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Overview

e Transportation APUs, in brief
* Microchip SiC for APUs
* Finding the “right” SiC

— SiC MOSFET toughness

— Ultra-low inductance power package

— Intelligent digital gate driver

e SiC APU Solution: ASDAK+

(™ MicrROCHIP



Locomotive Electrical Systems

BATTERY CHARGER uses
IGBTs or SiC MOSFETs
switching at high frequency

COOLING TOWER with fan
contains the liquid-to-air
heat exchangers

-

AUXILIARY POWER supply is
based on IGBT or SiC
technology with integrated
control for generating three-
kphase AC network )

TCMS (Train Control and
Monitoring System) uP-based
train control algorithms,
interfaces and control of local
subsystems and

remote diagnostics.

|
Images Source: Skoda Electric

PROPULSION with integrated traction control
system. Independent inverters for four traction
motors with 4Q input converters




About Transportation APUs

Auxiliary Power Units (APUs)

are used on trains to support loads other than the

traction/propulsion motor

1500 VDC
3000 VDC

Traction/Propulsion Unit

Propulsion

=29
=——

HVAC

_Q:.

Battery charging



About Transportation APUs

Converts 1500 VDC to 700 VDC, which is
then turned into 3-phase 440 VAC for A
HIGH VOLTAGE

further distribution Catenary AC or DC

’& Traction PWM Traction .
L ’ Transformer Rectifier Inverter

Possible solution

Main traction unit

Must operate continuously and often under

light loads, unlike traction power unit

EFFICIENCY
DC-DC
Converter
S DC-3AC HVAC
Converter Loads

POWER DENSITY

installed in smaller trams where space is

a premium
3AC-DC Charger+
Pack 110V
= Auxiliary power supplies unit
IGBTs limit APU switching frequency to J
NOISY

the audible range

Need to downsize since these are I



Why SiC for APUs?

SiC Traction APU

|
¢

4E3
/

Large, heavy Isolation transfo

switching losses and, hence, switching frequency

rmer limited by IGBT’s

Your APU using:

3.3 kV silicon IGBT

1.7 kV SiC MOSFET

. Noisy to passengers
and circuits

. Higher conduction
losses at light loads

. Switching losses 4-5x
higher; must switch in
audible range

. Smaller, lighter, less
expensive transformers

. Smaller heat sinks

C Less noise and greater
passenger comfort

things are needed first!

Before we can successfully and confidently deploy SiC
in APUs, we need three answers:

=

RELIABILITY &
RUGGEDNESS

JV\,.

LOW INDUCTANCE

@

INTELLIGENT
GATE DRIVER
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Reliability & Ruggedness

SiC MOSFETs from Microchip



Why Does Ruggedness Matter in APUs?

If you want your i
y y Operate MG G R survive Not rugged?
transportation routinely & desired service electrical i
APU to: reliably lifetime transients
r N s N s N
Oxide stability . -
" " Oxide stability Avalanche
r 3 " ) ruggedness
Oxide lifetime ( )
\
- ) Oxide lifetime
Body diode “ A
stability b : =
£ . ort circuit
s'cBaobc:?;tdl?ac::!o withetand
Survivability y

improves cost)
\L J \ J/ k )




Ruggedness | Gate Oxide Lifetime

i. Oxide failure (breakdown) accelerated with
temperature and electric field across the oxide
ii. Failure modes extracted from Weibull plots

iii. Arrhenius equation used to predict oxide lifetime
Data from production-grade 1200 V, 40 mOhm MOSFET

Oxide predicted to last more than 100
years at recommended V,cand Tj =175 C

12

% (sec)]

Logy [(tes,

10

Predicted Oxide LIFETIME @ 175 °C

100 year

10 year

y = 1.43 dec/(MV/cm)

v

25 30 35
Gate Voltage (V)

desired service
lifetime

benefits & reliably

Application [Operate routinely] [ Meet (exceed) ] [

Survive electrical
transients

J
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Predicted Oxide LIFETIME @ 175 oC



34	35	37	5.5082460870478656	5.0596317669689492	4.4184674929733223	10 year	15	40	8.4988066069353678	8.4988066069353678	100 year	15	40	9.4988066069353678	9.4988066069353678	Gate Voltage (V)





Log10 [(t63% (sec)]









MTTF

						E-field (MV/cm)		voltage		t63%		Log10[t63%0]

