Tracking a Maneuvering Target with a Non-holonomic Agent Usng
Artificial Potentials and Sliding Mode Control

M. Ilter Koksal, Veysel Gazi, Baris Fidan, and Ra(l Ordbii

Abstract— In this article we consider tracking a maneuvering approach used in [1] cannot be applied directly to the non-
target with a non-holonomic agent. The target and the agent holonomic unicycle agent dynamics model. Therefore, in
move in 2-dimensional space. The task is to capture/interpé this article, in order to perform a tracking task with non-

the moving target using a continuous time control scheme basl holonomi nts w the artificial potential and slidin
on artificial potentials and the sliding mode control techngue. olonomic agents we use the ariicial potential and s g

The effectiveness of the proposed control scheme is estaied Mode control based approach in [4], where a distributed
analytically and demonstrated via a set of simulation resus. control scheme for aggregation, foraging, and formation
acquisition/maintenance of swarms of non-holonomic agent

. INTRODUCTION was considered.
h val of . iticall The work in this article was inspired by the earlier works
In nature, the survival of many species may critica Yof Guldner and Utkin (and their coworkers) on tracking

deptend ?n their abg'“t/ to capture a prTe%/_ (@ targlet) Or: esga[ﬁg?e gradient of potential functions (potential fields) wgsin
capture from a predator (@ _purs_uer). IS problem has egﬁding mode control [5]-[9]. Other relevant articles, migi
considered in the engineering _I|terature where |.t is refedrr on potential functions based navigation, aggregation, and
to as pursuit-evasion or sometimes target tracking pmble%rmation control include [1], [2], [10]~[17]. However nen

Recent studies on th? problem of traclgng a Maneuvering y,oqe applications (other than [1]) is in the context & th
target can be found in [1], [2], where in [1] the authors articular tracking task considered here.

_congldtehr the prok_)(ljem;ftrackg}g W'thfasmtgle_ a%ent,lwl*_aereg The paper is organized as follows. In Section Il, the non-
in [2] they consider the problem of capturing/enclosing jﬂolonomic agent model is introduced and the tracking prob-

moving target with a swarm of agents with fully actuate em is defined. In Section Ill, the control design procedure
(hoIo.nom|c)_ pursuers in both cases. The model of an age]%tr the solution of the tracking problem is presented in the
considered in [1], [2]is a general fully actuated model vahic form of a constructive analysis. In Section IV, some simu-
can represent some omni-directional robots as well as SOM& 1 results are presented. Finally, the pape’r is comuiud
manipulators or even spacecraft [3]. However, in praCtiC‘?ﬂ/ith some final comments in Sectio’n V.

most of the mobile agents (i.e., differentially driven redo

UAVsS) have velocity constraints or they are underactuated |l. AGENT DYNAMICS AND TRACKING PROBLEM

and may not obey the model in [1], [2]. In this article, we Consider a system in which an agent with non-holonomic
consider tracking a maneuvering target with an autonomoggnamics labeled ag, is required to pursue and intercept
differentially driven non-holonomic agent (sometimededl 5 moving target, labeled &E, under system uncertainties
the unicycle model and described in more detail in Sectipn Ibng additive disturbances (discussed below). Assume that

constitutes more difficult setting (compared to the modelguations of motion given by

in [1], [2]) in terms of controller development and the

extension is not a straightforward one as the control design Ta = va C_OS(HA)a
ya = wvasin(fa),
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is assumed that the exact values of masg and inertial4  the relative velocityps — p7, such as using vision-based

for agentA are unknown, however they are upper and lowetechniques, which can be used by the method considered

bounded suchthdt< M < ma < MandO< I <Is <1 here.

and the boundg/, M, I, and T are known. We approach Problem (1) using artificial potentials and
sliding mode control. In the next section we discuss the
development of the controller to solve problem (1).

