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This paper investigates the distributed consensus-based robust adaptive formation control for nonholonomic mobile robots with
partially known dynamics. Firstly, multirobot formation control problem has been converted into a state consensus problem.
Secondly, the practical control strategies, which incorporate the distributed kinematic controllers and the robust adaptive torque
controllers, are designed for solving the formation control problem. Thirdly, the specified reference trajectory for the geometric
centroid of the formation is assumed as the trajectory of a virtual leader, whose information is available to only a subset of the
followers. Finally, numerical results are provided to illustrate the effectiveness of the proposed control approaches.

1. Introduction

In the past decades, cooperative control of multiple mobile
robots has been receiving significant attention owing to
many potential advantages of such systems over single robot.
In fact, multirobot cooperative control means a group of
mobile robots working cooperatively that can achieve great
benefits including low cost, greater flexibility, adaptability to
unknown environments, and robustness [1-4]. In the field of
cooperative control, formation control has received a lot of
attention from the researchers for its potential applications
such as surveillance-and-security, object transportation,
object manipulation, search-and-rescue, intelligent trans-
portation systems, and exploration. The formation control
means the problem of controlling the relative position and
orientation of mobile robots in a group according to some
desired pattern for executing a given task.

Various control approaches have been proposed in the
literature for mobile robot formations, including leader-
follower approach [5-10], behavior-based approach [11-
13], virtual-structure approach [14-18], artificial potential
approach [19-22], and graph theory [23, 24]. The main idea

behind these approaches is to find suitable velocity control
inputs to stabilize the closed-loop system. In the literature,
formation control for multiple nonholonomic mobile robots,
just simply consider the kinematic model by ignoring the
robot dynamics. To design the control inputs to guarantee the
stability of the closed-loop system, it is assumed that there is
“perfect velocity tracking” Reference [25] proposed an error-
based tracking model and designed a stable kinematic track-
ing controller for the nonholonomic mobile robot. Reference
[26] presents a kinematic controller based on the receding-
horizon leader-follower (RH-LF) control framework to solve
the formation problem of multiple nonholonomic mobile
robots. Reference [27] studied the tracking control problem
for nonholonomic mobile robots with limited information of
a desired of trajectory. Reference [28] proposed a kinematic
controller for the distributed consensus-based formation
control. However, the perfect velocity tracking assumption
does not hold in practice, and the dynamics of robot should
not be ignored and practical control strategies account-
ing for both the kinematic and dynamic affect should be
implemented [29-31]. In [32], the decentralized cooperative



robust controllers are proposed for the formation control
of a group of wheeled mobile robots with dynamics. In
[31], an adaptive tracking controller for the dynamic model
with unknown parameters was designed for a nonholonomic
mobile robot by using an adaptive backstepping approach.
Though these works consider the dynamics of the mobile
robot, the dynamics of the mobile robot do not have the
friction and bounded disturbance. It is well known that
friction plays a central, controlling role in a rich variety of
physical systems. Therefore, the friction term and bounded
disturbance term should not be ignored and practical control
strategies accounting for the friction term and bounded
disturbance term should be implemented in practice.

Motivated by the above discussions, this paper investi-
gates the distributed consensus-based robust adaptive for-
mation control for nonholonomic mobile robots with partial
known dynamics. The contribution of this paper is given
as follows. Firstly, a variable transformation is given to
convert the formation control problem into a state consensus
problem. Then, the distributed consensus-based kinematic
controllers are developed to make a group of robots asymp-
totically converge to a desired geometric pattern. In this
paper, the specified reference trajectory for the geometric
centroid of the formation is assumed as the trajectory of
a virtual leader whose information is available to only a
subset of the followers. Also the followers are assumed to
have only local interaction with their neighbors. It is well
known in practice that the perfect knowledge of dynamic
model of the wheeled mobile robot is unattainable, and it is
almost impossible to obtain exact values of the parameters
of the mobile robot. Therefore, this paper considers that the
dynamics of the mobile robot is partial known, in which there
exist some unknown factors that will affect the robust trajec-
tory tracking of the system. Then the corresponding robust
adaptive torque controllers for mobile robots are developed
for guaranteeing the robust velocity tracking, and the cor-
responding sufficient conditions are obtained for a group of
nonholonomic mobile robots asymptotically converge to a
desired geometric pattern with its centroid moving along the
specified reference trajectory. The rigorous proofs are given
by using graph theory, matrix theory, and Lyapunov theory.
Finally, simulation examples illustrate the effectiveness of the
proposed controllers. Compared with existing works in the
literature, the current paper has the following advantages.
Firstly, the relative distance and angular for each robot with its
leader are not required to be known that is different from the
traditional leader-follower approach [5, 6, 8, 9, 33]. Secondly,
in contrast to that only kinematic control models considered
in [26, 27, 34-36], the controllers designed in this paper are
based on both the kinematic and dynamic models of robots.
Moreover, the dynamics of wheeled mobile robots with
possible uncertainty are considered. Thirdly, in contrast to
that complete knowledge of the dynamics needed in [32, 37],
only partial knowledge of the dynamics is needed. Fourthly,
the control laws proposed in this paper are distributed. It
is not necessary to know the global information for each
robot. In fact, each robot can obtain information only from
its neighbors.
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FIGURE 1: Model of a differential wheeled mobile robot.

