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Abstract: [ Objective ]

strategies, sinusoidal pulse width modulation (SPWM) , third

Among  existing modulation
harmonic injection pulse width modulation ( THIPWM) , and
space vector pulse width modulation (SVPWM) can realize
basic voltage control, but their common-mode voltage ( CMV')
suppression capabilities are limited, along with issues such as
constrained output voltage peak and high switching losses.
Although SVPWM further enhances voltage utilization by
optimizing switching sequences, its continuous modulation
characteristics still results in increased CMV and voltage
stress. While CMV can be suppressed by adjusting the
distribution of zero vectors, nevertheless, it remains a
pressing challenge to reduce voltage stress while maintaining
the voltage-boosting capability. [Methods] To address the
aforementioned issues, this paper proposed a discontinuous
SVPWM (DSVPWM) strategy based on zero sequence signal
injection on the basis of the conventional SVPWM method.
The proposed strategy reconstructed the switching sequences
by eliminating one zero vector state during the charging mode
and featured a variable duty ratio. The DSVPWM strategy was
applied to the inverter stage of the split-source matrix

converter ( SSMC ). Meanwhile, the rectifier stage of the
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SSMC adopted the conventional SVPWM strategy to achieve
the maximum voltage utilization. [ Results ] Simulation
analyses were performed on the Matlab/Simulink platform.
The simulation results demonstrated that the THIPWM
strategy produced the highest CMV with a peak value of
533.8 V. The SPWM and SVPWM strategies delivered
similar CMV, with peak values of 532.9 V and 532.4 V,
respectively. In contrast, the proposed DSVPWM strategy
effectively suppressed CMV, reducing its peak value to
289.7 V. In terms of output current quality, the SPWM
strategy had the maximum total harmonic distortion (THD) of
output current at 4. 38% , while the proposed DSVPWM
strategy achieved the lowest THD of only 0.44%. The
experimental waveforms obtained from the hardware platform
were highly consistent with the simulation results, which
further verified the effectiveness of the proposed strategy.
[Conclusion] Compared with the SPWM, THIPWM and
SVPWM strategies, the SSMC CMV can be better suppressed
under the DSVPWM strategy proposed in this paper, with
lower THD of output current and smaller voltage stress, yet a
slight drop in voltage gain.

Key words: common-mode voltage; split-source matrix
converter; zero sequence signal; discontinuous space vector

pulse width modulation
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Matrix Converter
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Fig.1 Topology of SSMC circuit
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Fig.2 SSMC active state equivalent circuit diagrams
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Matrix Converter

B3 SSMC TREFHABEHEE

Fig.3 SSMC zero-state equivalent circuit diagrams
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Tab.1 SSMC different switch states and their CMV

X HLE

R . RS e o o

NNN Uy, FEHL 0 0 0 “ug./2
PNN Uy, FTH O ue 0 uc (2ue=3uy, ) /6
PPN wy  FEH 0 uc  ue  (4ue— 3uy,)/6
NPN Uge FEH ug ug 0 (2uc=3uy,)/6
NPP Uge FEH Tuc 0 Ug (4ug=3uy.)/6
NNP U, FTH 0 uc uc (2u¢=3uy.)/6
PNP Uy, FEHL ug ug 0 (4up=3uy, ) /6
PPP  ug—uc 0 0 0 (ue=ug,)/2
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Fig.4 Schematic diagram of carrier wave and

modulation wave for SPWM
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Fig.5 Schematic diagram of carrier wave and
modulation wave for THIPWM

55 SPWM J7 26, I T HUBSERARE T 1
2R b2 H P24 P 2 R T AR RS ) - 42 o
=5 I 2RI 51

D, (o) = i _;;n{sin(a)t) + s1n(3a)t)J ’

2 6
ks 11w
<ot <-—— 6
g =@ 6 (6)
. 2mu,, .
‘T nam, 7
_ 1 3m, 7 11
Dy=—+-2"T<w<—" (8
2 2m 6 6

