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Research on Beat Frequency Suppression Strategy of Rail Transit
Traction System Based on Beat Frequency Coordinate System

Zhang Yonggao, Deng Zhaofei, Liu Peng

(School of Electrical and Automation Engineering, East China Jiaotong University, Nanchang 330013, China)

Abstract: In the rail transit traction system, the operation of the four-quadrant pulse rectifier introduces double
grid frequency ripple into the DC bus voltage. This ripple voltage interacts with the fundamental frequency volt-
age of the inverter, leading to beat-frequency phenomena in the motor stator voltage and current. This phenome-
non is particularly pronounced when the motor operating frequency is close to twice the grid frequency. This pa-
per elaborates on the generation mechanism of the beat-frequency phenomenon, and analyzes the rotation direc-
tion and frequency of each harmonic component in the motor stator current. To address the beat-frequency prob-
lem, a beat-frequency rotating coordinate system is proposed to extract the harmonic currents causing the beat-
frequency phenomenon, which are converted into DC quantities in the beat- frequency coordinate system, and
the compensation voltage for beat- frequency suppression is generated by a proportional-integral controller. A
motor simulation model is built in MATLAB/Simulink, and simulation verification is carried out under three dif-
ferent motor operating conditions. The simulation results show that the proposed method can effectively sup-
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press the beat-frequency phenomenon in a wide frequency range where the motor frequency is close to the dou-

ble grid frequency.

Key words: traction drive system; DC bus voltage fluctuation; beat frequency phenomenon; rotating coordinate

system; permanent magnet synchronous motor

Citation format: Zhang Yonggao, Deng Zhaofei, Liu Peng. Research on beat frequency suppression strategy of
rail transit traction system based on beat frequency coordinate system[J]. Journal of East China Jiaotong

University,2026,43(4) :37-45.

M AE S| R, 51 A R E
R Y, HAZ O 254 DU 5 R K vp R i 2 L ELIA B
2 HL S A AR K o 1 i (PWMD) 3 742 8% 3 358 4044
Ao FEPUGR BRIk of i 2y s A eh, Hof A b
BYJ B 53 R S Y 3 1) @ R S S G S E s s
51 AR i 4% ELL 0N B R PR 100 Hz ik 3h . 1%k sh
HL PR 23 7 B AL E - H T 3 v 5 | & B I 4 4
PG, R I 24 H AL A2 A A R 42T A L X A
B ST 2 . R LD SRR, iR
FE 2R T e AR e BB Bl B LA 37 1)
M 7 Y5 Yl | 7 TR ) 471 40 1 AR M R 7% Tl Ak
PG, B RE S EG FEE

hy il DR L TR L R K Sl | A A ) A,
I 32 R FH B 4 Jr 2 VAR A O PR R S R AT
il o ARy S R R R BT,
T Bk s i e . fERLESSEE G Rgh, —
ol DL it 7 DO G R ik v 3 25 LU A B LC
PR L AFZ O BRI T A ME A AR, H R S5
PRFRIR (T2 R A . b i e 7 22 40
5 0 R LU B 2 L A 4 i EROR P O R R B R
Fho SCHR[2 JH2H T —Fpai B o AH 25 10 T T
AR, B AN AR g A, Horp T R AR e 2
VE Ry F2 AR e, B R - T 735 46 4 1 A il B 72 o
o M A AR I L R R AR U S B A e
WES— A LA A, SCER[3 12 T
— i /N LA F A R G T O kM
i AHIZOT 2N T IO LA I HAR
A E

SVARTHT R, B8 A5 R 5 R NN TAs 1, AL
PET& T AR, BT X B e A TR, PR 5
A 2 WA, AT By i i
TR ek i s i SR A AL T B, LA R il AL
M TR R . HRTe A 2R n ik

