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Abstract: Compared with the traditional sliding mode control algorithm, the super-twisting control algorithm can ac-

curately estimate and compensate the disturbance of the system, so it can significantly improve disturbance rejection per-

formance of the closed-loop system. However, for the sampled-data control system, due to the limitation of the sampling

frequency, the discrete-time super-twisting control algorithm is limited in performance. This paper proposes an improved

discrete-time super-twisting control algorithm based on homogeneous system theory. By introducing a freely adjustable

fractional power parameter, based on homogeneous system theory, it is proved that the improved control algorithm pro-

posed can make the closed-loop system have higher control accuracy. The simulation example verifies the correctness of

the theory.

Key words: sliding mode control; super-twisting algorithm; homogeneous system; sampled-data control
Citation: CHEN Weile, DU Haibo. A second-order discrete-time super-twisting control algorithm based on homoge-
neous system theory. Control Theory & Applications, 2022, 39(4): 761 — 769

1 58

TR TR B B B R E RS R
JR, BRI 52 2032 A 7R R U-01 SR g, A —
I B R AR AR — AN 2, Jo R AN SR ok
HIFHRILR. Jak, —Le 23R W 7 B e i A
e A | U113 A R e o s )
— BRI R HE, BEA S I R R B
RE AL [FIN RO BR 1 BHIR, BRI 3] 1 Bk 1)
RVE. AE B TR 1) S5 o, B e B V% (super-
twisting algorithm, STA)PE H R & i1 15 2 2 1)
P ST 200,

ks H 4: 2021—-03—02; A HIY: 2021-08—13.

T38{Z{E% . E-mail: haibo.du@hfut.edn.cn; Tel.: +86 18156062198.
AT TGMZE: GiISL.

A_E 23 AT B RS ) ) RS B R VTSR S ]
TR A L. ST, 7ESEPRrh, MR 132 ]
SR TR N R A 17 22122 R ok
R ) T P A a1, B O B i (discrete-
time sliding mode control, DSMC), BT #i1A143#7 B
A B S BRI E AN [F) R A 18] B A 28 1A
T CUREE”, [ B BRIT AR K S BEHR (R4 T )
B2 A AL RS s A BRI RIS ST
PEBUAS T

PRSI 5T, FEA RO SsiE R k. K
rh— e BRI TR BT 7 %, B et 8l ) R Gk AT B

EXRBARRIFEEINH (62073113, 62003122, 61673153), 24 HIREAFE ST H (2008085UD03, 1808085MF180), H S imif AR 2% 2 15

H (PA2020GDKC0016) % B).

Supported by the National Natural Science Foundation of China (62073113, 62003122, 61673153), the National Natural Science Foundation of Anhui
Province of China (2008085UDO03, 1808085MF180) and the Fundamental Research Funds for the Central Universities of China (PA2020GDKC0016).



762 o4 H i

B, SR 10 B O )3 A S i B, X PR TR
KERFE F R TR BRAE A 3, Hegh 7y A0
FEGE LN AR K BIANE. 78 3CHR [24] R0 78 T 0
BRI IG BAAT, P 8 ST A OB HOE AR )
PIARLE, FFHET— P VRN 1 5k N\ S A
[ RGN — AN T 2. BT S B 2 e, A
A 3k G (B PR B AT Al v, DAY 9 R G B 1
SCHR[25-26142 H T sl AME S KBS HoE T A, AT
N T RHIR, B TSRS RE. SCER (27281 5T 1 AR
T B AR S UM SRR ES). 57— M LR
L ) ) B A, e I AR AE T A AE S S ) el
HEATH, S8 5 8 B EUE SE . STk [29-301 3 BT 7S
B T T S S PR R R 22 i N\ T AR
il R G5 14T IR, SCER 311878 T B A LD
ANt e A P A T S Ak o P TR A o) 2R G ) S LA
1709, WAL 1 BAG VU BOR IR ANE 2 1 1) R Se )
—LLE A B A R, STk (32114 1% B2 2 ity 1 A
B EEUL, A T RSB A A, BT
F S H GRS FHEZ M 1) 5¢ &, IE B B[R]
A vV 5 R G0 LG S BN 1A) B S R A R G Re R B
e R R R R
AR EE H AR TR 7 B B R e ) S 3
ICASSEE. STk [27, 33155 LI B B HIGER g e i 51k
RS A O(T?), SR X L 3, HEA 5
2% BRI BRI AR 5, B2, fELE SR,
RE 70 b A RE R e B2 DAt B s a2 R
BT, A EE DT R AR R G
TEARE BN e By SR 38 hn— NS4, 15 )50k
AT BRI B A e A I T, et 1R
15 4 1] 28 (discrete-time non-smooth controller, DNC),
MERIR I3 B T SR IS B A AR 5T SR R, I AE A
fill XS BN S BRI AT T b, $8s T AR
1) SR A T 4 1) A B Tl s e R T 4
2% (discrete-time super-twisting controller, DSTC) & /&
PEhRE R B)JRAL. Be e, A AR 1 BRI A 1.
2 PERIR
X5 B BN — g US| B, DME T2 5 1)
UE BRI RRE 1 B
EX 1P Sigei%) ANTHETHE, EX
|2]® = sig’(z) = sgnz|z|’, (1)
H: sgn(-)ZFF5RELL b € RIFED > 0,2 € R.
EXN2BIGRRE)  HEMERH ) =
(91(1) -+ gn(¥))T : R — R™. X Ve >0, 17 1Er;
>0, i=1,--- 0,5 TR
gi(e™pr, -+ ey = Tig (), i =1, |,
(2)
Hek > —min{r;,i = 1,--- ,n}, WAEIRg(P) K

