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60-70% of the MV motors are not driven by drives —why?
Estimate yearly energy savings

Capital cost requirement — payback period

Space important ? — match footprint of soft-starter ?

MV motors are used typically in critical processes — steel
mills, cement kilns, air-handling, compressors, pumps
Reliability is key; downtime is allowed with concept of
“modular replacement” possible by semi-skilled people

MV Motor energy efficiency — what does higher NEMA

energy efficiency standards mean - lower losses ->

lower damping — need for higher current bandwidth

control required?

« Can SIC play a real role? Enable high speed motor
designs (future)
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@i 500 kW Si-IGBT based drive

NC STATE UNIVERSITY 2-level Rectifier 2-level VSI
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2*6.5 kV/200A Si-
IGBT

For 4.16 kV, 500 kW system, line rms current = 69A, peak current of each
phase = 98 A. Peak of line to line voltage is 5.88kV. Hence, two 6.5kV/200A
Silicon IGBT devices are required to be in series to block forward voltage.
However, Si-IGBTs cannot be switched at high frequency while conducting high
current. Hence, around 4 interleaved inverters are required to switch at around
1.5 kHz. Each inverter block is switched at 300-400Hz.
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500 kW SIC Mosfet based drive

BB a8 g
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10 kV/120A SiC
MOSFET

SiC MOSFET kV rating? 10kV, 12kV, 15kV

For the same 4.16 kV, 500 kW drive system, using 10 kV/120A SiC-
Mosfet, it is possible to have a 2-level topology. The SiC devices can
be switched at 5 kHz, for 69A rms (98A peak) current, and a single
device can withstand the forward blocking voltage of Vdc = 6kV.
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SiC MOSFET kV rating? 10kV, 12kV, 15kV

* Rds(on)vs Vdc, Temp. upto 125-150 deg C

J (A/lcm2), die size -> packaging issues, thermal, overload current

rating, device short circuit protection and time, inductance, non-wire

bond packaging (for thermal, not only fail-short), maximum module

current rating

« SIC device designed for short-circuit capability — what does this
mean for Vce(sat), Eon and Eoff, positive temp. coeff.

 Characterization of switching frequency vs. thermal, Voltage

« Eon and Eoff vs. I, V and temp. [function of V important]

« Dv/dt and its management — active gate driving, ZVS (?)
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50 kW SiIC-Mosfet based Inverter
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1 Gate
Drlver.

sz SiC MOSFET  Heat

Module Sink

50 kW drive system, using 1200 V/100A SiC-Mosfet.
The SiC devices can be switched at 20-40 kHz, VVdc = 800V.

Cooling

DC Bus Capacitor
eekanaee. .
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Gen-l1 SST : Topology and Prototype

Specifications: 3 F.1% v 4] i_%r}
* Input: 7.2kV F 99 % %] 4¢ dlar
e e 120V /
: — \ / ‘ 240V AC
 Output: 240Vac/120Vac; 400Vdc rawaclie ¢ lo o o o | ooV DG
$els ¢ vl
 Power rating: 20kVA —
LRALE SR
$ele ¢ %ol
Rectifier Stage DAB Primary DAB Secondary

Inverter
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FREEDM SST: Two generations (Si vs SiC)

Input: 7.2kVac Output: 240Vac/120Vac; 380Vdc Power rating: 20kVA

| 1V

i 3 240V AC P bl F Brides | (BGAG irtr
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Pole mounted Gen-11 SST 15kV SiC MOSFET based

transformer

Gen-1 SST 6.5kV Si IGBT based
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‘FD Solid State Transformer (SST) —

NG STATE UNIVERSIT MV drives relationship

Three stage SST

AC to DC converter,
DC to DC converter with high frequency transformer

DC to AC converter

ACto DC - - DC to AC
Converter DC to DC Dual Active Bridge Converter
f A A ] i - “y r A B!
AC DC s“é AC DC
. DC AC DC AC :
. LV Grid
HV Grid HV High Freq LV
DC Link Transformer DC Link
Features:

» Active/Reactive power control at both HV and LV side grids
* Integration of both AC and DC renewable energy sources

« High frequency isolation — most MV drives are 1:1 in terms of voltage input/output
» SIC devices are key enabler for DC-DC transformer 9

