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Two-Level Voltage Source Inverter (VSI)

Alstom

VDM5000 Two-level VSI

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@ss, 2006
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Lecture Topics

e Sinusoidal PWM
e Space vector modulation

Why Use PWM Techniques?

* To control inverter output frequency (fundamental)
 To control inverter output voltage (fundamental)
e To minimize harmonic distortion

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@ss, 2006
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 Inverter Configuration
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Assumption:
dc capacitor very large — dc voltage ripple free

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Plzq.ss, 2006
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 Modulating and Carrier Waves

o Vcr — Carrier wave (triangle) ¢ Amplitude modulation index

Vm
m, =—
Ve
° Vm — Modulating wave (sine) ¢ Frequency modulation index
m, Lo
fm

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr§ss, 2006
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e Gate Signal Generation

va vcr

T

v >V, y . >0 (V <0)
Phase 4 i ¢! ¢t

S, on (S, off)

Vv =V,

V.o <V, Voy >0 (v, <0)

S, on (S, off)

Vv =0

Vg1 and Vg4 are complementary

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pléss, 2006



EE8407 Topic 5

Sinusoidal PWM

* Line-to-Line Voltage V,

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr?ss, 2006
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 Waveforms and FFT
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Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Prgss, 2006



EE8407 Topic 5

Sinusoidal PWM

e Harmonic Content

el THD
Va | / (%)
\/‘ THD // n=1
e Low order harmonics 03 \ / 300
n <(m_-2) are eliminated / 2! 2
o] m .+

02 ] e~ w0

. . / ~ 3 |+ 2 ></
*V, 5, versus m_ is linear . /4imfﬂ T~ / - N .

. L ~ ; ~—— ‘_-.

* Vagimax = 0-612V Z //S'/ e
0 4&:‘:; ---- "\'\--’- 0
0 0.2 0.4 0.6 0.8 m,

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@s, 2006
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e Over-Modulation

I
=
=
=
=

* Fundamental voltage T

e Low-order harmonics T o //A\L\« . /A\L\«

Von 'V,

|V = 0.744V,
0.2
0.1
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Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr}s@, 2006
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e Third Harmonic Injection PWM

Va Pl le

%

0 —
W/MTL’/3 T 2

V  >JFundamental voltage increased

V. <INo low order harmonics produced

3" harmonic — zero sequence (to appearin V,, and Vg, )

No triplen harmonics in vV, (VAB =Vn- VBN)

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr}s}, 2006
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e Switching States

Switching Leg 4 Leg B Leg C
State Sl S, | VS S | Ve |OSs L S, | Ve
On | Off | V4 | On | Off | V4 | On | Off | V4
0 Off | On | 0 | Off | On | 0 | Off | On | 0

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr}sg, 2006
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e Switching States (Three-Phase)

— | S(‘%E:el;nll)%asszt)e On-state Switch
s )3} sz)f} s/ } [PPP] S5
[OO0] S4:96-9,
) 4 ; j [POO] S S S
o [PPO] S .5:.8,
[OPO] S,.S55.8,
> {% Sé{ﬁ‘ /% [OPP] s 5 K
pa. | [OOP] S
[POP] S 8.5

e Eight switching states

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr}s}, 2006
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e Space Vector Diagram

SECTORIII / \ SECTOR 1
* Active vectors: V to V -
(stationary, not rotatlng) A
Vy a
OPP

* Zero vector:

. SECTOR1IV " SECTOR VI
e Six sectors: I to VI

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr}i{., 2006
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e Space Vectors
 Three-phase voltages
Vo () V56 (£) v, (1) =0 (1)
 Two-phase voltages

271 A |T 7

cosO cos=— cos— V(1)

|:Va (t)} _ g 3 3
3

vy T o dr || Ve (2)
p _sin 0 sin? sin—_ Ve (1)
e Space vector representation
Vie)=v, () + jv, (1) (3)
(2) — (3)
i 2 . . .
V() =3 [ri@e” +v,0e™ + v, 0] (4)

where e =cosx+ jsinx

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr}ss, 2006
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e Space Vectors (Example)