5 B H 39 %
TR, -, o) HFUSEE.
BIER 106 karF R4
= f(z), f(0)=0, z €R", 3)
Hoif () RY — ROE—NELEBRA B

IEEESEEREV (2) : U — R, B34 > 0Fla € (0,
1), 3 HAE Mg ST XU, C UEHV (2)
+ ¢(V(2)* <0,z € U\{0}. IBAV () 44154 PRI
] Y EIE0. sk, A FRYSCSA ) T3k /2

TgVWWDPﬂ
c(l—a)
SIER 257 mfm > 1, W4
A g, AT g,

AR U R B A I CR [38-39), BLE
FEUEHERS AT — 2NN et

513 3 WHRO < p < 1, WA [x]P—|y]?| <
2177z — ylP.
53 4 MEp>1, WA 2] — [y]?| = 2"
|z —yl|”.
SIFE 508 Xfe,d >0,y > 0, MHMEEVz, y € R,
FAIAEE T :
c d ¢ c+d —cld c+d
< — _ .
2]y \C+dﬂﬂ to |y
I 6P XHEEz;, eR,i=1,--- , nAlEp
e (07 1]7

(Jor| 4+ 4 2a )P < 2P + -+ |z P
3 BRI HEE
R R4
o(t) = u(t) + f(1), 4)
Forb w(e) EEHION, £(6) RIS, I HLi 2 L
TR

Bg1  fO)OERTS, HiE
f)| <L, (5)
Horh L DRI AL

AR T EE H bt Beth — FERFEZ ] a5 SE B 2
Gu(4) I BUESE . SRR T 2 e B R
Frds

U(t) = U(tk), Vit S [tlmthrl)a tk+1 == tk + T,
Forb by, o AERFEIS 2 A5, TRERAE Y. TR
JEIH, —Ji 2 T AR .

B2 CRAEDERNREERIIT, 15

1>T>T">0, (6)
HA TR R G SEbrEls i B ARFE A .



Fam

WRAE RS —RhdET 50 IR RIS 1 — I B BoR g e S0 763

AT H b2 E R RS0 (4) Vvt —Fh ol i1 2 U
R TR, AN EHIR, SRAS S s IR .
%6, EERT R G (4), X B HGE R e FE kAT B .

HAH, st

w(t) = ulty) = —ki [2(tr) ]2 + v(ts),
Vit € [ty thir), (7
V(tgs1) = v(tg) — ko sgnx(ty)T.

SCHR [33]CLE B H 458 ) kG FE o] AR O (T72). #2
TR, ASCKAE (TR F M BAY R, B — Rk
B BB IR e R T, RGERFEE R T T
A S A
4 DR B R IR ) T ik

HFIEHFFRAGE W, 8T — 1S58 VR T
P B UG ) 7 v, AT RHIE B R
AT B G 72 RE AT R G T A R
JE.

EHE1
N

X 2G04, WRRAEER S it

u(t) = u(ty) = —ki[z(t) ] + o),
Vit € [tr,thrr), 3
O(tes1) = v(te) — ko [ (tr) ] F27T,

H—1/2 < 7 < 0, HHIE L

ky > (27 N1+ (27 + 22 + 5)ka) ©)
ko > L,
1 1—-27 3+4T 1
= zﬁ
m 1+T(2+T 247 )
T = 1+7 247
1427 _ - 1 1 =7 1
— 21F7 (2T+= 1+or
1 2471 ( 2—{—7') ’

