
32 11
2015 11 Control Theory & Applications

Vol. 32 No. 11
Nov. 2015

DOI: 10.7641/CTA.2015.50417

†,
( , 100191)

: ,
, . Dubins ,

,
, . , ,

, (NMPC) .
, . .

: ; Dubins ; ; ; ;

: TP391 : A

Using multiple unmanned aerial vehicles to maintain continuous
reliable cooperative communication in target tracking

ZHU Qian†, ZHOU Rui
(School of Automation Science and Electrical Engineering, Beijing University of Aeronautics and Astronautics, Beijing 100191, China)

Abstract: Because of the communication and measurement constraints, when performing persistent target tracking, un-
manned aerial vehicles (UAVs) require a reliable airborne communication relay established by other UAVs to communicate
with the base station. For the purpose of forming the initial airborne communication relay chain, a novel method for coop-
erative path planning is proposed to ensure simultaneous arrival of multiple unmanned aerial vehicles (UAVs) with initial
and terminal course angle constraints, which is realized by adopting the minimum turning radius of Dubins curves and ap-
propriately adjusting the course angle. For the random moving target, establishing continuous reliable communication relay
chain is implemented by using distributed nonlinear model predictive control (NMPC), considering the constraints of UAVs
dynamics, communication constraints, collision avoidance and so on. Simulation results demonstrate the effectiveness of
the proposed method.

Key words: unmanned aerial vehicles; Dubins curves; path planning; simulaneous arrival; relay keeping; nonlinear
model predictive control
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2 (Problem definition)
2.1 (UAVs relay)

1 , ,
.

, ,
,

.

2.2 (UAVs dynamic model)
,

.
, , :

⎛
⎜⎜⎜⎜⎜⎝

ẋ

ẏ

ψ̇

v̇

ω̇

⎞
⎟⎟⎟⎟⎟⎠ = f(x,u) =

⎛
⎜⎜⎜⎜⎜⎜⎜⎜⎜⎝

v cosψ

v sinψ

ω

− 1

τv
v +

1

τv
uv

− 1

τω
ω +

1

τω
uω

⎞
⎟⎟⎟⎟⎟⎟⎟⎟⎟⎠
, (1)

x = [x y ψ v ω]T . :
(x, y) , ψ, v, ω

, u = (uv, uω)
T

, (τv, τω)

.
, [14].

|uv − v0| � vmax, |uω| � ωmax, (2)

: v0 , vmax, ωmax

.

:

xk+1 = fd(xk,uk) = xk + Tsf(xk,uk).

1

Fig. 1 UAVs communication relay

2.3 (Target dynamic model)
,

. [15]

, :

x(k + 1) = Fkx(k) + η, (3)

: x(k) = [xk ẋk ẍk yk ẏk ÿk]
T

, x y

. Fk , η 0,
σ2
a .

Fk =

⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 Ts q1 0 0 0

0 1 q2 0 0 0

0 0 e−αTs 0 0 0

0 0 0 1 Ts q1
0 0 0 0 1 q2
0 0 0 0 0 e−αTs

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
. (4)

(4) , : Ts ,
q1 = (e−αTs + αTs − 1)/α2, q2 = (1− e−αTs)/α,
α . α ,

, .

3 (Establishing initial
communication relay chain)

3.1 Dubins (Simulaneous arrival
based on Dubins curves)

M ,
.

(xs
i, y

s
i , θ

s
i),
(xe

i , y
e
i , θ

e
i ). : (xs

i, y
s
i), (xe

i ,

yei ) , θsi , θ
e
i

.

. ,
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, .

2 Dubins , [13]
Dubins

. Dubins CLC CCC,
, L , C

. , Dubins
, .

2 Dubins

Fig. 2 Dubins curves type

M , Dubins
Limin, v0,

timin =
Limin

v0
.

M Dubins
:⎧⎪⎪⎨

⎪⎪⎩
tmin=max{timin}=max{Limin

v0
}, i=1, · · · ,M,

P (xi(0) = xs
i, yi(0) = ysi , θi(0) = θsi)

Limin−−−→
P (xi(timin)=x

e
i , yi(timin)=y

e
i , θi(timin)=θ

e
i ).

(5)

k

tkmin = tmin, i = 1, · · · ,M, i �= k

: LiΔ =

(tmin − timin) · v0 = (tkmin − timin) · v0.
,

, .
3 ,

:

1) Rmin, Dubins
. 3(a) Dubins ,

Radj,
Limin = tmin · v0. 3(b) .

