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Abstract In this paper, we consider the mobile robots formation control problem without direct measurement
of the leader robot’s linear velocity. Two decentralized nonlinear algorithms are proposed, respectively, based
on adaptive dynamic feedback and immersion & invariance estimation based second order sliding mode control
methodologies. The main idea is to solve formation problem by estimating the leader robots’s linear velocity,
while maintaining the given predefined separation distance and bearing angle between the leader robot and
the follower robot. The stability of the closed-loop system is proven by means of the Lyapunov method. The
proposed controllers are smooth, continuous and robust against unknown bounded uncertainties such as sensor
inaccuracy between the outputs of sensors and the true values in collision free environments. Simulation examples
and physical vehicles experiments are presented to verify the effectiveness of the proposed design approaches, and

the proposed designed methodologies are carefully compared to illustrate the pros and cons of the approaches.
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1 Introduction

Over the last decade, controlling groups of unmanned vehicles has been attracting widespread attention
in the literature [1-3]. As a promising technology, the multi-agent distributed formation control has
many advantages over conventional centralized control methodologies such as enhancing the robustness
and efficiency and providing redundancy and reconfiguration ability [4-6].

Robots formation control is to control several robots to get into some desired shapes and maintain the
formations during their moving. These robots are not physically coupled in any way and can communicate
with each other through wireless technology. Various formation control laws have been proposed for de-
signing strategies of nonholonomic vehicles [7—10]. One of the most popular methods is the leader-follower
based formation control algorithm, where one of the robots is considered as the leader and the others as
the followers. The leader robot tracks a predesigned trajectory and the follower robots are required to
stay at a specified separation distance and bearing angle from the leader robot [1]. Ref. [5] proposed a
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formation controller based on the input and output linearization methods and proper transfer function
approximation. Ref. [9] controlled the formation variables to a desired manifold via the sliding mode
control method. The above references assumed that the states such as position, velocity and orientation
are available for controllers. However, when some components of the state cannot be measured directly
or the measurement quality is poor, they have to be estimated through some suitable observers [11]. For
this, the extended and unscented Kalman filters have been widely used to design observers based on a
priori knowledge about noises [12,13], but the complex mathematical deduction restricts their implemen-
tations and applications [11]. Using the immersion & invariance method, Ref. [11] presented a vision
based range estimator for the follower robot under the assumption that there exist sensor limitations
causing unreliable information exchanges between the leader and follower robots. Velocity observers have
also been proposed for the consensus problem among multiple agents system without velocity measure-
ments in [14]. The observer for an agent was designed based on its neighbors’ coordinates on the global
Cartesian plane. Thus, all of the robots should be embedded into a positioning device in practice such
as GPS device. This is inconvenient or impossible in some poor environments, for example, when there
is not any GPS signal.

To tackle this dilemma, this paper focuses on controller design for nonholonomic mobile robots in
leader-follower formation form where the leader robot’s linear velocity is not available. We assume that
the leader robot’s linear velocity is constant, which has its actual technical sense. When the leader has
a constant linear velocity and a dynamic angular velocity, the robots in fact can track any sufficiently
continuous trajectory in theory since the radius of the trajectory is equal to the ratio of the linear velocity
over the angular velocity. The problem has been solved based upon the methodologies of adaptive dynamic
feedback [15] and invariant manifold approach [16], independently. In the latter approach, as in [15,16],
the adaptive controller is first designed as a parameter update law. To provide smooth control signals and
attenuate the chattering phenomenon, a second-order sliding mode algorithm is further provided to derive
the control methodology for the follower robots [7,8]. Under the proposed methods, the follower robots
are manipulated to get into and maintain the formation in the sense that each follower can track the
leader robot in a preassigned separation distance and bearing angle without knowing the leader robot’s
linear velocity and only using the local information between the leader and follower robots. Notice that
a similar scheme has been presented in [17]; however, the theoretical development there is problematic.
In fact, as both ex(t) and « are functions of sign-indefinite and they are not correlated in any way, the
inequality (10) in [17] in general would not hold true nor can make an absolute value of a time variant
function not larger than —es(¢)a over a positive function. Therefore, the proof of the main theoretical
result Theorem 1 is incorrect.

