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An improved adaptive T--S fuzzy observer for arc length observing
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Abstract: The design of the adaptive observer based on the Lyapunov method commonly requires that the system

satisfies constraints of Kalman-Yakubovitch-Popov(KYP) theorem. Therefore, by adding an auxiliary variable to relax

this constraint, this paper presents an improved adaptive observer for nonlinear systems with unknown parameters. This

method is applied to design an observer for the arc length in a gas-metal arc welding system. The arc length is effectively

estimated on condition that the distance between the welding tip to the work piece is unknown. Simulation results show the

effectiveness of this approach.
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2 (Problem statement)
:{

ẋ = f(x) + g(x)θ + Bu,

y = Cx,
(1)

: x ∈ R
n, u ∈ R

p, θ ∈ R, y ∈ R

(1)

, B ∈ R
n×p , C ∈ R

1×n ,

f(x) ∈ R
n, g(x) ∈ R

n x .

[12] , (1) x ,

T--S .

If ξ1 is F i
1 and ξ2 is F i

2 · · · ξp is F i
p, Then{

ẋ = Ai1x + Ai2θ + Bu,

y = Cx,
(2)

: ξj , F i
j i j

, σi
j(ξj), i =

1, 2, · · · , r, r , j = 1, 2, · · · , p, p

, Ai1 ∈ R
n×n Ai2 ∈ R

n×1 i

. ,

,

. , , (2)

:⎧⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎩

ẋ =

r∑
i=1

wi(y)(Ai1x + Ai2θ) + Bu

r∑
i=1

wi(y)
,

y = Cx,

(3)

: wi(y) = σi
1(y)σi

2(y) · · ·σi
p(y) i

, y

. hi(y) = wi(y)/
r∑

i=1

wi(y), (3)

⎧⎨
⎩ ẋ =

r∑
i=1

hi(y)(Ai1x + Ai2θ) + Bu,

y = Cx,
(4)

r∑
i=1

hi(y) = 1, hi(y) � 0. (4),

:

˙̂x=
r∑

i=1

hi(y)(Ai1x̂+Ai1θ̂)+Bu+G(y−Cx̂). (5)

e = x̂ − x θ̃ = θ̂ − θ,

θ ,
˙̃
θ = ˙̂

θ

ė =
r∑

i=1

hi(y)[(Ai1 − GC)e + Ai2θ̃)]. (6)

Lyapunov :

V = eTPe +
θ̃2

γ
, (7)

: P , γ > 0,

V̇ = ėTPe + eTP ė +
2θ̃

˙̂
θ

γ
=

{
r∑

i=1

hi(y)[(Ai1 − GC)e + Ai2θ̃)]}TPe +

eTP{
r∑

i=1

hi(y)[(Ai1 − GC)e + Ai2θ̃)]} +
2θ̃

˙̂
θ

γ
=

r∑
i=1

hi(y){eT[(Ai1 − GC)TP + P (Ai1 − GC)]e} +

r∑
i=1

hi(y)2eTPAi2θ̃ +
2θ̃

˙̂
θ

γ
.

V̇ < 0,

(Ai1 − GC)TP + P (Ai1 − GC) = −Qi, (8)

PAi2 = CTdi, (9)

Qi ,

, KYP .

(8)(9),

˙̂
θ = γ

r∑
i=1

hi(y)ydi, (10)

V̇ = −
r∑

i=1

hi(y)eTQie < 0. ,

Ai2 (9)

, , T--S

, KYP

. ,

T--S ,

(8)(9) .

3 T--S
(Design of adaptive observer for

T--S fuzzy systems with unknown parameter)
(4) , θ

, x

u θ .

x x = xu + xθ, : xu ∈ R
n

u , xθ ∈ R
n

θ . (4)

,

ẋu =
r∑

i=1

hi(y)Ai1xu + Bu, (11)

ẋθ =
r∑

i=1

hi(y)(Ai1xθ + Ai2θ). (12)

(11)(12) :

˙̂xu =
r∑

i=1

hi(y)Ai1x̂u + Bu + G(y−Cx̂u), (13)

˙̂xθ =
r∑

i=1

hi(y)(Ai1x̂θ+Ai2θ̂)+w−GCx̂θ, (14)
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: G ∈ R
n ; x̂u, x̂θ θ̂

xu, xθ θ , w ∈ R
n

.

f(t) ∈ R
n, x̂θ =

f(t)θ̂, (14)

f(t) ˙̂
θ + ḟ(t)θ̂ =

r∑
i=1

hi(y)(Ai1f(t)θ̂ + Ai2θ̂) + w − GCf(t)θ̂. (15)

w = f(t) ˙̂
θ,

ḟ(t) =
r∑

i=1

hi(y)[(Ai1 − GC)f(t) + Ai2]. (16)

(13)(14), (4) :

˙̂x =
r∑

i=1

hi(y)(Ai1x̂ + Ai2θ̂)+

Bu + G(y − Cx̂) + w.
(17)

1 u ,

λ Ai1−GC < 0 (i = 1, 2, · · · r) G,

, e = x̂ − x

θ̃ = θ̂ − θ .

˙̂x =
r∑

i=1

hi(y)(Ai1x̂ + A2iθ̂) + Bu +

(G + f(t)λf(t)TCT)(y − Cx̂), (18)

˙̂
θ = λf(t)TCT(y − Cx̂), (19)

ḟ(t) =
r∑

i=1

hi(y)[(Ai1 − GC)f(t) + Ai2]. (20)

(19)(20) (18) ,

˙̂x =
r∑

i=1

hi(y)(Ai1x̂ + Ai2θ̂) +

Bu + G(y − Cx̂) + f(t) ˙̂
θ =

r∑
i=1

hi(y)(Ai1x̂ + Ai2θ̂) +

Bu + G(y − Cx̂) + w,

1 (17) .

