ABSTRACT

KASUNAIDU VECHALAPU. EnablingHigh EfficiencyMedium Voltage Converter fddigh Speed
Drives and Other Grid\pplications using Low Voltage (LV) and High Voltage (HV) SilicBarbide
(SiC) Devices(Under the direction of Dr. Subhashish Bhattacharya)

Therecent development of Wide Band Gap (WBG) devices suth/aSiC MOSFETdevices and
HV SiC deviceshave opened up the scope of research in medium voltage (MV) applicatioss.
dissertationinvestigates the impact of series connected LV SiC MOSFET devigel & 1.7 kV
SiC MOSFEB) and the recently developed HV SiC devices0 kV SiC MOSFET, 15kV SiC
MOSFET, 15kV SiC IGBT (2 um & 5 um buffer layer), onMV power electronic converters to
enable ) MV high T speed motodrive applicationsand (i) HYDC-MVDC or MVDC-LVDC

interconnection foDC grid applications.

The MV voltage sourcdnverter for high-speeddrive applicationsrequire DC bus O 3.6 kV and
switching frequencyD5 kHz to get AC voltaged?2 kV (L-L) with fundamental frequenci€3500 Hz.

To meet the high AC output current requirement $@00 kW load highspeed motor drive
applications series connection of low voltadeégh currentl.7 kV SiC MOSFETs with RC snubbeis
investigated Design criteria for selection of RC snubber for series connediexplainedand a
methodology to find optimal RC snubber for series connection using experimental characterization is
presented. Analytical expres®ns to determine the rating of snubber resistor and snubber resistor
lossesare presented A basic building block (one phaseg of three phase converter) with four
series connected device (per arm of pHaggis designedfabricated,tested indifferent converter
configurations(such asFull-bridge and Hdlf-bridge Inverter DC-DC convertejy for different
operating conditiongComparisorof seriesconnected 1.RV SiC MOSFETswith 6.5 kV Si IGBTis
presentedThe estimategowered densityf variablesource drive YSD) sectionis comparedvith

the US-Departmenbf Energyspecification§ DOE).

To evaluate the impact of HV SiC devices in MV power convertedstailed characterizatioof 15

kv SiC MOSFET (two parallel dieper modul® and demonstrationf a DC-DC boost converter
(unidirectional and bidirectional configurations) using 15 kV SiC MOSFET in continuous switching
mode (endurance test) at different operating conditions is preseiag.svitching characterization

of 15 kV SiC IGBT module (o parallel dieper modulgis presentedmportance otompaing HV

SiC devices (1%V SiC MOSFET and 1kV SiC IGBT) at dw d coedifiahsis discussedThe
compaison of total loss for H\GIC modules (1&V SiC MOSFET, 1%V SiC MOSFET, 15 kV SiC
IGBT) with series connected 1k¥ SiC MOSFETSds presented



To enable theoperation of HV SiC devices iiDC-DC soft switching converters foMV/HV
applicationsat extremely lowdv/dt values detailedexperimental characterization is explored(dn

the sdt switching of HV SiC devicesising external snubber arfii) series connection of HV SiC
devicesusing externasnubberlt showed that dow-costsmall snubber capacitor across the device
makes Punch through (Pd@igvices {5 kV SiC IGBT) behave likeaon-punch through (NPT) devices

Series connection of HV SiC devices has been evaluated with external snubber for four separate
independent cases: (i) series connectibtwo 15 kV SiC IGBE (single dieper module2um buffer

layer) devices; (ii) series connection of two 15 8\C IGBTs (two parallel diegper module 5um

buffer layer) devices; (iii) Series connection of two 15 kV SiC MOSFET (two parallel pdies
modulg; (iv) Series connectionf two 10 kV SiC MOSFET (single dieper modul¢ devices The
series connection with smal |l sdu/dbb baenreffiwssedon gi ve
enable high power density MV DDC transformers or DOC soft switching convertersith
efficiencies> 98 %.
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Chapter 1Introduction

1.1 Motivation

There are two technologyags tobe addressedor mediumvoltage (MV) or high voltage (HV)
applications. Firsts fihigh power density MV convertefsr high-speed motor drives applicatians
(as in Fig. 1-1 ). Secondis fefficient MV DC-DC transformers for MVDC to HVDC grid
applications (as inFig. 1-2).
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Fig. 1-2: DC-DC transformer application in Wind and Other grid-connectedapplications



With reference totechnology development forhigh-speed MV drives applications, e U.S
Departmenbf Energy (DOE) estimated that the electric motor drive system consumes nearly 68% of
total electricity for essential energy handling and material processing and HVAC systeffke
motor runningat fixed speed or without variable speed drive (VSD) can potentially waste 30% to
80% of energy in mechanical throttles. Therefore, the forecasted energy savingsdgoyraentof
variable speed drive (VSD) for MV motors saves signifieargrgy basedn thesizeof themotor, in
applications such as chemical & petroleum refining industries, naturahfgastructureand general
industrial applications ashownin Table1-1.

Table1-1:  Potential energy savings from VSOj1]

Motor Size Potential Energy Savings (% of U.S
end-useelectricity load)

1.2%1t03.2%

U.S. industrial motor system
( >500 HP, all applications)
U.S. industrial motor system
(>1000 HPall applications)

0.7% 10 1.8 %

The power and speed range for some of the selected applications are as shamelf? [2]. The
majority of all motors with aating greater than 500 H.P are medium voltage (> 2 k\scknd will
require MV drives for operation. However, there is ling adoption of VSD in the medium voltage
motors using 4.5 kV to 6.5 kV Si IGBT due to low switching frequetigy € 1 kH2), high losses,
requiranent ofgearboxto increase the speed alaggefootprint of VSD system. The high switching
frequencies are required to generate ligidamental frequency ) AC voltages at the motor input
and hence achieving high speed at the moutputbecause the speed of the motor is proportional to
&m0 .

Table 1-2:.  Poweri Speed range for selected applicatiorg]

Application Power Speed

Oil and Gas 3 MW to 15 MW 500015000 rpm
Air Compressor 40 kW to 500 kW 1500380000 rpm

Microturbine 30 kW to 400 kw 15003120000 rpm

The converterfor MV drives areeither two or thredevel using4.5 kV-6.5 kV Si IGBT or complex
cascaded multilevel converters using low voltage (1.2 kV) Si IGBT. The 4.5 kV to 6.5 kV Si
IGBTSs arehighly inefficient if switched above 1 kHz. The cascaded mukil@onverter using low
voltage Si IGBT can be switched at high switching frequencies (10 kHz) but are complex to
implement and low power density due lemge cables size required for low voltage high current
operation from each of the building bl¢8K4].



Therefore, the DOE, academic institutions, and other corporateraeseenters are focusing on
developing the MV power converters foextgenerationhigh-speed drives using Wide Band Gap
(WBG) devices such as Silicon Carbide (SiC) devices. The minimum specifications of MV VSD

using WBG deviceare showrin Fig. 1-1.
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Fig. 1-3: Three ph-ase legs ohitwo-levelc onverter using thel7keSid es connec
MOSFET devices for MV (>2.0 kV) high- speeddrive applications

To realize the MV VSDthe SiC devices are availaliter both low voltage (1.2.7 kV) and medium
voltage (10-15 kV) [5][6][7]. These devicesan be switchedat higher switching frequencies and
lower losses compared to Si IGBT. The medium vol@igadevices(> 10 kV) are not commercibi
availabke for medium voltage high power applicatiohst availableonly in research laboraties It
hasbeen reportedn [7] aboutthe use of 10 kV SiC MOSFET modules for M¥gh-speeddrive
applications with high switchingf{, = 10-20 kHz) and fundamental frequencies (@O Hz).
However, the output power fromh converter using 10kV SiIRIOSFET modules haseen limited

to 1020 kW.1t is due to low current rating (1025A) of 10 kV SiC MOSFETAIso, the design and
operation of the converter using 10 kV SiC MOSFET is nahellenging due to higld d v.'/ d t
Therefore, the converter operatioashbeen limited from 6 kV to 3 kV dc bus at higher switching
frequencieg8]. Recently, Wolf Speed Inc. has developed high current (240 A), 10 kV SiC MOSFET
module[9] and thg may replac&i-IGBT (4.5 kV, 6.5 kV) in the conmg years. However, even if the
SiC devices of greater thalD kV are umvailable due to cost or any other reasons, the LV SiC
devices can be used to realize the MV converter. The LV SiC deaieesireadyprovenfor their

robustness and reliability over the recent years. These are available commeiitlialigh current



capability modulesHowever, to enable MV converter with simpieo-level topology, a series

connection of LV SiC devices is required {a$ig. 1-3).

Therefore, one of the focus in this thesis is converter design considerations for series connection of
1.7 kV SiC MOSFET$ using RC snubber to enablesonverter for higkspeed drive applications.

