20254 4 f SEN D 5 2 N SO 4 Vol.40 No. 8
5 40 %5 8 1 TRANSACTIONS OF CHINA ELECTROTECHNICAL SOCIETY Apr. 2025

DOI: 10.19595/j.¢nki.1000-6753.tces.240639

E TR RIEE A kiR o BT
Y FEH SVPWM 5 50 FB 7% #x sh ) &

77 @) &,

A 00 %

% B £ &
(FHAYRAE5H HITREE BX

.
211100)

WE TEULHBERGHABE S ENESNZA T, ERGZE XEKTEHE (SVPWM)
BHRAEHS LB AMEREBRATAGHERE R, #TIRIAER S B EETRAES >
ARAWEME#R ., BFt, 5 —MFEIFXIAEEEITRE LS HN XA SVPWM # #|
Tk, R TAEEE S A BRI EIET B, AT ET o REFEFRMEREERAL
MBI, ARCLH B Ry, F B, RA RSEEREE (MT) £ 4 REN K, &
T AR 56 FEALPE A 1] 36 7 M, ARIE T S FA AL SVPWM # %1 7 ik i MR . SR EREXN,
HF O MT 5k o WAL SVPWM #2 6 77 R 38 B T A 2030 % e AL 8 7 B s R 20 19 B 8

KEER: AR#E LS B ERIBR meiiks REANEE X EKTEE (SVPWM)

FESES: TM35I1

0 3=

AR, WAL E) s IR A T AU K
f4 7] 25 L WL ( Permanent Magnet Synchronous
Machine, PMSM) 3K Z)) £ 4t H ik e 7 M 1) 2 ik
M AR LA KA 1) PMSM #E i R geth, HH]
75 i) % &= bk 5% A W ( Space Vector Pulse Width
Modulation, SVPWM) $i AR X} PMSM HBEAT %1l 1%
48 SVPWM 5 1fill J5 3 (1 I S 9 4 0 2 % 5 A1 I (1]
T [ T8 IR, PRl 30 AR g vp D) 3 T A 1) 3l I 2 AN
AR, AN AE TAR bR v 25 7= AR IR A A TF AR [
LA A Ak B I I S AR U o BRI I 25 PMSM 1Y
MRS N R B 35 A2 e 1E T3 K PMSM. B G 3
H i ARG I R AL A L v B AR B K

FHT, B PMSM iy 4545 2 410 11 i 7258 B At (1) B
U B P LE AR A B U VRT s o SR s B AN
M. Forbr, DAFE AR JE R R A0 PMSM i A3 Hi 7
ezl RA B TSV . I AT S ms b, Bl AL
78 ] % = K 55 1A ) (Random Space Vector Pulse Width
Modulation, RSVPWM) 45 R 100f FF 5645 545 %

E X ERB R AW E (51907052) .
WefR EHE 2024-04-24 S0 H B 2024-05-15

Jik b A B A 2 B AT BE LA AR B, AN TR B &
S0 A 1A LT R e S i S0 U AR R T I AR
FEL N TR R GF 91, AT 28R AR o A e U i, AT 410
AR R o SCHER[ 11153471 7 PMSM 7142 4 4 it vy
77 2R 77 A () W U R A ) R g R0 R B e
(R SEI, 8 H R AR S0 25 A v 25 o el e AL P s A i
1, H. i i 29y Jon B Bt A T 6 40056 1 14 K1 96
SCHR[ 1208 T 3 45 800 A% AR A oA F ML S 4 L IR
eI e B D R 2, RB NS A SR HU LA K
WhBh sy /2, BRAR T UL AR 1) BB ) 0 iy
AN 2 W 7 o SCRR [ 13 ] ik 3 Y 2R R o e AR A
M, KV AR R W R R A R IR L e, A%
MR/ T AR R 3 UGB S i, RIS &5 S R LT
TN LA, ALAF TF I 2 Je FLHEH A Aab iy A
WP ME AL KR D . S 25 R W, T Re A A
WeF AEK. o A A0 B3 P DR e, 5 AL PR A4 A0 B g Dk
P31l o

