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Outline of presentation

HV SIC devices — 10kV MOSFET, 15kV MOSFET, 15kV
IGBT, 6.5kV JFET, 3.3kV - 5k\V MOSFET

What MV Power Conversion applications are enabled
Grid integration of renewables

High MW and MV Motor Drives

FACTS and D-STATCOM applications

Are these HV SIC devices easy to use — like 1.2kV/1.7kV
SIC MOSFET devices ?
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Traditional Power System

Modern Power System
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Complex - large no. of variables
Limited scope for control
Non-linear loads

« Harmonics

» Lagging reactive power

* Penetration of renewables

* Power electronic converters
 dc-ac
e ac-ac

» Increased controllability
» Energy Control Center
« Solid State Transformer
» Power Electronic
Transformer
» Intelligent Transformer
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APEI Power Module - 10kV, 10A SIC MOSFET

Gate/Sense
Connector

V+

APEI Half-bridge Module APEI Co-pack Module
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Single 10kV SiC MOSFET Module



15 kV SIC IGBT & 15 kV SIC MOSFET Modules

Gate Kelvin

Connection ~ Gate
Resistors

15 kV SIC IGBT (single chip) 15 kV SiC MOSFET(Two chip)

co-pack module

co-pack module




PV Integration with 13.8 kV Grid using SiC Devices —
Enabler for Renewables on the Grid

800 VLV DCBus PV Panels and String Inverters
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* Provide power and voltage support functions in sub-cycle
time scales to keep the grid and embedded Microgrids
stable



Enabling DC Micro-grid

Schematic layout of a dc micro-grid

Example: DC micro-grid interface configuration
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Transformerless Intelligent Power Substation (TIPS)

Reactive Power Flow Reactive Power Flow
Bi-directional Active Power Flow
e >
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C It sout rect 45 in dab 15 : N Sldc CD]“"C]TCI’
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: 15 kV/20 A SiC IGBT/ B
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Three-Phase SIC Devices based Solid State alternative to conventional line frequency
transformer for interconnecting 13.8 kV distribution grid with 480 V utility grid.

Smaller and Light Weight High Frequency Transformer operating at 10 kHz used for Isolation.

Advantages — Better Power Quality, Controllability, VAR Compensation, Small Size/Lightg
Weight, lower Cooling Requirement, Integration of Renewable Energy Sources/Storage System
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POWER ELECTRONIC
CONVERTERS FOR MEDIUM
VOLTAGE APPLICATIONS
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* High voltage SiC devices will enable
transformerless MV converters.

* This simple single stage topology can
eliminate the need for modular
multilevel approach being used

currently. J% J%
sl s _m5| £

GRID VOLTAGE SOURCE INVERTER

* Higher thermal ratings of SiC can help é) o — e
improve overload capability and power - | e = 7
density. T

R

SiC enabled 3 level NPC inverter

* SiC converters are superior to Si based
converters as they can offer improved
grid support features such as
frequency and VAR support for
microgrid applications.
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Smart SIC Converters for Grid Support
Case Study
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Aim is to investigate the thermal
performance of SiC MOSFETs and
its impact on medium voltage
grid tie applications during grid
disturbances.

A simple 3-leg inverter with SiC
MOSFET is compared with a Si
IGBT based converter for

renewable integration tO MV
grid.

For this analysis, three modules
(each module comprising of two
switches with body diodes) were
mounted on a single heat-sink.

The heat-sinks were chosen so as
to have similar cooling
performance.

|

Renewable
Source

Low Frequency Grid

Si IGBT based Inverter Transformer

FEETREN
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~

Sibased Converter  SiCbased Converter

100kVA
10kV, 10A SiC MOSFET
3level NPC converter

Converter VA 100kVA
Device Chosen 1200V, 300A Si IGBT

Converter Topology |2level 3 ph converter
DC Bus Voltage 800V 2kv

SiC MOSFET based Inverter

- Switching Frequency TkHz 10kHz
N 3 F DC Bus Capacitor 33mF 45uF
R bl Grid Side Reactance 0.23050Q (10%) 94.24.0 (5%)
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Si and SiC grid-connected inverters. Si vs SiC for MV grid tie application.
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Thermal equivalent models for Si IGBT and SiC MOSFET.
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During a sudden load demand, the SMART
inverter will instantaneously increase its power
output to stabilize the microgrid frequency.