						8.5		34		322289		5.51

						8.75		35		114718		5.06

						9.25		37		26210		4.42

										10year		100year

								15		8.50		9.50

								40		8.50		9.50





Weibull @ 34V175C

												Failure time										%				Failure time

										1		210842										4.17		1		51

										2		74670										8.33		2		311

										3		314567										12.50		3		15373

										4		255691										16.67		4		17359

										5		365496										20.83		5		69613

										6		439188										25.00		6		74670

										7		311										29.17		7		199705

										8		199705										33.33		8		210842

										9		69613										37.50		9		217765

										10		311918										41.67		10		238534

										11		254306										45.83		11		254306

										12		413543										50.00		12		255691

										13		315108										54.17		13		264059

										14		17359										58.33		14		277483

										15		264059										62.50		15		297891

										16		330038										66.67		16		311918

										17		51										70.83		17		314567

										18		398974										75.00		18		315108

										19		15373										79.17		19		330038

										20		238534										83.33		20		365496

										21		297891										87.50		21		382472

										22		217765										91.67		22		398974

										23		277483										95.83		23		413543

										24		382472										100.00		24		439188

																												Log10(t)

																						5.56		1		199705		5.3003889384

																						11.11		2		210842		5.3239571272

																						16.67		3		217765		5.3379880796

																						22.22		4		238534		5.377550291

																						27.78		5		254306		5.4053566069

																						33.33		6		255691		5.4077154417

																						38.89		7		264059		5.4217009743

																						44.44		8		277483		5.4432363812

																						50.00		9		297891		5.4740573823

																						55.56		10		311918		5.4940404375

																						61.11		11		314567		5.4977131605

																						66.67		12		315108		5.4984594292

																						72.22		13		330038		5.5185639467

																						77.78		14		365496		5.5628826284

																						83.33		15		382472		5.5825996468

																						88.89		16		398974		5.6009445949

																						94.44		17		413543		5.616520674

																						100.00		18		439188		5.6426504653

																						Failure time @ 63%

																						5.508246087		322289.448320726



WEIBULL @ 34V/175C



51	311	15373	17359	69613	74670	199705	210842	217765	238534	254306	255691	264059	277483	297891	311918	314567	315108	330038	365496	382472	398974	413543	439188	4.1666666666666661	8.3333333333333321	12.5	16.666666666666664	20.833333333333336	25	29.166666666666668	33.333333333333329	37.5	41.666666666666671	45.833333333333329	50	54.166666666666664	58.333333333333336	62.5	66.666666666666657	70.833333333333343	75	79.166666666666657	83.333333333333343	87.5	91.666666666666657	95.833333333333343	100	TIME (Sec)





Failure %







WEIBULL @ 34V/175C



y = 285.59x - 1510.1



5.3003889384071359	5.3239571271826662	5.3379880796055872	5.37755029096515	5.4053566068770511	5.40771544167856	5.4217009742624098	5.4432363812160007	5.4740573823376302	5.4940404375180014	5.4977131605325988	5.4984594292347779	5.5185639466663767	5.5628826283870847	5.5825996468344838	5.6009445948736056	5.6165206739654625	5.6426504653104779	5.5555555555555554	11.111111111111111	16.666666666666664	22.222222222222221	27.777777777777779	33.333333333333329	38.888888888888893	44.444444444444443	50	55.555555555555557	61.111111111111114	66.666666666666657	72.222222222222214	77.777777777777786	83.333333333333343	88.888888888888886	94.444444444444443	100	TIME (Sec)





