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Adaptive control for the on-board pan-tilt camera in
an UAV ground-target-tracking system

XIN Zhe-kui, FANG Yong-chun, ZHANG Xue-bo
(College of Information Technical Science, Nankai University, Tianjin 300071)

Abstract: For a ground-target-tracking system in an unmanned helicopter, an adaptive on-board pan-tilt motion con-

troller is proposed to adjust the camera’s pose to maintain the image of the tracked ground-moving target being at the center

of the viewing frame, when the extrinsic parameters of the camera are unknown. First, the dynamic characteristics of the

image signal are analyzed and a kinematics model is developed for the target in the image space by the geometrical relations

among the helicopter, the target and the camera. Then, an adaptive pan-tilt motion control law is proposed based on the

model to keep the target being at the center of the viewing frame. The performance of the controller is demonstrated by

both the theoretical stability analysis and simulation results, showing that the proposed adaptive controller can maintain the

target image at the center of the viewing frame in the presence of unknown camera extrinsic parameters.
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2 (Kinematic model)
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,
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2.1 (Geometrical model)
1 ,

Σs(X
s, Y s, Zs) . Σb

, , Xb

, , Y b ,

, Zb . Σc

, , Zc , Xc Y c

.

1

Fig. 1 The relative position and attitude

sp0 = [sx0
sy0

sz0]T sp1 =
[sx1

sy1
sz1]T

, bp2 = [bx2
by2

bz2]T

. cp3 = [cx3
cy3

cz3]T

.
[13]:

sp0 = sp1 + s
bR · bp2 + s

bR · b
cR · cp3, (1)

s
bR ∈ R

3×3 Σb

Σs , (θ, φ,

ψ) , b
cR ∈ R

3×3 Σc Σb

, α β

. (1)
cp3

cp3 = c
bR · b

s R · (p0 − p1) − c
bR · bp2, (2)

:⎡
⎢⎣

cx3

cy3

cz3

⎤
⎥⎦= c

bR·bs R ·

⎛
⎜⎝

⎡
⎢⎣

x0

y0

0

⎤
⎥⎦−

⎡
⎢⎣

x1

y1

z1

⎤
⎥⎦

⎞
⎟⎠−c

bR·

⎡
⎢⎣

bx2

by2

bz2

⎤
⎥⎦. (3)

2.2 (The dynam-

ics of the target in image plane)
I = [u v]T,

:
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[u v 1]T =
1

cz3

· M · [cx3
cy3

cz3]T. (4)

M ∈ R
3×3 :

M =

⎡
⎣ax 0 u0

0 ay v0

0 0 1

⎤
⎦ , (5)

: ax, ay , [u0 v0]T

. (3) (4)

:

[
u

v

]
=

1
cz3

C ·M ·
⎛
⎝c

bR
b
s R

⎡
⎣x0−x1

y0−y1

−z1

⎤
⎦−c

bR

⎡
⎣

bx2

by2

bz2

⎤
⎦
⎞
⎠,

(6)

C ∈ R
2×3

C =
[
1 0 0
0 1 0

]
. (7)

(6)

İ = Jv1 · v1 + Jw1 · w1 + Jv0 · v0 + Jwc · wc, (8)

: İ = [u̇ v̇]T

, v1 = [vx vy vz]T w1 = [wx wy wz]T

, v0 = [ẋ0 ẏ0]T

, wc = [α̇ β̇]T .

Jv1, Jw1 ∈ R
2×3

. Jv0, Ju ∈ R
2×2

.

.

a) Jv1:

Jv1 =
1

cz3

· N1(u, v) · c
bR, (9)

cz3 ,

N1(u, v) ∈ R
2×3, :

N1(u, v) =
[−ax 0 u − u0

0 −ay v − v0

]
. (10)

b) Jw1:

Jw1=N2(u, v)·cbR−
1

cz3

·N1(u, v)·cbR·S(bx2,
by2,

bz2),

(11)

N2(u, v) ∈ R
2×3,

N2(u, v)=⎡
⎢⎢⎣

(u−u0)(v−v0)
ay

−a2
x+(u−u0)2

ax

ax(v−v0)
ay

a2
y+(v−v0)2

ay

−(u−u0)(v−v0)
ax

−ay(u−u0)
ax

⎤
⎥⎥⎦,

(12)

S(bx2,
by2,

bz2) ∈ R
3×3 (bx2,

by2,
bz2) .

c) Jv0:

Jv0 = − 1
cz3

· N1 · c
bR · b

s R · CT. (13)

d) Jwc:

Jwc =

⎡
⎢⎢⎣

−a2
x+(u−u0)2

ax

(u−u0)(v−v0)
ay

−(u−u0)(v−v0)
ax

a2
y+(v−v0)2

ay

⎤
⎥⎥⎦ . (14)

Jwc :

det(Jwc)=−axay−ax

ay

(v−v0)2−ay

ax

(u−u0)2, (15)

ax, ay , Jwc

, Jwc .

1 ,

, 0 < cz3 < ∞.

2 −z1∥∥bp2

∥∥, −z1�∣∣bx2

∣∣+ ∣∣by2

∣∣+ ∣∣bz2

∣∣ + c, c .

3
.

3 (Pan-tilt tracking

controller design)
3.1 (Error system)

[u0 v0]T,

[u(t) v(t)]T → [u0 v0]T. ,

:

e(t) =
[
e1(t)
e2(t)

]
=

[
u(t) − u0

v(t) − v0

]
. (16)

(16) (8) ,

:

ė = Jv1 · v1 + Jw1 · w1 + Jv0 · v0 + Jwc · wc. (17)

wc = [α̇ β̇]T

. , (17) Jv1, Jw1

Jv0
cz3,

. ,

cz3. (3) (4)⎡
⎣u

v

1

⎤
⎦=

1
cz3

M

⎛
⎝c

bR
b
s R

⎡
⎣x0−x1

y0−y1

−z1

⎤
⎦−c

bR

⎡
⎣

bx2

by2

bz2

⎤
⎦

⎞
⎠ .

