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Abstract

This thesis explores the base driver designs for Silicon Carbide Bipolar Junction Transistors
(SiC BJTs) and their applicatiofsr power converters. SiS awide bandgap semiconductor
which hasbeen the focus of recent reseaghs it hasovercomethe several ofphysical
restrictions set bthe silicon material. Compared with silicon bipolar devices, SiC BJTs have
several advantages including a higher maximum junction temperature, higher current gain
and lower switching power losses. Transient powerelosare low and temperature
independenin a wide range of junction temperatures. With junction temperature capable of
being between 25°C to 240°C, SiC BJTs have been of great interest in industry. As a current
driven device, the base driver power consumpts always a major cerrn. Thereforehigh
efficiency base drive designsrf&C BJT need to be investigatbdforethis power device

can bewidely used inindustry

Due to the bas drive loss analysis, the pulsapacitorthat isused ina conventional base

drive isthe main contributor tpower consumption under high switching frequency and low
base current conditienThe energy recovery concept can reduce the power losses associated
with this capacitorThis concept is firstly used for &C BJT drive designBased on this
concept, a drive design termeab the energy recovery base drive proposed. The
experimental resultdemonstratdower driver losses compared with the conventional base
drive. The proposediriver is verified in a 1.7kWboost converteiswitching atvarious

frequencies

An active base drive has beérstly proposedto reduce theesistive power losseghat
dominate the total drivepower consumptionfor applications which implement low
switching frequency and high dutycle. Even if a highvoltage power supply is used in the
active base drive unfor fast switching a lowvoltage branch compog) of a voltage step
down function supplies theequiredDC base current to maintain the conduction of the BJT.
Low driver losgs, low switching and conduction losses are achiegubrimentally The
integrated convertewhich adoptsmotor winding inductance instead of a bulky and heavy
discrete inductor in a conventionpbwer converter, has been developasl a platform to
verify boththe boundary theory analysis for the converter wedfunctionalityof the active

base drive
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1 Power Semiconductor Deviceand Drivers

Nowadays electricalpower demand worldwidencreases dramaticallyfhe environmerat
pressureforces thedevelopnent of renewable energy technologi@s order to reduce
pollutions resulting fromburning fossil fuels One of many initiatives is to popularize the
usage of the eledtal vehicle.A key element in all modern electrical vehicles is a power

inverter.

A power electronics invertds designed to convert DC power stored in the battery to AC
power,which can be used to suppgn electricalmachinefor the torque productiorHigh
efficiency invertes play a role in increasinthe mileage of an electrical vehidier a given
battery capacityThe emergence ofide bamlgap semiconductsr such assilicon carbide
(SiC), is challenging thenarketdomination ofsilicon-based power deviceBue to its high
critical electricfield, low switching and conduction loss&(C devices have become of great
interestin both academia and industiy.[1], Frankehas compared the total power losses for
threedifferent 1200V/6A devices: i€ BJT, SiC JEFT and Si IGBT. Both SiC devicsw
lower total losses thathe Si IGBT and reducedemperature dependenciddoreover,SiC
BJTs offerthe lowest losses although it requires a DC base current to keep it conduncting.
[2], the switching power losses has beempared between thréges of 1200V/20A power
devices: SiC MOSFET, SiC JEFT and Si IGBT. The reduction of switching losses is
evaluded, with the lowestloss achieved by Siéhased devicedn terms ofthe cotinuous
operation performance, DC/DC power converter using SiC and Si devices has been built for
the test in3, 4]. The loss waseduced by 50.8%vith the SIC MOSFET converter compared
wi t h Si Inl[%:8p, Tthe spower converters usin§iC BJT as the main switch
demonstrated higher converter efficiency thesSIC JFET, Si MOSFET and Si IGBT
counterpartsAt very high current and voltag&iC BJTs exploit theadvantages of low
conductionlosses due to the absermielarge drift resistance which caot be avoided by a
MOSFET deviceTherefore, it is well suitetb aninverter application which is used in the
electrical vehicleto controlhigh curren$ at high voltage. However, the power losses of a
SiC BJT driver are highest among those devicElerefore, a high efficiency base driver
designis an important consideratido achievethe veryhighestlevel of efficiencyin power
convertes and in particular to fily realise the advantages of SiC device technologies

In this chaptermodern power semiconductor deviggs discussed fromie device structure,

operatng principle, material properties amflive technologyDevice power lossesnd driver



complexity are compared between different types of the power deviog®oved
performances introduced by new material properties are addressed, vaith different

structuralparameters

1.1 Aim and Objectives

With the emergence of the widbandgap material such as SiC, power devices based on these
materials have demonstrated faster switching performance, lower conduction losses and
higher junction temperature capability compared to their established Silicon counterparts. Of
the various deve types realised in SiC, BJTs have experimentally shown to offer lower
device loss than other Sitased power devices for high power applications. Given their
lower loss and high junction temperature characteristics, SIC BJTs have been identified as
suiteble for applications in harsh environments and/or environments in which cooling cannot
readily be achieved. However, the base drive losses for a SiC BJT device are much higher
than an equivalent MOSFET or IGBT due to the requirement for continuous baset ¢ar

be supplied to the base terminal. This base drive issue hasréammnisedas a major
shortcoming of SiC BJTs. This thesis aims to tackle this shortcoming in order to make SiC
BJTs a more attractive candidate technology for Hgexteration poweranverters. To this

end, the aims and objectives of the research reported in this thesis are:

1 To provide an irdepth understanding of the impact of base drive behaviour on the
performance and competitiveness of SiC BJTSs.

1 Propose and design novel base daireuits for SiC BJTs which are capable of high
efficiency operation.

1 To demonstrate experimentally improved performance of representative SiC BJT
based switching converters.

1 To provide desigrguidelines for energy recovebase driveand active base drive

circuits which allow competitive SiC BJT converters to be realised.

1.2 Bipolar Junction Transistor

A simplified one dimensionalstructureof a Bipolar Junction Transistor (BJT) sfown in

Figure 1-1[9]. Thisis used toexplainthe operation principle of the devic€he structire

consistsof three layersdoped inalternaten type and p typéayers forminga three terminal
device. These layers and their electrical contactsearmed as Emitte(E), Base(B) and



Collector (C). Two junctions, ¢ and J, areformed betweendifferent doping layersThe
doping profile from gtype to ntype can be eitér abrupt ofinearly gradeddepending of the
process technology usetihe doping type changingver a very small distanceompared to

the spatial extent of the depletion regi@ndefined asn abrupt junctionit is also called step
junction. A linearly gradedfunctionis more realistic for the junctioas thedoping profile
changes graduallyThe majority carries on one side intend to diffuse across the junction to
the oppode sidewhen they are contacte®ue to this process, a space charge region (also
known as depletion layeis createdn eitherside ofthe interface betweengoped and n
dope regionThis region consists of fixethe ionized impurities which are not altb move

However due to the removal of free carriers they arealettricaly neutral and an electric

field exists
Emitter (E) Collector (C)
N P N
A ‘ 12

Base (B)

Figure 1-1 One dimensional model of a BJT

1.2.1 Forward active operation

Figure 1-2 shows a common base configured NPN transistor biased in the forward active
mode togethewith the energy band diagrariihe negative voltage aped to the emitter
junction forward biases the emittease junction and the positive bias applied tocthictor

puts the collectebase junction in reverse biass illustratedby the energy band diagram
Figure 1-2, due tothe forward biasedaseemitter junction, electrons are injected into the
base regiorcausing current,t and holes are injected from the base to the enttesing
current phe Due to the relatively low doping concentratioe tminority carriersnjected into

the base, electronare mostlyswept intothe collectowhich generates current,lrather than
recombiningin the baseegion; this due to two reasons: in order to iasgecurrent gaithe

base layer is designed to be very thin comparedtiélelectron diffusion lengthnd that the
emitter doping concentration is significantly higher than that of the base to maximise

injection efficiency.Since holes thermally generdta the collectotbase space charge region



is low, the drift currentyt can be neglected. Therefore, thteeminal currents of the BJT

working in forward active region are given by:
O © ° © O ° 1-1

WhereO, "OandO arebase, collector and emitter current

Emltter(E) . Collector (C)
N h—
N |

A I TB 5 c
|| :|_||_|| —
c

b lne

«— Inc
Electrons sweptinto the

’ collector
Ern Recombination

Holes diffusion
€« Ipe

Figure 1-2 Common-base configuration[9]

In the majority powerelectronicapplications, the BJTs connected irm commoremitter
configuration as shown inFigure 1-3. Unlike the common baseVge and Ve are all
referencingto the emitterather than the base terminéi this configuration the collector
base junctiorVcg, is not directly controlled, howev the operation principle of the common

base configuration still applies.
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Emitter (E) Collector (C)
' N P N
1 T J2
1l

? 1] Base (B)
Vee
I | —
iHH| —
Vee R

Figure 1-3 Common-emitter configuration [9]

The output current voltagé-Y) characteristic for a commeemitter BJTis shown inFigure

1-4. As the collector voltage is increased, a positive base curréicates that baseemitter
junction is forward biased ithe first quadrant, or in the saturation region. As tlodlector
voltage exceeds the base potential, the-ballect junction becomes reverse biased and the
BJT is operated in thiorwardactive region, as shown irigure 1-4. When he device enters
the forward active region, current saturates. However, with increasing coieciter
voltage, current slowly increased, which is termed asEdudy Effect. With the increasing
collector voltage, the depletion region formedlaéxterds and effectively reduces the base
width. This has two consequencestsHy, carriers entering the basellector electric field
are swept out at a faster rate and secondly, due to the reduced effective base width
recombinationis reduced and increaseigas carriersdaving the base region increasbese
two factos effectively increasghe transistor gain with applied voltage araisean increase

in collector current.
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Collector Current

(o) A First Quadrant _
Inc;easmg base current

Saturation ~ {  Forward Active

Collector Voltage
(Vee)

Figure 1-4 1-V characteristic of the BJT in commonemitter configuration [9]

When the BJT is working ithe active region, excess carrier cges are stored in the base,

termed as Qand given by:

+ 1-2

ol =

Wheret is the forward transit timelts accurate value must be measured from the
experiment for a specific devic®g has to be removed from the base prior to turning off the
device. Therefore, the switching speed is slowed ddwa tolarge storedexcess carrier

chargesn base
The commoremitter current gain is defined lilie input base currerlg and output collecto

current k:

T ‘O
O

Several factors should be noted when fabricating the BJT in order to aehyle current
gainf , such as thepsce charge recombination rated surface recombinatioBoth of the

recombinatiormechanismseducethe number of electrons coming across the base to arrive

12



at the collectorTheir influences on the current gain have been analysed and compared under

different collector current densiti¢sQ].

1.2.2 Voltage blocking characteristics

The basic BJT structure contaitvgo p-n diodes constructed bad&-back in seriesHence,
the BJTonly conducs in first and hird quadrarg When the voltage reachése breakdown
voltage, thdeakagecurrent through th8JT starts to rise dramaticalys shown irFigure 1-5.
The third quadrant breakdown voltage is lower than that in the first quadihigh voltage
structure due the asymmetrical design, which will be elabomatéae next section.

CollectorA First Quadrant .
Current Increasing base
(1) Meurrent

Open

base
\i Breakdown when

Base Shorted to

Emitter(VCBo)\
_J

= >
7\ Collector Voltage
Open Base (Ve)
Reverse Breakdown (Vo)
collector
breakdown
voltage

Third Quadrant

Figure 1-5 Typical electrical BJT characteristic [9]

When operated in the first quadrabteakdown voltageare dependent on the configuration

of the BJT. When the emitter and base are shorted and positive voltage is added on the
collector, the device structure can be simplifieid a reverse bias diodas shown inFigure

1-6a. The applied voltage is supported by #pace charge regiofhe spatial variation of the
charge density is shown inFigure 1-6b, which penetratesito both the p and n regiortd

the junction x, and x respectivelyThe space charge width W the summationf x, and %

13



and an electricfield is generated due to the existence of tineompensated positive and
negativechargeat each side of the junctioms shown inFigure 1-6¢c. Us ng Poi sson¢
equaiton, the electric field at each side of the junction can be determined
Q0 no
Qw -
10 o 1-4
o T O

W W T

Where N and N; are the acceptor and donor densitﬁtis the dielectc constant of the

semiconductor; g is the magnitude of the electron charge.

Integration fromi x, to X,, resuls in the electric field distribution into the n and p side of the
junctions

~ o noi- @ @ _

Ow W W T

N o @ ‘ 1-5

The electric field profile is shown iRigure 1-6¢. The peak electric field&(x) occursat the
metallurgical junction(x=0) where the fixed positive and negative charges are at their
maximumas indicated byequationl-5. IntegratingEquation1-5 from i x, to X, obtains the
applied bias to the junction voltage V

0o ARG @ 1-6
o 0nQo 1 N
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Collectorto +V
(a) Basetothe

ground Pf
+
= I Xp —x
(b)
* w >
E
X
(©)

En

Figure 1-6 Baseemitter shorted breakdown

Due to charge neutrality, the quantity of the positive charges in the depletion region must

equal the total negative charges

o 6 Ao G 17

When E,, in the space charge regioeacheshe critical field Ec with an increasing base
emitter voltage a free electron is accelerated to ganoughkinetic enegy to break an
electron bondThis impact ionisationgeneratesraelectronrhole pair.This newly generated
electronis excitedto the conduction band from the valence band enables current flow
Once this process begins to act as a chain, a large current is following through the junction
and large powedisspation will destroy the devicesetting E=Ec and solving Huations

from 1-5 to 1-7 for the breakdown voltage By yields:

-0 0 O 1-8
¢no 0

15



A material with high criticaklectric fieldstrengthcan withstanda high breakdown voltage

according to their proportional relationship

T
IE (147 Ip IC
N P N
I
Emitter (E) I Base (B)I Collector (C)
(Ground) (open) (+ve voltage)

Figure 1-7 Base open breakdowr9]

When the base is open and the emitter is connected to ground as sltogureri-7, leakage
current’Ois flowing through the emittdoase junction. Due to the injection of minority
carries across the forward biased basgtter junction {0), a collector current equalling "O

is producedwherg s referred taas the commodbase current gain fieed in Equation1-9.

AsT is intended to be very larggypically 20-70 for SiC BJT)| could be as small as

unity. Since'Omust flow through the emitter, it Wiincrease the total leakage current from

the collector to the emitter. As a result, the breakdown voltage is reduced and the open base
breakdown voltage (Mo) is smaller than the open emitter breakdown voltaggdgV When

the BJT is working in the thir quadrant, the emittdrase junction is reversed biasedis]

able to block the reverse voltage due to thejpnction structure. However, the basaitter

region is characterised for the high current gain, not for the high breakdown voltage.

o o 1-9
"0 0 0 p I

1.3 High voltage transistor

Compared with low voltage devices, high voltage power semiconductor devices are more
complicated in their structures. Modifications are maderiter to make them capable of
blocking high voltage and conducting high curreAccording to Equationl-8, the
breakdown voltage is inversely proportional to the doping demasitl thickness, assuming

16



that the material critical electric field is unchang@tierefore, to achieve high breakdown
voltage the doping concentrationn the drift regionwould need to be reduced aride
thicknessof it increased to expand the depletion regias,shown inFigure 1-8a [11]. The
operation and working modes are identical to the simplified structurggure 1-1. Due to

the low doping concentration, compared to the base regienl|dctric field is almost entirely
contained withirthelightly dopedN" or drift region Due to the higtbase doping density, the
depletionis confined in a narrow spagethe base Therefore, the width of the base laygan

be shorteadin high voltage BJT desigis analysed above, reduced base width leads to an

increased current gain.

Collectorto +V

Base and emitter

to the ground
(@ &
0 Xn
4
E,
Va
E,
E v
(b) 0 X,
4
E;
E v
(o)

Figure 1-8 A high voltage BJT structure

If the depletion region touchdise N* layer eventually at the breakdown voltage, it is not able

to widen any furtherisce the high doping area restrictsgtewth. This igermedasa punch

17



through(PT) design The electric field is shown iRkigure 1-8b, whichdescribedhe electric
field of PT structureAs shown, he profile iscomposed of two components with the peak
electric fieldvalue of E; and E,. E; is due to the irosed donor in the lightly doped drift
region N and the area ohe triangular componentepresents ¥ The flatten area is due to
the heavily doped Nwhich Hocks the voltage (¥ and it stops the depletion region
extending furtherThe total area of the triangular and rectangular represents¢h&down
voltage +V.. If the drift width is longer than the depletion width at the breakdown voltage,
it is called norpunchthrough(NPT) BJT, as the electric field shown Figure1-8c.

When the BJT is turned on, excess chaagesjected into the drift region from tHerward

biased junction, therefore resiate is substantially reducedhis effect is termed as
conductivity modulation and increasing the current capability of BJT device compared to
unipolar MOSFETs. However, é¢ise chargs need to be removed during thssvitching
transient, resulting in current tails and increased switching losses, compared to unipolar

counterparts.