2.3 SVPWM %R

SVPWM JF 5 fik i 7= Az 1 — P 7 1k 238 1 5K
TR 5 5y —Fp oy ORI F 3k 10 45
SRS, T LR ZSS sy as B S S E S
VIiE—20 3458 SPWM J7 £ HL IR PRl 7SS
X} SSMC 1 FF O 45t #E A7 52 T P 52 g, 3R 8
iﬁﬂqm}

o) =L (1=l = (14 u) ] (9)

A u,, WEFES, E— DM T = AR
BB it s, SRR BN BRI
SHEWIE RN

{u;in =min(u,,u,,u,)

(10)
untax = maX( ua ’ uh ’ uc )
TEASE W GIE S LR SVPWM (5
Yy 7SS BB, = (8) st .

u (wt)=

788

( Tr) ™ ™ I 3
sinfwt —— | ,— <wt < —U— <wt <—
6 2 6 2

0y 57 3w 11
— < w<—U—<w <—
2 6 2 6

98]

z

=
—_—

g

<

—+
-
~———

m, 5 T 1w 13w
—sin(wt),— <wt < — U — <w < —

A 6 6 6 6

(11)
SVPWM & i I 6l {55 an &l 6 P

E 6 SVPWM il 5if#IR=E
Fig. 6 Schematic diagram of carrier wave and
modulation wave for SVPWM
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Matrix Converter
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Fig.7 DSVPWM schemes
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SSMC H9FFEZEER , LAk, A SCT# DSVPWM 3 K P& DSVPWM 5 %5 il ¢ & [/, v 4 5 i
WA TS 25 B, SR MSVPWM SRS AN SSMC 3328 55 AN (7] 91 ] S i Jir % 1oz () 7F % 7 571
A, g 2 s,

8 MSVPWM #1 DPWMMAX K% i 518 #l i 3 bk
Fig.8 Comparison of carrier wave and modulation wave for MSVPWM and DPWMMAX
R 2 SSMC 20 A 2] 18 i 5K s Xof oz Y FF X V1 e P 51

Tab.2 Switching sequences corresponding to different modulation strategies for SSMC inverter stage

LIPSt 2]
F X Kl 43

SVPWM DPWMI DPWM3 DPWMMAX DPWMMIN

0°~30°( V) 0567-7650 056-650 765-567 756-657 056-650
30°~60°( VI) 7610-0167 016-610 761-167 761-167 016-610
60° ~90°( VI) 7610-0167 761-167 016-610 761-167 016-610
90°~120°( 1) 0127-7210 721-127 012-210 721-127 012-210
120°~150°( 1) 0127-7210 012-210 721-127 721-127 012-210
150° ~180°( 1) 7230-0327 032-230 723-327 723-327 032-230
180°~210°( 1) 7230-0327 732-237 032-230 723-327 032-230
210°~240° (1) 0347-7430 734-437 034-430 743-347 034-430
240°~270° (1) 0347-7430 034-430 743-347 743-347 034-430
270°~300° (V) 74500547 054-450 745-547 754-457 054-450
300°~330°(IV) 7450-0547 754-457 054-450 754-457 054-450
330°~360°( V) 0567-7650 756-657 056-650 756657 056-650

TE=FAXAR R GE o, 25 S 208 il R 08 R

I, PR IE A 5l 2 SCA

WIS R IE FRE
— WS H GG RN

] DPWMMAX

 2m, INCOE
—sin(wt)

