
33 8

2016 8 Control Theory & Applications
Vol. 33 No. 8

Aug. 2016

DOI: 10.7641/CTA.2016.60066

1†, 2

(1. , 201306; 2. , 201306)

: , ,

, – – . 1

; 2 , ,

, , Lyapunov .

, , , , ,

.

: ; ; ;

: TP273 : A

Combination of leader-follower method and potential function about
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Abstract: As multi-vessel operation prevails increasingly at sea, the most common mode is ship formation control.

Considering the over-centralized control of leader-follower method, the multi-vessel formation is divided into the leader-

follower control stage and follower-follower control stage in this paper. At the first stage, the control law utilizing sliding

mode control and ship response model is applied. The potential function method which combines with the graph topology

is introduced to constrain the balance distance for follower in the second stage. These methods can improve stability of the

formation, to make up for the single leader-follower method. The stability of control system is verified by the Lyapunov

function. Finally getting the state diachronic trend of ship formation by the simulation of straight and curve path verification,

the ship state achieves consistency, reaching the goal of maintaining the formation, which obtains good results and tests the

effectiveness of algorithm.
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2 (Problem description)
2.1 (Ship system model)

, ,
[11]:⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

m11Δu̇ = XuΔu,

v̈ + (
1

T1

+
1

T2

)v̇ +
1

T1T2

v =
Kv

T1T2

(δ + T3v δ̇),

r̈ + (
1

T1

+
1

T2

)ṙ +
1

T1T2

r =
K

T1T2

(δ + T3δ̇).

(1)

⎧⎪⎪⎨
⎪⎪⎩
ẋ = u cosϕ− v sinϕ,

ẏ = u sinϕ+ v cosϕ,

ϕ̇ = r,

(2)

: K, Kv, T1, T2 , δ , u, v,

r , m11

, ϕ , x, y

.

2.2 (The mode of ship formation)

, ,

.

, ,

,

,

.

1

.⎧⎨
⎩lx = −(xl − xf) cosϕl − (yl − yf) sinϕl,

ly = (xl − xf) sinϕl − (yl − yf) cosϕl,
(3)

: xl, yl , xf , yf
, ϕl, ϕf , l

, lx, ly .

1 –

Fig. 1 The structure of leader-follower system

, lx → lxd
, ly →

ly
d
. (3)⎧⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎩

l̇xe
= −ul + uf cos eθ + vf sin eθ+

lye
rl + lyd

rl − l̇xd
,

l̇ye
= −vl − uf sin eθ + vf cos eθ−

lxe
rl − lxd

rl − l̇yd
,

ėθ = rl − rf ,

(4)

: lxd
, ly

d
, lxe

, lxe

, ul, vl, rl
, uf , vf , rf

.

(4) , uf →
ul, vf → vl.

, .

, .

,

.

2.3 (The mode of control)
, –

– . – (4)

,

, ; –

,

, . i

2 .

,

, ,
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⎧⎪⎪⎪⎪⎪⎪⎨
⎪⎪⎪⎪⎪⎪⎩

lim
t→∞

|ηl − ηi| = 0,

lim
t→∞

|ηi − ηj | = 0,

lim
t→∞

|lx − lxd
| = 0,

lim
t→∞

|ly − ly
d
| = 0,

(5)

η = [u v r]T, .

2

Fig. 2 The control process of follower

3 (Formation control)
3.1 (Formation topology)

,

, ,

.

, ,

.

(V,E, φ), V , E

, φ

V × V , . ,

, V ,

, E,

φ. V E

, : A = (aij), aij

i j [12–13].

Laplacian : L = Δ−A, n Lap-

lacian L̂ = L⊗ In, ⊗ Kronecker .

, xTL̂x =
1

2

∑
i,j

aij(xi − xj)
2,

.

,

,

, . –

– , .

3.2 – (The controller

design of leader-follower stage)
– ,

( (4)),

.

(4) ,

z: [
z1
z2

]
= T

[
lxe

lxe

]
, (6)

T =

[
cos eθ − sin eθ
sin eθ cos eθ

]
.

(4)[
ż1
ż2

]
=

[
0 rl
−rl 0

][
z1
z2

]
+

[
1 0

0 1

][
uf

vf

]
+

[
D1

D2

]
, (7)

:

D1 = (−ul + ly
d
rl − l̇xd

) cos eθ+

(vl + lxd
rl + l̇yd

) sin eθ,

D2 = (−ul + ly
d
rl − l̇xd

) sin eθ−
(vl + lxd

rl + l̇yd
) cos eθ.

(7) ,
[14],

s(t) = z1 +mz2, (8)

m > 0, .