The main contribution of this work lies in the following aspects. On the one hand, the formation
control problem is investigated without knowing the leader robot’s linear velocity. The immersion &
invariance based estimation approach is first proposed to estimate the leader robot’s linear velocity and
formation state variables then a second order sliding mode control algorithm is further chosen to design
formation controllers. On the other hand, the proposed controller design methodologies only use local
state variables to construct estimators. In a poor environment, it is much easier to get relative position
information rather than global information compared with global state observer design.

The rest of the paper is organized as follows. In Section 2, we introduce the model of leader-follower
based formation of two mobile robots. Section 3 develops the nonlinear adaptive dynamic feedback
control law. Section 4 presents the immersion & invariance estimation based approach for the leader
robot’s linear velocity and formation variables, based on which a second order sliding mode control law
is further designed. The numeric simulations and experiments are given in Section 5 and Section 6,
respectively. Finally, conclusion is made in Section 7.

2 Dynamic model of nonholonomic mobile robots

Consider a team of velocity-controlled nonholonomic robots which are interacting with each other or with
the environment. The objective is to control the robots to form a desired formation. The coordinates of
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Figure 1 [ — v based formation control.

the ith vehicle’s position in the Cartesian plane is denoted by (z;,y;) and the orientation with respect to
the inertial reference frame is denoted by 6;. Let the linear velocity and angular velocity of the mobile
robot be v; and w;, respectively. Then the kinematic equations of the system are expressed as

i‘i = V; COS&Z', yZ = V; Sinﬁi, 91 = Wj.

Consider a formation of two mobile robots moving on a plane, as shown in Figure 1, where each robot
is actuated by two driving rear wheels mounted on the same axis. The robot acting as the leader is
numbered as robot 1 while the other robot as the follower is numbered as robot 2. The distance l15
between the two robots is denoted from the center of the leader robot’s two rear wheels to the front of
the follower robot (offset by d from the center of the follower robot’s two rear wheels). And the bearing
angle 115 is measured from the line of orientation of the leader to the distance line between the two
robots. In order to avoid collisions, we suppose that ;5 is large enough. The task here is to design a
controller to force the follower robot to track the leader robot with some predesigned separation distance
l12 and bearing angle 112 when they move.

In order to form the formation, the follower robot should also satisfy the following formation equation
set [5]:

i12 = V2 COS Y1 — V1 COS 1/)12 + de sin Y1,

. 1 . .

P19 = ; {v1 8in 12 — va siny; + dws cosy; — l1aw1 }, (1)
12

9'2 = W2,

where v1 = 01 + 112 — 0s.

3 Adaptive control as dynamic feedback

In this section, we use the adaptive dynamic feedback control method [15] to study the formation problem.
The linear velocity v; of the leader robot is supposed to be constant and cannot be measured directly.
Firstly, an estimator is proposed to estimate the unavailable leader robot’s linear velocity and then the
control law is derived.

Choose the input of (1) as us = [va,ws]T and denote . = 5 — ;. System (1) can be re-written as

I
.12 — Gau2 + fa + me, (2)
P12
ée = Wy — W, (3)
where
0 cosyy dsiny — cos Y12
fa = [ w ] y Ga(1127w12771) = [ siny:  dcosi s (P(llz,l/}lQ) = sin 1z .
o T l12 l1s
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Since det(G,) = d/l12 # 0, the inverse of G, exists.

Denote the desired separation distance and bearing angle by l412 and ¥412 which can be some constant
values. Then we can obtain the tracking error e, = [l12 — lg12, V12 — Ya12]t = [le12, Ye12]T.

The estimator for the unmeasured linear velocity of the leader robot v; is given by

UL = ke, @, (4)
where k is the adaptation gain. The dynamics of the estimate error v; = U; — v; is expressed as
U1 = kel p. (5)

Theorem 1. The tracking error e, asymptotically converges to zero if the follower robot is with the
control law us = G, (—ke, — fo — V1), where k > 0 is a constant gain. And 6. is bounded under
the condition that v1 = Vimin, |w1| < Whax, and |6.(0)| < © for some positive constants Vi min, Wmax,
and ©.

