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Abstract This paper discusses the uncooperative target tracking control problem for the unmanned
aerial vehicle (UAV) under the performance constraint and scaled relative velocity constraint, in which
the states of the uncooperative target can only be estimated through a vision sensor. Considering
the limited detection range, a prescribed performance function is designed to ensure the transient and
steady-state performances of the tracking system. Meanwhile, the scaled relative velocity constraint in
the dynamic phase is taken into account, and a time-varying nonlinear transformation is used to solve
the constraint problem, which not only overcomes the feasibility condition but also fails to violate the
constraint boundaries. Finally, the practically prescribed-time stability technique is incorporated into
the controller design procedure to guarantee that all signals within the closed-loop system are bounded.
It is proved that the UAV can follow the uncooperative target at the desired relative position within a
prescribed time, thereby improving the applicability of the vision-based tracking approach. Simulation

results have been presented to prove the validity of the proposed control strategy.

Keywords Nonlinear transformation, performance constraint, prescribed-time tracking, uncoopera-

tive target, vision-based measurement.

SHE Xuehua

School of Automation and the Guangdong Provincial Key Laboratory of Intelligent Decision and Cooperative
Control, Guangdong University of Technology, Guangzhou 510006, China. Email: shexuehua2021@163.com.
MA Hui (Corresponding author)

School of Mathematics and Statistics, Guangdong University of Technology, Guangzhou 510006, China.
Email: huima2016@163.com.

REN Hongru

School of Automation and the Guangdong Provincial Key Laboratory of Intelligent Decision and Cooperative
Control, Guangdong University of Technology, Guangzhou 510006, China.

Email: renhongru2019@gdut.edu.cn.

LI Hongyi

College of Electronic and Information Engineering and Chongqing Key Laboratory of Generic Technology and
System of Service Robots, Southwest University, Chongqing 400715, China. Email: lihongyi2009@gmail.com.
*This work was partially supported by the National Natural Science Foundation of China under Grant Nos.
62033003, 62203119, 62373113, U23A20341, and U21A20522, and the Natural Science Foundation of Guangdong
Province under Grant Nos. 2023A1515011527 and 2022A1515011506.

© This paper was recommended for publication by Editor SUN Jian.

@ Springer



UNCOOPERATIVE TARGET TRACKING CONTROL OF UAV 1957

1 Introduction

During the past years, the research on unmanned aerial vehicle (UAV) control has achieved

(4] Due to its practical significance, uncooperative target tracking control has

great progress
become a popular research topic in the field of UAVP!. Uncooperative target maneuvers arbi-
trarily and cannot communicate with the tracker, i.e., the tracker cannot directly obtain target
information!®/. In response, the vision-based tracking control strategy has been investigated!”.
Different from the conventional control schemes® 19 the vision-based control method provides
useful information from the target environment through the vision sensor, especially in areas
where communication is poor or even not available. However, vision sensors only have access to
target image information (e.g., deflection and pitch angle) but cannot directly measure relative
distance. To solve this problem, some estimation methods were used to estimate the relative
distance'™ 13, For ground targets!'¥, the relative distance was estimated from the altitude
of the UAV by a coordinate system conversion. The estimation method using altitude is not
available for airborne targets, while other estimation methods are required. Image feature
point information is used to estimate the relative distance of the target, such as the image-
based method™®! and the stereovision method!*9!, which require a priori information about the
target. To overcome this problem, a vision-based control scheme was proposed(®, which only
considers an ideal tracker. Therefore, it remains an interesting research for the UAV to track
an uncooperative target when the relative distance is unknown and the priori information is
lacking.

For the vision-based methods('* 6] the main attention is paid to the asymptotic stabil-
ity, that is, the closed-loop system is stable as the time tends to infinity. However, for many
time-sensitive applications, such as spacecraft docking and target interception, the preferred

(171 Sun, et al.'8] constructed a vision-

tracking accuracy needs to be achieved in finite time
based finite-time controller for UAV, where the convergence time was limited by initial values.
Based on fractional plus regular state feedback, a fixed-time control approach was presented?,
which makes the settling time irrelevant to the initial value of the state. Note that fixed-time
control algorithms with a state feedback component are usually difficult or even impossible
to achieve stability in prescribed time. Thus, the concept of prescribed-time stability was

(29 which has more robust and attractive convergence performance than finite/fixed

proposed
time control, i.e., the settling time can be artificially prescribed depending on the task require-
ments rather than determined by parameters. A prescribed finite-time control scheme was
constructed with regular state feedback for specific classes of systems?! 23, The above meth-
ods must have high energy consumption to achieve high tracking accuracy when the system has
unknown disturbances and uncertainties. However, in actual tracking control, it is sufficient to
achieve a prescribed range of tracking accuracy within a prescribed time. Thus, developing a
practical prescribed-time control scheme for tracking system with uncertainties and unknown
disturbances is of practical interest.