The remainder of this paper is organized as follows.
Section 2 introduces some preliminaries and gives the prob-
lem formulation. Section 3 and Section 4 present some new
results on distributed formation control problem for multiple
nonholonomic mobile robots. Simulations results are pro-
vided to verify the theoretical analysis in Section 5. Section 6
concludes this article.

2. Background

In this section, the model of nonholonomic wheeled mobile
robot is first briefly presented. Then some notations for graph
theory and nonsmooth analysis are introduced. Finally, the
problem description is given.

2.1. Dynamics of Nonholonomic Wheeled Mobile Robot. Con-
sider a multirobot system consisting of m nonholonomic
wheeled mobile robots indexed by 1,2, ..., m. The nonholo-
nomic mobile robot is shown in Figurel. The kinematic
model and dynamic model of the mobile robot j can be
described as follows [38]:

4;=5(4;)% Jj=1...m, 0
M;(a;)d;+C;(a5d;) 45+ Fy (d;) + G (a;) + 74y

’ @
= B;(q;) 7, - A7 (a;) A,

where q; = [x;, y;,60,] is the coordinates of the mobile robot
J» x> y;>and 6; are the position and orientation of the mobile
robot. v; and w; are the linear velocity and angular velocity,

respectively, and v; = [v]-, wj]T. S(q j) is the Jacobian matrix,
cosB; 0

and S(q;) = [ sinej 0 ] M;(q;) € R¥? is a symmetric positive
01

definite inertia matrix, C;(q;,4;) € R is the bounded

centripetal and coriolis matrix, F;(q;) € R**! denotes sur-

face friction, G;(q;) € R*? is the gravitational vector, and Tyj
denotes bounded unknown disturbances including unstruc-
tured unmodeled dynamics. B;(q;) ¢ R¥? is the input

transformation matrix, 7; € R*? is the control torque vector,
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A j(q) e R is the matrix associated with the constraints,

and A ;€ R™! is the vector of constraint forces.
The dynamic model (2) has the following properties [38].

Property 1. The inertia matrix M (q;) is symmetric positive
definite and satisfies the following inequality:

mla <aiM; (a5)a; <o q e, G

where m;, m, are positive constants, and | - || is the standard
Euclidean norm.

Property 2. M i(q;) —2C;(q), q;) is skew symmetric; that is to
say,

ET [%MJ (‘Ij) _Cj (‘1;‘1%’)] E=0. Vé&e RrR3. (4)

2.2. Graph Theory. The communication topology among
robots is presented by a weighted graph & = (7, &, &) with
a vertex set 7 = {v,,...,7,,}, an edges set & < 7" x 7,
and a weighted adjacency matrix &/ = (a;;),;x,- Here, each
node 7; in 7 represents a robot i, and each edge (v;,7;) € &
in a weighted undirected graph represents an information
link from robot j to robot i, which means that the robots i
and j can receive information from each other. The weighted
adjacency matrix o/ of a digraph & is defined a;; = 0 for
any 7; € 7/; that is, self-edges are not allowed, a;; > 0 if
(v),7;) € &, a;; = 0 otherwise, where aj; is the weight of the
link (v},7;). Note that here a;; = a;;, Vj#1i, since (v;,7,) € &
implies (v;, v;) € &. We can say that v; is a neighbor vertex of

j
v, if (v;,%;) € &. The neighbor set of node j is defined as

./ij{vie"Y:aﬁ;&O}={vi€7:(j,i)E%}. (5)

A path in the undirected graph € is a sequence of edges in
the form (v; ,v; ), (v; ,v;,),..., where v, € 7. We call an
undirected graph & connected if for any different nodes v;
and v, in 7 there exists an undirected path.

lele Laplacian matrix L = (I;;)x, associated with o/
forrn graph ?. i.s defined as I; = -a; f<?r j#i, and [;; =
Yil1is ;@i j»i € {1,...,m}. For an undirected graph, L is
symmetric positive semidefinite.

