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Seminar Schedule

® 40 mins Parallel connection of SIC MOSFETs in Multichip Power Modules

® 40 mins Active current sharing methodologies



Part | - parallel Connection of SiC MOSFETs

»  Status and Challenges of Paralleling SIC MOSFETs

»  Current Distribution among Paralleled Devices

> Influence of device and circuit parameters mismatches
> Paralleling dies and paralleling half bridges
> Essence of current imbalance

»  Optimization of Multichip Power Module Layout



Part | - parallel Connection of SiC MOSFETs

Status and Challenges
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Parallel Connection of Silicon Carbide MOSFETs

Parallel Unit Cells Parallel Discrete Devices Parallel Bare Dies Parallel Power modules
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Device failures with paralleled chips

Short Circuit Currents and Energy
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Over current and short circuit current device failures always at the same position
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Challenges of Paralleling SiC MOSFETs
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Challenges of Paralleling SiC MOSFETs
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Challenges of Paralleling SiC MOSFETs
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Positive temperature coefficient
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Part | - parallel Connection of SiC MOSFETs

Current Distribution



Mechanism of Current Imbalance

» Device parameters mismatch
» Influence of R, mismatch
» Influence of V,, mismatch
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Current distribution
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Current distribution with La mismatch
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Current distribution with Ls mismatch
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Multichip power modules layout

SH
GH
- BE

Customized 1.7kV/200A power module Power module layout

Vout

19

Hefei University of Technology | PESA Conference, HK SAR, China | Sept. 20, 2022



Modeling of multichip power modules layout
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Current coupling effects
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H. Li, S. Munk-Nielsen, S. Beczkowski, R. Maheshwari, T. Franke, ‘Circuit mismatch and current coupling effect on paralleling SiC MOSFETSs in multichip power modules’,
PCIM Europe 2015, Germany. (Nominated Young Engineer Award)
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Current coupling effects
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Simulation results
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Simulation and Experimental Comparison
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H. Li, S. Munk-Nielsen, X. Wang, R. Maheshwari, S. Beczkowski, C. Uhrenfeldt, Toke Franke, ‘Influences of device and circuit mismatches on paralleling silicon carbide
MOSFETSs’, IEEE Transaction on Power Electronics, Volume 31, issue 1, 2016, Pages: 621 - 634.
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Paralleling dies or Paralleling half bridges
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Current commutation loop of paralleling dies
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Simulation Results
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Simulation of high side switch in another way
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Part | - parallel Connection of SiC MOSFETs

03 ‘Optimization ofpackagelayout.



Passive solution: Optimization of package layout
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Experimental Results
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H. Li, S. Munk-Nielsen, S. Beczkowski, X. Wang, ‘A Novel DBC layout for current imbalance mitigation in SiC MOSFET multichip power module’, IEEE
Transaction on Power Electronics Letters, 2016
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Swap DC+ and DC- screw terminals
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Modified bus bar structure

Redesign busbar structure of the module

» Redirect the current flow
> Reduce Ls mismatch
» Reduce di/dt applied on mismatched Ls
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Simulation Tool
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Optimization of multichip power module layout

» Current imbalance causes:

» Mismatch of common source stray inductance
» di/dt applied on the mismatched Ls

» Effective methods for current imbalance mitigation

» Reduce the mismatch of common source stray inductance
» Reduce the di/dt on the mismatched common source stray inductance
» The key is to reduce the voltage potential differences between paralleled MOSFET source pads
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Parallel Connection of SIC MOSFETs

Thanks!
helong.li@hfut.edu.cn



Part |l — Active Current Sharing Methodologies

® Two types of current imbalance: Static and transient

® Active current sharing methodologies

> Passives-based current sharing strategy
> Driver-based current sharing strategy

® Conclusions and insight



Part || — Active Current Sharing Methodologies
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Two Types of Current Imbalance: Static and transient

Why does current sharing matter? — 1. Thermal issue
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Power loss determines
junction temperature!

150

100

50 3

=l

400

300
200 20

L T
SO W

Switching loss characterization
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Two Types of Current Imbalance: Static and transient

Why does current sharing matter? — 1. Thermal issue

1 Layer

The Flotherm simulation model of the
device in DSO package

Tj = Ploss(Rth,j—c + Rth,c—s + Rth,s—a) + T,

; Rth(j—C)
th(j—c) 1+ j-27fC, - R,

2 Layer 2 Layer
(L2-75um

Temperature (degC)
27.7

271

266

26.1

2th (°C/W)

= ZthJF - 22mOhm - SilPad+PCB

e Zth)F - 42mOhm -1L-IMS

e 7t - 42mOhm -2L-IMS (L2-150um)
ZthIF - 42mOhm -2L-IMS (L2-75um)

«+ » + ZthJF - 70mOhm - SilPad+PCB

« & o+ ZthJF - 70mOhm -1L-IMS

« « o ¢ ZthJF - 70mOhm -2L-IMS (L2-150um)
ZthiF - 70mOhm -2L-IMS (L2-75um)

of
!
S RS S————__

Top Side Cooled DSO

20
20, 10
1 *11

11

10

Bottom Side Cooled DSO
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Two Types of Current Imbalance: Static and transient