A2 Z: G0 % A AEAT BRI TR SC S X3k
L 1 1
{zllz| < max{cl(kfz)szT’?}, (10)
Hrbey, et SEHIZ BRI AL
W CEEHERQ) ARG () HF, 7D RG0R
NIy e AW/
z(tetr) =
te+T
2(t) = ki [t T + ()T + [ (),
V(tir1) = v(ty) — kol (te)]'T27T,
(11)
7E X
1 k
o(t) + 7 Lt e

l‘l(tk) = LIZ‘(tk), Cl?g(tk) = k‘l s

MaRA DB N
T1(tesr) = o1 (L) + kr(za(te) — [z (t) 17F7)T,
Toy(trgr) = 2(tr) — k(|21 (t) 1?7 + )T,
(12)

[ rar /
. ) d=d(t)) =" el

mFf(t)] < L, 513]d| < d* = /e
(12N KA
@1(t) = ku(@2(te) — [21(t) ),
io(t) = —k(|z1(te) |12 + d), (13)
Vt € [t tirr).
25, WUES N
1 (t) = ki (za(t) = [21(O)]F7)+
Fa(lza )17 = [ (t) V7))~
ky(xo(t) — zo(tr)), (14)
a(t) = —k([z1 ()" + d)+
R(loa (1127 — 2 (t) [1F27).
NTHEIME, L
By =k ([z: ()] = [z () [77),
By = k(|21 ()12 — |21 (t)[1H27), (15)

Oy = —ky (z2(t) — zo(ty)).
FARE 2T R B O
V=V +V, (16)
Hr

1 ) aa7)
Vo= 5(o(t) = Laa()] ),
2 (1), 20 (8) R RGORAS., IR, RGNS T
P8Iy, — ARy A ELLIN TR il d, —HB 0 A RAE A
ERURRZE. N T THE, AT RLSe it 1S R4
3 BARE MR A, TR BIERAE I R MOTR &0 T B e 2 1
3t BRI B AR T UL

{m = (31 + 1)1+ 7)|as (8)| 77,

WER 1 WS R RELR I R R 4
{jjl(t) = Fa(@a() = L @1, (18)
da(t) = —k([21(8)]"**" + d),
VRS
Vias) < - g(!&lf% |2 B + ke (d) B,

19)



764 B oW H w5 M OH 3948
. . - t t
EEP%%JEE@%%Z ¢ = o] - [22(t) = @a(t)] = | | da()dt] < [ |as(0)ldt.
Tk, i 'azmmamaﬁ AR ) ' 28)
L /\g ST
Ve = 1% 1% 21 ()] = Fafaa(t) — 21 ()17 <
Vias + Er (B1+Cy) + el By < kilao(t)| 4 K|z (8)] 7, 29
1 2 . .
6135 + ool B 4 k() 4 (0] = (L T ) <
2 2 s ko (t) 172 + kd”
G1% ov oV
By +—-C; + - B,. (20) Ak, H
81’ or i) 8 L2 1 1+
ov av - Tyl = (————=V)) T =
BRR, 3 ﬂimﬁﬁr R GE: ) =2 ((% +1)(1+7) J
147
g3 7oV: ? < (30)
ov 1 1
or, T (2] ™ < | + |22 7 =
. . < — = e RS
|Lx1]1+7—$2+x2\m+|x2|1? < |l;1| 1 |1:1#|‘3321—| + |+|f2| F
2T HE T 4 (27 4 1) || T < 22VE 4T VE =V, (31)
(€77 + \leﬁ) 21
Hirfiyg = 207~ 1. MK, il 5] # s o 1
oV R S -
RN — ’Y _( ) 2 9
ory N li(l +7)
L 1 D S GNP
@1 + 2zl - (o m=Ganan) T
|25 ] 757 ) || 1 < FIrEL, éfé/a\ft(27)—(31)u&§|ﬂ4 321
1 . ) — 21 (t)| < 12TV
@y +2+ 17 —)lwa| 7 [21(t) = ’C)L’m i (1),
1 |[22(t) — mo(t) [ <
|| 7 < 142 (32)
1472 h (i TV (8) + kd*)
1 g, (214 s o
(271 + 2 It TT )| wa| TH V13T T Vinar 77 (8) + yaTHF (d7) T
Sy a 1
%FE@JT Y2 = k1vi0 + kit
- Vinax () = max V(u),
27T = |2 1T — 2 +x =1 < (33)
| i,z gll ;712| s = 277 (vl 2 o,
2T H(|E T T A x|, (23)
%‘ 714:21+7—k;1+r < 13-

ov

v -1
o0 e, e

< 79(’352’”%71

o2 41— 27
Hryg =2y + 2+ T .