Proof. Substituting us into (2), we can obtain
é, = —ke, — V1. (6)

Choose a Lyapunov function Vi (e,,v1) = ée:fea + 225%. The derivative of V; can be calculated as
y T . 1. T ~ T 1. T
Vi=e é,+ Kvlvl =—kee,— V1 (e, p— Hvl = —ke,e, <0.

As a result, the equilibrium Q = {(e,,71)|eq = 0, 71 = 0} of (5) and (6) is stable. Let Vi = 0. Then
we have e, = 0. Substituting e, = 0 into (6) yields U3¢ = v1[— cost12,sineP12/l12]T = 0. Since l12 is
bounded and it is known that sin )15 and cos 12 are not equal to zero simultaneously, it can be concluded
that v1 = 0. Thus, the largest invariant set for systems (5) and (6) is Q@ = {e, = 0, v; = 0}. By LaSalle’s
invariance principle, we have lim;_, o, €, = 0 and lim;_., v1 = 0.

Next, we show that 0, (¢) is always bounded when vy > Vj min and |wi| < Wiax. Applying the following
coordinate transformation: (1 = le12, (2 = ¥e12, (3 = 0, we obtain the zero dynamics of systems (2)
and (3) in the new coordinate as

; v . l
(3=— dl sin (3 + djwl cos(ta12 — (3) — wi. (7)
The nominal system for (7) is
. v .
(3=— dl sin (3. (8)

Choosing a Lyapunov function Va((3) = ;Cg for the system leads to

~ysing < — sin® (3, 9)

Vz(Cs) = 4363 = d

where (3 € (—m/2,7/2). Accordingly, (3 = 0 is a locally asymptotically stable equilibrium of the nominal
system (8). Furthermore, it is known that Va2((3) satisfies the following inequations:

ova ; Vs

a6l < V() < anlllh, GG < —aalllh, |57 | < autical)

where a1 ([|¢sl]) = a2([1Gl) = SG1% as(liG)) = "5 sin® (|G, ca(llgsl) = [IGs]l. Choose the positive
constants p and © where p € (0,1) and © € (0,71/2). And define the interval D = {{5 € R|||(3]|| < ©}.
Denote [|g(¢3)]| = ldjzwl cos(Var2 — (3) — wi|| = ¢ and let ¢ < paz(ay(1(0)))/as(0). Then we can

obtain |jwi]] < “‘(/lldwfg‘;@ = Winax. If the initial condition (3(0) satisfies ||(3(0)] < a5 (a1(©)) = ©,
then

{|<3<t>|| <BUGO)L1), v
G < R(), t

0<t<T,
>T

)
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for some finite time 7T, where g is a KL function and

-0 o (44 <o

which implies that 6.(t) € (-0, O).

4 Immersion & invariance estimation based second order sliding mode con-
trol

The controllers proposed in the previous section provide a way to form a formation without direct
measurement of the leader robot’s linear velocity. Since this algorithm does not consider any disturbances
in the system, the performance of controllers largely depends on the accuracy of the system’s model and is
vulnerable to uncertainties. To overcome this defect, we construct an immersion & invariance estimation
based second order sliding mode controller in this section .

4.1 Immersion & invariance based estimator design methodology
Consider a type of nonlinear systems
z = fi(xz,u) + ®(x)9, (10)

where £ € R" is the state vector and w € R™ is the input, fi(z,u) = [fi(z,u),..., fo(z,u)]’ and
®(x) € R"*P are known smooth matrices, and ¥ € RP with p > n is an unknown constant parameter
vector. Furthermore, ® ()9 has the form ®(x)9 = [91¢1(x),..., 9 @, (x)]T with 9; € RPi, ; € RP:
and > 1, p; = p. The objective is to derive an estimator for ¥ and present an asymptotic estimator Z
for x.

