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Outline

3 Switching Trajectory Tradeff / Challenges

3 Stateof-the-Art IGBT Switchingrajectory®ntrol
3 New Closetloop didt and dvdt IGBT GatBrive
3 FutureTrends
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Clamped Inductive Load (Hard) Switching

3 Equivalent circuit for switching trajectories

O
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Ve ==

33 vpe == Cpc

e,

(o]

A Main goals: lowest delay times / switching losses / EMI & SOA operation at all
operating points (load current | evels
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TradeOff / MainGoals

3 Low Switching Delay Times
3 Low Switching Losses

3 Low EMI

3 SOA Operation
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Switching Delay Times / Switching Losses

3 Fast switching'small gateresistor)

T Highdi/ dt anddv/dt values
I Lowswitching delay times,
I Low switching losses, /.

ic veg, Eon ic vce, Eorr
VCE.(1) R A Povay veea
By Eoe (1)
=
Vae la) Vae
VGe.(1)
Time Time

Eidgendssische Technische Hochschule Ziirich

3 Slow switching large gateresistor)

I Lowdi/dt anddv/dt values
I High switchingdelay timest
I High switchingossest, /.

ic, vce, Eon ic, Ve, Eorr
VCE.@) i) | e || e g Vov.@) VCEQ)
Eon‘(Z) Eoff o
i
vei  la@ VGe
VGe.(2)
[

Time

®

Time

®
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TurnrOn, Diode Peak Reverse Recovery Curgent |

3 Turnon: freewheeling diode commutation

I did dt affects diode peak reverse recovery current

I diy/ dt affects diode switching overvoltage
T SOA operation must be guaranteed

O
+

voe == Cpc

Ly

©

o

ic, vcg, Eon N ic, Vg, Eon W
VCE.(1) ey ey || veeoy | g L)
Lon2)
Eou.(l)
= —
VGe ta.) ved e
VGe,(1) VGe.(2)
- /
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TurnOff , Overvoltage,,

3 Turnoff: transistor switchingovervoltage du¢o stray inductance.

I did dt affects transient overvoltage,
T SOA operation must be guarantee&
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L
D
ic, vce, Eote W ic, Ve, Eofr W
ic(n /\_[Vou(l) Veem || e g Vov.2) VCEQ2)
Vpe == CDC Eoff‘(Z)
Eoff,(l)
VGe VGe
o—»
o
Time Time
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Electromagnetic Compatibility (EMC)

3 Restriction of didt and dvdt 3 Conducted CM EMI dependentia dt
T Limits HF emissions / filtering effort 3 Radiated EMI dependent aiy/ dt

I Increases switching losses i Directimpact on2" corner frequency
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Switching TrajectoryradeOff/ Summary

3 Fast switching small gate resistor)

I Lowswitching delay times
I Low switching losses, .«

ic veg, Eon ic vce, Eorr
VCE.(1) R A Povay veea
Eom(l) Eoff;(l)
—
Vae la.) Vae
VGe.(1)

Time

Time

3 Optimal switching trajectories

i Independentcontrol ofdi/ dt anddv/dt
individually for turn-on andturn-off !

ETH

Eidgendssische Technische Hochschule Ziirich

©

3 Slow switchinglarge gate resistor)

I Lowpeak reverse recovery currept
I Low turnoff overvoltagev,,

I Low EMI
ic. Ve, Eon ic, Ve, Eorr
VCE.<2) < e 2) Ic.) ic /g Vov,2) VCE()
=
O EO!L(Z) Eor, 2)
!
Ve e VGe
VGe.(2)
L

Time

Time
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Challenges of Switching Trajectory Shaping

3 Nonlinearities
3 Temperature Dependencies
3 Operating PoinDependencies
3 Intrinsic Effects
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Challenges of IGBT Switching Trajectory Shaping (1)

3 Basic IGBT behavior

T NonLinearities
I Temperature Dependencies
T Operating Point Dependencies

800

700 |
600 |
500t
400 ¢

current ic (A)

ETH
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300
200 ¢
100 ¢

— ;= 25°C /
---T;=150°C ,

6 7 8 9 10 11 12
voltage vg. (V)

capacitance C (nF)

3 Current / voltage time derivatives:

A e
Age —lo oml)
Ha A

30 \ Cies = CGE + CGC

0 5 10 15 20 25 30 35 40
voltage veg (V)

