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Comparative Study on High—Frequency Noise of Permanent Magnet

Motors for Vehicles Driven by Two—Level and Three—Level Inverters
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(United Automotive Electronic Systems, Shanghai 201206 )

[ Abstract] This paper presents a systematic comparative study on the high—frequency noise of permanent magnet motors
driven by two—level and three-level inverters. First, the voltage harmonics under space vector pulse width modulation
(SVPWM) are analyzed through theoretical derivation, identifying the dominant voltage harmonic components and their
variation with the modulation index. Second, based on the frequency and phase sequence of current harmonics, the resulting
radial forces of spatial order O and spatial order 2p are derived. Finally, simultaneous current and noise measurements are
conducted on a test bench to compare the PWM current harmonics and sideband noise of the two inverter types over a wide
speed range. The results indicate that for noise near the first carrier frequency, the three—level inverter does not provide
advantages across the entire speed range. When the modulation index falls below 0.5, its noise performance is worse than that of
the two-level inverter. For noise near the second carrier frequency, the three—level inverter consistently exhibits lower noise
than the two—level inverter across all speed ranges.

Key words: Permanent magnet synchronous motor, Two level inverter, Three level inverter,
Pulse width modulation, Current harmonics, Noise
(31 FAESC) Aot WRREHE . T H P 15 = Fl V-0 28 25K B 1 25 P A Pl L 780 e 7 5k LU S, Y5 4R, 2026(10): 46-53.

LIN F, CHEN Y H. Comparative Study on High—Frequency Noise of Permanent Magnet Motors for Vehicles Driven by Two—
Level and Three—Level Inverters[]J]. Automobile Technology, 2026(10): 46-53.

— AR AN AR R AE Dk T A e A v 2 A R

LA, HE— 2 A R ML R BL A M AR . T, FE
K FEAILIR EL A g T A5 R R SR I, 7T BLAIE 7 7K B O PR AR RE R EE B4R bR 2 — , W%
REVRI AT R 2 I o AR, L BLs AT i B b 77 AR AL F T 0 LR M 7 AT X R e R AR S B
TEP BN (0 L RGN L 23 5 1R FELIR Bl , MATIT 7™ A F i M B,

il

EAEMEE AR (1989—) , 53, 207, B 52 7 1 R R Sl e LIS 1R NVH #5761, 1infu9.11@163.com,
—46 - IR S/ N



MRE S5 < PRSP = AP0 A Kl A A A R R B R A P X AT

NGRS B8 FNAE R R T, P H -0 7 % PR 45 4 7]
B AR IR AT AT IR IR ge . AR, Ho
F, P A M A, L A T IO T e, 0 A B R A
P LG ) S MR B X P P SR K T v A
PRI, B A5 32 EAR R T AR T SRR R 5 L
TEOCHT A NS o Ji S5 2ok 9 T OGS feffok 5 78 ]
(Pulse Width Modulation , PWM ) HL 3 18 I8 7 A= (1) i # 5
kT2 AR 0 [E6 A A1 %, DA T AR R v 0 e 75 M ., L 2 5
BOFRBFERG I, XRS5 SR FIA RIE X AL
SRHTAR NS | K PW M HE I 18 18 B 5k 43 A 76 B 98 1y iy
T PRI PAY, L) 3553 2 RO P ML, 7R T 2 SR e LA R AR 4
AT N ) IR P K

AHBE T P L P 38 g, P AR 2 (DL RS
Hh s 7 A (Neutral Point Clamped , NPC) #i b 4 A
) B T A 3 F P R R I RE R |
HHL I Y B 42T IE 5% . Baidoo S5 1o BE IS #E
5B BT R W, =T 508 4% T S R AR
(4 18 I 78 % Grandi 28"V T T HLOE R = R
337 45 1) P, T S0 WA WA (A Y, i v P DI IR 0
S35 ARG, IF HAE R/ TAE X BN, =
WG AR A% Y U IR IR T P L R AR . Masisi
SRR LG T P T S = T AR 2R K Bl e
W7 HE B LRE , di Hh =R SR BT AR LY
AR AE . BUA IIFTE R, = H 30 A 2% BR A8 A Ak
AR HL 5 PR IV D 7 L DA i e AL B 0 R ) AL
o SR, BEA W IR X = T AR 2R BK B T B L
W R VR BEAT R GENE T o LA, PWM HL R I B AL
2R B ST , B— 1 S D I A R A e DL
FEAE HL B A e 7 R A K P PR A B X O B Y
PWM Mg 75 i U #E AT 3 40 23T o

