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Abstract

Index Terms: SiC MOSFET, SBD, double-pulse test, half-bridge, parasitic induc-
tance, parasitic capacitance, reverse recovery, switching loss, junction temperature,
analytical loss model, calorimetric measurement, on-state voltage measurement, ac-

tive thermal control, inverter-based resource.

SILICON carbide MOSFETSs are increasingly being accepted in the power elec-
tronics sector because of their exceptional physical and electrical properties, allowing
them to function at higher switching frequencies. The increased switching transi-
tion rate and higher switching frequency of the SiC MOSFETSs result in a greater
influence of the circuit’s parasitic elements on the switching profiles, leading to a
considerable impact on the switching losses. Hence, precisely estimating the switch-
ing losses continues to be a challenging task. Further, loss estimation often aims to
find the safe operating limit for power semiconductor devices as it remains the ma-
jor design limitation; therefore, this also necessitates a simple yet accurate thermal

model to estimate the junction temperature.

Therefore, this thesis begins with the motivation for modelling the switching
loss of the SiC MOSFETs. Two often employed bridge leg configurations in power
electronics are the Diode-MOSFET and MOSFET-MOSFET structures. This the-
sis primarily focuses on the latter arrangement to develop a loss model based on
datasheet parameters, aiming to estimate temperature-dependent switching losses
resulting from the reverse recovery charge of the anti-parallel body diode in SiC
MOSFETs. In addition, the developed model considers the parasitic components’
effects, allowing for a comprehensive knowledge of the switching characteristics of
the SiC MOSFETSs in various operating conditions. Subsequently, the accuracy of
the proposed loss model has been verified by comparing its result with the state-of-

the-art double pulse test and calorimetric test results.

In terms of junction temperature estimation, direct measurement is not prac-
tical, and indirect non-invasive methods such as temperature-sensitive electrical
parameters-based measurement techniques require substantial effort in building and

calibrating the sensing circuits. Therefore, an electro-thermal model has been de-
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veloped, where an RC network-based thermal model has been implemented, which
takes the power loss data from the developed loss model and iteratively returns the
junction temperature. The effectiveness of the proposed method has been demon-
strated by comparing its results with the conventional and on-state drain-source
voltage measurement-based TSEP estimation techniques on a 10kW three-phase

interleaved boost converter.

Subsequently, the opportunity to increase the kVA limit of a power electronic
converter without breaching the safe operating limit of the junction temperature
through the active thermal control technique has been explored. Wherein the ap-
plicability of the earlier discussed electro-thermal model for active thermal control
is also shown. In the presented active thermal control approach, a discontinuous
pulse width modulation strategy, which controls the bus clamp angle according to
the virtual junction temperature feedback for increasing the kVA limit of the grid-
connected inverter-based resources, is discussed. The impact of a system-level cur-
rent controller for the kVA increment has also been briefed. Additionally, the effect
of DPWM on switching losses P, is shown by establishing an analytical relationship

between the bus clamp angle with respect to switching loss.

In conclusion, the main contribution of the thesis regarding temperature-dependent
loss modelling, junction temperature estimation, and control through active thermal
control techniques for SiC converters is summarised, and a brief outlook on possible

future research work is discussed.
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Electromagnetic Compatability
Electromotive Force
Electromagnetic Interference
Equivalent Series Inductance
Equivalent Series Resistance
Finite Element Analysis

Finite Element Method

Gallium Nitride

Inverter Based Resources
Insulated Gate Bipolar Transistor
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Metal Oxide Semiconductor Field Effect Transistor

Neutral Point Clamped

On-State Voltage Measurement Circuit
Printed Circuit Board

Power Electronic Converter

Power Factor

Photovoltaic

Pulse Width Modulation

Root Mean Square

Schottky Barrier Diode

Silicon
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SiC
SOA
SOH
SPWM
SVPWM
TCT
TEC
TIM
TSEP
ViSI
VSC
WBG

Silicon Carbide

Safe Operating Area

State of Health

Sine Pulse Width Modulation

Space Vector Pulse Width Modulation
Transient Calorimatric Test

Thermo Electric Cooling

Thermal Interface Material

Temperature Sensitive Electrical Parameters
Voltage Source Inverter

Voltage Source Converter
Wide Band Gap




Notation

Q@ Clamp angle

) Phase anhgle

p Density

K Thermal conductivity

Te Charge carrier life time

Ty Time constant of decay fall

Aly, Inductor ripple current

AT; Thermal cycling

dl/dt Rate of rise of drain current
dVys/dt,dVy/dt Rate of rise of drain-source voltage
dV,/dt Rate of rise of gate-source voltage
Cp Specific heat capacity

Cur Parasitic capacitance across SiC SBD
Cys Drain-source capacitance

Cya Gate-drain capacitance

Cys Gate-source capacitance

Ciss Input capacitance

C; Parasitic capacitance across body diode
C Parasitic capacitance of the load
Coss Output capacitance

Cout Filter capacitance

Clrss Reverse transfer capacitance

E; Stored energy in the parasitic capacitance
Eos¢ Turn-off energy loss

E,, Turn-on energy loss

E,.. Reverse recovery loss

Eg, Switching energy loss

Ei Total energy loss

fsw Switching frequency

Im Trans conductance

14 Direct axis current

iph Phase current

iq Quadrature axis current

1, Drain current

I, Peak gate current

I; Input current

I Diode leakage current

Tivad Load current

L, Peak phase current
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Irr

I:r

ich; Ich
Ic, 1.(t)

ky
Ly,

Ths ) Ts
Tamb ; Ta
‘/dc

V:is

Reverse recovery current

Actual reverse recovery current
MOSFET channel current
Parasitic output capacitance
displacement current
Multiplication factor

DC bus parasitic inductance

Drain lead inductance

Inductive filter per phase

Source lead inductance

Ly+ Lg+ Ly

Modulating signal

Real power

Output power

Conduction loss

Power loss

Switching loss

Reactive power

Total reverse recovery charge including
the capacitive charge

Actual reverse recovery charge
Capacitive charge

Top and bottom device in a half-brige
DC bus parasitic resistance
On-state drain-source resistance
On-state drain-source resistance at 25°C'
On-state drain-source resistance
Gate resistance

Junction to case thermal resistance
Dead-band or dead-time

Turn-on delay time

Turn-off delay time

Case temperature

Junction temperature

Drift region transit time

Heatsink temperature

Ambient temperature

DC bus voltage

Drain-source voltage

Diode forward voltage drop

Offset voltage

Gate threshold voltage

Sensed on-state drain-source voltage
On-state drain-source voltage

Gate plateau voltage

Negative and positive gate voltage




Xix

‘/ina ‘/out
Zn

7-jc

Input and output voltage
Junction to case transient thermal impedance