Why current sharing matters? — 2. Reliability issue (lifetime)

Coffin-Manson lifetime formula

: r ) Grid Voltage
> 4
sW TconstG ’ . E / k T
$ - Nf=A-(ATJ-) .g5/(keTn)
T

2 i
rVSI
Waveforms
A N g
H H = H
; . : 108 5 —
e @O i & 5 A To=100°C]
—|" V_3ph ] ® Tm=80°C |]
N . [ N r_ -_ . 1 107 . B Tm=60°C F
Tl T |
) 2106; ‘
] N
105 . \
: e
8 104 |
20 40 60 80 100
&0 ATj(°C)

The mismatching of I, can increase the T, .,
and raise long-term reliability concern
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Two Types of Current Imbalance: Static and transient

Why does current sharing matter? — 2. Reliability issue (SOA)

10°

Peak current
A | . IdS:L .............................. A . { R \\\“‘ \1 JS‘
Iz au S =
7 N\ \
VdS —~ | N\ M
—~ 10 ps
$ \>-/ 10" / \‘ \“ \‘
= = _ " 3
QC) . % < N \
— — E=]
5 — \ 100 ps
O g 10° \‘ \
\‘\ hY
A
0 —0 10" e
t; s 9 10 W T|me(us) ~{iir---
. 1072 l
The worst case of current imbalance 10° 10' y 102 10°
during turn-off transient s V1

A typical safe operating area (SOA) of SiC MOSFET

O Catastrophic results:

Very high degree of imbalance -> Higher peak current -> Out of SOA
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Two Types of Current Imbalance: Static and transient

Static imbalance: higher conduction loss

» ON-State resistance

e

Ldsl g
Id52
Rds,onl ; v

Equivalent circuit

Idsl

2

Trenchgate MOSFET

L
) - W Hq Cox (Vgsl _Vthl)
B L
L e WlunCox (VgSZ _Vch)

I—dsZ

Rds,on2

A Vig(mV)
50

4}
0t
20}

101

0%

o

0 02 04 06 08
Ids(A)

1

1.2

14

I-V curve of 20 SiC MOSFETs with
same part number

IIII!""I""I""I """" !""I""I""IIIII

"""""""""""""""" ;;#-*F;““;“”;””'

IIIIIIIII |IIIIiIIII:IIII flp\llillllillll:lllI:IIII-
T
: :

"""""""" ; T

""""""""" [400s @ sy d0H ]

Static current imbalance
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Two Types of Current Imbalance: Static and transient

Transient imbalance: higher peak current and switching loss

A I A
— — las1 —
<™ o |S
/I\ /I\ N N
—MOSFET #1  ---- MOSFET #2 =
[ | [ — Vs N
: | §0 Vdr_on e (0o}
p—
e Var_on | a ’ S
: e R > >
c 0
L
I
I \
| WA~ 0
I
Ll GL G 6 TImG(},LS)

Turn-on transient imbalance

+ A
| ‘ - Idsl
| . las2 —
| < — Vs s
| ' 3 S
0 tt 2 13 4 5 t6 t0 tl 2 B3 t4 t5 t6 >
o[==—=—=t =Nl 0
Two simple modes of current imbalance: —t_!_ﬂ_t_’l
Different switching slew rate vs. Asynchronous gate signal ! 8 oHo Time(us)

Turn-off transient imbalance
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Two Types of Current Imbalance: Static and transient

What parameters impact the current distributions?

Some parameters that affect the current balance on
parallel-connected MOSFET

+
Vi =
- Cq = Cia
Diode Intrinsic
J/Ids _ parameters
Inside the packag
MOSFET MOSFET
#1 Lot L #
+
w ()
Cour Coiz |
Igla Res_ont Ay Res_on2 2 External
05 L — s
Ry . / Re» parameters
Coo = Vet len1 len2 — Ces2
CT) Vit 1—|_ —l_ Var2 CD
Ls1 | | \L Le . .
s J/d“ * 13 Status indicators

Equivalent circuit of paralleling SIC MOSFETs

External circuit

Vth

Gate threshold voltage
Gate-drain capacitance
Gate-source capacitance
Drain-source capacitance
Transconductance
On-state resistance
Driver voltage
Drain inductance
Source inductance
Gate inductance
Gate resistance
Junction temperature
Dc bus voltage
Load current
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Part || — Active Current Sharing Methodologies

Active current sharing methodologies
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Active Current Sharing Methodologies

What SOTA current sharing strategies do we have?