RSVPWM 5 A0 AH HL it ey 40018 308 A0 0% 7 50
RIF2E, {5 RSVPWM AR N F 78 52 br R 40
W, FCBEHLEC BELPE AR O B B RSVPWM
FEAR B M R M R . % SE B AL A T i
PR BN AT EE M. AN S AR R,
T3 RSVPWM HEARTE 5B W H v 5 1 Bl LA B



40 &5 8 I

Fhom %S 3T ok M AR e VR R K G TR AP A LW BE HL SVPWM =

B B AR 3 4 ) 2505

SESEE) . B, ASCHSSHET T PMSM 7522 5 4 41
HL A1 T 9 DN IR s A () L g (R B R, O A
T AR 7 TR N ) R g ) F LR B
M5 s ARG $ T — Bl kT o My AR i
(Mersenne Twister, MT) %575 [ 7k 4 [7] 25 e AL XL B
Bl SVPWM #R 2]l s ms , A otk MT 505 A2 i
BEMLEL, $ETHBENLT 21 6 BE L PE R0 A% () P, 4
A RS I BT R AR MBI ML R < &, A R0
T RO B AR, T S B R B s S
BB YLIEZ LR &, Wik el oy A
Bk

1 TSt R Aok A a4

FEA AR B 7 30, PMSM [ #% Tk i Wd 37
T F MR S N A A TARE L, AR 3 e I
KERATE NN, SR g )% 8t
s FALE F U0 3B = AR I TE A2, BUE PMSM
A A R AR B Y MR R 2 T Y g ik ik
IR R NATE AN A IR DA E S W

P(Ht)_z [Bz(az) B(et)] (D

Ho
X, PO, 0y AL R EAR ) Wl JT s BU(O, )N
A B T AR 1R O s B(6, ) kR I
MIVIIE s o ST

H1 T HUBL AR A D7) 1) 100 5 S B AN T AR 1)
WA % By A5 73 M HEUHL A HL 1 9 50 I — i 2 s 3L
s, PR (D TR TE R
1

R(H,t):ZBrZ(H,t) (2)
0

1.1 SEHBEE
FE 5 BT PMSM "< SR 37 I8 >R FH 1 3 34 3f ARG
S LR AR AR N R R T, Rk N
B.(6,1) = [(0,0)A(6,1) (3)

X, A0 NSRS s 0,0 BT
) PMSM K IE 5% 3 ik B i, A B 8l e nT &
NN

0,0 = f,(0,)+ 1,(0,0)+ £,(6,1) (4)

X (O N IEBHEN s f£,(6,0 095 1 1 P )y
s £0.0) 09 5§ KMk A A Sk B B

) PMSM K] 22 A3t 1k L 75 3N, A HLE 548
2 rpa 7 A B B R Y S £,(6,0°K% 73 LR
iy : O THARBESIH @h U RS 3

s, [
fv(eat):f;zs(est)"—fvh(gst) (5)
X, f(0.0) 0 & T HAKHEB) s f,,(6,00 h IR [A]
W LI AR I B
PMSM H B LI T A(0,0 M 35 X R

AO,1) = A, + i A, cos(xz0) (6)
x=1,2,3
A, A AT AR AR T R E E s A S
BRIET x O IEIEAE : z o€ THEEL
X @) ~K 6) AKX (3D, HBIEH
ARt 75N PMSM A BRI Al AT Rk =h
B.(0,t)= By(0,0)+ B,(0,)+ B, (0,)+ B,,(0,t) (T)

Forbr, U OB B A
By(8,1) = Fycos( pd — wyt — @, ){AO +Y lxcos(xzﬁ)}
x=1,2,3

(8)
e 1 K Bl A A5 SR 3L TR DA

B,(0,1) = F,cos(upO—uat— g, ){AO + i /lxcos(xzﬁ)]
¥123
9
R PR A TR R U A

B, (6,1)= ZF cos (vpl—wyt— o, )[AO + i lxcos(xzﬁ)]
x=1,2,3
(10)
AR A A R TN () B 0 40 38 2 B2

B, (0,t) = ZZ 15 COS va hawyt — gaz)

