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Compensation Method for Dead-Time Effect of Dual Two-Level
Inverters in Open-End Winding Motor Drives
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Abstract: Different from the dead-time effect of conventional two-level inverters, zero-sequence voltage and
current could be produced by the switching dead time of dual inverters in open-end winding motor drives, and
consequently low frequency harmonics emerged in winding currents which led to negative effects on performance of the
drive systems. A compensation scheme for the zero-sequence voltage produced by the switching dead time was
proposed. By inserting compensation voltage vectors, the method counteracted the zero-sequence voltage produced by
the switching dead time using that of the compensation voltage vectors. Therefore, the zero-sequence voltage and
current of the system could be reduced. The proposed compensation sirategy was validated by the simulation and
experiments in an open-end winding induction motor drive system.

Key words: open-end winding motor; dual inverter; zero-sequence voltage; space vector pulse width

Pl SR HEA | EMCA

modulation (SVPWM) ; dead-time effect; compensation method

0 3 =&

K HIXGEAZ AR HE i BT S8 41 (OEW ) fHIL &R
P s N I E 7T | S R 2 WA
FRIALGER AR A o 1L L i) D R R 2 F
PLARGER i — A8, [R5 1 B 07 78 = H S 30 7

* HATH: N AKX
TEH T

PRI T S AN, OEW HBLAY =
FHFRLIA T RIS P2, RGBSR TR 24
TERL IG5 | S U ELAT T e B 1oz T
ST R TR AR 28 Y R e 1 B
Aﬁiﬂﬁﬁ%ﬁﬁ bR U B2 XU AL 45 R
RGP 1 RE 2 U A A R T A

JOE PRI S I A 4 0T A (o P SR R R R A R L R s R e 0T )
TR (1983—) , 55, i P T REI , B9 1v) o 7 i AL BOHC )

TRARMS (1971—) , 55, IE R G TR, 5T J5 1) Sy 7k R ML B FE A o
LREAE (1984—) 5 1L RIBCRZ, WFETr 1 i ALEE il D RS it B



PSR HEA | EMCA

&AL D AEH) & 2019,46 (5)

B 2 1) LU L IR L, R R A%, AR A L (R
TR = AR Z M B RENFHEEIT
B bR AR DU AR AT — A EL
U8, 25 fai ik AR F N PO = A R &
(L B2 TR, RGAFAETEAE T HL IR ), 2205
RS Ins A RA m M AGHFE, EEM AL
TeikiETT.

Sk T A HRE L G AR ZR I L ) OEW HL AL
RYEF R, SCHK[ 10 ]2 R A il B 6
{18 g 2 G A5 250 F R T BR R P L Ui, (L
IY I A W B A A A 2 . X T IR SR
FRIG = AH OEW HLHL R G0, F )7 HL i 1) 7= A £ 22
S B TORLI AR 25 A Ik v 08 ] ( PWM) 3 2 i = Az
MR o SCHR [ 11 ] 38 i 7F 25 (8] 2% 2 ok 5 1A
il (SVPWM) Hisf 5 57 43 it FEL R 2K st 114 45 R sF 1) LA
TR BT HL R 1) Sl A -, AR X R 5 1 AN BE K
TN L R S AT, DR SR e L R T o B 0 A PR
O3 MTRGH AR 78 B TF RS B 7 L i 4 B, it s
FRA BN FHET IR, 75 UR F ik Lo =
AR T R IF G A 3 T SVPWM, AHLS |
AT LA 4 R W0 AR i 7= AR 1 2 3 L e, ST
BRSO E ! R (E (e T R A ¥ LD AN i B
TRl SCHk[ 14 ] AT T AT, IR 4R R
LAY I VB RN B XM SR W R4 T

AR SO R FHAS 7 HE 2 1 i R B I G20 5 30 A T
SVPWM i} JF 5 FE X3 30 &2 3’ R i 47 40 AT
P T RIS A E] ) P8 XM T
WA R G Y R R M, 25 B SRR
TR R X A B K o 25 LU PR T A5
H ) — [, T ARAS — R MEE R R o, 1) FH A
Fi R % a7 AR B P H R AR SR BB X T8 &
JP R 3 1 I 6 2R B 0 R AR L
£ OEW &RV ALK 50 2 45 v it 47 05 AR 56 F
5%, ik T AR kM5 I A Bk o

