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Nomenclature

Symbol Description Unit
Cpc junction depletion capacitance between base | F
and collector
Cgg junction depletion capacitance between base | F
and emitter
Ccs collector to substrate capacitance F
Cpuise pulse capacitor in the base drive F
Cs pulse capacitor in the energy recovery base | F
drive simulation circuit
Dax the maximum duty cycle %
Dsy1 duty cycle of SW1 in the active base drive %
Dsy3 duty cycle of SW3 in the active base drive %
E. critical electric field strength MV/cm
E, energy band gap eV
E,n turn-on energy loss J
Eorf turn-off energy loss J
Eior total switching energy loss J
Ig base current A
Ip(t) time-variant base current A
Iy av average value of the base current A
Iyrus RMS value of the base current A
Ib_con base current in the conventional base drive | A
I active base current in the active base drive A
Ic collector current A
Ip current sourced from the driver power | A
supply
Ipc base DC current for the conduction A
Ig emitter current A
iin(t) input current of the integrated converter A
I inductor current in the energy recovery base | A




driver

I peak inductor peak current in the integrated | A
converter
i average inductor average current in the integrated | A
converter
Ine current caused by the electrons swept into | A
the collector
Ine current caused by the electrons injection | A
into the base
Lpe current caused by the holes injection into | A
the base
Ig saturation current A
Lshort short circuit current when Q1 and Q2 are | A
both turned on
L, inductor used in the active base drive H
Lpar parasitic inductance nH
N, acceptor density cm?
Ny donor density cm®
Pgg base-emitter power loss W
Pgr power saving due to the energy recovery W
Peys power fed to the base-emitter capacitor W
P se power fed by DC source due to Cpy e in the | W
conventional base drive
Pcon toss power loss of the conventional base drive | W
power supply
Pyn_state loss conduction loss of the power devices w
Py1 power loss of Q1 W
Py resistive loss in the conventional base drive | W
Pg, R; loss in the active base drive W
Ppro toss energy recovery base drive loss W
Prirn—on loss turn-on loss of the power devices W
Peyrn—off toss turn-off loss of the power devices W




Qrt) charges in the base region C
Qr excess carrier charges stored in the base C
rc collector internal resistance Q
re emitter internal resistance Q
s base internal resistance Q
R4 base resistor used to set up base DC current | Q
R, base terminal damping resistor in the energy | Q
recovery driver

R; damping resistor in the energy recovery | Q
driver

R, load resistor of the integrated converter Q

Ry the on-state resistance of the switch (SW1) | Q

Tr half switching period of the integrated |s
converter

Ton conduction time S

T switching period of the integrated converter | s

Tsws switching period of SW3 in the active base | s

drive

Theat heating period S

Ve (1) input AC power supply voltage V

VeE,01 collector-emitter voltage of Q1 \Y

VeE, 02 collector-emitter voltage of Q2 \Y
Ve base-collector voltage \%
Ve base-emitter voltage \%

Vbe(sat) voltage drop across the base-emitter | V
junction during the on-state
Vee_active collector-emitter ~ voltage during the |V
conduction driven by the active base drive
Veg collector-emitter voltage \Y
Ver C1 voltage in the active base drive \Y
Vee con collector-emitter ~ voltage during the | V

conduction driven by the conventional drive




Vbp base drive supply voltage \/
Vout output voltage of the integrated converter \Y/
Vouise Ve voltage across of Cyys during the |V
conduction
Vpeak peak value of the AC input voltage \/
Wi, input energy of the integrated converter J
Wout output energy of the integrated converter J
fs switching frequency Hz
ar common-base current gain
B common-emitter current gain
Br reverse current gain
€ dielectric constant
A thermal conductivity W/cmK
P charge density C/m®
[ electron mobility cm/Vs
1y hole mobility cm’/Vs
T forward transit time S
Xn space charge width in n region
Xp space charge width in p region m
Vsat saturation velocity 10"cm/s
Wgq angular frequency rad/s

VI




Abstract

This thesis explores the base driver designs for Silicon Carbide Bipolar Junction Transistors
(SiC BJTs) and their applications for power converters. SiC is a wide bandgap semiconductor
which has been the focus of recent researches as it has overcome the several of physical
restrictions set by the 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 power losses are low and temperature-
independent in 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 consumption is always a major concern. Therefore, high
efficiency base drive designs for SiC BJT need to be investigated before this power device

can be widely used in industry.

Due to the base drive loss analysis, the pulse capacitor that is used in a conventional base
drive is the main contributor to power consumption under high switching frequency and low
base current conditions. The energy recovery concept can reduce the power losses associated
with this capacitor. This concept is firstly used for a SiC BJT drive design. Based on this
concept, a drive design termed as the energy recovery base drive is proposed. The
experimental results demonstrate lower driver losses compared with the conventional base
drive. The proposed driver is verified in a 1.7kW boost converter switching at various

frequencies.

An active base drive has been firstly proposed to reduce the resistive power losses that
dominate the total driver power consumption for applications which implement low
switching frequency and high duty cycle. Even if a high-voltage power supply is used in the
active base drive unit for fast switching, a low voltage branch composing of a voltage step-
down function supplies the required DC base current to maintain the conduction of the BJT.
Low driver losses, low switching and conduction losses are achieved experimentally. The
integrated converter, which adopts motor winding inductance instead of a bulky and heavy
discrete inductor in a conventional power converter, has been developed as a platform to
verify both the boundary theory analysis for the converter and the functionality of the active

base driver.
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1 Power Semiconductor Devices and Drivers

Nowadays, electrical power demand worldwide increases dramatically. The environmental
pressure forces the development of renewable energy technologies in order to reduce
pollutions resulting from burning fossil fuels. One of many initiatives is to popularize the
usage of the electrical vehicle. A key element in all modern electrical vehicles is a power

inverter.

A power electronics inverter is designed to convert DC power stored in the battery to AC
power, which can be used to supply an electrical machine for the torque production. High
efficiency inverters play a role in increasing the mileage of an electrical vehicle for a given
battery capacity. The emergence of wide bandgap semiconductors, such as silicon carbide
(SiC), is challenging the market domination of silicon-based power devices. Due to its high
critical electric field, low switching and conduction losses, SiC devices have become of great
interest in both academia and industry. In [1], Franke has compared the total power losses for
three different 1200V/6A devices: SiC BJT, SiC JEFT and Si IGBT. Both SiC devices show
lower total losses than the Si IGBT and reduced temperature dependencies. Moreover, SiC
BJTs offer the lowest losses although it requires a DC base current to keep it conducting. In
[2], the switching power losses has been compared between three types of 1200V/20A power
devices: SiC MOSFET, SiC JEFT and Si IGBT. The reduction of switching losses is
evaluated, with the lowest loss achieved by SiC-based devices. In terms of the continuous
operation performance, a DC/DC power converter using SiC and Si devices has been built for
the test in [3, 4]. The loss was reduced by 50.8% with the SiC MOSFET converter compared
with Si IGBT’s. In [5-8], the power converters using SiC BJT as the main switch
demonstrated higher converter efficiency than its SiC JFET, Si MOSFET and Si IGBT
counterparts. At very high current and voltage, SiC BJTs exploit the advantages of low
conduction losses due to the absence of large drift resistance which cannot be avoided by a
MOSFET device. Therefore, it is well suited to an inverter application which is used in the
electrical vehicle to control high currents at high voltages. However, the power losses of a
SiC BJT driver are highest among those devices. Therefore, a high efficiency base driver
design is an important consideration to achieve the very highest level of efficiency in power
converters and in particular to fully realise the advantages of SiC device technologies.

In this chapter, modern power semiconductor devices are discussed from the device structure,

operating principle, material properties and drive technology. Device power losses and driver



complexity are compared between different types of the power devices. Improved
performances introduced by new material properties are addressed, along with different

structural parameters.

1.1 Aim and Objectives

With the emergence of the wide bandgap 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 device types realised in SiC, BJTs have experimentally shown to offer lower
device loss than other SiC-based power devices for high power applications. Given their
lower loss and high junction temperature characteristics, SIC BJTs have been identified as
suitable 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 base current to
be supplied to the base terminal. This base drive issue has been recognised as 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 next-generation power converters. To this

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

e To provide an in-depth understanding of the impact of base drive behaviour on the
performance and competitiveness of SiC BJTs.

e Propose and design novel base drive circuits for SiC BJTs which are capable of high
efficiency operation.

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

e To provide design guidelines for energy recovery base drive and active base drive

circuits which allow competitive SiC BJT converters to be realised.

1.2 Bipolar Junction Transistor

A simplified one dimensional structure of a Bipolar Junction Transistor (BJT) is shown in
Figure 1-1[9]. This is used to explain the operation principle of the device. The structure
consists of three layers, doped in alternate n type and p type layers, forming a three terminal
device. These layers and their electrical contacts are termed as Emitter (E), Base (B) and



Collector (C). Two junctions, J; and J,, are formed between different doping layers. The
doping profile from p-type to n-type can be either abrupt or linearly graded, depending of the
process technology used. The doping type changing over a very small distance, compared to
the spatial extent of the depletion region, is defined as an abrupt junction. It is also called step
junction. A linearly graded function is more realistic for the junction as the doping profile
changes gradually. The majority carries on one side intend to diffuse across the junction to
the opposite side when they are contacted. Due to this process, a space charge region (also
known as depletion layer) is created on either side of the interface between p-doped and n-
dope region. This region consists of fixed the ionized impurities which are not able to move.
However, due to the removal of free carriers they are not electrically neutral and an electric

field exists.

Emitter (E) Collector (C)
N P N
2 T J2

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 together with the energy band diagram. The negative voltage applied to the emitter
junction forward biases the emitter-base junction and the positive bias applied to the collector
puts the collector-base junction in reverse bias. As illustrated by the energy band diagram in
Figure 1-2, due to the forward biased base-emitter junction, electrons are injected into the
base region causing current I, and holes are injected from the base to the emitter causing
current l,e. Due to the relatively low doping concentration, the minority carriers injected into
the base, electrons, are mostly swept into the collector which generates current I, rather than
recombining in the base region; this due to two reasons: in order to increase current gain the
base layer is designed to be very thin compared with the electron diffusion length and that the
emitter doping concentration is significantly higher than that of the base to maximise

injection efficiency. Since holes thermally generated in the collector-base space charge region



is low, the drift current I,. can be neglected. Therefore, three terminal currents of the BJT

working in forward active region are given by:

IB = _IC - IE = _ITLC + Ine + Ipe 1'1

Where I, I and I are base, 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 power electronic applications, the BJT is connected in a common-emitter
configuration, as shown in Figure 1-3. Unlike the common base, Vge and Ve are all
referencing to the emitter rather than the base terminal. In this configuration the collector-
base junction Vg, is not directly controlled, however the operation principle of the common

base configuration still applies.
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Emitter (E) Collector (C)
' N P N
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|

J1
? =| Base (B)
VBE I
I —
iHHI —
Vee R

Figure 1-3 Common-emitter configuration [9]

The output current voltage (1-V) characteristic for a common-emitter BJT is shown in Figure
1-4. As the collector voltage is increased, a positive base current indicates that base-emitter
junction is forward biased in the first quadrant, or in the saturation region. As the collector
voltage exceeds the base potential, the base-collect junction becomes reverse biased and the
BJT is operated in the forward active region, as shown in Figure 1-4. When the device enters
the forward active region, current saturates. However, with increasing collector-emitter
voltage, current slowly increased, which is termed as the Early Effect. With the increasing
collector voltage, the depletion region formed at J, extends and effectively reduces the base
width. This has two consequences. Firstly, carriers entering the base-collector electric field
are swept out at a faster rate and secondly, due to the reduced effective base width
recombination is reduced and increase gain as carriers leaving the base region increase. These
two factors effectively increase the transistor gain with applied voltage and cause an 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 common-emitter configuration [9]

When the BJT is working in the active region, excess carrier charges are stored in the base,
termed as Qr and given by:
= Qr 1-2
Ic
Where 15 is the forward transit time. Its accurate value must be measured from the
experiment for a specific device. Qg has to be removed from the base prior to turning off the
device. Therefore, the switching speed is slowed down due to large stored excess carrier

charges in base.

The common-emitter current gain is defined by the input base current Ig and output collector

current I¢:

Ic 1-3

Several factors should be noted when fabricating the BJT in order to achieve a high current
gain B, such as the space charge recombination rate and surface recombination. Both of the

recombination mechanisms reduce the number of electrons coming across the base to arrive

12



at the collector. Their influences on the current gain have been analysed and compared under

different collector current densities [10].

1.2.2 Voltage blocking characteristics

The basic BJT structure contains two p-n diodes constructed back-to-back in series. Hence,
the BJT only conducts in first and third quadrants. When the voltage reaches the breakdown
voltage, the leakage current through the BJT starts to rise dramatically as shown in Figure 1-5.
The third quadrant breakdown voltage is lower than that in the first quadrant in a high voltage
structure due the asymmetrical design, which will be elaborated on the 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 quadrant, breakdown voltages are 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 simplified into a reverse bias diode, as shown in Figure
1-6a. The applied voltage is supported by the space charge region. The spatial variation of the
charge density p is shown in Figure 1-6b, which penetrates into both the p and n regions of

the junction, x, and X, respectively. The space charge width W, is the summation of x, and X

13



and an electric field is generated due to the existence of the uncompensated positive and
negative charge at each side of the junction, as shown in Figure 1-6¢. Using Poisson’s

equation, the electric field at each side of the junction can be determined:

dE  —gN,
E= - —x, <x<0
N, -
=q€—d 0<x<x, 1-4

Where N, and Ny are the acceptor and donor density; ¢ is the dielectric constant of the

semiconductor; q is the magnitude of the electron charge.

Integration from —x, to X,, results in the electric field distribution into the n and p side of the

junctions:
—qNg(x +x
E(x) = 1 a(g ») —x, <x<0
Ni(x —x 1-5

The electric field profile is shown in Figure 1-6¢. The peak electric field E(x) occurs at the
metallurgical junction (x=0) where the fixed positive and negative charges are at their
maximum as indicated by Equation 1-5. Integrating Equation 1-5 from —x, to X, obtains the
applied bias to the junction voltage V:
Xn Nox2 + gNyx2 1-6
V=—.[ E(x)dx=q a ngq an

—Xp

14
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Figure 1-6 Base-emitter shorted breakdown

Due to charge neutrality, the quantity of the positive charges in the depletion region must
equal the total negative charges:

qNgx, = qNgx, 1-7

When Ep, in the space charge region reaches the critical field Ec with an increasing base-
emitter voltage, a free electron is accelerated to gain enough kinetic energy to break an
electron bond. This impact ionisation generates an electron-hole pair. This newly generated
electron is excited to the conduction band from the valence band and enables current flow.
Once this process begins to act as a chain, a large current is following through the junction
and large power dissipation will destroy the device. Setting En=Ec and solving Equations

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

e(N, + Ny)E? 1-8
BVep === NN
qiNgiNg
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A material with high critical electric field strength can withstand a 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 breakdown [9]

When the base is open and the emitter is connected to ground as shown in Figure 1-7, leakage
current I, is flowing through the emitter-base junction. Due to the injection of minority
carries across the forward biased base-emitter junction (Iz), a collector current equalling a Iy
is produced, where a is referred to as the common-base current gain defined in Equation 1-9.
As B is intended to be very large (typically 20-70 for SiC BJT), ar could be as small as
unity. Since I, must flow through the emitter, it will increase the total leakage current from
the collector to the emitter. As a result, the breakdown voltage is reduced and the open base
breakdown voltage (Vceo) is smaller than the open emitter breakdown voltage (Vcgo). When
the BJT is working in the third quadrant, the emitter-base junction is reversed biased. J; is
able to block the reverse voltage due to the p-n junction structure. However, the base-emitter

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

a:I_C: Ie _ _br 1-9
L T I+, 14 B

1.3 High voltage transistor

Compared with low voltage devices, high voltage power semiconductor devices are more
complicated in their structures. Modifications are made in order to make them capable of
blocking high voltage and conducting high current. According to Equation 1-8, the
breakdown voltage is inversely proportional to the doping density and thickness, assuming

16



that the material critical electric field is unchanged. Therefore, to achieve high breakdown
voltage the doping concentration in the drift region would need to be reduced and the
thickness of it increased to expand the depletion region, as shown in Figure 1-8a [11]. The
operation and working modes are identical to the simplified structure in Figure 1-1. Due to
the low doping concentration, compared to the base region, the electric field is almost entirely
contained within the lightly doped N or drift region. Due to the high base doping density, the
depletion is confined in a narrow space in the base. Therefore, the width of the base layer can
be shortened in high voltage BJT design. As 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 touches the N* layer eventually at the breakdown voltage, it is not able

to widen any further since the high doping area restricts its growth. This is termed as a punch-

17



through (PT) design. The electric field is shown in Figure 1-8b, which describes the electric
field of PT structure. As shown, the profile is composed of two components with the peak
electric field value of E; and E,. E;, is due to the ironised donor in the lightly doped drift
region N™ and the area of the triangular component represents V;. The flatten area is due to
the heavily doped N* which blocks the voltage (V) and it stops the depletion region
extending further. The total area of the triangular and rectangular represents the breakdown
voltage V1+V,. If the drift width is longer than the depletion width at the breakdown voltage,
it is called non-punch-through (NPT) BJT, as the electric field shown in Figure 1-8c.

When the BJT is turned on, excess charges are injected into the drift region from the forward
biased junction, therefore resistance is substantially reduced. This effect is termed as
conductivity modulation and increasing the current capability of BJT device compared to
unipolar MOSFETs. However, these charges need to be removed during the switching
transient, resulting in current tails and increased switching losses, compared to unipolar

counterparts.

1.4 SPICE model for a BJT device

Circuit simulation tools such as SPICE are widely used in modern design practice for circuit
before committing the design to a hardware prototype. An accurate model of the electrical
components and efficient simulation environment can assist designers in observing and
understanding critical issues beforehand and increase the likelihood of a successful hardware
prototype. In this thesis, simulation models for BJT needs be developed mathematically for

accurate and realistic circuit simulation.

One of the BJT models was “Ebers-Moll” model, which was developed in 1954 [12]. That is
easy to use and effective in describing the DC performance of a BJT. However, it does not
capture many aspect of performance, such as the Early effect and any charge storage effects.
These effects are captured in the Gummel-Poon model [13]. Gummel-Poon introduces the
Gummel number, which takes many of the subtleties into account that affect collector current.
The Gummel-Poon model will be discussed later in this section. The Eber-Moll model
decomposes the BJT as two back-to-back diodes sharing a common node. Taking an NPN
BJT as an example, I is controlled by both Vg5 and Vg as shown in Figure 1-9. The currents
through two junctions are determined by their forward biased voltage. Firstly we assume that

Vge # 0 and Vg = 0. Based on the calculations for the collector and base current:
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qV -
Ip = Is(e kT — 1) 1-10
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F

Where I is defined as the saturation current and kT is the thermal energy.
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Figure 1-9 npn BJT Eber-Moll model [14]

If the bias condition is reversed, then Vg = 0 and Vg # 0. The function of the emitter and

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

qV -
Iy = Ig(e & — 1) -2
I qv -
= (1 18
R
1-14

1_ aVec
IC - _IE _IB = —Is(l +’B )(e kT — 1)
R

Where Bris defined as the reverse current gain. Unlike the forward current gain B, Bris
intended to be very small due to low doping concentration of the collector. Whenever the BJT

is working normally, the equations above can be superimposed:

qVBE 1 qVBc 1-15
IC == Is(e kT — 1) - Is(l +_)(e kT — 1)
Br
I qv I qv R
IB=—S(6%—1)+—S(<2 kgc—l) 1-16
Br Br
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Apart from the static IV characteristic shown in Figure 1-4, the dynamic performance of a
BJT is equally important, especially in a switching application. It requires that a BJT must
switch rapidly in order to reduce switching power losses. When the BJT is turned on, the
base-emitter junction is forward-biased leading to the excess holes stored in the BJT. Due to

the charge neutrality, the excess electrons, Q, are equal to the excess holes.

The Gummel-Poon model is widely used in the SPICE because of its advantages in
describing dynamic performance. It is fundamentally an Ember-Moll model with additional
electrical circuit components to represent the charge storage and parasitic resistances as
shown in Figure 1-10. Qg and Q are voltage-dependent capacitors used to describe the
excess carrier charges, which is relative to the transit time and collector current. Therefore,
the dynamic performance of a BJT can be modelled more accurately. Cz- and Cpg are the
junction depletion capacitances between the base, collector and emitter. C. is the collector to
substrate capacitance. As will be apparent from this electrical model for BJT, fast switching
can be achieved by ensuring 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

Table 1-1 compares the main differences in terms of the parameters in the SPICE model for
Si BJT and SiC BJT of comparable ratings. The Si BJT (NPN type) is made by
STMicroelectronics (Part number: 2N3771) with maximum collector emitter voltage at
1000V and maximum DC collector current 15A [15, 16]. The SiC BJT is manufactured by
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TranSiC (Part number: BT1220AB-P1) with maximum collector emitter voltage at 1200V
and maximum DC collector current 20A [17, 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 27°C
SiBJT SICBJT
IS Transport saturation current (I5) 7.4x10° (A) 5.2x10™ (A)
BF Ideal maximum forward beta (Br) 41.88 74
EG Energy gap (Ey) 1.11 (eV) 3.2 (eV)

1.5 SiC BJTs and other SiC based power devices

Compared to silicon (Si), silicon carbide (SiC) has different electrical properties, as
summarised in Table 1-2 [19-23]. These material properties for SiC make the wide bandgap
material more suitable for many aspects of power semiconductor performance and their

structural layout when compared to silicon alternatives.

