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Tokyo-Osaka : 515 km
2.5 hours at maximum speed : 270 km/h

The number of passengers : 1,323/16 cars
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BrEs#R (The Shinkansen)

The fare for one way : 13,000 JPY (=110 USD)

ow much does one passenger pay for the
harge of electricity from 13,000 JPY ?
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Power Electronics Lab.

Answer

»150 JPY

v'The maximum power of the 16 cars
v'The total electric energy : 23 MWh
v'The average power : 23 MWh/2.5 =
v'The number of passengers : 1,326

v'The average power per passenger :

v'The total energy per passenger :

17.5kWh X 8~10 JPY/kWh

9.2 MW /1,326 =7 kW

7 kKW X2.5h=17.5kWh

: 13.2 MW

9.2 MW

= 150 JPY

Tokyo Institute of Technology r’n
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Main Power Circuit

Nozomi series 700

AC 25kV

60Hz, 1¢ 275kW, 1850V
’ DC 2,400V 110A, 102Hz

VS 3,000rpm
A A A X + Max.5,000rpm

390kg

Trans. Motor

4,160kVA M

Tokyo Institute of Technology I rb l
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Applications of STATCOM and BTB in Japan

O The 60-MW Electric Frequency Changer
(Commissioned in 2004)

K. Kunomura, K. Yoshida, K. Ito, N. Nagayama, M. Otuki, T. Ishizaka, F.
Aoyama, T. Yoshino, “Electric Frequency Converter,” in Proceedings of the 2005
International Power Electronics Conference (IPEC), Niigata, Japan, S71-4,
2005.

O The 80-MVA STATCOM
(Commissioned in 2004)

T. Fujii, S. Funahashi, N. Morishima, M. Azuma, H. Teramoto, N. lio, H.
Yonezawa, D. Takayama, and Y. Shinki, “A 80-MVA STATCOM for the Kanzaki
Substation,” in Proceedings of the 2005 International Power Electronics
Conference (IPEC), Niigata, Japan, S37-1, 2005.

Tokyo Institute of Technology I rb l
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The 60-MW Electric Frequency Changer

Rotary frequency

154 kV bus 50 Hz
T T

changer
(60 MW x 3)

Electric frequency

* Rotary
frequency

changer

x

x

—H{ QO@ELD

.I" >
Changer Harmaonie 0
(30 MW x 2) fiter é =
j A O
Compensator ' ' Changer §
b NS S I S
R \eohz
Sin-Osaka 77 kV bus ﬁtle_ ) TOkyO
247,
TOSH | BA Tokyo Institute of Technology
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Circuit Configuration of 30-MW Unit

22 kV
50 Hz

TOSH
9

Rectifier No. 1 Inverter No. 1
o Shyhyhyddad|| | (| Bad ydyd ydyd
> i = .: — __{\\Z_/ -
y335 3535 3538 | || ¥33% ¥33F 3335 2k
Rectifier No. 2 % i Inverter No. 2 = Ve
Rectifier No. 3 % % Inverter No. 3
I n
Rectifier No. 5 % % Inverter No. !
Rectifier No. 6 i i Inverter No. 6
6-kV 4-kKA GTOs  Efficiency : 96%

IBA Tokyo Institute of Technology I m l
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Applications of STATCOM and BTB in Japan

O The 60-MW Electric Frequency Changer

(Commissioned in 2004)

K. Kunomura, K. Yoshida, K. Ito, N. Nagayama, M. Otuki, T. Ishizaka, F.
Aoyama, T. Yoshino, “Electric Frequency Converter,” in Proceedings of the 2005
International Power Electronics Conference (IPEC), Niigata, Japan, S71-4,
2005.

O The 80-MVA STATCOM

10

(Commissioned in 2004)

T. Fujii, S. Funahashi, N. Morishima, M. Azuma, H. Teramoto, N. lio, H.
Yonezawa, D. Takayama, and Y. Shinki, “A 80-MVA STATCOM for the Kanzaki
Substation,” in Proceedings of the 2005 International Power Electronics
Conference (IPEC), Niigata, Japan, S37-1, 2005.