It was seen that the temperature estimate of
the Si based converter switch reached its
allowable junction temperature limit. Hence
the converter had to be operated in a current
limit mode.

For the SiC MOSFET based converter the
estimated junction temperature always
remained within safe limits and hence it could
offer better grid support.

Tiun
=

...............

cy (Hz)

ction (Celsius)  Grid frequen
2 = 8 B g 2 2

time (s)
Load Demand Scenario

cy (Hz)

Tiunction (celsius)  Grid frequen

time, s

Load Shedding Scenario

During a load shedding, even though there is no junction temperature
constraint in this case, the thermal cycling effect is more pronounced for Si

system than the SiC system.

This same concept can be extended to reactive power compensation by

STATCOMSs where a voltage sag/swell occurs.
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Front End Converter 22 KV DC Bus Dual Active Bridge Converter 800VDCBus LV Inverters
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* TIPS topology is modified to enable —————
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energy storage device (DESD). e ]
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* Renewable/DESD integration T
possible at low voltage DC/AC side.
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e TIPS variant using series connected 3.3 kV SiC devices.
* Potential topology for interconnection of AC/DC/Hybrid asynchronous microgrids.

* VAR compensation possible by both HV and LV converters.
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One Gate Driver Photo — Six Used for 3-Phase Converter

Isolation
Transformer

Gate D 2 Isolated Power
Loglc Board Supply Board

Intelllgent MV Gate Driver Interface Board

. Reductlon of coupling capacitance needed for
high dv/dt motor drive applications*

* High voltage insulation requirement for high side
device operation — Kapton Tape used

» Active gate drive can reduce dv/dt**

Specification Value
Turn-on Voltage 20V
Turn-off Voltage -5V

Supply Input Voltage 9V
Switching Frequency Up to 20 kHz
Turn-on Gate Resistance 14.7 Q
Turn-off Gate Resistance 14.7 Q
Isolation Voltage Upto 15 kV 16
dv/dt capability > 50 kV/us
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» Boost-buck at 3.75 kW for 30 min - Switching test of 10 kV SiC MOSFET at 5kV

» Boost input is 1.25kV and output is 5 kV. The boost duty is 25%
Telk o Tria'd M P —2,000 05
*

| | : 1 cn4 Position Vas(on) [2.7 Vidiv.]

A N e L :

'[div.] - 1 cnascate
it A | e

ManiC3) G2k

Tek  Run Sample 12764 Acos 18 Now 15 17:43:52
P o o L, 7 1 L L | S By

[RrzICE) 3.542kY

Taniczy 508Ky Y ) |
] ign N
E s [Signall T8[90 ‘Clliv] |
IMeaniczy  4.937kY [ e

IMeanicdy 22784

B YPTTRETTY

© Time Scale [100 psidiv] |

f=6kHz

Ll
Ch1 20,04 Chz 1.0kY Il 100 ps 50.0MES 20.0nzdt
Ch 20Ky @ Chi 204 Q By & Chl o~ 28V

Figure: 5kV boost-buck GD qualification results

Figure: 5kV boost-buck GD qualification interface side results

* 30 min thermal run at 5kV and 3.75 kW power
* spl pointer near high side IGBT

* Desat-sensing, Vas(on), Tmoa and lq are verified
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TIPS Grid Connected Converter
Experimental Demonstration

FEC side waveforms for 4.16 kV MV ac grid tie operation with 8 kV MV dc bus and 9.6 kW load

