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Abstract: Nonsingular-terminal-sliding-mode-control(NTSMC) provides finite time convergence of the errors; however

a high gain is usually required to compensate for the system uncertainties. This imposes a conservative condition on the

system design. To relax this conservativeness, we apply the composite adaptive law to estimate the uncertain parameters in

the system. Based on the estimated values, a composite adaptive nonsingular terminal sliding mode control(CANTSMC) is

designed to compensate for the effects caused by the uncertain parameters. This scheme has been applied to an electrome-

chanical actuator to compensate for the effects on the modeled dynamics caused by uncertain parameters. The close-loop

stability and the finite-time convergence of the trajectory tracking error are also proved. The effectiveness of the proposed

method is validated by simulation.
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terminal sliding mode control, CANTSMC),
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2 (Model of elec-

tromechanical actuator and problem formu-

lation)

. ,
[1]

J
d2δ

dt2
+ f

dδ

dt
+ ML + Ξ = KTi, (1)

: J , f KT

, ML ,

Ξ , δ , i .

, [1]

ML = M δ
j δ + MC, (2)

M δ
j .

, x1 = δ, x2 = δ̇, u = i,

(1)(2)⎧⎪⎨
⎪⎩

ẋ1 = x2,

θ1ẋ2 = u − θ2x1 − θ3x2 − θ4 + Ξ ′,

y = x1,

(3)

: Ξ ′ = −Ξ/KT(A), θi(i = 1, 2, 3, 4) :

θ1 =
J

KT

(A · s2/rad), θ2 =
M δ

j

KT

(A/rad),

θ3 =
f

KT

(A · s/rad), θ4 =
MC

KT

(A).

θ = [θ1 θ2 θ3 θ4]T, J , f , M δ
j MC

, θ .

1 θ1 , θ1,min � θ1 � θ1,max,

θ1,min θ1,max θ1 , θ1,min > 0.

2 Ξ ′ , ∃ς > 0, ‖Ξ ′‖ � ς .

: ,

(3) y xd

, θ .

3
(CANTSMC)

,

, , CANTSMC ,

.

3.1 (NTSMC)
[8]

, :

:

e1 = x1 − xd, e2 = x2 − ẋd.

σ = e1 +
1

β
|e2|

p
q sgn e2, (4)

: β > 0, 1 <
p

q
< 2, p, q .

[9]:

1) σ , t1,

0. t1

t1 =
p

β
q
p (p − q)

|e1(t0)|1−
q
p , (5)

e1(t0) σ .

2)

σ̇ = e2 +
p

βq
|e2|

p
q −1

ė2. (6)

t0
σ, σ σ̇ .

(3), [8]

u = θ̄Tϕ1 − ksgn σ, (7)

: θ̄ θ , k > ‖ΔθT‖ ‖ϕ1‖+ς , Δθ θ

, ϕ1 = [ẍd − βq

p
|e2|2− p

q sgn e2 x1 x2 1]T.

1 (3), (7) ,

, [8].

(7) , NTSMC

ksgn σ

, .

3.2 CANTSMC (Design of CANTSMC)
CANTSMC .

, .

,
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,

,

. :

u = ua + us, (8a)

ua = θ̂Tϕ1, (8b)

us = −k1σ − k2σ
r − k3sgn σ, (8c)

: ua , us , θ̂ θ ,

θ̂ = [θ̂1 θ̂2 θ̂3 θ̂4]T, k1 > 0, k2 > 0, k3 > ς , r =
z1/z2, 0 < z1 < z2, z1, z2 .

θ̂ :

˙̂
θ = −Γ1ϕ2σ − Γ1Γ2ϕfef − Γ1Γ3ϕfsgn ef , (9)

: Γi = diag{Γi1, Γi2, Γi3, Γi4}, Γij > 0(i = 1,

2, 3, j = 1, 2, 3, 4). :

ϕ2 = β′(ẍd − e2, x1, x2, 1)T, β′ =
p

βq
|e2|

p
q −1

,

ϕf = (
λ1s

s + λ1

x2,
λ1

s + λ1

x1,
λ1

s + λ1

x2,
λ1

s + λ1

)T,

ef = ϕT
f θ̂ − uf , uf =

λ1

s + λ1

u.