1.4 SPICE model for a BJT device

Circuit simulation toos such as SPICE amidely usedin moderndesignpractice for cirait
before committingthe design ta hardware prototypeAn accurate model of the electrical
componentsand efficient simulation environmerdan assistdesigners in observing and
understandingritical issues beforeharahd increase thikelihood of asuccestl hardware
prototype In this thesis, simulation models f8JT needs be developed mathematically for

accurateand realisticcircuit simulation.

One of theBJTmodekwa s fA-Edlelrd& model , whi ch[l#datisdevel o
easy to use and effective in describthg DC performance of a BJT. However, ded not

capture many aspect pérformancesuch as the Early effeahd any charge storage effects.

These effects are capturadthe GummePoon mode[13]. GummelPoon introduces #h

Gummel number, which takes manytbé subtleties into account tradfect collector curret.

The GummelPoon model will be discussed later in this sectibhe EbeiMoll model
decomposes the BJT as two baclback diodes sharing a common node. Taking an NPN

BJT asan example’Ois controlled by botlwy andw as shownn Figure1-9. The currents

through two junctions are determined by their forward biased voltage. Firstly we assume that

W mandw Tt. Based on the calculatie for the collector and base current:

18



0 0T p 1-10

O i
O T_r 0 1-11

Where'Ois defined as the saturation current dthé the thermal energy.
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Figure 1-9 npn BJT Eber-Moll model[14]

If the bias condition is reversed, then Tmandw 1. The function of the emitter and

collector has exchanged. Therefore, the terminal currents can be written in the same pattern:

0 0T p 1-12
O )

O = T o 1-13

p 1-14

© ©O O Op - Q  p

Wherel is defined as the reverse current gain. Unlike the forward current gdinis
intendedo be very small due to low doping concentration of the collector. Whenever the BJT

is working normallythe equations above can baperimposed:

© 0Q  p ©Op Tﬁ Q  p 115

1-16
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Apart from the static IV characteristic shownkigure 1-4, the dynamic performance of a
BJT is equally important, especially in a switching application. Itirequhat a BJT must
switch rapidlyin order to reduce switching power losses. When the BJT is turned on, the
baseemitter junction is forwardbiased leading to the excess holes stored in the BJT. Due to

the charge neutrality, the excess electronsare egal to the excess holes.

The GummelPoon model is widely useth the SPICE because of its advantages i
describing dynamic performance. Itfismndamentdy an EmberMoll model with additional
electrical circuit componentto represent the charge storaged goarasitic resistances as
shown inFigure 1-10. 0 and0 are voltagedependent capacitors used to describe the
excess carrier charges, which is relative tottaasit time and collector current. Therefore
the dynamic performance of a BJT can be modelled more accuiatelgndé are the
junction depletion capacitances between the base, collector and ednittsrthe collector to
substrate capacitance. As will be apparent ftbis electrical model for BJT, fast switioly

can be achieved bgnsuring rapid charging of the various capacitors. This is a key
consideration in the design of gate drivers

s T

g

Figure 1-10 Gummel-Poon model for the circuit simulation

Table1-1 compares the main differences in terms of theup&ters in the SPICE model for
S BJT and SiC BJT of comparable ratingsThe Si BJT (NPN type) is made by
STMicroelectronics(Part number: 2N3771yith maximum collector emitter voltage at
1000V and maximum DC collector current 1526, 16]. The SiC BJTis manufacturedy
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TranSiC (Part numberBT1220AB-P1) with maximum collector emitter voltage at 1200V
and maximum DC collector current 2QA7, 18]. The parameters in the table are all critical

for accurately modelling the current gain of the devices.

Table 1-1 Main differences in SPICE model for Si and SiC BJT

Parameter Definition Initial Value at 27C
SiBJT SiC BJT
IS Transport saturation currefit) 7.4x10™ (A) 5.2x10% (A)
BF Ideal maximum forward beta () 41.88 74
EG Energy gap (B 1.11 (eV) 3.2 (eV)

1.5 SiCBJTsand other SiC based power devices
Comparedto silicon (Si), silicon carbide $iC) has different electrical propertiesas
summarisedn Table1-2 [19-23]. These material propertidsr SiC make the wide bandgap

material more suitable fomany aspects opower semiconductoperformanceand their

structural layout wan compared to silicon alternatives

Table 1-2 Electrical properties comparison between Si and 4F8iC (T=300K)

Electrical Property Si 4H-SiC
E, (eV) 1.1 3.26
Ec(MV/cm) 0.3 2.2
Usat(10'cm/s) 1 2
Un (CMP/VS) 1430 947
U, (cmP/Vs) 460 140
e (W/cmK) 1.5 5
O 11.8 10

As a wide energy band gap material, the bandggpafESiC is three times higher than s
counterpartas shown inTable 1-2. It will influence the saturation current amplitudehe

intrinsic carrier concentration,;,nwhich is a fundamental semiconductor parameter, is
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dependentuipontemperatureand theenergygap of the material This parameter defines the
thermally generated electrdmle pairs and affects the maximum operaidemperature of

the devices as this limits is defined when the intrinsic carrier concentration is equal to the
doping density24, 25]. As shown inFigurel-11, the intrinsic carrier concentration of SiC is
much lower than Sandremainslower over the temperature rangaue to this property, SiC

is more suitable than Si material for high tempematapplication[10] and the maximum
junction temperatures @iC is up to 350°J26]. Apart from the intrinsic concentratiothe

high thermal conductivityg) allows SiC deviceso dissipate heat faster from the junction

compared with Si, which reduces the size and weight of cooling system.
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Figure 1-11 Comparison of Si and 4HSIC intrinsic carrier concentration [27]

Due tohigh critical electric fieldstrength(E.), the doping density for each layer in the device
can increaseinder the same breakdown voltagecording to Equatiod-8. ThereforeSiC
power devices can be designed to achieve lowstate resistance, which canprinciple be
300 times lower than its Si counterpE28]. The parameterng, andy, are termed as electron
mobility and hole mobility respectively. The drift current density is proportiontdeccarrier
mobility whereas the resivity of a semiconductor is inversely proportionaltie mobility

at a given doping density and temperaturg, is the saturation velocity, which is the

maximum carrier velocity
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A range of SiGbased transistors have been manufactured sineantagenceof SiC JFETs

in 2008 [29-31]. After overcoming many obstaclesuch as material defec{82], SiC
MOSFETSs gained popularity in 2011 due to their fast switching speeds and simple gate drive
design. However, due to the poor thermally grown oxide quality, these devices leswve be
shown to suffer threshold voltage instability at high ambient temperaf88;s Both
unipolar devices, SiC JFETs and SiC MOSFETSs, have showalimesar onstate resistance
increase at high junction temperatuf8 due tovariousthermal coefficientdor different

layers [34]. In comparison, SIC BJTs exhibit virtually temperatungependent switching
performance and low switching lossiEg due to a low level of stored chargeghin the

device Compared with the commonly commercialised SiC Schotikgle, threeerminal

power device fabrication cost is much higher duth&imited wafer sizg35].

A crosssection of a NPN vertical SiC BJT is showrFigure1-12. A 4H-SiC version on this
structure shows a breakdown voltage of approximately 6[BBY. A lightly doped drift
region nis sandwichedbetween the base and collectayers in increase breakdown voltage.
Due to the high critical electric field strength, the base doping can be very high, reducing the
base width. This increas#® transistor gain and simplifies the base drive circuit.

A multistep junction termination extension (MJTE) is used for the-balector junction to
improve the blocking capability87]. Due to lightly doped drift region, the depletibatween
the base and collector juman predominantlyextents into the collector sidgperated in the
off state Compared with the traditional implanted emitter Si BHE, SiC structure uses a
epitaxial growth and etch process due to the low diffusion coefficient and activati@iesner

of silicon carbide dopan{S6].
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Figure 1-12 4H-SiC BJT crosssection[36]

1.6 Alternative power device structuresin SiC

In addition tothe power BJT structure, alternative power devicage beerdesigned and
applied inindustry with different characteristickhe most basipower devicestructure is a
diode in whichoneway current conductionis pasively controlled by thedirection and

magnitudeof the applied voltage. Besideaditional pn junction diodes structure,ricas

diode structures have been proposed in order to achieve different voltaget
charactestics such as Zener diodg38, 39], PIN diode[40], photodiodeg41] and Schottky
diode[42, 43]. Generally, in power electronic applications only Schottky diodesvately

useddue to the lower knee voltage, compared to the PiN countes padcloseto zero

switching losses.
l.  MOSFETs (MetalOxide-Semiconductor Fiel&Effect Transistors)

A vertical power MOSFET designs shown inFigure 1-13a. As shown,the device is built
around a n- drift region of sufficient thickness andioping concentration to achieve the

voltage rating of the devic&he soure and drain terminals are formed with n+ typgions
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to providelow ohmic contact to the structuréhe @athode cell is formed with a p type region
where the rchannel will be formed during the @tate. It is important to note that this region
would be connected to ground via a p+ contaevaid turning on the parasitic transistor and
enhanethe gructures safe operating area.

If a positive potential is applied to the drain and the source electrode is held ad,gimin
application of alat bandvoltageon gatemetal giveszer-band bending at p body interface
as shown in the energy band diagramFigure 1-13b. Since there is nmet electric field
existing in the interface area, the energy band is flatreasing the gate voltage, the
conduction band (f and valence band (fare bending due to the electric field generated at
the SiQ and p body interfacdepletion region is formed and full of negative charges. If the
gate voltage contingeincreasingabovethreshold voltage, the conduction band is pulled
close to the fermi level & more states will be occupied by the electrons in this band which
forms an inversion layer with highooductivity and low resistance on the surface of the p
body region. This allows electrons to flow from source to drain giogia two dimensional

current flow patHlp), as shown ifrigure1-13a.
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Figure 1-13 Vertical MOSFETSs cross sectional view

II. IGBTs (Insulated Gate Bipolar Transistors)

The vertical cros section of an IGBT ishown inFigure1-14, like the MOSFET |t is a three
terminals and four layers devic&he only difference between the two structuire the
additional p+ anode ahe backside of théGBT. Like the power MOSFET, gate voltage
controls the formation of an inversion layer on the aefof the p type semiconductor
underneath the Si@ate dielectric. When the applied voltage exceeds threshold voltage, the
n-channel effectively connects thé and drain drift hregion. As the anode potential is

increased beyond the knee voltage of the n buffer/p anode layers, holes are injected into the
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n- drift region, and reduced the layer resistance by the conductivity modulation process, as

shownin Figurel-14.

Source n Gate

722222
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—=__________

Injecting layer P @ @ @ @

0 Drain

Figure 1-141GBT vertical cross section view

Depending upon the gain of the transistor and the density c5MED cathode cells, the
IGBT can be considered either as a MOSFET in series withiNa dtode or a transistor
driven by a MOSFETTraditionally, in terms of SPICE modelling the device is considered as
the latter, as shown iRigure 1-15a, therefore & operation principle is identical to the BJTs
operationprinciples, as described abo&ince IGBT combines the operational principles of
both the BJT and MOSFET the desiexhibits high input impedance and low effective on
state resistance under high cutreperation.However, compared to MOSFETS, the IGBT
would exhibit a knee voltage which will be dependent upon the band gap of the
semiconductor used, ~3V for siliconrbale, and that switching losses would tend to be
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higher due to plasma removal/establishment during the turn on/off transients; however this is

dependent upon the carrier lifetime and drift region parameters

Drain

Rdrift Drain

BJT

Gatoe—l MOSFET Gate O—]

Source Source

() (b)

Figure 1-15 (a) IGBT equivalent circuit and (b) circuit symbol

1.7 Comparison of device technology

1.7.1 Power losses comparison

The power losses of the power devices are critical for the decision makargdesigning a
converter for a specific applicatioithe power consumptions of a power device directly
influence the system efficiency, cooling systemesand control strategyn terms of device
losses, it composes of two componentsstateand switching power los®ifferent device
technologiesand material systemiave specific advantage and disadvantages which are

dependent upon theperation states

In order to compargower losses accuratelytest condition and methotbgy must be
identical The switching power losses of power semiconductor devaresconventionally
performedby the double pulsdgest asshownin Figure 1-16. The switch can be a MOSFET
IGBT or a BJT, which is usedas an example in this sectioh.base currentglis provided to
switch theBJT from its blocking to orstate A high voltage sourGeéVpc, is used to supply
the energy required bwn inductive load and stress tiBIT when it is turned offA free-
wheeling diodg(D) is usedto clamp the voltage and maintain the load currentten the
BJT is turned off The time constant of the indue#i load is designed to be much larger than
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the switchng period so that it can be assumesl a constant current source during the

switching process.

o —
+
Inductive
load
Ciink
Voc —_—
Base
drive
O '

Figure 1-16 Double pulsetest with an inductive load

Figure 1-17 shows a simplifiedurn-on transient of a BJT showinthe base currentg),
collector currenf(lc) and collectoremitter voltage(Vce) as a function of the. Initially the
baseemitterspace charge capacitance must be discdargerder to forward bias the base
emitter junction. This manifests itself as mrn-on delay time don) after the base current
rises. Following the dischargecarriesare injected into the base anthe collector current
(Ic(t)) increases quicklyAfter toq;, the collector current equals the load currentThe
voltage \&g(t) is constant during this period since the diode D is clamping ittoavid the
BJT is working in the activeegion. During tn2, Vce(t) drops quicklywithout clamping
because there is no current through the didibaen the BC junction becomes forward
biased, the BJT is entering the saturation regiog,i $ince the current gain reduces in this
region, the vtiage drop rate is slow than previodd.the end of the turon processthe BJT

is in its conduction mode with a constantsiate voltage, ¥e(sat) under constant currept |
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Figure 1-17 BJT turn -on waveforms

The turron power los®f the turron is defined as:

- p C e s 1-17
S - w o O0o0Qo
0 O

Where t and t are defined by 10% of the maximum collector current amltage

respectivelyas shown irFigure1-17.
Thetotal on-state losss are given hy

e s s 1-18
w o 00Qo

(]

p
Y

WhereD is theduty cycle of each switching peridd

When the BJT is conducted, charges are stored in the dexdce,result of conductivity

modulation; significant charge is storedthe drift regon. In order todrn off the device, this
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chargemust be removedefore the device can be turned dffie turnoff waveform of a
typical BJT isshown inFigure1-18. A negative base ctent is used to speed up this process
by removing some of the stored charge from blaseregion. During t(off), part of the
excessiveharges in the drift regioareswept outby the negative base curreAny charges

left in the base and drift region can still support the collector curk&ith this process
carrying on, i takes tos; time interval toremove store@dhargesat the collector and base end
Afterwards,the BJT enters into the active region afngk(sat) rises quicklyAt the end of g,

the BJT isin cutoff and the current is commutating into the fxgleeeling diode After a

time interval ¢3, charges in thd8JT are completely removed by the negative base current
andjunctions are reverseidsed.If the base current transits very quickly into the negative
value at the beginningthe charges in the base are removed fastemdter current goes to
zero fastaccordingly.There will be stored charges in the drift region at this point. They can
only rely on theinternal recombination and negative base current when this happass.
removal process would be very | ong, wffiich cr
losses inevitablyas shown irFigure 1-19. The turn-off power loss isdefinedby Equation
1-17by changi ng a-o0hbt kith thesparantieters shown igure1-18.

0 N kloff) P
N
l(t) |l
v S
0 : : t
< > P Lo |
ta(off) : :
H Etoﬁlé
Vee(t) o A
CE chg(sat) 10%Voc \ i Voc

Figure 1-18 BJT turn -off waveforms
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Figure 1-19 BJT turn -off waveforms with the collector current tail

Comparedto the unipolar device MOSFET, the BJT and IGBT have tmaee excess
carriers storedn the drift region before they are completely turned off. As showrigare

1-18, Vcg(t) is at the maximum value during the carrier realgprocess. Therefore, high
switching off loss is ayenuine disadvantage hipolar device technologiesdowever on-

state lossesf a highbreakdowrvoltage MOSFETare higher than the BJTIn order to bear
high voltage, lhe drift regionis designed to bkarge resulting in high ostate resistancéor

the BJT and IGBTthe conductivity modulation process significantly reduces the resistance
of the n drift region; therefore their effective estate resistanas very smallWhen the BJT

is made from SiCthe minority carrier lifetime is very short and drift regions are very thin,
when compared to silicon counterparts. fTh@eansfew charges are stored in the device
when it is turned off and the device does not exhibit a currentTiaé turnoff loss is
reduced significantly and the total switching losses are approximately the same as a SiC
MOSFET.
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1.7.2 Driver design for power semiconductor devices

1.7.2.1 Gate driver design for the MOSFET

Due to thehigh input impedance of tHdOS gatestructure MOSFET devicesire defined as
avoltagecontrolled device. The gate driver should be able to supply a positive voltage higher
than the threshold value during tuon process and maintain at anstant voltage level
during onstate. As the gate drive unit is charging/degrging an effective input gate
capacitor, the driveconsumes little power which makes the control circuit small and simple.
Figure1-20 showsa generigyate drive dsign for MOSFETS. In order to control the speed of
charging and dischging gate capacitance, gate resistor ¢ is placedbetween the gate
terminal and gate drive uniThe control signal (¥) is provided from a logic source with low
voltage power supyp. In order to isolate high voltage (HV) from logic part of the circuit, an
isolator unit is used. The voltagepply(Vpp) for the isolator and MOSFET gaterminalis
usuallygeneratedy a Switchig Mode Power Supply (SMPS) due to its high efficienag a
largeinsulation voltageDue to its fasswitching frequency when operatirglectromagnetic
Compatibility (EMC) must be complied witlwvhen designing the PCB layout the industry

Two BJTs with high current capability are used as a burfféine drive circuit forhigh peak
current during the turon and-off period. A boostcapacitor (C) is connected betweeppV
and source of the MOSFET order tooffset Vpp. In this configurationthe gate voltage is
alwaysreferenced to the sourt¢erminaland the high voltage is isolated from the logic part

Therefore, this gate drives specificallyapplied for high side MOSFET.