AR 20 B, AR M RS
BT SO R A A M A SCRR[4-5 ] i 5
Aot 000 9 R 2 E RS IE R R L, SR FH R SR M
JrgAm s B g o SCHk [ 6 ] ik 5Lk R AR H AL
L 3 5 45 4 H IR R B i I IR A L G R R
W Z e Bk Il A i, 5 2 B E LU, A D
ZT S, A LIRSS HE -, X
R [7-8 1 2L Jo 30 42 ] 5500 A Ay 306 A8 25 09 9 o1 7
% RO E T AR HUCRE L I 30 40 it 1 A0 38 IR
AR AR A S5 M5 B e bR R b, HIi R
FL R AU Bl e I AR AR (L, 2 Bl P AL S R 71 28040
ek Az, AT e AR AR [ E o SCHk (9 13 it
X R G A B TR AT LR R
FEEAR G T E I BE 2 R i 4% 38 pRES, E T2 8 T
T8 B I F LA 2 R B A ] SR, (HZ Tk
ANE TR L, SRR 10 138 38 2o ootk 11 7]
AT A SR T BRGS0 5 R Gerh ) o il
Tk BN 43-f , 2E A A Dk 3 ARZ O R
EHTF AL, BN AL AU e A
BEAFAHT A, SR 11-12 I NBEBT A BE 48 1 4A 50
it R, ) i KR [R) 2D HL AL (PMISM) 3K 5y
RYAE EZUAEUE T IRHAT, 321 T —Fhn s il
Fem o SCHRL 13 38 i B e 15 2w T A
ZEREAE B2 — b R R EE A SR W R R A Y LR
REZE LR T3 PWM 45 |L, o] I 35 1 55 4 40 B
G0 IR VE B o3 B X 3 T AL R B Ak b
o XHR[14-18 15 A TRIF £ S % A br R I
T, WA AR BURT 2 il B AL L i P R SR Y 5
ORI T UGBS o SCHRL19 136 Y, AR AR B4, HL
HLEFHm T S & AER 20, + o, BAEEE
IR, PR FH 2SI 2555 Ak b ZR A0 20
%o Hri o, HEMEEMAER, o, HEILEETT



5541

B A S TR R A PG ST A 5| R GHAH R A 5L 39

ARSI ST I G i AR SR A TR
B3 AT 22 5145 B3 R G0 L HLE T HL I TP A I 40
o IE G 7 1) IR ; Bt i 4t — P I T A A
F R A MR I 1 B EOE L I R TR
T, EFA AR R R EA TR ], LTS BRI I fL N
H w0 a8 H e R A5 B M U e Je 45 s
AR | B FIrR y i E RbE o
1 HEXEESRZSEHIEMIMSE

I8 223 A 5 | AR I — U 5 PRk v
v ELUREZR e 2 N AR 2 3 AR A AL, W E 1
TN o VUG PR K vh B 3 A% O HBR 454, th T 48
S~S oM A, 22 FL TR HLBH R 5 R L BB S E A
By A\ HAFBRR ; = A8 A8 2%t JF 564 S i~Se it
AL, PMSM 4 A (B, C = H i A i 40 ) % 2 356 A5 4%
W U, N BB

VL A AR B, S HLE T TAI0% R 99 Hz ),
HALE THR I NI 2 ek . K 2 AT L
FE T HL AR AR R B LY 1 Hz 3 o5, H i
SHIEAE IR 94.3 Ao A B UL M43 BT 45 401 28 1) 1 U
B, X AR L IR A T B AR e, 2 SR R 3
Ao ME3IHHL,AMERF | Hz i3 & &R

s,%} sgg} ssé}
E E E
::Uvdc A B
C
) ) m
S, S(,Kl} SZKI}

B1 HEXEFSITRSR
Fig. 1 Traction converter for rail transit

/PBASBA

300

943 A
200
100

0

GERTTTEN

—100

—200

-300

IR /s

2 HHAHEBRKER

Fig. 2 Waveform of phase A current of the motor

16

14 \

12

1 Hz

10

W%
[o2e]

oIt 199 Hz

0
0 20 40 60 80 100 120 140 160 180 200
i/ Hz

E3 AHBREEMSH

Fig.3 Fourier analysis result of phase A current

15.85%, 199 Hz 151 7% 4 3.58% , A FHHL I AR B0 IS
WA (THD) M 15.90% 15 158 HL 19 i, S T B 37
HIEBZAES, HVOG BR K & 3t 25 P A Dy 38~ 1
UG BRIk v i e TARRS, Ho A D28 550
DA A A5 K SRk i Dk s %338 22 B i
&, FECE AR R P A A bk Bl o i, W]
RN
Uy ()=U, +AU, sinQaw.t+ @) (1)
A e I AR 5 5 o o HL DR U s AU, W
TEEZR HL R Ik B0 B I AR, AR
I,
20,C cosp
s 1, BT ME ; C B
FHACIRATS , B B FLE Us WP E A, LR
AR AR I CREL S, . S, . S. N