(18)
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(18) ,

:

A(t) · x(t) = b(t), (19)

: A(t) ∈ R
3×3, b(t) ∈ R

3×1

, x(t) = [cz3 x0 y0]T

. (19)
cz3

cz3 =
ω · [bx2

by2
bz2]T − z1

g
, (20)

ω ∈ R
1×3, g ∈ R :

ω = −[0 0 1] · s
bR, (21)

g = R13a
−1
x e1 + R23a

−1
y e2 + R33. (22)

: Rij R = c
bR · b

s R i , j .

(20) (17), :

ė =
Y · bp2 + fv1

ω · bp2 − z1

+ fw1 + Jv0 · v0 + Jwc ·wc. (23)

bp2

, Y ∈R
2×3, fv1, fw1∈R

2×1⎧⎪⎨
⎪⎩

Y = g · N1(u, v) · c
bR · S(w1),

fv1 = g · N1(u, v) · c
bR · v1,

fw1 = N2(u, v) · c
bR · w1.

(24)

s
bR 1,

:

ω ·[bx2
by2

bz2]T−z1 �
−(

∣∣bx2

∣∣+∣∣by2

∣∣+∣∣bz2

∣∣)−z1, (25)

2, :

ω · [bx2
by2

bz2]T − z1 � c. (26)

3.2 (Adaptive controller de-

sign)
(23) ,

:

wc = J−1
wc · (−Y · bp̂2 + fv1

ω · bp̂2 − z1

− ω̇ · bp̂2 − ż1

2(ω · bp̂2 − z1)
e−

fw1 − Jv0 · v0 − K · e ), (27)

: K ∈ R
2×2 , bp̂2 ∈

R
3×1 bp2 ,

:

b ˙̂p2 = Γ · proj(μ), (28)

: Γ ∈ R
3×3 , μ ∈

R
3×1 :

μ = (−2ωTbp̂T
2 Y T+2ωTfT

v1+(ω̇bp̂2−ż1)ωTeT

2(ωbp̂2 − z1)
+

Y T +
ω̇TeT

2
) · e, (29)

proj(μ) [14]:

proj(μ) =

⎧⎪⎨
⎪⎩

μ, bp̂2 ∈ int(Λ),
μ, bp̂2 ∈ ∂(Λ), μTbp⊥

2 � 0,

P t
r (μ), bp̂2 ∈ ∂(Λ), μTbp⊥

2 > 0.
(30)

: Λ Λ = {bp̂2(t) : ω(t)bp̂2(t) − z1 � ε},

ε c . int(Λ) Λ

, ∂(Λ) Λ ; bp⊥
2 (t)

bp2(t) bp2(t) ∂(Λ) ,

int(Λ) . P t
r (μ)

μ ∂(Λ) bp2(t) .

1 (28) proj(·)
ω(t)bp̂2(t) − z1 � ε,

(27) .

2 (27) (28) ,

v0, ,

Jv0 · v0. , Kalman

[12].

,

.

3.3 (Stability analysis)
1 (27)

(28),

,

lim
t→∞

e(t) = 0. (31)

(27) (23),

:

ė(t) =
Y · bp2 + fv1

ω · bp2 − z1

− Y · bp̂2 + fv1

ω · bp̂2 − z1

−
ω̇ · bp̂2 − ż1

2(ω · bp̂2 − z1)
− K · e.

(32)

:

V (t) =
1
2
eT(wbp2 − z1)e +

1
2

bp̃T
2 Γ−1bp̃2, (33)

bp̃2(t) :

bp̃2(t) = bp2 − bp̂2(t). (34)

(33) , (28) (32) ,

V̇ (t)=μTbp̃2−bp̃T
2 proj(μ)−(wbp2−z1)eTKe. (35)



8 : 1005

(30) proj(μ),

bp̃T
2 μ − bp̃T

2 proj(μ) � 0, (36)

, (26), V̇ (t)

V̇ (t) � −(wbp2 − z1) · eTKe � −ceTKe. (37)

(33) (37) , V (t) ∈ L∞, e(t), bp̃2(t) ∈
L∞, (32) (34) 3 ė(t), bp̂2(t) ∈
L∞.

f(t) = ceTKe � 0,

ḟ(t) = 2ceTKė ∈ L∞,

[15]

lim
t→∞

e(t) = 0.

.

3
,

.

.

4 (Simulation results)
MATLAB/Simulink ,

,

(27)

. 10 m

, 10 m.

,

. ,

(0, 10) ,

. ,

:

[x0(0) y0(0)]T = [12 0]T,

[x1(0) y1(0) z1(0)]T = [0 0 10]T.

:

[α(0) β(0)]T = [0 − π

4
]T,

:

K = diag{2, 2}, Γ = 0.1I3.

: diag{·} , I3 .

1 , X ,

t = 20 s t = 60 s .

2 . 3

, ,

. 4

, ,

.

2 , s 45◦ .

, 5 ,

6. ,

,

.

2 ( 1 )

Fig. 2 The trajectory of the helicopter and target (first group)

3 ( 1 )

Fig. 3 The pixel coordinates of the target (first group)

4 ( 1 )

Fig. 4 Estimation of system parameters (first group)
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5 ( 2 )

Fig. 5 The trajectory of the helicopter and target (second

group)

6 ( 2 )

Fig. 6 The pixel coordinates of the target (second group)

, ,

,

, .

5 (Conclusion)
,

,

,

,

,

.

.

.
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