11
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Challenges of IGBT Switching Trajectory Shaping (2)

3 Intrinsic IGBT effects

A Turnoff with slightly larger gate resistor  ic (A) Ro=103Q4Q 5@ 70 vee (V)
I Lowerdv.{£dt 800 ' ' '\\\. N ' 1960
i Longer lasting voltage slope 600 | 1720
I More stored charge is extracted ic VCE
I Desaturation of the device 400 [ 1480
I Faster current slope (high@vervoltage) 2001 1240

for TrenchFieldstoplGBTs !
0 0
4 . . . VGe (V)
A Lowest delay times / switching lossesMI 20
and SOAperation at all operatingoints 10k
only for ActiveGate Drive ! ol
,10 L
_20 1 1 L 1 1 1
0 02 04 06 08 I 12 14
Time (us)

ETH [6-9]
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State-of-the-Art IGBT Trajectory Control

3 Passive Gate Drive
3 OpenLoop Gate Drive
3 ClosedloopGate Drive

ETH
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Classification of Gate Drive Circuits

IGBT Switching Transient Control

Passive

Open-Loop

|

Closed-Loop

Additional External
RG: (‘GF! (YG("

Gate Voltage
Shape Generator

Gate Current Injection

Multiple Gate Resistors

Adjustable Gate Output
Stage (Voltage / Current)

Voltage and/or Current Voltage and/or Current
Gradient Control Control

ETH
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Control of
dic/dr or dveg/dt

Control of dic/dr and dveg/dr
with Indivitual Amplifiers

Control of dic/dr and dveg/dr
with Simult. Active Control Loops

Real-Time Control

Adaptive, Iterative
Control

3 Proposed Gate Drive
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Passive Gate Drive

3 Adjustments
I Externalgate resistor;

I Added Miller capacitancg -
I Added gate capacitancg,

3 Advantages

I Lowcomplexity
T Inexpensive

3 Disadvantages

I Nocompensation of parameter variations

T Higher switching losses
i Large driving losses

ETH

3 Current /voltage time derivatives:

A H‘ Fs“ﬁl”( ot "{!_D)

+o

Ve == CDC

o]
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OpenLoop Gate Drive

NWW

Switchable multiple gate resistors
Gate voltage / current profile
Gate current injection

Fixed profile

Event feedback
Operating point feedback
Advantages

Lowcomplexity

Disadvantages

Nocompensation of notfinearities

Compromise in order to never exceed max.

did dt or dv£dt for variedT,; i,, Vpc

VGD.out / iG

I h b

16 —
C
Ron.l Ron.2 Ron,B
( [ G |
| -
c
Roff.l Roff.Z Roff.3
. E
C
Ko G
| — o |
¥
.L_C )
I
E
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Closeel.oop Gate Drive Analog

3 vegand/ori.reference profile
3 Feedback(s) to analog control loop

I Vcgmeasurement by voltage divider
I i measurement by current sensor

17 —

VCE C
VCE,ref /L
- R G
VCE ref G
/ V7 I O I ZS
| — T > E
h 1 b I
E
3 Advantages Disadvantages
i Directcontrol of di " Bandwidthlimit / losses of current sensors
I Birectcontro OVFE(an 9 | Complex generation of reference signal
i Compensation of nelinearities

ETH

if vegandicontrol arerequired

[22-26]
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Closeel.oop Gate Drive Digital

3 Measurement and AfBonversion of/.g ig Vge
3 icandvggcontrol via gate current
3 Digital control unit (FPGA)

3 Advantages

T Highflexibility due to digital control unit,

h iy - A/D =
e.g. reference profiles dransition
fromicto vegcontrol .
i Compensation of nelinearities Digital
Control > D/A
Unit |

A/D
A/D |=

3 Disadvantages

A

i Largedelays of A/D and D/A conversions

i Expensive

I Reailtime control not feasible for
switching times faster than s

T Alternative: adaptive / learning control

ETH [27-30]
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Closeel.oop Gate Drive Voltage/Currentlopes

3 dv£dtcontrol and/or diddt control ver
VCE \\ :
Vref,dv/dtﬁ‘ d/dr = C Ic
V+
AV ——0 \T\ RG G |
k—» AMP C—o— /N
A ™ /l/ e
>$< i V.
- Vsel iC
Vref,di/dt d/dz = 3
E
3 Advantages 3 Disadvantages
T I Activeswitchover between the two control loops
: gggssit\‘;? quézrgljlr%?n\gtj gis;cuits I Transition point for switchover fromid/ dt control
i Compensation of nelinearities and to dv£ dt control must be detected accurately

parameter variations

ETH [31-41]
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Proposed Closddop Gatéxive

