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A Backstepping Dynamic Surface Control Strategy for Nonlinear Systems in Non-strict
Feedback Form

Hadi Mohammadian KhalafAnsar PhD, Faculty of Mechanical Engineering, University of Tabriz, Tabriz, Iran

Jafar Keighobadi* Professor, Faculty of Mechanical Engineering, University of Tabriz, Tabriz, Iran

Abstract

A method for designing tracking controllers for a.certain category of nonlinear systems in non-strict feedback form is proposed,
integrating backstepping and dynamic surface control techniques. During the design process, either a virtual or actual control law is
established at each step to ensure the stability of the corresponding subsystem. To address the issue of circular dependencies in the
control structure, a first-order low-pass filter is applied to the virtual control signal during each recursive design step. The stability
analysis of the closed-loop system indicates that all system signals are ultimately uniformly bounded. Furthermore, with appropriate
parameter selection, the tracking error in the steady state can be reduced to a small predefined range near zero. The effectiveness of
this approach is demonstrated through a simulation example.

Keywords: Backstepping, Dynamic surface control, Non-linear systems, non-strict (pure) feedback form, Tracking control design,

Circular control structure.

ooy ST (63,950 )8 W6 (b 8 Glapitan J1S b
o Bl 5l b & el Cglogls S ksl
P s b al b 58 il S8 ol Brts 1 5 Lot
Sl e ol bt lapiase ;3 whd Bl
2 Fee S5 Zhb s 5 slonls LSl JSas i re 3 )5y
Simly slixe 4y gloply Lol PMhasl 048 oo cdnlic plE
Pl (b 5o disg €l plor St 5 (g3l (slacsdg)g Jilite
e 599,555l S Vaae Sbg, 5l eslizal L8] e
Slaptans slp elsd o J5 50 Glopls jSle JSoe
ab o lacgabipse Loy ndlnd mpe ojpty b b3Sl
Sly s o8 ey JS (bl By dY0] o rizen
e g b Cuxladpae Gl (o pé slaptnes l (slaiws
By sl Seolins s S5 S5 5l o 4 a5 cod ons 4l

sl 0 oolizal (glo gl il St

! Circular Control Structure

dodio —)

oS S (Hhb o Glp oo jsbay s b,
B esliiul Sy9e e 9jgtey LSl bt pd slagiec
S S b laghy, do-Y] o v A cul wi s
Sy LSl Bl (bl slagiecs Gly pE o 2 e
(Jlie po bl anwgs s gl sbcoabisae bomye
b bl sbiaabipss bm o 3555 slapiew sl
IS 5l (ks ol g S 1 (e oo s sl b,
e VY] (o3 s J555 5 (507 et ik
Fhb Sozm oty ol el sbilly 5l (oo
Wil QSIS (S ol Gl jokiiea sl oS S
IV YAD (Blas il )y oS0l [YV-YE] Salis mlan S
oo sleiiay [YA-YY] 8 ame raeaSiis b T o, 5 [YF

Sloptans lp pBom 2 Ko J5S 2hb 2S5
on e Sloo S jsbay o 095y LSy Sl e e
b b d lopins 55 @ 58 SYlie sl w83 18
53 sbel Mo 31 (G ailansts oS (69950 0,8 WBL LisLe

keighobadi@tabrizu.ac.ir : Seig 55l Ceny o S 4l o 5 N



X = Gn (1,22, e, X DU+ fr (X1, %z, 00, %) o)
Yy =X

Wil 1 =1,2,00,1 5 gl > goysie X, ER A5

{ X = (X, X e Xy), i =12,.,n—1

s (795 JiSow 9 5999 JUKew S Y ER yUER
WL s it Wl fi) 5 O Az olii )
Gn() #F 0 g cenl dtwgn w6 G i =12,...,1 g, () Xgd o0

e sl S K b b ol al S8 s
3 Lo e gz e JUiSw S AL Y s (295 ()
CH1iSs o 4y i 3 i il s (sla S et 5 35
g o0 Sgie

3T 53,57y 8 98B USE (ls (V) i 4l s &
el pBm p G (B (Slb sty lnle ol
SESS e SRS Sk Gy S ol rl e s
Al a2lgs 00l drwgs Lo opl 5l slaws gl mlaw Sl