1 W & 25 6 JR 32 & SVPWM 5 e

1.1 WHEERHNRERBEXRE

SEE AR XGS AR AL OEW HIPLR 4
WA 1 frose 2 AP P AR g7 VSID A
VSI2 9 EL IR, 20 DA o 40 i AL S 2 42
B BB AR AR Al U™ A 8 A HLUR R o

VSI1 Fl VSI2 {55 [a] HL FE R s W& 2 frw, JE %
AL IE R U, ~Ug 1 U, ~ Uy, B85350
U, U, f1 U, Uy, B2 555 PR 500k
(Sq Sy SIS, S, So)kfid%
AN R TF ORAS 17 Foom 1 3l F A &
Wi, “0” e HAS W 4 Sl

: s‘a;";} ‘G *G -5'32"{} *G d
S LI Sel Y, £ SH2T 8c2
U.T I b| :‘I '{ XN l: - b:
- o A ; 1%
Sal’ # Sbl'# Sl 822, SHY 4, SC2
o ‘G‘ ‘K,} OEW i * *K,} ‘FJ&

@ VSIl VSI2

P B R RS A 8 4 N

g L

v o10)\ ' /U110

1
, i AULI10
: U010\ | A%
s : i U/(100)
U,011) \i /U,(000) U,(100)  U011) \i £7(000)
U @ NII]) @
U001 \UA10D)

(b) VSI2

U 00n\ U101
(a) VSII

B2 PR AR5 ) P e O

KOG AL e 7= HE A L S AT Ul 2 002 4
(L R R 22 R 5 B, PR I 8 X8 =64 Rl
B B A A R R R B8] 3 piras . i T Rk
I, PR Fn i R R IR 225 AR, 11
W13 U, MU AEZ2 6 i B s i 00t
ARERA 19 A HL R O A 25 (8] 0 A 5 = A Pl e
A, b L AR T 0,18 MEEXR
w LT 3 AN ABCDEF (HJLNQS Fil

48
35" 26

B3 XU AE # B 2 o) FRL s O 20 A



&AL 5 EH) %W 2019,46 (5)

Pl SR HEA | EMCA

GIKMPR )15, WEAE 4350 2U,,./3 23 U,./3 Fil
4U,./3,
1.2 WFEELRHWEFBER SVPWM KEE
RUHAE 4 64 T T X 20 4 H LA 3R 52
TG SVPWM 5%, MR AL bR ARk, T RAEFE
JFHLE R
1

—( Ugr T Uiy T+ ucch) =

3

Uy =

1

?( Uao — Uago + Uple — Uy + Ueo — cho) (1>

B 64 FOTRA A HRAK (L), =A%
FRra e 1 pras . datn] WL, 000 % L s K e
TFRAF ML HILNQS Tﬁ EMCOLNES s
AR R R O F, N, i ] HILNQS it 47
SVPWM KA 2xfi A E ¥ L

®1 FRAGHHHTFBEE
FRPHE uy TFRH A
U, (78"

-2U,./3 (74") (76") (72") (58") (38") (18")

(75")(73")(54")(34")(14") (71") (56")
(36")(52")(32")(48")(16")(12")(68")(28")

(88")(77")(66")(55")(44")(33")(22")
0 (117)(53")(35") (15") (51") (13")(31")
(46") (647)(24")(42")(26") (62")

(577)(37") (1 45") (437) (417) (17") (65") (63")

U,
« (25")(123")(84")(61")(21")(86")(82")
2U,./3 (47")(67")(27")(85")(83")(81")
Ug. (87")
2 Wk 2 ik

2.1 WA EREX BN ST

3 v, 753008 HILNQS 532 T~ VI 3L 6 4>
X, AR 4 SVPWM JFHE, B3 X T I A5 5 BB
wE 4 for,

TE— IR TN, K= 13’%11 24" (1 VEH

Lo L L L L h 5

4 212 |2 {21 2] 4
8 [ | 5 : | _
: —
s, [ -
s L

K4 R T EYIFCH e

e 350 T A T, Herit 6] 7,( Ty =T-T,-T,)
HIARAF I (8] Y < i 77 1 88" S FE . A 1 By (- #F
T )R8 EOE 0 R R T R AE S I
A— Bl A 34 SE P R BE X IRF ], LB X T 2y
1, IAZE DK I (6] BT A5 5 An S B o

