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POWER LOSSES OF SILICON CARBIDE MOSFET IN HvDC APPLICATION
Hsin-Ju Chen, M.S.

University of Pittsburgh, 2012

Silicon carbide devices have advantages of higher blocking voltage, lower conduction loss, and
lower low junction operating temperature compared to silicon-based devices. There’s a need for
more efficiency, economic and environmental friendly semiconductor devices for voltage source
converter based high voltage direct current electric power transmission system application. This
thesis compares a high power and high frequency operation of the SiC MOSFET with a
conventional silicon IGBT module with similar power ratings in HVDC applications. An
overview of the silicon carbide technology, power electronics and converter topology are also
included. Two circuits were designed to compare the switching losses of SiC MOSFET with Si
IGBT. The commercial SiC MOSFET QJD1210007 (1200V/100A) and Si IGBT CM100TF-24H
(1200V/100A) were used in this study. PSCAD and Matlab/Simulink models of the devices were
used to analyze the power losses. The models used in simulations are a preliminary evaluation of
the device performance. The following studies were carried out: (i) A comparison between
PSCAD and Matlab/Simulink simulation results for a push-pull converter, (ii) Switching power
loss calculations via Matlab and accurate conduction loss estimation, (iii) and finally an
experimental circuit was built to gather physical measurements to compare with the simulation
results. The SiC MOSFET analytical was verified by comparing simulation with experimental
switching waveforms. Based upon the experimental and analytical results, silicon carbide
semiconductor devices have advantages over silicon IGBT and may replace them for HVDC

applications. This thesis focuses on the simulation and physical circuit analysis.
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1.0 INTRODUCTION

The applications of Si-based power transistors are limited due to low junction operating
temperatures and low blocking voltage per devices. Megawatt power applications require
efficient and high power-density converters that are capable of operating at elevated
temperatures. With the improved performance of wide band-gap power semiconductors, such as
like silicon carbide (SiC), gallium nitride (GaN) and diamond semiconductors, devices
composed of such materials will improve converters 1. SiC switching power devices have been
developed throughout the last decade ) to compliment SiC diodes already available in the
market.

Cree, Inc., a semiconductor manufacturer, has developed new 1.2 kV; 100A Dual silicon
carbide metal oxide semiconductor field-transistor (MOSFET) modules designed for high
efficiency power conversion applications. Cree reported that when compared with a silicon
insulated gate bipolar transistors (IGBT) module of equal rating device operating at a junction
temperature of 150°C and 20 kHz, the SiC MOSFET module has 38% lower conduction loss and
60% lower switching loss. ! The objective of this study was to compare the power losses of a
commercial SiC MOSFET device to Silicon IGBT with a similar power rating. Experimental
measurements were performed on a basic push-pull converter to verify the transistor power
losses. Several software simulations were completed to predict the power loss of SiC MOSFET,

and compare these results were later compared to those from experimental measurements. In



chapter 1, SiC technology is introduced; in chapter 2, semiconductor materials are introduced.
The converter topology is presented in chapter 3; the hardware experiment and measurement are

reported in chapter 4. Chapter 5 contains the conclusions and future work recommendations.

1.1 SILICON CARBIDE STRUCTURE

Power electronic applications in the field of power distribution and transmission systems have
received attention because of their large-scale application. Market restructuring, environmental,
and efficiency regulations in the world have led to innovations in power electronics for electrical
power systems. Utility market restructuring and new regulations are aimed to improve the
existing generation capacity, increase in efficiency, better use of existing plants, and provide

environmentally acceptable ways of power transmission.

A variety of power semiconductor devices like diodes, thyristors, gate turn—off thyristors,
metal-oxide semiconductor field—effect transistors, insulated bipolar gate bipolar transistors
(IGBT), and metal-oxide semiconductor turn-off thyristors (MOSFET) are commonly used in the
power electronics circuits. The need for improved performance of the electronic systems in high
density applications has brought advancement in Si technology. However, Si devices are limited
to operate at low junction temperatures and low blocking voltages. In megawatt power
applications, which require more efficient, lightweight, high-density power converters operating
at high temperatures, the development of wide band-gap semiconductors such as SiC, GaN, and

diamond, are needed %4,



Silicon carbide has some unique properties, which make it a good material to overcome
the limitations of silicon. ¥® The wide band gap makes the device operate at high electric fields,
and the reduction in intrinsic carrier concentration with increase in band gap enables the device
to operate at high temperatures. SiC is a wide band gap semiconductor with high thermal
conductivity, high breakdown electric field strength, high-saturated drift velocity, and high
thermal stability. Therefore, silicon carbide is extremely durable and useful for many high

power, high frequency, and high temperature applications. ™57

However, Silicon Carbide devices have several defects that degrade their performance.
Fabrication is one of the issues. The use of silicon carbide material is limited to small area
devices and cannot extend to large size devices. The major manufacturing defects in silicon
carbide devices are micropipes and screw dislocations. Nevertheless, SiC technology is an
emerging technology and requires significant improvements to the material, device
characterization, and modeling. Research in the material processing and fabrication technology,
SiC has revolutionized the power electronics industry ¢ %13, Cree Co. demonstrated new SiC
MOSFET devices at the APEC 2011 conference. The CMF20120D SiC MOSFET manufactured
by Cree provides significant advantages over silicon devices, enabling unprecedented system

efficiency and/or reduced system size, weight and cost through its higher frequency operation.

9-10]



1.2  SILICON CARBIDE LATTICE STRUCTURE

SiC molecules are made by arrangement of covalently bonded tetrahedral Si and C atoms with
either a carbon atom bonded to four Si atoms or a Si atom bonded to four carbon atoms as shown

in Figure 1.1

Figure 1.1 Tetrahedral silicon carbide structure ™!

SiC has many polytypes, which is made up of equal parts silicon and carbon. Both silicon
and carbon are period IV elements, so they prefer a covalent bonding. Each carbon atom is
surrounded by four silicon atoms, and vice versa. This leads to a highly ordered configuration, a
single crystal, as shown in Figure 1.1. Silicon and GaAs have only one crystal structure; SiC has
several structures.

The activation of parasitic structures of power MOSFET devices can be further divided
into two categories: the activation of parasitic bipolar transistor (BJT) in power MOSFETs and
the activation of parasitic diode in power MOSFETS. These failures can be triggered by different
mechanisms when powers MOSFETS are used in a different harsh environment, such as extreme

transient stress or a high radiation environment.



13 PROPERTIES OF SILICON CARBIDE

The typical properties of various semiconductors are listed in Table 1-1.The advantage properties
of SiC compared with other semiconductor devices as mentioned in Section 1.1 are discussed in

more detail in the following:

Table 1-1 Semiconductor propertiest™”

Si 4H-SiC 6H-SiC GaAs GaN Diamond

Energy
bandgap, 1.12 3.03 3.26 1.43 3.45 5.45
E, (eV)
Critical electrig
field, 0.25 2.2 2.5 0.4 2 10
E. (MV/cm)
Saturated
electron drift
velocity,
Veat (€M/s)
Thermal
conductivity, 1.5 4.9 49 0.46 1.3 22
| (W/cm-K)
Electron
mobility 1350 1000 500 8500 1250 2200
pn (cm2 /s)
Dielectric
constant 11.9 10.1 9.66 13.1 9 5.5

€.

1x10’ 2x10’ 2x10’ 1x10’ 2.2x10° 2.7x10°

1.3.1 Wide Bandgap

Silicon carbide is classified as a wide band gap material (Eq = Ec- E\), where E. is conduction
band energy, E, is valence band energy, and Eq is band gap. The high velocity saturation and
thinner drift region associated with the high band gap make the device operate in higher

5



frequency environment. Due to high band gap, silicon carbide has reduced drift region width,
and hence less conduction [*1. Therefore, the on-resistance of silicon carbide devices is lower
and results in lower conduction losses compared to other devices. Figure 1.2 shows the specific
on-resistance vs. the designed breakdown voltage of Si, and 4H and 6H SiC. GaAs is 12-fold
better than Si; GaN is two-fold better than SiC. The breakdown voltage is the voltage at which
the reverse-biased body-drift diode breaks down and significant current starts to flow between
the source and drain by a valance multiplication process, while the gate and source are shorted.
For most power devices the current is conducted through the substrate. This adds some resistance
since the mobility and the amount of doping is limited. Wider energy band gap also supports in
much lower leakage currents and slightly provides higher operating temperatures. Radiation
hardness is also improved.

