5538 % 55 6
2019 46 H

BT H g
Advanced Technology of Electrical Engineering and Energy

AR Vol. 38, No. 6

Jun. 2019

—MHEMNEFREHEEENH PWM KB
Blsk, BFA, WRE, WK

(AL e A BARABAG AL E LLRE,

WE., ATrR L E 7

BEIAKFE, #Hk KX 430000)

TAHR R R 3k —fpdid Rk w s REAIER S E L E4E AN

] 69 B it PWM R e&—AZPWM_w, #5% w AB69 RN 2y . B RARIELIER & 2 69/ oF 18 X T 58 X Bt
], R Ak R e A 35 AR HDF ARIE AT A w F8, B AEAFIE R LA AZPWM_w £ %
ST VALE AT FLSE B A H R 2B, R AT X R0 IR M AR AR A B R AL P

KEW LR, LEKXE PWM Rk, KT, R KM%, Skt

DOI: 10. 12067/ATEEE1804065

1 3|5

= AL R E R PWM A e B b B R A
W (AR ) A R R S ASOG) i AL 1 Bl 7 i 3K
(M BE2H 20 2% 55 AT B TT R ), 30 25 T BU0R 9 ol B R B
YERERE T,

T, [ P A0 SCRR A 2 H A R ABE R 10 ) vk
AT o3 SRR A VR A o A BT {2 T 2 1 i 44
S N I A A A A R R N
%REA&& PWM Hemg' "> HLAT AR 2 il R 36

wi L EFR I B Ty ), AR AR Z A A

PWM ﬁﬁﬂiﬁqﬂ JETA R BN TER B PWM HK
(No Zero-vector PWM, NZPWM ) &k & & B &
BT SCHRT AR AR R A R (B S A AR
AR ORARASA G, ik f (i FH 25 v 2R dt T LK 3
BEHL R IR N Vo 2 BRAEIE] Vo /6 (Ve R BT
ZRHLE) . NZPWM 5 W st 2 i ik ok L i, DA Sk
e RO U/ NI A R A

B UL NZPWM S (55850 % % 1 K o 1 il
( Active Zero-state PWM , AZPWM ) F1 /%) AZPWM1 1
VT3 5% WK 5594 ) ( Near State PWM, NSPWM ) A 52
Brn FHA AT REY (HE AT EAFTE AR L . AZPWMIL 1Y
R VR I I) 25 K, S A H L o 2 s Bk o
FEUO SR R R 2 A RAE R V2 BYFE X R i
NSPWM HAR A SEIX J U, H) H R IE F T e 8 il

i EE: 2018-04-23
BEE£UB. EEAAREIELIHE (51477179)
1EERT:

XEHE ; 1003-3076(2019)06-0027-06

FE 4SS TM921. 5

. BT P FE X 4206 [n] 8, SCRK[ 10, 11 ] 42
H T RR AZPWMI 2Kt f5 2 A FH B TRD 9 7 2%, (HI%
J7 RASRE T AR DT SRR SR 1214 TS
ZHERE V,, 0 #F) af0 ) 3D-AZSPWM,
SCERL 1348 TR UK (V 4V, ) /2 R
HasEIRa V, B R L2 0] 28 5 ik 58 V8 i ( Virtual
Space Vectors PWM, VSVM) | X P #1777 A (1) Ok
T 1 FH B TRD R A T SE X 8] {E A3 T ) 1
HlLb G . AT IR o IR ] SR e AN g 4 8 o L
ﬁHB@l‘EJLﬂi,jcﬁk[lo,lzjitanH T [E] A ] R TR
] PWM W& 9 2545 I8 i 7 58, 5 s B 2 1 422 1l
FOMERE . SCHR [ 147 £ H 19 = 25 ik 58 98 1 ( Tristate
PWM, TSPWM ) HC 52 02 25 45 el i, FLAE /=5 98 i L
KR =R AEER AV, B A 2 L
NSPWM A2 5. R 1 32 3 s 76 I8 1] Lo X 22
FAZE O 1, 5 L RR ) 110 2 AR e R 174 06 06 {1 7 AS
WAL,

YL A o) SR s S et Oy i, R RE A S
A AL T B AL ZS (8] % 8 S AR B R A ]
ARSI T, g e n] IR B —F e E K & |
T SRR -0 S B O A P B[] K B8 DX (]
PEREAHXT O S 10 % AR FH B TR] A e i . AR SCAE
BEHL PWM A AR SR —Fh 1 280w BRI
B AEF S AR B ] A Bl PWM SR I —AZPWM _
wo ZRMEXS w WAEEAT FO0, 7T 523 2 P8 il 1L

