The implementation of SiC
devices can dramatically reduce the SM capacitor size by
over 50% compared with the Si-based solution.

2) It illustrates the compact design of SiC-based SMs with
strong EMI immunity.

3) It presents the small-volume design of the full-integrated
MMC system. With the sophisticated design, the MMC
prototype can integrate all the hardware components with
a small size, but sufficient isolation and cooling capability.

4) It proposes an extra-wide frequency control of the MMC
with the lab-designed control board.

5) It studies the power loss and the efficiency of the 7-kV
1-MVA SiC-based MMC prototype.

Validated by simulated and testing results, the SM and MMC
system with the proposed design can successfully operate at
MYV high-power conditions, and present excellent steady-state
and dynamic performance. The analyzed switch power loss is
matched well with the tested result, and the system tested peak
efficiency is approximately 99.35%. The developed SiC-based
MMC prototype achieves 75% volume reduction, resulting in
325% of the power density compared with the existing Si-based
MYV VEFEDs. Thus, the developed MMC prototype can signif-
icantly advance the performance of the next-generation MV
VFDs.
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1.7 kV SiC Based Power
Module

Fig. 2. Circuit configuration of the seven-level MMC.

TABLE I
7-KV SiC-BASED MMC SYSTEM SPECIFICATIONS

Parameter Description
Circuit structure 7-level MMC
Operating voltage 7-kV Vy/ 4.16-kV V.
Operating power 1 MVA
Rated current 138 A (RMS)
Rated frequency 1000 Hz
Operating frequency 0~ 1000 Hz
SM capacitor 0.6 mF
Arm inductor 0.13 mH
Rated SM voltage 1160 V
Switching Frequency 1~10kHz

Capacitor ripple tolerance 15%

II. HARDWARE DESIGN AND IMPLEMENTATION

This section presents the detailed hardware design of the
7-kV MMC-based VFD using the 1.7-kV SiC power modules,
including the capacitor selection, SM, arm inductor, and system
integration.

A. System Overview

The power portion of a 4.16-kV/1-MVA high-speed VFD
with 7-kV dc bus voltage is created based on the commercially
available SiC devices. The drive topology is a seven-level MMC
using 1.7-kV power modules for the SM design. Fig. 2 shows the
MMC circuit configuration, and Table I lists the overall system
requirements and specifications.

For the MMC circuit shown in Fig. 2, each arm consists of six
SMs and an arm inductor. With a total bus voltage of 7 kV, the
operating voltage of each switch is around 1160 V, which allows
for a margin of 30% of the maximum voltage. In the following
discussion, V. is the input dc voltage and v,; (j = a,b, ¢) is
the output voltage of phase j. Likewise, 4, is the corresponding
output current of each phase. The upper and lower arm voltages
are expressed as v,,; and v,,;, where the p and n denote the upper
(positive) and lower (negative) arms, respectively. i,;, i,;, and
i,; are the upper arm, lower arm, and circulating currents of
Phase j, respectively. L, and R,,p, are the arm inductance and
resistance. Vcap is the SM capacitor voltage.

Most existing MV motor drives are normally operated at
low-speed range (<=3600 r/min) [5]. A mechanical gearbox
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TABLE II
COMPARISON OF THE EVALUATED 1.7-KV SiC POWER MODULES

Manufacturer Part Number Current 3"5(502% T max
Wolfspeed CAS300M17BM2 225 A 8 mQ 150 °C
GeneSiC GA100JT17-227 160 A 10 mQ 175°C
Rohm BSMO015A 250 A 8 mQ 175°C

is needed to increase the speed of the load. If a high-speed drive
(>10 000 r/min) is directly integrated with the load, the gearbox
can be removed, resulting in the significantly improved system
efficiency and power density. Thus, the high-speed electric ma-
chine drive is preferred in the next-generation drive applications.
This article considers the operating frequency from 0 to 1000 Hz,
corresponding to a 30 000/15 000 r/min high-speed machine with
two/four-pole pairs.