| T _ or < S5

u,(wt) , — < < —
(ot) 2m, ( zﬂ) (1) 6 6
u, (ot sinfwt - — 15 5 3

' V3 3 1+ 2mncos(a)t 1) T<cwor<sl
lL(A’(C()t) 3 6 )
2m, 2w 3 3

= A m m lns

5 sm(a;t + 3 ) 1 - 2mocos(a)t + ?) B Swl = 6

WK 8(b) B e A HH AR 1/3 KA
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3w 137 P
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6 6
2
1+ musin(a)t) + m,cos(wt) , m SOV m
6 2
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N3 3 2 6
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ELTAE I b7 25 He T p X (20) ~ (21) B2 - .
. 7 3 E 9 DPWMMAX #9%iK 58 &R = E
- mocos(wt - ?) B ? S w = 7 Fig.9 Schematic diagram of carrier wave and
D) (wt) = modulating wave for DPWMMAX
a 3 11
moCOS(wt * g) v, SelS o % 3 5 DPWMMAX J5 % 6 4~ X Sk N 1Y 156
(20  JTPHLEASRAESANIOORA 3 AR R, L
o o 7= KB, T R — AR H R I
’”OCOS(“"“ NE) ) 6 SOS Y EWEER L BURD TR SRR, M
Dy () = Ua_ 13w T IRSCTIABUELL B B 0 JF S
m,cos(et) 6 "% Z=10F2 A TF AW R MV i 4 s 10
(21) FR7R o
( w) m 5 HIEE RR A R B R A 11 B, &
-mycos|lwt + —|, —Ssow=s— N o
D (i) = 3 2 6 W6, it U S TR XN e A, I 11
cL - NS ’ Ny .
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FIWH RS H R U, Irab i 56 X, % 5 Fiiw . Horfr 1 3RoR 798 50 3R T
XARRE V, V, FHP AT R 5 (AR CE ®4 BRRIFFIRE
DSVPWM 5K g #3155 #1542 V.. e V,) A Tab.4 Rectification stage switch status
U, BIASMEA SRR S 1575 1 d, d, i TS o
DL HL
d, kRN Se  Sw Se Sw Swm Sa
d, =m,sin(60° - 6,) o0 o0 o0 o0 1 5
0 1 0 0 0 1 I
d, =m,sin 6, (26) ’
’ 0 1 0 1 0 0 I,
dy=1-d,-4d, 0 0 1 1 0 0 1,
*=3 DPWMMAX AEMFEEF 0 0 1 0 1 0 I
Tab.3 Switching sequence of DPWMMAX scheme 1 0 0 0 1 0 I
XI5k I el 1 0 0 1 0 0 I
0 1 0 0 1 0 I,
Z=1 PPP-PPN-PNN-PPN-PPP
0 0 1 0 0 1 I,
7Z=2 PPP-PPN-NPN-PPN-PPP
7=3 PPP-NPP-NPN-NPP-PPP B 12 IR R A R EEE, BT, e,
Z=4 PPP-NPP-NNP-NPP-PPP FETARRE L, fER X NI, K 12 7]
7=5 PPP-PNP-NNP-PNP-PPP WL SHIE X 51 i 6 A, Horb 1 ~ 1 A
7=6 PPP-PNP-PNN-PNP-PPP WKL ~1, NERE,

E10 Z=182NFXEFHAH CMV #L&
Fig. 10 CMYV curves within two switching cycles
when Z=1

E11 HEBREXESHFEEE
Fig. 11 Schematic diagram of expected voltage
vector synthesis
RS SVPWM
SSMC FY#E ST K i 11F 1 TF OGRS A 5k 4

3.2

B12 HPEERXESKFEEE
Fig. 12 Schematic diagram of expected current
vector synthesis

N I RA LR B A A A 9
e R R 1, I, ML ORI 8 XA
AP S R R O R A LI . A
fE TR T A B XA e — B Rk A A
SCRESCL, F T, O 2275 R A T 1 B DX A4
AR (PIINTE X T T, =1, 1,=1) ,
P53 SRS L1 o 4 Hg Ry )

. =m;sin(60° - 0,)
(27)
dg = m;sin 6,

o m, B G S 8] Ok AR R B, m, < 1
Elﬂ‘,da+dﬁ<1O

TEAE G, 2 O bt 2 /F T 0 SR U
PSSy W ER SIS iR A )i IIBI PSP
KUHL, N T I KA B B2 e M 38 AR 3
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Matrix Converter

