552 40 }“#‘éﬂ% No.2

2026 43 H

Electric Drive for Locomotives

Mar. 2026

DOI: 10.13890/j.issn.1000-128X.2026.02.003

_I_\

BWE NN EERNSEERS

L*%’—ﬁ ST th

EER, &
(1.BBAR K

g 1,2,3’ %}H]&[—:]XE‘JI,ZJ’
mHAFFE, d KV 410073;

iu:l‘\_::g 1,23

2EGHEKRY LRESFHEABRANHETELRE, Hw K 410073;

3. iR EEF AR KA RAT L TR P,

LA FH 266111)

 E: AR FenSAddB T FRARR AR, HHFBEIEPEAREIHERS

FA,

FrIwEtk, HRAR, AR AEHR

i?%&iﬁ%@%ﬁ%&%ﬁ*%iAﬁﬁmqﬁﬁ oM Bk R 5] 4 50 BRI
b Sk E

ST E A RGBT AR AL, BT Ak kAT

%ﬁ%%%%%k%% B wE %ﬁ%ﬁ%ﬁﬁ,,& A ThmigphRKEib, BT ENFEER, A

%@%Mk%%%ﬁ%ﬁ%ﬁﬁ&i,%QWEM&%iiﬁ%ﬁ%£“$%mé£%”
BEA, FEUMYG A-F & LR RRBEAT T OLT 69 RALG 54,
BARGEIFR SR FNEIHFORAERRUE TN THF
RS G H

A‘gmumff 1715] F? ﬁl\ﬂ‘éﬁ%hé:_
REREW, XFELHFOHNEF
,%}"ﬁ}lbff‘f'/fi, e e B A BT

A dEd B, My

KR Skt E; LIF@mAR; AT, wEA; FaEs; A

FESERS: U237 XHAFRSRAD: A

0 3

il

A _EATEZEE, BIEMITR & RS 4 if2
A H, BRI B 600 23 L LA b i i B T ACE R 5
A e e o R Al T e i S Tl B AR e L A
AR AL G £ S MR S o Y e e . AR RS
SCIRE NN S W 1 i A K S = W=/ N SN
IRAERE . PRORSFOLHACT, IR BN IR PR A2 18 P
FrooPEAR e, . 7R SR TET, KRNI 600 23 HLA
DAL v S 1 1 2R 9 0 D 0 S S T ey 3 S8 T AR
il s A Ty . AR, IR AR 4 B Rz E AT
T ZHAPRR . Horp, S RS SRS &
PR E RSz 1, SRMARKAR, #TES)
Fot AR ) SEBUCH i 10y, Hesh AT o
2%, T EA T U, I, SR A ) 3R

XERHS: 1000-128X(2026)02-0025-10

Gegh SR, fe R e S AL A, XIS E
UYIRRSE SRS ol b U NS R By B S NS DR S Y e

HuetRAEEE
TERE PR 9N 4510 gy Jy 2 Uk, [ A oh oy R 58 2%

GraR it SIAFRE BT RS R S TR T ARV .
SCHRI9-11142 1 Rl Tl Bt 5 v T B s iR s S 4 il
e, W RGN RS EAIRE T [RIB, K
AN NS Ry 4 By, ST A Y R G IR
LQR ¥ il #% , #EmEr X SECA M e bEn L R T
REATG R SRR i s o O vk, 1R T R E R 2
TH TR ENE . SCHR[12-13 DAL 42k wh 4, 4
ST BIEEAT N RIS ) AT, S T 1)
Wz sh R, SR RS B0 5 A S L B 50 s il # 1
I, FEA 0 B IRE R T REEAR T T3
A R R . SCHRT T4VER X 25 38 rp S 0] o R BR S BLE Y
FESE IR R, HEAr T % L PRE AT R R B ) SRR

ELUH: BRAKHFALTA (52332011); #AdHE AL (2024JK2038)
BEEE: LE®R, B, B, &, AR, HEA500, E2AFREFEHNEARF @EHR; E-mail: zhglong@nudt.edu.cn

IR Eik, EER, Sk, F.
128X.2026.02.003.

ZikAEF I F 2350 RAEAES 3 A4 AATT]. HLE B AEF), 2026(2): 25-34.DOT:10.13890/j.issn.1000-

Citation: CHE Hongxin, WANG Zhiqiang, LI Xiaolong, et al. Modeling and dynamic characteristics analysis of the active guidance system for high-
speed maglev trains[J]. Electric drive for locomotives,2026(2): 25-34.DOI:10.13890/j.issn.1000-128X.2026.02.003.