Tokyo Institute of Technology I m l
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The 80-MVA STATCOM

T
§ GCT converter-cell i i
) ¥ ;z'jg szsmlslﬁ:‘_-;;_l u.;%;_ 35| Circuit
IRy B $EE 7 6-kV 6-kA GCTs
(o= sy (72 devices, 1S1P)
yET94T yaTya] yaTyaT 7
Y& 5 ¥& y& y& y& | NPC converter
7 TV FT; y% F T 5% T TTL (3 single-phase bridges)
T PEpETL FF ITy XFLIE L :: ‘ﬁ DC link : 6 kV
P ( ) ! 1| gl
)\\/-—- bt Dibs Dl ﬁ
yaT33T y2T9aT gaTaaT T z
R R T Efficiency
vE& ¥ rE Y& ¥ rE |
P v g L 98.8%
1 LT Converter loss: 0.6%
L [
\__ 5%(5%%3 .SZZIS?-_SE_@_T- S%’ijx _:_ (480 kW)
W, ¥ 3% 33 y5 y& yi | Trans. Loss: 0.6%
Circuit configuration of the STATCOM

(Commissioned in 2004) Tokyo Institute of Technology I r’n l

12 Power Electronics Lab.




MITMEIC  The 80-MVA STATCOM ot

To maintain voltage during
1L.G faults on 154 kV

STATCOM Features
Continuous Operation

Kanzaki

Substation No AC Filters
Shunt Reactor 3 Pulse PWM
Tokyo Institute of Technology r’n
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The Medium-Power Conversion System
based on Bi-directional Isolated
DC/DC Converters

Hiro Akagi
Tokyo Institute of Technology

Tokyo Institute of Technology I r’n l
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DC Power Supply

1970’s: Series Regulators

@ Electric Isolation: Line-Frequency Transformer
|1_-{>Heavy and Bulky
@ Voltage Regulation: Linear Operation
|1_-{>Low Efficiency

Today: Switching Regulators

2 Electric Isolation: High-Frequency Transformer
ﬂ-—{> Light and Compact
2 Voltage Regulation: Switching Operation

I-l—‘{>High Efficiency
Tokyo Institute of Technology W
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Why Are High-Frequency Transformers Useful?

Three-phase 200-V, 5-kVA,

50-Hz Transformer

Single-phase, 250-V, 5-kVA,

20-kHz Transformer

Tokyo Institute of Technology I m l
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Nominal System Voltages in Japan

Utility Distribution System : 6.6 kV

Industrial Distribution System : 3.3/6.6 kV

m Functions of the 6.6-kV STATCOM

Power factor correction
Voltage regulation
Load balancing

Tokyo Institute of Technology I m l
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Medium-Voltage Power Conversion Systems

# 6.6-kV Distribution Feeder

< @ STATCOM
@ BTB (Back-to-Back) system

. "T=: @ Industry
g || =S e 3.3-kV/6.6-kV motor drive

© TOSHIBA TOSVERT-MV
(3.3 KV, 1,800 KW)

Tokyo Institute of Technology I m l
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6.6-kV STATCOM for Utility and Industry

Today 1 MVA

6.6 kV JG =

Transformer Weight : 4,000 kg
Size :1mXx2mx 2.5m

Converter Weight :1,000~2,000 kg

Requirements : Low Cgst, Small Size, Light Weight

~

The 6.6-kV Transformerless
STATCOM

Tokyo Institute of Technology I m l
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Today’s Medium-Voltage Motor Drives

N oot : :‘:": e l’oé.goklzlw
Trgansforrpers == .' IKF ;
% b
33kV ,9
- G T
Robicon’s MV Inverter N —————
=TT
Bulky and Heavy ; 5
u Power Cells  _-* ™+,
No. B1 ~ C3 -~ .
50 or 60 Hz ( ~

e P. W. Hammond, IEEE Trans. Ind. Applicat., vol. 33, no. 1, pp. 202-208, 1997
@ Roles of the multi-winding transformer (50/60 Hz) :
@ To supply isolated voltages to each power cell
@ To reduce harmonic currents Tokyo Institute of Technology W

