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Nonsingular fast terminal-sliding-mode control method and
its application on vehicular following system

LI Sheng-bo, LI Ke-qiang, WANG Jian-qiang, YANG Bo

(State Key Laboratory of Automotive Safety and Energy, Tsinghua University, Beijing 100084, China)

Abstract: In a minimum-sensor vehicular following system, the slow convergence of tracking errors and low robustness

to preceding vehicle’s disturbance are two key issues. Based on the terminal-sliding-mode(TSM) control method, this paper

presents a vehicular following controller with nonsingular control input and fast convergent characteristic, and realizes its

application on practical vehicular following. First, we review the fundamentals of the existing nonsingular fast TSM control

method. Then, by analyzing the characteristic of a minimum-sensor vehicular following system, a two-state space model

including vehicular and intervehicular longitudinal dynamics is built and its vehicular following controller is designed

using the reviewed method above. Further, the fast convergent characteristic of the closed-loop system on both sliding

phase and reaching phase is realized; and its strong robustness to the disturbance from the preceding vehicle’s accelerat-

ing/decelerating process is also established. Simulations and experiments indicate that this controller smoothly regulates

the continuous-time throttle opening, realizing a fast and stable vehicular following process with a high robustness to the

bounded acceleration of the preceding vehicle.
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2 (Nonsing-

ular fast TSM control method)

,

(SI, single input) .

, SI ,

[13] (NFTSM,

nonsingular fast TSM) :{
ẋ1 = x2,

ẋ2 = f(x, t) + u.
(1)

: x = [x1, x2]T ∈ R
2, u ∈ R, f(x, t) C

1

. ,

s = x1 +
1
α

x
g/h
1 +

1
β

x
p/q
2 , (2)

: α ∈ R
+, β ∈ R

+, p, q, g, h ∈ N ,

1 < p/q < 2, g/h > p/q,

.

:

ṡ = (−φs − γsm/n)xp/q−1
2 , (3)

: φ ∈ R
+, γ ∈ R

+, m,n ∈ N ,

0 < m/n < 1. (2) , (3) ,

:

u =−βq

p
(φs + γsm/n) −

βq

p
x

2−p/q
2 (1 +

g

αh
x

g/h−1
1 ) − f(x, t). (4)

1 < p/q < 2, g/h > 1, (4)

x1, x2 , ,

(2) (3)

, , . ,

, [9,10] NTSM,

(4) x2 x1 ,

, ,

; ,

1, (4)

,

.

3 NFTSM (Mi-

nimum sensor vehicular following control

based on NFTSM)
3.1 (Analysis and

modeling of vehicular following system)
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Fig. 1 Sketch of vehicle longitudinal dynamic model

,

,

, (5) :⎧⎨
⎩

Te = MAP(ωe, athr),
Teigi0ηT

Ktrw

= Mv̇ +
1
2
Cav

2 + Ff .
(5)

: athr , ωe ,

MAP(·) , Te ,

Kt , ig , i0
, ηT , rw

, M , Ca , Ff

. (5) , 1,

2 ,

.

1

Table 1 Key vehicle parameters

M kg 1645

i0 — 3.86

rw m 0.30

Ca kg/m 0.74

Kt — 1.0

ig — [3.6, 1.93, 1.3, 0.94, 0.67]

2

Fig. 2 Function of engine speed characteristic

,

Δv Δd

Δv
Δ= vp − v, Δd

Δ= d − ddes. (6)

: vp , d , ddes

, [2] ,

ddes vp :

ddes = τhvp + d0. (7)

: τh , d0 .

, τh = 1.5 s d0 = 5 m.

, ḋ = Δv. Δd Δv

, (5), :⎧⎨
⎩

Δḋ = Δv − τhv̇p,

Δv̇ = (
Ca

2M
v2 +

Ff

M
) + u + v̇p,

(8)

u = − igi0ηT

MKtrw

MAP(ωe, athr).

(8) : athr , Δd Δv ,

u . ig ,

. ,

, ,

, ig , (8)

. , (1)

C
1 .

3.2 (Design of vehicular follow-

ing controller)

,

, . (8)

SI (1) . NFTSM

SI ,

Δv̄:

Δv̄
Δ= Δv − τhv̇p, (9)

(9) : , τhv̇p

. ,

,

, , τhv̇p Δv . (9)

(8)⎧⎨
⎩

Δḋ = Δv̄,

Δ ˙̄v = (
Ca

2M
v2 +

Ff

M
) + u + (v̇p − τhv̈p).

(10)

(10) : u (8), v̇p v̈p

. , Δv̄

, Δv Δv̄ ,

NFTSM
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athr = MAP−1(ωe,−MKtrw

igi0ηT

u),

u = −βq

p
Δv2−p/q(1 +

g

αh
Δdg/h−1)−

βq

p
(φs + γsm/n) − (

Ca

2M
v2 +

Ff

M
).

