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High-Power Converters and AC Drives
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Cascaded H-Bridge Multilevel Inverters
Neutral Point Clamped Multilevel Inverters
Other Multilevel Inverters
PWM Current Source Inverters
PWM Current Source Rectifiers
Voltage Source Inverter (VSI) Fed Drives
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Current Source Inverter (CSI) Fed Drives
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Topic 1
Introduction

Main Topics
* Medium Voltage (MV) Drive Overview
« High Power Converter Topologies
* MV Industrial Drives
» High-Power Semiconductor Devices
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Topic} Introductior]
MV Drive Overview

* MV Drive Power and Voltage Ratings

Power
Range

10MW 40MW

Voltage
Range
11KV

2.3kV 13.8kV

Source: Rockwell Automation

Mayjority of installed MV drives:

1MW to AMW
3.3KV to 6.6KV
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Topic 1 Introduction
MYV Drive Overview

* MV Drive Market Survey

7 ' K

Compressors Non-standard or Source: ABE
extruders, comevors  cngimaored drives Varigble specd MY dives
15% 15% %
(@) Load typos for the MY drive (b) MV drives vorsus MV motors

Main purpose for high-power fan/pump drives:
Energy conservation
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Topic 1 Introduction
MV Drive Overview

* General Block Diagram

Line-sidc

Motor-side  pjogor
Filter Filter

Supply Transformer  Rectifier  de Filter Invertet

Line- and motor-side filters:
Optional, depending on converter topologies and harmonic requirements
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Topic 1 Introduction
MYV Drive Overview

* MV Drive Applications Source: Rockwell Automatiol
Industry Application Examples

Pipeline pumps, gas compressors, brine pumps, mixers /
Petrochemical | extruders, electrical submersible pumps, induced draft fans,
boiler feed water pumps, water injection pumps.
Kiln induced draft fans, forced draft fans, baghouse fans, preheat
Cement tower fans, raw mill induced draft fans, kiln gas fans, cooler
exhaust fans, separator fans.
Slurry pumps, ventilation fans, de-scaling pumps, tandem belt
conveyors, baghouse fans, cyclone feed pumps, crushers, rolling
mills, hoists, coilers, winders.

Water / Raw sewage pumps, bio-roughing tower pumps, treatment
Wastewater pumps, freshwater pumps, storm water pumps.
Propulsion for naval vessels, shuttle tankers, icebreakers,
cruisers. Traction drives for locomotives, light-track trains.
Feed water pumps, induced draft fans, forced draft fans, effluent
pumps, compressors.
Fan pumps, induced draft fans, boiler feed water pumps, pulpers
refiners, kiln drives, line shafts.
Miscellaneous | Wind tunnels, agitators, test stands, rubber mixers.

Mining &
Metals

Transportation

Electric Power

Forest Products
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Topic 1 Introduction
MV Drive Overview

* Technical Requirements and Challenges

¢ Line-Side Requirements
Low line current THD
High input power factor

* Motor-Side Challenges
High dv/dt and wave reflection
Motor derating due to harmonics
Common-mode voltage stress
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Topic% Introductior_}
MV Drive Overview

« Technical Requirements and Challenges
* Switching Device Constraints

Low device Switching frequency (<1000Hz)
Reliable series connection
* Drive System Requirements
High efficiency
Low manufacturing cost
High reliability
Effective fault protection
Self commissioning
Minimum down-time for repairs
Small footprint
N+1 redundancy (optional)
Dynamic braking / four-quadrant operation (optional)
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i Topic 1 Introduction i
High-Power Converter Topologies

* Multipulse Diode/SCR Rectifiers

+b

Unility

Grid . o
*

+b

Six-pulse
Rectiticr O )‘
5
©

Phase Shiting  Six-pulse O O

Transtormer  Rectifies

O
ESIESIESIES
B!

+o

(a) 12-pulse Rectifiet (&) 18-pulse Rectifier (€) 24-pulse Reetities
Main Feature: To reduce line current THD.

Six-pulse rectifiers can be in series or isolated
at their outputs, depending on inverter topologies

10

pasors s High-Power Converters and AC Drives
Bin W | poconusnosn |

i Topic 1 Introduction .
High-Power Converter Topologies

« Multilevel Voltage Source Inverters

+ ; + /‘ }
1
14
Cy== o Cy=F } 3
re i
= Y
)
5 L - Iy L
Neutral Point Cascaded . :
Two Level N
YI:VSTK:T Clamped (NPC) H-bridge (CHB) Fly":gvi?ti?mor
Inverter Inverter
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. Topic 1 Introduction i
High-Power Converter Topologies

* PWM Current Source Inverters

¥
r

AN N

NN
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Load Commutated

PWM CS1 Dual-Bridge PWM C8
Inverter
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Topic 1 Introduction

MV Industrial Drives

* NPC Inverter Fed MV Drive

ACS1000, Courtesy of ABB
GCT based three-level NPC inverter fed drive (4.16KV and 1.2MW)
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Topic 1 Introduction

MV Industrial Drives
* NPC Inverter Fed MV Drive

SIMOVERT MV
Courtesy of Siemens

IGBT based three-level NPC inverter fed drive

F High-Power Converters and AC Drives
. I
- Bin Wu | ovsonisnimn |

Topic 1 Introduction

MV Industrial Drives

* CHB Inverter Fed MV Drives

[
-, , /3
Perfect Harmony, Courtesy of ASI Robicon

IGBT based cascaded H-bridge inverter fed MV drive
(4.16KV and 7.5MW)

F u High-Power Converters and AC Drives
. B
Bin Wu [ oo |

Topic 1 Introduction

MV Industrial Drives
* PWM Current Source Inverter Fed Drive

PowerFlex 7000, Courtesy of Rockwell Automation

GCT based current source based MV drive
(Frame C, 2.3 MW to 7TMW)
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i Topic 1 Ingroduc_tion i
High-Power Switching Devices

« Power Diode

4500V/800A press-pack and 1700V/1200A module diodes
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i Topic 1 In;rodugtion i
High-Power Switching Devices

« Silicon Controlled Rectifier (SCR)

4500V/800A and 4500V/1500A SCRs
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i Topic 1 Ingroduc.tion i
High-Power Switching Devices

« Gate Turn Off Thyristor (GTO)

4500V/800A and 4500V/1500A GTOs
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i Topic 1 In;rodugtion i
High-Power Switching Devices

* Integrated Gate Controlled Thyristor (IGCT/GCT)

6500V/1500A Symmetrical GCT

GCT = Improved GTO *+ Integrated Gate + Anti-parallel Diode (optional)
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i Topic 1 In!rodut;tion i
High-Power Switching Devices

« Insulated Gate Bipolar Transistor (IGBT)

1700V/1200A and 3300V/1200A IGBT modules
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i Topic 1 Introdugtion i
High-Power Switching Devices

« Device Voltage/Power Ratings

V(xv
iz 4 — 12KV LSKA
SCR {Mitsubishi)
i
7.5KV 1L.65KA
: 65KV O0.6KA

A 0. (upec;
(Fupec) (Toshiba) { GKV KA 6.5KVA2KA 6KV 6KA

L (ABE ¥ O(ABIL (Mitsubishi)
¢ L :
6SKVISKA  GTO/GCT 48KV
(Mitsubishi) SKA
TN 45KV 15KA (Westcode

IEGT (Toshiba. press pack;

45KV 0.9KA
(Mitsubishi 4= 25KV 18KA
2 (Fuji, press pack, g 17KV 3.6KA
- 33KV 12KA (Eupee;
(Bupee) IGBT
(Toshiba. press pack;

¢

¢ 1 2 : 4 H ¢ T@®A
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i Topic 1 Ingroduc.tion i
High-Power Switching Devices

« Comparison

Item GTO GCT IGBT
Ma}xlmum voltage and current High High Low
ratings
Packaging Press pack Press pack Module or Press pack
Switching speed Slow Moderate Fast
Turn-on (di/dt) snubber Required Required Not required
Turn-off (dv/dt) snubber Required Not required Not required
Active overvoltage clamping No No Yes
Active di/dt and dv/dt control No No Yes
Active short circuit protection No No Yes
On-state loss Low Low High
Switching loss High Medium Low
Behavior after destruction Short circuited | Short circuited Open circuited
Gate Driver Complex, F:omplex, Simple,

separate integrated compact

Gate Driver Power Consumption High Medium Low
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Topic 2
Cascaded H-Bridge (CHB) Multilevel Inverters

* H-Bridge Inverter

* CHB Inverter Topologies

* Phase Shifted PWM

* Level Shifted PWM

* PWM Scheme Comparison
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Topic 2
CHB Multilevel Inverters

Why Use Multilevel Inverters?

