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Abstract

The development of power modules for deploymenhastile environments,
where the elevated ambient temperatures demandteigherature capability of the
entire converter system, requires innovative pogectronic circuits to meet stringent
requirements in terms of efficiency, power-densitd reliability. To simultaneously
meet these conflicting requirements in extreme remvinent applications is quite
challenging. To realise these power modules, tlevaat control circuitry also needs to
operate at elevated temperatures. The recent aglvancsilicon carbide devices has
allowed the realisation of not just high frequenaigh efficiency power converters, but
also the power electronic converters that can epexaelevated temperatures, beyond

those possible using conventional silicon-basedrnelogy.

High power-density power converters are key comptséor power supply
systems in applications where space and weightrédieal parameters. The demand for
higher power density requires the use of high-fezgqpy DC-DC converters to overcome
the increase in size and power losses due to theouransformers. The increase in
converter switching frequency reduces the sizeagbjye components whilst increasing

the electromagnetic interference (EMI) emissions.

A performance comparison of SiC MOSFETs and JFHETs ihigh-power
DC-DC converter to form part of a single phase Rverter system is presented. The
drive design requirements for optimum performantehe energy conversion system
are also detailed. The converter was tested undetincious conduction mode at
frequencies up to 250 kHz. The converter powerciefficy, switch power loss and
temperature measurements are then compared withultteehigh speed CoolMOS
switches and SiC diodes. The high voltage, higlyuemcy and high temperature
operation capability of the SiC DUTs are also desti@ated. The all SiC converters
showed more stable efficiencies of 95.5% and 96f4He switching frequency range
for the SIC MOSFET and JFET, respectively. A conguar of radiated noise showed
the highest noise signature for the SiC JFET amkdp for the SiC MOSFET. The
negative gate voltage requirement of the SiC MOSH#&Toduces up to 6 dB/
increase in radiated noise, due to the inducedentiin the high frequency resonant

stray loop in the gate drive negative power plane.



A gate driver is an essential part of any powectebaic circuitry to control the
switching of the power semiconductor devices. Tlesiré to place the gate driver
physically close to the power switches in the cotere leads to the necessity of a
temperature resilient PWM generator to control pgwver electronics module. At
elevated temperatures, the ability to control eieat systems will be a key enabler for

future technology enhancements.

Here an SiC/SOl-based PWM gate driver is proposetl designed using a
current source technique to accomplish variablg-dytle PWM generation. The ring
oscillator and constant current source stages oseplower normally-on, epitaxial
SIC-JFETSs fabricated at Newcastle University. Thiplfication and control stages use
enhancement-mode signal SOl MOSFETs. Both SOl MASKEill be replaced by
future high current SiC-JFETs with only minor macktion to the clamp-stage circuit
design. In the proposed design, the duty cycle m&awaried from 10% to 90%. The
PWM generator is then evaluated in a 200 kHz stepeamverter which results in a 91%

efficiency at 81% duty cycle.

High temperature environments are incompatible wstandard battery
technologies, and so, energy harvesting is a daitabchnology when remote
monitoring of these extreme environments is peréanthrough the use of wireless
sensor nodes. Energy harvesting devices often peodoltages which are unusable
directly by electronic loads and so require pow@nagement circuits to convert the
electrical output to a level which is usable by manmng electronics and sensors.
Therefore a DC-DC step-up converter that can hadogenput voltages is required.

The first demonstration of a novel self-starting-DC converter is reported, to
supply power to a wireless sensor node for deploymea high temperature
environments. Utilising SiC devices a novel boastwerter topology has been realised
which is suitable for boosting a low voltage tcead| sufficient to power a sensor node
at temperatures up to 300 °C. The converter operatethe boundary between
continuous and discontinuous mode of operationlasla VCR of 3 at 300 °C. This
topology is able to self start and so requiresxteraal control circuitry, making it ideal

for energy harvesting applications, where the gnsupply may be intermittent.
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Chapter 1.  Introduction

1.1 Background and Motivation

Power supply designers have been always tryingdace the power losses in
the power conversion system and hence improve mystiiciency and reliability.
There has also been a demand to reduce the sizeveigtt of the power electronic
converters and/or increase the output power, henpeove the system power density
[1-3]. To achieve one or more of these goals, @det@ff needs to be made between size,
cost, performance and power density. Depending arkeh demands, the most suitable
solution for a specific application needs to besdeatned. For instance to increase the
power density of a switched mode power supply, epproach is to increase the
switching frequency and hence reduce the sizeaoktormers, inductors and capacitors.
This approach is; however, limited by the high shilhg capability of the power
devices in the power conversion system. At higkatching frequencies, the switching
power losses in the active devices, inductor cen@ding, and dielectric increase,
which leads to a reduction in power efficiency amgtreased device junction
temperature that may affect system reliability [4].

There has been much research on the developmemneérter systems using
new switching schemes, such as soft-switching @&stnant converter structures in
order to allow higher frequency high power-densitynverters without excessive
switching losses [5-7]. These techniques; howewgpose additional complications in
the system design and have associated limitatiotis large line-voltage, load-current
variations in terms of control and stabilisatiomeTadditional control circuitry, snubber
circuits, bulky resonant components and filtersraded to be taken into account for

accurate power-density evaluations.

On the other hand, there has been continuous afmweint on Silicon based
power semiconductor devices in order to achievadrigfficiency. Silicon as the most
dominant semiconductor in the power conversion stguhas now reached its
theoretical limits [8]. Wide bandgap (WBG) powervibes have emerged that have
great potential to become the superior candidatéutore power conversion systems.

The devices based on WBG materials offer fast switc speeds, high break-down
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voltages, high thermal conductivity and high tenapere capability [9, 10]. Most of
these devices are still under development, thezefloorough evaluation in currently
available products are required. The cost of WB@/gyodevices is currently higher
than Silicon devices for identical voltage and eatrratings. The factors affecting the
higher cost of WBG power semiconductor devices tagher starting material cost,
higher manufacturing cost, poor wafer yield andkpging cost. However, this can be
offset by the increased energy efficiency, robusdrigenefits and system-level cost [11].

Among the devices based on WBG materials, Si@asctosest to commercial
maturity and it has achieved highest level of comumaésation. SiC technology is
capable of surviving extreme temperature environigjedue to its high thermal
conductivity and low intrinsic carrier concentratithat is due to the wide bandgap of
the material. In addition, due to the high satoeratlectron drift velocity, SiC devices
can operate at very high frequencies. As a reduhigh dielectric breakdown field
strength, SIC devices can be made to have a thihmférdayer and/or higher doping
concentration when compared to Silicon based dsvidehis results in higher
breakdown voltages and low on-resistance for Snicds [12-15].

When power electronic systems operate at higimepéeatures, either because of
the increased power density or because of the amwient, all the components and
materials in the system need to withstand thoseratdd temperatures. If the
components and packaging can tolerate these tetapsaless aggressive thermal
design would be sufficient hence reduce the sizevatume of the system. In addition,

a higher level of power electronic integration itite associated sources or loads can be
achieved due to the availability of smaller coneest that operate at elevated

temperatures [4].

1.2 Commercial Availability of SiC Devices

There is an increasing variety of SiC devices @nsl expected to grow as the
market matures. The common availability of 100mr@ Substrates has enabled the
design of SiC vertical power devices in the mediand high voltage ranges. The
introduction of 150mm wafers by CREE in 2012, viultther reduce the device cost
[16, 17]. SiC diodes have already achieved uniVaseeptance in many applications

including the hybrid applications where SiC diodes used as rectifiers or anti-parallel
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diodes along with Si transistors. The SiC Schottigdes are commercially available
with a current rating up to 50A per device and agé# ratings in the range of 600V to
1.7kV. SIiC MOSFETs have more recently joined thekeiaand are available with a
current rating up to 50A per device and voltagegadf 1.2kV and the emerging 1.7kV.
SiC BJTs and JFETs are also available with a cunaimg up to 50A per device and
voltage ratings in the range of 1.2kV-1.7kV. Noripaff JFETs were commercialised
by SemiSouth; however, due to their closure in 20dR available SiC JFETs are
normally-on devices. SiC BJT and JFETSs lack a gaide, therefore unlike MOSFETSs

are more suitable for very high temperature opendtL8].

1.3 Research Challenges in High Efficiency, High PoweDensity and/or High
Temperature Applications

Power conversion systems are an integrated parth@frenewable energy
industry. The increasing demand for high power dgr@nd high efficiency converters
have been set by the accelerated growth of energglabment from renewable energy
sources such as photovoltaic (PV) energy systems.dDthe challenges in PV systems
is to link the DC renewable energy source with dtibevel inverter. The low voltage
generated by the renewable energy source needssofficiently boosted to feed a grid
connected inverter [19, 20]. In addition, it is ded that such links are self-balanced to
avoid complex control strategies [21]. It is theref required to design a DC-DC
converter to overcome such issues by connectingning PV array to the multilevel
inverter with a self-balancing output voltage anghhvoltage conversion ratio. This
requires the use of an extremely high duty cycleclwheaves no scope for voltage
regulation to compensate for load and line changasextremely high duty cycle in a
boost converter also means that the diode sustagh amplitude current with a short
pulse width, resulting in severe reverse recovamgndients, which cause high

electromagnetic interference (EMI) issues [22, 23].

Furthermore, recent developments in applicatiarch sas oil well exploration
and aerospace have also identified the need fdr thpsity, high temperature power
electronic modules. High temperature SiC DC-DC euters have great potential for
deployment in such environments. To realise theseep modules, the relevant control

circuitry also needs to operate at elevated tenyes For this goal to be achieved,
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these parts need to operate at temperatures erge&db °C with limited cooling

strategies [24-26]. The desire to place the gateedphysically close to the SiC power
switches in the converter, leads to the necesditya demperature resilient PWM
generator to control the power electronics moddie30]. As far as the gate driver is
concerned, traditional complementary CMOS integtatiecuits based on Silicon, can
only operate reliably at temperatures below 125T& development and realisation of
integrated converter modules capable of high teatper operation is therefore quite

challenging.

SiC based switches such as SiC JFETs are caphbieating these elevated
temperatures, however, various other components sisc passives, magnetics or
amplifiers will make this task rather challengifigom a system point of view, the gate
drive requirements of normally-on SiC JFETs aregaiicant challenge. The issue with
the start-up process in addition to the differernpebe gate voltage requirements make
them less desirable for power designers [31, 38§ Jate driver needs to address these
design constraints, and also enables fast switckipgeds of the device at high
temperature. To operate DC-DC converters in highperature environments, the gate
driver needs to rectify the short circuit issuehwtite SIC JFET start-up and also drive
the switch during normal running conditions at alexd temperatures. The simplicity of

the design is key when considering the availabdithigh temperature components.

1.4 Thesis Objectives

One of the objectives of this thesis is to invgte the applications of SiC
devices in high power density applications considerhigh frequency operation,
thermal performance, efficiency and noise evaluati®herefore the performance
evaluation of SiC devices in a high power densiiyer converter is required with a
detailed comparison to the Si based design. Thissilgation also needs to consider

high power-density systems requiring high voltageversion ratios.

In addition, to enable a full high-temperature powonversion system, a high
temperature PWM generator is desired. The objedive realise a demonstrator circuit
using all-high temperature switching devices offgra wide duty cycle range. Finally,
to fully utilise the high-temperature capability 8fC devices in hostile environment

where the converter needs to supply a wirelessosemsde from a thermoelectric
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generator, a SiC DC-DC converter with large voltagaversion ratio is desired. The
converter can only use high temperature SiC devigglout a need for control
electronics, to achieve small size and high rdiigbi

1.5 Thesis Outline

The thesis will begin with a review of the roadnmapsemiconductor devices
followed by a review on wide bandgap materials. Tdslient properties of SiC, as the
most mature wide bandgap semiconductor materidl, bgi detailed. Semiconductor
devices based on SiC will be discussed with regdodgheir requirements and
limitations. A roadmap of DC-DC power conversiogheology as a key part of the
power engineering will be briefed. Currently avhi literature with regards to high
temperature and high efficiency applications of Qi@hverters in power converter
systems will be detailed. Furthermore, high powensity converter systems, high
voltage conversion ratio requirements and multilelXC-DC converters will be
discussed. The review will be situated in chaptgergceding the technical data, which

is presented in the following manner:

Chapter 3

This chapter will begin with the design of a peguilator DC-DC converter as
part of a high power-density inverter system. Tlsigh criteria of the converter and
the gate drive circuits for different Si and SiGnsistors will be detailed. The
converters efficiency, thermal performance andaiadi noise at various conditions will
be evaluated and compared for SiC MOSFET, SiC JBBd@ Si MOSFET based
designs. A transformer-less SiC based multilevelsbaonverter will also be presented
that offers high efficiency, high voltage conversiatio and low noise, that can directly
feed a 3-level clamped inverter circuit.

Chapter 4

This chapter will begin with a review of the reguments of a gate drive circuit
suitable for operation in high temperature envirents beyond those possible using
conventional silicon-based. This will be followedthva PWM generator design that
uses normally-on SiC JFETs fabricated at Newcddtieversity. The SiC/SOl-based

5
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PWM generator based on six functional blocks welldiscussed. A ring oscillator in the
design enables a wide range of frequency tuninglslei for the operation of SiC-based
DC-DC converters.

Chapter 5

This chapter will begin with a review of power soes used for wireless sensor
nodes. The investigation then moves towards theafisenergy harvesting in high
temperature applications. As in practical applwadi the low voltage of the
thermoelectric generator is insufficient to suppdine drive for remote sensor
applications, a novel SiC step-up DC-DC convertdl e proposed. The converter
operation will be detailed and the simulation argezimental results will be discussed.
The proposed boost converter design offers higtagel conversion ratios at extremely
high ambient temperatures.

Finally, conclusions will be drawn from the tectadi data and possibilities for
future work will be discussed in Chapter 6.
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Chapter 2. Literature Review

2.1 Roadmap of Semiconductor Devices

In 1965, Gordon E. Moore presented a paper stdiiag the number of
integrated components per Integrated Circuit wandtease exponentially over time [1].
This vision, known as Moore’s Law has been usesemiconductor industry for more
than 5 decades to set targets for research, deweldpand long-term planning. Through
transistor scaling, a better performance to cosb ria obtained which results in an
exponential growth of the market for semicondualewrices. In return, this allows
further investments in novel technologies, whichl ailow further scaling. This idea

then became a roadmap in semiconductor industi3}[2,

All these scaling trends have been enabled byfgignt R&D investments and
to guide these research and development progranes,sémiconductor industry
association (SIA), started the international tedbgy roadmap for semiconductors
(ITRS) in 1999; to improve the quality of researtivestment decisions and to

particularly focus on the areas where researctktremughs are needed [4].

Si semiconductor technology, of course, is based tlke most mature
semiconductor material; however, due to recent ldpmeent advances, it has
approached its theoretical limits. Performance iregquents of power electronic circuits,
however, have increased dramatically up to a pbat Si based semiconductor power
devices cannot function. These requirements inclbagher efficiency, switching
frequency, blocking voltage and reliability. Wideanulgap semiconductors have
superior characteristics that can potentially offerformance improvements over their

Silicon counterparts [5-7].

2.2 Wide Bandgap Semiconductors

WBG semiconductor materials such as silicon cal{iiC), gallium nitride
(GaN), Gallium Arsenide (GaAs) and diamond, hawgnificantly better electrical

properties in comparison to Silicon. The higherdgap means that they can operate at
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higher temperatures. Higher electric breakdowndfigl WBG materials results in
semiconductor devices with higher breakdown voladgue to their higher thermal
conductivity, WBG materials can conduct heat toirtiseirroundings more quickly,
hence the device temperature increases more sIf®viy2]. The higher electron
mobility and electron saturation velocity of WBGvdees allows higher frequency

operation. The key material characteristics aremansed in table 2.1 [13].

Semiconductor Materials

Si GaAs 3C-SiC  6H-SIC  4HZS 2HGaN Diamond
Bandgap 1.12 1.43 24 3.0 3.2 3.4 5.6
(eV)
Electron Mobility 1350 8500 1000 500 950 400 2200
(cm?V1ls)
Thermal 15 0.6 5.0 5.0 5.0 1.3 20.0
Conductivity
(Wem K%
Critical Electric 0.25 0.3 2.0 25 2.2 3.0 5.0

Field (MVem™)

Table 2.1:Key electrical parameters of bulk Si and a rangeopiular wide bandgap

materials

Diamond has the widest bandgap of the commercaaiilable semiconductors
and consequently has the highest electric breakdimihcompared with the commonly
available polytypes of SiC or GaN. The data intddde shows that SiC and GaN have
very similar bandgap and electric breakdown fiellues, which are significantly
greater than GaAs and Si. The higher electric lwteak field means that more doping
can be applied to the semiconductor material anthedoreakdown voltage limits of
WBG materials, will increase further, in compariséo silicon. Diamond has
approximately five times higher thermal conductivitan the commercially available
polytypes of SiC, whilst GaN has the poorest thémmpaductivity, even lower than Si
[14, 15].

Diamond is the hardest material and requires Isightemperatures for
processing. Even though diamond shows the bestateal performance, process
technology is still immature. Whilst it has beemmbmstrated at a research level for
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field emission devices and sensors, power devieesa currently available. GaN has a
thermal conductivity approximately one fourth o&tlobserved in SiC. Growing GaN
on SiC wafers improves the overall thermal conditgti but the performance cannot
compete with that observed in bulk SiC wafers. GHNETS are now commercially
available, however the devices are normally on sm@re being manufactured with a
cascode structure that has an internal Si MOSFE&lltav enhancement mode gate
control [16]. Transphorm Inc. holds fundamentalepéd in the area of GaN power
conversion, but at the present time, the voltagmgaof their available devices is
limited to 600V. Higher thermal conductivity combuoh with wide bandgap and high
electric breakdown field make SiC semiconductoricks/the most suitable candidates
for applications in harsh environments where thghhiemperature and high power

density are key requirements.

2.3 SIiC Technology and Material Properties

In terms of process technology, SiC is the mostumatwide bandgap
semiconductor. As outlined above, the propertieSiGf make it an excellent choice for
high frequency, high temperature and high poweliegpons. SiC has a large number
of polytype structures, a detailed summary of whiah be found in [17]. However, not
all the two hundred possible polytypes are easyréov and the most popular ones are
the cubic 3C, hexagonal 4H and hexagonal 6H strestulrhe number indicates the
stacking sequence and the letter shows the ge@aldtyrm of the crystal structure.

The higher bandgap of SiC common polytypes (3.2n@& 2.4 eV for 4H-SIC,
6H-SIC and 3C-SiC, respectively) compared withlleeV bandgap of Silicon enables
SIC based devices to operate at temperatures bey@°C [18-20]. The
approximately 10 times higher electric breakdoveidfiof SiC material compared with
Si, enables the conduction region to be reducetena very low specific on resistance
can be achieved. The greater saturation velocitgllothree common SiC polytypes,
than that of Si (1.10cm/s), results in higher frequency operation.

Modified seeded sublimation growth was the finrgakthrough by Tairov and
Tzvetkov in 1978, to realise reproducible 6H Sifid@arbide crystal growth [21]. They
produced high purity substrates; hence the SiCwweds born. In 1989, the first 1-inch
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6H polytype wafers became commercially availablecd&ise of the higher carrier
mobility and lower anisotropy, the 4H SiC polytypethe preferred choice for the
realisation of power semiconductor devices [22]1893, CREE provided the 1-inch
4H-SIC wafers to the market. Along with higher dyalwafers and significant
improvements in epitaxy, continuous enhancemer8iGfwafer continues. Today, for
the n-type substrates, the 4-inch wafers are the praduct on the market, however the
supply of the 6-inch n-type wafers is catching apidly. The price ratio between 6 and
4-inch n-type substrates are still significanthaitgh decreasing rapidly therefore the
6-inch wafers are not yet appealing for device nfacturers [23]. SiC device sales and
their predictions for the coming years accordingrtde Développment are shown in
figure 2.1 and the data shows the application & fichnology to a wide range of

industrial sectors.

SiC device sales in %, by applications
100%
Others, MilAero, R&D

m UPS
m Motor control

90%

80%

70% ® PV micro-inverter

PV inverter

Grid
= Wind
m EV/HEV Inverter
m PFC

m Rail

60%

50%

40%

30%

20%

10%

0%

2018 2020

Figure 2.1: Percentage of SiC device sales basaghglications [23]

2.4 Power Switching Devices Based on SiC

Silicon carbide technology has advanced signitigasince the foundation of
CREE in 1987. Even though there was a number otmahtproblems in the early
wafers, including screw dislocations and micropifiest limited the die size, the first
Silicon carbide power semiconductor devices, SiChoBky diodes, were
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commercialised offering 600V blocking voltage, teithat of the Si Schottky diodes
(300V)[24]. In addition to SiC Schottky diodes, myaother power devices have been
researched and commercialised including PiN diodég§Ts, MOSFETS, thyristors,
GTOs, BJTs and IGBTs. The use of these SiC powdce instead of Si counterparts
leads to system level advantages such as redueest passes, reduced size and volume
and increased efficiency [25]. It has been showat tieplacing Si devices with SiC
devices in a traction drive application resultedincreased efficiency and reduced
cooling requirements to one-third, in a hybrid &lecvehicle [26]. However, when in
addition to the reduced power losses, size andnwlof the heatsink, the effect of
switching frequency is considered, a DC power syppll have proportionally smaller
filters and transformers as the switching frequeincyeases. Figure 2.2 shows progress

in the commercial availability of SiC based bipadad unipolar devices [27].

Diode
Thyristor

Gen. 2
Max. 600V

Unipolar Bipolar
Field Effect Transistors

Yole Développement (2014)

Silicon | Thyristor & MOSFET era SiIGBT era SiCera? |

SiC | ] L | ] L 1 L L |
o 1 11 | 11 1 11 >
1970 1990 2010 2014 >2020 \

Figure 2.2: Availability of bipolar and unipolarmm&onductor devices [27]

241 SiCDiodes

SiC Schottky diodes were the first commerciali&@ power semiconductor
devices, introduced by Infineon in 2001 [28]. Thaimadvantage of SiC Schottky
diodes is the elimination of reverse recovery cad(@;) that is the dominant cause of

the switching losses in bipolar Silicon PiN pow&d#s. Unlike PiN diodes, Schottky
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diodes are majority carrier devices hence theyaaequire a reverse recovery current

to discharge the minority carriers in the depletiegion [28].

Minimised switching and conduction power lossee aequired in high
performance power converter applications. To redbeeconduction loss of the power
Schottky diode without compromising the device king voltage, the Schottky barrier
height can be reduced. This, however, causes highkage currents during the reverse

bias of the power diode.

Junction barrier Schottky (JBS) diodes can havevelo leakage than
conventional Schottky diodes for the same blockiolage [29]. JBS structures are not
commonly used in Si Schottky diodes. This is beeadhs threshold of the PiN junction
is only 0.7V, which can potentially make the devigeerate in bipolar mode when the
P-N junction turns on together with the Schottkyries junction for a higher bias
voltage. Due to wider bandgap of Silicon carbidhe, threshold of the SiC P-N junction
is around 3V. Consequently, the P-N junction doe$ turn on during forward
conduction [29]. Currently, commercial SiC Schyttitiodes are available from a
number of manufacturers including Cree, Infineonicidsemi, IXYS, Rohm and

STMicroelectronics.

242 SICMESFET

A number of research groups have demonstrated MESEEhnology,
including DERA and NASA. Based on SiC-based metatisonductor field-effect
transistors (MESFETS), NASA have demonstrated lggies operating at 600° C [30].
AC amplifiers based on SiC MESFETs and ceramic agicky operating at 500° C were
fabricated using CREE SiC wafers [31]. Althoughréhare increasing demands for
using SiC MESFETs in microwave applications, theme surface trapping issues with
SiC MESFETSs in these applications, therefore varitypes of passivation materials
have been used to improve the surface propertis TBe majority of research into SiC
MESFETSs is to develop transistors for GHz frequeraryge of radio frequency (RF)
applications and hence are not suitable for powpli@ations where the devices tend to

operate in hundreds of kHz range.
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243 SICSIT

Static-induction-transistors (SITs) are normally-devices; therefore require a
negative gate voltage to turn off. These devicesuamique in the way that they can
operate in both unipolar and bipolar modes. Theeefioe circuit designer can choose to
use either the high frequency or high current caipalp33]. Recently there has been
some research on SiC SITs used as circuit breakbese devices demonstrate both a
very low on resistance and the large energy-ahsormapability required during the
interruption process [34]. SIiC SITs can also rediheelevel of overvoltage during the
current interruption phase and this can be achidyedontrolling their gate-voltage

without the need for additional suppressors suoradstors [35].

244 SCBJT

Due to its low current gain and small safe opagptirea (SOA), caused by the
second breakdown issue, the Si bipolar junctionsisdor (BJT) was replaced in power
electronic circuits by Si power MOSFETs and IGBTany years ago. Since then there
has been no significant research work on Si BJTwvé¥er, the use of SiC material
with its excellent properties has led to the intrcitbn of SiC BJTs for high voltage and
high power applications [36]. These devices aremadly off and have positive
temperature coefficient (PTC) for the on-resistantéhe device. They are free from
gate oxide, offering the potential for high relidlpi and provide very fast switching
speeds. TranSiC has developed 1200V SiC BJTs #réorm better than 1200V Si
IGBTs and do not exhibit the Si IGBT second breakad@henomenon [36].