BEXF IR, A SO FERT L P 5 = H P AR
A AK BT A ARG H LY = R 7 Sl e A
S8R 2R N T B I o A R AR 25T 20 BT
SN A B IR LR ), B e £ AR X LA
) 00T A L I S BT R 7, LA R GE VA 2 ol
ARG T SRAE RN R E 2 5

2 PWMHEEIEKIESHHT

21 HEERES
73 i) 2 & ik 96 98 ] (Space Vector Pulse Width
Modulation, SVPWM ) J& 4= FH ik % 7] 25 v L A i P 110 4
il 5 2K A Ik T R ek AR 3 e A I R D AR
A2 TT AT S, LA R S B R o g
20264 5510 ]

SVPW M 3l T 19 RSP R — R S0 A 25 4 Hh 28 L R T
IYMT o B B RELR f AR G AN SR AT IX A ] | 3
P SE H = ARTERXFR, W) = AR 35 T R
U,=Msin(wt +¢,)+ U,y
U, = Msin(w,t + ¢, — 120) + U, (1)
U,=Msin(w,t + ¢, +120) + U,
KA U, U FIU 5353000 A F B AR C AR 1 613, @,
K A MR R AN, @ = 20f S SE AR R
FEPARAE o ], M ORARILE , U,y HEF 34
U oo WA KR
U, == max(U,,U,,U.) + min(U,,U,,U)12 (2)
I A S = A AR AT LA O G PR
I, Uf(t)>C(1)
"o, U<
oS (0) g 756 R KR, 1 I R b R S, B O I
X T MR 5 U, (0) Rl e, o x e {ab.c}, 535
FRF ARH BAHFICAH; C (1) = 200 pRE
AFHFN B AR b s % LR B A FLUE U ()
U () 53500

S, (1) (3)

Un(t)=[8,(t)-112]0,, (4)
Un(t)=1[S,(t) - 121U, (5)
KU, WETBL
A BAHZ RN ZR L Uy (2) 2
Ugy(t) = Un(t) = Upn(t) =[S,(1) = S, (1)U, (6)
TE =M s A B A 8 b R A A 4T
ORG24 B RS, AT i 3 A i+ U /2.0
~Uy /20 € SCEASTFRBRES (1) e (-1,0,1}, 3 48 3
W5 2428 = AR LA
I, Ul(t)>C,,.(1)
S(1)=10, C,.()<U(t)<C,. ()  (7)
-1, U/(t)<C,,.(1)
K Cp(0) €101 F 3, Cult) = Cpult) - 1
R B, PEE AR ]
A FHFD B AHAR B s X I B A LR U\ () Fl
U (1) 53508 -
Ul(1)=S'"(1)U,./2 (8)
Upn(t) = Si(1) U, 12 (9)
H 4 =X (8) A= (9) W] LIAH 2] A (B AHZ [A] AU 2k H s
U, (1):
Ug(t) = UL(t) = Ui (e) =[S(¢) = S;(¢)1U,./2 (10)
H ERHE S T, PP = P i R AR T
—_ 47 —



MRE S5 < PRSP = AP0 A Kl A A A R R B R A P X AT

FIF sz 22, BB AN, WENZESAET W
HL P A A 3R B+ U O - U T =
H S i 2 R S R, AR B + U+ UL /2.0,
—U J2 RN =U,, 5 BB BB B8 22 385 5 e 1 5 5 f -
HRRZES, Tt X o R E T b
22 HBEEESH

AR LKL Bl VR G I 6 B 54 R ALk Xof L 7
PR = T RIS 25 5. A AR
M 625 V, ] HE 0.6, 34 8 000 Hz, [ 1a fif7R
AR B A 20— R JE 0 P 9 4 R TR
PR, SHIE T — 2, = HLOF ALk i R B PR
A SR P UCE 3R X R B E AT A B
Oy, v LAAS B HAR 3, UL 1, R LA B 3 S A LR
A P TE BRI, S SRR (9 30 18
PR WIS, = Ky f, = ko fy, Jorp f R B AR
by R ey S R HL AR PEAR S o X T LR S I
HETE 20 000 Hz AP FR 18 18043 , At 19 e {488 K
MUHL RIS £ = 2f . = 4 R 2, = £