Construct state observers

% = fi(m,u) + @} (@)0; — ki@, 7, & — 2)(3; — 1) (11)

fori=1,...,n. Let z=[2],...,2Y]T and r = [r1,...,7,]T with

B 9 — 9, &+ Bi(wi, x) — Yy

Ti Ti

: (12)

Zi

where £; denote the estimator states, r; are scaling factors, and k;(-) and B;(z;, ) are functions to be

specified for Z = [Z1,...,2,]T. The update laws of &; are designed as
. 0B T, \3 =~ 9B -
I R i
which yields the derivative of (12)
z; = fgi: o (x)z;i — :z zi. (14)

Choose the update laws for 3;(x;,Z) in (14) as

x; T4
ﬂi(mi,/m\)zlﬁ/ (,Oi(/,fl,...,@i_1,7,§i+1,...,/$\7l)dT:Iii/
0 0

pi(x) — Z ej0;i(xz,e)|dr (15)

for some functions 9;;(x, e) with d;;(x,e) = 0, where k;, ¢ = 1,...,n, are positive constants and e =
[e1,...,en]T with e; = Z; — x;. Now (14) is transformed into
n .
i = —ripi(@)p] (T)zi + ki Y e;8:(m, e)p] ()2 — N (16)

.
j=1 t
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Then the dynamics of e; becomes
. T
é; = —ki(z,r,e)e; +rip; (T)z. (17)

Choose parameter adjustment laws for r; and the gain functions k; in the above equation as

7"1' :CiTiZS?|5ij(.’B,e)|2, TZ(O): ]., (].8)
j=1
ki(x,r,e) = Nir? + ez cjrj2-|6ji(:1:, e)l? (19)
j=1
for i =1,...,n, where ¢; > T ki, Ag; > 0 and € > 0 are constants.

Lemma 1 ([16]). Under condition (19), the system composed of (16)—(18) has a globally bounded stable
manifold of equilibrium defined by Q = {(2,7,e)|z = e = 0}. And {2;(t), 7i(¢)} € Lo, €i(t) € Lo N La,
and @] (z(t))z;(t) € Lo, Vi € {1,...,n}. Furthermore, ¢} (z(t))z;(t) converges to zero when ;(z(t))
and its time derivative is bounded.

4.2 Immersion & invariance based estimator design for formation system

In this part, by applying the immersion & invariance based method introduced in the previous subsection
to design nonlinear observers, we estimate the leader robot’s linear velocity and formation tracking
variables.

Rewriting system (1) in the form of (10), we obtain

f1(li2,¢12) = vacosyy + dwasinyy, fa(li2,¥12) = (—vesinyy + dws cosy1 — liawn) /l12,
@1(l12,1012) = —costra, @a(lia,P12) = sinth1a/lia, ¥ = [97,95 ] = [v1,v1]".

Let 1 = l12 — l1o and e = 1212 — 912 denote observe errors of the formation variable. Referring to (11)
and (12), we set the observers and estimators respectively to be

T1 = vy cos Y1 + dws sinyy — 0y cos ra — ki (lz — l12),

~ 1 . sin . ~ (20)
P19 =, {—vasiny + dwgcosyr — liowi } + Y1z V2 — ko (wm - wlz),
112 ll2
2= U1 - & + Bi(liz, liz, 12) — U1’ (21)
1 1
2y — Uy —v1 _ & + B2(12, l12,Y12) — v (22)
T2 T2
Following (14), denote the update laws for &; and & by
: 0B ~ 0B~ 0B =
—_ I _ _O, - g 23
& Blis (f1(l12,P12) — V1 cos12) o 12 3¢12w12 (23)
: 082 ( _. sin 1/112) 0B~ 0Bz =
__ L9, h12) + 7 G R 24
& Oibrg fa(li2,912) + V2 Iy o7, 12 8%2%2 (24)
Then the dynamics of (21) and (22) become
) 0 T
2z = fagl (—costpra)z1 — 7“1 21, (25)

