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Letter

Vision-Based Fixed-Time Uncooperative Aerial Target
Tracking for UAV

Peng Sun, Siqi Li, Bing Zhu, Zongyu Zuo, and Xiaohua Xia

Dear Editor,

In this letter, a vision-based fixed-time control is proposed for an
unmanned aerial vehicle (UAV) with actuator saturation to track an
uncooperative target. The fixed-time control is designed in backstep-
ping framework. The relative states between UAV and the target are
not directly measured, and are estimated by an onboard monocular
camera. It is proved that, the closed loop UAV with actuator satura-
tion is capable of reaching the target before a fixed time. The fixed
time can be estimated, and it is independent of initial states.

Uncooperative target tracking is among the challenging problems
in UAV [1]. Vision-based measurement is one effective method to
estimate target states. It is applicable and economic to detect targets
in the absence of RADAR. With position-based visual servo, target
states can be estimated by sensor fusion in some certain scenarios,
e.g., tracking the ground target [2]. Vision-based measurement and
control for UAV tracking can be found in [3].

In the aforementioned works, no restrictions on the tracking time
are considered; however, in practice, the interception should be com-
pleted within a specific time. Some guidance and control schemes
were proposed to solve this problem, e.g., sliding mode technique
[4], finite-time scheme [5], and fixed-time scheme [6], etc. Inspired
by these methods, a finite-time control was proposed to solve the
problem of UAV tracking using only vision-based information,
where the converging time depends on the initial states [7].

This letter presents a vision-based fixed-time guidance law for the
uncooperative aerial target tracking subject to actuator saturation.
The design process is in a backstepping-like framework. Main contri-
butions include: 1) using the proposed fixed-time controller, an unco-
operative target is intercepted by the UAV in fixed time, and this
fixed convergence time can be estimated independent of the initial
state; and 2) the model uncertainty can be treated by the proposed
fixed-time controller. The proposed result is proved theoretically and
supported by numerical simulation.

Problem formulation: The following lemmas are necessary to
derive the main result.

Lemma 1 [8]: Consider the system X = f(x), f(0)=0, x€R", whe-
re f: U —R" is continuous in a neighborhood U of the origin. If
there exists a continuous radially unbounded function V(x), and
scalars >0, 8>0, 0<p<1, g>1 such that V(x) < —-aV(x)P—

BV(x)8, then the origin is fixed-time stable, and the setting time can

. 1 1
be estimated by 7' < 575 + g1y -

Lemma 2 [9]: If0 <p= 2—; <1, where p1 >0, pz >0 are positive
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odd integers, then |x” —yP| < 2P |x—y|P.
Lemma 3 [10]: For x€ R, y€R, if ¢ and d are positive real num-
bers, and p(x,y) > 0 is a real-valued function, then,
ciad c c+d d -£ c+d
< —u(x, +——pu d(x, . 1
I 1 < ——p(xy) I pp Tl SRl 1)
Lemmad4 [4]:Ifx; €eR,i=1,2,...,n,and 0 < p < 1, then,

n 4 n n 4
[Z bl | < > bl <n'P [Z |x[|] : 2)
i=1 i=1 i=1
The motion of the aerial target is described by
Pra(t) = ara(t), Pra(0)=Vray, Pr(0)=Prg, (3
where Pr, = [xTa(t)’yTa(t),ZTa(t)]T and aTa = [aTax(tLaTay(t),

aTa:(t)]T are the position and acceleration in north-east-down (NED)
frame, respectively, as shown by Fig. 1.
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Fig. 1. Relative position of the target and the follower.
The motion of the follower UAV is described by
Pr(1) =sat(ap(1)), Pr(0)=VF,, Pr(0)=Pr, )
where Pp = [xF(t),yF(t),zF(t)]T denotes the follower position, and
ar = [aFX(l)saFy(l),an(t)]T is the follower acceleration in NED

frame (Fig. 1); and sat(-) is the saturation function.
The relative position between the target and the follower is

R(1) = Pra(t) = PF(2) ®)
and its dynamics can be given by
R(1) = arq(1) = sat(ar (1), R(0)= Vo, R(0) = Ro. (6)

The objective of this letter is to design a saturated fixed-time con-
troller to stabilize the relative position based on vision measurement.

Main results: The vision-based measurement originates from [3].
The vision information is measured by an on-board camera, and its
optical axis is parallel to the follower xp axis, as shown in Fig. 2.
According to pinhole camera model, the range |R| satisfies

bR = b\ f2+y2+22 ()

where by is the width of target in the image plane, and b is the actual
width of the target. It is supposed that » is uncertain. The relative
dynamics can be expressed by

N ar()—ap(t) . Vo Ry
- — 0 = — O = — 8
(1) b , H0) b’r() b (3)
where r=[r; r r3]T = R(1)/D is the scaled relative position.
Xp
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Fig. 2. Vision-based measurement.

