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» Voltage source inverters (which convert DC power to AC
power) have been receiving increasing attention in the

past few years for high power and medium power
induction motor drive applications
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Conventional two-level inverter
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Square Wave operation
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Inverter pole voltage in Normalized harmonics
square wave operation spectrum of pole voltage

» The pole voltage is rich in harmonics, which will
reduce the efficiency of the overall system
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!'_ Sine-Triangle PWM

Inverter pole vo
(sine-triangle PWM)

tage

N — A |

0.5

% 50 100

Normalized harmonics
spectrum of pole voltage

» The inverter output voltage and frequency are controlled

» The harmonic components in the inverter pole voltage are
transferred to higher (switching) frequencies
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Rotating air gap mmf with sinusoidal excitation
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!| Vol tage space vector locations- 3-phase system
S
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!'_ Space Vector Diagram
VAVAN
\/\/

V, = Vg + Vo XD [ 2/ 3]+ Voo X0 [ (4/3)]

r

» Space vector (v,) is nothing but a resultant representation

all three phase voltage phasors in two-dimensional (a-)

plane

» The symbols '+’ and -’ respectively indicate that the top
switch and the bottom switch in a given phase leg are
turned on

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA




!'_ Multilevel Inverter topologies

» The multilevel inverters are able to generate the output
voltage with stepped waveform

» Better harmonic profile

> Less dv/dt

» It is possible to use power semiconductor devices of
lower voltage ratings to realize higher voltage levels

j DESE, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA



!'_ Schematic Diagram of Multilevel Inverter

Vn-l -'E-

Vyni F !

» The symbol v, represents the pole voltage of the inverter

» The pole voltage can be one of the n voltage magnitudes
at any point of time

» These voltage magnitudes are generally referred as /evels
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'!'_ Two-level Inverter- SPWM

e/ b e 0 T A e .
Vael2 — 2 fq~ ')\K
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e

« Maximum magnitude can be up to Vdc.
e High dv/dt and associated EMI issues.

« High switching frequency is required
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Three-level Inverter

VddZ—i +Vdc/ +
o™, Van
0
+
Vdo/2 —— ?
| L
vdc/2 ' ' '

Time —

Instantaneous error reduces in three level Inverter.
Maximum magnitude can be up to Vdc/2.

*Hence harmonic distortion reduces.

*Reduction in dv/dt.

i DESE, Indian Institute of Science, Bangalore, India



Multilevel Inverter

Vdc/(n-1) =——

Vdc/(n-1)

o
——
.

N‘_OMO

Vdc/(n-1) —_"_T ) A

+

Van -

Vde/(n-1)—=

m-level

As the number of level increases instantaneous error decreases
further.

Results in lower harmonic distortion and better waveform.

Nearly sinusoidal waveform can be generated at reduced
switching frequency if the number of levels is high.
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!'_ Neutral Point Clamped (NPC) Multilevel Inverter
Sy 821} Sai

» Three-phase three-level NPC inverter has been proposed by
Nabae, Takahashi and Akagi in the year 1981

» The dc-link voltage is split in to smaller voltage magnitudes
using the series connected capacitor banks

» The middle point ‘0’ of the two dc-link capacitors C; and C,
is defined as a neutral-point

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA 13



!'_ Voltage Space Vector Diagram of Three-Level Inverter

» Each pole voltage is capable of assuming 3 states
independently of the other
> Total of 27 (33) are possible

B-axis
B-Phase A
~+- 4 x-—ﬂ-i- —tF
¢ JNIN /
\ /“': —a i —e
/\ { \iL \ A-Ph
-t ++/_\l‘+-- '++_02{-]+_ f’_n_fno_“ u-af.fe
\/\/ N/ NSNS/
F—g0+—+9+— ¢
N/ \/\/
-+ +-+ et — -t — -+

{-Phase /
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!'_ Flying capacitor (FC) multilevel
Inverter structures

Slg} 53 Sy
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» The concept of flying capacitor multilevel inverter is
introduced in the year 1992 by T. A. Meynard and H. Foch
» The capacitor C,, is charged to a voltage magnitude of

V,y/2
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!'_ Cascaded H-bridge multilevel inverters

S
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» The dc-link voltage magnitude required by the each
cell in H-bridge inverter is V,/2 (i.e.

magnitude compared to the NPC and FC inverter

topologies)
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!'_ Multi-level inverter configurations
cascading conventional two-level inverters

Vic/2 S“’} @ ‘§
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-Vpc/2

» The pole voltage v,,5 can be either V,./2, 0, or -V,./2
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ing induction motor

!| Three-level inverter topology for open-end

INV-I

O
| |
A

INV-II

O!

» The three-level inverter topology can be realized by
feeding an open-end winding induction motor with
two two-level inverter from both sides of the winding

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA
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Switching states and voltage space vector
ocations of inverter-I and inverter-II

3(-+1) 2 (++-) -+ 2'(+ + )

4 (_ + +) Vi 3(' = '} ;—‘ 7 {+++) LY 1 (+ - _) 4' (_ + +V 8'(' - ') ; 7.(+++) Ay 1 (.|. _ _)

5 (- - +) 6(+-+) 5 (--+) 6'{+-4)

36' 35, 26" 25

31, 46" 21 I 34 5 15, 24'

Switching states and space
vector locations of open-end ..
winding three level inverter

14

52' 53, 62 63"
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This multilevel inverter topology is free from capacitor
voltage balancing issues

T
M 1"”””””"““Mmun [ Tl inverter pole voltage

.

Ilifl<— common mode voltage

«<— phase voltage

Three-level inverter output voltages

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA 20



» The concept of open-end winding can be extended to
higher number of voltage levels by cascading conventional
two-level inverters, with or without asymmetrical dc
voltages
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Six-level inverter topology for open-end
winding induction motor

INV-II

S Sl Sis

1

ﬁ} oy

55 Szl S S35 S [ Su
. 2

s c\__ s JC
22

4 ﬁ} o i {f |

o INV-I INV-III o

The inverter-I and inverter-II are cascaded and fed with a voltage source of
2/5V 4.

Inverter-11I is fed with a voltage source of V,./5

This resultant inverter power circuit can generate six voltage levels on the
motor phase windings by appropriately driving the switching devices

The magnitudes of the six voltage levels are -V /5, 0, V4./5, 2V4./5, 3V4/5
and 4V, /5
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!'_ Voltage space vector locations of the three-level
inverter (Left) and the two-level inverter (Right)

/X AN
/\° /@\/ xn

28,78 6888 81 " 21N

74 14 38, 77 5337 17 31
@\57 +-13
ss 35
N 64 67
/25 (++) 4D ALe)
76
75 45 46 56 P64+

P HSE’
QA =(1/5)V,,

» C-ph axis OA = (2/5)V,,
0G = (4/5)V,,

» It may be noted that the three-level inverter has 64 space
vector combinations, due to the cascaded effect of inverter-
1 and inverter-2, distributed over 19 space vector locations

» The two-level inverter has 8 space vectors distributed over

/ locations
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six-level inverter topology
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The voltage space vector locations for the

24



_

Stopped 3

2002/01/07 22:02:25

CHI=100Y
DC 100:1 :

© Smsidiv
© [5ms/div)
HORM:200kS /s

e |

2002/01/07 2211255

Stopped
: - CH2=10mvV -
AC 11

- 5Sms/div
- [Ems{div)
NORM:200kS /5

» The motor phase voltage and phase current at M=0.83
> At this modulation index the inverter is operating in six-
level mode

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA
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Basic 12-sided polygonal space vector diagram
realization

3(-+-) 2(++-)

3 (-+-)  2'(++-)

“ 0.366 kVyc
kVpc

§'(--9) 60 (+-4)

7 (---)\/8 (+++)

4 (-++)(e

Vector Diagram INV2

5(--1) 6(+-+)
Vector Diagram INV1

1,1 (+--)
2,2'> (++-)
3,3' (- +-)
4,4'> (- ++)
5,5'> (--+)
6,6'> (+-+)
7,7 (---)

8, 8'—> (+++)
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!'_ Power circuit realization

INV1 , Induction INV2
TR @@@}lﬁ
’
KVpc 2O . g 11 = B’ 0°90.366kV

I}x} ¥ K ¥R KK KA ==

» Two 2-level inverters feed an open-end induction motor,
but these two inverters are supplied from two isolated
dc sources of magnitudes in the ratio 1:0.366

» Because of the asymmetry in the dc link, the hexagonal
space vector diagram can be modified to form a 12-
sided polygonal (dodecagonal) space vector diagram

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA 27
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!| Experimental result of phase voltage, its

normalized harmonic spectrum and phase current

1
0.5
0 ” 1.1 (R 2 sle 2.8 202 -
0 20 40 60 80 100
28



Investigations on Dodecagonal Space Vector
Generation for Induction Motor Drives

+



Evolution of space vector structures (Hexagonal and
12-sided)

Hexagonal space vectors.
NN/
M\ KIKP LN
— NN NNCTNNN
2-level / \/\A/\/ \VAVAVAVAVAVAVAV
\VAVAV/ Ravivaviv.vd
/v % 3-level \/\é\l/\/\/
-level
\/\ / 12-sided polygonal space vectors. '
W 200 s
(EI ANV

K

y 67 9“,-"'1 ‘?..‘v 72
. g ’ 56 ."fl 22 <0
4 = s S j;“ . “-._\35
- g i 4'\ %4 4s] 46.""‘- ,
= Py i / 59
J 30 31 32 7 69 58 70
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Part-1
A Combination of Hexagonal and
Dodecagonal Voltage Space Vector Diagram
for Induction Motor Drives
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Silff = K=
0.366kVdc —~ INV1
S K= K=

Topology of a multilevel inverter for generation of 12-
sided polygonal voltage space vector

® Consists of three cascaded 2-level inverters

e Two inverters are supplied with a dc bus of
0.366kVdc while the third one is supplied with
a dc bus of 0.634kV,..

IENENE:
0.634kVdc A ‘ {
K% 13 Jn}rm@

S3L = | K = |
0.366kVde== B NV
Kz K7 |
0

Pole voltage of overall inverter-v,,
Pole voltage of INV3- v,
Pole voltage of INV2-v,;

Pole voltage of INV1-v,,

Switch status for different levels of pole voltage

R-phase
Pole voltage | Level | S11 | S21 | S31
1.366kV . 3 1 1 1
1.0KV,, 2 0| 1 | 1
0.366kV . 1 1 0 1
0V, 0 1 0 0

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA 32



!'_ Transformer connection for generation of 12-

sided polygonal voltage space vector
eAsymmetrical DC-links are easily realized by a combination of star-delta
transformers, since 0.634kV4.=Vv3 x 0.366kV,..

+

Zﬁ 0.366kVdc

+

Z§ 0.634kVdc

o3

3® input

o

+

Z§ 0.366kVdc

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA
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Comparison with hexagonal space vector structure

i i i i i
-1.5 -1 -0.5 0 0.5 1 1.5
Vector length x kl'dc
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34



Modulating waveform

¢
A

0 0.175 O.I18 0.185 0.19  0.195 0.2

Time(ms)

e The modulating waveform for phase-A for 35Hz operation (linear
modulation range) is shown.

e The modulating waveform is synchronized with the start of the sector
(sampling interval is always a multiple of twelve).

e Because of asymmetric voltage levels, three asymmetric synchronized
triangles are used; their amplitudes are in the ratio 1:v3:1.