Due to the uncooperative feature of the target, state information can only be measured by

onboard sensors, which requires that the target is always within the detectable range. Thus,
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it is of great interest to determine the performance metrics (e.g., convergence rate, maximum

o[24-26]

overshoot, and stable residual set of tracking errors) in advanc A prescribed perfor-

mance control (PPC) was designed to meet the performance requirements, where the system

291 This approach

performance could be guaranteed by the prescribed performance function!?7-
has been commonly employed in different systems due to its advantages in the transient and
steady-state performances of the control system. For instance, Zhang, et al.l’% proposed a
pattern-based intelligent control strategy for uncertain pure-feedback systems, where the track-
ing error was guaranteed in a prescribed range. However, the mentioned works require that the
initial value must be predetermined within a given range, which relies on the prescribed bound-
ary function. To remove the restriction on the initial condition, the funnel control approaches!3!l
and deferred PPC schemes[®? were presented, but these methods have some drawbacks. Specif-
ically, the funnel control approach is conservative, and the deferred PPC method needs a con-
tinuous differentiable shift function. By using a time-varying scaling function, a new prescribed
performance function is designed for uncertain strict-feedback nonlinear systems, which elim-
inates the initial condition®¥. However, in previous PPC results, the convergence time to
reach the prescribed steady-state boundary could not be specified in advance. In addition,
considering security and physical restrictions, constraints become one of the main problems in
practical systems.

si347371 - An adaptive control

There have been many achievements in dealing with constraint
scheme with the barrier Lyapunov function (BLF) was designed for nonlinear pure-feedback
systems with constraints®®. Note that if BLF is combined with the backstepping design proce-

dure to solve the state constraint problem, the feasibility condition needs to be satisfied% 40,

[41] defined a nonlinear transforma-

To eliminate the demanding feasibility condition, Zhao, et al.
tion function within the constrained states, and the original constrained system was converted
into an equivalent unconstrained one. Following the idea proposed in [41], adaptive full-state
constrained controllers were developed, such as for robust control of stochastic systems with
unknown time delays!*?l and nonlinear systems with unmodeled dynamics!*3]. It is noticed that
the above constrained researches only achieve ultimately uniform boundedness, whose settling
time cannot be user-defined.

Motivated by the above discussion, this article investigates the uncooperative target tracking
control problem for the UAV with unknown disturbances and performance constraint, where
uncommunication and the priori information of the target are available. A vision-based adaptive
prescribed-time control strategy is proposed to ensure that the UAV tracks the uncooperative
target at the desired relative position within a prescribed time while satisfying all constraints
during the operation. The main contributions of this article are summarized as follows: 1) Dif-
ferent from [8-10], the uncommunicative uncooperative target tracking problem is considered in
this paper. Additionally, some difficulties associated with this problem (e.g., detectable range
constraint and convergence rate requirement) are also considered, unlike existing literaturel® 18],
2) A prescribed performance function for uncooperative target tracking is designed to guaran-
tee tracking performance without using relative distance. In contrast to existing work on

PPCB133] the designed prescribed performance function reaches the steady-state boundary
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within a predefined time and relaxes the restrictions on the initial values. 3) An adaptive pre-
scribed time controller is constructed for vision-based uncooperative target tracking of UAV,
ensuring the practical prescribed-time stability of tracking system. Unlike the existing vision-
based control schemes!'® *446] " which only achieve finite/fixed time convergence, the setting
time and tracking accuracy in this paper can be prescribed flexibly by user.

The remainder of this article is structured as follows. The problem statement and vision-
based measurement are given in Section 2. The prescribed performance function is constructed
in Section 3. Section 4 presents a time-varying nonlinear function that converts the constrained
systems into an unconstrained nonlinear system. Then, an adaptive practical prescribed-time
controller is designed to stabilize the unconstrained nonlinear system. Simulations are provided
in Section 5 to validate the effectiveness of the proposed control strategy. Section 6 summarizes
the conclusion of this article.

2 Problem Statement and Vision-Based Measurement
2.1 Problem Statement

This paper considers the position tracking control of UAV, where it is assumed that the
attitude control of the UAV has been presented according to [15]. To better describe the
relative position model, two reference frames are defined, i.e., the inertial coordinate frame I =
{01, X1,Yr, Z1} fixed on the earth and the body-fixed reference frame B = {Op, Xp,Yp, Zp}
fixed on the UAV. The rotation matrix between reference frames I and B is represented as RL.
The relative position model of the tracker-target is shown in Figure 1.

target

tracker

Xp

Figure 1 Relative position between target and tracker in the frame I
According to [47], we can obtain the position dynamics of the UAV as

jf = vy,

U =us+9(Ty) +d, (1)
where I; = [I51,15.2,153]" and vy = [vp.1,v5.2,v53]" denote the position and velocity in frame I,
respectively. uy = [uf 1, uy,2, Uf}g]T is the control input. ¢ (T¢) = [g1, g2, gg]T denotes the known

nonlinearity function and vy = [l;{, vﬂT. d = [dy,ds, dg]T represents unknown disturbances.
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The motion equation of the target is

lt = Qg, lt (O) - lt07 l‘t (O) = V0, (2)
where Iy = [ly1,02, lt73]T and a; = [ar,1,a¢2, at}g]T represent the position and acceleration in
frame I, respectively. l;g and v are the initial values.