ZF B M By, WGI B3 A1

< k2 T!xl(t) - 171(%)‘1-”, (25)
BQ < k2_27\x1 (t) — I (tk)’1+27. (26)
EEE
t . t .
[21(8) —aa(t)| = | [, d2(8)dt] < || [ (0)]de,
27)

ov
—- B
3x1 !
(€17 + |$2|”%)k1 277 |w(t) — @ (t) |7 <

k 2+ 2+77- k’}’15 -
*‘332’1“ |§’ T+ 2+T’ 21 (t) — 21 (t) P77 <

(1+7—)(2+7—)

BT ERAGER, 45D MG HS, 155
<

(Iwlef +[E5F) + ks T Vo 2 (1),

(34)

/\I:':‘
ki 147 1 8
=2 277 k.2 T 2T
Y15 Y87 2 211 ——(sk12 2+Tl<:) Y12



544 s — RS R S I B R B 765
IR, iR (22)(26) (33| TS 5 s
v B, < Yoo = max{y-(4875) 77, 1},
0wy h 247 2
2 s _ — max{ (48 D I R 39)

Yo | 717 ] T T )R2 2 | (8) — (8)] 42T < = ety
Boh2 s 7 () — (1) 2+ Wy )

e " e Sk, o W 28 AR A 14 7 A IR ] i
Yok27 T T [ (8) — @ (L) < RS

24r Kk
‘f’lJrT + Zji |21 (t) — 21 (8)PT7 <
12

(‘I‘2|1+" + |§‘1+1—) + k,yl T2+TV

*’$2|”*

(tn)(247)

(2),
(35)

/\q:‘
Y16 = 2792777

12172:(8792’27%) et
KU, 45E(15)(21)(32)F1 5] H 5753

oV

Oz,

(€177 + |$2\$)k1|$2( t) — x2(te)| <

k 24 247 1+7, 8k 1
— T T+ 2ve k % " NiFr.
ool 4+ Z16BF 2k T (o)™

Cl\

|z1(t) — Jfl(tk)’% <

k T T T T
g (12257 [6]557) 4+ ek THZ (@) 55 +
(+27)(247)

’Ylﬂle“V A (1), (36)
Hrp:

Y7 = 2%

kil4+71, 8k )1#
E2+7 (2+7)k s
ki 1+7, 8k
k:2+7'((2+7')k

¥ (34H)-B6) AR (Q20), 1175

V<

(

=27 )li* Y14 < V17

k 247 247 2471
= g U2l 55+ 6]557) + hyo(d) T +

k7o T”%i;f””” (£) + ek T T (a7 EF 4
pr,  O420)G4m)
Y7k T Vinaxt 7 () <
k V ar
——(—) 7 + Eky(d") 27 +
S ()
k,}/l T2+Tvm( ) + k’ylgT%(d*)%_i_

(A+27)(2+7)

kyir T Vinas 7 (2), (37)

Hfiyig = 115 + 16
JE SN N EA
2 = {(z1,22)|V < max{yy, T~ *)H%}},
(38)

7’)’20(

WERRZFNEZES W, RERE
V > 4T 7, V > qoo(d) 7,
B2, LG > 11sTFE

a+4m)(2+7)
2

> ky1oT*7V (1),

YRR ),

(+27)(247)
2(1+7)

(t) > kysT 57 (d7) 57
(40)

k")/17T 1+T Vv

B BN A BT 53
V<
— 2k~ T2V

(1+7)(2+T)

]{71 T2+T ‘/max (t) -

247 (A+27)(2+7)

2k, TT= V7280 (t)+
(a+2m)(2+7)

]C’}/17T1+T VmaXQ(l+T) (t)
FF I, B BRI XA T
V() =V(t).

(1+7-)2(2+7—) (t)

(41)

max (42)

VTEtk, trt1]

R A A AL, IALE [t o | RAFHE—
AN ZE ARV () > V(t,). XAV (t,) < 0, 4
WAFLERE R — I 2ty € [ty t1] 815

D V(t) = V(t),

i) V(ty) >0

iii) V(t) < V(ty), Vt € [tr, ta].

i) Alliii), 454 @D E
V(t) < — mokT>H7V 527 (1) —
ek TEEVESEE 2 (1) < 0. (43)
X5V (ty) > 0F J&, REFFHIE. #E— 25, :(41)
AN
V<
— 2y TV R ()
kT2 TV T () -
Dy, TEFV 560 (£) 4



766 B owo#H w5 N

%39 %

a+27)(2+7)

ey, THEV 2050 (4). (44)
TEAFRL € [th, trgr), ATV ()1 S HA2M N,
—HRV (1) > EV(tk) iRV (1) < %V(tk).
WA LR 2 S A V() <
Ly ()2 80, 2

2
V<
_(2- 2(1+r)<2+r)) 19kT2+TV<1+T)2(2+r> (t)—
(2 — 255 Yy TEEVSES T (1), 45)

J& T BRI T W8, R, Te il BB 2 Ml Bl 75 L,
A

V(tr1) < cV(tr), (40)

