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Abstract: This paper presents a novel finite-time fault-tolerant tracking control strategy. This strategy addresses the
infinite-time convergence issues inherent in conventional sliding mode control, which reduces the high design costs and
large size associated with traditional fault-tolerant control approaches. The proposed strategy is specifically tailored to
enhance rotor position tracking control in active magnetic levitation bearing systems. It ensures robust performance in
the presence of external disturbances and actuator failures. The strategy integrates two key components: An extended
state observer (ESO) and a non-singular fast terminal sliding mode. Firstly, an ESO is designed to estimate the aggregate
perturbation term of the magnetic bearing system. This term includes internal and external perturbations, as well as actuator
faults. The observer enables system perturbation compensation and decoupling. Secondly, a non-singular fast terminal
sliding mode surface is introduced, followed by the design of a finite-time fault-tolerant controller. The stability and
finite-time convergence of the designed controller are then analyzed and proven by using Lyapunov functions. Finally, the
effectiveness and superiority of the designed controller are verified by simulation experiments.
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Fig. 1 Simplified magnetic levitation bearing rotor system

T LA A s R SR TR )
N
mi = Fyy + Fxp + Fg,
my = Fy, + Fy, — mg + Fy,
J b, = Fly, — Fyul, — J,wb, + Ty,
Jyéy = Fula — Foly, + Jwb, + Te,

o mACR T B @ N B IR B Fr, Faps
Fya, Fy, 77 IN0,, O, 3230 X HA1 Y i) st
Fa M Fo RANRIRBN T, T AT RSN «
Ay LR FAEH UL X HAY She AL Ee; 6.,
0,73 5l S B - Se L O Ak X R ANY Tl R 55 A wRoR
e T HZ I AR 1, R 0, A2 ST O 3 99 S A 2K )
BES: T, Ty, J, REE LR X B Y i Z b
PR, Horbr o Ay BLA 6., 0, (AT DU 2,
Lbs Yas Yb 5'5%%/1?, SEpl IR

(D



Fam

AFIREGE: BrRAT S AR A A 5 B A PR ) 2 s ) 823

(s + lazy)

(lbYa *ll— Layn) :

o, — (yo ;l ya)7 )
(za — 1)

0y, = ; ,

=1+,
A a0, RN AT avi X 07 M ALRS, o, R0
Tt Tt 7 = b 3 X3l 7 1) B ASE A2,y 7 W Bt 7 O
F-avi Y HJT W I, yy, R el AR e b Y T
W] (.

BT BN R, Fali R

1 12 12
f= ZMOnQSOﬁ cosa = K? cos a, )

Forb K = iuon%%, 019 T2 5, g 4
1, So 9Tl VAR L, R R 48, Tl B
TR 5 5 IO TR, 2 e A i R R 7
B FELT TN A4 B T TR 72 P
TN,

AMB Z 5638 P 00 77 2 22 SRS J7 5, Pl
Rl R T B L o — A PR e R -+, o
R, 5 R R ) 5 — A i, 1
HURIREN, LT LU B iR 122k st
) 2 i + ij 2
PG @
S Al 40 B ZE S0 7 1 Eh E 0 o 7
TR, wo 2 IS, T FIHLAMT, 278 5 ek
34 HEAT ZE T, I /2 WS K S R T, M
i B ML ) £ P 7

F =Kz, + Kyij, j=1,--,5, (5
S KR F R BRI 280, K 5 PR I FE 56 5.

2,2
. HoSoT ™1

Zo—lj

F; = K cos a(

.’EO—CCJ‘

KR RIE 0N K, = 5 Cosa,
0
2,2
son*i
Kij= Ho 02 2 cos .
Lo

RHEF(S), TTLAFSHA
an = erb + k:iixb7
Fya = krya + kiiyay (6)
Fyb = kryb + kiiylﬂ
iy, i, 28R a, b i X T ) B AR Y FELAL
Gy, s By, 200N @, b I Y Sl 7 0] FELRE AR () LR K, AT
W R E K RN E R BURSE R 2 =
[Ta Tt Ya Yo Ta Tb Yo O] RN BB N u=
[/L.x?L ixb /l:ya i}’b]T; %jtiﬂ%n = [Fsl F82 Tsl T52 g]T’

Ry = [va 2y ya yo] ", MR 1))(6) ATEA
RN DY E R A R A 2R IL Oy

{X:AX+BU+EN,

)
Y =CX + DU,

A

A: 04><4 I4><4 ,B:

az1  A22

04><4
b21 ’