26 it et

2026 43 H

P H SR A5 R R VIR AT R A Rk . ik
FUTE RS ER, WRAGAEZ LTI T H
BRUE T mbERE . SCHR[16]45 G 2k — WO R A% il
SRR S RO A, 5T T
FEON S st T SRR Pl N A R RE S

i bk, BUA BRI w81 % 5 ) R Ge 8
Dy B P 7 107 T BUS —E UR R G
FEON 45 0] RGBS R M RE T T S5 T BE
Sehit o SR, BEHE SN G TE R AR R L B T ER
BEs ANE RN, IR RETT S5 B TR A S
R Bl 2 1) L B BN AR R R S O AR, X R
GiRsE TEAPE R TERESE th T BRI, ASOff
X g L P 9 A Bl T ) AR GETT R SO AR ST RS 40 Y
SRS AT, AR A G 7R Jesh Ty 22 R 5 S i
R R, T m SRR R G g 1B T R i
SEOITRT A A B A

1 SRV ESERENEREN

T R T A1) A SR R, T L
TSN A 5 U Z () ) O b S S S, e,
BTERGURIE [ S, S RGN EE AT F W
B E AL AR E A, E A S R A AR
W ARSI M i3z 3, PRUES AR B0 O
PR S RGEVERE S T 0 RS HE I DA
K, ATEREEISE S R R G IEA LS RITATTE o

1.1 BEARGEALEN

FE TR R LR R AR
Wit, B B RO AR A ) 2R R R AR R
Hrp, EREZORPRE S ERRE; BB ElE
T PIRNR T H S S IR R G . IR S
ZIE TR R, DISCIMIRShIE B, R
ThIRALGFIE M ; RN i — R R R
FIZRA I, RS KR TIRE 225, MGk AT
SNETE . SRR Sh 328, A3 B BT AN
ST, e e LA e 2 ) 2 B A9 05 9 A e (1
XTI AETT, DIRIR RS AE R 22 TP foE Y
AIEEME, A RZER R B AR LR

SRR At I AT A
Fig. 1 Structure diagram of high-speed maglev train
1R A A S ) R G A R LGB L )
IR AL IR . SR Ay . LA, k2 B

N o AERETEAN G ATy, Pl A AR ] B A% Tk A
IR R R T v ) T, R A 00 e R Dl
BERUR, AE R R R R T, R E— &
TREFAGS BN, SE S AR AR Y 3 B4R
il RGER M 280 TR ——32 40, $2H &K
—UHLAL, RN — LA, JE S s A
SR T1, LAHEFRES) X HhigqT . AR SCHEMF R 10
B A, ISR T s B R o

S B SRR

MHIE6.5~11.5 mm

ez ":::: 1 AiE7~12 mm

psSEalel]ins

K2 e RS G RGN

Fig. 2 Schematic diagram of the guidance system

for high-speed maglev train

1.2 R

S RGsh I 2F i, g i B S )2y
ES5 ALY () AT fRATT I L 3 XSS A E T A B AL
5[] F R SO B RN, L5 64 B R HER E
TEAG B FIBEN, WNE 3 PR FEm RSk aniE 4 fr
R FEH AN CTERTFE . 2 HRERHERD 1 ASARHE

B A kA

RiARH B

N Btk

B3 S S Pk 14

Fig. 3 Actual arrangement of the guidance poles

Sl AR R
K4 Fem st nigk
Fig. 4 Structural diagram of the bogie



552 1

FEVRK, EESR, BV, LR SuMBiIEeF L S n RO S S AR 27

ML, MEZAmGE, HA—EREIERE. R
RS Z BET ISR LA, R RORE | BT A
RHEGE—FROANIAR, AR PFRER W, R
H SRR 1 T Ay e I 32 A5 B TR A B PR B i
I FTE MRS I RS S — R EHERSE
i i = AR B LR R B AT 2L B 22 i B A Ry 51
B R BRI R R . o, R AR B
PRUE S AR E PRI, Y T RS0 s Xz gh A i
JE, HERRRBOW RS A TR S A ME . —
REAERE TR MRS BRI . B A e A
WG FEIZR LS T2 E s, i AR
e WIBERE, T 31 W PR A A, TR |
SEFFAEA I A RIS A P

2 SREFINESRRENHHFRE

FET SO 10 RGEAS R 23 M, T g
JeE R TR ALt s, 2RI RGN, KT
—R ., CARBHEREION UL TS O R
HF, DNTIRRE S 1] RGO AN FEM LR |
Gl Sy g R A D KA B - T A A —
Bz, R R S Se ke EAN A AT EE 3, it
SEARRE 832 B 7 B ARAL S 0] R GE8) S22 5. it
WIS iE gy, A 5 R AAR R .

K5 b FRER

Fig. 5 Coordinate system diagram

2.1 FEARGEEREHIZ

g4 bR bR R O, RS e g, i
A7 ) R G RS R AR AR e, W)
I BIERIE AR 2R S s Wiz s i, Bk

zF:m(ae+ar+ak) (1

X D FRPMREZINNEIN T m NIRRT
a NAEERPRR T A EMBE R a, NI 2
AR R AN R AR5 @y R A AR R F B
Az BRI B O

] 22 R AR R G Al A 7y, HAN
m?.vz:ZF—m[aL)exfoz+cT)e>< (0,x7,)+
c?)exv2+2(?)e><f”02:| (2)
e 7, N O, BIE O IARXH A 5 @, A2 1 AR AR
RSN v, 5L Oy BIAHXTEE o
M T H % B 9 A y Dy iyia sl T RAUBOE &
PRI EELE, RI7,=h, FFHSPRBUE AR A 0,
REE AR AL 0, BT rhoC 2 A I 3R |35k e B BT
T/NT AR TREE v, e nT DU S 10 REERY
R 1) D B 75 7
mr = > F,+mxV? cos 0 (3)

o2y

Kot SR, G ARG ZH A ATy I 5
T 7y Jr S RGO R

2.2 JFERGRNGE
AR Sl AR E B AT, AR B0 i Bl L, X
IF Fry 20 o 3 RS T A2 B SN IR R, B4Ry

dL d(I-w
dtc =2M= (dt b) +wb><(l><wb)=
Ixci)b-i-wbx(lwa) “

K o, HRIIEERG LR AL ; TS0 $5%
RGN SRR
AR (4), AT15-F 10 RGER T T FE N
Lé= > M.—L&V?cos 0 )
X LRSS RG Ay st > MR
GBS SRR 2 D7 436