B. SiC Device Selection

A comprehensive device evaluation was conducted to select
the best candidate among all of the available 1.7-kV SiC devices.
Three power modules were tested, and their information is listed
in Table II. T} 1.« Tepresents the highest junction temperature.
Among the investigated SiC power modules, BSM0015A shows
excellent electrical performance, lower thermal impedance, and
higher junction temperature. The parasitic inductance is only
13 nH, which is preferred by the high-speed switching. Accord-
ing to the converter power rating, the designed MMC needs
36 SMs for three phases. Under low-frequency operation, the
highest current stress for each SM is around 140 A rms, which
matches its capability very well. Thus, BSMOO15A is selected
and used in the 4.16-kV/1-M VA high-speed VFD prototype.

C. Capacitor Sizing With SiC Devices

The SM capacitor selection for MV VFDs is different from
the HVdc applications due to the variable frequency nature
of the drive. The worst scenario is at low frequency, such as
1 Hz. By injecting a feedforward common-mode voltage and
controlling the resulting circuit current [14], [15], the capacitor
voltage ripple can be minimized for a given capacitor value. The
arm energy fluctuation AE in one period of the common-mode
voltage for the upper arm is derived in (1), the relationship of
capacitor voltage ripple Vyipple and common-mode voltage Veom
refers to [6], which is obtained in (2) as

T,
AE = / Upj 'ipj dt
0

T
s (1
= 7Vdc — Vo5 — vcom)

1
X (ZZ (UCOm7'Uoj7 VdC7ioj) + ZZOJ) t dt (])

eripplc

Ts . . .
_fO (%Vdc*voj *Ucom) (ZZ (Ucom, Uoja Vdm loj)+ %Zoj) t dt
C(sub . Vdc

2
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Fig.3. Relationship of the common voltage frequency and the SM capacitance.
The load frequency is 1 Hz with the full load current (138 A) and Vyipple =
10%.

where 7T, represents the period of the Vveom-
17 (Veom; Voj, Ve, oj) 1s the corresponding circulating current
reference generated by Veom, Vde, Voj, and i,; [14], [15]. Coup
is the SM capacitance. For the extra low frequency conditions,
Vde, Voj, and i,,; and magnitude of vy, are relatively constant.
Thus, the common-mode voltage frequency feom brings the
freedom to reduce the capacitor voltage ripples, resulting in
capacitor size reduction.

Fig. 3 illustrates the relationship of the common-mode voltage
frequency and SM capacitance for the 7-kV/1-MVA MMC drive
system. In our design, V. is 7kV with 200 A rated load current in
the amplitude, veom amplitude is 80% of Vq./2 (2800 V), and v,
is negligible compared with v¢.y, at extra low frequencies. For
the traditional Si devices in the MV applications, the switching
frequency is normally less than 1 kHz due to the switching losses
and thermal concerns [4]. If the acceptable control accuracy
(< = 1/10 of carrier frequency f.) is needed for v¢oy, and i, the
common-mode voltage frequency fon, is dramatically limited
[15]. The SM capacitance is obtained when the capacitor voltage
ripple is kept approximately 10%, and sine wave injection is
used. The f,,., with the conventional Si-based MMC is generally
less than 200 Hz. For example, 45 Hz in [15], 100 Hz in [14]
and [16], and 200 Hz in [17]. Thus, the capacitor size reduction
will be limited by the f.y, in the Si-based solution.

The MMC in this article takes advantage of the fast-switching
characteristics of the SiC devices to reduce the SM capacitor
size. By using much higher switching frequency (>2 kHz)
and common-mode voltage frequency (>200 Hz), the capaci-
tor size can be reduced significantly compared with Si-based
MMC. This article uses 4 kHz switching frequency with the
400 Hz injection frequency. Thus, the required control accuracy
(feom = 1/10 f..) is still satisfied. In Fig. 3, the SM capacitance
is reduced to 0.6 mF. It becomes one-fourth and half of Si-based
MMCs with the f.on, of 100 and 200 Hz, respectively. Thus, the
overall MMC volume/weight can be reduced, resulting in dra-
matically improved power density than the traditional Si-based
solution.

D. SM Design

To provide strong common-mode transient immunity (CMTI)
and 7-kV differential mode insulation to the system, a custom
gate drive topology was designed.
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Fig.4. Driving and sensing circuit design for the SM. (a) Gate driving circuit.
(b) SM voltage sensing circuit.