There have also been reports on improved commattegrourrent gain in SiC
BJTs. For the same collector current, this meaas ttie device requires a lower base
current, therefore reducing the drive power lossHEse design criteria and drive
requirements for SiC BJTs are totally differentniosi based BJTs. There are no issues
with storage times at turn-off in SiC based devi@¥4. When the device is in on-state,
the device base current needs to be continuouslyded by the drive circuitry and for
example, a 30A SiC based device with a gain ofegfuires a continuous 0.5A current

flowing in to the base.
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245 SICIGBT

Due to the distribution voltage levels in smaitdgrpplications, Si based IGBTS,
which are commercially available at voltage ratingsto 6.5kV, are either utilised in
series or are used in multilevel power convertarcstires. These limitations add to the
complexity of the converter topology and the conschemes [38]. Therefore there has
been a significant amount of research to develdp d&vices with voltage ratings in
excess of 10kV. 4H-SIC MOSFETSs rated at 10kV hagenbdeveloped offering high
switching frequencies (beyond 20 kHz) and low atestresistance. However, SiC
MOSFETSs similar to Si based MOSFETs exhibit incegladrift resistance at higher
voltages, which worsens significantly with incremgitemperature [38]. Due to the
technological challenges in preparing low-resisgio-SiC substrates, p-IGBT was
demonstrated before the n-IGBT. However, with thregpess in SiC fabrication
capability and wafer growth technology, the n-ty}i€ device has been demonstrated
offering better switching performance and on-stagses compared to the SiC p-type
IGBTSs [39, 40].

246 SCJIFET

The manufacturing of junction devices is comparadasier than MOSFET
devices. The fabrication of a high performanceaf®é silicon carbide / silicon dioxide
interface is still a significant challenge. CurtgntThere are normally-on and
normally-off SiC JFETs under development or comiadlsc available. The
normally-on SiC JFET requires a negative gate gelta be fully turned off against the
rated blocking voltage of the device. There ar@bdity concerns associated with using
these devices, for example in many boost or brmeer converters, the design relies
on the switching device being off during start-ligghe gate drive circuitry fails, the use
of normally-on devices leads to a short circuit dibon and a number of techniques
have been proposed to protect against these teyiadnd failure mode issues [41, 42].
There has also been a great deal of research amatipion SiC JFET devices used in a
so called cascade structure operating along wibivavoltage Si MOSFET therefore the
device can be switched as a normally-off devicq.[A3normally-on JFET with high
voltage rating can also be used along with a lowage normally-off JFET as a

compound switch that operates as a normally-oftcwj4].
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Although the cascode structure solves the chatlenf the normally-on
characteristics of the device, it adds to the cexp} of the design. In addition, the low
voltage FET needs to handle the full load currénhe high voltage normally-off JFET,
which adds to the overall conduction losses. Usimg low voltage Si device in the
cascade design also results in thermal limitatibthe compound package. Several
circuit designs have been proposed to directlyedtive normally-on devices; these
avoid the thermal limitations associated with thie d8vice as well as its added

conduction losses [45].

Despite the above-mentioned design issues, theallgron SiC JFETs offer
high temperature capabilities, extremely low oristesice and very fast switching
speeds. These devices are particularly suitablesédid-state bi-directional circuit
breaker applications where the on-state of thecgegguates to the no-fault operating
mode of the system. In these fault protection sysiehe device operates in on-state
condition for the majority of time; this hence iaases the system reliability as the
normally-on SiC JFETs do not need an active gads tor operation in their nominal

current conduction [46-48].

The normally-off SiC JFETSs first introduced by S8outh, are more preferred
devices compared to the normally-on SiC JFETs. dlwi¢ate a normally-off JFET,
either a very lightly doped or a thin channel iguieed; this is difficult to achieve
reliably [49]. In order to improve JJon), the gate voltage has to be large enough that
leads to gate diode activation. As a result, a D@ent is supplied by the gate drive
circuitry during on-state, causing additional pou@sses within the drive circuit. An
approach to minimise the power dissipation is te ais AC coupled gate driver with a
non-centred dual power supply; depending on thecehof the driver, there are duty
cycle and/or switching frequency limitations [S5@imilar to normally-on devices, the
normally-off SiC JFETs also show very low on-remmgte, low intrinsic capacitances

and fast switching speeds.

247 SICMOSFET

SiC MOSFETSs offer lower conduction power lossegmbompared to similarly
rated Si MOSFETSs. If the SiC MOSFET is designechwatwv specific on-resistance, it
can also be fabricated with lower switching los#&mn its Silicon counterparts. The
main elements that control the power device swiighispeed are the device
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capacitances. The capacitance per unit area in Si® MOSFET structure is
approximately 10 times higher than an equivaleanhat Si based MOSFET [51]. To
counteract this greater capacitance density, tBed8vices needs to operate at greater
current densities than their comparable Si basedcele This hence requires these
devices to be fabricated with low specific on-rizsise. Therefore, both the specific
on-resistance and the device capacitances neee@ toitimised to fully realise the

device performance.

The first SIC MOSFET was reported in the late 108nhd the first power
MOSFET based on Silicon carbide was then reponmed994 [52]. In 2011, CREE
released the first commercially available SiC MOSFEhis device was rated at 33A
and 1200V, offering the possibility of high poweendity converters operating with
switching speed. Despite the high temperature cbtyalof SiC, this device is
conservatively rated at 125° C, due to concerns tinethreshold voltage stability, long
term reliability issues and constraints from thekaging. The reliability of the gate
oxide is the most common concern for SIC MOSFETisdés voltage and temperature
stresses, both threshold voltage shift and timeéant dielectric breakdown problems

have been reported in the literature [53-55].

2.5 Roadmap of DC-DC Converters

DC-DC power conversion technology has been a kast pf the power
engineering and has been under development for tharesixty years. In the 1920s,
the technique of the DC-DC power conversion wasldished [56]. The DC-DC
converter in its simplest form was a voltage dividéh an output voltage lower than
its input voltage and with a low efficiency. Thecerd step in DC-DC conversion was
the multiple-quadrant chopper. Choppers direabiyvert a fixed DC input voltage to a

variable output voltage.

Before the Second World War, basic DC-DC converteere used in industrial
applications. Although research on this topic wascahtinued during the war, the
applications for DC-DC power converter were recegdi After the war, due to the
need for low voltage DC power sources, DC-DC cosioer techniques developed
rapidly [56]. There are hundreds of DC-DC conventepologies that have been

demonstrated, all designed to meet the specifitatiand requirements of certain
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applications. These converters are usually nameddan their function. For instance,
the boost converter outputs a higher voltage theninput voltage, whilst the output
voltage of a buck converter is lower than its inpottage. The DC-DC converter
classification was formalised in 2001 and it hasrbesed ever since [56]. Based on this
principle, a DC-DC converter can therefore be afted into its respective category

based on its function and technical features.

25.1 Classification of Main DC-DC Converter Topologies

DC-DC converters can be categorised into 6 geloasats shown in figure 2.3.
The first generation converters are the classic@-C converters including the
fundamental converters, transformer-type convertedsveloped converters and

voltage-lift and super-lift converters [56, 57].

Generations of DC-DC
Converters

v v
First Generation: Sixth Generation:
Traditional Multiple energy-storage
Converters elements resonant (MER)
\ 4 Converters
Second Generation: v
Multi-quadrant Fifth Generation:
Converters Synchronous Rectifier
(SR) Converters
\ 4

Fourth Generation:
Soft-switching (ZCS/
ZNS/ZT) Converters

\ 4
Third Generation:
Switched-component
(SI/SC) Converters

Figure 2.3: Generations of DC-DC converter topasgi
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25.2 TheTraditional Converters

25.2.1 TheFundamental Converters

The fundamental converter topologies are bucksbaad buck-boost DC-DC
converters. The circuit diagram of the buck, baost buck-boost converters are shown
in figures 2.4 (a), 2.4 (b) and 2.4 (c), respedyivéhe buck (step-down) converter is a
DC-DC converter that regulates the output voltaga bower level than its input voltage.
The current through the inductor increases wherswiteh is in the on-state. When the
switch is off, the diode conducts and the inductorent decreases as the stored energy
in the output inductor drops. As the output inductxduces the output current ripple,
the output capacitor directly limits the rippletime output voltage. The output voltage
of the buck converter is calculated using equa®dn whereT = 1/f is the switching

period, t, is the switch on-state time, abd= t,,, /T is the duty cycle.
Vo =2V, = DV; ®.1

The boost (step-up) converter is a DC-DC convdtat regulates the output
voltage at a level greater than its input voltaQge energy stored in the input inductor
increases when the switch is in the on-state. Wherswitch is off, the diode conducts
and the current flows from the input-source throtighinductor to the load. The input
voltage source in series with the input inductdndwes like a current source. As both
the discharge-current in the inductor and the iMaliiage source are supplying the load
during the switch off-state, the voltage acrossltiagl is larger than the input voltage.
As there is no inductor in the output, the outpapacitor needs to be sufficient to
reduce the output voltage ripple and maintain astaont output voltage [58, 59]. The

output voltage of the boost converter is calculatsidg equation 2.2.

T 1
V, = Vi, =—V, 2.2
0~ T, 'in T 7 p'in (2.2)
i1 I S L lZl
Y YY)
_>
+ _ * +
e " Ve ¢
Vi T DAy, VR[] Ve
a) . c ic ~
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Figure 2.4: Buck converter circuit diagram (a), Siomonverter circuit diagram (b) and

buck-boost converter circuit diagram (c) [56]

The buck-boost converter is a DC-DC converter dat regulate the output
voltage at a level lower or greater than its inpoitage. Here, depending on the duty
cycle, the converter can act as a boost or buckertar. When the switch is off, the
diode conducts and the inductor limits the outputent ripple. The output capacitor
can directly limit the output voltage ripple simileo the buck converter. The output
voltage polarity in the buck-boost converter is tpposite of that of the input voltage.

The output voltage of the buck-boost convertemisudated using equation 2.3.

t D
VO = — _on Vi = -
T—ton 1-D

Vin (2.3)

2.5.2.2 The Transformer-type Converters

The transformer-type converters were developedhen 1960s-1980s. These
converters maintain a link between the primary aedondary of the converter,
providing galvanic isolation between both sidese Tdonverters such as half-bridge,
full-bridge, fly-back, forward, push-pull and Zetaonverters are among the
transformer-type DC-DC converters. The voltage eosion ratio, the ratio of the
output voltage to input voltage, of these convertare high and depends on the

transformer turns ratio and duty cycle of the DC-&xverter.
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The Zeta converter is an isolated converter witbvapass filter, resulting in a
small voltage ripple in the output [56]. The fordlaand push-pull converters are
buck-derived converters whereas the fly-back cdevers a buck-boost derived
topology. The forward converter has a switch anesus tertiary winding to help the
demagnetisation of the transformer core. The pushepnverter has two switches with
a centre-tapped transformer resulting in twice tgput voltage and avoiding the
transformer core saturation when compared withftinerard converter. Half-bridge
converters are constructed to deploy only the piyménding. The circuit diagram of
the bridge DC-DC converter is shown in figure Z'6e circuit has two more switches
compared to the half-bridge and has a gain twieg¢ ¢f the half-bridge. The output
voltage of the bridge converter is calculated usegpation 2.4, where N is the

transformer turn ratio.

Figure 2.5: Bridge converter circuit diagram [56]

V, = 2DNV;, (2.4)

If there is a need for multiple outputs, multipgecondary windings with
associated conversion circuit may be constructedsatisfy such requirements. A
forward DC-DC converter with primary tertiary wimdj and three outputs is shown in
figure 2.6. Each output voltage is calculated usampation 2.5, where ;Ns the
transformer turn ratio between primary winding @agh of the secondary windings.
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Figure 2.6: Forward converter with three outpu® [5

VO = DNiVin (25)
2.5.2.3 The Developed Converters

The first demonstration of this converter topolaggs published in 1977. This
type of converter gives an improvement on the perémce of the fundamental DC-DC
converters, with the addition of a low-pass filt&ome of these converters are the
Watkins-Johnson converter, SEPIC (single-ended agnnductance) converter, Cuk
converter and positive output Luo-converters [58]. These converters have small

output ripple and the output voltage of these cdeve is calculated using equation 2.6.

D

V, = —
© 1-D

Vin (2.6)
2.5.2.4 TheVoltage Lift and Super Lift Converters

Voltage lift converters are series of DC-DC comees that were developed to
realise high voltage gain topologies, includingf-fi#il and high-stage lift converters
[56]. The super lift converters with a novel apmio@nhance the voltage gain of the
converters even further. Positive output supellifo converters are among the super
lift converter topologies. One of the sub-seriestloé positive output super Luo
converters is the main series. In an n stage tjrthere is a switch, n inductors, 2n
capacitors and (3n-1) diodes [57]. A triple-liftaiit from the main series is shown in
figure 2.7. The output voltage of the triple-liftroverter is calculated using equation 2.7.
The equivalent triple-lift converter from the vaj& lift converters requires two

switches and it also results in a lower voltage gdi3/(1-D).
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Figure 2.7: Triple-lift converter from the sup€t Gonverter topologies [56]

2-D
Vo = (5)3 Vin (2.7)

2.5.3 TheMulti-quadrant Converters

The traditional converter topologies, including thuck converter operate in a
single quadrant. For instance a DC motor is redquiee function in 4 quadrants as
shown in figure 2.8. The supply of power to a DCtonas realised by means of an
H-bridge (full-bridge) converter topology. The aiit shown in figure 2.9 is a
4-quadrant Luo-converter [60]; a less-known altewead-quadrant topology. During
mode 1 energy is transferred from source) §¢ load (\4) and during mode 2 energy is
transferred from load (¥ to source (Y). During mode 3 energy is transferred from

source (\{) to load (-\%) and during mode 4 energy is transferred from I6ad) to

source (\).
AV
Quadrant Il Quadrant |
Forward Regenerating Forward Motoring
I
Quadrant Il Quadrant IV
Reverse Motoring Reverse Regenerating

Figure 2.8: 4-quadrant operation
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Figure 2.9: 4-quadrant Luo DC-DC converter [60]
2.5.4 The Switched Components Converters

These converters use either inductors or capacaod are therefore called
switched-inductor converters or switched-capacitonverters. Switched capacitor
converters are small and have low electromagnetierference and are therefore
suitable for integration into integrated circuitdthough switched capacitor converters
have many advantages, to achieve a high voltage gdarge number of capacitors are

required and the control circuits are complex [56].
2.5.5 The Soft Switching Converters

This generation of converters are called softdvity converters. The three
main classifications are the zero voltage switcl{ifigS), zero current switching (ZCS)
and zero transition (ZT) converters. Zero transitiechnique implements both the zero
voltage switching and zero current switching (ZV&)Qechniques. These techniques
focus on how to minimise power losses during tha-tin, turn-off or both transitions
[56].

2.5.6 The Synchronous Rectifier Converters

The development in microelectronics requires posugaplies with high currents
and low output voltages. Recalling the buck coreremn section 2.5.2, at low output
voltages, the switch duty cycle is lower and sodloele has a longer conduction time.
A synchronous rectifier is a semiconductor switicht treplaces a diode and improves

the efficiency of the converter system by reduding conduction loss in a switched
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mode converter. The soft switching techniques can dpplied to synchronous

converters [56].

2.5.7 The Multiple Energy-storage Resonant Converters

Resonant converters with more than one energggtoelement were developed
to increase the power conversion efficiency at tpglwver levels. The energy-storage
elements are inductors and capacitors and can bmected in a variety of
configurations. The higher the number of elemeihis,greater the number of possible
converter topologies. Different arrangements haeenbexamined to produce soft
switching operation with nearly sinusoidal wavefsrfd6] to achieve high efficiency

and power density.

2.6 Modes of Operation

Depending on the inductor current, the operatibD@G-DC converters can be
described in terms of two distinct modes, contirmu@onduction mode (CCM) and
discontinuous conduction mode (DCM). CCM occurs nvitee inductor current is
always a non-zero value. CCM is used for highlycefht applications with high quality
semiconductor switches while requiring a largeructdr when in comparison with
DCM operation. DCM occurs when the inductor curresnzero for a portion of the
switching cycle. The boundary between the contisuand discontinuous modes of
operation is called critical or boundary conductimnde (BCM). Generally speaking,
discontinuous and critical conduction modes ared uselower powered applications
where the converter module can tolerate the laegk urrents. DCM is utilised in
applications that require special control strategseich as battery chargers. The order of
the system becomes less than that for CCM, duéedofdct that the energy in the
inductor becomes zero at the beginning and endaycke and there is a time interval
where the inductor is neither charging nor discimay¢68].

DCM and CCM are not generally utilised togethea isystem because they have
different control strategies. The high frequendghhamplitude current ripple observed
in the DCM converter leads to an increase in botndaocted and radiated
Electromagnetic Interference (EMI), requiring agkr filter on the output. The

advantage of using the DCM is the simplified citadiesign, as well as reducing the
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reverse recovery problems in DC-DC converters duthé fact that the diode reverse
recovery occurs under zero-current time interval.[6Consequently, the critical mode
of operation can result in acceptable EMI levelsilst reducing the filter requirements
and reducing the switching device stresses and fnegfuency current ripple [62]. A

converter based on BCM is considered as a varimbbpuency system. If the peak
currents are large and the inductor current slapang the switch off-time is rather flat,

the switching period is extended. The convertertrotler observes the current in the

inductor and when zero current is detected, théchvis turned on immediately [63].

In power factor correction (PFC) circuits basedbmost converters, BCM is
used to switch the MOSFET on with a zero currenth@ Si diode, enabling a zero
current switching (ZCS). This strategy, howeverultssin higher peak currents and
variable operating frequency. Interleaved BCM caoters were proposed to reduce the
peak currents offering phase-shifted BCM convert&ignificant efforts have been
made to reduce the effects of the reverse recosfeayacteristics of the diode in the
boost converter of the front end PFC systems anuyreaft-switching boost converters
have been proposed to control the turn-off curi@inthe boost diode [62-64]. The
introduction of SIC Schottky diodes and their uséhigh power PFC boost converters
has enabled the realisation of high efficiency CE€dverters without the need for the
associated snubber circuits used in traditiondtseitched PFC circuits [64].

2.7 Power Losses in Active Devices

To achieve high efficiency converters, it is vitalidentify the location of any
power losses and how they are generated. Powezslossthe active devices include
contributions from both the static and dynamic polesses. Static losses include the
on-state losses, and dynamic losses are the smgtt¢ransient losses that consist of the

turn-on and turn-off power losses.

2.7.1 Diode Static and Dynamic Power Losses

The diode conduction loss is proportional to tkees resistance and forward
voltage-drop. This loss can be expressed by equti® when the power loss during
reverse bias operation can be considered as ifisgmti Here, d is the diode average

current and dys is the diode RMS current. Both the forward voltaged series
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resistance are temperature dependant parametereaddo be taken into consideration

during the loss calculation at different temperasur

Peonduction = RDII%MS + Vel (28)

There are different temperature dependencies ifaofs and Silicon carbide
diodes. Due to different temperature coefficietitg, series resistance of the Si diode
decrease with temperature whereas the seriesamsistof the SiC Schottky diode
increases with temperature [65]. The larger bandgaphigher doping density of SiC
results in a higher forward voltage-drop for th€ 8Sevice than a similarly rated Si p-i-n
based device. In addition, the forward voltage-dodpghe SiC diode increases with
temperature, due to its positive temperature odefit. Although this temperature
dependence increases the conduction losses inGhdi&les at high temperatures, SiC
diodes are easier to parallel in higher currentliegions [65]. The temperature
dependence of the on-state characteristics for @n&iSiC diode is shown in figures
2.10 (a) and 2.10 (b).
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Figure 2.10: On-state characteristics of an ulsta$a PiN diode (a) and a SiC diode (b)

at different temperatures [65]
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The majority of the switching losses in a diode due to the reverse recovery
loss. At high frequencies the turn-off process bee® even more critical. The diode can
be switched off only when the stored charge indbpletion region is removed. The
SIiC diode does not have the reverse recovery durbstause the majority carrier
operation does not require carrier recombinationer&fore the turn-off current is
dominated by the displacement current that chatigegarasitic capacitance between
the anode and cathode of the SiC Schottky diodg [&$6 this reverse displacement
current does not change with temperature, the bimiclosses of the SiC diode are not
greatly affected by changes in temperature [67¢ $hand SiC diode turn-off current
waveforms at different temperatures are shown gy data in figures 2.11 (a) and
2.11 (b). In addition, the negligible switching $es of SiC diodes make them suitable

for use in high frequency power converters.
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Figure 2.11: Reverse recovery current of an ulsta® PiN diode (a) and a SiC diode (b)

at different temperatures [65]
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The characterisation of Si and SiC diodes in a{saritching and soft-switching
DC-DC converter was shown in [68]. The experimentdults showed that the
soft-switching converter utilising Si diode had imped efficiency over the
hard-switched Si based converter, due to the rebaegtching losses. Therefore, the
use of soft-switching in the Si converter allowedemtion at higher switching

frequencies.

The soft-switching converter based on a SiC didawyever, showed only a
marginal reduction in power losses when comparati¢dard switched SiC converter.
This is because the power losses of the SiC diocelel@minated by conduction losses
hence the soft-switching techniques have minimiglicéf This indicates that SiC diodes
can be used at very high switching frequencies @vdrard switching converters and
this also eliminates the need for soft switching #me resulting additional complexity
[69].

2.7.2 FET Static and Dynamic Power Losses

Similar to diode, the power losses in the FET @in contributions from both
conduction and switching losses. The FET condudii@s is a product of the series
resistance and forward current. This loss can lpgessed as shown in equation 2.9,
where kus is the diode RMS current angdgon) is the FET drain to source resistance.
The drain-source resistance of a FET is a temperapendant parameter and needs to

be taken into account during the loss calculatiagiféerent temperatures.

Peonduction = Rds(on)llgMS (2.9)

The on-resistance per unit area is higher for SDSAETs with higher
breakdown voltages, because of the increased destaetween the source and drain
contacts. This is why Insulated Gate Bipolar Trsiwss (IGBTs) have become the
transistor of choice for higher voltage applicatioBi IGBTs offer lower on-resistance
than Si MOSFETS, due to the high level of minomgriers injected into the drift
region. This also results in a tail current at taffithat increases the turn-off switching
losses of the Si IGBTSs.

Due to the reduction in drift-layer resistance tevices with an identical

voltage rating, SiC MOSFET devices offer lower esistance than Si devices and do
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not show the tail current. Therefore they have ifigantly lower switching losses than
the Si IGBTs [70, 71]. In addition, the on-resistarf the state-of-the-art St MOSFETs
has a relatively high positive temperature coedfitj which has a direct impact on the

conduction loss and thermal design at elevated eeatyres.

The data in [72] shows that the on-resistancg,(dd), of the SIC MOSFET
increases by only 20% when the junction temperahaeases from 25 °C to 150 °C. In
contrast, the R (on) of the Si SIMOSFET increases by 250% whenjuihetion
temperature increases to 150 °C. In addition tli& MOSFET shows a significantly
lower off-state leakage than an equivalent Si devitor example, at 150 °C, the SiC
MOSFET has 20 times lower leakage current thanSh&OSFET. At 200 °C the
leakage current of the Si MOSFET increases sigmtiy to a level where the power
dissipation becomes excessive and the Si devite [f&2]. The SiC MOSFET also
showed significant reduction of both turn-on andhiaff losses when compared to Si
IGBT.

As described previously the use of SIC Schottkydds reduces the diode
switching losses by significantly reducing the toffhtransition loss. The diode turn-off
loss has also a direct impact on the transistorour power loss. The data in [73] shows
that replacing a Si ultrafast diode with a SiC Stiyodiode in a hard-switched Si IGBT
application reduces the diode switching power ps80% and the IGBT switching loss
by 50%. As shown in figure 2.12 (a), a clamped ociothe circuit was used for the
device performance evaluation. As can be seemgundi2.12 (b) during turn-off, the Si
diode has a 23A peak reverse recovery current d@fdas recovery time.

In addition there is a 200V overshoot as a resflfast di/dt during this
transition. The SiC diode has a 4A peak reversevaery current and a 33ns recovery
time, as can be seen from the data in figure 2c)}2The SiC diode only needs to
dissipate a small capacitive charge and does npé¢rence any voltage overshoots
during the turn-off transition. When the IGBT turms, the inductor current is
transferred from the diode to the IGBT. The diag®+off transition current and reverse

recovery time have a significant impact on the 1GB-on transition.
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Figure 2.12: Clamped inductive circuit for devicakiation (a) 600V Si ultrafast diode
turn-off current, voltage and instantaneous powaveforms at 150 °C (b) 600V SiC

diode turn-off current, voltage and instantanecusgqy waveforms at 150 °C (c) [73]

Figures 2.13 (a) and 2.13 (b) show the turn-omaga, current and instantaneous
power waveforms for the IGBT with a Si and SiC diogkspectively, operating at
150 °C. During turn-on the reverse recovery curgdrthe diode is added to the IGBT
turn-on current waveform and results in an IGBTkpearrent of 44A and 22A for the
Si and SiC diodes, respectively. The peak instawas power dissipated in the IGBT
during turn-on transition is reduced from 15kW tbKRV. There are also high
frequency oscillations in the IGBT turn-off currewtiveforms for the case with Si
ultrafast diode, which cause the generation of iBagmt levels of electromagnetic
interference [73].
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Figure 2.13: IGBT turn-on current, voltage and amséaneous power waveforms at
150 °C for Si ultrafast diode (a) IGBT turn-on @nt, voltage and instantaneous power
waveforms at 150 °C for SiC diode (b) [73]

2.8 SIiC Converters for High Efficiency and High Temperaure Applications

As discussed earlier in the chapter, the contisudevelopment of SiC based
semiconductor devices has been a key enablingrfdotothe realisation of high
efficiency power electronic converters. A sigrdiit level of research has been
performed to evaluate the performance of the cdewvesystem using these
semiconductor devices. This includes applicatiohsSi&C based semiconductors in
AC/DC, DC/AC, AC/AC and DC/DC power converters.

In [74], a 600 kHz 92% efficient CCM boost PFCcait is presented that
utilises a Si MOSFET and a SiC diode, resultingediuced EMI filter and inductor size
when compared with the Si based PFC circuit. A stagge 1 MHz PFC is also
proposed that achieved 93% efficiency with 60% sexbuction in the EMI filter and
90% reduction in the size of the boost inductor parad with a 100 kHz Si based PFC
circuit. In [75], the use of Si IGBTs instead aCSJIFETs in a SWISS rectifier (shown
in figure 2.14) resulted in the switching lossesréasing by a factor of 1.5. The total
chip area for the SWISS rectifier with Si IGBTs afilC diodes also increased
significantly compared to the SiC JFET based imjgletation.