O4x
C = [I4><4 04><4]7 D = 04><47 E = l ! 51 ;
€21
Q21 =
[k kD R kil
7+7 -
m J, m Jy
ke k., ko k2
— b 7_1_ b
m  J

y
0 0

0 0

b Bl kRl |
m Ji m Jy

ke kLl ko kly
0 0 —— —
L m Je m o Jg

3
S~

_ Jwl,  Jwl,
Jyl Jyl

0 0 JZCL)lb . JZWZb

Jwl, _szla ng (;]yl ’
Jil Jl
Jwl,  J,wl,
L Jil Jl

b21 =

[k Kl

i i kilalb
m Jy Jy
E_ kil ly K . kily

m J, om J,
0 0

k
m

0 0
ki kilaly ki Eilaly |
+

ks k
m Je m Jy

ko kil ko kil
0 0 m J. m Jy

-1 . -
Ty
Ly
_jy |
0 -1

0
L
I

by
i Jy 1

M5 T KL SR, A SR AT S LA R R0t
B, AR R4 B SRR AR, 551
[ Y 5 P R 2 il AR ARSI RAA A (T), AR

3= 3= o

0 -1



824 oA R 5 N A

43 3

HFN
{XZAX+BQP%M+EN, ©
Y = CX + DU,

S U 75 TS50 T 31 396 O30 P 0 A

RI, Ur = [ise, ite, iy, iy, T FAEBKE BT

ST

22 MRS

DR BRR R R 4.

T = To,
&y = f(x) +bu(t) + Vf(z)+dt), )
Y = T,

Hop: oy Mg & RARPIRELE, yZHHES, f(v)
FEARRNEREL, V f (o) R RGEAHENE, d(t)FRIH
IR, b RASHL, u(t) —IEHIHIA.
E X RGWIREEIRE e = x1 — xg, U FHL
ey = Ty — &g, P g AWEES. RAEMIRZE T
A LAE R
€1 = €2, (10)
F AR R PR L i B A
s=e; + kiler|*sgne; + kales|sgn es, (11)
o by Ak, RIEWEG 1 < 8 < 2, > Brsgn() 2
R BRELL
B 150 S84 H a2 % T JOESE T i
BRI
BRi% 200 AN e SR R G b A e
PEV f () PR GE T AN TR d (¢) 38 5 2 AR F, R
WLAE RS, W R pos:
Vi) +dt)] <, (12)
Hrp: r SRR LA E R B, BV f ()RR RS9
ANHTE N, d(t) FRIMEAR I, BTl (V f(z) +
d(t))5E SCHEERBAEME.
BRI AN B IS 5, RS E
1 S — AN U A Ao B A A R Bk 2, BT LA
4R
T =ag + aler] + aslesl, (13)
Hrag, ag Ma & 72 1EEL, 20(13) 7] LSRR [32]
H S22 TR IR A 2.2 15 3.
SIER 15U HERG0(9), Hh AR A & ik 2
ZIR(12)~(13). ARYETEARTE (1) BT, w RSt
RASTEA BRI )¢, A WSV Bl .

3 EHIRgGwT
3.1 BRAR R
ZE ARG INAN H HE FAHEAAEERG, IF

HEr s KM 4 KRGS, 7] DUHE4ANH
HHEET AR &« RGN T BT 38 IR ot e
PG, (m =z, y;n = a,b), WAPEHERFE®) I
AN SRS ENEA:
Ta = e Ta + Muyylx, +

G (b, Uas Db By Foy s Ty ey 5 Bty )
b = faoa®b + Mgy iy, +

Gy (Tar Uas Yoo x> Ly s Ty Tty Uy )
Ja = fyiYa + My, iy, +

Gy, (Yo, Tas Doy By Py Ty s Uiy, By, 5 8),
Up = fy22 Yb + My ly, +

GYb (ya7 :taa j:bv iyaa F52 ) Ts1 ) ifyaa ifyb’ g)a
(14)

A
Gxa ($b7 ya) yb? iva Fs1 ) Ts2 ’ ifxaa ifxb) =

fX12$b + gX11ya + gX1zyb - mxuifxa +
. . 1 I,
Mo lxy, — Mixyo Uexy, + 7F51 + 7T527
m Jy
be (xav yaa ym ixaa Fs17 1-;27 ifxa7 ifxb) =

flexa + gle ya + gxzzyb + mX21ixa +
1 l
—F, — beSQ
m Jy

GYa (yb7 Lay Thy ,Lyba F52 ) Tsl ) nyau /Lfyba g) =

- mxm lfxa - mxm lfxb7

f}’myb + gyui'a + g}’12:tb + mmzi}’b +
1p L
m 7y

GYb (yav Loy Th, Zyav F52 ) Tsl ) /Lfyav nyb ) g) =

TSl = My Uy, — My Uy, — 8

fY21ya + Gy21%a + Gy22Tb + Myy by, +

1 Iy, ) .

%Fw + 71151 T Myoy Uy, — My Uy, — 8,
X

J.

k‘r k'rlg kr krlalb
fxll_E_FTya fx12_fX21_E_ Jy )
A U
,] b X11 ~ J )

k.
fX22 =—+
m

My, = My, = — —

“m

k2 k
Jx ) f}'12 = f}’21 =

k.
f}'u = E +

T
m



54 Ao EPAT AR MR A RE S AR B 17 B A BRI A 25 4% 1) 825
o g = Il b 33 e AR LT

J“? Iyl Dl [ EHE 051, LA o SR AR 2K, S, =
By = —Byi, = 1. Bz . T 5E BB, S SO B

Jil NN
RZETTEN

JZWZb .