1000

— r r
»* Silicon
K

100 =

Specific On-Resistance (ms’zcmz)
S

0.1

Figure 1.2 Specific on-resistance vs. the designed breakdown voltage of silicon carbide

SIC incl. substrate

SiC theoretical

100

1000
Breakdown Voltage (V)

10000

(4]



1.3.2 Ciritical Electric Field

A [pt] n-drift in+] c
0 W

Figure 1.3 The electric field of a semiconductor [

The idea with a semiconductor device is that they can either block a voltage, or conduct a current
with low power loss. As seen in Figure 1.3 that the W is depletion region width at the electric
field distribution inside the device. Most of the depletion region spreads into the lowest doped

part of the junction. !

W E,
Vg = 1
5= ®
2 Vg
W = (2)
q Np
2¢Vy e E.*
b = > = 3)
qWw 2qVp
w 4 Vy®
R = = (4)
P quyNp e MNEc3
Ron,sp 4

From equation (1), the voltage supported by this depletion region can be calculated, which is the

area under the graph. The lower critical electric field makes the lower on resistance and lower



switching losses as calculated from equation (2) to (4).When the device is not blocked, it will
conduct large currents with small voltage drop (power loss). Equitation (5) shows that the higher
electric field leads to higher doping which is the lower on-resistance in the devices. The minority
carrier charge has to be removed before the device can block a voltage, and this will result in a
switching loss 3. The total loss is on-state loss plus switching frequency times switching loss.
Higher critical electric field means that blocking layers of the devices can be thinner and with
higher doping concentrations, contributes to lower on- resistance values compared to the

equivalent silicon devices .

— 1000 °C 350°C 200°C 50 °C
T 400 ) , . I
£ — } } } )
L r Ge 2
S 10" 2 3
2 TN — — Gats 1
g . F ceeeeeens BH SIC 1
€ 107 | -
s ] ~ L
2 r - ~ 1
c 14 F 3
g 10 ] =
o r ~ b
£ 10" r ~ 1
] ! ~
o ol ~ 1
g 10 r i ~ - 1
*Emﬁ-r.. Lok 1 | L
0.5 1 1.5 2 25 3 35

1000/T (1000/K)

Figure 1.4 Intrinsic concentration v.s. temperature with various material semiconductors %

1.3.3 High saturated drift electric field

The electron and hole mobility shows how an electron/hole can move through a semiconductor.
In a solid, electrons/holes move around randomly without any applied electric field. At low
B.7]

fields, the drift velocity is proportional to the electric field, so mobility x is constant.

Therefore, due to the high electric field, the drift regions of SiC are thinner, and hence lead to

8



higher operating frequencies. Moreover, the reverse recovery current passing through the wide

bandgap semiconductor will be smaller, and hence the recovery time will be shorter.

1.3.4 High thermal conductivity

Thermal conductivity is the property that gives a material the ability to conduct heat transfer.
Higher thermal conductivity (e.g., SiC and diamond) improves heat spreading and allows
operation at higher power densities. ™! With respect to the higher thermal conductivity and low
coefficient of thermal expansion (4.0 x 10 °/K), SiC has better heat dissipation than Si, and thus
requires less heat sink. Due to the low intrinsic carrier concentration and wider band gap, SiC has
an intrinsic temperature of 900°C while Si has 200°C. High thermal conductivity enables SiC
devices to operate at extremely high power levels and still dissipate the large amount of excess
heat. Therefore, the cost of cooling accessories like heat sink will be much less than silicon

devices.

1.3.5 High Electric Breakdown Field

SiC has a higher breakdown field than silicon because of the wide band-gap. The electron-hole
pair generation due to ionization impact is difficult because of the wide band gap, and hence SiC
can withstand higher electric fields compared to silicon. The high electric breakdown field
allows the device to have less thick layers compared to silicon and therefore less drift region

resistance reducing the on-state losses. [*?



1.3.6 Summary of the advantages of SiC

In summary, SiC has the following advantages over Si:
e Wide band gap => reduce carrier concentration => high temperature
e Wide band gap => better dynamic response
e High critical field => reduce drift region widths=> low on-resistance
e High electric field => block higher voltage
e High velocity saturation and Low permittivity => faster switch, high frequency
e Smaller size and weight
e High thermal conductivity => high power and better heat dissipation

e Bipolar => lower recovery current => less switching loss

The most important advantage of SiC is the high critical field for breakdown voltage,
which is good for all devices. Wide band gap materials exhibit greater electron mobility with
larger applied fields compared to Si. Intrinsic parameters translate to enhanced operation at high
switching frequencies with high breakdown voltage. Gallium nitride, in some respects, is a
better material than SiC. The big difference is the energy band gap. Silicon has an almost three
times smaller band gap than the wide band gap materials SiC and GaN. However, there is about
a ten times wider critical electric field for breakdown that makes the huge difference. There are
no large differences in the other parameters, except the high mobility of GaAs. *#%®! Diamond is
overall the best material for high power, high current density, lower conduction loss, fast
switching, and high-temperature operation. However, diamond is not expected to be abundant,
due to the higher material and processing cost. The other advantage of SiC is that the cost of SiC

devices is much lower than that of GaN, GaAs, or diamond.

10



Since the gate structure of power MOSFETS are similar to that of lateral MOSFETS, only
the inherent parasitic structures of power MOSFET are addressed here. The inherent parasitic

structures in power MOSFET include a parasitic bipolar transistor and a parasitic diode.

1.4 DYNAMIC CHARACTIEISTICS

When the MOSFET is used as a switch, its basic function is to control the drain current by the
gate voltage. The switching performance of a device is determined by the time required to
establish voltage changes across capacitances.

The equivalent circuit, as shown in Figure 1.5, is used for analyzing the power losses
dissipated from the transistor by varying the voltage, current, or capacitance. This circuit is
widely used in all power electronics topologies including DC-DC converters and inverters for
estimating the power MOSFET drain-to-source switching loss. The three inter-electrode parasitic
capacitances of the power transistor provide the simplified switching waveforms for estimating

the switching power losses.

o}

o

: E

gd
Cg.\'
j
N

* : : Cd“

Figure 1.5 Typical switching time test circuit "8

3

The method of estimating power MOSFET intrinsic capacitances of Cgp(gate-to-drain

capacitance), Cgs(gate-to-source capacitance), and Cps (drain-to-source capacitance) are based



on equation (6)-(8) where Css is the input capacitance with drain and source terminal shorted.
Crss IS reverse transfer capacitance with gate and source terminal shorted; Coss IS output
capacitance with gate and source terminal shorted. Manufacturers prefer to quote C;ss, Coss, and
Crss because they can be directly measured on the transistor. However, the parasitic capacitance
Cas, Cep, and Cps are closer to the physical meaning. Although input capacitance values are

useful, they do not provide accurate results when comparing the switching performances of two

devices from different manufacturers !>,
Cep = Cgrss (6)
Ces = Ciss — Crss (7)
Cps = Coss — Cgss (8)

The advantage of using gate charge is that the designer can easily calculate the amount of
current required from the drive circuit to switch the device on in a desired length of time; since Q
= CV and [ = C dV/dt then Q = time x current. The input capacitance parameters were not reflect

to these equations.

| |
T |0 sp-I-~<¢— Ogp—
| |

GATE
VOLTAGE

> 3 a
| DRAIN ! —
VOLTAGF DRAIN CURRENT

—_——————p—-

WAVEFORM

Figure 1.6 Resulting gate and drain waveforms >

The University of Central Florida reported how the transit capacitors affect the transistor

power losses. The gate charge switching test circuit is shown in Figure 1.5, where the research

12



team put the device and its model components into a drive circuit with an inductor and

freewheeling diode. It can be used to analyze the power losses dissipated from the transistor by

varying the voltage, current, or capacitance. 78

In this study, the switching circuit was plugged into a boost converter in PSCAD. The
purpose was to evaluate the power losses from different semiconductor materials. The following

circuit was used to compare the power losses of the transistors with different materials where the

external capacitances were added into the transistors.

DM T E%}I T -
i

|.1IL"-] _____ LV - - . v‘%n -LE.
T [ il l: | 15 T
@ | 852 1 | TE %E,
Ta7 o

| |:'Ir 2.-3|:>F| ‘g_

L IL 2EETAF De\:'ce

Figure 1.7 Boost converter with testing circuit via PSCAD

Table 1-2 lists the intrinsic capacitance of the devices where the GaN device was taken
from Reference [3]; the Si and SiC device intrinsic is calculating by equation (1) to (3) as

mentioned in the previous section. The parameters were used in the boost converter with a

testing circuit and simulated via PSCAD.

Table 1-2 Intrinsic capacitance data of GaN, Si, and SiC #2%!
Material Model Cop [PF] Cas [pF] Cps [pF]
GaN Virtual HEMT 85.9 2667 273
Si Qjd1210007 133 10100 900
Sic CM100TF-24H 4000 16000 3000
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The power dissipated by the different transistors and loads should very since the
characteristics will result in different turn-on and turn-off behavior. However, the results from

PSCAD and Simulink had the same waveforms and values between the three materials at the
same voltage rating as shown in Figure 1.8.