IIiII]IL'L'["—

0 00 ‘(OUO
\llll

"". 00000[—-—”\00000

T nooaor—r—woooaa

L R A A A | g1 l‘&

5,0 0.0 : X 00 0

(a)i=0. <0, ;‘5(1

'\:"_{']_I""}] R
.\" —x

—
0 00 x 0 0 0
,\h =R

‘,\‘L_I 0_0 0.0 []]_'_I‘{(](]ﬂlJIJ

Ly f
5 ooour"r—hooooo

5 X ! F y

(®)i>0."; <u :'>n

5 RIX T INITSRAG S A0 A iy L T

s U ) = AH B 3 43 0 A A Bt < i, >0
1,<0 .2, <0, N £ A FF AR N 0L 1) = A HL | S %
JFHREME SCa) Bis . TEHVE b, FIVE o, 95T
KAFF B AT ] L, X030 AR 25t %) = A L R 43
SR U, (0.0, —AFFOCSE I 7= A T 1 B i)
FEIXEFR] Ty fH N U,/3 MEFH I, Wi, &40
KB IEM M E PR, W3, 558 >0,
<0, >0 B FF B0 X 5 & 7 i R an &l 5 (b)
Fs, AT WAERR R ¢, FIRE a, BYFF MG 5 FEIX
A L A T -U,./3 TP HL . B, Y
—RH R A A T At 38 ) B, E — A I OGS
A BT OCBE X B | = A U, /3 8% -U,./3
M HLUE , I EL7E A B DX N A 7R IR A
2.2 WHTHR|ERIMEFE

R T AMER I G E X R BN F L, X T
E 5(3) ,%"[yfﬂiéé %% sz*ﬁ% ZTD LJL,!IHIEI 6
(a) Ji7m, ¥ AEMR T a, B9 FF DT XIS [] Py 7 2

9] —



PSR HEA | EMCA

&AL D AEH) & 2019,46 (5)

~U,/3 7 B R, DUHRTH JF 30 IX 7= A4 Y
U,/ 3 17 U, AT —> G JRT I P e B i1 ok
(R R A E . [FEL TR S (b), A%
HHAGT S 9 R 2T, VUL, K 6(b) frw, K1
B b, B SB[ =4 U,./3 E P H
JE, DARIE I RAE X P2 A i - U, /3 ZF 7 L, 3K
R T L N, WF9E R B, 1R AT R X
Pl R AR SR VST [ f K 5 28 TP e R 5
2T, Vb, AT USRS BBt () T, fEHA U,./3 #Y
Tl T R AR 2% VSI2 [ d R A8
KAFT 2T, Lh b, T DAARAS WO LB (6] R T, B R
_U(lc/?) E]’\]Z?}?Eﬁ}j—:o

Se2El Ty 11 111 11 B—==
:Irl x |
S, o 0 03 X 0 [0 0

§ _0 nnn{:|—|x0u00

5,0 0000r‘1—|_|)(nu00
R = ML A O -

s"S" ’!/1111111111

=
]
R‘.-L
1\ (=]
=W
~

1
0
0
0

(@) i=0. i<0. i<0

§ TR=T, jgex

S 0 0 0

_ % 11 11 1

5, 0 0000|—§—|x00000
)

X I
. 0 0 0 jojlop7 X 000 o |0
S X! 5

Como oo v wlU. 0
’jg‘u,u o, -, 6f 6|0
”_0‘:!0 ﬂ{) 0=zl

]

~U,f3 -U,J3
(b)i>0. i<0. i>0

K6 FiIX T INIFRAG SAEIXAMETT 5

IR, FE DX R M 7 ¥ AT LA 9 A < 3 2t K6 22
GERITHLE uy WA, 456 2% 05 e B X
K VSIT (uy<0 B) 3 VSI2 (u,>0 B ) ih BHA f K
072 B TR OGRS 47 2T, DAL IRAEAR % Atk
FH R H T, A — > G J 3 o8 22 30 o ) °F
PIRFHRIERE,

2.3 ZERIMEFAEHAEIEE
NI HJLNQS 7524 8 il 15 ] N 3R A5 ) 5

Sty R S e N IR A
Ul = U,

T, +T,=/3T/2 (2)

T,=(1-3/2)T
HRAE iR SVPWM L 4 F K65t 775 H W
B NEFIT R4 A To/4, BT iz 2Ty 208 1 ¢
BSYR 2T, LI, WK
T,
T, <—
4
F(2)IRARK(3), AT
Jaip S L