Tek  Run Hi Res 1208 Acgs - 27 Dec 14 20:01:42 r-'—w[“;;J 2014-12-27 20:52:46 o Normal
. W : v 2428 3 200kS/s  Smskl
Converter line currents (10 A/div) YOKOGAWA ® 4 Shlia

Ch1 Position

. Al6kv gf:fi(d"“fi"';iié" ':;oéltageé(i kV/div)

Ch1 Scale

RMS(C1) 17814

Peak current~2.5A

RMS(C2) 17894

PMS(C3) 22114

Max(C1)

‘ | ™ o : . : il Il E
2 L R : : ’ : TR :
: | T v e ; y i : : :
f i PK-PK(C4)  7.9kY : : : : Ak : :
I I ok R s RN otat  W L  TIE SRR LN L
i H = _ : e : r 5
] = : : il H k :
ean(C4)  ~120.3V : : ; e : : : 5

_ Converter pole voltage (S kV/Adi) , Grid line carrent (5 A/diy)

Ch1 10.04 Evy ch2 10.04 By M 10.0ms 1.0MS% 1000ns 4 : : :
Ch3 10.04 € che SOk Q A Line » Edge £y

FEC grid currents and R-phase pole-voltage RY-grid voltage and R-phase grid current

* Ripple in the MV grid voltage is due to converter PWM voltage across the
60 Hz transformer leakage inductance (30 mH)

« Peak current shown is including the switching ripple



TIPS Grid Connected Converter
Experimental Demonstration

DAB side waveforms at 8 kV MV dc bus voltage, 480 V LV dc bus voltage and 9.6 kW

Telk Hopped 119 Acgs 27 Dec 14 2000253 m;j
Chl Positior
| 2 0div |
Chl Scale
| 5_0kY |
N'—?.-l-:.:-_:".: GGk
. %h Pl (51 ) =15 97Y
MW side current MY pole voltage
(2 Asdiv) (5 KWV /div) T
Plan () <20 Y
a0 ) 2 EAA
' | AMIS(C4) 14914
L% side current (10 AJdiv)- LWV delta voltage (5 W div)
Ch1  SOkY @ Bw ChZ  100A By M 200ps 1 Z5GSA  S00psAn '
= g Sy Evg Chad 20 £k By A IChE o 200Y

» All waveforms captured at the HF transformer terminals
* Ripple in the DAB currents is due to the HF transformer parasitics
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No need for complex multilevel

?S Sg_l |<_Z‘S converter topologies

Simple 2-level VSC control

s T o Robust 2-level VVSC converter
R Y

Compact — size, weight, volume

1Z

10kV ™~ ——

(2]

Efficient MV power conversion
15kV/20A SiC IGBTs

* Only four 15 kV SiC IGBTs are sufficient for 7.2kV AC single-phase
(7.2kV 1is single-phase of 3-phase 12.47kV) grid integration, whereas,
at least twelve 6.5 kV Si IGBTs are needed for the same voltage.

« This H-Bridge test showcases the MV power conversion possibilities of
the Cree developed 15kV SiC IGBT device [funded byARPA-E/DOE]
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10 kV DC bus Voltage Demonstration

Tels Run S:ample 36? .ﬁ.cqs 2? .ﬁ.ug 14 I:I1 34 12
T T T T T T T T T T—T T T T T T T—T Button=

B . I : ) I 1 ) : Chd Paosition
N | ([ RLT o1 1] - |1 [[| | | S | (I ~2.26dM |

Chd Scale

I — A T T 1 ] | 2.04 |
~ : I ] ) T : ) : Mlean (G5 10 57kY
e | 111 1,11 000 11 LA | I————— |
RS (54 ) 16220
Polan (D) TR
PE-PEICZ) =0 .Sk
Mlean (D2 ) S5 .5

IIII|IIII|-II

| N T | I | I I T | | I T T | | I I T | 111 1
Chz 4 OkY g2 By M1 4 Omns 1.25RE0s SO0n=Aar
Ch3 = 0OkY By Ched = .0 cx By A Chz -~ 0.0y

