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Research on Robust Backstepping Control of Active Magnetic Bearing
YE Zhiwei, XU Longxiang
(College of Electrical and Mechanical, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China)

Abstract: Aimed at the control problem of the magnetic bearing system, a five degree of freedom mathematical model of the

magnetic bearing system is established. According to the state space equation of the system, a robust backstepping controller is

designed to deal with the external interference in practical use. Matlab/Simulink software is used to simulate and analyze the

designed controller and the rotor floating test is carried out. The results show that the controller has good response speed, resistance

to step and sinusoidal interference, and good control performance.

Keywords: magnetic bearing; external interference; backstepping control; simulation; experiment

0 35§

TR R PR R Bl R, i TR R i BB A
TEHUA B fih AN T 0 W L B il A R S )iz
R AU Tl RE TR SSE |AE AR S ) i
I AR ZR G0 TP T 0 4 A 5 e LA R M R Y — A
PR E AN R D fEsebr TR, PID il 76 il il
il A2 AR AL, TR R A R RS 2 T Y B AR
TG FRREER 2 (8] A RESA R & L R e e TR Ok
B B P A () AT | PID) 728 ) I 125 fifp R 3k 8 ) 851 LA il
SRR MAERIER . R, A SO R R R gkt
BT AP E R g SO B AMERE T R g B A L
PESTENE, AR T RGP ATER IR I, R0
FET TR RE RS A B ORUE ™ o B A AR ST Aot 5 3ok 3ot
R —E W & R G Lyapunov PRECHY , TR IE T
RYGMRLEPE, JF B A 7 vk an i s i | 8 N A 5
REE 5 5 ORI 4G W] LUt R etk
EEAET T

1 RFRFITHEFMANEFRE

P 1 T A R RS RS 152 1 e RS IA e T
SEMKEE R TF R AT SR . R TAERE e 7RO

HETH . g ma SEA R 55 2% 52 B35 H (NP2019302)

LI a ARG b HEAT RSN O EL A% i 1) 068 ] 9 42 1l
b o IS A g 0T AR L ) i 22 B RIS AN [ Y 42 ) 5
TEHEATIB S SRR TS B ) i TR A S A B
TS 25, h RO A H O ) R/ 3ok 4 el B
SRR DR el 7 2 e 1 R I A /D R 2 R A o i A 72
i Al [ RER R 5 T2 B 5 I AWT AL, 2id 2
WA 5 T R B TR Al

Fua Fw
AR X, x
T % D rese ot !
Xa

o —

il B Kb

V.
B\

X

R S

/)m fi/ﬁr / "
ZZ Ve =
b

B1 #H&ETFZNSTEEE

AP /R AE SE PR T AR, FB A DL M 25 R R S AR
SLARH 3 A R AN, B UL T R il R A
P15 ) B ESHRS RO — B0, 5T NIk A 1A
I L 758 o ThE A S i FSE o il ) B S A5 2 AR 4
W, ST Aea s, AT L2 A [ i Z AR A AR
AT A R, AR LA L BB RT AR B8 T iz 3
Tt

FE—EHE N B (1996—) , B WA M B EAF AL 55T R ML —1A Ak



- HUHIE - HES,F - 2HEEFHREFER Y AR

mxc:an+Fxh
mycsza+th
mzc:cm

J. oc = F)ulu_leb_sz éx

J, '91 = _lea+Fxblh+szér

2 RTEHEER

K Kokotovie Z5F 1991 4532 M | B il i o it
RGN T RG24 R R AR Wi 2 T RS
SRS PR R G M HI A S AR SOR R — R
SRS X 52 bR R GE AN AT A I, (45
FRGun] LASRAT A 1 S A PERE

EAR RGeS ARSI AR T 2R

X =%y

khk k.
u(e) +—x1+g(t)
m; .