2) . ,
Dubins ,

(xa
i , y

a
i , θ

a
i ), (xa

i , y
a
i ) Dubins

, θai = π + θei . Dubins

tid =
Lid

v0
. Dubins

:

P (xi(0) = xa
i , yi(0) = yai , θi(0) = θai )

La
imin−−−→

P (xi(tia) = xe
i , yi(tia) = yei , θi(tia) = θei ). (6)

,

Dubins La
imin, tia =

La
imin

v0
.

ti = tid + tia.
: ti < tmin, .

:

LiΔ = tmin · v0 − La
imin − Lid. (7)

:
i) 3(c) ,

LiΔ

2
.

Dubins
, LiΔ , . ii)

3(d) , ,
, Dubins
. ΔL

,
.

Dubins , Lmin

= tmin · v0 , Dubins
, ;

.

3 Dubins

Fig. 3 Dubins curves adjustment

3.2 (Collision avoidance)
,

,
,

[16]. ,
: ,

, :

|Pi(nΔt · v0)−Pj(nΔt · v0)|�2Rc+2Δt · v0. (8)
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: Rc , ;
Δt , Pi(s) i

s ; n ,

n = 0, 1, · · · , [ Lmin

Δt · v0 ] + 1.

N ,
(8) . ,

3.1 ,
.

3.3 (Algorithm procedure)
M ,

Dubins :

1) M , (xs
i,

ysi , θ
s
i), (xe

i , y
e
i , θ

e
i )

Dubins Limin.

2) M Dubins
Lmin, k Dubins
Lmin = Lkmin.

3) k ,
Rmin , Dubins

Limin = Lmin, i = 1, · · · ,M, i �= k.

4) (8) ,
Dubins .

5) , ; 3.1
,

4).

4 (Maintaining continuous
reliable communication relay chain)

,

. M

, standoff ; 1
; i=2, · · · ,M−1

M

.
, ,

.
,

,
,

.

4.1 (Nonlinear model
predictive control)

, M

,
,

. ,

3 :

J =
M∑
i=1

Ji = J1 +
M−1∑
i=2

Ji + JM . (9)

, :

Ji=φ(r̃iN , d̃iN) +
N−1∑
k=0

L(r̃ik, d̃ik,uik), (10)

φ(r̃iN , d̃iN) =
1

2
(pirr̃

2
iN + pidd̃

2
iN), (11)

L(r̃ik, d̃ik,uik) =

1

2
(qirr̃

2
ik + qidd̃

2
ik + riv(

uivk − v0
vmax

)2 +

riω(
uiωk − v0

rid
ωmax

)2), i = 1, · · · ,M. (12)

1
, :

r̃1k =
r21d − |r1k|2

r21d
, (13)

|r1k| =
√
(x1k − xb)

2
+ (y1k − yb)

2
, (14)

d̃1k =
d21r − |d1k|2

d21r
, (15)

|d1k| =
√
(x1k − x2k)

2
+ (y1k − y2k)

2
. (16)

(14) : (xb, yb) , (x1k, y1k), (x2k, y2k)

, k 1, 2
. d1r, r1d 1 2

.

M

, :

r̃Mk =
r2Md − |rMk|2

r2Md

, (17)

|rMk| =
√
(xMk − xTk)

2
+ (yMk − yTk)

2
, (18)

d̃Mk =
d2Mr − |dMk|2

d2Mr

, (19)

|dMk|=
√
(xMk−x(M−1)k)

2
+(yMk−y(M−1)k)

2
.

(20)

(18) : (xTk, yTk)

k , |rMk|, |dMk| M

M − 1 .

,
, ,

. :

r̃ik =
r2id − |rik|2

r2id
, (21)

|rik| =
√
(xik − xivt)

2
+ (yik − yivt)

2
, (22)
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d̃ik =
d2ir −

∣∣d(i−1)k

∣∣2
d2ir

+
d2ir −

∣∣d(i+1)k

∣∣2
d2ir

, (23)

∣∣d(i−1)k

∣∣=√
(xik−x(i−1)k)

2
+(yik−y(i−1)k)

2
,

(24)∣∣d(i+1)k

∣∣=√
(xik−x(i+1)k)

2
+(yik−y(i+1)k)

2
,

i = 2, · · · ,M − 1. (25)

: rid, dir ,
(xivk, yivk) ,

∣∣d(i−1)k

∣∣, ∣∣d(i+1)k

∣∣
.