Ch2: AC voltage output (4 kV/div); Ch3: DC Voltage (2 kV/div); Ch4: AC current in R-L load (2 A/div)

= The 10kV H-Bridge operated at 10 kV, 5 kHz, 6 kW for 15 mins.
= Peak to Peak output ac voltage of 20 kV at 5 kHz PWM switching
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10 kV DC bus Voltage Demonstration - Experimental setup
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The 10 kV dc input is provided by 1:4 Bo sf Converter with the same 15kV / 20A SiC IGBT
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« High Speed Motor Drives Application

Density, Footprint and Efficiency of Si Based High
Speed Motor Drive

| Rectifier fverter | Components Inverse Volumetric Density | Footprint | Layer
| [ Motor, Compressor, N 2 1T .
MV =2kV i i 0_1800%w|pm 15 kr lﬂ—znkl'pl]’l m I.'_1..|I.H m I.'.\L”l f{
138KV, | | m : Transformer integrated V5D 9.091 320 | 9%
30, 60 Hz / / e _ : . - :
M\'ﬁﬁg ,-; % | [ransformer section 4.545 1645 08
Il | [ Gear Box, 1:G . . £
30,60 Hz Line | | V5D section 1545 1645 | 98
) |
Transformer : i Motor @ ® @
L“"‘gi‘gﬂ;;d‘vg,‘) _____ J Gearbox 2631 .65 08
Switching at < I Ktz Total system 13.721 T4 | 90
« 15kV SiC IGBT used for AFEC* and TIPS
Proposed SiC based Back-Back MV VSD ,
. « 10 kV SiC MOSFET used for HF Inverter
| Rectifir ) fuverter using S
| vsing 15 kV 10kV SiC | * Remove the bulky and inefficient gear system
| SiC IGBT MOSFET |
| (f.,=5 kHz) (f,,—20 kHz) |
I | ° - - - -
| o 1:1;;:3;}.”1 Comprsor Direct drive at medium voltage and high
| -2
ey, | P, i rpm-20 krpm frequency
3, 60 Hz | / |
MV Grid :
I || « Achieved - 4 m3/MW
| |
| |
| |

SiC Based VSD With High
Switching Frequencics

*S. Madhusoodhanan, K. Mainali, A. Tripathi, D. Patel, A. Kadavelugu, S.
Bhattacharya, and K. Hatua, “Performance evaluation of 15 kV SiC IGBT based
medium voltage grid connected three-phase three-level NPC converter,” in B%)c

a; pp.

2015 IEEE Energy Conversion Congress and Exposition, Montreal, Canad

3710-3717, Sept. 2015.
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3-Phase, 2-Level Converter
Development and Testing using
10 kV/10 A SIC MOSFETSs

High Fundamental Frequency
Three-Phase Converter Test
Setup and Results

25
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10 kV/10 A SiC JBS

Diode
Foo = 5 kHz

———————————————————————————————————————————————————————————————————————————————

' Boost Converter .
: 3 kV line voltage

’ - \i/ + (rms) at 60 Hz
e (R R s g
SPE;;; :('"? JEB ::EE kVEZ: rvm :
SR TR

| T § 5 kW 3-phase
/ ------------------------- :I'S{} UF// ---------------------------------- : resistive load

15 kV/20 A SiC IGBT Co- 10 kV/10 A SiC MOSFET
pack module Co-pack module

26



.%. 10KV SiC MOSFET 3-phase
@i 2-level MV Inverter

Electrical & Computer Engineering
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10kV SiC
MOSFET

» :
2-Level
BusBar [ V
DC Link
Capacitor

2-level 3-phase Inverter built using 10kV SiIC MOSFET
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DT TS —= .
AR et 2 N TN N R All three phase-leg heat sinks
s T s e | connected together electrically