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA
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Switching sequence analysis

3
o3 \ \ 1 1
=1
2 0
20172 0173 0174 0175 0176 0177
=3
522 =
=R
S 0
0.172  0.173  0.174  0.175  0.176  0.177
3
92
>01 I I | I 7T |
0.172  0.173  0.174  0.175 0.176  0.177

Time(ms)

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA

e Three pole voltages are shown for a
60 degree interval at 35Hz operation.

eIn ‘A’phase the voltage level
fluctuate between levels 37" and *2,
and in ‘C’ phase the voltage level
fluctuates between levels 7 "and ‘0"

e The sequence in which the switches
are operated are as follows: (200),
(210), (211), (311), (321), (311), (211),
(210), (211), (311), (321), (211), (221),
(321), (221), (210), (220), (221), (321),
(331), (221), (220), where
the numbers in brackets indicate the
level of voltage.

e This sequence corresponds to 2
samples per sector.
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|Phase voltage

1M Overall inverter

INV3
3 e INV2
4 : : : : : : : : _— INV]_

Pole voltage waveforms

Experimental results-Operation at 10 Hz

Normalized harmonic spectrum of
Phase voltage Phase current

1

0.5

0.5

il 4,;.:],11, 0 L

0

20 40 60 80 100 O 20 40 60 80 100

[Space Vector]
Switching happens within the innermost

hexagon space vector locations.

As seen from the pole voltage waveforms,
only the lower inverter is switched while the
other two inverters are off, hence the
switching loss is low.

Four samples are taken in each sector, so
INV3 switching frequency is
(12x4X10=480Hz). The first carrier band
harmonics also reside around 48 times

fundamental. [Inverter Topology]
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Experimental results-Operation at 30 Hz

Normalized harmonic spectrum of
- Phase voltage Phase current
iPhase voltage 1 Y e —

0.5 0.5

1 Phase current

LTIJL

020 30 60 80 100 D 20 40 60 S0 100

Phase voItage and current waveforms e The space vector locations that are
switched lie on the boundaries of

] the second and third hexagon from

4 Overall inverter the center. G e

i INV2 e Number of samples are reduced
L INV2 switch from four to two, thus switching
5 SWIECNES  frequency is (f,=12X2x30=720Hz).

e INV3 and INV1 are switched about
1/3 of the total cycle, while INV2
is switched about 20% of the cycle.

Pole voItage waveforms

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA 38

[Inverter Topology]
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Pole voItage waveforms

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA 39

{Phase voltage
0.5

{Phase current
Phase voItage and current waveforms
1 Overall inverter

111 INV2

1 INV3

1 INV1

Operation at 47 Hz ( end of linear modulation range)

Normalized harmonic spectrum of

Phase voltage Phase current

1

0.5

)

|

5040 o 5000 0 20 40 60 80 100

One sample is taken at the start of
a sector, so switching frequency is
only around (12X47=564Hz).

The space vector locations that

are switched lie between the
outer hexagon and the 12-sided

polygon . [Space Vector]




Operation at 50 Hz ( 12-step operation)

Normalized harmonic spectrum of
Phase voltage Phase current

{Phase voltage

0.5

1Phase current ;

0.5

_ I

Phase voltage and current waveforms

Overall inverter *®

INV2

INV3

it - erned TNV

Pole voltage waveforms

02030 60 80 100 D 20 40 60 80 100

Complete elimination of 6n+1
harmonics (n=o0dd) from the phase
voltage.

One sample is taken at the start of a
sector (f,=12X1x50=600Hz).

Each inverter is switched only once in
a cycle.

Inverter Topology

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA 40



Input current at 50 Hz ( 12-step operation)

-+
1+ J_I_r"-l_\—'ﬁ L_r_r_r'—l_'—'-w rrJ_ Phase voltage
_Ll..u.J"r
M Phase current
2+

Input phase
voltage

3 m
I"n.
4+ Input line
current

e The input current to the inverter is not peaky in nature, because of the
presence of the star-delta transformers.

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA
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Motor acceleration with open loop V/f Control

ANARAAR mee VAR
” ¥ R IaY

VAVAVAVAVAVAVAVAR SV VAVAVAVAVAVAVAVAYA

UW 'Imryll

[ =]

Transition of motor phase voltage and current Transition of motor phase voltage and current
from 24 samples to 12 samples per cycle at 40Hz  from outermost hexagon to 12-step operation.

» Because of the suppression of the 5t and 7t order harmonics, the motor current
changes smoothly during the transition when the number of samples per sector is
reduced from two to one at 40Hz operation.

e As the speed of the motor is further increased, the inverter switching states pass
through the inner hexagons and ultimately the phase voltage becomes a 12-step
waveform.

e Under all operating conditions, the carrier is synchronized with the start of the

sector.
CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA 42



Part-II
Generation of Multilevel Dodecagonal Space
Vector Diagram

+



!'_ Multilevel 12-sided polygonal space vector structure
20

19 18

e Consists of two concentric
12-sided polygonal space
vector structure.

e Unlike conventional
hexagonal multilevel
structure, here the sub-
sectors are isosceles
triangles rather than
equilateral triangles.

e Each sector is thus divided
into four sub-sectors as
shown.
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Inverter Structure
INV1 INV2

K& KE KR &y Eu Ay
b KF [IKF [I6F IM 21| £1] £ P

2
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o
\ |
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pay i =~ & ~ [C Cl % B’ £ . £
kVplC2L [ICF | IKF | IKF 23| &0 F0| L jo3eskvp
2| T e
SIS IS > > i

e In order to realize the proposed space vector structure, two conventional
three level NPC inverters are used to feed an open ended induction motor.

e The two inverters are fed from asymmetrical dc voltage sources which can be
obtained from the mains with the help of star-delta transformers and
uncontrolled rectifiers.

e Because of capacitor voltage balancing of the NPC inverters, only two dc
sources are used.

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA



Experimental results-15 Hz operation

Normalized harmonic spectrum of

Phase voltage
Phase voltage 1 -
Pole voltage- 0.5
high voltage
inverter 0 ol I
0 20 40 60 80 100

Phase current

Pole voltage-low
voltage inverter

1

Phase current 0.5

. |- §
320 40 60 80 100

e Four samples are taken in each sector and switching takes place entirely in
the inner 12-sided polygon.

e The phase voltage harmonics reside at 15x12x4=720 Hz, which is 48 times
the fundamental. However, the switching frequency of the pole voltage of
INV1 is (24x15=) 360Hz, while that of INV2 is (32x15=) 480Hz.

e The higher voltage inverter switches about 50% of the cycle.

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA 46




e

Experimental results-40 Hz operation

Normalized harmonic spectrum of

Phase voltage

Pole voltage-
high voltage
inverter

Pole voltage-low
voltage inverter

Phase current

Phase voltage

0.5
G il : T] | RTINSO X OO IR NN £
0 20 40 60 80 100
Phase current

1
0.5

G ' +] ..

0 20 40 60 80 100

Two samples are taken in each sector and switching takes place between the
inner and outer dodecagons.

This is also seen in the phase voltage waveform, since the outer envelope of the
waveform at lower frequency becomes the inner envelope at higher frequency.

The harmonic spectrum of the phase voltage and current shows the absence of
peaky harmonics throughout the range.

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA
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Experimental results-48 Hz operation

Normalized harmonic spectrum of

Phase voltage

| Phase voltage 1
Pole voltage- 0.5
high voltage

inverter 0

1 1 + .
0 20 40 60 80 100
Phase current

| Pole voltage-low
voltage inverter

| Phase current 0.5

G(] 20 40 60 80 100

e This is the end of the linear modulation of operation.

e Here the number of samples per sector is two, as such the switching
frequency sidebands reside around 24 times the fundamental. The switching
frequency of the pole voltages of INV1 and INV2 is respectively (48x12=)
576Hz and (48x16=) 768Hz, with an output phase voltage switching
frequency of 1152Hz (48x12x2).
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Experimental results-49.9 Hz operation

Normalized harmonic spectrum of

Phase voltage
1 '
Phase voltage
' 0.5
Pole voltage- 0 _—
high voltage 0 20 40 60 80 100
inverter Phase current
Pole voltage-low
voltage inverter 0.5
/|Phase current
0

0 20 40 60 80 100

oAt the end of end over-modulation region, 24 samples are taken in a sector,

corresponding to the vertices of the polygon. The figure shows 24 steps in the
phase voltage.
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Acceleration of the motor

| Phase
voltage

éifm M"‘f‘( phase | /L AN AN A S N N
VUVVUVVVY current '

Transition of motor phase voltage and current Transition of motor phase voltage and current
from inner to outer 12-sided polygon from over-modulation to 12-step operation.

e In both the cases, the motor current changes smoothly as the motor
accelerates. This happens because of the use synchronized PWM and total
elimination of 6n+1 harmonics, n=o0dd, from the phase voltage throughout
the modulation index.
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Capacitor balancing scheme

30

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA 51

The inner 12-sided polygonal
space vector locations (
points 1-12) have four
multiplicities which are
complementary in nature in
terms of capacitor balancing.

The outer 12-sided
polygonal space vector
locations ( points 13-36)
either do not cause any
capacitor unbalancing, or
have complementary states
to maintain capacitor
balancing.



Inner 12-sided polygon-switching multiplicities for point-1
100,001 211,001
—=C3 Cl=/< I, = (2
IAT Is —>
lIC llc
T C2== N —=C4

C2 is discharged, C4 is charged. C1 is discharged, C4 is charged.

C1 is discharged, C3 is charged.

211112
100,112

T~ IA_).. —
Cl== L, ==C3 St 3

llc IAT lIc

o I —
il i ok U )L

C2 /4~ =~ C4

C2 is discharged, C3 is charged.

The four switching multiplicities are complementary in nature in terms of capacitor balancing.
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Outer 12-sided polygon-switching multiplicities

200,011 200,122
Cl—/4~ Ia o —/ C3 Cl/~ Ia o —/<C3
(YT Point-13, two multiplicities TIA

/ \ I —>

o= =< C4

C3 is discharged, C1 & C2 ¢

undisturbed.

C4 is discharged, C1 & 29

undisturbed.

Point-14: no multiplicity, no

Point-36: no multiplicity, no 26 capacitor disturbance

capacitor disturbance

-1 200,002
c1:% =3 ~ I |~ C3

—=C4 C2 = —C4

/1
\

C2H
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Experimental Results-capacitor unbalancing at 20 Hz

@ Stap b Pas: -4, nnns e (Capacitor unbalance is

done at steady state

with the motor running

at 20 Hz speed.
m---'....-.-- _---l-v-n-urh-hn-- VC1 VC2 p

e Both side capacitors are
deliberately unbalanced
and after some time

"™\ Controller action taken controller action is

/ taken.

| | ! i: ; Vc3, Vca

CH2 20,04 P 7.005
CH3 10,08  CH4 10,04 27—Jun-0& 13:23

C1,C2 : higher voltage side capacitors
C3,C4 : lower voltage side capacitors
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Telk e & Stop b Pas: —4,000s
+

T~ Controller action taken
: Vcl, Vc2

e e e e ——— = sy e — ey

Deliberate unbalancing

\

CHZ 20,04 P 2,505

C1,C2 : higher voltage side capacitors
C3,C4 : lower voltage side capacitors

j CEDT, INDIAN INSTITUTE OF SCIENCE

Vc3, Vca
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Experimental Results-capacitor unbalancing at 40Hz

Both the sides are made
unbalanced at the same
time and are seen to
come back to the
balanced state.