Switching state [POO] — S_, S, and S,
ON

2 1 1
Vo (t)ngda Vo (t):_ng and v, (t):_ng (5)
(5) — (4) N
OPO PPO

W 2
Vl = g Vd € (6) SECTOR 111 SECTOR I
Similarly, ; ho
1 ) OPP POO
v="v,¢""" (1

3 SECTOR 1V SECTOR VI

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr}é, 2006
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e Active and Zero Vectors
Po ’ ’ . .
A+ Switching State . Vector
)J} )J} Space Vector (Three Phases) On-state Switch Definition
s, s, s/ }
L L . Zero I [PPP] 81,85, 85 i
Veet v, vV, =0
y R eetor [CO0] S4>86:5,
i 2
V g g Z [POO] $1:86:8; | Vi=3Vee”
C¢+— -
W N 9 ;X
V2 [PPO] SI=S3JSZ V2 =—Vde 3
.} S J S ;} 3
L " 2 jﬁ
v _ V3 [OPO] S4:S3382 V3 =—Vd€ 3
Ne ' ' Active 3
Vector W ¢ g g 2 j33_"
 Active Vector: 6 Va [OPP] 429395 Vi=3Vae
e Zero Vector: 1 i 2
Vs [OOP] S4>86,85 V5=§Vde 3
 Redundant switching : R
states: [PPP] and [O0O] Ve [POP] 51586555 Ve=2Vae

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr}s’?, 2006
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 Reference Vector Vref

A jp W

L £ V.
e Definition opo3 1 2PPO
Vref = Vref ej9 \

 Rotating in space at @

0=21f (8) gigp o
e Angular displacement ,
t SECTORI1IV " SECTOR VI
0(t) = L wdt  (9)
OOP v POP
Vs 6

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr}%, 2006
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* Relationship Between V__.and V,_

* V_.is approximated by two active ;
and a zero vectors

* V__rotates one revolution, 6( &72 511

V,z completes one cycle

* Length of V . corresponds to
magnitude of V

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr}@, 2006
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e Dwell Time Calculation

* Volt-Second Balancing

{V T =V.T.+V,T,+V,T,

rof 6( &7250)
(10)
I =T +71,+T,

N

* T, T,and T ,—dwell times for 7 j/ and J/

* T_— sampling period

* Space vectors

A L) () 5 o
Vi =V e V=2V Vo= V,e and o (1)
(11) — (10)

( 2 1

Re: V, (cos0)T,

gnﬂ+§nﬂ

<

Im: V _(sin0)T = LVdTb (12)

\ ref s \/g

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@@, 2006
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e Dwell Times

Solve (12)

J3TV,

2t sin( 0
v (3 )
\/37-;eref .

17, = 0

= g, S 0<0< /3 (13)

d

T =

a

7,=T.-T,-T,

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@s}, 2006
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eV
re

fLocation versus Dwell Times

V2 |

SECTOR 1

4
X
V., Location | 0=0 0<0 <> g=" T ol g="
6 6 3 3
la>0 T >T T =T T <T Ta =
. S _ <
Dwell Times T, =0 a” b a =1 a<"'b T, >0

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@sg, 2006
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e Modulation Index

T =Tm, sin(%—@)

|7, = T.m,sin0 (15)
I,=T-T,-T
3V
ma — \/7 ref (16)
Vd

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@s}, 2006
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 Modulation Range

OPO PPO
° ref,max
SECTOR III SECTOR I
refmax_ngxﬁzg (17) [ |
™3 3 7 )
OPP
(17) N (1 6) SECTOR IV " SECTOR \% |
OOP . POP
m - 1 — Vs 6
a,max
* Modulation range: 0<m_<1 (18)

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@’i{., 2006
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e Switching Sequence Design

e Basic Requirement:

Minimize the number of switchings per
sampling period T_

* Implementation:

Transition from one switching state to
the next involves only two switches in
the same inverter leg.

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@ss, 2006
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e Total number of switchings: 6

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@’é, 2006
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e Switching Sequence Summary (7-segments)

Sector Switching Sequence

i i i i i i i

I VO Vl VZ VO VZ Vl VO
000 | POO | PPO | PPP | PPO | POO | OQO

i W W W i W i

II VO V3 VZ VO VZ V3 VO
000 | OPO | PPO | PPP | PPO | OPO | OO0

i i i i i i i

- Vs |8 v, Vs v, I8 Vs
0OQ0O | OPO | OPP | PPP | OPP | OPO | OO0

i i i i i i i

v Vs Vs v, Vs v, Vs Vs
000 | O0P | OPP | PPP | OPP | OOP | OQO

W W W W W W W

V VO VS V6 VO V6 VS VO
000 | OOQP | POP | PPP | POP | OQP | OQO

W i W i i i i

VI VO Vl V6 VO VG Vl VO
OO0 | POO | POP | PPP | POP | POO | OOO

Note: The switching sequences for the odd and ever sectors are different.

