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ABSTRACT

Silicon carbide (SiC) MOSFETS are increasingly favoured in power electronics for their improved
properties compared to silicon-based counterparts, such as IGBTs. Their ability to operate at
higher switching frequencies and execute faster switching transients is notable. However, these
features also raise significant concerns with electromagnetic interference (EMI). To exploit the
full capabilities of SiC-based technology, meticulous design strategies encompassing the power
stage, commutation loop, and gate drive are essential. This paper conducts a comprehensive
review of existing gate drive techniques aimed at enhancing the performance of SiC devices.
Moreover, this study introduces an innovative approach for optimizing switching processes
through the use of active gate drivers (AGD). By pre-mapping the gate-source voltage profiles
for different conditions (such as load current, temperature, and DC-link voltage), it is possible to
achieve a significantly improved switching trajectory. This optimization process can be applied
on a cycle-by-cycle basis in practical scenarios. Herein, pre-mapping and optimization have been
experimentally confirmed in a half-bridge configuration. Through simulation, it is demonstrated
that optimizing the switching trajectory can lead to a balanced compromise between EMI and
switching losses, showcasing the potential for significant performance enhancements in SiC
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device operation.

1. Introduction

Elevating the performance and efficiency of power elec-
tronics, silicon carbide (SiC) power transistors have
emerged as pivotal elements in the field’s development.
Their impact is pronounced, with SiC semiconductors
being integrally used in industries such as automotive,
energy, and manufacturing. The advantages of SiC tech-
nology, including fast switching speeds and reduced
channel resistance, contribute to enhanced efficiency,
reduced heatsink requirements, superior dynamic per-
formance, and the facilitation of innovative applica-
tions.

Performance improvements from Silicon devices
stem from enhanced material properties. However,
regardless of the topology used, fast switching which
characterizes SiC power transistors causes multi-
ple challenges in the application, namely the need
for improved filtering of electromagnetic interference
(EMI), careful commutation loop design, and improved
gate drive.

Adjusting the gate resistance or applying the appro-
priate voltage waveform to the MOSFET gate can miti-
gate EMI and switching losses [1]. Recent studies have
also explored passive techniques for optimizing these
parameters [2]. The design of the gate drive stage is

crucial in power electronics, particularly with active
gate drives, due to its significant impact on system
performance.

This paper is an extension of [3], and is organized
as follows: Section 2 covers an overview of a switch-
ing model for a hard-switched SiC half-bridge. Next,
Section 3 covers a basic overview of switching influ-
ence on EMI, with a focus on conducted emissions of
a half-bridge. In Section 4 a comparative analysis of
advanced gate drivers is shown. Section 5 covers the
switching optimization, direct and inverted maps for
an active gate driver. Section 6 showcases experimental
verification of the concept, while Section 7 simulates the
optimized active switching strategy for a three-phase
inverter. Finally, a conclusion and result summary is
given in Section 8.

2. SiC MOSFET hard-switching model

The most used building block of modern power elec-
tronics converters is a two-quadrant half-bridge. Its
model is depicted in Figure 1, showing well docu-
mented parasitic elements, which will be discussed fur-
ther on. To design an appropriate gate drive for the SiC
MOSEET, it is required to study the basic model of the
SiC MOSFET switching in a half-bridge configuration.
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Figure 1. Half-bridge with parasitic elements in the commuta-
tion loop.

2.1. Half-bridge parasitic elements and switching
process

The basic building elements of a half-bridge are a tran-
sistor pair and a DC-link capacitor. However, additional
parasitic elements appear due to the layout of individ-
ual connecting elements, printed circuit board (PCB) or
module segments, and component internals.
Identifying parasitic elements in the switching loop
necessitates analysing inductances from filter capaci-
tors, connecting buses, and transistor terminals. The
total parasitic inductance, Ly, is the sum of all induc-
tances in the commutation loop (single transistor 4
DC-link). The inductance of the source is especially
important as it reduces switching speed and affects volt-
age overshoots. Lower voltage overshoots enable the
transistors to operate at higher voltages, improving the
utilization of SiC MOSFETs and power densities of con-
verters [4, 5]. In addition to the commutation loop
inductance, the parasitic capacitance to the heatsink
and the internal parasitic capacitances of the MOS-
FET need to be considered. The parasitic capacitances
of MOSFETs are highly non-linear and greatly affect
the switching. They are labelled as Ciss = Cgp + Cgs
and Coss = Cgp + Cps. The gate voltage at which the
channel current is just barely supported is defined as:

UPLZUTH-I-IC—H%UTH-FI—L (1)
8 8fs

Here Up;, and Ury are plateau and threshold volt-
ages respectively. The plateau voltage is channel cur-
rent dependent and for a given load current (I1), Upy,
is lower for turn-off and higher for turn-on due to
displacement currents flowing through MOSFET par-
asitic capacitances [6]. Because of this, the plateau volt-
age is often numerically solved. However, most studies
often use an approximation and use the load current
(I) as the channel current. Transconductance (gf), is
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Table 1. System equations for half bridge in Figure 1.

UG (t) = Reig(t) + ugs(t) + Ls {00 3)
ugs(t) = ugp(t) + ups(t) (4)
Upc = ups(t) + L 920 4 ¢ 9e® 4 ypgy () (5)
i6(t) = Cas M50 + Cop (0 ®)
in(t) = icu(t) + Cos V5 — Cop V5 )

defined as the slope of the MOSFET transfer character-
istics in an ohmic region at a specific operating point:
8 = 0ip/0dugs. The resonant circuit formed by para-
sitic capacitances and inductances often leads to ringing
at the switching transition’s conclusion [4]. For sym-
metrical high-side and low-side transistors, the ring-
ing frequency is determined by the RLC circuit of the
switching loop and one transistor’s parasitic capaci-
tance, given by:

1
~ 22+/LxCoss

Lowering parasitic inductance reduces the energy in
parasitics, thereby diminishing EMI. Yet, it’s shown that
the majority of converter noise stems from the switch’s
current and voltage changes.

Jr (2)

2.2. Switching model

The model, applicable to many topologies, describes
the low-side MOSFET during turn-on and turn-off in
a typical double-pulse test setup where an inductive
load is connected across the high-side MOSFET [7]. It
is assumed that the high-side transistor has been just
turned off and its body diode continues to conduct the
load current. In addition, it is assumed that the load
current (1) is constant during the complete low-side
impulse duration, i.e. turn-on and turn-off period. The
mathematical model which defines the current-voltage
relations of the MOSFET in the switching process is
shown in Figure 1, with governing equations in Table 1.