. HVO
Rf] Q1| :
V c I _____ _I Rgate G D
G T | [
N ——L
(VA —K I ¢ Qe
| | _I:
GNDO } I
L — - L 1

Isolator

Figure 1-20 Gate driver design for MOSFETs
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In order to reduce the power fo8f a MOSFET driver, a resonant gate driver structure is
proposed if44], which implements the energy recovery concept in the deshgn.control
signals of the proposed circuit and current waveforms are shofigure 1-21 [44]. Before
turning on the MOSFET (QIRF669), the inductor (k) is precharged dung to-t;. By
turning df Q3, the current ige-directedinto the gate ofMOSFET Q and it turns on
MOSFET Q during i-t, at the peak value of the inductor currehhe gate capacitance of
MOSFETQ is clarged over the threshold rapidly and hetieeturron loss redces.During

the conduction intervabis, the energy in kis discharging back to & Before turning off
MOSFETQ, Lgr is pre-charged with negative current during the intetydt with the current
pathshown inFigure1-21 (b). At i, r hegativepeak value, Q1 is turning ofind the energy in

the gate capacitance MOSFET Q is transferred into &. During &-t7, the energy in kis
transferred back tthe supply ofVcc as the negative,ic indicates.In this way the energy
recovery fromLg and the gate capacitor has been achievdthe experimental results
presented irf44] indicatethat51% of the gate energy wascovered with the proposed gate
driver for aVc of 5V. Based on the energy recovery concept and principles, more résonan
gate driver designs for either Si or SiIC MOSFET have been proposgtb-#/]. The
experimental results [44] demonstrate a reduced driver losses as well as switching losses

due toa positive/negative current pegknerated by the inductor in the driver.

(a) Turnon operation
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Commercial MOSFET driveravailablein the market have various sizes, packages and pin
numbers. Since the MOSFET is a voltage controlled deitide,necessaryo considerin
detail the speffications of the peak current and the output voltaige addition to the
continuous sourcing capability. Several widely usednmercialdrivers are referenced in
[48-52]. Takingthe IR2110[48] asan example, the typical connectitm power devicess
shown in Figure 1-22. It is capable of drivinghigh side and low side MOSFETs with
independent output channels (HO and LO). High side floating voltageig\eferenced to
the source of high side MOSFET with a boostamajor connected between floating supply
voltage (\k) and floating offset voltage .

Typical Connection up to 500V or 600V
L
— HO ——I ‘ E[’ T~
Voo Vo Ve WV
T T
HIN < HIN Ve . ° 10
SD o ) - & | LOAD
LIN & LIN Vee —9-
Vg, o Ves  COM [ ‘
L

Figure 1-22 Typical connection of a MOSFET drive IC[48]

1.7.2.2 Base driver design for the BJT

Unlike the voltage driven devices, such as MOS§&iid IGBTs, BJTs are current driven
power device. Continuous current needs to be supplied to the bas®itataincondudion.
Therefore, the driver design is different frahose forMO S F EdEstribedabove.ln order

to reduce the switching lossesymeadditionalspecificationsneed to be satisfiefbr the Si
BJT driver designssuch as an overcurrent for fast tam, a negative base current and base

voltage for fast tursoff, and a clamping circuit to avoid saturatirag).

A widely implemented base drive is call#ge Darlington configuration which can prevest

Si BJTsfrom working inthe hard saturation mode and provide proportional lwaseent as
shown inFigure 1-23a [54]. It has the advantages of high current gain equalling the product
of thetwo Si BJT gainsand no current tail sinc8i BJT1 is always working in the active
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regionwithout any excess charges stored in the drift redttmwever, t suffers high orstate
power losses, especially under a high collector current, sipgalways equals ¥+ Vper

A low voltage and high current isolated power supply Vc can be inserted in between two
BJTs, as showirigure 1-23b, in orde to reduce the ostate voltage drop acroSs BJT1.
However, the BJT drive usinghe compensated Darlington configuration inevitably
experiences hard saturation and large -tafflosses due to the current tail iss&nce Si

BJTs are replaced by Si MGETs and Si IGBE in most of applicationsSi BJT drivers are

only developed in academic area and hardly found in the marketohim@ercialied drivers

are usuallycomposed of a totespole circuit with a Darlington transistor as its output stage in
orderto provide high current capabilif$5, 56].

BIT2 /* BIT2 /7
Vce2 Vce2
_ BIT1 V+ - BIT1 V+
- Vcel (V) Vcel
Ib + IN —\Vﬂ+ T + N
Vbel |- Vbel |-
(a) Conventional Darlington (b) Compensated Darlington

Figure 1-23 Two different structures for Darlington configurations

Thereare severaldrive strategies proposdd controlSi BJTs One option is where a base
current is supplied and coupled directly withransformer[57-59]. This gotion provides
galvanic isolation betweere low voltage and high voltage sides of the base drive unit, a
continuous negative base current can be supplied to achieve for fastftarm an overshoot
voltage forto speed up the turan processProportional base drivers have been proposed in
[60-62]. Here he base current is proportional to the colleaorrent and igrovided bya
transformey this avoids overdriving the BJT and reduces the driver power losBethese

base drive options at bulky are very inefficient andcamaplex to control
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1.7.3 The base driver design issues for SiC Bl

BJTsare controlled by providing@ continuous DC current into the base termiffdle bas
driver power loss is much greater than their volkegetrolled counterpartssuch as
MOSFETs.Thisis one of the many reasons why BJHave beereplacedor the majority of
applications However, with the emergence ofde bandgap semiconductor materiadsich

as SiC high voltage transistors are starting to appear in the market place as an adternativ
structure of SIC MOSFETIt is reported that there is absence othard conductivity
modulationin SiC BJTs,even though theaturation voltage drop between the collector and
emitteris very low[63]. Sincethere is no current tail, the base droesign for SiC BJS
does noneed to preverthe BJTfrom working in hard saturation antkither is it necessary
to be too concernedf excess carriers in the drift regiohherefore traditional silicon BJT
drives can be made simpler when designed for SIC BJT as thess desunet exist. For
example,SiC BJTs hae demonstrate@ gain valueabove 100and a square Reverse Biased
Safe Operating Area (RBSOAP4, 65]. This means aubstantial reduction base current
compared ta silicon BJT counterpart rated for tlsame high voltageThereforethe base
drive designmust be modifiedsignificantly using different driver topolags which has

becomeanew challengédor SiC BJTSs.

A conventional base drivepecifically for a SiC BJT is showrFigure 1-24. The pulse
capacitor (Gus9 and R formslow impedance betweette base and ¥p or ground which
will generatecurrent pea& during turron and turroff. The transient speed mmainly
dependenbn how fastcharges can bmjectedand extracted from the baseherefore the

current peakinto andout of the bas&rminal isnecessarfor fast transients
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Figure 1-24 A conventional base driverfor SiC BJT

A DC currentO is supplied through resistor; R maintain the base current during the on
state periodThe valueis definedby Equation1-19, wherg is the current gain of the BJT
andOis the collector currentSince the fabrication technology is immature and the cost is
much higher than the Si based devices, SiC BJTs dreomamercialisd andmanufactured

in large volume. Thereforeéhe tolerance of the current gain is not provided by the supplier.
Only the nominal value at different junction temperatugeprovided onthe datasheeflo
ensure that the device does not enter the forward astode atthe maximum junction
temperaturethe minmum current gairis usedfrom the datasheef he ratio ofOandf is
multiplied bya factorl.5 toprovideenough marginn order toaccommodat¢he tolerance

on the nominal gain valseThis factor is providedf x1.5 was drawn fronthe application

note[66] from thedevicesuppliet

0 p® (o 1-19

The total power logs of the driver(0 ) consistof the losses due tthe baseaesistor

(0 ) (Equation1-21), thebaseemitterjunction (0 ) (Equation1-22), the speed up capacitor
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(© ) (Equation1-23) andthe base/emitter junctionapacitor(0 ) (Equation1-24).

and'OaretheDC power supply voltage araveragecurrent,respectively

5 o0 & 0 0 0 1-20

0 iO) Y Y 1-21
WhereO is the RMSvalue of the base current aiyd is the onstate resistamcof the

upper switch(SW1).

0 O b 1-22

Where'Q, is the average value tiebase current anad is the voltage drop across the

baseemitter junction duringhe onstatewhich isapproximately3V for SiC BJTs [17]. The

baseemitterjunction losse$0 ) areindependenof the switching frequency.

The power consumptioby charging and discharging tipellsecapacitoris dependent on the

switchingfrequencyThe pwerfed by DC sourcedue tod Is shown as:
0 6 a»  0Q 1-23
Wherew is the voltageacrossof 0 during theconductionand™Qis the switching

frequencyof SW1 and SW2
The powelifedto the base emitter capacitan@e ) is shown as

0 6 JQ 1-24
Based on thassumption that thiease emitter capacitan{€ge (6-16 nF)) is almostconstant
and smalld  can beneglectedn the analysiseven ahigh switching frequencies

Figure 1-25 shows the power lossasidit for aconventionalSiC BJTdriver shown inFigure
1-24, operating at #0%duty cyclein the simulationVariousO is obtained by changing;R

in Figure 1-24. The pulse capacitdosses(D ), derived fromEquation1-23, increase

with the switching frequencwhereasthe power losss (0 ) and (0 ) are constant. Unlike
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0 andd , which is dependent updsase curren{O ), 0 increass linearly with the
switching frequencyFor a low base current such as 0.0A,  dominate the losseshen

the switching frequencieare above 88Hz. If the base current was increasedlt8A, the
capacitor power consumptiosa muchlower in the range of 58 200kHz. In order toreduce
resistor power lossethe voltage supply® ) needsbeas low as possible. Howeveéi it is

low, the device is more susceptible to voltage fluctuattamsed by th coupling of the
emitter due to theemitter stray inductancand baseemitter capacitanceEmitter parasitic
inductance voltage is dependent on dwtien the BJT is switchinglhis voltage change can
be coupled to the bagerminal through basemitter capacitance andfluence the base
current. Furthermorereducinge would increase switching losses as a portion of the fast
switching base currems sourced fronit. Thereforea tradeoff exists betweethebase drive

losses and siching performance of the BJT the conventional base driver design.

7 T S T T B T T
P+Pge !_oss ‘ | lpc=1.5A
61 S Ty -
O 0 O O OO O O O N lpc=1.2A
5 1 1
s ! lp=1A
a4 ‘ ‘
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o l,.=0.5A
—_—
l5c=0-3A
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— ——
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Switching frequency (kHz)

Figure 1-25Power consumptionsimulation analysis in the conventional base driver
relating to the switching frequency(yr. =10V, o a=400NF; =| =1.5Y)
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1.7.4 Alternative base drive techniquedor SiC BJTs
A methodto reducedriver power consumption ia fundamentalconcernin driver design.

This section discusses and reviews several solutions

IMGT base driver i An IGBT and MOSFETGated Transistor structure base driveas
proposed in67]. It is based on the same principle aBarlington cmfiguration which is
shown inFigure1-23. The base current is suppliad part of the collector current of SiC BJT
through IGBT (G1) when the logic signal at terminal lmver the threshold voltagerning

on G1. The base power lossoisly equal to the IGBT driveoss.Moreover, he base current
is proportional tothe BJT collector currenta s Dar | i ngtionnoperatexThen f i gur
disadvantagesf this base driver are cleaa high voltage IGBT is needed and the voltage
drop of the BJTduring conductionis high. In order to reduce ostate power loss, an
auxiliary voltage (Muy source was proposeds shown irFigure 1-26 (b). Compared with
the structure in (a), the collectemitter voltage of the SiC BJT has reduced Ry When it

is conducting. This base driver concept hbsen verified in &kW soft switching SIiC BJT

inverter[6§].

High Voltage IGBT

—H |: BJT!

channel MOSFE

Low Voltage P

T3

(a) Basic IMGT structure

42



VHI.IX ?
High Voltage IGBT 77777777
¢ ’ T I_ll— :
- K .
b p_ —\7 SiC
Low Voltage _|E BJT
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(b) IMGT with auxiliary power source

Figure 1-26 IMGT base driver structure for SiC BJT [67]

Discretized proportional base drive T This type of drivewasproposed {69, 70]. In this
topology, dfferent parallelresistors ardocated within the driver in order tcadjust and
control theamplitude of theDC current as shownn Figure 1-27. Resistors R1 to RN are
used to set up DC base current during the conduction intSwaiches (SW1-SWN) are
connectedn series witheachresistorto open or close a current path to theeb@sminal.The
excessive base currecén beavoided by usingliscretebase current levels. Howeveahe
resistor networkand their gate driversccupya large boardarea andhe additional gate
drivers for switches (from SW1 to SWN) also increase libard compdxity and power
losses. With this optigronly a fewdiscreteDC base currents can be seleatdtch islimited

by the number of the resistorsamth en t he col |l ect or cmaximuent r ea
rated value, all of the resistors need®&connected in the circuit to providéarge DC base
current.Under such conditia) its power consumption is theame as aonventional driver
Further improvementor this structurein order toswitch the SiC BJT fast, would bea
dynamic pover stagewith a RC current path to generate current peaks during the transient
process.This base driver waserified in a DCDC converter applied in an ideal electrical
vehiclein [69] with a steady state base drivierssrediction of 60% compared to a signal

level driver
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Figure 1-27 Discretized proportional base driver (adapted from[69])

Current source base driveri A current source baddriver integrating an aicore inductor
was introduced in[71] as iown in Figure 1-28. Prior to the turron stage of the BJT,
switches SW2 and SWé&eturnedon to charge minductor (L) to anintendedcurrentpeak
from tl to t2 as shown inFigure 1-29. When the desired current peak is achievedtie
inductor, SW2 will turn off to divert this largecurrent to the base terminabm t2 to t3
forcing a rapid turron processFrom t3 to t4the energy in L is completely transferred to the
base and then only DC base current is provideddyy $€t by R1 and R2 as shownFigure
1-28 after t4.Since the mgative voltage sourcéVpp) is used;the negative current peak is

generated at t5 fafast turn off.
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Figure 1-28 Current source base driver (adapted from[71])
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Compared with the anventional baselriver, the RC current branch is replaced by an
inductor(L) and diodg(D) to generatea current peak. This inductor can be seen as an energy
buffer to limit the circuit ringing induced by the parasitic inductance. Moreover, the current
suppled from thisnductor carbe kept constant even if the base voltage fluctuates because of
fast transients. So a low power suppW¥op) (5V referred in[71]) can be used on board,
reducing the resistor power losses on R1, which is the main advantage of the design. No
energy regeneration for the inductsrrequiredand the regeneratiotould makethe design

very complex72]. But for the turroff process, a negative voltage needbeaused tspeed

up the transient to reduce the switching losses, which inevitably increases the amount of

eledrical components and board size.

Dual-source supply driveri This new base driver design is based on a-doarceDC
power supply configuratigras shown irFigure1-30[73]. A low voltage(V.) suppliesa DC

base currenfor the conductionstate while high voltagéVy) for GuseR path is used to
increase the transient speed by generating high current peaks. A low reSiBaream be
chosen to match this low voltage supp¥() to supply a desired base currantin Equation

1-21, which dominants the driver power losses, can be significantly reduced with a small R
Therefore, the base driver efficiency is improved while the switching losses of SiC BJTs
decreaseThathas been experimentally verifieehd appliedn a 6kWDC/DC converter{ 74].