Compared to the 20 Hz
case, it requires more
time to restore voltage
balance, since the
number of multiplicities
in the outer polygon is
less.
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Part-1I1I
A Voltage Space Vector Diagram Formed By
Six Concentric Dodecagons

+



Space Vector Structure

eThe space vector structure consists
of six concentric dodecagonal
structures - A, B, C, D, E and F.

eThese are grouped as type-1 and
type-2 dodecagons, where type-2
dodecagons (A, C and E) lead type-1
dodecagons (B, D and F) by 159,

eThe radii of these polygons are in
the ratio r1: r2: 13 r4: r5: r6 =

1: cos (nf12): cos (2n/12):

cos (3n/12) :cos (4n/12) :cos (5n/12).

eThe entire space vector structure is
divided into 12 sectors each of width
300,
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!'_ Sub division of the voltage space vector region
with sub sectors




Power Circuit of the Inverter

Sb K IT;; |Q £ %VZ ) 0366V
T LK} Klt} zgnﬁ} ™M ZEJ'K {mzs {;@;"—
ol Tt ﬁ o
1 kE Zsu(} zs@s {;nzs {;fg £a| L

1“2’_13 G 0 “G £ £y £y 0.3631(\1[,

e The power circuit of the inverter consists of 2 three level NPC inverters
feeding an open end induction motor.

eThese two inverters are fed from isolated dc voltage sources having voltage
ratio of 1:0.366. This ratio of voltages is obtained from a combination of star
delta transformers since 1:0.366= (v/3+1):1.
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Experimental results-46 Hz operation

Normalized harmonic spectrum of
s Phase voltage
: 1 '

Phase voltage

0.5

Pole voIta_ge- high O 5a 6580 100
voltage inverter Phase current

Pole voltage-low 1
voltage inverter
0.5

Phase current

PR W X T I . te 5
GO 20 40 o60 80 100

e The phase voltage waveform of phase A distinctly shows the presence of 18
steps in a cycle.

e The phase voltage harmonics reside at (24x45=) 1080 Hz, while individual
devices of INV1 and INV2 switch at (5x45=) 225 Hz and (15x 45=) 675 Hz
respectively.
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Operation at 46 Hz
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Motor acceleration with open loop V/f Control

Phase |
voltage

SN VVV ANV

Transition of motor phase voltage and current
from 20 Hz to 30Hz

e In the first case, the reference vector

Phase 2|/
current

Transition of motor phase voltage and current
from over-modulation to 12-step operation.

starts from inside dodecagon E, crosses

through the boundary of it and finally settles below the D dodecagon.

¢ In the second case, the number of sa
12-step operation.

mples per sector is changed from 2 to 1 at

eCorrect calculation of the PWM timings and complete elimination of the 5" and 7t

order harmonics ensure that the motor
transition.

current changes smoothly during the
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Proposed Topology

Sc'l {Eﬂ— Sb'l%l:“— Sa’lg:"—

/l
o
[\
)|
nr
e
|
/N

©,

0.366 kVdc

j DESE, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA
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Phase winding connections

Phase-A winding connections

Saz Sa'"2

Sai Sa'i
—e —q —PH .« P
AN AN AN/ 7/
T T T %_l_ 9
OF =S (G P + Z CDE
Ml z Cl A~ .:i A A Cl 7~ % - g
S = g:
P | P — | i
0 N/ N/ N AN 0
T T T T
Sai Sa? Sa'?' Sa't

j DESE, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA
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Space vector Diagram

The total number of space

vector combinations is 729 (93).
Only those space vectors are

chosen whose tips lie on the

vertices of twelve sided polygons
(dodecagons).

The maximum radius of

the dodecagonal space vector
diagram is 1.225 KVdc.

1.225 kVdc=0.9665 Vdc, or k=0.789

MBS O Radius
Dodecagon
1.225 kVdc
B 1.183 kVdc
The space vector is: C 1.061 kVdc
VR = (Va,o i Va’o) + (%o - ‘/b’o’)ej120 + (V;:o - %’o’)ej240 D 0.866 kaC
Eq.
9 point Vao Vbo Vco Va'o' Vb'o' Vc'o VR E 0.612 kvdc
62 1 1 0 0O 0.366 0.366 1.225 kVdc F 0.317 kVdc
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A hybrid multilevel inverter system based on dodecagonal
space vectors for medium voltage IM drives

g-) S7_"<} Sl3_| SS'| '|S6

S2 S8 S14 = == -

X H&H%mﬁ% Wi
-| _": 15[ 4 S£|7 S18

.|

=t C3==t | ql-'l7v C=

0.366VDC

S18'

S3' 'II: S9 'I
sia]. |5 S12 -
S sz_l Sl_l(l;)]}ss_lﬁ}smq}g {: N%E* 0.366 VDC
. -IF Sl6|<} ] C6.| 1
S4 s1o SI1' S12 X
Ng* 0;66VDC

=t ’l'"_l_

0.634VDC
.
Q

g

O36f6¥\DC
(&

3 Phase Input

Power stage

Transformer connection scheme used
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Phase-A winding connections and pole voltage levels

Table 1: Different ways to generate Phase-A Pole Voltages and he effect on

capacitor voltages

Method of .
generation Effect on capacitors when
Pole current is positive (towards
Voltage the motor terminal)
Levels
C1 C4
Vcd . .
No effect Discharging
0.183vDC
0.366VDC-Ved No effect Charging
- vcl Discharging No effect
' VDC-Vcl Charging No effect
Vcl+Vced . . . .
Discharging | Discharging
0.366VDC+Vcl-Vcd .
Discharging Charging
0.683vDC
VDC-Vcl+Vcd Charging Discharging
1.366VDC-Vci-Vea | Charging Charging
—— 0.366+Vcl Discharging | No effect
' 1.366VDC-Vcl Charging No effect
1VDC vDC No effect No effect
No effect Dischargin
1.183VDC RESREE 9
1.366VDC-Vca No effect Charging
1.366VDC 1.366VDC No effect No effect
0 0 No effect No effect

Note: Vcl (0.5VDC) and Vc4 (0.183VDC) are the voltage across the

floating capacitors C1 and C4 respectively.

0.366VDC 0.634VDC 0.366VDC

Example:

&} 0 &}
a | Sl a o
> { > >
© © (o}
3 i & 3
S {SLet £82 3 i
Q S3 S51S6 O O
g + +fa S =
& & &
© TCl C4 © ©
o S3 S5 S6 o o
O A} O O
a S2

S s S =
Q @ @
o .84 ) 0
o 0 o o

Different methods of generation of pole voltage levels 0.683VDC
(Vc,=0.5VDC, Vc,=0.183VDC)

= [Itis a 9-level (asymmetric-levels)
inverter topology

= For controlling the voltage of the capacitors,
depending on the current direction, we can
switch the devices properly in every sampling
period, while ensuring that the required voltage
level is always generated by switching-state
redundancies.
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Eg.

point Vao Vbo Vco VR
19 0 0.5 0.683 0.612kVdc £ -165
62 1.366 1 0 1.225kVVdc «£45

The space vector is:
VR = Vao + V;)o ej120 + ‘/;o ej240

!'_ Space vector Diagram

‘b\ 64 52 63

= The total number of space vector
combinations is 729 (93).

= Only those space vectors are
chosen whose tips lie on the
vertices of twelve sided polygons
(dodecagons).

Name of
Dodecagon

A 1.225VDC
1.183 VDC
1.061 VDC
0.866 VDC
0.612 VDC
0.317 VDC

Radius

M| M| O] O| @
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L

Multilevel Octadecagonal Space Vector
Generation for Induction Motor Drives by

Cascading Asymmetric Three Level
Inverters

g DESE, Indian Institute of Science Bangalore
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Evolution of space vector structures
onhal;12-sided and 18-sided)
2-level

AVAN
\VAV
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Evolution of space vector structures
gonal,12-sided and 18-sided)
3-level /vv\ Hexagonal
/\/\/\/ \space vectors.
2-level \/\/\/\/

AVANERER S
LV
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Evolution of space vector structures
gonal,12-sided and 18-sided)

Hexagonal
NNNNNN NN
\/\/\/\/ \NANNNNNYN/

/\/\/\/\ YAVAVAVAVAVAVAY
2-level \VAVAVAVAVAVAV

u DESE, Indian Institute of Science Bangalore



Evolution of spce vector structures
gonal,12-sided and 18-sided)
Hexagonal ~ A

/\/\/\/\5 YAVAVAVAVAVAVA
NNINNINININ
2-level ‘ \NAVAVAVA \VAVAVAVAVAVAVAV,

\ANAANNNN
\AA/ V#VAVAVAVAV

12-sided polygonal

\A/ \ space vectors.

ﬂ DESE, Indian Institute of Science Bangalore



Evolution of space vector structures
gonal,12-sided and 18-sided)

Hexagonal
5-level

JAVAVAVAVAY
JAVAVAVAVAVA
/\/\/\/\pace vectors. A X X XAAN
JAVAVAVAVAVAVAVAY
2-level \ANNNNNNN/
\VAVAVAVAVAVAY

V#VAVAVAVAV
12 sided polygona
\ i i / space vectors,

3-level
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Evolution of space vector structures
gonal,12-sided and 18-sided)
/\

Hexagonal
5-level

/\/\/\/\spa ce VeCtors, AANANANN
ANNINNINNNN
\VAVAVAVAVAVAVAV,

\VAVAVAVAVAVAV,

\AA/ V#VAVAVAVAV
12-sided polygona
\ ii / \ space vectors,

\ 18-sided polygonal

space vectors.
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Evolution of space vector structures
gonal,12-sided and 18-sided)
Hexagonal
Hevel OO0 SRR, e
et KK ey QR

\ANAANNNN
V#VAVAVAVAV

/ ; ; \ 12-sided polygonal
\A/ \ <%;pace veitors
18-sided polygonal
NN
N RN

space vectors. /Y
T oy
N T

Wavz 7\
ﬂ DESE, Indian Institute of Science Bangalore
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Harmonics for hexagonal switching

Hexagonal
switch*'ng points

. Phase voltage waveform

O

b

o

5 10 15 20 25

Harmonic order

i DESE, Indian Institute of Science Bangalore 77

Q N e

©

= ' :

S o8 _ _ _ ® Harmonics present
E o6 Normalized harmonic present for hexagonal
- spectrum of phase voltage | switching are

S o2 | 5711,13,17,19, ...
EO QAATATAQA?A?AA\A?A?éAACPQC

| -

©

<



Dodecagonal switching points

a Phase voltage
"""""" waveform

Y/ R V- W N
Q
©
> 1%
+
2-0'8' Normalized harmonic
il spectrum of phase voltage |
L_) 04 .
S 0.2} §
C olloocooooos O R NN N 2 o
(- 0 5 10 . 15 20 25
e Harmonic order

Harmonics for dodecagonal switching

® G N=atharmonics
are completely absent

@ Harmonics present
present for dodecagonal
switching are
11,13,23,25, ...