When comingo MV DC-DC transformerits significant importancéas been increased in the recent
years for the state of the artedium voltage DC grid (MVDC griés shown inFig. 1-4), with
increased penetration of distributed generatisush asoffshore Wind farms, solar farmand
efficient power transmission of DC system over the AC systdra.typical application of M DC-
DC transformeris show in Fig. 1-2, Fig. 1-4 and Fig. 1-5. Reference[10] analyzed different
configuratiors of Wind farmbasedvVDC grids and different configuratierof interfacing converter
topologies (AGDC, DGDC, DCGAC) to interconnecwind farm to MVDC collection wint. The
capacity of the Wind farmis 25 MW to 400 MW.Typical AC output voltage of MW to 3 MW
Wind turbines are 690 to 1000V (Vestas MW 90V turbine generates 1000[10]). High power
wind turbines such as the M50Q01], propose a generator voltage of X2 (5 MW). If the
transformation ratio is high enough so that the turbine owtitage reaches 200 kV, only a single
transformation is used to elevate the voltagthéotransmission level af0 kV-150kV. If the turbine
output voltageafterthe AC-DC stageis belav 5kV, an additionaDC/DC transformer is needé¢ii2].
One typicattopology with two transformatiosteps(MV DC-DC transformeris shownin Fig. 1-5.

However, the efficiency of MW scale DOC converters at medium voltage (MV) transmission/
distribution level withSilicon-basedpower semiconductor devices is less than coneealti AC
distribution transformer. The typical efficiency of line frequency (58dEz) AC distribution
transformer is greater 98%. The efficiency oM8V to 15 MW DC-DC transformer with different
converter topologies using Si IGBT 2% to 95% [13]. The frequency of DDC transformer is
500Hz to 1800 Hz[13]. The efficiencyof Wind farm will becomepoorwith anincreasecumber of
power conversion stages from Wind turbine outpl¥DC collection pointThe total losses of AC
to DC and DEDC converter for 4&vV MVDC grid is very high and it is reported to be aro8%
[13] The switching frequency of these convesteith Si IGBT or Thyristor are reported to be as low

as300Hz to 1500Hz [14], therefore very little impact on converter power density.
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One of the typical DEDC transformes is shownin Fig. 1-6 andFig. 1-7. It has threeections: (i) HV

side converter{ii) LV side converter; (iii) high frequency isolation transform&n increase the
power density of isolation transformehe switching frequecy has to be high (>10 kHz). Howeyer
unlike low voltage transformers, the size of MV transforrdees not decrease with increase in
operating frequency. The size of the MV transformer is also a function of insulating material volume.
The study shows thathe @timal frequency fora high power densityof medium frequency
transforme (MFT) for MV/HV applications is4 - 6 kHz for the 33 kV / 1 kV system, 666 kW as
shown inFig. 1-8[15][16].

Therefore, to realize the DDC transformer for MV/HV applicationswe do na require
semiconductor devices with very high switching frequencies (20-18zkHz) but require with
mediumswitching frequencies of up te 40 kHz onlyfor both HV side and L\side ofthe DC-DC
transformer The 4.56.5 kV Si IGBT devices cannobe used on HV side as their switching
frequenciesre limited to less tharl kHz However, LVSi IGBT (1.2-1.7 kV) can beusedon the LV
side as their switching frequencies are up to 10.KHw®refore, the MV or HV SiC devices such as
10-15 kV canbe usedon the HVside and LV side converter could be either with LV Si IGBT or
with LV SiC MOSFET.The overall DEDC transformer for MV/HV application using the basic
building blocksis shownin Fig. 1-6. The threeconfigurations otasic buildingblocksof a DC-DC

transformemwith Si and SiQdevicesareshownFig. 1-7.

Therefore the second focusf this thesidgs to enable DEDC transformer for MV/HV application by
performing (1)the HV SiC devices (10 kV-15 kV) characterizatior(soft switching and hard
switching). (2) The ries connection of HV SiC devices ( for soft switching application8); (
Estimating their switching frequendymits, converter design considerations using these devices,
evaluation of losses on HV side using these devices anthalstficiencyof the DC-DC transformer

(for both HV side and LV side)4) The comparison of HV SiC devis€10-15kV SiC) anda series
connection of 1.7kV SiC MOSFEdevicesand Si 1IGBT devices (4.%.5 kV) to choose suitable

device for MV converter application

Based on the previous given reflections and argumentepjietives of this dissertation are:
(1) Enable High power density medium voltage (MV) converters for-sigted drives using SiC
devices (LV and HV)

(2) Enalte efficient DGDC converters (Isolated soft switching) for MV/HV DC grids allohdfarms
(HVDC- MVDC) using SiC devices (LV and HV) and Si IGBT (LV).
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Fig. 1-8: Variation of MV/HV isolation transformer size with switching frequency [15][16]

1.2 Outline of this Dissertation

Section1.1 outlinesthe motivation of the dissertation aridt of basicconverter topologie® enable
MV high-speeddrives and DEDC transformer forMV - MW scale applicationusing low voltage
and high voltage SiC devic€$.2 kV to 1.7kV low voltage SiC devices, and K¥ to 15kV high

voltage SiC devices)

Chapter 2explains in detail the design considerations of series connected low voltage SiC devices
(1.7kV SiC MOSFET) to enable medium voltage high power application.

Chapter 3explains the detailed switching characterization of 15 kV SiC MOS&#IT 15 kV SiC
IGBT. It covers two different switching characterization double pulse test (DPT) circuit setups and
how these DPT test cinits will influence the switching loss characterization. It also covers
demonstration of 1%V SiC MOSFET in dedc boost converter atfull working voltage (1&kV DC
output) in continuous switching mode and verification of total losses from heat ramdestvitching
characterization. It also introduces the switching loss comparisonldf 85C MOSFET and 15 kV

SiC IGBT under samdv/dt conditions and comparison of total losses. Finally, switching frequency
limits of these 1%V SiC devices and efficiay of differentDC-DC converterghard switchingand

DC-AC inverter(hard switchinglsing these devicés presented

Chapter 4ompares the high voltage modules Ki0to 15kV SiC devices)and series connected 1.7
kV SiC MOSFETs.



Chapter 5introduces softswitching and seriesharacterization oHV SiC devices(10-15 kV) to
enable DEDC transformer for MV/HV applications and presents the efficiencythefDC-DC
transformer foihigh powerapplications.

Chapter 6presents the conclusions and future work
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Chapter 2 Series Connected Low Voltage SiC devices KMSIC
MOSFETS) to Enable MediunYoltage HighSpeed Drives and Other
Grid-Connectedipplications

2.1 Introduction

The nedium voltage (MV) higkspeed drivesare requiredfor traction, wind energy maring
aerospacejil, and gas compressaapplicationsThe MV converter must be able to switch at higher
switching frequencies (> 5 kHz) to gmate higher fundamental frequency AC input voltages for the
motor (O 500 Hz) and thereby achi evi Togdevelopgh spe
the VSD as irFig. 1-1, the high-voltage and higiturrent SiC devices are not commercially available.
Therefore, to meet the immediate need of MV or HV converter applications aexplore the

capability of the low voltage SiC devices for medium or high voltagplications,the series

connection of 1.7 k\?25A SiC MOSFET modules has bemvestigatedn thischapter

In order to reach this objective, it is worth noting that the series connection of multiple devices has
the following design challenges that mbstaddressed: (1) unequal dynamic voltage sharing due to
mismatch in device capacitancesdde-spread in turroff delay time due to external gate drive signals
and mismatch in device twoff delays (2) Unequalstaticvoltage sharing of series connetttdevices

due towidespreadn device leakage currentsnong different devices (of identical nomirvoltage

and current ratings). (3)oF a seriesconnection ofa high numberof devices, the connected bus bars
between devices contribute to additionaldanductancdL). This increases the device voltage-de

rating due tal Jdi/dtdseen by each device during twofi [17].

Reference[18] demonstrates that the series connected low voltage SiC devicek\(1C

MOSFET) have high current handling capability, better conduction losses and breakdown voltage
compared to a single high voltage device, but i
design for series connection. The feasibility of 3.6 kv/80 A and 1@0¥/A power module with

series and parallel connection of low voltage SiC MOSFET 1200 V/40 Abbas reportedn

[19][20]. It uses a single gate driver unit to tumm and turroff the devices in series, which results in

an undesired sequential tuon/off process. During turan/turnoff, the closest device from the gate

driver unit in the series connection, commutates first and the furthest one will commutate last.
Therefore, the switching loss distribution in the devices will be unequal. This switching delay will
increase the effective dead band requirement and hence satiecewitching frequency capability.