IIl. CONTROL DESIGN
A. Atrtificial Potential Functions

With the objective of satisfying the requirement in (2),
artificial potential functions are used in order to construc
an attractive force between the tracking agent and thettarge
The potential function that will be used in this work needs to
be a function of the positions of the agent and the target or
| a function of the distance between them. Also the potential
R ‘ function is required to have a unique minimumpat = pr.
Similar to [1] in this article we use

Fig. 1. Illustration of an agent with the non-holonomic waie dynamics.
1
: : . . J(pa,pr) = J(lpa — prll) = zllpa — prl? 3
Remark 1: In this article, all the angles including are (Pa,pr) (lpa = prll) 2”p pr| 3
assumed to take values with{r-w, 7]. Because of this, all a5 the potential function between the agent and the target.
addition operations on the angles are performed (®©H This function, which can be viewed also as a Lyapunov
with — radians shift. For example); + 6> and 6, — 62 function, is chosen among other possibilities becausesof it

are calculated af(0, + 0> + 7)(mod 2x) — «] and [(61 —  simplicity. However, other functions are also possible.
02 +m)(mod 2) — x], respectively. Similarlyf 4 (¢) will be In order to satisfy (2), the chosen potential function needs
defined as to be a decreasing function of time. The time derivative of
_ _ _ Ji
at) — 1 (940 = 0a(t = A0 + m)(mod2r) — v is | ) o
At—0 At J=Vypud (pa,pr)(Pa —pr) (4)

qu objective in this paper is to tr.ack amaneuvering targ(\a/\t/hich is obtained from the fact that
T, with a non-holonomic agen, with the dynamics given
in (1). In other words, we would like to design the control
inputsu; = F4 anduy = 74 such that agentd follows
targetT and intercepts it. Letting(t) = [z (t) yr(t)]T  If, similar to [1], agentA is forced to move according to
denote the position of the target, at a certain time instant equation
we can formulate the problem as follows.

Problem 1: (Single Tracking Problen(onsider a non- pa=—0Vp,J(pa,pr) — Bsgn(Vp,J(pa,pr))  (5)
holonomic agentd which has motion dynamics given by (1),
and a moving targef’. Assume that, at any time instant
A can sense its own positign (t) and positionpr(t) of T
Also, assume that velocity,(¢) of T' is known and bounded
such that|pr(¢)|| < Br,, however, the acceleration @f is J< = ollVpaJ(pa,pr)l?

unknown and bounded such thgir(t)|| < Sr, for known
boundsSr, and 3r,. With the above assumptions at hand BlIVpad (papr)lls + A1 Vpad (Pas pr)ln,

Vil (pa,pr) = =V J(pa,pr).

wheres and are constants such that> gr, (G is greater
than the bound on the velocity of the target) and- 0, then
we have

the aim is to design the control inputs which implies that
— T _ T .
u=lo w] =1Fa 7l J < ol ¥y pa.pr) . ©)
for agentA such that the inequality This equation guarantees that the artificial potenfiat 0
lim ||[pa(t) — pr(t)| <e, (2) s decreasing. As the minimum ofis atV,,, J(pa,pr) =
T pa — pr = 0, this implies ast - ~©, J — 0, J — 0
wheree > 0 is a small design constant, is satisfied. andV,,J(pa,pr) — 0. However, there is one drawback of

Note here that for solving Problem 1, we need the relativihis method. The time derivative of then(V,,J(pa,pr))
position of the target and not its actual position. In othefunction is unbounded at the instances whep, J(pa, pr)
words, we need the value dpa(t) — pr(t)) and not the switches sign. (The time derivative of the right hand side
value ofpr(t). Also, although knowing the velocity of the of (5) is needed for the development of the sliding mode
target is a strong assumption, there are methods to estimatmtroller as will be discussed later in this paper.) In orde



to overcome this problem we use a continuous and differephattering effect and possible generation of high-magleitu
tiable approximation of thegn function. In other words, we control signals [18], [19]. Note that these shortcomingy ma
require the motion dynamics of ageAtto satisfy possibly be avoided or relaxed via boundary layer approach,
) integration, and some filtering techniques.
pa==0VpyJ(papr) = f(VpaJ(paspr))  (7) In a typical sliding mode control design, a switching
instead of the dynamics in (5). Here, for a scalae R the controller with high enough gain is applied to suppress the
functionh : R — R is given by effects of modeling uncertainties and disturbances, ard th
agent dynamics are forced to move along a stabilizing man-

.71” ki < 7% ifold, which is also calledliding manifold The value of the
h(ki) = sin (Z2), |k;| <€ (8) T . -
1 2¢ g gain is computed using the known bounds on uncertainties

and disturbances.
wheree > 0 is a small constant. Similarly, for a vector In this section, we present a sliding mode control scheme
k € R" such thatk = [k;...k,]" the functionh : R — R™ to solve Problem 1. For simplicity, let us define £

is defined ash(k) = [h(k1)..h(k;)..h(kn)]". Note that [p],pl]". Depending on the value dfv,,.J(p)| two dif-

this function introduces a boundary layer and has the sanferent expressions will be considered. We will refeiGase
behavior as thesgn function outside the interval-¢ €. 1 to the controller expression whefVv,, J(p)| # 0 and as
This, on the other hand, implies that, when the components Glase 2to the controller expression whefv,, J(p)| = 0.