Six 10 kV/10 A SiC MOSFETS

Sandwich bus bar

Six gate drivers  \ith FR4 Insulation

Heat Sinks censor : L. e V‘,_--._‘_.-
with Air plg | & -l

Guide
CIC Research HV

differential probe

Cooling Fan

- DC bus capacitors
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Three-Phase Converter Experimental Waveforms

6 kV DC, 3 kV AC, 5 kW, f,,=10 kHz, f,=60 Hz 5 kV DC, 2.6 kV AC, 3.8 kW, f,,=10 kHz, f =240 Hz

i L e o o e L L LIt AL
- : : : : il ch4 Position

"

Tek Run  HiRes 410 Acgs - 03 May 15 00:27:51 ml

Chd Position
-1.98div
Chd Scale . .
o 10.0kY : ' : . 1 Chd Scale
a8 “ MS(C1) 1.064 ot C C 5 0kY
) _|| . . :

RMZICE) 835 .2rmé

1.0564
FrsC1) &6z Ema
[RMS(C3) 10744 J
1 i . Ll LTI i . byl il U
Load currents (5A/div) - i 3 il - Jrmsicz) seasmA
| IMax(C1) 27184 . . . § . . - ]
4 : ! ) [ ) 1 ' ) . . = 3.1264

PK-PK(C4)  1256KY

Mean(C4)  -738.1V [raiica) 5.073kY

Converter switching Iihe voltage (10 kV/div)

C%mverter swﬁchmg I|n voltage (5 delv)
5kVDC, 2.6 kVAC, 3.8 kW, f,,=10 kHz, f,=400 Hz & =& =% & & o% MvEs =
Tk, Sloppeld e 1U81|gp'cq8.”....| e EBUTI152238|14 —

1 cna Position

2  Up to 400 Hz Fundamental

Chd Scale

| ] Frequency with 10 kHz Switching
' Frequency

chz 504 ew M 10.0ms SO0KS/s  2.0pshot eanicay  -zasov

Ch1 S.0A W
Ch3 S.0A Bw Chd 100kY Q Bw A Ch3 ~ 100mY

JRMSICT 24 0rmé

RrIZIC2) 814 8ma

B * For Fundamental Frequency Higher
e e than 400 Hz, Switching Frequency

_ . ) \ R T Increased to 20 kHZ
;Conyertgr svslntchilng ne \qoltage (5I kalilv) 1
Ghie B0A  Ew Oz 50A  Ew  M1Dms10MSs  T0nspt 29
Ch3 504 Einy Chdd  S0RY O B # Chd o 300%
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3 kV DC, 900 VV AC, 1.45 kW, f,, =20 kHz, =720 Hz 3 kV DC, 900 V AC, 1.45 kW, f_,=20 kHz, f, =1 kHz

ek _ Stoppe u 5593;\ s nsm 15 23; 32 50
T T T T v [Butons Tek  Sto ppl:l 1DD.°.|:| nam 15003023

...............................................

l:lsilil:ln

n nl'm P Ilﬁ..n ||l\ 'ﬂ'fmm‘ ||h [1h 11
Lbad ents (2 A/di : : : : ' ﬂ

6666666

333333

N1 1.0ms 1 DMSJ‘S ‘I cChid = DA Bw Ch2 =4 DA By I"\.ﬂ 1.0m= 1 QNS ‘IDDDns.-’p[
A Ch1 o~ 00y Ch3 =04 By Chdd 5. 0kY 2 By A& Chil o~ 00w

3 kv DC, f,,=20 kHz, f ;=1 kHz (Zoomed) Filter Voltage at f, =1 kHz

2015,/11,06 01:01:24 = = Normal
Tek Run  HiRes 283Mqs U6 Nov 15 00:27:49 WJYO 0 D10k