The two-level gate drive is shown in Fig. 4(a). GND 3 and 4
(marked with a yellow star) are isolated from both SiC device and
the signal source by the isolation components (level I). The gate
drive BM6104FV has a CMTI larger than 100 V/ns with 2.5 kV
isolation voltage, and the isolated dc/dc converter has 2 and 3 pF
of isolation capacitance and 3 kV of isolation voltage. Consid-
ering their isolation impedances, a majority of the common-
mode EMI current will flow through the low-impedance path
back to the input power supplies. The critical ground GND
3 and 4 (gate drive chip primary sides) will be bypassed. By
using this two-level gate drive topology with properly selected
components, the clean and fast switching transients can be
achieved.

For the insulation voltage of the gate driver, two 10-kV
isolated dc/dc converters are used between the housekeeping
power supply and GND 5/6 (level II); the required insulation
value is half the dc bus, i.e., 3.5 kV. Optical fiber logic signals
are adapted to transmit the gate signals. Thus, the strong insu-
lation voltage between the high-voltage side of the gate driver
connected with the power module and the low-voltage side with
the housekeeping power supply is realized.

Fig. 4(b) shows the SM voltage measurement circuit with
isolation between the measurement and the gate driver stage.
An isolated closed-loop Hall effect sensor is used to measure
the SM voltage. The output of the sensor is fed to a sig-
nal conditioning circuit and then read by a microcontroller.
Finally, the SM voltage signal is transmitted via a universal
asynchronous receiver/transmitter through optical fibers to the
field-programmable gate array (FPGA).

The gate driver and sensing boards are shown in Fig. 5(a).
The structure of the SM gate driver and measurement circuits
is achieved using a two-printed circuit board (PCB) stack. The
top PCB contains the power supplies, voltage sensor, and con-
ditioning circuit. The power supplies are isolated to minimize
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Fig. 5. SM physical structure. (a) SiC MOSFET with the driving and sensing
boards. (b) Assembled SM.

the cross coupling within the module itself. The bottom PCB
contains the gate driver circuits and protection circuits.

Fig. 5(b) illustrates the SM assembly with all the associated
components installed. The SM capacitor is 0.6 mF with 1.6-kV
voltage rating. Each power module has its own active cooling
fan attached to the heat sink. The power module structure so
designed allows very easy integration of the SM capacitor.
Finally, all of these elements are installed in a high-insulation
fiber-glass frame (13 cm x 16 cm X 40 cm) for side-by-
side stacking to easily connect all SMs in each phase leg in
series.

E. Arm Inductor Design

For the MMC-based VFD, a low arm inductance is preferred
to minimize the size and cost of the arm inductors. However, the
smaller arm inductance induces high control error and ripples in
the circulating current. In our design, the allowable current ripple
is set to 15% of the maximum circulating current magnitude as
the boundary. We choose a relatively large current ripple (15%)
to minimize the arm inductor size and the circulating current is
still under good control. Besides, the circulating current error
will not go the load side.

Fig. 6 shows the relationship between the circulating current
ripple and the arm inductance. The maximum circulating current
magnitude at low frequency is around 250 A. By repetitive
running the simulation, the circulating current ripple is reduced
from 100 to 8 A with the increase of the arm inductance from 0.05
to 0.35 mH. The minimized arm inductance is approximately
0.11 mH, which satisfies the 15% current ripple limitation. In
the hardware implementation, a relatively larger arm inductance
0.13 mH is designed. It is realized by a coupled inductor for each
phase, with the self-inductance 70 ¢ H and the mutual-inductance
60 pH.