Passives-based sharing methodologies: employing external passive L %
. . . . Vi =
component to adjust the electrical parameters of the circuit o7 L Cus
Diode J,l
J V'm()
> Iy, — lg2
J\N\/_ ° —y = <
gl Rgz
Resistor Vas Res RM% Vao
® External series resistor: For static imbalance
Inductor VdiJ_ %
- Cq L, Cia
Diode

fasasl = Q)

. .
Capacitor —=> p- ,
Vdrl \/\ g Va2

External magnetics: For transient imbalance

YI

[1] L. Wang et al., "Cu clip-bonding method with optimized source inductance for current balancing in multichip SiC MOSFET power module," IEEE Trans. Power Electron., vol. 37, no. 7, Jul. 2022.
[2] H. Wang, F. Wang, Power MOSFETs paralleling operation for high power high density converters, in Proc. IEEE IAS Annual Meeting Industry Applications Conference. Tampa,FL,USA, 2006.
[3] Z. Zeng et al., “Imbalance current analysis and its suppression methodology for parallel SiC MOSFETs with aid of a differential mode choke,” IEEE Trans. Ind. Electron., vol. 67, no. 2, 2020.
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Active Current Sharing Methodologies

v

i AAa

Resistor

Hybrid passives: RLL network

Inductor

. I_=|=Cde _=|=cdem 4 = Cue
™ML e - _E; -
|

Capacitor
_ I
|_

External parallel capacitors: For transient imbalance on HB

[1] J. Qu, Q. Zhang, X. Yuan and S. Cui, "Design of a paralleled SiC MOSFET half-bridge unit with distributed arrangement of DC capacitors," IEEE Trans. Power Electron., vol. 35, no. 10, pp. 10879-10891, Oct. 2020. .
[2] Y. Wang, J. Wang, F. Liu, Q. Liu and R. Zou, "An RLL current sharing snubber for multiple parallel IGBTs in high power applications," IEEE Trans. Power Electron., vol. 37, no. 7, pp. 7555-7561, Jul. 2022.
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Active Current Sharing Methodologies

How can we adjust static current distribution? — Adjustable Vgs
How can we adjust the switching transient? — Maybe Rg?

L L J_I1
[

0 The equivalent circuit of a 0 tlius 6 0 tlt2t3t4t5 t6
oower MOSFET Normal turn-on Normal turn-off
Cyq: Miller capacitor % Fast switching -> Lower losses -> High EMI noise
C,s: gate-source capacitor % Switching speed cannot be adjusted actively
L., L4 parasitic stray inductance < Adjusting the switching speed through changing R,
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Active Current Sharing Methodologies

What parameters impact the switching transient? — Trajectory model tells you

d Trajectory Model Introduction: Turn-off Delay Stage (t; ~ t3)

| tint |

fs

B Var o £ | « Target: reduce the turn-off delay
| B
I oV
Vo m——pF S — — > \V _V
! Vir o . d dr _off
I Vdr_on I | | 111 dr_off Duratlon tde|ay — Rg (Cgs + ng ) In( r_on r_o )
| Vinitters e L o
L millerl dr_ off
| lo
I where Vmillerl - +Vth

V ier1: Miller plateau voltage

=805
geo; 60 Conclusion:
>
©
3 N v' Turn-off delay is related with V., but not with |
g Int o
ED0-
T e v" Power losses and EMI is almost zero in this period
(20 W%
Vinte ® 40
int |O

S. Zhao et al., "Adaptive multi-level active gate drivers for SiC power devices," IEEE Transaction on Power Electronics., vol. 35, no. 2, pp. 1882-1898, Feb 2020.
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Active Current Sharing Methodologies

d Trajectory Model Introduction: Voltage Rising Stage (t; ~ t,)

T Voo £ - Target: reduce the dv/dt
! RN _ _
Vg = — — b o — Yo —g>  * Must consider the non-linear C,
Vg I 1 LT or_of C
’ RN RSV
dv/dt dv _ VBUS — VBUS (Vmillerl _Vint)
dt  te  4C, Ry, (\/1+VBUS [ ¢, =1)
tyg 2
dv (21, +1
Energy loss Ey = Ivds |, dt = _( = )tVR
e dt 6
Vpus=600 V
06 ' Vpus=500 V
o4 YV High V., — Low dv/dt — High power losses

dv/dt (V/ns)

o
)

v' The dv/dt and power losses are all HIGH
during this period

Energy losses (mJ)

s

6 4 ok
Y 103 Vinl(\]o )

dv/dt vs. load current and V,, Energy losses vs. load current and V,,,
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Active Current Sharing Methodologies

O Trajectory Model Introduction: Current Falling Stage (t, ~ t;)

™ | tint !
- Varoy £ « Target: reduce the di/dt and voltage overshoot
: 1

SR,
R e E Vao* Non-saturation condition: V., < Vi,

Vagor !l | | B
I [ I . b —
E_ | || : \\;dz_off di/dt di/ dt = Ids4 _ gfs (O'SVth +O'5Vmiller2 _Vint)
' 1AL BUS
v : Von | Mh N tCFl RgCiss +Lsgfs
s, ~ 1 11 11 " T T T
- : I : IH s Energy loss:
|
: I | | E :tCFlvBUSIds4 =1 —(C +C )IO+(Vth _Vint)gfs (Rglds4ciss+Lsgfs|ds4)VBUS
- 2 ° : ) 2Rgcgdgfs gfs (Vth _Vint)
Vpus=600 V
0.15 .
g
z = ol
s 5005 | v High V,,, — Low di/dt — High power losses