« To increase inverter operating voltage without devices in series
* To minimize THD with low switching frequencies fg,,
* To reduce EMI due to lower voltage steps

Device Switching frequency:
fow < 1000Hz
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Topic 2 CHB Multilevel Inverters
H-Bridge Inverter

« H-bridge Inverter Circuit
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Topic 2 CHB Multilevel Inverters
H-Bridge Inverter

¢ CHB Inverter Fed MV Drive

Utility
Grid

Phase Shifting
Transformer Neutral

Five-level cascaded H-bridge inverter H-bridge Power Cell
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Topic 2 CHB Multilevel Inverters
H-Bridge Inverter

« Bipolar Modulation

| TR AR 1T %

SislamreialhihiliEn

WO 01 00 0noomnnd

Bipolar PWM:
Vg from -V, to +V,
or from +V, to -V,

(2) Waveforms

|
W S am, 2 am

\
I [N W I Y TS P
1 % ® P w % %

(b) Harmonic spectrum
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Topic 2 CI—_!B Multilevel Inverters
H-Bridge Inverter

« Bipolar Modulation (FFT)

VAEn
Vd
[ m
—~ ™
08 L
0.707
0.6
n=1
0.4 ¥
N
2m (+1
2m,
1<
L—T T
0.2
mE2 | ><
N
0 L1 | T
0 0.2 0.4 0.6 0.8 m,
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Topic 2 CHB Multilevel Inverters
H-Bridge Inverter

« Unipolar Modulation (1)

w0 o te
D AL AT
LRV VY
V-
[ —— ——-m P m o
JITTIETIIE =]
Vau ’—1
o I 100 « Two modulation waves
A L ANAOEFEAO0 v sy,
V": HARRAAL] T |« One carrier wave V,,
\ TFECEEET |
Vo Vs (a) Waveforms
*oMn=1 < Unipolar PWM:

am, =1 am, 11

|
:‘. ETEEN N WalEE] TV } Vg from 0 to +Vy
n or from 0 to -V

1 10 20 50 W 50 50
(b) Harmonic spectrum
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Topic 2 CI—_!B Multilevel Inverters
H-Bridge Inverter

« Unipolar Modulation (2)

V| - - om o 11 m
Vo mm w 1 5 m ommmm -
Vie

o LA N T
oo

 One modulating wave V,

« Two carrier waves
V., and V,

cr-
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Topic 2 CHB Multilevel Inverters
CHB Inverter Topologies

« Five-Level Inverter

LOAD

Y

E3 Vi, ET ET
sﬂ)J} sh)l?' )J% )-L? )J% )-L? S;iand S,y;
| | L . L i

Sn)Lj:l;n)d: ‘ Sppand Sy,

{j )Lj‘ / )Lj‘ Ss,and S,,;

ET Vy, ET ET
Siz Sz
L L 1 L | L
3

N

Converters in cascade, but no switching devices in series.

¢ Complementary

fu) Lj: % Lj: Y Lj: Y Lj: Y Lj: Y Lj: SS\:\Ili::dp;l: 1rfs
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Topic 2 CHB Multilevel Inverters
CHB Inverter Topologies

» Output Voltage and Switching Status (five-level)

Output Voltage Switching State
Van Su Su Siz Sz Y
2E 1 0 1 0 E
1 0 1 1 E
1 0 0 0 E
E 1 1 1 0 0
0 0 1 0 0
0 0 0 0 0
0 0 1 1 0
0 1 1 0 0 0
1 1 1 1 0
1 0 0 1 E
0 1 1 0 -E
0 1 1 1 £
0 1 0 0 £
E 1 1 0 1 0
0 0 0 1 0
-2E 0 1 0 1 £

Waveform of V, is composed of five voltage levels: 2E, E, 0, -E, and -2E
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Topic 2 CHB Multilevel Inverters
CHB Inverter Topologies

« Seven- and Nine-Level Inverters (Per phase diagram)

A

m
ET Ve
S B

SHERERES

z

(a) Seven-level inverter

() Nine-level inverter
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Topic 2 CHB Multilevel Inverters
CHB Inverter Topologies

* Unequal dc Bus Voltage

(a) Two-ccll seven-level
topology topology

(b) Two-cell ning-level
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Topic 2 CHB Multilevel Inverters
CHB Inverter Topologies

« Unequal dc Bus Voltage (Two-cell seven-level topology)

Output Voltage Switching State

Vi Su Su Sie Sz Y | Ve
3E 1 0 1 0 E 2E
1 1 1 0 0 2E

= 0 0 1 0 0 2E
1 0 1 1 E 0

E 1 0 0 0 E 0
0 1 1 0 -E 2E

0 0 0 0 0 0

0 0 0 1 1 0 0
1 1 0 0 0 0

1 1 1 1 0 0

1 0 0 1 E -2E

-E 0 1 1 1 E 0
0 1 0 0 -E 0

1 1 0 1 0 -2E

* 0 0 0 1 0 2E
-3E 0 1 0 1 -E -2E
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Topic 2 CHB Multilevel Inverters

Phase Shifted PWM
* Multicarrier Based PWM - Phase Shifted

: Sl « #of voltage levels: m =7
N %

O P «#of carrierssm;=m-1=6
10 " « Phase shift: 360°/ m, = 60°
. |
v L Carriers for H1 bridge:
o 3 [ 7 Very @Nd Ve
Vo A A
Voud Carriers for H2 bridge:
e 13 .y — Ver @Nd Ve
Vo R )

v, Carriers for H3 bridge:
Yo ] Vew@NdVes
Voo
= = m=7
Van = Vii +Viz + Vg
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Topic 2 CHB Multilevel Inverters

Phase Shifted PWM

* Waveforms (7-level, phase shifted)

V,y, [l LI0TTTInL LNTTInL A
e TUOCLLLI0T TUOCCOOTT T « Switching occurs at
NN ITlinsmanil] Tlinanill : :
Vi UL TIOLLLIOOT oy different times
1 : * fou(devicey = 60 My = 600Hz
VAN

, ‘ M M% m . Ilzlerste; phase voltage
Uoppyr” W H"ﬁnmmmm“"“ * Low EMI

« Line-to-line voltage
levels: 13

W W W « Close to a sinusoid
*Low THD

o i
A
he
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Topic 2 CHB Multilevel Inverters
Phase Shifted PWM

* FFT (7-level, phase shifted)

Vi Vg
oo THD  353.9% )
m, 21 T o « Lowest harmonics:
o T . around 2Mmg
( JOULL I NN T Ay
" 0 3 A 54 o 7 EIa
Vi Vs .
ml fim 15 © Lowest harmonics:
. — T around 6Mm;
o o1 7, t-em s | *Containing triplen
. AR harmonics
" 0 El A 54 o 7 w7
VABH,VG
o0 ) 156%
T e * No triplen harmonics
00 . | M1, Equivalent f
1 quivalent Tqyinverter)
‘ ; I 1 =60(6M; ) = 3600Hz
" 0 3 A 54 o 7 EIa

39

p—s - High-Power Converters and AC Drives
= Bin Wu [ oo |

Topic 2 CHB Multilevel Inverters
Phase Shifted PWM

« Harmonic Content (7-level, phase shifted)

Vagn
Vd
A
Ay |2 _hos
o AX
AX
0.2
6m,[:5 | em, [+7
o 6ml, +1 \ﬁ L
om « k7— |1
/ Aéem,:n
. ] ,_)%
0 0.2 0.4 0.6 0.8 m
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Topic 2 CHB Multilevel Inverters
Level Shifted PWM

» Multicarrier Based PWM - Level Shifted PWM

Ve %
Verr
A IPD

Vs « # of voltage levels:
: (o In-phase disposition (1) m=5

Ve V. .

v « # of carriers:

APOD m,=m-1=4

; « IPD provides the best
b1 Allemative phase upposite di ition (APOLY H i
' B Allcmatve phass opposits dispostion harmonic profile.