JEaK(1994-) , 5, VLIREE, SERESEAE, BESEDT 1 D R T H T S e Bl

BOAE(1976-) , H, WIREE, WIS, BEROT R HL T RO A B R



28 BT OBE B B R

538 & f 6 1

VI FE T BRI He SR X R, I A3 1 T A S s
AT BE

2 AZPWM w SEB&

2.1 EXFEIE

AZPWMI TE AN XA 4 425 8] & & TAE,
BV AATEFRMEX T, SZHEREV,,
MV, Vv, MiFmtHEe v, v, k&G, v, 7%
o T A 5 A i 2 iR

B wX TSRS

Fig. 1 Vector synthesis of reference voltage in sector |

B2V, AF o VK o0

Fig.2  Vector decomposition diagram of V ; in o3 plane

HRYEAR-F0 A5 R [ 2 b AZPWMI [ 4% 25
Ji) 2 vl A2
V. (cosf + jsind)T, =V, T, + V,T, + V\T, + VT,
(1)
Kd,0 0 vV, e, T PWM SR, T, R
BV, EREE (k=1,2,3,6), 2 T,=w ST L
£ AZPWM1 R AE B RIR A X P A S w,
5] AZPWM _w 452K & B AR I ] 223k 5K, =X
(2) Fis

2.3

ﬂzTL———ﬂMm%E+0)—w
™ 3

6T

nz—iMm{3+o)+&u—n

T 6 ‘ O0=sw< T,
2.3

n:n—l;mmwaw

™

Ty =w

(2)

V..
v, (3)
Ao, M RS, SIS 0~0.906;V,, ASH
Hi R R T O IRAEL, 24 0 7 TR X T ~ VIF, K5 5B
1 0 {8 L m/3 MRS 8 60-(i-1)m/3 i T
X TN, AR XGRS,
0] B EER R H At NZPWM 35 1%
1 R eV P ) 22 58 20 HUR: a0 HUAS [RIMEL I 9 4R 461
mFE 1 FrR, H9lH, 3D-AZSPWM Hl VSVM
REf LAY VSVM3 , BRI R F 119 2K 1 B U A
[ R 1 ZE R R ENTSEFARR . T SCRAL L
3D-AZSPWM A il 53 HriX WG D SR m i PEfE
®1 Hfft NZPWM FEEXT R w BUE
Tab. 1 w values of other NZPWM strategies

PRI EmE PR w
T 3T g
AZPWMI  0~0.906 W= Msm(7+0)

NSPWM 0.64~0.906 w =0
3D- r, 21,
AZSPWM 0~0.785 w = 5 - ?Msm(? +6)
T 2T -
VSVM3 0~0.785 w=———Msin(— +0)
2 ™ 6

FIASE w5, AZPWM _w 50 1] DL T AR
w TR A2 5 O B B FHRH ) BT PR 2, R,
ftb NZPWM SR 14 5% A FH I ] 2k U RE A 58— 1
K (2) T AL 1A [F] A i 5w i )3 — 1k, 38
AT LAAR A BARPERE 75 R X S 80 AT S0, R AEH]
R I 8 53 BC 5 Ul R 2
2.2 SEIMHEM

B 5E w fEI, B Se DR UE A AR % Ok 5 A A A ]
KT FEIS ] LATH B A5, T A9 L IX O U | PH-AR 4
SCHR [ 16 ] HP R #38 18 35 1 A8 PR ( Harmonice Distor-
tion Factor, HDF) )75 % (X (4) ~ 3 (6)) T & fi
HDF f5e/IN o {EL, ST RE 835 i ] 54 s 1) 38 304 1
fiE.
T (n+1)T
A, A, RAEE PWM TR NI R < 12 bR 4
{8, A8 ] DARAE R R R B B

2 (M,6) = [ 22,6 (5)
Kok, 6 AR L ALK PWM R AZ . h A, 9

/\hu<M’0’VDC) = s(‘/lc - Vre[')dt (4)



JE -, R KPR A, — PR A D S R TR ] PWM HEm [ J]. W T RLAERTEOR, 2019,38(6) :27-32. 29

PWM AT,
288 1 (=
HDF(M) =2 [ A2 .0 (6)
iy 27T 0

K (6) K Ay, VR Dk FE T B (E T DL R
], 445 8] HDF

HDF B DA 8 1) 5 ek Fir FH 22 ) 2% o DA R 2R
s A 7 SRR R B 8] 39 AS [a] 638 % 14 B8 1Y 52
M), 5 FF AR 5 I L | B 234 TG O, A R b
T M2 R B HAE PWM SRS Y PEBESE A5

