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Abstract. This work describes a control strategy that forces a group of nonholonomic mobile robots to achieve a formation
while tracking some desired trajectory. The scheme uses a potential function that ensures that the formation is achieved.
Then, a tracking component is added to the potential function strategy to force formation group to track a desired tra-
Jjectory provided by one or two virtual leaders. If two virtual leaders are used, the pose of formation will be regulated.
Experimental results confirm the efficiency of the proposed control strategy.
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1. INTRODUCTION

Formation control of multi-agent systems has received significant attention due to its wide variety of applications. Re-
cent works show its application in areas like naval engineering (Cui et al., 2010) and aerospace engineering (Abdessameud
and Tayebi, 2011). Among several formation control strategies used, we can mention the behavior-based (Antonelli et al.,
2010), consensus (Ren et al., 2007; Li et al., 2011), leader-following (Tanner et al., 2004; Chen et al., 2010), group coor-
dination using passivity (Arcak, 2007; Franchi et al., 2011), virtual structures (Beard and Hadaegh, 1998; van den Broek
et al., 2009) and potential function (Leonard and Fiorelli, 2001; Hengster-Movric et al., 2010).

For the formation control of mobile robots, the main objective is to control each agent using neighbor information in a
decentralized control strategy. In this framework, most of the existing results deal with holonomic mobile robots (Pereira
et al., 2009; Xiao and Wang, 2008; Tanner et al., 2007). However, in practical applications, mobile robots have to satisfy
nonholonomic constraints.

The control design for nonholonomic systems is quite involved, mainly due to the Brockett’s condition. Therefore, for
agents with nonholonomic constraints, the formation control problem becomes more challenging.

In (Tanner et al., 2004), stability properties of formation of mobile agents based on leader-following are investigated.
In (Dierks and Jagannathan, 2007), a combined kinematic/torque control law is proposed using leader-follower strategy
and backstepping control. In (Mastellone et al., 2007), a decentralized control scheme which achieves dynamic formation
control and collision avoidance for a group of nonholonomic robots with kinematic model is proposed. The collision
avoidance strategy is based on locally defined potential functions which can take different shapes and only require each
agent to detect other objects in its neighborhood. In (Dong and Farrell, 2009), a decentralized feedback control of a group
of nonholonomic dynamic systems with uncertain parameters is considered. The control scheme is based on consensus,
graph theory, and backstepping techniques. In (Consolini et al., 2008, 2009) a geometric approach for the stabilization of
a hierarchical formation of unicycles with velocity and curvature constraints is proposed, and a leader-following strategy
is suggested. However, collision avoidance is not considered. Furthermore, a drawback of leader-following strategies is
that it depends heavily on the leader for achieving the goal and over-reliance on a single agent in the formation may be
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undesirable, especially in adverse conditions. In (Gouvea et al., 2010), an adaptive formation control for nonholonomic
mobile robots with unknown dynamic parameters is proposed. The control scheme is based on a saturated artificial
potential function which allows a decentralized formation control design including collision avoidance. A formation
control with trajectory tracking is proposed in (Lima et al., 2014), where, as well as in (Gouvea et al., 2010), a saturated
potential function is used. Using the Lyapunov formalism, it is shown that the a desired trajectory defined by virtual
leaders is tracked while the formation is maintained with a residual error. However, only simulation results are presented
and confirm the effectiveness of proposed control law.

In this paper, using three unicycle mobile robots, experimental results of the formation control law proposed in (Lima
et al., 2014) is presented. As the simulations results shown by authors this paper in (Lima et al., 2014), the experimental
results presented here confirm the effectiveness of proposed control law. Furthermore, it is shown that, if at least two
virtual leaders is used, the formation and its orientation will be maintained while the desired trajectory is tracked.

It is important to stress that the formation and tracking control laws proposed in this work is decentralized, namely,
there is not a central authority controlling the formation. In this case, the robots are autonomous and the control of each
robot is calculated using only its own position information and of its neighbor robots.