POD

7

i) Phase opposits disposition (PO}
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Topic 2 CHB Multilevel Inverters
Level Shifted PWM

« Gating Arrangement (7-level)

o ; « # of voltage levels:
Ve m=7
Ve .
vir « # of carriers:
Vo me=m-1=6
b ]
b me \ | Fouevice):
l : U ] -not equalto f,, and
Vo ] - not the same for all switches.
| I mi | ’ )
[ T I i ] Device conduction angle:
Yo - not equal.
s
. -
v } ey } * Necessary to swap switching
. pattern.
NN \
DO TR A e
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Topic 2 CHB Multilevel Inverters
Level Shifted PWM

« Inverter Output Voltages (seven-level)

em=7

« Switching occurs at
different times

* fsw(device) =fe Im =
600Hz (avg)

* Vg close to a sinusoid

aorff Pl Low THD, low EMI
I ] |
o
i T m, 16 | "
M IVESYEw| Ll *Equivalent fg,n,) =
i b B A
Ve Yy f. = 3600Hz
m‘} D1 ¥
oo fi P N
M U W W S
W R W ] W
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Topic 2 CHB Multilevel Inverters

Level Shifted PWM

* Measured Waveforms (IPD, 7-level)

2
2
2

e M \/ :

il HlAAIA.H Lol bitdddiad

Inverter phase voltage V,, Line-to-line voltage V,g
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Topic 2 CHB Multilevel Inverters
PWM Scheme Comparison

* PWM at Low m, v

i
TITITI T ITRTTTITTT
TTITTrTTT TITTTTTTTT T
T ITITITITm ITTITITITT
TITTITT T T

VA: It i L
L L TN

Topic 2 CHB Multilevel Inverters
PWM Scheme Comparison

« Total Harmonic Distortion (THD)

T

=02: " e 7= ol 1
*At m,=0.2: 0 W= i ) T
- Phase shifted PWM:

THD = 96.7%

- Level shifted PWM:

(@) Phase-shifted modulation

v,

THD = 48.8% RN

L1 T 1] (I i
L JEICATTIT I

Vi THD = 48.8%
2
o
[

(b) Voltage-shifted (1PD) modulation

pasoos = High-Power Converters and AC Drives ﬁ
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o fou e = 600HZ
Seven-level Inverter

8

60 \

40 - -

- Phase-Shitied PWM
2
f
Level-Shitied PWM (1PD);
¢ | |
0.2 04 0.6 0.8 ma
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Topic 2 CHB Multilevel Inverters
PWM Scheme Comparison

e Summary
Comparison Phase-shifted Level-shifted
P Modulation Modulation (IPD)
Device Switching Frequency Same for all devices Different
Device Co_nductlon Same for all devices Different
Period
Rotating of switching patterns No required Required
THD of |nyener output Good Better
line-to-line voltage
. Yes
Low Order Harmonics No (Very low amplitude)

E.—,E High-Power Converters and AC Drives 47
= Bin W | moxneo |

Topic 3
Neutral Point Clamped (NPC) Multilevel Inverter

* Three-level NPC Inverter
 Space Vector Modulation
 Neutral Point VVoltage Control
« High-level NPC Inverter
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Topic 3 Multilevel NPC Inverters
Three-Level NPC Inverter

« Inverter Configuration

: /o / /

Topic 3 Multilevel NPC Inverters
Three-Level NPC Inverter

« Switching State

]K; ]K)c_;

E=

Clamping diodes: D, and D, (Phase A)

LOAD

High-Power Converters and AC Drives

s A

49

o Device Switching Status | Inverter Terminal
Switching (Phase A) Voltage
State v
Sl SZ S3 Sd a
P On On | Off | Off E
o Off On On | Off 0
N Off Off | On On -E
Complementary Switch pairs:
S;and S;; S,and S;;
3 ) High-Power Converters and AC Drives L
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Topic 3 Multilevel NPC Inverters
Three-Level NPC Inverter

 Gate Signal Arrangements

[o[P[o] P Jo[P[ © IN[O] N [O]NJ]O]

Inverter phase voltage V,, has three levels: E, 0 and -E

E!_-,E F High-Power Converters and AC Drives
Bin Wu

51

Topic 3 Multilevel NPC Inverters
Three-Level NPC Inverter

« Inverter Output Waveforms

SN e 0 ‘

v,

ez

=

at

at

\
\
Vg Ll -
F e U 7? —

at
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Topic 3 Multilevel NPC Inverters
Space Vector Modulation

* Space Vectors

» Three-phase voltages
Vio (£) +Vgo (1) +Veo () =0
» Two-phase voltages

2 4z
cos0 cos<E cosZ |[Vao ()
{V.‘ (t):| 2 3 *©

sl 3
ol Vo)

3 Az

in0 . 2T .
sin sm? sm? Voo (1)
 Space vector representation

V) =v,0+jv,0

-0

VO 2,06 + v + v 0]

where e —cosx + jsinx

@

@

©)

4
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Topic 3 Multilevel NPC Inverters
Space Vector Modulation

« Space Vectors (Example)

Switching state [POO] — on-state switches:
Phase A: upper two switches [P]
Phase B: lower two switches [O]
Phase C: lower two switches [O]

from which
2 1 1
Vo) =3Ver Vo ) =-3V, and Voo (0= 3% 6
Substituting (5) to (4) gives a space vector

2
V, = EV" e’ (6)

Total switching states: 27
Total space vectors: 19
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Topic 3 Multilevel NPC Inverters
Space Vector Modulation

* Space Vectors Diagram

19 space vectors:

Zero vector: Vo

Small vectors:  V; — Vg
Medium vectors: V, -V,
Large vectors: Vi3 - Vg

55
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Topic 3 Multilevel NPC Inverters
Space Vector Modulation

« Switching States and Space Vectors

ghace Switching State Vector Classification T
Vo [PPP][0OO] [NNN] Zero Vector (2V) 0
P-type | N-type
i e [POO]
Vin [ONN]
V. | PO
Vo [V [0ON]
Vip [OPO] Small Vector (SV)
Y | Vay LEL] P-type Small Vector (PSV) 3V
A [OPP] N-type Small Vector (NSV)
Va | Viw [NoO]
Vee | [0OP]
Vs [V [NNOJ
Vee | [POP]
Vo [Veu [ONO]

Redundancy:  Zero vector — three switching states
Small vectors — two states per vector

56
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Topic 3 Multilevel NPC Inverters
Space Vector Modulation

« Switching States and Space Vectors

Spe(;a&'er Switching State Vector Classification NIZ E(n::ﬂlr de

2 [PON]

Vg [OPN]

\fg INPO) Medium Vector (MV) %V"
Vo [NOP]

Vi [ONP]

Vi [PNO]

Vig [PNN]

Vig [PPN]

V,“ [NPN] Large Vector (LV) zVa
Vi [NPP] 3
Vi [NNP]

Vig [PNP]

No redundant switching states for medium or large vectors

57
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Topic 3 Multilevel NPC Inverters
Space Vector Modulation

« Sector Definition

Sector 11

V. 1 Reference vector, rotating in space at a certain speed
All other vectors are stationary
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Topic 3 Multilevel NPC Inverters
Space Vector Modulation

* SVM Principle

« Foragiven length and position, V¢ can be synthesized by three
nearby stationary vectors;

« Based on the selected stationary vectors, switching states can be
designed and gate signals can be generated;

*  When V4 passes through sectors one by one, different sets of
switches can be turned on or off;

*  When V, rotates one revolution in space, the inverter output
voltage varies one cycle over time;

« Theinverter output frequency corresponds to the rotating speed
of Vref )

< Theinverter output voltage can be adjusted by the magnitude of V.

59
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Topic 3 Multilevel NPC Inverters
Space Vector Modulation

« Dwell Time Calculation

What is the dwell time? Vis PPN
* V¢ is synthesized by three stationary vectors.
« The dwell time for the stationary vectors
essentially represents the duty-cycle time
of selected switches during the
sampling period Ty.

« Select three nearest stationary vectors
V,,V, andV,

« Use volt-second balancing principle

ViTa +V Ty +Vo To =Vier T T,
T+ T+ T =T, @ v v, ONN Vis

Four Regions

E_—,E High-Power Converters and AC Drives
- = Bin Wu | ovsonisnimn |
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Topic 3 Multilevel NPC Inverters
Space Vector Modulation

» Dwell Time Calculation
From equation (a)
T, = T,[1-2m,sind]
T, :TS[Zmasin(%JrH)—l]
T, =Ts[1—2masin(%—¢9)]
T, Ty and T, — dwell times for V, , V; and V,

m, =\/§VL' — modulation index
V,

'a
d

E‘_-,E High-Power Converters and AC Drives
m Bin Wu

Topic 3 Multilevel NPC Inverters
Space Vector Modulation

« Switching Sequence (Seven-segment)

General Design Requirements:

a) The transition from one switching state to the next involves only
two switches in the same inverter leg, one being turned on and
the other turned off; and

b) The transition for Vs moving from one sector (or one region)
to the next requires no or minimum number of switchings.

Note:
The switching sequence design is not unique, but the above
requirements should be satisfied for switching frequency
minimization.