BWEFT AL L, I, T, FEVR ) 1R, OF B
B3 AN 1Y A L R I A LA T R
SYEE, FBAMECS Y S HE A O
d\=d,/(d, +d,)
{dg: dy/(d, +dy)
T HERE 1, I, 5V, v, Fl v, $5BC, H
PIRIZH G IR B 2 A =S Ll

(28)

{dw =d'd, (29)
dy, = did,
d,, =d.d,
{dﬁ,, = d)d, (30)
{dao =d'd, 1)
dy = did,

R d,, dy, dyy B d,, dy, dyy 53K, T, 5
V,.V,.V, I A MBI E A 52 e, Bl e
dy tdg,+do*d,, Fdg +dg =1,

25 TR K H I LK SVPWM 3 I A
SCHT B 3 AE % DPWMMAX 5 W% A1 45 4, 15 3
SSMC. W] il 3 W 1) 20 5 FF 5CF F1 an &1 13 s
AFFFN R DSVPWM ( DPWMMAX ) 6 1%, 151
F RV, (NNN) |, B G JE 119 g K v ] 354

13 SSMC H&EFXFF3I
Fig. 13 SSMC combination switch sequence

V,(PPP)VE TR,
4 {FESH

Y B AEAS 5] 14 1] S BE X SSMC CMV g4
TR 7E Matlab/Simulink FH3 IR & 1 B s 4544
HE P14 SRR I A7 07 B, S AR AIE 4 B il 5k g
X b P, 396 A8 9 ] R L m, B 0.6, Hig
SSMC RFESHUNFE 5 PR,

K5 SSMC BE&SH
Tab.5 SSMC system parameters

ZH AR 2
BAWE U/V 100
i A A/ Ha 50
STERHE C/pF 150
Iy B L/mH 5
IEP LAY C/uF 12
JE U LR L/ mH 2.5
FEABRL R, /Q 40
fud R L /mH 10

4.1 4 #iFH KBS T SSMC CMV {5 E i

9T B AN 5] A ] S g X SSMC CMV 152
Wi, 3 B %F b T 7 SPWM , THIPWM . SVPWM I
DSVPWM 5 &~ SSMC ) H, 25 Hi, JE Al CMV i1
TE i 2R R TE S AR AT, A S e 14
15 FIE 16 s, CMV I 1 H 26 H 3t A 08
% %% B ( Total Harmonic Distortion, THD) Ul 3% 6
Fis

B 14 4 FiEAFIKREET SSMC HERBEM CMV (1 EKETEE

Fig. 14 Simulation waveforms of capacitor voltage and CMV of SSMC under four modulation strategies
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15 4 FhiFH%ERE T SSMC M HEERHTEER

Fig. 15 Simulation waveforms of output line current of SSMC under four modulation strategies

16 4 FhiFAHISKBET SSMC R H £ H i ik 94T
Fig. 16 Harmonic analysis of output line current of SSMC under four modulation strategies
Hi 18l 14 F15& 6 W] 1, THIPWM SEHg T 289.7 V,
CMV fc Kk, W {EH 533.8 V;SPWM Hil SVPWM % ASCHT & DSVPWM K ( Bl DPWMMAX J5
WY CMV R/ IR 51 9 532.9 VAL 58) S AR R A AT 1/3 308 J] 309 Py o L i 25
532.4 V; DSVPWM SR ME T (9 CMV S/ WS HHMU7EIE B PUE b I ER T & JT R NNN,
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HREER 1 AT, NNNOIRZS Y CMV Ry -u,. /2, PPP
RAEH) CMV o u,—u, ., BT SSMC #i b e Jgk
TR EE PPP RAS, L TC I TH B PPP OIRAS (1
ATLAERR NNNRZS i A ZSS 43 i S 3Lt
PSR AR LA A 5 ek b =2 ) e se 4. | kit
B = RH ) I i 422 B 40 LI b ATV B = 2R
B CMV B NNNCRZS . B, DSVPWM 5 B fig
ks CMV I {H 5 2 PR AR 2 289.7 V, A &4 il
SSMC H#J CMV
R 6 4TIABIFETH CMV ISR HZ
FEif THD XLt
Tab.6 Comparison of CMV peak values and output line

current THD under four modulation strategies

I ) SR ek CMV i fE/vV fay th 2 LU THD/ %
SPWM 532.9 4.38
THIPWM 533.8 3.41
SVPWM 532.4 2.87
DSVPWM 289.7 0.44