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

Electrical Property Si 4H-SIC
E, (eV) 1.1 3.26
E. (MV/cm) 0.3 22
Veat (10'cm/s) 1 2
Uy (cm?/Vs) 1430 947
Uy (cm?/Vs) 460 140
A (W/cmK) 15 5
& 11.8 10

As a wide energy band gap material, the bandgap (Eg) of SiC is three times higher than its Si
counterpart, as shown in Table 1-2. It will influence the saturation current amplitude. The

intrinsic carrier concentration, n;, which is a fundamental semiconductor parameter, is
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dependent upon temperature and the energy gap of the material. This parameter defines the
thermally generated electron-hole pairs and affects the maximum operational temperature of
the devices, as this limits is defined when the intrinsic carrier concentration is equal to the
doping density [24, 25]. As shown in Figure 1-11, the intrinsic carrier concentration of SiC is
much lower than Si and remains lower over the temperature range. Due to this property, SiC
is more suitable than Si material for high temperature application [10] and the maximum
junction temperatures of SiC is up to 350°C [26]. Apart from the intrinsic concentration, the
high thermal conductivity (%) allows SiC devices to 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 4H-SiC intrinsic carrier concentration [27]

Due to high critical electric field strength (E;), the doping density for each layer in the device
can increase under the same breakdown voltage according to Equation 1-8. Therefore SiC
power devices can be designed to achieve low on-state resistance, which can in principle be
300 times lower than its Si counterpart [28]. The parameters p, and p, are termed as electron
mobility and hole mobility respectively. The drift current density is proportional to the carrier
mobility whereas the resistivity of a semiconductor is inversely proportional to the mobility
at a given doping density and temperature. vy iS the saturation velocity, which is the

maximum carrier velocity.
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A range of SiC-based transistors have been manufactured since the emergence of SiC JFETs
in 2008 [29-31]. After overcoming many obstacles, such as material defects [32], 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 have been
shown to suffer threshold voltage instability at high ambient temperatures [33]. Both
unipolar devices, SiC JFETs and SiC MOSFETSs, have shown non-linear on-state resistance
increase at high junction temperatures [3] due to various thermal coefficients for different
layers [34]. In comparison, SiC BJTs exhibit virtually temperature-independent switching
performance and low switching losses [3] due to a low level of stored charges within the
device. Compared with the commonly commercialised SiC Schottky diode, three-terminal

power device fabrication cost is much higher due to the limited wafer size [35].

A cross-section of a NPN vertical SiC BJT is shown in Figure 1-12. A 4H-SiC version on this
structure shows a breakdown voltage of approximately 600V [36]. A lightly doped drift
region n” is sandwiched between the base and collector layers in increase breakdown voltage.
Due to the high critical electric field strength, the base doping can be very high, reducing the
base width. This increases the transistor gain and simplifies the base drive circuit.

A multistep junction termination extension (MJTE) is used for the base-collector junction to
improve the blocking capability [37]. Due to lightly doped drift region, the depletion between
the base and collector junction predominantly extents into the collector side operated in the
off state. Compared with the traditional implanted emitter Si BJT, the SiC structure uses an
epitaxial growth and etch process due to the low diffusion coefficient and activation energies

of silicon carbide dopants [36].
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Figure 1-12 4H-SiC BJT cross-section [36]

1.6 Alternative power device structures in SiC

In addition to the power BJT structure, alternative power devices have been designed and
applied in industry with different characteristics. The most basic power device structure is a
diode in which one-way current conduction is passively controlled by the direction and
magnitude of the applied voltage. Beside traditional pn junction diodes structure, various
diode structures have been proposed in order to achieve different voltage-current
characteristics, such as Zener diode [38, 39], PIN diode [40], photodiode [41] and Schottky
diode [42, 43]. Generally, in power electronic applications only Schottky diodes are widely
used due to the lower knee voltage, compared to the PiN counter parts and close to zero

switching losses.
I.  MOSFETs (Metal-Oxide-Semiconductor Field-Effect Transistors)

A vertical power MOSFET design is shown in Figure 1-13a. As shown, the device is built
around an n- drift region of sufficient thickness and doping concentration to achieve the

voltage rating of the device. The source and drain terminals are formed with n+ type regions
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to provide low ohmic contact to the structure. The cathode cell is formed with a p type region
where the n-channel will be formed during the on-state. It is important to note that this region
would be connected to ground via a p+ contact to avoid turning on the parasitic transistor and

enhance the structures safe operating area.

If a positive potential is applied to the drain and the source electrode is held at ground, the
application of a flat band voltage on gate metal gives zero-band bending at p body interface
as shown in the energy band diagram in Figure 1-13b. Since there is no net electric field
existing in the interface area, the energy band is flat. Increasing the gate voltage, the
conduction band (E.) and valence band (E,) are bending due to the electric field generated at
the SiO, and p body interface. Depletion region is formed and full of negative charges. If the
gate voltage continues increasing above threshold voltage, the conduction band is pulled
close to the fermi level (Eg), more states will be occupied by the electrons in this band which
forms an inversion layer with high conductivity and low resistance on the surface of the p
body region. This allows electrons to flow from source to drain providing a two dimensional

current flow path (Ip), as shown in Figure 1-13a.
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Figure 1-13 Vertical MOSFETS cross sectional view

Il.  IGBTs (Insulated Gate Bipolar Transistors)

The vertical cross section of an IGBT is shown in Figure 1-14, like the MOSFET, it is a three
terminals and four layers device. The only difference between the two structures is the
additional p+ anode at the backside of the IGBT. Like the power MOSFET, gate voltage
controls the formation of an inversion layer on the surface of the p type semiconductor
underneath the SiO, gate dielectric. When the applied voltage exceeds threshold voltage, the
n-channel effectively connects the n* and drain drift n" region. 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

shown in Figure 1-14.
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Figure 1-14 IGBT vertical cross section view

Depending upon the gain of the transistor and the density of MOSFET cathode cells, the
IGBT can be considered either as a MOSFET in series with a P-iN diode or a transistor
driven by a MOSFET. Traditionally, in terms of SPICE modelling the device is considered as
the latter, as shown in Figure 1-15a, therefore its operation principle is identical to the BJTs
operation principles, as described above. Since IGBT combines the operational principles of
both the BJT and MOSFET the device exhibits high input impedance and low effective on-
state resistance under high current operation. 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 silicon carbide, 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.
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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 making when designing a
converter for a specific application. The power consumptions of a power device directly
influence the system efficiency, cooling system size and control strategy. In terms of device
losses, it composes of two components, on-state and switching power loss. Different device
technologies and material systems have specific advantages and disadvantages which are

dependent upon the operation states.

In order to compare power losses accurately, test condition and methodology must be
identical. The switching power losses of power semiconductor devices are conventionally
performed by the double pulse test as shown in Figure 1-16. The switch can be a MOSFET,
IGBT or a BJT, which is used as an example in this section. A base current Ig is provided to
switch the BJT from its blocking to on-state. A high voltage source, Vpc, is used to supply
the energy required by an inductive load and stress the BJT when it is turned off. A free-
wheeling diode (D) is used to clamp the voltage and maintain the load current I, when the
BJT is turned off. The time constant of the inductive load is designed to be much larger than
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the switching period so that it can be assumed as a constant current source during the

switching process.
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Figure 1-16 Double pulse test with an inductive load

Figure 1-17 shows a simplified turn-on transient of a BJT showing the base current (lg),
collector current (Ic) and collector-emitter voltage (Vcg) as a function of time. Initially the
base-emitter space charge capacitance must be discharged in order to forward bias the base-
emitter junction. This manifests itself as a turn-on delay time tg(on) after the base current
rises. Following the discharge, carries are injected into the base and the collector current
(Ic(t)) increases quickly. After ton, the collector current equals the load current I, The
voltage Vce(t) is constant during this period since the diode D is clamping it to Vpc and the
BJT is working in the active region. During ton2, Vce(t) drops quickly without clamping
because there is no current through the diode. When the B-C junction becomes forward
biased, the BJT is entering the saturation region in tyn3. Since the current gain reduces in this
region, the voltage drop rate is slow than previous. At the end of the turn-on process, the BJT

is in its conduction mode with a constant on-state voltage, Vcg(sat) under constant current .
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Figure 1-17 BJT turn-on waveforms

The turn-on power loss of the turn-on is defined as:

1-17

1 t2
Piyrn—onioss = — f VCE(t) X I (t)dt
t; =ty Jy,

Where t; and t, are defined by 10% of the maximum collector current and voltage

respectively, as shown in Figure 1-17.
The total on-state losses are given by:

1 (PT 1-18
Pon—state loss = Tj VCE(t) X Ic(t)dt
0

Where D is the duty cycle of each switching period T.

When the BJT is conducted, charges are stored in the device, as a result of conductivity

modulation; significant charge is stored in the drift region. In order to turn off the device, this
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charge must be removed before the device can be turned off. The turn-off waveform of a
typical BJT is shown in Figure 1-18. A negative base current is used to speed up this process
by removing some of the stored charge from the base region. During ty(off), part of the
excessive charges in the drift region are swept out by the negative base current. Any charges
left in the base and drift region can still support the collector current. With this process
carrying on, it takes ty time interval to remove stored charges at the collector and base end.
Afterwards, the BJT enters into the active region and Vcg(sat) rises quickly. At the end of toso,
the BJT is in cut-off and the current is commutating into the free-wheeling diode. After a
time interval ty3, charges in the BJT are completely removed by the negative base current
and junctions are reverse biased. If the base current transits very quickly into the negative
value at the beginning, the charges in the base are removed fast and emitter current goes to
zero fast accordingly. There will be stored charges in the drift region at this point. They can
only rely on the internal recombination and negative base current when this happens. The
removal process would be very long, which creates a current “tail” and increases the turn-off
losses inevitably, as shown in Figure 1-19. The turn-off power loss is defined by Equation

1-17 by changing annotation to ‘turn-off loss’, with the parameters shown in Figure 1-18.
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Figure 1-18 BJT turn-off waveforms
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Figure 1-19 BJT turn-off waveforms with the collector current tail

Compared to the unipolar device MOSFET, the BJT and IGBT have to remove excess
carriers stored in the drift region before they are completely turned off. As shown in Figure
1-18, Vce(t) is at the maximum value during the carrier removal process. Therefore, high
switching off loss is a genuine disadvantage in bipolar device technologies. However, on-
state losses of a high-breakdown-voltage MOSFET are higher than the BJT. In order to bear
high voltage, the drift region is designed to be large resulting in high on-state resistance. For
the BJT and IGBT, the conductivity modulation process significantly reduces the resistance
of the n- drift region; therefore their effective on-state resistance is very small. When the BJT
is made from SiC, the minority carrier lifetime is very short and drift regions are very thin,
when compared to silicon counterparts. That means few charges are stored in the device
when it is turned off and the device does not exhibit a current tail. The turn-off 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 the high input impedance of the MOS gate structure, MOSFET devices are defined as
a voltage-controlled device. The gate driver should be able to supply a positive voltage higher
than the threshold value during turn-on process and maintain at a constant voltage level
during on-state. As the gate drive unit is charging/discharging an effective input gate
capacitor, the driver consumes little power which makes the control circuit small and simple.
Figure 1-20 shows a generic gate drive design for MOSFETS. In order to control the speed of
charging and discharging gate capacitance, a gate resistor Ry iS placed between the gate
terminal and gate drive unit. The control signal (Vg) is provided from a logic source with low
voltage power supply. In order to isolate high voltage (HV) from logic part of the circuit, an
isolator unit is used. The voltage supply (Vpp) for the isolator and MOSFET gate terminal is
usually generated by a Switching Mode Power Supply (SMPS) due to its high efficiency and
large insulation voltage. Due to its fast switching frequency when operating, Electromagnetic
Compatibility (EMC) must be complied with when designing the PCB layout in the industry.
Two BJTs with high current capability are used as a buffer in the drive circuit for high peak
current during the turn-on and -off period. A boost capacitor (C) is connected between Vpp
and source of the MOSFET in order to offset Vpp. In this configuration, the gate voltage is
always referenced to the source terminal and the high voltage is isolated from the logic part.

Therefore, this gate driver is specifically applied for high side MOSFET.
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Figure 1-20 Gate driver design for MOSFETSs
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In order to reduce the power loss of a MOSFET driver, a resonant gate driver structure is
proposed in [44], which implements the energy recovery concept in the design. The control
signals of the proposed circuit and current waveforms are shown in Figure 1-21 [44]. Before
turning on the MOSFET (Q, IRF6691), the inductor (Lg) is pre-charged during to-t;. By
turning off Q3, the current is re-directed into the gate of MOSFET Q and it turns on
MOSFET Q during t;-t, at the peak value of the inductor current. The gate capacitance of
MOSFET Q is charged over the threshold rapidly and hence the turn-on loss reduces. During
the conduction interval t,-t3, the energy in Lg is discharging back to Vcc. Before turning off
MOSFET Q, Lg is pre-charged with negative current during the interval t4-ts with the current
path shown in Figure 1-21 (b). At i g negative peak value, Q1 is turning off and the energy in
the gate capacitance of MOSFET Q is transferred into Lg. During ts-t7, the energy in Ly is
transferred back to the supply of Vcc as the negative ivcc indicates. In this way the energy
recovery from Lg and the gate capacitor has been achieved. The experimental results
presented in [44] indicate that 51% of the gate energy was recovered with the proposed gate
driver for a Vcc of 5V. Based on the energy recovery concept and principles, more resonant
gate driver designs for either Si or SIC MOSFET have been proposed in [45-47]. The
experimental results in [44] demonstrate a reduced driver losses as well as switching losses

due to a positive/negative current peak generated by the inductor in the driver.

(@) Turn-on operation
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Commercial MOSFET drivers available in the market have various sizes, packages and pin
numbers. Since the MOSFET is a voltage controlled device, it is necessary to consider in
detail the specifications of the peak current and the output voltage in addition to the
continuous sourcing capability. Several widely used commercial drivers are referenced in
[48-52]. Taking the IR2110 [48] as an example, the typical connection to power devices is
shown in Figure 1-22. It is capable of driving high side and low side MOSFETs with
independent output channels (HO and LO). High side floating voltage (Vg) is referenced to
the source of high side MOSFET with a boost capacitor connected between floating supply

voltage (V) and floating offset voltage (Vs).

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

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 MOSFETs and IGBTs, BJTs are current driven
power devices. Continuous current needs to be supplied to the base to maintain conduction.
Therefore, the driver design is different from those for MOSFET” described above. In order
to reduce the switching losses, some additional specifications need to be satisfied for the Si
BJT driver designs, such as an overcurrent for fast turn-on, a negative base current and base

voltage for fast turn-off, and a clamping circuit to avoid saturating [53].

A widely implemented base drive is called the Darlington configuration which can prevent a
Si BJTs from working in the hard saturation mode and provide proportional base current as
shown in Figure 1-23a [54]. It has the advantages of high current gain equalling the product
of the two Si BJT gains and no current tail since Si BJT1 is always working in the active
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region without any excess charges stored in the drift region. However, it suffers high on-state
power losses, especially under a high collector current, since Ve always equals Ve, + Vipes.
A low voltage and high current isolated power supply Vc can be inserted in between two
BJTs, as shown Figure 1-23b, in order to reduce the on-state voltage drop across Si BJT1.
However, the BJT drive using the compensated Darlington configuration inevitably
experiences hard saturation and large turn-off losses due to the current tail issue. Since Si
BJTs are replaced by Si MOSFETSs and Si IGBTSs in most of applications, Si BJT drivers are
only developed in academic area and hardly found in the market. The commercialized drivers
are usually composed of a totem-pole circuit with a Darlington transistor as its output stage in

order to provide high current capability [55, 56].

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

Figure 1-23 Two different structures for Darlington configurations

There are several drive strategies proposed to control Si BJTs. One option is where a base
current is supplied and coupled directly with a transformer [57-59]. This option provides
galvanic isolation between the low voltage and high voltage sides of the base drive unit, a
continuous negative base current can be supplied to achieve for fast turn-off and an overshoot
voltage for to speed up the turn-on process. Proportional base drivers have been proposed in
[60-62]. Here the base current is proportional to the collector current and is provided by a
transformer, this avoids overdriving the BJT and reduces the driver power losses. All these

base drive options at bulky are very inefficient and are complex to control.
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1.7.3 The base driver design issues for SiC BJTs

BJTs are controlled by providing a continuous DC current into the base terminal. The base
driver power loss is much greater than their voltage-controlled counterparts, such as
MOSFETSs. This is one of the many reasons why BJTs have been replaced for the majority of
applications. However, with the emergence of wide band gap semiconductor materials such
as SiC, high voltage transistors are starting to appear in the market place as an alternative
structure of SIC MOSFET. It is reported that there is an absence of hard conductivity
modulation in SiC BJTs, even though the saturation voltage drop between the collector and
emitter is very low [63]. Since there is no current tail, the base drive design for SiC BJTs
does not need to prevent the BJT from working in hard saturation and neither is it necessary
to be too concerned of excess carriers in the drift region. Therefore, traditional silicon BJT
drives can be made simpler when designed for SiC BJT as these issues do not exist. For
example, SiC BJTs have demonstrated a gain value above 100 and a square Reverse Biased
Safe Operating Area (RBSOA) [64, 65]. This means a substantial reduction base current
compared to a silicon BJT counterpart rated for the same high voltage. Therefore the base
drive design must be modified significantly using different driver topologies, which has

become a new challenge for SiC BJTs.

A conventional base drive specifically for a SiC BJT is shown Figure 1-24. The pulse
capacitor (Cpuise) and R, forms low impedance between the base and Vpp or ground which
will generate current peaks during turn-on and turn-off. The transient speed is mainly
dependent on how fast charges can be injected and extracted from the base. Therefore, the

current peaks into and out of the base terminal is necessary for fast transients.
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Figure 1-24 A conventional base driver for SiC BJT

A DC current I, is supplied through resistor R; to maintain the base current during the on-
state period. The value is defined by Equation 1-19, where g is the current gain of the BJT
and I is the collector current. Since the fabrication technology is immature and the cost is
much higher than the Si based devices, SiC BJTs are not commercialised and manufactured
in large volume. Therefore, the tolerance of the current gain is not provided by the supplier.
Only the nominal value at different junction temperatures is provided on the datasheet. To
ensure that the device does not enter the forward active mode at the maximum junction
temperature, the minimum current gain is used from the datasheet. The ratio of I- and S is
multiplied by a factor 1.5 to provide enough margin in order to accommodate the tolerances
on the nominal gain values. This factor is provided of x1.5 was drawn from the application

note [66] from the device supplier:

IDC = 15 IC/ﬁ 1-19

The total power losses of the driver (P, 10s5) CoOnsist of the losses due to the base resistor

(Pr) (Equation 1-21), the base-emitter junction (Pgg) (Equation 1-22), the speed up capacitor
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(Pcpulse) (Equation 1-23) and the base/emitter junction capacitor (P¢,,) (Equation 1-24). Vpp

and I, are the DC power supply voltage and average current, respectively.

Pcon_toss = Voplp = Pr + Ppp + Pc,,, + Py 1-20

ulse

Pr = Ijrus(R1 + Rew1) 1-21

Where 12545 is the RMS value of the base current and Rgy,; is the on-state resistance of the
upper switch (SW1).

Pgg = Iy av * Vhe(sar) 1-22

Where I, 4y is the average value of the base current and Vye(sqs) is the voltage drop across the

base-emitter junction during the on-state which is approximately 3V for SiC BJTs [17]. The

base-emitter junction losses (Pgg) are independent of the switching frequency.

The power consumption by charging and discharging the pulse capacitor is dependent on the

switching frequency. The power fed by DC source due to Cp,,;s, is shown as:

Pcpulse = Cpulse ) szulse ) fS 1-23
Where V¢ Is the voltage across of Cp,,s. during the conduction and f; is the switching

frequency of SW1 and SW2.

The power fed to the base emitter capacitance (Cgg) is shown as:

Peg, ~ Cpg - Vbze(sat) “fs 1-24

Based on the assumption that the base emitter capacitance (Cge (6-16 nF)) is almost constant

and small, P¢,,. can be neglected in the analysis, even at high switching frequencies.

Figure 1-25 shows the power losses audit for a conventional SiC BJT driver shown in Figure
1-24, operating at a 40% duty cycle in the simulation. Various I is obtained by changing R,

in Figure 1-24. The pulse capacitor losses (Pcpulse)’ derived from Equation 1-23, increase

with the switching frequency whereas the power losses (Pg) and (Pgg) are constant. Unlike
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Py and Pgg, which is dependent upon base current (Ipc), Pc,,,,, increases linearly with the
switching frequency. For a low base current such as 0.1A, Pe e dominates the losses when

the switching frequencies are above 80kHz. If the base current was increased to 1.5A, the
capacitor power consumption is much lower in the range of 50 -- 200kHz. In order to reduce
resistor power losses, the voltage supply (Vpp) needs be as low as possible. However, if it is
low, the device is more susceptible to voltage fluctuation caused by the coupling of the
emitter due to the emitter stray inductance and base-emitter capacitance. Emitter parasitic
inductance voltage is dependent on di/dt when the BJT is switching. This voltage change can
be coupled to the base terminal through base-emitter capacitance and influence the base
current. Furthermore, reducing Vpp, would increase switching losses as a portion of the fast
switching base current is sourced from it. Therefore, a trade-off exists between the base drive

losses and switching performance of the BJT in the conventional base driver design.
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Figure 1-25 Power consumption simulation analysis in the conventional base driver
relating to the switching frequency (Vpp=10V; Cpy5.=100nF; R,=1.5Q)
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1.7.4 Alternative base drive techniques for SiC BJTs
A method to reduce driver power consumption is a fundamental concern in driver design.

This section discusses and reviews several solutions.

IMGT base driver — An IGBT and MOSFET Gated Transistor structure base driver was
proposed in [67]. It is based on the same principle as a Darlington configuration which is
shown in Figure 1-23. The base current is supplied as part of the collector current of SiC BJT
through IGBT (G1) when the logic signal at terminal b is over the threshold voltage turning
on G1. The base power loss is only equal to the IGBT drive loss. Moreover, the base current
is proportional to the BJT collector current as Darlington’s configuration operates. The
disadvantages of this base driver are clear: a high voltage IGBT is needed and the voltage
drop of the BJT during conduction is high. In order to reduce on-state power loss, an
auxiliary voltage (Vaux) source was proposed, as shown in Figure 1-26 (b). Compared with
the structure in (a), the collector-emitter voltage of the SiC BJT has reduced by Vqux when it
is conducting. This base driver concept has been verified in a 5kW soft switching SiC BJT
inverter [68].