The coupled arm inductor is shown in Fig. 7(a). Coupled in-
ductors provide around four times the self-inductance compared
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with none coupled one. Large inductance is needed for sup-
pressing circulating currents in the high-frequency mode while
simultaneously not affecting the three-phase currents through
ac loads [20]. Moreover, appropriate core material should be
selected; in [24], a comprehensive core materials comparison
for the high-voltage high-frequency applications is presented.
According to the comparison, amorphous core materials are
selected due to their high saturation capability (up to 1.56 T),
high permeability, and moderate core loss in high-frequency
operation. To optimize the inductor loss as well as its power
density, a parametric study was conducted. Then, a thermal
model of an optimal candidate was built based on the exper-
imental results. Using the results from finite-element analysis
(FEA), a potting plus extruded fin heatsink cooling method was
adopted to provide satisfactory cooling for the arm inductor.
Fig. 7(b) shows the thermal analysis of the arm inductor. In the
analysis, the ambient temperature is set to 30 °C, and the power
losses on core and winding are set to be the maximum values in
operation. The result shows that the maximum temperature of
140 °C occurs in the middle of the core, below the maximum
allowable core temperature of 150 °C.

F. System Integration

For system integration, three critical aspects are considered.

1) Sufficient insulation is required due to the 7 kV MV
operation condition.

2) The designed system provides sufficient cooling to ensure
that all the components are operated in their safe thermal
region.

3) The overall tower size is less than 1.5 m3with the power
density greater than 0.67 MVA/m?, two times the power
density compared with the traditional Si-based MV VFD
[5].
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Fig. 8. Design of the three-phase seven-level MMC system integration.

A compact 95 cm x 70 cm x 180 cm MMC system frame
is designed and built, as shown in Fig. 8. The overall volume
is 1.2 m?, 20% smaller than the design target. The designed
frame integrates all the parts in eight layers. The upper-arm
SMs are placed on the Layers I through III, while the lower-
arm SMs on Layers V through VII. Each layer placement is a
single-phase arm, containing six SMs placed side-by-side. The
middle layer, Layer IV, holds the power distribution box and
the three arm inductors. The power distribution box contains a
36-channel isolated power supply, providing power to the gate
driver and sensing boards in each SM. Additionally, all the arm
and load current sensors are placed on the middle layer. The
bottom layer, Layer VIII, has the controller box. It contains
the custom-designed control board containing a digital signal
processor (DSP) and FPGA, and the fiber optic distribution
board. SMs in each arm are connected electrically with the
copper bus bar and each arm is connected using 400-A 10-kV
isolated cables.

FEA thermal analysis is conducted to study the cooling effect
of the designed system under the full-voltage and full-current
condition [25]. Results show the proposed compact system
design, containing all the SMs and arm inductors, can operate
in the safe thermal region.

Four critical steps are taken to achieve sufficient insulation
strength of the MMC prototype.

1) Both the system and the SM frames are made of fiberglass.
The frames can provide strong mechanical strength and
realize the insulation voltage strength >15 kV. Thus, the
isolation between each SM and each layer is achieved.

2) For each SM, all the pulsewidth modulation (PWM) and
fault signals are transmitted via optical fibers, resulting in
the optical isolation between the controller board and the
high-voltage SMs.

3) Power of the gate drivers and sensing boards of the SM is
transferred via the 10-kV isolated dc—dc converter. Thus,
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the 10 kV isolation voltage of the drivers and sensing
boards to the ground is realized.

4) For the arm inductors, they are designed and tested with the
isolation strength at 10 kV without any partial discharge.
Thus, the overall system is designed with the 10-kV iso-
lation capability.

Fig. 9 shows the view of the full-scale SiC-based MMC proto-
type, with the one-to-one scale between the overall system and
each individual component. The overall prototype consists of
36 SMs and 3 arm inductors, forming the three-phase seven-level
MMC. The output terminals are connected to the high-voltage
inductive load. When the MMC prototype is fed from a 7-kV
input dc power supply, 4.16-kV rated line ac voltage can be
generated. Thus, the 7-kV V4./4.16-kV V,. SiC-based MMC
prototype is established.

III. CONTROL SCHEME AND CONTROLLER HARDWARE

A. Proposed Control Scheme

The control scheme proposed needs to consider wide oper-
ational conditions, including the output ac voltages, currents,
and frequency range from O to 1000 Hz. A fast and robust
dynamic response is also required along with the robust and
high-performance output currents in the steady state.