750

Wk
o [ — =er NI
250 ff
= |
s O \‘
DR ]
MR
-750 : : : : ‘
0 20 40 60 80 100 120
A ENC)
(a) 4L HEPIE
400 1y
Wi T
300 ¢ =y
= 2 -1, v U+,
# 200 7
=
£=2 [+,
100 f_#‘; <
Ty N vrey ° °
‘.Q\ﬁ‘”/g.‘ o) | | @
0 4000 8000 12000 16000 20000
B He
() 28 i HE A3 %

B 2k IRBOE L (I o 0.6)

H T2 T SR 2 R AL A TS 5 R A e AR A Y
R, T RS 98 e 38 P PN A PV AR A, A7 Ab B )
MrAFE A S LT BB . 1812 s P HE M 0 2]
1R i e rp 32 2 L R B A

PP R = HE P B T A RO LA T

a. WAL+ 4 RS+ 2f BRI . 7P
YREH T, i I B 3 A B A3 i R i AR = H P
YRBIT I I B IS R A . Hop =

— 48 -

RS, = 4f I B A ] EE /N T 0.54 38 N R T
R R, = HAFRYS = 2 i BE IR /T 0.52
ORIEN R I N = S 173 DO i R K = ¢ @ e i )
FL RSO , = PRSP Xl A AR ) LR A X A LA
il 553 R P DR RO SR

b, BRI 2+ f BRI = HAPIREN TR %
il @i o L IR n R L VAN T o e P B
i LU 21 0.54 I, HL RS 038 BB /ME, 7232 8 i LE B
AT, R RS IERES T P L P 0 AR S A B R 55

100 ¢ Wit
sof — T T
= 60}
Z
2 40}
20|
0 0.2 0.4 0.6 0.8 1.0
I L
(a)f. = 4,
150
_ 1007
1‘ﬂ
Beca
50
0 02 0.4 0.6 0.8 1.0
I L
(b)f, = 2f
250
— W
200 F — == =¥
= 150 |
H
2 100 } J-—~ P
Za \\ // >~ e
50 N N
AN // N
N/ |
0 0.2 0.4 0.6 038 1.0
I L
()2 =/,

B2 R R A R
3 PWMIER~=AERBE S

PWM HL H 38 A/ F T, 2378 AL B AR H 3 v > 2R

A [ 00 23 ) LA TR 0B, DT 7 A= v 00 L X T 37 0 L 10
J1o MRAEZE SE i 5 B A1 5 FE AT LIS B4R ) ) 5 B

Rzﬁi (11)

b, WA SRR o R B G

TEKRE F A AL SRR 0 35 e 1k R A A

MG LA B F H i R AR R 3 . b, PWM S
RV SO S Y N



AR, 55 P L5 = LS  AS ER IKBl T 4 4 FH K R R BT e AR 75 X FEBIF 5

TR I 7 A 1 FLAX 2 [ BRI 3 AN s R SR I RE
AHEAE = AL B ) 3 iR e . Rtk Sy 1 Ak
B AN R S R 3 b, VG 3R G b, AR
VEFF= AR AR 10 7, 3K 3R 4 W3 3 oA
by = By cos(pf = 2ms,, f1) (12)
boe = B, cos(pd - 27f 1) (13)
o p A E AR EL; 0 2 [ B 5 B MRS T,
P14 FL TR T D8 7 A X B D A W A5 B, o e R
GymaE 5 s, BT HL IR I A AH T, 24 S IEAH P I L,
2 A P ER- 1
ZBE A, & UBR G R
b, = (b + b)) Ao (14)
oA AR G S 4
WX (12)~20(14) 1 A1) v, AT RIS 38 o X R
PR R 1 S0 RE AR B R AR AR ) )
P = 2—53,,1351 cos(p — 2mf, 1) cos( pb — 2s, fit)

A2 cos[2m (s, f, —fi)t] + } (15)
=22 B B,
Ao " T cos[2p0 = 2w (s, £, + £)t]

B2 (15) AT, X T 050238 0 f, B L TS U8 , 2377 4
BRA s Sy — i R S + O RAR ] T, FIEAE R 25 ] B ik
FT 0,58 A MR ET 2p,

FREE 2 5797 YIS A T AT, AT AR 3] E 2
PWM 1 B AR, DA HE R i 298 0 ™ A B A2 1) )
W INZR TR o X EEAE ) 7 AR IE e T H:
P B TR A P PR R AR A