E‘_-,E High-Power Converters and AC Drives 62
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Topic 3 Multilevel NPC Inverters
Space Vector Modulation

« Switching Sequence (Seven-segment)

Assuming V . is in Region 4 of Sector I,
three vectors are selected: V,,V;and V,,

Voltage Vector o A it Vop e A -
Dwell Time %‘ T?b % T?c T?a %u TTC
o Phase A [e] P P P [ p o)
] TS N I N N B R
Phase C N N N 0 N N N

[P1=E, [0]=0, [N]=-E

E‘_-,E m High-Power Converters and AC Drives
Bin Wu

Topic 3 Multilevel NPC Inverters
Space Vector Modulation

« Switching Sequence (Seven-segment)

Vol Vo 8 Vi F Ve § Vi L ViV
oox] por 1oex Loeec 1oeen Doeox foos

Vi I+E

‘

Vez I+E

.

.

v =

Vi I+E

.
Tt & T I T T 1T
7 2 2 2 2 14

Ts

Switching sequence requirement a) is satisfied

E‘_-,E m High-Power Converters and AC Drives
Bin Wu [ oo |

Topic 3 Multilevel NPC Inverters
Space Vector Modulation

* Switching Sequence (Seven-segment)

Sector |

sgm] a 1b a b 3 4

1 | Vi [[ONN]| Vo, [[OON]| Vi | [ONN]| Vay |[OON] | Vi | [ONN]| Vi, | [OON]

2|, [1ooM| ¥, [1000]| v, |10om| V; | pong | Vi, [enna] v, | PO

37| V, |[000]| Vi, | [POO]| V, |[PON]| Vi, | [POO] | V, |(PON]| Vi, | [PPN]

4" | Vip | [POO] |Vzp | [PPO] | Vip | [POO] | Vap | [PPO] | Vip | [POO] | Vi | [PPO]

5" | v, |[000]| Vs [[POO]| V; [[PON]| Vi | [POO]| V; | [PON]| Vi, | [PPN]

[f
6" [V | [0ON]| V, [[000]| Vi, [[OON]| V; | [PON]| Viy | [PNN]| V; | [PON]

7" | Viu |[ONN]|V,, | [OON]| Vi, | [ONN]| Vy | [OON]| Vi,, | [ONN]| Vy, | [OON]

Sector Il

1b

a

b

3

TV

[0ON]

Vi

[NON]

[0ON]

Vay | [NON]

[0ON]

Vi

[NON]

2|,

[000]

Vo

[0ON]

[OPN]

Vay [ [0ON]

[OPN]

Vis

INPN]

3| Vir

[oPO)

3

[000]

[oPo]

V | [OPN]

[PPN]

Va

[OPN]

|V

[PPO]

Vap

[0PO]

[PPO]

Vp | [OPO]

[PPO]

Vap

[0PO]

& | Ve

[0PO]

3

[000]

[0PO]

Ve | [0PN]

[PPN]

Va

[OPN]

A

{000]

Van

[0ON]

[OPN]

Vay [ [0ON]

[OPN]

Vis

INPN]

7 Vi

[0ON]

Van

[NON]

[0ON]

Vay | [NON]

[0ON]

[NON]

Topic 3 Multilevel NPC Inverters
Space Vector Modulation

« Switching Sequence (Seven-segment)

SECTORTI
Vis Vig

Iixtra
Switching
2t | 2 4 . o
SECTOR 111 ‘ SECTORT  Device switching frequency:
' fde = T 12+ 1,12

Sampling frequency:

f, =1/T,

High-Power Converters and AC Drives
Bin Wu

SECTOR IV

SECTORY V,
Vi Vig

Switching sequence requirement b) is satisfied

1
SKCTORNVT Fundamental frequency:
4
\ﬁﬁ/ "

E‘_.-,E High-Power Converters and AC Drives
= Binwu
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Topic 3 Multilevel NPC Inverters
Space Vector Modulation

» Simulated Waveforms (seven-segment)

Vo ' x '

Voo e mmmm—— 1w n
7 2r 37

Vaz

) = 60Hz, T, = 1/1080 sec, m, = 0.8, fg, = 570Hz

Vg is not half wave symmetrical; and
Contains both even- and odd-order harmonics

E!_-,E F High-Power Converters and AC Drives
Bin Wu | ovsonisnimn |

Topic 3 Multilevel NPC Inverters
Space Vector Modulation

« Simulated Waveforms (seven-segment)

Vian Vg
D 69.8%
0.1
0.1
0.0 | |
. TR FOVST P B AT YO A
1 B i 2t 2% 3t 3 B & Bl 3% ot '
Vien Vs
D 41.0%
0.as
0.1
1996 20020 20 2t |
0.0%
IMERRE [ 11
( S MEAnEN 11 L]
1 B i 13 Pl 2 K 32 Y 4 3 o '

) = 60Hz, T, = 1/1080 sec, m, = 0.8, fg, = 570Hz

E!_-,E F High-Power Converters and AC Drives
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Topic 3 Multilevel NPC Inverters
Space Vector Modulation

¢ Harmonic Content (Seven-segment)
Vagn Vg

w1

el

/ R

oo .

ooz

« 02 04 ve oy m,

(@) Even order harmonics

/ I
0w — 15
ou

PRCEIAF
v
/= (L
‘
« 02 04 o U m,
) ot tormnis

High-Power Converters and AC Drives
Bin Wu [ oo |

Topic 3 Multilevel NPC Inverters
Space Vector Modulation

* Measured Waveforms

I| B

v oae o IR

(TR || B R WA
Spoctrums (0011 Spoctrums (0017 dne

(@) m, =08 (b) m, =09

High-Power Converters and AC Drives
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Topic 3 Multilevel NPC Inverters
Space Vector Modulation

* Measured waveforms (No even-order harmonics)

The SVM switching sequence can be modified for even-order harmonic elimination.

Wavohonns s div Wavelonus (3ms div

) m, =09

E!-B T High-Power Converters and AC Drives
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Topic 3 M_ultilevel NPC Inverters
Neutral Point Voltage Control

« Neutral Point Voltage Deviation

[PPP]= V, not affected [Poo]= v, T

(a) Zaro voltage vector (b P-tvpe small vector v
=

[PNN]= V, not affe

(¢) Large vector

[ONN]= Vv, 4 [PON] =V, not defined
(¢) N-tvpe small vector (d) Medium vector

The neutral point voltage v, can be controlled by
P- and N-types of small vectors

cted

72

E!-B T High-Power Converters and AC Drives
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Topic 3 M_ultilevel NPC Inverters
Neutral Point Voltage Control

* Neutral Point Voltage Control

Topic 3 M_ultilevel NPC Inverters
Neutral Point Voltage Control

« Neutral Point Voltage Control

+ ) Without Neutral Point  With Neutral Point
Voltage Contro__| Voltage Contro
Va1 V|
)
2900 Yoy
Vd
(s600\
2500
2700
A
2600
¢ 001 002 003 084 005 t(s0)
(2 (b

R is used on purpose to make the dc voltage unbalance.

To=Top + Ty
Tp = L (1+At)
2 A< AT <1
T = 2 (1-At
w =2 (1-a1)
Neutral Point Deviation Motoring Mode Regenerating Mode
Level ig>0 ig<0
(Vgy = Vgp) > AV At >0 At <0
(Vgp —Vgy) > AV, At <0 At >0
Vo = Vao| < AV, At =0 At =0
AV — maximum allowed voltage deviation (AV, >0).
- 5 High-Power Converters and AC Drives 73
—es Bin Wu [ v |
Topic 3 Multilevel NPC Inverters
High-Level NPC Inverters
« Inverter Topologies
¥
E
(a) Cour-level (m 47 (b) Five-level im 5
-3 High-Power Converters and AC Drives 7
il Bin Wu T
Topic 3 Multilevel NPC Inverters
High-Level NPC Inverters
* Component Count
Voltage . Clamping dc
Switches . .
Level Diodes* capacitors
m 6(m-1) 3(m-1)(m-2) (m-1)
3 12 6 2
4 18 18 3
5 24 36 4
6 30 60 5
* The clamping diodes have the same voltage rating as
other switches.
Note:
The number of clamping diodes increases substantially
with the voltage level.
High-Power Converters and AC Drives 77
=l -] Bin Wu [ v |
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Topic 3 Multilevel NPC Inverters
High-Level NPC Inverters
« Switching State
Switch Status
Four-level Inverter Van
Sy Sz S S; S; S
1 1 1 0 0 0 3E
0 1 1 1 0 0 2E
0 0 1 1 1 0 E
0 0 0 1 1 1 0
Five-level Inverter v
S, S, s, | s, | st S, sy | s: N
1 1 1 1 0 0 0 0 4E
0 1 1 1 1 0 0 0 3E
0 0 1 1 1 1 0 0 2E
0 0 0 1 1 1 1 0 E
0 0 0 0 1 1 1 1 0
e High-Power Converters and AC Drives 76
==es Bin Wu [ oo |
Topic 3 Multilevel NPC Inverters
High-Level NPC Inverters
« IPD Modulation (four-level)
Ve
Ve NA A ANANA AAAA AAAAR
. INARRARA NARARAZ ARARARARNANARAY
Ry VWV MAV
Vo | ]
o ]
vl
Van
L= A
f T:;[nnnnfu_‘ T‘*nnnnJl
V.: F_m_vuu_‘n_lml,, rr"'”’_UULmL‘”"wn ] T :;::(HJ‘
Vaan Vg
- I e 2|
ooc]] ; |
B AT | T T | L.
High-Power Converters and AC Drives 78
== Bin Wu | ovsonisnimn |
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Topic 3 Multilevel NPC Inverters
High-Level NPC Inverters