3 Basicldea / Principle of Operation

ETH [44-46]
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Clamped Inductive Load SwitchinReview

Turnon

AN
// \g

i dv.£dt = 0 during current slope o @ o’ @
I did dt =0 during voltage slope Time

3 Assumption

I Loadcurrenti, = const. in the switching
interval for inductive load switching

ic | Vvce

3 Observation

VCE

3 Basic idea Turnoff

T Fordlg dt control anddv{ dt control _ ' ' ' ' ' VeE
e

both feedback loops can be
activesimultaneously
I No need for active switchover / \
| , ic

between the two control loops
2) 3) (4) )

Time

ic | Vvce

ETH
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Block Diagram

~ dvcg/dt

22 —

VCE

i

kv O
+
(‘)’ref_d/dr PI-
controller
l__. VCE
VrieliG f‘!\_ Ve ?\
O o= o= . . . N
Y- é O+ . clipping circuit
VerrliG | ~—dic/dt -
ctrl.; ki |t o
~ G B

3 Main control loop
i Combinedli/ dt anddv.¢£dt feedbacks

I Individual feedback gainski, k)
i Common control reference sigmal 4

ETH

3 Additional control loop

I Gatecurrent control during turron/off delay
I Minimizes turnon/off delay times
I If activated, d/dt-control reference is set to zero

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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ControlReference / SetPoints

~ dver/dr_— .
+
(‘)’ref_d/dr PI-
controller
l__. VCE
ViefiG y— vV ?{
o e - c .. .
Y- é o= L clipping circuit
VeuliG m ki |t ;
L ke |
3 Currentslope 3 Voltage slope 3 Reference signal q 4
Han O A" I Turnon: positive (+did dt, -dv£dt)
"He"| "HH i Turnoff: negative (#lv£dt, -did dt)

23 —
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Circuit Diagram

Passive measurements

- dv£dt: G in voltage path

(CR highpass filter)

| did dt: Lgin current path

(bond wire inductance)

' ig R in gate path (shunt)

Error signal

Passivaesistor network

Control amplifier

' Singlefast op-amp wired

as a Picontroller

grcf.f( — Raic — R, 1
Veurl,iG
il
R,
$ ]
Vref.d/dt R, | +
R,
Rcl
, VCE
Moy <
v vEe.clip L, 4 R
O
c
o /I —

— clipping circuit

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich
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di/ dt Gipping Grcuit

3 Exception / Issue
T di/dtis not zero at turnron after

_diode reverse recovery current peak
I Influence on dvdt control

3 Solution: clipping circuit

I § closed during turron transients
I §open at turnoff

I Neg. didt values (pos. voltages of)

at turn-on are limited to volt. prop. to/p,
T Pos. didt values are not affected

ETH
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Turnon

c
VCE
)
. Clippingcircuit
IC R Rq1 Re
s e i e S
1 B
SZ D, G, N R = VEe.clip
J_ +
E Se G | | Rs "
1
1
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Closeel.oopGateDrive, BlockDiagram

VCE.on i . Vce
ADC |= clipping |
VcE
> VCEsat [ = VCEmax [
VCE
d/idt |-
g, VCE.on vy SC2 ref. ON ov vy dVCE.'Idf Q VCE
m
J Digital [sclect REF ‘16 _| Analog _| Output | 1GBT
out Control . " | Control ~| Driver "
- REF |—o
A 'Y ;
ic1sC,  ref OFF oc Y aivar & Y
; S'LE ;
. ic "dz'c/dt
Zicmax [
i l/S
_ e
~lese T A reset
ic Ic
ADC |-

ETH
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Proposed Closddop Gatéxive

3 Experimental Results

ETH [44-46]
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Closedloop Gate DriveHardware

3 PCB Dimensions: cin x 1&m

Output Stage

di/ dt-Feedback

. ol

—~| ofiegszats

- “als ® ® -

- gl §¥e Fgia (b
it o — 0

dv/dt-Feedback

Control Circuits

ETH
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Variation of load current