HDF J&: 75 0] 2R i i e 5 % 12 i VR FH 510
A FEBSE I (8 £ B8 3B A1 0T B+ e TV e 1k R A %
Wi SR o — A I M BB R bR THD & 5 B
ST R TR R I 1k R (H e T ik i Ak T 43 )
ot SR AR FH R B FVE FH A i) A EG e i S
HAw B — 20k, Sk [ 2] aT . 78 s gk it He
B, HDF 5 THD 2 1EAH5E, X (7) .3 (8) FizR,
R RIS AT AR R S B B B A A Simu-
link 71 FFT 2047 T 2B THD 45 5AE 3% Ik w25 72
JERIE R

| [E
THD = — [ Y V2 (7)
VA A
2
/f. =
i V] n=2 )

Ao, vV, 2 Bk U R IR AR RN n YRR R
WRAEL; £, f, 53 S0 28 A 5 R ] ) P A %

5 By MATLAB =K AR M A1 0 {6 T w 1L
i, 152 AZPWM _w 5 H A NZPWM i 5 w6 (1)
HDF 255 oy 5l &l 3 & 4 frx, & 3 vl L&
P, w FE R A EL X (M>0.6) (B4 BUE N 0, B
IEIT ) AZPWM _w SZPRJE NSPWM, (& 4 nf %,
F AL w (E 5 09 AZPWM _w 75 KB4 X 5 HB 1
3D-AZSPWM Hl NSPWM #44 H/NA HDF

=03 1
202 0.3
0.1
0. 0.2
60 AN
50
40> 0.1
30 .
N 0
=, 20 . W 0.9
2 o 05 06 0708

‘ \"i""“t""'"f:'""'f’o'.4
0 0.1 02 03 Iy

K3 w BUEA = 4R 2
Fig.3 3D diagram of w value

2.5 P~
\
201 | 3D-AZSPWM
59
315} ] . I
= AZPWM_w
10} » »
05}
01 02 03 04 05 06 07 08 09
M
K4 A[E NZPWM KN HDF
Fig.4 HDF of different NZPWM strategies
3 (hESH

AT BAEEE M B IE B #E Simulink HPOX
AZPWM_w KW HEATU7 5L, IF AR T HA T A
W FET 43 B T H G 1 8 #1750 . O R
FHIFASES T BB H0. BT R V. h 380V,
B 38 L B A0 A 15Q0 50mH , 2R 550K £ F
T AR £ 43591 2kHz 50Hz, SEIX I 6] A Sps, 7
KA 0. 3s,

AZPWM _w RN —AH AR L BKAE M R 0.5 FN
0. 8 A Ay AR TR IR A& 5 B, AR F A s
H5E R BREBIAE Vo 6, A HIIFE X P2

100

1AL M

DL

-100 . .
0.2 0.202 0.204 0.206 0.208 0.21
t/s

(a)M =05

100

- JK

-100
02 0.202

=—————
=

0.204 s 0.206 0.2‘08 0.21
b)M=08

K5 AZPWM _w B3GR LR () B Y

Fig.5 Common-mode voltage simulation

waveform of AZPWM_w

AZPWM_w 1 3D-AZSPWM £ M=0. 5 B} AZP-
WM_w Fl NSPWM 7E M = 0. 8 I} (9% 28 i, i FFT
SATEE R E 6 B 7 s, K’ 6 FIE 7 H FoR
B UK, A 71 TR W (A X R MR B Y A 43 L
M6 FE 7 Haf LIE 1, AZPWM _w 5 o Ath 5 Ff
TR A L, AN S A st/ | 1T HLAE T A%



30 BT OBE B B R

538 & f 6 1

Ak BRI I S /N SR S A A A0

FPIEIE=204.1 , THD=190.93%

20
0 uumlu..ﬂuhdﬂ_u KT | R e

0 50 100 150 200 250 300 350 400

d
(a) AZPWM_w
FPIRME=203.6 , THD=191.44%

0t bussatll, STV | RO 110000 L 0 YT Y

0 50 100 150 200 250 300 350 400
d

(b) 3D-AZSPWM

El6 M=0.5 B AR FFT 5347
Fig. 6 FFT analysis of simulation results at M=0.5

FIIRE=332.3 , THD= 86.66%

S0F
40
£ 30
=20
10 HH [l
0 bt bl or vl
0 50 100 150 200 250 300 350 400
Hd
(a) AZPWM_w
FEPIEE=329.6 , THD=87.90%
50
40
g 30 F
=20
10 Nl
0 U Lo bl el bttt etk o deud )
0 50 100 150 200 250 300 350 400
Hd
(b) NSPWM

