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Abstract

The parallel connection of a Silicon (Si)-based IGBT and a Silicon Carbide (SiC)-based MOSFET form-
ing a so called hybrid switch can be used to capitalize on the advantageous features of both semi-
conductor and materials technologies. In this thesis, a hybrid switch-based inverter designed for the
application of Electric Vehicle (EV) traction drive is compared to the conventional inverter assembled
with Si-based IGBTs, and SiC-based MOSFETs. According to different standardized driving cycles,
Electric Vehicles operate in low partial load for a considerable amount of the time. Therefore, in this
application, semiconductor conduction losses can be considerably reduced when unipolar switches
such as MOSFETSs are used. Collectively, this work shows that the hybrid switch configuration consti-
tutes a good compromise between efficiency and cost when compared to a solution implementing only
Si-based IGBT or solely SiC-based MOSFETs.






Introduction

1.1. Background

As the world moves towards a more sustainable future, the automotive industry aims to reduce its share
of CO, emissions. Development of Electric Vehicles (EV) has become prominent as they produce sub-
stantially lower CO, emissions than internal combustion engine vehicles [1]. One of the research and
development goals in this field is the improvement of the EV traction drive efficiency and the conse-
quent extension of driving range. The traction drive, which converts electrical energy from the battery
to mechanical energy in the wheels, consists of a DC-AC inverter and an electric motor, as shown in
Figure 1.1. The inverter is a major contributor to the power loss of the traction drive [1, 2].

1.2. Switches for EV Drive Inverter

Currently, the majority of the commercial EV inverters consist of Silicon (Si)-based IGBTs, which are
known for robustness, relatively low cost, and good current conduction performance at high currents.
There are, however, several drawbacks of using Si IGBTs in the application of EV drives. Due to
the bipolar junction characteristic, IGBTs have unsatisfactory performance at low current conditions.
Additionally, in high voltage class devices, the current tail observed during an IGBT’s turn-off may
result in high switching losses [3]. In fact, standardized driving cycles demonstrate that consumer EVs
operate at low partial load during the majority of its use [2], and in these operating conditions IGBT-
based inverters perform poorly. This calls for a better suited semiconductor than the Si-based IGBTs.

Another candidate for the inverter switch is the Silicon Carbide (SiC) MOSFET. In recent years, it has
gained popularity due to its excellent switching performance, easy paralleling feature which enables
higher power handling, and above all, the higher temperature capability of the SiC material [3, 4].
The thinner n-doped region of SiC MOSFETs enables wider voltage ranges compared to the Si-based
MOSFETs and have lower conduction and switching losses [3]. In particular, high power SiC MOSFETs
show outstanding efficiency at low current, which makes them highly suitable for application in an EV
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Figure 1.1: Electric vehicle motor drive system with Si-based IGBT inverter.
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4 1. Introduction

traction system from an efficiency standpoint [5, 6]. The major drawback of the SiC MOSFET is its
higher manufacturing cost and lower reliability in comparison to the traditional IGBT-based inverters
[5, 6].

The significantly higher cost of the SiC MOSFET calls for a compromised solution. In recent years,
the Si IGBT and SiC MOSFET paralleled hybrid switch (cf. Figure 1.2) has shown promising results.
In this thesis, this hybrid switch is examined for its performance as the switch for EV traction inverter.

1.3. Thesis Objective

The main research objective of this thesis is:

To analytically model, experimentally characterize, and optimize the hybrid Si-SiC switch, and to
investigate and benchmark its use in EVs traction inverters vs traditional configurations.

The main challenges in reaching the objective are:

 Derive close form equations that accurately model the current sharing between parallel devices
of different technologies;

» Optimize the switching performances of hybrid switch and find an optimal switching strategy;

» Benchmark the application of hybrid switches in EV traction inverters vs traditional configuration
while performing standardized driving profiles.

1.4. Thesis Outline

The thesis report is structured into seven main chapters. The first chapter introduces the hybrid switch
and the objectives of the project. In chapter 2, current literature on the hybrid switch is discussed. The
analytical model and equations of the hybrid switch are discussed in chapter 3. Using the analytical
equations, characteristics of the hybrid switch are investigated using selected semiconductors and its
manufacture datasheet in chapter 4. In chapter 5, these characteristics are then determined experi-
mentally. In chapter 6, the designed hybrid switch in a Electric Vehicle traction drive is evaluated using
different driving profiles. The conclusion of the thesis and suggestions for future research are given in
chapter 7.

=

Si IGBT SiC MOSFET

Figure 1.2: Si IGBT and SiC MOSFET paralleled hybrid switch.



Literature Review On Si/SiC Hybrid
Switch

2.1. Hybrid Switch Configurations

In power conversion circuits, IGBTs and MOSFETs are popular due to their controllability. However, due
to the inherent weakness of each option separately, a better compromise between cost and efficiency is
needed for the EVs’ traction inverters. To overcome the shortcomings of either device, hybrid switches
assembled paralleling different semiconductor technologies (e.g. Si and SiC) are introduced. The
configurations can be seen in Figure 2.1.

One of the possible configurations is by paralleling a Si IGBT with a SiC Schottky Barrier Diode
(SBD) shown in Figure 2.1 a). With SiC SBD, the IGBT switch is able to achieve lower reverse recovery
and turn-on losses compared to the more common IGBT coupled with Si fast-recovery diode [7, 8]. It
has been shown that Si IGBT with SiC SBD can decrease the total switching losses by 40% and
increase the converter frequency capabilities by two folds compared to its full Si IGBT counterparts [7].
Furthermore, IGBT with SiC SBD hybrid has shown to be advantageous for traction inverter system
with reduced weight and lower total energy loss [9].

Another configuration is paralleling Si IGBT and Si MOSFET [10] seen in Figure 2.1 (b) and (c).
Configuration (b) is implemented with a reverse conduction diode and uses the Si MOSFET for soft
switching for the IGBT in bridge type converters [10]. Configuration (c) uses the MOSFET for reverse
conduction to reduce conduction losses [11]. By paralleling the MOSFET and IGBT, the advantage
of both devices are utilized. The hybrid switch performs better than IGBT at lower current and better
than the MOSFET at high current. This will be discussed further in the following section. Furthermore,
due to the fast switching of the MOSFET, the hybrid switch is also able to reduce switching losses by
providing Zero Voltage Switching (ZVS) for the IGBT [10, 12]. Examples of the Si MOSFET and Si
IGBT hybrid has shown promising results in reducing losses in a solid state transformer and in traction
motor inverter applications [10, 12]. One shortcoming of the Si MOSFET is its limited blocking voltage
capability. As an unipolar power device with a thick and lightly doped n-base region, the Si MOSFET
has an upper voltage limit of 1200V [6, 13] which makes it unsuitable for high power applications. With

. n — | -
SiIGBT SICSED SiIGBT Si MOSFET SiIGBT Si MOSFET SHGBT SICMOSFET
(a) Si IGBT Hybrid with  (b) Si IGBT Hybrid and  (c)SiIGBT Hybridwith Si  (d) Si IGBT Hybrid with
SiC SBD diode with Si MOSFET MOSFET SiC MOSFET

Figure 2.1: Different configurations of the Hybrid switch.



6 2. Literature Review On Si/SiC Hybrid Switch

the Wide Band Gap (WBG), SiC MOSFETs can provide a wider voltage range desired in high voltage
applications [6, 13]. In recent years, hybrid switch paralleling Si IGBT with SiC MOSFET (Figure 2.1 d))
has became a popular configuration [6]. Similar to Si IGBT and Si MOSFET, this hybrid configuration
takes the advantages of both IGBT and MOSFET. As most of the electric vehicles do not constantly
operate in full load conditions, this hybrid switch would increase efficiency over the entire load profile.

2.2. On-state Characteristics

The Si IGBT and SiC MOSFET hybrid takes advantage of the IGBT’s low on-state resistance and
the low switching losses of the MOSFET. The on-state characteristics of a 1200V class Si IGBT, a SiC
MOSFET and the Hybrid switch with equivalent current ratings are shown in Figure 2.2 (from [6]). On the
left, the on-state characteristics are compared showing the entire current range while the characteristics
at low current are highlighted on the right. At low current, the MOSFET conducts most of the current
as it does not have PN junction barrier potential [12]. However, at high current, the IGBT conducts a
greater proportion of the total current because this device has typically lower on-state resistance. The
output characteristics have shown that the hybrid switch has low conduction loss at both low current due
to the MOSFET and high current due to the IGBT. Due to the intrinsic positive temperature coefficient
of the used semiconductor devices, their on-state characteristic is strongly influenced by their junction
temperatures [14]. The variation of the on-state characteristics of IGBT and MOSFET can be seen in
Figure 2.3. As temperature increases, the on-state performance deteriorates because the equivalent
on-state resistance increases. This relationship can be described by Equation (2.1), where Ry rer iS
the reference on-state resistance (usually at 25°C), Cr is the temperature coefficient, and T; and Ter
are the junction temperature and reference junction temperature corresponding to the R, ref-

Ron(’I}) = Ronref * [1+Cr- (73 — Trer)] (2.1)

The temperature coefficient Cy is positive because as temperature increases, the charge carriers un-
dergo more collisions per unit time in the semiconductor lattice [14]. This results in lower carrier mobility
which is inversely proportional to the on-state resistance. For the IGBT, the PN junction barrier voltage
decreases as temperature increases (see Figure 2.3 (b)) because the intrinsic concentration, which is
inversely proportional to this potential, increases with temperature [14].

2.2.1. Current Sharing

Sharing of current between the IGBT and MOSFET components in the hybrid switch (Figure 1.2)
changes depending on the total load current and temperature [17]. At low current, the load current
only flows through the MOSFET because IGBT does not conduct until its PN junction barrier voltage is
reached. When the junction barrier voltage is reached, the IGBT starts to share the load current with

80 T T T T T 7 5 T T T T ™
Output IV Curves at 150°C’ Output IV Curves at 150°C
70 t t = 4.5 / l i"
XS Hybrid — | / 4 ;
60 - : !
, y 35 \L ZE8C
~50 _ £ A ] P / MOSFET |
< 2x Si SPT . / = < 3 :
540 IGBT 3/ L 225 1A i 79
£ J \I 2 [T/ ; 2 x Si SPT
B 2xSiIC__| 3 2 XS Hybrid ;~+—— IGBT —]
MOSFET 15 / ’ | |
20 // -- 2x Si SPT IGBT '] / ,/| == 2x Si SPT IGBT
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é{,/ XS Hybrid 0 V 1=* w==XS Hybrid
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Figure 2.2: The on-state characteristics of the hybrid switch compared to pure Si IGBT and SiC MOSFET switches [6].
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Figure 2.3: Temperature’s effect on the on-state characteristics of IGBT and MOSFET. (a) the on-state resistance as a function
of temperature of a 1200V SiC MOSFET[15], (b) the IV curve a 1200V Si IGBT [16].

the MOSFET. As the current increases, more current flows through the IGBT because it typically has
a lower on-state resistance at higher current.