Lemma 1 (Chung [39]). Assume that & is a weighted undi-
rected graph with Laplacian matrix L; then & is connected if
and only if the matrix L has an eigenvalue zero with multiplicity
1 and corresponding eigenvector 1, and all other eigenvalues are
positive.

2.3. Nonsmooth Analysis. In what follows, some elements
from nonsmooth analysis will be presented. Consider a vector
differential equation with a discontinuous right-hand side as

x=f(tx), (6)

where f(t, x) is measurable and essentially locally bounded.
The vector function x(-) is called a Filippov solution [40] of
(6) if x(-) is absolutely continuous and satisfies

x e |[fltx) )

almost everywhere where

Fflex=c{lmf)Ineal,  ©

where Q, denotes the set of measure zero that contains the
set of points where f is not differentiable and co denotes the
convex closure.

Lemma 2 (see [40]). The Filippov set-value map has the
following useful properties.

(1) Consistency: if f : RY — R™ is continuous at x € R%,
then

F[f] (o) = {f 0} )

(2) Sum Rule: if function fi, f, : R? — R™ are locally
bounded at x € RY, then

Ffi+ Ll KA+ H[L]x).  (10)

Moreover, if either f, or f, is continuous at x, then equality
holds.

Lyapunov theorems have been extended to nonsmooth
systems in [41]. The following chain rule provides a calculus
for the time derivative of the energy function in the nons-
mooth case.

Definition 3 (see [42]). Let V(x) be a locally Lipschitz
continuous function. The generalized gradient of V(x) is
given by

oV (x) £ co {lim VV (x) | x; — x, x; € Q, ON} , (1)

where co denotes the convex hull, Q,, is the set of Lebesgue

measure zero, where VV does not exist, and N is an arbitrary
set of zero measure.

In this paper, the candidate Lyapunov function V' we use
is smooth and hence regular, while its generalized gradient is
a singleton which is equal to its usual gradient everywhere in
the state space: oV (x) = {VV(x)}.

Definition 4 (see [40]). Consider the vector differential equa-

tion (6), a set-valued map % : RY — %B(R), the set-valued
Lie derivative of V with respect to (6) is defined as

Ve ﬂ EH(f](tx). (12)
eV

In what follows, we introduce a Lyapunov stability theo-
rem in terms of the set-valued map V.
Lemma 5 (see [41]). For (6), let f(t,x) be locally essentially
bounded and 0 € F[f1(t,0) in a region Q > {t | t, <t <

oo} X {x € R | x|l < r}, wherer > 0. Also, let V : RY - R
be a regular function satisfying

V(t0) =0, 0<V(Ixl) <V (tx) <V, (lx]),
for x#0,



in Q for some V; and V, belonging to class K. If there exists
a class E function w(-) in Q such that the set-valued Lie
derivative of V (x) satisfies

maxv(t, x)<-w(x) <0, forx#0, (14)

then the solution x = 0 is asymptotically stable.

2.4. Problem Formulation. In this paper, the desired geo-
metric pattern % of m mobile robots is described by the
orthogonal coordinates (p;,, p;,) as follows:

ijx = Pox> ijy = Poy> (15)

Jj=1 j=1

where (py,, po,) denotes the center of %. Without loss of
generality, assume that py, = 0, py, = 0.

The objective of this paper is to design the control inputs
v;and w; for the wheeled nonholonomic mobile robot j using
its states (q;,4;) and (p;,, p;,) as well as its neighbors’ states

(g>4;) and (p;y, p;,) for i € N, such that
(a) the group of mobile robots converges to the desired
formation &

(b) each robot in group converges to the desired orienta-
tion 6,;

(c) the geometric centroid of the formation converges to
the desired reference trajectory (x, y;);

that is to say,

lim |:xj_xi:| — [ij_pix]’ (16)
tooo | Vi— Vi Pjy — Piy
Jlim. (6,-6,) =0, 17)

m . .
li L _x,]=0, 1 =
m(En) e (o)

where (x, ¥,, 0,) can be considered as the posture of a virtual
leader 0, which does not have to be an actual robot but is
specified by

(18)

Xy = vy cos b, Yo =vpsin6y, 0y =w,  (19)

Hereafter, the m robots in system (1) are called followers.