-------------------------- — ® Waveform has less dv/dt

and less Harmonic distortion
compared to hexagonal
switching
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Harmonics for octadecagonal
Dodecagonal pa SWltChlng

switching POintSV_1. YIS Phase voltage

""""""""" waveform

0 5th, 7th, 11th, 13th
------------------------- harmonics are
........ F YU S completely absent

0 Harmonics present
S present for dodecagonal

s T switching are

2 08 17,19,35,37...

E 0.6 Normalized harmonic

! spectrum of phase voltage | ® Waveform has less dv/dt
g ., and less Harmonic distortion
g | : compared with dodecagonal
| I e T A R switching

Harmonic order

d DESE, Indian Institute of Science Bangalore 79



Power circuit of the proposed inverter

Inverter1 Inverter2

: ! ? !
O |s1 S5 S9 S13 17 211 9
ik Sk g + s
&+ sz s6H1 S10 S14 818 3
Q] o
HECRCR - .
} Induction i
: N i _/ Motor q (ﬁ
S| SIANT STNT st 1IS15 9 s23 | 3
'C\)_i' 4_-_("\3
NT T
S 84%}L 88§S12Ms16§820é824 &

(@)
L lo o] 1

0.1207Vy, + 0.2266V, + 0.3473V. + 0.3054Vy, = 1V,
0 Inverter 1 and Inverter 2 are three level inverters

@ This topology requires an open end winding induction motor
0 There are four power sources for the operation

¢ 12 IGBT Half Bridge modules are required for the construction
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Space vector diagram

""""""""""" @ The total number of combinations of
: voltage space vectors is 33 x 33 = 729

® Some switching points are on the vertices
38 of 18 sided polygons

A._a}gélase‘ Three 18 sided polygons are obtained
37 7 with radii
| 0.305Vjc, 0.602V4. and 0.879Vj,

¢ Other than zero vector, there are
54 switching points

46

54
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MIar regions created by adjacent

space vectors

q vv @® Adjacent 18 sided polygons can be joined to
4 form triangles

A%E%%g VA @ There are 90 isosceles triangular regions

-.,..A. - in the vector diagram
4»b ‘Eﬂb aﬂ' ¢ The legs of all the triangles are same but
there are 3 different base lengths

Va} JA %vﬁv ¢ If the tip of a reference vector is inside a

v»ﬁjv&&

triangle, the reference vector can be
. realized by switching between the vertices
""""" of the triangle keeping volt - second balancing

d DESE, Indian Institute of Science Bangalore 82




Space vector locations and the selected
switching states

hase

Point | Switching | Point | Switching | Point | Switching
S state S state S state
1 (111;,122) | 19 (210;122) | 37 | (211;022)
2 (210;111) | 20 (220,011) | 38 | (220,022)~
3 (121,011) | 21 (121;,012) | 39 | (220,012)
4 (111,112) | 22 (211;,102) | 40 | (221;002)
5 (211;101) | 23 (220;101) | 41 | (220;102)
6 (120;111) | 24 (120;212) | 42 | (220,202)
7 (111;212) | 25 (021;212) | 43 | (121;,202)
8 (021;111) | 26 (022;,101) | 44 | (022;202)
9 (112,101) | 27 (112,201) | 45 | (022;201)
10 | (111;211) | 28 (121;210) | 46 | (122;200)
11 | (121;110) | 29 (022;,110) | 47 | (022;210)
12 | (012;111) | 30 (012;221) | 48 | (022;220)
13 | (111;,221) | 31 (102;221) | 49 | (112;,220)
14 | (102,111) | 32 (202;,110) | 50 | (202;220)
15 | (211;110) | 33 (211;,120) | 51 | (202;120)
16 | (111;121) | 34 (112;,021) | 52 | (212;020)
17 | (112;,011) | 35 (202,011) | 53 | (202;021)
18 | (201;111) | 36 (201;122) | 54 | (202;022)

Q For these space vectors, there is no is no redundant switching states
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Phase
voltage
(200V/div)

Inverterl
Pole voltage

(100V/div)

e

(250V/div)

Inverter2
Pole voltage

Phase
current
(2A/div)

- =

Time (5ms/div)

apnjiidwe Jiuow.ey

apnyiidwe diuow.ey

0.5

0

Experimental results at 30Hz operation

-~ harmonics are

completely a bsen
Tv' 21 Ig = | I

20 40 60 80 100
Harmonic order

Normalized harmonic - |
spectrum of current

5, 7%, 11% and 131
“harmonics are
completely absent

0

20 40 60 80 100
Harmonic order

i DESE, Indian Institute of Science Bangalore
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5 11 Normalized harmonic|
Phase g spectrum of voltage
voltage - 305 5t 7t 11t and 13
(200V/div) . i S .

3 -harmonics are

= completely absent
Inverterl T B | o T . £ 0 AEKRRE SO SN -
Pole voltage o 0 20 40 60 80 100
(100Vv/div) [ Harmonic order
Inverter2 3 11 Normalized harmonic |
Pole voltage, S spectrum of current
@30je) 5 | 5% 7, 11% and 13f
Phase « 3 “harmonics are
current e —— ] = completely absent
(2A/div) R T N PR P N S 0 R

Inverterl and Inverter2 are Switched ® 0 20 40 60 80 100

only15 and 18 timesin a Fundamental cycle
Time (5ms/div)

Harmonic order

ﬂ DESE, Indian Institute of Science Bangalore

Experimental results at 40Hz operation
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Simulation results at 50Hz operation

Inverterl Normallzed harmonrc"
Pole voItage/I spectrum of voItage
(50V/dwv) 5, 7%, 11t and 13
‘harmonics are

Inverter2 5 compietely absent
Pole voltage 0 s

: 20 40 60 80 100
(100v/div) Harmonic order
Phase
voltage Normalrzed harmonrc
(200V/div) spectrum of current
Phase .5 7 11th and 13t
current - harmonics are
(2A/div) 1comuplete;ly absen

0 ]
0 20 40 _ 60 80 100
Harmonic order

Time (5ms/div)
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!JI_ Hybrid multilevel inverter topology for open-
ending winding induction motor

Vy/d
Sa1 Sh1 Sa4 qu, ch. <
o 4 iR |S
3 N
>+ 1+
T 1 T
Sa1l S'wm| 8
¥ i+ £
S’24¢ | 84 |S'u
u Dl

Inverter 1 Inverter 2

» The open-end winding concept further improved by

connecting a capacitor fed H-bridge cell in series with the

motor phase winding

j CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA
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voltage levels

All possible switching combinations to realize five

Phase voltage V /2 V /4 0 -V /4 -V /2
(level) 3] @ ) (1) (2)
Statusof S,, | ON | ON ON ON | OFF [ OFF [ OFF [ ON | ON OFF ON | OFF [ OFF | OFF
Status of S_, | ON | OFF ON OFF | OFF | ON [ OFF | ON [ OFF OFF ON | ON | ON | OFF
Status of S., | ON | OFF OFF ON | ON | ON [ OFF | ON | OFF ON OFF | OFF | ON | OFF
Status of S,, | OFF | OFF OFF ON [ OFF | OFF | OFF | ON | OFF ON ON | OFF [ ON [ ON
1,>0: 1,<0: 1,<0:
1,>0: charging
Capacitor C, discharging charging discharging
Ideal 1,<0: Ideal ideal
status 1,<0: 1,>0: 1,>0:
discharging
charging discharging charging

» due to the complementary nature of the two-level inverter
switches, switch S_; is ‘ON" automatically implies that switch
S',1 is 'OFF

CEDT, INDIAN INSTITUTE OF SCIENCE, BANGALORE, INDIA
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Voltage space vector locations for a
Five-level inverter

B4 Vie >
12-2 02 2 12 2 22 -2
Dg

22 2
/ \12 1/ \ / \012/ \11 2/ \ -2
Dy C, Cs Cs C4

221
21-2 112 121, 22 1 \

/ \-120" mu/ ‘1’ Illl 2/ mz/ 202
D, —Cy Bs111—-By 02— B3 20— C3 ——D5

-220 211 20 2 1204 11 1, 71 /
s
/ \121/ mu/ ‘o1z’ Mg \212
2 D12——Co—110 Bs A, Az i~ By 0—Cy,——D,

\ 210 20-1 10-1 10y 10-1 201 / \
AN iy
/ w/ e/ Sm/ Naf Wl bar’ Yas sas O

100
D)3 —Cjp—111 B7 i Ay—m0 2 —A, 122 B—C)—D; —p
122 222 100 111 St / A-Phase

212 ETN
\ / 112 \'112/ \001/ \u 10/ \02 1 \1 21’ 221

-1-10 212 —_—
Dyy——C11 =210 Bg—"" A s— 22 A o——B;, m—Cyg D24

212 200 101, 2 1112 101 1-10 210
\ / \2 11, \uuz/ 011/ \ / \120/ \ /

Dls_clz -1-11 Bg -1-20 BlU -=1-11 Bl]. Clj_D23 220
=202 1|]2 2 20 102 202 211
\ / Ma' Ve Noa” N/ \ /

|] -12 l] 21 o
Dyg—C3—Cy—C15—Cs—Dy;

212 22 1 1-12 212
NSNS N
Dy;—D;g—Dyg—Dyy—D;,
27 122 022 122

» In case of any switch failure in the capacitor fed H-bridge
cell circuit, the proposed topology can still operate, for the
full modulation range, as a three level inverter
Thereby, the reliability of the system increases
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!'_ Experimental results for modulation index 0.8

| Flying capacitor
__«— ripple voltage
[2V/diV]

phase voltage
[Y-axis: 50V/div]

phase current
[Y-axis: 1A/div]
[ X-axis: 10ms/div]

» The flying capacitor voltage is well balanced (since, ripple
voltage magnitude is less) when the inverter is operating
at five-level mode
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.

A Hybrid Seven-level Inverter with
improved fault tolerance for AC
Drives with open-end stator windings

j DESE, Indian Institute of Science, Bangalore, India
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SA1

B SBJK} SCIK}

'I|+

\Vdc/6

SA2
CA

SA2

SB2
cai

[ Vdcl2
#T} «}
SA1' SB1' Sc1'

2-Level Inverter-1

SB2' i

SC2
ccf

SC2'

SA3

SA3'

SC3

SC3'

T

\Vdc/6

SA5
CA2

SAS'

SA4 E
SA4'
Al
SB4 SB5
B' CB2
< SB4'

Proposed Seven-level Inverter Power circuit

SC6 SB6

Sl

SA6

SC4 $
CcC2

SC5

o

SCo'

vacl2| -
%cs' %86' SAG

2-Level Inverter-2

> Seven voltage levels: +Vdc/2, +2Vdc/6, +Vdc/6, 0, -Vdc/6,-2Vdc/6
,-Vdc/2

» Only two voltage sources are used with a magnitude of V,./2 where
V,. is the maximum magnitude of the voltage space vector.

i DESE, Indian Institute of Science, Bangalore, India
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GENERATION OF +Vdc/2

CA1

CAZ

SA1 SA2 r "'-"'dﬂ"ﬁr SAB [;rVdclrarSﬂﬁ SAG
[Vdc/2 L - Vder2] -
SAT SAY SAS SAG'
‘ +Udr.:f2
CONDITIONS FOR SWITCH
PHASE SAEEE S TATES STATE SELECTION
VOLTAGE
LEVELS | SA1 | SA2 | SA3 | SA4 | SA5 | SA6 STAng Ol STATUS OF CA2
1 1 1 0 0 0 Unaffected Unaffected
1 0 0 1 1 0 Unaffected Unaffected
+Vdc/2
1 1 1 1 1 0 Unaffected Unaffected
1 0 0 0 0 0 Unaffected Unaffected