High Voltage IGBT

—H |: BJT!

channel MOSFE

Low Voltage P

T3

(a) Basic IMGT structure
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(b) IMGT with auxiliary power source

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

Discretized proportional base driver — This type of drive was proposed in [69, 70]. In this
topology, different parallel resistors are located within the driver in order to adjust and
control the amplitude of the DC current, as shown in Figure 1-27. Resistors R1 to RN are
used to set up DC base current during the conduction interval. Switches (SW1-SWN) are
connected in series with each resistor to open or close a current path to the base terminal. The
excessive base current can be avoided by using discrete base current levels. However, the
resistor network and their gate drivers occupy a large board area and the additional gate
drivers for switches (from SW1 to SWN) also increase the board complexity and power
losses. With this option, only a few discrete DC base currents can be selected which is limited
by the number of the resistors and, when the collector current reaches the device’s maximum
rated value, all of the resistors need to be connected in the circuit to provide a large DC base
current. Under such conditions, its power consumption is the same as a conventional driver.
Further improvement for this structure in order to switch the SiC BJT faster, would be a
dynamic power stage with a RC current path to generate current peaks during the transient
process. This base driver was verified in a DCDC converter applied in an ideal electrical
vehicle in [69] with a steady state base driver loss reduction 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 driver — A current source base driver integrating an air-core inductor
was introduced in [71] as shown in Figure 1-28. Prior to the turn-on stage of the BJT,
switches SW2 and SWa3 are turned on to charge an inductor (L) to an intended current peak
from tl to t2, as shown in Figure 1-29. When the desired current peak is achieved in the
inductor, SW2 will turn off to divert this large current to the base terminal from t2 to t3,
forcing a rapid turn-on process. From t3 to t4, the energy in L is completely transferred to the
base and then only DC base current is provided by Vpp, set by R1 and R2 as shown in Figure
1-28 after t4. Since the negative voltage source (—Vpp) is used; the negative current peak is

generated at t5 for a fast turn off.
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Figure 1-28 Current source base driver (adapted from [71])
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Compared with the conventional base driver, the RC current branch is replaced by an
inductor (L) and diode (D) to generate a 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 this inductor can be kept constant even if the base voltage fluctuates because of
fast transients. So a low power supply (Vpp) (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 inductor is required and the regeneration could make the design
very complex [72]. But for the turn-off process, a negative voltage needs to be used to speed
up the transient to reduce the switching losses, which inevitably increases the amount of

electrical components and board size.

Dual-source supply driver — This new base driver design is based on a dual-source DC
power supply configuration, as shown in Figure 1-30 [73]. A low voltage (V) supplies a DC
base current for the conduction state while high voltage (V) for Couse-R path is used to
increase the transient speed by generating high current peaks. A low resistance (R;) can be
chosen to match this low voltage supply (VL) to supply a desired base current. P, in 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
decrease. That has been experimentally verified and applied in a 6kW DC/DC converter [74].
The parallel connection of the SiC BJT was implemented to achieve a high converter
efficiency of 98.5%. The base driver unit described takes 10% of the total power losses.
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Figure 1-30 Dual-source DC power supply base driver [73]

One disadvantage for this technique is that more components are required compared with the
conventional base driver, thus increasing the circuit board area. According to Equation 1-23,
with the high voltage (V4), the capacitor power losses can become dominant under a middle
range switching frequencies when DC base current (Ip¢) is low, as shown in Figure 1-25.
Another disadvantage is that the base current in Figure 1-30 is not able to change with the
junction temperature or collector current, so the overdriving occurs when the BJT is not

operating under full load conditions.

The prototype PCB design and measured base current waveform for this drive are shown in
Figure 1-31 and Figure 1-32 respectively. There is only one input voltage level of 15V on the
PCB used as the high supply voltage, V. A commercial 15V to 5V DC/DC converter from
TRACO (Part number: TMA 1505S) as shown in Figure 1-31 provides a low voltage stage,
V|, to the board. Figure 1-32 shows the measurement results of a 330mA base current, I,
which is used to maintain the conduction of the BJT with 1.5A peak current. Assuming the
junction temperature is 150°C with current gain 25 as the worst case, this drive can maintain
5.5A collector current while keeping the on-state losses low. Using a separate high voltage

branch offers improvements in switching speed and it does not influence the on-state
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performance. Appendix 8-1 and Appendix 8-2 give details of the circuit schematic and PCB

layout design of the dual-source 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 from the dual-source DC power supply base
driver (200mA/ and 1ps)
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Single inductor driver —This optimized base driver configuration has been proposed and
applied to a resonant inverter [75], as shown in Figure 1-33. This base drive features a buck
DC-DC converter, composed of SW1, SW2 and L. The output current of this converter is fed
to the BJT as a base current. The duty cycle of switches SW1 and SW2 is controlled to
supply a required DC base current according to the load condition. The inductor (L) is used to
store the current by charging and discharging during the BJT on-state. Due to the absence of
the discrete resistor, the driver losses are significantly reduced compared with other driver
structures. The winding resistive loss needs to be taken into account when the DC base
current is very high. The driver can provide the adjustable currents to the base which avoids
the overdriving problem. Since this design lacks the dynamic stage for fast switching, the
transient power losses inevitably increase. A resonant inverter is a suitable application for the
driver, considering a zero-voltage switching (ZVS) which originally possesses a 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 switching or high frequency applications, little

advantages are seen in terms of base drive power loss.
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Figure 1-33 Proposed base driver design for the resonant inverter (adapted from [75])
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Proportional base driver — A current transformer is used to provide a proportional base
current in order to maintain the on-state of SiC BJTs in this design, as illustrated in Figure
1-34. The collector current is coupled directly to the base through diode (D1) and the
secondary winding of the transformer does not have any resistors in its path in order to
minimize the base driver power losses [76]. When SW1 is turned on at t1, Figure 1-35, a
positive peak current is generated due to the low RC impedance. After a short delay, the
collector current Ic begins to rise at t2 causing positive voltage across the winding P1. Ip;
starts to flow due to the positive P2 winding voltage. From t3 to t4, collector current increases
slowly so that Ip; drops to a low level, dependent on the winding number ratio between the
primary and secondary. When SW2 is turned on at t4, the BJT starts to turn off. The current
gain decreases when the collector current is low, so a minimum current needs to be fed into
the base from R; under light load conditions in order to keep the BJT conducting. The
primary winding brings the extra inductance into the power line which will degrade the
switching speed, enhance the ringing effect and stress on the device. Transformer overheating
is another issue if the drive current is high. In [77], the author 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 collector-emitter voltage is measured and used
as a control factor to adjust the base current. The disadvantages of these drives are the
requirements of high bandwidth current transducer, complex sensing and control circuit. In
addition to the re-design of the base driver circuits reviewed above, it has been proposed to
use on-step commutation algorism for the inverter control [80]. This eliminates the dead-time
effect and reduces the turn-on time of each BJT switch in one cycle. Unnecessary conduction

time of the BJT is minimized and the driver losses reduce accordingly.
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Figure 1-35 Time scheme of the proportional base driver

51



1.8 Conclusions

Various power devices have been introduced in this chapter with their structures and
operation principles. Driver technologies are applied on the different devices based on the
requirements for tuning on and off. The superior performance of SiC BJTs, due to the wide
band gap material properties and n-p-n robust device structure, has been described in Chapter
1. Compared with the voltage-driven power devices, the high power losses of the base driver
is one of the weaknesses of SiC BJTs. Several novel drive designs targeting to improve the

efficiency and reduce switching losses are reviewed.

The SiC BJT can operate at a high junction temperature. Chapter 2 explores switching
performances at high junction temperatures for SiC BJTs with comparisons to Si IGBT. The
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 in Figure 1-25, the power losses of the pulse capacitor (Cpuse) at high switching
frequencies dominates when the DC base current is low. The energy in the capacitor can be
recovered instead of draining all the charges to the ground. This idea is firstly used in the
base drive design for SiC BJT in Chapter 3 for high frequency applications. The boost
converter using the SiC BJT driven by the proposed circuit is prototyped and discussed in
Chapter 3.

For low frequency applications, an active base driver design is firstly proposed in Chapter 4.
The design is able to change the base current’s amplitude and, thus, reduce the driver loss. A
separate current path is included to enable fast switching. A comparison between the
conventional driver and the active base driver is presented and discussed. The proposed base

driver is verified in an integrated converter.

Chapter 5 proposed an integrated converter design including the theoretical analysis and
hardware prototype. SiC BJT is used as a power switch in the converter, which is driven by

the active base driver unit.

Finally, Chapter 6 comes to the conclusion of the thesis and possible future work based on

the current research.

The drive designs and implementations considered in Chapter 2-5 are all original and first

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

IGBTSs at High Junction Temperatures

2.1 Introduction

Semiconductor device power losses manifest itself as heat generation which needs to be
removed from the device packaging to maintain the junction temperature below their
maximum operating conditions. Therefore a cooling system is required to dissipate heat away
from the device packaging and into the ambient. As the size of the cooling system is
proportional to the dissipated energy, a device with high junction temperature capability will
effectively reduce the size and complexity of the cooling system. SiC can withstand higher
maximum junction temperatures and has a low intrinsic carrier concentration at high
temperature, which reduces the leakage current when the devices are operating in their off
state [81].

One of the main advantages of silicon carbide is the increased maximum operational
temperature, due to its wide bandgap, compared to silicon, and the resultant low intrinsic
carrier concentration. MOSFET, JFET and BJT, are commercially available in SiC, each of
these has its own limitations with respect to operational temperature. For an example, the
maximum operational temperature of the power MOSFET structure have been shown to be
limited at 200°C due to the reliability of oxide-related issues [35]. However, the leakage
current is almost negligible at high junction temperature for SIC MOSFET [82]. SiC JFET
devices are generically normally on, however normally off structure are available on the
market. Even though cascading the structure with a low voltage MOSFET can re-configure
the device to become normally off, the additional MOSFET increases the on-state resistance
and maximum operational temperature is limited by the silicon component [83]. Due to its
inherently normally off behaviour and the absence of gate oxides, the bipolar junction
transistor structure overcomes these limitations of MOSFETSs and JFET structures. Therefore,
the structure is more suitable for high temperature operation, compared to alternative SiC

technology.

2.2 Self-heating methodology for double pulse inductive switching
In order to evaluate the SiC BJT switching performance under high junction temperatures, the
device is self-heated above the test temperature where the circuit is re-configured to measure
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inductive switching losses. This methodology requires no hot plate to heat the device

externally and therefore reducing stray inductance from routing electrical connections.

Figure 2-1 shows the test circuit and time scheme of critical signals. By turning on Q2 and
Q1 at the same time forces the devices into a short circuit conditions as shown in Figure 2-1b.
As the saturation characteristic of the silicon IGBT is chosen to have significantly higher
current saturation, current is limited by the BJT operating in the active mode. Due to the
presence of both high current and voltage, Q1 is heated up by controlling the applied short
current (lsport), Short circuit time (Ton) and time period to-t;. To increase the thermal capacity
of the device Q1 a copper block is attached to the backside which has an embedded
thermocouple. Therefore after a temperature above the test temperature is achieved, the
thermal time constant (temperature dropped 1% after 1s) of Q1 is slower than that of the
double pulsed switching transient, therefore the junction temperature would be close to the
case temperature, due to the significantly higher thermal time constant compared to the
semiconductor die. As the device is in a cooling cycle, the circuit is re-configured so that the
IGBT gate is de-activated and switching times of Q1 is adjusted to achieve the test condition.
When the test temperature is reached and becomes stable at t;, the device is activated into a

double pulse test and the turn on/off energy losses are recorded during time period t;-ts.
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Figure 2-1 Self-heating circuit diagram for SiC BJT
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The gate drive of Q2 is powered by a £15V source, whose zero potential is referenced to the
BIT’s collector. The schematic and PCB layout designs for this high side IGBT Q2 gate
driver are shown in Appendix 8-11 and Appendix 8-12. The power loss of Q1 is given by:

Lshore " Ver01 " Ton 2-1

Py, =

Theat

Where I, IS the short circuit current when Q1 and Q2 are both turned on for a period T,

in one heating cycle Theq:-

2.3 Operation and experimental set up

In the test rig, the copper bus bars are shown in Figure 2-2 are used to replace cables to
connect the electrical components. DC de-coupling capacitors are added to the test circuit to
ensure the fast turn on/off current edges are sourced locally, thus reducing parasitic
inductance and bypassing AC noise. A small length of wire is attached to the emitter terminal
of the BJT for positioning the current transducer. The base drive circuit is a conventional
drive with a speed up capacitor, as discussed in section 1.7.3.

Figure 2-2 Self-heating and switching test set up
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Vpc in the experiment was set to 600V, a typical test and operating condition for the 1200V
breakdown voltage device, which is Q1(SiC BJT) [17], whereas the continuous collector
current is ramped up to 20A. The IGBT used in [84] had the same breakdown voltage but a
continuous collector current of 90A. When Q2 is turned on as a short across the load, the
short current amplitude is limited by Q1 and therefore Q1 undergoes significant self-heating.
D1 is a 1200V/100A SiC Schottky diode made by GeneSiC due to its low reverse current
which is 25pA at 1200V/25°C. The continuous DC current is 100A for this diode. The
maximum junction temperature can be 175°C. DC power supply and L1 is embedded in a
switching test rig, as shown in Figure 2-3. The load inductor is constructed using an air core
with a single layer of winding to minimise parasitic capacitance across the windings. The
DC-link voltage is supplied from a rectified output from a transformer with multiple output
taps fed from a variac at the primary winding. The rig provides three connections; across the
load inductance for connection of Q1 and free wheel diode and at a ground plane where the
current sensor is positioned. The power connection is in a bus-bar layout to minimise stray
inductance between the DC-link capacitance and Q1. 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 rig is facilitated 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 a short circuit provided by the device manufacturer, single pulse short
circuit testing was performed on Q1. The same test circuit was used to establish the short
circuit performance of the device, both Q1 and Q2 were controlled together so that Q1 would
enter into a short circuit mode whereas Q1 would control fault current and act as a current
limiter. Short circuit testing was performed with a single short pule of 9us at a very low
frequency to reduce the effects of accumulative power heating.

Figure 2-4 shows typical short circuit behaviour of Q1 under various DC-link voltages. A low
impedance path provides a base current spike during BJT’s turn-on process as specified in
last chapter. This large current forces the BJT working in the saturation region with low
resistance, which results in a current spike through Q1 and Q2 at the beginning as shown in
the figure. As time increases the device enters the active mode of operation and short-through
current reduces to a stable state. During this time, there is a slight oscillation of Vcg o1 due to
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the resonance between the DC-link capacitance and parasitic inductance induced by the wire

connecting Q1 and Q2. The wire is required to enable the current 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 survive a 9us short circuit period up to 100A at 600V
when driven by a 1.6A base current. Due to the constant base current, the short current does
not change, although the voltage is increasing from 120V to 600V. At 100A collector current,
Ve g2 is only few volts due to the large current capability of the selected IGBT. As shown,
under these conditions the Early Effect is insignificant for the SiC BJT.

If the short circuit time is increased from 9us to 17us, as shown in Figure 2-5, the device fails
after several test cycles. The failed device demonstrates an open circuit characteristic
implying a failure of the wire bonds of the device. This provides a maximum limit for the
self-heating approach prior to the inductive load double pulse test.
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Figure 2-5 SiC BJT short circuit performance with longer time period

2.3.2 1-V characteristics and tolerance of two SiC BJT samples

A number of pre-production 1200V/20A SiC BJT samples were supplied from
Transic/Fairchild. Due to the device infancy, only a primary datasheet is provided by the
manufacturer, therefore to establish the electrical characteristics of the devices, DC
characterisation was performed using a Tecktronix 371A interfaced with a Thermo-stream.
Three terminals of the BJT are directly connecting to the ports of Tecktronix, which will
supply a stepped base current (I,) from OmA to 800mA and increase the collector-emitter
voltage (V) gradually for each step of base currents. During this process, the collector
current (I¢) is measured to plot the I-V characteristic of the BJT as shown Figure 2-6. The SiC
BJT samples were placed into a temperature controlled chamber where the temperature was
adjustable. The internal temperature of the chamber was maintained at the set-point for ten
minutes by the thermos-stream unit to ensure the junction temperature be the same as the
chamber temperature. Figure 2-6 shows the 1-V characteristics of the BJTs at 23°C, 150°C
and 193°C for base currents ranging from OmA to 800mA in steps of 200mA.

The curves of two samples, named BJT 27 and BJT 28, are almost overlap at collector current
levels of 20A for a temperature range of 25°C to 193°C. The collector-emitter saturation

voltage is measured at 0.5V, 0.8V and 1V for a collector current 20A and temperature of
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25°C, 150°C and 193°C. This would result in an increasing on-state power loss at high
temperature. For the same base current, due to the reduction of current gain, the collector
current in the active region reduces with the junction temperature. Therefore, the device
requires an over current rating of the base drive so that the device does not enter the active
mode during high temperature operation. Comparing the measured 1-V characteristics with
the one given in the datasheet, the samples used in the experiment are representative of

devices at the minimum end of the device tolerance.

40

% Ib -400mA ¢ BIT28
)%0 * *O *

0 b

25 § =
Temp.: 25°C
Step : 200mA

lc(a)
8

Ib =200mA

1Bl U U Vw Vu VD Py On Uu 0% Ux Vs U Du Uy On G4 Ox Oy Oy Ox Ou Gy O Ox Oud

10

&
|
;
i
i
;

& iy pl g & Ty & g 1 g & 4 & i Ly s sy

|
4] 2 4 L] 8 10 12 14 16 18 20

(a) 25°C junction temperature

62



40 | |
1@@ % BJTZ27
I & BJT28| |
. Ib =600mA
Fow o © 0 ® % £ 0 D B
o Temp.: 150°C
2B 4 Step: 200mA i
T o Ib =400mA |
E 4 % H £ K B B O v ® F B o ow o o oW K B B B
15 i
b =200mA
2 % % # & b F PV 4 £ & B B B H & H H K O F L B P &

lb =O0mA
Ll el p—o—t——+Lo 4 L.
0 2 4 & 8 10 12 14 16 18 20
Vee (V)
(b) 150°C junction temperature
40 T
* * BJT27
» @%9}4”‘ lb =800mA ¢ BJT28
L o i
e
iy
o 1
3 Ib =600mA
g%w Gx Ox Uw Cx Da O Ux O Ux Tk Ox
B el i
e Temp.: 193°C
gg Step: 200mA
#
T N~ W i
o g Ib =400mA
- ggogkm@e*wwwwmm%””””,éo*wwmm@%
15 gg J
kil
-
hid
w3 Ib=200mA |
&
%@e&&&@&@%@%&&@&&&@&&&@&@:@e@s
Ak |
g I =0mA
e T 8 e T 43 12" 16 18 20
Vee (V)

Figure 2-6 1-V characteristics comparison of two SiC BJT samples

(c) 193°C junction temperature

63



2.4 Switching performance of the SiC BJT at high junction temperatures

In order to reduce the power loss in Q2, as shown in Figure 2-1, the DC-link voltage (Vpc)
should be predominantly supported across Q1 when both device (Q1 and Q2) are turned on.
The power loss Py, of the BJT, Equation 2-1, is dependent on heating period (Tpeq¢) and
short circuit current level (Ig,0.¢)- Q1 collector current (Ig.,+) IS controlled by the base
current. Due to the short circuit safe operating area limits, I, Should be set below 20A
which is the rated value in the datasheet. The base current was therefore reduced from 1.6A
to 0.15A and 0.29A by increasing the base driver resistor R; in Figure 1-24. Even though the
base current is the same (0.15A), the case temperature can be changed by varying heat period
(Theqt) @s shown in Table 2-1. The test can be repeated once the device temperature dropped
to the ambient temperature as the short current during the experiment is not over 20A and the
maximum case temperature is lower than 250°C. The SiC BJT under test is still functional. In
terms of the gate and base signal sequence, Q1 is turned on earlier than Q2 to avoid large
turn-on surge current, which could over stress Q1. For all tests a constant collector voltage of
600V was used with a fixed on pulse of 10us, as shown in Table 2-1. To self-heat the device,
the period of this pulse was varied until the back-plate temperature was above the test
temperature. Due to the large thermal time constant of the copper header attached to the
device, the junction temperature is at a quasi-steady state during the duration of the double
switched test to establish turn on and off losses. For the 240°C case temperature, the base
current was increased to 0.29A in order to pass 18A through the BJT, close to its rated
current. Most of the applications are designed to operate the device at equal to or smaller than
their rating current to ensure the performance and device lifetime. The program for the FPGA
to generate control signals is listed in Appendix 8-13.

Table 2-1 Heating devices with various T4 for SIiC BJT

Veeo1 Lshort Ton Theat Base current Py, 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 several thousand heating periods, the case temperature is which is monitored by a
thermocouple, remained fixed. Due to the high thermal capacitance of the copper block, the
case temperature can be maintained for one second after self-heating ceased. During this
period, the switching test is re-configured for the double pulse inductive test. Figure 2-7
shows voltage and current waveforms when Q1 and Q2 are both conducting. The short
current (Is,07¢) 1S recorded for all tests. Due to the different junction temperature in (a) and
(b), Ishore 1S changed although the base current remains the same. At high junction
temperature, the resistance of the SIC BJT becomes larger which reduces I, In Figure
2-7(b). Moreover, the current is found to decrease at the end of the waveform (CH3) due to
the junction temperature rising with time. According to the different heating times T}, Iin
Table 2-1, the maximum case temperatures increase from 45°C to 240°C. The peak collector
current is much lower than that in Figure 2-5 due to the modification to the turn-on sequence
of Q1 and Q2. Due to the speed up circuit in the base drive, a peak collector current is

observed in all tests due to the base current peak for fast turn-on.