F1 FEHNPWMHERIGE~EHNERS

PWM 5% A ﬁé[ﬂﬁ%ﬁ}i @'rﬂjﬁﬁi
LTES (ZE [0 FY) (Z5 [0 2p Br)
1= 4 - 1= 3 1. =5
fo= 2 + =3 fo= 1
1o+ 2 - 1o+ 3 Lo+ h
S+ 4 + £+ 3 1o+ 5,
2 - i - 2f, 2, - 2,
o+, + 2f. 2+ 2f,

4 PWM F it i iR AN e A X bb i i 52

41 WXBFHE
VSR LN S I e S U i ¥ =i G T T 1 211
AR 75 7 T Y 22 57, JEAT 0 R I R P A RS L s
I3 B3 A 5 0 51 3 s, DB R T P =, 22 e XL
¥ I8 F1 E 1SO 3744: 2025 { Acoustics—Determination of
20264F &5 10 ]

Sound Power Levels of Noise Sources Using Sound
Pressure—Engineering Methods for An Essentially Free
Field Over A Reflecting Plane)"' 347 45 &, it 6 2%
S A I [) 57 B AR B P s, 6/ P TR R RE P 1Y
{ERPFO R LAY AR IR P K o ARl MBS AR
AR AR T Ik L L L 38 5 LMS Test.lab 4K
PRI D RAR A TR AL LA o DAL e AL ol 45 A1
BRI E AN, X R — 5 AL, 0 E A R
= L 50 AR SR A T B , X L 1 PWM.FL 3L O
FIMEFE 22 5 PP 5 = P08 g R T R — B L
] A B 15 0 ) — R il B, A RN
T 3 4 5R T T % L BE R SVPWM 45 80 S 8, SEIX
IR ) 75 7 i e 2 SR P U P 2 A SR A A Y
Fr—30, LIRS L5 R B b 22 50 A, =
S AR B R P AE T IUAR /N B2 A v R 4 i 5
W, 38 3o 2 A5 98 8 TUAR /N O i B8 1 I ) 410 ) o e
P 3l AR k72 258 250 il 22 B

3 \
.\ A6

B3 Mgt E

4.2 HEIRIEEXTEE

T X RS 00T A L T, A T A B AL
#3485 000 /min, 7148 150 N-m, 243 8 000 Hz,
SKEEWR 51 200 Hzo [ 4a fir7s R T00F B9 A AH IR
BN, W A AR H T = T S A R 4 AR
FEAEEZ TR, FE— 250 W B A7 8 B2
PR B HATGE , LI 4b, 558 8 (0 B AR ] =
A L T T DB R T A R B R S LA AR 3, Y HL R
WAREN S, £ 2 f 2 4 A2 2 i, HEIZTOTN, =
HL P 1) L VR B IR AE T /N T P

HE— 25 TF AN (RF Fliat, DA AIT 56 4 o
TOFE P A AT MR PR A A . PRI, AT T T
LT 1 H G X 3 I T ALK FE AL 33 1 000 1/min
SR 2 8 000 r/min, HEFHAE 150 N-m , 2R [ E
TE8 000 Hzo MR A ALE SR LR, o] LITFAS 2T
TR BTG L, A S s . AERE K #] 7 000 r/min
VUG, FAMLHE A SR, PR HoAS e A 1 BT

- 49 —



AR, 55 P L5 = LS  AS ER IKBl T 4 4 FH K R R BT e AR 75 X FEBIF 5

300 1
— W
200 ¢ — =WF
100 |
=
ES 0
B
-100
=200
-300 : : : : : : ‘ ‘
0 15 30 45 60 75 90 105 120
RN
(a) LT IEIE
301 _
Loy, fry,  ——mwy T
251t — =il o +f,
1-4,
207 [+4,
=
B 15t
B
1.0

0.5 |
0 A w A'LMAAAA-AAJQKAM

6 000 8000 10000 12000 14 000 16 000 18 000
IRz
(b) B AR %
K4 5000 r/min 1 HLFEXT H