* Harmonic Content (four-level, IPD Modulation)

VABH /Vd
0.z
v,, = 3-level Vv, = 5-level 7-level
0.1
= =g A=l
S T n=l| | n=
= > N L~
0
0 0. 0. 0« 0. m,

pasors s High-Power Converters and AC Drives
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Topic 3 Multilevel NPC Inverters
High-Level NPC Inverters

* APOD Modulation (four-level)

i
v,

ert

v,

B i 1 O 1y )
- -

Vi Ve

(3R

i PRNTR R R

| 1 T _,
I W B W R X

o i

pasors s High-Power Converters and AC Drives
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'_I'opic 3 Multilevel NPC Inverters
High-Level NPC Inverters

« Harmonic Content (four-level, APOD Modulation)

Vien
Vy

0.

A
ay &Y osr2
AX

0.1 y
]

E—B e High-Power Converters and AC Drives
Bin Wu [ oo |

Topic 3 Multilevel NPC Inverters
Summary

* The three-level NPC inverter has found wide
application in the MV drives.
Main features:
- Low device count
- Good harmonic profile
- Suitable for medium voltage operation

 The practical use of four- or five-level inverters
has not been reported.
Main reasons:
- Difficulties in dc capacitor voltage control
- Large number of clamping diodes

pasors s High-Power Converters and AC Drives
Bin W | poconusnosn |

Topic 4
Other Multilevel Inverters

* NPC/H-Bridge Inverters
« Flying-Capacitor Multilevel Inverters

pasors High-Power Converters and AC Drives
= Bin Wy | moxneo |

Topic 4 Other Multilevel Inverters

NPC/H-bridge Inverters
« Five-Level Topology

Motot

N

Phas .. Phasc £ N Phast €

Compared with three-level NPC Topology:

- Voltage levels increases from three to five

- Inverter output voltage and power are doubled
- Device count is doubled

pasors High-Power Converters and AC Drives
= Bin W | moxneo |
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Topic 4 Other Multilevel Inverters

NPC/H-bridge Inverters

« IPD Modulation

\2

XTI LN

Vg ‘VMZ,AV § vé,>7 ”

Vi JL—_—I_ILTZ 3

T

1y S

pasors s High-Power Converters and AC Drives 85
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Topic 4 Other Multilevel Inverters

NPC/H-bridge Inverters
« Waveforms and FFT

L nn”"‘"”"””Hm WHWMAA ' M”“w |

Vs ) Wavoforn, Vs @) Wavelom

WM‘MW“ “”UUH“”M“W"JJU WVI WWI

vy M, 1 o am, 1 o 3310 Vo 2y LM o

am, 5 | —om +5 am, <1 om, 5~ —om, 45 am, +1

PR Y o m
NN AT S ‘ ‘
. ! | [LIL JLILL

Y

it
) Spocrun ) Spectrun

Inverter phase voltage Vy : 5-levels  Line-to-line voltage vy, : 9-levels

Bin Wu

pasors High-Power Converters and AC Drives 86

i Topic 4 C_)therMuItiIe\{eI Inverters
Flying Capacitor Multilevel Inverters

* Five-Level Topology

Complementary
Switch pairs:
S;and S’;;
S,and S’,;
S;and S’5;
S,and S’

Mi:ﬁ 4
M@:ﬁ 44

pasors s High-Power Converters and AC Drives 57
Bin Wy e

i Topic 4 (_Dther Multilev_el Inverters
Flying Capacitor Multilevel Inverters

 Phase-Shifted PWM

v,

'
ok
( MM%MM%
27 ar
Vie
ke
¢
27 a7
Vien IV, (a) Waveform
m, =12
s
0 am, 1
o — i _
005 [ T e
¢ Ll
| I Ed P 44 - Prasasss
(b)Y Spectrem.

T (device) = 60(my) = 720Hz

* fsu (inverter) = 60(4my ) = 2880Hz

pasrs High-Power Converters and AC Drives ﬁ

Bin Wu

. Topic 4 Other Multilevel Inverters
Flying Capacitor Multilevel Inverters

e Summary

Features:
- Low harmonic distortion
- Modular design

Drawbacks:

- Large number of dc caps

- Complex pre-charging circuits

- Difficulties in dc cap voltage balancing control

pasors High-Power Converters and AC Drives 89
= Bin Wy | moxneo |

Topic 5
PWM Current Source Inverters (CSI)

Main Topics
« Single Bridge Inverter
* Trapezoidal Modulation (TPWM)
« Selective Harmonic Elimination (SHE)
« Space Vector Modulation (SVM)
 Dual Bridge Inverter

15



. Topic 5 PWM Csl
Single Bridge Inverter

* Inverter Topology

Ss Ss

oF o ¥ oY Symmetrical GCTs

LOAD

Function of C¢:

- Assist GCT commutation

- Reduce harmonic distortion

Ct

Features:

- Simple topology - no antiparallel diodes

- Reliable short circuit protection — constant dc current
- Very low dv/dt on motor terminals

91

pasors s High-Power Converters and AC Drives
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i Topic 5 PWM Csl
Single Bridge Inverter

* DC Current Source |y

L lg A
SCR
or PWM M
PWM Inverter
Rectifier

Utility
Supply

Implementation of dc current source:
- use a large size dc choke — making I, smooth;
- use dc current feed back control — keeping I, constant

92

pasors s High-Power Converters and AC Drives
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i TopicS_ PWM CSlI
Single Bridge Inverter

* Modulation Techniques

P * Trapezoidal PWM (TPWM)
)zs‘ )133 }135 « Selective Harmonic Elimination (SHE)

% 0 « Space Vector Modulation (SVM)

« Constraints on Switching Pattern Design
CD B -dc current I, cannot be interrupted
- inverter output current waveform
—ocC must be defined.

< Atany time instant, only two switches are
turned on, one connected to the positive
N dc bus, and the other to the negative dc bus.

93

p—s - High-Power Converters and AC Drives
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Topi_cS PWM CSlI i
Trapezoidal Modulation

« Trapezoidal PWM (TPWM)

Ver Vi
Y P S
EN
0 t ot
2 2z i 2z
3 3 .
Voim
2z
v, -m . t
v 2 m -
Vgs A t
v - PR
| i
ailiin o
o t t t t 1 t— ot
O N[N -
3 3 U U

Number of pulses per half cycle: N, =7

High-Power Converters and AC Drives
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Topi_c5 PWM CSI .
Trapezoidal Modulation

* Harmonic Content (TPWM)

Tunf Vutmax
/——’v"l’//
’ N, =15
B s « Fundamental does not
™ o m . m  change much with m,
Tan/ lutmex
G +m,=085
o
T~
—
T —

v i m i m,

pasors High-Power Converters and AC Drives
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Topic5 PWM CSI

Trapezoidal Modulation

* Waveforms
(TPWM)

f,=138Hz, N, =13,
f,, =180Hz

f,=5Hz, N, =31,
f,,=155Hz

(b) £, =5Hz

pasors High-Power Converters and AC Drives
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. Topic5 PWMCSI .
Selective Harmonic Elimination

« Selective Harmonic Elimination (SHE)

« Not all the switching angles are independent.
« Only two harmonics can be eliminated with Ny =5.