The connection weight between robot j and the virtual
leader 0 is described by B = diag{b,,b,,...,b,,}, in which
b, > 0 if robot j can obtain information from the virtual
leader 0, b; = 0 otherwise. Note that if the undirected graph
& is connected, it then follows that the matrix L + B = L +
diagf{b,,...,b,} and the matrix .# = diag{L + B,L + B} are
symmetric positive definite.

In this paper, the following assumptions are needed for
achieving our control objective.

Assumption 6. The 6, for (0 < j < m) is bounded, w; for

(0 < j < m) is persistently exciting, and |w;| < wyqy.
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Remark 7. w; is persistently exciting, which means that w;
does not converge to 0. The assumption is because of the fact
that the wheeled mobile robot system is nonholonomic.

Assumption 8. There exists at least one follower which can
obtain information from the virtual leader.

Remark 9. Note from Assumption 8 that all follower robots
do not need to obtain the information from the virtual leader;
that is to say, the desired reference trajectory is not required
to available for each robot, which is different from the existing
works in [35, 43].

The following notations will be used throughout this
paper. Let I,, denote the m x m identity matrix, 0,,,,,, denote
the m x m zero matrix, and 1,, = [1,1,..., 117 € R™ (1 for
short, when there is no confusion). A,;,(#) and A, ()
are the smallest and the largest eigenvalues of the matrix ./,
respectively.

3. Distributed Control Algorithm

To achieve the control objective (16)-(18), the following
transformation is defined to convert the formation control
problem for multiple nonholonomic mobile robots into a
state consensus problem:

zy; = Oj,
2= (%)= pjx) c0s; + (y; = pyy ) sin
+ k, sign (”1j) 3>
(20)
23 = (%)= pje) sin0; = (y; - pyy ) cosb;,
U= wj,

2
Uyj = Vi — (1 + ko)uljz3j + ky '”11' Zyjs
where u;; and u,; are control inputs, 0 < j <m, ky > 0, and
sign(-) is the signum function. The definitions in (20) yield
the following dynamic system as

21 =
izj = Uy (21)
Z3j = uljZZj - kO 'u1]| Z3]'.

Then the control objective is changed to design u,; and u,;
such that the following equations are satisfied:

Jlim (21— 210) = 0, (22)
Jlim (22) — 220) (23)
Jim (23— 25) = 0, (24)
Jim (1= 10) (25)
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Lemmal0. If (22)-(25) hold for 0 < j < m, then the m mobile
robots can converge to the formation pattern F; that is, (16)-
(18) can be satisfied.

Proof. Due to the fact that it is similar to the proof of Lemma
3.1in [28], it is therefore omitted. ]

In practice, it is well known that the dynamics model
of the wheel mobile robot may have unknown dynamical
parameters and bounded unknown disturbances, which will
affect the robust trajectory tracking of the system; that is to
say, the “perfect velocity tracking” for robot may not hold.
Hence, the following desired control inputs for the mobile
robot j are proposed in this paper as

Upjp = U — & Z aji (le - zli) - “bj (le - ZIO)

i€,
- /3sign< Z aj; (zlj zli) + b]- (zlj - z10)> ,
i
(26)
= —a ) a; (23~ 231) = ab; (23~ 220)
ik
— Bsign < Z aj; (zzj - z2i) + b]- (zzj - z20)> ,
i
(27)

where j = 1,...,m, b; is a positive constant if the virtual
leader’s position is available to the follower j, and b; =
0 otherwise, |2,,] < «, x is a positive constant, « is
a nonnegative constant, and f3 is a positive constant and
satisfies 3 > «.

Define the auxiliary velocity tracking error as

i = [Z"’Jf] = )y~ uj = [ulf’] - [””] (28)

vj u2]r u2]

where u;, = [ulj,,uzjr]T and u; = [ulj,uzj]T. Then the
dynamic system (21) becomes in the following form:

2yj = Uy, — Uy (29)
2yj = Uy — Uyjs (30)
&y = (i = ) 225 = Ko [irje ~ Ty 23 (3

Substitute (26) into the dynamic system (29) and (30).
Then the closed-loop system (29) and (30) can be written as

zy, = —a(L+B)z,, +aBl,,z;,
— Bsign ((L + B) zy, = Bl,,210) + L1410 = Ty
(32)
Zy, = —a(L+B)z,, +aBl, z,,