the gradientv,,, J(pa, pr) are outside the interval-¢ €, The objective is to force the agents to move according to
equations (5) and (7) are equivalent implying that (6) igquation (7) for which we need
satisfied and the potentidlis decreasing. In contrast, when

the components of the gradieRt,,J(pa,pr) are within —oVp, J(p) — Bh(V,p, T (p)) = [ vA (ff’s(zf‘) ] 9)
the interval[—¢ ¢ the time derivative/ of the potential vasin(fa)
function becomes to be satisfied. Let
J< — ollVpad(pa,pr)ll3 _ | —Z 2 oV, J(p) — BM(V,, J(p) 2 [ :gz ] (10)
. T . TV pa PA,PT Y
BVpad (paspr)sin ( 2€ ) In other words, to achieve (9), we need
J .
+ ﬁTvHvI)A (pAva)Hl VA = ”ZHa 04 = 4([7Zx77Zy]T)’ (11)

The second term on the right hand side of the equation T .
always satisfies where Z ([zx y]") € (—m,n for an arbitrary vector

[z y]" € R? denotes the counter-clock-wise angle from
i i i T
85,7 (pa,pr)sin | © Vpad (?A,pT) >0 the cartesian coordinateaxis to the vectofe y|".
2€ Note that since the inputs in the agent model defined by (1)

which means the potential function is still decreasingdasi @€u1 = Fia anduz = 74, i.e.v4 andf, cannot be applied
the interval—¢ ] to a point where the value of the gradientdirectly, the terms

of the_ potential function becomes so small that the value_of va 21|12, 042 Z(~Zo,—2,)") (12)

the third term above exceeds the value of the sum of the first

two terms and the potential function can not be guaranteé¢ed to be considered as desired set-point valuesf@nd

to decrease any more. However, this region is always smalléx, respectively.

and located componentwise inside the intefvad ] (i.e., Our objective is to force the motion of ageAtsuch that

it is located inside the regiop-é €2). With these facts one the differencesva — vq| and |64 — 64| converge to zero.
can see that provided (7) is satisfied, the tracking proble¥ith this objective in mind, similar to [6], [7], [9] and [4],

in (2) is solved for some < &. Moreover, the tracking error let us define two sliding surfaces, namely one for the linear
can be made arbitrarily small by choosiagappropriately. speedvs and one for the orientatiofis, respectively, as
Therefore, the problem has become designing approprigt@se 1:(||V,,J(p)|| # 0)

controller such that (7) is satisfied. We present a slidingeno

technique based controller in the next section. Soo = vATUd (13)

o _ so = cp(fa—0a)+ (04 —04), (14)
B. Sliding Mode Control Design

Sliding mode control [18], [19] is a widely used techniqueCase 2(IVpaJ (p) = 0)

in various application areas, including gradient trackiong- Sy = VA (15)
trol of mobile robots, target tracking and multi-agent syst _ )

coordination and contro?as mentigned in Sectign l. Ty:lsis is so. = cobatOa (16)
mainly because of its suppressive and robust charactsristivhere cy > 0 is a positive constant, andy, and 6, are
against the uncertainties and the disturbances in systehe actual linear speed and orientation angle, respegtivel
dynamics. The shortcomings (of the raw form of the slidingvhereas; andd, are the desired linear speed and orientation
mode control scheme), on the other hand, are the so-calladgle as defined in (12). With these definitions, our objectiv



becomes designing the control inputs and u, such that
sy, — 0 andsy — 0 in finite time and when they are achieved
we will havevy — vg andfy4 — 6,4. The existence of the
additional termcg (A4 — 6,) in (14) comes from the double
integration relationship between the terths andus = 74.

It is well known from the sliding mode control theory that
if we have the reaching conditions

(17)
(18)

svév S _Ellsv|
S99 < —€2|sg|

satisfied for some constants,s, > 0, thens, = 0 and
sg = 0 will be achieved in finite time [18], [19].