This paper is organized as following. The Section 2 presents a description of the formation control with trajectory
tracking problem. Some definitions are introduced as a requirement to understand the following sections. In section 3, the
used formation control law is described. The section 4 approaches the tracking problem. In section 5 the controls laws
proposed in sections 3 and 5 are used to propose a trancking and formation control law. A stability analysis using the
Lyapunov formalism is presented, ensuring both formation convergence and trajectory tracking. The experimental results
are shown in section 6. Finally, the conclusions are presented in section 7.

2. Problem formulation

Consider a team of N nonholonomic mobile robots. For ¢ = 1, - - - N, the kinematic model of each robot is described
by

i?i —sin 01 0 ws
Ui | = cosf; 0 { wl- ] , (1
0; 0 1 ’

where x;, y; are the cartesian coordinates, 6; is the orientation and u;, w; are the linear and angular velocities respectively.
The Figure 1 illustrates a robot of the team.

Figure 1. Nonholonomic vehicle

Since the control signal of robots are the angular velocities in the wheels, then it should be used the following trans-

formation matrix
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, 2

HEEE

=l



24th ABCM International Congress of Mechanical Engineering (COBEM 2017)
December 3-8, 2017, Curitiba, PR, Brazil

where we; and wy; are the angular velocities of the left and right wheels respectively.

The topology of information exchange among robots is described by a graph (Biggs, 1994). Then, the N mobile
robots are represented as IV vertices of a graph G := {V, E'}, where V := {vy...uy} is the set of vertices that represent
the robots and 2 C V' x V is the set of edges that define the neighborhood relationship among robots. Thus, the set of
neighbors of robot ¢ is N; := {j|e;; = (v;,v;) € E}. The available information for the controller of robot i is only the
states of robot 7 and robot j for j € N;. A path of length r from robot i to robot j is a sequence of 7 + 1 distinct vertices
starting with ¢ and ending with j such that consecutive vertices are neighbors. If there is a path between any two vertices
of a graph G, then G is said to be connected. A graph is undirected if the edges have no orientation ((i, ) = (j,i) € &).
In this paper, we assume that the formation graph is connected and undirected.

The control objective is to drive the N agents to a formation which minimizes

N
V=>"V; 3)
1=1
with
N
Vi= Y Vii(lril) )
i,jENi

where 1l = [x;,y;], 7 = ri — r; and V;; is defined as follows:

Definition 1 The saturated potential function V;; is a differentiable, nonnegative function of the distance |r;;| between
agents 1 and j, such that

1. Vij(|rij]) — oo as |rij| — ¢, where ¢ > 0.
2. 'V, attains its unique minimum when agents i and j are located at a desired relative position rq > c.
3. Vi;(Irs5]) = Vij (Rs) if |7i;] > Rs, where R > 1q.

Furthermore, the achieved formation should be maintained while a desired trajectory defined by one or more virtual
leaders is tracked. The Figure 2 shows an examples of saturated potential function. The formation control is addressed in
the next section and the trajectory tracking problem will be approached in section 4.

V(lir D4

T >
¢ fa R Il

Figure 2. Saturated potential function
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3. Formation control law

Initially, it will be addressed only the formation control to make understanding easier. The aims of formation control
are

e achieve a formation that minimizes the potential function (3),
e avoid collision between robots while the formation evolves.

Then, are created artificial fields among robots defined as

fij = =V Vij(Irizl)
where V., Vi;(|ri;|) is the gradient vector of V;;.
Note that f;; is an attraction field if |r;;| > rq4, or a repulsion field if |r;;| < rq. Field f;; is null for |r;;| = rq and
|ri;] > Rs. Thus, to reach the minimum of V;, each robot should move in the direction of resulting artificial field

fi= X0 fi== 2 VeVl = -V
JEN,j#i JEN,j#i

Since, from Definition 1, V;; (|ri;|) — oo as |r;;| — ¢, robots dimensions can be taken into account for the formation
control. On the other hand, R, defines the neighborhood region of each robot. Then, agent j belongs to N; if and
only if |r;;| < Rs. Thus, it possible to consider a region of limited communication about each agent, which allows a
decentralized control design.

It is important to stress that the saturated potential function generates a switching interconnection topology. Neverthe-
less, in this paper the communication graph is always assumed to be connected.