3 EREFINESERGRBRENIGIE

R LTSN G R A TP RETEAR R IR T
JyR, R ) R R L =2 [ A 1] LR T SRR
ARG IS AR S R 2 — . ST RISOE
NERTERT ) RGEB S m AR, e S A S e A
RS, FFE— AP A e ) LRGSR AR O 2k BB
D i iR 55 PR P 1 FLR 5 R T3

3.1 BAREWHREBEHEN
bR GG, TS R A R %
RO AR AR PRI ER , 5 S XN R T %
&, K FECE bR R R A k. NI,
TEREAT RG220, Ml IR i fl: O kR
Pk T G XIS SN, N RES AL T AR
TALRES s @ZWSBE . BEPEAN T 1 PP A AR .
Wl eIk, A i B o 221k
HHR AR
OF
P

__ L y2p0G
=S NS (6)




28 it et

2026 43 H

s NG GRS G o U i
T E, BRI R O

JLE R HLAHIE, REMAPE, AT mER
15 U IR 2 0] A S T IR A A A A e A 24
S Z MR, K 6 R

Y.

Ko BTl B S AT o) e A A1 (AR &
Fig. 6 Side view of magnetic flux tube distribution between

a single guidance pole and the guideway surface

ARG SCHR[22],  FTARATHERAN T [ R AR 15 LT 2
RS G, LN
luOWp

Gp:,uof;p[(ya+r)¢]ilwpdr: p ) (7

e p WEZSBESRE w, R B AT FEBE
A TR 5 U Z R A SBRRE S FRIOC R
WA G= G,/2, FrEAalfg A mms i fumg 11k
_ :“()NZAP . i’
S s
KP4 RSB ESER, A =w s y T
AR TR LAAT O s R SRR,y =y, +1,4/20

l
ln(l + of
Y

(8)

3.2 BAZEREKEHNERRE

BAA S 1) LR BOE R P 6 N RERR AL, R PIEE
i, Al —F0HEA it i B A A R T B oA, RG]
—GNREN AT LA AR TR A 24, 1 BB . DABTE
Fe0 1) 555 n AN SERICREN A 81, BRI TR P o ) 5 i TR it
N Yeur WERLTARR SIUTE (30 N BT HERE R &, WG
WL SN iy, A FHAERGAR LA O B LR )
SIS AR E,, M,,, WE7HUR,

ZEN 15 s R

AU 1 B RR
K7 Sl GRS R 52 11

Force diagram of guidance electromagnet
poles

Fig. 7

MR 7 RIAL, S RS I RGN IR -

3 i}z)nluONzAp

. — ©)

=T (- g )

)= 3\ i,uN"A4,L, (10)
Ha(y2 - 2g24)

EVL L =010, 90=01, s=0,+0,; Lplz_le’ L,=

0, Lyy=l, (I HRIEKIE).

4 BREGFINESERRGEHROTENE
T

TE RS st T e rp, 404 2ad k4
s BRI S, AR RGBT TR ETE S %
Sk, SRS ERE LSRR, Hit,
TE R REE ) 2 W BRI P B A E,
AU ) SN T 6] PR R AR ST Y

4.1 BRARFEHIRE

P R G AR AR BIE o0 B BTN
ol Hbs, 8 sh A3 i S 10 () BRAS AL B L HLAR 25 .
FENLMRZEAE |, B L pai e 2 B — R EHE
Sk m kR, FIA R EsAHE, R4
SR 43w A ) 2R ——— 3 V0 ) A R S it 2
PN IRE ], e ) 2R R i ) L R R DU A RS
ERIME, [Al—E 42 A S 1) U RERR 40h 4 4
SRR, HIRFN R K 8 iR

(r—i
[E3
1L

WL y
i )

s
] LR Bk

MR- 1] BT P DS = 1 BT
S b5 16 BT P 0 3 1 BT

e li] LR R

(s g
EMT

A A e
K8 i S s K]

Fig. 8 Schematic diagram of guidance control philosophy

AP H AR ER N T IR B AL R . L RS TR
fr . PR g . Brifd, Ak RSA8S AR H LA HITUAR
PRI ML o AR TR, B Sl R A e i 1)
BN A5, R AL e i s I R P e, 42 i
RETRSFIEERPWMIE S, i e ik B
JESHASTEERE J) . RS485 o 45 S B BT [ B 3 52 5
ZIE B, ORI — LR R R G RERR E
BT FEREHIHME T T, YA P H R 22 B AR

3 [0] FLRE R
P




552 1

FEVRK, EESR, BV, LR SuMBiIEeF L S n RO S S AR 29

AMEMBR 2L T%, 4R SAEE; Bi5 b
D00 e o 36 1 i S 5 WL OB ) 30— iy i BT A Ak 2
JE BRI S He R 2R, e A H S-S g
PEATZRAETH, A R AL, S8 R 1] R G
A B