2.3. Switching Characteristics

The switching characteristics of the hybrid switch are another major contributor to losses. Unlike the
on-state characteristics, switching characteristics do not heavily depend on temperature as they are
mostly determined by the gate resistance and the parasitic capacitances of the switch [14]. Optimizing
the switching strategy of hybrid switches, losses can be further reduced.

2.3.1. Turn-on

The turn-on characteristics of the hybrid switch are dependent on the switching strategy in which the
turn-on delay is varied between the IGBT and the MOSFET. However, the waveform is similar to that
of the MOSFET and IGBT [6]. The MOSFET’s turn-on waveform is shown in Figure 2.4. The turn-on
waveform can be broken down into 5 stages [14]:

1. tqon: the gate voltage v, rise to the threshold voltage Vg tp)-
2. t,;: as the vy, passes Vgseny, the drain current i, starts to increase.

3. t,: with the presence of the freewheeling diode, i, increases past the designed output current
I,. ip decreases back to I, after all the reverse recover charge in the diode is depleted.

4. tsyq: the drain-source voltage vps decreases at the rate corresponding to the gate-drain capaci-
tance during the active region.

5. tryy: the drain-source voltage v,s decreases at the rate corresponds to the gate-drain capac-
itance during ohmic region. Eventually, the switch is fully turned on and the v, stays at the
on-state voltage.

Furthermore, the non-ideal behavior of the switch and test setup result from the parasitic components
(Figure 2.5) and will affect the switching waveform [18, 19]. This can be seen in Figure 2.7. The
parasitic components include:

» The drain-source capacitance C;; contributes to the total output capacitance C,s¢ of the switch.
As the switch turns on, the output capacitance discharges, making the channel current larger than
the drain current. This results in higher turn-on losses.
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« The diode junction capacitance C; charges during turn-on. This would add to the channel current
during turn-off from the load current.

* The parasitic inductance Lpg in the circuit would result in a voltage dip in v, as the current
increases. Furthermore, it would slow the speed of the current transition (seen in Figure 2.6). As
previously mentioned, this would affect hybrid switching current sharing as well.

These non-ideal behavior will be observed further in experimental testing outlined in chapter chapter 5.

! \w)
|

ip(e)

Vs, 1, /

/ Dgs(é)

VGS(th)7'

e <

Figure 2.4: MOSFET Turn On waveform [14].
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Figure 2.5: Parasitic components in MOSFET test circuit.
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Figure 2.7: Effect of common source parasitic inductance on MOSFET switching waveform [18].

Turn-on Strategies

Different switching strategies for turn-on are compared in Table. 2.1. Since the SiC MOSFET switches
faster than the IGBT switches, they have considerably lower turn-on losses [17]. For turn-on, IGBT
Zero Voltage Switching (ZVS) can be achieved by turning on the MOSFET before the IGBT (option 2
in Table 2.1). However, it is shown in some studies that better performances can be achieved using
0 delay for turn-on when considering commercial 1200V MOSFET and IGBT [20, 21]. This is due to
the fact that turn-on loss is dominated by the diode reverse recovery loss. With the IGBT turned on
simultaneously with the MOSFET, both devices provide channels for the diode’s current commutation.
This shortens the turn-on time and reduces loss. Hence, option 2 in Table 2.1 would be unnecessary.
Contrasting, when parasitic inductance is high, the current from the MOSFET to the IGBT commutates
slower [17]. This is especially true when paralleling multiple discrete devices. If the MOSFET is turned
on first, it would experience higher stress as the current is slowly commutated to the IGBT. Turning on
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GigeT GG GigeT
GMOSFET GMOSFET GMOSFET
Time Time Time
Switching Pattern Option 1 Option 2 Option 3
Obtion Both Turn ON MOSFET Turn ON IGBT Turn ON
P simultaneously first first
Lower switching losses Lower switching losses Reduce MOSFET
Advantages stress

Disadvantages

Practical Issues

(ZVS for IGBT)

High stress on MOSFET

n/a

(ZVS for IGBT)

High stress on MOSFET
and higher conduction
losses

Parasitic interconnect
inductance imbalance cause
higher stress on MOSFET

Not ZVS, higher
switching losses

n/a

Table 2.1: Turn-on strategies.

the IGBT first is only ideal when parasitic inductance is high, as it is more robust to high current stress.
The effect on turn-on losses due to the switching delay between MOSFET and IGBT can be seen in

Figure 2.8.

Turn-on Loss(mJ)

304 T
o "-"_-7.--"“:

2.5+
2.0 - 7l7E\‘JJnJGBT
1.5 1
1.0 - 2 E ~(E
0.5 4

0.0 -

(us)

on_delay

Figure 2.8: Turn-on Losses as a function of delay between turning on SiC MOSFET and Si IGBT [20].

2.3.2. Turn-off

Turn-off for the MOSFET is the opposite of the turn-on operation and can be seen in Figure 2.9. The
IGBT turn-off has similar stages, albeit with a longer current tail (Figure 2.10). The IGBT turn-off stages
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Figure 2.10: IGBT Turn Off waveform.[14]

1. taors: the gate voltage vy, falls to the voltage Vs -

2. t,.,: the drain-source voltage vy rises to 1.

3. tri1: the drain current i, decreases at the rate corresponding to the MOSFET until gate voltage

reaches threshold Vg tp)-

4. trip: the MOSFET equivalent part of the IGBT is turned off, the drain current i, decreases at a
slower rate as the stored charge is removed only by recombination. The duration of this period
increases with temperature and can resulting in high switching losses.
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The higher turn-off losses is a trade off with on-state losses. The IGBT is designed so that the excess-
carrier lifetime in n- region is large, which results in a lower on-state voltage. This would also mean that
greater time is required to remove the charges after the gate voltage becomes lower than the threshold
voltage. As temperature increases, the time to remove the charges would further increase, result in
higher turn-off loss.

As noted, the non-ideal behavior of the switch and test setup results from the parasitic components
(Figure 2.5) affects the turn-off waveforms as well as shown in Figure 2.7. For turn off:

» The drain-source capacitance C;; contributes to the total output capacitance C,s¢ of the switch.
As the switch turns off, the output capacitance charges, making the channel current smaller than
the drain current. This results in lower turn-off losses. During turn-off, C,;, also contributes to
voltage overshoot and parasitic ringing due to the resonance between C;; and L.

+ The diode junction capacitance C; discharges during turn-on. This would subtract the channel
current from the load current during turn-off.

* In addition to the overshoot voltage and ringing, the parasitic inductance Lps slows down the
speed of the current transition. As previously mentioned, this would affect the hybrid switching
with current sharing as well.

Turn-off Strategies

Different switching strategies for turn-off are compared in Table 2.2. SiC MOSFET has a low voltage
drop and can provide ZVS for the IGBT if the MOSFET is switched off after the IGBT. This can reduce
the effects of the current tail during normal IGBT turn-off. However, a prolonged turn-off delay between
the IGBT and MOSFET would result in increment of losses (due to the increase in MOSFET conduction
loss) and possibly a lowering on the maximum acceptable switching frequency [22, 23]. When switching
off the IGBT first, the IGBT v, exhibits oscillation due to miller capacitance charged by the high dv/dt
[17]. This would cause fault triggering, turning on IGBT for a short time after its turn off. As a result, it
would cause more switching losses and potentially short circuit if it goes beyond the designed dead time
between the upper and lower switch. Miller clamping can be used to avoid this phenomenon and was
demonstrated in [17, 24]. The effect on turn-on losses due to the switching delay between MOSFET
and IGBT can be seen in Figure 2.8.

A \ A
Gigpr Gigpr Gigar
GmosFET GMmoOSFET GmoSFET
Time Time Time
Switching Pattern Option 1 Option 2 Option 3
Oni Both Turn OFF IGBT Turn OFF MOSFET Turn OFF
ption simultaneously first first
. Lower switching losses .
Advantages Common gate driver (2VS for IGBT) Reduce miller affect
: Not ZVS, higher Lower switching Not ZVS, higher
Disadvantages oo . N
switching losses frequency required switching losses
Practical | o Miller Capacitance o
aclical Issues a causes false IGBT turn on a

Table 2.2: Turn-off strategies.



2.4. Hybrid Switch Applications 13

+(E\' off MOS+AE ¢ off)
2.0 1
= +Es_q}_’f_IGBT
E . +Er}/]
% 1.5
wn
=
(S
[T
‘5 1.0
=
=
= 054
0.0 T T T T T ¥ T T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Tuff_a‘el‘ay(us)

Figure 2.11: Turn-off Losses as a function of delay between turning on SiC MOSFET and Si IGBT [20].

In the course of this document, the on-state and switching characteristics of the hybrid switches,
the pure Si IGBT and the pure SiC MOSFET counterparts are evaluated theoretically using datasheets
and experimentally using a double pulse test. The theoretical evaluation is shown in chapter 4 and the
experimental evaluation is explained in chapter 5.

2.3.3. Current ratio and Chip Area of SiC MOSFET

The current ratio between SiC MOSFET and Si IGBT can vary based on the switching strategy, total
rated current, cost and junction temperature [17, 25]. With lower current ratio, a smaller SiC MOSFET
chip area is used, thus reducing the cost of the switch. However, this means higher thermal stress and
higher losses. It is possible for the hybrid switch to achieve 1:6 current ratio with optimal switching strat-
egy and an active cooling system to ensure the switch stays below the maximum junction temperature
[17]. The optimal switching strategy requires the SiC MOSFET to turn on before and turn off after the
Si IGBT. This results in higher thermal stress with the trade off of lower switching losses. The turn-on
and turn-off losses based on chip area with different delays can be seen in Figure 2.12. To ensure the
safety of the switch, the current ratio between SiC MOSFET and Si IGBT is selected to be 1:1 in this
thesis.

2.4. Hybrid Switch Applications

Si/SiC Hybrid switch has been investigated heavily in recent years, especially in a single switch or
module form. Many recent studies also integrated the hybrid switch into converters such as hard-
switching DC-DC converters, resonant converters and three-phase converters. Some examples are
listed in Table 2.3.
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2.5. Current Research and Knowledge Gap

Many studies have already demonstrated that hybrid switches are a great compromise between effi-
ciency and cost. Hybrid switches are significantly cheaper than full SiC MOSFET solutions [17, 29].
Furthermore, hybrid switch converters have demonstrated promising results in diverse applications.
However, the application of Si/SiC Hybrid switch in EV traction drives has not yet been investigated. In
addition, there has yet to be any comprehensive analyses on the Hybrid Switch inverter. In this thesis,
a hybrid switch is designed and characterized for the Nissan Leaf 2011 EV traction drive. Using these
characteristics, the hybrid switch based inverter is simulated through standardized EV driving cycles to
demonstrate its advantages over the pure IGBT and the pure MOSFET solutions.