Here Rg is the total (external and internal) resis-
tance of the gate. For simplicity, most of the non-
dominant inductive parasitic elements are omitted
from the model. The parasitic inductance of the source
(Ls) causes most of the oscillations and overshoots,
while the parasitic inductance on the gate (Lg) for
a conventional gate driver (CGD) typically does not
cause voltage oscillations if designed properly.

Turn-on and turn-off both have distinct subinter-
vals, i.e. stages S, = (1), (2) ... (8), as also depicted in
Figure 2(a,b), respectively. The following is a model for
MOSEET switching with asymmetric gate supply. Turn-
on starts with a rising edge of a gate drive ugg(#) from
Ugn to Ugp.

2.2.1. Turn-on delay

After the turn-on voltage is asserted, a delay takes place
until the voltage rises to the Ury and the MOSFET
starts to overtake the current of its counterpart. Since
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Figure 2. (a) Theoretical turn-on waveforms of with subinter-
vals (1) to (4) and (b) theoretical turn-off waveforms for subin-
tervals (5) to (8) showing drain-source voltage, drain current,
gate-source voltage and gate current with corresponding inter-
val durations. Current and voltage overshoots caused by reverse
recovery current and parasitic inductances are shown but omit-
ted from the model.

the drain-source voltage ups does not change, the par-
asitic capacitance Cpg can be viewed as a short cir-
cuit. Neglecting all parasitic inductances and the stated
conditions, the solutions of the equations are:

—t
ugs(t) = (Ugp — Ugn) (1 - eRGCISS) +Usy  (8)

Usp = UeN s ©)
Rg

i(t) =
At the same time, upg(t) = Upc, and the observed
transistor current is still ip(#) &~ 0. For a complex
model, in which Lg is included, the gate voltage fol-
lows the envelope defined by (9), while any gate-source
inductance causes high-frequency oscillations.

2.2.2. Currentrise time

This subinterval starts when ugs > Ury, and ends
when ugs = Upp, is valid. This coincides with drain
current ip rising to load current Iy. The transistor cur-
rent takes over the complementary transistor’s body
diode current. The MOSFET is in the saturation region,
and the channel current is determined by the transcon-
ductance while ups > ugs — Urgy is valid. If the drain
inductance is ignored, the gate voltage continues to rise
with the same conditions as before.

—t
uGs(t) = (Ugp = Urr) (1 — %60 ) + Uny (10)

M e RG_CtISS (1 1)
Rg

ip(t) ~ ich(t) = gr(ugs(t) — Urn) (12)

ig(t) =

Here ups(t) & Upc holds. Equation (12), i.e. channel
current expression, follows from (7) if source para-
sitic inductance is ignored. The remaining loop induc-
tances cause the drain-source voltage drop (Aups =

Ly - dip/dt) if present or not ignored. The Cgp dis-
placement current is zero if its voltage is unchanged
(when Ly =~ 0). Due to the symmetry of the compo-
nents, the current gradient (dip/dt) is equal to the
current gradient of the opposing intrinsic diode [8].
A drain current overshoot due to reverse recovery is
observed during this time if applicable.

2.2.3. Voltage fall time

Voltage fall starts when ip becomes equal to the load
current, and when ugs = Upy. It ends when upg falls to
the ohmic voltage drop in conduction (ups = Rps,on -
I1). In this sub-interval, parasitic capacitances deter-
mine the voltage gradients. Due to the Miller effect, Cop
for this subinterval appears to be very large, so both the
gate-source voltage ugs = Upy, and the gate current ig
are constant. The gate current drains the charge from
the Miller capacitance Cgp. From the Equation (4) and
previous considerations:

Ugp — UpL

= I = const. 13
Ro G (13)

ig(t) =

Ucp — UpL

t (14)
RcCop

ups(t) = Upc —
Because of high du/dt sensitivity to Cgp, this capac-
itor’s value must be approximated as the mean of
voltage-dependent capacitance Cgp(u), as in [9].

Jo P€ Cop(u) du

Unc (15)

CGDq =
The effects of displacement currents flowing through
both opposite Cgp and Cpgs and observed transistor
Cps can be included in the model by utilizing (7), how-
ever, often CgpRg > (2Cps + Cgp)/gfs holds, so the
influence of this effect can be neglected for turn-on
transition.
Due to the symmetry of low and high-side transis-
tors, their drain-source voltage gradients are equal but
of opposite signs.

du . UGP - UPL

—| = 16
dt|,, (16)

RCapq

Here it should be also noted that for CGD turn-on
du/dt decreases linearly with increasing load current I,
due to Miller plateau voltage shifting up.

2.2.4. Gatevoltagerise time

The gate voltage must rise to the terminal voltage Ugp,
so the voltage and current curves continue from their
previous values. The Miller capacitance Cpg is charged
to the gate voltage, and no longer appears very large
from driver side. The voltage ups is stabilized at the
value Rps,on - I, while the current is stabilized at the
value of the load current I}.

—1
ugs(t) = (Ugp — Upr) (1 - eRGCISS) +Up, (17)



M e RGEGSS (18)
Rg

i(t) =
MOSEET turn-off can be viewed as the four previ-
ously mentioned time intervals in reverse order. The
current-voltage relationships shown in (3)-(7) can still
be applied.

2.2.5. Turn-offdelay

Starts with the turn-off voltage (Ugn) appearing at the
output stage of the gate drive, and lasts until the gate-
source voltage drops to the plateau voltage (Upr):

—t
ugs(t) = (Ugn — Ugp) (1 - eRGCISS) +Ugp (19)

Usn — Ugp . —t

1~ (t) = RGCrss 20
ic(t) Re (20)

During this subinterval, ups(t) & Rps,on - I holds true,
and the observed transistor current is still ip(t) & I1.

2.2.6. Voltagerise time

In this subinterval, the voltages of the commutation
loop change with the Miller effect. Analogous to the
voltage fall time interval, for a large enough current, the
following applies:

Ugn — U,
ic(t) = % = Ig = const. (21)
Usn — Upr
ups(t) = —m t (22)

However, this voltage gradient model is valid for load
currents above a transistor-specific kink current Iy [2],
where voltage rise time becomes less dependent on load
current. On the contrary, for currents lower than Iy, the
sum of currents in (7) are such that icy = 0, and all of
the load current Iy distributes to charge all of the par-
asitic capacitances. This type of switching is essentially
lossless and typically called ZVS in literature [2, 9].