4.2 BEiEHRERT

X a2 RIS, ASCRA “HR
Be& 228" MZRGHI2ery, lad IR R Y 5 4h
IR BRI R SCER A AR, S AN R 9 . NERLA
HL A A S A Al shAS AT B gkt v e,
PR e 3 PR BRI A 5 ANER UL R] B A% SR SR A
) BB S B A, TR A B3 2 A R P B B
Ao TEZSFERSZI A, X0 [a] BB 8 1 RS485 il
SO BRI, DL B Rl

ST TR T ag L[ =@
i i o L il T
| grﬂmlbuﬁg o }i% H]

SO B2 [ RoEss | JE [ mapan [
it o | snis [ TR
SNAREE, A PR

KO Sl N AR AT A5 14
Fig. 9 Guidance control architecture: inner loop
and outer loop

P T 22 490 W 0 H R AR v 5 32 e b AT
FEXTRRYE, ASSCUASRN H GRS kA TR il a1t
R A TR 2 N R PR 250 . R BB Y
S, ASOFRE R EEA S A TR s e ik,
MEIE TR T R G O WA RS, 4
M2 VR I FE SR T 50 B i A i A S, AR
Tl A5 #) TR AT SE PR, 7EChs TR RS 153K
RIZBIN o ASCHI AR R F 8 5 RN
5 1] Bl R B RS TR AR A, DA AE
BT 0L X RS8N 12 R A b S ik . [k,
T A 2 U B B b SRR PR LG A,
TR R G A T F e S ERe, miEE1EN
ASCHAIFAF RS 3T Bk E R, EHlZSH0
TR T BRI T AR ARG SCHRZ Y, FF255 RS R
PERET Tl 2SR, LA O BT R

P il A% DA e w o ELEE S MR A, AR S R B O
[ BRAS AL B O R i B2 RAS R, LSBT
HL R T A AR . Herb TR AR Ak B 6 A ad sk
FEAS 5 B BRI BRAE 5 1o P FR 7 2R . hyite— 25
bR, BHE T A RPN o B, HE
BRIBAN

ko ) . o
u:%+4%f+kja§m+kﬁ+kirﬁﬁ (11)
A i HERISR RS WE I u, NVERSRE R

J&, wo=i,R; RGWENM AL R SRR, R=3R;
koo kv ke, o3 S R TRTRE AR EE A . R A JRE S 5t 2R R
e LI B 5t A

4.3 HESH

T R ) B ) 2R AT BT G 5 A
ASCRF UM 5 B TR AT B4 B, B )7 2# A
B0 Fr7R o UM 4 AR TR (4 7 DRI SCHE S 1 8l ) 2%
TR eI, FESSSHEER . Z T R EA
iz Bl 2 A B AT T 2 B AR R — 2, T K
BN ) 2T A BB A B TP SRRk . AT,
O EA RS, PR S E (s . WIEE .
RS . i 1 RerEss) WS BIEHES —80, fRUE T8
RIZEY IR X B — B0k S aT Lok . AR EERE |, i
IS (] 38 32 30 Ao AN [] 2 A% 2 T A MR T 0 R 45 Lk
B, LABS IR BT E 5 ) 3l ) 2 AT R e [ 42 1 25 A L
PSS

FI10 UM fij FAL P
Fig. 10 TIllustration of the UM simulation model

TESN s Ay Re v, ki i fE 00 330 10 &
GF RIS AT B R R B B 2R . —
MF, TR, R RIS m g )
EONULIDIVAL: 3 RN & TR 2 B 8 [0 < K T G o 2
Tho X T im B ERA Ao 7, HAE S T X B e Ao
VPHUEE, SZBRTP5 T N R AL R 2. —Jr w2
DRAIESfe % 3 Al 38 1R Tt 1 1) 0 S - 264, S5 —Tr
=R AW AR BT iRk, g b
il £ PR ] e 1k O

Vi =3.6 /R(g-tanO+ay,) (12)
K Vo WECRINEBRE; RVEEE; g hET)
TR, W g=9.81 m/s*; O NHLERHfM; a, AINEE
BT
T UL T 25 08 F 4R R=400 m, BB A 0=
5°, LT ISO 2631-1 K7 AR A i) fin 38 B2 15 BB
a,=0.15g, W15V, =110 km/h, FEFi% 725 38 PR 8 v B
36, 72, 108 km/h 33 Fsll B T LA O EL, I i)
BRAS AL DL R S ) AR AR I 11~ 13 fioR . Hodr, 4
— PP B AL ISR AR . e . AT, )G 44
] BT 0] B AR A 5 S ) A8 4k, I HLA A R 1) A2 1
R

PFELREY, 12t A B By, 4% S0



30 it et 2026 4 3 J1
|
—%E
—A
=
0.
-200}
—400}
-600 ‘ ‘ :
0 2 46 8 10 r ¢ 10
B 1)/ LRIETR
(&) 171 (R=400 m, P=36 ken/h) (a) S1i1 J1 (R=400 m., V=108 km/h)
10.15 —
—ZEH
— —ZEHi
10.10¢ _%g :%%
- (=4
£ 10.05] —a
£ 1000
=
o 9.95t
9.90¢
9.85 °
0 4 6 10
Wil 5% 10