5 el ond wls AF()/0xs sbewdle N i
4S5 398 oo 2,8 elS fpols cs I e i =12,..,m = 1

Of (/0% 20

9 Ve Fr g Sl Jlgen S ol @y g ye JUSew ¥ (558

ol Sgazo Jir

P 2 (Fone DSC (>1,b Y

Sl slaes slp e p (e DSC (b iduinl s
25 555 g0 Sl (1) 45T (53550 5 85 a8 sl
2 e G glahs, alie aiS ade @lopls Ll S
Sl al>ye y0 tl dlope n Jold (21550 (2 gy @B
Sl i s 5 ML lp @igr il JpS 5l S d
Sty 5l epSel gl i=12,,n—1 o] 5 a5 Sed e
Jol a0 (380l s S 5l o al> e 0 J 7S (nled slopls
JESs g 09500 oolitinl @i gilms S JUSe 23105 sl
OB S T Al o 55 00 a (a2 Ol Zld (29,5
P9 Bk gl osbien Sl M s 15 SISl (2Bly S
n—1 dejlre Sy oplim=l Gl ead ok SIS (g
ool odds JSas oa8ly JpiS 09l Sy g Jol 4 e ikt
25 IS8 4 (1) e bl ((ohb anlp el 5 zs0s

Bdor el
X = Xpgq + i, X, 0, x,), 0= 1,2,.,m =1
An = Gn (X1, 22, 5 XU + £, Ceg, Xg, 1, %) )
Yy =X

&g filenXg, e xn) = 7 (0, Xgs e, Xn) —Xipn o 0 &S
B8 by, i=12,.,m—1 &l euds aslil lgen a8
ol oo 00,91 3 0 Sas olhb

b oyl G S1 =X = Y et (Sbs) sl ) > e
Cowd &y ) Sygo & Ol oo 1) 8 5l i 0y K Sl o ) Uas
1]

Sy =%~ P
. )
=3 + f1 (31, Xp) s X0) — W

Sslws sl b, S5 (bl At a4 dlie ol
boslpee 35T 6955 3 LSl W8l (Sl lapian
IS Pk slaghy) wanS JiuS Slopls Jlisle JSie 4 4z g
b st cebis (a3 508 Slagiss jlated (nl Gln @l pB
b Ubgy o Yol s lopls Jlisle JSie Jo 3,50, 5 el
bt Sloptans slp oy e | (Salizs o J S
22 50 Al dalgs ool sy AST (68,55 p 3 LSl ey
U8 osl Sy il o = 1,2, 00,m — 1) 2885k b 5l ado e
b abspe planw n) 6ol sl oS Sl 355y sl
e Jol sy )30l 2L o gl esliiul b g D930
b a4 ild (2955 9 5 il S S 5l
Ao ye )0 Sedee Jo Fhe jsba loply Ll Sie (gan
Sl S5 Sl 593y (Bly J5uS 03B S5 @ ale o) ol
Ghey @bl Sl jslae 4 358 e SLE ol e 5l
a5 o il a4l G B o atnail> i @ill (soleriny
P by ataile piess Gla LS (oled wms oo (i
4 el )l conlio Sl h pacw obs) slhs § wiis d5ume
$9) s Elodad il 2o ligalFen jio 5| ( Sz (Soluos
WS 0 2 [ o895 @bl by ssbed Joe

«DSC 5l 8o oolaiwh’ o & ol L5 gysle (Jb cpl b
o tiSen 2 ghls o 15 DSC Gorlat (S3s8s o asb
(el ek a4l atags (o po 8550y BB) (slopls

PR re Sty pp b plm DSC Gl slaghg*
IS e glaadl> jpa s 2S5l Al el
Sgdiee azlye CuSi b lopls slaSidysS

Gile oS (V) U (OF) oYoleo) ¥ iz jo*
@ ==z 3l 5399 sla b Jsl a5 0 slo b 5 ot
olid eads Hlaaass Sl 51 @) B (V) @Yolas jo 5 wiloals B,me
Gybld &l ojly SLol le Ky olsie a4 Uas ol 45 oad asls
h srz sleails gon phtes Hhb o el cnl i

S e s T Faiyy a8 Lyl b*
L3 so5y5 slas o ysboas 45 cenl 03lai ]I DSC sy o,
S Bl glopls SplisS L slapias sl Sl &b o |,
sl 3l 15 (S0 (655155 Gl o

i plo 4 ¥V ise it 258 ol 4 dlie anibjle
2 Fee (Seslod gl 1S (b Sy, F Ay ) 0jlon o0
oy wadls gepn @l T osbipe all
Say 3% Glodnd Jlio S5 47 50 slagid j3 5 WS e

Ngdge Al g ySam 5 2lyo sl

dJluwo To 9 -y

DSk 00 n) Oyse ]y il laptu jl aies Sy

! Dynamic surface control (DSC)