S, = msinw,t

Sb = msin(a)et— 27[) (2)

S.=m sin(a)cﬂr 2—“)

AU, =

|

(98]

Um

c

I m R IESZ K SE I, m =

i+ PR A UL
¥ U, B R SEBrat Bk sl 0 B B2 i R, DA
AFHRB AR gt R u, (1) k=R
u,()=msinw U, + AU, sinQo 1+ ¢)| =

5 U, WIAEAR

S

U, sinwt+ %mAUdC cos|Cw, —w)t+9]-  (3)

%mAUdC cos[Cw, +w )t + ¢]

4 BV N R A ok s i, 378 25 i Y F T



40 LN

b

SN

2026 4F

SALE R, () FURI u, () PISIEBE r, H
11 B L O 00 Jok 3 FL R e G R T 1
1 H AT LIS A T A B W i A L AR, B AL
FE, 5 A R AT R 2 7 A A R 3 T R I A R O
i, Rk

u, ()= %mAUdc cos[(Za)s -, )t+ go] "
u, ()= %mAUdC cos[(ZwS +o)tt go]
= (2)~=(4) AT
u,()=U, sin(a)et - 2?“) +

LimAU, cos (Zws—we)ﬁz?n*'f/’ - (5)

2

1 I _2n ]

2mAUdc cos|(2m, + )t St
u,(t)=U, sin(weﬂr 2?“) +

%mAUdC cos (2ws—we)t—27n+€0 - (6)

%mAUclc cos| (2w, + w )i+ 2% +o

ZAHHLTE w,(6) « u,(f) .« u () £ Park 25 i (—Ff
AR ARAR W T L AR R AR 8 B[R] AP e AL bR AR )
FIPAH R L A bR 2R G5 RN

U + %mAUdc cos(2a,t+ ) +

1 :
EmAUdc sin2w, 7+ @) -
u,=U, - %mAUdC sin(20,t+ ) -

%mA U, cos(2mw, 1+ ¢)

R R AEMIRN o, BITER: s 5
T, JCIE R H IR 2 (PT) 45 i 25 o B A8 w42 5|
RGP R AR AR AR I o3 i AT o 22
Pl o SCHR (19 1R FH ISR il 4% S8 USSR 5
A JCHER ZE R (BAEA RIS THER T, HEHEE
HERR T 2R SR, 1207 A B Al

2 ETHMARRMNBEME

HF IR xSl S L sh R b
FIFASTER G , A figt e Pl 2 A B A3 ) 524 ) PR
P DA R VRS A s o o 208 P S 1 T T, AR SR
— PP RS AR R R TR A bR R T
SN 1 TR B AMEE R R, LSRR S
FRANG . A R A HLE 7 = A an =t (6)
BT 7R, 58 T = AF B 37t £ 7= A Sk 7 A 3R 4 43 1

LS

i,=i,sinwt+i, cos[(2a)s -, )t+ (01] +
i, cos[(ZwS +to)t+ (p2]
i, =i, sin(wct - 27”) +1iy, cos[(2a)S - )t+ 277[ + (pJ +
Iy cos[(2a) to ) - 22 +(/’z]
(a) )+z cos[(Zw a))t—z—n+(p}

iy cos[ 20,tw,)t+ 27” + gon

(8)
K iy, iy iy M EAEEIEARAR R T S AHE TR
TP AR R o, SRR i, iy, i, A AR
W FABREN 20, - o, ST EEE; iy in ia A
SAHE TR AR R 20, + o, SHEIIIRE; o, ) 0,
/‘“Uﬁﬁﬂﬁiﬁ 20, -, , 20, +o, 3RO,
Wi, iy i, BRI S i KO R R AE T T
AR Z R QNP 4 s o PR 4 R bR S, IR
MR, D, iy i T AR o, F 20, + o, )
Iy ENIERE, SR 20, - o, 53RN TUT

i ,

Ip3 V‘
N
\\
b g3
’ -7
; R _- S > ;
N\ --/f ....... .\. q)z
/ o o
il
1
il |
il ::
il o
i , .
. 205w
\4
h2