. 0B [ siny T
=2 81/}12 ( 112 ) =2 2 ( )
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where functions B1, B2 and @1 (l12,%12), pa(liz, ¥12) are

l12 P12 o3
~ ~ sinTt cos o — 1
,31 = Kl/ (— COS¢12)dT = —Iilllg COS’(/112, ﬂg = KQ/ —~ dT = —K2 ~ s
0 0 112 l12
~ ~ cos(112 + e3) — cos 1o
901(112,1/112) = — OS2 = — COS Y12 — e €2 = 901(112,1/112) — e2012,
2
0 sin 12 sin 412 sin 412
pa(liz,h12) = 7 = - e1 = @2(li2,Y12) — e1021.
119 l12 li2(l12 + €1)
Simple calculation gives
. .2 . .
. 1 . sin” Y12 sin Yy T9
Z1 = —R121 COS2 ’(/112 — I€162512 COS wlgzl — Z1, 22 = —kaZ2 2 + I€261521 z2 — zZ92.
r1 112 l12 T2
And
é1 = —kier + 1] (lio, 12)z1, €2 = —koea + ragpy (l12,%12) 22,
where

ki = Xa1ri + ecar3|0a1 %, ko = Xaar3 + ec1ri|d12/?,
T = 01T16§|612|2, 7“1(0) =1, 7ry= 02r2€%|621|27 TQ(O) =1
4.3 Second order sliding formation control

Denote the differences between the observed formation variables and their desired values by 2;12 = lAu —lg12
and Ye12 = P12 — Ya12. Then we have

To1z = vg cos 7y + dwa siny; — U1 cos iz — k1 (lA12 - 512),

X~ 1 . sin N ~
Yo1g = Ity {—vgsiny; 4+ dwa cosy1 — liowr } + l:ﬁu Uy — ko (1/)12 - 1/)12>, (27)

He:wgfwl.

Define

o —1 cos P12 —k‘1(lA12 —l12) )] G- l cos 1 dsin’yl‘| .

Vg sin 12 i sinvy; dcos~y;
l1o — W1 — k2(1/)12 — Y12 -

l12 l12
Thus the inverse of G exists since det(G) = d/l12 # 0.
Choose the input of system (27) as us = [ve,ws|T and the output as €; = [le12, ¥e12]T. The aim now
is to design a control input us to make €; converge to zero and obtain a bounded 6. For this purpose,
consider the following system:

w=1 — N — f(t)]V2sgn(z — £(2)), (28)
i = —asgn(x — f(t)).

Define a function ®(a, A, C) = |¥(¢.)|, where (3(t), ¥(¢)) is the solution of
2 = 7|E|1/2 + \117
\P:{—;(a—m, if — |22 40 >0,

1 (29)
—,2(a+C), otherwise
with (0) =0, ¥(0) =1, a>C, A#0, and ¢, = inf{¢|t > 0,X(¢t) = 0,¥(¢) < 0}.

Lemma 2 ([7]). Suppose that a > C > 0, A > 0, and ®(a,A,C) < 1. If f(¢) in (28) has a Lipschitz
constant C, then the equality u(t) = f(t) is satisfied after a finite-time transient process.
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Now suppose that the disturbances and uncertainties 1 of the system are Lipschitz continuous. Denote
K = diag[kc1, ke2] with k. and k2 being positive coefficients, select a sliding surface o7 = €1(t) +
ng e1(7)dr, and define a control input as

uy = —-G~! (f2 + Ke; + )\1|01|i/2sgn(01) — Ul) )

) (30)
w1 = —aysgn(o),

where \; and a; are the gains, sgn(-) is the signum function, and |o|+/* = diag [loi(1)]/2, |1 (2)]12].

Theorem 2. Suppose that v1 = Vimin > 0, |w1] < Whinax, |06(0)] < © for some constants Vi min, Wiax
and O, and n is with a Lipschitiz constant C. Then, the formation problem can be solved under control
law (30), and the orientation error |f,| is bounded if a; > C > 0, A\; > 0, and ®(as,A;,C) < 1.