Future Renewable Electric Energy Delivery and Management Systems Center


http://www.ncsu.edu/

‘E&mu:%?ﬁ Transformerless Intelligent Power
wswewwesy) - Supbstation (TIPS) — 3 phase SST

Reactive Power Flow Reactive Power Flaow

Bi-directional Activa Power Flow

22V DC Bus

Front End 7 Dual Active Low Voltage S1de
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15 kV, 20 A SIC IGBT Co-pack Modules

RTD

20AN-IGBT Collector

Current
Sense
Resistors

AIN

The module includes: Emitter

15 kV, 20 ASIC IGBT

20 kV (10*2), 10 A SIC JBS Diodes
Current sense resistors

Thermistor
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Characteristics of 15 kV, 20 A, SIC IGBT

Turn-off transition at 11 kV, 5 A, 25°C

Tek  Stopped : 80 Ao g . SD.Jun1l3.1?:3?:51 .

Curs1 Pos

E Curs? Pos / RG(OFF) - 10 Q \

Voltage has two different
slopes. (punch-through

oo design)

::: « Current bump; tail ringing.

"= | . Total  duration of the
transition = 650 ns.

k Energy loss = 17.6 mJ /

Zoorn 1 Chi— Zoom 1 Ch3 — Zoom 1 Chd — Zoarm 1
200 500 2 OkY 500ns 2 Oy 500 12 Ornis 500ns

Ve (20 V/div); Ve (2 kV/div);
lc (5 A/div); Eqer (15 mJ/div);

Time scale: 1000 ns/div _
Future Renewable Electric Energy Delivery and Management Systems Center
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Characteristics of 15 kV, 20 A, SIC IGBT

Turn-on transition at 11 kV, 10 A, 25°C

) 30 Jun 13 17:33:38 rB‘LEn'S“J
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20.0% 1000ns 2 .0kY 1000 5084 1000n: 15.0mis  1.0ps

Ve (20 V/div); Ve (2 kV/div);
c (2 A/div); Eqpe (12 mJ/div);
Time scale: 500 ns/div

Aramica) 112k

AManica) 3904

* Rgony = 200 Q.

* Voltage has two different
slopes. (very high dv/dt at the
beginning of the transition)

» Current spike; followed by
ringing.

« Total duration of the
transition = 2.2 pus.

* Energy loss = 52.4 mJ.

* High Rgoy) 1S used to limit
the initial dv/dt.

13
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‘r HV Gate Driver

Tk Soped  Skws 2w 130032 (o)

Position

13.0%

Man(c3) 112Ky

-110 kV/us 36 kV/ps

M10ps 2563k  IT 100psht
3 20K Bw A Chd s 26.1¥

High Isolation Gate Driver 11 KV, high dv/dt switching
voltage of the IGBT

Device maximum Turn ON and Turn OFF dv/dt
* Turn ON dv/dt = 100.6 kV/us, Turn OFF dv/dt = 28.29 kV/us

The Gate driver has been exposed to 100 kV/us at 11 kV 14
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Gate Driver Isolation Transformer

« Isolation transformer inter-winding coupling capacitance (a crucial
element for high dv/dt immunity) w.r.t frequency.

A: Cpgp SCALE 5 pF;div REF 18 pF Z-4A=5867F PF o .o
. : : : : : A%. 96362182 MH=
STATE »>
DATHA »>
GEAFPHICS »

TOUCHSTOMRE &

E: G SCHLE = mS.-‘div FEF a1 m3 Z2F71.951 us=
: : : : : : ‘flEI: 95852183 MH=

AHLC IFIC-
TART €& H=z OsC SEEa mYolt STO

« Measured up to 110 MHz using Agilent Impedance Analyzer.
« 3.4 pF at50 MHz; 13 pF at 100 MHz. 15
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10kV SIC MOSFET

Single 10kV SiC MOSFET Module
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@R 10 kV/10 A SiC MOSFET switching
NC STATE UNIVERSITY characteristics
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[ 10 kV, 10 A SIC MOSFET Characteristics at Vdc = 6kV J
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lc (5 A/div); Time scale: 1000 ns/div 17
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10kV
MOSFET
2-Level
Capacitor