1.0

0.8 |

0.6 [

JEH L

0.4

02 ¢

? 000 2600 3600 4600 5(;00 6600 7600 8(;00
Kl /- min™
K5 JHETOUT RS

X T B0 B4 WU {5 5 1A T i P L 2 4 7y
A, AT AR AL A R A 12T, ANTET 6 97 o BT 6 AT L
A A 7 8 S B PR Yy AR R B AR o Y
A ISR o

HE— 25 XF EE A FL P A = P ) SR R .
DI R A T LA B T R B i AR AR, A 7
Jirs o SRURIE AR RIE b fo+ ko fi Rk S = ko f
AR (AN 1458 A A 3k 32 B P9 Dy o T I D5 P 5
ST BRAE AR, BT RN [ S B B AE 22 5
(FLT 25 B ek 14 A8 A R AR ], L5 X DO A3 4R ) L T
DA A e — i, (L L S D L ) 0/ B X 1Y
PR LU A 25 5, HAR AR 2 B o AR A R D 1Y)
i R TE FAR IR AR R BEAT , {ELRR S FL 3 AR B /M A
F140 i 22 A AE 6% LA A, Ui WY B e 4 T LTSN 35 0 B 4
il L AR AL R

- 50 -

LA LS LY LY,

8000 AN m o
1 A I
7000 f+ / \ {l - 25
\ , ]
g 6 000 —\ ‘ U B 20
£ 5000 [\ \ ‘ <
= A 1.5 &
) 4000 (- 4 e
¥ 3000 |- NN
2000 (/- 0.5
1 000 | | | \“ ] 20
6000 8000 10000 12 000 14 000 16 000 18 000
B He
(a) PIHL
S LY LA LA,
8 000 P 3.0
X T
7000 Y44 25
g 6 000 [t | 0
£ 5000 <
& 1.5 &
2 4000 [\ b
¥ 3000 1.0
2000 0.5
1000 .
6000 8000 10000 12 000 14 000 16 000 18 000
PR /Hz
(b) =1
6 T T B He I A A
23 —— [ -4, (P
20 — — — f-4f,(ZHT)
<15 S+ 4 (PIHF)
I e A=t e o)
2 1.0
PRAE
0.5 - »Z v
0 ‘ ‘ ‘ ST ‘ ‘
1000 2000 3000 4000 5000 6000 7000 8000
FE 3 fr e min™!
(a)f, = 4f,
3571
— [ -2 (W)
301 — — — (=g
sl £+ 2f (Wit )
— = [ (ZHE)
20t
PSS
215t R
p -
10} +7
7
L 7
05 A 7
0 ‘ ‘ ‘ NS, ‘ ‘
1000 2000 3000 4000 5000 6000 7000 8000
FE 3y min™!
(b)f, = 2f,
3571 o - (HIF)
3.0 — = =2 —f(ZHF)
55| o +f(FF)
- of +f(ZHF)
<201
PS
=15
1.0
N
05 F \
/7 ~
0 ‘ ‘ ‘ ‘ ‘ ‘ ‘
1000 2000 3000 4000 5000 6000 7000 8000
FEH fr e min™!
(e)2f, £/,

Fl7  FHE B0 AT L
ISR /S



AR, S5« A RS- = Y0 AR AR ) T 4 4 P A e PR ATL e AR P L5

F2 Z=HEFIRFNTEEFAEFAR/NME XTI F b
Pl e -
PR i et FE /M A | S FR LI
o= 4 0.83 0.8 -3.6
o= 2 0.78 0.8 2.6
S+ 2 0.78 0.78 0.0
fo+ 4 0.83 0.78 -6.0
2 -h 0.54 0.53 -1.9
o+ 0.54 0.52 -3.7

T RSP R = RSP 1) =8 2 F 0 T D i (B0 R

a. XF AR £+ AF RS £ 2f) BRI D L FE /D
F3 500 v/min 1 X35, = FL P 18 D% IR (B R F P HL T
IMAE 3 500 r/min LA_b A5 3 DI, = A P 38 10 Rt 1A
B/NT P, BAE S5 500 o/min BT, = 7 B3 3 0R
IR B/ ME

b X F 00 3R 2, ) I R IR L FE RS T
TR, T R U AR /N TR R i HAE
3 500 r/min Fff 3T, PR BT I R (IR BIBORAE, 1T —
FEL S (R D R (0 O, I B T E B K2R
43 BSRHERRERTLE