HAEHEmL0 < ¢ < 1. LA, V(t, ) BUsis] 02,

EEE

FE 1 WTHRRZA8), B AT 3 S
WP IE S RS S TR T 2R BRI R A A B DM0), R385
WRGHIE X, 4THd = OB, XA RGN K (1, 1 + 1)
HAFRE . Kk, A STATEE H 10 B B g i s i) Bk 5
TFHFRAGE R BT H. b, LS HESTE R e
RGN L, ZRGH I T — IS Eer, 2 F319), 7T
B HZAINISECT KRG IFa SR EZr AR,

&2 MR (38) T K1, 2 G5 e B A S B e T 7
5Fﬂc1( )1+2f FTRR 2 I 5, B RAEE A6 W R 1)
Hﬂ&%ﬂﬁ JE B RAEEIMEPL BT RG22 R3] —1/2
<7 <0, VHE T 2MP AL

1) Wy = —1/2, Bl BT EE A Jy B R e 5
MARGIREL AN

(x| |z] < @T?}, @7
Hre e — N W, REaIishaets e 4k, H2H
TR R RIAESNE S TR RIEHEIL .

2) R = 0, HEEHIE(7) N B Bk TS 28, R

FLFA

L
follol <ar},
2

Horhey R —ANEHL R, PHRILS B 58 2T R, (ER 80
T RORRA.

H170(38)(47)—(48) FI A, fE LR S, TR Lk Titid
FEARRAEI (AT 5 B PHREGE s b 2 —F
R, T Sy — U2 A BRI IR 22 — BRI N
2y, FrUA—fetE 00T, B OB IR ez i s RS L T
PR ] 25

ASCHE EIR2FP I A b, SR T — M 275 5K,
FIN T ARG I, J@ L AE BRSNS 1 R
(AR T — P, AR AR AR AN, il P e

(43)

Q=

LT (49)

T (k2

¥ (4945 &1 %K2, %%H—f <7<0, Ek% H/J\
PV AR W OB . 5T = T, aki

2
71 (é)l%zr — (T%)3. FESE R, ko 7225 WL PR 461, (2
TEAE— R LATRG RIRAL 2 T H0HVEH , AR N EHR A
WP sh 2 [RIEUS— P, ITHem T B hRs .

= T*, IJ_I\]JT = _g, ,[H:HTJL

5 iR
Eﬁﬁﬂp,ﬁ&%ﬁfjﬁiﬂ%ﬂﬂ:—sint+
0.5 cos(2t), M| f(t)| = | — cost — sin(2t)| < 2, BIL

= 2. B /N KA JE W 2 T = 0.001 s. 4 T 50IE
P 5L I mhs B, A SR B E R et il 2
(DNC) 5 hrifE 1) B B IR e 4 il #8 (DSTO)E LA, FF
EREERVIGIRAS, MG 5 MR ZE . REGVIE:
x(0) = 100. #EHIZSH: k1 =6, ks =8, v(0) =0, 7
0 49)HLsE.

ARGk 2 s dlsm N\t i AR, 7T LE
WA H, TEASFERAE AT, A SCHE S R
T ) 28 Fom IRAS I 1R 22 S0 8 35 /N T B HOEE 08
FEREH A Lhah, 1R R Gk il 2R d e 1R 22 T
HER1H, NERFREFBIRNRRTTUE H, @il
VAT 7 B EE AT LUK 5% 22 F 2 35 s, BB T AT
G B T DASEEILEE = 4 iR B E .

100

80

60 [

40

20

0 5 10 15 20

— DSTC
80 }0.7 10.8 {0.9 10 pye A

0 5 10 15 20
t/s

(a) T=0.01s



Fam

100

80

60

20

—— DSTC

—80 1‘095 10.96‘ 10.97 = DNC T
0 5 10 15 20
t/s
(b) T = 0.001s

L1 AEAS R SRAE T JUIT156 00, 25 S0 R e 42 ) 4%
(DSTC)MTEFHLAR I FE# £ (DNOIE H R 1 &
L TIEETTIE PN
Fig. 1 Under the case of different sampling periods 7, the
system output and control input under the action of
discrete-time super-twisting controller (DSTC) and
discrete-time non-smooth controller (DNC)

&1 2R HET R ARSIk £ R B AR
Table 1 The bounds of the final convergence of the
system errors under two algorithms and their

comparison
T T DSTC DNC  fEfE e
0.01 —0.4346 1.30le-3 2.74le-4 78.9%
0.001 —0.4544 1.37le-5 2.88le-6 79.0%