The parallel connection of the SiC BJ¥as implemented to achieva high converter
efficiency 0f98.5%. The base drivenit describedakes 10% of théotal power losses.
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Figure 1-30 Dual-source DC power supply base drivef73

One disadvantager this techniqués that more components are required compared tih
conventional base drivethusincreasing thesircuit board area. According tequation1-23,
with the high voltage(Vy), the capacitor powdosses can become dominamider amiddle
range switching frequenciegshen DC base currerftO ) is low, as shown inFigure 1-25.
Another disadvantage is thdtet base current iRigure 1-30 is not able to change with the
junction temperature or collector cent, so the overdriving occumghen the BJT is not

operating undefull load conditions

The prototypePCB desigrand measuredase curmst waveformfor this driveareshown in
Figure1-31 andFigure1-32 respectivelyThere is onlyone input voltage level di5V onthe
PCB used athe high supplyvoltage,Vy. A commerciall5V to 5V DC/DC converter from
TRACO (Part number: TMA 15058 sshownin Figure 1-31 providesa low voltagestage,
V., to theboard.Figure 1-32 shows the raasurement results af330mA base curren© ,
which is usedo maintain the conduction of the BJT with 1.5A peak currAasuming the
junction temperature is 150°C with current gabas the worst cas¢his drive can matain
5.5A collector currentwhile keeping the ofstate losses lowJsing a separate high voltage

branch offers improvements irswitching speedand it doesnot influence the orstate
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performanceAppendix8-1 and Appendix8-2 give details ofthe circuit schematic and PCB
layout design of the dualource DC power supply base driver.

Figure 1-31 PCB fabrication of the dual-source DC power supply base driver
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Figure 1-32 Base current measurement fronthe dual-source DC power supply base
driver (200mA/ and 1us)
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Single inductor driver T This optimized base driver configuratidms been proposed and
applied toa resonant invertdi75], as shown irFigure 1-33. This base drive featuresback
DC-DC convertercomposed o6W1, SW2 and LThe output current of this converterfesl

to the BJT asa base currentThe duty cycle ofswitches SW1 and SWi& controlledto
supply arequiredDC base currerdccording to the load conditiomhe inductor(L) is used to

store the currenty charging and discharging during the BJFstaite Due to the absenad

the discreteresistor, the driver losses are sigrahtly reduced compared with other driver
structures.The winding resistive loss needs to be taken into account when the DC base
current is very highThe driver carprovidethe adjustableurrens to the basevhich avoid

the overdrivig problem. Sincehis designlacks the dynamic stage for fast switching, the
transientpower losses inevitably increage resonant inverter is a suitable applicationthe

driver, considering a zergoltage switching (ZVSwhich originally possessea very low
turn-off power loss The experimental results show the fact that the converter with SiC BJT
has achieved the highest efficiency driving by the proposed base driver, comparing with a Si
IGBT converter.However, for the hard switchingor high frequency applications,little

advantageareseen in terms of base drive power loss

Wj Bg

SW3 E

<
=)
)

—]

BREERS

SWi1

SW2

Figure 1-33 Proposedbase driver desigrfor the resonant inverter (adapted from [75])
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Proportional base driver 1 A current transformer is used to provide a proportional base
currentin orderto maintain the ostate of SiC BJT# this design as illustratedn Figure
1-34. The collector current is coupled directly to the base through dibdg¢ and the
secondary winding of the transfoemdoes not havany resistorsan its path in order to
minimize the base driver power los4&$]. When SWL1 is turned on at,tFigure 1-35, a
positive peak current is generated due to the RiWimpedance After a short delay, the
collector currentd begirs to rise at t2 causing positive voltage across the winéihgb;
starsto flow due tothe positive P2 winding voltagé&rom t3 to t4, collector curreiricreases
slowly sothat|p; drops to a low leveldependent on the winding number ratio between the
primary and secondary. When SW2 is turned on at t4, thesilts to turn offThe current
gain decreases when the collectorrent is low, so a minimuraurrent needs to be fed into
the basefrom R; underlight load conditionsin orderto keep the BJTconducting The
primary winding brings the extra inductanceo the power line which iV degrade the
switching speedgnhanceheringing effectand stressnthe deviceTransformer overheating

is another issue if thdrive current ishigh. In [77], the autho has applied this proportional
base driver in a 2.52kW buck converter, which has achieved efficiency of 99.3%. The base

driver loss only occupies 2% of the total losses.

Two other structures in[78] and [79] implement a proportional base current without this
transformer. Instead, the collector current or colleetoitter voltage is measured and used
as a control factor to adjust the base currdiie disadvantages of these drives are the
requirements of higlhandwidth current transducer, complex sensing and control cihguit.
addition tothe redesign of the base driver circuits reviewed abdavbas beerproposé to

use onstep commutation algorism for the inverter conf8tl]. Thiseliminates the deatime
effect and reduces the tyom time of each BJT switch in one cycle.négessary conduction

time of the BJT is minimizedndthe driver losses reduce accordingly.
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Figure 1-34 Proportional base driver (adapted from[76])
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Figure 1-35 Time scheme of the proportional base driver
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1.8 Conclusions

Various power devicedhiave beenintroduced in this chapter with their structures and
operation principles. Driwetechnologies are applied on the different devices based on the
requirements for tuning on and offhe superior performance of SiC BJTs, doghewide
bandgap material properties anepm robust device structure, has beesatided in Chapter

1. Compared with the voltagadriven power deviceshé high power logsof the base driver

is one of the weaknesset SiC BJTs Several novel drive ekigns targeting to improve the

efficiency and reduce switching losses are reviewed.

The SiC BJT can operate at a high junction temperature. Chapter 2 ex@ortehing
performancest high junction temperatures for SICTBJwith comparisons to Si IGBTThe

self-heating methodology is adapted to achieve high junction temperature in the experiment.

The experimental results indicate that SiC BJTs are suitable to high temperature applications.

As shown inFigure 1-25, the power losses of the pulse capac{@ys9 at high switching
frequenciesilominatesvhen the DC base current is loWhe energy in the capacitor can be
recovered ingad of draining all the chargéo the groundThis ideais firstly usedin the
base drive desigfior SIC BJT in Chapter3 for high frequency applications’he boost
converter using the SiC BJT driven by the proposed circuit is prototyped aubshs in
Chapter 3

For low frequencyapplications, aractive base driver designfisstly proposed in Chaptet.
Thedesign s abl e to change tanedthubreduee the driverlese\t 0 s
separate current path is included to enable fast switciingomparisonbetween the
conventional driver and the active base drigepresentednd discussed’he proposed base

driver is verified in an integrated converter.

Chapter5 proposedan integrated converter designcluding the theoretical analysis and
hardware prototypeSiC BJTis usedas a power switcin the converter which is driven by

theactive base driver unit

Finally, Chapter 6comes tathe conclusionof thethesisand possible future workased on

the currentesearch

The drive designand implementationsonsidered in Chapter-2are all original and first

proposed by the author.
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2 Comparison of Switching Characteristics between SiC BJ3 and Si

IGBT sat High Junction Temperatures

2.1 Introduction

Semiconductor device power losses manifest itself as heat genewhich needs to be
removed from the dése packaging to maintain theurjction temperature below their
maximum operating condition¥herefore aooling system is requireld dissipate heat away
from the devicepackaging and into the ambierAs the sie of the cooling system is
proportional to the dissgied energya device with high junction temperature capability will
effectively reduce the size and complexity of the cooling sys&f.can withstand higér
maxmum junction temperatuseand has alow intrinsic carrier concentration at high
temperaturewhich reduces the leakage current when the devices are operating in their off
state[81]].

One of the ma advantages oslicon carbide is the increased maximum operational
temperature, due to its wide bandgap, compared to silicon, and the resultant low intrinsic
carrier concentratiarMOSFET, JFET and BJTare commercially available in Si€ach of
these haits own limitationswith respect to operational temperatuF®r an examplethe
maximum operational temperag¢uof the power MOSFET structure have been shown to be
limited at 200°C due to the reliability ofoxiderelated issue$35]. However the leakage
current is almost negligible at high junction temperature for SIC MOSREY. SiC JFET
devices are generically normally on, however normally off structure antalseaon the
market Eventhoughcascadinghe structure witha low voltage MOSFET can reconfigure

the device to become normally pthe additional MOSFET increases thesiate resistance
and maximum operational temperature is limited by the silicon comp¢88ntDue to its
inherently normally off behaviour and the absence of gate oxithesbipolar junction
transisor structureovercomes these limitatioms MOSFETs and JFEStructuresTherefore,
the structure is more suitable for high tempena operation, compared to alternative SiC

technology.

2.2 Seltheating methodology fordouble pulse inductive switching
In order to evaluate the SiC BJT switching performance under high junction temperatures, the
device is setheated above the test temgueire where the circuit is4®rfigured to measure
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inductive switching bsses.This mehodology requires no hot plate to heat the device

externally and therefore reducing stray inductance from routing electrical connections.

Figure 2-1 shows the test circudand time scheme of critical signaBy turning on Q2 and

Q1at the same timforces the devices into a short circuit conditiasshown irFigure2-1b.

As the saturation characteristic of the silicon IGBT is chosen to have significantly higher
current saturation, current is limited by theTBdperating in the active modBue to the
presere of both high current and voltag@l is heated up bgontrolling the applied short
current (Lhor), Short circuit time(T,,) andtime period §-t;. To increase the thermal capacity

of the deviceQ1l a copper block is attached to the backside which mmafmbedde
thermocouple.Therefore after a temperature above the test temperature is achieved, the
thermal time constantemperature dropped 1% after If)Q1 is slower than that of the
double pulsed switching transient, therefore the junction temperatould be close to the

case temperature, due to the significantly higher thermal time constant compared to the
semiconductor dieAs the device is in a cooling cycle, the circuit iscomnfigured so that the

IGBT gate is deactivated and switching timed Q1 isadjusted to achieve the tesindlition.

When the test temperature is reached becomes stab# t;, the device is activated into a

double pulse test and the turn on/off energy losses are reaudad time period;tt,.
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Figure 2-1 Self-heating circuit diagram for SiC BJT
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The gate driveof Q2 is powered by a15V source whosezero potential iseferencedd the
BJTO6s c¢Thé sceematio an®CB layout designfor this high side IGBT Q2 gate
driver are shown idppendix8-11 andAppendix8-12. The power loss of Q1 is given by:

. 0 ab g OY 2-1
7

Where’O is the shortircuit current when Q1 and Q2 are both turned on for a pé¥od

in one heating cycléy

2.3 Operation and experimental set up

In the test rig, the copper bimrs are shown ifrigure 2-2 are used to replace cables
connect theelectrical component®C de-couplingcapacitorsareaddedto the test circuit to
ensure the f&t turn on/off current edges are sourced locally, thus reducing parasitic
inductanceand bypassing AC nois@ smalllength of wire is attached to the emitter terminal

of the BJT for positioning the currerttansducer The base driveircuit is a conventioal

drive with a speed up capacitor, as discussed in seclich 1.

Figure 2-2 Self-heaing and switching testset up
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Vpc in the experimentvasset to 600V atypical testand operatingondition for the 1200V
breakdown voltage devicayhich is Q1(SIiC BJT)[17], whereasthe continuous collector
current isrampedup to20A. The IGBTused in[84] hadthe same breakdown voltapet a
continuous colleor currentof 90A. When Q2 is turned oras a short across the loabe
shortcurrentamplitudeis limited byQ1 and therefor&1 undegoessignificant selfheating

D1 is a 1200V/108 SiC Schottky diode made by GeneSiC due to its low reverse current
which is 2%A at 1200V/28C. The continuous DC current is 100A for this diodée
maximum junction temperature can be AZ5DC power supplyand L1 is embedded in a
switching test rigas shown irFigure2-3. The load inductor is constructed using an air core
with a single layer of winding to minimise parasitiapacitance across the winding$e
DC-link voltage is supplied from a rectified output from a transformiin multiple output
taps fed from a vaaic at the primary windingr'he rig provides three connections; across the
load inductance for connection QfL and free wheel diode and at a ground plane where the
current sensor is positione@ihe power connectiors in a busbar layout to minimise stray
inductance between the Blldk capacitance an®@1. Control logic signals are generated
from a FPGA, located outside of the test rig. Galvanic isolation between the low voltage and

high voltage sides of the test igyfacilitated by an optical emitter and receiver.
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Figure 2-3 Experiment set up using a switching test rig

2.3.1 Short circuit test for SiC BJT

In the absence of ahort circuit provided bythe device manufacturg single pulse short
circuit testing was performed d@l. The same test circuit was used to establish the short
circuit performance of the device, both Q1 and Q2 werdrolledtogether so thad1 would
enter into a short circuit mode where@s would control fault current and act ascurrent
limiter. Short circuit testing was performed with a single skpouie of 9us at a very low
frequency to reduce the effects of accumulative power heating.

Figure2-4 shows typical short circuit behaviour QfL. under variou®C-link voltages. A low

i mpedance path provides a boaprecessasspeafindin s pi k
last chapterThis large current forces the BJT working in the saturation region with low
resistancewhich results in a current spike through Q1 and Q2 at the beginning as shown in

the figure.As time increases the device astéhe active mode of operation and shibrough

current reduces to a stable st&dering this time, there is a slight oscillation o1 due to
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the resonance betweéme DGCIlink capacitance and parasitic inductameguced bythe wire

connecting Q1 and QZhe wire is required tenablethe airrent transducer to measure the
short current.
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Figure 2-4 SiC BJT short circuit performance

Under these tests, the SiC BJT can surviveugashort circuit period up td00A at 600V
when driven bya 1.6A base currenDue to the constant base curraghe shortcurrent does
not changealthoughthe voltagas increasng from 120V to 600V At 100A collector current,
Vce2is only few volts due to the large current capability of the selected |GBEhown,
under these conditionke Early Efect is insignificantfor the SiC BJT.

If the short circuit time is increasém usto 17us, as shown irFigure 2-5, the device fails
after several test cycles. The failedevice demonstrates arpen circuit characteristic
implying a failure of the wire bondsf the device This provides a maximum limit fahe
self-heating approach prior tbe inductive load double pulsest.
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Figure 2-5 SiC BJT short circuit performance with longer time period

2.3.2 |-V characteristics and toleranceof two SiC BJT samples

A number of preproduction 1200v/20A SiC BJT samples were supplied from
Transic/Fairchild. Due to the device infancy, only a primary datasheet is provided by the
manufacturer, thereforéo establis the electrical characteristics of the devices, DC
characterisation was performed using ecktronix 371A interfaced with a Thermstream.
Three terminals of the BJT are directly connecting to the ports of Tecktrahich will
supply a steppedbase cuent (L) from OmA to 800mAand increase theollectoremitter
voltage (¢ gradually for each step of base currents. During this protesscollector
current (1) is measuredb plot the 4V characteristic of the BJ&s showrFigure2-6. The SiC

BJT samples were placed intatemperature controlledhamber wher¢éhe temperature was
adjustable The internal temperature of the chambe&rs maintainedat the sepoint for ten
minutes by the thermestream unit to ensurthe junction temperature be the same as the
chamber temperatur€&igure 2-6 shows thd-V characteristics of éhhBJTsat 23C, 150C

and 193C for base currentsangingfrom OmA to 800mAin steps o200mA

The curves of two samplesamed BJT 27 and BJT 2&e almost overlapt collector current
levels of 20A for a temperature range @5°C to 193C. The collectoremitter saturation

voltageis measured a0.5V, 0.8Vand 1Vfor a collector current 20A and temperature of
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25°C, 150C and 193C. This would result in an increasing estate power loss at high
temperatureFor the same base curremhje to the rduction of current gainthe collector
current in the active region reduces with the junction temperafimerefore,the device
requires an over current rating of the base drive so that the deviceateger the active
mode during high temperature opgon. Comparing the measureeVl characteristics with
the one given in the datashedtetsamples used in the experiment are representaitive

devices at themninimumend of the device tolerance
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Figure 2-6 1-V characteristics comparison of two SiC BJT samples
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2.4 Switching performance of the SiC BJT at high junction temperature

In order toreducethe power dss inQ2, as showrin Figure2-1, the DClink voltage Vpc)
should bepredominantlysupportedacrossQl whenboth device Q1 and Q2 areturned on
The power los® of the BJT Equation2-1, is dependenbn heating period’Y ) and
short circuit current level'©@ ). Q1 collector current©@ ) is controlled by the base
current.Due to the short circuit safe operating area liniids, should be set below 20A
which isthe ratedvaluein the datasheet.nE base current wakereforereducedfrom 1.6A

to 0.15A and 0.29Aby increasing the bagkiver resistorR; in Figure1-24. Even though the
base current is the same (0.15A), the case temperature can be changed by varying heat period
("Y ) as shown infable2-1. The test can be repeated once the device temperature dropped
to the ambient temperatuasthe shortcurrentduring the experimens not over 20A and the
maximum cas temperature is lower th@&»®C. The SiC BJT under test is still functionkd.
terms of the gatandbase signatequenceQ1 is turned orearlier than Q2 to avoid large
turn-on surge currentwhich couldoverstress Q1For all tests a constant collector voltage of
600V was usewvith a fixed on pulse of 38, as shown inrable2-1. To seltheat the device,
the period of this pulse was varied until the batde temperature was above the test
temperature. Due to the large thermiate constant of the copper heagstached to the
device, the junction temperature is at a qustsady state during the duration of the double
switched test to establish turn on and off losses. For the 2ZH¥€ tenperature the base
current was increased to 0.29A in order to pass 18A through thecBBE to it rated
current. Most of the applications are designed to operate the @deigealto or smallerthan
their rating current to ensure the performancedewce lifetime.The progranfor the FPGA

to generateontrol signals is listed iAppendix8-13.