I di/dt = 2kA/ps
| dv/dt =-0.5kV/ps

Outcome

' Independentcontrol of

current and voltage slope

" Natural transition from

di/ dt to dv/dt control

" Low overshoot in dwdt

after transition

" No load current dependency

aticandvgg but onvg
(higher vg.at higher c?urrent)

Experimental Results TurrOnTransients

29
ic (A) turn-on at variation of i, vee (V)
700 | ! ! ' 1700
600 s ~ 1600

1
500 | < 1500
400 400
300 | 1300
200 F 200
100 1100
O 1 1 1 1 1 O
VGe (V)
3 35 4

Time (us)
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Variation of load current

I di/dt =-1kA/us
- dv/dt = 2kV/ps

Outcome

' Independentcontrol of

current and voltage slope

" Natural transition from

dv/dt to di/ dt control

" Low overshoot in ddt

after transition

" No load current dependency

aticandvgg but onvg
(higher vg.at higher c?urrent)

Experimental Results Turr Off Transients

30
ic (A) turn-off at variation of i, vee (V)
700 | ' ' | ' ! 1700
ic m VCE

600 600
500 1500
400 ] 1400
300 1300
200 ¢ 1200
100 1100

O 1 1 1 1 1 1 O
VGe (V)

10 |

ok
—10}

0 0.5 1.5 2 2.5 3.5
Time (us)
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Experimental Results Individual Variation of References

3 TurnOn:Variation of di/dt

ic (A) turn-on at variation of dic/dr vee (V)
700 840
600 - 1720
VCE .
500 ic 4600
400 P50 s {480
300 2kA/us 1360
2004 kAuS {240
100 | 1120
0 1 1 1 1 1 1 1 0
0 0.5 1 1.5 2 25 3 35 4
Time (us)
3 TurnOn:Variation of dvAt
ic (A) turn-on at variation of dveg/dt vee (V)
700 840
600 + 4720
500 ic 4600
400 | 2kVips | 480
300 - -1kV/us 1360
200 -0.5kV/us 4240
100 | 1120
0 . . . ! . . 7 0
0 0.5 1 1.5 2 25 3 35 4

Time (us)

3 TurnOff: Variationof di/ dt

ic (A) turn-off at variation of dic/dt vee (V)
700 T T T T T T T 840
600 1720
. VCE
5001 ic e 600
400 Skavps |48
300 - 2kA/us 1360
200 | -IRA/us 14240
100 1120
0 l ] ] . . ] . 0
0 0.5 1 1.5 2 2.5 3 3.5 4
Time (ps)
3 TurnOff: Variationof dv/dt
ic (A) turn-off at variation of dveg/df vee (V)
700 840
600 1720
. VCE
500 Ic 600
400 1480
300 2KV 1360
1kV/ps
2000 (5 kV/us 1240
100 f 1120
0 0

0 05 I 15 2 25 3 35
Time (us)

31
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Experimental Results Si vs.SiCDiode@ TurnOn

3 Si:1kA/us,-2kV/us

500

400 £ V¢

ic (A)

0 0.5 1 1.5 2 2.5
Time (us)

3 Si:2kAlus,-1kV/us

500

400 | VCE

300 |

ic (A)

0 0.5 1 1.5 2 2.5
Time (us)

3

35

4

800

640

480

320

7160

800

640

480

320

160

0

vee (V)

vee (V)

3 Si

C 1kA/us,-2kV/us

500

400 | VcE

300 1

200

ic (A)

100 -

0

0

3 Si

0.5 1 1.5 2 25 3

Time (ps)

C 2kA/us,-1kV/us

35

500

400 |_VCE

300

ic (A)

AAAAA
V

AAAAAA

0.5 1 1.5 2 25 3

Time (us)

35

800

1 640

1480

1320

7160

800

640

480

320

160

vee (V)

vee (V)
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Experimental Results R;vs. Closed.oop@ TurnrOn (1)

3 Rs 2kAlus @ 400A 3 Closeeloop:2kA/us,-1kV/us
ic (A) Rg turn-on vee (V) ic (A) closed-loop turn-on  vcg (V)
500 — T 800 500 —— T 800
400 Ve S 640 400 [V 640
300 1480 300 1480
200 320 200 320
100 1160 100 1160
2kA/us =~-1kV/us 2kA/ps -1kV/us

0 0 0 0
P, on/ofT (kW) Eon/off (mJ) P on/off (kW) Eon/off (mJ)
300 150 300 150
200 E,;1100 200 £ 100
100 | 150 100}, =150