20 Power Electronics Lab.
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Future Medium-Voltage Power Conversion

Today: Line-Frequency Transformer

Used for Voltage Matching and/or Electrical Isolation

Future: Transformerless or High-Freq. Transformer

# Transformerless: Multi-level PWM Converters
@ Diode-Clamped, Flying Capacitor, and Cascaded
# High-Freq. Trans.: Bi-Directional Isolated DC/DC Converters

Power-Electronic DC Transformers

Tokyo Institute of Technology I m l
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The Next-Generation Motor Drive

The Bi-Directional Isolated DC/DC Converter
Converter CeliNo.1 ¢

3.3kVv

Single-phase |
PWM i
converter:
Switching freq.
=1kHz.

Switching loss | : :
negligible i:‘ Converter Cell No. 5 l:i
LA DC-Link Voltage: 610 V AN

1,200-V IGBTSs or SiC MOSFETSs [-" N
@ The DC/DC converter dominates system efficiency
Tokyo Institute of Technology W
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The Bi-Directional Isolated DC/DC Converter

Converter 1 Converter 2
A
J TJK‘}ELFLN L/2 lf—2 T T
Ey - 1 3 EIV\- T o L Es
L
g oL o o

@ R. W. De Doncker, et al., IEEE Trans. Ind. Applicat., vol. 28, no. 6, pp. 1294-1301, 1991

1991 2004 Winter 2010
iSOTrfalr\g?ctJi:waelr Ferrite (HllztI:ff:? T\;Teh:;s) New Material?
(Eféiigegcg) 90 ~ 92% 97% Over 99%

Tokyo Institute of Technology m

* Nano-crystalline soft-magnetic material
23
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The Experimental Circuit for Loss Analysis

The Overall Loss Regeneration
Fed by the 350-V

DC Source

Converter 1 ( 2 Converter 2

< |

350

JKZ*}

H- 55 pf‘)

Output power

a 350 V, 10 kW, and 20 kHz

@ Output DC power P is regenerated to Input DC
terminals.

a Loss analysis estimates the possibility of SiC devices.
Tokyo Institute of Technology m

24 Power Electronics Lab.
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Experimental Setup

Controllable
Via a personal
computer

ogy m
25 Power Electronics Lab. J

Experimental Setup

Gate Drive § | {iEN T N Protection
Circuit RS w1 “Circuit

Magnetic
omponents

' o9y | A
26 Power Electronics Lab. J




Operation Principle

E
Converter 1 V1
AC Voltage 0 id Tim+0 |2r 37
!—‘ ———————————
Converter 2 Vo
AC Voltage i}
E
I, = ; ) —\
Transformer b
Current _/ \_/ \
Y
[

; L
- E2( 82
|:> & Output Power: P = = 6 — —
y w T
(3 v
1 P 2
@ R. W. De Doncker, et al., IEEE Trans Ind. Applicat.,
Equivalent circuit vol. 28, no. 6, pp. 1294-1301, 1991
(L = transformer leakage and external inductors) Tokyo Institute of Technology
27 Power Electronics Lab.
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Experimental Waveforms at 10 kW
600

Converter 1 g /\P’h .
3 0 1 1 L
AC Voltage v V] r /

600
Converter 2. 4, [v] of . . if ; .

AC Voltage E & s L

-

L 1_15
50 Y = -
- L X

Transformer

Current 1 [Al 0 [ ' —

2\

Ts
@ | =18.6 uH and the phase shift: § = 13 deg.
# Switching frequency: f = 20 kHz
@ di,/dt values can be used in loss analysis.
2 T e Eectonics Las,

l
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Power P, Efficiency n, and Loss P,

100 - ——— " 1400 96.9%
S —17 Ao =
~ o5| Max. 97.5% p,q“-}w\j\ 321 W
%‘ @SEKW | 7 ] <] @wokw
5 9of J200 8
i 2o/ o "o;”h s — ] §
E °o -1 ] E
¢ 85} b 1100 ¢
@ 1 8
B 2 4 6 8 70°
Output Power P, [kW]
@ Overall Efficiency (DC to DC): Max. 97.5%
@ P =321W@ Py =10 kW
@ \What causes the 321-W loss?
Tokyo Insti f Technol
. s sttt o rchnoon | o |