(39t Bio oyl Julb 50 candvgs ol Talad) 33 507 11 Sl stitpo Alixs s gisions I

T3Z3+ 23 = a3 )
el pild el )b T3 >0 )l o a8
Jiie b o Ao 4 23 jild 295 N als e asles
Dy
Si=xi—2z |, faPl' slas o (i=3,.,n—-1)1i al> o
8551 s 4y 5 Bppo 4 Slsiige |y Si Bl K Ll o

S =% —2
= Xipq + fi(x, X0, 0 X)) — 3
Se Ol ) pl )y J2ES 6095 @ Xipr 68,5 B 0 L
Ll ») Oyge 4 a5k Glp Gilre JS 50
5,5
Qi = —k;S; — fi(xq, x5, o, ) + 24 )
ol JyS el Sk >0 T a8

25T a Aigr o1y sl Jsl 4o ;38 mly ;S SO (Byme

)

Tiv1Zip1 T Ziv1 = Qigq an

ol ild el )b Tigg >0 o] 0 a8

b gam alepe @ Zipy plS 2y (S ol il

Sgdee Jaie 1255k

Iy Sp Gie g ol Sy = Xy — 2y s gl oy 3T M Ao go

855 s 4 25 B30 4 Glsiise

Sp =2y — 2y (\Y)

Oygo Wl (HBly JrS G5 (V) e sk sl

wod >k g

(=knSy = fo(x1, %2, .., X5)
+ Z,)

el JyS gl by >0 51 s as

e hls ean Flib SIS 4S8l s Glgiee 358 Shss Gkl

1

u=——
gn(xpxz, ey Xn) oY)

a; =—kSy — fi(ey, %, e x0) + Y
@iy = —kS; — filxy,xp, 0 %) + 2,1=2,..,n— 1,
QA9
=— (kS — ) Xg, eery
“ In (g, %, ---rxn)( nn = fnx1, %2 *n)
+ 2,)
zZ; = s Si=x;—z,i=23,..n S =x—Y «

(a;—z)/t;,i=23,..,n

b Tipr ciies JpS @l i= 1,2.,n L K
s gld syl Li=12,..,n—1

orlad pae b oST (60950 03 3L (aS il laptars ln
2 ol ol ce® s sl Gkl sl Gl
WS iy Gl o el 2k oozl

sk s -F
> 0 d > 0L ceslio OBl ¥ 5 ) Sl b oo 1) apdid
Cal 0 9 St Ojpon anwails LS plo

€ elai b slo)S 4y obo, slas g 0 winlys Sgume S 1gasy
9l o | Ren

S5 ) i S S olyie Xy 5 i 0 L
25 oo & peen) SINb Gl Gl S5 09 S
55 b

a, = —kS; — f1(x1, X3, oo, X)) + Ve )

Sl S gl Sk >0 o7 s as

il sl DSC K5 3 slogls Sl JSite o3, jokiia &
Ao 30l LS S a5 950 e ool (silome S UK
WS e (B i Tt ey Jdl

TyZp + 2, = @, )

Se T2 >0 acten S (295 9 6399 Z2 9 X2 Ol 0 &S
el s el
So a8 b, sl o5 el il 555 Seagleacs S
ThiS1 = Sy a4 Xy S 09d [Res i S (Sbees
P e Ol wibeasn b fi (g, 0,00, x0) + Py
k) slbas 5 08 LiS S1 = =iy Spes 4 s ], ()
Xz (Jo ol b sgliee hRen jio 4 ilre Sjgo 40 Sy
088 Sy ol s (2Ll BB 5 Eel s Sl gl it
X2 = Qg (21 Kot (L IB8 5090 o0 (Byme A2 (S5lne J5S
Db g0 o &
e ey esashd ol @ g3l J55S (g oS eSS
sl & 51 og dalys U (Al (53959 Jold @y Gt o5 ol
Silxe JAS 0gl 0pd Jie Xp e 4 @ pefies
S Flb om dlepe o U Al S @ g eas b
5 0lgn 297 4 (J5uS (pilsd (slopls (Sl JSKtis iy ol
SIS Jo sl cnlnli g walss lsds Jos o K0S Sl
a4 Zy 58,8 Gk o baS 0gd e eoliiwl 4 s DSC SusS
Ol wglge (V al> o) (um al> o 3)l5 a5 2Ld (255 lsie
bl AL St U 4 Lopitne @3 00d > yb (s3lme S
&y plply s dszge Ay 40 X1, X2, 0, Xy 0pl p odle
ol @y siie o filx,xg, X)), i =12,.,n e
e ol (ol 058 (Sns s 2 )y Lot @y 51 g 0
Soolial b ad walss gomr gilme J505 58 odezmny b
5 39dsn Jiie (San el ) 4 Zg fihS (25,5 DSC S
s 42y = (@2 — 22) /T2 ) o Slbes b e |, 2o 5
s a5 (b (Sazn 4t 50 2]
A 50 Sy =X =7 Syge a ) pgs Gl mhe (Y Al g
51 Ces & 5 Sgo 4 Olie |y Sz Bt S