Proof. The derivative of €; is e, = f2 + Guag, such that the relative degree of the system (27) is [1, 1].
The convergence of €; can be obtained by setting the variable o1 to zero. Calculating the derivative of
o1, we obtain

61=e +Ké = fo+Guy+ Ké,. (31)
Considering the uncertainty 7, we can change system (31) into
o1 = fo+n+ Kei + Guoa. (32)
Selecting the control input us in (30) and substituting it into (32) give
o1 =uy — )\1|01|1/2sgn(01) +n, U = —aisgn(o). (33)
Let 11 = w1 + 1. Then we have
oL =1 — )\1|0'1|1/25gn(0'1), m € —[a1 — C,a1 + Clsgn(o). (34)

According to Lemma 2, o1 and 671 converge to zero in a finite time. The convergence time is upper
bounded by

2 . 2|1 (to)|
T's al—C;|al(ti)| = (a1 — O)(1 - B(ag, 1, C)) (35)
where t; satisfies o1 (t;) = 0.

There are many choices for selecting the gains. For example, we can choose A; = C'/2 a; = 1.1C
(® = 0.988) or \; = 0.5C/2,a; = 4C (® = 0.736). And it is known from (31) that €; converges to zero
exponentially when & converges to zero.

The proof that 6. is bounded under control law (30) is similar to that of Theorem 1 and is omitted
here.

Remark 1. When there are two or more followers, we could choose one follower as the (virtual) leader
of the others. In this way, the leader-follower formation control design method proposed in this paper
can be directly applied to the formation control of consequential follower.

5 Examples

In order to validate the theoretical results in this work, we provide two simulation examples. For the
adaptive dynamic feedback methodology, we consider two robots moving on a plane: one acts as the
leader and the other as the follower. The desired separation distance is l412 = 1 m and bearing angle is
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Distance between the leader and follower
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0l
~ 130 J
=l = 120}
_10 ) ) ) ) 110 1 1 1 1
220 15 210 5 0 5 0 10 20 30 40 50
X 1(s)
Figure 2 Trajectory of the formation. Figure 3 Simulation performance of adaptive dynamic feed-

back algorithm.

15 Estimate for velocity

Velocity (m/s)
1
1
1

10 20 30 40 50
t(s)

Figure 4 Estimator for the leader robot’s linear velocity.

Va2 = 37'[ rad. The gains used for the controller presented in the Theorem 1 are k = 5 and k = 3. Let
the initial conditions of the robots be

1171(0) = 2, yl(O) = 13, 91(0) = ;7’[, :]32(0) = 1, yQ(O) = 02, 92(0) = éT[.
Suppose that the leader robot moves with a linear velocity v1 = 1 m/s and an angular velocity wy =
0.1 rad/s. The distance between the measured point and the center of the collection of the two rear wheel
isd=0.1 m.

Figure 2 shows the trajectory of the formation. It can be seen that the robots form and keep the desired
formation after a short transient process. The distance and angle tracking performances are shown in
Figure 3. As is evident in Figure 3, the distance and angle approach their desired values quickly. The
estimated result for the linear velocity of the leader robot is shown in Figure 4, where v; stands for the
estimated signals. It can be seen that the estimator performs very well.

Next, we proceed with the simulations using the immersion & invariance estimation based second order
sliding mode control methodology. The desired separation distance and bearing angle are same as above.
And the initial conditions for the two robots are listed below:

11(0) =2, 1(0) =13, 0:(0) = 7w 2(0) =1, 1(0) =02, 6:(0) = 7

2

The gains in controller (30) are selected as

kcl = 5, ch = 5, a; = 011, )\1 = 0474,
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Tracjectory 16 Distance between the leader and follower
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Figure 5 Trajectory of the formation. Figure 6 Simulation performance of immersion & invari-
ance based algorithm.
10 Estimate for velocity
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Figure 7 Velocity and control input. Figure 8 Simulation in MobileSim.

where the parameters in the state and velocity estimators are

)\a1:2> )\a2:3> 6:0.1, I<J1:3, K2:4, 61:8, co = 10.

The uncertainty is assumed as i = [0.01 cos(20¢), 0.01sin(20¢)]T. Figure 5 shows the trajectory of the
controlled formation system. It can be seen that the follower robot tracks the leader robot in a satisfactory
manner after a transient time. The tracking variables and their estimates are shown in Figure 6. The
leader robot’s velocity and its estimate are shown in the upper part of Figure 7. It can be seen that the
estimate errors asymptotically converge to zero. The bottom of the Figure 7 illustrates the control inputs
of the follower robot.