* Number of harmonics to be eliminated: k =(N,-1)/2

« No modulation index control — the magnitude of inverter output
current is controlled by Iy

97
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. Topic5 PWMCSI i
Selective Harmonic Elimination

« Fourier Analysis
i, () = 3 a, sin(net)
n=1

a, zﬂj%iw(ax)sin(nai)d (at)
Yo

‘[Zzsin(nwt)d(mt)+...+_[Esin(nmt)d(wt)+

Foag 3§ —odd:
a, jg@ s.n(nu)d(u)+...+j% %sm(na)t)d(wt) k =odd;
4 j:sin(nwt)d(ax)+...+j:dsin(nmt)d(ax)+

| ﬂksin(nwt)d(wt)+...+Ifﬁsin(nwt)d(wt) k =even.
3 3

pasors High-Power Converters and AC Drives
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i Topic 5 P\N_M CSI_ i i
Selective Harmonic Elimination

« Fourier Analysis

Expression for @,

cos(né,) + cos[n(% —0,)]-cos(né,) - cos[n(% —0,)]+...

V4 s .
41, |reosm Ok)+cos[n(579k )]—cos(ng) k = odd;

a, = —de
cos(nd,) + cos[n(% —0,)]-cos(nd,) - cos[n(% —0,)]+...

—cos(nyk)—cos[n(%—&k)hcos(n%) k =even.

EK_»,E High-Power Converters and AC Drives
3 = Bin Wu [ oo |

i Topic 5 PW_M CSI_ i i
Selective Harmonic Elimination

« Switching Angle Calculation

To Eliminate N harmonic, set a,=0
F(6,.6,.6,,..,6,)=0 i=12,..k
For 5t, 7t and 11t harmonic elimination:

F, =cos(56,) + cos[S(%— 1)]-cos(56,) —cth['S(%—ﬁ’z)]Jr
+c0s(50;) + cos[S(’—; —-0;)]- cus(%”) =0

F, =cos(76,) +cosU(7—; —6,)]-cos(76,) fcosﬁ(g -0,)]
+€0S(765) +cosU(% —03)]—005(%) =0

F; =cos(114,) +cos[1](%—€1)]—cos(1192) 4:05[1](%—02)]

+cos(116;) + cos[ll(’—ar —-6,)]- cos(%”) =0

EK_»,E High-Power Converters and AC Drives
3 = Bin Wu [ oo |
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. Topic5 PWMCSI .
Selective Harmonic Elimination

 Switching Angles (SHE)

Harmonics | Switching Angles | Harmonics Switching Angle:
Eliminated [ ¢, | 0, | 6; | Eliminated | g 0, | & | o
5 8. - - 71117 [ .12 7 -
7 1. - - 71317 .97 -
11 4. - - 71319 .94 -
13 5. - - 13, . -
7 9: .75 - 13, -
2 .14 - .17, -
3 12 - 7, 3 -
- .37 - .26
7. .79 - .80
7, .08 - .60
3 74 - .12
.14 - 7 .33
. 7¢ - ' .55
.4t - 3, 9 .04
.94 - 3, 7 7.
.7, 4 .| 2 7, .7
7, 1 .04 4 ,17, 0 .2t
7, 1 1. 5 3, 42 .1
.11, 1 1. 1 3, 35 .74
10.16 | 14 34 7, 07 .44 9 .93
11.24 | 14 98 113,17, 88 | 10.12 5 .22
951 1.64 27 | 11131719 | 10.39 | 1114 6 .60

101
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. Topic5 PWMCSI i
Selective Harmonic Elimination

« Inverter Waveforms (SHE)

3Ny -1 -1 o] Jo 3Ny -D+1

[N
| | L1 1y

|
it w2 3 3 IS

Harmonic eliminated: 5%, 7t and 11t; f = 420Hz

Erﬁ T High-Power Converters and AC Drives
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. Topic5 PWMCSI .
Selective Harmonic Elimination

* Waveforms (SHE)

(@)
f,=20Hz, N, =7

Iw5:|w7:|M1:0

(©
f,=60Hz, N, =3
1,5 =0

by, = 35Hz (c) Sy = 60Hz

pesoos s High-Power Converters and AC Drives 103
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Topic5 PWM CSI .
Space Vector Modulation

« Space Vector Modulation y
j

SECTOR 111

SECTOR VI

I-S
« Six active current vectors and one zero vector
« Six sectors.

pesoos s High-Power Converters and AC Drives 104
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Topic5 PWM CSI i
Space Vector Modulation

« Switching State

LegA o] o

State s, s, b - fo

0] on | off | 1 (D Lono
[ | off | on | -1

o |off [off [ o
@ |on|on| 0 o o o

pasors s High-Power Converters and AC Drives 100
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Topic5 PWM CSI i
Space Vector Modulation

« Switching States and Space Vectors

Vector
Space Vector Switching State On-state Switch Definition
1200] A
Zero = T
vector | o ©20 55156 fo=
[002] S5.S,
1]: Upper switch on
i, [1-10] Sg.S; I‘:ilﬂe""’s [ pp )
3 [-1]: Lower switch on
- 2 . :
i, o 515 T:=75%e"" | [0]: None of the switches
> inaleg turned on
i ©1-] $2.8 =gzl el . i ;
Active | V3 [2]: Bothswitchesina
Vector Y e leg turned on
i [110] S3.5s ly=—zlge™ b
Ve (bypass mode)
. P2 0
is [101] $4.85 Iszﬁlde
. 2 jaxis
i [0-11] 5,85 Iﬁfﬁlde
High-Power Converters and AC Drives 106
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Topic5 PWM CSI i
Space Vector Modulation

» Dwell Time Calculation

Following the same principle
of SVM for the NPC inverter

I_re' T = I.1T1 + I_sz + I.UTU
T, =T +T,+T,

Re: 1 (cosd)T,

Im: 1, (sind)T, = isld (T+T,) ,

pasors High-Power Converters and AC Drives 107
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Topic5 PWM CSI .
Space Vector Modulation

« Dwell Time Calculation

| .
T= re'sin(f,g)'rs lemasm(z—ﬂ)TS
1,6 6
| =m.sin®
T,= Iref sin(%+6)Ts 3 Trrnasm(6+6V)TS
d

T,=T,-T,-T,
T=T.-T,-T, oo

m =& _w
e g

pasors High-Power Converters and AC Drives 108
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Topic5 PWM CSI i
Space Vector Modulation

* Switching Sequence

A i, Iy A [ [
S6. S, S.S, S8,  SuS .S, |S.S,
VGJ
v,
Vv,
Vv,
A
v,
T T To
T, T

Requirements:

1) Transition from one switching state to the next involves only
two switches

2) Atany time only two switches are on.

109
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Topic5 PWM CSI .
Space Vector Modulation

« Switching Sequence (Over one cycle)

Sector M | In 1l v \

li2a (it 110 1 o 2 ok 2 o2 3 (o
5.
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Topic5 PWM CSI i
Space Vector Modulation

« Inverter Output Waveforms (SVMm)

(i

e

i o
e
¢

BES

24

N TN

34

(a) Waveforms

f, =60Hz, fy, =540Hz, Np =9andm,=1
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Topic5 PWM CSI i
Space Vector Modulation

« Harmonic Spectrum (SVm)

IWIIM‘W
e
I
ors
1 I

o
oos 11 ! | | [T |
1 IR TSI X OO X OO TUSOOTY O IO O L OO |
B e e I
. > o
o8
010
vos
mimn y

A A M MR
v/\BH/V/\ELWK
o T v
o8
010
o8
« | Y

R I P

® Speceun

f, =60Hz, f,, =540Hz, N;=9andm, =1
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Topic5 PWM CSI i
Space Vector Modulation

* Harmonic Content (SVM)

1 1 THI

0. 4000,

Ynl:
0.4

3000

14
: / 200
;o
!
0.2 100%

« 0.2 0.4 0.6 0.8 m,
@) f,, =540Hz,N, =9
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Topic_5 PWM CSI
Dual Bridge Inverter

« Dual-Bridge Inverter

;! ;[ }! ;[
;[ ;! ;! ;! ;[
;[ ;! ;! ;! ;!
v, @
2 rryll]
}[ ;! ;[ ;[ }! ;[ = ===C¢
;[ ;! ;! ;! ;! ;[ j—
Csi#L Csl#2 -

Research focus
- Increase converter power rating
- Equal dc current sharing
- Switching pattern optimization
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Topic5 PWM CSI

Summary
» CSI PWM Schemes
Item SVM TPWM SHE

DC Current Utilization

0.707 0.74 0.73t00.78
le,max / Id
Dynamic performance High Medium Low
- . . Real time or
Digital Implementation Real time look-up table Look-up table
Harmonic Performance Adequate Good Best
dc Current Bypass Operation Yes No Optional
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Topic 6
Current Source Rectifier

Topics
« Single Bridge Rectifier
 Dual Bridge Rectifier
» Power Factor Control
« LC Resonance and Active Damping
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Topic6 PWM CSR
Single Bridge Rectifier

« Converter Configuration

Lo g
A *
?ﬂg 'iis 'iis
v r Y S 3
AL i
O - 1A
L
N B 2 Va
D
|
o 11
sy CTTT kSA L
| | &7 x° %7 -
« Switching devices: « Function C¢

To assist GCT commutation;
To reduce line current THD.