3 v The di/dt and power losses are all HIGH during

4 0@0}5 ngjo\“ this peI’iOd
35 oW
N N The energy losses Ec¢ vs.
The di/dt vs. load current and V,, load current and V,,
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Active Current Sharing Methodologies

d Trajectory Model Introduction: Current Falling Stage (t, ~ t;)
: tint
Vdr_on- £---

« Target: reduce the di/dt and voltage overshoot

Saturation condition: V. > V,,, the V,, is not able to

completely shut down the device
k
Saturation current |, = 7P(Vim -V, )?

di/dt | = lo = (Cy +C)Vaus —Vaiers +Va +Vin) I tr —

tCFZ
| _ Isat _ Isat
| o/ &/ t4\1j\7d;dt I Y Vint =Ver o
| I imivv — (ng+Cgs)Rg || it Tdr_off
th ~ Vdr_off

VBUS:6OO \Y
VBUSZSOO \Y

VBUS:400 \Y

v High V,,, — Low di/dt_| — High di/dt_II —
High power losses

di/dt 11

[N

Energy Igsses (mJ)
o

v" The di/dt and power losses are all HIGH
6 during this period

No

4,15
] 4
Ibp@) 10 ValY o

The energy losses E vs.

and V,, load current and V,,,
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Active Current Sharing

Methodologies

Conclusions: How can we implement switching process control?

O Five freedoms: Rg, C

O Five State-of-the-Art AGD Methodologies

— Change R,: Variable gate resistance method

— Easy to implement, low resolution

Power MOSFET

ssr lgr Vg @nd time delay

driver Ls {\l les

— Change C..: Variable input capacitance method

ISS*

Roy n SWonn
— Hard to change capacitance actively
[Cq 1
— Change I, Variable gate current method Gate resistor | ﬁ |
¢ I
— Good oscillation suppression, remove R, Gate lg lc}f— | COMM_’H
driver I
— Hard to design mHw. sonal =
— Change V: Variable gate voltage method Rort.n SWorn
— Easy to implement DESAT protection !
. . . [C__ -1
— High resolution, easy adjustment . Ched , |
] ) Gate resistor I ||-< |
— Change delay: Variable delay time method by A | v . :
Vi |
— Easy to implement DESAT protection Gate 2 Ko I
y P P I driver Coo oxt 7~ =
— High resolution, easy adjustment

Turn on
Vgs > Vth

Turn off
Vgs < Vth

Gate

driver

I

D

Gate resistor

AVAN

G Vos

Gate resistor |

Controllable

voltage source

Ca

I
| Cg

S1

S

H

S. Zhao, X. Zhao, Y. Wei, Y. Zhao and H. A. Mantooth, "A review on switching slew rate control for silicon carbide devices using active gate drivers," IEEE J. Emerg. Sel. Topics Power Electron., vol. 9,

no. 4, pp. 4096-4114, Jul. 2020.
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Active Current Sharing Methodologies

What SOTA AGD circuitries do we have now? Voltage

regulator

SWa ) SWdZ) ) SW4,

' |
ng_ext ng_é :ng_d_ ----- Jggd_n ng T le Ry Iy : i I
Ry [ ] > T | |
e ﬁj . % | I . | |
|
Gi:el-l-l-+ o SWs1/SWs;, SWsng Cgs/L d?i?/fl’CT)Vdr : i
C_ Vr Cgs—i _Cgs_d_ ..... J_Cgs_n : Voltage controlled:

driver Cos ox —|— —|— _____ —|— S __ _ currentsource |

Variable gate Capacitance Variable gate current (Sun, VT, 2019)

Local Control

Unit Buffer3 Vi o
I T e
| e — a0 g ] e
} | } a l uffer3 o B regulator 1 Vis,
| k> Qont I b Qon | i Qona con?r(;éiler ::I_ ______ I Buffer - )J
| | vyl Rong a BN | uier Re
: Bufferl | Buffer2 | Buffer3 """ | : : ————— —[>O-|:]:|—<+>—w\/—l
I I Vir on
: —’VV\/J : _/v\/\,j : : : d v q Vir -
Rofi1 Rotr2 R I ﬁ"‘t
| | | off3 N
!—[>O—‘E Qoffl !—[>0—‘: Qoffz !—[>O—‘E QoffS = :__EA_C _______ _[>O_|:]
Adjustable voltage
Ve regulator 2 Buffer2 Veroft
Variable gate resistance (Engelmann, RWTH Aachen, 2019) Variable gate voltage (Zhao, UArk, 2020)

[1] G. Engelmann, T. Senoner and R. W. DeDoncker, “Experimental investigation on the transient switching behavior of SiC MOSFETSs using a stage-wise gate driver,” CPSS Trans. Power Electron. Appl.,
vol. 3, no. 1, pp. 77-88, 2018.
[2] Sun, R. Burgos, X. Zhang and D. Boroyevich, “Active dv/dt control of 600V GaN transistors,” in Proc. Energy Conv. Congr. Expo., Milwaukee, W1, USA, 2016.
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Active Current Sharing Methodologies