R AL LSS BRI RE 0 5% T 6 122 58 KUY
PGS AR TOLF P R X7 RS
HEAT 50 Il L AR e | SRAE % 51200 Hz, 3% HIIT
T, T 2 50% , 4% 43 BEFE S Hz, e 3 8] % 20 r/min,
A J A5 3 P HL TR = O B RS R R A 1 AN R 8
Ji7R o 55 F I VR AT AR, E 2 B 0 R S SRR A B O
7R B 0 1 AT B UCREAE , L5 I S 8 T P o vk
FAE S £ 30 S = [L 22 = fro

DAL 8 T LA H, A HEL PRI = B S- F) d T e 7 25 5
K T RAM R — G HAL, B XA R
M 7, 5 KA (18 5 ) I — S50, T FL ST R = H ST TR 75 2
SR TR X O P LRI o A D) AT, BRI R Y
W 7 B YR A TR AN B, AN 9 TR o

P I S A R ) ”>-2 2 +2,
8000 S — 60
7000 0
; 6000 = 03
£ 5000 8
f 4 30 =
5 4000 . 2
£ 3000 S
2000 10
1000 0
6000 8000 10000 12000 14000 16000 18000
Wi /Hz
(a) W HLF

20264F 10

A/ SV A2 2 >+,

8 000 . 60

7000 28 50

6000 = ! —
: 40 =
E 5000 g
f WAz 30 =
@4000 oA 10£
#3000 & .

2000 , 10

1000 i 0

7 E/AB(A)

75 R /dB(A)

7 EZ%/dB(A)

70 1
60
50 .
40

30 |,

20

70 1

60 [

20

10

~
(=)
d

(=)
(=}

W
(=]
T

IS
(=)

(58]
(=}
T

20

6000 8000 10000 12000 14000 16 000 18 000

i % /Hz,
(b) = Hi
B8 T T B e A A

— LY (PIHF) ——— [+ 3, ()
— = = [ (ERT) - = - L3S

50

40 |

30

1000 2000 3000 4000 5000 6000 7000 8000

FEH /v e min™
(3)fs £ 3f)

— [ /(PR £+, (BT

— = =S GRE) = L f(CHE)

1000 2000 3000 4000 5000 6000 7000 8000

e min™!
(b)f, £ £i
2f = 2f (W) 2f +2f (i) 2f (PitEF)
| — = =2 -2/ (ZHF) — — =2 + 2/, (ZHP) — — =2 (=/F)

10

1000 2000 3000 4000 5000 6000 7000 8000

%E/r-min’l
(e)2f, = 2/, 02/,
9 THE LT AR e X 1

XA
a. XFFHUR RS, + 3 (MRS AR 1 AT %0, JLXT R

FRARS ) 3 B 25 T B U O B, JErboli 3o f, = 3 i Mg

- 51 -



MRE S5 < PRSP = AP0 A Kl A A A R R B R A P X AT

RUE TS, = 20 TS — A B, AR N S + 3,
MR FERIR TS, + 2f RIS+ A YRR . BT 9ath
AL, 78 3 500 o/min DLR A HGH B, = L A MRS
P T S T AE 3 500 r/min DL b BHE B, = oL SE A0
M 7 L R LSRRG, 3k 45 P 7 vl ko O ) L 37 0 Bt 2 ok
ARk A —

b. X PR .+ f1 BOWETFS X L A 1] ) 119 25 (1]
WU R 2p B, HL AR R S — ) AR R R TE TS, - 211
LR VS, AR SRR f, + f MR SRS/, + 2, i LR
TRFUE , T A AL S0 10 72 e A 5 T I P L DA VO A A e
P, [FEEHL, 7E 3 500 r/min DL R 19558 BE, = HLOF
B I = T RS L T 7E 3 500 o/min DL E AR B, =
FL ST P I L T FRL S/

c. X T BN 2, - 2f RN 2f + 2f MR AT iR 1
A H R R A 1) 2p B (9 AR 1) AT, 43 ) el AR
o = [L RN 2L+ W TR B A o TN TR O 2,
FR I 7, ORI 23 8] O By A A2 1) 7, o 2L = f LTS
P I F = o P, B0 A 2, £ 2f) R0 2 i R 7R
Wi 7 ) AR A R #5520 £ B FL TR I 58 A A D
AH LG T FLSF | = H ST E A e B ) M P R T /)N T
HAE 3 500 v/min BT, = B () 1 75 38 31 e/ MEL