(b) T 1A] i (R=400 m, V=36 km/h)
E11 Sm 5 E AR b 26 € (R=400 m, V=36 km/h)

Fig. 11 Variations in guidance force and gap
(R=400 m, /=36 km/h)

5000

5
4 000} -
—fG
3 000}
£
= 2000f
il
1 000}
0 L
-1 000 - } - .
0 53 4 6 8 10
E)/s
(a) 31 J1 (R=400 m, V=72 km/h)
— 7 Hi
_EE
—%5 Rl
—4)E
9.05 o

* E)/s 6
(b) S [E] B (R=400 m, V=72 km/h)
B2 SFm i 5iE AL 2 & (R=400 m, V=72 km/h)

Fig. 12 Variations in guidance force and gap
(R=400 m, V=72 km/h)

4 6
i i)/s
(b) 1 [E] B (R=400 m, =108 km/h)
P13 g 5 ] B AR AL 26 15 (R=400 m), /=108 km/h)
Fig. 13 Variations in guidance force and gap
(R=400 m, /=108 km/h)

PATTHY S ) IR, PR R IR, Bl
FRE; MEWMESER, Sl R, B3
TR E R EVHIRES . BUCRE, S ED
TR B B R SEAC T, FF HLAMI T 1) Hos 1 S 0]
TR K TN BRI, el T MLl
Rz SO ER, B SMIPLE R, 4
) ] BROCARPH E B S afE A . (EAREE R, fE
IR B TR R, — 0 H ek L BB FR A B — Ty )
By, RrE ph s frad B, — 00 B e ek s/
HERNE, B0 KURER. bi&EsfFEE
FIdE R, S M R, 36 km/h LAY S
W R EE 2 1200 N, 72 ke/h T30 F B9 S5 ) Sy 3
&35 000 N, 178 108 km/h T T S 1] J7 7] ik 5|
2079 000 N, ixX 3% B T ] 7 ol 80 5 348 o 222 ) I8 1
B, S0 N5 HE 5 BUE H R B R A — 2K
S el e, S i ] A At 2 BRI e A R A e
Hrp, 736 km/h THLUT, Sl B RIRER /N, A
A2 AN, 297 0.1 mm; YRS E 72
ke/h 15, AU g () B B S A, i P A R] BN
6] B AR AL BB K, 2400 0.8 mm; T 24 3 1k 5
108 km/h i, [BIBRASALIEFEE] T 1.5 mm, i B 4
T W 2R 1 7 3 A R [ 7 % ok 8 S i T o e Ah,
FEUE NS TE RN AT B B, S R (R B



552 1

FEVRK, EESR, BV, LR SuMBiIEeF L S n RO S S AR 31

U IR 7, (ELHIR 5 1 (L P ] U S el T AR E
X R RGEHA RPN Sh A0 B E IR ENE . 25 1
P, fEREE BB LA, MR BI TR,
SPI0) RGURZ 0 T 10] ) R ] LR W] BIEOC, (HRE A
Wi o7 1 AR A LR e, Ui 2 S i 24 S5 4 o
e BERSIH AR T 00 T HZs TR E5K
HEAh, S T PG SR 1) R GEROPERE T X e 42 ] 4 14

5000

—ZeHi
4 000} :EE
—fia
3 000}
2
= 2000t
i o
1 000}
0 L
~1 000 1

4 6
I 8)/s
(a) 18 1 (R=300 m, V=72 km/h)

AL RESEA TIRUE, 433105 46 T 300, 500, 800 m
L3 FPHIE AR T A S R B 10 T A fb i 2k, anfEl
14~E 16 iron . e, B—FfuEpa T s An . A
Ja . AT AR 44 S R R A B AR AR DL S ) )
G

D5 BEE R T 3R LR T 4450
BALTTIA 5 1) A1 v [ i Bt S ) A A 4 i o AR L Y

10.8

—ZCHij
10.6 — %k
—Ai R
10.4 —HE
102
%100
E 938
il o
9.6
9.4
22 10

4 6
sE)/s

(b) F i [E] P (R=300 m, ¥=72 km/h)

K14 S5 1a] A AL T £ A (R=300 m, V=72 km/h)
Fig. 14 Variations in guidance force and gap(R=300 m, /=72 km/h)

—ZeHi
—kG
—AiHl
—h)E
0 L
-500 —6 :}
~1000; z 6

4 6
B El/s

(a) 11 71 (R=500 m, V=72 km/h)

10.5
—ZEHi
10.4 _En
10.3f —A5 Al
102} —AiR
£101
%10.0
E 99
o 9 gt
9.7
9.6
%3 2 8 10

4 6
I 8)/s
(b) S1[E] B (R=500 m, V=72 km/h)

K15 w5 E B ARl 24 (R=500 m, V=72 km/h)
Fig. 15 Variations in guidance force and gap(R=500 m, V=72 km/h)

2000 -
—ZEHi
1 500} —
—hE
1000
g
2 500
il o
0 N
-500 —4; t‘;
~1 000 7

4 6
I E)/s
(a) 1 /1 (R=800 m, V=72 km/h)