K7 M=0.8 B EERA) FFT S04
Fig. 7 FFT analysis of simulation results at M=0. 8

4 SEIGIEIE

1€ RT-Lab 5257 & b XF 4 B &5 B 0E 47 5831
SEEGF- B AN 8 N A1 FPGA (5 il Altera
A HEIEY Cyclone 41 EP1C12Q24017N AU | 7% 5 #5784
5 TEK-DP02024B, T HLFE S8 3217 T.00¥ 515
B g RN E 9 (K 10 Fros b 2 Ry
FFT 3 Mras S 11 & 12 Fis, S50 K b s
s AR T TCAE X IR0 ; 2% SR Y THD AR L

D7 ECNAT PR RE R (EL I e 1 B L A5 ) 205 2 5 0 LI
—H

w

EIS ST
Fig. 8 Experimental platform

_(25ViH)
\
H(1ms/#%)
(@) M=05
5V ‘
)
(b)M=038

B9 AZPWM _w IS TR SCRiE
Fig. 9 Common-mode voltage experimental

waveform of AZPWM_w

V(300V/k%

H(4ms/#%)
(b) M =0.5 3D-AZSPWM

H(4ms/k&)
(a) M=0.5 AZPWM_w

V(300V/%%

[T

H(4ms/kg)
(6) M =0.8 AZPWM_w

K10 ZiHk A SE S EOE

Fig. 10  Experimental waveforms of line voltage

H(4ms/¥)
(d) M =0.8 NSPWM

and phase current



JE -, R KPR A, — PR A D S R TR ] PWM HEm [ J]. W T RLAERTEOR, 2019,38(6) :27-32. 31

FWIEAE=193.3 , THD=194.07%

120 T
100 F
80
60
40
20

0 J..Ll.LL 1 |h L ) PR
0 50 100 150 200 250 300 350 400
H

d

(a) AZPWM_w
FWIEE=190.9 , THD=196.75%

A(%)

O_A_MM, POTPR TN RO [T T IV

0 50 100 150 200 250 300 350 400

d

(b) 3D-AZSPWM

11 M=0.5 BSEEEERAY FFT 7347
Fig. 11  FFT analysis of experimental results at M=0.5

FPIRME=304.5 , THD=91.31%

10 |
0 h|LI|| .I il dl 0] ”

0 50 100 150 200 250 300 350 400

Hd
(a) AZPWM_w
HIIRE=311.2, THD=92.40%
50 i
40 £
30
)
10F |
0 al |.L T )
0 50 100 150 200 250 300 350 400
Hd
(b) NSPWM

K12 M=0.8 BB RAY FFT 534
Fig. 12 FFT analysis of experimental results at M=0. 8

5 #ig

AR SR T — e 1) JE 7 O AR L AT o]
PWM W, 2R B AR BAR Y O i 5 O
HARIESE w WE /B AR R A R ],
X ST 0, TR SR IS IS T 2 St . On]
AAE 4 R ] b PRl PN A e AR Bl B [X 4 i (] 8
Q53 AR AR L, I B TR OISR AN I
UAEAEL TR AR S A SE T I P REAS B 0% . Simulink
115 L K RT-Lab SZI0 3456 0E T ek 56 w9 1 A 1 A
ARNE

S Hk (References) :

[ 1] BRYE (Chen Jian). HLJJHLF52. HLJ7HLFASHOMIE
HlH AR (Power electronics ; power electronic transforma-
tion and control technology) [M]. JbH: mEHE
Wittt (Beijing: Higher Education Press) , 2002.

[ 2 ] Grahame Holmes D, Lipo Thomas A. L 7 H T A AR
PWM # R 5B 5 52 B ( Pulse width modulation for
power converters: principles and prictice) [M]. Jb3.
N ERMREE H it (Beijing: People’s Post and Telecom-
munications Press), 2010.

[3] &, B, k&, % (Meng Jin, Ma Weiming,
Zhang Lei, et al. ). 2% [& PWM 50§ 1356 A8 25 LA
ZRET L HEAL R (DM and CM EMI sources modeling
for inverters considering the PWM strategies) [J]. HL T
FiRZ4HR (Transactions of China Electrotechnical Socie-
ty), 2007, 22 (12). 92-97.

[ 4] Adabi J, Zare F, Ledwich G, et al. Bearing damage a-
nalysis by calculation of capacitive coupling between inner
and outer races of a ball bearing [ A]. 2008 13th Inter-
national Power Electronics and Motion Control Conference
[C]. Poznan, Poland, 2008. 903-907.

