Multilevel Dodecagonal and Octadecagonal
Voltage Space Vector Structures With a Single
DC Supply Using Basic Inverter Cells

Mathews Boby
Research Supervisors: Prof. K Gopakumar & Prof. L Umanand
Department of Electronic Systems Engineering (DESE),
Indian Institute of Science,

Bangalore-12, India.

13/04/2017




Outline

= ' [ntroduction
= Induction motor drive (IMD) systems
= 2-level 3-phase voltage source inverter (VSI)
= Hexagonal voltage space vector structure (Hex-VSVS)
= Multilevel VSI
= Harmonics

= Dodecagonal VSVS (Dod-VSVS)

= Features & advantages
= Prior works

= Octadecagonal VSVS (Oct-VSVS)

= Features & advantages
= Prior works

s Motivation for research

1 DESE, Indian Institute of Science, Bangalore, India 26 April 2017 2




Outline...
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Induction Motor Drive Systems

Induction motors are widely used in industrial applications, reasons
being

= Simple construction / low cost

= Rugged/ maintenance free / long life

= Variable speed induction motor drive (IMD) system:

Power
Source Power

Converter

Feedback

] Fig: IMD System
= Focus is on the power converter, to make the system

= Lower cost, smaller size, lower weight
= Reliable, efficient

1 DESE, Indian Institute of Science, Bangalore, India 26 April 2017 5




» Power circuit topology:
= 6 switches / 3 half-bridges

. Vyo =|-22,+%]; X = A,B,C

= State ‘1°:
« Top switch ON
= Bottom switch OFF

= 23 = 8 switching states in total

Vde/2T _S|l _Slﬁ _l';%

B|

Oe
S2

1 S4 S6
Vde/2T _| _| _|

Table 1: 2-level Inverter Switching States

110
010
011
001
101
000

111

Fig: 2-level VSI topology
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g ' VSVS from 2-level VSI:
= Obtained by plotting V,, Vg,V 1na 2D

“b-axis !B-axis

plane (af8 plane) using: V3(010)
i X |-
R / .
[Va] B L 2 2 [VA
Vg V3 3|, B
P00 = =)L v1(100)

i g V4(011
= Reference vector inside the hexagon( :

can be synthesized as:
VTefTS — VUTO + V6T1 + V5T2 \
V5(001

TS=T0+T1 +T2

\ (101)
y.-"C-EleS

= Radius of the in-circle: ?Vdc = 0.866V,, Fig: 2-level Hex-VSVS
= Peak phase fundamental output

« Linear modulation ra.ngezg * 0.866V,;,. = 0.577V,,

« 6 step mode (M=1): 0.637V,,
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Multilevel VSI

Vdc2T 2":}

O—o —A
a &
Vde2T ——

(a) 3L- Diode Clamped Inverter/
Neutral Point Clamped Inverter

Fig: Multilevel Topologies
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(b) 3L- Flying Capacitor Inverter

@]

o

8l
EI_ |

(c) H-Bridge Inverter

= ' Commonly used multilevel VSI topologies & VSVS:

K LT

ey

(a) 3L VSVS

/NNNNN
INAN/NNNN
NANNNNNN
AvAvAvAVAvAvAvA 2 ;axis
AN NNNNYN/
Y\ \Y\\'N\Y/
\AANNNLY
\VAVAVAVAV,

(b) SL VSVS

Fig: VSVS of Multilevel Topologies
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Hexagonal Voltage Space Vector Structure... % )| &

' In six-step mode / M=1:

= Peak phase fundamental output 1s:

101 :1005 110 010 : 011 3001 3101
V; =0.637V,, Vdc/2 A S S -
= Harmonic content of Vi : VAO o
wit
1
= I/H = ;Vl;n = 5,7,11,13 e -Vde/2
= Creates harmonic currents : S :
VBO : : Wr
s Problems with harmonics: ' '
= Creates torque pulsations
th th 3 Vv >
6", 12", ... order torque ripple co —
= Affects closed loop current control
= Requires filtering ovded| i
_ VdeA|—d L— i
= Power loss due to harmonic currents  van s —

L |

Fig: Waveforms during extreme overmodulation
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Harmonic Elimination & Suppression

= ' Harmonic current suppression:

= Use high frequency PWM
= Higher switching losses
= EMI issues
= Good only in linear modulation range

= Selective Harmonic Elimination PWM
= Limited modulation range
= Requires offline computations

= Use passive filters
= Efficiency degradation
= Bulky, good for high frequency harmonics
= Unsuitable for variable frequency operation
= DC-link utilization is poor

= Voltage space vector structures with more number of sides (12, 18, ...)
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Dodecagonal VSVS

» Dodecagonal Structure:
= Boundary is a 12 sided polygon
= 12 active vectors separated at 30° angle

= Vectors of magnitude V,

m Projection of vectors on a-axis and scaling
by 2/3 gives A-phase voltage

AR SR
V,(wt) ©V, !

Vi 1 Fig: Dodecagonal space
Va vector structure
-.‘anl
VO - 0
i ° o o o o t — 0
Vi N i e 0 6\())\‘(‘ vy = 2/ 3Vqcos (60°)
Vi V, = 2/3V,;co0s(30°)
-‘ V= 2/3V
" 3= 2/3V,
. Vs L
V 3

7

Fig: Phase voltage from dodecagonal structure
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Dodecagonal VSVS - Harmonics

» ' Harmonics spectrum:
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Fig: Harmonic spectrum of phase voltage from dodecagonal structure

s 6n t 1;n = odd order harmonics are absent

w 5t 7th 17th 19t | harmonics are eliminated form the phase voltage
» 12n+1;n=1,2,3 ... order harmonics are present
= Peak phase fundamental output is:

= 50Hz operation, 12-step mode, M = 1: Vje_gqoq = 0.659V,

2

= Linear modulation range is Vj;, = EVdcos(15°) = 0.644V,
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Dodecagonal VSVS - Advantages

»  Complete elimination of 6n + 1; n = odd order harmonics from
the phase voltage over entire modulation range:
= Absence of 6" order torque ripple, smooth torque generation
= Output filtering requirements could be avoided or relaxed
= Easy current control loop design

» Linear modulation range is extended till 97.7% of base speed

compared to 90.58% in a hexagonal structure
0.577V 4¢

= Hexagonal structure;: ———— = 90.58% = 45.3Hz (M=0.906)
0.637V 4,
= Dodecagonal structure: 3'?;:52 = 97.7% = 48.86Hz (M=0.977)
(For base speed of 50Hz)
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»  Octadecagonal Structure:

Octadecagonal VSVS

= Boundary is an 18 sided polygon

= 18 active vectors separated at 20° angle

= Vectors of magnitude V.,

m Projection of vectors on a-axis and scaling
by 2/3 gives A-phase voltage

V(W)

2001 60°1 100°! 140°1 189)°

22001 260° 300°! 340° wt

0° | 40°
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360

80° | 120°| 160°§ 200°| 240° 280°| 320°

Fig: Phase voltage from octadecagonal structure

- %14 vlﬁ
Fig: Octadecagonal structure
2

Vs = § Voct

2
Vy = 3 V,erc0s(20°)

2
V3 = =V,.cos(40°)

3
2
V, = 3 V,erc0s(60°)
2
vV, = 3 Vyctcos(80°)
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Octadecagonal VSVS - Harmonics

= ' Harmonics spectrum:
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Fig: Harmonic spectrum of phase voltage from octadecagonal structure

0 FaVaVal

m n+1;n=1,2,4,5,...order harmonics are absent

a5t 7th 11t 13t | harmonics are eliminated form the phase voltage
» 18n+1;n=1,2,3... order harmonics are present
» Peak phase fundamental output is:

= S50Hz/ 18 step operation / M=1: Vi,,¢_oce = 0.663V, ¢

= Linear modulation range is Vj;,, = %Voctcos(lﬂo) = 0.656V,;
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Octadecagonal VSVS - Advantages

m  Complete elimination of 6n + 1;n =1, 2,4, 5, ... order harmonics
from the phase voltage over entire modulation range:
= Absence of 6!, 12t" order torque ripple, smooth torque generation
= Output filtering requirements could be avoided or relaxed
= Easy current control loop design

= Linear modulation range is extended till 99% of base speed

0577Vae — _
= Hexagonal structure: 0637V — 90.58% = 45.3Hz (M=0.906)
= Dodecagonal structure: g’zzzd = 97.7% = 48.86Hz (M=0.977)
659V
« Octadecagonal structure: —2222<t — 9994, = 49.5H7 (M=0.99)
O.663Voct

