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8.9 University Introduction

e SiC MOSFETs are ideal for high-efficient, high-frequency and high-power
density applications due to their high switching capabilities.

* However, high switching speeds introduce large voltage/current overshoots
and high oscillations, resulting in EMI, losses and reliability issues.

e Methods to reduce overshoots and oscillations are:

O Oscillation damping snubber circuit X additional components
0 Resonant circuit X additional components
O Gate driving signal optimization + no need to change power circuit

* This presentation proposes an optimized gate driving signal to reduce
voltage/current overshoots and oscillations without increasing significantly
switching losses.
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Structure of the presentation

Turn-on transient Turn-off transient . Turn-on di/dt (t1~t2)

* Turn-on dv/dt (t2~t3)

* Current overshoot (t2)

— vy

* Turn-on oscillation (t2 ~t3)

* Turn-off dv/dt (t6~t7)

* Turn-off di/dt (t7~t8)

* Voltage overshoot (t7~t8)
* Turn-off oscillation (t8 ~t9)
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Conceptual switching waveforms
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Turn-on di/dt (t1~t2) varying Rg

Test condition: 250V DC voltage 10A load current,

Tum-on transient +15V/0V gate voltage, SCT3060
| | | | |
Vor T' [ PWM | | | — 50 —10Q  — 20Q
A " ! ! Diode
= & s,
Voot =1 === ==~ —==m : 10.00- 3
el / e [
th [T I I I Uge —=— G shiar ID A 500— s eepS
Voot o | | | : T " ; the same
| | | | | 000_
Vos t—— | in | - Re ]
In =3 7 T | s -5.00- . ; . ; . l
AN VDs| . DUT 29.90u  30.00u  30.10u  30.20u
z'g rﬁ' r'3 t Time/s
Turn-on conceptual waveform Schematic of the simulation circuit Turn-on di/dt simulation results

* Turn-on di/dt is dominated by the

MOSFET Vion =Ver +Ves +V,
gon TOR TGS TG gate current
Ve =1, R, . .
. di * Changes in the gate resistor makes
: Vo =L, -—2 S . .
LS T dt only limited impact on di/dt due to
MOSFET equivalent circuit the parasitic source inductance (Ls)
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Turn-on di/dt (t1~t2) varying VGon

Gate resistor MOSFET

MOSFET equivalent circuit

VGon :VGR +VGS +VGL

<VGR:I9-Rg
di *
V, =L -—2
\ GL S dt
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— 15V — 14V — 13V Test condition:
15.00-

1 250V DC voltage
10.00-

] 0.30A/ns 10A load current

Io/A 5 00- 0.25A/ns
0.00- 0.20A/us Rg = 200hm
-5.00- e ] ROHM SCT3060
29.90u 30.00u 30.10u  30.20u

Time/s
Turn-on di/dt simulation results

The gate current can be changed by manipulating the

turn-on gate voltage, instead of changing the gate
resistor.

However, the best way to control turn-on di/dt is to
control the gate current directly.
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Turn-on dv/dt (t2~t3)

Tum-on transient

o | | —10Q — 20Q — 40Q

Vou |- T pint _ Test condition:
o [ ! 300.0, Diode-dependent d\/dt

Ver M 1 | i 1

ch‘i—i—j:—ﬁ:——ﬁ:————— ! a0 250V DC voltage

Mgl | M ViV 150.0- A las-d dent dV/dt

Vo | | bs _...cs"dependen 10A load current

Viotr —r/ | : | | | o 5
[ | | | o

Ty . in | 0.0 Dopes

I f—% 29.9u 30.1u 30.3u ROHM SCT3060
| N VDs| Time/s

Turn-on dv/dt simulation results
Turn-on conceptual waveform

Diode
+ | f=¢ e Turn-on dv/dt consists of 2 processes. dv/dt is firstly
. dominated by the reverse recovery current of the
T diode, and then by the gate resistor which dictates
N the gate current.
- @D_J DUT

Schematic of the simulation circuit
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Turn-on current overshoot (t2)

Tum-on transient

| |
V. — |
o *,_#PTM’M |
Vs Lo
[ |
& |
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Vagte| | | 4 I
Vi —— | |
Vot |—t T |
I |

Turn-on conceptual waveform
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But which period diy/dt is the most important?