10.25
10.207
10.157
£ 10.107

—ZHi
—kk

—AiHl

—H)E

i 6 10
W Tal/s

(b) F1A1[A] B (R=800 m, V=72 km/h)

K16 S1m 71 5 E]BRAE AL T K 1 (R=800 m, /=72 km/h)
Fig. 16 Variations in guidance force and gap(R=800 m, V'=72 km/h)



32 it et

2026 43 H

AR IR X B, A O ) BT I e ) ) e 4
K, fREE —ERENRY, MEgiaTRE, £
MR /NENEE s Y i 2 X Bei, S Syl
R, PERE RS e 2R BRIRIRAS o Bl FhiE il
LPRIN B, T AR 2 B N 1 AR b
s Hh, 74300 mit, SRR, 4
4500 N 4l 2k 24208 K 2 500 m ik, S0 (e
FREZEZ2 700 N; MifE4% 4 800 m i, i) Jy it —
HW/NELA 1600 N, EIREIG R ARLL ok, %
LR M 2321 T AR B RO RN, NI S B 1)
ARG R Z W S 10 B BEZ . S g EE, S fE
BRAS AL R 5 5 ) ) AR AR — 2, R EA
i B By, AN ) [ B 4 O, P ]
BRAH DL, B e i Zeas frad fe b= A — e
FERIRE IR . S ERZR2EA2 0 300 misE, S AIER AR {k
IREE A A, Z9°00.80 mm, ZoAs S BRICH] BR2E S 45
B s A BHZR AR K 2 500 m, 800 m A, i) [H]
B AR b i B 2 /N, Ae A TR B 25 S5 B RIS, i)
A5 47 0.40 mm 5 0.22 mm A2 A7, DERH 2R 1) AL R
Bifi il £ 2 A R S o BN, ZE AR AR H
Rl R, S RS R B S HEE RR, (HR
DRl R /N LR PO 70, REm o B AR, R
WL IR G AR E MG . ZERM S, 6 R
T, BN, S REIRZE) S m S M
S PR A AR R, R iR R, S
RGN Z IPREBHIGE . Sl R, X%
A N7 1 5 1) 2R e B AR R ) SR s R Rl 4242 T
B0 Y HA R AR P AN I

g PR, A5G N A B T AN [R] il 262 A2 4%
PR ES R E, Eh&sfrdfth Sm R
S RE AR 240 80 1 2F RS A AR L 1) 1] ) A0 )
[ BRAR L, AT ARIE e RLIE R EisTT. M
WA TR BGOSR GURSZ W T 1 ) S H S )
(i) B AR A i B 1 b S G K T X h A g K, 2%
WM s Tl B = A B0 N, SR RGNS
] J3 FRE o] 7 RS ARV FEAR, RS ia iR T mFA .
ULk, FERIEACRB B R, BARATEE R
iR Y , HIRG e, HIKE Ef ek
A, RAFNRGHA REAsham R e o
ST, AR OUR ) AN R il 222 00T
S0 RGBS R ER R A BT 10) 3 40 A1 R i) i)
AR AL, DT BRAIE T A SCHT 37 A0 1 A siohE DA R
S R AE AN RS T 7251 38 W T e

5 Z5ip

ARSI Gt B T2 5 7 8l S 10 RGUITE T 454
MM SR G IR R i

WHoE, TS .

DT Z W17 J7 0132 dhsE M, FEX e ) 2R A
BeH AT A AR A SERE b, HES T LIRS
FRATIZ 8 A AZ 0 1 T 0] 2R 58 . A 8l ) 2R
Z5E FIBN R RIET X R, ST AT R A
S HREER P R T) 5 IR A S, M TR TR
1) iR SRR VR 91 2 32 8h e ) R GE B 12 T HE R

QT Y 2zl A, A& T T
P #HEER IR UM 05 FURRE XS AN [ . AN ]
S S E R N Ol DA i R o e K
FERUE AT S S AR, &S Roc S m Sy
S Bl R 5 BB AR 5 J A ] P s B AR
RE, RERHRIFEIRG RIS, KA
AT S SR EA AT s SRR e

QME R HTEERAT, FENZEE 2300 m T
T, B ER AR 24 0.80 mm; 4L AR
KA 500 m. 800 mHT, 5 ][] P A5 £ i 8 43 TG 22
£70.40 mm A10.22 mm. [AliF, 76 A [A] ph 2k 248 41
T, BEEBATHE 36 km/h 255 % 108 km/h, 1] /)
WA 247 1 200 NBG K ZE 259 000 N, -5 fi] ] B ¢ S i 1
IR

ARG R, BT RN T RS
Z IR ) B LA 2 R, H o T v 2 e
S AR, T2 AR R AT B S 2 ek
A, FFE/NEIBRE B

SRS, ASCEEST W 0G5 4 B ol R R
Gi AR BB B S WA B AE I B A TRl R R i 8l ) 2
1528, SR B4R SR s A AN [R) T 00 34 9 B A4 114
T RS AR M . A SR o 4 S T Oy R R TR A
M RGELE BT G S BEEIFLE 1T T Hr 24t
—ESH, TR, AU TR —E R R
M. ORERUfE g B o Rk A7 1 aE 4 fRifk (4o
20 W T T RS RN IS A 25 AR R N R, A
B F 28 3 R GE RS 2R, (HAER 2 L ek
SRR G AT BE YA R il — 2 b . QA ST
VEEUA O BT 00 AR rh P LR AR 2 AR i AT U
X AR v T (s /N 2 AR B R B T
BE) T RGN ARHER IR AN A TS o RS TARR
— L [ RS RN R Tz T L, DA
FHE AL )38 FAV S WA

B -

[1] # 3CFF. WGP 5 4 e i ss s 0], B2, 1993(6):
42-45.
CHANG Wensen. Maglev trains: latest research trends[J].
Science, 1993(6): 42-45.