Loss Analysis Result at 10 kW

Losses in Power Devices Losses in Magnetic
(Trench-Gate Si IGBTs and Si PiN Diodes) Components

N Overal
Switching Loss = 127 W / \ 321 W

/
Core Loss
=21W

\
Copper Loss
=31W

@ Power-device loss (=269 W) is dominant in 321 W

@ When SIC-MOSFETSs are used:

Overall Loss P, =28 W+ 13W + 21 W + 31 W
=93 W (n =99.1%)
@ Assuming that the conducting loss is reduced to 20% and the switching loss is
reduced to 10%, compared to Si IGBTS.

Source: Arai and Yoshida: “Fundamentals and Applications of SiC devices,”
Ohmsha, 2003 (in Japanese) Tokyo Institute of Technology I h l

30 Power Electronics Lab.
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Applications and Markets

- _ Traction
6.6-kV Distribution Line Commuter Train (1.5 kV)
STATCOM Shinkansen (25 kV)
BTB System
UPS

Industry
3.3-kV/6.6-kV o
Motor Drive DlStrlbutlon

Generation

@ Various application fields

@ Energy conservation and distributed power
generation: The market will continue to grow.

Tokyo Institute of Technology
31 Power Electronics Lab.
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A Medium-Voltage Transformerless
Cascade PWM STATCOM
with Star-Configuration

Hiro Akagi
Tokyo Institute of Technology

Tokyo Institute of Technology
Power Electronics Lab.
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6.6-kV 1-MVA Cascade PWM STATCOM

6.6kY S0Hz

General Futures

® No Transformer |
® Higher Voltage Levels i
® Split DC Capacitors % 1 % i i; % i i;
Voltage Imbalance
e ok ok
Design Example = = =
[ Cascade_Nu_mber :N=6 Hom a2 Hon s Hoon s
13 Ievel_ln !lne-to-_neutral iomal Homal manl
25 level in line-to-line
® 72 IGBTs: 1.7-kV, 200-A  «» iﬁ £eon 'ﬁ £eon H
® DC Voltage : 900-1,000V
. Towso e of e | |

Control of Cascade STATCOM

Pulse-Width Modulation
@ Quick Response

@ 6.6-kV in Japan I
@ Difficult Voltage Balancing
No Practical Method

Staircase Modulation | |
@ Slow Response

@ 13.8-kV in USA
@ Easy Voltage Balancing
Lai and Peng, IEEE Trans. on 1A, 1996

Tokyo Institute of Technology m
34 Power Electronics Lab. §
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200-V 30-A 10-kVVA Down-Scaled Model

Lg ”_S Ay,

iy
o : | tw,
: |
200 V, 50 Hz MC1
MC2\ LR
Lﬂ[‘
Uyn : Vuyn Vg
Jt; Jt} .
! = o
PCul CuaT Ttu1 ‘g %
i i 2 =
| 1 s 3]
W £
VCu2 Cu-.,:-E comn. 2 vu2 ﬂ;:"' -lc'i
@ @
| = =
f . B &=
UCu3 (,u;;{ con. 3 ous

rCascade Number N =3
7-level in line-to-neutral
13-level in line-to-line
Phase-Shifted PWM
Carrier frequency: 1 kHz
Equiv. frequency: 6 kHz

\_ J

Ls = 0.4% (40 mH)
L,.=10% (1.2 mH)

H =36 ms(vo. =70V)
C =164 mF

i The u-phase cluster

35

Tokyo Institute of Technology I m l
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Three Phase-Shifted Carrier Signals

sampling
calculation
reference  Voltage reference

renewal carrier signal | Sampling frequency :

167 s
—> - 3

No.1

4 N\
Synchronous Sampling

6 kHz (=1 kHzx 2 x 3)
Sampling point:
every top and bottom

No.2

period : 500/3 = 0.167 ms

\ J/

{ \

Reference Renewal

No.3

at every top and bottom
of each carrier signal

renewal period: 0.5 ms

36

L calculation time: 0.167 ms)

