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Adaptive dual layer fast super twisting control algorithm
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Abstract: Two modified super twisting algorithms with adaptive gains are proposed for improving the convergence rate
and averting the overestimation of gains which is often occur in present algorithm. One proposed algorithm is obtained
by adding an additional linear term, and another algorithm is modified by using the fast terminal slide mode trending law.
All variable gains in proposed algorithms are adaptively adjusted by using the dual layer adaptation schema which has
exploited the concept of equivalent control; therefore, the gains are adjusted as small as possible. The proposed algorithms
and dual layer adaptation are formally analyzed by using the Lyapunov methods to prove that the convergence properties are
improved. The parameters setting strategies are proposed base on the bounded-real lemma and Schur complement lemma
for both algorithms, respectively. Simulation results show that the convergence rate and robustness of proposed algorithms
are superior to the original one when the total energy consumption is practically unchanged.
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1 5|3 (Introduction)
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PEH DR MR T ) 2 N FH S5, 502 0] LAE
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(RE LRI T ] AR S o 4%, X IELD 0
(A U5 ST RE AL . AR B STEIE A5 AN
SE I G (— AN R RERIUE 2, 55— T OC R R
i), PRE A FIL IR RE. BRI STk, RA AR E
PERIG 25 (IR, F5 B8 PRSP AE AR - 11 E 1)
a3 BOURTIE, 0 BA 2 A FIE B 21 e 2t A ) )
JFE JRU B (Homogeneity)BEATWT 7T (1451 7 3 —4. Bl —
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71 B WA NSRRI 5 ST T XA HAE.
Edwards%E T-4H [ (0 UJEAR, $2H T XUZ Bl AR 3R
WA RIS doe /NG 2, S JE i T H AT RS EE Y,
1 35 S H ORI A G N 35 S HUT R RS T,
X SRS HLINAR R4, SE0T i BEAR M A5, D
TERAR i N P EA AT BRI TS 0.

A AFEdwards$e H A S IR |, %R
I SSOd B2 (1A 28007 22 B2 P AN [] FR) A 0 2 R
TRSTHEE, PIRP RS 18 I PRk s A A A
FINLEMETU PSS FE, 6f B SRk iR B sy A2 1
an BONDRUZ H 38 N AT 1A RS IE, FIH =
M Lyapunov PR ZIE ] T R AR E M IF 4 T T e
SR 7. I 5 LRGN UE T OB A R R
SIRFE, X AR BRASANIE L ST AR A T
BRI EFEE, B 20 TN RSt
2 B IR (Problem formulation)

SCik [17]H (A2 14 2 super twisting 254 1R

5(t) = —a(t) [s(t)]" sgn s(t) + () + é(s, L),
2(t) = —B(t)sgns(t) + f(t), 0

Horh: s,z € R ANWE B f(t) R HAIFA 5, H.

lf ()] < ap, W tia(t) > 0, B(t) > 0N B BbrEL(t)
> 1y > 0 MIRREL
a(t) = 1/ L(t)ao, 2)
B(t) = L(t)Bo, (3)

oo F1 8o 4y IERE AR, T IEFEAN R RO T 375 R

SIS A . L(t) FIBUE i B G AR E, KA
FA o BEAT VL. 5 AL G super twisting 45 A LE,
SR (g T

“)

LA, L(t) = 0, W ¢(s, L) = 0, AH25
super twisting 45 SR A A AL e R [ 5 16 2 T2 =X

BBEL(t) > ag, HIEFESy > 1, ap = 24/2050, 1]
PLIER: ) B g e PRI T T, Al A s (¢) =
5(t) = 0, #1EFF Lyapunov B ECH

V = 2" Px, (5
Horpx = [\/L(t)|s(t)|?sgn s(t) 2]%, Py IE & Xt
FRAFRE, WS TR i AN
T, < 2vi(0), ©6)
M