[2] RAFW]. BTSN EM]. R BIERRFHOR R, 2003
WU Xiangming. Maglev trains[M]. Shanghai: Shanghai Sci-



o

2 4 BB, FESR, BRe, R SRS A T RGEE S SRS T 33

(3]

(4]

(3]

(6]

(7]

(8]

(9]

ence and Technology Press, 2003.

TEZ 600 A B E iR Al R G M]. il i
B HoAR R, 2022.

DING Sansan. 600 km/h high-speed maglev transportation
system[M]. Shanghai: Shanghai Science and Technology
Press, 2022.

SKEAD . R R BRI R [M]. bRt v [ BRaE R,
2021.

ZHANG Kunlun. High-speed maglev railway technology
[M]. Beijing: China Railway Publishing House, 2021.
LONG Zhigiang, WANG Zhiqiang, ZHAI Mingda, et al.
High-speed maglev train’ s levitation and guidance control
[M]. Singapore: Springer, 2024.

LIU Zhigang, LONG Zhiqgiang, LI Xiaolong. Maglev trains:
key underlying technologies[M]. Berlin: Springer, 2015.
ARIEDE, X0 B, St 45 . v ) ot s 7 S 1) & Sl
SRR ATIERHY, 2023, 2(4): 7-18.

LIN Guobin, LIU Wanming, XU Junqi, et al. Opportunities
and challenges in the development of high-speed maglev
transportation in China[J]. Science and technology fore-
sight, 2023, 2(4): 7-18.

Jeikim, S, FARR, 4 R LR T I P PR
BUIR e S BALT). mTHERHEL, 2023, 2(4): 78-88.

LONG Zhigiang, DOU Fengshan, WANG Zhiqiang, et al.
Current status and prospects of high-speed maglev suspen-
sion and guidance control technology[J]. Science and tech-
nology foresight, 2023, 2(4): 78-88.

HAO Aming, SHE Longhua, LIU Hengkun, et al. Research
of force feedback controlling on high-speed maglev train
guidance system[C]//2007 IEEE International Conference
on Control and Automation, Guangzhou. 2007: 1381-1384.
DOI: 10.1109/ICCA.2007.4376586.

(107 A8, a5 5, H SCRR . % REBIE AU i o 57

[1

[12] X EEL, A Jpte, W SCRR . S G TR 9 s m 4 iE 1B

TG RGBT 0] R G B AR, 2008 (22):

6234-6237.

HAO Aming, LONG Zhiqiang, CHANG Wensen. Guidance
controller design of high speed maglev train considering ran-
dom irregularity of guideway[J]. Journal of system simula-
tion, 2008(22): 6234-6237.

HRBTEA, e Rnik, # SCRR . GRS A R B RE
e T I]. BREAHR, 2008, 30(6): 40-45.

HAO Aming, LONG Zhigiang, CHANG Wensen. Design of

the robust controller of the guidance system in high-speed

—_—

maglev train[J]. Journal of the China railway society, 2008,
30(6): 40-45.

fﬂ

ﬁ?frﬂ,%bﬁﬁﬁ[ 1. BRIE2EAR, 2011, 33(7): 32-37.

ZHAO Chunxia, SHE Longhua, CHANG Wensen. Research
on guidance system for single bogie of high-speed maglev
train in the curve negotiation[J]. Journal of the China rail-
way society, 2011, 33(7): 32-37.

[13] ZHAO Chunxia, SHE Longhua, CHANG Wensen. Analysis
of join-structure influencing on guidance system for high-
speed maglev train[C]//2011 Second International Confer-
ence on Mechanic Automation and Control Engineering, Ho-
hhot. 2011, 7: 3855-3859. DOI: 10.1109/MACE. 2011.
5987841.

[14] LI Bowen, ZHAO Chunxia, LI Xiaolong, et al. Dynamics
modeling analysis and experiment of the guidance control
system of high-speed maglev train[J]. IEEE Access, 2020,
8:206207-206221. DOL: 10.1109/ACCESS.2020.3038252.

[15] ZHAI Mingda, HAO Aming, LI Xiaolong, et al. Research
on the active guidance control system in high speed maglev
train[J]. IEEE Access, 2018, 7: 741-752. DOI: 10.1109/AC-
CESS.2018.2885784.

[16] Ebok, SRS, RAR, %5 REREES) 45 m R
AFE ], PRS2 K 2= 254, 2025, 60(4): 833-841.
WANG Zhigiang, GUO Weipeng, SANG Zhiliang, et al. Op-
timized control method for guidance system of high-speed
maglev train[J]. Journal of southwest jiaotong university,
2025, 60(4): 833-841.