S, =k, — 2,
= x5+ f(x1, %5, 0, Xp) — 2,
Ol «F) gy S5 63959 Ol 4 X3 (285 Sl o L
25 Doy 4 plern) S)lul sl Gilre S5 098 SO
2,5 b
az = —k;,S; — fo(x1, %5, o, Xp) + 2, )
el S8 gl ok >0 T o a8
Sy ) Tt 4 Az Gibp sl ol 4 )35 ol LS

*)

s 0



n n

. (QRY)
V< _01251'2—022071'2"'03

solS @ 451:;95 C3 1—25 €1y € St ool (& Gl
4 058 g92,) Bebld o aslinl gla JYarwl b oyls S lacel
a (Sp @) slaiSen plas a5 wiS o0 Vs ol ol ([¥Y]
S1 Saas) Wy S Sito Sy Ty ol T, pro s 50

%= @ i=2,..,n ) 5wn:0 o8

oS Wighie | Fan sho Jy> SasS 05 S 4 Sp k00 L
locali 5 Ky J5S sy calio CLl b Glgiee |y o] glas
sy sl ke oS-SS plssd ol T kS Sl
plad 5 ogiee [Ren jho ) (Nlewr So @ S =20 —
ilogn (Bl ool S (JHS la JuSen

o Dl cenlie < Ty > 0 Ky > 0L g Y= Slod b s
plos a5 wwsoe Gluebl (golpiiny S b atnails gl
Syge 4 A il glalls g {X;, Z;, @} ares dil> o JUSs
@ 2bsy b g waies IlS CS ey Cole )3 sl des
D50 R0t Sho I SagS olgids jsb 4y (Sileos S

Cox g b -0

9 e by dias ly DSC 3, LI (isugnlye
o jphilen 25 o (g5lotecd oo Halod Sy Cylun s
29t ol az )3 dus ovzmn Saliys Wad s RS pj GRS 58
S a ol S Jol aipe Sslus 5 (Bl ok giie—ailinn)
Slp a5 0pb e e g pe 995 W3 LSl | ash el Jus
Ll Sl b ST b

o 4) Sanliys 5 Seilotiws b 1y il dmio ;5 _oxlas pglid o5
IVF] o ks o (ot

iz i) V= [wu ] =y ]t o e s
oM = Myp + My 32 e le R(P) (S50 &5
3 5,5 mdsnysS €= Crg(V) + € (V) codg3dl o> ailol
<) aiilo Sk aloz G(1) «(Seoliadgyip 55150 D(V) 55 0
ol T = [Ty Ty Tyl T (el 52l inf ol o
S oo qezss |y lilazel d(T) g il pposs

PR Sl 5 abll Sy oo e S e S5 sl
290 4 Jshiie 52l

mytt — my,vr + dy,(Wu =1, +dj, (¥

my,v + myur +d,(v)v =1, +dj,
L7 +ng,uv +d,.(Nr =1y +dj,
p=r
S Myy 5 (h3pd) 65 du() ‘dv(’) ‘dr(') L
S8 oo gy |y Jlie (iiSen

! heading tracking

S 08B 5 Seelud pieen S5L gl oW sl
Ol 5 S oo i pn conlie Beilbld ali G ) aal o calesls

6)‘~’~?.‘~?, Eso90 Qﬂ aS el Oere shice Q] Giien S POV-X Y

gl

Ngd oo a5 Jol 4o slayikid Lawgs Z; ] j0 a5

A 9 A oollas (g5lme J S G Dol o drmline jglaie 4
258 o0 ol iy iy Zp ol ead il

Seibld Glagails a6 o8
Sl b

n n
1 1 o)
=3 Sttt
i=1 i=2

" . 152 ..
20 sl o labinl Selus o J sty STk Slal ol e
AT 555 92 ) aiias 2L olbs Saluys (35,5