Analytical Equations for Inverter Switch

Developing close form equations to predict hybrid switches losses and current sharing between its
components could be of great help for future researchers. In fact, these equations can substitute, with
fair accuracy, complex and computationally demanding circuit simulations. This section explains the
process to determine the current sharing and losses of the two-level voltage source inverter analytically.

3.1. Pure Switch Two Level Inverter

This chapter presents the derivation of analytical equation for the prediction of EV traction inverter
accuracy. The assumption behind the derivation of the following equations are:

+ the switching frequency f; is much greater than the fundamental motor frequency;
+ the EV is assumed to also implement a sinusoidal carrier based Pulse-Width-Modulation (PWM).

+ the dead time between the upper and lower switch is negligible with respect to the switching
period.

According to these assumptions it can be assumed that during a switching period the sinusoidal current
can be considered constant.

3.1.1. Pure Switch Inverter Switching Losses

The switching loss of each switch is calculated using the switching energy E,;, o1+ Provided by the man-
ufacturer’s datasheet or experimentally determined from a double pulse test (described in chapter 5).
The switching loss is linearly scaled according to the applied switched voltage V. s and reference
voltage V;,, which was used in the datasheet or experimental measurements:

_ fsVdc,sw

2
Fow = 2nl4, J;) Eon,off,rr([)dg- (3.1)

The switching losses dependence from the load current, Ey, o (1), can be quadratically approximated,
then Equation (3.1) is rewritten as:

fsVacsw | bz » A
Py = SZR—CVEW TZIaC(e)Z + 2b,1,.(6) + b, (3.2)

where I, is the peak AC sinusoidal load current and [b0, b1, b2] are the quadratic coefficients modeling
the switching energies.

3.1.2. Pure Si IGBT Inverter Conduction Losses
For the full Si IGBT solution the conduction loss is calculated using the on-state resistance, R.., and
the PN junction potential, V.., with the RMS, I.,,, and average current, I,,, flowing through the device:

PeondiGBT = Vee Iavg + Ree Irzms (3.3)

17
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Irms @nd I,y flowing through the IGBT and diode of the full Si IGBT solution are calculated using the
Equations (3.4)-(3.7), where m is the modulation index and ¢ is the phase shift between voltage and
current at fundamental frequency.

~

I

Lavgt,, = ﬁ(mn cos ¢ + 4) (3.4)
I

Laygp, , = %(4 — mm cos ¢)> (3.5)

I. [8m cos;j) +3m (3.6)

A

1' 6
_ fa_c 3m — 86m cos ¢ (3.7)

As temperature increases, the conduction loss increases due the temperature dependency of R.. and
Vee. This relationship can be observed in Equations (3.8) and (3.9), where 7. s and Ve s are the
reference on-state resistance and PN junction potential at reference temperature TierigpT-

Ree(T}) = Reerer ' [1 + Crigrr * (TigBT — TreficBT)] (3.8)

Vee (T}) = Veerer  [1 + Criger * (Tj16BT — TrefigBT)] (3.9)

3.1.3. Pure SiC MOSFET Inverter Conduction Losses
The conduction losses of the full SiC MOSFET solution are predicted as:

PeondMos = Rdson [I?ms (3.10)

where Rys0n is the on-state resistance of the MOSFET and the RMS current flowing through it, I, is
defined as:

~

Irs = % (3.11)

Similar to the IGBT, the SiC MOSFET’s Ry.n IS also dependent on temperature and is described
as:

Rdson(’lji) = Rdson,ref : [1 + CT,MOS ’ (Ti,MOS - Tref,MOS)] (3-12)

3.2. Hybrid Switch Two Level Voltage Source Inverter

In this section, the losses of two types of Si/SiC Hybrid Switch are discussed (see Figure 3.1). Similar
to Si/Si hybrid switches discussed in chapter 2, the first type uses the IGBT with anti parallel diode.
The second type uses the MOSFET channel and its body diode for reverse conduction, which in turn
eliminates the need of the IGBT diode. IGBTs without diode are usually only sold in discrete components
or bare dies, which is why both types are investigated.
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_| |'; >
&
RR I J —
Si IGBT Diode SiC MOSFET
: : Si IGBT SiC MOSFET
(a) Hybrid Switch using the IGBT with anti parallel diode (b) Hybrid Switch using the MOSFET channel and its body

diode for reverse conduction

Figure 3.1: Two types of Si/SiC hybrid switch.

3.2.1. Hybrid Switch Inverter Switching Losses

The hybrid switching loss can be calculated using Equation (3.1) and (3.2). However, the device that is
used for switching is based on the switching strategy discussed in chapter 2, the current going through
each device during switching would be different. If only the MOSFET is being used to turn on and off,
the total peak load current is used in Equation (3.2). However, if both devices are used for turn on and
off, then the load current used in Equation (3.2) is determined by current sharing described in the next
section.

3.2.2. Hybrid Switch Conduction Losses using diode for reverse conduction
The conduction loss is calculated based on the conduction process shown in Figure 3.3. The current
Iknee is the minimum current the switch need for the IGBT to overcome the PN junction barrier potential
Vee -

|74
Iknee = f (3.13)
s

Similarly, the current I p is the minimum reverse current the switch need for the diode to start con-
ducting, where V; is the forward voltage and # is the diode on-state resistance.

14
Iknee,D = E (3.14)

As mentioned in the previous chapter, the current sharing between the IGBT and the MOSFET in
the Hybrid switch is dependent on the load current and temperature. The current sharing operation is
summarized in Figure 3.2. A similar current sharing operation applies between the MOSFET and the
diode of the IGBT or MOSFET body diode in the reverse conduction region. The current of the MOSFET
and the IGBT based on current sharing is then defined by Equations (3.15) and (3.16) respectively.
The same equations apply for the current sharing between the diode and the MOSFET during reverse
conduction with V; and R;.

Imos,cs = Ree lgc + Vee (3.15)
' Rce + Rds Rce + Rds
Rds . Vce
I = - 3.16
IGBT,cs Rce + Rds lac Rce + Rds ( )
To simplify, Equations (3.15) and (3.16) becomes:
IMos,es = 1 * lgc T €1 (3.17)

higBT,cs = b1 *lac — C1 (3.18)
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Find instantaneous
Current I,

v

Evaluate Rdson,MOS
and V. at tested
temperature

MOSFET conducts

Iac : Rdson,MOS >Vce all current

Current Shared
between MOSFET
and IGBT

Figure 3.2: Flowchart of current sharing between the MOSFET and IGBT in the hybrid switch. Where I, is the instantaneous
AC current flowing in the inverter arm, RqsonMos iS the on-state resistance of the MOSFET and V.. is the PN junction barrier
potential.

Similarly, the current sharing between diode and MOSFET during reverse conduction is simplified to:
hos,es = Az * lgc + b, (3.19)

IpIODE,cs = €2 * lac — b2 (3.20)

The total conduction loss can be calculated by:

21
Peond = E'[ Econa(60)do = Pcond,IGBT + Pcond,DIODE + Pcond,MOS (3.21)
0

The current conduction is broken down into four different stages, shown in Figure 3.3. During [0, d]
and [ — o, ] (stage 1), only the MOSFET is conducting, because the current is below I;,... During
[o,m— o] (stage2), as the total load current increases, it is shared between the MOSFET and the IGBT.
For reverse conduction, during [r, = + op] and [27 — o), 2] (stage 3), only the MOSFET is conducting.
During [ + op, 2w — ap](stage 4), current is shared between the IGBT diode and the MOSFET. ¢ is
determined as the ratio between the junction barrier potential V.. and the product of the MOSFET
on-state and peak current Ry - I,

|74
o= arcsin(#) (3.22)

Rds : Iac

Under constant frequency conditions, the duty cycle of one phase for forward conduction and re-
verse conduction can be expressed as:

D= %[1 + msin(6 + ¢)] (3.23)
D' = %[1 —msin(6 + ¢)] (3.24)

The conduction loss of the IGBT can be determined by equation :

PeonaiaBT = Ree - Irms,IGBT(e)z + Ve Iavg,IGBT(H) (3.25)



3.2. Hybrid Switch Two Level Voltage Source Inverter 21

Stage 2:
iC MOSFET + Si IGBT
Le(t) [
I i Stage 3: SiC
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MOSFET Body Diode

Figure 3.3: Conduction stages of the hybrid switch during fundamental period.

where the I, 167 @nd Iy g 657 are the IGBT RMS and average current value over the entire carrier
period is calculated by Equations (3.26) and (3.27)

T—

1 (=2
bssaor®) = |2 | Grooes @) D@8 (3.26)
—-p+o
1 (7%
laogroor @ = [ iomes(®) D00 (3:27)
—p+o

If the phase shift between voltage and current is zero (¢ = 0), the conduction loss of IGBT becomes:

1 N n V. L
Pcond,IGBT = ﬂ <_4I§cRceC% COS(G)3m + (_12 <_IacRceC1 +m (bche - %)) Cllac sm(cr)

N V. N
+12[2.R oc3m — 48 (bche - %) c1lpe + 12mby (bR, — Vce)) cos(o) (3.28)

Vee

A N a
+12 (a - E) (—IgCRcecf +mc, <b1Rce - 7) Iy — 2R.b? + 2V59b1>>
The Diode conduction losses are:

Peond,DIODE = Ry * Lrms,p1ope(0)* + Vs * Iavg prope (6) (3.29)

where the ;s prope @nd Iuyg prope 1S the Diode RMS and average current value over the entire carrier
period and calculated by Equations (3.30) and (3.31):

T—

1 (=2
bsoions®@) = |- | Goropmes 82 D@8 (3:30)
—@p+og
1 ¢
2
langoione@ = - [ * iniopes(8) - D'(0)d0 (331)

—¢+og
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If the phase shift between voltage and current is zero (¢ = 0), the conduction loss of Diode becomes:

1/, A AN
P-ond DIODE = Yam (4I§CRf cos(ay)3cim + (12 <IaCRfc2 +m (bez - ?>> ¢y 1, sin(oy)

) /AN
—1212,Ryc3m — 48c, (bez - ?’c) fac — 12mb, (Rsb, — Vf)) cos(oy)  (3.32)

) Vi » 2 ”
—12( Rylzc.c5 + mey | Rpby — > Iac + 2Rpby — 2Vsb, (ad - E)
The MOSFET conduction losses are:

Pcond,MOS = Rys - Irms(e)z (333)

where the I, is the RMS value of the current over the entire carrier period and calculated by (3.34)

1 -¢p+o %
hawos®) = (| 12OV D@0+ [ (toses(@)* D@8

—¢+og - 1
+ f OO f (inos.cs ()% D'(0)d6):  (3.34)

—¢p+oq

If the phase shift between voltage and currentis zero (¢ = 0), the conduction loss of MOSFET becomes:

1 . 3 N
PeondMos = _E(Rds (_a% + 1) mlaztc cos (04)” + (((_3‘1% + 3) Iaztc
+ 3bylca,m) sin (o) + (3a2 — 3) miZ. — 12b,l,ca, + 3b2m) cos (0,)
+miZ (a; — 1) (ay + 1) cos(0)® + (((—3a2 + 3) 2. — 3b,[,caym) sin(o)

N A 3
+(—3a2 + 3) mi2. — 12b,,ca; — 3b3m) cos(o) + ((_771 + 30> a? (3.35)

3n ) R T
-5 + 304 |aZ — 304 — 30 I§C+3m<b1<a— E)al
b -2 .
M) Ie + (60 — 3m)b? — 3b2 (T — 20y)
3.2.3. Hybrid Switch using the SiC MOSFET body diode for reverse conduction
For hybrid switch without the IGBT diode, the MOSFET channel and its body diode would be used for
reverse conduction. The current I,,.c and forward conduction currents are the same as the previous
section, Equations (3.15) - (3.16). For reverse conduction, the MOSFET would take the entire load

current, I .
The total conduction loss again can be calculated by:

21
Peond = E f Econa (H)dH = Pcond,IGBT + Pcond,MOS (336)
0

where during [0, ¢] and [z — o, ] (stage 1), only the MOSFET is conducting. During [0, T — o] (stage2),
current is shared between the MOSFET and the IGBT. For reverse conduction, both during [, T + )]
and [2m — op, 2nt] (stage 3) and [ + op, 27 — op|(stage 4), the current is conducted by the MOSFET
only. ¢ is determined as the ratio between junction barrier potential V;,,.. and product of the MOSFET
on-state and peak current Ry - Leq-

With The IGBT conduction loss same as what was previously stated (Equation (3.25) - (3.27)), the
only difference is the MOSFET conduction loss:

Peonamos = Rys Irms(e)z (3.37)
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where the I,,,,5 is the RMS value of the current over the entire carrier period and calculated by Equation
(3.38). The shared current iyos s is described by Equation (3.15).

T—

1 —¢p+o -
s os(0) = (- f , @) D@0 + j . (v0ses ) D@8
ﬂ
+f " (iac(6))? - D'(0)d6)z  (3.38)
-¢

If the phase shift between voltage and currentis zero (¢ = 0), the conduction loss of MOSFET becomes:

L : b (e + 1) 2
—bylcaym) sin(o) + (—ma? + m) 2, — 4byl,ca; — b?m) cos (o) (3.39)

T\ T\ o T . Ty
+ o-s)ar—o—3 I5.+m o5 bial,c + 2 iy b7)

1 miZ. (a; — 1) (a; + 1) cos(0)?
Pcond,MOS =——| Rgs

An alternative way to determine the conduction losses of the hybrid switch is to calculate the product
of the switch voltage and current through the entire conduction cycle interatively. The forward and
reverse conduction losses can be generally described using Equations (3.40) and (3.40). The drawback
of using this method is that it is computationally heavy as it calculates the voltage-current product at
each data point in the conduction cycle.

T+
Poond = o L 16+ ¢)-V({I(0)) -D(B)DO (3.40)

The reverse conduction losses of the hybrid switch are given by:

T+
Peond = %L 16 +¢)-V(1(6)) - (1 - D(6))do (3.41)

The comparison of the hybrid switch conduction losses calculated using the analytical equation
method and the interative method is shown in Figure 3.4. The same set of parameters are used while
sweeping across the load current from 0 to 300A. The analytical equation method, while requiring less
computational time, produces findings relatively similar to the results calculated using the interative
method.

1500 I

—— Integrated P ___,

= Equation PCOnd
'§' 1000 - A
«
Q
)
8
— 500 - ]

O 1 | | | |
0 50 100 150 200 250 300

Current [A]

Figure 3.4: Conduction losses of the hybrid switch calculated using both the integration method (blue) and the analytical equations
(red).
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In the next two chapters, the on-state and switching characteristics such as Ryson mos are deter-
mined experimentally and compared to values obtained from the manufacturer datasheets. With these
values, the EV ftraction drive inverter efficiency can be determined using the equations described in
this chapter. In chapter 6, the inverter efficiency at static load condition and over standardized driving
cycles are simulated and discussed.



Si/SiC Hybrid Switch Characterization

The Si IGBT and SiC MOSFET paralleled hybrid switch takes advantages of both IGBT and MOSFET
characteristics. Prior research has demonstrated that the hybrid switch based inverter can outperform
the IGBT based inverter at low current and the SiC MOSFET based inverter at high current [3]. This is
ideal for the application of EV traction drives as the inverter mostly operates at low partial load profile.
The characteristics of the different switches are examined in this section using the manufacturer’s
datasheet [15, 16] of the selected Si IGBT and SiC MOSFET and circuit simulations.

4.1. Selection of Devices

The realization of a hybrid switch can be achieved by paralleling Si IGBTs and SiC MOSFETs. These
semiconductor devices are commercially sold as 62 mm power modules, as illustrated in Figure 4.1
(a) or as discrete TO-packaged devices as shown in Figure 4.1 (b). Both packaging configurations
of Si IGBT and SiC MOSFET are popular solutions with many suppliers as the 62 mm modules can
offer higher nominal current rating than the discrete packaging. Paralleling discrete devices introduce
significant parasitic inductances that can negatively affect the commutation loop [17]. In this context,
integrating the hybrid switch in a single module would reduce parasitic inductance and lead to optimal
performance [22]. However, to our best knowledge a Si-SiC hybrid switch power module is not currently
commercially available, and so, in this study, the hybrid switch is realized by paralleling several single
switch discrete components.

The hybrid switch is designed for the implementation in the drive train of the Nissan Leaf 2011 Model,
whose main electric parameters are listed in Table 4.1. Due to the available commercial products and
the modularity of the design, the current rating of each hybrid switch is 300 A, assuming that the full
peak current capability, i.e., 600 A, can be achieved through the paralleling of two identical switches.
Paralleling discrete components for inverters is a common practice used Electric Vehicles. In Figure
4.2 the semiconductor arrangement of the Tesla Model S traction inverter is highlighted, where multiple
Si IGBTs are paralleled in order to reach the required nominal current. Three different configurations

e i [

=
c om128M2 -
S12 3 87 TR
pe 51437-0M1 1 -
Figure 4.1: (a) Half-bridge SiC MOSFET Module [30] and (b) Discrete Si IGBT [16].
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Figure 4.2: Inverter of Tesla Model S showing the paralleling of multiple discrete IGBTs [16].

Parameter | Value | Unit
Peak Phase AC Current | 600 A
Battery DC Voltage 375 \%
Battery Capacity 24 kWh
Output Power 80 kw
Switching Frequency 5 kHz

Table 4.1: Nissan Leaf Drive Train Parameters

of the same current rating, based on off-the-shelf components, are compared, and they are displayed
in Figure 4.3. Specifically, Figure 4.3(a) and Figure 4.3(c) demonstrate the full Si IGBT and full SiC
MOSFET configurations respectively, where eight discrete components are arranged in parallel for each
inverter switch. For the hybrid solutions, four discrete IGBTs are placed in parallel with four discrete
SiC MOSFETSs per inverter switch, cf. Figure 4.3(b). Previous research has shown that by reducing
the rated current ratio between the MOSFET and IGBT, costs can be lowered in a trade-off with higher
thermal stress [17, 31]. A 1:1 Si/SiC rated current ratio has been considered in this study to ensure
that the switch would operate within the thermal limitation. Therefore, the SiC MOSFETs and Si IGBTs
in the hybrid switches are designed to have equal current rating. With the low voltage requirement of
the EV, it is possible to use 650V voltage class components for the hybrid switch. However, due to the
availability of products, 1200V voltage class components will be compared in this thesis. The specific
selection of components and their ratings can be found in Table 4.2.
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Figure 4.3: The three configurations for the inverter switches considered in this study: a) Eight discrete IGBTs in parallel, b) Four
discrete IGBTs with four discrete MOSFETs in parallel, c) Eight discrete MOSFETs in parallel.

Product | Type | Package | Rating | Price [$]
ROHM . 1200V/
SCT3030AL MOSFET | Discrete 39A 30.61
Infineon 1200V/

IGBT Discrete 9.95

IKW30NG5ES5 40A

Table 4.2: Off-The-Shelf Components Selected For The Hybrid Switches Realization

4.2. On-state Characteristics

To compare the on-state characteristics of the switches, a linearized model was created in LTSpice
based on the data extracted from the manufacturer’s datasheet. During conduction, MOSFETs can be
modeled as a resistor with the R;,,, as the resistance, while the IGBTs can be modeled as a resistor
and a voltage source modeling the PN junction potential. The on-state resistances and the PN junction
potential are obtained from the datasheet. By paralleling the MOSFET and IGBT model, the hybrid
switch can be realized. The LTSpice Model can be seen in Figure 4.4. By sweeping a DC voltage in
LTSpice, the output characteristics are determined. The output characteristics are compared at 80°C,
which is the average temperature that the switches would normally be operating at in an EV. The on-
state characteristics of the hybrid switch are plotted in Figure 4.5. As it can be noted the hybrid switches
take the output characteristics of the MOSFET at low current and of the paralleling of the IGBT and
MOSFET at high current.

2Pl
T

Vo >VBL 1
I 12 .
CD 0.612 (D (D 5 §R.MOS1
RIGBT RMOS e 0.007875
0.0058 0.0315 o
(a) (b) (©)

Figure 4.4: LTSpice linearized model for (a)IGBT, (b)MOSFET, and (c)Hybrid Switch.
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Figure 4.5: The linearized on-state characteristic of the hybrid switch (yellow) at 80 °C. The individual on-state characteristic of
the MOSFET and IGBT in the hybrid switch are depicted in the red and blue lines respectively.
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Figure 4.6: The on-state characteristics of the pure Si IGBT switch (blue), pure SiC MOSFET (red) and the Hybrid switch (yellow)
considered in this thesis at 80°C.

The on-state behaviour of the discrete-only configurations considered in Figure 4.3 can be observed
in Figure 4.6. As predicted, the hybrid switches have a trade-off performance when compared to the
single technology configurations. As it can be noted the hybrid configurations demonstrate a lower
voltage drop at equal forward current than the full Si IGBT switch at low currents and better performance
than the full SiC MOSFET switch at high current. As discussed in chapter 2, as temperature increases,
the on-state resistance increases and the PN junction barrier potential decreases. These change in
on-state characteristics of all three configurations can be seen in Figure 4.7 and Figure 4.8.
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Figure 4.7: The linearized on-state characteristic of the pure Si IGBT (blue) and the pure SiC MOSFET (red) switches at 25 °C
(solid line) and 125°C (dotted line).
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Figure 4.8: The linearized on-state characteristic of the hybrid switch at 25 °C and 125°C.

4.2.1. Current Sharing

As mentioned in Chapter chapter 2, the current sharing between the IGBT and the MOSFET changes
due to the total load current and temperature. To visualize this, the output characteristic is linearized
between 0°C and 150°C and swept between -300A to 300A (Figure 4.9). As predicted, the total current
flows through the MOSFET at low current. As the load current increases, more current is being shared

with the IGBT. A similar trend can be observed in the negative region for the IGBT diode and the
MOSFET.

