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Prescribed performance adaptive neural backstepping control for
nonlinear system with uncertainties and unknown control directions

GENG Bao-liang’, HU Yun-an
(Department of Control Engineering, Naval Aeronautical and Astronautical University, Yantai Shandong 264001, China)
Abstract: We investigate prescribed performance adaptive neural backstepping control for a class of strict-feedback
nonlinear systems with time-varying uncertainties and unknown control directions. Firstly, a novel error transformation
is proposed to eliminate the limitation that initial error must be known. Subsequently, radial basis function (RBF) neural
networks and track differentiators are proposed to approximate unknown functions and derivatives of virtual controls re-
spectively. At the same time, Nussbaum function and backstepping technique are combined to design the controller. The
controller guarantees that all state variables are bounded and the prescribed transient and steady state error bounds are

satisfied. Finally, the effectiveness of proposed scheme is validated by simulation research.
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2 B IAR 5 T4 %1 IR (Problem description
and preliminaries)
2.1 o] 8H#IR (Problem description)
e N HAA— e p b AR R St
(&1 = fi(z1) + g1 (z1)2s + At 10),

By = fi(®i) + gi(®i)Tigr + At T), (1)

in = fu(@) + gn(@)u + An(t, @),
y(t) = 21 (1),
oz =[x, 29 -+ x,)|T ER",ueRFly eR

il R GERPIRAS & N B i E M =
1 Ty e ox) T €RY () Mg (1) AR ENE S
KA A (t, 25) RIS RCANE I

P H bR T

1) iR ZEe(t) = y(t) — yo ()3 AL TSE B e 1
EA AR TERE

2) MRS S A

X RGIIFEAME T

RT3

Big1 ArfE—EEL [iffe € Q.
R 2 ey (x) AT 5 RN, HAFEARSN

IEFHg Mg;, (150 < g < |gi(2:)| < gi, VT € £2.
E 1 ERRYDEE R (F) J LB AR A7
RIZ 3 A7 L5 A S0 IE W 2, A0 C AR S ek 4L

B;(x;), fiits
’Ai(t, Ziz)| < XZBL(Zi,L), V(t, w) S ]RJ’_ x £2.
ik 4 BTy () LHEN S EY ()6 =

1,2, n)dsfa .

2.2 PERERRE (Performance function)

EX 1 #LEHp: R — RoONVERERREL, 3

JE:

1) p(t) 2 IEM B ks a8k
2) tlim p(t) = pss > 0.
i A A H AR(2), SCER (101715 15ze (0) 50 1Y

TEOL e P

—0p(t) <e(t) <p(t), e(0) >0,
—p(t) < e(t) < op(t), e(0) <O0.

AR, e (0) AR R, 7TERZ R
GEr RN R I, AT H— RS HA A %
—a(t)p(t) < e(t) < a(t)p(t), 2)
Fero eR B (1) AN G (8 )il A2 R T (R
1) a(t) >0, a(t) > 0H ™ Him;

lim a(t) = +o0,

” tlirglog(t) = (., C; € RT,
11_{% a(t) = +oo,
tlirgo a(t) = Cy, Cy € RT.

E2 BHEMMHRQ)E W, ERIIRIR e (0) R AN
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Ti TR IR ZE BN B, A SCIE I o (t) Fla(t) A a0 T 1
FiW:

{c}(t) = —Aa(t) +7, Ay €RT, 3
a(t) = —pa(t) + v, p,v € RT,
N, ~y, p, v AIEEUP I R AL
PERERR LA
p(t) = (po = poc)e™" + oo, 4)

For po, pocy 1> 00 TG BESE (15 £, max{y/A,
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Fig. 1 Prescribed performance

2.3 REHAL(Error transformation)

X T RGEPAAE I X () A G LR 15 L,
ELHAL BRI HE FEAR K, ks Fo Al Ay 5 AR, 5
IR IHALRELS (€):

e(t) = p(t)S(e), (5)
o e HEALIRZE, S(e) e NIAIE:
1) S(e)tiy By kg id i,
2) —a(t) < S(e) < ay
{ lim S(e) = —a(t),
3)

E——0OO
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S(e)p(t) <ap(t), ARSI —a(t)p(t) <e(t) <a(t)p(t).
Q)TN FIA G L AT B A2 A SR IR 22 He AL R 4
(nE287R~) A
a(t) exp(e) — a(t) exp(—e)
5O = T e @ Tl
P % 22 B Ak oR R 1 R AL S (e) T (T =
S, KA R Ze T Ron

(6)
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Fig. 2 Error transformation function
E 4 ke € boo, VE > 0, MAERLA W QWL U
o, IS BINERE R E o () O TEIRRAF I, X . AR R R TR ZEH 4
BRAIAE LU D
E={e€R: —ypoo/X < e(t) < Vpoo/p}.