(For base speed of S0Hz)
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Dodecagonal VSVS - Prior Works

m  2-level dodecagonal space vector structure for open-end winding

IM
2L Inverter []; /_\‘ AAA %‘ 2L Inverter '
DC-Link: —YYY 21 DC-Link: . P
Vde 0.366Vdc . 3
Fig: Topology for 2-level Dod-VSVS 8 1.225Vie “‘
Requires 2 DC -
| CquiIres SOuUrces o) 0.366Vic +

delivering active power
a DC links: V. & 0.366V,
= Only 2 level operation Fig: Dodecagonal vector generation

» [1] K. Mohapatra, K. Gopakumar, V. Somasekhar, and L. Umanand, “A harmonic elimination and
suppression scheme for an open-end winding induction motor drive,” IEEE Trans. Ind. Electron., vol.
50, pp. 1187-1198, Dec 2003.
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Dodecagonal VSVS - Prior Works

winding IM
3L Inverter %/_\‘ AAA %‘
DC-Link: e
C C
Vdc

3L Inverter
DC-Link:
0.366Vdc

Fig: Topology for multilevel Dod-VSVS

= Requires 2 DC sources
delivering active power

=« DC links: V;, & 0.366V,,

=  Multilevel dodecagonal space vector structure for open-end

_ o | Fig: Multilevel Dod-VSVS
= 6 concentric dodecagons giving a multilevel structure

= [2] A. Dasand K. Gopakumar, “A voltage space vector diagram formed by six concentric
dodecagons for induction motor drives,” IEEE Trans. Power Electron., vol. 25, pp. 1480-1487, June

2010.
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m  2-level dodecagonal space vector structure for open-end winding

Dodecagonal VSVS - Prior Works

IM using single DC source

/A

2L Inverter % ‘g
DC—Llnk _C Cl
Vdc

Capacitor fed
2L Inverter
DC-Link:
0.289Vdc

Fig: Topology for 2-level Dod-VSVS using single DC

source

= Requires only one DC source
delivering active power

s DC links: V. & 0.289V;, (capacitor fed)
s Only 2-level operation

Fig: Dodecagonal vector
generation

s [3] S. Pramanick, N. Azeez, R. Sudharshan Kaarthik, K. Gopakumar, and C. Cecati, “Low-order
harmonic suppression for open-end winding im with dodecagonal space vector using a single dc-link

upply,” IEEE Trans. Ind. Electron., vol. 62, pp. 5340-5347, Sept 2015.

S
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Octadecagonal VSVS — Prior Works

= 2-Level octadecagonal SVS first proposed in:

= [4] S. Lakshminarayanan, G. Mondal, P. Tekwani, K. Mohapatra, and K. Gopakumar, “Twelve-
sided polygonal voltage space vector based multilevel inverter for an induction motor drive
with common-mode voltage elimination,” IEEE Trans. Ind. Electron., vol. 54, DOI
10.1109/TIE.2007.899929, no. 5, pp. 2761-2768, Oct. 2007.

= Requires 3 DC sources delivering active power
= Only 2-level operation

= A 3-concentric multilevel octadecagonal SVS proposed in:

= [5] K. Mathew, K. Gopakumar, J. Mathew, N. A. Azeez, A. Dey, and L. Umanand, “Medium
voltage drive for induction motors using multilevel octadecagonal voltage space vectors,”
IEEE Transactions on Power Electronics, vol. 28, pp. 3573-3580, July 2013

= Requires 4 DC source
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Motivation For Research

= ' IS it possible to generate multilevel dodecagonal & octadecagonal
voltage space vector structures using a single DC source?
= Single DC source:
= Permits easy 4-quadrant operation
= Reduces cost and size of the system
= Multilevel operation brings:
= Lower switching frequency operation
= Improved voltage and current THD
= Lower EMI concerns
= Reduced filtering requirements
= Dodecagonal & Octadecagonal structure brings:
= Absence of low order harmonics in phase voltage
= Improved linear modulation range
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

= ' A drive scheme for an open-end winding IM to generate a

multilevel Dod-VSVS using a single DC source Is proposed.
= Obtaining a 2-level Dod-VSVS[1]

= Obtaining a 2-level Dod-VSVS using a single DC source[2]

= Obtaining a multilevel Dod-VSVS][3] using a single DC source

= Power circuit topology

= Dod-VSVS features

= PWM scheme

= Capacitor balancing

= Implementation

= Results
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

= ' Obtaining a 2L Dod-VSVS[1]:

INVI A A INV2

2L Inverter B B'| 2L Inverter

= (a) Method 1 DC-Link: [C 1 DC-Link:
Vdc Vsec

« INV2 DC-link is 0.366V,.
« Resultant vector is of 1.225V;,
« INV2 sources power

= (b) Method 2
« INV2 DC-link1s 0.268V ;.
« Resultant vector is of 0.896V,,
« INV2 sinks power

s [f we make fundamental voltage : , , ‘
output of resultant Dod-VSVS & : X Vseo = B268Vie
same as that of INV1, average power ‘ '
delivered by INV2 equals zero.

(b) Method 2 Y AN ’

Fig: Methods for generation of 2L dodecagonal VSVS
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

m  Obtaiming a 2-level Dod-VSVS using a single DC source[3]:

Fundamental output from resultant dodecagon = output from hexagon (INV1)
0.659V; = 0.637V,.; V4 = 0.966V ;.

Zero power delivered by INV2, replace DC source in INV2 by a capacitor
Vpseudo = O'R" = 0.259V;,£75°

O’P’ (inner vector) and O’Q’ (outer vector) PR Q

are averaged to get

dodecagonal vector O’R’ g qa=92

O
O’P’ is applied for k * T duration
O’Q’ is applied for (1 — k) = T duration, "

'

Fig: Generation of dodecagonal vector
using single DC source

Nominal k = 0.732, adjust k to balance INV2 capacitor voltage
= k> 0.732 charges & k < 0.732 discharges INV2 DC-link capacitor

« T is the duration for which OR’ is applied
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

= ' Obtaining a multilevel Dod-VSVS using a single DC source:

= A 6-concentric Dod-VSVS is
obtained from superposition of

two 2L Dod-VSVS o
« DODI1:[0,1,2,...,11,12] /
« DOD2:[0’,1’,2°,...,11°,12’] Cog
= Superposition example: 8 oo
« B1=DODI1[1]+DOD2[0'] .. ' o

« D2=DOD1[1]+DOD2[3’]
= F1=DOD1[1]+DOD2[1'] =&\ %
= and so on... ES

E10

L J
F10

F9
Fig: 6-concentric Dod-VSVS as superposition of 2 dodecagons
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

= ' 6-con Dod-VSVS as superposition of hexagons:
= DODL1 is generated using prereemaaenen oo,

! HEXI_PRI { HEX2_PRI

HEX1_PRI & switched averaged ”m L
vectors from HEX1_SEC % %

= DOD?2 is generated using e
HEX2_PRI & switched averaged | . ¢ci @ wposee ! | ARA
vectors from HEX2_SEC O i & il @

= 6-conc Dod-VSVSisobtainedas | |, | |
superposition of DOD1 & DOD2 L

= A3L Hex-VSVSisa
superposition of two % + %
2L Hex-VSVS

= Hence, 6-conc Dod-VSVSis 7 T X
obtained from HEX_ 3L_PRI and Fig: 6-concentric Dod-VSVS as superposition hexagons
switched averaged vectors from HEX 3L _SEC

q DESE, Indian Institute of Science, Bangalore, India 26 April 2017 26
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

m  Power Circuit Topology:
s DC-links:

V. =V ~ INVI INV2
prim = Tdc Primary Inverter Secondary Inverter
o Veee = 0289V, g, Y
= Device counts: oo Bophase E Wt Bi-phase TR
, does ettt Sttt b hemmmmmesmessstessccecceceoe. STC
= 12 half bridges {Spal A-phase Spa2’ {Ssal A'-phase Ssa2} &
= 7 capacitors : e C | o
Device volt S Ay ak
= Device voltage < Q I
ings: > ] | L | o | i |3
ratings: =} Cpa| S : B B'; Csal__gJ 5_2
= INVI:V,./2 =£1 TS _¢ —i R TS
¢ = T A A' = = i |Cs
. INV2: 0.1445V,, é Spa SIEE || i[ Ssal | S Ssa2
= Capacitor ratings: 0’ : E Z ° g Z : L O
« INVI:V,./2 P | E P [

--------------------------------------------------------

» INV2:
» FCs: 0.1445V,,
»« DC-link: 0.289V,,
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

= Topology:

= Open-end winding IM permits superposition of two VSVS
« HEX 3L PRI from INVI & HEX 3L SEC from INV2

120 .20

» Flying capacitor topology 1s used FA TRV AN AN

« INVI: 021 N 1010
« 0X =Vuc/2; 0Y = Vg e ?55.‘__ : zzzg )—60 ----- ,’E"'lz'% -------- 5200
= States: 2" - V., 1" > V;./2;°0" = 0 s Wi

INV2 012 é?é w201

- : \“‘" .“."-_ ,.' s

« 0X = 0.1445V,.; 0Y = 0.289V,, R

= States: 2" - 0.289V.; ‘1" - 0.1445V ;0" — 0 Fig: VSVSof 3L inverters

INV1 /PRI a — INV2 /SEC
-4 Bl ryyyubB' —
Vde™ 3L FC Inv C | 3LFC Inv _’|\0'289VdC

Fig: Topology for 6-con Dod-VSVS for open-end winding IM drive
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s Raw VSVS:

= Obtained by superposition
of primary and secondary
three-level hexagonal ’

structures
= Dodecagonal vectors !%:flL
are generated using A‘V‘ ;

vectors from

v
primary inverter V‘v‘ﬂ
) J

Lw

= Pseudo vectors are
generated by switched
averaging of two vectors
from secondary inverter
Fig: VSVS obtained by superposition of primary and

secondary hexagons
DESE, Indian Institute of Science, Bangalore, India

LSRN
»"}‘!%f

[s

s VA
,_A .‘&\‘WA
\‘*‘%1\\\&7

.-_!1 \—“"”r’
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

s  Example of dodecagonal vector generation using pseudo vectors

(dotted lines):

= Space vector structures are subtracted

because of open-end winding connection 110 210
221

= Vector 13 generated by
averaging 101 and 112

ABL
A TATI, TAVA

with k = 0.732
= Vector 61 generated by 000
averaging 202 and 102 222

withk' =2k —1 = 0.464
« k' = 0.464 used for vectors

49,51,53,55,57&591nE
and all vectors (61 to 72) in F

= Prevents exceeding machine phase
voltage rating & reduces INV2 dv/dt

ﬂ DESE, Indian Institute of Science, Bangalore, India

0 VLN YA

Part of FC inverter 3 level hexagon
— CHB inverter 3 level hexagon
= = Pseudo vectors
mm Part of resultant space vector structure

Fig: Dodecagonal vector generation
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

= ' Space vector structure: B-axis

= 6 concentric dodecagons: A-F

= 73 vectors including zero vector
= Two types of dodecagons:
« Typel: B, D, F
« Type2: A,C,E 66
» Ry:Rg:R-:Rp:Rp:Rp =
cos(752):cos(60°):
cos(459):cos(30°):
cos(15%):cos(0?) 67
= Rp =0.966V,.

= Density increases at higher
modulation range

(Y-axis
&
a-axis

= Dodecagons are formed in a - ’V
switched average sense Fig: Resultant 6-con Dod-VSVS
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

s PWM Scheme:

= Sampled reference based SVPWM timing calculation 1s implemented
VierTs = VoTo + ViTy + V5T,
To=Ty+T, + T,
= [Vy, V1, V,] are the adjacent vectors to V.. forming a triangular boundary

« T is the sampling duration

« [Ty, Ty, T,] are durations for which[V,, V;, V5] are applied
= Aimisto find [V, Vq, V5] & [Ty, T1, T3]
= Involves:

= Sector identification

« Dodecagon identification

= Triangle identification

= Vector selection from a LUT

Fig: Reference vector example 72
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

s PWM Schemel: . T,/2
. g ToN) + (T1/2) + (T2/2) + (k x To/4)
= Conventional SVPWM if DEAE
sequence e 0/4) + (T1/2) + (k * T/2)
.VU_}Vl_)VZ_)VO T
-V, =V, =V, Td (To/4) + (T1/2)
E _)ﬁ E E ¢ 0/4)+(k*T1/2)
"y L2202 /
2 4 % Ty To/4
- . - ; - 2 T, k*il’o/ﬁl
« k=0.732(0.464) atSS  pwm, t
_ PW M,
= When a vector I/, is PWM,
applied from INV1, f;%ﬁd
V. & V2 is applied ﬁ%ﬁ;
from INV2 Vectors
) from | Vg Wi Va Vi Va Vi Vo
= Schemel is used for e | Ve ve e v W Vi VW
lower modulation ranges fom Vel v v VW Vi W

Fig: PWM Schemel
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

s PWM Scheme?2:

» Take advantage of the denser SVS P
. . . . =l1+1g+(k*x12
at higher modulation indices Ty !

» Vi Vo2 VatorTy =Ty = T T=Ti + Ty
= Reduced switching T, LB To/D + (L= k) 1))

= Quasi-square output from INV1 T, To=T + (k+ To/2)

Ty=T

Ty T,=(1—-Fk)*T}

PWM,
PWM,
PWM,
PWM,
PWM,
PWM;

Vectors|

pr%%rﬂlv‘ Vi Vo V2

Vectors| - I
rom Ll . .’ - 2 — .
sec inv yVy’ Vi |74 |7 Vs

®
Fig28: Vector switching in PWM Scheme2 Fig: PWM Scheme?2

Y
A
Y
A
Y

-

Y

A
3

A
Y
°Y
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

» ' Capacitor Balancing:

= Flying capacitor balancing:

» Utilizing pole voltage redundancy available in generating % pole
voltage (switching state 1).

Sensed .
Current Switches

Capacitor
\oltage

Pole Vol
Turned ON ole Voltage

S
+ Ydc pal V _ V
cha < 2 & Spa2b dc Cpa

_ VdC Spal Va.—V.
cha < 2 &Spa2b ae ‘pa

VdC SpaZ

- _ac V
cha < 2 & Spalb Cpa
V SpaZ
+ _dc v
cha > 2 & Spaip “pa

Fig: FC voltage balancing Table: FC voltage balancing
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

» ' Capacitor Balancing:

= Secondary DC-link capacitor balancing:
Is naturally balanced

Forced balancing used for startup and to meet non-idealities

A simple control loop adjusting value of k
k > 0.732 (k' > 0.464) increases capacitor voltage (INV2 sinks power)
k < 0.732 (k" < 0.464) decreases capacitor voltage (INV2 sources power)

= Vector check logic selects k or k" depending on vector to be applied

Vres—» | H u 2:1
0.289V 11k IMUxr
‘/C [%7 ‘/11 Vé] VCCtOI'
Check

Fig: Secondary DC-link capacitor balancing
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

m  Capacitor Design: Primary side flying capacitors

= Nominal operating voltage = V. /2

= Capacitors are bypassed during states 0’ & *2’, balancing has to be done
whenever state *1’ is applied

= Design:
= Peak current through capacitor (phase current) = I, (A)

Sampling time duration (duration for which state *1’ is applied) = T (s)

Nominal capacitor voltage = V.. (V)
Allowable capacitor voltage ripple =7 (%)
100% Iy T

r*Ve

Capacitor value, C =

» Example: For 50Hz operation at 12spc, V. = 100V, I;, = 104 and target
100+10%( -

)  3333u8
5x100
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

m  Capacitor Design: Secondary side flying capacitors

= Nominal operating voltage = 0.1445V,;,

= Capacitors are bypassed during states 0’ & *2’, balancing has to be done
whenever state *1’ is applied

= Design:
= Peak current through capacitor (phase current) = I, (A)

Sampling time duration (duration for which state *1’ is applied) = T (s)

Nominal capacitor voltage = V.. (V)
Allowable capacitor voltage ripple =7 (%)
100% Iy T

r*Ve

Capacitor value, C =

» Example: For 50Hz operation at 12spc, V. = 28.9V, [;, = 104 and target

100*10*(L

600) = 11534uF
5%28.9
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

m * Capacitor Design: Secondary side DC-link capacitor
= Nominal operating voltage = 0.289V,,. Secondary Tnverter
w I =sgn(Sy —1) +sgn(Sgp — 1) + sgn(S¢ — 1)
= Example: 210
o e, =14+ 1+
= Ic, = =21
= Worst case capacitor currentis 21,
100%2 [ *Tg
TV,

0.289V,/2
| L‘-

= Capacitor value, C =

= Example: For 50Hz operation at 12spc,
V. = 57.8V, I, = 104 and target r = 5%:

100 + 2 % 10 * (6(1)0)

A \_/ O
5%57.8 = 1154uF —|§5Clb —IgsCZb

Fig: Secondary inverter capacitor current for

state 210
q DESE, Indian Institute of Science, Bangalore, India 26 April 2017 39
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