[17] CHE Hongxin, YANG Biao, LONG Zhigiang, et al. Anoma-
ly detection method of maglev train suspension system
based on SSA-MLP-attention hybrid model[J]. IEEE trans-
actions on transportation electrification, 2025, 11(6): 13886-
13897. DOI: 10.1109/TTE.2025.3608347.

[18] SUN Yougang, HE Zhenyu, XU Junqi, et al. Cooperative
model predictive levitation control for two-points electro-
magnetic levitation system of high-speed maglev vehicle[J].
IEEE transactions on intelligent vehicles(early access),
2023: 1-12. DOI: 10.1109/TTV.2023.3329073.

[19] CHEN Chen, XU Junqi, YANG Jiachen, et al. Dynamic
analysis of high-speed maglev magnetic coupling and exper-
imental study on vehicle-bridge characteristics[J]. Journal of
vibration and control, 2025. DOIL: 10.1177/10775463251
377125.

[20] /2255, 5 Ala] . e SR 1 S R GE K S B AR I KR (0]
HBERI, 2023, 2(4): 96-104.

LU Qinfen, FANG Youtong. Development of driving tech-
nology for high-speed maglev transportation system[J]. Sci-
ence and technology foresight, 2023, 2(4): 96-104.

[21] SRAEK, S 2PIFE, XU . #6175 42 B0 B R P R G

THRATTEE[I]. LA HAL Bl 2025(4): 23-30.
ZHANG Jiaxin, HAN Yufei, LIU Shuai. Optimization calcu-
lations for the lifting force of a single-point electromagnetic
suspension system in maglev trains[J]. Electric drive for lo-
comotives, 2025(4): 23-30.

[22] ZHAO Chunxia, SHE Longhua, CHANG Wensen. Compu-
tation of guidance electrimagnetic force for high-speed mag-
lev train negotiating the curve[J]. Applied mechanics and
materials, 2011, 105/106/107: 595-601. DOIL: 10.4028/www.
scientific.net/ AMM.105-107.595.



34 it et 2026 43 J1

(23] BRXUE: . ARG 7 51 4 2R G sl e 1oy (0 Al 2k B2 23 #r B A RGBSR I3 AT (0], BRaE B 5 TR A I,
[7]. BRIEHLA- 440, 2022, 42(1): 26-31. 2025, 22(10): 4307-4319.
CHEN Shuangxi. Degree of non-linearity analysis for sys- BU Xiumeng, WANG Lidong, SHAO Zhuang, et al. Dy-
tem vibration response of middle and low-speed maglev ve- namic stability analysis of high speed maglev vehicle-bridge
hicle[J]. Railway locomotive & car, 2022, 42(1): 26-31. system based on PID control time delay[J]. Journal of rail-
[24] B4, EHSC, TRAB T, & . ST R SO ARG TR 91 7 way science and engineering, 2025, 22(10): 4307-4319.
TR R[], ) S 15 B EHOR, 2020(6): 24-29. [26] 4150 R v 91 4 32 8 5 ) RGO AL P S F Y
GUO Wei, HOU Zhaowen, XU Shaolong, et al. A levitation [D]. Kvb: FERRHE K22, 2021.
control method for maglev train by electromagnetic force LI Bowen. Research on optimal control algorithm for active
feedback[J]. Control and information technology, 2020(6): guidance system for high speed maglev train[D]. Changsha:
24-29. National university of defense technology, 2021.

[25] D5, EIIAR, HOH:, 45 . T PID $a il sl ¥ 1 e S V7

Modeling and dynamic characteristics analysis of the active guidance system
for high-speed maglev trains

CHE Hongxin', WANG Zhiqiang'*’, LI Xiaolong'*’, LONG Zhiqiang'*’

(1. College of Intelligence Science and Technology, National University of Defense Technology, Changsha, Hunan 410073, China;
2. Hunan Provincial Key Laboratory of Electromagnetic Levitation and Propulsion Technology, Changsha, Hunan 410073, China;
3. Engineering Research Center of Railway Industry on High-speed Maglev Technology and Equipment, Qingdao, Shandong 266111, China)

Abstract: To address challenges encountered by high-speed maglev trains during curve negotiation, particularly those affecting the
guidance system, such as complex force interactions, significant dynamic coupling, and stringent control stability requirements, this
study investigates active guidance systems through modeling and dynamic characteristic analysis. First, after analyzing the overall struc-
ture of the guidance system, as well as the mechanical characteristics of the guidance electromagnets, bogies, and primary and secondary
suspension systems, the vehicle system was appropriately simplified to establish a two-degree-of-freedom guidance dynamical model ca-
pable of characterizing lateral displacement and yaw motions. Second, formulas for calculating electromagnetic force and torque of indi-
vidual guidance poles and electromagnets were derived from fundamental electromagnetic field. Finally, by integrating the control philos-
ophy of "cascaded coordination and differential control" in the active guidance system of high-speed maglev trains, a guidance controller
model was developed, comprising an inner current loop and an outer gap loop. This model was then used to perform numerical simula-
tions under various operating conditions on the UM simulation platform. Research results indicate that the established guidance dynami-
cal model effectively captures dynamic response characteristics of the active guidance system of high-speed maglev trains under various
curve conditions, and the designed controller exhibits good stability, adaptability, and robustness.

Keywords: high-speed maglev train; active guidance system; dynamics; electromagnetic force; guidance control; simulation
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