Figure 1.8 Intrinsic capacitance experiment via PSCAD result

The reason it showed the same results is that the capacitors had negligible effect on losses

compared to the other elements in the circuit. PSCAD simulates the circuit by taking from each
node. In addition, the transistors appear as a pure resistance in the circuit.
15 FAILURE MECHANISM OF POWER DEVICES

In this section, the failure mechanisms of Schottky diodes, power MOSFETSs, and IGBT are
reviewed respectively.

Since the gate structure of power MOSFETSs are similar to that of lateral MOSFETS, only

the inherent parasitic structures of power MOSFET are introduced here. The inherent parasitic

structures in power MOSFET include a parasitic bipolar transistor and a parasitic diode!®**®. The
14



advantage of the Schottky diode is that it can operate in a high switching frequency environment
with low forward voltage drops. Also, it can be placed parallel to any type of semiconductor

device to cause the on-state currents of the devices to be equal. (224

1.6  SILICON CARBIDE POWER DEVICES

The development of power semiconductor devices has always been a driving force for power
electronics systems. Silicon based power electronic semiconductor devices have been widely
used for high voltage, high frequency application. Due to the physical properties, silicon
semiconductors are not able to operate at high-power frequency, and resulting in lower
efficiency. As discussed in Sections 1.1 and 1.3, silicon carbide IGBT can operate at high
voltage over 5 kV and high current over 1000 A, whereas the bipolar nature of the device limits
the switching frequency of converter systems below 100 kHz; thus, the efficiency and integration
of the system were improved. ® The main advantage of the SiC Schottky diode is the lack of
reverse voltage recovery charge across the diode.

Furthermore, the general 150 °C limit of maximum junction temperature also hinders the
use of Si devices in high-power-density and high-temperature situations.”” This increases the
blocking capability of SiC power devices and also allows them to be fabricated with much
thinner and higher doped drift layers, significantly reducing the on-state resistance. The high
thermal conductivity of SiC (4.9 W/cm-K) enhances heat dissipation and, coupled with the wide
band gap energy (3.3 eV), allows high-temperature operation above 300 °C. All of the above
advantages make the SiC power devices an ideal substitution for Si counterparts in high-voltage

and high-power converter systems. 202
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Compared to conventional devices with the same voltage rating, these SiC active
switches provide much lower on-state resistance than Si MOSFET and much higher switching
speed than Si IGBT. This is promising for resolving the trade-off between high frequency and

high efficiency for 600-800 V energy conversion systems. ™22
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Figure 1.9 Relationship on specific-on-resistance and breakdown voltage™”

1.7 DEVICE SELECTION

Power losses of silicon carbide power MOSFET devices are next compared to transistors of other
material systems. Commercial SiC MOSFET QJD1210007 (1200V/100A) and Si IGBT
CM100TF-24H (1200V/100A) were selected in this study. The SiC device was designed for high
power applications. The packaging of the devices includes with two MOSFET transistors in half-
bridge configuration with each transistor reversely connected with a free-wheel silicon carbide

Schottky diode.
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Cree, Inc. has introduced a new 1,200V, 100A dual SiC MOSFET module for power
conversion applications. They reported that when compared to a silicon IGBT module with an
equal rating device to operate at a junction temperature of 150°C and 20kHz, the SiC MOSFET
module has 38% lower conduction loss and 60% lower switching loss./”) However, there are
significant power losses in SIC MOSFET devices operating at high voltage. The objective of this
study was to compare the power losses of the commercial SiC MOSFET device to the
conventional Si IGBT module with a similar power rating. The commercial SIC MOSFET
QJD1210007 (1200V/100A) from POWEREX Inc. and Si IGBT CM100TF-24H (1200V/100A)

from Mitsubishi Electric were selected in this study.

1.8 RESEARCH MOTIVATIONS AND OBJECTIVES

With great progress in the improvement of SiC active switches, much effort has been invested in
studying the SiC IGBT and MOSFET characteristics and their potential utilization in power
converter systems. Temperature-dependent characteristics of the two devices have been
extensively studied. Different physics-based and behavior device models have also been
developed for SiC IGBT and MOSFET. [¢14

This thesis focuses on the power losses of Si IGBT and SiC MOSFET for HVDC
applications. The purpose of this work is to support the development of a high-frequency isolated
DC-AC-DC converters aiming at reducing the passive component sizes and boosting system
power density. To achieve this goal, Si IGBT from Mitsubishi Electric and SiC MOSFET from
Powerex, both with 1.2 kV voltage rating, were characterized in this study. Issues regarding the

model accuracy are discussed, and the solutions are provided as well. In this study, a generalized

17



model using MATLAB/SIMULINK was developed to obtain the power losses of SiC MOSFET
and IGBT.

The IGBT technology is the device for higher power and lower frequency, while
MOSFET is for lower breakdown voltage but higher frequency. However, choosing between
IGBTs and MOSFETSs is very application specific. The cost, size, speed and thermal

requirements are also important.
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20 POWER SEMICONDUCTORS TOPOLOGIES

Semiconductor power devices act as a switch for high power applications. Power semiconductor
devices are functional elements in all power conversion applications specific in high power and
high frequencies. As a result, the devices are used as switches to convert power from one form to
another. Different switches have different performance based on the power process being
performed. This chapter will briefly introduce power electronic devices for high-power and high-
frequency applications and will also provide the power electronic circuits developed with

Matlab/Simulink packages.

2.1 PERFORMANCE CHARACTERISTICS

This section will briefly introduce the switch function. In addition, the Matlab/Simulink

simulation results will be presented.

2.1.1 Ideal Switch

The ideal switch is a physical device that simplifies semiconductor devices by means of current
chopping. The switch is fully controlled by the gate signal as show in Figure 2.1. When the

switch is open, the switch blocks any forward voltage with no current flow; when the switch is
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closed, the switch conducts all bidirectional currents with quasi-zero voltage drop. Therefore,

there will be no losses dissipated through an ideal switch.

0

Figure 2.1 Ideal switch symbol !

Figure 2.2 illustrates the diode symbol which contains two power terminals: 1 and 0. In
the on state, the voltage is zero, while the current is zero in the off state. The diode can block

negative voltage but not positive voltage.

Figure 2.2 Diode Symbol

The following circuit (Figure 2.3) uses the ideal switch to switch an RLC load with a
120Vrms, 60Hz AC power supply ! simulated with Matlab/Simulink. The switch is initially

closed and will be turned off after 3 cycles, then reclose at 8.25 cycles.
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Figure 2.3 Ideal switch in switching circuit via Matlab/Simulink !

Figure 2.4 shows the simulation result observed by Simulink from Figure 2.3 circuit. The
results show that the inductor current chopping produced the high frequency overvoltage. When
the switch reclosed, the capacitor reached maximum source voltage and created the highest

switch current spike.

Figure 2.4 The voltage and current waveforms of the RLC load and switch observe from the ideal

switch circuit via Matlab/Simulink

21



2.1.2 Metal Oxide Semiconductor Field-Transistor (MOSFET)

Power MOSFETSs are essentially voltage-driven devices. The basic principle of a MOSFET
device is that the voltage on the oxide-insulated gate electrode can induce a conducting channel
between source and drain. The MOSFET conduct the peak current to exceed its average current.

It is a voltage-controlled device with gate current flow during operation.

25
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Figure 2.5 Current-voltage characteristics of a power MOSFET 1]

Figure 2.5 shows |-V characteristics of an enhancement mode power MOSFET. ! This
graph is used to determine if the device is in the full on-state or in the constant-current region for
a given value of gate and drain current. Figure 2.6 illustrates a MOSFET equivalent circuit where
the gate drive circuit is supplying the MOSFET to raise the gate voltage with a specified value of
off state drain-to-source voltage. The gate charge is the total charge on the gate-to-drain and the
gate-to-source capacitance supplied by the gate drive circuit. The drain current change is

dependent on the rate at which the gate-to-source capacitance is charged by the gate drive circuit.
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The drain-to-source capacitance leads directly to switching loss in PWM converters, since the
energy stored in this capacitance is lost during the transistor turn-on transition. In general, there
is a body diode inherent with the power MOSFET devices. It enables the MOSFET to conduct in
full rated current. However, the body diode operates at a slower switching frequency than the

MOSFET and might cause device failure.