SRS SR I 51 DR G S S A T
THIPWM 5 W f1 i 4 2% FL 300 0 (B Je K, SPWML IR
Z,SVPWM FRIR Z , i 4% 3C I & DSVPWM 3% g
At 2 P T O R /0N, R R L O 3 U8 40 A T
HI,SPWM 3 W% 11%) i 2% FL I 1S U 5K, THD
4.38% ; 1M DSVPWM 5 B 1) i 13 42 v I 38 1% A
/N, THD 4 0.44% , iXJ&HH DSVPWM /KA
JABIACRH 3 IR, HAERA X =41
W —AHFELR A 7R IE BB L, B T
FERBIVERER ., T IR R M D 1 =
TR R, DT (5 5 i+ 288 Hl 300 R T T 1 5%
b, 25 b r iR, 76 DSVPWM 56 % T, SSMC 1y
CMV 1524780l , H A 2 sl THD /N 55
UE T A SCHr 2 DSVPWM 3 I 11%) 18 4 A 50
4.2 4 FhiEHIKEET SSMC HIFHERE 1 BIEM

HF G =T 44T

4 Fofr 3B ) SR &R, VA — 4R B 0 (A A R R
Ugy/ Wy, TV REL m, WICRWE 17 iR, W
T SSMC IS H I AR 1, 525 L SRR S %
PSS AR L, 4 FhE SR T, 10 —1kii4s
TR up/u,, F105 28 AR AD 50— 14 0%
EAHF R wg/uy, PR ST HIANE 18,19 iR,
FISHLRZE 7 R,

P L 17 AT, A F e 348 5 07 7, 7 [] — 8 il

E17 4FIEGRETHA—LEHHEERBES
Fig. 17 The relationship between the normalized output
peak phase voltage and the modulation index

under four modulation strategies

18 4FEAGIRETH—HUEETRBESH—L
HWHIEEHRBERNXR
Fig. 18 The relationship between the normalized inverter
stage voltage and the normalized output peak phase

voltage under four modulation strategies

E19 4FEEKRETSSHEHNET—LEd
IEEHEBENXR
Fig. 19 The relationship between duty cycle variation
and normalized output peak phase voltage under

four modulation strategies
ZECH  THIPWM SEms A9 08 25 LE S o i3k 7 ]
B, HE m, =1 BF, THIPWM 30 Al SVPWM 5 B frY)
R HL B3 £ PO b AT 3k B AU A R R

© Editorial Office of Electric Machines & Control Application. This is an open access article under the CC BY-NC-ND 4. 0 license.



LSRRI, 25 53 4, 4% 9

Electric Machines & Control Application, Vol. 53, No.9, 2026

959

25.62 1% ; SPWM SR W& 19 B e 38 25 51X, 30 B
BER% R Y 5. 78 f5. %3 4h, 5 THIPWM A
SVPWM SR B AH Lb , A SCHr 2 DSVPWM 3R i i FE
JEMGEEMEA T, X J& 8 DSVPWM 5K I Sk 14
B NNN ZRARAS M7 A B ZSS 2 e 28 7 8 il (5
S A A A H R Y 2 B — e B

M7 FIIE 19 AT %0, DSVPWM 55 s Y 5 25 [ 28
LI 5 SVPWM 5 g AN [A], Hfe /I o5 25 [ Ry
Bm, /2 KRGS R m,, EYS m, WIEE,
FEIA Y m, S, BT L ) SR NI R 25
[FZE 6T AEAA ZOM T AD JROMIRAS , 33X 1F &
FH 3 3 AT BT LR SR A