= ' [mplementation:

w V. =200V Speed Reference
V 57 8V TMS320F28334 DSP Xilinx Spartan XC35200 FPGA
= Y
" Tsec - Triangle Triangle To Vector To
= SKM75GBI12T4 V£ Control—{ ‘“ptite & o Vector [ Switchin
(75A, 12 0 0V) Cal cu&atmn Decoder State Iieco er
IGBT half-brldge SB%"‘E,?S? | pwm PwM | Ssv:;i&(éh%r(l)g
based inverters Controller | | Module Decoder | | Gating Pulse
= 3phase currents, S . r v
) Flying Capacitor Dead Time
capac:ltor volta ges, : Voltage Controller Insertion
i ) )
Vac & Vs are sensed o
. Ve, Vo, | itaatly e T Ve, Vo
= Capacitors: i " A
ate Drive ate Drive
= INV1 FC: 2200uF —> Secondary Primary 75
‘12| Inverter’ | AB'C' Inverter
« INV2 FC: 2200uF

Fig: Hardware implementation block diagram

« INV2 DC-link: 2200uF
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

= ' Implementation:

Fig: Hardware implementation
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

m ' Steady state results:

10Hz (M=0.2) Operation — 48spc - PWM1 30Hz (M=0.6) Operation — 24spc — PWM1

ML

| - lll
m

|

..-«WMMN MWM M o4 —— el | p—————

e——
——

-

4
e - s T el e e -

Fig: Vdc=200V (1) Phase voltage, 50V/div, (2) Primary Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Primary

inverter pole voltage, 100V/div, (3) Secondary inverter inverter pole voltage, 100V/div, (3) Secondary inverter
pole voltage, 50V/div, (4) Current, 2A/div; X-axis: pole voltage, 50V/div, (4) Current, 2A/div; X-axis:
20mS/div 10mS/div

= Higher frequency switching happens in secondary inverter at low voltage
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

= Steady state results:

40Hz (M=0.8)Operation — 12spc — PWM2 45Hz (M=0.9)Operation — 12spc — PWM2

G R I N o
g Wil — T e — T gl i
AU R R 1L
] ]
@ | =
LT T O A T L
SHDE =N S PPN = S = N A SO i . . S —
Fig: Vdc=200V (1) Phase voltag(;, 100V/div, (2) Primary Fig: Vdc=200V (1) Phase voltage, 100\;/div, (2) Primary
inverter pole voltage, 100V/div, (3) Secondary inverter inverter pole voltage, 100V/div, (3) Secondary inverter
pole voltage, 50V/div, (4) Current, 2A/div; X-axis: pole voltage, 50V/div, (4) Current, 2A/div; X-axis:
10mS/div 5mS/div

= Primary inverter switches in quasi-square mode, switching losses are reduced
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

= Steady state results:

50Hz (M=1), 12 step mode — 12spc — PWM2 FFT - 50Hz (M=1)Operation — 12spc
g24 ' (a) FFT - Primary Inverter Pole Voltage, 50Hz operatlon
NWLL S a0 i~ 2
A T e A R T |
he AT o % 123256 78 01011121314151617 18 19 20
‘ 9 60p (b) FFT - Secondary Inverter Pole Voltage, S0Hz operation
g401 I
A 5”‘20- 1
S S - o - 0 ? o, 1,0,
ciJ uuul_l\_/ﬂ,fd_]uuuuu[ﬂ_rﬂ [__JL_JUU 0123 45 6 7 8 91011121314 1516 17 18 19 20
"% ¢ (o) FFT - Motor Phasé Véltage, S0Hz opération
o Vadiitun=Ng N - 5. 807
0012314567891011121314151617181920
Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Primary Fig: FFT of (a) primary inverter pole voltage; (b)
inverter pole voltage, 100V/div, (3) Secondary inverter secondary inverter pole voltage; (c) motor phase voltage;
pole voltage, 50V/div, (4) Current, 2A/div; X-axis: X-axis: Harmonic number; Y-axis: Voltage
10mS/div

= Prim inverter pole voltage is square waveform in extreme overmodulation
= No fundamental voltage contribution form secondary inverter
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

m ' |ransient results:

10-48Hz (M=0.2 to 0.96) Acceleration — 12spc ~ Startup — 48Hz (M=0.96)

*10-48Hz acceleration, Y : (1) 100V/div (2) 50V/div (3) 50V/div (4) 2A/div X : 1S/div * 48Hz startub, Y: (I)VIOOV/di\Vf (2) 50V/div (3) ZOVIdiv (4) 5A/MdivX: IS/div

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Sec flying Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Sec flying
cap, 50V/div, (3) Secondary DC-link, 50V/div, (4) Current, cap, 50V/div, (3) Secondary DC-link, 50V/div, (4) Current,
2A/div; X-axis: 1S/div 2A/div; X-axis: 1S/div

= Capacitor voltages reaches steady-state without the need of any pre-charging
circuitry, voltage balancing happens inherently with the PWM
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Multilevel Dod-VSVS Using a Single DC

Source for an Open-End Winding IMD
= ' [ransient results:

Secondary DC-link Controller Testing

Flying Cap Voltage Controller Testing

B 1 G R

.

[RRLLA]
s 1
R, i
2 A = 2} ! A "‘“‘“~—~__.___i§w-~""
- ______,—“x\\\‘_-f‘ cs-Tg—uww-h~H—--n€——“~'*‘v““*-~,~‘_

——

AL L\f\ﬂ AANAAMAAARAAA AR A MR A IR AR ALY
WAV POVl TRV IV v

—

Capacitor unbalance, Y : (1) 100V/div (2) 20V/div (3) 50V/div (4) lA;’div X : 2S/div $Capacitor unbalaﬁce, Y : (1) 100V/div (2) 20V/div (3) 20V/div (4) 2A/;11v X : 200mS/div
Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Sec flying Fig: (1) Phase voltage, 100V/div, (2) Pri flying cap,
cap, 20V/div, (3) Secondary DC-link, 50V/div, (4) Current, 20V/div, (3) Sec flying cap, 20V/div, (4) Current, 2A/div;
1A/div; X-axis: 2S/div X-axis: 200mS/div

= Controllers are disabled at point A and then re-enabled at point B
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

m  Conclusion:

= A multilevel dodecagonal space vector structure using a single DC source for
an open-end winding IM is obtained

= Four quadrant operation 1s easier since only one DC source 1s required

s 6n t 1,n = odd order harmonics in the phase voltage are eliminated over
the entire modulation range

= Dominant 6" order harmonic torque generation avoided
= Switching losses are less both in primary and secondary inverters
= Multilevel structure brings advantages like lesser dv/dt and better THD

= No capacitor pre-charging circuitry is required, voltage buildup & balancing
happens inherently with PWM

= Linear modulation till 48.83Hz (0.622V;,)
= Machine phase voltage rating never exceeded
= Suitable for high performance medium voltage IM drive applications
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

= ' A drive scheme for a star connected IM to generate a multilevel
Dod-VSVS using a single DC source Is proposed.
= Power circuit topology
= Dod-VSVS
= Capacitor balancing
= PWM Scheme
= Implementation
= Results
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

s Power Circuit Topology

FC inverter followed by QT phase T T ;
a cascaded H-Bridge (CHB) ;- 217777 "Bophase” """ """""""%
. ‘ Sal Sa2 A-phase !
12 half'bridges: K, Sa3 .
A7 Sad
= G rated for V. /2 8 |°%
ratea 1or dc/ 1, T S Ca1—|_ A'_l anaz_l mh}
= Orated for 0.1445V,, =5 __ 3T _ IT
p o al Sa2 | = = M
capacitors: s EI_DI_ILZ ) I_Xli?_ 5 {Sad
« 3rated for V;./2 LT T )
« 3 rated for 0.1445V,, Fig: Power circuit topology for 6-con Dod-VSVS for star
d IMD
Pole voltages: Fonmnecte

= Vao =Vao+ Vau
Vac
= Vyo € [OITd:Vdc]
V, v € [0.1445V,.,0 & + 0.1445V,,]
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

m Space Vector Structure

= Obtained by superposition of VSVS of FC and CHB
= For FC inverter: 020 120 20

« OX =—5,0Y = Vg
—y 021 @ O g S 210
= Pole voltage (V) for switching state A A
2 Vac e Ol 0008 o 100 N 0
. 1227, 1110 Ak 211
1" % 2‘ 220 O Jsor X Y
0:0 00l Aot
_ O12 Qoo @ 575w 201
= For CHB inverter:
« 0X = 0.1445V,.; 0Y = 0.289V,, [ < A
) ) _002 10 202
« Pole voltage (V,4/) for switching state Fig: VSVS of 3L FC & CHB
. inverters
2': 4+0.1445V,,
10

0’ —0.1445V,,

DESE, Indian Institute of Science, Bangalore, India 26 April 2017 50



Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

= 'Raw VSVS: AYAVaWAYAYaNWAVAY S

= Obtained by superposition
of primary and secondary
three-level hexagonal
structures

= Dodecagonal vectors
are generated using
vectors from
primary inverter

= Pseudo vectors are :
generaFed by switched g@‘.‘, ‘ .