Modulating Signals at f ;=1 kHz

KOGAWA 9

935 2MS/s SO0usAi

: : Tek M g B ® Stop M Pos: 0.000s MEASURE
1 kV/div: ¥ i1
R 20 Samples in one fj,
CH3
None
CH2
None
SOu | L | e L IS L. : ' CH2 100V M2S0us
o G2 Z0h Bw . M40OMZ50MSA  40DnK . P-P (C1) | 675.000U X 10 wug (01) 1. 463190)( 10 CH3 1.00v 27-Jan-16 01:15
ow Chdd SOKY  Q Bw A Ch1 \ 0.0V : Rms (C1) :112.182V X 10 :
Edge £ 30

Auto
©0.000kV
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 PLECS simulation based on real experimental data

Loss Variation with Load at f,, = 1 kHz, 6 kV DC, 3 kV AC

700 « Semiconductor loss

does not vary much
—rwoal 10z WIth fundamentall

600

500 -~ Esw, 10 kH
= - - Econd. 10 k2 frequency —only 1
2 400 hoal 0Kz HZz considered
_1s - = Econd, 20 kHz
5 300
z « Atf,, =20 kHz and
=200 20 kVA load, total
100 loss - 695 W
0 . ~ _ 0
0 s © 15 20 Efficiency - 96.64%
Power (kVA) at a power denSIty of

4.11 W/inch3 31
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ENERGY

o0
[

N OT oMl

SISALIp 91D
/4
S134SOW D!IS

Leakge currentiufy)
19591 JIS NIST oML

I i

apolp Suljaaymaaly

0 2 4 B
Device voltage{kV)
(a)

Figurel : (a): Leakage current with blocking voltage; (b): Experimental setup of two series connected 15kV
SiC IGBT devices; (c) Experimental setup of two series connected 10kV SiC MOSFET devices;

(©)

—

0t0 20 kV q:) B

Figure 2: Inductive clamped circuit and
experimental setup to test series connection
of devices.
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TREE®S 15KV SiC IGBT devices with RC snubber

TEH T f‘uln T T ?E!‘T‘]FIJIE T T T T T lqI--q.l't"l:::lqlS T T T T T T T T T T T T -!DISIEF'I-I-Iq. Igul:glg-llﬁl T T
: : : : : : : : Curs1l Pos
o | Y2 .0ns |

CurszZ Pos

| 1.052ps |
£l = dns
| 1.052us
LY S9E0.0ns
1488 1.02MHz
L 1.6EY
W 5. 88Ky
PR .28k
FIR LK N T AZAGY s

pan (S - 4 9Ky : ) rlanisl1] - 10,124 : : 3

an(CZ) 10 .09k . . an(Ca) 5. Fadkhy
E“'“:DBL I 1 I1?-45'+I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 I 1 1 1 1 I 1 1 1 1
Chi 2 .08 = Chz .0k Eiv M Z00Rs 1.255S 1T S0.0psgot
Chs 0.0 = Chiat 1.0k Ev & ChE - 1.12kY
Mlatha  1.0KkY Z00ns

Figure: Balanced Turn-off characteristics At 10kV DC bus voltage with RC snubber.

[Ch3: Top device Vg (20 V/div); Ch2: Total voltage (1 kV/div); Ch4: Bottom device V¢ (1 kV/div);
Mathl: Ch2-Ch4: Top device Ve (1 kV/div) Chl: Bottom device current: 1-(5 A/div);]
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‘EREE?/F 10kV SiC MOSFET devices with RC snubber ENERGY
Tek Run — Ig:almrl:-lel — IT:'EIPnI:q:aI e — I‘!I:IISIIEsz'IfL |I:||:|I:|JI1:I33I ——
: : : : i : : : : ] cursl Pos
=l 144 Ons |
cCursz2 FPos
| 1.192ps |
| 144 On=
=2 1.19=p=
LY 1.045p=
1480 : 954 Z2kHz
3; : Bag:ggmv
LU L 4 S7FS5KEY
LR LN 4 SESEY s

G 129ky :
1 1 1 1 1 1 1 1 1 1 1 1 1 I 1 1 1 1 I 1 1 1 1 I 1 1 1 1 1
Ch =08 Eieg Chz Z.0kKY Bt M1 400ns 1.25ES% 1T 160ps40t

Chi3 20.0% By Chs 2. 0kY B & ChI ~ 1.8%
Mlatkhs Z2.0kY A400ns

Figure: Balanced static & dynamic voltage sharing between two 10kV SiC
MOSFETs 12kV DC bus voltage with RC snubber.

