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A simplified adaptive fuzzy dynamic surface control
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Abstract: A simplified adaptive fuzzy dynamic surface control approach is proposed for a class of uncertain nonlinear

time-varying time-delay systems. The common assumptions on the time-delays of the system are not required; only one

fuzzy approximator is needed for compensating all the unknown functions. Thus, the structure of the controller is simplified.

By constructing an appropriate Lyapunov-Krasovskii functional, we proved all the signals of the closed-loop system are

semi-globally uniformly bounded. Simulation results are presented to demonstrate the effectiveness of the proposed control

approach.
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2 (System description)
:⎧⎪⎪⎪⎨

⎪⎪⎪⎩
ẋi = xi+1 + fi(y, y(t − di(t))),

i = 1, · · · , n − 1,

ẋn = u + fn(y, y(t − dn(t))),
y = x1.

(1)

: x = [x1, · · · , xn]T ∈ R
n, u ∈ R, y ∈ R

; fi

; di(t) y ,

y(t − di(t)) yid; y .

,

,

.

fi(·) [6]:

1 fi(0, 0) = 0,

|fi| � ϕi,1(|y|) + ϕi,2(|yid|). (2)

: ϕi,1(|y|), ϕi,2(|yid|) ,

ϕi,1(0) = 0, ϕi,2(0) = 0.

1, ϕi,1(·), ϕi,2(·),

,

ϕi,1(|y|) = |y|ϕ̄i,1(|y|). (3)

ϕi,2(|yid|) = |yid|ϕ̄i,2(|yid|). (4)

fi,1(y) =

{
ϕ̄i,1(−y), y < 0;

ϕ̄i,1(y), y � 0.
(5)

fi,2(yid). , (3)(4), (2)

|fi| � |y|fi,1(y) + |yid|fi,2(yid). (6)

fi,1(y) fi,2(yid) .

1 1 [6],

ϕi,1(·) ϕi,2(·) . , fi(0, 0) = 0

,
[5,6].

3 (Controller design)
(1) ,

[10] :{ ˙̂xi = x̂i+1 + kix̃1, i = 1, · · · , n − 1,
˙̂xn = u + knx̃1.

(7)

k = [k1, · · · , kn]T

A =

⎡
⎢⎣
−k1

...
I

−kn 0 · · · 0

⎤
⎥⎦ (8)

Hurwitz . (1),

˙̃x = Ax̃ + F (y, yd). (9)

F (y, yd)= [f1(y, y1d, · · · , fn(y, ynd)]T. (6)

, F (y, yd) :

‖F (y, yd)‖2 � 2
n∑

i=1

[
y2f2

i,1(y) + y2
idf

2
i,2(yid)

]
. (10)

(1) (7) :⎧⎪⎨
⎪⎩

ẋ1 = x̂2 + x̃2 + f1(y, yid),
˙̂xi = x̂i+1 + kix̃1, i = 2, · · · , n − 1,
˙̂xn = u + knx̃1.

(11)

n . 1 ,

(11) :

S1 = y, (12)

τ1α̇1 + α1 = −K1S1 − S1[θ̂Tξ(y) + δ̂]. (13)

(13) : K1 , τ1 .

θ̂Tξ(y)+δ̂ , (26). i

(i= 2, · · · , n − 1),

Si = x̂i − αi−1, (14)

τiα̇i + αi = −KiSi − kix̃1 + α̇i−1. (15)

: Ki , τi . ,

n ,

Sn = x̂n − αn−1, (16)

u = −KnSn − knx̃1 + α̇n−1. (17)

θ̂ δ̂{ ˙̂
θ = Γξ(y)y2 − rΓ θ̂,
˙̂
δ = βy2 − rβδ̂.

(18)

: Γ = ΓT β > 0 , r > 0
.

4 (Stability analysis)

z = [z1, · · · , zn−1]T,

zi = −τiα̇i. S1,

Ṡ1 = ẋ1 = S2 + α1 + x̃2 + f1.

(13) α1, Ṡ1 ,

Ṡ1 = S2 + z1 − K1S1 − y
[
θ̂Tξ(y) + δ̂

]
+

x̃2 + f1(y, y1d). (19)

Ṡi = Si+1 + zi − KiSi, 2 � i � n − 1, (20)

Ṡn = −KnSn. (21)
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(13) (15), z

ż1 = α̇1+K1Ṡ1+ẏ
[
θ̂Tξ+δ̂

]
+y

∂
[
θ̂Tξ(y)+δ̂

]
∂x1

=

− z1

τ1

+ η1. (22)

żi = α̇i+KiṠi+ki
˙̃x1+

żi−1

τi−1

=−zi

τi

+ ηi. (23)

η1 ηi .

1 (1) (17)

(18) (7) ,

Ω :
n∑

i=1

S2
i +

n−1∑
i=1

z2
i + θ̃TΓ−1θ̃ � 2p, p ,

1 , Ki, ki, τi, Γ , β r,

,

.

Vx = x̃TPx̃, Vs =
n∑

i=1

S2
i

2
+

n−1∑
i=1

z2
i

2
,

Vξ =
θ̃TΓ−1θ̃

2
+

β−1δ̃2

2
, Vσ =

n∑
i=1

� t

t−di(t)
G(σ)dσ.