ṡ = −k1s(t)− εsgn s(t)

, k1 > 0, ε > 0. s

ut = −rlz2 −D1 +mrlz1 −mD2−
k1(z1 +mz2)− εsgn(z1 +mz2). (9)

, :⎧⎨
⎩uf = −rlz2 −D1 − k1z1 − ε1sgn(z1 +mz2),

vf = rlz1 −D2 − k1z2 − ε2sgn(z1 +mz2).

(10)

Lyapunov

V1 =
z1

2

2
+

z2
2

2
. (11)

ε1 =
ε0
m

, ε2 = ε0, (10),

V̇1 = z1ż1 + z2ż2 = −k1z1
2 − k1z2

2−
ε0
m
(z1 +mz2)sgn(z1 +mz2) � 0. (12)

(10) , .

uf ,

vf , ,

.

(1) .

u̇− u̇d = k′(u− ud), (13)
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k′ =
Xu

m11

.

,

, ud → uf .

(1) :⎧⎨
⎩
ẋ1 = x2,

ẋ2=−(
1

T1

+
1

T2

)x2− 1

T1T2

x1+
Kv

T1T2

μ,
(14)

: x1 = v, μ = δ + T3v δ̇.

μ =
T1T2

Kv

(−k3s
′ − k4sgn s

′ − cė+ ẍd)+

T1 + T2

Kv

(ẋd + ė) +
1

Kv

(xd + e), (15)

: Xd = [xd ẋd]
T ,

E = X −Xd = [e, ė], s′ = ce+ ė, c, k3, k4
.

, V2 =
s′2

2
,

V̇ 2 = s′ṡ′ = s′(−k3s
′ − k4sgn s

′) � 0,

,

, xd → vf .

μ δ ,

(1) ,

.

,

,

,

, . 3 .

3 –

Fig. 3 The control process of leader-follower stage

3.3 – (The controller

design of follower-follower stage)
,

, ,

.

,

,

, .

,

,

.

, ,

,
[15–16].

Uij i,

j ‖rij‖ ,

rij = ri − rj , :

1) ‖rij‖ → 0 , Uij(‖rij‖) → ∞.

2) i j ‖rij‖ ,

Uij .
[11]:

Uij(‖rij‖) = c1[
d2

‖rij‖2
+ ln(‖rij‖2)], (16)

: c1 > 0 , d

. , i

ξ =
∑
j∈N

aij∇Uij	nij + λ
∑
j∈N

aij(ṙi − ṙj), (17)

: λ > 0, 	nij =
ri − rj

‖ri − rj‖ .

, 2 ,

ξ u− v

3 u, v , .

Lyapunov [17]

Vi =
∑
j∈N

Uij(‖rij‖) + 1

2
ṙTi ṙi, (18)

V̇i = − ∑
j∈N

aij∇Uij	nij ṙ
T
i + ṙTi ṙi. (19)

ṙi=

[
u

v

]
, ξ u−v

(19), Laplacian

V̇i=−λṙTi (L⊗ I2)ṙi=−λ
∑
j∈N

aij(ṙi−ṙj)
2�0.

(20)

, ,

.

, ,

.

, .

4 (Simulation and experiment)
, ,

, 4.
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4

Fig. 4 The structure of ship formation

1 ,

A =

⎡
⎢⎢⎢⎢⎢⎣

0 1 1 0 0

1 0 1 1 0

1 1 0 0 1

0 1 0 0 1

0 0 1 1 0

⎤
⎥⎥⎥⎥⎥⎦ .

α1=
1

T1

+
1

T2

=3.4, α2=

1

T1T2

= 0.371,K = 0.943,Kv = 9.7, k1 = 3.5, k3=

0.16, k4 =0.15, ε0 =0.5,m=2, c=1.84, c1 =2, λ=

1.8.

ui = 1 m/s, vi = 0 m/s, ϕi = 0◦.

5 [22, 22], [15, 15],

[7, 33], [0, 0], [0, 40], 15.

, ϕd =

30◦, ud = 3 m/s, .

, .

5 ,

. , ,

. ,

, 6 7

,

, ,

, ,

.

5

Fig. 5 The trajectory of ship formation

6

Fig. 6 The state trend of ship formation

7

Fig. 7 The rudder trend of ship formation

rd=

⎧⎨
⎩0.06 rad/s, t�30 s

0 rad/s, t>30 s
,

. 8 9 ,

, ,

, ,

. ,

, .

8

Fig. 8 The trajectory of ship formation
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9

Fig. 9 The speed trend of ship formation

5 (Conclusions)
,

.

, ,

, ,

Lyapunov .

, ,

,

.
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