Though they use speeding capacitors in the gate driver to decrease the switching delays between the

11



devices, it does not improve the twoff process compared to tuom. In[19], from the experimental
switching characterization, it is clear that the current measurement does not correspond to the actual
device current. Hencérue decreasm turn-off losses due to snubber canbetcapturedndthe total

savings in switching losses and heat sink size reduction charmtaluatedTherefore it isnay not

be aneffective methodor converter development anelattime applications

Dynamic voltage balancing of the series conneatio8i semiconductor devices has been done using
various methods, such as (i) Passive @®CD snubbei[21]-[26]; (ii) Active clamping and Active
gate driverd27]-[29]. Active gate driver method is more complex to implemend, iawill be even
more challenging forclosedloop control of the fast switching SiC devices for dynamic voltage
balancing.n this work,a RC snubber methotlas been uset evaluate the series connection of LV
1.7 kV SiC MOSFETSs tenableMV converters &s inFig. 1-3)). The staticresistance (B and RC
snubber (RCy) areselected taeducethe static and dynamic voltage imbalamaceoss the devices and

henceto awid the matching of the devices in the converter design and fabrication.

This chapteris organizedas follows:Section2.2 presents thetatic characterization rad selection of
static balancingresistance (B Section2.3 presents eectionprocedure of optimum RC snubber
(R4Cy) for series connection of deviceSection2.4 presentsa dynamic characterization oseries
connected 1.7 kV SiC MOSFET devicesection2.5 presents thevgtching losses per devic&g,)
with RC snubbein series connectiorsection2.6 presents theamnputation oknubber resistor losses
(Erg). Section2.7 presentsan experimentaldemonstration of series connected devicedifferent
converter configurationsSection 2.8 presents the efficiency of-gh MV VSD for different AC
voltage (2.1 kV-13.2 kV), Sectior2.9 presents the performance comparison afISBT and series
connected 1.RV SiC MOSFET devicesSectiorn2.10 concludes this chapter

2.2 Static Characterization and Selection of Static Balancing Resistayce (R

1.7 kV SiC half-bridge modules device leakage tests are dosiag Tektronix 370Acurve tracer at
1000V and 1200V reverse bias voltagesdifferent junction temperatures @5to 156C) for a
handful of devicesglght halfbridge modulessixteen MOSFET devies).

Table 2-1 and Table 2-2 show the characterized device leakage cun(ég;t e) at 1000V and

leakag

1200V respectively. At 1000V, the maximum spread irkage currents(DI(lffeakge) within the

module is9”l T HA (approx.) and maximum spread in leakage currents between the half-bridge

12



Table 2-1:  Device leakage data atd00 V

Leakage current (WA) at 1000 V
Module no T=25°C T=125C T=150C
1 Top MOSFET 17 18.5 195
Bottom MOSFET 21.2 25 28
3 Top MOSFET 18.6 20 22
Bottom MOSFET 21 23.5 28.5
4 Top MOSFET 29.3 32 33.5
Bottom MOSFET 17 21 24.5
5 Top MOSFET 20.5 22 23.5
Bottom MOSFET 18.3 22.8 25.5
6 Top MOSFET 36 38.5 40
Bottom MOSFET 26.2 29.5 32
7 Top MOSFET 18.2 24.5 30
Bottom MOSFET 17.9 26.5 34
Top MOSFET 18.2 20.2 23
Bottom MOSFET 65.6 127.6 138

Table 2-2:  Device leakage data at200 V

Leakage current (WA) at 1200 V
Module no T=25°C T=125C T=150C

1 Top MOSFET 24 31.6 35.1
Bottom MOSFET 33.6 44 .4 51.7

3 Top MOSFET 24.8 29 35
Bottom MOSFET 31.9 40.7 51.7
4 Top MOSFET 42.7 52.6 58.7
Bottom MOSFET 25.8 38.2 46.3

5 Top MOSFET 27.2 325 35
Bottom MOSFET 28.6 39.8 47.3
6 Top MOSFET 51.4 59.6 66.6
Bottom MOSFET 385 47.8 55.8
7 Top MOSFET 25.6 38.9 49.8
BottomMOSFET 245 41.7 54.5
Top MOSFET 26 325 42.2
Bottom MOSFET 77.9 127.6 162.6

-modulesis 20 HA (approx.). At 1200V, the maximum spread in leakage currents within the module

is HA (appiox.) andmaxmum spread in leakage currents betweenh#ié bridge moduless

13



30 HA (approx.). Most of the leakage current values are spread around the average leakage

current (I;“S’ﬁeakge)value of nearly 3GuA, as shown inFig. 2-1. The static voltage balancing

resistor can be designed usi(®l) for a known value of deve leakage current and maximum
spread in device leakage currerBtatic voltage balancing resistor of 0.MY to 1 MY used to
limit voltage unbalance within 10%-12% of device nominal operating voltage.

a
R ¢ L Vg

= 2-1
10 Iavg + D max ; ( )

g ds,leakge ds, leakal

Mo of SIC MOSFET
Samples

- n ,. s b n
-100 -50 | 50 100 150

Leakage current(pA)

Fig. 2-1: Spread of leakage current from fourteen SiC MOSFET samples

Fig. 2-2: Inductive clamped circuit (a) two series connected 1.7 kV SiC MOSFETSs per arm of a
phase leg (b) four series connected 1.7 kV SiC MOSFETs per arm of a phase leg
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The inductive clamped circué shownin Fig. 2-2 (b) hasbeen usedor static characterization of four

series connected 1.7 kV SIC MOSFET devices. The device gate to source \valeageptat nearly
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-5V, and the DC bus hdmeen increased 2800V.Fig. 2-3 shows the static voltage across the devices
(S to ) with respect ground, and the difference in the imbalance between the devices is less than
10% of base rated operating voltagge.,.Vy/n=2800/4=700V).

| ? V, =2800V

V,:500 V/div AV =800 V

| V,7500 V/div

V3 ? £00 V / i \/;=1330kV A1 av=esov
EI " .; ' gt AV =650 V
| 1 500V:/dIVTime: 10ps/div )

Mar(C1) 2.87kY High(C1) 2.79kY

AV =670V

Mar(C2) 2.03kY Highi(C2) 1.99kv

Mar(C3) 1.37kY High(C3) 1.33kY Unstable histogram
Ma(CA) |  B0OY , \ o |\ | v HightG4) |, 8487Y o\ v 0 |y u
Ch1  S00Y Chz  S00Y M 10.0ps 250MS/s 4.0nsht

Ch3  S00v Chd4 SO0V A Ch1 » 960V

Fig. 2-3: Balanced static voltage of four SIC MOSFET devices in a phadeg arm (eight devices per
phaseleq)

2.3 Selection Procedure of optimum Rfubber (RCy) for series connection of

devices

The RC snubber method hbsen usedor series connection of deviceBhe value of the snubber
capacitor (@) , snubber resistor Rhave been selected such that (i) it limits the dynamic voltage
imbalancebetween the devices within 42% of device nominal operating voltage, (ii) it limits the
voltage peak overshoot across each device withib22@ of device nominal operating voltage; (iii) it
should be optimal value to reduces the total switching logaésit should not exceed the peak
current into the device more than its repetitive current rating; (v) its discharging time constant
(4R4Cy) should be less than device-state timeTherefore, th@ptimumvalue of RCy snubber is the

minimum value of RCy shubber given by constrag(@-1).
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R C = minmize

d d "min

éDifference in the dynamic voltage shayin |
N\

| Voltage peakovershoot across the devirel |
Ve

Total Switching losses in the devicetla¢ sane time (21)

The snubber capacitor {Ccontributes to the following four functions: (1) it reduces the unbalance in
dynamic voltage sharing between the devices and the rate of rise of voltage across the series
connected devices (Y (during turnoff, V4 will be nearly equal between the devices, because the
snubber capacitord i s much | arger than t/he@deedicas¢hés out |
overall turnoff av/déat AC pole voltage point; (3) it makes the taffi process in the elices near

or partially zerevoltage switching and hence reduces the -offnlosses in the devices; (4) it
contributes additional losses during t«mm, because the energy stored in the snubber capacitor during
turn-off will be discharged in the serieassistor and the devicklence the total switching losses in the
device may increasélherebre it is essential to find the optimal snubber capacitor valhe.
flowchart for the selection of the optimal valueRyCy for series connection of devices is givia

Fig. 2-4. The selection of minimum values of;®& snubber will be carried out mostly by the
experimentathaacterizeddata from Sectio.4-2.6, usingthe procedure mentioned in the flowchart
shown in Fig. 2-4.