In the frame I, the relative position between UAV tracker and target can be denoted as

I =1y — Iy, whose dynamics are given by
l=a;—0v5, 1(0)=1lo, 1(0)=1ly, (3)

where [y and [,,g denote the initial values.

Assumption 2.1 (see [48]) The disturbance d; is bounded by an unknown positive con-
stant, that is |d;| < d; max-

Assumption 2.2 (see [18]) The acceleration of target is bounded such that |a ;| < @imax,

where a;max is an unknown positive constant.

2.2 Vision-Based Measurement

Inspired by the vision-based methods of [6, 18], the UAV obtains the uncooperative target
information using a vision sensor. The vision sensor is attached to the gimbal of the UAV, thus
ensuring that the optical center coincides with the Op and that the optical axis of vision sensor
is parallel to the Xp. Projection model of the vision-based measurement is shown in Figure 2,
where p indicates the focal length of the vision sensor.

Xp

/’% target

s 2p)

Imaging plane

Yy

Zy

Figure 2 Vision-based measurement

Let I, = [p, yp, zp]T denote the coordinates of the target’s center of gravity in the imaging
plane, which is provided by the image processing algorithm associated with the vision sensor
in real time. Therefore, the deflection ¢ and pitch ¢ angle from the target to the tracker can

be obtained as follows:

Yp

z
tang = =, tany = P
p

VP Y

(4)
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According to the principle of pinhole imaging, we can get

ol _ sp
m s (5)

where s, and s are parameters associated with the size of the target in the imaging plane and in

reality, respectively. ||| = 1/p? + yf, + 212, represents the distance between the optical center

in frame B and the target’s center of gravity in the imaging plane. ||I|| = /13 + (3 + I3 denotes
the distance between the target and the tracker.

Based on (4), the relative position between UAV and target in frame B can be written as
T
g = U [CypCos, CpSe, —=Sy]", (6)

where C, = cos(*) and S, = sin(x).
According to the rotation matrix RL, the following relative position in frame I can be
obtained

S
l=Rplp = - 1]l RE[CyCs, CySs, —Su] (7)
p

It is noted that there is an unknown parameter s in the relative position, so we adopt the
scaled relative position r = 1/s.

1
r=v, 0= (a—70f), 7(0)=rg, v(0)=ny, (8)
S
where v denotes the scaled relative velocity. smin < 8 < Smax, Smin and Smax are positive
parameters.
In the light of a vision sensor, the problem of an uncooperative target tracking by a UAV is
reduced to the stability problem of the second-order system (8) under parameter uncertainties

and unknown disturbances.

Remark 2.3 Compared with [6, 18], this paper considers a more challenging case for
uncooperative target tracking control, since it involves parameter uncertainties, performance
constraint, and convergence rate.

Define the scaled position error e = r — rq with e = [e1, e2,e3]T and rg = [ra,1,7a,2,74,3]"-
rq represents the desired scaled relative position. lg = s * 4 is the desired relative position.
Meanwhile, considering the physical constraints and Assumption 2.2, the scaled relative velocity
v is required to be constrained.

The control goal of this paper is to develop a control scheme for the system (8) under
the performance constraint, scaled relative velocity constraint, parameter uncertainties, and
unknown disturbances, so that the UAV can follow the uncooperative target at a desired relative
position within the prescribed settling time.

Then, the following lemmas are required.

Lemma 2.4 (see [49]) Considering the system i(t) = f(x(t),t), the origin of system
is practically prescribed-time stable (PPTS) if there exists a continuous-differential function
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I'(x(t),t) >0, and the following inequality is satisfied
P<—kr—20piP .
Y Y
where k > 0,0 < p < +00, and 0 < ¢ < 400 are scalars. v is a piecewise time-varying function,

which is given by

. exp (o1 (Ty — t)) — 1, tel0,7,), (©)

02 — oz tanh (01 (t —T5)), te [Ty, 0),

where 01 and oy are positive tunable parameters. By selecting appropriate parameters, the sys-
tem trajectory will converge to the region 2={x|I" () < p/o1} fort > T,. For implementation,
the right-hand derivative of v at t =T is given as 7.

Remark 2.5 As shown in (9), the parameters T, o1, and o0y are used to describe the
control performance. The parameter 7%, presents the convergence time, which is not related to
initial values or design parameters. The user can define the convergence time and convergence
region according to the practical tasks. Furthermore, it can be seen that the convergence region
{2 of the system is related to o1, i.e., the larger o the smaller the convergence region. However,
an excessively large o; will result in an excessive control signal, so that a trade-off needs to
be made between system performance and physically achievable ranges. According to [49], the

parameters are set as 01 € (0.5,1) and 02 = 1, which guarantees the continuity of the 7.