Zyo1 7 8yax = — 7men(m =T,y;n =a, b)

Jyl
PN AR T
32 FRERMEE
7 18 Bk B il AL AT IR AR RN Ah
TP A BAT WA 40 R S5 A E R 3%, N T 1G5
RGAESZ B IMEBTRANPAT 2T 5 R ENE, 5IA
TR T ORI 2% B AME v, B
ERME BB IEE— MRS R, BaER
A PPIRA AL B IEY TR &S, FIH F= 40 mT I
BB REESHEAKAG T SR T,
SR AT S SBT3 R G52 B A A
A SPAT AT, 2R RA NP S TR
Pladii X NG 22y =x,, 1o =1=3,, T3 = fy, Tat+

Gy, G, Nx, HHER SRS BURES L &L = (3
Ty @3]V n = [iy, 1], TIRESAGTHE, i NI
A, x N R G # i i X h e, B BB R
AT RIS TR I %

3;71 =Ty — 51(§71 - 371)7

3%72 = My, bx, + T3 — 2(T1 — x1), 15)

T3 = —e3(2 — x1),

g = 1.
RAS) TR N
{&_A¢+BM

Y =Cz.
0 €1
mX11 52 b

0 €3

(16)

—e; 10

—&5 01

—e3 00

C=[100.
A6 MFHAL T FER TN
M — A=A+ &A%+ )+ 63 =

(A +wp)® =0, (17)

100

K TRRBAHERE |0 1 0

001

MR A7)0 BAAF Hie), = 3wy, 9 =3w3, 3 =w},

HAwo REMM S FIAT T HMwo > OFFIEREEERIE

IF, FFRARA LI A5 BE W A2 e 84T, AN AT DA o
PRERSRENE, FRRAh T B RS a2

A A= , B=

{@1:?1_%“’ (18)
€xog = T1 — Xga-
ﬁqjexz = €x1j‘jfz@§%§

R 1M 18) AT

€x2 =1 — Tda =

fxnml + Gxa + Tnxuixa — Tda- (19)

AT ARETE BV Sl AR e A0 A PRI TR PRI .
FE BRI BE IR AT BRI DI AR RLR, 5N T —FiHr
(1A 2T S Rl 24 i g A i 31

s=ex + kilex|“sgne, +
k2|ex2 |5Sg1'1 €x2, (20)

AP Bk 2 EHEL 1 <a<2,1<<2,a> f,
sgn(-) R B EL. sy AR AF 7 4 0m I AR, ey (0) #
ONAE RS E WA AT, RGUIRSTEA BRI ) N JF 5
H IS R e (8) = 0. U RGUIRESZE B -PHPIRES
I, T Ik | ext |*sgn ex PRIE T SSIOH ;24 &
GURSFAE P ARSI, T 3ks |exo |Psgn e TRAE R
GEAEA BN 1) Py WS
XR(20)K 315
§= e +kialea| ew +
k2/8|ex2|ﬁiléx2‘ (21)
34 AEEEERT
N T RAEFTBE T R3] 25 A2 A RIS 18] A BRd 8
T RERHRD, R BT b I R IR, R
O ARG B Vet 2t oy
$ = —H ks + Hynsgns, (22)

XHF:k >0k >0n>0,1<B<2 H =H,=
k25|€x2|5_1-
MR 3 (19) LS A 1R (20) )3 8k (21)5% T
RO (22), 7T DAAS 2135 e PRos 2 v v A48 il
5%
. 1 1+ kaleg, |*t
g, kafle, [P Psgney,
nsgn s — fx,,x1 — Gx,)- (23)
SR, W BT SRR A I 25 Ak T () S P
ANEG . G, T
, 1 1+ kale,|*!
5 T s RaBlew, [P Psguey,

nsgn s — fy,, x1 — Gxa). 24)

+.’i’da+k8+

+ida+k8+



826 oA R 5 N A

43 3

H AR AR A S DR 2 T AR SRR S I
ar LRSS S e, B O A B R ESCR AR
RS FE, XoF A MR T HI0 BL R ST 4% b B o
KIERENE.

WE UE B TE AR ) S AR e 1, B RE W Ly-
apunov R %4
V= %.92. (25)
X(25)3K T, FARNEIEZQ22) 015
V=ss=
s[Bkaley,|” (—ks — nsign s)] =
Bhalex, |” " (—ks* —nls]) < (26)

F & LyapunovAz @ EBEE, Frise it g A4 il 45
REfE RGUIRAHIEYSC T3 s = 0.

