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Research Background

IGBTs have advantages of
. poth MOSFETSs and bipolar transistors.,

T

......
N
S

Used in wide range of applications
as power semiconductor devices

oo v o ] /
el L+

Development of IGBT and its driver circuit is important
#37 ICICT 2022
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IGBT and Driver Circuit

IGBT
(Insulated Gate Bipolar Transistor)

Collector Input part is MOSFET

J Output part is bipolar transistor
N
Gate /Advantages N
o_.||_-_| « Fast operating speed
« Large current amplification factor
(~1.2kA)

Emitter

Disadvantage
Large gate capacitance » Driver design is difficult

\* High withstand voltage (~3.3kV)
.

J
#3 ICICT 2022
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Objective

-

o

Parasitic capacitance
and tail current

Parasitic inductance

Change drive resistance
during switching

IGBT circuit \

m) Switching loss

m) Excessive overshoot

m) Complex control /

e Objective ~N
Reduction of Switching loss
Current - and Excessive overshoot
Prive Simplificati f | desi
Implification of control design
" P N

#3 ICICT 2022




7128

OUTLINE

 Research Background and Objective

IGBT Evaluation Circuit

IGBT Current Drive Simulation
e Current Gate Driver Circuit
« Simulation Results

Gate Current Automatic Control
 Analog Value
« Digital Value

 Conclusion and Challenges #5 1CICT 2022




8

Voltage-Driven IGBT Evaluation Circuit (1/2) .

Input voltage Vy
L 16V Vi ‘

Vs turns on IGBT 123_ v,
I. gradually flows |(=}
C ov :
360mA f
-360mA-- -
500V c
oV l
50A ¢
0A ]

|
Ous 50us  100ps
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Voltage-Driven IGBT Evaluation Circuit (2/2) .

V; becomes O

JL 16V V1 ‘
V, turns off IGBT 123‘ v,
I. rapidly decreases |(=}
c oV l'
360mA f
-360mA—- v
500V C
oV I
50A C

|
Ous 50us  100ps
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Overshoot and Switching Loss during Turn-off

Change gate resistance R,

20
from 30Q to 300Q =
&
. " 15
(7))
Ly 3
500uH 2Dy =, 10
v -E
- Y2
L, l' T 450V ﬁ 5
C . —_—
145nH =
1 V[: (f) 0
2 Tl‘”
< ”R”g‘v’gl 1 0 20 40 60
e 1 Overshoot [V]

#3 ICICT 2022
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Current Gate Driver Circuit (1/2)

—gate
I|[15] 1] |1
211_31 415116 1.2mA &
BN e ity vt et N B RL L '
— 1 1 L ) ' -1.0mA
| Current N I
| Mirror L' I';t_: 450mA 115
| | it I 1 I
: l é ht :;t IF [ 225mA_ 121“314 """ 5
! Current . | OmA s
| i - I
1$L ] Mior I 450mA _—
Ny =" 225mA—- [ ----------- N —
Current OmA i
i I
Mirror 60.9us 61.5us 62.1ps

#3 ICICT 2022
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Current Gate Driver Circuit (2/2)

L) || [La) 15[ T
R | sll EN N
jmmmm= L -1 o]
|__l___I___.._.| 1 I :
I 1 : : r :
| Current Jy
| Mirror L' ‘,]'t—:
I l :]t i_ :
: wn CLN A (A
: Current | T
; L

1 Mirror |[—'t--
T |
Il L_ _'I'__l-_f'l'___I

curl Consider 4 steps and
v draw different currents

L

gate

1.2mA
0.1mA—
-1.0mA

450mA

— I :I
225mA—-{12-- B 5’

OmA

450mA

225mA—-- l ----------- .............. 'l
OmA :

60.9us

|
61.5us 62.1pus
#3y ICICT 2022
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|IGBT Turn-off Characteristics

16V
D1 BV_
oV
) V2 5 450mA
i e 450v| 225mA-|-
Current OmA
Source Ve 500V
T
ik 250V-
Current Gate | = ov
Driver Circuit 50A—
L 25A—

0A i
60.90us 61.65us 62.40us

#3 ICICT 2022
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Control of Gate Voltage by Gate Current 1628

(Region I)

| 16V

Region 1 gV—
oV
450mA

V, : Saturation voltage 225mA--

to Miller voltage OmA
500V

250V
No effects on switching loss oV
and overshoot S0A

25A— 5
0A |
60.90us 61.65us 62.40us

#3 ICICT 2022




Control of Gate Voltage by Gate Current 1728
(Region II)

. 16V
Region Il gV—

ov

. na : 450mA
V., : Mill d of IGBT
p Iller period o ooEm A .