Lemma 2.6 (see [33]) For any positive constants h, b and scalar x, the following function

Vo

H(x) = 7/}2 —

is increasing strictly monotonically in the interval (—h, h).

Lemma 2.7 (see [45]) Considering x € R, for any 6 > 0, the following inequality hold

2

0< |2 <6+ e
: N

3 Prescribed Performance Constraint

The transient and steady-state characterizations are essential performance indicators of the
control system. In order to predefine certain behaviors of the scaled position error e, we further
restrict e to evolve within a specified range.

To reach the desired steady-state performance within a prescribed time, the following time-

varying constraining function is developed

T, —t
Hoo,is te [TI“OO)?

(:uo,i - MOOJ) exp ( ) + Hoo,is te [0777u)7

p,i(t) = (10)
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where i = 1,2,3 and jig,; > floo,; > 0. Define pig = [10,1, 10,25 110,3] T floo = [floo,15 loo,2s floo,3]
and p1 = [p11, 1,2, 11,3 Note that g ;(¢) is monotonically decreasing and 1 (0) = o
T, € (0,00) is a prescribed settling time, that is, lim; .7, jt1,; (£) = fhoo,q-

Upon utilizing (10), the prescribed performance function is as follows:

Vi
Ml: , (11)
\//‘%,i - /j’%,i

where b; = M%,i — ,uioz Then one has H (po,;) = oo and lim 7, H (f11,4) = foo,i-

H (Nl,i) =

The prescribed performance constraint on the scaled distance error e; is as follows
—H (p1:) < e < H(p1), (12)
with

—00 < e; < 00, t=20,

\/b—i,ul,i \/b_i,ul,i

———_— < < Y/ te(0,7,), (13)
\/ U(Q),i - U%,i \/ N(QM - Ngl

—Hoo,i < € < floo,i te Ty, 00).

Remark 3.1 In [24], the traditional prescribed performance function is selected as h;(t) =
(ho,i — hoo,i)exp(—1t) + hoo,i, which only ensures that the tracking error enters into the pre-
determined region (—heo,i, hoo,i) @s the time ¢ tends to infinity. Besides, this method requires
the initial value of tracking error to meet the condition —h;(0) < ¢;(0) < h;(0). Thus, an
improved prescribed performance function (11) is proposed in this paper. If (12) holds, the
scaled distance error e; will converge to a prescribed region (—fioo,i, fhoo,;) Within a prescribed
time T}, and removes the restriction on e;(0).

As shown in (12), the restriction on the initial value is eliminated. To ensure the prescribed
performance, the following nonlinear shifting function is adopted
Ho,i€i
G(e) = ————, 14
(e:) NCET (14)
where G (e;) € (—po,i, pto,i). The derivative of G (e;) is G (e;) :,uo}ibiéi/(e? + bi)3/2. Note that
the monotonicity of G (e;) is related to e;. When G (e;) — %0, we can obtain e; — foo. The
initial value e;(0) can be arbitrarily chosen.
With the help of (10) and (14), we define a transformation function as
G (ei)

§1i = PV (15)

where &5 (0) = G (e; (0))/po,; € (—1,1), indicating that the initial value & ;(0) is explicit. In
addition, &, = G (&) /u1,i — G (e3) fur,i /13 ;-

Lemma 3.2 If there exists a constant 0 < &, < 1 with |&14] < &, the prescribed
performance (12) is satisfied. l l
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Proof  Suppose that |1 ;] < Zl,i, such that
—pyi < =&y < Ged) < & i < i
From the definition of H (x), one obtains
—H (p1q) < H (G (e:)) < H (p) -

Based on (14), the scaled distance error can be written as

e; = M:H(G(ei)).

N%,i - G?(e;)

Hence, (12) holds. The proof is completed. |
Then, the tracking control problem with prescribed performance can be achieved simul-

taneously as long as [£1,] < &;; < 1 is satisfied. In addition, the scaled relative velocity is

constrained by the time-varying positive functions fi, ; and Iy 5 that is, —y < Vi < g

4 Controller Design
4.1 System Transformation

The problem of constraints is far from trivial, especially when the boundaries of the con-
straints are asymmetrical and time-varying. A time-varying nonlinear function is introduced to
tackle the issue of state constraints. By means of this transformation function, the constrained
system (8) is reformulated as an unconstrained system whose stability ensures the constraints
of the gl,i and Vi.

Consider the following time-varying nonlinear transformed function

€1
X1i = 7 _1' 5 (16)
1

fUiEQ,in’i

(EQ}i + Ui) (ﬁg}i - vi) .

X2,i = (17)

Thus, the problem of constraints is transformed into ensuring the boundedness of X, j =
1,2.