AR S it BV A A6 0 a0 Y EE S A =
AR AR PWM HL R | L S A 1] g AN A I
FHERT T RGMERXS L 5 20T 458

a. T FL PRI = P S 00 8 % T 1 T R R B 3 D
WRAAES. + 2f\ f. £ AR 2, £ ) XSGR A AR
[ 3 G35 < 23 6] O By, SR M S, + 3, R 2/ 2518] 2p B, 43t
AL xS S IR2S* 2

b. X T 1 AR BT AR 4 H S D A A, =
ARSI FARE T TO0 T LT M R s g, TR
5 PR H ARG . EPRE] H AR T 0.5 Y XSk, = Ha
TS B HL AL I IR P 4 T O L P

c. R T 2 A5 BBOIUAR IR AT 1) L BT AN, =
AR g A T TP AR o R R ] U AE 0.5
BT I, == P, 53078 g ) P A ORI R P SR M
BEMT P g,

& £ X W
[1] DENG W Z, ZUO S G. Electromagnetic Vibration and Noise
of The Permanent—Magnet Synchronous Motors for Electric
Vehicles: An  Overview|[J]. TEEE Transactions on
Transportation Electrification, 2019, 5(1): 59-70.
- 52—

(2] 3 2 Rk, 86 SCHE . A2 [ 4 38 K 1 ) 21 v BIL o, 1 41 e 25

AR v AL TR 4, 2025, 45(9): 3667-3685.
MAO Y X, ZHAO W X. Overview of Electromagnetic
Vibration and Noise in Radial-Flux Permanent Magnet
Synchronous Machine[J]. Proceedings of the CSEE, 2025,
45(9): 3667-3685.

(318X, MR I3, BSFAT, 45 . it SR A Bkl ML WL s A ol e

WIS 7 2440R, 2023, 42(6): 811-818.
ZHAO L, CHEN Y, QIU Z Z, et al. Study on Objective
Evaluation of High—Frequency Sideband Noise of Electric
Vehicle Drive Motor[J]. Technical Acoustics, 2023, 42(6):
811-818.

(4] ZEWAE, XS4k, MBEE, 4. A8 dR ik m o L Bl P 4 P B

KR 7] 25 L MILAIR 3 M 7 R R 52 i B R[], H TR 7
#2, 2020, 35(21): 4455-4464.
LI X H, ZHAO R J, TIAN X T, et al. Study on Vibration and
Noise Characteristics of Interior Permanent Magnet
Synchronous Machine for Electric Vehicles by Inverter|J].
Transactions of China Electrotechnical Society, 2020,
35(21): 4455-4464.

(5] MRAR, BRAGIE . 33048 A b T 18 242 KR () 25 B AL 75 T

FELN R4 T R, 2026, 48(4): 877-885+911.
LIN F, CHEN Y H. Acoustic Noise Investigation of
Permanent Magnet Synchronous Motor for Electric Vehicles
by Inverter[J]. Automotive Engineering, 2026, 48(4): 877-
885+911.

(6] H FH, AR4:TT, Ja 1, 45 AW X i HLAIR 3 W 7 o
2R, L T RS2 41, 2021, 36(12): 2607-2615.
XIAO Y, SONG J Y, QU R H, et al. The Effect of Harmonics
on Electromagnetic Vibration and Noise Characteristic in
Inverter—Duty Motor|J].
Electrotechnical Society, 2021, 36(12): 2607-2615.

[7]1 JT Z K, CHENG S W, LI X H, et al. An Optimal Periodic
Carrier Frequency PWM Scheme for Suppressing High—

Transactions of China

Frequency Vibrations of Permanent Magnet Synchronous
Motors|[J]. IEEE Transactions on Power Electronics, 2023,
38(10): 13008-13018.

(8] XA, XK, 5K gk, 55 .t gl 42 AR Ha LA 55 9% 5l A

W7 R B AL PWIML A5 ] SR [J]. L TR 244l 2019,
34(7): 1488-1495.
LIU H P, LIU Q, ZHANG W, et al. Random PWM
Technique for Acoustic Noise and Vibration Reduction in
Induction Motors Used by Electric Vehicles[J]. Transactions
of China Electrotechnical Society, 2019, 34(7): 1488—1495.

[9] AYANO H, NAKAGAKI T, IGUCHI Y, et al. Theoretical
Study of Rampwise DPWM Technique to Reduce Motor
Acoustic Noise[]J]. IEEE Transactions on Power Electronics,
2023, 38(7): 8102-8114.