λ1

s + λ1

, s Laplace , λ1 > 0.

1 (8c) , k3sgn σ

, (7)

, NTSMC , CANTSMC

, .

2 [9] , (8c) ,

,

, .

3.3 CANTSMC
(Stability proof of CANTSMC and conver-

gence property of the errors)

CANTSMC , :

3 ϕf
[15]� t+T

t
ϕfϕ

T
f dτ � αI, (10)

: α > 0, T > 0, I .

1 (3), (8)

(9) , 3 ,

, .

Lyapunov :

V = V1 + V2,

: V1 =
1
2

θ1σ
2, V2 =

1
2

θ̃TΓ−1
1 θ̃, θ̃ = θ̂ − θ

.

V ,

V̇ = V̇1 + V̇2 = σθ1σ̇ + θ̃TΓ−1
1

˙̂
θ =

σ[θ1e2 +
p

βq
|e2|

p
q −1 (θ̂Tϕ1 − k1σ − k2σ

r −
k3sgn σ) − θ2x1 − θ3x2 − θ4 + Ξ ′ − θ1ẍd] +

θ̃TΓ−1
1

˙̂
θ. (11)

:

I) σ �= 0, e2 �= 0.

e2 �= 0 β′ > 0(β′ =
p

βq
|e| p

q −1), ϕ1, ϕ2, θ̂
˙̂
θ

(11), k3 > ς ,

V̇ = θ̃Tϕ2σ−β′σ(k1σ
2+k2σ

r+k3sgn σ − Ξ ′) −
θ̃Tϕ2σ − θ̃TΓ2ϕfef − θ̃TΓ3ϕfsgn ef �
−β′(k1σ

2+k2σ
1+r)−θ̃TΓ2ϕfef−θ̃TΓ3ϕfsgn ef .

(12)

β′(k1σ
2 + k2σ

1+r) =

2β′k1

θ1

V1 +
2

1+r
2 β′k2

θ
1+r
2

1

V
1+r
2

1 � k′
1V1 + k′

2V
1+r
2

1 , (13)

: k′
1 =

2β′k1

θ1,max

> 0, k′
2 =

2
1+r
2 β′k2

θ
1+r
2

1,max

> 0.

(3) , Ξ ′ ,

u = θ1ẋ2 + θ2x1 + θ3x2 + θ4. (14)

, uf = ϕT
f θ,

ef = ϕT
f θ̂ − uf = ϕT

f θ̂ − ϕT
f θ = ϕT

f θ̃, [15]

V2 =
1
2
θ̃TΓ−1

1 θ̃ � 1
χ

θ̃Tϕfϕ
T
f θ̃ =

1
χ

e2
f , (15)

:

0 < χ �
2λmin(

� t+T

t
ϕfϕ

T
f dτ)

Tλmax(Γ−1
1 )

, (16)

λmin(·), λmax(·) ·
. Γi = diag{Γi1, Γi2, Γi3, Γi4},

θ̃TΓ2ϕfef + θ̃TΓ3ϕfsgn ef �
λmin(Γ2)θ̃Tϕfϕ

T
f θ̃ + λmin(Γ3)θ̃Tϕfsgn ef =

λmin(Γ2)e2
f + λmin(Γ3) |ef | �

λmin(Γ2)χV2 + λmin(Γ3)χ
1
2 V

1
2

2 . (17)

, (12)(13)(17)

V̇ � −k′
1V1 − k′

2V
1+r
2

1 −
λmin(Γ2)χV2 − λmin(Γ3)χ

1
2 V

1
2

2 �
−ρ1(V1 + V2) − ρ2(V

1+r
2

1 + V
1
2

2 ), (18)

:
ρ1 =min{k′

1, λmin(Γ2)χ},
ρ2=min{k′

2, λmin(Γ3)χ
1
2 }.

0 < r < 1, V1 � 0, V2 � 0,

V
1+r
2

1 + V
1
2

2 � (V1 + V2)μ, (19)
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μ =

⎧⎪⎨
⎪⎩

1 + r

2
, 0 � V1 < 1 0 � V2 < 1,

1
2
, V1 � 1, 0 � V1 < 1 V2 � 1.