Failure %









Weibull @35V175C

								1		0										4.17		1		1

								2		57935										8.33		2		1

								3		75152										12.50		3		1

								4		81894										16.67		4		16

								5		173940										20.83		5		442

								6		115486										25.00		6		468

								7		88577										29.17		7		10304

								8		59560										33.33		8		27895

								9		108443										37.50		9		57935

								10		184475										41.67		10		59560

								11		16										45.83		11		63149

								12		27895										50.00		12		75152

								13		63149										54.17		13		81894

								14		103145										58.33		14		88577

								15		442										62.50		15		93934

								16		145887										66.67		16		103145

								17		498305		Channel issue								70.83		17		108443

								18		0										75.00		18		115486

								19		150041										79.17		19		123733

								20		93934										83.33		20		145887

								21		468										87.50		21		150041

								22		123733										91.67		22		173940

								23		0										95.83		23		184475

								24		10304										100.00		24		498305		Channel issue

















																				6.67		1		57935		4.7629410113

																				13.33		2		59560		4.7749546891

																				20.00		3		63149		4.8003664776

																				26.67		4		75152		4.8759405428

																				33.33		5		81894		4.9132520841

																				40.00		6		88577		4.9473209671

																				46.67		7		93934		4.9728228163

																				53.33		8		103145		5.0134481802

																				60.00		9		108443		5.0352015235

																				66.67		10		115486		5.0625293393

																				73.33		11		123733		5.0924855429

																				80.00		12		145887		5.1640165936

																				86.67		13		150041		5.17620995

																				93.33		14		173940		5.2403994657

																				100.00		15		184475		5.265937519



																				Failure time @ 63%

																				5.059631767		114718.052854276



WEIBULL @ 35V/175C



1	1	1	16	442	468	10304	27895	57935	59560	63149	75152	81894	88577	93934	103145	108443	115486	123733	145887	150041	173940	184475	498305	4.1666666666666661	8.3333333333333321	12.5	16.666666666666664	20.833333333333336	25	29.166666666666668	33.333333333333329	37.5	41.666666666666671	45.833333333333329	50	54.166666666666664	58.333333333333336	62.5	66.666666666666657	70.833333333333343	75	79.166666666666657	83.333333333333343	87.5	91.666666666666657	95.833333333333343	100	TIME (Sec)





Failure %







WEIBULL @ 35V/175C



y = 181.95x - 857.6



4.7629410113007813	4.7749546890801389	4.8003664776479527	4.8759405428391736	4.913252084149363	4.9473209671486833	4.9728228163314663	5.0134481802002009	5.035201523528734	5.062529339282114	5.0924855428512279	5.1640165936082747	5.1762099499937122	5.2403994657386415	5.2659375190169886	6.666666666666667	13.333333333333334	20	26.666666666666668	33.333333333333329	40	46.666666666666664	53.333333333333336	60	66.666666666666657	73.333333333333329	80	86.666666666666671	93.333333333333329	100	TIME (Sec)





Failure %









Weibull @37V175C





								sec		Hour

						1		0		0.00								1		4.17		1

						2		38791		10.78								2		8.33		1

						3		723		0.20								3		12.50		1

						4		12905		3.58								4		16.67		1

						5		16878		4.69								5		20.83		660

						6		660		0.18								6		25.00		723

						7		20430		5.68								7		29.17		12905

						8		24042		6.68								8		33.33		16336

						9		18865		5.24								9		37.50		16758

						10		23861		6.63								10		41.67		16878

						11		18925		5.26								11		45.83		18865

						12		16336		4.54								12		50.00		18925

						13		23139		6.43								13		54.17		20430

						14		32470		9.02								14		58.33		23139

						15		25547		7.10								15		62.50		23861

						16		30182		8.38								16		66.67		24042

						17		0		0.00								17		70.83		25005

						18		16758		4.66								18		75.00		25547

						19		0		0.00								19		79.17		27353

						20		0		0.00								20		83.33		30182

						21		27353		7.60								21		87.50		32229

						22		32229		8.95								22		91.67		32470

						23		25005		6.95								23		95.83		38791

						24		39032		10.84								24		100.00		39032











																		1		5.5555555556		12905		4.1107580089

																		2		11.1111111111		16336		4.2131457247

																		3		16.6666666667		16758		4.2242221861

																		4		22.2222222222		16878		4.2273209825

																		5		27.7777777778		18865		4.2756568095

																		6		33.3333333333		18925		4.2770358882

																		7		38.8888888889		20430		4.3102683666

																		8		44.4444444444		23139		4.3643445861

																		9		50		23861		4.3776886407

																		10		55.5555555556		24042		4.3809705928

																		11		61.1111111111		25005		4.3980268589

																		12		66.6666666667		25547		4.407339908

																		13		72.2222222222		27353		4.4370049655

																		14		77.7777777778		30182		4.4797480148

																		15		83.3333333333		32229		4.5082468305

																		16		88.8888888889		32470		4.5114822886

																		17		94.4444444444		38791		4.5887309755

																		18		100		39032		4.5914208051







																		Failure time @63%

																		4.418467493		26210.0284871847

















































































































































































































































































































































































































WEIBULL @ 37V/175C



1	1	1	1	660	723	12905	16336	16758	16878	18865	18925	20430	23139	23861	24042	25005	25547	27353	30182	32229	32470	38791	39032	4.1666666666666661	8.3333333333333321	12.5	16.666666666666664	20.833333333333336	25	29.166666666666668	33.333333333333329	37.5	41.666666666666671	45.833333333333329	50	54.166666666666664	58.333333333333336	62.5	66.666666666666657	70.833333333333343	75	79.166666666666657	83.333333333333343	87.5	91.666666666666657	95.833333333333343	100	TIME (Sec)