T, < (1 - f) T ~ 0.033 5T (4)

(3)
i AR A IVAT

4

=0 (4) AT, Y IF AR 10 kHz, BPFF ¢
JEIT R 100 s BF, R T PR AME D i B A8 R4S
Jiti, FFORFEIX B E] Ty RiASK T 3.35 s, A BEAS T
ST IR X B B T2 X TR ALK R
G5, FF X HR T E AE 10 kHz LU T, 88 2485 FF XFE X
PR AR K o R AR B R 34T, i B0 DX A
7V RS TE fo M A I BT 9 A R R S

3 RERR

W W3 A 75 0 T OEW 8% 1 Ha ML K 3l &
G, WP HE X AMEE T 1k R AT O BLRI IR A 5T . 1 B
o, HL AL 9 38 47 8 % 50 Hz, SR IS L E
HJLNQS Pt 47 SVPWM, Ih F 45 JF & 45 K 2 10
kHz, {fi E&5 5 E 7 it . B 7(a) FME 7(b) K
SR A T 5645 RN TG TF S B8 X 25 10 F 14 B 45
S, o H TR Ry 48 0 I R (BRI 2
kHz) J&5 3 9% , AT D =4 B TR 1 5% X R
TEFHREME TR MA 2 ps FFRIEK G
B B R AT IR P an i 7 (e) MR 7(d) frs . 7E
0.125 s IFAAFEIX KM J7 v, SR I AMEE 7 5 i
AL FRL A HL 90 & A AR, P B D an 1B 7 (e) T
N REAEIRER RN FF R, RERENE
JPHLE . SRAGEXAME T k)G, RGN F T R
IR HL I AR A, L 37T 40 B 00 3 e 75 31 45 e
i, a7 (6) s

$5 4 OEW JEN HE HLIK 31 22 e ik 5 F 5 % 4K
X A2 3 W AT IR I8 90 . R AR 7 R 1 A



&AL 5 EH) %W 2019,46 (5)

Pl SR HEA | EMCA

u /N
¢

Og

u/V o1

PJA u .
1

D6%%%%%%"

TN
a

b
[“I'If'\ |
—o -0 o o=

010 ﬂll CII2 0[‘5 014 OIS

(a) PI’*MixT_'*&#% T 1) E S R i
[ ‘RLE&(SOII?} 7.333, THD=0.86%

O&W[\J

TG 1 T 43 D)

0 5 10 15 20
EH 26 B
(b) TR X302 35 1) HAJAL 388 8 4 B

=" 100
: OW
-, =100
5
?‘-_—. UW
=5

010 011 012 0.13 014 015

s
3 (c) =AH eI 5 % Fr e [l
- KRS
e 5
=10
1
TAVAVAY o —
=1

010 011 012 013 014 015

ils
(d) = AL IR 22 e L

A

s oHy

o HH(50 Hz)=7.332, THD=12.85%

& 12

= 8

o

= 5 ”

& 0% 5 10 15 20

€ W K _
(e) FELX 1A i B 308 385 8k 4047

5 M50 Hz)=7.339, THD=1.56%

&2

=8

F 4

B S S T R L I

e i A

(f) ZERCHME J () FE UL 0 A
SRS

IPM Hib PS21869 F IR, 4% il .65 A 2R H] DSP, DSP
Hh 1 52 B 25 Timerl F1 Timer3 [6]25, T4 = £f
PRI B, DSP /g PWMI ~ PWMI2 {55 ] T4l
MHALZRI 12 DRI RAE . KRS RS K
— B A RN 8 181 9 fan. P 8 MALIX A
AT AR 2 AR, H P 8 (a) 23 5l D LA He
Ji AHFLL L R R P R s 1] 8 (b) S AR R
PRI B 3T o P AT UL, 52 56 X 52 i L AL FiL 3T

DU AS , AR BRI U I A&y L O, A
DKM IR0 45 SR AN 9 Bz, 2 5 v T AAH
FL R DA B A R ), IE 52 G . I IR 4
5505 B R BRE o T — B SR 1 AR I AMEE DT
ENIUEE Py €S

u /(10 VIRE) 1 /(200 V/E$)

if(1 A/RR)Y /(10 ATKE)

I (6110 ms/ )
+ HHHLRL '5!51-"{ HL R A2 5 LI

':.*'

(a) H1H

50 Hz

150 Hz

250 Hz
'!5() Hz

WI/(10 dB/KS)

i‘ﬂ /(50 Hz/H8)
(b) A LTI Ik 4 B

Bl 8 BLIX MR IR 45 4

£
> /\/’\/\/\\
= s.c?
f’ﬁ \/\ \/\
EZ
B
S &
Ty
= 5 E1/(10 ms/48)
(a) AL E . AR, EF R EMER B
+
£
3
=

S50 Hz/ff)
(b) FHHLRLIE A W

KO FEIXCHMEE S YIRS 45 5

.