[ 5] B e, i (Huang Lipei, Pu Zhiyong). K& &
PWM 390748 &8 %0 32 Uit L HIL A0 Al el s, it K L B 4 52
(Effects of large capacity PWM inverter on AC motor
bearing currents and shaft voltages) [J]. H T HL AR
A (Advanced Technology of Electrical Engineering and
Energy) , 2000, 19 (4). 39-43.

[ 6] 2k, RIBE, K4A5H, % (Jiang Yanshu, Xu Di-
anguo, Chen Xiyou, et al. ). — P75 i F F 1H B
PWM 32645 2% 4 4 LA B R A9 A R IE I A (A novel
PWM inverter output active filter for common-mode volt-
age cancellation) [J]. HE B THE2AH (Proceed-
ings of the CSEE) , 2002, 22 (10). 125-129.

[ 77 2k, X175, RBE, % (Jiang Yanshu, Liu Yu,
Xu Dianguo, et al. ). PWM ZR S5 a5 5y 1 A e s & H:
I AR B BF 5T (Research on common-mode voltage
generated by a PWM inverter and its cancellation technol-
ogy) [J]. MEMBHLLFAEZEH (Proceedings of the
CSEE), 2005, 25 (9). 47-53.

[ 8 ] Julian A L, Oriti G, Lipo T A. Elimination of common-
mode voltage in three-phase sinusoidal power converters
[J]. IEEE Transactions on Power Electronics, 1999, 14
(5): 982-989.

[9] WuX, Tan G, Ye Z, et al. Optimized common-mode
voltage reduction PWM for three-phase voltage-source in-

verters [ J]. IEEE Transactions on Power Electronics,



32

BT R RE BT R

538 & f 6 1

2016, 31 (4): 2959-2969.

[10] Hava A M, Un E. A high-performance PWM algorithm

[11]

(12]

for common-mode voltage reduction in three-phase voltage
source inverters [ J|. IEEE Transactions on Power Elec-
tronics, 2011, 26 (7). 1998-2008.

Five g, #cde, KA, 5% (Lu Haifeng, Qu Wen-
long, Zhang Xing, et al. ). il HAH 5 A X FR
NZPWM #i K ( Asymmetrical NZPWM technique for re-
ducing the common-mode voltage) [J]. JEfE K=
(BB M)  (Journal of Tsinghua University ( Natural
Science Edition) ), 2007, 47 (7). 1122-1125, 1129.
Liu F, Zhao Z, Lu T, et al. A combined PWM algorithm

[14]

modulation technique for the reduction of common-mode
voltages in both magnitude and third-order component
[J]. IEEE Transactions on Power Electronics, 2016, 31
(1). 839-848.

Lu Haifeng, Qu Wenlong, Cheng Xiaomeng, et al. A no-
vel PWM technique with two-phase modulation [ J].
TIEEE Transactions on Power Electronics, 2007, 22 (6) :
2403-2409.

Bl (Hu Xian). Bl SVPWM BYEEAFSE (Study on
the algorithm of random SVPWM) [D]. L. EHE}
H# K 2% ( Wuhan: Huazhong University of Science &
Technology) , 2011.

to eliminate spikes of common mode voltages [ A]. 2014 Hava A M, Kerkman R J, Lipo T A. Simple analytical
and graphical methods for carrier-based PWM-VSI drives
[J]. IEEE Transactions on Power Electronics, 1999, 14

(1): 49-61.

IEEE Conference and Expo Transportation Electrification
Asia-Pacific (ITEC Asia-Pacific) [C]. 2014. 1-6.
[13] Tian K, Wang J, Wu B, et al. A virtual space vector

An improved no zero-vector PWM strategy for
common-mode voltages reduction

ZHOU Bin, JIE Gui-sheng, LIU Zhen-tian, YANG Xi-dang
( National Key Laboratory of Science and Technology on Vessel Integrated Power System,
Naval University of Engineering, Wuhan 430000, China)

Abstract: In this paper, an improved common-mode voltages( CMV) reduction PWM strategy, called AZPWM-w
strategy , which directly allocates the action time of nonzero voltage vector by parameter w, is proposed. The princi-
ple of determining the value of w is as follows: firstly, that the action time of each nonzero vector is longer than the
dead time is ensured; secondly, based on the output waveform performance index HDF, the parameter w is opti-
mized. The simulation and experimental results show that the proposed strategy can solve the dead-time peak prob-
lem in the range of full modulation ratio, and the harmonic performance is better compared with other improved
strategies.

Key words: common-mode voltages (CMV) ; no zero-vector PWM ( NZPWM ) strategy; parameter optimization ;

dead-time peak; harmonic performance