Failure %







WEIBULL @ 37V/175C



y = 217.03x - 895.94



4.1107580088798876	4.2131457247428354	4.2242221860846483	4.2273209825488447	4.275656809537014	4.2770358881721107	4.3102683666324477	4.3643445860821855	4.3776886407333704	4.3809705928163432	4.3980268588836866	4.4073399079955093	4.4370049654773034	4.4797480147697497	4.5082468304512275	4.5114822886260013	4.5887309754980707	4.5914208051042102	5.5555555555555554	11.111111111111111	16.666666666666664	22.222222222222221	27.777777777777779	33.333333333333329	38.888888888888893	44.444444444444443	50	55.555555555555557	61.111111111111114	66.666666666666657	72.222222222222214	77.777777777777786	83.333333333333343	88.888888888888886	94.444444444444443	100	TIME (Sec)





Failure %










Ruggedness | Body Diode Stability

i. SiC MOSFET body diodes stressed with a constant

forward current

ii. Body diode I-V curves and Ry, measurements made | -

before and after stress

Data* from commercially available 1200 V, 80 mOhm MOSFETs
*Courtesy: A. Agarwal and M. Kang, Ohio State University

No degradation observed in Microchip body diodes

Also, lower component cost by using body diode and

Ids (A)

Supplier A

—8—Prestress
—®—Post stress 5A for 10 hrs

Post stress 5A for 20 hrs

Post stress 5A for 100 hrs

After 100 hours

—@—Pre stress
—@—Poststress 3.5A for 10 hrs
3 Post stress 3.5A for 20 hrs

Post stress 3.5A for 100 hrs

Supplier B

L aal

After 100 hours

eliminating Schottky
Application Operate routinely & Meet (exceed) desired
benefits reliably service lifetime

Microchip

—@—Prestress
—8—Post stress 10A for 20 hrs

No degradation

3
vds (V)

10




Ruggedness | Short-Circuit Capability

10 us
comparable
) ) ) ) ) . to IGBTs
i. Short circuit emulates the application condition of '
700 V/ 35 mQ MOSFET SHORT CIRCUIT TEST RESULTS
shorting the MOSFET’s drain-source across the dc link *VDS=350V mVDS=470V +VDS=560V /
16.0 T 3
ii. Cells are enhanced (MOSFET is ON); peak current i _ ]
B Microchi
intended to distribute uniformly across die Bap === === — R
Data from production-grade 700 V, 35 mOhm MOSFET g0 \ ,I
O g0 T
E 6.0 e
. i i i |:E ........ ﬁ
Designed to survive short circuit events, even at g 40 ‘
higher dc voltages (with adequate gate driver) 28
120 o0 14 15 16 17 18 19 20 21
= GATE VOLTAGE (V)
Ry g
Application Safely ride through % o ///».z_v_,
. harmful electrical 9 . — o]
benefits transients =

VDS‘ DRAIN-TO-SOURCE VOLTAGE (V)



Ruggedness | Avalanche / R-UIS

i. Measures the MOSFET’s ability to repetitively

sustain an avalanche current being switched off

from an unclamped inductive load (R-UIS)
ii. Cells are not enhanced (MOSFET is OFF); peak
current increases rapidly until Vg = Vgg; avalanche

current likely to crowd around die edge

Data from commercially available 1200 V, 80 mOhm MOSFETs

Seconds

80,000
70,000
60,000
50,000

TDDB for 1200 V SiC MOSFETs

I pre-r-uis

I, =50 mA

T ks

40,000

30,000 T B
20,000
10,000

0 1 1 1 1 1 1

Microchip Comp. A

Microchip devices show excellent avalanche ruggedness
and parametric stability following 100K pulses of R-UIS

Application
benefits

Safely ride through
harmful electrical
transients

OFF-state Drain-Source Leakage
V=5V, V, =1200V

W preruis [l Postr-uis

Part Number

Comp. B Comp. C

ON-state resistance
V=20V, =40A

W pre-ruis  [Wllpostruis

12
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Low Inductance Power Packaging

SP6LI from Microchip

13



Low-inductance Package | The Importance

Standard double-
pulse test circuit

Ve

Gate Voltage

ringing

I-pwr

Vdc

Current (Ids)

undershoot

AN,

overshoot -

\V'_/

T U

Voltage
(vds)

3 Sources of inductance

= |nductance
coupling the gate
and power
circuits

= Inhibits edge
rates and
increases
switching losses

inefficient

I

Where did my SiC value go?