17



Select starting value of Snubber
capacitor (Cy ) 2 to 3 times device
output capacitance value

]

Select starting value of Snubber Resistor value such that, (i)

the peak current through device is limited to repeitive peak

current rating of the device and (ii) discharge time constant
(4R4Cq4) nearly less than minimum device on-state time(< 1us)

l

Perform series connected devices dynamic characterization
with updated 'Ry C4”

Is difference in dynami
voltage imbalance < (10-12)%
device safe operating voltage

Increase
Cy

Yes

| mini value of Cy is found ]

l

With mini value of Cy and starting value of Ry, Perform
switching characterization to measure peak overshoot
voltage across the device

Is voltage peak
overshoot across the
device < (10-12)% safe
operating voltage

Increase or decrease
Rg from current
value and Update

The Range of optimal Ry (R4 min
With mini value of Cy | ,Ra max) for which voltage péak
and starting with Ry_min overshoot is minimum <(10-12%) is
obtained

Perform switching characterization to measure device
switching losses and snubber resistor losses, device peak
current with optimal Cy and updated Ry

Is the total switching
losses minimum ?

No |Increase value of Rg till
Rg maxfrom current value

Also, Is device peak current less
and Update

tha peak repetitive current
rating?

| Optimum values of RyCy4 are obtained for series connection |

Fig. 2-4: Flowchart for the selection procedure of optimal snubber values for series connection of SiC
MOSFET devices
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2.4 Dynamic Characterization of Series Connected 1.7 kV SiC MOSFET devices

This section presents therdymic characterizatioof seriesconnected 1.7\ SiC MOSFET devices
with (1) two devices per arm ( ashig. 2-2(a)) (2) four devices per arm (ashig. 2-2(b)).

2.4.1 Dynamic Characterization with Twoe8es Connected 1.7 kV SiC MOSFET

devices

Fig. 2-2(a) shows the schematic circuit to verify the dynamic voltage sharing with two devices
connected in series. Two hdifidge modules(Wolf Speed CAS300M17BM2 - 1.7 kV SiC
MOSFET) are usedfor switches $to S,. The stray inductance of the semiconductor module is ~15
nH, and the contribution from bus bars from the DC capacitor to the maddlenoduleo-module
interconnections approximatelyaround & nH to A nH. Therefore, theeffective loop inductance
seen per switch position is around 40 nH to 45 nkhéndynamiacharacterization experiments with
two series connected 1k¥ SiC MOSFET devices.

Fig. 2-5 shows the difference in peak voltage overshoot andifhamicvoltage difference between
two series connected devices without snubber duringdfirat 1 kv DC bus voltage and 200 A
switching currentThe difference irthepeakover s s h o-p)iis 292 & \30), andthe dynamic
voltage differencé ae\is)180 V (20 %). For the safe operatingitageof 900 V, the difference in
2V 4p andaa/ are nearly 30% and 20% respectivelgcreasing the DC bus more than 1 kV without

shubbemwill force the one of the device voltage to go more than safe operating voltage.

Fig.26shows t he peak vol t agpeanddynart soitage differehcdf s\e)r e nc e
bet ween two series connected devices with snubb
switching current of 200 A. It is evident that the dynamic voltage sharing between two series

connected devices has been improvedificantly with an external snubber.

Table 2-3 shows asummaryof difference in voltage sharing between the two devices for different
snubber values at gate resi st alhoear framfthe Bblegthatf or di
thelower bound (minimum value) for snubber capacitor for the dynamic voltage to be less than

10-12% is 22nF (C4 O22nF).
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:
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E} 1 Time: (200ns/d|v)
[ax(C1) 205.04 “Mak(M3) . 208.04
Man(C2) 99534 Min(C2) -6.0A
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Math3 1004 200ns
Fig. 2-6: Turn -off transition of two series connected 1.RV SiC MOSFETs and transient peakovershoot
di f fer ¢F8¥)wthaB8Cq=33 nF, 4.7 q at 1800 V DGCeftuc , 200
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The observed turnff delay differencedyr ) between the two devices is less th@ms during the
dynamic characterization. Tranalytical expression faurn-off delay (qor ) for the MOSFET is
given by(2-2)[30]. WhereCy: gate to source capacitanc€y,: gate to drain capacitancéyson)
on-statevoltage drop;Vy, : Gate supply voltageY, : threshold voltage], : Load current; gn :
Transconductance. Z: Width of MOSFET conductarannel; L: Length of MOSFET conduction
channel; G gate oxide capacitange;: mobility of inversion layer

Table2-3: Peak overshoof,) danfledgnami ¢eVol t agebetdeeh f er ence
two SiC MOSFETs with different snubber values
At 1800 V DC bus antRyon=Rgi = 5 Q
at 100 A switching at 200 A switching
Snubber & pp 2<% %( agyor g a&/pp 2% %( agyor e
values V) V) V) V)
10nF,4.7Y 125 96 13.88%, 10.66%| 302 260 33.55%, 28.89%
22nF,4.7Y 48 48 5.33%, 5.33% 92 112 10.22%, 12.45%
33nF,4.7Y 32 36 3.55%, 4% 48 56 5.33%, 6.22%
68nF,4.7Y Negligible
e
e
— e 99
td(off) - Rgoff [Cgs+ng (Vds(ON)]In éé 3
é +V .e
éc0, " % @2
— Sn' (;5< Z
Om = '—ngg “Vin 4

The transconductance {gis dependent on gate oxide thickness, which is process dependent and
var gat iad resoentror tthemebility oft h e

t her e

inversion layer |@,) and threshold voltages. These three parameters will change with temperature,
which mayeffectthe @, However, based on the 1k¥ SiC MOSFET datashed31], the variation

in the transconductance from®25(g,= 133) to 156C (g,= 131) is very small. Therefore the increase

in turn-off delay difference&y,rm) between the devices is neglected. However, assuming the worst
case scenario that they.n may increase betweethe devicesdue toaging in the converter
operation with temperature analso the external gate driver delays clgmwith aging and
tempeature. The increase By cm Will increase the dynamic voltagebalancedifference between

the devicesTo make the device and the convert@re reliable the selected snubbercapacitor has

2L,

coul

d

be s mal
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to keep the difference in dynamic voltaigebalancewithin 10-12% of safe operating voltage even
with theincreasen a .

To emulate the difference in tuoif delays between the two devices and to select the optimal
snubber capacitor, the dynamic voltage characterizatiobdeas performegvith an intentional delay
of 40 ns between the two devic&sy. 2-7 shows the dynamic voltage difference with intentional gate
signal delay of 40 ns at 1.8 kV DC basd 100 A switching current.able2-4 showsa summaryof
dynamic voltage characterization with different snubber casesviinéin intentionatelay between
two gatesignals.Therefore, for dynamic voltagebalanceto be less than 100 {10-12%) for turn-
off delay spread of 40 ns, at 100 A switching, the lower bound for the optimal value of snubber
capacitor- Cy4 O 33 nF. For switching current greater than 100 A amd-off delay spread greater

nF.
211 ns

than 40 ns, the lower bound for snubber capacitor could be in the range of 3310 < 6 8

However, the turoff delays forRgyf: 2.5 to 5 q are nearly

spread in mismatch in twoff d e | a y8) canded assumed nearly 295 % of turnoff delay

(i . 4@m = 58\6-15 ns)25]. Therefore, the difference in the dynamitage less than 102% can

be achi evedy Q83 hn R -pff detdy spoe@d of 15 ns. With the endurance test (heat
run test with continuous switching mode) of series connected devices in se@idnhas been
verified that the increase in tugif delay spread with temperature is negligibtes observedhat,

with Cy = 33 nF, the dynamic voltagenbalancebetween two devices has been within1R% of

rated operating voltage at 1B0 peak currentthe heat sink temperature near the module base plate
is near62’C, andat the junction temperaturés early 148C. This indicaes the negligible increase in
the turn-off delaysspreadbetween the 1.7\k SiC MOSFET devicesvith an increasein junction
temperatureTherefore, amptimal snubber capacitor value 22 nF to 33 nFleansedor the series

connectiorof 1.7 kV SiC MOSFETs

Table2-4: Peakover shoot dy)f faerde ndcyen a(me@Vc vol tage differenci
intentional gate signal delay to emulate spread in device turoff delays and gate driver delays

At 1800 V DCbus,100 A switching currerdind atRgon= Rgot= 5

Gate Signal®elay40ns

Snubber values & (V) &/ (V) % ey % eV
(33nF,4.7 ohm) 80 92 9.77% 12.5%
(68nF,4.7 ohm) 56 36 6.22% 4.0%
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1 Buttons ]

"V4e£(200 V/div)

Curs1 Pos

884.0v
Curs2 Pos

964.0Y

V1: 8840V

(5 - l4s1 (100 A/div)
Time: (200ns/div)
Max(C1) 106.04 Mar(M3) 107 BA
PaH(C2) 60,124 Min(C2) -3.8364
Max(C3) a86.0v High(C3) 845.0v
FaniCa), 9695Y 40 | | . HighiG4) | | 934,07 | P
Ch1 1004 Chz+ S0.04 M 200ns 1.25GS% 1T 200psit
Ch3 200% Ch4 200Y A Chd4 -~ 408Y

Math3 1004 200ns

Fig. 2-7: Turn-off transition of two series connected 1.7 kV SIMOSFETs and the dynamic voltage
difference ( agy=80 V) with Intentional gate signal delay of 40 ns with gC4=33nF,4. 7 q, at 1800V
DC bus, 100 A switching current Rq=4.7 q

2.4.2 Dynamic Characterization with Foureftes Connected 1.7 kV SiC MOSFET

devices

Two series connectedevicesare not enough for building simple twievel MV converter with AC

voltage (L:L) of 2 kV and above. Therefore, the demonstratiothefseriesconnection offour 1.7

kV SiC MOSFET devices per arm (eight perlegy n @as@pHhHh eg convertero (on
threephasewo-level converter) is required (&s Fig. 2-2(b)). With the demonstration of fogeries

connecteSi C MOSFET devices, it can be genadavieeki zed f
canbe connected in seriésr MV converter applicatianwith AC voltages levels of 2 kV to 13.2 kV

(L-L) or even HV applications.