V@'u} e & :r FU’
A3 o Cawd 4 (V0) 3l (5,5 3o

. n n 1n 0%
V=) o+ =

QS8+ ) nidiz) nat

i=1 i=2

i=2
o iy 5l onliial b gy o i 5 5
Si = f;(") +terms + x;.4 — Z;

oz b Tp sl

Ligs oo Cogii o luilin] DSC (sl &¥olas «ils Yolas 4
ool ) Djso Ay (Bideo ‘Gg)ib 3 om .M)BTGA Cewd 4 ) 5.’1-
Sgbsp

. 1 av
2 ~2
VS—E ki S2 — E SURLIO)

1'1 =Ry, Mv+ C(v)v + D(v)v +g(m)
& 1y il ool S mop ), pae 4 f Iy a8

O s,lon1yS ¥ o
ik Selins |
a; — Zj c % OAN)

sl S 5 badl plos 15) cal Jlogl,S @ a8l 4 a5 L
OV) sl coll T g (o ol ST ol 0,8 cos gy
Aj cplpls ool Hlorl S 69555 b Jol aise jlaly as dloles S

1.2 . L. . .
—T—ial- Sole oS coles e e leSh Siso Ll o gl
S oo Jlosl 1) ild glas (65,3 BT VY) o

V o8 oo :F o8
A(E) laicl & le oS (s 5b 4 outs il T, > 0 g ky > 0 L
383 g0 4zl (VW) (0l b cadls e Jale



(39t Bio oyl Julb 50 candvgs ol Talad) 33 507 11 Sl stitpo Alixs s gisions I

L obrlzes wlalazél g Jas ol slaceakd pas 4i(0)
L 2l Glapius )3 Jsone lopls hlite (Siwdly jLsbe ool
wile o yodols ol ol (San Py i) 05 a ol
Ol (@bl (arass oslandl b oz o bl )b 5l X1 X
Wio o b 85 wiliom R g S5 b S & Jo
ol Ll o
Hobed Gl A e sels sul Jbo g iales S (YA)-(YA) &Yolses
42,0 Ol Sl 9 Sl pS oo JS L b ys (o
Q8L LS le Jotus (55500 (Seolins (glo S on Ll s sl
ghv J5S o9l 0p)5 &5 (b 5o aiiS oo i | w10 950y
e nl Al i wijluoe pda Bl ) golering Soalis
g ga iyt ) gy 4wl pals
wsly om Dli) el cwlus glas Xy =P, @
(ogllae 5 (8l coloa
TF om sl Hobh SBlymil 5 lbs X =T, @
(s 3lme JUiSs 9 (285 Sl
Sox mt Do) Sy Saolad slbs X3 = T @
Lo Gla g fnly Lawgs o g (a8l
S S e s 4 QS QS U= U @
& e Sy O3S Gln ket Cole XS Gas
Gl o lulisl Heile S Wilgs o a5 Csl (Y = SIN E) (cwgiew
Ol 9y sl (Seslus whaw J7uS 9 wslis Sles bl

Dyden silwodly 25 Sjyge 4 W) Hlid GBS e 4 slis

S1=X1 =Y )
a; (x)aj:§;51 + fi1(x1, X2, X3, 1),

Zy = o Sy =% — 2,

as (x)a?_—lz‘;zsz + f2(x1, %2, %3, ),

7z = e S3 =x3 — 23,

u= — k3S3+ f3(x1, x5, %3,6) /g (x1, X2, %3)

S o8 wesee Gl oo 4l alal, 08 ool o
G s’ las w51 (@) oF ead 2ld a5 5 (@) silne
Yo IS iSil o bl (B3 a5 whas asle
231 i le 5l 595 3lwesly 58 Guuls Wlliado il o
shos Gl Sy S 2o 41 gl pb sLaglo S 5l g S el -
Lol & sad 5 SLSE slaple)d 5l oS5l ¢ pslits J a8 5o
SIS 50 SsS 5l b el )l SOl eslial el Lol 5
S L es g oad Il Cle )5 gt BB LS, 4 e
Sl (bl 655008 oS e (2bo 0 NS
oS e

S e s 0 b Sloe (95 GbCudgame cule, -
lp ol adg BB ggp SSTee o lb Gl asle)
JESw 59, el o S (Supd Cudgae ol siledue
oo plojs a5 358 Jols olaebl b ot Jloel W) oles J S
Wlooo (Bl Holids slo HUlgs 0dgamme 1o diion ool

dy =8 k1 =8 jpo 4 sls colis SIS el
Wyl colie slas 53 L g5ludand wiload aelas kg = 10

N aly sl azye oty S oles Gl Solins QUL sl
R

Ty = —A3Ty + b3y + d3(b) (Yv)

sl Bzl iy 4y 0 230le B (5995 Unot o 52 45
loylene o oaoslitl bwgte b ool ey 0l los 3
oS oo STy (bys S