Upr —Usn 11

SPLT UGN L e <
% — UCGDqI;]G Ik (23)
dt 5 ~PL— YGN i1, > It
CepgRe

For load currents larger than Iy during turn-off, the
portion of load current is flowing to the channel as
well, instead of only charging both Cpgs capacitances.
Therefore, using (7), boundary condition is when I =
2Coss - du/dt, and I can be found as:

du
Iy = 2Cossg — (24)
Tdt |, _,
=

It should also be noted that, analogous to Cgpg, a
charge-equivalent capacitance using (15) needs to be
calculated for Cpgg.
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2.2.7. Current fall time

Starts when ugs < Upg and is valid until ugs = Uy,
that is, until the drain current ip drops to 0 A. The
MOSFET is in the saturation region.

—t
ugs(t) = (Ugn — Upr) (1 - eRGCISS) +Up, (25)

ic;(t) — M eRG_Cr,SS (26)
Rg
ip(t) ~ icy(t) = gr(ucs(t) — Urn) (27)

If stray inductances are not ignored, an overshoot is
seen on drain-source voltage ups.

2.2.8. Gatevoltage fall time

The gate voltage must drop to the terminal voltage
Ugn, continuing with the current-voltage relations of
the previous interval, with the current ip(t) = 0.

ugs(t) = (Ugn — Urn) (1 - eﬁc’m) + (Ury) (28)

M eRG_CtISS (29)
Rg

ig(f) =

Therefore it is possible to calculate the approximate
current and voltage rise and fall times during turn-on
and turn-off (according to [10]) and from this follows
the Table 2 in which 7 = RgCiss. From these results,
it is possible to estimate the losses and EMI of the
converter.

3. Fundamental EMI analysis for a half-bridge

According to the considerations from the previous
chapter, it is possible to achieve switching gradients
of up to 100 V/ns. However, the high switching speed
increases EMI. From a practical standpoint, EMI gen-
erated by power converters is divided into conducted
emissions, transmitted by a conductor leads and radi-
ated emissions, transmitted to the surrounding space.

Conducted EMI can be further divided into differ-
ential mode (DM) and common mode (CM) interfer-
ence [11].

e DM noise pair appears on both of the bus lines of
the DC-link in counter-phase (Upcy and Upc-). It
is caused by the current through the commutation
loop, i.e. path from the DC-link capacitor through
one of the semiconductor switches to the load and
back to the DC-link and are caused by current gra-
dients.

e CM noise appears in-phase in both bus lines (Upc4+
and Upc-). It is created by the dielectric displace-
ment current (Cdu/dt) through the parasitic capac-
itances, for example, from transistor to heatsink i.e.
towards the earthing or device housing.

Because power electronics converters are inherently
pulsed devices, certain parts of the commutation loop
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Table 2. Approximate duration of SiC MOSFET switching subintervals.

Sn Condition Duration

m Uen < ugs < Umn taon = Tin(FL=g) (30)
@ Umn < ugs < Up tion = T/n(%) 31
® s = Up. tuon = “peite (32
4 Up < ugs < Ugp t— oo

(5) Up < Ugs < Uge taor = Tin(J=ber ) (33)
©) s = UpL, 1L = Iy tyort = Faig (34)
(6) ugs = Upp, I < Iy tot = Uﬁ;fffjgg . % (35)
(7) Uy < ugs < Upt tioff = 7ln (%) (36)
8) Usn < ugs < Uy t— oo

(mainly the switch node) have pulsed currents and
voltages with finite rise and fall times. Therefore, it is
important to analyse the spectrum resulting from the
trapezoidal waveform. Using Fourier transform of a
trapezoidal waveform with amplitude A, rise time 7,
and duty cycle 74, magnitude and phase of nth har-
monic are obtained (37), with switching frequency, f;,
being the fundamental harmonic [12]:

sin(nz t4f;) sin(nz .f;) (i)
nr t4fs N7 T fs

It is assumed that the voltage rise time is equal to the fall
time. By taking the envelope of the spectrum, i.e. taking
the absolute value, converting to decibels and using the
limiting value of sin(x)/x, it can be seen that the cutoff
frequencies above which —20 dB/dec term is active are:

cn = Atfs (37)

fo=nf = (38)
T4

for = nfy = (39)
T,

By shortening the rise time, the term with 7, shifts
the second cutoft frequency higher, resulting in an
increase of 20 dB/dec for a band above f,, as observed
in Figure 3.

According to the above consideration, the linear
dependence of the noise bandwidth on rise and fall
times is visible. Furthermore, this implies a possible
trade-off between switching losses and the permissible
EMI by the relevant standards [1].

4. Comparative analysis of advanced gate
drivers

4.1. Gate drivers for SiC MOSFETs

Gate drivers for SiC MOSFETs mostly use an isolated
DC/DC converter as an asymmetric voltage source and
are driven with CMOS or bipolar push-pull outputs to
which the gate resistor is connected. Many of the meth-
ods shown in Figure 4 point out that switching can be

60

40

=20+
——spectrum A: 7, = 10 ps, f,
spectrum B: 7, = 1 us, fs =10kHz
40 spectrum C:m=1ps, fi=100kHz
—spectral envelope A
—spectral envelope B
—spectral envelope C

Spectral Amplitude [dBV]
(=]

-60 T o T
10* 10° 109

Frequency [Hz]

Figure 3. Spectrum of a trapezoidal voltage with 7, and f; as
parameters, and signal amplitude A = 560V with cutoff fre-
quencies f.1 and f, highlighted.

further optimized. As mentioned before, by controlling
the gate voltage ugs and the current ig, it is possible to
control du/dt and di/dt, and thus the switching losses,
and EMI.