Remark 4.1 It is worth noticing that the time-varying nonlinear transformed function
in x2,, is characterized by a finite escape as the v; approaches the defined error bounds oy
Or flg 4, that is, limvi_,%yixg,i:oo and limvi_,_,_iwxg,i: — 00. Furthermore, if the transformed
errors are unconstrained, one can obtain lim,—byi:b’iﬁmxgizw. As a result, it is concluded
that the proposed time-varying nonlinear transformed function can cope with symmetric or
asyminetric constraints, and it can be used for systems without constraint requirements.

From (17), one obtains v; = n2,;x2,: with 72, = (HQJ +vi)(Ha,; _vi)/(ﬁz,iﬁli) being a
positive function. There exists a positive constant 7, ; such that 0 < ng; <7, ; < oco.
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Based on (16) and (17), the time derivatives of x1,; and x2; are given by
X1,i = X11,i€ + X12,i»  X2,i = X21,i0 + X22,i (18)
with
(1+ fii) G,

X11,i = ,
&) ma
X (1+ f%l) f11,i€1,i
12 = ———F7 5
' (1 - ffl) 22 %)
Hgﬂﬁu (Hliﬁgﬂ' + vf)
X21,i = 3 .
(Hgﬂ; + Ui) (ﬂz,i - Ui)
’U% (HQq,E%l - E;}iﬁZi) - U? (EQ@EZZ‘ + H2,iﬁ27i)
X22,i = ,

2 2
(Hz,i + w) (MQ,z' —vi)
where Gi; = po,ibi/(e? + bi)3/2

Substituting (8) into (18), the newly transformed system can be presented as

s By > 0 and g, > 0. Then, we have x11,; > 0 and x21,; > 0.

X1, = X11,6M2,6X2,5 + X12,i
X21,i

X2,i = (ar; —ufs — i — di) + X22,i- (19)

Therefore, the prescribed performance constraint problem for e; and the constraint problem
for v; are transformed into the problem of making the states x1; and x2; bounded. Then, the
goal of this paper is to stabilize the transformed system (19) by the design of the controller
Ut
4.2 Controller Design

An adaptive prescribed-time controller is developed for the transformed system (19) with
unknown disturbances and parameter uncertainties within the backstepping framework.

According to (19), the coordinate transformations are constructed as
21,i=X1,i>
21,i=X2,i — Wif,i, (20)
with wyy; being the output of first-order filter, which is given as follows:
Ws,iW1fs +Wif; = ng_ﬂ‘lwl,zﬁ (21)

where w;; is a positive constant. Define the boundary layer error e, ; = wiy,; — n;ilwlti. The

intermediate control function w; ; is designed as

—2
21,iW1 4
Wi =~ 2 —2 2
X11,i4/ 2191 T 71
1 .
_ 2 Pi
Wi, = 21,iX11, + Xi12,i + 5041,1'21,1 —h (2’11) ;7 (22)
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2191
5
Lemma 2.4. For arbitrary small 6; > 0, we have h (z1,;) = £ (21,:)/#1,; with

where o ; = ki1 + . k14, 714, and p; are positive design parameters. v is designed from

| 21,4]

sin , |21,4] < 61,
&(z1,) = < 20 )

1, else.

Remark 4.2 According to L'Hopital rule, the switching property of £ (z;) ensures the
smoothness characteristic of h(z;), that is, lim,, g+h(z;) = 7/261 and lim, ,o-h(z) =
—7T/251 .

The actual controller is constructed as

smaleiwg,i

Ui = 2 —2 2
X21,iq/23,W2; T Ta;

0 2 2 2
= 91,1'3271'9(21,1 22,iX21,i9i
2,0 = 2 .2
241, min Smax 1/ 23 X31.49; + 07

2 . R ol .
where o ; = ko ; + % k2, T2.i, q1,i, and o; are positive parameters. 6; ; denotes the estima-

5720 1
T]2,12 2, + 5&2}7;2277;, (23)

+ X22,i —wig +

tion of 61 ;, which is updated by

) 2 .2
~ 0 Tz X21,

i =55 >3 — a3, (24)
2ql,ismin

with a3 ; = k3 ; + @ 71,5 and k3 ; being positive parameters.

Remark 4.3 The PPTS is achieved by employing a control gain that will reach oo as
t — T, while ensuring that the states of system are bounded. Exploiting unbounded control
gain can be traced to early research in terminal sliding mode methods, optimal control and

time-based generators/2' 23,

For implementation purposes, several solutions can be used, such
as adding a small constant 77 to the denominator of 1/7 to avoid the singularity when t — T,
or using the dynamic damping reciprocal (DDR) method[®%.

Then, the main results are recapitulated in Theorem 4.4.