El4 BOMEBRRSENER
Fig. 4 Current components and phase sequences at
different frequencies

I, B RN 20, - o, I TUFARIE B
SR B, MU S E O e A bR &R
MY TSR | IO T 2R FH 177 Park B0 B , 4 =
AT LE AR AR ZR T Y = H U0 7% 4 158 1Y) R A e e
HFRR T o

IRV R AR BR R PR FIRAR AR £, —AHE
gtit 5T Park AR 2] i, (i B

{l'd——l L cos(2w 1) —i, sing, +i,sin(4w.+¢,)
i' =i, sin(2w,t) +i, cos g, +i,cos(4w.t+g,)

(9)



5541

B A S TR R A PG ST A 5| R GHAH R A 5L 41

1 3 (9) AT 1, FEF0 0 A AR 2R, AR
20, - o, IHLFLS SR B SN o,
BT AT A FA IR 200, RS A s FATR N
20, + o, RPN AR 4o, FIZEHIT

3 6 L ALBH T RE M A A B R R 200, -
o, B X Ry B BB S /N TN 20, + o, )
VBRI (1 BT 5 IR 200, - o, BYIE I L
TG EBEVFAB SN R EERNE, 20, to, 5
I ] 2

2 20, + o, WEBE S5 RZ IR, ZEFAM AL AR R
o RS LT i, A 7, ST OB S B R P
BRI S BN 0; Y iy, i, SR TTEO
At BRI ) B AR L R ks B | &k A EL
%o PLEETI 2% A% 1 400 AR A R R L R 43
Uy « Uy, 3838 57 2 Park 25400k HLAR 6 A = AH i
1EARPRZR T W) = AMER R U, W Uy, U, o

TR R 20 B ML AR 4 ) R 0 ok FH B Bl (d %)
S iy, =0 WG BT RS W4 7
P B DG BRIk v it A SR A S T A
DA AR o TR T ASE B o BiAH P4 (PLL ) #8530
4 11 1 P PXU AL S 55 IR 0 3 A T AR AR A R Y
e B . 3Cil (q /i) 2% M i, 2040 (IR I8 i
L RO i RS . 2 BRI
P A A5 R T RO R I R AR A
KU, U, Uy, CEHFEAN=HWES U, U,
U’ TR IR T BB ksl e 5 1 ke ik
HL . 30 Ao 52 5t T S B A 42 i o

3 AERIE

AT ER U R RSN 1 R . el
B AT AR AT AR L TR I B 5% d g
H, P O 07 B T 008 - iR BLIS AT 485 99 Hz,
FLBIL B 2L HE 100 N - 38 5 UL FRL AL fL O I
L & i LR S LIS AT R B | Bk
JITHR P A A R

&1 BIHESH

Tab.1 Motor simulation parameters

PMSM £ A1 PMSM £ EY¢IEN
FETHLBH/Q 0.048 5 | JKWEAAREEE/ Wb 0.4
diHE/mH 8.5 q il LB/ mH 8.5
IR 1 HE A/ (N-m) 100

2 HEFTHR R 99 Hz 254464 100 N-m
Bf 78 =5 s BB ASIIINHI AL . LLA AR ],
FL TN 5 A

300

943 A

200

100

0

/A

—-100

—200

7300 1 1 1 1 1 1 1
30 35 40 45 50 55 60 65 70

e /s

E5 AMEBRRELER(TRL)
Fig. 5 Waveform of phase A current (case 1)

oA A5 A FEB 0] Bk B, O TP A A Y
| Hz P8, e R U Bh IR 1K 94.3 A B A5 il
LIS, B B K S IRAE IR/ N 2 6.3 A, i 2%
$493.30%, R MR ABILATE AFHB T 1 Hz
F1199 Hz 735 A& 1, X5F A KH R I R4 7 (e B e g
IR0 BTN ) S 1T A A A FL I e L
3BT e S i anE 3 e 6 Fis .