L 41 = eoloy/Amin(P), ot MEERE, Hay

HMBORIE , Ain (P) REHEE P {50/ MR AEAE.
TS A SR E 2 R ()R

(R &5 K &t A ek 2R AR 18 25 super twisting 5035, 5

JR SR AR L, St L BA SN LSt 1) T
IO TR, St —A 5 B
SIER 111 G A7 A IE %2 Lyapunov i 2V (¢)
RZHIN > 0, Ay > 0FI0 < § < LIRS
V() + MV (z) + AV (z) <0,
TR GERAS RS 71 A7 BRI 18] A LS8 it FLMSC SOy
[ A2
1 M
Tr < m ln( )\2
3 A P ST B ¥ (Fast super twisting
algorithm with variable gain)

3.1 FH1SKHRE ST 5% (Fast super twisting algori-
thm: version 1)

2% LS MUt T ) super twisting 4544 4

s=—a(t)(|s|'*sgns + ks) + z + ¢(s, L),
2=—PB(t)(sgn s + 3k|s|*/?sgn s + 2k%s) + f(t),

VI0).

(7)
Hrr: k> O b 28, A 25 o () FIB(H) 5
JE &R, 2 B )RR (3). ¢(s, L) N
L) kls(t)|'/?
o) =T U T ®

FE1 AT S IREHRID) M A ] M A )
IR EE A, PR R ) Dok 2 0 g R s e | 5 L/ 2sgm s +
ksHUR T SR IR R UGT 1 5] L/ 2sgn s, LA IR HE 2 B
AR SAGHE

NET AT R G IR ENE, AT ARFRAL

e l:pl} | VL (|s|*?sgn s + ks)
T2

z
! :
7'\7& |s| = ssgn s, WY

)

- (2‘ 1‘1/2+k)( alt)ry +VLz). (10
FRHER TN A TR A, AR E L (8),
CIE AT 3R AV

L 1/2 _
WA sgns+ks)+f<2| |1/2+k)¢> 0
W), H

1 B(t)

Ty =2 = (’ ’1/2+2k)\/fx1+f(t). (11)

LA A0 (1), TEFAAAR T RS TTFEN
iy = VI(— TG %z),

o172 2VL (12)
b = V(s 20 (-2 4 )
Lo = ’8’1/2 L T )

Hrpf(t)e X
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F(t) = [sI'2f() 13 V < — o LAY2(P)VY2 — 250 LKV <
VL(1 + 2ks['/?) — VY2 — V. (19)
e AP BHy, oK T0, A7 BB 1T 51: 47 BT
21| = VL|s|'2(1 + k|s|'/?), (14) BT, WNAz(t) = 0oL, T2 R (18). MRy (¢) 1
7 . X(9), B — A5, BN A s(t) = 0Fz(t) = 0RO,
WU f (t) (R4l 2
f ( ) e ) PR, $(t) = Ot
[f(t)] = V(L + 2k[s]2) FIQIES T‘xl‘ 3.2 322K P MSTH i (Fast super twisting algori-
(15) thm: version 2)

F BN SR () FB () M HAR B, R
(12)[F

& = D(s)(Aoz + Bof), (16)
o
1 1
AO: _2a0 21, BO:[O]a
—By, 0 1
D(s) = \fL(‘ it 2k).
EIE 1 BRLEOWELE) > a0 = |f(t)], WH

2(2)-3) 148 7 g 1 3o 1 HRAEL, A543 A AN 55 2K
() IERERFRHATE PA7 A

PAy+ AYP + PByBi P+ CyCy < —goP, (17)

Horb: €y = [1,0], g0 > 0. WIG5KI(T) AT BRI T, N
SEH2BRIES], s(t) = $(t) = 0, WS 135 A2
T, < 31n(1 + 2y, (18)
Y2 Y1

/E\:EP: Y1 = 80[0)\1111/51(P) Yo = 250[1/2]{5

iE Iz*EanLyapunov AV = f:L‘TP:B nARG
MEok T
V = D(s)(a" (AT P + PAy)x + 22T PB, f) <
D(s)(z (AT P + PAy + PByBY P)z + f?).
HRIEALERX (15), i GRS L(t) > a0 > |f(2)],

sl i) < o] < o Bk

V <D(s) (2T (AT P+PAy+PByBf P)x+22)=
D(s)z" (Ay P+PAy+PByBy P+Cy Cp)x.