0 — 0 0 — 0

0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
Time (us) Time (us)

I No influence on dut with R;(selected to achieve RA/us @ 400A)
T Similar switching losses since dif and dvdt are similar in both cases

ETH
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Experimental Results R;vs. Closed.oop@ TurnrOn (2)

3 Rs 1kA/us@ 400A 3 Closeeloop:1kA/us, -2kV/us
ic (A) Rg turn-on vee (V) ic (A) closed-loop turn-on  vcg (V)
500 — T T 800 500 ————————— 800
400 pcE Y <4 640 400 LCE Sl 640

300 1480 300 1480

200 320 3 200 320
100 \ 1160 100 1160
1 kA/ps ~-0.5kV/us -2kV/us
0 / 0 0 0
P, on/ofT (kW) Eon/off (mJ) P on/off (kW) Eon/off (mJ)
300 300 300 300
200 Lonl 200 200 1200
100 1100 100}, Lon) 100
0 0 Y el 0
005 1 15 2 25 3 35 4 005 1 15 2 25 3 35 4
Time (us) Time (us)

I No influence on dwt with R;(selected to achieve RA/us @ 400A)
I C % 0f switching losses with closddop control compared tofR

ETH

Eidgendssische Technische Hochschule Ziirich
Swiss Federal Institute of Technology Zurich



LI Power Electronic Systems

I"= Laboratory

Experimental Results R;vs. Closed.oop@ TurrOff (1)

3 Rs -2kA/us @ 400A 3 Closed_oop:1kV/us,-2kV/us
ic (A) Rg turn-off vee (V) ic (A) closed-loop turn-off  vcg (V)
500 ———————————— 800 500 ———————————— 800
400 VCE] 640 400 } ~CEL 640
300t 480 300t 480
200 ey 320 200 ety 320
100 | \ 160 100 } 160
-2kA/us -2kA/us
0 0 0 0
P on/off (kW) Eomoff (mJ) P on/off (kW) Eomoff (mJ)
150 300 150
100 200 Eotr 1100
50 100 b 50
O 0 off | O
0 051 15225 3 35 4 0 051 15 225 3 35 4
Time (us) Time (us)

I No influence on dwt with R;(selected to achieve2kA/us @ 400A)
T Similar switching losses since dif and dvdt are similar in both cases

ETH
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Experimental Results R;vs. Closed.oop@ TurrOff (2)

3 Rs -1kA/us@ 400A 3 Closed_oop:2kV/us,-1kAlus
ic (A) Rg turn-off vee (V) ic (A) closed-loop turn-off  vcg (V)
500 ——————— 800 500 ———— 800
400 k€ VCE 640 400 puiS £ VCE 64()
300t 480 300t 480
200 ¢ 320 3 200 320
100 t 160 100 t 160
~0.5kV/us -1kA/us 2kV/us -1kA/us

() o= 0 0 0
P on/off (kW) Eomoff (mJ) P on/off (kW) Eomoff (mJ)
300 300 300 300
200 t 200 200 | 5 200
100 | 100 100}, 4100

0 0 0 - 0

0 05 1 15 2 25 3 35 4 0 05 1 15 2 25 3 35 4
Time (us) Time (us)

I No influence on dwt with R;(selected to achievel kA/us @ 400A)
I C % 0f switching losses with closddop control compared tB;!

ETH
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Considerations for Bridge Leg Configurations

3 Main goals

T Minimal interlock delay time
i No distortion of the output voltage
(volt-seconds according to gate signal)

A Transition depends on load current direction
A Need for additional supperordinate control

o . o L
+ L, CYicns + L. CYicus
Ths Tus
G l\’u HS G l\'u.u\
GDys| e o—=GDus| e
. E ] . / E
Ve = C]_)c |/ fo ) - - Voo = Cu( lo —}--
N CVicus N CViews
Tis Tis
G G
—0—| l“f;l-.l.s l"\ ELS
GDis| ¢ o—|GDis| e
- E - E
o, O
(Hto (=), >0 (Hto(-), <0

ETH

3 Solution for conventional gate drives

A Modifications of closedbopdi/ dt anddv/dt
gate drive are needed: [46]

T+15V m

Ssvin N )
T—!sv (2) s ' -\Com(‘l]

[43]
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Short Circuit Types and Detection