P 5| E AT SR B AR e A ) R, IR R R
S IR 8] R W S B g E’Q%QE

UE BRI T I AR 1 R AR AE A PR TR) P Jd et 5
(25)-Q6)IRZ 1550

V = —2kBkslex, |V — V2nBksles, |V E.
(27)

W1 < 2Bkkslex, |1, pa < V2Bnks|eg, [P,
4

- dV 1
V=— I S < —pV —pV2. (28)
i, H(28)1%
dt < _divl — _2(1}/75. (29)
p1V +pV2 piV2+ py

WM RGHIIEIRE R ey, (0) # 0Fley, (t) =08
IFIRL L, #30(29) PRI I (Al AR 7045

te V() —2dV'3
[Fare [10 2V,
0 V) p1VE+ po

2 1
(= E )l G0
1
ARIEE
£ < Eln(w)' 31)
P1 P2
g5 b, MR Lyapunov iz s 14 )4 BV 0T uF B i 2

AR AE R, IR T REAE A B A 1) P 9 1 YA S
B ESHEANIE. IR
4 RGitaEvatr
UE FJERi%Lyapunov iR
1 1
V= 55 + §eg, (32)
Heb Bikal iR e, = Gy, — Gy,

HEtlEeH AKX
§=Bky| ey, [Pt (ks —nsigns —e,). (33)
iy, % (32)RK T 5, HAGEHRAR
V =55+ g, =
sPkalex,|P T (—ks
Bhales, " (—ks® —n|s| - €eS) + €géy =
—Bkalex, |’ egs — kBkaley,|P 1 s® —
775]?2|6><2167
—618 — 6587 — O3s| + gy, (34)
6y = Bka ey, | ey, 02 = kBks ey, |71, 03 =
nBksles,|” !
K@Y HE N
V=—(6,— %)s — Ols| +egée.  (35)
3 35)H (—ds|s]) AP, MIAFE LR A
V< \52—%|32+\egég\. (36)
HRBR2 RS BN G,, 75 B HH 5, mT ke
ettt iRz e, ML FHAA F, W
V < Mys? 4 |egéy| =
2M,V — Mye? + |egé,| <
2M1V 4+ M, (37)

ﬁ':F‘: M1 > |(;2 - %|, M2 > —Mlez + |€gég|-
DRI, BT 5 v A4 sk DR 2 A 2 S MEL 5 5 i
FR) R 22 A5 AT PR IS TR] UL S 38 — /N S B i, ]
Lyapunov B 50V M 1B s DA SO I 85 B A7 1 iR 22
eg MR,
0 2 A T R 25 0k B SR ES, (34 n]
et

— 1SgN S — €g) + €6, =

1|3| + egéy =

%:Séz —518—5232_53‘3‘7 (38)
1
RV = 2
K38 ISl
. 1)
Vo= —(6a— D) -8lsl. (9)

ey, # 0F1(6y — ci) > 0, fFAERANEHy, >
0, 2 > 0, 5
‘/0 X 15 - 72|8|
—27,Vp — V2V (40)
M (39) 210 (40) S, &IET Lyapunoviz g
PR ) ELF2 N . 8 e e BB 3@ R 3 By, Ay, ASSC
¥ RGP Lyapunov R U T AR IE N e T, AR
B R 4i1E 1% Lyapunov B & #Ti Az (1.



Fam

AFIREGE: BrRAT S AR A A 5 B A PR ) 2 s ) 827

BRLUE, TR T4 52 ORI 2V (20) = Vo, Ly-
apunov B HCZE BRI 1) P9 R0 A9, 8 i 58
40)4

. dV 1
Vo= dTO < —2mVo — V273V, (41)
P R4 1)
dt < —do -2 dVo

2NVy + V27
(42)

BNRGHIIRIRE R €(0),, #0Fle(t),, =0
FINHEA T, 4 20(42) RISt [a] AR 2045
1
T Vo(T) _2d%§
j dt < i
0 Vo0 2’)’1‘/05 + \/5’}’2

2V + ﬁ%VoE

dt =

1 1
I @nVe! + VIR
(43)
CATEIES
Tgiln(\/i’hv(xo)?‘i‘%). (44)
M Y2
gt Bkt AT LIS H AMB RS REE LE A FRIG
[EFSE.  UEER.
5 PiEsER 55 R
A5 ETMATLAB R2020a/Simulink#4 £ T AMB
RYR, RGN W2, Oy T RAEA TR
| SN (ESO-FFC)1E L Bl e iR SR Gu i B R R
Pt B ROTERE, K5 SR (12) 2R TR B ST
fiftki 5 (sliding mode active disturbance rejection co-
ntrol, SM-ADRC) LA SCHIR [30]4/2 2 #2975 ES
LI 25 (3% AX. 52 2] #5811 (iterative learning control bas-
ed on extended state observer, ESO-ILC) #£17 EL4%. A
BT EIEH(ESO-FRO)ZHUN AR 1, Wlaiz 4l KIs AT
AR SHE WAR2.
)

o ESO-FRC)-a a
Do ol LfEsopra-be Lo
t Esorrd e T L
dy, . S Uyp Yy

ESO-FEC -

2 VU e R A R AE I

Fig. 2 Control block diagram of four degree of freedom

magnetic bearing
5.0 A B RN 2
K39 AMB A B N7 it 26, fE . J5 T3 45 58 — A

&4 0.1 mm & {115 5, M 3 F i) W ESO-FFC_I-
FHEF 2574 0.54 ms, PdF5EF 8] 29 1.7 ms, JoHE. SM-
AD-RC _FTHREZ) 29 2 ms, P55 17]2) 3.18 ms, #31H
215 9.4%. ESO-ILC 1) b FHi} 5 294 0.57 ms, i
FT T[] 29 6.1 ms, #8294 19%, ESO-ILC 5 SM-
ADRC Y77 (E# 1. K 1, 2R 80 S fh 28 75 3 Fh 42 i)
"NESO-FECHi N 4R, 5 () 50, HICHE M.