> ‘1’ and '0’ indicate ‘ON’ and 'OFF’ positions of the switch respectively.
> The switch SA1l is ‘'ON’ automatically implies that switch S’Al is '‘OFF’
> Capacitor voltages are not affected by these switching states.

j DESE, Indian Institute of Science, Bangalore, India
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GENERATION OF +2Vdc/6

CAZ
SA4 : SSAS oSAB
lD _Edcfﬁ lD P e
Vdci2|
SAd a5 Jons
(B):+2vdc/6
PHASE CONDITIONS FOR SWITCH STATE
ehisyipl SWITCH STATES SELECTION
LEVEL SA1 | SA2 | SA3 | SA4 | SA5 | SA6 STATUS OF CA1 STATUS OF CA2
Vcal<Vdc/6 Vca2< or >Vdc/6
. 1 g 0 0 i ia >0,charging ia >0,status quo
1 1 0 0 0 0 Vcal>Vdc/6 Vca2< or >Vdc/6
ia <0,discharging ia <0,status quo
1 0 0 1 0 0 ‘ Vcal>Vdc/6 ‘Vca2<Vdc / 6
ia >0, status quo ia >0,charging
+2Vdc/6
1 0 0 1 0 0 Vcal<Vdc/6 Vca2>Vdc/6
ia <0, status quo ia <0,discharging
0 0 1 0 1 0 Vcal>Vdc/6 Vca2>Vdc/6
ia >0,discharging ia >0,discharging
Vcal<Vdc/6 Vca2<Vdc/6
0 0 1 0 1 0 ia <0,charging ia <0,charging

>The current from A to A’ is assumed to be the positive direction of current

DESE, Indian Institute of Science, Bangalore, India
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SA1

V2
SAT

||

CA1

“r

@:Wdcfﬁ

Generation of +Vdc/6

Vdci2
jEﬂE'c

.l|+

PHASE SWITCH STATES CONDITIONS FOR SWITCH STATE SELECTION
VOLTAGE
LEVELS SA1 | SA2 | SA3 | SA4 SA5 SA6 STATUS OF CA1 STATUS OF CA2
Vcal<Vdc/6 Vca2<Vdc/6
1 1 0 1 0 0 ia >0,charging ia >0,charging
1 1 0 1 0 0 Vcal>Vdc/6 Vca2>Vdc/6
ia <0,discharging ia <0,discharging
Vcal>Vdc/6 Vca2< or >Vdc/6
0 0 1 0 0 0 . . . :
ia >0,discharging ia >0,status quo
+Vdc/6
0 0 1 0 0 0 Vcal<Vdc/6 Vca2< or >Vdc/6
ia <0,charging ia <0,status quo
Vcal<Vdc/6 Vca2>Vdc/6
0 0 0 0 1 0 ia >0, status quo ia >0,discharging
Vcal>Vdc/6 Vca2<Vdc/6
0 0 0 0 1 0 ia <0, status quo ia <0,charging

The current from A to A’ is assumed to be the positive direction of current

DESE, Indian Institute of Science, Bangalore, India




'||+

CA1

-

Vdolsp SA3
+

Generation of ‘0’ Voltage level

O
VgbpShS  SAS

SAJ' SAd

t Yo Joas

Vde/2

|||-|-

CONDITIONS FOR SWITCH STATE

VgI:%iEE SWITCH STATES "
LEVELS SA1 | SA2 | SA3 | SA4 | SA5 | SA6 | STATUS OF CA1l STATUS OF CA2
0 0 0 0 0 0 Unaffected Unaffected
0 1 1 1 1 0 Unaffected Unaffected
0 1 1 0 0 0 Unaffected Unaffected
0 0 0 1 1 0 Unaffected Unaffected
0 1 0 0 0 0 1 Unaffected Unaffected
1 1 1 1 1 1 Unaffected Unaffected
1 1 1 0 0 1 Unaffected Unaffected
1 0 0 1 1 1 Unaffected Unaffected

The current from A to A’ is assumed to be the positive direction of current

DESE, Indian Institute of Science, Bangalore, India




Generation of —Vdc/6

CA1

4o/ed SA3 .

=

| |
115

]

@: Vdc/6

PHASE CONDITIONS FOR SWITCH STATE
e\ GE SWITCH STATES SELECTION
LEVELS | ga1 | sA2 | sA3 | sA4 | SA5 | SA6 STATUS OF CA1 STATUS OF CA2
0 1 0 1 1 Vcal<Vdc/6 Vca2< Vdc/6
ia <0,charging ia <0,charging
0 1 0 1 1 Vcal>Vdc/6 Vca2>Vdc/6
ia >0,discharging ia >0,discharging
Vcal>Vdc/6 Vca2<Vdc/6
1 0 0 0 0 . ) . .
ia<0, discharging ia <0, status quo
-Vdc/6
1 0 0 0 0 Vcal<Vdc/6 Vca2>Vdc/6
ia >0, charging ia >0, status quo
0 0 1 0 0 Vcal< or >Vdc/6 Vca2>Vdc/6
ia <0, status quo ia <0,discharging
0 0 1 0 0 Vcal< or >Vdc/6 Vca2<Vdc/6
ia >0, status quo ia >0,charging

The current from A to A’ is assumed to be the positive direction of current

DESE, Indian Institute of Science, Bangalore, India
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Generation of —2Vdc/6

CA2

-

SA1 SAZ SA3 SA4
B e O _
Tvde2 y
SAT' SAZ SAY SA4 SAS' SAE'
(F):-2vdc/6 | |
PHASE SWITCH STATES CONDITIONS FOR SWITCH STATE
VOLTAGE SELECTION
CEVELS SA1 | SA2 | SA3 | SA4 | SA5 | SA6 STATUS OF CA1 STATUS OF CA2
Vcal<or >Vdc/6 Vca2<Vdc/6
g 0 0 0 1 1 ia <0, status quo ia <0,charging
0 0 0 0 1 1 Vcal< or >Vdc/6 Vca2>Vdc/6
ia >0, status quo ia >0,discharging
0 0 1 0 0 1 'Vcal <Vdc / 6 yca2>VdC /6
ia <0,charging ia <0,status quo
-2Vdc/6
0 0 1 0 0 1 Vcal>Vdc/6 Vca2<Vdc/6
ia >0,discharging ia >0,status quo
0 1 0 1 0 0 Vcal>Vdc/6 Vca2>Vdc/6
ia<0, discharging ia <0,discharging
Vcal<Vdc/6 Vca2<Vdc/6
0 1 0 1 0 0 ia >0, charging ia >0,charging

The current from A to A’ is assumed to be the positive direction of current

DESE, Indian Institute of Science, Bangalore, India




N

SA1

Generation of —Vdc/2

CA1

AN

CA2

oy SA3 _m Shd : il p ShS
L A Al 4

Te2 Voo
SAT SAZ SAY SAd' 35&5' SAg'
@: -Vdc/2 - |
PHASE SWITCH STATES CONDITIONSSI;;CL)]IE{CSF;/IVCI)LCH STATE
VOLTAGE

LEVEL | SA1 | SA2 | SA3 | SA4 | SA5 | SA6 | STATUS OF CA1 | STATUS OF CA2

0 0 0 0 0 1 Unaffected Unaffected

0 1 1 1 1 1 Unaffected Unaffected
-Vdc/2

0 1 1 0 0 1 Unaffected Unaffected

0 0 0 1 1 1 Unaffected Unaffected

DESE, Indian Institute of Science, Bangalore, India




! Space Vector diagram of the seven-level Inverter

4 Vdc =

— 160 —— 260 —— 360 —— 460 —— 560 ——
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Reference voltage waveform (after addition of V offset)
and siX level shifted triangular carriers

T

[t

(TN

CARFIER LEWEL-

CARRIER LEWEL-2

CAREIER LEVEL-Z

CAREIER LEVEL-4

CARRIER LEVEL-S

Ut

it

The reference voltage for M=0.8 spans all the six level shifted
triangular carriers. This reference voltage waveform is

compared with the triangular carrier waveforms to generate the
PWM signals.
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Schematic diagram of the experimental set-up.

4N d &N o N
@ @ O O9 O O
$SS 8238 53
o> ¢ DC POWER
l l l l l l SUPPLY
PWM SIGNALS
‘N
g N CARRIER LEVELS O]
Vr* o |Lva p| = 0
SPEED " g 0 § = % > 5
M. = 08 | N[ 7LEVEL %
RER S Vb* Py CUR. DIRECTION| n =
3 9 w g INVERTER|_ 45
5 o= T & | catE
f* T O | ver 2 < Oz |PuLses
N~ o
L » CAP. VOLATAGE O INDUCTION
V/f CONTROL > LEVELS MOTOR
ALGORITHM ::>
FPGA
DSP
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Experimental results for modulation index 0.53

[ X-axis: 10ms/div]

1.Phase voltage
[Y- axis: 100V/div]

2. Phase current
[Y-axis: 2A/div]

3. H-bridge capacitor

! | | =t ripple voltage-Vcai
" [ S [ T I ] I Y [Y-axis: 10V/div]

e 4. H-bridge capacitor

ripple voltage-Vca2
[Y-axis: 10V/div]

» Five-level operation of the Inverter
» 26 Hz operation of the motor.
» The flying capacitor peak to peak voltage ripple is less than 2V
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Pole voltage waveforms for modulation index 0.53

. Jm.. T || = 1. 2-level Inverter-1
e [Neerertons (] st e et ) || i col| CAL
Tﬂl__—l j 1 i ——— | —— H-bridge cell CAl
""""" 3 “““ - 4. 2-level Inverter-2
i X-axis: 10ms/div
M I | oA

» High voltage fed inverters (i.e. inverter-1 and inverter-2) are
switching half of the period in fundamental cycle
» So this will reduce the switching losses of the drive

ﬂ DESE, Indian Institute of Science, Bangalore, India 104



Experimental results for modulation index 0.8

e 1. A-phase voltage
(Y axis:200V/div).

2. A-phase current
(Y axis :2A/div).

3. Ripple in H-bridge capacitor
voltage Vcal (Y axis

:5V/div).
, o [ | [ [ ' 31 ¢ 4. Ripple of H-bridge capacitor
LS | il 4. voltage Vca2 (Y axis
y 1 ' ’ ‘ | ' ‘ ‘ ‘ ' :5V/div).
| | . . . , X-axis : 10ms/div

» Seven-level operation of the Inverter
» 40Hz operation of the motor.
» The flying capacitor peak to peak voltage ripple is less than 2V
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Pole Voltage waveforms for modulation index 0.8

[ LaCrov]

”;__._..l ‘ | . 1. 2-level Inverter-1

2

““‘Tﬂ’m mn——JWanm*—T T m.. __._’1‘1;1’:1111111_ 2. H-bridge cell CA1
= uuﬁj | ~ 3. H-bridge cell CA1
T TTTTTTI”TL M 4, 2-level Inverter-2

.-.-U ”.____l : X-axis: 5ms/div

Y-axis: 200V/div

» High voltage fed inverters (i.e. inverter-1 and inverter-2) are
switching half of the period in fundamental cycle

» Results in reduction in switching loss and improvement in
effeiciency of the drive.
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Transient performance

1. A-phase voltage
(Y axis:100V/div).

i
!

i

2. A-phase current
(Y axis :2A/div).

3. Ripple in H-bridge capacitor
voltage Vcal (Y
axis:100V/div).

4. Ripple of H-bridge capacitor
voltage Vca2 (Y
axis:100V/div).

> Transient performance during acceleration of the drive

» Even though the accelerating the motor draws current much more
than the steady state operation, the capacitor voltage is balanced for
the full modulation range.