FH &1 3 1 E 6 AT, $ AR i S T, A A
B 1 Hz i & 50 15.85%, 199 Hz il I & &
9 3.58% , A AH LG 0 AL I I Y AR % (THD) A
15.90% ; AN G535 , AMHEL IR 1 Hz 38

1.4

12 \
Lol 1 Hz |
: 199 Hz

0.8

0.6

T %

0.4

02

0 l 1 1 1 1 ”|| 1 1 1 Loy ‘.
0 20 40 60 80 100 120 140 160 180 200

P /Hz

Bo iMZERIMERASE(TNRI)
Fig. 6 Current content of each frequency after
compensation (case 1)



N

42 RS PN

R 2026 4F

W B2 1.96%, 199 Hz )% & 8 1.12%, A #
LU Y THD [ 5 2.17% , & WA 5| A AR 42 AR
IR ] T B

FLAILFE IR I 7 T o ARHE AFASI i 5
B, AL HE I B IR B 57.7 N - m; 8 A SR
ISR B R Bl RAE /N 22 7.6 N-m, FRHLAG AR
B KMEREAR

150

140 57.7N'm  — B
130 — bR
120

110 l 7.6 N°'m

100
90
80
70
60
50

HIALEEAE/ (N'm )

1

30 35 40 45 50 55 6.0 65 70

/s

BE7 FEEREZLER(TR)
Fig.7 Waveform of motor torque (case 1)
RNLBFTIRPIE AN 8 s o RECASFA
HRIENS , AL AT IR BN 5.25 Hz; A
MHRILSE , AL TR PN 0.41 Hz,

102
— BH IR
101 S HZ _ siprigt ik

100
0.41 Hz

Nl
=)

HILIB T4 /Hz
3

O
=

O
[=}

30 35 40 45 50 55 60 65 70
/s

E§ HEYLEITMRTWER(TR)
Fig. 8 Waveform of motor operating frequency (case 1)

LR Py E A, LB TR BE N 99 Hz,
i o3 B R AL AR O BT B G I % i A R R D
W RS AR LB AT R PO , Bk T BT 40
S ) R0 B A RCE o DA R IL R O A o] A5%CSR R
B LZFERMHRIB B T 93.30%, A5
UEIZ R TE A [A] H LG R A 3 1 , 7R 47 40
K95 Hz WAL N TR T RSk

T 2: B ALIE 1T 0% 8 95 Hz, i 85 550
100 N-m, 7 =5 s AFASI G E L. LA
5], FHH AT AR 9 R .

300

90.9 A

200

100

0

CERVITEN

—100

—200

_300 1 1 1 1 1 1 1
30 35 40 45 50 55 60 65 70

/s

B9 AMHBERETLER(TR2)

Fig. 9 Waveform of phase A current (case 2)

FH &1 9 AT UL, AR B A SR A i Bk i, H g rh
FEAEW] 51 5 Hz W 8l , e R IE {6 34 90.9 A5 4%
A FOA 1 B e F T A e KU B M 8
3.9 A I H 95.70%.

AT ARG AR S Hz F1195 Hz
Sy AR A AR R T B AR, 4R
AN (217 1 = W1 e O N E L0 i NS L 8
S5 AN 10 FE 11 R

F P 10 I 11 ] T, 5 AR il Sk T, A
AL S Hz 0% & ik 13.55%, 195 Hz 5 &
5N 3.52% , A A HL IR ) THD Sl 14.87% ; B AFA45
P E G, 5 Hz il S i 2 0.73%.