Tokyo Institute of Technology I m l

Power Electronics Lab.
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Control of 200-V Down-Scaled Model

200 V 10 kKVA Voltage
. _-L Vul
LS 'US ?r - Lu.l‘. _—I—
, g | g )
. : " peeTs | 222 | Ly,
3¢, 200 V, 50 Hz %—% g _T w
PT@ OE 8 __L
VCw3
2 |33 T
PWM
‘PLL ‘Am (FPGAs) A/D
16 ”*’I/ 18 19
Control
(DSP)
q* 1ology I l
37 ruwer ciceuunies Lab. m
Control Block Diagram
I
VCul VCu2 VCw3
U* 1 s e l
DC voltage c LPF (15Hz)
reference — — _
+9 (Tcu1,Tou2, > VCw3)
vB
. Current Voltage— wm
q reference g VBvm
'[%e| balancing
v — L R
oo ] dq |2 . control e
vV O —> ?’d zq
Vswo_.| tHans. U5q T
? id v Inv v
.u—’ j R d . \ wm
v trdar?s ‘ cu?regr?tjgtlﬁ?'ol d-q O~ Vym
- il I vy trans, ———O—vy,,,
Tokyo Institute of Technology I m l
38 Power Electronics Lab.
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DC-Capacitor Voltage Control

Ls s i,
. i,
| | e
' |
Overall voltage control | 200V 50Hz MO1
MC2\ ||R
[Clustered balancing controﬂ Loc ‘i
';::_::::::::::‘“- pii i e Y
Ve EC“, = [ v g % E
: ; G CIF
I‘:-- ---------- i i E
P - [ @ @ )
[Indlwdual balancing controlf-» :Cﬂ{ IR - = |4
J K 4 & |
ST e ey ey ey ’ o PR
' AN
ve 'EC“;;{ com. 3| 1 [vaa 0 ui E
errrrFFFEEISS .. | T ==y
i
Tokyo Institute of Technology m
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Overall Voltage Control

a Control of the dc mean voltage of the nine capacitors
@ Like a three-phase PWM converter
a d-q axis current control

~

p
u-phase dc mean voltage

T
v(‘h‘zg(vf‘h‘}-l_vf‘.’f.j-l_v('ﬁ_?) . I . .
V.
J@

LYY\

Overall dc mean voltage

R
v('=E(v(':r+v('l'+v('w) _]Ké JK&

Tokyo Institute of Technology I m l

40 Power Electronics Lab.
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@ Balancing of dc mean voltages between three clusters

Clustered Balancing Control

@ Like three single-phase converters

@ d-axis voltage control, independent of three clusters

_ | _ _
v('u=§ ( v( wl +v{ 'n.’+vﬂ

Tokyo Institute of Technology I m l
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B

Bl

@ g-axis voltage control, independe

Individual Balancing Control

Balancing of three dc mean
voltages in each cluster
Like a single-phase cascaded
PWM converter

of three clusters

No Interference with

=
Y

v

Clustered Balancing Control

42

L
T
L
R

Tokyo Institute of Technology I m l
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200-V 30-A 10-kVVA Down-Scaled Model

Lg Vg i (
— ; Cascade Number N =3
; v .
¢ ! tw, | 7-level in line-to-neutral
200 V, 50 Hz Mel 13-level in line-to-line
Mc2\ [JR . .

. Phase-Shifted Sine PWM

Vunp  Ven Vwn Carrier frequency: 1 kHz
J% 0} 1. . Equiv. frequency: 6 kHz
é’”(;’ul Cur T % %
' K& 1 . % 3 \. J

3 %

i &
| — ] . = = 0,
Veu2 Cu-g-E comn. 2 Touz | 2 & LS 0.4% (40 mH)
:‘ | 2 S L,.=10% (1.2 mH)
i i | <] — —
z’”(;’uli Cu;;{ con. 3 tous = ﬁ g : ig ansn(lgc =10 V)
....The u-phase cluster i Tokyo Institute of Technology mﬂ
43 Power Electronics Lab. §