3 Hard Switching Failure 3 Failure Under Load
i IGBT turnsn to an already existing I IGBT is conducting current when the
short circuit at the load terminals short circuit occurs at the load terminals
i Detection by means of currenptmeasurement I Detection by means of desaturation detection
(active integration of voltage across (Vee> Vee mak With voltage limiting circuit
t?ond wire inductance drogowskcoil voltage) A Onstate: Ve Ve \b
A ic>ic max A Off-state: Veg gi= Ve

G | +
GD e i h : Virip

ETH
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Experimental Results Hard Switching Failure

3 Turnon into short circuit of opposite IGBT modulgs£ ,,= 15 V)

I Turron current slope actively controlled to dit = 1 kA/us
T Short circuit detected and turnedff with di/ dt =-1 kA/us

A Defined turroff di/ dt
A nstant turn-off overvoltage
A SOA operation ensured

ic (A) vee (V)
1600 f ! ' ' ' ! 1800
1200 600

800 | 1400
400 } {200
0 . | | . . 0
0 1 2 3 4 5 6
Time (us)

ETH
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Proposed Closddop Gatéxive

3 Stability Analysis

ETH [44-46]
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ControlOriented Modelling: Gate Drive

3 Transfer functions

T Opamp lim. gain-bandwidth product
0 I

h

T PEcontroller

© ( )
T Output amplifier
0
h

I dvg£dt measurement
O T —

I did dt measurement
"Op Ti

ETH

Va/ds ref A
o—»E'—

~ dVCE/ dr

—

PI-

controller

41

/]

al
o—

~ dic/dt

ki

— clipping circuit

+ o

VCE
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ControlOriented Modeling: IGBT (smalgnal)

LC ic
-+i C
== C
ic Ro Lg o
G o EnVie [JRo == Co
Ve == CGE VCE
VGe ;
L
— ;‘G Le * 5 LE iC —
e o—= i + ll———oE
3 Key features 3 General limits
I Considering parasitic inductances of the bond 7 Valid at selected (i.e. worst case) operating point
wires and the electrical terminals I Not considering dynamic device behavior

_ (e.g. dependency on stored charge)
i Valid in the active region
A iz voltage controlled current source

A v feedback via Millecapacitance 3 Needed transfer functions

I Vge(input) to vg(output)
I Vge(input) to i (output)

ETH [42]
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IGBT (smalbkignal) Transfer Functions

3 Voltage slope TF (assumidg/ dt =0)

Vee  azs® 4+ ass® +ai1s + ag
Gy = === =

VGe N b383 + b282 + 618 + bo

ap = —gm o

a; = RoCae

a2 = Lp(Cap + Cac(l + gnRo))

az = LpRoC

bo =1

by = Ro(Coc + Co) + Ra(Cep + Coc(l + gnRo))
by = RoRcCy + (Lae + Lp)(Cap + Cac(l + 9 Ro))
by = RoCi(Lae + Lp)

C; = CgeCac + CgeCo + CieCo,

ETH

3 Current slope TF (assumidyg-£dt =0)

o Ic c38® + 28 + ¢18 + ¢
7= =
Vae d4S4 -+ d383 + d282 +dis+do
co = gmBRo
c] = *ROGGC
¢2 = —Lp(CaE + Coc(l + gnRo))
¢s = —LpRoCt
do = Ro

dy = Leg + Lp(1 + gm Ro) + RaRo(Car + Cac)
d2 = Ra(Lce + Le)(Cce + Cac(l + gmRo))
+ Ro(Cae(L + Lae) + Cac(Lee + Lae)
+ Ceog(Lee + L))
d; = RcRoCy(Lce + Lg)
+ Li(Cge + Cac(l 4 gmRo))
dy = Li RoCy
Cy = CaeCoc + CgeCo + CacCo
Ly = LegLlce + LegLp + Laelp,
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Block Diagrams and Closkdop Transfer Functions
3 Voltage slope 3 Current slope
Vaaret (8) o G o Vae (8) c, Vee (8) Vadsrer (S) @ o o Ve (s) G Ic (s)
+ P
Vaviar (8) Vawae (8)
HV»HP I{I.HP
Vi Vai/d
GvoL = _dv/dt GprGampGyv Hy up GroL = _dijdt GprGampGrHr up
Vayaevet Va/dt ref
GVOL GI OL
G = — G =
ver 1-GvorL T,CL 1+ GroL

3 Control performance

i Strongdependency on IGBT modulg, (&) parasitics!