[/10 + Z ﬂxcos(xzﬁ)] (1D

x=1,2,3
L, F, WK BOE RS AR u WK
WERE S W W EL, KANK 2r+l, r=0, £1, +2; F
Shy FELHK H 9 U AR I v UG B R S AR s F
Ak U TA) I O I AR TR v O R s AR AL s A
h AR AT A T SR SN I IR B G o
AR R R AL 0 v OB G Bh F AR s 0 R
FHAR AR 2% A g 5 R 5N B R D S R ()
v RS LB AR s o e T BE DR G B A A
v o RS B p LR B



2506 SR B 27 NI S 4

2025 4 4 H

1.2 SR EBE#A
7 PMSM SRR AbTRk0 (7) o, U
Boi(0,0) 5583 (1 HF A R B P A o, HRE AN

B, (0,t)= z Z[th/locos(vpé’ —hayt — @, )J +

v h
Zz Z[% F,, A cos(vpl+ xz6 — hat — ¢, )}
v h x

(12>
b, AL A x POEBGE IR KBRS .

AL T By W SR AR 0 s A3 v g 3Ok AL v A
HLRG I s 152, DRkt 2% 18 v e AR 2 A v 5 |
AN RS . Kl (120 AN (2), 53]
PERIAE U LSE 7 I B A% 1A LR ) i IR 20, RS
FAB AR R, T A5 R T AR B g A v Ty 5UR
1 A R L™ 2 i A B0 (1 v R D R Y, MR 3
FLRE 7 v s L I T I R R 1 K R R RS A A
A, Rk Ay

A
Bt(eat) :’U_ZZ{FMFM :
0 v h

co{(uiv)@—(hiija)ot+gp3 i(pl}} (13>
P

X, oy M2 B0, )F I E RIS, K AE 4
A7 2R 5 L AR AR B 1 e A L
AHAT

K FH AR A A v 7 2, 32 A i L R e R
Se B RIE R RN

fi =k f. tkyf, (14)

A o LIRS ey A &y O 3 A R AT S 19 IE
L3

gieal (13). X (14, wr3AR 5 &t Ha J7 X
NGINEY B U B e 7w U AT AR T i
7R AR R LG R

i =kif.thk fo £ Qr+1) fy =k f. £k f, (15>

A, r WAETE ARG k- ks BB MEAR [ 1F 250

g0 (14D, 30 C1s) ZrFrardn, (e TF A%
b, AR T R TN A e AR T
SiE2f o fixafos BN ARAR 0] BB ) 5 A %6 22
Sitfoo WOAT M) HOLHE D) W IR AR . AR sy, AR
wigs e 7 R 5 PMSM 77 A AR 2 (1) 35 8
JE A

2 WPREHL SVPWM 5§l 5= B

BExE PMSM e AR 45 (it i 07 0T 7 A
HLBAIR B IX — ] L, AR SCHE P BEALIT G HR
B S HEAR 25 & XA SVPWM #5551 5 ik,
AT RS AL e L V8 e A e eh o2,
g T RS, 1B 1 WEEHL SVPWM 4% il
Ji KR &

XBEHL

ot SVPWM
u,
dq “
u,
of B

2 l
l.b o]
abc o ’ Zli JU de

o.f %Q%QJ

Kl 1 XUHEHL SVPWM 5 ifil
Fig.1 Double random SVPWM control

2.1 PFEHLERE SVPWM

A At 7 N, PMSM % KA SVPWM
P Ty AT, 0 P AR 2 N A T O )
0 W ok A 3 A g 1 i L s o /R SVPWM #2467
AN, AR SR ILAT \Rh IR R A, XN Uk
CERE NN P IR O AN N = I Gl 1 I EE SN 4
(U(100), U,(110), U;(010), Uy 011), Us(001),
Us(101)) FIPAZ K5 (Uy(000)FT U,(111)), ik
A 5 At VRS PR R R A7 R T s % A R A
AR, HSEREMEHBFEILR, SRR E
8 A FH BSF T8 AT A — 5 S L A B ATL 1 o 22 Jok o ) 2 20
I 21, AT e A A HL O PR A, i S e rRL AL
UL SR

K SVPWM il 77 X o 1 2% 1) 2K 1 A ik
N E T 2 frs

p
U6
Uﬁ ___________________ Uout
T, T, /// !
a
U2 // I
/ |
/ |
/ |
0 N3
M ' ®
o U, T, U, U,