Theorem 4.4 Consider the tracker-target system (8) under prescribed performance con-
straint (12), scaled relative wvelocity constraints, parameter uncertainties, and unknown dis-
turbances. The proposed control strategies (22)—(24) can guarantee that 1) all signals of the
closed-loop system are bounded; 2) the constraints of &1, and v; are not violated all the time;
3) the scaled distance error e; evolves strictly within the prescribed performance range given
by (12) and converges to prescribed region within the prescribed time; 4) the tracker UAV tracks
the uncooperative target with a desired position.

Proof Step 1 Define the Lyapunov function candidate as I'1 ; = 0.527 ;, and its derivative
with respect to time is

Fl,i = 21, (X11,m2,z‘X2,i + Xl?,i) . (25)
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Based on (20) and e, ;, (25) can be written as

=21, (x11,im2,i (22,0 + €w,i + 7]2_@1&01,1) + X12,4) - (26)

According to Young’s inequality, one obtains

2 2 2 .2
21iX11,i . M2,6%2,
21,iX11,i"2,i%2, < 1’121“ + 2’; 2’Z7
2 2 2 2
Xl | Michi
21,iX11,iM2,i€w,i < 1’1211’1 + 2,12%1. (27)
Then, we have
2 2 2 2
I'; <z (X%l,izl,i + X11,iw1,i + X12,z') + 2,12 2,i + 2,12 i (28)
From Lemma 2.7 and (22), one has
2 2 1 2 Pi
21,iX11,iW1,4 STl,i — 21,iX11,i T A1iX12,8 — 5041,121,1 + ; (29)
Substituting (29) into (28) yields
. 1 . 7]2AAZ2AA 7]2AA62 .
Fl,i < —§OZ1’Z‘Z%J~ + %—'_Tl,i 4 2,i°2,1 T 2,%2 w,i (30)

Then, from (30) and Lemma 2.4, it can be seen that the PPTS property of z;; can be
ensured if 2 ; and e, ; are stabilized.

Step 2 Construct the following Lyapunov function

~ 1
0% + =e2 . 31
2ry,; * 9 Cw.ir (31)

1
Iy =T+ 525,1’ +

where 5“ =61, — 51,1‘ is estimation error. Based on (20), Fgl can be calculated as

01,01,

wi'sz 32
S penitu, (32)

Doi=T1i+ 204 (Xoi — W174) —

According to (19) and (20), it follows from (32) that

2 2 .2
. . ) ) n3,i%2,i 1~ = 13,i%2,; )
Doy =T+ 20, | x21,i0i + X22,i — W1fi + —= - 01,001, — —=""H4ey ifuwi
2 T1,i 2
. 7751331 X21,i (@i — di)  Xo1,iUfi  X21,i9i . 77%,1'22,1‘
=0 — —5— + 22, - - —wifi X220+ —5—
2 s s s 2
1~ = .
- 01,01 i+ew i€ - (33)
71,
Based on (21) and the definition of e, ;, one obtains é,, ; = —w;}ew,i +Gi, S = 772_712(4]171‘7.72@ —

n;}wu and W ; = (X11,iM2.iX2.i + X12.4) Ow1,i/OX1,i4+E1,i0wr 1/ OE1 i+i11,i0w1 i Opa i+éi0wr i/ De;.
Then, we have

1 1
wi'wi< e 2 2 34
CuiCu,i = (4 wm)e“” S (34)
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With the help of Assumptions 2.1 and 2.2, and Young’s inequality, we have

22,iX21,i0; Zg,ixgl,iazz (I%,i Z%,ixgl,ia?max CI%J‘
< 75—+ <45+ ,
s 2q17is 2 2q17ismin 2
—22,iX21,id; - Z5 X514 4i - 23 X531 max @i
<S55t S ara T (35)
s 291,i3 2 2q1,i8min
Applying Lemma 2.7, one can obtain
_ 22,iX21,i9i < Z%,iX%quz n a; . (36)
§ Smax\/ Z%}ixgl,i‘g% + 0'1‘2 Fmax
Substituting (34) and (36) into (33) yields
2 2 2 2 2
. . 294 (az + d: 29 NeE Y
F2,i §F1}i+z2,i ,lX21,12( lea2x lmax)+ 7/X21,’Lgl o X21,iUf +X22,i
QLiSmin Smax /Zg,ixgl,ig? + 0-12 S
2 2 2 .2 2 2
) 12,422, 1 1 M2\ o 1~ = 2,i%2;  12,i€0.i o;
—w . 5 ’ - 5 e _ 0 9 L 5 v 5 5
ity >+ (4 o 2 ) Wil Ty 2 2 oo
+<E+a (87)

Define 6, ; = a? + d?