The SiC MOSFET component has a higher coefficient Cr than the Si IGBT. Therefore, the IGBT,
with its lower on-state resistance, would conduct a higher percentage of the total load current at higher

temperature. Furthermore, since the IGBT’s junction barrier potential decreases as temperature in-
creases, the IGBT starts conducting current at a lower total current value.
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Figure 4.9: Current sharing between the MOSFET and IGBT in the hybrid as a function of total current and temperature. (a)Per
Unit of current flowing through IGBT, (b) Per unit of current flowing through MOSFET.

4.3. Switching Characteristics

As mentioned in chapter 2, the MOSFET's switching loss does not heavily depend on the junction
temperature, however this does influence the IGBT switching behaviour. In Figure 4.10, the tempera-
ture’s effect on the IGBT switching losses is shown. Using the optimal switching strategy, the higher
switching losses due to temperature increase can be alleviated as the MOSFET will be the only one
switching. The gate resistance, which determines the switching time, affects the switching loss as well.
In Figure 4.10, the gate resistor’s effect on the switching losses are shown. With high gate resistance,
further switching losses can be observed due to the slower turn on and off. However, this also means
less oscillation due to resonance between the gate resistor and the switch capacitance, which causes
overshoot and EMI noises.
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5.1. Double Pulse Inductive Test

The Double Pulse Test (DPT) is performed to determine the switching losses of the switches. The
circuit diagram of the Double Pulse Test can be seen in Figure 5.1. The ideal waveform of a DPT can
be seen in Figure 5.2. The procedure is broken down into 3 phases:

1. First Pulse: The gate signal turns on the DUT which enables the DC source to charge up the
inductor to the desired test current. For the hybrid switch, gate signals are sent to both device
with the designed turn-on delay. The duration of the first pulse is varied to achieve different test
current points. The determination of the pulse duration is discussed in subsection 5.1.4.

2. Turn-off: The gate signal turns off the DUT. The desired test current is held constant by the
inductor. The turn-off characteristics are measured during this phase.

3. Second Pulse: The gate signal turns on the DUT again with the same current as turn-off (assum-
ing the inductor is large enough to hold current constant for the duration between two pulses).
The turn-on characteristics are measured in this phase.

I,
A
>

I ame Device
I IS asD.U.T L

— I C

/4. ——
Ve +
AL 4 -

Heat Plate

Figure 5.1: Simplified diagram of the Double Pulse Test. The voltage source applies voltage (V) to the upper and lower switch
(DUT). The gate signal G sends the double pulse signal to the DUT. L and C are the test inductor and the capacitor banks
respectively.

33
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Figure 5.3: Control Board

5.1.1. Control Board

The control board (Figure 5.3) uses the Ti C2000x microcontroller to produce desired PWM waveforms
to the Gate Driver Board through fiber optic signals. The microcontroller requires 5V from a DC power
supply and requires a USB connection to a PC for the programmed code.

5.1.2. Gate Driver Board
The gate driver board (Figure 5.4) converts optical signal from the control board to gate control voltages
vgs. The range of the gate driver is -4V (blocking) to +19V (conducting).

5.1.3. Main Double Pulse Test Board

The main board of the DPT (Figure 5.5) is used to attach the MOSFET and IGBT (both module and
discrete). Capacitor banks are included in the main board to ensure the stability of waveforms. The tem-
perature of the switch is also controlled and monitored through the main board, this is further outlined
in section subsection 5.1.5. The test measurements are taken from the main board. These include:

+ Gate Voltage, v4:the voltage measured between the gate and the source of the MOSFET (Pin 1
and 3) or between the gate and the emitter of the IGBT (Pin 1 and 3). This voltage is measured
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Figure 5.4: The Gate Driver.
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Figure 5.5: Main board for the Double Pulse Test.

using an differential voltage probe.

* Inductor Current, ig,,: the current measured through inductor winding using high current Pearson
probe.

» Switch Voltage, v,,: the voltage measured between the drain and source of the MOSFET (Pin 2
and 3) or between the drain and the emitter of the IGBT (Pin 2 and 3). This voltage is measured
using an differential voltage probe.

» Switch Current, i,,: the current measured through the extruded current tap using a Rogowski
coil.

5.1.4. Inductor Design

The test inductor of the Double Pulse Test is used to hold the current constant between the two pulses,
which ensures that the turn-on and turn-off losses are measured at the same current. The inductance
of the test inductor depends on the DC Voltage, pulse width, and the desired current. This relationship
can be described by Equation (5.1), where L is the inductance, V; is the voltage across the inductor, At
is the time of the pulse and Ai is the desired current increase during the pulse.
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Figure 5.6: The Test Inductor

the voltage across the inductor is 600V and the test current ranges from 25A to 300A. The switching
losses are measured at different test current points by varying the gate pulse duration. With the min-
imum pulse duration at 1us, the inductance is designed to be 24uH. To efficiently reach the desired
test current while ensuring that the inductor does not reach saturation, the inductor air gap is adjusted
between tests with plastic spacers.

5.1.5. Temperature Control

During operation, the semiconductor junction temperature rises as the load increases. Since the tem-
perature variation from the short pulses is negligible, stable external heating is required to observe the
effect of temperature on switching losses. A heating resistor and a NTC thermistor are attached to
the heat sink of the switches for this purpose. The heating resistor takes DC voltage from the power
supply and heats the heatsink. The thermistor’s resistance has a negative non-linear correlation with
temperature. Three temperature points and their corresponding NTC resistances are chosen for the
tests (Table 5.1). During the test, a FLIR thermal camera is also used to ensure the temperature is in
the range of the test. The thermal image of the switches at 125°C is shown in Figure 5.7. The entire
testing setup can be seen in Figure 5.8.

Table 5.1: Testing temperature and its corresponding thermistor resistances

Temperature [°C] | Resistance [kohm] | Power Supply Voltage [V]

25 9.8 0
75 1.48 25
125 0.341 37
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Figure 5.7: Thermal Image taken from FLIR thermal camera showing the discrete switches on the main board heated up to
125°C

Figure 5.8: Actual Realization of the Double Pulse Test. (1) Control board, (2) Main board and gate driver, (3) Test inductor, and
(4) Thermal camera.

5.2. Comparison of Switching Characteristics

All three configurations of the switch are put through the double pulse test described in previous section.
For pure IGBT and MOSFET switches, 4 discrete components are associated in parallel for both the
DUT and the upper switch. For the hybrid switch, 2 Si IGBT and 2 SiC MOSFET components are
placed in parallel. The gate resistance is selected to be 4Q for each switch. This is chosen to reduce
ringing (which may cause the gate driver to exhibit unwanted behavior) while still have relatively short
switching time. The switching characteristics of each switch are evaluated at different temperatures.

5.2.1. Pure IGBT Switch
The double pulse test waveform of Si IGBT Switch can be seen in Figure 5.9. The non-ideal behaviour
described in chapter 2 can be clearly observed. The voltage dip at turn-on and overshoot at turn-off
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Figure 5.9: The Double Pulse Test Waveform of Si IGBT Switch at 125C for 200A. Channel 1 (yellow): gate voltage vg; Channel
2(green): switch voltage v..; Channel 3(magenta): switch current i, ;Channel 4(cyan): gate voltage i;.

occur due to the circuit parasitic inductances and output capacitances respectively. Ringing in current at
turn-on and turn-off is due to the resonance of the parasitic inductance and capacitance. Furthermore,
the current tail can be observed at the end of turn-off as the switch current goes to zero slowly. The
switching losses measured at different temperatures can be seen in Figure 5.10. As discussed in
chapter 2, IGBT switching losses are influenced by temperature. As temperature increases, it takes
longer for the IGBT to transport excess carrier. The switching losses’ dependency on temperature is
supported by the experimental results. With the temperature increasing from 25°C degrees to 125°C,
both turn-on and turn-on losses increase by about 37%. As the temperature increases during the EV
driving profile, it is important for the hybrid switch to reduce switching losses of the IGBT using optimal
switching strategy.

In Table 5.2, the measured switching losses are compared with the ones in the datasheet. These
datasheet values are scaled to the matching gate resistance and temperature. Atlow current, the losses
difference is higher possibly due to the fact that the magnitude of noise is relatively high compared to
the current. Also, the power capability of the gate driver used in the test influence considerably the
switching losses, and in both cases they are different.

Temp Current Measured Datasheet Difference Measured Datasheet Difference

[Cl  [A] Eon[mJ] Eon[mJ] % Eoff[mJ] Eoff[mJ] %
25 20 2.739 2.674 +2 1.473 1.807 -18
160 13.688 14.12 -3 9.011 8.576 +5
75 20 3.78 3.012 +25 1.505 2.275 -34
160 16.54 15.91 +4 10.49 10.79 -3
125 20 4.658 3.476 +34 1.682 2.742 -39
160 18.88 18.35 +3 12.29 13.01 6

Table 5.2: Comparison between measured value and datasheet value of the IGBT switching Losses.
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Figure 5.10: The IGBT switching losses at 25°C, 75°C and 125°C.

YOKOGAWA 4 2020/06/25 11:01:23

Figure 5.11: The Double Pulse Test Waveform of SiC MOSFET Switch at 25C for 100A. Channel 1 (yellow): gate voltage vy;
Channel 2 (green): switch voltage v,5; Channel 3(magenta): switch current iy, ;Channel 4(cyan): gate voltage ij .

5.2.2. Pure MOSFET Switch

The double pulse test waveform of SiC MOSFET Switch can be seen in Fig 5.11. The non-ideal be-
haviour described in chapter 2 can again be observed in a manner similar to the IGBT, with the excep-
tion of a current tail absence. The MOSFET switching losses are compared at different temperatures
in Fig 5.12. As discussed in chapter 2, MOSFET switching losses are not strongly dependent on tem-
perature. The independency to temperature is supported by the experimental result. For this reason,
the measured switching losses are compared to the datasheet values only at 25°C (Table 5.3). The
higher switching losses from the datasheet values are potentially due to gate voltage, which is 18V/0
in the datasheet instead of 18V/-4V in the experiment. The MOSFET has shown to have significantly
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Figure 5.12: MOSFET switching losses at different temperatures.

lower switching losses than the IGBT and is less prone to higher switching losses due to temperature
increase. This again demonstrates the importance of using the MOSFET to turn on and off the hybrid
switch for reduction of switching losses.

Temp Current Measured Datasheet Difference Measured Datasheet Difference

[C] [A] Eon[mJ] Eon[mJ] % Eoff[nJ]  Eoff [mJ] %
25 50 1.466 1.82 -19 1.38 1.457 -5
180 7.6 10.1 -25 6.223 9.195 -32

Table 5.3: Comparison between measured value and datasheet value of the MOSFET switching Losses.