8 8 ovo A Bo MIIUELIE EANEAX (1T, 7
EO\F

‘ ‘1/2
ATARESE:S
Amin(P)[[2]]3 < V< Amax (P)[12]13,
VsV < Jz] < |z,

N 1/2 2 iJ:
A |2 < Amin‘( R

V< -2V 25 VLEV

AR 1 5 — ot T Y super twisting 25 44)
5= —Oé( )‘ |1/2sgns - 77( )5 +z+ ¢(SazaL)7
z=—PB(t)sgns — K(t)s + f(t),
(20

ol a(t), B(t) 15 R HITL 52 BIER 2) 1 (3).

n(t), k() Me(s, z L) I
n(t) = L"(t)no, Q1)
R(t) = L*"(t)ro, (22)
6(s,2,L) = —égu _ de((jj g)s. 23)

K@), Dpum M@ gen 7 0E LA
Wnum = (1 - n>L2n_1(2/€0 + 7’]8)‘8’3/2Sg1’1 s+
(1 —n)L" " agnes—+
(n—1)L" " nozls|'/?, (24)
= (260 +
L* Y (260 + n2)|s* ?sgn s+

a3 1/2
Wden ?)|s| sgn s+

*Ln_0'50407708 _

’1/2
5 .

%z — L 'nyz|s

(25)

E 2 EHQOSGEHIMINMIEL, 78 2 (0 %,

WY T 95 s (8)| Y 2sgn s(t), 24T RAE S5 R (1) il

B G vk 3k ARl Slod B2 M 2D-22) i = 18, A
@num = 0, W (s, 2 L)?{ltlﬁﬁfﬁj HREIER, SR (@

KA G B ST (20), AU F g BEERAL.

EI2  BELEOWEELE) > a0 = |f(t)], #a
(2) G)FI Q2 1)-25) T 15 2 Hl v, Bo, 1o ko HUAE
REAlAFEQ, BRI PIEE, HhQ, BRPA e LR

Q=A-C, (26)
60 + 20&% 0 0

B =y * Ko+ 15 —Mo| 27

* * 1
1 4B+ af  agny  —ay

P= 3 * 2k0+ M2 —1o | (28)

* * 2
X(26)H AFIC o5 K
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o 280 + af 0 —Qq REEHEU N RR:
A=20 w 2mt52 —=3|, 9 ) 14
2 * * 1 Il > Amax(P)’ 37
P VIS = el < el < ) 38)
At 8|2 = || < €l € —oe—,
c=| . % ,ﬁzf(Q?f)ns, (30) Auin(P)
. . 0 N H=8(36)-(38)15%
12 p '
A 88 2 eSS TR 20) 25 RN T, P S B 20 V<_L*mm(§ C);mm( )vl/z_mimm(ﬁ)m
S, s(t) = (1) = 0. IF B 13 A2 X (18), Al P) min(P)
s o = Amin(A=CINLE(P P) . hwinlB) — NV =V (39)
T e (P) Nain(P) RGYHBEy,, 1K T0, HFIHE 1 T, 47 BRA

ik EFELyapunoveR £y

1
V = 2L(t)Bo|s| + L*"(t)kos® + §z2+

1
5(\/L(t)a0|8|1/28gn5 + L™ (t)nos — 2)*.
€1y
KREDOWAE R~ — xR
V =¢£TP¢, (32)
Horp: € = [VL|s|V?sgns L"s 2T, 4 FEP U1 X(28)
i 75 X Lyapunov iR £ 3K 3 FF 45 G d(s, 2, L) E X
A TR AS-
V = 2f3sgn sé; + 2ksé + 25+