[Ch3: Top device Vg (20 V/div); Ch2: Total voltage (1 kV/div); Ch4: Bottom device Vg (1 kV/div);
Math1: Ch2-Ch4: Top device Vg (1 kV/div) Chl: Bottom device current: 15(5 A/div);]
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 Comparison of HV switch with
series connected 1.7kV SIC
MOSFETs at 100A and 10kV-
15kV SIC MOSFET modules

(10 parallel connected 10A
modules for 100A)



.%..  Outline of LV SIC MOSFET (1.7kv) EIEIERS

Y : :
‘ Ff?eEmsE( eeeee Series Connection

1. Switching loss comparison of 10kV/100A module (10
parallel connected 10A modules) with series connected

LV MOSFET (1.7kV/225A modules) at nearly 5kV/100A
switching.

2. Switching loss comparison of 15kV/100A module (10
parallel connected 10A modules) with series connected
LV MOSFET (1.7kV/225A modules) at nearly 10 kV/100A
switching.
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of LV SIC Devices

Motivation: For Series Connection

Impact of series connected low voltage SiC devices vs single HV

SIC device in non- isolated medium voltage converters.
DEVICES FOR THE STUDY: 1.7kV SiC MOSFET 10kV SiC MOSFET, 15kV SiC

MOSFET

Udc =

/1

H

3

3 B

Single High voltage SiC device ( >10kV)

. g =
Va m o
Wy
=i

Series connected
1.7kV SiC devices

1.7kV/300A Half bridge module 2 (CAS300M17BM)>’
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@ rreea Conduction losses of 1.7kV SiC MOSFET modujgy:::
and HV switch (10kV-15 kV) made using

series connection of 1.7kV SIC MOSFET at 100A

* The on-state resistance of 1.7kV SIC MOSFET per device in a half
bridge module is 0.015 Q at 100A, T;=150°C as mentioned in the
datasheet.

Table : Conduction loss of high voltage switch using series connected
1.7 kV SiC MOSFET at T;=150 °C

No of 1.7 kV SiC Ryson PEF Total | Conduction
MOSFETs for series device Rcon loss
10kVswitch with 5 0.015Q at 0.75 750W at
series connected 5 100A 100A
1.7kV SiC MOSFET
15kVswitch with 10 10 0.015Q at 1.5 1500 W at
series connected 100A 100A
1.7kV SiC MOSFET
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4 Comparison of Switching loss and conduction

PowerAMERICA PoCTCal & Computer Engmestns
N A , U.S. DEPARTMENT OF
@@ losses and dv/dt per HV module © EfiERGY
Table: Comparison of Switching loss and dv/dt per HV module e
Module type, Switching \ Turn-off [ Turn-on Eoff per Eonper | E;=(En+Eoff) | Ry, at | Conducti
maximum rating voltage, dv/dt dv/dt module module per module | Tj=150 on loss
current (kV/us) (kV/us) (mlJ) (mJ) (mlJ) oC
10kV/10A SiC 14.06 0.8Q at | 80 W at
MOSFET \ 4.7 kV, 10A 42 20 2.24 11.82 10A 10A
15kV/10A Si 52.5 1.8Qat | 180 W
MOSEET 10 kV, 10A 32 20 5 47.5 10A at 10A
/
N N\ 4
I sl e I s
15 kKW Sel

Ciate Kockan A T

Ccale
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R connected LV SiC MOSFETSs v

« For 100A operation, it has been assumed that the ten number of HV
modules connected in parallel of 10kVV/10A and 15kV/10A devices
respectively.