. (18)(19)

V̇ � −ρ1V − ρ2V
μ < 0, (20)

.

(20) 0 < μ < 1, V . V =
V1 + V2 V1 � 0, V2 � 0 V = 0 , V1 = 0.

V1 =
1
2
θ1σ

2 θ1 � θ1,min >0 V1 =0 σ =0.

V ,

σ.

II) σ �= 0, e2 = 0.

e2 = 0 , ϕ1 = (ẍd, x1, x2, 1)T, (8)

(3),

θ1ė2 = θ̃Tϕ1−k1σ−k2σ
r − k3sgn σ + Ξ ′. (21)

(σ �= 0, e2 = 0) , ė2 = 0.

θ̃Tϕ1 − k1σ − k2σ
r − k3sgn σ + Ξ ′ = 0. (22)

(4)(6) e2 = 0 , σ = e1, σ̇ = 0, σ

. , σ > 0. k3 > ς −k3sgn σ

+ Ξ ′ � −k3 + ς < 0,

θ̃Tϕ1 − k1σ − k2σ
r > 0. (23)

, e2 = 0 , ϕ2 = 0,

V̇2 = −θ̃TΓ2ϕfef − θ̃TΓ3ϕfsgn ef �
−λmin(Γ2)χV2 − λmin(Γ3)χ

1
2 V

1
2

2 , (24)

V2 , θ̃ . σr σ

, θ̃ = 0 σ > 0 (23) . σ < 0
. (σ �= 0, e2 = 0)

, (σ �= 0, e2 = 0).

III) σ = 0.

, (4)

, .

I), II) III) , ,

σ. 1)

σ , t1
0, (8) (9)

, . .

4 (Simulation and analysis)
J̄ = 1.26 kg · m2

, M̄C = 0, M̄ δ
j

= 0, K̄ = 10.08 N · m/A, f̄ = 1.512 N · m · s/rad.

: J = 6J̄ , f = 6f̄ , K = K̄, MC =
4 N·m, M δ

j = 305 N·m/rad, Ξ = (2rand(1)−1) N·m,

rand(1) [0, 1] . θ θ̄ : θ =
(0.75, 30.32, 0.9, 0.397)T, θ̄ = (0.125, 0, 0.15, 0)T.

: xd = 0.2 sin(2πt) rad.

−30 A∼30 A,
2
π

arctan(4000σ) sgn σ

. ODE4 ,

10 s, 1 ms. :

C1) CANTSMC. :

β = 10, k1 = 100, k2 = 50, k3 = 10,

p = 15, q = 13, r =
13
15

, λ1 = 20,

Γ1 = diag{0.5, 50, 1, 1},
Γ2 = diag{0.6, 30, 3, 1.5},
Γ3 = diag{0.05, 2.5, 0.05, 0.05}.

C2) NTSMC. C1) , k = 20.

1 CANTSMC NTSMC

, ,

. 2 , NTSMC ,

CANTSMC .

, . 3 ,

,

.

1

Fig. 1 Tracking error of the system

2

Fig. 2 Control effort of the system
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3 CANTSMC θ

Fig. 3 Estimation of parameter θ in CANTSMC

5 (Conclusion)
NTSMC ,

CANTSMC ,

,

, NTSMC .

,

. CANSTMC

, ,

.
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0 < r < 1,
1

2
<

1 + r

2
< 1.

0 < V1 < 1, 0 < V2 < 1 ,

V
1+r
2

1 + V
1
2

2 � V
1+r
2

1 + V
1+r
2

2 � (V1 + V2)
1+r
2 ,

μ =
1 + r

2
.

0 < V1 < 1, V2 � 1 ,

(V
1+r
2

1 + V
1
2

2 )2 − (V1 + V2) �

(V1 + V
1
2

2 )2 − (V1 + V2) = V1(V1 + 2V
1
2

2 − 1) > 0,

V
1+r
2

1 + V
1
2

2 � (V1 + V2)
1
2 , μ =

1

2
.

V1 � 1 ,

V
1+r
2

1 + V
1
2

2 � V
1
2

1 + V
1
2

2 � (V1 + V2)
1
2 ,

μ =
1

2
.
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