1200
L 30
800 — i -
> J <
) " 20 €
& ‘ v
— -
S 400 | S
= 1 | Max{' ): 789V |
l | Max(?): 666V 10
Min{| J; -11V |
s Max(3 ): 27.1A |
-400 - ’
0 4 8 12 16 20
Time (ps)

(@) 45°C junction temperature

65



1200

— 30

800 —

Voltage (V)
|
S
Current (A)

400

[
[any
o

-400

0 4 8 12 16 20

(b) 115°C junction temperature

Figure 2-7 Voltage-current waveforms during the heating process for SiC BJT: CH1
(Yellow): Vg g1, CH2 (Green): Vg g2, CH3 (Purple): Ipor

The base current increases to 290mA in order to support a higher short circuit current (Is,or¢)

of 18A as shown in Figure 2-8. In the following tests, the device was switched at this current
level for the transient loss measurement.
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Figure 2-8 Voltage-current waveforms during the heating process for 240°C junction
temperature: Black line: Vg g1, Blue line: Vg g2, Red line: Igpq,¢

When the copper block is above the set-point, Q2 and Q1 are turned off to prepare for the
double pulse test. During the double pulse switching test, Q2 is held off and Q1 is turned on
until the current of the load inductor (L1) is 18A, as shown in Figure 2-9. The Q1 collector
current termed (I¢ 1) is shown on channel 3 (CH3) in the figure. Then Q1 is turned off and
L1 current freewheels through D1. After 40ps Q1 is turned on again, diverting the free wheel
current into Q1 and enabling an inductive turn on measurement, as explained in Chapter 1.
After a short period of time (40us), so that the turn on transient is captured, the device is
turned off and the inductive energy is discharged via the free wheel diode prior to the next

test.
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2. Agilent Technologies THU JAN 09 10:41:39 2014
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Figure 2-9 Double pulse switching test for SiC BJT at 240°C: CH1 (Yellow): Vg g1,
CH2 (Green): V¢g g2, CH3 (Purple): I¢ o4

Figure 2-10 shows turn on and off characteristics for a 1200V/20A SiC BJT device at a
junction temperature of 25°C-240°C. As shown, the switching process has a weak
dependency upon junction temperature. During the turn on process, Figure 2-10a, collector
voltage falls from 600V and collector current increases gradually, even though current gain is
reduced and surface recombination 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 mode and turns

on quickly.

As shown in Figure 2-10b, the current values drop from 18A and the collector-emitter voltage
rises to 600V during the turn-off transient. The turn-off energy losses are reduced at high
junction temperatures compared with that at the low temperature, possibly as a results of the
improved base ohmic contact resistance [35]. 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 gradients. The measured di/dt in Figure 2-10a is 2.34x10°A/us and the dv/dt in
Figure 2-10b is 17.86x10°V/ps. The resonance in the circuit is noticeable due to the fast
switching speed of SiC BJT. Although the experimental set up has already intended to reduce
and minimize loop parasitic inductance, 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 at various junction temperatures
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2.5 Switching performances comparison between Si IGBT and SiC BJT

In order to compare the switching performances of the SiC BJT and traditional Silicon
devices, a Si IGBT rated at 1200V/20A [85] is tested at different junction temperature. The

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

IGBT.

Identical methodologies and time scheme as used for both devices, a circuit schematic

of the test IGBT is shown in Figure 2-11. The schematic and layout design for the low side Si

IGBT QL1 gate driver can be found in Appendix 8-14 and Appendix 8-15, respectively.

(o -— —
+ L
Gate H[ SIIGBTA D1 :gggcl:c:llve
drive Q2
Ciink
VDC —
. Si IGBT
Gate 1 Q1
drive
o—4

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

Table 2-2 shows the short circuit parameters for self-heating the IGBT devices from 50°C to

160°C. The collector current (I5,,.¢) is controlled by the gate voltage of Q1. These conditions

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

Table 2-2 Heating devices with various Tjeq: for Si IGBT

VeE o1 Lshort Ton Theat Gate voltage Py, Max. case temperature
V) (A) () (ms) V) (W) °C)
600 20 10 80 6.9 15 50
600 20 10 27 6.77 4.4 100
600 21 10 15.5 6.52 8 160
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After self-heating, the circuit is re-configured to perform a double pulse switching test.
Figure 2-12 shows a typical switching waveform of an IGBT post self-heating whereas

Figure 2-13 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

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

Figure 2-12 Double-pulse switching test for Si IGBT at 160°C: CH1 (Yellow): Vg g1,
CH2 (Green): V¢g g2, CH3 (Purple): I¢ o4

During the turn-on process, as shown in Figure 2-13a, V.. falls from 600V and the collector
current starts to increase gradually. Carrier lifetime, mobility and the MOS-gate threshold are
temperature dependant in Si devices, therefore switching losses are temperature dependant
for the Si IGBT, unlike the BJT. The switching times for both turn-on and turn-off become
longer as junction temperatures increases. The di/dt shown in Figure 2-13a is 0.2x10°A/us
and the dv/dt shown in Figure 2-13b is 5.7x10%A V/ps at a junction temperature of 165°C, 3-
10 times smaller than those obtained from SiC BJT. The switching test rig used for Si IGBT
is the same as that for SiC BJT’s. However, the resonance is obviously much less due to the

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

The total switching energy losses for Si IGBTs and SiC BJTs are summarized in Figure 2-14.

The power losses are calculated using Equation 1-17. For these tests, the maximum junction
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temperatures of the Si IGBT are limited to 165°C. Moreover, the switching losses of SiC
BJTs are much lower than Si IGBTs from 25°C to 240°C and they are insensitive to the
junction temperatures. The total power losses of SiC BJT are even lower than the turn-on
losses of Si IGBT. These advantages make SiC BJT a competitive candidate in high
frequency and high temperature applications. In terms of driver losses, the BJT consumes
422pJ for 10ps period, which is much greater than the IGBT’s loss 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 . ]
£ 171 . — Ey; (SIC BIT) |
g 1.5 . m E,,(SiIGBT) ]
< 134 ® E. (SiIGBT)
D 1.2 [ . ]
5 p> = E.,(SilGBT)L
(D)

0.7 - u n
2 n n H m n
£ 05 - " = u n
=]
S 044 .
D o3

0.1 -

| | | | |
0.0 . :

T T T T T T T T T
0 25 50 75 100 125 150 175 200 225 250 275 300
Temperature (°C)

Figure 2-14 Switching energy losses comparison between 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 BJT is some 11 times lower than
a corresponding Si IGBT at a collector current of 4.5A. In [1], the experimental results show
that the switching losses of the SiC BJT is 22W less than the Si IGBT’s at 150°C, 40kHz and
6A 600V, which corresponds to a switching loss reduction of ~46%. In [4], the SiC BJT has
the total switching losses of approximately 550uJ and the Si IGBT has approximately 2mJ at

25°C and 20A collector current. However, none of these published studies operated the SiC
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BJT at 240°C and measured the switching losses. Testing at 240°C is undertaken in this
chapter and extends the knowledge base for SiC BJTs.

2.6 Summary
This chapter has demonstrated that the switching characteristics of SiC BJTs at junction
temperatures up to 240°C. The implementation of a self-heating method for a SiC BJT has

been shown to provide an effective test method.

Measured switching power losses have been shown with a double pulse test circuit at
600V/18A with respect to junction temperature. The switching speed was found to be very
fast (90 ns-120 ns) for the SiC BJT and almost constant across the temperature range
considered. The switching test for the Si IGBT was implemented at junction temperature
165°C for comparison. The switching speed of the SiC BJT was shown to be 3-10 times
shorter than that of the Si IGBT. Especially at high junction temperatures, the switching
energy losses of the Si IGBT are almost four times larger than that of the corresponding SiC
BJT’s. In terms of switching performances, SiC BJTs offer the advantage of reduced power
losses and temperature independency, at the expense of significant base drive losses. The
base driver design which forms the focus of Chapter 3 will provide an energy recovery

solution to reduce the driver losses for a high switching frequency application.
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3 A Base Driver with the Energy Recovery Circuit for SiC BJT

In this chapter, for the first time, implementation of an energy recovery circuit into the base
drive for the SiC BJT is demonstrated. The operating modes of the energy recovery circuit
are analysed on step-by-step basis. The electrical circuit is simulated using LTSpice for both
verification and estimation of driver power losses. Both simulation and experimental results

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

3.1 Introduction

Power electronic converters based on SiC device technologies have demonstrated significant
advantages over Si counterparts due to a combination of low on-state losses and faster
switching speeds [5, 86-89] making the device a promising candidate for future power
electronic applications. For fast switching speeds the capacitance Cpyse in the conventional
base driver, as discussed in Chapter 1 has 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 the influence 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 speed up circuit. A 1.7kw DC/DC converter using SiC BJTs driven by
the proposed base driver is built with a wide switching frequency ranges from 62.5kHz to
250kHz, providing a platform to evaluate the performances of the converter based on a SiC

BJT and the proposed base drive.

3.2 Functionality of the proposed base drive

3.2.1 Operation modes

The schematic of the energy recovery base driver is shown in Figure 3-1a along with a timing
diagram for a complete cycle. Symbols shown in time scheme can be found in the following
analysis. The energy recovery function causes the power supply current, Ipp, to have a
negative current value as the energy flows into the supply. Compared to the traditional base
drive, as shown in Figure 1-24, the additional electrical components utilized in the proposed
structure are diodes (D1, D2), inductor (L) and MOSFETSs (SW2, SW3).
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Figure 3-1b Equivalent circuit of the energy recovery base drive during Mode 1

Mode 1: to--t; (Figure 3-1b)

Initially the BJT is considered to be in its off-state. In order to turn the SiC BJT on, a gate
signal is applied to turn SW1 and SW3 on while SW2 and SW4 are off. This causes a base
current to flow through SW3, Ry and Cpy,e, as shown Figure 3-1b. The power supply current
(Ipp) provides a peak current to the base drive for fast switching as shown in Figure 3-1a.
During this mode the energy recovery portion of the drive is inactive and the circuit operates
in a similar manner as a conventional drive, Figure 1-24. During the on-state operation of the
BJT, the pulse capacitor is effectively charged to the level of the power supply (Vpp) minus
the voltage dropped across the base resistor (R,) and the emitter base junction. DC base

current (Ip¢), which maintains the on-state of the BJT, is set up by R; and R..
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Figure 3-1c Equivalent circuit of the energy recovery base drive during Mode 2

Mode 2: t;--t, (Figure 3-1¢)

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

IN Cpyise into the inductor (L), as shown in Figure 3-1c. If we assume that SW2 and SW4 are

turned on at t, the inductor current (I;) and capacitor voltage (V) can be obtained as:

Vop — V) 3-1
[ =22 oelsab) wdze(sat) e sin(wgyt)
Vop =V, 3-2
v, = DD hesab) . g-at sin(wgt + )
Wgq
Where
1 3-3
w =
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Wy = [w2 — a2 3-4

o= & 3-5
2L
And then
Wy w? — a? 4L, 3-6
tan@ = — = = 5 — 1
a a CpuiseR3

Where Vye(sar IS the base-emitter saturation voltage. The inductor stores maximum energy at
t,, as shown in Figure 3-1a. This time interval (t,-t;) can be obtained by solving Equation 3-1

. . dl
considering d—tL =0:

tz - tl = elwd 3‘7

In an ideal case, there are only Cy,,s. and L in the path and no resistance (R3=0). The
maximum inductor current will occur when the capacitor voltage is equal to zero. However,
for the case in which a damping resistor (R3) is inserted, there is a change in the phase angle
between voltage and current in LC. In such case, the capacitor voltage reaches zero at
t = (m — 0)/wg. A non-zero capacitor voltage (V) will influence the peak of the turn-on base
current in the next cycle. From this point of view, according to Equations 3-6 and 3-7, the
variations of the inductance (L) and capacitance (Cpy,se) Will impact both the turn-on power
loss of the BJT and the maximum energy recovery rate. When the capacitor voltage (Cpyse)
becomes negative at t,, as shown in Figure 3-1a, the current freewheels through SW2, D2, L,
Rs. Due to V- clamping to a negative potential, the resonance between inductor and capacitor
will stop. The freewheeling period must be as short as possible to 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 (Figure 3-1d)

Mode 3 occurs when SW2 is turned off to divert the inductor stored energy back to the
voltage supply via D, and Dy, as shown in Figure 3-1d. Due to the resonance between Cpyise
and L, the voltage of V¢ becomes negative when all the energy is transferred into L. At this
point (t2), the current flows through D,. The effective resistance of the components in the
current flow path reduce the efficiency of the energy recovery circuit. The current in the
inductor flows back to Vjp, creating a negative current pulse added onto power supply

current (Ipp) as shown in Figure 3-1a.
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Figure 3-1e Equivalent circuit of the energy recovery base drive during Mode 4

Mode 4: ts--t4 (Figure 3-1e)

Once the energy stored in the inductor had been transferred into the voltage supply, the
circuit operates in Mode 4. R, and R3 are used to dampen any resonance introduced by the
stray inductance or capacitance. At the point the energy recovery is completed, the circuit is
ready for the next turn-on signal for the next cycle (Mode 1). According to the BJT datasheet,
the base-emitter capacitance is only 16nF, this is almost six times smaller than Cpyyise.
Moreover, the base-emitter saturation voltage is around 3.2V, which is lower than the voltage
of the capacitor (Cpuise). The associated energies illustrate that in order to recovery the energy

stored in base-emitter capacitor (Cgg), the cost is too high for such small amount of energy.

3.2.2 Driver loss analysis from the simulation

The power loss and energy recovery efficiency have been analysed in LTSpice. In order to
simulate the circuit accurately, a representative SiC BJT model provided by the manufacturer
is used [18] and listed in Table 3-1:
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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 Base-emitter leakage saturation A 7.56x107%°

current
NE Base-emitter 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 effect exponent 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 coefficient 1/° 4x107°
for RC
CJE Base-emitter zero-bias p-n F 5.72x107
capacitance
VIJE Base-emitter built-in potential \/ 2.9
MJE Base-emitter p-n grading factor no unit dimension 0.5
CJC Base-collector zero-bias p-n F 2.5x107
capacitance
VJC Base-collector built-in potential VvV 2.9
MJC Base-collector p-n grading factor no unit dimension 0.5

I-V characteristics of the model are compared with the data extracted from the datasheet. As

shown in Figure 3-2, the SPICE model can replicate reasonably well the device datasheet

performance with different current base and have the identical current gain.
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Figure 3-2 SiC BJT simulation model 1-V characteristics

The proposed base drive design circuit schematic is shown in Figure 3-3a. For simulation
purposes, the driver is applied to a DC/DC boost converter. Compared to the conventional
base driver shown in Figure 3-3b, the additional diodes (D; and D), switch (SW2) and
inductor (L) are used to recover energy from the pulse capacitor (Cp,,se) back to the DC line
(Vpp)- The power loss caused by these additional components decreases the efficiency of the
energy recovery circuit. Power losses of all low voltage MOSFETSs (SW1-4) and diodes (D1-
2) are included since they are not ideal devices in simulation. Transient performances and on-
state voltage drops are based on the real device specifications. DC/DC converter design and

parameters will be elaborated in next section.
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The parasitic inductances introduced by the package of the BJT taken from the datasheet are
included in the simulation as shown in Figure 3-3. The parasitic inductance, L2 (25nH), is
added to the base terminal which leads to resonance with the pulse capacitor; L1 and L3 are
attached to the collector and emitter terminals result in the electrical stress on the BJT during
the switching transients. Attenuation resistor R, is added close to the base terminal to reduce
the resonance effect in the energy recovery circuit. It will consume the power during the
energy recovery if it is put in series with C3 as the conventional driver does in Figure 3-3b.

Moreover, this resistor controls the base peak current during turn-on.

Table 3-2 Simulation parameters of the energy recover base drive

DC power supply Vpp =10V
Base resistor Ri=15Q
Damping resistor R,=1.5 Q

R3;=0.18 Q
Pulse capacitor C3 =100 nF
Inductor L=1uH
Diode (D;,D,) NXP PMEG2005
Switch (SW1-4) IRLML6246

The SPICE models of the electrical components in the base driver are listed in Table 3-2 for
Figure 3-3a. The maximum collector current of Q3 and Q4 in the simulation is 10A and
assume that the junction temperature is kept below 100°C. The current gain under these
conditions is approximately 35. Therefore, the DC base current (Ip) needs to be 420mA,
which is calculated based on Equation 1-19. The total resistance of R; and R; is 16.5Q when
the power supply, Vpp, equals to 10V for the required I . The initial base current peak can be

described as an exponential function:

Vop =V, .t -
Yop = Vbetsat) ~rerimcs 3-8
Rey1 + Ry

Where Rgy,; is the on-state resistance of the MOSFET 1 (SW1), which is 456mQ.

Ip(t) =

By integrating Equation 3-8, the charge injected into the base yields:
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.t 3-9
Qs) = C3 X (Vpp — Vpe(sar)) X (1 — e (RswitRz)C3)

We can solve this equation for t:

Qs ) 3-10
(VDD - Vbe(sat))CB
Qp(r) for the SiC BJT used in the thesis at 500V is 180nC. The turn-on time of ¢ can be found

by putting the parameters into Equation 3-10, which results in 45.9ns for the proposed design.
Given the values of L, C3 and R in Table 3-2, the conduction time of SW2 is set to 510ns by
solving Equations 3-3 to 3-7 for t, — t;. Therefore, 510ns is required as the minimum off-
time to complete the whole energy recovery process. If the application does not need to
switch the SiC BJT, the energy recovery driver is able to provide DC base current to keep it
conducting. However, many applications, such as inverters, need to turn on and off the BJT
and insert a dead-time to ensure no short-through in a leg. The maximum duty cycle for the
energy recovery driver yields:

Dinax = (1= f(t; — t1)) X 100% 3-11
Where f is the switching frequency and t, — t; is the on-time of SW2 as specified in
Equation 3-7.

Before committing the energy recovery driver to hardware, it is necessary to ensure correct
operation of the system. If the maximum duty cycle does not meet the requirement of the
design, it is possible to modify the value of the inductance of L in Figure 3-3a to either
increase or reduce t, — t;50 as to adjust D, It is also possible to change the capacitance of
C5. However, this will inevitably affect the turn-on time. The maximum duty cycle is plotted

in Figure 3-4 with parameters set in the simulation in Table 3-2.
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Figure 3-4 Maximum Duty Cycle vs. Frequency

The conventional base driver is simulated as the circuit is shown in Figure 3-3b for the
purposes of comparison with the proposed base driver. The parameters of each component
are listed in Table 3-3 following the same selection steps introduced above to satisfy the same
specifications for the DC base current and peak current.

Table 3-3 Simulation parameters of the conventional base drive

DC power supply Vpp =10V
Base resistor Rs=16.5 Q
Damping resistor Re=1.7 Q
Pulse capacitor Ce =100 nF
Switch (SW5,6) IRLML6246

Figure 3-5 shows simulation waveforms for the proposed base driver shown in Figure 3-3a at
Pulse Width Modulation (PWM) frequency of 250kHz. The voltage of the pulse capacitor (V)
is charged during the turn-on to approximately 6.5V (in Mode 1). At the same time, the
power supply provides a current peak to the base for fast switching. The inductor starts to

store energy transferred from C,,s., Causing current I, begins to rise (Mode 2); this time

period can be calculated by Equation 3-7. After V. has been discharged, inductor current, and
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hence stored energy, flows back from the inductor into the power supply, causing a negative
current pulse on I, (Mode 3). Finally, the current I, , and I, become zero, as shown in Mode
4 and the circuit is ready for the next pulse. The duty cycle in the simulation and experiment
has been set to 40%. Base on Equation 1-23, the power losses of the pulse capacitor is only

related to the capacitor voltage, capacitance value and the switching frequency.
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Figure 3-5 Energy recovery waveforms in the simulation for the energy recovery base
drive

The base current peak value strongly depends on the capacitance of C3 and resistance of R, in
the schematic in Figure 3-3a. The tolerance of C3 is £20% and R; is £10% in the prototype.
The effect of component tolerances on performance was a series of combinations, i.e.
(+110%R;, +120%Cs3), (+110%R;, 80%Cs3), (90%R,, +120%C3), (90%R,, 80%Cs) and (R,,
C3). The base peak current waveforms obtained from the simulation are shown in Figure 3-6,
taking the tolerances into the consideration. As shown in the figure, the maximum base peak
current (red line) occurs when Cj is 20% larger and R; is 10% lower than their normal values
respectively. The minimum base peak current (green line) appears when Cs is 20% lower and
R, is 10% larger than their normal values. The blue line shows the current waveform with
normal values of Czand R,. The difference is 0.7A between red and green lines. All the rest

of results using the other combinations 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 conventional base drive (P.yy, 10ss), @ shown in Figure 3-3b, and the
proposed (Ppy, 10ss) base drive, as shown in Figure 3-3a, with respect to PWM switching
frequency are shown in Figure 3-7. Both Py, 1055 @Nd Peon joss are simulation results
obtained from LTSpice. Due to the strong frequency-dependency, total driver losses increase
linearly with the frequency as indicated in simulation results, Figure 3-7. The power saving

(Pgg) due to the energy recovery function can be defined as:

Pggp = Pcon_loss - Ppro_loss 3-12

If the duty cycle changes, the energy stored in the boost capacitor will not be influenced as
discussed in Chapter 1. Therefore, the power (Pgg) does not change. The total power losses
for both drivers increase due to larger resistance losses. At very low switching frequencies,
losses will be very close to each other since the capacitance power losses are low. At high
switching frequencies, the conventional driver will not turn on the BJT efficiently. This

aspect of behavior is illustrated in the following section.
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Figure 3-7 Power losses vs. switching frequency in simulation

Additional electrical components can increase Py, j0ss and consequently reduce Pgp .

However, it is worth noting that these losses contribute a small proportion of total power
consumption. Simulation power losses of additional devices, D;, D,, SW2, SW3, R; and
inductor L are listed in Table 3-4.