1/2

(alsf! sgn s + s = 2) (s s — ),

Hrhs, = —als|Y?sgns —ns + 2, LAEH
RIEA
VL

V=— |’1/2§TA§ LT Be—

als|"?sgnsf(t) —nsf(t) +22f(t), (33)
KERE AR B4 5 FIR 7)) B, 1 E
VL
|S|1/2€TC£ -
—als|?sgnsf(t) —nsf(t) +22f(t), (34
A AEREC B0)rr. Hx(33)-(34) 14

. L
V=- ‘S“Cﬁ (A-C)¢—-L"¢"Bs,  (35)

W ag, Bo, no, kolEBEIEHBUEMEREFEA — CHIB
58, W 35) 1
VL
|s[/2
L™ \uin(B) 1€, (36)

Hrb: Apin(A — C) > 0, \uin(B) > 053 5 A i FEA
— CHI B 5/ NRFIEAE. 75 18 21| Lyapunov B ZUE V 1

V< - )‘min (A*C) ||§||27

T, NFE(t) = Oplor, T8 /2 X (18). ARFHE (1) e X,
Lm0, BN s(t) = 0 Flz(t) = Op%r, PR
(20), 5(t) oL

FE 3 A 2 Mt ST S M S0 1) - 84
TE = % In(L+ 221/2(0), i 5 VA L Bl

2 1
100 = —VV/2(0), Wit 45: TH, = Ts?lpn(TW, o
1

= Z2Y12(0), S > 0 R, ﬁt% <1
WTE, < O AL LT I, BRI T
JEURIE, FLATTAE IR A i B8P0 Rz, i S X AL )
SR i
3.3 #HISH € (Control parameters setting)

S8 BRI B2 08 B AR 24006 2 s )
T, EREA I ) AR S5, v DR S H
(20)7EAT BB [1) P S i 8. 42 1 SR 1R IR (45
HIZEHE L T2

SHFHEYET), 5k > 0 I 84T BRI T Sioky
P, Kbk R SR 8] Bk 4, k= OF Sy 3B Ak g R B
(1). FHHR ¥ AT J5¢ 5| #(The bounded-real lemma)?!,
%Ao%HurWiZe%ﬁ Izi, [Ao, By, Co]j"j SN ifﬂ, ANGE
LEMADEM T A K| H ()|, < 1, Hrhp e
CHEAT, iRl

_ 1
H(p) = Cy (pl — Ap) 1B0:

2p% + agp + By’
(40)

AR, MNPy > T AIURL RAAFE AT Aoy =
2v/2 B0, KB AL 3% bR KA A I 05 —~/Bo/2,
RefRUEAg ke

X5 12:20), M Schurkh 51 3, 5H BEQ, B%ﬂP
EE A TOMERLA T A, 24]0] < 1IN, B4
SRR

ap > 5Y4 ny >0, By > 1,
815 Bo + 22n5 4 9agn; (41)
4(Bo — 1) ’

LS 2 @D, E B2 FAT RO

Ko >
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4 XUJZ HifE N HE % (Adaptive dual layer gain)

SE B L2 AT BESAE: L(t) > ao = |f(2)],
R AR P 15 2 5L () DA 200K T I AR H B I f (¢) 1) b
G ol BEA 25 Sy B v L () 1 1 3 I A LAY S 3 —
ZAE. SCHR [16-17 B A5 ) 122 2 M, Sl T
—PPORZ E G, A AR L (¢ BEAREN T4 £ (¢) AR
AT O U T O S, 1 PR AT R R L(t) >
| £ ()| WITRIEE L () A FE 1. A SCHE Sh Al X180
2 S AR AT IR, DOl A T R AR
SR PRIE ST,

MARG(T)BLQRO)FEAFASHOE B B, 2 =
HEMTFF TN B (t)segn sHIFIEH 2 T 15X

Ueq = B(t) [sgns(t)],, +y(s) = f(1). (42)
XFFHEIETANQR0), y(s) 735N

(43)