» Smooth transition from 6.5 Hz to 40 Hz operation corresponding to
transition from two-level to seven-level operation.
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.

A Reduced Device-count Nine-level
voltage space vector generation
scheme for AC drives with
open-end stator windings.

: | CEDT, Indian Institute of Science, Bangalore, India 108



Voce/l2

+

T

Sa1 SB1 | Sc1
§

+¥
Sat"| Set"| Sct

Voc/2

2-Level Inverter-1

Y

op

Proposed Nine-level Inverter fed IM Drive

Nine voltage
levels:

2-Level Inverter-2

EXE]

Scs'

B
j sS4’
—{{}

|+
p Sce'

Power Circuit diagram

+Vdc/2
+3Vdc/8
+2Vdc/8
+Vdc/8
0

-Vdc/8
-2Vdc/8
-3Vdc/8
-Vdc/2
Vsl and Vs2 are isolated
voltage sources of
magnitude of V, /2, where
V4 is the maximum

magnitude of the voltage
space vector.
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Generation of +Vdc/2 in phase-A

_ CA1 CA2
SA1 o SA? L Voo LSAE
+ [’ s
- VDG/2 - UDCJ’E T
SAT' g SA2'
r (A)+Voc/2
CONDITIONS FOR SWITCH
PHASE SCHISTATES STATE SELECTION
VOLTAGE
LEVELS SA1 | SA2 | SA3 | SA4 | SA5 | SA6 STAggls ols STATUS OF CA2
1 1 1 0 0 0 Unaffected Unaffected
1 0 0 1 1 0 Unaffected Unaffected
+Vdc/2
1 1 1 1 1 0 Unaffected Unaffected
1 0 0 0 0 0 Unaffected Unaffected

> ‘1’ and '0’ indicate 'ON’ and 'OFF’ positions of the switch respectively.
> The switch SA1 is 'ON’ automatically implies that switch SA1’

> Capacitor voltages are not affected by these switching states.

j CEDT, Indian Institute of Science, Bangalore, India
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Generation of +3Vdc/8 and the effects on
capacitors in phase -A

CA1
, SA1 LSA2 Voclt pSA3 ' VoclBpSAS oSk | Ca paCitorS
T - - Voel2 T —>
e sa1' dsaz | Vet Jsag [Veaz Isas sig' CAZ Chargesl
| i i CA1l unaffected
@- Voc/2-Veaz = +3Vdc/8 Capacitors CA2 charges, CA1 unaffected
CA1 CA2
la
i L el Capacitors

b —
SAT 5SA2 |yoc/4 gSA3
+ [ ]
[ Voc/? -
sar' gsaz |Vear rsm'

(B): Vear+Voaz = +3Vdc/8

SM-:\;mrm- %] — CA1l discharges,
CA2 discharges

l]|+

Capacitors CA1 and CA2 discharge

CA1
. Capacitors
A SA2 Vool SAa SA4 Vnc;g SAS SAG .
=0 =V W CA1l charges,
rSm |:,SA2 SA3' SA:FCAZ sas' g SAB' C A2
discharges

@ Voc/2-Vea1+Veaz = +3Vde/8  Capacitors CA1 charges,CA2 discharges

Charging and the discharging of the capacitors are possible in any
direction of the current by proper selection of the method of

eneration.
CEDT, Indian Institute of Science, Bangalore, India



Switch-states for generation of +2Vdc/8 in
phase-A

CAf CA2

SWITCH STATES CONDITIONS FOR SWITCH STATE SELECTION
VOLTAG

LEVEEL SA1 [ SA2 | SA3 | SA4 | SA5 | SA6 STATUS OF CA1 STATUS OF CA?2
1 1] 0] 0| 0] 0 |Vea<Vde/4ia0, charging ;/ljgfop\/d‘;’ 811302 R
: - : Vap<0r>Vdc/8, ia<0,status

+2Vdc/ 1 1 0 0 0 0 | Vcar>Vdc/4,ia<0, discharging g

Plojon 0 0 0 | Vcar>Vdce/4,ia>0, discharging ;/ung<0r>VdC/8, ia>0,status
0 | 0| 1| 0| 0| 0 |VewsVaon,ia<o,chaging | o0 Vacs lacOstats

> The current from A to A’ is assumed to be the positive direction of current. Similar methods are used for
generation of
+2Vdc/8 in other two phases. ‘1’ and ‘0’ indicate '‘ON’ and ‘OFF’ positions of the switch respectively.
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Switch-states for generation of +Vdc/8 in
phase-A

CA1 CA2

SWITCH STATES CONDITIONS FOR SWITCH STATE SELECTION
VOLTAG
LEVEEL SA 1 SA ’ SA 3 SA4 | SA5 | SA6 STATUS OF CA1 STATUS OF CA2
1 1 0 1 0 0 | Vca<Vdce/4, ia>0, charging | Va,<Vdc/8, ia>0, charging
VCA1>VdC/4, ia<0, - - -
1 1 0 1 0 0 discharging Var>Vde/8, 1a<0, discharging
0 0 1 1 0 0 (\j/.CAPVC.iCM’ 12 >0, Va,<Vdc/8, ia>0, charging
ischarging
+Vdc/8
0 0 1 1 0 0 | Vca<Vdce/4, ia <0, charging | Va,>Vdc/8, 1a<0, discharging
0 0 0 0 1 0 Va<or>Vdce/4, ia>0,status | V,>Vdc/8, ia >0,
quo discharging
ol oo o | 1| o |[VYemsorVdc/aia<O,status |y,  \qess ia <0, charging
quo

> The current from A to A’ is assumed to be the positive direction of current. Similar methods are used for
generation of
+Vdc/8 in other two phases. ‘1’ and ‘0’ indicate ‘ON’ and ‘OFF’ positions of the switch respectively.
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Generation of ‘0’ Voltage leve

CA1 CA2
SA1 ,SA2 (VDcl4 SA4 |VDC/8 ,SA5
el B + +
- VDC/2 _— —
SA1' JSAZ SA4
PHASE e | STATES CONDITIONS FOR SWITCH STATE
VOLTAGE SELECTION
LEVELS SA1 | SA2 | SA3 | SA4 | SA5 | SA6 | STATUS OF CA1l STATUS OF CA2
0 0 0 0 0 0 Unaffected Unaffected
0 1 1 1 1 0 Unaffected Unaffected
0 1 1 0 0 0 Unaffected Unaffected
0 0 0 1 1 0 Unaffected Unaffected
0 1 0 0 0 0 1 Unaffected Unaffected
1 1 1 1 1 1 Unaffected Unaffected
1 1 1 0 0 1 Unaffected Unaffected
1 0 0 1 1 1 Unaffected Unaffected

The capacitor voltages are not affected.

CEDT, Indian Institute of Science, Bangalore, India




Switch-states for generation of —Vdc/8

SWITCH STATES CONDITIONS FOR SWITCH STATE SELECTION

VOLTAG
LEVEEL SA1 [ SA2 | SA3 | SA4 | SA5 | SA6 STATUS OF CA1 STATUS OF CA2

0 0 1 0 1 1 | Vcea>Vde/d,ia>0, discharging | Va,>Vdc/8, ia>0, discharging

0 0 1 0 1 1 | Vca<Vdc/4,ia<0, charging Va,<Vdce/8, ia<0, charging

0 1 0 0 1 0 |[Vca<Vdc/4, ia>0, charging | Va,>Vdc/8, ia>0, discharging

0 1 0 0 1 0 eelentie V,<Vdc/8, ia<0, charging

0 0 0 1 0 0 ;/uc gl<or>Vdc/4,|a>O,status Vi, <Vdc/8, ia >0, charging

0 0 0 1 0 0 (\q/uc c/;1<or>Vdc/4,|a<O, status Vp,>Vde/8, ia <0, discharging

> The current from A to A’ is assumed to be the positive direction of current. Similar methods are used for
generation of
-Vdc/8 in other two phases.
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Generation of —2Vdc/8 and effects on capacitors in phase-A

s CAl
discharges

CA2
unaffected

- _, CA1l charges
CA2
unaffected

SAd'

: -Vca1 = -2Vdc/8

The current from A to A’ is assumed to be the positive direction of current

CEDT, Indian Institute of Science, Bangalore, India




Switch-states for generation of —3Vdc/8

SWITCH STATES

CONDITIONS FOR SWITCH STATE SELECTION

VOLTAG
LEVEL e 1 = 5 = 3 SA4 | SA5 | SA6 STATUS OF CA1 STATUS OF CA2
0 0 0 0 1 1 ngﬁop\,dd 41a>0,status Vcar>Vde/8, ia>0, discharging
0 0 0 0 1 1 ZS 31<0r>Vdc/4,1a<0,status Vor,<Vdd/8, ia<0, charging
0 1 0 1 0 0 | Vcar<Vdc/4, ia >0, charging | V,,<Vde/8, ia >0, charging
VAR T T T T o L 1 1 o | o |VewrVaesa<o, Ve VB, fa <0,
discharging discharging
L 0 ! : 0 1 Xliifa‘r/gdli{: " Vca2<Vdd/8, ia >0, charging
. . Var>Vde/8, ia <0,
0 0 1 1 0 1 | Vcar<Vdd/4, ia <0, charging discharging

> The current from A to A’ is assumed to be the positive direction of current. Similar methods are used for

generation of

-3Vdc/8 in other two phases.

CEDT, Indian Institute of Science, Bangalore, India
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Generation of —Vdc/2

SA1

al+

— \oc/?
SAT'

CONDITIONS FOR SWITCH STATE

PHASE SWITCH STATES
VOLTAGE SELECTION
LEVEL | SA1 | SA2 | SA3 | SA4 | SA5 | SA6 | STATUS OF CA1 | STATUS OF CA2
0 0 0 0 0 1 Unaffected Unaffected
0 1 1 1 1 1 Unaffected Unaffected
-Vdc/2
0 1 1 0 0 1 Unaffected Unaffected
0 0 0 1 1 1 Unaffected Unaffected

The capacitor-voltages are not affected.

j CEDT, Indian Institute of Science, Bangalore, India
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Carrier Level-1

Carrier Level-2

Carrier Level-3

Carrier Level-4

Carrier Level-5

Carrier Level-6

Carrier Level-7

Carrier Level-8

and eig

AT

hii

WW v

Reference voltage waveform (after addition of V offset)
t level shifted triangular carrier waveforms

Modulation Index is
defined as M = | 15|/ Vdc

The reference voltage for
M=0.8 spans all the eight
level shifted triangular
carriers.