Dynamic characterizatiois performedwith four series connected 1.7 kV SiC MOSFET devices per
arm ofa phase legThe corresponding experimenfabtotypeis shownin Fig. 2-8. Four haltbridge
modules(Wolf SpeedCAS300M17BM2 1.7kV SIGMOSFET) are usedor the switches $to S in

Fig. 2-2(b). The gate to source voltage for the switche$0Sy; are keptat nearly-5 V anda single
pulse is applied tos30 S at 3000V dc bus
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Four SiC haiis

MOSF mo%1

(b)

Fig. 2-8: Experimental setup of one phasdeg with four seriesconnectedSiC MOSFET devices per arm
mounted onthe heatsink, dc link snubber capacitor, RiC4 snubber for each device andn eight-channel
gate driver; (a) Top View; (b) Side view

Fig. 2-9(a) shows the turoff dynamic voltage characterization of four series connected 1.7 kV SiC
MOSFET devices using optimal snubber capacitor value fénoma the previoussection (G=33nF)

and at 2800V dbus,300A switching currentRy, =Ry = 4.7Y , ¢=R.65Y ,T;=25°C. The voltage
imbalance across the devices is less than 10% of the nominal base operating voltage

(V4dN=2800/4=700V).Fig. 2-9(b) shows that the Inductor current reached 300A beforedafiirn
event, indicating the turaff dynamic characterizatias performedat a switching currentf00A.
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Fig. 2-9: Turn-off dynamic voltage characterization at 2800/, 300A, Ry: 4 . 7.841.6 , n§,3
T= =25°C (a) Turn-off dynamic voltage across four SiC MOSFET devices w.r.t ground in phaseleg arm;
(b) Turn-off dynamic voltage characterization showing the inductor current (i.e., turroff switch current

is 300A) and the three device voltages with respect to ground
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Proper care has to be taken for the selection of correct probe teedefar device voltage
measurements in the static and dynamic voltage characterization for the series connection of more
than two devices. The input resistance of general LV or MV differential probes is not sufficiently

large enough to be used in the seBennection experiments. If these differential prabresusedthe

effective static resistance across each device may not be equal. Hence, the voltage measurements
show more imbalance in the voltage sharing of the devices. Therefore, to offset thefgiiedie

i nput resistance in the measurements, MV probes
used. Four high input resistance single ended prddronix P6015A (2KkV DC, 75 MHz)) have

been useih the device voltage measurements in a@lekperiments.

2.4.3 Influence of switching loop inductanom voltage peak overshoot and selection of

snubber resistor (Rrange

In the previous sectio@.4.], the optimal value of snubber capacitor value for the dynamic voltage to

be less than 102% hasbeen outlinedThis section outlines the effect of different snubber resistors

on the voltaggeak overshoot during device tenff for the given snubber capacitor value. In the
series connection of SIC MOSFET devices, the peak voltage overshoot across each device during
turn-off should be limited. Otherwise, the cumulative addition of dynamitagel differences and
voltage peak overshoot will reduce the voltage safety margin required for the device to operate under

step change in loads.

1g Lsis p 5
L GZ_I Tllsan 3

é|

L
Cd VdS cg‘:“'

(@) (b)

Fig. 2-10:  Switching characterization circuit (1.7 kV SiC MOSFET with RC snubber) (b) 1.7kV/300A
Half Bridge Module (CAS300M17BM2)
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To estimate the peak overshoot voltdge r each device in the ,&eries
simplified equivalent circuit is required to emulate the nearly similar behavior on per device basis.

The phase leg switching characterization setup with snubber across each device using the induct
clamped circuit shown ifrig. 2-10 (a) has been used to estimate the peak overshoot voltage per
devi cav/ddT h @i/dtdd HSeen by t he de Wig.e-&0(a)wildbe samdomat devi
perdevicebasi s i n the series connec DC power supplydh 6 devi
capacitor bank, inductor, tleeviceunder test (§ and freewheeling switch {5 The switches Sand

S, are realized usinpalf-bridgemodule shown irFig. 2-10(b). The total loop inductance per switch

is approximately 6@H (15 nH due to themodule 45nH due to DC bus)This loop inductance will

emulate the similar loop inductance value seen by each switch in series conmketion

contributionfrom module tanoduleinterconnectiorand DChus connections.

Table 2-5 shows the summary aéxperimentallymeasured peak overshoot for different snubber

resistor values for the optimaly@ange found ir2.4.1 For a given value of {Zthe peak overshoot

increases with alecreasen RyG To limit the peak voltage overshoot acrasschdevice not to

exceed 1012%, the value ofR®h as t o be wi t hi n riren8hasbeer obserded 7 Y. /
f r omSimpligSimexd si mul ati on using gener al Si C MOSFE"
method[32]. The Fig. 2-11 shows the peak overshoot with different snubber resistor values and for
different switching currents for 33 nF at 900V dc bus. The peak overshoot increases at extremely

lower and higher values snubber resisTdre range of R, for which peak overshoot minimum is

nearly 1.25 Y to 4.7 Y.

Table 2-5:  Experimentally measuredvoltage peak overshoot withdifferent snubber values

At 900V, 100A At 900V, 150A
Snubber value % peak overshoot % peak overshoot
22nF, 1.56q 7.667 10.222
22nF, 2.35q 6.833 8.667
22nF,4.7q 4.889 6.667
33nF,2.35q 5.878 7.556
33nF,4.7q 4.056 5.778
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Fig. 2-11: Peak overshoot trend for different snubber resistor valugs for = 33nF, Loop inductance
of 60 nH and at 900 V dc busRgei: 4.7Y

2.5 Switchinglosses per device {f with RC snubber in series connection

The previous sectiooutlines the range of Rto be used in the series connection to minimize the
voltage peak overshoot for a given value gf This section outlines the experimental total shiitg
losses per switch (device switching losses and the snubber resistor switching losses) and concludes

the value of Rto be usedn the series connection for a given optimal value pf C

2.5.1 Device switching lossesith RC snubber itheseries connectio

To estimate the device switchi ngasimplified egeivalemt t he
circuit is required to emulate the nearly similar switching behavior per-devicebasis. The phase

leg inductive clamped switching characterization setup with snubber acrossesaehshownn Fig.

2-10(a) has been used to estimate the devicackivig losses. The switching lossasserved irthe

device under test ifig. 2-10 (a) will be same on perdevicebasi s i n the series

devicedqasin Fig. 1-3). The validation of this simplified circui$ also showrin this section.
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Fig. 2-12: Turn-on switching characterization of 1.7 kV SiC MOSFET with snubber at 900V, 300A,

R=4.7Y . (CR1.56Y, nB,3;=25°C. (Turn-on losses (E): 52 mJ)
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Fig. 2-13:  Turn-off switching characterization of 1.7 kV SiC MOSFET with snubber at 900V, 300A,

R~=4.7Y . (CR1.56Y, n8,3J;=25°C. (Turn-off losses (Ey): 4.93 mJ)
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Fig. 2-14. Turn-on switching characterization of 1.7 kV SiC MOSFET with snubber at 900V, 200A,
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Fig. 2-15.  Turn-off switching characterization of 1.7 kV SiC MOSFET with snubber at 900V, 200 A,

R=4.7Y . CRA.7Y,

ng,3=25°C. (Turn -off losses (By): 2.957mJ)
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Fig. 2-16:  Total device switching loss variation with current for different snubber values at 90%
switching voltage, Ro=Rgo=4.7q

The bottom device is the device under wsithe top deviceis usedas freewheelingFig. 2-12 and
Fig. 2-13 show the turron and turroff lossesper deviceat 900V, 300 A with RyCy (1.56q ,33 nF),

T= 25°C and Ry 4.7 q .Where, Vs (Blue): Voltage across devicejs (Red): Current through the

device lsnunwer (Brown): current through Snubbek,, (Magenta): totalinput current; M,y (Green):
Freewheeling switch gbvoltage; M1 (Orange): Switching Enerdgimilarly, Fig. 2-12 andFig. 2-13
show the turron and turroff lossesper deviceat 900V, 200 A with R4Cq4 (4.7q ,33nF), Tj= 25°C
andRy: 4.7q .