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

63kHz 143kHz 200kHz 250kHz Unit

D, 5.4 11.92 16.67 20.85 mwW
D, 6.5 14 19.5 24.6 mw
SW2 5.4 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
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The power consumption of the resistors is frequency-independent and can only be reduced by
decreasing the resistance (R;,R,) or the base driver power supply (Vpp). Since the power
loss of capacitor Cp,se is strongly related to switching frequency (f;), theoretically the
recovered power (Pgg) should increase with switching frequency. However simulation shows

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

Figure 3-8 shows the supply current (Ipp) and pulse capacitor voltage (V) in a conventional
base drive at the switching frequency of 250kHz. The initial pulse capacitor voltage (V) is
1V at the beginning of the turn-on process. This consequently reduces the power loss of the
capacitor due to the reduction of pulse capacitor voltage. Therefore, Pz decreases due to
reduced capacitance loss at high switching frequencies. In terms of turn-on loss, a non-zero
pulse capacitor voltage (V) results in a reduced current peak and consequently a slower
switching speed. Compared to a 4.5A peak drive current for the proposed circuit, as shown in
Figure 3-5, this reduced to approximately 3.4A for a conventional base drive unit as shown in
Figure 1-24. Therefore, the maximum applicable switching frequency, which is around
150kHz found in the simulation, is internally limited by a long discharge time constant of the

pulse capacitor (Cyy,se) for a conventional base drive structure.,

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 supply current (Ipp) and pulse capacitor voltage (V) 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 Figure 3-9. 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 last section. The converter is
capable of regulating its output voltage at 500V from 300V DC input with the proposed
control circuit, which is mainly composite of: re-scaling resistors (R6 and R8) for the
feedback of the output voltage (Vseednack), three comparators (U1-3) to generate PWM signals
(Meontrol_n @nd Veontrol 1) @nd three reference voltage sources (V5, V6 and V7). In order to
regulate Voutl at 500V, Vfeednack N€EAs to be controlled to within 2V by the closed-loop.
Therefore, the reference voltage V7 is set to 2V in Figure 3-9. C3 and Ul form a basic
integrator to integrate the error between Visednack and V7 which can effectively avoid SW1
and SW4 from continuously working in 0% or 100% duty cycle situation. The output of U1l is
comparing with a triangle wave voltage V3, the frequency of which is 62.5kHz. The output of
U2 is a PWM signal to control SW1. V1, V2 and V3 are level-shifters to boost the control
signal to 15V to switch on the MOSFETS. U3 is used to invert Vool 1 t0 generate Veontrol
PWM signal for SW4. As to avoid SW1 and SW4 from turning on at the same time, V5 with
a positive value can delay the inverting process of Vcontrol .
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Figure 3-9 Converter simulation circuit

In order to validate the closed-loop design, the step response of the converter is simulated
with the proposed driver technology. The load resistance of R7 will change at different time
points in the simulation to create various load currents. . The response to a step-change in
load is shown in Figure 3-10a, which includes the collector current of the SiC BJT (Ic(Q1))
and the converter output voltage (Vo). An initial voltage of 400V was set to the output
capacitor (C2) for fast simulation and the initial resistance of R7 is 150Q in the simulation.
At 100us time point in Figure 3-10a, R7 is changed to 1Q, which forms a low impedance
path and reduced the output voltage (Voutl) to a minimum 30V for 100pus. Since the design
is not supposed to accommodate such high current to the load, the output voltage reduces to a
low level and the collector current overshoots An initial state of the converter for the step
response has been achieved with such low output voltage. Afterwards R7 changes back to
150Q and the output voltage increases quickly to its regulated voltage. During this process,
the converter increase its duty cycle of Vool 1 in Order to provide power quickly to the load
R7, which inevitably raises the collector current (I1c(Q1)) however 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 3.3A, as shown in Figure 3-10b. At time point 4ms as shown in Figure 3-10a, R7 is

set to 100Q, requiring 8.3A output current. When the output voltage becomes stable again at

500V at 5.5ms, the duty cycle of the base current is 51%, as shown in Figure 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.
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4ms, 500V

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
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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 circuit is not affected by the step change of the load and
operates correctly to provide adequate base current to the SiC BJT as shown in Figure 3-11.
In order to transfer the energy stored in the pulse capacitor (see Mode 2 and Mode 3 as
described in section 3.2.1), the switch (SW2) in Figure 3-9 must be turned on at the same
time when SW4 is turning on, and SW2 must be turned off as soon as the diode (D2) cathode
voltage (Vg3) is negative. These requirements can be satisfied by using an AND gate (Al), as
shown in Figure 3-9. The implementation of this time sequence can be seen in Figure 3-11:
the gate signals of SW2 and SW4 (V. and Vconrrol | respectively) start to rise at the same time
to turn on simultaneously; after a short time period, SW2 is turned off by a low V. when Vg3
IS negative (-514mV as measured in the simulation). Therefore, SW4 is triggered by two
measured parameters (Veontrol 1 @and V) at the real-time instead of a fixed pre-set value. A
positive current pulse (Ips) through D5 (in Figure 3-9) is observed which implies that the
energy has been successfully regained by the power supply without being influencing 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 verify the energy recovery concept, a PCB prototype based on the circuit diagram
shown in Figure 3-1a was manufactured, as shown in Figure 3-12. The detailed layout is
shown in Appendix 8-3. Only the base driver was manufactured and tested. This board was
not used in a power converter/inverter in this section and it is an open-collector 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 (SW1-4, IRLML6246). The switches in the drive
must be able to handle a continuous current of 1.6A which peaks at ~10A. In order to
minimize the parasitic inductance and capacitance introduced by the tracks, the circuit 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 chosen to reduce the parasitic

inductance. Relative parameters are shown in Equation 3-13 [90].

0.2235w) 3-13
l

21
Lpgr = 21(Ln (—) +0.5+

w
Where the units of parasitic inductance, Lp,,, is in nH, and w and [ are the track width and
length, measured in centimetres. In order to substantially reduce the total length of copper

tracks, the converter circuit and base driver circuit are integrated into one PCB.

Agilent Technologies WED JUL 25 21:06:00 2012
B so0x/ @ a 10008 50004  Auto £ 2527

AX = 30.000000us 1/AX = 33.333kHz AY(2) = 787.50mA

Mode ] Sogrce J X Y1v2

Y1 Y2
Manual 368.75mA 1.15625A

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

The measured base current waveform and the energy recovery current are shown in Figure
3-13 and Figure 3-14, respectively. As shown in Figure 3-13, the positive and negative
current peaks are 1.16A and -0.8A respectively, whereas the DC current for the conduction is
0.4A.
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As shown in Figure 3-14, the peak recovery current is approximately 650mA for 100ns. The
DC voltage (5V) has an oscillation associated by the recovery current. It has no effect for the
base drive operation since DC voltage source is disconnected 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 current measured for the validation circuit board.
Channel 1 (Yellow) is DC input voltage which is 5V and Channel 2 (Green) is the
recovery current back to DC source. The pink waveform is Channel1*Channel2

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

with the energy recovery base drive

3.3.1 Boost converter using energy recovery base driver

A 1.7kw DC/DC boost converter is designed using SiC BJT driven by the proposed drive
circuitry. A simplified circuit diagram of the considered converter is shown in Figure 3-15a.
The converter takes an input voltage of 300V and boosts this up to 500V at a 40% duty cycle
which is generated from a Nexys™2 Spartan-3E FPGA. Figure 3-15b and ¢ show the top and
bottom sides of the DC-DC converter, highlighting the energy recovery base driver, power
devices, input and output capacitors and the PWM signal input. Since the energy recovery
process occurs in the off-state period and does not influence the control strategy, the
converter was running open-loop in the experiment with a fixed duty cycle to provide a

constant power. The converter output was set to 500V in the experiment. The closed-loop
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control implemented in the simulation studies proved that a traditional PWM control could be
used, if required, to regulate the converter output. The power devices are attached to an air-
cooled heat sink to maintain the junction temperature of the SiC BJT and the diode within
their maximum rated values. The components of the base driver used in the experiment were
in the same as those used in the preceding the simulation (section 3.2.2) with the models
sourced from device manufactures, as shown in Table 3-2. The converter parameters are
listed in Table 3-5. Since the SiC BJT is rated at 1200V, the input/output capacitors must be
able to withstand a voltage higher than that, i.e. 1300V. In order to keep voltage stable and
ripple minimum, the capacitance of the capacitors was selected to be as high as possible in
series with the same package. L1 was manufactured in-house. To ensure the DCDC converter
works in a continuous mode and reduce the peak current in the inductor, the inductance of the
inductor was chosen to be 0.3mH. The highest switching frequency employed was 250kHz
and hence the inductance cannot be very high as to keep the 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 thesis. The circuit

schematic and PCB layout design are provided in Appendix 8-5 and Appendix 8-6.
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Vin ——Cin ' —
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o—= °

(a) Schematic of a boost converter
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Figure 3-15 Boost converter schematic and PCBA using the energy recovery driver
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Table 3-5 Parameters of the converter

Output power rating 1.73kW
Input/Output voltage 300/500V
Load current 3.47A
Duty cycle 40%
Switching frequency Max. 250kHz
Input capacitance S5uF/1300V
Output capacitance 2:-5uF/1300V
Inductance 0.3mH/12A
SiC BJT [17] 1200V/20A
SiC schottky diode 1200V/10A
PWM generator Spartan 3E FPGA
Heat sink 0.12°C/W
Fan for heat sink 130m*/h
Fan for load 3-170m*h

The tolerances of the pulse capacitor and recovery inductor used in these experiments were
+20% which needs to be considered while setting up the gate signal for SW2 in Figure 3-1a.
According to Equation 3-6, 8 is proportional to Cpuse and L. Deviations from the nominal
values of L and Cyyus affect the result of Equation 3-6, leading to a new timing set up for
SW2. As shown in Figure 3-1a, SW2 will turn on at the same point as SW4 and conduct for
to-t1, which is calculated in Equation 3-7. Unlike the capacitor, the inductance may show non-
linear properties at fast transients and the core may saturate at large current. Inappropriate
selection of the inductor can lead to a high switching power loss and low efficiency of the
energy recovery function. A wire-wound chip power inductor was used with a Ni-Zn ferrite
core rating at 2.4A. This provides the benefits of having a high self-resonant frequency and

constant inductance value over a wide range of frequencies.

Figure 3-16 shows a typical switching cycle, which includes the collector voltage of the BJT
(Vce), power inductor current (I.1) and the output DC voltage (VouT) operating at a switching
frequency of 143kHz. As shown in Figure 3-16, the converter is boosting the input voltage up
to 500V whereas the average inductor current is measured at 6.3A, below the saturation

point. The excessive voltage across the BJT during turn-off is less than 30V which only
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minimally stresses the device. The parasitic inductance between the collector of the BJT and
cathode of the diode causes this voltage spike due to the high current slew rate. The
consideration of the parasitic inductance reduction contributes to this low voltage peak. Due
to the large output capacitor, the output voltage ripples are kept below 10V. The switching
resonance in the inductor current can still be observed, as shown in Figure 3-16b. However,
since the resonance is completely damped after ~250ns for turn-on and ~400ns for turn-off,
this does not significantly affect the SiC BJT or causes any components of the converter to

experience voltage break-down.
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Figure 3-16 Typical switching waveforms of DCDC converter (different timescales)

Figure 3-17 shows the housing for the prototype boost converter used in the experimental

testing. The power supply and resistive load are connected from the outside of the housing by

cables whereas the converter circuit board, heat sink, control signal generator FPGA and

power inductor are separated in case of any contact during the converter operation. A DC fan

is attached at the rear of the heat sink in order to provide air flow inside of the housing and to

draw heat outside. The high frequency inductor (0.3mH) was designed and manually wound

(33 turns) with a design point of a 12A saturation current. Since the switching frequency can

be up to 250kHz, the skin effect needs to be considered in the inductor design which

increases the number of wires in each strand. The design process and specifications of the

inductor are detailed in Appendix 8-7.
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Figure 3-17 The boost converter in housing

3.3.2 Energy recovery base driver

Figure 3-18 shows the pulse capacitor (Cp,,s.) in Figure 3-1, voltage (V.) and the power
supply current (Ipp) in the energy recovery base drive. The base current, which is identical to
Ipp during the turn-on period (4.0us to 5.6us), provides a peak current 2.7A; which is
generated by C,,s. to increase the transient speed. Compared with the simulation results in
Figure 3-5, the peak current is lower. In the simulation, all the values of the components are
nominal values with no account of component tolerance. However in the experiment,
component tolerance cannot be eliminated. Figure 3-6 has shown the simulated influence of

the tolerance only caused by C,,,;5. and R2 on the base peak current.

The pulse capacitor (Cpyse) is charged to Ve when the turn-on process starts and discharged
to zero when the energy recovery occurs from 5.6us to 6.1ps, which agrees with the
simulation results in Figure 3-5. A negative peak current 1.5A can be observed in the supply
(Ipp) after V; became zero, as predicted from the simulation results. The switching frequency

for Figure 3-18 is 250kHz at an ambient temperature of 25°C.
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Figure 3-18 Measured energy recovery waveforms for the proposed energy recovery
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Experimental results of the total power loss in the energy recovery base drive (Ppyq joss), @
conventional base driver (Pgop 10ss) @and the power saved (Pgg) with respect to switching
frequency are shown in Figure 3-19. The conventional base driver circuit and the converter
are shown in Figure 3-3b. The power saved (Pgr) decreases above 143kHz which has a
similar trend observed as the simulation studies in Figure 3-7. The tolerances in values of L
and C in hardware and simulation results in the gap between the two power recovery (Pggr)
curves. The boost capacitor voltage (V) at the end of each cycle does not become zero, as
shown in Figure 3-20 at high switching frequency 250kHz. So the power loss due to the pulse
capacitor (Cpys.) decreases leading to a reduced base drive 10ss (Pop 105s). Based on
Equation 3-12, the energy recovered (Pgg) decreases. However, the peak current is lower
than that in the proposed base drive, which slows down the turn-on speed. Compared to the
simulation results in Figure 3-8, the voltage waveforms match to each other and the base
current peak is lower in the experiment due to the component tolerance as demonstrated in

Figure 3-6.
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Current (A)

2 S S A S SO SR 41
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Time (s)

Figure 3-20 Power supply current Ippand pulse capacitor voltage (V) of the
conventional base drive when operated at 250kHz
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3.3.3 Efficiency and power saving analysis

The base drive and the converter system losses are both measured with respect to boost
converter switching frequency from 63kHz to 250kHz. The switching power losses of the SiC
BJT increase proportionally which inevitably raises the converter power losses as shown in
Figure 3-21. The converter losses shown are the difference between the measured input
power and output power. Input power can be measured by the DC power supply. The output
power is calculated by V2/R, .44, Where V is the output rms voltage of the converter and
R} ,qq 1S the load resistance in Figure 3-15a. Ryqaq IS measured during the experiment and
cooled by fans below its derating temperature. The temperatures of the power devices, SiC
BJT and SiC Schottky diode shown in Figure 3-15b, are kept in their safety region due to the

air cooling design. The heatsink temperature is around 40°C during the experiment.
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Figure 3-21 Measured converter power losses as a function of switching frequency

The converter efficiency is shown in Figure 3-22. The output power is fixed at a full-load of
1.7KW. The efficiency dropped to 92.8% as the inductor and switching loss increases
proportionally with switching frequency. Moreover, the junction temperature of the SiC BJT
does not affect the switching losses. However, the on-state losses of the SiC BJT increase at
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higher junction temperature with implications for the converter efficiency. If the load current
decreases, the base current required should be reduced at the same time to drive lower
collector current of the BJT. The resistive loss of the driver decreases accordingly. However,
the loss caused by the pulse capacitor (Cyys.) does not change. The power saving rate () is

defined in Equation 3-14. Py equals (P. — Pyro,,,,) as defined in Equation 3-12. The

ONjoss

power recovered compared to the total conventional base driver, increases from 9.1% at
62.5kHz to 15.1% at 143kHz using the proposed base drive. Beyond 143kHz the power
saving rate n begins to decrease due to the reasons mentioned previously in section 3.2.2.
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Figure 3-22 Converter efficiency and power saving of the base driver in the experiment

using proposed energy recovery base driver

3.3.4 Discussion on a typical industrial application
For the converter with the energy recovery circuit aims for a mass production in the industry,
advanced control technology, as shown in Figure 3-23, should be implemented. The output
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voltage is rescaled by two series resistors down to a low voltage signal (V feegback), Which can
be received by a pcontroller (microcontroller). According to the feedback voltage, the
controller adjusts the duty cycle of the output PWM signal to regulate the output voltage at a
required level. This primary function was implemented by a pure analogue circuit using
comparators chips and accurate reference voltage in a traditional control design. However, in
modern industry, a power system like DC/DC converter requires sophisticated functions and
protections to achieve a robust design. In order to monitor and process multiple signals in a
limited board size, a pcontroller is to be used, as shown in Figure 3-23. To protect the SiC
BJT, the collector current must be kept below its maximum peak value by reducing the duty
cycle of the base signal. The current is measured through a shunt resistor (Rgyn) and
compared with the threshold stored in the pcontroller. When the SiC BJT is turned off, the
energy recovery function in the base drive needs a time period (t3-t; in Figure 3-1) to finish
the recovery process. The voltage of D2 in Figure 3-1 is monitored by the 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
PWM A 4 P eredback
I— ucontroller S a————
“_Theatsmk
- Tra

Figure 3-23 Top level system design for an industrial application

Except for monitoring the electrical parameters such as voltage and current, temperature
information must be feedback by a temperature sensor such as a NTC thermistor to avoid any
thermal damages. The junction temperature of the power device is not able to be measured
directly. Instead, the heatsink temperature (Theasink) 1S Sampled to estimate the junction

temperature for the protection purpose. The temperature of the base resistor Ry in Figure 3-1
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is monitored to ensure that the resistor is working in its thermal safety region and a real-time
resistance can be looked up in the pcontroller according to its package temperature. The
control mechanism in Figure 3-23 can prevent from over-stressing the power device, which
are found to result in device failure or degradation [91-93], by shutting down the system

when an overvoltage or overcurrent is detected.

3.4 Summary

This chapter demonstrates the implementation of an energy recovery circuit to a SiC BJT
base drive unit to reducing the drive losses, especially for higher switching frequency
applications. The simulation is carried out to verify the energy recovery concept and provides
estimation on components’ power losses. The energy recovery concept has 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 converter has been built using the proposed base driver to control a SiC BJT.
The switching frequency of the boost converter was varied from 63kHz to 250kHz, 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 driver is 15.1% at 143kHz switching frequency.
Beyond 143kHz, the power saving then starts to decrease due to the pulse capacitor power
loss reduction in the conventional drive unit. This pulse capacitor power loss reduction
consequently influences the turn-on performance. Electrical measurements of the proposed
energy recovery circuit show 7.2% energy has been recovered in the total power loss of the
base drive at 250kHz with a converter efficiency of 93%. Since the energy recovery process
will take a period of time to transfer energy, the minimum off time is required dependent on
the L-C values in the design. This inevitably limits the maximum frequency and duty cycle of

the converter application.

Compared with the gate drive design for the voltage-driven device MOSFETS, the size of the
base drive for a SiC BJT is larger due to the heat dissipation requirement for large driver
losses. The DC fan needs to be attached to the drive board if the resistive loss and base
current are too high for dissipation by natural convection or conduction to the enclosure.
Chapter 4 will demonstrate a base driver design to reduce the power loss on the resistor,

especially for a low switching frequency and higher duty cycle applications. The base drive
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design will additionally keep switching losses of the SiC BJT as low as the conventional

driving technology.
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4 An Active Base Driver Design for SiC BJT

4.1 Introduction

In terms of the base driver efficiency, the losses associated with maintaining the device in its
on-state condition dominates the overall drive performance. In order to reduce the DC power
loss of the base driver, the voltage supply level (Vpp) should be set as low as possible, as
shown previously in Figure 1-24. However, if Vpp is too low, the device is more susceptible
to voltage fluctuation during transients caused by current transient which are coupled from
emitter stray inductance. The base current reduces due to this base terminal fluctuation and
the turn-on delay time increases. Furthermore reducing this supply voltage (Vpp) would
increase switching losses as a portion of the fast switching base current is sourced from the
DC supply. If a high Vpp is chosen, Ry in Figure 1-24 needs to be high proportionally. This
results in large resistive power losses and driver losses as yielded in Equation 1-20 and 1-21.
Therefore a trade-off exists between base drive losses and BJT switching performance for a
conventional base driver structure. Hence, there is considerable motivation to reduce Vpp and

R1 in order to reduce driver losses while keep the switching losses of the BJT low.

This chapter presents an active base driver design, consisting of the integration of a buck
converter into the circuit. This circuit is able to provide a base drive, which is proportional to
the collector current. A separate circuit delivers a peak current to the device during transients.
This proposed base drive configuration effectively de-couples the transient and steady state

requirements whilst not showing any detrimental effects on device performance.

4.2 Function of the active base driver

Figure 4-1 shows a typical timing diagram for a typical operational period of the active base
drive unit while the equivalent circuit is shown in Figure 4-2a. Compared to the conventional
drive, the proposed circuit integrates a low power buck converter, composing of a switch
(SW3), diodes (D1 & D2), inductor (L1) and a capacitor (C1). The proposed base driver is
able to provide various base current by adjusting the output voltage of this buck converter.
During the turn-on period, the voltage of C1 is reduced from Vpp to V¢, which causes the
voltage across R; to reduce. Therefore, the resistance of R; should decrease to supply the
same amount of the base current Ipc. The power losses on R; reduce although the base
current does not change.
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Figure 4-2a: Transient turn-on equivalent circuit during t;-t,

Operation during t;-t; :

Prior to activation the BJT is in the off state and the base is connected to ground by SW2, as
shown in Figure 4-1. At t; SW1 and SW4 are turned on and SW?2 is turned off, this provides a
peak current to achieve faster switching times of the BJT. At this point the drive is similar to

a conventional base driver.
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Figure 4-2b: On-state equivalent circuit during t,-t3

Operation during t-t3 :

After the turn-on transient, a continuous DC base current (Ip), which is the DC component
of Iy in Figure 4-1, is provided to maintain the on-state of the BJT. This current is determined
by the ratio of capacitor voltage (V-;) and base resistance (R;), which equals the average
value of inductor current (I ;) during to-t3 in Figure 4-1. By modulating the duty cycle of
SW3, the capacitor voltage (V,,), estimated by Equation 4-1, can be lower than power supply
voltage (Vpp). Consequently the base resistance (R;) should be reduced in order to set a base
current identical to that directly sourced from high supply voltage. Compared to the
conventional base drive, the power loss in the resistor (Pg,) reduces with its value as shown
by Equation 4-2, where Dgy, is the duty cycle of switch SW1. Diode (D1) is used to free
wheel the current; protecting the circuit in case the inductor current changes abruptly.

Voo 4-1

2L4Ip¢
D&y 3VppTsws

Vel =
+1

Where the duty cycle of SW3 is Dgy,5 with switching period Tgy 3

Pg, = 15CR1D5W1 4-2
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In the active base drive the capacitor voltage (V) can change with duty cycle and switching
frequency of SW3 as shown by Equation 4-1. Unlike the conventional driver circuit, which is
controlled by a fixed supply voltage (Vpp), the proposed drive can adapted by controlling
SWa3. Therefore, the base current can be tailored depending upon the collector current
demand or junction temperature of the BJT: avoiding the over driven conditions which
demands a 1.5 times increase in drive current to prevent operating the device in the active

region.