QN D [, Oy _
averaging of vectors N gfyaaiﬁg"}%
from secondary inverter S S, ST TR SV

Fig: VSVS obtained by superposition of primary and

IRPRRRIHRY

secondary hexagons /. YN m== Dodecagon
ﬂ DESE, Indian Institute of Science, Bangalore, India 26 April 2017 51
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

s  Example of dodecagonal vector generation using pseudo vectors

(dotted lines):
= Space vector structures are added 140
together instead of subtracting 221 273
as in the case of open-end winding , 61

= Vector 13 generated by
averaging 101 and 112
with k = 0.732 111

= Vector 61 generated by

LV g
A TAC I T VA
Y VAN ALV AvAY;
i\ TS

« k' = 0.464 used for 101

odd-numbered vectors in E
and all vectors in F

« Prevents exceeding machine phase
voltage rating & reduces INV2 dv/dt

ﬂ DESE, Indian Institute of Science, Bangalore, India

Part of FC inverter 3 level hexagon
— CHB inverter 3 level hexagon
= = Pseudo vectors
mm Part of resultant space vector structure

Fig: Dodecagonal
vector generation
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m ' Three vector switching:

Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

Some of the dodecagonal vectors
lie inside a triangle of secondary hexagon

Switching the vectors forming the
triangular boundary results in
reduced dv/dt in the phase voltage

For example, dodecagonal vector 48:
= Could use vectors 120 and 210
k=0.7321s used
« But vectors [120, 220, 110] are used '
[kﬂ: K1, k2] = [0.464,0.268,0.268] Fig: Dodecagonal

vector generation using 3 vector switching

Dodecagonal vectors having three vector
switching are: 26, 28, 30, 32, 34, 36, 37, 38, 39, 40, 41, 42, 43, 44, 45, 46,
47, 48, 50, 52, 54, 56, 58, 60

Requires three k values: [kg, kq,k5]; ko +ky +k, =1
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

m  Set of k values used:
= Denoted as [kg, kq, k] kg +ky + Ky =1

Dodecagonal Vectors

0,2, 4,6,8,10, 12 [1,0,0]
1,3,5,7,9, 11, 13, 14, 15, 16,
17, 18, 19, 20, 21, 22, 23, 24, [0.732, 0, 0.268]

25, 27, 29, 31, 33, 35

26, 28, 30, 32, 34, 36, 37, 38,
39, 40, 41, 42, 43, 44, 45, 46, [0.464, 0.268, 0.268]
47,48, 50, 52, 54, 56, 58, 60

49, 51, 53, 55, 57, 59, 61, 62,
63, 64, 65, 66, 67, 68, 69, 70, [0.464, 0, 0.536]
71,72

Table: k-value sets used for secondary inverter vector switching

= An LUT stores this information inside the digital controller
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

= ' Space vector structure: B-axis

= 6 concentric dodecagons: A-F

= 73 vectors including zero vector
= Two types of dodecagons:
« Typel: B, D, F
« Type2: A,C,E 66
s Ry:Rg:R-:Rp:Rg:Rp =
cos(752):cos(60°):
cos(459):cos(30°):
cos(15%):cos(0?) 67
= Rp =0.966V,,

= Density increases at higher
modulation range

(Y-axis
&
a-axis

= Dodecagons are formed in a - ’V
switched average sense Fig: Resultant 6-con Dod-VSVS
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

» ' Capacitor Balancing:

» FC capacitor balancing (C,q,Cp1, C-1) 1s same as explained before
s CHB capacitors (C 5, Cp5, C2) have to be balanced individually
« Adjusting k value
= Capacitor voltage ripple depends on applied state and phase current direction

&
S \1 Ss:’\Z S sAl SsA2 S \l Ss,\l Sw\’l
i =C,, A =C,, Ag==ij e IN =C,, A' =C,, Ag==i,
S sAlb Sz S SAlb Scaz S sAlb SSE S sAlb Ss;
L & 9 ®

(a) State 2; ia +ive; Cap discharges (b) State 2; iA -ive; Cap charges (c) State 1; 1A +ive; Cap bypassed (d) State 1; 1A -ive; Cap bypassed

4 \ 4 9 \ 4
S sAl Sz Saz S, sal | Seaz S, AL | Sia
i A’ ~Caa A ~Ca A iA 1 A ~Cia A’ ~Ca A iA
S sAlb Sqazm Seats Scam S Alb S&E S sAlb Ss;
& L g

9 .
(e) State 1; 1A +ive; Cap bypassed  (f) State 1; ip -ive; Cap bypassed (g) State 0; ip +ive; Cap charges (h) State 0; ia -ive; Cap discharges

Fig: CHB inverter switching states, currents and effect on capacitor

Y|
A\l
AY |

0.1445Vdc
\

0.1445Vdc
0.1445Vdc
0.1445Vdc

0 14<l|5VdC
AY|
Ay |
AY|

0.1445Vdc

0.1445Vdc
0.1445Vdc
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

s CHB Capacitor Balancing:

State “2' discharges & 0’ charges cap for a positive current
State "2’ charges & "0’ discharges cap for a negative current

CHB capacitors are naturally balanced, forced balancing is required during
startup and to meet non-idealities

CHB capacitors (C,5, Cpo, Co») have to be balanced individually
« Adjusting k value

Forced balancing depends on the vectors applied from CHB inverter to
generate the pseudo vectors. Example:
= 020 & 120 (to generate vector 61)
Modifying k affects A-phase cap only
= 102 & 201 (to generate vector 37)
Modifying k affects A & C-phase caps

« 200 & 201 (to generate vector 69)
Modifying k affects C-phase cap only

ﬂ DESE, Indian Institute of Science, Bangalore, India 26 April 2017 57



Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

= CHB Cap Balancing:

= Consider CHB vector pair 200 & 201(to generate vector 69)

=« Assume 200 & 201 are switched averaged over time duration T,
200 applied for kT, duration & 201 applied for (1 — k)T, duration

= A-phase: State 2 applied for entire T, duration

« B-phase: State 0 applied for entire T,. duration
« C-phase:
State 0 applied for k * T,. duration
State 1 applied for (1 — k) * T, duration
« Changing the value of k affects only C-phase capacitor
« For positive C-phase current:
Applying state 0 for longer duration charges C-phase cap
Applying state 1 for longer duration discharges C-phase cap
« For negative C-phase current:
Applying state 0 for longer duration discharges C-phase cap
Applying state 1 for longer duration charges C-phase cap
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

= ' CHB Cap Balancing: B-axis

= Dodecagonal vectors
1,7,13, 18,19, 24, 25, 30, 31,
36,37,42,43, 48, 49, 55, 60,
61, 66, 67 & 72 are used for
balancing A-phase cap (C,»)

= Vectors shifted 120°& 240° 61
to above vectors are used (v-axis
for balancing B-phase & a-axis
C-phase caps (Cpy &C,y) .

respectively
» SVL in RED used for A-phase cap
= SVL in GREEN used for B-phase cap
= SVL in BLUE used for C-phase cap W
= Stored inan LUT _ f

Fig: Vectors used in capacitor balancing
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

. €
=  CHB Cap Balancing: VCT@—A-
B Capamttf)r voltage errors v er | s Window
are obtained and checked "G Comparator
whether they are within v ' g e
@ band Ci ghflse Gen%lgtion Ak,
= Polarity of error Ve g INPEE 21
olarity o ) 0.1445v, ~ 2 MU
. . : dc A
direction of currentand 0—>
control sense are used to Ledir )
generate polarity of Ak
. 1 ir
= LUT gives the k values — ) Y
Phase k Value CoL b
and the control sense Select | | Modifier [~ K0 K1 K]
= Control sense: Sense \
. E— LUT
= Which k values Dodecagonal [k, k.. k]
to modify Vector V —

= In what direction to modify
increase or decrease)

DESE, Indian Institute of Science, Bangalore, India

Fig: CHB capacitor voltage controller
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

m  Capacitor Design:

= Flying capacitors design 1s same as before
« CHB capacitor design:
=« Nominal voltage =0.1445V,,
= CHB capacitor charges when state "0’ is applied
= CHB capacitor discharges when state “2" is applied
« CHB capacitor is unaffected when state “1’is applied

=« Design CHB capacitors for longest duration for which state "0’ or *2" is
applied (Tg¢2) with peak current flowing through them
(100%Iy*Tsto2) 1
TV, P OSE0Z T spesfin
= Example: For 50Hz operation at 12spc, V;, = 28.9V, I, = 104 and target

_ cos. 10010
r=5%:C = itortions = 11534uF
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

s PWM Schemes:
s Schemel

m 0-1-2-0-2-1-0 seq
s Timing values
To, Tq, T

and vectors

VO: Vlr VZ
obtained

as before

= Schemel 1s
used at lower :
modulation pop[ 7 T T 7 T 7 T
indices N |

2
2

T
v
720
701
v
?21
v
=
V?Q
720
v
v
7lﬂ
Vi
T/}22

e~}
o
3
sec '<\L
=g
<
k]
<
(k-]
=

vV,
'71117‘1' ?g i
L‘H < J 9

T

=IREIREREE
To =

0
sec
0

00

]
75(% 1 [;\\L
12 ~.