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@%, 2006
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e Simulated Waveforms

Sector
VI VI
Vo V
I\ I\
1T I
I 1T
I I

Vg

0.
V.

f, = 60Hz, £, =900Hz, m_=0.696, T_=
TTms

Textbook: B-in Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@’Q, 2006
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 Waveforms and FFT

B 1 T 1 1
UL I | LU

VABn

0.2

0.1

0

=

T S o S
THD =80.2%
™ V4 =0.5667, ’
HHI.‘!II!II I|||II“|I|I I I|I!ll“llfl?ll'ulllﬂ'ulll'uI!ll”IIHIIIlII
1 5 10 15 20 25 30 35 40 45 50 55 60 n

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@@, 2006
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e Waveforms and FFT (Measured)

- THD =80.3%

0.1 >f——

(a) Waveforms 2ms/div (b) Spectrum (500Hz/div)

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@s}, 2006
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e Waveforms and FFT (Measured)

Vign! Vs Vaign!Va THD

\ (%)
~— n=1 \ > n=1
300
0.15 / 0.15 ></
\,f THD 200

/ 10 14 16
0.10 S
/ n=2 4 / \ n=19 17 |13 |1
g 0.05 / \%A:
L] ] Z

0.10

—_
~
w

0.05 / -

A 100

IS NN

LI NN

RIARNE

LN

\
prat
L~
0 ///_,//_, I 0 | 0
0 0.2 0.4 0.6 0.8 a 0 0.2 0.4 0.6 0.8 m,
(a) Even order harmonics (b) Odd order harmonics

( f,=60Hz and T =1/720 sec)

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@sg, 2006
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e Even-Order Harmonic Elimination

w (A w (A [aY w_' W (A} W w 4] w wq
VO I/5 V4 VO V4 VS VO VO V4 VS VO VS V4 VO
000 OOP OPP PPP OPP O0OP 000 PPP, OPP 010) 3 000 OO0P OpPP  PPP
A% A%
AN v, AN T v,
0 0
v v T
BN v, BNV 7,
0 0
VCN Vd vCN Vd
0 Y 0
0 0
V5 Vs
- Vd R -« Vd
Type-A sequence Type-B sequence

(starts and ends with [OOO]) (starts and ends with [PPP])

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr353, 2006
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e Even-Order Harmonic Elimination

1% SECTOR II
SECTORII b a
) _

SECTORIV 7/ SECTORVI 1yue B sequence
a //// yp q

I\ &Y

Vs SECTORYV 6

3. SECTORI

Type-A sequence
[4Y
» 1

Space vector Diagram

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@i{., 2006
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e Even-Order Harmonic Elimination

© THD = 80.5%

VIR

(a) Waveforms 2ms/div (b) Spectrum (500Hz/div)

e Measured waveforms and FFT

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE Pr355, 2006
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e Even-Order Harmonic Elimination

\ (%)
0.3 \ 300

\<THD/K_n:1
N

0.2 \ 200
17
/ ]
S~ / 19
0.1 \><>_< 13 100
— —
0 1 11 0
0 02 04 0.6 0.8 m,

( f,=60Hz and T =1/720 sec)

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P%, 2006
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* Five-segment SVM

I I e
= B
|
“l |||||| — —_ ] — —_— e —

@)
B (RS
|
[ I N S SR B
|
|
|

o s
_W_Vl. S xV Ta
_ o
|
|
o | T T =l <
EI-: N | e
_T |||||| A N P o
| o P =
_WVV W T;GA
L IR R N D N PR A
e
_ Q
Bl S
|
_ O
“l |||||||||||||||||||||

Q
_W_ — fw] 2
S By
[ AR DR R B
|
|
| o | &K

[\ L)

_mV. W . N N S
|
|
? ||||||||||||||||||||
_ )
R o
[ S DU N S
|

Q
lave & St e
_ N o _
r|||||||||:||M |||||| e

M < = ] & (]
- - -

(b) Sequence B

(a) Sequence A

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@s’?, 2006
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e Switching Sequence ( 5-segment)

- - o o - -
Il Il Il Il I Il
g 8 & e g 2
- -~ - - - -
mVo%Vo%Vo%Vo%Vo%Vo%
= G = £z = £z
bt e e e S e e
<
=
wnw N mnw N mnw_ N mnw N @mw_ N @nw N %
3 . @ ® Q @ ~
2 o o o o, o, o,
- o o =t P =t P =] o
,._.nnu = WHWV WHWV OnwV OHWV mnwV m
z
z g N mnw N mnw N mnw N @nw N @nw g m
-~ O O O O s
VomVomVo%VomVomVo%
G2 =) sz G = G
@ @ @ ® ® @
S
g o~ | 8 T | & | ~ | &

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P%, 2006
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e Simulated Waveforms ( 5-segment)

L AACAA

“27/3 || L ANANONA

LA A

WENIRInINInnan
47

| AL

| AL
27

LA A

| A AT

\ HHHHMWHT

Va

27

4

AN

v

AN

R

M 4

N

M

+ f,=60Hz, f, =600Hz, m_=0.696, T_=1.1ms

* No switching for a 120° period per cycle.

e Low switching frequency but high harmonic distortion

Textbook: Bin Wu, ‘High-Power Converters and AC Drives’, Wiley - IEEE P@Q, 2006