5.2.3. Hybrid Switch

The double pulse test waveform of the hybrid switch and its gate signals can be seen in Figure 5.13.
The hybrid switch is tested with different gate delays between IGBT and MOSFET for both turn-on and
turn-off. For each test, the turn-on and turn-off delay is set to the same value. It is important to note
that the MOSET and the IGBT are driven by two separate gate drivers, the minimum delay between the
switch is 50ns. In Figure 5.13, the IGBT is turned on 500ns after and turned off 500ns before MOSFET.
The MOSFET takes on the entire load current after the IGBT is turned off and before the IGBT is turned
on. The current of the hybrid switch has some ringing due to the parasitic inductance connecting the
IGBT and MOSFET discrete components.

The turn-on and turn-off waveform can be further examined in Figure 5.14. During turn-on and turn-
off, the IGBT current seems to have negative dip and positive dip respectively as the voltage changes.
This is caused by the output capacitances as it discharges and charges due to the change in voltage
as discussed in chapter 2.

From chapter 2, it is expected that turn-on and turn-off delays would affect the switching losses
significantly. Minimal turn-on loss occurs with no turn-on delay. For turn-off, an optimal delay time that
minimizes both conduction loss of the MOSFET and IGBT turn-off loss should be chosen.

As a comparison, Figure 5.15 shows the switching waveforms of hybrid switch with a 200ns switch-
ing delay. It can be seen that the turn-on waveform is nearly identical to that of 500ns. For turn-off,
the IGBT is not fully turned off within the the 200ns delay time, which results in higher turn-off loss.
In Figure 5.16, the turn-on and turn-off losses are compared at different currents. It can be seen that
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Figure 5.13: The DPT waveforms of the hybrid switch with 500ns gate delay.
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Figure 5.14: The switching waveforms of the hybrid switch with 500ns gate delay. The switch voltage (blue), IGBT current (blue),
MOSFET (red) and the total switch current (black)

the turn-on loss only decreases at near zero delays and does not change much between 200ns to 1us.
As the delay increases to 1us, the turn-off loss decreases. By varying the turn-off delay, a compro-
mise between switching losses and the MOSFET conduction losses during the turn-off is made. The
conduction energy loss of the MOSFET during turn-off before turning on IGBT can be expressed us-
ing Equation (5.2). As seen in Figure 5.17 (a): as the delay increases, the MOSFET conduction loss
would increase as well while the switching loss decreases. Figure 5.17 (b) shows that as conduction
energy loss increases as switch current increases. This signifies that at different current levels, the
optimal turn-off delay varies. Furthermore, a current-dependent feedback control strategy can be used
to ensure optimal switching during inverter operation. From chapter 2, similar trends can also be seen
in Figure 2.8 and 2.11.

A

Econd,MOS = td,off “Rys I(%C (52)
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Figure 5.15: The switching waveforms of the hybrid switch with 200ns gate delay.
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Figure 5.16: Comparison of turn-on and turn-off loss with different gate delays at 25C.
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Figure 5.18: The losses of the individual component in the hybrid switch. (a) the turn-on losses and (b) the turn-off losses with
both 50ns and 1us switching delay.



5.2. Comparison of Switching Characteristics

43

R

e E
o

MOS,Cond 1

ff

N

Energy [mJ]
w

1000 1500

Delay [ns]

0 500

(a)

2000

2
== 50ns
=== 500ns
1.5us
157
5 = 2US

Energy [mJ]
=

057

/

(b)

50

100

Current [A]

150

Figure 5.17: The trade off between turn-off losses and MOSFET conduction losses. (a) turn-off switching energy (red) vs
MOSFET conduction energy during the switching (blue) as a function of switching time at 150A, (b) MOSFET conduction energy
during switching as a function current at different delays (50ns-blue, 500ns-red, 1.5us-yellow, 2us-purple).

[oe]

= 25C
= 125C

(<2}

Switching Energy [mJ]
INY IS

o

0 20 40 60 80 100 120 140
Current [A]

(a) The turn-on loss with 200ns delay

160

180

for]

=Y —25C
E ||—125C
=67 ; 1
2
S
w4 j
=)
£
g2 1
=
2]

0 I I I I I I I I

0 20 40 60 80 100 120 140

(b) The turn-on loss with 1us delay

Figure 5.19: The turn-on loss of the hybrid switch with different temperatures.
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Figure 5.20: The turn-off loss of the hybrid switch with different temperatures.
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In Figure 5.18, the individual switching energy of IGBT and the MOSFET in the hybrid switch is
shown. It can be seen that the turn-on losses of the MOSFET is reduced at lower turn-on delay. This is
due to the fact that, while providing ZVS to the IGBT, less time is spent for the MOSFET to conduct by
itself during the turn-on period. For turn-off, majority of losses transfers from the IGBT to the MOSFET
as the delay increases. This is expected as IGBT would have enough time to turn off with a longer

turn-off delay.

As explained in chapter 4, the switching losses are more dependent on the temperature if the IGBT
is more involved. This means that with lower switching delay, a higher temperature results in higher
switching losses. In Figure 5.19 and 5.20, the turn-on and turn-off losses at different temperature are
compared with 200ns and 1us switching delay. The graphs do not show the strong dependence on
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temperature. This means even at 200ns, the IGBT switching loss’ dependency on temperature is not
prominent in the hybrid switch.

5.2.4. Switching losses comparison

In Figure 5.21, the pure IGBT and the pure MOSFET switches are compared with the hybrid switch.
For the hybrid switch, the total switching loss with 1us delays is used as it is the lowest among all the
other delays. In addition, hybrid switch switching loss using a 50ns turn-on and 1us turn-off delay is
plotted. Since this plot is interpolated from the two delay data points, this might be the reason why at
150A, the optimal switching loss for the hybrid is lower than the pure MOSFET switch. Note that the
switching losses with 50ns switching delay is only recorded at 25°C, thus only the switching losses of
the hybrid switch with 1us delay is considered at 125°C. All in all, it is demonstrated that the hybrid
switch switching loss is lower than the IGBT which proves that is a great compromise between the pure
Si IGBT and the pure SiC MOSFET solutions. Furthermore, this trend holds true for both 25°C and
125°C.
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Figure 5.21: The total switching losses of the pure Si IGBT (blue), pure SiC MOSFET (red), and hybrid switch (yellow) at different
temperatures.

5.3. Single Pulse Resistive Test for Static Characterization

To measure the on-state characteristics of the switches, the switch’s voltage and current during a single
longer pulse (10us) are recorded. In terms of test setup, everything remains the same except that
parallel resistors are used in place of the test inductor (Figure 5.22). Temperature is again controlled
using the heating resistor and monitored by the NTC Thermistor to measure the three temperature
points listed in Table 5.1.

5.4. Comparison of on-state Characteristics

The Single Pulse Test waveform of all three configurations are shown in Figure 5.23. To determine the
on-state characteristics, the voltage and current of each switch are taken between 1us after turn-on
and right before turn-off. This would eliminate the effect of noise and overshooting due to switching.
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Figure 5.22: Parallel resistors used in place of test inductor for the load for the sinple pulse test.
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switch current (cyan), Channel 5 - MOSFET current (red), Channel 6
- Resistor current (orange), Channel 7 - midpoint voltage (purple)

Figure 5.23: The SPT waveforms for all three configurations.
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Figure 5.24: On-state Characteristics of the Pure IGBT switch compare to its datasheet values.

5.4.1. Pure IGBT Switch

The on-state characteristics of the IGBT switch is shown in Figure 5.24. The curve of the switch includ-
ing the PN junction barrier potential is intepolated using MATLAB function PCHIP. The IGBT on-state
characteristics are less ideal compared to its datasheet value. As a result, the hybrid switch would
have relatively higher conduction loss than expected, especially during high current situation.
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Figure 5.25: On-state Characteristics of the Pure MOSFET switch compare to its datasheet values.

5.4.2. Pure MOSFET Switch

The on-state characteristics of the MOSFET switch is shown in Figure 5.25. Unlike the IGBT, the
MOSFET's experimental on-state characteristics are very similar to its datasheet values.

5.4.3. Hybrid Switch

In Figure 5.26 and 5.27, the hybrid switch experimental values are compared with its on-state charac-
teristics extracted from the datasheet values and the experimental values of the SiC MOSFET switch
as well as the Si IGBT. The measured hybrid switch on-state voltage are higher than the expected
values. This is likely due to the parasitic inductances within the testing setup.
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Figure 5.26: On-state Characteristics of the Hybrid switch compare to its datasheet values.
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Figure 5.27: On-state Characteristics of the hybrid switch compare to interpolated values from pure IGBT and MOSFET data.

5.4.4. On-state characteristics comparison

The on-state characteristics of all three configurations at 25°C and 125°C are shown in Figure 5.28.
Note that the three configurations are scaled so that the switch current rating is 300A. At both 25°C
and 125°C, the hybrid switch performs better than the IGBT at low current. For high current, the hybrid
switch performs better than MOSFET. This is especially obvious at 125°C. The experimental results of
the on-state characteristics follow the expected trend discussed in chapter 4.

5.4.5. Current sharing of the hybrid switch

As mentioned in chapter 4, the current sharing of the hybrid switch changes as temperature varies.
This is due to the fact that the IGBT and MOSFET have different temperature coefficient. The current
sharing of the hybrid switch is shown in Figure 5.29. As temperature increases, the MOSFET conducts
less current while the IGBT conducts more. This means that the MOSFET has higher temperature
coefficient than the IGBT. Higher temperature is usually a result of high current across the switch.
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Figure 5.28: On-state Characteristics of all three configurations at different temperatures.

Since the IGBT has a lower on-state resistance than the MOSFET at high current, it is advantageous
to have the hybrid switch conduct more current with IGBT at high temperature.

5.4.6. Cross temperature measurement of the hybrid switch
As the IGBT and MOSFET have different temperature coefficient, the change in their on-state behavior
due to temperature differs. In an Electric Vehicle traction inverter setting, the configuration (module
vs discrete) and the placement of the switch (relative to heatsink or other components) can cause a
difference in temperature between the two devices. By understanding the cross temperature difference,
the hybrid switch inverter can be designed to further reduce conduction loss.

To measure the cross temperature effect, the Single Pulse Test is performed with the IGBT and the
MOSFET of the hybrid switch on different arms. This way, temperature can be controlled separately.
However, this results in higher parasitic inductance, which in turn creates a voltage drop between the
two arms. Consequently, the on-state characteristics measured with this test would be lower than the
ones measured with the single arm setup used so far. Figure 5.30 shows the hybrid switch circuit
with the parasitic inductances. Using Equation (5.3) and (5.4), the lumped IGBT and MOSFET branch

parasitic inductances are calculated to be 39.7nH and 38.3nH respectively. These inductances results
in the differences in voltage shown in 5.31.

dt
Lpar,l,lumped = Lpar,ll + Lpar,IZ + Lpar,mid = (Vmid - V;GBT) : E (53)
dt
Lpar,M,lumped = Lpar,Ml + Lpar,MZ + Lpar,mid = (Vmid - VMOSFET) ' E (54)

The on-state characteristics of the hybrid switch with the cross temperature test is shown in Figure
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Figure 5.29: Current sharing of the hybrid switch.
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Figure 5.30: The hybrid switch with the parasitic inductances.