ETH
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IGBT ModulesInternal Construction

3 Parasitic inductances

I Presenin power and gate wiring
i Different for different modules (A, B,)C1.2kV, 406450A
T Affect the stability / control performance of the closddop control

3 Power Terminals
I Lopcope= 20. 9nH1 27 . 8

Loc+pe= 27.8nH Loc+pe= 23.2nH Lpc+pe=20.9nH

ETH
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IGBT ModulesInternal Construction

3 Gate Wiring
I Loergis= 54.2 nd 121.3

(A)

Lo &= 104.6nH Lo 94.8nH Loens 121.3nH
Lo s 54.2nH Lo s 30NH: Loeps 83.5nH

* Using a lowinductive coaxial connection to the foot ends of the gate driving terminals
reduces the gate inductance by 2, i.e. from 56nHto 30nH.

ETH
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Closeedl.oop Transfer Functionsvoltage Slope

Bode diagram VegStep response dv£dt step response
IGBT (A) —IGBT (B)* — IGBT (C) IGBT (A) —IGBT (B)* —IGBT (C) IGBT (A) —1GBT(B)* — IGBT (C)
P | S— 11 L A1 0 1
gi, 7;3 fucy =19.9 Mz —:\ = ;;:" :8421 -
= Jeiny =29.0 MHz ——* ~ ~ ’
40 £ s 0.6y
&b foqmy =343 MHz ; 0.8
5 0 s
1 IIO 1 60 10° 0 2.0 410 6b 8I0 100 0 2I0 4I0 6IO 8.0 100
Frequency (MHz) Time (ns) Time (ns)
A High gate loop inductance is unfavorable
I HighP- andl values of the controller needed
i Lower control bandwidtfy P 4
(limited gain-bandwidth product of ofamp) JAGBT (A) 1 375 129107
i Practical implementation: limited output IGBT (B)* || 1.34 8.57-107
voltage of opamp and amplifier (+/ 15V) TIGBT ©) [ 593 7145107

ETH
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Closeel.oop Transfer FunctionsCurrent Slope (1)

Bode diagram I-Step response
C
IGBT(A) — IGBT (B)* — IGBT (Q) IGBT (A) — IGBT (B)* — IGBT (C)
_ ' ' 80} ! ! ! !
= 20
= ) 60 |
g 20 < a0}
= &
§ 40 1 20t
= -60 1 0
_80 1 i " L L "
1 10 100 10° 0 20 40 60 80 100
Frequency (MHz) Time (ns)

A Unsatisfying performance !

i OnlyonePl-controller (here adjusted for the voltage slope),

but two different control loops -
I Solution - adjustment of controller for the more sensitive loop,

I.e. the current loop in this case

dic/dr (kA/ps)

di/ dt step response

IGBT (A) —IGBT(B)* — IGBT(C)

0 20 40

60 80 100
Time (ns)

I Solution 2 adding gate or Miller capacitance as lepass filters to the corresponding control loop

(gate: did dt; Miller: dv¢£dt)

ETH
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Closeel.oop Transfer FunctionsCurrent Slope (2)
Bode diagram I-Step response di/ dt step response
IGBT (A) —IGBT (B)* — IGBT (C) IGBT (A) — IGBT (B)* —IGBT (C) IGBT (A) — IGBT (B)* — IGBT (C)
80}
S 7, _60¢ £ 2
2 20 < 40} 2 -
'gn -40 1 = 20} g pZ
> -60 ! 0 s 0
80 1 1'0 1 60 10° 0 2‘0 410 6b 86 100 ! 0 2l0 4|0 60 8.0 100
Frequency (MHz) Time (ns) Time (ns)
A Optimal performance for voltage and current control !
I SameP- andl-parameters as before,
but with additional gate capacitance
I Additional degree of freedom for
individual control loop optimization
i Disadvantages
A Additional gate driving losses
A Difficulty of inserting a capacitor close to the IGBT chip
ETH
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IGBT Module Comparison at Claseop Switching

IGBT (A) IGBT (B*) IGBT (C)

A Similar switching performance for different IGBT modules

A Lowest gate loop inductange> Highest control bandwidth

I Mostaccurately controlled voltage and current slopes
i Most stable control performance
i Here: no additional gate capacitance was used

to optimize the current control loop

ETH
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