From Inductive To Capacitive Operation

2001

I ANANANANANANA AN AWA
vV VVVV VYV VYV VY

—200
60

cm AN N ANNA AN NN
\VAVAVAVASVAVAVAVAVAY

—60
15- 9\ Capacitive 10 kVA
. ~
q [kVA] 0 ' e

v

—15" Inductive 10 kVA

50 ! . .
DC Voltage Control between 60 and 70 V
Tokyo Institute of Technology I m l

44 Power Electronics Lab.
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Effect of Clustered Balancing Control

200

Vsue [V] 0
—200"%

60

i [A] of

—60-
90
80

ve [V] 70

50

45

A NN NANNNNNS
\/\/\/\/\/\/V\/\/\/

f\/\/\/\/\/\/\/\/\/\
x/\/\/\/\/\/\/\/\/\/

Clustered balancing control
was enabled

NAAAAA

Individual balancing control was enabled
Tokyo Institute of Technology W
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Effect of Individual Balancing Control

v VT ANAANANANNANNAN
otV VY VVVVVVVVVVVY
60r
im o AAVANANANANAANANAL
VVYVVVVVVVVVVVY
_Sg: i"—lndividual balancing control was enabled
50

46

Clustered balancing control was enabled
Tokyo Institute of Tecr_mology W

Power Electronics Lab.
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Start-up Procedure

( 1. MC1 was turned on
2. Charged up via resistor

: 3. MC2 was turned on
circuit Lo TTTTETTTTTTET 4. Switching was started
T ?".(-‘\fi. U(L'H. ~ /

No start-up circuit
on each dc side

Vw2 Cyo con. 2 vu2 |

The v-phase cluster
The w-phase cluster

Voud| Cyg con. 3

fh Oh

=

The u-phase cluster

Tokyo Institute of Technology I m l
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Experimental Waveforms During Starting

B AN AN RAAANAAR
oo LV VUV VYV VYV VYV VUV VY
i [A]O f ‘.l.i
_ig : -— MC1 was turned on Steady state46v\
e [V] : i 100ms

(a) —20ms < t < 400ms

Tokyo Institute of Technology I m l
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Experimental Waveforms During Starting

200F

Vo [V] u;
—200t

60

i [A]of

—gol

151

10r Losrmt
q [kVA H *
[kVA] . q q
0 i L L

8o vl No start up CIFCUI'[ on each dc side

70 : :'.» EeLS P

ve [V]60H
50
40

~—— Control was started

Capacmve operation at 10 kVA

(b) 1.47s <t < 1.64s

-
- = L Unyv waease w1 cChnology m
49 Power Electronlcs Lab.

Capacitive Operation at 10 kVA

2000 —~
s V] 0 <
| \\‘__J/ —
—200° . 1oms
60;_ . ~ THD:3.7%
) | e s
Tu [A] UI \
—60- " Experiment
vsas [V] O \ /
—JUU' . l0ms
" L‘H PN ~~ THD:3.9%
S N

~60"Simulation | (voltage drop 1.5V)
Tokyo Institute of Tecr_mology W
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Capacitive Operation at 10 kVA

@ DC Voltage of the 6.6-kV System : 1 kV

@ Voltage Drop in 1.7-kV IGBT/Diode : 2.5 V (0.25%)

@ Equivalent to 0.17 V in a DC Voltage of 70 V
200r

Vsuo [V] 0. \ / fﬁ\
N

—2(6)8: - 10ms
~_THD:11%
N

—60- Simulation 11 (voltage drop: 0.17 V)
Tokyo Institute of Technology W
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Conclusions
i

@ 6.6-kV Transformerless Cascade STATCOM
based on Phase-Shifted Sinusoidal PWM

= 200-V 10-kVA Down-Scaled Laboratory Model
with Star-Configuration

2 Experimental Verification of VVoltage Balancing

Combination of Clustered Balancing Control
with Individual Balancing Control

Easy Expansion into Higher Voltage Levels

Tokyo Institute of Technology I m l

52 Power Electronics Lab.

26