6 ragk

SR B RGOSR B T — Fh ot
B BGRB8 101 7. 1 e, TE R B ) Bk o
ik b, L 5 U B S T I S R
PR EE . ARG, S M A I T R R,
AT T SRREJE SR SNTE I B0 42 1A FEE 11 B
TR T MRS B R 5 7, E R T AR ST R et
VIR P v T v B GRS B T LR
iE T S AT TE R,

B A1 R B
B, 45E51F2, AV KSECN
V, =

et SRS — B T R SR 1 — W B R b 767
— (271 + 2kl ] T ([ ] 4 d) =
— (271 + 2)k[ 2] T (|1 — w0 T
2] ) — (2 + 2) |2 ] =k =
(271 + 2)kA; — (271 + 2) 2] 77 kd.  (AD)
%T(Ar), FEFEI 73, 651
A =
— [l B 4 2] 772 (|00 = 2] ) <
— [a| T 4 2175 | T[] — | T
(A.2)
/Q\‘\
£= a7 —a, (A3)
I3 ELS, AT L)
A1 < ool B+ Ll B 4 e B =
— Sl EE 4l (Ad)

Fx, 5| B2mT 0, VoIS E0N

Vo = (1 — [22] 1+’)(1’31 1 +T\332|“’%_1i“2) =
1 1
(v — |22 )y (20 — [21]"7) + ﬁ(xl—

|22 77 ) || 77 e ]+

1 s
T @ el

1 1
A2+A3+71+7_($1 — [@2] ™

Ykd :=

)|

7)o T hed.
(A5)
B, Bl (A5 I H G, 5]
4, 153

_ 1+7
A2 = —k?1|SU1 — $2

o T ey — x| <
— k2 [ | — | | ] — x| =
— k12" T || (A.6)

T As, B BSHR

A3:
1 2427 =1 1427 2=—1
km|x1‘ |a| 57 +k 147 |331‘ |22 77 <
1 2427 2t 1
T k 1+7‘
s L e 2+ +
1 1+27’ 2+ 1 1 T 24T
T k T —
147 2+7"x1‘ + 1+72+7'| 2
1 1-27 247 1 3+4r -
|zo| 7 + & | [P
1+7 2471 1+7 2+
(A.7)

UEAh, BT-51 34, IRE 5153

|1 |27 = |21 — @y + 3| T <



768 a5 MM 39 %

2757 (€15 + [ 5. (A8)
KA AERRNAR AT, W
Ay < k|| F + kyslé] 5, (A9)
1 4
Htis = 1+¢32J—r+:21”'
BRAZIU(AD—(A.9), ZHEE VA K% R ) S HC
V=Vi+V<

— k2| T — (k2T — (21 + 2)y0k—

241 1 2
kys) €1 EF 4 kd* (271 + 2 + )|ao| T
1+7

1 1
kd*1+7|xly|z2\m ! (A.10)
Rk B 2
ki 2V — (291 4 2) ek — kys >k, (A1)
4
V<
— las| 5 — Kl 5 +
1 >
Rd™ (27 + 24 g7
1 )
kd*l +T|x1| g | T (A.12)
L
7N d* -
Hrp o
AR, S EES AT AR H
1] || T Y = | T Y [ ]| <
—T 2 1 2
- Tmym—l + |21 ]| (AL13)

FLT A8 RIHES, ATLIE R

|1 || T <

1 —27 2 1 —27 2
(27 — 7laal T 4 g2 g
1—7 1—-7
(A.14)
ERXAMAELMAN(AL2), F
V<

— K(|E) T + |2o| F7) + kd o

ks )€ ! (A.15)
Hrp:
1 2t+241-27
= 2y, +2
Y4 Ba! + + 1 +r 1_ . )
1 2772
V= 147 1—7"
(A.16)
2T A5 RJE 0, 5 ES AT

kd*yalws | 77 4 kd*%\ﬂm_l <

f|$2|1+;C

Hrp

k 247 247
+ 561+ ke(d) A

1427 227 1-p , 2t 247
— itror 1+27 r1+27 .
D) I +487)

A5 3
< — 2 (|15 + |2 ) + ko (d) 75
—J7 ), AREVHIE X, HE1H4R] %
V<(m+1Q +r)|z2\1+% + 2 4 |ao| T =

1% (A.18)

|
o |

(1 + (1 +7) 4+ D]z ™ + 21> (A.19)
H
|21 2 = ||z |77 — 22 +562|1+% <
275 T (|E[ T + |mo| ), (A20)
133
V<
(2 + 1) +7) + 1+ 275 Y|z, | 7
2t~ 1|§’1%’ < ’77(|932’1+% + |f|1+%), (A.21)
Hrp
Yr=(Mm4+1D)1+7)+ 142051 (A22)
MG H6R LLEF
()5 < (a7 + Jg]79) % <
Y7
| 5+ €] (A.23)
PRk, MR(A.18) T (A.23) AT %0
Ve B0 e . a2g)
2y

SE30Hk:

[11 UTKIN V L. Sliding Modes in Control Optimization. Berlin: Springer-
Verlag, 1992.