k1 EHEHSK
Table 1 controller parameters

s SHE s SHE
k1 12 000 ko 0.75
o 1.13 8 1.07
k 27000 n 110

2 BEARLSHK

Table 2 Magnetic bearing parameters

s ZHE s ZHUE
m 2.8kg J.  7.65x107% kg/m?
Jx 0.021 kg/m? Jy 0.021 kg/m?
la 0.1217 m Iy 0.1338 m
kr  3.24 x 10° N/m k; 43.79 N/A

x107°
]2 [ KY T T T T T T T T ]
10 |-
E 8 _/ 7xda ]
~ o —-ESO-FFC 1
8 o4r SM-ADRC -
2 --ESO-ILC -
O i 1 1 1 1 1 1 1 1 ]

1
0O 2 4 6 8 10 12 14 16 18 20
t / ms
3 D E 2

Fig. 3 Position response curves

5.2 BRERWA N R

P 4y AMBHE T 1E 25 52 HIT28TT FO SR B e 17 /T 2.
AT L N AR RE R R A T R 6 P B T B Y R
ik BE. B, 75 18 N B, AE 2, 07 [ BN IE 5215 5
(0.001+0.00004 x sin(1000t)). HH 4R %0, 3 FhEx
1, ESO-FRCHLIARE G fie PRI L A% fff 1 PR 7 21 31 82 1
5% . [F] I 28 G VA 7 22 ESO-TLC BRI B 5512,
ARG ; SM-ADRC I ERESHEE i 18 HAT Hi .
5.3 ANINIBN T AL B £k

P52t At AR A B e AR B o b 2. A e %
H R B ARME AR E N0.1 mm, 0.008 sif ZIfEx, 11
REA8 5 M A AN G IE 5245 5 (571 x sin(1000 X t)).
1 5 () & HEOR W & HAE S0 HT N SM-ADRC
i 25 117 37 B #e3z, ESO-FFCIR 2., ESO-ILC/i 55 %
/I AR ER 15 (b) S HCTBOK BRI ANESO-FERC i &9 1 7



828 B owo#H w5 N 43 %

BN, R FHHEEME (5000 r/min), 52 FEIERN
AR /N, BT LAZE B S(c)~(d) AT LB By, i 5 71 LT-
ANZI B, KA 21 /N1 AT JIESO-FFC4E A
PR BT

I —--ESO-FFC
0 5 10 15 20

t / ms
Bl 4 BRIER R 28

Fig. 4 Tracking response curves

LT EEE BN, PA 500 000 r/min A, 1
6 ] HIG T 5L TIN5 v, oy, 7 190 R0 3 S ) S 5 G A%
THIS TE 5, My, Yo 7 17 52 BEBR N 5210 K A= 557N
%, BEEDAR Pk 2 21747 &, 7] LLA HESO-FFCAE
T T BT B . (R, ESO-FFCREMS IR I 512
BLAAN B R, i RGCAIRIFIPTILE, TR A%
KA BB AR

10
12? T T T T T T T T T i
10 |
4
L A W
R S ~-ESO-FFC |
S W) e — ~ SM-ADRC |
ol S 10 12 ~-ESO-ILC
1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
t /ms
(a) o H HIFZALE WA 2%
x10°
12? T T T T T T T T T ]
10
L
o 4l 100210 —-ESO-FFC ]|
8 2 /1.000 L) — SM-ADRC i
o R e Ty ~~ESO-ILC

1 1 1 1 1 1 1

| I
0 2 4 6 8 10 12 14 16 18 20

t / ms

(b) ay, B BB i 2%

x10

12k l,“ T T T T T T T T ]

10 f——=
g 8H o A
- 67?"1002”07/ ESo-FFC ]
S 31 1000 e ~ SM-ADRC |

ok § 10 12 ~ESO-ILC |

1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20

t / ms

(C) a I FEIEEAT LML £

%10
12 [ . T T T T T T T T T
10 s
= 8; ’/1002”04/ 71y;:dsbo FFC .
> ;‘T/ 1000 11 ~ SM-ADRC |
ol § 10 12 ~~ESO-ILC |

1

) I I E—
0 2 4 6 8 10 12 14 16 18 20

t / ms

(d) yr, AT B fH £
5 44 E HIEERA B 2

Fig. 5 Four degrees of freedom position response of the sys-
tem

2f -l ]
T

b 4

[ pon <10 / — T

P ( —-ESO-FFC
P 1.00 bt ~ SM-ADRC

L 8§ 10 12 --ESO-ILC

1

) I I E—
0 2 4 6 8 10 12 14 16 18 20

T T N |

x, /m
ON-PO\EX)S

t /ms

(a) wa F HIPZAL BN 125

*10
s ‘ T T T T T T T T |
10
4
8 2] 1o0s <10 / e i
e 4l rwe——]  —ESoFRC ]
& ;1[ 11,000 F¢ ~ SM-ADRC |
0[/ 8 10 12 ---ESO-ILC |