(11)

(11) : MAP−1(·) MAP ,

, .

MAP 3 .

3 MAP

Fig. 3 Inverse MAP function of engine

(11) , , p, q, g,

h,m, n ∈ N

1 < p/q < 2, g/h > p/q, 0 < m/n < 1. (12)

(11) , s ,

s = Δd +
1
α

Δdg/h +
1
β

Δvp/q. (13)

, NFTSM

.

4 (Analysis of ve-

hicular following control system’s character-

istics)
4.1 (Convergence of closed-

loop system)

. , s = 0,

. , s

. [13]

.

1 (1), (2) ,

, T

T = 2τ
−q/p
1

p

p−q
V (0)

p−q
2p ·

F (A,B, C,−τ2

τ1

V (0)
g−h
2h ). (14)

:

τ1 = 2
p+q
2q β, τ2 = 2

p
2q + g

2h
β

α
,

A =
q

p
,B =

(p − q)h
p(g − h)

, C =
pg − qh

p(g − h)
,

F (·) , V (t) =
1
2
x2

1(t).

2 (1), (4),

NFTSM (2) ,

.

, (9) v̇p = 0,

Δv̄ Δv. , (10)

(11) 2 NFTSM ,

1 2 .

(13) s, ,

Δd , [9,10] NTSM,

NTSM; ,

(13) Δd ,

NTSM. : , (13)

NTSM ,

. 1 ,

, .

2 , ,

(11) (13) ,

. ,

, (11) Δd → 0 Δv → 0,

, .

,

, Δv Δd ,

. 4.2 .

4.2 (Robustness of closed-loop

system)
, ,

Δd Δv ,

. , ,

,

, 3.

3 (8),

(11), v̇p ,

|v̇p| � L, Δd Δv

Π , (15):⎧⎨
⎩

ṡ · sgn s = −Ω · Δvp/q−1,

Ω
Δ= φ |s| + γ |s|m/n − pL

βq
.

(15)

Π
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Π
Δ= {x : φ |s| + γ |s|m/n � pL

βq
}. (16)

,

(11) (8),

Δv̇ =−βq

p
(φs + γsm/n) −

βq

p
Δv2−p/q(1 +

g

αh
Δdg/h−1) + v̇p. (17)

Δv , s (13)

,

Δv̇ =
βq

p
Δv1−p/qṡ −

βq

p
Δv2−p/q(1 +

g

αh
Δdg/h−1). (18)

(17) (18), Δv ,

:

ṡ = −(φs + γsm/n − p

βq
v̇p)Δvp/q−1. (19)

, |v̇p| � L,

s > 0 s < 0 ,

ṡ · sgn s < −Ω · Δvp/q−1. (20)

Ω > 0, 2 , s

(15). Ω � 0, s ,

Δd Δv Ω � 0 ,

Π .

,

, ,

, 3 , v̇p

. 3 , ,

, (15)

; ,

,

Π . , (15) (16)

,

, Π ,

.

5 (Simulation study)
NFTSM

, A, :

α = 0.05, β = 0.02, p = 15,

q = 13, g = 17, h = 11,

φ = 0.5, γ = 1,m = 1, n = 3;

, [9,10]

, B. (10),

[9,10] NTSM , s

u :

s = Δd +
1
β

Δvp/q. (21)

u=−(
Ca

2M
v2+

Ff

M
)−βq

p
Δv2−p/q−ηsgn s. (22)

B , η = 1 , A

. , [15]

, 4 .

(a)

(b)

(c)
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(d)

4

Fig. 4 Simulation results under constant acceleration

scenario of preceding vehicle

4(a) (b) (c) A B

, 4(d)

. 3 . 0 s∼10 s,

11 m/s ; 10 s∼30 s, 0.5 m/s2

; 30 s∼50 s, ,

21 m/s. 4(c) ,

, , A

, ,

, 0.5 m/s2. ,

4(a)(b) , ,

2 m, 1 m/s. 30 s , ,

A ,

. , A

, , ,

. , 20 s ,

, .

, ,

,

, .

A , B

, , (

) A.

6 (Vehicle experiments)
,

ECU xPC

ECU. ECU

,

. CAN ,

. xPC

, ,

ECU .

A B

, ,

ECU : ,

. , 5m/s ,

5 s , .

, 5 m/s , 5 s 8 m/s

, .

5. , A,

B.

(a)

(b)

(c)
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(d)

5

Fig. 5 Experiment results under uniform running

scenario of preceding vehicle

5(a)(b) , , A, B

. B , A

, ,

. , B ,

,

, .

6 . , A,

B.

6(a) , 6(b) .

6(a)(b) , , A B

, ,

. A , ,

. ,

, , B , A

.

, A ,

,

.

(a)

(b)

6

Fig. 6 Experiment results under accelerating

scenario of preceding vehicle

7 (Conclusions)
,

, . :

,

,

, ,

, ,

, . , ,

, ,

,

.
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