2 T A I 2 B R R

Fig.2 Diagram of voltage space vector synthesis



40 &5 8 I

MR AR IR T OO AR e e S R K 1R AL BE L SVPWML i 3 P ik i 5 490 1) 2507

LS N L i T 0 DB e o T

T, (16)

T, +T,+T, =T,

KA, Tye Tow To 0HK Usn U IERE UN(U,)
HIE RIS 1] s T oA 1 R I o

i (16) nf L, SR SVPWM #5845 2L,
B L Ugy MITRAEAN S5 2 R i Uy Us INAE
B A G, S % K& Ul(Uy) AR B TR GG,
K, 7EORFFA R s R & Uy Ug AE IS TR AR 1)
HiER T, X F R & Uy(Uy) AR H IR TR 2R 4T BE AL
AR B, 5 e STk e ) A B R AL, S B
L Hs R B AN R4 D0 T I BE AL R 4. DL A A
FWTE R, BENLE S &I B 3 s .

| | | | | |
!
PWMa! | !
|

| | | |

| I - I I
PWM_a | | I | [
— I I —

RTy Ty Ty (I-RTy (I-R)Ty Tg' Ty Ry

|

ﬁFE'T 4 4 2 2 4
! PiANZ R B P I TR AL A3 il !
! TERFT, !

K3 BENLE KRR
Fig.3 Random zero vector assignment
XA R A I TR B LA A B, R
43 A1 I ] 7T 275
ty = RiT,
{17 =(1-R)T
A A, to~ f7ﬁ\%uxﬁ)ﬁ%9€%¢' Uy, il U,y HIEF ] R,
A —ANEX IO, 1] F355) 40 A it BE AL AL
RN AL B R R Uy M U, B8y B 2
2R SRR, AT DA AN AR i P A P L
S 4 ) RO
2.2 BEHLFFRENER SVPWM
B L TF DG A % SVPWM 4% il U7 X 0 71 % 46
SVPWM il J5 UL At L, O T SR A A< 3R 4T Bl L
PCAR TR, R TT SRR K T AG B AL 1 18 0 2 W1 45
PR N, DUIE 2400 B AL e S A P B 0 H R o
T REHLAL AL 25 1R T R R ik 500k
fo=fo T RAS (18)

17>

A, £ A BEATLAG AL BE S 1R300 AR 28 7 G s f Ay
DE s Ry N BHALEL: Af R H HL

S5 EN AME S, 18 1T % Ry B R X% R 4
R FF RN . H AR G T AR A, S B W]
RS AR ORI w431 g A 4%
FFRERRRERFE, ERRABIT AR E. KL,
T 2 16 B I DA 6 (10 A A0 3 TR AR IE R G A g 1B AT
(PGB . BEALIT CH 2 SVPWM WKl 4 s .

U

Uy

tr U0)
|
|
0 I 4+ t

4 BEHLITKHIAH SVPWM

Fig.4 Random switching frequency SVPWM

F XBEHL SVPWM #2161 75 35| A\ PMSM il 7
i, ol DU RO A ] B R I B, A e
MR 2)) . (HAEXUREHL SVPWM 454 77 b, 1548
I BENLE L T VA P AR BE ML M. A
AR AL, P EOBENL SVPWM 21l 7 2 A 52 B
T R B 3 B LA RS E S sl BRIk, 0 X BE L
SVPWM #2477 3 v B WL A B 77 vk AT WIF 9T A
b g

3 FEHEER T E

PMSM 7E X XFEHL SVPWM £:4i (Double
Random Control, DRC) 573U, BEMLEL A 2 B
KRB IR, BENLEE M A BENLEC A R 345
Tt J5E 20K L 5 W) LB WL SVP WM 428 11l 77 V25 (1) 47 4
TRARRCAL 5 S0 1R BE A LR B 5 A7 A0 BB A o) AT
AN AL A 5245 . BEMLEL B B /N S 1)
R, ASCHEH —Fhgh & Logistic 5 Kent P FFR il
e 5 5 30 AT OB ) e MT SR (Aol
LKMT) KA BEHLEL, %0 A Se o gE . =
ARIBENLECE B E . ER RSN, T
J7 95 SE B L XCRE AL SVPWM #5461y %4 0
LKMT-DRC) 7. B 5 & PMSM Xl LKMT-DRC
77 I J G 5 HIAE 1]