Hence, similar to Mastellone et al. (2007), it can be proposed the following control law for each robot

Wi i
O0x; 0y;

Wy = —kq (91' - gid)v (6)
where k; > 0, kq > 0, R; = [—sin(6;), cos(6;)]" and

sin(@i) +

Uf; = —k‘gfiRi = —k‘g (— COS(ei)> (5)

)

0,q = arctan 2 ( v 8%) .

Oy Oy

Note that uy; is the projection of f; in the space of directions of motion allowed by the nonholonomic constraint and
wy; drives the robot orientation 0; to 6;4, which is the direction of resulting artificial field f; (descendant gradient of V).

The following lemma shows that the closed loop system of each robot described by (1), (5) and (6) (u; = uy; and
w; = wy;) assures that the formation reaches a configuration that locally minimizes (3).

Lemma 1 Consider a formation of N robots with kinematic model described by (1). If the communication graph is
connected and undirected, then the control laws (5) and (6) assure that the formation converges to a configuration that
locally minimizes (3).

Proof: Consider the Lyapunov candidate function

N
2Wy =3 [Vi+ a0~ 0:0)’] ®)
i=1
where a > 0. Define r,L-T = [x; y;]. Dueto V; being symmetric with respect to r;; = r; —r; and the fact that r;; = —7;
(undirected graph), 8{;] =— %‘:f? . Then, the derivative of (8) with respect to time is
N
W= 3 [VoiVids + (0 = 0ia) (6 bia) ] ©
i=1

However, of (1) and (5) we have

o il A e o
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Therefore, replacing (10) and (6) in (9) and after some algebraic manipulation, we have

N 2
W, = Z {—kg (— ovi sin(6;) + Vs cos(@i)> — akq (6; — 0;0)° +

p O0x; 0y;
- (11)
N
taly, ; Lo, (0; — 01) (— gg‘z sin(6;) + gz;? cos(@i))
where éid, L4, and LQU are described by
_ N
Oia = Ly Z L2ijuj7 (12)
j=1
1
Ly = , 13
ECROI h
ox; 9y
aV; 0%V, 0%V,
% oz, (ayiayj cos(6;) Dyid; sin( J)) +
aV; 0%V, 0%V,
in(6;) — 0.)]. 14
8yi (8:52837] SIH( J) 8%8% COS( j)> ( )
Then,
) N N
Wi = Z —k‘géi — Oékaégi + alq; Z injémélj
i=1 j=1

where €1; = (— g;/l sin(@i) + gy COS(HZ')) and éy; = ((91 — Hid)- Defining eeT = [521 < €N, egr = [éll cee élN] and

Ly1Loyy LiiLoiz -+ LiuiLaiy
LyoLao1  LigLogze -+ LigLoon
Lo = . . . ) 15)
LinLani LinLone -+ LinLonn
Wy = — (akeaTeg — akve'(,TLaeAr + kvezrem,) .
Then,
Cy
. _ T ak:aINxN —%OzkgLa _
Wi==€" 1 1ok, LT kyinvey | ©
where &7 = [ e X, ]. Hence, using the Schur’s complement, it can be concluded that 3 a > 0 such that W; < 0.
Therefore, V,,V;R;, — 0 and (6; — 0;,4) — 0. As 0,4 is given by (7), then V. V;R; > 0V gx?', g;/’f' # 0. Then
g;/’] , g;/? — 0 and all robots converge to a formation that locally minimizes (3).

|
4. Trajectory tracking control law

In this section, is addressed the control law that ensures the tracking of trajectories defined by a virtual leaders.

Consider the Figure 3, where a virtual leader moves on zy-plane with linear and angular velocities ., and w,
respectively. Define x,;,, Y-, and 6., as the position and orientation of virtual leader. Thus, considering that the
kinematic model of virtual leader is described by (1), u; = Uy, Wi = Wy, and given the initial conditions ., (0),
Yriv(0) and 6,.4,(0), a desired trajectory can be defined. Then, the trajectory tracking problem consists in to assure that
the following agent achieves the position and orientation of its virtual leader. Therefore, as shown in Figure 4, define the
position error as

Lrlvi — Lg
E,= 16
P |: Yrivi — Yi :| ( )

and the vector orthogonal to robot orientation R; as R,,; = [cos(6;), sin(6;)]T. Then, the proposed tracking control law is
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P(xr, yr)

Figure 4. Vectors used to tracking trajectory.

klEgRi + Upip cos(0r — 0;), (17
Wy = _kQUTZUEani + kB Sin(erlv - 01) + Wriw- (18)

Ut

In (Fukao et al., 2000) it is shown that the control laws (17) and (18) ensures the convergence of the following robot to
the position and orientation of its virtual leader.