— Bsign ((L + B) z,, — Bl,,25) — Ui,

5
T T -~
where z,, = [2)1,...,21,,) and z,, = [251,...,25,] > U, =
[Ty > Tyy) > and @, = [f,),...,8,,] . Let Z,, = z,, —
1,z,,and z,, = z,, — 1,,2,,. Then
z,, = —a(L+B)Z,, - Bsign((L+B)Z,,) - i,
Z = —a(L+ Bz, - fsign((L+B)Z,.) = Ly — s
(33)
where the fact that L1,,z,, = 0 has been applied. Let
Z = [zl = [Zn- szlT, Z = 7.7, =
(Zy,....2Z, ] and f, = [0,...,0, zzo,...,zzo]T Hence, the

error dynamic system (33) can be rewrltten in a vector form
as

7 =—all7 - Bsign (.%Z) —f, -1, (34)

~ _1n =T _ 1 =~ = ~— T
where U = [#i,,,14,]" = [y Uy Uyps -« s U]

4. Adaptive Dynamic Controller Design

4.1. Robot Model and Its Properties. According to (20) and the
definition of v; in Section 2.2, it is easy to obtain that

7= [j\ (1)] u, (35)

where A = (1 + ké) -k, sign(ulj)zzj. Then, it follows from (1)
that we have

4;=s(a);7; = S (a;) [jx (1)] u;=S(q;)up  (36)
where
(1+k )z3jc056 +kos1gn( )ZZJ cos 0,
S= (1+k )z3]cos6 + kg 51gn( )zzj cos0;
1 0

(37)

Hence, the dynamics (2) of the mobile robot can be rewritten
as follows:

Ty T (Ao Tp T
"M S, +S (MjS+CjS) u; +8"F,+5'G, -

:§TBT]-—§Tde, j=1....m
that is,

Mji;+Ciuj+F;+G; =T; Ty, j=1,....m, (39)

where Hj =5"™M j§ is a symmetric positive definite inertia
matrix. Ej = §"(m j§ +C j§) is the centripetal and coriolis
matrix, Ej =sr G; is the gravitation vector, Gj =0. 1_:], =5 F;
is the surface friction, 7;; = STz, denotes the bounded
unknown disturbances including unstructured unmodeled
dynamics, and 7; = ST Br; is the input vector.

Similar to the Properties 1 and 2 in Section 2.2, (39) has
the following properties.



Prope'rty 3. The inertia matrix Hj(qj) is symmetric positive
definite.

Proof. Itis easy to verify the result, and it is therefore omitted
here. D

Property 4. The matrix Mj - 261- is skew symmetric.

Proof. The derivative of the inertia matrix and the centripetal
and coriolis matrix are given by

. .T .
— 2 A s
M;(q;)=S M;+S'M;S+S" M5, w0

2C; = 28" (MS+C3).

Since M j — 2C; is skew symmetric and M; is symmetric
positive definite, it follows that

- I N PG U S BY ~
M,;-2C; =8 MS+3"MS+8"M;S-25" (MS+CS)

T 5Y . ~
=S M;S-8"M;S+8" (M;-2C;)S
_ " (a1, 2¢))§
(41)
Hence, the matrix ﬁj - 26]- is skew symmetric. O

4.2. Controller Design. Taking the derivative of (28) and
multiplying by the inertia matrix M j toboth sides of (28) give

M;u; = Mji;, — M,
_c

Jﬁ]—?]+f](ujr,uﬂ,)+w](l’), j=1,...,m,
(42)
where' fj(uj,,ujr = Mjajr + Ejujr. is composed of known
quantities and the disturbance term is
w;(t)=A;+74, j=1L...,m, (43)
with A ; representing any model uncertainties and unmod-
eled dynamics and 7;; being the unknown bounded dis-
turbance which could represent any inaccurately modeled
dynamics.

Lemma 11 (bounds on the disturbance term, [30]). The
disturbance term wj(t) is bounded according to

lw; 0] < Co+ €, g, + G| = v,0, (44

with Cy, C,, C, depending on the terms like the disturbance
bound, the changes in the mass of the robot due to payload, and
friction coefficients with Y ; being a known regression vector.