[sgn 5 (t)]eq A TRAFF RGPS B L SRR
Fsgn s(t) FIFAME, B [sen s(1)]eq € (0,1]. B uey
T Sy S 3k ﬁﬂb?”*ﬁ(ﬂﬁﬁiﬁﬂngéﬁﬁﬁk_
BIFREIE, ARG I il ue FOR B BRI R, 1
AT DA R g d A T AR e vt

5(t) = ~(sem (1) — o(1))

leq (1) = B(t)o(t) + y(s),
g AR N T H 20 < 7 < 1, o N [sgn ], T
R, T8N, AlTERUBHERS, € XAhTHRZE R

(1) = [sgnsl,, —o. (45)
M1 — O, o(7) — 0, WAt 2 W 2R Foly
[sgn s]eq ] (K115 75 7] LU R/, 56 30(42) 5 K (44),
TG TR PR Bsgn sPEDE, T TU%??H*%H%#IJ( id}
SEINHb . TR THIZE H RBUZ 1 AR 1A R
AR L(t), TEMIORL(E) > | f(t )|E’J]_Jﬂﬂfﬂ)§id\.

(44)

BEINARHE RS L(4) M
L(t) =1y + U(t), (46)
Horprs 1 A HAESHL () MINAE S5, S %0E SO
[(t) = —p(t)sgn 6(t). 47)
AR 35 p (¢) 7 XNy
p(t) = 1o+ r(t), (48)
ro NHALSHL A (8) S50y
(t) =~[0(¢)], (49)

v > N HAESEG @AM @) AR &6 (¢) 2
XA X
— |fieq ()] — €, (50)

Horha > 04 FAESEL, R B A0 < afy < 1, Byl
LRI HIBEG € > ORI HEhr E. 76
Z G T Bl LU 3], efllaid £ 18 48 2 A F
L(t) i 4 LR IR O
EE 3 EEAHE TS ()i LR
|f(t)] < ao < +o0,
1f(1)] < a1 < +oo,
aoﬂlalﬂﬂﬂi’ﬂlﬁi, 1&@?&%%&(44)@%&1(’5, ED§(T)
= 0; N 2(46)—~(50) 17 (IR Z H 38 W 1 ] LLAE AT B
ISFTA AEARL () > | £(2)|BROE.
IE R (42)(44)—(45), I, 6(t) AT ES N

) =L - —|f0] = 6
SRILFHGFIRLLS(E), £ é.\zﬁt(47) (48) T H
. . o(t) d
080 = swiw) - S 4150 <
ay
= o l8(0)] = 7(8) 6)| + Z- [3(0)
(52)
ai
oft) = - = (), (53)
P (49), 5
é(t) = —i(t) = —3(1)]. (54)
36 (¢) Fe(t )E’JKJJ%‘JJE% 1E#ELyapunov k£
1 1,
WO Mle ek 5145
V< (= (0~ (1) 3(0)] =
0
1o l6(8)]. (56)

4 LaSalle A28 5 FE, 2 (56) AT 41, XVt > 0,
fle(t)] <sup(e(t)) < 4oo. B, —E AL Zt,,
t>0

Mt > tol), (¢ )\ < e/2 it NGDHH

L) > 5+ oo 0] > F@l oD

RO R ZE0 < afy < 1.

E 4 EFBRIAEBAEREN R = 0), AENTES
PRI ST L(t) > | f ()] (BFESERs LREEHEUE TR, Ik
TR DIRAEAEAGTHRZE (¢ # 0), LI (57) %

L(t) > | f(t) — L(t)Bos| + m(a,e), (58)
3 Fim(ae) = % lea(t)] + 5 > 020 % % ¥ Hi, Blla
HI N eI R T4 K. i+
[f(t) = L(t)Bos| < [f (&) + Bo |L(t)s],
IEAFAERREL|C(8)] < |L(t)s],
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L(t) > [f()] + BoC(t) +m(a,e), (59)
R KT RE /M a, [E13m(a, €) > |BoC(t)], HLFTLA
FEARIEIE AT IR ZE IS L FIERATRL (L) > | f(1)].