»  The thermal resistances of module (R™; ) of 15kV, 20A SiC IGBT (with
single IGBT chip) 0.65°C/W][1]. 10kV/15kV SiC MOSFET has same
packaging of that 15kV SiC IGBT, so it has been assumed same thermal
resistance .Therefore, the effective thermal resistance with ten parallel
devices of 10kV module will be 0.065°C/W and of 15 kV module will be
0.0358°C/W ( because each module has two parallel chips).

« The thermal resistance of 1.7kV SiC MOSFET device is 0.071°C/W.
Therefore, the effective thermal resistance with five, ten series
connected devices will be 0.0014°C/W and 0.007°C/W respectively for
making 5kV, 10kV HV series switch.

1. Kasunaidu Vechalapu, et al.,” Comparative Evaluation of 15 kV SiC MOSFET and 15 kV SiC IGBT for Medium
\oltage Converter under Same dv/dt Conditions”, Energy Conversion Congress and Exposition (ECCE), 2015 IEEE,

@ Copyright 2016 by Kasunaidu Vechalapu
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Comparison of total losses of HV SiC module

(10kV//10A ten parallel modules) and HV switch @ EfiERe

with series connected LV SiC

Table: Total losses comparison of single 10 k\V/120 A module, five
series 1.7 kV devices, and ten parallel devices of 10 k\VV/20 A at 4.7 kV

100 A switching.
Device No of devices Total Total Effective Junction Total
. Total i ) Total
for series or Total o conduction | semi- Thermal temperatur losses
. switching . Snubber
parallel for Switching losses losses conductor | resistance e for case Resistor
4.7 kV,100A loss losses T.=400C
. at 5 kHz ¢ loss
operation _
10kV/10A SiC 7’10 devices ) [ )
MOSFET parallel 140.6mJ ) 703 W goow |1503w | o.0e5ocw f13760c | |° 1503 W
1.7kV SiC MOSFET | © devices in
series 750 W 1272.5W 0.014 °C/W | 57.8°C 1988W
with snubber:33nF, 104.5mJ | 522.5W 716W
— / <
4.7Q \ J N——/

e Total loss using HV module is 24% less than HV switch using series onnected@:e for
4.7kV/100A operating condition

e But the junction temperature of HV switching using series conngcted 1.7kV SiC MOSFETs is
significantly less than HV module. Hence more saving in heat sink size.

* Need to perform more detailed analysis for power density comparison.
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4 Comparison of total losses of HV SiC

PowerAMERICA

FREEBM module(single or parallel) and HV switch
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Table :Total losses comparison of ten series 1.7 kV devices, and ten parallel devices of 15
kV/20 A at 10 kV 100 A switching.

Device No of Total Total semi- | Effective Junction Total
devices for Total conduction | conductor | Thermal temperature | 1 .| losses
series or Total switching | losses losses resistance of Snubber
parallel for [ Switching | power module Resistor
10kV,100A | loss losses (R, ) loss
operation at 5 kHz

- )

LOKVIZOASIC | 10devices | oc s | ososw [ 1800w |aa2sw | 093%8 | 1sgec | o 4425 W

MOSFET in parallel 0C/W

L.7kV SIC 10 device

MOSFET with in Series 209mJ |1045W |1500W | 2545W [ 0.007 °C/W | 57.8°C 1432 W || 3977 W

33nF, 4.7Q) .. )1 J

. yd
IC MOSFETSs has
r one of the snubber

« For 10 kV, 100A operation, HV switch with series connected 1.7kV
lower total loss (10 % less) compared to 15kV HV SiC MOSFET
value.

 Also the junction temperature of HV switching using series connected 1.7kV SIC MOSFETSs
Is significantly less than HV module. Hence more saving in heat sink size.

» Therefore the breakeven point for HV SiC MOSFET module more efficient could be around

10kV to 12kV beyond that series connection LV SiC MOSFET is more favorable for,high
voltage bus.
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