When the robot dynamics are partially known, the torque
control algorithm for the dynamics system (42) is designed to
be

7= Kl + f; (uj11,) + o (45)
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where K is a symmetric positive-definite matrix defined by

K; = k;I, with k; being a positive gain constant and I, €

R*? being the identity matrix. The nonlinear term Wiy is an
adaptive robustifying term and is defined as [44]
= N\2
“ - 7(Y;0,)
Jr = ~
(¥;8;) J7;] +9; (46)

j)
where y; and Cs are positive design constants, Yj@ ; is the

adaptive estimate of the known function Y;0;, ©) ; is the
estimate of @ ;, and the parameter turning law for the estimate

0 ;s defined as

®; =1,Y; ], (47)

with I; being a symmetric and positive definite matrix. Let
e) ; be the estimation error of the parameter turning law, and
@j =0;- @j. It then follows that @j = —@j.

Substituting (45) into (42) and writing it in a vector form
give

M(q)ii+C(qq)ii = —Kii—p, +w(t),  (48)

where M(q), C(g, ), and K are the block diagonal matrices of
M;(q;),C;(q;,q;) and K}, respectively, p, = [py,, ..., 1T
Tym)” and A =

w(t) = [w,...,w,]" withT, = [T,,...
[Ay,...,A,,])" under (43).

Theorem 12. Suppose that the communication graph & is
connected, Assumption 8 is satisfied, the velocity controllers
for (29) and (30) are, respectively, designed by (26) and (27),
and the torque control input for the dynamics system (42)
is designed by (45), if the control gains are chosen as o >
12A i (M), B > K, and ky > Ao (M)]2, where k. =
maxik,, k,, ..., k,,}; then, for 1 < j < m, the errors Z,; = 0,
Zy; = 0,11,; = 0, and ,; = 0 are globally asymptotically stable.

Proof. Choose the Lyapunov candidate as
V=V +V, (49)

where V; and V, are chosen as

1 —
V, = EZ'T./%Z,
(50)
1 p— g i~ 0
V,= - Mii+-0'T'® + -,
2 2 %!

with ® = [@1,...,@M]T and I being the block diagonal
matrices of I'.. Using the properties of #[-], the set-valued
Lie derivative of V can be obtained as follows:

V= [V, +V,] c H V] + H V]
L (51)
=V, +V,.
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Since V, is continuous, it follows from Lemma 2 that the
equality (51) holds.

According to Definition 4, the set-valued Lie derivative of
V, is given as

Ve ﬂ ET,%[—(x./%Z—ﬂsign(ﬂZ)—fo—ﬁ],

Eeov(Z) 2

where 0V (Z) is the generalized gradient of V at Z. Because
V is continuously differentiable with respect to Z, aV(Z) =
{MZ}, which is a singleton. Therefore, it follows that

\7(2) =X [—aZT/%ZZ‘— BZ" M sgn (.%Z)

A VAN 7]

(53)
= {—chT%ZZ— BZT  sgn (,/%Z)
~Z"at, - Z" .},
where the fact that x” sign(x) = |lx|l; has been used. By

Lemma 2 and [42], if f is continuous, then [ f] = { f}. Note

that the set-valued Lie derivative V is a singleton, whose only
element is actually V. Therefore, it follows that

maxﬁzVﬁ—aZT%ZZ—(ﬁ—K) ||ZT/%||1—ZT%Q
c T T (p-x) |74,

2O (|7, ).
(54)

where 8 > «k and a is positive. It is easy to verify that .4 is
symmetric positive definite.
Since V, is continuous, it follows that the set-valued Lie

derivative of V, satisfies max V', = V,. Hence, we have

. — g g = 8
V,=@ Mii+ -ii Mii+©'T'® + -+
2 4!
=ii' {-Cii - Kii -, + w ()}
1 _r— —~T 1=
+ 5aTMa +0'T'0 -4, (55)
1— =
= K+ <5M - C) T
T ~T
+uwt)+0 I -7,
Since the matrix (Mj - ZEj) is skew symmetric, we have

1l = ]~
u? EMj(q)—Cj(q,q) i;=0. (56)

=T —
Let g; = —8]- - ﬁ?urj +0 I''0 + ﬁjrwj(t), (1 <j<m).
Substituting the robustifying term (46) and the disturbance

(43) into g; gives

Ilﬁjl\z(Yj@j)z

<=6+ M
T (v®) ] + o (57)

s—@(pM)

(v;8;) ;] + o
<0.

Hence, it can be obtained that
=T _ 6
au +0 (e+1,)+0 IO+ L <o. (58)
"

Substituting (58) into (55) gives the following inequality:

V,< - K+ w(t) - u, - |a)| YO -6,
(59)
< - Kii.