Figure 4-2c: Transient turn-off equivalent circuit during ts-t4

Operation during ts-t4 :

After the BJT has been conducting for a time period t,-t3, the drive prepares to switch it off.
To turn off the BJT, as described in Figure 4-2c, the gate voltage is removed from SW1 and
SW4 while the gate signal is supplied to SW2 and SW5. Cuise-R2 branch generates a negative

current peak (-lpeax) to reduce the turn-off power losses during tz-ta.
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Figure 4-2d: Off state equivalent circuit during ts-tg

Operation during t;-ts :

Following the turn-off transient, the BJT goes into its blocking mode. SW1 disconnects the
DC power from the base terminal and SW2 is turned on: grounding the base terminal via Ry
as shown in Figure 4-2d, the BJT is operated in its shorted base off state condition. The
capacitor voltage (V) rises during the time period t4-ts due to energy transferred from the
inductor. Without power dissipation in the base resistor, the buck converter output voltage
V-1 will increase to Vpp at ts and keep constant until the end of the period at ts. The 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 driver implementation in the simulation

A simulation schematic of the proposed driver is shown in Figure 4-3a with components used.
A switching frequency of 67kHz was used for SW1, SW2, SW4 and SW5 whereas this was
increased to 1.1MHz for SW3 in order to minimize the base current ripple and he capacitance
of C1. All the switches (SW1-5) are the same MOSFET, i.e. IRLML6346. The total gate
charge is 6.8nC for the MOSFET used in the simulation and the gate voltage is 12V.
Therefore each gate capacitance loss is 5mW at switching frequency 67kHz. Compared with
the total driver losses, it is negligibly small. Three low power MOSFET switches are

additional for the active base driver. In order to compare the base drive losses between the
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active base drive and the conventional design which is shown in Figure 4-3b, both drive units
are simulated to supply the identical DC base current (1) of 1.6A from a 20V power supply
(Vpp). C6 and R6 are identical to Cpyie and R2 to generate the same transient peak current for
fast switching. According to Equation 3-10, the turn-on time can be shorter than 45ns. In
order to provide 1.6A Ip., R5 is set to 10.6Q as shown in Figure 4-3 for the conventional
base driver. For the active base driver, we are aiming for 11V Vc;. When the switching
frequency of SW3 (Tgy3) is 1.1MHz and L1 is 1.5uH, the duty cycle is 49% calculated by
Equation 4-1 for 1.6A I,.. The peak current rating of the diode D2 should be higher than two
times of I, and the voltage rating should be higher than 20V. Since V¢ is lower than Vpp,
R1 in Figure 4-1a is only 5Q, which is twice smaller than R5 in Figure 4-1b. The result of
Equation 4-2 becomes smaller. Under 100% duty cycle, the power loss of R1 is 12.8W.
Therefore, the resistor will be in a larger package in order to dissipate heat effectively.
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Figure 4-3 Simulation circuit models for the varous base drivers

Figure 4-4a compares the drive output for the conventional and active base drive circuit. The
blue curve shows the output of the buck converter output (Vc1) is approximately 11V. As
shown, the voltage across the pulse capacitor (Cpuse) falls to zero 1.2ps faster in the proposed
design compared with the conventional drive due to the smaller R1. This ensures that the
maximum duty cycle and switching frequency can be increased for this drive. The buck

converter output voltage (V1) can reach to Vpp during the BJT off-state period.

The DC base current (Ip¢) is set to 1.6A with ripples in the active base driver to conduct 20A
collector current, which is the black curve in Figure 4-4b. 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 current during the switching transient, as shown in Figure 4-4b, are
identical for both drivers. The simulated total power losses for the proposed drive and
conventional drive are 10W and 17W respectively showing that the proposed drive scheme

reduces power losses by 41%.
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Figure 4-4 Simulated waveforms from the base drive for the active and conventional
design
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The initial peak current supplies the base-collector and base-emitter charges when the device
is turned on, which is dependent upon Ri, Cpuse and Vpp [66]. Therefore, the drive can
optimise the switching performance by defining Vpp when R, and Cpuse are constant.
However, the value of V;,, affects drive and device performance as a large value results in
large drive losses whereas if this value is too low, it causes large switching delay time and

high switching losses.

Due to the lack of industrial applications for SiC BJTs, there is no universal accepted Vpp
value. The base drive loss has been compared in simulation between conventional and active
drive units over a wide range of supply voltages (Vpp), as shown in Figure 4-5. Here, Vpp IS
varied between 7-30V at a 49% duty cycle applied to SW3, Figure 4-3. A base drive current
(Ipc) of 1.6A is selected for both drives. As shown in Figure 4-5, the conventional base drive
consumes greater power when compared to the active drive, regardless of the selected supply
voltage (Vpp). Due to the non-linear relationship between V,, and V.,, Equation 4-1, the
active base driver shows a non-linear trend. In order to achieve low switching power losses,
Vpp 1S chosen to be 20V.

30 T T 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 voltage (Vpp)
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4.4 A control method for providing proportional base current

Based on the function analysis in previous section, the active base drive is capable of
adjusting its output current to the base. A control method is proposed in this section, which
can ensure driver to provide a proportional base current to the collector current while
maintaining a minimum collector-emitter saturation voltage. Figure 4-6 shows the original
active base drive circuit with the control loop for the simulation. The collector current of the
SiC BJT is dependent on the load resistance, which is composed of a resistor bank between
high DC voltage source (V) and the SiC BJT (Q5). The resistors (R4-R7) are connected into
the circuit one after another in an order to generate various collector current for the test. R3 is
used as a current sensor to translate a current value to a voltage parameter (V) as shown in
Figure 4-6. Under different collector currents, the current gain changes non-linearly as shown
in the datasheet[17] and in Figure 4-7 and Appendix 8-8. Therefore, the base current must be
adjusted with the collector current to avoid both over drive and insufficient drive. The base
current in the active base driver is controlled by changing the voltage of C1 by varying the
duty cycle of SW3, as given by Equation 4-1. A voltage source B1 is modelled to use the
collector current as one of the variables and then it is compared with a triangle wave voltage
(\Vtri) by an amplifier (U2). By doing this, the positive input of U2 is relative to V,;, which
equals to I, sensed by a 1Q resistor. When I increases, V. becomes larger at the same time.
Then the duty cycle of SW3 increases to supply a higher base current I, to track the change of
I.. The output of U2 is used as a control signal (a PWM signal) for SW3, as shown in Figure
4-6. The coefficients in B1 function, such as 0.4 and -0.2 are manually determined and
optimized in order to track current gain under various collector currents. By fitting the base
current values in the simulation to the current gain vs. collector current characteristics in the
datasheet, these two factors are proved to be capable of controlling the base current and
maintaining low conduction losses of the BJT. This feature will be explored in the following

section.
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During the simulation at 25°C, load resistor R4 is connected into the circuit at a time of Oms.

In this case, the collector current is approximate 5A with 1200V DC power supply (Vqc) if the

122



BJT is conducting with adequate base current. Afterwards, R5, R6 and R7 are connected into
the circuit in sequence at time point 35us, 90us and 135us in the simulation. As a result, the
collector currents (1.(Q5)) increase from approximate 5A to 30A after 135us, as shown in
Figure 4-8. The base current (I,(Q5)) increases proportionally according to the collector

current. The collector-emitter voltage (V) is zoomed in 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 drive (Ip_con) IS given by Equation 1-19 at 25°C,
with I equalling 30A and at the worst current gain  of 50 [17], as the results shown in Table
4-1. The corresponding saturation voltage (Vce con) is looked up from the datasheet [17] with
0.9A base current. The proportional base current (Iy acive) and saturation voltage (Vee active)
are measured from the simulation results in Figure 4-8. The comparison implies that the
active base drive can provide adequate proportional base current while maintaining low

saturation voltage using proposed control method.

Table 4-1 Base currents and saturation voltages comparison at 25°C

Ic (A) Ib_con (A) Vee 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 0.80 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 prototype used to verify the proposed active base driver is shown in . The circuit schematic
and PCB layout can be found in Appendix 8-9 and Appendix 8-10, respectively. This circuit
is fabricated to drive a 1200V/20A SiC BJT, BT1220AB-P1 [17]. The base resistor R; has
been selected to supply a continuous base current of 1.6A, which is sufficient to maintain the
device in its saturation mode of operation at a collector current of 20A and a junction
temperature of 250°C. Galvanic isolation between the control and drive board is realised with
an optical connection. Commercial integrated DC-DC converters provide the voltage levels

required by the optical receivers and the gate voltages for the MOSFETSs.
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Figure 4-9 Prototype board for the active base driver

Key components which have been selected in the previous section, including voltage and
current ratings, are shown in Table 4-2. A DC power supply of 20V is used for both
conventional and proposed base driver in order to achieve fast switching in an inductive

double-pulse switching test.
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Table 4-2 Components in the active base driver

Component Property Manufacture
Power Resistor (R;) 5Q, 35W VISHAY SFERNICE
Resistor (Ry) 1Q YAGEO
Capacitor (Cpuise) 47nF AVX
Capacitor (C1) 100nF AVX
Inductor (L1) series 15mQ MULTICOMP
resistance
Inductor (L1) 1.5uH MULTICOMP
DCDC Converter 20V to 12V XP POWER
DCDC Converter 20V to 5V XP POWER
Optical Receiver Optical to electrical Versatile link
signal
Switch (SW1,2,3,4,5) 30V/2.7A International Rectifier
Switch on resistance 45mQ International Rectifier
Diode (D1) 60V/200mA NXP
Diode (D2) 60V/2A NXP

In the conventional drive design, the base current is fixed, therefore even at low junction
temperatures when the device gain is high, the base current will be 1.6A. Unlike the
conventional base drive unit, the proposed driver can vary its base current (Ipc) in the
experiment, by changing the duty cycle of SW3 as shown in Figure 4-10. Figure 4-10 varies
the duty cycle of SW3 from 24% to 46% whereas measured base currents are shown in
Figure 4-11. As shown, for this change in duty cycle the base current ranges from 0.8A to

1.6A and the amplitude of the current peak is unaffected.
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Figure 4-11 Measured base current values with various duty cycles for SW3

4.5.2 Power loss comparison between the proposed and conventional base driver
Based on Equation 4-2, the active base driver losses depend on the base current I and R;
assuming that the switching frequency of SW1 and input voltage V,, are fixed. Figure 4-12

compares the measured and simulated total power losses of the active base driver and a
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conventional drive at a switching frequency of 67kHz and 50% duty cycle of SW1. The base
currents can vary from 0.8 to 1.6A while only 1.6A can be supplied by the conventional base
driver. The simulation conditions are shown in Figure 4-3 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_SWS5) in Figure 4-3a are ideal and
the total base driver losses do not take these powers into account. In the experiment, those
powers are all supplied by Vpp and included in the total power consumptions. The second
one is caused by the tolerances of the components. It also influences the base peak current
amplitude as demonstrated in Chapter 3. The power losses for the active base drive are
reduced by 32% at a base current of 1.6A when compared to a conventional drive in the
experiment. In circumstances where the SiC BJT is operating at a junction temperature of
25°C, a drive current (Ipc) of 0.8A is sufficient to keep the BJT conduction losses low,
according to Equation 1-19. When 0.8A is provided by the proposed base drive, the power

losses reduce by 69% compared to the conventional drive, as shown in Figure 4-12.
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Figure 4-12 Base driver power loss comparison with 50% duty cycle of SW1 at
switching frequency 67kHz
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4.5.3 Switching performance using the active base driver

To investigate the impact of the proposed drive upon the BJT transient losses, both driver
configurations, as shown in Figure 1-24 and Figure 4-2, were used in a double pulse
switching test. The test process is the same as described in section 1.6.1 of Chapter 1 in order
to obtain the switching energy losses for the BJT. Under these tests the ambient temperature
of the DUT is set to be 25°C. All the tests are under the same conditions to benchmark the

proposed base driver against the conventional approach.
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Figure 4-13 Turn-on performance and base current waveforms with Ip=1.6A
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Figure 4-13 compares the turn-on speed of both drives when delivering 1.6A into the base of
the SiC BJT. As shown, the proposed driver is slightly faster than the conventional driver due
to the slightly higher drive current which is caused by a smaller R1. The higher the base
current, the quicker the SiC BJT turns on. As the case in the simulation in Figure 4-3, R1 was
set to 5Q and R5 to 10.6Q for the conventional driver to supply the same base current. V¢
equals to Vpp at the turn-on point since there is no load for the buck converter during the off
state. This gives a turn-on loss of 19uJ for the proposed active base driver compared to 38uJ

of the conventional driver.
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Figure 4-14 Turn-off waveforms and base current waveforms with Ip-=1.6A
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Figure 4-14 compares the turn-off performance of the BJT driven by both base drivers. The
proposed active base driver has slightly lower and delayed negative peak current flowing
through the base due to the switching period of SW1 to disconnect power from R;. As
addressed in Chapter 1, the delayed base signal can result in an increase of the switching
losses. Therefore, in this case it has increased the turn-off loss to 617uJ from to 556uJ of the
conventional driver. The total switching energy losses are 636uJ using the active base drive

compared to 594uJ for the conventional driver.
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Figure 4-16 Turn-off performances using the active base driver and base current
waveforms with two different Iy

Figure 4-15 and Figure 4-16 compare the turn-on and off switching performance of the SiC
BJT using the active base drive configured to provide 1.6A and 0.8A into the base during the
on-state. There is little deviation of the switching performance proving that lower base
current is able to switch the SiC BJT efficiently at low junction temperature. Since the
transient and DC current paths have been de-coupled in the active drive, a fast switching
speed can be achieved. Therefore, the trade-off between a low drive voltage (Vpp) and high

switching losses have been de-coupled.
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4.5.4 On-state performance

The base current also influences the on-state power losses as well as the switching
performance. SiC BJTs have the lowest on-state resistance in the SiC power device family [3]
from 25°C to 175°C junction temperature if an adequate base current is supplied, which is

dependent upon the current gain of the BJT and collector current.

Figure 4-17 On-state performance experiment set-up

In order to measure the static characteristics at elevated temperatures with respect to base
current, the SiC BJT is located within an oven with its three terminals connected to an
external curve tracer (Tecktronix 371A), as shown in Figure 4-17. During the experiment, the
oven can heat its internal temperature up to 200°C. The device is left in the oven which
temperature is regulated at a certain level for 15 minutes to ensure the junction temperature

stable prior to DC characterisation.
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Figure 4-18 On-state performances with different junction temperatures

The output characteristic at junction temperatures of 25°C, 125°C and 200°C are shown in
Figure 4-18 when supplied by a constant base current between 0.8-1.6 A. As shown, smaller
base drive current can be used at low junction temperatures whilst maintaining a low
collector-emitter voltage drop. Therefore a reduced base current provided by the active base
drive will not degrade the conduction performance of the BJT. At the same time, it leads to
lower base drive losses, which can be reduce by a maximum of 69% when compared to a

conventional base drive at 25°C as can be found out in Figure 4-12.
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4.6 Summary

In this chapter the performance of the active base drive for a SiC BJT has been presented.
Experimental measurements for the proposed active base drive circuit have shown complete
de-coupling between the on-state and transient requirement of the driver. This has enabled the
base drive voltage to be reduced to minimize the power losses during BJT conduction period,

achieved by controlling the duty cycle of a buck converter.

Comparisons with a traditional base drive show a minimum of 32% reduction of losses when
considering a maximum required base current of 1.6A. The proposed base drive is able to
adjust the base current by varying the duty cycle of the specific switch. Compared to a
conventional base drive, this could increase energy saving substantially when considering a
life cycle of product if the majority of its time is spent under partial loading conditions. The
transient and conduction performance of the BJT show the minimum degradation in terms of

the power losses using the proposed circuit compared to the conventional technique.
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5 An Integrated Converter Design Using SiC BJT

5.1 Introduction

In this chapter, the function and feasibility of the proposed active base drive has been verified
within the context of an integrated converter, designed to transform AC to DC power using a
SiC BJT as a switch. Figure 5-1 shows a typical motor drive system used in an electrical
vehicle, if a DC voltage source such as battery cells is used a load and the mechanical force is
provided by a three-phase permanent magnetic motor. Permanent magnetic motor takes the

advantages of its high power density, efficiency and excellent dynamic performance [94-101].
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KT K% K%
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£ % X X
\ 4 *—@ *9—@ *—

Figure 5-1 A typical Inverter motor drive

When a vehicle driver hits the brake, the back-EMF will be lower than the battery voltage at
low vehicle speed and the energy is not able to be transferred to the battery. An integrated
converter as shown in Figure 5-2 is applied to transfer AC energy from one phase of the

motor to DC power during this process.
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Figure 5-2 An integrated converter design with a single coil

5.2 Theoretical analysis on Discontinuous Current Mode (DCM) and
Continuous Current Mode (CCM) boundary

In the analysis for the integrated converter concept, an AC power supply, Vg, is connected in

series with an inductor, L, as shown in Figure 5-3. The power switch Q; is controlled by a

PWM signal to achieve demanded DC voltage.

When Qs is turned on, half of the bridge rectifier is conducting to build up the inductor (L)
current. Due to the bridge rectifier, the direction of the current can only flow one-way: from
AC source to the collector of Q; when it is turned on. At the output side, the diode (D)
blocks the current flowing from the output capacitor (Coy). Therefore, the output voltage is
always positive when referenced from the ground and a DC voltage is provided to the load R,.
When Q; is turned off, the energy stored in L is transferred to the load through the diode (D;)
and charges the output capacitor at the same time. The operation is similar to a boost

converter except that the DC source is replaced by an AC source in the integrated converter.
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Figure 5-3 Schematic of the single phase integrated converter

5.2.1 Discontinuous conduction mode boundary

During converter operation, the current through the inductor L can be continuous or
discontinuous, depending on various circuit parameters. Several assumptions are made when
defining the boundary condition between these two working modes: Discontinuous and
Continuous Modes (DCM and CCM).
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Figure 5-4 Discontinuous current mode (DCM) waveforms
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Figure 5-4 shows schematic representation of typical current-voltage waveforms with respect
to time for DCM where the inductor current i, flows discontinuously and ends at zero in each
period. As is the case with almost all power converters, the switching frequency of the
converter is much higher than AC source frequency. During a switching cycle, if the current
does not return to zero, it is designated as a CCM. The output capacitor (Coy) is assumed to
be very large, so the output voltage (Vou) is considered to be constant with insignificant
ripple voltage in the steady state. One half period of the input voltage (V) is adequate to
explain the operations of the converter. The input voltage (V) is defined as:

Vac(t) = Vpear Sin wgt 5-1

Where Vy,qq is the amplitude and wp is the angular frequency where the interval from O to t,

is half of the period Tr.

The other time intervals, as shown in Figure 5-4, can be defined based on the duty cycle D

(0<D<1) and switching period T; of the switch Q;:
0-ty: DT,
0-tp: D, T
0-ts: Ty
And
D;=D+A 5-2

A is the duty cycle difference between D; and D. Both D and D; are in the range of 0 to 1. In
the DCM, the inductor current must end up at zero within one switching period. The voltage-

second value must be equal during 0-t; and t;-t; which results in:
Vac(t)DTs + (Vac(t) - Vout)(Dl - D)Ts =0 5-3

and by solving Equation 5-3 we can have:

L Vae® _ D 5-4
Vout Dl

Due to the condition that D; is less thanl,
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Vac(t) 5-5

1- >D
out
Therefore:
Vout 2 1 5‘6
Voe() —1-D

The voltage gain a of the integrated converter is defined as:

Vour 5-7

Vpeak

Based on Equations 5-6 and 5-7, it can be shown that:
|sinwrt| < a(1— D) 5-8
Therefore, the condition for DCM is required to be:
a(1-D)>1 5-9
Beyond the boundary given by Equation 5-9, the converter would be operating in CCM.

When the peak voltage (Vp.qr) is constant, the relation between voltage gain (a) and duty

cycle (D) is explored in the following assuming the converter is working in DCM.

According to Equations 5-2 and 5-4, it can be found that:

Vout _A+D 5-10
Vpeak Sin wpt A
Therefore
D 5-11
A=
sin wgt
When the voltage gain is sufficient to ensure Sm(; o> 1,
F

D 5-12

A= —sin wpt
a

Therefore the peak current (i peak) Of the inductor, shown in Figure 5-4, for one switching

cycle is obtained:

. _ Vac(@)DT; 5-13
Ly peak = T
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The average current (i, gyerqge) OF the inductor in each switching equals the input average

current from AC power supply. The area of the triangle is divided by the period time in

Figure 5-4 and combining Equation 5-10 to 5-13 yields the average current:

Vpeak Sin wrt D*Ty a + sin wpt 5-14
2L a

L peak

(D+A4) =

i (t) = iL,average =

The input energy drawn from AC source is the integral of the input voltage V,.(t) and current

i;,(t) over half period (Tr):

Tr -
Tr 5-15
2 . VpeakD
Wi, = f V,.(®)i;,(t)dt = —] (sinwgt)(a + sin wgt)dt

0

V eakDZTS 3ma + 8 |4 eakDZTS(Bna + 8)Tx
2La 6wp 24nLa

The output energy to the resistive load R; in Figure 5-3 can be obtained:

Tp Vi 5-16
2 R,

Woutr =

Assuming the converter efficiency is represented by n,
Wour = nWin 5-17

Solving Equations 5-15, 5-16 and 5-17, the voltage gain « is dependent on the duty cycle (D),
inductance (L), load resistance (R;), system efficiency (n) and switching period (T,) when the
converter is working in the DCM. The voltage gain of « can be theoretically estimated by
Equation 5-18.