X, =
ml

AR R AT R, =, +
SiCxy e x) B ey, S M LS, 9K 5 BT M 40 S 5t
Xy =og(i= 1, n=1) PRUEHT I T & 48 MR 25 RE % 35
RS E AR W R G ABEW L x,, =, , BT
FIBERZEALRAGAT x,, SRR Bt o, FE4EHI1E AR AEH
W

B R G FA Ri N o, A3 202 HEAUAS B A9 5

é%:zz

z,=8,-x,

z,=x8,~
Forp & RAGHRBRIME S, 7T LU/ SNER ) T 1
iR2E, AEBHI 20— RGAE ML Lyapunov bR
B I PRIE RS T R GUARRE PR RS 2 A

& X Lyapunov FR%L
Vi(z)= izf

2
v, Sl
Vl(zl)z _Z?'*'lez

W ER AT LE BB 2, =0, 0V, (2,) <Oz, fE#i#E
FasE o (HZXS T — MO 2, %0, i LA 25 A KU

Pl o, BATERIMRAE 2, =0, —a, (v, ) BA WA 1
BT ORIE—S 1T Lyapunov pRER .
Vz(zl 5zz)= LZ§+%§2+V1(ZI )

2
Bz, FFEACA
kik k,

z,=
HRAMATEI d, ATV, BFECH

u(t) +ixl+d—olz
m.

wtes

k, .
u(t)+—x,—a
m m,

I./z(zl ’Zz): _klzi'*'zz(zl"’)‘f"'

82 AT LAAT 3 2R G0 45 il £

m kxi .
u(t)= chks -z —/\g—;xl +a—k,z,

i

H1 Lyapunov £8P 2 HE AT R0 2R 470 14 B8 R 22 02 Al
PACEE] 0 1,

R T ASTEASHSE T, 33 4 i g 6 R A B AR 47
BB IE , AT LUK AE LB S 51 B A1 &% , 47 il 7 58
E L

m kﬂ' .
u(t)= m -z —x\f—;{xl +a—(ky+k;)z,

M2 v, B FEAE R
VZ(ZI 12 = _klzf_( by ks )z§+dzz
IMAARZRAERR IR S, HAT AR RN b S AT
REPRIE R Gt —Bofna e , i Ll i RGOS B4R —
B S, S PR A E TN R R IR F
R4 Rk sE i H Y

m
u(D)= e Undo kbt D) () +

(kl+k2+k3)x2+Ajl:x2+k](x]_xd)]dt} o

3 RESH

R b SCIR T A i 28 7 Simulink {5 ELABEHEFT T 3%
TRAE N SRR R G0 HF B ROREE, i 2 B
TRo AT YUEB I SO I AR A RAFITERE, #5 E
THET PID 5 E SRR R RGTHA 6 5 Z AT
XtHMT DT EAF G AN 3 PR, SRS R B 2 e~ o
BALT 2.5V WIAHIE A OV, RGBS 0T
BRI —HBH i EERANE 4 Pk,

Bk
’ Wi TR | i
g WIE Y K
Bt
%}.f

B2 RIEHRSZEHETEE

T @
R hi irth

AR
PRI s ”%%

fiail]

it
g

z
Add
kd Tl

eIk ab R

\K,r
El3 PID EHRESEHETEE

fi%e/v

002 004 006 008 010
s 1a)/s
4 %5 PID =H T8 Z 58K BR e B



- HUHIE -

vt &R F - L EFHRGHERT EHRT

MIE 4 JE7s ], B B B A 5 R ST 0.01s {8
AT LUK BRSNS, T PID 8l R GEMIFEEE 0.02s A gk
FUREIRAS , TR A% 5 A Fa i 22 56 11 i 38 2 P 4
F PID HI ARG, T H B OB R i R G0 A R
R AV, T PID #H R SA 0.2V BB E, Frit
TH AL FS T R G BB E T2 BT PID #2400,

FESEPRE T AR RE A, A TR 4 0 K 2R 3 o i il
KRG TCE R A A S FE AT T UUF LA
W ESE ik g

1) R4 3 15 £

Tl P Sl AR 1 S PR AR T R S S8 67 e 5
N RS ) = o S P o TR VAR = B W 7/ 110100 |
FE 0.25 s BT R Geit B BRE 3h 1555, IR AE R 1A, InfEl 5
FiR o SRR LT 0 Bl S 7R 3R G2 3G T 88 e R Am S
{HZ1°8 0.11 V, PID #5441 T R & R 58 i e RAmAE(E 29K
0.34 V, A4 il AH bt PID 4 il 5% 7 10 8% f B2 (E Wik /1N 1
67.6% , 1M H. PID 456 i F 75 2 0.25 s 247 A RE [ 3
W 5 R AP R AL AT 0.03 s {8 i [0 )5 i 107 % # 1L
PID /0 T 88% 4K AT B[R], PRI bt , 2R FH s 45 42 il /)
R R H IRL Sh B PR RE AL T PID B R G0,