In [76], the Si IGBT of a single-phase PFC demmuwt was replaced with a
normally-off SiC JFET, with the only other compoh@mange being the gate driver
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circuit. This change resulted in a efficiency gairl.25% due to faster switching times
and lower losses of the SIC JFET. In [77], the SDSFET and Si diode of a single
phase PFC circuit were replaced by a SiC DIMOSF&d & SiC SBD resulting in the

MOSFET total power loss decreasing from 53W to 18W& to the reduced conduction
and switching losses. In [78], the performance afNMHz 250W PFC boost converter
was evaluated using SiC BJT, SiC MOSFET and Si BQ@@FET devices. Both the

SiIC MOSFET and SiC BJT based converters showedehigfiiciencies than the Si

based converter. The SiC MOSFET based convertetheaklighest efficiency of 91.5%,
2.2% more than that of the Si MOSFET based converte

oy

S0

Figure 2.14: SWISS rectifier with unidirectionalvper flow [75]

A 47kW hybrid inverter based on Si IGBT and SiCh&tky didoes was
presented in [79] and compared with an all-Si itererThe inverter based on SiC
diodes showed lower inverter power losses and $#ess on the main switches,
enabling the use of higher switching frequency apen. A 60kW motor drive system
based on SiC MOSFETs was realised and comparedav8hIGBT drive system in
[80]. The overall power loss of the SiC based itereis one third of that of the Si IGBT
inverter. Using the same heatsink, the output pawehe SiC inverter is 187% of the
Si based inverter. In [81], a 1200V 800A all-SiGatipower module was presented that
utilises 80A SiC MOSFETs and 50A SiC Schottky dods shown in figure 2.15. The
module was tested in a full-bridge configuratiowl aperated at junction temperature of
153 °C. A SPICE model extracted from experimentahdvas created to simulate an
inverter system based on SiC power devices. Thdtseshowed a 40% loss reduction
in the SiC inverter when compared to the Si basedrter system. In addition the SiC
power module was shown to have the ability to ruswatching frequencies four times

higher than those of that based on equivalent &epdevices.
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Figure 2.15: 800A power module based on SiC MOSFIESIC Schottky diodes [81]

In [82], a SiC based 1200V 100A six-pack invegewer module designed for
200 °C operation in a hybrid electric vehicle (HEAf)plication was presented. The
module used normally-on SiC JFETs and SiC antillghr&chottky diodes. The
liquid-cooled SiC inverter module showed an efincg of 98.5% at 10 kHz switching
frequency, 5kW output power and at coolant tempeeatup to 95 °C.

Four three-phase PWM ac-ac power converter topegdolgased on SiC diodes
and SiC JFETs were presented in [83] and the implastvitching frequency on the
power density was studies for all the four frontteoonverters. Thanks to the
high-frequency capability of SiC devices, the tagiés with lightest total weight for
the given specification were identified. The wonk[84] presented an evaluation of Si
and SiC devices in a matrix converter topology. Thaverter based on SiC JFETs
showed the highest efficiency while the convertasdal on Si IGBTs had the lowest
efficiency. The SiC JFET showed the lowest turnass and the SiC BJT showed the
lowest turn-off loss among the switching devicasd®d. The Si IGBTs showed the
highest turn-on and turn-off switching losses.8B][normally-off SiC JFETs were used
in an indirect matrix converter topology to achievpower density of 72 kVA/litre. The

matrix converter showed an efficiency of 96.7% @%8of its nominal output power.

In [86] SiC Schottky diodes were compared withdBides in a 2.5kW DC-DC
interleaved boost converter operating with a swngtirequency of 16 kHz. The use of
SIC diodes resulted in an improved efficiency andeduction in cooling system

requirements of the interleaved boost topology|8Ifj the performance of a SiC JFET
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operated in a cascode configuration in a DCM baosiverter topology is presented.
The converter was reported to have an efficienc§705% at 600W output power and a
switching frequency 1 MHz. SiC MOSFETs were evadain a hard-switched 6kW

200 kHz pump-back converter, where a buck convéetenls a boost converter and the
boost converter feeds the common bus [88]. Theafis8iC MOSFET reduces the

overall power losses by a factor of at least 2 whempared to Si super junction
MOSFETs. Similarly in [89] the use of SIC MOSFETsa 300W soft switching full

bridge resulted in 1%-4% efficiency improvements.[90] SiC BJTs and SiC JFETs
were compared in a modular multilevel convertere T®IC JFET based converter
showed a better performance than the SiC BJT bemederter; primarily because the
SiC BJT requires a higher driver current, henceeiasing the overall power losses in

the system.

There are also applications where convertersxgeated to function in elevated
ambient temperatures, such as those commonly fauraltomotive and aerospace
applications. A 120 °C ambient temperature autoraoinverter using SiC Schottky
diodes and normally-off SiC JFETs was presented[2@], where the junction
temperature of SiC devices reached 250 °C. In §&1800 kHz 1kW boost converter
based on a SiC Schottky diode and a SIiC MOSFET pvasented where the SiC
MOSFET junction temperature reached 320 °C. In,[92]74 kHz 2kW interleaved
boost converter based on SiC Schottky diodes ad JHETs was presented that
functioned in ambient temperatures between 20 &@°Z. Here the converter gate
driver was placed outside the temperature conttoliehamber. In [93] a
Silicon-on-insulator (SOI) gate driver was proposemhpable of operation
between -50 °C and 200 °C, making it suitable faaree of automotive and aerospace
applications. In [67] the high temperature capabihf a SiC Schottky diode and a SiC
JFET in a 25W buck converter was assessed. Tha&iCes were placed in an oven
were tested from 25 °C up to 450 °C, significaftgyond the maximum operating
temperature of Si based devices. The results shatvthe current rating of the SiC
JFET decreases to 20% of the room temperature @aldg0 °C, due to the reduction in
electron mobility. Additionally, the series resista and forward voltage-drop of the
SiC diode increase with temperature. As the gate dircuit was a Si based design, the
gate driver was placed outside the temperaturerated oven during the tests and so
did not influence the observed changes in convegeration with temperature.
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2.9 High Power Density Converters

Power electronic converters are not designed ty address the electrical
design specifications, size and weight requirematgs need to be taken into account
during the design phase. High power density hasorheca key metric in the
development of high performance power convertet} [Phe reduced converter volume
demand is based on the physical constraints okeifspapplication. For instance, the
space under the bonnet in a hybrid electric vehdemands a low volume converter
design [95], or in aerospace applications wherenbight is a major factor that directly

affects the mission profile and aircraft operaticzapabilities [96].

The power density of the converters has improwguaifecantly since the 1990s,
due to the development of high power IGBTs and MPB- with fast switching
capabilities, and the development of fast recoyenyer diodes that reduce the turn-on
power losses of the IGBTs and MOSFETs [97]. Asioetl previously, due to their
superior electrical properties, SiC devices canesghvery fast switching speeds and
low power losses, and can function at elevated éeatpres. The high switching
frequency operation of the SiC devices in standanithge-source inverter does not
affect the power density of the inverter. Instethe, converter cooling system can be
reduced, due to lower overall power losses [98]weleer, in DC-DC converters, the
increased switching frequency with low switchingdes enables a reduction in size for
the passive components, including the inductorsteartsformers [99]. In [100], a SiC
high power density, high efficiency on-board batteharger for electric vehicle (EV)
and plug-in hybrid electric vehicle (PHEV) applicats was presented as shown in
figure 2.16. The system is a two-stage power ca@wwerarchitecture including a
bridgeless boost converter and a phase-shiftedbfidbe converter switching at
200 kHz. The use of SiC power devices resultechnnefficiency of 95% with a
volumetric power density of 5kW/L. The SiC baseli-fuidge multichip power module
(MCPM) based on CREE SiC MOSFETs and Schottky diodlas designed by APEI,
Inc as shown in figure 2.17. A metal-matrix comp®svas used for the base material
which offers high thermal conductivity and low cli@ént of thermal expansion (CTE);

enabling reliable operation at temperature abo@e°20[100].
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Figure 2.16: Full charger system hardware [100]

Figure 2.17: APEI, Inc. full-bridge MCPM with accpanying gate driver [100]

In [101] the properties of SiC allowed a reductiarthe thermal management
system of the converter, resulting in an increasefficiency and power density. Here it
was shown that in addition to the converter-levehddits, the use of SiC devices
improved the performance of other components inpibwertrain system including a

simplified thermal management system and reduadddithe battery bank.

2.10 Electromagnetic Interference

Power electronic systems generate and emit uradidsielectrical signals in the
form of electromagnetic noise. These unwanted f8goan cause electromagnetic
interference (EMI) and performance degradation. diszipline of Electromagnetic
compatibility (EMC) has been defined to ensure ttieg systems generating and
receiving the electromagnetic energy can functiathaut interruption from other
circuits. In the early 1930s, it was understood #lactromagnetic noise resulted in
disturbance to radio reception and this resultethenintroduction of the international
special committee on radio interference (CISPRgreure interference free reception
[102]. In Europe, the limits of high frequency esiss are specified by either generic
standards such as EN50081-2 for industrial envients) or by standards for specific
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product families such as EN55011 for radio freqyesquipment. Power supplies offer
many advantages such as high efficiency, small amkweight, when compared with
linear regulators. However, due to their high freggy operation, they cause
electromagnetic interference, which includes noly dhe conducted noise but also
radiated noise [103].

In Europe the conducted high frequency emissioagygpically specified in the
range of 150 kHz to 30 MHz, and the radiated emissiare specified in the range of
30 MHz and 1000 MHz [102]. The high frequency notse be dealt with, either by
suppressing it at the source or by using filters simelding to prevent it from entering
the environment. One of the methods to suppreskitfefrequency noise at the source
is the use of fast rectifiers with soft recoverypebfating a converter in either
discontinuous or boundary conduction mode can &aksoused to reduce the noise
emissions during the turn-off phase of the diodé¥?]. Based on the SiC diode main
characteristics such as negligible reverse recoeeryent and stability of its high
temperature performance, it is possible to offerlEbtuction in both high power
density and high temperature applications throlnghuse of SiC devices. The use of a
SIiC diode in a 70 kHz 300W boost converter was shaw [104], resulting in a
marginal efficiency improvement and EMI reductiaaaresult of reduced peak reverse
recovery current. The converter based on a SDP0888&diode form Infineon, showed
conducted noise reduction at frequencies above B# Mhen compared to two Si
ultrafast soft-recovery diodes as shown by the datiégure 2.18, although the noise
reduction was not significant. It was also statéat tthis advantage would be
considerably more at higher switching frequenciad @ applications where high

power density converters are desired.
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The turn-off behaviour of Si and SiC Schottky diedand their associated
converter noise frequency-spectrum were presenteal CCM boost converter in [105].
These results show a similar noise reduction fer $fiC-diode based converter for a
range of input voltages. The higher the input \g#tathe higher the reported noise and
the maximum noise reduction was achieved with atckivig frequency of
approximately 20 MHz. The effect of diode reverseovery profile has been recently
presented in a half bridge circuit in [106]. Theadahow that the improvement on the
noise spectrum of the SiC diode converter over &ell converter depends on the
shappiness and peak amplitude of the Si diode ezgqurofile. It was shown that if the
Si diode has a fall time less than 5 ns with a pgapverse recovery current, the SiC
diode converter will have a more significant EMtluetion when compared to the Si

based circuit.

In addition to the diode reverse recovery, thadistor switching behaviour and
its associated switching current and voltage wawe$o(di/dt and dv/dt) are also key
sources of the electromagnetic interference. I/¥]18ll-Si, hybrid Si-SiC and all-SiC
converters are compared in terms of their switclhiasges and EMI generation. The Si
IGBT-SIC diode combination results in a 50% reduttin total power losses when
compared with the Si IGBT-Si diode based power eoi@y. The converter based on
SiC MOSFET and SiC diode showed a 90% reductiomotal power losses when
compared with all-Si converter.

The EMI data in [107] show that the all-SiC corteerhas the highest noise
spectra for the majority of the frequency rangelistd. It was shown that with a large
gate resistor value the noise spectra of the @l-&nverter is comparable with the
all-Si converter but it still offers a 50%-70% retion in overall switching losses.
Considering this, the all-SiC converter can perfaufficiently with reduced switching
speeds and still achieve an acceptable level of g#ikration. It was also reported that
the noise spectra of the all-SiC converter is gfipmfluenced by the gate resistor. The
choice of the gate resistor affected both the amrand turn-off di/dt and dv/dt of the
SiC MOSFET, whereas only the turn-on dynamics efttlench field-stop IGBT were
affected by the gate resistor [107].
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2.11 DC-DC Converters with High Voltage Gains and Multilevel Converters

The voltage conversion ratio (VCR), the ratio loé butput voltage to the input
voltage of a converter, is limited to six in contienal boost converter topologies [108].
To achieve such a high value requires the use ekaemely high duty cycle (D) which
leaves no scope for voltage regulation to compenta load and line changes. An
extremely high duty cycle in a boost converter atsgans that the diode sustains a high
amplitude current with a short pulse width, resigtiin severe reverse recovery
transients, and unacceptably high electromagnetizference (EMI) [108, 109]. These
EMI issues affect system efficiency, cost and sizhus, the use of multilevel
converters can find applications where a high beasb in a DC-DC converter is

required.

There are many applications requiring a DC-DC ession with a high VCR
[110-114]. One of the most important applicatiorfshggh VCR converters is the
renewable energy power conversion, where the ldtage generated by the renewable
energy source needs to be sufficiently boostedetd fa grid connected inverter
[115, 116]. Many topologies have been proposedctoese DC-DC converters with a
high VCR without the need for extremely high duygles [115, 116]. Coupled inductor
DC-DC converters can achieve a high VCR coupledh Wotv voltage stress on the
transistor, without the need for very high dutylegc[117, 118]. The transformers or
coupled inductors in these converters are bulkyficdlit to wind and produce
significant power losses particularly at high freqaies. A three state commutation

converter derived from a boost converter is shawiigure 2.19.
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Figure 2.19: Three-state commutation boost convrfies]
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Non-coupled inductor converters have been describéle literature, such as
cascading converters, converters based on volitigedhnique and converters based
on voltage multipliers [119]. These high VCR toppks require several inductors,
which are bulky and lossy especially when operateder high current or high
frequency conditions. They also require a highamber of transistors than the
conventional topologies, which increases the gateadomplexity. An example of this

topology is shown in figure 2.20 for the convepieoposed in [120].
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Figure 2.20: Transformer-less DC-DC converter witth step-up gain [120]

Switch-capacitor converters are also popular togies that offer high
efficiency without the need for inductors, as shawrfigure 2.21. These converters;
however, need multiple switches and so require ¢exngate-drive designs for their

realisation [119].
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Figure 2.21: 8-Lift positive output Luo-convertdi2[l]
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One of the challenges in PV systems is to linkréreewable energy source with
a multilevel inverter. It is desired that such Bnéire self-balanced to avoid complex
control strategies [122]. To achieve a transforiees-DC-DC converter, a high voltage
conversion ratio (VCR) is also required. For renel@applications based on multilevel
inverters, it is therefore desired to design a DC-&nverter to overcome such issues
by connecting the input PV array to the multilewelerter with a self-balancing output
voltage and high VCR. The DC-DC converter familyséa on the Cockcroft-Walton
voltage multipliers was originally proposed in [1Ehd is shown in figure 2.22. This
converter provides a high VCR and several balameggut voltages without the need
for extremely high duty cycles. Similar to the AG@Dcapacitor multiplier shown in
figure 2.22 (a), the multiplier can be extendedeither positive or negative side in
DC-DC converter structure as shown in figure 2122 This transformer-less converter
has only one inductor and one transistor and offetigh VCR depending on the
number of stages and circuit parasitics. The cdaavean also be used to directly feed a
multilevel inverter [123]. In this work, N+1 levaheans N voltage outputs when
counting converter levels. This converter can diyefeed a 3-level diode-clamped (or
neutral-point-clamped, NPC) inverter, first intreéd in [124], the most widely used

inverter in industrial applications today [125].
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Figure 2.22: Cockcroft-Walton voltage multipliel) (d+1 level boost converter (b) [119]
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2.12 Gate Drivers for SiC MOSFET and SiC JFET Circuits

The Gate drive circuit is an integral part of adwer electronic converters and it
is an important interface between the power stagth@ converter and the control
electronics. The capability of high frequency opierais a key metric in the realisation
of high efficiency high power density converters discussed previously, a number of
SiC based transistors have been presented in tératlire to date. The only SiC
transistor that can be driven from a standard MOSKEBT gate driver is the SiC
MOSFET and a fast isolated gate driver for SiC ME8%& was proposed by CREE in
[126]. Recently, a high-speed resonant gate drivas proposed that enables the
removal of the gate-resistor by minimising the efffef any parasitic inductance in the

gate path and hence achieving voltage fall-timdswsas 7.5 ns [127].

SiC JFETs can be fabricated as enhancement matkptation mode transistors
[128-130]. The normally-on nature of the depletimode JFET requires additional
safety and reliability considerations associateth wis start-up process or gate-driver
power failures [131]. As shown in figure 2.23, @wution is to use a cascode structure
with a low voltage Si MOSFET [132, 133]. The cass@nnection enables the switch
to be operated as a normally-off device; howevkerda are drawbacks with this
technique. The Si MOSFET will have added conductioss and limits the high
temperature capability. In addition, both the SEET and Si MOSFET need to be

matched to efficiently function in the cascode stue [131].
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Figure 2.23: SiC JFET/Si MOSFET cascode configarafi34]
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A protection scheme against shoot-through for matisFon JFETs in voltage
source converters (VSCs) was presented in [13%]ubes a Si IGBT in series with a
relay and both in parallel with a charging resistohis protection clears the short
circuits very quickly. In [136] a protection cir¢was proposed that utilises the start-up
inrush current to turn off the JFET in a grid-cocteel switch-mode power supply. In
[131] a forward converter is added to each of tlemally-on JFETs to have a
redundant gate supply in a self-powered desigrhawis in figure 2.24; however, this

method requires an additional JFET for each JFEMarpower stage.
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Figure 2.24: Self powered gate driver for normaliySiC JFETs [131]

One of the most promising devices to replace SISABTs or Si IGBTSs is the
enhancement mode (normally-off) SIC JFET, firstraduced by SemiSouth
Laboratories, Inc. in 2009 [137]. Designers predahancement mode SiC devices to
exploit the benefits of SiC without the need fadesign of the converter or gate drive.
Conventional gate drivers; however, need to be freatiio fully exploit the potential of
enhancement mode SiC JFETs. The work in [76] ptedeain AC-coupled gate driver
to drive a normally-off SiC JFET in a PFC circuWith the replacement of the
anti-parallel diode across the gate-resistor withcapacitor, an increase in the

gate-resistor and replacement of the Si IGBT with enhancement mode JFET, a
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maximum efficiency improvement of 1.25% was achievEhe supply voltage is fed
through the capacitor to the gate during turn-od amn-off and through the resistor
during on-state. One of the limitations of this B&e driver is that the driver capacitor
needs to be fully discharged before the start ot sgitching cycle. The maximum
switching frequency of the converter is therefongited by the time constant of the RC

circuit.

An optimised two-stage DC-coupled gate driver vpassented in [137] as
shown in figure 2.25. The gate driver includes st fdriver with high peak-current
capability to enable fast switching. There is adssecond driver that reduces the
gate-source voltage for on-state operation. A 2afmpulse-duration is applied to the
first driver stage to quickly charge the input cafance at turn-on. The p-n-p transistor
of the second stage is then enabled for the oe-dtatation to provide the gate on-state
current set by gate resistog.RThe 15V to 6V DC-DC converter is used to reduee t
conduction loss of Rduring on-state. The power loss in the gate m@sisin still be
excessive at high duty cycles [50]. The gate drived in a clamped inductive circuit
resulted in very low switching losses. The gatdag# must not exceed 3V during the
on-state and a current of around 150mA needs fedato the gate, depending on the
desired drain-source resistance. This gate dritrsaffers from switching frequency
and duty cycle limitations. The gate driver showriigure 2.26 was presented in [50] to
address these limitations. A.Mf around 3V is applied to the gate during thestate
though Rp and RBc. With low voltage drop across the gate resist@ power
dissipation is minimised. At turn-on the driver igdels the required charge using a
pre-charge capacitor and at turn-off the gate dtgraxe is discharged through a low

impedance path. This driver circuit also allowsragien at frequencies up to 1 MHz.
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Figure 2.25: Isolated two-stage gate driver foragmement mode JFETS [137]
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Figure 2.26: AC-coupled gate driver for fast swibchof normally-off SiC JFETs [50]

2.13 High Temperature Oscillators and Logic Circuits

Reliable oscillators are required for clock anditig signal generation in many
high-temperature applications such as aerospadéamniand automotive industries.
Crystal oscillators are stable against temperataaations however, cannot be
integrated in a system-on-chip (SoC) structure J138 high temperatures, analogue
designs based on bulk Si CMOS technology suffenfracreased junction to substrate
leakage, reduced carrier mobility and reduced tulelsvoltage of the transistor [138].
Silicon-on-insulator (SOI) is an alternative teclugy for high temperature applications,
due to improved temperature-resistance and leakagent in comparison to bulk
CMOS [139].

Due to the superior material properties of SiGe tihevices based on this
technology can replace or complement Si and SOé¢dakevices for applications in
high temperature environments. 6H-SiC based CMOtdogy has been investigated
since the 1990s [140] and 4H-SIC CMOS has beenrtegbanore recently [141].
Digital circuit designs capable of operation at 3@ were presented in both cases.
Until recently, SIC MOSFETs have been limited irithhigh temperature capability
due to their gate-oxide leakage; however with reeglvancements in the gate-oxide
fabrication [142], SiC MOSFETs are now contendarfigh temperature applications,
alongside JFETs and BJTs; however at the currené tihe maximum operating
temperature is limited to 400 °C [143] rather thiae 500 °C capability of the JFET and
BJT structures [20, 144-145].
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2.14 Concluding Remarks

The development of power converters for deploymeritostile environments,
where the elevated ambient temperatures demandtbigherature capability of the
entire converter system, requires innovative pogectronic circuits to meet stringent
requirements in terms of efficiency, power-densihd reliability. To simultaneously
meet these conflicting requirements in extremerenvnent applications is a significant
challenge. The recent advances in silicon carbelécds has allowed the realisation of
not just high frequency, high efficiency power certers, but also the power electronic
converters that can operate at elevated tempesatiyond those possible using

conventional silicon-based technology.

The use of SiC switching devices improves the wdtric efficiency of power
electronic systems. The SiC devices can be switahach faster than Si based devices;
this reduces the size of filter inductor sand cépegx in the system. Higher thermal
conductivity results in more effective heat remadvaim SiC devices; this is particularly
important to avoid self-heating at high frequengyemation. Due to SiC’'s higher
bandgap, higher temperature capability is achietldad;way smaller and lighter power

converters with less aggressive thermal managecaenbe realised.

High power-density power converter modules are &emponents for power
supply systems in applications where size and viteggh critical parameters. The
increase in converter switching frequency minimiies size of passive components
whilst increasing the electromagnetic interfere(iE®il) emissions. The choice of the
switching devices, switching frequency and gateelgircuitry are all among the key

factors to consider on the performance of the pamearerter.

The high temperature capability of the power cosioe system is needed either
because of the high temperature environment orusecaf increase power density.
Either way, other components in the system alsal neebe able to withstand these
elevated temperatures. To realise power modulesudoh environments, the relevant
control circuitry also needs to operate at elevé¢eperatures. The desire to place the
gate driver physically close to the power switcimethe converter, leads to the necessity
of a temperature resilient PWM generator to corttrelpower electronics module.
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Chapter 3. High Frequency Operation of DC-DC Converters

3.1 Introduction

High power-density power converters are key comptséor power supply
systems in applications where space and weightréreal parameters. The demand for
higher power density requires the use of high-fezgqpy DC-DC converters to overcome
the increase in size and power losses due to theolisransformers, inductors and
capacitors [1-11]. The increase in converter swiighHrequency reduces the size of
passive components whilst increasing the electromtaginterference (EMI) emissions.
Reduction of EMI requires bulky filters to complyitiv electromagnetic compatibility
(EMC) standards [12-15]. Higher switching frequescialso increase the switching
losses, which result in an increased heatsink veland reduced converter power

density.

Devices fabricated using Silicon Carbide, are dtitva candidates for achieving
light and efficient power electronic converters.eThigh carrier drift-velocity of SiC
offer fast switching capability [15-19]. The lack stored minority carriers in SiC
Schottky Diodes results in minimal reverse recovargrge (Q) during turn-off. There
is, however, a small displacement current requicedharge the junction capacitance.
This charging current is not dependent on di/dicfion temperature and current level
but is dependent on dv/dt. In contrast, the reveesevery charge in Si PiN diodes,
increases significantly with temperature, signifit@ increasing the switching losses in
both the diode and associated IGBT [20-22].

Previous work has concentrated on the reductioswifching losses with the
use of SiC diodes and hence the reduction of tariess incurred in silicon IGBTS in
high voltage converter circuits with inductive lsadresulting in higher system
efficiency and power densities [22-25]. Due to tingolar nature of IGBTSs, current tail
phenomenon results in higher switching losses simailarly rated Si power MOSFETSs
[23]. Because of the higher conduction loss of ®YSFETSs, the charge compensation
technique was introduced in the 1990’s to reduce ¢bnduction loss, therefore
enhancing the voltage ratings of power MOSFETsou@O0V. Based on this concept in
CoolMOS technology, R(on) and output capacitance have been reduced nsxg

65



Chapter 3: High Frequency Operation of DC-DC Cotersr

the benefits of combining SiC Schottky diode anaI®DS in power factor correction
(PFC) applications [26, 27]. However, the limitaigo of silicon power devices at
elevated temperatures result in the decreasedctradsctance and slower switching
times for silicon MOSFETs [28]. SiC MOSFETs havewh lower switching losses
when compared to their silicon counterparts [29C 8evices have different electrical
characteristics when compared to high power silREDSFETs and as a result are not
suitable as direct drop-in replacements in powereder applications.