O

: {

o
gd
Coy T

* : : Cd“

Figure 2.6 MOSFET equivalent circuit

(Y

The same circuit (Figure 2.3) was used to measure the behavior of MOSFET. The
observed waveforms are shown in Figure 2.7, illustrating that the positive current was block out
by MOSFET devices during the switch on state. As seen in the switch voltage and current plots,

the MOSFET can block positive voltage and will be able to carry a positive or negative current

[78]
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Figure 2.7 MOSFET characteristic simulation result from switching test circuit

2.1.3 Insulated Gate Bipolar Transistor (IGBT)

The insulated gate bipolar transistor (IGBT) is a three-terminal power semiconductor device. The
IGBT devices were developed with small gate power consumption to turn on and off rapidly and
often used to generate complex waveforms with pulse width modulation. These devices are used
in many HVDC applications due to high efficiency, fast switching, low conduction voltage drop,

and high current carrying capability. 57!

24



@ (b) °oC

Collector

Gateo—l G o |
i

Emitter

1 £

Figure 2.8 IGBT symbol

The IGBT combines the simple gate drive characteristics of the MOSFETSs with the high
operation current and blocking voltage by combining an isolated gate FET for the control input
and a bipolar power transistor as a switch. The IGBT has bi-directional current carrying
capabilities. Thermally assisted carrier multiplication is proposed as the failure mechanism of
IGBTs. ! Current flow through a high electric field region leads to significant power
dissipation, which makes the devices self-heating. By increasing the switching frequencies to the
low kHz range of pulse width modulation to the gate, one can control the output magnitude and
harmonic distortion. Typical IGBT applications include operating at low duty cycle, low
frequency (<20kHz), high junction temperature (>100°C), and high-voltage applications (>1kV).

The same circuit (Figure 2.3) was used to perform the behavior of IGBT. The observed
waveforms are shown and illustrate that negative current and voltage were blocked out by IGBT

devices during the switch on-state.
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Figure 2.9 IGBT characteristic observed via Simulink

2.2 COMPARISON OF IGBT AND MOSFET DEVICES

IGBT and power MOSFET devices are very similar in construction. The key difference is the p
region connected to the collector of the IGBT. Therefore, the IGBT is a modern four-layer power
semiconductor device having a MOS gate. The on-state voltage across the IGBT is one diode
voltage drop higher than for the N-channel power MOSFET by itself. However, compared to a
conventional high voltage power MOSFET of the same size and similar power rating, the IGBT
has significantly lower on- state voltage. IGBT is the device of choice for high current and high
voltage application because of the easily driven MOS gate and low conduction loss. ¥ The

tradeoffs with lifetime control are an increase in on-state voltage called Vc.g and slightly higher
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leakage current at high temperature. Increase on-resistance with increasing breakdown voltage
ratings, and power MOSFETS rated at or above about 300 Volts have lower current densities
than IGBTS.

Turn-on characteristics of an IGBT are very similar to a power MOSFET. Turn-off
differs because of the tail current. Thus, the turn-off switching energy in a hard switched
clamped inductive circuit gives an indication of the switching speed and tail current
characteristic of an IGBT. Figure 2.10 depicts the tradeoff between turn-off switching energy E
and Vcgon)- At high frequency and relatively low currents, a MOSFET is usually the best choice.
(V-1 characteristic, breakdown characteristic, turn-on, and turn-off characteristics were not

discussed here.)

Eott

v

VcEe(on)

Figure 2.10 Turn-off voltage versus V¢e®!

2.2.1 Simulation comparison results

Table 2-1 presents the simulation results from Figure 2.3 circuit. As discussed in the last section,
there is no parallel diode to the IGBT, so there is no negative current passing through the IGBT
switch as shown in Table 2-1 Switching circuit simulation results with different type of switches
via Matlab/Simulink switch current plots. The on-resistance of the MOSFET is as well as the

forward voltages are higher. As shown in the switching voltage plots, the ideal switch has
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highest switching voltage, IGBT has the second, and MOSFET has the least. The table also
shows that the MOSFET has the smallest power loss while the ideal switch and the IGBT have

about the same loss.

Table 2-1 Switching circuit simulation results with different type of switches via
Matlab/Simulink

ldeal Switch IGBT MOSFET

j M LA MLM

200 300 400 500 600 700 800 900 0 200 400 600 800 1000 1200 100 200 300 800 900 1000
Time (s)

28



2.3  TRANSISTOR POWER LOSSES

During a switching transition, very large instantaneous power loss can occur in the
semiconductor devices. Even though the semiconductor switching times are short, the resulting
average power loss can be significant. (%!

Power loss is critical for highly integrated power MOSFETS since they dissipate much
more power than any other device. Power dissipation in the power semiconductors is primarily
dependent on their on-resistance, gate charge factors, current, voltage rise and fall times, and the
switching frequency and operating temperature

The power loss in any semiconductor is caused by the combination of the switching
losses, conduction losses, blocking (leakage) losses, body diode conduction loss, and gate drive
loss. %261 Normally the leakage losses and other losses are being neglected as demonstrated in
equation (9). The switching loss is when the losses occur during the switch turn-on and turn-off

periods, while the conduction loss occurs during the switch conducts.

PMOSFET = PSwitching + PConduction + PLeakage (9)

= PSWitching + PConduction

This thesis focused on the transistor loss. Other losses from the converter were neglected

because they are too small.

2.3.1 Conduction Loss

The conduction loss is the loss from an on-resistance of the transistor that is generated when the
drain current goes through the body diode during dead time. An on-resistance is the intrinsic

resistance from drain-to-source of a semiconductor device, usually represented as Rpson OF Ron
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[%9. 701 '\When the gate drive signal is high, the transistor turns on, and conducts the current and
power dissipated through the device. There are many factors which may effect on-resistance,
such as temperature and input voltage. The on-resistance of a transistor is temperature-
dependent: higher temperature provides higher on-resistance. "l Therefore, the data sheet of a
power MOSFET module usually has the data record or an on-resistance versus temperature plot.
Figure 2.11 is the on-resistance plot normalized with temperature from data sheet of
QJD1210007. On-resistance Ron can be verified from |-V characteristics by taking the derivative
with respect to current Ir and rearranging items in equation (10):

Ron = 0(Vp —ngp) * 0l x q * I (10)
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Figure 2.11 QJD1210007 on-resistance versus junction temperature ['®

While the transistor is turning on or off, its intrinsic parasitic capacitance stores or

dissipates energy during each switching transition. The losses are proportional to the switching
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frequency and the values of the parasitic capacitances. As the capacitance increases, the
switching power losses also increase. When the full input voltage swings, the full current will
pass through it, which causes the brunt of the switching losses. In order to get the average value
of the conduction loss, simply multiply the above expression as represented in Eq. (11) by the

duty ratio of the MOSFET. [t 14171

Peondauction = Ionz * RDS(ON) (11)

Notice that, I,,is the drain current when the MOSFET is on, and Rpson)is the drain-source
resistance of the MOSFET when it is on. To get the average value of the conduction loss, one
can simply multiply the above expression by the duty ratio of the MOSFET.

If the transistor is an ideal switch, there would be no conduction power loss. In order to
reduce the conduction loss, on-resistance must be minimized, which requires more silicon and

results in a cost increase. Hence, there is a trade-off between the conduction loss and silicon cost.

2.3.2  Switching loss & 15

Switching losses are due to the nonzero product of the drain current and drain to source voltage.
As the MOSFET switches on and off, its intrinsic parasitic capacitance stores and then dissipates
energy during each switching transition. The losses are proportional to the switching frequency
and the values of the parasitic capacitances [ 1% 28] As the physical size of the MOSFET
increases, its capacitance also increases. In other words, increasing MOSFET size will increase

switching loss. ! If the MOSFET is an ideal switch, the device rise and fall times of the current

and voltage would be zero, and there would be no switching loss. (68
tsw,on * of f * Ion * fsw tsw,off * of f * Ion * /‘:sw 12
PSWl = 2 + 2 ( )
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Notice that, V, s (is the drain source voltage when the MOSFET is off

tsw,on! tswoss 1S the time it takes to turn the MOSFET on / off

fsw 1S the switching frequency
Another form of switching loss is the drain-source parasitic capacitance of the MOSFET
charging/discharging as shown in equation (13). ! Comparing to the input capacitance and
reverse transfer capacitance, the output capacitance has more effect on the switching loss.

Pz = Coss * Voff2 * fsw (13)

where C,ss is the output capacitance of the MOSFET. The way to observe Coss were discussed
in Chapter 1.