20.00 20,00
arst N 13751 meecceeoeme
A s [N fromeees
o ! 5&5 et Trench
1.25] 1.25.
{ Qm=1261nC ! Qrr = 535nC
5,00 : - 5,001
5 8w < T 0. 300 24 S M fhu 3 30w
Time/'s Time/s
— 13V — 4V — 13V
15.00 #7777, Reduced overshoot
10.00- e
A 500 T.30AMns

025A/n:

-5.00 r
£9.90u  30.00u 30170 30.20u

Tune's

Turn-on current overshoot simulation results

The turn-on current overshoot is dominated by
the reverse recovery charges of the diode and the

dip/dt.
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Turn-on oscillation (t2 ~t3)

Mode

Uac —— Chusbar
_ Rg
Dorr
5

v

T}
Schematic of the simulation circuit

Example of step gate driver: AgileSwitch

+15V +15V
fif 2t e

12.39- 1239

/A oA
6.16 Same oscillation 616 Reduced oscillation
0.00- : | 0.00
29.90u 30.05u 30.20u 29.90u 30.05u 30, 20u

Time's Time/'s

Turn-on oscillation simulation results

 di,/dt has no influence on the oscillation or the overshoot, when the gate voltage

step occurs before t2
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Turn-off dv/dt (t6~t7) varying Rg

Turn-off transient —10Q

350.00+

Vps/V 150.00-

| -50.00

|

|
| | | 19.90u
| | | |
| AN I ipy

I5 fe 17 Ig fy

~y

Schematic of the simulation circuit
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— 200  —— 400
" 2010u  20.30u
Time/s

Test condition:

250V DC voltage
10A load current
+15V/QV gate voltage

ROHM SCT3060

Turn-off dv/dt simulation results

* As expected, the turn-off dv/dt is influenced
by the gate resistor.
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Turn-off di/dt (t7~t8) — 109 00 ——ae

Turn-off transient 12.00- Test condition:

| .
I | ; 250V DC voltage
—— DA |
. — 5.00-
| .
| .
|
|
|

Igs-dependent di/dt

10A load current

| i |
| | |
-
I : | +15V/0V gate voltage
| & I i I B
| o~ 1 I 1o — ]
o~ 20.20u 20.28u 20.36u  ROHMSCT3060
| i . E
: | | oS Time/'s
| . . .
—r r! f:m » Turn-off di/dt simulation results
5 Iy Iy g y :

Turn-off conceptual waveforms

Gate resistor MOSFET

Turn-off diy/dt is influenced by the gate
current (ig);

&
°

Another value that impact diy/dt is Ls.

MOSFET equivalent circuit
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Turn-off voltage overshoot(t7~t8)

Turn-off transient

"
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Turn-off conceptual waveforms

Schematic of the simulation circuit
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Vps +Vp =U . +Vy, =U,.+L, -

University Switching transient analysis

350.00

—140nH
rvcs ."\.’ _‘ 0 OIIH
—60nH
-50.00
20.00u 20.10u 20.20u 20.30u
Time's
350.00
. — 109
7 " ' "~
"9V 50.00- 2002
— 400
) e
19.90u 20.10u 20.30u
Time's

Turn-off di/dt simulation results

* As expected, the turn-off voltage overshoot is
influenced by the parasitic inductance of the
bus bar and the gate resistor thus current (igs).
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Example of step gate driver: AgileSwitch

Turn-off oscillation(t8 ~t9)
oy oy
ST | et |
Turn-off transient
[ I 140ns 160ns
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Turn-off conceptual waveforms ; ;
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Turn-off oscillation simulation results

* Turn-off oscillations are not the result from
di/dt or dv/dt so long the time step is before

POWER the voltage overshoot
ELECTRONICSUK schematic of simulation circuit E PS RC
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Summary

There are some parameters gate drivers cannot control, e.g. the impact

caused by the reverse recovery effect of the diode and inductance L and L,

Most of the switching performances are determined by the gate current,
therefore, gate drivers should be current-controlled not voltage-controlled.
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U-shape gate driving signal for turn-on transient optimization

e High gate current in the
periods t0~t2, t4~t5 keeps
di/dt and dv/dt at high
level to reduce losses

* Low current in the period
t2~t4 to reduce the
oscillation and the current
overshoot

* The increase of switching
losses is less compared
to traditional methods to
reduce di/dt and dv/dt
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N-shape at t8 gate driving signal for turn-off transient optimization

For oscillation only:

* High gate current in the
period t5~t8 keeps di/dt
and dv/dt at high level to
reduce losses.