How can we implement a true AGD? — An example

] A half-brige of the
Main Control Power converter
Unit Veus
PWM TT1 I
Veus signal lo 1| | LZTTToooo
| roooome e |I—<
f \,I, f —
Adjustable voltage regulator ) |——————————— | Voltage selector
Microcontroller | Ve |
N | Buffer 3 Vfon | lo
I [
e T | il Nl
€L |
o | [ | |
_Dlgltal N | Voo
isolator | —— e T K S3 7
R i — — — — — — J +
_ H Vds
Ving _@J|_
77777777777777 + Ves
Current Sinking P
Low side gate driver Circuit Buffer 2. vy on

—  Microcontroller: Control the AGD and conduct

optimization
- Adjustable voltage regulator: generate the - Voltage selector: generate the multi-level
intermediate voltage level driver voltage profile

S. Zhao, X. Zhao, A. Dearien, Y. Wu, Y. Zhao, and H. A. Mantooth, “An intelligent versatile active gate driver for high-voltage SiC MOSFET and its optimization,” IEEE J. Emer. Sel. Topics Power Electron, vol.8, no.1, pp.
429-441, 2020
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Active Current Sharing Methodologies

U The active voltage regulator

Digital
isolator

— +
Vint
Rn Opl Op2 -
V V
Analog adder ~ Reversed voltage
amplifier

O The current sinking circuit
The design criterion:

I,R, >V,

BE on

Output of voltage regulator

Vine =Ver [Ri"l' u + S o } R, &
0

R R, R
Herein, S,;- S,,=0or1l
Relationship of the resistors

1 2 -1
R =2R,=2 R3=2n R,

Buffer3] J— |
1
S 3. CC1

J Buffer 1

12
I¥T

Buffer 2 v, .«
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Active Current Sharing Methodologies

0 The working principle of voltage selector: Faster turn-on

Vien Stage | fi Vi:on Stage 111
|
_l:l_ Sl ——-—Fr-dq———d-————= > -
53:1]7 | 53:0]—
| _ ! | _
Vrﬂ_n | s1=0 J S2! > Vd%n s1=1
dron |y R ! _ _B R, |
th rf\_g_NvT_, — : Vint Vv li
_,:l_ _,E: Vdr 1L _,:l_ _E Vdr N
$2=0 F' Szzoili
i i
Vdr_off Vdr_off
V.
T Stage Il Stage I: normal turn-off
_l:‘
_ Stage Il: turn-on transient
$3=1
-5 S1=1 J Stage Ill: normal turn-on
Vdr on _,E
Vol
int
R Ve 1 Design criterion:
S2=0 ]— ) V' Vi o fOr turn-on transient
|
Vdrﬂ_;ﬁ v Vi o, Only covers t, -t
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Active Current Sharing Methodologies

 The working principle of voltage selector: Slower turn-on

Vi on Stage | Vi on Stage 111
_l:r _l:r Stage I: normal turn-off
S3=0 S3=0
i i Stage Il: turn-on delay
$1=0 $1=0
Vaon s Ry J Varon s Ry J Stage Ill: Miller plateau
Vint ______ Vint
_,:r _,E:r Ve F—l _,:r B Ve il Stage IV: normal turn-on
S2=0 ]:! - 8221]7 -
|
e A,
dr_off r_o
V]f—-°” Stage 1 Vﬂ- Stage IV Design criterion:
_ - .
s3:oj s3=oj v" Vg on fOr shortening turn-on delay
;’5‘_ | st=t J Vla‘ s1=1 J vV, only covers voltage falling time and
droon __|» Rg dr_on —E Rg .. .
Vi Vi, current rising time
J K g "
&/ R Ve L kB Ve L vV o, for normal turn-on condition
s2=1 $2=0
il .l
Vdr_off Vdr off
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Active Current Sharing Methodologies

U The working principle of voltage selector: Slower turn-off

Vi on Stage IV ~ Vion Stage V11

= Stage IV: normal turn-on
S3=0
H $1=0
Vaon Ry J Stage VII: Miller plateau
Vint

Stage V: turn-off delay

Stage VIII: normal turn-off

_| Design criterion:

83:_(,) v Vy of fOr shortening turn-off delay
al S1=0 B L
Valon g R J vV, only covers voltage rising time
T and current falling time

R Ay

ts |

_
$2=0 - o bititstoty ty $2=0 - V" Vg o for normal turn-off condition
IV 'V VI'VII VIII
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Active Current Sharing Methodologies