, :

fd(xik,uik)− xi(k+1) = 0. (26)

,
:

Siv(uik) =
|uivk − v0| − vmax

vmax

� 0, (27)

Siω(uik) =
|uiwk| − ωmax

ωmax

� 0, (28)

S(i−1)c(xik) =
rc −

∣∣ri(i−1)

∣∣
rc

� 0, (29)

S(i+1)c(xik) =
rc −

∣∣ri(i+1)

∣∣
rc

� 0, (30)

S(i−1)comm(xik)=

∣∣ri(i−1)

∣∣−rcomm

rcomm

�0, (31)

S(i+1)comm(xik)=

∣∣ri(i+1)

∣∣−rcomm

rcomm

�0. (32)

|ri(i−1)|, |ri(i+1)| ,
(26)–(32) ,

:

Jai =

φ(r̃iN , d̃iN) +
N−1∑
k=0

[L(r̃ik, d̃ik,uik) +

λT
i(k+1){fd(xik,uik)− xi(k+1)}+

1

2
μivlivkS

2
iv(uik) +

1

2
μicl(i−1)ckS

2
(i−1)c(xik) +

1

2
μiωliωkS

2
iω(uik) +

1

2
μicl(i+1)ckS

2
(i+1)c(xik) +

1

2
μicomml(i−1)commkS

2
(i−1)comm(xik) +

1

2
μicomml(i+1)commkS

2
(i+1)comm(xik)], (33)

li∗k =

{
0, Si∗ < 0,

1, Si∗ � 0,
(34)

(33)–(34) : l0ck=0, l0commk=0, l(M+1)ck

= 0, l(M+1)commk = 0.

(33), Hamiltonian :

Hik =

L(r̃ik, d̃ik,uik)+λT
i(k+1){fd(xik,uik)−

xi(k+1)}+ 1

2
μivlivkS

2
iv(uik) +

1

2
μiωliωkS

2
iω(uik)+

1

2
μicl(i−1)ckS

2
(i−1)c(xik)+

1

2
μicl(i+1)ckS

2
(i+1)c(xik) +

1

2
μicomml(i−1)commkS

2
(i−1)comm(xik) +

1

2
μicomml(i+1)commkS

2
(i+1)comm(xik).

(35)

(33) , :

dJai =
N−1∑
k=1

[(
∂Hik

∂xik

− λT
ik)dxik +

∂Hik

∂uik

duik] +

∂Hi0

∂xi0

dxi0 +
∂Hi0

∂ui0

dui0 +

(
∂φ(r̃iN , d̃iN)

∂xiN

− λT
iN)dxiN . (36)

(26) , λik

. λik :⎧⎪⎪⎨
⎪⎪⎩

λT
ik=

∂Hik

∂xik

, k=0, 1,· · · , N−1.

λT
iN =

∂φ(r̃iN , d̃iN)

∂xiN

,

(37)

(36) , dJai :

dJai =
N−1∑
k=0

∂Hik

∂uik

duik + λT
i0dxi0. (38)

λT
ik :

λT
iN =

∂φ(r̃iN , d̃iN)

∂xiN

=

pirr̃iN
∂r̃iN
∂xiN

+ pidd̃iN
∂d̃iN
∂xiN

,

λT
ik =

∂Hik

∂xik

=

qirr̃ik
∂r̃ik
∂xik

+λT
k+1

∂fd(xik,uik)

∂xik

+qidd̃ik
∂d̃ik
∂xik

+

μicl(i−1)ckS(i−1)c(xik)
∂S(i−1)c(xik)

∂xik

+

μicl(i+1)ckS(i+1)c(xik)
∂S(i+1)c(xik)

∂xik

+

μicomml(i−1)commkS(i−1)comm(xik) ·
∂S(i−1)comm(xik)

∂xik

+

μicomml(i+1)commkS(i+1)comm(xik) ·
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∂S(i+1)comm(xik)

∂xik

. (39)

:
∂r̃ik
∂xik

=

1

r2id

[−2(xik−xt
ik) − 2(yik−ytik) 0 0 0

]
,

(40)

∂d̃ik
∂xik

=
1

d2ir
(−2(|d1k| ∂ |d1k|

∂xik

+ |d2k| ∂ |d2k|
∂xik

)),

(41)
∂fd(xik,uik)

∂xik

=⎡
⎢⎢⎢⎢⎢⎢⎢⎢⎣

1 0 −Tsvik sinψik Ts cosψik 0

0 1 Tsvik cosψik Ts sinψik 0

0 0 1 0 Ts

0 0 0 1− 1

τiv
Ts 0

0 0 0 0 1− 1

τiω
Ts

⎤
⎥⎥⎥⎥⎥⎥⎥⎥⎦
.

(42)

(40) : xt
1k = xb, y

t
1k = yb

; xt
Mk = xTk, y

t
Mk = yTk

; xt
ik = xivk, y

t
ik = yivk i

; rid, dir
,

; |d1k|, |d2k| i

.