4.1.1. Conventional gate drive (CGD) for SiC
MOSFETs

Conventional methods that use a fixed driver stage can
be divided into those with symmetric and asymmet-
ric external gate resistance. In SiC MOSFETs, switching
with symmetrical (i.e. single resistor for turn-on and
turn-off) is rarely used due to poor performance. Dif-
ferent gate resistors allow for greater adaptability of the
gate drive. Typically, it takes longer to reach the first
turn-off subinterval than the first turn-on subinterval
because of the asymmetric power supply. For this rea-
son, and to prevent erroneous turn-on caused by the
Miller effect, the turn-off resistance is typically smaller
than the turn-on resistance. Different resistance can be
achieved utilizing a diode connected to the gate or by
split push-pull output [13].
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Figure 5. (a) Generalized voltage-fed AGD and (b) simulated
characteristic waveforms for turn-on and turn-off. Middle volt-
age Upig = 7V lasting for 15ns during turn-on and 35ns
during turn-off. Resulting rising and falling voltage gradients
shown are 10V/ns and 17V/ns respectively for 25 A induc-
tive clamped load. Simulation is performed in LTSpice using
Wolfspeed C3M0065100K MOSFET.

4.1.2. Voltage-fed AGD

In this category, a predefined voltage profile is applied
to the gate of a MOSFET. Waveforms for these meth-
ods are generalized in Figure 5(b), with a schematic in
Figure 5(a).

In [14], a gate drive using four voltage levels was pro-
posed. An ASIC is used to drive the logic of an H-bridge
connected to the gate and source. The gate voltage is set
to the absolute maximum during turn-on, then reduced
to the recommended voltage after 400 ns. During turn-
off, the voltage returns to 0V after the complementary
transistor turns on, resulting in a faster turn-on. The
method reduces losses by 10%, but increases du/dt.

In [15], a similar method is presented that uses an
auxiliary circuit triggered by power stage conditions to
reduce voltage and current gradients during turn-on
and turn-off. The gate voltage is reduced to minimize

losses and shorten the turn-on delay time. A compara-
tor is triggered by the parasitic inductance of the source
to reduce the output voltage, and after a defined delay
time, the output voltage returns to the standard value.
This process is reversed during turn-off, reducing over-
shoot and EMI. Compared to CGD, current overshoot
is reduced twofold and voltage overshoot by 68% for the
same turn-on losses.

In [16], a described method uses multiple volt-
age levels only during turnoff. A positive intermediate
voltage is used, which can temporarily put the tran-
sistor in the saturation region, depending on the set
level. The operating principles are similar, with pre-
defined instances of setting the medium voltage level
and returning to the allowed negative voltage. How-
ever, the method requires additional care due to the
effect of threshold voltage reduction with increasing
temperature.

The method described in [17] uses voltage-fed AGD
to characterize and extract the SiC MOSFET switching
parameters. It uses multiple gate drives between mul-
tiple voltage rails. The control logic is on the primary
side, while the level-shifting is executed through signal
isolators. The results are arranged in maps as it will be
done in this paper, however, different variables are eval-
uated, such as overshoot voltage, and no optimization
nor other influences is used to determine the optimum
mid-level voltage time.

4.1.3. Variable resistance gate driver

Similar to the aforementioned, all resistive methods
aim to reduce voltage and current gradients and accel-
erate transients in the remaining subintervals of the
switching, and as such can be seen in Figure 6(b), with
schematic in Figure 6(a).

A broadly applicable method described in [18]
changes the gate resistance in four stages and reduces
current overshoot from 50% to 20%, with lower switch-
ing losses by 18%. In turn-on and turn-off, it utilizes
initial and final values of Rg < 5Qand Rg > 20 Q dur-
ing switching transients. Using the drain-source voltage
divider and the shunt in the source, the current and
voltage are measured and used to trigger resistance
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Figure 6. (a) Generalized variable resistance gate driver and
(b) simulated response for turn-on and turn-off, Rg = 4 Q and
R = 20 Q, with increased resistance lasting 30 ns during rise
and fall times. Resulting rising and falling voltage gradients
shown are 10V/ns and 12V/ns respectively for 25A induc-
tive clamped load. Simulation is performed in LTSpice using
Wolfspeed C3M0065100K MOSFET.

switchover, with triggering reference values also being
adjustable with a DA converter.

The method described in [19] uses two resistance
levels for turn-on and turn-off and is measuring ugs,
using it as feedback to adjust the switching trajectory
using comparators. In right conditions, the method
reduces di/dt from 53.2 A/ps to 12.3 A /s and du/dt
from 4.8kV/ps to 3.2kV/us , while simultaneously
increasing losses by approximately 12%. This method
can be improved by dynamically changing the com-
parator thresholds as favourable operating conditions
occur for a narrow operating point range.

The method [8] has current feedback using a shunt
connected to the source. The method uses main and
two auxiliary resistors, where one of the auxiliary resis-
tors assists during turn-on, and the other during turn-
off during current and voltage rise times. The time
intervals in which the additional resistors will be turned
on are defined with thresholds that, depending on the
current, are changed by the DA converter. The method
successfully reduces the voltage overshoot from 50% to
21% with an increase in turn-off losses from 8 m]J to
10 m]J.

4.1.4. Capacitor-assisted active gate drivers

Krishna and Hatua [20] describe a method for turn-
ing on and off a SiC MOSFET using three p-channel
and three n-channel MOSFETs to indirectly control the
charge injected into the gate. There are three comple-
mentary stages during turn-on and turn-off. The first

transistor is used as a current source, the second as a
capacitive impulse charge, and the third transistor com-
pletes the turn-on. The method prolongs du/dt by 60%
and reduces overshoot peak from 600 V to 500 V.

In [21] method for faster turn-off using an auxiliary
capacitor to decrease the time spent in Miller’s plateau
is proposed. The MOSEFET is first turned on through a
single gate resistor, after which the second one is added
in parallel. In turn-off, the gate is discharged with a
current spike through a capacitor after which a Miller
clamp is turned on. The method reduces turn-on losses
by 12%, but may not be efficient beyond the design
operating point.

4.1.5. Resonant SiC MOSFET gate drives

Resonant drivers contain inductors connected to the
gate which are current-biased and improve the speed
of gate charging.

One of the proposed resonant methods evaluates the
temperature dependence of MOSFET parameters [22].
The method uses the peak gate current ig(t) as temper-
ature detection. The resonant gate drive is composed of
an H-bridge with an air-core inductor. The circuit pre-
charges the coil by connecting it between supply rails.
Then low-side transistor is turned off with an induc-
tor discharging through the gate in on-state, another
high-side transistor pulls the gate to the positive rail.
The inductor is then negatively pre-charged (mirror-
symmetrical to turn-on) for turn-oft and later clamped
to negative rail. The method has been validated only on
low DC link voltage.