3.1 Logistic 5 Kent ;&R 5t

Logistic VR B A& — Ffr JF e P 1) S 7Y ke 5

ARSI e — R RS HUT A, HRIE N



2508 LN B S N 2025 4 4 H
iR
abe 193] FLATRIAHE )
o.f B BL 51

T e )

5 LKMT-DRC #4175 18 | FRRR FAMT J5 #3817 TFGSR ‘

! i L |

Fig.5 Control method of LKMT-DRC | gt N

X, =AX,(1-X,) (19)
X, A N[0, 4] 2B S X, NFH%EAR
i, X,e[0,1]; X, MWIUEE .

TEL5 8 Xo MAIME G, it A8 A e, ] BUE
Logistic #E#HUJTHIRI DB =X : OY 0<A<3
i, BEHUFFILE 0, 1) XN ERERE; @2 3<
A<3.6 I, BEHLFFUAE (0, 1) X IR Py 5 8 3105 4105
@M 3.6<Ai<4 W, BAHLFTHILE (0, 1) X[ Py S IE
WA . AR EA=3.7,

Kent R W 2 —Fh 2 R R g, HRE

X 0<x,<a
(20)

nog<X, <l

A, ae(0,1), LAKE a=0.3,
3.2 ETF LKMT BBEHIEE RSB

LKMT J575454 T Logistic 55 Kent P Fi i yili ik
Wors, JEET MT ik R RN 5 .
LKMT MIHER AN 6 i, LW T

1) Witk BRI 74

BB AR, FIH MT S35 ] i b
HUFF, 740 o (1 3042 B AL el W14 {8 MT01E AR
FRAR AN

VIil=1(V[i-1]@V[i+1]> (32-2))+i (2D

Aorb, VIS i ANBENLEL 1o HE T BB 1 &
> R

2) PR R R T A

I ] Logistic W5 A1 Kent 55 4146 3 51148 X
WS SR VLA R, R IA A

i B | B2 Transformsequence
| L PR HARABEAL 5
52 V

|50 |t s Ak 2
|§ PRI T B
- Hi

Ko BENLE: B B R

Fig.6 Flow chart of random number generation steps

(22)

Vil = Kent(V[i])
V[i+1]" = Logistic(V[i +1])

X, VT ¥ VIEEAT Kent YEEBES F) (0, 1) 2
W) VR 2 18] o 5 Pi+1] ko Vi 1]3E4T Logistic V&
TG 2] (0, 1) Z W) VR % i)

3) [ TGFSR # i e 5t

PR H MT J535 3547 TGFSR 1 it i 5 15 3
WBENLE 5, HEREA N

VIil=V[i +m]® (V[i]W*’

V[i+1]’)A (23)

Ko, m k0, N) WG VI VIR wer

IR V1O VIAME e RN [ RN
VI V1] A
B8 Vii+ml®V" | vi+11)k H,
Vil = :{HM H,=0 (24)
(H>)®Q Hy=1

X, Ho b BARAL
4) FEIRENLEL
FJH] Transformsequence B&¥0KE; LKMT Jy i/

JSC T B ATL 280 1) DA — 33k o R X s 15 3] e ¢ 1R B AL

Fe 4 I N H A2 PMSM 5 46l &Z ge b, 0 i pLgE AT XUk

HL SVPWM x4l

Q Dy B K HE R B



540 B3 8 i MR AR IR T OO AR e e S R K 1R AL BE L SVPWML i 3 P ik i 5 490 1) 2509
4 (MEXZEWEIE 6ol

o T Yol SR LKMT-DRC 57 st E4 ol 2na
SRR T A, A BIRIGEAT T s 8 _‘:»Wl,_\_r_J ‘”‘tf‘m 192188 54
ST . = 20 i “‘.Mf‘fﬂ\“” WO 70T

‘ e ‘ LJ.. WETH il I “l\ i NLI sl Al bl

41 {FEZR o] % (i “WWWW‘M‘”WWJ Wi

¢ Simulink {7 FCHRHEF 3 425 45 SVPWM #2161 -0
D7 FBEHL SVPWM 5 77 ¥ (1 5 BB, 23 v Y Y

WE N BREWEN 311V, #H A 1500 r/min,
JFRMA K 10 kHz, FFRIMERABLTEHE K 9~
11 kHz. WA 07 2R 16 F LA H 3 A% 17 B 25
R 7 Fios.