R.nD?*T,(3na + 8) = 12wLa® 5-18
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5.2.2 Circuit simulation for the integrated converter

The integrated converter, as shown in Figure 5-2, was simulated using LTSpice. SiC diodes
and SiC BJT are used in the simulation; the SPICE models were obtained from the device
manufacturers, GeneSiC and TranSiC [18, 102]. In order to compare performances of
different power devices, a SIC MOSFET is used in the integrated converter simulation with
its SPICE model based on a ROHM product [103]. Some key parameters from the datasheet

are summarized in

Table 5-1 Comparisons of SiC BJT and SiC MOSFET key parameters

SiICBJT SiC MOSFET
Maximum Drain-Source voltage (V) 1200 1200
Continuous Drain Current (A) @25°C 22 20
Maximum Base Current (A) 3 NA
Gate Threshhold Voltage (V) NA 2.8

Drain current (Ip) vs. drain-source voltage (Vps) in the simulation, with respect to different
gate-source voltages (Ves), is shown in Figure 5-5a at a junction temperature 25°C. A slight
disagreement is shown between the datasheet and the simulation results when operated under
high gate voltages. In terms of the SiC BJT as shown in Figure 5-5b, the simulation model

can accurately describe the device performance.
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(a) 1-V characteristics of SIC MOSFET from ROHM
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(b) 1-V characteristics of SiC BJT from TranSiC

Figure 5-5 Comparisons between simulation results and characteristics from datasheets

As shown in Figure 5-6, the SiC MOSEFT is simply driven from a DC supply voltage via a
gate resistor while the SiC BJT is driven by a conventional base driver at the junction
temperature 25°C. The control PWM signals are both generated from a pulse source (V2)
with amplitude 20V. The peak value (V,eqk) Of the AC input (V1) is set to 90V with a
fundamental frequency of 500Hz. The package parasitic inductances can influence the
switching performance in terms of the current peak and electrical resonance so they are
included in the simulation for accurate results. The load is composed of a 400uF output
capacitor and 205Q resistor which is sufficient to maintain the peak current of the switch Q1

to be lower than its rated value of 20A.
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(b) Converter simulation schematic with SiC BJT

Figure 5-6 Integrated converter simulation circuit

Based on Equations 5-9 and 5-18, the various duty cycles of Q1 lead to different output
voltages and operation modes of the converter. Therefore the converter can supply various
powers to the load. In order to compare with the performance between the SiC BJT and SiC
MOSFET, the inductors and capacitors in the simulation are selected as ideal components
without any power consumptions. The converter efficiency is defined as the ratio of input
power to output power. As shown in Figure 5-7, under full power conditions, the converter
using SiC BJT is more efficient than that of the SIC MOSFET. Under high output power

conditions, the power devices must conduct high current. As shown in Figure 5-5, the voltage

143



drops across the SiC BJT and SiC MOSFET are 0.5V and 3V respectively when 20A flows
through the device. Therefore, the conduction losses of the SIC MOSFET are six times higher
than the SiC BJT. As a result, the converter efficiency drops rapidly with increasing power as
shown in Figure 5-7. The converter efficiency slowly decreases when using SiC BJT since its
voltage drop increases only by 0.5V at 20A collector current. Therefore, the integrated
converter is implemented using the SiC BJT as a switch in order to achieve lower power

losses.
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Figure 5-7 Integrated converter efficiency comparisons from simulations

Figure 5-8shows that the voltage gain (a in Equation 5-7) changes with the duty cycle, which
shows that the output voltage of the converter is proportional to the duty cycle. Using the
condition defined in Equation 5-9, CCM and DCM are estimated, given a and D obtained
from the simulation. The mode estimation is shown in Figure 5-8, which completely matches
the simulation results. Figure 5-9 shows the simulation waveforms for the duty cycles of 10%,
40% and 70%..
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Figure 5-9 Output voltage and L1 current waveforms

5.2.3 Use of the active base driver for the integrated converter in simulations

In order to compare the power losses between the conventional and active base drivers and
their influences on the wider system efficiency, the integrated converter using the active base
driver was simulated in LTSpice using circuit diagram is shown in Figure 5-10. The
corresponding circuit for the conventional driver is shown in Figure 5-6b. The parameters for

both drivers are identical to those used in Figure 4-3, i.e. supplying 1.6A base current to drive
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20A collector current through the SiC BJT. As shown in Figure 5-9c, with 70% duty cycle
the maximum current is 20A which remains within the rating of the SiC BJT. This leads to a

full load power of 357W.
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Figure 5-10 The integrated circuit using the active base driver

The predicted power losses of the drivers in the simulation are plotted in Figure 5-11 with
various duty cycles. The output powers of the converter are 44W, 75W, 146W and 357W for
the duty cycles of 10%, 30%, 50% and 70%. Under any situation, the active base driver

consumes less power than the conventional driver.
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Figure 5-11 Driver losses
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Taking into account of the driver losses, the whole converter system efficiency is compared
in Figure 5-12 for both partial loads and full load. When the load is very light, the driver
losses occupy a large portion of the system losses. Therefore, the efficiency drops quickly for
output powers from 44W to 75W. When the output power increases, driver losses are not

dominant compared with the system power and the efficiency increases.
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Figure 5-12 Converter system efficiency

5.3 Hardware prototype using SiC BJT

A hardware prototype for generating experimental results was designed and constructed. The
corresponding circuit schematic is shown in Figure 5-6b in this section. The integrated
converter is operated in either CCM or DCM with various duty cycles and output voltages.
Figure 5-13 shows the top level design of the integrated converter system. The power devices,
including diodes and the SiC BJT, are attached to a heat sink with a DC-powered fan forming
a forced air cooling system to ensure the losses are effectively dissipated as quickly and
efficiently as possible. The blue blocks shown in the diagram are housed within a
polycarbonate box [104] for protection purposes.
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Figure 5-13 Converter hardware structure diagram

Figure 5-14a shows the hardware prototype corresponding to the structure diagram in Figure
5-13 without the base drive. The active base driver proposed in Chapter 4, is used to provide
base current to turn on and turn off the SiC BJT in the converter. A DC fan attached to the
heat sink is mounted onto the bottom metal plate of the housing which can be configured as a
common ground during the operation, as shown in Figure 5-14b. Two extra DC fans attached
to the enclosure side wall to encourage forced air circulation into and extraction from the test
circuit. Two thermo-couples are attached onto the base drive resistor and heat sink
respectively to monitor temperature. Figure 5-14c shows the configuration for the test with
the transparent cover and probes. The driver board is plugged onto the power PCB. A low
power DC fan is required to dissipate the resistor heat in the driver. The schematic and layout
designs for this PCB are shown in Appendix 8-18 and Appendix 8-19. In this design large
ground planes are used on the PCB to reduce current loop inductance and dissipate heat from

power device leads.
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(©)

Figure 5-14 Integrated converter hardware: (a) side view (b) top view (c) top view with
the conver on

The electrical devices and cooling system components of the prototype are summarized in
Table 5-2. The peak value (Vyeqx) and the sine wave frequency (fr) of AC input power
supply is 90V and 500Hz, respectively. The temperature of load resistors is kept constant at
25°C by an air cooling system to avoid resistance temperature-dependent variation. The
junction-ambient temperature thermal resistance is 1.12 °C/W, which is the summation of
junction-case resistance and heat sink resistance shown in Table 5-2. Assuming that the
maximum output power is 1.2kW; the efficiency of the converter is 90% (lower than the
worst simulation result); and all the losses are caused by the SiC BJT, the maximum junction
temperature is 159.4°C at an ambient temperature of 25°C. This is lower than the maximum
junction temperature that limits the SiC BJT. Therefore, the selected heatsink is capable of

effectively dissipating heat from its sources.
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Table 5-2 Hardware parameters

Value Manufacturer

AC power supply Max. 1.5kVA California Instruments 3001Lx
SiC Diode 1200V/30A ROHM schottky diode [105]
SiCBJT 1200V/20A TranSiC [17]

Output capacitor 200pF VISHAY ROEDERSTEIN [106]

Resistive load 205Q Hill stone HLB 290-12
Inductor 80uH Made in house
DC fan Max. 280 m%h EBM PAPST 3212JN [107]
Heat sink 0.12 °C/W H S MARSTON 890SP-01000-A-
100 [108]

5.4 Experimental results analysis

The duty cycles were varied from 10% to 70%. The simulation results for the output voltage
and power factor (PF) and the measured results from the experiment are summarized in
Figure 5-15. The operation modes are observed from the experiment. The voltage source in
the simulation is assumed to be ideal whereas in the experiment the power source has limited
impedance and the simultaneous current causes the voltage glitches as shown in Figure 5-16.
All of these factors will affect the PF measurement results. In the experiment, the power
factor is measured by AC power supply and it is almost 0.97 while the converter is operating
in DCM, this slightly reduces at a high output voltage. On the contrary, the low duty cycle
leads to a small power factor, which usually results in internal power losses of the AC power
supply. When the converter is working with such low power factor, it requires an additional
power factor correction circuit at the front end. The output voltage increases with the duty

cycle, but it is non-linear as expected from Equation 5-18.
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Figure 5-15 Power factor of the power supply and converter output voltage

Figure 5-16 shows the input voltage, output voltage and inductor current with 10%, 40% and
70% duty cycles. The operation modes vary from CCM to DCM then back to CCM again,
matching the simulation results. The output voltages in the simulation are 94V, 152V and
271V with 10%, 40% and 70% duty cycle whereas in the experiment they 93V, 150V and
267V. From the peak current point of view, they are 4.1A, 6.9A and 20A in the simulation
whereas they are 4.5A, 7.1A and 22A in the experiment. The difference between the results is
modest which can be caused by the tolerance of the components in the experiment. When the
duty cycle is 10%, the inductor current is very small and discontinuous especially under low
input voltage. As a result, the current distortion is very bad with low power factor as
measured. So it does not follow the sinusoid. Since the inductor is one of the motor windings
in an electrical car, there is no space for a bulky filter in permanent magnetic motor.
Therefore no input filter is fitted at the front end of the design to ease the current distortion.
Due to fast switching speed and high collector current sourced from the power supply,

distortion occurs, which adds glitches to the voltage waveform as observed in the
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measurement in Figure 5-16. In addition, the input current, equalling to L1 current, is highly
distorted using a low duty cycle for switching which results in a low power factor, as shown

in Figure 5-16a.
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Figure 5-16 Measured converter operation with various duty cycles

The base current is 1.6A provided by the proposed driver to give adequate margins for the
current gain tolerance. The temperature of the base resistor (R; in Figure 4-2) is 74°C as
measured in the experiment. Therefore, a DC cooling fan is necessary. The converter
efficiency, due to the driver losses, decreases by 8.6% and 16%, using the proposed and
conventional driver unit respectively. If the inductor comprises the winding of the motor in
the future, the iron losses in the magnetic flux conducting parts need to be reduced to relieve

the burden on the motor cooling system.

5.5 Summary

The integrated converter with the diode rectifier is proposed to convert AC power to a
boosted DC voltage, which is an essential function required in an electrical vehicle during the
re-generation process. The simulation and experimental results are presented to verify the
function of the proposed converter and the feasibility of the active base drive. A small
deviation between the simulation and experimental results demonstrates that the device
models used in the simulation were accurate and representative. According to the simulation

results in LTSpice, the converter efficiency using SiC BJT is maximum 8% higher than that

155



using SiIC MOSFET when the output power is 1200W. In a full power range up to 1200W,
the efficiency of a SiC BJT converter is always higher than that of a SIC MOSFET converter
as verified in the simulation. The integrated converters, driven by the active base drive and
conventional base drive, are simulated in section 5.2.3. The losses of the active base drive are
lower than the conventional one under various duty cycles meanwhile the converter

efficiency using the active drive is higher accordingly under various output powers.

Two operation modes, CCM and DCM, are defined and analysed quantitatively with
equations. The active base drive has been used in the integrated converter to drive SiC BJT
due to its high drive efficiency as presented in Chapter 4. The proposed base drive increase
the system efficiency by 7.4% (16%-8.6%=7.4%) compared with using conventional base
drive. The cooling system designed in the prototype can effectively dissipate the heat
generated from the power devices and base drive resistor, which guarantees all the electrical
components working within their thermal margins during normal operation cycles. It has
been demonstrated that the base driver losses constitute a large portion of the total system
losses; high power converters using SiC BJT can easily achieve higher efficiency than lower

power converters.
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6 Conclusion

6.1 Conclusions

The fabrication and commercialization of wide band gap power devices has progressed
significantly in the last decades. SiC is a promising member in the wide bandgap
semiconductor family where it has overcome several of the limitations of Si, e.g. thermal
conductivity, critical electric field strengths and intrinsic carrier concentration. It has been
shown to offer the advanced performance, especially in high switching frequency and high
temperature applications [109-112]. Due to the fast switching speed, low on-state conduction
loss, absence of the gate oxide, lack of the second breakdown, high breakdown voltage and

current gain, SiC BJT has recently attracted significant interest.

The use of the bipolar junction structures in power conversion system always tends to be
impeded by high power consumption and subsequent complex driver design because of the
current driven characteristic. Therefore, means of achieving low power loss base driver is

likely to be an important factor in the uptake of SiC technology.
The key contributions of this thesis are highlighted in this chapter.
a) High junction temperature switching test [113]

The switching losses of the SiC BJT have been measured experimentally at junction
temperature above 200°C. As a baseline for the comparison, a Si IGBT with the same
voltage/current rating as SiC BJT was tested at a maximum junction temperature of 165°C, a
limit constrained by the material properties. A short-circuit current was used periodically to
heat up the device under test. The switching power loss of SiC BJT was found to be
independent to the junction temperature and is much lower than that of Si IGBT which

performs poorly at high junction temperatures in the experiment.
b) Energy recovery concept realization in the base driver design [114]

The capacitor in the conventional base driver needs to generate a high current peak for fast
switching. However, its power loss increases significantly in proportion to the switching
frequency and supply voltage. An energy recovery function was proposed to save the energy
stored in the capacitor and therefore improve the driver efficiency. A 1.7kW boost converter

was prototyped to validate the function of the energy recovery base driver and investigate the
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performances of the SiC BJT subject to different switching frequencies. The maximum power

saving was shown to be 15.1% at 143kHz switching frequency.
c) The active base driver design

For applications requiring a large base current and high duty cycle, the resistor in the energy
recovery base drivers of Chapter 3 is a major power consumer in the driver unit. The base
current that is required to maintain BJT conduction is dependent upon the worst case
conditions: the minimum current gain at high junction temperature. Considering the converter
with a light load or in a low temperature environment, the base driver provides the excessive
DC current compared to that actually needed. The active base driver design can adjust the
base current instead of the fixed value that is used in a conventional drive in order to reduce

the resistor power loss.

During the transient period in the switching process, a separate current path is used to
generate high peak current for fast switching which is composed of RC elements. The
transient and conduction performance of SiC BJT is minimally degraded when using the
proposed circuit compared to the conventional technique. The active base driver is evaluated

in an integrated AC-DC converter.
d) SiC BJT application in the integrated converter

The fundamental analysis on operation modes and boundary has been presented for the
integrated converter, which takes the advantage of weight reduction and high integration. The
system’s robustness is enhanced since every phase channel can work independently. The
theoretical model, simulation results and experimental measurements correlate with each

other.

The active base driver provides the base current to switch the SiC BJT in the converter. The
whole system efficiency is 7.4% higher than that using the conventional driver with 1.4A

base current.

6.2 Further work
A few extensions to the research can be explored in the future. High performances at junction
temperature above 200°C have been demonstrated in Chapter 2 for SiC BJTs. In order to

drive the SiC BJT effectively, the drive unit must be closely connected to the device in the
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high temperature environment. All the electrical and passive components in the drive unit are
Si-based and not able to survive when the junction temperatures are above 170 °C. This is
particularly the case for the capacitor, whose the rated temperature is much lower than that of
the semiconductor IC. So the base driver with the capability of working under high

temperatures warrants further explorations.

The proposed active base driver in the thesis is designed to drive BJTs. The driver is able to
provide multiple voltage levels, which can also be used to turn on the voltage-controlled
device such as MOSFETS. The transient speed of the MOSFET is adjustable if the driver can
supply various voltage levels to the gate. The active base driver can be converted to a multi-

functional drive unit for both voltage-controlled and current-controlled power devices.

Advanced control technologies are going to be implemented to the converters and drives in
the future if the proposed designs are going to be commercialized. Traditional analogue
control can be used with the cost of large board size, complex tolerance consideration and
high components’ expenses. Digital control with a microcontroller seems to be the preferred
solution. Parameters such as the device case temperature, the output voltage and the inductor
current are monitored and the data are sent to the controller. Based on this information, the
microcontroller is able to generate suitable duty cycles to switch the SiC BJT. This requires

both software and hardware design.
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Appendix 8-1 Schematic design for a Dual-source DC power supply base driver
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Appendix 8-2 Printed Circuit Board design for Dual-source DC power supply base
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Appendix 8-3 Energy recovery concept validation board design of the base driver
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Appendix 8-4 Coding for the boost converter using the energy recovery driver

Coding for the control signals of the boost converter using the energy recovery base driver
from FPGA:

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.NUMERIC_STD.ALL,

library UNISIM,;

use UNISIM.VComponents.all;

entity frequency_sel is

port(
clk,reset: in std_logic;
switch :instd_logic_vector(2 downto 0);
sw_1,sw_2,sw_3:outstd logic);

end frequency_sel;

architecture Behavioral of frequency_sel is

signal sw11,sw21,sw31,sw12,sw22,sw32,sw13,sw23,5w33,sw14,sw24,sw34,
sw15,sw25,sw35,sw16,sw26,sw36,sw17,sw27,sw37,5w18,5w28,5w38 :std_logic;

begin
generation_unitl: entity work.frequency_gen

generic map(N=>250)

port map (clk=>clk, reset=>reset, swl=>swll, sw2=>sw21, sw3=>sw31);
generation_unit2: entity work.frequency_gen

generic map(N=>300)

port map (clk=>clk, reset=>reset, swl=>sw12, sw2=>sw22, sw3=>sw32);
generation_unit3: entity work.frequency_gen

generic map(N=>350)

port map (clk=>clk, reset=>reset, swl=>sw13, sw2=>sw23, sw3=>sw33);
generation_unit4: entity work.frequency_gen

generic map(N=>400)
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port map (clk=>clk, reset=>reset, swl=>swl4, sw2=>sw24, sw3=>sw34);
generation_unit5: entity work.frequency_gen
generic map(N=>500)
port map (clk=>clk, reset=>reset, swl=>sw15, sw2=>sw25, sw3=>sw35);
generation_unit6: entity work.frequency_gen
generic map(N=>550)
port map (clk=>clk, reset=>reset, swl=>sw16, sw2=>sw26, sw3=>sw36);
generation_unit7: entity work.frequency_gen
generic map(N=>800)
port map (clk=>clk, reset=>reset, swl=>sw17, sw2=>sw27, sw3=>sw37);
generation_unit8: entity work.frequency_gen
generic map(N=>200)
port map (clk=>clk, reset=>reset, swl=>sw18, sw2=>sw28, sw3=>sw38);
process (clk,reset)
begin
if reset="1"then
sw_1<="0"
sw_2<="0"
sw_3<="0";
elsif (clk'event and clk="1") then
case switch is
when "001" =>
sw_1<=swill,
SW_2<=sw21;
sw_3<=sw3l;
when "010" =>
sw_1<=swl2;
SW_2<=sw22;

SW_3<=sw32;
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when "011" =>
sw_1<=sw1l3;
SW_2<=sw23;
sw_3<=sw33;
when "100" =>
sw_1<=swi4;
SW_2<=sw24;
SW_3<=sw34;
when "101" =>
sw_1<=sw15;
SW_2<=sw25;
sw_3<=sw35;
when "110" =>
sw_1<=sw16;
SW_2<=swW26;
sw_3<=sw36;
when "111" =>
sw_1<=sw1l7;
SW_2<=sw27;
sw_3<=sw37;
when "000" =>
sw_1<=sw18;
SW_2<=sw28;
sw_3<=sw38;
when others =>
sw_1<='0
sw_2<="0";
sw_3<="0"

end case;
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end if;
end process;
end Behavioral;
library IEEE;
use IEEE.STD_LOGIC_1164.ALL;
use IEEE.NUMERIC_STD.ALL,
entity frequency_gen is
generic(N:integer:=500);
port(
clk,reset: in std_logic;
swl,sw2,sw3: out std_logic);

end frequency_gen;
architecture Behavioral of frequency_gen is
begin
process(clk,reset)
variable contswla :integer range 0 to (2*N/5)-2:=(2*N/5)-2;
variable contsw1b :integer range 0 to (3*N/5)+1:=(3*N/5)+1,;
variable delaysw1 :integer range 0 to 1:=1;
begin
if reset="1"then
contswla:=(2*N/5)-2;
contswlb:=(3*N/5)+1,;
swil<='0";
delayswl:=1;
elsif (clk'event and clk="1") then
if delaysw1l /=0 then

swil<='0";

delayswl:=delayswl-1;

elsif contswla /= 0 then
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swl<="1";
contswla:=contswla-1;
elsif contswlb /= 0 then
swi<='0"
contswlb:=contswlb-1,
else contswla:=(2*N/5)-2;
contswlb:=(3*N/5)+1,;

end if;

end if;

end process;

process(clk,reset)

variable contsw2a :integer range 0 to 2*N/5:=2*N/5;

variable contsw2b :integer range 0 to (3*N/5)-1:=(3*N/5)-1;

begin

if reset="1"then

contsw2a:=2*N/5;

contsw2b:=(3*N/5)-1,;

sw2<="0";

elsif (clk'event and clk="1") then
if contsw2a /= 0 then
sw2<='0"
contsw2a:=contsw2a-1;
elsif contsw2b /= 0 then
sw2<="1";
contsw2b:=contsw2b-1,;

else contsw2a:=2*N/5;
contsw2b:=(3*N/5)-1;
end if;
end if;
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end process;
process(clk,reset)
variable delayswa3 :integer range 0 to 2*N/5:=2*N/5;
variable contsw3a :integer range 0 to 25:=25;
variable contsw3b :integer range 0 to N-26:=N-26;
begin
if reset="1" then
contsw3a:=25;
contsw3b:=N-26;
delaysw3:=2*N/5;
sw3<="0";
elsif (clk'event and clk="1") then
if delaysw3 /=0 then
sw3<="0";
delaysw3:=delaysw3-1;
elsif contsw3a /= 0 then
sw3<="1";
contsw3a:=contsw3a-1,
elsif contsw3b /= 0 then
sw3<='0"
contsw3b:=contsw3b-1,
else contsw3a:=25;
contsw3b:=N-26;
end if;
end if;
end process;

end Behavioral;
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Appendix 8-5 The schematic design of the boost converter with energy recovery base
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Appendix 8-6 The PCB drawing of the boost converter with the energy recovery base
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Appendix 8-7 12A maximum current rating inductor design process and specifications

The design requirements for the power inductor in the boost converter are defined as

following:
Inductance L: 0.3 mH
Peak current lpeax =12A
Max. current ripple I, =4A
Average current l,, =6A

The core is selected depending on the material and air gap length. Tentatively ETD59 (E
shape) [115] is used with SIFERRIT material N87 (base material is MnZn) [116] from
EPCOS. The critical specific parameters are listed as following:

Air gap area A: 368 mm?
Air gap length I5: 1.5 mm
Window area A,: 365.6 mm?
Max. material flux density Byax =390 mT (@100°C)

In the calculation, the maximum flux density is chosen to be 300 mT making sure it works in
the linear region in B-H plot. Assuming the core is saturation limited, the maximum swing

flux density Bs is obtained by:

8-1

Iy
B = Byax =01T
peak

Looking up for core loss at 50 mT flux in the datasheet [116] in P,—B plot, the relative core
losses Py is less than rule of thumb 100 mW/cm?® under the convention cooling in nature [117,
118]. So the core is not limited by core loss. The number of turns N is calculated by Equation
8-2.
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To achieve the inductance required, the air gap length needs to be calculated as in Equation
8-3 with N from Equation 8-2.