14 F

12-\

5Hz

T %
(=)}
T

—
2\]““‘“‘% 195HZ“|‘“

0 20 40 60 80 100 120 140 160 180 200
AR Hz

E10 #MEBTAHEBREEHTHRAMMFER(TR2)
Fig. 10 Fourier transform analysis result of phase A
current before compensation (case 2)



24 TEE LA FETHAAL AR R B IE S 2 5 | ZR GE AT SRS A A 43
o ” R
0.7 -\ 97 — SLPRB A
0.6 | s5Hy 195 Hz g 9
0.5 - $

© F&; 95

m 04 1\\@

4 03 = 94

= 05 F

% # 0
02 -

92
0.1 ;“' Mmm 30 35 40 45 50 55 60 65 7.0
0 R | o —_— A8 /s

0 20 40 60 80 100 120 140 160 180 200
D

11 *MEFAHEBREEHT®RSNER(TR2)
Fig. 11 Fourier transform analysis result of phase A
current after compensation (case 2)

B2 N ARSI AN 12 B . RBEAIA
SIS, LR SR 57.8 N-ms LA
TR HISARE S SRR SR ER N2 5.4 N-m,

150

140 — SEHGE
57.8 N'm Z5

130 — SRR

120

110 5.4 N'm

100
90
80
70
60

A ALFEHE/ (N-m)

50
30 35 40 45 50 55 60 65 7.0
I A/s

E12 BHEETLER(TR2)

Fig. 12 Waveform of motor torque (case 2)

THL 2 T HALEFT IR I K 13 s o
T B A B AN A g i, E HL B AT R R P B o
5.25 Hz; B AFASAM G BE IS |, LIS TR 0%
Shd/NE 0.24 Hz,

FRTH 15 TH 230 THILERSEZ
TR BN HI SO o At — 2 E T ise it
BEEE LR 3 T AR, 7 T T3
BT EANT . T 3:4~6 s N, LB TR K
101 Hz H RS AT il 550k ; 6 s B 8 A8
il Rl o A LAZ A A3 % 0 B B R 52 99,97,
95 Hzo 31 WA A AH HL I | FELMLES 4 3 T8 R E AL
IBATIRIGIE , PG B2 TR 30 1 RER AN sl 25 i
N PERE

E13 BHLIETMERTHER (TR 2)

Fig. 13 Waveform of motor operating frequency (case 2)

P14 R Zh T 00 T B AL A AR LR A SR 1L
. BSAE 101 Hzag 474 R s shr bl , B R 4%
AHOFID ST | T HP A7 e R Y 1 Hz I
Wi =6 s FRHR ARG 85 % 1 Hz ik
PP AN, B O S R A B R 5 =T s
HLHLB AT R BRI 2 99 Hz; =8 s, B LB 4T
W2 97 Hz; =9 s, EHLIZ T TA R % 52 95 Hz,
HA SN R P RA I R R A IR

300 T T T T
101 Hz | 101 Hz | 99 Hz | 97 Hz | 95 Hz

200

100

0

A FHHHVA

—100

-200
&Ammmw%%
4 5

[ =R S
—_
(=}

=300

(=)

|

|

|

7
NEE

14 AERRELRE(THR3)
Fig. 14 Waveform of phase A current (case 3)

B 15 il 2 T00 N AL AR AL R . &R
BLAE 101 Hz Wl AR AR RAE AT I, AR B A A5 0 il &
B, BHLEE SR I SR A M 57.8 N-m; =6 s L AFI
IR EE I s fE 2 12.7 Nom, B
LB FTHURI A% 2 95 Hz, & 0R T AL 4
W AR A B

] 16 il 2 T-00 T HLAILIZ A TA50 3R 11 20 28 i [
TRk o BAAR SIS I SR BE IS, AR A 1
3 B ENGE . YL TR R G (H R A5 R



N

44 R % K

R 2026 4F

150
140
130
120
110
100
90
80
70
60
50

|
|
}—ﬁ%%m
\— KBRS

101 Hz 101 Hz . 99 Hz 97Hz  95Hz

AL (Nom )

|

\
BB E
. x \

4 5 6 7

/s

\ \
\ \
\ \
| |
8 9 10

E15 HEHEETHER(TR3)

Fig. 15 Waveform of motor torque (case 3)

110
108
106
104
102
100
98
96
94
92
90

\ \ \ \
101Hz | 101Hz| 99Hz | 97Hz | 95Hz
\ \ \

+ BHIEFTE
+ bR
\ \

HILISTT M3/ H

|

B 7| \
i |
L | |

4 5 6 7 8 9 10

E16 EITIMETHIEF(TRI)