S∗c(xik) =
rc − |ri∗|

rc
, (43)

S∗comm(xik) =
|ri∗| − rcomm

rcomm

, (44)

∂S∗c(xik)

∂xik

=

− 1

rc|ri∗| [(xik − x∗k) (yik − y∗k) 0 0 0] , (45)

∂S∗comm(xik)

∂xik

=

1

rcomm|ri∗| [(xik−x∗k) (yik−y∗k) 0 0 0] . (46)

(43)–(46) : i

, i+ 1, i− 1, 1, M
; rcomm , rc

, |ri∗| .

Hamiltonian ,
:

uiter+1
ik =uiter

ik −Δk
∂Hik

∂uik

, k=0, · · · , N−1. (47)

(47) Hamiltonian :

∂Hik

∂uik

=⎡
⎢⎣

μiv

v2imax

livkSiv(uik)sgn(uivk − v0)

μiω

ω2
imax

liωkSiω(uik)sgn(uiωk − v0
rid

)

⎤
⎥⎦+

⎡
⎢⎣

riv
v2imax

(uivk − v0)

riω
ω2
imax

(uiωk − v0
rid

)

⎤
⎥⎦+λT

k+1

∂fd(xik,uik)

∂xik

.

(48)

4.2 (Calculation procedure)
,

, ,
.

,
:

(u1,u2, · · · ,uN−1,uN−1). (49)

,
:

While |ΔJ | > ε do

, (1)
(u0,u1, · · · ,uN−1)

{xk}, k = 0, 1, · · · , N .
(37)

{λk}, k = N, · · · , 1.
{λk+1,xk,uk}, Hamil-

tonian uk

∂Hk

∂uk

, k = 0,

· · · , N − 1.
: ΔJ = J iter −

J iter−1.
If ΔJ < 0

{uk}, k = 0, 1,

· · · , N − 1.
Else Δk, .
End If

iter+1;
If iter > MaxIterNum

End While

5 (Simulation result and
analysis)

4
. ,

.
,
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(2500 m, 1 m/s, 0.5 m/s2, 0 m, 1 m/s, 0.2 m/s2).
0, 0.02 m/s2 .

(−500 m, 0 m) . 4
(1200 m, −800 m), (−2000 m, −900 m), (−1500

m, −600 m), (−1000 m, −900 m). :
−45◦, 135◦, −135◦, −45◦. :
(−1000 m, 0 m), (0 m, 0 m), (1000 m, 0 m), (2000 m,
0 m), 90◦ . 4

200 m. , 4
Dubins ,

.
4 .

4–11, 1.

4 , 4
Dubins , Dubins

.
UAV4 Dubins ,

3235.9237 m. 5 ,
Dubins , ,

UAV4 Dubins ,
Dubins 3235.9237 m,

.

4 Dubins

Fig. 4 Initial Dubins curves

5 Dubins

Fig. 5 Initial Dubins curves for simulaneous arrival

6 Dubins

Fig. 6 Final Dubins curves for simulaneous arrival

(a)

(b)

7 Dubins

Fig. 7 Relative distance between Dubins curves

8

Fig. 8 UAVs communication relay initial state
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9

Fig. 9 UAVs trajectories

10

Fig. 10 UAVs instantaneous relative position
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(a)

(b)

11

Fig. 11 Relative position and azimuth between UAVs

1
Table 1 Simulation parameters

Ts 0.5 s
Δt 0.25 s

N 4
4000

α 0.3
vmax 10 m/s
ωmax 0.15 rad/s

τv, τω 0.33 s−1

v0 20 m/s
Δk 0.3
rc 50 m
rcomm 2000 m
rv, rω, μc, μcomm 10−1

5 ,
UAV1 UAV2 ,

. 7
, UAV1 UAV2

110 m,
. 3.1 , UAV1

, 6 .

110 m, , 4
.

4
8 , ,

,
.

9
, 4

standoff , 1 ,
4

.
,

, .
, ,

.
10 , 11

,
,

,
0.05 rad,

,
, .

,

, 20 ,
2 . 4

, ,
,

. standoff ,

, .
Matlab ,

0.737 m, 1.918 m , 1310.63 s
170.2 s,

, .

2
Table 2 Statistical result for target random moving

UAV /m /(◦)

UAV1–UAV2 10.9717 0.74758
UAV2–UAV3 13.6990 0.91212
UAV3–UAV4 10.3441 0.64116

,
12 . ,

,
, .

[17] Dubins
3 Dubins ,
3 , .

,
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,
, .

12 3

Fig. 12 UAVs trajectories in 3 dimensions

6 (Conclusions)
.

, Dubins
,

,
.

,
.

, 3 .

,

. 3 ,
.
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