UgA,N? 8-3
l, = = 1.64 mm

g L

u, is commonly called the vacuum permeability which is 4x-107 H/m. The required gap

length from 8-3 is very near to the physical value of ETD59 N87 core.

The maximum copper wire area is estimated according to the experience by Equation 8-4.

0.4A -
AMax = Tn = 4.483 mm3 8-4

So the maximum diameter of the wire is Dpax =2.389 mm.

The switching frequency for the boost converter is adjustable in the experiment from 63 kHz
to 250 kHz. At a high ac frequency put through the inductor, the skin effect on the winding
wires will happen. The ac current density is much higher on the conductor surface than that

inside causing the power loss increase. The penetration depth Dy, into the conductor can be

calculated in Equation 8-5 for copper at 111 kHz and 100°C [119].

Dgep = —= = 0.23 mm 85

Jr

Therefore, the diameter of the wire needs to be reduced for low power dissipation on copper.
Due to the usage of multiple strands of wires in parallel, the copper loss and the current
density on each strand decrease. Each strand diameter is 0.28 mm selected in the lab. So the
number of the strands N is obtained:

_ DMax 8-6

N. = =
$0.28 68

Accordingly, the current density in each strand is reasonable in engineering:
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I -

J=—F——=21A/mm? 87
0.23,,

Ngm( 2 )

The picture of the wound inductor is shown in Figure 8-1 and measured by LCR tester in
Figure 8-2.

Figure 8-1 Wound inductor

Figure 8-2 Measurement results for inductor with the accessories

Appendix 8-8 BitSiC BT1220AB-P1
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TranSsiC

Preliminary Data Sheet

BitSiC BT1220AB-P1

The BitSIC1206 is a 20 A power transistor developed and manufactured for high
temperature operation. These NPN bipolar junction transistors made of Silicon
Carbide utilizes the latest BitSIC-techmology developed by TranSiC. This transis-
tor is ideally suited for switched power applications as the BitSiC offer very low
on state losses along with a distinctly low temperature dependent fast switching
characteristic.

TranSiC's BRSIC is inherently resistant to radiation and short drcuit and lacks the
troublesome secondary breakdown. Power and control electronics can now be
designed for temperatures up to +250°C. This new technology opens up a new
field of high voltage applications operated at high ambient temperatures for ex-
ample within demanding industries such as Oil and Gas and Aerospace.

Features

= High operating junction temperature 2509C

= [Fast and temperature independent switching
= Wide reverse bias S0A

=  [Excellent capability to withstand short-circuit.
= [Excellent immunity to cosmic rays

Typical applications:

= High temperature DC/DC converters
= High temperature AC/DC inverters

= High temperature Maotor drives

= High temperature actuator controls

Maximum ratings, at T = 25°C, unless otherwise specified

v 1200V

e | +250°C

Vi | 1V (208, 250°C)

Riopyasr, | S0MQ (2500C)

L8]

Parameter Symbol | Conditions Value Unit
Collector-Emitter Voltage Vo, 1200 v
Emitter-Collector Voltage Voo 30
Collector-Base Voltage v 1200
Emitter-Base Voltage Vesn 30
Collector current I DC 20 A

I, t,< 10ms 40

I, non rep. t, < 300 ps .
Base current I bc 3

| L, t,< 10ms ]

Ly, non rep. t, < 300 ps -
Storage temperature Tus -55 to 100 °C
Operating junction temperature T, 250
Maximum power dissipation Pror TO-258, T, = 25°C - w
Mounting torque TO-258, M4 Screw . Nem

BT1220AB-P1 rev-F 17 ©TranSiC 2010
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TranSiC

Preliminary Data Sheet

Electrical characteristics, at Tj = 25°C, unless otherwise specified

Parameter Symbol | Conditions Min | Typ | Max | Unit
Collector cut-off current I Open base nA

T)=25°C -

Vee = 600 V -

Vee = 1200 V

T = 150°C -

Vee = 600 V -

Vee = 1200 V
DC Current gain h Pulse duration = 300 ps

Vee = 2.5V

T)=25°C

k=3A 20

=20A 50

T) = 150°C

k=3A 15

=20A 35
Collector-Emitter Vier | Pulse duration = 300 ps v
saturation Voltage L =20A,1=2A

T =25°C 0.5

T = 150°C 0.75

T=250°C 1.0
Collector-Emitter Roer | Pulse duration = 300 ps me
on-state resistance I[.=6A,1 =600mA

T =25°C 25

T = 150°C 38

T =250°C 50
Base-Emitter Voegar, | Pulse duration = 300 ps v
saturation voltage I.=20A L=2A

T = 25°C 3.25

T = 150°C 3

T, = 250°C 2.9

Dynamic characteristics, at Tj = 25°C, f = 100kHz, unless otherwise specified

Parameter Symbol | Conditions Min | Typ | Max | Unit
Base-Collector C. V,=0V 2500 pF
capacitance V=40V 650

v, = 1200V
Base-Emitter C. V, =0V 6 nF
capacitance V=32V 16
Collector-Emitter C. - pF
capacitance -
Base-Collector charge Q, V=800V 230 nC
Base-Emitter charge Qe Vg=3.2V 22
Total Base charge Qeror
Collector-Emitter charge | Q. =

BT1220AB-P1 rev-F 247 ©TranSiC 2010
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Thermal characteristics

Parameter Symbol | Conditions Min | Typ | Max | Unit
Thermal resistance R, TO-258 Isolated 1.0 KIW
junction - case
Thermal resistance Ria TO-258 Isolated -
junction - ambient
Thermal resistance R, TO-258 Isolated -
junction - pin
Switching characteristics, Inductive load, Tj = 25°C
Parameter Symbol | Conditions ! Typ
Turn-on delay time taon) Ve = 800V, 8 ns
Turn-on voltage fall time t, 11: ngrﬁ —_— 28
Turn-off delay time tnm Tl = 25°C 10
Turn-off voltage rise time t 19
Turn on energy E. 310 N}
Turn off energy Em 147
Total switching energy EIs 457
Turn-on delay time b }l = 8(;):\/ 8 ns
Turn-on voltage fall time t, o _ 32
Turn-off delay time (== %:gggt‘c“ oo 2
Turn-off voltage rise time t 20
Turn on energy Ea 330 n
Turn off energy Ep 158
Total switching energy 488
wave S and energies were measured using a S€ setup. Three parallel BA silicon

carbide schottky diodes, Infineon IDH085120, were used as free wheeling diode. Please see figures
A-B and the application note TSC-TR00S BitSIC Charateristics for details and circuit schematics. Driver
passive values used, R1 1Q, C1 44nF, R2 17Q.

Application support

The development of application support documents for the BitSIiC transistors is an continuously on going
process, Currently available are application notes describing a simple driver circuit and the switching
behaviour of the transistors. There is also a SPICE model of the transistor available. Please contacts us
to receive more information on this topic.

BT1220AB-P1 rev-F
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Typical performance curves

Measurements performed under pulsed condition tp= 300 ps and at T = 25 9C unless otherwise spedified.

Figure 1, -V Characteristics 25°C

Figure 2, |-V Characteristics 150°C
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Typical performance curves
Measurements performed under pulsed condition tp= 300 ps and at T = 25 °C unless atherwise spedfied.

Figure 7, UCE[SAU - IC Figure 8, Ucnswn = Ti @ Ic = 20A
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i
= g 15
[$]
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Typical performance curves
Measurements performed under pulsed condition tp= 300 ps and at T = 25 9C unbess atherwise spedified.
Figura 13, Qsc - Uac
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Schematics
Figure A, Switch circuit schematic Figure B, Double pulse
=
\u“‘d‘ w®
D1 L /(
L5 R2 _
A BESIC - BItSIC on / off
[ [ = .
[ ”
TO-258 Isolated, outline and dimensions
17.65 ( 605)
1.14(,045) [~ 17.30 (885) | gasie
_'“‘_ 0.88(.035) f‘ew{w;
R - -
‘ — b H
)
21.21( B35)
20.70 { B15) 13.84 (545) :;?g:;g;;
13.58 (.535)
L | J l . J
| T ’
} 19.05(0750) | I I
12.70 (0.500)
356 (140) BSC 1980558 Tname Il
<—>J— b e 5.08 ( 200) BSC
Dimensions in Millimeters and (Inches)
Part numbering
Part number Package
BT1220AB-P1 TO-258
POWER TRANSISTORS IN SILICON CARBIDE
www.transic.com
sales@transic.com
Disclaimer

TranSiC AB reserves the right to make changes to the products and datasheets without further notice. TranSiC AB makes no war-
ranty or guarantee regarding the suitability of its products for any particular purpose, nor does TranSiC AB assume any liability
for the application or use of any product. Performance parameter data that may be provided in datasheets can vary in different
applications. TranSiC AB products are not or for use as ¢ in sy i for appli-
cations intended to support or sustain life, or for any other application in which the failure of the TranSiC AB product could create a
situa-tion where personal injury or death may occur. Should TranSIC AB products be used for any such unintended or unauthorized
application, the Buyer shall hold TranSiC AB harmless against all daims associated with such use,

BT1220A8-P1 rev-F 7/7 ©TranSiIC 2010

Appendix 8-9 The schematic design for the active base driver
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Appendix 8-10 The PCB drawing for the active base driver
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Appendix 8-11 The schematic design for the high side Si IGBT Q2 gate driver
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Appendix 8-12 The PCB layout design for the high side Si IGBT Q2 gate driver
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Appendix 8-13 The code for FPGA generating control signals in Chapter 3

The code for FPGA generating control signals for heating process and switching test is listed
as:

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.NUMERIC_STD.ALL,

library UNISIM,;

use UNISIM.VComponents.all;

entity BJT_IGBT is

port(

clk,reset,reset_board: in std_logic;

switch :instd_logic_vector(2 downto 0);
sw_3,0_sw_IGBT,0_sw_BJT : out std_logic);
end BJT_IGBT;

architecture Behavioral of BJT_IGBT is

signal swa3l, sw32, sw33, sw34, sw35, sw36,
sw37,sw30,sw_IGBTO,sw_IGBT1,sw_IGBT2,sw_IGBT3,sw_IGBT4,sw_IGBT5,sw_IGBT®6,
sw_IGBT7,

sw_BJTO,sw_BJT1l,sw BJT2,sw_BJT3,sw_BJT4,sw_BJT5,sw_BJT6,sw_BJT7,reset o
:std_logic;

begin

Debounce :entity work.debounce

port map (clk=>clk,reset=>reset_board,sw=>reset,db=>reset_o);
generation_unitO: entity work.heating_control

generic map(N_IGBT=>0,

N_BJT lowl1=>0,

N_BJT_high1=>3500,

N_BJT_low2=>500,

N_BJT_high2=>800,

N _sw3=>10,
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N_heating_period=>0)

port map (clk=>clk,
sw3=>sw30,sw_IGBT=>sw_IGBTO0,sw_BJT=>sw_BJTO0);

generation_unitl: entity work.heating_control
generic map(N_IGBT=>0,

N_BJT low1=>0,

N_BJT_high1=>3500,

N_BJT_low2=>500,

N_BJT_high2=>800,

N_sw3=>12,

N_heating_period=>0)

port map (clk=>clk,
sw3=>sw31,sw_IGBT=>sw_IGBT1,sw_BJT=>sw_BJT1);

generation_unit2: entity work.heating_control
generic map(N_IGBT=>0,

N_BJT_ lowl1=>0,

N_BJT_high1=>3500,

N_BJT_low2=>500,

N_BJT_high2=>800,

N_sw3=>15,

N_heating_period=>0)

port map (clk=>clk,
sw3=>sw32,sw_IGBT=>sw_IGBT2,sw_BJT=>sw_BJT2);

generation_unit3: entity work.heating_control
generic map(N_IGBT=>0,

N_BJT lowl1=>0,

N_BJT_high1=>3500,

N_BJT_low2=>500,

N_BJT_high2=>800,

N_sw3=>18,

N_heating_period=>0)

reset=>reset_o,

reset=>reset_o,

reset=>reset_o,
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port map (clk=>clk,
sw3=>sw33,sw_IGBT=>sw_IGBT3,sw_BJT=>sw_BJT3);

generation_unit4: entity work.heating_control
generic map(N_IGBT=>0,

N_BJT_low1=>0,

N_BJT_high1=>3500,

N_BJT_low2=>500,

N_BJT_high2=>800,

N_sw3=>23,

N_heating_period=>0)

port map (clk=>clk,
sw3=>sw34,sw_IGBT=>sw_IGBT4,sw_BJT=>sw_BJT4);

generation_unit5: entity work.heating_control
generic map(N_IGBT=>0,

N_BJT low1=>0,

N_BJT_high1=>3500,

N_BJT_low2=>500,

N_BJT_high2=>800,

N_sw3=>26,

N_heating_period=>0)

port map (clk=>clk,
sw3=>sw35,sw_IGBT=>sw_IGBT5,sw_BJT=>sw_BJT5);

generation_unit6: entity work.heating_control
generic map(N_IGBT=>0,

N_BJT lowl1=>0,

N_BJT_high1=>3500,

N_BJT_low2=>500,

N_BJT_high2=>800,

N_sw3=>30,

N_heating_period=>0)

reset=>reset_o,

reset=>reset_o,

reset=>reset_o,
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port map (clk=>clk,
sw3=>sw36,sw_IGBT=>sw_IGBT6,sw_BJT=>sw_BJT6);

generation_unit7: entity work.heating_control
generic map(N_IGBT=>0,

N_BJT_low1=>0,

N_BJT_high1=>3500,

N_BJT_low2=>500,

N_BJT_high2=>800,

N_sw3=>35,

N_heating_period=>0)

port map (clk=>clk,
sw3=>sw37,sw_IGBT=>sw_IGBT7,sw_BJT=>sw_BJT7);

process (clk,reset_o)

begin

if reset_0="1"then
O_sw_IGBT<=05
O_sw_BJT<='04
sw_3<="0"

elsif (clk'event and clk="1") then
case switch is

when "001" =>

O _sw_IGBT<=sw_IGBT],;
O _sw_BJT<=sw _BJTI;
sw_3<=sw3l;

when "010" =>
O_sw_IGBT<=sw_IGBTZ;
O _sw_BJT<=sw_BJT2;
sw_3<=sw32;

when "011" =>

O sw_IGBT<=sw_IGBT3;

reset=>reset_o,

reset=>reset_o,
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O sw_BJT<=sw BJT3;
sw_3<=sw33;

when "100" =>

O _sw_IGBT<=sw_IGBT4;
O _sw_BJT<=sw_BJT4;
sw_3<=sw34;

when "101" =>

O sw _IGBT<=sw_IGBT5;
O _sw_BJT<=sw_BJT5;
sw_3<=sw35;

when "110" =>

O _sw_IGBT<=sw_IGBTE6;
O sw _BJT<=sw _BJT6;
sw_3<=sw36;

when "111" =>

O _sw_IGBT<=sw_IGBT7,
O_sw_BJT<=sw_BJT7;
sw_3<=sw37;

when "000" =>

O _sw_IGBT<=sw_IGBTO;
O _sw_BJT<=sw_BJTO;
sw_3<=sw30;

when others =>

O sw_IGBT<="'0"
O_sw_BJT<='04
sw_3<='0"

end case;

end if;

end process;
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end Behavioral;

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;

use IEEE.numeric_std.ALL,

entity debounce is

port ( reset,sw :in STD_LOGIC;

clk:in STD_LOGIC;

db :out STD_LOGIC);

end debounce;

architecture Behavioral of debounce is
constant N :integer:=19;

signal q_reg,q_next: unsigned (N-1 downto 0);
signal m_tick : std_logic;

type eg_state_type is (zero,waitl_1,waitl 2 waitl 3,0ne,wait0_1,wait0_2,wait0_3);
signal state_reg,state_next: eg_state_type;
begin

process(clk,reset)

begin

if reset="1"then

g_reg <= (others=>'0";

elsif (clk'event and clk ='1") then

q_reg <= g_next;

end if;

end process;

g_next<=q_reg+1;

m_tick<="1"'when q_reg=0 else

0"

process(clk,reset)
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begin

if (reset="1") then
state_reg<=zero;

elsif (clk'event and clk="1") then
state_reg<=state_next;
end if;

end process;

process (state_reg,sw,m_tick)
begin
state_next<=state_reg;
db<='0";

case state_reg is

when zero =>

if sw="1"then
state_next<=waitl 1;
end if;

when waitl_1 =>

if sw="0"then
state_next<=zero;

else

if m_tick="1" then
state_next <=waitl 2;
end if;

end if;

when waitl 2=>

if sw="0" then

state _next<=zero;

else

if m_tick="1"then
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state_next <=waitl_3;
end if;

end if;

when waitl 3=>

if sw="0" then

state next<=zero;
else

if m_tick="1"then
state_next <=one;
end if;

end if;

when one=>

db<="1";

if sw="0"then
state_next<=wait0_1;
end if;

when wait0_1=>
db<="1";

if sw="1"then
state_next<=one;
else

if m_tick="1" then
state_next <= wait0_2;
end if;

end if;

when wait0_2=>
db<="1";

if sw="1"then

state _next<=one;
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else

if m_tick="1" then
state_next <= wait0_3;
end if;

end if;

when wait0_3=>
db<="1";

if sw="1"then
state_next<=one;
else

if m_tick="1" then
state_next <= zero;
end if;

end if;

end case;

end process;

end Behavioral;[120]

library IEEE;

use IEEE.STD_LOGIC_1164.ALL;
use IEEE.NUMERIC_STD.ALL,
entity heating_control is
generic(N_IGBT:integer:=500;
N_BJT_lowl:integer:=100;
N_BJT_highl:integer:=250;
N_BJT_low2:integer:=100;
N_BJT_high2:integer:=250;
N_swa3:integer:=50;
N_heating_period:integer:=10);
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port(

clk,reset: in std_logic;

sw_IGBT,sw_BJT,sw3: out std_logic);

end heating_control;

architecture Behavioral of heating_control is

begin

process(clk,reset)

variable con_BJT_lowl :integer range 0 to N_BJT lowl;
variable con_BJT_highl :integer range 0 to N_BJT _highl;
variable con_BJT low2 :integer range 0 to N_BJT low2;
variable con_BJT_high2 :integer range 0 to N_BJT_high2;
variable con_IGBT :integer range 0 to N_IGBT,;

variable con_sw3a :integer range 0 to N_sw3;

variable con_sw3b :integer range 0 to 49-N_sw3:=49-N_swa3;
variable sw_IGBT _delay :integer range 0 to 15;

variable heating_period :integer range 0 to N_heating_period;
begin

if reset="1" then

con_swa3a:=N_sw3;

con_sw3b:=49-N_swa3;

sw3<='0";

elsif (clk'event and clk="1") then

if con_sw3a /=0 then

sw3<="1",

con_swa3a:=con_sw3a-1;

elsif con_sw3b /= 0 then

sw3<='0";

con_sw3b:=con_sw3b-1;

else con_sw3a:=N_swa3;

201



con_sw3b:=49-N_sw3;

end if;

end if;

if reset="1"then
heating_period:=N_heating_period,
sw_IGBT _delay:=15;
con_IGBT:=N_IGBT;
sw_IGBT<='0";

con_BJT lowl:=N_BJT lowl;
con_BJT highl:=N_BJT highi,
con_BJT_low2:=N_BJT_lowz2;
con_BJT_high2:=N_BJT _high2;
sw_BJT<='0

elsif (clk'event and clk="1") then

if con_IGBT /=0 and sw_IGBT_delay /=0 then
sw_IGBT<='0"

sw_BJT<="1"
con_IGBT:=con_IGBT-1;
sw_IGBT _delay:=sw_IGBT_delay-1;
elsif con_IGBT /=0 then
sw_IGBT<="1",

sw_BJT<="1"
con_IGBT:=con_IGBT-1;

elsif con_BJT lowl /=0 then
sw_IGBT<='0"

sw_BJT<='0

con_BJT _lowl:=con_BJT_ lowl-1;
elsif heating_period /=0 then

heating_period:=heating_period-1;
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sw_IGBT _delay:=15;
con_IGBT:=N_IGBT;

con_BJT lowl:=N_BJT lowl;
elsif con_BJT _highl /=0 then
sw_IGBT<='0"

sw_BJT<="1"
con_BJT_highl:=con_BJT_highl-1;
elsif con_BJT low2 /=0 then
sw_IGBT<='0"

sw_BJT<='0"
con_BJT_low2:=con_BJT_low2-1;
elsif con_BJT_high2 /=0 then
sw_IGBT<="0";

sw_BJT<="1"

con_BJT _high2:=con_BJT_high2-1;
else

sw_IGBT<='0";

sw_BJT<='0

end if;

end if;

end process;

end Behavioral;
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Appendix 8-14 The schematic design for the low side Si IGBT Q1 gate driver
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Appendix 8-15 The PCB layout design for the low side Si IGBT Q1 gate driver
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Appendix 8-16 The schematic design for the active base driver without a separate peak
current path
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Appendix 8-17 The PCB layout design for the active base driver without a separate
peak current path
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Appendix 8-19 Integrated converter power board layout
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