Fig. 2-16 shows the total switching loss variation with current for different snubber valy@g @hd
without snubber at 900 V switching voltad®.,n =Ry =5 q. |t i s Fig.2-i6dhatmhe
device switching lossq&.w~ EontEor) are increasing with reducing snubber resistqj (& a given
value of snubber capacitor {)IC Therefore, theptimal series snubber resistoy which minimizes

the device switching losses, isR 4 . tanlip usedor theseriesconnection. This value also keeps

the dynamic voltage imbalance and peak overshoot voltage less ti@34610or the given optimal
snubber value (22F-33 nF) as conclued from anearlier section. However, R= 4 . Tdoedhot

minimize the total switching lossé&= E,+Eqx +Egrg) (including snubber resistor lossg&q) during

from

switching). The details snubber resistor switching losses, total switching losses and sele&on of

are presenteith section2.6.
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2.5.2 Validationof charactrizeddeviceswitching loss resultwith RC snubber for series

connection of O6nd number of devi ces

To evaluate the switching | oss on aitipexgensideevi ce
and not practical to buildn inductivec | amped circuit with o6ndé devi c
equivalent circuit, whiclkemulateghe snubber behavior same asesiesc onnecti on wi t h &én
shown inFig. 2-10(a) hasbeen usedh the earlier sectio.5.1 The switching losses evaluation and

peak overshoot mitigation using RC snubbeross SiC MOSFET ia phase legonfigurationare

mentionedn [34]. It uses the RC snhubber across the device under test (low side switchire) tewi

not across théreewheelingdevice (high side device). This circuit will give pessimistic (lower than

actual) turron losses because it does not include the-turrcurrent charging current contribution

from the upper snubber capacitor during tamof low side device or viegersa. Sincethe series

connected devicebave RC snubber in both lower and upper armthef phaseleg converter

Therefore, it is important to validate the method employed showigin2-10(a) to calculate the

switching loss perdevice in the series connection. Hence, the inductive clamped circuit with two
devices per arm in series connection showhidn 2-2(a) hasbeen usedandthe switching losseare

measuredn two devices (Sand S) with S and S acting as freewheelindiodes. The switching

losses measuretecompared with results obtained using simplified test sdtigp 2-10(a)).

Fig. 2-17 andFig. 2-18 show the turron and turroff losses irthe devicei S, using series connection
setup inFig. 2-2(a). ComparingFig. 2-17-Fig. 2-18 with Fig. 2-14-Fig. 2-15, it is evident thathe
currentthrough the snubbers adévice measuredsing series connection setgarly matchesvith
results obtainedising simplifiedsetup Fig. 2-10(a)) during both turon and turroff transitions.
Also, the fall times, rise times of voltage across each device and theomurturnoff losses per
device measured using series cotioecsetup nearly matches with switching losses measisied

thesimplified setup.
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V DC bus using series connection with fC4 (33 nF, 4.7Y)
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Table 2-6 shows the summary of total switching loss comparison measured using two setups at
different switching current values. Howaay there is amalldifference in the switching; losses within

two MOSFETs measured using series connection setup, due thffdrencein dynamic voltage

differences. On amveragethe total device losses measured using series connection setup nearly
matches with theimplified circuit. Therefore a simplified setupsiownin Fig. 2-10 (a) can be used

to evaluate the switching losses per device with different snubdees, instead of building
expensive and complex phase | eg whettdial sitcingde vi c e
| oss with 0n éerieacomestedrdevicd/s 6 hnd et i mes the switching
computed using setugFig. 2-10 (a).

Table2-6:  Comparison of total device switching loss (§= EontEo) measured with two setups, at
Ryor=Rgot=4.7 Y

Switchin Eswusing seriesonnection Esw using setup
current 9 | RC snubber setupFig. 2-2(a) Fig. 2-10(a)
At 1800 V dc bus At 900 V dc bus
(A) MOSFETS, (mJ) | MOSFETS,(mJ) MO(S;JE)T'Sl
100 23.64 20.46 20.9
150 33nF, 4.7Y 29.92 25.48 26.58
200 37.41 29.12 32.39

2.6 Computation of Snubbeesistor losses (&)

In the abovesection2.5, device switching loss per device with external snubber casebeleas
evaluated However, there are additional losses in the overall converter due to power loss in series
snubber resistor ding turnon and turroff transition. Eq(2-3) has been used to compute snubber
resistor losses per devicEg() in a switching cycle. During turoff of low side device, load current
hasbeen sharetietween both top and bottom snubl&imilarly, during turn-on of low side switch,

some part of the energy stored in the snubber capacitor will be dissipated in both snubber resistors
(top& bottom). Therefore, RB value ofboth snubber currents is required to comRater Erq. The

RMS value of the snubber current can be calculated using the measured snubber current from
switching characterization. The measured snubber current tranisiapproximateds shownn Fig.

2-19 to compute the losses in the snubber resisteg. 2-12 -Fig. 2-15 and Fig. 2-20 show the

similar wave shape of the snubber current during-turiand turroff transition from theexperiments,

and it validates the approximation. Therefore, RMS value of snubber curremd calculated using

eq (2-4), and also the RMS values of snubber currétdp and bottompare approximately equal.

Where T (=1/f,) is total switching peod, Iy to I, are the values of snubber current during-4turn
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onandturro f f transition cor r esahpas shown gFigt2d9 The RMS
value of snubber current can als® calculatedising measured snubber current thattieen saveih

6 . cfermat with enough number of samples from erimentakcharacterization and using eq
(2-5) in MATLAB.

= (1) B, (#2) RO

ERd = F%%ddsw (2'3)
aDT, D' DT, D 0
ERd - 2(?? Ii)kl |2pk2 "_3|2pk3 +T[D2pk3 _:fl 2pk3 _?* 2pk4F§ ‘
aDT D DT, D'E (
|g:§ pkl 2' pk2 ; I pk3 DI pk3 2pk3 2pkz;, (
§ T 3T, 3T, T 3T, 3T, -
| sor = | !222 + o
(2-4)
o 2 Pl
Irms 1. N S | rms 2 (
snb a nb(n) snb@) ’E
g n=1 -
2-5
N — 1:sample. Irms :| rms I_rms =9
- v lsnbl snb2 snb
sw
A
) |( PWM  (T.=1/f) )I
i}
= N
II __\ G
\ t —
[ I' : : IPK3 : ]
T s\ ! - T '
o : V : P H
E : / 4\%5 :
v AT; AT, M:\(m \/ t —

Fig. 2-19:  Approximation of Snubber current during turn -on and turn-off
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Fig. 2-20.  Thewave shapeof current through RC Snubber at 900V, 100 A switching current (a)
during turn -on (b) during turn -off

Fig. 2-21 andFig. 2-22 show the energy loss in snubber resistor losses per d&4geagd taal
switching loss per device {Efor different snubber values and different switching currents a900
switching voltage, R4.7Y . Where § =E, + Eq4 . Er is total switching loss per devigeEs, is
device switching loss, artglq is snuliber switchingosses per device.

It clear fromFig. 2-21 that the snubber resistor losses are increasitigincrease irsnubber resistor
valuefor a given snubber capacitor. It increases the total switching loss per device (as skayn in
2-22) and reduces the overall converter efficientlgerefore to minimize the total switching losses
and to increase the converter efficienttye value of theseriesresistor () has t o But <

6® cannot be as | ow Ya becanse the peak overshoot wilt increasexat thel .

very low value of snubber resistor {Rfor a given value of snubber capacitog:@2 nF to 33nF))

and switch loop inductance flas concluded in the secti@.3. Therefore, the optimal values of

R4C,4 for series connection which satisfies the constraiatmentioned in theflowchart are 22 nF

OCy 033 nF and R, =1.25Y to 1.5Y. The switchinglossescorresponding to optimal snubber
val ues of 33 nF,Figl2-2% Bhe FYy. 223 shows suramary ofithurn-on loss

(Eon), Turnoff loss (Eg), Device switching loss (& = EotEo), Shubber resistor switching loss
(Erg), Total switching losses per devicerfEE,, + Eyx + Erg) at different switching currents and at
switching voltage of 90¥/, R=4.7Y a n@=1.B6Y .Since the totabwitching losseper device
areknown, this information will be useful for power electronic engineers to evaluate the efficiency of

power converters realized usingdegiesc onnecti on of O6n6 devices.
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Fig.2-23:  The variation of different switching loss components w.r.t switching current and at
switching voltage 900V, R=4.7Y , (CR=1.56Y , n& 3

2.6.1 Analytical expression for snubber current in a phase leg converter to compute

Snubber resistor losses

In the abovesection snubber resistor losses computation frerperimentallymeasured snubber
current hasbeen shownln this subsectionthe analysis of a phase leg converter with snuhber

been carried outo derive the snubber current expressiohisese expressionwill be useful to
compute the analytical RMS value of snubber current, losses in the snubber resistor and it will

eliminatethe experimental snubber current measurements.