Method described in [23] uses a p and n-channel
pair with a diode-inductor connection between them.
One end of the inductor is also connected to the gate
of the SiC MOSFET. In turn-on, the p-channel driver
turns on, while the n-channel driver delays its turn-
off, pre-charging the inductor. After a predetermined
delay, the n-channel MOSFET turns off and the induc-
tor discharges to the gate. By natural commutation,
the current of the inductor drops to zero. The turn-off
clamps the gate and source with an n-channel transis-
tor. The method was tested on a boost converter with
output voltages 600 V and 800 V. The switching losses
were reduced by 20%, while the current rise time was
shortened from 15ns to 7.5ns. A common disadvan-
tage of resonant gate drive is the inherent lengthening
of the dead time, which introduces a delay in the control
loop.

4.1.6. Current source gate drivers

Second method introduced in [22] and method [24]
use controlled but unadjustable current mirrors during
turn-on. A pair of p-channel MOSFETs or PNP BJTs
are connected to the positive rail and used as current
sources. The disadvantage of the method is the dif-
ficulty of achieving symmetrical switching of the SiC
MOSEET, as a current sink is also required for this.



Thus, only a turn-on is often realized, while the turn-
off uses a single pulldown to a negative voltage or 0 V.
However, Pilli et al. [24] show improvements in terms of
shorter turn-on delay times, which expands the band-
width of a main control loop. For increased turn-off
losses of 40% and increased turn-on losses of 28% there
is a decrease in du/dt in turn-off by 65% and di/dt in
turn-on of 45%.

Additionally, the variable current source method
described in [25] uses inductive components in an H-
bridge-like topology with an auxiliary leg to pre-charge
and release the gate current while limiting the oscilla-
tory behaviour of the gate loop. The method is able to
produce two gate current pulses, which aims to decou-
ple du/dt from di/dt control. The method reduced
the switching losses, but it increased di/dt. The main
application are dead-time sensitive topologies like dual-
active bridge, as it reduces turn-on and turn-off delay
times.

4.2. Advanced and closed loop IGBT gate drivers

Since the IGBT is a mature semiconductor technol-
ogy, the most advanced active switching methods are
more developed than for SiC MOSFETs. An additional
advantage is lower switching speed, which makes it sig-
nificantly easier for IGBTs to achieve closed-loop con-
trol. Below is an overview of methods that have been
developed exclusively for IGBTs.

4.2.1. Gate drives for IGBT with closed loop du/dt
and di/dt control

The most advanced methods control the du/dt and
di/dt in a closed loop, with step-functions as the ref-
erences of gradients. The [26] method uses mostly ana-
logue control and it assumes that di/dt is zero during
voltage rise and fall times. This enables a common
control loop for current and voltage gradients with an
analogue PI controller. The method was validated on
IGBT modules and when compared to a CGD a reduc-
tion of turn-on losses by 2.15 times and turn-off losses
by 2.11 times were seen, with du/dt increasing 4 times.

4.2.2. Drivers with real-time trajectory management
Due to parameter variability (temperature, load cur-
rent, etc.), method [27] uses adaptive real-time switch-
ing control on an FPGA, where a parametric lookup
table (LUT) for the gate voltage sequence is used. Indi-
vidual switching stages are detected by a comparator
circuit. A DA converter sets the current source refer-
ence. Adaptive control uses a signum algorithm opti-
mization.

The [28] method uses voltage drive as in Figure 5(a),
but with 64 possible voltage levels in 60 time slots.
This switching sequence is then prepared in the FPGA
every second. An external device measures and evalu-
ates the output currents and voltages of the IGBT and
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determines the next switching sequence with the opti-
mization algorithm adaptable to parameter changes.
The method reduces switching losses up to 42%, using
voltage overshoot as a constraint variable.

A method similar to the previous, but utilizing 64
current sources is likewise applied to IGBT and uses in-
the-loop optimization with a particle-swarm algorithm,
however, it requires high performance hardware such
as PC to run optimization during converter opera-
tion [29].

4.3. Optimization methods for SiC MOSFET
switching

The methods which feature variously applied optimiza-
tion techniques in different scenarios are the current
state-of-the-art. The basic method described in [30]
uses the four-level active gate drive with continuously
adjustable gate voltages. It extracts datasheet parame-
ters to optimize for du/dt, di/dt and switching losses.
However, it does not utilize the variability of mid-level
time, but rather mid-level voltage only, which limits its
controllability range. Also, the method does not vary
its parameters regarding load current or DC-link volt-
age and would greatly benefit from the improved model
by using real test values, as neither parasitic elements
nor device-to-device variations are accounted for in the
datasheet. As the method is not compared to the results
of conventional gate drive, it is difficult to evaluate its
effectiveness.

Today’s most advanced method has been presented
in [31]. It uses artificial neural networks (ANN)
with variable gate resistances to optimize the active
gate drive. A neural network is trained offline with
a recorded dataset, and the ANN outputs a mid-
level resistance duration depending on external cir-
cuit parameters. The method yields 25% lower average
du/dt for the same switching losses but requires a large
dataset for training and the control in the low current
range is very limited.

5. Switching optimization with an AGD

The most prevalent active gate driving methods use
either variable voltage or variable resistance. The rea-
son is the similarity to the conventional gate drive, as
the logical progression to adding complexity is typically
adding one more level of either voltage or gate resis-
tance during turn-on or turn-off. As seen in the previ-
ous chapter, gate drivers are commonly voltage sources
with external gate resistances for turn-on and turn-off,
models of which are well-known and have been stud-
ied thoroughly. For the selected gate drive topology,
voltage-fed AGD with separate U,z levels for turn-on
and turn-off is selected to be further examined. This
is because current source drivers typically introduce a
delay or have drive strength or bandwidth issues [32],
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while other topologies require a deeper understanding
of their influence on the switching process in all modes
of converter operation, including failures. Due to the
relatively simple output stage and more straightforward
component selection, which do not feature energy stor-
age, it is uncomplicated to envisage voltage-fed AGD
usage in power converters both at discrete and IC
levels.