1
0 2 4 6 8 10 12 14 16 18 20

t / ms

(b) wy, E FHEEAT B RV 25

x10
]2k 1,7;‘ T T T T T T T T ]
10 |
E S0t / —Yaa 1
P e —-ESO-FFC |
41 11.000 8
= SE ~ SM-ADRC |
oL 8 10 12 --ESO-ILC ]
1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
t / ms
(C) ya H BB AL B 07 28
x10°
12 L '1'11 T T T T T T T T
10 s
£ 2jflooz X1074/ 7ydsbo C .
. O L —-ESO-FF
s 4 i
ZT’/“-OOOE ~ SM-ADRC |
ol 8 10 12 ~~ESO-ILC |

1 1

| I 1
0 2 4 6 8 10 12 14 16 18 20

t /ms
(d) yp, B HH AT 7 £
Bl 6 SR G & 1 HH A e B 28

Fig. 6 Position response of degrees of freedom after in
creasing speed



Fam

AFIREGE: BrRAT S AR A A 5 B A PR ) 2 s )

829

5.4  AMmIBN5 KA IR B e B

7E0.014 sH RGBT 5 ARGE T T, 2.
J5 1) 5 R A AT 45 i B MR (B 2, = 6), I
7(a) M HBOK AT 511 AMB & %5 R A= AT 28 0
SM-ADRC i 2 ¥ i 37 # 176, ESO-FFC X 2., ESO-
ILC 2 5/, 15 i E7(b) I Ok B 7T %0 ESO-FFC
it 25 P o7 B e/, BB 7 () —(d) AR B R, 7
6] AP0 B 5 PAT 28 SR v, v 7 18] L TS M. 25
£ HH LA AT A3 ESO-FRC i 2 A (8] e B« JCiR U - 1A
A 1) B R, T HE ST i R b 7 A R

AL 2. i P8 T A R BE1E0.008 s52 £ 4k
IR S AR PRI 2] 7 AP, 240.014 s,
J7 0] 52 B PAT 2 e 1 52 e AR B P B 6 B P sl W
M. K, fEESO-FRCH i 5lg T, ESO ] LASZIINT AR
W5 RAPAT A E RSG5 M.

KI9FT s AT il N 128, 2MAMB R G715 40
BN SHAT B TPERT, ESO-FRCHS H] g 2 37 B i 37

x107°
12 L T T T T T T T T T
T —
/
\E 2 j X1074 /xda :
s gl 1.00 —-ESO-FFC |
4
= 2 [ 0.99 - SM-ADRC |
ol 14 16 18 -—-ESO-ILC
1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
t /ms
(a) T H 5L B oL 28
x10°°
12 [ T T T T T T T T T ]
10 e
M <10 . . 1
& 4l 100 e—"—H  _ESO-FFC |
S 0998/ ] SM-ADRC |
ol 14 16 18 -——ESO-ILC
1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
t / ms
(b) v, B HHEEALE B 2
x107°
12 [ ",,‘1 T T T T T T T T ]
O f i
S 2 ! x10* /yda i
< 4, 1 —ESO-FFC
2k 1.000 SM-ADRC
0 14 16 18 -——ESO-ILC
1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12 14 16 18 20
t /ms
(C) ya E HHBEA B2 10 7 11 £
x107°
12F x T T T T T T T T ]
10 |
8 1 4
\E 6 H 1 x10* / Yap 4
£ af 002 ~-ESO-FFC
2 ; 1.000 SM-ADRC -
oF 14 16 18 ~~ESO-ILC
0 2 4 6 8 10 12 14 16 18 20
t / ms
(d) yy, H AT B e . 2

7 DY 8 H R A i 7 2

Fig. 7 Four degree of freedom position response of the system

K]8K /R 1E ESO-FFC #% 1€ T, ESO %, /7 [

DA o Al S 3 5 s Soiat 428 Hh P RE P 52
1000T T T T T T T T T T ]
naENgyNY;
=
2 omf / / .
R P kR Z] BT %
& 2000 - e ppe s 7
M — a0 J7 FE Al THE
3000 - e 2 JT TSN 7
0 2 4 6 8§ 10 12 14 16 18 20
t /ms
8 ESOfIMLMIfE
Fig. 8 ESO observations
2000y —ESO-FFC |
150 _\/‘\m .
S 100 |- 20 H 1 1 11 7
Fosof 8 10 12 14\ ]
0
=50 1 jiEz:JJ?iitfﬂLzlJ1 ﬁjﬁll‘%ﬂjzﬂl ]
0 2 4 6 § 10 12 14 16 18 20
t /ms
K9 il
Fig. 9 Control inputs
6 it

AL T VU HH B E R AR TE 5
AR EAR G AR AR ST 28 M T If B A
S PR IR ), BT SRS I 88, $EH T —Fh
A PR H) P 2 P SRS, U IR T T iR R4
eSS B 5 7 B BRERRE S, BGE T AR SIEBANRELE
A5 PR R USTSACHy I AL, i) s AS 202 G e 7 B 2
FROREE {1 22 ) S it b ST AR T 2% v 2 g o 19 25 B s i
B, I 5 ESEIIOAIE A ST FTHE H A ) S e
e T E R R MR RPN S AR R i
Ui LS AT DR HH DL R 46