Fig. 16 'Waveform of motor operating frequency (case 3)

2 95 Hz Wy A2, #aiil R G R B AL 5 Y sh A4k
AE AU 0 5l ek (e S 2 o], LR i
T PR AR E R R R R K

A Xk 3 A T B0 A (15 LSRR AT A, AR SCER Y
L TAABAR AR 2 B L R AME T 1k RE RS A 0 il B
TAFE R "R BK S R BRI R . | T ixTs
VR JCTE VR B AR SR BB AT AR, DA A SE 00 R i
NI RESCELA SRS ] o

4 it

RSO MBS A 5| R GE P B R Lk
25 | AL, il AT r AL T 2 AR 1
P, Bt TR T AR bR AR R H R AMET i, TT
DRMEN S | AR B FL R, A 4ie an h o

1) MHUESSEE S| RGO ATARELRN, Bl
ETHATPETANEAN o, 20,+0,  20,-0,
(3 Fh o, AR N o, 1 20, + o, K738 N
BT, fIER 20, - o, N5 R TUT

2) I ST A EUASAY XA SO S A M g vk i
117 RGMESIE . X 3RO FEALIEAT AL T 894
FUESRERM] 20T R U SSE 45 | REEHh 51 &
TR AR FEL T S8R (.2, At 3 g3k
93%LA L=, ST IER T B ik B A A S

3) ARSI LT e AR AR A TARHR,
TE R LIS AT A3 AT A% vl AR ) i BT P 3
HAT RAF A R, 5 HA R SO AR A% T AR
R L 8 PR

BE 0k

(1] sl IhSCH, Eaase, 5. 225 L3 REEX Mk 4=

BN MRS [T ], AR IR 2SI R i, 2024, 41
(5):84-93.
Zhang Jianie, Sun Wenjing, Wang Jiahao, et al. Influ-
ence of traction transmission system on interior noise of
metro trains[J]. Journal of East China Jiaotong Universi-
ty,2024,41(5):84-93.

[2] Zhang Chao, Xu Lei, Zhu Xiaoyong, et al. Elimination
of DC-link voltage ripple in PMSM drives with a DC-
split-capacitor converter[ J]. IEEE Transactions on Power
Electronics,2021,36(7) : 8141-8154.

[3] Shin H, Chae Y H, Son Y, et al. Single-phase grid-con-
nected motor drive system with DC-link shunt compensa-
tor and small DC-link capacitor [J]. IEEE Transactions
on Power Electronics,2017,32(2):1268-1278.

(4] RRPHRE KL, SRMG2E 45, 225 | A8 i &5 B AR R K

BN B JCHA R A s [T ], B TR 24, 2011,
26(8):14-23.
Ouyang Hui, Zhang Kai, Zhang Pengju, et al. Repetitive
prediction of fluctuating DC link voltage for traction
drives [J]. Transactions of China Electrotechnical Soci-
ety,2011,26(8):14-23.

[5] Kouro S, Lezana P, Angulo M, et al. Multicarrier PWM
with DC-link ripple feedforward compensation for multi-
level inverters[J]. IEEE Transactions on Power Electron-
ics,2008,23(1):52-59.

(6] HZE, bk, X AA , 5. TorL g i A LIRS R &

R A i SR [0 ). TR 2441, 2018, 33(24) -
5641-5648.
Huo Junya, Wang Gaolin, Zhao Nannan, et al. Resonance
suppression control strategy of electrolytic capacitor-less
motor drives [J]. Transactions of China Electrotechnical
Society,2018,33(24) :5641-5648.

(7] RSCHE, INGE, TTA". B S e 22 5 | A s R e rsi
wil AR HILT ). LS4, 2017,21(3) : 10-16.



5541

B A S TR R A PG ST A 5| R GHAH R A 5L 45

Song Wensheng, Sun Xiao, Jiang Cai. One-cycle control
for beat- less frequency control application of traction
drive system[J]. Electric Machines and Control,2017,21
(3):10-16.