29

28 TN — & |
RN

26 k ]
25 e

02 025 030 035 040 045 050
i al/s

5 BEMMERFIAER L E

fiFSHLE/V
8

2) E M s A s A

WG TR i AR TS BR TR AT RE L BN E 5Z 4 50
PG, PR 5% TR PR AE Al L B AT Tt
X R GEHE AR R 100 Hz, ISAE4 1A BIEZILshE S,
WNE 6 FTR . SRR 35 4 A RE Sl 7R R G 1 e KA
2920 0.15V, PID il N oK R M KRB EH L
0.32V, B 6 A H PID 5 il % 150 B A B8 (B /N T
53.1% ., P, R0 R4 A RE Sl 7R 2R e 4 pTIE 3% 3 3
PIPERETR L T PID 455 R G,

29 T : T T T T . : r

A &g
2814 [ A A i i h A ----PD
o " ‘ I “ o
I | ! ! | I i ' ! \l
26
25F]
24+
231

Vi ! \ |
ot I [} \ ! 1

b ( v
22 \ ivi vt Y ! 4 0 )

fiAEHUTE/V

21 1 1 1 1 1 1 ! 1 1
040 041 042 043 044 045 046 047 048 049 0.50

1} 1E)/s
B 6 HEMEZTHHETLE

4 EZBRAHF

J T IR SR SR R R SR R4 RE,
HEAT TR 00 B B EE AR TR SRS, ARl A i R ik
#ro Labview 2 1, Labview £l 2] 1 £ % i3 1515 5
0 V~+5 V, I, M5 1E % 270, Labview 78 B9/
BHEFSRIZSE 2.5V, XT Labview 7R BHI IR0 5
HEFS IEATE OV 2 F A T IR0 & #7451 i R
P A A SCBTH i SO R A% W Rl AR R eI
BEATER S, U5 B A RERR L U4~ A i B
TFRCR I 7-18 10 B,

0 02 04 06 08 10 12 14 16 18 20
IR} /s

B7 BFrE—BHEEFHEE

0 02 04 06 08 10 12 14 16 18 20
FRFT] /s

B8 HFE_HHERFHMEE

-150702 04 06 08 10 12 14 16 18 20
it al/s

B9 BFrE=-AHEEFHEE

-0.5 . . . . . . , , .
0 02 04 06 08 10 12 14 1.6 18 20
R[] /s

10 ¥FEMNEHEEF & E



- HIAHIE - P EAR,E - 2 E

ST AR E AR R R AT A

Fhl’f?l 7-& 10 WL, BTG R A s 2 T 0l 5 1Y

58— F FH BETE 500 ms 72 47 ik B R e B TR IR A,

%;?ﬁn%lﬂl B H BETE 450 ms A2 4G 35 B e B IF AR A,
I FLG AR TR I R F AR S A AT I

5 #iE

ASCE RGBT T — A G RO R g i
JH Matlab/Simulink 47 ELER AR 523 0 45 i 25 447 07 B3
ﬁ,ﬁﬁ% [ 3 i 7 R B B A B IE 5% T )
IR RIR R & LT TR A I A HhER
E/%%%,%Bﬁ%%ﬁﬁ;Ef&ﬁé‘]i‘%ﬁ%ﬂ%%i%}%:lﬁ SR TRIDE A
il PERE .
5230k
[0 Bl %, FAHAR, T AR A 7 R ) S RIER I 55 BT [ M.
65T HLBE Tk s AR AL, 2006.

[2] SCHWEITZER G, BLEULER H, TRAXLER A. Active magnetic
bearings— basics, properties and application of active magnetic
bearings[ M |. Switzerland; ETH, 1994.

[3] SYUIE, RIEHE. 25T TMS320F28335DSP (19 fif £ 17 4 7R 4 5
SRR T ST ] AL E S A 3k, 2018,47(4)
179-182.

(4] TEEeAE, sk A: Bk, 45, 32 Sl v Bl 7R 1) 5 48 S it T A58
FERILI]. UGS S A 31k, 2016,45(1) :194-198.

(5] FEERSC. KW R AL v HLAOASTRY S 20 s o7 ) SR SR 5 [ D ]
AL AL ZE R R, 2016.

(6] # M. ARARHL T HERE A RE [R5 ALAR et RO 4 il ds 58T 5
PEALBIFE[ D], K% RIEHFS R ,2012.

[7] SADEK U, SARJAS A, CHOWDHURY A, et al. Improved
adaptive fuzzy backstepping control of a magnetic levitation
system based on symbiotic organism search [ J]. Applied Soft
Computing,2017,56:19-33.