: P ATP + PA = −I , A

(8). G

G(σ) = (
1
λ

+ 2ς‖P‖2)S2
1(σ)f2

i,2(y(σ)). (24)

: λ > 0, ς > 0.

V̇x =−x̃Tx̃ + 2x̃TPF (y, yd) �
1 − ς

ς
x̃Tx̃ + 2ς‖P‖2

n∑
i=1

[y2f2
i,1 + y2

idf
2
i,2].

, Young

xTy � π

2
xTx +

1
2π

yTy,

‖Ax‖ � ‖A‖‖x‖ (10). Vs ,

Ω , ηi Mi,

V̇s �
n∑

i=1

SiṠi +
n−1∑
i=1

(−z2
i

τi

+ |ziηi|) �
n−1∑
i=1

(SiSi+1 + Sizi − KiS
2
i ) − KnS2

n−
S2

1

[
θ̂Tξ(y) + δ̂

]
+ S1

(
x̃2 + f1

)
+

n−1∑
i=1

[− 1
τi

z2
i +

M 2
i z2

i

2e
· η2

i

M 2
i

+
e

2
].

Ki = 2 + a0, a0 > 0, (15) 1

1/τi = 1+
M 2

i

2e
+ a0, e > 0, Vs

V̇s � −a0(
n∑

i=1

S2
i +

n−1∑
i=1

z2
i ) − S2

1 [θ̂
Tξ(y) + δ̂]+

1
2ς

x̃Tx̃ +
λ + ς

2
S2

1 + ne +

1
λ

n∑
i=1

[y2f2
i,1 + y2

idf
2
i,2].

Vξ Vσ ,

V̇ξ = −S2
1 [θ̃

Tξ(y) + δ̃] + r(θ̃Tθ̂ + δ̃δ̂),

V̇σ = (
1
λ

+ 2ς‖P‖2)
n∑

i=1

[S2
1f

2
i,2 − S2

1idf
2
i,2].

Lyapunov V = Vx + Vs + Vξ + Vσ,

V̇ � −(1 − 3
2ς

)x̃Tx̃ + S2
1 [

λ + ς

2
+

(
1
λ

+ 2ς‖P‖2)
n∑

i=1

(f2
i,1 + f2

i,2)] −

a0(
n∑

i=1

S2
i +

n−1∑
i=1

z2
i ) + ne −

S2
1 [θ

Tξ(y) + δ] + r(θ̃Tθ̂ + δ̃δ̂). (25)

H(y)=
(λ+ς)

2
+(

1
λ

+2ς‖P‖2)
n∑

i=1

(f2
i,1(y)+f2

i,2(y)),

Ω , [11]

H(y) = θTξ(y) + ε(y). (26)

ε(y) |ε(y)| < δ. (13) ,

,

(18)

.

b0 = 1 − 3/(2ς), ς > 3/2,

b0 > 0. (26) (25),

2θ̃Tθ̂ � −θ̃Tθ̃ + θTθ, 2δ̃δ̂ � −δ̃2 + δ2,

V̇ �−c0[2x̃TPx̃ +
n∑

i=1

S2
i +

n−1∑
i=1

z2
i +

θ̃TΓ−1θ̃ + β−1δ̃2] + C. (27)

: 0<c0<min{ b0

2λmax(P )
, a0,

r

2λmax(Γ−1)
,
rβ

2
},

C =
r

2
(‖θ‖2 + δ2) + ne.

V̇ � −c0(2V − Vσ) + C. (28)

(28) , c0 > C/(2V − Vσ) , V = p

V̇ < 0, , V � p .

, V0 � p , t > 0, V (t) � p,

x̃, S, z, θ̃, δ̃ , θ̂, δ̂

. (12)∼(16) α1, · · · , αn−1, x̂

, (17) u . , x̃, x̂

, x . (27) , c0

C, Ki, Γ, β, r, τi, D,
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y(= x1 = S1)
.

5 (Simulation)
:⎧⎪⎨

⎪⎩
ẋ1 = x2 + f1(y, y(t − d1(t))),
ẋ2 = u + f2(y, y(t − d2(t))),
y = x1.

(29)

: f1(·) f2(·) , d1(t)
d2(t) . (7)

: {
˙̂x1 = x̂2 + k1x̃1,
˙̂x2 = u + k2x̃1.

(30)

:

u = −K2S2 − k2x̃1 + α̇1, (31)

α̇1 (13) .

,

μj(y) = aje−((y−ȳj)/bj)
2
, : aj = 1, 1/b2

j =
10, yj = 1 − 0.2j, j = 0, 1, · · · , 10.

, , f1 =
y sin(y(t − d1(t))), f2 = y + y2(t − d2(t)),

d1(t) = 0.5(1 + sin t), d2(t) = 0.5(1 +
cos t). k1 = 1, k2 = 1, K1 = 5,

K2 = 7, Γ = 1.5I , β = 0.8, r = 10−6, τ = 0.01.

1 ,

, [12]

. ,

, , .

1 y

Fig. 1 System output y

6 (Conclusion)

. ,

, .

, .
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