Silicon carbide depletion mode (DM) JFETs are comunady available,
offering low on-state resistance and switching ésssHowever, there are still
implementation challenges due to their normallyebaracteristics. Driver malfunction
results in severe shoot-through failure in the ester DC bus and several
shoot-through protection schemes have been propbasdd on desaturation protection
circuits [30, 31]. The first report of a commercfally enhancement mode (EM) SiC
JFET in a power factor correction (PFC) circuit saperseded the idea of a SiC JFET
as a normally-on device. The EM JFET offers theelieshof DM SiC JFETs and
efficiency improvements over silicon-based switchage been reported in the literature
[32, 33].

3.2 Conventional Si and SiC DC-DC Converters

The design considerations and performance evaluatidSiC MOSFETSs, SiC
JFETs and junction barrier Schottky (JBS) diodea kW photovoltaic pre-regulator
application are presented, considering optimum imgiv requirements for fair
performance comparison. Figure 3.1 shows a typsitadle-phase transformer-less
photovoltaic inverter system [34-38]. The DC-DC-pegulator boost converter acts as
the maximum power point tracker (MPPT) and DC lstkbiliser, whilst the inverter
delivers AC power to the grid. The specificatiorighe boost converter are shown in
table 3.1. The 400V output enables the generatibr24®V AC for grid-connect
applications in the UK.
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Figure 3.1: PV inverter system including the prgelator DC-DC converter

Converter Parameter Value Converter Parameter Value
Input Voltage 209 Switching Frequency 0z
Output Voltage 409V Input Inductor Value 250 puH
Output Power kW Output Filter Capacitors 2x5uF
Inductor Current Ripple 20% ofalg Max. Ambient/Junction Temperature 25/200 °C
Output Voltage Ripple 2% OfV avg External Cooling Requirements None

Table 3.1: Summary of design requirements and ypag&iwer component values

The design criteria of the converter are basedcemdquirement for steady-state
operation of the semiconductor devices at the eésswitching frequency. The
converter is operated at an input DC voltage of\2&0d an output voltage of 400V DC.
The output capacitor is selected as two S5uF capacih parallel so that the output
voltage ripple is limited to 2% under full load abitons. A 250uH inductor is used to
ensure continuous conduction mode operation (CQiM)ta limit the inductor current
ripple to 20%. Table 3.2 shows the key parametetBeoSi and SiC devices under test
(DUTs) obtained from the manufacturer datasheel® fBst setup for the converter
performance evaluation based on different semicctodutechnologies is shown in
figures 3.2 (a) and 3.2 (b).
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Parameter Devices Unit

SiC MOSFET SICJFET CoolMOS SiC Diode Si Diode  Si Diode

Breakdown 1200 1200 900 600 600 600 V
Voltage

Rated Current 17@100°C 20@150°C 23@100°C 8@105°8@105°C 8@105°CA
Max. Junction T. 125 150 150 175 175 150 °C
Manufacturer CREE SemiSouth Infineon T Nicro. Vishay  Fairchild
Part No. CMF20120D SJEP120R063 IPW90R120C3 STPSC806DETX0806 FFPO8H60S

Table 3.2: Parameters of the evaluated SiliconSilicbn Carbide devices

Figure 3.2: Test setup for converter evaluatioredam different semiconductor

technologies (a) and (b)

To ensure accuracy of the power measurements, titage and current
waveforms were time aligned. Due to the charadtensopagation delays of the high
voltage differential probe (Tektronix P5210, 50 MHandwidth) and the Hall Effect
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current probe (Tektronix TCP202, 50 MHz bandwidthg probes were de-skewed by
5.5 ns to avoid inaccurate timing measurementsdstdrted power waveforms. The
current probe was also degaussed after each messureto remove residual

magnetism from the probe core that would otherwagse measurement errors. A SGI
series 600V, 30kW Sorensen high voltage power suaptl an MSO4034 Tektronix

oscilloscope with an analog bandwidth of 350 MHzrevesed for the experimental
measurements. The oscilloscope was set to Hi Rete Nt improves the accuracy of
switching loss measurements which are based onematircally calculated values. The
offset of both the current and voltage probes vase eliminated before proceeding

with measurements.

3.2.1 Drive Circuity

The low transconductance and noise margin o€ClREE SiC MOSFET requires
careful consideration during the gate drive de§a$h 40]. To optimise the performance,
the device requires a higher gate-source voltage the typical 10V-15V required by
silicon power MOSFETs and -2V to -5V to minimisetibdhe off-state leakage and
threshold voltage instability [41]. Despite theliég gate voltage, the lower gate charge
of the SIC MOSFET results in the importance of gate energy metric, which is
defined as the product of gate charge and gatagaltTherefore the higher voltage
swing might not adversely affect the gate drive porequirements. The Miller plateau
in the Vgs versus gate charge characteristicstimadlat as that observed in Si IGBTs
and MOSFETSs; due to the low transconductance ofiévece [40]. As shown in figures
3.3 (a) and 3.3 (b), an ultrafast isolated gateedrhas been implemented to test and
evaluate SIC MOSFETSs in this application. The dirconsists of a totem-pole output
opto-coupler and the IXDN614 ultrafast gate driwith a 35V output swing.

Figure 3.3: Ultrafast isolated gate driver desigftedhe SiC MOSFET, top view on the
left (a) and bottom view on the right (b)
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The gate driver IC has a 14A peak drive curremd 8.4Q typical output
resistance to obtain very low voltage rise and tialles. The positive bias voltage is
directly connected to the gate driver and also idb¥ voltage regulator to supply the
opto-coupler. Power for the negative bias is preglicby an isolated DC-DC buck
converter with a 3kV DC galvanic isolation to redwswitching noise. Both the source
and negative power planes are shown in figure 8.dery tight coupling between the
source output terminal and the negative power plaag provided to minimise stray

inductance.

Figure 3.4: Ultrafast isolated gate driver desigfeedhe SiC MOSFET evaluation

(source power plane in green, negative power glaned)

The AC coupled driver in [32] drove an enhancemeaode SiC JFET in a
commercial PFC board to improve the converter iefficy. However, the frequency
limitations due to the RC time constant of the drixesulted in the optimised two-stage
DC-coupled gate driver proposed in [42] that offeesy fast switching speeds. Here,
the DC-coupled gate driver circuit from SemiSowused for the device evaluation, as
shown in figure 3.5. A +13V supply voltage was usedpower the DC-coupled gate
driver for the SiC JFET.
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Figure 3.5: Two-stage DC-coupled gate driver froam&outh used for the evaluation

of the enhancement-mode SiC JFET

The experimental setup of the 1kW converter iswshin figure 3.6. Pliable
thermal interface pads with low thermal resistanege used between an aluminium
heatsink with a thermal resistance of 0.34 °C/W awotver devices that allowed
complete surface contact with excellent heat dedgp. No external cooling was used
to cool the Si and SiC devices under test.

=T
Ult@f_&lst

A ‘@
2 Gare Driver, e

| ‘ 3
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i Ve /‘ 4/’- -
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.\"

Figure 3.6: Experimental setup of the 1kwW DC-DCwater used for device evaluation
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3.2.2 Converter Performance Evaluation

3.2.2.1 S CoolMOS-S/SiC Diode Evaluation

A summary of the device combinations evaluatethenconverter are shown in
table 3.3. CoolMOS implements a compensation straah the vertical drift region of
a MOSFET to reduce the on-resistance and also eedtlte junction capacitance
compared to conventional MOSFET technologies [413, Bigure 3.7 shows the diode
turn-off waveforms at 100 kHz with the CoolMOS d® tassociated switch. A
gate-source voltage of 1@Yand an external gate resistance of(Z.&ere used for the

CoolMOS to achieve very fast switching while adgglyadamping the gate oscillations.

Device Combination

| l 1l \ \%
Diode Vishay Diode Fairchild Diode SiC Diode  SiCobe SiC Diode
Type Ultrafast Ultrafast Schottky Schottky Schottky
FET Si MOSFET SiMOSFET SiMOSFET  SiC MOSFET SiC JFET
Type CoolMOS CoolMOS CoolMOS FET EM Trench

Table 3.3: Device combinations used in convertatuation

-------------- ST SiC Diode-Cool MOSFET

4
3 ——-Fairchild Diode-Cool MOSFET
2 —— Vishay Diode-Cool MOSFET
<1
§ 0
5 -1
O
-2
-3
-4
5.17E-06 5.20E-06 5.23E-06 5.26E-06 5.29E-06

Time (S)

Figure 3.7: Diode turn-off current waveforms foe t8i CoolMOS-Si/SiC diode
combinations at 100 kHz switching frequency
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The converter has an output voltage of 4Q0Vhe reverse recovery charge of
the Vishay and Fairchild ultrafast diodes are 70®5and 90.87nC, respectively,
experimentally measured from the diode current feawes. The reverse recovery
charge in the SiC JBS diode is measured as 11.88m¢h causes a small displacement

current and hence a slight overshoot in the FEA-tur current waveform, as shown in
figure 3.8.

500 ) ) - 15
—nDrain-source Voltage —Drain Current
400

300

200

Drain Current (A)

100

Drain-source Voltage (V)

0 -5
5.17E-06 5.21E-06 5.25E-06 5.29E-06

Time (s)
Figure 3.8: Drain current and drain-source voltagthe CoolMOS in the
CoolMOS-SiC diode combination at 100 kHz switchireguency

The data in figure 3.9 shows the power efficiensyaafunction of converter
switching frequency for CoolMOS-Ultrafast diode aBdolIMOS-SiC Schottky diode
combinations. The output voltage of the convertas wegulated at 40QY In the case
of the Fairchild ultrafast diode, due to the dracadly increasing diode turn-off
switching losses with switching frequency, the @arhse temperature increases from
55 °C to 101 °C as the frequency is increased ft0kHz to 200 kHz. The CoolMOS
turn-on losses increase from 13.6W to 34.9W rewsylin the case temperature rising
from 70 °C to 180 °C, which is well above the manimjunction temperature for a
Silicon device; considering that the junction tenapere is generally higher than the
case temperature. Therefore the converter effigielecreases from 93.9% to 90.9%

when increasing the switching frequency from 100z kid 200 kHz for this device

combination.
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—o— Fairchild Diode-CoolMOSFET

—8&— Vishay Diode-CoolMOSFET

—A— ST SiC Diode-CoolMOSFET

Efficiency (%)
(e} (]
N w

©
[y

©
o

100 150 200 250
Switching Frequency (kHz )

Figure 3.9: Power efficiency against switching freqcy for CoolMOS-ultrafast diode
and CoolMOS-SiC JBS diode combinations

The converter based on Vishay ultrafast diode @adIMOS shows improved
high frequency performance due to the lower reveesmvery charge of 70.65nC
compared to 90.87nC for the Fairchild device. Tla®I®IOS turn-on losses increase
from 12.9W at 100 kHz to 32.1W and 42.1W at 200 ldrl 250 kHz, respectively.
The MOSFET case temperature increases from 59 10GkHz to 114 °C at 200 kHz
and 165 °C at 250 kHz, resulting in the converféciency decreasing from 94.0% to

92.9% and 91.9% with increasing switching frequency

Increasing the switching frequency from 100 kHz2&0D kHz in the converter
based on SiC JBS diode and CoolMOS resulted ireasing the CoolMOS turn-on
losses from 9.1W to 31.64W hence increasing the FEJScase temperature from 55
°C at 100 kHz to 98 °C at 200 kHz and 142 °C at RH@. This is an improvement in
efficiency over the converter based on the Vishayul®afast diode, resulting a
92.5% efficiency at 250 kHz. The SiC JBS diodehsréfore used for the SiC FET
evaluation to enable fast switching times whilegieg the switch junction temperature
below the limit.

The data in figure 3.10 shows the efficiency, IS total power loss and
case temperature measurements of the converterfasctgon of frequency at 210V
input voltage and 16Q load. For the CoolMOS-SIiC diode combination, therease in

switching frequency results in an efficiency redorctfrom 95% to 92.5%. Increasing
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the switching frequency from 100 kHz to 250 kHz time converter resulted in
increasing the CoolMOS total power losses from WMB.tb 42.6W. This increased
switching loss increases the junction temperatunechvincreases the conduction loss

due to the increased on-resistance, and the eftigidecreases further.
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Figure 3.10: System performance metrics as a fomaf switching frequency for
CoolMOS-SiC JBS diode combination

3.2.2.2 All SCDC-DC Converters

The data in figures 3.11 (a) and 3.11 (b) showtdhe-on and turn-off switching
transients of the SiC JBS diode-SiC MOSFET basewearer at 400V output voltage
and 100 kHz switching frequency, respectively. Thteafast driver with gate pulse
voltage of -2V to 20V was used for the SiC MOSFBTathieve very fast switching
despite the modest transconductance of the SiC NEDSi comparison to the Silicon
CoolMOS device. Figure 3.12 shows the thermal enaigthe SiC MOSFET converter
using the ultrafast isolated gate driver operatin§j00 kHz switching frequency.
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Figure 3.11: Turn-on (a), turn-off (b) switchingmsients for SIC MOSFET based
converter at 400V Y;;and 100 kHz switching frequency
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Figure 3.12: Thermal image for the SiC MOSFET basmt/erter operating at 100 kHz

switching frequency

To examine the effect of a negative gate voltageind off-state, power

efficiency, SiIC MOSFET total power loss and tempeae measurements for zero
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and -2V gate voltage at 210V input voltage and ©6@ad are shown in figure 3.13.
The output voltage of the converter was regulatedi0@Vy.. Increasing the switching
frequency from 100 kHz to 250 kHz leads to an iaseein the FET total power loss
resulting in an increase in junction temperaturee Tse of a negative gate-voltage at
turn-off minimises both the turn-on and turn-offwer losses of the SiC MOSFET. The
turn-on losses are reduced from 8.1W to 7.8W aonh f23.3W to 22.4W at 100 kHz
and 250 kHz, respectively. The turn-off losses shogveater reduction and are reduced
from 3.3W to 2.3W and from 8.2W to 5.3W at 100 ki 250 kHz, respectively. The
overall power losses are reduced and the SiC MOSHS& temperature drops from 49
°C to 43 °C and from 108 °C to 98 °C at 100 kHz28@lkHz, respectively.
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Figure 3.13Relationship between the power efficiency and viiig frequency for the
SiC MOSFET-SIC JBS diode combination

As the elevated temperature does not greatly aser¢he total power losses in
the SIC MOSFET, the observed converter power efficy does not decrease
significantly and remains at approximately 95.5%isTmay be explained by the
reduced conduction power losses in the passive opamts, due to the reduced current
ripple at higher frequencies. Figure 3.14 shows #ffect with the thermal images for
the power inductor in the circuit at 100 kHz and 2Hz switching frequencies. At

200 kHz switching frequency, the current rippléh&édved and the RMS content of the
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current is therefore reduced, resulting in reducedper losses. As the copper loss
dominates the core loss in this ferrite inductoe thverall temperature rise is then

reduced.

SiC converter
switching at 100 kHz |

c C
Max Temp: 84.2°C Max Temp: 80.7 °C

Min Temp: 135 °C Min Temp: 225°C

Figure 3.14Thermal images of power inductor in the SiC MOSHiaSed converter at
100 kHz and 200 kHz switching frequencies

Even though a negative gate voltage was utilisedliow gate immunity at
higher temperatures (due to the reduced MOSFETshbid voltage and instability
when operating at elevated temperatures), the tsegulfigure 3.13 show a 10 °C
temperature drop in the MOSFET when using a -2\é-gaurce voltage during off-time
and no significant change in the diode junction gerature. With zero gate voltage
during off-time, both the MOSFET turn-on and turfiiqaower losses increase, which
increases the on-resistance and conduction loshes,to the increased junction
temperature. Increasing the switching frequencynf®0 kHz to 250 kHz leads to an
increase in the FET total power loss from 11.7V\81o/W and from 10.3W to 27.9W

for zero and -2V gate voltage, respectively.

As the drain current is not controlled, when tM®SFET'S on-resistance
increases with temperature, thermal runaway camrodtis was tested for the SiC
MOSFET at frequencies between 100 kHz and 250 HHe. dependence of the SiC
MOSFET case temperature during turn-on and turnisgftotted in figure 3.15 (a). The
converter was first switched on until the MOSFESecéemperature stabilised and then
the converter was turned off until the MOSFET daseperature returned to the starting
value. All the temperature measurements have bakentat 2 second intervals.
Exponential functions have been fitted to the diatang the rise and fall times to obtain

the thermal time constants at different switchiregtiencies. The similarity of the time
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constants during the rise and fall times show monttal runaway condition in the SiC
power converter for the switching frequencies stddiere. If the time constants during
rise times were significantly faster than thosethas# fall times, the MOSFET would

most likely go to a thermal runaway. Figures 34pand 3.15 (c) show thermal images
of the SiC MOSFETSs in the steady state at switcliiaguencies of 100 kHz and 200
kHz, respectively.
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Figure 3.15: SiC MOSFET case temperatures duringdn and turn-off at 100, 150,
200 and 250 kHz switching frequencies (a), theimahges of the SiC MOSFET in the
steady state switching at 100 kHz (b) and 200 kiiz (

The SIC MOSFET power losses, efficiency and casgégature as a function
of input voltage at 100 kHz and 16Dload are plotted in figure 3.16; the data is for t
case with a -2V gate-source voltage during off-tifilee measurements were taken at a
fixed duty cycle of 44%; this is to regulate thepmu to 400\ at a 210V input voltage.
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The significant increase in MOSFET turn-on powesslés due to the increased reverse
recovery loss in the SiC diode, which results frhra increased voltage and current,
and hence the switch junction temperature increddes data in figure 3.17 shows the
effect of converter loading by adjusting the loadistor from 16Q2 (2.5A) to 320Q
(1.25A) at 210V input voltage and 100 kHz switchingquency. The output voltage of
the converter was regulated at 4QQVThe converter efficiency decreases from
95.5% to 90.5% as the load changes from full lo&bA/16A2) to half load
(1.25A/32@2). Under high load conditions, the SiC MOSFET povesises, which are
dominated by the turn-on power losses, increasdlyagnd the power efficiency shows
a significant decrease.
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Figure 3.16: Relationship between the power efficjeand input voltage for the SiC
MOSFET-SIC JBS diode combination
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Figure 3.17: Relationship between the power efficieand load current for the SiC
MOSFET-SIC JBS diode combination
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A £13V external supply was used to power the ttams DC-coupled gate drive
circuit for the SiC JFET. The gate voltage and entrrwaveforms of the SiC JFET
during turn-on and turn-off transitions at 100 kblzitching frequency are shown in
figures 3.18 (a) and 3.18 (b), respectively. Durthg turn-on transition, a 10V gate
pulse is applied for 100ns to speed up the turriransition [42] with a 4A gate
current-spike. This is to achieve very high switchispeeds by rapidly charging the
gate-source capacitance to the desired voltagé [Ekis stage delivers the gate current
for the on-state via the gate resistor. At a gatg<e voltage of approximately 3V, a 7V

voltage drop will be across the gate resistor cayplkigh power losses.

Figure 3.19 shows the thermal image of the SiETJEonverter using the
two-stage DC-coupled gate driver operating at 180 &witching frequency. There is a
high temperature stress on the external gate eesitthe SiC JFET driver circuit, due
to the higher gate current requirement of the $iETJand the high voltage drop cross
the external gate resistor. To minimise this poless during the on-state, a DC-DC
converter is deployed to step down the gate voltagapproximately 6V hence the
voltage drop is reduced. At high duty cycles amghhrequencies, this power loss can
still become significant [45].
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Figure 3.18: SiC JFET gate voltage and current feawes during turn-on (a) and
turn-off (b) transitions at 100 kHz switching fremcy
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Figure 3.19: Thermal image for the SiC JFET basen/erter operating at 100 kHz

switching frequency

The power losses, efficiency and case temperafuitee SiC JFET as a function
of switching frequency are plotted in figure 3.dMe output voltage of the converter
was regulated at 40QY Increasing the switching frequency has resulteahi increased
switching loss in the SiC JFET similar to that aled in the SIiC MOS data shown in
figure 3.13 and hence the junction temperaturesgmes. This further increases the total
switch power loss due to the increase in the JHETesistance with temperature. The
converter efficiency peaks at 96% demonstratings&oOefficiency improvement over
the SiC MOSFET.
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Figure 3.20: Relationship between the power efficieand switching frequency for the
SiC JFET-SIC JBS diode combination
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The data in figure 3.21 shows the relationship ketwthe FET switching losses
and switching frequency for the Si CoolMOS, SiIC MEES and SiC JFET based
converters. The SiC JFET has lowest turn-off powss of 1.3W and 2.8W at 100 kHz
and 250 kHz, respectively. Although the SIC MOSF&hDbws higher turn-off power
loss of 2.3W and 5.2W respectively, it still shaavereak frequency dependence similar
to that of the SiC JFET. However, the Si CoolMOS tiee highest turn-off power loss
with a larger frequency dependence at frequendsesea200 kHz. In addition, the
CoolMOS shows the highest frequency dependent darmess resulting in 31.3W
turn-on power loss at 250 kHz in comparison to 2&2Wd 20W turn-on loss for the SiC
MOSFET and SiC JFET, respectively. Consequently, @oolMOS with an overall
power loss of 42.6W at 250 kHz has the highest tarsperature of 191 °C. The SiC
MOSFET and SiC JFET have a total power loss of \®7#&nhd 24.8W, and a case
temperature of 98 °C and 82 °C at 250 kHz switcfrieguency, respectively.
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Figure 3.21: Relationship between the switchingdéssand switching frequency for the
Si CoolMQOS, SiC MOSFET and SiC JFET converters

The SiC JFET has lowest conduction loss of 0.1&8t\850 kHz when compared
to 0.19W and 0.29W for SiC MOSFET and CoolMOS, eesipely. The FET total
power loss and case temperature as a functior@fiéncy is plotted in figure 3.22. The
lowest switching and conduction losses of the $iETresult in the lowest total power
loss and junction temperatures. The rapid incréadle junction temperature of the

83



Chapter 3: High Frequency Operation of DC-DC Cotersr

CoolMOS with increased switching losses resultannincreased on-resistance, which
increases the conduction power loss and takes dhgeder into thermal runaway
condition at frequencies above 225 kHz.

Therefore, the converters based on SiC devices slaown the highest overall
efficiencies. These efficiencies show only a weakjfiency dependence, in contrast to
the CoolMOS/SIC JBS diode combination, which denratsd a 2.5% drop in
efficiency when increasing the frequency from 16{x ko 250 kHz.
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Figure 3.22: Relationship between the FET case ¢eatyre, total power loss and the

switching frequency for the Si and SiC devices

3.3 Multilevel DC-DC Converters

Due to practical considerations, the voltage eosion ratio (VCR), defined as
the ratio of the output voltage to the input voltagf a converter, is limited to six in
conventional boost converter topologies [46]. Theguires the use of an extremely high
duty cycle (D) which leaves no scope for voltaggutation to compensate for load and
line changes. An extremely high duty cycle in a diamnverter also means that the
diode sustains a high amplitude current with a tspatse width, resulting in severe
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reverse recovery transients, which cause highrel@etgnetic interference (EMI) issues
[46, 47]. These EMI issues affect system efficieramst and size. Thus, the use of high
frequency SiC multilevel converters can find apgtiens where a high boost ratio in a
transformer-less DC-DC converter is required arel teight and power density are

critical design parameters.

One of the challenges in PV systems is to link &IC renewable energy source
with a multilevel inverter. It is desired that sutihks are self-balanced to avoid
complex control strategies [48, 49]. To achieveaadformer-less DC-DC converter, a
high voltage conversion ratio (VCR) is also desiredr renewable applications based
on multilevel inverters, it is therefore required tlesign a DC-DC converter to
overcome such issues by connecting the input PAy dar the multilevel inverter with a
self-balancing output voltage, unidirectional catrédow and high VCR. An all SiC
transformer-less DC-DC multilevel converter basadadraditional boost converter and
the Cockcroft-Walton voltage multiplier [50-52] hiagen realised and the experimental
results for the power loss and efficiency for a&@el converter utilising SiC devices are
presented.