This reference voltage
waveform is compared
with the level-shifted
triangular carrier
waveforms to generate

the PWM signals.
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Schematic diagram of the experimental set-up.
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Experimental results for 9-level operation

1. Phase voltage
[Y-axis: 100V/div]

2. Phase current
[Y-axis: 4A/div]

- 3. Capacitor-CA1 voltage
T~~~ T T ripple. [5V/div]

R

P AR S i Bl 4. Capacitor-CA2 voltage
ripple. [5V/div]

[ X-axis: 5ms/div]

» The Inverter is operating in five-level mode (M=0.8)
» 40Hz operation of the motor.
» The capacitor peak to peak voltage ripple is less than 2V

j CEDT, Indian Institute of Science, Bangalore, India
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Pole voltage waveforms for 9-level operation

1. 2-level Inverter-1
2. H-bridge cell CA1

3. 2-level Inverter-2

2 ™ P 4. H-bridge cell CA2

X-axis: 10ms/div
Y-axis: 100V/div

» High voltage inverters (i.e. 2-level inverter-1 and 2-level inverter-2)
are switching only for half of the period in a fundamental cycle.
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(M=0.36)

)

17 i
r
UL f
L 3;%« -T'Jlnv
=) \\“\.___ Nf,u-ﬂ “MMM
N

> Five-level operation of the Inverter (M=0.36)
» 18Hz operation of the motor.

[ X-axis: 10ms/div]

xperimental results for 5-level operation

b

1. Phase voltage
[Y-axis: 30V/div]

2. Phase current
[Y-axis: 2A/div]

3. Capacitor-CAl voltage
ripple. [5V/div]

- 4. Capacitor-CA2 voltage

ripple. [5V/div]

» The capacitor peak-to-peak voltage ripple is less than 2V
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Pole Voltage waveforms for 5-level operation
(M=0.36)

1. 2-level Inverter-1
2. H-bridge cell CA1

ZMJIIHJMWMHHF'W i HMHMMM_ 3. 2-level Inverter-2

4. H-bridge cell CA2

e S o ST TE T LI .
KR LR AT A -;_II._l.. 001 0 e (L S N L] ! N

X-axis: 20ms/div

4| - "WL MMLJWMI Y-axis: 100V/div

> High voltage fed inverters (i.e. 2-level inverter-1 and 2-level
inverter-2) are switching only for half of the period in fundamental

cycle
» Results in reduction in switching loss and improvement in efficiency
of the drive.
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Transient performance

1. Phase voltage
[Y-axis: 100V/div]

2. Phase current
[Y-axis: 4A/div]

P VVVVVVVVYY 3. Capacitor-CA1 voltage

1S AAAAAAAAS

Vv vy VvV vy

Y s e B s B s [100V/div]
y 4. Capacitor-CA2 voltage
[100V/div]

> Transient performance during acceleration of the drive

» Even though the accelerating the motor draws current much more
than the steady state operation, the capacitor voltage is balanced for
the full modulation range.

» Smooth transition from 4.5 Hz to 40 Hz operation corresponding to
transition from two-level to nine-level operation.
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!'_ Testing of capacitor voltage balancing
algorithm

] | |

1 = |_ .| "r'._' I  _||' |_._'_|1| .||1'1'].[ |§|'1|.'.:'l'| |EE.|"r'|:_:|r|'|:." |',||- '.'| |.I!| 'n":_'.||'|1| ! I |.. i 1. Phase VOltage
L | [Y-axis: 100V/div]
HH 2. Phase current
| [Y-axis: 4A/div]

2 i - 3. Capacitor-CA1 voltage
3 e [50V/div]
4 || 4. Capacitor-CA2 voltage

] T~ [50V/div]

X-axis : 150ms/div

Effects on Voltage and Current waveforms when the capacitor
voltage balancing scheme is momentarily disabled in all the
phases.
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.

A five-level inverter with single
DC source for AC drives with
open-end stator winding
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!'_ Five-Level Inverter Circuit Diagram

= Possible voltage levels.

= 0

m VdC/4

n VCIC/Z i@' ; ?‘ S3 S4

= 3Vdc/4 = = J J

= Vdc To C1 Td " 27 r
- L | ] _

_|'2 EI'_L} 5_ S3 sS4
O
i SEI
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!'_ State for Voltage Level O

Vs

_|+

= State (0,0,0,0)
= C1 : No effect
—>I =« C2:No effect

O S1| 521
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!'_ Redundant States for Pole Voltage of VVdc/4 (+ve Current)

= State (0,0,0,1)
= C1 : No effect
= C2: Discharge

= State (0,1,1,0)
= C1: Discharge
= C2:Charge

= State(1,0,1,0)
= Cl1: Charge
= C2: Charge
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!'_ Redundant States for Pole Voltage of VVdc/2 (+ve Current)

= State(1,0,0,0)
= C1: Charge
= C2 : No effect

= State (0,1,0,0)
= Cl1 : Discharge
= C2 : No effect
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= State (0,1,0,1)
= (1 : Discharge
= C2: Discharge

= State(1,0,0,1)
= C1: Charge
= (2 : Discharge

= State(1,1,1,0)
= C1 : No Effect
= C2: Charge

S1' 52'
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!'_ State for Voltage Level Vdc

= State(1,1,1,1)
= C1 : No effect
= C2 : No effect
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Three Phase Circuit Diagram

Induction
Motor
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Phase Space Vector Polygon
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Phase and Pole Voltage for 10 Hz

VANG (i i =V AN: Phase Voltage
= JA: Phase Current (2A/div)

= VC1: Capl Voltage Ripple
(5V/div)

= VC2: Cap2 Voltage Ripple
(10V/div)

= Time scale: 20mS/div

= V AO: Pole Voltage (50V/div)
= IA : Phase Current (2A/div)

= VC1: Capl Voltage Ripple
(5V/div)

= VC2: Cap2 Voltage Ripple
(10V/div)

= Time scale: 20mS/div

L T =k il Il H PR PR [ A 1]
T 1

ol H
T e | T T - ==
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Phase and Pole Voltage for 20 Hz

VANG ; i = VAN: Phase Voltage
UL TN 1) S S LTIV = IA : Phase Current (2A/div)
: - (5V/div)
= VC2: Cap2 Voltage Ripple
(10V/div)

__\T('?;'zi_*g__f‘____—‘——"——'—?—'——%———%———- = Time scale: 10mS/div

18

= V AO: Pole Voltage
(100V/div)

w IA: Phase Current (2A/div)

. = VC1: Capl Voltage Ripple
(5V/div)

= VC2: Cap2 Voltage Ripple
- (10V/div)

| = Time scale: 10mS/div
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Phase and Pole Voltage for 30 Hz

V AN: Phase Voltage
(100V/div)

IA : Phase Current (2A/div)

VC1: Capl Voltage Ripple
(5V/div)

VC2: Cap2 Voltage Ripple
(10V/div)

Time scale: 10mS/div

V AO: Pole Voltage
(100V/div)

IA : Phase Current (2A/div)

VC1: Cap1l Voltage Ripple
(5V/div)

VC2: Cap2 Voltage Ripple
(10V/div)

Time scale: 10mS/div
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! Phase and Pole Voltage for 40 Hz

= V AN: Phase Voltage
(100V/div)

= JA: Phase Current (2A/div)

= VC1: Capl Voltage Ripple
(5V/div)

= VC2: Cap2 Voltage Ripple
(10V/div)

= Time scale: 5mS/div

= V AO: Pole Voltage
(100V/div)

= JA: Phase Current (2A/div)

= VC1: Capl Voltage Ripple
(5V/div)

= VC2: Cap2 Voltage Ripple
(10V/div)

= Time scale: 5mS/div
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Capacitor Voltage Under Sudden Acceleration

= [he motor is accelerated from 10Hz to 40Hz at no load and
the capacitor voltages are almost constant in this duration

A AN

| H |‘ “ 1l | = V AN: Phase Voltage
il H it

(200V/div)
= JA: Phase Current (2A/div)

= VC1: Capl DC Voltage
(200V/div)

= VC2: Cap2 DC Voltage
(50V/div)

= Time scale: 1S/div
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Capacitor Balancing Algorithm Test

= [he Capacitor balancing algorithm has been disabled for C1
and C2 at T1, enabled for C1 at T2 and C2 at T3.

= V AN: Phase Voltage
(200V/div)

= JA : Phase Current (2A/div)

= VC1: Capl DC Voltage
(200V/div)

= VC2: Cap2 DC Voltage
(50V/div)

__________ = Time scale: 25/div

=

ey —

RATIE |

v
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.

A reduced device-count hybrid
multilevel inverter topology with
single DC source and improved fault
tolerance.
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SA1

Cal —

SA1

O-level version of the Proposed topology

—

SA2
Vo2

SA2'

%

8B2
Vo2

$B2'
g
——
52
Vo2

sC2

o

543

SAY

583

SBY

5C3

SCY¥

[ ] L L
o w =
0 m e

5304 SCSE
SC4" scE
d DESE, Indian Institute of Science, Bangalore, India

The nine pole
voltage levels :
VdCI
V4 /8, 6Vy4 /8,
5V,4./8, 4V,/8,
3Vy/8, 2V, /8,
V,y/8
0 (with respect
to the negative
terminal of the
DC source ‘0O’)
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Generation of Vdc and O

" O la
sal | sa2 | | | ! —>
SA3 SA4 SAs SAB
Vs | + | Vecal Q +| Veaz ? +| Veaz § 1A N
Vde "==" Cal == Vde/2 Ca2 == \dc/4 Ca3 " —Vic/8
K q q. .
SAT' dsr sasd d s
o0 0——0 o
SAT1 SAZ
Voa =Vs =Vdec Cal,Ca2 Ca3 unaffected
— 0 O—7—0 0— la
SAT | SA2 | ! | ) —>
SA3 SA4  SAS5 SA6
Vs . | Vcat ? .| Veaz § ? .| Vea3 ¢ |, N
Vae 5= Cal—vgor ] Ca2 2= voc Ca3=—Vdo/8
l‘ t 1 I' t 1
SA3' ¢ Jore sns' dswe
o =—0O——0"0
SAT SAZ

Woa= 0 ; Cal Ca2 Ca3 unaffected

Capacitor-voltages are not affected
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Generation of 7Vdc/8

SA1

Vs
Vdo=z Catl +:

" sar sAZ
Voa=\Vs - Vca3 = 7Vdc/8; Cal & Ca2 unaffected; Ca3 charges

Vs
Vde—=

Voa=Vs—Vcal+ Vcaz + Vcad = 7Vdc/B; Ca1 charges, Ca2 discharges ; Ca3 discharges

DESE, Indian Institute of Science, Bangalore, India

146



Switch states for generation of different voltage
levels

Voltage Method of Switch States Effect on Capacitors when current is positive
Level Generation SA1 | SA2 | SA3 | SA4 | SAS SA6 Cal Ca2 Ca3
8Vvdc/8 Vs = Vdc=8Vdc/8 1 1 0 0 0 0 No effect No effect No effect
Vs-Vca3 1 1 0 0 1 0 No effect No effect Charging
Vs-Vca2+Vca3 1 1 1 0 0 1 No effect Charging Discharging
eIty Vs-Vcal+Vca2+Vea3 | 1 0 0 1 0 1 Charging Discharging | Discharging
Vcal+ Vca2+Vca3 0 1 0 1 0 1 Discharging | Discharging | Discharging
Vs-Vca2 1 1 1 0 0 0 No effect Charging No effect
6Vvdc/8 Vs-Vcal+ Vca2 1 0 0 1 0 0 Charging Discharging | No effect
Vcal+ Vca2 0 1 0 1 0 0 Discharging | Discharging [No effect
Vcal+ Vca2-Vca3 0 1 0 1 1 0 Discharging | Discharging Charging
Vcal+Vca3 0 1 0 0 0 1 Discharging No effect Discharging
5Vvdc/8 Vs—Vcal+Vca3 1 0 0 0 0 1 Charging No effect Discharging
Vs—Vca2-Vca3 1 1 1 0 1 0 No effect | Charging Charging
Vs-Vcal+ Vca2—Vca3 1 0 0 1 1 0 Charging Discharging [Charging
avde/s Vcal 0 1 0 0 0 0 Discharging No effect No effect
Vs-Vcal 1 0 0 0 0 0 Charging No effect No effect
Vcal-Vca3 0 1 0 0 1 0 Discharging No effect Charging
Vca2+Vca3 0 0 0 1 0 1 No effect Discharging | Discharging
3Vdc/8 Vcal- Vca2+Vca3 0 1 1 0 0 1 Discharging Charging Discharging
Vs-Vcal- Vca2+Vca3 | 1 0 1 0 0 1 Charging Charging Discharging
Vs-Vcal- Vca3 1 0 0 0 1 0 Charging No effect | Charging
Vca2 0 0 0 1 0 0 No effect Discharging No effect
2Vdc/8 Vcal- Vca2 0 1 1 0 0 0 Discharging |Charging No effect
Vs-Vcal- Vca2 1 0 1 0 0 0 Charging Charging No effect
Vca3 0 0 0 0 0 1 No effect No effect Discharging
Vdc/8 Vca2-Vca3 0 0 0 1 1 0 No effect Discharging Charg?ng
Vcal- Vca2-Vca3 0 1 1 0 1 0 Discharging Charging Charging
Vs-Vcal-Vca2-Vca3 1 0 1 0 1 0 Charging Charging Charging
0 0 0 0 0 0 0 0 No effect No effect No effect

DESE, Indian Institute of Science, Bangalore, India
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Schematic diagram of the experimental setup

Capacitor vultages

".-Nﬂ".-

9 g U
alb lcS S8

llllllllllil

SIGNAL CONDITIONING CIRCUIT

Vcei
vccz

| j@—Vcc2

DC POWER
SUPPLY

|

ADC PWM SIGNALS
N
V| 4
N = 5 %
.| (1 -
3 : $ e E . CARRIER LEVEﬁ & 33 |
ET 20 | # I /] 5 0=z S
¥ o S8 || T orol—N 1k
O W o W= -
28 22 [ ? 28 | |ewr oReCTIoN | @ el WX S E
o TD I W o w|poses|] =2 =
= (&) . o =
S < ¢ PEw 3o < V| E INDUCTION
= w
= CAP. VOLTAGE | > MOTOR
LEVELS N T
V
DSP FPGA
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!'_ Experimental results — 9-level operation
(40Hz)

UﬂHUWJWW 1. Pole voltage
DL TO DS O T ”LUL [Y-axis: 70V/div]

u
l\nn_mm 2. Phase voltage
oy [Y-axis: 70V/div]

L‘nﬁ_m

3. . Phase current
[Y-axis: 2A/div]

[ X-axis: 5ms/div]
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!'_ Experimental results — 9-level operation (40Hz)

W 1. Pole voltage

oy [Y-axis: 70V/div]

2. Capacitor-CA1l
voltage
ripple. [10V/div]

e s W s Ny SRR S WA N 3. Capacitor-CA2
| L voltage
T e e ripple. [10V/div]
4L 4. Capacitor-CA3
- voltage
ripple. [10V/div]

[ X-axis: 5ms/div]
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!'_ Experimental results — 7-level operation
(30Hz)

| | 1. Pole voltage
| . [Y-axis: 60V/div]

[ UUUULTHU H ’LMUUM 2. Phase voltage
TUUUUUU | WMMVLW WJUUWL [Y-axis: 50V/div]

3. . Phase current
[Y-axis: 2A/div]

[ X-axis: 5ms/div]
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!'_ Experimental results — 7-level operation (30Hz)

1. Pole voltage
[Y-axis: 70V/div]

2. Capacitor-CA1l
voltage
ripple. [10V/div]
3. Capacitor-CA2
A A voltage
- ripple. [10V/div]

303 S AN IS . o 4. Ca paC|t0r'CA3
. | ripple. [10V/div]

[ X-axis: 5ms/div]

i DESE, Indian Institute of Science, Bangalore, India 152



!'_ Experimental results — 5-level operation (20Hz)

1. Phase voltage
[Y-axis: 20V/div]

2. Phase current
[Y-axis: 2A/div]

[ X-axis: 10ms/div]
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!'_ Experimental results — 5-level operation (20Hz)

1. Pole voltage
[Y-axis: 50V/div]

2. Capacitor-CA1l
voltage
ripple. [10V/div]

3. Capacitor-CA2

2 L2 PSR U PRI NS SR SN VR P - voltage

ripple. [10V/div]

3 A -~ 4. Capacitor-CA3
AN N S N AN S SN A S — voltage
4 ripple. [10V/div]

[ X-axis: 10ms/div]
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Transient performance — sudden acceleration from
6.5Hz to 40 Hz

1. Pole voltage
[Y-axis: 70V/div]

J \ I
H | ——
\Ml _ voltage
N rippte. [100v/div]

| 3. Capacitor-CA2
o | - voltage

3t ripple. [50V/div]
4 T T voltage

3 T ripple. [25V/div]

[ X-axis: 5ms/div]
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!'_ Automatic charging of the capacitors when the
Inverter is switched ON

1. Pole voltage
Il il [Y-axis: 60V/div]
l

R H n'i \ | HHHMW "i H'\‘i\ | 2. Capacitor-CAL
|| ‘ \m voltage
| ripple. [100V/div]
M 3. Capacitor-CA2
SIS | voltage
- - ripple. [50V/div]
[ R R R 4. Capacitor-CA3

voltage
ripple. [20V/div]

[ X-axis: 5ms/div]
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!'_ Testing of capacitor voltage balancing
scheme

1. Pole voltage

1 Ll |||| |||||||||‘ ||| i ||||‘||| “ l'W' a|““ { i | |||||||||[ - i ||||||||| ||||| [u|||||||| [Y-axis: 60V/div]
.| T 2. Capacitor-CA1
| voltage
Jpas ripple. [50V/div]
1 A N 3. Capacitor-CA2
——__’___.r
31 a1 O s voltage
o FXRRS RS RS ERGES EEREE CEEEY Rt Gt EEERy B ripple. [30V/div]
] o 4. Capacitor-CA3
| voltage
[X-axis: 500ms/div] ripple. [25V/div]

Pole Voltage and Capacitor voltage wave forms in A-phase when
the capacitor voltage balancing scheme is momentarily disabled
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Five level Back to Back converter

& Motor
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Fivelevel Back to Back converter - Single leg

= T~
Vde/2 Vdec | vde2

poplegloslosleglenlolen

RST'] [Rs2 RS¥]  RS4] [as#  [asy  As?] [ASI'
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!'- 3-Phase 17-level Power Circuit With Single DC

Rt

_|+ ] |_+ T I_+L_| |_+_|
ACT vee2 | Acal Vo AC3; [Vacrs ACA[ vdcr6

clplelg ol

BS1|q BSZKI BSBDI BS4|q BSSPI BSGIQ BSTDl BSBIQ

_l + _l I_ + —l I_ + _l I_ + _l
_T/dc BC [ BCf .‘Vdcl4 BCS= =Vdc/8 BCA[ vdcrie

VeV WV W Ve e
(??I CBSSZ?I CBSSB?I CSIi_S ) CBS?| CSITB' CBSST7| CSI?’SI
VWA Wit twaiwaive

J 1 I I I B Y

+—

|

+
=

T vder2 T T =
CC2| vdc/4 CC3| vdcrs CC4| Vdc/16

_|+_
L e ey

cS1] cs2] c§3] [cS4 85| [CSe' c57|  [Css
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20Hz operation

VAC1: ( 50v/div), VAO: Pole voltage( 100V/div), VAC4: (20V/div), VAC3: (10V/div),
VAN: Phase Voltage (100V/div), IA: 2A/div, VAC2: (25V/div), 1A:2A/div,
Timescale: (10mS/div). Timescale: 10mS/div
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Acceleration Profile

ey T e
H Il ||\ din ||\ ‘ A ’
il J' ML ||H' A
4\ P 4 EVACSI
‘ WIH I ‘ | |I‘||| ‘IH\ '“ | “ |||I ‘I H' “ VACE
il \|m\ il —lA\ ‘I..II
.......... v HH‘ o § i“‘|:||“\.\||;‘||\\
VAC1:Cap AC1 voltage(100V/div), VAC4:Cap AC4 voltage(10V/div),
VAO: Pole Voltage(100V/div) , VAC3:Cap AC3 voltage (20V/div),
VAN: Phase Voltage(100V/div), VAC2:Cap AC2 voltage (20V/div),
IA: Phase current(2A/div) IA: Phase current(2A/div)
Timescale (500mS/div) Timescale (500mS/div)
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otoring Mode- with nearly unity power factor and
iInusoidal current from the Mains

Tek I ®Swp M Pos: 486.4ms
2l _ : o

1 E

sf %0 N AN N yy 'y E

N

T N T O VANS @ % ]

= E :

b e T — IA
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!|—Regeneration
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!'_ Proposed Power Circuit

AR LTIET T I
® | TE— | = s ®
LR RN Y *ﬁ} by o 45} )
O 1 Replace DC-ZIink V With capacitor of voltage V.
Y Average the two possible (45" and 36') vegr:’rors to take zero net power from the
capacitor

j_mDIAN INSTITUTE OF SCIENCE, BANGALORE,
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Experimental Results

Steady State waveforms @10

e

A
A

Hz

a) and (b) Proposed Controller
Current - nearly sinusoidal
Capacitor voltage tightly

confrolled
(c) SVPWM without filtering Secondary

inverters not switched

(o)

LCurrent - high 5th and 7th order harmonics

j—m

INDIA

©

2L M T

I J0ummy

(X-axis 20

NINSTITUTE OF SCIENCE, BANGALORE,ms/div).

V. (50
V/div)

V'4 (50
V/div)

V(2

V/div)
| A (0.5
A/div)

V. (50
V/div)

V. (100
V/div)

V2 (20 V/div)

| (0.5
A/dliv)

V4 (50

V/div)

V. (100
V/div)

Va2 (20
V/div)

| 4 (1 A/dliv)



Experimental Results

Steady State waveforms @50

e

A
A

Hz

a) and (b) Proposed Controller
Current - nearly sinusoidal
Capacitor voltage tightly

controlled
(c) SVPWM without filtering Secondary

inverters not switched

(@)

(o)

LCurrent - high 5th and 7th order harmonics

j_m

INDIA

)

1

1w

It

N L e

A

/

\

(X-axis 5

INSTITUTE OF SCIENCE, BANGALOREMs/div).

Va (50
V/div)

V'4 (50
V/div)

V(2

V/div)
| A (0.5
A/div)

V. (50
V/div)

V. (100
V/div)
V2 (20 V/div)

| (0.5
A/dliv)

V. (50
V/div)

V. (100
V/div)

Va2 (20
V/div)

| A (2 A/dliv)
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Inverter setup for multilevel structure

- statatrniainais B2
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Inverter setup for multilevel structure
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Thank you
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