Now, substituting (54) and (59) into the set-valued Lie

derivative V reveals
maxV =V < —aZ M7 - (B-x) "ZT.%”I

o el (17 i) - o

= —(XZT/%ZZ—(ﬁ—K)"ZT/%“l

i 2ot (|7 4 ) - "k

IN

-k (0 |21, - (8- ) |24,

Ao ()

= (121 + 13) - Kol

Amaxz(/% ) ) |

IN

- (Mfm ) - Z| - (8- x)

max

|77 t], = (R~ 22
(60)

Therefore, maxV < 0as 2,y < &, & > 1/2A,.. (M), B > kand

max > Mmax () /2. 1t then follows from Lemma 5 that i —
0andZ — Oast — oo; thatis, z,; — 0, Z; — 0, ,; —
0,and #,; — O0ast — oo. Therefore, the errors Z;; = 0,
Z,; = 0, #,; = 0,and &,; = 0 are globally asymptotically
stable. This proof is completed. O



Remark 13. From Theorem 12, we have proved that the
variables z,; (1 < j < m)and z,; (1 < j < m), respectively,
converge to z;, and z,, globally asymptotically under the
proposed control laws (26), (27), and (45). In Theorem 14, we
will prove that z;; asymptotically converges to z5, under the
control laws (26), (27), and (45).

Theorem 14. Suppose that the communication graph & is
connected, Assumption 8 is satisfied, the velocity controllers
for (29) and (30) are, respectively, designed by (26) and (27),
and the torque control input for the dynamics system (42) is
designed by (45). If z,; and z,; asymptotically converge to z,
and z,, then zy; also asymptotically converges to zy.

Proof. Let Zy; = z5; — z3. Take the derivative of Z;; as
Z3j = Z3j = 230

= -k, |u1j| Z3j+ U2+ (ulj - ulo)z20

(61)
ko (|”1j| - |”10|) 230
—ko |”1j| Z3j+ X, (1),
where x,(t) = UyiZ,; +(ulf ”10)Zzo—k0(|“1j| — |ty01)z3- The

solution of the d1fferent1a equation (61) is given as follows:

¢ ot
§3j (t) = ejo ’ko|u1j|dfz3j 0) + L eL ’ko|Mlj|de2 (r)dr. (62)

According to Theorem 12, Z,; asymptotically converges
to zero, and u,; asymptotically converges to u,,. It then
follows from the definition of x,(t) that x,(t) also asymptoti-
cally converges to zero. Hence, according to the definition of
asymptotic stable, for an arbitrary positive value o > 0,0 > 0
exists; when the |x,(0)| < o, it has |x,(¢)| < 0.

From Assumption 6, the u,; is bounded, and u;; = w
Hence, [u; ;| < Wx-

The solution of the differential equation (62) satisfies the
inequality

j)

t tot
Z; (1) = eh FMildz () + J el Talldy (1) dr
0
—k, ! k
<e meaxt" (0) + J e meax(t_T)xz (T) dr

t
< efkl]wmaxtz3j (0) + efkowmaxt J ekowmaxsz (T) dT
0

7k0 Winaxt

OkgWax — 0koWnax

k Wnax

e

max

<e” meax (0)

=0 + ¢ FoWmad (23j (0) - a) :
(63)

Hence, whent — +00, |Z;;(t)| < 0. Since o is an arbitrary
positive value, from the def{mtlon of asymptotic stable, the
Z3;(t) is asymptotic stable at the neighborhood of origin. This
proof is completed. O
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FIGURE 2: Communication graph among mobile robots.
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FIGURE 3: Path of the six robots’ centroid (blue line), the desired
trajectory of the centroid of the robots (black line), and the
formation of the six robots at several moments under the distributed
kinematic controller (26), (27), and the torque controller (45).

Remark 15. From Theorems 12 and 14, our control objec-
tives (22)-(25) hold under the distributed kinematic con-
troller (26) and the torque controller (45). Therefore, from
Lemma 10, the m mobile robots converge to the formation
pattern &; that is, (16)-(18) are satisfied.

5. Simulation

In this section, some simulations results will be provided
to demonstrate the effectiveness of some theoretical results
of the previous sections. Consider a multiple mobile robot
system with six followers denoted by F,-F; and one virtual
leader denoted by L, respectively. The communication graph
of the multiple mobile robot system is shown in Figure 2.