For the analysis of snubber current in a pHageconfigurationcircuit, the dc busparasitic
inductance () and RCy snubber terminal inductancesg)Lhave been consideredwhereas the
parasitic parameters of tlieviceare neglected to reduce the complexity. The following cases have
been consideretbr deriving the snubber current aphase legconfiguration.Most of the derived

equations for this analysse kepin Appendix Chapter.

Case 1: Snubber current contribution from RC snubber connected across the DUT dwang turn
Case 2: Snubber current contribution from RC snubberamed across the freewheeling device into

DUT during turron.
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Case 3: Snubbearurrentflowing into the RC snubber connected across the DUT and Freewheeling

device during tursoff.

2.6.1.1 Casel: Snubber current contributiofrom snubber connected across the DUlrimg

turn-on

It hasbeen assumetthat the device Ss the DUT, $is the freewheeling device for the analysis and
also let Tis the rise time for the current;i§ the voltage fall time during twon. Fig. 2-24(a)(b)
shows the device current contribution due tits) snubber, freewheeling snubber and load current
during turron for two different time intervals (0 < t <,Tt > T,) during turnon. When the positive
gate to source voltage @pplied,the DUT channeWwill be formedwhen Vjs; more than its threshold
voltage and current stariscreasing intoDUT and reaches load current byT, and freewheeling
device current falls zero. Since thedwheeling device is conducting until ty The voltage across
the freewheeling device is neadgro. Thereforgentire dc bus voltage (Y is supported by DUT.
However, there is aecreasdan voltage across the DUT () from V4. due to parasitic dbus
inductance couplevi t H dé @i d ur i ,mag shdwn kFig.t2-25@). Due to adecreasen
voltage across the DUT, the snubber capacitqk Will startdischarging into DUT fot > 0,and the
increase in snubber current,{) is shownin Fig. 2-25(a). For t > T,, the voltage across the
freewheeling device starts supportiugltage,so thevoltage across it starténcreasing,and DUT
voltage starts fallingquickly. Theeforet he char gi ng c ur gp@dtatts incrbasimgu gh s n
(Fig.2-25( b ) ) smw@dwilidfurtider increaseas shown irFig. 2-25(a).

To derive the snubber current.{) during turnon, KVL is appliedto the DUT, and itsown RC
snubber FFig. 2-24(a)) and thaesultantequationsare showrin (2-6), and the DUT voltage (\) is
givenby(2-7).

di_.(t . 1
Vdsl(t)+|- d s(njbtl( )+R d I snb(t)+ E ﬁ sntg:) dt:o ;

d
(2-6)

1 0 V.. (0
Cd—ls() = -Viei(S); Veu(0)=V,

a
él-d +Rd +C_S énbl(s)"'
G 0> =
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[1aVv, -L |
Vdsl(t)zia:,.;c—_l_J< ng-t) forT.¢t <T,; | (2-7)
ic 7l =+ i
0T |
f |

Vic («_‘5 ::C

() (b)

Fig. 2-24: The turn-on device current contribution due to itsown snubber and load currert for
0<t<T,; (b) Shows the turn-on device current contribution due to itsown snubber, Freewheeling snubber
and load current fort > T,

r N
Vdc
' S 3

Vde Vdsi (Vdc-Lgdi/dt) \ lds1

(Vde-Ledifdt) T ids1 \“\/
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Fig. 2-25.  Turn-on switching waveforms with snubber and dc bus parasitimductance (Approx.); (a):
shows the DUT voltage, current, and snubber current from RC snubber connected across DUT,; (b)
shows the DUT voltage, current, and snubber current from RC snubber connected across Freewheeling

device
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g0 fort<T 0 @ fort<T (
u.®0=1. 1 aU. =4 " i (2-8)
il Ty i w21 y

Let U, (1), U, (t) are step functions defined as showr{2-8). The V(t) can be written sing step
functions as shown i(2-9) to (2-11) and the correspondiny (S) is given in(2-12).

Vo) = BT, (U1 (0-U; ())-Bt (U 0-U; () forTet ; i
Vgei® = BT, (U (0-U; (9)-BT,U; (0+BT,U;, (9-B(t-T,)U; O+BET,)Us, (O |

e L kt |
TV = oy o L ?(1 u, ) :
1 (; T, i
i 5 & ]
Lkt O L kt
i \éc 0 V?e J( UT,g) | (29
I c Tr - c Tr = [
| Q2 |
I Visi(t) :a dc'L_kt O(Vch |§)U (9 "&U r(t); for0 © T< ! '
f C T, T,
aVv, -L (
dsl(t)—ae_‘;f—_l_‘!( gT -t (U (t)y U, (t)) forT. ¢ TS i
C 't |
av,-Lk © !
let B= g#2"—= b | 10
g Tf _Tr -~ ’: ( )
|
|
|

—~—) - —) —_ ——) =) —) —

€4 Lkt @ kL(t-T,) ] i
Vo) :i‘? T T(VchK)U (9 4Tu () BIrTf(UT(t) U?(l)) BT, Uy(} :
(HBT U () -B(t ) U () BHt THU (1) for0 t §; < |
(2-11) ’
8V, LK O0(VarL k) jor Lk v B -€T) B-T) or.
Visl(S) = (;,S SZT 9 S 4?9 2 " e’ for0O t @

(2-12)
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To simplify the analysislt hasbeen assumed hat t he O6kd = a@idenkatbéd i s ¢
turn-on gate resistanc®¢y,) during 0 ¢ t <T,. Substituting(2-12) in (2-6) gives the du{(S) is given
by (2-13).

. L
The solutionfor the snubber currerdi ,(t) 6is given in(7-1) for R, <2 /C—" and in (7-2)

L
R,>2 /C—" respectively(in Appendix Chapter)T h e p ar agde tdamk &nown\parameters
d

for a given DC bus déGcc¢gmr emtd 0t iHsveop diramene-dphearl d T ¢ T
6di / dtd are al so kn eowgate fesisince@®,) i (7Al)eand(7:2)aTheredoreo f t ur
the snubber currenbglp( t (7€) and (7-2)) during turron and snubber ris¢or losses can be

evaluated for snubber valuBgC,4 usingMATLAB.

Ae a Lsk 0 é‘(Vdc_l‘ J( ) gs'ﬁ 6!< —s'l',@

| &Ii (0} o< ? 0]

1| bl(s) - C r—-d = + CLd - Tr d

e & 5 2 5

i el § Rl R e |

| g Ld LdCd - ng Lg:d - L(;d Lgd _
| B B 1 (213
T = sT; sT = _ sT [
P LlemeT) (T T)e ;

D swees o Qs sl i

I C d chd +~C Ld LdCd - '

Fig. 2-26- Fig. 2-27 show that theexperimentallycharacterized snubbeurrens arenearly matching

with analytically evaluated snubber currents for different snubber values durirgnturn
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2.6.1.2 Case 2: Snubber current contribution from snubber connected across the freewheeling
device into device under switchinduring turrron

To derive the snubber current.¢p) during turron, KVL is appliedacross the ¥.1 L freewheeling

snubber (RCyiLg) - Vgs1 Fig. 2-24 (b)). The resultantequationis shownin (2-14), and the DUT

voltage (M) is givenby (2-15).V,,(t) has been realized using step function(2r8) and the
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correspondingV,(S) can be extracted frof®12) and it is given in(2-16). Sulstituting (2-16) in

(2-14) givesi,S)as shown in(2-17) and i, (t) is given in(7-3) (Appendix).

D:

Vier (by +)820R i o- 2 o =0 |

d [

) —) —)

d - |
=(Lg £ i T )=0; andVCd(T):O

a 190 (T) c : 1
? +Rd+C < Bp(S) 02 Ve Sd -V,(S); 1(2-14)
L4

because freewheeling diode conductsl tmT,;

—_— ) =) —) —

0 T n
j

Vel k ?{T t) forT.¢t <T,; |(2-15

(;Tf Tr 1

0 &7 ; !