Symmetrical GCT
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Topic6 PWM CSR
Single Bridge Rectifier

« Rectifier Input Current Waveform

by

|_| zl6 |_| zl3 nl2 | |_| ‘[;ﬂ |_|
S,
I T t o= 2 s ot
A 13-, 25,
T 13-4,
716+,

« Constraints for Switching Pattern Design
- dccurrent id should not be interrupted
- waveform of i, should be defined

« Three independent angles to eliminate two harmonics
and make modulation index adjustable.
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Topic6 PWM CSR
Single Bridge Rectifier

* Switching Angles
P P
Var e e
AR T E N N B ‘;””t
gl HZ 93 HE gﬁ HB HID 511 512
Vga m mm - om
2T
iw" 1 1

T'“ o
A B T IRl L[

« Bypass pulse (BP) - make iW adjustable
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Topic6 PWM CSR
Single Bridge Rectifier

* Switching Angles versus M,

0
—_ ] 01
E———
1 o0y
I D S
— £ 0
———— 7
— Lo
T ——
1 %
R R S| 05
50 —=
N R e
— £ 0,
T 0,
50
0 02 04 05 08 1oom,

(5™ and 7t harmonic elimination)
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Topic 6 PWM CSR
Single Bridge Rectifier

» Harmonic Profile

Iwn
Aln-
L n=1
08
06
N
04
n=19
02 n=13
n=17
»
0
0 02 0.4 0.6 0.8 1 m,

(5™ and 7t harmonic elimination)
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Topic6 PWM CSR
Single Bridge Rectifier

» Waveforms [q

Voe
) jmmsmE1 1 jEmmmEy 1 semms

JATRLS AR AR

I
A
1 w1 11 2325 2931 3 41 Harmonicn

(5t and 7t harmonic elimination)
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Topic6 PWM CSR
Single Bridge Rectifier

* Experiments

. RN
[ Lk

L1

=
=
=]
=
=

i

T N1 Mﬂ Il MMM\
%

m, =07 m, =0.95

Trace A: currentin switch S;
Trace B: Rectifier input current i,
Trace C: Line current i
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Topic6 PWM CSR
Dual Bridge Rectifier

« Dual-Bridge Topology ="
T N

it:is+i§ @

v, 5=30°

<
o

i
A

»

"

»

.

»

or»O0Or

£ % %

« Use 12-pulse transformer to cancel the 5" and 7t harmonics
« Use PWM to eliminate the 11" and 13" harmonics

« The lowest harmonic in the line current is the 17t

« Very low line current harmonic distortion
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Topic_G PWM CSR_ :
Dual Bridge Rectifier

* Switching Angles
BP
| amn - at

B s o |
C 111

(a) Switching pattern A for a low m,

Vg — 1 I | 11 '

9l at
v x .
a %) On  Ou B

11 1 »
TR T

(b) Switching pattern B for a highm,_

* Bypass pulses (BP) — make iW adjustable
« SHE modulation - eliminate the 11* and 13" harmonics
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Topic_G PWM CSR_ .
Dual Bridge Rectifier

« Switching Angles versus My

o — o ] &
b, ~ .
— =
- o
1 o ~6,
50 — - 8 b
~6 <5
0 02 04 06 08 m, 0g0 08 09 095 100 105 m,
Switching pattern A Switching pattern B

(11% and 13" harmonic elimination)

126

E—B High-Power Converters and AC Drives
= Bin W | moxneo |

21



Topic_G PWM CSR_ :
Dual Bridge Rectifier

» Harmonic Profile

Iwn
le

08

Pattern A Pattern B

(11% and 13t harmonic elimination)

pesoos
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Topic_G PWM CSR_ .
Dual Bridge Rectifier

« Experimental Waveforms

I (i
M Lo FAMAN
I Wi
[ fund
il fin, ol | fim] e |
i ] ‘c

Modulation index: 0.5 Modulation index: 0.9
Trace A: i, - line current on transformer primary side
Trace B: iS - line current on transformer secondary side
Trace C: iW - rectifier input current
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Topic6 PWM CSR
Power Factor Control

 Phasor Diagram

Ly iy
N
XS XS XS
=V
' i v * C;produces leading PF

v 8 o v

D
QO l " « Delay angle control
uility ¢, A produces lagging PF
Stpply - kS XS kS,

To improve PF, use m,
and delay angle control
simultaneously
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Topic6 PWM CSR
Power Factor Control

« Block Diagram

Power Factor
Angle Detector
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Topic6 PWM CSR
Power Factor Control

* Power Factor Profile

PF [ |
«—— Region A r}‘ RegionB ———>|
1
08
ﬁﬁth m, and & wy/
0.6
/ h m, control only
0.4
0.2
0
0 0.2 0.4 06 0.8 m,
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Topic6 PWM CSR
Power Factor Control

« Experiments

iy 35 A

A 67% o]

i malit )
oA R L
AR aIe A
(a) Transient response (b) Steady state waveforms
(PF=1)
High-Power C d AC D 132
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Topic6 PWM C§R .
LC Resonance and Active Damping

* LC Resonance Ly g
+
Xs XS XS
—V, ) .
LF LS 's IW A
+ V- R L
i
v - B 2 Vg
D
W
Utility
Supply kS, kS, kS,
1 Resonance may be excited by

Resonant Mode: @, = 27, [L,C; - Supply voltage harmonicg
- Rectifier current harmonics
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Topic6 PWM C§R i
LC Resonance and Active Damping

« Passive and Active Damping

vs . i L | < Passive damping:
, Ry C) R, - physical damping resistor

(a) Passive damping

CSR
SV - « Active damping:
A 13 i . .
ile, R, - no physical resistor
- - damping current ip is produced
by CSR via m, control
(b) Active damping - i isin phase with v,
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Topic6 PWM C§R i
LC Resonance and Active Damping

« Block Diagram of Active Damping Control

—_—
Stationary | Synchronous -
lg

Frame Frame
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Topic6 PWM C§R i
LC Resonance and Active Damping

* Measured Waveforms
R . Without Active Damping

- Rectifier input current

- Line current

- Capacitor voltage

With Active Damping
- Rectifier input current

- Line current

- Capacitor voltage
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Topic 7
Voltage Source Inverter Fed Drives

Topics
« Two-Level VSI Fed Drives
* NPC Inverter Fed Drives
« CHB Inverter Fed Drives
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Topic 7 VSI Drives .
Two-Level Inverter Fed Drives

« Power Converter Building Block (PCBB)

' G 0O
< }m‘m
[E N E|
Vg =Cy 7: :
Cd EJd
<O & }m‘m
) [ESE|

(a) Two-ievel inverter

Gatk
Driver

(b) Power converter building block

Gate
Signa "

R, 351?\ P
Switel Switel
Status
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Topic 7 VSI Drives i
Two-Level Inverter Fed Drives

Topic 7 VSI Drives .
Two-Level Inverter Fed Drives

« Drive Configuration « Features and Drawbacks

Utility Grid %% Features
4160V « Modular structure using PCBB
(ga « Simple PWM Scheme
*;\j{‘:i:‘ « Active voltage clamping for series connected IGBTs
I W W Y L 04160V « N+1 Provision
. « Ease of dc capacitor precharging
@ « Provision for four-quadrant operation and regenerative braking
A%x% l Drawbacks
Cy « High dv/dt in the inverter output voltage
(é?a Dundinic LJ « Large size output LC filter
Shifting 2 & K‘\'“’“" =
asformor Output 1.C Filter
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Topic 7 VSI Drives i
NPC Inverter Fed Drives

Topic 7 VSI Drives i
NPC Inverter Fed Drives

« Main Specifications (with GCT Inverter)

« Drive Configuration (with GCT Inverter)

Urility Gric

4 x x

—
Heatsink

=
Tnsulator

¥ XX XX

i
k.
f;g ¥ &A%
i I3
X

4 x x

(a) Drive configuratior

N

(b) Mechanical assembly

Nominal input voltage

2300V, 3300V, 4160V

Output power rating

400 ~ 6700HP (0.3 ~5 MW)

Output voltage rating

0 ~2300V, 0~ 3300V, 0~4160V

Output frequency

0 ~ 66Hz (up to 200Hz optional)

Drive system efficiency

Typically > 98.0% (including output filter losses
but excluding transformer losses)