Case 2:(||V,,J(p)] = 0)
K > % (Mer + /7] (23)

one guarantees that (17) is satisfied and sliding mode occurs
(i.e., s, = 0 is satisfied) in finite time.
Similarly, for the second sliding surface in (14) choosing
the control input as
us = —Kosgn(sg) (24)

the time derivative oy becomes
Case 1:(|[V,, J(p)| # 0)

In order to satisfy (17) we choose the first control input

uy = F4 as

u; = —Kisgn(s,) (29)

with which the time derivative of, becomes
Case 1:(|V,,J(p)l| # 0)

. Ky 1 .
5y = ———sgn(sy) + — fu, — U
ma ma

Case 2:(|V,,J(p)]| = 0)

Sy

1
—fUA
A
Then, forCase 1we have

K
——lsgn(sv) +
ma m
K 1 -
S’U‘é’l) S - (ﬁl - ij_ - Ud) |5U|
whereas foiCase 2it is the same equation with; omitted.

: Ky
S = fceﬂsgn

Case 2:(|V,,J(p)]| = 0)

C, . .
(so) + ifw — ol +wa — 0y (25)

C
$9 = —co—250(59) + —= furs +wa (26)
Ix Ix

Co

L

+

w

Then, forCase 1we have
 colf = 1641 = ol o

s95g < — (COKQ
(27)

T
whereas forCase 2it is the same equation with; and d,
terms omitted.
By choosingK, as
Case 1:(||V,,J(p)|| #0)

In the equation above], is a computable upper bound on z Co oy = :
g such thatjog| < 4. In other words, we have Ky 2 co \ T o +cobat|fal+lwal +ea ), (28)
loal < 12| Case 2:(|V,, J(p)]l = 0)
d d
< o= (V. J(p H+ﬁH—hVAJp H I
TAE A P Koz o (P tloal+a). @)
< oai(p) + Bhi(p) = b4 (20) @ \L

where o1 (p) and hy(p) are bounds on the corresponding\A{hereé_'g is a computable bound (discussed below) such that
terms. The existence and propertiesog{p) depend on the |6, < 64, one can guarantee that (18) is satisfied and the
properties of the potential function, which is chosen by theecond sliding surface, = 0 in (14) will as well be reached

designer. LettingV,,J(p) = [J. J,]T, for the chosen in finite time.
potential J the value ofa; (p) is computed as In order to be able to compute the valuesgfone needs
d . the time derivative of;, which is given by
—(VpaJ())|| = Ipa — pr|l < |PaAll + B1, = 1 (p).
55T = 4 = ol < @) et
- . . Oq = 5 5 (30)
Similarly, k1 (p) can be computed using the equality (Z:)* 4+ (2,)
#(Voud (p) = - i}
- o\ 4 ~ As mentioned above, the bound; > |64]) on the
(z) COS( 2 ) ar(Ja), [ Jo] < € acceleration of the desired steering angle is needed i tode
§ 0,[Jz| > € (21) determine the controller gaiR». This bound can be defined
(%) cos( %2 ) £ (), 1y < as
01| > @ 2L (121 s
0a] < 1z +2 <7> £ 0.
Then by choosing<; such that 1Z] 1Z]
Case 1:([Vp,J(p)]| #0) In the equation above the value dfZ|| is known and
M " bounded away from zero since {Dase 1(only for which
Kz M (Mg + Mey + f] (22) it is calculated) we have|V,,J(p)|| # 0 and therefore



|Z]| # 0. An upper bound orj|Z|| was calculated a$,; the sgn andtanh functions. The smoothness parameter in

in equation (20). The terMiZ|| can be calculated as our case is chosen as= 20.

2 The simulation lasts 50 seconds. The target moveR?n

Nzl < Yol (VpaJ(p) H + Hdt2 (Vpa J(p))H with the dynamics
< oo 4 8h 31 p(t) = 0.0540.1sin(2t)(m/s),

2(p) + ha(p) (31) gr(t) = 1.5sin(0.5t)(m/s).
whereas (p) andhz(p) are bounds O’H az(VpaJ (p) H and  From the above equation, the bounds on the velocity and the
‘ gﬁh v J H respecuve'y_ They can be calculated asacceleration of the tal‘get are found tO/BﬁU = 1.5075 and

Or, = 0.7762. The parameters in equation (7) are chosen as
Ky fF o =0.01 and3 = 1.6 (8 > Br,). The size of the boundary
ax(p) = MM +[vallwal + Br, layer in (8) is chosen as= 0.2.