Considering the findings in the previous chapters, a
gate voltage profile can be optimized for every switch-
ing event. This means that the part of the EMI spectrum
on which the gate drive has influence is kept constant
under every switching condition regardless of load cur-
rent (I1), semiconductor temperature, etc. It will later
be shown that since E,, and E,s are monotonically
increasing functions, the optimum switching will be
achieved for the shortest possible mid-level time (#4).
To generalize this problem, it is possible to map out all
of the possible switching sequences for a certain active
gate drive. If the half-bridge observed is symmetrical,
i.e. uses the same transistor for the high and low sides,
then also mapping a single direction of current is suffi-
cient to find all of the possible switching states. For the
reverse current direction, the diagonally opposite diode
and transistor pair commutate, however, the switching
events remain the same.

5.1. Methodology of gate drive mapping

As Section 2 has shown, for a given transistor, its du/dt
is dependent on the half-bridge load current, gate resis-
tance, and the injected gate voltage. Furthermore, gate
voltage shaping has yielded favourable results in previ-
ous works [28]. For the context of this paper, gate volt-
age threshold temperature dependency will be ignored,
however, this additional parameter can be included in a
physical setup. If a “pre-mapping” of a switching device
exists, then an optimum voltage sequence can be gen-
erated at the gate given the power stage conditions i.e.
load current and required du/dt.

To confirm the validity of this concept, a simulation
framework that generates maps of the du/df versus load
current I; and various gate voltage sequences during
turn-on and turn-oft was implemented. The mapping
is achieved through a MATLAB script which executes
LTSpice as a simulation tool with an appropriate gate
drive voltage sequence. For each load current condi-
tion i.e. from 0 to rated and for each voltage level and
each voltage-level duration, a piece-wise linear (PWL)
file is generated and Spice simulation is started by a
command prompt batch file. The simulation performs
a single pulse test with a current source as a load. After
the Spice simulation converges, the output file is read
back to MATLAB where du/dt during both turn-on
and turn-offis read as rise time. The turn-on or turn-oft
switching energy are calculated from the results of the
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Figure 7. Gate voltage sequences: ugg and ups for turn on and
turn-off. Displays simulated signal shaping and t,;s duration
influence on du/dt for IMZ120R045M1. The mid-level gate drive
voltages are Upjgon = 11V and Upigorr = 5V. The selected
duration ty,;q ranges from 0 to 350 ns in 50 ns increments. Sim-
ulation is performed with R = 33 Q, and with load current of
14 A.

same simulation as (40) and (41):

ton
Eon = / in(6) - ups(t) dt (40)
0

to
B = [ i) upsydr (@)
0

Since the sampling time of the Spice tool is variable, the
points are linearly interpolated to a sample time of 1 ns.
The du/dt values are taken as average on a time interval
from 10% to 90% of DC-link voltage. After the calcula-
tion, the results are saved to a map and a new simulation
is started with the next circuit parameters and a new
gate voltage profile PWL file. The resulting map is a dis-
crete function of two variables du/dt = f(Ir, t;iq) with
gate resistance Rg, mid-level gate voltage U,,;s and volt-
age sequence type as a parameter. In this paper, two
sequences were examined, namely “pullback-like” (as
in Figure 5(b)), and “staircase-like” sequences (as in
Figure 7). In each examined case, the DC-link voltage
was set to 560 V. To enhance global convergence, the
simulation circuit excludes external parasitic elements,
such as commutation loop inductances, because they
do not affect du/dt, but rather influence di/dt, justi-
fying their omission. As Figure 7 suggests, the drain-
source voltage of a transistor, and therefore half-bridge
AC node, is broken in two distinct sections, i.e. section
during t,,;; with low du/dt, and section after t,,;; with
high du/dt, for both turn-on and turn-off.

5.2. Direct maps

To optimize the switching, both turn-on and turn-off
du/dt = f(Ir, t;iq) maps need to be examined. Since
the plateau voltage varies with current, is temperature-
dependent and varies for turn-on and turn-off [6].
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Figure 8. A contour plot of direct du/dt = f(I1, tmiq) maps for
turn-on and turn off of Infineon IMZ120R045M1 SiC MOSFET in
half-bridge. DC-link voltage used is 560 V. External R = 33 Qs
used to provide a balance of controllability and achievable time
resolution. Gate time constant is ¢ = 70 ns. A high-sensitivity
area can be observed forarange of ;g = 100 ns to 200 ns. Volt-
ages of Umjg.on = 11V and Upigerr = 5V are selected from a set
of maps to optimize between controllability and losses. Similar
results were obtained for Cree C3M0065100K SiC MOSFET.

Turn-on and turn-off events were mapped with differ-
ent Upy;g voltages in the appropriate range for possi-
ble Miller plateau levels (this is transistor-dependent).
The reasoning behind Ry and U,y;g selection will be
explained in the upcoming subsection. The resulting
maps are shown in Figure 8. Examining the two dif-
ferent sequences (i.e. “pullback” and “staircase”), the
“staircase” sequence was selected because of its straight-
forward hardware realization, safety (no re-turn off is
possible after the current commutation) and a lack of
additional timing parameters (peak-gate voltage dura-
tion before “pullback”).

5.3. Map inversions and optimum switching time

Optimum switching requires knowing the exact mid-
voltage (Uyig) pulse duration (t,,;4) and its value given
the current condition and required du/d¢. The goal is
to minimize switching energy for turn-on and turn-
off while keeping du/dt as constant as possible. To
obtain the inverted map, ie. tpig = f(Ir,du/dt) the
direct maps need to be restricted to their monotonic
intervals. This is because an inverse of a function exists
if and only if each input point corresponds to a single
unique output point (bijective function).

For both turn-on and turn-off, the area for which
the function is defined (i.e. domain) is bounded by two
curves. This is also the area where du/dt can be con-
trolled, and has to be taken into consideration. This is
the controllability area and is the domain of the inverted
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function D(f (I, du/dt)) and can be bounded by four
lines for turn-off, and two for turn-on.

5.3.1. Turn-on area of controllability

The area in which turn-on gradient can be controlled
is bounded by two curves. The upper bound is defined
by the expression (42), and corresponds to du/dt when
tmid is too short to influence the switching. For this
case, mid-level voltage is shorter than turn-on delay, i.e.
tmid < tdon holds.

du

du _ Ugp—Upt
dt B

(42)

on,AGD1 RGCGDq

The lower bound is defined by the relation (43). In
this case t,,i7 lasts longer than Miller plateau time, and
tmid > tuon holds.