07 [ 0.67%~
0.6
S ost 045% .
=
= 0. 3
2o 02k 0.17% ~_ 020%~_
0.1F ‘
I I ! i i I 1 bl il il ol ‘
0 10 20 30 40
i /kHz
(a) SVPWM #% il 77 =X T A H i A%
0.7 -l
0.6 I
S 05l 0.34% 0.14% 0.08%
W 04
<t | I i i r 1
= 03[ I | I I ! i
= o2} ‘T I L] !
' MR ! P |
0.1+t SRR i . \‘
1 Ak ) 1 it b T
0 10 20 30 40
i /kHz

(b) XBEHL SVPWM £ 75 3T AH FL it A3
7 AL R E A B
Fig.7 Comparative analysis of phase current spectrum
I FL45 L n] %1, LKMT-DRC #5477 2 ] LA
Ry B IEARAL TT SR S AT SAL 1 e o 8, 3k
F) 40 PMSM e A5 U M A ) H 1

TEAE/dB

iﬁ_‘

60

W 2 LKMT-DRC % 4 J7 vk 5 1% 4
SVPWM ¥l 77 L ) Sh 235 a5 3, Wl 8 Fiow .

243dB
\ 017dB o e an
‘l\ ‘,FM w ;\“ I‘ [ M
I Wﬁ Mh"“l"ﬁ’ﬂ‘" (il »“MM'L it 4\ h ki (H"“
; ' 1'0 I 2I0 I 3I0 I 4'0 ' SIO
B /kHz

(a) SVPWM # il 7 0T A e i o 26 ik

(b) XBEHL SVPWM $5 i 77 30T HL il ) 2 3%
K8 AH AR L) %4
Fig.8 Power spectrum of phase current
HilE 8 FP i LA T LI & Y, AHLE TR 48
SVPWM #% | J5i%, LKMT-DRC ?f‘iﬁéﬁﬂzﬁ R

TREEAE T A B FAT SIAL 1R W 1% I8 T A 11 59
3 TR B 5 AR TR A
42 ZEHER

ARILLL—6 4.4 kW 53508 S 4 7k i [ 25

LA BTN S, 40 6 A% 48 SVPWM 4l 75 2 K&
LKMT-DRC #7720 R 1Y) PMSM A HL 3 8 9 M 4z
Bl NI FE AT SEEe X L, JFAE LKMT-DRC 4%
i 7 F R A F @ SEE L, 48T LKMT-DRC
P 8 7 3R B ] A R . S P AR
RTU-BOX, 5546 H Ha s A H A0 o T 25040 30 ok o s e
T A B, YR30 B K H PR 3 o R A

PRFR ) B P R AL 215 2 . BT 10 PMSM SE256
%“%éﬁuﬂui% 1.

A 9 Ffrrg BHLR Gk

9 PMSM LRV 6
Fig.9 Experimental platform of PMSM

z1 XHBH
Tab.1 Experimental parameters
Zz o
B % 5
T % 12
d %l HL & /mH 18
q fil FELE/mH 22
B REER HLE/V 180
FEPANZK f/Hz 50
[t 7 TF A f/kHz 10

B BT 5% 43 26 A8 4% 38 [l /kHz 9~11




2510 SR B 27 NI S 4

2025 4 4 H

4.2.1  FH HLVRIE U S A

J T WAF T LKMT-DRC 4505 b3 ik
B, XRAf£ES SVPWM #5477 LA LKMT-DRC
18177 20 PMSM (¥4 F S AT % HEAT 23 47

10 A K FfE4: SVPWM #1475 2L F PMSM
R AH FL A B A o BT 4 . W o, AR T OO
B AT AL I 3 A7 A W W R e, Horp, A
FFRAAE 10 kHz Ab [ 9RUEIE P 2 80 1.23%, 75 9.8
9.9, 10.1. 10.2 kHz A (#3832 550 Al 0.234%.
0.112%- 0.365%- 0.099%, 5PLRER fi£2f,, fi+4f,
BIRFT o A8 FF A R H A% 4 20, 30, 40 kHz iz
AR TR AR 38 57 5 A 0.58% 0.45%- 0.42%.