IfE B HE 2020 - 12 - 11

FWIVIVIVIVIVIVIVIVIVIVIVIVIVIVAVAVAVAVIVIVIVIVAVAVAVAVAVIVIVIVIVIVAVAVAVAVAVIV IWIVIVIVAVAVAV AV IVIVIVIVAVAVAVAV VIV IVIVIVIVAVAV AV VAV IV VIV VIV WV AV VAV IV IV IV IV AVAV AV AV AV AV VAV IV IV

(L#EF4mM)

[23] SINGH A S, ATAM V, YATHISH B E, et al. Role of
erythrocyte sedimentation rate in ischemic stroke as an
inflammatory marker of carotid atherosclerosis[ J]. Journal of
Neurosciences in Rural Practice,2014,5(1) :40-45.

[24] YOSHIMURA M, MARINHO M M, HARADA K, et al. Single—
shot pose estimation of surgical robot instruments’ shafts from
monocular endoscopic images [ C]//2020 IEEE International
Conference on Robotics and Automation. Paris, France:IEEE,
2020:9960-9966.

[25] ZHANG HF, LI J M, KONG K, et al. System design of a novel
minimally invasive surgical robot that combines the advantages
of MIS techniques and robotic technology [ J]. IEEE Access,
2020,8:41147-41161.

[26] LOW S C, PHEE L. A review of master - slave robotic systems
for surgery [ J]. International Journal of Humanoid Robotics,
2006,3(4) :547-567.

[27] JID, KANG T H, SHIM S, et al. Analysis of twist deformation
in wire — driven continuum surgical robot [ J].

Automation and Systems, 2020, 18 (1) .

International
Journal of Control,
10-20.

[28] PETRONIG, NICCOLINI M, MENCIASSIA,

intracorporeal assembling robotic system for single — port

et al. A novel

laparoscopic surgery [ J]. Surgical Endoscopy,2013,27(2):
665-670.

[29] IEEIE , B f L. mERF AR AR 5 AR
SARTLI]. LR ABOR SR, 2020(2) : 15-18.

[30] k4. M5 E B2 iR 5C 2Rl A T AL i
D] ARBRETH,2019(9) :2.

[31] TIAN W, FAN M X, ZENG C, et al. telerobotic spinal surgery
based on 5G network ; the first 12 cases[ J]. Neurospine, 2020,
17(1) :114-120.

[32] TUCAN P, VAIDA C, ULINICI I, et al. Optimization of the

ASPIRE spherical parallel rehabilitation robot based on its
clinical evaluation[ J]. International Journal of Environmental
Research and Public Health,2021,18(6) :3281.

[33] DURET C, GROSMAIRE A G, KREBS H I. Robot—assisted
therapy in upper extremity hemiparesis: overview of an
evidence—based approach[ J]. Frontiers in Neurology, 2019,
10:412.

[34] MENG Q L, JIAO Z Q, YU H L, et al. Design and evaluation
of a novel upper limb rehabilitation robot with space training
based on an end effector [ J |. Mechanical Sciences, 2021,
12(1) :639-648.

[35] OYMAN E L, KORKUT M Y, YLMAZ C, et al. Design and
control of a cable —driven rehabilitation robot for upper and
lower limbs[ J]. Robotica,2022,40(1) ;1-37.

[36] VOGAN A A, ALNAJJAR F, GOCHOO M, et al. Robots, AI,
and cognitive training in an era of mass age—related cognitive
decline ; a systematic review[ J]. IEEE Access,2020,8;18284-
18304.

[37] KUBOTA N, BOTZHEIM J, OBO T. Human motion tracking
and feature exiraction for cognitive rehabilitation in
informationally structured space[ C]//2012 9th France—Japan
& 7th  Europe - Asia
(MECATRONICS) / 13th Int’l Workshop on Research and
Education in Mechatronics ( REM ). Paris, France; IEEE,
2012:464-471.

[38] ANDRIELLA A, ALENYA G, HERNANDEZ-FARIGOLA J,

et al. Deciding the different robot roles for patient cognitive

Congress on  Mechatronics

training [ J ]. International Journal of Human — Computer
Studies, 2018 ,117:20-29.
[39] Phids, it dbfe, s, 45, AE 4y A BE A0 0 ot o7 32 0 R X g

ALY PEETFEALE,2021,45(3) :296-300.

i B H9:2022 - 01 - 21