The proposed control scheme is illustrated in Fig. 10. The
MMC controller has two closed current control loops: the load
current loop to deal with the output load current and the circu-
lating current loop for the purpose to balance the SM capacitor
voltages and minimize the SM conduction losses. The voltage
commands required by the load current and circulating current
control determine the upper- and lower-arm voltages. Phase-shift
PWM is used to determine the inserted SM numbers from each
arm, while the optimized capacitor sorting algorithm is adopted
to balance the capacitor voltages [6], [18].
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In terms of the output frequency, the overall control scheme is
divided into two control modes: low- and high-frequency modes
(LF and HF mode). In the design, we define 15% of the base fre-
quency (150 Hz) as the transition frequency between modes. In
the LF mode, a 400 Hz common-mode current is controlled with
a common-mode voltage to maintain a healthy voltage status on
all of the SM capacitors [13]-[15]. The injected common-mode
voltage and current are controlled in sine waveform for the
smallest di/dt and dv/dt so that we can significantly reduce the
EMI noise to the control hardware.

The injected common-mode voltage reference vcom.ref and
circulating current reference i ,.o¢ are derived in the following
equations:

VUcom.ref = _\/i‘/comSin(wcomt) (3)
1 202 V4 ) Vo.refl

i 7 et = —=— | —2L © ) dosin(weomt) + ——2
Zoxel \/ivvcom ( VdC 2 ( ) Vdc

“)

where weon 1s the angular frequency of the common-mode

voltage.

In the HF mode, a challenging issue identified and addressed
is the circulating current oscillation [26]. Without proper control,
a huge circulating current can occur when the MMC operates
near the resonant frequency. Thus, we apply the circulating
current suppressing control to minimize the unnecessary circu-
lating current close to zero. Damping out the circulating current
oscillation, the MMC VFD achieves much-improved reliability
and reduced losses for the system.

In HF mode, the common-mode voltage and circulating cur-
rent references are determined by

Vcom.ref = 0 (5)
Z‘Z.ref ~ idc/g (6)

where iq. is the input dc current.

The designed prototype MMC selects the common-mode
voltage magnitude as 80% of V4./2. This is because, based on the
constant V/f control principle for the variable frequency motor
drive applications, the required output voltage in low-frequency
mode is <15% of the rated ac voltage. Thus, we have a sufficient
voltage margin for the common-mode voltage generation at
400 Hz. A frequency of 400 Hz is chosen because the carrier
frequency f. is 4 kHz, so having a value that is one-tenth of f.
isreasonable [15]. To avoid transient while switching the modes,
the transition mode is made gradual in a window from 150 to
200 Hz, during which the common-mode voltage and circulating
current commands are smoothly transitioned.

B. Control Hardware Design and Implementation

To implement the proposed control scheme, a controller board
is designed, as shown in Fig. 11, with the features of compact
size, advanced functionalities, and very fast execution time.

As shown in the figure, the controller board consists of a
DSP, an FPGA, conditional signal circuits, and an isolated
communication interface. The DSP (TI TMS320F28379D) im-
plements the load current control, circulating current control,
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arm voltage generation and human-machine interfacing. The
FPGA (ALTERA Cyclone IV EPACE40F29C8N) receives the
arm voltage command from the DSP and implements the PWM
algorithm and outputs 72 gate signals to the SMs via optical
fibers. The FPGA also executes the SM voltage sorting and
balancing algorithms by receiving the measured capacitor volt-
ages and any fault signals from the SMs (36 total). The signal
conditioning circuits are designed to receive the current sensor
signals and send them to the DSP. The isolated communication
interfaces are realized by a serial controller area network (CAN)
interface port. The overall master control commands of the DSP
are received from the operator’s PC through the DSP CAN port.
With the developed controller board, a control scheme for the
MMC prototype is realized. The measured execution time for
one cycle of the proposed control scheme is less than 20 us or
at a frequency of 50 kHz.

IV. POWER LOSS ANALYSIS

Based on the proposed control scheme, the breakdown power
loss of the full-scale MMC prototype is modeled and studied.
The switch device considers the same voltage and current rating
but with different materials: Rohm 1.7-kV 250-A SiC power

module (FF300R17KE4). The calculation method refers to the
articles presented in [27] and [28]. The conduction loss of each
device is computed from the current and the saturation voltage
of the devices, and the average conduction loss is calculated
for a fundamental cycle. The switching loss of the devices
is calculated from the switching frequency and turn-ON/OFF
energy. Finally, the total power loss of the inverter is obtained
from adding the switching loss and the conduction loss of all
devices.

