ABSTRACT

ACHARYA, SAYAN. Design and Control of Power Converters for Medium Voltage DC Applications
Enabled by Medium Voltage SiC-MOSFETs. (Under the direction of Dr. Subhashish Bhattacharya).

In this thesis, several design and control aspects of a medium voltage (MV) power converter
for MV DC applications is investigated. The converter system is designed with the latest
generation high current SiC-MOSFET modules which can provide significant advantages
over currently standardized Si-IGBT based systems. Furthermore, 10 kV SiC-MOSFET power
modules are utilized to simplify the system architecture. Use of these devices eliminate the
need for complicated multi-level converter structures for MV applications and thereby, provides
significant benefits including higher reliability, lower system footprint, higher power density,
etc.

The advantages of DC transmission systems are illustrated compared to the AC transmission
systems. Thus, multi-terminal DC systems (MTDC) are being adapted for bulk power transfer
around the world. These systems can enable the integration of multiple renewable energy
sources which are located far from the load centers. Moreover, failure of one terminal does not
interrupt the power flow in the whole system as the lost power can be rerouted through the
other transmission lines. The operation of a voltage source converter (VSC) based four terminal
MTDC system is first demonstrated which shows promising performance. However, VSC based
systems are prone to DC short circuit faults and thus high-speed DC circuit breakers are needed
which are not yet commercially available. In this work, a fault protection scheme has been
proposed which can protect the individual terminals without any expensive DC circuit breakers.
Furthermore, a scaled-down version of the four terminal MTDC system is demonstrated in a
unique real-time simulation platform which uses interconnected RTDS and OPAL-RT system.

Rest of the thesis work revolves around the design and control aspects of power electronic
converters which can be the building block of one of the terminals within an MTDC system. The
design is targeted for MV application which can integrate multiple AC as well as DC grids. In this
particular work, a converter topology is proposed which can interconnect three-phase 4.16 kV
AC grid to 480 V AC grid with galvanic isolation. The detailed system design is presented.

The converter system utilizes SiC-MOSFET based power modules which operates with
high dv/dt and di/dt. This can cause unwanted voltage and current overshoots during every
switching transients which can limit the operating range of these converters especially when the
margins are very limited. In this thesis, an active gate driver is proposed which can intelligently
modulate the gate resistance during the switching transients. This can provide control over the
voltage can current overshoots of the individual devices and thereby, the operating range of the

converter can be maximized.



Currently, the power blocks based on the high current Si-IGBT are widely used in the
industry. However, the introduction of high current SiC-MOSFET based power modules can
replace these IGBTs which can provide significant performance benefits. Thus, a thorough
comparison is carried out to quantify the advantages of the SiC-MOSFET based power blocks
over the IGBT based system which are of similar specifications. To normalize the comparison,
it is assumed that only the power modules are replaced without altering any other system
components. The analysis shows that the SiC-MOSFET based power block can operate at
higher switching frequencies which can reduce the filtering requirements and thereby, system
footprints. In addition, the thermal performance of both the power blocks is carried out when
both the systems are subjected to low fundamental frequency operations for wind power
applications. At these operating conditions, the junction temperature of the power devices can
have significantly high-temperature ripple which can degrade the power module reliability. It
is found that the SiC-MOSFET modules have lower junction temperature ripples compared to
the Si-IGBT when operated at the same conditions. Therefore, it can be concluded that the
SiC-MOSFET based system will have higher expected lifetime compared to the Si-IGBT based
counterpart.

The thermal management system (TMS) of any power converter system plays a crucial role
to ensure system reliability for a long period of time. The SiC-based power devices usually
have a lower chip area which provides challenges to extract the waste heat from the individual
devices. In this thesis work, a thermosyphon based TMS is presented which can effectively
take out heat from the devices. This system does not have any moving mechanical parts which
further increases system reliability. The performance of this TMS is thoroughly investigated
with laboratory experiments. Both the transient as well as the steady state performance of the
TMS is quantified to extract the equivalent thermal impedances. Moreover, a detailed thermal
model of the TMS along with the individual SiC-MOSFET modules is presented which can be
used to estimate the junction temperatures in real time. This can be particularly useful for the
systems where direct access to the device junction temperature is not available. The model
parameters are estimated from the experiments.

The high operating dv/dt of the SiC-MOSFET can cause significant current spikes through
the system parasitic capacitances which can cause an increase in devices losses. This problem
is pronounced for the 10 kV SiC-MOSFET based power converters which use LCL filters to
interface with MV grids. The parasitic capacitances of the inverter side inductors can provide a
path for the high-frequency components which flows through the power devices. It is desired to
reduce these spike currents to reduce the operating losses of the system. A suitable solution
has been proposed to limit these currents. The method is substantiated by simulation as well
as experimental results.

Finally, the system stability of the cascaded converter stages (MV AFEC and DAB) is



investigated for the MV parts where the intermediate DC bus is built with a low value of
capacitances. Detailed system models of MV AFEC and DAB are derived. This can help to
design the control parameters of both the stages for closed loop operations. Furthermore, the
equivalent input/output impedance model of the interconnected system is established. The
stability criteria state that the input impedance of the MV DAB stage should be much higher
than the output impedance of the MV AFEC. Based on this criteria, the system parameters are
designed to ensure the system stability for the entire range of operation. Thorough simulations

are carried out to verify the presented analysis.
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Chapter

INTRODUCTION

1.1 Background

Establishing an interconnected DC network for the transmission of electricity is not something
completely new. Thomas Edison patented the rst DC electric distribution system at the back
end of 19 " century which was aimed at wide spreading the use of his most decorated invention,
the electric lamps. However, the DC transmission lines were designed at low voltage levels which
were not e cient due to its voltage drops. It was essential to move to higher voltage levels to
make the power distribution system more e cient. At that time the generating stations were
designed with DC machines which had its problems for high voltage applications. On the other
hand, the AC transformers were invented around the same time frame which made the stepping
up the voltage levels feasible. AC transformers enabled power transmission at high voltages and
thereby, improved the transmission e ciency signi cantly. Thus, the AC transmission system
prevailed as a choice of power transmission system at that time. Fig. 1.1 shows a typical high
voltage AC transmission towers in an high voltage AC (HVAC) transmission system [1].
However, the e orts for development of practical DC transmission have continued since then.
By mide1950s, high voltage mercuryearc valves were made feasible technically and commercially.
This led to the rst practical installation of High Voltage DC (HVDC) transmission system
in Sweden, in 1954, to connect the mainland with the island of Gotland through a subsea
cable that used ground return for a distance of approximately 100 Km. The HVDC system
was rated at 20 MW with 100 kV [ 2]. The following decades saw a lot of investments on
research and development for the HVDC systems. Advancements in power semiconductor
switches produced thyristors in 1956 and consequently, improvements were made. In the early
1971s, thyristor valves were substituted the mercuryearc valves for new HVDC applications
[3]. Subsequently, current source converters (CSCs) were invented for HVDC applications.
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