How can we capture the true switching waveform of WBG? — Measurement matters!
O Measurement for SiC power MOSFET

v' Shorten the measurement loop: reduce
measurement EMI

V4 measure: Use V4 measure: Use MMCX connector OR Use wire wound connection
BNC adaptor optical isolated probe (very expensive) instead of alligator clip

v' Current measurement

Shunt resistor: P Rogowski coll

v High bandwidth: >= 400 MHz v’ Isolation

% Carefully design the % Lower bandwidth: 30
grounding MHz

A n . i
T&M coaxial shunt Paralleling SMD resistor
shunt + MMCX
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Active Current Sharing Methodologies

O Designed gate driver — For 1.2 kV SiC power MOSFET

Active gate driver

v 64 levels of V,, adjustment
v Very fast speed: 3.3 ns

v 2.5 kV isolation levels

CREE conventional gate

Active gate driver
driver

v' Compatible with CREE gate
driver

3 “‘ m o a0 ‘, = .
| 2 Ziieron ——1} a1 ) 0

CHLEMIN

v" Junction temperature

| Je—

T

Active gate driver for 1.2 kV/300A half-bridge SiC
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Active Current Sharing Methodologies

O Empty load experiments results of the AGD

Tek Prevu [ | =" 1
20 ns 100 ns
NN A

+-r>10V

Vqr: [5 V/div]
Time: [40 ns/div] T :
: 40 ns 70 ns
. . L i . ) 1
Vi
. 1 1

o |

Time: [40 ns/div]

a [ )[Lnups
e~ )

“’z.sonm ] TR
i« |1 100k points

Slower turn-on and slower turn-off

Te|

Stop § - I

Vi [5 Vidiv]

[2] 5o - J[1.00ps
(Thh

7500575 @ 7 toav
100k poinis

Normal turn-on and normal turn-off

Voltage (V)

Tek Prevu [ = I

.| Time: [40 ns/div]

B i
W Vet [5 V/div]

i : 40 ns 70 ns
! ! 2BV
1 1

1 1 —t +
R R A
L

ime: [40 ns/div]

e R e

C [2]

)] [.‘.'o-nm-

2.5065/5 @ s 10w
J a0k potms

Faster turn-on and slower turn-off

o L
L

o1 1.5
Time'ps

V,,; and duration are adjustable
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Active Current Sharing Methodologies

0 Experimental verification on 1.2 kV devices

' ' 30 ! ' 3 =1y
T T - —— V=L 5V
<20 220 | [~ V=2V
Z 0 e : ] 210 Vin=2.5V
> —— V=3V
of 0 | |—— Vin=3.5V
— Vin=4V
I = Vin=4.5V
600 - y Vin=5V
Fast J int
Normal < 400t | Vin=5.5V|
= b — Normal
~ = 200t
200 \
0 , L‘ ‘ l or
0 ' 405
< 4 > N @20
$ 20 EPh -
ol
0 0 ‘ ‘ 13.5 1?3|._(_3 13.7 13.8
115 116 117 118 11.4 116 118 12 122 me(ks)
Time(us) Time(ps)
O Faster turn-on mode O Slower turn-on mode Q Slower turn-off mode
v" Reduce turn-on losses (770 pJ -> v" Increase turn-on losses v"Increase turn-off losses
0
660 uJ, 17%) v" Reduce turn-on current overshoot v" Reduce turn-off voltage overshoot

v"Increases turn-on current
overshoot (40%-> 57%)
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Active Current Sharing Methodologies

What fancier stuff can we make? — AGD for 10 kV SiC MOSFET

O Designed PCB — For 10 kV SiC MOSFET

v Level 1: 1ISO5125i
v' 18 kV insulation

v Level 2: MGJ2

v Fiber optics v 5 kV insulation

7363
DDDDDD
e

v MCX

v FPGA connector

v/ 300 MHz

v' DAC with amplifier

v 5 W Maximum power .

Active gate driver for 10 kV module

Online adjustment
Adaptive control for the slew rate
Same performance in control and

circuitry with 1.2 kV version
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Active Current Sharing Methodologies

U Designed bus bar — For 10 kV SIiC power MOSFET

a

v Use 15 kV MLCC as the dc bypass caps

Russian 30 uF/ ™~

4.5kV film cap
— E 10 kV module
umﬂ

:D_l

.
=2 4+ 2*1nF
9
UNIVERSITY OF K & ® | Busbar -
\RKANSAS = Busbar for
ol
‘ mid point
F High side Y g:
| | -
4 S—

eeeeeeeeeee

v’ Distance follow MIL 60664-1 standard

DSP controller with the fiber transmitter
v' Fiber transmitter

.....

v DSP: 28335

v 1.2x5 mH

10 kV double pulse test setup

nnnnnnn
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Active Current Sharing Methodologies

O Experimental verification on 10 kV devices
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Active Current Sharing Methodologies

Does that work on current sharing? — Try!