The actual values of the mass and inertia of agérare
unknown and determined randomly at the beginning of the
simulation according to upper and lower bounds= I =
1.2 and M = I = 1.0. The bounded unmodeled dynamics

and using the equation
AV J (p)) <

= e ) T <€ .
(ze) 2(0) + (5 || < f and disturbances are assumed to be
0 NIz > € (32)
{ (Z) az(p) + (), |4y < & fo(t) = fuw(t) = 1.2sin(1.2t)
0 Iyl > € and the corresponding known bounds on them becfine:

where the accelerations @f and A are bounded such that f.; = 1.2. The slope parameter for the sliding surfageis
lir|l < Br. and chosen agy = 0.1 and the sliding mode gains are calculated

N at every step according to inequalities (22), (23), (28) and
fy (29). The initial position of targef” is chosen a®r(0) =
M M [3 3]T. The initial positionp,(0) of agentA is chosen
respectively. randomly within the square regidf 1] x [0 1].

Once sliding mode occurs on all the surfaces (which
happens in finite time), agents start to move according to ( 107
and from the discussion in the preceding section we kno
that Problem 1 is solved.

One issue to note about the tracking algorithm discusse
here is that after occurrence of sliding mode we reagh-=
vg but not necessarily 4 = 6,4. In fact, after occurrence of
sliding mode we havéd, — 6, exponentially fast and the
speed of convergence depends on the slope of the slidi
surface—c— Therefore, one needs to choageas small as

[Pall <

y(m)
A S s A U A

possible in order to achieve faster convergence and avgid a 0 1 2 s 5 6 7
instabilities. Note also that decreasing the parameteill )
require increasing the controller gak;,. Fig. 2. Paths of Agent and Targetl’ (p1(0) =[3 3]T).

We would like to emphasize that the procedure based on
the sliding mode control technique presented here will guar Figure 2 shows the paths of the target and the agent. It is
antee proper behavior despite the presence of uncergint@served that with random initial positions the agent glyick
in the massn 4 and the inertial 4 of the robots and additive catches the target and starts to track it with a small ertos T
disturbancesf,, and f,,, to the linear and angular speedimplies that||p4(t) — pr(t)|| < € in finite time.
dynamics which constitute very realistic assumptions. Figure 3 illustrates the satisfaction of equation (2) in
Problem 1. In the figure the distance between agént
and targetT and its x-axis zoomed version are plotted.
In this section we present simulation results to verify thét is observed that the distance converges a small region
effectiveness of the control scheme proposed in the previoalose to zero (the of the error is less thgnin finite time
sections. (=~ 5 seconds) as expected. The variation of the distance
One issue to note about the algorithm is that Hga is because of target's movement. When target makes sharp
function which is used in the calculation of the controkurns the distance increases slightly. This phenomenon can
inputs works well in theory. However, in practice it createde overcome with the cost of high magnitude gain signals.
numerical problems during simulations. Instead of the The plots in Figures 4 and 5 show the first and the second
function, we used the functiomanh(yy), where ~ is a control inputsu; and uq, respectively, for agentl. High
smoothness parameter which determines the slope of theagnitude control signals phenomenon of sliding mode can
function aroundy = 0 and therefore the similarity betweenbe observed from the figures. It is seen roughly from the

IV. SIMULATION RESULTS



4 magnitude of control signals or achieving tracking under
bounded control inputs with pre-defined bounds, which were

err(m)
b

err(m)
b

. semvay
5 10 15 20 25 30 35 40 45 50

Fig. 3. Distance between the target and agént

200+

150+

100+

50+

Uz
°
7

50

-1004

-150

—-200

5 10 15 20 25 30 35 40 45 50

t(s)

Fig. 4. First control inputu; = Fa.

figures that the control signal gains are bounded{as< 4
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t(s)

Fig. 5. Second control inputz = 74.

and K, < 200.

V. CONCLUDING REMARKS

not considered here, could be also potential subject ofdutu
work.
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In this paper, the task of capturing and tracking a maneli6]
vering target has been discussed. In order to realize tiis co
trol goal, a control scheme based on artificial potentiatfun [17]
tions and sliding mode techniques has been designed specif-

ically for an agent with non-holonomic unicycle dynamic[18
model, modeling uncertainties and additive disturbanttes.

has been shown, both theoretically and via simulationg, th&9]
using the proposed control scheme the agent would intercept
the target and track it.

A potential future research direction could be examination
of the system performance in the existence of position

and distance sensing errors. Issues such as decreasing the
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