30 L H 0_5900
25k r0.25%
= + 0.11% 0,
S 20F 123% [ 0.3%
mﬂ - - | -
g 15¢ \ 98 .9910010.1102
= 0.58% 0.45%
& 10k : : \ L4570 0.42%
= L \ \
05 L
: |
| .
i IR N I L L i 1
0 10 20 30 40

iR /kHz
K10 SVPWM F il 75 A 23 B

Fig.10 Spectrogram of SVPWM control mode

11 24k Hl LKMT-DRC #% il 77 2N (#AH H1 9
g . hse g Rl g, R LKMT-
DRC #6177 A, 18k ROk R af, £
T ORI T AT BTUAE BRI (1 1 5 M 0 1) Sk Bl o G
W, JFRIE 10 kHz Ak B 3T 1) 9 06 48 35 e {8 e
1.23%#AK 5 0.14%, EJF R BAAG AN 20, 30,
40 kHz A B 3T 10 2% U6 8 3 1 {E 20 30 - 0.58%
0.45%-+ 0.42%FfK % 0.13%- 0.12%-+ 0.12%, ik
T g LKMT-DRC %4 7 30 A %obk

30F
25
S 20l 0.14%
o
41 15
= I
310t
0.13% 0.12% 0.12%
05F
B Aot |r|7I bl b .rli L ‘rli il s il
0 10 20 30 40
FiiZ/kHz
Bl 11 LKMT-DRC il 77 A 53
Fig.11 Spectrogram of LKMT-DRC control mode

12 HFERAES% SVPWM #5477 X H1 %
LKMT-DRC #7720 F PMSM A H 3 ) 4% 43 47
A L 46 5

—— SVPWM
——— LKMT-DRC

& {E/dB
2

PR /kHz
12 WA o Hr
Fig.12 Spectrum analysis of current power
Hi P 12 W50, A8 M A i 7 0 F, PMSM £
KL G SVPWM 2 46 77 2 I 9 R 2y 26 3% 6 T 5%
A R HAG B AL B 3T A7 A6 W S R SR VB i, O U
W FEORNIAE I AT R b A2 WY Sk i s 0
¥z 5N LKMT-DRC #1757 505, PMSM )4
FLUAL D AR AR AT P, o W] R, R 1
PTG, T A R B AIE PMSM 7E 328 AT i 75 o (¥4 3
I P o b ef ) 7 T R R PR R e 0 A
XL LR 2,
F2 MMEHE AR T HE RIS EE T
Tab.2 Comparison of phase current harmonic peaks

under two control modes

1 5 X 10kHz 20kHz 30kHz 40 kHz
B SVPWM -27.8 -31.8 -32.7 -32.5
Y E/dB
LKMT-DRC  -34.5 -35.7 -38.4 -38.3
R (%) 24.1 12.3 17.4 17.8

W g A5, RA] LKMT-DRC #5177
L, AR AR RAF, w2 ) AR A 2
7 3 BN s AR O
4.2.2 YR30 SE

N T WAEA SCHT R LKMT-DRC 2 ) 7 56
ML = A 3z 3l 40 60 10 A vk, g o SR AR 4
SVPWM 477 s0F LKMT-DRC #4177 30 K HfL
T e A B T e 3 00 5 AT LU, I 0 BT A1 B BL
SVPWM # il 75 2K 4353 R A LKMT 553248 BB AL
HORNA% 8 K2 2 A2 2B R BE BLAR T bl &5 3

Kl 13 24 PMSM X4 SVPWM F 4] 77 2 A
LKMT-DRC #1772~ WL A e 53 Be (¥ 4 20y in 3
JE o dh:

13 %0, RAfES SVPWM 46 77 i,
FEFF AT 10 kHz Ak BT 1) = A5 4% 20 Jon 3k 8 0 i
AEER R (9.95, 0.073), FF & LR MH £,2f)- 7| A LKMT-