Fig. 12 shows the breakdown power loss analysis for the
Si-based and SiC-based MMCs. The calculated condition is
based on the rated load current and rated frequency with the full
dc bus voltage. P.,,, and P, represent the total conduction loss
and switching loss, respectively. Three switching frequencies (1,
2,and 4 kHz) are studied and compared. As shown in Fig. 12, the
total calculated power loss based on the SiC devices at 4 kHz
is around 5.06 kW. By contrast, the Si-based MMC could be
as high as 22.46 kW. The reason is that the high-voltage Si
device has much larger turn-ON and turn-OFF energy and ON-state
resistance. The increase of the switching frequency significantly
induces higher switching loss for Si devices. Even Si-based
MMLC is operated at 1 kHz, and the total loss could be higher
than that of Si-based MMC at 4 kHz. It is because the conduction
loss of the Si-based MMC is dominant. Thus, MMC based on
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Variable frequency operation from 0 to 1000 Hz with the rated output

SiC devices present great potential to reduce the system power
loss compared with the Si solution.

V. SIMULATION ANALYSIS

To simulate the constant torque and variable speed operation
condition as a motor drive, this article has tested the variable
frequency operation of the control method from O to 1000 Hz
with the full current. Fig. 13 shows the simulation results, start-
ing from 0 Hz at 0.05 s and ramping up to 1000 Hz with a ramp
rate of 2000 Hz/s. Iy, Veap, 1=, and I, represent three-phase
output currents, Phase-A capacitor voltages, Phase-A circulat-
ing current, and Phase-A upper-arm current, respectively. It is
evident that no instability issue is observed for the capacitor
voltages and the arm currents for the full-frequency range and
the load current is controlled to the rated value. In detail, all
the capacitor voltages are stabilized, with fluctuations smaller
than 10% of their nominal values. The injected circulating
current is gradually reduced during the transition mode. Thus,
the control method can be effectively applied in the developed
MMC prototype for the full-frequency operation.

The load current total harmonic distortion (THD) theoretical
analysis has been studied by the simulation. We consider the
rated output frequency at 1000 Hz with 200 A rated current. The
target is to keep the load current THD less than 2%. Thus, we
can establish the converter prototype with a high-quality output
current. Fig. 14 shows the relationship between the load current
THD and switching frequencies. It is easy to observe that 4 kHz
is the minimal frequency to satisfy 2% THD target. Although
higher switching frequency (>4 kHz) can suppress THD more,
it will induce high switching losses. That is why we do not use
a higher switching frequency.

VI. EXPERIMENTAL ANALYSIS

To examine the performance of the SiC-based MMC proto-
type with the proposed control scheme, extensive experimental
tests are conducted on both the single SM and the full-scale
MMC system. To be noted is that the reactive power and the
inductive loads are used to test the prototype’s full voltage and

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 35, NO. 10, OCTOBER 2020

6.00%

5.00%

S
= 4.00%
a
g
= 3.00%
g 2.00% Target <2%
U o o

1.00% \\‘\‘\‘

0.00%

0 2 4 6 8 10 12
Switching frequency ( kHz)
Fig. 14. Relationship of the switching frequency and output current THD at

the rated frequency.

current capabilities, and frequency range from O to 1000 Hz.
While being tested with the inductive loads, the MMC proto-
type will experience the equivalent voltage and current stress,
resulting in the same 1-MVA apparent power. Meanwhile, no
1 MW real power will flow through the connected utility grid.
The switching frequency is set to 4 kHz, resulting in the effective
system PWM frequency of 24 kHz.

A. Single SM Test

The SiC MOSFET with the designed driving board in the SM
is tested first to investigate its switching and current protection
functions. Fig. 15(a) and (b) illustrates the turn-ON and -OFF
transients under the full voltage (1.2 kV) and full current (300 A)
conditions. Vg, Vg5, and I; represent the gate-to-source voltage,
drain-to-source voltage, and drain current, respectively. It is
easy to notice that the SiC MOSFET can be turned ON and OFF
successfully at the full voltage and current. The rising and
falling time is approximately 90 ns and 80 ns, respectively. The
maximum dv/dt reaches approximately 15 kV/us. Hence, the
results in Fig. 15(a) and (b) validate the single SM controlled
successfully with a very fast switching capability.