The energy W dissipated during the switching turn-off period is the area under the
curve of both voltage and current waveforms as shown in Figure 2.12. Therefore, during one
switching period, the total switching losses dissipated by a transistor is the combination of the
turn-on energy (W,n) and turn-off energy (Wos) proportional to the frequency. From both
equations (12) and (13), it is shown that the switching loss is proportional to the switching
frequency, turn-on, and turn-off switching times. In power electronics, the switching losses
typically contribute a significant amount to the total system losses. To minimize the switching
loss, reducing the switching frequency will result in increasing the inductance and size for a
given inductor ripple current. Also, turning-on and off the MOSFETSs faster is another way to

minimize the switching loss.
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As shown in Figure 2.13, the drain-to-source voltage (blue line) and drain current (red
line) of the power MOSFET are plotted. For an ideal switch case, when the voltage turns on, the
current turns off, and vice versa. Since there is no delay time between switch on and off, there is
no switching loss. For the conduction loss, when the voltage turns on, the current turns off,
meaning that, there is no current flow. Therefore, there is no conduction loss during this time.
The same situation occurs when the current runs on: the voltage will be zero, and the conduction
loss is zero. Finally, in an ideal switch case, there is no power loss dissipated by the transistor.

Figure 2.13 illustrates a non-ideal switch. The conduction loss is the hexagon (shown in
orange area) area. Similar to the ideal switching case, when the voltage or current is zero, there is
no conduction loss during that period. This implies that the conduction is only the two triangles
on the left and right of the hexagon. In reality, the current is not zero, and as is the voltage, so the
conduction loss is the hexagon (blue) area. The switching loss is the area underneath of the
switching period, as seen in the green triangle area from the plot.
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Figure 2.13 Ideal and non-ideal switching loss (The drain-to-source voltage (blue line) and drain

current (red line) of the power MOSFET

In general, when the switching frequency goes higher, the switching loss goes higher,
which makes the efficiency decrease as seen in Figure 2.14. The switching frequency reaching

the critically frequency at around 100 kHz presents the best case.
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Figure 2.14 Efficiency vs switching frequency
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3.0 CONVERTER TOPOLOGIES FOR HIGH POWER APPLICATION

The three basic converters are DC-DC, DC-AC, and AC-AC. This section will briefly introduce
the converter topologies and power losses dissipated by the transistors with the circuit models
created via Matlab/Simulink or PSCAD and applied to the prototype that was used to measure
the transistor power loss. In this chapter, the system models will be presented, and several
simulations from Matlab/Simulink or PSCAD will carry out to integrate the study of the
converters. The simulation results are used to investigate the power losses, efficiency, and further
analysis the cost effect of the Si IGBT and SiC MOSFET devices of the system.

A high-voltage direct current (HVDC) electric power transmission system uses direct
current to transmit electric power over transmission lines or submarine cables. HVDC systems
have high-power capability, high stability performance, and flexible control. Direct current at
low voltages could not be transmitted for long distances because of conduction losses. Low
reliability, and high requirements for operation are the disadvantages of HVDC. Due to the
constraints of HVDC systems, the conductivity development of wide band gap semiconductors is
widely researched based on the high blocking voltage. The basic HVYDC system is the conversion
of electrical current from AC to DC rectifier at the transmitting end, and from DC to AC inverter
at the receiving end. Figure 3.1 represents the HVDC transmission link model using 12-pulse

thyristor converter via Matlab/Simulink.

35



500kV, 60 Hz 345KV, 50 H_Z,
5000 MVA equivalent 10,000 MVA equivalent
D line 300 km

alealn

A e + i 8 TR A £l Ale—a|A
- N A o[l e
4 4 . - c

oal [ cle—s|C

|||>=_T

ohi =80 deg. 31d ham. Brest  Roctifier phi =20 deg. 3rd hamm

AL filters
B0 Hz
800 Muar

A Fault

=
o B

22

=2

B
\\|—=—=n\c

E Master Control E}*

Rectifier Master Contral Inverter Read the Mode! properties for initislisation details
Control and Pratection Control and Protection

Openthis hlock
to visualize

recorded signals
— HVDC 12-pulse Transmission System 1000 MW (500kV-2kA) 50/60 Hz
Data Acguisition More info

Figure 3.1 A 12-pulse converter HVDC system from Matlab Simulink (power_hvdc12pulse )

3.1 DC-DC CONVERTER TOPOLOGIES

A DC-DC converter is an electrical circuit to convert a source voltage to a different voltage
level. The DC-DC converter is equivalent to a transformer since a source voltage isolates the
output voltage. The regulation of the average output voltage in a DC-DC converter is a function
of the on-time duty cycle. Notice that the on-time of the switch is defined as the time period that
the switch is on; the duty cycle ratio is defined as the duration that the switch is active divided by

the period of time as represented in Equation (14).

D =t (14)

T

The output voltage control depends on the duty ratio D based on the type of DC-DC converters.
The next section will introduce two basic DC-DC converters: boost converter and push-pull
converter. It will be used and applied to the physical circuit to measure the power losses due to

the specific application.
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Pulse width modulation (PWM) is the most widely used method of controlling the output
voltage. PWM switching involves comparing the level of a voltage control to the level of a

repetitive waveform. ™ PWM uses a rectangular pulse wave to provide the gate voltage fed to

turn the switch on and off. 7]
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Figure 3.3 Pulse width modulation concept ¢!

3.1.1 Boost (Step-Up) Converter

In a boost converter, the output voltage is greater than the input voltage. Therefore, it is called a

step-up converter. The basic realization circuit is shown in Figure 3.4.
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Figure 3.4 Basic boost converter circuit

When the switch is on (occurs from 0<t<DTsy), the transistor is conducting, and the diode
is reverse-biased, thus isolating the output stage as seen in Figure 3.5. The input voltage source

supplies energy to the inductor.

L1
i1 ‘/ '\'/ N /"\‘/’\.‘

I
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Figure 3.5 Boost converter during transistor turning on

When the switch is off, the output stage receives energy from the inductor as well as the
input source. Applying the small-ripple approximation to the inductor for charging balance, the
output voltage will reach a steady state, and so will the inductor current. The total volt-second
balance is applied to the inductor and capacitor charge balance to find out the steady state output
voltage. The voltage conversion ratio M(D) is the ratio of the output to the input voltage of a
boost converter as 1/(1-D). Since D is between 0 and 1, and the output voltage is always greater

than the input voltage.
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Figure 3.6 Boost converter transistor turning on, diode turning on

3.1.1.1 Boost Converter Power Losses Analysis via PSCAD

The following PSCAD experiment was to study the power losses in a boost converter. From the
boost converter experiment, the power dissipated from the transistor, diode, inductor, and
capacitor was obtained. Besides the physical operation of the converter, it helps to reflect on the
energy transfer between the inductor and capacitor. The voltage source supplied 132.9 kilovolts.
The gate driver provides 5Vgj, pulse width modulation in the switching operation with 1 kHz
switching frequency and 50% duty cycle to both transistor modules. The diode on-resistance was

set at 10 mQ; off resistance to 1 MQ, both the same as the transistor.
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Figure 3.7 Boost converter Circuit simulation circuit via PSCAD

The input power, Pi, is equal to the input voltage times input current as shown in equation
(15). Output power is output voltage multiply by output current as present in equation (16). V,
represent as the voltage across the transistor, and 1y as the current flow through the transistor, Py,
as the power dissipates through it as present in equation (17). V4 represent as the voltage across
the diode, which is the voltage between transistor voltage and output voltage and I4 as the current
flow through the diode, P4 as the power dissipates through it as present in equation (18).
Theoretically, the copper loss represents the power loss dissipates by the inductor as shown in
equation (19). The capacitor loss represents the voltage and current through a capacitor; notice
that the voltage across the capacitor is the same as the output voltage because the load is in

parallel with the capacitor.

P, =V, *1 (15)

P,=V, xI, (16)

Py =Vg *1q (17)
Pd=Vd*Id=(Vg_Vo)*Id (18)
Peopper = Vi * 1, (19)
Fe=Vexle =V, %1, (20)
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The power loss dissipated from a boost converter represents as the power difference
between input and output power (assume P;) as presented in equation (21). Assume P is the
summation of diode power loss, copper loss, capacitor loss, and the transistor loss as presented in
equation (22). Finally, Perror represents the other power losses which are expected to be zero as
shown in equation (23). All the power losses were recorded in Figure 3.8 . The plots of P, and P,
overlapped each other in Figure 3.8(g), indicating that the power loss dissipated from the boost
converter is the power loss dissipated by the inductor, transistor, capacitor, and diode that
illustrated the converter application due to the results shown in the experiment. It should be
noted that Peror 1S about 0.0012 uW which is small and close to zero and could be neglected as

shown in Figure 3.8(h).

P, =P, — P, (21)
P, =P; + RQ + Pcopper + P, (22)
Porror =P1 — P, (23)
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Figure 3.8 List of all power losses of the boost converter loss experiment (the boost converter with

Vs=132.9kV, L=0.1H, C=100pF, R=1kQ)

Figure 3.9 is the plot of P;, which is the average power dissipated during one period of
time, if the area is zero, it means the assumption is correct. By calculating the average P, is

about 0.57 W, the error Peqr is close to zero. As a result, the assumption is proved.
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Figure 3.9 Average P,

Section 2.3 introduces the transistor power loss which can be demonstrated as equation
(17). The conduction loss is due to the current pass through the on-resistance as shown in
equation (24).