1) AT H S TH FRORSI #5 AR 27 S
R 4 i A 1) A IR ) 25 42 1) B 08 2 V7 e K
FETARF R E B, RGN B SR A A, T
R, PRI N, BRERIR 2N,

2) FETH ARSI B EAGEN RGBS
HATRERA T, SCBL T X RGBT il AR B P AR AN E
R S AR AR, AR ORI/ N 1 BT T s A TR e
R AR



830

7l P

w5 W

43 3

3) PR PAT T 4 b, A iy

R IR LG 23 RE S TE AT R R SRR T AT AT
R, R GRS RAFRIARE R,

SEHk:

(1]

[2]

(3]

[4]

[5]

[6]

(7]

[8]

[9]

[10]

(1]

[12]

[13]

SCHUHMANN T, HOFMANN W, WERNER R. Improving oper-
ational performance of active magnetic bearings using Kalman filter
and state feedback control. IEEE Transactions on Industrial Electron-
ics, 2012, 59(2): 821 — 829.

KANDIL M S, DUBOIS M R, BAKAY L S, et al. Application
of second-order sliding-mode concepts to active magnetic bearings.
IEEE Transactions on Industrial Electronics, 2018, 65(1): 855 — 864.

SMIRNOV A, UZHEGOV N, SILLANPAA T, et al. High-speed elec-
trical machine with active magnetic bearing system optimization.
IEEE Transactions on Industrial Electronics, 2017, 64(12): 9876 —
9885.

LALDINGLIANA J, BISWAS P K. Attificial intelligence based frac-
tional order pid control strategy for active magnetic bearing. Journal
of Electrical Engineering & Technology, 2022, 17(6): 3389 — 3398.

BO W, HAIPENG G, HAO L, et al. Particle swarm optimization-
based fuzzy pid controller for stable control of active magnetic bear-
ing system. Journal of Physics: Conference Series, 2021, 1888(1):
012022.

MA Z, LIU G, LIU Y, et al. Research of a six-pole active magnetic
bearing system based on a fuzzy active Controller. Electronics, 2022,
11(11): 1723.

CARMO CARVALHO F, FERNANDES DE OLIVEIRA M YV,
LARA-MOLINA F A, et al. Fuzzy robust control applied to rotor
supported by active magnetic bearing. Journal of Vibration and Con-
trol, 2021, 27(7/8): 912 — 923.

LI'Y, ZHU H. Hybrid active disturbance rejection decoupling control
for six-pole active magnetic bearing based on improved genetic algo-
rithm. Progress In Electromagnetics Research M, 2022: 205 —217.

WANG S, ZHU H, WU M, et al. Active disturbance rejection decou-
pling control for three-degree-of-freedom six-pole active magnetic
bearing based on BP neural network. /EEE Transactions on Applied
Superconductivity, 2020, 30(4): 1 -5.

ZHANG Yaopeng. Researchon slidingmodevariablestructure con-
trolofactive magneticbearing. Tianjin: Tianjin University, 2020.
RS, i o 7 7K P T A 8 R 2 ) O . R R R 2,
2020.)

JU Jintao, ZHU Huangqiu, XU Zegang, et al. Research review on
sliding mode control for magnetic bearings. Bearing, 2019, 9: 56 —
66.

CHR e 5, AR ISR K, VR IR, 5. o ol 7 A8 o T 9 2088 Ak,
2019, 9: 56 - 66.)

LI Binglin, ZENG Li, ZHANG Pengming, et al. Sliding mode active
disturbance rejection decoupling control for active magnetic bearings.
Electric Machines and Control, 2021, 25(7): 129 — 138.

(ZEOKBR, R4 T5h, TRISER, 45, FahRERPR SRS F AR AR
EL SR, 2021, 25(7): 129 — 138.)

BAI Huatang, Qi Rong. Integral sliding mode variable structure con-
trol for active magnetic bearings. Transactions of China Electrotech-
nical Society, 2008, 23(8): 36 — 40.

(e, 552, FEhER IR BB R ], i TR
241, 2008, 23(8): 36 — 40.)

[14]

[15]

[16]

[17]

(18]

(19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

YAO X, CHEN Z. Sliding mode control with deep learning method
for rotor trajectory control of active magnetic bearing system. Trans-
actions of the Institute of Measurement and Control, 2019, 41(5):
1383 — 1394.

SAHA S, AMRR S M, NABI M U, et al. Reduced order modeling
and sliding mode control of active magnetic bearing. /[EEE Access,
2019, 17: 113324 - 113334.

WANG X, ZHANG Y, GAO P. Design and analysis of second-order
sliding mode controller for active magnetic bearing. Energies, 2020,
13(22): 5965.

LIU Y, XIONG H, YANG J, et al. Research on sliding mode cont-
rol
IEEE 2nd China International Youth Conference on Electrical
Engineering (CIYCEE). Chengdu, China: IEEE, 2021: 1 - 5.

of an active magnetic bearing high-speed motor rotor.