(8] REM, R, M. JeT 5 B2 1o 42 5 AL

AT R B A S [T ], b E H L TR, 2019,
39(10):3007-3016.
Song Yuming, Song Wensheng, Yu Bin. Digitized imple-
mentation of beat-frequency suppression algorithm based
on one-cycle control for traction motors[J]. Proceedings
of the CSEE, 2019,39(10):3007-3016.

(9] L, ARIZE, PRZE S, 45, B TR oA i T il

HemgAETELY ], B, 2015,37(4) £ 17-23.
Dong Kan, Diao Lijun, Chen Yizhou, et al. Research on
beat- less control strategy based on frequency domain
analysis[ J]. Journal of the China Railway Society, 2015,
37(4):17-23.

[10] Lei Yanxiao, Wang Ke, Zhao Lu, et al. An improved
torque and current pulsation suppression method for rail-
way traction drives under fluctuating DC-link voltage

[J]. IEEE Transactions on Power Electronics, 2018, 33
(10):8565-8577.

[11]Ding Dawei, Gao Runfeng, Wang Qiwei, et al. Beatless
control strategy based on impedance reshaping for
PMSM drives with small DC-link capacitors [J]. IEEE
Transactions on Industrial Electronics, 2024, 71 (7) :
6829-6840.

[12]Ren Zekun, Ding Dawei, Wang Gaolin, et al. Adaptive
virtual admittance reshaping- based resonance suppres-
sion strategy for PMSM drives with small DC-link capaci-
tor[ J]. IEEE Transactions on Power Electronics,2024,39
(3):3109-3121.

[13]Ding Dawei, Zhao Nannan, Wang Gaolin, et al. Suppres-
sion of beat phenomenon for electrolytic capacitorless
motor drives accounting for sampling delay of DC- link
voltage [J]. IEEE Transactions on Industrial Electronics,
2022,69(2):1167-1176.

[14]Wu Lijian, Lyu Zekai. Harmonic injection- based torque
ripple reduction of PMSM with improved DC-link volt-
age utilization[ J]. IEEE Transactions on Power Electron-
ics,2023,38(7):7976-7981.

[15]Lyu Zekai, Wu Lijian, Song Pingyue. A novel harmonic
current control method for torque ripple reduction of
SPMSM considering DC-link voltage limit [J]. IEEE
Transactions on Power Electronics, 2024, 39 (2) : 2558-
2568.

16 A5k, IR 2 AR SO, 55, 225 AU a — FPLHUIEN G
b (0], T PL TR ,2013,33(9) :55-63.
Gou Bin, Feng Xiaoyun, Song Wensheng, et al. Analysis
and suppression of beat phenomenon for railway traction
converters and motors [J]. Proceedings of the CSEE,
2013,33(9):55-63.

[17]Yang Jian, Zhou Jingyang, Zhou Hanbin, et al. High-pre-
cision harmonic current extraction for PMSM based on
multiple reference frames considering speed harmonics
[J]. IEEE Transactions on Industrial Electronics, 2023 ,70
(10):9764-9776.

[18 ] Wang Xiaosheng, Jiang Chaogiang, Zhuang Feifei, et al.
A harmonic injection method equivalent to the resonant
controller for speed ripple reduction of PMSM [J]. IEEE
Transactions on Industrial Electronics, 2022, 69 (10) :
9793-9803.

(19 JJE A, 58 LWL, 45, 2425 5022 g B0 i ik ik

) BRI RE AL R R Dk S s ks [T ] b
HUL T 27417, 2023,43(21) : 8468-8477.
Zhou Minglei, Wang Zhen, Dong Shifan, et al. Elimina-
tion strategy of torque ripple of PMSM caused by second-
ary pulsation of DC voltage in traction inverter [J]. Pro-
ceedings of the CSEE,2023,43(21) :8468-8477.

F—1EE: mHE(1975—), 5 Bz WL A 0 B
T TR o3 AT U H R G DGR T AR 4 ) - BORTE
ARG N E-mail:z.y.gao 1@163.com,

BEEE: XIME (1984—) , B, kI, 184, #9058 05 1m0 S
BEVE & R HLPEH] . E-mail : qtc521@163.com,

(DAL £ 40 50)