2.4 MZEM4%IEIT (Neural approximation)
e 2 G b I AN € B BT RO f (), Horp:
x € R™. T H 6 B A E P, 121 5 2R 2L (RBF)
FRZE 2% (R I 5 | BT
I 1 T AER TR € R™ BIIELER
%Zf 2 — R, A AEABUE R 807 € R AN )
Wk, () : R® — R™, ﬁ{am]

f(@) =07 ¢p(x) +ws(x), Vo € 12, (7)
o mAPETe AL @ € RPN
)i wp (@) A WSS H AR . HAFEARAE W, >
0, fiifs
lw(x)] < Wy, Yo € (2. (8)
3 &6 B 3E M 28 ¥ v (Robust adaptive
controller design)
h i G A R E S LR S R A R L 5N
Nussbaumi{ 2%, Nussbaum bR AT SANF:

EX2 TEMESLRBNC):R-R KA
Nussbaum R4, U4 2 10
hm sup — N(C)d{ = o0,
lim 1nf N(C)dC = —00

§—00

WAR, N(¢) = ¢? cos (&ML [ Nussbaum p&
%, BEAT m it

1 2nm+m/2 d
n—>oo 2nm + /2 N{Qd¢ = oo,
1 2n7r+37r/2
lim —— N(O)d¢ = —oo.

n—oo 2nm + 37/2 Jo
BIE 2 BV()RIN()REAE, ty) LESL
BELL V(E) >0, Vt € [0,t5); WERN ()il

V(t) < eot | gla(r)

fot ée“l(T_t)dT,
KH: e, c0 > ONIEIIEEL, (o (7)) ™K 1IE B 4%
B, WV () () 7E[0, ) BATSE.
Step 1 X FEBOFTWEINTRE, EFE
FLIRAS =

N(¢)Geer T dr +

PR——
H0(6) IR el
_ TI(Z1 ®) a1, a(t). )
() B I )R AT 73
1 =r(fi(z) + g1(x1)we + As(t, 1) —

U) + v1, (10)
o
N aTl pl aTl aTl .
v, = ~30aion) plzl(t) + — 9 o+ e & &
or, 1

N R TARE S LN S5 R H ry =

d(zilpr) pr

> 0.
I Lyapunov BB £0h
Vi= e+ S0k, an
o 6y = Oy — 03 AN VR 22, O Sk 3 5 12 8

Hﬁlﬁﬁﬁﬁﬁ AR I )R 9455 X (10) 7T BAAR
)
Vi = e(ri(fi(x1) + ga(1)ms +
Aty zy) —5) + o) + 0200, (12)
R AU TR 20 A
T2a = N(C1)m, (13)
Horiy = ryeymy, m R R BT (K6 B8 B KR (13)
AKX 12)77
Vi = ex(ri(fi(m1) + Au(t, 1) — Ge) + v1) —
errm + g1 (x)) NG + G+ éleéfl +

€1 g1 (171)2’2,
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;H\:EPZQ = T2 — mﬁvﬁ%ﬁ?&?i
#hia(D)-8) PSR %315 2
Vi <
e1(v1 + 7"1¢leéf1 —r19) + |eir | Wa +
levri|x1Bi(x1) — exrim + |en||rig1]|22] +
gl(xl)N(Cl)é1+é1+éfT1(éf1—51T1¢le), (14)

Bt
kl U1 TA .
m = 27“51 + - + ¢nbn — Y +npe1r +
TL¢161’I"1B12($1) +’I’lg1817"1, (15)
éfl = 517’1¢1le - Uléfh (16)
Hrbky, ng, ng,, ngi, o1 > 0.
NA

U TN U |
070, = 595&1 + 595@1 - 5‘9ng9;17 (17)
B 15)-aDAAR14) 15

Vi <
k1 0175 O1 )«T px Wa
Tpet T el O
X% ’91’2’Z2‘2 + ( )N(C )( _|_<
T .
4n¢1 dng, g1{%1 1)61 1

W 25(8)| < Wea, W > 0K RANH KL, 4551
w2, P

: ky 01575 01 puT p
i < —?5% — EGfTﬂﬂ + ?QHTQH +
Wi, xi | giWh
_l’_
4Tlf1 4n¢1 4ng1

g1(z)N ()G + G <
-V +aq+ 91($1)N(C1)él +G, (48
o ¥ Hp,, ¢ > 0, B SCH
p1 = min{ky, 01},
2 2 =2 2
a1 = S0 0 + Zi + 421 giZf.
118 [ i 3fe Ll et 453
d(Vie) <
q1e”" + g1 (x1)N () Ge™ + e, (19)
720, t) EXF 95y, £32)
Vi <

t .
B4V + [ 91 (@)N(G)e? T dr +
b1 0

t .
fo Clepl(T_t)dT. (20)

H B BT 45, ¢o, Vidg G, HE— 25 15 $lle, M0, 15 5L,
DRI, U 1 4 2 () RO 5 .