3.3.1 TheN+1 Level Multilevel DC-DC Converter

The schematic for an N+1 level multilevel convegteoposed in [52] is shown
in figure 3.23. The converter offers self-balancthgt maintains the same output at all
output levels, reducing the complexity of the cohstrategy [52, 53]. The proposed
multilevel converter comprises a switching deviag, inductor, 2N-1 capacitors and
2N-1 diodes.
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Figure 3.23: Schematic of the N+1 level DC-DC catare

To explain the principle of the convert@enation, a 5-level boost converter is
shown in figure 3.24. When the switch is on, if tludtage across C7 is greater than the
voltage across C6, C6 is clamped by C7 via D6 Aedswitching device. Similarly, the
voltage across C4+C6 is clamped by C5+C7 via D4taadswitch. When the switch is
off, D7 conducts and C7 is charged. Now the voltag®ss C5+C7 is clamped by the
sum of voltages across the inductor, C6 and thatimpltage via D5. Similarly, the
voltage across C3+C5+C7 is clamped by the sum oftages across the

inductor, C4+C6 and the input voltage via D3.
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Gate JE D7

Driver

J °V out

| 1=

Figure 3.24: Schematic of the 5 level DC-DC corafert
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3.3.2 All SIC Multilevel DC-DC Converter

In this design, a 3-level multilevel converter i®noected to a 3-level
diode-clamped inverter as shown schematically gurgé 3.25. The 3-level multilevel
boost converter (MBC) is based on an inductor,GOSFET, 3 SiC Schottky diodes
and 3 polypropylene film capacitors. The speciims of the 500W multilevel

converter are shown in table 3.4.
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Figure 3.25: 3-level grid-connected PV invertertegs
Converter Parameter \Y Converter Parameter alug
Input Voltage 105 Switching Frequency 16k
Output Voltage 409V Input Inductor Value 250 puH
Output Power 500 Output Capacitors 3x5uF
Inductor Current Ripple 20% @fdg Max. Ambient/Junction Temperature 25°C/125°C
Output Voltage Ripple 2% 0fV avg | External Cooling Requirements None

Table 3.4: Summary of design requirements and yaggiwer component values

The experimental realisation of the 105V-400V, \BO@onverter is shown in
figure 3.26. Here, 3 600V, 8A SIiC Schottky diodeSTIRPSC806) from
ST Microelectronics were used to minimise reveeseovery charge and enable high
switching speeds. As the reverse recovery currassgs through the switching device
during turn-on, the use of a diode with low reverseovery charge minimises the
turn-on power loss of the MOSFET and results irowelr overall power loss of the

device. The gate voltage and current waveformstlier SIC MOSFET during the
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turn-on and turn-off transitions at 100 kHz switai frequency are shown in
figures 3.27 (a) and 3.27 (b), respectively. Thteatdst driver with gate pulse voltage
of -2V to 20V was used for the SiC MOSFET to achigery fast switching.
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Figure 3.27SiC MOSFET gate current and gate-source voltagesfeaws during
turn-on (a) and turn-off (b) transitions at 100 ks¥zitching frequency
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The multilevel converter voltage and current wawef® are shown by the data
in figure 3.28. In figure 3.25, when the SiC MOSFisToff, V3 is charged via SBD3.
The voltage acrossd/ and 3 is clamped via SBD1. When the MOSFET is og;
clamped by \; through SBD1 to the output. During the transithen the SiC
MOSFET is turning on, the charging current of Ca \BBD2 imposes a current
overshoot on the FET. In addition, both SBD1 a®DS$ are turning off during this
transition hence the reverse recovery currentshesd diodes will be added to the
MOSFET turn-on current, resulting in a further &se in the turn-on power losses.
The current pulse at the turn-on of the switchkisly due to the parasitic inductance in
the circuit; resulting in resonance between theutirparasitics and the sinusoidal shape
of the current waveform at turn-on. The drain-seucarrent of the MOSFET in figure
3.28 shows this overshoot in the current wavefoFiis demonstrates the benefits of
using SiC diodes in this multilevel boost convettgrology especially at higher number
of levels. Figure 3.29 shows the thermal imagéefrhultilevel converter at 105V input
voltage and 100 kHz switching frequency.

wW
o

! b iammin 400
b
25 \J
$ Vout
20 k———%—- r—w - 300
5 Vgs
O ~
15 S
/>'\ . P s b g et v i o . ‘,m-, SHBTV| 200 %
o i \ .' A ¢ Vds 8
810 \ i I , S
g a y ! | 100
g B ~.‘-" - v .......... -
[ 5 [ Ids
c f |
U W— N 0
0
5 L1100
0 5 10 15 20

Figure 3.28SiC converter current and voltage waveforms atki99
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Figure 3.29Thermal image of the SiC 3-level converter at 182 k

The SIC MOSFET power losses, efficiency and ¢asgerature as a function
of input voltage at 100 kHz switching frequency &29Q load are shown by the data
in figure 3.30. The large increase in MOSFET tumjmwer losses is due to the
increased reverse recovery loss of the SiC diogl@srasult of the increased voltage and
current, resulting in the junction temperature lod switch increasing from 30 °C to
40 °C. The increase in on-resistance with tempeatsults in a gradual increase in the
converter conduction loss due to the increasedesistance of the SiC MOSFET and
the system efficiency decreases by 1% when ingrgabie input voltage from 55V to
115V.

The data in figure 3.31 shows the efficiency, IOSFET power loss and case
temperature measurements as a function of switdingggiency at 105V input voltage
and 320Q load. Increasing the switching frequency from k6{x to 250 kHz resulted
in a steady increase in the FET turn-on power kKssesulting in the junction
temperature increasing from 34 °C to 58 °C. Thailts in an increase in the turn-off
power losses and so the 3-level converter powanaficy decreases from 95% to 90%.
In addition to the reverse recovery current of SBil SBD3, the charging current
through C2 at turn-on, imposes a high level ofsstren the FET, resulting in a further

increase in the turn-on power losses as showmurdi3.31.
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Figure 3.30: Power efficiency vs. input voltage
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Figure 3.31: Power efficiency vs. switching freqogn

Increasing the input voltage from 55V to 115V résdl in a decrease in
efficiency from 95% to 94%, due to the increased-ton loss of the MOSFET related
to the increased reverse recovery loss of the i@ed by the increased input voltage.
This resulted in 10 °C temperature rise in the dwiunction temperature and 1%

decrease in efficiency. Increasing the switchirggérency from 100 kHz to 250 kHz
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leads to an increase in the FET total power lossiltieg in a 24 °C increase in

MOSFET junction temperature and efficiency decredse5%.

3.4  Electromagnetic Interference in Si and SiC DC-DC ©nverters

DC-DC converters are a potential source of higlguiency noise and power
designers attempt to minimise and contain this en@sund the converter to avoid
affecting other systems or components. Thereferaltlowable radiated emissions from
electronic systems are controlled by regulatorynags. Modular power products need
to pass CISPR (international special committee auior interference) standards that
relate to EMC (electromagnetic compatibility). Hettee EMI measurements were taken

to compare equivalent source strength of the coesgerather than their capability to
meet specific standards.

An Agilent E4403B ESA-L spectrum analyser withfraquency range of
9kHz-3GHz has been used for testing the radiateésenemissions. The receiver was
used in the peak detector mode and with a stepdfiz® kHz. Here, the frequency
range of interest was selected between 20 MHz ti8@. This range was selected in
order to evaluate the radiated noise of the coax®which is typically measured above
30 MHz [54, 55], and also to include the currend a&oltage ringing frequencies of the
power converters under test during switching cycles

The radiated EMI was measured with a broadbaneinaa from a distance of
2.5m. The near to far field transition occurs apprately at one-sixth of a wavelength
from the receiving antenna [56]. Therefore, for thest frequency range of
20MHz-60MHz, a minimum distance of 2.5m is requir@kfore the start of noise
measurement for each converter, a noise floor sweepperformed to try and evaluate
the external interference onto the converter arsdienthe noise at the point of receiver
is similar for all the converters. Figure 3.32 sBBotlie noise measurements with the
high voltage power supply off and only the gateeirion.
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Figure 3.32: Radiated noise comparison of SiC JFFT,MOSFET and Si CoolMOS

based DC-DC power converters at 100 kHz, only #te dgrivers are powered

The data shows the noise floor for the convertased on Si CoolMOS, SiC
JFET and SiC MOSFET with zero and negative gats bial00 kHz. As the high
voltage power supply is off at this stage, theeerar high di/dt and dv/dt and the noise
levels are lower and are to do with the gate dciveuitry, characteristics of switching

devices, stray inductance and capacitance in thaitand the background noise.

A comparison of the radiated noise for SiC cotersrversus CoolMOS-SiC
JBS diode based design at 100 kHz and 200 kHz lswgdrequencies is shown by the
data in figures 3.33 and 3.34, respectively. Thging frequency of the SiC JFET
current waveform during the turn-on transition wasasured as 54.1 MHz at 100 kHz
and 54.5 MHz at 200 kHz switching frequency. Thegimg frequency of the SiC
MOSFET current-waveform during the same transitd@s measured as 53.5 MHz at
100 kHz and 53.1 MHz at 200 kHz switching frequen®uring the turn-off transition,
the SiC JFET ringing frequency was measured as K813 and 32.2 MHz at 100 kHz
and 200 kHz switching frequencies, respectivelyrilithe same transition, the SiC
MOSFET ringing frequency was measured as 27.8 Mtz 2¥ MHz at 100 kHz and
200 kHz switching frequencies, respectively. Th& SIFET current waveform at
100 kHz switching frequency is shown in figure 3.8B®th the turn-on and turn-off
transitions with their respected ringing frequenacy shown as well. Figure 3.36 shows
the fast Fourier transform (FFT) of the SiC JFETrent waveform in decibel (dB). As
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can be seen both the turn-on and turn-off ringinggdencies of 54.1 MHz and

33.3 MHz, respectively, are clear in the frequesiggctrum as shown in the figure inset.

These ringing frequencies shown in the noise lgldpthe noise spectrum at
these certain frequencies. These agree very clogéhlythe highest noise level in the
graph particularly in the 25-35 MHz range. The mteurrent change gt for the SiC
JFET during the turn-on transition is the highéstlA/us at 100 kHz as opposed to
330A/us for the SIC MOSFET without the negativesbi@he rate of current change
dly/dt for the SiC JFET during the turn-off transitimnthe highest as well; -405A/us at
100 kHz as opposed to -313A/us for the SiC MOSFHRoumt the negative bias. This
has resulted in higher radiated noise for the $iETJbased converter. The SiC JFET
with up to 20 dBuV higher radiated noise clearlpwsh the trade-off between radiated
noise and power dissipation loss due to the ineckalydt in comparison to MOS
devices. The use of a -2V gate voltage for the BIGSFET also introduces up to 6
dBuV increase in the noise. The lowest observedentor the SiC MOSFET can be
explained by the lower gate capacitance of the cgewhile using identical 7.5
external gate resistors to achieve fastest swigcamd fair radiated noise comparison; as
a slightly higher gate resistor for the CoolMOS Idogreatly reduce the radiated noise.
Therefore the SiC MOSFET based converter show$&else trade-off between radiated
noise and power dissipation loss.
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Figure 3.33: Radiated noise comparison of SiC JFFET,MOSFET and Si CoolMOS
based DC-DC power converters at 100 kHz switchiagudency
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Figure 3.34: Radiated noise comparison of SiC JFFtT,MOSFET and Si CoolMOS
based DC-DC power converters at 200 kHz switchiagudency
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Figure 3.36: FFT of the SiC JFET current wavefonndB at 100 kHz switching
frequency in blue, and the FFT average trace ickbla

To evaluate the noise spectrum of the 3-levelsbawmnverter, three 500W
DC-DC converters were realised. As shown in talle tBree 500W DC-DC converters
operating at 100 kHz switching frequency with a MOOutput voltage have been
evaluated. All the converters were based on SiC MEJS and SiC Schottky diodes
used in the previous experiments. The gate drigsrehnegative bias of -2V during the
turn-off for the SiC MOSFETSs in all cases. Befone start of noise measurement for
each converter, a noise floor sweep was performmezhsure the noise at the point of

receiver is identical for all 3 converters.

Test Combinations

Converter Conventional Boost Conventional Boost 3-Level Boost

Pout/ Vin /Vout ~ 500W/ 210V/ 400V 500W/ 105V/ 400V 500W/ 105V/ 400V

VCR 1.9 3.9 3.9

Table 3.5: Test combinations used in noise evauoadf multilevel converter
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The data in figure 3.37 shows the noise measuremesults for the all-SiC
converters. All three converters operate at 100 &Wlizching frequency, have an output
voltage of 400V and deliver 500W output power t828 Q power resistive-load. The
conventional boost converter with an input voltaffelO5V has the highest radiated
noise. For the same output power, this convertsitina highest duty cycle of 75.2% to
achieve 400V output voltage. Consequently, thetimpurent increases that means the
SiC MOSFET will have a higher drain current for g#amne drain-source voltage (400V)
during switching transitions and therefore a highetiated noise. The conventional
boost converter with an input voltage of 210V operpat 48.6% duty cycle, has a
5 dBuV lower radiated noise than that of the cotarexith a 105V input.

-3 |_evel Boost Converter, Vin= 105V

== Conventional Boost Converter, Vin= 210V

100 - Conventional Boost Converter, Vin= 105V
S
=
m
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()
k=)
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£
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Figure 3.37: Radiation noise for 500W conventicarad multilevel boost

converters operating at 100 kHz and supplying 0@V/% load

The 3-level boost converter has the lowest noesellat 100 kHz switching
frequency among the 500W power converters. Thev@-lboost converter has a
15 dBuV lower radiated noise compared to both cotieeal boost converters.
Although the 3-level converter operates at 49.1% dycle which is comparable with
that of the conventional boost converter with 21i@gut voltage, the SiC MOSFET
only experience 50% of the output voltage acrossdttain-source of the device during
switching transitions and so has a lower noiselleleerefore the 3-level SiC boost
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converter has twice the voltage conversion ratid lawer radiated noise compared to
the conventional SiC boost converter with a 210@uinvoltage. Therefore, in PV
inverter systems where the input voltages maybeipthe use of the single-switch SiC
based multilevel converter is a great choice; du¢he high efficiency, high voltage
conversion ratio, reduced noise, self-balancinguiLtvoltage and simplicity of the gate

drive requirement.

3.5 Conclusions

The performance of SiC switches has been compaitd witra-high speed
CoolMOS semiconductor switches in a 1kW PV pre-tatgu DC-DC converter
application. The high voltage, high frequency operaof the silicon carbide devices
showed smaller switch overall power losses andtiondemperatures. The converters
based on SiC JFET and SiC MOSFET have shown ovefiatiencies of 96% and
95.5%, respectively. This efficiency shows only aak frequency dependence, in
contrast to the CoolMOS/SiC JBS diode combinatidmcty demonstrated an efficiency
drop from 95% to 92.5% when increasing the frequdram 100 kHz to 250 kHz. This
is due to the rapid increase in switching and cotida power losses in the Si
CoolMOS.

Even though the SiC JFET demonstrated 0.5% effigigmprovement, the
larger current requirements at turn-on imposes gheri stress on the external gate
resistor as well as the more complicated driveigtesequirements. A comparison of
the radiated noise showed the highest noise signé&bu the SiC JFET and lowest for
the SiC MOSFET in the 20MHz-60MHz range. The negatiate voltage requirement
of the SIC MOSFET also introduces up to 6 dBuV @ase in radiated noise, due to the
induced current in the high frequency resonanydtap in the negative power plane of
the gate drive. The converter based on SiC MOSHKEITSAC Schottky diode offers the

best compromise between the converter efficiendyradiated noise.

In addition, a 500W all SiC transformer-less 3-lel@C-DC converter was
realised and the experimental data for the powssee and efficiency presented. The
SiC MOSFET based 3-level converter has a 95% effy at a switching frequency of
100 kHz. This high efficiency transformer-less mildtrel converter is suitable for

renewable applications based on multilevel invert€his design connects the input PV
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array to the multilevel inverter with a self-balarg output voltage and unidirectional
current flow. Three 500W 400V output convertersedoasn SiC MOSFETs and SiC
Schottky diodes were tested to evaluate the comvererformance in terms of the
radiated noise. The 3-level SiC boost convertemwslioa reduced noise of 15 dBuV in
the test frequency range of 20MHz-60MHz. The higltage conversion ratio of this

SIC based multilevel converter topology without excessively large duty cycle,

reduced noise and high efficiency make it a gresigh choice for applications where
both the performance and noise compliance areaatgmportance. In addition, the use
of high frequency SiC multilevel converters in th@nsformer-less DC-DC converter is
well suited for applications where the weight amavpr density are also critical design

requirements.
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4.1 Introduction

Recent developments in applications such as olil exgdloration and aerospace
have identified the need for high density, high penmature power electronic modules.
Operating in environments beyond those possiblegusionventional silicon-based
technology, the ability to control electrical syste will be a key enabler for future
technology enhancements [1-6]. High temperature DC-converters have great
potential for deployment in such environments. €alise these power modules, the
relevant control circuitry also needs to operatelavated temperatures. Any operating
temperature outside the conventional temperateerahgbb °C to 125 °C, is unsuitable
for the majority of integrated circuits used in uistkial electronics or even military
applications. For this goal to be achieved, thesdspneed to be able to operate at
temperatures exceeding 175 °C without or with Behicooling strategies [7-13]. As
explained in chapter 2, the WBG materials and qaldrly SiC, have emerged as
potential replacement semiconductors for Si, tlagtdeached its theoretical limits. They
are reports showing that SiC based devices cantifunat temperatures exceeding
500 °C [14-18].

A gate driver is an essential part of any powectebaic circuitry to control the
switching of the power semiconductor devices bytwding the turn-on and turn-off
operations of the semiconductor switching devidése desire to place the gate driver
physically close to the SiC power switches in tbaverter, leads to the necessity of a
temperature resilient PWM generator to control gbever electronics module [19-22].
As far as the gate driver is concerned, traditioc@hplementary CMOS integrated
circuits based on Silicon, can only operate rejiadil temperatures below 125 °C. The
development and realisation of integrated convemsodules capable of high
temperature operation is therefore quite challemgsiC based devices are promising to
meet these challenges due to their higher therovadwctivity and increased operating
temperature. Among the available SiC semicondud®rices, SIC MOSFETs are
preferred the most; due to their enhancement mbdpearation and compatibility with
the design of Silicon gate-drive circuitry. The mwnodules based on SiC MOSFET
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have been already commercialised, however, theynatehigh-temperature power
modules. The high temperature modules based ont&itnology are still at the
research level. Multi-chip modules based on SiQlesoand SIiC MOSFETSs reported
operating at 200 °C [23]. SiC JFET with variouskaagng techniques have also been
used in power modules to effectively utilise higimperature capability of Silicon
Carbide devices [24-27]. All these power modules aapable of functioning at
temperatures exceeding 200 °C thanks to the adwemtein high-temperature
packaging, however, to fully utilise the potental these power modules, the gate
driver needs to be located very close to the switctevices within the module. That is
to reduce the parasitic effects, reduce the prodwtime and to achieve fastest
switching speeds. Consequently, the gate-driveuitisc need to reliably function at

elevated temperatures.

Researchers have implemented the gate-driver irssi8&C module using SOI
active devices [28-31] and high temperature passiwmabling high temperature
operation at 250 °C. SiC inverters were similarhpiemented based on SiC for high
temperature operation; however, they are limitetheofact that only the buffer stage,
the totem-pole output was realised using SOI semigctors. Silicon-on-insulator (SOI)
technology is also an attractive candidate for higimperature electronics due to the
improved latch-up immunity, which enhances the HJeration reliability. It also
provides reduced junction leakage currents dueh#odielectric isolation [32]. The
novelty of this work is in the first demonstratiof a SiC based PWM and control
circuit with SiC power semiconductor devices, whadn demonstrate a full range of
duty cycle. The proposed PWM circuit consists afesal functional blocks that use SiC
JFETS, in the oscillator and current source stagles.two SOl MOSFETSs used in the
amplification and control stages will be replacgdfiture high current SiC JFETs with
minor modification to the circuitry. Figure 4.1 st®the block diagram of the proposed

PWM generator circuit, including the SiC currentisi and ring oscillator stages.

DC-DC
Converter

| ! | !
o | |
| . . | Amplification & |
| Ring Oscillator )l Voltage Shaping | : Current —) Output |
I

Source | | Buffer Stage

L —— by [ | e———— [ B
—_— — — -] - Vout
+ Vin |+ DC
______ | ,

Figure 4.1: Schematic of the proposed gate drigerprising of six functional blocks
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41.1 Silicon Carbide JFETs

Epitaxial 4H-SIC JFET devices were formed on waf@bsained from CREE
[33]. The epitaxial layers were formed on highlypdd N-type substrate, with a
P (2x13° 7um), N (1x1&’, 300nm) and P+ (2x1 200nm) epitaxial structure.
Following cleaning and isolation trench etchingghidose Nitrogen implants were
made to form low-resistance contact areas in thgps region. A 30 minute, 1600°C
anneal was used to activate the implanted spegssg a graphite cap to protect the
surface [34]. A second etch step was then useeMiat the highly doped regions in the
N type epitaxy and define the gate regions in tighlix doped P type epitaxy.
Following a dry oxidation process (6 hour, 1100°T)Ni contacts were deposited on
the N type epitaxy by E-beam and patterned byadift These were annealed in a
vacuum (300s, 1050°C) to form ohmic contacts. TiFAtontacts were then deposited
on the P type epitaxial structures by E-beam artteppeed by lift off. These were
annealed in a vacuum (300s, 950°C) to form ohmittamis. Gold contacts were then

patterned onto the surface of all the contactatdifate wire bonding.

Low power normally-on, epitaxial SIC-JFETs with atey width (W) and length
(L) of 200um and 9um respectively, were fabricasdNewcastle University as
described above. These devices show turn-off ve#tad -3V at room temperature. The
cross-section and I-V characteristic of the devace shown in figures 4.2 and 4.3,

respectively.

P+

p-type epitaxial layer metallisation

n-type epitaxial layer gold contact

Figure 4.2: Cross section of the normally-on epébm-channel SiC JFETs
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1
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Figure 4.3: 1-V characteristic of the normally-gntexial n-channel SiC JFETs at gate
voltages of -3,-2,-1, 0 and 1V

4.1.2 TheRing Oscillator

Ring oscillators (RO) have become an essential partmany digital and
communication systems due to their integrated eafliney find their applications as
voltage-controlled oscillators (VCO), in disk-driveead channels, on-chip clock
distribution and clock recovery circuits for ser@dta communications. Even though
they are not commonly used in radio frequency (&#lications, they can be used for
some lower level RF systems [35]. An RO compriseseveral gain stages in a unity
gain feedback loop. The circuit must conform to Bekhausen’s criteria to achieve
oscillation. It means that the gain and phase shifhe feedback loop must be 1 and 2
respectively [36]. Figure 4.4 shows an RO congistinN inverter stages.

N inverting stages

1 2 3 N-1 N

Figure 4.4: N-stage ring oscillator consisting Marting stages with feedback loop
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Each stage introduces a delay pftterefore with the total phase shift of, 2he
oscillation frequency is given in equation 4.1. Nthe number of stages and is an odd

number, which results in a self-oscillating circuit

1

f= [Hz] (4.1)

- 2NXxtg

Since the oscillation frequency is determined by tlelay in each stage and
number of stages in the loop, frequencies in thezMél GHz range are generally
obtained. To use this ring oscillator to drive avpo device in a DC-DC converter,
frequencies in the range of hundreds of kHz areretbsTo achieve this, one option
would be to increase the number of stages in wtade the number of stages would be
unacceptably large and the other option would bmdcease the delay for each stage.
Much research has been done to increase the dekgch stage [37, 38]. If the delay
can be voltage controlled, then an RO with varidtdguency can be achieved. In [39]
a dual ring oscillator is proposed that changesnim@ber of inverter stages using a
control voltage which is still unsuitable for lowefuency applications. Here, the ring
oscillator has been selected for our circuit desmmavoid the use of bulky inductors
hence the ease of integration, and their limitedperature range. SiC JFETSs are used in
the ring oscillator circuit and the oscillationdreency is tuned to a level suitable for the

operation of DC-DC converters.

A 20V supply, a 22& drain resistor, a 1nF decoupling capacitor between
inverter stages and a 1nF capacitor between tleeayat source of the JFET were used
to construct a 3-stage ring oscillator as showfigare 4.5. The simulation results for
the ring oscillator are shown in figure 4.6. V(fow's the gate voltage and V(d) shows
the drain voltage of each inverting stage. Théllaton frequency of the RO is 26 kHz.
The oscillation happens when the overall phasd-ghif80°; therefore each stage has a
60° phase-shift contribution. The waveform at eaolde is 120° out of phase with
respect to its neighbouring nodes. Due to the sigrarsion from the gate to the drain,
each common source stage exhibits a phase sHi8@% The time difference between
the gate and drain voltages for each stage, asrshelow, is due to the delay of the

inverting stage.
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Ce==

Rg Cg Rg ~Cg Rg Cg

Figure 4.5: 3-stage ring oscillator consisting \Beirting stages
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Figure 4.6: 3-stage ring oscillator consisting \eirting stages, gate and drain voltage

waveforms are shown at the oscillation frequencg&@kHz

Figure 4.7 shows the simulation result for the getikage of the first inverting
stage for 3 different external gate-source capexito alter the delay of each inverter
stage hence change the ring oscillator frequency tevel suitable for a DC-DC
converter operation. Reducing the external gateaatace from 1nF to 560pF and
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100pF resulted in an increase in oscillator fregyefiom 26 kHz to 34 kHz and

111 kHz, respectively.

PR e S U A T S S S S i o S S R N V(g1) 100pF
()
g 2 —V(g1) 560pF
S

----- V(g1) 1000pF

29us

0 10 20 30 40 50 60 70 80

Time (ps)

Figure 4.7: 3-stage ring oscillator frequenciedw@tdifferent external gate-source
capacitances of 100pF, 560pF and 1000pF

4.2 The Constant Current Source and the Adjustable Waverm Generator

Figure 4.8 shows a self-biased JFET based cusmnte. At start-up when Vs
is first applied, there is no drain current henkbe gate-source voltage is zero and
current starts to flow through the depletion modeick. As the current increases, so
does the voltage drop across the source resisterefore the gate will be negatively
biased with respect to the source. This reducesuh@nt through the JFET and this
cycle continues until equilibrium is establishefdthle drain current were to increase or
decrease, the circuit regulates itself by negatifeéding back the output to the input.
Equation 4.2 shows the relationship between thel JdtErent and gate-source voltage
and gives the transfer characteristic of the JAETIis the drain to source saturation
current when the = 0V and 4 is the pinch-off voltage of the device.

Iy = Lgss —VV—) [A] (4.2)

The intersection of the JFET transfer characieriahd the load line of the
source resistor gives the DC bias point. The teandfiaracteristic curve of the epitaxial
SiC JFET is shown in figure 4.9. The load lines floree source resistors are also

plotted that demonstrate the current source ompgrgibints. By varying the source
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resistor from 20K to 5K, the current source level can be adjusted betB8ai and
210 pA.

Ry Id
NN—>

Normally-on d A

JFET
—l>—

Vg §Rs

\'Z

Figure 4.8: The self-biased JFET based currentcsour

—-SiC JFET Transfer Characteristic 4 07
—+—|oad Line (5kQ)
-=-Load Line (10kQ2) 1 06
—e—Load Line (20kQ)
* 0.5
4 04 ~
<
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4 0.3 <
4 0.2
41 0.1
# T T T T T o
-3 -25 -2 -1.5 -1 -05 0

Vgs (V)

Figure 4.9: The transfer characteristic of the $HET and the load lines for 3 different

source resistors corresponding to three currerntedavels

As shown in equation 4.3, the slope of the transf@racteristic curve is the
transconductance of the SiC JFET. Substitutingmtd4.3 and differentiating the result
gives a linear relationship between the transcotathee and gate-source voltage at a

given drain-source voltage. The transconductancehef SIC JFET is shown in
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figure 4.10. At <OV the transconductance equates tQs/PV, and at zero
transconductance the gate-source voltage equattee tpinch-off voltage of the SiC
JFET which is -3V.

dI Iass Vgs
gm = gy, = ~2 S—p(l —i) [S] (4.3)

1 0.35
1 0.3
1 0.25
1 0.2

1 0.15

O (MS)

1 01

1 0.05

3 25 2 A5 1 05 0
Vgs (V)

Figure 4.10: The transconductance characteristiceo5iC JFET

The proposed adjustable triangular waveform géoers.shown in figure 4.11.