£S5 ERBMAEYI, MR LaSalle AN SR, I8 T LA
HEV, 18 SR IR R 25 () AT 1(E) S A S, HETT Al %0
L(t) WA .

5 {ESH](Simulation example)
5.1 T3 2% (Disturbance observer)

I HPREAS SRR H AR 3 25 RO STEVEH T4
THA 22, 25 FeAE A PATHLA IE TR P AR B AR R
45, FEMREL RSN RT3 A A E T ek
A4k, R AR AT A R ik T R A

J2 = u(t) + g(t), (60)
b INZEENE T ERIIKS) ) Hw () R S )
Pl JAERG I ORI Tk g (¢) AR E; 2(8) %
NI IR A, TR v R AR SRR AT I A, I
fHA
w(t) = () + AR(), 61)
HP AQFTRN SR ZE.

FHA R I EE T w(6) A AR )
FEu ()R — A v, XA F g (¢) 12
ATAREAN VT, AR, W35 g (¢) AR A A
—cost — 0.5cos(3t), t € [0,5),

—3cos (t +0.78) — 1.5sin(3t), (62)
t € [5,400).

ik, ME B R s = J(w — @) . gia
(60)—(61), BT F I FH N

g(t) =

s=u+g+JAQ—JO, (63)
Hrh o (8) BB ik
. 1 .
(’t}(t) = j(u—{—f(s,Z)), (64)

K f (s, Z)MRHEA I IS TS LT B 00, AR
ASCHE IR PR 38 R ST H7E—U (7) Al (20)
—f (s, Z) gt A

f=al(t)[|s|"*sgns + ks] — Z — ¢, (65)
Z = —B(t) [sgn s + 3k|s|"/%sgn s + 2k2s]
ol
P 1/2 _ 7 _
{f ob)ls Psms n(t)s —Z -6
Z = —[(t)sgn s — K(t)s.

B ERENg + AQ—FTi, W (63)—(64) T 4%
PR A R super twisting 4544, HRYEHT SC 4347 T %1,
PEHLEE B HOF 455 XU HIE N (46)~(50), 1EH
BRI ] Y T LU s = § = OFSr. B, f(s, Z) T B

TEN A A REN TG + AOKIRERG T a1 HLLf (s, Z)
15l F 4 Dy g (¢) B v, ) U 2 25 AN
A OB HUN A BESR ARG R (K -5 5.

S A (7)(20) BL R SCR[ 13152 H i 5%
HT ARG 2 (5, 2). 0 BUETT 8, SELLGTIAK)
W44 : ADLST, ADLST,, ADLST, FIAGSTE V2.

17 BLop, BB 2 2 BOR 138 18 2 800 B G
RAFT7R, AGSTH LT HIE N ZHBE 10, 1 T BERE
U1 SR el S o3 R, SR PR S R 4,

DK 1075 s M E 45 R E1-3 7.

A A7 AF 5 BUA

Table 1 The parameters in simulation

BEHSE AENSH
Bo 11 a 0.86
ap 297 e 0.05
k 1 5 10

nwn 05 1 1073

ko 6875 7o 0.1

J®
AN O N A

f

0. 5 -~ ADLST, ]|

f

()

1 TS TG ik

Fig. 1 Trajectories of uncertainty and its estimation
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P ) 3 —— ADLST
-02[% ;  ===ADIST,
) -=-ADLST,
_03 ! 1 1 1 | 1 | | | A
o 1 2 3 4 5 6 7 8 9 10
t/s
(a)
x10™
3 T T
2 el AGST
Y i — ADLST
= Br'g e e
@ -1F # af ! ———ADLSTl oy
El i | == ADLST,
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Fig. 4 Trajectories of actual rotation speed and control error
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