5.32. The first row of graphs varies the temperature of the MOSFET at each IGBT temperature point
and vice versa for the second row. The on-state characteristics of the hybrid switch have a larger
variance with temperature change of the MOSFET than the IGBT. This is again due to the fact that
the temperature coefficient of the MOSFET is higher than the IGBT. As the temperature increases,
the on-state performance of the MOSFET deteriorates faster than the IGBT. This further support the
trend observed in current sharing, where as the temperature increases, more current is conducted
by the IGBT. In addition to the thermal stress, the higher variance of on-state characteristics due to
temperature should be considered when evaluating the trade off between the current ratio and cost of
the MOSFET and the IGBT.
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Figure 5.32: On-state characteristics of the hybrid switch cross temperature.




Electric Vehicle Traction Inverter
Simulation

Using the switch characteristics determined from chapter 4 and chapter 5, the efficiency of the EV
traction inverter is evaluated both at static load and over a standardized driving cycle. Instead of
using only the Si IGBT shown in Figure 1.1, the three-phase two level EV inverter uses three switch
configurations discussed in previous sections. The loss coefficient models are displayed in Table 4.1.
It is also important to note that the hybrid switch compared in this section uses IGBT without diode.
Thus, the MOSFET is used for reverse conduction.

6.1. Efficiency over Static Load Conditions

At static load, the efficiency of each switch inverter configuration is evaluated from 10% load to full
load and the junction temperature is set to 125°C, which is a common temperature for an EV traction
inverter [32]. The efficiency is calculated using the equations described in chapter 3. The modulation
index is chosen to be 0.5, the switching frequency is 5000Hz and the fundamental frequency phase shift
between the voltage and current is set to 0. The parameters of the IGBT and the MOSFET used are
listed in Table 6.1. For the datasheet parameters, the values are scaled using Equation (3.8),(3.9) and
(3.12) at 125°C. The static efficiency as a function of output power using the datasheet and experimental
values can be seen in Figure 6.1. The efficiency variation between the experimental and the datasheet
values are mainly due the difference in on-state performance as seen in Figure 5.24, 5.25 and 5.26.
With the experimental values, the hybrid switch has a lower efficiency while the efficiency of the pure
IGBT near full load is slightly higher.
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Datasheet Experimental

Device Symbol Value Value

[b2, b1, b0] for

IGBT IGBT turn off [2.526-6, 3.89e-5, 0]  [1.22e-7, 8.135€-5, O]
[b2, b1, b0] for . .
turm off [-7.47e-7, 1.46e-4, 0]* [1.02e-8, 7.51e-5, 0]
Ree 0.02 0.02
Vee 0.59 0.59

; [b2, b1, b0] for . .

Diode Reverse Recovery ncluded with IGBT [ 2.14e-8, -8.43e-7, 0]
Ry 0.0165 0.0165
Vr 1.16 1.16

MOSFET Eﬁfn 2:, POfr [3.81e-7, 5.97e-6, 0]  [1.20e-7, 1.63e-5, O]**
[b2, b1, b0] for . .
turm off [1.91e-7, 1.34e-4, 0  [1.47e-7, 9.88e-6, 0]
Rds,on 0.052 0.047

Hybrid {b2’ PT.BOIfor 138167, 5.97e6, 0 [4.38¢-8, 2.08e-5, O]
urn on
[b2, b1, b0] for . .
turn off [1.91e-7, 1.34e-4,0]*  [-3.23e-8, 3.67e-5, 0]

Table 6.1: Parameters used for the static simulation.
*switching losses parameter per device
**switching losses parameter for four devices in parallel
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Figure 6.1: Efficiencies of the pure SiC MOSFET (red), the pure Si IGBT (blue) and the Hybrid Switch inverter (yellow) as a
function of output power. The efficiencies of the experimental and datasheet values are represented by the solid and dotted lines
respectively.

As expected, the pure Si IGBT inverter is shown to have the lowest efficiency at low load. It can
also be observed that the hybrid switch benefits from the high efficiency of the MOSFET features at low
load. As the load increases, the IGBT part of the switch has a more prominent effect on the switch’s
efficiency. This is mainly a result of the current sharing between the IGBT and MOSFET. As shown in
Figure 5.29, the IGBT conducts more than 70% of the load current at 125°C near full load.
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Figure 6.2: The (a) conduction and (b)switching losses of all three configurations as a function of current using experimental
data.

In Figure 6.2, the conduction and switching losses as a function of load current determined using
experimental data are shown for all three configurations. It can be seen that conduction losses of the
MOSFET and the hybrid switch inverter are overall higher than the switching losses. For the IGBT
inverter, switching losses becomes more prominent. Although the IGBT has better on-state perfor-
mance at high current, the switching losses of the MOSFET and the hybrid switch are so low that they
compensate for the higher conduction losses. The hybrid switch inverter has the similar efficiency to
the MOSFET near full load.

6.2. Efficiency over Driving Cycles

The static load efficiency evaluation shows that the hybrid switch inverter is more efficient than the pure
Si IGBT inverter for partial load under 65%. In this section, it will be demonstrated that greater efficiency
under 65% load is advantageous for the hybrid switch inverter. This will be done by simulating the EV
over standardized driving cycles.

6.2.1. Electric Vehicle Traction Inverter Simulation Setup
The process of the EV inverter simulation using driving cycles is shown in Figure 6.3.

Speed Vae L Pioss

Driving Cycle Speed . EV Model Inverter Analytical

Profile P "] Model for losses
output

Thermal Model

h 4

A

Figure 6.3: The flowchart of the EV Simulation .

The standardized driving cycle determines the speed of the EV. Three different driving cycle stan-
dards are used to measure the efficiency of the inverter: WLTP, NEDC and FTP. As seen in Figure 6.4,
each driving cycle has a duration which varies from 20 to 30 minutes and captures the dynamic speed
profile of a vehicle based on the respective driving standard. The speed data obtained is then used by
the EV model to simulate the inverter, PMSM, the physics of the car and the feedback controller. The
EV model, seen in Figure 6.5, is implemented in Simulink. From the EV model simulation, the voltage,
current, and modulation of the traction inverter are determined. The specific details of the EV model
are described in [33], this is not included in the scope of this thesis. The assumptions of the EV model
are:

» the car is considered to run on a flat surface with zero inclination
« the resistance of the winding and the permanent magnet’s flux do not suffer from thermal effects

+ the electric machine does not suffer from thermal effects, thus the resistance of the winding, the
flux and inductance of the machine stays constant
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Figure 6.5: The EV Simulink Model.

Using the inverter data determined by the EV model, the losses of the inverter are calculated using
the analytical equations in chapter 3. The initial junction temperature used to determine on-state and
switching characteristics is set to 75 °C. The losses analytical model is coupled in a feedback loop with
the thermal circuit, which models the junction temperature variation due to losses. In the feedback
loop, the on-state and switching characteristics determined by the thermal circuit are used to calculate
the losses for the next data point. The simplified thermal resistance circuit of the inverter is shown in
Figure 6.6 and is implemented in Simulink. To ensure that the vehicle would operate within the thermal
limits, a cooling system is designed for the inverter. The heatsink thermal resistance varies for each
configuration and is determined by the equation (6.1), where T, .= 75°C, Tjmax is the max junction
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Figure 6.7: The simplified thermal circuit for Heatsink design.

temperature and B is the total power loss of the inverter.

T; -T.
jmax a,max
Rrisa = R Rra,gs (6.1)
0oSss

The EV inverter simulation is run separately using the values from the datasheet and the experimen-
tal values. As discussed in chapter 3, the switching losses are calculated using a quadratic approxima-
tion of the measured values based on the total load current. For the simulations using datasheet values,
ideal switching conditions as discussed in chapter 4 are used, i.e. the MOSFET takes the turn-on and
-off losses while the diode takes the reverse recovery losses. For the simulations using experimental
values, the optimal switching losses data is used, i.e. turn-on losses using 50ns switching delay and
turn-off losses using 1000ns switching delay.

6.2.2. EV Traction Inverter Simulation Result

The efficiency of each configuration over the driving cycles using experimental values are shown in
Figure 6.8. Through the driving cycles, the car is shown to be constantly operating at low partial load
(as seen in Figure 6.9). The load current is mostly under 35% of the max rated current for all three
driving cycles. This explains why the solutions employing SiC MOSFET perform considerably better.
The pure MOSFET inverter has the highest efficiency over the driving cycle as expected as it is the most
efficient under 90% static load. The pure IGBT inverter, which has the lowest static efficiency under
60%, has the lowest efficiency through the driving cycle. The hybrid switch inverter’s efficiency is in
between the pure MOSFET and the pure IGBT inverters. The comparison between datasheet values
and the experimental values is shown in Table 6.2. With the lower experimental on-state performance,
all three switches have lower efficiency for the experimental values as expected. In terms of cost, the
hybrid switch inverter is 30% cheaper than the pure MOSFET inverter. In comparing the efficiency and
cost, the hybrid switch has the best compromise for the EV traction application.
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Figure 6.8: The efficiency of all configurations over WLTP(red circle), FTP(black square) and NEDC(blue diamond) driving cycles
using experimental values.

Driving Confi Exp. eff. Datasheet eff. Difference
Cycle 9- % % %
WLTP  IGBT 96.07 96.26 -0.2
Hybrid 97.10 97.15 -0.1
MOSFET 98.54 98.92 -0.4
FTP IGBT 94.63 94.93 -0.3
Hybrid 96.86 97.00 -0.1
MOSFET 98.54 98.89 -04
NEDC IGBT 96.05 96.28 -0.2
Hybrid 97.67 97.78 -0.1
MOSFET 98.77 99.18 -04

Table 6.2: Comparison of efficiencies over the driving cycles for both datasheet and experimental values.
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Figure 6.9: The percentage of max load current of the EV traction inverter over the driving cycles.



Conclusion

This thesis report investigated the performances of the Si/SiC hybrid switch inverters for a EV traction
drive. Due to the fact that the EVs operate at low partial load for the majority of their use, the Si
IGBT-based traction inverter operates at a disadvantage since it does not have the best performance
at low current. The Si IGBT - SiC MOSFET paralleled hybrid switch constitutes a superior alternative.
It has the advantages of both the Si IGBT and SiC MOSFET, and has better on-state characteristics
over the entire operating range. In addition, its switching losses are lower than the pure IGBT switch.
With the optimal switching strategy, switching losses can be reduced further by providing ZVS for the
IGBT. Furthermore, the hybrid switch has a considerably lower cost than the full SIC MOSFET switch.
In this thesis, three different configurations of the inverter switch are compared. The hybrid switch
demonstrates top performance at a lower cost.