Table 2-1 Heating devices with variousj| j 4 <far SiC BJT

W p ‘O Y Y Base current 0 Max. case temperature
(V) (A (us)  (ms) (A) (W) (°C)
600 14 10 90 0.15 11 45
600 11 10 15.5 0.15 6.6 115
600 18 10 8.99 0.29 14 240
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After severalthousand heating periodthe case temperature which is monitoredby a
thermocoupleremained fixedDue to thehigh thermal capacitance tfe copper block, the
case temperaturean be maintainedor one secondfter selfheatingceased During this
period, the switching test ise-configured for the double pulse inductive tdsigure 2-7
showsvoltage and current wavafos when Q1 and Q2 are both conductifipe short
current('O ) is recordedor all tess. Due tothe different junction temperature in (a) and
(b), © is charged although the base current remathe same. At high junction
temperature, the resistance of the SiC BJT becomes larger which ré&duceis Figure
2-7(b). Moreover, the current is found to decrease at the end of the waveform (CH3) due to
the junction temperaturgsing with time. According to the differenbeating timesSY in
Table2-1, the maximum case temperatunesrease fron##5°C to 24(°C. The peakcollecta
currentis muchlower thanthatin Figure 2-5 due to themodification to theurn-on sequence

of Q1 and Q2Due to the speed up circuit in the base drive, a peak collector current is

observed in all tests due tiwe base current peak for fast tum.
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(a) 45°C junctiontemperature
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Figure 2-7 Voltage-current waveforms during the heating process for SiC BJTCH1
(Yellow): 1 @ , CH2 (Green): - g , CH3 (Purple): K 1. » «

The base current increases to 29 in order tosupporta highershort circuit currenfO )

of 18A asshown inFigure2-8. In the following test, the devicevasswitchedat this current

level for the transient loss measurement.
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Figure 2-8 Voltage-current waveforms during the heating process for 249C junction
temperature: Black line: 1~ @ , Blue line: 7~ @ , Red linet & . » <

When the copper block is above tbetpoint, Q2 and Qlareturned off to prepare for the
double pulsdest During the double pulse svahing test, Q2 is held off an@1l is turned on
until the current ofthe loadinductor(L1) is 18A, as shown irFigure 2-9. The Q1 collector
current termed('Q, ) is shown on channel @H3) in the figure Then Q1 is turned off and

L1 currentfreewheet through D1 After 40us Q1is turnedon againdiverting the free wheel
currentinto Q1 and enabling an inductive turn on measuremastexplained in Chapter. 1
After a shortperiod of time(40us), so that the turn on transient is captured, the device is
turned off and the induiee energy is dischargeda the free wheel diode prior to the next

test.
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Agilent Technologies THU JAN 09 10:41:39 2014
0 200v/ @ 200v/ @ 1004/ @ o 16048 20008/ Stop 3 145V

Max(! ): 806V |
Max(? ): 672V ]
Min( ): -31V ]

]

Max(3 ): 20.4A

Figure 2-9 Double pulse switching test for SiC BJT at 248C: CH1 (Yellow): 1 gt ,
CH2 (Green): - g , CH3 (Purple): kg

Figure 2-10 shows turn on and off characteristics for a 1200V/20A SiC BJT device at a
junction temperature of 28-240C. As shown, he switching process has waeak
dependency upon junction temperatudering the turn on proces§jgure 2-10a, collector
voltage falls from 600V and collector current increases gradually, even though current gain is
reduced and surfacecombination is larger at high temperatures. Here the base drive has
been design to deliver 1.6A to ensure that the device operates in its saturation moadesand

on quickly.

As shown inFigure2-10b, the current values drop from 18A and the cobleemitter voltage

rises to 600 during the turroff transient The turnoff energy losses are reduced at high
junction temperatures comparedwthat at the low tempature,possiblyas a results ahe
improved base ohmic contact resistaf8b]. The switching speeds are quantified by the
value of di/dt and dv/dt. The deviation between 10% and 90% of the steady value are used as
limits for the gradientsThe measuredii/dt in Figure2-10a is 2.3410°A/us and the dv/dt in

Figure 2-10b is 17.8&10°//ps. The resonance in the circuit is noticeabllee tothe fast
switching eed of SiC BJTAIthough the experimental sep has already intended to reduce

and minimize loopparasiticinductance high frequency components are still introduced by
large dv/dt and di/dt.
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Figure 2-10 Switching characteristics of SiC BJT atvarious junction temperatures
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2.5 Switching performances comparison between Si IGBT and SiC BJT

In order to compare & switching performances of tH&iC BJT and tradional Silicon

devices, a Si IGBTated at 1200V/20A85] is testedat different juncton temperatureThe

breakdown voltage is 1200V and the continuous collector current is rated at 20A for this

IGBT. ldentical methodologieand time shemeas used foboth devices, aircuit schematic

of the test IGBTis shown inFigure2-11. The schematic and layout design for the low side Si

IGBT Q1gate drivercan be found iA\ppendix8-14 andAppendix8-15, respectively.

(o -— —
+
Gate H[ SIIGBTA D1 :gggcl:c:llve
drive Q2
Ciink
VDC —
Si IGBT
Gate Q1
drive
o—4

Figure 2-11 Self-heating circuit diagram for Si IGBT

Table2-2 shows the short circuit parameters for $edting the IGBT devices from %0 to

160°C. The collector current@

) is controlled by the gate voltage of Qhese conditions

were usd to increase junction temperature prior to the double pulse testing.

Table 2-2 Heating devices with various;| | 4 4fQr Si IGBT

(V)

600
600
600

0

(A)
20
20
21

~

(us)
10
10
10

Y Gate voltage 0

(ms) (V) (W)
80 6.9 1.5
27 6.77 4.4

15.5 6.52 8

Max. case temperature
(°C)
50
100
160
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After seltheating, the circuit is reonfigured to perform a double pulse switching test.
Figure 2-12 shows a typical switching waveform of an IGBT post $&lating whereas

Figure2-13 shows the turn on/off transients with respect to the temperature.

Agilent Technologies THU DEC 19 14:28:09 2013
0 200v/ @ 200v/ @ 1004/ @ Wy 100.0¢ 50.00%/ Stop 258V
3

Max(1): 670V Max(2 ). 622V Min(1): -30V Max(" ). 19.bA

Figure 2-12 Double-pulse switching test for Si IGBT at 160C: CH1 (Yellow): - g ,
CH2 (Green): - g , CH3 (Purple): kg

During the turron processas shownn Figure 2-13a, V¢ falls from 600V and the collector
current stas to increase graduallZarrier lifetime, mobility andhe MOSgate threshold are
temperature dependant in Si devices, theresgtching losses are temperature dependant
for the Si IGBT, unlike the BJT. Ehswitching times foboth tun-on and turroff become
longeras junction temperatures increaséke di/dt shown irFigure 2-13a is 0.%10°A/us

and the dv/dt shownni Figure2-13b is 5.%10°A /s atajunction temperaturef 165°G 3-

10 times smaller than those obtained from SiC.BI# switching test rig used for Si IGBT
isthesame as that for Si C Bslobvibssly mudholess duetoe, t

slower switching speed compared with SiC BJTs.
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Figure 2-13 Switching characteristics of Si IGBT atvarious junction temperatures

The total switching energy losses for Si IGBTs and SiC BJTs are summarizegiia2-14.

The power losss are calculatedsing Equatiorl-17. For these testshé maximum junction
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temperaturs of the Si IGBT are limited to163C. Moreover, the switching losses of SiC
BJTs are much lower than 8BTs from 25°C to 240°C and theyeamsensitive tahe
junction temperature The total power losses of SiC BJT are even lower than theoturn
losses of Si IGBT. These advantages make SiC BJT a competitive candidate in high
frequency and high temperature applicatidnsterms of driver désses, the BJT consumes
422uJ for 10us period which ismuch greaterthanthe IGBT6 $oss of 20uJ, in large part

due to its current driven characteristic.

2.3/ ' ' ' ' ' T I ; r ]

22 | - —®—E, (SiC BJT) |

2.0 —®—E¢ (SIC BIT)]
- 184 = e . ]
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Figure 2-14 Switching energy Iessescomparisonbetween SiC BJTs and Si IGBTs

In [65], the author compares 1200V SiC BJT with Si IGBT at various collector currents under
the room temperature. The total switching losses of the SiC Bsdms 11 times lowahan

a corresponding Si IGBT atallector awrrentof 4.5A. In [1], the experimental results show
that the switching losses of the SiC BJT is 22W less than the SIG@BT50C, 40kHz and

6A 600V, which corresponds to a switching loss reduction of ~4@944], the SiC BJT has

the total switching losses of approximately f3@nd the Si IGBT has approximately 2mJ at

25°C and 20A collector currenHowever, none of these published studpsrated the SiC
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BJT at 240°C and measured the switchiogses. Testing at 220 is undertaken in this

chapter and extends the knowledge base for SiC BJTs.

2.6 Summary
This chapterhas demonstraté that the switching charactestics of SiIC BJTsat junction
temperature up to 240°C.The implementation o selfheating method for a SiC BJhas

been showio provide an effective test method

Measuredswitching pwer losseshave beenshown with a double pulsdest circuit at
600V/18A with respect to junction temperaturBhe switching speedwasfound to be very
fast (90 nsl20 rs) for the SiC BJT andalmost constantacross thetemperature range
considered The switching test fothe Si IGBT was implemented ajunction temperature
165°C for comparison. The switching spe#fdthe SiC BJT washownto be 3-10 times
shorterthan that of the SilGBT. Especially at high junction temperatsréhe switching
energylosses of the Si IGBT are almost four times larger thai ofthe correspondingiC
BJT6 .dn terms of switching performanceSiC BJTsoffer the advantage ofeducedpower
losses and temperatunedependencyat the expense of significant base drive los$ée
base driver designvhich forms the focus o€Chapter 3 will providean energy recovery

solution to reduce the driver losses for ahhsgvitching frequency application.
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3 A BaseDriver with the Energy RecoveryCircuit for SiC BJT

In this chapter, for the first time, implementation of an energy recovery circuit into the base
drive for the SiC BJTis demonstrated. The operajimodes of the energy recovery circuit

are analyseon stepby-stepbasis The electrical circuit is simulated using LTSpice bath
verification and estimation of driver power losses. Both simulation and experimental results

confirm the driver loss reduonh compared with a conventional base drive.

3.1 Introduction

Power electroniconveters based o8iC device technologies have demonstratedisizant
advantages over Siounterparts due to a combination of low-state losses and faster
switching speedg$5, 86-89] making the device a promising candidate for future power
electronic applications-or fast switching speeds the capacitanggs{n the conventional

base dwver, as discussed in Chaptehas to be large. This capacitor dissipates significant
power in high frequency applications. When the base current is low, the capacitor power loss
can even dominant. In order to minimize tinfduence of voltage fluctuation at the base
terminal, which is coupled from the emitter parasitic inductance during the transient period,
high DC voltage in the base drive is required, which inevitably increases the capacitance
power loss within the speetb circuit. A 1.7kW DC/DC converter using SiC B3Triven by

the propose base driveiis built with a wide switching frequencsangesfrom 62.5kHz to
250kHz, providinga platform toevaluatethe performances of the converter based &iC

BJT andthe proposed base drive

3.2 Functionality of the proposed base drive

3.2.1 Operation modes

The schematic of the energy recovbase driver is shown iRigure3-1a along with a timing
diagram for a complete cycl&ymbols shown in time scheme can be founth&following
analysis.The energy recovery function causes the power supply curmgnttd have a
negative current value as the energy flows into the su@aynpared to the traditional base
drive, asshown inFigure 1-24, the additional electrical coropents utilized in the proposed
structure are diodes (D1, D2), indacf{L) and MOSFETs (SW2, SW3).
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Figure 3-1b Equivalent circuit of the energy recovery base drive during Mode 1

Mode 1: p--t; (Figure3-1b)

Initially the BJT is caosidered to be in its offtate. h order to turrthe SiC BJT ona gate
signal is applied tdurn SW1 and SW3n while SW2 and SW4 are offl his causes a base
current to flow through SW3R; ando , as showrFigure3-1b. The power supply current
('O ) provides a peakurrent to the base drive fdast switching as shown iRigure 3-1a.
During this mode the energy keery portion of the drive is inactive and the circuit operates
in asimilar manner aa conventional drivekigure1-24. Duringthe on-state operation of the
BJT, the pulse capacitor is effectively charged to the level of the power sdpplynfinus

the voltage dropped across the base resistgr dRd theemitter base junctiorDC base

current("O ), which maintains the estate of the BJT, is set up by &d R.
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Figure 3-1c Equivalent circuit of the energy recovery base drive during Mode 2

Mode 2: {--t, (Figure3-1c)

After its onstate, the turoff process starts by switching SW1 and S interrupting the
base current and connecting the base terminal to the emitter potential. Whilst SW1 and SW3
are maintained in the efftate, SW2 and SW4 are turned on which directs the energy stored

ino into the inductolL), as shown irFigure 3-1c. If we assume that SW2 and SW4 are

turned on atit the inductor currentO) and capacitor voltag@o ) can be obtaineds

W W A 31
OO — 0 Ofl o
17 0
W W R 3-2
w 1 1 Q OBl o —
Where
: p 3-3
Lo
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| Y 35
cO
And then
0 W& [ / | o >0
| | 5 v P
Wherew is the baseemitter saturation voltag@he inductorstoresmaximum energy at

ty, as shown irFigure3-1a. This time interval ¢t;) can be obtained by solvirifguation3-1

considering— 1T
o o 4 3-7

In an ideal case, there are only and L in the path and no resistan¢(BR;=0). The
maximum inductor current will occur when the capacitor voltage is equal tolewever,

for the case in whicla damping resisto(Rs3) is inserted there is achangen the phase angle
between voltage and current in LG such casethe capacitor voltage reaches zero at
O A [ 75 .Anonzero capacitor voltag@) will influence the pealof the turnon base
current inthe next cycle. From th point of view, according t&quatiors 3-6 and 3-7, the
variations of the inductand&) and capacitanc® ) will impact both the turron power
loss of the BJT and the maximum energy recovatg When the capacitor voltagé )
becomes negative at ais shown irFigure 3-1a, the current freewheels through SW2, D2, L,
Rs. Due tow clamping to a negative potentjghe resonance beagninductor and capacitor
will stop. The freewheahg period must be as shas possibled reduce the power losses in
this current path.
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Figure 3-1d Equivalent circuit of the energy recovery base drive during Mode 3

Mode 3: t--t3 (Figure3-1d)

Mode 3 occurs when SW2 is turned &b divert the inductorstoredenergybackto the
voltage supply via Band DO, as shown irFigure 3-1d. Due to the resonance betweeg,e
and L, the voltage of ¥ becomes negativehen all the energy isansferred into L. At this
point (), the current flows through D The effective resstance of thecomponents in the
current flow path reduce the efficiency of the energy recovery cirthi. current in the
inductor flows back tow , creathg a negative current pulsedldedonto power supply

current('O ) asshown inFigure3-1a.
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Figure 3-1e Equivalent circuit of the energy recovery base drive during Mode 4

Mode 4: ¢--t, (Figure3-1e)

Once theenergy stored in the inductor héeen transferred into the voltage supply, the
circuit operates in Mode AR, and R areused todampenany resonance intduced bythe
strayinductance or capacitancat the point theenergy recovery is completeithe ciicuit is
ready for the next turon signal for the next cycle (Mode BHccording to the BJT datasheet,
the baseemitter capacitance is only 16nkhis is almost six times smaller tha@puse
Moreover, the baseemittersaturation voltge is around 3.2V, which lswer thanthe voltage

of the capacito(Cpusd. The associated energies illustrate that in ordee¢overy theenergy

storedin baseemitter capacitor@gg), the cost is too high for such athamount ofenergy.