— 2 2 " 1 1, M 1
fmax T @i max a0d €1 = ¢7 ;+0i/Smax +<; . In addition > gt tgag;

? Wws,i

with o = ka; + @ Then (37) can be written as

. . a1 i22 iX§1 ) . 77% i%2,i 22 iX%l 97 X21,iUf,i
Iy <I'tjj+ 20 W —wifi+ 12 > 2’1 12 = ; L + X22,i
91.i%min Smaxy/%2,X21,i9; T O;
> 2 2 ) 2 .2 2 2
01 [ 71,23 X215 5 1 2 N2,i%2,i  T2,i€0.i
- 3 2 | - jaie,; - - +cri (38)
1 2q17ismirl 2 2 2
From (23), one obtains
_ X21,iUf
s
2 —2
25 W05
S _ 2,0%2,1 (39)
[2 —2 2
25 W + 75,
0.2 32 2 2 2 2 .2
91,i22,¢X21,i 23,iX21,i9i 1 2 . 12,i%2,i
<Toi— 5?2 e 5 02,7, T 22,iX22 + 22w — —5
91.i%min Smaxy/ #2,iX21,i9; + 0
Based on (24), (30), and (39), we get from (38) that
. 1 1 1 - -1 p;
Io; < — 0128 — —ag28, + —azibh 01 — —auie’ .+ = + e+ T+ Tou (40)
2 t2 N A 2 T
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Using Young’s inequality, one has

SN 1 1
61,:61,q SEG%,i - 59%,¢~ (41)
Substituting (41) into (40) yields
. 1 0i 1 1 - 1
Iy, < — Oél,lazii + 5 az,@zii — a3,iﬁ9i¢ - 044}¢—€Z,¢ + ¢, (42)
with
1 2
C2,i = asif7; +c1i+ T+ T2,

2’/‘11'

)

Note that the overall Lyapunov function is Ip= Zf’ Iy ; and its derivative is as

. 9214
F2<—<k+ﬂ>&+£+c7 (43)
Y Y
where ¢ = E§:1 2,1 =1,2,3, p=max{p;}, and k = min {k; ;, ko4, ks }. |

Theorem 4.4 can be obtained and verified as follows:

1) In the view of Lemma 2.4, the PPTS characteristic of the closed-loop system is expressed,
which means the boundedness of z1; = x1,4, #2,i, €w,i, and 5“ can be guaranteed over the
interval ¢ € [0,T%). When ¢t > T, the trajectory of the system converges to a prescribed region
such that Iy < I'y < p/oy = I's. From (16), the boundary of &1, can be further reduced

as |&1,4] < Eu with Eu < 135%2. Since 21, €w.is £1,45 M1,5, and 772—11 are bounded, it is not
difficult to get that w; ; and w;y,; are bounded.

2) According to the definition of & ; in (10), it can be concluded that e; will strictly evolve
within the prescribed performance range given by (12). Then, it can be concluded that the
scaled distance errors reach the steady-state boundary 1 = {—pico < €; < oot = 1,2,3}
within a prescribed time 7}, satisfied T}, < T’,. Since 22, o Hg > Wif,is T2,i are bounded, x2;
and uy,; are bounded and v; is no violating state constraint Hy ; < Vi < iz

3) Under the proposed control scheme, the tracker UAV tracks the uncooperative target
within prescribed performance while maintaining the desired relative position.

For readability purposes, the proposed vision-based adaptive prescribed-time control block
diagram is depicted in Figure 3. Defined & = [€1.1,612,&1.3]" 5 X1 = [X1.1, X1.2, X13] > X2 =
[X2,1,X2,2,X2,3]T, 01 = [91,1,91,2,91,3]T, w1y = [wlf,l,wlf,z,wlf,g]T, and w; = [w1,17w1,2,w1,3]T

v

time-varying
r prescribed & nonlinear
performance transformation
control
X2
UAV X
P yp.TZp. Sp us ﬂd"_iPliVe_ #,| parameter
prescribed-time [< adaptive
vision sensor controller update law

wyf
uncooperative IoN
target first-order filter intermediate control

Figure 3 Block diagram of the proposed vision-based adaptive prescribed-time control scheme
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5 Simulation

To demonstrate the effectiveness of the vision-based adaptive prescribed-time control scheme
with prescribed performance, the simulation examples are carried out. Some parameters of UAV
and target are listed in Table 1.

Table 1 Parameter setting

Parameter Value
Initial values 1:(0) = [50, 30,4]™
of target v (0) = [4,2,1]" m/s
Initial values 1;(0) = [0,0,0)T
of tracker vy (0) = [0,0,0]T m/s
Focal length of the camera p=12 mm
Size of the target s =0.7Tm
Desired scaled relative position ry = [2.1,0,0]"
Model nonlinearity gi = vyg;sin (ly,;)
Disturbances d; = 2sin(t)
Parameters of PPTS 01 =06, 0o =1, p=0.001, T, =15 s
k1 =1[2,8,0.1,5)"
=[1,8,0.1,5"
Parameters of controller ks =[1.2,8,0.1,5]"

r1,; = 0.1, 715 = 72, = 0.001
q1 = [10,10,10]", 61 = 0.01

By taking into account the arbitrary maneuvering of the uncooperative target, the acceler-

ation of the target is set as a segmentation function a; = ag + A, where

[1,-0.2,0.2]" m/s?, 0s<t<5s,

) [-0.2,1.4, —0.5" m/s?, 18 s <t <20s,

7Y 0,214,007 mys2, 285 <t < 30s,
[0,0,0]" m/s?, else,

=005 (22) o (22) o (2)]