Vdsl(t) =

—_ = —»—>—> o:

|2 _ B(e*" -€°") B(T;-T,) .t . _é'vd Lk O
V. (s)= + /gt B= c e
| dsl( ) Sz S %g .lr_ -T +?

isnbz(s):é R
éz 4 e
¢ Le LCy = Choas L&, : L(}ds L G o

2.6.1.3 Case 3: Snubber current flowing into the snubber connected across the DUT and
Freewheeling device during twoff
To analyze the snubber current during taffy the flow of load current through tlideviceand RCqy
snubber at differerdubintervalshavebeen marke@s shown irFig. 2-28 (a)-(c). The experimental
snubber current for different intervals during taffiis givenin Fig. 2-29.
During turnoff, the governing equation of phase leg with snubber are represen{édipio (7-6)

usingFig. 2-28(a)-(c) for different subintervals © ¢t <I, T, ¢t <_, t2 T)).
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Applying Laplace transform fof7-4) to (7-6) and simplifying gives ¢ip(S) (7-7) to (7-9). The
corresp@htd) & gi FH7il¢7ve2). i n

L L
m | » S —
L T
S Ry ,G)l S oy |
— C, — J-c :
- - Gz TJ - Gz HTU,

Vie O C

Ly igg]

C . oy TC .
s, | ot 3R & () s | bl %Rd
G, C
o o ; I o ¢ 'g I

(@) (b) (©)

Fig. 2-28:  The turn-off device current and snubber for different subinterval (a) O Ot< Ty
(b) Tf Ot<T,; (c)tOT,

| )

My VdS (200 V/le) Curs1 Pos
S

Curs2 Pos

460.0ns

“V,. (10 V/div)

Fshupt (TOOA/div)
lsnubkber
[ 1+ " SIS T
Iy (100 A/div)
[ax(C1) 85 .84 -20.064
PMlan(C2) 968.4V 904 .0v
Masi(C3) 153 .64 SE1L
Flan(Cd) . 19.01Y | 24 91% N L 1
Ch1 1004 Chz M 200ns 1.2S5GEs 1T 20.0psiht
I_:h:ﬂ 1004 Ch4 A4 ChZ - 356
0<t<T; =T,

Fig.2-29:  Turn-off transition of 1.7 kv SiC MOSFET showing the snubber current transition at
different sub-intervals at 900V, 150A, R;=4.7Y

Snubber currenti ., (t) 6during turroff is the sumof subinterval equation§7-10) to (7-12) and it

is givenby (2-18).
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isnbl(t) =i snb(o <t< Tf) + isnb(T IS t< T() +i snb(t >T );
isnbl(t) = I snb£t);

The parameters | (load current); &re knownparameters for a given DC bus design and the

(2-18)

par ameoét(ecrurdTe n tis alscakhowrfot a gwen value of turoff gate resistanceR{qy).

The par @dme(t@hrardgTli)iVe |l t ame &Tross t he) thankadwb e r t o
valuefor a given snubber capacitgalue and turroff load currentlt is givenby (2-19) (parasitic

snubber inductance {_has been neglected to reduce the complgxitherefore the analytical turn

of f snubbgft ar gdeld and tulroff snubber resistor losses can be evaluated for
different snubberaluesR,C, usingMATLAB.

_2C,V,. T

T J?f R,Cy (2-19

C

Fig. 2-30-Fig. 2-31 show that theexperimentallycharacterized snubber currents aearly matching
with analytically evaluated snubber currents for different snubber values duringfftufine snubber
current expressicoans ed €3r i6v ewdi liln béecRMSsealueloflsnultber det er

currents (both DUT snubber, freevetiag snubber) and their corresponding snubber resistor losses.
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Fig. 2-30: Analytical and experimental Snubber current flowing into the snubber across device during

turn -off for R, > fL% ; (@) for RgCq: 22 nF,4 . 7 ¥YarR(ChH3BNF,4. 7 Y
d
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Analytical and experimental Snubber current flowing into the snubber across device during

turn-off for R, < fL% (@) forR(Cq: 22 nF,1 . 56 MrRC:BANF,2. 35 Y;
d

(c)forR4Cq:33nF,2. 35 Y

Fig. 2-31:

2.7 Experimental demonstration of series connected devices

This section presents the experimental results with series connected 1.7 KMGSEETS in
different configurations such as (i) DI\C full bridge Inverter (two devices per arm); (i) BAC
half bridge Inverter (four devices per arm); and (iii) DC buck converter with four devices per

arm. The snubber value (Ry) usedin all the experiments i83 nF, 1.56q, and the gate resistance
Jare ouktatn & he&t simk @gpdrunio:et86400U00220G

(RoRgo) = 4. 70q9q. The
is

from Aavid Thermalloy) andforced air-cooling is used The setupshown in Fig. 2-8

reconfigurable for performingboveexperiments
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2.7.1 DC1AC full bridge converter with two 1.kV SiC MOSFET devices per arm

The full bridge inverter configuration ashown inFig. 2-32 with two series connected devices per

armis usedwith anR-L load The dc bus habeen keptt 1800V such that the devicase loaded

with rated nominal opating voltage (900V acros=ach) and the convertes operatedat different

loads, different switching frequencies and fundamental frequencies. The converter is operated for 10

to 15 min to allow the heat sink temperature to stabilize. The summary\#rtanoperatingpoints

the measured heat sink temperatures (from thecooples) and the estimated junction temperature

of the modules havieeen listedn Table2-7. The junction temperature of modules has been estimated
using(2-20); wher Buad0t he 6Re thermal resist@Wefremof hea
datasheet of "bPat isinkie, tthreer m@aR r e s%C/AVi fomc e o f
datasheet of thécydodsl e)he, tdhred mahe r@Ri st ance of
interface compound (0.35/ W) gs® 0iPs I dissipaton ivvtee module AT Ty, Tj are ambient

heat sink and junction temperatures respectively.

T.,-T -
Pdisp =# ; T = ( Ei)iSP QF@C -F%H)) 1:"- (2-20)
H-A
1800V dc
— 1
Lin 54 ) Sg /? _’J R R
T B Ca
- e / —
DC powersupplyé Ct) C“"é Ya VBJi:Xj
| s/ S7
Sy /T Sg J%

Fig. 2-32  Experimental schematic of DGAC full bridge inverter

From Table 2-7 the rise in heat sink temperature and the calculated junction tempergjusé t{ie
devices in the series connection operation shows that for switching frequencies below 8 kHz, the
devices have enough margin for the junction temperature to read€ 5@l therefore these devices

can beloaded up to its rated current of 225 Aowever, for switching frequencies,® 10 kHz and
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fn =1kHz, the device junction temperature is very close totfieemal packingimit of 150°C.

Thereforethedeviceshave to be deatedwith thepresent snubbemlues.

Table 2-7:  Summary of full bridge test at different operating conditions with two series 1.kV
connected devics
Ve fS fm m (lay) |R-Lload | Sou TH TA aeTH_A T,
0
7.7mH, 45 0 0 0
1.8kV | 5kHz 60Hz 045 | 80A 6. 25| kva | 43C 2768 15.2C | 75.57C
0
3.3 mH, 92 0 0 0
1.8kV | 75kHz | 500Hz | 09 | 80A | LD Y 4762 23C | 24.2C | 99.05C
3.3 mH, 80 0 0 0
18kvV | 8kHz | 720Hz | 0.955| 66 A 6 25| kvA 46°C | 22°C | 24°C | 97.43C
0.054 mH,| 76 0 0 0 0
1.8kV | 10 kHz 1kHz 0.6 95 A 6 25| KVA 62C | 24C 38C | 143.42C

S Wi

Therefore,the svitching frequency limits per devicare nearly 7.5 kHz- 8 kHz from the above
experiments without derating of the current rating of the dewd#s CyR;:33nF 1.6% . These

w i ate lconreceth saxies éor MW e n
or HV applications.Fig. 2-33-Fig. 2-34 show the full-bridge experimentalresults with two series
connected devices &,~=7.5 kHzf,;=300 Hz and 500Hz respectively Fig. 2-35- Fig. 2-36 showthe

full -bridge experimentalresults with two series connected devicesa10 kHz f,;=1000 Hz and
fsw=15 kHzf,,=1000 Hzrespectively.
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(b)
Fig. 2-33: (a) Shows the input current (|,), Output AC voltage(Vag), AC current (I o), and one of low
side MOSFET gate voltage in DEAC operation with two series connected 1.7 kv MOSFET devices per
arm of full-bridge at 7.5 kHz, 1800 V input DC, modulation index of 0.9, AC load peak current of 96 A
(300 Hz)and nearly 82 kVA load; (b) Shows the voltage across four devices in a phase leg pole; (b) The

voltage across four devices in a phase leg pole for the same operating condition
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(@)

Fig. 2-34: (@) Input current (I ;,), Output AC voltage(Vag), AC current (I ), and one of low side
MOSFET gate voltage (g in DC-AC operation with two series connected 1.7 kV MOSFET devices per
arm of full-bridge at 1800 V input DC, m=0.9, §,=7.5 kHz, f,=500Hz, AC current (I ,,) =80 A (rms)
and nearly 92 kVA load; (b) The voltage across four devices in a phase leg pole for the same operating

condition
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