40 B 8 R 34 T ook Mg A e B SV 1) R TR) 2D FR R OBUBE AL SVPWM i1 A3 Fi R 4 20 00 i) 2511
025 LKMT S35 T4 T B L1 51 £ B BLPE A0 22 ) 3
00f o LKMTDRC P RO BB FL 1 B s (BT 64 R Bl

§ e BLAR S, T BT B BL SVPWM 45 ) 5 14 i

;g 0.10 F ’ GININEEE S RAIE IR E N

B osh 4.2.3 LKMT-DRC il J5 20 95 v [ 5% w0 23 iy
R i E 4 | 4 PMSM %l LKMT-DRC 77 i, A<

o 10 20 3 40
PR Hz
13 3R Bh I o L o3 i

Fig.13 Comparative analysis of vibration acceleration
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different random number algorithms
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Double Random SVPWM High-Frequency Electromagnetic Vibration
Suppression of Permanent Magnet Synchronous Machine Based on
Improved Mersenne Twister Algorithm
Chen Zhenfei Wan Xiangmin Chen Shutong Wang Lei Wang Feng
(School of Electrical and Power Engineering Hohai University Nanjing 211100 China)

Abstract In the inverter-driven permanent magnet synchronous machine (PMSM) control system,
high-frequency current harmonics near the switching frequency and its multiples are generated using space vector
pulse width modulation (SVPWM), which brings high-frequency electromagnetic vibration. Therefore, a double
random SVPWM control method combining random switching frequency and random zero vector is applied to
the high-frequency current harmonic spectrum expansion. Meanwhile, the random number is generated by the
improved Mersenne twister (MT) algorithm, which enhances the random performance of the random sequences
and ensures the spreading effect of the double random SVPWM control method.

Firstly, random zero vector control can be achieved by changing the action time of the zero vector and
reassigning the randomized zero vectors into the space vectors. Secondly, the switching frequency of the
traditional SVPWM control method is fixed, and the random switching frequency control can be achieved by
changing the fixed switching frequency of the inverter and dispersing the harmonics at the switching frequency
and its multiples into the specified frequency domain. Thirdly, the random number is generated by the improved
MT algorithm, which is applied to the double random SVPWM control of the permanent magnet synchronous
machine to enhance the degree of freedom and spatial traversal of the random sequence. The new control method
proposed is named LKMT-DRC.

Experimental verifications are conducted on a 4.4 kW fractional-slot permanent magnet synchronous
machine. The PMSM phase current harmonics and vibration acceleration under the conventional SVPWM control
and LKMT-DRC control are compared, and the vibration suppression effect of the LKMT-DRC control is

analyzed using different spreading ranges. Under the inverter power supply mode, the harmonic frequencies
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introduced by the SVPWM control mode are mainly f,£2f, and f,#4f,, and the frequency of the introduced
high-frequency radial electromagnetic force wave is mainly f,#f;,. Compared with the traditional SVPWM control
mode, the high-frequency harmonics concentrated on the switching frequency. Its integer multiples can be
effectively dispersed using LKMT-DRC control mode, and the vibration suppression effect caused by the
high-frequency electromagnetic force wave can be significantly reduced. Meanwhile, the random numbers
generated by the proposed LKMT algorithm can improve the randomness and spatial traversability of the random
sequences, which ensures the effectiveness of the double-random SVPWM control method.

The contributions of the proposed double random SVPWM control method based on the improved MT
algorithm are as follows. (1) A mathematical model of the high-frequency radial electromagnetic force introduced
by PMSM under inverter power supply conditions is derived, and the effect of the high-frequency
electromagnetic force under inverter power supply mode on motor vibration is analyzed. (2) The LKMT-DRC
control method is proposed, which effectively reduces high-frequency harmonic content and suppresses
high-frequency electromagnetic vibration. (3) The effects of different spreading ranges on the final damping
under the LKMT-DRC control mode are analyzed, and the appropriate ranges are indicated.

Keywords: Permanent magnet synchronous machine, current harmonic, electromagnetic vibration, double

random space vector pulse width modulation (SVPWM)
(4R EXH)