[10] PL& 5, HH 28, XIS . g AL g IR 3l S 8 T CH

nor ROR



MRE S5 < PRSP = AP0 A Kl A A A R R B R A P X AT

I U E s N R A A I R TS o T o
2023, 27(12): 52-61.

HONG J F, CAO J, LIU Y J. Experimental Research on
PWM Technique for Vibration Reduction in PM Motor[J].
Electric Machines and Control, 2023, 27(12): 52-61.

[111 BAIDOO A M, TS, WIKRZR, 4 . PP =i HAH

WAR g 1K AR GEEREDT ST, T i 5 K HOR, 2026,
52(3): 25-30.
BAIDOO A M, WANG Z C, HU Y D, et al. Study on The
Performance of Two—Level and Three-Level Single-~Phase
Inverters in A Parallel System[J]. Metrology &
Measurement Technique, 2026, 52(3): 25-30.

[12] GRANDI G, LONCARSKI J, DORDEVIC O. Analysis and
Comparison of Peak—to—Peak Current Ripple in Two-Level
and Multilevel PWM Inverters|J]. IEEE Transactions on
Industrial Electronics, 2015, 62(5): 2721-2730.

[13] MASISI L, IBRAHIM M, WANJIKU J, et al. The Effect of
Two— and Three—Level Inverters on the Core Loss of a
Synchronous Reluctance Machine (SynRM) [J]. TEEE
Transactions on Industry Applications, 2016, 52(5): 3805—
3813.

[14] WANG J, RASEKH N, YUAN X, et al. An Analytical
Method for Fast Calculation of Inductor Operating Space
for High—Frequency Core Loss Estimation in Two-Level
and Three—Level PWM Converters[J]. IEEE Transactions
on Industry Applications, 2021, 57(1): 650-663.

[15] International Organization for Standardization. Acoustics—
Determination of Sound Power Levels of Noise Sources
Using Sound Pressure-Engineering Methods for An
Essentially Free Field Over A Reflecting Plane: ISO 3744:
2025(S]. Geneva: IS0, 2025.

(FLSE RTE)

CREIZS5MEDRRAAM

GRET ZE5MED T 1986 4E BT, 2 Hh v 25 — X A SR AT PR 7 9019 B R AMAFE AT IR AR S il SRS 1L B
AT SO I RIES HAYE) (55 R0 \RCCSE H BEIAZ O AR IR (B+) L Hp %0030 1) G 26 ) 2500l e | o B4 AR R 28 B PR A0 e
JiE R A RO B 4 (EuroPub) BF ARSI FIEIE % (ICT Journals Master List) \EBSCO International /4 J-Gate B 1%

GRIETZ SRR LU v B R e il 1, K2R S 140 T ARl I ISt B 800 FHGE DR R Rt AL AR R BB 1 H AR A%
O B e B AR SRRV AR , S5 e B SRR B L it ML R SRR A R R AR R A 4 A
R RTE AR S EHR R RERE A SR (i 5, LUYI b 2 5 2R DI 281 R ORI 4% B A Tl QB AR 1 ss i 5 & e

GRET L 5B 243 5 140 e 188 22 R ol AL B 45 AR AR T, B G 1R A Tl e B 7= R B Ll AL i T

HAR A A ARG R BRI 21
FEEH:

AT&MARFE A7 837 MORRRLTT A2 72 AR Ko e i ATl shs 45

BRER

CORFFAEAT I 5 I AN, &, SCR TR A FERITE 5 000 ~ 8 0005

(Q2)RFIAREIERN SMATFRE BRI W —Fa 2.
(3) AR 16 7 1 X i ISR AT e AHERS TR

(4 ARFEAUEAE LT IUE 8 AEE kA AR S0 (200 746 4) B2 SCIRAS o RRR H word SCRS RS
(5) A SCREAR ZUNIAT A — BORHE IR SO 3, 5 S B IAS T i R SCAk X

(6) SCFRLLABAT A TF R0 AR IA GRS W I R 9225 Sk, HLAE SO AR SCiiks | AL

(AL FH Wl 48 A , 386 Ik « http://qegyyel.cbpt.enki.net, & T HEL 7% : 0431-82026054

IRV KTl RAR R T L R A H PR A T8

20264F 10

- 53 -