For simplicity, in this simulation we suppose that a;; = 1
if robot i can receive information from robot j, a; =
0 otherwise; bj = 1 if the virtual leader’s information
is available to the follower j, and b; = 0 otherwise, where
ief{l,...,mland j € {1,...,m}.
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FIGURE 4: (a) The trajectories of x,, (blue line) and the centroid of x; (1 < i < 6) (red line); (b) the position error between x, and the centroid

of x;.
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FIGURE 5: (a) The trajectories of y, (blue line) and the centroid of y; (1 < i < 6) (red line); (b) the position error between y, and the centroid

of y,.

The desired formation geometric pattern & is defined by
orthogonal coordinates as (p,,, p1,) = (2,0), (poy> P2y) =

(1a \/3)) (p3x) P3y) = (_1) \/3)) (P4x) P4y) = (_27 0)) (Psx,
Psy) = (-1,-+/3), and (Pox> Poy) = (1,—/3). The reference

trajectory of the virtual leader is chosen as
t
x, = 10sin (—) ,
2

t
= -10 <—)
Yo cos| 5

(64)

The control gain parameters are chosen as « = 10, 8 =
099, ky = 2.For 1 < j < 6,8,(0) = 30, y; = 05T,

[“®" 0001 1> K; = [ 9] The parameters for each robot are

considered as the mass 1 = 5kg and the moment of inertia
I = 3kg:m’. The unmodeled dynamics are introduced in the
form of friction as

= _ |9 sign(uzj)+aj2u2j '

F. ] (65)
ajsign(uy;) + ajuy;

J

The disturbance is introduced as Ty =2 sin(2t) cos(5t).

5.1. Verification of Formation Control Based on Robust Adap-
tive Techniques. In this simulation, Figure 3 shows the tra-
jectory of virtual leader (black line), the trajectory of the six
followers’ centroid (blue line), and the formation positions
and pattern of the six followers at several moments. We could
see from Figure 3 that the six robots converge to the desired
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FIGURE 6: (a) The tracking error 7, for (1 < i < 6) using the torque controller (45); (b) the tracking error #,; for (1 < i < 6) using the torque

controller (45).
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FIGURE 7: (a) Response of the centroid of w; — w, for 1 < i < 6; (b) response of the centroid of 6, — 6, for 1 <i < 6.

geometry pattern under the proposed controllers (27), (26),
and (45); that is to say, (16) has been verified.

Figure 4(a) shows the trajectories of x, (blue line) and
the centroid of x; (1 < i < 6) (red line), and Figure 4(b)
shows the position error between x, and the centroid of
x;. Figure 5(a) shows the trajectories of y, (blue line) and
the centroid of y; (1 < i < 6) (red line), and Figure 5(b)
shows the position error between y, and the centroid of y;.
We could see, from Figures 4 and 5, the trajectory of the

formation geometric centroid converges to the trajectory of
virtual leader; that is to say, (18) has been verified. Figure 6
shows the tracking error #,,; for (1 < i < 6) and i, for (1 < i <
6) under the torque controller (45). From Figure 6, ii,,; and
#1,;, respectively, converge to zeros. The perfect tracking of
velocity and angular velocity has been guaranteed. Figure 7,
respectively, shows the angular velocity tracking errors w;—w,
and the orientation tracking errors 0; — 0, between follower
F; (1 <i < 6) and virtual leader. It can be seen from Figure 7
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that w; — w, and 0; — 6, converge to zero over time; that is,
(17) and (25) have been verified.

6. Conclusion

In this paper, the distributed consensus-based robust adaptive
formation control problem for nonholonomic mobile robots
with partial known dynamics has been investigated, in which
the dynamics model of the wheeled mobile robot has the
friction term and bounded disturbance term in the dynamic
model. The partial knowledge of the mobile robot dynamics
has been assumed to be available. Then an asymptotically
stable torque controller has been proposed by using robust
adaptive control techniques to account for unmolded dynam-
ics and bounded disturbances.

As further extensions of this study, there still exist a
number of topics for future works. In practice, formations
have to avoid obstacles and need to admit changes in the
formation speed and strong deformations in formation shape.
The obstacles avoidance problem for formation control of
nonholonomic mobile robots will be considered. In addition,
the formation control is assumed to be noiseless in this paper.
However, it is inevitable in reality. Hence, in the future it
is necessary to investigate the formation control problem
with measurement noise. Finally, it is well known that most
operations in mobile robots systems are naturally delayed.
Moreover, it has been observed from numerical experiments
that formation control algorithms without considering time
delays may lead to unexpected instability. Hence, in future, we
may consider the formation control with time-varying delays.
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