YAO X, CHEN Z, JIAO Y. A dual-loop control approach of active
magnetic bearing system for rotor tracking control. IEEE Access,
2019, 7: 121760 — 121768.

GONG Lei, YANG Zhi, ZHU Changsheng, et al. Acceleration re-
sponses robustness of active magnetic bearings-rigid rotor system.
Transactions of China Electrotechnical Society, 2021, 36(2): 268 —
281.

(I, B, BURE. 3 BRI T 2R e s e 2 P &
P B THR AR, 2021, 36(2): 268 - 281.)

ZHOU Tianhao, CHEN Lei, ZHU Changsheng, et al. Unbalance
compensation for magnetically levitated high-speed motors based on
adaptive variable step size least mean square algorithm. Transactions
of China Electrotechnical Society, 2020, 35(9): 1900 — 1911.
VAREE, Wiz, LKA, . BT @A Kl MATT BA TGS
PR R IAEATAME. T HOR 4R, 2020, 35(9): 1900 - 1911.)

LI Zhi, SU Zhenzhong, HU Jinghua, et al. Design and experimental
research of magnetic bearing compound displacement sensor. Trans-
actions of China Electrotechnical Society, 2021, 36(7): 1425 — 1433.
(&, TR, By, S AR A AR AR BT SR T AT
H TR, 2021, 36(7): 1425 — 1433.)

MEEKER D, MASLEN E. A parametric solution to the generalized
bias linearization problem. Actuators, 2020, 9(1): 14.

CHENG X, DENG S, CHENG B-X, et al. Design and implemen-
tation of a fault-tolerant magnetic bearing control system combined
with a novel fault-diagnosis of actuators. IEEE Access, 2021, 9: 2454
—2465.

CHENG X, LIU H, SONG S, et al. Reconfiguration of tightly-
coupled redundant supporting structure in active magnetic bearings
under the failures of electromagnetic actuators. International Journal
of Applied Electromagnetics and Mechanics, 2017, 54(3): 421 — 432.

YU S, YU X, SHIRINZADEH B, et al. Continuous finite-time con-
trol for robotic manipulators with terminal sliding mode. Automatica,
2005, 41(11): 1957 — 1964.

YU Z, ZHAO F, DING S, et al. Adaptive pre-assigned finite-time
control of uncertain nonlinear systems with unknown control gains.
Applied Mathematics and Computation, 2022, 417: 126784.

SU S, HAN L, LI S. Finite-time event-triggered consensus control
for high-speed train with gradient resistance. Journal of the Franklin
Institute, 2022, 359(2): 1144 — 1175.

ZHAO Ping, SUN Dongmei, CHEN Hongyan. Unbalance vibration
control for magnetic bearing rotor based on sliding mode observer.
Bearing, 2015, 1: 12 - 15.

GEABE, PN, RS, TIPSO 2% A W AR B T AN T i)
. fik, 2015, 1: 12-15.)



B4 31 AT EEE: BT A R b R Bt o A P [ 4 1 831
[29] DING Li, FANG Jiancheng, WEI Tong. Disturbance rejection based (K%, XJBZR. FETESONI KRS MU AR 2R G s £ i

[30]

[31]

[32]

[33]

on disturbance observation for magnetic suspended rotor. Bearing,
2009, 8: 6 -9.

(173, B, B00Y. S TR ISR A WL B e T DBl T vk,
7K, 2009, 8: 6-9.)

TANG Z Z, YU Y J, LI Z H, et al. Disturbance rejection via itera-
tive learning control with a disturbance observer for active magnetic

bearing systems. Frontiers of Information Technology & Electronic
Engineering, 2019, 20: 131 — 140.

BOUKATTAYA M, MEZGHANI N, DAMAK T. Adaptive nonsin-
gular fast terminal sliding-mode control for the tracking problem of

uncertain dynamical systems. ISA Transactions, 2018, 77: 1 — 19.

ZHIHONG M, YU X. Adaptive terminal sliding mode tracking con-
trol for rigid robotic manipulators with uncertain dynamics. JSME
International Journal Series C, 1997, 40(3): 493 — 502.

ZHANG Zhixin, LIU Xudong. Fast terminal sliding mode control of
permanent magnet synchronous motor servo system with ESO. Con-
trol Theory & Applications, 2023, 40(7): 1233 — 1242.

[34]

P, PSSR, 2023, 40(7): 1233 — 1242.)
WANG H, SHIL, MAN Z, et al. Continuous fast nonsingular terminal
sliding mode control of automotive electronic throttle systems using

finite-time exact observer. IEEE Transactions on Industrial Electron-
ics, 2018, 65(9): 7160 — 7172.

e A

£ 38 EIHEAR, B SIN, BATHEOT ORI K RS

il AR | AR R BORAS I 5 W12 7, E-mail: fuqiang-0812@16

3.com;

Br ot BUEWETCA, HORTHTTE 5 10 9k A& R Gew i, E-

mail: 23105031050 @stu.csust.edu.cn;

W-EA R, WA RN, H RIS 1 R RE R B S

FH, B-mail: qyxiel68@163.com.