OmA

Trade-off between 500V

switching loss and slew rate 2533‘

- 50A

Switching loss can bereduced  25A- 5
0A |
60.90us 61.65us 62.40us
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Control of Gate Voltage by Gate Current  1sizs
(Region III)

. 16V
Region IIl 8V—
ov
V, : Miller voltage 450mA
225mA—-
to threshold voltage OmA
500V
Trade-off between 250V
switching loss and overshoot ov
50A=
¥ 25A-
Overshoot can be reduced 0A |

60.90us 61.65us 62.40us




Control of Gate Voltage by Gate Current 1928

(Region 1IV)
. 16V
Region IV gV—
oVv
. 450mA
V, : Threshold voltageto O
: J 225mA—-
OmA
I, : Uncontrollable due to 500V
L 250V-
|-V characteristics of MOSFETSs oV
50A
No effects on switching loss 25A 5
and overshoot 0A |

60.90us 61.65us 62.40us
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Comparison with Voltage Drive

Switching Loss : -35%, Overshoot : -32%

20
= 3000
E.ls 2700
N 240Q
3 210Q Voltage
— 10 180Q  Drive
o) 0Q
= -35%
L
o 5
2 300
Z  Current 400

0 Drive

0 20 40 60

Overshoot [V]
#37 ICICT 2022
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Addition of an active differentiator with an 22128

operational amplifier

Differentiator
___with op-amp
Turn-on I 15V
Current 5 -
0.02pF +
Source P I
Ig
Current Gate

Driver Circuit
1

Add operational amplifier differentiator
Model: UniversalOpamp2 (LTspice)

-

Observe the change in the slope of V,

-100mV: 1 1 T T ¥ T T
60.9us 61.1us 61.3us 61.5us 61.7us 61.9us 62.1us 62.3us

16V —
14v B N T l
12V T 1Y (8 T Sy i
L O I [ | | S
ev+ Lo L T —— I
AV e S I
V=g | | '
oV I - J
L I
} ] 1
|
|

(b) Actual Vo3 waveform

#37 ICICT 2022
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Automatic Discrimination of Operation Regions

500mV. ‘ V(vo3:)

(Digital value)

1“'

V(rso2)

24/28

V(rsod)

V(rso3)

Vrsloﬂ
oy
— oo IR
100mV= ; : : / : ‘ 0.3V
SOmV-------- 0.2V-
P80.0ps 61.1ps 61.3us 61.5us 61.7ps 61.9ys 62.1ps 62.3us o oV -
60.9us 61.=|.|s 61.3us 61.5ps 61.7ps 61.9us 62.1ps 62.3ps
Comparator1(Cpl) vy,
if Vos > 70mV m”iD S Q—e
OutputCpl=1 m _ RSof
R Q
C 2(Cp2) SRFF1
omparatorz(Lp |
30mV
If 30mV > Vg, vm :D 3 5 Q ‘RSOE
OutputCp2 =1 03 AND R O
C 3([: 3) SRFF2
omparator3(Cp Vv [ —

Analog  OutputCp3 =1 " el R G Digital
Value SRITS value
Comparator4(Cp4) Vos | ~ )

If Vo3 >150mvV __ VD — > U "Rsos
OutputCp4 =1 +———R D]
SRFF4
Reset
The detected values (Vp3) are used to discriminate . ¢ ICICT 2022

the operating region using a comparator and SRFF.




16V
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Digital Value = Operation Regions

V(vgate)

16V-

V- N
12V- ........... b mssesess

T R

10V

T

6V

oV-

6Ve=y----t--igree-
ad 1L
zv._...]. ..... . ..........

(1T O A S A RS T -

500mV-

- V(vo3)

350mV+
300mV+
250mV+
200mV+

BTV U S 0 s S SN -
A00MVA- b N
L R i SRR L S e e

——

\(b) Actual pperatlng

region

16V- —
14V g
12V- :
10V i
8V-
6V-
av-

OmV-
1.0V

V(rso3) V(rsod)

_OV;

0.8V}
0.7V --------}--:

0.6V
0.5V
0.4V

0.3V -
0.2v |-
0.AV—g-------- T T -

0.0V-

RSo1 RS02"
“1TRS

1 osvq

1.0V-

{ oovd

1 oavd |
0.6V
0.5V
0.4V+
0.3V+
1 0.2v4

60.9us 61. 1ps 61. 3|.|s 61.5us  61. 7|.|s 61. 9us 62. 1|.|s 62. Sus

(a) Digital values RSo1~RSo4

£y ICICT 2022

nal Congress & Excellence Awards

0.1V+

OV T T i
60.9us ﬁ1.1ps 61.3'15 E1.i'aps 61.7us 61.

T T
us 62.1ps  62.3ps

(c) Detected operating region

Digital Value

Delay in response
speed of Vg3 to
variation in Vg

o W

Detection timing of
operating region
transitions delayed
than actual operating
region
Operation
Regions

RSo1 | RSo2 | RSo3 | RSo4

Regl |1 0

Reg I1

1 1
RegIII | 1 1
ReglIV |1 1

Y
~lo|o
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Conclusion and Challenges

Conclusion

* Proposal of current drive circuit
to control gate voltage of IGBT

* During turn-off,
when compared to conventional voltage drive :
Current Drive — switching loss (-35%), overshoot (-32%)

« Automatic discrimination of the operating region of
current-driven IGBT gate driver circuits.

Challenges

« To verify the effect of detection delay in the operating
region change on switching loss and overshoot. s icict 2022
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Kobayashi
Laboratory
Y4 /E—\.ﬁ'tn*:t ﬁ%ﬁ@%

Thank you very much
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