[2] EDWARDS C, SPURGEON K S. Sliding Mode Control: Theory and
Applications. New York: Taylor & Francis, 1998.

[3] YU X, KAYNAK O. Sliding mode control made smarter: a computa-
tional intelligence perspective. I[EEE Transactions on Systems, Man,
and Cybernetics Magazine, 2017, 3(2): 31 —

[4] SUN Hao, LI Shihua. Sliding mode control method for diesel engine
fuel quantity actuator with disturbance estimation. Control Theory &
Applications, 2018, 35(11): 1568 — 1576.

(PN, At Sl L B AT S I R AL TR B 5k, #25
BB 5, 2018, 35(11): 1568 — 1576.)

[S] WANG Yanmin, PAULO Fecundo Adelson, YU Ling, et al. Influence
of unmodeled dynamics on sliding mode controlled buck converter.
Acta Automation Sinica, 2020, 46(11): 2472 — 2478.

(F#f%, PAULO Fecundo Adelson, T3, &5, KEMEIZAL Buck s
A B R G AT, B B LR, 2020, 46(11): 2472 -
2478.)

[6] WANG Junxiao, RONG Jiayi, YU Li. Design and implementation of
reduced-order extended state observer and sliding mode control for
DC DC buck converter. Control Theory & Applications, 2019, 36(9):



54 WRAE RS —RhdET 50 IR RIS 1 — I B BoR g e S0 769
1486 — 1492. (R, R, BRARIL, 5. T SRR — AR R 4

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

(EZEme, RAEZ, 4107, B R E A i B SR SN 25 5
TR S IG5 R, 2019, 36(9): 1486 — 1492.)
LI Xuebing, MA Li, DING Shihong. A new second-order sliding
mode control and its application to inverted pendulum. Acta Automa-
tion Sinica, 2015, 41(1): 193 - 202.

(TR, D], THEZ. —Z8H0 B B ) vk S AR (8] S 48
TR . AR, 2015, 41(1): 193 —202.)

LEVANT A. Sliding order and sliding accuracy in sliding mode con-
trol. International Journal of Control, 1993, 58: 1247 — 1263.

LEVANT A. Higher-order sliding modes, differentiation and output-
feedback control. International Journal of Control, 2003, 76: 924 —
961.

MEI Keqi, MA Li, DING Shihong, et al. Second-order sliding mode
control design subject to sliding variable constraints. Control Theory
& Applications, 2018, 35(3): 414 — 420.

(HEPTRE, IO, TR, 55, Bl AR BRG OL T I) —IA i Asdasiil 5
T RIS SR, 2018, 35(3): 414 - 420.)

MORENO A J, OSORIO M. Strict Lyapunov functions for the super-
twisting algorithm. IEEE Transactions on Automatic Control, 2012,
57(4): 1035 — 1040.

SEEBER R, HORN M. Stability proof for a well-established super-
twisting parameter setting. Automatica, 2017, 84: 241 — 243.

UTKIN V. On convergence time and disturbance rejection of super-
twisting control. JEEE Transactions on Automatic Control, 2013,
58(8): 2013 - 2017.

LIU Xiangjie, WANG Chengcheng, HAN Yaozhen. Second-order
sliding mode control of dfig based variable speed wind turbine
for maximum power point tracking. Acta Automation Sinica, 2017,
43(8): 1434 — 1442.

G, FUm, SRR, T B I AR U X R
REARIF IR, FEMLFR, 2017, 43(8): 1434 - 1442)
GALAN N D, ROSAS J R, RIOS J L, et al. Application of PI and su-
per twisting drivers to voltage regulation of wind farm via StatCom.
IEEE Latin America Transactions, 2015, 13(2): 462 — 468.

CHALANGA A, KAMAL S, FRIDMAN L M, et al. Implementation
of super-twisting control: super-twisting and higher order sliding-
mode observer-based approaches. IEEE Transactions on Industrial
Electronics, 2016, 63(6): 3677 — 3685.

ZHAO Z, GU H, ZHANG J, et al. Terminal sliding mode control
based on super-twisting algorithm. Journal of Systems Engineering
and Electronics, 2017, 28(1): 145 — 150.

KUMAR V, MOHANTY S R, KUMAR S. Event trigger super twist-
ing sliding mode control for DC micro grid with matched/unmatched
disturbance observer. IEEE Transactions on Smart Grid, 2020, 11(5):
3837 —3849.