5. Formation and tracking control law

In Sections 3 and 4 was presented the formation control law and the tracking control law respectively. Here, these
control laws are used in one unique formation and tracking control law described, for each robot, by

U = Up; + U (19)
Wi = Wy + Wy (20

for the robots tracking the m virtual leaders and (¢t = m + 1, ..., N)

U = Ug; 21
Wi = Wi (22)

for the others robots of formation.
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The following Theorem shows that the closed loop system of each robot described by (1), (19) and (20) assures that
the formation tracks a desired trajectory defined by one or more virtual leaders while maintains a configuration defined
by a residual set around of minimum of potential function (3).

Theorem 1 Consider a group of N robots modeled by (1), with formation control laws given by (19), (20), (21) and (22)
and following m < N virtual leaders. For sufficiently large kg, ko, k1, ko and ks and assuming |wriy |, |vr10| < 1, for
some positive constant l.., then there exists « such that

o |Ey| = O(a)ast — cofori=1,..m

e all the closed loop signals are limited and a formation corresponding to residual value Vv = O(«) is achieved
asymptotically.

e Form > 2 the formation orientation converges to the orientation defined by the m virtual leaders.

Proof: Consider the Lyapunov candidate function

LA | 1 — cos(es;)
W:Wl—&-aizzl [2(e%i+e§i)+k2 (23)
where W7 is described by (8) and (Fukao et al., 2000)
[ eq; | —sin(6;) cos(8;) O Trlvi — Li
ex | = cos(f;) sin(d;) O Yrivi — Yi | - (24)
L €3i _ 0 0 1 erlvi - ez
Note that ey;, e2; and eg; satisfy
[ e ] -1 €2 Upivi cOS(€3)
€2 | = uy 0 w| —e1 | + | urwisin(es) | . (25)
| €3i | 0 -1 Wrlyi
Differentiating W, using (25) and the control laws (19), (20), (21) and (22) one can conclude that
. m 7 Es sin )2
W= ¥ {—kgé?i — aka}, + oLy Y0, Lzz‘jéziélj] + 2 {_kle%i - %] +
« Z:nzl [urlvi (611' COS(@3,’) + e9; Sil’l(egi))} + (26)

m m — — —
ay ', [Lu > g1 UrlvjL2ijea; cos(es;) + €2iwriv; + Url'ui62ik2€2i}

where k; = ak; and k3 = aks. Then, defining e = [e11 - - 1), € = [sin(es1) - - - sin(es,y, )], one can conclude that

C1

OékaINxN —%OzkgLa
—%Oék/’gLZ; kgINXN

5 _ 1. .T, _ ks T
€ —kieje; E2€363+

W = —&r {
27
a > [upie; (€15 cos(es;) + ea; sin(es; )] +

m m — — —
ay ', {Lu > je1 UrlvjLaijea; cos(es;) + €2iwriv; + Urlvi€2ik2€2i}

Hence, since u,,; and wy,; are bounded and using the Schur’s complement, it can be concluded that, V&, kg, k3, ko, k1 >
0, 3 o > 0 such that |é|, |e1] and |es| tend to a residual set of order O(«x). Furthermore, this residual set can be made
arbitrarily small by increasing kq.kg, k3 and k1. Note that |eq| — 0 and [e3| — 0 implies | £, — 0. Then, for m > 2,
the formation orientation converges to the desired orientation with a residual error of order O(«)

|

6. Experimental results

The experimental results was implemented using three nonholonomics robots with differential driver (see Figure 5).
Each Robot has embedded a single-board controller of National Instruments where the trancking and formation control
laws were implemented. Initially, the experimental results with only one virtual leader is presented. Soon after, the case
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Figure 5. Robot used for the experimental results.