6 Experiments

The developed control algorithms are implemented on a two AmigoBot robots platform. Both robots
are embedded with wireless network devices (WBE2100E) and can communicate with each other. Each
of the robots is allocated with an IP address to distinguish from each other. Every robot is installed
with two high accuracy encoders on each of the two rear wheels and the relative position ;5 and ;2
can be calculated from the outputs of the encoders. The control inputs are calculated in a remote host
computer and sent to the vehicles through the wireless network. The distance between the center of the
two driven wheels to the most front in the axis (the castor) is 0.15 m. First, we focus on the adaptive
dynamic feedback algorithm. In this experiment, the leader robot moves with a linear velocity v; = 0.2
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Figure 9 Performance of dynamic feedback algorithm. Figure 10 Performance of immersion & invariance based
algorithm.

m/s and an angular velocity w; = 0.1 rad/s. The parameters needed for the controllers are chosen as
lggo = 1 m, Yg12 = gn rad, kK = 5, k = 10. Figure 8 gives an overview of the tracking performance
simulated in MobilesSim®, where the initial positions for the leader robot and follower robot are (0,
0, 0) and (-1, 1.5, 0), respectively. It can be seen that the two robots are not in a desired formation
at the beginning. However, under the adaptive dynamic feedback formation controller, the follower
robot tracks the leader very well after a transient period. The actual formation performance is shown
in Figure 9. These figures show that the adaptive dynamic feedback algorithm works effectively in the
robots formation.

Second, we verify the effectiveness of the immersion & invariance estimation based second order sliding
mode control algorithm. The initial conditions are set as same as the former experiment and v; = 0.2 m/s,
w1 = 0.1 rad/s. The parameters needed for the controllers are chosen as the same as the former simulation
section. The experimental performance of the immersion & invariance estimation based second order
sliding mode control algorithm running in the robots is presented in Figure 10.

Comparing the simulation results of Figures 2 and 5, and the tracking performances of Figures 3 and
6, we see that the two algorithms have almost the same performance in theory (the two simulations have
a same initial condition). Both of the two algorithms can drive the follower robot to track the leader
in a short time, and then the tracking parameters approach to their desired values asymptotically. The
differences in the performance of the two controllers working in a real physical robot can be obtained
by comparing Figure 9 to Figure 10, where the two experiments have a same condition. Generally, the
follower robot controlled by both of the two algorithms can form a formation with the leader robot without
using the leader robots linear velocity. But the performance in Figure 10 is much better than in Figure 9.
Furthermore, the adaptive dynamic feedback algorithm is simpler in deduction and implementation,
but largely depending on an accuracy of the model. In contrast, the immersion and invariance based
second order sliding mode control algorithm is much more robust at the cost of introducing the auxiliary
estimator. The pros and cons of each method offers us a greater flexibility to make decision according to
different formation control situations.

7 Conclusion

This paper proposed two control laws for decentralized robots formation control without direct measure-
ment of the leader robot’s linear velocity. The adaptive dynamic feedback algorithm utilized the adaptive
state feedback method to control the behavior of the follower robot based upon the estimated linear veloc-
ity of the leader robot. The immersion & invariance estimation based second order sliding mode control
algorithm uses the auxiliary estimators to approximate the leader robot’s linear velocity and formation
variables, and a second order sliding mode control algorithm was further applied to the augmented sys-
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tem. Briefly speaking, the former algorithm is simple in deduction and applications while it is not robust
enough. The latter algorithm is much more complex in applications, but it has a better performance of
robustness, not only allowing unknown bounded uncertainties but also producing smooth and continuous
inputs. The performances of the proposed schemes were verified through numerical examples and physical
vehicles experiments.

While the proposed algorithms could deal with the problem without the leader robot’s linear velocity,
there are some challenging issues in the leader-follower formation control scheme. In our opinion, further
research could focus on developing suitable methodologies to meet the requirement of real physical robot
systems while enhancing the robot systems’ autonomy & intelligence.
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