Umid,on — UpL

= CG DqRG
on,AGD2 0

du if Upr < Umid,on

dr

if UpL > Umid,on
(43)

5.3.2. Turn-off area of controllability

For turn-off, non-linear curves are approximated as
piecewise linear lines, as in (23). The upper bound of
the area of controllability is defined by (44) and cor-
responds to the du/dt curve when t,,;4 is too short to
influence the switching. Here ¢,,;4 < 4,05 holds.

Up. — Ugn ‘ I

—fL T YoN if I < Iy
du _ UCGDqRG Iia (44)
dt |,5.46D1 PL— ~GN i1, > Iy
CepgRe

Conversely, the lower bound of the area of controlla-
bility is defined by the curve (45). In this case, 7 lasts
longer than Miller plateau time, and AGD can no longer
influence du/dt in switching. Here g > t,,05 holds.

UpL — Umid,off LI

— ifIp <1
du _ CGqu]RG Iia bl
dt | o 4G UpL — Umid,off i1 > I
CepgRe
(45)
For both cases, currents I and I, can be calculated as:
U — Ucn
Iy =2 ———Coss (46)
CepgRa 1
U, — Ui
fp=2- —th — Zmidol Cossq (47)

CepgRe

Inverted maps in Figures 9 and 10 were obtained
using a search algorithm. Before, upper and lower
boundaries were set to limit the search to a con-
trollable area. In practice, a 2D cross-section of the
direct map was found first and the longest mono-
tonic sequence was extracted from it to obtain the
search boundaries. Then, an optimum point for which
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Figure 9. A contour plot of inverted t,iq = f(I;, du/dt) maps
for turn-on with Upjg = 10,11 and 12V, and for Rg = 33 Q.
The controllability area is maximized for Un,ig = 11 V. A tradeoff
exists between the area of controllability and total losses. The
highest difference is seen for large drain currents.

min{(du/dt)? — (du/dt)2,,} is satisfied is found with
sequential quadratic programming method, which
yields a single inverted map point. The algorithm is

repeated for all (du/dt) ., and I, vector points.

5.4. Gateresistor and mid-voltage selection

From Equations (42)-(45) it can be seen that R greatly
influences the area of controllability. In general, gate
resistance for AGD must be selected low enough so
that it does not limit the upper bounds of controllabil-
ity and can achieve fast enough du/dt for shortest t,,;4
times, Also, gate resistance needs to be high enough to
allow for achievable t,,;; time resolutions to influence
switching in a physical setup using FPGA (for example
in around nanosecond range), though for SiC devices,
typical Cygs is in the range of 1 nF up to 100 nF for large
modules, which yields controllable gate time constants.

Additionally, to improve the overall EMI perfor-
mance of AGD further, the Rg for AGD needs to be
empirically in the range of 30% to 60% of the CGD Rg
needed for the required du/d¢t to minimize the slope of
individual du/dt pieces (Figure 7).

To minimize losses, U,,;4 has to be selected so that
it is as low as possible for turn-off and as high as possi-
ble for turn-on, while du/d¢ is still controllable for the
required current range.

5.5. Switching losses

For CGD, losses can be estimated according to [33]:
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Figure 10. A contour plot of inverted t,jq = f(I;, du/dt) maps
for turn-off Upjg = 5,6 and 7V and for Rg = 33 Q. The area
of controllability is maximized for Up,jg = 6V, however, lower
losses are achieved for Upyg = 5V. Controllability is severely
limited for Up,ig > 7 V.

+tion UDCIL) + E;r (48)

1
Eo = 2 (tu,oﬁ (IL -2 ) + ti,oﬁ”UDCIL)
(49)

CossqUpc
tu,oﬁr

Where E,, are losses due to reverse recovery. Relation-
ship between t,, o, and t,,;7 is non-linear, however since
it is monotonic for observed mid-level times, the opti-
mum switching strategy is to select the lowest possible
tmid which yields selected du/dt, for example 5V /ns.
This way losses are minimized in every switching cycle.
As switching energy is also calculated alongside du/dt
values, it is arranged for turn-on and turn-off in a map
as depicted in Figure 11 as well. The figure also high-
lights the optimum switching trajectory for constant
5V/ns gradient.

6. Experimental verification

To verify the findings from the previous chapter, a spe-
cial test setup has to be designed. Since no commercial
gate driver allows for slope shaping by dynamically
changing t,,;7 and Up;; in both turn-on and turn-off
events, Infineon 1ED3890 was selected as an appropri-
ate IC for turn-off gradient control only. The device
settings are reconfigurable through I2C, where turn-
off t,,4 can be reconfigured in 250 ns steps analogous
to waveforms in Figure 7. In addition, the test fix-
ture was developed in a half-bridge configuration with
the possibility of interchanging the gate drive PCBs
for further research. The current measurement was
performed with PEM CWT1 Rogowski coil, and the
voltage measurement was made using two Tektronix
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Figure 12. Test setup for experimental verification of direct
maps, consisting of HYDC source, 700 jLH inductor and PC with
UART communication to main MCU for test parametrization.

THDPO0200 differential probes with short voltage clips
to reduce couplings as is depicted in Figure 12.

The setup is automated and the pulse sequence is
controlled through a microcontroller (MCU) stacked
on top of the gate drive board which is depicted along-
side the half-bridge test fixture in Figure 13. The MCU
controls the duration of a single pulse, i.e. the PWM
pin of the low-side SiC device, and reconfigures pulse
duration (i.e. load current), mid-voltage duration t,,;;
and mid-voltage level U,,;; with a 3-second pause in
between. The oscilloscope is set to store every shot cap-
tured in normal mode. The current is controlled with
pulse duration in 0 A to 65 A range, while t,,;4 is con-
trolled in Ons to 1500 ns range and Uy, from 5V to
12V in 1V steps. In total, 1056 shots for transistor cur-
rent, drain-source voltage and gate-source voltage were
captured, their value later extracted and fitted to a map
depicted in Figure 14 for U,y = 5V.
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Figure 13. Test hardware PCB stack depicting the (a) gate drive
(GD) and (b) half-bridge with 30 .F bulk capacitance and 250 nF
Cera-Link capacitor. Additional high and low-side transistor

footprint slots are added for potential usage in parallel testing.
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Figure 14. Scatter plot of measured points in an experimen-
tal verification of direct maps on a half-bridge setup for
IMZ120R045M1. The DC-link voltage used is 550V with gate
resistance of AGD 22 Q, and with Uy,;4 of 5V.