(0]
sec
0

9 o

[ Q=

no noy
N S
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

= PWM Schemes:
= Scheme?2
s 1-0-2 sequence

= Scheme2 is
used at higher
modulation
Indices

= Results in
quasi-square
switching of
primary inverter bW

Vi
G
Vi
Vv
Vs
Vi

SECIm |7 | il el N SOl Fe

Y
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

s Implementation:

Speed Reference

- Vd c = 200V : TMS320F28334 DSP Xilinx Spartan XC3S200 FPGA
I(;l;ll?inl(} % Triangle To Vector To
V/f Control— Timi Vector > Switchin
s SKM75GBI12T4 Cal%lllalllt%on Decoder State Decoder
(75A, 1200V) =R ¥ sWichjng
: Capacitor | .| PWM PWM _
IGBT _half'bndge Vglta e | Module Decoder [ Ga?t}gtgPTlﬁse
based inverters Controller |" -
Flying Capacitor Dead Ti
Voiccagge Copntroller Iﬁiemg}}e
= 3phase currents, 1 T B
. @5 03 Loy L Vs YOy
capacitor voltages & " [Tmeomm
V4. are sensed S| FC & CHB |«
ABC Inverter 24
— Modules

= Capacitors: Fig: Hardware implementation block diagram

« INV1 FC: 2200uF
« INV2 CHB: 2200uF
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

= ' Implementation:

rey N

—
| —
—
—

i
i il

Fig: Hardware implementation
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

m ' Steady state results:

10Hz (M=0.2)Operation — 48spc - PWM1 30Hz (M=0.6) Operation — 24spc - PWM1
| : il .‘_I Ll
LA mmm . | o ey ey

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC
inverter pole voltage, 200V/div, (3) CHB inverter pole inverter pole voltage, 200V/div, (3) CHB inverter pole
voltage, 100V/div, (4) Current, 1A/div; X-axis: 20mS/div voltage, 100V/div, (4) Current, 1A/div; X-axis: 10mS/div

= Higher frequency switching happens in secondary inverter at low voltage
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

= Steady state results:

40Hz (M=0.8) Operation — 24spc - PWM1 48Hz (M=0.96)Operation — 12spc - PWM?2
HW

JWW%‘M%& W W NHWWM}' i L
o %" l“w ; RS B LT

Wyt iyt My~ ot “‘%w

e

H

N

RS |y | i [ |
| PP iAghd My Jli

_ L

Inf}

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC
inverter pole voltage, 200V/div, (3) CHB inverter pole inverter pole voltage, 200V/div, (3) CHB inverter pole
voltage, 100V/div, (4) Current, 1A/div; X-axis: 5mS/div voltage, 100V/div, (4) Current, 2A/div; X-axis: 5mS/div

= Primary inverter switches in quasi-square mode, switching losses are reduced
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

= Steady state results:
50Hz (M=1), 12-step mode — 12spc — PWM2 FFT - 50Hz (M=1) Operation — 12spc

150
! e FFT'- Motor Phase Voltage' ' ' ' 7
rm mfwﬁw [m 100
L T
Y
o Lwﬂj Lw.mj 150 1 Harmonic Il\Ilumk%erl3 T
o T ' T l ‘ L] ] FFT'-Pr'ima'ry Inverter Pole Vohagé L] 1 ]
2 : 100
3 ' 50 t ]
- B v | APUK 2PN )
| HJM_JJF"WM hloeloelotoetotoooesoe,ns

Harmonic Number

) Ny S | G

BT T T T34 FFT - Secondary Inverter Pole Voltage ' ' ' '

, , 20t 1
Wog T TN ]

i A\

— 04— '_f1f213"'171'819
Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC inverter Harmonic Number

pole voltage, 100V/div, (3) CHB inverter pole voltage, Fig: FFT of (a) FC inverter pole voltage; (b) CHB inverter
100V/div, (4) Current, 2A/div; pole voltage; (c) motor phase voltage;

= Primary inverter switches in square wave mode
= No fundamental voltage contribution form INV2/CHB inverter
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

m ' |ransient results:

10-48Hz (M=0.2 to 0.96) Acceleration — 12spc Startup — 48Hz (M=0.96)

i
] i
| I‘t | ‘F ‘ ‘“ E i o 1 .
il | f \ ‘ ‘ f ;
I 5 | mIHn

| v
[ I
| E Rl i !
i { ] I
i i ¢ | H
f i i i
i Y Ul K
B Ml 110 o
B T |
] 1
1 I
i 1
1 1 I
1 !
i i

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) Sec flying  Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC inverter
cap, 50V/div, (3) Secondary DC-link, 50V/div, (4) Current,  flying cap, 100V/div, (3) CHB inverter floating cap, 50V/div,
2A/div; X-axis: 1S/div (4) Current, 5A/div; X-axis: 1S/div

= Capacitor voltages reaches steady-state without the need of any pre-charging
circuitry, voltage balancing happens inherently with the PWM
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

m | ransient results:

CHB Cap Voltage Controller Testing

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC
inverter flying cap, 50V/div, (3) CHB inverter floating cap,
20V/div, (4) Current, 1A/div; X-axis: 1S/div

= Controllers are disabled at point t1 and then re-enabled at point t2
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Multilevel Dod-VSVS Using a Single DC
Source for a Star Connected IMD

m  Conclusion:

= A multilevel dodecagonal space vector structure using a single DC source for
a star connected IM 1s obtained

= Four quadrant operation is easier since only one DC source 1s required

s 6n *+ 1,n = odd order harmonics in the phase voltage are eliminated over
the entire modulation range

= Dominant 6" order harmonic torque generation avoided
= Switching losses are less both in primary and secondary inverters
= Multilevel structure brings advantages like lesser dv/dt and better THD

= No capacitor pre-charging circuitry is required, voltage buildup & balancing
happens inherently with PWM

= Linear modulation till 48.83Hz (0.622V,.)
= Machine phase voltage rating never exceeded
= Suitable for high performance medium voltage IM drive applications
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

s Oct-VSVS using single DC source
= Two-level
= Extension to multilevel

= Topology

= PWM scheme

= Capacitor balancing & design
= Implementation

= Results
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

=’ Octadecagon Using Single DC Source:

= Octadecagonal vectors generated in a switched-averaged sense
= Two Inverters, primary and secondary; two hexagons, primary and secondary

= Pseudo vectors are generated from secondary hexagon to form octadecagonal
vectors

= Example
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

=’ Octadecagon Using Single DC Source:

= Octadecagonal vectors generated in a switched-averaged sense
= Two Inverters, primary and secondary; two hexagons, primary and secondary
= Pseudo vectors are generated from secondary hexagon to form octadecagonal

vectors
= Example
= Primary inverter applies vector OA R >
= Secondary inverter \p

generates pseudo vectors
Vp1l8, Vpl, Vp2 :
= V18 =0A+Vpl8 0
V1l =0A+Vpl
V2 =0A+Vp2

Fig: Octadecagonal Vector Generation
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

m  Octadecagon Using Single DC Source:

= [fthe resultant octadecagon generates fundamental voltage output
equal to the fundamental voltage output from primary inverter:

= Secondary inverter delivers zero average power R >
s The condition is given by: AP

= Voct=|V18| = [V1| = [v2|

= 0.637Vdc = 0.6637Voct !