Sl UV iSz g8 (i b e 53,5 S0 b Codge el -l
S (oo (1592 Al 2Bl I S e g (Larass bawg) 09d o
wloalez 1o o LS i Sl Ll Gl JUS o U 2 0 eyl
Silo oo (BL axdly ytals

GBlox dil> G hwg Cew) U U ol aliy Jo> 5 -0
e 52l Gml S o Sl s caidlS Sl leg s -
Sl 0 g(n) = 0

gign 5 ol iales BTy Bl Lagi g (5 51ee -
58 pam SLalizéllacaldd pue b

A 65 s Spaliys gy Bl JUS oo bl Sl b s
el Il Bt T = Prgucal 00 S5 g5 P 1o
X1 = Oy = s0d 5 (795 S5l b gl S
ol a2l P — Pg

X =P =Yg =1—-1qg v

Sl (Bpme b peiS oo iy | @1 (K1) ilre J5uS Baa
R

Xt =1 —ay(x1) )
YY) 5185 (s p5b &
%= (%) + %2 — Pg H

Gy 3 Sy a4 Syl Slos U R U 4 V=0 L (V) )

%T@
7 = ayr + ¢a(xy, 1, t) + bty + da(t) (Y0)
slagpiSeny Py g byi=1/1; azi= —d. /1, o1 ;o

Sl =g ) WS s me |y gz ladler 5 Jyen

T 5l eolitul 5 (YY) 51 (6,5 3o b (Jow 3ollaS pae UV suilondly

Ll Caws 45 (YO) 5

Xy = ag(ay +x2) + Ppo(xy, a1 + x5, 1) + \12)
byt — a1 (x1)(ay + x2) + da(t)

O oS oo iy |y X3t = Ty 505,5 oolarwl (YY) ;!

X3 = —A3X3 + ballye + d3(t) vy

e slaalor saze goazs 5 (YY) 5 «(YF) «(YF) 5l eolial b

355 LSl adlh O)lie jles 4 Ai(t) olstazsl 5 f;()

sy o0 i [0 oolainl 0590 g o

%1 = f1 (%, 8) + x2 + 44(0), (YA)

. X2 = fo(x1, %2, 8) + x3 + 45(),
X3 = f3(x1, X2, X3, t) + buye + 43(0),

Q] s as
fi(e, )= a1(x) — Ya, Y
f2 (1, %2, £): = az(ay + x2) + P2 (g, a1 + %3, 1)

—ay(x1) (a1 + x3),
fa(x1,%3,%3,t): = —aszxz, b:=bs,



System States

2 -
o 17
=
2 0-
=
£ =
-2 — X3
—_— s
=3 T T T T T
0 5 10 15 20
Time (s)
W - 6LQCJL> :T'J.i.i}
Filtered vs Virtual Controls
l: W e —2y
: il 5 === a3
o 2 9
E
P
a2 9
& s
—4
L)
T T T T T
0 3 10 15 20
Time (s)

Jsl 45, sl s o IS
S5 Al -7
3 S sl (o el Saaliss s 5 o Sy alh
S g5y Hlislos 08l) (glopls o iiSwr y b (o d slapian
Gty J3l e sleild e b o oo Sl (e
Sy Sebld Ll o ks @995 sllas plisl 5 eni b
el 5 gle o5 1, €slopls 5L JSla 3 ooty (solaiiny
Gdo SLASS il b mlipe i oo Blaie a5 e
5 ol Sl 5 cod s e i oS oad a5 bl e
Gaod Gils Gley slacl g JST byt cmlie LI L
@l 50 9 Shades ©jypo 4 wwails b LS
LA Sgu S [gasy
el s S Shls as— lee gileans Jls
o5 ansse ol el sud s slacSalys b axslas e als
SRS 5 e s sl s, & sty T
ol abassss 3 Sy, wnlply WS o anli Joe o ) )
b s i A8 il a5 Jlel 15 5 aieplls
ca2d oo A3 (glopls sla iiSen

&l -y

[1] Krstic M, Kanellakopoulos I, Kokotovic PV. Nonlinear and

Adaptive Control Design. New York, NY, USA: Wiley;
1995.