Set the parameters of the prescribed performance as py = [47,30,13]T m, T, = 5s
and fieo = [0.5,0.5,0.5]T m. The constraints on the scaled relative velocities are defined as
By = 50 — 20 sin (t) and T, ; = 140 — 56 sin(¢). A pinhole camera is used to provide tar-
get information through the associated image processing algorithm. The visual processing and
tracking algorithm are set at rates of 30 Hz and 100 Hz, respectively. Note that the vision
processing detection and tracking algorithms have different frame rates in practice, which can
be handled by linear interpolation.

The results of the simulation are presented in Figures 4-9. Figure 4 and Figure 5 repre-

sent the tracker-target trajectories in the two-dimensional plane and three-dimensional plane,
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respectively. The curves of relative distance and relative velocity are plotted in Figure 6 and
Figure 7, respectively. As shown in Figures 4-7, it can be concluded that the relative position
[ and the relative velocity [, arrive within a very small region of the desired value in time
T,. The scaled distance errors e; under the proposed controller are shown in Figure 8 with
the prescribed performance function 11 5, where e; evolves within the prescribed performance
range and converges to 2 = {—0.5 <e; < 0.5,4 = 1,2,3} within 7, = 5 s. Figure 9 shows the
trajectories of v; with asymmetric constraints, which confirms that the scaled relative velocities
are confined within the prescribed region. As a result, the UAV follows the target at the desired
relative position I; = [2,0,0]T m within the prescribed time T}, = 15 s.

500 f

g L i

150 F
100

(m)

0 10 20 30 40 50 60
100 '
g A
s
0
0 10 20 30 40 50 60
Time(sec)

Figure 4 Trajectories of tracker and target in two-dimensional plane

100 |

z(m)

50
—target
0l - — —tracker:

TS 00
y(m) 0o z(m)

— 2 —h
2\ A
14 15 16
0
0 10 20 30 40 50 60
30 ;
Enl ]
0 1 15 16
0 10 20 30 40 50 60
4
0
— —l
= Nl
~ -0.06
0 14 15 16
0 10 20 30 40 50 60
Time(sec)

Figure 6 Relative distances between target and tracker
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Figure 7 Relative velocities between target and tracker
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Figure 8 Tracking performance of scaled distance errors
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Figure 9 The scaled relative velocities under constraints

The comparative simulations are performed to prove the performance of the proposed control
scheme in this paper.

Case 1 The proposed performance function is compared with the traditional performance
function in [24], which is set to be hi; = 97exp(—0.01t) + 0.5 and —hy,; < e; < hy, for
any time. The trajectories of e; under different performance functions are shown in Figure 10.
From Figure 10, the performance functions guarantee that the scaled distance error e; converges
to [—0.5,0.5]. Compared to the result of [24], the performance function (11) has a faster
convergence rate, which guarantees that e; converges within predefined bounds at time 7}, = 5 s.
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ey in this work
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Figure 10 Comparative results of tracking performance under the proposed PPF
and the conventional PPF in [24]

Case 2 In order to make a fair comparison between the designed controller and the fixed-
time controller in [45], the other settings are the same except for the controller. With the same
initial states, the trajectories of the relative distances and velocities under two controllers are
depicted in Figures 11 and 12. Compared to the fixed-time controller in [45], the designed con-
troller implements the characteristics of PPTS without oscillation and prescribed performance

convergence.

—40 2'27 ——1; in this work |
E 20 : — 1y in [45)
o 6 20 -
0 10 20 30 40 50 60
30 02 —
= 20 0 ﬁ ly fn this work| |
=10 02 ——1 in [45] ,
0 16 18 20
0 10 20 30 40 50 60
4 — ‘ ‘ —
= 0 @ ——I3 in this work
£z @ —binfs) |
0 TS| 20
0 10 20 30 40 50 60
Time(sec)

Figure 11 Comparative results of relative distances under the designed controller
and the fixed-time controller in [45]
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Figure 12 Comparative results of relative velocities under the designed controller

and the fixed-time controller in [45]
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6 Conclusions

This paper proposed a vision-based adaptive prescribed-time control strategy to guarantee
the prescribed transient behavior and steady-state performance for uncooperative target track-
ing of UAV. A prescribed performance function with an unlimited initial value was constructed
to ensure the prescribed-time tracking with the prescribed transient response. Based on the
time-varying nonlinear transformation, the problems of performance constraint and scaled rela-
tive velocity constraint were transformed into a stability problem for the unconstrained system.
Then, an adaptive prescribed-time controller guarantees that all states of the unconstrained sys-

tem were bounded. In the future, we will focus on extending the work to the case of multiple
UAVs.
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