According to (8), the relative motion dynamics are given by

X1 =x2, = (1/b)sat(u)+d )
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where x1 = [r1, 2, 317 is the relative position; xp = [71, i, 317 is
the relative Ve1001ty, min < b < bmax is the uncertain target width;

=[d}, dp,d3]" is the bounded uncertain target acceleration, and its
bound is dmax = [d1max> @2max> @3max]’. The saturation function is

defined by: sat(u) = A@wu, where A(u) = diag{A(u1), A(u2), A(u3)},
and A(y;) satisfy
if |u;| < Wi
Alu) = {Sgn(ul)ulm/u,, if [ul > |, (19)

where ujmax denotes the maximum control input of the ith compo-
nent of the control vector, and p < A(y;) < 1.
The proposed fixed-time control is designed by

2 1,1 1yl g
u=-kiér kv —kax{ ¢ (11)

where ki, k2, k3 are feedback gains; & —x2 xzq, x5 = —alx , and

p="5 o e(O D, g=2 4 s e(l, 2) w1th odd positive numbers p1, pz,
i qz, SR q q]T [rl, f "]T gi! [‘fl 52 ,
e ]T.
To prove the fixed-time stability, define Lyapunov candidate by
V =Vy+ Vi, where Vo = %xlTxl and V| = Z? Wi,
1
—qu (q x*‘I)
Q-(1/g)a, 7%
and x5 [rf, 5, F *] denote the virtual control that is designed by

Wi = (12)

x5 = —ax{. The derivative of Vo can be calculated by Vo = xTxg =
21‘3:1 riij, where (according to Lemma 2)

rifi = ri(i— i) + riri® < il [fi = i | = ey |raf O
<= aynf O+ 21D e

(13)

It then follows from Lemma 3 that:

1
VOS—[CV] qq'YI]Zl z|1+

where 71 is a positive constant.
The derivative of V1 is calculated by Vi =

2-1 .
7| )
1
Q-(/gna,™ " @

With Lemma 3, the second term satisfies

Z|§|”*

Z?Zl W;, where

_1
Wi = " (s7-x31)" v ds. (14)

1-1
204
711l
al

i 2 q_ ¥4 17%d <
o (s7-x7) ds <
< 21_7 'q
ai(1+q) n(1+q) 2

where y2 > 0. It follows from (14) and (15) that:
1-1 1-1
2 agq 2 1
FrYRe al(1+q)72)z|’l !
_1 _2 _1 3
PN N el
+ + + ! i
(an PRt ;m g

b o (]/q))a,lﬂi Z §|2 (l/q)

Substituting (9), (11) and p < A(x;) < 1 into (16) yields

3 3 3
: 1+1 1+1 1+1
V=i ) il = Yl =k Y Il
i=1 i=1 i=1
3 . 3
1+ 2—-
—ha YN by YN
i=1 i=1

valrl'™* |§z| s)

V< —(011—

(16)

an

where
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21—(1/q)q 21-(1/q)

hy=a; - T+q 71—01(1+q)72

R o B
b2—(1/q)a,™ 1+q ar ai(l+q)

_ ks (/p+(/-1)
b2~(1/g)a; (1+(1/p))

o = pka pks (2= (1/9))
b2-(/g)a;™ " b2-1/g)a;(1+(1/p)

hd = ”dmax” (18)

1
Q-(1/g)e;™
and they can be set positive by control parameters a1, k1, k2 and k3. It
then follows from (17) that:

3 3 3
. 1 1 1
V=i )l —ha(l=ep) Y a1 T by ) Il
i=1 i=1 i=1
3 14 3 .
—ha(l=c2) Y &1 7 +hy Yl
i=1 i=1
3 Lol 3 .
—C1h22|§i| e —62h4Z|§i| T

where cl,cze(O 1) are positive constants.
Clhzlle" +62h4|&|” i ' <hg). If& ¢ Qy, then

3 3
. 1+1 1+1 1+1
V< —h12|r,-| Yi—h(l=e) ) 61T =k ) Il
i=1 i=1 i=1

3
—ha(1=c2) Y I

(19)

Define Q) ={&;:

(20)
i=1
According to Lemma 2 and (12), it holds that
3
1
Vo < P > and V; <Zw, 1)
=1 i=1
. 2=(1/q).
where W; < (2_(1/q))al+q| 2 — X518l
In another aspect, accordlng to Lemma 2,
g = x| < 217Dy (22)
It then follows form (21) and (22) that Vi SZ?:llllflz, where
_ 21-(1/9) . . . .
L= ERTymwLE Substituting (21) into (20) yields
. 1141 La+ L1+
V< <23ty ) ey gy 04)
1 1+ 1
)y ) D A U)
—ZIVE(”&)—thf(”;) 23)

where i = min{20/0)2p, VD 2h, 1~ ), and By =
min {2h3,21’(”(1/”))/211_(]+(1/p))/2h4(1 —cz)}. Based on Lemma 1, if

£ ¢ Qy, then & converges to Q1 in fixed time
2

PR S— :
h(1=1/q)  ha((1/p)=1)
Q, = {&:1&61< A}, where A = min{(h—Z)m,

Ciiy
1
(CI;—;IM)“/‘”*‘””H }, such that Q; € Qy, and & converges to Q» within

Define

Ty If & < Ay, V is calculated by

3 3 3
: 1+1 1+1 1+
V<= ) Il e =k Y Nl =k Yl
i=1 i=1 i=1
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3 3
1+L 2-1
—ha Y IENTT +hg A 24)
i=1 i=1
3 Lol 3 Lol
< —m(=c3) ) Il "i—hy Y 161"
i=1 i=1
3 - 3 "
—h3(L=ca) Y 1l =g ) jEl"
i=1 i=1
30,1 Lol 3
tha ) A T =es ) Bl T —ea ) Il (25)
i=1 i=1 i=1
where ¢3,¢4 € (0,1) are positive constants. Define
Q3 = {e3 i VD ey O < g7V, (26)

Based on Lemma 1, if r; € Q3, then 7; converge to €3 in fixed time
2 2
Ty < = + =
h(1-1/q) ha(1/p)-1)
713 = min {2(1+(1/q))/2h1(1 - c3), ll_(1+(l/q))/2h2}, fl4 _
min{2h3(1 —C4),21_(H(]/p))/zll_(1+(1/p))/2h4}. The relative position
converges to Q3 before a fixed time 71 + T2.

Remark 1: In this paper, target-tracking with vision measurement is
considered, and it is assumed that initial states can not be infinitely
large; otherwise the target cannot be measured by the camera.

Remark 2: Although the final time depends on the upper bound of
saturation, it is independent of initial states in the camera vision. The
proposed controller is still regarded as “fixed-time controller”.

Numerical example: In this example, suppose f =12 mm and
b=0.7 m. The follower acceleration is constrained by |u;| < 4 m/s?,
i =1,2,3. Suppose that the target acceleration ar(t) = ar(t) +Aar (),
where ar(?) is the target maneuver, which is set to [1,—-0.2,0.2]" in
0~5s,[-02,1.4,-0.5]7 in 18 ~20 s, [0,—1.4,0]7 in 28 ~30 s, and
Aar()is 0.05[sin(xt/60),sin(xt/60),sin(nz/60)]” m/s>. The target
maximum acceleration is dmax = [2, 2, 217 m/s?. Suppose that the
camera covers the semi-sphere area with radius 50 m in front of the
follower, e.g., the initial relative positions are given by [50,30,2],
[40,-40,17and [30,20,—4] in three different scenarios. Control
parameters are set to g =11/7, p=7/9, k1 =10, ky =5, k3 =5, and
a1 =0.14. The parameter p is conservatively set to 0.01 such that the
fixed-time region of attraction contains all states covered by a practi-
cal camera. It is calculated that the expected fixed converging time is
less than 75.25 s.

It can be seen from simulation results that the follower reaches the
target in fixed time. The relative positions are exhibited in Fig. 3,
where transient processes are all completed within the expected fixed

where
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Fig. 3. The relative position in case of different initial values: tracking errors
of the proposed fixed-time controller converges before the expected 75.25 s.
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time 75.25 s in case of different initial value. Besides, the traditional
PD control is applied for comparison. It is observed that the pro-
posed fixed-time tracking algorithm provides better disturbance
rejection and convergence rate. The control inputs are shown in Fig. 4,
and they are bounded within their constraints.

u, (m/s?)

Time (s)

u, (m/s?)

5 Time (s)
g0 "\ .
¥ | | | | |
0 10 20 30 40 50 60
Time (s)

Fig. 4. The control input: they are always within their constraints.

Conclusion: A vision-based fixed-time control is proposed to
solve the uncooperative UAV target-tracking subject to uncertainties.
It is proved that the tracking error converges to a small neighbor-
hood of the origin in a fixed time. The fixed time can be estimated
explicitly.
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