It utilises a depletion mode SiC JFET, an enhano¢mede SOl MOSFET, three
resistors and a capacitor. The SiC JFET is cordigas a constant current source (CCS)
charging capacitor Cout. R_CCS sets the level efcibnstant current source and also
introduces a negative feedback to regulate theretesource current of the JFET.
Therefore the capacitor voltage will be a voltagep generated by the CCS. Vin turns
on the n-MOS to reset the voltage across the oufgpeacitor. The ramp voltage across
the capacitor is discharged through R_LIM to grauha operate the n-MOS in its safe
operating area, R_LIM sets the suitable level far tapacitor discharge current. The
output capacitor value needs to be selected cérefilil this value is too large a
significant amount of energy needs to be chargeddischarged and in case the value
is too small then the stray capacitance in theuties well as the output load level will
introduce unacceptable error in the charge-disehfimgctionality. Based on the voltage

ramp design requirement, rate of voltage changiena, we have:
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R Id
VW >
vs@  Normally-on |4
SiC JFET
—>
JL ‘gR_Ccs
Vin C) Vout
§R_LIM
(AT Cout
J. SOI n-MOS

Figure 4.11: The adjustable triangle waveform gatoer

dVout

ICout = Cout at

[A] (4.4)

Assuming an output capacitor of 270pF and a désamp of 0.5V/us, a 135pA

charging current through the output capacitor igined.
For the n-JFET we have
Vgs = —lq X R_CCS [V] (4.5)

Therefore substituting onto the equation 4.2 amdesior R_CCS we have:

R_CCS = E( da _ 1) [Q] (4.6)
Ig Igss
Solving for R_CCS with a pinch-off voltage of -3nd a saturation current of
0.5mA for the SIC JFET, an R_CCS of 1QXbis calculated.

The n-MOS resets the output capacitor through K. Olhe output capacitance
of the selected n-MOS should have a very low capace in order not to add extra
capacitance to the effective Cout. To rapidly disge the output capacitor to produce a
ramp generator, a minimum R_LIM needs to be salectmsidering the safe operating
area (SOA) of the n-MOS device at maximum drairrenir In the design, R_LIM is
selected to produce a triangular waveform generdtbe default design parameters

used for the circuit simulation are shown in tahle.
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Circuit Parameter Value @¢uit Parameter Vatu
Input Voltage Vs 10 Vin Peak-Peak Voltage 5V,
Output Capacitor & 270 pF Vin Switching Frequency 200 kHz
Drain Resistor R Wk Vin Duty Cycle 50%
R_CCS 5lQ R_LIM 102

Table 4.1: Default design parameters used foriticeitoperation evaluation

Figure 4.12 (a) shows the voltage across the outppacitor for different
R_CCS values ranging from @kto 10k2. Changing the bias resistor in the source of
the JFET adjusts the load line associated withgite-source voltage, hence changing
the bias point of the constant-current source. AV$0V supplies the JFET through R
and the n-MOS switches at 200 kHz switching fregyewith a 50% duty cycle, to
reset the voltage across the output capacitor. KQ1R LIM set resistor is selected to
control the discharge envelope in a linear manxarying R_CCS changes the bias
point for the constant current source that resnlegschange in the rate of voltage rise on
the output waveform. When reducing R_CCS from(1@& 1kQ, the offset voltage of
the triangular waveform generated across the owgp@citor also increases from 0.8V
to 2.2V, this is because at the switching frequeoic200 kHz, the voltage across the
capacitor does not fully discharge, and this isdage for switching frequencies in the
hundredsof kHz range which is the most suitable frequenagyge for the DC-DC

converter operation.

The effect of varying R_CCS on the operation efwaveform generator circuit
is shown in figure 4.12 (b). When the output cajmaids charging, the current through
the capacitor increases and eventually settlebeatonstant-current-source level that
determines the rate of voltage rise across thectapaDuring this state, the current
through the n-MOS is decreasing exponentially tglouR_LIM as shown in
figure 4.12 (c). When the n-MOS turns on, the \gdtacross the capacitor discharges
and the current in the capacitor reverses and flilmeugh R_LIM to ground. At the
point when the n-MOS turns on, there is a curreikesin the current waveform of the

output capacitor; due to the rapid voltage chamgess the device.
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Figure 4.12: The effect of varying R_CCS on thewiroperation
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The effect of varying R_LIM on the waveform gerterais shown in
figure 4.13 (a). A 5® R_CCS bias resistor in the source of the JFETssbected to set
the bias point of the constant-current source.

The value of R_LIM affects the discharge phas¢hefoutput capacitor. Here,
the minimum value for R_LIM is desired that resuts linear discharge phase. As can
be seen in figure 4.13 (a), with aIR_LIM resistor the discharge phase is a faster
discharge of the output voltage across the 270gpaator. As the resistor increases the
discharge phase slows down until it becomes aripkase. The change of R_LIM reset
resistor results in an offset change of the voltagess the output capacitor. When
increasing R_LIM from 2& to 6kQ and 16K2, the DC offset of the output voltage
waveform increases from 0.3V to 0.8V and 1.85Vpeesively. As can be seen in
figure 4.13 (b), the maximum acceptable currenkesphough the n-MOS during the

phase-change is another factor to consider whewctsgj the R_LIM value.

When the FET turns on, the voltage across thecottapadischarges and the
current in the capacitor reverses and flows throkghIM to ground. With a 2R
R_LIM, current overshoots are the highest duringtdwng transitions, due to the
reduced time-constant during the discharge phaséh & 162 R_LIM, current
overshoots are the lowest during switching tramsgj and the output voltage linearly
discharges as well.
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2 N o\ N N
~. 7/ ~..”7 '~..7 ~..7
S
o L5 R_LIM=2kQ
g a)
S 1N -~ N A ,/  —-R.LIM=6kQ
= \\ ,, S / SMe / \\ //
\.o B \\, \ s \.r —
S os : — ‘R_LIM= 16k Q
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Figure 4.13: The effect of varying R_LIM on theatiit operation

The effect of varying the source voltage on theefarm generator at different
R_CCS values is shown in figure 4.14. As can be $e@n the data, when the source
voltage is varied from 8V to 12V, the change inpatitcapacitor voltage is insignificant
due to the use of the JFET current source, unlik€®S that has a more significant

impact on the capacitor voltage.

1.3
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1.2 \ r_ccs=7.504 ' '
\ W
11
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Figure 4.14: The effect of varying source voltagelre circuit operation
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4.3 The Circuit Functional Blocks

The proposed circuit is composed of six functiob&cks: SiC-based ring
oscillator, SOIl-based amplification and voltage phg stage, SiC-based clamp,
SiC-based current source, SOIl-based control angsh pull buffer. Two normally-off
high-temperature SNMOS80 SOI-MOSFETs from CISSOIe aused in the
amplification and control stages, because of thgh gain. These will be replaced by
future high current SiC-JFETs with only minor macktion to the clamp-stage circuit
design. Figure 4.15 shows the block diagram ofptteposed PWM generator circuit,
including the SiC current source and ring oscillatages.

I Amplification & | SiC Current

I
I I
| Voltage Shaping | | Source |
———————————
| |1 R I Y S
| I I
|
I

|

| | I

| | Vin Vout |

| | | | !

| [ I [ ), Vout
| [ E———— L 1 | —0 pe
|

I

- _i_ - | Output I
3-stage SiC Ring Oscillator |I ——————— | T T _i l_Buffer Stage | .|, DCDC
I Control - - )
L o e _!| SiC Clamp Stage |_>| Stage | DC ' Converter

—_— - — —_ —_ — ) =

Figure 4.15: Schematic of the proposed gate dawerprising of six functional blocks

to form a SiC/SOI based PWM generator based omrardusource technique

As shown in figure 4.16, to drive Vg3, the gatétage of the reset MOSFET, a
SiC based pulse generator based on SiC JFETs &hdli8de was designed. The
simulation results of the circuit are shown in figuyt.17. The oscillation frequency of
the SiC JFET based oscillator was tuned to 100 wHen loaded. The ring oscillator
frequency drops slightly when loaded by the restiafuit including the amplification
stage; due to the increased effective capacitagee By each inverting stagey; Was
then fed to a high gain amplifier with a 1.6V refiece, representing the threshold
voltage of a buffer stage. It means that insteactavhparing a ramp signal with a
variable DC voltage reference, the circuit usesaaable-offset triangular waveform
that is compared with a fixed DC voltage whichhe threshold-voltage of the buffer
stage. This design enables us to directly drivehigh temperature buffer proposed in
[29] where the SOI Schmitt trigger buffer with hgistsis, functions across the
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temperature range of -60 °C to 250 °C. TherefazeSike/SOI signal generator proposed
here can be used as an input to the recently pedploigh-temperature buffer stage to
realise a complete SiC/SOIl gate driver unit to poeC based power devices in

high-temperature environments.

JSOA

V drive

Gate Driver

i IT Output
Vg3 n-MOS2 R_LIM l
'T T Buffer

Ring Oscillator based on SiC JFETs

J__ Cout

Figure 4.16: The circuit diagram of the SiC/n-MQ&éd PWM waveform generator

Figure 4.17 (a) shows the 3-stage ring oscilladotput waveforms and the
triangular waveforms across the output capacit@.2#Q and 5K2 R_CCS values. The
constant current source resistor, R_CCS, setsutrert source level. A 1@kR_LIM
value and a 10V Vs supply were used for the cirsuttulation. The limit resistor,
R_LIM, adjusts the output voltage waveform durihg tlischarge phase. Figure 4.17 (b)
shows the gate voltage of the bottom FET, Vg3, #red output waveforms of the
amplifier demonstrating a symmetric duty cycle dmncorresponding to the

current-source, current-bias change.
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Figure 4.17: The circuit waveforms for two R_CC3uea resulting in a symmetric

duty cycle change

4.3.1 Feasbility of An All SIC Signal Generator

The circuit proposed in figure 4.16 can be modifs® that it only uses the SiC
JFETs as shown in figure 4.18. Figure 4.19 (a) sh¢we 100 kHz 3-stage ring
oscillator output waveforms and the triangular Wax@s across the output capacitor at
15kQ and 17.5K R_CCS values. A 1@k R_LIM value and a 10V Vs supply were
used for the circuit simulation. Figure 4.19 (bpwis the gate voltage of the bottom
JFET, Vg3, and the output waveforms of the JFETedaamplifier demonstrating a

symmetric duty cycle change corresponding to thieeatrsource, current-bias change.

Vdd R Id

ISOA

V drive

C3
SiC Vtri Gate Driver
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Output
CzT Vely SiC SR LM l
JFET3 Buffer
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Figure 4.18: The circuit diagram of the all-SiC &d$WM waveform generator
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Ring Oscillator based on SiC JFETs
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Figure 4.19: The circuit waveforms at two R_CCSuealresulting in a symmetric duty
cycle change. The Ring oscillator and triangulavefarm generator (a), gate control

signal and PWM output signal (b)

Vi was fed to a high gain amplifier with a 1.6V refece, representing the
threshold voltage of a buffer stage. R_CCS wasjustall to result in a similar duty
cycle increase for the same reference voltageesepting the threshold voltage of the
buffer stage that is shown in section 4.3. Thelditgtion stage was redesigned for the
SiC JFET1 by adjusting the value of resistors Rmtd &ml. The gate voltage
requirement of the control switch, JFET3 in thisesavas satisfied by reversing the SiC
diode polarity in the clamp stage. The phase-djgfiveen the circuit waveforms are
due to the ring oscillator inverting stages actisgphase-shift amplifiers. This will be
affected by the input impedance seen from the ipaihe amplification stage, as well

as the drain-gate capacitance between the osciltaterting-stages. Due to the periodic
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nature of the waveforms, this does not affect tlag ¥he circuit operates. Although if
this capacitance is changed from 1nF to 100pf, ghase shift between the ring
oscillator waveforms will be negligible. In the expnental realisation of the circuit,
SOl MOSFETs were used for the amplifier and therobistages, due to the high-level
of parasitics and low transconductance of the &ET$ used in the circuit.

4.4 Experimental Results

Figure 4.20 shows the prototype of the SiC/SOI-8d3&/M generator based on
a SiC ring oscillator, SiC current source and S@itwl and amplification stages. The
AIN packages used to bond the SiC JFETs, and aptiotograph of the SiC chips are
shown in figure 4.21 (a). The first stage of thecwit is a ring oscillator utilising 3
depletion mode SiC-JFETs bonded on the AIN cerédbiic package and is shown in
the figure 4.21 (b). Figure 4.21 (c) shows a PC&uiding the other JFETs bonded in a
SOIC AIN ceramic package, used in the current sogtage. Two SiC test-chips are
used in the two stages. The JFETs highlighted atkbkircles were bonded onto the
DIL package and the JFETs highlighted in red cgoleere bonded onto the SOIC
package.

SiC
Current
Source

SiC Ring
Oscillator

Amplifier
Input

SOI MOSFET: for
4 Control and
Amplification Stages
o 5§

2 j Oscillator Input |5

oo

e

Figure 4.20: Prototype of the SiC/SOIl-based PWMegator based on a SiC
ring oscillator, SiC current source and SOI conémodl amplification stages
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Figure 4.21: Microphotograph of the SiC test-clap SiC current source-source
stage (b) and the ring oscillator based on SiC 3HE)I

As shown in figure 4.22, the proposed design usesiaverter ring oscillator
(TIRO) comprising 3 SIC-JFETs as the main switcbéghe inverting stages. The
centre frequency was tuned to 100 kHz. Frequenoinguis controlled by the time
delay in each inverting stage by means of two smalbmic tuning capacitors. The
experimental results for the oscillator frequenggcrum and output waveform are

shown in figure 4.23.

22KQ 22KQ 22K
V Supply =~
"PPY T RO Output
— — 2
- InF inF
- SiC JFET - SiC JFET t SiC JFET
P = -
InF==
100pF- | & = e > —_ 100pF- & o
inF glmnr-\lnf glmn——lnf inF 3mn——lni~
- - - - - - - - -

Figure 4.22: Schematic of the 3-stage ring osoitlagsed on normally-on Low
Power SiC JFETs

The amplification/voltage-shaping and control stagese two CHT-Jupiter
signal SOl MOSFETs from CISSOID in TO-39 packagBse amplification/voltage
shaping stage amplifies the oscillator output \g#tand produces a 50% duty cycle

pulse to provide the signal to the clamp stage.
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Figure 4.23: Frequency spectrum of SiC JFET basedoscillator and the 100
kHz ring oscillator output voltage waveform as figeire inset, the RO is unloaded

The clamp stage provides the gate voltage by warcsOl MOSFET switches
the voltage across the current source output cpadni the control stage. The current
source stage utilises SIC-JFETs bonded on an Alhinte SOIC package. The
SiC-based current-source along with the SOI MOSKBntrol stage are used to
produce the adjustable triangular waveform foradale duty cycle PWM generation, as
discussed in previous section. The adjustablegukam waveform generator shown in
figure 4.24 utilises a SiC JFET, a resistor R1ractas negative feedback and a
capacitor Cout. The SiC JFET is configured as atzom current source charging Cout,

as discussed previously.

R3=10KQ
SiC JFET
Vs=10V T <——

\g\RI =10KQ

vin©O—

Vout

to the Buff
From Clamp O to Setla 1; er
Stage g
T~ Cout =1nF

? R2
| SOI MOSFET

Figure 4.24: SiC current source and the SOI costagies to form the triangular

-

waveform generator for the PWM operation
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R1 sets the desired constant current value andaacts negative feedback to
maintain the constant current through the SiC JFEVoltage ramp is generated across
Cout when the SiC constant current source charges €1lnF. The SOl MOSFET is
turned on with the clamp stage output signal totdisge the capacitor Cout with a time
constant of R2Cout and resets the ramp voltage Rthealue is calculated to utilise the
SOI MOSFET in its safe operating area by limitihg tdischarge current through the
device. Figure 4.25 shows the ring oscillator otutpaveform at 100 kHz, the SOI
MOSFET gate voltage and the triangular voltage \icave generated across the output

capacitor.
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Figure 4.25: The ring oscillator output voltage tag SOl MOSFET gate
voltage and the voltage across the output capatijat 100 kHz oscillating frequency

The centre frequency of the ring oscillator wasthened to 200 kHz to take

advantage of the dynamic properties of SiC in tbeesponding DC-DC converter.
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This was achieved using two 100pF ceramic capaciiostead of the variable
capacitors shown in figure 4.22. The experimergglits for the oscillator frequency
spectrum and output waveform are shown in figu2&A4The ring oscillator frequency
and input current variations as a function of sypglltage for the oscillator are shown
in figure 4.27. The ring oscillator shows a fregeyestability of £1% with variations in

the supply voltage of £10%.
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Figure 4.26: Frequency spectrum of SiC JFET bassd¢e ring oscillator and
the 200 kHz ring oscillator output voltage wavefaamthe figure inset, the RO is

unloaded
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variation
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The output of the SiC-based current source is therfifered with a
complementary symmetrical push-pull stage to predihe variable duty cycle pulse
width modulation as shown in figure 4.28. The butage is required to isolate the
pulse generator from any output load variation. Tdfer stage also provides the
required voltage and current for the subsequenepaanverter circuit. In the proposed
design, the duty cycle can be varied from 10% t% %y varying the DC offset of the
voltage across the current source output capadha;was achieved by adjusting the
R_CCS resistor to set the current source leveln@ihg the bias resistor in the source
of the JFET adjusted the load line associated whth gate-source voltage, hence
changing the bias point of the constant-current®to achieve the desired PWM duty
cycle. This may be realised by the use of 200ura-gédth SiC JFETs with andgon)
of up to 10 K during on-state. Figure 4.29 shows thg(éh) of the SiC JFETs with
gate lengths of 9um,15um and 21um.
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Figure 4.28: Experimental results for the propoB¥dV generator for 10% (a),
50% (b) and 90% (c) duty cycles at an 8V buffer \nltage
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Figure 4.29: SiC JFET on-resistance Vs. gate velfagdifferent gate lengths

of 9um, 15um and 21ym

To evaluate the performance of the proposed PWMergéor, a 200 kHz
SiC-based step-up DC-DC converter utilising a 2AEERSIC Schottky diode has been

realised. The design criteria of the converter hesed on the requirement for

steady-state operation of the semiconductor dewatdse desired switching frequency.

The converter is operated at an input DC voltagb\ofand an output voltage of 24V.

The output capacitor is selected as a 5uF capamttiat the output voltage ripples are

limited to 2% under full load conditions. A 150uktiuctor is used to ensure continuous
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conduction mode operation (CCM) and to limit thduator current ripple to 20%.The
schematic of the converter module is shown in #gdr30. The voltage and current
waveforms of the converter are shown in figure 4tB& efficiency of the converter is
measured to be 91% at 81% duty cycle. All of thevaccomponents used in the PWM
generator circuit have the ability to operate avated temperatures for prolonged
periods of time. After suitable packaging advanaaimni is anticipated that a similar
circuit will be designed and constructed to operate higher temperatures to

demonstrate the extreme versatility of these device

A\ sic sBD
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N-MOSFET;— 1~ Cout g RL | Vout DC
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DC " —
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Vgs Vds
SiC/SOI hd hd -
Gate Driver

Figure 4.30: Schematic of the step-up converted tsethe PWM generator

performance evaluation
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Figure 4.31: Step-up converter drain-source voltggée-source voltage and the

inductor current waveforms at 81% duty cycle
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4.5 Conclusions

A SiC/SOl-based PWM generator based on a SiC dursemrce, a ring
oscillator, an amplification/clamp stage, contri@ge and output buffer stage has been
proposed and realised. The ring oscillator enahlegide range of frequency tuning
suitable for the operation of SiC-based DC-DC coters. A SiC based constant current
source was used as part of the triangular wavefgemerating stage with adjustable
offset. Both the current source bias-resistor adl a® the SOl MOSFET current
limiting resistor can be used to adjust the dcaifisf the generated waveform. The
simulation results for the circuit utilising SiC HFs in the ring oscillator and the
current source stage and SOl MOSFETSs in the amogliin and control were detailed.
Both the SOl MOSFETs can be replaced with futughfdurrent SiC JFETs with minor
modification to the control and amplification stag@he centre frequency has been
tuned to 200 kHz to take advantage of the SiC dyng@noperties in the corresponding
step-up DC-DC converter. The 91% efficient stepeopverter operated at 81% duty
cycle and 200 kHz switching frequency. The propodedign also enables the duty
cycle control from 10% to 90%. As the design ordgd SiC/SOI switching devices, the
gate drive circuitry can be placed close to higwgoSiC power switching devices in
the converter which is in exposure of higher ambiemperatures than a standard

silicon-based PWM generator can tolerate.
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Chapter 5. High Temperature Self-oscillatory DC-DC Converter

5.1 Introduction

In recent years there has been increasing demsansdstigate and monitor ever
more hostile environments including those contagrirgh temperatures and/or extreme
radiation flux [1-3]. Silicon carbide (SiC) boasts much higher band gap than
conventional silicon and is therefore more chenhcsthble allowing electronic circuits
made from this material to be deployed in environteevhere conventional silicon
based electronics cannot function. These high teaty® environments are
incompatible with standard battery technologies| sm, energy harvesting is a suitable
technology when remote monitoring of these extreem@ironments is performed
through the use of wireless sensor nodes (WSN$).[4here are now a variety of
energy harvesting devices available which are dapabproducing sufficient energy

from the ambient surroundings to intermittently goww WSN [7-9].

Energy harvesting devices often produce voltaga@siware unusable directly by
electronic loads and so require power managemeatits to convert the electrical
output to a level which is usable by monitoringcaienics and sensors. Therefore a
DC-DC step-up converter that can handle low inmltages is required [10, 11]. The
required gate-drive circuitry for these converteegd to be placed next to the switches
to minimise system complexity, however, the sudcéssgperation of the gate drivers,
especially with no heatsink in hostile environmenth increase the power density for
DC-DC converter modules. The advantages of SiCdasever devices in terms of
high current densities, faster switching speeds tagh temperature capabilities have
already been discussed in chapter 2. To fully sdtithe benefits of SiC devices in
DC-DC converters used in harsh environments, the dave design requires special
attention. To match the high temperature capadslibf SiC devices, the gate drivers

also need to be capable of operation at thesetelkbt@mperatures [12, 13].

SiC based switches such as SiC JFETs are caphbieting these elevated
temperatures, however, various other component® sisc passives, magnetics or
amplifiers will make this task rather challengifigom a system point of view, the gate

drive requirements of normally-on SiC JFETs aregaicant challenge. The issue with
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the start-up process in addition to the differenpebe gate voltage requirements make
them less desirable for power designers [14, 16jvéVer, the specific on-resistance of
normally-off (enhancement-mode) JFETs is almost 1B§ber than their normally-on
counterparts [16]. Therefore in a circuit where sbate losses are expected to be the
dominant power losses, the normally-on (depleticode) JFETs are better alternatives.
Another disadvantage of normally-off SiC JFETshattin order to keep the device in
the on-state, the gate-source junction must bedavbiased [17]. This implies that
similar to SIC based BJTs, there is a considerdbole current requirement, which

undesireable.

5.2 Power Sources for Wireless Sensor Nodes

Wireless sensor networks have become a very popuokbling technology and
have already entered the market place in a numbseators. The majority of these
platforms are powered by limited-life batteries.nide alternative power sources are

being continuously investigated and employed [18].

The rapid reduction in the size and power consionpif electronic components
has helped speed up the research on communicaiaesrand wirless sensors. As the
size of these WSNs decreases, their use becomes widespread in the automobile
industry, industrial environments and aerospaceustig. However, their respective
power supply has become a major issue, becausesifiee reduction in CMOS
electronics has significantly outpaced the eneggsite improvements in batteries
which are the most commonly used power sourcesséiuently, the power supply,
usually a battery, is the limiting factor on bdkie size and liftime of the sensor node.
Energy reservoir power sources such as micro-duatteries, micro-fuel cells, ultra
capacitors are characterised by their energy deasd can be used to power WSNs but
at the cost of increased size and redued life-tiR@ver scavenging sources are an
alternative power source. Unlike energy reservopgwer scavenging sources are
characterised by their power density; the energyiged from these sources depends
on the amount of time each source is in operati@Z1]. One of the popular power
scavenging sources is via temperature gradient2[@2Energy can be scavenged from

the environment using the temperature variatioas$ tlaturally occur. The maximum
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power-conversion efficiency from a temperature ettéhce, the Carnot efficiency is

given below in equation 5.1, where the temperadoean Kelvin:

_ (Thigh _Tlow)

Thigh

(5.1)

Assuming a room temperature of 27 °C and for a o °C above room
temperature, the maximum efficiency is 1.64% anddosource 10 °C above room
temperature is maximum efficiency is 3.22%. At lemperature differences and small
scales, conduction will dominate and convection eattlation can be neglected. The
heat flow through conduction is given by equatio®, Svhere L is the length of material

that the heat is flowing through and k is the theroonductivity of the material used:

q =k—2 (5.2)

Assuming a length of 1cm and a temperature diffeest 10 °C, the heat flow
(power) for silicon with a thermal conductivity @40 W/mK is 14W/cri Assuming
that Carnot efficiency could be achieved, the oufmwer would be 451mW/chwhich
is significantly higher than comparable power seardn practice, the efficiencies for
this type of energy harvester are well below thenGaefficiency. One of the most
common ways to convert the generated power frompéeature differences to
electricity is by using thermoelectric generators.