Pyo =1,° * Rop (24)

3.1.1.2 Comparative PSCAD and Matlab/Simulink Boost Converter Models of Power
Losses

The boost converter of this experiment was designed to operate in the continuous conduction
mode. The boost converter is a good test case since all losses— such as copper loss, diode loss,
inductor loss, and capacitor loss— can easily be accounted for. When comparing the losses in
the SiC MOSFET and Si IGBT, the copper, diode, inductor, and capacitor losses would be
constant from trial to trial. The specific semiconductor in the circuit causes the difference

between the overall losses.
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Figure 3.11 Matlab/Simulink model of Boost converter

The circuit simulation results, specifically the gate current and gate voltage of the SiC
module operating with a 20 kHz switching frequency and 50% duty cycle into a 1kQ resistive
load bank are shown in Figure 3.12. Other measurements such as the inductor voltage and
current, diode current, output voltage and current were also analyzed by both simulation
programs. Both simulation platforms present the same results, except for the capacitor current
which is caused by the charging or discharging of the capacitor. The PSCAD simulation result

shows transient of the waveforms, which is not show in the Simulink results.

In comparing the power losses of the transistors in the two systems, the SiC MOSFET
circuit showed superior performance with its lower power loss, higher efficiency and smaller

size. The results demonstrate the potential applications of SiC technology in HVDC applications.
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Figure 3.12 Boost converter simulation result of SIC MOSFET characteristic

3.1.2 Push-pull Converter

A push-pull converter is a DC-DC converter where a transformer is used to isolate and amplify
controls the voltage source. The advantage of a push-pull converter is its ability to scale up the
voltage for high power applications. The push-pull converter design allows one to perform a fair

comparison between both devices, as Q1 and Q2 in Figure 3.13.
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Figure 3.13 Push-pull boost-derived converter
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The purpose of this study was to measure the switching losses of a silicon carbide power
MOSFET device compared with a conventional Si IGBT device with similar power rating. The
switching frequency is from 10k Hz to 20k Hz. The initial circuit shared the same voltage source

with independent resistive load as seen in Figure 3.14. The resistive loads have the same

resistance for fair comparison.
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Figure 3.14 Device Circuit of IGBT and SiC MOSFET

The circuit with a 20 kHz transformer was added so that the two transistors shared the
same load. The reason to use this circuit, as shown in Figure 3.15, is that the inductance of the

transformer is essential to have some ‘oft” current flow in the Schottky diode in parallel with the

FET of the Cree device.
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Figure 3.15 Push-Pull design circuit for measuring the transistor loss

3.1.2.1 Comparative PSCAD and Matlab/Simulink Simulation Models of Power Losses for

SiC MOSFET and Si IGBT

The objective of this research was to investigate the power losses of silicon carbide MOSFET
and silicon IGBT via PSCAD and MATLAB/Simulink programs. The simplified one-line
diagram of the design circuit is shown in Figure 3.17 and Figure 3.18. A push-pull converter is
the acronym for the circuit. The advantage of a push-pull converter is its ability to scale voltages
up to higher levels. This circuit was able to compare the power losses between SiC MOSFET
and Si IGBT under the same voltage supply and same load impedance. Figure 3.17 represents
the designed circuit from PSCAD and Figure 3.19 shows that from Simulink, the parameters of
the power supply, transformer ratio, and load resistance were set up the same. The extra
resistances from Simulink were added to simulate line resistances. The transistor parameters
were set up to match the commercial SiC MOSFET and Si IGBT from data sheets.

Figure 3.16 shows the simulation results from PSCAD where both devices showed the

same voltage and current waveforms. As the semiconductors present as pure resistances to the
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PSCAD simulation package, when the on-resistances are

voltage and current will be the same.
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Figure 3.16 PSCAD simulation result
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Figure 3.17 Designed push-pull circuit via PSCAD
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The following model was designed to simulate the parameters from Si IGBT and SiC
MOSFET from Simulink. The two resistances R2 and R4 were used prior to installation of the
transformer. R5 and R6 had a small resistance to simulate line resistances. When the transformer
was inserted instead of the resistors R2 and R4, the semiconductor devices had excessive
currents.  When the transformer was inserted into the simulation, excessive currents were
recorded through the semiconductor devices. To mitigate this, extra resistances were added,
preventing the back flow of current. The transistor parameters for both simulation models were

obtained from the commercial SiC MOSFET and Si IGBT data sheets.

18T Product

i

3
RS R

W gl

Figure 3.18 Designed circuit from push-pull converter via Simulink

Both models exhibited large voltage spikes when the current was turned off. The intrinsic

inductance and capacitance lead to voltage spikes and ringing during the turn-on and turn-off
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periods. This should be prevented by R-C snubber networks. The IGBT also had current decay
time constants. Some investigation is in order on the snubber circuits and models for the IGBT
and MOSFET. For example, the HVDC simulation in Matlab has IGBT's in a voltage source
converter. This simulation does not have any “current decay” parameters. The voltage spikes
usually cause electromagnetic interference problems which may destroy devices during the
physical tests. The voltage spikes present in charge and discharge in Simulink that are not shown
in PSCAD. The Simulink plot shows the switching loss of the SiC module is less than Si module.

This means the SiC module has better performance for high switching frequency operation.
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Figure 3.19 Voltage and current waveforms observe via Simulink (Top-Si IGBT; Bottom- SiC

MOSFET)
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Figure 3.20 closer look of Fig3.18

3.1.2.2 Power losses calculation via Matlab
The “To workspace” blocks (Figure 3.21) allow a signal data interface from Simulink to the
Matlab workspace. After sending the signal array to Matlab, one will be able to view and manage

the contents of the workspace in Matlab.

simout

Figure 3.21 Simout block from Matlab/Simulink

For the push-pull converter that is simulated in Section 3.1.2, the voltage and current of

MOSFET were interface into Matlab as seen in Figure 3.22.
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Figure 3.22 The block to interface Simulink to Matlab for calculating power losses

The signal array enables Matlab to calculate the switching and conduction loss
independently by using its script language. As seen in Figure 3.23, the drain-to-source voltage
(green line) and drain current (red line) of the power MOSFET are plotted. The switching losses
are the losses dissipated during the switch turn-on and turn-off period, which equals the area
under the volt-amp product curve. The conduction loss is the loss which occurs during
conduction. The conduction loss can be calculated by forward volts-amps. A set of equations
describes the behavior of power losses in Appendix A that were used to calculate the switching

loss of both transistors.

52



Figure 3.23 Voltage and current plotted via Matlab

The power dissipated through both transistors is tabulated in Table 3-1. The intrinsic
resistance of different materials varies " *1. The on-resistance of the silicon carbide material is
much smaller than that of silicon. The conduction loss is caused by the power dissipated through

the intrinsic resistance of the transistor.

Table 3-1 Matlab calculation measurements data

Turn-on Time | Turn-off Time | Switching Loss | Conduction Loss | Total Loss
SiC MOSFET 0.18pusec 2.228 psec 1.787TmW 1.1239W 1.125W
Si IGBT 0.27 psec 2.693usec 2.13mW 2.0518W 2.0539W

The results show that the switching loss dissipated by the SiC MOSFET is about 19.19%
less than by the Si IGBT. The conduction losses had the biggest difference between both devices.
In order to reduce the conduction loss, the on-resistance must be minimized ®!, which requires
more silicon resulting in cost increases. Therefore, there is a trade-off between the conduction

loss and the silicon cost. Besides, the result also presents that the switching turn-on and turn-off
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time of the SiC MOSFET devices are both smaller than the Si IGBT devices. In addition, the
turn-on and turn-off switching time of the SIC MOSFET are both shorter than to the Si IGBT.
The results show that SiC is a better material for fast switching than Si. In conclusion, the overall
results show that the SiC MOSFET is faster switching and less losses than the Si IGBT which

implies that the SiC MOSFET is a better device than the Si IGBT.

3.2 AC-DC RECTIFIER

The AC-DC rectifier is used to convert AC sources to DC loads, while minimizing resistive
losses. The introduction of the half-wave rectifier is presented in the following.

The half-wave rectifier will be introduced in this section. The half-wave rectifier only
follows the input signal during half of the cycle. Unlike a regular half-wave rectifier, the
inverting rectifier follows the signal during the negative half of the cycle. The switching device
used in this experiment is a thyristor. The thyristor operates similar to a diode, in that it only
operates in one-direction, and follows the input signal, unlike the diode; the thyristor has to
receive a signal also, which happens at a specific time after the zero crossing. This in turn lowers
the average output voltage. If this signal occurred at the zero crossing however, then the thyristor
would perform the same as a diode.