3.2.2 Diriver loss analysis from the simulation

The power losand energy recovery efficiency Vebeen analysed in LTfce. In order to
simulate the circuit accurately, a repentative SiC BJT modptovided by the manufacture
is used 18] and listed inTable3-1:
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Table 3-1 BT1220 NPN SPICE model

Parameters Description Units Value
IS Transport saturation current A 5.1x10*
BF Ideal maximum forward beta no unit dimension 74
NF Forward mode ideality factor no unit dimension 1
ISE Baseemitter leakage saturation A 7.56x10°°

current
NE Baseemitter leakage emission | no unit dimension 2
coefficient
BR Ideal maximum reverse beta no unit dimension 0.16
RB Zero-bias (maximum) base Ohm 0.076
resistance
RC Collector ohmic resistance Ohm 0.0175
XTI IS temperature effeexponent no unit dimension 3
XTB Forward and reverse beta no unit dimension -1.1
temperature coefficient
EG Bandgap voltage (barrier height) eV 3.2
TRC1 First order temperature coefficien 1/° 4x10°
for RC
CJE Baseemitter zerebias pn F 5.72x10°
capacitance
VJE Baseemitter builtin potential \% 2.9
MJE Baseemitter pn grading factor no unit dimension 0.5
CcJC Basecollector zerebias pn F 2.5x10°
capacitance
\YA[®: Basecollector builtin potential \% 2.9
MJC Basecollector pn grading factor | nounit dimension 0.5

I-V characteristic®f the modelrecompared with the daextracted from thelatasheet. As
shown inFigure 3-2, the SPICE model canreplicate reasonably wethe devicedatasheet

performance with different current base and have the identical current gain.
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Figure 3-2 SiC BJT simulation modell-V characteristics

The proposedbase drivedesigncircuit schematicis shown inFigure 3-3a. For simulation
purposesthe driver is applied ta DC/DC boost converteCompared to theonventional
base driver shown ifrigure 3-3b, the additional diodes (Dand D), switch (SW2) and
inductor (L) areusedto recover energy from the pulse capacitor ( ) back to the DC line
(w ). The power lossaused by these additional components deeethe efficiency of the
energy recovery circuiPower losses of all low voltage MOSFETs (SWland diodes (D1
2) are included sinciheyare not ideatlevices insimulation Transient performanseand on
state voltage drapare based on the real deviggecificatiors. DC/DC converterdesign and

parameters will be elaborated in next section.
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The parasitic inductancestroduced by the packagdé the BJTtakenfrom the datasheeare
included in the simulation as shown kigure 3-3. The parasitic inductancé2 (25nH), is
added to thdase terminalvhich leads to resonance withe pulse capacitorLl and L3are
attached to theollector aml emitterterminalsresult in the electricadtresson the BJTduring
the switchingtransients Attenuation resistor Ris added close to the base terminal to reduce
the resonance effeat the energy recovery circuit. It will consume the power during the
energy recovery if it is put in series witly @s the conventional driver doesHkigure 3-3b.

Moreover, this resistarontrols the base peak current during tam

Table 3-2 Simulation parameters of the energy recover baseride

DC power supply ®w =10V
Base resistor R=15
Damping resistor R=1. ¢
R=0. 1
Pulse capacitor 0 =100 nF
Inductor L =
Diode (D,D>) NXP PMEG2005
Switch (SW14) IRLML6246

The SPICE models of thelectricalcomponentsn the base drivearelisted in Table 3-2 for
Figure 3-3a. The maximum collector current of Q3 ral Q4 in the simulation i40A and
assume thathe junction temperatures kept below 100C. The current gain under these
conditions is approximately 39.herefore, lhe DC base currenfO ) needs to be420mA,
which is calculated based on Equatibt9. The total resistance &; and R is 16.5Y when
the power supplyp , equals to 10V for the requiréd . The initialbasecurrent peak can be
described as an exponential function:

9 W W T 3-8

Y Y

WhereY s the onstate resistance of tdOSFET1 (SW1) which is 45nY .

By integrating Equatio-8, the charge injected into the baselds:

85



. o . , _ 39
0 o] () W p Q

We can solve this equation for t:

o 5 i
5 Y Y & 1ip —ot _ 310
w w (0]

0 for the SiC BJTused in the thesit 500V is 180nCThe turron time ofocan be found
by putting the parameters into Equati®i0, which results im5.9nsfor the proposediesign.
Given the values of L, £and R in Table3-2, the conduction time of SW2 is set to 510ns by
solving Equation 3-3 to 3-7 for0 0. Therefore, 510ns is required as the minimum off
time to complete the whole energy recovery procHdsthe application does nateed to
switchthe SiC BJT, the energy recovery dnivis able to provide DC base currémtkeep it
conducting.However,manyapplications suchasinvertess, need to turn on and off the BJT
and insert a deatiilme to ensure no shettirough in a legThe maximum duty cycle for the

energy recovery driver glds:

0 p Qo o pmmp 3-11
Where™Qis the switching frequency amadl 0 is the ortime of SW2as specified in

Equation3-7.

Before committingthe energy recovery drivéo hardware, it is necessary @éasure correct
operation of the systenif the maximum duty cycle does naoteet the requirement of the
design,it is possible to modifghe value of theinductance of L inFigure 3-3a to either
increase or reduae 0 so agoadjustO . It is also possible tohange the capacitance of
0 . However thiswill inevitably affect he turron time The maximum dutgycleis plotted

in Figure3-4 with parameters set in the simutatiin Table3-2.
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Figure 3-4 Maximum Duty Cycle vs. Frequency

The conventional base driver is simulated as the circuit is shovwigure 3-3b for the
purposes otomparisorwith the proposed base drivefhe parameters of eacdomponent
are listed inTable3-3 following the same selection steps introduced above to satisbathe
specifications for the DC base current and peak current.

Table 3-3 Simulation parameters of tr@nventionabase drive

DC power supply w =10V
Base resistor Rs=16.5Y
Damping resistor Re=1.7Y
Pulse capacitor 0 =100 nF
Switch (SW5,6 IRLML6246

Figure3-5 shows simulationvaveforms forthe proposedase driveshown inFigure3-3a at
Pulse Width Moduwdtion (PWM) frequencyof 25CkHz. The voltage of the pulse capacitar)
is charged during the twwon to approximately 6.5Vif Mode 1). At the same time, the
power supfy provides a current peakotthe base for fast switchin@he inductor starts to

store energy transferred fron , causingcurrentObegins to rise Nlode 2); his time

periodcan becalculated byEquation3-7. After @ has been discharggdductorcurrent, and
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hence stored energy, flovsckfrom the inductor intdhe power supply, causirg negative
current pulse ofO (Mode 3).Finally, the currentO andCbecome zero, as shownlfode
4 and the circuit is ready for the next pul3@ée duty cycle in the simulation and expegim
has been set 0% Base on Equatiod-23, the power losses of the pulse capacitavnky

relatedto the capacitor voltage, capacitan@@ueand the switching frequency.
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Figure 3-5 Energy recovery waveforms in the simulation forthe energy recovery base
drive

The base current peak value strongly dependb@papacitance of{&and resistance of fn
the schematic ifrigure 3-3a. The tolerance of £s +20% and Ris £10% in the prototype.
The effect of component tolerances on performance was a sdriesmbinations, i.e.
(+110%R,, +120%G), (+110%R,, 80%Gs), (90%R,, +120%G), (90%R,, 80%C;) and (Rx,
Cs3). The base peak current waveforms obtained from the simulation are shévwguiia3-6,
taking the tolerances into the consideratida.shown in the figure he maximum bas@eak
current(red line)occurs when gis 20% larger and Hs 10% lower than their normal values
respectivelyThe minimum baseeakcurrent(green ling appears when s 20% lower and
Rz is 10% larger than their normal valud$e blue lire shows the current waveform with
normal values of €and R. The difference is 0.7A between red and green liAighe rest

of resultsusingthe othercombinations will fall in the range between red and green lines.
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Figure 3-6 Simulated influence of component tolerance on base current waveforms

Power losses for a conventiorlahse drive(0 ), as shown inFigure 3-3b, and the
proposed ) base driveas shown irFigure 3-3a, with respect toPWM switching
frequency are shown in Figure 3-7. Both 0 _ and 0 _ are simulation results

obtainedfrom LTSpice. Due tothe strong frequencyglependencytotal driver losesincrease
linearly with the frequencyas indicated in simulation resultsigure 3-7. The power saving

(0 ) due to the energy recovery functican bedefined as:

~ ~ ~

5 0 0 312

If the duty cycle changes, the energy storethanboost capacitor withot be influenced as
discussedn Chapter 1Therefore, thepower § ) doesnot changeThe total power losses
for both drivers increase due larger resistance lossest very low switching frequencies,
losseswill be very close to each other since tregpacitance power losses are low.gh
switching frequencies, theonventionaldriver will not turn on the BJT efficiently This

aspect of behavior is illustratedtime following section.
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Figure 3-7 Power los&svs. switching frequency insimulation

Additional electrich componentscan hcreased and consequently redude

However,it is worth notingthat these lossesontributea small proportion of total power

consumption Simulation mwer losses ohdditional devices, D D,, SW2, SW3, R and
inductor Larelistedin Table3-4.

Table 3-4 Power losses of additional components in the energy recovery circuit

63kHz 14%Hz 20kHz 25(kHz Unit

D, 5.4 11.92 16.67 20.85 mw
D, 6.5 14 19.5 24.6 mw
SW2 54 12.15 17 21.3 mw
SW3 6.12 6.39 6.6 6.7 mw
R3 14.6 32.7 45.5 57 mw
L 3.5 7.8 10.9 13.6 mw

90



The power consumptioof the resistors is frequenéydependent and can orthg reduced by
decreasing the resistanc2 2 or the base driver power supp{o ). Sincethe power
loss of capacitord is strongly related to switching frequenci)(, theoreticallythe
recovered powefd ) should increase with switching frequengjowever simulation shows

that the energy recovered reduces when switching frequency is increased beyond 143kHz.

Figure 3-8 showsthe supply current® ) andpulse capacitor voltag@p ) in a conventional
base driveat the switching frequency of 250kHZThe initial pulse capacitor voltag@v ) is

1V at the beginning othe turn-on process This consequetly reduces the power loss of the
capacitordue to the reduction of pulse capacitor voltageereforep decreases due to
reducedcapacitance losat high switching frequencie#n terms of turron loss,a non-zero
pulse capacitor voltagéw ) results in areducedcurrent peak and consequently a slower
switching speedCompared to &.5A peak drivecurrentfor the proposed circuit, ahown in
Figure3-5, this reduced tapproximately3.4A for a conventional base drive uras shown in
Figure 1-24. Therefore the maximum applicable switching frequenayhich is around
150kHzfoundin the simulationjs internally limited by a long discharge time constainthe

pulse capacitord ) for a conventional base driwtructure.

Voltage (V)
Current (A)

T T T — 77 -1
8.0y 8.5u 9.0p 95y 1000 105y 11.00 115y 1204
Time (s)

Figure 3-8 Power suppy current ( |=rr p and pulse capacitor voltage-r ) in the
conventional base driver
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3.2.3 Simulation for the boost converter with proposed drive and control loop

A boost converter with a closed control loop is simulated in LTSpice, as the schematic shown
in Figure3-9. The energy recovery circuit is used to drive SiC BJT in this application and the
drive circuit itself has been analysed in the simulation in the lasbsedGhe converter is
capable of regulating its output voltage at 500V from 300V DC impth the proposed
control circuit, which is mainly composite of: 4&caling resistors (R6 and R&)r the
feedbackof the output voltage (Medbac), three comparaterU1-3) to generatéWM signals
(Vcontrol_n @nd Veontro 1) @nd three reference voltage sourcés, (V6 and V7). In order to
regulate Voutl at 500V, MdpbackNeeds to be controlled to with2V by the close-loop.
Therefore, the reference voltage V7 & $0 2V in Figure 3-9. C3 and U1l form a basic
integrator to integrate the error betweéégeqsnackand V7 which can effectively avoid SW1
and SW4 from continuouskyorking in 0% or 100% duty cycle situatiohhe output of U1 is
comparing with a triangle wave voltage MBe frequency of which 82.5kHz The output of

U2 isa PWM signal to control SW1V1, V2 and V3 are levedhifters to boost the control
signal to BV to switchonthe MOSFETSU3 is used to invert Mnwol 110 generate Mniol L

PWM signal for SW4As to avoid SW1 and SW4 from turning on at the same time, V5 with

a positive value can delay the invertingpcesof Vontrol_ 1
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Figure 3-9 Converter simulation circuit

In order to validate the cloddoop design, the step response of the converter is simulated
with the proposed driver technologhhe load resistance &7 will changeat different time
pointsin the simulationto createvariousload currents. The response ta stepchange in

load is shown irFigure 3-10a, which includes the c@ttorcurrentof the SiC BJT @¢(Q1))

and the converter output voltageq()). An initial voltage of 400V was set to the output
capacitor (@) for fast simulatiorand the initial resistance of R7 is IpOn the simulation.

At 100us time point inFigure 3-10a, R7 is changed to 4, which forms a low impedance

path and reduced the output voltage (Voutl) to a minimum 30V fqusl(ince the design

is not supposed taccommodatsuch high current to the load, the output voltage reduces to a
low level and the collector curreotzershoots An initial state of the converter for the step
response has been achieved with such low output voltage. After®ardfianges back to
1509 and the output voltage increases quickly to its regulated voltage. During this process,
the converter increase its duty cycle QiWo Hin order to provide power quickly to the load

R7, which inevitably raises the collector currer{@1)) howeer still below 20A. When the
output voltage is regulated at 500V at 2.7ms, the duty cycle is stable at 33% with the output
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current 3.3Aas shown irFigure 3-10b. At time point 4ms as shown fgure3-10a, R7 is

set to 10qQ, requiring 8.3A output currenWhen the output voltage becomes stable again at
500V at 5.5ms, the duty chgc of the base current is 51%s shown inFigure 3-10c.
Therefore, the control mechanism and the gate driver are functional and capable of adjusting
the duty cycle to maintain the output voltage at 500V.

@)

Collector current 1c{Q1)

Vivout1}

4ms, 500V

Output voltage Voutl
]
=

0.0ms 0.6ms 1.2ms 1.8ms 2.4ms 3.0ms 3.6ms 42ms 48ms 5.4ms 6.0ms

Time (t)

(a) Step response of the converter

Output current I{R7)
£

1b(at)

Base currentlb(Q1)

.2551'1'5 2.58ms 261ms 2.64ms 2.67ms 270ms 2.73ms 2.76ms 2.79ms 2.82ms 2.85ms 2.88ms

Time (t)

(b) 33% duty cycle for 3.3A output current
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Figure 3-10 Step response and duty cycle variation simulation results for the boost
converter

The operation of the energy recovery cirgsihot affected by the step change of ed and
operatesorrectlyto provide adequate base current to the SiC BJT as shokigure 3-11.

In order to transfer the energy stored in the pulse capacitorMede 2 and Mode 3 as
described in section 3.2.1), the swit@®W2) in Figure 3-9 must be turned on at the same
time whenSW4is turning on, andW2 must be turned offs soon as the diodBZ) cathode
voltage (M) is negative. These requirements can be satisfied by using an AND gate (Al), as
shown inFigure 3-9. The implementationf this time sequence can be seeffrigure 3-11.

the gate signals W2 andSW4 (V. and Veontrol i respectively) start to rise at the same time
to turn on simultaeously; after a short time peric8W?2is turned off by a low ¥ when V3

is negative 614mV as measured in the simulation). Therefore 43$\triggeed by two
measured parameters Mo 1 and Vo) at the reatime instead of a fixed prset value. A
positive current pulse ) through D5 (inFigure 3-9) is observed which implies that the
energy has been successfully regained by the power supply without béiregairig by the
control loop and the operation of the converter.
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Figure 3-11 Energy recovery waveforms in the simulation

3.2.4 Verification of the energy recovery concept

In order to verifythe energyrecovery concepta PCB prototypebased on the circuit diagram
shown inFigure 3-1a was manufacturedas shownin Figure 3-12. The detailedayout is
shownin Appendix8-3. Only the base drivewas manufacturednd testedThis board was
not used in gowerconverter/inverter in this secti@nd it isanopenrcollector configuration
for the SiC BJT

VLN N i PEC : 4
) .

» . tANMIAT -

Figure 3-12 Energy recovery concept validation circuit
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Discrete MOSFETSs are used as switches (S\WMRLML6246). The switchesn the drive

must be able tdandlea continuous current of 1JA6which peals at ~10A. In order to
minimize the parasitic inductance and capacitance introduced by the, tteeksrcuit has to

be optimized In order to keep the track lengths short, components are placed as close as
possible and the surface mount type of the package is choseediice the parasitic

inductance.Relative parameters are showrEguation3-13[90].

T8 ¢ ®U 3-13
a

. Lo, GO
U ¢av €— T
0
Where theunits of paraitic inductanced , isin nH, and0 andaarethe trackwidth and
length, measured inentimetrs. In orderto substantiallyreducethe total length of copper

tracks, the converter circuit and base driver circuit are integretedone PCB

Agilent Technologies WED JUL 25 21:06:00 2012
B so0x/ @ a 10008 50004  Auto £ 2527
| "ee——— | —
| T ————— | ]
AX = 30.000000us 1/AX = 33 333kHz AY(2} = 787 50mA
Mode Source X Y1 Y2 Y1 Y2
Manual 2 368.75mA 1.15625A

Figure 3-13 Measured lase current waveform in the energy recovery circuit

The measured base current waveform and the energy recovery current are skayunein
3-13 and Figure 3-14, respectively.As shown inFigure 3-13, the positive and negative
currert peaks ard.16A and-0.8A respectively, whereas th&C current for the conductias
0.4A.
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As shown inFigure 3-14, the peakrecoverycurrent is approximatelg50mA for 100nsThe
DC voltage (5V)hasan oscillation associatday the recovery current. It has no effect for the
base drive operation since D@ltagesourceis disconnead from the base terminal during
the recovery stage.