R7 ATETRETHEMSHXILL

Tab.7 Comparison of various parameters under four modulation strategies

1] il 5 e ue/ug, U/ Uge /NG D, KRGS D,,. AD
SPWM 4m/(2m=3+3m,) 2mm,/(27-33m,) 1/2+m,/4 1/2+m,/2 m,/4
THIPWM 2n/(m=3m,)  2mm,/(m/3-33m,) 1/242m, /343 1/24m,/2 (3/3-4) m, /643
SVPWM 2n/(w=3m,)  2mwm,/(m/3-343m,) 1/2+/3m, /4 1/2+m,/2 (2-V3)m, /4
DSVPWM w/(m=3m,)  @m,/(w/3-33m,) 3m,/2 m, (2-V3)m,/2

& 18 nJ 1, 5 SPWM . THIPWM #1 SVPWM
REEAH L, A SCHT 2 DSVPWM 30 A8 B 07 F7 88
(AP0 o i 8 4 [ B 2= e T = 0SSR YA B N 3
A R I BEAIR , AR SR a8 ) AR IR
FERR T, R APR PRl aok R O e e XU | A7 B T 4B
KA, BT AR AR R 7] LA S
3R B REZ L b B s o A O A% R
JE, U/ B AL DK Sl R H 3 1 i, A0 F ML I 3
AR,

5 KIGIEIE
S T HoiiE A ST DSVPWM WS (45 2801 |

TEPIER S 2805 07 K S8 —BUIE B0 F 35 b
PS5 , AT IR B0 E 5 R S 5 an
20 i, Hirf, SSMC i & 25 A SURK 76 40 45 2R
FH SK60GM 123 -5 ; IR B He Rk H 6SD106EI; 4
TR T AL B AR BRI B3 1T G AR T TR B ( Field
Programmable Gate Array, FPGA ) £ 3¢ 43 51| 5% H
XC3S1800A-4CSGA484LI  Spartan-3A
5.1 4 FiFH KEET SSMC CMYV iR 58 i 2

4 FhE SIS R SSMC HL 25 B A1 CMV 3t
OE N E 21 Frox, AT UL, THIPWM 56 8% T 1
CMV £z K ; SPWM Fil SVPWM 6% T ) CMV K
ANEY IR S0 HEE L3k

20 WEHLYTES

Fig. 20
5.2 4 7% T SSMC % H & BiniR 16 ik
4 FREHIRIE T, SSMC i H £k i i iR 56 I e
wE 22 Fras, nl L, SVPWM Al THIPWM 5% W%
T, SSMC iyt £k H I W BT K, SPWM. 5 i Ik
Z,SVPWM K& fie /. 50 38 5 0 5B L
T3,

Hardware physical platform

6 &

ARICKG —Fh I T 7SS 435 E AR DSVPWM
FEME R T SSMC 1336 A8 2% 5 Sk R A5 B K e A
FHA SSMC BT R FAL ey SVPWM SR
FEL T Matlab/Simulink #7407 B 404, B T 1F
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B 21 4 FiEHIRAET SSMC AR ER
CMV i3
Fig. 21 Experimental waveforms of capacitor voltage
and CMYV of SSMC under four modulation strategies

FE# T R, 45 R R, BT SPWM
THIPWM F1 SVPWM 50§ , £ A< SC i 2 DSVPWM
WG T, SSMC 1) CMV BE 5 75 21 57 47 i 9 1, %
H LY THD BN, H R 7 85 /0y , {H H e 34 25 g
AT,

a5 R A=A
F A1 75 AAAEAE R 25 0P 2,
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B 22 4 FhiFHIREET SSMC i & it ik
Fig. 22 Experimental waveforms of output line current

of SSMC under four modulation strategies
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