= Parasitic
inductance of the
circuit flowing
through the
power device(s)
and load

= Responsible for
voltage spikes
during turn-off
transient

ineffective

O

Common source,

= Gate inductance
which can be part
of the package or
part of drive circuit

®* MHz-range

oscillations at turn-

on, creating EMI
and potential
system failure

incompatible

/.lﬁ

14



Low-Inductance Package | SP6LI

Q2
Fi%# CR2
i
G2 —
s2 O—

0/VBUS

Parasitic loop inductance: 2.9 nH

R

NTC2

AIN or Si;N, substrate with copper or AlSiC baseplate and NTC monitoring
Easily paralleled and connected to DC link with minimal parasitic inductance
Possibility to interconnect 3 modules together in vertical or horizontal position

Voltage Current RDSon Typ | RDSon max. | SiC parallel
) Te=80°C Tj=25°C Tj=25°C diode ratings

700 VvV 538 A 2.5mQ 3.2 mQ 300 A
1200 V 754 A 2.1 mQ 2.6 mQ 300 A
1200 V 641 A 2.5 mQ 3.1 mQ 250 A
1200 V 394 A 4.2 mQ 5.2 mQ 180 A

1700 V Coming soon
15



Total SiC Solution for APUs | Layout Elegance

Low-inductance bus bar design for
3-phase inverter

\
W
b

16
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Intelligent Gate Drivers

AgileSwitch® Digital Gate Drivers from Microchip

17



Intelligent Gate Driver | Digital and Programmable

Conventional switching

Gate
Voltage

Drain
Current

Drain
Voltage

i \ \
ringing

T e

\ undershoot
\ A'A N

overshoot —__

:

Augmented switching

Augmented SwitchingTM
v No false faults

v Mitigates ringing
v Lowers EMI

[ J |
’ \ v'Reduces overshoot

v'Reduces undershoot

Up to 80% lower V; overshoot
Up to 50% lower switching losses

Robust and fast short circuit protection
Save countless hours of design tweaking

18



Intelligent Gate Driver | The Impact

Conventional switching fAugmented switching )

[7) Graphical Edit:
co

0V, 50ns

v" Lower overshoot
v" Lower losses

Vsoff = N2LTO Vsoff = 0V; tsoff = 50 ns .
Vds = 600 V; Ids = 400 A; Rg,ext=1.1Q Vds = 600 V; Ids = 400 A; Rg,ext = 1.1 Q v" Greater confidence
900 25 900 30
752V 20V Y
700 20% 20 700
JAVAVES 0 20
i 500 Eoff=11.1mJ g = Eoff = 9.9mJ 10
T 300 5 300
0 0
100 100
-5
-1Q023E-05  1.28E-05 1.3 0

E-0510 \ _19.923505




Intelligent Gate Driver | Safer Short Circuit

4 )
Conventional switching Augmented switching

DUT: D3 SiC MOSFET
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The Total SiC Solution for
Transportation APUs

ASDAK+ Accelerated Development Kit
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Microchip SiC Adoption in APUs

* Microchip offers total system solutions for transportation APUs @
" Core Settings

Cantrol Side Options. Gate Driver Options

* Multiple APU customers in production with Microchip SiC solutions

Device: 285C 12ATHR -

mactieLeset Olow (@ High

* Total system solutions include all Microchip as well as competitor
components

* Microchip enhanced APU support means MORE: controllers,
timing, memory, and tailored products and services

a
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Second Turn Off Voltage Level: 50 v
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Client A Client B Client C

Microchip \/ \/

SiC gate drivers

Microchip
SiC power module v
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SiC discrete \/
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Total SiC Solution for APUs | Power Density
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APU DC-DC converter using 1700 V SiC MOSFETs in
phase-shifted full bridge topology

Huang et al., IEEJ J. Industrial Applications Vol. 8 (4), 2018




Total SiC Solution for APUs | ASDAK+

Tog=Conneci-coNt= SR

Each Kit Contains

Gate Driver

» 2ASC-12A1HP core

* SP6CA1 Adapter board
SP6LI Power Module

* Mounting hardware
Programming Kit

*  MPLAB® PICkit™ 4

* Programming adapter

Seamless total system solution:
from DPT evaluation to volume production
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Solution Summary

Transportation APUs benefit from SiC power devices

* Higher power density frees up valuable car space
* Reduced losses mean lighter, less expensive cooling

* Less noise creates greater system reliability (EMI) and passenger comfort (f,,, > 20 kHz)

Harnessing these benefits requires the “right” SiC
*  MOSFETs need ruggedness and reliability
* Power package needs minimal inductance

* Digital programmable gate driver needed to fine-tune “in-system” performance

Only Microchip offers a complete SiC solution for reducing the size, noise
and field failures of transportation APUs
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Thank you!

microchip.com/SiC


www.microchip.com/sic
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