SAMI I, ULLAH S, BASIT A, et al. Integral super twisting sliding
mode based sensorless predictive torque control of induction motor.
IEEE Access, 2020, 8: 186740 — 186755.

ZHEN Z, YU C, JIANG S, et al. Adaptive super-twisting control for
automatic carrier landing of aircraft. IEEE Transactions on Aerospace
and Electronic Systems, 2020, 56(2): 984 — 997.

WANG Pan, CHAI Lin, FEI Shumin, et al. Asymptotic stability for
a class of nonlinear systems with state time-delay based on sampled-
data controller. Control and Decision, 2020, 35(5): 1143 — 1150.
(FZE, Sk, B, 55, — B ARAMEIRFSIN AT RGE L T RAL
FRIHIASE L. F] 5 PSR, 2020, 35(5): 1143 - 1150.)

DU Haibo, LI Shihua, QIAN Chunjiang, et al. Global stabilization of
a class of inherently nonlinear systems under sampled-data control.
Acta Automatic Sinica, 2014, 40(2): 379 — 384.

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

[38]

[39]

A REE. HBIER, 2014, 40(2): 379 - 384.)

YU X, WANG B, LI X. Computer-controlled variable structure sys-
tems: the state-of-the-art. IEEE Transactions on Industrial Informat-
ics, 2012, 8(2): 197 - 205.

GAO W, WANG Y, HOMAIFA A. Discrete-time variable structure
control systems. [EEE Transactions on Industrial Electronics, 1995,
42(2): 117 -122.

SU W C, DRAKUNOV S V, OZGUNER U. An O(7T?) boundary
layer in sliding mode for sampled-data systems. /IEEE Transactions
on Automatic Control, 2000, 45(3): 482 — 485.

QU S, XIA X, ZHANG J. Dynamics of discrete-time sliding-mode-
control uncertain systems with a disturbance compensator. /[EEE
Transactions on Industrial Electronics, 2014, 61(7): 3502 — 3560.
LIVNE M, LEVANT A. Proper discretization of homogeneous dif-
ferentiators. Automatica, 2014, 50(8): 2017 — 2014.

BARBOT J, LEVANT A, LIVNE M, et al. Discrete differentiators
based on sliding modes. Automatica, 2020, 112, 108633.

GALIAS Z, YU X. Euler’s discretization of single input sliding-mode
control systems. IEEE Transactions on Automatic Control, 2007,
52(9): 1726 — 1730.

YU X, WANG B, GALIAS Z, et al. Discretization effect on equiv-
alent control-based multi-input sliding-mode control systems. [EEE
Transactions on Automatic Control, 2008, 53(6): 1563 — 1569.
WANG B, YU X, CHEN G. ZOH discretization effect on single-input
sliding mode control systems with matched uncertainties. Automati-
ca, 2009, 45(1): 118 — 125.

LIS, DU H, YU X. Discrete-time terminal sliding mode control sys-
tems based on Euler’s discretization. IEEE Transactions on Automat-
ic Control, 2014, 59(2): 546 — 552.

YANY, YU S, YU X. Euler’s discretization effect on a sliding mode
control system with super-twisting algorithm. IEEE Transactions on
Automatic Control, 2020, Early Access.

YANG Chen, CHENG Yingying, DU Haibo, et al. An adaptive finite-
time control algorithm for Buck converter systems. Acta Automatica
Sinica, 2016, 42(2): 315 - 320.

(Mijw, FREda, #0UE, 5. Buck BYARH 38 38 MAT BRI i) B e s il
BERFTC. HEEEAR, 2016, 42(2): 315 - 320.)

BHAT S P, BERNSTEIN D S. Geometric homogeneity with appli-
cation to finite-time stability. Mathematics of Control, Signals and
Systems, 2005, 17(2): 101 — 127.

BHAT S P, BERNSTEIN D S. Finite-time stability of continuous
autonomous systems. SIAM Journal on Control and Optimization,
2000, 38(3): 751 — 766.

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.

QIAN C, LIN W. A continuous feedback approach to global strong
stabilization of nonlinear systems. /[EEE Transactions on Automatic
Control, 2001, 46(7): 1061 — 1079.

HARDY G, LITTLEWOOD J, POLYA G. Inequalities. Cambridge:
Cambridge University Press, 1952.

VB A

MRéeSs  WiEWETTA, HATHETTDT RO AR k2 I 2L, E-mail:

chenweile1997 @mail.hfut.edu.cn;

R A, EOR, WA, HRTRT T 1 AR s B

B T T HIZEE AT, E-mail: haibo.du@hfut.edu.cn.