x%3(0) = 0.2 aJgl Sl &r s> 5 Lol x1(0) = 0.5
9l g0 SETast 5 bl

o 5 ilaie SLlS bl S ol ild el S bl
A e Gt HB L e (Sole a5 Gl ehgar czel
» e gl wile oblis slapiille 5l eslinal 5 lnk
@by 0 SIS Q5 L Ged oS, onl Bl Cuglyl
S oo Bd (P ) (690 8 oS dzm e

oanlive a3 o i 1) 0590 (pl ileand S F LY sl s
Sgazme ey ok 4 Caly 5o LS pled 45 Sede
5 oo b (X)) Holid colas sl a5 vas oo las V S Wgd o0
Colidge b Hglid 45 (e (al 4 w9l oo K Sho 4 (VL Cae
g Sl Al Yl S eeas ploy S e Js |, cllae s
plo plog ¥ USE LY 5l a8 gl cdls gl glls 51a>
5 05 alS JuKw ol amo Bl 1) (1) 45 e s 4 oS
oS wileoe (Bb b Slae SO3u8 osgaste ;8 g g Alwgn
Y USE el ndly ool @l SIS og sles odimoplis
sl 5 Gl i ollat olan gla) g Sl (sl ito
docdle ol plad 36 sgaze 5 g5l wno e Ghaled |, (S 7
S5l ol (6l (St JB g Gl Hle SG 0aiS (e
37 5l sl ady ;3 1, DSC (sla il Je 5 Shos ¥
oL ot adl hsS s oduzn Stelind Cupde sl LS 90

DS o

Tracking Performance

1.0 +
0.5 4
[
o
2
= 0.0 4
=%
5 -0.5
-1.0 A
0 5 10 15 20
Time (s)
by oS lee ) USS
Control Input
5 -
)
i
E o4 |
="
8 -
_10 -
T T T T T
0 5 10 15 20
Time (s)

JrS (595,9:F S



(39t Bio oyl Julb 50 candvgs ol Talad) 33 507 11 Sl stitpo Alixs s gisions I

[22]Wang D, Huang J. Neural network based adaptive dynamic
surface control for nonlinear systems in strict-feedback form.
IEEE Trans Neural Netw. 2005 Jan; 16(1): 195-202.

[23]Zhang TP, Ge SS. Adaptive dynamic surface control of
nonlinear systems with unknown deadzone in pure feedback
form. Automatica. 2008 Jul; 44(7): 1895-1903.

[24]Li TS, Wang D, Feng G, Tong SC. A DSC approach to
robust adaptive NN tracking control for strict-feedback
nonlinear systems. IEEE Trans Syst Man Cybern B Cybern.
2010 Jun; 40(3): 915-927.

[25]Wang D. Neural network-based adaptive dynamic surface
control of uncertain nonlinear pure-feedback systems. Int J
Robust Nonlinear Control. 2011 Mar; 21(5): 527-541.

[26]Sun G, Wang D, Li XQ, Peng ZH. A DSC approach to
adaptive neural network tracking control for pure-feedback
nonlinear systems. Appl Math Comput. 2013 Jan; 219(11):
6224-6235.

[27]Yang YS, Ren JS. Adaptive fuzzy robust tracking controller
design via small gain approach and its application. IEEE
Trans Fuzzy Syst. 2003 Dec; 11(6): 783-795.

[28]Yang S, Feng G, Ren JS. A combined backstepping and
small-gain approach to robust adaptive fuzzy control for
strict-feedback nonlinear systems. IEEE Trans Syst Man
Cybern A Syst Humans. 2004 May; 34(3): 406-420.

[29]Sun G, Wang D, Peng ZH. Adaptive control based on single
neural network approximation for non-linear pure-feedback
systems. IET Control Theory Appl. 2012 Oct; 6(15): 2387-
2396.

[30]Sun G, Wang D, Wang MX. Robust adaptive neural network
control of a class of uncertain strict-feedback nonlinear
systems with unknown dead-zone and disturbances.
Neurocomputing. 2014 Dec; 145: 221-229.

[317Wang X, Li TS, Chen CLP, Lin B. Adaptive robust control
based on single neural network approximation for a class of
uncertain strict-feedback discrete-time nonlinear systems.
Neurocomputing. 2014 Nov; 138: 325-331.

[32]Wang MX, Sun G. Single neural network approximation-
based adaptive control of a class of uncertain strict-feedback
nonlinear systems. In: Proc. 6th Int. Conf. Information
Science and Technology, Dalian, China 2016; 280-284.

[33]KhalafAnsar HM, Keighobadi J, Ettefagh MM, Tanha J.
Black-box nonlinear observer-based deep reinforcement
learning controller with application on Floating Wind
Turbines. Sci Iran. 2024.

[34]Keighobadi J, KhalafAnsar HM, Naseradinmousavi P.
Adaptive neural dynamic surface control for uniform energy
exploitation of floating wind turbine. Appl Energy. 2022;
316:119132.