kg, | 11000 Urlp | 15cm/s
ke | 0.25 Wriy | -0.1rad/s
rq | 80cm k1 1.5

R, | 500cm ko 0.035

c 35cm ks 1

Table 1. Formation control parameters: one virtual leader. ~ Table 2. Tracking control parameters: one virtual leader

with two virtual leaders is addressed. However, in both the cases, it is used the potential function described below:

oy = & IlrsglD, se il < R
Vil ={ 7Sl e Il e e8)

where
as
J(llrizll) = ln(llrijll—0)+m—al(llwll—C), (29)
i
a - 1 0 — (Rs —c¢)(ra—c¢)
! rq—2c+ Ry 2 rq — 2¢ + Ry

Since the formation has three robots, the configuration that minimizes the potential function has a triangular form.
6.1 Tracking and formation control: one virtual leader

Here, the experimental results are presented where it was considered only one virtual leader. The Tables 1 and 2
show the used parameters of formation and tracking controller. The inital conditions C;(z;(0), y;(0), 8;(0)) of robots 1, 2
and 3 are C1(0,0,0), C2(125,0,0) and C3(0, —125, 0) respectively. The inital condition Cj,1 (%10, Yriv, Or1v) Of unique
virtual leader linked of robot 1 is Cj,,1 (0, 0, 0). The Figure 6 shows the robots trajectories until the formation be reached.
Note that, since the formation has only one virtual leader, the formation orientation is not maintained. In this case, the
formation is pulled by the virtual leader linked of robot 1. The Figure 7 shows the evolution of relative positions among
robots. Note that the robots reach a configuration where the distances among them are inside of residual set around the
minimum of potential function which is defined by the dashed line. This result confirms the Theorem 1.

6.2 Tracking and formation control: two virtual leader

In this experiment, two robots track his virtual leaders. The Tables 3 and 4 show the used parameters of formation
and tracking controller. It is important to stress that the relative position among two virtual leaders r} . ;= [@prwi —
Zrivj, Yrivi — Yriv;| should satisfy the condition that minimize the potential function. In other words, |r;,;| = 7. Hence,
the linear and angular velocities of virtual leaders will be the same. The inital conditions of robots are C(0,125,0),
(C3(125,125,0) and C5(0, 0, 0). The inital condition of two virtual leader linked to robots 1 and 2 are Cy,1 (0, 125, 0) and
C12(80,125,0) respectively. The Figure 8 shows the robots trajectories while the formation is reached. Note that the
orientation is approximately maintained while the formation tracks the virtual leaders. The Figure 7 shows the evolution
of relative positions among robots. Note once more that the robots reach a configuration where the distances among them
are inside of residual set around the minimum of potential function which is defined by the dashed line. Once more, the
Theorem 1 is confirmed.



24th ABCM International Congress of Mechanical Engineering (COBEM 2017)
December 3-8, 2017, Curitiba, PR, Brazil

200 T
Robot 1
150 Robot 2 ||
Robot 3
100 B
501 1
— or B
£
KA
> 50 1
-100 1
-150F ,
200+ B
_250 . . . . . . . . 60 h . . . . . .
-50 0 50 100 150 200 250 300 350 400 0 10 20 30 40 50 60 70
x[cm] Tempo(s)

Figure 6. Trajectory of formation with one virtual leader. =~ Figure 7. Distance among robots with one virtual leader.

kg | 6000 Urly | 15cm/s
ke | 0.75 Wiy | -0.1rad/s
rd 80cm kl 1.5

Ry | 500cm ko 0.035

c 35¢cm ks 1

Table 3. Formation control parameters: two virtual leaders  Table 4. Tracking control parameters: two virtual leaders

7. Conclusions

This work described a control strategy that forces a group of nonholonomic mobile robots to achieve a formation
while tracking some desired trajectory. The scheme used a formation control component, based on potential function, and
a tracking component which assured the tracking of a trajectory defined by virtual leaders. A stability analysis based on
Lyapunov formalism shown that the proposed control law achieves the formation and tracking objectives. Experimental
results using a formation with three virtual leaders confirmed the results of stability analysis.
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