Fig. 15(c) demonstrates the functionality for short-circuit
protection with the designed driving board. A short circuit is in-
tentionally imposed for the tested device in the SM at 1200 V. As
Fig. 15(c) displays, the SiC MOSFET is turned OFF and protected
at 600 A within 1.2 pus. Thus, with the driving board design in the
SM, the SiC power module has a strong over-current protection
capability.

B. Full-Scale Three-Phase MMC Test

This section extensively examines and verifies the steady-state
performance of the established prototype at the full dc voltage,
full load current, and full-frequency range. The tested dc bus
voltage is 7 kV and the load current 138 A rms. Fig. 16 illus-
trates the experimental results in low-frequency mode. Here,
the examples used are 0, 10, and 50 Hz. Fig. 17 shows the
results in the high-frequency mode; 400, 600, and 1000 Hz
are the tested cases. Hence, the full-frequency range from O to
1000 Hz is covered. Results in Figs. 14 and 15 demonstrate that
the established MMC prototype can successfully operate from
0 to 1000 Hz with the rated dc bus voltage and load currents
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required. Especially, the prototype can operate very well at 0 Hz
condition without any instabilities.

Fig. 18 illustrates the detailed waveforms of the capacitor volt-
age and the arm current at low frequencies. The tested frequency
is 10 Hz, with 400 Hz common-mode voltage injection. Results
show that the capacitor voltage is stabilized around 1.15 kV
with ripples less than £11.5%. The peak circulating current
reaches around 350 A, but the RMS value is around 140 A,
which is far less than the current limitation of the selected SiC
devices. Similar waveforms can be observed for the rest of the
frequencies in the LF mode, which is not repeated here. Thus,
the experimental results in Fig. 18 validate the capacitor voltage,
and the arm current is under well control at low frequencies.

Based on the steady-state results, the load current THD and
the SM capacitor voltage ripples are further analyzed and results
are shown in Fig. 19. The current THD for the full-range ac
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frequency is less than 2% for all cases tested, which matches the
simulated result very well. At the base frequency (1000 Hz) is
only 1.24%. The capacitor voltage ripple is within =12% for the
full-frequency range with 100% base load current. Due to the
circulating current control, the excessive voltage fluctuations at
low frequencies, such as 10 Hz, are minimized. Results in Fig. 19
verify that not only does the established MMC prototype has an
excellent performance in the load current harmonics but also
the strong balancing capability of SM voltages for the entire
frequency range.

Itis proven that the higher switching frequency enables a high
injection frequency (400 Hz) to not only minimize the SM size
but also the load current harmonics, even at the fundamental
frequency (1000 Hz). Using the described topology and control
scheme, the designed MMC meets successfully the targets of
both load current THD and SM capacitor voltage ripple targets.

We also investigate the dynamic performance of the estab-
lished MMC prototype. Fig. 20 shows the results when a large
current step change is applied. The tested dynamic performance
results are shown at 200 Hz in Fig. 20(a) and 1000 Hz in (b),
where the commanded current step change is 50% of the base
current, from 50 to 150 A peak. The results verify that the
MMC prototype achieves a very fast dynamic response to the
command, in less than 1 ms. During the transition, no stability
issue is observed on the load voltage and current. Hence, the
results in Fig. 20 demonstrate the fast and robust current dynamic
capability of the MMC prototype.

C. Tested Power Loss and System Efficiency

The power loss of the semiconductors in SMs is calculated at
the rated operation. The frequency is 1000 Hz with 200 A load
current. The thermocouples are placed on the case surface of the
power modules. Fig. 21 shows the temperature measurements for
about 45 min. In the figure, the rated operation starts after 5 min,
and lasts for 40 min until the thermal steady state is reached.
The hottest SM is close to the arm inductors in the middle layer,
which experiences a less-effective cooling effect. The coldest
SM is located outside far away from the coupled inductors.
The recorded temperature rise in the hottest and coldest SMs
is 45.3 °C and 33.7 °C, respectively. The temperature inside the
MMC tower rises by 7.1 °C.