Future studies should examine the rated current ratio between Si IGBT and SiC MOSFET to further
increase efficiency and decrease cost while considering optimal switching strategy, thermal stress and
temperature variation. Furthermore, the traction inverter efficiency should be experimentally evaluated
with the driving cycle load profile. A Hardware In the Loop implementation would be ideal for this test
to prove the advantage of Si/SiC hybrid switch for commercial EVs. To evaluate the efficiency more
realistically, the driving load profile of an actual EV car can be used.

57






Bibliography

[1] M. Su, C. Chen, S. Sharma, and J. Kikuchi. Performance and cost considerations for sic-based
hev traction inverter systems. In 2015 IEEE 3rd Workshop on Wide Bandgap Power Devices and
Applications (WiPDA), pages 347-350, 2015.

[2] A. Semon and A. Craciunescu. Study to increase the efficiency of the electric drive system of a
vehicle at different speeds. In 2019 11th International Symposium on Advanced Topics in Electrical
Engineering (ATEE), pages 1-7, 2019.

[3] K. Shenai, R. S. Scott, and B. J. Baliga. Optimum semiconductors for high-power electronics.
IEEE Transactions on Electron Devices, 36(9):1811-1823, 1989.

[4] A.Mihaila, L. Knoll, E. Bianda, M. Bellini, S. Wirths, G. Alfieri, L. Kranz, F. Canales, and M. Rahimo.
The current status and future prospects of sic high voltage technology. In 2018 IEEE International
Electron Devices Meeting (IEDM), pages 19.2.1-19.2.4, 2018.

[5] J. Fabre, P. Ladoux, and M. Piton. Characterization and implementation of dual-sic mosfet mod-
ules for future use in traction converters. IEEE Transactions on Power Electronics, 30(8):4079—
4090, 2015.

[6] M. Rahimo, F. Canales, R. A. Minamisawa, C. Papadopoulos, U. Vemulapati, A. Mihaila, S. Kicin,
and U. Drofenik. Characterization of a silicon igbt and silicon carbide mosfet cross-switch hybrid.
IEEE Transactions on Power Electronics, 30(9):4638-4642, 2015.

[7]1 L. Amber and K. Haddad. Hybrid si igbt-sic schottky diode modules for medium to high power
applications. In 2017 IEEE Applied Power Electronics Conference and Exposition (APEC), pages
3027-3032, 2017.

[8] Z. Li, J. Wang, Z. He, J. Yu, Y. Dai, and Z. J. Shen. Performance comparison of two hybrid si/sic
device concepts. IEEE Journal of Emerging and Selected Topics in Power Electronics, 8(1):42-53,
2020.

[9] K. Ishikawa, S. Yukutake, Y. Kono, K. Ogawa, and N. Kameshiro. Traction inverter that applies
compact 3.3 kv / 1200 a sic hybrid module. In 2074 International Power Electronics Conference
(IPEC-Hiroshima 2014 - ECCE ASIA), pages 2140-2144, 2014.

[10] G. Ortiz, C. Gammeter, J. W. Kolar, and O. Apeldoorn. Mixed mosfet-igbt bridge for high-efficient
medium-frequency dual-active-bridge converter in solid state transformers. In 2013 IEEE 14th
Workshop on Control and Modeling for Power Electronics (COMPEL), pages 1-8, 2013.

[11] J. W. Kimball and P. L. Chapman. Evaluating conduction loss of a parallel igbt-mosfet combination.
In Conference Record of the 2004 IEEE Industry Applications Conference, 2004. 39th IAS Annual
Meeting., volume 2, pages 1233—1237 vol.2, 2004.

[12] J. Lai, W. Yu, P. Sun, S. Leslie, B. Arnet, C. Smith, and A. Cogan. A hybrid-switch-based soft-
switching inverter for ultrahigh-efficiency traction motor drives. IEEE Transactions on Industry
Applications, 50(3):1966—-1973, 2014.

[13] SiC Power Devices and Modules. ROHM Semiconductor, 8 2014.

[14] Ned Mohan, Tore M. Undeland, and William P. Robbins. Power Electronics. Converters, Applica-
tions and Design. John Wiley and Sons, Inc, third edition, 2003.

[15] N-channel SiC power MOSFET. ROHM Semiconductor, 2018. URL https://www.rohm.com.

59


https://www.rohm.com

60 Bibliography

[16] Low Vce(sat) IGBT in TRENCHSTOP™ 2 technology copacked with soft, fast recovery full current
rated anti-parallel Emitter Controlled Diode. Infineon Technologies AG, 04 2019. URL https:

//www.infineon.com. Rev. 2.3.

[17] A. Deshpande and F. Luo. Practical design considerations for a si igbt + sic mosfet hybrid switch:
Parasitic interconnect influences, cost, and current ratio optimization. /EEE Transactions on Power
Electronics, 34(1):724-737, 2019.

[18] Zheng Chen. Characterization and modeling of high-switching-speed behavior of sic active de-
vices. Master’s thesis, Virginia Polytechnic Institute, Blacksburg VA, 2009.

[19] Yuancheng Ren, Ming Xu, Jinghai Zhou, and F. C. Lee. Analytical loss model of power mosfet.
IEEE Transactions on Power Electronics, 21(2):310-319, 2006.

[20] J.Wang, Z.Li, X. Jiang, C. Zeng, and Z. J. Shen. Gate control optimization of si/sic hybrid switch for
junction temperature balance and power loss reduction. IEEE Transactions on Power Electronics,
34(2):1744-1754, 2019.

[21] Z. Zhang, L. Zhang, and J. Qin. Optimization of delay time between gate signals for si/sic hybrid
switch. In 2018 IEEE Energy Conversion Congress and Exposition (ECCE), pages 1882-1886,
2018.

[22] L. Li, P. Ning, X. Wen, and D. Zhang. A 1200v/200 a half-bridge power module based on si igbt/sic
mosfet hybrid switch. CPSS Transactions on Power Electronics and Applications, 3(4):292-300,
2018.

[23] X. Song and A. Q. Huang. 6.5kv freedm-pair: Ideal high power switch capitalizing on si and sic. In
2015 17th European Conference on Power Electronics and Applications (EPE’15 ECCE-Europe),
pages 1-9, 2015.

[24] H. Cao, P. Ning, T. Yuan, and X. Wen. A 1200v/400 a hybrid module with si-igbt and sic-mosfet
development. In PCIM Asia 2019; International Exhibition and Conference for Power Electronics,
Intelligent Motion, Renewable Energy and Energy Management, pages 1-5, 2019.

[25] Z. Li, J. Wang, B. Ji, and Z. J. Shen. Power loss model and device sizing optimization of si/sic
hybrid switches. IEEE Transactions on Power Electronics, 35(8):8512—-8523, 2020.

[26] S. G. Rosu, M. Khalilian, V. Cirimele, and P. Guglielmi. A dynamic wireless charging system for
electric vehicles based on dc/ac converters with sic mosfet-igbt switches and resonant gate-drive.
In IECON 2016 - 42nd Annual Conference of the IEEE Industrial Electronics Society, pages 4465—
4470, 2016.

[27] Q. Guan, C. Li, Y. Zhang, S. Wang, D. D. Xu, W. Li, and H. Ma. An extremely high efficient three-
level active neutral-point-clamped converter comprising sic and si hybrid power stages. IEEE
Transactions on Power Electronics, 33(10):8341-8352, 2018.

[28] A. Deshpande, Y. Chen, B. Narayanasamy, A. S. Sathyanarayanan, and F. Luo. A three-level,
t-type, power electronics building block using si-sic hybrid switch for high-speed drives. In 2018
IEEE Applied Power Electronics Conference and Exposition (APEC), pages 2609-2616, 2018.

[29] P. Ning, L. Li, X. Wen, and H. Cao. A hybrid si igbt and sic mosfet module development. CES
Transactions on Electrical Machines and Systems, 1(4):360-366, 2017.

[30] 1.2kV, 13 mQ All-Silicon Carbide Half-Bridge Module. Cree, 2014. URL https://www.
wolfspeed.com.

[31] U. R. Vemulapati, A. Mihaila, R. A. Minamisawa, F. Canales, M. Rahimo, and C. Papadopoulos.
Simulation and experimental results of 3.3kv cross switch “si-igbt and sic-mosfet” hybrid. In 2016
28th International Symposium on Power Semiconductor Devices and ICs (ISPSD), pages 163—
166, 2016.


https://www.infineon.com
https://www.infineon.com
https://www.wolfspeed.com
https://www.wolfspeed.com

Bibliography 61

[32] A. Kempitiya and W. Chou. An electro-thermal performance analysis of sic mosfet vs si ight and
diode automotive traction inverters under various drive cycles. In 2018 34th Thermal Measure-
ment, Modeling Management Symposium (SEMI-THERM), pages 213—-217, 2018.

[33] J. Dong. Vector control of permanent magnet synchronous machine, May 2019.



	Introduction
	Background
	Switches for EV Drive Inverter
	Thesis Objective
	Thesis Outline

	Literature Review On Si/SiC Hybrid Switch
	Hybrid Switch Configurations
	On-state Characteristics
	Current Sharing

	Switching Characteristics
	Turn-on
	Turn-off
	Current ratio and Chip Area of SiC MOSFET

	Hybrid Switch Applications
	Current Research and Knowledge Gap

	Analytical Equations for Inverter Switch
	Pure Switch Two Level Inverter
	Pure Switch Inverter Switching Losses
	Pure Si IGBT Inverter Conduction Losses
	Pure SiC MOSFET Inverter Conduction Losses

	Hybrid Switch Two Level Voltage Source Inverter
	Hybrid Switch Inverter Switching Losses
	Hybrid Switch Conduction Losses using diode for reverse conduction
	Hybrid Switch using the SiC MOSFET body diode for reverse conduction


	Si/SiC Hybrid Switch Characterization
	Selection of Devices
	On-state Characteristics
	Current Sharing

	Switching Characteristics

	Experimental Characterization of Si/SiC Hybrid Switch
	Double Pulse Inductive Test
	Control Board
	Gate Driver Board
	Main Double Pulse Test Board
	Inductor Design
	Temperature Control

	Comparison of Switching Characteristics
	Pure IGBT Switch
	Pure MOSFET Switch
	Hybrid Switch
	Switching losses comparison

	Single Pulse Resistive Test for Static Characterization
	Comparison of on-state Characteristics
	Pure IGBT Switch
	Pure MOSFET Switch
	Hybrid Switch
	On-state characteristics comparison
	Current sharing of the hybrid switch
	Cross temperature measurement of the hybrid switch


	Electric Vehicle Traction Inverter Simulation
	Efficiency over Static Load Conditions
	Efficiency over Driving Cycles
	Electric Vehicle Traction Inverter Simulation Setup
	EV Traction Inverter Simulation Result


	Conclusion
	Bibliography