WAR AR BT R FER G E P
Jie, HhO P AR O R P LR R A T R GER PR RE , X i
AT —FPAE OV AMETT vk o DT IR 2
5 O A TR XY ST A5 5 e I AR R A b



&AL D AEH) & 2019,46 (5)

PSR HEA | EMCA

o R R, R P A L T 2R 7 2 9 2 L T
TR A B P v s, S B T XUSE L A R F P
L AN PP LR A o e, e O BRI

Bk T IZAME DT IR AR

(1]

(2]

[3]

[4]

[5]

[6]

(7]

(8]

(& % x K]

SOMASEKHAR V T, GOPAKUMAR K, BAIJU M
R. Dual two-level inverter scheme for an open-end
winding induction motor drive with a single DC power
supply and improved DC bus utilization [ J]. IEE
Proceedings-Electric Power Applications, 2004, 151
(2): 230.

WELCHKO B A, NAGASHIMA J M. The influence
of topology selection on the design of EV/HEV
propulsion systems [ J |]. IEEE Power Electronics
Letters,2003,1(2) : 36.

BiSE ok, k0%, S L R R OT SE L S A0
P 20 3 400 ol S m F 7 [0 ] v [ A AL T e o
#,2018,38(12) ; 3688.

KIM J, JUNG J, NAM K. Dual-inverter control
strategy for high-speed operation of EV induction
motors [ J |]. IEEE Transactions on Industrial
Electronics ,2004,51(2) . 312.

B, k] BH, BRAN IR, S P LK E R At e
PSR R AR P [ )] T8 AR %442, 2015,30
(2): 98.

AR RFET, A ), AF I EO R TT SR B D
IR RERRE K RE TR AL 28 48 % L A ) R
m L) AL S, 2018,45(9) « 25.

AEHT, WA A SO 3L B BRI SRR B R A0 v
BLEYSS e P SR m [ 1] o [l s L T2 5 41z, 2018,
38(21): 6461.

SRINIVAS S, SOMASEKHAR V T. Space-vector-
based PWM switching strategies for a three-level

dual-inverter-fed open-end winding induction motor

(9]

[10]

[11]

[12]

[14]

drive and their comparative evaluation [ J ]. TET
Electric Power Applications,2008,2(1): 19
REDDY B V, SOMASEKHAR V T, KALYAN Y.
Decoupled space-vector PWM strategies for a four-
level asymmetrical open-end winding induction motor
[ J]. IEEE
Transactions on Industrial Electronics,2011,58(11) .
5130.

SOMASEKHAR V T, SRINIVAS S, KUMAR K K.

Effect of zero-vector placement in a dual-inverter fed

drive with waveform symmetries

open-end winding induction motor drive with alternate
sub-hexagonal center PWM switching scheme [ J ].
IEEE Transactions on Power Electronics, 2008, 23
(3): 1584.

LRE W6 PN AR, AF XS 8% SVPWM i i
M S P v IR O35 [T ] b i AL T R
42,2016,36(4) ; 1042.

SOMASEKHAR VT, GOPAKUMAR K
SHIVAKUMAR E G, et al. A

space vector
modulation scheme for a dual two level inverter fed
open-end winding induction motor drive for the
elimination of zero sequence currents [ J ]. European
Power Electronics and Drives Journal,2002,12(2) .
26.

BAIJU M R, MOHAPATRA K K, KANCHAN R S,
et al. A dual two-level inverter scheme with common
mode voltage elimination for an induction motor drive
[J]1.IEEE Transactions on Power Electronics, 2004,
19(3) : 794.

SOMANI A, GUPTA R K, MOHAPATRA K K, et
al. On the causes of circulating currents in PWM
drives with open-end winding AC machines[ J |.IEEE
Transactions on Industrial Electronics,2013,60(9) :
3670.

ks H . 2018-12-18