= Voct =0.9598Vdc

= Values of Vp18, Vpl, Vp2 found using
vector algebra P Q

1 . Fig: Octad | Vector G ti
m Slng]e DC source operation ig: Octadecagonal Vector Generation

= DC source of Vdc for primary inverter
= Secondary inverter DC-link maintained using capacitor
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD
Octadecagon Using Single DC Source:

Values of Vpl18, Vpl & Vp2 (pseudo vectors) are:
= Vpl8 = 0.3426Vdcz —106.63°
= Vpl = 0.0402Vdcz180° 4P
= Vp2 = 0.3426Vdcs106.63°

Secondary inverter DC-link 5
voltage Vsec =0.379Vdc

Pseudo vectors are generated
In a switched-averaged SCNSC. Fig: Octadecagonal Vector Generation
s Vp2 *Tg = [AR * Ty * k| + [AS * Tg * (1 — k)]
s T is the duration for which V2 hasto be applied & 0 <k < 1
= k = 0.7587 is obtained

Similarly other pseudo vector values and ‘k’ values are obtained

ﬂ DESE, Indian Institute of Science, Bangalore, India 26 April 2017 76



Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

=’ Octadecagon Using Single DC
Source:
= Requires two 2-level inverters

= The structure is only
a 2-level octadecagon

= How to get a multilevel
structure using single
DC source?

« Generate two
Independent
octadecagons & take
superposition of all vectors

= 162 active vectors forming a
9-concentric octadecagonal
structure is obtained

Fig: 2-level Octadecagon Generation
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

= Superposition:

Fig: Superposition of two 2-level octadecagons
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

= Superposition:

Fig: Superposition of two 2-level octadecagons
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

= Superposition:

Fig: Superposition of two 2-level octadecagons
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

= Superposition:

Fig: Superposition of two 2-level octadecagons
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

= Superposition:
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

= Superposition: 150 131 149

158 140 159
Fig: Superposition of two 2-level octadecagons
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Multilevel Dod-VSVS Using a Single DC
Source for an Open-End Winding IMD

s Raw VSVS:

Secondary

/ ]
= Obtained by superposition AAA.& AA Hexagon

of primary and secondary  \ /., Jx% @'ﬁ‘"*
three-level hexagonal 155 @% < i§

structures 134/ ""’ o
= Octadecagonal vector /'4 SN
are generated using Amz”##‘ 25
vectorsfrom /" /\ SN0

primary inverter ./ /" !mga ‘. Q,:@@ﬂﬁﬂﬂf"'

d pseudo vect ARV Sersl V)
?rnompzzgogd\;er; (i)r:\sler : \‘\\‘w‘.a: Vi %&%’Ng’/ . \/
= Pseudo vectors are 137 \\‘%@ 4 ‘ﬁ%%% 143
generated by switched A\\\sf% RY7% "ﬂ’ﬂ’//

averaging of vectors v § 7
from secondary inverter ‘ )

Fig: \(SVS obtained by SUPErpOSItioN  mm ... decagons / Primary
of prignary and secondary hexagons = Hexagon
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

= Pseudo vectors:
= Many k-value sets are obtained because of formation of new pseudo vectors

Octadecagonal \Vectors k-values [kg, ky, k;)

1,4,7,10, 13, 16, 38, 39, 41, 42, 44, 45, 47, 48, 50, 51, 53, 54, 73, 76, 79, 82, 85, 88 [0.759, 0, 0.241]

2,3,5,6,8,9, 11, 12, 14, 15, 17, 18 [0.653, 0, 0.347]
19,21, 22, 24, 25, 27, 28, 30, 31, 33, 34, 36, 55, 57, 58, 60, 61, 63, 64, 66, 67, 69, 70, 72 [0.653, 0.106, 0.241]

20, 23, 26, 29, 32, 35 [1,0, 0]

37,40, 43, 46, 49, 52 [0.894, 0, 0.106]
56, 59, 62, 65, 68, 71, 91, 93, 94, 96, 97, 99, 100, 102, 103, 105, 106, 108, 128, 131, 134, 137, 140, 143 [0.518, 0.241, 0.241]
74,75, 77,78, 80, 81, 83, 84, 86, 87, 89, 90, 110, 111, 113, 114, 116, 117, 119, 120, 122, 123, 125, 126 [0.759, 0.106, 0.135]
92, 95, 98, 101, 104, 107 [0.788, 0.106, 0.106]
127,129, 130, 132, 133, 135, 136, 138, 139, 141, 142, 144, [0.73, 0.135, 0.135]

145, 148, 151, 154, 157, 160 [0.788, 0, 0.212]

109, 112, 115, 118, 121, 124, 146, 147, 149, 150, 152, 153, 155, 156, 158, 159, 161, 162 [0.518, 0, 0.482]

Table: k-value sets for secondary inverter vector switching
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

= Superposition requires 2 octadecagons
= Two 2-level hexagons generates one
octadecagon
= Two sets of two 2-level hexagons can T e
generate two octadecagons TPt i .
= The 2-level hexagons get superposed ‘l‘!f ; ) \\\%{:"5 " 445
to form 3-level hexagons \\‘ O eV ' 162
= Hence two 3-level hexagons can generate ‘ ‘
a 9-concentric octadecagonal structure

o~—| 141
158 140 159

= Primary 3-level hexagon has
vector |ength of Vdc Fig: Superposition of two 2-level octadecagons

= Secondary 3-level hexagon has vector length of 0.379Vdc

= The inverter topology is realized by cascading a 3-level Flying
Capacitor (FC) inverter with an H-bridge (CHB)
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

QoI c-phase s .
=" Inverter Topology OO O
= Single DC source ¢ a-phase y
. ¢ Sal Sa2
= Two 3-level inverters: il a@_ Sgm— |
= FC inverter T .. T | Kz | n
: =3 sAcal o 1Ca2 .
« CHB inverter T =] = N & _ P OIM
» FC capacitor at Vdc/2 . IS_ZDII . I_,BZL 3 eSad
= CHB capacitor at 0.1895Vdc T rc T CHB

« FC inverter generates
3-level space vector structure
of vector length Vdc

Fig: Inverter Topology

« CHB inverter generates 3-level space vector structure of vector length
0.379Vdc

» Sx1 and Sx1 are complementary; x = a, b, ¢ indicates phase
= 8 switches and 2 capacitors per phase
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD
m PWM Scheme:

= Timing calculation involves
ﬁl‘lding vectors [Vo, V].J Vz] al‘ld 41

timings [Ty, Ty, T, ] satisfying — ‘@ TN
the volt-second balance: 3 l,'*‘
. Viefls = VoTp + V1T + Vo T ’ o
u TSZT{]+T1+T2 5| 5 y é

» Similarto steps in [1][2] /
= PWM scheme [/Z/ﬁ’ {d ﬁ
« V, -V, -V, sequence \‘ﬁ@_ﬂ"
« Reduced switchings \\ qé‘e“"
» Quasi-square output from / 1 < :
FC inverter Fig: PWM Switching sequence

= Example
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD
m PWM Scheme:

s Timing calculation involves
finding vectors [V, V4, V, ] and 41

timings [TUJ' Tll' Tz] Satlsfy]ng — ‘@ < R
the volt-second balance: 3 l,'*‘
u I'EfTS p— VGT[] + V’lTl + Vsz ’ o
s To=Ty+ T +T, 6|5/, '

= Similarto steps in [1] [2] /

s PWM scheme /Z/Lﬁ’ i ﬁ
= V, >V, >V, sequence \‘ﬁgﬂ"
= Reduced switchings \\ qé““’
= Quasi-square output from / 1 ® :

FC inverter Fig: PWM Switching sequence

s  Example
m /3291 -74
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD
m PWM Scheme:

= Timing calculation involves
finding vectors [V,, V4, V, | and 41

timings [Ty, Ty, T, ] satisfying — ‘@ 2
the volt-second balance: 3 l,'*‘
o ViefTs = VoTy + Vi Ty + V, T, ’ o
u TS:TD+T1+T2 6 '.‘ ’

= Similarto stepsin[1] [2] // '

s PWM scheme //:/,éﬁ"“
« V; >V, >V, sequence \-$; c "
= Reduced switchings \\\\q%“"

= Quasi-square output from A5\
FC inverter Fig: PWM Switching sequence

= Example
s 73591 574574592575
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

m  Capacitor Balancing

FC capacitor balancing is same as explained before
CHB capacitors have to be balanced individually
A modification 1s brought in the capacitor balancing scheme:
Consider octadecagonal vector 18
CHB inverter vectors used are:
« [Vy, V4, V5] =[100,000,101], with [k, k1,k,] = [0.653,0,0.347].