YoM A 0314
Step 2 XA (DTS2 T R GE, R
=EN
Z = T — Tag, 20n
AR 7
29(t
— pZEti' 22)

Q2P xS )k &, #5921
€y = 1o fo(22) + g2(®2) x5 +
Ay (t, &a) — d2q) + 2, (23)
8T2 1 8T2 p2
Hrr r,= — > 0,v9=— Z(t
"2 d(ealp2) p2 = d(ealp2) p3 =(f)
HRTARERT ORI R L.
T oq E 5 XELATHEL, ARSCR A e L e RRER
W a6 AT I IE 1. X T R EE T o0 28 i P BE,
YR M v U3
B 5 APEEBHEREE R 28, AT DU R A
53 IRV H o g RTINS 5 g I3 Toq 2 [AI )R
PSR T, BVAE 1 A R H e, > 0, 55 —
'%Qd‘ g W‘L‘zd'
ES  BSFEREE T AL T RSB R, B
Eiﬁ%{wfftd > 07 ,T)m*?gf‘ml,d_il,d| < Wxi,cﬂ Z:3a 47 e, N

TEHY Lyapunov e A

1 10
Vo = 555 + 592;9&, 24)

/ﬁ\:':':'i éfz = éf2 - szjj’fﬁﬁ‘ﬁiéc, éfzjjjﬁﬂi%ﬂ%%ﬁ
O A V. 2240 I 1a) 5K 3 I F 4h 5 30(23) T LAFS
Edl

Vo = ealra(fo(®2) + g2(®2) w5 +
QAo(t, B5) — disa) + vo] + 0500, (25)
RS s
234 = N(C2)ne, (26)
s G = rocomo, mo IRFREHIGHE BREE.
K26 AKX (251
Vo = ea(ra(fo(@s) + As(t, &) — d3a) + ) —
eaTally + go(B2)N(G2) o + G + éngéfz +
£aT0Gs(B2) 23 — Eoma(d2q — Toa), (27)
Hrzg = x5 — xzq WEFDIREE. 855 0(T)-@) ALK
e 3 A B 51431
Va < &3y + T2¢ngéf2 — Toling) + |Earo| Wiy +
lear2|X2 B2 (Z2) + ga(@2) N (G2)&a + G +
ész(éfz — 972 Pp) + |2l |72 25| —

€a1aM + |€272 Wy, - (28)
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e By . o RE TS AT
M =~y 4 — + G50p — daq + 2) W e(t) = y(t) — yo(£) T A2 G W 1

27’2 T2

NgoEaTy + n¢252r2B§(:f:2) +

Ng2EaTy + Ny, €T, (29)
Oy = €2T2<f>ng - 029f2, (30)

/E\:EF'Z ]{72, Ng2, Np2, Ng2, Ngyys O2 > 0. )I%‘it(zg)'fﬁ)\
K287

. kQ 09 ~m ~ 02 .. « W2
sz < _553 - ?ngQeQ + ?efQTGfQ + Rf:l +
X% ZD22d |gl|2|z2‘2
+ +
47’L¢1 4n12d 4ng1
g1 (z1)N ()G + G,

R RIS IR L) Step 1 HP 6 W Rt FEEARL, X LA
FFEIR, &35
¢ .
Vi < & + V5(0) —i—f 92(@2)N(C2)C26p2(7_t)d7' +
D2 0

t .
|, Gt dr. @31)

GEEr B2, Gy, Vo I, HE— 35455 e, MOp A 5.
KA AR, 155
Stepn  XF TR S0 T R4, TR
PR

Zp = Tp — wn,d7 (32)
RN TTREA @
Zn(l
En = Tn “ ) (33)
pn(t)
JEIN Lyapunov R £
1, 1 =
V, = 557% + 59;{”0&”, (34)
et Oy, = O — 07, I RVERZE, O; X KA 5
$6;  IOFH
Rk PN
e G = roeann, M MEFRTHIOGHT RS
P EE
kn Un, T A o
M = 5—¢€n +—+ ¢f n9f7n — Tn,d + nf,nEnTn +
2r, Tn ’

nd,,nsnranL(m) + N n€gnTen + Nay, EnTns

(36)