Input power factor

>0.95% ( Displacement power factor > 0.97)

Output waveform

Sinusoidal (with output filter)

Motor type

Induction or synchronous

Overload capability

Standard: 10% for one minute every 10 minutes
Optional: 150% for one minute every 10 minutes

Cooling Forced air or liquid
Mean time between failure

(MTBF) > 6 years
Regenerative braking capability | No
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Topic 7 VSI Drives

NPC Inverter Fed Drives

« Drive Configuration (With IGBT Inverter)

Utility Grid

2300V
A3z 9 J J
( : $: Standard
- 4 Motor
%% B o e L 0~ 2300V
T——1. i D
: ¢
I W W Y
A xKF XA
I W W Y 4 9 q _Vj—
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Topic7 VSl Drives
NPC Inverter Fed Drives

« Main Specifications (With IGBT Inverter)

Rectifier

Standard: 12-pulse diode rectifier
Optional: 24-pulse diode rectifier
or active frontend (PWM IGBT rectifier)

Displacement power factor
(cosp)

>0.96 (12-pulse diode rectifier)

Nominal utility/motor voltage

2300V, 3300V, 4160V, 6600V

Output power rating

0.8~ 24MW @2300V
1.0~3.1MW @3300V
1.3~4.0MW @4160V
4.7~7.2MW @4160V (Parallel converter configuration)
0.6 ~ 2.0MW @6600V

Output voltage range

0~2300V, 0~ 3300V, 0 ~ 4160V, 0 ~ 6600V

Output frequency

0 ~100Hz (standard)

Motor speed range

1:1000 (with encoder)

Drive system efficiency

Typically > 98.5%

(at rated operating point, excluding transformer losses)

m==es
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Topic 7 VS| Drives
CHB Inverter Fed Drives

« Drive Configuration

] 1
—r—— L

(b Poncer el
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Topic7 VSl Drives
CHB Inverter Fed Drives

« Drive Configuration

Multipulse Diode Rectifier Multilevel CHB Inverter
Rated Transformer| Rated
Utility/Motor R:E:IS::' iefl:;::‘z: Secondary Pcoelwlzr IGBTs \gl\::?: H-Bridge| foicor| fawin
Voltage Cables Output
2300V 18 9 27 9 36 7 480V | 600Hz | 3600Hz
3300V 24 12 36 12 48 9 480V | 600Hz | 4800Hz
4160V 30 15 45 15 60 11 480V | 600Hz | 6000Hz
Typical power range: 0.3 ~ 10MW (400 ~ 14000HP)
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Topic 7 VSI Drives i
CHB Inverter Fed Drives

« Drive Configuration (6600V Drives)

Two units of 3300V
CHB inverter in cascade

utility
Supply

Phase Shifting
Transformer

EK_»,E High-Power Converters and AC Drives
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Topic 7 VSI Drives i
CHB Inverter Fed Drives

« Features and Drawbacks

Features

« Modular design for cost reduction

« Nearly sinusoidal inputs and outputs without LC filters
« Provision for N+1 design for high reliability

Drawbacks

« Costly phase shifting transformers

« Large number of cables between transformer secondaries and
power converters

 The transformer normally installed inside cabinet - larger footprint,
more cooling requirement
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Topic 8
Current Source Inverter Fed Drives

Main Topics
 CSI Drive for Standard Motors
 CSI Drive for Inverter-Duty Motors

« Transformerless CSI Drives for Std Motors

« CSI Drive with SCR Rectifiers
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_ Topic8 CSI Drives
CSI Drives for Standard Motors

« Drive Configuration

Utility
Grid a 'i

4160V
&

Tsolatior
Transtormer |
Ct

Standarc¢
i, iy Mot

»
L
»
»
PPr
e
¢
VRV
g

» B
1l
»
1

x
x

GCT CSR GCT ¢Sl =

1r
Lui

L

»E
P
e
2
e
]
g
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. Topic8 CSlI Drives
CSI Drives for Standard Motors

* Inverter Switching Scheme

S (Hz,
Ber 16170 1z | | A <
wl No=S No=7
£ ‘
TPWM ‘ SHE
260 -
220
0. 1 2 E 4 5( f, (HZ;

High-Power Converters and AC Drives
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_ Topic8 CSI Drives
CSI Drives for Standard Motors

« Main Specifications

Nominal input voltage 2300V, 3300V, 4160V, 6600V

[ Output power rating 200 ~ 9000HP (150 ~ 6700 kW)
Output voltage rating 0~ 2300V, 0 ~ 3300V, 0 ~ 4160V, 0 ~ 6600V
Output frequency 0.2~85Hz
Drive system efficiency >96.0% (including transformer losses)
Input power factor Typically >0.98% (with PWM rectifier)
Line current THD Typically <5% (with PWM rectifier)
Output waveform Near sinusoidal current & voltage
Motor type Induction or synchronous
Overload capability 150% - one minute (standard)
Power loss ride-through 5 cycles
Cooling Forced air or liquid
Inherent. No additional hardware or software

Regenerative braking capability required
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i Topic 8 CSI Drives
CSI Drives for Inverter-Duty Motors

« Drive Configuration

®

L
X %X X yyv>xy
L x X %X yyyxy ““ﬁgﬁ;?“‘-‘
lii x X Yy yy
cfj: X X X Yy yvy ==:jcf

GCT RECT GCT CSI

No isolation transformer for cost reduction
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Topic8 CSI I_Drives
Transformerless CSI Drives for Std Motors

« Drive Configuration

» oy
»ye
Pt
A
g

Pt
et
14—

}[ Standard
Motor

~ Integrated M
dc choke

K y y
K zzz'j’c,

GCTCSR GCT CSI

|7
»
"
» B
PEPf
» B
L VIR
¢
L
L VIR

Use Integrated DC choke to block common-mode voltages

154

E!_-,E High-Power Converters and AC Drives
Bin Wu [ oo |

Topic8 CSI Drives
Transformerless CSI Drives for Std Motors

* Integrated dc Choke

1—] ¢ 2o
q
X X,

(a) Tntegrated de choke

LA
o
iy i, 12 ,
£ ) o
iy =i, /2
L .
=
. — T
L SCR 6e1 TTTc, Swnda
Gt Rectitier e 4 Mot
cm

(b) Connection diagrar

Common-mode voltage: V, (motor neutral to GND)
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Topic 8 CSI Drives
Transformerless CSI Drives for Std Motors

* Testing Result™==

Vg
b
s
0 T, T y w o |
ki “m,-»l okl T
I PPV VA
CcM VuItage—)zyp\{.ﬂm . A I‘l‘l‘lil,ﬁ'f ™ I[I N s
icm

Wy e e s T SR
() L, =4.8pu
With CM inductance
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Topic 8 CSI Drives
CSI Drive With SCR Rectifiers

« Drive Configuration

Ly
Utility X Yy rx
Grid Yyy»xy
Feoov Yy Standard

g
»
L
»
g

Motor

g
»
L
»
g

g
»
L
»
g

g
»
L
»
g

A, A0
. B o B »
<

LPRPRP]
¢
tg-tig
¢

YRPRP]
¢

Phase Shifting 3¢ X &
Transformer

SCR Rectifier GCT Csl
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Topic 8 CSI Drives
Summary

« Features and Drawbacks of MVCSI Drives

Features

« Simple converter structure with component count
* Motor friendly waveforms

« Reliable fuseless short circuit protection

« N+1 provision for high reliability

« Regenerative braking capability

« Inherent four quadrant operation

Drawbacks
« Limited dynamic performance
« Potential LC resonances
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Summary - MV Industrial Drives

Inverter Configuration | Switching Power Range Manufacturer
Device
Two-Level Voltage Source Alstom
Ivener 1GBT LAMVA-T7.2MVA oweeao)
o 03MVA -~ SMVA "ABB (ACS1000)
3MVA - 27MVA (ACS6000)
Three-Level Neutral Point et VA -20MVA (Innovation Series MV-5P)
Clamped Inverter Siemens
T -
168 0.6MVA-7.2MVA (SIMOVERTAIV)
General Electric—Toshiba
1GBT 0.3MVA-24MVA Dursails Wy
"AST Robicon
O3MVA-22MVA (Perfect Harmony)
Multilevel Cascaded H- Toshiba
T -
Bridge Inverter o8 OSMVA-BMVA (TOSVERT-MV)
General Electric

O4SMVA-TSMVA | (1novation MV-GP Type H)

Worm | et | oavacsama | ool
B e B
e ) R R
wovenrs
Load Commutated Inverter SCR >10MVA ABB (LCI)
Z1OMVA (ALSPA SD7000)
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High-Power Converters and AC Drives
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