D 200w/ @ 200/ B B g 42.008 50.00% Auto £ 317y

Figure 3-14 Energy recovery currentmeasured forthe validation circuit board.
Channel 1(Yellow) is DC input voltage whichis 5V and Channel 2 (Geen) is the
recovery current back to DC source. The pink waveform is Channell*Channel2

3.3 1.7ZKW boost converter prototype using SiC BJT and SiC Schottky diode

with the energy recovery base drive

3.3.1 Boost converter using energy recoverpase diver

A 1.7kW DC/DC boost converter is designed usti¢ BJT driven bythe proposedirive
circuitry. A simplified circuit diagram of theonsideredconverteris shown inFigure 3-15a.
The converter takes an input voltage of 300V and boostsiphis 500V at a 40% duty cycle
whichis generated from b e x y s E 2 -3& FRGA. tFigure3-150 and ¢ show the top and
bottom sides of the DOC converter highlighting the energy recovelyase driver, power
devices, input and output capacitors and the P®ial input Since theenergy recovery
process occursn the offstate period andloes notinfluence the control strategyhe
converter wasunning opeHdoop in the experimentvith a fixed duty cycleto providea
constant powerThe converter diput wasset to500V in the experimentThe close-loop
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control implemented in the simulatistudiesproved that a traditimal PWM control could be
used if required to regulate the converter outpthe ppwer devices are attached to an-air
cooled heat sink tonaintainthe junction temperature dfie SiC BJT and the diodsithin
their maximumratedvalues.The mmponent®f the base drivensed in the experimemtere

in the same as those used in the precedingsthmilation (section3.2.2) with the models
sourced fromdevice manufacturesas shown inTable 3-2. The convertemparametersare
listed inTable 3-5. Since the SiC BT is ratedat 1200/, the input/output capacitoraustbe
able towithstand avoltagehigher thanthat, i.e.1300V.In order to keep voltage stable and
ripple minimum, the capacitaned the capacitorsvasselectedd be as high as possible in
series with the same packagé. was manufactureddnouse. To ensure the DCDC converter
worksin acontinuous mode arméduce thgeak current ithe inducor, the inductancef the
inductorwas chosento be0.3mH The highesswitching frequencyemployedwas 250kHz
and hencethe inductance camot be very highas to keepthe inductor size small The
equations and process of designing a conventional boost converter in the continuous mode
can be easily found in the textbook and they are not specified in this thbsisircuit

schematic and PCB layout design are providefippendix8-5 and Appendix8-6.

L1 D
o— AAA . D
— SICBJT
Vin ——Cin ' —
—C reco;erir\\:ebase _K Cout —— load
GND
o—= °

(a) Schematic of a boost converter
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Figure 3-15Boost converter schematic and PCBAising the energy recoverydriver

100



Table 3-5 Parameters of the converter

Output pwer rating 1.7KW
Input/Output voltage 300/500/

Load current 3.47A

Duty cycle 40%

Switching frequency Max. 25kHz

Input capacitance 5 F/ 1300V
Outputcapacitance 25¢ F/ 1300V
Inductance 0.3mH/12A

SiC BJT[17] 1200V/20A

SiC schottky diode 1200V/10A

PWM generator Spartan 3E FPGA
Heat sink 0.12C/W

Fan for heat sink 130m°h

Fan for load 3.170m%h

The tolerancesf the pulse capacitand recovery inductaused in these experiments were
+20% which needs to be considered while setting up the gate signal fomSWégire 3-1a.
According to Equatior8-6, —is proportional to Guse and L. Deviations from the nominal
values of L ad Cyyse affect the result of Equatio8-6, leading to a new timing set up for
SW2. As shown inFigure 3-1a, SW2 will turn on at the same point as Sl conduct for
to-t1, which is calculated iEquation3-7. Unlike the capacitor, the inductance may show-non
linear properties at fast transients and the core may saturate atlarget Inappropriate
selection ofthe inductor can lead to digh switching power loss and low efficiency of the
energy recovery fution. A wirewound chip power inductor was used with aZ¥i ferrite
core rating at 2.4AThis provides théenefitsof having ahigh selfresonant frequency and

constant inductance valeeera wide range of frequencies.

Figure 3-16 shows aypical switching cycle, which includethe collector voltagefahe BJT
(Vcp), powerinductorcurrent(l ;) andthe output DC voltagéVout) operating at @awitching
frequency ofLl43kHz. As shownin Figure 3-16, the converter is boosting the input voltage up
to 500V whereas the average inductor current is measured at l6eB#w the saturatio

point The excessivevoltage acrossthe BJT during turroff is less than 30V whiclonly
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minimally stresses the devic&he parasitic inductance between the collector of the BJT and

cathode of the diode causes this voltageke due to the high curresiew rate The

consideration of the parasitic inductance reduction contributes to this low voltageDpeak.

to the large output capacitor, the output voltage ripples are kept belowTh@\switching

resonanein theinductorcurrentcanstill be observedas shown irFigure 3-16b. However,

sincethe resonance isompletely dampedfter ~250ns for turron and~400ns for turroff,

this doesnot significantly affect the SIC BJT orcauses any components of the converter to

experience voltagereakdown
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Figure 3-16 Typical switching waveformsof DCDC converter (different timescales)

Figure 3-17 showsthe housing foithe prototypeboostconverterusedin the experimerdl

testing The power supplgind resistive load are connedtfrom the outside of the hang by

cables whereas the converter circuit board, heat sink, control signal generator FPGA and
power inductor areeparatedh case of any contact during the converter operafdDC fan

is attached aherearof the heat sink in order to provide air flow insidetloé housing and to

draw heat outsideThe high frequencynductor (0.3mH) wasdesignedand manuallywound

(33 turns)with a design point of 42A saturation currensSince the switching frequenpcan

be up to 25KRHz, the skineffect needs to be consideréd the inductordesign which
increases the number wires ineach strandThe design process and specificatiafighe

inductor are detailed iAppendix8-7.
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Figure 3-17 The boost converter in housing

3.3.2 Energy recovery base dver

Figure 3-18 showsthe pulse capacitofd ) in Figure 3-1, voltage (V.) and the power
supply curren{’O ) in the energy recovery base drivEhe base current, which is identical to
‘O during the turnon period (4.Qus to 5.618), provides apeak current 2.7A; which is
generated by to increase the transient spe@bmpared with the simulation results in
Figure 3-5, the peak current is loweln the simulation, all the values of the compotseare
nominal values with no account of compondaterance However in the experiment,
component tolerance cannm eliminatedFigure 3-6 has shown theimulatedinfluence of

the tolerancenly caused by and R2 on the base peak current.

The pulse capacitod( ) is charged td/; whenthe turn-on processstarts and discharged
to zero wlken the energy recovergccursfrom 5.6us to 6.4s, which agrees withthe
simulation results irFigure 3-5. A negative peak current 1.5A can be observetthénsupply
('O ) afterV. became zeroas predictedrom the simulation result§ he switching frequency
for Figure3-18is 280kHz atanambient temperaturef 25°C.
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Figure 3-18 Measured energy recovery waveforms for the proposeghergy recovery
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Experimentalresultsof the total power los@ the energy recovery base drive ( ) a
conventional base drivem( ~ ) and the power saved ( with respect to switching
frequency are shown iRigure 3-19. The conventional base driveircuit and the converter
are shown inFigure 3-3b. The power saved {{ ) decreases above I3 which hasa
similar trend observedsthe simulation studies Figure 3-7. The tolerancesn valuesof L
and C in hardware and simulation results in the gap bettiesmwo power recoveryPeg)
curves.The boost capacitor voltagey ( at the end of each cyclibesnot become zeroas
shown inFigure3-20 at high switching frequency 250kH%o the power loss due to the pulse
capacitor (0 ) decreases leading ta reduced base drive los® ( _ . Basedon
Equation3-12, the energy recovered ( decreasesHowever,the peak current is lower
than that in the proposed base driwdich slows down the turan speedCompared to the
simulation results irFigure 3-8, the voltage waveforms match to each otaed thebase

current peak is lower ithe experimentiue to the component tolerance as demonstrated in
Figure3-6.

Voltage (V)
Current (A)

4.0y 4.5y 5.0y 5.5 6.0y 6.5y 7.0y 7.5 8.0y
Time (s)

Figure 3-20 Power supply current |=[r 2nd pulse capacitor voltage.) of the
conventional base drive when operated at 250kHz
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3.3.3 Efficiency and power saving analysis

The base driveand the converter system lessare both measuredith respect to boost
converterswitching frequencyrom 63kHz to 25R8Hz. The switching power losses tiife SiC
BJT increase proportionallwhich inevitablyraisesthe converter power losses shownn
Figure 3-21. The converter losseshown are the difference between timeeasurednput
power and output power. Input power canrbeasured by the DC power suppife output
poweris calculated byo Y |, where V is the outputms voltage of the converter and
Y is the load resistance irigure 3-15a. R, 45q is measured during the experiment and
cooled by fangelow its derating temperaturéhe temperatureof the power devices, SiC
BJT and SiCSchottky diodeshown inFigure 3-15b, arekept in their safety region due to the

air cooling designThe heatsink temperature is around@@luring the experiment.

140 , ,

' : ' T 1351

130 —
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04 L -

100 S 96.8 .
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90 —

80 T T T T T T T
63 143 200 250
Frequency (kHz)

Figure 3-21 Measuredconverter power lossess a function of switching frequency

The converter efficiencis shown inFigure3-22. The output power is fixed at full-load of
1.7kW. The efficiencydropped to 92.8% as the inductor and switching loss increases
proportionally with switching frequencyoreover, he junction temperature of the SiC BJT

does notaffect the switching losseblowever, the osstate losses of the SiC BJT increase at
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higher junction temperaturaith implications forthe converter efficiencyf the loadcurrent
decreases, the base current required should be reduced at the same time to drive lower
collector current of the BJT. The resistive logshe driverdecreases accordinglowever,
the loss caused ke pulse capacitod( ) does nothangeThe power saving raté- is
defined in Equatior8-14. 0  equals 0 0 as defined irEquation3-12. The
power recovered compared to the total conventional base dmveeases from .9% at
62.%kHz to 15.1% at 14@z usingthe proposed base drivdBeyond 143Hz the power

saving rate- begins to decrease due to tkasons mentiongareviously in sectio.2.2
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Figure 3-22 Converter efficiency and power saving of the base driver in thexperiment

using proposedenergy recoverybase drive

3.3.4 Discussion om typical industrial application
For the converter with the energy recovery cir@aimsfor a mass production in the instuy,
advanced control technologgs shown irFigure 3-23, should be implemented’he output
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voltage is rescaled by two series resistors down to a low voltage sigaaby, which can

be received by aucontroller (microcontroller).According to the feedback voltagethe
controller adjuss the duty cycle of the output PWM signal to regulate the output voltage at a
required level. This primary functiowas implemented by a puranaloguecircuit using
comparators chips aratcurate reference voltagn a traditional control desighlowever, in
modern industry, a power system like DC/DC converter requires sophisticated functions and
protections to achieve a robust designorder to monitor and process multiple signals in a
limited board size, @controller isto be usedas shown irFigure 3-23. To protectthe SiC

BJT, the collector current must be kept below its maximum peak value by reducing the duty
cycle of the base signal. The curraatmeasured through a shunt resistog, (g and
compared with the threshold stored in fkentroller. When the SiC BT is turned off, the
energy recovery function in the base drive rse@dime period @t; in Figure3-1) to finish

the recoveryprocess The voltage of D2n Figure 3-1 is monitored bythe pcontroller to
ensure the process is complete and the SiC BJT is ready to be turned on at any time afterward.

L D
O—e TAAA'
+
Energy Cout
Vin  Z—Cin recovery base | — load
drive
r 3
GND N
O &
VCiG
PWMI— A 4 P eredback
ucontroller —Vsun

Figure 3-23 Top level system design foan industrial application

Except formonitoring the electrical parameters such as voltage and current, temperature
information must be feedback by a temperatereser suchsaa NTC thermistor to avoid any
thermal damageshe junction temperature of the power device is not ableetmmeasured
directly. Instead,the heatsink temperature n(Ising iS Sampled to estimate the junction
temperature for the protection purpo$be temperature of the base resistariiRFigure 3-1
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is monitored to ensure that the resistor is working ithésmalsafety region and a reame
resistance can be looked up in theontroller according to its packagemperatureThe
control mechanism ifrigure 3-23 can prevent fran over-stressinghe power devicewhich
are found to result in device failure or degradati8-93], by shutting down the system

when an overvoltage or overcurrentletected

3.4 Summary

This chapterdemonstrateshe implementation of an energy recovery circuit to a SIC BJT
base drive unitto reduing the drive losses especially forhigher switching frequency
applicationsThe simulation is carried out to verify te@ergy ecoveryconcept and provide
estimation onc o mponent s ées The energy rdoverg soncepthas also been
implemented in the gate driver design for a MOSFET as analysed in Chapter 1. It is used to

save the energy in the gate capacitor.

A 1.7KW boost onverter has been builising the proposed base driver to con&a&iC BJT.

The switching frequency of the bdaasonverterwasvaried from 63kHz to 258Hz, with the
switching loss of the BJT and the pulse capacitor loss in the driver both increasing
proportionally with the frequency.The maximum drive power saving achieved
experimentally with the energy recovery driverlis.1% at143Hz switching frequency
Beyond143kHz, the power savintipen starts to decrease due to the pulse capacitor power
loss reductionin the conventional drive unitThis pulse capacitor power loss reduction
consequentlynfluences theurn-on performanceElectrical measurements of the pospd
energy recoverygircuit show7.2%6 energy has been recoveliedhe total power loss of the
base drive at 29(Hz with a converterefficiency of 93%. Since the energy recovery process
will take a period of time to transfer energy, the minimum off timmeequired dependent on
the L-C values in the desigithis inevitably limits the maximum frequency and duty cycle of

the converter application

Compared with the gate drivkesignfor the voltagedriven device MOSFES, the size of the
base drivefor a SiC BJT is larger due to the heat dissipation requirement for large driver
losses. The DC fan eds to be attached to the dribeard if the resistive loss and base
current are too higlfior dissipation by natural convection or conduction to the enclosure
Chaper 4 will demonstrate a base driver design to reduee gbwer loss on the resistor

especially fora low switching frequency and highduty cycleapplicatiors. The base drive
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design will additionallykeep switching losss of the SiC BJT as low as the conventional

driving technology
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4 An Active BaseDriver Design for SiC BJT

4.1 Introduction

In terms of the basériver efficiency, the losses associated with maintaining the device in its
on-state condition dominates the overall drive parfanceIn order to reduce the DC power
loss of the base drivethe voltage supply level @4) should be set as low as possjlds
shown previouslyn Figure1-24. However if Vpp is too low, the device is more susceptible
to voltage fluctuation during transients causedcbgrent transientvhich arecoupled from
emitter stray inductanc@.he base cument reduces due to this base terminal fluctuagiod

the turnon delay time increase&urthermore reducing this supply voltagepfy would
increase switching losses as a portion of the fast switching base current is sourced from the
DC supply.If a highVpp is chosenR; in Figure 1-24 needs to be high proportionallyhis
results in large resistive power lossesl driver losseasyieldedin Equation1-20 and1-21.
Therefore a tradeff exists between base drive losses Bdd switching performace for a
conventional base driver structukéence, therés considerable motivatioto reduce ¥p and

R: in orderto reduce driver losses whikeep the switching losses of the BJT low.

This chapter presents attive base driver desigoonsisting of thantegrationof a buck
converter ino the circuit This circuitis able to provide basedrive, which is proportional to
the collector currentA separateircuit delivers a pea&urrentto the deviceluring transiers
This proposed base driveonfigurationeffectively decouples the transient and steady state

requirements whilst not showing any detrimental effeatsievice performance

4.2 Function of the active base driver

Figure4-1 shows a typical timing diagrafior a typical operational period of tlzetive base

drive unitwhile the equivalent circuit is shown Figure4-2a. Comparedo the conventional

drive, the proposed circuit integratedoav power buck convertercomposng of a switch

(SW3), diodes (D1 &D2), inductor(L1) and acapacitor(C1). The proposed base driver is
able to provide various base current by adjusting the output voltage of this buck converter.
During the turron period, the voltage of C1 is reduced fr¥fgp to Vi, which causes the
voltage across Rto reduce Therefore, theeasistance of Rshoulddecreasdo supply the
sameamount of thebase currentpk. The power losses on;Reduceathough the base
current does nathange.
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Figure 4-2a: Transient turn-on equivalent circuit during t;-t,

Operation durind-t, :

Prior to activation the BJT is in the off state and the base is connected to ground2basSwW
shown inFigure4-1. At t; SW1 andSW4 are turned on and SW2 is turned off, this provides a
peak current to achieve faster switching times of the. BiThis point the dxie is similar to

a conventional baseider.