The control circuit was designed to control the chip and give an output phase control
proportional to the input. A low and a high side driver are needed to send the signals to the
thyristor. The zero crossing detector strategy was designed to detect the transition of a signal

waveform from positive and negative.
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Figure 3.24 Simple zero crossing detector design for explaining transition the signal turning positive

and negative

The simple zero crossing detector produces an output state change whenever the input is
connected to ground. The zero crossing detector is based on a 741 op amp with a 10 kohm
resistor at the input terminal, as shown in Figure 3.24. The driver will send the pulse signal to the
output and turn the specified thyristor on.

The simulation of the inverting half-wave rectifier was constructed in the
Matlab/Simulink design program. The requirements consisted of multiple parts: the
implementation of a first-order inductive filter with a=0, a second-order filter with a=0, then
repeated with the previous 2 filters with a=30°, and lastly all four previous simulations with a
100mH AC-side inductance.

The first part was a simulation of the rectifier when a=0 with a first-order inductive filter
only. With a=0, the thyristor control has the same behavior as a standard diode. The circuit is
displayed in Figure 3.25. To maintain a ripple of less than 10% of the series inductor, it required
a value of approximately 1H. The ripple is shown in Figure 3.26, as well as the other parameters

of Vs, Is, Vd, and lo.
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Figure 3.25 Half-wave rectifier inverter circuit of Matlab/Simulink
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One Henry is not a very realistic value to use for an inductor, so the second circuit looks
to address this situation. In the second circuit, a capacitor is added to alleviate some of the
demands required of the large series inductor used in circuit 1. Using a 100 mF capacitor reduced
the size of the inductor by a factor of 90% to 100 mH. It also increased the output voltage to 89
Volts RMS from 53 Volts. With these performance increases, the power factor increases as well
as the total harmonic distortion decreasing. Figure 3.27 shows the output of the second order

filter.

Bz 8

Figure 3.27 Output waveforms present the second order filter

Next, the thyristor control circuit has the firing angle delay introduced to 30°. This delay
will force the thyristor to activate later than would a diode, but in turns of the thyristor will not
turn off when a diode would either. This enables the circuit to be used in 2 quadrants, with the
potential to behave as an inverter when o > 90°. The thyristor control can be seen in Figure 3.28
and Figure 3.29 and the firing delay is evident in VVd of Figure 3.30. Comparing to the thyristor

control with the firing delay of 30° to that of the firing angle of 0° in the first circuit, it shows
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that the large delay nearly eliminates all DC voltage, as it is reduced to only 0.1 volts. The power

factor is reduced to almost zero, as well.
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Figure 3.28 Half-wave rectifier with delay angle 30°
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Figure 3.29 voltage and current waveform with 30-degree delay angle
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Figure 3.30 second-order voltage and current waveform with 30-degree delay angle

The basic idea of constructing the circuit for the rectifier was simple in concept for the
basic power system. The capacitor, two thyristors, and power resistors were readily available and
required little innovation to assemble in accordance with the provided circuit diagram. The
inductor was created using an available core, assumed to be some ferrite core in which there may
or may not have been an air gap. We measured the physical dimensions of the core and tried to
over compensate the windings, figuring it could be trimmed if necessary.

From a simulation standpoint, the actual results of this project were closely matches with
the expected results. The rectifier circuit operating normally and inverting under the
circumstances that 0=0°. Adding the filters to the circuit lowered the Total Harmonic Distortion
and raised the power factor, which is desirable. Also, when 0=30° the average voltage would be
less than when 0=0°, since there will be a delay in operation. Commutation adds to this delay

and causes the average output voltage to be less, and the simulations support this fact.
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3.3 COMPARATIVE RESULT OF THE SYSTEMS, REMARKS

Matlab/Simulink was able to estimate the power losses. The disadvantage of the Simulink
package is that there is no direct model for real power electronics. Advantages are that the
extensive control library is able to implement any control algorithm, and the graphic tools are
comprehensive and easy to use. The complexity of the block diagram increase drastically when
there is more than one semiconductor. Another advantage of Simulink is that the signal flow
modeling can apply in different domains. Simulink is able to interface directly to Matlab. After
that, the script code is able to manage and monitor the system behavior. However, there are too
many unsure losses appearing. There are no directly incorporated models for real power
semiconductors. Simulink simulates the test very slowly.

PSCAD has the limitation of the semiconductor devices; as a result the analysis of
transistor loss is not very clear. PSCAD performs the same result for both testing circuits (push-
pull converter, and boost converter). Moreover, because it doesn’t present the difference of the
losses between the intrinsic capacitance, PSCAD will not able to capture the device

characteristics. Only a fixed step simulation is functional.
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4.0 HARDWARE DEVELOPMENT EXPERIMENT

A prototype circuit was built to compare the simulation results based on the push-pull design
circuit with physical measurements. The simulation packages allow performed evaluations and
provide semantic details. However, the physical measurement is able to provide the sufficient
accuracy of the compiler. The research is to find out how the power losses differ between SiC
MOSFET and Si IGBT, while operating at 1200V/100A. Because the power supply can only
provide up to 110V in the machine laboratory, the smaller power prototype was measured to
evaluate if the simulators are accurate enough for future measurements. The larger capacity

supplies will need to be constructed.

41  SYSTEM CONFIGURATION AND INTERFACE

The prototype was set up based on the circuit of Figure 3.15, with a 50 Vpc power supply. The
rectifier design was used to enable to turn on the gate driver, and generate the voltage by the
signal generator and amplify the signal. An Oscilloscope was used to monitor the voltage across
the terminals and the current flowing through the two transistor devices. The switching

frequency was chosen based on the reactance and reduces the isolation.
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42  GATE DRIVER DESIGN

A high speed op-amp logic inverter was set up to turn the MOSFET and IGBT on and off; one
driven by the function generator, and another driven by the inverter generator signal. 24 %% As
mentioned in Chapter 3.3, the op-amp was built for the inverse gate signal so that when the Si
IGBT turns on, the SiC MOSFET turns off, and vice versa. The gate driver provides 5 V;, pulse
width modulation in the switching operation with 10 kHz switching frequency and 50% duty
cycle to both transistor modules. As seen in Figure 4.2, the oscilloscope capture shot from the

pulse width modulation voltage provide to the gate signal for both transistors are about 5V div.

Figure 4.1 Rectifier design

Figure 4.2 Capture of gate driver signal
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43 HARDWARE CHARACTERIZATION

This section introduces the behaviors and characteristics of the devices used for the experiments.

4.3.1 SiC MOSFET- QJD1210007 (1200V/100A) !

usaAa

QJD1210007-ES
SERIAL # 000144 DATE 1018

Figure 4.3 SiC Power MOSFET QJD1210007 actually module

The commercial Powerex silicon carbide power MOSFET QJD1210007 module (Figure 4.3) is
designed for use in high power and high frequency applications. The module is comprised of two
transistors with a half-bridge configuration. At room temperature, the devices can operate up to
1200V (drain-source voltage, Vpss), and 100A (drain current, Ip). The maximum power
dissipation, Pp, is 880 Watts. Typical module weight is about 400g. The intrinsic parameters are
listed in Table 4-1. Figure 4.4 marked out the laminated power busses, which lie across the

central line of the module.
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4.3.2

O G2
O S2

S1D2 P

Figure 4.4 QJD1210007 circuit diagram %

Table 4-1 Intrinsic parameters of QJD1210007 !

Drain-Source On Resistance RDSs(on) ID = 100A, VGs = 20V 15 25 mQ
Ip = 100A, VGs = 20V, Tj = 175°C 20 32 mQ
Input Capacitance Ciss 10.2 — nF
Output Capacitance Coss Vgs =0, Vps =800V, f = 1MHz 1.0 — nF
Reverse Transfer Capacitance Crss 0.1 — nF
Turn-on Delay Time td(on) Vpp =800V, Ip = 100A, — TBD ns
Rise Time tr VGs = 0/20V, — TBD ns
Turn-off Delay Time td(off) Rg = 10Q, — TBD us
Fall Time tf R = 856pH — TBD ns

Si IGBT- CM100TF-24H (1200V/100A)

&S @

-

THPE CHIQBTF-24H

1561 =X

Figure 4.5 Si IGBT CM100TF-24H module
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The commercial Mitsubishi silicon IGBT CM100TF-24H module (Figure 4.5) is designed for

use in switching applications with low drive power. Each module consists of six transistors with

a three phase bridge configuration. At room temperature, the devices can operate up to 1200V

(Collector-Emitter voltage, Vcg), and 100A (Emitter current, Ig). The maximum power

dissipation, Pp, is 780 Watts. Typical module weight is about 830g. The intrinsic parameters are

listed in Table 4-2.