θ̇ = 0, θ̃ = θ̂ − θ,
˙̃
θ = ˙̂

θ.

(4)(17),

ė = ˙̂x − ẋ =
r∑

i=1

hi(y)(Ai1x̂ + Ai2θ̂) + G(y − Cx̂) +

w −
r∑

i=1

hi(y)(Ai1x + Ai2θ) =

r∑
i=1

hi(y)(Ai1 − GC)e +
r∑

i=1

hi(y)Ai2θ̃ + f(t) ˙̃
θ.

(21)

η = e − f(t)θ̃, .

(20)

η̇ = ė − ḟ(t)θ̃ − f(t) ˙̃
θ =

r∑
i=1

hi(y)(Ai1 − GC)e +
r∑

i=1

hi(y)Ai2θ̃ − ḟ(t)θ̃ =

r∑
i=1

hi(y)(Ai1 − GC)e +
r∑

i=1

hi(y)Ai2θ̃ −
r∑

i=1

hi(y)[(Ai1 − GC)f(t) + Ai2]θ̃ =

r∑
i=1

hi(y)(Ai1 − GC)[e − f(t)θ̃] =

r∑
i=1

hi(y)(Ai1 − GC)η. (22)

1 , η . θ̃ ,

˙̃
θ = λfT(t)CTe =

−λfT(t)CTC(η + f(t)θ̃) =

−λfT(t)CTCf(t)θ̃ − λfT(t)CTCη. (23)

u ,

(4) . hi(y) � 0, Ai1 −
GC < 0, (22) ,

, α, β, T

α �
� t+T

t
f(τ)TCTCf(τ)dτ � β. (24)

1 ϕ(t) ∈ R
m×p

, Γ ∈ R
p×p , α, β,

T

α �
� t+T

t
ϕ(τ)Tϕ(τ)dτ � β, (25)

ẋ = −Γϕ(τ)Tϕ(τ)x [13].

(23) fT(t)CTCf(t) η

. 1,
˙̃
θ = −fT(t)CTCf(t)θ̃

. , t → ∞ , η → 0,

θ̃ → 0, e → 0.

4 GMAW (Simulations of

arc length observing in GMAW System)
, GMAW

[14, 15], :⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

ẋ1 =
C1x2 + C2ρx2

2(CT − x1)
πr2

w

− vm,

ẋ2 =
u − [Ra + Rs + ρ(CT − x1)]x2

Ls

−
U0 − Eax1

Ls

,

(26)

: x1 x2 , C1 C2

, ρ
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, vm , u ,

CT , U0 , Ea

, Ra , Rs Ls

.

x2 , x2 GMAW

y, x2 ,

GMAW T--S .

x2 m � x2 � M , n � x2
2 � N ,

θ = CT , T--S :

If x2 is M and x2
2 is N , Then[

ẋ1

ẋ2

]
=

[
c1N a1

a2 + c2M a3

][
x1

x2

]
+

[
d1N

d2M

]
θ +

[
0
b

]
u +

[
e1

e2

]
;

If x2 is M and x2
2 is n, Then[

ẋ1

ẋ2

]
=

[
c1n a1

a2 + c2M a3

][
x1

x2

]
+

[
d1n

d2M

]
θ +

[
0
b

]
u +

[
e1

e2

]
;

If x2 is m and x2
2 is N , Then[

ẋ1

ẋ2

]
=

[
c1N a1

a2 + c2m a3

][
x1

x2

]
+

[
d1N

d2m

]
θ +

[
0
b

]
u +

[
e1

e2

]
;

If x2 is m and x2
2 is n, Then[

ẋ1

ẋ2

]
=

[
c1n a1

a2 + c2m a3

][
x1

x2

]
+

[
d1n

d2m

]
θ +

[
0
b

]
u +

[
e1

e2

]
.

:

a1 =
C1

πr2
w

, a2 = −Ea

Ls

,

c1 = −C2ρ

πr2
w

, c2 =
ρ

Ls

,

d1 =
C2ρ

πr2
w

, d2 =
ρ

Ls

, b =
1
Ls

,

e1 = −vm, e2 = −U0

Ls

.

1∼4 :

w1(y) =
y − m

M − m

y2 − n

N − n
,

w2(y) =
y − m

M − m

N − y2

N − n
,

w3(y) =
y − m

M − m

N − y2

N − n
,

w4(y) =
M − y

M − m

N − y2

N − n
.

:

C1 = 2.8855 × 10−10 m3/A,

C2 = 5.22 × 10−10 m3/(A2Ω),

Ea = 1500 V/m, U0 = 15.7V,

Ra = 0.022Ω, Rs = 0.001Ω,

Ls = 0.35 × 10−6 h, ρ = 0.2821Ω/m,

rw = 0.001m, vm = 0.1m/s.

GMAW

,

. GMAW

.

x(0) = [0.002 0]T, N = M 2,

M = 700, n = 0, m = 0.

, Ai1

, ,

G = [0, 0]T, λ = 10.

1∼4 .

1 u

Fig. 1 Input voltage u

2 x2

Fig. 2 Arc length x2 and its estimation
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3

Fig. 3 Estimation error of the arc length

4 CT

Fig. 4 Unknown parameter CT and its estimation

1 GMAW

. 2 3

, 0.05 s ,

. 4 CT

.

. 0.15 s ,

,

, .

5 (Conclusions)

, T--S

, .

,

, KYP

. G λ

.

GMAW

. , CT

, .
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