éf,n = Enrn(bfT,n - O—néf,n- (37)
BRBARRC,, VAT T, B9 8e, F0;, A 5

EIE 1 TP F 5 AR A A

fiff e A R LR PE R 4, DR 1-5 A aTHE, KH 3=

78 J A 7 FE(33), T T4 il #5(35)—(36) AT H i LY. 1

(37), MR N &L
1) 55y () BRESEEAS Sy, (¢) RIS, P13R

RS TERE.
4 {EMWF(Simulation studies)

P I XCEATHUT B A AR 1, Hogh )2
J7RERT LUE Rt g

M(q)+ C(q,4)q + G(q) + Alg: ¢, 1) = u,
Forpe 40 g = (g, qo) "RR RN, 4
Mty = (ug, ug) T W HUBRT T AL AT 28 5 N,

M@Z{M"Mﬂ%MW$ﬁﬁﬁWC@:

My May
[%Cﬂﬁ@@ﬁﬁﬂaﬁﬁﬁauz
Cor O o
(G Go) VAT IIAE, Alg, g, t) HARVCECAS & il
My = Ly + Ly + myr} + ma(13 +13) +
2myliracy,
My = Lo + mars + malirocy,
Mao = Ly + mars,
C11 = —malir389Gs + km1, Cor = Malir282qy,
Ci2 = —mali7282G2(G1 + 42), Coz = ko,
Gy = magricy + mag(licy + 72¢12),
Ga = magracia,

T
¢ = cos(qy), ca = cos(qa — 5),

v
c12 = cos(q1 + ¢ — 5),

. ™ . .
So = sin(ge — 5), A(q,q,t) = [qusint 0]T.

T ERBRAE Z AL RS, Sp=q¢=
0, Fr AL i N il RS, S HEF 5w E
Hqe1 () = 712 + 7/6 cos(t).

BRSO R

JiiE/kg: my = 3.2, my = 2.

K /m: [, = 0.5, 1, = 0.4, 71 = 11/2, 1y = 15/2.

AR /(kg - m?): I, = 0.96, I, = 0.81.

PEEE I REUN - m): kg = 1, ko = 1.

PERERREB L 1 = 0.2, pp = 1, poo = 5 x 1072,

WIH: [q1(0) ¢1(0)]" = [807/180 0]™.

PRS0 by = 1.0, ky = 5.0, = 1.0,

ng = 3.0, ng = 0.6, ng,, = 5.0.

FIN B AR PR ERER T I 20 200 I BT O

MEr, HAeERk A R
T = To,

T| T

&9 = —Rsat(x1 —u(t) + R

75)7
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FH—MRBF 22 9 45 0 548 IR T 2 B S04 T w -1f
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e[ 2 R 20 TR ERE 1L SR 9, HAw PR X 0 20 40 6 80 100
S5 101 1y BB 25 R BRI 336, T LGt BB R0 s
AT L A TR I B R, TR R P b, 5 AERALS BIUGIHEL Lot
E’J‘, Ta A iR 2 I B HIED x 10—3LJ|11, DR 3 2 Fig. 5 Estimation of unknown function f
SCef TR B0 TBERE RE 0 BESK. P4 RBEA 22 4% " o | |
HORURAE I L, 7T LA H 25 ARSI 1] B e, Ll |
FE) Sy RBFAI 28 [0 2% 0 A 0 66 45 103 1 0, 7T LA ol |
R U T R S ST B 8 T AR L 1% ol |
R, 6 A R AR AR, F IR LT, 1T < ol |
FLIEE AN, 5hF TAESEBL. 5 8h, 758 2Lt 72 W |
oh, RGP 5S4 ST R, B —— 1), ;
FEAYYE T B L[ OZ\[\/\N\/\/\/\N\N\N\/\/&
05 . JX10° 2 20 20 60 80 100
,\ e : ”
Y 1k Kl 6 il ubEn A AR LR B
0.0 Hform>= 0P Fig. 6 The required control input
® s ,-' | ® 72: 5 %5 (Conclusions)
i B — AR DA TR A
e - RO R R R G TR, 3t T — i O 2 e
T I, AT ERE LT Rl 7 BT R 3—
‘s ‘s e, ¥ SbacksteppingHi A . Nussbaumi 7 «

3 EREFIRZE 21, 2o BN TR AR AL

Fig. 3 Tracking errors z1 and 2o
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t/s
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Fig. 4 Weight vector 0 + of the RBF neural networks
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