[4] MATLAB App -

GUI For Trajectory Model Generation
Input Parameters Trajectory Waveform
N EOTR Y] , Tum-on Vgs . Turn-off Vgs
Package |Discrete ¥ |
¢ £ S
Model [IMBGE5R260MIH ¥ | o5 S05
IMBGESRCOMILINNRY (s 3
ONdelay ns) | 0[] = =
o oy (1) : :
0 02 04 06 08 1 0 02 04 06 08
External ESL Time (us) Time(us)
Turn-on Ids Turn-off Ids.
s [ “ 1

R — .
won ] 3 g
P — 0 0

0 02 04 06 08 1 0 0.2 04 06 08
e [ Tiene us) Time(us)

DPT Setup Turn-on Vds Turn-off Vds

oeon [ s 03

cary [ Zos S0
- S
P 5 = =
. Gate Driver Setup 2 04 5 04
| Rt 02 0z
; vaon [ 013) ) )
=) 0 02 04 06 0.8 1 0 02 04 06 08
ﬁ' Vdr_oft -I Time (us) Time(us)
| Performance Indicators
| Generate | Turn-on Process Turn-off Process
Mode 1 Q Mode 2 0 dvidt di/dt Eon Dol dvidt dijdt Eoff Dol

GUI for paralleling MOSFET modeling

17.2nH 17.3nH

N 7

Loop parasitic
inductance

Adjustable gate driver: delay Tek 500MHz 8-channels oscope
time + driver voltage
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Active Current Sharing Methodologies

O With adjustable Vdr for static balance e

o SCT3160KL
vosser [399) MSA12N0S0A

1yl

| enp I Voltage PMO?J [ var SCT31 I
= control |
signals : .\/ISAIZNOS A
.J ; \
& —= :‘ I e T e T T =T
——) NMO’SJ R1 _ o _
Without active gate driver
1 GND Tek Prevu
l/dr,off _T_
Circuit schematics of adjustable Vdr AGD SCT3160KI |
N JUIN L

MSA12NO80A

MSAI2NOSOA

] [mous 2.50GS/s

r’ino.oA Q vﬁr.l’;a. = !M]m,ov - - usat.gl\; ) TR T
Y. Wei, L. Du, X. Du and A. Mantooth, "Multi-level active gate driver for SIC MOSFETSs with paralleling operation," in - 34v 254 284 284 o000 o | ‘
Proc. Workshop Control Modelling Power Electron. (COMPEL), Cartagena, Colombia, Dec. 2021. . . .

P 9 ( ) 9 With active gate driver
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Active Current Sharing Methodologies

O With adjustable delay time gate driver for transient balance

Current (A) Voltage (V)
% eSS R ﬁGOO
25 q 500
20 4 400
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5 4 100
e 4 o - e |
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Turn-off process

' Current (A) Voltage (V)
KON 9600
NSy AN AT |
25 A 4500
20p 4 400
15 P lgs1 experiment 4 300
lgs2 experiment
i Vg experiment 1200
5 b 9100
0 e asse M Maie o o 0
9.5 10 10.5 11
Time(us)
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5p 100
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Turn-off process: adjustable turn-on delay
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O With adjustable V4 for transient balance
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Conclusions and insight

72 Hefei University of Technology | PESA Conference, HK SAR, China | Sept. 20, 2022



Conclusions and Insight

Current
sharing
solutions

/Power module: )
* preselection of chips
* optimization of package layout
L Optimization of PCB/bus bar layout )
~
External passives:
- L/C/R
* Hybrid
o Y,
~
Driver-based:
e Static—Only change Vdr
* Five adjustable freedoms )

Microchip AgileSwitch AGD

MicrocHIP

Q Insight

T~

Challenges for external passives:

Q Higher cost -> Commercialization

Q Longer power loop can increase the parasitics

Q Higher impedance can reduce the system efficiency

Challenges for AGD-based:

O Higher cost and complicated circuitry -> Struggling for
commercialization

O Very fast switching transient of SiC -> Difficult for Feedback
control and timing sequence design

Optimization of the power device/module:

O Preselection of chips + circuit layout optimization: Still the
most preferred solution in the industry

O Automatic layout generation tools needed in the future

73

Hefei University of Technology | PESA Conference, HK SAR, China | Sept. 20, 2022



Publications

[1]H. Li, S. Munk-Nielsen, X. Wang, R. Maheshwari, S. Beczkowski, C. Uhrenfeldt, W.-Toke Frank, ‘Influences of Device and Circuit Mismatches
on Paralleling Silicon Carbide MOSFETSs’, IEEE Transaction on Power Electronics, Vol.31, No.1, pp:621 - 634, Jan.2016.

[2]H. Li, S. Munk-Nielsen, S. Beczkowski, X. Wang, ‘A novel DBC layout for current imbalance mitigation in SiC MOSFET multichip power
modules’, IEEE Transaction on Power Electronics, vol. 31, no. 12, pp. 8042-8045, Dec.2016.

[3]H. Li, S. Munk-Nielsen, X. Wang, S. Beczkowski, S. Jones, X. Dai, ‘Effects of Auxiliary-Source Connection in Multichip Power Modules’, IEEE
Transaction on Power Electronics, Vol.32, No.10, pp:7816 - 7823, Oct.2017.