5.3 Thermoelectric Generators

Driving a wireless sensor node from ambient isaative as it eliminates the
need for wires or batteries. Despite the clear athges of energy harvesting, these
systems require a suitable power-management syragegpnvert the low voltage levels
to a level usable by the wireless sensor systemsnyMWSNs monitor physical
quantities, which change slowly and therefore theasarements can be taken and
transmitted less frequently. This means lower dpegaduty cycle and therefore many
wireless sensor systems consume very low averagerpdence they are suitable

candidates for energy harvesting power sources.
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Thermoelectric generators (TEGs) are energy hangestevices capable of
producing large amounts of current at low voltafyes a thermal gradient across the
device; through a phenomenon known as the Seelitsit 4]. Modern TEG's are
constructed out of p-n junctions of different seomiductor materials depending on their
operational requirements, but commonly bismuthutele (BiLTes). The mechanical

construction of a TEG is shown in figure 5.1.

CERAMIC

SUBSTRATE " ™.

. - P-TYPE
NEGATIVE (-) CONDUCTOR SEMICONDUCTOR
TABS PELLETS

N-TYPE

3 SEMICONDUCTOR
POSITIVE(+) PELLETS 0

Figure 5.1 Construction of a thermoelectric generator [25]

In this work a standard off-the-shelf TEG manufaetuby Marlow (product
number TG 12-801L) was characterised in terms @fllectrical output as a function of
temperature difference between the two surfaceseramic hotplate controlled by a
Lakeshore temperature controller was used to peowiccontrolled temperature heat
source whilst a thermocouple embedded into the baseheat sink and fan provided
the cooler side thus creating a measurable temperdifference across the device. The
electrical characteristics for the unit used irsthiudy are shown by the experimental
data in figure 5.2 for a range of temperature défifices. The higher the temperature
difference, the greater the output voltage becoateany given current. Figure 5.3
shows the output power of the thermoelectric geoeras a function of the output
voltage. The solid line intersects with the wavaferwhere the maximum output power
is at the optimum output voltages. The optimumagpt for the TEG is generally below

1.3V and needs to be boosted in order to suppldtive for remote sensor applications.
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Figure 5.2: Electrical characteristics of the theetectric generator for various

temperature differences
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Figure 5.3: Output power as a function of voltagethe thermoelectric generator for

various temperature differences
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5.4 Need for a DC-DC Converter with a High Voltage Conersion Ratio

As previously discussed, the output voltage of tthermoelectric generator is
directly proportional to the temperature differefmmween its junctions. In practical
applications, this low voltage is insufficient topport the drive for remote sensor
applications. Therefore a step-up DC-DC conveseansually used to boost the output
voltage of the thermoelectric generator to a dddegel. Figure 5.4 shows a simplified

block diagram of a TEG powered wireless sensoegfyst

WSN

—TEG Vout—p —> (Load)

= =

DC-DC Converter

Figure 5.4: Simplified TEG powered wireless sersg@tem

A conventional boost converter is shown in figurtd ). The overall power
losses including the break-down of the switchirgsés in the converter were discussed
in detail in chapter 3. In [26], the voltage corsien ratio of the boost and N+1 level
boost converters as a function of duty cycle amditldluctor DCR are presented. Here,
the relationship between the voltage conversioio aatd efficiency of the conventional
and N+1 level boost converters as a function ofy dugcle, inductor DCR, diode
forward voltage, input voltage, the MOSFET voltaiyjep and the load is obtained. A
LabVIEW program was written to plot the voltage eersion ratio and efficiency of the
conventional and 3-level boost converters as fonctif duty cycles for various load,

line, voltage drops and DC resistances.

As in this application a high voltage conversiotiaand efficiency are key
requirements, let us consider the conduction pdasses and assume the current and

voltage ripples are negligible, for the CCM we eaite:
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D3
a) b) TV
D2 § R v
~ Ve2
VL
+— A DI
RL L

1 < IL ~ Vai
L MOSFET C ZR|V MOSFET |: T™

] —, Vin—= |

I Gate Driver Vds T Gate Driver Vds

Figure 5.5: Conventional boost converter (a) and Mevel boost converter (b)

During on-state

v (8) = Vip — RLiL (£) — Rysiy (0) (5.3)
ic(t) = — =2 (5.4)
Where Rsis the on resistance of the FET andi&kthe DC resistance of the inductor

Now applying the small ripple approximation method:

v (t) = Vi, — (R, +Rys)1,, (5.5)
i(t) = —% (5.6)
During off-state

v (t) = Vin — Ri,(8) — Ve — V(8) (5.7)
ic(t) = iy () — 2 (5.8)
Where £ is the voltage drop of the diode.

Now applying the small ripple approximation method:

v, () =V — R, — Ve =V (5.9)
ic(t) =1 — (5.10)

When the boost converter operates in steady dteeéeDC component of the

voltage across the inductor and the current ircéipacitor is zero:
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D (Vin — (Ry+Rgs)IL) + (1-D) (Vi — R, — Ve — V) =0 (5.11)
D (—3) + (1-D) (I, —3) =0 (5.12)

Solving the above equations results in the follgyin

\%

L= R(1-D) (5.13)
Vin + (D=1 Vg + (D—1)V— (R, + DRI, =0 5.14)
Now substitutingl into equation 5.14:

(~DRgs—RL)
Vin + (0 = 1) + GHEZ) V4 (D = DV = 0 (5.15)
(1-D)Vg-V;
V(D, Vg, Ry4s, Ry) = " 5.16

( F» DNds L) (D—1)+( i}?ffD;QL) ( )

Now the efficiency of the converter can be obtained
P vZ/
n== ﬁ ,where I;, = I, (5.17)
-D)V
= =D (5.18)
Vin

For the N+1 level multilevel boost converter shawifigure 5.5 (b) we can
write:

During on-state and assuming the capacitor cham@ingnt is negligible:

v (t) = Vin — RLiL(t) — Rysi  (6) (5.19)

Where R the DC resistance of the inductor.

Now applying the small ripple approximation method:

v (t) = Vin — (Ry+Ras), (5.20)
During off-state

v () = Vip — RLiL(6) = Ve = V(8) (5.21)

Now applying the small ripple approximation method:

v (t) = Vin — R I, — Ve = V¢ (5.22)
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When the boost converter operates in steady dtageDC component of the

voltage across the inductor is zero therefore:

D (Vin — (RL+Rg5)1) + (1-D) Vi, — R I, — Vp — V() =0 (5.23)
In addition:
% 1
—& = — 50 — = N— therefore agl;, = I, so we have:
Vin 1- Vin 1-D
NV, NV
L™ ra-p) ~ rR@1-D) (5.24)
Solving the above equations results in the follagwin
Vin + (D=1 Vg + (D — 1)V, — (DR4s+RI, =0 Z5)
Now substitutingl into equation 5.25:
(D-1)V  (DRgs+RL)NV
Vin + (D — DVp + 2 ;(1_];)) =0 (5.26)
(D-1)  (DRgs+RUNY, _
Vin + (D — DV + (B2 - o Jv=0 (5.27)
(1-D)VF—Vijn
V(D, Vg, Ras, RL) = o-D (DRZS+RL)N (5.28)
N R(1-D)
Now the efficiency of the converter can be obtained
P vZ/
n= Pof“t =7 13 ,where [;;, = I, (5.29)
V(1-D
— Yu-D) (5.30)
VinN
For a 3-level boost converter we have:
(1-D)VF—Vijn
V(D, Vg, Ras, R1) = 5y smrgerip (5.31)
3 R(1-D)
V(1-D
— Yu-D) (5.32)
3Vin

To understand how each of these non-ideal parasneiifects the voltage
conversion ratio (VCR) and efficiency of the corteerthe VCR and efficiency of the

boost converter and 3-level converter are plotgairest the duty cycle whilst varying
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one parameter at a time. A 5V input voltage, 1Q0BCR for the inductor, 2002 Rds

for the MOSFET, 1V diode forward voltage-drop and2@2 load are the design
parameters used for the conventional and 3-levebstbaconverter; each plot
demonstrates the effect of varying one parameteainiag the other design

specifications.

The data in figures 5.6 and 5.7 show the conveatid®oost converter and
3-level boost converter VCR and efficiency as acfiom of duty cycle for different
diode voltage-drops. The increased diode forwartage-drop results in lower VCR
and efficiency for both converters particularly latver duty cycles. The 3-level
converter has higher VCRs throughout the duty cyalege, although due to the two
additional diode voltage-drops, the converter luagel efficiencies at any given duty
cycle when compared to the conventional boost atenelt becomes quite critical
when the design specifications demand a very higiR\as this directly demands an
increased duty cycle on the FET and very low dytteon the diode that results in the

consequences described in section 3.3.

For a given high VCR requirement in a closed |laamverter, the 3-level
converter operates with a lower duty cycle compai@dhat of the conventional
converter leaving more scope for voltage regulationcompensate load and line

changes. However, to achieve a very high VCR, tmventional converter is no longer

VF =0.3V VF =0.6V VF =1.2V VF =2.0V
----- VF =0.3V =====VF =0.6V =~ ===- VF =1.2V =====VF =2.0V
1 - 45
0.9 - :" "___ ) ’5553.‘ L4
0.8 - % - 3.5
0.7 - L P I
%) 0.6 - #2 e 3 o
S ' ha— %227 25
D 05 - Le22iF O
2 04 22222°7 2>
i z=2222227 15
0.3 1 o ogewms==S222222-7 Increase in diode |
0.2 g===2223-"fZo--- 1
FoCZoo=- =2=5 forward voltage-drop
0.1 - 05
0 0
0 0.2 0.4 0.6 0.8 1
Duty Cycle

Figure 5.6: VCR and efficiency against duty cydlei&ferent \+ for conventional boost

converter
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VF =0.3V VF =0.6V —— VF =1.2V VF =2.0V
----- VF =0.3V ===---VF =0.6V ==----VF =1.2V ===-=--VF =2.0V
1 - -7
09 T —===~~
- s22-222 -6
0.8 - s oo
a 0.7 - P ’/?: -~ -5
c 0.6 =7 __zz3%I2-7L- -4 g
QL 05 _=z25222--7 -7
o I g e o L >
= 04 ':::=::f_.‘:——’ _____ - Increase in diode 3
W 03 IC_-k-5"7" forward drop L2
0.2 - iy
0.1- 1
0 0
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Figure 5.7: VCR and efficiency against duty cydielifferent \f for 3-level boost

converter

the optimal solution. If the converter is not clddeop and operates with a very high
duty cycle at any switching frequencies or any tmpoitages; then depending on the
design requirements, the suitability of a convamloor multilevel converter topology

needs to be investigated in greater detail. Ini@@d.6, a self-starting converter is
proposed that boosts the output voltage of a thel@stric generator to power a
wireless sensor node. Depending on the output geltaquirements either a boost or

3-level boost converter may be used.

The data in figures 5.8 and 5.9 show the conveatid®oost converter and
3-level boost converter VCR and efficiency as acfiom of duty cycle for different
input voltages. The higher the input voltage ig Higher the VCR and efficiency of
both converters are at all duty cycles. A changeput voltage at low duty cycles has a
larger impact on the efficiency than the VCR of toeventional converter. In addition,
at high duty cycles the change in the input volthge a larger impact on the VCR of
the 3-level converter. Here again if both converteere to operate from a 5V input
voltage and at a given duty cycle of 60%, the le@onverter shows a higher VCR and

a comparable efficiency when compared to the caiesl converter.
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Figure 5.8: VCR and efficiency against duty cydlelifferent i, for conventional

boost converter
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Figure 5.9: VCR and efficiency against duty cyala@ifferent \{, for 3-level boost

converter
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The data in figures 5.10 and 5.11 show the comnwealt boost converter and
3-level boost converter VCR and efficiency as acfiom of duty cycle for different load
resistances. Higher load resistance, results ireased efficiency and VCR for both
converter topologies. As can be seen from the @athjgh duty cycles the impact of
load level on the VCR and efficiency of the coneestare more pronounced. The
3-level converter shows more variation in both V@md efficiency at different load

levels when compared with the case for the coneaaticonverter. At very high duty
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cycles both converters show reduced efficiencies laghest VCRs that peak within a
narrow duty cycle range. Here, if the converter teasperate at a fixed high duty cycle,
depending on the load level, the duty cycle anddésired VCR, the more suitable

boost converter topology would be determined.
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Figure 5.10: VCR and efficiency against duty cyafelifferent load resistors for

conventional boost converter

R =100 R =200 R =30Q R =400
----- R =100 -----R =200 ----- R =300 -===- R =400
1 - - 10
09 T P 2aink i
08 Lo 4 . . |

VCR

Efficiency
o
(6)]

22=F

Increase in load

T
OFRP NWAUUIO N O

0.1 - resistance -
0 -
0 0.2 0.4 0.6 0.8 1
Duty Cycle

Figure 5.11: VCR and efficiency against duty cyafelifferent load resistors for 3-level

boost converter
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The data in figures 5.12 and 5.13 show the coneeatiboost converter and
3-level boost converter VCR and efficiency as acfiom of duty cycle for different DC
resistances of the input inductor. It can be sdéwt the DC resistance of the input
inductor limits the output voltage of the boost werter and the fact that a large voltage
conversion ratio requires a small winding resistanthe efficiency is higher at low
duty cycles and as the duty cycle and the indudtresistance increase, the efficiency
decreases dramatically, due to power losses imth&tor windings.
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Figure 5.12: VCR and efficiency against duty cyafelifferent R for conventional

boost converter
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Figure 5.13: VCR and efficiency against duty cyafelifferent R for 3-level boost

converter
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The data in figures 5.14 and 5.15 show the coneeatiboost converter and
3-level boost converter VCR and efficiency as acfiom of duty cycle for different
drain-source resistance 4JRvalues for the conventional and 3-level boostveoters,
respectively. The efficiency of the converters dases as the duty cycle increases,
whereas the VCR peaks at high duty cycles. In thev8 boost converter both the
VCR and efficiency of the converters are affectgdhe drain-source voltage drop for
mid-range duty cycles. For the conventional corereltowever, both the VCR and

efficiency drop significantly at high duty cycles.
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Figure 5.14: VCR and efficiency against duty cyafelifferent Rs for conventional

boost converter
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Figure 5.15: VCR and efficiency against duty cyafelifferent Rs for 3-level boost

converter
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5.5 The Need for a High Temperature Self-starting DC-DQConverter

In addition to the VCR requirements, operating irvaay high temperature
environment (up to 300 °C) to supply a SiC senswuit, demands a high temperature
step-up DC-DC converter. In addition to the powags of the converter, the gate drive
circuitry is also required to operate at elevamdperatures. To eliminate the need for
a high temperature gate driver and also to redbeesize of the power management
circuitry, a self-starting DC-DC converter is desir Here, a self-starting DC-DC
converter was designed to boost the low DC outpltage of a thermoelectric
generator to a level sufficient to run a SIC serdoruit for wireless monitoring of
inhospitable environments [27-29]. These environisiemay be subject to high
temperatures in the case of exhaust gas monitanndgurbine engines or oven
environments, they may also be subject to radiatidhe nuclear industry whether they
are used in power generation or waste monitorimg. groposed DC-DC converter does
not need an auxiliary power supply to drive thenmalty-on JFET. The converter
self-starts and does not suffer from a start-uposhtbrough. The requirement of
self-oscillation needs a depletion mode device. (@ogmally-on JFET) as there will be

no current flowing at start otherwise.

55.1 Drivingthe SICJFET

For the safe operation of normally-on SiC JFETshia off-state, the gate-drive
supply voltage must be more negative than the JgiBGh-off voltage and it must be
less negative than the gate-junction reverse bdeak: voltage. If the latter voltage
level is exceeded, depending on the JFET type, \alamche or punch-through
condition will occur. There are several approacheed in the literature to drive
normally-on SiC JFETs [30-32]. One solution is aseascode structure that uses a low
voltage Silicon MOSFET to drive the normally-on SIEET as a normally off switch.
The extra voltage drop across the Silicon MOSFET eantribute to the conduction
losses. In addition, to operate successfully thMISSFET and SiC JFET must match
and also the final structure temperature capability be limited due to the use of
Silicon MOSFET [33]. Alternatively, in [34] a pratBon circuit was proposed that
utilises the start-up inrush current to turn o# +ET in a grid-connected switch-mode

power supply.
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The gate driver needs to address these designramist and also enables fast
switching speeds of the device at high temperaturbowever, to operate DC-DC
converters in high temperature environments, ttie dever needs to rectify the short
circuit issue with the SiC JFET start-up and alseedthe switch during normal running

conditions at elevated temperatures.

5.6 The Self-starting DC-DC Converter

Figure 5.16 shows the circuit diagram of the prepoself-starting DC-DC
converter designed for boosting low level voltaffesn the TEG, denoted in the figure
as M,. The input capacitance of the circuit,,Gepresents the capacitance of the p-n
junctions of the TEG. Based upon a standard bawsterter topology and a blocking
oscillator, the key aspect of the design is theaisecounter-wound secondary winding
in conjunction with a normally-on device which ised to provide the self-oscillatory
behaviour, thus eliminating the need for an extegage drive. The elimination of a
separate gate drive is crucial for the successbnhroissioning of a silicon carbide
energy harvesting system designed for use withvoltage DC sources such as solar
cells and thermo generators. The voltages provimedhese sources are magnitudes
smaller than the voltages required to start-up amd a silicon carbide oscillator
therefore a self-oscillating design becomes thg wialble option.

A
ZN Diode
Primary Inductor
>
I NI Normally-on —Lc
RS JFET Vany out RL Vout
v L. ARG
n Rgate
| ' N2
TVSS Vds

Figure 5.16: The proposed self-starting boost cdreve

The simplicity of the design is also important wheamsidering the availability

of high temperature components. At present, comialr@available SiC components
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are limited in their functionality and these arenad at the power markets where the
ability of silicon carbide to operate at high fregaies is utilised for space saving
techniques. Here it is demonstrated that the gltditoperate at these high temperatures
can be harnessed for the production of a step-upecter with the ability to power
circuits within the high temperature environmergelf, with minimum component

count, thus reducing the overall cost of a highpgerature energy harvesting system.

5.6.1 Operation Principle

As shown in figure 5.17, the proposed circuit use®pletion mode JFET and a
Schottky diode in a boost configuration wherin dedpinductors are used to feed the
gate-source of the SiC based switching device @hdsa start-up circuit to start the
oscillation. The operation of the circuit is addals; at start up and as the input voltage
rises, the SiC JFET as a normally-on device corsdacstart-up and the current flows
through the device. The current in the primary wagdof the coupled inductor
increases exponentially and the voltage acrosswineing decreases exponentially
therefore a positive voltage is induced on the sdany winding of the transformer due
to the change in the primary current and C1 isgddrto a negative voltage until the
input voltage has reached its maximum value at wiiee current of the primary
winding becomes constant. At this point the voltager the secondary winding of the
coupled inductor becomes zero and the negativeg®lacross the capacitor will be
across the gate source of the SiC JFET. Hereisifnigative voltage is large enough, it
will pinch off the switching device. The current the primary winding of the
transformer decreases and a negative voltage ig@udacross the secondary winding
and as a result a negative voltage will be actosgate of the SiC JFET. The JFET has
a high on-resistance so the primary current deesedsrther and the current flows
through the diode D1 and the JFET turns off. Whendurrent in the primary winding
becomes zero, the voltage on the secondary wingiaghes zero as well and C1 is
discharged through the resistor R1 to the groundl ltherefore the switch conducts
again and the circuit operation repeats. The #witc frequency of the converter is
determined by the gate-source capacitance of t8eJBET and the inductance of the

primary side of the drive transformer.
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Figure 5.17: The self-starting step-up convertehwhe paralleled RC

As shown in figure 5.18 the parallel connectiontbé RC circuit can be
removed and the secondary winding is directly cotet to the ground. The stray
capacitance of the primary winding is sufficientnb@ke the self-oscillation occur and

the converter operates without the inclusion ofdkiernal RC components.

A Diode 1

Primary Inductor

+

I * NI

Normally-on i
Rs JFE”I¥ A1 Cou §RL Vou
o~ Cin
Vin = T™ Rgate
Vgs Vds

Figure 5.18: The self-starting step-up converteheout the paralleled RC

When the normally-on silicon carbide JFET conductgrent begins to flow
through the primary winding of the transformer @nhe channel of the JFET to ground,
this induces a negative bias in the secondary windis the current flowing through
the primary winding increases, the negative voltage¢he secondary winding increases
in magnitude and the channel of the JFET is pregrelyy pushed towards pinch-off.

Once the magnitude of the voltage on the secondamging reaches the threshold
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voltage of the JFET, the JFET becomes non-condyiclihis causes the magnetic field
contained in the ferrite core of the transformecdtapse and the voltage in the primary
winding increases as is observed in a standardt hmmws/erter topology. Whilst the
JFET is non-conducting, power is transferred todbgut through the silicon carbide
Schottky diode at a higher voltage level. Theagétinduced on the secondary winding
then drops due to reduced current flow in the prinzand the JFET transistor becomes
conducting again to complete the switching cycle.

Due to the use of the coupled inductor and seadiHation, the converter module
operates in the boundary between the CCM (Contisi@anduction Mode) and DCM
(Discontinuous Conduction Mode) known as criticahduction mode. Whilst the JFET
IS non-conducting, the voltage induced on the s#apnwinding decreases due to
reduced current flow in the primary. Therefore tHeET becomes fully conducting
again when the inductor current has reached zdrwhwesults in a zero voltage on the
gate of the normally-on JFET. The schematic inrgh.19 demonstrates the Ciritical
conduction mode in a switching power supply; duramgtime the inductor charges and
during the off-state the inductor fully dischargest as the switching period ends. Here
the Ly is 0.5lpeak and the peak current is a produchefdharging and discharging

interval and the slope.

Inductor current A

1 peak

di/dt
during discharging

di/dt
during charging

time

Figure 5.19: The critical mode of operation, bougdsetween CCM and DCM
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5.6.2 Sdf-starting Converter Simulation Results

The design criteria of the converter are basedhendquirement for steady-state
operation of the semiconductor devices at the eéésswitching frequency. The
converter is operated at an input DC voltage of 2I18V. The output capacitor is
selected as three 1uF capacitors, and the prinmahycior is 400uH coupled with a
1mH secondary inductance. Table 5.1 show the cteveesign parameters for the
self-oscillating boost without the paralleled R@cuait.

Converter Parameter Value Converter Parameter Value
Input Voltage 1\&Y Coupled Inductor Pri. Inductance 400uH
Input Capacitance 1pF Output Filter Capacitors 1pF
Output Load k@D Coupled Inductor Sec. Inductance 1mH
Inductor Coupling Coefficient 0.99 Source Resistance 2.50
Output Capacitor ESR Om The Primary inductor DCR 50m

Table 5.1: Self-starting boost DC-DC converter gegiarameters

The converter voltage and current waveforms atripdi voltage are shown in
figure 5.20. In the upper trace, V (gate) is thieegmurce voltage of the n-channel JFET
and V (in, drain) is the primary inductor voltagen the second trace V(in) is the input
voltage of the converter, V (out) is the outputtage and V(drain) is the drain-source
voltage of the n-JFET. On the last trace, I(L) h& fprimary inductor current. The
self-starting DC-DC converter has a switching fregmy of 167 kHz. The voltage
source resistance was set toC2\which is typical of the resistance for commerdiglG
devices.
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The effect of the primary-winding inductance on ghétching frequency of the
converter is shown by the data in figure 5.21. WMaweforms show the gate voltage of
the JFET, the primary inductor current, the JFEfent and the diode current at 125uH,
250puH and 500uH. The gate voltage of the JFET shibwseffect of 3 different
inductor values on switching frequency and gatemwoltage at turn-off. The gate
voltage at turn-off varies between -7V and -4V dhd switching frequency changes
from 320 kHz to 140 kHz when changing the primarguctor from 125uH to 500uH.
The inductor current demonstrates the critical motleperation between continuous
and discontinuous conduction modes. With 500uH arymnductance the on-time is
maximum resulting in the largest switching period the converter. The peak reverse
recovery current of the diode at turn-off is clgatémonstrated at JFET turn-on current

waveform.

The higher the inductance of the primary windirge tonger it takes for the
inductor current to rise. The periods are largerckesmaller switching frequencies are
achieved. This also reduces the level of gate-gonegative-bias at turn-off. Depending
on the threshold of the n-JFET under the testatfoeptance criteria varies. The turn-on
time depends on the input voltage and the primadudtance, the period of the
switching cycle depend on the primary inductanc€EA gate capacitance and other
stray inductance and capacitances in the circuit.