The hottest SM is considered as the representative one in the
power loss calculation. The power module loss is calculated from
the temperature curves and the thermal resistance, as shown in
the following equations [29]:

_ ATcase - A,Tambient
Rth,c%hs + Rth,hsﬁa
o 45.3°C —17.1°C
~0.035°C/W +0.20°C/W
ATjunction = AT bient + (Rthyjﬁc + Rth,c%hs + Rth,hs%a)
Pd - 59900 (8)

Py

=1625W (1)

where Py is the power module loss, Rihj—c, Rin,c—hs, and
Rinns—a are the thermal resistances of the junction to case
surface, case surface to heatsink, and heatsink to ambient,
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respectively. Their values are 0.09°C/W, 0.035°C/W, and
0.20°C/W, respectively. ATase, ATambients and ATjunction
are the temperature rise in case, ambient, and junction tempera-
ture. Thus, the semiconductor loss for each SM is approximately
162.5 W, and the junction temperature of the SiC device is around
86 °C for the rated operation based on the calculation.

Table III lists the power loss distribution of semiconductors,
capacitors, and arm inductors. The capacitor loss is calculated

Experimental results for the SiC-based MMC in high-frequency mode. (a) 400 Hz. (b) 600 Hz. (c) 1000 Hz. Half dc bus voltage (0.5 kV/div), line voltage

TABLE III
L0ss CALCULATION OF THE 7-KV SiC-BASED MMC

Single (W) Number Full-scale system (W)
Power modular loss 162.5 36 5850
Capacitor loss 10 36 360
Arm inductor loss 83.4 3 241
Total loss / / 6451

based on the equivalent series resistance (2.2 m{2) and the bleed-
ing resistor (400 kS2), and the arm inductor loss is obtained from
the FEA. Results in Table II show the estimated total power
loss of the developed prototype is around 6.45 kW, resulting
in 99.35% system efficiency for at the rated frequency and the
output current condition. The tested power device loss matches
well with the analyzed value in Section IV. For the equivalent
4.16-kV/1-MVA commercial motor drive systems, the reported
peak efficiency is approximately 98% with 20 kW losses [5].
Thus, the developed MMC prototype can significantly reduce
power losses and improve efficiency.

D. Volume and Power Density

For the next-generation MV megawatt VFD development, one
critical aspect is the dramatic volume reduction compared with
the existing traditional Si-based technology. For the designed
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and tested 7-kV SiC-based MMC prototype, the total volume is
only 1.19 m?. Hence, the calculated power density and footprint
are 0.85 MVA/m? and 0.75 m*/M VA, respectively. Fig. 22 shows
the comparison results with the baseline of the traditional MV
Si VFD from the U.S Department of Energy [4], [5]. It is clear
that the volume of the SiC-based VFD prototype can be 75%
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smaller, resulting in the 325% power density compared with the
baseline. The footprint of the established VFD is also reduced
by approximately 50%.

VII. CONCLUSION

This article presents the design and development of a 7-kV
dc bus, I-MVA MMC prototype using 1.7-kV SiC MOSFETs for
high-speed MV VFDs. The implementation of the SiC devices
can dramatically increase the common-mode voltage frequency,
resulting in over 50% capacitor size reduction without com-
promising the system performance compared with the Si-based
solution. Validated by the experimental results, the SM and
MMC with the proposed design can successfully operate at
MYV high-power conditions. Especially, the single SM realizes
fast switching and strong overcurrent protection effectively. The
full-scale MMC prototype has a wide operation frequency from
0 to 1000 Hz, and extra low harmonic performance of <2%.
Besides, the designed prototype can achieve a large and fast
current dynamic demand without any instability issues.

The analyzed switch power loss is matched well with the
tested result, and the tested system peak efficiency is approx-
imately 99.35%. Compared with the traditional Si-based MV
VEDs, the developed SiC-based MMC prototype achieves 75%
volume reduction, resulting in 325% of the power density
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compared with the baseline. Thus, with the proven excellent
testing performance and reduced volume, the developed MMC
prototype can significantly advance the next-generation MV
VFD technology based on the up-to-date WBG devices.
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