2-level 3-phase Inverter built using 10kV SIiC MOSFET
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Circuit Diagram Three-phase Y:Y/A DAB

dThree HF single phase transformer
dCancellation of 39, 5t" and 7th Harmonics

dPredominantly sinusoidal current and flux
UdLower Step Voltage on MV winding

Future Renewable Electric Energy Delivery and Management Systems Center
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~ HV pole
outputs

Y e 3 HVIHF
= transformers = \
: bl = V \ | |
The front view of the DAB converter Back view of the DAB converter 29
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FREEDH 3-level Pole tests at 10 kV, 10 kHz
(9 kW Power Level —on single phase pole)

NC STATE UNIVERSITY

Tek  Run Hi Res BERT Acgs 05 Feb 14 18:16:54

| E—— Input Voltage - 2 kV/div;
|C——J Output Voltage - 2 kV/div;
_ Load current - 5 A/div;

Time scale - 40 ps/div.

AManic3)  S07ZRY

-RMSICE) 4 Z37EY

Jrrasicay 21284

Freaica)  10.01kH:

Ché Z.0kN By Ml 40 0pz 1250515 3.0nzfpt
Ch3 Z0kY L B Chd .04 L2 By # Ch3 - 40004

« The 3-level converter pole is tested up to 10 kV, 10 kHz with 9 kW Resistive loading.

« This serves as validation up to 27 kW with three-phase converter (3-poles in parallel)
21
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Transformer Connections

* Insulation tested up to 22kV

* Oil filled transformer

* Three 1-® transformers are
connected in Y/Y-A for 3-®
DAB
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DC-DC Converter DAB 4kV Operation
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4.2kV to 240V

Chi1 2.0EY L By Chz 2004 M Z0.0ps 12565 SO0pEAor
Ch3 10.0% Chd S00rms4 <2 & Ch1l o~ 0.0Y

Smoothing Effect of Lagging Current (ZVS) on HV Converter Noise Magnitude

due to high dVv/dt
23
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Marcy 345kV
SCis 18,000
MVA

There are 11
possible
configurations

- STATCOM
- SSSC

« UPFC

- IPFC

200 MVVA

tATz

New

Scotland
I I (UNS)

Coopers
Corners
(uco)

—

HvCB

TBS2

100 MVVA

100 MVVA

A Volney
Marcy 345 kV
North Bus —
-
~
Marcy 345 k ~
South Bus
Edic TR - SE2
HSB 100 MVVA
Lann) | TR -SEL
M 100 MVVA
ILVCBl
TBS1 |
— G
g u—
SwWDC
INVERTER 1 DC Bus 1 DC Bus 2 INVERTER 2
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Each
100MVA
VSC has
four 3-phase
3-level NPC
converters

Two 100
MVA VSC in
the valve hall

Series
connected
GTO based
3-level NPC
poles
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T
e

/o
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8 Main Components of 3-Level NPC Inverter Pole

E — - e ne
Damping Resistor Clamp Diode Stack l

Series Y o o / __‘Gafte Drlszs F""’, e C""Tef‘:sfef‘.f’?'(Hidden)
connected Y. Y V- | .

GTO based
3-level NPC
poles

High Frequency Inverter (Hidden) ==&z

Bcstilo 0 8 o

523
A

Pole Electronics

Mid-Point Diode Stack

di/dt Limiting Reactor

-

S GTO Modules SRS

R T 2o

di/dt LIMITING INDUCTOR
IO

DC b
POSITIVE eA),

CLAMP
DIODE
CLAMP STACK OUTER
= VALVE
CAPACITOR (POSITIVE)
(6 GTOs)
MIDPOINT
DIODE Tr| BS -bVS |q0 b
STACK INNER
VALVE W b
AL ou gu wsvabm
(6 GTOs)
nc AC OUTPUT
MIDPOINT TERMINAL
INNER
VALVE
(NEGATIVE)
(6 GTOs)
MIDPOINT
DIODE V
STACK
CLAMP OUTER
= VALVE
CAPACITOR (NEGATIVE)
CLAMP (6 GTOs)
DIODE
STACK
DC — )\t
NEGATIVE e 000 -

di/dt LIMITING INDUCTOR
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IGCT based 3-level NPC inverter pole

3 series IGCTs per valve

IGCT pole Al IGCT pole A2




H-bridge test - IGCT based 3-level NPC poles

IGCT pole Al (top)

IGCT pole A2 (bottom)
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