Po

o P

Figure 4.6 Si IGBT CM100TF-24H circuit diagram 2!

Table 4-2 Intrinsic parameters of CM100TF-24H 2!

Ratings Symbol CM100TF-24H Units
Junction Temperature T; —40to 150 °C
Storage Temperature Tstg —40to 125 °C
Collector-Emitter Voltage (G-E SHORT) VcEs 1200 Vaolts
Gate-Emitter Voltage (C-E SHORT) VgEes +20 Volts
Collector Current (T = 25°C) Ic 100 Amperes
Peak Collector Current lcm 200" Amperes
Maximum Collector Dissipation (T = 25°C, Tj < 150°C) Pe T80 Watts
Input Capacitance Cies - 20 nF
Output Capacitance Coes Vee =0V, Ve = 10V - 7 nF
Reverse Transfer Capacitance Cres - 4 nF
Resistive Turn-on Delay Time tajon) - 250 ns
Load Rise Time t WICC =600V, IC = 1004, - 350 ns
Switching Tum-off Delay Time Lijom Vige1 = Veez = 15V, Rg = 3.10 - 300 ns
Times Fall Time i - 350 ns
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4.3.3 Other devices

The transformer used in the experiment is a 440 volt rms to 208 volt rms, 20 kHz, 25kVA node
power transformer manufactured by the former Westinghouse Electric Corporation. The single
phase transformer is configured as 208/440 volts. The primary side can be split to use in the

push-pull converter test circuits.

Figure 4.7 20 kHz transformer module

The 100 Ohms resistance is also used in the experiment as shown in Figure 4.8. This

resistor is able to operate up to 250W for lowest reactive components.
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Figure 4.8 100 Ohms resistance

44  EXPERIMENT RESULTS AND DISCUSSION

The experimental system was built and verifies the design by the University of Pittsburgh,
undergraduate senior design team, Mike Derrick. Figure 4.9 shows the Vg, and lgs behavior of
the SiC MOSFET module taken from the oscilloscope, and Figure 4.10 shows the behavior for
the Si IGBT module. Figure 4.9 (a) shows the oscilloscope capture, and Figure 4.9(b) shows the
excel plot by the oscilloscope interface to the computer. Notice that the excel plot (Figure 4.9(b))
and the capture of Figure 4.9 (a) were taken from different time periods, and the excel plot was

taken from a shorter period of time than the oscilloscope capture.
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(b) SiC MOSFET Measurements
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Figure 4.10 Si IGBT Oscilloscope capture (a) Oscilloscope capture (b) Switching-off time capture

from excel

The SiC MOSFET turned off faster than the Si IGBT module as shown in Figure 4.9, due
to the MOSFET’s intrinsic capacitance charging the device. Therefore, the forward voltage drops
increased the breakdown voltage of the devices. ! During the transistor turn off, there was a tail
current in the Si IGBT due to the current, which was proportional to the stored minority charge.
In contrast, since the current through SiC MOSFET module did not interrupt, the MOSFET
module did not have tail current. The Si IGBT also showed more oscillation compared to the SiC
MOSFET, which means the Si IGBT had less damping, and it would have less switching losses

than the SiC MOSFET. The oscillation ringing indicated the switching losses decay before the
68



end of the switching period. The ringing oscillation stemmed from the mutual interactions

between parasitic inductance in the circuit and terminal capacitance in the power module.
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5.0 CONCLUSIONS

A circuit has been successfully designed to measure the power loss of the SiC MOSFET. With
the characterization data, the SiC MOSFET model can be simulated with Matlab/Simulink, a
modeling tool which takes into consideration all of the important static and dynamic
characteristics of the device. The obtained MOSFET model has been verified with experimental
switching waveforms and great accuracy has been achieved. The simulation results show that
Matlab/Simulink provides better performance and simulation capability for computing switching
losses of the semiconductor devices under investigation than PSCAD. The model was simulated
with various switching frequencies and power supply voltages. Moreover, Matlab/Simulink has
the ability to directly interface to Matlab and calculate the switching and conduction losses.

The goal of this project was to study the losses when both devices operate at rated voltage
(1200 volts), current (L00Amps), and frequency (20 kHz). The results show that the turn-on and
turn-off switching time of the SiC MOSFET devices are both shorter than the Si IGBT devices.
Comparing the Si IGBT device, the SIC MOSFET device has 19.19% less switching power loss.
Due to the lower on-resistance of the device, the SiC MOSFET exhibits less conduction loss.
Since there was no specific on-resistance for the Si IGBT device given in the data sheet, the on-
resistance of the Si IGBT device was assumed to be the same as the SiC MOSFET device’s on-
resistance. From the simulation calculation in Matlab, the conduction loss of the Si IGBT is

twice that of the SiC MOSFET. The resistivity of each material depends on the material’s
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electronic structure. Therefore, the resistivity of silicon must be much greater than silicon
carbide to operate at the same breakdown voltage. As a result, the conduction loss of the Si
IGBT is estimated to be more than twice that of the SIC MOSFET device. Based on both loss

analyses, the total loss exhibited by the SiC MOSFET is much lower than the Si IGBT device.
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Figure 5.1 Specific on-resistance change with breakdown voltage!®"!

PSCAD did not incorporate the difference between the intrinsic capacitance of different
material devices. Moreover, PSCAD was not able to incorporate the difference between
MOSFET and IGBT for both testing circuits. As a result, PSCAD is not a good package for
power electronic simulation, when it is necessary to distinguish between the operating
characteristics of different semiconductor materials.

The prototype loss analysis result also presents that the SiC MOSFET is a better material
than Si IGBT for high power applications. The characterization and modeling processes are
generic enough so that these methods can be applied to study new SiC devices. The SiC device
has shown the desired performance compared to Si devices. The MOSFET is able to operate at
higher frequency (20 kHz) with more efficient operation, better loss efficiency in soft switching

applications, and longer life. In addition, the SiC MOSFET devices operating with lower
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switching loss than the Si IGBT devices. In the final analysis, the SIC MOSFET is possible to
replace the Si IGBT for HVDC applications.

For HVDC applications, the converter development requires more efficient and lower
loss semiconductors. The SiC semiconductor devices have overall lower losses compare to Si-
based ones. In this case, if the material price is also low, hence the SiC devices can effectively

replace the Si IGBT for the HVDC systems applications.
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6.0 FUTURE WORK

The higher power supply is needed to run up to 1200 volts with less interrupting signals. The
current power supply in the Electric Machinery Lab at the University of Pittsburgh can generate
only 110 Volts, and there is some oscillation when the voltage reaches a steady state. In addition,
the external monitor control units will also help for more specific loss analysis. The SiC
MOSFET is able to reduce losses. The SiC MOSFET model developed should also be used to
study FACTS applications like SVC and STATCOM, as well as the use of VSC in high power
transmission application, HVDC control, fault analysis with VSC technology, and dynamic
response characteristics

Temperature has a strong effect on the on-resistance. Because of the majority carriers, the
temperature coefficient of on-resistance is always positive. This corresponds to a conduction loss
increase as the temperature goes higher. The MOSFET devices heat up very fast, so the on-
resistance will not stay constant while the transistor conducts current. The model study for

conduction needs to prove that the losses vary with temperature.
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APPENDIX A

MATLAB SCRIPT FOR CALCULATING THE SWITCHING LOSS AND VOLTAGE

AND CURRENT PLOT

clc
close all

figure();

plot(tout,I,'r");

hold on;

plot (tout,Vv, 'g");

title ('Power Loss');

xlabel ('Time (s)'");ylabel ('Amplitude');
legend ('Current (A)','Voltage (V) "'");

oe

o°

if (V(3)<I(3J)
start = J
break;

for § = 1l:1length(I);
)

o° oe

oe

end
end

oe

oe

int = 0;
= tout (end);
= T/length (tout) ;
for i = start:length(I);
if (V(1)>I (1))
int = I(i)*T+int;

o o oo + H

oe

end
end

o°

intl = 0; %switching loss
for i = 1l:length(I);
1f (V(1)>I (1))
intl = V(i)*I(i)*t+intl;
end
end
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intl/T

result* (tonttoff)

result
Psw
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’

conduction loss

°

I(1)*I(1)*0.015+intl

’

length(I);
intl
result*T/6

0;

1

(I(1)>V (1))
intl

intl
for i
if
end
end
result
Pcond=



APPENDIX B

MATLAB SCRIPT FOR PLOTTING TOTAL POWER LOSSES

clc
close all

A=I.*V

max (A)

figure (2);

plot (A);

title('Power Loss');

xlabel ('Time (s)'");ylabel ('Power [W]");
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