* The di/dt has highest
change at t8, resulting in
high oscillation. Low
current at t8 reduces the
change, therefore reduces
the oscillation.

e Oscillation is reduced with
no additional switching
loss, but voltage overshoot
remains unchanged.
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N-shape (t7-t8) gate driving signal for turn-off transient optimization

For both oscillation and
overshoot:

* High gate current in the
period t5~t7 keeps dv/dt at
high level to reduce losses.

* Low gate current in the
period t7~t8 keeps di/dt
low to reduce the
overshoot and oscillation.

POWER EPSRC

Underpinning Research

Pioneering research
and skills



Newcastle

S University Experimental verification

Design of an active gate driver

0 ciroui Signal
Isolation circuit ampll'él'::ltion Signal conversion circuit
g $ _ circuit
Via Input signal ” s
"t
& | | | |
feon [ _'___H L
| |
| | .
L [ iGs t Performance of the gate driver
| |
fgoﬁ ____:__:___________I_ Voltage range | 15V/-5V
| | | |
o [ Currentrange | 0—200mA
Ven I [
| | | .
| L Picture of the gate driver circuit | T'Me Step 13.3ns —10us
I | VGs
[ L .
I I f
I |__I_\_ ________ —_—
Vott I I

Conceptual gate waveforms
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Design of double pulse test platform

Diode
+ [ land

Bus
Inductor capacitor Gate driver

Heatplate

DUT
Schematic of the test platform Picture of the test platform

Test condition:

 DCvoltage: 250V Load current: 10A
* Diode: CREE C3M0065090D (900V 36A)
 MOSFET: ROHM SCT3060AL (650V 39A)
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U-shape gate current signal for turn-on transient optimization
Oscillation and overshoot are reduced; di/dt and dv/dt remains unchanged.

Constant gate current

U-shape gate current

15
0.1
<
Z, 0.05f
0% i
0,05 t=93ns , P . . .
23 235 24 24.5 25 23.6 23.8 24 242 24.4
Tiune/us Tunefus
20 300
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7] |77}
20 -
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100F
_10 1 1 1 D 1 1 1
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Time/us Tiune/us
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n-shape gate current signal for turn-off transient optimization
Oscillation is reduced; di/dt and dv/dt remains unchanged.

Constant gate current

n-shape at t8 gate current

< <
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L L ) 1 I L
19 19.5 20 20.5 19.6 19.7 198 19.9 20
Time/us Time/us
20 300
200¢
%
>
100F
1 1 0 n 1 L
19 19.5 20 20.5 19.6 19.7 19.8 19.9 20
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n-shape gate current signal for turn-off transient optimization
Oscillation and overshoot are reduced; dv/dt remains unchanged.

Constant gate current ———— n-shape (t7-t8) gate current

Tds/A

-0.2 —)‘ |
t=106ns
i i _2 i i i
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20 300
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Comparison with the traditional method to reduce voltage/current overshoots

e Original
e=mmme |ncrease Rg method
e=smme  Shape gate signal method

300 T T T T . 300
200 1 2001 .
S Performance comparison
% 100 3 100
> > . .
. | 0 Methods | Original | Rg Shape
-100 - : - - : -100 ' Eoff 0.24mJ 0.40mJ 0.30mlJ
194 195 196 19.7 198 199 20 235 24 245
Time/us Time/us
15 ' ' ‘ Eon 0.3émJ | 0.86m) 0.62m)J
. < lover 1.92A 1.12A 0.40A
g - V,er 28V 19V 11V
-5 : - - ' : -5
19.4 19.5 19.6 19.7 19.8 19.9 20 235 24 245
Time/us Time/us

Experimental results
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1. Optimize the U-shape / n-shape signal;

2. Produce gate driver version 3 with higher output current and FPGA
control to achieve higher bandwidth;

3. Design the concept of feedback control using load current.
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* The factors impacting switching transients have been
investigated;

A driving signal is proposed to improve the switching
performance in terms of voltage/current overshoots and
oscillations;

* A gate driver was designed to evaluate the effectiveness of

the proposed gate driving signal.
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