[4] H. Li, W. Zhou, X. Wang, S. Munk-Nielsen, D. Li, Y. Wang, X. Dai, ‘Influence of Paralleling dies and Paralleling Half Bridges on Transient
Current Distribution in Multichip Power Modules’ IEEE Transaction on Power Electronics, Vol.33, No.8, pp:6483 - 6487, Aug.2018.

[5] H. Li and S. Munk-Nielsen, "Challenges in Switching SiC MOSFET without Ringing," PCIM Europe, 2014, pp. 1-6.

[6] H. Li, C. Zhu, P. Mumby-Croft, D. Li, Y. Wang and X. Dai, "Influence of Auxiliary Gate and Emitter Connections on Short Circuit Behaviour of
Multichip IGBT Modules," PCIM Europe, 2018, pp. 1-5.

[7] H. Li, S. Munk-Nielsen, C. Pham and S. Beczkowski, "Circuit mismatch influence on performance of paralleling silicon carbide MOSFETSs,"
2014 16th European Conference on Power Electronics and Applications, 2014, pp. 1-8.

[8] Helong Li and S. Munk-Nielsen, "Detail study of SIC MOSFET switching characteristics," 2014 IEEE 5th International Symposium on Power
Electronics for Distributed Generation Systems (PEDG), 2014, pp. 1-5.

[9] N. Baker, F. lannuzzo and H. Li, "Impact of Kelvin-Source Resistors on Current Sharing and Failure Detection in Multichip Power
Modules," 2018 20th European Conference on Power Electronics and Applications (EPE'18 ECCE Europe), 2018, pp. 1-7.

[10 JH. Li, S. Beczkowski, S. Munk-Nielsen, R. Maheshwari and T. Franke, "Circuit mismatch and current coupling effect influence on paralleling
SiIC MOSFETSs in multichip power modules," Proceedings of PCIM Europe, 2015, pp. 1-8.

74

Hefei University of Technology | PESA Conference, HK SAR, China | Sept. 20, 2022



Publications

[11] S. Zhao, X. Zhao, A. Dearien, Y. Wu, Y. Zhao, and H. A. Mantooth, “An intelligent versatile active gate driver for high-voltage SiC MOSFET
and its optimization,” IEEE J. Emer. Sel. Topics Power Electron., vol. 8, no. 1, pp. 429-441, Jun. 2020

[12] S. Zhao et al., "Adaptive multi-level active gate drivers for SiC power devices," IEEE Transaction on Power Electronics., vol. 35, no. 2, pp.
1882-1898, Feb 2020.

[13] S. Zhao, X. Zhao, Y. Wei, Y. Zhao and H. A. Mantooth, "A review on switching slew rate control for silicon carbide devices using active gate
drivers," IEEE J. Emerg. Sel. Topics Power Electron., vol. 9, no. 4, pp. 4096-4114, Jul. 2020.

[14] S. Zhao, A. Kempitiya, W. T. Chou, V. Palija and C. Bonfiglio, "Variable dc-link voltage LLC resonant DC/DC converter with wide bandgap
power devices," IEEE Transactions on Industry Applications, vol. 58, no. 3, pp. 2965-2977, Feb. 2022.

[15] A. Dearien, S. Zhao, C. Farnell, and H. A. Mantooth, “Active slew rate control for SiC power MOSFETSs using gate resistance vs. intermediate
voltage level,”in Proc. Int. Conf. Power. Electron.(ICPE-ECCE Asia), Busan, Korea, 2019.

[16] S. Zhao, H. A. Mantooth, A. Dearien, An intelligent multi-level active gate driver for SiC power MOSFET, US11277127B1, Feb. 2022

[17] S. Zhao and W. Chou, "Analytic Model of the Voltage Oscillation in a Power Conversion System with DC-Link Capacitors,” 2021 IEEE Energy
Conversion Congress and Exposition (ECCE), 2021, pp. 5554-5560.

[18] S. Zhao, M. Zhang, H. Li, A kind of SIC MOSFET switching waveform regaining method based on the switching trajectory model (Pending
China Patent, 2022)

[19] S. Zhao, C. Wang, H. Li, L. Ding, A kind of current measurement system for paralleling SiC MOSFET current, (Pending China Patent, 2022)

[20] M. Zhang, S. Zhao, H. Li, L. Ding, Trajectory-Model-Based Switching Waveform Restoration Method for Accurate Dynamic Characterization of
SiC Power MOSFET, in Proc. PEAC, Guangzhou, China, 2022 (Accepted)

[21] C. Wang, S. Zhao, L. Ding, Analytical Model of the Parallel-Connected Silicon Carbide MOSFET Switching Behavior Under Asynchronous
Gate Signals, in Proc. ITEC-AP, Haining, Zhejiang, China, 2022 (Accepted)

75

Hefei University of Technology | PESA Conference, HK SAR, China | Sept. 20, 2022



Parallel-Connected SIC MOSFETs

— Essence, Challenges, and Solutions

Thanks!

shuang.zhao@hfut.edu.cn

shuang.zhao@ieee.org

76 Hefei University of Technology | PESA Conference, HK SAR, China | Sept. 20, 2022