Figure 5.22 shows the simulation results for thevester with 400uH primary
inductance when the input voltage was increasad ft¥ to 2.5V. The higher the input
voltage is, the higher the voltage on the secondamging of the coupled coil becomes.
Depending on the threshold voltage of the normatiydFET, the start-up capability of
the converter at low input voltages would be deteeth. Considering the effect of
temperature on both the threshold voltage of tHeTJ&nd the magnetic properties of
the coupled inductor, the minimum start-up voltégeel can be determined. The turns
ratio of the coupled inductor would also directfieat this; however, there will be a coil
size-penalty for the increased turns ratio. In @stt increasing the inductor turns ratio
may have another penalty. As can be seen fromitihdagion results, at the high end of
the input voltage range and the increased turng, at address the low input voltage
power-up capability, the increased negative-biathergate of the JFET can potentially

exceed the maximum gate-source voltage ratingeotigvice.
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Figure 5.21: The converter voltage and current Wawes at different primary
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Figure 5.22: The converter voltage and current Wawes at different input voltages

During the on-time, the increased input voltagesleesults in an increased rate
of current change for the same primary inductari¢es will determine the current
levels on both the JFET and the free-wheeling didMken the input voltage was
increased from 1V to 1.75V and 2.5V, the outputtagé of the converter increased
from 5V to 9.2V and 12.4V, respectively, when syppy a 100 K load

161



Chapter 5: High Temperature Self-oscillatory DC-D@nverter

5.6.3 Sdf-oscillating Multilevel Converter

To achieve higher voltage conversion ratios, thdtilewel boost converter

discussed in chapter 3 can be used in a selfrggantiultiievel boost configuration to

achieve higher voltage conversion ratios. The setienof the self-starting 3-level

boost converter is shown in figure 5.23. Tabledh@w the converter design parameters

for the multi-level self-oscillating boost convatte

| I
I
| I A
| I
| /N Diode 1 |
| |
| Ve
| I
Diode 2
| ) i
I
| <~V : §RL Vout
I 7K Diode 3 |
: PrimaryWinding |
| ‘ > |
I .
Rs N1 Normally-on —
I JFET 0 C3|
I Cin
+ I
Vin 1 I
| Vds I
I

Figure 5.23: The 3-level self-starting boost coteer

Converter Parameter Value Converter Parameter Value
Input Voltage 1\&Y Coupled Inductor Pri. Inductance 400uH
Input Capacitance 1uF Filter Capacitors @x1)uF
Output Load 0k Coupled Inductor Sec. Inductance 1mH
Inductor Coupling Coefficient 0.99 Source Resistance 2.50
Output Capacitor ESR om The Primary inductor DCR 50m

Table 5.2: 3-level self-starting boost convertesige parameters
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Simulation results for the 3-level self-oscillatildC-DC boost converter are
shown by the data in figure 5.24. For the primamng secondary inductances specified
in table 5.2, the input voltage directly determiriee gate-source voltage across the
normally-on JFET. The inductor current rises dutiimg on-state and the rate of current
change is directly proportional to the line voltagie drain voltage of the JFET and the
output voltage of the first stage of the converdégz are plotted at 3 input voltage
levels. The drain voltage across the JFET risesnguhe off-state and the inductor
stored energy is transferred to the 3 output cégacihrough the free-wheeling diodes

as described in chapter 3.
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Figure 5.24: The 3-level self-oscillating convenettage and current waveforms at

different input voltages

For an input voltage of 1V, the voltage across hb&om capacitor, VC3, is
3.9V, which is lower than the output voltage gaifgdthe single stage self-oscillating
converter discussed in previous section (5V) fax #ame design specifications. In
addition to the added switching losses, the adutiéree-wheeling diodes will directly

affect the voltage conversion ratio of the converte

As can be seen from the results, the output volt#dgthe 3-level converter,
indicated as VC1+VC3, increases from 6.9V to 18whén increasing the input voltage
from 1V to 2.5V. Even though the single-stage agdt gain of the multilevel converter
is less than the equivalent boost converter, duka@dded power loss of the additional
components, the overall VCR is still is consideydtigher. When the input voltage was
increased from 1V to 2.5V, the voltage conversiatorof the converter increased by

38% and 51%, respectively, compared to the singlgesself-oscillating converter.

5.7 Experimental Results for the Self-starting DC-DC Caverter

5.7.1 High Temperature Coupled I nductor

The design of the high temperature transformerusial to the operation of this
circuit topology. The primary inductance controtstibthe operating frequency and the
observed voltage boost of the converter. In addlitibe secondary winding must be of a
ratio sufficient to produce a negative bias wittmagnitude exceeding the threshold
voltage of the JFET, in order for the converterdjgerate. The high temperature
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transformer was wound using high temperature wire a0 ferrite core with an

appropriate Curie temperature. Here 4C65 graddtdematerial has been used,
manufactured by Ferroxcube, which was selectedtdube high Curie temperature,
which is reported to be greater than 350 °C. Thepleml inductor used in the converter

is shown in figure 5.25Che characteristics of the inductor are s Shown in figure 5.26.

Figure 5.25: Tk counled inductor wound on a high teghgderature toroid
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The inductance and DC resistance of the primarydingn was measured as a
function of temperature as shown in figure 5.26. (Bhe temperature was swept
between room temperature and 325 °C in 50 ° stefisib the upward and downward
trends. The inductance of the primary winding iased from 225uH to 350uH while
increasing the ambient temperature from 25 °C t& @2 The temperature was then
reduced in 50 ° steps back to room temperaturdtirggun a reduction in inductance
from 350pH down to 238 H. The DC resistance ofpitiary winding increased from
0.7Q to 1.1Q whilst increasing the temperature form room terapge to 325 °C. As
shown by the data in figure 5.26 (b), the primamguctance of the coil was also
measured as a function of time at the maximum ambdiEmperature of 300 °C to
ensure the high temperature capability of the awilh ageing. The inductance
measurements were carried out over a 60-hour tieneg that showed a reduction in
the inductance value from 350uH to approximatel@ @3 and an increase in the coil
resistance from 1€ to 1.2). The values after 60 hours were used in the SPICE

simulation to more accurately evaluate the longiteonverter performance.

The inductance change directly affects the switghiinequency, voltage
conversion ratio and efficiency of the converteilesthe DC resistance of the primary
coil affects the voltage conversion ratio and tfiieiency of the self-oscillating DC-DC
converter. Figure 5.27 shows the increase in Irpgameability of the core as a function
of temperature up to 325 °C as reported by Ferdoxc325 °C is close to the Curie
temperature of the ferrite core where the ferromtignproperties are lost and the
permeability of the material will fall significagtl During inductor testing the
temperature was increased to 325 °C, however dutimg DC-DC converter
experimental realisation the temperature was k@00 °C, as any sudden change to
the magnetic properties of the core would haverdetste consequences on the SiC
switching devices. At this temperature, the permigalof the core falls abruptly, the
inductance of the primary drops immediately andciweverter switching frequency will
increase significantly as a result that directlfeetfs the SiC active semiconductors. In
addition, as explained previously, at higher switghfrequencies the secondary gate
voltage drops with frequency that means that dutiegsudden inductance drop if the
gate voltage of the JFET is less than the threslesiel, the device remains on which

can be destructive.
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Figure 5.27: Initial permeability as a functiontemperature [35]

5.7.2 Experimental Resultsfor the SiC-based Converter

The SiC JFET and SiC Schottky diode were packagebdigh temperature
metallic packages and the circuit was placed engperature controlled Carbolite oven.
The SiC Schottky diode was manufactured at Neweastiversity. The SiC JFET used
was a development part from Infineon. The |-V chteastics of the SiC JFET are
shown in figure 5.28. As shown in figure 5.29, & X resistor was used as the load to
mimic a wireless sensor node designed for high éaipre energy harvesting
applications. Typically due to the low amounts afery supplied by an energy
harvesting device sensor nodes are designed tomittiently use the power produced
thus reducing power draw over time as there is filcgent power generated to

continuously run a sensor node specifically theelg@ss transmission of data [36].
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Figure 5.29: Schematic of the SiC self-starting DC-converter

Figure 5.30 depicts the voltage waveforms seehegate and the drain of the
SiC JFET during operation at room temperature ainjwt supply. Figure 5.31 shows
the primary current of the coupled coil pulsin@at8us period, equivalent to a 125 kHz

switching frequency when the converter is runningbam temperature.
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Figure 5.30: Voltage waveforms of the self-staytiboost converter
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Figure 5.31: The primary winding current waveform

The data in figure 5.32 shows the variation in @ter output voltage as a
function of temperature. It can be seen that thesboonverter can successfully operate
at input voltages from 1.3V to 2.5V over the fudB°C range demonstrating boost
capabilities of up to 4.5 times the input voltage. higher temperatures, the output
voltage drops due to the increased SiC diode fatwantage-drop, increased JFET
on-resistance and increased copper loss in thectodwindings. These effects were

also shown in figures 5.6, 5.12 and 5.14. At inpeitages below 1.2V, the converter
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did not self-start at high temperatures. At inpottages of 1V, 1.1V and 1.2V the
converter failed to self-start at temperatures ab@s0 °C, 200 °C and 250 °C,
respectively. At low input voltages and high temapeares, the current increase in the
primary winding will be lower, due to the increasguimary inductance with
temperature. Therefore the voltage induced in dwdrsdary as a result of this current
change will be lower. If the induced voltage on ffieeondary winding, i.e. the voltage
across the gate-source of the n-JFET does not thadhreshold voltage of the device,

the converter would not start.

Operation at lower input voltages can be achiewednbreasing the ratio of
turns between the primary and secondary coils ef ttansformer. These were not
investigated during this work due to the physidae sof the commercial ferrite core.
From the results shown in figure 5.2, it can bensdat this converter would begin to
oscillate and boost voltages with approximately0a°@ temperature difference across
the thermo generator, alternatively two thermo gatoes could be used connected
electrically in series but thermally in parallelatbow the boost converter to operate at a

lower thermal difference.
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Figure 5.32: Output voltage as a function of terapee

The results in figure 5.33 show the effect of temmpge on the operating
frequency of the circuit. As discussed previoudlye frequency of operation is

determined by the inductance of the primary windifighe transformer and the input
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voltage from the thermo generator. This is directiated to the material properties of
the ferrite core with increasing temperature. A® ttemperature increases, the
permeability of the selected ferrite core increabes increasing the magnitude of the
inductance of the primary winding as shown in feg.26. Therefore increasing the
ambient temperature from 25 °C to 300 °C, resultshe switching frequency of the
converter decreasing from 183 kHz to 161 kHz anthfl43 kHz to 107 kHz at input
voltages of 2.5V and 1.3V, respectively. As cansben in figure 5.33, the switching

frequency also increases with input voltage wheneiasing the supply from 1V to 2.5V.
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0 50 100 150 200 250 300 —x—Vin=25V

Temperature (°C)

Figure 5.33: Switching frequency as a functioneshperature

The converter overall power losses and efficiergyadunction of temperature
are shown in figures 5.34 and 5.35, respectivel/can be seen the efficiency is lower
at higher temperatures this is to be expected dltleet increased resistance of both the
JFET channel and the increased resistance of theéirvgs within the transformer itself.
The diode voltage drop of the SiC Schottky diod ahcreases with temperature, so
the overall conduction loss in the circuit increas€he higher the input voltage, the
higher the power losses, due to the increased sewenltage across the SiC JFET
during switching. The current ripple in the inductall also increase, which increases
the conduction losses in the inductor, due to titeeiased RMS current. As the output
voltage changes with temperature, the output péraesferred to the constant resistive
load also changes with temperature. The relatipnsatween the converter efficiency,

total power losses, output voltage and load is shisvequations 5.33 and 5.34.
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_ Pout
n= (Pout+PLosses) * 100 (533)
Vout?
N=—f %100 = Vour” x 100 (5.34)
(V(;utz‘l'PLosses) (Vout*+RLPLosses) '
L

As can be seen in figure 5.34, as the temperahareases the overall power
losses drop; which can be explained by the redlmad current due to the reduced
output voltage at higher temperatures. The ovemlverter losses decrease due to the
reduction in the JFET on-resistance loss, SiC diamliage-drop loss and the inductor
primary DCR loss. The reduction in the output vgétawith temperature results in a
reduced drain-source voltage for the JFET, whickhpa the device into its linear
operating region. Hence the SiC JFET acts moredikesistor at temperatures above
275 °C and the power losses start to increase teitiperature. This can be seen in
figure 5.34 for the data for input voltages of 1Ndal.1V. As the converter output
power is very low, the losses in the circuit wilap a significant role in the overall

efficiency of the converter resulting in a low center efficiency.
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Figure 5.34: Power losses as a function of temperat
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Figure 5.35: Efficiency of boost converter as action of temperature

To assess the converter performance at highewubuotprents, a 13k load
was connected to the output and the converter Wwasacterised for different input
voltages and temperatures. The converter outptag®las a function of temperature for
a range of input voltages is shown in figure 5.86.can be seen from the data, the
output voltage of the converter decreases as tmpdeature increases, in a manner
similar to that shown in figure 5.32. At higher put current levels, the overall
conduction and switching losses increase in thevexer resulting in a drop of the
output voltage. As the load current has increadéi¥), the output voltage of the
converter is lower when compared to the case witB@Q load, due to the increased

conduction losses.

Similarly to the operation of the converter witlet100K2 output resistor, at
input voltages below 1.3V, the converter did ndt-strt at high temperatures. At input
voltages of 1V, 1.1V,1.2V and 1.3V the converted diot self-start at temperatures
above 125 °C, 175 °C, 200 °C and 250 °C, respdygtive a higher output current, the
effective voltage across the primary inductor iséo; due to the increased voltage drop
across the inductor DCR, resulting in a lower iretligoltage in the secondary winding.
If this secondary voltage across the gate-sourtleeod FET does not reach the threshold
voltage of the device, the converter does not.stéehce for the higher output current
(10kQ load) the converter exhibits a start-up issue aatel temperatures when

compared to the case with a 10Dload resistor.
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Figure 5.36: Output voltage as a function of terapee

The converter overall efficiency as a function emperature is shown in
figure 5.37. As can be seen the efficiency of theverter is approximately twice that of
the converter supplying a 10Qkioad. Similarly, at higher temperatures the iasesl
resistance of both the JFET channel and the wirgdivithin the transformer itself result
in a reduction in efficiency. The SiC diode voltadyep also increases with temperature,
so the overall conduction loss in the circuit ims®es as a consequence. As can also be
seen that the efficiency decrease with temperagumet as steep as that of the converter
with the lower load. As the converter output powgesignificantly higher, the power
losses in the circuit will play a less significaiale in the overall efficiency of the
converter hence the converter efficiency is higher.
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Figure 5.37: Efficiency of boost converter as action of temperature
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5.8 Conclusions

A novel self-starting converter technology was destated for energy
harvesting and powering wireless sensor nodes,treatsd from silicon carbide
devices and proprietary high temperature passivas deployment in hostile
environments. The operation principle of the s@fting converter was detailed for two
configurations. The effect of input voltage andrary inductance on the converter
operation and switching frequency was explainedsbgulation results. A 3-level

self-starting boost converter was also proposedsapgorted by simulation results.

The SiC JFET and SiC Schottky diode used in thevexter were packaged in
high temperature metallic packages and the ciratas placed in a temperature
controlled Carbolite oven. Experimental resultstfor self-starting converter operating
from room temperature up to 300 °C were preserkbd. converter output voltage,
switching frequency, total power loss and efficiemeere presented at temperatures up
to 300 °C. A 100 ® resistor was used as the load to mimic a wiregessor node
designed for high temperature energy harvestinjagtions. The self-starting DC-DC
converter was also tested at a higher load @) Khe converter with a higher load
showed an improved efficiency with lower outputtagkes.

The commercial availability of more appropriate riter material for high
temperature environments would result in higheciefficy power management circuits.
However, the self-oscillating nature of the ciraliing with high temperature capability
result in reduced component count and hence a netisble approach for powering
SiC based WSNs for hostile environments.
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6.1 Summary

One of the objectives of this thesis was to ingagé the applications of SiC
devices in high power density applications consierhigh frequency operation,
thermal performance, efficiency and noise evalumatidherefore the performance
evaluation of SiC devices in a high power densdwer converter was required with a
detailed comparison to the Si based design. Taatalthe performance of Si and SiC
devices in a high efficiency high power density laggtion, a 1kw DC-DC converter
was designed and realised. The gate drivers foanfli SiC devices were designed
considering the drive requirements of the semicotatuswitches in the power
converter. The Silicon and Silicon carbide DC-D@vpo converters were designed and
tested under continuous conduction mode of operatio the frequency range of
100-250 kHz. Different device combinations were sdared to evaluate the
performance of the SIC MOSFETSs, SiC JFETs and SiaEky diodes in comparison
with their state-of-the-art Si counterparts. Th€ 8onverter power efficiency, switch
power loss and temperature measurements were mqreally evaluated and compared
with those of the converter based on Si devicesulafast isolated gate driver was
designed and used for the Si and SIC MOSFETs atwlosstage DC-coupled gate
driver was used to drive the enhancement mode BKT .J

For the converter based on Si CoolMOS and SiC $chatiode, when the
switching frequency was increased from 100 kHz50 RHz, the MOSFET total losses
increased from 13.4W to 42.6W and the convertecieffcy dropped from 95% to
92.5%. The converter based on SiC MOSFET and SHotsy diode was driven with
a 20V gate-source voltage during on-state and @V-aW during the off-state. The use
of a negative gate-voltage at turn-off minimiseshbthe turn-on and turn-off power
losses of SIC MOSFET. The turn-on losses are retlfroen 8.1W to 7.8W and from
23.3W to 22.4W at 100 kHz and 250 kHz, respectivélye turn-off losses show a
greater reduction and are reduced from 3.3W to 2a8\/ from 8.2W to 5.3W at 100
kHz and 250 kHz, respectively. The overall powessks are reduced and the SiC
MOSFET case temperature drops from 49 °C to 4neCfram 108 °C to 98 °C at 100
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kHz and 250 kHz, respectively. As the elevated tnapire does not greatly increase
the total power losses in the SiC MOSFET, the oleskiconverter power efficiency
does not decrease significantly and remains atoappately 95.5%. Even though a
negative gate voltage was utilised to allow gatenunity at higher temperatures, the
results showed a 10 °C temperature drop in the @SFET when using a -2V
gate-source voltage during off-time. The SiC JFEE$da converter efficiency peaked at
96% demonstrating a 0.5% efficiency improvementrothee SiC MOSFET based
converter. Similar to the case for the converteseddaon SiC MOSFET, efficiency

showed only a weak frequency dependence.

A comparison of the radiated noise showed the Isigtaeliated noise for the SiC
JFET and lowest for the SiC MOSFET in the 20MHz-6@range. The negative gate
voltage requirement of the SiC MOSFET also intregucip to 6 dBUV increase in
radiated noise. The converter based on SIC MOSHKETSAC Schottky diode offered

the best compromise between the converter effigiand radiated noise.

A 500W 3-level SiC DC-DC converter was realised #mel experimental data
for the power losses and efficiency results wersg@nted. The SiC MOSFET based
3-level converter had a 95% efficiency at 100 khidtching frequency. This high
efficiency transformer-less multilevel convertersigitable for renewable applications
based on multilevel inverters; this design conndutsinput PV array to the multilevel
inverter with a self-balancing output voltage amidirectional current flow. In addition,
three 500W SiC converters (a 3-level multilevel $toconverter and two conventional
boost converters) with a 400V output voltage andedaon SiC MOSFETs and SiC
Schottky diodes were designed and tested to ewalilngt converter performance in
terms of the radiated noise. The 3-level SiC caeveshowed a noise reduced by 15
dBuV in the test frequency range of 20MHz-60MHz pamned to both conventional
boost converters. The SiC MOSFET in the 3-leveleoter only experience 50% of the
output voltage across the drain-source of the @edizing switching transitions and so

has a lower noise level.

The high voltage conversion ratio of this SiC basadltilevel converter
topology without an excessively large duty cyclkegduced noise and high efficiency
make it a great design choice for applications saghrenewable applications where
both the performance and noise compliance areaatgmportance. In addition, the use

of SiC power devices at high switching speeds enttansformer-less DC-DC converter
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is also suitable for applications where the wemghd power density are critical design

parameters.

As power converters are miniaturised, the gateedrand associated passive
components are placed closer to the power semictmddevices. Therefore the driver
circuits will be exposed to similar environmentainditions as the power devices.
Consequently, a temperature resilient PWM generatdesired in order to control the
SiC devices operating at elevated temperatures. diljective was to realise a
demonstrator circuit using high temperature switghdevices offering a wide duty
cycle range. Therefore, a SiC/SOl-based PWM gemeraas proposed and realised.
The proposed circuit is composed of six functioblaicks: SiC-based ring oscillator,
SOl-based amplification and voltage shaping st&ge;based clamp, SiC-based current
source, SOIl-based control and a push pull buffae 3-stage ring oscillator enables a
wide range of frequency tuning suitable for the rapen of SiC-based DC-DC

converters.

A SiC based constant current source was used asfgghe triangular waveform
generating stage with adjustable offset. Both tleent source bias-resistor as well as
the SOl MOSFET current limiting resistor can beduse adjust the dc offset of the
generated waveform. The simulation results for dineuit utilising SiC JFETS in the
ring oscillator and the current source stage andNMBQSFETSs in the amplification and
control were detailed. It was shown that both tkkd BIOSFETs can be replaced with
SiC JFETs with minor modification to the controldaamplification stages. The centre
frequency was tuned to 200 kHz to take advantagkeoSiC dynamic properties in the
corresponding DC-DC converter. The 91% efficieepstip converter operated at 81%
duty cycle and 200 kHz switching frequency. Theposed design also enabled the
duty cycle control from 10% to 90%. As the desigmyouses SiC/SOI switching
devices, the gate drive circuitry can be placedelm high power SiC power switching
devices in the converter which is in exposure ghbr ambient temperatures than a

standard silicon-based PWM generator can tolerate.

To fully utilise the high-temperature capabilitf &iC devices in hostile
environment where the converter needs to supplyiraless sensor node from a
thermoelectric generator, a high-temperature DC-8bverter with large voltage
conversion ratio is desired. The objective wasdsigh and realise a high-temperature
DC-DC converter module that is self-starting withauneed for control electronics, to

achieve small size and high reliability.
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The output voltage of the thermoelectric generealirectly proportional to the
temperature difference between its junctions. bcpecal applications, this low voltage
is insufficient to support the drive for remote senapplications. Consequenctly, a
DC-DC step-up converter that can handle low inmitages is required. Therefore, a
novel self-starting boost converter topology wasndestrated for energy harvesting
and powering wireless sensor nodes, commissioreed filicon carbide devices and
high temperature passives for deployment in hostil@ironments. The operation
principle of the self-starting converter was detaifor two configurations. The effect
of input voltage and primary winding inductance the converter operation and
switching frequency was shown by simulation resuittsaddition, a 3-level self-starting
boost converter was proposed and the converteatiperwas presented by simulation

results.

The SIiC JFET and SiC Schottky diode used in thevexder were packaged in
high temperature metallic packages and the ciratas placed in a temperature
controlled Carbolite oven. Experimental resultstfor self-starting converter operating
from room temperature up to 300 °C were preserkbd. converter output voltage,
switching frequency, total power loss and efficiemeere presented at temperatures up
to 300 °C. A 100 ® resistor was used as the load to mimic a wiregessor node
designed for high temperature energy harvestindicgtions. The boost converter
could successfully operate at input voltages fraBV1to 2.5V over the full 300 °C
range demonstrating boost capabilities of up totdngs the input voltage. At higher
temperatures, the output voltage dropped due toinbeeased SiC diode forward
voltage-drop, increased JFET on-resistance anetased copper loss in the inductor
windings. Increasing the ambient temperature fr&d°@ to 300 °C, resulted in the
switching frequency of the converter decreasingifdB3 kHz to 161 kHz and from 143
kHz to 107 kHz at input voltages of 2.5V and 1.3¥spectively. Operation at lower
input voltages can be achieved by increasing ttie o& turns between the primary and

secondary coils of the transformer.

The self-starting DC-DC converter was also testea higher load (10¢k). The
converter with a higher load showed an improvedtieficy. As the converter output
power is significantly higher, the power lossegha circuit will play a less significant
role in the overall efficiency of the converter bhenthe converter efficiency was
approximately twice that of the converter supplyan@00K2 load. The self-oscillating
nature of the circuit along with high temperatuapability result in reduced component
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count and hence a more reliable approach for poge8iC based WSNs for hostile

environments.

Finally, in order for SiC power devices to be comcradly viable in power
switching applications, component cost must beelaaff against system level benefits
such as smaller profile, lighter final design andréased power efficiency. For SiC, the
chip cost is primarily determined by the cost ad gtarting material and material defect
density that is high. Until major breakthroughs aemalised in material growth
technology, this situation is unlikely to changeneifefore the applications of SiC
devices in low and medium voltage applications anty suitably viable in niche
applications, where either the use of Si devices imrpractical such as very high
temperature environments (similar to those disacugsehapters 4 and 5) or where the
Si devices do not provide sufficiently efficienttions such as renewable applications
(similar to those discussed in chapter 3) wheeehtigher cost of SiC devices can be

offset by the increased energy efficiency, robusdrieenefits and system-level cost.

6.2 Future Work

This work has demonstrated the application of & &IiC devices in high
frequency high power DC-DC Converters. The perforoceaevaluation of Si and SiC
devices and their associated radiated emissions @etriled. Higher switching speeds
leads to smaller value inductors and capacitorséndngh power density converters.
Assuming that the power density of the converteas Houbled with an increase in
switching frequency by a factor of 10, the gateehs used to drive SiC devices need to
be improved to enable higher switching frequenaipsto a few MHz in order to

increase the power density of the SiC based powrerarsion system.

To fully utilise the volumetric improvements oféel by the use of SiC devices,
the design also requires a closer coupling of th&sipe components. The gate driver
also needs to be placed as close to the SiC poswecat as possible. The gate driver
proposed in chapter 4 needs to be realised usglygtemperature passive components
and to be tested at elevated temperatures in coimunwith the previously proposed
high-temperature buffer stage in the literaturee Tiequency drift of the gate driver
oscillating frequency also needs to be evaluatezleatated temperatures. The variable

resistors used in the constant current source laadntrol stages need to be replaced
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by SiC JFETs used as variable resistors to enabliable duty cycle utilising only
high temperature devices. The two SOl MOSFETs usethe amplification and
waveform generating stages will be replaced byré&tnigh current SiC JFETs. As
shown in chapter 4, this can be achieved with mmodification to the driver circuitry.
The high temperature gate driver can then be plaegdclose to the SiC MOSFETS in
the high frequency conventional or multilevel coi@edesigns presented in chapter 3.

The parallel operation of SIC devices for higheswpr designs in the
conventional and 3-level boost converters needsetinvestigated and the converter
performance in terms of efficiency and electromaignanterference needs to be
evaluated and compared to that of the converteigysaralleled Si power devices. The
effect of switching noise on both the power stage gate driver of the converter needs
to be investigated for the paralleled operation tbé SiC devices at elevated
temperatures. It is desired to investigate thecefh& current mismatch of the paralleled
devices on the converter noise emissions. Theteffiethe gate drive external resistor
on the noise signature of the Si and SiC basederterg using paralleled power devices,
also needs to be investigated.

The proposed self-starting converter in chaptegirbbe optimised for efficiency,
size and temperature. This can be done by utilisimgroved SiC devices with lower
on-state losses, optimising the coupled coil designterms of high temperature
capability, mutual coupling and winding resistantbese performance improvements
in addition to the increased turns ratio of thepted inductor enables the converter to
self-start at sub 1V input voltages, generated dxy Vow thermal gradients across the
thermoelectric devices, at temperatures beyond °@D@nd provides larger voltage
conversion ratios and increased converter effigieitie proposed converter can also
be used to power the SIiC based oscillator presentethapter 4. This combination
allows the realisation of a self-powered high terapee gate drive without a need for

any external power supply.
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