[2] Zhou J, Wen CY. Adaptive Backstepping Control of
Uncertain Systems: Nonsmooth Nonlinearities, Interactions
or Time-Variations. Berlin, Germany: Springer; 2008.

[3] Kanellakopoulos I, Kokotovic PV, Morse AS. Systematic
design of adaptive controllers for feedback linearizable
systems. IEEE Trans Autom Control. 1991 Nov; 36(11):
1241-1253.

[4] Krstic M, Kanellakopoulos I, Kokotovic PV. Adaptive
nonlinear control without overparametrization. Syst Control
Lett. 1992 Sep; 19(3): 177-185.

[5] Seto D, Annaswamy AM, Baillieul J. Adaptive control of
nonlinear systems with a triangular structure. IEEE Trans
Autom Control. 1994 Jul; 39(7): 1411-1428.

[6] Polycarpou MM. Stable adaptive neural scheme for nonlinear
systems. IEEE Trans Autom Control. 1996 Mar; 41(3): 447-
451.

[71 Ge SS, Hang CC, Zhang T. A direct method for robust
adaptive nonlinear control with guaranteed transient
performance. Syst Control Lett. 1999 Aug; 37(5): 275-284.

[8] Wang D, Huang J. Adaptive neural network control for a
class of uncertain nonlinear systems in pure-feedback form.
Automatica. 2002 Aug; 38(8): 1365-1372.

[9] Wang C, Hill DJ, Ge SS, Chen GR. An ISS-modular
approach for adaptive neural control of pure-feedback
systems. Automatica. 2006 May; 42(5): 723-731.

[10]Chen WS, Jiao LC, Li J, Li RH. Adaptive NN backstepping
output-feedback control for stochastic nonlinear strict-
feedback systems with time-varying delays. IEEE Trans Syst
Man Cybern B Cybern. 2010 Jun; 40(3): 939-950.

[11TWang M, Ge SS, Hong KS. Approximation-based adaptive
tracking control of pure-feedback nonlinear systems with
multiple unknown time-varying delays. IEEE Trans Neural
Netw. 2010 Nov; 21(11): 1804-1816.

[12]Zhang TP, Shi XC, Zhu Q, Yang YQ. Adaptive neural
tracking control of pure-feedback nonlinear systems with
unknown gain signs and unmodeled dynamics.
Neurocomputing. 2013 Dec; 121: 290-297.

[13]Chen M, Ge SS, How BVE, Choo YS. Robust adaptive
position mooring control for marine vessels. IEEE Trans
Control Syst Technol. 2013 Mar; 21(2): 395-409.

[14]Chen B, Liu XP, Tong SC. Adaptive fuzzy output tracking
control of MIMO nonlinear uncertain systems. IEEE Trans
Fuzzy Syst. 2007 Apr; 15(2): 287-300.

[15]Zou AM, Hou ZG, Tan M. Adaptive control of a class of
nonlinear pure-feedback systems using fuzzy backstepping
approach. IEEE Trans Fuzzy Syst. 2008 Aug; 16(4): 886-
897.

[16]Lin FJ, Shieh PH, Chou PH. Robust adaptive backstepping
motion control of linear ultrasonic motors using fuzzy neural
network. IEEE Trans Fuzzy Syst. 2008 Jun; 16(3): 676-692.

[17]Tong SC, He XL, Zhang HG. A combined backstepping and
small-gain approach to robust adaptive fuzzy output feedback
control. IEEE Trans Fuzzy Syst. 2009 Oct; 17(5): 1059-1069.

[18]Li YM, Tong SC, Li TS. Adaptive fuzzy output feedback
control of MIMO nonlinear uncertain systems with time-
varying delays and unknown backlash-like hysteresis.
Neurocomputing. 2012 Sep; 93: 56-66.

[19]Tong SC, Wang T, Li YM, Chen B. A combined
backstepping and stochastic small-gain approach to robust
adaptive fuzzy output feedback control. IEEE Trans Fuzzy
Syst. 2013 Apr; 21(2): 314-327.

[20]Li YM, Tong SC, Li TS, Jing XJ. Adaptive fuzzy control of
uncertain stochastic nonlinear systems with unknown
deadzone using small-gain approach. Fuzzy Sets Syst. 2014
Jan; 235: 1-24.

[21]Swaroop D, Gerdes JC, Yip PP, Hedrick JK. Dynamic
surface control of nonlinear systems. In: Proc. American
Control Conference, Albuquerque, NM, USA 1997; 3028-
3034.