« Since V; =000, is the zero vector, the space vector redundancies could
also be used and therefore I/; = 111 can also be used

« The possibilities for capacitor balancing are:

1) A-phase capacitor voltage could be modified by modifying k, & k; values, keeping
k, constant

2) B-phase capacitor voltage could be modified by modifying k; & k, values,
keeping kg constant (using V; =111)

3) C-phase capacitor voltage could be modified by modifying k, & k- values, keeping
k; constant.
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

=’ Capacitor Balancing
= All such possibilities as considered and LUTs are created. LUTs contain:
= k-values to be modified
= Capacitor that could be controlled

= Control sense
= Ifan octadecagonal vector can control multiple capacitors, choice could be
made according to:

= Maximum deviated capacitor
= Phase with maximum current

= Inthis work, phase with maximum current is chosen
= Allows fast correction of capacitor voltages

= A “phase selection logic” does this job
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

m Capacitor Balancing

= Capacitor voltage errors V(T@G—A»

are obtained and checked |

whether they are within Window

Comparator

a band
= Polarity of error,

direction of current and _ Gen%r{ftion Ak

ref . .

control sense are used to 0.1445v, ~ —Mdrs “ il

generate polarity of Ak 0—
= LUT gives the k values, .

phases and the :

1y, lp, lp-——————— Legir
control sense far 1s I —dits Y
; . 3 Phase k Value b L

= Phase selection logic I — Select | Modifier [ K0 K- K2l

selects the capacitor 1 phace Sense 5

—»{ LUTs > Selection
to be controlled .. decagona ot I
Vector V oy

Fig: Secondary inverter DC-link controller
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= Implementation

= Rotor filed
oriented vector
control

= Open loop
V/f control

= A shaft encoder
IS used to get
rotor position

Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

Speed Reference
: TMS320F28334 DSP Xilinx Spartan XC35200 FPGA
Y
V/f Control Triangle .

+ Field | | Identific & g el | Wedon T
Oriented Timing D e%%gcrar State Deco%ler

Control Calculation

¥ ¥
CHB i

Capacitor PWM > PWM > Ss‘tléttcéh%%g

Voltage Module Decoder Gating Pulse
Controller |"

¥
Flying Capacitor Dead Time
Voltage Controller Insertion
A A A
59 fb [ Vie, Vo zY
ZA? ZB? ZC 3 Gate Drivers
................................................... @ -, FC & CHB <
ABC Inverter 24
Modules

Fig: Implementation block diagram for multilevel octadecagonal IMD
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

= Implementation
= Rotor filed oriented vector control lock diagram

Speed Torque
Wi 7> Controller Controller
' (PT) (PI)

W
LSS
1 1
1 U
1i tmr 0
Stip isq T’Lm Flux
1 O Controller
14571, (PD

g

Va)

s
—>

~—
— O
S

3

d dq 1 b
¢ dt b == l Proposed| ! abe
P A AN abe d Inverter |
Angle be
Estimator
Fig: FOC implementation block diagram
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

m' Steady state results:
18Hz (M=0.36)Operation — 72spc - PWM1 30Hz (M=0.6) Operation — 36spc - PWM1

2 M | - I | 2

i 1 " | i | | mE 0

il ey WHII |

~__ S~ T~ :\\- _ |

(a) (b)

Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC _Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC
inverter pole voltage, 200V/div, (3) CHB inverter pole inverter pole voltage, 200V/div, (3) CHB inverter pole
voltage, 50V/div, (4) Current, 1A/div; X-axis: 20mS/div voltage, 50V/div, (4) Current, 1A/div; X-axis: 10mS/div

= Higher frequency switching happens in secondary inverter at low voltage
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

m' Steady state results:
40Hz (M=0.8) Operation — 18spc — PWM2 49Hz (M=0.98)Operation — 18spc — PWM?2

L—T o 2
1
| |_| LA o =
(b)
Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC _Fig: Vdc=200V (1) Phase voltage, 100V/div, (2) FC
inverter pole voltage, 200V/div, (3) CHB inverter pole inverter pole voltage, 200V/div, (3) CHB inverter pole
voltage, 50V/div, (4) Current, 1A/div; X-axis: 5mS/div voltage, 50V/div, (4) Current, 1A/div; X-axis: 5mS/div

= Primary inverter switches in quasi-square mode, switching losses are reduced
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

m' Steady state results:
50Hz (M=1), 18 step mode — 18spc — PWM?2

e

e a : (b)
_Fig: Vdc=200V (1) Phase Vo_]tage’ 100V/div, (2) FC Fig: Vdc=200V (1) Pole volitage, 100V/div, (2) FC inverter
inverter pole voltage, 200V/div, (3) CHB inverter pole capacitor ripple, 1V/div, (3) CHB inverter capacitor ripple,
VOItage, 50V/d|V, (4) Current, 1A/d|V, X-axis: 5mS/div 5V/div (4) Current. 2A/div: X-axis: 5mS/div

= Primary inverter switches in square wave mode
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

m Steady state results: FFT at 50Hz (M=1)

FC inverter generates square wave output
FFT of FC inverter shows 5%, 7% 11t 13™ _ order harmonics in the pole voltage

CHB generates

Sth 7th 11th 13th .
harmonics of same
amplitude

FFT of phase voltage
shows the absence of
Sth 7th 11th 13th
harmonics

CHB generates

zero fundamental
voltage output

CHB functions as a
harmonic filter

300 T T T T T T T T T T T T T T T T T T T T T T T
S (a) FFT Motor Phase Voltage
200 n
100 N
08—
01 567 ll 12]3 1718]9 232425 2930 31 353637
300 T T T T T T T T T T T T T T T T T T T
® (b) FFT Prlmary Inverter Pole Voltage
2009 n
100f N
UD | 567 111213 1718 19 232425 29 30 31 353637
60T T T T T 1 T T 1 N S S B S B B B S T T T T T T T T T T 1
(c) FFT - Secondary Inverter Pole Voltage

(
01

567 111213 171819 232425 2930 31 353637
Fig: Harmonic spectrum of inverter voltages for 18 step operation

DESE, Indian Institute of Science, Bangalore, India 26 April 2017 99



Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

= Transient operations:
Startup from Vdc = 0 to 200V

Speed Reversal using FOC

a

Fig: (1) Phase voltage, 200V/div, (2) FC inverter capacitor Fig: (1) Phase voltage, 200V/div, (2) Rotor flux angle, (3)
voltage, 100V/div, (3) CHB inverter capacitor voltage, Phase current, 5A/div, (4) Rotor speed, -47Hz to +47Hz;
50V/div, (4) Current, 5A/div; X-axis: 1s/div X-axis: 1s/div

= Capacitor voltages settle and stay at nominal values at end of startup
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD
= Transient operations:

Speed Reversal using FOC

L | I'IH““ i \‘\ I /WVW{ L | I "““IHI‘ \

.__‘,-—-'—"‘

12

12

Fig: (1) Rotor mag current, 0.75A, (2) Isq, 1.5A step, (3) Fig: (1) FC inverter capacitor, 200V/div(2) CHB inverter
Phase current, 5A/div, (4) Rotor speed, -47Hz to +47Hz; capacitor, 200V/div, (3) Phase current, 5A/div, (4) Rotor
X-axis: 1s/div speed, -47Hz to +47Hz; X-axis: 1s/div

= Capacitor voltages stay at nominal values
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Multilevel Oct-VSVS Using a Single DC
Source for a Star Connected IMD

s An IMD scheme with following advantages are proposed:
Single DC source requirement

= Reduces system cost

« Permits easy four-quadrant operation

9-concentric multilevel octadecagonal space vector structure

« Low order harmonics of orders: 51, 7th 11t & 13™ ar¢ eliminated from
phase voltage and hence current

Absence of low order torque ripple
Low THD phase voltage due to multilevel operation

Low dv/dt output
Linear modulation range extended till 49.5Hz (M=0.99)

Capacitors in the circuit are inherently balanced with the PWM operation

Controlled switching losses

» Quasi-square waveform switching from FC inverter
»« Low voltage switching for CHB inverter
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Conclusion

= ' [MD schemes with six-concentric-dodecagonal & nine-concentric
octadecagonal voltage space vector structures are proposed

= Following are the features
= Single DC source requirement
= Reduces system cost & permits easy four-quadrant operation
Low order harmonics are eliminated
= Low order torque ripple is avoided
= Requirement of filters are avoided or relaxed
Multilevel operation brings:
= Low THD phase voltage due to multilevel operation
= Low dv/dt output
= A secondary inverter operating at low voltage functions as a harmonic filter

Quasi-square waveform switching from primary inverter controls losses
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