Although the direct comparison of maps is not possi-
ble due to differences between setup and simulation, i.e.
differences in gate resistance, the existence of parasitics
in the commutation loop and production tolerances,
maps can be qualitatively compared. The performance
measurements show that du/dt during turn-off events
can be controlled by applying different durations of
mid-voltage levels similarly as was predicted by the sim-
ulations. Moreover, the measurements show that the
shape of the map from Figure 8 qualitatively follows
Figure 14, therefore justifying the usage of the proposed
method.

Furthermore, by interpolating measured points to a
finer grid, an inverted map with visible controllability
area can be obtained as in Figure 15. An inverted map
was obtained using the method described in the pre-
vious chapter. Having the current dependant inverted
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Figure 15. A contour plot of an experimental inverted map for
550V DC-link voltage and Up,jg = 5V with Rg = 22 Q. Areas of
controllability have been following a similar domain shape as
with inverted simulated maps.

map datasets pre-loaded in an MCU or FPGA enables a
cycle-by-cycle du/dt control on an improved hardware
setup that is currently under construction. Although
the proposed method could be applied to many topolo-
gies which use a half-bridge as a building block, the
automotive three-phase inverters are seen as the best
candidate due to their beneficial influence on common
mode and high demand in the future.

7. Simulated validation of optimized
switching strategy

To compare the optimum switching strategy to the
conventional gate drive, a simulated application of the
three-phase inverter was employed. The three-phase
inverter model consisted of six IMZ120R045M1 SiC
MOSFETSs. Six PWL files containing optimized injected
gate voltages as well as load current signals were gen-
erated using MATLAB script. This way cycle-by-cycle
du/dt control is employed and any operating point for
the inverter could be tested.

In general, du/dt can be kept constant to limit the
insulation strain and minimize peak EMI noise. For
standard industrial drives, a typical limit of 5V /ns to
10 V/ns is employed [34]. Mid-level time duration ,,;4
for input I} and required du/dt is extracted from the
inverted map and fitted to a polynomial. Moreover, for
the uncontrollable parts of the switching cycle, i.e. when
I < 2.5 A, duration t,,;;; = 0 ns is set.

Parasitics were omitted from the main simulation
circuit to take the worst possible case of du/dt into
the account, since additional parasitic slow down the
switching further. To evaluate the active gate drive
performance, the simulation uses worst-case modu-
lation index for CM noise (m,; =0 or t4f; = 50%).
This is because all of the three phases of the inverter
then switch simultaneously and therefore generate a
square wave-like CM voltage of triple the fundamen-
tal frequency instead of a stepped sine wave, like for
high modulation indexes. The simulated time-domain
common-mode signal was then fed to a virtual EMI
receiver [35] for 9 kHz RBW, sweeping from 150 kHz

RBW: 9000 Hz, Frequency Step: 100 Hz, PEAK, m, =0

150 -

130

110

907 AGD 33 Ohm, 5 V off, 11 V on, 18.1 W

CGD 54 Ohm, 17.7 W
—CGD 86 Ohm, 23.1 W
{
106 107
Frequency [Hz|

(@)

CM Spectral Amplitude [dBpV]

—AGD 33 Ohm, 5 V off, 11 V on, 18.1 W|

Turn-off Voltage Gradient [V /ns]

1 —CGD 54 Ohm, 17.7 W
0 | —CGD 86 Ohm, 23.1 W |
0 50 100 150 200

Switching Iteration

(b)

Figure 16. (a) Spectral response of peak CM noise of a three-
phase inverter for 9 kHz RBW in 100 Hz steps and from 150 kHz
to 30 MHz, and (b) du/dt in turn-off for every switching cycle
for a sinusoidal current. Turn-on du/dt is symmetric along zero-
crossing. Switching frequency used is 20 kHz with a fundamen-
tal output frequency of 100 Hz, while load current sine wave
peak is 25 A. AGD exploits the unused area close to 5V/ns as
much as possible.

to 30 MHz. The resulting spectral response is depicted
in Figure 16(a).

The comparison between the optimized AGD,
equivalent losses CGD and equivalent maximum du/d¢
CGD has been shown in Table 3. While Peak CM emis-
sions remain in the same range, Figure 16 shows that
the time-dependent du/d¢(t) curve using AGD is fixed
to 5V/ns. CGD reaches set du/dt level in just one
operating point, significantly increasing the losses.

For practical application, inverted maps can be pre-
loaded into a DSP, so that close to optimal ¢,,;7 time can
be found cycle-by-cycle. Small corrections to t,,;s for
temperature and DC-link voltage dependency with pre-
dictive methods could be employed to compensate for
modelling inaccuracies.

8. Conclusion

SiC MOSFETSs can now be used as easily as Si MOSFETs
or IGBTs, with improved performance and potential for
widespread use. The higher cost of SiC-based convert-
ers and potential EMI issues are the main obstacles to
their adoption. Broader use is expected to bring costs
down, while EMI issues could be reduced by passive
filters or with appropriate conventional gate driving.
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Table 3. Optimized AGD and CGD inverter parameters and comparison.

Optimized AGD Equation losses CGD Equation du/dt CGD
Gate Resistance Active 33 Q 54Q 86 Q
Total Losses 181 W 17.7W 23.2W
Max du/dt 5V/ns 7.7V/ns 5V/ns
Peak noise @ 1 MHz 133dBpV 133dBuV 133dBuV
Peak noise @ 6 MHz 109 dBpV 113dBuV 109dBuV
Peak noise @ 30 MHz 92dBuV 89 dBpV 88dBuLV

In this paper, an overview of various active and
advanced gate driving techniques were studied with
several design practices for conventional SiC-based
converters. Existing advanced solutions adjust the gate
voltage or resistance to dynamically change the du/dt
and/or di/dt. Typically, the advanced methods shorten
the remaining transient phenomena after the transi-
tions.

This paper gives the simplified switching model,
which can be applied to both CGD and AGD. More
importantly, an advanced and optimized active gate
driving strategy with an explanation of underlying phe-
nomena was introduced.

Within this, a strategy for cycle-by-cycle optimiza-
tion of SiC MOSFETs switching is proposed to enable
trade-oft between switching losses and du/dt by keep-
ing du/dt as close to constant as possible. The method
yielded 28% lower total losses for the same maximum
du/dt, with peak EMI within the same range. Employ-
ing the proposed method has shown that there is still
room for improvement in active gate driving strategies.
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