113



Vbp
B D1 sw4_|
oo fsacy ST
1 o
o i _Yﬁ_4?”_
: swi1 2 c
L1 I l_jl_ T \/\R/{/\ Bl'/
il ~
E

Figure 4-2b: On-state equivalent circuit during to-t3

Operation durind,-ts :

After the turn-on transienta continuous DC base currgf® ), which is the DC component
of ‘Oin Figure4-1, is provided to maintain the estate of the BJT. This currentdetermined
by the ratio ofcapacitorvoltage (w ) and base resistan¢®;), which equals the average
value of inductor currenfl ;) during t-t3 in Figure 4-1. By modulating the duty cycle of
SWa3, the capacitor voltadey ), estimated byEquationd-1, can belower than power supply
voltage(w ). Consequently the base resista(ieRg should be reducei order to set dase
current identical to that directly sourced frohigh supply voltage Compared to the
conventional base drive, timwer lossn the resisto0 ) reduceswith its value as shown
by Equation4-2, whereO is the duty cycle of switch SWDiode 1) is used tdree
wheel the currengrotecing the circuit in case the inductor current changes abruptly.

W 41

c0O
o o v P

Wherethe duty cycleof SW3isO  with switching periodY

OYO 4-2

C
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In the active base drive the capacitor voltage )(can change witlluty cycle and switching
frequency of SW3 as shown Byguationd-1. Unlike the conventional driver circuit, which is
controlled bya fixed supply voltaggw ), the proposed drive caadapted by controlling
SW3. Therefore, the base current che tailoreddepending uporthe collector current
demandor junction temperaturef the BJT: avoiding the over driven conditions which
demands a 1.5 times increasedrive current to prevent operating the device in the active

region

Figure 4-2c: Transient turn-off equivalent circuit during ts-ts

Operation durings-t4 :

After the BJT has been conducting fotie period -t3, the drive prepares to switch it off.
To turnoff the BJT, as describeth Figure4-2c, the gate voltage is raawed from SW1 and
SW4 whilethe gate signal is supplied to SW2 and SWhs£R. branchgeneratea negative

current peak-(peay to reduce the turoff powerlosses duringstts.
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Figure 4-2d: Off state equivalent circuit during t4-tg

Operation durinds-ts :

Following the turnroff transient, the BJT goes into its blocking mo8&V1 disconnectghe

DC power from the ése terminal and SW2 turned on: grounding the base terminal via R
as shown inFigure 4-2d, the BJTis operated in its shorted base offtstaondition.The
capacitor voltagéw ) rises duringthe time period-ts due to energy transferred from the
inductor. Without power dissipatiom the base resistorthe buck converter output voltage

@ willincrease tab at & and keep constant until the end of the period. dthte driver can
work at 100% duty cycle and the switching frequency for the SiC BJT is not limited by the

driver.

4.3 Active base driverimplementation in the simulation

A simulationschemati®f the propsed driver is shown iRigure4-3a with componentsised

A switching frequencyof 67kHz was usetbr SW1, SW2, SW4 and SW5 wheredlis was
increased td..1IMHz for SW3in orderto minimize the base current ripple amelcgpacitance

of C1. All the switches (SW5) are the same MOSFETe. IRLML6346 The total gate
charge is 6.8nC for the MOSFEdsed in the simulation and the gate voltage is 12V.
Therefore each gate capacitance logs§V at switching frequency 67kHZompared with
the total driver losses, its negligibly small Threelow power MOSFET switches are

additionalfor the active basdriver. In order to compare the base driesses between the
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active base drivandthe conventional desigwhich is shown irFigure4-3b, both drive units
are simulatedo supplythe identical DC base currefi® ) of 1.6A from a20V power supply

(w ).C6 and R6 are identical to,§scand R2to generate the same transient peak current for
fast switcling. According to Equatior8-10, the turron time can be shorter than 45ihs.
order to provide 1.6A0 , R5 is set to 106 as shown inFigure 4-3 for the conventional
base driverFor the active base driver, we are aiming for I\l,. When the switching
frequency of SW3'Y is 1.1MHzand L1 is 1.hH, the duty cycle is 49% calculated by
Equationd-1 for 1.6A"O . The peakcurrent rating of the diode D2 should be higher than two
times of O and the voltage rating should be higher than 28ivice \¢; is lower thanVpp,

R1 in Figure4-1a is only %, which is twice smaller than R5 figure4-1b. The result of
Equation4-2 becomes smalletUnder 100% duty cycle, the power loss of R1 is 12.8W.

Therefore, the resistor will be in a largeckagen orderto dissipate heat effectively.
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Figure 4-3 Simulation circuit modelsfor the varous base drivers

Figure4-4a compares the drive output for the conventional and active base drive Gihauit.
blue curveshowsthe output of thebuck conveter output (\&1) is approximatelyllV. As
shown,thevoltage across theulse capacitor ((usd falls to zero 1.Rs faster in the proposed
design compared with the conventiomlive due tothe smaller R1 This ensures thathe
maximum duty cycleand switching frequency cahe increasd for this drive The buck

converter output voltag@/c;) can reach t&/pp during he BJT offstate period

TheDC base currentO ) is set tol.6A with ripples in the ative base driveto conduct 26
collector currentwhich isthe black curvein Figure4-4b. The current ripple is caused by the
switching of SW3 to charge and discharge the energy in the inductor to the base terminal of
the BJT.The peak currentduring the switching transient, ahown in Figure 4-4b, are
identical for both drivers The simulated total power losses fdine proposed dre and
conventional drive aréOW and 17W respectively showig that the proposed drive scheme

reduces power losses B%%
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Figure 4-4 Simulated waveforms from the base drivéor the active and conventional
design
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Theinitial peakcurrentsuppliesthe basecollectorand basemitterchargesvhen the device
is turned on which is dependentipon R;, Gouse andw  [66]. Therefore,the drive can

optimise the switching performance bylefiningw when R, and Cyuse are constant
However, the value ab affects drive and device performam as a lage value results in
large drivelosses whereas if this value is too |otvcauses large switching delay tirmad

high switching losses.

Due to the lack of industrial applications for SiC BJTSs, there is no univacseptedo
value.The base drive loss has been comparedinmulation between conventional and active
drive unts overa wide range ofupply voltags (w ), as shown irFigure4-5. Here,w is
variedbetween7-30V at a49% dutycycle applied t&SW3 Figure4-3. A basedrive current
('O ) of 1.6A is selected for both driveé\s shownin Figure4-5, the conventionabase drive
consumegreater power when comparedth® active driveregardless of theelected supply
voltage (w ). Due to the no#linear relationship between amd @ , Equation4-1, the
active base driver shows a nlmear trend.In order to ahieve low switchingpower losses

@ is chosen to be 20

30 T T T T T T T T

—a— Conventional base driver ‘
251  —®— Active base driver . I S N _

Base driver power loss (W)

5 10 15 20 25 30 35
Voo (V)

Figure 4-5 Base driver power loss comparisons subject to different driving voltager . )

120



4.4 A control method for providing proportional base current

Based on the function analysis previous section the active bse drive is capable of
adjustingits output current to the bas&.control method is proposed in this section, which
can ensuredriver to provide a proportional base curretet the collector currentvhile
maintaining a minimum collecteemitter saturation voltagd-igure 4-6 shows the original
active base drive circuit with the control loop for the simulatidme collector current of the
SiC BJT is dependent on the load resistance, which is composed of a resistor bank between
high DC voltage source (¥ and the SiC BJT (Q5).he resistorsK4-R7) are connected into
the circuit one after another amorder to geerate various collector current for the t&3.is
used as a current sensotti@anslatea current value to @oltage parametgiV,c), as shown in
Figure4-6. Underdifferent collector currents, the current gain charmgaslinearly as shown

in the datasheft7] andin Figure4-7 and Appendix8-8. Therefore, the base current mbst
adjused with the collector current to avoidoth over drive andinsufficient drive.The base
current in the active base driver is controlleddmanging the voltage of Cidy varyingthe
duty cycle & SW3, asgiven by Equatio}-1. A voltage source Bl is modelled tsethe
collector current asne of thevariables and then it is compared with a triangle wave voltage
(Vtri) by an amplifier(U2). By doing this, the positive input of U2 relativeto V|, which
equals tod sensed by adl resistor.When | increases, ¥ becomes larger at the same time
Then the duty cycle of SW3 increases to supply a higher base dyt@irack the change of
l.. The output of Uds used as a control signal (a PWM sigrial) SW3, as sown inFigure
4-6. The coefficientsin B1 function, such as 0.4 an@.2 aremanually determined and
optimizedin order to tack current gain under various collectanrrents By fitting the base
current valusin the simulatiorto thecurrent gain vs. collector current characterisiicghe
datasheetthese two factors are proved to be capable of controlling the base camdnt
maintaining lev conduction losses @he BJT.This feature will be explored in the following

section
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Figure 4-7 Current gain (Hse) vs. collector current

During the simulatiorat 25 C, load resistor R4 is connectado the circuit atatime of Oms.

In this case, the collector currentagproximateésA with 1200V DC power supply () if the
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BJT is conducting with adequate base currafterwards, R5, R6and R7 are&onnected into
the circuitin sequencat time point 3fs, 9Qus and135us in the simulationAs a result, the
collector currents {(Q5)) increase from approximate 5A to 3@#ter 135us, as shown in
Figure 4-8. The base current IQ5)) increases proportionally according to the collector

current.The collectoremitter voltage (V) is zoomedn to measure low saturation voltage.
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Figure 4-8 Simulation results with the proportional base current

The base current required in the conventional driyg.fl is given by Equatiod-19 at 25C,
with Ic equalling30A andatthe worst current gaib of 50[17], as the results shown Trable
4-1. The corresporidg saturation voltage (¥ co) is looked up from the datashgé®] with
0.9A base currenfThe proportional base current, fktivd and saturation voltage Y activg
are measured from the simulation resultsFigure 4-8. The comparison implies thahe
active base drive can provide adequate proportional base current while maintaining low

saturation voltagesing proposed control method

Table 4-1 Base currentsand saturation voltages comparisorat 25°C

lc (A) Ib_con (A) Ve con(V) Ib_active (A) Vee_active(V)
5 0.9 0.16 0.21 0.24
10 0.9 0.25 0.38 0.34
20 0.9 0.50 0.57 0.54
30 0.9 0.72 0.8 0.70
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4.5 Experimental verification for the active base driver

4.5.1 Circuit design for the active base driver

A prototypeused to verify the proposed active base driver is shown in . The circuit schematic
and PCB layout can be found Appendix8-9 and Appendix8-10, respectively.This circuit

is fabricatedto drive a 1200¥20A SiC BJT,BT1220AB-P1[17]. The base resistorfhas

been selectetb supply a continuous base current of 1.&Ajch issufficient to maintain the
device inits saturation modef operation ata collector currentof 20A and a junction
temperaturef 250°C. Galvanic isolation between the control and drive basuréalised with

an optical connectionCommercial integrated DOC convertes providethe voltage levels

required bythe optical receivers drthe gatesoltages for the MOSFETs

=

-
>
-

P AUV Uva

Figure 4-9 Prototype board for the active base driver

Key componets which have beerselectedin the previous sectignincluding voltage ath
current ratings, are shown ifable 4-2. A DC power supplyof 20V is used for both
conventional and proposed base driver in order to achestesfvitching in an inductive

doublepulseswitching test.
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Table 4-2 Componentsin the active base driver

Component Property Manufacture
Power Resistor (R) 5Y, 3 5W VISHAY SFERNICE
Resistor (Ry) 1Y YAGEO
Capacitor (Cpuise) 47nF AVX
Capacitor (C1) 100nF AVX
Inductor (L1) series 15mq MULTICOMP
resistance
Inductor (L1) 1.5pH MULTICOMP
DCDC Converter 20V to 12V XP POWER
DCDC Converter 20V to 5V XP POWER
Optical Receiver Optical to electrial Versatile link
signal
Switch (SW1,2,3,4,5) 30V/I2.7A International Rectifier
Switch on resistance 45m q International Rectifier
Diode (D1) 60V/200mA NXP
Diode (D2) 60V/2A NXP

In the conventional drive desigthe base current iBxed, thereforeevenat low junction
temperatures when the device gain is high, the base cumiénbe 1.6A. Unlike the
conventional base drive unit, the proposed driver can vary its base c(iPeptin the
experimentby changing the duty cycle of SW& shown irFigure4-10. Figure4-10 varies
the duty cycleof SW3from 24% to 46%whereas measured base currents are shown in
Figure4-11. As shown, for this change in duty cycleetkase currentangesfrom 0.8A to

1.6A and heamplitude ofthe currentpeakis uraffected
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Figure 4-11 Measuredbase current values with various duty cycles for SW3

4.5.2 Power loss comparison betweethe proposedand conventionalbase driver
Based orEquation4-2, the active base driver losses depend on the base ci@remd R
assuming that the switching frequency of SW1 and input voltagare fixed Figure 4-12

compares thaneasuredand simulatedotal power losses of the activbas driver anda
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conventionaMdrive at a switching frequencyf 67kHz and 50% duty cycle of SWThe base
currents can vary from 0.8 to 1.6A while only A.8an be supplied by the conventional base
driver. The simulation conditions are shownHRigure4-3 for the open collector configuration

The differences between the simulation and measured results are due to two reasons. The first
one is that in the simulation the gate drivers (V_SW1 to V_SWb,)gure4-3a are ideaand

the total base driver losses do not take thmmeers into accountn the experiment, those
powers are all supplied bypy and included in the total power consumptiohke second

one is caused by thelévances of the components. It also influences the base peak current
amplitudeas demonstrated in Chapter Bhe power losses for the as base drive are
reduced by 32%at a base current df.6A whencomparedto a conventional driven the
experiment In circumstancesvherethe SiC BT is operatingat ajunction temperature of
25°C, a drive current('O ) of 0.8A is sufficient to keep the BJT conduction losses,low
according toEquation1-19. When0.8A is providedby the proposed base drivibe power

losses reduce 9% comparedo the conventional driveas shown irFigure4-12.

20
m Power loss in the simulation Conventional base driver loss
18 N .- 17.4
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Active base|driver Joss
_ 14 < J\
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Figure 4-12 Base driver power loss comparison with 50% duty cyclef&W1 at
switching frequency 6’ kHz
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4.5.3 Switching performance using the activebase driver

To investigate e impact of the proposed drive upthe BJT transient losses, both driver
configurations as shownin Figure 1-24 and Figure 4-2, were usedin a doublepulse
switchingtest The test process isdlsame as describedsaction 1.6.1 o€Chapter 1in order

to obtain the switchingnergylossedor the BJT Under these tests tl@mbient temperature
of the DUT s set tobe 25°C. All the tests areinder the same conditions to benchmark the

proposed base drivagainsthe conventional approach.
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(a) Turn-on performanceusing the active base drivslackline) andusing the conventional

base drive(red line)
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(b) Positive base current peak during tton

Figure 4-13 Turn -on performance and base current waveformsvith |=rr 1.6A

=

128



Figure4-13 compares the turan speed of both drigavhen deliverindgl.6A into the base of
the SiC BJT. As showrthe proposed driver is slightly faster than the conventidne¢r due

to the slightly higher drive currenwhich is caused by smaller R.. The higher the base
current, the quicker the SiC BJT turns és.the casén the simulation irFigure4-3, R1 was

set to5q and R5 t0l0.6q for the conventional driver to supply the same base curvkiit.
equals to ¥p at the turron point since there is no load for the buck converter during the of
state.This gives a turron loss of 19uJ for the proposedtivebase driver compared to 38uJ

of the conventionadriver.
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Figure 4-14 Turn -off waveformsand base current waveforms with l=rr F1.6A
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Figure4-14 compares the turaff performance of the Bl driven by both base driverEhe
proposedactive base driver has slightly loweand delayechegative peak current flowing
through the baséue to the switchingeriod of SW1 to disconnect power frof;. As
addressed in Chapter 1, the delayed base signal can result in an increase of the switching
losses. Thereforen this caset has increased thern-off loss to 617U from to 556m) of the
conventionaldriver. The total switching energy losses &@a6mJ using the active base drive

compared t®94mJ for the conventional drive

(a) Turn-on performances with baserrent’'© =0.8A (black line) and baseurrent’©O =1.6A
(red line)

(b) Positive base current during tuon in the active basdriver

Figure 4-15Turn -on performanceusing the active base driver andbase current
waveforms with two different levels of |=rr F
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